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Reconfigurable 
Wearable Antennas

Sema Dumanli

14.1 � INTRODUCTION

Various wearable sensors are being introduced to the market; they monitor diverse 
physiological parameters for fitness tracking of healthy individuals or the diagnosis, 
therapy, and rehabilitation of patients [1–3]. In the future, it is envisaged that each 
person is going to be wearing multiple sensors on their body that are part of a body 
area network (BAN). Some common challenges for wearable sensors can be listed 
as: achieving robust and quality sensing, high-level integration hence low-cost pro-
duction, longer battery lifetime, and user convenience [4]. Although wearable sensor 
design is highly multidisciplinary, it can be argued that the careful design of the wire-
less links is essential to the solution of the previously mentioned goals. These links 
within the BANs are classified under three categories: in-body, on-body, and off-
body [5]. The links that a wearable sensor forms with an implantable device are 
called in-body links. On-body links are the links created between two wearable 
devices and, finally, the links that a wearable sensor form with an off-body device, 
such as an access point, are called off-body links.

This chapter discusses antenna solutions for wearable devices; therefore, all of these 
propagation links are going to be taken into consideration. The network architecture 
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should be designed so that the challenges previously listed for wearable sensor design 
are addressed (e.g., low cost, efficiency and user acceptance). In addition, the network 
should operate and coexist with other networks in similar frequency bands [6]. Here, a 
highly reconfigurable network architecture that opportunistically selects the best pos-
sible radiation characteristic for each link is considered. Reconfiguration is proposed in 
order to improve the reliability and enhance the battery lifetime, however, this func-
tionality should not interfere with user convenience and cost. Therefore, the antennas 
proposed should support radiation pattern diversity along with other requirements.

Antenna design is one of the most important elements of the optimum wearable 
device, which should operate reliably for a long time without restricting user activity 
and causing any behavior modification. In order to increase the battery lifetime, the 
energy efficiency of the device should be improved. Considering the fact that the 
energy consumed during radio frequency (RF) transmission is a high percentage of 
the overall consumption, decreasing the number of retransmissions and improving 
the link budget by having higher antenna gain or pattern diversity can directly be 
translated into longer battery life.

A convenient form factor is also related to the antenna since it is one of the largest 
elements of the device alongside the battery. Flexible or small-sized rigid antennas 
are required so that the sensor can be incorporated seamlessly into clothing. When an 
antenna is located near lossy human tissues (i.e., worn by a person), its frequency 
response changes and radiation efficiency degrades. In order to avoid these, a body 
phantom should be included in the design process and the antenna should be electro-
magnetically isolated from the human body as much as possible with a ground plane. 
If the antenna is designed to be immune to these near-field effects of the body, the 
overall system efficiency is going to be maintained. In addition to being efficient and 
immune to detuning, the antenna can be reconfigurable in order to further improve 
system performance. The optimum radiation pattern will change depending on the 
link to be formed. Directional antennas were proven to perform the best for off-body 
links [7], whereas a radiation pattern with a null in the vertical plane according to the 
human body surface is best for on-body links [8]. Vertical polarization is better in 
launching surface waves [9]. In-body links are trickier since the propagation medium 
is extremely lossy. Therefore, as well as pointing the radiation toward the implant, 
one should minimize near-field losses either by increasing the separation between the 
antenna and the human body or by utilizing a bolus layer [10, 11].

The wearable reconfigurable antenna design challenge has been taken on by sev-
eral researchers [12]. The proposed solutions can be grouped into two categories:

	 a.	 Flexible and comparatively larger antennas that can be printed on clothing.
	 b.	 Miniaturized rigid antennas that can be incorporated into clothing.

