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Abstract 

Biomedical telemetry has gained a lot of attention with recent developments in the healthcare industry. 

This technology has made it feasible to monitor the physiological signs of a patient remotely without 

traditional hospital appointments and follow up check-ups. Implantable Medical Devices (IMDs) play 

an important role in monitoring patients through wireless telemetry. IMDs have a wide range of 

applications which includes wireless endoscopy, blood pressure monitoring, wireless drug delivery, 

cardiac defibrillation, pacemakers and blood sugar level monitoring etc. IMDs consist of nodes and 

sensors in which the antenna is a major component. The selection of the antenna is a challenging task 

in IMD design as it dictates performance of the whole implant. Various factors need to be considered 

for implantable antennas such as miniaturization, patient safety, biocompatibility, low power 

consumption and providing robust and continuous operation within a harsh environment. The human 

body is a very lossy medium and affects the working of the antenna significantly. Therefore, designing 

an antenna to operate from inside the body is a very challenging task.  

Three novel implantable antennas are designed using a simple methodology. Computer Simulation 

Technology (CST) Microwave Studio software is used to design and simulate the antennas. The 

antennas are compact in size, light weight and show good performance in implantable conditions. A 

circular patch antenna is designed for operating in Industrial, Scientific and Medical (ISM) band at 915 

MHz using coaxial probe feed. The overall volume of the antenna is (π×42×0.38) mm3. At 915 MHz the 

antenna has a peak gain of -28.8 dBi and has a bandwidth of 90 MHz when simulated in simplified skin 

layer phantom of the human body. The radiation efficiency of the antenna is -31.6 dB at resonant 

frequency. The 1-gram(g) and 10-gram(g) average(avg) SAR values for this antenna are 1218 and 125.2 

W/Kg when the input power of the antenna was 0.5W. The antenna satisfies the requirements for 

implantable applications. A microstrip rectangular patch antenna is designed operating in Medical 

Implantable Communication Service (MICS) band (402-405) MHz and ISM bands of (902-928) MHz 

and (2.4-2.45) GHz. The antenna resonates at 402 MHz, 915 MHz and 2.4 GHz when simulated in 

simplified fat layer phantom of the human. The size of the antenna is (6×5×0.5) mm3. At resonant 
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frequencies the peak gain of the antenna is (-47.7, -37.2, -25.5) dBi. This antenna offers a bandwidth of 

(108, 170, 250) MHz with a radiation efficiency of (-52, -42, -32) dB at operating frequencies. The 1g 

avg. SAR values of rectangular patch antenna at operating frequencies are (122, 184, 863) W/Kg and 

10g avg. SAR values of rectangular patch antenna at operating frequencies are (12.25, 18.42, 86.42) 

W/Kg when the antenna was excited with an input power of 0.5W. Finally, design of a compact size 

antenna operating at 915 MHz is presented. The antenna has a size of (4×4×0.26) mm3. When simulated 

in simplified skin layer phantom the antenna offers a bandwidth of 170 MHz with a peak gain of -34.7 

dBi at resonant frequency. The radiation efficiency of the antenna is -36.5 dB. SAR values of this 

antenna are 1069 W/Kg for 1g avg. and 108 W/Kg for 10g avg. with 0.5W input power.  

All of the designed antennas are simulated in simplified human body phantom model and multilayer 

tissues. After that the antennas are subjected to different implant depths to investigate their performance 

with varying implant depths. Different thicknesses of insulation layer are used to analyse the effects on 

antenna resonance. To check the antenna integration with sensors, dummy electronic components are 

used, and antennas are simulated which shows the diversity of designed antennas. The designed 

antennas are simulated in anatomical body model and the results showed a good match between 

anatomical body model and phantom body model. A size reduction of 15%, 29% and 47% and overall 

performance improvement of 9%, 15% and 12% is achieved for the designed circular patch antenna, 

rectangular patch antenna and compact size antenna which proves that the designed antennas are best 

match for the implantable applications. 
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Chapter 1 

1. Introduction 

1.1 Research Background 

Wireless communication technologies have received significant attention from the research community 

in recent years. The growth in portable and wearable wireless devices has made body-centric 

applications an integral part of our daily life resulting in the fast-growing field of Body-Centric Wireless 

Networks (BCWNs). For BCWNs antennas and propagation play an important role because the antenna 

effects both transmission and reception. So, if the performance of the antenna is poor it will affect the 

performance of the whole system. 

In biomedical telemetry, implantable medical devices (IMDs) are capable of monitoring a patient’s 

physiological data wirelessly in real time [1], [2]. In biomedical telemetry, the implantable devices are 

of greater significance and have many applications such as hyperthermia for cancer treatment, remote 

drug delivery and vital signs monitoring [3], [4]. The implantable devices are placed inside the body 

where they monitor data (such as blood pressure and temperature) and send the information to an 

external device. The external device can be used to process the information, transmit signals to an 

implantable device such as wakeup signals and wireless power transfer for RF energy harvesting. 

Implantable devices are made up of many components including an antenna, battery, and sensors. A 

block diagram of an implantable device is shown in Figure 1.1 [5]. 
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Figure 1.1: Block diagram of implantable device [5] 

Reliability and robustness of the communication link between the internal and external device depends 

largely on the implantable antenna. Moreover, it also affects the overall size and weight of the 

implantable device. Furthermore, the environment within the body electromagnetically is very harsh 

and lossy and therefore adds to the design complexity. Additionally, it is general requirement that IMDs 

exhibit long battery life to extend the operation and avoid their frequent replacements through surgical 

procedures. Hence, miniaturization, patient safety, biocompatibility, operational frequency band, strong 

wireless link and wireless energy charging can be summarised as key requirements for IMDs. 

1.2 Problem Statement 

Though medical implantable devices have improved human life due to their wide-ranging applications, 

the design of these devices particularly the antenna is a complex and multi-faceted task. The implantable 

antenna could be subjected to bending conditions, so the flexibility of the antenna needs to be 

considered. As the radio frequency (RF) exposure could damage human body tissues, the SAR and EIRP 

values for the implantable antenna should be within safe levels [6], [7].  

The size of the implantable device is dependent on the implantable antenna, so the size of the antenna 

should be small while maintaining the correct resonance, impedance matching, radiation level and 

communication link. An implantable antenna also needs to use bio-compatible materials to ensure safety 

of the human organs. As the human body is a lossy medium, when the antenna is implanted inside the 

body the performance of the antenna will diminish. This would result as a difference between simulated 

results and actual results. The optimization of the design to get the desired results is a challenging task. 
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The propagation losses are greater at higher frequencies, so the antenna needs to be designed at a lower 

frequency while keeping the size of the antenna as small as possible. The issue with a lower frequency 

of operation is that if the antenna size is reduced the frequency will shift to a higher value. So, an 

adequate approach is needed to minimize this trade-off. Several researchers have considered these 

issues, however there is still gap. This research aims to address this gap. 

1.3 Motivation and objectives 

With the rapid growth in the world’s population, demand for biomedical telemetry has significantly 

increased in order to improve people’s health and lifestyle. A lot of research has been done in this field. 

A number of implantable antenna designs are proposed in open literature. However, most of these 

antenna designs do not fulfil the stringent requirements of miniaturization, patient safety, 

biocompatibility, high radiation efficiency, good bandwidth, high gain, low power consumption and 

reliable communication.  

A miniaturized circularly polarized loop antenna for biomedical applications was proposed in [8]. The 

size of the antenna is 13×13×1.27 mm3. The antenna offers a bandwidth of 245 MHz at a resonant 

frequency of 915 MHz. Radiation efficiency of this antenna is not reported. The gain of the antenna is 

-32 dBi and 1g avg. SAR value of this antenna is 599 W/Kg. The antenna gain is low despite having 

large volume. The implantable antenna proposed in [9] operates at 2.45 GHz with dimensions of 

11.44×11.44×0.275 mm3. A bandwidth of 100 MHz is reported while other parameters are not 

mentioned to quantify antenna performance. The antenna resonates at higher frequency of ISM band at 

2.4 GHz incurring more losses. Though the gain of the antenna increases with increasing operating 

frequency, but it does not compensate for the losses because in the human body the conductivity of the 

body tissues increases with an increase in frequency. The size of the antenna decreases with increasing 

frequency. A flexible implantable antenna with dimensions of 11×11×2 mm3 was presented in [10]. At 

2.4 GHz the antenna has a bandwidth of 500 MHz with a gain of -20.8 dBi. The antenna 1g. avg. SAR 

is 356 W/Kg. Shunt capacitances are used in the design which makes it a complex design. A coplanar 

waveguide fed implantable antenna was proposed in [11]. The antenna size is 10×12×0.65 mm3 with a 

resonant frequency of 2.4 GHz. The gain and bandwidth of this antenna are -7.9 dBi and 180 MHz with 
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a radiation efficiency of -23 dB at 2.45 GHz. SAR value of this antenna is 136 W/Kg for 1g avg. The 

gain of this antenna is good but it operates at a higher frequency. In [12] an ultrawideband conformal 

capsule antenna operating at 2.4 GHz with dimensions of 14×30×10 mm3 is proposed. The antenna has 

a very wide bandwidth of 4500 MHz with a gain of -25 dBi. The radiation efficiency of this antenna is 

-32.2 dB and it has 1g avg. SAR value of 295 W/Kg. This antenna size is quite large. The implantable 

antenna presented in  [13] resonates at 402 MHz. The dimensions of the antenna are 17.5×69×2.25 mm3. 

The antenna offers a bandwidth of 17 MHz and its gain is -25.3 dBi. SAR value of this antenna is 186 

W/Kg for 1g avg. with a radiation efficiency of -28.7 dB. The antenna size is very large and the 

efficiency of the antenna is low as compared to its large size. The antenna also has a narrow bandwidth. 

An ultrawideband liver implanted antenna was presented in [14]. The dimensions of the antenna are 

16.2×7.9×1.25 mm3 with a resonant frequency of 6 GHz. Bandwidth of this antenna is 6200 MHz. 

Though the antenna yields a wider bandwidth but it resonates at high frequency and all of the antenna 

performance parameters are not listed. In [15] the design of a dual band implantable antenna operating 

at 403 MHz and 2.45 GHz is proposed. The size of the antenna is 26×8×1.25 mm3. At resonant 

frequencies the bandwidth of this antenna is 450 MHz and 500 MHz with a radiation efficiency of -5.82 

dB and -3.95 dB. The efficiency of the antenna is good but channel propagation losses are not 

considered. The antenna presented in  [16] has dimensions of 1.4×9.05×9.45 mm3 and it resonates at 

406 MHz and 2.38 GHz. The bandwidth of this antenna is 83 MHz and 900 MHz with a 1g avg. SAR 

value of 490 W/Kg. The gain and efficiency of this antenna are not reported. An implantable antenna 

operating at 434 MHz for capsule applications was presented in [17]. The gain and bandwidth of this 

antenna is -22.4 dBi and 17 MHz. Radiation efficiency of this antenna is -24 dB. The proposed antenna 

is designed using bio-compatible material but the bandwidth of the antenna is quite narrow. 

Absence of an adept solution capable of dealing with the two major issues of efficient antenna design 

and channel characterisation is the motivating force behind this research. Systematic research will be 

conducted in order to devise an efficient implantable solution achieving the following objectives: 

• To understand adequate approaches and methods required to design implantable antennas. 
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• To design implantable antennas by employing suitable techniques to ensure the design 

requirements are met. 

• To study the human body effects on antenna performance for different implant depths and 

mounting scenarios. 

• To optimize the antenna design for mitigation of human body effects on antenna performance. 

1.4 Thesis Contribution 

The main contributions in this thesis are following. 

Three Implantable antennas were designed for biomedical applications. Design of a circular patch 

antenna was presented first. The antenna was simulated in multi-layer tissues and different implant 

depths. The antenna maintains its performance in implantable conditions. The antenna has a small 

volume of π×42×0.38 mm3. Gain of the antenna is -28.8 dBi when simulated in simplified body model. 

The proposed antenna has a bandwidth of 90 MHz which covers the 915 MHz frequency band. The 1g 

avg. SAR of the designed antenna is 1218 W/Kg and 10g avg. SAR is 125.2 W/Kg. It can be seen in the 

comparison Table 4.2 that in this design, a size reduction of around 15% is achieved with an overall 

performance improvement of 9%. 

A rectangular patch antenna was designed for biomedical applications. The antenna has multiband 

operation. These frequency bands can be used for data transmission, wakeup signal and wireless power 

transfer applications. The antenna yields a wider bandwidth in implantable conditions. Both free space 

and implantable simulation results were analysed and showed a good match. The antenna performed 

well in multilayer tissues and at different implant depths. The antenna has compact size of 6×5×0.5 

mm3. The antenna operates at 402 MHz, 915 MHz and 2.4 GHz. Gain and bandwidth of the antenna at 

resonant frequency are (-47.7, -37.2, -25.5) dBi and (108, 170, 250) MHz. The 1g avg. SAR of the 

antenna is (122, 184, 863) W/Kg and 10g avg. SAR is (12.25, 18.42, 86.42) W/Kg. The gain of our 

antenna seems lower but the design objectives have been met as the designed antenna has a smaller size, 

tri-band frequency operation and wider bandwidth. The comparison Table 4.4 shows that a size 

reduction of 29% is achieved with performance improvement of around 15%. The work on this antenna 

is published in [18]. 
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A Compact size antenna was designed which is light weight and has very small overall volume. The 

antenna operates at the same frequency in multilayer tissues (skin, fat and muscle) which is the novelty 

of this antenna as it maintains its operating frequency despite the different conducting properties of the 

body tissues and the fact that its size is very small. A small size antenna often gives narrow bandwidth 

and higher frequency of operation but this antenna has wider bandwidth of 170 MHz and lower ISM 

resonant frequency of 915 MHz. This antenna has an overall volume of 4×4×0.26 mm3. This antenna 

has a peak gain of -34.7 dBi despite its small size. The designed antenna has SAR values of 1069 W/Kg 

and 108 W/Kg for 1g and 10g avg. The compact size antenna has a size reduction of around 47% with 

an overall performance improvement of 12% as compared to the similar antennas in Table 4.7. The 

work on this antenna is published in [19]. 

1.5 Thesis Organization 

This thesis is organised into six chapters. Chapter 1 gives the background theory of implantable medical 

devices and importance of antennas in these devices. Problem statement is given to elaborate the needs 

to conduct this research. All the motivational aspects are presented and based on motivations the 

objectives of this research work are identified. Chapter 2 details the implantable antenna basics and 

literature review on implantable antennas. The dependency of implantable sensors on antennas is briefly 

discussed. All the design approaches and techniques required to design implantable antennas are 

critically analysed and comments are made based on discussion. The advantages and disadvantages of 

each technique are formulated. Various implantable antenna types are analysed and comparisons made. 

Human body effects on antenna performance are discussed and different approaches are presented to 

enhance antenna performance based on the literature review. The patch loss estimation for different 

communication scenarios is also discussed. In chapter 3 the methodology used to accomplish this 

research work is presented. Numerical modelling techniques are discussed. An insight was given to the 

available commercial software programs used for antenna design. An introduction to CST Microwave 

Studio software is presented as we have used this software to design the antennas. Chapter 4 gives the 

detailed explanation of the designed antennas. The simulations are carried out in free space and in 

simplified body model to dictate the antenna performance in implantable scenarios. There are three 
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antennas designed and simulations are carried out in different tissues of the human body phantom. The 

human body effects on designed antenna performance were detailed in chapter 5. The designed antenna 

performance was compared in different human body phantom tissues of the simplified body model. The 

antennas were subjected to different mounting conditions and implantable depths and results are 

examined and compared to see how the antennas are performing in simplified human body phantom 

model and anatomical body model. As the software simulations are subjected to the limited 

environment, so there is a difference between the simulation results of simplified human body phantom 

model of different shapes for same human body tissue. So, the designed antennas are simulated in 

different shape body phantoms. Conclusions are made in chapter 6 based on the research work and 

possible improvements and future work is suggested.  
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Chapter 2 

2. Implantable Antennas 

2.1 Introduction 

Biomedical telemetry has gained a lot of attention with the development in the healthcare industry. This 

technology has made it feasible to monitor the physiological signs of patients remotely without 

traditional hospital appointments and routine check-ups. Implantable Medical Devices (IMDs) play an 

important role in monitoring patients through wireless telemetry. IMDs consist of sensor nodes in which 

the antenna is a major component. Various factors need to be considered for designing implantable 

antennas such as miniaturization, patient safety, biocompatibility, efficiency, lower frequency band of 

operation and dual-band operation to have a robust and continuous operation. The selection of the 

antenna is a challenging task in implantable sensor design as it dictates performance of the whole 

implant. In this chapter a critical review on implantable antennas for biomedical applications is 

presented. This chapter summarizes the design requirements, techniques and challenges given in the 

open literature and comments are made on advantages and disadvantages of various techniques. 

Different examples of implantable antennas are given and comparisons made. A detailed review on 

antenna performance in the human body and the effects of the lossy nature of human body is presented. 

Methods are explored to improve antenna performance parameters. Finally, the different 

communication scenarios for path loss estimation are given. A schematic of implantable antenna design 

procedure, requirements, challenges, implantable antenna types and human body effects is shown in 

Figure 2.1 [20]. 
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Figure 2.1: Schematic of antenna design process [20] 

2.2 Implantable Sensors and Antennas 

Various implantable sensors are presented in the literature. A wireless implantable sensor based on 

magnetoelectric (ME) antennas named as NanoNeuro Radio Frequency Identification (RFID) is 

proposed in [21] for neural recording. An array of ME antennas is used in this sensor because of their 

smaller size enabling miniaturization of the sensor. The ME antennas can also harvest energy which 

increases the sensor lifetime.  

A dual band antenna is designed based on impulse radio technology for wireless capsule endoscopic 

image transmission system in [22]. The antenna is fed by a battery powered radio transceiver. The 

antenna received power is used to estimate the image transmission requirement of the system. In [23], 

a miniaturized four element Multiple Input Multiple Output (MIMO) antenna with Electromagnetic 
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Band Gap (EBG) structure for implantable medical devices is proposed. The antenna is tested in pork 

slab and operates in the ISM band with dimensions of 18.5×18.5×1.27 mm3
 and a peak gain of -15 dBi. 

Utilization of implantable antenna for oral cancer detection is presented in [24] employing a Planar 

Inverted F Antenna (PIFA). The CST voxel model Katja is used to design the human mouth. Resonant 

frequency showed a considerable shift when a malignant tissue is detected.  

An implantable RFID sensor tag for continuous glucose monitoring is discussed in [25]. This sensor 

system is powered by an inductive link and consists of multiple units including RFID tag, ferrite 

antenna, glucose sensor, potentiostat, Analog-to-Digital converter (ADC), temperature sensor and a 

digital baseband for signal processing. The glucose sensor has a range of 0-30 mm. It is evident that 

implantable antennas play a pivotal role in these applications as implantable sensors have a large 

dependency on the antennas. 

2.3 Implantable Antenna Design: Requirements and Challenges 

The operation of implantable antennas within the human body is completely different from those of 

conventional antennas operating in free space because of lossy nature of human body tissues. Though, 

sometimes their design requirements are application dependent, some key design provisions are 

common and are discussed here in this section. 

2.3.1 Miniaturization 

The implantable antenna is a major component of an implantable device so the miniaturization of the 

implantable antenna is a very crucial factor. The implantable antennas operate in Medical Implantable 

Communication Service (MICS) band (402 – 405 MHz), Medical Device Radio Communication 

Service (MedRadio) band (401 MHz – 406 MHz) and Industrial, Scientific and Medical (ISM) band 

(902 – 928 MHz) and (2.4– 2.45 GHz)[26]-[28]. There are different miniaturization techniques being 

employed to reduce the antenna size. Some popular methods are as follows: 
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2.3.1.1 Use of High Permittivity Dielectric Substrate 

The size of the implantable antenna can be reduced by using high permittivity dielectric substrate or 

high permittivity dielectric superstrate. The high permittivity substrate would result in shorter 

wavelength which would cause the resonant frequency to be lowered [29]. In [30], Rogers 6002 

substrate with relative permittivity of εr=10.2 is used to reduce the size of the antenna. 

 A very high permittivity substrate, MgTa1.5Nb0.5O6 with relative permittivity of εr =28 is used for size 

reduction in [31]. The antenna was placed inside of a tissue fluid for testing by taking into account the 

electrical properties of the tissue fluid (εr= 45.2 and σ = 0.61 S/m at 402 MHz). In first case, 14% size 

reduction is achieved while in later case, the size is reduced by 29%. Use of very high permittivity 

substrate or superstrate can cause the input power of the antenna to be converted into surface waves that 

affects the radiation efficiency of the antenna. The dielectric constant of human body tissues also needs 

to be considered because each layer of the human body tissue has different dielectric constant. The 

resonant frequency of the implantable antenna will shift to a higher or lower value depending on the 

type of the tissue layer in which antenna is implanted. 

2.3.1.2 Planar Inverted F Antennas (PIFAs) 

Planar Inverted F Antenna (PIFA) structures are one of the techniques used to get miniaturization for 

the implantable antennas. Microstrip patch antennas are also used for this purpose. The resonant length 

of a patch antenna is half of its wavelength while the resonant length of PIFA is quarter of its wavelength 

[32]. So, the PIFAs are preferred over the microstrip patch antennas where the size reduction is needed. 

2.3.1.3 Radiator Current Path Lengthening 

Lengthening the current path of the radiator is another way of getting size reduction in implantable 

antennas. An increased current path brings the resonant frequency of the implantable antenna to a lower 

band [29]. Radiator stacking is an effective technique to lengthen the current path of the radiator in 

which two radiators are stacked one above the other, either vertically or horizontally [33]. A size 

reduction of 33% can be achieved through this technique. 
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2.3.1.4 Inductive/Capacitive Loading 

Loading techniques can be used to get the impedance matching at the desired frequency of operation. 

The loading could be inductive or capacitive which would minimize the imaginary part of the impedance 

helping in the size reduction. Inductive loading technique has been used in[34]. In [35], the capacitive 

loading technique is used to achieve the size reduction. Using inductive/capacitive loading can result in 

72% reduction in the antenna size. 

