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Abstract— We present theoretical modeling and design 

guidelines for Bio-Matched Antennas (BMAs), an emerging 

class of wearable, into-body antennas that surpass the state-

of-the-art in terms of bandwidth and gain. In brief, BMAs 

are ultra-wideband, pyramid-shaped antennas that utilize 

the periodic combination of water and plastic to enhance 

performance. The new modeling enables customized 

performance for applications as diverse as radiometry, 

telemetry with implants, and more.  Our studies utilize a 

comparison of the BMA to a conical antenna to model the 

low frequency cutoff. In addition, we conduct a Plane Wave 

Expansion Method analysis of the engineered periodic 

dielectrics to: a) model the high frequency cutoff of the 

BMA, and b) to predict the permittivity of the Bio-Matched 

dielectric. Parametric studies are further pursued to assess 

transmission loss as a function of the BMA’s height. We 

verify our design framework through a novel BMA that 

operates from 1-12 GHz with 21.4 dB of transmission loss 

through 3 cm of tissue at 2.4 GHz. Compared to the most 

wideband and most efficient into-body radiator previously 

reported, this is 6.2 dB less transmission loss, with the new 

design also exhibiting nearly twice as much bandwidth. 

 

Index Terms— Biomedical telemetry, engineered 

dielectrics, into-body antenna, wearable antenna. 

I. INTRODUCTION 

ADIO frequency (RF) devices, including wearables and 

implants, play a key role in emerging medical 

technologies. Many of these devices, such as radiometers and 

wireless implants, rely on into-body radiation. Specifically, 

medical radiometry is a non-invasive imaging/sensing 

technology that allows for improved detection of core body 

temperature [1]-[3] and cancer [4] through monitoring RF 

radiation from the body. As another example of into-body 

radiators, implanted medical devices, such as neural implants 

[5], pacemakers [6], and glucometers/insulin pumps [7]-[8], can 

be made more ubiquitous through efficient wireless links with 

into-body radiators. In turn, extensive research has been 

conducted into efficient implanted antennas that can 
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communicate from within the body to outside of it for implant 

telemetry [9]-[17] and/or wireless charging [18]. Indeed, 

numerous papers have demonstrated that it is possible to have 

reliable and optimally efficient data links within microwave 

frequencies to such devices [19]-[22]. As expected, the 

aforementioned medical technologies necessitate robust, 

wideband and high gain wearable antennas to act as into-body 

radiators. Such features will eventually allow for high 

sensitivity radiometers and high data-rate telemetry links for 

implants.  

To date, very few works have reported on into-body radiators 

for radiometry applications, and most of them do not address 

transmission loss aspects, Table I [1]-[4]. Instead, radiometry 

research focuses primarily on antenna bandwidth and backend 

signal processing to interpret the received thermal radiation. In 

contrast, works on into-body radiators intended for telemetry 

with implants often provide data link efficiency for 

benchmarking performance. Table II provides an overview of 

such state-of-the-art into-body antennas and their associated 

performance [9]-[17]. While a variety of phantom setups and 

thicknesses are used, our antenna still shows a marked 

improvement compared to the state of the art.  

As seen in Table II, several implant communication systems 

utilize off-body radiators, i.e., radiators that are separated from 

the patient by a sizeable air gap [9]-[13]. However, the immense 

mismatch between biological tissues and free space adds an 

additional insertion loss. Indeed, air-tissue mismatch loss for a 

cardiac model wireless link operating at 2.4 GHz has been 

found to be as high as 17.5 dB [12]. To mitigate this mismatch 

loss, research has been conducted on wearable, into-body 

antennas that make direct contact with the body [14]-[17].  Most 

designs are relatively two-dimensional, utilizing a modified 

patch antenna milled from printed circuit board laminates. 

However, such antennas still have numerous issues to 

overcome: (a) mismatch at the biological tissue and antenna 

interface, (b) environmental and inter-subject variability, (c) 

frequency-dependent tissue properties, and (d) inherent 

material loss of biological tissues [17].  