To the author’s best knowledge, antennas that can achieve reconfigurability on flex-
ible substrates are limited to five proposals [12–17]. A felt antenna operating at 2.45 
GHz that can switch between four different radiation patterns has been proposed in 
[12]. The antenna has four different radiators each connected to its feed through a pin 
diode. As one pin diode is activated, the radiation of its corresponding radiator 
becomes dominant in the resultant radiation pattern. The patterns created are directive 
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patterns targeting Φ = 0°, 90°, 180°, and 270°. One can argue that all these patterns 
are more suitable for off-body links. The size of the antenna is 88 mm × 88 mm × 2 
mm. [13] described another 2.45 GHz felt antenna with an overall size of 100 mm × 
100 mm × 3 mm. It switches between a monopolar and a directive radiation pattern. 
This is a critical property as it has the potential to cover both on-body and off-body 
links. In this chapter, however, the pin diodes were not realized. Hence, the efficiency 
figures of 38% and 45% for each mode are calculated excluding the switching stage. 
In [14], an antenna designed to operate at 6 GHz has been proposed. Due to the high 
operating frequency, its dimensions are 30 mm × 60 mm × 1.5 mm. It was printed on 
a mixed fabric made of polyester (66.2%) and cotton (33.8%). The antenna switches 
between three directive radiation patterns, two of them creating only a tilt of 30° in θ. 
All the patterns created are more suitable for off-body links. The prototype excludes 
the switching stage. In [15] an ultra-wideband (UWB) wearable antenna is prototyped 
using different techniques, such as conductive thread embroidery or thin laser-cut 
sheet of copper on cotton or denim substrate. Its size is relatively small: 42 mm × 80 
mm × 1 mm. It achieves three different radiation patterns that steer on the H plane. The 
antenna does not have a strong directive mode, which is suitable for on-body links. 
Finally, [16, 17] described a flexible antenna operating at MedRadio band (401–406 
MHz). This is an electrically small antenna with low gain values. It can switch between 
two radiation modes, however, the change in the maximum radiation direction is only 
30°. All of these fabric antennas suffer from low efficiency values; however, they 
cover quite a wide range of prototyping techniques some of which overcome the prob-
lem of repeatability and durability [15]. Remember that the connection between the 
flexible and rigid structures remained a question mark. For example, the switching has 
been realized only in [12] where no repeatability analysis was performed.

On the other hand, the rigid reconfigurable wearable antennas being realized use 
more established manufacturing techniques that are more repeatable. They are 
expected to have greater efficiencies with smaller conductor losses associated with 
the radiator. However, for the rigid substrates, antenna sizes in the order of 100 mm 
are out of the question. Hence, the reconfigurable rigid wearable antennas in the lit-
erature are not more common than their flexible counterparts.

In [18], a dual port antenna with dimensions of 68 mm × 68 mm × 6.35 mm has 
been proposed. One of the ports excites a monopolar radiation pattern while the other 
one excites a directional one which can support both on-body and off-body links. 
The correlation between the ports is insignificantly small at the operating frequency 
of 2.45 GHz providing excellent diversity values. The efficiency of the antenna is 
greater than 92% for both modes, which is rare for wearable antennas. The antenna 
has two ports and the switching is excluded from the work. Another fine example of 
a rigid on-body antenna supporting both on-body and off-body links was presented 
in [19]. It is a circular antenna with a diameter of 48 mm and a thickness of 3.2 mm. 
Its performance is remarkable. Another rigid on-body antenna suitable for use in the 
2.4 GHz industrial, scientific and medical (ISM) band has been proposed in [20]. The 
proposal is 120 mm × 155 mm × >6 mm. Although the size is too large to be used in 
practice, the antenna is unique in comprising a high impedance surface as its ground 
plane. It has two modes both of which have the same θ (43°) and opposite Φ (0°, 180°). 
Considering the tilt angle, both modes are suitable for off-body links.
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When it comes to in-body links, reconfiguration efforts focus on reconfiguring the 
antenna’s pattern and operating frequency together. UWB, Medical Implant 
Communication System (MICS), 2.4 or 5.8 ISM band have previously been used for 
in-body links; hence, reconfigurable antennas in the literature combine these frequen-
cies with 2.4 or 5.8 GHz ISM bands intended for either on-body or off-body links. 
[21] described a dual band antenna which has an in-body mode at the MICS band and 
a directive off-body mode operating at 2.45 GHz. The size of the antenna, 40 mm × 40 
mm × 3.2 mm, is comparable to other 2.4 GHz ISM band counterparts. [22, 23] pro-
posed to use the 2.45 GHz ISM band for in-body communications. [22] described an 
antenna creating an off-body mode at the upper UWB band. It has a circular shape 
with a diameter of 35 mm and a very low profile of 0.76 mm thickness. On the other 
hand, [23] utilized the 5.8 GHz ISM band for on-body communications. The in-body 
mode has circular polarization while the on-body mode has a monopolar radiation 
pattern. The overall dimensions of the antenna are 29 mm × 31.3 mm × 5.8 mm. 
Despite the common assumption of operating the in-body mode at lower frequency 
bands, [24] proposed an antenna with an on-body mode at 2.45 GHz and an in-body 
mode at 5.8 GHz. The on-body mode has a monopolar radiation pattern and the in-
body mode directs its energy toward the human body. The thick profile (15.5 mm × 
10.5 mm × 28 mm) can be counted as a drawback, especially for a wearable antenna. 
Note that none of the proposed reconfigurable wearable antennas comprising an in-
body mode is flexible.

