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Abstract. This paper presents the effect of a human body on ultra wideband off-

body wireless body area network radio channels. The work is based on static 

measurements in an anechoic chamber by using a vector network analyzer in a 

2-8 GHz frequency band. Thirteen antenna locations on a human body are used 

while the off-body node is attached to a pole at a distance one and two meters 

from the test subject. Two planar prototype antennas are applied: dipole and dou-

ble loop. The data analysis is carried out in time domain by observing the first 

arriving signal components of the channel impulse responses. The classical path 

loss model fitting results path loss exponents of 1.7 and 1.4 for the dipole and 

double loop, respectively. The classical path loss model is not found to be suitable 

in all cases in wireless body area networks as the path loss exponent varies greatly 

depending on the antenna site under examination. The absolute path losses reach 

values between 50.6…66.5 dB (dipole) and 49.9…68.2 dB (double loop) depend-

ing on the antenna location. In most of the cases the double loop performs better 

than the dipole. When averaged over all antenna sites the mean path losses lie in 

the range of 57.6…61.3 dB and their standard deviation approx. 4…5 dB depend-

ing on the distance and antenna focus. 
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1 Introduction 

The development in computing power of electronic devices together with their decreas-

ing sizes and energy efficiency have enabled the birth of new application areas to wire-

less appliances. Currently one key focal areas in wireless communications is the fifth 

generation (5G) systems and its implementation into reality. One vertical in 5G systems 

is the concept of internet of things (IoT) where the number of different kind of sensors 

utilized in new environments is expected to explode. If the sensors are operating wire-

lessly, one or several of them are usually planned to be in contact to an access point. 

IoT sensors can be installed into, e.g., vehicles, buildings, house appliances, industrial 

plants and machines. Furthermore, IoT sensors can be utilized with humans thus form-

ing a wireless body area network (WBAN). With persons, WBANs can be constructed 

by applying sensors on human bodies (on-body), in the close vicinity of them (off-
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body) or even inside the bodies (in-body). In body-to-body communications the sensors 

are exchanging information between two or more individuals [1]. 

WBANs can be applied in various applications. They can be used in sports to mon-

itor the body parameters providing information on the effectiveness of the exercise. In 

the well-being sector, the daily activity can be monitored as well as, e.g., the quality of 

the sleep. Authorities, as fire and police departments or the military, can utilize WBANs 

in their daily work to increase their own safety. 

One of the most enhancing and promising areas is however the medical field. A 

practical reason to this is the constant ageing of population in many nations around the 

world forcing to search for new more effective and economical solutions to provide 

healthcare services to the growing number of patients. Different technological solutions 

are one answer to this question, among them belonging also WBANs. The wireless 

characteristics of WBANs enable better working comfortability and effectiveness for 

the medical staff. The patients will have a more pleasant treatment experience as they 

can move freely. They may even live their lives during the recovery phase at homes 

through remote monitoring the vital parameters from the hospital or other medical unit. 

The ultra wideband (UWB) technology is a very suitable solution for wireless com-

munications to use in the WBANs for many reasons. The wide bandwidth of the UWB 

signals facilitate an accurate positioning and provide a good performance in difficult 

radio channel conditions with a large number of multipath components. The transmis-

sion power of UWB signals is low minimizing the interference caused to other systems. 

In practice, the UWB transmission power spectral densities often remain below the ex-

isting noise power density. On the other hand, UWB is robust against interferences from 

other transmissions originating nearby. The transceiver structures are simple providing 

a low unit price, a small size and a low power consumption providing excellent battery 

life [2,3]. 

The adoption of UWB technology in WBANs has been under investigation for over 

a decade [4]. Most of published articles in the field of radio channels are related to on-

body communications [5-7] both in static and dynamic cases. Off-body WBANs are 

often covered in narrowband cases [8,9], but for UWB signals references are found as 

well [10-13]. 