To address these concerns, we recently reported a prototype 

antenna that utilizes an engineered periodic dielectric composed 
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of plastic and water to match to biological tissues over a wide 

bandwidth [17]. This antenna was referred to as the Bio-

Matched Horn and was shown to operate from 1.4-8.5 GHz 

with 10.8 dB less transmission loss compared to the state-of-

the-art at 2.4 GHz [17]. The high gain in combination with the 

remarkably wide bandwidth of this antenna allows for robust 

RF transmission through biological tissues. This is not the first 

inclusion of water in medical antenna design, as [23] utilized 

water inside of an ingestible antenna. However, [17] was the 

first to utilize the periodic inclusion of water with a low 

permittivity material for an effective bio-matched material. 

Given the success of our proof-of-concept prototype, a 

comprehensive theoretical framework is developed and 

reported in this paper. Having such a framework scales the 

design from a single prototype to a full class of antennas. We 

refer to these antennas as Bio-Matched Antennas (BMAs): a 

new class of wearable, high-gain, wideband antennas that can 

be fine-tuned according to design guidelines introduced in this 

work to fit numerous into-body applications. It is worth 

clarifying here that the initial prototype of [17] was referred to 

as a Bio-Matched Horn based upon design shape and 

appearance. However, traditional metal-waveguide-excited 

horn antennas [24] operate differently than the BMAs, which 

are more closely related to a conical antenna [25]. In order to 

avoid confusion, the new class of antennas shall be referred to 

as BMAs. 

 While [17] demonstrated a unique approach to into-body 

radiator designs, there was little discussion of the theory behind 

this concept. The paper reported only a proof-of-concept design 

that was not optimized in any way. Understanding the 

fundamental governing equations behind the BMA’s 

performance would allow for custom designs with optimized 

performance for various application scenarios. For example, 

larger BMAs can operate at lower frequencies but have higher 

loss at higher frequencies as compared to smaller BMAs. As 

another example, increasing the unit cell size allows for easier 

manufacturing and quicker simulation times but lowers the high 

frequency cutoff.  

In this paper, we build on a parameterized BMA design and 

develop a thorough theoretical framework that allows for 

customizable designs. Simulation results are reported and 

further validated by measurements using tissue-emulating 

phantoms. To validate and demonstrate the utility of our design 

framework, we design, fabricate and measure a BMA with 6.2 

dB less transmission loss and a 11.12:1 as opposed to a 6.07:1 

bandwidth than [17] at a minimal increase in antenna 

TABLE I. INTO-BODY RADIATORS FOR RADIOMETRY: COMPARISON OF PROPOSED DESIGN VS. THE STATE OF THE ART 

Ref. Size / Antenna Type Phantom Used Bandwidth 

[1] π × 12.52 × 4.45 mm3 / Spiral 
Chemical phantoms to 

represent brain 
1.1-1.6 GHz 

[2] 40 × 10 × 5 mm3/ Biconical Patch 
Simulation of breast 

tissue 
1-4 GHz 

[3] 40 × 40 × 2.54 mm3 / Patch 
Salmon/water to 

represent skin/muscle 
1.4-1.427 GHz 

[4] 21 × 27 × ~30 mm3 / Waveguide 
Chemical phantoms to 

represent brain 
1-4 GHz 

This work 24.9 × 24.9 × 11.95 mm3 / Horn Beef/POPEYE 1.07-11.9 GHz 

 
 

