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Abstract— In order to design an optimized transceiver struc-
ture of ultra wideband (UWB) transmission in in-body to out-
of-body communications, it is necessary to make the transceiver
structure be easily adjustable in order to realize a good
communication performance in an experimental environment.
For this purpose, we first implement our develop UWB-
impulse radio (IR) receiver structure for the in-body to out-
of-body communication in a field programmable gate array
(FPGA) board, and evaluate the fundamental communication
performance of the FPGA-implemented UWB-IR receiver by a
biological-equivalent liquid phantom experiment. The FPGA
configuration results indicate that our FPGA realization of
the UWB-IR receiver has accomplished good communication
performance with few FPGA slices. Moreover, the evaluation
results in the liquid phantom experiment show that the FPGA-
implemented UWB-IR receiver can achieve a bit error rate
(BER) of 10−3 up to a communication distance of 70 mm with
ensuring a high data rate of 2 Mbps.

I. INTRODUCTION

Wireless body area networks (BANs) are attracting much
attention as a promising technology in health care and
medical applications [1]–[3]. The in-body to out-of-body
communication plays an important role in wireless BANs
because it can transmit various vital signals and image/video
data from the inside of human body to the outside med-
ical equipment [4], [5]. Some typical applications include
wireless cardiac pacemaker and wireless capsule endoscope.
The former requires a highly reliable communication perfor-
mance for vital signal monitoring, and the latter requires a
higher data rate for real-time image transmission.

To realize the implant communications, the 400 MHz
band and 2.4 GHz band are usually chosen. For example,
a commercially available implant communication chip for
cardiac pacemaker employs the 400 MHz band for data trans-
mission and the 2.4 GHz band for waking-up and control [6].
The literatures [7], [8] have reported that all of wireless
capsule endoscope techniques employ 400 MHz, 2.4 GHz or
dozens of MHz band with narrow-band modulation schemes,
such as frequency shift keying (FSK) or binary phase shift
keying (BPSK). The data rate is limited to several hundred
kbps. However, for the implant communication application,
a wireless capsule endoscopy system, for instance, requires
a higher data rate in order to realize a real-time image and
video transmission.

In order to fulfill the above requirements, this paper pays
attention to ultra wideband (UWB) transmission. As UWB

1Graduate School of Engineering, Nagoya Institute of
Technology Gokiso-cho, Showa-ku, Nagoya, Aichi 466-8555, Japan
anzai@nitech.ac.jp and wang@nitech.ac.jp

transmission schemes, UWB-impulse radio (UWB-IR), di-
rect sequence-UWB (DS-UWB), and multiband-orthogonal
frequency division multiplexing (multiband-OFDM) have
been proposed [9]–[11]. Of the all UWB schemes, UWB-
IR is a technique that iteratively transmits extremely short
pulses on the nanosecond time duration per bit. Therefore,
it has a merit in respect of low power consumption. For
low complexity and low power consumption in the UWB-
IR communication system, non-coherent detection, namely,
energy detection is better choice than coherent detection be-
cause the energy detection does not require a high frequency
synthesis, so that, radio frequency (RF) front-end can be
significantly simplified, and the analog to digital conversion
speed can be reduced to the symbol rate scale.

However, in implant BANs, the UWB-IR signals suffer
from large attenuation, which may lead to undesired perfor-
mance degradation. Therefore, it is important to develop a
reliable transmission system and investigate the transmission
performance of real implant BANs. In our previous work, the
UWB-IR transmission performance was actually evaluated
via a living animal experiment. However, the UWB-IR re-
ceiver was realized in a computer and the implementation as-
pect of the UWB-IR receiver side was rarely discussed [12].
Therefore, this paper aims to implementation of the UWB-
IR receiver structure into a field programmable gate array
(FPGA) board, and furhermore, we evaluate the performance
of our FPGA-implemented UWB-IR receiver by a biological-
equivalent liquid phantom experiment.

The remainder of this paper is organized as follows. Sec-
tion II presents the design of the developed UWB-IR commu-
nication system including the design of FPGA configuration.
Section III describes the communication performance of the
implemented UWB-IR receiver by a biological-equivalent
liquid phantom experiment. Finally, Section IV concludes
this paper.

II. FPGA IMPLEMENTATION OF UWB-IR RECEIVER
STRUCTURE

A. Receiver Design

In this paper, we implement the UWB-IR receiver structure
into an FPGA board. As for the transmitter structure, we
employed a multi pulse postion modulation (MPPM) scheme
(for details refer to [12]).

