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a b s t r a c t

This paper introduces a novel and simple topology for an efficient, miniaturized, low power but high
data rate transmitter, suitable for implanted devices. The application envisaged is in capsular endoscopy,
where high quality images of the gastro-intestinal tract need to be transmitted continuously through the
ccepted 30 November 2008
vailable online xxx

eywords:
apsule endoscopy
igh data rate telemetry

human body to an external receiver. A 2 Mbps Frequency Shift Keying transmitter is developed, consuming
2 mW at 1.8 V, working at biocompatible frequencies.

© 2008 Elsevier B.V. All rights reserved.
SK modulation
ear-field antenna

. Introduction

At present several wireless capsule endoscopy systems are
vailable on the market (Given Imaging, Olympus EndoCap-
ule) [1]. Although appealing to the patient for comfort reasons,
hey lack three major properties: adequate image resolution
256 × 256 pixels), sufficient frame rate (2–7 frames per second
fps)), and the ability to move around in a controlled way through
he GI tract. These shortcomings hamper their breakthrough with
astro-enterologists, who still prefer the traditional endoscopes [2].

These limitations are a direct consequence of the finite energy
upply available in these capsular endoscopes. All of them being
attery powered, their lifetime is limited between 6 and 8 h, con-
uming 25 mW. The tight energy limit does not exist in the case of
nductive powering [3,25].

Without the energy constraint, a higher resolution sensor and
igher frame rates become possible. However, in order to get the
ass of image data outside the body to the receiver, a high speed

ata transmitter is required.

. Requirements

.1. Data rate
Please cite this article in press as: J. Thoné, et al., Design of a 2 Mbps FSK n
A: Phys. (2009), doi:10.1016/j.sna.2008.11.027

Modern wired endoscopes are already equipped with
igh-Definition (HD) CCD cameras, providing up to 30 fps at
920 × 1080 pixels per frame [4]. This resolution would require

∗ Corresponding author. Tel.: +32 16321108; fax: +32 16321975.
E-mail address: jef.thone@esat.kuleuven.be (J. Thoné).

924-4247/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.sna.2008.11.027
a raw Bayer data rate of 78 MByte/s. CCD image sensors are not
suitable for use in capsular endoscopes because of their high power
consumption compared to their CMOS equivalent.

HD resolution in wireless endoscopy, even highly compressed,
sounds like a fairy tale, for the simple reason that high data rate
and low power is hard to combine. It is a questionable prognosis if
the big advantage of patient comfort will surpass the need for HD
image resolution.

Compared to the presently used 256 × 256 pixel resolution, a big
improvement in image quality can already be obtained by using a
640 × 480 pixel (VGA) image sensor.

For 10 fps, which is a major step ahead of the current 2 fps, a raw
Bayer data rate of 3.84 MByte/s is required.

Still being too high for low power transmission, appropriate
compression algorithms have to be used to reduce the raw data
rates to acceptable levels suitable for low power transmission.

2.2. Compression

Image compression basically removes visually redundant infor-
mation from a picture or video stream, without exaggerated loss
of detail or introduction of compression artifacts. The (lossy) com-
pression algorithms are either based on removal of high frequency
image content (e.g. JPEG) or on removing redundancy from the
image colors [5]. A 20-fold compression can easily be reached with-
ear-field transmitter for wireless capsule endoscopy, Sens. Actuators

out disturbing artifacts or visual image degradation. This will relax
the data rate requirement to a more feasible 1.5 Mbps.

The choice of the compression engine is important at system
level design: depending on the type of compression more bulky
and power consuming RAM is needed.

dx.doi.org/10.1016/j.sna.2008.11.027
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:jef.thone@esat.kuleuven.be
dx.doi.org/10.1016/j.sna.2008.11.027
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.3. Carrier frequency and modulation

Little research has been done on the choice of the carrier fre-
uency for through-body wireless near-field transmission.

