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Abstract: The existence of implantable antennas presents intrinsic challenges as the performance of the antenna degrades due 
to the high losses of body tissues. In this study, a reduced-size Planar Inverted F- Antenna (PIFA) operating at Industrial, 
Scientific Medical (ISM) band (2.4 GHz) is designed and optimized. The design of PIFA is modeled to study and analyze the 
effect on the implantable antenna by placing it within the human body model, particularly in the arm. Copper is used as the 
patch material and the ground layer of the proposed antenna with Rogers RO3210 as its substrates.  The simulation was carried 
within the human fat layer which is sandwich between the skin dan muscle layer. The design optimization of the antenna  for 
operation  in a human fat layer with optimal performance was achieved by reducing the size of the antenna.  The antenna 
exhibits good stability with the reflection coefficient, S11 ≤ -10 dB at 2.4 GHz suitable for WBAN application in the 
environment of the human fat layer for near field communication. Analysis performance of the antenna was conducted by the 
transient movement of the antenna position due to the antenna being prone to movement when it is implanted within the body. 
The transient movement analysis is done when the implantable antenna is moving toward the skin layer and toward the muscle 
layer from the initial position within the fat layer. Additionally, 1 mm, 2 mm, interface of the layer and when the antenna 
within another tissue layer has been set to examine the performance of the implantable antenna. Correspondingly, simulation 
results indicate the impact of the human body layer due to the electrical properties of the human body in terms of conductivities, 
permittivity, and thicknesses of the layers. This has shown the design optimization of the antenna satisfies all requirements for 
an implantable antenna, such as small size of 5.08 × 4.00 × 0.66 (𝑚𝑚"), biocompatible, low reflection coefficient of -42 dB 
at 2.4 GHz, realized gain of -18 dBi suitable for near field communication, and acceptable performance in fat layer. Future 
work will expand on conducting Specific Absorption Rate (SAR) to study the high attenuation of the radiated power of the 
human body on implanted antennas for the safety reason to bring in real life where it is being performed and examined. 
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1. INTRODUCTION 
Medical implants with the ability to communicate with an 
external device via wireless technology are known as 
implantable medical devices (IMDs). The usage of IMDs 
has increased in recent years because of the advantages 
provided in detecting and treating a variety of medical 
diseases in a wide spectrum of patients by giving real-time 
biotelemetric data [1]. These devices allow for the remote 
measurement of physiological signals using wired or 
wireless connection technologies. Electronic implantable 
medical devices (IMDs) are designed to be entirely or 
partially placed in human bodies through procedures and 
to stay in the body for several hours to many years, or even 
permanently for instance, after the surgical intervention. 
Wireless Body Area Networks (WBANs) are an intelligent 
network integration that allows devices and sensors to 
work together to collect a variety of key physiological 
parameters [2].  

Implant WBANs for biomedical applications have 
recently undergone a paradigm shift because of 
advancements in antenna technology and wireless 

communication networks [3]. Implantable antenna plays 
an important role in medical healthcare toward increasing 
the quality of healthcare diagnosis, treatment, and medical 
research [4]. Implantable antennas can help to reduce the 
risk of some disease complications that may lead to 
chronic disease. Implantable antennas are electrically 
compact antennas that radiate into a lossy medium which 
is the human body tissues that influences the design of an 
effective implantable antenna. Previous research has 
demonstrated that antennas can operate optimally in open 
space however, when an antenna structure is implanted in 
the human body, the performance degrades, particularly in 
terms of frequency detuning, gain, radiation efficiency and 
radiation pattern [1].Thus, optimizing return loss, 
increasing antenna bandwidth, maintaining minimal size, 
ensuring patient safety, and achieving acceptable radiation 
performance are the fundamental design issue in 
developing an implanted antenna with satisfactory 
performances. 

The existence of implantable antennas in biomedical 
telemetry represents an intrinsic challenge due to 
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performance of the implantable antenna in the human body 
layer degrades as the presence of lossy human body tissues 
[5][6]. that will affect the return loss, gain, radiation 
efficiency and radiation pattern. This problem has been 
widely addressed by the previous researchers on the 
implantable antenna for biomedical telemetry [9]. 
However, through this project it is expected to design a 
reduced size of biocompatible implantable antenna inside 
the human body model which is specifically inside the fat 
layer at the arm part. In this project, Planar Inverted F- 
Antenna (PIFA) is used for the simulation, and the 
standard frequency range follows the Industrial Scientific 
and Medical (ISM) band in which the antenna will be 
operated at 2.4 GHz. 