2.3.1.5 Use of Higher Operating Frequency 

The easiest way to reduce the size of the antenna is to use a higher operating frequency  [36]. If the size 

of the antenna is reduced, the resonant frequency of the antenna will shift to a higher value and vice 

versa. The problem with the higher frequency operation is that the losses are more which affect the 

overall performance of the system. Since the implantable antennas operate in three frequency bands 

which are MICS band, MedRadio band and ISM band [37], [38]. The MICS band is more commonly 

used to avoid the increased level of losses. 

2.3.1.6 Engineering Ground Plane 

Impedance matching plays an important role in the efficient working of the antenna. If the ground plane 

structure is changed, the impedance matching and hence the size of the antenna changes [39]. One way 

to achieve that is making slots in the ground plane to alter the path of return current. This slows the 

current as the displacement of the current from one edge of the slot to the other causes a phase shift 

resulting in a smaller antenna size [38]. 

2.3.2 Patient Safety 

Implantable medical devices are positioned inside the human body. Careful considerations are therefore, 

needed to rule out damage to the human body tissues due to electromagnetic exposure. Different 

precautions are taken to ensure the patient safety as discussed below. 

2.3.2.1 Specific Absorption Rate (SAR) 

Specific Absorption Rate (SAR) is the amount of RF energy absorbed by the human body tissues. It is 

used as a metric to ensure the safety of biological tissues in the event of electromagnetic exposure. There 
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are two standards for SAR which are internationally adopted. According to IEEE C95.1-1999 standard, 

the SAR should be less than 1.6 W/kg averaged over 1 g cubic volume of the tissue [6]. The IEEE 

C95.1-2005 standard specifies that the SAR should be less than 2 W/kg averaged over 10 g cubic volume 

of the tissue [40].  

The Federal Communications Commission (FCC) uses 1 g averaging while the International 

Commission on Non-Ionizing Radiation Protection (ICNIRP) recommends 10 g averaging [41], [42]. 

2W/kg over 10 g cubic tissue would be equal to 4-6 W/kg averaged over 1 g cubic tissue. To maintain 

standard SAR levels, the implantable devices are required to use low output power. Usually the Specific 

Absorption (SA) per pulse is determined by [43]: 

 𝑆𝐴 =  𝑆𝐴𝑅 × 𝑇𝑃 (2.1) 

Where Tp denotes the pulse duration. The electromagnetic power absorbed by the body tissue can raise 

temperature of the tissue. The temperature of the human body tissue near the implanted device should 

not increase more than 1-2 0C [43]. 

2.3.2.2 Effective Isotropic Radiated Power (EIRP) 

A high level of EIRP of the implantable antenna can be harmful to the human body and will interfere 

with nearby radio devices. The standardized limit of EIRP for an implantable antenna operating in 

MedRadio band is -16 dBm and -20 dBm for ISM band [44]. If the implantable antenna is used for data 

telemetry, the input power should be limited to avoid damage to the tissues. If the implantable antenna 

acts as a receiver, the external source power should adhere to these standards. 

2.3.3 Biocompatibility 

Biocompatibility is also an important factor for implantable antennas to ensure the safety of the human 

subject. Direct contact between the antenna and human body tissues would cause a short circuit because 

the body tissues are electrically conductive. Two approaches are commonly used to ensure 

biocompatibility. One, is to use a biocompatible material for antenna fabrication and the other, is to 

encapsulate the antenna with a biocompatible superstrate [45]. 
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 Some of the biocompatible materials used for the implantable antenna design are Ceramic Alumina (εr 

= 9.4; tanδ = 0.006), Teflon (εr = 2.1; tanδ = 0.001) and MACOR (εr = 6.1; tanδ = 0.005). However, it 

is difficult to drill and make round cuts in ceramic substrates [46], [47]. The materials used for 

biocompatible encapsulation are Zirconia (εr = 29; tanδ ≈ 0), Silastic MDX-4210 Biomedical-Grade 

Base Elastomer (εr = 3.3; tanδ≈ 0) and PEEK (εr = 3.2; tanδ = 0.01) [48], [49]. Zirconia is a better 

candidate for bio-encapsulation due to its electromagnetic properties. Its loss tangent is very low and 

permittivity value is very high which helps to reduce power loss by concentrating the near field of 

antenna inside the capsulation. The advantage of PEEK and Silastic MDX-4210 is that they have simple 

fabrication and are easy to handle.  

2.3.4 Implantable Antenna Fabrication Methods and Materials 

The fabrication of implantable antennas needs the utmost level of care due to their intended usage. There 

are a number of different fabrication methods being proposed in literature including antennas 

embroidered on fabric, polymer composites encapsulation, microfluidic antennas, photolithography and 

3D printed antennas [50]-[52]. In [53], conductive fabric was embedded with Poly Dimethyl Siloxane 

(PDMS). Fabricating the antenna using the conductive fabric along with PDMS (acting as the substrate 

and a protective encapsulation simultaneously) allows for an easier realization and more robust flexible 

antenna structure than the conventional fabrication methods.  

An ultra-wideband antenna is fabricated using the same technique to achieve the flexibility and 

robustness in [54]. Implantable antennas are also designed using metamaterials where normal materials 

cannot give the desired performance. The use of these materials for implantable antenna design is based 

on the application for which the antenna is to be used. Their applications include wireless charging to 

pacemakers, microwave hyperthermia and medical imaging [55], [56].  

A metamaterial inspired implantable wideband antenna is proposed in [57]. The antenna is operating at 

2.3 GHz with overall dimensions of 0.42λ×0.42λ×0.0072λ where λ is the guided wavelength and its 

value is 38.1 mm. The antenna approximate physical dimensions are 16×16×0.275 mm3. Characteristics 

modal analysis is performed to estimate the maximum miniaturization and the bandwidth enhancement. 
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The antenna uses complimentary split ring resonators to achieve the desired miniaturization. The 

biocompatibility of the antenna is maintained by using silicon and gold as substrate layer and the 

radiating element. The antenna has a fractional bandwidth of 93.5%. Simplified body model is used to 

validate the antenna performance. A metamaterial loaded dual band circularly polarized implantable 

antenna was proposed in [58]. The antenna dimensions are 7×6×0.254 mm3 with operating frequencies 

of 915 MHz and 2.4 GHz. Gain of the antenna is recorded as -17.1 dBi and -9.81 dBi at 915 MHz and 

2.4 GHz while offering an impedance bandwidth of 35.8% and 17.8% at relevant frequencies. Wider 

bandwidth and circular polarization of this implantable antenna are achieved by introducing a 

metamaterial structure with very large value of epsilon on the top of superstrate layer. The proposed 

antenna was integrated with dummy electronic components to evaluate the antenna performance in 

minced pork.  

Khan et al. [59] proposed a triband compact metamaterial embedded implantable antenna for 

biotelemetry applications. The antenna operates in Medical Implant Communications Services band of 

402-405 MHz and Industrial Scientific and Medical bands of 902-928 MHz and 2.4-2.45 GHz. The 

volume of the antenna is 15.8×13.2×2 mm3. The split ring resonator (SRR) metamaterial radiator is 

integrated in open ended stubs in the top layer whereas the slots are also etched in the bottom layer to 

adjust the lower frequency of operation. The antenna was designed and optimized using CST 

Microwave Studio software.  

A dual band implantable antenna with short circuited SRR was proposed in [60]. The antenna operates 

in MICS band of 402-405 MHz and in ISM band of 2.4-2.45 GHz. The ground plane and radiating 

element of the antenna are short circuited to achieve miniaturization. The radiating element is a split 

ring resonator connected with a spiral. Antenna dimensions are 14mm×14mm. CST Microwave Studio 

was used to design the antenna. Performance of the antenna was analysed using anatomical human body 

model. Despite some good features of the proposed antenna, it offers only a narrow bandwidth. A 

comparative analysis of different miniaturization techniques is given in Table 2.1. 
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Table 2.1: Comparative analysis of different miniaturization techniques for implantable antennas 

Technique Pros. Cons. 

1) PIFA Structures Compact size implantable antenna 

can be designed using this structure 

at lower frequencies. PIFA has low 

backward radiation. 

Results in low gain as 

currents at adjacent arms 

cancels each other far field 

radiation [32]. 

2) High Frequency Use 

 

The easiest technique to reduce the 

size of the antenna. 

The antenna would incur 

more losses due to power 

absorption at higher 

frequencies [36]. 

3) Inductive Loading / 

Capacitive Loading 

Helps in impedance mismatch, 

minimize frequency shift while 

keeping size small. 

This technique may lead to 

low antenna gain [35]. 

4) Current Path 

Lengthening 

Slows the current flow which makes 

the physically small antenna, an 

electrically large antenna. 

The current on the edges may 

cancel each other effect due 

to phase shift which effects 

the antenna performance 

[33]. 

5) Engineering Ground 

Plane 

Helps in size reduction by creating 

slots in ground plane. 

Radiated signal from the 

edges of ground slot may lead 

to electromagnetic 

compatibility problem if not 

controlled [39]. 

6) High Permittivity 

Dielectric Substrate 
Helps to minimize dielectric losses. Can cause the input power of 

the antenna to be converted 

into surface waves resulting 

in lower efficiency [29]. 

 

2.4 Types of Implantable Antennas 

There are different types of implantable antennas depending on the application. Key types are discussed 

in this section. 

2.4.1 Planar Antennas 

A probe-fed wideband implantable antenna with dimensions of 12×7.5×0.25 mm3
 using Rogers 6010 

LM (with εr =10.2) substrate is proposed in [61]. The antenna operates in five frequency bands of 403-

405 MHz, 433.1-434.8 MHz, 868-868.6 MHz, 902.8-928.0 MHz and 2.4-2.48 GHz as shown in Figure 

2.2 [61]. It exhibits a radiation efficiency of 80% with a bandwidth of 168.85% whereas the gain and 

SAR of the antenna are not reported. A flexible antenna using Poly-dimethyl Siloxane (PMDS) with εr 
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=2.8 as base material is proposed by Fu et al. [10]. The overall dimensions of the antenna are 11×11×2 

mm3. The antenna centre frequency is 2.42 GHz with realized gain of -20.8 dBi. It has a bandwidth of 

10.4% while the efficiency is not reported. The antenna measurements were taken using single layer 

tissue model having dimensions of 150×150×90 mm3
 with εr = 37.88 and σ=1.44 S/m at 2.42 GHz. SAR 

value of this antenna is 156 W/Kg for 1g avg. The proposed antenna has a good gain but the use of shunt 

capacitances to minimize impedance mismatch makes it a complex antenna design.  

 

(a) 

 

(b) 

Figure 2.2: (a) Geometry of probe fed wideband antenna (b) Radiation pattern of the antenna [61] 

Shah et al. have proposed a meandered line implantable antenna for intracranial pressure monitoring at 

915 MHz and 2.45 GHz [62]. The antenna has a volume of 8×6×0.5 mm3 and uses Rogers 6010 as the 

substrate. For biocompatibility, it is encapsulated in ceramic alumina. Human skin tissue model with 

dimensions of 200×200×200 mm3
 is used to test the performance. The antenna has a gain and bandwidth 

of -28.5 dBi and 9.84% at 915MHz and -22.8 dBi and 8.57% at 2.45 GHz while efficiency is not 

reported. The 1g avg. SAR values of this antenna at resonant frequencies are 971.56 W/Kg and 807.34 

W/Kg whereas the 10g avg. SAR values at resonant frequencies are 118.26 W/Kg and 102.04 W/Kg. 

SAR of this antenna needs to be lowered to be used for actual implants. A meander line antenna for 

pacemaker application operating at 402.5 MHz with a bandwidth of 33.5% is proposed by Samsuri et 

al. in [63]. The antenna is designed on FR-4 substrate with εr =4.7 and tan δ=0.025 having a size of 

30.5×21.02×6.4 mm3. The antenna structure and surface current density is shown in Figure 2.3 [63]. 

The gain, efficiency and SAR of this antenna are not given. Moreover, the volume of the antenna is 

quite large. Maity et al. have proposed a microstrip patch antenna with fractal geometry in [9]. The 

antenna has a volume of 11.44×11.44×0.275 mm3
 and Silicon with εr =11.7 is used as the substrate. 
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Gain and efficiency of the antenna are not reported while the bandwidth is 1.5%. Despite the 

considerable size, the antenna offers a narrow bandwidth. The geometry and radiation pattern of the 

antenna are shown in Figure 2.4 [9]. 

 

(a) 

 

(b) 

Figure 2.3: (a) Structure of implantable meander line antenna (b) Surface current density of the antenna 

at 402.5 MHz [63] 

 

(a) 

 

(b) 

Figure 2.4: (a) Geometry of implantable fractal patch antenna (b) Radiation pattern of antenna at 2.45 

GHz [9] 

2.4.2 Wire Antennas 

A circularly polarized (CP) helical implantable antenna for ingestible capsule application is proposed 

in [64]. The antenna operates at 2.4 GHz with a gain of -19.83 dBi and bandwidth of 290 MHz. The 3D 

capsule model and reflection coefficient of the antenna are given in Figure 2.5 [64]. The radiation 

efficiency of the antenna is -24.8 dB. SAR of this antenna is not given which shows that the patient 

safety considerations are not taken into account. 
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(a) 

 

(b) 

Figure 2.5: (a) Structure of helical antenna for ingestible capsule (b) Reflection coefficient of the 

antenna  [64] 

Xin et al. have designed a 30 mm long helical antenna in [65]. To achieve the dual resonance, two non-

equally spaced helical copper foil layers are used. The antenna is tested in a 280×160×280 mm3
 phantom 

model with εr=56.05 and σ=0.52 S/m at 30 MHz. The gain of the antenna is -67 dBi while the impedance 

bandwidth is 15.66 MHz (48.21%). The SAR and efficiency of the antenna are not reported. The gain 

of the antenna is very low. Geometry and scattering parameters of the antenna are shown in Figure 2.6 

and Figure 2.7 [65]. 

 

Figure 2.6: Structure of implantable helical antenna using two magnetic sheets [65] 
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Figure 2.7: Scattering parameters of the helical antenna [65] 

A 50 Ω coaxial probe fed conical spiral antenna operating at 450 MHz with a bandwidth of 101 MHz 

is presented in [66]. A liquid phantom with εr=56 and σ=0.83 S/m is used for the measurements. The 

antenna design and reflection coefficient are shown in Figure 2.8 [66]. The gain, efficiency and SAR of 

the antenna are not listed. So, the performance of this antenna cannot be quantified. 

 

(a) 

 

(b) 

Figure 2.8: (a) Conical spiral implantable antenna geometry (b) Reflection coefficient of the antenna 

[66] 
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2.4.3 Conformal Antennas 

A conformal CP implantable antenna operating at 2.45 GHz and using Rogers RO6010 as substrate with 

εr=10.2 and tan δ=0.0023 is discussed in [67]. The size of the antenna is 14.2×16.64×0.254 mm3. The 

antenna offers a gain and bandwidth of -29.1 dBi and 31%. The efficiency of antenna is not reported. 

The antenna is tested using muscle phantom having dimensions of 100×100×100 mm3 with εr=52.74 

and σ=1.74 S/m. The 1g avg. SAR of this antenna is 368.7 W/Kg. As this antenna has a large size, the 

gain of the antenna could have been improved. The geometry and reflection coefficient of the antenna 

are illustrated in Figure 2.9 [67]. 

 

(a) 

 

(b) 

Figure 2.9: (a) Geometry of implantable CP conformal antenna (b) Reflection coefficient of the 

antenna [67] 

In [68], a conformal patch antenna operating at 2.48 GHz is presented by Ketavath et al. The high 

permittivity substrate employed has εr=10.2 with tanδ=0.008 making the overall dimensions of the 

antenna as 24×22×0.07 mm3. The antenna gain and bandwidth are -19.7 dBi and 24%. Gain of the 

antenna is good but the size of the antenna is large. The geometry and S11 of the proposed antenna are 

illustrated in Figure 2.10 [68].  
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(a) 

 

(b) 

Figure 2.10: (a) Geometry of implantable conformal patch antenna (b) S11 curve of the antenna [68] 

Zhang et al. have proposed a differentially fed antenna for ingestible capsule system in [69]. Polyimide 

with εr =3.5 and tan δ=0.008 is used as substrate with thickness of 0.15 mm. The overall volume of the 

antenna is 30 mm3. The antenna operates at 915 MHz with a gain of -21 dBi and bandwidth of 8.9%. 

Efficiency of the antenna is not reported. SAR of this antenna is 150 W/Kg for 1g avg. and 27.5 W/Kg 

for 10g avg. The antenna has a good gain but the size of the antenna is large. The reflection coefficient 

and radiation pattern of the antenna are depicted in Figure 2.11 [69]. 

 

 

(a) 

 

(b) 

Figure 2.11: (a) Reflection coefficient of differentially fed implantable antenna in flat and conformal 

form (b) Radiation patterns of the antenna at 915 MHz [69] 
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(a) 

 

(b) 

Figure 2.12: (a) Structure of implantable bow-tie antenna (b) S11 curve of the antenna [70] 

A hexagon bow-tie patch antenna using Al2O3 with εr=9.8 as substrate operating at 2.45 GHz is proposed 

by Mahalakshmi et al. in [70] as shown in Figure 2.12. The antenna has dimensions of 10×10×1 mm3 

and offers a gain of -14.5 dBi. The antenna bandwidth, radiation efficiency and SAR values are not 

mentioned. 

2.4.4 Spiral Antennas 

A CP ring antenna is proposed by Xu et al. [71]. The antenna operates at 2.45 GHz with a size of 

π×52×1.27 mm3. It uses Rogers 3010 with εr =10.23, tan δ =0.0035 having thickness of 0.635 mm as 

substrate and is shown in Figure 2.13. The antenna is tested using muscle tissues with εr=52.7 and 

σ=1.74 S/m. It offers a gain of -22.7 dBi and bandwidth of 12.4%. The 1g avg. SAR value of the antenna 

is 508 W/Kg at 2.45 GHz. The efficiency of the antenna is not reported. The gain should be higher than 

-22.7 dBi with that size of the antenna. 
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(a) 

 

(b) 

Figure 2.13: (a) Top and side view of implantable CP ring antenna (b) Radiation pattern of the antenna 

at 2.45 GHz [71] 

A triband spiral shaped implantable antenna with slotted ground operating at 402 MHz, 1.6 GHz and 

2.45 GHz is discussed by Shah et al. [72] as shown in Figure 2.14. The size of the antenna is 

7×6.5×0.377 mm3 while Rogers RT/Duroid 6010 with εr=10.2 and tan δ=0.0035 is used as superstrate 

and substrate. The gain of the antenna at the three frequencies is noted to be -30.5 dBi, -22.6 dBi, -18.2 

dBi, respectively while it has a bandwidth of 36.8%, 10.8% and 3.4% respectively. At resonant 

frequencies the 1g avg. SAR values are 588 W/Kg, 441 W/Kg and 305 W/Kg while the 10g avg. SAR 

values of this antenna are 92.7 W/Kg, 85.3 W/Kg and 81.7 W/Kg. Efficiency of the antenna is not 

reported. The proposed antenna has a compact size but it has higher SAR values. 
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(a) 

 

(b) 

Figure 2.14: (a) Structure of spiral shape implantable antenna (b) Reflection coefficient of the antenna 

with different ground planes [72] 

Smanta et al. have proposed a dual band CP antenna having a size of 10×10×0.6 mm3
 in [73]. The 

antenna is operating at 902 MHz and 2.45 GHz and makes use of Rogers 3010 as reactive impedance 

substrate with εr=10.2 and tan δ=0.0035. The antenna gain, bandwidth and efficiency at 920 MHz are -

29.33 dBi, 12.2% and 2.6% while these parameters at 2.45 GHz are -21.0 dBi, 123% and 3.8%. The 

geometry and radiation pattern of the antenna are given in Figure 2.15. Skin mimicking gel is used to 

test the antenna. The 1g avg. SAR values at resonant frequencies are 812 W/Kg and 680 W/Kg. This 

antenna offers a good efficiency but it has a large size. 

 

(a) 

 

(b) 

Figure 2.15: (a) Geometry of implantable dual band CP antenna (b) Radiation pattern of the antenna 

[73] 
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A CP loop antenna is proposed by Xu et al. in [8]. The substrate and superstrate material for this antenna 

is 0.635 mm Roger 3010 with εr=10.2 and tan δ =0.0035. The size of the antenna is 13×13×1.27 mm3
 

with centre frequency of 915 MHz. The antenna has a gain of -32 dBi and bandwidth of 18.2%. It is 

tested in skin tissue model, minced pork and skin mimicking gel. The 1g avg. SAR of the antenna at 

915 MHz is 599W/Kg. Despite the large size, the antenna has a low gain. The structure and reflection 

coefficient of loop antenna are shown in Figure 2.16 [8]. 

 

(a) 

 

(b) 

Figure 2.16: (a) Structure of loop antenna (b) Reflection coefficient [8] 

2.4.5 Slot Antennas 

A coplanar waveguide fed triangular slot antenna is proposed in [11]. The antenna has a size of 

10×10×0.65 mm3 with a resonant frequency of 2.45 GHz as shown in Figure 2.17. Al2O3 is used as 

substrate and the antenna is tested in liquid phantom showing a peak gain of -7.9 dBi and a bandwidth 

of 8.2%. The radiation efficiency of antenna is 0.5%. The 1g avg. SAR of this antenna is 136 W/Kg. 

The proposed antenna has a very good gain but the size of the antenna is large.  
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(a) 

 

(b) 

Figure 2.17: (a) Geometry of implantable triangular slot antenna (b) Reflection coefficient [11] 

A wideband flexible antenna is presented in [74] by Das et al. The antenna is designed on Kapton 

polyimide substrate having εr=2.91 and tan δ=0.005. Rogers 6010 with εr=10.2 and tan δ=0.0023 is used 

as superstrate. A metamaterial array is used at the top of the superstrate to enhance the gain. The antenna 

has dimensions of 10×10×0.4 mm3
 operating at 2.45 GHz as illustrated in Figure 2.18. It offers a 

bandwidth of 57%, a gain of -9 dBi and efficiency of 2.3%. The 1g avg. SAR of this antenna is 131 

W/Kg at 2.45 GHz. The antenna offers a wider bandwidth but it operates at higher frequency despite its 

large size. A CP implantable slot antenna operating at 915 MHz is discussed in[75]. The antenna size is 

15×15×1.27 mm3
 and it uses Rogers 3010 (εr=10.2 and tan δ=0.0035) as substrate. Gain of the antenna 

is -27 dBi and it exhibits a bandwidth of 5.7%. The antenna is tested using skin phantom (εr =41.35 and 

σ=0.87 S/m). The 1g avg. SAR value of this antenna is 517 W/Kg. The size of the antenna is quite large. 

