
Int. J. Ultra Wideband Communications and Systems, Vol. 1, No. 4, 2010 263 

Copyright © 2010 Inderscience Enterprises Ltd. 

Off-body UWB channel characterisation within a 
hospital ward environment 

Philip A. Catherwood 
The Nanotechnology and Integrated BioEngineering Centre, 
University of Ulster, 
Shore Road, Newtownabbey, BT37 0QB, UK 
E-mail: p.catherwood@ulster.ac.uk 

William G. Scanlon* 
Institute of Electronics, 
Communications and Information Technology, 
The Queen’s University of Belfast, 
Queen’s Road, Belfast, BT3 9DT, UK 
E-mail: w.scanlon@qub.ac.uk 
*Corresponding author 

Abstract: Received signal strength measurements and delay statistics are presented for both a 
stationary and mobile user equipped with a wearable UWB radio transmitter (TX) within a 
hospital environment. The measurements were made for both waist and chest mounted antennas 
using RF-over-fibre technology to eliminate any spurious electromagnetic scattering effects 
associated with metallic coaxial cables. The results show that received signal strength values 
were dependent on whether transmit and receive antennas had line of sight (LOS) and were also 
affected by body-shadowing and antenna-body position. For mobile conditions, received signal 
strength tended to be log normally distributed with non-LOS (NLOS) links having significantly 
lower mean values. Excess time delay results for mobile user tests were best described by the 
Weibull distribution. Overall, the results favoured the chest mounted antenna position, with 
higher mean signal levels, reduced mean excess delay and less difference between LOS and 
NLOS channels. 
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1 Introduction 

As the quality of healthcare in the Western World increases, 
its success brings a new set of problems. People are living 
longer; in the USA alone, the number of people aged  
65 years or older increased from 35 million in July 2000 to 
39 million in July 2008 (USCB, 2008). The cost of health 
care for this aging population continues to rise and is 
causing a strain on the clinical resources of many countries. 
One way this problem can be addressed is by the use of 
technology and it is considered that robust high-speed 
wireless information access will become fundamental in 
delivering modern and future health care provision 
(Taparugssanagorn et al., 2009). 

It is the current practice to monitor hospital patients by 
positioning medical sensors on specific areas of the 
patient’s body and then connecting each of these sensors to 
the necessary machines via wiring to enable the processing 
and display of the data in a meaningful and timely manner. 
Such data may include vital signs such as respiration rate, 
oxygen saturation and electrocardiogram. However, the use 
of cables may complicate treatment and increase 
interruption during transportation of patients, including a 
break in essential monitoring (Paksuniemi et al., 2005). 
Therefore, wireless networking technology can be used to 
address these issues, with wide ranging benefits including 
an increase in clinician convenience, patient mobility and 
comfort. Furthermore, wireless technology can be used to 
record and relay vital signs or kinematical data for the 
infirm in their own home to promote independent living 
(Taparugssanagorn et al., 2009). 

Figure 1 Body-centric medical device communications showing 
the off-body communications link (see online version 
for colours) 

 

Medical wireless connectivity typically involves a body 
sensor area network and wireless link between the network 
and the hospital’s communication network (Figure 1). The 
transmission of data from the wireless sensor nodes to the 
hospital network is an area that has attracted much recent 
interest (Shin et al., 2007; Karlsson et al., 2005) with a 
range of wireless data transmission technologies being 
employed including WiFi, Zigbee and Bluetooth 
(Elgharably et al., 2008). However, for link distances below 
15 m ultra-wideband (UWB) transmission offers very low 
power, cost, complexity and very high data rates 

(Oppermann, 2004). In medical applications, UWB would 
be suitable for transmitting sizable volumes of streamed 
patient data within indoor hospital environments as it is less 
affected by multipath propagation than other competing 
technologies. Indeed, UWB prospers in rich multipath 
environment (Hoff et al., 2003). It is thus suitable for a busy 
ward environment with furniture and pedestrians blocking 
the line of sight (LOS) path between transmitter (TX) and 
receiver (RX). UWB is also hospital safe since FCC and 
equivalent worldwide regulations ensure devices are subject 
to controlled power and frequency limitations guaranteeing 
an extremely low level of emissions (CFR, 2008). 

