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Abstract— Wireless transceivers for biomedical implants 
suffer from low coupling coefficients and variations due to 
misalignment. This paper introduces concentric helical coils for 
wireless power transmission in implantable devices. The 
transmitter coil can be implemented in any continuous circle form, 
such as a bracelet, an arm cuff, or a collar. It is shown that this 
structure produces a high coupling coefficient that is less sensitive 
than conventional methods to coil misalignment. Furthermore, 
this approach reduces expose of living tissue to electromagnetic 
power density, enabling a higher level of power to be safely 
transferred. A high coupling coefficient between transmitter and 
receiver coils (k=0.44) is achieved, and this decreases no more than 
19.9% with the worst case of misalignment. This high coupling 
along with high coil quality factors (Q=470, 195) enable a high 
power transfer efficiency of =93.6%. This power transfer 
efficiency is also very resilient to misalignment of coils, with a 
worst case decrease of only 9%. 

Keywords—wireless power transfer; resilient wireless link; 
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I. INTRODUCTION  
Biomedical implants are becoming increasingly important 

for health monitoring, treating many disorders and controlling 
prosthetics [1]. Most applications for implantables require 
powering and, in many cases, communicating with the implants. 
Using wires through the skin to connect bioimplants to an 
external source is generally not a desirable option due to the risk 
of infection and mobility limitations. Implantable batteries have 
been used but are undesirable in most applications because they 
are relatively bulky and require additional surgeries for periodic 
power source replacement. Furthermore, batteries do not 
eliminate the wires that would be needed to support 
communication with smart/programmable bioimplants. 
Therefore, inductive links are becoming an increasingly popular 
option for powering and communicating with bioimplants while 
eliminating any wires between the implant and the external 
world. 

An inductive link for bioimplants consists of a transmitter 
(TX) coil outside the body (also called external or primary coil) 
which induces voltage on a receiver (RX) coil (also called 
internal or secondary coil). In such links, power transfer 
efficiency is one of the most important factors because low 
efficiency results in more power radiation that could threaten the 
safety of living tissues. To maximize transfer efficiency in an 
inductive link, the quality factor of the coils (which is a metric 
indicating the level of parasitic elements built into a non-ideal 
coil) and the coupling between them play key roles [2]. 
However, due to limited space in the body for bioimplants, the 
sizes of these coils are restricted, which in turn limits the quality 

factor and coupling between the coils. Printed spiral coils 
(PSCs) have become popular because their planar structure 
makes them suitable for this space-limited application [2, 3]. 
However, the coupling between a PSC transmitter and receiver 
is very sensitive to misalignment between the coils. This 
sensitivity can decrease the transfer efficiency of the link, 
especially in freely moving subjects. As a result, a PSC link will 
often overexpose the tissue with electromagnetic energy to 
compensate for low efficiency, and this low efficiency can also 
affect the data transfer rate in communication [4]. 

In this work, we introduce an inductive link using concentric 
helical coils for wireless power transmission that is highly 
reliable and enables effective wireless bioimplants in freely 
moving subjects. The concentric helical coils provide a high 
coupling between coils that is also resilient to misalignment. 
Experiments show that a high coupling coefficient of k=0.44 
and a high power transfer efficiency of =93.6% are achieved, 
and worst case misalignment only reduces them by only 19.9% 
and 9%, respectively. Moreover, the concentric helical coil 
structure can be implemented with a large cross sectional area, 
like the animal collar shown in Fig. 1, allowing more power to 
be safely delivered while living tissue is exposed to less 
electromagnetic energy density. This new approach also enables 
separating the wireless link from the implanted electronics using 
under-skin wires, as shown in Fig. 1, to avoid exposing sensitive 
circuitry or tissues such as the brain to high doses of 
electromagnetic energy. 

