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Abstract—Long-range in-body biomedical telemetry enables

monitoring of physiological parameters while maintaining mo-

bility and freedom of movement. This emerging technology

creates new applications in medicine, clinical research, well-

ness, and defense. Current in-body biotelemetry devices operate

within about a meter around a user that limits their applicabil-

ity. Here we examine the variety of approaches that, combined,

can significantly extend the operating range. The radiation effi-

ciency is constrained by attenuation and reflection losses in tis-

sues. First, choosing an optimal operating frequency can mini-

mize the losses. A specific antenna design is then required to de-

couple the antenna from a body. Two successful antenna design

approaches are reviewed: (1) using loop antennas and (2) dielec-

trically loaded microstrip antennas. On-body matching layers

and repeaters can be used to further improve power transmis-

sion. Finally, we present the radiation characterization method

for in-body antennas in spherical phantoms with a direct illumi-

nation technique using an analog fiber optic link.

Keywords—biomedical telemetry, implantable antennas, in-

body, ingestible antennas, miniature antennas.

I. INTRODUCTION

Implantable, ingestible and injectable (in-body) devices

for biomedical telemetry can continuously monitor and yield

physiological parameters while maintaining mobility and

quality of life of a patient [1]. The progress in microelec-

tromechanical systems and microfluidics along with further

miniaturization of electronics and biosensors have empow-

ered new generation of biotelemetry devices. This emerging

technology created new applications in medicine, clinical re-

search, wellness, and defense (Fig. 1). Apart from telemeter-

ing various diagnostic data (endoscopic video, temperature,

pressure, pH, glucose levels, etc.), modern in-body applica-

tions include, but are not limited to: brain–machine interfaces

and visual prosthesis, pacemakers and defibrillators, drug de-

livery and hyperthermia [2].

Fig. 2 shows a generic flowchart of an in-body wireless

device. An in-body device uses a wireless link to transmit

Fig. 1: left: existing and potential applications of in-body biotelemetry;
right: some examples of on-and off-body receivers.

biotelemetry data or to receive or modify operational and

treatment instructions. The most common solutions are ra-

dio frequency (RF) transmission, inductive coupling, and hu-

man body communication method. Each way has its own ad-

vantages and drawbacks. Yet, RF transmission in VHF–SHF

bands yields the longest range and highest data transfer rates

for in-body wireless devices [3]. As for the power source,

a multiband RF antenna can integrate both data transmission

and wireless power transfer functionality increasing the avail-

able space inside an in-body device.
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Several antennas have been reported in the last decade [4–

9]. They can be divided into three groups: wire [4], printed

on a rigid PCB [5], and conformal printed antennas [6]. The

latter type makes use of the capsule surface minimizing the

occupied volume. Various types of conformal designs have

been reported: loop antennas [6], dipoles [7], and various mi-

crostrip antennas [8, 9]. Comprehensive reviews can be found

in [2, 10].

Enhancing the operating range of in-body antennas re-

mains a major challenge as for the time being they are able to

operate only up to a few meters.

II. OPERATING RANGE EXTENSION

When improving the operating range of an in-body de-

vice, the main issues to face are low radiation efficiency

(η < 0.1%) and strong coupling to lossy and dispersive bi-

ological tissues.

A. Operating Frequency Choice

The radiation efficiency η of an in-body antenna is

frequency-dependent [11]. The optimal operating frequency

relies on how far the antenna is from the body surface, what

tissues surround it, and how electrically large is the antenna.

The most suitable unlicensed frequency bands for in-

gestible applications are MedRadio (Medical Device Radio-

communications Service) (401 to 406, 413 to 419, 426 to 432,

438 to 444, 451 to 457) MHz, and mid-ISM (the Industrial,

Scientific and Medical) (433 to 434.8) MHz [12]. As for im-

plantable applications, the closer the antenna is to the skin,

the less the signal attenuates within the tissue. Therefore,

higher frequencies can be used to avoid the limitations on the

radiation efficiency η for electrically small antennas (ESA;

if the antenna electrical size ka < 0.5, it can be considered

electrically small [13]). The most efficient bands would be

the ISM 2.45 GHz for a few cm deep implants and 5.8 GHz

for the subcutaneous [11].

B. Improving Efficiency of In-Body Antennas

Considering the operating frequency f0 is close to opti-

mal, the radiation efficiency is still constrained by the attenu-

ation and reflection losses in tissues. In addition, the required

miniaturization of antennas imposes fundamental limits on

achievable radiation efficiency for ESAs.

A magnetic type antenna (e.g. loop) couple less to tissue

due to the magnetic component dominating in its near field.

Loop antennas have a good radiation performance [6]. How-

ever, a spatial variation of tissue EM properties affects the

Fig. 2: Outline of an in-body capsule for biomedical telemetry.

antenna impedance and thus can deteriorate matching. Typ-

ically, to compensate for the antenna detuning, an extended

bandwidth BW is preferred. However, it undermines the ra-

diation efficiency, as BW ∝ ka/η [13].