 

(a) 

 

(b) 

Figure 2.18: (a) Geometry of implantable flexible metamaterial antenna (b) Reflection coefficient of 

the antenna [74] 
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2.4.6 Planar Inverted F antennas (PIFA) 

A compact broadband implantable PIFA having a size of 23×16.4×1.27 mm3
 and operating at 402 MHz 

is proposed in [76]. The substrate has εr=10.2 and tanδ=0.0023. A gain of -34.9 dBi and bandwidth of 

52 MHz (13%) is being achieved by the antenna shown in Figure 2.19. The 1g avg. SAR of this antenna 

is 284.5 W/Kg at resonant frequency. The gain of the antenna is low as compared to its large size.  

Luo et al. have designed a PIFA with slotted ground plane in [77]. The antenna makes use of 0.635 mm 

thick layer of Rogers 3010 (εr=10.2 and tanδ=0.005) as substrate and superstrate with an overall size of 

π× 5.352×1.34 mm3. The antenna resonates at 402 MHz and 2.45 GHz. The antenna structure and 

radiation pattern are shown in Figure 2.20 [77]. The gain and bandwidth of the antenna at 402 MHz are 

-41 dBi and 41% while these parameters are -21.3 dBi and 27.8% at 2.45 GHz. Minced pork is used for 

the measurements. The 1g avg. SAR of the antenna is 666 W/Kg and 676 W/Kg at operating frequencies. 

The efficiency of the antenna is not reported. 

 

(a) 

 

(b) 

Figure 2.19: (a) Geometry of implantable broadband PIFA antenna (b) Radiation pattern of the 

antenna at 402 MHz [76] 
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(a) 

 

(b) 

Figure 2.20: (a) Structure of implantable PIFA with slotted ground plane (b) Radiation pattern at 2.45 

GHz [77] 

 

 

Table 2.2: Comparative analysis of implantable antennas 

Reference Antenna 

type 

Volume 

(mm3) 

fo 

(GHz) 

Gain 

(dBi) 

Bandwidth 

(%) 

ƞ 

(%) 

Substrate 

[8] Loop 

antenna 

13×13×1.27 0.915 -32 18.2 - sub: 

εr=10.2; tan 

δ =0.0035 

[9] Microstrip 

patch 

antenna 

11.44×11.44×0.275 2.45 - 1.5 - Sub; Silicon 

εr=11.7 

[10] Flexible 

antenna 

11×11×2 2.42 -20.8 10.4 - Sub: PMDS 

εr=2.8 

[11] Triangular 

slot 

antenna 

10×10×0.65 2.45 -7.9 8.2 0.5 Sub; Al2o3 
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Reference Antenna 

type 

Volume 

(mm3) 

fo 

(GHz) 

Gain 

(dBi) 

Bandwidth 

(%) 

ƞ 

(%) 

Substrate 

[61] Patch 

antenna 

12×7.5×0.25 0.403-

0.405 

0.4331-

0.4348 

0.868-

0.8686 

0.9028-

0.9280 

2.4-2.48 

- 168.85 80 Sub: 

εr=10.2 

[62] Patch 

antenna 

8×6×0.5 0.915; 

2.45 

-28.5;  

-22.8 

9.84; 8.57 - sub: 

εr=10.2; tan 

δ =0.0023 

[63] Meander 

line 

antenna 

30.5×21.02×6.4 0.4025 - 33.5 - Sub; FR-4 

εr=4.7;  

tan δ=0.025 

[67] Conformal 

CP 

antenna 

14.2×16.64×0.254 2.45 -29.1 31 - sub: 

εr=10.2; tan 

δ =0.0022 

[68] Patch 

antenna 

24×22×0.07 2.48 -19.7 24 - Sub: εr=3.5 

tan δ=0.008 

[69] Conformal 

antenna 

34.5×5.8×0.15 0.915 -21 8.9 - Sub; εr=3.5; 

tan δ=0.008 

[70] Bow-tie 

antenna 

10×10×1 2.43 -14.5 - - Sub; Al2o3 

εr=9.8 



31 

 

Reference Antenna 

type 

Volume 

(mm3) 

fo 

(GHz) 

Gain 

(dBi) 

Bandwidth 

(%) 

ƞ 

(%) 

Substrate 

[71] Ring 

antenna 

π×52×1.27 2.45 -22.7 12.4 - sub: 

εr=10.2; tan 

δ = 0.0035 

[72] Spiral 

shape 

7×6.5×0.377 0.402; 

1.6; 

2.45 

-30.5;  

-22.6;  

-18.2 

36.8; 10.8; 

3.4 

- sub: 

εr=10.2; tan 

δ =0.0035 

[73] Loop 

antenna 

10×10×0.6 0.92;2.4

5 

-29.33; 

-21.0 

12.2; 123 2.6; 

3.8 

Sub: 

εr=10.2 

tanδ=0.0035 

[74] Slot 

antenna 

10×10×0.4 2.45 -9 57 2.3 sub: 

εr=2.91; tan 

δ = 0.005 

[75] CP 

antenna 

15×15×1.27 0.915 -27 5.7 - Sub; 

εr=10.2; tan 

δ=0.0022 

[76] PIFA 23×16.4×1.27 0.402 -34.9 13 - sub: 

εr=10.2; tan 

δ =0.0023 

[77] PIFA π×5.352×1.34 0.402;2.

45 

-41;    

 -21.3 

41; 27.8 - Sub: 

εr=10.2 tan 

δ=0.005 

[78] CP 

antenna 

11×11×1.27 0.915 -29 1.2 23 sub: 

εr=10.2; tan 

δ =0.0023 
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Reference Antenna 

type 

Volume 

(mm3) 

fo 

(GHz) 

Gain 

(dBi) 

Bandwidth 

(%) 

ƞ 

(%) 

Substrate 

[79] Circular 

antenna 

π×7.52×1.92 0.4035; 

0.4339; 

2.45 

- 28; 10 - Sub; 

εr=10.2; tan 

δ=0.0022  

[80] Flower 

shape 

antenna 

7×7.2×0.2 0.928; 

2.45 

-28.44; 

-25.65 

19.8; 8.9 - Sub; εr=2.9; 

tan 

δ=0.0025 

[81] SRR 

Antenna 

10×12×1.27 0.420; 

2.45 

- 34.5; 58.5 - sub:εr=10.2; 

tanδ=0.0023 

[82] Clover 

slot 

antenna 

14×12×0.8 2.45 -6 7.3 - Sub; Al2o3 

εr=9.8; tan δ 

=0.001 

[83] Ferrite 

antenna 

10×10×1.28 2.45 -17 - - sub:εr=10.2; 

tanδ=0.0022 

[84] CP 

antenna 

10×10×1.27 2.45 -22.33 14.03 - sub:εr=10.2;   

tan δ =0.003 

[85] U Slot 

monopole 

antenna 

29×29×0.5 2.45 - 8.5 - sub: εr=10.2 

[86] Bow tie 

antenna 

26×22×0.65 2.45 -6 7.7 0.2 - 

[87] Monopole 

antenna 

18×24×1 2.4 - 2.5 - Sub; εr=28 

[88] Meander 

slot 

antenna 

12.5×14.7×1.27 2.45 5.7 16.9 98 sub: 

εr=10.2; tan 

δ =0.0023 
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Comparison of various implantable antennas is presented in Table 2.2. It can be seen that each 

implantable antenna has different performance characteristics. Different miniaturization techniques are 

employed to design these antennas. In [9] the antenna miniaturization is achieved by using high 

permittivity dielectric substrate while capacitive loading technique is used in [10] for this purpose. The 

radiator current path lengthening technique is used for miniaturization in [72] while a PIFA structure is 

used for miniaturization in [76]. The slotted ground plane technique is employed in [77] to get a 

miniaturized antenna whereas a higher frequency of operation is selected in [82] for antenna 

miniaturization. The implantable antenna in [72] has a compact size but the efficiency of the antenna is 

not reported. In [76] the antenna has a low frequency of operation but the antenna has low gain and 

narrow bandwidth despite its large volume. The bandwidth of antenna in [61] is wider as compared to 

the other antennas reviewed in literature but it has a large volume. The gain and efficiency of the antenna 

proposed in [88] are the highest of all the antennas listed in comparison Table 2.2 but the size of the 

antenna is large. The gain of the antennas given in comparison Table 2.2 varies from -41dBi to -6 dBi. 

However, some of the antennas reported in literature has a lower gain than -41 dBi. The gain of the 

antenna in [65] is -67 dBi. The gain of our designed antennas is within the range of -47.7 dBi to -25.5 

dBi. There are number of factors which cause the gain variation in implantable antennas. The antenna 

size has an effect on antenna gain. Normally the bigger size antennas have higher gain. The 

miniaturization techniques employed in antenna design could also impact the gain of the antenna. In 

some cases, the slotted antennas have lower gain than the antennas with solid ground plane and patch. 

The implantation depth and the type of tissue layer of the human body in which the antenna is implanted 

also contribute to the gain variation as each layer of the human body tissues has different permittivity 

and conductivity at different frequencies.  

2.5 Human Body Effect on Antenna Performance 

The environment of human body forms an integral part of the implantable medical devices. It is very 

lossy medium where electric properties of the tissues change with the change in operating frequency as 

shown in Table 2.3 [89]. 
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Table 2.3: Human body tissues conductivity and permittivity 

Tissue Conductivity(σ=S/m) 

at 403 MHz 

Conductivity(σ=S/m) 

at 2.45 GHz 

Relative 

Permittivity(εr) 

at 403 MHz 

Relative 

Permittivity(εr) 

at 2.45 GHz 

Small 

intestine 

1.9 3.17 66 54.4 

Stomach 1 2.2 67.5 62.1 

Colon 0.86 2 62.5 53.8 

Skin 0.69 1.46 47 38 

Muscle 0.79 1.74 57.1 52.7 

 

The high conductivity and permittivity of the human body tissues causes attenuation losses inside the 

body which is given by the following equation [90]: 

 𝐿𝛼 = 20𝑙𝑜𝑔10(𝑒−𝛼𝑙) (2.2) 

Where α(Np/m) is the attenuation constant and l (m) is the distance travelled by the signal in the human 

body tissue. The attenuation constant can be calculated by the following equation [90]:  

 𝛼 = 𝜔√
𝛍𝛆

2
(1 + (

σ

𝛚𝛆
)

2
− 1) (2.3) 

 𝜔 = 2𝜋𝑓 (2.4) 

Where ω(rad/m) and µ(H/m) are angular frequency and permeability of human body tissue whereas the 

ε and σ  are the permittivity and conductivity, respectively. The permeability and permittivity in the 

above equations are complex quantities. As the body tissues are non-magnetic in nature, the imaginary 
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part of permeability is zero. Apart from the attenuation losses, the losses due to the reflections at the 

boundary between the tissues is calculated as [90]: 

 η = √
𝐣𝛚𝛍

𝛔+𝐣𝛚𝛆
 (2.5) 

 Γ =
𝛈2−𝛈1

𝛈2+𝛈1
 (2.6) 

 𝐿𝑟 = 20𝑙𝑜𝑔10(Γ) (2.7) 

Where Γ is the reflection coefficient at the tissues boundary and η is the intrinsic impedance. The losses 

are more at higher frequencies. So, the MICS band and MedRadio band are preferred for data 

transmission by implantable devices. Lower frequencies of ISM band can also be used. The reflection 

of the transmitted signal also occurs at the boundary between free space and the outer layer of the skin 

as both mediums have different impedances and electromagnetic properties. The signal power received 

by the external receiver is calculated by the following equation [29], [91]: 

 𝑃𝑅𝑋 = 𝑃𝑇𝑋 + 𝐺𝑇𝑋 + 𝐺𝑅𝑋 − 𝐿𝑃 − 𝑒𝑃 − 𝑀𝐿𝑇𝑋−𝑀𝐿𝑅𝑋 (2.8) 

Where P(dBm) is the power, G(dB) is the gain and ML (dB) is impedance mismatch loss. The subscript 

TX and RX represents transmitter and receiver. 𝐿𝑃(dB) is the path loss and 𝑒𝑃 (dB) is the polarization 

mismatch factor. The gain of the implantable antennas is usually negative because of the lossy nature 

of the human body tissues. The path loss 𝐿𝑃 can be calculated as follows [92]: 

 𝐿𝑃 = 10𝑛𝑙𝑜𝑔 (
𝑑

𝑑0
) + 10𝑙𝑜𝑔 (

4𝜋𝑑0

𝜆0
)

2
+ 𝑆 (2.9) 

Where n is a component of path loss and it depends on the environment. For non-line of sight 

propagation, the value of n = 3 and for the line of sight LOS propagation the value of n = 1.5. The free 

space propagation value of n is 2. 𝑑0 is the reference distance whereas λ(m) is the wavelength. S is the 

random scatter around the mean. If we assume the value of 𝑑0 as 1m then free space path loss Lf is 

calculated by the following equation [92]: 

 𝐿𝑓 = 20𝑙𝑜𝑔10 (
20𝜋𝑑

𝜆0
) (2.10) 
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The free space gain G is defined as the ratio of radiation intensity in a given direction to the total input 

power. Mathematically it is given by following formula [93]: 

 𝐺 =
4𝜋𝑈

𝑃𝑖𝑛
 (2.11) 

Where U is the radiation intensity in watt per unit solid angle. Pin is the total input power in watts. The 

relationship between radiation intensity and average radiated power Savg is as follows [93]: 

 𝑈 = 𝑟2𝑆𝑎𝑣𝑔 (2.12)                                                                 

𝑆𝑎𝑣𝑔 is in watt per meter square. The gain of a conductive medium (Gcon) is given by [94]: 

 𝐺𝑐𝑜𝑛 =
4𝜋𝑅𝑔2

𝑅𝑟
  (2.13)                                                  

Where 𝑅 is intrinsic resistance and 𝑅𝑟 is the radiation resistance. The intrinsic resistance can be 

calculated by the following equation [94]: 

 𝑅𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 = √
𝜔µ

2𝛔
 (2.14) 

𝑔  represents a function which involves the parameters of medium and its value is given by [94]:       

 𝑔 =
|𝐻|𝑑𝑒

𝑑
𝛿

𝐼𝑖
 (2.15) 

|𝐻|(A/m) is the magnetic field. d is the distance in meters. Ii is the input current in amperes. Whereas 𝛿 

represents the skin depth. The radiation resistance is given by [95]: 

 𝑅𝑟𝑎𝑑 =
𝑃𝑟𝑎𝑑

𝐼𝑖
2   (2.16)                                         

𝑃𝑟𝑎𝑑 is the radiated power. From equations (2.13) and (2.15) it can be seen that if the magnetic field 

inside the human body increases the value of g will increase. The higher value of g will increase the 

gain of the implantable antenna [94]. 
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2.5.1 Human Body Effects on Antenna Radiation Efficiency and Antenna Radiated Power 

Antenna radiation efficiency and antenna radiated power are affected by the loss in the human body 

tissues. The radiation efficiency of implantable antennas is given by the following equation [44]: 

 𝜂 =
𝑃𝑟𝑎𝑑

𝑃𝑖𝑛
 (2.17)                                                        

Pin is the input power. In case of implantable antennas, the input power consists of three power 

components which are reflected, absorbed and radiated powers (Pref + Pabs + Prad). Due to the near field 

coupling in the implantable antennas, the absorbed power is larger than the reflected power which would 

result in low radiation efficiency and radiated power. The absorbed power is given by the following 

equation [96]: 

 𝑃𝑎𝑏𝑠 =  
𝜔

2
∫ 𝜖0𝜖𝑟|𝐸|2𝑑𝑣

𝑣
 (2.18) 

An increase in the absorbed power also increases the specific absorption rate which affects the antenna 

radiation efficiency. The SAR is given by [93]: 

 𝑆𝐴𝑅 =
𝑃𝐿

𝜌
=

𝜎|𝐸|2

2𝜌
 (2.19)                                                 

Where 𝜌(kg/m3) is the mass density and E(V/m) is electric field. Radiation resistance and loss resistance 

can be used to represent the radiation efficiency [91]: 

 𝜂 =
𝑅𝑟𝑎𝑑

𝑅𝑟𝑎𝑑+𝑅𝐿
 (2.20)                                                        

Where Rrad and RL are radiation and loss resistances in ohms. So, the gain of the antenna would be: 

 𝐺 = 𝜂𝐷 (2.21)                                                           

Where D is the directivity of the radiated power. Directivity is a ratio of radiation intensity in a specific 

direction to the average radiation intensity. The average directivity is given by: 

 𝐷 =
𝑈(𝜃,𝜙)

𝑈(𝜃,𝜙)𝑎𝑣𝑔
=

4𝜋𝑈(𝜃,𝜙)

𝑃𝑡
 (2.22) 
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Where 𝑃𝑡 is the total radiated power. If the antenna radiation resistance increases, the antenna radiation 

efficiency also increases. The radiation resistance of the antenna depends largely on the antenna radiated 

power. Hence, the radiation efficiency of the antenna decreases inside human body tissues because of 

the coupling between the antenna radiating element and the body tissues. The insulation of the antenna 

would be beneficial by taking biocompatibility issue into consideration. 

2.5.2 Human Body Effect on Antenna Bandwidth 

The implantable antennas are of compact sizes, so they are expected to have narrow bandwidth. 

However, bandwidth increases due to losses and detuning inside the body. All the radiated power does 

not reach the receiver because of absorption and reflection by the body tissues. The absorbed power is 

much more than the reflected power for implantable antennas which causes the bandwidth to be wider 

at the cost of lower radiation efficiency [44]. These losses can be avoided using different techniques 

like bio-encapsulation and impedance matching. By using these techniques, the losses might become 

lower resulting in a narrow bandwidth. But the implantable antennas with narrow bandwidth always 

suffer frequency detuning inside the human body. A careful consideration is therefore, needed to be 

taken to tackle this issue. 

2.5.3 Human Body Effect on Antenna Radiation Pattern 

The radiation pattern of an antenna is the plot of the radiated field of the antenna as a function of angle 

at a fixed distance [93]. The radiation pattern of an implantable antenna is completely different from 

that of conventional antenna in free space. The lossy medium of human body might broaden the 

radiation pattern. The antenna position is also associated with the radiation pattern. The radiation pattern 

of an implantable antenna would also be different in same medium if mounting scenarios and positions 

differ. 

2.5.4 Methods to improve Implantable Antennas Radiation Efficiency 

Antenna radiation efficiency can be improved in number of ways. One technique is to suppress the 

surface waves of the antenna. This technique is applied in [97] as shown in Figure 2.21. A coplanar 
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waveguide (CPW) fed ring antenna gives an efficiency improvement. This is done by removing little 

portion of the substrate in the patch vicinity. In this way the surface waves would be eliminated causing 

the radiation efficiency to be stable. Another method to improve implantable antenna radiation 

efficiency is to apply high permittivity biocompatible superstrate. This would lower the antenna 

coupling and power absorption inside the human body by increasing the radiation efficiency. This 

technique is applied in [98]. 

 

(a) 

 

(b) 

Figure 2.21: (a) Radiation efficiency of the antenna (b) Radiation efficiency of antenna after 

modification with a 4% improvement [97] 

2.5.5 Implantable Antenna Bandwidth and Gain Improvement 

The bandwidth of the antenna can be increased by using a thicker substrate. There are different methods 

to increase the bandwidth of an implantable antenna. In [99] the bandwidth of a dipole antenna is 

increased by connecting a small strip line with dipole. The result is shown in Figure 2.22. 

 

Figure 2.22: Bandwidth enhancement of dipole antenna [99] 
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Another technique is given in [100] for PIFA. The ground plane of the antenna is partially connected to 

RFID circuit to increase the bandwidth of the antenna. The gain of the implantable antenna can be 

improved by applying different techniques. In [101] the gain of compact broadband monopole antenna 

is improved by inserting a U-shaped extension to the ground plane. This will improve the gain of the 

antenna by improving the capacitive coupling and directivity. 

2.6 Channel Modelling for Implantable Antennas 

There are different communication channels for implantable devices. Some of the communication 

scenarios for implantable antennas are discussed in this section. The communication between an 

implantable antenna and an external device is referred as in/off-body communication. The external 

device is normally a control device to send and receive data which is observed by a physician or another 

person depending on the received signal. A 3-D compact broadband implantable antenna was proposed 

in [102] . Link margin was calculated by inserting antenna into simplified body model. MedRadio band 

(401-406) MHz was used for communication and ISM band (2.4-2.48) GHz was used for wakeup signal. 

Gain of the antenna is -28.95 dBi and 25.5 dBi. The communication link calculation showed that the 

communication distance for communication is 18.95m which means the antenna can transmit the 

information up to the specified distance but for the wakeup communication the distance was measured 

as 1.8m. For mm-size neural implants the wireless channel was characterized in [103]. Signal 

propagation model for different biological materials was built by employing full wave electromagnetic 

model. The simulated results were validated over a frequency range of 100 MHz to 6 GHz by performing 

tests on animals. The effects of dielectric properties of human body tissues in anatomical body model 

were also discussed.  

All these channels characterizations described earlier are for near field propagation. Wireless power 

transfer techniques have gained a lot attention from researchers in field of medical implants which is an 

example of in/off-body communication [104]. A distance of 50 cm is considered more preferable for 

wireless power transfer so far which makes use of lower frequency of operation around 433 MHz. A 

system for wireless power transfer in implantable devices is proposed in [105]. Parasitic patches are 

used for wireless power transfer. The system has good gain and size of the antennas is compact but in 



41 

 

this system the propagation losses and patient safety considerations are not considered. In [106] a triple 

band antenna for data telemetry, wireless power transfer and power conservation is studied. The antenna 

operates in MICS and ISM bands. The sleep mode is introduced to conserve the energy. The implantable 

antennas also communicate with a node or sensor on the body forming an in/on-body communication 

channel. Various examples of in/on-body communication channels are proposed in literature. Alomainy 

et al. [107] proposed modelling and characterization of biotelemetric radio channel from ingested 

implants considering organ contents. In this study the channel modelling was carried out on the 

frequencies which are very common for bio-medical applications. These frequencies include 402 MHz, 

868 MHz and 2.4 GHz. Numerical model was developed for in/on-body communication channel to 

which the electromagnetic analysis was applied. For the digestive track system, the calculated 

parameters have shown that the accuracy of digital phantom is also important factor for wave 

propagation with organ content. A nearfield scanner was used to measure the path gain variations over 

radio channel. Simulated results were validated with actual measurement.  

