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Abstract—Design of an optimized RF transcutaneous link 
through inductive coils is an arduous design process which 
involves complex mathematical modeling to search for 
optimized design parameters. This paper presents a 
generalized model which encompasses all   possible voltage 
driven circuit realizations of an inductive link and presents 
a comparison on the bases of link efficiency and voltage 
gain. Mathematical expressions for the generalized voltage 
driven model as well as for the equivalent circuit topologies 
are derived. Moreover effect of different parameters such as 
resonating impedances on the final relationships is 
exhaustively analyzed.  

Optimization is a critical aspect in designing inductive links 
for medical implants since the link virtually acts as an air-
core transformer with relatively low mutual coupling. 
Therefore, in order to maximize the gain and improve the 
link efficiency it is very necessary to design the link on 
optimized parameters. Aim of the analysis is to facilitate the 
designers in their design process as mathematical 
relationships for different models and their comparison has 
never been reported earlier in literature. 

Keywords — Inductive Link; Wireless Data and Power 
Transmission; Inductive Coils  

I. INTRODUCTION 
Ubiquity of inductive links for wireless data and power 

transmission applications such as implantable biomedical 
devices like Cochlear Implants, Retinal Implants, ICDs 
etc.; RFIDs; Body Area Networks (BAN); wireless 
chargers and telemetric applications demand efficient 
inductive links in order to maximize link efficiencies at 
low coupling ranges. Design requirements of an inductive 
link require careful consideration of (i) bandwidth for 
supporting high data rates; (ii) efficiency for least power 
drop across the link and; (iii) coupling insensitivity [1]. In 
the design of RF data and power transmission links 
efficient power transfer is a major bottle neck, not 
efficient data transfer [3]. A trade-off between data rate 
and power transmission efficiency needs to be established 
when using a single coil for both data and power transfer 
since efficient power transfer is achieved using low 
frequency while higher data rates are better supported by 
high frequency. This is due to the fact that human body is 
penetrable to magnetic fields at lower frequencies [6] i.e. 
power transfer is more efficient with high-coils, a 
requirement that can conflict with data transfer if a high 

bandwidth data link is necessary [3]. Two ways to cope 
with the problem are by (i) using separate coils operating 
at different frequencies for data and power transfer when 
no compromise between efficiency and data bandwidth is 
required, approach used by [6,7] and (ii) optimizing 
design parameters for efficiency and high data rates as 
reported in [2], [3].  

First step in the design and analysis of an inductive link 
requires simplified circuit representation of the inductive 
link. Like every two port network, inductive links may be 
driven by either a current or a voltage source. In this 
paper, we would only consider voltage driven circuits and 
derive voltage gain and efficiency expressions for all 
possible voltage driven topologies and make a 
comparison. Many voltage driven topologies have been 
reported in literature. A brief overview is stated here. 
Simplest most circuit representation is found in [2, 5] 
which takes into account primary and secondary coil 
inductances, their self resistances and secondary load 
impedance (resistance in simplest case) to compute 
relationship of link efficiency to the coupling coefficient 
‘k’. Hmida et al. [2], however, has further decomposed the 
secondary impedance into a resonating capacitor in 
parallel with the secondary coil to compute link efficiency 
and voltage gain. Reference [1] incorporates parallel 
resonance both at primary and secondary, whereas [3] 
employs series resonance at primary and parallel 
resonance at secondary. Advantage of this scheme is its 
close proximity to the final circuit (if a power amplifier 
such as Class E is used).  Zeirhofer et al. [4] uses similar 
equivalent representation but incorporates feedback in the 
link and performs a comprehensive frequency analysis on 
the resulting circuit. Every topology has its own 
advantages and disadvantages in terms of voltage gain, 
efficiency, and form factor to name a few. 

This paper is divided as follows. In Section II, 
mathematical expressions of the generalized voltage 
driven model are first derived. Then by the help of this 
generalized model, voltage gain and efficiency 
expressions for the six equivalent topologies are derived 
one by one. Strengths and weaknesses of each topology 
are given and their individual relationships are depicted 
mathematically as well as graphically. 

II. MATHEMATICAL DERIVATIONS 

A. Generalized Models 
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Figure 1: Generalized Circuit Models of inductive link (a) Voltage driven 

model; (b) current driven model. 

