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INTRODUCTION 
 

A pacemaker is a small, battery-powered implantable medical 

device (IMD) that is used to monitor and regulate the heartbeat 

of people with a slow or irregular heart rate. According to 

Market Research Future, it is anticipated that, by 2030, the 

global market for pacemakers will reach USD 6.6 billion 

(Market Research Future, 2023). The increment in the number 

of cases of cardiovascular diseases and the growing geriatric 

population are the reasons behind the growth.  

A typical conventional pacemaker (CP) is comprised of three 

main components, such as a pulse generator, two leads, and 

electrodes that are made of biocompatible materials (Merchant 

& Mittal, 2020). CP is implanted under the chest’s skin, and the 

leads are implanted inside the veins that lead to the heart (Yi et 

al., 2022). The pulse generator produces the electrical current 

that is required to stimulate the heart muscle while the leads 

transmit the electric current to the heart muscles (Lak & Goyal, 

2022). For instance, if the heart rate is slower than normal, an 

electrical impulse will be sent through the lead to the electrode. 

As a result, the heart begins to beat fast, and the normal heartbeat 

rhythm will be achieved (Pacemaker insertion, 2021). Although 

CP is able to regulate the heart rate, several issues are raised. 

The major problem that remained unsolved is the infection 

caused by the implantation, which even cost lives. According to 

recent research, it has been found that every 14th patient 

undergoing CP implantation was affected by infection, and 

among them, every 5th led to death (Asif et al., 2019). Not only 

that, the implantation of the leads causes the central vein to 

obstruct, pneumothorax and tricuspid failure (Sharma et al., 

2022). Therefore, leadless pacemakers, or leadless cardiac 

pacemakers (LCP), were introduced by St. Jude Medical and 

Medtronic to overcome the shortcomings related to the CP. They 

A B S T R A C T   

 

The advancement in technology led to the development of leadless cardiac pacemaker (LCP) 

systems that resolved the issues that arise due to the use of leads in the conventional 

pacemakers (CP). However, the compact size of the LCP system also requires a miniaturized 

antenna that can fit inside the limited space of the LCP. Therefore, this study was conducted 

to propose and design a reduced-size antenna that operates at 2.4 GHz. An implantable 

antenna with a footprint of 4.00 × 5.00 × 0.50 mm was designed using CST Microwave 

Studio (student version). An LCP system was integrated with the antenna and simulated 

inside the heart tissue model to evaluate the performance of the antenna. Based on the S11 

parameter, the antenna was further optimized, and the coaxial-feed cable position was offset 

until the impedance matching was achieved for the resonant frequency to be at 2.4 GHz. The 

antenna exhibited good performance with a S11 of less than -10 dB at 2.4 GHz. In addition, 

the proposed antenna satisfies the requirements of LCP with limited space. Therefore, the 

proposed antenna is envisaged to be implemented for LCP systems. 
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developed LCP systems such as Nanostim LCP and Micra 

transcatheter pacing systems (TPS) (Zada et al., 2021). 

LCP is a capsule-like device that consists of several 

components, as shown in Figure 1. When comparing the LCP 

with the CP, LCP has a pulse generator and electrode in a single 

unit, which eliminates the need for leads (Sharma et al., 2022). 

In addition, LCP will be directly implanted in the right ventricle 

of the heart. Moreover, the LCP has a smaller dimension 

compared to the CP (Sharma et al., 2022). Besides this, the LCP 

implantation procedure is less invasive because a chest incision 

is not required as in CP, and it will not form a scar or bump under 

the skin (Medtronic. (n.d.); Zada et al., 2021). Despite these 

advantages, there are some limitations associated with LCP, 

such as battery longevity, efficacy, and wireless telemetry 

(Sharma et al., 2022; Zada et al., 2021).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Schematic diagram of the LCP and its components. 

