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Abstract: This paper presents an optimized 3-coil inductive wireless power transfer (WPT) system at
13.56 MHz and 40.68 MHz to show and compare the specific absorption rate (SAR) effects on human
tissue. This work also substantiates the effects of perfect alignment, lateral and/or angular misalignments
on the power transfer efficiency (PTE) of the proposed WPT system. Additionally, the impacts of
different tissue composition, input power and coil shape on the SAR are analyzed. The distance between
the external and implantable coils is 10 mm. The results have been verified through simulations and
measurements. The simulated results show that the SAR of the system at 40.68 MHz had crossed the
limit designated by the Federal Communications Commission and hence, it is unsafe and causes tissue
damage. Measurement results of the system in air medium show that the optimized printed circuit
board coils at 13.56 MHz achieved a PTE of 41.7% whereas PTE waned to 18.2% and 15.4% at 10 mm of
lateral misalignment and 60◦ of angular misalignment respectively. The PTE of a combination of 10 mm
lateral misalignment and 60◦ angular misalignment is 21%. To analyze in a real-environment, a boneless
pork sample with 10 mm of thickness is placed as a medium between the external and implantable
coils. At perfect alignment, the PTE through pork sample is 30.8%. A RF power generator operating at
13.56 MHz provides 1 W input power to the external coil and the power delivered to load through the air
and tissue mediums are 347 mW and 266 mW respectively.

Keywords: implantable medical devices; 3-coil inductive link; power transfer efficiency; air medium and
tissue medium; specific absorption rate

1. Introduction

Implantable devices with wireless connectivity has led to many advances in the field of biomedical
applications, as they allow long term powering of devices within the human body [1–6]. The principal
power required by the medical implants such as cochlear implants, retinal prostheses, pacemakers,
and neural recordings are different [7–9] and therefore powering these devices without damaging the
tissues remain an arduous challenge. The conventional techniques used physical wirings and batteries
to provide power to the implantable medical devices (IMDs). However, the probability of wires getting
tangled is high and the batteries are larger in size and have a shorter span [10,11]. These drawbacks of the
conventional techniques result in surgical complications and infections. By employing wireless power
transfer (WPT) technology in IMDs, we can potentially reduce the risk of infection and patient’s discomfort.

The 2-coil inductive link with transmitter and receiver coils is the most popular conventional method
for wirelessly transferring power to biomedical implants [1,12]. This system can transfer power only
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over a relatively short distance. In the recent past [2], the 4-coil resonance-based link operating in the
midfield region was considered to be the efficient alternative to 2-coil inductive link as using the 4-coil
resonance-based link increases the overall power transfer efficiency (PTE) of the system. However,
the main drawback of the 4-coil resonance-based link is that the method increases the PTE by reducing
the power delivered to the load (PDL). Instead, a 3-coil inductive link proposed in [13–15], provides a
higher PTE without reducing the PDL. Figure 1a–c show the block diagrams of 2-coil, 3-coil and 4-coil
links respectively.

(a)

M1-2

TX RX Source TX RX

M2-3M1-2

Source TX RX Load

M1-2 M2-3

M3-4

(b) (c)

Figure 1. Block diagram of (a) 2-coil; (b) 3-coil; (c) 4-coil WPT systems.