This paper reports static UWB off-body radio channel measurements with the focus 

on the effect of the human body on the channels. The measurements are conducted in 

an anechoic chamber to exclude the radio channel responses originating beyond the 

human body. A vector network analyzer (VNA) is applied in the frequency sweeping 

mode to examine the 2-8 GHz frequency band. The results extend the knowledge on 

the off-body UWB channels beyond the ones reported in [13] to the direction of static 

UWB channels. The work is a part of a larger measurement campaign reported, e.g., in 

[6,7,14,15]. 

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. 
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2 Measurement Setup 

2.1 Test Person and Anechoic Chamber 

A 183 cm tall male test person with a 95 kg body weight was standing still in an ane-

choic chamber facing towards the off-body antenna pole. The chamber had a floor size 

of 245 cm by 365 cm and it was assembled by using movable absorber blocks. The test 

person was wearing a cotton T-shirt and jeans. All metal containing items and shoes 

were absent during the measurements.  

2.2 Equipment 

A four-port VNA (Rohde&Schwarz ZVA-8, upper frequency limit 8 GHz) was located 

outside the anechoic chamber and four eight meters long measurement cables were led 

into the chamber. The VNA was sweeping the 2-8 GHz frequency band 100 times with 

1601 points within the band in each measurement. A more detailed list of the VNA 

settings can be found in [14]. 

Two planar prototype antenna types were utilized in the measurements: dipole and 

double loop. The maximum total free space gains of the antennas is 6 dBi. The opera-

tional frequency band for the antennas is 2-12 GHz. The detailed description of the 

structures and the performance of the antennas, as well as the measured free space ra-

diation patterns are found in [16-18]. 

3 Measurement Scenario 

Thirteen antenna locations were selected in different parts of the human body: the lo-

cations represent either existing or very probable sites for the on-body sensors. The off-

body antenna was located on a pole at the height of two meters. The measurements 

were repeated with the human-pole distances of one and two meters and with both an-

tenna types, respectively. 

As depicted in Fig. 1, three antenna spots (1-3) are situated at the head, six at the 

limbs (6, 7, 9, 11-13) and four on the torso (4, 5, 8, 10). The antennas were attached 

three at a time on the body- due to the four-port VNA- by using elastic bands and paper 

tape while the fourth one remained at the pole. A 20 mm piece of ROHACELL HF31 

material was inserted to keep the antenna-body distance constant between the antennas 

and the body. In [17], this distance was noted to be a proper choice providing good 

antenna matching and channel gain characteristics close to the free space performance 

of the antennas. 



4 

 

Fig. 1. The antenna locations used in the measurements. The case is measured with two human-

pole distances: one and two meters. 

4 Results 

4.1 Data Processing 

The results are extracted from the channel impulse responses (CIRs) in the time domain. 

By this manner, the possible reflection components due to the un-idealities of the ane-

choic chambers can be filtered out. The CIRs are obtained from the frequency domain 

measurement data by applying the inverse fast Fourier transform. No windowing is 

applied in the transform. From the CIRs, the first arriving paths (FAPs) are considered 

in the calculations, i.e., considering the first multipath component. In the measurement 

scenario it was noted that other multipaths are weak compared to FAP originating 

mainly from reflections from the body. As an anechoic chamber is used, the reflections 

from other sources than the body were also noted to be minor. However, utilizing more 

multipaths in a RAKE-type receiver would be beneficial in real life situations, where 

FAP may not be necessarily the strongest CIR component. The FAPs are found out by 

detecting all arriving multipath components above a threshold and selecting the first 

component. The threshold is set to be 10 dB lower than the strongest signal component, 

since this value was noted to be a suitable choice to block the noise and rising edge 

spikes of the CIRs. 

The full-band of the measurements was selected for the data processing, as the divi-

sion for high- and low bands in the standard IEEE 802.15.6 [19] was not feasible due 

to the frequency band limitation of the applied VNA. 
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4.2 Path Loss Models Between the Antenna Sites 

At first, the path losses (PLs) are compared between the different antenna sites. The PL 

can be expressed as 

 PL(d)=PL(d0)+10nlog10(d/d0)+S, (1) 

where PL(d) is the path loss in decibels at the distance of d, PL(d0) is the path loss at 

the used reference distance d0 (50 mm), n is the path loss exponent and S is a random 

scattering term. In the measurements in the paper, the effect of S is minor as the case is 

a static one measured in an anechoic chamber. The path distances d are solved from the 