The paper of Johnson and Guy describes the attenuation of
lectromagnetic (EM) waves through the human body [6]. This
aper suggests to choose a relatively low (<200 MHz) carrier, as the
ttenuation increases exponentially with the carrier frequency. The
educed attenuation would lead to less required transmitted power.
t is currently not known if the same behavior can be expected for
ear fields, so it is hard to draw a definitive conclusion on the choice
f frequency.

The work of Chirwa et al. suggests using a carrier between
50 and 900 MHz for maximum radiation [7]. This work is based
n finite-difference time-domain (FDTD) simulations on a human
ody model, and does not include antenna loading effects. The same
ntenna model was used for all frequencies, which partly accounts
or the lower radiation intensities at lower frequencies. This work
onfirms the rapidly increasing absorption above 500 MHz, both for
ear- and far-fields, as described by Johnson [6].

The experiments of Wang et al. describe the in-vitro character-
zation of ingestible capsules for 30 MHz and 868 MHz [8]. They
onclude that the low frequency capsule is less influenced by sur-
ounding tissues, shows less orientation-dependent fading and a
igher signal to noise (S/N) ratio for a certain power consumption.

The research suggests to use a carrier below 500 MHz, although
here must exist a trade off between antenna size and wavelength.
or far fields, a higher carrier frequency would require a smaller
ntenna, so less occupied space inside the capsule. As we are
orking in, or close to the near-field region (the transmission and

eception antenna distance is smaller or equal to the wavelength), it
s not sure whether this trade-off is still valid. Near-field simulations
nd experiments will lead to an optimal choice of the carrier.

Governmental (FCC and ERO) regulations will eventually define
hich frequency band can be used [9,10]. Candidates could be

SM (433.05–434.79 MHz) or MICS (402–405 MHz), although the
efined bandwidth limits the maximum data rate.

Currently the 2 m amateur band (144 MHz) is used for data trans-
ission, as this limits the interference with other important bands.
FSK is chosen as modulation type, for its simplicity in modu-

ation and demodulation, and its inherent insensitivity to system
on-linearities.

.4. Antennas

The space around the transmitter antenna can be divided into
Please cite this article in press as: J. Thoné, et al., Design of a 2 Mbps FSK n
A: Phys. (2009), doi:10.1016/j.sna.2008.11.027

wo main regions as illustrated in Fig. 1: far field and near field.
In the far field, electric and magnetic fields propagate outward

s an electromagnetic wave and are perpendicular to each other
nd to the direction of propagation. The angular field distribution
oes not depend on r, the distance from the antenna. The fields are

Fig. 1. Field regions transmitter antenna.
 PRESS
tors A xxx (2009) xxx–xxx

uniquely related to each other via free-space impedance and decay
as 1/r.

In the near field, the field components have different angular
and radial dependence (e.g. 1/r3). The near-field region includes
two sub-regions: radiating, where the angular field distribution is
dependent on the distance, and reactive, where the energy is stored
but not radiated.

For antennas whose size is comparable to wavelength (as used
in UHF RFID), the approximate boundary between the far-field and
the near-field region is commonly given as r = 2*D2/�, where D is
the maximum antenna dimension and � is the wavelength. For
electrically small antennas (as used in LF/HF RFID and in this appli-
cation), the radiating near-field region is small and the boundary
between the far-field and the near-field regions is commonly given
as r = �/2�.

When the receiver antenna is located in the near field of the
transmitter antenna, the coupling between the antennas affects
the impedance of both antennas as well as the field distribution
around them. The equivalent antenna performance parameters
(gain and impedance) can no longer be specified independently
from each other and become position and orientation-dependent
[11]. In general, to calculate the power received by the receiver in
such a situation, one needs to perform a three-dimensional elec-
tromagnetic simulation of the near-field problem except when the
transmitter is small and does not perturb the field of the receiving
antenna.

The near field of a transmitter antenna can have several tangen-
tial and radial electric and magnetic field components which can all
contribute to coupling. Two ultimate cases are magnetic (inductive)
coupling and electric (capacitive) coupling.