The author has proposed several rigid and flexible pattern reconfigurable antennas 
that are comparable to the literature. Antennas that provide diversity for off-body 
links [25, 26], for off-body and on-body links [27–30], and off-body and in-body 
modes [31] are intended for various applications, including smart glasses and wrist-
watches charged with far-field wireless power transfer. The details of these antennas 
are going to be provided in Sections 14.2.1, 14.2.2, and 14.2.3.

14.2 � EXAMPLE ANTENNAS

Examples provided here were simulated on Ansys human body phantom, male, 
4 mm accuracy consideration, in all cases [11], as seen in Figure 14.1. The Specific 
Absorption Rate (SAR) of all the antennas discussed here are kept well under the 
1.6 W/kg limitation averaged over 1 g of tissue [32].

The examples that will be provided here have been designed to create a complete 
BAN in which the sensors form wireless connections; thus, making use of the recon-
figurability of antennas to maximize system performance. The envisaged BAN can 
be seen in Figure 14.2.

14.3 � PROVIDING DIVERSITY FOR OFF-BODY LINKS

14.3.1 � The Design of a Pattern Reconfigurable Antenna Suitable for 
Smart Glasses

A novel pattern reconfigurable wearable antenna suitable for a smart glasses appli-
cation is designed to operate at the 2.4 GHz ISM band [26]. The antenna consists 
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of two slots that are placed perpendicular to each other and fed with a coplanar 
waveguide transmission line placed at the corner as seen in Figure 14.3(a–b). The 
switches that are located directly on the slots are manipulated to activate different 
polarizations; hence, they provide polarization diversity. The gain patterns of each 
mode were simulated in a vacuum and their corresponding frequency responses can 
be seen in Figure 14.3(c–e). The antenna is prototyped on the glass as seen in 
Figure 14.3(b) and the simulations are validated through measurements. The 
antenna has been shown to provide two distinct patterns with a correlation coeffi-
cient of less than 0.1. Note that a pattern reconfigurable glass antenna has not been 
proposed before.

14.3.2 �A  Wrist Wearable Dual Port Dual Band Stacked Patch Antenna 
for Wireless Information and Power Transmission

A novel antenna with orthogonally polarized dual ports, one of which is dual 
band, is proposed [25]. It has a stacked patch configuration creating a dual band 
dual port operation unlike the heretofore aim of achieving a wideband operation. 

FIGURE 14.1  Wearables simulated on Ansys human body phantom: sitting position, male, 
4 mm accuracy.
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FIGURE 14.2  Reconfigurable wearable antennas previously proposed by the author presented at the system level.
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FIGURE 14.3  Pattern reconfigurable glass antenna suitable for smart glass applications pro-
viding polarization diversity of off-body links. (a) Antenna model including the pin diode 
pads, (b) antenna prototype without the pin diodes, (c) the simulated and measured frequency 
response of the antenna for each off-body mode, (d) simulated gain pattern of the horizontal 
slot while the vertical slot is shorted at 2.45 GHz, and (e) simulated gain pattern of the vertical 
antenna while the horizontal slot is shorted at 2.45 GHz.

