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Abstract— We present the Bio-Matched Horn antenna: a 

novel 1.773 cm3 on-body antenna for very-low-loss 
communication with wireless implants across the 1 to 9 
GHz bandwidth. To achieve this unique performance, the 
Bio-Matched Horn is composed of water-filled holes used 
to mimic the frequency-dependent permittivity of the 
underlying tissue over its entire bandwidth. The horn 
shape further allows the proposed antenna to 
communicate efficiently through biological tissue for both 
subcutaneous and deep-tissue wireless implants. 
Measurement results at 2.4 GHz are in good agreement 
with simulations and show a transmission loss of 8.01 dB to 
a 4-mm-deep implant and 19.21 dB to a 2-cm-deep 
implant. Compared to previous designs, this is a 
remarkable improvement by 14.5 dB and 10.8 dB for 
subcutaneous and deep-tissue communication, 
respectively. In this paper, we discuss the operation 
principle and design of the Bio-Matched Horn, its 
performance for subcutaneous and deep-tissue implant 
telemetry, sensitivity to rotational and positional 
misalignment, and Specific Absorption Rate (SAR) 
performance.  
 

Index Terms— Biomedical telemetry, deep tissue 
coupling, wearable antenna, wireless implants. 

I. INTRODUCTION 
HE rapid development of implantable medical devices for 
sensing (brain implants, glucose monitors, etc.) and 

stimulation (pacemakers, defibrillators, etc.) [1]-[5] is poised 
to reinvent medical healthcare as we know it. Developing 
wireless implanted medical devices requires the development 
of efficient implantable antennas [4]-[16]. The latter are 
integrated within the implant and, depending on the 
application, they may operate in subcutaneous [4]-[8] and/or 
deep-tissue environments [9]-[12]. In turn, the utmost aim of 
these implantable antennas is to enable efficient wireless 
communication, namely biomedical telemetry, with exterior 
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monitoring/control equipment. Such wireless communications 
are typically performed in approved frequency bands, 
including the Medical Device Radiocommunications Service 
(MedRadio) band [17] of 401-406 MHz or the Industrial, 
Scientific and Medical Radio (ISM) bands of 2.4-2.5 GHz and 
5.725-5.875 GHz [18].  
 Accordingly, design of on-body antennas that are 
specifically optimized for biomedical telemetry with wireless 
implants has attracted considerable scientific interest [19]-
[21]. Expectedly, design of such on-body antennas is 
associated with a number of challenges, including: 
(a) Mismatch at the biological tissue and antenna interface. 
The relative permittivity of human skin is noticeably higher (εr 
= 46.79 at 400 MHz and εr = 38.06 at 2.4 GHz) [22] than that 
of the surrounding free-space (εr = 1). Exterior antenna designs 
reported to date for telemetry with wireless implants do not 
take this high permittivity into account [7]-[9]. Instead, the 
most common approach entails the use of an interrogating 
antenna separated from the human body through free-space 
[4]-[6], [11]-[12]. This approach has shown to introduce a 
noticeable mismatch loss of 17.42 dB at the skin-air interface 
at 2.4 GHz [9]. On-body antennas have been reported, but the 
relative permittivity of their substrate is typically εr ~10 [9], 
implying, again, considerable mismatch losses.  
(b) Environmental and inter-subject variability. Electrical 
properties of biological tissues can vary based upon factors 
such as temperature, age, gender, daily activities, etc. [23]. In 
fact, research has demonstrated possible changes in 
permittivity and conductivity as high as ±20% from their 
nominal values [24]. Such changes may cause detrimental 
detuning of the on-body antennas. To account for this, 
broadband antenna designs are needed [12]. Adaptive 
impedance matching techniques could potentially be an 
alternative to using broadband designs [25]. Nevertheless, to 
date, research on adaptive matching has mostly be limited to 
inductive coupling rather than antenna-based communications 
[26]-[27]. 
(c) Frequency-dependent tissue properties. Electrical 
properties of biological tissues are frequency-dependent, with 
permittivity and conductivity of skin changing by as much as 
21% and 87% in the 1-9 GHz range, respectively [22]. Even if 
matching of the antenna substrate is pursued to overcome 
challenge (a) raised above, such matching will only be valid at 
a given frequency. That is, broadband matching of an 
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antenna’s permittivity to the underlying tissue environment 
proves challenging via traditional approaches that rely on 
ceramic laminates (i.e., substrates with frequency-independent 
properties).  
(d) Inherent material loss of biological tissues. Biological 
tissues are inherently lossy, implying detrimental effects in the 
associated on-body-to-implant wireless communication [28].  
For example, the loss tangent of skin and muscle tissues at 2.4 
GHz is equal to 0.284 and 0.242, respectively [22]. As a 
comparison, the loss tangent of free-space is typically 
approximated as zero, while conventional ceramic and 
polymer substrates exhibit loss tangents of <0.02. Efficient, 
high-gain on-body antenna designs are, thus, needed to 
overcome the associated wireless path losses. 