In magnetic RFID systems, both receiver and transmitter anten-
nas are coils, inductively coupled to each other like in a transformer.
If the transmitter antenna is small, the coupling coefficient is pro-
portional to [12]:

C ∝ f 2N2S2B2˛

where f is the frequency, N is the number of turns in transmitter
coil, S is the cross-section area of the coil, B is magnetic field at the
transmitter and ˛ is the coil misalignment loss.

The primary coupling mechanism in near-field transmission can
be either magnetic (inductive) or electric (capacitive). Depending
on the environment, the field distribution can be affected by the
presence of various objects. Inductive coupled systems, where most
reactive energy is stored in the magnetic field, are mostly affected
by objects with high magnetic permeability. The magnetic per-
meability of biological tissue is practically equal to the magnetic
permeability of air.

On the other hand, capacitive coupling systems, where most
reactive energy is stored in electric field, are affected by objects
with high dielectric permittivity and loss. Since the body has high
epsilon, it seems that inductive coupling is much more efficient for
this kind of applications.

3. Design strategy

3.1. Transmitter

The first work on endoscopic telemetric capsules dates from
1957, where Mackay used a single transistor Hartley oscillator as
ear-field transmitter for wireless capsule endoscopy, Sens. Actuators

transmitter [13]. The capsule was used to measure gastric pres-
sures, where a pressure sensitive membrane connected to an iron
core modulated the oscillator inductance and thereby the oscilla-
tion frequency. The operating frequency of this device was in the
100 kHz range.

dx.doi.org/10.1016/j.sna.2008.11.027
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quency at DC modulation. The typical frequency deviation between
DATA = 0 and DATA = 1 is approximately 180 kHz.

The simulation results in Fig. 5 shows the modulated frequency
of the transmitter with the DATA input toggling at 2 Mbps. The
short nanosecond spikes are a result of the frequency measure-
ig. 2. Endoscopic capsule block diagram with 2 mW 2 Mbps transmitter schematic.

The transmitter developed in earlier work [14] was redesigned
uch that the power consumption dropped with 66% while dou-
ling the data rate. The transmitter consists of a single transistor
olpitts oscillator as shown in Fig. 2.The circuit is built up as a com-
on collector circuit, with the antenna connected to the collector

ide. The presented topology operates the transistor with a unique
ouble function: (1) it provides gain to the feedback loop to sustain
he oscillation and (2) it provides a cascode function at the collec-
or. During the capsule GI tract transit, the parasitic loads seen by
he antenna change continuously. The cascode limits the antenna
oad detuning of the LC tank, which greatly improves frequency sta-
ility, and therefore reception. FSK modulation is achieved through
odulation of the transistor base current. A change in the base cur-

ent causes a change in base-emitter voltage, which influences the
epletion layer width of the base-emitter junction. In this way the
ase-emitter capacitance is modulated, controlling the tuning of
he LC tank.

The maximal data rate of this transmitter is limited by the RC
ime constant of the Rdata resistor and the capacitance seen at the
ase. It is clear that from a frequency higher than 1/(Rdata*Cbase), the
odulation index decreases, because the injected base current is

horted in the base capacitance. Although the occupied bandwidth
ecreases, the S/N ratio decreases too, and robust demodulation
ecomes more difficult at faster modulation rates.

From experiments, the limit was found to be at 2 Mbps.
As stated earlier in the requirements, it is more beneficial to use

nductive near-field coupling for the transmitter–receiver system.
or that purpose a coil transmitter antenna was developed, which
as tuned to resonance around the transmitter frequency, using a

rimmable capacitor. The tuned regime (for maximum power out-
ut) was measured using a spectrum analyzer. The antenna was
esigned as a proof of concept, but not simulated or optimized. For
hat reason further optimization regarding coupling, coil layout and

atching is required in the future, when dedicated antennas will
e designed and simulated.

