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Abstract—Modern body-centric communication systems 

require good link quality. Antenna performance is of primary 

importance when meeting this requirement. This paper 

contributes a method suited to the difficult task of quantifying 

antenna performance in a body-centric communications system. 

In a case study, a planar wrist wearable antenna, which provides 

radiation pattern switching across the 2.4GHz operating band 

through an innovative technique that does not require an 

additional switching mechanism, is benchmarked against a 

monopole and a patch antenna in a residential setting. The 

performance of the antenna, and subsequently the benefits of the 

pattern switching technique, are successfully quantified. The 

holistic method includes both antenna measurements and 

channel simulation with ray-tracing. Results are verified against 

real world measurements. 

 

Index Terms—Antenna radiation patterns, Bluetooth Low 

Energy, Body sensor networks, Microstrip antennas, Internet of 

Things, Indoor communication, Body-centric communications 

I. INTRODUCTION 

he development of techniques to quantify antenna 

performance in body-centric communication systems is a 

pertinent problem given that recent advances in sensing 

technologies are a proposed solution to the challenges of 

modern healthcare [1].  Wearable sensing technologies [2] are 

valuable tools that can encourage people to monitor their own 

well-being and facilitate timely health interventions. Indeed, 

the rising popularity of commercial wearable gadgets, such as 

fitness trackers and smart watches, indicates a trend towards 

this direction. Yet, the utility of wearable sensors rises when 

they are used alongside other healthcare systems and sensing 

technologies within smart environments. In the upcoming era 

of Internet of Things (IoT), the future generation of wearable 

sensing devices will be required to communicate with 

different kinds of things in dynamic environments [3]. They 

must efficiently support not only on-body communications 

(such as between wearable sensors), but also off-body 

communications (such as wearable sensor to smart home) [4]. 

To support high quality data links these wearables must have 

good antenna performance.  

   Antennas and radio wave propagation constitute the basic 

elements of the wireless channel. They, therefore, determine 

the quality and the reliability of the wireless link and hence 

have a great impact on the Quality-of-Service (QoS) offered 

by a whole system. Modelling of both these aspects of the 

channel is of interest to device designers. In a body-centric 

 
Manuscript received August 22, 2016; revised February 9, 2017, June 30, 

2017; accepted July 25, 2017 “This work was partially performed under the 

SPHERE IRC funded by the UK Engineering and Physical Sciences 

Research Council (EPSRC), Grant EP/K031910/1. Lawrence Sayer was 

supported by the Engineering and Physical Sciences Research Council grant 
number EP/L016656/1; GCHQ.; and the University of Bristol”. Supporting 

data are available at https://github.com/irc-sphere/dumanli17evaluation  

wireless network, the human body imposes several extra 

challenges for propagation modelling and antenna testing, 

such as electromagnetic absorption, propagation shadowing 

and polarisation misalignment [5]-[9].  

   The off-body wireless performance of wearable antennas 

has thoroughly been investigated for Ultra-Wideband (UWB) 

communication systems that operate between 3.1 GHz and 

10.6 GHz [10]-[13], and for applications in the 868 MHz 

frequency band [14], [15]. However, limited work has been 

published for applications in the 2.4 GHz band, in which the 

commonly used for low-power body-centric communications 

BLE technology operates. An experimental campaign 

presented in [16] and [17] investigates the off-body radio 

channel in the 2.4 GHz band in an anechoic chamber and in 

an office environment. Other off-body channel measurements 

at 2.4 GHz for specific applications and environments are 

presented in [18] (outdoors); in [19] and [20] (bed-side 

applications for sleep monitoring); in [21] (hospital 

environment); and in [22] (for hearing instrument 

applications). The IEEE 802.15.6 channel models [23] 

constitute a set of standardized models for in-body, on-body, 

body-to-body and off-body scenarios. The CM4 scenario 

refers to the off-body channel and is based on measurements 

conducted for a wrist and a chest worn antenna at 900 MHz, 

at 2.4 GHz, and at 3.1 to 10.6 GHz with a human body subject 

standing, walking and sleeping. Results include mean and 

variance of path-loss as a function of distance and body 

orientation for applications where the user and the access-

point are in the same room.  

