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Fig. 1. Schematic of wireless power transfer system for freely moving robotic capsule endoscopy. 

 

During operation, the capsule moves within the patient’s gastrointestinal path, the amount of the received 

power in the onboard circuit is the function of the H-field emanated from the transmitter [8, 9]. According 

to the Faraday’s law of induction, in a loosely coupled system the level of power (P) induced in a general 

receiving coil is directly proportional to the intensity of H-field (P ) perpendicular to the cross-

sectional area of the receiving coil [10, 11]. Thus, it is important to ensure adequately strong and uniform 

H-field within the working region of the capsule for sufficient and stable power at the receiver [11].  

In certain extend, a regulator embedded with the PRC can overcome the fluctuation of the received power 

[8, 9]. However, it requires the received power (before regulation) has to be above a certain threshold 

level. Therefore, the problem remains unsolved especially if the capsule moves at positions with low H-

field intensity. Although the H-field can be increased by exciting the PTC with a higher power.  

However, this approach reduces efficiency and more importantly it may increase the overall 

electromagnetic exposure level especially in the high field regions typically near to the conducting 

element of the PTC. To ensure safety, the level of electromagnetic field generated from the PTC should 

follow the guidelines of electromagnetic exposure limit [12] as provided by the standardization groups 

such as the International Commission on Non-Ionizing Radiation Protection (ICNIRP), the Standards by 

Coordinating Committee 28 (SCC28) of the IEEE [13, 14], etc. 

In literature, different types of PTCs including typical solenoid [4, 7], pair of double layer solenoid [11], 

segmented solenoid [15] and Helmholtz coil [16, 17] are found to be used in different studies. However 

its H-field within the capsule working region is not uniform [17] thus the received power at the receiver 

may differ significantly when the capsule moves at different locations. In addition, due to low uniformity, 

this coil might also cause relatively higher local exposure effects which are undesirable. Although, 

various types of PTCs have previously been used, nonetheless, in general their H-fields are not always 

uniform where the field is relatively higher near the PTC windings and lower at the positions away from 

the windings towards the center of the coil [18]. Such non-uniform profile of magnetic field may cause 

patient body tissue get exposed to a stronger H-field than the level that is needed for wireless power 

transfer. In order to address the above mentioned issues, a PTC capable of generating highly uniform and 

intense H-field is important to be investigated, so that it can transfer sufficient amount of stable power, at 

the same time minimizes electromagnetic exposure [8, 19]. In addition, considering the existing literature, 

to the best of our knowledge the important performance indices across typical PTCs such as: i) the 

intensity and the uniformity of the generated H-field, ii) the level of electromagnetic exposure, and iii) the 
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power transfer capability (within allowable exposure limit) have not been fully assessed. In this paper we 

therefore present an improved PTC (which is hereinafter called as IPTC). The performance of the IPTC is 

optimized through systematic design parameters. We also include a comprehensive assessment of the 

above mentioned indices across the typically employed PTCs as well as on the proposed PTC.  

 

Existing and Proposed PTCs: Generally, there are three different types of PTCs usually employed in the 

existing WPT systems for powering wireless capsules as illustrated in Fig. 2. Those PTCs are known as: 

i) the typical solenoid PTC [4], ii) the typical Helmholtz PTC [20] and the segmented solenoid PTC [21]. 

Recently a helical type solenoid PTC with new setup is introduced in [22] where the working region of 

the receiver is outside of the region enclosed by the PTC. In this setup, the full intensity of H-field is not 

effectively utilized resulting relatively lower power transfer efficiency and poor uniformity. Therefore, 

this PTC is excluded in our assessment. 