2. METHODOLOGY  

2.1 Tools and Software 
Planar Inverted F- Antenna is the proposed type of the 

antenna that was designed, simulated, and optimized to 
obtain the optimal performance of the antenna inside the 
human body which is the arm part. CST Microwave Studio 
Software (student version) was used to model and simulate 
the structure of the antenna. Other than that, it is also used 
to analyze the parametric performance of the antenna when 
it is moving towards the skin and towards the muscle in 
proximity to the human body with a varying permittivity 
and thickness for body layers. Sigma Plot was used to plot 
the graph from results data that have been obtained from 
the CST Software. 

The human body layer has different electrical properties 
such as permittivity (𝜀$), conductivity (σ) and thickness are 
required to simulate the real environment for testing 
purposes. Human body model is made up of 3 main layers 
and the electrical properties of different tissues of the 
human body are varied depending on their types such as 
skin, fat, and muscle [4]. 

2.2 Design Stages of Proposed Antenna 
A reduced size of Planar Inverted F-Antenna (PIFA) 
operates at ISM band is designed in this paper for 
implantable medical applications. The proposed antenna is 
designed by using a three-layer geometry model which 
consists of ground, substrate, and patch. The antenna is 
designed by using the substrate material, Rogers RO3210 
which is a biocompatible material. 

2.2.1 Stage A  
Design A is the design of the antenna in the free space. The 
length of the substrate is SUBX= 10 mm, and the width of 
the substrate is SUBY= 6.03 mm in the initial design of the 
antenna. The thickness of the ground plane and the 
radiating patch are ANTt=0.035 mm, GNDTt=0.035 mm 
respectively and the patch thickness is SUBt=0.59 mm. 

The illustration depicts the surface view of the proposed 
antenna together with its geometrical specifications as 
shown in Figure 1 and Figure 2. The dimensions and values 
of the planned antenna are displayed in Table 1.  

 
Figure 1. Design of the antenna in CST top view 

 

 
Figure 2. Design of the antenna in CST with dimension 

 
Table 1. Design element in Stage A 

Elemen
t  

Val
ue  

Descrip
tion 

Elem
ent 

Value  Descripti
on 

LA 0.50 
mm 

Length WA 1.60 
mm 

Width 

LB 3.00 
mm 

Length WB 0.50 
mm 

Width 

LC 2.00 
mm 

Length WC 0.50 
mm 

Width 

LD 0.50 
mm 

Length WD 1.30 
mm 

Width 

LK 0.30 
mm 

Length WF 1.30 
mm 

Width 

LL 0.20 
mm 

Length WK 0.40 
mm 

Width 

LM 1.20 
mm 

Length WO 0.13 
mm 

Width 

LN 0.20 
mm 

Length WT 0.27 
mm 

Width 

LO 1.20 
mm 

Length SP 0.27 
mm 

Width 

LT 1.20 
mm 

Length SUBt 0.59 
mm 

Substrate 
Thickness 

ROCore 0.10 
mm 

Outer 
Core 

SUB
X 

10.00 
mm 

Substrate 
Width 

RICore 0.00 
mm 

Inner 
Core 

SUBY 6.00 
mm 

Substrate 
Length 

ROTeflo
n 

RO
Hole 

Outer 
Teflon 

ANTt 0.035 
mm 

Antenna 
Thickness 

RITeflon RO
Core 

Inner 
Teflon 

GNDt 0.035 
mm 

Ground 
Thickness 

ROHole 0.12
5*2 

Outer 
Hole 

Coax
X 

0.80 
mm 

Probe 
Width 

RICasin
g  

ROT
eflo
n 

Inner 
Casing 

Coax
Y 

1.00 
mm 

Probe 
Length 

ROCasi
ng 

ROT
eflo
n 
+0.0
35 
mm 

Outer 
Casing 

HUp ANTt+
GNDt+ 
SUBt+
0.035 
mm 

Length 
Feed 

HDown SUB
t 

Length 
Teflon 

Hcasi
ng 

1.00 
mm 

Length 
Casing 
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2.2.2 Stage B 
Design C is the optimized design of the antenna from 
Design B to further improve its operation performance       
in the fat layer. First step on the optimization starts with 
the SUBX and SUBY which involve further size reduction       
of the antenna. The effect of reducing the size of the 
antenna is not only in the increasing trend of the resonance 
frequency [7] but it is also good to be implanted inside the 
human body.   

