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 

Abstract—Wireless Body Area Networks (WBANs) provide 

promising applications in the healthcare monitoring of dairy cows. 

The characterization of the path loss between on-body nodes 

constitutes an important step in the deployment of a WBAN. In 

this paper, the path loss between nodes placed on the body of a 

dairy cow was determined at 2.45 GHz. FDTD simulations with 

two half-wavelength dipoles placed 20 mm above a cow model 

were performed using a 3-D electromagnetic solver. 

Measurements were conducted on a live cow to validate the 

simulation results. Excellent agreement between measurements 

and simulations was achieved and the obtained path loss values as 

a function of the transmitter-receiver separation were well fitted 

by a lognormal path loss model with a path loss exponent of 3.1 

and a path loss at reference distance (10 cm) of 44 dB. As an 

application, the packet error rate and the energy efficiency of 

different WBAN topologies for dairy cows (i.e., single-hop, multi-

hop, and cooperative networks) were investigated. The analysis 

results revealed that exploiting multi-hop and cooperative 

communication schemes decreases the packet error rate and 

increases the optimal payload packet size. The analysis results 

revealed that exploiting multi-hop and cooperative 

communication schemes increases the optimal payload packet size 

and improves the energy efficiency by 30%. 

 
Index Terms—Cross-layer performance, dairy cow, energy 

efficiency, incremental cooperative relaying, multi-hop, on-body 

propagation, packet error rate, path loss, single-hop, wireless body 

area network (WBAN).  

I. INTRODUCTION 

ITH the advances in wireless communication and micro-

 

 
 

electro-mechanical systems (MEMS) [1], computing devices 

have become smaller and cheaper, together with increased 

functionality and higher energy efficiency.  This combination 

makes it possible to build Wireless Body Area Networks 

(WBANs). The IEEE 802.15 Task Group 6 describes WBANs 

as “low power devices operating in or around the human body 

(but not limited to humans) to serve a variety of applications 

including medical, consumer electronics /personal 

entertainment and other” [2]. WBANs are finding various 

applications in the areas of medicine, agriculture, sports and 

multimedia [3], [4]. See [5] for a review of the application of 

WBANs for human health monitoring. By adopting this 

technology, doctors can remotely check the health status of the 

patients and they can recommend suitable medications. For 

example, prearrangement measurements can be taken to control 

many diseases such as high blood pressure, heart attack, 

diabetes, and cancer. 

WBANs can be effectively used to track the health of dairy 

cows to enhance milk productivity and cow welfare, including 

detection of diseases such as lameness, a major health problem 

for dairy farming [6]. When cows are equipped with a WBAN, 

the farm manager can analyze multiple health parameters (e.g., 

temperature from the udder or ear) and activity information 

(e.g., movement from legs, position) in real time. The cow’s 

health can be automatically assessed using a combination of 

these parameters.  

Extensive studies on the modeling of on-body propagation 

loss for humans have been published [7], [4], [8]–[13] , but until 

now, no comparable studies have been done for  dairy cows. 

This study is the first to propose a proper and efficient path loss 

model for on-body channel modeling for dairy cows, with the 

aim of helping to design and analyze the performance of such 

on-body sensor networks. 

The goal of this work is to develop empirical on-body path 

loss models for dairy cows at 2.45 GHz using both simulations 

and experiments. We have also designed an energy efficient 

WBAN for dairy cows. The characterization of the propagation 

channel is necessary for efficient communication between the 
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sensors placed at different parts of the cow’s body. The 

2.45 GHz band was selected because it is freely available and 

most of the practical existing technologies for WBANs work in 

this band. Here we propose a WBAN that monitors multiple 

health parameters: information collected from the hind and 

front leg, the udder, and the ear is forwarded to a data collector 

placed on the cow’s neck. In practice, this node will forward all 

information to the data backend. Four on-body scenarios have 

been investigated, including both line-of sight (LOS) and non-

LOS (NLOS) conditions. In addition to the path loss modeling, 

the cross-layer performances were investigated for different 

WBAN topologies, i.e., single-hop, multi-hop, and cooperative 

networks. Based on theoretical analysis and numerical 

simulations, the most optimal network architecture in terms of 

packet error rate and energy efficiency has been determined.  

The following novelties are presented here: (i) experimental 

determination of the path loss for different on-body 

communication scenarios (i.e., ear to neck, hind leg to neck, 

front leg to neck, and udder to neck) based on measurements on 

a real cow using ZigBee motes, (ii) numerical investigation of 

the path loss of the same scenarios with simulations on a cow 

model using a 3-D electromagnetic solver (SEMCAD-X), and 

(iii) evaluation the packet error rate and the energy efficiency 

of three WBAN topologies for dairy cows using the proposed 

path loss models.   

Below, Sections II-A and II-B present the measurement and 

simulation setup. Section II-C illustrates the investigated on-

body communication scenarios. In Section II-D, the path loss 

model used to fit the obtained data is explained. Results of the 

path loss measurements and simulations are presented and 

discussed in Section III. In Section IV, the obtained path loss 

models are used to evaluate the packet error rate and the energy 

efficiency for different network topologies and conclusions are 

presented in Section V. 

II. METHODS 

A. Measurement Setup 

1) Measurement environment and cow dimensions 

Measurements were conducted in a state-of-the-art research 

barn at the Institute for Agricultural and Fisheries Research 

(ILVO) in Melle, Belgium. This barn, which houses 

approximately 144 lactating dairy cows, contains 2 milking 

robots, a conventional milking parlor, concentrate feeders and 

several features enabling experimental setups. On-body 

measurements were performed in a large area of about 

6 m x 12 m, so that reflections from the walls can be ignored. 

One dairy cow was selected for the on-body measurements. The 

tested cow had the following dimensions: withers-tail 1.8 m, 

width 0.7 m, nose-tail 2.6 m, rump-hoof 1.4 m, stance (i.e., 

front-to-rear claws) 1.7 m, chest 0.8 m, withers (shoulder) 

height 1.4 m, and hook-bone width 0.6 m (Fig. 1-a).  

2) On-body nodes 

Path loss measurements were performed using two ZigBee 

motes. The transmitting ZigBee mote consists of an XBee S2 

(XB24-Z7WIT-004) module with an omnidirectional 

monopole antenna (integrated whip, gain = 1.5 dBi). The 

receiving ZigBee mote is a RM090 module with an inverted F 

antenna (IFA, gain = 1 dBi). The receiving mote was attached 

to the cow’s collar, which is the expected position of the sink 

node. After attachment, the antenna of the ZigBee mote was 

vertically polarized (with respect to the ground) with a 

separation of 20 mm above the cow’s body. The same 

polarization and height were used for the transmitting antenna. 

The first ZigBee mote (TX) periodically transmits packets at 3 

dBm power level and the other mote (RX) senses the received 

signal strength indicator (RSSI) information corresponding to 

the received packets and forwards this information to a laptop 

via USB interface (Fig. 1-b). Wireshark software was used to 

capture and analyze the packets received by the RX mote. 

