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ABSTRACT

This paper presents a generic small scale chano@¢infior ultra
wideband wireless body area network communicatitins.based
on static on-body measurements in an anechoic afrabybusing
a vector network analyzer within a 2-8 GHz bandhidtwo
antenna types are used for the examination: dipokk double
loop. From the existing data, a generic averagarglampulse
response (CIR) was extracted resulting 11 and 4@vable paths
for the dipole and the double loop antenna, respegt when a
dynamic range of 25 dB was used. The CIR envelopes
modelled by using the polynomial least squares (fit8)g with
orders one to five. Thé"order LS model was noted to follow the
CIR envelope most precisely. The CIR decays shgfabter for
the dipole antenna. The statistical propertiehef@IR bins were
solved by fitting the data for 17 continuous distitions and
ranking them by using the second order Akaike mfmion
criterion. To model the CIR amplitudes exactly, rfalifferent
distributions were needed for the dipole but foragproximate
model Weibull and lognormal distributions suffiéer the double
loop, all CIR bins follow the inverse Gaussian usttion. The
distributions of the CIR bin indexes were foundftdow the
negative binomial distribution for both antennas.
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1. INTRODUCTION

The rising life expectancies and middle ages ofupatn in
many nations worldwide [1] have partly caused iasieg interest
in various kinds of activities in the field of medl information
and communication technology (ICT). With the help@T, it is

possible to improve the quality of life and treatmnef people,
since, e.g., a patient’s vital functions can be itoved remotely
to make the work of the medical staff more effitiento enable
many patients to live longer in their homes [2].eTleature of
wireless technology gives more freedom in moveméuaith at
home and hospitals. The development in miniatudnatof
electric devices eases up their usage closer asgrcto human
body (on-body) and even inside them (in-body) aslamts. With
ultra wideband (UWB) wireless body area network (&8
communications, the goals are achievable and tmerethe
activities within the UWB WBAN have been vivid fsome time
[3,4]. UWB is a highly suitable technique for sharnge
communications, as in WBANSs [3]. The Institute dé&rical and
Electronics Engineers (IEEE) released a standdedreel as IEEE
802.15.6 in 2012 containing definitions for WBAN ][5
According to it, UWB technology is to be used withthe
frequency ranges of 3.2448-4.7424 GHz (low band) &r24-
10.2336 GHz (high band). It is highly realisticerpect that the
published standard will increase the interest liotiicademia and
industry on the UWB WBAN technologies.

This paper presents a small scale UWB WBAN chammadel.
Since the links are not divided into categorieotethe analysis,
a generic on-body modelling is in question. Theknigrbased on
frequency domain measurements with a vector netwoekyzer
(VNA) across the 2-8 GHz bandwidth (BW). The static
measurement campaign is conducted in an anechamhsr by
using two different planar UWB antennas: dipole atwlble
loop. The measured data is recorded and post-edds extract
the time domain parameters for the model. One ratitim is to
examine the effect of the antenna type on the genBNB on-
body channel model. The work is a part of a largéBAN
research on channel measurements and charactamiZdte paper
continues the work introduced in [4].

2. MEASUREMENT ARRANGEMENT

The anechoic chamber had a floor size of 245 c®@5/,cm and a
height of 240 cm. The 183 cm tall male test pemsas wearing a
cotton T-shirt and jeans but no shoes. All possibietal
containing parts such as watch, belt, ring etcevedrsent during
the measurements to reduce the reflections.

The VNA was a four-port device ZVA8 manufactured Rghde
& Schwartz. Eight meters long Huber + Suhner SUCBEXL
104PEA measurement cables were connected to eath 4o
computer with the LabVIEW software was used to manthe
VNA through the general purpose interface bus (GPIBiring
the measurements, 100 consecutive frequency sweepsg
1601 frequency points in one sweep were recorde@doh link.



Both forward and reverse links were measured. Tdwep at the
transmit port was +10 dBm. Additional informatiorf the
measurement setup is available in [4]. The strestupgether
with the simulated and measured performances of Uki¢B
antennas used in this work are described in detfl-7].