  To mitigate these issues, we propose the Bio-Matched 
Horn antenna: a miniaturized (1.773 cm3) on-body horn 
antenna that employs an anisotropic material configuration to 
mimic the frequency-dependent electrical properties of 
biological tissues across its 1 to 9 GHz bandwidth. Notably, 
developing a 1-9 GHz bandwidth allows for several benefits, 
as it: (a) covers the 1.4 GHz WMTS band commonly used in 
ocular implants [4], (b) covers the 2.4 GHz ISM band which is 
emerging as extremely popular for wireless implants (brain 
implants, glucose monitors, and so on [4]-[7],[9]-[10],[12]), 
(c) covers the 5.8 GHz ISM band, which has already been 
utilized in numerous implantable applications [29]-[30], (d) 
covers several other unlicensed frequencies that have been 
used to date for wireless implants (e.g., 4.8 GHz [5], UWB 
neural implants [7]), and (e) enables extreme tolerance in 
matching against inter-subject and environmental variability 
[12]. 

As highlighted in Tables I and II, the Bio-Matched Horn 
offers a promising alternative to existing on-body antenna 
designs for wireless telemetry with both subcutaneous (<5-
mm-deep) and deep-tissue (>5-mm-deep) implants. As seen, 
the proposed antenna is remarkably efficient, offering 14.5 dB 
lower transmission loss vs. previous designs [7] at 2.4 GHz for 
a 4 mm implantation depth. Concurrently, the Bio-Matched 
Horn offers 10.8 dB lower transmission loss vs. previous 
designs [9] at 2.4 GHz for a 2 cm implantation depth. 
Although the proposed antenna has a 1 cm height, which is not 
optimal for wearables, the antenna was constructed as proof-
of-concept design for the heterogeneous water-based dielectric 
matching technique. 

 The rest of the paper is organized as follows. Section II 
discusses the operation principle and design of the Bio-
Matched Horn. Section III presents the employed 
measurement and simulation set-ups. Section IV discusses the 
antenna performance. The paper concludes in Section V. 

II. OPERATION PRINCIPLE AND ANTENNA DESIGN 
The proposed Bio-Matched Horn is shown in Fig. 1(a) with 

design parameters given in Table III. The antenna is compact, 
maintaining a volume of 1.773 cm3, and is intended for on-
body operation and telemetry with subcutaneous and/or deep-
tissue wireless implants. The key novelty of the Bio-Matched 
Horn design is its effective permittivity that has been 
engineered to match the frequency-dependent permittivity of 
the underlying skin tissue across the entire 1 to 9 GHz 
bandwidth. This is accomplished by including 2-mm-diameter 
cylindrical holes inside of the 3D-printed polylactic acid (εr = 
3.549, tanδ = 0.001 [31]) horn structure, that are, 

TABLE I. SUBCUTANEOUS COUPLING: COMPARISON OF PROPOSED DESIGN VS. THE STATE OF THE ART 

Ref. Frequency Implantation 
Depth Air Gap Size / Antenna Type Bandwidth Transmission 

Loss 

[5] 
2.4 GHz 3.3 mm 4 mm π × 72.52 × 13.635 mm3 / Spiral 0.6-6 GHz 26 dB 

4.8 GHz 3.3 mm 4 mm π × 72.52 × 13.635 mm3 / Spiral 0.6-6 GHz 19 dB 

[6] 
400 MHz 4 mm 5 cm 375 mm / Dipole NA 34 dB 

2.4 GHz 4 mm 5 cm 62.4 mm / Dipole NA 32 dB 

[7] 2.4 GHz 4 mm 0 cm 26.3 × 30 × 1.6 mm3 / Spiral 2-11 GHz 22.5 dB 

This work 2.4 GHz 4 mm 0 cm 22 × 22 × 10 mm3 / Horn 1.4-8.5 GHz 8.01 dB 

 
TABLE II. DEEP TISSUE COUPLING: COMPARISON OF PROPOSED DESIGN VS.  THE STATE OF THE ART 

Ref. Frequency Implantation 
Depth Air Gap Size / Antenna Type Bandwidth Transmission 

