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Investigation of a Microwave Data Telemetry
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Abstract—In this paper, we investigate a novel approach of
establishing a data telemetry link for a dual-unit retinal prosthesis
at microwave frequencies (1.45 and 2.45 GHz) using a pair of
microstrip patch antennas. Appropriately sized extraocular
(25 x 25 mm) and intraocular (6 X 6 mm) antennas are designed
to operate at both the frequencies using the finite-difference
time-domain method, and the coupling between them is exam-
ined computationally in the presence of a 0.25-mm resolution
human-head model. Good agreement between numerical and
experimental coupling results is shown and it is observed that the
eyeball acts as a dielectric lens for the implanted antenna, thus
improving the coupling between the extraocular and intraocular
antennas. Specific absorption rate (SAR) computations are also
performed at both the frequencies, and the peak 1-g SAR value is
calculated. Detailed analysis of the design issues of the antennas,
results of the numerical and experimental coupling measurements,
and SAR calculations are presented.

Index Terms—Antenna coupling, data telemetry, dosimetry,
retinal prosthesis.

1. INTRODUCTION

ROGRESSIVE loss of light-sensitive photoreceptors
Pof the retina lead to a severe loss of vision in patients
suffering from incurable retinal diseases like retinitis pigmen-
tosa (RP) and age-related macular degeneration (AMD). In
a healthy retina, photoreceptors generate a neural signal in
response to incident light, which is further processed by the
bipolar and ganglion cells before being delivered to the optical
nerve and visual cortex. In patients suffering from RP and
AMD, photoreceptors are almost completely absent, but the
cells to which they normally synapse (the bipolar and ganglion
cells) survive at high rates [1].

It has been clinically demonstrated that artificial electrical
stimulation of the surviving ganglion cells can elicit visual per-
ception in patients [2], [3]. An implantable retinal prosthesis can
be designed to replace the functionality of the missing photore-
ceptors by directly providing electrical stimulation to the next
surviving layer of retina (the bipolar and/or ganglion cell layer),
thus restoring partial vision in such patients. Two approaches
have mainly been proposed to achieve artificial electrical stim-
ulation, and they differ in the positioning of their electrode array
[4]. In the epiretinal approach, the implant array is positioned on
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the surface of the inner retina [5]-[7], while in the subretinal ap-
proach, the device is implanted between the pigment epithelial
layer and the outer layer of the retina [8], [9]. An entirely dif-
ferent approach to evoke visual perception-by direct stimulation
of the visual cortex is proposed in [10]. An extensive review of
these approaches is provided in [3]. It must be mentioned that
recent work [11] has shown that, in retinas of patients suffering
from RP and AMD, along with the loss of photoreceptors, there
could be a considerable degeneration and reorganization of the
retinal structure itself, which might impact the artificial stimu-
lation.

The retinal prosthesis system considered here is a dual-unit
epiretinal device with an extraocular and implanted intraocular
unit. The extraocular unit is comprised of the image capturing
and processing chips, an amplifier, and the primary coil.
The intraocular unit contains the secondary coil, rectifier and
signal-processing chips, and an electrode array [5]. Convention-
ally, power and data communication between the external and
internal units of such prosthetic devices has been accomplished
by a single low-frequency (2—-10 MHz) inductive link between
a pair of coils. In such an approach, the data signal modulates
the low-frequency power carrier. Recent work [12] shows that a
low-frequency inductive link can have sufficient bandwidth for
a 2-3-Mb/s data signal required for a 32 x 32 electrode array
(for a stimulation frequency of 60 Hz). Efforts are underway to
manufacture significantly more dense, ultra-thin, and flexible
electrode arrays, which fit neatly into the curvature of the retina
in the eyeball. It is anticipated that the data signal for such
dense electrode arrays will require a much larger bandwidth.
In such cases, mutually exclusive power and data transfer can
prove useful in providing a solution to transfer power at low
frequencies while establishing a high-bandwidth data link at
microwave frequencies. Data communication at microwave
frequencies (1-3 GHz) using a pair of external and internal
microstrip patch antennas can provide higher bandwidth and is
a viable alternative, as computationally demonstrated in [13].

