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Abstract— Ultra wideband-impulse radio (UWB-IR)
transmission is one of promising transmission technologies in
implant body area networks (BANs). Although some studies
have investigated the channel model and communication
architecture in implant BANs, no study quantitatively shows
the feasibility of UWB-IR communication in the human body
with actual developed transceivers at a high data rate. In this
paper, we focus on experimental evaluation of the correlation
detection (coherent detection) and the energy detection (non-
coherent detection) for UWB-IR transmission with multi-pulse
position modulation (MPPM). For this purpose, we develop
a UWB-IR communication system with MPPM scheme,
and experimentally evaluate the transmission performance
of the developed systems with the two different detection
schemes. In addition to the experimental evaluation, we also
theoretically analyze the bit error rate (BER) performance
by using Gaussian approximation. From the experimental
results, the developed system has achieved a BER of 10−2 at
the propagation loss of 75 dB with a data rate of 2Mbps in
the correlation detection. This result shows the feasibility of
reliable UWB-IR communication in actual implant BANs.

I. INTRODUCTION

In recent years, wireless body area networks (BANs) are

becoming a reality with the development of ubiquitous soci-

ety. Wireless BAN is a technology which transmits data over

a short distance around the human body, and the applications

of wireless BANs are expected in the field of medical and

health care such as patient monitoring and medical treatment

[1]. Wireless BANs are classified as wearable BANs and

implant BANs due to the difference in the propagation routes

and applications. Especially, implant BANs communicate

between the inside and outside of the human body, and

the wireless capsule endoscopy (WCE) has been one of

the most important applications [2][3]. WCE is a small

capsule swallowed by the patient, which consists of a color

camera, radio telemetry transmitter, battery and antenna etc.,

and transmits the picture of the digestive system to the

outside of the human body [2]. In [3], currently reported

WCE techniques are summarized. All of them employ 400

MHz, 2.4 GHz or dozens of MHz band, and narrow-band

modulation schemes such as FSK or BPSK. As a result, the

data rate is limited mainly in the order of several hundred

kbps. However, in view of the WCE application, for example,

a higher data rate is required for a real-time image and video

transmission.

In order to solve such a problem, we focus on the low-band

ultra wideband (low-band UWB) transmission technique. As
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for UWB transmission schemes, UWB-impulse radio (UWB-

IR), direct UWB (DS-UWB), and multiband-orthogonal fre-

quency division multiplexing (multiband-OFDM) have been

suggested [4]-[6]. For the UWB transmission schemes, we

pay attention to the UWB-IR system. This is because UWB-

IR can accomplish low power consumption and high data

rate with an extremely short pulse.

In implant communication on UWB-IR, channel modeling

and communication architecture have been reported [7]-[9].

However, no study quantitatively shows the feasibility of

UWB-IR communication in the human body with actual

developed transceivers at a high data rate. To show the

feasibility of UWB-IR communication in the human body,

it is important to optimally choose a detection scheme of

UWB-IR signals. Thus, this paper experimentally evaluates

the BER performances with respect to the propagation loss

for the energy detection and the correlation detection in

UWB-IR communication. For this purpose, we first develop a

UWB-IR communication system with a multi-pulse position

modulation (MPPM). Then, we theoretically analyze the

BER performance of the two detection schemes by using

the Gaussian approximation. In addition to the theoretical

analyses, we also derive the BER performances for the two

detection schemes experimentally. Finally, we compare the

two results, and clarify the communication feasibility of

the energy detection and correlation detection for UWB-IR

transmission in the human body.

II. UWB-IR SYSTEM MODEL

A. Tranceiver

Fig.1 shows the block diagram of the transmitter system.

In this paper, as a UWB-IR pulse, we use the first order

Gaussian monocycle pulse, which is given by

p(t) =
d

dt

[

En exp
(

−2π

τ2
t2
)]

= −En

4πt

τ2
exp
(

−2π

τ2
t2
)

(1)

where En and τ are the constants determined by the overall

radiated power level and the pulse width parameter which

controls bandwidth B, respectively. With this pulse, the

transmitter uses an MPPM scheme. This modulation scheme

transmits information by the time position of several pulses.

The block of the MPPM controls the time delay which

can be configurable. Also, the time delay determines when

the pulse generator is triggered. As explained above, in the

MPPM, power amplifiers are not needed. Also, carrier is not

required in the modulation. Assuming K as the total number
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Fig. 1. Structure of transmitter

of transmitted bits, the waveforms of the MPPM signal s(t)
can be written as

s(t) =
K

∑
i=1

bT
i p
(

t−
(

i−1
)

Ts

)

(2)

where bi and Ts are i-th transmitted bit information vector,

which denote bi ∈ {b0,b1} and the symbol period, respec-

tively, and the operator (·)T
expresses transpose of (·). Let

us define L as the number of chip slots in a symbol. b0

and b1 represent a chip sequence vectors corresponding to

transmitted bits of 0 and 1, respectively. These vectors are

L×1 vectors.