 

Among these limitations, biotelemetry is one of the most 

crucial aspects of active IMD. This is because it allows 

communication between the antennas of the IMD and the 

external patient monitoring devices’ antennas to enable medical 

personnel to monitor the heart rate of patients (Zada et al., 2021). 

Therefore, it is important to take into account several factors 

before developing an antenna for the LCP systems. One of the 

factors that need to be considered is the space available for the 

antenna inside the IMD devices. This is because the 

development of ultra-small IMD devices such as Nanostim and 

Micra TPS has limited space for the accommodation of the 

antenna (Zada et al., 2021). 

Recently, researchers have focused on developing 

miniaturized antennas for LCP systems. A conformal antenna 

that wrapped around the dummy pacemaker was proposed by 

Asif et al. (2019) with a dimension of 17.28 × 14.28 × 0.29 

mm3. The antenna was operated in the Industrial, Scientific, and 

Medical (ISM) band of 2.45 GHz with a peak gain of -35 dBi. 

Similarly, a conformal antenna was proposed by Bose et al. 

(2019) with a dimension of 10.00 mm × 9.00 mm. The antenna 

worked at 433 MHz, which is in the ISM band. From the studies 

above, the antennas are compact in structure. However, the 

integration of the conformal antennas with the circuitry system 

of the LCP is difficult (Zada et al., 2021).   

Sha et al. (2019) proposed a flat antenna with a dimension of 

7.00 mm × 6.50 mm × 0.38 mm that worked at multiple 

frequency bands for LCP systems. Similarly, Ramzan et al. 

(2019) also proposed a spiral antenna with a radius of 5 mm and 

operating at 402-405 MHz, which is a Medical Implant 

Communication Service (MICS) band. Although these 

antennas’ are compact in size and are developed for LCP 

systems, they are not compatible in terms of size with the 

commercially available LCP systems such as the Nanostim and 

Micra TPS which has a dimension of 5.99 mm × 42.00 mm and 

6.70 mm × 25.90 mm, respectively (Beurskens et al., 2017). 

Therefore, a reduced-size antenna that can fit inside the LCP 

systems is preferred. 
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Fig. 2 Detailed structure of the proposed antenna in (a) 

front view (b) exploded view (c) side view. 
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In this study, a reduced-size implantable antenna with a 

footprint of 4.00 × 5.00 × 0.50 mm was proposed and simulated 

with the LCP system in a heart model using CST Microwave 

Studio. The size reduction is achieved using the squared spiral-

shaped radiating patch, substrate, and superstrate with high 

dielectric properties.  

 
 
METHODOLOGY 
 

Figure 2 shows the configuration of the pre-optimized antenna. 

The antenna has a squared spiral-shaped radiating patch, which 

eases the fabrication process. In addition, it is also found that the 

body’s dielectric variations are less likely to affect the spiral-

shaped antennas as they are less sensitive to the dielectric 

variations (Kim & Shin, 2019). Therefore, a reduced-sized 

squared spiral-shaped antenna that operates at the ISM band of 

2.4 GHz with a footprint of 4.00 × 5.00 × 0.50 mm was 

designed, simulated, and optimized using CST Microwave 

Studio. The antenna designing was started by approximating the 

size of the antenna, which was half the value of effective 

operating wavelength (𝜆/2). Then, the antenna size was reduced 

until it fits inside the LCP system. Table 1 shows the dimensions 

used for the length and width of radiating patch.  

