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Abstract. This paper presents measurement results on pseudo-dynamic ultra
wideband off-body wireless body area network radio channels. The measure-
ments are performed in an anechoic chamber in a 2-8 GHz frequency band by
utilizing a vector network analyzer. A dynamic walking sequence was modeled
by a test person who took five different body postures which were each measured
statically. As a result, when observed together, the five postures can be used to
model a dynamic walking sequence as in a cinema film. The antennas were at-
tached on left and right wrist, and left ankle. The off-body antenna node was set
on a pole. The work was repeated for two prototype antenna types: dipole and
double loop. The mean attenuations of the first arriving paths were noted to lie
between —52...—68 dB. No large differences were noted between the body pos-
tures. The link between left ankle and the pole had the largest attenuation. The
averaged channel impulse response durations were noted to lie between eight to
nine taps, where one tap corresponds to 0.167 ns in time. The dynamic range on
the averaged link types shows values between 17...28 dB. No clear difference
was noted in the performance between the antenna types.
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1 Introduction

The fast progress in electric circuit technology has enabled increasing computing effi-
ciency in constantly decreasing sizes with better energy efficiency simultaneously. At
the same, also the battery technology has improved as well. As a result, small devices
with low power consumption have become available in various applications that were
not seen a few years ago. One hugely growing area is the internet of things (IoT) con-
cept, which is one of the key areas in the fifth and sixth generation (5G, 6G) wireless
systems. 5G is already in implementation phase and is expected to explode the IoT area
and the number of sensors rapidly. 6G is currently under research in the academia and
industry [1], and it is highly expected that after the deployment the boost on IoT will
raise yet to another level.

With the 10T concept, wireless devices or sensors are, or are supposed to be, attached
in or on various places in buildings, vehicles, industrial environment, machines and
homes. They can monitor various parameters in their surroundings such as temperature,



humidity, water leaks or motion. When several sensors are operating together, their data
can be collected to a central node to be delivered further in the telecommunication net-
work. Thus, the entity forms up a network, a concept often called as wireless sensor
network (WSNs). Especially, when operating in a human, or even animal context, is
very often called as wireless body area network (WBAN).

One of the most interesting applications areas for WSNs are particularly using them
with animals or humans, as WBANSs. The sensors can be attached on the surface of a
person’s body, a case called on-body communications. Some sensors may be located in
the vicinity of a person but off the body surface, called often an off-body case. If a
sensor or sensors are situated inside the body, it is called in-body communications.
Communication between two or multiple persons each having in- or on-body sensors
is often called body-to-body communications [2]. Also hybrid forms of this division
may exist. The in-body sensor may communicate with a node at the body surface (in-
on- case) or with an off-body node (in-off case). The communication between on-body
and off-body is sometimes called as an on-off body situation.

With respect to humans, several fields of usage can be found for WBANSs. One quite
popular is in the field of well-being and sports. The users can monitor their daily activity
and the effectiveness of physical exercise both for professional athletes and fitness en-
thusiasts. The public sector users, e.g., firefighters, police officers and military troops
may find WBANSs very useful in increasing the safety in their professions.

The trend of increasing number of eldering people in many countries [3] brings an-
other rapidly developing area for WBANS into the picture. It is the deployment of
WBAN in the medical sector. The increasing portion of elderly people sets high de-
mands to organize the healthcare to be available to all citizens at all times, not even to
mention the exploding financial costs for the governments to provide these services.
With WBANS, the workload and efficiency of medical staff can be eased up. The new
technology enables remote monitoring of the patients leading their lives at their homes.
The operations of hospitals and medical wards can be decentralized while the patients
will be called into hospital facilities only when needed. The quality of life of the patients
will be increased. Also the quality of medical treatment will be increased as the central
vital parameters of the patients can be followed constantly through the sensors, instead
of rarely conducted tests in a laboratory in centralized medical wards and hospitals.