   This paper contributes a method by which the performance 

of a wearable antenna in a BLE in-home network can be 

quantified ensuring that high link quality is provided for 

body-centric applications. The method combines antenna 

characteristics with a physical model of the wireless channel 

and the communication system performance is evaluated for 

various antenna orientations and locations within a residential 

environment. In contrast, most methods in literature are 

constrained to either a particular room or specific link type. 

Physical modelling of the channel is performed using ray-

tracing simulations. The ray-tracer provides the multipath 

propagation characteristics of the channel in a residential 

setting in which body-centric networks are likely to operate.  

    An on-body antenna design is then proposed and used as a 

candidate for evaluation of the proposed method. The antenna 

is a patch antenna which provides radiation pattern switching 
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across the 2.4 GHz operating band without an additional 

switching mechanism. This was achieved by merging an 

omnidirectional and a directional radiation mode of the 

antenna together within a single band, in contrast to the 

conventional procedure of covering the whole band with a 

single radiation mode. This proposal is a simple low-cost 

mechanism to improve connectivity significantly when the 

link is dynamic. Using the proposed method, the performance 

of this antenna is evaluated and its benefits are quantified 

over two conventional widely used antenna types with single 

radiation mode operation, a directional patch and an 

omnidirectional monopole.  

    To verify that our modelling gives accurate results the 

real world wireless performance of the proposed antenna is 

experimentally evaluated in a domestic environment. In the 

experiment, an on-body sensor node communicates with a 

nearby AP in the 2.4 GHz band using BLE.  

II. PROPOSED METHOD 

Human bodies are mobile which makes body centric 

networks dynamic. Since the design of an antenna will be 

constant, optimisations for performance where a person is in 

a particular room, in a particular pose, might negatively affect 

antenna performance where the person is somewhere else 

doing something else. This is why existing models are 

inappropriate for generating meaningful performance 

metrics.  The antenna evaluation procedure we advocate in 

this paper is shown in Fig. 1. This is a holistic method for 

developing antenna designs which considers the antenna 

performance in a dynamic multipath environment rather than 

in isolation. Several different arrangements of the user and 

AP are tested, which gives a better indication of real world 

performance. 

 

 
Fig. 1 An overview of the proposed method for antenna design and 

verification. 

 To produce a suitable antenna radiation model, accurate 

measurements of antenna pattern including the effects of the 

body are required. The antenna measurement campaign 

conducted for this paper includes anechoic chamber 

measurements of the antenna attached to a phantom in various 

positions. The use of rotating turntables allows a three-

dimensional antenna pattern to be generated that includes the 

effects of being near the body. Computer scripts can be used 

to rotate an antenna pattern, with two polarisations, in 3D 

space to any required orientation. 

The ray-tracer that we use includes reflections, refractions 

and diffraction of rays and has been verified against 

measurements in [24], [25], [26]. Rays represent the spherical 

travelling wave-front of the electromagnetic wave generated 

by a transmitter. Used at the frequencies of interest the ray-

tracer can be considered state-of-the-art.  

   The ray-tracer takes as an input a computer aided design 

(CAD) model of the environment of interest. For the purposes 

of this paper, a model of a three-storey house on Woodland 

Road, Bristol, UK was used. This is shown in Fig. 2. The 

model includes both the spatial layout of the building, as well 

as material constitutive parameters. Client and access point 

locations are specified as needed. Complex phasors 

representing the signal in two orthogonal polarisations are 

traced through the environment, being modified as necessary 

by interactions with building materials and by propagation 

through space.  

 

 
Fig. 2 Virtual 3D test-house showing all access-point and user (client) 

locations. 

