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Abstract—This article presents a study of the tunable 

impedance matching to our recently reported compact self-
matched triple-band brain-implantable planar-inverted-F 

antenna (PIFA). It operates at Medical Device 
Radiocommunication Service (MedRadio) band (401–406 MHz) 
and Industrial, Scientific, and Medical (ISM) bands (902–928 

MHz and 2400–2483.5 MHz). To achieve this, we investigated 
the optimal reflection coefficient characteristics of PIFA at 
desired frequencies by employing four π- and T-type matching 

circuits. Our results show that a T-type circuit selected for 
further assessment provides suitable fine-tuning possibilities for 
all combinations of desired upwards and downwards frequency-

tuning of the three operating frequencies to ensure reliable 
wireless implant communications.  

Index Terms—Implant antennas, triple-band antenna, 

meandered PIFA, impedance-matching, matching circuits. 

I. INTRODUCTION

Increasing demands of modern medical and healthcare 
services have significantly promoted the development of 
wireless implantable medical devices (WIMDs). These 
devices enable remote monitoring of patients’ vitals 
continuously and collect their physiological data for early 
diagnosis and treatment of various medical conditions in bio-
telemetry systems [1]-[4]. These systems fundamentally 
require compact and efficient antennas integrated into 
WIMDs to establish a real-time robust wireless link with the 
external off-body unit. However, operating antennas in a 
multifaceted environment of dissipative human tissues 
complicate the antennas’ development and optimization of 
their radiation performance for wireless communications. 
Indeed, the variability in the surrounding biological tissue can 
lead to impedance-mismatching, which degrades the quality 
of bio-telemetry communications and risks disruptions in it. 
Therefore, the implanted antenna should possess sufficient 
impedance bandwidth to avoid any mismatching due to 
physiological variation in different individuals or changing 
the electrical properties of human tissues in various organs 
time by time [1], [5]-[9]. Correspondingly, various techniques 
for meeting the antenna design requirements mainly 

miniaturization, wide impedance bandwidth, and proper 
radiation performance, have been an extensive ongoing 
research topic over the past decades [9]-[13]. Particularly, 
dual/multi-band implantable PIFA has brought a compelling 
approach to deal with size constraints and enhance the 
diversity of biomedical telemetry applications. The 
dual/multi-band approach simultaneously covers the 
authorized MedRadio band operating at the spectrum of 401–
406 MHz and the ISM bands of 433.1–434.8 MHz, 868–868.6 
MHz, 902.8–928.0 MHz, and 2.4–2.48 GHz. The MedRadio 
band supports patients’ telemetry data, while the ISM bands 
are intended for wireless power transfer (WPT) and 
sleep/wake-up controlling functions [14]– [18]. Nevertheless, 
designing a miniaturized dual/multi-band antenna with 
achieving proper impedance-matching considering the 
implant location and depth, and subsequently assuring a stable 
wireless link with an appropriate radiation characteristic is 
still a considerable topic of ongoing study.  

In our previous work [19], we proposed a self-matched 
small triple-band implantable PIFA with the size of 
11×20.5×1.8 mm3 for wireless brain care applications. We 
meandered the radiating element of the antenna to diminish its 
size and create a triple-resonant at both MedRadio (402 MHz) 
and ISM bands (902 and 2400 MHz). The PIFA was placed in 
the CSF region of a seven-layer numerical head model at 
13.25 mm depth within the cranial cavity. To broaden the 
antenna impedance bandwidth and reduce its sensitivity to the 
variations of tissue properties, we utilized 2-layer stacked 
structure, so that the radiating patch was covered by a 
superstrate layer. We achieved the simulated input reflection 
coefficient values of –8.1 dB, –9.2 dB, and –15.8 dB at the 
frequencies of 390, 902, and 2430 MHz, respectively. The 
measured prototype antenna in the commercial MVG’s 
homogeneous liquid phantom demonstrated good agreement 
with the simulated results at the low and mid bands (402 and 
902 MHz) but the higher operating frequency (2400 MHz) 
shifted upwards due to the electrical properties’ variation of 
the liquid [19]. In this paper, we study the optimization of the 
antenna impedance-matching at our desired frequencies by 



evaluating four π- and T-type circuits. We also investigate the 
tuneability of one of the circuits in considering all 
combinations of tuning the three operating frequencies of the 
antenna downwards and upwards in frequency.  

