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Abstract—This paper presents a study on the impact of the 
antenna cavity on the in-body propagation and ultra wideband 
wireless body area networks (UWB-WBAN) radio channel 
characteristics between the capsule endoscope and the on-body 
antenna. The study is conducted with CST Studio Suite 
simulations and one of its anatomical voxel models. A simplified 
capsule model and two different on-body antennas designed for 
low-band UWB in-body communications are used in this study. 
The first antenna has a smaller cavity while the second antenna 
has a larger cavity. The radio channel characteristics between a 
capsule endoscope model and an on-body antenna are evaluated 
with the cavity and without the cavity in frequency and time 
domains. Furthermore, 2D power flow representations are 
studied to get insight how the presence and absence of the cavity 
changes the signal propagation within the tissues. It is found that 
with the antenna having a smaller cavity, the cavity impact 
depends on the on-body antenna location respect to the 
abdominal muscle layers. Instead, the antenna having a larger 
cavity enables to capture multipath components from the wider 
area resulting in stronger signal regardless where the antenna is 
located. 

Keywords—antenna cavity, directive antenna, capsule 
endoscope, ultra wideband, wireless body area networks,  

I. INTRODUCTION  

Implant communications has been under an intensive 
study in recent years. Especially capsule endoscopy, which is 
a non-invasive, painless, and reliable method to investigate 
small intestine thoroughly, has been an actively investigated 
topic. [1]-[3] 

One of the main challenges related to the implant 
communications is high propagation loss in the tissues [4]. 
The loss is higher at higher frequencies and thus, the first 
capsules were designed for MHz frequencies [2]. However, 
applying ultra wideband (UWB) technology for capsule 
endoscopy has been found to provide several advantages, such 
as high-resolution images, low power, and simple transceivers 
[1]. Thus, the challenges relating to the high propagation loss 

should be solved. One method to overcome problems related 
to high propagation losses is to use highly directive on-body 
antennas which focus the radiation towards the body and 
hence may strengthen the communication link between the 
implant and the on-body device. The use of the antenna 
cavities is one commonly used approach to enhance directivity 
of the on-body antenna towards the body. A properly designed 
cavity may enhance antenna’s directivity towards the body 
significantly [5]-[13]. 

 Back to literature, up to date, all published works 
investigating wireless capsule endoscopy communication 
systems at 3.5-4.5 GHz frequency band have used large 
external antennas [5]-[8]. Besides, they have lower measured 
gain than the cavity-backed antenna object of this work. 
Additionally, further information regarding their radiation 
pattern and directivity is lagging in all published papers. The 
on-body external antennas used in this paper were properly 
designed for in-body communications by providing a normal 
directivity to the body surface. In fact, the cavity size seems to 
restrict the practical use of wearable antennas for clinical 
scenarios. Nonetheless, few approaches can be followed to 
reduce significantly the cavity size, among them we cite: to 
fill the current air-filled cavity by resin material, which is 
known by its high dielectric properties, hence the size can be 
compact and more suitable to wearable use. On the other hand, 
the cavity features can be saved by replacing the backed cavity 
by a small-sized reflector, as can be seen in [12]. Therefore, 
the present antennas in this investigation are suitable for this 
study to present preliminary and initial results for coming 
studies. The overall cavity dimensions for both antennas have 
a great impact on the resonant frequency, covered bandwidth, 
gain and the radiation pattern shape. Detailed analysis of how 
the cavity dimensions of both antennas affect these output 
parameters are detailed and can be found in [9], [11], [12]. 

Impact of the antenna’s cavity is studied for antenna 
characteristics e.g. in [7]-[13]. However, up to author’s 
knowledge, most of the cavity studies focus on the cavity 



impact on the antenna characteristics. There is a lack of studies 
presenting the impact of the cavity on signal propagation 
within the tissues and on the radio channel characteristics for 
the practical scenarios. 