 

 
Table 1 Dimensions of the proposed antenna 

 

Element Value (mm) Description 

LA 4.00 Length 

WA 0.50 Width 

LB 5.00 Length 

WB 0.50 Width 

LC 4.00 Length 

WC 0.50 Width 

LD 4.00 Length 

WD 0.50 Width 

LE 3.00 Length 

WE 0.50 Width 

LF 3.00 Length 

WF 0.50 Width 

LG 2.00 Length 

WG 0.50 Width 

LH 1.00 Length 

WH 0.50 Width 

 

The proposed antenna’s radiating patch was made up of 

copper with a thickness of 0.035 mm, and for the substrate, 

Rogers RT/Duroid 3010 with a thickness of 0.25 mm, 

permittivity of 10.20, and a loss tangent of 0.0023 was used 

(Singh & Kaur, 2021; Salama et al., 2020). The high permittivity 

of the Rogers RT/Duroid 3010 enables the miniaturization of the 

antenna by decreasing the antenna losses and reducing the 

effective wavelength (Feng et al., 2022). Based on these 

advantages, the Rogers RT/Duroid 3010 was selected to be used 

as the substrate. In addition, a superstrate layer made up of 

Rogers RT/Duroid 3010 with a dimension similar to the 

substrate was used because it serves as the insulation layer.  

(Feng et al., 2022). Lastly, the proposed antenna was fed with a 

flexible coaxial cable. 

 

 

 

Pre-optimization of the Proposed Antenna 

 

Four design iterations were carried out in the pre-optimisation 

stage, as shown in Figure 3. In each iteration the number of sides 

with different lengths and similar widths (0.5 mm) was added 

one by one, as illustrated in Figure 3. The addition of the sides 

was continued until the operating frequency resonates at 2.4 

GHz. The design of the proposed antenna began with a one 

square loop as presented in iteration 1. In iteration 2, a side with 

a length (LF) of 3 mm was added. In iteration 3, a side with a 

length (LE) of 2 mm was added, as shown in Figure 3(c). Lastly, 

a short side with a length (LF) of 1 mm was added. All the 

iterations were carried out with the excitation position at X = 

1.00 and Y = 0.25, as shown in Figure 4. This position was 

selected by trial-and-error method by choosing a distance of 

50.00% from the below and 25% from the edge.  The chosen 

position provides maximum impedance matching.  
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Fig. 3 Proposed antenna’s design evolution (a) iteration 1 (b) 
iteration 2 (c) iteration 3 (d) iteration 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Excitation position of the antenna 
 

 

 

 

Coaxial-feed position 

0 

y 

x 

Antenna 

radiating patch 



DiviyaDevi Paramasivam et. al.                               Journal of Medical Devices Technology 

 

© 2023 Penerbit UTM Press. All rights reserved 
75 

Frequency (GHz)

2.0 2.2 2.4 2.6 2.8 3.0

S
1

1
 (

d
B

)

-30

-25

-20

-15

-10

-5

0

 

Integrating Proposed Antenna with LCP 

 

A LCP with standard dimensions of 25.90 mm × 6.70 mm was 

designed using CST Microwave Studio student version and 

integrated with the proposed antenna. For the simulation, the 

components of the LCP, such as the battery, helix, electrode, and 

circuitry, are set as perfect electric conductors (PEC). In 

addition, polylactic acid (PLA) with a permittivity of 3.1094 and 

a loss tangent of 0.0053 was used to enclose all the elements 

(Linge et al., 2023). The use of PLA provides biocompatibility, 

which will prevent the rejection of the LCP when it is implanted 

(Das et al., 2022; Tesser et al., 2019). After the integration, the 

simulation was carried out to determine the performance of the 

antenna inside the LCP.  

 

Simulation of Implantation of LCP Integrated with the 
Proposed Antenna  

 

The LCP integrated with the proposed antenna was placed 

centered of the human heart tissue model with dimensions, as 

shown in Figure 5. The permittivity of 54.918 and conductivity 

of 2.215 S/m were used for the heart tissue model because these 

dielectric properties are for the operating frequency range of 1.8 

to 3 GHz (Feng et al., 2022; Zada et al., 2021). The simulation 

was carried out, and the S11 parameter was obtained. The 

antenna dimension was optimized in terms of the length and 

width of the radiating patch until the resonant frequency was 2.4 

GHz. The appropriate dimension of the radiating patch was 

obtained after eight iterations. Similarly, the position of the 

coaxial-feed was also adjusted by performing twelve iterations 

until maximum impedance matching was obtained. 

