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Abstract— This paper describes design principles to design 
and develop a transcutaneous link for medical implants 
using inductively coupled coils. Parameters which optimize 
link efficiency have been discussed in the light of previous 
studies and a simple design methodology to find optimized 
parameters for Class E amplifier and inductive coils is 
outlined. Paper also describes design of an indigenously 
developed transcutaneous link from commercial off-the-
shelf components to demonstrate the design process. 
Simulation and practical results of the link developed at 
2.5MHz for 100mW output power are provided. We were 
able to achieve 40% link efficiency with data rate of 
128kbps from laboratory-based discrete electronic 
components. 

Keywords — Inductive Link; Medical Implants; Class E 
Amplifier  

I. INTRODUCTION 
Wireless transmission of data and power has emerged 

as a popular and essential characteristic of implantable 
medical devices such as cardiac pacemakers, implantable 
cardioverter defibrillators, recording devices, 
neuromuscular stimulators, prosthetic devices such as 
cochlear and retinal implants to name a few. Inductive 
coupling is most popular and effective means to realize 
transcutaneous link for biomedical devices because a 
single pair of coil can be used both for data as well as 
power transmission to the implanted circuitry. In addition 
to this, design of an inductive link using a power amplifier 
is fully customizable with full control on variables like 
operating frequency, range, form-factor and output power 
for an ‘application specific’ design. 

Design requirements of an inductive link for medical 
implants demand careful consideration of (i) bandwidth 
for supporting high data rates; (ii) efficiency for minimum 
power drop across the link; (iii) coupling insensitivity to 
coil misalignments; iv) form factor and v) 
biocompatibility. Data and power transmission have 
conflicting requirements in terms of efficiency. Wider 
bandwidth and high data rates are better supported at 
higher frequency. On the contrary, efficient power transfer 
is achieved using low operating frequency. This is due to 
the fact that human body is penetrable to magnetic fields 
at lower frequencies [1]. In addition to this, degradation of 
power transmission efficiency at higher frequency results 
from more power absorption in the tissue and more power 
dissipation in the external and internal power conditioning 
blocks [2,3]. One solution to this problem is to use 
separate coils for data and power transfer when no 
compromise between efficiency and data bandwidth is 

required, approach used by [1,3]. However, using separate 
coils has its own disadvantages such as increased form 
factor and electromagnetic interference which increases 
system complexity such as incorporation of wide range of 
frequencies and complex modulation techniques, to 
minimize interference, and use of CRC to remove BER 
etc. Second option is to establish a tradeoff between the 
requirements and use a single coil for both the tasks by 
optimizing design parameters for efficiency and high data 
rates as reported in [4,5].  As far as RF data and power 
transmission is concerned, efficient power transfer is a 
major bottle neck in RF links, not efficient data transfer 
[4]. Therefore, optimization of efficiency for power 
transfer is highly desirable due to low coupling in 
practical implants [6]. 

First step in the design and analysis of an inductive link 
requires simplified circuit representation of the inductive 
link to compute link response at the operating frequency. 
Incorporation of resonating impedances at primary and 
secondary side has been widely reported to improve the 
link performance. Circuit component values derived for an 
optimum link topology are presented in Section I.  

Second step involves coil design, which plays a critical 
role in optimum data and power transmission. This 
includes optimization of coil geometry, coil dimensions, 
inductor losses, type of wire used and number of turns in 
windings to mention a few.  All these factors are 
comprehensively discussed in Section III and a heuristic 
design methodology has been outlined to design coils in 
laboratory. 