3) RSSI calibration 

The RSSI reported by the receiving ZigBee mote indicates 

the power level being received by the antenna (represented by 

a number). A calibration of the ZigBee mote using the spectrum 

analyzer has been done using experiments as in [14] to 

determine the relation between the RSSI and the radio-

frequency (RF) power 𝑃𝑅𝑋.  

One ZigBee mote was configured as a coordinator, which 

broadcasts three packets per second (transmitter). Two 

receivers were used to sense the received power. The first 

receiver is another ZigBee mote configured as a sniffer to 

capture broadcast signals (ZigBee to ZigBee) and measure 

RSSI. The second receiver, comprised of a spectrum analyzer 

(R&S FSL6) connected to an MA431Z00 antenna (ZigBee to 

spectrum analyzer), was used to measure RF power. The 

antenna and ZigBee motes were placed 1 m above the ground. 

The sniffer was used to avoid acknowledgment packets, which 

can affect the received power of the spectrum analyzer. The 

distance between the transmitter and the receivers was 

increased by 0.5m steps, from 0.5 m to 12 m. For each 

separation between the transmitter and the receivers, 150 

samples of the RF power measured by the spectrum analyzer 

and 150 RSSI samples reported by the ZigBee mote were 

logged using laptops. In order to account for the antenna gains 

and cable losses, the obtained samples were used to calculate 

the path loss (equation (1)) for the considered transmitter-

receiver separations. Then, the path losses derived from the 

RSSI (ZigBee mote) and the RF power (spectrum analyzer) 

were fitted to plot path loss models (equation (4)). 

Because the antennas were static and no objects were moving 

 
Fig. 1.  (a) Cow dimensions and measurement environment and (b) on-

body measurement setup. 
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in the subject’s environment, the standard deviations over each 

of the 150 RSSI sample did not exceed 2 dB. The path loss 

models of the RSSI calibration were plotted in Fig 2. The path 

loss model (blue line) obtained from the RSSI values reported 

by the ZigBee mote was 8 dB higher than the path loss model 

obtained from the received power of the spectrum analyzer 

(dashed line). In addition, the path loss at the reference distance 

𝑃𝐿(𝑑0 = 0.5 m) was 36 dB for ZigBee-SA case. However, it 

shifted to 44 dB in the ZigBee-ZigBee scenario. The path loss 

exponents and the standard deviations were nearly the same for 

both path loss models. In conclusion, 8 dB will be added to the 

RSSI values reported by the ZigBee mote for the calibration to 

calculate the RF power values. Throughout the remainder of the 

paper, only actual RF powers will be mentioned. 

B. Simulation Setup 

Simulations were performed using the electromagnetic 

solver SEMCAD-X based on the finite-difference time domain 

(FDTD) computation method. This FDTD solver uses a non-

uniform grid scheme. A maximum grid step of 2 mm was taken 

for the cow body model, which allows correct simulation of the 

frequency of 2.45 GHz [15]. 

For human body simulations, SEMCAD-X provides 

anatomically correct models of the human body [16]. No 

similar models exist for a cow’s body, however, thus we 

developed a cow model with the same dimensions as the 

experimental cow. The authors of [17] explain that when 

studying the on-body radio channel at microwave frequencies, 

the internal composition of the human body does not play a 

major role because of the small value of the skin depth. 

Therefore, a homogeneous phantom made exclusively of 

muscle tissue is suitable for modelling on-body communication 

at 2.4 GHz [17]. Based on this conclusion, the cow body in our 

simulations was modeled as a homogeneous medium with the 

dielectric properties of cow muscle at 2.4 GHz, relative 

permittivity 𝜀𝑟 = 52.791 and conductivity 𝜎 = 1.705 S/m 

[18]. In order to account for the multipath effect, a ground with 

the electrical properties of the agricultural soil was added under 

the cow with a separation of 2 mm. As in [19], an electrical 

conductivity of 0.1 S/m and a relative permittivity of 3 were 

considered for the ground at 2.4 GHz. The multipath effect 

from the walls was negligible because the measurements were 

performed in a large area. 

To model the transmitter and the receiver, two half-

wavelength dipoles with length 56 mm and a realistic diameter 

of 1 mm were used. The receiving antenna was terminated by a 

load of 50 Ω. Both antennas were placed 20 mm above the cow 

phantom. Dipoles were used because they have a simple 

structure and they are the best understood antennas [11], [13]. 

Also, simulation of the cow phantom with the IFA and 

monopole antennas in the same SEMCAD-X model 

necessitates high memory capacity (IFA requires high 

resolution FDTD grading). Consequently, the grading size 

exceeds the memory capacity. 

However, the antenna characteristics (e.g., antenna gain, 

radiation efficiency, and reflection coefficient) of the antennas 

used during measurements (monopole and IFA) near the cow’s 

body are required for the path loss calculation (Section II-D). 

Therefore, each antenna (IFA and monopole) was simulated 

separately by the FDTD solver to compute its gain and 

efficiency in free space and near the cow’s body.  

For the transmitter, a simple quarter-wavelength monopole 

with a length of 30 mm was simulated. The receiver antenna 

consists of an IFA. The same antenna as [20] is designed and 

used for our simulations. The impedance of the IFA is matched 

directly to 50 Ω. Therefore no external matching components 

are needed. The antenna is implemented on a substrate with a 

thickness of 1 mm and a relative permittivity of 𝜀𝑟 = 4.4. Since 

there is no ground plane beneath the antenna, substrate 

thickness will have little effect on the performance [20]. 

C. Measurement and Simulation Scenarios 

To design a WBAN that monitors multiple health parameters, 

different on-body wireless communication links have to be 

considered. Fig. 3 shows four scenarios where information from 

(i) hind leg (scenario I), (ii) udder (scenario II), (iii) leg front 

(scenario III), and (iv) the ear (scenario IV) is forwarded to the 

collector node RX placed on the cow’s neck.  

Thirty-three positions were considered (Fig. 4): the RX mote 

was fixed on the collar of the cow, then the TX mote was placed 

at different distances from the neck. For the front and hind legs, 

 
Fig.  3.  On-body measurement and simulation scenarios. 

 

 
Fig.  2.  RSSI calibration: measured path loss and fitted models versus 

distance (Tx-Rx separation). SA: spectrum analyzer. 
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the TX was placed at the anterior and posterior sides of each 

leg. The test cow stood still during the measurements, and for 

each transmitter location the average of 150 RSSI values was 

considered. The receiving ZigBee mote was programmed to 

receive three RSSI values per second. The measurement results 

are compared to simulations performed with the FDTD solver 

(SEMCAD-X) at the same TX-RX positions as shown in Fig. 4. 

D. Path Loss Model 

The received power 𝑃𝑅𝑋  is calculated from the RSSI values 

reported by the ZigBee mote after calibration (Section II.A-3). 

