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Abstract—This communication proposes miniaturized implantable 

antenna systems for biomedical applications, specifically for scalp 

implantation. The proposed designs exhibit dual-band characteristics on 

the Industrial, Scientific, and Medical (ISM) bands (i.e. 915 MHz and 2450 

MHz) with small volumes: 344 mm3 (System A) and 406 mm3 (System B). 

Each system is integrated with the microelectronic components and a 

battery. The key feature of the proposed implantable antenna is its small 

volume (8 × 6 × 0.5 = 24 mm3) with a slotless and a vialess ground plane, 

thereby reducing design complexity. Moreover, the structure exhibits 

satisfactory peak gain values of -28.5 dBi and -22.8 dBi at a lower and 

higher resonant band, respectively. Simulations using the finite element 

method (FEM) and finite-difference time-domain (FDTD) are performed 

to evaluate the implantable systems. For validation, measurements are 

carried out in a saline solution. The antenna offers a good agreement 

between the measured and simulated results. In addition, a link budget is 

calculated to analyze the data transmission range. 

Index Terms— dual-band, intracranial pressure, implantable, link 

budget, microelectronics 

I. INTRODUCTION 

UE to advancements in the medical technology, small and 

efficient devices are required for biomedical applications. Over 

the past few decades, the research community has shown a great deal 

of interest in introducing unique implantable medical devices (IMDs) 

to treat and monitor various physiological signals in the human body 

[1]-[6]. To communicate wirelessly with the outside environment, an 

implantable antenna incorporated in an IMD is the key component. 

In the design of an implantable antenna, certain issues and 

challenges must be met, including size restrictions, bandwidth 

enhancement, biocompatibility, tissue coupling, and patient safety. 

Significant research has progressed toward overcoming these issues 

while designing the implantable antennas [7]-[14]. 

Efficient monitoring of intracranial pressure (ICP) and its 

management is a life-saving procedure. Kawoos et al. [1] designed a 

wireless implantable device for ICP measurements operating at 2450 

MHz. Recently, Khan et al. [2] proposed a wireless sensing device to 

monitor ICP. A capacitively loaded implantable antenna for 

biotelemetry on the Industrial, Scientific, and Medical (ISM) band 

was introduced by Liu et al. [7]. Differentially fed dual-band 

implantable antennas for the Medical Implant Communications 

Services (MICS) and ISM bands were presented [8][9]. A detailed 

review about IMDs with their operating frequency bands is found in 

Table I of a study by Kiourti et al. [15]. 

In this paper, the design of small, compact antenna systems that 

can be implanted under the skin is presented for ICP applications. 

Both devices, with a dual-band implantable antenna, occupy small 

volumes that differ only in terms of a battery placement, and operate 

at 915 MHz and 2450 MHz. Wireless IMDs have attracted the 

interest of research groups, however, a number of security issues and 

challenges in these implantable devices still exist, addressed by 

Zheng et al. [16]. For this reason, a dual-band operation is 

considered in this work, i.e. data transmission at 915 MHz and   
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Fig. 1. Implantable systems, detailed architecture, and dimensions. 

sleep/wake-up modes at 2450 MHz, which not only extends the 

battery energy and the device lifetime, but also reduces the 

interference issues and security risks. The proposed implantable 

antenna has an advantage over other antennas due to its small 

volume, i.e. 24 mm3 (8 × 6 × 0.5 mm3), covering the low 

implantation space under the scalp. Moreover, it avoids the addition 

of slots in the ground plane and insertion of shorting pins, thereby 

reducing overall complexity. An agreement between simulated and 

measured results was observed, with a reasonable bandwidth of 

9.84% at 915 MHz and 8.57% at 2450 MHz. The small structure 

attains the measured peak gain of -28.5 dBi and -22.8 dBi at a lower 

and higher frequency band, respectively, which could reliably 

transmit the data in the far-field wireless communications. 

II. METHODOLOGY 

A. Implantable Systems Design 

The focus of this research is to introduce dual-band antenna 

systems for skin implantation, operating on the ISM bands (i.e. 

915 MHz and 2450 MHz), that are not only smallest, but also 

efficient in performance. Keeping the different implantation 

scenarios in mind, the two systems are designed. For the depth-based 

implantation studies in the skull of the human head, System B is 

introduced with the thickness of 6.45 mm that impacts its volume. 

For the surface-based studies, System A could be considered as the 

best choice which has a thickness of 3.45 mm. The two implantable 

antenna systems (System A and System B) are shown in Fig. 1. 