Currently, only a few studies have addressed the topic of 
the characterisation of UWB radio links in hospital 
environments (e.g., Hentila et al., 2005), and some have also 
considered wearable terminals (Takizawa et al., 2008; Sani 
et al., 2008). There have also been a few recent studies into 
off-body UWB link characterisation (Goulianos et al., 2008, 
2009) but these measurements were made in the  
frequency domain and for stationary nodes only, and were 
performed either in an anechoic chamber or with a  
distinctly different environmental layout to that addressed in 
this paper. Therefore, for the first time, we present  
a comprehensive characterisation of stationary and  
mobile off-body UWB channels within the unique cluttered 
environment of a hospital ward. This research issue is both 
commercially important and also timely as many companies 
across the globe are investing considerably in wireless 
monitors for healthcare applications, often choosing a  
radio chipset for their product without a full appreciation  
of the intricacies of the site-specific radio propagation 
characteristics of their chosen technology. Furthermore, the 
research has considered the effect of antenna position on the 
body, and by using the wearable time-domain pulse sounder 
described in Section 2, has been able to take account of 
unrestricted, natural user movements. This is in stark 
contrast to the majority of research in this field which is 
based on frequency domain, static-measurement sounding 
campaigns. 

2 Measurement system 

The wearable TX (Figure 2) consisted of a single, 
vertically-polarised UWB antenna (Fractus1 UM-FR05-S1-
P-0-107) connected to a battery-powered UWB PulsON 
2102 source using 1,550 nm RF-over-fibre components. The 
Fractus antenna is a 50 Ω 10 mm2 chip antenna with an 
operational bandwidth between 3.1–6 GHz. The source was 
FCC compliant with a centre frequency of 4.7 GHz, a 
bandwidth of 3.2 GHz and a launch power of –12 dBm. The 
PulsON UWB system has been utilised previously in 
(Petroff, 2003; Wong et al., 2006) to undertake UWB 
channel measurements and indeed was designed for this 
purpose. The RF-over-fibre system used had a gain of 0 dB 
and its use eliminated any electromagnetic coupling effects 
associated with RF coaxial cables traversing the user’s 
body. The presence of such cables has the potential to 
distort off-body channel measurements by modifying the 
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coupled antenna-body radiation pattern, particularly in  
non-LOS (NLOS) directions. The RF signal was converted 
into optical by use of a Miteq optical transmitter3  
(SCMT-100M 6G-28-20-M14) and converted back to RF by 
a Linear Photonics4 MiniPR photo-receiver. The signals 
transmitted off-body were received by a PulsON UWB 
receiver system using a vertically polarised PulsON UWB 
antenna connected using standard co-axial cable. 

Figure 2 Wearable UWB TX (a) antenna and amplifier unit on 
user’s waist showing optical feed (b) block diagram 
(see online version for colours) 

 

 
(a) 

 
(b) 

A laptop recorded channel impulse response (CIR) data in 
the form of a power delay profile (PDP) reported by the 
PulsON receiver at a rate of 100 samples per second which 
is sufficient for a 6 GHz node moving at 0.5 ms–1 (the 
Doppler frequency for such a mobile TX is 10 Hz). Since 
each PDP can be post-processed to remove the effect of the 
measurement system (refer to Section 3), analysis of the 
results can be related to any non-specific UWB system. The 
time dispersion captured in each PDP can vary considerably 
across different UWB radio channels due to three basic 
mechanisms of NLOS radio propagation: reflection, 
diffraction and scattering (Laitinen, 1999). All three 
phenomenon cause distortions of the radio signal and, when 
the transmitted signal propagates along more than one path 
to the RX, multipath occurs. As a result the power received 
can vary considerably at various locations within the 
environment (Bultitude et al., 1998) and in an UWB system 
causes inter-symbol interference which limits the maximum 
data rate (Rappaport, 1996). Statistical parameters such as 
mean excess delay and RMS delay spread can be derived 
from PDPs to describe the temporal spread (time dispersion) 
of the radio channel (Ho et al., 1994). Mean excess delay, 
tmean, is the first central moment of the PDP and can be 
given as: 
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where ti is the excess time delay of the ith path and P(ti) is 
the CIR. 