3. IMPLEMENTED MEASUREMENTS

At first, 14 locations to place the antennas westecied, as
shown in Fig. 1. Further, six combinations of féarations were
defined, since four antennas were possible to beinted
simultaneously. The chosen compositions are listddble 1. As
noted, all options contain the point AP [4].

The point AP was situated either as an on-body area®nt spot
on the abdomen as shown in Fig. 1 or as an off-tspdyt on a
pole. Since only the on-body cases are consideratis paper,
the off-body channels were omitted from the datacessing. All
compositions were measured by using four similastqiype
antennas. The work was repeated for both anterpestyA 20
mm thick piece made of ROHACELL 31 HF [8] with eteécal
properties similar to airg{= 1.05 @ 2.5 GHz, 1.043 @ 5 GHz,
1.046 @ 10 GHz) was inserted between the antenmmhbady to
maintain the antenna-body distance constant. Thenaas were
attached in their sites with elastic bands and tpes masking
tape. Finally, the entire measurement program \eaeated as
such in order to diminish the effect of the vadatin the antenna
placements on the results [4]. In total, 252 linkse measured.

4. OBTAINED RESULTS

4.1 Data Post-processing Method

The recorded data was post-processed with the MATLA
software. The frequency domain channel responsessponding
to the scattering parametes; Svere transformed into time domain
by using the complex baseband inverse fast Fourérsform
(IFFT) method [9]. In practice, the IFFT was ditgcipplied to
the complex frequency domain data and a complexhrada
impulse response (CIR) was obtained. No windowings w
applied. The time resolution obtained is the ingesbthe 6 GHz
measurement BW, i.eAt = (1/(6-10)) ns = 0.167 ns. Assuming
the signal propagation at the speed of the ligltpiresponds to a
resolution of 5 cm in distance. The absolute vabfesl CIRs (all
sweeps of all links) were aligned in time, i.e.g tfirst arriving
signal path for all responses was set to be dirtieeinstant = 0.

Figure 1. The selected locationsfor the measur ements.

Table 1. The combinations of measur ement locations

AP-1-2-3 AP —10-11-12
AP-5-6-7 AP—-4-9-13
AP-1-7-9 AP —4-8-10

4.2 Amplitude Analysis

4.2.1 CIREnvelope Model

First, the available 25200 CIRs per antenna werraaed to
solve the average generic CIR envelopes for thenaias and the
results were transformed into a decibel scale. djmamic range
of the generic CIRs was selected to 25 dB, i.eR Glps 25 dB
below the highest tap strength were omitted basedtle
following reasoning. The IEEE 802.15.6 defines teeeiver
sensitivity for an impulse radio UWB system with-offl keying
in an additive Gaussian noise channel t¢?pe —76 ... -91 dBm
depending on the data rate used. The channel B¥jidated to
be 499.2 MHz [5]. The Federal Communications Corsiois
(FCC) sets the maximum transmit power in a 3.1-I&-& band
to be —-41.3 dBm/MHz [10]. This corresponds to thaximum
transmit power of -14.3 dBm @ 499.2 MHz BW. The maxm
values of the average CIRs are found toNté; = -57.6 dB
(dipole) andMV, = -58.9 dB (double loop) corresponding the
relative power of the strongest tap. With the 25thi@shold used,
the absolute powers of the weakest taps considerda analysis
would therefore be -96.9 dBm (dipole) and -98.2 d@louble
loop) assuming the maximum transmit power and #msigvities
above. As a result, the generic CIR for the dipades 11 taps
whereas the model for the double loop consists2ofaps. The
CIRs are not sparse in time.