The generalized voltage driven model and current 
driven model of the inductive link is depicted in Fig. 1a 
and Fig. 1b respectively. ܮଵ  and ܮଶ  represent inductive 
coils at primary and secondary side with their effective 
series resistances ܴ௅ଵ  and ܴ௅ଶ . ܼଵ௦  and ܼଶ௦  are the series 
resonance impedances (capacitors) whereas ܼଵ௣ and ܼଶ௣ 
are parallel resonance impedances at primary and 
secondary side respectively. 

Since we would analyze only voltage driven models in 
this paper, Fig. 1a would serve as our generalized voltage 
driven model. Equations (1)-(9) characterize this 
generalized voltage driven model. At one time either one 
of series or parallel resonance topologies should be 
employed which simplifies the model into six equivalent 
representations as given in Fig. 2 – Fig. 7. ݅ଶ ൌ ݅ଶ௣ ൅ ݅௅ (1) ܼ௡௦ ൌ 1 ሺ݆߱ܥ௡௦ሻ⁄  (2)ܼெ ൌ ܯ݆߱ ൌ ݆߱݇ඥܮଵܮଶ (3a) ܼ௅௡ ൌ ሺ݆߱ܮ௡ ൅ ܴ௅௡ሻ (3b)ܼ௟௢௔ௗ ൌ ܼଶ௣||ܴ௟௢௔ௗ (3c) ሺ݊ ൌ 1 ՜ ;ݕݎܽ݉݅ݎ݌ ݊ ൌ 2 ՜ ሻଵܸݕݎܽ݀݊݋ܿ݁ݏ ൌ ሺܼଵ௦ ൅ ܼ௅ଵሻ݅ଵ െ ܼெ݅ଶ (4)௅ܸ ൌ െሺܼଶ௦ ൅ ܼ௅ଶሻ݅ଶ ൅ ܼெ݅ଵ (5)௅ܸ ൌ ܴ௟௢௔ௗ݅௅ ൌ ܼ௟௢௔ௗ݅ଶ (6)௅ܸܸଵ ൌ ܼெܼ௟௢௔ௗሺܼଵ௦ ൅ ܼ௅ଵሻሺܼଶ௦ ൅ ܼ௅ଶ ൅ ܼ௟௢௔ௗሻ െ ܼெଶ  (7) ݅ଵ ൌ ଵܸ ൅ ܼெሺ ௅ܸ ܼ௟௢௔ௗ⁄ ሻܼଵ௦ ൅ ܼ௅ଵ ௟௜௡௞ߟ (8)  ൌ ܴ݁ሾ ௅ܸܫ௅כሿܴ݁ሾ ଵܸܫ଴כሿ ൌ ܴ݁ሾ ௅ܸሺ ௅ܸ ܴ௟௢௔ௗ⁄ ሻכሿܴ݁ሾ ଵܸሿ. ܴ݁ሾܫ଴כሿ ൌ | ௅ܸ|ଶ ܴ௟௢௔ௗ⁄ܴ݁ሾ ଵܸሿ. ܴ݁ሾܫ଴כሿ (9) 

 

B. No Resonance Topology 
Fig. 2a shows the equivalent model with no resonance 

at all. It acts like a simple transformer without any 
resonance impedances at either primary or secondary side. 
This model is not usually used in the actual designs but is  

(a) 

 
(b) 

 
(c) 

Figure 2: No resonance topology (a) Equivalent Model; (b) Voltage gain 
profile; (c) Link Efficiency profile of the equivalent topology  

given here as a reference to compare the link efficiency 
and voltage gain when resonance is applied.  