In this paper, the feasibility of a microwave data telemetry
link employing an extraocular and implanted intraocular an-
tenna is demonstrated both computationally, as well as exper-
imentally (with the use of phantoms) in two frequency bands
at 1.45 and 2.45 GHz. Appropriately sized microstrip patch an-
tennas are designed and implemented to operate as extraocular
and intraocular antennas at both frequency bands [14]. The in-
fluence of the head and eye on the coupling between the an-
tennas is characterized, and it is observed that the eyeball acts
as a dielectric lens and improves coupling performance. Com-
putationally, the data link is characterized for a maximum trans-
mitted power of 50 mW. Considering the worst case coupling
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Fig. 1.

efficiency between the antennas (—45 dB at 1.45 GHz), and the
extremely sensitive RF front-end receivers available (—50 dBm
and higher), the extraocular antenna is not expected to transmit
more than 50 mW. Hence, the specific absorption rate (SAR)
computations are performed for a radiated power of 50 mW in
both the frequency bands. The evaluated SAR values are within
the safety limits specified in the IEEE/American National Stan-
dards Institute (ANSI) Standard [15].

This paper is organized as follows. Section II describes the
antenna design and implementation issues in both frequency
bands. A brief description of the head model used and the com-
putational method and domain employed is provided in Sec-
tion III. The setup for experimental measurements is described
in Section IV. The influence of the eye model on the antenna
characteristics and the corrective measures employed are dis-
cussed in Section V. Coupling results and SAR computations at
both frequency bands are presented in Section VI and, finally,
Section VII presents conclusions.

II. ANTENNA DESIGN

Owing to the nature of the application, the transmitting
and receiving antennas must be very compact, robust, and
lightweight. Thus, microstrip patch antennas [16], [17] were
selected. The extraocular antenna was designed to have di-
mensions within 25 x 25 mm to fit on a pair of glasses to be
worn by the patient, while the intraocular antenna was to be
designed with dimensions less than 6 X 6 mm to accommodate
it within the ciliary muscles of the eye (held by the zonules
in place of the lens)—approximately 6—7 mm posterior to the
cornea. At both the frequency bands, a pair of extraocular and
intraocular antennas were designed within the above-stated
dimensions using an in-house finite-difference time-domain
(FDTD) code. For this study, all the antennas are designed
with a high dielectric constant of ¢, = 9.2 and a thickness of
h = 0.5 mm.

A. Frequency Band at 1.45 GHz

Several size-reduction techniques—as outlined comprehen-
sively in [18]—were employed to design the compact extraoc-
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(b)

Photographs showing the fabricated extraocular and intraocular antennas at both the frequency bands. (a) 1.45 GHz. (b) 2.45 GHz.

ular and intraocular antennas. The extraocular antenna was de-
signed by incorporating a pair of vertical slots along the nonra-
diating edges of the antenna. By varying the length of the slots,
the desired compactness was achieved and the antenna dimen-
sions were restricted to 25 x 25 x 0.5 mm. For the intraocular
antenna, to facilitate its embedding in the eye ball, it was essen-
tial to restrict its size approximately to within 6 x 6 x 0.5 mm.
A symmetric array of slots were etched out from the surface and
a single shorting post was used near the feed point to resonate
and match the extremely compact intraocular antenna. The im-
plemented extraocular and intraocular antennas are shown in
Fig. 1(a), while Fig. 2(a) details the design parameters for the
intraocular antenna.

B. Frequency Band at 2.45 GHz

For the same dimensions of the extraocular and intraocular
antennas, the degree of compactness required at 2.45 GHz is
less than that required at 1.45 GHz. Thus, with dimensions of
25 x 25 x 0.5 mm, a simple patch antenna was designed to
operate as the extraocular antenna at 2.45 GHz. The array of
slots used on the 2.45-GHz intraocular antenna was identical to
that of the 1.45-GHz intraocular antenna, but since the required
compactness was lower, the length of the slots was reduced
for the 2.45-GHz intraocular antenna. Also, two shorting posts
were introduced symmetrically with respect to the feed location
to achieve matching for the 2.45-GHz intraocular antenna.
Fig. 1(b) shows a photograph of implemented extraocular and
intraocular antennas in this frequency band. Fig. 2(b) shows the
design parameters for the intraocular antenna. The parameter
specifics for Fig. 2(a) and (b) are listed in Table I.