In order to improve the H-field uniformity and intensity within a large region inside the coil (z≤±h/2 and 

y≤±3r/4), we have proposed an improved PTC (IPTC). The design of the IPTC is illustrated in Fig. 3a. In 

this design, two outer coils and one middle coil are arranged so that they have same radius ‘r’, aligned in 

parallel and their centers are fixed on a common axial axis. For an optimum H-field intensity and 

uniformity, the separation between the outer coils and the middle coil is set to 0.4r. The turns’ ratio 

between the outer coils and the middle coil are set to 3:2. These optimum parameters are obtained based 

on our analysis. In this design, the overall IPTC coil height is therefore 0.8 times of the coil radius. In this 

proposed IPTC, the region of uniform H-field can be made larger along the axial distance with inclusion 

of additional middle coils as shown in Fig. 3b. The separation between two coils and the turns ration 

between the outer and the middle coils should be maintained at 0.4r and 3:2 respectively. By this 

arrangement, uniform H-field region can be enlarged along the axial axis without sacrificing the intensity 

and uniformity of H-field. This scheme is highly useful for wireless capsule targeted for the entire region 

of the gastrointestinal tract. In order to understand the effect of the coil spacing, their turn ratio and coil 

diameter to the uniformity of H-field we first define the uniformity as:  
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where Hmax and Hmin are the maximum and minimum level of H-field, respectively, within the operating 

region of the capsule. The Hmax and Hmin are computed using COMSOL Multiphysics computer 

simulation software which is based on partial differential equations (PDEs). The simulation tool is 

utilized because it is more convenient for us to compute and evaluate realistic H-fields resulting from 

various coil parameters and topologies. 

 

  
Fig. 2. Design Schematics of the existing PTCs: (a) typical solenoid coil (TSC), (b) typical Helmholtz 

coil (THC), and c) segmented solenoid coil (SSC). 
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Fig. 3. Design Schematic of proposed improved power transmission coil (IPTC): (a) basic structure and 

(b) enlargement of axial region with additional middle coil. 

 

Comparison of PTC Performance: In order to assess the performance of the PTCs, the H-fields of the 

four PTCs (one proposed and three conventional) are computed for a normalized coil diameter, coil height 

and number of turns. The color maps (a slice of 3D plot) of the computed H-field distributions of the 

PTCs are shown in Fig. 4. Numerical values of H-fields within the capsule working region (z ≤ ±h/2 and y 

≤ ±3r/4) inside the PTCs are also provided. This region is considered to cover the portion of the patient 

body to be exposed to the H-field. Thus, the distribution of magnetic field in this region is important. The 

distribution of the H-field within this region should have the following desired characteristics: i) the H-

field need to be as much as possible uniform, ii) the level of Hmin needs to be relatively strong and iii) the 

difference between Hmax and Hmin needs to be small because this ensures less fluctuation of the received 

power. More importantly, the PTC having the Hmax relatively closer to the Hmin will ensure minimal peak 

exposure. Due to the symmetrical distribution of H-field in the PTCs, the numerical values of H-field are 

presented only for certain positive axes.  

Now referring to the Fig. 4a, the intensity of H-field in the typical solenoid coil (TSC) increases 

drastically at points away from the axial axis. This increment and the intensity of H-field were the highest 

on the mid plane of the coil at z=0 and the lowest on the outer plane of the coil at z=±h/2. Along the axial 

axis, the intensity of H-field decreases at the points away from the center. Thus in the TSC, the relative 

difference between the minimum and maximum intensity of H-field is high. Referring to the Fig. 4b, 

within a small region around the center of the typical Helmholtz coil (THC) where z ≤±h/4 and y≤±r/4, 

the distribution of H-field is quite uniform. However, the intensity of H-field significantly varies within a 

larger region. Near the mid plane of outer coil (xy plane at z=±h/2), the H-field intensity increases from 

the axial axis to the positions near the coil and decreases steeply on the mid plane of middle coil (xy plane 

at z=0) from the center to the positions away. These changes of H-field intensity in the large region within 

the THC drastically reduce the uniformity of H-field distribution. 