CIRs based on the arrival time of the FAPs. The signal propagation speed in the anten-

nas and the physical dimensions of the antennas cause delay bringing out inaccurate 

distance values. The explanation is as follows. After calibrating the VNA it is assumed 

that the zero delay plane is at the open ends of the measurement cables, i.e., if the cables 

are connected together, they show a zero delay in the time domain. When antennas are 

applied, two phenomenon occur. Firstly, the distance between the cable ends and the 

phase center of the antennas cause delay, both in transmit and receive side. Secondly, 

the electrical parameters of the antenna parameters have an effect on the signal propa-

gation speed v. In a lossless case, it can be stated with the well-known classical equation 

as: 

 v=c/√𝜀r, (2) 

where c is the propagation of light in vacuum, and εr is the relative permittivity of the 

media, i.e., in this case the substrate material of the antenna structures. Also this effect 

takes place both in transmit and receive antennas. 

Therefore, a correction factor is needed for this reason: the correction factors of 90 

mm and 109 mm in distance are applied for the dipole and double loop cases, respec-

tively. They were obtained by inserting the antennas to a carefully measured fixed dis-

tance, and the measured the distance error in six relative positions to each other, for 

both antenna types. The correction factors are the mean values of the noted error dis-

tances in the measured positions. The effect is described in more detail in [14]. 

Table 1 presents the numerical values of n and PL(d0) based on the first order least 

squares data fitting. The results are shown for the antenna sites separately and for both 

antenna types. The case “All” depicts the general case with all antenna locations con-

sidered jointly in the analysis. The path loss exponent is on the average 1.7 for the 

dipole antenna varying between the values −0.7…4.7. For the double loops, the path 

loss exponent reaches the value 1.4 on the average. The range of variation is −4.2…1.6. 

The negative values originate from firstly the shadowing effect caused by the human 

body. In different measurements, the test person may be situated slightly differently 

with respect to the off-body antenna on the pole. Therefore, the path loss is more de-

pendent on the degree of shadowing instead of the distance. Secondly, the antennas 

have been reported to have up to 30 dB variation in gain depending on the direction of 

radiation and the frequency [18] having a strong impact on the received signal power 
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with only a minor change of antenna position. The effect of body shadowing and an-

tenna radiation pattern on the classical path loss model (1) is noted earlier in [6]. The 

suitability of classical path loss model in WBAN cases is questioned also in [20]. 

Path loss exponent values between 1.28…3.90 have been reported in [12] for an off-

body UWB case in an echoic surroundings. Therefore, the average results in Table 1 

are in line with the ones in [12]. The path loss exponent values below two are due to 

the human body acting as a directing element for the electromagnetic radiation.  

Table 1. Path loss model values of the antenna sites. 

 Dipole Double loop 

Site n PL(d0) [dB] n PL(d0) [dB] 

1 1.65 32.8 0.9 50.3 

2 2.5 16.7 1.6 29.6 

3 1.4 40.4 1.4 34.5 

4 2.0 25.9 1.5 30.4 

5 2.3 27.8 1.4 30.4 

6 1.6 28.8 0.8 38.9 

7 4.7 −16.3 0.9 39.1 

8 −0.7 66.9 −0.7 67.1 

9 1.5 40.8 −0.9 68.9 

10 1.7 29.5 0.5 45.6 

11 2.9 17.5 −2.4 101.4 

12 −0.4 66.8 −4.2 138.0 

13 2.8 10.6 −2.4 97.0 

All 1.7 32.4 1.4 35.3 

4.3 Absolute Path Loss 

Next, the absolute path loss values are examined. Table 2 gathers together the obtained 

results for all antenna locations, both antenna types and for both measured distances. 

The values are extracted by averaging measured sweeps for each measurement sepa-

rately. The PLs range between 50.6…66.5 dB and 49.9…68.2 dB for the dipole and 

double loop antenna cases respectively. When comparing the 13 antenna location cases 

and both measured distances between the antennas, in 17 cases out of 26 the double 

loop antenna results lower PL than the dipole. At the locations 3, 4, 5, 6, 7, 9 and 10 

the double loop performs better at both distances. At the sites 1, 8 and 12 the dipole 

antenna shows lower PL values. Based on the comparison it can be stated that the dou-

ble loop antenna outperforms statistically in most cases the dipole. 