TABLE II. INTO-BODY RADIATORS FOR TELEMETRY: COMPARISON OF PROPOSED DESIGN VS. THE STATE OF THE ART 

Ref. Frequency 
Implantation 

Depth 
Air Gap Size / Antenna Type Bandwidth 

Transmission 

Loss 

[9] 
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 

[10] 
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 

[11] 2.4 GHz 3.5 cm 10 cm NA / Free-Space Horn 0.9-2.45 GHz 56.5 dB 

[12] 400 MHz 1 cm 1.5 cm 70 × 60 × 1.6 mm3 / Patch 350-450 MHz 50 dB 

[13] 2.4 GHz 5 cm 2.55 m NA / Free-Space Horn NA 81 dB 

[14] 2.4 GHz 4 mm 0 cm 26.3 × 30 × 1.6 mm3 / Spiral 2-11 GHz 22.5 dB 

[15] 400 MHz 9 mm 0 cm 28 × 26.8 × 0.635 mm3 / Patch 380-470 MHz 24 dB 

[16] 2.4 GHz 2 cm 0 cm 
π ×17.52 × 0.76 mm3 / 

Exponentially Tapered Slot 
2.35-2.7 GHz 30 dB 

[17] 2.4 GHz 2 cm 0 cm 22 × 22 × 10 mm3 / BMA 1.4-8.5 GHz 19.2 dB 

This work 2.4 GHz 3 cm 0 cm 24.9 × 24.9 × 11.95 mm3 / BMA 1.07-11.9 GHz  21.4 dB 
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dimensions. Comparison vs. the state of the art is shown in 

Tables I and II. 

The rest of the paper is organized as follows. Section II 

presents the BMA model and design parameters. Section III 

discusses the theory behind engineering the Bio-Matched 

dielectric. Section IV reports design guidelines relating to the 

antenna performance, whereas Section V explores the model 

verification through measurement. The paper concludes in 

Section VI. 

II. BMA MODEL AND DESIGN PARAMETERS 

A fabricated BMA is shown in Fig. 1(a) with indicative 

cross-section diagrams for BMAs shown in Fig. 1(b). The 

antenna consists of two conducting flares that surround a Bio-

Matched dielectric on two opposite sides of ascending angles θ 

and ϕ. Unless specified otherwise, the ascent angle is uniform 

in both directions and is referred to solely as θ. The BMA can 

be excited via a Sub-Miniature Version A (SMA) connector 

being applied along the top of the antenna with the pin touching 

one flare and the ground plane touching the other flare. The 

pyramidal shape allows for the antenna to behave like a 

dielectrically loaded conical antenna, enabling wide bandwidth 

and high gain. The BMA height, h, governs how much the 

antenna extends from the body. The BMA edge length, L, is the 

maximum length that copper extends along the flare. 

The Bio-Matched dielectric plays a central role in BMA 

design. As is well known, the electrical properties (permittivity 

and conductivity) of biological tissues are heavily influenced 

by their high water content [26]. With this in mind, the proposed 

dielectric is engineered to mimic the properties of biological 

tissues through a periodic distribution of water surrounded by 

plastic. The unit cell (fundamental repeating structure) can take 

on different forms as will be discussed in Section III. 

 

III. ENGINEERING THE BIO-MATCHED DIELECTRIC 

A. Benefits of Anisotropy 

When engineering the dielectric to match to biological 

tissues, we have the freedom to design the dielectric to be 

isotropic or anisotropic. We posit that having a high 

permittivity in the plane orthogonal to propagation (xy-plane 

per Fig. 2(a)) and a low permittivity in the direction of 

propagation (z-direction per Fig. 2(a)) will improve the gain of 

the antenna. To test this hypothesis, we simulated two BMAs 

with lossless isotropic and anisotropic dielectrics, and 

compared their performance. For the isotropic case, the 

dielectric was defined to emulate the skin’s permittivity in all 

directions. For the anisotropic case, the dielectric was 

composed of lossless versions of the materials used in [17] 

(water surrounded by PLA). Both BMAs have a height of 10 

mm and θ=ϕ=45°. 

 
(a) 

 
(b) 

Fig. 1. (a) Prototype BMA with U.S. quarter for size comparison. (b) 
BMA cross-sections with parameters shown. Conducting flares 

(orange) coat a Bio-Matched dielectric (gray with blue). 

 

  
(a) 

 
(b) 

  
(c) 

Fig. 2. Evaluating the benefitis of anisotropy: (a) simulation setup, (b) 
reflection coefficients for the BMAs, and (c) transmission loss between 

identical BMAs through 3 cm of tissue. 
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Simulations were carried out in ANSYS High Frequency 

Structure Simulator (HFSS) using the setup of Fig. 2(a). As 

seen, two BMAs were employed, separated by a 30-mm-thick 

material emulating skin tissue. Skin tissue was chosen, because 

it is comparable in properties to ground beef and 2/3 muscle, 

both of which have been extensively used in the literature to 

emulate the average human body properties [9], [17], [27].  