B. Receiver

1) Energy detection: In the energy detection shown in

Fig.2, since the binary MPPM chooses one from two location

assignments in the k-th symbol, we calculate the energies

at two locations of corresponding the k-th symbol 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)
]2

dt (3)

Ek
1 =

L

∑
l=1

bl
1

∫ (k−1)Ts+(l−1)Tc+Td

(k−1)Ts+(l−1)Tc

[

r(t)
]2

dt (4)

where Td denotes the energy detection interval. Note that Td

is much smaller than the symbol duration Ts, and the chip

slot duration Tc in UWB-IR transmission. So, Td should be

set to an appropriate time interval. By comparing Ek
1 with Ek

0 ,

we can determine the received bit information bk as follows:

bk =

{

1 if Ek
0 > Ek

1

0 otherwise.
(5)

From the above equations, we emphasize that the MPPM

does not require a threshold for the detection.

2) Correlation detection: In the correlation detection

shown in Fig.3, we calculate the correlation between the two

types of template signal for the corresponding pulse locations

of the k-th symbol from the received signal r(t) as follows:

Eck
0 =

L

∑
l=1

bl
0

∫ (k−1)Ts+(l−1)Tc+Td

(k−1)Ts+(l−1)Tc

r(t)s′0(t)dt (6)

Eck
1 =

L

∑
l=1

bl
1

∫ (k−1)Ts+(l−1)Tc+Td

(k−1)Ts+(l−1)Tc

r(t)s′1(t)dt (7)

where s′0(t) and s′1(t) are the template signals for each sym-

bol, respectively. In the similar way to the energy detection,

the received bit information can be determined by comparing
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Fig. 2. Structure of receiver (energy detection)
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Fig. 3. Structure of receiver (correlation detection)

Eck
1 and Eck

0 represented as in Eq.(5). Furthermore, we as-

sume that the symbol timing in Figs.2 and 3 is synchronized

with pilot signals.

III. THEORETICAL ANALYSIS

A. Energy detection

When the transmitter sends a transmission signal s(t), the

received signal r(t) by the receiver is expressed as

r(t) = s(t)+n(t) (8)

where n(t) is not a narrowband noise (in other words, it is

not a Gaussian noise), because the bandpass filter (BPF) of

receiver is designed for UWB-IR signals. The dimensionality

of space of finite energy signals with a bandwidth B and

the energy detection interval Td can be represented about

2BTd + 1 [10]. Here, we approximate the 2BTd + 1 by an

even integer 2M = 2BTd for the mathematical convenience.

Since the UWB-IR signals are extremely broadband, the

characteristic analysis is different from narrowband signals.

Therefore, as shown in Fig.4, the UWB signal characteristics

is analyzed by decomposing it into M narrowband signals.

We take into consideration that the number of UWB pulses

in each symbol is L/2, and substituting Eq.(8) into Eq.(3) (k

is dropped without loss of generality, so Ek
0 is replaced by

Ed), we obtain [11]

Ed =
L

∑
l=1

bl
0

∫ (l−1)Tc+Td

(l−1)Tc

[

s(t)+n(t)
]2

dt

=
L/2

∑
l=1

∫ Td

0

[

2M

∑
i=1

(

sl
i +nl

i

)

φi(t)

]2

dt

=
L/2

∑
l=1

2M

∑
i=1

(

sl
i +nl

i

)2
(9)

where φ(t) is the orthogonal function over the pulse interval.

ni is zero mean independent Gaussian random variables with

variance N0/2 and the energy E of the transmitted pulse

satisfied E = ∑2M
i=1

(

sl
i

)2
. N0 is the noise power density. From

Eq.(9), the detected energy Ed is the sum of ML independent
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Fig. 5. View of experimental setup

variables with the chi-square distribution. According to the

Central Limit Theorem, the probability density function

(PDF) can be regarded as a Gaussian distribution when ML is

greater. If no signal is present in the detection interval (then

E=0), the mean and variance are MLN0/2 and MLN2
0/2. Also

if the UWB signal is present, the mean and variance are

(MLN0+LE)/2 and MLN2
0/2+LEN0. As a result, under the

Gaussian approximation, the probability of error P
energy
e (i.e.,

BER) can be written as [12]

Penergy
e

(

Eb

N0

)

= Q

(

LEb/N0

2
√

ML+LEb/N0

)

(10)

where Eb is the energy per bit, and Q(x) is

Q
(

x
)

=
1√
2π

∫ ∞

x
exp

(

− t2

2

)

dt. (11)

B. Correlation detection

In the correlation detection, similarly to the energy detec-

tion, substituting Eq.(8) into Eq.(7), we obtain [11]