Then, the path loss (𝑃𝐿) is calculated as follows: 

𝑃𝐿 = 𝑃𝑇𝑋 + 𝐺𝑇𝑋 − 𝐿𝑇𝑋 + 𝐺𝑅𝑋 − 𝐿𝑅𝑋 − 𝑃𝑅𝑋               (1) 

where 𝑃𝑇𝑋 is the transmitter power (dBm), 𝐺𝑇𝑋 the 

transmitter antenna gain in free space (dBi), 𝐿𝑇𝑋 transmitter 

cable losses (dB), 𝐺𝑅𝑋 receiver antenna gain in free 

space (dBi), and 𝐿𝑅𝑋 the receiver cable losses (dB). 

The definition of the path loss given by (1) cannot be applied 

immediately due to the inevitable interaction between the 

antennas and the cow’s body. Because the antennas are 

positioned close to the cow’s body, their characteristics (i.e., 

radiation pattern, gain) are influenced by the body charges. In 

this situation, the free space antenna gain cannot be used for 

calculating the path loss. In literature ([9], [11], [12], [17], [21]), 

the antenna gains are included in the WBAN path loss 

calculation given by (1). Thus the path loss, including the 

antenna gains as a part of the channel model (𝑃𝐿𝑖𝑛𝑐𝑙), is 

calculated as follows: 

𝑃𝐿𝑖𝑛𝑐𝑙 = 𝑃𝑇𝑋 − 𝐿𝑇𝑋 − 𝐿𝑅𝑋 − 𝑃𝑅𝑋                         (2) 
However, with this approach, the obtained path loss models 

determined by simulations or measurements are specific for the 

antenna type used. To separate the antenna from the underlying 

channel, several new studies have tried to establish the so called 

“antenna de-embedding propagation models” [22]–[26].  

In our study, the antenna gains near the body are calculated 

by FDTD simulations and used for the path loss calculation 

instead of the free space gains. Thus, the path loss 𝑃𝐿 excluding 

the antenna gains (i.e., antenna de-embedded path loss) is given 

by: 

𝑃𝐿 = 𝑃𝑇𝑋 + 𝐺𝑇𝑋_𝑏 − 𝐿𝑇𝑋 + 𝐺𝑅𝑋𝑏
−𝐿𝑅𝑋 − 𝑃𝑅𝑋         (3) 

with 𝐺𝑇𝑋_𝑏 and 𝐺𝑅𝑋_𝑏 are the antenna gains of the transmitter 

and the receiver near the cow’s body (at 20 mm, see above), 

respectively.  

Similarly to [11] , a log-distance path loss model is proposed. 

The path loss can be modeled as a linear function of the 

logarithmic distance between the transmitter and receiver, as 

explained in [11]: 

𝑃𝐿(𝑑) = 𝑃𝐿(𝑑0) + 10𝑛 𝑙𝑜𝑔 (
𝑑

𝑑0

) + 𝑋𝜎               (4) 

 

  with 𝑃𝐿(𝑑0) is the path loss at reference distance 𝑑0 =
10 cm , 𝑛 the path loss exponent, 𝑑 the separation distance 

between TX and RX and 𝑋𝜎 a zero-mean Gaussian distributed 

variable (in dB) with standard deviation 𝜎, also in dB.  

III. RESULTS AND DISCUSSION  

A. Simulations: Antenna Characteristics  

1) |S11| near the cow’s body 

The magnitude of the reflection coefficient in dB |S11| of an 

antenna determines the ability of the antenna to accept power 

from a source [27]. Lower values of |S11| indicate that the 

antenna reflects less power. The |S11| is derived from the input 

impedance of the antenna (Zin). For maximum power transfer, 

Zin should exactly match the output impedance of the source 

(e.g., 50 Ω). However, in real cases, the antenna presents an 

impedance mismatch. 

The absolute value of the simulated reflection coefficient 

|S11| of the considered antennas (i.e., dipole, monopole, and 

IFA) in free space and near the cow’s body is shown in Fig. 5, 

as a function of the frequency. It can be seen that |S11| under 

- 10 dB is achieved in the 2.45 GHz ISM band (2400-2483 

MHz) [2]. Thus, each antenna shows good impedance 

matching. Moreover, based on Fig. 5, one can conclude that the 

input impedance of all antennas does not vary dramatically near 

the body in comparison to free space.  This can be explained by 

the height of the antennas above the body (20 mm).  

 
Fig.  4.  On-body radio propagation measurement showing the receiver 

on the cow’s neck while the transmitter is positioned at 33 locations on 
the body. RX, receiver; TX, transmitter. Each color represents the 

positions considered for each body part (i.e., blue: hind leg, green: udder, 

red: front leg, and purple: ear). The black positions are used for the 
whole body path loss calculation.  

 
Fig.  5.  Simulated |S11| of the dipole, monopole, and the inverted F 

antenna (IFA) in free space and near the cow’s body (20 mm). 

http://en.wikipedia.org/wiki/Antenna_gain
http://en.wikipedia.org/wiki/Antenna_gain
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Table I lists the simulated |S11| at 2.45 GHz and the -10 dB 

bandwidth (BW) of the considered antennas. For the dipole 

antenna, the cow body makes the antenna reflect less power, 

indicated by the shift of |S11| from -17 dB in free space to -21 

dB near the body. The |S11| decreases due to the decrease of the 

input antenna impedance (Zin). For the dipole antenna, Zin is 

closer to 50 Ω near the body in comparison to free space. 

However, due to the influence of the cow’s body on the 

substrate, the IFA reflects more power close to the lossy 

medium. The |S11| of the monopole antenna is approximately 

the same in free space and near the body. The mismatch 

efficiency of each antenna is calculated from |S11|. The values 

listed in Table I will be used to calculate the total efficiency. 

2) Antenna gain and efficiency  

The radiation efficiency of an antenna is defined as the ratio 

of total power radiated by the antenna to the net power accepted 

by the antenna from the connected source [28]. Table II lists the 

radiation efficiency of the dipole, monopole, and IFA in free 

space and near the cow’s body. In free space, the antenna 

radiation efficiency varies from 86% for the IFA to 99% for the 

dipole and monopole antennas, indicating good radiation of the 

input power. The cow’s body affects the radiation efficiency, 

however: the radiation efficiency near the cow’s body decreases 

to between 85% (monopole) and 70% (dipole) in comparison to 

free space. Even so, this still indicates good radiation by the 

antennas near the body. In Table II, the total efficiency in free 

space and near the cow phantom is listed. This efficiency is the 

product of the mismatch efficiency (Table I) and the radiation 

efficiency (Table II). Since the mismatch efficiency is close to 

100%, the total efficiency follows the same variation as the 

radiation efficiency. Table II lists also the simulated maximum 

antenna gain in dBi for the considered antennas in free space 

and 20 mm above the cow’s body. In free space, the antenna 

gain ranges from 1.7 dBi for the monopole to 2.6 for the IFA. 

