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Abstract: Wireless body area communication technology is attracting much attention in healthcare and medical applications. For
reliable and high-speed implant transmission, we previously developed an in-body transceiver at around 30 MHz. However, as the
distance between the transmit antenna and the receive antenna gets longer, its bit error rate (BER) performance gets deteriorated.
This is because that an implant channel can cause severe waveform distortion and consequent inter-symbol interference (ISl).
Meanwhile, equalizing technique provides a powerful means to counteract ISI. In this study we developed an automatic equalizer
for the 30 MHz band implant communication. Moreover, we implemented the equalizer on a field programmable gate array (FPGA)
board, and evaluated the BER performance with a biological-equivalent liquid phantom. The measurement result shows that our

developed equalizer can significantly improve the communication performance in the implant channel.

1 Introduction

Wireless body area communication technology is drawing great
attention in the fields of medical treatment and healthcare. Gener-
ally, it can be classified into two categories: on-body communication
and in-body or implant communication [1]. One typical application
of implant communication is capsule endoscope to deliver real-time
image/video of small intestine. Capsule endoscopes usually employ
400 MHz band with narrow-band modulation schemes and their data
rate is limited to several hundred kbps [2]. From the perspective of
implant applications, a data rate as high as several Mbps is strongly
required at a high reliability. One attempt has been made to employ
ultra wide band (UWB) low band to improve the communication
speed, but it suffers from the very large signal attenuation inside
the human body [3]. Therefore, we newly proposed to employ the
extremely weak radio band at 10~60 MHz as a promising candidate
of physical layer for implant communication [4][5]. This is because
the 10~60 MHz band exhibits less propagation loss in the human
body compared to the higher frequency bands. Moreover, the use
of wideband impulse radio (IR) modulation makes it possible to
communicate with high speed and low power consumption. In our
previous study, we have developed an impulse radio - on off key-
ing (IR-OOK) transceiver using register transfer level (RTL) design
tool on a field programmable gate array (FPGA) board, and eval-
uated the bit error rate (BER) performance of the transceiver with
a biological-equivalent liquid phantom. However, as will be shown
later in Section 2, the implant communication channel can cause
serious waveform distortion and consequent inter-symbol interfer-
ence (ISI). As the distance between the transmit antenna and the
receive antenna got longer, the BER performance was found to get
deteriorated. In view of the effectiveness of equalizing technique in
mitigating ISI, we aim to newly develop an automatic equalizer in
our transceiver in this study for further improving the performance
of our 30 MHz band transceiver.

2 Transceiver Structure and ISI Mitigation

Fig. 1 shows the block diagram of the in-body IR transmitter whose
specifications are shown in Table 1. The digitized image/video sig-
nals are modulated with short pulses based on IR scheme in the
transmitter. A pulse generator is used to produce pulses to be trans-
mitted with a width of 10 ns and a repetition period of 104 ns. In
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Fig. 1: Block diagram of the in-body IR transmitter

Table 1 Specifications of the in-body IR transmitter

Parameter Value

Transmit Power -4.1 dBm (at 30 MHz)

Pulse Width 10 ns
Bandwidth after Front-End Processing 50 MHz
Repetition Period of Pulse 104 ns
Bit Rate 9.6 Mbps
Length of Pilot Signal 32 chips
Forward Error Correction None

order to transmit the digitized information bits, we use the pulse to
represent “1”, and nothing to represent “0”. The modulated pulse
trains are spectrum-formed by a band pass filter (BPF) of 10~60
MHz at the transmitter output as well as the band-pass features of
the transmit/receive antennas. These antennas were designed in a
hollow cylinder shape with dimensions of 12 mm X 12 mm x 20
mm by forming the radiation elements on a flexible magnetic sheet
[5]. Table 2 summarizes the specifications of the transmit and receive
antennas. The transmitter was implemented in a field programmable
gate array (FPGA, Xilinx Sparian-6) board with dimensions of 35
mm X 45 mm. The circuitry can be integrated into an IC chip so
that its size is sufficiently small to be inserted in the hollow cylinder
shape antenna as a capsule.

‘We measured the received signal which passed through a biologi-
cal equivalent liquid phantom in place of actual human body. In order
to simulate the implant channel, it is necessary to make the dielec-
tric properties of the liquid phantom as close as possible to that of



