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 In this study, the researchers have proposed an alternative technique for 

designing an asymmetric 4 coil-resonance coupling module based on the 

series-to-parallel topology at 27 MHz industrial scientific medical (ISM) 

band to avoid the tissue damage, for the constant monitoring of the in-stent 
restenosis coronary artery. This design consisted of 2 components, i.e., the 

external part that included 3 planar coils that were placed outside the body 

and an internal helical coil (stent) that was implanted into the coronary artery 

in the human tissue. This technique considered the output power and the 
transfer efficiency of the overall system, coil geometry like the number of 

coils per turn, and coil size. The results indicated that this design showed an 

82% efficiency in the air if the transmission distance was maintained as 20 

mm, which allowed the wireless power supply system to monitor the 
pressure within the coronary artery when the implanted load resistance was 

400 Ω. 
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1. INTRODUCTION  

In-stent restenosis related to the coronary artery is described as the re-narrowing of the artery due to 

many factors like the presence of a blood clot. In-stent restenosis can be effectively used as an early-warning 

sign or diagnostic tool for monitoring cardiac health [1]-[3]. For the past many years, wireless sensors have 

been used in different biomedical applications. Numerous researchers have studied telemetric medical diag-

nostic functioning using the radio frequency (RF) [4]-[6]. All these techniques need to be designed efficiently 

for satisfying the conditions of resonance and power transmitted to the receiver coil (i.e., stem) from a 

transmitter coil. A stent represents a receiver coil that is integrated with the capacitive pressure sensor for 

creating a pressure-sensitive circuit that displays a wireless sensing capability.  

2 coils based on the wireless power transmission (WPT) system has many issues like a low-quality 

factor (Q) and a low coupling coefficient (K) owing to the size and source of the implanted coil. Thus, the 

maximal achievable power transfer efficiency (PTE) was very low in these systems [7]-[10]. The PTE of the 

WPT system was dependent on the structure and dimension of the coils, physical spacing between both the 

coils, environment and relative location of the different coils [11]. In [12] the researchers designed the 2 coils 

using the inductive coupling system, wherein the receiver coil was designed as a 38 mm-long helical stent 

when the PTE was ≥0.03. They tested these coils through the subdermal tissue. It was noted that the 

significant size difference between the transmitter and the receiver coils could significantly decrease the 

energy coupling, thereby affecting the PTE and the stable output of the WPT system [13]-[15]. Hence, the 

https://creativecommons.org/licenses/by-sa/4.0/
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resonant-based power delivering system has garnered a lot of popularity in the past few years [16]-[18]. 

Some other researchers also designed 2 coils using the resonance coupling technique, where the receiver coil 

was designed as the helical stent that was 23 mm long when PTE ≥0.09. This design showed a low efficiency 

even when it was tested in the air with a distance <5 mm [19]. In another design, the researchers presented 3 

coils in the form of transmitter, booster and receiver (stent) coils, by applying the resonance coupling 

technique, wherein the stent length was 20 mm. This design satisfied the low PTE of 40.8-0.8; at a distance 

of 5-15 mm respectively [16]. Despite these design alterations, it was noted that the distance and the PTE 

factors could not be applied in a remote sensor in the coronary artery as the distance had to be ≥20 mm [20]. 

The researchers designed a new 4 resonator coil structure, with a series-to-series topology for improving the 

system efficiency. They designed the source and the load coils such that they achieved a higher loaded Q 

quality factor and a maximal cross-coupling coefficient, thereby significantly improving the system 

efficiency. However, this was possible only when the distance between the primary and secondary sides 

showed no effect on the primary side. Hence, a single boosting effect was noted that was similar to the 3-coil 

resonator system [21]. In another study, the researchers used an asymmetric 4-resonator coil series-to-series 

topology for acquiring a low research modeling system (RMS) current within the primary side [22]. However, 

they noted a low system efficiency when they used the series-to-series topology in the compensation circuits. 