Table 3 reports the mean (µ) values of the PLs and their standard deviation (σ) in 

decibels. The results are shown for both antennas and distances. Also the cases where 

both distances are joined and both antenna data are joined are presented. The mean 
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value is calculated from the data in Table 2 by averaging the PLs in linear scale and 

converting the result in dB. The standard deviations are obtained from the decibel val-

ued PLs. 

The mean values lie between 57.6…61.3 dB. The standard deviations vary approx. 

between 4…5 dB. When both distances are examined, the double loop performs slightly 

better confirming the observation noted from Table 2. The PL for the double loop is 

lower at two meters compared with the one meter case, which is due to the dominating 

body shadowing and antenna radiation patter effect over the distance dependence as 

discussed in Subsection 4.2. 

Table 2. Absolute measured path losses [dB]. 

 Dipole Double loop 

Site One meter Two meters One meter Two meters 

1 54.9 59.5 61.3 64.5 

2 50.6 57.2 51.8 56.1 

3 59.7 63.4 53.9 57.6 

4 54.7 59.3 51.4 54.9 

5 60.0 65.4 49.9 53.3 

6 52.2 55.7 49.9 51.7 

7 54.7 62.0 53.1 54.8 

8 57.0 55.7 57.1 55.9 

9 63.1 66.5 56.3 54.7 

10 54.8 57.7 53.4 54.4 

11 62.5 66.2 64.3 61.1 

12 60.5 60.0 68.2 63.5 

13 53.4 57.7 60.6 56.8 

Table 3. Mean and standard deviations of the path losses [dB]. 

  µ σ 

Dipole 

One meter 57.6 4.0 

Two meters 61.3 3.9 

Both distances 59.6 4.3 

Double 

loop 

One meter 58.2 4.8 

Two meters 57.8 3.9 

Both distances 58.0 4.8 

Both 

antennas 

One meter 57.9 4.9 

Two meters 59.7 4.2 

Both distances 58.9 4.6 
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5 Conclusion and Future Work 

The human body effect on the UWB WBAN off-body radio channels are discussed. 

The work is based on static measurements with a VNA set to the frequency sweeping 

mode at 2-8 GHz. To limit the examination on the effects originating from the human 

body, the measurements are conducted in an anechoic chamber. Thirteen antenna loca-

tions are selected on the body while the off-body antenna is attached to a pole at one or 

two meter distances. The experiment is repeated with prototype dipole and double loop 

antennas. 

By applying the classical path loss model the average path loss exponent is found to 

be 1.7 (dipole) and 1.4 (double loop). The obtained path loss exponents are noted to 

variate largely depending on the antenna site under study. The negative exponents in 

some cases are a result of the dominance of the body shadowing together with the an-

tenna pattern variation over the distance. The classical path loss model is thus found to 

be not always unconditionally suitable in the WBAN cases where the channel model 

may be rather shadowing and radiation pattern dependent than distance dependent. 

The absolute path losses reach numerical values between 50.6…66.5 dB (dipole) 

and 49.9…68.2 dB (double loop). In the majority of cases, when examining individu-

ally the antenna spots and distances, the double loop performs slightly better than the 

dipole. When examining the antenna sites jointly, and/or the different distances and 

antenna types together, the mean values of the path losses are found to be between 

57.6…61.3 dB and the standard deviation approx. 4…5 dB. 

As a future work, it would be interesting to extend the measurements into echoic 

environments as well as to increase the number of measured distances and antenna sites 

in order to obtain more data for the data analysis. The frequency range could be ex-

tended to cover the full frequency range defined by the IEEE 802.15.6 standard for 

UWB by adopting a VNA with higher upper frequency limit. Furthermore, a larger set 

of test persons could be applied in order to investigate, e.g., the effect of the test person 

age, gender and the different body parameters. 
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