System A occupies a small volume of 344 mm3, whereas System B 

has a volume of 406 mm3. Battery placement affects the volume, as 

well as the length and height of both systems. Inside the systems, the 

antenna is kept with the electronics and a battery, which are realized 

as a perfect electric conductor (PEC) [3][9]. Typically, the 

electronics include the data management and power management 

circuitry with the control unit. The PEC surface for the circuitry is 

employed on a 0.635 mm thick Rogers 6010 substrate. Battery type-

319 with a diameter = 5.8 mm and height = 2.7 mm is used. These 

components are encapsulated in a 0.25 mm thick biocompatible 

material, Alumina (Al2O3, εr= 9.8) [7] to avoid a direct contact with 

the human tissue. To implant the devices inside the skin, a depth of 4 

mm is considered in a realistic human head and homogeneous box 

(skin model) [7][8]. It is worth mentioning that the two antenna 
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Fig. 2. Antenna geometry. (a) Top view. (b) Bottom view. (c) Side view. 

(d) Isometric view. 

 
(a) 

 
(b) 

Fig. 3. Analysis setup. (a) Simulation (in millimeters). (b) Measurement. 

 

systems exhibit similar performances in terms of its parameters 

including the transmission range, radiation pattern, reflection 

coefficient, and the peak gain. 

B. Dual Band Implantable Antenna Design 

The geometry and dimensions of the proposed implantable antenna 

are illustrated in Fig. 2. Rogers 6010 (εr = 10.2, tan δ = 0.0023, and h 

= 0.25 mm) is used as a dielectric material for both the superstrate 

and substrate layers. Due to the surrounding human tissue, it is a 

requirement for an implantable antenna to have biocompatibility. 

The two typical approaches have been discussed in [7]. The first 

approach is to design the antenna on a biocompatible material. In the 

other approach, the antenna is encapsulated in a biocompatible 

material. In our case, the second approach is adopted. The proposed 

antenna along with the dummy electronic components are 

encapsulated in the container, which is made up of biocompatible 

alumina (Al2O3, εr = 9.8), that aids to achieve the biocompatibility in 

the proposed design. The antenna is fed via coaxial probe. The 

radiating patch is symmetric on the lower side of its geometry. 

However, the upper side is adjusted. A rectangular slot of width l5 

and length l4-w4-w2 is added on the radiator to control the lower  

TABLE I 

SUMMARY OF ANTENNA PARAMETERS 

Symbol 
Value 

(mm) 
Symbol 

Value 

(mm) 
Symbol 

Value 

(mm) 

l1 2.85 l10 3.35 S 0.30 

l2 1.30 l11 1.55 L 6.00 

l3 2.10 w1 0.50 W 8.00 
l4 3.25 w2 0.45 h 0.25 

l5 1.50 w3 0.60 fx 2.55 

l6 3.70 w4 0.25 fy 2.925 
l7 3.20 w5 0.65 rc 1.20 

l8 2.35 w6 1.10 rf 0.50 

l9 3.65 w7 0.80 - - 

TABLE II 
LINK BUDGET PARAMETERS 

Variable Description Symbol 

Pr Required receiver power (dB) Adaptive 

fr Frequency of operation (MHz) 915 

Gr Receiver antenna gain (dBi) 2.15 

Gt Transmitter antenna gain (dBi) -28.5 

Pt Transmitter power (dBW) -46.02 
No Noise Power Density (dB/Hz) -199.95 

 
Fig. 4. Simulated and measured reflection coefficient (|S11|). 

 

frequency band. When the upper side is symmetric as well, a shift in 

the lower frequency band is observed, giving a resonance at 1.2 GHz 

band. Therefore, a rectangular slot is inserted to achieve the 

resonance at 915 MHz. Moreover, the gain of the antenna is slightly 

improved by adding the slot. The antenna resides on a substrate 

backed by a flat ground layer and a superstrate above it. Slots of 0.3 

mm are inserted on the patch to control an effective electrical length 

and achieve miniaturization. Figs. 2 (a), (b), (c) and (d), respectively, 

depict the top, bottom, side, and isometric view of the antenna. The 

dual band operation is achieved by an off-center feed on the 

radiating patch. In Table I, a summary of all the parameters is 

presented. The proposed antenna occupies a volume of 24 mm3, 

which is the smallest of all those reported in the literature and 

referenced in Table III. In this design, the surface area and small size 

of the antenna are optimized through meandered line slotting 

technique so that the antenna has the smallest possible size and good 

radiation performance. 

C. Simulation and Measurement Setup 

The antenna systems were designed, simulated, and analyzed using 

the finite element method (FEM) in Ansys HFSS and the finite-

difference time-domain (FDTD) method in XFdtd Remcom, as well 

as Sim4Life. The simulation of a human skin tissue is realized as a 

200 × 200 × 200 mm3 box model in HFSS. The frequency-dependent 

properties of the skin tissue on both ISM bands were taken from Liu 

et al. [8] and Kiourti and Nikita [10]. The antenna systems are placed 

inside a skin model, surrounded by a box with a radiation boundary. 