Polynomial least squares (LS) data fitting was igblto the
average CIRs. As a result, the CIR envelope is ifexitle
according to the equation

P(2) = pnz" + pyazV T+ pZt g, @

whereN is the order of the polynomial LS fipy are the model
coefficients and 0{0,1,2,3...} is the time index. LS fitting was
performed for the orders & = 1, 2, 3, 4 and 5. An example of
the LS fits for the dipole antenna and for the osd& 1, 3 and 5
are shown in Fig. 2 where the horizontal axis costahe time
delay in nanoseconds and vertical axis the relateeived power
in decibels. The blue dots present the true ave@igethat the
polynomial curves try to model. Thé"®rder polynomial seems
to follow the original data points better than tbever order fit
curves. The goodness of the fit was evaluated luleding the
root-mean-square (RMS) error between the true geei@R
envelope and its polynomial model. The full resoltshe LS data
fitting for different orders of the fit are visibl@ Table 2. The
results show the general trend where the RMS eleoreases as
the order of the fit is raised into more complexlypomial
models. For the dipole, RMS value remains almasistme at the
orders of 2 and 3. For the double loop, the modé¢isN = 2, 3
and 4 give almost the same goodness in RMS. ItldHminoted
that the model in (1) and Table 2 is valid for 0...10 andz =
0...11 for the dipole and the double loop, respebtive

When examining thg, parameter predicting th&lVy and MV,
values, it can be noted that the higher the fieottie better the
first path is solved with the polynomial model.

For the first order model, the parameteis smaller for the dipole
giving an idea that generally the CIR for the dégdecays slightly
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Figure 2. Dipole CIR L Sfit of theorder 1, 3and 5.

Table 2. Resultsfor Nth order polynomial L Sdata fittings

Dipole Double L oop
N Coefficients RMS Coefficients RMS
| PrTTEIAS ) gy | PrT 20404 1.1183
Po = -59.7791 Po = —60.7544
P, = 0.0879 P, = 0.0759
2 | pp=-32332 | 0.7918 | p, = -2.8750 0.7812
Po = —58.4611 Po = —59.3634
ps = 0.0086 ps = 0.0028
g | Pe=700409 oo, | P2=0.0293 0.7763
p = —2.7421 Py = —2.6790
Po = -58.7702 Po = -59.5031
ps = 0.0082 ps = —0.0019
ps = -0.1551 ps = 0.0451
4 | p,=0.9824 0.5784 | p, = —0.2617 0.7575
p, = —4.7888 py = —2.0333
Po = —58.1807 Po = —59.7203
Ps = —0.0033 Ps = —0.0023
ps = 0.0898 ps = 0.0604
g |Pe= 708676 1 og4g | P2= 709540 0.5209
p, = 3.5115 p, = 2.0848
p, = —7.8585 py = -5.2000
po = -57.7891 po = -59.2219

faster than in the case of the double loop. Thebmrmof taps is
less for the dipole which also supports the samelasion.

4.2.2 Satistics of the Delay Bins

The statistical characteristics of the linear seal®litudes were
extracted for each delay bin index. The measurerdatd was
fitted for 17 theoretical continuous distributiorsffered by
MATLAB. The tested distributions were beta (A), Braum-
Saunders (B), exponential (C), extreme value (Rynma (E),
generalized extreme value (F), generalized Par@lo ifverse

Gaussian (H), logistic (1), log-logistic (J), logmeal (K),

Nakagami (L), normal (M), Rayleigh (N), Rician (Q)location-

scale (P) and Weibull (Q) distributions [11]. Thedel selection
problem was solved by the second order Akaike méion

criteria (AICc) [12]. The AICc or the classical Aka information

criteria (AIC) are used, e.g., in [13-15]. AlCcas extension to
AIC and in large data sets, as in this paper, perfsimilarly to

the AIC, whereas in small datasets AICc is betfe].[ AIC is

claimed to perform better in model selection thhe tnethods
belonging to the class of hypothesis testing [R#dsults for the
distribution test for all CIR bins are shown in Tal8 in the
ascending order of the models’ AICc values. Thus best
distribution fit for each bin index is found as tfiest symbol on
the left and the bin index one denoting for thetfarriving path
of the CIRs. For the case of the dipole antennaaiit be noted
that depending on the CIR bin index the distributibat models
the measurement data best is either Weibull, génedaPareto,
lognormal or log-logistic distribution. In the biisand 7, the fit
was not able to adapt to the Rice distributionydfeee only 16
fits are visible in these cases. The results far double loop
antennas is more straightforward, since for alstime best fit is
obtained with the inverse Gaussian distribution.