Final step involves design of power amplifier. Wireless 
transmission through inductive coupling requires an AC 
excitation which makes the power driver essentially a DC 
to AC inverter. Furthermore, considering the fact that high 
voltage level is usually required by the primary coil and 
batteries produce a much lower voltage, the driver should 
also have the ability of amplifying the battery voltage [3]. 
Therefore, two essential characteristics of the required 
power amplifier are efficient DC to AC inversion and 
voltage amplification for energizing the primary coil. 
Class E Amplifiers not only meet above requirements but 
are characterized by 100% theoretical efficiency and are 
thus, most preferable designer choice. In Section IV, Class 
E Amplifier design with reference to the transcutaneous 
link is comprehensively discussed. Section V describes 
design of our developed transcutaneous link on the 
discussed design principles followed by simulation and 
practical results in Section VI. Finally, conclusions 
derived from the design process are presented in Section 
VII.  
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Figure 1: Inductive link topology with series tuned primary side and 
parallel tuned secondary side 

II. INDUCTIVE LINK 
Inductive link for wireless transmission of data and 

power is essentially an air-core transformer which works 
on the principle of mutual coupling. This section presents 
mathematical modeling of the link for optimizing link 
efficiency and voltage gain. 

Primary circuit tuned in series resonance and secondary 
tuned in parallel resonance as shown in Fig. 1 is an ideal 
combination due to its close resemblance with the actual 
link if a power amplifier is used at the primary side. 
Additionally, a series-resonant primary network requires 
lower voltage swings at its input because the phase of the 
inductor and capacitor voltage cancel at resonance [4]. 
Efficiency and Voltage gain profiles for this topology may 
be described mathematically by (1) and (2) respectively. 

௟௜௡௞ߟ ൌ ߱ଶܯଶܴ௟௢௔ௗ൛൫࡭. ܴ௟௢௔ௗଶ ଶ௣ଶܥ ൯߱ଶ ൅ ሺ࡮ ൅ .࡯ ଶሻ߱ଶܯ ൅ .ଶ࡯ ܴ௅ଵൟ (1) 
 ௅ܸܸଵൌ ߱ଶܥܯଵ௦ܴ௟௢௔ௗቊ ൫ࡰ. ଶ௣ܴ௟௢௔ௗ൯߱ସܥ ൅ ݆ሺࡱ െ ሻ߱ଷࡰ ൅൫ࡲ. ଵ௦ܥ ൅ .ࡳ ܴ௟௢௔ௗܥଶ௣൯߱ଶ ൅ ݆ሺ࡯. ܴ௅ଵܥଵ௦ ൅ ሻ߱ࡴ ൅ ቋ࡯ (2) 

where  ࡭ ൌ ሺܴ௅ଵܮଶଶ ൅ ܴ௅ଶܯଶሻ  ࡮ ൌ ൫ܴ௅ଵܴ௟௢௔ௗଶ ൫ܥଶ௣ଶ ܴ௅ଶଶ െ ଶ൯ܮଶ௣ܥ2 ൅ ࡯ ଶଶܴ௅ଵ൯ܮ ൌ ሺܴ௅ଶ ൅ ܴ௟௢௔ௗሻ ࡰ ൌ ଶܯଵ௦ሺܥ െ ࡱଶሻܮଵܮ ൌ ଵܴ௅ଶܮଶ௣ܴ௟௢௔ௗሺܥଵ௦ܥ ൅ ࡲଶܴ௅ଵሻܮ ൌ ሺܮଵܴ௅ଶ ൅ ଶܴ௅ଵܮ ൅ ࡳଵܴ௟௢௔ௗሻܮ ൌ  ሺܴ௅ଵܥଵ௦ܴ௅ଶ ൅ ࡴ ଶሻܮ ൌ ሺܴ௅ଶܥଶ௣ܴ௟௢௔ௗ ൅ ଶሻܮ
 
In the practically experienced coupling ranges, this 

model produces best results if circuit is resonated at 
resonance condition ሺ݆߱ܮ ൌ 1 ⁄ሻܥ݆߱ . Efficiency and 
voltage gain profiles for this topology are given in Fig. 2. 

III. COIL DESIGN 
Following sections describe coil design parameters 

which should be tuned for optimum results.  