 

Analysing the time of arrival and state of phasors at the 

receive antenna allows for a power delay profile and other 

information, such as phase, polarisation and received signal 

strength to be derived. In ray-tracing all antennas are assumed 

to be isotropic and of unity gain. Using angle of arrival and 

departure information the radiation characteristics obtained 

from chamber measurements can be convolved with data 

generated from ray-tracing to simulate the whole channel.  

   We have taken care to ensure that inaccuracies introduced 

into the model, for example, due to unrepresentative material 

parameters, are kept to a minimum. Whilst there will 

inevitably be some inaccuracies there are several benefits to 

the use of ray tracing simulations. Results are more 

accurate/applicable than statistical models since more 

information about the environment is included. There is no 

requirement for engineers to disrupt a space or perform 

measurements, which might require expensive equipment. 

Data collection can also be automated and results can be 

generated in any environment where it is possible to generate 

a CAD model. Data visualisations such as ray paths can also 

be inspected to identify significant propagation routes or 

particularly problematic links. 
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III. ON-BODY ANTENNA EXAMPLE 

A. Case study 

   The case study antenna design could be used to improve the 

performance of an off-body communication link in the home. 

This type of link might be used for sensing devices that need 

to communicate to infrastructure. The candidate antenna is a 

good example because it operates in a complex and dynamic 

environment in which measurements performed in a single 

room in a single orientation would be unrepresentative and 

where extensive measurements would be costly and time-

consuming. 

B. Antenna Design 

Two different modes of a patch antenna have been merged 

within the 2.4 GHz ISM band. The dimensions of the antenna 

have been optimized in such a way that the two modes are 

adjacent to each other in the frequency domain. As the 

frequency of operation is changed, the radiation pattern can 

be steered. In a body-centric communication system that 

operates in the ISM band, interference rejection is typically 

realized with frequency hopping (e.g. BLE technology). With 

frequency hopping implemented at the link-layer, the 

transmitter and the receiver switch amongst multiple 

frequency channels, using a pre-agreed pseudo-random 

pattern. In this context, having a pool of channels with 

different radiation patterns can improve the robustness of the 

system [27]. This is going to be particularly helpful if the 

propagation channel is dynamic and the angle of arrival is 

changing quickly over the time. 

The TM00 mode of a shorted rectangular patch antenna 

generates an omni-directional radiation pattern. It is 

comparable to the TM01 mode that appears in shorted ring 

patch antennas which has been widely studied in the literature 

[28]-[30] unlike the shorted rectangular patch. The 

omnidirectional mode in the shorted rectangular patch 

antennas having two symmetrical shorting pins was studied 

in [31] where it was referred to as a monopolar wire-patch 

antenna for frequencies situated below the fundamental 

cavity resonance mode. Its application to BAN was studied in 

[32] and the performance of the antenna was compared with 

a conventional patch and a monopole antenna near body 

surface and shown to be suitable for the application. 

 
Fig. 3 Diagram of the proposed antenna and the optimized parameters: slot 

length (sl), slot width (sw), patch length (pl), patch width (pw), transverse pin 

position (tpp), longitudinal pin positions (lpp), feed position (fp). 

 

 

 
Fig. 4 Photo of the prototyped antenna with a ruler in centimetres. 

Here the monopolar wire-patch antenna is designed with 

four shorting pins. The pins act as short-circuits to the 

capacitance between the radiating patch and the ground plane. 

In [31], it is approximated that the inductance due to the 

shorting pins is set in parallel with the antenna capacitance, 

creating an antiresonating circuit which explains the presence 

of a parallel resonance. TM00 which is below TM01 depends 

on the number of shorting pins and the size and the positions 

of them. Note that in the literature, the TM01 mode occurs a 

factor of 2.5 above the TM00 mode in frequency domain. 

Herein, by introducing more shorting pins, the number of 

physical parameters are increased which allow easier control 

of both TM00 and TM01 modes. Therefore, both modes are 

made use of within the operating band.  