This paper presents a simulation -based study on the 
impact of the antenna cavity on the in-body signal propagation 
and radio channel characteristics in the context of capsule 
endoscopy. Two different antennas are used in this study: 
Antenna 1, originally introduced in [9] has a smaller cavity 
and Antenna 2, originally introduced in [13] has a larger 
cavity. CST Studio Suite software [14] and its anatomical 
voxel model Laura is used in the simulations. A simplified 
model of the capsule endoscope is set in the voxel model’s 
small intestine and channel simulations are conducted with 
two different antenna location options. The radio channel 
characteristics between a capsule endoscope model and an on-
body antennas are evaluated with the cavity and without the 
cavity in frequency and time domains. Furthermore, 2D power 
flow representations are studied to get insight how the 
presence and absence of the cavity changes the signal 
propagation within the tissues. Finally, the impact of the 
cavity size is also discussed. 

This paper is organized as follows: Section II presents the 
study case describing the simulation model, on-body 
antennas, and the capsule endoscope model. Section III 
presents the in-body propagation studies with Antenna 1 with 
2D power flow evaluations. Besides, the channel 
characteristics between the capsule model and the on-body 
antenna are evaluated in two different antenna location 
options. Section IV presents similar evaluations with Antenna 
2.  Summary and Conclusions are given in Section V. 

II. STUDY CASE 

A. Simulation model 

The simulations were conducted using finite integration 
technique (FIT) -based 3D electromagnetic simulation tool 
CST Studio Suite [14]. The basic idea of FIT is to calculate the 
radio propagation by solving the Maxwell’s equations in their 
integral form [15]. 

Simulations were carried out using a female voxel model 
Laura, which is presented in Fig. 1a. The resolution of Laura 
voxel is 1.88mm x 1.88mm x 1.88mm. The simulations were 
conducted in the small intestine area of the voxel model at the 
cross-cut level presented in Fig. 1a. The cross-cut of the voxel 
model is presented in Fig. 1b.  

 

a)  b)  

Fig. 1. a) Laura voxel model, b) cross-cut of  Laura voxel model.  

B. On-body antennas 

Two different on-body antennas designed for implant 
communication systems are used in this study. Antenna 1, 
shown in Fig 2a, has a radiator having a form of a ring, and 
thus it is referred to as a Ring antenna, was originally 

introduced in [9]. The antenna has a cavity having the size of 
x=83 mm, y=49.5 mm, and z=19.62 mm, where z is towards 
the body.  The size of the antenna itself is x=47.5 mm, y=47.5 
mm. The antenna is designed to work at frequency band 3.75-
4.25 GHz, which meets the IEEE 802.15.6 standards 
requirements [16]. A detailed description of the antenna, its 
properties with and without the cavity can be found in [9] and 
its further extension in [10]. Initial radio channel evaluation 
studies for capsule endoscope communications can be found 
in [17], which were further studied more in details in [18], 
[19].  

Antenna 2, shown in Fig. 2b, is also designed for implant 
communications and was originally presented in [13]. This 
antenna has a larger cavity size: x=96 mm, y=94 mm, z=55 
mm. The size of the antenna is x=36 mm, y=36 mm. One 
should note that the other side of the cavity has been 
eliminated. The cavity of such a large size enhances 
directivity but may restrict the practical solutions. Detailed 
structure and characteristics of Antenna 2 with and without 
the cavity are presented in [13].  

a)   b)  

Fig. 2. a) On-body Antenna 1, b) On-body Antenna 2. 

C. Capsule model 

In this study, we use same simplified capsule model as e.g. 
in [17]- [19], where the details of the model can be found. This 
section only briefly summarizes the main characteristics of the 
model.  

In the capsule model, an omnidirectional dipole antenna is 
embedded in plastic capsule shell, which has realistic 
dimensions: 11 mm x 25 mm, corresponding to the size of the 
commercial capsules nowadays [1].  The scheme of the dipole 
antenna and the capsule shell are presented in Fig. 3a-b, 
respectively. The dipole antenna is designed to work at the 
frequency of 4 GHz inside the small intestine.  

a)  b)  

Fig. 3. a) Dipole antenna inside the capsule, b) and the capsule shell. 