In our previous study [13], we have found that the power
delay profile can be well represented as a two-path model
with a very small mean time interval in the order of nano
seconds. This means that the multipaths are almost indis-
tinguishable in the received signal and the multipath fading
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Fig. 1. Receiver structure

effect is not dominative. So in this study we try to investigate
the communication performance without channel estimation
to confirm whether our proposed UWB transmission system
can work well in a real living body environment. As men-
tioned previously, we pay attention to the energy detection
as the receive detection scheme. In the energy detection,
since the binary MPPM chooses one from two location
assignments in the k-th symbol, we calculate two kinds of
k-th energies for the corresponding pulse locations. Fig. 1
shows the receiver structure of the UWB-IR communication.

As for the FPGA implementation, Fig. 2 shows the
overview of the FPGA configuration for UWB-IR receiver.
The developed UWB-IR receiver mainly consists of includes
three components, such as a memory module, a synchro-
nization module and a detection module. The memory mod-
ule successively receives signals from the front-end of the
receiver. Then, the received signals are transformed into
squared values to calculate the energy of the received signal
and stored in shift registers. The memory module stores the
received signals for two symbol duration, and the stored data
are sent to the synchronization and detection modules at a
proper timing.

In order to accurately detect the UWB pulse position, it
is necessary to perform symbol timing synchronization. So,
the synchronization module estimates the symbol timing by
using the received UWB-IR signals. In the symbol timing
synchronization, the timing is estimated based on the cross-
correlation between the received signal r(t) and the pulse
detection intervals s(t) as

τ̂timing = arg max
τ

∫ NpreTs

0

r(t)s(t − τ)dt (1)

where Npre indicates the number of UWB pulses for the
preamble header. In (1), arg max(·) stands for the argument
of the maximum of (·). Here, the preamble header is com-
posed of 16 symbols selected from a pseudo random (PN)
sequence (namely, we set Npre to 16). Fig. 3 shows the
flowchart of the symbol timing synchronization.

Finally, we explain the principle of the detection module.
From Fig. 1, we perform the energy detection to demodulate
the received signals. The detection module makes use of
the symbol timing from the synchronization module. In the
energy detection, since the binary MPPM chooses one from
two location assignments in the k-th symbol, we calculate

Signals [9:0]

Demodulation
Start

Output

Synchronization

DetectionMemory
Power [19:0]

Clk

Clk

ClkRst

Rst

Synchronization
Start

Power [19:0]

Synchronization
Start

Demodulation
Start

Power [19:0]

Rst

Fig. 2. Overview of FPGA configuration

TABLE I
FPGA CONFIGURATION RESULTS

Slices Available Used
Registers 301440 10049 (3%)

LUTs (LookUp Tables) 150720 17918 (11%)
LUT-FF-pairs 77794 2711 (10%)

IOB 600 71 (11%)
BUF 32 2 (6%)

DSP48E1 768 1 (0.1%)

two kinds of k-th energies for the corresponding pulse
locations from the received signal r(t) as follows:

Ek
0 =

L∑
l=1

bl
0

∫ (k−1)Ts+(l−1)Tc+Td

(k−1)Ts+(l−1)Tc

[r(t)]2dt (2)

Ek
1 =

L∑
l=1

bl
1

∫ (k−1)Ts+(l−1)Tc+Td

(k−1)Ts+(l−1)Tc

[r(t)]2dt (3)

where Td denotes the integration time. Note that Td is
much smaller than the symbol duration Ts and the chip slot
duration Tc in UWB-IR transmission. Comparing Ek

0 and
Ek

1 , the received bit information b̂k can be decided as

b̂k =

{
0 if Ek

0 > Ek
1

1 otherwise.
(4)

We note that as can be seen from the above equation, the
MPPM requires no threshold.

B. Result of FPGA Configuration

The circuit design of the UWB-IR receiver structure was
developed in Verilog-HDL language, and the developed
circuit was configured on Xilinx Virtex-6 FPGA board
(XC6VLX204T-1FFG1156FPGA). Table I shows the results
of the FPGA configuration. As can be seen from Table I, our
FPGA realization of the UWB-IR receiver requires quite few
FPGA slices. The reason is that we employed the UWB-IR
transmission and the energy detection as a detection scheme
of the UWB-IR signals, so that, the circuit of the receiver
needs no oscillator circuit for carrier regeneration and no
template signal generator for correlation detection.

