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This work focuses on the investigation of the degree of possible detuning that may be observed in the impedance response of ingestible antennas during the transition through the gastrointestinal tract. For this investigation, two fundamental antennas are used: a meandered dipole antenna and a meandered loop antenna. The antennas conform to the inner surface of the biocompatible capsule shell. They are optimized in spherical homogeneous time-averaged gastrointestinal phantoms to operate at 3 different frequencies of interest: 434 MHz, 1.4 GHz, and 2.4 GHz, resulting in 6 different designs in total. Next, the optimized antennas are simulated in 3 different phantoms, each mimicking the electromagnetic properties of one of the tissues in the gastrointestinal tract (stomach, small intestine, and large intestine). The impedance response of each design in 4 different tissues is compared and discussed. The results show that the maximum shift in the operating frequency of the antennas is 7 MHz, indicating that the presence of the encapsulation layer makes the considered antennas robust against the changes in the electromagnetic properties encountered through the gastrointestinal tract.

I. INTRODUCTION

In recent years, rapid growth has been observed in the use of wireless in-body devices in medical applications. Ingestible devices are one type of these wireless in-body devices. They have a physical structure similar to a capsule and are used by swallowing like conventional pills [START_REF] Kiourti | A review of in-body biotelemetry devices: Implantables, ingestibles, and injectables[END_REF]. Due to their miniature size and compact structure, they are frequently benefited from for various medical purposes such as imaging in a biological system and monitoring diverse physiological parameters inside the human body [START_REF] Kiourti | A review of in-body biotelemetry devices: Implantables, ingestibles, and injectables[END_REF], [START_REF] Rajagopalan | Wireless medical telemetry characterization for ingestible capsule antenna designs[END_REF].

Ingestible devices require various components to be integrated into their capsule to operate effectively [START_REF] Yuce | Easy-to-swallow wireless telemetry[END_REF]. Although the design of ingestible devices is multidisciplinary, the ingestible antenna has a key role in the quality of the wireless link formed by these devices. Hence, the ingestible antenna must be designed meticulously so that it is able to meet the requirements of the wireless link in terms of power and efficiency. Various types of antenna designs have been proposed in the literature for ingestible systems such as helix antenna [START_REF] Faerber | In vivo characterization of a wireless telemetry module for a capsule endoscopy system utilizing a conformal antenna[END_REF], microstrip antenna [START_REF] Nikolayev | Robust ultraminiature capsule antenna for ingestible and implantable applications[END_REF], coil antenna [START_REF] El Hatmi | A multilayered coil antenna for ingestible capsule: Near-field magnetic induction link[END_REF], and inverted-F antenna [START_REF] Kwon | Design of an antenna for an ingestible capsule endoscope system[END_REF].

When a capsule with an ingestible antenna is swallowed, it is transmitted through the gastrointestinal (GI) tract that consists of various tissues, namely the GI tissues, which have different electromagnetic (EM) properties [START_REF] Gabriel | The dielectric properties of biological tissues: II. Measurements in the frequency range 10 Hz to 20 GHz[END_REF]. Therefore, during the design of an in-body antenna, the EM properties of the surrounding environment must be considered, as they strongly affect the antenna parameters such as the operating frequency and antenna efficiency [START_REF] Bosiljevac | In-body antennas design based on fundamental limits of obtainable power density[END_REF]. As the capsule travels through the GI tract, the varying EM properties of different GI tissues may cause a shift in the operating frequency or also affect the antenna efficiency. Thus, an ingestible antenna designer must take into account the changing surrounding environment to ensure the best wireless link quality.