As seen from Fig. 2(a) and (b), the proposed designs facili-
tated slight variations in the width of the shorting post/s and in
the length of slots. Such modifications had to be incorporated
at both frequency bands (both in FDTD simulations, as well as
after implementation) to match the intraocular antenna’s reso-
nance frequency to that of the extraocular antenna. Also, due
to tolerances involved during actual fabrication, the realized an-
tennas resonated at 1.4 and 2.37 GHz instead of the computa-
tionally designed 1.45 and 2.45 GHz, respectively. For the re-
mainder of this paper, to maintain consistency of notation, the
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Fig. 2. Design parameters for the intraocular antennas at both frequency bands. (a) 1.45 GHz. (b) 2.45 GHz.

TABLE 1
PARAMETERS DEFINED IN FIG. 2 FOR THE PROPOSED INTRAOCULAR ANTENNA DESIGN AT BOTH
THE FREQUENCY BANDS (ALL DIMENSIONS IN MILLIMETERS)

Intraocular antenna S L la Iy ls Wq | Wp | We Ws m
1.45 GHz 6.25 | 575 | 425 | 225 | 075 | 0.5 | 0.5 | 0.5 - -
2.45 GHz 6.25 | 5.75 3.5 1.5 [ 0751 05 | 05 ] 05 | 1.25 | 0.75

antennas will be referred to as belonging to the corresponding
1.45- or the 2.45-GHz band, and it should be understood that,
for the experimental results shown, the implemented antennas
actually operated at 1.4 and 2.37 GHz.

III. HUMAN-HEAD MODEL AND FDTD MODELING

The data for the head model was obtained in the form of
cross-sectional slices of 1-mm resolution from the National Li-
brary of Medicine (NLM) “Visible Man Project.”! In this ap-
plication, since it was essential to represent the tissues of the
eye and head with a high degree of detail, the head model was
discretized further—to reach a spatial resolution of 0.25 mm
(64 times the original one) using a method of interpolation in
all three dimensions [13]. The detailed features of the eye were
represented as described in [5], and the dielectric properties of
the body tissues at the frequencies of 1.45 and 2.45 GHz were
obtained from the online database compiled by Gabriel.2 The di-
electric properties of those tissues not explicitly available from

IThe National Library of Medicine, Bethesda, MD [Online]. Available:
http://www.nlm.nih.gov/research/visible/visible_human.html, 2000.

Dielectric ~ properties of  body [Online].
http://safeemf.iroe.fi.cnr.it/tissprop/

tissue. Available:

the online database were obtained as mentioned in [5]. For the
coupling performance and SAR computations, a portion of this
head model was extracted and used in the computational do-
main, as shown in Fig. 3(a).

A three-dimensional D-H formulation of the FDTD method
[19] has been employed with a uniform cell grid of 0.25-mm
resolution to compute the performance of the data telemetry link
in the presence of the head model. A material-independent per-
fectly matched layer (PML) is used as an absorbing boundary
condition so that the model can be immersed in the PML layers,
as mentioned in [20]. The lens of the eye is removed from the
head model (to be consistent with the actual intended surgical
procedure) and the intraocular antenna is encapsulated with a
thin 1-mm-thick insulating layer and embedded in its place as
shown in the cross-sectional image of Fig. 3(b). The extraocular
antenna is modeled corresponding to its position on a pair of
glasses at a distance of approximately 25 mm from the intraoc-
ular embedded antenna. At both the frequency bands, FDTD
computations were performed to determine the coupling be-
tween the extraocular and implanted antennas in these positions.
SAR computations were also carried out within the same com-
putational model at 1.45 and 2.45 GHz to determine the extent
of power deposition in the head and eye tissues due to operation
of the data telemetry link.
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Fig. 3. Head model used in the FDTD computational domain. (a) 3-D
rendering of the three-dimensional model. (b) Horizontal cross-sectional slice
through the center of the eyeball.

IV. EXPERIMENTAL SETUP

For coupling measurements in free space, both the antennas
were fixed on a pair of clamps and were connected to an HP
8510C network analyzer. The extraocular and intraocular an-
tennas were oriented on the same axis facing each other in their
broadside direction. Coupling measurements as a function of
free-space separation and angular separation were performed in
both frequency bands at 1.45 and 2.45 GHz.