Simulated reflection coefficient results demonstrate that both 

BMAs are well matched, but the isotropic one is even better 

matched, as shown in Fig. 2(b). Simulated transmission 

coefficient results, shown in Fig. 2(c), indicate that the 

anisotropic permittivities achieve better transmission across the 

bandwidth. This is attributed to the orientation of the 

permittivities so that only the desired direction of propagation 

has a high permittivity path in the orthogonal plane. To better 

visualize how the anisotropic materials improve gain, the 

electric fields for the isotropic and anisotropic BMAs are shown 

in Figs. 3(a)-(b), respectively.  

B. Development of Anisotropy 

Since anisotropic materials are shown to perform better than 

isotropic, we must then consider how to develop anisotropy. 

One way to achieve anisotropy is through manipulating the 

orientation of materials of differing permittivity. In our case, 

these materials are selected to be plastic and water for reasons 

reported in Section II. Fig. 4 shows how the electric flux (red 

arrows) develops differently depending on direction, with dark 

grey representing a material with high permittivity (water) and 

light grey representing a material with low permittivity 

(plastic). Since the electric flux does not vary in the medium, 

an electric field applied to the medium will have a higher flux 

when having parallel paths of different dielectrics (shown in 

Fig. 3(a)) as opposed to being applied orthogonally through 

multiple media (shown in Fig. 3(b)). This principle is also the 

reason why series capacitors result in a lower capacitance than 

in a parallel arrangement [28]. Periodic distribution of a 

fundamental unit cell that has anisotropy due to such high and 

low flux paths will create an effective anisotropic medium. By 

controlling the ratio of high to low permittivity materials, the 

effective permittivity can be designed to match to a propagating 

medium. 

C. Unit Cell Choice and Design 

Referring to Fig. 5(a), the unit cell employed in [17] was a 

cylindrical water (in light green) unit cell surrounded by plastic 

(in dark blue). However, other unit cells can be designed, such 

as hexagonal and rectangular unit cells, shown in Fig. 5(b) and 

5(c), respectively. The key merits of different unit cell designs 

lie in miniaturization and anisotropy. Miniaturization increases 

the high frequency cutoff and will be discussed further in 

Section IV-B, while anisotropy improves transmission as 

indicated previously in Section III-A. 

 In brief, hexagonal unit cells are superior to cylindrical unit 

cells in both miniaturization and anisotropy considerations [29]. 

Rectangular unit cells offer comparable anisotropy to 

cylindrical unit cells, but enable a much higher degree of 

miniaturization than both cylindrical and hexagonal designs. 

Here, it is worth nothing that all three unit cells of Fig. 5 are 

uniaxial in design, meaning they have one permittivity direction 

that is abnormal to the rest [28]. However, they differ in type of 

birefringence (degree of anisotropy) developed. Hexagonal and 

cylindrical unit cells have positive birefringence, since the high 

permittivity path is solely in the y-direction. In contrast, 

rectangular unit cells have negative birefringence, since both 

the x- and y-directions have high permittivity paths and the z-

direction has a low permittivity path [28].  

D. Analysis of the Anisotropic Behavior 

The Plane Wave Expansion Method (PWEM) [30] is 

hereafter used to analyze the anisotropic behavior of the Bio-

Matched dielectric. The method solves Maxwell’s equations in 

Fourier space, and, since the material is periodic, separates its 

 
                                   (a)                                 (b) 
Fig. 3. Electric fields at 8 GHz are more spherical for the (a) isotropic 
BMA and more planar for the (b) anisotropic BMA. 

 

 
                          (a)                                    (b) 
Fig. 4. Electric flux developed: (a) strongly with parallel paths, and (b) 

weakly with orthogonal paths. 