The question one may ask is which antenna parameters must be prioritized while designing an ingestible antenna. For instance, it can be asked whether the designer should concentrate more on the methods to increase antenna efficiency as in [START_REF] Nikolayev | Optimal radiation of body-implanted capsules[END_REF] or it is more essential to increase the robustness against the changes in the environment. To address this question, the work presented in this paper focuses on the degree of the possible detuning in the operating frequency of ingestible antennas that may result from the varying EM properties of the GI tissues. With this investigation, the paper aims to determine whether robustness against the EM changes in the GI tract must be a priority for ingestible antenna designers. To investigate the degree of detuning, a numerical model that consists of a spherical homogeneous phantom and two different types of antennas (dipole and loop) that are integrated into a capsule is prepared as shown in Fig 1 . The antennas are designed to operate at 434 MHz, 1.4 GHz, and 2.4 GHz inside timeaveraged GI phantoms, resulting in 6 antenna designs in total. These frequencies are selected for the examination since they are among the most used frequencies in biomedical in-body applications [START_REF] Damaj | Implantable antennas for biomedical applications: An overview on alternative antenna design methods and challenges[END_REF]. Next, the optimized antennas are simulated in 3 different phantoms that imitate the EM properties of one of the GI tissues (stomach, small intestine, or large intestine) to observe the degree of the shift in the operating frequency.

This paper is organized as follows. In Section II, the method used for the calculation of the EM properties of time-averaged GI phantoms is explained. In Section III, the antenna models are given. In Section IV, the results are shared and discussed. Finally, the paper concludes in Section V. 

II. CALCULATION OF EM PROPERTIES OF TIME-AVERAGED GI PHANTOMS

To investigate the degree of detuning during the transmission through different GI tissues, the operation of the antennas must be first optimized in a phantom with specific EM properties. One phantom that can be used for the optimization is a phantom that has time-averaged EM properties of the GI tract [START_REF] Nikolayev | Antennas for ingestible capsule telemetry[END_REF]. To form such a phantom, the time-averaged EM properties are calculated using the time that the capsule spends in each of the tissues. The transition time values are taken from [START_REF] Rao | Investigation of colonic and whole-gut transit with wireless motility capsule and radiopaque markers in constipation[END_REF]. The EM properties of the GI tissues at 3 frequencies of interest are tabulated in Table I along with the calculated timeaveraged values [START_REF]IT'IS Foundation Dielectric Properties Table[END_REF]. For instance, the time-averaged relative permittivity is calculated as 

at 434 MHz following this approach. Note that the oesophagus is not taken into account during the calculation, as the transit time from the oesophagus to the stomach is only a few seconds, which is negligible.

III. THE CAPSULE AND THE ANTENNA MODELS

The investigation of the degree of detuning is performed using two simple antenna models (a dipole antenna and a loop antenna) for 3 different frequencies (434 MHz, 1.4 GHz, and 2.4 GHz), resulting in 6 different designs in total. Each antenna is integrated into a capsule. The capsule is based on the capsule given in [START_REF] Nikolayev | Immune-to-detuning wireless in-body platform for versatile biotelemetry applications[END_REF] and consists of a 50 µm thick polyimide (PI) substrate (ε r = 3.4, δ = 0.002) that is wrapped around a cylinder of epoxy-resin (ε r = 3.1, δ = 0.0037), and a 0.6 mm thick Polyvinyl chloride (PVC) layer (ε r = 2.6, δ = 0.003) that covers the PI substrate and the epoxy-resin as shown in Fig 2a . The dipole and loop antenna models are shown in Fig. 2b and in Fig. 2c, respectively, along with the parametrized dimensions. The antennas are meandered on the outer surface of the PI substrate. Meandering is required to fit the physically long antennas into the capsule. The capsules are placed in the center of a spherical homogeneous timeaveraged GI phantom (explained in Section II) with a radius of 50 mm as visualized in Fig. 1. In each case, the dimensions of the antennas are optimized through numerical analysis using ANSYS High Frequency Structure Simulator (HFSS) [START_REF]ANSYS High Frequency Structure Simulator (HFSS)[END_REF] to adjust the operating frequency to the corresponding frequency of interest. The final values for the parametrized dimensions are tabulated in Table II. Note that N shows the number of turns for the dipole antenna and the number of sub-loops for the loop antenna as shown in Fig.

