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I. INTRODUCTION

S ENSORS such as accelerometers, pedometers, and tem- perature sensors are being widely adopted by modern livestock farms for the collection and the interpretation of animal data [START_REF] Romanzini | Modern livestock farming under tropical conditions using sensors in grazing systems[END_REF]- [START_REF] Morrone | Industry 4.0 and precision livestock farming (PLF): an up to date overview across animal productions[END_REF]. Accurate interpretation of the sensors' data provides a profound insight into the health status, (re)productivity, and welfare of the animals [START_REF] Benaissa | On the use of on-cow accelerometers for the classification of behaviours in dairy barns[END_REF]. In addition to on-body sensors (e.g., leg, or neck-mounted sensors), relevant data like pH and ruminal temperature are measured using inbody sensors integrated in ingestible boluses. Such data are used to increase the accuracy and the range of applications of the animal monitoring systems [START_REF] Eihvalde | Long-term continuous monitoring of ruminal pH and temperature for dairy cows with indwelling and wireless data transmitting unit[END_REF]. For example, a radio transmission rumen pH measurement system was developed and assessed in commercial dairy farms [START_REF] Sato | Technical note: Development and testing of a radio transmission pH measurement system for continuous monitoring of ruminal pH in cows[END_REF]. The use of radiotelemetric ruminal boluses to detect body temperature changes in dairy cattle is presented also in [START_REF] Alzahal | The use of a radiotelemetric ruminal bolus to detect body temperature changes in lactating dairy cattle[END_REF]. The measurement of the rumen temperature and acidity was used to estimate the health status of a cow's stomach with regard to acidosis, a known metabolic disorder of the cows' rumen after calving [START_REF] Antanaitis | Usefulness of acidity and temperature of the rumen and Abomasum in Diagnosing SARA in Dairy Cows after Calving[END_REF]. A review of the sensor technologies applicable to realtime monitoring of rumen environment was presented in [START_REF] Han | Invited review: Sensor technologies for real-time monitoring of the rumen environment[END_REF]. These studies demonstrated the added value of electronic boluses for the monitoring of animal health and welfare. In addition, since the health and productivity of the animals are highly related to the health of the bacterial culture in the rumen, ruminant nutritionists have studied the digestive and fermentative processes of ruminant animals by leveraging fistulated cattle [START_REF] Han | Invited review: Sensor technologies for real-time monitoring of the rumen environment[END_REF], [START_REF] Mottram | Technical note: A wireless telemetric method of monitoring clinical acidosis in dairy cows[END_REF]. Fistulation of an animal requires surgery and is only suitable for a limited number of research animals. By using electronic boluses, data could be collected continuously without surgery for a large number of animals.

The in-body devices rely on antennas to interface with external receivers. Existing animal telemetry systems mostly rely on canonical antenna designs that have been re-tuned (in terms of impedance) to operate in high-permittivity and lossy biological media. These antennas typically provide shortrange (1-2 m) communication that can be improved by addressing the radiation efficiency [START_REF] Nikolayev | Conformal antennas for miniature in-body devices: the quest to improve radiation performance[END_REF]. In recent years, the understanding of antenna radiation in lossy finite-sized media has been substantially expanded [START_REF] Nikolayev | Electromagnetic radiation efficiency of body-implanted devices[END_REF]- [START_REF] Mirmoosa | Physical meaning of the dipole radiation resistance in lossless and lossy media: what is the radiation resistance of antennas in lossy media[END_REF]. Among others, these methodologies can help designers to choose the optimal design parameters -such as the antenna type and operating band -to improve the radiation performance. Better radiation characteristics would allow a longer range than 1-2 m, and would as such allow an automatic collection of in-body sensor data, instead of using a manual readout close to the animal body.

The reliability of the ingestible antenna is crucial for collecting accurate and real-time in-body data. For humans, several in-body antennas were proposed [START_REF] Neebha | A state-of-art review on antenna designs for ingestible application[END_REF], [START_REF] Soliman | Review on Medical Implantable Antenna Technology and Imminent Research Challenges[END_REF]. For example, Shah et al. [START_REF] Shah | Scalp-implantable antenna systems for intracranial pressure monitoring[END_REF] proposed a dual band (915 MHz and 2.45 GHz) meandered line implantable antenna for intracranial pressure monitoring. This antenna has a volume of 8 × 6 × 0.5 mm 3 and was encapsulated by a biocompatible shell of ceramic alumina. In another study [START_REF] Yousaf | Compacted conformal implantable antenna with multitasking capabilities for ingestible capsule endoscope[END_REF], a multi-band (MedRadio, midfield, and three ISM bands) conformal implantable antenna was proposed. The antenna was integrated in a capsule system with a size 11 × 26 mm 2 . The design consists of introducing meandered shaped slots with open ends in the antenna radiator and ground. The slots were responsible for a reduction in size, tuning to the desired frequencies, and bandwidth enhancement of the proposed antenna.

The proposed antennas for humans are small in size, because of the space constraints, and their performance is often not sufficient for large animals (e.g., cows, horses), due to the high in-to-out body path loss [START_REF] Benaissa | Propagation-loss characterization for livestock implantables at (433, 868, 1400) MHz[END_REF]. The aims and novelties of this work are to 1) design and 2) experimentally validate a multiband (434, 868, and 1400 MHz) conformal patch antenna for in-body applications for large animals (i.e., cows). A multiband antenna allows a wide range of IoT wireless technologies, while a conformal design dedicates most of the bolus volume to the circuitry, which enables more sensors and batteries to be integrated in the bolus. Consequently, it contributes to the further development of a new generation of animal boluses that involve a complex and dense integration of sensors, microcontrollers, and power sources. Therefore, a wide range of relevant data will be collected for an accurate monitoring of the health and welfare of cattle. This work was conducted in five consecutive steps: i) the study and selection of suitable operating frequencies; ii) the measurement of the dielectric properties of the antenna's surrounding environment (cow's rumen fluid); iii) the design of a conformal patch antenna within size constraints for the selected frequency bands (i.e., 434, 868, and 1400 MHz) and obtained dielectric properties; iv) evaluation of the performance of the designed antenna using dedicated EM software; and v) experimental validation of the obtained results using manufactured prototypes. As an application, we performed in-to-out body link budget analyses by using the performance of the proposed antenna and the results presented in [START_REF] Benaissa | Propagation-loss characterization for livestock implantables at (433, 868, 1400) MHz[END_REF].