A wireless capsule endoscopy system was proposed in [108]. Path loss variations are calculated on 

different sliced body tissues but not on the whole body. 300 MHz to 2450 MHz frequency range was 

used to calculate the path loss. It was found that the losses were much less on the frequencies lower than 

900 MHz as to compared to higher frequencies. For wireless capsule endoscopy an implantable loop 

antenna with a buffer layer is proposed in [109]. This loop antenna communicate with an external loop 

antenna and the buffer layer helps to reduce the reflection on the human body tissue boundaries. The 

application of directive antennas for medical implants was investigated in [110]. It was found in this 

study that the use of directive antennas can reduce interference with nearby bands and radiation 

exposure to body tissues which in turn reduce power loss. In case of multi-medical implants the 

implantable antennas and devices communicate with each other forming an in/in-body communication 

channel. In-body channel characterization in 400 MHz MICS band was proposed in [111]. At very short 

distances multipath effects and human body movements were analysed and statistical data was used to 

calculate the path loss. 
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2.7 Chapter Summary 

In this chapter a comprehensive review on implantable antennas used for biomedical applications is 

presented. Since, the antenna is a key component of a biosensor operating in a harsh in-body 

environment, its design becomes a very challenging task. Several factors need to be considered while 

designing such an antenna including size, gain, efficiency, radiation pattern and patient safety. A 

detailed critical review is conducted into different implantable antenna designs available in open 

literature including planar, wire, conformal, spiral, slotted and PIFA structures. Though, the selection 

of antenna type is generally application specific, patch structures have exhibited greater potential of 

meeting most of the requirements efficiently. 

Key requirements and challenges in implantable antenna design are summarized in terms of 

miniaturization, patient safety and biocompatibility as well as different techniques employed to meet 

these requirements. Widely used miniaturization methods include using high permittivity substrates, 

PIFAs, larger current path on the radiator, inductive or capacitive loading, higher operating frequencies 

and altered ground plane. Each method has been evaluated for its merits and demerits. The design of 

implantable antennas is application dependent, so the selection of miniaturization technique also 

depends on the type of antenna needs to be designed. A detailed comparative study has shown that 

despite having greater potential of miniaturization, use of higher frequencies suffer from higher losses. 

However, further investigations are required in this direction as exposure studies at these frequencies 

are not yet fully established. Patient safety is paramount in implantable devices and it is strictly governed 

through SAR and EIRP limits. Implantable antennas are bound to meet these regulations and further 

ensures the safety through use of biocompatible materials. Human body effects on these antennas make 

it pertinent to consider the human body as part of the antenna design. Channel modelling for implantable 

antennas has also been investigated.  
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Chapter 3 

3. Methodology 

3.1 Introduction  

The goal is to design compact implantable antennas for bio-medical applications. The study followed 

the general procedures of systems engineering including gathering the user requirements, translating 

them into system requirements, development of a system architecture based on the functional analysis. 

The antennas are designed using numerical methods and validated through a series of simulations.  

CST Microwave Studio®, a specialised electromagnetic solver tool, is used to design the antenna 

numerically. Detailed performance evaluations were carried out to analyse antenna performance in free 

space using the simulated results of reflection coefficient response, impedance matching, gain, radiation 

efficiency and radiation pattern. Since the antenna has to be used by implanting it into a series of human 

body scenarios, a detailed investigation was carried out to study the in-vitro antenna performance using 

a numerical phantom of the human body in CST Microwave Studio. The effects of varying in-body 

antenna position are analysed. A comparison between the simulation results of free space and 

implantable scenario is used to validate and benchmark the antenna performance in required working 

conditions for telemetry. 

3.2 Methodology of the Designed Antennas 

The implantable antennas are application dependent so their design methodology could be different for 

each design. There are many requirements for a compact size efficient implantable antenna e.g. lighter 

weight, high gain, larger radiation efficiency, low SAR and good radiation pattern. Methodology used 

to design the implantable antennas involve various steps. First of all, a thorough review on implantable 

antennas was carried out. The tools and techniques used for implantable antennas were critically 

analysed. After considering the advantages and disadvantages of different design strategies and the types 

of implantable antennas, the methodology parameters were set. The designed antenna performance was 
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analysed in simplified human body phantom layers and then in anatomical body model to satisfy the 

requirements for implantable applications. Optimizations were carried out where necessary.  

The following flow chart elaborates the design methodology. 

 

Figure 3.1- Design Methodology 

 

3.2.1 Methodology Parameters 

The parameters which were defined for the implantable antennas based on the requirements for 

implantable applications are as follows. 

• The return loss of the antenna should be measured around S11≤-10 dB. The implantable 

antennas often show an increase in return loss when implanted inside the body. If the initial 
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return loss was measured around -6dB the return loss will increase inside the body and antenna 

will not resonate on that frequency. 

• The -10 dB bandwidth of the antenna should be wide enough to cover the desired frequency 

bands, either MICS band or ISM band. 

• Achieve the maximum gain and radiation efficiency while keeping the antenna size as small as 

possible. 

• Evaluate the antenna performance in different tissue layer and anatomical body model to 

validate the robustness of the antenna. 

• To make sure that the SAR values for the designed antennas are within allowed limits. 

When all these conditions are met the implantable antenna design is finalized. The next step is to 

fabricate the simulated antennas to validate the results. In this thesis only simulated antenna designs are 

presented. 

3.3 Project Milestones 

The main goal of the research is to design compact size implantable antennas for biomedical 

applications. The research is completed in different stages which are as follows. 

3.3.1 Literature Review on Implantable Antennas 

An extensive literature survey has been carried out to study implantable antennas. The existing 

techniques used for implantable antenna design are reviewed. The implantable antennas studied and 

analysed in the literature review have been used to identify the problem with existing solutions.  

3.3.2 Design of Implantable Antenna 

The antennas were designed using CST Microwave Studio Suit. The antennas are simulated in free 

space and results are analysed. As the antennas have to operate in implantable conditions, the antennas 

are simulated in simplified human body phantom layers. The simplified human body phantom layers 

were designed using CST Microwave Studio.  

 



46 

 

3.3.3 Human Body Effect Analysis 

The designed antennas were subjected to different implant depth and positions in simplified human 

body phantom. The antennas were also simulated in anatomical body model. The effects of the lossy 

tissues of human body were analysed. The results of the different simulations were compared to satisfy 

the designed antennas performance.  

3.4 Numerical Modelling Techniques 

The analysis and solution of electromagnetic problems has been made easy by the use of computer 

modelling techniques. Generally, there are three categories of computer modelling techniques to solve 

the electromagnetic problems which are analytical, numerical and expert systems techniques. The 

analytical modelling technique solves the problem by applying a closed form solution based on 

simplified assumptions. The field equations are solved directly to solve a problem in numerical 

modelling technique by taking into account the boundary conditions of the problem geometry. The 

expert systems technique is different from the analytical and numerical modelling techniques. A rules 

database which is set into the system is used to estimate the values of the desired parameters. The values 

of these parameters are applied to solve an electromagnetic problem [112]. 

Modelling techniques are used to solve the electromagnetic problems by solving Maxwell equations. In 

1873, James Clark Maxwell represented the relationship between electric and magnetic fields and fluxes 

and charges in the form of equations which are known as Ampere, Faraday, Guass and magnetic field 

law. The modern electromagnetic theory is based on these laws [113]. There are different ways to 

represent Maxwell’s equations. Maxwell’s equations in differential form are given below [113]: 

Ampere’s law 𝛻 × 𝐻 = 𝐽 +  
𝜕𝐷

𝜕𝑡
 (3.1) 

Faraday’s law 𝛻 × 𝐸 =  −
𝜕𝐷

𝜕𝑡
 (3.2) 

Guass’s law 𝛻 ∙ 𝐷 =  𝜌 (3.3) 

Guass’s law for magnetism 𝛻 × 𝐵 = 0 (3.4) 
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E represents the electric field intensity (V/m) whereas H is magnetic field intensity (A/m). D is electric 

flux density and B is magnetic flux density. Maxwell’s equations in integral form are represented as 

[113]: 

Ampere’s law ∮𝐶𝐻. 𝑑𝑙 =  ∫𝑆 𝐽. 𝑑𝐴 +
𝑑

𝑑𝑡
∫𝑆 𝐷. 𝑑𝐴 (3.5) 

Faraday’s law ∮𝐶𝐸. 𝑑𝑙 =  −
𝑑

𝑑𝑡
∫𝑆𝐵. 𝑑𝐴 (3.6) 

Guass’s law ∮𝑆 𝐷. 𝑑𝐴 =  ∫𝑉𝜌𝑑𝑉 (3.7) 

Guass’s law for magnetism ∮𝑆𝐵. 𝑑𝐴 = 0 (3.8) 

In electromagnetic problems the relationship between the properties of the medium and the field is 

described by using following equations [113]: 

 𝐷 =  휀𝐸 (3.9) 

 𝐵 =  𝜇𝐻 (3.10) 

 𝐽𝑒 =  𝜎𝐸 (3.11) 

 𝐽𝑚 =  𝜎𝑚𝐻 (3.12) 

Where ε is electric permittivity and 𝜇 is magnetic permeability. 𝐽𝑒 is electric current density (A/m2) and 

𝜎 is electric conductivity (S/m). 𝐽𝑚 is equivalent magnetic conduction current density (V/m2) and 𝜎𝑚 is 

the equivalent magnetic resistivity (Ω/m). As the use of a numerical technique for solving an 

electromagnetic problem depends on the type of problem, so there are number of frequency domain and 

time domain numerical algorithms are in use. Time domain numerical techniques are chosen in this 

study because they show their strength and stability for modelling the complex inhomogeneous 

dispersive media as compared to other techniques [114]. 

3.4.1 Finite Difference Time Domain (FDTD) 

Finite Difference Time Domain technique (FDTD) was introduced by K.S. Yee in 1966 to solve the 

Maxwell’s equations in discrete form [115]. In software this technique is implemented to provide the 
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solution of Maxwell’s equations. In FDTD Maxwell’s equations are converted to central difference 

equations and then discretized. The solution to these equations is provided by solving at a given instant 

in time, the electric field and at the next instant in time, the magnetic field. The process repeats itself 

over and over again in a leapfrog manner [112]. 

3.4.2 Finite Integral Technique (FIT) 

A time domain numerical technique which solves the integral forms of Maxwell’s equations known as 

Finite Integral Technique (FIT) was introduced by Weiland in 1977 [116]. A manner similar to FDTD 

is used by this technique for solving electromagnetic problems. For energy and charge conservation 

with respect to Maxwell’s equations, the FIT gets matrix equations for integral quantities which has the 

inherent properties of Maxwell’s equations. In this way the stability in numerical implementation is 

achieved.  

3.5 Antenna Design Software  

The antenna design software programs which are used by the antenna designers are given as follows: 

1. Integral Equation Three Dimensional (IE3D) 

2. Feldberechnung für Körpermitbeliebiger Oberfläche (FEKO) 

3. Matrix Laboratory (MATLAB) 

4. Antenna Design Explorer (ADE) 

5. High-frequency structure simulator (HFSS) 

6. Computer Simulation Technology (CST) 

IE3D is provided by Zeland Inc. IE3D uses Method of Moments (MoM) technique to solve 

electromagnetic problems while FEKO uses MoM and asymptotic high frequency techniques. 

MATLAB has antenna toolbox for antenna design analysis and visualization and it is based on MoM 

technique. ADE is a graphical user interface-based tool and it works in MATLAB environment. HFSS 

uses Finite Element Method (FEM) for solving electromagnetic problems. CST Microwave Studio has 

different solvers [117], [118]. The MATLAB antenna toolbox and ADE are comparatively new as 

compared to other antenna design software programs. IE3D is good for simple structures but it is not 
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suitable for complex structures. FEKO is suitable for large structures, but it requires very large Random-

Access Memory (RAM) [117]. HFSS and CST are the two main competitors for antenna design. The 

CST time domain solver is more accurate than HFSS time domain solver. The accuracy of CST 

Microwave Studio is also greater than HFSS for wide range of frequency spectrum [119]-[124]. The 

CST has different studios for multiple applications. The design and analysis of static and low frequency 

applications is achieved by using CST EM (Electromagnetic) Studio. Its applications include motors, 

sensors, shielding enclosures, actuators and transformers. CST employs CST Mphysics Studio (CST 

MPS) for the analysis of mechanical and thermal stress. Free moving charged particles simulation is 

done with the help of CST Particle Studio (CST PS). CST Cable Studio (CST CS) is used for 

Electromagnetic Compatibility (EMC) and Electromagnetic Interference (EMI) analysis of a cable and 

its signal integrity simulation. The EMC and EMI analysis and signal integrity simulation for Printed 

Circuit Boards (PCB) is done by using CST PCB Studio (CST PCBS). Moreover, the CST Design 

Studio (CST DS) allows the user to combine it with other studios for simulation of integrated electronics 

and Multiphysics [125], [126]. We have used CST Microwave studio for our antennas design because 

of its advantages as compared to other software programs. 

3.6 CST Microwave Studio®  

For accurate measurement of high frequency problems and 3-D electromagnetic simulation CST 

Microwave Studio is the perfect tool. It uses Finite Integration Technique (FIT). It works in window-

based environment on computer for calculation of antenna parameters. CST Microwave Studio® 

provides an excellent interface for modelling which simplifies the inputting process of the structure. 

The device definition is more simplified by strong graphic. After component modelling the meshing 

procedure is applied before the start of simulation engine. CST Microwave studio gives you the facility 

to improve and analyse your design in an efficient way with its post processing feature and advanced 

visualisation engine [122]. The complete technology approach in this software enables the user to 

choose the most appropriate mesh type or solver for a particular problem. As different methods are 

needed for different applications, this software has different solvers which are integral equation solver, 

multilayer solver, asymptotic solver, time domain solver, eigenmode solver and frequency domain 
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solver. Mesh type of each technique depends on the type of simulation. Perfect Boundary 

Approximation (PBA) feature comes in combination with hexahedral meshes. Hexahedral meshes also 

has a combination with Thin Sheet Technique (TST) extension for some solvers. CST Microwave 

Studio also features the combination of octree based meshing algorithm and hexahedral meshes. These 

techniques of combining hexahedral meshes with other features reduces overall cell count and it also 

improves the simulation accuracy as compared to conventional hexahedral meshes. Time domain 

solvers support hexahedral mesh. Tetrahedral and hexahedral meshes both are supported by eigenmode 

and frequency domain solver. Multilayer solver and integral equation solver support linear, curved 

surface and multilayer meshes. The time domain solver is so flexible that it can obtain the whole 

broadband frequency behaviour of a device in one calculation run. The time domain solver is the best 

tool for high frequency applications such as transmission lines, antennas, connectors and waveguide 

components [122].  

In CST Microwave Studio there are two-time domain solvers and they both use hexahedral mesh. One 

is based on Transmission Line Matrix (TLM) method and the other one is based on FIT method. 

Frequency domain solvers are used for the structures which are very small electrically than their shortest 

wavelength because for such kind of structures the efficiency of the time domain solvers gets reduced. 

A very fine mesh is needed for electrically large structures. For that purpose, the CST Microwave studio 

has integral equation-based solver. Quadrilateral and curved triangular surface mesh are used by integral 

equation-based solver for electrically large structure. Characteristics Mode Analysis (CMA) tool 

facilitates the design of antennas of different shapes. This tool is built into multilayer solver and integral 

equation solver. Asymptotic solver is used for electrically extremely large structures. The ray tracing 

technique is employed in asymptotic solver. Multilayer solver is mainly used for planar structures and 

it employs the MoM technique for problem solving. In applications such as filter design the calculation 

of operating modes is required. The CST Microwave Studio has eigenmode solver for such applications. 

In a closed electromagnetic device, the eigenmode solver can efficiently calculate a finite number of 

modes. There are number of options to visualize the simulation results of each solver. CST Microwave 

Studio also has other features which include structure modeler full parameterization, parameter sweep 
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tool and built-in optimizer. Based on the applications of CST Microwave Studio, it is the best software 

for design and analysis of electromagnetic devices [122]. 

3.7 Chapter Summary 

In this chapter the design methodology for implantable antennas is discussed. The schematic of design 

procedure is given to explain the process. Tools and techniques employed to design the antenna are 

discussed. A flow chart is also added to elucidate the antenna design procedure. Theoretical model of 

antenna was developed based on the literature review. Simulations were carried out in CST Microwave 

Studio. To analyse the antenna performance in implantable scenario the human phantom was used. 

Project milestones are explained to divide the whole project into different stages. Numerical modelling 

techniques are discussed and the software programs available for antenna design are listed. Detailed 

introduction of CST Microwave Studio® software is given. 
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Chapter 4 

4. Design of Implantable Antennas 

4.1 Introduction  

Implantable devices are mainly dependent on implantable antennas for communication. Overall size of 

an implantable device can be reduced and its weight can be lowered by using compact size antennas. 

The small size of the antenna gives more room for the batteries and other circuitry components. The 

antenna with larger size may yield to wider bandwidth and high gain values but they make the 

implantable device bigger in size and weight. Patch antennas are the best option for such applications. 

Their easy design and ease of integration with sensors makes them the best candidate for the purpose 

[127]. The low profile and low cost are also the characteristics of the patch antennas. Various patch 

antennas for implantable applications were presented in the open literature which are discussed in 

chapter 2 and are critically analysed.  

The design of compact size antennas which meet the requirements for the implantable application are 

the main focus of this thesis. These requirements include high gain, wider bandwidth, small size, low 

cost, light weight, larger radiation efficiency, good radiation pattern, low SAR, smallest frequency 

detuning and ease of integration with implantable sensors. It is quite difficult to avoid frequency 

detuning inside the human body tissues especially in case of patch antennas as they have narrow 

bandwidth. The frequency detuning can be minimized by antenna design optimization. Various factors 

need to be considered for antenna design optimization such as resonant frequency, substrate dielectric 

constant, type of the tissue layer of human body phantom, thickness of tissue layer, implant position 

and implant depth etc. In this chapter the design of implantable antennas is presented first. Each design 

process is elaborated thoroughly. The parameters are studied and the optimization process for the 

antennas is explained. The antennas are simulated in simplified body model and results are explained 

with any amendments in design to meet the requirements for the implantable applications. Simplified 
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body model refers to low resolution model based on high level discretization using basic geometrical 

shapes (such as rectangular or circular bricks) as compared to high resolution inhomogeneous whole 

body human model. Single tissue layers of simplified human body phantom are used to evaluate the 

designed antenna performance in implantable conditions. The designed antennas performance in 

multilayer tissues is evaluated in chapter 5. Antenna designs are compared with the antennas presented 

in the literature.  

4.2 Circular Patch Antenna 

As explained earlier patch antennas has many advantages over other antennas for implantable 

applications. We have designed a circular patch antenna for such an application operating at 915 MHz 

in ISM band. While designing this antenna we have assumed the lossy surrounding media as human 

body tissues are lossy in nature. As electrical properties of the human body tissues are different at 

different frequencies, so the human body tissues are taken as part of design process. Careful 

considerations are taken to choose the substrate material for antenna design for body tissue safety. The 

conductivity of the body tissues also contributes to impedance mismatch which is reduced by applying 

appropriate design techniques. Following equations are used as a reference to start the circular patch 

antenna design [113], [128]. However, the final antenna design dimensions are obtained through 

optimizations in CST Microwave Studio software.  

 𝑎𝑒𝑓𝑓 =
𝑥11

′ 𝑐

2𝜋𝑓𝑟√𝜀𝑟
 (4.1) 

 𝑎 =
𝑎𝑒𝑓𝑓

√{1+
2ℎ

𝜋 𝑟𝑎𝑒𝑓𝑓
[ln(

𝜋𝑎𝑒𝑓𝑓

2ℎ
)]}

 (4.2) 

Where 𝑎𝑒𝑓𝑓 is effective radius of the patch. The effective radius of patch is calculated for taking into 

account the fringing effect. 𝑥11
′  represents the first order derivative of the Bessel function and its value 

is 1.8412. The value of c is 3×108 m/sec and it denotes the speed of light. fr is the resonant frequency of 

915 MHz and 휀𝑟 is the dielectric constant of the substrate with a value of 10.2. a is the actual radius of 

the patch whereas h denotes the height of substrate which is 0.13 mm. By solving the equations (4.1) 
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and (4.2), the radius of patch comes out as 30 mm which is very large. If the size of the antenna is 

reduced the resonant frequency will shift to a higher value. The miniaturization is one of the basic 

requirements for an antenna to be used with implantable sensors. So, different miniaturization 

techniques have been used to reduce the size of circular patch antenna which include the use of high 

permittivity dielectric superstrate, slotted patch and ground plane and the use of shorting pin loading. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.1- Slot creation in the patch of circular patch antenna (a)- case 0 (b)- case 1 (c)-case 2 (d)- 

case 3 

The patch of the antenna is sandwiched between a substrate layer and superstrate layer. The superstrate 

layer prevents the direct contact between the radiating patch and human body tissues. It also helps to 

lower antenna operating frequency while keeping the size of the antenna small. The ground plane and 

patch material are copper annealed with a thickness of 0.035 mm. The substrate material is Rogers 

RO3010 with a dielectric constant (εr = 10.2) and loss tangent (tan δ = 0.0023). The superstrate material 

is same as substrate with a thickness of 0.25 mm. A shorting pin between patch and ground plane is 

used in the design with a radius of 0.2 mm and a position of P = (X = -0.5; Y = -0.7) and its material is 

PEC. The antenna is excited by a 50-Ω coaxial probe feed which is located at P = (X = 2.1; Y = -1.5).  