The resonance frequency at any TMmn mode can be 

calculated by Eqn 1 [33] for an undisturbed rectangular patch 

where m and n are the mode numbers, pw is the width, pl is 

the length and Le is the effective length of the patch, h is the 

thickness of the substrate. The effective dielectric 

constant,  𝜖𝑒, is less than the relative dielectric constant,  𝜖𝑟 , 
due to the fact that the fields are not confined only in the 

dielectric medium and but also in the air and it can be 

calculated using Eqn 2. Taking the fringing capacitance 

account by inserting Eqn 3 into 𝐿𝑒 = 𝑝𝑙 + 2∆𝐿, the first three 

resonances are calculated to be the TM01, TM02 and TM03 at 

1.557 GHz, 3.114 GHz and 4.671 GHz. Eigenmode analysis 

conducted in Ansys Electronic Desktop [34] shows that these 

modes occur at 1.388 GHz, 2.776 GHz and 4.165 GHz. Once 

the shorting pins are introduced, TM01 is shifted higher in 

frequency to 2.49 GHz, as well as the TM00 mode being 

excited at 2.47 GHz.  
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Eqn 3 

 

As a guideline, the patch size can be chosen as 0.7λguided by 

0.2λguided, where λguided is the wavelength of the guided signal. 

Then the structure can be tuned using several parameters such 

as patch size (pl and pw), positions of the pins (lpp and tpp) 

and the feed position (fp) as labelled in Fig. 3. The frequency 

of both modes is controlled by the overall perimeter (pw+pl) 
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as well as the longitudinal pins. As tpp increases, the resonant 

frequency of the azimuth mode increases incrementally. An 

increase in fp results in a shift towards a lower frequency for 

the elevation mode. Therefore, tpp together with fp can be 

increased to shift the modes towards each other in frequency 

domain. 

The proposed antenna as seen in Fig. 4 is excited with a 

coaxial feed. And prototyped on Rogers RT/duroid 6006 with 

relative permittivity,  𝜖𝑟 , of 6.15 and loss tangent, tanδ, of 

0.0019. The overall dimensions of the antenna are 45 mm x 

14 mm x 2.5 mm. The patch length (pl) is 41.5 and the patch 

width (pw) is 9 mm. Radii of the shorting pins are 0.8 mm. 

The offset of the feed from the center (fp) is 7.75 mm. The 

offset of the longitudinal pins (lpp) and the transverse pins 

(tpp) are 10.5 mm and 3.6 mm respectively. The TM00 mode 

of the antenna generates a main beam directed towards φ=0°, 

θ=62° [35]. In this paper, this mode is referred to as the 

azimuth mode. The TM01 mode, which has a main beam 

directed towards φ=0°, θ=12° is referred to as the elevation 

mode from this point forward.  

   

C. Results 

The simulated and measured frequency responses of the 

optimized antenna are compared in Fig. 5. A good agreement 

has been observed between the predictions and the 

measurements. However, the matching of the elevation mode 

was overestimated. The reason is believed to be the 

imperfections in the prototyping process. 

 The performance of an antenna is affected by its 

surroundings; therefore, an on-body antenna should be 

analysed with this fact in mind specifically because it is going 

to operate near the lossy human body at all times.  

 
Fig. 5 The measured frequency response of the antenna compared to Ansys 

Electronics Desktop simulations  

  

 
                       (a)                                                 (b)  

Fig. 6 3D Directivity (dBi) plots of (a) the azimuth mode and (b) the elevation 

mode 

Fig. 6 shows the azimuth mode pattern in the beginning of 

the band and the elevation mode at the end of the band. These 

patterns have been measured in an anechoic chamber with the 

antenna mounted on a body phantom [36]. It can be seen that 

the former results in a null in the +z direction and the max 

radiation is in the x-y plane, whereas the latter directs all the 

energy to the +z direction. Maximum directivities observed 

for the azimuth mode and the elevation mode are 6.5 dBi and 

6.6 dBi respectively. Ripples can be noticed which are due to 

the effect of the body. The experiments that follow evaluate 

the benefits of this pattern switching in a multipath 

environment through ray-tracing simulations and real-world 

measurements in a residential environment. The performance 

of the antenna is demonstrated in Section IV and V. 