(a) (b) 

(c) 

(d) (e) 
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Here an upper U slotted rectangular patch is stacked with a lower rectangular 
patch as seen in Figure 14.4(a–b). The data port excites the upper patch covering 
Bluetooth Low Energy (BLE) advertisement channels while having a notch at 
around 22nd Channel (2.45 GHz) generated by the U slot etched at the edge of the 
upper patch. The wireless power transmission (WPT) port resonating at 2.45 GHz 
excites the lower patch. Isolation of more than 35 dB is achieved at the ports of 
the antenna before any further filtering, eliminating the need for an additional 
discrete diplexer.

The performance of the antenna is analyzed on the left arm of the Ansys compu-
tational human phantom as seen in Figure 14.4(c). The separation between the 
antenna and the wrist is changed from 5 to 15 mm in 5 mm steps while the arm is 
rotated for 90° for each separation in order to interrogate the effects of polarization. 
The frequency response of the antenna for these cases are plotted in Figure 14.4(d). 
It is observed that the detuning is more severe for WPT if there is no rotation, and 
more severe for the communications port if there is a 90° rotation. We can conclude 
that, for a wrist wearable antenna, if the polarization of the off-body mode is aligned 
with the arm, the detuning is stronger.

FIGURE 14.4  A wrist wearable dual port dual band stacked patch antenna for wireless 
information and power transmission. (a) A rectangular patch stacked with a dual band U slot 
loaded patch, (b) prototyped antenna, (c) the gain patterns and the magnitude of the current 
density, on the skin surface for each antenna–body separation of the communications port, and 
(d) the frequency response of the antenna on an arm phantom, the antenna–body separation is 
changed from 5 to 15 mm and the antenna is rotated 90° around z.

(a) (b)

(c) (d)
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14.4 � SWITCHING BETWEEN ON-BODY AND OFF-BODY LINKS

14.4.1 � Pattern Diversity Antenna for On-Body and Off-Body Wireless 
BAN (WBAN) Links

A novel pattern reconfigurable flexible antenna is presented that can switch between 
two different radiation patterns. For the on-body and the off-body links, the TM00 and 
the TM01 modes (transverse magnetic modes) of a rectangular patch antenna are 
excited, respectively. The TM00 mode generates a quasi-omnidirectional pattern with 
a simulated directivity of 2 dB in the horizontal plane while the TM01 mode generates 
a directional pattern with a maximum directivity value of 4.5 dB. Both modes are 
matched at the 2.45 GHz ISM band. Finally, using numerical and physical phantoms 
and male subjects, the antenna has been shown to perform well near human bodies: 
insignificant detuning was observed and the degradation in the radiation efficiency 
was measured to be 17% in the worst-case scenario of locating the antenna on the 
body with 0 mm separation. Note that the size of the antenna is no bigger than a 
conventional half-wavelength patch antenna.

The TM00 mode of a shorted rectangular patch antenna creates an omnidirectional 
radiation pattern. Although the TM00 mode of a shorted rectangular patch has not 
been investigated extensively, it is analogous to the widely studied TM01 mode of 
shorted ring patch antennas. The TMm mode describes the generation of the omnidi-
rectional mode in non-circular patches. The application of it to BANs was discussed 
in [33] and it was compared with a rectangular patch and a monopole near the body 
surface. The shorted patch was shown to be superior for on-body links. Here, an 
antenna capable of generating this omnidirectional mode and a directional mode is 
designed.

As seen in Figure 14.5(a–b), it comprises a square patch and a full square ground 
plane underneath. The radiating patch is printed with a copper plate. The patch and 
the ground plane are separated with 4.8-mm-thick polyethylene foam by Emerson & 
Cuming. The ground plane is shorted to the patch at symmetrical shorting pins. The 
shorting pin positions and their radii are optimized through simulations. Beneath the 
ground plane, a feeding network is etched on a 1.6-mm-thick flame retardant-4 (FR-
4) substrate with 35-μm-thick copper. The ground plane of the patch is used as the 
ground plane of the microstrip line feeding network, as well. The network excites the 
patch at two symmetrical points while these feeding points are isolated from the 
ground plane with two circular slots. The feed line comprises a T junction and its 
branches of unequal length are connected to the aforementioned symmetrical feed 
points. Being unequal, the lengths of the branches cause a phase difference, which 
can be changed by altering the length of one branch by utilizing a switching mecha-
nism as seen in Figure 14.5(a). Two prototypes with altered branches were manufac-
tured to test both modes. In addition to that, the antenna is prototyped on a flexible 
substrate, replacing both the polyethylene foam and FR-4 with felt. Copper is 
replaced with silver fabric and silver ink in an attempt to compare the two as seen in 
Figure 14.5(c–d).

