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ABSTRACT
The Artificial Accommodation System (AAS) is a set of two
tiny active medical implants meant to replace and imitate
the natural eye lenses in case of cataract or presbyopia. The
implants require a continuous exchange of sensor data be-
tween both eyes to determine the object distance. In this pa-
per we present the design and characterization of a compact,
differentially fed, multi-turn loop antenna for a near-field
eye-to-eye communication link at 402–405MHz (MICS). The
bare antennas have a volume of just 1.1mm3 and exhibit a
bandwidth of 5.6%. The efficiency of the link was evaluated
by 4-port measurements using a customized head phantom.
The measured power transfer efficiency of −60.5 dB suggests
the wireless link to be reliable and energy-efficient.
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1. INTRODUCTION
Cataract and presbyopia are age-related phenomena that

ultimately lead to a loss of accommodation, i.e. the eye loses
its ability to focus on varying object distances. To restore
accommodation after cataract treatment or in the case of
presbyopia, the Artificial Accommodation System (AAS) is
being developed [3]. The AAS is a small-sized active lens im-
plant with a diameter of 10mm meant to be implanted into
the capsular bag of the eye, as depicted in Fig. 1. It consists
of an active optical element in the implant center, a sensor

Figure 1: Schematic drawing of the Artificial Ac-
commodation System (AAS) implanted into the cap-
sular bag of the eye [14].

system, a control unit, and an energy storage which will be
recharged once a day or less frequently by means of an in-
ductive link [11]. Additionally, a wireless eye-to-eye commu-
nication link between the two implants (distance d = 65mm
for an adult person) is required to determine the current
object distance. As a communication standard, the Medi-
cal Implant Communication Service (MICS, also known as
MedRadio) band at 402–405MHz was chosen. It provides
a good trade-off between high data rates and good signal
propagation through body tissue. Furthermore, MICS is
standardized by the ITU, has gained worldwide acceptance,
and transceiver ICs are commercially available. While re-
cent work primarily focused on the minimization of the com-
munication duty cycle on the MAC (media access control)
layer [1], this paper for the first time presents the progress
in antenna development of the AAS.
Due to severe space restrictions, existing MICS antennas

cannot be adapted easily to fit into the AAS. Additionally,
existing antennas are usually optimized with respect to their
gain or radiation efficiency [10]. Such far-field properties
are of minor importance to the application considered here.
Since the near-field condition d < λ/2π with λ being the
wavelength at 402–405MHz is satisfied [6], the antenna must
instead be optimized in terms of its near-field power transfer
efficiency. It is well known that the near-field of an elec-
trically small loop antenna is dominated by magnetic field
components [12]. As a result, the loop is less susceptible to
detuning by the body compared to electrical antennas and
absorption losses are smaller. Furthermore, loop antennas
can be miniaturized very well by realizing multiple turns.
For these reasons and because the shape of the AAS is ide-
ally suited for a circular antenna, the (magnetic) loop was



chosen as antenna principle.
In this paper we present the design and evaluation of a

compact multi-turn loop antenna for an inductive eye-to-eye
communication link between two autonomous lens implants.
Antenna design and simulation results are presented in Sec-
tion 2. A capacitor-based matching method was applied to
resonate the antenna in the MICS band when differentially
driven by a 100Ω transceiver (Section 3). Finally, mea-
surement results of fabricated antennas in a body phantom
environment are presented in Section 4. The results indi-
cate that the proposed antenna is suited well for the given
application.

2. ANTENNA DESIGN
The implant shape defines the maximum available area

for the antenna. Since the inner part of the implant is oc-
cupied by the optics, the minimum and maximum radii of
the antenna are 2.5mm and 4.5mm, respectively. A pla-
nar shape was chosen to occupy as little volume as possible
and to be compatible with established thin film manufac-
turing processes. Besides the loop radius, the number of
turns, n, the spacing between the turns, s, as well as the
conductor width, w, can be adjusted. Because of the chosen
fabrication process, the conductor height (9μm) and sub-
strate height (50μm) are fixed. Although the exact inter-
action mechanisms among all parameters cannot be under-
stood analytically, their qualitative effects will be summa-
rized quickly: Both increasing radius and increasing num-
ber of turns boost the magnetic field of the antenna. How-
ever, they also increase ohmic losses and decrease the self-
resonance frequency (SRF) of the loop. An increased con-
ductor width lowers the resistance, hence increasing the Q
factor. Finally, little spacing between the turns increases ca-
pacitive coupling between the turns and decreases the SRF.
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Figure 2: Q factor and impedance Z for the loop in
free space for n = 3, s = 200μm, and w = 50μm.