A typical value of 2.1 dBi is obtained for the dipole in free 

space. When the antennas are positioned near the cow’s body, 

the gains increase and vary between 5.5 dBi for the dipole and 

6.2 dBi for the IFA. We note that the maximum antenna gains 

are used for the path loss calculation given in equation (3). This 

is a good approximation for the path loss calculation, as the 

direction of the maximum gain is tangential to the cow’s body. 

For the simulated path loss, the gain of the dipole near the cow’s 

body is used. Due to the difficulty of measuring the antenna 

gains of the IFA and monopole near the body, the simulated 

gains (IFA near the neck and monopole near the udder, the ear, 

and the legs) are used for the calculation of the measured path 

loss (see equation (3)). 

B. Comparison and Validation: Measured versus Simulated 

Path Loss   

1) Path loss values of the investigated on-body scenarios 

Table III lists the average path loss values for the considered 

on-body wireless communication scenarios (i.e., ear-neck, hind 

leg-neck, front leg- neck, and udder-neck). For each body part, 

the positions mentioned in Fig. 4 are considered in the 

calculation of the average path loss. As explained in Section 

II.D (3), the path loss including (𝑃𝐿𝑖𝑛𝑐𝑙) and excluding (𝑃𝐿) 

the antenna gains are calculated. Then the absolute deviations 

are computed as follows:   

𝛿𝑖𝑛𝑐𝑙 = |𝑃𝐿𝑖𝑛𝑐𝑙
𝑚𝑒𝑎𝑠 − 𝑃𝐿𝑖𝑛𝑐𝑙

𝑠𝑖𝑚 |                                (6) 

𝛿𝑒𝑥𝑐𝑙 = |𝑃𝐿𝑚𝑒𝑎𝑠 − 𝑃𝐿𝑠𝑖𝑚|                                 (7) 

 

Where 𝛿𝑖𝑛𝑐𝑙 and 𝛿𝑒𝑥𝑐𝑙   are the absolute deviations between 

measurements and simulations when the antenna gains are 

included and excluded, respectively. 

First, the measured path loss including the antenna gains 

(𝑃𝐿𝑖𝑛𝑐𝑙
𝑚𝑒𝑎𝑠) varies between 53.4 dB for the scenario IV (i.e., ear-

neck) and 69.7 dB for the scenario II (i.e., udder-neck). 

Scenario IV has the lowest value because of the short distance 

between the ear and the neck of the cow (about 50 cm). 

However, for scenario II (udder-neck), the cow’s body obscures 

the communication between the udder and the neck, resulting 

in the highest path loss value. Scenarios I and III have 

approximately the same path loss values (63 dB). This result 

could be explained the similar influence that the legs (front and 

back) influence on the antennas. For the simulated path 

loss, 𝑃𝐿𝑖𝑛𝑐𝑙
𝑠𝑖𝑚  varies between 51.0 dB (scenario IV) and 70.1 dB 

Table II 
Dipole, monopole, and inverted F antenna (IFA) simulated gains and 

radiation efficiency (%) in free space and 20 mm above the cow’s body 

at 2.45 GHz 

 Gain 

[dBi] 

Radiation 

efficiency 
[%]  

Total 

efficiency 
[%] 

Dipole Free space 2.1 99 97 

Near neck 5.5 70 69 
Monopole Free space 1.7 99 94 

Near udder 5.3 85 83 
IFA Free space  2.6 86 84 

Near neck 6.2 74 70 

 

Table III 

Comparison between measured and simulated average path loss values for 

the investigated scenarios. 𝛿𝑖𝑛𝑐𝑙 and 𝛿𝑒𝑥𝑐𝑙   are the absolute deviations 
between measurements and simulations when the antenna gains are 

included and excluded, respectively. 

Scenario 𝑃𝐿𝑖𝑛𝑐𝑙
𝑚𝑒𝑎𝑠 

[dB] 
𝑃𝐿𝑖𝑛𝑐𝑙

𝑠𝑖𝑚

[dB] 
𝛿𝑖𝑛𝑐𝑙 
[dB] 

𝑃𝐿𝑚𝑒𝑎𝑠

[dB] 
𝑃𝐿𝑠𝑖𝑚 
[dB] 

𝛿𝑒𝑥𝑐𝑙 
[dB

] 
I- Hind leg-Neck 63.9 70.1 6.1 77.2 78.6 1.4 
II- Udder-Neck 68.7 72.0 3.3 80.2 81.8 1.6 

III- Front leg-Neck  62.2 65.7 3.4 74.0 76.3 2.3 

VI- Ear-Neck 53.5 51.0 2.4 65.8 65.1 0.8 

Average    3.8  1.6 

 

 Table I 

Simulated |S11| at 2.45 GHz and the -10 dB bandwidth (BW) of the 
considered antennas. 

 |S11| (2.45 GHz) 

[dB] 

Mismatch 

efficiency

[%] 

-10 dB BW 

[MHz] 

Dipole Free space -17.5 98 258 
Near body -21.4 99 271 

Monopole Free space -13.3 98 285 
Near body -12.0 95 215 

IFA Free space  -18.1 98 346 

Near body -14.2 96 400 
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(scenario II). The same discussion explains the measurement 

results. We also observed a difference of 3.8 to 6.1 dB between 

measurements and simulations indicated by the values of the 

absolute deviation 𝛿𝑖𝑛𝑐𝑙 in Table III. These differences are 

expected because different antenna types were used during 

measurements (monopole and IFA) and simulations (dipoles). 

After excluding the antenna gains (i.e., true path loss), we 

observed a decrease of the deviation between the measured and 

simulated path losses for all scenarios. In this case, the absolute 

deviation varies between 0.8 and 2.3 dB with an average of 

1.6 dB. Thus, very good agreement between the measurements 

and the simulations was achieved, indicating that the obtained 

values can be used for the on-body path loss analysis of dairy 

cows. 

2) Path loss model for the whole body 

In order to develop a path loss model for the whole body, all 

positions shown in Fig. 4 were considered. For each transmitter-

receiver separation, the average over the 150 RSSI samples was 

used to calculate the path loss values (the standard deviations 

over each 150 consecutive RSSI samples varied between 1 and 

4 dB). Then, a least squares fit was performed (fit for 

measurements and fit for simulations) using the path loss values 

for the different transmitter-receiver distances to model the path 

loss as a linear function of the logarithmic distance. First, the 

obtained path loss models including the antenna gain (𝑃𝐿𝑖𝑛𝑐𝑙) 

are shown in Fig. 6. The markers indicate the individual 

measurement and simulation samples, while the lines represent 

the path loss models obtained through the fitting of the data. For 

the individual samples (simulations and measurements), we 

distinguished between LOS and NLOS paths. As shown in Fig. 