Figure 14.5(e–f) shows the E field distribution in vector form created by each 
mode: TM00 and TM01. Feeding the excitation points with a 0° phase difference will 
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIGURE 14.5  Pattern diversity antenna for on-body and off-body wireless body area network 
links [28]. (a) The proposed dual mode antenna which comprises a switching mechanism. (b) 
The prototyped on-body and off-body antennas, rigid version. (c) The prototyped on-body and 
off-body antennas, flexible version with silver fabric on felt. (d) The prototyped on-body and 
off-body antennas, flexible version with silver paint on felt. (e) Vector E field distributions of 
TM00, on-body mode. (f) Vector E field distributions of TM01, off-body mode. (g) |S11| (dB) vs. 
frequency (GHz) of the on-body mode. (h) |S11| (dB) vs. frequency (GHz) of the off-body mode. 

(Continued)
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FIGURE 14.5 (CONTINUED)  (i) On-body antenna in vacuum, simulation. (j) On-body 
antenna on RAM, meas, max. dir. of 4 dBi. (k) On-body antenna on the phantom with 0 mm 
antenna–body separation, simulation. (l) On-body antenna on the phantom with 0 mm 
antenna–body separation, Meas, max. dir. of 5.5 dBi. (m) On-body antenna on the phantom 
with 5 mm antenna–body separation, simulation. (n) On-body antenna on the phantom with 
5 mm antenna–body separation, meas, max. dir. of 5 dBi. (o) On-body antenna on the phantom 
with 10 mm antenna–body separation, simulation. (p) On-body antenna on the phantom with 
10 mm antenna–body separation, meas, max. dir. of 4 dBi. (q) Off-body antenna in vacuum, 
simulation. (r) Off-body antenna on RAM, meas, max. dir. of 8 dBi. (s) Off-body antenna on 
the phantom with 0 mm antenna–body separation, simulation. (t) Off-body antenna on the 
phantom with 0 mm antenna–body separation, meas, max. dir. of 7.6 dBi. (u) Off-body antenna 
on the phantom with 5 mm antenna–body separation, simulation. (v) Off-body antenna on the 
phantom with 5 mm antenna–body separation, meas, max. dir. of 7 dBi. (w) Off-body antenna 
on the phantom with 10 mm antenna–body separation, simulation. (x) Off-body antenna on the 
phantom with 10 mm antenna–body separation, meas, max. dir. of 6.5 dBi. Meas, max. dir. is 
measured maximum directivity.

(i) (j) (k) (l)

(m) (n) (o) (p)

(q) (r) (s) (t) 

(u) (v) (w) (x)
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activate TM00. Practically, the phase difference can be greater than 0° for matching 
purposes as long as it is less than 90°. Once it is greater than 90°, the uniformity of 
the radiation pattern along φ will be severely distorted. On the other hand, having E 
field vectors in opposite directions at the excitation points will activate the TM01 
mode. Hence, the phase difference should be 180°. Similarly, this value can be 
decreased for matching purposes as long as it is more than 90°, which will generate 
a more directional radiation pattern suitable for off-body operation. Here the length 
of the longer branch is decreased by λ/4 to switch between these two modes. Note 
that the length of the shorter branch is 28 mm and the longer branch is changed from 
73 to 85 mm.