Table 2 Specifications of transmit and receive antennas

Parameter Value

Dimensions 12 mm x 12 mm x 20 mm
Resonance frequency 30 MHz

-10 dB bandwidth 2.2 MHz

Gain -45 dBi
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Fig. 2: Measured conductivity and relative permittivity of the liquid
phantom

the human body. Due to the difficulty in making a heterogeneous
phantom to simulate various human organs, it should be reasonable
to employ a homogeneous phantom to simulate an average dielectric
property of human body. The average dielectric property is usually
considered as the muscle’s one with a scaling factor of 2/3, i.e., the
so-called 2/3-muscle. Fig. 2 shows the relative permittivity and con-
ductivity of a commercially available liquid phantom [6]. They were
measured from 20 MHz to 100 MHz by using a dielectric assessment
kit (Speag, DAK). As can be seen from Fig. 2, the relative differ-
ences between the liquid phantom and the 2/3-muscle are 10% for
permittivity and 17% for conductivity at 30 MHz. In view of that the
liquid phantom exhibits a dielectric property close to the 2/3-muscle,
as the first step, we therefore employ the liquid phantom, in place
of the actual human body, to evaluate the validity of our developed
equalizer. Fig. 3 shows the measurement environment of the received
signal. The transmit antenna was inserted in the liquid phantom and
connected to the transmitter. The modulated pulse waveform at the
transmitter output was then measured by using an oscilloscope.

Fig. 4 shows an example of the time waveform of transmitted
signal at the transmitter output. As we mentioned in the previous
section, an implant channel can cause severe waveform distortion.
Fig. 5 shows the received signal waveform at the input of receiver
(after the receive antenna). Compared to Fig. 4, we can confirm that
the received signal in Fig. 5 is indeed obviously influenced by ISI
due to the signal propagation in the human body. To overcome the
ISI, it is valid to introduce an equalizer in the receiver for the implant
channel.

3 Equalizer and Receiver Structure

There are two typical linear equalizers: the minimum mean-square
error (MMSE) equalizer and the zero-forcing (ZF) equalizer. The
former minimizes the expected mean-squared error between the
transmitted symbol and the symbol detected at the equalizer output,
thereby providing a great ISI mitigation and noise reduction effect.
The latter cancels all ISI but can lead to larger noise enhancement.
Compared to the MMSE algorithm, the ZF algorithm has a signif-
icantly reduced complexity [7]. Since a capsule endoscope requires
to be miniaturized and has low energy consumption, we adopted
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Fig. 3: Measurement environment of the received signal
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Fig. 5: Example of time waveform of received signal

the ZF algorithm to reduce the circuit scale for the implant channel
equalization.

3.1  Zero-Forcing Algorithm

The ZF equalizer forces the receiver output to be zero at all the
sampling instances, except for the time instant which corresponds to
the transmitted pulse. This can be accomplished by a finite impulse
response (FIR) filter [8]. The output of the equalizer y(kT') is
expressed as the discrete convolution of the input signal z(k7T") and
the equalizer filter coefficient c¢(nT):

N

Z e(nT) - z[(k —

n=—N

y(kT) = n)T] M)

where k is the sample number of the discretely sampled signal, and 7’
is the tap spacing of the equalizer. Using a more convenient notation
Yy, to denote y(kT), ¢, to denote ¢[nT], and xj,_,, to denote z[(k —
n)T], Eq. (1) can be expressed as
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The ZF equalizer requires the samples y]0 for k£ # 0, and y, = 1
for £ = 0. Substituting these values into Eq. (2), we obtain a set of
simultaneous equations of 2N + 1 variables. Clearly, it is impossi-
ble to solve the set of simultaneous equations. However, if we specify
the values of y[k] only at 2N + 1 points as

1 k=0
yk:{ 0 k=-+1,42 .. +N &)

then a unique solution exists, and z,, meeting the above condi-
tion actually corresponds to the channel impulse response hy,. This
assures a pulse having zero interference at the sampling instants of
N preceding and N succeeding pulses. Because the pulse amplitude
decays rapidly, interference beyond the Ny, pulse is not significant
for N > 2. Substitution of the condition (3) into Eq. (2) yields a set
of 2N 4 1 simultaneous equations of 2N + 1 variables:

0 ho h_q h_on C-N
Il=|hy hy-1 -+ h_n co 4)
0 hony hon-1 -+ ho CN

The filter coefficient ¢, can be obtained by solving this set of
equations [9] based on estimated impulse response A,

3.2 Derivation of Filter Coefficients

It is necessary for the ZF equalization to estimate the channel
impulse response first. In this study, we implemented an automatic
equalizer which renews the filter coefficients automatically. The
designed equalizer estimates the channel transfer function from the
transmitted/received signals, and derives the impulse response by
computing the inverse fast Fourier transform (IFFT) of the trans-
fer function. To obtain the transfer function, we employed a known
signal sequence as the training signal for the equalizer. The train-
ing signal was a random “1” and “0” sequence of 252 bits, which
is arranged between the start bits and the stop bits. First, the trans-
mitter transmits the training signal regularly, and the equalizer in
the receiver determines the training signal from the received sig-
nal. Next, the equalizer calculates the frequency spectra of the
transmitted and received training signals by using the fast Fourier
transform (FFT) respectively. Subsequently, the channel transfer
function H(f) is derived from the transmit frequency spectrum
T (f) and the receive frequency spectrum R (f) as