II. ANTENNA DESIGN PROCEDURE

A. Selection of Operating Frequencies

The results of the studies presented in [START_REF] Nikolayev | Electromagnetic radiation efficiency of body-implanted devices[END_REF], [START_REF] Nikolayev | Optimal radiation of body-implanted capsules[END_REF] were used to select the optimal frequency bands. In [START_REF] Nikolayev | Optimal radiation of body-implanted capsules[END_REF], theoretical and realistic models to estimate the radiation efficiency of electric and magnetic sources in biological mediums were proposed. The sources were centered inside a spherical phantom with a predefined diameter (300 mm in this work, representing an average operating depth in cows) with dispersive dielectric properties (e.g., muscle-equivalent EM properties). As explained in [START_REF] Nikolayev | Optimal radiation of body-implanted capsules[END_REF], a spherical model provides useful results despite being only a rough approximation. Such a model introduces direction-independent losses conserving the intrinsic radiation pattern independently of the antenna orientation [START_REF] Nikolayev | Optimal radiation of body-implanted capsules[END_REF]. Therefore, it could serve as a reference, well-characterized Frequency (GHz)

x x x Fig. 1. The maximum achievable radiation efficiency of an equivalent transverse electric source in a spherical phantom with a diameter 300 mm with cow's rumen fluid electromagnetic properties (computed based on [START_REF] Nikolayev | Electromagnetic radiation efficiency of body-implanted devices[END_REF], [START_REF] Nikolayev | Optimal radiation of body-implanted capsules[END_REF]). The red marks are the simulated radiation efficiencies of the proposed antenna (Section III).

phantom improving the reproducibility of the results and allowing to gauge antenna designs relatively to the maximum achievable efficiency for the established reference case.

Calculations of the radiation efficiency were performed for an electric source with the same dimensions as the proposed antenna (see Section II-C) using a spherical phantom with a diameter of 300 mm and with the dielectric properties of a cow's rumen fluid (Section II-B). Fig. 1 shows the calculated radiation efficiency in percent as a function of the frequency. Considering both the deep-body application and the size of the animal, we chose to design the antenna for the 434, 868, and 1400 MHz ISM (Industrial, Scientific, and Medical) bands. These bands present lower power losses with optimal radiation efficiency values compared to the frequency bands above 1.4 GHz (Fig. 1). Conveniently, recent advances in lowpower wireless communication technologies (e.g., Long Range (LoRa), Sigfox) working in the sub-GHz band (e.g., 434 MHz) allow long range wireless communications and are scalable towards a large number of devices. These technologies can be effectively used in health tracking of dairy cows, especially in large farms and in (remote) outdoor environments (pasture).

B. Electromagnetic Properties of Cow Ruminal Fluid

The radiation efficiency of a bolus located in the animal's rumen is paramount to improve both the operating range and power budget of the device. The antenna performance (in particular, the impedance matching) strongly depends on the electromagnetic properties of the surrounding environment, and impedance detuning results in the loss of total efficiency. Thus, the antenna must be optimized to perform optimally within a specified range of the dielectric properties.

The dielectric properties of a cow's rumen fluid were measured in the dairy barn of the Flanders Research Institute for Agriculture, Fisheries and Food (ILVO), Melle, Belgium. Fig. 2 shows the experimental setup. Three fistulated cows were used in this experiment. One liter of rumen fluid was extracted and put in a thermostat to keep it at a constant temperature (i.e., rumen temperature, T = 36.5 • C). Dielectric properties i.e., relative permittivity (ε r ) and conductivity (σ) were measured in the 200-MHz-to-3-GHz band using a DAK-3.5 (Dielectric Assessment Kit) probe (Speag, Switzerland) in static conditions [START_REF] Speag | Dielectric Assessment Kit[END_REF]. The data was processed with Speag software. The calculation of the EM properties is based on the open-ended coaxial probe transition method [START_REF] Ellison | Open-Ended Coaxial Probe: Model Limitations[END_REF]. The measurements were repeated 10 times for each cow and the average values were considered. Fig. 3 shows that there were differences between the three samples for both the relative permittivity and the conductivity (e.g., rumen fluid of cow 1 has higher permittivity than cows 2 and 3). This could be due to the difference in the rumen composition of the three cows. The standard deviation of the 10 repetitions was 0.04 S/m (2.1%) for the conductivity and 2.4 (3.3%) for the relative permittivity, meaning good repeatability. Table I summarizes the obtained results at 434, 868, and 1400 MHz. On average, the relative permittivity varied between 63.2 at 434 MHz and 60.6 at 1400 MHz. Similarly, the average conductivity varied between σ = 1.3 S/m at 434 MHz and σ = 1.7 S/m at 1400 MHz. These results were used as input to the antenna design and optimization procedure.

C. Antenna Design

Electronic boluses designed for cows have a cylindrical shape with a height of 130 to 145 mm and a diameter of 30 mm [START_REF] Sato | Technical note: Development and testing of a radio transmission pH measurement system for continuous monitoring of ruminal pH in cows[END_REF]. By using a flexible design that conforms to the shell of the bolus, the patch antenna can have maximum dimensions of 100 mm × 90 mm (i.e., 2π× inner radius).