The H-field distribution in the segmented solenoid coil (SSC) is illustrated in Fig. 3c where four 

individual coil segments are used and only one coil segment is excited. Referring to the Fig. 4c, the 

distribution of H-field along the axial axis is relatively uniform. But along the radial axis, the intensity of 

H-field increases towards the coil more drastically than that of in the TSC. Thus, the uniformity of H-field 

distribution in the SSC is worse than the TSC. The distribution of H-field in the improved power 

transmission coil (IPTC) is depicted in Fig. 4d. Referring to the Figs. 4b and 4d, the additional middle 

coil in the IPTC compensates the reduction of H-field intensity on the mid plane and drastic increases the 

H-field on the outer plane in the THC. Instead of two coils as in THC, the three coils in IPTC cause the 

reduced number of turns in the outer coils, which minimized the peak intensity of H-field near the outer 

coils. As a consequence, within the large region the minimum intensity of H-field and its uniformity are 

improved and interestingly the peak exposure level is suppressed.  
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Fig. 4. Distribution of H-field in: a) TSC, b) THC, c) SSC, and d) IPTC. A slice of 3D color map (left) 

and numerical value of H-field intensity along three radial lines (right) for an identical coil radius r=20 

cm and excitation current of 1.5A. 
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Comparison of H-field Uniformity: Within the capsule working region, the H-field uniformity in 

different PTCs are computed using (1) and the results are compared in Table 1. Across all the PTCs, the 

results indicate that the proposed IPTC has the highest uniformity 69.62% which is around 21.54% and 

13.32% higher than that of THC and TSC respectively. Although, the THC is commonly used to obtain a 

uniform H-field, however, the uniformity in the THC is limited within a region around the center of the 

coil (see Fig. 4b). Referring to the Table 1, in the operating region, the H-field uniformity in the THC is 

even lower than that of the TSC.  

 

Table 1. Uniformity of H-field in different PTCs 
 

PTCs H-field uniformity (%) within z≤±h/2, y≤±3r/4 

TSC 56.30 

THC 48.08 

SSC 48.28 

IPTC 69.62 

 

Maximum Power Transfer within Exposure Limit: In wireless power transfer system for wireless 

capsule endoscopy, the PTC and the PRC are loosely coupled where voltage (V) induced at the PRC can 

be express as [16]  

 

                            eq.2 

 

where ω, µ, and S are the angular frequency, magnetic permeability of coil’s core and S is the area of 

receiving coil. From (2), the amount of received power by a general PRC increases with the intensity of 

Hmin. Since, the intensities of Hmin and Hmax differ in the PTCs, therefore, the maximum usable amount of 

the transferred power within the electromagnetic exposure limit is varied in the PTCs. To assess possible 

amount of the transferred power within the electromagnetic exposure limit, the intensity of Hmin for a 

normalized peak exposure level (Hmax= 80 A/m) is compared in Fig. 5(a). The Hmax is set at 80 A/m to 

satisfy the reference level of maximum H-field exposure limit standardized by the ICNRP, 2010 [13]. 

Referring to the Fig. 5(a), the proposed IPTC capable of transferring the highest amount of power because 

the intensity of Hmin is the highest which is 54.52 A/m in this coil. Among the conventional PTCs, the 

TSC has the highest intensity of Hmin which is 45.46 A/m. Its intensities of Hmin are 55.77% and 16% 

higher than that of THC and TSC, respectively. The Hmin in the THC is the lowest due to the drastic 

reduction of H-field on the mid plane (see Fig. 4b). 

 

Peak H-field Exposure in Different PTCs: In order to access the peak exposure level by different PTCs, 

the Hmax of the PTCs (for a normalized Hmin=80 A/m) are compared in Fig. 5b. The results indicate that 

the proposed IPTC possesses the lowest level of peak exposure. The THC has the highest level of peak 

exposure which is almost 50.91% higher than that of the IPTC. In the existing PTCs, the TSC has 

relatively lower Hmax which is around 17.50% higher than that of IPTC. The peak exposure level in this 

coil is higher mainly due to the drastic changes of H-field on different planes in the coil. The proposed 

IPTC has overcome the marked change of H-field intensity, therefore, minimized the peak exposure level. 

However within a small region (y≤± r/2, 50% of coil radius), the peak exposure level in THC may not 

high. But, using only the region of y≤± r/2 will require a coil with the diameter double of the transverse 

diameter of patient body which is not practical for portable power transfer system. 