 

(a) 

 

(b) 

                                      

Figure 4.2- (a) Slotted patch of the circular patch antenna (b) Slotted patch of the circular patch 

antenna with labelled parameters 
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Slots are etched in the patch and ground plane at positions where current is maximum. Figure 4.1 

demonstrates how the slots are created in the patch of the circular patch antenna in different stages from 

case 0 to case 3. The purpose of the slots is to elongate the current path which makes a physically small 

antenna an electrically large antenna. Slots also help in miniaturization by shifting the resonant 

frequency of the antenna to a higher or lower value depending on the size and position of the slots. In 

antennas some of the power is converted into surface waves which lowers the antenna radiation 

efficiency. The insertion of slots provide discontinuity in the path of these waves causing them to be 

radiated instead of staying in the structure. Labelled diagram of the patch of the circular patch antenna 

is shown in Figure 4.2.  

 

Figure 4.3- Simulated return loss plot of the circular patch antenna in free space in different stages of 

slots creation in the patch with solid ground plane 

For an antenna to resonate the standard is that the antenna return loss (S11) should be less than or equal 

to -10 dB (S11≤-10). The lower value of S11 would indicate that the maximum power is transmitted to 

the medium and reflected back power is small and vice versa. The return loss of the circular patch 

antenna in different stages of slots creation when simulated in free space with solid ground plane is 

shown in Figure 4.3. Case 0 represents the solid patch and solid ground plane. It is evident from case 0 

curve in Figure 4.3 that there is not any resonance for frequency range from 0 to 3 GHz. The insertion 
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of slots on left and right side of the circular patch antenna as shown in Figure 4.1(b), creates a resonance 

around 2.9 GHz which is given as case 1 plot curve in Figure 4.3. The resonant frequency of the circular 

patch antenna is further shifted to a lower value of around 2.8 GHz by inserting two horizontal slots on 

upper top and lower bottom side of the patch as depicted in Figure 4.1(c). The return loss plot curve 

labelled as case 2 in Figure 4.3 represents this frequency shift. A horizontal slot is etched in centre of 

the patch and a vertical slot is created in the middle of upper half of the patch which is connected with 

the central horizontal slot. These slots are shown in Figure 4.1(d) and the return loss of the circular patch 

antenna after creating these slots is given in Figure 4.3 which is labelled as case 3. It can be seen that 

the frequency has shifted from around 2.8 GHz to 1.9 GHz but the value of the S11 was changed from 

-16 dB to -10 dB. The detailed dimensions of the patch slots of the circular patch antenna are given in 

Table 4.1. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.4- Slots creation in the ground plane of the circular patch antenna (a)- case 0 (b)- case 1 (c)- 

case 2 (d)- case 3 

After etching the slots in the patch, the circular patch antenna was resonating at 1.9 GHz but our aim is 

to design the antenna to resonate at 915 MHz. For that purpose, we engineered the ground plane of the 

circular patch antenna. The creation of the slots in the ground plane of the circular patch antenna in 

different stages of the design process is depicted in Figure 4.4 (a), (b), (c) and (d). The slotted ground 

plane of the circular patch antenna with labelled parameters is shown in Figure 4.5. Figure 4.6 shows 

the side view of the circular patch antenna.  
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(a) 

 

(b) 

Figure 4.5- (a) Slotted ground plane of the circular patch antenna (b) Slotted ground plane of the 

circular patch antenna with labelled parameters 

 

 

 

Figure 4.6- Circular patch antenna side view 

The simulated return loss of the circular patch antenna in free space in different stages of slot creation 

in ground plane is shown in Figure 4.7. Case 0 plot curve represents the return loss of the circular patch 

antenna with solid ground plane and slotted patch. When a horizontal slot is etched in the centre of the 

ground plane as shown in Figure 4.4(b), the resonant frequency of the antenna is shifted from 1.9 GHz 

to 1.5 GHz. This frequency shifty is labelled as case 1 plot curve in Figure 4.7. Case 2 plot curve in 

Figure 4.7 is the return loss plot of the circular patch antenna when vertical slots are added in the middle 

of upper and lower half of the ground plane and in the lower left side of the ground plane. These slots 

are shown in Figure 4.4(c). The introduction of these slots in the ground plane has changed the resonant 
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curve but the value of the S11 is not less than -10 dB which is a standard condition for an antenna to 

resonate. The 915 MHz resonance is achieved by inserting two more vertical slots in lower left of the 

ground plane and one more vertical slot in upper right side of the ground plane as shown in Figure 

4.4(d). Case 3 plot curve in Figure 4.7 shows the simulated return loss after the addition of these slots. 

It can be seen that the antenna is resonating at 915 MHz and 2.6 GHz but our frequency of interest is 

915 MHz. After applying the miniaturization techniques and through extensive optimizations in CST 

Microwave studio, we have a miniature antenna with overall volume of π×42×0.38 mm3. The final 

design dimensions of the circular patch antenna obtained from CST Microwave Studio software are 

given in Table 4.1. 

 

Figure 4.7- Simulated return loss plot of the circular patch antenna in free space in different stages of 

slot creation in the ground plane with slotted patch 

The dimensions of the antenna impact the antenna resonant frequency and its performance. If the 

dimensions of the parameters in Table 4.1 are changed the circular patch antenna resonant frequency 

would shift to a higher or lower frequency band. If we increase the value of L, W, W1 and W4-W5 the 

resonant frequency will shift to higher frequency bands. Decreasing the values of these parameters will 

have the opposite effect. The resonant frequency of the antenna will shift to lower frequency band with 

an increase in values of the parameters W2-W3, L1 and L4-L12. The bandwidth of the circular patch 
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antenna becomes wider with a decrease in W6 and L2-L3 values. The bandwidth is not effected by the 

change in values of W2-W3. If we increase the values of L2-L3 and W6, the bandwidth of the antenna 

would become narrow. 

Table 4.1- Circular patch antenna dimensions 

Parameter Dimensions 

(mm) 

Parameter Dimensions 

(mm) 

Parameter Dimensions 

(mm) 

L 0.7 L7 3.23 W1 1.5 

L1 0.9 L8 3.4 W2 4.4 

L2 4.6 L9 1.7 W3 0.55 

L3 0.3 L10 3.55 W4 0.5 

L4 1.85 L11 3 W5 0.3 

L5 0.7 L12 2.85 W6 0.25 

L6 3.5 W 4 W7 5.7 

 

We aim to design this antenna to resonate at 915 MHz to be used for the implants inside the skin layer. 

We have implanted the circular patch antenna inside the simplified skin layer phantom to test its 

performance in implantable conditions as shown in Figure 4.8. The dimensions of the simplified skin 

layer phantom of the human body are (π×352× 30) mm. The electrical properties of human skin tissue 

layer at 915 MHz are εr = 41.6 and σ = 0.87 S/m [129]. The 30mm height of the phantom seems 

unrealistic but literature has been followed for the design process. In [15] a 30 mm height of the human 

body phantom is used for antenna simulation. The implantable antennas presented in [71],[79] and [129] 

are designed using the phantom height of 60 mm, 20 mm and 45 mm. So, we have used a 30 mm height 

of the skin layer phantom in our antenna design.  
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Figure 4.8- Block representation of circular patch antenna in simplified skin layer phantom 

The simulated return loss plot of the circular patch antenna in free space and in skin layer phantom is 

shown in Figure 4.9. It is evident from Figure 4.9 that the return loss at 915 MHz is -13 dB in free space 

which shows that the antenna is operating at this frequency whereas the antenna is not working in skin 

layer. The bandwidth of the antenna in free space is 5 MHz at an operating frequency of 915 MHz. As 

explained in chapter 2, different human body tissues have different conductivity and permittivity at 

different frequencies. Moreover, the implantable antennas are application dependent whether the 

application is for skin, fat, muscle, brain, stomach, bone or any other type. The circular patch antenna 

design was optimized to operate in skin layer of the human body. 

 

Figure 4.9- Return loss of the circular patch antenna in free space and in skin layer phantom 
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4.2.1 Circular Patch Antenna Optimization 

The circular patch antenna was optimized to operate in skin layer at 915 MHz. Following changes are 

made in the above design for optimization. 

• The position of shorting pin was changed from P = (X = -0.5; Y = -0.7) to P = (X = -1; Y = 1). 

• The width of the slot W4 was changed from 0.5mm to 0.3mm. 

• Slots with length L7, L9 and L10 were removed. 

• The length of slot L11 was reduced from 3mm to 2.4mm. 

• Slot L12 length was changed from 2.85mm to 2.4mm. 

The simulated return loss of the circular patch antenna in simplified skin layer phantom after design 

optimization is shown in Figure 4.10. It can be seen in Figure 4.10 that the antenna resonates at 915 

MHz with a -10 dB bandwidth of around 90 MHz. The bandwidth of the implantable antennas keeps 

changing if human body phantoms of different dimensions are used. The radiation efficiency of the 

antenna is -31.6 dB when simulated in skin layer phantom at 915 MHz. 

 

Figure 4.10- Return loss of the circular patch antenna in skin layer phantom after design optimization 

The 3D radiation pattern of the antenna is given in Figure 4.11. The radiation pattern and skin layer 

phantom are set to be transparent in Figure 4.11 to show the antenna inside radiation pattern diagram. 
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The radiation pattern of the antenna gets changed when implanted inside the phantom due to power 

absorption, reflection or diffraction from the tissue boundaries. The dimensions of phantom and antenna 

orientation has also effect on antenna performance. This antenna has a directivity of 3.2 dBi with a peak 

realized gain of -28.8 dBi.  

 

Figure 4.11- 3D radiation pattern of the circular patch antenna in skin layer phantom at 915 MHz 

The E-plane (electric field plane) of an antenna is defined as the plane which contains the electric field 

vector and direction of maximum radiation whereas the H-plane (magnetic field plane) is defined as the 

plane which contains the magnetic field vector and direction of maximum radiation. The H-plane lies 

at 90 degrees to the E-plane [113]. Figure 4.12(a) shows the E-plane radiation pattern of the circular 

patch antenna at 915 MHz. The magnitude of main lobe of radiation is 3.12 dBi. Main lobe direction is 

69 degrees with 3 dB angular width of 194.4 degrees. The H-plane radiation pattern of the circular patch 

antenna is shown in Figure 4.12(b). It is evident from the graph that the magnitude of main lobe of 

radiation is 1.5 dBi with an angle of 3 degrees. The 3 dB angular width of main lobe of radiation is 

174.8 degrees. 
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(a) 

 

(b) 

Figure 4.12- Polar plot of radiation pattern of the circular patch antenna in skin layer phantom at 915 

MHz (a) E-Plane (b) H-Plane 

When an antenna is implanted inside the human body, the antenna power is absorbed by the body tissues 

because of their lossy nature. The power absorption in tissues is different at different frequencies. A 

large amount of absorbed power by the body tissues will damage them. There are two standards for 

SAR to protect the human body tissues from harmful electromagnetic radiations. SAR should be less 

than 1.6 w/kg averaged over 1g cubic volume of tissue according to IEEE C95.1-1999 standard and 2 

w/kg averaged over 10g cubic volume of the tissue according to IEEE C95.1-2005 standard [6]. The 1g 

and 10g SAR graph of the circular patch antenna is given in Figure 4.13. 

 

                                  (a) 

 

                                      (b) 

Figure 4.13- Circular patch antenna SAR in skin layer phantom at 915 MHz (a) 1g avg. (b) 10g avg. 
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It can be seen in above Figure 4.13 that the 1g avg. SAR is 1218 W/Kg and 10g avg. SAR is 125.2 

W/Kg at 915 MHz when the input power of the antenna was 0.5W. These SAR values seems higher 

than the standards specified. To meet the SAR requirements for 1g avg. the maximum allowed input 

power of the antenna should be limited to 1.3 mW and for 10g avg. the maximum allowed input power 

should be limited to 16 mW [130]. Hence the SAR values for this antenna are within allowable limits.  

4.2.2 Parametric Study of Circular Patch Antenna 

The antenna parameters are of great importance when analysing its performance. In the proposed 

antenna design we have used a superstrate layer on the top of patch as well which is not very common 

in conventional antenna design that are to be used either on-body or for outer body applications. The 

purpose of using superstrate layer is to prevent the direct contact between the human body tissues and 

the radiating element which is patch in this design. The superstrate layer minimizes the harmful effect 

of electromagnetic radiations. To make the implantable antennas resonate on a lower frequency by 

keeping their size compact is very difficult because the resonant frequency and the size of antenna are 

inversely proportional to each other. The larger the size of the antenna the lower the resonant frequency 

will be and vice versa.  

A high value of the dielectric constant of substrate material also helps to shift the frequency to a lower 

value. When we use the superstrate layer the dielectric constant of substrate and superstrate layer adds 

up and makes the antenna to resonate on a lower frequency. Another reason for using the high 

permittivity dielectric substrate and superstrate is to make the antenna biocompatible. The human body 

tissues have high permittivity values, so if the antenna substrate and superstrate have high value of 

permittivity then the antenna will be more biocompatible. Slots are etched in the patch in this design. 

The purpose of slots is to make a physically small antenna an electrically large antenna as the slots 

elongate the current path. Slots also help to adjust the resonant frequency. The electric and magnetic 

field path is disturbed by the slots and the point at which their magnitude become maximum they leave 

the patch generating a frequency of resonance. The slots in the ground plane helps to lower the resonant 

frequency and to improve the antenna bandwidth. The thickness of substrate and superstrate also effect 

the antenna performance. A higher value of thickness of substrate or superstrate layer would yield into 
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a higher frequency, but a lower value of thickness would have an opposite effect on resonance. The 

purpose of shorting pin is to minimize the resistance of the patch which was increased because of slots. 

The shorting pin also helps to lower the resonant frequency.  

 

Figure 4.14-Return loss of the circular patch antenna in skin layer phantom with changing parameters 

The return loss plot of the antenna with different changing parameters is given in Figure 4.14. It can be 

seen in Figure 4.14 that the antenna is not resonating on any frequency with solid patch and ground 

plane. The antenna resonates at 915 MHz when slots are inserted in patch and ground plane. The 

resonant frequency of the circular patch antenna is shifted to a higher value and the value of S11 was 

increased from -14 dB to -10.5 dB when the slots L4 and L5 were removed from patch. The removal of 

slots L8 and L11 causes a minor shift in the frequency but the value of S11 has increased from -14 dB 

to -10 dB. The absence of superstrate layer also shows a shift in frequency.  

The comparison of the circular patch antenna with similar designs presented in literature is given in 

Table 4.2. The size of the designed circular patch antenna is smallest than all of the antennas presented 
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in Table 4.2. The gain of the proposed circular patch antenna is higher than the gain of the antenna in 

[129] at 915 MHz. The gain of some of the antennas is higher than our designed antenna but they operate 

at higher frequency and they have large size. As the small size antennas have narrow bandwidth, so our 

designed antenna has a narrow bandwidth. But in comparison with the other antennas, their bandwidth 

is not wider as it should be because of their large dimensions. The SAR values of our designed circular 

patch antenna seems higher but they were calculated when the input power of the antenna was 0.5 W. 

Because of the small size of the antenna, the maximum allowed power of the antenna should be limited. 

In comparison with similar antennas in Table 4.2, the circular patch antenna has a size reduction of 

around 15% with an overall performance improvement of 9%. 

Table 4.2- Circular patch antenna comparison with previous work 

Reference Antenna 

volume(mm3) 

Frequency 

(GHz) 

Gain (dBi) Bandwidth 

(MHz) 

SAR(W/Kg) 

1g 10g 

[71] π×52×1.27 2.45 -22.7 303.8 508 - 

[77] π×5.352×1.34 0.402;2.45 -41;    

 -21.3 

165; 681 666,676 - 

[79] π×7.52×1.92 0.4035; 

0.4339; 2.45 

- 114; 260 239.5; 

159.4 

38.21; 

34.75 

[129] π×4.72×1.27 0.915 -32.8 112 778 - 

This work π×42×0.38 0.915 -28.8 90 1218 125.2 

 

4.3 Rectangular Patch Antenna  

The designed circular patch antenna is a miniaturized antenna with improved performance. However, 

the circular patch antenna cannot be further miniaturized. The size reduction in circular patch antenna 

would cause a frequency shift to a higher value and to adjust the resonant frequency, more slots need to 

be added in the patch and ground plane. The circular patch antenna has already slots in the patch and 

ground plane. The addition of more slots will decrease the antenna efficiency. A shorting pin has already 
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been inserted between patch and ground plane of the circular patch antenna to lower the antenna 

operating frequency. So, more shorting pins cannot be used in the design. Because of these challenges, 

a rectangular patch was selected to design a smaller size antenna with improved performance. The 

rectangular patch gives more ease to apply miniaturization techniques because of its geometry. The 

rectangular patch antenna is designed to be used for the implants in fat layer. To start the rectangular 

patch antenna design following equations are used as a reference [113],[131]. However, the final 

antenna dimensions are obtained through optimizations in CST Microwave Studio Software. 

 𝑊 =
𝐶

2𝑓𝑟√ 𝑟+1

2

 (4.3) 

Where W is the width of patch in mm. C is the speed of light and its value is 300×109 mm/s. fr is the 

resonant frequency of 2.4 GHz and εr is the dielectric constant of the substrate with a value of 10.2. The 

effective dielectric constant (εreff) and effective length (Leff) of the patch are calculated to take into 

account the fringing effect in the patch antenna. Leff consists of actual physical length (L) and the 

incremental length (∆L) of the patch which is introduced by fringing effect. The value of εreff , Leff , ∆L 

and L is given by following equations [113],[131]. 

 휀𝑟𝑒𝑓𝑓 =
𝜀𝑟+1

2
+

𝜀𝑟−1

2
{

1

√1+
2ℎ

𝑊

} (4.4) 

h is the height of the substrate which is 0.25 mm.  

 𝐿𝑒𝑓𝑓 =
𝐶

2𝑓𝑟√𝜀𝑟𝑒𝑓𝑓
 (4.5) 

 ∆𝐿 = ℎ × 0.412{
(𝜀𝑟𝑒𝑓𝑓+0.3)(

𝑊

ℎ
+0.264)

(𝜀𝑟𝑒𝑓𝑓−0.258)(
𝑊

ℎ
+0.8)

} (4.6) 

 𝐿 = 𝐿𝑒𝑓𝑓 − 2∆𝐿 (4.7) 

By solving the equations (4.3)-(4.7), we get the length and width of the patch of patch as 19.5 mm and 

26 mm. These dimensions are very large for an antenna to be used with implantable sensors. Extensive 

optimizations have been carried out by applying different miniaturization techniques to reduce the size 
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of the rectangular patch antenna. The miniaturization techniques used are the slotted patch and ground 

plane, use of high permittivity dielectric substrate and the shorting pin loading. The antenna is designed 

by using Rogers RT6010 (𝜖𝑟 = 10.2; 𝑡𝑎𝑛𝛿 = 0.0023) substrate. The superstrate layer is also used for 

human body tissue safety and to lower the operating frequency. The superstrate layer material and 

thickness are same as substrate. Copper cladding is used for antenna ground plane and patch material. 

The antenna is excited by a 50-ohm microstrip line. Slots are etched in the patch to elongate the current 

path which makes physically small antenna an electrically large antenna. Multiband operation of the 

antenna is also achieved with the help of slots in the patch. The insertion of slots in the patch introduces 

more electrical resistance which is reduced by a shorting pin P (X= -1.05; Y =1.45). The shorting pin 

also helps to lower the operating frequency. Slots are also introduced in the ground plane to adjust the 

resonant frequency and to achieve the wider bandwidth. The overall size of the antenna is (6×5×0.5) 

mm3. 

The slotted patch and ground plane of the rectangular patch antenna are shown in  Figure 4.15(a) and 

(b). Figure 4.16(a) and (b) shows the rectangular patch antenna patch and ground plane with labelled 

parameters whereas Figure 4.17 shows the rectangular patch antenna perspective view. The simulated 

antenna design is placed inside a (180×180×50) mm3 fat layer box as represented in Figure 4.18 to 

analyse the antenna performance. The rectangular patch antenna detail dimensions obtained from CST 

Microwave Studio software are presented in Table 4.3. 

 

(a) 

 

(b) 

Figure 4.15- (a) Rectangular patch antenna patch view (b) Rectangular patch antenna ground plane 

view 
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(a) 

 

(b) 

Figure 4.16- (a) Rectangular patch antenna patch with labelled parameters (b) Rectangular patch 

antenna ground plane with labelled parameters 

 

Figure 4.17- Rectangular patch antenna perspective view 

 

Figure 4.18- Block representation of rectangular patch antenna inside fat layer phantom 
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Table 4.3- Rectangular patch antenna detailed dimensions 

Parameter Dimensions(mm) Parameter Dimensions(mm) Parameter Dimensions(mm) 

L 6 L12 0.3 W7 0.3 

L1 1.1 L13 0.2 W8 0.3 

L2 2 L14 0.2 W9 0.15 

L3 0.2 L15 0.3 W10 0.25 

L4 0.4 L16 0.25 W11 0.2265 

L5 1.7 W 5 W12 0.3 

L6 2.9 W1 0.275 W13 0.2 

L7 0.1 W2 0.15 W14 0.425 

L8 2.15 W3 0.3 W15 0.1 

L9 0.2 W4 0.226 W16 0.3 

L10 0.5 W5 0.2 W17 0.25 

L11 1.4 W6 0.6 W18 0.1 

 

The antenna dimensions impact the antenna resonant frequency and its performance. The change in 

parameters dimensions in Table 4.3 will have the effect on the resonant frequencies of the rectangular 

patch antenna. The rectangular patch antenna is designed to operate at three frequencies of 402 MHz, 

915 MHz and 2.4 GHz. If we increase the values of W4-W5, L7 and L9 the resonant frequency of 402 

MHz will shift to higher frequency band. The resonant frequency of 402 MHz will shift to lower 

frequency band with an increase in values of W2, L5-L6 and L16. The -10 dB bandwidth of rectangular 

patch antenna at 402 MHz will increase with an increase in values of W3, W7, W11 and L2 while an 

increase in values of W15, L11 and L15 will increase the bandwidth at 915 MHz. The bandwidth at 2.4 

GHz will increase with increase in values of L12 and W17. The decrease in values of these parameters 

would have the opposite effect. If the value of W9, W13, W18 and L14 is increased, it will shift the 915 

MHz resonant frequency to higher frequency band. The 915 MHz frequency will be shifted to a lower 

frequency band with an increase in values of L3, W8 and W12. Similarly, increasing the values of W10, 
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W16, L1 and L10 will shift the 2.4 GHz frequency to higher frequency band while this frequency will 

shift to a lower frequency band with an increase in values of W6, W14, L4 and L8. 