H(f) = Ra(f)/Tx(f). ©)

Furthermore, the equalizer computes the IFFT of the transfer func-
tion H(f) and obtains the impulse response h(t) (or hp). Finally,
the equalizer derives the filter coefficients of the equalizer from Eq.
(4) with the estimated channel impulse response. It should be noted
that the update of filter coefficients ¢y, can be renewed in an interval
smaller than 20 ©S. With the movement of the in-body transceiver,
the FIR filter coefficients are renewed regularly by the ZF algorithm.
Since the movement speed of an in-body transmitter is usually very
slow inside the human body, frequency updates of filter coefficients
are not necessary. In this sense, we consider the equalizer as an auto-
matic one because it regularly monitors the implant channel based
on the training signal and renews the filter coefficients if necessary.

3.3 Receiver Structure and Simulation

We implemented the FIR filter whose coefficients were derived in the
previous subsection using RTL design tool, and performed a simu-
lation on the developed equalizer by using Xilinx ISim (Hardware
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Fig. 6: Example of time waveform of equalized signal
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Fig. 7: Envelope of time waveform of received signal
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Fig. 8: Envelope of time waveform of equalized signal

description language simulator) to evaluate its performance. First,
we converted the received signal in Fig. 4 to 10 bit quantized signal.
We therefore showed each of the following FIR filter output values
not in the unit of voltage but analog to digital converter (ADC) out-
put. Fig. 6 shows the equalized signal when the signal shown in Fig.
5 was input to the equalizer. Moreover, we extracted the envelopes
of the received signal as shown in Fig. 7 and the equalized signal as
shown in Fig. 8. It is evident that the designed equalizer mitigates the
IST and improve the signal quality by comparing Fig. 7 and Fig. 8. To
evaluate the effectiveness of the equalization quantitatively, we cal-
culated the correlation coefficients between the received or equalized
signal and the transmitted signal. Fig. 9 shows the correlation coef-
ficients at different communication distances. The communication
distance indicates the separation between the center of the implant
antenna and the center of the receiving antenna. This figure indi-
cates that the correlation coefficients of the equalized signal were
improved significantly at all of the communication distances. There-
fore, our equalizer is effective to mitigate the ISI and reduce the
waveform distortion in implant communication.

We then installed the designed equalizer in the receiver imple-
mented on an FPGA evaluation board (Xilinx, Virtex-6 ML605). Fig.
10 shows the block diagram of the receiver. The receiver employs
an envelope detector for demodulation. At the beginning, the quan-
tized received signal is filtered and sent to the equalizer to mitigate
ISI. Subsequently, the envelope extraction unit extracts the envelope
of the equalized signal. After the envelope detector, the signal is



Table 3 Hardware requirement and convergence time of the FPGA-
implemented equalizer

Parameter Value
Number of slice registers 8242
Number of slice look up tables 7724
Operating clock frequency 156.25 MHz
Convergence time of filter coefficient derivation 17.6 uS

Table 4 Sensitivity of filter coefficients of equalizer

Parameter Variation (RMSE)
Dielectric property variation by 10% 0.31
Communication distance: 6 cm vs. 12 cm 0.31

Implant antenna orientation: Parallel vs. perpendicular ~ 0.29

judged as “1” or “0” by a comparator. Finally, these digitized data
are transmitted to a PC via a USB port.

Table 3 shows the hardware requirement and convergence time of
the FPGA-implemented equalizer.

4 Communication Performance Evaluation
4.1  Pre-investigation for Phantom Experiment

Before the experimental performance evaluation of implant commu-
nication, we first investigated the validity of the experiment setup,
especially for the use of a coaxial cable used to connect the implant
antenna and the transmitter. Fig. 11 shows the view of phantom
experiment where a coaxial cable was used or not. In the case that
the coaxial cable was not used, an SMA adapter was used to directly
connect the implant antenna to the transmitter. Fig. 12 compares the
BER performances in the two cases. In the case with the coaxial
cable, the BER versus the communication distance, i.e., the sepa-
ration between the center of the implant antenna and the center of
the receiving antenna, was better as compared with the case with-
out the coaxial cable. In the latter case, the BER was larger than 0.1
when the communication distance exceeded 150 mm. Since such a
BER level did not suggest any meaning communication, we did not
show them for a distance larger than 150 mm in Fig. 12. This finding
may be attributed to that the transmit signal was radiated also from
the coaxial cable so that the received signal at the receive antenna
was greater than the actual one in the case with the coaxial cable. It
should be noted that although the coaxial cable was covered with fer-
rite cores as shown in Fig. 11, this difference on BER performance
was still so obvious. This result indicates that, in the performance
evaluation of implant communication, it is essential to connect the
transmit antenna directly to the transmitter without using a coaxial
cable.