Most solutions on WBANs nowadays are based on narrowband technologies oper-
ating most often at the Industrial, Scientific and Medical (ISM) frequency band at 2.45
GHz area. However, with many WBAN scenarios, the radio channels link distances are
quite short. This is one reason, why the ultra wideband (UWB) technology is a very
suitable solution for WBANs. UWB provides several other interesting features as well.
It has a large bandwidth enabling a good performance in a harsh multipath environment.
For the same reason, a precise positioning can be obtained, a feature finding several
applications within the WBAN area. The tolerance against interference from other co-
existing wireless systems is very high. On the other hand, the transmission power of
UWRB is low, creating minimum interference to other wireless systems, and a low ex-
posure of electromagnetic radiation to humans, measured typically with the specific
absorption rate. The transceiver structures are simple providing low unit costs and size,



and their power consumption is low enabling long operation time when battery-oper-
ated [4,5].

Real life application areas for WBANs using UWB in the medical field have been
proposed, e.g., in [6], where a scenario for monitoring several vital parameters of a
patient, e.g. an extensive care is explained. Another practical use case for WBANSs is
published in [7], which discusses the usage of UWB WBANSs in the monitoring of pa-
tients suffering from Parkinson’s disease.

UWB has been researched for WBANSs for over ten years [8]. Quite many papers
published are on the on-body communications cases, e.g., [9-11]. However, off-body
cases with UWB are to found as well [12-16].

This paper shows preliminary results on pseudo-dynamic measurements in an off-
body UWB WBAN scenario. The measured radio channels consist of the combined
effect of propagation channels and antennas. The idea is to investigate effects due to
the human body, especially on path losses, excluding other influences from the sur-
roundings. For this purpose, the measurements are performed in an anechoic chamber.
They are conducted at a 2-8 GHz bandwidth, using a vector network analyzer (VNA).
Two prototype antenna types are used: dipole and double loop. The work is a part of a
larger measurement campaign consisting of on-, off, and body-to-body cases. Addi-
tional results of the measurement campaign in static, pseudo-dynamic and truly dy-
namic cases are reported in, e.g., [6,10,14-18].

The structure of the paper is the following. In Section 2, the measurement setup is
explained. Section 3 describes the measurement scenario with antenna locations and
practical arrangements of the measurements. Section 4 explains the data processing
methods together with the presentation of the results. Conclusions and future work
plans are covered in Section 5.

2 Measurement Setup

2.1 Test Person and the Measurement Environment

A male test person at his late twenties was standing inside the anechoic chamber facing
towards the off-body node. He was 183 cm tall with a body mass of 95 kg. He was
using a normal cotton T-shirt with jeans during the measurements. Shoes, belt, glasses,
rings, jewelry or any other possibly metal containing artifacts were absent during the
measurements.

The anechoic chamber had a floor size of 245 cm by 365 cm. It was assembled by
using a number of moving absorber blocks. It was located inside an electromagnetic
compatibility room with a floor space of approx. 60 square meters, to avoid any excess
radiation from other sources entering into the measurement area.

2.2 Test Equipments

A VNA with four ports of the type Rohde & Schwarz ZV A-8 was applied in the meas-
urements. It was located outside the anechoic chamber and connected inside the cham-
ber with eight meter long measurement cables. The VNA was set to sweep the 2-8 GHz



band in the frequency domain. 1601 frequency points were recorded, together with 100
sweeps for each measurements. Since a four-port VNA was applied with four antennas
in use simultaneously, sixteen scattering parameters were obtained and all recorded.
The sweep time was 288.18 ms, with a 100 kHz intermediate frequency bandwidth and
+10 dBm transmission power.

The applied antennas were in-house built planar prototype antennas of two types:
dipole and double loop. The maximum free space gains have been noted to be approx.
+6 dBi, and their operational bandwidth at 2-12 GHz. The reported performances and
radiation patterns in free space of the antennas can be found in detail in [18-20].