The final design of the antenna the length of the 
substrate is SUBX=4mm and the width of the substrate is 
SUBY=5.08 mm in the initial design of the antenna. The 
thickness of the ground plane and the radiating patch are 
ANTt=0.035 mm, GNDTt=0.035 mm respectively and the 
patch thickness is SUBt=0.59 mm. The illustration depicts 
the surface view of the proposed antenna together with its 
geometrical specifications as shown in Figure 3 and Figure 
4 with Table 2 design element in Stage B.  
 

 

Figure 3. Design B in CST top view 
 

                     

Figure 4. Design of the antenna in CST with dimension 
 

3. RESULTS AND DISCUSSION 

3.1.1 Performance Measurements in the fat layer of 
Human Body Model 
S11 parameter, also known as the reflection coefficient, 
shows the power reflected from the antenna toward the 
source. Figure 4.1 shows the simulated result of the 
antenna at free space with S11 value -28.92 dB which is an 
acceptable limit at the operating frequency of 2.4 GHz. The 
realized gain that obtained from this simulation is -21.81 
dBi. In overall, it is observed that the performance of the 
antenna is good. However, this result is the pre-     
optimization results of the antenna before it is being 

simulated inside the human body. After obtaining the good 
performance of the designed antenna in the free space, 
design of the antenna B then will be simulated inside the 
human body layer which is within the fat layer.  
The human body was modeled with the average data of the 
permittivity, conductivities, and thicknesses of each layer 
extracted from [13-23] as shown in Figure 5 and Table 3. 
The simulated and measured reflection coefficient, S11 is 
displayed in Figure 6. Design B of the proposed PIFA 
antenna resonates at frequency 1.15 GHz, 2.84 GHz, and 
3.84 GHz with the S11 -31.29 dB, -13.46 dB and -10.91 
dB respectively. The results of the reflection loss are still 
acceptable though it is degrading from one resonance 
frequency to another as shown in Table 4. 
 

Table 2. Design element in Stage B 

Eleme
nt  

Value Descri
ption 

Elem
ent 

Value  Descripti
on 

LA 0.25 
mm 

Length WA 0.80 
mm 

Width 

LB 3.00 
mm 

Length WB 0.50 
mm 

Width 

LC 2.00 
mm 

Length WC 0.15 
mm 

Width 

LD 0.30 
mm 

Length WD 0.50 
mm 

Width 

LK 0.30 
mm 

Length WF 0.50 
mm 

Width 

LL 0.05 
mm 

Length WK 0.20 
mm 

Width 

LM 1.00 
mm 

Length WO 0.10 
mm 

Width 

LN 0.15 
mm 

Length WT 0.15 
mm 

Width 

LO 1.00 
mm 

Length SP 0.27 
mm 

Width 

LT 1.00 
mm 

Length SUBt 0.59 
mm 

Substrate 
Thickness 

ROCo
re 

0.10 
mm 

Outer 
Core 

SUB
X 

4.00 
mm 

Substrate 
Width 

RICor
e 

0.00 
mm 

Inner 
Core 

SUB
Y 

5.08 
mm 

Substrate 
Length 

ROTef
lon 

ROHo
le 

Outer 
Teflon 

ANTt 0.035 
mm 

Antenna 
Thickness 

RITefl
on 

ROCo
re 

Inner 
Teflon 

GND
t 

0.035 
mm 

Ground 
Thickness 

ROHo
le 

0.125
*2 

Outer 
Hole 

Coax
X 

0.80 
mm 

Probe 
Width 

RICas
ing  

ROTef
lon 

Inner 
Casing 

Coax
Y 

1.00 
mm 

Probe 
Length 

ROCa
sing 

ROTef
lon 
+0.03
5 mm 

Outer 
Casing 

HUp ANTt+
GNDt
+ 
SUBt+
0.035 
mm 

Length 
Feed 

HDow
n 

SUBt Length 
Teflon 

Hcasi
ng 

1.00 
mm 

Length 
Casing 
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Figure 5. Body model of arm layer 