We started the antenna design with a full rectangular patch antenna (step 1, Fig. 4a) with the maximum available space (100 mm × 90 mm). The initial antenna resonated at a single frequency of 927 MHz (Fig. 4d). To achieve lower resonance frequencies (with 434 MHz being the target one), different techniques can be used. A first option is the introduction of different types of slots [23], such as for example T-shaped, L-shaped, U-shaped, and Fork-shaped slots. The resonance frequencies are determined by the slot length and position [23]. The fractal method [START_REF] Werner | Fractal antenna engineering: the theory and design of fractal antenna arrays[END_REF], [START_REF] Werner | An overview of fractal antenna engineering research[END_REF] is a second approach to design multiband patch antennas. Fractals can be used in two ways to enhance antenna design [START_REF] Biswas | Fractal inspired miniaturized wideband ingestible antenna for wireless capsule endoscopy[END_REF]. The first method is the design of miniaturized antenna elements. The second method is to use the self-similarity in the geometry to blue print antennas, which are multiband or resonant over several frequency bands [START_REF] Biswas | Fractal inspired miniaturized wideband ingestible antenna for wireless capsule endoscopy[END_REF]. Besides using slots or fractals, other methods include the use of multilayer stacked antennas [23]. Most of these methods introduce a level of complexity in the antenna design leading to an increased cost and challenging integration in small devices. In this work, stair cuts were introduced on the radiating edges of the rectangular patch antenna to achieve resonance at lower frequencies (step 2, Fig. 4b). In step 3 (Fig. 4c), rectangular slots were introduced on the non-radiating edges of the patch to shift the resonance frequencies to the target frequencies (434, 868, and 1400 MHz). The introduced cuts create a discontinuity to make the electric current change its path along the ground plane and within the antenna [23]. This leads to an increase of the length of the electric current path, which impacts the input impedance at multiple operating bands. The optimized antenna design is shown in Fig. 4e. The antenna was designed for a flexible substrate RT/duroid 5880 (ε r = 2.2, tan δ = 0.0009). After evaluating the mechanical stress due to folding to the target 30 mm, the thickness of the substrate was set at 0.508 mm.

D. Numerical Analysis

The proposed antenna, wrapped inside the bolus (Fig. 4f) was modeled and simulated using the RF module of the COMSOL Multiphysics commercial computational package, version 6.0. The maximum finite element cell size used in any dielectric media was 0.1λ, where λ is the wavelength within that medium. The antenna and the substrate were meshed with 0.1 mm max step width. The excitation was provided by a voltage source of 1 V at the antenna terminal. An absorbing boundary condition followed by a perfectly matched layer was used at 0.5 m from the antenna. Increasing this distance had negligible effects. The antenna was simulated inside a spherical homogeneous phantom (300 mm representing the size of a cow's rumen, Fig. 4f). A spherical model of an animal body provides worthwhile and useful results despite being only a rough approximation. The spherical symmetry conserves the intrinsic radiation pattern of the antenna independently of its orientation, whereas other shapes (e.g., cylindrical or cubic) may lead to ambiguous representation of the antenna performance in terms of directivity. Moreover, it allows for comparing the antenna with counterparts. However, accurate evaluation of antenna radiation requires anatomical phantoms to account for the complex anatomy of the animal body. The frequencydependent (dispersive) properties of the cow's rumen fluid were considered for the phantom. The antenna was matched to an impedance of 50 Ω. Simulations were run on a Dell server (Intel Xeon E5 2620). The bolus was filled with a biocompatible epoxy material with ε r = 3.2 and tan δ = 0.037. Filling the capsule with such material helps preserving its structural integrity (i.e., electronics and circuitry). The antenna was encapsulated with a biocompatible material made of acrylic with dielectric properties (ε r = 2.01, tan δ = 0.001). The antenna was optimized for an encapsulation layer with a thickness of 3 mm. A biocompatible insulation is required in the practical application of the bolus to avoid any adverse tissue reaction and to make the device isolated from the moist and corrosive environment of the rumen. pattern is directive with multiple lobes in the elevation plan.

III. ANTENNA PERFORMANCE A. Reflection Coefficient

B. Radiation Performance

Table II lists the radiation characteristics of the antenna in terms of the gain (dBi), the radiation efficiency (%) and the realized gain (dBi) simulated in the 300 mm spherical phantom with EM properties of cow's rumen fluid. The radiation efficiency was calculated using COMSOL software (i.e., the difference between accepted power by the antenna and the total radiated power). The highest gain was obtained at 434 MHz (-38.2 dBi). Similar values were obtained at 868 and 1400 MHz (-40.9 dBi and -45.7 dBi, respectively). We note that for the three frequencies, the cross-polarization gain was lower than the co-polarization gain with an average of -19 dB, -21 dB, -18 dB at 434, 868, and 1400 MHz, respectively. As expected, the highest radiation efficiency was obtained at 434 MHz (0.012%), followed by 868 MHz (0.0045%) and 1400 MHz (0.001%). These results agree well with the theoretical calculations (Section II-A). In addition, the obtained radiation efficiencies values are close to the maximum achievable values (0.016%, 0.005%, and 0.0015% for 434 MHz, 868 MHz, and 1400 MHz respectively).

C. Parametric Analysis

In this section a parametric study for antenna tuning is presented. The proposed antenna can be tuned to cover other frequency bands using the parameters W s, L, Ls, and L1 (see Fig. 4e) The effect of the parameter W s is presented in Fig. 7a. As shown, the variation of this parameter affected mainly the lower ISM band. Increasing the slot length shifted the lower ISM band from 434 MHz band to 402-405 MHz band (MICS). Fig. 7b shows the effects of varying the patch length L in the range of 94-100 mm. As expected, by decreasing L, the main resonance frequency was shifted from the 868 MHz band to the 915-928 MHz band, along with a negligible shift at the 434 and 1400 MHz. Finally, by increasing the parameter L1 and decreasing the parameter Ls, the resonance frequency at the higher band shifted from 1.3 GHz to 1.6 GHz (Fig. 7c). We note that a change of the parameter's values in the order of 0.1-0.2 mm has a negligible effect on the antenna performance. Consequently, the proposed antenna presents a high fabrication tolerance.