II. CONCENTRIC HELICAL COILS FOR WIRELESS LINK 

A. Self-inductance, Self-capacitance and Self-resonant 
Frequency 

In a helical coil, self-inductance is calculated as [5] 
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Fig. 1. Concentric helical coils in the form of a collar for wireless link. 
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where μ is permeability of environment, N is number of turns, d 
is coil diameter, l is coil length, K( ) and E( ) are the complete 
elliptic integrals of the first and second kind, respectively, and  
is obtained from 
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Helical coils, like every other type of coils, suffer from 
parasitic capacitances that limit the frequency band of operation. 
This parasitic capacitance is estimated as [6] 
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If Cp << Cr (Cr commonly used for tuning the circuit in Fig. 1), 
the effect of Cp will be insignificant. The self-resonant 
frequency (SRF) of a helical coil can be obtained from 
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If SRF>5f, where f is the operating frequency, then Cp<1/20Cr 
and the effect of parasitic capacitances will be negligible. 

B. Resiliency of Coupling Coefficient in Concentric Helical 
Coils 

In an inductive telemetry link, mutual inductance between a 
pair of coils has a considerable effect on the link performance. 
Fig. 2 (a) illustrates a pair of concentric helical coils, where for 
biotelemetry the secondary coil (L2) is implanted inside the 
body and primary coil (L1) is placed outside the body. In Fig. 2, 
length of the primary coil is indicated with l1 and its diameter 
with d1.  

Applying current i1 to L1 generates flux  that is linearly 
proportional to i1. If this flux changes, according to Faraday’s 
Law, a voltage v2 will be induced across the secondary coil (L2) 
[7] such that 

 
dt

di
M

dt
d

nv tt
t

)(1)(
2)(2 ==

φ
 (5) 

where n2 is the number of turns in L2 and M is the mutual 
inductance between the primary and secondary coils. Mutual 
inductance is relative to the inductance of L1 and L2. In order to 
characterize the coupling between coils regardless of the coil’s 
inductances, the coupling coefficient (k) is defined as  
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Resiliency of coupling coefficient to misalignment is of high 
importance in wireless link. In concentric helical coils, 
misalignment can manifest as vertical displacement of the coils 
as well as angular misalignment or tilting. To reduce the effect 
of misalignment in helical concentric coils, the external coil 
should be made with longer length and more turns compared to 
internal coil. This longer coil encompasses the receiver coil and 
introduces a more uniform magnetic field. As a result, the 
receiver coil can detect flux changes (d /dt) even if it is 
experiencing some levels of misalignment. Therefore, the 
coupling between concentric helical coils is very resilient to 
misalignment.  

C. Coil Quality Factor and Power Transfer Efficiency 
The quality factor of a coil is defined as the ratio of the 

imaginary part to the real part of its impedance. For a coil model 
shown in Fig. 2, the quality factor is calculated as [2] 
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As (7) suggests, reducing Cp and Rs results in higher quality 
factor. For a helical coil made of copper, the quality factor is 
estimated as [6] 

 fdQ ψ5.7≈  (8) 

where  is an empirical parameter related to length (l), diameter 
(d) and spacing between turns (s).  for several different coil 
characteristics are given in [6]. 

Unlike PSCs, helical coils are not built on a substrate, 
providing them an inherent advantage for biotelemetry. PSCs 
are usually built on an FR4 substrate with a relative permittivity 
of 4.4. The absence of a substrate results in a lower parasitic 
capacitance in helical coils. Furthermore, using wires that are 
thicker compared to thin PSC conductors reduces parasitic 
resistance. Thus, higher quality factors are achievable in helical 
coils compared to PSCs.  

The power transfer efficiency ( ) can be calculated as [2] 
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where Q1 and Q2 are the quality factors of primary and 
secondary coils, respectively and QL is the loaded quality factor 
defined as 20 CRQ LL ω≈  [2], where RL is the load resistance and 
C2 is the tuning capacitance for the receiver coil.  

D. Benefits of Concentric Helical Coils for Wireless 
Implantable Devices 

Modern wireless implantable devices primarily utilize PSCs 
and wire-wound coils to form a wireless link [2, 8]. Wire-wound 
coils with air or ferrite cores are three-dimensional structures 
that lose efficiency as they are shrunk down to minimize their 
bulk. PSCs are planar, two dimensional, devices that can be 

 
Fig. 2 (a) Magnetic field lines in a coupled helical coil pair, (b) equivalent 
circuit schematic, (c) tilting and (d) vertical displacement (VD). 
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smaller, but they require a ridged substrate that limits the 
locations in which they can be comfortably implanted. In 
contrast, concentric helical coils have very strong coupling, 
allowing the implanted coil to be a simple thin wire formed in 
only one or two loops around, for example, the wrist, arm or 
neck. No bulky device or rigid substrate is required, making 
them less obtrusive for the user. 