Based on the previous related works which was clarified in the above introduction, it was noted that 

the efficiency of the transmitted energy of the two coils (external and the implanted) is still the issue in the 

far distance. Especially, in a coronary artery sensor as well as the use of the series-to-series topology in the 

design of four-coils are also useless in transmitting energy with high efficiency. In this study, the researchers 

have designed a high-performance, medium and long-distance WPT system as long as high efficiency 

transmission by using series to parallel topology. In this system, they used an asymmetric 4-coil series to 

parallel compensations, wherein 3 planar coils were used on the transmitter side while 1 helical coil was used 

as the stent in the receiving side. This design helped in acquiring a high PTE value when the distance 

between the remote implanted sensors was high. They tested this system in air. 

 

 

2. METHODOLOGY  

The general WPT system is made of 2 parts, i.e., external and internal components. The external 

component is placed outside the body, but it touches the skin; while the internal component is placed within 

the coronary artery in the human tissue. Figure 1 presents a schematic representation of the proposed 4-coil 

WPT system used to transfer the power for coronary artery sensor. 
 

 

 
 

Figure 1. A Schematic of 4 coils wireless power transmission (WPT) system, series to parallel (S-P) topology 
 

 

Here, Vs was the source voltage; L1, R1, and C1 were the inductance, resistance and the capacitance 

of source coil, respectively. Furthermore, L2, R2, and C2 were the equiv-alent inductance, resistance and 

capacitance values for the primary intermediate coil respectively; whereas; L3, R3, and C3 were the 

equivalent inductance, resistance and capacitance values of the 2nd intermediate coil, respectively. 

Additionally, L4, R4, C4, and Rload were the inductance, resistance, capacitance and load resistance values 

of the receiver side, respectively. The researchers noted that the PTE was improved due to the double 

boosting ef-fect, which, in turn, significantly increased the apparent coupling at the switching frequency. The 

high coupling coefficient generated the circulating current that did not help in the energy transfer for 

decreasing the load at the primary side, thereby lower-ing the RMS input current. 
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In this design, the proposed coils were seen to be in resonance, wherein ωs = ω1= ω2 = ω3. Also, 

the researchers selected the RF of 27 MHz based on the industrial scientific medical (ISM) band [23], since it 

was not very invasive to the biological tissues and higher data rate. When this circuit theory was applied to 

Figure 1, the researchers determined the relationship be-tween the voltage applied at the source and current 

passing through every coil, which was expressed as follows: 
 

(𝑅1 + 𝐽𝜔𝑀21 + 𝐽𝜔𝑀31 + 𝐽𝜔𝑀41)𝐼1 = 𝑉1 (1) 
 

(𝑅2 + 𝐽𝜔𝑀12 + 𝐽𝜔𝑀32 + 𝐽𝜔𝑀42)𝐼2 = 0 (2) 
 

(𝑅3 + 𝐽𝜔𝑀13 + 𝐽𝜔𝑀23 + 𝐽𝜔𝑀43)𝐼3 = 0 (3) 
 

(𝑅𝑝 + 𝐽𝜔𝑀14 + 𝐽𝜔𝑀24 + 𝐽𝜔𝑀34)𝐼4 = 0 (4) 
 

The far distance between coil1 and coil4 lead to be the coefficient coupling K13, K14 are very small 

and will be neglect the value. 
 