.2. Receiver

The receiver of [14] was reused, which is based on a SA639 IC
pplication note. It consists of an IF mixing system used in DECT
eceivers. The FSK modulated carrier is converted back to a serial
ata stream by mixing the IF carrier with a phase-shifted version
f itself. This results in a DC component containing the data and a
Please cite this article in press as: J. Thoné, et al., Design of a 2 Mbps FSK n
A: Phys. (2009), doi:10.1016/j.sna.2008.11.027

omponent at twice the IF frequency, which is attenuated using a
ow pass filter.

A 2 m low noise amplifier (LNA) was built and included in the
ystem, to improve the noise figure (NF) of the receiving system.
he SA639 receiver has a NF of 11 dB, where the LNA has NF of 3 dB
Fig. 3. FSK receiver setup showing USB interface, IF receiver, PLL, LNA and receiver
antenna.

with a gain of 20 dB. By including the LNA, the overall NF decreased
with 6 dB.

A tuned loop was used as receiving antenna, designed as a proof
of concept for near-field reception.

The received data is resynchronized in a hardware developed
data recovery system, written in VHDL and implemented in a Xilinx
Spartan XC3S200. When a synchronization pattern for a new image
frame is detected in the data stream, the data is buffered in a FIFO
and sent through USB to a PC. On the PC the image data is visualized
on the screen.

The receiver setup is depicted in Fig. 3, showing from left to right
the USB interface + data recovery, the FSK demodulation board with
the PLL below, and the LNA + loop receiver antenna.

4. Simulations

The transmitter circuit was simulated using ELDO [23], in order
to:

• optimize the component values to maximize the output power,
• optimize the component values for the correct carrier frequency,
• check for stable and fast start-up behavior,
• check the influence of parasitic (capacitive) load changes on the

output,
• optimize the frequency deviation depending on the DATA input.

The sweep simulation depicted in Fig. 4 shows the output fre-
ear-field transmitter for wireless capsule endoscopy, Sens. Actuators

Fig. 4. Modulator frequency vs. voltage at DATA input simulation.

dx.doi.org/10.1016/j.sna.2008.11.027
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Fig. 5. Output frequency at 2 Mbps modulation rate at DATA simulation.
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Fig. 7. Transmitted (bottom) and demodulated (top) data at 2 Mbps.

than most state-of-the-art transmitter circuits, see Table 1. Fig. 7
depicts the data output of the receiver together with the data from
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Fig. 6. Carrier sensitivity to parasitic load changes simulation.

ent algorithm. Note the exponential curves at each data edge.
his is the consequence of the base capacitance being (dis)charged
hrough the Rdata resistor. This RC time constant puts a limit on the

aximum achievable data rate.
An important advantage of this transmitter topology is the

nsensitivity of the frequency vs. load capacitance variations (Fig. 6).
The change in frequency is <0.15% for a change in capacitive load

f 20 pF. This is a huge improvement compared to [13], where the
Please cite this article in press as: J. Thoné, et al., Design of a 2 Mbps FSK n
A: Phys. (2009), doi:10.1016/j.sna.2008.11.027

utput frequency is directly proportional to the output capacitive
oad.

able 1
omparative table for capsule endoscopy image transmitter systems.

Power cons.
[mW]

Supply voltage
[V]

Carrier freq
[MHz]

Datara
[Mbps

arlink Tx in M2A capsule 5.2 2.6–3.2 403/434 2.7
arlink ZL70101 [15] 17.5 2.5–3.2 403/434 0.8
ordic nRF2401 [16] 37.8 1.9–3.6 2400/2500 1
hen et al. (2005) [17] 4 1.85 416 2
oom et al. (2004) [18] 1.8 0.9 433 0.1
hi et al. (2007) [19] 7.9 2.5 2400 1

toh et al. (2006) [20] 1.4 2 20 2.5
iu et al. (2007) [21] 19.5 1.5 400 1.5
ancock et al. (2007) [22] 9.7 1.8 1350–1750 2
urgis et al. (2007) [14] 6 1.7 120 1
his work 2 1.8 144 2
Fig. 8. VGA image sensor data serializer + optical link.