The mean excess delay expresses the average 
propagation delay relative to the first-arriving signal 
component (Andersen, 1995). The RMS delay spread is the 
square root of the second central element of the PDP, and 
thus a measure of the temporal spread of the PDP about the 
mean excess delay. To prevent noise from affecting 
calculated delay statistics, a threshold is incorporated into 
the signal processing software to give most accurate results 
for tmean and tRMS values. 

3 Measurement environment and procedure 

The measurement campaign was undertaken in a 49 m2 
specialist nurse training room (Figure 3) that faithfully 
recreates a real hospital ward and it is fitted with regulation 
specification beds, rails, bedside cabinets, etc. The building 
was of 1960’s construction, consisting mainly of double 
concrete-block cavity external walls, single brick internal 
walls and concrete floor. A suspended ceiling supports 
luminaries at 2.8 m above floor level. This would be in 
keeping with many established hospitals. 

The RX was placed between beds #2 and #3 at a height 
of 2.2 m to represent a base-station access point. The 
wearable TX was positioned at the user’s waist (1.05 m 
above floor level) and the chest (1.4 m) with the antenna 
held against the body using an adjustable synthetic elastic 
band to minimise body-antenna separation during testing. 
For waist tests belts and all metallic items such as coins etc. 
were removed from the user to ensure no distortion of 
results occurred. The test user was an adult male of mass  
82 kg, height 1.78 m. A reference measurement was 
recorded for a direct LOS link at a TX-RX separation of  
3.2 m, as required by the PulsON system to establish an 
accurate datum. This allowed the CIR to be deconvolved 
from the time domain pulse recording made at the RX 
taking account of the pulse distortion caused by both the 
transmit and receive chains and antennas. It should be noted 
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that the reference CIR was truncated after the arrival of the 
first pulse to remove the effect of any multipath signals. 

Tests were split into two categories: user stationary and 
user mobile with received signal strength and PDP being 
recorded in each test. The mobile tests were either LOS or 
NLOS depending on the orientation of the user. All tests 
were conducted for a waist-worn transmit antenna and then 
repeated for a chest-worn transmit antenna to investigate the 
effect of wearable antenna positioning. The stationary tests 
were recorded at positions #2 and #6 and involved the user 
standing beside the bed, sitting on the chair and sitting on 
the bed or lying (face-up) in the bed. For the mobile tests, 
the user walked smoothly at an approximate speed of  
0.5 ms–1 along four 5 m long paths as shown in Figure 3(a): 
AB (LOS – red path 1); BA (NLOS – red path 2),  
CD (LOS – green path 1) and DC (NLOS – green path 2). 

Figure 3 Measurement environment (a) floor plan layout and 
test paths (b) photograph taken from point C toward 
bed 1 (see online version for colours) 

 
(a) 

 
(b) 

Note that all tests, except for those for the user in a bed, 
were carefully planned to be as representative as possible in 
that they were applicable for either a patient or a clinician 
wearing a UWB data terminal. The received power profiles 
were calculated from the recorded CIR samples using 
Matlab. The study of received power is of interest as it gives 
an understanding of typical path loss characteristics for  
off-body links in the ward environment, taking into account 
all relevant factors including body-interaction effects and 
shadowing caused by furniture and fittings. 