Another concern for wireless implants is electromagnetic 
exposure of nearby tissue. Modern implantable coils are usually 
on the order of 1-2 cm in diameter [2] to reduce their bulk. 
However, transferring power over a small volume of living 
tissue exposes it to a high electromagnetic power density and 
limits the maximum power that can be safely delivered to the 
implanted device. Furthermore, poor tolerance to misalignment 
between the coils can worsen the situation because transmitted 
power should be increased to compensate for degraded link 
efficiency due to misalignment. In contrast, concentric helical 
coils circumvent these problems. The thin wire can be implanted 
beneath the skin and formed with large diameter (~5-10 cm), 
thus maintaining a lower power density exposure for living 
tissues. Moreover, the implanted coil can be coupled with an 
external coil in the form of a bracelet, arm band or animal collar, 
forming an inductive link that is very tolerant to misalignment 
and eliminates the need for increasing power density to 
overcome efficiency loss from misalignment. 

Under-skin wires are commonly used in existing implants 
like the deep brain stimulator [9] and can be employed to route 
signals from the implanted coil to the location of interest, e.g. 
the brain. Using under-skin wires, concentric helical coils 
provide the opportunity to wirelessly transfer power in a part of 
the body that both fits their geometry and also is less sensitive 
to temperature increase, such as the arm or wrist in contrast to 
the brain. Hence, because concentric helical coils produce low 
power density exposure and can be placed in less sensitive 
tissues, this wireless link can be used to transfer higher levels of 
power. 

III. DESIGN OF THE HELICAL COILS FOR WIRELESS 
LINK IN BIOIMPLANTS 

Since the power absorption in living tissues increases with 
carrier signal frequency, low carrier frequencies are generally 
preferred. On the other hand, (8) shows that a higher carrier 
frequency can generate a higher quality factor. A carrier 
frequency of f=13.56 MHz, which is within the industrial, 
scientific, and medical (ISM) radio band, is commonly used for 
bioimplant applications. Following this standard, in this work 

MHzfSRF 685 ≈×≥  was chosen to circumvent the effect of 
parasitic capacitances of the coils.  

For the receiver (internal) coil, design started with a single 
turn coil to minimize discomfort for the subject as much as 
possible. For the transmitter (external) coil, a longer coil was 
chosen with more turns in order to allow both stronger coupling 
and higher resiliency to misalignment. Our initial wireless link 
design targeted bioimplants in primates, and the geometry of 
external coil was chosen so it could be mounted on animal 
collars available for medium sized primates. The diameter of the 
transmitter coil was set to d1 = 70 mm with the length of l1=20 
mm. Increasing number of turns of the external coil increases its 

self-inductance as well as the coupling between the coils. 
However, calculations showed that, for N=3, 4 and 5, self-
resonant frequencies of SRF = 83 MHz, 63 MHz and 50 MHz, 
respectively, would be obtained. Therefore, external coil was 
made with 4 turns to meet carrier frequency goals. 

Assuming a typical skin thickness of 5 mm, the 70mm 
transmitter coil leads to internal coil diameter of d2 = 60 mm. 
After initial simulations, the number of turns for L2 was 
increased to two in order to achieve a more strongly coupled 
link. 

IV. SIMULATION AND EXPERIMENTAL RESULTS 

A. Quality Factor, Coupling Coefficient, and Resiliency to 
Misalignment 

To study the effect of misalignment on concentric helical 
coils, prior to fabrication, a pair of coils with the geometry 
obtained from calculation was simulated using ANSYS 
Electromagnetics Suite. The coupling coefficient was evaluated 
for various levels of vertical displacement as well as tilting 
between the coils. Following simulations, experiments were 
performed using fabricated coils and an Agilent FieldFox 
N9917A vector network analyzer. 