A. Coupling Coefficient 
Coupling factor or coupling coefficient ‘݇’ is described 

as: ݇ ൌ  ଶ (3)ܮଵܮଵଶඥܯ

where ܯଵଶ  is mutual inductance between ܮଵ  and ܮଶ .  
Physically, the coupling coefficient equals the fraction of 
magnetic flux generated by the primary coil which flows 
through the secondary coil and ranges from 0 to 1. 
Maximum coupling is desirable for transmission 
efficiency but in practically designed links ݇ is typically  

Figure 2. (a) Efficiency (b) Voltage gain profiles for the inductive link 
topology shown in Fig. 1. 

 
less than 0.4 [5]. A low coupling between coils demands a 
high current in the primary side for transferring the 
necessary energy which results in higher losses. The 
transformer, therefore, must be designed for optimizing 
coupling. 

B. Quality Factor 
Quality Factor ‘ܳ’ of an inductor having inductance ܮ 

and self resistance ܴ௘௙௙௘௖௧௜௩௘  at angular frequency ߱  is 
mathematically described as: ܳ ൌ ௘௙௙௘௖௧௜௩௘ܴܮ߱  (4) 

It is desirable to use as large a circuit ܳ as possible. 
High ܳ may be achieved by using low loss, high ܳ coils 
with ܴ௘௙௙௘௖௧௜௩௘  sufficiently low. At low frequencies,  ܴ௘௙௙௘௖௧௜௩௘ may be approximated as the dc resistance of the 
coil windings, however at higher frequencies the ac 
resistance due to the electromagnetic skin effect and 
proximity effect become prominent [3]. ܴ௘௙௙௘௖௧௜௩௘  is used 
to estimate coil losses and can better be computed by a 
finite element analysis (FEA) software for particular 
frequency and coil geometry [7] . 

In addition to this, coils generally have better ܳ  at 
higher frequency as skin-effect resistive losses scale 
proportional to √߱  while their reactance scales 
proportional to ߱. A large operating frequency, however, 
results in more sensitivity to parasitics, increased tissue 
absorption, increased losses and/or increased power in the 
Class-E drivers that require better timing precision at 
higher operating frequencies [4].  All these factors 
contribute in decreasing the overall net efficiency with 
increase in operating frequency.  

C. Coil Geometry 
Zierhofer and Hochmair et al. have described a 

geometric approach in [8] for enhancing the coupling 
between two magnetically coupled coils. This 
enhancement is achieved by distributing the turns of the 
coils across the radii instead of concentrating them at the 
outer circumferences i.e. to shape coils in the form of 
planar circular coils (pancake arrangement) rather than 
solenoids. However this scheme uses more wire resulting 
in higher ohmic resistance which, in turn implies 
reduction in ௟ܳ௢௔ௗ௘ௗ . On the other hand, for the same 
planar geometry, [6] has demonstrated that there exists an 
optimum number of turns for maximum net efficiency as 
discussed in section E.   

D. Coil Dimensions and Number of Turns 
Dimensions of the coils also play a critical role in 

enhancing or suppressing mutual coupling. Increasing 
diameter of the coil, increases mutual coupling. Fernández 
et al. [7] reports that coupling is optimized if the outer 
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diameter of the primary coil is kept larger than outer 
diameter of secondary coil, and if inner diameter of 
primary coil is kept smaller than inner diameter of 
secondary coil. As a general guideline, dimensions of 
implantable (secondary) coil should be considered first. It 
should be designed as large as the implant allows [3]. 
Next, primary coil should be designed such that it is 
neither too small and neither unwieldy large. If the 
diameter of the primary coil is too small, the field strength 
would drop off quickly with axial displacement [9]. 