4 Results 

4.1 User effects 

To investigate the effects of having the antenna worn by a 
person versus a free standing antenna both received power 
and excess time delay were characterised in a medium sized 
room (4 m × 4 m) with minimal furniture and almost 
identical construction to the hospital ward. The receive 
antenna was positioned on one of the walls at a height of  
2.2 m from the floor and 2 m from each side wall. The 
transmit antenna was positioned at a height of 1.4 m from 
the floor for each of the three recordings and also 2 m from 
each side wall. The TX-RX separation was 3 m. 

The results in Table 1 show that the presence of body 
has a marked effect on received power and excess delay and 
therefore previous work without the body is not sufficient 
for characterising the off-body radio channel for medical 
applications. The difference between LOS and NLOS path 
loss was around 10 dB and when the antenna was  
body-worn, the body acted to modestly increase the gain of 
antenna in the LOS direction. Interestingly, lower mean 
delays were obtained for the body-worn LOS case 
presumably as the user’s body reduced the angular spread of 
the transmitted signal. Likewise, delay spread was increased 
for the NLOS case as the link must rely on longer 
propagating paths such as reflections off the walls and 
creeping waves around the user’s body. These results reflect 
the findings of (Pradabphon et al., 2005) who reported that 
body-shadowing for an indoor radio link noticeably lowers 
the received power level. 

Table 1 Results of antenna-body tests characterising the effect 
of the user 

 Body-worn 
LOS 

Body-worn 
NLOS 

Isolated 
antenna 

Received power 
(dBm) 

–62.4 –72.1 –63.7 

tmean (ns) 19.9 46.2 21.8 
tRMS (ns) 15.7 53.2 27.4 

4.2 User stationary 

Table 2 shows received power measurements for the user 
stationary scenarios outlined in Section 3. A standing 
position ensured the highest signal levels in all cases, with 
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the lowest values occurring when the user was seated in a 
chair for the waist-worn antenna and lying down on bed for 
the chest-worn antenna. This is because when the user was 
seated, the waist-worn antenna suffered from increased 
body-shadowing effect, increased TX/RX height differential 
and also signal blocking due to the metal beds between the 
seat and the RX. The chest-worn antenna for the lying 
position suffered from increased TX/RX height differential 
and by the change in polarisation of the TX antenna with 
respect to that of the receive antenna. 

It was also noted that the mean received power at 
position #6 was higher than at #2, despite the latter being 
much closer to the RX (#6 was 7.3 m from the RX, while #2 
was only 1.9 m away). This is directly related to position #2 
being NLOS (patient facing away from the RX thus 
blocking the signal path), whereas position #6 was direct 
LOS. 

Table 2 Received power results for stationary waist and chest 
tests 

Ward location Patient position Received power (dBm)
Waist #2 Standing –70.5
 Sitting (chair) –75.8 
 Sitting (bed) –70.8 
 Lying (bed) –74.8 
Waist #6 Standing –69.2 
 Sitting (chair) –73.9 
 Sitting (bed) –69.5 
 Lying (bed) –72.9 
Chest #2 Standing –66.6 
 Sitting (chair) –68.3 
 Sitting (bed) –67.7 
 Lying (bed) –71.4 
Chest #6 Standing –66.5 
 Sitting (chair) –70.9 
 Sitting (bed) –69.3 
 Lying (bed) –72.5 

Received power values were generally higher for the chest 
than the waist at both positions (#2 and #6) because of the 
higher elevation and the nature of the environment in that 
most of the room furniture is approximately of waist height 
which increases signal reflection and scattering. It is also 
noted that the received power at position #6 is higher than at 
#2 for the waist-worn antenna, but the reverse is true for the 
chest-worn antenna. This is related to better positioning of 
the transmit antenna to reduce body-shadowing effects. 
These findings concur with work by (Irahhauten et al., 
2005) who found that received power increased as the  
TX-RX height differential decreased. 