The effect of misalignment on the coupling performance of
the link was also investigated. To this objective, the distance
of separation between the antennas was maintained constant
(at approximately 25 mm) and a set of coupling measurements
were taken as a function of the angular separation between the
two antennas. At each frequency band (1.45 and 2.45 GHz),
two cases were considered for the coupling measurements. In
the first case, the extraocular antenna was rotated along a path,
which was symmetrical about the shorting post of the intraoc-
ular antenna, while in the second case, the rotational path was
asymmetrical to the shorting post of the intraocular antenna.

To assess the performance of the data telemetry link in pres-
ence of the eyeball (with the intraocular antenna immersed in the
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eyeball), an eye phantom was realized by a thin plastic sphere
filled with a liquid simulating the properties of the vitreous
humor. To simulate the electrical properties of vitreous humor,
a fluid with a composition of water and appropriate propor-
tions of sugar and salt was developed. Two different vitreous
humor simulant fluids were developed to closely simulate the
electrical properties (dielectric constant and conductivity) of vit-
reous humor at 1.45 and 2.45 GHz . The electrical properties of
the fluid were determined by using a coaxial probe and a tech-
nique described in [21].

To ensure stable position during measurements, this eye
phantom was snugly fit into a circular hole cut out of a square
styrofoam sheet. A slice was removed from the top of the eye
phantom to make the right sized opening for immersing the
encapsulated intraocular antenna. To prevent any contact with
the fluid vitreous humor simulant in the eyeball, the intraocular
antenna (along with the coaxial cable connecting it) was
encapsulated in a thick plastic sheath. The extraocular and in-
traocular antennas were fixed on two supports and clamped on
a vertical scaled bar. The encapsulated antenna was immersed
into the eye phantom to the approximate depth required. With
this setup, coupling measurements were taken as a function of
separation between the extraocular and intraocular antennas.

V. INFLUENCE OF THE EYEBALL ON INTRAOCULAR
ANTENNA CHARACTERISTICS

When the encapsulated intraocular antenna is immersed in
the eye phantom filled with humor simulant fluid, due to the
dielectric loading effect, the antenna is de-tuned [22]. The res-
onant frequency gets lowered and the return loss degrades due
to an inductive effect in its impedance characteristics. The di-
electric loading effect is more pronounced at the higher fre-
quency band of 2.45 GHz. Thus, for experimental measure-
ments in the presence of the model, a new set of intraocular
antennas had to be implemented, accounting for the inductive
loading effect due to immersion in the eye phantom. The new
intraocular antennas were designed so that they exhibit capaci-
tive behavior at the desired extraocular antenna frequency in free
space. To this end, the intraocular antennas, as shown in Fig. 2(a)
and (b), were modified by altering the widths of the shorting
posts to make them capacitive in free space. This ensured that
when these modified intraocular antennas were immersed in the
eye phantom, the inductive dielectric loading influence would
re-tune them (resonant with good impedance matching) to the
desired frequency of the extraocular antenna. Henceforth, in
this study, these modified intraocular antennas are termed as re-
designed intraocular antennas.

Fig. 4(a) and (b) shows the impedance characteristics of
the redesigned intraocular antenna (in free space and after
immersing in the eye phantom) and that of the transmitting an-
tenna in the 1.45-GHz band. It is shown that, in free space, there
is an offset of 15 MHz between the resonant frequencies of the
redesigned intraocular antenna and the transmitting antenna.
However, when the redesigned intraocular antenna is immersed
in the eye phantom, its resonant frequency matches that of the
transmitting antenna at 1.4 GHz. Similarly, Fig. 4(c) and (d)
shows the impedance characteristics for the intraocular antenna
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Fig. 4. Experimental measurements showing the influence of the eye model on the impedance characteristics of the intraocular antenna; While the redesigned
intraocular antenna is de-tuned in free space, it resonates at the same frequency of the transmitting antenna when immersed in the eye model. (a) Smith-chart
characteristics in the 1.45-GHz band. (b) Return-loss characteristics in the 1.45-GHz band. (¢) Smith-chart characteristics in the 2.45-GHz band. (d) Return-loss

characteristics in the 2.45-GHz band.

in the 2.45-GHz band. In this case, due to the pronounced effect
of dielectric loading, the intraocular antenna was redesigned to
exhibit substantial capacitive behavior in free space so that the
inductive influence when immersed in the eye phantom leads to
a good matching at the desired extraocular antenna frequency.