Theoretical equations suggest that the coupling 
coefficient should not be a strong function of total number 
of turns ‘ܰ’ in ideal circular coils since by increasing ܰ, 
both numerator and denominator of (3) increase at almost 
the same rate. However, results in [8] and [3] indicate that 
coupling coefficient is maximum for a particular number 
turns ܰ  with ratio of coil’s internal to external radii 
( ܴ௜௡௧ ܴ௘௫௧⁄ ሻ  nearly equal to 0.4 . A heuristic design 
process as discussed in section F should be undertaken to 
design the coils. 

E. Coil Losses 
Major coil losses arise from the net resistive nature of 

the coil windings. ܴ௘௙௙௘௖௧௜௩௘  essentially comprises of dc 
resistance of the wire and resistance due to the skin effect 
and proximity effect. Use of Litz wire for coil winding 
substantially reduces the later two. Loss in the primary 
coil ܮଵ  and secondary coil ܮଶ  is given by (5) and (6) 
respectively. ݈ݏݏ݋௅ଵ ൌ ௜ܸ௡ௗଶ ܴ௘௙௙௘௖௧௜௩௘ಽభ߱ଶ݇ଶܮଵܮଶ  (5) 

௅ଶݏݏ݋݈ ൌ ௟ܸ௢௔ௗ,௔௖ଶ ܴ௘௙௙௘௖௧௜௩௘ಽమ߱ଶܮଶଶ  (6) 

where ௜ܸ௡ௗ is the voltage induced at secondary side and ௟ܸ௢௔ௗis the voltage drop across the load at secondary side. 
One obvious deduction which can be drawn from (5) and 
(6) is to keep ܴ௘௙௙௘௖௧௜௩௘ as small as possible. Beside this, 
above equations indicate that the loss is inversely 
proportional to both the operating frequency and self 
inductances. Generally, decreasing frequency favors 
efficiency [10]. However, loss will continue to decrease 
with increasing inductance until the current in inductor ܮଵ 
or ܮଶ is comparable to the load current. Beyond this point, 
loss in the secondary coil will increase due to the 
dominating load current [3]. 

F. Design Methodology 
Coil coordinates are first calculated in MATLAB which 

are then passed on to a Finite Element Analysis (FEA) 
software such as Fast Henry to compute frequency-
dependent self and mutual inductances, as well as 
parasitic resistances, of generic three-dimensional 
conductive structures in the form of ܼ matrix. Extracted ݖ 
parameters are again passed to a MATLAB code to 
compute value of ݇. Finally, SPICE is used to simulate the 
inductive link on extracted value of ݇. Depending on the 
output of spice, coil parameters are changed until optimal ݇ is extracted [3].  

IV. CLASS E POWER AMPLIFIER 
 “Class E” refers to a tuned power amplifier (PA) 

composed of a single-pole switch and a load network [11]. 
It is also known as switched mode PA because the active 
device or transistor acts as a switch [9]. On the other hand,  

TABLE I.  
AMPLIFIER CLASSES AND THEIR EFFICIENCY 

Amplifier Type Maximum Efficiency Conduction Angle Θ 
Class A 50% 360 
Class B 78.5% 180 
Class AB <78.5% 180-360 
Class C Up to 90% 120.6 
Class D 80-95%  - 
Class E 100% theoretical Optimum  50% 

 
Classes A, B and C refer to amplifiers in which the 
transistor acts as a current source [11]. Use of active 
device as switch instead of a high-impedance current 
source remarkably improves efficiency. In addition to this, 
Class E PA has capability to drive relatively high AC 
current through the transmitter coil for a relatively low 
DC input current and voltage with high efficiency. This is 
a consequence of an impedance transformation inherent to 
the Class E circuit [12]. Table I shows maximum 
achievable efficiencies from different amplifier classes. It 
is evident from the table that Class E is a preferable 
designer’s choice due to 100% theoretical efficiency. 