IV. SIMULATED ANTENNA PERFORMANCE EVALUATION  

The ray-tracing study was performed in the virtual three-

storey test house shown in Fig. 2. The performance of the 

proposed antenna was compared to that of the single mode 

directional patch and a single mode omnidirectional 

monopole to quantify the benefits of the switching radiation 

mode technique. Results from ray-tracing were combined 

with the radiation models from chamber measurements to 

simulate the channel. 

Initially, a ray-tracing algorithm predicted all the direct, 

reflected and diffracted rays at 2.44 GHz for two scenarios: 

the AP and the user are located in the same room (AP 1 – 

Client 1 in Fig. 2); the access-point and the user are located 

in adjacent rooms (AP 1 – Client 2 in Fig. 2). In both cases, 

the user was rotated through 360ο in azimuth, and the 

measured 3D polarimetric radiation patterns for a wrist-

mounted omnidirectional and directional patch antenna were 

spatially convolved with the predicted multipath components. 

It should be noted that both elements have a similar measured 

radiation efficiency with that of the proposed antenna. The 

measured pattern of a vertical dipole was used at the side of 

the AP. Fig. 7 shows the received power at the user as a 

function of the body rotation for the two different antenna 

types in the two scenarios. When the user faces towards the 

direction of the dominant propagation path, the received 

signal strength is stronger by up to approximately 8 dB with 

the directional antenna, whereas as the user turns towards 

other directions the omnidirectional antenna provides more 

stable performance, better by up to about 8 dB than the 

directional one.  

 

 
                           (a)                                                          (b)  

Fig. 7 Received power at the user as a function of body rotation.(a) access-
point and user in same room; (b) access-point and user in adjacent rooms. 

 

To obtain further insight into the received signal strength 

advantages of frequency dependent pattern switching, the 

ray-tracing simulation was used to analyse antenna 

performance in different topologies in the test house. Fig. 8 

shows the improvement in received signal strength for 

different topologies achieved by switching between radiation 
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modes when advantageous. Improvement is relative to the 

best single radiation mode on average for that topology. 

There is always an advantage to being able to switch between 

patterns regardless of topology with a maximum 

improvement of 2.9 dB. Greatest gains are achieved when the 

AP is nearer to the UE, with both separation by walls on the 

same floor, and separation by multiple floors decreasing the 

advantages of pattern switching. In the situation where AP 

and user are separated by two floors, the improvement in 

received signal strength due to pattern switching is only 1.4 

dB. 

 
Fig. 8 Improvement in received signal strength due to frequency dependent 

pattern diversity relative to the best single radiation mode in a variety of user-

AP topologies. Pattern switching is advantageous regardless of topology. 

A total of nine antenna positions were used for ray-tracing 

simulations. These were generated by having the arm straight 

down by the side of the body (positions 1,4,7), a 45 bend at 

the elbow (positions 2,5,8) and a 90 bend at the elbow 

(positions 3,6,9). At each of these arm positions the antenna 

was mounted on the thumb side of the wrist, and the wrist was 

rotated clockwise 0 (positions 7,8,9), 90 (positions 4,5,6) or 

180 (positions 1,2,3). Fig. 9 shows these positions. 

