Novel UWB Transceiver for WBAN Networks:
A Study on AWGN Channels

A novel ultra-wideband (UWB) transceiver structure is
presented to be used in wireless body area networks
(WBANS). In the proposed structure, a data channel and a
control channel are combined into a single transmission
signal. In the signal, a modulation method mixing pulse
position modulation and pulse amplitude modulation is
proposed. A mathematical framework calculating the
power spectrum density of the proposed pulse-based
signal evaluates its coexistence with conventional radio
systems. The transceiver structure is discussed, and the
receiving performance is investigated in the additive white
Gaussian noise channel. It is demonstrated that the
proposed scheme is easier to match to the UWB emission
mask than conventional UWB systems. The proposed
scheme achieves the data rate requirement of WBAN; the
logical control channel achieves better receiving
performance than the logical data channel, which is useful
for controlling and maintaining networks. The proposed
scheme is also easy to implement.
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1. Introduction

Ultra-wideband (UWB) is a radio technology that can be
used at very low energy levels for short-range high-speed
communications using a large bandwidth (>500 MHz). UWB
radio devices share spectrum with existing narrowband
transmissions without causing undue interference [1]-[3].

A wireless body area network (WBAN) consists of a set of
mobile and compact intercommunicating sensors which are
either wearable or implantable into the human body. These can
continuously monitor vital body conditions and movements,
such as diabetes, asthma, and heart attacks. These devices
communicate through wireless technologies and transmit data
from the body to a home base station. From there, data can be
forwarded to a hospital, clinic, or elsewhere in real time [4]-[7].
WBAN technology is still in its initial stage and is being
widely researched. The technology is expected to be a
breakthrough in healthcare, and it is at the leading edge in
implementing concepts such as “telemedicine.”

UWB technology has been proposed for WBAN by the
IEEE 802.15.6 task group [8]. The main application field of
WBAN centers on the human body, a spectrum sensitive
environment which requires low radiation. The sensors should
be small. They are expected to be wearable or even
implantable in human bodies; therefore, they can only support
batteries with limited capacity. All of these factors make UWB
an ideal technology for WBAN applications due to its low
radiation power, high power efficiency, and most importantly,
its high data rate in a small transmission range.

In [9], frequency modulation (FM) UWB (a special UWB
technique using low modulation index frequency shift keying,
followed by high-modulation index analog FM to achieve a
wide bandwidth [10]) is proposed as a physical layer technique
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for low-data-rate (LDR) transmission in WBAN. In [11],
impulse radio (IR) UWB was proposed for LDR and medium-
data-rate (MDR) transmissions in WBAN. The proposal for
LDR refers to the standard of IEEE 802.15.4a which supports
non-coherent energy detectors with low complexity. An
enhanced mode, concatenated burst modulation, was proposed
to resolve the problems of the low duty-cycle ratio and high
inter-symbol interference for MDR situations. In [12], ETRI
and Samsung Electronics jointly proposed a block-coded
group pulse position modulation (PPM) scheme to be used in
WBAN. This supports a non-coherent receiver. The
modulation is independent of the pulse-shape. In [13], Texas
Instruments proposed a physical layer technique called burst
position modulation with time hopping (TH). It improves the
symbol structure and time-hopping sequence over IEEE
802.15.4a. In [14], the National Institute of Information and
Communications Technology (NICT) proposed a chirp-pulse-
based IR-UWB physical layer. It has a coherent detector
performing close to the full rake receiver with low complexity
and low power consumption. In this, the timing resolution
requirement of the coherent operation is close to the non-
coherent short pulse IR-UWB with low sampling rate and low
sampling resolution requirement. In [15], the NICT proposed a
design based on IEEE 802.15.4a with a special signal format
that supports coherent and non-coherent transceivers.