The design goal is an optimization of the Q factor, which
is defined as the ratio between stored magnetic energy in the
near-field and the total dissipated energy. For inductors the
common equation for Q, which is also adopted in this work,
is Q = Im(Z)/Re(Z), with Z being the complex impedance
of the inductor or loop. Usually, the maximum Q is achieved
well below the SRF [13]. A too high Q is disadvantageous

Figure 3: Left: Model of the symmetric loop with
pads for feeding; Right: Geometry of the different
simulation layers showing the antenna, encapsula-
tion, eye and head tissue.

only in cases where losses are very small and bandwidth
requirements would be violated as a result. However, this
will not be the case for such a small-sized implanted antenna
where additional losses arise due to high tissue conductivity.
We used CSTMicrowave Studio to determine the impedance

and Q values of the loop as a function of the parameters
mentioned above. For n = 3, s = 200μm, and w = 50μm,
Q = 66.5 was maximum at the target frequency around
400MHz in free space (Fig. 2). For simulations inside the
body, the antenna was encapsulated by a 150μm thick poly-
imide layer and was inserted 4.5mm behind the cornea into
the human eye (Fig. 3). Because the final implant design is
still subject to changes, a 250μm vacuum spacing between
antenna and capsule was assumed to avoid direct short-
ening of the turns. Both eye and head were modeled ho-
mogeneously with relative permittivity and conductivity of
69.0/44.1 and 1.53 S

m
/0.87 S

m
, respectively, at 400MHz (com-

pare Tab. 1). As expected, the SRF was lower in the lossy
medium and decreased from 970MHz to 833MHz. The re-
sistance increased significantly from 5.2Ω to 9.1Ω while the
reactance just slightly increased from 342.9Ω to 375.9Ω.

3. MATCHING
The proposed antenna will be fed differentially to elimi-

nate losses introduced by baluns and because of its better
capability to reject common mode interference signals [15].
In a currently developed demonstration system of the AAS,
the antenna will be connected to the Texas Instruments
CC1101 transceiver with a differential input/output resis-
tance of roughly 100Ω at 400MHz [16]. Thus, for the matched
antenna, ZM = 100Ω shall be the target impedance.
A very simple and space-saving method to match the an-

tenna while keeping its symmetry is to add a capacitor in
series with each leg of the antenna (CS) and an additional ca-
pacitor as shunt element (parallel capacitor CP ) between the
feeding points (Fig. 4). The shunt element transforms the
resistance to the desired value while the series elements com-
pensate for the resulting reactive part of impedance. Since
the combination of loop inductance and series capacitors
still yields a positive reactance, the matching circuit can be
considered an L network [4].
To determine ideal capacitor values, we first transformed

the differential network to an equivalent single-ended net-
work as described in [15]. Based on the results, the com-
mercially available capacitors CP = 12pF and CS = 2.4pF
were chosen. Figure 5 depicts the simulation results of the
matched antenna in free space and inside the body. The



Figure 4: Differential matching of the antenna with
three capacitors. The antenna is represented by the
loop inductance in series with a resistor summariz-
ing ohmic, radiation, and dielectric losses.

capacitors were modeled as lumped elements with an equiv-
alent series resistance (ESR) of 0.1Ω. It can be seen that
the reflection is lowest inside the body environment and the
resonance frequency drops by about 15MHz compared to
free space conditions.
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Figure 5: Simulated S11 parameters of the matched
antenna in free space, polyimide housing, and inside
the head model.