For validation, simulations in a realistic human head in Remcom and  
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Fig. 5. Coupling effect of the PEC electronics on the antenna in both systems. 

 
   (a)        (b)         (c) 

Fig. 6. Far-field gain patterns at 915 MHz and 2450 MHz, (Unit: dBi). (a)  

Simulated (HFSS). (b) Simulated (Remcom). (c) Measured. 

a Duke model in Sim4Life were performed. Figs. 3 (a) and (b) 

illustrate the simulation and measurement environments, respectively. 

Measurements were performed in a saline solution in an American 

Society for Testing and Materials (ASTM) model and a human head 

phantom. For measurements, the systems have been integrated with 

an antenna and the dummy electronic components (i.e. dual-layer 

printed circuit board and battery). The fabricated prototype of the 

proposed antenna and the gain measurement setup are depicted in 

Fig. 3 (b). 

D. Link Budget Analysis 

For far-field communication, normally the link margin should be 

greater than 0 dB, which deals with the losses such as the path loss, 

antenna mismatch loss, material loss, cable loss, etc. However, for a 

better reliability, a minimum link margin of 10 dB is considered in 

this work. The link budget calculations are performed based on the 

standard equations.  Table II presents all the parameters used in the 

link budget calculations [7].  

III. RESULTS AND DISCUSSION 

The performance of the antenna, designed and simulated in HFSS, 

was validated in Remcom, as well as in Sim4Life. Furthermore, 

measurements of the fabricated antenna were done using a vector 

network analyzer (VNA). Fig. 4 describes the comparison of a 

reflection coefficient (|S11|) between a realistic human head, a 

homogeneous skin model, and a saline solution. As can be seen, the 

antenna operates in a dual-band mode at 915 MHz and 2450 MHz, 

with a measured -10 dB bandwidth of 90 MHz (885 MHz – 975 

MHz) and 210 MHz (2354 MHz – 2564 MHz) on the lower and 

higher resonant bands, respectively, covering the frequency range of  

  
      (a)             (b) 

Fig. 7. Surface current density. (a) 915 MHz. (b) 2450 MHz. 

 
Fig. 8. Link margin for a varying bitrate and transmission range. 

both ISM bands. There is always a soldering bump above the copper 

patch of the antenna for connecting the feed point to the patch. 

Typically, a glue layer is used to attach the superstrate perfectly with 

the radiating patch. However, an air gap always exists between them 

which can only be avoided by highly accurate fabricating devices. 

As a consequent, a shift of 10 MHz is observed at the lower 

frequency band between the measured and simulated results. At 2450 

MHz, the air gap offers a shift of 16 MHz.  

Due to the presence of PEC electronics in a close proximity to the 

antenna, the coupling effect was analyzed. The distance (d) between 

the antenna and the electronics is varied. As described in Fig. 5, the 

PEC components have a negligible effect on the performance of the 

antenna in both systems. This is because the antenna has a flat 

ground plane with no slots, thereby reducing the effect of backward 

radiations. The upper lid (alumina) has a negligible effect on the 

performance of the antenna. However, when the superstrate is 

removed, and the upper lid is placed exactly above the surface of the 

antenna, a shift (less than 10 MHz) in the frequencies at both bands 

is observed. It is because the permittivity of the upper lid, made up 

of alumina (Al2O3, εr = 9.8), is different from that of the superstrate 

(Rogers 6010, εr =10.2). The other portions of the alumina container 

do not necessarily affect the performance of the antenna because the 

main radiator of the system lies near to the upper lid of the container. 

For almost all implantable antennas, the property of low gain is a 

common fact. The E-plane and H-plane far-field gain patterns of the 

antenna in a homogenous skin phantom, a realistic human head, and 

a saline solution at 915 MHz and 2450 MHz are depicted in Fig. 6 

(a), (b), and (c), respectively. In this work, the measured peak gains 

of -28.5 dBi and -22.8 dBi are attained at 915 MHz and 2450 MHz, 

respectively. Moreover, the resonant paths responsible for each band 

are illustrated in Fig. 7. The surface current density on the upper part 

of the radiating patch is higher for the lower resonant band, as 

illustrated in Fig. 7 (a). However, to radiate the electromagnetic 

waves at 2450 MHz, the left-bottom portion of the antenna is 

activated (Fig. 7 (b)). The two resonant bands can be shifted by 

changing the feed point from this position. The performance of the 

proposed antenna is better than those compared in Table III, in terms 

of a size, gain and the structure complexity. Most of the implantable 

antennas are integrated with a shorting pin between the ground and 

the patch layer. The proposed antenna has a small size; therefore,   
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TABLE III 

