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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

L.

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
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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.

1I. 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. la
and Fig. 1b respectively. L; and L, represent inductive
coils at primary and secondary side with their effective
series resistances R;; and R;,. Z;5 and Z, are the series
resonance impedances (capacitors) whereasZ;, and Z3,
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.

Iy = lpp +1i (D
Zns = 1/(jwCrs) (2)
Zy = joM = jwk\[L,L, (3a)
Zin = (Jwly + Rpp) (3b)
Zioad = ZZp“Rload €Y
(n =1 - primary;n = 2 - secondary)
Vi = (Zys + Z11)i — Zyly C))
Vi = —=(Zas + Z12)in + Zyly (5)
VL = Ripaals = Zioaalz (6)
VL ZMZload (7)

v, (Zys + Z11) Zys + Z1z + Zipaa) — Ziy
. Vl + ZM(VL/Zload)
! Zys + 71

®)

Miink =
Re[V,I}] _ Re[V,(V./Ripaa)"] _ IV1?/Rioaa &)

Re[ViI;1  Re[Vi].Re[I;] ~ Re[Vi].Re[l:]

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
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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:

VL _ jw M Rload
k- : (10)
Vi (Aw?+j (B)w + (D)
Rload szz
Mink = 2 (11
((E)Mz +Ryq1L, )wz + (R (E)?)
where
A = M2 - L1L2

B = C+ LiRipaa = (L1R1z + LiRigaa + Lz Ri)
C=LR,+ LR},

D = Ry 1Ripqa + RiaR1,

E = Ripaq + Ry,

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, k = M /,/L,L, , as
well as quality factor Q, = (wL)/R,, which implies that

effective resistance of the coupled coils (R;) 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
Czp = 0 & Cys = 0. Resulting expressions for gain is
given by:

Vi, _ J Cis @® M Ripaq
/v, =

(Cis()w? + j(Crs(B))w? + (12)

(C15(D) + Ly)w — j(E)

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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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 withCy, =
0 & C;5 = oo. Resulting expressions for voltage gain and
efficiency are given by (13) and (14) respectively:

VL ] M RloaalCZSw2

Vi (Cps(A)w? + (Coy(B))w? + (13)
(Cos(D) + L)w — j(Ry1)
RloaalWA‘CZSZIVI2
(14)

Mink =
(C:2(P) w0 + (O + (Ryy)

where
F= (LZZRL1 + MZ(E))

G= (CZSZRLI (E)* - 2RL1L2625)

Voltage gain and efficiency profiles with respect to
Rj0qa and coupling coefficient k are shown in Fig. 4b and
4c respectively.
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Figure 4: Series tuned secondary circuit (a) Equivalent Model; (b)
Voltage gain profile; (c) Link Efficiency profile of the equivalent
topology
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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).

ﬁ _ ]M RloadCISCZSw3
Vi CiCu[(@w* + (B)w3+ (D + Hw?] (15
—jDw -1
where H and I are given by:

H = Llcls + LZCZS
I = Cy5(E) + R4 Cis = Cos(Rpz + Ripaa) + RiaCis
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: C;; = C,5 = . 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. 6¢ for this topology.

VL wM Rload

Vi Ripaa Copl@@® +((0) — @)w?] +  (16)
(Rload (]) + (C))w +j(D)
_ wz MZ Rload
Mink = g 2 [(Cop? K0 + Rz (L) + Pw?] (17
+(Ry1(E)?)
where

J= (L1 + RLlRLZCZp)
K = (R, M?* + LzzRu)
L= (CzszLzz - 2C2pL2)
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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:

VL Cls Rload M w?

71 (ClsRloadCZp(A)) w4 +j(M)w3 + (18)
N)w?+i(0)w + (E)

where
M = CisRipaa C2p (€) — C5(4)
N = C15(B) + RipaaCop(R11CisR12 + L)
0 = R4 Cy5(E) + Ry5CopRi000 + Ly
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

pe Ci
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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:

Jol = 1/ JjwC
We designed an inductive link on the parameters given
in Table I. Operating frequency was set at 2.5MHz while
Ripaq = 1270. Maximum gain and efficiency peaks are
clearly evident at resonance condition from the graphs
shown in Fig. 8.

TABLE L
COIL PARAMETERS AT PRIMARY AND SECONDARY SIDE
Primary Secondary
LI:S()‘IIH LZ:&L[H
RL1:2.5Q RL2:1.4Q

C,=5.07x10"" Cy,=5.07x10""

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:

e Both Voltage Gain and Link Efficiency are highly
dependent upon the coupling coefficient as well as
Quality Factor of the coil.

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

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

(@ (®)
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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e 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.

e 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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