6, both measured and simulated LOS paths (e.g., neck to ear, 

neck to front leg) are associated with lower path loss values 

(most samples are under the fit line). However, NLOS paths 

(e.g., neck to udder) present high path loss values. For the same 

TX-RX separation, an average of 7 dB path loss difference was 

noticed between LOS and NLOS.  

The obtained path loss models excluding the antenna gain 

(𝑃𝐿) are shown in Fig. 7. The measured and simulated path loss 

models (𝑃𝐿), after excluding the antenna gains, show excellent 

correspondence (average deviation of less than 0.5 dB), which 

validates the results listed in Table III.  

 Table IV lists the values of path loss exponents and path loss 

at the reference distance obtained for the whole body. When the 

antenna gains are excluded, 𝑃𝐿(𝑑0) at reference distance (𝑑0 =
10 𝑐𝑚) shifts from 30 to 44 dB for the measurement and from 

34 to 45 dB for the simulations, while the path loss exponent 

remains the same (𝑛 ≈ 3.1). To make a comparison with 

published works in the field (on-body for humans), we should 

consider the antenna-specific path loss models including the 

antenna gains (Fig. 6), as done in several studies [11]–[13], 

[21]. These studies have the limitation of being antenna-

specific. The obtained results are comparable with the path loss 

models obtained for humans with respect to the body shape 

difference between humans and cows. In [12] for example, a 

path loss exponent of 3.11 and path loss at reference distance 

𝑃𝐿(𝑑0 = 10 𝑐𝑚) of 35 dB were obtained for line-of-sight 

(LOS) communications. In our measurements and simulations, 

both LOS and non-LOS (NLOS) communications (e.g., udder-

neck) are considered. Nevertheless, the path loss values from 

the models shown in Fig. 6 are lower than those presented in 

[12]. This is due to the height of the antennas above the body 

(20 mm) in our study compared to 5 mm in [12] (more power 

absorption when the antenna is close to the body). Similar path 

loss models were found also in [21].  

The values of the standard deviation around the path loss 

model 𝜎 are also listed in Table IV. For simulation and 

measurement, standard deviations 𝜎 of 6 dB around the path 

loss model were observed due to the consideration of both LOS 

and NLOS conditions. The coefficient of determination 𝑅2 

measures how well the path loss model (regression line) 

approximates the real data points (measured or simulated path 

 
Fig.   6. Path loss models including the antenna gains (𝑃𝐿𝑖𝑛𝑐𝑙) for the 

whole body (LOS: line-of-sight, NLOS: none-LOS) 

 

Table IV 
Parameter values of the path loss models for the whole body. 

 𝒅𝟎[c𝒎] 𝑷𝑳(𝒅𝟎) [𝒅𝑩]  𝒏[−] 𝝈[𝒅𝑩] 𝑹𝟐[−] 

𝑃𝐿𝑖𝑛𝑐𝑙
𝑚𝑒𝑎𝑠  10 30 3.12 4.8 0.76 

𝑃𝐿𝑖𝑛𝑐𝑙
𝑠𝑖𝑚  10  34 3.06 6.4 0.71 

𝑃𝐿𝑚𝑒𝑎𝑠  10 44 3.15 4.9 0.79 

𝑃𝐿𝑠𝑖𝑚  10  45 3.11 5.5 0.78 

 

 
Fig.   7. Path loss models excluding the antenna gains (𝑃𝐿) for the whole 

body. 
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losses). It is defined as the square of the correlation between the 

measured/simulated values and the predicted path losses [29]. 

As shown in Table IV, coefficients of determination greater 

than 0.7 were obtained in all path loss models, indicating a good 

fit of the obtained data with the log-normal path loss model. 

IV. APPLICATION  

Nodes in WBANs for dairy cows would use very small 

batteries with low processing and storage capabilities. 

Furthermore, such batteries would need to operate properly and 

autonomously for long periods of time without being recharged 

or replaced. For instance, the average lifetime of a cow is five 

years and most cows’ anomalies (e.g., mastitis, heat, lameness) 

occur after the first calving (around second year). This means 

that the healthcare monitoring system should operate at least 

three years without needing to be charged. Energy consumption 

is therefore an important issue in a WBAN deployment for 

dairy cows. Several choices that can impact energy 

consumption, e.g., sample transmit rate, complexity of routing 

algorithms, applications (node’s data rate), and programming 

languages [30]. To reduce the energy consumption and 

maintenance requirements associated with recharging of 

batteries, an efficient network topology can be a crucial factor 

for extending battery lifetime [31]. 

In general, a WBAN topology comprises a set of sensor 

nodes and a sink node. In traditional WBAN topologies, each 

sensor collects information about the cow and sends it to the 

sink. This is known as single-hop communication. However, 

the sensor can also send the information through multi-hop 

links, where special devices, called relay nodes or relays, can 

be added to the WBAN to collect all the information from 

sensors and send it to the sink, thus improving the WBAN 

lifetime and reliability [12], [31]–[33]. Furthermore, recent 

work attempts to justify the use of cooperative communications 

in a WBAN, by exploiting diversity gain achieved via 

cooperation among the relay nodes [34]. Moreover, cooperative 

communication represents a potential candidate to suppress the 

channel fading effects in WBANs. 

In this section, we evaluate the packet error rate (PER) and 

the energy efficiency as a function of the transmit power and 

packet payload for communication between the udder and the 

neck of the cow using the three WBAN communication 

schemes (i.e., single-hop, two-hop, and cooperative 

communication). The obtained path loss models (Section V) 

and the energy consumption of available commercial radios 

(i.e., ZL70101 and nRF24L01) are being considered [35], [36]. 

The goal is to investigate which topology is the most suitable 

for a dairy cow WBAN in terms of PER and energy efficiency. 

To the best of our knowledge, this has not yet been done for 

dairy cow WBANs. 

A. Communication Schemes 

Here we investigate three communication schemes (Fig. 8). 

The automatic repeat request (ARQ) protocol (i.e., 

acknowledgement messages are sent by the receiver, indicating 

that it has correctly received a data frame or packet) is 

implemented at the link layer to improve reliability.   