Loss 

[8] 400 MHz 9 mm 0 cm 28 × 26.8 × 0.635 mm3 / Patch 380-470 MHz 24 dB 

[9] 2.4 GHz 2 cm 0 cm π ×17.52 × 0.76 mm3 / Exponentially 
Tapered Slot 2.35-2.7 GHz 30 dB 

[10] 2.4 GHz 3.5 cm 10 cm NA / Free-Space Horn 0.9-2.45 GHz 56.5 dB 

[11] 400 MHz 1 cm 1.5 cm 70 × 60 × 1.6 mm3 / Patch 350-450 MHz 50 dB 

[12] 2.4 GHz 5 cm 2.55 m NA / Free-Space Horn NA 81 dB 

This work 2.4 GHz 2 cm 0 cm 22 × 22 × 10 mm3 / Horn 1.4-8.5 GHz 19.2 dB 
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subsequently, filled with distilled water. Referring to Fig. 1, 
the cylinders penetrate from side ‘1’ to side ‘3’ of the horn,    
running in parallel to the yz-plane. The fundamental 
hypothesis of the design is that as the skin’s permittivity 
decreases with frequency, the permittivity of the distilled 
water in the Bio-Matched Horn will also decrease accordingly, 
thus matching the horn to human tissue over a broad 
bandwidth. Notably, biological tissues are rich in water 
concentration; hence their frequency-dependence follows very 
much the same pattern/trend as that of water. 

In order to use the minimum amount of distilled water, the 
engineered dielectric was designed to be anisotropic, 
developing a higher permittivity parallel to the cylinders and a 
lower permittivity orthogonal to the cylinders [32]. For this 
proof-of-concept design, the size of the water holes was 
chosen to be 2 mm in order to be electrically small enough to 
be effectively homogeneous within the ISM bands, but large 
enough to be 3D printed. The overall antenna size was chosen 
to fit in multiples of the fundamental unit cell. The effective 
relative permittivity between the flares was calculated using a 
single harmonic Fourier convolution matrix of the 

fundamental unit cell and shown to match the permittivity of 
skin [21] over a broad bandwidth, as shown in Fig 2. As seen, 
the difference between the two permittivities is < 2.86% 
across the entire 1-9 GHz bandwidth.  While this approach is 
limited by assuming infinite periodicity, it can be used to 
accurately develop an estimate of the effective permittivity of 
the engineered lattice structure for electrically small unit cells 
[33]. As the frequency increases and the unit cell is no longer 
electrically small (> ~ 𝜆

10
), the antenna begins to no longer 

appear effectively homogeneous. As a result, the antenna will 
become mismatched close to 9 GHz, when the unit cell 
approaches the aforementioned length. This will be discussed 
in Sec. IV.A. 

The Bio-Matched Horn was 3-D printed using a Raise3D 
N2 printer [34] and polylactic acid filament (εr = 3.549, tanδ = 
0.001 [31]). Once the plastic container was printed, the holes 
of the Bio-Matched Horn were filled with distilled water. 
Super glue was then applied along the edges of the horn, and 
copper tape was placed on top of the adhesive to seal in the 
water. In this particular case, copper tape serves as the 
conducting flares of the Bio-Matched Horn. The fabricated 
Bio-Matched Horn antenna prototype is shown in Fig. 1(b). To 
excite the antenna, an SMA connector was used. While this is 
not optimal (size of the SMA is comparable to the antenna 
size), it is adequate in assessing antenna performance. The 
latter was confirmed via simulations with and without the 
SMA connector, indicating insignificant discrepancies 
between the two. 

III. MEASUREMENT AND SIMULATION SET-UPS 
Performance of the Bio-Matched Horn was experimentally 

evaluated upon tissue-emulating phantoms, and specifically 
upon: a) SPEAG’s POPEYE leg phantom, (Zurich 
Switzerland [35]), Fig. 3(a), and b) an 80% lean ground beef 
phantom, Fig. 3(b). The POPEYE phantom enables accurate 
representation of the tissue anatomy and average electrical 
properties. However, it is sealed and does not allow 
implantation of wireless implants for biomedical telemetry 
evaluation. To achieve the latter, a ground beef phantom was 
employed, that has long been used in the literature to emulate 
the frequency-dependent electrical properties of biological 
tissues [5]. Permittivity and conductivity of both phantoms 

  
(a) (b) 

Fig. 1. Proposed Bio-Matched Horn antenna: (a) side 1 view with 
dimensions shown in Table III and fundamental unit cell shown in 
yellow, and (b) fabricated prototype. 
 