4. RESULTS

4.1 Measurement Setup
Several antennas (n = 3, s = 200μm, w = 50μm) were

fabricated on flexprint circuit boards as shown in Fig. 6.
The 50μm thick substrate is based on DuPont Pyralux AP
(polyimide) and the metallization was TiW/Au/Ni/Au with
a total height of 9μm. The area and volume required for the
bare antenna (excluding matching capacitors, solder pads,
and the inner cylinder that will accommodate the optics
later) are 17.2mm2 and 1.1mm3, respectively.
The pins of each antenna were soldered to a measurement

fixture made of two semirigid cables with a length of 70mm
to connect the antennas to a vector network analyzer (VNA).
The VNA used was the Agilent PNA-X N5247A where all
available four ports were employed to measure differential
reflection and transmission coefficients. In other words, two
physical ports of the VNA yield one logical port. According
to the theory of mixed-mode S-parameters [5], the differen-
tial (or odd mode) reflection coefficient, Sdd11, is calculated
as Sdd11 = 1

2
(S11−S12−S21+S22) with Sij being the single-

ended reflection and transmission coefficients referring to the
physical ports i and j. For a symmetric device, S22 = S11

and S21 = S12 [17] and we obtain

Sdd11 = S11 − S21. (1)

Figure 6: Matched antenna with fixture for mea-
surements.

Likewise, the differential transmission coefficient, Sdd21, of
two symmetric devices (S31 = S42 and S32 = S41 due to
symmetry) is calculated as

Sdd21 = S31 − S41 = η = PR/RT . (2)

Sdd21 directly gives the power transfer efficiency (i.e. nega-
tive path loss), η, of the two antennas where PT is the trans-
mitter and PR the receiver power. The employed VNA is ca-
pable of automatically deriving the mixed-mode S-parameters
from single-ended port measurements.

4.2 Head Phantom
The antennas were evaluated in a customized head phan-

tom [2] that is shown in Fig. 7. The phantom consists of
a polymer head shell filled with a head tissue-mimicking
fluid. The eyes are made of a 10% gelatin solution. The
permittivity and conductivity values of both head and eye
materials were adjusted by adding salt and sucrose. The ma-
terial composition and dielectric properties are summarized
in Table 1.

Table 1: Composition and dielectric properties of
the head- and eye-equivalent materials. The target
values from literature are given in brackets.

Head material Eye material
Composition Water 40.2 wt% Water 89.2 wt%

Sugar 56.3 wt% Gelatin 10.0 wt%
NaCl 3.5 wt% NaCl 0.8 wt%

εr 47.6 (44.1 [9]) 69.7 (69.0 [7])
σ[S/m] 0.84 (0.87 [9]) 1.41 (1.53 [7])

4.3 Measurement Results
In analogy to the simulations, the antennas were charac-

terized with and without encapsulation in free space and
inside the head phantom. Both the differential reflection
coefficients Sdd11/Sdd22 and the path loss Sdd21 were mea-
sured. For simplicity, the subscripts dd are omitted. Fig. 8
depicts the results. For reasons of clarity, the curves for the
encapsulated antenna in free space are not shown. However,
it may be noted that the measurement results of the an-
tenna with and without encapsulation in free space are very
similar. It can be seen that the simulation and measure-
ment results agree well, although the measured resonance
frequency is a few MHz lower and the antenna bandwidth
is a few percent higher than simulated. Our explanation is
that the real losses are higher than expected, e.g. due to tol-
erances in the fabrication process, solder joints or a higher



Figure 7: Experimental setup showing the head
phantom, antennas and the 4-port NVA.

ESR of the capacitors than assumed. This would explain
the higher bandwidth due to a lower Q and the fact that the
real antennas are better matched in free space than in the
head phantom.

From Fig. 8 it can also be seen that the path loss is lower
inside the body than in free space for both simulations and
measurements. This is remarkable since the body introduces
additional losses and (at least for the real experiments) the
antenna matching was poorer. However, the effect of en-
hanced magnetic fields close to the body surface were also
observed in other applications [8]. Considering the small
size of the antennas, the measured path loss of 60.5 dB in-
side the body is acceptable. Assuming a receiver sensitivity
of -95 dBm, a required SNR of 10 dB, and an additional loss
of 10 dB due to antenna mismatch and coil misalignments, a
minimum transmit power of -15 dBm would be required for
the eye-to-eye communication link of the AAS.

5. CONCLUSIONS
We proposed a miniature antenna for the near-field eye-

to-eye communication link of a novel lens implant system.
The antenna is based on a planar multi-turn loop matched
for differential feeding in the MICS band. A pair of antennas
was characterized inside a customized head phantom using
4-port measurements to derive differential reflection coeffi-
cients and the power transfer efficiency of the communica-
tion link. The achieved bandwidth of 5.6% and power trans-
fer efficiency of−60.5 dB show that the antenna is suited well
for application in the AAS.
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