A. Basic Principle 
In Class-E, the transistor operates as an on/off switch 

and the load network shapes the voltage and current 
waveforms in such a way that simultaneous high voltage 
and high current in the transistor are avoided. Since power 
is equal to the product of voltage and current at each point 
in time during the RF period, integrated and averaged over 
the RF period (ܲ ൌ ሺ1 ܶ⁄ ሻ ׯ ሻݐሻ݅ሺݐሺݒ  keeping current ;(ݐ݀
and voltage out of phase drastically minimizes power 
dissipation, especially during the switching transitions. On 
the contrary, in most amplifiers the largest power 
dissipation is in the power transistor. The true Class E 
Operation is achieved when the transistor is operated at 
optimum conditions. Optimum conditions for an amplifier 
containing a switch and an appropriate load network as 
described by Raab et al. [11] and Sokal et al. [13], [14] 
are: 

(i) The Voltage rise across the transistor at turn-off 
should be delayed until after the transistor is off such that 
the current has reduced to zero. 

(ii) The transistor voltage ( ஽ܸௌfor MOSFET or ஼ܸா  for 
BJT) should be brought back to zero at the time of 
transistor turn-on, i.e. before the current begins to rise. 

(iii) First derivative (slope) of the transistor voltage i.e. d dtൗ ሺVDSሻ for MOSFET or d dtൗ ሺVCEሻ for BJT should be 
zero at the time of turn on. 

An amplifier containing a switch and a load network, 
but not meeting these three criteria may still be called 
Class E but is usually referred as “suboptimum Class E” 
[11]. To fulfill the above conditions, appropriate load 
network should be used to ensure minimum voltage-
current product during the switching transitions.  

B. Operation 
The operation of Class-E circuits has been exhaustively 

discussed in the literature [1], [3], [5], [11-19]. Circuit 
operation is determined by the transistor when it is on, and 
by the transient response of the load network when the 
transistor is off (Fig. 3). RF choke ሺܮ௖௛௢௞௘ሻ acts as current 
source when the switch is off. It charges the resonant 
network and creates a transient voltage across the  
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Figure 3. Class E topology 

transistor. When the switch is on, its current rises 
smoothly until the switch is off again. Current and 
voltage in the ܥ ݀݊ܽ ܮ௦௘௥௜௘௦ branch are nearly sinusoidal 
at the resonant frequency of the tank circuit, a condition 
strictly true for high ܳ coils. The RF output amplitude is 
almost linearly proportional to the dc supply voltage. 
Parasitic shunt capacitances are absorbed into Cshunt [15].  

C. Analysis 
Analysis of class E amplifier is straightforward but 

quite tedious as all the parameters are interrelated [11]. 
Different analysis methodologies to describe Class E 
circuit have been reported in literature [11], [13-19]. The 
approach for determining the component values is to 
either solve the exact differential equation or make some 
approximations that will help simplify the equations and 
make the solution easy to arrive at [3], [1]. Raab et al. 
[11] has derived basic circuit equations for the idealized 
Class E PA using Fourier series techniques by assuming 
high quality factor, perfect choke and perfect switch. 
Time domain analysis considering similar assumptions 
has been carried out by Hmida et al. in [5]. Gaudo et al. 
[16] has devised a method for the exact analysis and 
design of a very simple class E network to check 
suitability of a transistor for the amplifier design. A more 
generalized analysis of the differential equations is 
performed by Avratoglou et al. [17] that takes into 
account most important parameters which affect the 
amplifier performance namely, dc-feed inductance, ܳ 
factor of the series-tuned circuit and the switching device 
ON resistance. Design and performance curves are given 
and discussed for the finite dc-feed inductance, shunt-
capacitor, and series-tuned configuration. Troyk et al. 
[18] has simplified the differential equations in closed-
form solution by assuming high ܳ௅  and low duty-cycle 
switch driver. This approach is well applicable for low 
coupling coefficients but not for circuits that involve a 
low ܳ௅  value. Kazimierczuk et al. [19] has provided 
tables that can be used for specific values of ܳ௅  but for 
different pulse source duty-cycles. Sokal et al. [14], [13] 
has provided explicit design equations in the form of 
continuous mathematical functions that yield the low-
order lumped-element Class-E circuit where the pulse 
driver for the active device has a 50% duty-cycle. 
Conditions provided by Sokal assume zero on resistance 
and perfect choke inductance that acts as ideal current 
source, however a tuning method for bringing the Class-E 
from off-nominal conditions back to the nominal 
conditions has also been described. Beside complex 
derivations of component values, Class E amplifier is 
fully designable [14]. 