  
                    (a)                               (b)                                (c)  
Fig. 5. Various unit cells can be designed, such as: (a) cylindrical, (b) 

hexagonal, and (c) rectangular. Here, different colors indicate materials of 

different permittivities (water in light green, plastic in dark blue). 
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operation across various frequencies into different bands. The 

first band can be considered as the effective medium band, and 

typically covers free-space wavelengths under ~0.05a, where 

“a” is the unit cell size. Depending on unit cell type, the first 

band cutoff can vary around this general estimate [30]. 

More specifically, the PWEM solves for the potential wave 

vectors for a given material structure. Here, this is done for the 

rectangular unit cell shown in Fig. 5(c), but can be readily 

expanded to other unit cells as well. One way to view the results 

of the PWEM is through the use of isofrequency contours as 

shown in Fig. 6(a). These contours are plotted for the unit cell 

size (a) divided by the free space wavelength (λ0) for various 

wave vectors (kx, kz) scaled by the unit cell size (a).  

As a next step, the effective permittivity of the medium can 

be extrapolated from the isofrequency contour plot, as shown 

by Fig. 6(b) [30]. Here, each of the dashed lines corresponds to 

the solved PWEM permittivity values in the x-direction at a 

given frequency. Notably, the PWEM is limited, because it only 

takes into account one frequency’s electrical properties. Since 

water is highly dispersive, it needs to be implemented multiple 

times to account for the changing electrical properties with 

frequency. As such, each of these frequency-dependent curves 

will only remain valid at one point marked with a blue X. In 

turn, the effective permittivity needs to be solved at multiple 

points to develop a smooth curve over a wide bandwidth (see 

red line). For this example case, the maximum percentage 

difference between the skin and unit cell permittivities is 

smaller than 4.76% across the entire 1 to 10 GHz bandwidth 

plotted in Fig. 6(b).  

IV. MODELING OF THE BMA PERFORMANCE 

This Section discusses how to modify BMA design aspects 

to customize antenna performance. Section IV.A discusses how 

unit cell size relates to the high frequency cutoff, whereas 

Section IV.B describes how the low frequency cutoff relates to 

antenna size. The real input impedance is described as relating 

to the flare angles and water concentration in Section IV.C, and 

the optimal transmission for a BMA is studied for various sizes 

in Section IV.D. All relations are hereafter studied through 

simulating BMAs that employ the rectangular unit cell of Fig. 

5(c). This unit cell is chosen as attributed to: (a) the reduced 

simulation time, and (b) the fact that this unit cell can be easily 

manipulated with flare angle. In contrast, the hexagonal and 

cylindrical unit cells can only be implemented with a 45° flare 

angle, or else the edge of the BMA will cut through the water 

holes. To demonstrate how the developed framework can be 

generalized to other unit cells besides rectangular, a discussion 

is included in Section IV.E. 

While a wide variety of tissue models may be considered in 

simulations depending on anatomical region, analysis in 

Section IV considers a homogeneous skin tissue model. This is 

because we intend to set a simple standard in place that can 

show the general trends for various applications. Skin tissue is 

chosen as it is the first layer of electromagnetic propagation and 

exhibits electrical properties close to those of 2/3 muscle (as 

often used to emulate the average human body properties) [26], 

[27]. 

In our simulations, we used the permittivity and loss tangent 

of water reported in [31]. The inclusion of water adds 

considerable loss to the antenna performance. However, the 

added benefits of broadband matching and antenna 

miniaturization outweigh the cost of loss. At microwave 

frequencies, there is minimal difference in loss tangent between 

distilled, deionized, and tap water [32]. This stems from the loss 

being primarily dielectric rather than conductive in nature.  

A. High Frequency Cutoff 

As seen in Fig. 6(b), the permittivity increases dramatically 

when the unit cell becomes electrically large (i.e., at high 

frequencies). This causes the unit cell to no longer behave like 

an effective medium, thus limiting the bandwidth of the BMA 

by restricting its upper frequency limit. To analytically derive 

the high frequency cutoff, parametric studies of the BMA are 

conducted in simulation.  