IV. MANUFACTURING AND EXPERIMENTAL VALIDATION

Following the numerical analysis and optimization, a prototype was manufactured to evaluate the antenna performance experimentally in the three considered bands.

A. Manufacturing Procedure

The antenna prototype was manufactured using laser ablation (LPKF ProtoLaser S) of 9 µm copper cladding on a 508-µm-thick Rogers RT/duroid 5880 substrate (see Fig. 8a). The printed design was soldered to a 100 mm 50 Ω coaxial cable terminated with an SMA connector. Then, the antenna was bent and inserted into a 135 mm ×30 mm cylinder (see Fig. 8b). Similar to the numerical analysis, the antenna was encapsulated with a biocompatible plastic tube made of acrylic material (ε r = 2.01, tan δ = 0.001) with a thickness of 3 mm. Epoxy was used to fill any remaining air gaps inside the bolus. A plastic tube was used to insulate the cable from the phantoms.

B. Preparation of Liquid Phantoms

To experimentally validate the antenna performance in terms of impedance and radiation, we prepared two liquid phantoms with rumen liquid equivalent properties (Section II-B). Several methods were proposed to achieve the target EM properties [START_REF] Hall | Antennas and propagation for body-centric wireless communications[END_REF]. In this paper, we have chosen a water-sugar-salt formula [START_REF] Karacolak | Design of a dual-band implantable antenna and development of skin mimicking gels for continuous glucose monitoring[END_REF]. Pure deionized water was used as a base component, sucrose to reduce the permittivity ε r , and salt to increase the conductivity σ. The liquids were prepared in a 1 l container. A fixed quantity of water (800 ml) was used. A quantity of sugar (100 g) was first added. The salt is then added gradually (by 5 g) to the solution. The solution is kept for 5-10 min for mixing (stirring using a magnetic). The relative permittivity and conductivity were then measured. The same procedure was repeated until the relative error between the final measured values and the target was less than 5%. Table III lists the final optimal concentrations. The EM properties of the phantoms were measured using the SPEAG DAK kit with DAK-3.5 probe as explained in section II-B. The obtained permittivity and conductivity for liquid 1 (434 MHz and 868 MHz) and liquid 2 (1400 MHz) are listed in Table III. The difference between the measured and the target values is less than 3% for the permittivity and less than 5% for the conductivity.

C. Reflection Coefficient

The Rohde & Schwarz ZNB 20 (100 kHz-20 GHz) vector network analyzer (VNA) was used to measure the antenna reflection coefficient. The VNA was calibrated beforehand to remove the cable influence on the impedance. Fig. 9 shows the measured reflection coefficients for both liquid phantoms with properties listed in Table III 

D. Radiation Performance

The setup to measure the antenna gain is shown in Fig. 10.

We used a 200 mm × 300 mm cylindrical glass container filled with the prepared liquids. The antenna was placed at the center of the phantom. A rotation base (Maturo TT 0.8 PF) was used to accurately rotate the antenna and the phantom by a fixed angle (i.e., 5 degrees). The antenna was connected to the Rohde & Schwarz SMB100A (100 kHz-12.75 GHz) signal generator to inject a continuous wave signal with a constant power of 18 dBm at considered frequencies (434, 868, and 1400 MHz). The SRM-3006 probe (Narda, Germany) [START_REF] Meisenburg | SRM-3006, field strength analyzer[END_REF] was used as a receiver to record the received power. The probe was mounted at a height of 1 m using a plastic tripod. The probe was placed at a distance d = 3 m from the antenna fulfilling the far-field criterion d ≫ 2λ. Absorbers were used to attenuate reflected waves. We measured the radiation in the azimuth plane (elevation ϕ = 0 • ). The Friis formula was used to derive the realized gain from the measured data as explained in [START_REF] Balanis | Fundamental parameters and figures-of-merit of antennas[END_REF]- [START_REF] Moran | Electronic warfare and radar systems -Engineering Handbook[END_REF]. Fig. 11 shows the far-field characterization results. For the measured gain (maximum), -36.3 dBi, -40.4 dBi, and -43.6 dBi were obtained at 434 MHz, 868 MHz, and 1400 MHz respectively (Table IV). The highest difference between the measurements and the simulations was obtained at 434 MHz (4.2 dB). The difference was lower at 868 MHz and 1400 MHz (2 dB). On average, good agreement was obtained between the measured and simulated gain, with a difference of 2.2 dB, 1.3 dB, and 1.4 dB for 434 MHz, 868 MHz, and 1400 MHz respectively (Table IV). We note that there was a difference between the obtained radiation patterns in the measurements compared to the simulated ones in Fig. 6, especially at 1400 MHz. The radiation patterns in Fig. 6 were obtained using the spherical phantom with the measured EM properties of cow's rumen. However, the radiation patterns in Fig. 11 were obtained using a cylindric phantom with the EM properties of the prepared liquids. Some factors can explain the deviation between the two radiation patterns such as the reflections from the walls, since the room was not anechoic, the effect of the cables, and measurement errors.