3 Measurement Scenario

3.1 Rationale for Pseudo-Dynamic Measurements

Dynamic UWB WBAN radio channel measurements can be performed by using several
methods in time or frequency domain. One very popular technique are frequency do-
main measurements with VNA as applied in this paper. One problem in dynamic meas-
urements with VNA is the sweep time of the VNA, i.e., the time duration for one single
frequency measurement across the frequency band set for the VNA. The sweep time
depends on the quality of the VNA and the setting values for the measurements. In
order to guarantee the validity of the measurements, the radio channel coherence time
must be equal or longer than the sweep time of a measurement. There are several equa-
tions available in the literature for the channel coherence time 7, out of which one of
the strictest is defined by [21]

To=9/(16-T:f)), (1)

where f; is the Doppler frequency, defined as f; = v/A, where v is the relative velocity
between the antennas and is the 4 wavelength in the propagation media. Assuming
propagation in air and the channel coherence time to be equal to sweep time of the
VNA, the maximum relative velocity v at exemplary frequencies of 2 GHz and 8 GHz
(the measured bandwidth here) can be solved to be v =9.3 cm/s (at 2 GHz) and v = 2.3
cm/s (at 8 GHz). The latter sets the limit how fast a person could move in a dynamic
measurement. In practice, the velocity should be lower to provide a safety margin be-
tween 7o and the VNA sweep time. It is obvious from the example values, that the
dynamic movement can be only very slow in order to guarantee the measurements to
be valid, with the sweep time setting used in this work, making it difficult to carry out
truly dynamic measurements in practice.

One solution to circumvent the problem is to use the pseudo-dynamic measurements
approach, applied in the work in this article and previously in [17]. In it, several static
measurements are conducted with different body postures. After combining the results
in a sequence, a dynamic movement can be modelled as in a cinema film.



3.2 Antenna Placements

The antennas were placed at the right wrist (RW), left wrist (LW) and left ankle (LA)
on the body. The off body node (PO) was installed on a plastic pole at the height of 2
m and at the distance of 2 m from the test person. The locations are shown in Fig. 1.
Combining the antenna position acronyms together, measured radio channels can be
defined as the link between the left ankle and the pole (LA-PO), the link between the
right wrist and the pole (RW-PO) and the link between the left wrist and the pole (LW-
PO). Three on-body antennas and the off-body node were measured each due to the
four-port feature of the VNA. The on-body antennas were attached by using elastic
bands and painter’s masking tape. A 20 mm antenna-body distance was secured by the
usage of ROHACELL HF31 [22] material between the antenna and the body. This dis-
tance was noted in [20] to provide good characteristics in antenna matchings and chan-
nel gain values simultaneously.

¥*

PO

Fig. 1. The antenna locations used in the measurements.

3.3  Pseudo-Dynamic Body Postures and Their Measurements

The walking movement of two steps was emulated by the test person by starting from
a standing position, facing directly to the pole. Due to practical restrictions in mobility
set by the cables, the antennas and the anechoic chamber, the movements of limbs are
limited in trajectory. Therefore they are imitating a walk of elderly people or people in
a rehabilitation process after, e.g., an accident, a stroke, or a large surgical operation.
The walking sequence was modeled by five different body postures taken by the test
person as shown in Fig. 2. At posture 1, the test person is standing at place. At posture
2, a short step with his left foot is taken and his hands start to change position. At next
step, posture 3, the initiated move progresses by extending the trajectories of the left



foot and the hands further. At postures 4 and 5, similar movement is repeated by starting
the step with the left foot of the test person. In all postures, the distance to the pole was
kept at two meters. In Fig. 2, also the antenna positions LW, RW, and LA are seen in
practice.

Fig. 2. Modelled pseudo-dynamic walking sequence.

In order to average out the possible variations in the body positions 1-5 in Fig. 2, they
were measured five times. Both forward and reverse radio channels were measured. The
same was repeated for antenna types (dipole and double loop). As a result, six off-body
channels were recorded, resulting in total 15000 measured channel responses for both
antenna types.

4 Results

4.1 Data Processing

The results are examined in the time domain by extracting the corresponding channel
impulse responses (CIRs) from the raw measurement data. CIRs are obtained from the
frequency domain data by applying the inverse fast Fourier transform algorithm (IFFT)
in Matlab software. During the IFFT, no additional windowing was applied, in other
words, it could be said, a rectangular windowing was used.