In this paper, which focuses on the IR-UWB transmission
scheme, we propose a novel modulation method mixing PPM
and pulse amplitude modulation (PAM) (binary phase shift
keying (BPSK)-type PAM). The proposed modulation scheme
defines two logical channels, namely, the logical data channel
(LDCH), which carries signals that are PPM modulated, and
the logical control channel (LCCH), which carries signals that
are PAM modulated. Both the LCCH and the LDCH achieve
the same receiving performance as the traditional PPM-UWB
systems. Furthermore, the signals in the LCCH perform much
better than the signals in the LDCH. Thus, the LCCH channel
is suited to control and maintain WBAN networks. The LDCH
and the LCCH are combined into a single transmission signal
in the physical layer based on the proposed modulation type.
Thus, the transmission for both the data and the signal control
can be implemented in a single signal, while a special
transceiver used to transmit a control signal in WBAN is
retrenched. Analysis and simulation demonstrate that the
proposed modulation scheme has a good (flat) power spectrum
density (PSD) that can easily match the Federal
Communication Commission’s (FCC’s) UWB emission mask.
The proposed modulation scheme may be further combined
with other IR-UWB-based proposals for WBAN [11]-[16]
because the proposed scheme is independent of pulse shaping.

The remainder of this paper is organized as follows.
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Section II describes the signal formation for the followed
discussions. The PSD of the signal is analyzed in section III.
Novel transmitter and receiver structures are presented in
section IV. Section V analyzes the receiving performance of the
proposed mechanism. The simulation results are presented and
discussed in section VI. Finally, section VII concludes the
paper and mentions our intended future work.

II. Signal Formation

This section introduces the format of the proposed
transmission signal. A similar format was presented in [17], but
our proposal has some modifications. This will be described in
two parts. First, a traditional PPM-TH UWB signal is used as
the LDCH in WBAN networks to transmit the information at
high speed and with restricted interference. Second, Miller-
coded signals, which have a narrow bandwidth, are PAM
modulated onto the PPM-TH UWRB signals, and this is used as
the LCCH in WBAN networks.

1. Signal in LDCH

The PPM-TH UWB signal adopted in the LDCH is a
sequence of short pulses, that is, monocycles. A monocycle is
usually a Gaussian-shaped pulse of finite duration 7,,. It is zero
out of the time span [0, 7,]. The duration is in the order of
nanoseconds, which yields a bandwidth in the order of GHz.

Figure 1 shows the waveform employed in IR-UWB to
transmit a single bit. The waveform of one bit is constituted by
N; monocycles and has a duration of 7. The waveform of each
bit is divided into N, frames whose durations are T (7,=7;/Nj).
Each frame is further divided into N, chips with a chip duration
of T, (T =T/N,). Based on the TH code, a monocycle is placed
in a randomly selected chip in each frame. In the PPM
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Fig. 1. Example of the LDCH (1 bit), where 7,=57,, T,=3T,, and
T.=2T,=2e. That is, N~=5, N=3, and T,~¢.
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modulation type, the position of the monocycle inside a chip
represents the input bit. We denote the position shift factor as &
(e<T.). Specifically, binary PPM is considered in this paper, so
we set =0 if the input bit is zero, while £=T}, if the input bit is 1.
PPM-caused overlaps between neighboring monocycles are
not considered (7.>27,,).

Therefore, the waveform employed to transmit the j-thbit of
user u can be compactly written as

N, 5.
w () = w(t)x Y 8(t—mT, —CT, - b)),

m=1
where bj(”) denotes the j-th bit of user u, C,*” denotes the TH
code for the m-th frame in a transmission bit of user u, * is
the convolution operator, and w(f) is the waveform of a
monocycle. Correspondingly, the transmitted sequence of user
u is expressed as

0 N
W0 = 3 Wit )% 8- mT, - COT ~bP). (1)

Jj=—o m=1

2. Signal in LCCH

In our proposal, a Miller-coded control channel signal is
PAM modulated onto the LDCH signal. This is called the
LCCH. Specifically, Miller-coded signals are produced for
every bit of the LCCH, which is further PAM modulated. The
modulated signal is used to multiply the corresponding LDCH
monocycles.

Since the bit duration of the LDCH is 7, the data rate of the
LDCH is 1/T}; since the data rate of the LCCH is normally
lower than that of the LDCH, we set 1/(7,%N,) as the data rate
of the LCCH. The bit duration of the control channel is
T,=T,xN,, correspondingly. Figure 2 shows an example of the
combined signal of the LDCH and the LCCH.

The waveforms are built up by monocycles that are
modulated by PPM with PAM (BPSK-type), where PPM
carries the LDCH information, and PAM carries the Miller
encoded LCCH information. The bits in the LDCH and the bits
in the LCCH are independent, so the modulation of PPM and
that of PAM are independent as reflected in Fig. 2.