Ed =
L

∑
l=1

bl
0

∫ (k−1)Ts+(l−1)Tc+Td

(k−1)Ts+(l−1)Tc

r(t)s′0(t)dt

=
L/2

∑
l=1

∫ Td

0

[

2M

∑
i=1

(

sl
i +nl

i

)

φi(t)
2M

∑
j=1

s′lj φ j(t)

]

dt

=
L/2

∑
l=1

2M

∑
i=1

(

sl
i +nl

i

)

s′li (12)

From Eq.(12), if no signal is present in the integration

interval, the mean and variance are 0 and LEN0/4. On the

other hand, if the UWB signal is present, the mean and

variance are LE/2 and LE2/2+LEN0/4. Finally, from the

TABLE I

UWB-IR TRANSMITTER PARAMETERS

Average transmit power spectrum density -47dBm/MHz

Pulse width 100psec

Bandwith after front-end processing 120MHz

Chip time Tc 62.5nsec

Bit rate 8Mbps (L = 2)
2Mbps (L = 8)

Length of pilot signal 16 symbols

Forward error correction None
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Fig. 6. BER versus attenuation performance in the energy detection

Gaussian approximation, the probability of error Pcorrelation
e

can be given by[12]

Pcorrelation
e

(

Eb

N0

)

= Q

(

√

LEb

2N0

)

. (13)

IV. TRANSEMITTION PERFORMANCE

EVALUATION

A. Setup of experiment

In addition to theoretical analyses, we conducted ex-

perimental evaluation of the transmission performance for

the energy and correlation detection. In this experiment,

we attenuated the signal by using an attenuator to control

the attenuation between the transceiver. Fig.5 shows the

experimental setup. The data rate of transmitter was either

8 Mbps (L = 2) or 2 Mbps (L = 8). We calculated the BER

from comparison between the transmitted bit sequence and

the received bit sequence which was demodulated by the two

detections. In order to synchronize the symbol timing at the

receiver, we determined the appropriate length of the pilot

signals in advance. Finally, the experimental parameters of

the UWB-IR transmitter in this experiment are summarized

in Table 1.

B. Results

Figs. 6 and 7 show the measured and analyzed average

BER performances of the energy detection and the correla-

tion detection as a function of the attenuation between the

transmitter and receiver. From Figs.6 and 7, we emphasize

that the experimental and theoretical results for the both

detection methods are in good agreement due to the precise
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Fig. 7. BER versus attenuation performance in the correlation detection

symbol timing synchronization of the developed UWB-IR

communication system.

Comparing the results of the energy detection and cor-

relation detection at the BER performance of around 10−2

in Figs.6 and 7, the BER performance of the correlation

detection is found to be about 3 dB better than that of the

energy detection at the data rate of 8 Mbps. Furthermore, the

developed UWB-IR communication system in the correlation

detection can achieve the BER performance of less than 10−2

until the attenuation of 75 dB at the data rate of 2 Mbps.

According to [9], the path loss model in a capsule endoscope

situation can be expressed by the following equation:

PLdB = PL0,dB +10n log10

(

d

d0

)

+SdB (14)

where PL0,dB is the path loss at the reference distance

d0, d is the distance between the inside capsule and the

outside receive antenna, n is the pass loss exponent, and

SdB is the shadow fading. In [9], the parameters in Eq.(14)

is obtained as PLdB,0 = 48.1 dB at d0 = 5 cm, n = 10

and SdB = 7.85 dB, at a typical receiver position. Using

Eq.(14), we calculated the distance between the transceiver

at the BER of 10−2. The results are shown in Fig.8. We

can see from this figure that the energy detection and the

correlation detection can establish a reliable communication

at the distance of nearly 7 cm and 8 cm, respectively, at

most, with the data rate of 2 Mbps. This result indicates

the feasibility of UWB-IR communication in real implant

BANs, because this communication distance almost covers

the deepest place of the human body.

V. CONCLUSIONS

For realizing a high-speed and reliable UWB-IR com-

munication in implant BANs, we have developed a UWB-

IR communication system with an MPPM scheme, and the

energy detection and correlation detection. Then, we have

evaluated the BER performance of the developed UWB-IR

system for the two detection methods, both analytically and

experimentally. From the experimental and analytical results,

the developed system can achieve a BER of 10−2 at the

attenuation of 72 dB for energy detection and 75 dB for

correlation detection with a data rate of 2 Mbps. Through
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linking the attenuations to our previously derived path loss,

we have shown that the UWB-IR with energy detection and

correlation detection can establish a communication distance

up to nearly 7 cm and 8 cm in a WCE channel, respectively,

at the data rate of 2 Mbps. This result has indicated the

feasibility of reliable implant BAN communication in a

reality.

Our future subjects are to further improve the performance

of the developed UWB-IR system and to evaluate it via a

living body experiment.
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