The first arriving paths (FAPs) of the CIRs were observed as a start. Namely, it was
noted that the multipath reflections occurring from the human body are decreasing rap-
idly in power compared to FAPs. In practical solutions, they should however be utilized
in RAKE-type receivers. For this reason, also an investigation on CIR duration and the
amplitudes of the other CIR taps beyond FAPs was performed. As easily understanda-
ble, the reflections originating beyond the human body are minor due to the anechoic
chamber, but still visible revealing the unidealistic practical nature of the anechoic
chamber.

To find out the FAP in every CIR, all multipath components were observed within a
CIR. All components above a threshold value were solved, and the first one was se-
lected to be the FAP. The threshold was set to lie 10 dB lower than the strongest com-
ponent in a CIR, a value noted as a good choice in practice.

4.2  Results of the First Arriving Paths

Fig. 3 presents exemplary CIRs for one walking cycle with postures 1-5 for the link
RW-PO using dipole antennas. It can be noted visually, that the attenuation of the CIRs
with different postures varies by less than 5 dB giving the result that for the used sce-
nario the human body does not shadow the signal with respect to the off-body antenna
in the observed test person positions. The time delays of the FAPs vary due to the
changing distance between the antennas depending on the position of the right wrist.

Example CIRs for RW-PO link with dipole in different postures
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Fig. 3. Example CIRs for body postures 1-5 with RW-PO link using dipole.

To have an insight on the variation on the results between the five repetitions of the
walking cycles, the FAP attenuations are next compared between one walking cycle
and in the case when the results are averaged over five walking cycles for all off-body
links and both antennas. The results are shown in Fig. 4 for one walking cycle and Fig.



5 presents the case averaged over all five walking cycles. Several notifications can be
made from Figs. 4 and 5.

Firstly, it can visually concluded, that there is no large difference when comparing
the results of one walking cycle to the averaged result over five walking cycles. There-
fore, the test person succeeded to repeat the body postures in a similar way in all cases.

Secondly, there is no large difference, generally speaking, between the links LW-PO
and RW-PO. This is an understandable result as LW and RW are symmetric locations
with respect to the off-body node. In most cases, the difference between LW-PO and
RW-PO in attenuation remains within 1...3 decibels.

Thirdly, the LA-PO link shows the weakest performance, with attenuations up to 10
dB higher compared to the wrist links.

Fourthly, a comparison between the antenna types does not show a clear trend in
attenuation and no firm conclusion can be made of the superiority between the antennas
based on Figs. 4 and 5. This supports the results reported previously in, e.g., [6,10,14-
18].
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Fig. 4. Attenuation variation in one walking cycle.



Dipole, five walking cycles
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Fig. 5. Average attenuation variation in five walking cycles.

Table 1 collects the numerical data on FAPs when considering all five walking se-
quences measured. The average attenuations are shown, as well as the minimum and
maximum values of them, for both antenna types. The following conclusions can be
made.

The mean attenuation values between the different body postures within a single link
type show quite small differences, within the range of approx. 1...5 dB. This describes
that the applied measurement scenario with the test person facing directly to the pole,
does not show a strong effect of body shadowing effect, when examining single radio
links.

However, when comparing the different radio links, it is quite apparent, that the LA-
PO is the worst link in all positions and for both antenna types. LA-PO has typically
approx. 10 dB higher attenuation compared to the LW-PO and RW-PO radio links. A
probable reason to this is the relative position of the antennas. The left ankle antenna
installation creates a higher body shadowing effect with respect to the off-body antenna.
Furthermore, the relative antenna position of LA-PO is different than with the wrist
links. As reported in [18], the antenna radiation patterns measured in free space show a
high variation with respect to direction and frequency. Even though that the radiations
patterns were not possible to be measured as on-body mounted, due to practical reasons,
it is highly assumable that the same effect takes place in on-body cases as well.

