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The body area network (BAN) working on IEEE 802.15.6 is a wireless short-range
communication system that is smaller in coverage than the personal area network (PAN)
IEEE802.15.3a. A wireless body area network (WBAN) is a wireless technology with a human
body that is becoming a key part of short-range radio wave systems and wireless medical
technology. The transfer function characteristics of the human body and the transmission loss
due to the human body should be studied. Short-range radio wave applications with a human
body are more complicated than additional uses. Therefore, realizing the distribution channel
characteristics of the human body with ultra-wideband (UWB) technology is important. UWB
technology has a very large bandwidth, low power, and low cost, which can be used in short-
range systems. In this paper, we present the characterization measurement data of the UWB-
HB channel transfer function based on the human body effect with and without human body in
WBAN system. In this study, we maximize the signal-to-noise ratio (SNR) and contemplate
the matched filter at the receiver. The outcomes are analyzed and evaluated on the basis of
Friis’ formula. The proposed method achieves very precise results and is convenient for the
evaluation and design of the waveform of WBAN transmission in wireless medical applications
and BAN systems, mainly focusing on the input waveform effect.

1. Introduction

Wireless body area network (WBAN) communication based on the wireless ultra-wideband
(WUWB) technology has become a major topic for short-range communication systems with
low-power and low-cost systems.!"> The WUWB is dissimilar from additional impulse radio
technologies. Instead of using the narrowband like other RF technologies, WUWB transmits
low power spectral density (PSD) and tiny pulses in the range of its operating spectrum. The
WUWRB is an exclusive and new operation of a recently licensed frequency spectrum. The
Federal Communication Committee (FCC) has regulated the occupied bandwidth equal to or
more than 500 MHz or a bandwidth fractional frequency equal to or more than 0.2 working and
frequency spectrum for ultra-wideband (UWB) signal equal to 7.5 GHz, which varies from 3.1-10.6
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GHz.® The bandwidth of UWB can be written as

_ -1
By(f)=22 =02 (1)

The low f7 is the lowest frequency and fy; is the highest frequency at —10 dB. The FCC stated
that the PSD of the UWB signal should not be over —41.3 dBm/MHz or over the FCC part 15
limits, which made the UWB signal to be considered as noise for other radio communication
systems. Moreover, the UWB communication system can coexist without involvement with
other wireless communication technologies. Therefore, the UWB impulse radio technology is
a promising contender that may be used for commercial uses owing to its low budget and low
power transmission within an indoor network such as wireless personal area networks (WPANS).(4)

In wireless communication in a narrowband, Friis' formula is expansively used to analyze
the path loss in free space.”) Afterward, for WUWB communication, the complex form of
Friss' formula has emerged to analyze the transmission waveform.®® The optimum WUWB
receiver is used as the matched filter.® 'Y To derive the signal-to-noise ratio (SNR) gain, the
rectangular waveform is used in a WUWB free space channel;'® however, the discussion about
the transmission channel measurement and WUWB antennas is insufficient.

WBAN has become the main short-range radio wave communication system. WBAN helps
in the development of the health care industry and biological and information technologies.
In the ideal term of WBAN, the wireless networks should have a working range away from
the human body between 1-4 m. WBAN is categorized for applications such as medical and
nonmedical uses. Factors such as reliability and power consumption are essential for WBAN
uses in medical treatment. In the case of nonmedical uses, sound and image transmissions
require a high-speed data transfer rate. Because it relies on the location of a device, the
application of WBAN should be grouped as an implant and wearable device. For most medical
treatments that can be categorized as an implant case, wireless amusement and entertainment
applications can be categorized as a wearable device.3719

In IEEE 802.15.6 TG, the standard of BAN has been described, including details about the
OSI layer for BAN. To develop a communication link, the channel modeling is essential. The
WBAN channel models are sorted as in-body, on-body, and off-body. Even so, a right model
explains the WBAN channel characteristics but is still not available. In this point, it is not easy
to design and evaluate the proper WUWB network.