Voltage gain and link efficiency for this circuit is given 
by (10) and (11) respectively: ௅ܸܸଵ ൌ ݆ ߱ ܯ ܴ௟௢௔ௗሺ ሻ߱ଶ࡭ ൅ ݆ ሺ࡮ሻ߱ ൅ ሺࡰሻ (10) 

௟௜௡௞ߟ ൌ ܴ௟௢௔ௗ ߱ଶܯଶቀሺࡱሻܯଶ ൅ ܴ௅ଵܮଶଶቁ ߱ଶ ൅ ሺܴ௅ଵሺࡱሻଶሻ (11) 

where ࡭ ൌ ଶܯ െ ࡮  ଶܮଵܮ ൌ ࡯ ൅ ଵܴ௟௢௔ௗܮ ൌ ሺܮଵܴ௅ଶ ൅ ଵܴ௟௢௔ௗܮ ൅ ࡯ ଶ ܴ௅ଵሻܮ ൌ ଵܴ௅ଶܮ ൅ ࡰ ଶ ܴ௅ଵܮ ൌ ܴ௅ଵܴ௟௢௔ௗ ൅ ܴ௅ଵܴ௅ଶ ࡱ ൌ ܴ௟௢௔ௗ ൅ ܴ௅ଶ 
It can be inferred from the above set of equations and 

graphs shown in Fig. 2 that voltage gain is highly 
dependent upon coupling coefficient, ݇ ൌ ܯ ඥܮଵܮଶ⁄  , as 
well as quality factor ܳ௅ ൌ ሺ߱ܮሻ ܴ௅⁄ , which implies that 
effective resistance of the coupled coils (ܴ௅) must be as 
low as possible for maximum efficiency. 

C. Series tuned Primary Circuit 
Fig. 3a depicts an equivalent model with a series 

capacitor at primary side. This topology is a good example 
to analyze the effect of series resonance impedance on the 
link alone. Equations (7) and (8) are substituted with ܥଶ௣ ൌ ଶ௦ܥ & 0 ൌ ∞ . Resulting expressions for gain is 
given by: 

௅ܸ ଵܸൗ ൌ ݆ ଵ௦ܥ ߱ଶ ܯ ܴ௟௢௔ௗ൫ܥଵ௦ሺ࡭ሻ൯߱ଷ ൅ ݆൫ܥଵ௦ሺ࡮ሻ൯߱ଶ ൅ሺܥଵ௦ሺࡰሻ ൅ ଶሻ߱ܮ െ ݆ሺࡱሻ  (12) 

Link efficiency is same as that given by (11) which 
implies series impedance at primary side has no effect on 
link efficiency. It can further be deduced that resonance 
impedances incorporated at primary side in the design 
only effect the voltage gain but not the link efficiency. 
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(a) 

 
(b) 

 
(c) 

Figure 3: Series tuned primary circuit (a) Equivalent Model; (b) Voltage 
gain profile; (c) Link Efficiency profile of the equivalent topology 

D. Series tuned Secondary Circuit 
Fig. 4a depicts an equivalent model with a series 

capacitor at secondary side and no resonance at primary 
side. Equations (7) and (8) are substituted with ଶ௣ܥ ൌ0 & ܥଵ௦ ൌ ∞. Resulting expressions for voltage gain and 
efficiency are given by (13) and (14) respectively: ௅ܸܸଵ ൌ ሻ൯߱ଷ࡭ଶ௦ሺܥଶ௦߱ଶ൫ܥ௟௢௔ௗܴ ܯ ݆ ൅ ݆൫ܥଶ௦ሺ࡮ሻ൯߱ଶ ൅ሺܥଶ௦ሺࡰሻ ൅ ଵሻ߱ܮ െ ݆ሺܴ௅ଵሻ  (13) 

௟௜௡௞ߟ ൌ ܴ௟௢௔ௗݓସܥଶ௦ଶܯଶቀܥଶ௦ଶሺࡲሻቁ ߱ସ ൅ ሺࡳሻ߱ଶ ൅ ሺܴ௅ଵሻ (14) 

where ࡲ ൌ ቀܮଶଶܴ௅ଵ ൅ ࡳ ሻቁࡱଶሺܯ ൌ ൫ܥଶ௦ଶܴ௅ଵሺࡱሻଶ െ 2ܴ௅ଵܮଶܥଶ௦൯ 
Voltage gain and efficiency profiles with respect to ܴ௟௢௔ௗ  and coupling coefficient ݇ are shown in Fig. 4b and 

4c respectively. 