The results between the antennas in Table 3 deslieeiely, as the
best distribution fits are dissimilar for all CIRnbindexes. Since
the on-body antenna spots as well as the measureserip are
identical for both antennas, the explanation far dfstinctions is
the difference between the antenna types and dutr@mhagnetic
fields they radiate.

When examining the dipole case, it can be notetftinahe third
bin the difference of the AICc values between tle@egalized
Pareto distribution (G) and the Weibull distribuiti¢Q) is 248.
The difference is minor compared to, e.g., theeasponding bin
in the double loop case, where the difference @dMbetween the
distributions H and Q is 28713. Therefore, for dinify, the
Weibull distribution can be used for the third lalso. Similarly
the lognormal distribution (K) can be used for thias 4 - 11
since the differences between the AICc values of st fits in
the 4th (AICc(G) — AICc(K) = 268) and the 7th biAlCc(J) -
AICc(K) = 202) are small among the values of afffestences
between consecutive AICc values. This is furtheifieel visually
in Fig. 3, where some cumulative distribution fuoos (CDF) are

Table 3. Resultsfor thedistribution test

Bin Dipole Double L oop
1 |QGEAKCJILBFHPIMDNO HQGEAKJBLFCPIMDNO
2 |QEAGKJCLFBHPIMDNO HQEAGKJLFBCPIMDNO
3 |GQKJEAFBCLHPIMDNO HQEAGKJLFBCPIMDNO
4 |GKIQFEACBLHPIMDNO HKGJQFEABCLPIMDNO
5 |KIGFBQHEACLPIMDNO HGQKJEAFCBLPIMDNO
6 |KIJGFQBEAHCLPIMDN HGKQJEAFCBLPIMNOD
7 |IJKFGBQHEACLPIMDN HGQKJEACFBLPIMNOD
8 |KIJGFBQHEACLPIMDNO HGQKEACBJFLPIMNOD
9 |KIFGBQHEACLPIMDNO HQGEAKBCJLFPIMNOD
10 [KIGFQBEAHCLPIMDNO HKGJBFQEACLPIMDNO
11 |KIGFQBEAHCLPIMDNO HKGBJQEAFCLPIMDNO
12 |- HKGBQJEAFCLPIMDNO




CDF examples for the 3rd bin of the dipole CIRs
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Figure 3. Exemplary CDFsfor thedipole CIRs.

shown for the third dipole CIR bin. The results gheen for the
best and second best fits. As a reference, als€Bfe giving the
weakest fit is shown.

The parameters for the distributions for both angésnare listed in
Table 4. The probability density functions (PDF) diie
distributions are [11]

b(x)°™ x\°
=22 "ol (2]} w0 @

for the Weibull distribution, whera > 0 andb > 0 are the scale
and shape parameters,

iy 102
f(x|p,0)=x0j§[exp{ (In2>;2 ) } x>0, (3)

for the lognormal distribution withw (real number) and > 0
describing the mean and standard deviation of tbemally
distributed random variable k)( The inverse Gaussian PDF is
described by [11]

f(x|a,)\):/#exp{—ﬁ(x—a)z}, x>0, (4)

whereo > 0 and\ > 0 are the mean and shape parameters.