In this research, we evaluated the UWB-HB transmission waveform for WBAN with Friis'
formula that can be adapted for UWB impulse radio systems. However, in the evaluation of
waveform distortion, the UWB-HB transfer function and a brief conclusion on the experimental
study of the UWB-HB transmission model are considered in this paper. Besides, in this paper,
we also use an extended formula of Friis, which is applied to the UWB-HB system model to
evaluate the transfer function and measure the transmission transfer function with the vector
network analyzer (VNA). The UWB-HB transmission waveform model is acceptable to be
used in wireless medical research.
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2. UWB-HB Transmission Model

In this research, we consider the UWB-HB system link budget in free space evaluation. In
a narrowband system, to calculate the link budget of the propagation loss in free space, Friis’
formula usually is used as a suitable technique.®) Therefore, for the WUWB transmission
system, it cannot be directly relevant to the formula that is represented in terms of the frequency
function. Furthermore, because of the antenna frequency characteristics and the distortion of
waveform,”) we had discussed and recommended the time-domain antenna effective length.
One may treat the special cases of the steady UWB-HB gain and the steady aperture. In a
narrowband line-of-sight (LOS) channel in the communication system, Friis' formula had been
applied as

Gris ()= =G, (f)G.(f)G,(f)> )

2
Gr(1)=(42) 3)
Here, G/(f) is the propagation gain in free space, c¢ is the velocity of light, ﬂ,z% is the
wavelength, and f'is frequency, and the separate distance between Tx and Rx antennas is shown
in Fig. 1.
However, note that Eq. (2) is satisfied only at some precise frequency, and cannot
immediately be applied to wireless UWB communication. Friis' formula is modified to analyze
the waveform transfer function as well.

The impulse input is convolution and the pulse shaping at the transmitter side can express
the input signal waveform v;(¢). It is 4;(?) as

vi(t)=6(t)x hi(t) )
Tx-ant ~ Rx-ant
) d MF MF MF MEF
’— Rx- [ free — Tx- —jwave
input ant space ant form peak
waveform H\ A detector

Fig. 1. UWB-HB system model for WBAN system.
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and

[ w2(tyar= [ |, () dr =1. 5)

The UWB-HB channel transfer function of the receiver introduces the matched filter Hy/z(f) to
maximize the SNR, as shown in Eq. (6).

H:- iis f
e ()= 2tz o
. 2
I|He—Friis df
In the isotropic case,
H* it
Hyr rso (f)z—OO e-ris (/) ,
j H:—Friis zdf (7)

which fulfills the condition of the output noise power:

[ |Hae (1) ar =1. ®)

—00

In this illustration, the channel transfer functions of the received signal waveform are H,_ris(f)
and Ae_rriis(f), and E; = 1, the waveform output. The output waveform by using a filter with
matched vyr(f) is

Vg (£) = he-priis ()% g (2)

_ Do _Friis (t ) * hyr (_t) ©)

I hez-Friis (t)dt

—00

and in the isotropic case,

VMF,Iso (t) = he-Friis,Iso (t) x hMF,Iso (t)

he—Friis,Iso (t) x hMF,]so (_t)

\/I hg—Friis,Iso (t)dt

—00

, (10)
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in the matched filter output waveform vy (),

VMR (f) =H,_priis. 150 (f)HMF (f)

2
_ |He-Friis (f)| (1 1)

\/J. |He-Friis (f)|2 df

—00

and the maximum SNR as

mf‘XVMF(f)z I Vir (f)df

:\/T ‘He-Fr[is(f)‘zdf'

(12)

Equation (12) is Friis’ formula in the UWB-HB complex. This includes the antenna
characteristics, free space propagation loss, and input signal waveform. From Eq. (12), it is
clear that the antenna gain in free space cannot be explained in terms of UWB-HB gain in Eq. (2).
Alternatively, the waveform effect that includes the transmission gain can be acquired from Eq. (12).
The normalization with Hy,(f) = 1 is evaluated for the reference isotropic antenna. The gain of
UWB-HB transmission is defined as

max vy (¢)
t

Max Vi gso (1)

(13)

Guwp =

3. Experimental Evaluation Scheme
3.1 Experimental system

In this paper, the VNA was used to measure and record the result of transfer function.'® In
addition, this transfer function is a product of UWB antenna gains that are measured from the
antenna transmitter (Tx) and the antenna receiver (Rx) in cases without and with a human body,
which is work done in an anechoic chamber room.

3.2 UWB-HB transmission experimental setup
The experiments conduced in this research are separated into two models, i.e., with and

without a human body. According to Fig. 2, the antenna with Tx is placed on the front of the
human body and the body front of the Rx antenna. The Tx and the Rx antennas are facing away
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from the human body. The model of measurement with the Tx and Rx antennas is placed on the
human body. The Tx antenna is fixed and then the Rx antenna is rotated from 0 to 360 degree
parts of the human body.

3.3 Transmitted signal waveform of UWB-HB system

In this study, the transmitted signal waveform communicates with FCC regulation UWB®
from 3.1-10.6 GHz. The bandwidth and middle frequency bandwidth are f;, = 7.5 GHz and fy = 6.85
GHz, respectively. The transmission waveform is assumed by using an ASK single pulse with
the frequency carrier fy. To satisfy the required bandwidth of f3, the pulse length was set to be
2/fp. Then, the Nyquist roll-off filter was used to limit the signal with the roll-off filter & = 0

in the distribution with the Gaussian model ( Jo —%, Jo+ J;bj Figure 3 shows the waveform

of the transmitted impulse of the UWB-HB system. The antenna transfer function was used to
simulate the pulse waveform transmission.