(a) 

 
(b) 

 
(c) 

Figure 4: Series tuned secondary circuit (a) Equivalent Model; (b) 
Voltage gain profile; (c) Link Efficiency profile of the equivalent 

topology 

(a) 

 
(b) 

 
(c) 

Figure 5: Series tuned primary and secondary circuit (a) Equivalent 
Model; (b) Voltage gain profile; (c) Link Efficiency profile of the 

equivalent topology 

E. Series tuned Primary and Secondary Circuit 
Combing the effects of two above topologies and 

resonating primary and secondary side with series 
capacitances, as shown in Fig. 5a, results in voltage again 
given by (15). ௅ܸܸଵ ൌ ܯ݆ ܴ௟௢௔ௗܥଵ௦ܥଶ௦߱ଷܥଵ௦ܥଶ௦ሾሺ࡭ሻ߱ସ ൅ ሺ࡮ሻ߱ଷ ൅ ሺࡰ ൅ ሻ߱ࡵሻ߱ଶሿെ݆ሺࡴ െ 1  (15) 

where H and I are given by: ࡴ ൌ ଵ௦ܥଵܮ ൅ ࡵ ଶ௦ܥଶܮ ൌ ሻࡱଶ௦ሺܥ ൅ ܴ௅ଵܥଵ௦ ൌ ଶ௦ሺܴ௅ଶܥ ൅ ܴ௟௢௔ௗሻ ൅ ܴ௅ଵܥଵ௦ 
Link efficiency for this topology is same that of series 

tuned secondary circuit i.e. (14) owing to the fact that 
primary resonance has no effect on link efficiency. 

F. Parallel Tuned Secondary Side 
Fig. 6a is a popular topology with a parallel resonating 

capacitor at the secondary side. Conditions applied to the 
generalized model are:  ܥଵ௦ ൌ ଶ௦ܥ ൌ ∞. Hmida et al. [2] 
has further exploited the design equations for efficiency 
and has concluded that the link efficiency as well as 
voltage gain module given by a secondary circuit tuned in 
parallel resonance is better than that given by a secondary 
circuit tuned in series resonance in the coupling zone 
experienced by practical medical implants (k<0.45). This 
can be verified by voltage gain and link efficiency 
expressions (16) and (17) as well as respective profiles 
depicted in Fig. 6b and Fig. 6c for this topology. ௅ܸܸଵ ൌ ߱ ܯ ܴ௟௢௔ௗܴ௟௢௔ௗ ሻ߱ଷ࡭ଶ௣ൣሺܥ ൅ ݆൫ሺ࡯ሻ െ ሺ࡭ሻ൯߱ଶ൧ ൅൫ܴ௟௢௔ௗሺࡶሻ ൅ ሺ࡯ሻ൯߱ ൅ ݆ሺࡰሻ  

(16) 

௟௜௡௞ߟ ൌ ߱ଶ ଶ௣ଶܥଶ ܴ௟௢௔ௗܴ௟௢௔ௗଶൣ൫ܯ ሺࡷሻ߱ସ൯ ൅ ሺܴ௅ଵሺࡸሻ ൅ ሻଶሻࡱሻ߱ଶ൧൅ሺܴ௅ଵሺࡲ  (17) 

where ࡶ ൌ ൫ܮଵ ൅ ܴ௅ଵܴ௅ଶܥଶ௣൯ ࡷ ൌ ሺܴ௅ଶ ܯଶ ൅ ࡸ ଶଶܴ௅ଵሻܮ ൌ ൫ܥଶ௣ଶܴ௅ଶଶ െ  ଶ൯ܮଶ௣ܥ2
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(a) 

 
(b) 

 
(c) 

Figure 6: Parallel tuned secondary circuit (a) Equivalent Model; (b) 
Voltage gain profile; (c) Link Efficiency profile of the equivalent 

topology 

G. Series Tuned Primary and Parallel Tuned Secondary 
Circuit 

Finally, series tuned primary circuit and parallel tuned 
secondary circuit as shown in Fig. 7a is an ideal topology 
due to its high voltage gain and efficiency characteristics 
at low coupling ranges and its close resemblance with the 
actual link if a power amplifier is used at the primary side. 
Derived expressions for this topology can be expressed as: ௅ܸܸଵ ൌ ܯ ଵ௦ ܴ௟௢௔ௗܥ ߱ଶቀܥଵ௦ܴ௟௢௔ௗܥଶ௣ሺ࡭ሻቁ ߱ସ ൅ ݆ሺࡹሻ߱ଷ ൅ሺࡺሻ߱ଶ ൅ ݅ ሺࡻሻ߱ ൅ ሺࡱሻ  