For the rectangular unit cell of Fig. 5(c), a typical effective 

medium band extends from DC to wavelengths that are 0.05a 

(with “a” being the unit cell size) [30]. To study the exact cutoff, 

the rectangular unit cell BMA was simulated against skin and 

the high frequency cutoff was determined to be where the 

reflection coefficient is greater than -10 dB. Under these 

conditions, the free space cutoff wavelength (λ0) can be 

modeled as being linearly related to the unit cell size (a) an 

offset based upon the water fill ratio (r), as shown in Eq. 1(a). 

The slope of this linear relationship, K, between the cutoff 

wavelength and unit cell size was parametrically studied in 

simulation as well. As shown in Eq. 1(b), K is increased by both 

 
(a) 

 
(b) 

Fig. 6. PWEM used to develop: (a) isofrequency contour plots, and (b) 

effective permittivity vs. frequency plots. 
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of the factors that increase impedance, θ and r. This is because 

the effective permittivity of the unit cell increases dramatically 

as the cell becomes electrically large, as shown by the dashed 

blue lines in Fig. 6(b).  

 

𝜆0 = 𝑎𝐾 − 0.006𝑟 (1a) 

𝐾 = 21.811 − 15.172  ln(cos 𝜃) + 8.317 ln(𝑟) − 5.785 ln (𝑟)ln (cos 𝜃) (1b) 
 

 Verification of these equations is shown in Fig. 7 that plots 

the free space cutoff wavelength (λ0) against the cell size (a) for 

varying flare angle (Fig. 7(a)) and varying fill fraction (Fig. 

7(b)). The predicting Eq. (1) is super-imposed in dashed lines, 

showing excellent agreement (error smaller than 1.75% in all 

cases). The slope, K, is around ~20 for these plots, which 

coincides with our results from the PWEM. The inverse of this 

K value is 0.05, which is a typical first band limit for a 

rectangular unit cell. Indeed, Fig. 6(a) shows that around 0.05a, 

the shape of the band begins to no longer be truly elliptical in 

the z-direction, thus indicating that the effective medium limit 

is being reached. 

 

 

B. Low Frequency Cutoff 

The BMA can be modeled as a quasi-conical antenna with a 

loaded dielectric that focuses radiation. Similar to a conical 

antenna, the first resonance in the BMA occurs when its edge 

length (L in Fig. 1(b)) is equal to an electrical half-wavelength. 

This is modeled by Eq. 2 that relates the resonant free-space 

wavelength (λr0) to the BMA edge length (L) and the effective 

permittivity (εeff).  

 
𝜆𝑟0

2
= 𝐿√𝜀𝑒𝑓𝑓 (2) 

 

The flux developed, which depends on εeff, is not solely 

influenced by the maximum permittivity direction. Instead, 

since the electric fields are normal to the flares, there will be a 

component of the flux developed that is in the lower 

permittivity direction. This lowers the wave impedance as 

compared to if the wave solely propagated in the high 

permittivity direction. To study this, numerous BMAs with 

rectangular unit cells (r=55%) of varying height and angle were 

simulated against skin. The resonant half-wavelengths are 

plotted against BMA edge lengths in Fig. 8, as well as the 

maximum √𝜀𝑟 and minimum √𝜀𝑟 calculated from the PWEM. 

As shown, the curve of best fit for the permittivity lies between 

the maximum and minimum permittivity lines. The ratio of the 

fit, which directly relates to wave impedance, in this instance is 

83.5% maximum permittivity and 17.5% minimum 

permittivity. This ratio of the fit will change based upon the 

water’s dispersion over the bandwidth. Moreover, the 

dispersion of water would also manifest as nonlinear 

permittivity slopes between the resonant half-wavelengths and 

the edge lengths if plotted over a significantly large bandwidth.  

C. BMA Input Impedance 

The BMA’s real input impedance can be explored as a 

function of its: (a) water content and (b) flare angle. To test this, 

a rectangular unit cell BMA of height 10 mm and flare angle 

45° was simulated against a homogeneous skin block. Since the 

water has a high permittivity, it also has a low impedance.  

Therefore, increasing the water content (r) of the BMA is 

anticipated to decrease its real impedance as shown in Fig. 9. 