The first scheme consists of a single-hop communication 

(i.e., direct communication) between the source (S) and the 

destination (D) nodes (Fig. 8 (a)). The second scheme uses one 

relay R in a two-hop topology (Fig. 8 (b)). Compared with a 

single-hop, a two-hop network may suffer more packet losses 

due to the use of multiple radio links. Also, the source should 

separate between relays and destination acknowledgement 

messages. Therefore, a simple ARQ cannot be directly applied 

in this case. In [37], local end-to-end relay ARQ (LE RARQ) is 

proposed to avoid redundant retransmissions by the source 

node. This protocol is used for our analysis of a two-hop 

network topology (Fig. 8 (b)). In the first phase, S sends the data 

packet to R.  If R receives the data correctly, the packet is 

relayed to D in a second phase. Then, an acknowledgment 

(ACK) message is sent to R and then to S. If the data is 

corrupted at the relay level, a negative relay ACK (NRACK) is 

sent to S. If the data is corrupted at the destination level, a 

negative ACK is sent to R and then to S, indicating that the link 

3 (Fig. 8 (b)) fails and that link 2 is reliable. The retransmission 

will be done then by R only. Thus, the power consumption of S 

can be reduced. The third investigated communication scheme 

is shown in Fig. 8 (c). Conventional cooperative relaying wastes 

the wireless channel because the relays always forward the 

signals regardless of the channel conditions [38]. To overcome 

this limitation, incremental relaying schemes were proposed to 

save channel resources by adapting the relaying process to the 

channel conditions. This approach is explained in [34]. The 

ARQ used in the cooperative scheme is similar to two-hop. The 

unique difference is that the destination node in a cooperative 

scheme can receive the packet at the first phase. However, in a 

two-hop scheme, the packet is received first by the relay node 

and then forwarded to the destination. 

B. Packet Error Rate  

In our analysis of the packet error rate and the energy 

efficiency, we considered a cow WBAN in which the link 

between two nodes is affected by propagation loss, shadowing, 

and additive white Gaussian noise (AWGN). Then a differential 

binary phase shift keying (DBPSK) modulation is used, as 

 
Fig.  8. Investigated communication schemes: (a) single-hop, (b) two-

hop, and (c) cooperative network. S=Source, R=Relay, and 

D=Destination. 

https://en.wikipedia.org/wiki/Data_frame
https://en.wikipedia.org/wiki/Packet_(information_technology)
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recommended by IEEE 802.15.6 [2]. 

The bit error rate 𝐵𝐸𝑅 for coherently detected, differentially 

encoded BPSK is theoretically given by [39]: 

𝐵𝐸𝑅 = erfc (√
𝐸𝑏

𝑁0

)(1 − 0.5𝑒𝑟𝑓𝑐 (√
𝐸𝑏

𝑁0

))              (8) 

where erfc is the error function, 𝐸𝑏  the energy per bit [J], and 

𝑁0 the noise power spectral density [W/Hz]. Next, 𝐸𝑏/𝑁0 is 

calculated from the signal to noise ratio (SNR) at the receiver 

level as follows: 

𝐸𝑏

𝑁0

= 𝑆𝑁𝑅.
𝐵𝑁

𝑅𝑑

                                           (9) 

Here, 𝐵𝑁  is the noise power bandwidth (Hz); 𝑅𝑑 is the data rate 

of the sensor node (bits/sec). The effective isotropically 

radiated power (EIRP) of the node can be calculated as: 

𝐸𝐼𝑅𝑃 = 𝑃𝑇𝑋 + 𝜂𝑑𝐵                            (10) 

with 𝑃𝑇𝑋 as defined in (1) and 𝜂𝑑𝐵is the total antenna 

efficiency [dB]. The SNR at the receiver level is expressed in 

decibels (dB) as: 

𝑆𝑁𝑅𝑑𝐵 = 𝐸𝐼𝑅𝑃 − 𝑃𝐿(𝑑) − 𝑃𝑁                         (11) 

with 𝑃𝑁 being the AWGN power [dBm] and  𝑆𝑁𝑅 =

10(𝑆𝑁𝑅𝑑𝐵/10) . 

After the calculation of the 𝐵𝐸𝑅, the packet error rate can be 

derived for each communication scheme using the packet 

size 𝑁 (expressed in bits). Assuming that the bit errors are 

independent, the 𝑃𝐸𝑅𝑆𝐻 of a single-hop transmission is 

computed as [40]: 

𝑃𝐸𝑅𝑆𝐻 = 𝑃𝐸𝑅𝑆𝐷 = 1 − (1 − 𝐵𝐸𝑅)𝑁                (12) 
 

where 𝑃𝐸𝑅𝑆𝐷 is the packet error rate of the link source (S) to 

destination (D). For a two-hop case, a packet error occurs when 

one of the following events happens: (i) the S-R link fails or (ii) 

the S-R link is error free and the R-D link fails. Hence the 

packet error rate 𝑃𝐸𝑅𝑇𝐻 for a two-hop case is computed as 

follows: 

𝑃𝐸𝑅𝑇𝐻 = 𝑃𝐸𝑅𝑆𝑅 + 𝑃𝐸𝑅𝑅𝐷(1 − 𝑃𝐸𝑅𝑆𝑅)              (13) 

 

With 𝑃𝐸𝑅𝑆𝑅   is the PER of the source S-R link and 𝑃𝐸𝑅𝑅𝐷 is 

the PER of the R-D link. Based on [34], the PER of the single-

stage decode and forward incremental cooperative relaying 

scheme 𝑃𝐸𝑅𝐶  is given by: 

𝑃𝐸𝑅𝐶 = 𝑃𝐸𝑅𝑆𝐷𝑃𝐸𝑅𝑆𝑅 + 𝑃𝐸𝑅𝑆𝐷(1 − 𝑃𝐸𝑅𝑆𝑅)𝑃𝐸𝑅𝑅𝐷   (14) 

C. Energy Efficiency  

To determine the overall energy consumption, we take the 

transmit power 𝑃𝑇𝑋 [W], the circuit energy consumption at the 

transmitter 𝐸𝑇𝑋_𝑒𝑙𝑒𝑐  [nj/bit] and at the receiver 𝐸𝑅𝑋_𝑒𝑙𝑒𝑐 [nj/bit] 

for both data as well as ACK/NACK packets into account. In 

our analysis of the energy  consumption, we adopt the energy 

models proposed in  [34], [38], [40], [41]. To differentiate 

between data and ACK/NACK packets, we consider 𝐿 the 

number of bits of a data packet, 𝐴 the number of bits of an 

ACK/NACK packet, and 𝐻 the header size. 

For a single-hop scheme, the overall energy consumption per 

bit is simply the energy per bit consumed by the transmitter 

(electronic + transmission =𝐸𝑇𝑋_𝑒𝑙𝑒𝑐 +
𝑃𝑇𝑋

𝑅𝑑

) and the receiver 

(𝐸𝑅𝑋_𝑒𝑙𝑒𝑐). Then we multiply by the number of bits per packet 

(data or ACK/NACK) to obtain the total energy consumption 

per packet. Hence, for a data packet: 

𝐸𝑆𝐻_𝐷𝐴𝑇𝐴 = (𝐸𝑇𝑋_𝑒𝑙𝑒𝑐 + 𝐸𝑅𝑋_𝑒𝑙𝑒𝑐 +
𝑃𝑇𝑋

𝑅𝑑

) (𝐿 + 𝐻) 

                              = 𝑥(𝐿 + 𝐻)                                                     (15) 

where 𝑥 = 𝐸𝑇𝑋_𝑒𝑙𝑒𝑐 + 𝐸𝑅𝑋_𝑒𝑙𝑒𝑐 +
𝑃𝑇𝑋

𝑅𝑑

. Similarly, the energy 

consumed during the transmission of an ACK/NACK packet is 

given by: 