The value of N, should be large to obtain some advantages.
However, the data rate of the control channel will decrease if
N, is large; so there is a tradeoff to determine its value. This
problem will be discussed later. From the preceding
descriptions, we get that 7, and 7, are unequal, thus our
proposal is different from the scheme of direct-sequence IR
described in [17].

We choose the Miller code as a baseband encoding scheme
in the LCCH since Miller encoding has the capability to carry
timing information, and it has strong anti-interference
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Fig. 2. Example of a combined signal (1 LCCH bit with 4 LDCH
bits), where 7,=4T}. There is a polarity inversion in the
middle of the LCCH bit. (The inversion may be at the
boundary of the bit according to Miller encoding rules.)

capability. Another important advantage that is of interest to us
is that it can transmit one bit in a narrower bandwidth
compared to other baseband coding methods. That is, it has a
higher spectral efficiency compared to other methods [18].

After Miller encoding, we denote the i-th bit of user u in the
LCCH as a*. Since one input bit is coded into two output bits
by Miller encoding, a has the same duration as N,/2 bits in
the LDCH. Finally, considering (1), we express the
transmission sequence of user u as

N, /2-1N-1

2 28t~ jT,-mT, = C'T, - b)),

j=0 m=0

< T,
W)= a"w(t - i)

@
where " is the i-th bit of the LCCH, and b; ,-(”) is the j-th bit of
the LDCH in the duration of the i-th bit of the LCCH; the rate
matching of these two channels should be ensured during
modulation.

As shown in the equation, the information in the LCCH is
PAM modulated, while the information in the LDCH is PPM
modulated. Equation (2) is the combined signal of the LDCH
and the LCCH. The signals of the LDCH and the LCCH are
combined into a single transmission signal through modulation.

II. Spectrum Analyses

In this section, the PSD of the proposed scheme is analyzed,
and the receiver structure is introduced.

1. Transmutative Description

The signals from different channels are considered to be
independent to make the discussion on PSD straightforward.
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W (1) = Wi (1)< w0, G)

where W' (1)=)"  wi’(t—cT,) is the LCCH signal,

and w\’(t) is the LDCH signal. The signal in (2) is the
combined signal which is composed of pulses (monocycles).
In (3), only w{(¢) represents pulses (monocycles), and

wi(t) is the Miller-coded polar-indication signal without
any pulse expression imbedded. The overall signal is a product
of these two signals.

2. PSD Calculation
Specifying one user, the Fourier transform of (3) is given by
W) =W ()W (), )

where W((f) is the LCCH PSD, and Wy(f) is the LDCH PSD
(PPM-TH UWB). Based on [19] and [2], W(f) and Wp(f) are
respectively obtained:

2
Q7 f)’T,[17+8cos ]
x[23—20056—2200529—12cos39+500549
+12cos50+2cos60—8cos70 +2cos8b],

Wc(f) =

&)

where 0 = 7 fT, . The increase of T, causes the bandwidth of
W) to decrease and the peak value of W(f) to increase.
T, }

©)

e*/'(Zﬂf(mT,\- +Cu 1)) ,and VV()(]‘) is the

1,0 = P Gy D 5

b b

n=-w

where W,(f)= Wo(f)z:;

PSD of a monocycle.
The PSD of the proposed signal is obtained by convolving
W) with the continuous and discrete components of (6).
Convolving Wf) with the continuous component of (6)
results in

[l

b

W) =W (f)x @)

= sin®(x fg)]

According to (5) and (6), the decisive factors of the
bandwidth of W(f) and W (f) are T, and 7,,, respectively. Since
T, is much larger than 7,, W((f) is a narrow band signal
compared with W,(f). Therefore, the bandwidth and the shape
of Wi(f) remain almost the same as those in W,(f). Only the
amplitude of W(f) is affected by W(f). This is not the most
important consideration here. We draw the conclusion that the
PSD of the proposed signal is still an IR-UWB PSD whose
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power mainly focuses on [0, 5/ 7},].1) This implies that the
bandwidth of the proposed scheme is 5/7,,.
Convolving Wc(f) with the discrete component of (6) results in