Figure 14.5(g–h) demonstrates the antenna’s measured frequency response for 
different scenarios to the variation in the antenna–body separations. As previously 
predicted by the simulations, the on-body antenna’s return loss is not as great as the 
off-body antenna’s; however, both antennas are fairly stable against the changes in 
their near-field. The center frequency of the off-body antenna remains at 2.52 GHz 
for the phantom and Subject A, while it shifts to 2.51 GHz for Subject B. Note that 
Subject B has less fat in his body composition. For the on-body antenna, the center 
frequency remains at 2.47 most of the time, which shows that the on-body antenna 
is more immune to changes in body composition. In terms of the frequency 
response, the antenna satisfies the requirements of a BAN antenna and can be used 
near lossy environments. The return losses of both antennas for all scenarios are 
above 10 dB at 2.5 GHz. Therefore, 2.5 GHz is chosen as the frequency of mea-
surement for the prototyped off-body and on-body antennas during the radiation 
pattern measurements.

Figure 14.5(l–x) show the gain patterns of the on-body and off-body antennas in 
vacuum, on RAM, and on the previously described single-layer flat phantom mim-
icking the chest of an individual. In Figure 14.5(l) the on-body antenna generates an 
omnidirectional radiation pattern in its horizontal plane at 2.5 GHz. The complimen-
tary measurement is shown in Figure 14.5(j). Although the antenna generates a null 
at θ = 0° as predicted, the pattern is distorted. This is due to the fact that the antenna 
is measured on a block of RAM backed with a metal rotating post carrying the 
antenna. Therefore, the antenna does not act in a way identical to the way it acts in 
vacuum. When the on-body antenna is positioned on the phantom, the agreement 
between the simulations and the measurements gets much better. Comparing Figure 
14.5(l) and (k), it can be observed that once the antenna is positioned on the body 
phantom, its radiation is shifted in the vertical direction and the energy will be emit-
ted mostly in the positive half-space. This is favorable considering the SAR. Finally, 
Figure 14.5(k-p) show that the null at θ = 0° is maintained in all cases. In vacuum, 
the off-body antenna generates a directional pattern at 2.5 GHz and the measured 
half-power beam width is approximately 100°, see Figure 14.5(q) and (r). Comparing 
these figures, the agreement between the simulation in vacuum and the measurement 
on RAM is better compared to the on-body antenna case since the off-body antenna’s 
radiation in the lower half-space is minimal. When the off-body antenna is located on 
the phantom, the pattern goes through slight changes as predicted by the simulations. 
However, its directional nature is maintained, making it suitable for off-body com-
munications. In all measured results, the effect of the feed connector is visible, which 
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is positioned along the negative x-axis of the radiation pattern. This distortion leads 
to a slight increase in the cross-polarization levels of the off-body antenna. When the 
off-body antenna and the on-body antenna are simulated and measured on the phan-
tom with different separations from 0 to 10 mm with 5-mm increments, the radiation 
patterns remain directional and omnidirectional, respectively.

Both antennas show little backward radiation, which restricts the absorption by 
the phantom. This is because the proposed antennas incorporate a full ground plane 
below their main radiator.

Note that this antenna currently is the smallest flexible antenna providing diver-
sity for on-body and off-body links to the author’s knowledge.

14.4.2 �A  Radiation Pattern Diversity Antenna Operating at the 2.4 GHz 
ISM Band

A novel rigid antenna meant to be worn on the wrist, operating in the 2.4 GHz ISM 
band, whose radiation pattern can be steered as the frequency of operation changes 
has been proposed [29]. This is achieved by merging the different radiation modes of 
the antenna together within a single operating band as seen in Figure 14.6(a–b), in 
contrast to the conventional procedure of covering the whole band with a single radi-
ation mode. Using this method, a single antenna can provide radiation pattern diver-
sity across the operating band without an external switching mechanism. The proposed 
antenna is a probe-fed patch shorted at four symmetrical points as seen in Figure 
14.6(c–d). It is analyzed in terms of its on-body and off-body propagation perfor-
mance as well as its sensitivity to antenna–body spacing. The antenna is shown to 
perform well up to 5 mm spacing. It has been proved that the antenna provides 9 dB 
advantage on average for the on-body link compared to the case where its off-body 
radiation mode is used to connect to the on-body sensor and vice versa. Moreover, 
the antenna is benchmarked against a monopole and a patch antenna in a residential 
setting. The performance of the antenna and subsequently the benefits of the pattern-
switching technique are successfully quantified. The holistic method includes both 
antenna measurements and channel simulation with ray tracing. The results are veri-
fied against real-world measurements [30].