COMPARISON OF THE PROPOSED ANTENNA WITH THOSE IN THE LITERATURE  

Ref. 
Frequency 

(MHz) 

Volume 

(mm3) 

Gain 

(dBi) 

Bandwidth 

(%) 

SAR (W/Kg) Ground 

(slotted) 
Via 

1g 10g 

[3] 

402 

52.5 

-40.85 15.92 665.35 93.24 

Yes Yes 915 -32.98 9.94 837.69 93.97 

2450 -22.37 4.28 759.72 87.24 

[4] 920 486.4 - 11 - - No Yes 

[7] 2460 127 -20.4 10.2 213 26.6 No No 

[8] 
402 

642.62 
-36.7 7.4 832 - 

No Yes 2400 -27.1 6.6 690 - 

[9] 
403 

179.02 
-30.5 23 - 85.2 

Yes Yes 2450 -22.2 21.3 - 77.8 

This 

work 

915 
24 

-28.5 9.84 971.56 118.26 
No No 

2450 -22.8 8.57 807.34 102.04 

TABLE IV 

MAXIMUM ALLOWABLE INPUT POWER AND MAXIMUM SAR VALUES 

(SETTING INPUT POWER TO 1 W) 

Frequency 
(MHz) 

SAR (W/Kg) Max net-input power [mW]  

C95.1-1999 C95.1-2005 C95.1-1999 C95.1-2005 

915 971.56 118.26 1.63 17.12 

2450 807.34 102.04 1.95 20.6 

 

this technique is not applied here to avoid the complexity in the 

fabrication process. 

To communicate wirelessly with an external unit, link budget 

calculations for the antenna were performed. According to the 

European Research Council Regulation, the input power is kept at 25 

μW (-46.02 dBW). A dipole antenna with a realized gain of 2.15 dBi 

is assumed as the receiving antenna [7][10]. The link margin is 

simulated, as depicted in Fig. 8. As can be seen, a transmission range 

up to 20 m could be achieved with a bit rate of 0.1 mbps at 915 MHz 

(data-mode). However, increasing the data rate to 1 mbps limits the 

wireless communication range to 7 m. A link budget analysis is not 

performed on the higher frequency band (i.e. 2450 MHz), since this 

band is reserved for a sleep-wake-up signal transmission. 

For patient safety concerns, specific absorption rate (SAR) 

averaged over 1-g and 10-g of tissue should be less than 1.6 W/kg 

(IEEE C95.1-1999 standard) and 2 W/kg (IEEE C95.1–2005 

standard), respectively [8]. Setting the input power to 1 W gives the 

averaged SAR values of 971.56 W/kg and 118.26 W/kg at 915 MHz 

for 1-g and 10-g limits, respectively. SAR values of 807.34 W/kg (1-

g) and 102.04 W/kg (10-g) are obtained at 2450 MHz. The values 

seem to be higher, as compared to the other antennas; however, they 

are still under the limits of IEEE standards. The proposed design has 

no ground slots and vias, due to which the surface currents on the flat 

ground plane do not meet any resistive path. Most of the charges 

reside on the flat surface, which creates greater electric field 

intensity on the ground plane, thereby, higher SAR. The maximum 

net input power required to reach the safety limits (i.e. 1.6 W/Kg for 

1-g and 2 W/Kg for 10-g) are 1.63 mW (1-g) and 17.12 mW (10-g) 

at 915 MHz, and 1.95 mW (1-g) and 20.6 mW (10-g) at 2450 MHz, 

as represented in Table IV. All the values are much higher than the 

maximum allowable power of 25 μW; therefore, the SAR values are 

not an issue of concern in this work. 

IV. CONCLUSION 

This paper discusses the design of miniaturized dual-band 

implantable antenna systems for ICP applications, occupying a 

compact area and a small volume. The systems are integrated with a 

battery, electronics, and a dual-band implantable antenna, operating 

on the ISM bands (i.e. 915 MHz and 2450 MHz). Satisfactory gain 

values of -28.5 dBi and -22.8 dBi are achieved at a lower and higher 

ISM bands, respectively. Moreover, link budget simulations were 

carried out to analyze the transmission range. The proposed antenna 

can support the data transmission at a remarkable range, depending 

upon the bitrate, with a bandwidth of 9.84% and 8.57% at 915 MHz 

and 2450 MHz, respectively. A good agreement between the 

measured and simulated results was observed. 
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