TABLE III. DIMENSIONS OF THE BIO-MATCHED HORN ANTENNA 

Parameter Value Parameter Value 

La 2 mm Lc 22 mm 

Lb 17.3 mm D 2 mm 

 

 
Fig. 2. Relative permittivity of skin tissue vs. effective permittivity of 
the Bio-Matched Horn antenna’s engineered dielectric, as a function of 
frequency. 
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(a) (b) 
Fig. 3.   Experimental set-ups employed in this study: (a) POPEYE leg 
phantom, and (b) 80% lean ground beef phantom. 
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measured via Keysight’s 85070E high-temperature probe at 1-
9 GHz are shown in Fig. 4. Expectedly, the ground beef 
phantom exhibits higher permittivity and conductivity values, 
since it does not include bone tissue which is inherently low-
permittivity and low-loss. For comparison, the permittivity of 
2/3 muscle tissue that is often used to emulate the average 
tissue properties [36] varies from 36 to 28 in this frequency 
range [22]. Accordingly, the conductivity of 2/3 muscle tissue 
varies from 0.65 to 7 S/m [22].  

Finite Element (FE) simulations for the Bio-Matched Horn 
were performed in Ansys High Frequency Structure Simulator 
(HFSS). As shown in Fig. 5, the antenna was placed against a 
7 cm × 7 cm × 6.4 cm rectangular tissue-emulating box. 
Permittivity and conductivity of the aforementioned box 
represented the measured electrical properties of the POPEYE 
and/or the ground beef phantom, per the study requirements. 

IV.  PERFORMANCE RESULTS 
Simulation and measurement results are hereafter presented 
for the Bio-Matched Horn antenna: a) reflection coefficient, b) 
electric fields, c) transmission loss with subcutaneous and 
deep-tissue implants, d) sensitivity to misalignment, e) 
sensitivity to water leakage, and f) SAR performance. Focus is 
on the 2.4 GHz ISM band [18], which has been repeatedly 
reported in the literature for biomedical telemetry with 
wireless implants [5]-[7], [9]-[12]. Of course, similar results 
can readily be derived at any of the operating frequencies of 
the Bio-Matched Horn across its 1-9 GHz bandwidth. 

 

 
A. Reflection Coefficient 

To assess the suitability of our engineered dielectric 
calculations in Fig. 2, we first contrasted the antenna reflection 
coefficient assuming: a) the intended heterogeneous structure 
of Fig. 1, and b) an effective medium block with properties 
equal to those calculated in Fig. 2. Both antennas were 
simulated using the set-up of Fig. 5, with the phantom 
exhibiting properties equal to those reported for beef in Fig. 4. 
As seen in Fig. 6, good agreement exists between the two, 
particularly at frequencies below 5 GHz. Concurrently, the 
reflection coefficient is lower than the target -10 dB across the 
largest portion of the 1-9 GHz bandwidth. Any discrepancies 
are attributed to the fact that our effective permittivity 
calculation assumed infinite periodicity. As also discussed in 
Sec. II, the unit cell becomes electrically large at higher 
frequencies and is no longer effectively homogeneous.  

The simulated vs. measured reflection coefficient 
performance of the Bio-Matched Horn antenna is shown in 
Fig. 7. Two simulation set-ups were considered with the 
tissue-emulating box of Fig. 5 emulating the POPEYE and 

 
Fig. 4.  Electrical properties of the POPEYE and ground beef phantoms. 
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Fig. 5.  Simulation set-up showing the Bio-Matched Horn placed against 
a rectangular tissue-emulating phantom. 
 

  
Fig. 6.   Simulated reflection coefficient (|S11|) of the Bio-Matched Horn 
using the calculated effective permittivty from Fig. 2 vs. using the actual 
heterogeneous structure. 
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Fig. 7.   Simulated vs. measured reflection coefficient (|S11|) of the Bio-
Matched Horn. 
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ground-beef properties of Fig. 4, respectively. Accordingly, 
two measurement set-ups were considered that employed the 
POPEYE and ground-beef phantoms of Fig. 3.  