V. LINK BUDGET ANALYSIS

A. In-to-out Body Signal-to-Noise Ratio

In this section, a link budget for an in-to-out body communication between the designed bolus placed in the cow's rumen and a distant receiving device was developed. Link budget analysis is essential to ensure a reliable transfer of the inbody data measured by the bolus. Under far-field conditions, we can calculate the link budget or, equivalently, the signal-to- noise ratio (SNR) at a receiving device (Rx). To calculate the SNR, the received power P Rx (dBm) is calculated first using:

P Rx (dBm) = P Tx + G Tx + G Rx -PL (1) 
where P Tx is the transmitter (Tx) power (dBm), G Tx is the TX antenna gain (dBi), G Rx = 2 dBi is the Rx antenna gain (a typical dipole antenna), and PL is the path loss (dB). In this paper, the Log-distance path loss model was adopted for the path loss calculation similar to [START_REF] Reusens | Characterization of on-body communication channel and energy efficient topology design for wireless body area networks[END_REF], [START_REF] Benaissa | Internet of animals: characterisation of LoRa sub-GHz off-body wireless channel in dairy barns[END_REF]. The Log-distance path loss model is a widely used empirical model for estimating signal attenuation in wireless communication systems. However, the model has several assumptions and limitations such as, homogeneous environment, isotropic antennas, and line of sight propagation. These assumptions and limitations can affect the accuracy of the model in in-body environments. These limitations were mitigated in this study by using the estimated signal attenuation (in-to-out body path loss) in real environments (barn). The Log-distance path loss is given by [START_REF] Reusens | Characterization of on-body communication channel and energy efficient topology design for wireless body area networks[END_REF], [START_REF] Benaissa | Internet of animals: characterisation of LoRa sub-GHz off-body wireless channel in dairy barns[END_REF]:

PL (dB) = 20log 4πd λ 0 + 10nlog d d 0 + M s + M f (2)
where, λ 0 is the free space wavelength (m), n is the path loss exponent, d is the Tx-Rx distance (m), d 0 = 1 m is the reference distance [START_REF] Benaissa | Internet of animals: characterisation of LoRa sub-GHz off-body wireless channel in dairy barns[END_REF], M s is the shadowing margin, and M s is the fading margin. The shadowing margin (M s ) was determined such that 95% of the locations at coverage cell edge are covered by the wireless system. This margin was derived from the standard deviation around the path loss model (σ PL model ) and the standard deviation of the body loss (σ Body loss ) [START_REF] Benaissa | Propagation-loss characterization for livestock implantables at (433, 868, 1400) MHz[END_REF] and equals 1.65σ tot , with σ tot = σ 2 PL model + σ 2 Body loss . Based on [START_REF] Benaissa | Propagation-loss characterization for livestock implantables at (433, 868, 1400) MHz[END_REF], a shadowing margin of 5.2 dB was considered. A Fade margin (M f ) of 6 dB was considered for an outage probability of 0.01 (99% of the time, the variation around the median will not exceed the fade margin) [START_REF] Benaissa | Internet of animals: characterisation of LoRa sub-GHz off-body wireless channel in dairy barns[END_REF].

The SNR (dB) is then calculate using the received power P Rx and the total power of background noise P noise as follows:

SNR (dB) = P Rx -P noise (3) 
In this paper, the measured noise power in our previous study [START_REF] Benaissa | Propagation-loss characterization for livestock implantables at (433, 868, 1400) MHz[END_REF] (P noise = -95 dBm) was considered. This value is used for the SNR calculation. The noise power was measured for a bandwidth of 3 MHz, which is higher than the RF signal bandwidth of IoT wireless technologies (e.g., 0.5 MHz for LoRa, 1 MHz for BLE, 0.6 MHz for Zigbee, and 0.2 MHz for NB-IoT). Moreover, the presented SNR plots as a function of Tx-Rx distance (Fig. 12) can be used to deduce the wireless range for different noise power values. For each frequency band, four communication scenarios were considered: optimal line-of-sight LOS (max gain G Tx, max , n = 1.5), optimal NLOS (G Tx, max , n = 3), average LOS (G Tx, avg , n = 1.5), average NLOS (G Tx, avg , n = 3). Fig. 12(a-c) shows the SNR as a function of Tx-Rx distance for the considered scenarios at 434, 868 and 1400 MHz. A horizontal line at 0 dB was plotted to show the distance corresponding to an SNR = 0 dB (the power of the received signal equals to the noise power). In most wireless communication schemes, the received power should be higher than the noise power for a correct demodulation. As shown in Fig. 12, the SNR decreases as a function of the Tx-Rx distance, due to the decrease of the received power. At 434 MHz, SNR = 0 dB corresponds to higher distances than 868 and 1400 Hz. This means that 434 MHz allows higher TX-Rx distances than 868 MHz and 1400 MHz. Table V lists the distance (m) for an SNR = 0 dB. At 434 MHz, The distance varied between 15.5 m and 5.7 m (worst case). As expected, lower values were obtained at 868 MHz and 1400 MHz. However, the available bandwidth at 434 MHz is much lower than 868 or 1400 MHz. In fact, there is a trade-off between the available bandwidth and communication range. Consequently, the proposed antenna can be used for different applications depending on the required data rate and network range.

B. Application: LoRa network range

As application, LoRa technology is proposed for in-body data collection for dairy cows accounting for the bolus antenna gain. The LoRa physical layer protocols enables us with low-power and long-distance communications through Chirp Spread Spectrum modulation [START_REF] Azhar Muzafar | A study on LoRa SX1276 performance in IoT health monitoring[END_REF], [START_REF] Zourmand | Internet of things (IoT) using LoRa technology[END_REF]. Other advantages of LoRa over other low-power wide-area network technologies are the open-source MAC protocol (i.e., LoRaWAN) specification, low-cost application availability, and community support [START_REF] Sallum | Improving quality-Ofservice in LoRa low-power wide-area networks through optimized radio resource management[END_REF]. LoRa technology can demodulate signals with an SNR lower than 0 dB [START_REF] Sallum | Improving quality-Ofservice in LoRa low-power wide-area networks through optimized radio resource management[END_REF]. Consequently, the network range can be extended significantly.

Based on the calculated SNR values at 868 MHz (Fig. 12b), the wireless range of a LoRa network is calculated for different data rates. Each data rate (i.e., bitrate) requires a certain SNR value [START_REF] Committee | LoRaWAN 1.1 Specification. LoRa Alliance Stand[END_REF], with higher data rates require higher SNR values [START_REF] Committee | LoRaWAN 1.1 Specification. LoRa Alliance Stand[END_REF]. Table VI lists the obtained wireless range for the worstcase scenario (minimum) and optimal scenario (maximum). The minimum range varied between 4.6 m and 8.2 m and the maximum range varied between 13.5 m and 32.4 m for the higher and lower data rate, respectively. These network ranges will allow reliable data collection of in-body date and enable real-time tracking of the cows' health and welfare. 