V. COMPLETE LINK DESIGN 
A complete inductive link based on the described 

principles was designed using off-the shelf laboratory 
components at an operating frequency of 2.5MHz. This 
section discusses technical details of the developed 
transcutaneous module. 

A. Coil Design 
Circular planar coils were designed using the design 

principles described in Section IV. Table II lists design 
parameters of the indigenously designed coils. Nylon 
bobbins were machined using a CNC machine as shown 
in Fig. 4. 30 AWGN wire was used for coil windings, 
which has a maximum current handling of 142mA. 

B. Amplifier Design 
We employed Single Ended Class E configuration with 

multi-frequency load network topology as shown in Fig. 
3 to develop Class E Amplifier. Advantage of using 
single-ended configuration is the ease of inclusion of 
parasitic drain-source capacitance of the switch transistor 
into the design optimization as compared to Class D or 
Class C amplifiers [5], [15]. 

C. Switch Selection 
One of the difficult design processes is appropriate 

switch selection. MOSFET is a usual design choice in 
high frequency switching applications [20]. An important 
figure of merit for Class E operation is low ON resistance ܴ஽ௌሺைேሻ . However, reducing MOSFET’s ON resistance 
usually results in an increase in gate capacitance 
(especially in high switching applications) as well as an 
increase in gate voltage which makes switching with TTL 
levels difficult due to high gate charge ሺܳ௚ሻ and higher 
gate threshold voltage ሺܸீ ௌሺ௧௛ሻሻ . On the contrary, 
decreasing gate capacitance increases rise and fall times. 
Two solutions to the above problem are an appropriate 
gate drive or a tradeoff between parameters for 
appropriate MOSFET selection. 

D. Component Values 
For the switch we chose Fairchild’s 2N7000 from easily 

available COTS, with rise and fall times between 10 to 
20ns, input capacitance of 20pF and a respectable 
RDS(ON). Component values for the circuit given in Fig 6 
based on Sokal’s explicit design equations are given in 
Table III. 

E. Difficulties: 
Beside many advantages, there are many problems 

associated with Class E amplifiers as well. One of the 
major problems with Class E circuits is maintaining 
operation at the precise Class-E frequency because Class 
E mode of operation is very sensitive to changes in the 
frequency at which the switch is driven [21]. If the 
driving frequency is either up or down, there will be a 

TABLE II. 
COIL PARAMETERS AT PRIMARY AND SECONDARY SIDE 

Primary Secondary 
L=80µH L=8µH 
Reffective=2.5Ω Reffective=1.4Ω 
Qunloaded=350 Qunloaded=89 
N=45 N=24 
Rexternal=13.5mm Rexternal=6.3mm 
Rinternal=6.5mm Rinternal=2.8mm 
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(a)

(b)

(c) (d) 
Fig. 8.  Class E Waveforms. (a) Vgate (b) drain to source voltage 
VDS (c)Data signal at the gate (x6)  and voltage across primary coil 
(bursts of sinusoids) (d)Voltage across primary coil in high state= 40 
VPP, time scale = 1.4us  

indigenously developed inductive link powered by a Class 
E amplifier. Results are very satisfactory for a laboratory-
based design using discrete electronic components. Final 
link efficiency was 40% with 40mW output power and 
128kbps data transfer rate. 
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