One of the key challenges in designing a WPT system for biomedical applications is to attain a maximum
PTE without contravening the specific absorption rate (SAR) limits established by the Federal Communications
Commission (FCC) [16]. A significant amount of research has been dedicated to the goal of designing a
small-sized implant in optimal frequency range. The size of the implantable coil operating in the sub-gigahertz
to low-gigahertz frequencies is typically between 1 to 2 mm [17,18] and the size of the implantable coil can
be increased by curtailing the frequency [4,19]. The commonly suggested optimal operating frequency ( f0)
for designing mm-sized coils to achieve higher PTE is above 100 MHz [20]. Despite the fact that the system
achieves a higher PTE with mm-sized coil at f0 ≥ 100 MHz, a frequency higher than 20 MHz can adversely
affect the tissues of human due to high electromagnetic radiations [10,21]. So, in this paper, a 3-coil inductive
link with a small-sized circular implant at a distance of 10 mm from the circular shaped external coil is
designed to investigate the effects of low and high industrial, scientific, and medical (ISM) frequencies on
SAR in tissue medium. 13.56 MHz is considered as a low ISM frequency in the near-field domain as it is FCC
approved for industrial and medical applications and 40.68 MHz is considered as a high ISM frequency as it
is more than the prescribed FCC limit. Additionally, the simulated SAR is analyzed with respect to different
tissue composition, input power, and coil shape at 13.56 MHz and 40.68 MHz.

The remaining paper is organized as follows: the equivalent structure of a 3-coil inductive link and
orientation of the coils are discussed in Section 2. Design procedure and simulation results are presented
in Section 3. Section 4 shows the measurement results, followed by the conclusion in Section 5.

2. Equivalent Circuit Model and Orientation Analysis of a 3-Coil Inductive Link

The 3-coil WPT link is an extension of the conventional 2-coil WPT link. The equivalent circuit of
the 3-coil system is shown in Figure 2, where L1, L2 and L3, denote the source, transmitter, and receiver
coils respectively. The source L1 is added either to the high-Q transmitter coil L2 or receiver coil L3 [22,23].
In general, for bio-medical applications, the L1 is added to the L2 to minimize the size and complexity of
the implanted unit and to optimize the system even after implantation [24]. The L1 and L2 are strongly
coupled to each other and in turn are mutually coupled with the L3. C1, C2 and C3 are the resonant
capacitances of L1, L2 and L3 respectively and are placed in series with the coils. R1, R2 and R3 are the
self resistances of L1, L2 and L3 respectively. RS, RL, Pin and Pout are the source resistance, load resistance,
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input and output power of the system respectively. The Equations (1)–(3) represent the mutual inductance
(Mab), quality factor (Qab), and PTE of the system [10,25].

Mab = kab
√

LaLb (0 < k < 1) (1)

Qab = fr/∆ f (2)

PTE = |S21
′|2 × 100(%) (3)

where a, b ∈ {1,2,3}, kab is the coupling coefficient between the coils a and b, La and Lb are the self-inductance
of the coils a and b, fr and ∆ f are the resonance frequency and resonance bandwidth of the WPT system
and S21 is the linear magnitude of the transmission coefficient.
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Figure 2. The equivalent circuit model of a 3-coil inductive link.

The PTE of the WPT system is influenced by the Mab and Qab, which in turn depend on the position
and geometry of the external and implantable coils [10,26]. In this paper, the external and implantable coils
have a circular shape and are exposed to alignment conditions, namely perfect alignment, lateral and/or
angular misalignments. In perfect alignment, the external and implantable coils remain parallel to each
other and their center points are collinear. In lateral misalignment, the external and implantable coils
remain parallel to each other, but the center of the implantable coil is displaced by a distance δ. In angular
misalignment, the implantable coil tilts from its ideal position and forms an angle α. In the case where both
lateral and angular misalignments are present, the implantable coil endures a shift in the axial position in
addition to the rotation. The coordinates of the circular shaped coils are

xc = rcosϕ; yc = rsinϕ; zc = 0

where xc, yc, and zc are the cartesian coordinates of circular shaped coil and r is the radius of the
external/implantable coil. The coordinates of the coils at various alignment conditions are presented in
Table 1 and Figure 3a.

Table 1. The implantable coil under perfect and misalignment cases with respect to external coil [27].