VI. DISCUSSION

In this paper, a new conformal multiband patch antenna for animal ingestible bolus applications was designed and experimentally validated. The proposed multiband antenna for animal biotelemetry applications is, to the best of our knowledge, the first of its kind that enables development of a new generation of animal boluses.

We started the antenna design by selecting the optimal frequency band based on the theoretical maximum achievable radiation efficiency in a spherical phantom of a diameter 300 mm with cow's rumen fluid dielectric properties. The antenna was designed to operate at the free ISM bands i.e., 434 MHz, 868 MHz, and 1400 MHz. The availability of these three bands enlarges the possible applications of the bolus. A lower frequency band (e.g., 434 MHz) can be used to reach longer ranges with limited data rates, while higher frequency bands (e.g., 868 and 1400 MHz) can be used to transmit at higher data rates. In addition to the radiation efficiency and body attenuation, the selection of the frequency band for deep-body communication depends on the required data rate, power consumption, and communication range. In general, higher data rates require wider bandwidths, which can be difficult to achieve in high density barns due to the limited available bandwidth and potential interference. Higher power consumption can also cause heating of the surrounding tissue, which can be harmful to the animal. The communication range is also limited by the attenuation of the signals by the metallic construction in the cow barn. The use of a biocompatible plastic encapsulation and epoxy filling, highly reduces the manufacturing costs, compared to antennas with ceramic capsule shell and a high-permittivity filling [START_REF] Nikolayev | Immune-to-detuning wireless in-body platform for versatile biotelemetry applications[END_REF]. A cost-effective antenna is required, especially for applications in farms with large herds.

The reflection coefficient of the proposed antenna was evaluated in three cow rumen fluid samples. Although the EM properties of the three samples varied considerably (conductivity range 1.2-1.5 S/m and relative permittivity range 58.4-68.8, at 434 MHz), the reflection coefficient of the antenna did not change significantly. This reflects the robustness of the antenna and its applicability for other cows. This antenna may also be considered for other animals (e.g., horses), since the EM properties of animal tissues are similar [START_REF] Stuchly | Dielectric properties of animal tissues in vivo at frequencies 10 MHz-1 GHz[END_REF]. Moreover, the robustness of the antenna reduces partially the impedance detuning.

The obtained radiation performance (gain and efficiency) of the proposed antenna was lower compared to in-body antennas for humans [START_REF] Xu | Bandwidth enhancement of an implantable antenna[END_REF]- [START_REF] Merli | Design, realization and measurements of a miniature antenna for implantable wireless communication systems[END_REF] (see Table VII). As reported in [START_REF] Nikolayev | Robust ultra-miniature capsule antenna for ingestible and implantable applications[END_REF], ingestible antennas for humans have a realized gain between -22 dBi and -37 dBi. Although these antennas have smaller size (a length between 17-32 mm and a diameter of 7-11 mm), they are simulated in much smaller phantom size (generally a sphere of 100 mm) compared to a sphere of 300 mm representing a cow's rumen (27 times smaller in volume). Moreover, since the available space in implanted devices used for humans is limited, several miniaturization techniques were proposed [START_REF] Bao | Single-layer dual-/tri-band inverted-F antennas for conformal capsule type of applications[END_REF]. Antenna miniaturization consists mainly of two approaches: extending the current flow path and using high-permittivity substrate materials [START_REF] Bao | Single-layer dual-/tri-band inverted-F antennas for conformal capsule type of applications[END_REF]. For example, Basir et al. [START_REF] Basir | A dual-circular-polarized endoscopic antenna with wideband characteristics and wireless biotelemetric link characterization[END_REF] increased the current path and minimized the antenna by using slot technology and symmetric structure with a thin polyamide substrate (ε r = 4.3, tan δ = 0.004) to save space. In Liu et al. [START_REF] Liu | Design of conformal spiral dual-band antenna for wireless capsule system[END_REF], double spiral arms were employed to expand the effective current path to achieve miniaturization of a hemispherical conformal antenna. In Li and Guo [START_REF] Li | A conformal UWB dual-polarized antenna for wireless capsule endoscope systems[END_REF], a slot dual-polarized capsule antenna was designed using a stepped slot and a symmetrical structure to reduce the antenna size. Nguyen et al. [START_REF] Nguyen | An ultra-miniaturized antenna using loading circuit method for medical implant applications[END_REF] proposed a miniaturized implantable antenna for biomedical applications. The miniaturization of the proposed antenna was obtained by using two pairs of a rectangle slots and a meander line as radiating patch. These miniaturization techniques are suitable alternative approaches to design antennas for small ruminants, such as goats and sheep.

The proposed antennas for humans present some limitations for animal in-body applications. For example, because of the space constraints, the proposed antennas for humans are small in size and their performance is often not sufficient for large animals (e.g., cows, horses), due to the high in-to-out body path loss. Moreover, as explained, most of these antennas are miniaturized. The miniaturization techniques often led to a reduction in efficiency and gain, especially when immersed in lossy surrounding tissue [START_REF] Kamel | Miniaturized Triple-band circular-polarized implantable patch antenna for bio-telemetry applications[END_REF]. Finally, tuning miniaturized antennas to other applications can be challenging due to their small size, and it may be difficult to achieve the desired requirements.

In-body antennas with circular polarization were proposed to reduce the effect of multipath reflections caused by the human body. However, based on the findings presented in [START_REF] Bao | Comparative study of dual-polarized and circularly-polarized antennas at 2.45 GHz for ingestible capsules[END_REF], circular polarization does not show substantial advantage over the linear one for in-body applications. Moreover, the polarization loss can be recovered at off-body receiver side using dual-polarized antennas and, therefore, simplify the design of the space-constrained in-body antennas.