D. On-body antenna and capsule endoscope locations 

In this study, two on-body antenna locations are 
considered: On-body antenna location 1 is on the navel as 
presented in cross-section Fig. 4a and on-body antenna 
location 2, presented in Fig. 4b, the antenna is shifted 4 cm 
on the right side from the central line. These antenna 
locations are selected since the propagation between the 
capsule and on-body antenna is different in these two cases 
due to different location respect to the muscle layer. More 
details of the advantages and disadvantages of these on-body 



antenna locations van be studied e.g. in [17]. Antenna-body 
distance is 4 mm, which correspond to the thin cloth 
thickness. 

The location of the capsule is selected so that the distance 
between the capsule and on-body antenna is somewhat 
similar in both on-body antenna location cases. The on-body 
antenna and the capsule locations are presented in Fig. 4 a-b. 

 
Fig. 4. a) On-body antenna locations 1 and capsule location “middle”, b) 
On-body antenna location 2, capsule location “left”. 

III. CHANNEL EVALUATIONS WITH ON-BODY ANTENNA 1 

A. Antenna location 1  

In this section, the impact of the cavity is evaluated in the 
antenna location 1 and capsule location “middle” with 
Antenna 1 (Ring antenna). Firstly, we compare the 2D power 
flows obtained using the Ring antenna with cavity and Ring 
antenna without the cavity at 4 GHz in Figs. 5 a-b, 
respectively. The plotted power flow range is 0 - -70 dB, 
having 0 dB on the antenna. Power flow for the Ring antenna 
with the cavity was presented in [18], but it is repeated here 
to ease the comparison between the cases with and without 
the cavity. As it is noted, from Fig. 5a, the cavity clearly 
directs the power flow towards the body, and also towards the 
capsule location “middle”. Ring antenna without the cavity 
has more power flow also on the sides and back side, as 
expected from the radiation pattern presented in [10].  

Next the power flow values are evaluated using Ring 
antenna with and without the cavity at 4 GHz in the points A, 
B, C, D, E, and F depicted in Fig. 4a. The power flow values 
are listed in Table I. As expected from the power flow 
presentations, the power flow values with the cavity are 
higher in the points A, B, and C than without the cavity. 
However, the difference is maximum 3 dB. Instead, the 
power values are lower when cavity is used in the points D, 
E, and F, which are more on the side regions respect to the 
on-body antenna. The differences are 2-3 dB. 

The differences in the power flows can be seen in 
frequency and time domain channel characteristics presented 
in Figs. 6a-b, respectively. Fig. 6a presents channel frequency 
response S21 and the Fig 6b presents the channel impulse 
response which is obtained using inverse fast Fourier 

transform (IFFT) on the S21 for the whole simulated 
bandwidth 0-5 GHz. As it can be seen in Fig. 6a, S21 value 
is approximately 5 dB higher when cavity is used within the 
frequency range of interest 3.75-4.25 GHz. In time domain 
results, presented in Fig. 6b, the main propagation path (i.e., 
the impulse response’s main peak) obtained with and without 
the cavity are at the same level, but the main peak is 0.25 ns 
wider as the cavity is used. Side peaks are stronger as the 
cavity is used. For instance, the second peak, which is at the 
level relevant for the signal detection, is 8 dB stronger as the 
cavity is used. Enhanced power flow towards the body 
strengthen also alternative propagations paths, not only the 
main path and thus, the side peaks are at higher level in this 
case. Enhanced power flow may also bring up new 
propagation paths depending on how different the antenna 
patterns are between the cases with and without the cavity. 
For instance, fat tissue is known to be a good propagation 
channel in terms of lower propagation loss and propagation 
delay [17], [20]. Thus, strong power flow towards the areas, 
where outer fat layer is easily accessed from the inner fat 
layer, may provide strong additional propagation paths for the 
transmitted signal. 

     Reflection coefficients for Ring antenna with and without 
the cavity are presented in Fig. 6c. Interestingly, the antenna 
matching is better without the cavity.  This was also found in 
[10], where the impact of the cavity on the antenna 
characteristics is studied more in details. In [10] it was found 
that the impact of the cavity on the antenna characteristics 
depends on the location of the on-body antenna: the impact 
was different on the backside compared to the abdomen side. 
Thus, we evaluate in the next section the impact of the cavity 
on the capsule-on-body link at the on-body antenna location 
2 and capsule location “front right”. 

a)  
 

b)  

 

Fig. 5. Power flow at 4 GHz from Ring antenna a) with the cavity and b) 
without the cavity at the on-body antenna location 1. 