Alignment Cases External Coil Implantable Coil

Perfect alignment (xc, yc, zc) (xc, yc, zc+dab)

Lateral misalignment (xc, yc, zc) (xc, yc+δ, zc+dab)

Angular misalignment (xc, yc, zc)

 1 0 0
0 cosθ −sinθ
0 sinθ cosθ

  xc
yc

zc + dab


Angular and lateral misalignments (xc, yc, zc)

 1 0 0
0 cosθ −sinθ
0 sinθ cosθ

  xc
yc + δ

zc + dab
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Figure 3. (a) Orientation of the external and implantable coils; (b) Flowchart of the optimization procedure
of a 3-coil inductive link.

3. Design Procedure and Simulation Results

The procedure for designing the 3-coil inductive link is shown in Figure 3b. Firstly, the procedure
begins with optimizing the design parameters that aids in achieving a high PTE. The external and
implantable coils of the 3-coil inductive link is designed using the obtained optimized parameters at
13.56 MHz and 40.68 MHz to investigate the effects of low and high ISM band frequencies on the human
tissue model. This iterative design procedure is carried out by the high frequency structure simulator
(HFSS) and the input power is set to 1 W.

Step 1: Assign Design Constraints: The implant size, operating frequency, and distance between the
coils are the main constraints to design the 3-coil inductive link. These design constraints are assigned and
optimized based on the application and printed circuit board (PCB) fabrication process.



Appl. Sci. 2019, 9, 1125 5 of 13

Step 2: Assign the Initial Parameters: The initial parameters which are assigned and optimized
for designing the 3-coil inductive link are copper wire width (WL1−L3), copper wire height (HL1−L3),
spacing between the wires (SL1−L3), number of turns of a coil (NL1−L3), and inner radius of the coil
(rinL1−L3 ). The initial parameter HL1−L3 are assigned considering the PCB fabrication constraints.

Step 3: Mab and Qab: The Mab and Qab of the coils play a vital role in achieving a higher PTE. The Mab
and Qab depend on the initial parameters and therefore optimizing the initial values lead to a high Mab
and Qab. The C1, C2 and C3 are 100 pF, 423 pF, and 300 pF respectively, and the resistors RS and RL are
set to 50 Ω each. If the resulting Mab is low and Qab lies outside the expected range, then the initial
parameters are optimized further to achieve a high PTE [2,28]. At f0 = 13.56 MHz, Mab = 905.1 nH and Qab
= 25.3 and at f0 = 40.68 MHz, Mab = 2516.6 nH and Qab = 15. Figure 4a,b shows the Mab with respect to
dab at 13.56 MHz and 40.68 MHz and Figure 4c,d shows the Qab with respect to resonance frequency at
13.56 MHz and 40.68 MHz.

2000

1500

1000

500

0

M
u
tu

al
 i

n
d
u
ct

an
ce

 (
n
H

)

5 10 15 20
Distance (mm)(a)

8 12 16 20

4000

3000

2000

1000

0

Distance (mm)

M
u

tu
al

 i
n

d
u

ct
an

ce
 (

n
H

)

(b)

Q
-f

ac
to

r

Resonance frequency (MHz)(c)

26

25

24

23
13 13.5 14 14 1512.5

Q
-f

ac
to

r

(d) Resonance frequency (MHz)

16

15.5

15

14.5
34 38 42 46

Figure 4. (a) Mutual inductance vs. distance between the coils at 13.56 MHz; (b) Mutual inductance vs.
distance between the coils at 40.68 MHz; Q-factor vs. resonance frequency at (c) 13.56 MHz operating
frequency; (d) 40.68 MHz operating frequency.