 The return loss of the antenna in fat layer phantom is shown in Figure 4.19. It can be seen in the graph 

that the antenna is resonating at 402 MHz, 2.1 GHz and 2.43 GHz and the antenna has narrow bandwidth 

around these frequencies in free space. When the antenna was implanted inside the fat layer the return 

loss plot changed because of the lossy nature of the medium. In fat layer the resonance curve shows that 

at 402 MHz the frequency has a downward shift but it still covers the desired frequency band from (328-

436) MHz. The frequency has shifted to a lower value in the lower ISM band generating 915 MHz band 

(0.91-1.08) GHz. In higher ISM band the antenna resonates at 2.4 GHz (2.32-2.57) GHz. The bandwidth 

of the antenna depends on many factors such as size of the phantom, depth of the implant and orientation 

of the antenna etc. The -10 dB bandwidth of rectangular patch antenna at 402 MHz is 108 MHz, at 915 

MHz is 170 MHz and at 2.4 GHz is 250 MHz.  

 

Figure 4.19- Return loss of the rectangular patch antenna in fat layer phantom 

Figure 4.20 shows the 3D radiation pattern of the rectangular patch antenna when implanted inside 

simplified fat layer phantom. The directivity of the antenna at resonant frequencies is 1.94 dBi, 5.34 dBi 

and 6.41 dBi. As we approach the higher frequencies the value of directivity is increasing. The gain of 

the rectangular patch antenna at resonant frequencies is -47.7 dBi, -37.2 dBi and -25.5 dBi. The radiation 
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efficiency of the antenna at relevant frequencies is -50 dB, -42 dB and -32 dB. The directivity and gain 

of the antenna increase with the increasing frequency because the electrical length of the antenna 

increases at higher frequencies. The lower frequency of operation in implantable antennas is preferred 

because the conductivity of body tissues increases with frequency. It is evident from Figure 4.22 and 

Figure 4.23 that the specific absorption rate has increased at higher frequencies. The higher frequencies 

of ISM band are used by other applications as well but MICS band is dedicated to implantable 

applications only. So, at higher frequencies the signals could be lost during data transmission and 

reception because of signal interference.  

 

 

(a) 

 

(b) 

 

(c) 

Figure 4.20- 3D radiation pattern of the rectangular patch antenna (a) 402 MHz (b) 915 MHz (c) 2.4 

GHz 

 

The E-plane and H-plane radiation pattern of rectangular patch antenna at resonant frequencies is given 

in Figure 4.21. The antenna has quite omnidirectional radiation pattern at resonant frequencies. The 

directivity of the antenna is different at different frequencies. Because of the antenna geometry the 

current distribution is similar across E and H-plane. This results in identical E and H-plane at single 

frequency in Figure 4.21 [132], [133]. 
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(a) 

 

(b) 

Figure 4.21- (a) E-plane radiation pattern of the rectangular patch antenna (b) H-plane radiation 

pattern of the rectangular patch antenna 

The specific absorption rate (SAR) 1g avg. of the rectangular patch antenna at resonant frequencies is 

shown in Figure 4.22. At 402 MHz the 1g avg. SAR is 122.1 W/Kg, 183.7 W/Kg at 915 MHz and 862.6 

at 2.4 GHz. These values were calculated with an input power of 0.5W. These values are higher than 

the standard 1.6 W/Kg [6]. To keep the SAR within allowed limits the input power of the antenna should 

be reduced. The maximum allowed input power of the antenna at 402 MHz should be 13 mW, 8.7 mW 

at 915 MHz and 1.85 mW. 

 

(a) 

 

(b) 

 

(c) 

Figure 4.22- 1g avg. SAR of the rectangular patch antenna (a) 402 MHz (b) 915 MHz (c) 2.4 GHz 

Figure 4.23 describes the 10g avg. SAR of the rectangular patch antenna at resonant frequencies. The 

10g avg. SAR at 402 MHz is 12.25 W/Kg, 18.42 W/Kg and 86.42 W/Kg at 2.4 GHz provided that the 

input power of the antenna was 0.5W. The calculated SAR values are higher than the 10g avg. standard 

which is 2 W/Kg. To meet the SAR requirement the maximum allowed input power of the antenna 
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should be limited to 163 mW at 402 MHz, 108.6 mW at 915 MHz and 23 mW at 2.4 GHz. The SAR is 

more at higher frequencies because of the losses.  

 

 

(a) 

 

(b) 

 

(c) 

Figure 4.23- 10g avg. SAR of the rectangular patch antenna (a) 402 MHz (b) 915 MHz (c) 2.4 GHz 

4.3.1 Rectangular patch antenna parametric study 

The antenna parameters effect its resonating frequency and performance. The above designed antenna 

is a microstrip patch antenna. The width of microstrip line has a huge impact on impedance matching. 

If the width of line is too large it will bring the line impedance to a lower value and vice versa. So, the 

feed line should be designed carefully to match the impedance to the standard characteristics impedance 

of 50-Ω. A poorly matched antenna does not perform well in free space and when it is implanted inside 

the body tissues its performance will be more degraded. The thickness of the superstrate and substrate 

play an important role for frequency adjustment and gain improvement.  

A thick substrate layer will shift the resonant frequency to a higher value but it improves the gain. A 

thin cladding of substrate will have the opposite effect. The superstrate layer has not much effect on 

gain of the antenna. However, a high value of dielectric constant of superstrate material will shift the 

resonant frequency to a lower value. The position of shorting should be at optimum position to ensure 

the right resonance. The slots in the ground plane helps to improve bandwidth and to adjust resonant 

frequency. The slots in the patch help to generate more frequency bands. Figure 4.24 shows the effect 

of changing parameters on the return loss of the antenna. 
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Figure 4.24- Return loss of the rectangular patch antenna with changing parameters 

When the antenna was simulated without superstrate layer the resonance curve shows that the value of 

S11 has changed from lower to a higher value with a slight shift in frequency around MICS band. 

Without superstrate layer the antenna operates at two frequencies but with superstrate layer the antenna 

operates at three frequencies. When the slots are removed on the lower half of the ground plane the 402 

MHz frequency is same but the higher ISM band frequency is shifted to a higher value. The effect of 

slots (L1-L6, L13, W5-W10) removal on the right half of the patch is also plotted in Figure 4.24. This 

effect is much similar to the results when antenna was simulated without superstrate layer but the value 

of S11 has changed from higher to a lower value around 402 MHz. When the shorting pin position was 

changed to the right side of the patch the antenna is resonating at only one frequency band.  

The rectangular patch antenna comparative analysis with previous work is given in the Table 4.4. It can 

be seen that the designed rectangular patch antenna has smallest size than all of the antennas presented 

in Table 4.4. Our designed antenna operates in three frequency bands whereas the other antennas either 

operate at single band or dual band frequency. The gain of the antenna in [67] is lower than the gain of 

our designed antenna at 2.4 GHz. The gain of the other antennas is higher than the proposed rectangular 

patch antenna but they have larger dimensions. The bandwidth of our designed antenna is wider than 
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the antennas bandwidth in [11], [62] and [76]. At 402 MHz the antenna presented in [76] have higher 

1g SAR value than our designed rectangular patch antenna. The 1g and 10g avg. SAR values of our 

designed antenna at 915 MHz are lower than the SAR values of the antenna presented in [62]. Although 

some of the antennas presented in Table 4.4 has one or two better performance parameters than our 

designed antenna but an overall size reduction of 29% is achieved in our antenna design with an overall 

performance improvement of 15%. 

Table 4.4- Rectangular patch antenna comparison with previous work 

Reference Size(mm3) f0 (GHz) Gain 

(dBi) 

Bandwidth 

(MHz) 

Shorting 

pin used 

SAR (W/Kg) 

1g 10g 

[10] 11×11×2 2.4 -20.8 500 NO 356.4 - 

[11] 10×10×0.65 2.45 -7.9 180 NO 136 - 

[62] 8×6×0.5 0.915; 

2.45 

-28.5;     

-22.8 

90; 210 NO 971.56; 

807.34 

118.26; 

102.04 

[67] 14.2×16.64×0.254 2.45 -29.1 780 NO 368.7 - 

[76] 23×16.4×1.27 0.402 -34.9 52 YES 284.5 - 

Proposed 

work 

6×5×0.5 0.402; 

0.915; 

2.4 

-47.7; 

-37.2; 

-25.5 

108;170;250 YES 122; 

184; 

863 

12.25; 

18.42; 

86.42 

 

4.4 Compact Size Antenna 

We have designed the compact size patch antenna to be used for the implants in skin layer of the human 

body. To start the compact size antenna design we have used equations (4.3-4.7) as a reference. The 

length and width of the patch for a frequency of 915 MHz comes out as 51mm and 69mm by solving 

the equations (4.3-4.7). These dimensions are very large and need to be reduced to fulfil the requirement 

of a miniature antenna for implantable applications. We have used the shorting pin loading technique, 

slotted patch and ground plane and high permittivity dielectric superstrate to reduce the size of the 
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antenna. The final dimensions of the compact size antenna are obtained through optimizations in CST 

Microwave Studio software. The compact size antenna patch view is shown in Figure 4.25 and ground 

plane is shown in Figure 4.26. This antenna design includes 0.25 mm substrate layer of Rogers RT3010 

(𝜖𝑟 = 10.2; 𝑡𝑎𝑛𝛿 = 0.0023).  

 

(a) 

 

(b) 

Figure 4.25- (a) Compact size antenna patch (b) Compact size antenna labelled patch  

The superstrate layer is useful to protect the human body tissues from harmful radiation and to lower 

the operating frequency. The superstrate layer has a thickness of 0.05mm and its material is polyimide 

(𝜖𝑟 = 4.3; 𝑡𝑎𝑛𝛿 = 0.004). A 50-ohm coaxial probe is used to excite the antenna. The position of feed is 

p (x= -1.6; y= 1.6). Shorting pin is also used to further lower the frequency of the antenna p (x= -0.05; 

y= -1.9). The shorting pin also decreases the patch resistance. The copper cladding is used for patch and 

ground plane. 

 

(a) 

 

(b) 

Figure 4.26- (a) Compact size antenna ground plane (b) Compact size antenna labelled ground plane 
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Figure 4.27- Compact size antenna side view 

The size of the antenna is (4×4×0.3) 4.8 𝑚𝑚3. The CST Microwave Studio software is used to design 

the antenna. The side view of the compact size antenna is shown in Figure 4.27. The antenna was 

simulated in skin box with dimensions of (110×110×28) mm3 as shown in Figure 4.28. The rectangular 

patch antenna was simulated inside the fat layer phantom because it was designed for the implantable 

devices to be used inside the fat tissue layer of the human body. However, the compact size antenna is 

simulated inside the skin layer phantom because it is designed for the implantable devices to be used 

inside the skin tissue layer of the human body. The dimensions of antenna are given in Table 4.5. 

 

 

Figure 4.28- Block representation of compact size antenna inside skin layer phantom 
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Table 4.5- Compact size antenna dimensions 

Parameters Dimensions 

(mm) 

Parameters Dimensions 

(mm) 

Parameters Dimensions 

(mm) 

L 4 L6 0.8 W5 0.4 

L1 1 W 4 W6 3.45 

L2 0.7 W1 0.2 W7 2.7 

L3 1.5 W2 0.1 W8 0.1 

L4 1.5 W3 0.15   

L5 1.6 W4 0.45   

 

Figure 4.29 shows the return loss of the compact size antenna in free space and in simplified skin layer 

phantom. It can be seen in the Figure 4.29 that the antenna is resonating at 915 MHz and 2.2 GHz in 

free space. However, our frequency of interest is 915 MHz. The resonant frequency of the compact size 

antenna has shifted downwards from 915 MHz to 800 MHz in skin layer phantom but it still covers the 

915 MHz band. The radiation efficiency of this antenna in skin layer is -39 dB. To minimize the 

frequency shift the compact size antenna was optimized for better performance.  

 

Figure 4.29- Return loss of the compact size antenna in free space and skin layer phantom 
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4.4.1 Compact size antenna optimization 

The compact size antenna design was optimized for the better performance and to adjust the operating 

frequency in implantable conditions. Optimized antenna patch and ground plane are shown in Figure 

4.30 and Figure 4.31. The detailed dimensions of the optimized antenna design are given in Table 4.6. 

 

(a) 

 

(b) 

Figure 4.30- Compact size antenna optimized design (a) Patch view (b) Labelled patch view 

 

Following changes were made in the above design. 

• Thickness of substrate was changed from 0.25 mm to 0.13 mm. 

• The superstrate material was changed from polyimide to Rogers RO3010 and its thickness was 

changed from 0.05 mm to 0.13 mm. 

• Slots position and size was changed in the patch. 

• Slots size and position was also changed in the ground plane. 

• The position of shorting pin was changed from P (X= -0.05; Y= -1.9) to P (X= -0.2; Y= -1.7). 

• The size of the antenna is 4×4×0.26 mm3. 
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(a) 

 

(b) 

Figure 4.31- Compact size antenna optimized design (a) ground plane view (b) Labelled ground plane 

view 

Table 4.6- Compact size antenna optimized dimensions 

Parameters Dimensions 

(mm) 

Parameters Dimensions 

(mm) 

Parameters Dimensions 

(mm) 

L 4 W 4 W9 0.12 

L1 0.1 W1 0.2 W10 3.8 

L2 0.2 W2 0.27 W11 0.4 

L3 2.2 W3 0.08 W12 1.5 

L4 0.3 W4 0.1 W13 0.2 

L5 1.35 W5 0.6 W14 1.75 

L6 1.65 W6 1.014 W15 1.55 

L7 1.4 W7 0.28   

L8 0.7 W8 0.67   
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The return loss of the optimized compact size antenna when simulated in simplified skin layer phantom 

is given in Figure 4.32. The antenna is resonating at 915 MHz and 1.6 GHz. The -10 dB bandwidth of 

the antenna around 915 MHz is 170 MHz. The radiation efficiency of the antenna at 915 MHz is -36.5 

dB. 

 

Figure 4.32- Return loss of the compact size optimized antenna 

The 3D radiation pattern of the antenna is shown in Figure 4.33. The radiation pattern of the antenna 

gets changed when implanted inside the body tissues. Antenna has a directivity of 2 dBi. The IEEE gain 

of the antenna is defined as the ratio of radiation intensity of the antenna in a given direction to the 

radiation intensity that would be obtained if the power accepted by the antenna were radiated 

isotropically. The. The IEEE gain does not include any losses. On contrary, the realized gain is lower 

than the IEEE gain as it includes antenna impedance mismatch losses as well [134]. The realized gain 

of the antenna at 915 MHz is -34.7 dBi. The gain of the compact size antenna does not seem very high, 

however the design objectives have been met as the antenna has very small size with a wider bandwidth 

of 170 MHz. 
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Figure 4.33- 3D radiation pattern of the compact size antenna at 915 MHz 

E-plane and H-plane radiation pattern of the antenna at 915 MHz is given in Figure 4.34. The main lobe 

of radiation in E-plane has a magnitude of 1.89 dBi with a direction of 17 degrees. The 3dB angular 

width of main lobe of radiation is 97.6 degrees. The side lobe level is -1.2 dB. The H-plane radiation 

pattern at 915 MHz has main lobe direction around 30 degrees. The magnitude of main lobe of radiation 

is 1.99 dBi at 915 MHz in H-plane. 

 

 

(a) 

 

(b) 

Figure 4.34- Polar plot of radiation pattern of the compact size antenna at 915 MHz (a) E-plane (b) H-

plane 
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Figure 4.35 gives the 1g and 10g avg. SAR at 915 MHz for the compact size antenna in simplified skin 

layer phantom with an antenna input power of 0.5W. The 1g avg. SAR is 1069 W/Kg and 10g avg. SAR 

is 108 W/Kg which is higher than 1.6 W/Kg for 1g and 2W/Kg for 10g [6]. To meet the SAR 

requirements the maximum allowed input power of the antenna should be reduced. The maximum 

allowed input power at 915 MHz for this antenna should be limited to 1.4 mW to satisfy 1g avg. SAR 

standard and 18.5 mW for 10g avg. SAR standard. 

 

(a) 

 

(b) 

Figure 4.35- Compact size antenna SAR at 915 MHz (a) 1g avg. (b) 10g avg. 

4.4.2 Parametric study of compact size antenna 

The antenna performance is dependent on its parameters. Figure 4.36 gives the compact size antenna 

return loss when it was simulated with changing parameters. When the thickness of the superstrate layer 

was increased from 0.13 mm to 0.25 mm the value of S11 was changed from -14 dB to -11 dB at 915 

MHz and the higher band frequency was shifted from 1.6 GHz to 2 GHz. Because of the increase in 

superstrate layer thickness, the realized gain of the compact size antenna was decreased from -34.7 dBi 

to -45 dBi and the radiation efficiency of the antenna was decreased from -36.5 dB to -47 dB. If the 

thickness is decreased the frequency will shift to a lower value. 
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Figure 4.36- Return loss of compact size antenna with changing parameters 

The removal of slots (L5, W10-W11, W14-W15) from the bottom half of the ground plane make the 

antenna to resonate on a higher frequency in lower ISM band with increased return loss. The slots in the 

ground plane have major impact on resonance and bandwidth. It can be seen in the Figure 4.36  that 

when the slots (L3, W3-W4, W7-W9) from the right half of the patch were removed the resonance curve 

has changed. With this effect the antenna is resonating around 1 GHz and -10 dB bandwidth of antenna 

in the upper band has increased (1.4-2.1 GHz). The shorting pin effect the resonant frequency as well. 

When the position of shorting pin was changed from P(X = -0.2; Y = -1.7) to P(X = -1.4; Y= -1.5) the 

return loss plot shows that the antenna is now resonating at 700 MHz with a return loss of -11 dB while 

the higher resonating frequency of 2.05 GHz has lower return loss of around -42 dB. The antenna 

comparison with previous work is given in Table 4.7. 
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Table 4.7- Compact size antenna comparison with previous work 

Reference Size(mm3) f0 (GHz) Gain(dBi) Bandwidth 

(MHz) 

Shorting 

pin used 

SAR (W/Kg) 

1g 10g 

[8] 13×13×1.27 0.915 -32 245 YES 599 - 

[62] 8×6×0.5 0.915; 

2.45 

-28.5;  

-22.8 

90; 210 NO 971.56; 

807.34 

118.26; 

102.04 

[69] 34.5×5.8×0.15 0.915 -21 81 NO 150 27.5 

[75] 15×15×1.27 0.915 -27 97 NO 517 - 

[78] 11×11×1.27 0.915 -29 35 NO - - 

This work 4×4×0.26 0.915 -34.7 170 YES 1069 108 

 

Table 4.7 gives the comparison of the compact size antenna with other antennas operating at 915 MHz. 

Our designed antenna has smallest size than all of the antennas in Table 4.7. The gain of the antenna is 

lower than other antennas but they have larger dimensions. The bandwidth of our designed antenna is 

wider than all antennas in Table 4.7 except the antenna in [8]. At 915 MHz the 10g SAR value of our 

designed antenna is lower than the 10g SAR value of the antenna in [62]. Some of the performance 

parameters of the antennas presented in Table 4.7 are better than our designed compact size antenna. 

However, the compact size antenna offers a size reduction of 47% with an overall performance 

improvement of 12%.  

The comparison of the designed antennas with each other is given in Table 4.8. The compact size 

antenna has the smallest overall volume of 4.16 mm3. The overall volume of circular patch antenna is 

19.1 mm3 whereas the overall volume of rectangular patch antenna is 15 mm3. The circular patch 

antenna and compact size antenna operate at single frequency while the rectangular patch antenna 

operates at three frequencies. The gain of the circular patch antenna is higher than the rectangular patch 

antenna and compact size antenna at 915 MHz but the compact size antenna gain at 915 MHz is higher 

than the gain of rectangular patch antenna at this frequency. The -10 dB bandwidth of circular patch 
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antenna is lowest among all of the designed antennas but the SAR values are the highest than the other 

two designed antennas. 

Table 4.8- Comparison of the designed antennas with each other 

Antenna 

Type 

Size(mm3) f0 (GHz) Gain(dBi) Bandwidth 

(MHz) 

Shorting 

pin used 

SAR (W/Kg) 

1g 10g 

Circular 

patch 

antenna 

π×42×0.38 0.915 -28.8 90 YES 1218 125.2 

Rectangular 

patch 

antenna 

6×5×0.5 0.402;0.915; 

2.4 

-47.7; 

-37.2; 

-25.5 

108;170;250 YES 122;184; 

863 

12.25; 

18.42; 

86.42 

Compact 

size 

antenna 

4×4×0.26 0.915 -34.7 170 YES 1069 108 

 

4.5 Chapter summary 

A brief introduction about patch antenna and their advantages is given. Short discussion is made on 

overall chapter content. A circular patch antenna was designed. The antenna was simulated in free space 

and then implanted inside simplified skin layer phantom. The free space and implanted simulation 

results were compared. The antenna was not working in the skin layer. Optimization was carried out 

and steps were explained. Return loss plot of the optimized circular patch antenna when simulated inside 

simplified skin layer phantom dictates that this antenna performs well in implantable conditions at 915 

MHz. Radiation pattern of the antenna is quite omnidirectional. The E-plane and H-plane radiation 

pattern of the antenna was discussed. The simulated results of the circular patch antenna were compared 

with the published work. The circular patch antenna has a size reduction of around 15% with an overall 

performance improvement of 9% as compared to the other antennas presented in Table 4.2 which makes 

it suitable for implantable sensors. 
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A rectangular microstrip patch antenna operating in MICS band at 402 MHz and ISM band at 915 MHz 

and 2.4 GHz was designed on a Rogers RO3010 substrate. Single layer of the simplified body phantom 

was used to evaluate the antenna performance in implantable conditions. The antenna was operating at 

two frequencies but when it was implanted inside the simplified fat layer phantom the resonance curve 

shows another operating frequency at 915 MHz. As the antenna results in the fat layer were better than 

those in free space the optimization was not needed in the free space design. The antenna bandwidth 

was measured at three frequencies and gain was calculated. The upper frequencies showed higher values 

of gain and bandwidth because of more losses at higher frequencies. SAR was also calculated at 

individual frequencies. The E-plane and H-plane radiation pattern of the antenna was critically analysed. 