𝐸𝑆𝐻_𝐴𝐶𝐾/𝑁𝐴𝐶𝐾 = 𝑥(𝐴 + 𝐻)                             (16) 

The energy efficiency is defined as the ratio of useful part of 

energy consumed to the total energy consumed in a 

communication link between sender and receiver. Thus, for the 

single-hop scheme, the energy efficiency 𝜂𝑆𝐻 is determined as 

follows [34]: 

𝜂𝑆𝐻 =
(1 − 𝑃𝐸𝑅𝑆𝐻)𝑥𝐿

𝐸𝑆𝐻_𝐷𝐴𝑇𝐴 + 𝐸𝑆𝐻_𝐴𝐶𝐾/𝑁𝐴𝐶𝐾

                    (17) 

 

The energy efficiency for a two-hop scheme is derived 

considering the following events for a successful transmission 

of a data packet: 

(a) A successful communication for both S-R and R-D links, 

consumes 2𝐸𝑇𝑋_𝑒𝑙𝑒𝑐 + 2𝐸𝑅𝑋_𝑒𝑙𝑒𝑐 + 2
𝑃𝑇𝑋

𝑅𝑑

 per bit. This event 

occurs with a probability with (1 − 𝑃𝐸𝑅𝑆𝑅)(1 − 𝑃𝐸𝑅𝑅𝐷). 

(b) The S-R link is error free and the R-D link fails occurs 

with a probability (1 − 𝑃𝐸𝑅𝑆𝑅)𝑃𝐸𝑅𝑅𝐷. The same energy as (a) 

is consumed.  

(c) The link S-R fails with a probability 𝑃𝐸𝑅𝑆𝑅. No 

transmission between R and D is made. Therefore, the 

consumed energy is 𝐸𝑇𝑋_𝑒𝑙𝑒𝑐 + 𝐸𝑅𝑋_𝑒𝑙𝑒𝑐 +
𝑃𝑇𝑋

𝑅𝑑

. The total energy 

to successfully transmit a data packet 𝐸𝑇𝐻_𝐷𝐴𝑇𝐴 can be 

computed as follows: 

𝐸𝑇𝐻𝐷𝐴𝑇𝐴
= [

(2𝐸𝑇𝑋𝑒𝑙𝑒𝑐
+ 2𝐸𝑅𝑋𝑒𝑙𝑒𝑐

+ 2
𝑃𝑇𝑋

𝑅𝑑
) (1 − 𝑃𝐸𝑅𝑆𝑅)     

+ (𝐸𝑇𝑋𝑒𝑙𝑒𝑐
+ 𝐸𝑅𝑋𝑒𝑙𝑒𝑐

+
𝑃𝑇𝑋

𝑅𝑑
)𝑃𝐸𝑅𝑆𝑅

] (𝐿 + 𝐻)       (18)  

 

Similarly, for an ACK/NACK packet, the total consumed 

power is given by: 

𝐸𝑇𝐻_𝐴𝐶𝐾/𝑁𝐴𝐶𝐾 = [2𝑥(1 − 𝑃𝐸𝑅𝑆𝑅) + 𝑥𝑃𝐸𝑅𝑆𝑅](𝐴 + 𝐻)     (19) 

Consequently, the energy efficiency for two-hop scheme 𝜂𝑇𝐻 

can be calculated as: 

𝜂𝑇𝐻 =
(1 − 𝑃𝐸𝑅𝑇𝐻)𝑥𝐿

𝐸𝑇𝐻_𝐷𝐴𝑇𝐴 + 𝐸𝑇𝐻_𝐴𝐶𝐾/𝑁𝐴𝐶𝐾

                     (20) 

 

For the cooperative scheme, we adopt the calculations made 

in [34]. The total energy consumption involved in the 

transmission of a data packet 𝐸𝐶_𝐷𝐴𝑇𝐴 and ACK/NACK 

packet 𝐸𝐶_𝐴𝐶𝐾/𝑁𝐴𝐶𝐾 using cooperative communication with 

incremental relaying is given as follows [34]: 
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𝐸𝐶𝐷𝐴𝑇𝐴
=

[
 
 
 
 
 
 (𝐸𝑇𝑋𝑒𝑙𝑒𝑐

+ 2𝐸𝑅𝑋𝑒𝑙𝑒𝑐
+

𝑃𝑇𝑋

𝑅𝑑

) (1 − 𝑃𝐸𝑅𝑆𝐷)

+ (𝐸𝑇𝑋𝑒𝑙𝑒𝑐
+ 2𝐸𝑅𝑋𝑒𝑙𝑒𝑐

+
𝑃𝑇𝑋

𝑅𝑑

)𝑃𝐸𝑅𝑆𝐷𝑃𝐸𝑅𝑆𝑅

+(𝐸𝑇𝑋𝑒𝑙𝑒𝑐
+ 2𝐸𝑅𝑋𝑒𝑙𝑒𝑐

+
𝑃𝑇𝑋

𝑅𝑑

)𝑃𝐸𝑅𝑆𝐷(1 − 𝑃𝐸𝑅𝑆𝑅)
]
 
 
 
 
 
 

(𝐿 + 𝐻)     (21) 

 

 

𝐸𝐶_𝐴𝐶𝐾/𝑁𝐴𝐶𝐾 = [(𝐸𝑇𝑋𝑒𝑙𝑒𝑐
+ 2𝐸𝑅𝑋𝑒𝑙𝑒𝑐

+
𝑃𝑇𝑋

𝑅𝑑

) (1 + 𝑃𝐸𝑅𝑆𝐷(1 − 𝑃𝐸𝑅𝑆𝑅))] 

(𝐴 + 𝐻)                                                   (22) 

Thus, the energy efficiency for the cooperative scheme 𝜂𝐶 

can be computed as: 

𝜂𝐶 =
(1 − 𝑃𝐸𝑅𝐶)𝑥𝐿

𝐸𝐶_𝐷𝐴𝑇𝐴 + 𝐸𝐶_𝐴𝐶𝐾/𝑁𝐴𝐶𝐾

                      (23) 

D. Scenario  

We consider a scenario where communication is performed 

between the udder (source) and the neck (destination) (see Fig. 

3). As shown in Section III, this scenario presents the highest 

path loss value (Table II). Therefore, a relay node is used to 

forward the information of the source to the destination. We 

propose using the sensor node placed on the front leg as a relay 

node. In this way, no new nodes are introduced to the cow 

WBAN illustrated in Fig. 3. The goal is to evaluate the PER as 

a function of the transmit power and the packet payload of the 

sensor node. Then we determine the optimal network topology 

in terms of the packet error rate and the energy efficiency. 