(18) 

where ࡹ ൌ ሻ࡯ଶ௣ሺܥଵ௦ܴ௟௢௔ௗܥ െ ࡺ ሻ࡭ଵ௦ሺܥ ൌ ሻ࡮ଵ௦ሺܥ ൅  ܴ௟௢௔ௗܥଶ௣ሺܴ௅ଵܥଵ௦ܴ௅ଶ ൅ ࡻ ଶሻܮ ൌ ܴ௅ଵܥଵ௦ሺࡱሻ ൅ ܴ௅ଶܥଶ௣ܴ௟௢௔ௗ ൅  ଶܮ
Link efficiency of this profile is given by (17); same 

that given by the parallel tuned secondary side, verifying 
the fact that adding series resonance at primary alters  

L1

RL1

V1

ZL1

C1s
k

L2

RL2

RloadVL

ZL2

C2p

(a) 

 
(b) 

 
(c) 

Figure 7: Series tuned primary and parallel tuned secondary circuit (a) 
Equivalent Model; (b) Voltage gain profile; (c) Link Efficiency profile of 

the equivalent topology 

voltage gain only and there is no difference in link 
efficiency. Fig. 7b and 7c show voltage gain and link 
efficiency profiles for this topology. 

Another advantage of this scheme is that a series-
resonant primary network requires lower input voltage 
swings due to nullification of the phase of the inductor 
and capacitor voltage at resonance [3]. 

III. RESONANCE CONDITION 
Fig. 8 shows efficiency and voltage gain profiles of the 

circuit given in Fig. 7a with series impedance at the 
primary and parallel impedance at the secondary side. The 
profile elucidates the effect of resonating impedances 
added at primary and secondary side on voltage gain and 
link efficiency. 

Resonance is achieved on the following condition: ݆߱ܮ ൌ 1 ൗܥ݆߱  
We designed an inductive link on the parameters given 

in Table I. Operating frequency was set at 2.5ݖܪܯ while ܴ௟௢௔ௗ ൌ  Maximum gain and efficiency peaks are .ߗ127
clearly evident at resonance condition from the graphs 
shown in Fig. 8. 

 
TABLE I. 

COIL PARAMETERS AT PRIMARY AND SECONDARY SIDE 
Primary Secondary 
L1=80µH L2=8µH 
RL1=2.5Ω RL2=1.4Ω 
C1s=5.07x10-10 C2p=5.07x10-10 

 

IV. CONCLUSION 
A generalized inductive link model to characterize all 

possible circuit realizations of a voltage driven inductive 
link has been reported. Generalized equations for this 
model as well as for different subsets of possible 
realizations has also been derived.  

With reference to the above derived relationships and 
graphs depicted in Fig. 2 – Fig. 8, following major results 
and conclusions are made: 
• Both Voltage Gain and Link Efficiency are highly 

dependent upon the coupling coefficient as well as 
Quality Factor of the coil. 

• Resonating the secondary circuit by either series or 
parallel resonance remarkably improves the link 
efficiency and voltage gain. 

• Resonance at primary side alters voltage gain only 
whereas resonance at secondary side alters both 
voltage gain and efficiency. 

 
(a) 

 
(b) 

Figure 8: (a) Efficiency and (b) Voltage gain profile of series tuned 
primary and parallel tuned secondary side elucidating the resonance 

condition. 
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• Series Resonating Capacitor at primary side alters the 
Voltage Gain Profile however shunt resonating 
capacitor has no effect on either the voltage gain or 
the Link Efficiency. 

These results imply that series resonating impedance at 
the primary side causes voltage across the primary coil to 
increase and therefore voltage developed at secondary 
side is increased proportionally. However, the ratio of 
voltage increase remains constant, i.e. link efficiency is 
unaltered. 
• Incorporating resonance impedances into the design 

results in more and more dependence upon the 
frequency. 

This result implies that resonance circuits make the 
final circuit band limited. Beside the advantage of better 
link efficiency and voltage gain, a requirement for 
efficient power transmission, they may not be suitable for 
wideband applications, which impose a serious constraint 
on data transfer. 
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