When comparing the two antenna types with respect to the mean attenuation values,
it can be concluded, that generally speaking, in 10 cases out of 15, the double loop
antenna shows better attenuation performance than the dipole. However, for the specific
link of LA-PO, the dipole performs better in four cases out of five. However, the dif-
ferences remain within few decibels only, giving a further verification that no clear
difference between the antennas can be found out.
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The differences between the minimum and maximum attenuations of the separate
links, antennas, and body postures lie between 3...12 dB. With the dipole, at RW-PO
and position 5, it has the maximum value 13.5 dB. The variations can be explained by
the understandable swaying characteristic of the test person while trying to stay in a
fixed posture during the one measurement duration of 90 seconds. Furthermore, all
measurements were repeated five times: even one sway of the test person in one meas-
urement and position has a large numerical effect between the minimum and maximum
values seen in Table 1.

Table 1. Numerical attenuation results of the first arriving paths for five walking cycles.

Attenuation per position in dB

Link Value 1 2 3 4 5
Mean -57 -56 -55 -55 —60
RW-PO  Min. -53 -55 -54 -53 -54
g Max. -62 -59 -58 -60 —68
5‘5’ Mean -58 =57 -57 -59 -62
S5 LW-PO  Min. -55 -54 -56 -57 -60
= Max. -60 -60 -60 -63 —66
A Mean —66 —64 -62 —66 —66
LA-PO  Min. -65 -63 -61 —64 -65
Max. -69 —66 -63 —69 —68
Mean -55 —54 —54 -55 —54
s RW-PO  Min. -54 -53 -52 -53 -51
8 Max. -58 =57 -58 -59 -59
g Mean -53 -52 -55 -55 -56
& LW-PO  Min. 50 50 =51 53 54
© Max. -59 -58 -59 —61 -60
g Mean —67 -63 —64 —67 —68
8 LAPO  Min. -62 -61 -61 —64 -66
Max. -72 —64 —66 -70 -70

4.3 Results of the CIRs

This chapter explains the length of the CIRs reasonable to observe as well as the aver-
age attenuations for each CIR tap. In this paper, the concept of CIR tap is defined to be
one single sample in the CIR, i.e., the time separation between two consecutive taps is
the inverse of the measurement bandwidth, A7 = (1/6 GHz) = 0.167 ns. The CIR channel
taps therefore are not sparse in time.

As noted with the exemplary CIRs presented in Fig. 3, the CIRs have a tendency to
decay quite rapidly in anechoic chamber measurements. The threshold to define the
limit for CIR taps of interest is defined as follows. Considering the IEEE802.15.6 stand-
ard [23], it states that an impulse radio UWB receiver should have a minimum sensi-
tivity of 91 dBm, assuming a receiver noise figure of 10 dB and an implementation
loss of 5 dB.
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Federal Communications Commission (FCC) from its side sets a maximum transmit
power spectrum density limit for UWB in a 3.1-10.6 GHz band to be —41.3 dBm/MHz
[4]. For one UWB channel with a bandwidth of 499.2 MHz set in [23], it corresponds
to a power of —14.3 dBm. Let us assume an optimistic extra margin of 5 dB for the
development in receiver noise figures and implementation. Then, it yields that the CIR
attenuation values below —82 dB give only a small contribution to the total signal
power, assuming RAKE-receivers, in the scenario under investigation here.

Fig. 6 presents an example of the definition of CIR length for links RW-PO, LW-
PO and LA-PO for dipole antenna, at body posture 1. They are solved as as the average
over all five measurement repetitions, all frequency sweeps and both forward and re-
verse channels. The black vertical line is the —82 dB threshold level. Tap number one
is the FAP. The CIR length is defined to be the number of taps when the CIR first time
falls below the threshold. Therefore, in Fig. 6, the CIR lengths are 5 (LA-PO), and 6
(RW-PO, LW-PO) taps.

Similar investigation are next repeated for each link, body position and for both an-
tenna types. The results are gathered in Table 2. As noted, the CIR tap lengths vary
between five to ten CIR taps. Comparison between link types reveals that on the aver-
age LA-PO has one tap shorter CIR duration than the wrist links for both antennas. This
is naturally due to the higher attenuation of LA-PO noted in Table 1 as well. Compari-
son between the antenna types shows, that on the average the CIR tap numbers are 7.0
and 7.2 for the dipole and double antennas. With this respect, no clear performance
difference between the antennas can be noted.