Fig. 10 shows the difference in received signal strength 

between best and worst radiation mode. It should be noted 

there is no switching, the best radiation pattern on average 

relative to the worst is shown.  Fig. 10 shows all antenna 

positions either with the AP on the same floor as the user or 

with the AP upstairs with respect to the user. In Fig. 10 if a 

bar is below zero on the dB scale it represents the directional 

pattern being better, in terms of received signal strength, than 

the omnidirectional pattern, and if above it represents the 
omnidirectional pattern’s improvement over the directional 

pattern. Taking the example situation where the AP is upstairs 

relative to the user if the antenna is in position 2, an 

omnidirectional radiation pattern results in an extra 5.9 dB of 

signal strength compared to the directional pattern. If a user 

were to move their arm such that the antenna was in position 

9, now the directional pattern achieves a 4.7 dB improvement 

in received signal strength over the omnidirectional. Another 

example is if the antenna is in position 4 on the same floor as 

the AP there is a 7.3 dB advantage to using the directional 

pattern, however if the user were to move downstairs relative 

to the AP with the same antenna position, 4, there is a 3.3 dB 

improvement from using the omnidirectional pattern. It can 

be observed that both arm position and topology significantly 

affects which radiation pattern is optimal. This motivates the 

use of the proposed antenna, which may switch between 

radiation modes in a normal domestic case in which users are 

mobile. 

 
Fig. 9 Antenna positions. Orange patch represents antenna position. 

 
Fig. 10 Difference in received signal strength due to choosing the radiation 

mode that gives the best performance on average for various antenna 

positions. Two topologies are shown. The figure demonstrates that an 

antenna design that could switch between radiation modes is desirable since 

different arm positions and topology cause optimal radiation mode to change.  

To simulate the proposed antenna design, an investigation 

was carried out to demonstrate the advantage of switching 

compared to picking a single radiation mode. By choosing the 

best radiation mode in a given situation the pattern switching 

antenna could be simulated. Fig. 11 shows how, in all elbow 

positions, pattern diversity facilitates an improved received 

signal strength versus both the worst and best case single 

pattern mode. In our case, this shows not only that there is an 

advantage to choosing a single best radiation mode, but that 

there is further significant advantage to switching between 

modes as and when this maximizes received signal strength. 

A minimum improvement of 1.6 dB can be observed in Fig. 
11 which is relative to a well-chosen single pattern antenna 

for a zero-degree elbow bend. A maximum of improvement 

of 4.3 dB is achieved compared to a poorly chosen single 

radiation pattern in the same elbow orientation. 
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Fig. 11 Improvement in received signal strength due to switching between 

radiation modes when advantageous relative to the best and worst single 

radiation modes for three elbow positions. This illustrates that the use of 
pattern diversity always results in an improved received signal strength when 

compared to an antenna with a single radiation mode. 

 
Fig. 12 CDF of received power for the three different user antennas over the 

94,500 links in the virtual test-house. 

 

Finally, taking all the simulations into account, the 

performance of the omnidirectional, the directional and the 

reconfigurable antenna proposed in this paper is compared for 

ten access-point and ten user locations randomly distributed 

in all the rooms around the test-house, as shown in Fig. 2. In 

all cases, the user was rotated through 360 in steps of 10 

and nine different wrist positions were considered. All 

analysis was repeated for three orthogonal dipoles at the 

access-point, resulting in a total of 94,500 links for each user 

antenna. This number of links would be impractical to 

measure in the real world. Fig. 12 shows the Cumulative 

Distribution Function (CDF) of the received power for the 

three user antennas under test. When such a large number of 

links is investigated, differences tend to average out and 

hence and we can see that the CDF graphs for the 

omnidirectional and for the directional antennas are almost 

identical. The proposed antenna, however, shows a 

significant median improvement of approximately 2 dB due 

to frequency dependent pattern switching. This is a useful 

result for the system designer. The simulations have 

demonstrated the advantages of the example antenna. If 

results had shown poor performance compared to a single 

radiation mode the antenna designer could redesign the 

antenna until the specified performance was achieved. We 

also gain useful insights into antenna performance in different 

situations. For example, omnidirectional antennas tend to 

give superior performance when communication takes place 

between floors, to a maximum of a 5dB improvement, 

whereas directional antennas give better performance on the 

same floor unless the arm position is such that the main lobe 

is directed towards the floors above or below. 