4.3 User mobile 

Examples of received power time series for the user mobile 
are shown in Figure 4 which includes both waist-worn and 
chest-worn antenna cases for paths BA (NLOS) and CD 
(LOS). Each time series was transformed into a cumulative 

density function (CDF) using bins assigned according to the 
Freedman-Diaconis rule. Each CDF was then compared to a 
number of major theoretical distributions to assist in the 
modelling of the UWB channel, including Rician, Rayleigh, 
Weibull, Nakagami, Normal, Lognormal, Gamma, etc. The 
best fit in each case was chosen by using a combination of 
maximum likelihood parameter estimation within Matlab 
and inspection which was essential for cases where the 
lower tail of the empirical CDF was not well modelled by 
the estimated distribution parameters. 

Figure 4 Received power time series for waist and chest worn 
antenna for journey (a) BA, (b) CD (see online version 
for colours) 
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Figure 5 CDF for waist and chest-worn antennas for paths  
(a) AB, (b) BA, (c) CD, (d) DC (see online version for 
colours) 
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Figure 5 CDF for waist and chest-worn antennas for paths  
(a) AB, (b) BA, (c) CD, (d) DC (continued) (see online 
version for colours) 
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Overall, it was found that the lognormal distribution was the 
best compromise fit across all paths for both waist and 
chest-worn antennas. Nonetheless, there are differences in 
the details for each path, as shown in Tables 3 and 4. The 
path-specific lognormal distribution parameters are given in 
Table 5. Recent work by (Goulianos et al., 2009) reported 
that received power CDFs were best described by lognormal 
distributions, however, that work was conducted in an office 
environment and was carried out using frequency domain 
channel sounding from 3.5–6.5 GHz. For the waist-worn 
antenna, the highest mean power was recorded for path CD  
 
 

and the lowest mean power for path DC. Furthermore, the 
dominant factor in the tests was whether the antennas were 
in LOS; there is on average 6.6 dB difference between 
NLOS and LOS paths for the waist-worn antenna. Dynamic 
range was found to be around 12 dB for all paths except AB 
which was only 8.5 dB. Similar results were obtained for 
the chest-worn antenna with highest mean power recorded 
for path CD, lowest mean power for path DC. There was on 
average 4.9 dB difference between NLOS and LOS paths. 
Dynamic range was again around 12 dB for all paths, except 
for AB which was 8.9 dB. However, the main difference 
between the antenna positions was that the difference 
between LOS and NLOS was notably higher for the  
waist-worn antenna than for the chest-worn antenna. 

Table 3 Link characteristics for waist-worn antenna mobile 
tests 

Path (all dB) AB 
LOS 

BA 
NLOS 

CD 
LOS 

DC 
NLOS 

Mean –65.8 –71.4 –65.3 –72.8 
Std dev 1.8 2.8 2.2 2.6 
Max –61.7 –64.1 –60.9 –66.3 
Min –70.2 –76.8 –73.3 –79.0 
Range 8.5 11.7 12.4 12.7 
LOS vs. NLOS  5.6  7.5 

Table 4 Link characteristics for chest-worn antenna mobile 
tests 

Path (all dB) AB 
LOS 

BA 
NLOS 

CD 
LOS 

DC 
NLOS 

Mean –66.9 –70.8 –65.3 –71.2 
Std dev 2.5 2.4 2.5 3.4 
Max –62.4 –63.8 –61.8 –65.2 
Min –71.3 –74.8 –73.8 –79.3 
Range 8.9 11.0 12.0 14.1 
LOS vs. NLOS  3.9  5.9 

Table 5 Lognormal distribution parameters and standard error 
for each mobile path 

μ  σ 
 Estimate Std. err.  Estimate Std. err. 