Step 4: PTE: This step discusses the effects of WL3 and NL3 on PTE as one of the applications of
this paper is to design an implantable coil less than 2 cm. The PTE is evaluated based on the optimal
design parameters obtained above and for a low PTE, step-2 is repeated iteratively as optimizing the initial
parameters ameliorates the Mab and Qab, thereby increasing the PTE of the system. At perfect alignment,
the maximum PTE achieved with WL3 = 0.3 mm and NL3 = 10 for 10 mm dab and 13.56 MHz is 53.3%.
The same iterative procedure is repeated at 40.68 MHz and at perfect alignment, the system achieved a
maximum PTE of 70.8% with WL3 = 0.8 mm and NL3 = 6. Figure 5a,b show the change in PTE with respect
to distance at 13.56 MHz and 40.68 MHz respectively. The results show that the PTE decreases gradually
with increasing dab. Table 2 presents the final optimized values of the design examples at 13.56 MHz and
40.68 MHz. Generally, the PTE declines under misalignment conditions, so, the system is also analyzed
under lateral and/or angular misalignments.
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1. Lateral Misalignment: The implantable coil is laterally displaced from a perfectly aligned position
of 0 mm to 10 mm. The system has been simulated at laterally displaced misalignment positions of
5 mm and 10 mm. At 13.56 MHz with a maximum misaligned distance of 10 mm, the PTE is 30.2%
whereas at 40.68 MHz with a maximum misaligned distance of 10 mm, the PTE is 49.2%.

2. Angular Misalignment: In order to validate the effects of angular misalignment on the PTE,
the implantable coil is rotated through angles 15◦, 30◦, 45◦, and 60◦ relative to the external coil.
At 13.56 MHz, when α = 15◦, the PTE is 52.3% and with the increase of angular misalignment the PTE
declines sharply, and the PTE is 29.4% at α = 60◦. At 40.68 MHz, when α = 15◦, the PTE is 65.1% and
at α = 60◦, the PTE is 42.1% .

3. Combination o f Lateral and Angular misalignment: Here, the PTE is tested for misalignment angles
0◦ to 60◦ along with laterally displaced positions 1 mm to 10 mm. At 60◦ angular rotation and
10 mm lateral displacement, the PTE at 13.56 MHz and 40.68 MHz are 39.1% and 57.6% respectively.
The overall PTE under perfect alignment, lateral and/or angular misalignments are shown in
Figure 5c,d. The proposed geometry of the coils are shown in Figure 6.

Table 2. Optimized geometries for proposed coil designs.

Coils PCB Parameter f0 = 13.56 MHz f0 = 40.68 MHz

rinL1 (mm) 25.5 35.95
routL1 (mm) 27.5 38.05

L1 WL1 (mm) 2 2.1
HL1 (mm) 0.07 0.07

NL1 1 1

rin L2
(mm) 4.75 5.07

rout L2 (mm) 22.45 23.42
L2 WL2 (mm) 1.5 0.85

HL2 (mm) 0.07 0.07
SL2 (mm) 1.2 0.9

NL2 6 10

rinL3 (mm) 0.45 0.45
routL3 (mm) 9.95 9.95

L3 WL3 (mm) 0.3 0.8
HL3 (mm) 0.07 0.07
SL3 (mm) 0.62 0.65

NL3 10 6

Step 5: SAR at Tissue Medium: The SAR is a number that measures the rate at which energy is absorbed
by the human body when exposed to electromagnetic radiations. According to FCC, a SAR level of less
than 1.6 W/kg is considered safe and therefore it is important to make sure that the frequency absorbed by
human tissue does not exceed this level. The SAR is defined by [10,29]

SAR = σ|E|2/ρ

where σ is the tissue conductivity, E is the intensity of electric field, and ρ is the human tissue density.
The SAR cannot be measured experimentally and therefore the SAR of the system is simulated at