 

V. VERIFICATION AGAINST MEASUREMENTS 

 In this section, we experimentally evaluate the 

performance of the proposed antenna in a real residential 

environment, namely the SPHERE (a Sensor Platform for 

Healthcare in a Residential Environment) house [37], for an 

off-body scenario in which the on-body node communicates 

with a nearby access-point. Measurements here represent a 

final verification step, demonstrating that results generated in 

simulations are realistic.  

    The SPHERE house is a fully furnished two-storey house 

with brick walls located in the city-centre of Bristol, UK. Fig. 

13 shows the floor plan of the SPHERE house including the 

access-point (AP1-AP4) and the wearable (W1-W3) 

measurement locations. Measurements included the wireless 

channel gain and the system-level performance of a real BLE 

system.  

 The off-body wireless channel gain (which includes not 

only path loss but also the transmit and receive antenna gains) 

was measured in the 2.4 GHz band using a Vector Network 

Analyser (VNA) following a measurement procedure similar 

to that described in [37]. The measurements were performed 

with the proposed antenna mounted on the wrist of a human 

subject (male, 176 cm height, 80 kg weight) in locations W1, 

W2 and W3 for two different arm positions and with the 

subject rotating through 360ο in azimuth. The investigated 

links are classified into the following five categories: Same 

room (AP1-W1, AP2-W1, AP3-W2); one wall (AP1-W2, 

AP2-W2, AP3-W1, AP3-W3); two walls (AP1-W3, AP2-

W3); and first-to-ground floor (AP4-W1, AP4-W2, AP4-

W3). 

 

     
Fig. 13 Floor-plan of the SPHERE house showing the access-point (AP1-

AP4) and the wearable (W1-W3) measurements locations. 

 

 Fig. 14 shows the CDFs of the measured mean channel 

gain for the four link categories. Fig. 14 refers to the case of 

the AP employing a horizontal dipole antenna. Results are 

similar for a vertical dipole. Each CDF graph is calculated 

over all the body azimuth rotations and the two arm positions. 
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The mean (μ) and the standard deviation (σ) for each CDF 

graph are also indicated in Fig. 14. We can observe that each 

(concrete) wall introduces an extra loss of 19 dB in average 

when the access-point and the user are on the same floor level. 

Note that this value includes the additional path loss due to 

longer distance separations between the transmitter and the 

receiver and does not refer to losses due to the wall only. 

Furthermore, the standard deviation of each CDF graph 

demonstrates the effect of body shadowing. This was found 

to be about 6 dB for the same-room links, 5.9 dB for the one-

wall links, 4.1 dB for the two-wall links, and 4.7 dB for the 

first-to-ground floor links. We can notice that the effect of the 

body is stronger in the same-room and in the one-wall links, 

where a strong propagation path dominates the wireless link.  

 Fig. 14 also demonstrates the Packet-Error-Rate (PER) as 

a function of the wireless channel gain that was measured for 

a BLE system that uses the Nordic nRF51822 chipset in 

connectionless mode (broadcasting in the three advertising 

channels) [37]. Assuming a transmit power of 0 dBm, which 

is common for such systems, the received signal power will 

be equal to the channel gain. If we hence assume a PER of 

1% as an acceptable outage threshold, a single AP in the 

SPHERE house could sufficiently cover all the cases in the 

same room, in adjacent rooms on the same floor level, and in 

upstairs-to-downstairs communication, and only 40% of the 

cases when the transmitter and the receiver are separated by 

two walls. This indicates the need of multiple AP deployment 

for full wireless coverage in the SPHERE house if a BLE 

system is employed.  

 

 
Fig. 14 CDF (over the two arm positions and all body rotations) of channel 
gain in the four link categories using a horizontal dipole at the access-point 

Mean (μ) and standard deviation (σ) are indicated. The PER for a BLE 

system is also shown (assuming a 0 dBm transmit power the channel gain is 

equal to received signal power). 