AB 1.617 0.008243  0.108 0.005854 
BA 1.296 0.011726  0.162 0.008324 
CD 1.647 0.009202  0.127 0.006532 

Waist 
antenna 

DC 1.219 0.01233  0.154 0.008761 
AB 1.557 0.011319  0.146 0.008040 
BA 1.332 0.010501  0.140 0.007457 
CD 1.651 0.008177  0.142 0.005796 

Chest 
antenna 

DC 1.313 0.01491  0.198 0.010591 
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Figure 6 Per-path delay distributions (a) tmean for AB (b) tRMS for AB (c) tmean for BA (d) tRMS for BA (e) tmean for CD 
(f) tRMS for CD (g) tmean for DC (h) tRMS for DC (see online version for colours) 
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In terms of excess delay results, it was found that the 
Weibull distribution was the overall best fit for both mean 
delay (tmean) and RMS delay (tRMS) over all paths and for 
both waist and chest-worn antennas. The Weibull 
distribution has been used on a number of occasions to 
model small-scale fading statistics (Chong and Yong, 2005; 
Chong et al., 2005; Lim et al., 2006). Studies by 
Pradabphon et al. (2005) and Goulianos et al. (2009) report 
that RMS delays were well modelled by normal 
distributions. However, both studies were undertaken in 
office environments with significantly different scattering 
conditions from this work. Figure 6 shows the delay 
distributions and the maximum, minimum and mean values 
of tmean and tRMS are presented in Table 6. The parameters for 
the path specific Weibull distributions are provided in  
Table 7. Comparison between the waist and chest-worn 
antenna positions for paths AB and BA (Table 6) shows that 
the differences in tmean and tRMS are negligible. However, for 
both waist-worn and chest-worn antennas the average tmean 
and tRMS (delay spread) values were lower for path AB 
compared to BA, with a similar trend for CD and DC. 
Indeed, the results in Table 6 highlight that, regardless of 
user mode, antenna position and direction of travel (LOS or 
NLOS), the mean values of excess time delay are largely 
similar with tmean ~ 64 ns and tRMS ~ 66 ns. This is due to the 
richness of the indoor multipath environment. 

Table 6 Time delay results for user mobile tests 

  Waist Chest 

AB max tmean (ns) 73.2 73.7 
 mean tmean (ns) 61.2 61.8 
 min tmean (ns) 47.1 50.0 
 max tRMS (ns) 67.8 67.7 
 mean tRMS (ns) 65.6 65.5 
 min tRMS (ns) 60.3 61.0 
BA max tmean (ns) 72.1 70.9 
 mean tmean (ns) 64.6 64.0 
 min tmean (ns) 53.1 54.7 
 max tRMS (ns) 68.5 68.5 
 mean tRMS (ns) 66.1 66.1 
 min tRMS (ns) 62.3 63.5 
CD max tmean (ns) 71.0 71.3 
 mean tmean (ns) 64.1 64.0 
 min tmean (ns) 55.4 57.8 
 max tRMS (ns) 68.2 68.3 
 mean tRMS (ns) 65.9 65.9 
 min tRMS (ns) 62.2 63.0 
DC max tmean (ns) 74.4 73.1 
 mean tmean (ns) 66.0 65.6 
 min tmean (ns) 57.6 59.0 
 max tRMS (ns) 69.0 68.9 
 mean tRMS (ns) 66.4 60.2 
 min tRMS (ns) 61.7 62.3 

Table 7 Estimated Weibull distribution parameters for each 
mobile test 

a  b 
 Estimate Std. err.  Estimate Std. err.

tmean 64.84 0.24172  17.94 0.83796AB 
tRMS 66.28 0.04596  96.14 4.57657
tmean 66.23 0.21640  20.83 1.02258BA 
tRMS 66.52 0.05484  82.75 3.79994
tmean 64.63 0.23090  20.35 1.05626CD 
tRMS 66.12 0.06130  78.45 4.09045
tmean 65.44 0.23734  22.89 1.34228