By changing the frequency within the ISM band, the maximum radiation direc-
tion is changed. If BLE standards are used, the first ten channels (Channel 37, 
Channels 0–8) can be used for the azimuth mode and the remaining 30 channels 
(Channels 9–39) can be used for the elevation mode. If ZigBee is preferred, Channels 
11–14 can be used for the azimuth mode while Channels 15–26 will be more suit-
able for the elevation mode. Note that the Zigbee Channels 1–10 are located in the 
915 MHz ISM band. The number of channels can be adjusted according to the needs 
of the system by changing the operating frequency of each mode. Looking into the 
interference rejection aspect of the application, approximately 10 dB difference is 
observed between the modes at θ = 0°. If there is an interferer arriving at the antenna 
from the ±z direction, it is going to be attenuated by the antenna. Likewise, 
approximately 5 and 10 dB difference are observed between the modes at θ = 90° 
and θ = −90°, respectively. Note that these numbers are subject to the specific 
channels chosen.
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FIGURE 14.6  A radiation pattern diversity antenna operating at the 2.4 GHz industrial, sci-
entific and medical band [29, 30]. (a) Merging the different radiation modes of the antenna 
together within a single operating band. (b) TMm mode is excited along with the dominant TM01 
mode in 2.4 GHz industrial, scientific and medical band. (c) Shorted patch antenna prototyped 
on Rogers RT/Duroid 6006. (d) Antenna model. (e) Simulated gain pattern of the on-body 
mode: TMm. (f) Simulated gain pattern of the off-body mode: TM01. (g) Measured gain pattern 
of the on-body mode, TMm. (h) Measured gain pattern of the off-body mode, TM01.

(a) (b)

(c) 

(e)

(d)

(f)

(g) (h)

(Continued)
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For the first selected frequency of 2.4 GHz, 2.6 dB maximum gain is observed. 
The maximum gain direction is θ = 72°, Φ = 0° with minimal radiation in the vertical 
direction with respect to the body surface as seen in Figure 14.6(e–h). This stops 
energy from being wasted in the body or transmitted away from the body. It directs 
the energy toward the other on-body antennas along the body. Moreover, it has verti-
cal polarization which is favored over horizontal polarization for on-body communi-
cations due to the excitation of the surface waves. On the other hand, at the second 
selected frequency 2.48 GHz, the radiation pattern is optimized for connecting to an 
off-body gateway with 5.8 dB maximum gain at θ = 8°, Φ = 0°.

The effect of antenna–body spacing has also been analyzed. The antenna–body 
separation is changed with 2.5 mm steps from 2.5 to 10 mm and the frequency char-
acteristics demonstrating the two different modes and their frequency coverage for 
these antenna–body separations can be seen in Figure 14.6(i). As the antenna–body 
separation is decreased, the modes are shifted away from each other. The efficiency 
of the antenna degrades as the separation between the ground plane and the phantom 
decreases as seen in Figure 14.6(j). This is expected due to the lossy nature of the 
tissues in the phantom. However, in all cases, the efficiency is greater than 50%. We 
can see that the degradation in efficiency once the antenna is located on the phantom 
is greater for the off-body mode. This is due to the off-body mode having a higher 
electric field and lower magnetic field in the near-field of the antenna. Note that mag-
netic near fields are less susceptible to dissipation on the human body since human 
tissues have no magnetic losses (μr″ = 0).

This antenna provides a unique middle ground between size and reconfigurability. 
The approach can be applied to other radiators.

14.5 � SWITCHING BETWEEN IN-BODY AND OFF-BODY LINKS

The wireless link between an implant and an off-body gateway may be difficult to 
secure due to the fact that electromagnetic waves quickly attenuate as they propagate 
through human tissues. Depending on the depth of the implant within the body, the 
signal strength may be quite weak by the time the waves reach the skin. In order to 

FIGURE 14.6 (CONTINUED)  (i) Effect of antenna–body separation on the return loss. 
(j) Effect of antenna–body separation on the gain (on-body at 2.4 GHz, off-body at 2.48 GHz).