As the next step, the average attenuations per each tap are presented for each link
and antenna separately. As noted in Fig. 3, the decay slope in the exemplary case is
basically body position independent. Therefore, we average over all body positions to
obtain link and antenna specific data to obtain a reasonable number of numerical values
to be presented.
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Example CIRs for dipole antenna, position 1
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Fig. 6. Example CIR lengths for different links with dipole, body position 1.

Table 2. CIR lengths per link and per body posture.

CIR length in taps per body posture

Link 1 2 3 4 5
. RWPO 6 8 9 6 7
2 LwPO 6 6 7 8 10
% Laro 5 7 8 6 6
S RWPO 6 9 9 7 7
;‘; LW-PO 7 7 7 8 9
& LA-PO 8 5 5 7 8

Table 3 collects the results with respect to the dipole antennas. As can be noted, the
CIR tap lengths in the averaged case extend to seven or eight taps. Due to the higher
FAP attenuation in LA-PO links, it has the shortest CIR duration.

Table 4 shows the corresponding results with the double loop antennas. The differ-
ence with the dipole antenna is minor, showing only a one tap longer CIR response with
links RW-PO and LA-PO.

Finally, one interesting parameter may sometimes the available dynamic range of a
radio link. The results are obtained by solving the difference between the first CIR tap
attenuations from Table 3 and Table 4 and the applied detection threshold level of —82
dB. The dynamic range lies between 24...28 dB for the wrist links and at 17 dB for
LA-PO. In two cases out of three the double loop antennas reaches a better performance
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than the dipole. In practice, the performance with LA-PO is similar, and also the dif-
ference in RW-PO and LA-PO is 2...4 dB.

Table 3. Average attenuation per CIR taps per link for the dipole antenna.

RW-PO LW-PO LA-PO

CIR tap Attenuation [dB] Attenuation [dB] Attenuation [dB]
1 -56 =58 -65

2 -62 -65 -73

3 -66 -65 =73

4 -67 -67 =77

5 =73 -69 -80

6 =75 =72 -80

7 =79 =78 -81

8 -81 -81 -

Table 4. Average attenuation per CIR taps per link for the double loop antenna.

RW-PO LW-PO LA-PO

CIR tap Attenuation [dB] Attenuation [dB] Attenuation [dB]
1 -54 -54 -65

2 -60 -60 =70

3 -62 -63 =72

4 -65 -65 =73

5 -67 =71 =77

6 =72 =73 =77

7 =75 =79 -80

8 -80 =81 -82

9 =81 - -

Table 5. Average available dynamic range per link and per antenna in dB.

RW-PO LW-PO LA-PO
Dipole 26 24 17
Double loop 28 28 17
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5 Conclusion and Future Work

Pseudo-dynamic UWB WBAN off-body radio are discussed in this paper. The results
are preliminary in nature, as only one test person position with respect to the off-body
pole is considered. The measurements are performed in an anechoic chamber using a
VNA within the frequency range of 2-8 GHz. Pseudo-dynamic approach was used to
model a slow dynamic walking sequence. The research is repeated with prototype di-
pole and double loop antennas.

Considering firstly the first arriving paths of the CIRs, it was noted that their aver-
aged attenuations lied between -52...-68 dB depending on the body posture, radio
channel link, and antenna type. No large differences were noted between the body pos-
tures. Considering the channel impulse response durations, they were noted to lie be-
tween five to ten taps when examining each link and body posture separately. After
averaging the CIR duration data all body postures, the CIR lengths were noted to be
eight to nine taps. No clear difference was noted in the performance between the an-
tenna types. The obtained dynamic range within the averaged links vary between
17...28 dB. LA-PO has clearly lower performance compared to RW-PO and LW-PO.
Comparison between the antennas shows quite similar performance between the anten-
nas in two links (RW-PO and LA-PO).

As per the future work, a larger variety of scenarios would be interesting to measure.
This includes firstly different relative positions of the test person to the off-body pole.
Secondly, radio channels in echoic environments should be measured as well.
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