13.56 MHz and 40.68 MHz using HFSS. The implantable coil is usually placed in less than 10 mm of depth
in human tissue. So, to analyze the design in this realistic environment, the human tissue model is formed
using three consecutive layers of 1 mm skin, 2 mm fat and 7 mm muscle. Table 3 shows the dielectric
properties of the layers to be used for constructing the model. At 13.56 MHz, the PTE and SAR are 48.2%
and 0.91 W/kg respectively, whereas at 40.68 MHz, the PTE and SAR are 55.7% and 5.0 W/kg respectively.
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Though at 40.68 MHz the PTE is high, the SAR had crossed 1.6 W/kg, the limit designated by the FCC
and hence, it is unsafe and causes tissue damage. Figure 7a,b shows the change in PTE with respect to
the distance between the coils at 13.56 MHz and 40.68 MHz respectively. For an input power of 1 W,
the simulated SAR value at 13.56 MHz and 40.68 MHz are shown in Figure 7c,d respectively.
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Figure 5. (a) PTE vs. frequency vs. distance at 13.56 MHz; (b) PTE vs. frequency vs. distance at 40.68 MHz;
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Table 3. The dielectric properties of the human body tissue at 13.56 MHz and 40.68 MHz [30].

Parameters Frequency (MHz) Dry Skin Wet Skin Fat Muscle

Conductivity 13.56 0.23802 0.38421 0.030354 0.62818
[S/m] 40.68 0.37982 0.45519 0.034136 0.66986

Relative 13.56 285.25 177.13 11.827 138.44
permittivity 40.68 122.91 92.985 7.286 82.115

Loss 13.56 1.1062 2.8754 3.4021 6.0152
tangent 40.68 1.3655 2.1631 2.0703 3.6046

Additionally, the effects of different compositions of tissue, input power and coil shape on the SAR is
analyzed. The percentage of skin, fat and muscle varies from person to person, therefore, in addition to
1 mm of skin, 2 mm of fat and 7 mm of muscle, the human tissue model is also formed using 1.5 mm of
skin, 2.5 mm of fat and 6 mm of muscle and 2 mm of skin, 3 mm of fat and 5 mm of muscle. Figure 7e,f
show the effects of different tissue composition on SAR.
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To analyze the effects of input power on SAR, in addition to 1 W, the system is also simulated with
input powers of 0.3 W and 2 W at 13.56 MHz and 40.68 MHz. Figure 7g,h depicts the change in SAR value
with respect to the input power at 13.56 MHz and 40.68 MHz respectively. From Figure 7g,h, the analysis
shows that the SAR value increases with increase in input power. For an input power of less than 2 W,
the SAR produced is below the limit set by FCC at 13.56 MHz, but, at 40.68 MHz, the SAR exceeds the
limit set by FCC for a low input power of 0.3 W.

To analyze the impacts of coil shape on SAR, a system with circular shaped external and spherical
shaped implantable coils is simulated with an input of 1 W at 13.56 MHz and 40.68 MHz [31]. The SAR
value at 13.56 MHz and 40.68 MHz are 0.29 W/kg and 3.60 W/kg respectively. From the results, it can be
observed that the SAR value at low frequency is small when compared to high frequency irrespective of
the shape of the coil.

Step 6: End of Optimization Procedure: The proposed 3-coil WPT system designed through simulation
is validated by experiments.

4. Measurement Results

The experimental setup is designed and implemented to validate the simulated results obtained in
Section 3. The L1, L2 and L3 are fabricated using PCB technique from copper with the same height and
variable widths. As shown in Figure 8a,b, L1, L2 and L3 are fabricated from copper with a width of 1.9 mm,
1.5 mm, and 0.3 mm respectively and a height of 0.07 mm. The PTE of the 3-coil inductive link through the
air and tissue mediums are measured using two experimental setups shown in Figure 8c,d.