 

 

 

 

 

 

 

 

 

 
Fig. 5 Simulation of LCP integrated with proposed antenna. 

 

 
RESULTS AND DISCUSSION 

 

In this paper, the S11 parameter of the antenna was obtained by 

optimizing the dimensions of the radiating patch of the antenna 

and adjusting the coaxial-feed position. 

 

 
Pre-optimization of the Proposed Antenna 

 

In iteration 1, the resonant frequency was 3.05 GHz, which is 

not at the desired ISM band (2.4 GHz). In addition, the S11 of 

the antenna was -4.31 dB, which was more than -10 dB, as 

illustrated in Figure 6. To shift the resonant frequency to the left, 

side F was added in iteration 2. The addition of side F causes the 

resonant frequency to shift left, as it was observed at 2.63 GHz. 

However, the S11 further increases to -0.23 dB. The increase in 

the S11 showed that the power loss is greater than the power 

radiated by the antenna.  

Therefore, iteration 3 was carried out by adding side G. In 

iteration 3, the resonant frequency was 2.45 MHz which is 

within the ISM band, with a S11 of -10.66 dB. Since the desired 

operating frequency is 2.4 GHz, iteration 4 was carried out, 

where it was able to resonate at 2.4 GHz with a S11 of -25.73 dB, 

which was less than the one in iteration 3. This showed that the 

antenna in iteration 4 was able to radiate almost all the power 

with little power loss compared to other iterations. Therefore, 

the antenna proposed in iteration 4 was used for the rest of the 

study. It is worth noting that the iterations improved the 

performance of the antenna. 

 
Simulation of Proposed Antenna with LCP 

The S11 parameter of the LCP integrated with the antenna 

shows that the proposed antenna satisfies the condition, where it 

resonates at 2.4 GHz and has a S11 of -27.96 dB, which is lower 

than -10 dB, as shown in Figure 7. Therefore, the LCP integrated 

with the proposed antenna, simulated inside a heart tissue to 

determine the performance of the antenna in a high permittivity 

medium. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. 7 S11 parameter of LCP integrated with antenna. 
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Fig. 6 S11 parameter comparison between antenna with 
different iterations. 
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Simulation of Implantation of LCP Integrated with the 
Proposed Antenna  
 

The LCP integrated with the proposed antenna simulated inside 

the heart tissue model. Based on Figure 8, it can be seen that the 

resonant frequency was shifted right from 2.4 GHz to 3.19 GHz 

with a S11 of -12.64 dB. This is due to the high permittivity of 

the tissue, which causes the resonant frequency to shift 

(Suryanata et al., 2023). Therefore, optimization was carried out 

to shift the resonant frequency, as shown in Figure 8. The 

optimization was carried out by reducing and increasing the 

dimensions of the radiating patch alternately. After eighth 

iteration, of changing the length and width of the radiating patch 

as tabulated in Table 2, the resonant frequency shifted to 2.33 

GHz with a S11 of -3.53 dB. Since the resonance frequency is not 

at 2.4 GHz, the coaxial-feed position was adjusted. 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 

Fig. 8 S11 parameter of LCP integrated with antenna in heart 
tissue model with different iterations 

 
 

Table 2 Parameter iteration for second stage optimization of 
antenna 

 

Element 
Parameter iterations 

Description 
3rd 5th 8th 

LA 4.00 4.00 4.00 Length 

WA 1.00 1.00 0.50 Width 

LB 5.00 5.00 5.00 Length 

WB 1.00 1.00 1.00 Width 

LC 4.00 4.00 4.00 Length 

WC 1.00 1.00 1.00 Width 

LD 3.50 3.50 3.50 Length 

WD 1.00 1.00 1.00 Width 

LE 2.50 2.50 2.50 Length 

WE 0.50 0.50 0.75 Width 

LF 2.00 2.00 2.00 Length 

WF 0.50 0.50 0.25 Width 

LG 1.00 1.00 1.00 Length 

WG 0.50 0.50 0.25 Width 

LH 0.63 0.63 0.63 Length 

WH 0.25 0.25 0.25 Width 

 