As seen in Fig. 7, the Bio-Matched Horn matches 
remarkably well across the 1-9 GHz bandwidth, despite the 
POPEYE phantom having only ~60% of the permittivity of 
the ground beef. Notably, measurements are in very good 
agreement with simulations, with the Bio-Matched Horn only 
being slightly detuned, most likely due to slight water leakage. 
Indeed, measurements were repeated multiple times with 
varying amounts of water filling the holes to confirm the 
latter. When placed upon the POPEYE phantom (Fig. 3(a)), 
the reflection coefficient remains below -10 dB across the 
bandwidth of 1.0-8.01 GHz, with the exception of a small 
section that is -9 dB from 4.72-5.25 GHz. When placed upon 
the ground beef phantom (Fig. 3(b)), the reflection coefficient 
remains below -10 dB across the bandwidth of 1.35-8.81 GHz, 
with the exception of a small section that is -9 dB from 4.60-
5.65 GHz.  

B. Electric Field Distribution 
The electric fields radiated by the Bio-Matched Horn inside 

the tissue-emulating phantom of Fig. 5 at 2.4 GHz are shown 
in Fig. 8. For this particular example, the POPEYE electrical 
properties were used in simulations. As seen, the Bio-Matched 
Horn keeps the orientation of the fields normal to the 
placement of the antenna, allowing them to propagate deep 
into the tissue in a directive manner. 

C. Transmission Loss with Wireless Implants 
Simulations and measurements were carried out to assess    

the feasibility of the Bio-Matched Horn antenna in 
communicating with both subcutaneous (<5-mm-deep) and 
deep-tissue (>5-mm-deep) wireless implants. The ISM 
frequency of 2.4 GHz was again considered in our studies. To 
enable implantation, the ground beef phantom of Fig. 3(b) was 
employed. Accordingly, the simulation set-up of Fig. 5 was set 
to emulate the ground beef properties of Fig. 4.  

 
To account for the wireless implant, a proof-of-concept 

implantable antenna was employed, as shown in Fig. 9(a). 
This antenna exhibited a patch geometry with a footprint of 
18.5 mm × 11 mm, and was not miniaturized or optimized in 
any way. The prototype was milled upon a 1.27 mm thick 
Rogers TMM 13i substrate (εr = 12.85 and tanδ = 0.0019), and 
was further coated with a 0.5 mm layer of 
polydimethylsiloxane (PDMS) (εr = 2.8 and tanδ = 0.001) to 
ensure biocompatibility [37]. The simulated vs. measured 
reflection coefficient of this implantable patch is shown in Fig. 
9(b). As expected, the antenna operates in the 2.4 GHz ISM 
band, with good agreement between simulations and 
measurements. The slight detuning in the measured reflection 
coefficient most likely stems from inaccuracies in the 
thickness of the manually-employed PDMS coating. 

Transmission loss results between the Bio-Matched Horn 
and the patch antenna of Fig. 9(a) implanted subcutaneously 
and deep into tissue are shown in Fig. 10(a) and Fig. 10(b), 
respectively. In measurements, layers of beef were added 
incrementally upon the patch to achieve the desired 
implantation depth. Expectedly, as implantation depth 
increases, transmission loss to the underlying implant 
increases linearly on a dB scale [38]. Notably, great agreement 
is observed between simulations and measurements. Measured 
loss was, on average, ~1 dB higher than simulations for 
subcutaneous testing. This falls within the range of anticipated 
measurement error, most likely attributed to slight water 
leakage. For deep-tissue testing, measured loss was, on 
average, ~3.3 dB higher than simulations. Compared to the 
subcutaneous scenario, discrepancies increase, as expected 
given the added difficulty in properly placing and aligning the 
antenna at deep depths. 

Importantly, and as also highlighted in Tables I and II, the 
proposed Bio-Matched Horn considerably outperforms state-
of-the-art on-body antenna designs for communication with 
wireless implants. Considering the subcutaneous implant 
scenario of Fig. 10(a), the Bio-Matched Horn offers at least 
14.2 dB lower loss than what has been reported in [5]-[6]. At a  
depth of 2 cm (see Fig. 10(b), the Bio-Matched Horn has a 
mere 19.21 dB of loss as compared to [9] which had 30 dB of 
loss. Although [10]-[12] have an additional mismatch loss 
between free space and biological tissues, the Bio-Matched 

 
Fig. 8.   Antenna electric fields at 2.4 GHz, showing directive radiation 
normal to the antenna/tissue surface. 
 