Side view =

Tx-antenna

Port 1 Port 2
Network Analyze

Fig. 2. (Color online) Experiment setup and UWB-HB antenna orientation.
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Fig. 3. Transmitted signal waveform of UWB-HB communication: (a) spectrum and (b) waveform.
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3.4 Parameters of experiments

Table 1 shows the list of important parameters for the experiments. Note that the cable
connectors that are connected to the antennas had been calibrated. Hence, the measured results
include all the characteristics of the antennas.

4. Results and Discussion

The experimental result of graphical compilation is described in this section. Figures 4
and 5 show the magnitude and phase of the UWB-HB channel transfer function in the case

Table 1

Parameters of experiments.

Parameters Value
Operating frequency span 3-11 GHz
Point of frequency 1601 points
Type of Tx antenna Biconical
Type of Rx antenna Meander line
Rx antenna orientation 0 to 360 degrees
Rotate step 5 degrees

3 o 3
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2 & &5 58
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Fig. 4. UWB-HB transfer function without human body case: (a) magnitude and (b) phase.
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Fig. 5.  UWB-HB transfer function with human body case: (a) magnitude and (b) phase.
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without and with a human body, respectively. In particular, at each pointing angle, the channel
characteristic of the waveform transfer function is presented. In Fig. 4(a), the magnitude
changes owing to the effect of the antenna characteristic. The phase is linear for the UWB-
HB transfer function in Fig. 4(b). In Fig. 5(a), the magnitude is affected by the human body
shadowing around 180 degrees. The phase is mostly linear except the angle affected by the
human body shadowing, as shown in Fig. 5(b).

Figure 6 shows the result of power delay profiles, which are measured in the cases without
and with a human body. The power delay particularly explains the frequency characteristics of
the delay spread and transfer functions, the shadowing effects due to the human body into the
UWB-HB antenna transfer function, and the waveform level at all pointing angles due to the
distance from the antenna. In Fig. 6 (a), there are null and small power delay profiles at 90 and
270 degrees, respectively, because it is the edge of the antenna at these angles. For Fig. 6(b),
the power delay profile is small and null from 135 to 225 degrees, which have the human body
shadowing effect.

Figure 7 shows the UWB-HB transmission gain in the case without and with a human
body. In the case without a human body, the delay characteristic value is slightly changed.
The signal is higher, because multipath fading occurs in the case with a human body. In
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Fig. 6.  Delay characteristic of the UWB-HB waveform (a) without body and (b) with body.
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Fig. 7. UWB-HB transmission gain: (a) without body and (b) with body.
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Fig. 7(a), the transmission in the case without a human body is null at 90 and 270 degrees
because of the antenna characteristic. In Fig. 7(b), the transmission gain is null at 180 degrees
due to the shadowing effect from the human body. In this research, the optimum matched
filter is introduced as the receiver and the result in Fig. 7 shows the comparison between the
optimum matched filter and the isotropic matched filter, in which the difference in the average
transmission gain is less than 2 dB, meaning that the optimum matched filter can be used to
evaluate the UWB-HB waveform transfer function.

5. Conclusion

In this work, we evaluated the UWB-HB waveform transfer function model for WBAN
based on measurement data and the analysis using the complex form with the extended formula
of Friis to consider the antenna performance and transmitted waveform. The matched filter is
introduced to maximize the gain of SNR at the receiver side to obtain the best performance in
WBAN communication, because the characteristic of the matched filter can increase the gain
and there is no delay.

In the experimental system, we consider to use VNA to measure and record with a biconical
antenna as Tx-antenna and a meander line as Rx-antenna. In the results, we evaluate the UWB-
HB channel transfer function and the UWB-HB transmission gain under two conditions:
without a human body and with a human body. The result is good to be based on the modified
Friis’ formula and the matched filter. The UWB-HB transmission gain and waveform distortion
due to the human body effect at 0, 180, 270, and 360 degrees are known. The characteristics
of UWB transmission impulse radio with the human body effect with this definition may be
useful. In the waveform transmission, the performance is evaluated in terms of the UWB-
HB channel transfer function and transmission gain for wireless BAN. In this research, it is
a special case to study the theory for evaluating the UWB-HB at the best scenario. In future
work, since the matched filter is difficult to implement in real practice, other receiver templates
such as correlators can be considered.
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