External coil

Implantable coil

VNA

RF Power generator

IM network

External coil Implantable coil

Boneless pork

Oscilloscope

(a)

(b)

(c)

(d)

Figure 8. Fabrication of (a) External coil; (b) Implantable coil; (c) Experimental setup for measuring the
PTE; (d) Experimental setup for measuring the PDL.
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The first method is to measure S21 parameter through the air and tissue mediums by connecting L1 to
port 1 and L3 to port 2 of a vector network analyzer (VNA). The ports 1 and 2 of the VNA are connected
to an impedance of 50 Ω each. The distance between the external and implantable coils is set to 10 mm
at air and tissue mediums. The PTE of the 3-coil inductive link through the air at perfect alignment,
lateral misalignment, angular misalignment and a combination of lateral and angular misalignment are
41.7%, 18.2%, 15.4% and 21% respectively. To check the PTE in tissue environment, a boneless pork sample
with 10 mm of thickness is placed as a medium between the external and implantable coils. At perfect
alignment, the PTE through pork sample waned to 30.8%.

We have measured the link efficiency using VNA in order to compare it to the simulated transmission
coefficient (S21). However, we cannot measure the actual amount of power received by the receiver
coil using VNA. Thus, a second method as shown in Figure 8d is used to measure the received power.
This method is used to measure the actual amount of power transferred from L1 and L2 to L3. The RF
power generator is connected to the impedance matching (IM) network to create a matched frequency
between the external and implantable coils. Generally, the capacitances are varied to tune the resonance
frequency to operating frequency. However, in practical applications, it is not possible to vary the values
of the capacitance. So, in this paper, we have used IM network to tune the resonance frequency to the
operating frequency. Auto tuning the IM network allows the design to achieve the maximum PTE in the air
or tissue medium as IM network tunes till it achieves the minimum power reflected. The minimum power
is reflected only when the resonance frequency of the coil is equal to the operating frequency. Therefore,
the resonance frequency can be tuned to operating frequency in the air and tissue mediums.

At 13.56 MHz, the impedance network sends an input of 1 W received from the RF generator to the
external coil and the output on the implantable side is measured in terms of voltage and current through
an oscilloscope. At a distance of 10 mm from the external coil, the implantable coil at perfect alignment
received power of 347 mW and 266 mW (in terms of PTE: 34.7% and 26.6%) in the air and tissue mediums
respectively. It can observed that the PTE measured is less than S21. The proposed work is compared
with the conventional works in terms of PTE with respect to coil size, operating frequency and distance
between the coils. The results are summarized in Table 4.

Table 4. Comparison with the Conventional Works.

Ref. Type of Tech. RX Coil Operating Distance Medium PTE (%)
Wireless Link Diameter (mm) Frequency (MHz) (mm)

[32] 2-coil PSC 10 × 10 13.56 10 Air 72.2
Saline 51.8
Tissue 30.8

[33] 2-coil PCB 25 × 10 13.56 10 Air 75
Tissue 58.2

[34] 4-coil PCB 5 × 5 13.56 10 Air 19.1
Tissue 11.7

[29] 2-coil - 10.8 × 10.5 39.86 10 Tissue 47.2

This work 3-coil PCB 19.9 13.56 10 Air 41.7
Tissue 30.8

5. Conclusions

In this paper, a 3-coil inductive WPT system with a small-sized implantable coil is designed and
simulated by HFSS to investigate and compare the SAR distribution at 13.56 MHz and 40.68 MHz.
The impacts of perfect alignment, lateral and/or angular misalignments on the PTE of the 3-coil inductive
WPT system have also been analyzed. Additionally, the effects of different compositions of tissue,
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input power, and coil size on the SAR is analyzed. For an input power of less than 2 W, the SAR
produced is below the limit set by FCC at 13.56 MHz, but, at 40.68 MHz, the SAR exceeds the limit set by
FCC for a low input power of 0.3 W. An analysis on the impact that various coil shapes have on SAR shows
that irrespective of coil shapes, SAR is smaller at a low frequency than at a higher frequency. Furthermore,
the simulated results obtained are experimentally validated through the air and boneless pork tissue
mediums. The overall PTE and actual power delivered to the implantable coil are also measured. For the
future work, a mm-sized implantable coil operating at 13.56 MHz will be designed and fabricated to
achieve a high PTE and the wireless link will be tested on freely moving small animals.
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