VI. RESULTS AND DISCUSSION

A. Coupling Between the Two Antennas

Numerically, due to the length of the simulations, coupling
was computed only for a fixed separation of 25 mm between
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TABLE 1I
COUPLING PERFORMANCE AT A SEPARATION OF 25 mm AT BOTH
FREQUENCY BANDS (1.45 AND 2.45 GHz)

Frequency | Free Space (dB) | Eye Phantom (dB)
band Num. Exp. Num. Exp.
145GHz | —41.5 | —425 | —34.6 —37.2
245 GHz | —28.9 | —32.0 | —274 —31.1

the extraocular and intraocular antennas. These computations
were performed at both the frequency bands in free space, as
well as in the presence of the eye model. Experimentally, both
in free space and in the presence of the eye model, coupling was
observed as a function of broadside separation between the two
antennas at both frequency bands. Measurements with respect
to angular separation (to determine the effect of misalignment)
were obtained only in free space. Numerical and experimental
coupling results were compared for the separation of 25 mm
between the two antennas in free space and in the presence of
the eye model.

In the 1.45-GHz frequency band, at a separation of 25 mm in
free space, the numerically computed coupling was —41.5 dB
and the experimentally observed value was —42.5 dB. When the
intraocular antenna was embedded in the eye model, numeri-
cally computed coupling increased to —34.6 dB, while experi-
mentally, the measured coupling was —37.2 dB. Numerical and
experimental results are in close agreement, and the increase in
coupling in the presence of the eye model suggests that the eye
ball acts as a dielectric lens for the intraocular antenna and ac-
tually improves the coupling performance.

In the 2.45-GHz band, again at a separation of 25 mm be-
tween the antennas, in free space, the numerically computed
coupling was —28.9 dB and, experimentally, it was observed to
be —32.0 dB. In the presence of the eye model, there was a slight
increase in coupling. Numerically, it increased to —27.4 dB,
while the experimentally measured value was —31.1 dB. It is
seen that, due to the dielectric lens effect of the eye ball, cou-
pling at 1.45 GHz improved significantly by 4-6 dB, while at
2.45 GHz, the improvement was less, around 1-2 dB. Also, it is
observed that, at a separation of 25 mm, coupling at 1.45 GHz
is lower than that at 2.45 GHz. This may be attributed to the
fact that, for the same sized antennas, at 1.45 GHz, the greater
compactness deteriorates the antenna efficiency, thus degrading
the coupling performance. The coupling performance at 25-mm
separation is summarized in Table II.

Fig. 5(a) and (b) compares the coupling performance at both
the frequency bands at a separation of 25 mm in free space and
in the presence of the eye model. Numerically as well as exper-
imentally, an improvement in coupling is observed (4—6 dB at
1.45 GHz and 1-2 dB at 2.45 GHz) when the intraocular antenna
is immersed in the eye model. The discrepancy between the nu-
merical and experimental frequencies of operation is due to the
fact that the implemented antennas (for experimental results)
operated at alower frequency (as explained earlier in Section II).
Besides this, as seen in Fig. 5(b), there is also a slight discrep-
ancy between the experimentally obtained curves for free space
and in the presence of the eye model. This is due to the fact that,
for measurements in the presence of the eye model, the antennas
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Fig. 5. Improvement in coupling performance at 25-mm separation

(experimental and numerical) in the presence of the eye model. (a) 1.45 GHz.
(b) 2.45 GHz.

were redesigned (as explained in Section V) and, on implemen-
tation, operated at a lower frequency than those in free space.

Fig. 6(a) and (b) compares the experimentally observed cou-
pling as a function of the distance of separation both in free
space, as well as in the presence of the eye model at 1.45 and
2.45 GHz, respectively. At 1.45 GHz, for all distances of separa-
tion examined, observed coupling with the intraocular antenna
embedded in the eye model is higher than that in free space,
while at 2.45 GHz, for separation less than 26 mm, coupling in
the presence of the eye model is higher, but it falls below the
corresponding free space values beyond 26 mm.