[

𝑅1 𝐴 0 0
𝐴 𝑅2 𝐵 0
0 𝐵 𝑅3 𝐶
0 0 𝐶 𝑅𝑝

] [

𝐼1

𝐼2

𝐼3

𝐼4

] = [

𝑉1

0
0
0

] 

 

Where, 
 

𝐴 = 𝐽𝜔𝑀12 , 𝐵 = 𝐽𝜔𝑀23 , 𝐶 = 𝐽𝜔𝑀34 , 𝑅𝑝 =
𝑅4×𝑅𝑙𝑜𝑎𝑑

𝑅4+𝑅𝑙𝑜𝑎𝑑
 , 𝑄𝑝 =

𝑄𝐿+𝑄4

𝑄𝐿𝑄4
 , 𝑄𝐿 =

𝜔𝐿4

𝑅𝑙𝑜𝑎𝑑
  

 

𝐼1 =
𝑉1(𝑅2𝑅3𝑅𝑝−𝑅2𝐶2−𝐵2𝑅𝑝)

𝑅1𝑅2𝑅3𝑅𝑝−𝑅1𝑅2𝐶2−𝐵2𝑅1𝑅𝑝−𝐴2𝑅3𝑅𝑝+𝐴2𝐶2 (5) 

 

𝐼4 =
−𝑉1(𝑅2𝑅3𝑅𝑝−𝑅2𝐶2−𝐵2𝑅𝑝)

𝑅1𝑅2𝑅3𝑅𝑝−𝑅1𝑅2𝐶2−𝐵𝑅1𝑅𝑝−𝐴2𝑅3𝑅𝑝+𝐴2𝐶2 (6) 

 

𝑃𝑜𝑢𝑡 = 𝐼4
2 × 𝑅𝑙𝑜𝑎𝑑  

 

𝑃𝑖𝑛 = 𝐼1𝑉1  
 

The efficiency between the transmitter and receiver for overall system is devel-oped and it will be (7). 
 

𝜂 =
𝐾12

2 𝐾23
2 𝐾34

2 𝑄1𝑄2
2𝑄3

2𝑄𝑝

(1+𝐾34
2 𝑄3𝑄𝑝+𝐾23

2 𝑄2𝑄3)(1+𝐾34
2 𝑄3𝑄𝑝+𝐾23

2 𝑄2𝑄3+𝐾12
2 𝑄1𝑄2+𝐾12

2 𝐾34
2 𝑄1𝑄2𝑄3𝑄𝑝)

×
𝑅𝑙𝑜𝑎𝑑

𝑅𝑙𝑜𝑎𝑑+𝑅4
  (7) 

 

 

3. COIL DESIGN  

In Step 1, the researchers specified the different design parameters of the 4-coil WPT system used 

for the biomedical implants. Table 1 presents the constraints of the proposed design with regards to the 

coupling distance, size, carrier frequency, fabrication technology, and load resistance for the transmitter coils.  

The transmitter planar coils included asymmetric 3-coil (dimension of 80×80 mm) for fulfilling the distance 

criteria that was given as dout ≤ D×2√2 as shown in Figure 2 which is highlights the structure.  

 

 

Table 1. The parameter values of the three coils for transmitter part 
Quantity Symbol coil 1&2&3 

Outer diameter dout 80mm 

Inner diameter din 30mm 

Average diameter davg 55mm 

Number of turns for square coil N 25 

Inductor Width W 0.6mm 

Turn spacing S 0.4mm 

Fill factor Φ 0.45 

Thickness of conductor tc 0.3mm 

Quality factor coil1 Q1 507.09 

Quality factor coil2 Q2 598.36 

Quality factor coil3 Q3 807.79 
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Figure 2. Structure of the proposed transmitter three planar coils 

 

 

The inductance of planar coil calculates from (8) [24]. 

 

𝐿 =
1.27𝜇𝑁𝑠𝑞𝑢𝑎𝑟𝑒

2 𝑑𝑎𝑣𝑔

2
[𝑙𝑛 (

2.07

∅
+ 0.18∅ + 0.13∅2)] (8) 

 

Where N_square is the number of turns for square coil, μ is permeability, and 𝑑𝑎𝑣𝑔 =
𝑑𝑜𝑢𝑡+𝑑𝑖𝑛

2
 , where d_in 

and d_out are the inner and outer side lengths of the coil, respectively. 