The antenna has been simulated and experimentally tested in homogeneous in-body environments. In practice, the animal rumen is highly anisotropic and heterogeneous. As stated in [START_REF] Nikolayev | Immune-to-detuning wireless in-body platform for versatile biotelemetry applications[END_REF], the radiation of in-body antennas is significantly affected by heterogeneity [START_REF] Nikolayev | Immune-to-detuning wireless in-body platform for versatile biotelemetry applications[END_REF]. The obtained values of the antenna gain and efficiency using a spherical/cylindrical phantom allow for comparing the antenna with counterparts. Accurate evaluation of antenna radiation for any particular scenario requires a statistical-EM approach anatomical phantoms.

Finally, the antenna is matched for a standard input impedance of 50 Ω for the three bands. It contributes to the further development of a new generation of animal boluses that involve a complex and dense integration of sensors, microcontrollers, and power sources.

VII. CONCLUSION

This paper presented the design and the experimental validation of a novel multiband (434, 868, 1400) MHz conformal patch antenna for in-body biotelemetry applications for cows. The proposed antenna has a realized gain of (-38.5; -41.2; -45.7) dBi and a radiation efficiency of (0.012%; 0.0045%; 0.001%) at 434, 868, and 1400 MHz, respectively, when simulated in a spherical phantom with a diameter of 300 mm. Good agreement was obtained between the measurements and simulations for both reflection coefficients and radiation performance. The measured gain was -36.3 dBi (434 MHz), -40.4 dBi (868 MHz), and -43.6 dBi (1400 MHz), with a difference between measurements and simulations of 2.2 dB (434 MHz), 1.3 dB (868 MHz), and 1.4 dB (1400 MHz). LoRa technology was proposed for in-body data collection for cows, which enables network ranges up to 32 m.

In future work, measurement with designed antenna will be performed to evaluate the wireless range in real environments (barn) with fistulated cows. The measurement of the wireless propagation in these scenarios allows accurate characterization of the in-to-out body communication. Future work will also consider the integration of a PCB with sensors (accelerometer, temperature sensor) in the bolus. The success of the bolus will enable collecting reliable in-body data for a wide range of applications (accelerometer, temperature, pH, endoscopic imagery, etc.). These data will consequently contribute to the accurate tracking and monitoring of cows' health and welfare.
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 23 Fig. 2. Measurement setup for the dielectric properties of the cow's rumen fluid.

Fig. 4 .

 4 Fig. 4. Geometry and dimensions of the proposed antenna. (a-d) Design steps (e) Top view of the antenna with the optimized parameters. (f) Simulation setup in COMSOL Multiphysics software. All values are in mm.

Fig. 5

 5 Fig. 5 shows the impedance characteristics (|S 11 |) of the antenna when computed in a phantom with EM properties of cows' rumen fluid. The difference between the three cows in terms of |S 11 | was small, especially at lower frequencies (434 and 868 MHz). For the 434 MHz-band, the resonance frequency f res equaled 433.2 MHz and the -10 dB bandwidth BW was 10 MHz (Fractional bandwidth FBW = 2%). The resonance frequency for the 868 MHz-band was f res = 862.4 MHz and the -10 dB BW was 30 MHz (FBW 3.4%). The available BW at 1400 MHz was higher than 434 MHz and 868 MHz bands, with a resonance frequency of f res = 1418.1 MHz and -10 dB BW of 54 MHz (FBW 3.8%). The ISM bands at 434 MHz (433.05-434.79 MHz), 868 MHz (865-870 MHz), and 1400 MHz (1395-1400 MHz and 1427-1432 MHz) were fully covered for all cows separately and average dielectric values, as shown in Fig. 5.

Fig. 6 Fig. 5 .Fig. 6 .

 656 Fig. 6 shows the radiation pattern of the antenna (azimuth and elevation) at 434, 868, and 1400 MHz inside the 300 mm spherical phantom with EM properties of cow's rumen fluid (average). The radiation patterns at 434 MHz and 868 MHz are dipole-like, which is a desirable property for the in-to-out body communication. However, at 1400 MHz, the radiation
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 78 Fig. 7. Parametric study of the designed antenna. Influence of antenna parameters on antenna reflection coefficient |S 11 |(dB) under different (a) W s, (b) L, and (c) L1 and Ls.

Fig. 9 .

 9 Fig. 9. Measured and simulated reflection coefficients |S 11 |(dB) of the proposed antenna in the 200 mm × 300 mm cylindrical glass container filled with the liquid 1 for 434 MHz and 868 MHz and with liquid 2 for 1400 MHz. The green, blue, and red strips are the ISM bands at 434 MHz (433.05--434.79 MHz), 868 MHz (865--870 MHz), and 1400 MHz (1395-1400 MHz and 1427--1432 MHz), respectively.

Fig. 10 .

 10 Fig. 10. Setup for the far-field characterization of the bolus antenna.

Fig. 11 .

 11 Fig. 11. Measured and simulated azimuthal gain (dBi) of the bolus antenna in the 200 mm × 300 mm cylindrical glass container filled with the liquid 1 for 434 MHz and 868 MHz and with liquid 2 for 1400 MHz.

Fig. 12 .

 12 Fig. 12. SNR (dB) a as function of the Tx-Rx distance (m) for the considered scenarios at (a) 434 MHz, (b) 868 MHz, and (c) 1400 MHz.

TABLE I THE

 I MEASURED RELATIVE PERMITTIVITY εr (-) AND CONDUCTIVITY σ (S/m) OF THE RUMEN FLUID FOR THE THREE COWS AT 434 MHZ, 868 MHZ, AND 1400 MHZ (T = 36.5 • C).