(i) (j)
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address this problem, a digitally assisted repeater antenna has been designed [31] to 
be located outside the patient’s body, which can detect the signals radiated by the 
implant and relay those signals to the off-body gateway. The antenna is based on U.S. 
Patent US10149636B2. The radiation pattern of the antenna is switched between two 
modes depending on the link it is forming: in-body link or off-body link. With an 
overall size of 30 × 30 × 3.15 mm, the antenna operates in the 2.4 GHz ISM band. 
The repeater is aimed to be used to secure wireless communications with a smart 
deep implant. Therefore, for a typical depth of such an implant, which is 4 cm, the 
repeater has been shown to enable a decrease of more than 40 dB in the transmit 
power level while the distance between the implant and the off-body gateway is kept 
constant.

Two slots are carved into the opposite faces of a single rectangular shallow cavity 
and both slots are fed with the same stripline which meanders in between the slots as 
seen in Figure 14.7(a). The slots are activated in an alternating way by means of two 
switches located in the center of each slot. When a switch is turned on, the slot on the 
opposite side is activated. This is a novel and a simple way of achieving radiation 
pattern diversity in a cavity-backed slot antenna. Having a shorted slot on the oppo-
site wall of the cavity does not affect the activated slot since the shorted slot operates 
at a higher frequency and its polarization is orthogonal to the active slot.

The frequency response of each slot while the other one is shorted with a switch 
is plotted in Figure 14.7(b). The generated radiation patterns are plotted in 3D in 
Figure 14.7(c–d). Note that these radiation patterns are generated while the antenna 
is located in vacuum. Surely, the response will change once the antenna is located 
near lossy body tissue. Further analysis has been performed in order to demonstrate 
the performance of the antenna as a repeater. In a realistic scenario, the repeater is 
expected to be located near the human body to collect data from the implant. Locating 
the antenna near the lossy tissues deteriorates the performance of the antenna, espe-
cially during the in-body mode of operation. Therefore, the antenna’s reflection coef-
ficient is monitored while the separation between the skin and the antenna is changed. 
As seen in Figure 14.7(b), 40 mm has been found to be an acceptable separation with 
minimal detuning. Figure 14.7(e–f) shows the E field distribution in the vertical 
plane within a transmission scenario where a 4 cm deep implantable antenna operat-
ing at 2.4 GHz is excited and the repeater is located 4 cm away from the skin. These 
demonstrate how the energy is focused toward the desired direction.

The antenna is meant for prototyping on a felt substrate, and expected simulated 
efficiencies are 90% for the off-body mode and 72% for the in-body mode with 4 cm 
separation. The antenna can be located closer to the human body by replacing the gap 
with a bolus layer which is still work under progress for this particular project.

This antenna currently is the only flexible repeater antenna that can accommodate 
for the in-body and off-body communications to be formed at the same frequency 
band.

14.6 � CONCLUSION

A challenging aspect of antenna design in wearable devices is the dynamic nature of 
the human body leading to dynamic propagation channels. Antenna requirements are 
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different and sometimes contradictory for the connections established by different 
wearables placed at various points in the human body. In order to tackle this chal-
lenge, re-shaping the radiation pattern according to the direction of arrival of the 
wanted signal is a logical step forward. However, with small space available on the 
wearable devices and the limited energy supply, realizing these objectives are difficult 

FIGURE 14.7  A digitally assisted repeater antenna for implant communications. (a) Antenna 
diagram, slots miniaturized according to second order Koch-fractal configuration. (b) The 
reflection coefficient of the in-body and off-body mode when the antenna is located in air and 
on human body with 4 cm separation. (c) The simulated gain pattern of the in-body mode 
when the antenna is located in vacuum. (d) The simulated gain pattern of the off-body mode 
when the antenna is located in vacuum. (e) E field distribution for in-body mode. (f) E field 
distribution for off-body mode.

(a) (b)

(c) (d)

(e) (f)
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since they require complex hardware and intensive calculation. Here, an overview of 
reconfigurable wearable antennas proposed in the literature is given. In addition, five 
different reconfigurable antennas previously proposed by the author are provided as 
examples. The examples cover antennas providing diversity for off-body links, switch-
ing between off-body and on-body links and between off-body and in-body links.
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