∅ =
𝑑𝑜𝑢𝑡−𝑑𝑖𝑛

𝑑𝑜𝑢𝑡+𝑑𝑖𝑛
 is a parameter known as fill factor, which changes from zero, when all of the turns are 

concentrated on the perimeter in filament coils, and to one when the turns spiral all the way to the center of 

coil. 

It was noted that the quality factor of the transmission and receiver coils, i.e., Q1, Q2, Q3 and Q4; was 

based on the coil inductance, resonance frequency and parasitic re-sistance that were calculated using (9). 

 

𝑄1 =
𝜔𝐿1

𝑅1
 , 𝑄2 =

𝜔𝐿2

𝑅2
 , 𝑄3 =

𝜔𝐿3

𝑅3
 , 𝑄4 =

𝜔𝐿4

𝑅4
  (9) 

 

The capacitance for circuit can calculated from (10), (12) [4], and (11) respectively [22]. 

 

𝐶1 = 𝐶𝑎𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑟 [
5.447

𝑄𝑎𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑟
] [1 +

1.42

𝑄𝑎𝑚𝑝𝑙𝑖𝑓𝑖𝑒𝑟−2.08
] (10) 

 

𝐶2 =
1.3924

𝐿2𝜔𝑠
2  , 𝐶3 =

1.8225

𝐿3𝜔𝑠
2  (11) 

 

𝐶4 =
𝑅𝑙𝑜𝑎𝑑+√𝑅𝑙𝑜𝑎𝑑

2 −4𝜔2𝐿4
2

2𝜔2𝑅𝑙𝑜𝑎𝑑𝐿4
 (12) 

 

Where Rload presents the implanted resistance and should be Rload ≥ 2ωs L4 [25]. The parasitic resistance 

R4 is calculated as given in (13). 

 

𝑅4 =
𝑅𝑙𝑜𝑎𝑑

1+𝜔0
2𝑅𝑙𝑜𝑎𝑑

2 𝐶4
2 (13) 

 

The receiver coil (i.e., stent) was regarded as a helical coil that was expanded from the zigzag 

helical stent to a helical shape [26]. Increases in stent lengths not exceeding 40 mm leads to increased power 

transfer efficiencies and mutual inductance, based on the commercial stent standard ISO 25539. However, 

increases in length leads to in-creases in the tissue surrounding the stent and inhibits problematic restenosis, 

so the stent length is select to be 30 mm. Strut cross-sectional area is also critical in-stent restenosis. A square 

strut cross-sectional area with sharp edges is not recommended, for it will interfere with fluid blood flow and 

may also slice blood cells. Therefore, Round strut cross-sectional areas without corners and sharp edges are 

safer in reduc-ing restenosis. Figure 3 presents the structure of this helical stent design proposed in the study. 

Table 2 lists the design constraints in terms of the size, coupling distance, fabrication technology, carrier 

frequency, and load resistance for receiver coil (stent). 
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Figure 3. Shows the structure of receiver helical coil (Stent) 

 

 

Table 2. The parameter values of the stent for receiver part 
Quantity Symbol Coil 4 

Stent length lstent 30 mm 

Stent Diameter dstent 5mm 

pitch p 2mm 

Wire Diameter of stent dstent wire 0.3 mm 

Quality factor Q4 6.72 

Number of turns for stent Nstent 15 

 

 

In a helical coil, self-inductance is calculated from (14) [27]. 