Dielectric loading increases the robustness of anten-

nas [14] that allows reducing the necessary bandwidth and in-

creasing the electrical size ka. Increased radiation efficiency

has been achieved in [9, 15] by loading antennas with thin ce-

ramic superstrate (< 1 mm). High permittivity filling of the

device—ideally, matched with the tissue permittivity—helps

further increase η [9]. In this way, a dielectrically loaded mi-

crostrip antenna can potentially outperform loop antennas in

both the robustness and radiation performance.

C. Matching Layers

Merli et al. studied the effect of on-body matching layers

that improve power transmission from a body [16]. An ideal

matching layer (71 mm thick) can increase the power trans-

mission for up to 8 dB. Realistic materials (fiber, neoprene

and silicon have been studied) with reasonable thickness (up

to 20 mm) can provide up to 2 dB improvement.

D. On-Body Repeaters

Kiourti et al. proposed a dual-band on-body repeater

antenna [17]. The antenna receives a low power MedRadio

signal (401–406 MHz) from an in-body implant and retrans-

mits it using the 2.45 GHz ISM band. This approach reduces

the required implant power by a factor of 100 for achieving

the same range without the repeater antenna.

Combining aforementioned approaches, a substantial

improvement in operating range is achievable. Depending on

the receiver antenna sensitivity and link-budget evaluation

methodology, the range of 10–15 m is foreseeable in near

future for in-body devices. Along with a repeater, this range

can be further extended.
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Numerical modeling in anatomically realistic phantoms

allows estimating in-body antenna path loss and gain [9].

However, an accurate evaluation of radiation performance of

antennas require experimental validation.

III. FAR-FIELD CHARACTERIZATION

OF IN-BODY ANTENNAS

Despite many reliable methods for impedance measure-

ments, radiation characterization of both electrically and

physically small antennas remains a major challenge. The

antenna under test (AuT) couples strongly to a feeding ca-

ble that leads to impaired measured data [18]. The current

induced on the cable may affect the radiation pattern and

matching, making difficult, if not impossible, to separate the

antenna radiation from the one of the cable. Different ap-

proaches allow minimizing this effect: baluns [19], differen-

tial feeding techniques [20], electrooptical converters [21], or

measurements using a monostatic scattering characterization

of an antenna [22]. For in-body antennas, the problem is more

complicated as, in addition to these sources of error, the an-

tenna has to be measured in a lossy phantom.

A. Phantoms

To evaluate experimentally in-body radiation performance

of ingestible and implantable antennas, we submerge them in

liquid phantoms with various EM properties depending on the

target antenna application. To achieve the target properties,

several methods exist [23, Ch. 2]. We use water–sugar–salt

recipe [24]. The properties of the phantom are defined using

an in-house model based on a full-factorial experiment design

along with the response surface optimization methodology.

The EM properties of the phantoms are characterized using

SPEAG DAK kit [25].

The AuT is centered inside a glass spherical container

filled with the liquid phantom. This approach is more appro-

priate for estimating the radiation performance of in-body an-

tennas with undefined position within the body (for instance,

ingestible) [10]. The spherical phantom preserves the intrin-

sic radiation pattern of the antenna whereas other shapes (e.g.

cylindrical or cubic) may mislead about the antenna perfor-

mance in terms of directivity.

The phantom diameter should be large enough for not to

perturb the antenna impedance by the proximity of air. How-

ever, a too big phantom would strongly attenuate the sig-

nal reducing the signal-to-noise ratio and affecting the mea-

surement accuracy. Hence, we have chosen to work with a

�100 mm phantom.

Fig. 3: The measurement setup used at IETR for characterizing radiation
performance of in-body antennas.

B. Measurement Setup

We characterize in-body antennas using the direct illumi-

nation far-field technique. Fig. 3 depicts the measurement

setup. A 50 Ω semi-rigid coaxial cable links the antenna to an

SMA connector located outside the spherical phantom con-

tainer. A silicone-sealed �10 mm polyamide tube is fitted

between the AuT and the connector to insulate the cable from

the phantom. The vertically positioned AuT and its container

constitute the device under test (DuT).

The DuT localizes at a distance from the measurement

horn fulfilling the far-field criteria. An electro-optical con-

verter (enprobe LFA-3 [26]) feeds the DuT (Fig. 3). In this

way, an optical fiber replaces the RF cable inside an anechoic

chamber thus minimizing the main source of signal impair-

ment. The DuT is mounted and aligned on the tower posi-

tioner using foam blocks (εr ≈ 1.0, tanδ ≈ 0.001).

The estimation of the realized gain uses the gain substi-

tution technique employing a reference antenna of a known

gain (ETS-Lindgren Model 3164-06 [27], 300 MHz–6 GHz).
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IV. CONCLUSION

Enhancing the operating range of biotelemetry devices up

to 10–15 m would allow to monitor physiological parameters

unaffecting mobility and quality of life of a user. By combin-

ing the reviewed approaches to radiation efficiency enhance-

ment, a substantial improvement of the range is achievable.

An accurate far-field characterization of miniature in-body

antennas, however, faces many challenges. The approach pro-

posed in this paper improves the measurement accuracy in

two ways: (1) spherical phantoms preserve the intrinsic ra-

diation pattern of an antenna; (2) replacing the majority of a

feeding cable with an optical fiber as well as insulating the

remaining part with air allow suppressing currents induced

on the cable.
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