II. ANTENNA DESIGN PRINCIPLES

Fig. 1 (a) shows the structure, dimension, and cross-
sectional view of the proposed triple-band meandered PIFA 
with a volume of 11×20.5×1.8 mm3 [13]. The proposed model 
feeds the antenna’s radiator via a 50 Ω coaxial cable, which is 
connected to an embedded 0.6 mm radius pin into the 
radiating element. Moreover, the radiator links to the ground 
plane through a shorting strip in the vertical y-z plane. In the 
initial step, we calculated the radiator size to operate at the 
ISM band of 902 MHz by the given equation [20]-[22], 

� = �� 4√��(
 +   +  ℎ – (��������������))�   (1)

where C0 is the light speed in free space, εr defines the 
substrate relative permittivity, L and W denote the length and 
width of the antenna’s radiator, respectively, h determines the 
substrate thickness and W(shorting-strip) is the shorting strip width. 
Based on this equation, high-permittivity substrate/ 
superstrate (Rogers RO3210; εr=10.2, tanδ=0.003, h = 0.635 
mm) results in downsizing the antenna. In addition, covering
the radiator with the superstrate leads to preserving the
antenna from the dissipative surrounding tissue. Furthermore,
we enveloped the antenna with silicone-coating (MED-2000,
Avantor Inc., U.S.; εr = 2.2, tanδ= 0.007) to isolate its
biocompatibility. In the second step, we added several cutting
slots into the radiator to further shrink the antenna size and
increase its bandwidth. Afterward, we meandered these slots
to lengthen the current flow path, subsequently exciting the
antenna to resonate at the MedRadio band. In the last step, to
create the third resonance at 2400 MHz, we inserted one more
meandered slot near the feeding port. Consequently, a
compact self-matched triple-band meandered PIFA brings a
compelling prospect for multifunctional WIMDs in bio-
telemetry systems.

III. OPTIMIZATION METHODOLOGY, RESULTS, AND 

DISCUSSION 

We analyzed the numerical model of the proposed PIFA 
in the ANSYS High Frequency Structure Simulator (HFSS). 
In the simulation model, we placed the antenna between the 
cerebrospinal fluid (CSF) and dura region in a 7-layer 
rectangular-shaped of human head tissues with the specified 
thickness and dielectric properties [13] at a depth of 13.25 mm 
from the body surface, as illustrated in Fig. 1 (b). As reported 
in our previous work [19], the introduced triple-band PIFA 
radiated properly at the direction outwards the human head 
tissues with satisfactory gain values. Although the presented 
self-matched PIFA attained suitable impedance bandwidths  
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Fig. 1. (a) The dimension of the proposed triple-band meandered PIFA, (b) 
The numerical 7-layer human head model with implanted PIFA. (all 
dimensional parameters are given in the units of millimeters) 

that cover the desired resonant bands, in practice, the implant 
antenna impedance is subject to variability. Therefore, even if 
the implantable antenna is designed to be self-matched, the 
implanted system must still include a tunable matching circuit 
to ensure the system remains operational under variable 
conditions. Here, we present an optimization process to 
improve the impedance-matching of the PIFA beyond our 
earlier achieved results. We conducted optimization by 
investigating the suitable matching topologies.  

In the best scenario, where the antenna impedance was 
self-matched to 50 Ω at all operating frequencies, the 
matching network should be “transparent”, i.e., provide the 
transformation of 50 Ω ⟶ 50 Ω. Considering even a single
frequency, it is obvious on the Smith chart that the simplest 
configuration of impedance matching network, namely L-
section matching circuit involving two reactive matching 
elements, never provides this transformation [23]. The π- and 
T-type circuits comprising three reactive components [24] are
the next most simple matching circuits. They can all provide
the 50 Ω ⟶ 50 Ω transformation at a frequency of interest.
Fig. 2 demonstrates four different π- and T-type matching 
circuits, where ZL denotes the antenna impedance. Table I 
presents the defined input impedance of π- and T-type circuits 
and their corresponding limiting cases for the frequency 
response. In practice, we should satisfy the matching criterion 
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Fig. 2. π- and T-type matching topologies with three elements. 
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FREQUENCY RESPONSE 

Circuit π1 Circuit π2 

��� = 1
��� + 1

��
 + 1
���! + 1

�"
 

#� ⟶ 0 ⟹ ��� ⟶ �"
� ⟶ ∞ ⟹ ��� ⟶ 0

��� = 1
1

��
 
+ 1

1
��� + 1

1
��
!

+ 1
�"

# � ⟶ 0 ⟹ ��� ⟶ 0
� ⟶ ∞ ⟹ ��� ⟶ �"

Circuit T1 Circuit T2 

��� = 1
��� 

+ 1
1

��
 + 1
1

���!
+ �"

# � ⟶ 0 ⟹ ��� ⟶ ∞
� ⟶ ∞ ⟹ ��� ⟶ �"

��� = ��
 + 1
��� + 1

��
! + �"

#� ⟶ 0 ⟹ ��� ⟶ �"� ⟶ ∞ ⟹ ��� ⟶ ∞

at all operating frequencies, where the matching criterion is 
determined based on the reflection coefficient value (|S11|2 < –
10 dB). It is hard to deduce general principles on when this 
would be possible and to what degree of accuracy. First, we 
utilized Advanced Design System (ADS) simulator and ran its 
optimization goal to satisfy the tuning criterion employing 
four matching circuits types, when the ZL is the impedance of  
our introduced triple-band PIFA [19]. As observed in Fig. 3 
(a) and (b), among four matching topologies, the T1 matching
circuit properly provides the 50 Ω⟶50 Ω transformation at
405 MHz, 900 MHz, and 2430 MHz. Table II lists the 
optimum component values for fine impedance matching of 
triple-band antenna. Thus, the results confirm that the T1 
matching circuit is a promising candidate to maximize the 
impedance bandwidth and provide a “transparent” starting 
point for a fine-tuning matching circuit.  