Fig. 7(a) and (b) shows measured coupling as a function
of angular orientation between the two antennas for 1.45 and
2.45 GHz, respectively. At both frequency bands, when the
extraocular antenna is rotated symmetrically with respect to the
shorting post of the intraocular antenna (shown as the ¢ = 0°
case), the coupling is maximum at broadside and symmetric on
either side of the broadside direction. For asymmetric rotation
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Fig. 6. Comparison of coupling in free space and in presence of the eye model
as a function of separation. (a) 1.45 GHz. (b) 2.45 GHz.

(shown as the ¢ = 90° case), coupling improves away from
the broadside direction, thus indicating that with a particular
orientation of the antennas, the wireless link can be made quite
robust to misalignment.

We observed, as expected, that the coupling is very sensitive
to the intraocular antenna’s depth of immersion in the eye
model. Moreover, the intraocular antenna (which has been
redesigned to account for the dielectric influence) operates
with good impedance characteristics for only a specific range
of depth of immersion (for experimental measurements) and,
therefore, its positioning at the proper depth in the eye model
was essential to ensure good matching at the desired frequency.

B. SAR Computations

Electromagnetic energy gets deposited in the eye and sur-
rounding head tissues due to the operation of the wireless data
telemetry link. Computations to quantify the power deposited
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Fig. 7. Coupling as a function of angular separation at a fixed distance of
25 mm (for symmetrical and asymmetrical rotation of extraocular antenna with
respect to the shorting post of intraocular antenna). (a) 1.45 GHz. (b) 2.45 GHz.

TABLE III
COMPUTED SAR AT BOTH FREQUENCY
BANDS (1.45 AND 2.45 GHz)

Frequency | Peak 1-g
(GHz) (W/kg)
1.45 0.985
2.45 1.158

in terms of the SAR were performed at both frequency bands.
As mentioned in Section I, due to the sensitivity of receiver
architectures that can be employed (to further process the re-
ceived signal from the intraocular antenna), the transmitter an-
tenna is not expected to radiate more than 50 mW. Hence, the
SAR values were normalized to a maximum transmitted power
of 50 mW. Peak 1-g SAR values were calculated to determine
compliance with the IEEE/ANSI stipulated guidelines.

It is observed that maximum power deposition takes place in
the forehead region for both frequency bands. This is attributed
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to the fact that the radiating extraocular antenna is closest to
the forehead in the head model. At 1.45 GHz, a computed peak
1-g SAR of 0.985 W/kg and, at 2.45 GHz, a peak 1-g SAR of
1.158 W/kg was observed, as summarized in Table III. Thus,
at both frequency bands, for a maximum power transmitted of
50 mW, the SAR values do not exceed the IEEE/ANSI guide-
lines [15].

VII. CONCLUSION

An investigation of a data telemetry link for retinal prosthesis
employing microstrip patch antennas has been performed and
the feasibility of this novel approach is demonstrated both nu-
merically and experimentally. In this study, the data telemetry
link is established at two frequencies of 1.45 and 2.45 GHz by
designing appropriately sized extraocular and intraocular patch
antennas. Coupling performance of the link is examined both
numerically and experimentally in free space, as well as with
the intraocular antenna embedded in an eye phantom.

At a separation of 25 mm, in the frequency band of 1.45 GHz,
experimentally, the coupling was measured to be —42.5 dB in
free space, and it improved to —37.2 dB when the intraocular
antenna was immersed in the eye phantom. At 2.45 GHz, the
corresponding experimental free-space coupling was —32.0 dB,
and it improved to —31.1 dB in the presence of the eye phantom.
Numerical and experimental values agreed well for all cases at
a separation of 25 mm. The results suggest that the eye ball
acts as a dielectric lens and improves the coupling performance
of the wireless link. Computed peak 1-g SAR at 1.45 GHz is
0.985 W/kg and, at 2.45 GHz, is 1.158 W/kg and, hence, are
within the IEEE stipulated limit of 1.6 W/kg.

Improvement in the coupling performance due to the dielec-
tric lens effect of the eyeball indicates that, for some biomedical
applications, a microwave telemetry link can be established de-
spite the high absorption of microwaves in the human body.
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