 
(a) 

 
(b) 

Fig. 7. High cutoff frequency matches the predicting equation for: (a) 

varying angle with a water ratio of 55%, and (b) varying ratio with a 

flare angle of 45°. 

 
Fig. 8. BMA resonant half-wavelength depends on edge length scaled by 

the square root of the effective permittivity. 

 

 
Fig. 9. Increasing water ratio (r) decreases the real input impedance.  
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Moreover, the flare angle of the BMA can be modified in 

order to further control its impedance. Similar to a conical 

antenna, narrower flare angles are expected to lower the input 

impedance and wider flare angles are expected to raise the input 

impedance as shown in Fig. 10(a). If the θ angle (normal to the 

flare) is different from the ϕ angle (parallel to the flares), this 

effect will be more pronounced as shown in Fig. 10(b). In this 

case, ϕ =45° and θ varies. 

 

 

D. Transmission Loss 

The BMA gain is dependent primarily on its size, quantified 

by the flare contact angle, θ, and height, h. The general trend is 

that a BMA’s transmission loss is smallest towards its lower 

operating frequency. This is expected, because larger BMAs 

have higher material loss. Also, larger BMAs develop a wider 

beam, which will have increased loss with frequency as well. 

To demonstrate these effects, two rectangular unit cell BMAs 

(h=10 mm, r=0.55) were simulated on both sides of a 30 mm 

block that had the electrical properties of skin. Transmission vs. 

frequency plots indicate that larger BMAs have sharper 

transmission degradation with respect to frequency than smaller 

ones, as shown in Fig. 11. This indicates that a BMA should be 

designed for minimum necessary size, so that it has minimal 

transmission loss across its bandwidth. At frequencies lower 

than the low frequency cutoff, the antenna will have lower 

transmission than higher frequency, in-band transmission. 

E. Applicability to Other Unit Cells 

Simulations and theoretical modeling for hexagonal and 

cylindrical cells indicate that Eq. 1(a) is robust and accounts for 

a wide variety of designs. Expectedly, the slope, K, will vary 

depending on the type of unit cell included. Different unit cells 

have different effective medium limits and would therefore 

have different slopes. 

Section IV.B depended primarily upon the permittivity 

developed by the unit cell. As such, using the PWEM to analyze 

the permittivity will allow for the direct use of Eq. 2. Further, 

the real input impedance can still be manipulated as mentioned 

in Section IV.C regardless of the type of unit cell. 

To discern the effect of unit cell type upon transmission loss, 

the setup of Fig. 11 was employed again and the BMA cells 

were altered between rectangular, hexagonal and cylindrical. In 

all three cases, the unit cell size and water ratio were maintained 

roughly the same. Transmission loss for varying frequency of 

the BMA is plotted in Fig. 12. As seen, hexagonal unit cells 

have the least amount of loss. This was expected since 

hexagonal unit cells are the most anisotropic [23] per 

discussions in Section III.C.  

 
(a) 

 
(b) 

Fig. 10. Real impedance increases: (a) with increasing flare angles θ 

and ϕ, and (b) dramatically with flare angle ϕ varying and θ=45°. 

 
(a) 

 
(b) 

Fig. 11. Transmission loss between identical BMAs vs. frequency plots 

for: (a) varying height, and (b) varying flare angle of the BMA. 

 

 
Fig. 12. Transmission between identically sized BMAs through 3 cm for 

varying frequency. 
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V. MEASUREMENT VERIFICATIONS 

A. BMA Design and Manufacturing 

Leveraging our theoretical modeling and design guidelines, 

in this Section we pose to design a novel BMA of comparable 

size to [17] but with improved bandwidth and transmission loss. 

Section IV.A indicated that the high frequency cutoff could be 

improved through implementing smaller unit cells, whereas 

Section IV.B showed that increasing the size of the antenna can 

lower the first resonant frequency of the antenna, thus lowering 

the low cutoff frequency. Lastly, Fig. 12’s analysis of unit cells 

showed that hexagonal unit cells are optimal for transmission. 

Implementing these improvements results in an improved 

antenna over [17] with only a minor increase in antenna size. 