 



TABLE I.      POWER FLOW VALUES FOR ANTENNA LOCATION 2 

Location A 
[dB] 

B 
[dB] 

C [dB] D [dB] E 
[dB] 

F 
[dB] 

With 
cavity 

-34 -37 -42 -57 -53 -66 

Without 
the cavity 

-37 -40 -43 -55 -50 -64 

 

a)  

b)  

c)  

Fig. 6. a) frequency and b) time domain channel characteristics as well as 
c) antenna reflection coefficients at on-body antenna location 1 using Ring 
antenna with and without the cavity.  

B. Antenna location 2  

As in the case of antenna location 1, we firstly compare 
the power flows obtained using Ring with and without the 
cavity as presented in Figs. 7a-b, respectively. Evidently also 
in this case, power flow towards the body with the cavity 
clearly stronger in the presence of the cavity. Without the 
cavity, power flow is spread more on the sides and through 
the outer fat layer it propagates in the larger area. The area, 
in which the capsule is located, is surrounded by strong power 
flows since there is a clear beam towards the area where outer 
fat joins to the visceral fat layer (between the abdominal 
muscles). Instead in the case with the cavity, power flow is 

slightly weaker at the regions of where outer fat joins the 
visceral fat. This tendency can be found also from the power 
flow values evaluated in the points A, B, C, D, and E, and 
which are presented in Table II. Power flow values obtained 
with the cavity are 5-6 dB larger in the points A and B, which 
are in the direct line from the antenna towards the SI area. 
Instead, power flow values in the points which are on the side 
area, are larger without the cavity. Especially at the point E, 
the difference is largest: without the cavity, the power flow is 
12 dB larger without the cavity than with the cavity. 

TABLE II.  POWER FLOW VALUES FOR ANTENNA LOCATION 2 

Location A [dB] B [dB] C [dB] D [dB] E [dB] 

With cavity -36 -43 -53 -50 -69 

Without the 
cavity 

-42 -48 -49 -47 -57 

      Frequency and time domain channel characteristics are 
presented in Figs. 8a-b, respectively. The antenna reflection 
coefficients are included in Fig. 8b a as well. In this case, the 
impact of the cavity is remarkable smaller, there is only minor 
differences in the reflection coefficients and path losses in the 
frequency range of interest. Interestingly, path loss is slightly 
minor, approximately 2 dB, without the cavity at 3.75 – 4 
GHz. In time domain, the first two peaks of the impulse 
responses are at the same level with and without the cavity. 
At the time range 1.6 – 2 ns, the impulse response obtained 
without the cavity is at up to 5 dB higher level than that 
obtained without the cavity.  The reason behind the slightly 
stronger channel in the case without the cavity is assumed to 
be due to the stronger power flow via fat layer. 

a)

 

b)  
Fig. 7. Power flow at 4 GHz from Ring antenna a) with the cavity and b) 
without the cavity at the on-body antenna location 2. 



 

a)

 

b) 

 

Fig. 8. a) Reflection coeffcients S22s and channel responses S21s, b) time 
domain channel characteristics for Ring antenna with and without the cavity 
at antenna location 1. 

IV. CHANNEL EVALUATIONS WITH ON-BODY ANTENNA 2 

     In this section, the in-body propagation and channel 
characteristics between the capsule and the on-body antenna 
2 are evaluated in the cases with the cavity and without the 
cavity. Due to lack of space, only antenna location option 2 
is considered in this case. 

     First, the power flows are studied in Fig. 9a-b for the 
antenna with and without the cavity, respectively. Also, in 
this case, the impact of the cavity is clearly visible: power 
flow is stronger towards the body. In general, almost all the 
intestine area is covered within the dB range of interest. The 
absence of the left cavity edge is noted clearly in Fig. 9a: 
power flow is strong outside the absent cavity edge. In the 
case without the cavity, one can note similar stronger power 
flow on the sides as in the case of Ring antenna. 