5. Measurements

The transmitter–receiver system functionality was initially char-
acterized using the setup as described in [24]. This setup showed an
unmodulated output power of −18 dBm at 50 �, for a supply volt-
age of 1.8 V. The power consumption is 2 mW at a modulation rate
of 2 Mbps, being equivalent to 15–20 VGA frames/s, using appropri-
ate compression. This results in a FOM of 1 nJ/bit, which is lower
ear-field transmitter for wireless capsule endoscopy, Sens. Actuators

the pseudorandom generator, showing that we are able to transmit
and receive a data stream a 2 Mbps.

te
]

Modulation
scheme

Output power
[dBm]

Energy/bit
[nJ/bit]

Transmitter
efficiency

MSK – 1.9 –
2FSK/4FSK −4.5 21.9 2.03%
GFSK 0 37.8 2.65%
BFSK −24 2.0 0.10%
BFSK −10 18.0 5.56%
ASK −23 7.9 0.06%
BPSK – 0.6 –
FSK −9 13.0 0.65%
FSK 3 4.9 20.57%
FSK – 6.0 –
FSK −18 1.0 0.79%

dx.doi.org/10.1016/j.sna.2008.11.027
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Fig. 9. Complete receiver setup with battery powered FSK transmitter, receiving
serial image data from the optical link.
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front-end circuits for bidirectional high data rate wireless telemetry in med-
ical endoscopy applications, IEEE Trans. Biomed. Eng. 54 (July (7)) (2007)
Fig. 10. Assembled FSK transmitter with coil antenna.

A more qualitative test setup was conceived in the meantime,
epicted in Figs. 8 and 9. The transmitted data is generated from
Micron MT9V013 VGA image sensor (Fig. 8 top board + sensor
ere provided by Vector partner Neuricam). As 30 VGA frames per

econd are continuously provided, and maximally 2 Mbps can be
andled by the transmitter, only one out of 30 frames is buffered in
DRAM, and then slowly released from the buffer (Fig. 8, bottom
oard). This leads to a data rate of 1.5 Mbps, or about 0.5 VGA fps
hich is fed to the transmitter. To avoid ground loops, or influ-

nce/crosstalk between the transmitter and the data generation
oard, a galvanic isolation between both is mandatory. A TOSLINK
ptical transmitter and receiver (TOTX147 and TORX147) were used
or this purpose, allowing complete galvanic isolation between the
ata source and the transmitter.

Fig. 9 depicts the functional transmitter/receiver setup, together
ith the GUI showing the received picture. Transmitter and receiver

re at a distance of about 20 cm. The big difference between [24]
Please cite this article in press as: J. Thoné, et al., Design of a 2 Mbps FSK n
A: Phys. (2009), doi:10.1016/j.sna.2008.11.027

nd this setup is the use of real VGA image data, as well as the
se of near field instead of far-field antennas. For these tests, the
ransmitter was battery powered by a 3 V coin cell.

[
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The transmitter measures only 0.42 cm2 which easily enables
integration into an endoscopic capsule. Fig. 10 depicts the assem-
bled FSK transmitter.

6. Conclusion

A simple, high data rate and low power transmitter is designed,
fabricated and measured. It enables a 4–5 times higher image
resolution (VGA instead of QVGA) and 15–17 fps for inductively
powered endoscopic capsules. This development greatly improves
the acceptation level by the surgeon, and will help to achieve correct
diagnosis for GI tract diseases.

Future improvements and measurements consist of improving
the Tx-Rx antenna system, full integration with a wireless powering
module and quantitative tests of the transmitter module, like Bit
Error Rate (BER) vs. distance and BER vs. transmission power.

More tests need be done on the functional integration of
an inductive powering module and transmitter, especially with
regards to harmonics of the inductive power link disturbing the
transmitted FSK spectrum.
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