6982



Start

yes

no

yes

End

no
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TABLE II
UWB-IR TRANSCEIVER PARAMETERS

Average transmitted power spectrum density -47 dBm/MHz
Peak transmitted power -25 dBm

Pulse width τ 100 psec
Bandwidth after front-end processing 700 MHz

Chip time Tc 62.5 nsec
Bit rate 8 Mbps (L = 2)

2 Mbps (L = 8)
Forward error correction None

Length of pilot signal 16 symbols

III. PERFORMANCE EVALUATION EXPERIMENT WITH
LIQUID PHANTOM

Here, let us perform experiments for evaluation of the fun-
damental performance of the implemented UWB-IR receiver.
For this purpose, we measured the fundamental characteris-
tics of the UWB-IR transceivers in a liquid phantom simu-
lating a human body. In this experiment, we used a planar
unbalance dipole antenna as an on-body receive antenna put
on the liquid phantom surface with a spacing of 1 cm. For
the in-body transmit antenna, we employed a planer loop
antenna, which is designed for 3.4-4.8 GHz UWB low-band
wireless capsule endoscope. The both receive and transmit
antennas are shown in Fig. 4 (for the detailed transmit/receive
antenna characteristics, see [14]). The transmitter used in this
experiment was produced by GIT Japan Inc.

Figs. 5 and 6 show the measurement setup with the liquid
phantom and a picture of the phantom experiment, respec-
tively. We used a vessel made from plastic material as the

(a) Transmit antenna

(b) Receive antenna

11mm

4mm

Feeding point

40mm

4
0

m
m 13.5mm

35mm

22mm

38mm

21mm

Front side Rear side

Fig. 4. Transmit and receive antennas
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Fig. 5. Phantom experiment setup.

container in the liquid phantom experiment. We have checked
the dielectric properties of the vessel and found that its loss is
almost ignorable. The relative permittivity and conductivity
of the liquid phantom at 4.1GHz, the center frequency of
UWB low-band, were 36.1 and 3.4[S/m] respectively.

The transmit and receive antennas were connected to the
transmitter and receiver with coaxial cables, respectively, and
the two coaxial cables were arranged at right angle to each
other for removing possible direct coupling between them.

In this experiment, we evaluated bit error rate (BER)
performance for the FPGA-implemented UWB-IR receiver.
The transmitter sent 10, 000 bits, and then we calculated
the BER from comparison between the transmitted bit se-
quence and the received bit sequence. As for the symbol
timing synchronization, we set length of pilot signals to 16
symbols. Moreover, we have also determined the optimal
integration time Td before conducting the experiment. The
parameters of the UWB-IR transceivers are summarized in
Table II. Fig. 7 shows the average BER performances for the
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FPGA-implemented UWB-IR receiver against the transceiver
distance. For comparison purpose, Fig. 7 also includes the
results for a simulated receiver developed in C language.
Note that the FPGA-implemented receiver performs only
fixed-point calculation, whereas the simulated receiver can
deals with floating-point calculation. However, we can see
from Fig. 7 that the difference between the both receivers
is significantly small, so it is concluded that our FPGA im-
plementation of the UWB-IR receiver has been successfully
realized without any sacrifice of performance degradation.

Furthermore, as seen from Fig. 7, the BER performance
is improved as the data rate decreases (namely, L increases).
This is because we can accomplish higher Eb/N0 after
demodulation in the receiver as we set to lower value of
L. Note that the BER performance of 10−2 is accomplished
at the distance of around 70 mm when L = 8 (namely,
the data rate is 2 Mbps). The achievement of the BER
performance of around 10−2 to 10−3 means that it is
possible to obtain an error-free BER (< 10−10) if we adapt
an adequate forward error correction code. This error-free
BER satisfies the requirement for almost all implant BAN
applications. Therefore, the FPGA-implemented UWB-IR
receiver can establish a reliable communication link at the
maximum distance of 70 mm in the biological-equivalent
liquid phantom.

IV. CONCLUSIONS

This study has implemented our previously developed
UWB-IR receiver structure in an FPGA board, and has
evaluated the fundamental performance for the FPGA-
implemented UWB-IR receiver by a liquid phantom ex-
periment. The result of the FPGA configuration indicates
that our FPGA realization of the UWB-IR receiver has
accomplished good BER performance with few FPGA slices.
Additionally, the FPGA-implemented receiver can achieve a
BER performance of 10−3 up to a communication distance
of 70 mm with ensuring a high data rate of 2 Mbps.
Such an FPGA-implemented receiver provides a significant
convenience for optimizing the receiver structure in an exper-
imental environment. In view of our previous living animal
experiment result, there is a sufficient potential to reach a
data rate up to 8-10 Mbps with UWB-IR technique. This data
rate should be able to provide a real-time image transmission
for capsule endoscope application. Our future subject is to
further improve the transceiver performance by optimizing
the receiver structure with the FPGA implementation to
increase the data rate and enlarge the in-body to out-of-body
communication distance.
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