Table I lists the physical characteristics of the fabricated 
coils and measured inductances and quality factors for external 
and internal coils. These quality factors are much higher than a 
typical PSC used for wireless power transmission. Furthermore, 
coupling coefficient obtained from this structure was recorded 
as k=0.44, which is also higher than its PSC counterparts, as 
shown in Table II.  

Fig. 3 shows the measured effect of misalignment on quality 
factor along with simulated results for verification. Tilting of the 
external coil up to 15  was found to decrease the coupling 
coefficient no more than 9.9% (Fig. 3 (a)). Moreover, vertical 
displacement of the coils was found to decrease the coupling 
coefficient by only 19.9% (Fig. 3 (b)), which occurs when the 
displacement is 8 mm and 30% of the receiver coil length is 
outside the inner space of the transmitter coil. These results 
confirm that the concentric helical coils provide a resilient 
coupling coefficient and a reliable telemetry module.  

TABLE I. CHARACTERISTICS OF THE COILS 

 Number 
of turns 

Coil 
diameter 

Coil 
length Inductance Q 

External coil 4 70 mm 20 mm 1.9 μH 470 

Internal coil 2 60 mm 10 mm 0.5 μH 195 

 
Fig. 3. Change of coupling coefficient due to different types of 
misalignments: (a) tilting (b) vertical displacement. 
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B. Power Transfer Efficiency  
Power transfer efficiency was measured using helical coils 

in LC tanks that were tuned with fixed ceramic capacitors and 
trimmer capacitors (9702-2, Johnson Manufacturing) having 
variable capacity between 2.5 – 10 pF. Fig. 4 shows the 
simulated and measured results for power transfer efficiency 
when frequency is swept from 1 MHz to 50 MHz. Maximum 
efficiency of 93.6% was measured at f=13.56 MHz. Moreover, 
experimental results (Fig. 5) show that this power transfer 
efficiency is very resilient to misalignments and will decrease 
no more than 9% and 4% for vertical and angular misalignments, 
respectively.  

V. CONCLUSION 
This paper introduced concentric helical coils for wireless 

links in bioimplants as an alternative to conventional options 
such as PSCs. The new coil formation was shown to provide a 
high quality factor and a high and resilient coupling between the 
coils. Hence an efficient and stable link was implemented using 
concentric helical coils. Furthermore, by decreasing the 
electromagnetic power density exposure to living tissues and 
optionally moving the wireless link to the less sensitive parts in 
the body, a higher level of power could be safely delivered to 
the implant. Finally, a power transfer efficiency of 93.6% was 
obtained in experiments and shown to decreased by only 9% in 
the worst case of misalignment.  
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Fig. 4. Power transfer efficiency vs. frequency: (a) simulation results from 
ANSYS, (b) measured results from fabricated coils. 

 
Fig. 5. (a) Power transfer efficiency vs. normalized misalignments (tilting up 
to 15 deg and displacement up to 1.5 cm), (b) test setup. 

TABLE II. COMPARISON OF KEY WIRELESS LINK PARAMETERS 

 TBioCAS’10 
[3] 

TBioCAS’09 
[10] 

EMBC ’11 
[11] 

TBioCAS’10 
[12] 

IET Pow. Elec.’16 
[13] This work 

structure Planar Planar Planar Planar Planar Helical 
Application Bioimplants Bioimplants Bioimplants Bioimplants Wireless sensors Bioimplants

TX/RX Size (outer 
diameter) [mm] 

24/24 38/10 20/11 79/10 30/n x 15 70/60 

Coupling coefficient 0.38 @ 5mm 0.07 @ 10mm 0.19 @ 5mm 0.036 @ 10mm 0.18 @ 10mm 0.44 @5mm 

k/k due to 
displacement - - - 70% 33% 19.9% 

k/k due to tilting - - - 9.5%,11.6% - 9.9% 

Power transfer 
efficiency [%] ~60 @5mm 72.2 @10mm 79.8 @5mm 65 @ 5mm,  

57 @10mm 29.3 @5cm 93.6 @5mm 
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