 
 

(a) (b) 
Fig. 9. Implantable patch antenna used in the transmission loss studies: 
(a) fabricated prototype, and (b) measured vs. simulated reflection 
coefficient performance. 
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Horn has at least 12.78 dB lower transmission loss even when 
subtracting out any losses associated with mismatch [10].  

D. Sensitivity to Rotational and Positional Alignment 
The Bio-Matched Horn maintains a linear polarization, 

which causes it to be dependent on rotational alignment for 
communication with wireless implants. To assess this effect 
on the associated transmission loss, simulation studies were 
performed at 2.4 GHz. To do so, the set-up of Fig. 5 was 
employed, with the ground beef electrical properties (see Fig. 
4) assigned to the tissue-emulating box. The Bio-Matched 
Horn was placed right upon the air-tissue interface, while the 
implantable patch antenna of Fig. 9(a) was immersed: a) 4 mm     

 

 
(subcutaneously), and b) 20 mm (deep-tissue) inside the 
phantom. The Bio-Matched Horn was subsequently rotated 
about its central axis and the transmission loss between the 
horn and implanted patch was recorded, Fig. 11.  

As seen, perfect alignment yields 7.4 dB of transmission 
loss in the subcutaneous scenario and 16.9 dB of transmission 
loss in the deep-tissue implantation scenario. For both depths, 
the Bio-Matched Horn can be misaligned by up to 45° and 
remain within 3 dB of the perfectly matched polarization. At 
an angular offset of 90°, the transmission loss increases 
significantly. This is attributed to the fact that the Bio-
Matched Horn’s polarization and the patch antenna’s 

 
(a) 

 
(b) 

Fig. 10.  Transmission loss between the Bio-Matched Horn antenna and 
the implanted patch for: (a) subcutaneous, and (b) deep-tissue 

 
 

  
Fig. 11.  Tranmission loss at 2.4 GHz between the Bio-Matched Horn and 
an implantable patch antenna immersed at 4mm and 20mm depth, as a 
function of rotational misalignment. 
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Fig. 12. Transmission loss at 2.4 GHz between the Bio-Matched Horn 
and an implantable patch antenna immersed at: (a) 4 mm, and (b) 20 mm, 
as a function of positional misalignment. 
 

TABLE IV. BIO-MATCHED HORN SENSITIVITY TO WATER LEAKAGE 

Water Content 
Reflection 

Coefficient at  
2.4 GHz 

Transmission 
Coefficient at 

2.4 GHz 

Air-Filled Horn -2.55 dB -19.6 dB 

0.5 mm Water Holes -2.97 dB -19.2 dB 

1 mm  Water Holes -5.24 dB -17.8 dB 

1.5 mm Water Holes -13.0 dB -16.6 dB 
2 mm Water Holes 
(Proposed Design) -22.3 dB -16.5 dB 
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polarization are orthogonal to each other. Therefore, it is 
recommended to utilize circularly polarized implantable 
antennas [39] in biomedical telemetry scenarios where 
polarization cannot be adequately controlled. 

Similarly, transmission loss between the Bio-Matched Horn 
and the wireless implant depends on positional alignment 
between the two. To assess this effect, the Bio-Matched Horn 
was again placed right upon the air-tissue interface, while the 
implantable patch antenna of Fig. 9(a) was immersed: a) 4 mm 
(subcutaneously), and b) 20 mm (deep-tissue) inside the 
phantom. The Bio-Matched Horn was subsequently 
misaligned by up to 15 mm in the x-direction and y-direction 
(defined in Fig. 5). To reduce simulation time, only one spatial 
quadrant was simulated and then was duplicated for the 
remaining spatial quadrants. The transmission losses for 
subcutaneous and deep-tissue implantation scenarios are 
recorded onto two contour   maps in Fig. 12 (a) and Fig. 12(b), 
respectively.  