The antenna comparison with other antenna shows that this antenna is the best choice where three 

frequency band operation is needed for data transmission, wakeup signal and wireless power transfer 

applications.  

Design of a compact size antenna excited by 50-Ω coaxial probe feed was presented. The performance 

of the implantable antennas inside the human body tissues is unpredictable because of the lossy nature 

of the human body tissues. So, when the compact size antenna was placed inside the simplified skin 

layer phantom the antenna resonant frequency showed a downward shift. Optimization on the compact 

size antenna design was carried out. The substrate thickness was decreased and superstrate thickness 

was increased with material changed as well. The position and size of the slots was changed in the patch 

and ground plane. The electrical properties of the skin layer of the human body at 915 MHz are taken 

into account in the design process to minimize the frequency shift. Overall size of the antenna is 

4×4×0.26 mm3. The dimensions of the optimized antenna were presented separate from the original 

design. Simulation results in simplified skin layer phantom shows a good agreement between free space 

and implanted results as shown in Figure 4.32. The antenna operates in ISM band at 915 MHz and 

bandwidth, gain and SAR values are recorded at this frequency. E-plane and H-plane radiation pattern 

of the antenna shows that this antenna has quite omnidirectional radiation when simulated in simplified 

skin layer phantom. The antenna comparison with similar work was presented. The compact size 

antenna has a size reduction of around 47% with an overall performance improvement of 12% than the 
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other antennas given in Table 4.7 which justify the novelty of this work. All the simulations were carried 

out in a single layer tissue of simplified body phantom. Square shape phantoms were used for 

rectangular patch antenna and compact size antenna while the circular shape phantom was used for 

circular patch antenna. Implantable antennas are designed for the specific tissue layer of the human 

body because each tissue layer has different electrical properties. Circular patch antenna and compact 

size patch antenna were designed for the implants inside skin layer of the human body. So, their 

simulations were done in simplified skin layer phantom while the rectangular patch antenna was 

designed for the implants inside the fat layer of the human body and it was simulated inside the 

simplified fat layer phantom. The antenna performance can change if phantoms of different sizes are 

used and implantation depth is changed depending on the robustness of the antenna. If the antenna 

operating frequency is changed, the electrical properties of the human body tissues would also get 

changed. Because of this, the impact of phantom size and implant depth on antenna performance would 

vary with varying frequency. Detailed antenna performance evaluation in multilayer tissues, different 

implant depths, phantoms of different shapes and sizes and antenna robustness check is carried out in 

next chapter. All the simulation work is done using CST Microwave Studio software.  
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Chapter 5 

5. Performance Evaluation of Designed Antennas in Simplified Body Model 

and Anatomical Body Model 

5.1 Introduction 

Implantable antennas are application dependent and they are designed to operate in a specific tissue 

layer of the human body. Their performance will be different in the various human body tissues even in 

in the same tissue layer at a different frequency. The simplified body phantom and full body phantom 

has also variations in the results obtained but they do not have very large differences. The size of the 

phantoms and their resolution also effect the antenna performance. The depth of the implant also plays 

an important role in antenna overall performance. The antenna integration with sensors circuit 

components can alter the resonance if not integrated properly. The insulation layer around antennas for 

biocompatibility is a major constraint for antenna operating frequency adjustment. Therefore, it is 

necessary to evaluate the antenna performance in multilayer tissues and different size phantoms by 

employing different implant depths and position of the antennas. The antenna should be checked with 

circuit equivalent components for integration check. Different thickness of insulation layer should be 

introduced to analyse its effect on antenna performance. This chapter is organized as follows. 

Firstly, all of the designed antennas performance was analysed in multilayer tissues (skin, fat and 

muscle). The return loss and radiation pattern results are presented to compare the performance. After 

that the antennas simulation results are presented for different depths of implant in single tissue layer of 

the simplified body phantom. Different size phantoms are also used to evaluate antenna performance. 

The antenna integration with circuit equivalent components is explained and the effects of insulation 

layer on antenna performance are analysed. Finally, the antennas are simulated in anatomical body 

model to evaluate their performance. 
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5.2 Designed Antennas Performance in Multilayer Tissues 

The block representation of simplified multilayer tissue phantom which is used for designed antennas 

performance evaluation is given in Figure 5.1. The electrical properties of different tissues of the human 

body at 402 MHz, 915 MHz and 2.4 GHz are given in Table 5.1 [89]. It can be seen in Table 5.1 that 

the electrical properties of body tissues are different at each frequency. 

 

Figure 5.1- Block representation of simplified multilayer tissue phantom 

Table 5.1- Electrical properties of human body tissues at different frequencies 

 

Tissue layer 

Conductivity(σ=S/m) Relative Permittivity(εr) 

at 402 

MHz 

at 915 

MHz 

at 2.4 

GHz 

at 402 

MHz 

at 915 

MHz 

at 2.4 

GHz 

Skin 0.688 0.872 1.464 46.74 41.33 38.00 

Fat 0.041 0.051 0.104 5.57 5.46 5.28 

Muscle 0.796 0.948 1.739 57.11 54.99 52.73 

 

5.2.1 Performance analysis of circular patch antenna in multilayer tissues 

The circular patch antenna was simulated in simplified multilayer tissue (skin, fat and muscle) phantom. 

The return loss of the antenna in three layers of the human body phantom is shown in Figure 5.2. The 

resonance curve for the skin layer in Figure 5.2 is identical to the return loss of the circular patch antenna 

in Figure 4.10 because the resonance curve in Figure 4.10 is the return loss of the circular patch in single 
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tissue layer of the skin phantom. In the skin layer the circular patch antenna is resonating at 915 MHz. 

The resonance curve is shifted slightly to a lower value in the muscle layer, but it has gone to a higher 

value when antenna was simulated in fat layer. It can be seen in Table 5.1 that the conductivity of skin, 

fat and muscle tissues at 915 MHz is 0.872, 0.051 and 0.948 S/m while the permittivity of skin, fat and 

muscle at 915 MHz is 41.33, 5.46 and 54.99. The conductivity of skin and muscle tissues has minor 

difference but the conductivity of the fat tissue is much lower than skin and muscle tissues at 915 MHz. 

Similarly, the permittivity of the skin and muscle tissues has not very large difference whereas the 

permittivity of fat tissue is very low as compared to skin and muscle tissues at 915 MHz. Because of 

the small difference in electrical properties of skin and muscle tissues at 915 MHz, the resonance curve 

is almost identical in skin and muscle tissues. The bandwidth of the antenna has minor change.  

 

Figure 5.2- Circular patch antenna return loss in multilayer tissues (skin, fat and muscle) 
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                             (a) 

 

                               (b) 

Figure 5.3- Polar plot of radiation pattern of the circular patch antenna in multilayer tissues (skin, fat 

and muscle) at 915 MHz (a) E-plane (b) H-plane 

The E-plane and H-plane radiation pattern of the antenna at 915 MHz in skin, fat and muscle layer is 

shown in Figure 5.3. The circular patch antenna is designed to operate at 915 MHz for the implants 

inside the skin layer. The resonant frequency of the circular patch antenna has shifted to a higher value 

of around 2.6 GHz when simulated in fat layer. In Figure 5.3(a) the angle theta is constant and the value 

of angle phi is zero to show the E-plane radiation pattern whereas in Figure 5.3(b) the angle theta is 

constant and the value of angle phi is 90 to represent the H-plane radiation pattern. The directivity of 

the antenna is lowest in fat layer at 915 MHz as the antenna is not resonating at this frequency in fat 

layer. The directivity of antenna is approximately same at 915 MHz in skin and muscle layer. The peak 

realized gain of the antenna in skin layer is -28.7 dBi, -27.2 dBi in muscle layer and -47.8 dBi in fat 

layer at 915 MHz. 

5.2.2 Performance analysis of rectangular patch antenna in multilayer tissues 

Figure 5.4 shows the return loss plot of the rectangular patch antenna when it was simulated in skin, fat 

and muscle layer. The resonance curve for the fat layer in Figure 5.4 is identical to the resonance curve 

for the single tissue layer of the fat phantom in Figure 4.19 which shows that the antenna maintains its 

resonance for the fat layer in multilayer tissue phantom. The bandwidth of rectangular patch antenna is 

880 MHz in skin layer, 260 MHz in fat layer and 720 MHz in muscle layer around 2.4 GHz. 
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Figure 5.4- Return loss of the rectangular patch antenna in multilayer tissues (skin, fat and muscle) 

The E-plane and H-plane radiation pattern of rectangular patch antenna in skin, fat and muscle layer at 

2.4 GHz is given in Figure 5.5. The main lobe of radiation in E-plane in skin layer is 1.97 dBi, 2.48 dBi 

in muscle layer and 3.5 dBi in fat layer. The H-plane main lobe radiation magnitude is 2.35 dBi in skin 

layer, 3.53 dBi in fat layer and 2.19 dBi in muscle layer. The main lobe magnitude of radiation is higher 

in fat layer than both skin and muscle layer. The 3dB angular width of main lobe of radiation is 

approximately same for skin and fat layer in E-plane and H-plane but for the muscle layer the 3dB 

angular width of main lobe of radiation is wider than skin and fat layer in E-plane and H-plane. The 

directivity of the antenna at 2.4 GHz is highest in fat layer with a value of 3.62 dBi whereas the 

directivity in skin and muscle layer is 3.06 dBi and 3.29 dBi. Peak realized gain of the rectangular patch 

antenna at 2.4 GHz in skin layer is -30.8 dBi, -20.9 dBi in fat layer and -31.4 dBi in muscle layer. 
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(a) 

 

(b) 

Figure 5.5- Polar plot of radiation pattern of the rectangular patch antenna in multilayer tissues (skin, 

fat and muscle) at 2.4 GHz (a) E-plane (b) H-plane 

5.2.3 Performance analysis of compact size antenna in multilayer tissues 

The return loss plot of the compact size antenna at 915 MHz in skin, fat and muscle layer is shown in 

Figure 5.6. It is evident from the return loss plot that this antenna is resonating at 915 MHz in skin, fat 

and muscle layer. It can be seen in Table 5.1 that there is a minor difference between the electrical 

properties of skin and muscle tissues at 915 MHz. So, the return loss plot curve inside skin and muscle 

layer is almost identical. The -10 dB bandwidth of the compact size antenna at 915 MHz in skin, fat and 

muscle layer is 18%, 2.18% and 17.48%. The bandwidth of implantable antennas become wider when 

implanted inside body tissues because of power absorption. The conductivity of skin and muscle layer 

at 915 MHz is greater than the conductivity of the fat layer at 915 MHz as given in Table 5.1. The 

bandwidth in fat layer is narrower because the fat layer absorbs less power due to its lower conductivity 

as compared to skin and muscle layer which absorb more power because of their higher conductivity 

and their bandwidth become wider. 
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Figure 5.6- Return loss of compact size antenna at 915 MHz in multilayer tissues (skin, fat and muscle) 

The radiation pattern of the compact size antenna is shown in Figure 5.7. The skin layer and muscle 

layer radiation pattern are much similar to each other with minor variations. In E-plane the magnitude 

of main lobe of radiation for skin, fat and muscle layers at 915 MHz is 1.89 dBi, 1.92 dBi and 1.52 dBi. 

Whereas in H-plane the magnitude of main lobe of radiation for skin, fat and muscle layer is 1.99 dBi, 

2.77 dBi and 2.07 dBi. The directivity of the antenna is lower in skin and muscle layer than in the fat 

layer. The directivity of the antenna in skin, fat and muscle layer at 915 MHz is 2 dBi, 2.79 dBi and 

2.07 dBi. The peak realized gain of the antenna in skin layer is -34.7 dBi, -35.1 dBi in fat layer and -

34.7 dBi in muscle layer.  

 

(a) 

 

(b) 

Figure 5.7- Polar plot of radiation pattern of compact size antenna in multilayer tissues (skin, fat and 

muscle) at 915 MHz (a) E-plane (b) H-plane 
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5.3 Performance Evaluation of Designed Antennas with Different Implant depths  

Implant depth of implantable antennas has major effect on antenna performance. The performance of 

the designed antennas is analysed at different implants depths inside the tissue layer for which they have 

been designed. The circular patch antenna and compact size antenna performance is analysed at different 

implant depths inside simplified skin layer phantom while the rectangular patch antenna performance 

is analysed inside simplified fat layer phantom. We have used single tissue layers of the simplified body 

model to evaluate the designed antenna performance for different implant depths inside a specific tissue 

layer. 

5.3.1 Performance evaluation of compact size antenna with different implant depths in skin 

layer phantom 

 The compact size antenna was tested in simplified skin layer phantom with four implantation depths. 

The antenna was inserted 1mm, 3mm, 5mm and 15mm deep into the skin layer and the results were 

analysed. The return loss of the compact size antenna is shown in Figure 5.8. There is a minor difference 

between resonance curve for the different depths. The -10 dB bandwidth is also same. However, the 

implant depth effects the radiation efficiency. The radiation efficiency of the compact size antenna at 

1mm and 3mm implant depth is -36.6 dB and -36.4 dB but at 5mm depth radiation efficiency has 

decreased to -37.5 dB. At 15mm implant depth the radiation efficiency has further decreased to -40.8 

dB. The radiation efficiency has decreased at deeper implants because of more power absorption. The 

gain of the antenna also decreased with increased implant depth. 
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Figure 5.8- Return loss of compact size antenna in skin layer phantom with different implant depths 

The depth of the implant also effects the radiation pattern of the antenna. The E-plane and H-plane 

radiation pattern of the compact size antenna is shown in Figure 5.9. The E-plane radiation pattern at 

1mm, 3mm, 5mm depth is almost same in magnitude but at depth of 15 mm the magnitude of main lobe 

of radiation has increased by 0.016%.  

 The direction of main lobe of radiation is same at 1mm and 3mm implant depth and, 5mm and 15mm 

implant has same direction of radiation with a 14-degree shift in angle of 15 mm implant. In H-plane 

the magnitude of main lobe of radiation is less than 2 dBi for 1mm,3mm and 5mm while it is 2.26 dBi 

at 15mm implant depth. The direction of radiation is same for 3mm and 5mm implant. For 1mm and 

15mm the direction of radiation is same with a shifted angle of 7 degrees. 
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(a) 

 

(b) 

Figure 5.9- Polar plot of the radiation pattern of the compact size antenna with different implant 

depths in skin layer phantom at 915 MHz (a) E-plane (b) H-plane  

5.3.2 Performance evaluation of circular patch antenna with different implant depths in 

skin layer phantom 

Figure 5.10 shows the return loss of the circular patch antenna when it was simulated in 1mm, 3mm, 

5mm and 15mm simplified skin layer phantom. The return loss and bandwidth of the antenna are slightly 

affected with various implant depths. The radiation efficiency of the antenna has little difference at 

1mm, 3mm and 5mm depth while it has decreased by 0.01% at 15mm implant depth. The effect of the 

implant depth on the gain of the antenna is same as the effect on the efficiency. 

 

Figure 5.10- Return loss of circular patch antenna with different implant depths in skin layer 
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Polar plot of radiation pattern of the circular patch antenna with different implant depths in skin layer 

is shown in Figure 5.11. In E-plane the magnitude of main lobe of radiation has increased with 

increasing implant depth till 5mm while it has decreased at 15mm implant depth. The direction of 

radiation at all implant depths is same with a minor shift in angle of radiation. In H-plane the magnitude 

of main lobe of radiation has showed increase with increasing implant depth. The direction of radiation 

is at around 0-degree angle at 3mm and 5mm implant depth, at an angle of around 180 degrees for 1mm 

implant depth and its angle is around 90 degrees for 15mm implant depth. The implant depths in terms 

of wavelength are 0.003 λ0 (1mm), 0.009 λ0 (3mm), 0.015 λ0(5mm) and 0.045 λ0 (15mm). λ0 is free 

space wavelength at 915 MHz and its value is 0.328m. 

 

 

(a) 

 

(b) 

Figure 5.11- Polar plot of radiation pattern of the circular patch antenna with different implant depths 

in skin layer at 915 MHz (a) E-plane (b) H-plane 

5.3.3 Performance evaluation of rectangular patch antenna in fat layer phantom with 

different implant depths 

The rectangular patch antenna was simulated in 1mm, 3mm, 5mm and 15mm simplified fat layer 

phantom. The return loss of the rectangular patch antenna in Figure 5.12 shows that the implant depth 

has not affected the return loss or bandwidth of the antenna. The efficiency and gain of the antenna have 

increased with deeper implantation.  
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Figure 5.12- Return loss of the rectangular patch antenna with different implant depths in fat layer 

Figure 5.13 shows the polar plot of radiation pattern of the rectangular patch antenna with different 

implant depths. The magnitude of main lobe of radiation in E-plane increases with increase in implant 

depth. The direction of radiation at 1mm, 3mm and 5mm is same with a slight shift in angle while at 

15mm implant depth the direction angle is shifted with a difference of around 27 degrees. In H-plane 

the magnitude of main lobe of radiation has also increased with increasing implant depth. The direction 

of main lobe of radiation is 144 degrees at 1mm, 143 degrees at 3mm, 2 degrees at 5mm and 179 degrees 

at 15mm implant depth.  
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(a) 

 

(b) 

Figure 5.13- Radiation pattern of rectangular patch antenna at 2.4 GHz with varied implant depths (a)-

E plane (b)- H plane 

5.4 Performance Evaluation of Compact Size Antenna in Different Size Phantoms 

The size, shape and resolution of the body phantom also effect the antenna performance even if the 

depth of the implant is kept same. A circular and a rectangular phantom was used and the compact size 

antenna was placed 4mm deep inside the skin equivalent phantom as shown in Figure 5.14. The size of 

rectangular phantom is 110×70×30 mm3 and circular phantom is π×302×49 mm3. 

 

(a) 

 

(b) 

Figure 5.14- Antenna placement in circular and rectangular phantoms 
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The overall size of the phantoms is same but the shape and resolution is different. The simulation results 

shows that the return loss and bandwidth of the antenna are not affected by using different shape 

phantoms. The gain of the antenna is different for the same volume but different shape phantoms as 

shown in Figure 5.15. The efficiency of the antenna has also reduced in circular shape phantom. Because 

of the geometry of the circular phantom, the antenna orientation is changed inside circular phantom and 

more power is absorbed which decreases antenna efficiency. The shape of the phantom has also effected 

the radiation pattern of the antenna. 

 

Figure 5.15- Gain of compact size antenna at 915 MHz in rectangular and circular shape phantoms 

5.5 Effect of Insulation Layer on Rectangular Patch Antenna performance 

The implantable antennas are encapsulated for biocompatibility purposes depending on the application. 

The insulation layer around the antenna can alter the resonance by effecting the antenna performance. 

We have used two different thicknesses of insulation layer (0.25mm and 0.5mm) to analyse the 

performance of rectangular patch antenna. Ceramic alumina is used as insulation layer material. There 
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is a negligible difference in gain and efficiency of the antenna when simulated with and without 

insulation layer. The resonance curve in Figure 5.16 shows that the antenna return loss has minor change 

at lower frequency but at 2.4 GHz the return loss has decreased and -10 dB bandwidth of the antenna at 

this frequency has increased. The conductivity of body tissues increases at higher frequencies. The 

insulation layer minimizes the power absorption in the body tissues. At lower frequencies, the power 

absorption in the body tissues is less and effect of insulation layer is minimum. Whereas at 2.4 GHz, 

the power absorption in body tissues was more which was reduced by insulation layer showing its 

increased effect on resonance curve as compared to lower frequencies.  

 

Figure 5.16- Return loss of rectangular patch antenna with insulation layer 

 

5.6 Analysis of Circuit Components Effect on Designed Antennas Performance 

The integration of antenna with sensor component can also pose a challenge. The antenna performance 

can be effected caused by the interference of other circuit components. For simulation we have assumed 

copper material to mimic battery and FR-4 for other components [5]. The block representation of the 

antenna with circuit components is shown in Figure 5.17. We have placed rectangular patch antenna 
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with circuit components inside the fat layer phantom. A skin layer phantom was used to simulate the 

circular patch and compact size antenna with circuit components. An implant depth of 5mm is used to 

simulate the antennas with circuit components.  

 

Figure 5.17- Block representation of antenna and circuit components 

 

Figure 5.18- Return loss of rectangular patch antenna when simulated without and with circuit 

components 

The return loss of the rectangular patch antenna, circular patch antenna and compact size antenna is 

shown in Figure 5.18, Figure 5.19 and Figure 5.20. The results analysis shows that there is a good 
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agreement between the simulation results of the antennas when they were simulated without and with 

circuit components. 

 

Figure 5.19- Return loss of the circular patch antenna without and with circuit components 

 

Figure 5.20- Return loss of the compact size antenna when simulated without and with circuit 

components 
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5.7 Designed Antennas Performance Evaluation in Anatomical Body Model 

Though the antenna simulation results of the simplified body model are reliable, but the performance of 

the antenna need to be evaluated in the anatomical body model because the simulation results of the 

anatomical body model are closer to the real results. All of the designed antennas are simulated in human 

voxel model. The whole-body simulation takes a lot of time and memory. To reduce the simulation time 

only upper half of the body is used for simulation. The simulation time and memory used by the designed 

antennas when simulated in anatomical body model is given in Table 5.2.The block diagram of the 

implanted antenna inside the arm of voxel model is shown in Figure 5.21. 

 

Figure 5.21- Block diagram of antenna inside anatomical body model 

Table 5.2- Simulation time and memory used by designed antennas in anatomical body model 

Antenna type Simulation time 

(s) 

Peak memory used 

(kB) 

Number of mesh 

cells 

Circular patch antenna 5231 710652 1568336 

Rectangular patch antenna 7020 1076704 2055455 

Compact size antenna 4709 858740 1580569 
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5.7.1 Performance evaluation of compact size antenna in anatomical body model 

The compact size antenna was implanted inside the skin layer of the anatomical body model. The 

simulated return loss of the compact size antenna in anatomical body model and simplified skin layer 

phantom is given in Figure 5.22. The antenna resonates at 915 MHz with a slight shift in resonance 

curve as compared to simplified skin layer phantom. The -10 dB bandwidth of the antenna comes out 

as 154 MHz at resonant frequency in anatomical body model while in simplified skin layer phantom the 

bandwidth is 170 MHz. The radiation efficiency of the antenna has decreased to -43 dB in anatomical 

body model. The radiation efficiency of the antenna in simplified skin layer phantom is -36.5 dB. 