 
Table 3. Average of thickness, permittivity, and 

conductivity of arm part 

Body 
Part  

Sub 
Body 
Part 

Thickness 
(mm) 

Permitti
vity, 𝜀$ 

Conductiv
ity, 𝜎 

TS Skin 1.5 32.82 1.34 
TF Fat 5.6 15.32 0.195 
TMu Musc

le 
29.5 51.27 1.19 

 

 
Figure 6. S11 within human fat layer 

 
Table 4. Performance of the antenna at different 

frequency 

Frequency 
Antenna 
(GHz) 

Performance of the antenna at 
different frequency 
Return 
Loss (S11) 

Gain 
(dBi) 

Total 
Efficiency 
(%) 

1.15 -31.29 dB -34.52 -38.22 
2.84 -13.46 dB -23.41 -26.36 
3.84 -10.91 dB -16.62 -18.60 

 
3.1.1 Optimization Inside Fat within the Human Body 
Model 
After obtaining the results from the simulation of the 
antenna in the human fat layer, the antenna is further 
optimized as the main objective of this project is to 
simulate an implantable antenna for optimal performance 
in the selected fat layer. The results that have been obtained 
in Design A is not in good performance of the antenna 
within the human fat layer. The first step that have been 
taken in optimizing the antenna (Design B) was by 
reducing the size of the antenna which the element in 
SUBX (width) and SUBY (length). By reducing the size of 

SUBX and SUBY elements, WA and LB elements also 
need to be reduced. Figure 7 shows the design of the 
antenna at the first step of the optimization. 

 
Figure 7. First step of design optimization 

 
Figure 8 shows the results of the S11 at the first stage 

optimization with the reflection coefficient is -9.56 dB 
which is not within acceptable limit of S S11 ≤ -10 dB 
However, the resonant frequency of the antenna is shifted 
to the right from 1.15 GHz to 2.01 GHz showing that by 
reducing the size of the antenna will improve its operating 
frequency towards 2.4 GHz. The shifting towards 2.4 GHz 
is desirable for operation at the ISM     band of 2.4 GHz 
application. The radiating part of the antenna in meander 
shape is too close to another other without having 
sufficient space gap affecting undesirable coupling 
between them is one of the possibilities that makes the 
return loss results beyond the acceptable limit. The 
resonance frequency that has been obtained has yet to 
operate at the ISM band thus, the size of the antenna needs 
to be reduced further. Table 5 shows the changed value of 
the design element from the first step. 

 

 
Figure 8. S11 results of first step optimization of the 

antenna 
 

Table 5. Changes value of the design element from the 
first stage optimization 

Element Initial Value 
(mm) 

New Value 
(mm) 

SUBX 10.00 6.00 
SUBY 6.30 6.00 
WA 1.06 1.01 
LB 3.00 2.70 
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The second stage optimization of the antenna is 
focusing on reducing the size of the antenna and the 
meander shape-element of the antenna that is closer to one 
another. Figure 9 shows the S11 graph based on the 
parameter sweep analysis of the antenna and Table 6 
shows the iteration of the parameter in this step. Figure 10 
shows the design of the antenna with element changes 
from stage two. The best and optimum value was selected 
for this iteration after obtaining the results of parameter 
sweep, where it is shown at Figure 9. 3rd Iteration 3 
considerable results with changing parameters LL = 0.05 
mm, LN = 0.20 mm, LO = 1.00 mm, and SUBY = 5.60 
mm as shown in Table 5. However, results at 3rd iteration 
with the reflection coefficient, S11 is -26.66 dB at the 2.21 
GHz operating frequency. The return loss is within the 
acceptable limit, but the operating frequency needs another 
optimization so that the antenna can be operated in optimal 
performance in the fat layer. 