 

 
   

 

 

Volume 02, Issue 01, 2019              Page 101 

           
                                           (a)                                                                            (b) 

Fig. 5. (a) Intensity of Hmin in different PTCs: for the normalized peak exposure level Hmax =80 A/m, (b) 

Peak exposure level in different PTCs: for the normalized Hmin=80 A/m. 

 

Implementation of IPTC: Based on our above analysis, an experimental prototype of the proposed IPTC 

was implemented to verify the above H-field assessment. Fig. 6 shows the constructed IPTC. The 

implementation is focused to make the PTC lightweight and suitable to be worn by the patient. The 

existing power transfer systems are designed with relatively larger dimension and heavy [16, 17] 

therefore they are not really practical to be used as a portable system. Although, a wearable PTC is 

presented in [23] but their deformable coil may cause detune in its resonance frequency thus significantly 

affects the power transfer. Therefore, in our design we used a non-magnetic poly methyl methacrylate 

(PMMA) ring and polycarbonate sheets to fixe our coil structure. To maintain the identical coil radius, the 

PMMA ring was fabricated using a numerically controlled machine. To adjust the coils separation 

accurately a nylon studding is used. Table 2 presents the design parameters of IPTC. Total number of 

turns were used in the constructed coil was 24. The number of turns used in each of the outer coils were 9 

and in the middle coil was 6 which satisfy the requirement of turn’s ratio 3:2. A coil diameter of 40 cm 

was used to adjust with the major patient group in Malaysia. A Litz wire, AWG 42 of 270 strands  was 

used for the coil winding and three coils were connected in series to ensure equal amount of current 

through each of the coils. A class E driver was used to supply 1.5 A alternating current at 245 kHz. To 

measure alternating H-field inside the IPTC, an electrically small loop antenna (as H-field probe) was 

used; which was calibrated based on the method descripted in [24].  
 

                
(a)                                                                       (b) 

Fig. 6. (a) Implemented IPTC with experimental setup for H-field measurement, (b) implemented IPTC 

with a wearer. 
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Table 2. Design parameters of implemented IPTC 
 

Parameters Value 

Number of turns 24 (9+6+9) 

Coil diameter 40 cm 

Wire diameter 0.15 cm 

Wire type 270 strands of AWG 42 Litz wire 

Excitation current 1.5 A 

 

A single turns small Helmholtz coil based on the IEEE standard calibration process [25] was utilized for 

the calibration. The calibrated probe was able to measure the H-field with the error of <±2.09%. 

 

Comparison of Simulated and Measured H-field: In order to verify our assessment, the H-field was 

measured in the implemented prototype of IPTC. Measurement was performed along three different radial 

lines for different z axial values including: i) z=h/4, and ii) z=h/2. Along these radial lines, H-field was 

measured in one cm interval. The measured H-field is compared with the simulated results in Fig. 7. 

Referring to the Fig. 7, the measured results are found in a good agreement with the computed results. 

However, the measured results slightly differed in some positions. This may due to several reasons such 

as minor error in positioning of the probe across the measurement points, and slight instability of the 

exciting current to the coil. 
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(a)                                                                          (b) 

Fig. 7. Comparison of the measured and computed H-field intensity of the implemented IPTC along lines 

parallel to the y axis passing through points at x=0 and (a) z=±h/4, and (b) z=±h/2. 

 

Conclusion: An improved wireless power transmission coil (IPTC) for efficient power deliver to a freely 

moving wireless capsule has been presented. The performance of IPTC is accessed through the minimum 

intensity of H-field, peak exposure level and H-field uniformity which are compared with that of existing 

PTCs such as TSC, THC and SSC. Based on our assessment, the proposed IPTC significantly improved 

the minimum H-field intensity and uniformity within a large region inside the coil (z≤±h/2 and y≤±3r/4). 

Moreover, the proposed IPTC tremendously suppressed the peak exposure level. In comparison to the 

performance of THC, the proposed IPTC improves the intensity and uniformity by 55.77% and 21.54%, 

respectively whereas, the peak exposure is minimized by 50.91%. In this work, the application of IPTC is 
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focused for wireless power transfer to the wireless capsule; however, this finding is also useful for other 

applications where a large region of uniform H-field is desired. 
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