 

𝐿ℎ𝑒𝑙𝑖𝑐𝑎𝑙 𝑐𝑜𝑖𝑙 =
𝜇𝜋𝑟2𝑁𝑠𝑡𝑒𝑛𝑡

2 𝑇

𝑙𝑠𝑡𝑒𝑛𝑡
 (14) 

 

Where μ is the permeability of free space, r=dstent/2, and T is Nagaoka’s coefficient, approximated as, 
 

𝑇 = 𝑌𝑧 (𝑙𝑛 (1 +
1

𝑌𝑧
) 𝑈) (15) 

 

𝑈 =
1

(𝑋0+𝑋1(
𝑑𝑠𝑡𝑒𝑛𝑡 𝑤𝑖𝑟𝑒

𝑑𝑠𝑡𝑒𝑛𝑡
))+𝑋2(

𝑑𝑠𝑡𝑒𝑛𝑡 𝑤𝑖𝑟𝑒
𝑑𝑠𝑡𝑒𝑛𝑡

)
2

+
𝑎1

(𝑎2+
𝑑𝑠𝑡𝑒𝑛𝑡

𝑑𝑠𝑡𝑒𝑛𝑡 𝑤𝑖𝑟𝑒
)

𝑣

  (16) 

 

Where 𝑌𝑧 =
𝑑𝑠𝑡𝑒𝑛𝑡 𝑤𝑖𝑟𝑒

𝜋𝑟
 , 𝑋0 = 2.30038 , 𝑋1 = 3.437 , 𝑋2 = 1.76356 , 𝑎1 =  −0.47 , 𝑎2 = 0.755 , 𝑣 =

1.44 ,  𝑙𝑐 = 𝜋𝑑𝑁  

This mutual inductance can also be considered as a unitless coupling coefficient between two coils 

and can get (17). 
 

𝐾𝑚𝑛 =
𝑀

√𝐿𝑚𝐿𝑛
 (17) 

 

 

4. RESULTS AND DISCUSSION  

For ensuring that the results simulated using the proposed design were as close to reality as possible, 

the researchers used cork as the substrate between the 3 transmitter coils, with a permittivity, ε0 = 1. This 

value was equivalent to the air permittivity value and did not affect the coupling between the 3 transmitter 

coils, thus achieving a high PTE. It is important to develop effective implanted devices as they directly affect 

the safety and lives of the people. The resonance coupling technique was seen to be the most appropriate 

technique that could be used for powering the battery-less devices. Here, the researchers used the serial-to-

parallel resonance coupling topology, wherein the 3 primary coils (reader) were tuned in the series resonance 

for presenting a lower impedance load for operating the transmitter coils. It was noted that the coil geometry 

like coil size and no of coils. played a vital role in this design. Table 3 presents the parameters used for every 

coil of the design like the implanted helical coil (stent) and the 3 rectangular spiral coils (i.e., transmitter). 

For improving the link efficiency, the researchers tuned the receiver and transmitter resistor-inductor-

capacitor (RLC) circuits for the inductive link to the same RF value, i.e., 27 MHz. Figure 4 indicated that the 

RF values between Coil 1 and 2; Coil 2 and 3; Coil 3 and the receiver Coil 4, were tuned to 27 MHz. 
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Table 3. Circuit parameters of the system design 
Description Symbol Value 

First, second, third Coils inductance L1,L2,L3 44.80 μH 

First capacitance C1 0.80 PF 

First coil resistance R1 14.98 Ω 

Second capacitance C2 0.557 PF 

Second coil resistance R2 14.98 Ω 

third capacitance C3 0.557 PF 

third coil resistance R3 14.98 Ω 

fourth Coil inductance L4 0.355 μH 

fourth capacitance C4 97.41 PF 

fourth coil resistance R4 8.95 Ω 

Load resistance Rload 400 Ω 

Mutual inductance between coil3 and coil 4 M34 0.212 μH 

Coupling coefficient between coil1 and coil 2 K12 0.9 

Coupling coefficient between coil2 and coil 3 K23 0.89 

Coupling coefficient between coil3 and coil 4 K34 0.05 

Distance between coil 1 and coil 2 D12 5mm 

Distance between coil 2 and coil 3 D23 5mm 

Distance between coil 3 and coil 4 D34 20mm 

Resonance frequency f0 27 MHz 

Efficiency 𝜂 82 % 

 

 

 
 