Waist 

DC 
tRMS 66.73 0.07801  70.80 4.01682
tmean 65.64 0.26750  19.16 1.08845AB 
tRMS 66.44 0.06882  75.58 4.18124
tmean 65.63 0.25027  22.68 1.43635BA 
tRMS 66.37 0.07687  74.76 4.53565
tmean 65.78 0.23600  20.27 1.08460CD 
tRMS 66.40 0.06903  70.00 3.62214
tmean 67.59 0.23473  22.90 1.34220

Chest 

DC 
tRMS 66.86 0.07518  70.95 3.86312

Figure 7 Received power time series for user rotating 
(see online version for colours) 
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4.4 Rotation test 

A rotation test was performed to further investigate the 
differences in signal propagation from the two candidate 
antenna mounting positions on the user’s body. Initially, the 
user (and transmit antenna) were directly facing the RX 
module. The user then rotated at a constant speed with a 
rotation time of 20 s. The received power time series for 
both antenna positions is shown in Figure 7. The results 
show a difference of ~10 dB in received power between 
LOS and NLOS conditions. Overall, the received power 
time series for waist and chest-worn antennas were similar, 
but with one notable difference: the chest-worn antenna 
experienced a marked increase in received signal power 
between 10 to 15 seconds which the waist-worn antenna did 
not. The excess delay results for the rotation test are 
summarised in Table 8. Both tmean and tRMS values for the 
waist-worn antenna are slightly higher than for the  
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chest-worn antenna. These results may be attributed to the 
different scattering environment experienced by each 
antenna mounting point with the waist-worn antenna 
suffering from an increased level of clutter at that height 
above the floor level. 

Table 8 Time delay results for rotation tests 

 Waist Chest 

max tmean (ns) 72.9 71.4 
mean tmean (ns) 63.6 62.6 
min tmean (ns) 50.7 50.2 
max tRMS (ns) 68.6 68.8 
mean tRMS (ns) 66.0 65.7 
min tRMS (ns) 63.1 61.5 

5 Conclusions 

Relative path loss results and delay statistics for both the 
stationary and mobile off-body UWB radio channel have 
been presented. The measurements were made in a realistic 
hospital ward environment using RF-over-fibre technology. 
The mobile results show that the variation in total received 
power for a waist-worn and also chest-worn TX are 
generally well described by a lognormal distribution, but 
that the mean levels and dynamic range were dependent on 
the nature of the path and LOS conditions. The time delay 
results for the mobile tests showed that for both the waist 
and chest-worn antenna the Weibull distribution offered the 
best general fit. The maximum and minimum delay values 
were recorded for the waist-worn antenna position, although 
such is the richness of the multipath environment that many 
of the tmean and tRMS values had only limited dissimilarity. 

Stationary experiments highlighted that received power 
was dependent on user orientation as well as the multipath 
hospital environment. Rotation experiments highlighted that 
received power was dependant on antenna positioning on 
the body, body shadowing effects and alignment with 
scattering objects and surfaces within the environment. The 
delay statistics for the rotation experiments indicate that 
both tmean and tRMS values for the waist-worn antenna are 
slightly higher than for the chest-worn antenna. Also, tmean 
and tRMS values rise with increased body shadowing. 

In all cases it was evident that the chest-worn antenna 
arrangement had discernibly lower average mean excess 
delay (tmean) and RMS delay (tRMS) values compared to the 
waist-worn antenna. For both the stationary and rotation 
measurements the chest-worn antenna arrangement also 
showed higher received power levels. For a mobile user, the 
chest-worn antenna arrangement had higher mean received 
power values for NLOS, and, perhaps more importantly, 
there was also less difference in levels for LOS scenarios 
compared to NLOS. Therefore, future work will extend the 
work to consider a wider range of antenna mounting 
positions and will also investigate the effect of mobile 
scatterers such as pedestrians on these off-body links. 
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