      Next, the frequency and time domain channel 
characteristics are studied in Fig.10a-b, respectively. 
Reflection coefficients are included in Fig. 10a. In this case, 
antenna matching is weak in both cases with the selected 
antenna-body distance. Within the frequency range of 
interest, Antenna 2 with the cavity has 2-6 dB smaller path 
loss than Antenna 2 without the cavity. In time domain, the 
difference is even larger: at the time instant 2 ns, which 
corresponds to the second multipath component, the peak 
level is even 25 dB larger with the cavity than without the 
cavity. The difference is due to the fact that the cavity 
enhances the propagation towards the body. Besides, since 
the cavity is large, it enables capsule’s signal reception from 
the larger area. 

       Finally, we compare the impulse responses obtained 
using Antenna 1 and Antenna 2 with the cavities (presented 
in Fig. 8b and Fig. 10b) in the antenna location 2 to get an 
idea about the impact of the cavity size. We can see that the 

levels of the impulse responses’ main peaks are somewhat 
similar: for antenna 1 the level is -58 dB and for antenna 2 
the level is -56 dB. Instead, there is a large difference in the 
levels of the second paths: -70 dB and -60 dB for Antenna 1 
and Antenna 2, respectively. Evidently, the dimensions of the 
cavity, its type, and directional characteristics of the antenna 
have a clearest impact on the number and level of the 
multipath components that could be captured. In the case of 
Antenna 1, the second peak of the impulse response is 
attenuated strongly: it is -25 dB below the main peak whereas 
with the Antenna 2, the difference between the main and 
second peak levels is only 4 dB.   

 

a)  
 

b)  
Fig. 9. Power flow at 4 GHz from  Antenna 2 a) with the cavity and b) 
without the cavity at the on-body antenna location 2. 

 

Fig. 10. a) Reflection coeffcients S22s and channel responses S21s, b) time 
domain channel characteristics for Antenna 2 with and without the cavity. 



V. SUMMARY AND CONCLUSIONS 

     In this paper, the impact of the on-body antenna’s cavity 
for inbody propagation and WBAN channel characteristics 
was studied using two different on-body antennas designed 
for inbody communications. These directive antennas had 
different sizes of the cavities: Antenna 1 had a smaller cavity, 
Antenna 2 a larger cavity. The radio channel characteristics 
between a capsule endoscope model and an on-body antenna 
were evaluated with the cavity and without the cavity in 
frequency and time domains. Furthermore, 2D power flow 
representations were studied to get insight how the presence 
and absence of the cavity changes the signal propagation 
within the tissues.   

     It was found that as the antenna cavity is smaller, the 
impact of the cavity depends on the on-body antenna location 
respect to the abdominal muscle layers. As the antenna was 
located on the navel, which is considered the best location for 
the implant communications, the cavity enhanced the 
directivity towards the body and thus the channel between the 
capsule and the on-body antenna improves significantly on 
the side peaks of the impulse response: 2-20 dB on the side 
peaks. However, as the on-body antenna is located above the 
muscle layer, the power flow towards the sides had more 
advantage enabling stronger multipath components through 
the fat layers. Thus, the side peak at the time instant of 2 ns 
is at higher level  without the cavity. If the cavity size is 
larger, as in the case of Antenna 2, the cavity enables to 
capture several multipath components resulting clearly 
stronger received power level even in the antenna location 2. 
Hence, in general it can be said that the larger the cavity, the 
better diversity from the multipath components can be 
obtained. Nevertheless, larger cavities may be a problem in 
the practical solutions with werable on-body devices.  

     As a future work, we aim to study impact of the cavity 
with several different on-body antennas and on-body antenna 
locations using voxel models having different size and body 
constitutions. Besides, the impact of the antenna-body 
distance on the cavity impact will be studied as well. The 
studied and proposed antenna is a first prototype of our 
fruitful investigations. Future studies aiming to diminish its 
size will be highly regarded in coming papers. One of the 
solutions to reduce the cavity size is to fill the air-cavity with 
resin material (of higher dielectric properties) etc. Still further 
free-space and on-body simulation and measurement 
investigations will be presented in a coming paper. 
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