Figure 4. Shows the resonance frequency at 27 MHz between coil 1 and coil2, coil2 and coil3, coil3 and coil4 

 

 

The general system efficiency was determined using (7). Figure 5(a) describes the efficiency 

between the Planar Coil 3 and Helical Coil 4. It was seen that the variance coupling coefficient was high due 

to the distance variations. The system was 82% efficient at K34 = 0.05 in the air. The researchers established 

the load resistance as Rload ≥ 2ωs L4; hence, they presumed that the Rload ranged from 200-1000 Ω, based 

on the resistance of the implanted electronic remote as shown in Figure 5(b) In this study, the reference 

Rload was set at 400 Ω. 
 

 

  
(a) (b) 

 

Figure 5. Efficiency between planar coil 3 and helical coil 4 (stent), where test in air (S-P Topology):  

(a) with R load at 400 Ω and (b) with variable load resistance (200-1000) Ω 
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While determining the resonance coupling, the researchers noted 2 important relationships, i.e., that 

between the distance and coupling coefficient and that between the distance and mutual inductance. Figure 6 

describes the relationship between the coupling coefficient and distance for K14, K24, and K34. The nearest 

coil showed a better coupling coefficient than other coils, i.e., 0.05 at a distance of 20 mm.  

For investigating the magnetic properties of the helix and spiral coils, the re-searchers developed a 

few finite-element models for the spiral/helical coupling coils, using the COMSOL Multiphysics software, 

based on the parameters presented in Tables 1 and 2; and using other parameters like length of helix coil 

(stent). Figure 7 present the magnetic fluxes that was generated by the coils in the air, it also estimated the 

fluxes that were caused by the transmitting coils that passed through the receiving coil, which induced a 

current in the receiving coils. The currents, in turn, generated new magnetic fluxes that pass through the 

transmitting coils. A flux leakage was noted that did not pass via the coils. For validating the proposed 

design, the researchers compared the proposed design with other studies, as described in Table 4. The results 

indicated that their proposed design showed a better PTE and a high transmission distance between the coils. 
 

 

 
 

Figure 6. The relation between the coupling coefficient (K) and distance for coil12 and coil24 and coil34 
 

 

 
 

Figure 7. Shows the magnetic flux around transmitter and receiver coils 
 

 

Table 4. Table for validation of result gathered compared with other researchers 

Refrences 
Stent length 

(mm) 

Powering 

method 

Input power 

(dBm) 

Transmission 

medium 

Transmission distance 

(mm) 

Power transfer 

efficiency % 

[12] 38 inductive 70 Subdermal tissue 
0  

Inside antenna 
≥0.03 

[10] 15 inductive 70 
Bioartificial vessel, 

water 

0 

Inside antenna 
0.52 

[19] 23 resonant 25 Air 5 0.09 

[16] 20 resonant 33 Meat tissue 5-15 40.8–6.8 

This paper 30 resonant 23.979 Air 20 82% 

 

 

5. CONCLUSION 

The inductive coupling link is generally used for powering the batteries in medical and bio-

implanted devices. The system efficiency of these devices is significantly affected by the input impedance. In 
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this study, a novel wireless transmission system in series to parallel topology is proposed. A high-

performance, long distance WPT that included 3 asymmetric coils with stent arranged in a series-to-parallel 

topology, where 3 planar coils were used at the transmitter side and 1 helical coil was used as the stent in the 

receiving side. The efficiency of the proposed design satisfied the condition of efficient transfer power as the 

external component was placed at a higher distance from the internally implanted sensors. The proposed 

design tested in air as well as a novel mathematical model for the general wireless transmission system is 

performed. Their results showed that their proposed design performed better than those presented in the 

earlier studies. This design achieved an 82% efficiency in air; when the transmission distance was 20 mm 

with coupling coefficient between coil 3 and coil 4 at 0.05, which enabled the wireless power supply to 

supervise the blood pressure in the coronary artery. 
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