 

 
Fig. 15 Median channel gain over all the measurements. 

 For comparison and benchmarking purposes, all wireless 

channel measurements were repeated with two additional 

wearable antennas, namely a custom patch antenna [37] and 

an off-the-shelf monopole antenna (nRF51822-EK). The 

former has a directional and the latter an omnidirectional 

radiation pattern over the whole 2.4 GHz frequency band. 

Fig. 15 shows the measured median channel gain for the three 

candidates, which was found to be approximately 2 dB better 

for our proposed antenna, a result that agrees with the 

conclusions from the ray-tracing simulations of Section III. 

This 2 dB improvement in performance highlights the fact 

that the benefit of frequency dependent radiation pattern 

switching can be quite significant, especially if we consider 

the fact that it was calculated over all the links in the SPHERE 

house, access-point antennas, arm positions, and body 

orientations. The agreement with ray-tracing demonstrates 

how the proposed method is a valid means quantifying 

antenna performance. 

Finally, a series of free-walking experiments were 

conducted in order to identify the behaviour of the proposed 

antenna in dynamic scenarios. The user with the wrist-

mounted antenna is randomly walking inside the lounge 

(same room as AP1 in Fig. 13) for 20 minutes, covering all 

the available area within the room, and three AP locations 

were considered: AP1 (i.e. user and AP are in the same room), 

AP3 (one wall separation between the user and the AP) and 

AP4 (upstairs-to-downstairs link).  Fig. 16 shows the CDF of 

the channel gain for each of these three-dynamic links and the 

results demonstrate similar behaviour to the static 

measurements shown in Fig. 14. 

 
Fig. 16 CDF of the channel gain in three dynamic links, where the user with 

the wrist-mounted antenna performs random walks within a room. 

VI. CONCLUSIONS 

A method for quantifying the performance of an antenna 

design was presented. As a case study, a planar antenna 

capable of radiation pattern switching by changing the 

maximum radiation direction with frequency was presented. 

At the lower end of the frequency band up to 2.45 GHz, the 

antenna generates nulls away from the antenna’s main axis. 

On the other hand, for the rest of the band, a directional 

radiation pattern away from the antenna’s main axis is 

formed. 

The performance of the proposed antenna was analysed 

using the proposed method which included extensive ray-

tracing simulations in conjunction with antenna pattern 

measurements including the effects of the body. A detailed 

investigation was performed to practically demonstrate the 

sensitivity of the link quality on the antenna position on the 

wrist and on the arm orientation. It was shown, that the 

frequency dependent pattern switching technique may result 

in large benefits, as high as 8 dB for specific links. The 

analysis of the antenna showed, in this test case, that the 

example antenna achieved good performance but could also 

be used to identify poor antenna designs or compare 

candidate antennas in specific situations. 

-90 -85 -80 -75

Monopole

Antenna

Patch Antenna

Proposed Antenna

Median channel gain, dB
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Then the performance of the antenna was investigated in a 

real off-body propagation scenario in a residential 

environment.  The proposed antenna was mounted on the 

wrist of a human subject and communicated with a nearby 

access-point. The impact of body-shadowing was quantified, 

showing that the standard deviation of the received signal due 

to body rotation is approximately 6 dB in links where a strong 

signal path is present, and about 4 dB in links where weaker 

multipaths are the main propagation mechanism. 

Furthermore, the benefit of pattern switching was highlighted 

as the median performance of the proposed antenna was 

found to be 2 dB better than that of a patch antenna with 

directional pattern only, and that of a monopole antenna with 

omnidirectional pattern only over the whole band. This result 

was calculated over all the measured links in the house, 

access-point antennas, arm positions, and body orientations 

and was in agreement with the conclusions from the ray-

tracing simulations; demonstrating how the ray-tracing 

simulations can be used to effectively quantify antenna 

performance in the design phase of an off-body 

communication system. 
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