In addition, we also investigated how sensitive the equalizer is
with respect to the dielectric properties of biological tissue, com-
munication distance as well as antenna orientation. We changed the
dielectric properties by 10% for biological-equivalent liquid phan-
tom, the communication distance from 6 cm to 12 cm, and the
implant antenna from parallel orientation to perpendicular orienta-
tion. To quantitatively show their influences to the equalizer, we
calculated the root mean squared error (RMSE) of the FIR filter coef-
ficients of equalizer, as an index of corresponding variation, when
we changed the above parameters. Table 4 shows the RMSE of fil-
ter coefficients, which suggests that the equalizer is quite sensitive
with respect to the tissue types, communication distance and antenna
orientation, and regular updating of filter coefficients is necessary.

4.2  BER Performance Evaluation

To clarify the communication performance of our developed equal-
izer, we evaluated the BER performance in a biological-equivalent
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Fig. 9: Correlation coefficients at different communication distances
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Fig. 10: Block diagram of the developed receiver

(a) w/o coaxial cable
Fig. 11: View of the coaxial cable experiment

(b) w/ coaxial cable

10°
102 ¢
o
L
0 104+
—>—w/0 coaxia cable
10°F —oe—w/ coaxia cable| ]
0 50 100 150 200

Distance [mm]

Fig. 12: BER performance with coaxial cable or not

liquid phantom. Fig. 13 shows the measurement setup. We con-
nected the transmit antenna directly to the transmitter and the receive
antenna directly to the receiver. The transmitter together with the
transmit antenna was inserted in the liquid phantom. This makes
the measurement setup effectively simulating an implant commu-
nication situation because possible radiation from the coaxial cable
between the transmit antenna and the transmitter did not exist. To
prevent the transmitter and antenna from directly touching the lig-
uid, they were wrapped with vinyl. On the other hand, the receive
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Fig. 14: BER performance versus communication distance

antenna and the receiver were set at the phantom surface with a 5
mm spacing. The data to be transmitted for BER measurement were
produced in the transmitter by a pseudo-noise (PN) sequence gener-
ator, and the receiver was connected to a PC via USB interface for
recording the received data and counting the BER.

Fig. 14 shows the measured BER performance as a function of
distance from the implant antenna to the phantom surface at a data
rate of 9.6 Mbps. As can be seen, the BER performance with the
automatic equalizer is totally improved by one digit and the commu-
nication distance is significantly extended as compared to before. As
aresult, in the biological-equivalent liquid phantom, we have accom-
plished a BER smaller than 1072, which is an acceptable BER level
in the physical layer, at an implant communication distance up to 15
cm for the data rate as high as 9.6 Mbps.

Moreover, we also evaluated the communication performance if
we employed the direct sequence spread spectrum - IR (DSSS-
IR) modulation for further improving the BER performance instead
of sacrificing the data rate. We measured the BER performance
for various spreading ratios, in other words, different data rates.
In the DSSS-IR modulation, the binary data were encoded by a
PN sequence having the spreading ratio L = 1 ~ 8 which corre-
sponds the data rate from 9.6 Mbps to 1.2 Mbps. Fig. 15 shows
the BER performance with the equalizer as a function of spread-
ing ratio L = 1 ~ 8. As a result, the BER was obviously improved
with the decrease of data rate, and a BER of 10~ 2 was secured up
to nearly 20 cm inside the human body at a data rate of 2.4 Mbps.
This can also confirmed from Fig. 16 which shows the BER per-
formance with the equalizer whose spreading ratio L =1 ~ 8 as
a function of the communication distance. It is clear from Fig. 16
that the developed receiver with the equalizer has indeed achieved a
reliable implant communication distance of at least 18.6 cm at the
spreading ratio L = 4 (2.4 Mbps). These experimental results suffi-
ciently demonstrate a largely improved communication performance
at a high transmission speed and deep communication distance by
using of the developed automatic equalizer.
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5 Conclusion

High quality image/video transmission requires a high data rate at
Mbps order in wireless implant communications. To satisfy this
requirement, we previously developed an in-body IR transceiver
with a small-size implant antenna at 30 MHz. In view of that an
implant communication channel causes significant waveform distor-
tion to result in a serve ISI, in this study, we developed a ZF equalizer
for the implant channel and implemented the equalizer in the FPGA-
based receiver. Moreover, we evaluated its BER performance with a
biological-equivalent liquid phantom. The measurement results have
demonstrated a BER smaller than 10™2 in the physical layer in a
depth of at least 15 cm with a date rate of at least 9.6 Mbps, and
nearly 20 cm with a date rate of at least 2.4 Mbps. This performance
sufficiently shows the feasibility and usefulness of our developed
receiver with the equalizer for high-speed implant communication
such as in capsule endoscopes.

The future subject is to conduct experimental validation with
living animal.
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