	Freq	Cow 1	Cow 2	Cow 3	Average
	(MHz) εr	σ	εr	σ	εr	σ	εr	σ
		(-)	(S/m)	(-)	(S/m)	(-)	(S/m)	(-)	(S/m)
	434	68.8 1.4	62.3 1.5	58.4 1.2	63.2 1.3
	868	66.9 1.5	60.7 1.6	56.6 1.3	61.4 1.5
	1400	65.9 1.7	60.1 1.8	55.8 1.5	60.6 1.7

TABLE II GAIN

 II (dBi), RADIATION EFFICIENCY (%) AND REALIZED GAIN (dBi) OF THE CONFORMAL PATCH ANTENNA SIMULATED IN A 300 mm SPHERICAL PHANTOM WITH EM PROPERTIES OF COW'S RUMEN FLUID.

	Frequency (MHz)	434	868	1400
	Gain (dBi)	-38.2	-40.9	-45.4
	Radiation efficiency (%) 0.012	0.0045 0.001
	Realized gain (dBi)	-38.5	-41.2	-45.7
	Average Gain (dBi)	-45.2	-47.2	-55.7

TABLE III LIQUIDS

 III 

		Csugar	C salt	Freq	Permittivity	Conductivity
		(g/mL)	(g/mL)	(MHz)	εr (-)	σ (S/m)
	Liquid 1	0.750	0.054	434	64.6	1.25
				868	62.2	1.43
	Liquid 2	0.337	0.022	1400	61.1	1.77

USED FOR MEASUREMENTS: CONCENTRATIONS OF SUGAR Csugar (g/mL) AND SALT C salt (g/mL) WITH THE CORRESPONDING DIELECTRIC PROPERTIES AT 434 MHZ AND 868 MHZ (LIQUID 1, T = 22.5 • C) AND 1400 MHZ (LIQUID 2, T = 22.2 • C).

TABLE IV SUMMARY

 IV OF THE MEASURED AND SIMULATED GAIN (dBi) OF THE BOLUS ANTENNA IN THE 200 mm × 300 mm CYLINDRICAL GLASS CONTAINER FILLED WITH THE LIQUID 1 FOR 434 MHZ AND 868 MHZ AND WITH LIQUID 2 FOR 1400 MHZ. *DIFFERENCE (MEASURED GAIN-SIMULATED GAIN).

	Frequency	Max Gain (dBi)	Diff*	Avg Gain (dBi) Diff*
	(MHz)			(dB)			(dB)
		Meas	Sim		Meas	Sim	
	434	-36.3	-40.5	4.2	-40.7	-41.9	2.2
	868	-40.4	-42.4	2.0	-44.6	-45.9	1.3
	1400	-43.6	-45.6	2.0	-47.3	-48.7	1.4

TABLE V DISTANCE

 V (M) AT SNR =0 dB FOR THE CONSIDERED SCENARIOS. LOS (n = 1.5), NLOS (n = 3).

			Scenarios	
	Frequency	G Tx, max	G Tx, max	G Tx, avg	G Tx, avg
	(MHz)	LOS	NLOS	LOS	NLOS
	434	15.5	7.2	12.5	5.7
	868	8.0	4.5	5.6	3.3
	1400	5.2	3.1	4.0	2.7

TABLE VI MAXIMUM

 VI AND MINIMUM LORA NETWORK RANGE USED FOR IN-TO-OUT BODY DATA COLLECTION FOR COWS. SF: SPREADING FACTOR.

	Bitrate	SF	SNR		Range (m)
	(bps)	(-)	(dB)	Min	Max
	5469	7	-7.5	4.6	13.5
	3125	8	-10	5.0	15.2
	1758	9	-12.5	5.4	18.6
	977	10	-15	6.5	21.3
	537	11	-17.5	7.3	25.7
	293	12	-20	8.2	32.4

TABLE VII COMPARISON

 VII OF THE MULTIBAND IN-BODY IMPLANTABLE ANTENNAS REPORTED IN THE LITERATURE.

	Litt.	Year	Freq.	Size (mm)		Phantom		BW	Gain
			(MHz)	Antenna	Capsule	Type	Size (mm)	(MHz)	(dBi)
	[44]	2011	403	32.1 × 10	32.1 × 5.1	Cylinder	80 × 110	10	-28.8
			2450					130	-18.5
	[46]	2017	403	29.8×14×0.2 25 × 11	Cuboid	100×100×110 47	-29.7
			915					85	-24.9
			2450					487	-23.2
	[17]	2018	915	8 × 6 × 0.5	15 × 7 × 3.45	Cube	200 3	90	-28.5
			2450					210	-22.8
	[47]	2020	915	32×10×0.025 26 × 11	Cube	200 3	104	-28.7
			2450					55	-20.8
	[51]	2020	403	18 × 10 × 0.1	16 × 6	Cuboid	50×100×100	236	-29.7
			2450					2670	-25.4
	[18]	2020	402	19 × 15 × 0.2	26 × 11	Cuboid	20 × 100 × 100 155	-30.8
			915					180	-19.7
			1200					97	-18.7
	[52]	2021	915	6.5 × 6.5 × 0.5 26 × 11	Cube	100 3	124	-28.2
			2450					154	-24.5
	[53]	2022	414	12 × 12 × 1.4	-	Skin	50 × 50	53	-45.0
			2400					90	-18.0
			5700					300	-14.0
	[54]	2022	434	20 × 19	25 × 7	Sphere	100	42	-28.9
			2450					535	-18.6
	[55]	2022	433	15 × 15 × 1.2	-	Cuboid	7.4 × 95 × 95	82	-33.8
			915					162	-16.8
			2450					758	-21.2
	[56]	2023	2400	9.2 × 9.2 × 0.5 15 × 10 × 3	Skin	42 × 100 × 100 150	-15.2
			4800					75	-16.6
			5800					200	-15.8
	[57]	2023	860	10 × 10 × 1.1	-	Cuboid	45 × 130 × 130 134	-31.8
			1850					138	-21.8
			2450					458	-18.5
	This	-	434	87 × 132 × 0.5 135 × 30	Sphere	300	10	-38.5
	work		868					30	-41.2
			1400					54	-45.7
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