To accomplish better impedance improvement over the 
obtained results in ADS, we considered shifting the matched  

Fig. 3. Comparing reflection coefficient of simulated PIFA with/without 
using π- and T-type matching circuits, (a) Matching circuits with the property 
 � ⟶ ∞ ⟹ ��� ⟶ �", (b) Matching circuits with the property 
� ⟶ 0 ⟹ ��� ⟶ �".

TABLE II. THE OPTIMUM COMPONENT VALUES FOR FOUR DIFFERENT 
MATCHING CIRCUITS 

Matching Circuit Type (C or L)S C L (C or L)E 

π1 0.6 pF N/A 0.5 nH 0.1 pF 

π2 10 nH 33 pF N/A 42 nH 

T1 3.3 pF N/A 12 nH 12.7 pF 

T2 5.9 nH 1.6 pF N/A 4 nH 

frequencies to upper or lower from the nominal frequency 
value. Assuming our triple-band antenna as the load of the 
matching circuit, we studied 27 tuning cases referred here to a 
variation of the matching topology for almost +/−3 % of the 
nominal self-matched frequencies of 385, 906, and 2433 
MHz. We employed Matlab to find the optimum matching 
component values for the T1 circuit type. To search the 
optimum component values, we establish a list of all possible 
triplets where capacitors and inductors took values within the 
intervals of 0.1–20 pF and 0.1–20 nH, respectively. The 
optimum values were identified as those which minimized the 
input reflection coefficient at the three operating frequencies. 
Table III summarizes the matching component values for the 
27 cases where each of the three operating frequencies are 
either shifted upwards (U) or downwards (D) or kept 
unchanged (N) using the T1 matching circuit.  

Fig. 4 demonstrates the respective input reflection 
coefficients for all 27 variations versus frequency when the 
load is the simulated impedance of the triple-band PIFA in the 
7-layer head model at a depth of 13.25 mm [19]. It is evident
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Fig. 4. The respective input reflection coefficients versus frequency for self-matched PIFA (black dash line), impedance-tuning to the nominal frequencies 
(yellow/red solid line), and for all 27 variations (gray-shaded) 

from the results that applying T- type matching circuit offers 
the possibility of tuning the operating frequencies and 
improving the reflection coefficient magnitude over the 
previous results [19] where the reflection coefficient of –8.1 
dB, –9.2 dB, and −15.8 dB at the frequencies of 390, 902, and 
2430 MHz, respectively, was achieved. 

TABLE III. THE OPTIMUM MATCHING COMPONENT VALUES FOR 
DEFINED 27 TUNING CASES FOR T1 CIRCUIT TYPE 

Variation 

Nominal frequency 

(MHz) 

Matching component 

values 

385 906 2433 CS (pF) L (nH) CE (pF) 

1 Na N N 5.35 15.29 8.86 

2 Lb N N 4.83 14.13 7.14 

3 Hc N N 5.08 12.87 1.42 

4 N L N 6.13 19.48 6.18 

5 L L N 4.87 17.45 5.93 

6 H L N 3.73 17.71 7.30 

7 N H N 7.77 12.69 14.23 

8 L H N 5.40 11.59 8.14 

9 H H N 6.47 9.59 22.38 

10 N N L 5.84 17.45 5.79 

11 L N L 5.84 16.69 5.50 

12 H N L 4.67 17.71 7.17 

13 N L L 6.08 20.41 5.49 

14 L L L 6.36 17.23 5.31 

15 H L L 4.05 15.69 8.26 

Variation 

Nominal frequency 

(MHz) 

Matching component 

values 

385 906 2433 CS (pF) L (nH) CE (pF) 

16 N H L 7.49 12.64 13.61 

17 L H L 5.50 12.25 7.62 

18 H H L 4.67 14.17 10.62 

19 N N H 8.91 13.12 16.74 

20 L N H 6.90 11.27 9.23 

21 H N H 6.03 11.46 17.62 

22 N L H 8.54 17.23 7.62 

23 L L H 9.42 16.63 6.71 

24 H L H 5.28 11.52 9.54 

25 N H H 7.54 12.62 13.64 

26 L H H 6.1270 10.8690 8.7802 

27 H H H 7.5580 7.8150 3.6081 

a.
 Nominal frequency 

b.
 Lower frequency than nominal (–3%)

c.
 Higher frequency than nominal (+3%)

IV. CONCLUSION

Small multifunctional implantable antennas are evolving 
technology in the modern medical industry. We were able to 
optimize the impedance bandwidths of the proposed triple-
band PIFA with a compact volume of 11×20.5×1.8 mm3 for 
wireless bio-telemetric systems resonating at both MedRadio 
(402 MHz) and ISM (902 and 2400 MHz) bands. The 
numerical results verified the attainment of fine impedance-
tuning with an appropriate frequency tuning range to assure a 



reliable wireless link for deep brain implants. As future work, 
we aim to improve the impedance matching of the optimized 
PIFA without the superstrate. 
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