 

Figure 5.22- Return loss of compact size antenna in anatomical body model and simplified skin layer 

phantom 
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(a) 

 

(b) 

Figure 5.23- 3D Radiation pattern of the compact size antenna at 915 MHz (a) anatomical body model 

(b) simplified skin layer phantom 

The 3D radiation pattern of the compact size antenna in anatomical body model and simplified skin 

layer phantom is shown in Figure 5.23. It can be seen in Figure 5.23 that the directivity of the compact 

size antenna inside anatomical body model has decreased. The realized gain of the compact size antenna 

in anatomical body model is -41 dBi while in simplified skin layer phantom, the gain is -34.7 dBi.  

 

                              (a) 

 

                              (b) 

Figure 5.24- Polar plot of radiation pattern of the compact size antenna in anatomical body model and 

simplified skin layer phantom at 915 MHz (a) E-plane (b) H-plane 

Figure 5.24 shows the E-plane and H-plane radiation pattern of the antenna at 915 MHz in anatomical 

body model and simplified skin layer phantom. The compact size antenna is designed for applications 

operating at 915 MHz, so the radiation pattern is presented at 915 MHz frequency only. It can be seen 

in Figure 5.24 that the radiation pattern of the compact size antenna for both E and H-planes has changed 

in anatomical body model as compared to simplified skin layer phantom. The direction of main lobe of 

radiation in E-plane has changed from 17 degrees in simplified skin layer phantom to 149 degrees in 
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anatomical body model. Similarly, the direction of main lobe of radiation in H-plane has changed from 

30 degrees in simplified skin layer phantom to 171 degrees in anatomical body model. The difference 

of antenna performance in anatomical body model and simplified body model depends on many factors 

such as implant depth, implant position, size of the anatomical body model and simplified body model 

etc. Specific absorption rate of the compact size antenna in anatomical body model and simplified skin 

layer phantom is shown in Figure 5.25 and Figure 5.26. The SAR values of the antenna in anatomical 

body model are higher than in simplified skin layer phantom.  

 

(a) 

 

(b) 

Figure 5.25- Compact size antenna 1g avg. SAR (a) anatomical body model (b) simplified skin layer 

phantom 

 

(a) 

 

(b) 

Figure 5.26- Compact size antenna 10g avg. SAR (a) anatomical body model (b) simplified skin layer 

phantom 
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5.7.2 Performance evaluation of rectangular patch antenna in anatomical body model 

The rectangular patch antenna was simulated inside fat layer of anatomical body model. The return loss 

plot of the rectangular patch antenna when simulated in anatomical body model and simplified fat layer 

phantom is given in Figure 5.27. The rectangular patch antenna is resonating at 402 MHz, 915 MHz and 

2.4 GHz in anatomical body model and fat layer phantom. The -10 dB bandwidth of the rectangular 

patch antenna in anatomical body model at resonant frequencies is 108 MHz, 206 MHz and 150 MHz 

while the bandwidth in simplified fat layer phantom is 108 MHz, 170 MHz and 250 MHz. The radiation 

efficiency of the rectangular patch antenna has decreased from -50 dB in simplified fat layer phantom 

to -53 dB in anatomical body model at 402 MHz. At 915 MHz the radiation efficiency of the rectangular 

patch antenna in simplified fat layer phantom is -42 dB while in anatomical body model the radiation 

efficiency is -44 dB. The radiation efficiency of the rectangular patch antenna at 2.4 GHz has increased 

from -32 dB in simplified fat layer phantom to -26 dB in anatomical body model.  

 

Figure 5.27- Return loss of the rectangular patch antenna in anatomical body model and simplified fat 

layer phantom 

It can be seen in Figure 5.28 and Figure 5.29 that the directivity of the rectangular patch antenna when 

simulated in anatomical body model has increased at 402 MHz as compared to the directivity in 

simplified fat layer phantom at this frequency. At 915 MHz and 2.4 GHz the directivity of the 

rectangular patch antenna in anatomical body model has decreased as compared to the directivity in 
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simplified fat layer phantom at these frequencies. The realized gain of the rectangular patch antenna at 

402 MHz, 915 MHz and 2.4 GHz in anatomical body model is -50.9 dBi, -42.2 dBi and -23.2 dBi 

whereas in simplified fat layer phantom the realized gain at these frequencies is -47.7 dBi, -37.2 dBi 

and -25.5 dBi. 

 

(a) 

 

(b) 

 

(c) 

Figure 5.28- 3D radiation pattern of the rectangular patch antenna in anatomical body model (a) 402 

MHz (b) 915 MHz (c) 2.4 GHz 

 

(a) 

 

(b) 

 

(c) 

Figure 5.29- 3D radiation pattern of the rectangular patch antenna in simplified fat layer phantom (a) 

402 MHz (b) 915 MHz (c) 2.4 GHz 

Figure 5.30 and Figure 5.31 shows the polar plot of radiation pattern of the rectangular patch antenna 

in anatomical body model and simplified fat layer phantom. In E and H-plane the 3 dB angular width 

of main lobe of radiation for anatomical body model is greater than the 3 dB angular width of main lobe 

of radiation for simplified fat layer phantom at 402 MHz, 915 MHz and 2.4 GHz. The direction of main 

lobe of radiation in E and H-plane for anatomical body model at 402 MHz is 174 and 179 degrees while 

at this frequency the direction of main lobe of radiation in both E and H-plane is 95 degrees for 

simplified fat layer phantom. At 915 MHz the direction of main lobe of radiation in E and H-plane for 

anatomical body model is 0 and 1 degree whereas for simplified fat layer phantom the direction of main 
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lobe of radiation in E and H-plane at 915 MHz is 157 and 158 degrees. The direction of main lobe of 

radiation at 2.4 GHz in E and H-plane for anatomical body model is 41 and 4 degrees while at this 

frequency the direction of main lobe of radiation in E and H-plane for simplified fat layer phantom is 

148 and 143 degrees. The radiation pattern of the rectangular patch antenna has changed in anatomical 

body model as compared to simplified fat layer phantom because of power absorption in other tissues 

of anatomical body model. 

 

 

                              (a) 

 

                            (b) 

Figure 5.30- Polar plot of radiation pattern of rectangular patch antenna in anatomical body model (a) 

E-plane (b) H-plane 

 

                            (a) 

 

                           (b) 

Figure 5.31- Polar plot of radiation pattern of rectangular patch antenna in simplified fat layer 

phantom (a) E-plane (b) H-plane 
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(a) 

 

(b) 

 

(c) 

Figure 5.32 - 1g avg. SAR of the rectangular patch antenna in anatomical body model (a) 402 MHz 

(b) 915 MHz (c) 2.4 GHz 

 

(a) 

 

(b) 

 

(c) 

Figure 5.33- 1g avg. SAR of the rectangular patch antenna in simplified fat layer phantom (a) 402 

MHz (b) 915 MHz (c) 2.4 GHz 

 

(a) 

 

(b) 

 

(c) 

Figure 5.34- 10g avg. SAR of the rectangular patch antenna in anatomical body model (a) 402 MHz 

(b) 915 MHz (c) 2.4 GHz 

 

(a) 

 

(b) 

 

(c) 

Figure 5.35- 10g avg. SAR of the rectangular patch antenna in simplified fat layer phantom (a) 402 

MHz (b) 915 MHz (c) 2.4 GHz 
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The 1g avg. SAR of the rectangular patch antenna in anatomical body model and simplified fat layer 

phantom is shown in Figure 5.32 and Figure 5.33 whereas the 10g avg. SAR of the rectangular patch 

antenna in anatomical body model and simplified fat layer phantom is shown in Figure 5.34 and Figure 

5.35. The 1g and 10g avg. SAR of the rectangular patch antenna has reduced inside anatomical body 

model as compared to the SAR in simplified fat layer phantom. The SAR values are higher than the 

standard limits because the input power of the antenna was 0.5W. By applying the limited maximum 

allowed input power of the antenna, the SAR values can be reduced. 

5.7.3 Performance evaluation of circular patch antenna in anatomical body model 

The circular patch antenna was implanted inside the skin layer of the anatomical body model. Figure 

5.36 shows the resonance curve for the implantable circular patch antenna when simulated in anatomical 

body model and simplified skin layer phantom. The antenna resonates at 915 MHz with a bandwidth of 

around 90 MHz at centre frequency in anatomical body model and simplified skin layer phantom. The 

radiation efficiency of the circular patch antenna in simplified skin layer phantom is -31.6 dB while in 

anatomical body model the radiation efficiency of the circular patch antenna is -36 dB.  

 

Figure 5.36- Return loss plot of the circular patch antenna in anatomical body model and simplified skin 

layer phantom 
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The 3D radiation pattern of the circular patch antenna in anatomical body model and simplified skin 

layer phantom is shown in Figure 5.37. The directivity of the circular patch antenna in Figure 5.37 is 

lower in anatomical body model than in simplified skin layer phantom. The realized gain of the circular 

patch antenna at 915 MHz is -34 dBi in anatomical body model whereas in simplified skin layer phantom 

the realized gain of the antenna is -28.8 dBi.  

 

(a) 

 

(b) 

Figure 5.37- Circular patch antenna 3D radiation pattern (a) anatomical body model (b) simplified 

skin layer phantom 

 

 

                          (a) 

 

                            (b) 

Figure 5.38- Polar plot of the radiation pattern of the circular patch antenna in anatomical body model 

and simplified skin layer phantom (a) E-plane (b) H-plane 

The polar plot of the radiation pattern of the circular patch antenna in anatomical body model and 

simplified skin layer phantom is shown in Figure 5.38. The direction of main lobe of radiation in E-

plane is 69 degrees in simplified skin layer phantom while in anatomical body model, the direction of 
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main lobe of radiation in E-plane is 52 degrees. In H-plane the direction of main lobe of radiation is 70 

degrees in anatomical body model whereas the direction of main lobe of radiation in H-plane is 3 degrees 

in simplified skin layer phantom. The SAR values of circular patch antenna are lower in anatomical 

body model than in simplified body phantom as shown in Figure 5.39 and Figure 5.40. The SAR values 

in anatomical body model are higher than the standard limits and they can be reduced by limiting the 

antenna input power. 

 

(a) 

 

(b) 

Figure 5.39- Circular patch antenna 1g avg. SAR (a) anatomical body model (b) simplified skin layer 

phantom 

 

(a) 

 

(b) 

Figure 5.40- Circular patch antenna 10g avg. SAR (a) anatomical body model (b) simplified skin layer 

phantom 
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5.8 Designed Antennas SAR Calculation in Anatomical Body Model with Maximum 

Allowed Input Power  

In this section we have included the SAR results when maximum allowed input power was applied to 

the antenna to demonstrate that the antenna SAR can be reduced by lowering antenna input power. For 

easy comparison, in all other sections of the thesis we have included the results of antenna simulation 

with 0.5W input power which is set as default in CST Microwave Studio software because in literature 

other researchers have also used the software default input power. 

The maximum allowed input power of the compact size antenna for anatomical body model is calculated 

from Figure 5.25(a) and Figure 5.26(a). For 1g avg. SAR the maximum allowed input power of the 

compact size antenna at 915 MHz is 1.28 mW and for 10g avg. SAR the maximum allowed input power 

of the compact size antenna at 915 MHz is 16 mW. The 1g avg. SAR of the compact size antenna in 

anatomical body when excited with maximum allowed input power at 915 MHz is 3.25 W/Kg whereas 

10g avg. SAR is 0.04 W/Kg at this frequency as shown in Figure 5.41. The 1g avg. SAR is higher than 

the specified standard of 1.6 W/Kg because we have exited the antenna with maximum allowed input 

power. If the input power is decreased further, the SAR can also be decreased. For 10g avg. the SAR of 

the compact size antenna is within the specified standard of 2 W/Kg. 

 

(a) 

 

(b) 

Figure 5.41- SAR of the compact size antenna in anatomical body model at 915 MHz when excited 

with maximum allowed input power (a) 1g (b) 10g 

For the rectangular patch antenna the maximum allowed input power is calculated from Figure 5.32 and 

Figure 5.34. The maximum allowed input power of the rectangular patch antenna for 1g avg. SAR at 
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402 MHz, 915 MHz and 2.4 GHz is 14 mW, 12 mW and 7.4 mW whereas the maximum allowed input 

power for 10g avg. SAR at these frequencies is 172 mW, 147 mW and 193 mW. The 1g avg. SAR of 

the rectangular patch antenna in anatomical body model at resonant frequencies is 3.23 W/kg, 3.25 W/kg 

and 3.17 W/Kg whereas the 10g avg. SAR is 3.98 W/Kg, 3.99 W/Kg and 4 W/Kg as shown in Figure 

5.42 and Figure 5.43. These SAR values are higher than the specified standards which can be reduced 

by further reducing antenna input power. 

 

(a) 

 

(b) 

 

(c) 

Figure 5.42- 1g avg. SAR of the rectangular patch antenna in anatomical body model when excited 

with maximum allowed input power (a) 402 MHz (b) 915 MHz (c) 2.4 GHz 

 

(a) 

 

 

(b) 

 

(c) 

Figure 5.43- 10g avg. SAR of the rectangular patch antenna in anatomical body model when excited 

with maximum allowed input power (a) 402 MHz (b) 915 MHz (c) 2.4 GHz 

The maximum allowed input power of the circular patch antenna for 1g avg. SAR calculated from 

Figure 5.39(a) is 1.5 mW at 915 MHz and for 10g avg. SAR the maximum allowed input power of the 

circular patch antenna calculated Figure 5.40(a) is 18.7 mW at 915 MHz. When the circular patch 

antenna is excited with maximum allowed input power, the 1g avg. SAR in anatomical body model is 

3.21 W/Kg whereas 10g avg. SAR is 0.0401 W/Kg as shown in Figure 5.44. The 1g avg. SAR for this 
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antenna can be reduced further by reducing the antenna input power however the 10g avg. SAR is within 

specified standards.  

 

(a) 

 

(b) 

Figure 5.44- SAR of the circular patch antenna at 915 MHz in anatomical body model when excited 

with maximum allowed input power (a) 1g (b) 10 g 

5.9 Chapter Summary 

In this chapter a thorough study has been carried out on performance of designed antennas in multilayer 

tissues, different implant depths and different size phantoms. The antenna performance was also 

evaluated with different thicknesses of insulation layer. Mimicking circuit components were used to 

check the antenna integration with the sensor. The circular patch antenna was simulated in simplified 

skin, fat and muscle layer phantom. The simulation results show that the antenna resonates in skin and 

muscle layer at 915 MHz but the frequency was shifted to a higher value due to the difference between 

the conductivity of the fat tissue layer and other layers. The radiation pattern of the antenna was analysed 

for gain and radiation efficiency of the antenna. Simulation of rectangular patch antenna in skin, fat and 

muscle layer has shown that the antenna operates at three frequencies in fat layer while in skin and 

muscle layers it resonates only at 2.4 GHz. The antenna yields a wider bandwidth of 880 MHz and 720 

MHz at this frequency in skin and muscle layer as compared to fat layer in which the bandwidth of 

antenna is 260 MHz. Multilayer simulation results of the compact size antenna shows that the antenna 

performs well in three layers, skin, fat and muscle by maintaining its operating frequency of 915 MHz 

(S11≤-10dB). The antenna offers a wider bandwidth of 170 MHz with good performance characteristics. 

The designed antennas performance was evaluated at implant depths of 1mm, 3mm, 5mm and 15mm. 
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The return loss and bandwidth of all designed antennas has negligible difference. In case of circular 

patch antenna and compact size antenna the gain and efficiency has shown a decrease with increase in 

implant depth but these parameters have increased with deeper implantation for the rectangular patch 

antenna. As the size and shape of the simplified body phantoms effect the antenna performance, the 

compact size antenna performance was evaluated in skin equivalent phantoms of same volume and 

different shapes. The return loss and bandwidth of the antenna remained unaffected but the gain and 

efficiency were changed. The sensors and antennas are encapsulated with a biocompatible layer. The 

rectangular patch antenna was simulated with two thicknesses of alumina insulation layer in a simplified 

fat equivalent phantom. The frequency of the antenna has not been effected at lower bands but at 2.4 

GHz the return loss was decreased and bandwidth became wider as compared to the resonance of the 

antenna without insulation layer. A copper material block was used to mimic the battery and a FR-4 

material block was used to mimic the circuit components of the sensor. The antennas were placed on 

the top of the sensor to check their integration with the sensor. The antennas performed well with circuit 

components by showing a good match between the simulation results with and without circuit 

components. Designed antennas were simulated in anatomical body model to validate the free space 

simulation results. 
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Chapter 6 

6. Conclusion and Future Work 

6.1 Conclusion 

Implantable medical devices have gained a lot of attention in biotelemetry in recent years because of 

their advantages such as wireless capsule endoscopy, blood sugar level monitoring, blood glucose level 

monitoring, cardiac pacemakers, and many others. They are capable of monitoring the physiological 

data in real time. Design of such devices is a very challenging task as they consist of many small 

components. Among all these components the antenna is a major component because it works as a 

transmitting antenna or receiving antenna. In biotelemetry smaller size implantable sensors are 

preferable. The other components of the implantable sensors can be small and efficient at same time but 

it is very difficult to keep the antenna size small while maintaining its performance. So, design of an 

implantable antenna is a very challenging task. Three implantable antennas were designed to be used 

for implantable medical devices. 

The design of a circular patch antenna was presented first. The antenna was simulated in multi-layer 

tissues and different implant depths. The antenna maintains its performance in skin and muscle phantom 

layer but the frequency was shifted towards higher bands in the fat phantom layer which can be 

optimized. A good performance was observed in all the antenna simulations. Specific absorption rate of 

the antenna was calculated for 1g avg. and 10g avg. SAR analysis shows that the antenna SAR values 

are within allowed limits. A rectangular patch antenna was designed for biotelemetry applications. The 

antenna has multiband operation. These frequency bands can be used for data transmission, wakeup 

signals and wireless power transfer applications. Both free space and implantable simulation results are 

analysed and showed a good match. The antenna performed well in multilayer tissues and at different 

implant depths. The gain and radiation efficiency of the antenna increased with increasing implant 

depths. SAR values for this antenna met the specified standards. The compact size antenna was designed 
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which is light weight and has very small overall volume. The antenna operates at the same frequency in 

multilayer tissues (skin, fat and muscle) which is the novelty of this antenna as it maintains its operating 

frequency despite of the different conducting properties of the body tissues and the fact that its size is 

very small. Small size antennas often give narrow bandwidth and higher frequencies of operation but 

this antenna has wider bandwidth of 170 MHz and lower ISM resonance frequency of 915 MHz. The 

antenna showed good performance even at deeper implantation inside the phantom tissue layers. The 

antenna has low SAR values which makes it the best match for implantable sensors. The comparative 

analysis of all the designed antennas has proved that the designed antennas have smaller size and 

improved performance as compared to previously designed antennas presented in open literature. The 

circular patch antenna comparison with other similar antennas in Table 4.2 showed that the circular 

patch has an overall size reduction of 15% with an overall performance improvement of 9%. A size 

reduction of around 29% is achieved in rectangular patch antenna design with an overall performance 

improvement of 15% as given in comparison Table 4.4. It can be seen in Table 4.7 that the compact size 

antenna has an overall performance improvement of 12% with the size reduction of around 47% as 

compared to the similar antennas presented in literature. 

The designed antenna performance was analysed for different implantable scenarios. The compact size 

antenna was simulated in different shape phantoms with the same volume. The antenna return loss and 

bandwidth were not effected but the gain and radiation efficiency were changed. The rectangular patch 

antenna performance was analysed with different layers of insulation. Antenna performance has 

negligible difference at lower frequencies for different layers of thickness but at higher ISM band the 

bandwidth of the antenna was increased with a reduction in return loss. Mimicking circuit components 

were used to check the designed antennas integration with sensors. The simulation results showed that 

the antennas performed well with circuit components. The designed antennas also showed a good 

agreement between the simulation results of simplified body model and anatomical body model. 

 

 



124 

 

6.2 Future Work 

There are lot of issues faced during this research. The limited facilities prevented us from fabricating 

the prototype because of restrictions imposed as a result of COVID-19. The extension of this research 

work could be following. 

6.2.1 Antenna Fabrication 

All of the designed antennas in the software can be fabricated and tested. Tissue simulating liquid or 

minced meat could be used for the fabricated antennas performance evaluation. Antennas can be 

subjected to different implantation depths and mounting scenarios to quantify their working mechanism 

and performance. Simulation results of free space and implantable conditions can be compared with the 

experimental results of the fabricated antennas for any optimization if needed. The antenna 

communication channel can be characterized and path losses could be calculated to ensure the reliable 

communication link.  

6.2.2 Wireless power transfer 

Wireless power transfer is very interesting topic of the current age because of its applications in 

biotelemetry. The batteries used to power the implantable device can occupy a considerable space 

resulting in bigger size of the whole implant. The battery life also poses a challenge because the sensors 

are needed to be replaced quite often because of the battery lifetime. If the power is transferred 

wirelessly to the implantable device the aforementioned issue will be eliminated. The antennas with 

multiband operation can be used for such application. Lower band can be used for data transmission 

and higher band can be used for wireless power transfer.  

6.2.3 Antenna design 

There is a new way of designing antennas with biodegradable materials. The materials degrade over 

time and surgery is not needed to remove them. There is a need for designing more such antennas. 

Metamaterials inspired implantable antennas also show good performance. Metamaterials should be 

used to improve the overall implant performance. The path losses between the implanted antennas and 
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the external devices are normally calculated but the path losses between the two implants should also 

be investigated for better communication link.  

6.2.4 Realization of the implantable device 

The designed implantable antennas are meant to be used with implantable sensors. The development of 

a complete sensor by integrating the designed antenna with it could be the future work. The device can 

be tested to transmit data from in-body to off-body (external receiver). This needs a lot of work because 

the sensors deal with two different fields of science, biological sciences and engineering. The whole 

implantable device can be used for wireless power transfer.  
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Appendix A 

Human Body Tissues Properties at Different Frequencies 
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At 900 MHz 
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At 1800 MHz 
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