Table4. Distribution parametersfor the best fits

Bin Dipole Double L oop
1 [a=0.0012p=0.8147 0.=0.0011) = 1.0413. 1T
2 |a=5.7829-10,b=0.7795 |a=6.3532-10f, A = 3.5521-1C
3 [a=4.8969-10,b=0.7345 |o=6.4157-10, A = 4.5918-1C
4 |u=-8.61000 = 1.4787 o = 4.8655- 10, A = 5.0342- 10
5 |u=-8.90400=1.4142 o =3.3322.10', A = 3.1961-10°
6 |u=-9.23485 = 1.4082 0= 2.4969-10, 1 = 3.7238. 10
7 |u=-9.48455=1.2954 0= 1.9503-10, 1 = 4.0707-10°
8 |u=-9.73740=1.3346 o = 1.4940-10, & = 3.7844.-10°
9 |u=-9.98445=1.2842 o =1.2693-10, A = 2.5836-10°
10 |n=-10.1519¢ = 1.3819 o =1.2102-10', A = 2.2066-10°
11 |n=-10.34475=1.4312 o =1.0046-10', A = 1.7603-10°
12 |- 0= 7.7384-10, . = 1.5076- 10

4.2.3 Delay Domain Analysis of the CIRs

The delay properties of the CIRs were also analyZé@ bins
containing signal energy for the dynamic range 5fdB were
extracted. As a result, mean, median and maximdoesdor the
observed bin indexes were determined and they laoers in
Table 5. The bin indexes were fitted with three cdite
distributions available in MATLAB with the names binomial,
negative binomial and Poisson distribution. The elothat
produced the smallest AICc value was the negativorbial
distribution with the PDF [11]

rex-l w(l-w)*, roz
f(x|r,w) = X ®)
er(l—w)x, roR,
r(rr(x+1

wherer and 0 <w < 1 are the parameters of the distributiorr. i

an integer Z), the upper equation is valid but for non-integer
values (realR) the lower one should be applied, whErdenotes
for the Gamma function [11]

r(x)= I ettt ©6)
0

The parameter values in (5) are listed in Tables Svell. In Fig.4

the CDFs for the observed bin indexes and the iveghinomial

distribution fitting to them is shown. The mean bidex is larger
for the dipole but the median values are similavghg that the
majority of the indexes is less than 10. At fitet imean bin index
values seem to be contradictory with the resuthefaverage CIR
tap values (11 and 12), but it should be noted thethigh bin

indexes are close to the threshold and therefosegriificant.

After averaging high bin indexes do not exceedtlineshold.

Table5. Resultsfor delay domain analysis

Dipole Double L oop
Mean bin 20.5 17.6
Median bin 9 9
Maximum bin 97 102
r 0.6937 0.8021
w 0.0327 0.0436
Doubleloop
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Figure4. CIR bin CDFsand their fittings.



5. CONCLUSIONS AND FUTURE WORK

A generic small scale channel modelling work wadgquened for
UWB on-body communications based on frequency domai
measurements in an anechoic chamber. Two anteipes tyere
used: dipole and double loop. The average CIR whiaated and
a channel tap number of 11 for the dipole and I2ZHe double
loop with a dynamic range of 25 dB were obtainekdR €nvelope
models were developed by using the polynomial t#h§ with
orders one to five. Thé™order LS model was noted to follow the
CIR envelope most precisely. The CIR decays shgfaster for
the dipole antenna. The distributions of the amgéis of the CIR
bins were solved by testing the measurement daténsigl?
continuous distributions and selecting the bestickte based on
AlCc. For dipoles, the exact modelling requires tisage of four
different distributions, but can be approximatedWgibull and
lognormal distributions. For the double loop, alRQins can be
modelled with the inverse Gaussian distributione Hifferences
between the results are explained by the discréparaf the
antenna types and the electromagnetic fields theiate.

The delay characteristics of the CIRs were alsaniaxed. The
PDFs of the bin indexes within the selected 25 giBathic range
were noted to follow the negative binomial disttibn. Most of
the bin indexes were below 10 based on their mediare.

Examination of the channel models for the casesnwtie
measured links are classified into different catego e.g., line-
of-sight and non-line-of-sight links, will be ond the topics of
the future work. Also the effect of different modsélection
criteria on the statistical distributions beyone tsed AlCc will
be an interesting theme to examine. Extending rikiestigations
into the creeping waves, echoic environments, dsagepseudo-
dynamic or even dynamic channel cases, seem al$mave an
outmost importance in order to explore the compbexbody
UWB radio channel phenomena in a greater depth.
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