2 [START_REF] Olaode | Effects of meandering on dipole antenna resonant frequency[END_REF]. It can also be noted that the dipole antennas for 434 MHz and 1.4 GHz are offset-fed dipole antennas. Although a center-fed dipole conventionally exhibits a good impedance matching, the offset-feeding is required in these cases to match the antenna to 50 Ω due to long antenna meandering.

IV. RESULTS AND DISCUSSION

Each antenna optimized in Section III is simulated in 3 phantoms that mimic the EM properties of one of the 3 GI tissues at the corresponding frequency: the stomach, the small intestine, and the large intestine (Table I). These phantoms have the same physical and geometrical properties as the timeaveraged GI phantoms. Fig. 3 shows the simulation results in 3 different GI tissue phantoms and in the time-averaged GI phantoms for all designs. From the results, it can be seen that the antennas operate in their intended frequency bands in any GI tissue. The maximum shift in the resonant frequency from the time-averaged GI phantom case is 7 MHz which is observed in the dipole antenna placed in the large intestine phantom at 434 MHz (straight green line and dashed red line in Fig. 3a). These results can be accounted for by the presence of the PVC layer. The PVC layer prevents the antennas from detuning during the transition through the GI tract as most of the fields created by the antennas are contained in this layer. The results indicate that the robustness of the ingestible antennas against the changes in the surrounding environment can be achieved with a proper choice of encapsulation. Therefore, it can be emphasized that an ingestible antenna designer would rather focus on methods to improve other parameters of the antenna such as efficiency rather than robustness. However, it must be noted that this work uses simplified homogeneous phantoms and does not take into account the air pockets that are likely to exist in a physical GI tract. Although the results obtained in this work provide the designers with an insight into the robustness of the ingestible antennas in presence of the encapsulation layer, they are preliminary results and hence open to further investigation with more realistic models.

V. CONCLUSION

This paper examined the degree of possible detuning that may be encountered in the operation of ingestible antennas during the transition through different tissues in the GI tract. A meandered dipole antenna and a meandered loop antenna that are wrapped around a capsule covered with an encapsulation layer are optimized in spherical homogeneous time-averaged GI phantoms for 3 different frequencies. The results show that the considered ingestible antennas are robust against the changes in the EM properties of the GI tract due to the presence of the encapsulation layer. Our ongoing work aims at the fabrication and characterization of the developed antennas in liquid tissue-equivalent models. The results of these measurements will be presented during the conference. 
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 1 Fig. 1. The numerical model prepared to investigate the degree of the detuning in the operating frequency through the GI tract. The capsule has a length of 20 mm and a diameter of 8.8 mm and the phantom has a diameter of 100 mm.

Fig. 2 .

 2 Fig. 2. The model of the capsule and the antennas and the parametrized dimensions (a) the model of the capsule (b) the model of the dipole antenna and the parametrized dimensions (c) the model of the loop antenna and the parametrized dimensions.

Fig. 3 .

 3 Fig. 3. The simulation results for the dipole and the loop antenna in 3 different GI tissue phantoms and in the time-averaged GI phantoms (a) results for the dipole at 434 MHz (b) results for the loop at 434 MHz (c) results for the dipole at 1.4 GHz (d) results for the loop at 1.4 GHz (e) results for the dipole at 2.4 GHz (f) results for the loop at 2.4 GHz.

TABLE I EM

 I PROPERTIES OF THE TISSUES IN THE GI TRACT AT 3 FREQUENCIES OF INTEREST AND CALCULATED TIME-AVERAGED VALUES

			Tissue		
		Stomach Small Intestine Large Intestine Average
	Transition Time (min)	180	228	1302	*
			f = 434 MHz		
	Relative Permittivity	67.2	65.3	62	63
	Conductivity (S/m)	1.01	1.92	0.87	1.02
			f = 1.4 GHz		
	Relative Permittivity	63.9	57.1	56.1	57.1
	Conductivity (S/m)	1.44	2.44	1.34	1.5
			f = 2.4 GHz		
	Relative Permittivity	62.2	54.5	54	54.9
	Conductivity (S/m)	2.17	3.13	2	2.17
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