Table V lists the parameters used for the PER and the energy 

efficiency analysis. The on-body channel model for a cow 

WBAN obtained from measurements (including the antenna 

gains) was adopted. Because the measured path loss is used, the 

antenna efficiency of the monopole is also used  

(i.e., transmitter). The symbols are transmitted with a typical 

data rate of 250 kbps. The energy consumption of the ZL70101 

and the nRF24L01 of commercial radios is considered [35], 

[36]. A noise power of -90 dBm is used for the PER and energy 

efficiency analysis, based on the measurement of the noise 

power conducted inside the barn. The other parameters are 

listed in Table V. 

E. Results and Discussion  

1) Packet Error Rate 

The packet error rate is shown (Fig. 9) as a function of the 

transmit power for the considered network topologies. Here, the 

packet size is fixed to 128 bytes as recommended by IEEE 

802.15.6 [2]. We observe that the cooperative scheme presents 

the lower PER (highest performance) whereas the single-hop 

presents the highest PER. In addition, for a transmit power 

lower than -6 dBm the two-hop gives the same PER as the 

cooperative. For instance, to ensure a PER of 10−4, a transmit 

power of -5 dBm for the cooperative and  two-hop schemes, and 

-2 dBm for single-hop is required. Thus, the relaying 

communication, either by cooperation or multi-hop, uses low 

power to give the same performance (PER) as the single-hop. 

This allows the battery lifetime of the cow sensor nodes to be 

extended for long-term health and welfare monitoring. It is 

important to note that the relaying process requires additional 

nodes, thus increasing the network cost. 

2) Energy efficiency 

In Fig. 10, energy efficiency is shown as a function of the 

sensors’ transmit power for a packet size of 128 bytes. As 

shown in Fig. 10, a threshold transmit power exists that 

separates a region where a single-hop network topology is 

better from a region where relaying schemes (cooperation or 

multi-hop) are useful for energy efficiency. We clearly observe 

that the single-hop scenario is the most energy efficient network 

(80%) when the transmit power exceeds -2 dBm. Further, the 

single-hop scheme is twice as efficient as the two-hop scheme 

(40%). Keeping in mind that the sensor nodes in the cow’s 

WBAN are designed to work with low power values to extend 

the battery lifetime, the cooperative and two-hop scenarios 

present an energy efficiency larger than the single-hop scheme. 

For example, a transmit power of -6 dBm ensures an energy 

efficiency of 40% and 35% for two-hop and cooperative 

communications, respectively. However, energy efficiency is 

Table V 
Parameter values used for on-body dairy cow WBAN packet error rate 

and energy efficiency analysis. 

Parameter Value Unit 

On–body 
Channel model 

𝑑0 10 cm 
𝑃𝐿(𝑑0) 30 dB 
𝑛 3.12 [-] 
𝑋𝜎 4.8 dB 

Noise power -90  dBm 
Antenna efficiency 76 % 
Data rate 250 kbps 
Packet size 128 Bytes 
Overhead size 80 bits 
ACK/NACK size 64 bits 
𝑅𝑑/𝐵𝑁 0.25 bps/Hz 
𝐸𝑇𝑋_𝑒𝑙𝑒𝑐 11.25 nJ/bit 
𝐸𝑅𝑋_𝑒𝑙𝑒𝑐 11.25 nJ/bit 

 

 
Fig.  9. PER as a function of the transmit power [dBm] for the 

investigated communication schemes (packet size 128 bytes). 
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even less than 10% in the single-hop case.  

To determine the optimal packet payload that maximizes the 

energy efficiency for the investigated network topologies, 

Fig. 11 depicts the energy efficiency for different packet sizes 

(i.e., from 10 to 3000 bits). We note that all the investigated 

network topologies are inefficient when the transmit power is 

lower than -10 dBm. With a transmit power of -5 dBm, no 

optimal packet payload exists for a two-hop scheme. However, 

the optimal packet sizes that maximize the energy efficiency for 

the single-hop and cooperative topologies are 550 bits (energy 

efficiency 50%) and 960 bits (energy efficiency 40%), 

respectively. In fact, this is a trade-off between energy 

efficiency and packet size.  In the case of -10 dBm, an optimal 

packet size exists for cooperative and two-hop 

communications, with approximately the same value (500 bits). 

However, the energy efficiency is less than 25%. For single-hop 

communication, energy efficiency is negligibly small, and 

optimal behavior is not observed. For transmit powers higher 

than 0 dBm, no optimal packet size is present in all investigated 

schemes. We note that for a two-hop network, the energy 

efficiency is the same when transmit powers of -5 and 0 dBm 

are used (Fig. 10). Therefore, the curves of the energy 

efficiency as a function of the payload coincide (Fig. 11). 

Based on the results presented is this section, WBANs for 

dairy cows can be realized in practice. These networks should 

include a combination of single-hop, multi-hop, and 

cooperative topologies.  

V. CONCLUSION AND FUTURE WORK 

In this paper, the propagation path loss for different on-body 

wireless communications links of a dairy cow (ear to neck, hind 

leg to neck, front leg to neck, and udder to neck) has been 

characterized by both measurements and simulations. 

Measurements on a dairy cow in a multipath environment 

(barn) have been performed to validate the simulations 

conducted using a cow body phantom. The path loss values 

obtained from the simulations show good agreement with the 

values derived from the measurements. The udder to neck and 

ear to neck scenarios presented the highest and the lowest path 

loss values with an average of 81 dB and 65 dB, respectively. 

In addition, a log-normal path loss model has been constructed 

from measurement and simulation data for the whole cow’s 

body. Excellent agreement has been achieved between the 

measured and the simulated path loss models with a path loss 

exponent of 3.1 and a path loss at reference distance (10 cm) of 

44 dB.  

The physical propagation analysis has been used to 

investigate the performances of the cross-layer of a cow-

WBAN single-hop, multi-hop, and cooperative based network. 

The packet error rate and the energy efficiency have been 

derived as a function of the sensor node transmit power and the 

payload length. By using a relay node placed on the front leg of 

the cow, multi-hop and cooperative communications have 

allowed higher performances than the single-hop 

communication in terms of power consumption, optimal packet 

size, and energy efficiency. 

Communication in WBANs is mostly challenged by cow 

movements or posture changes. Therefore, investigation of 

further channel parameters such as delay spread and fast fading 

(dynamic channel) for an accurate on-body wireless channel 

characterization will be one of the next steps of the work. 

Further, an extension to ultra-wideband (UWB) channel 

measurements will be an interesting topic for future work. 

Other possible future research could include the forward error 

correction (FEC) block codes and the packet retransmission 

when evaluating the packet error rate and energy efficiency.  
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Fig.  10. Energy efficiency as a function of the transmit power [dBm] for 

the investigated communication schemes (packet size 128 bytes). 

 
Fig.  11. Energy efficiency as a function of the payload length for a 

transmit power 𝑃𝑇𝑋=0dBm, 𝑃𝑇𝑋=-5dBm, and -10dBm. SH=single-hop, 

TH=two-hop, C=cooperative. 
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