Based on Figure 9, it can be seen that adjusting the coaxial-

feed position shifts the resonant frequency and also improves the 

S11 value. In first iteration, the X position was maintained while 

the Y position was changed from 0.25 to 3.35. This adjustment 

causes the resonant frequency to shift from 2.33 GHz to 2.34 

GHz, and the S11 was decreased to -12.49 dB. To further 

improve, the X position was increased to 1.25 while the Y 

position was maintained at 3.35, as shown in Table 3. The S11 

was decreased to -13.85 dB, but the resonant frequency was 

maintained at 2.34 GHz. Next, the iterations were carried out by 

further increasing the X position by 0.50. A slight shift was 

observed for the resonant frequency (2.35 GHz), and the S11 was 

-15.31 dB. The adjustment was continued by increasing the X 

position and decreasing the Y position, as shown in Table 3. In 

eleventh iteration, the resonant frequency was shifted right to 

2.38 GHz, and the S11 was decreased to -20.85 dB. Finally, 

during the twelfth iteration, the resonant frequency was shifted 

to 2.4GHz, and the S11 was decreased to -22.45 dB, as shown in 

Figure 9. This shows that adjusting the excitation position will 

improve the performance of the antenna as it provides better 

impedance matching.  

 

 
 

Table 3 Parameter iteration for coaxial-feed position. 
 

Element Iterations  

1st  3rd  5th  11th  12th  

X 1.00 1.50 2.00 2.35 2.38 

Y 3.35 3.35 3.35 2.00 1.70 
 

The proposed antenna was compared with the antennas 

reported in the literature for the LCP systems, as shown in Table 

4. The proposed antenna achieved a 71.43 to 90.00% size 

reduction and realized gain difference of -1.96 to 13.34 dBi. 

Therefore, the proposed antenna successfully reduced the size 

by 70.43 to 90.00% and realized gain difference of 13.34 dBi. 
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Fig.9 S11 parameter of antenna with different excitation 

positions 
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Table 4 Comparison of size and realized gain of proposed 
antenna with previous work 

 
Ref. Volume  

(mm3) 
Size 
in 𝝀𝒓 
(mm3

) 

Size 
reduction 

(%) 

Realized 
gain  
(dBi) 

Realize
d gain 

differen
ce (dBi) 

(Asif 

et al., 

2019) 

17.28 × 

14.28 ×  

0.29 

0.58 86.21 -35.00 13.34 

(Ketav

ath et 

al., 

2019) 

24.00 ×

 22.00 ×

 0.07 

0.30 73.33 -19.70 -1.96 

(Wang 

et al., 

2021) 

12.00 ×

 12.00 ×

0.64 

0.28 71.43 -34.00 12.34 

(Xia 

et al., 

2020) 

9.80 ×

 9.80 ×

 1.27 

0.98 90.00 -33.00 11.34 

Propo

sed 

work 

4.00 × 

5.00 × 

0.50  

0.08 - -21.66 - 

 
 
CONCLUSION 
 

A reduced-size antenna for LCP systems was designed and 

optimized. The proposed antenna’s performance was simulated 

by integrating the antenna with LCP and inside heart tissue 

model. The optimization of the antenna was carried out inside 

the heart tissue model by altering the dimensions of the length 

and width of the radiating patch of the antenna and also by 

adjusting the coaxial-fed position. The proposed antenna 

achieved a 90.00% reduction in size and realized gain difference 

of 13.34 dBi when compared with the reported antenna for LCP 

systems. Therefore, this antenna satisfies the requirements of 

LCP systems, such as compact size with acceptable 

performance.  The reduced size of antenna would open up the 

possibility to further reduced size of the entire LCP. 
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