The contour plots show relatively radially isotropic 
dependence on alignment for deep tissue operation and greater 
dependency on y-directional alignment for subcutaneous 
operation. This matches intuition as the patch antenna is 
longer along its y-direction than in the x-direction (see 
definition of coordinate system in Fig. 9(a)). Moreover, 
positional alignment appears to be more critical in the 
subcutaneous rather than the deep-tissue scenario. This was 
expected as the Bio-Matched Horn’s beam size grows as a 
function of the radial depth squared. Therefore, less radiation 
will be developed spatially at shallower implantation depths. 
Overall, the Bio-Matched Horn Antenna can be misaligned by 
a maximum of 7.5 mm for a 4-mm-deep implant and by a 
maximum of 12.5 mm for a 20-mm-deep implant and still be 
within 3 dB of optimal power transfer.  

E. Sensitivity to Water Leakage 
As previously discussed in Sec. IV.A and IV.C, water 

leakage can alter the effective impedance of the Bio-Matched 
Horn and, in turn, deteriorate the measurement results. To 
quantify the impact of this error, the Bio-Matched Horn was 
simulated with 2 mm diameter air holes instead of water holes, 
as well as with smaller diameter water holes inside the 2 mm 
air holes. Simulation results for the antenna reflection and 
transmission coefficient at 2.4 GHz (assuming an implantation 
depth of 15 mm for the implanted patch) are summarized in 
Table IV. By reducing the inclusion of water in the antenna, 
the latter will become mismatched to the point that 
transmission to the implanted patch antenna degrades. As 
such, Table IV demonstrates that inclusion of the lossy 
dielectric of water offers a strong benefit in impedance 
matching, in lieu of its detriment in slightly increasing 
insertion loss. Concurrently, Table IV demonstrates that slight 
water leakage, inherent to realistic measurement scenarios, 
may be a factor of degradation in antenna performance.  

F. Specific Absorption Rate (SAR) 
SAR simulations were performed for the Bio-Matched Horn 

using the simulation set-up of Fig. 5 and the ground beef 
electrical properties of Fig. 4. The mass density used for the 

phantom was 1010 kg/m3, which corresponds to the mass 
density of human skin tissue [40]. The 2.4 GHz SAR 
distribution averaged over 1 g (SAR1g) of tissue is shown in 
Fig. 13. Assuming an 8.57 dBm input power for the Bio-
Matched Horn, the maximum value of SAR1g is found to be 
equal to ~1.6 W/kg. That is, input power levels as high as 8.57 
dBm guarantee conformance with the strictest safety 
guidelines imposed by the FCC (i.e., SAR1g ≤ 1.6 W/kg [41]).  

V. CONCLUSION 
In this paper, we presented a novel on-body Bio-Matched 

Horn antenna capable of low-loss biomedical telemetry with 
wireless implants. The antenna was shown to operate in the 
entire 1-9 GHz bandwidth, and its performance was 
thoroughly explored in the commonly used 2.4 GHz ISM 
band. The key novelty was the engineering of the antenna’s 
effective permittivity, enabled by the use of both water and 
plastic, to closely match the permittivity of biological tissues 
over the entire bandwidth. With this uniquely engineered 
permittivity, the proposed antenna was able to overcome 
conventional challenges of on-body antennas (mismatch vs. 
the high-permittivity biological tissue, varying tissue 
properties with frequency, and inter-subject / environmental 
variances of biological tissues). 

Simulation and measurement results indicated that the Bio-
Matched Horn offers versatile communication capabilities for 
both subcutaneous and deep-tissue implants. The recorded 
transmission loss was remarkable and improved by 14.5 dB 
and 10.8 dB vs. the state-of-the-art for subcutaneous (4-mm-
deep) and deep-tissue (2-cm-deep) telemetry, respectively. 
The antenna was also shown to be relatively robust to both 
rotational and positional misalignments. It can be rotationally 
misaligned by up to 45° and remain within 3 dB of the ideal 
transmission. It can also be positionally misaligned by up to 
~1 cm and remain within 3 dB of optimal power transfer. 
Finally, the antenna was found to conform to FCC SAR 
standards for input power levels as high as 8.57 dBm.  

Overall, the Bio-Matched Horn antenna brings forward 
transformational opportunities for biomedical telemetry with 
wireless implants. Future work will focus on: a) integrating 

 
 
Fig. 13.   SAR1g performance of the Bio-Matched Horn at 2.4 GHz, 
assuming an input power of 8.57 dBm. 
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this antenna in communication systems to various implanted 
medical sensors, stimulators, and/or energy harvesters, b) 
developing more reliable manufacturing with smaller 
excitation connectors and improved water sealing capabilities, 
c) expanding to conformal antenna designs, and d) conducting 
parametric and statistical analyses of antenna design 
parameters and related measurement errors.   
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