 

 
Figure 9. S11 graph based on parameter sweep from  

stage 2 
 

 
Figure 10. Design of the antenna with the element 

changes from stage two 
 
Table 6. Parameter iteration of stage two optimization 

Parameter iteration 
Iteration LL LN LO SUBY 
3rd 0.05 0.20 1.00 5.60 
4th 0.10 0.15 1.00 5.60 
5th 0.30 0.15 1.00 5.60 
7th 0.30 0.15 1.00 5.60 
8th 0.05 0.15 0.80 5.60 

 
The best and optimum value was selected after obtaining 
the results of parameter sweep which is at 10th iteration, 
where it is demonstrated at Figure 11 and Table 7. Iteration 
10 has considerable results with parameter changing LA = 
0.25 mm, LB = 3.00 mm, LD = 0.30 mm, and SUBY = 
5.08 mm. The best S11 slope is at 2.40 GHz operating 

frequency with Lower Frequency (LF) at 2.34 GHz and 
Higher Frequency (HF) 2.47 GHz with the results of S11 is 
-43.42 dB which it can be concluded that the best optimal 
performance of the antenna in human fat layer. Figure 12 
demonstrated the final design of the implantable antenna. 
Figure 13 shows the antenna performance before and after 
optimization of the antenna. Table 6 shows the summary 
performance of the antenna after optimization. 
  

 
Figure 11. S11 graph based on parameter sweep from 

stage 3 

 
Figure 12. Final design of implantable antenna 

 
Table 7. Parameter iteration stage 3 

Parameter iteration 
Iteration LA LB LD SUBY 

1st 0.25 3.00 0.25 5.09 
2nd 0.25 3.00 0.25 5.07 
8th 0.28 2.90 0.35 5.00 
9th 0.28 2.80 0.35 4.90 

10th 0.25 3.00 0.30 5.08 
 
 

 
Figure 13. S11 comparison before and after optimization. 

 
Table 8 shows the size and gain reduction table of this 
project compared to previous researchers. The results 
obtained from the previous work of the implantable 
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antenna is 74% - 98 % of the size reduction. The realized 
gain difference from the previous work compared to this 
project is -0.99 dBi to 5.90 dBi of the realized gain 
difference. Table 7 shows the size and realized gain 
comparison of the proposed work with previous research. 
The proposed work successfully reduced the size of the 
implantable antenna by 74 to 98% while simultaneously 
achieve a better realized gain of maximum 5.9 dBI. 
 
Table 8. Size comparison and realized gain difference of 

the proposed antenna 

Ref Volum
e 

(𝑚𝑚") 

Perm
ittivit
y of 

Subst
rate, 
𝜀𝑟 

Size in 
𝜆$ 

(𝑚𝑚") 

Size 
Reduc

tion 
(%) 

Re
ali
zed 
Ga
in 
(d
Bi) 

Reali
zed 

Gain 
(dBi) 
differ
ence 

[8] 19.60 × 
19.60 × 
1.00 

3.10 1.53 × 
10*+, 

-96.00 -
23.
00 

5.90 

[9] 8.00 × 
6.00 × 
1.00 

3.60 2.37 × 
10*+, 

-74.00 -
17.
01 

-0.99 

[10] 19.00 × 
19.40 × 
1.27 

10.20 1.55 × 
10*+, 

-97.41 -
22.
00 

4.00 

[11] 13.50 × 
19.50 × 
1.905 

10.20 1.53 × 
10*+, 

-97.59 -
23.
20 

5.20 

Pro
pos
ed 

4.00 × 
5.13 × 
0.66 

10.80 1.51 × 
10*+, 

 -
18.
00 

- 

4. CONCLUSION 
In conclusion, the antenna is successfully designed and 
optimized. The designed antenna was simulated in fat layer 
of the human body which the initial performance of the 
antenna was degraded. The optimization of the antenna 
was done to obtain the optimal performance of the antenna 
within human fat layer.  the PIFA biocompatible 
implantable antenna successfully operates at the frequency 
of 2.4GHz (ISM band) application following optimization 
performance of the antenna within fat layer. This study of 
a biocompatible implantable antenna showed that the 
performance of the antenna is affected based on the human 
tissue layer properties and transient movement of the 
antenna within the tissue layer (skin, fat and muscle). The 
developed antenna satisfies all requirements for an 
implantable antenna, such small size, biocompatibility, 
low return loss, and acceptable performance in fat layer 
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