With the above in mind, a BMA is designed that employs the 

hexagonal unit cell of Fig. 5(b). The BMA has a unit cell size 

of 2.476 mm with a hexagon diameter of 1.3 mm. Its height is 

11.95 mm and it has an angle of 45°, yielding a final base of 

size 24.9 x 24.9 mm2. For comparison, the antenna reported in 

[17] employed the cylindrical unit cell of Fig. 5(a) of size 3.636 

mm. The BMA had a height of 10 mm with an angle of 45°, 

yielding a final base size of 22 x 22 mm2.  

B. BMA Prototype and Measurement Setup 

For fabrication, we 3D printed the BMA design of Section 

V.A using stereolithography. This was accomplished using the 

Formlabs Form 2 printer and the rigid resin [33]. The rigid resin 

was chosen for its high precision and stiffness for small sizes. 

Its relative permittivity and loss tangent were found to be in the 

range of ~3-4 and ~0.01, respectively. To simplify our design, 

we assumed it had comparable characteristics to polylactic acid 

(PLA) (εr = 3.549, tanδ = 0.001 [34]). Once printed, the 

hexagonal holes were filled with water and the sides were 

covered with copper tape as shown in Fig. 1(a). 

Both SPEAG’s POPEYE leg phantom (Zurich Switzerland 

[35], Fig. 13(a)) and 80% lean ground beef (Fig. 13(b)) were 

used as phantoms to test the BMA. Both are commonly used as 

phantom materials to emulate the average human body 

properties. Their electrical properties are reported in our 

previous work [17]. 

 

C. Results 

Measurements and simulations of the BMA’s reflection 

coefficient against the POPEYE and ground beef phantoms are 

superimposed in Fig. 14(a) and Fig. 14(b), respectively. The 

measured bandwidth against the POPEYE phantom is 11.12:1, 

whereas the original design of [17] was merely 6.07:1. 

To measure the transmission loss, the ground beef phantom 

was made to be 3 cm thick and two identical BMAs were placed 

on either side of it. Referring to Fig. 15, the transmission 

coefficient was measured and found to be in good agreement 

with the simulated values. Most likely, there was slight water 

leakage which caused there to be worse performance than 

simulation at lower frequencies and better performance at 

higher frequencies. Beyond 6 GHz, the measurements are in the 

noise floor and are thus not reported in this paper. At 2.4 GHz, 

the transmission loss is a remarkable 21.4 dB, which is 6.2 dB 

lower than [17].  

  
(a) (b) 

Fig. 13.   Experimental set-ups employed in this study: (a) POPEYE leg 

phantom, and (b) 80% lean ground beef phantom. 

 

 

(a) 

 
(b) 

 

Fig. 14.   Measured and simulated reflection coefficient against: (a) 

POPEYE phantom, and (b) beef phantom show good agreement. 

 
Fig. 15.   Measured and simulated transmission coefficients between 

identical BMAs through beef show good agreement. 
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VI. CONCLUSION 

In this paper, we presented BMAs as a new class of wearable, 

into-body radiators that employ periodic unit cells made of 

plastic and water to exceed state-of-the-art bandwidth and 

transmission performance. The PWEM was employed to derive 

the effective Bio-Matched dielectric properties, and design 

equations were derived for the high and low frequency cutoffs 

in terms of the BMA geometry. Effects of varying unit cells 

(cylindrical, rectangular, and hexagonal) were also discussed. 

Assuming homogeneous tissue media, we were able to show the 

general trends of BMA design which can eventually be fine-

tuned for various anatomical locations in future. Building on 

this theoretical framework, a novel BMA was designed, 

fabricated, and tested with nearly twice the bandwidth and 6.2 

dB less transmission loss across 3 cm of phantom material than 

the most wideband and most efficient into-body radiator 

previously reported. 

The remarkably wide bandwidth and high gain demonstrated 

in this paper offer new opportunities for medical radiometry and 

telemetry. This could allow for high resolution in medical 

thermal imaging, high data rates in implant communication, 

advancement of multi-channel in-body medical device 

networks, and other advancements in the exciting intersection 

of electromagnetics and medicine. 
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