* cos N(nfe) &
T Z o(f——

b n=

T

b

Wy (f)= { }XWc(f)

®

2

cosz(ﬁTﬂg)WC (f —Tl).

b b

b n=—x

b

According to (8), the LCCH PSD is conveyed to f=n/T}, with
some amplitude scaling. Obviously, it is symmetrical at /=n/T}.
For the amplitude scaling, we have

i

m=1

2 B 2
1 —j@ATH(MT,+C, T, )
T,
— cos (ﬂ— &)=—
T, T, 5

W, (=)

b

o()

n
cos’(r—¢),
T,

where W((f) is the PSD of a monocycle, and it is almost
constant in the bandwidth of [0, 5/7)]. The term (9) obtains a
considerable peak value only if n=kT,/T,, where k€ {1, 2,
3.}

2

1

7;)2

N, - j@ra(mT,+C,T.)
7,

De

m=1

©

cos’ (7= ).
T,

Substituting n=kT,/T,, into f=n/T), we determine that notable
PSD peaks exist in the spectral positions of /=k/T,,. This means
that the LCCH information is conveyed to the spectral
positions of f=k/T,, with considerable power, while the power is
small and negligible in other spectral positions. We know that
the main power of the Gaussian-shaped UWB signal focuses

n [0, 5/7,]. Thus, we conclude that the LCCH information
mainly exists at f=k/T,,, where k=1, 2, 3,4, and 5.

3. Numerical Results

Simulation is performed to reflect the PSD performance of
the proposed signal. The simulation parameters are listed in
Table 1. Figure 3 shows the simulation results.

Figures 3(a) and (b) show the PSD performance of W (f). No
discrete component is included in Wf), and the spectral
efficiency is about 2 bit/s/Hz. According to (5), the bandwidth
of W(f) decreases, and the peak value of the PSD increases
when T, increases.

The peaks of the PSD appear at 2 GHz, 4 GHz, 6 GHz, and
8 GHz in Fig. 3(d) (The PSD is too small to be considered for
the spectral position of 10 GHz.), while these spectral positions
are all deep fadings in Fig. 3(c). This verifies the conclusion in
section I11.2; the LCCH information mainly exists at /=k/T,,
where i=1, 2, 3,4, and 5.

1) This conclusion is achieved by the PSD of the Gaussian pulse-based UWB system.
However, the proposed system can be similarly expanded to systems that adopt different pulse
shapes.
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Table 1. Simulation parameters.

T, (s) 3e-7
75 (s) 1.5¢-8
T, (s) le-9
T, (s) Se-10
T (s) 3e-9
£(s) Se-10
Sampling rate Sel0
Average transmitted power —30 dBm
x107 x10°¢
! 4
5 2 J/\ Ng 2 ‘ll
> >
- 00 2/\/\/ 4 6 - L 0 ; 4 - 6
Frequency (MHz) Frequency (MHz)

(2) (b)
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© ®

Fig. 3. PSD Simulations: (a) theoretical PSD of W(f), (b)
simulated PSD (N,=20) of W(f), (c) PPM-TH UWB
PSD, (d) proposed scheme PSD, (¢) specified PPM-TH
UWB PSD around 2 GHz, and (f) specified PSD of the
proposed scheme around 2 GHz.

Figures 3(e) and (f) specify the PSD around 2 GHz for PPM-
TH UWB and the proposed scheme, respectively. The discrete
components of Fig. 3(e) are replaced by continuous components
in Fig. 3(f). Further comparing Figs. 3(b) and (f), we determine
that the LCCH information is exactly carried around 2 GHz,
where it is a useless discrete component for PPM-TH UWB in

Fig. 3(e). This is also in accord with the conclusion in section IT1.2.

Therefore, we conclude that there is a high discrete PSD for
PPM-TH UWRB, and with a large proportion of discrete PSD
that does not carry any useful information, a lot of power of the
traditional PPM-TH UWRB is wasted. This is a crucial threat to
the FCC’s emission mask. In the proposed scheme, most of the
discrete PSD is restrained, and some discrete PSD is replaced
by the useful information of the LCCH. This increases the
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power efficiency and makes it easier to satisfy the FCC’s UWB
emission mask requirement.

IV. Transceiver Description

This section introduces the transceiver structure for the
proposed scheme, where the optimal receiver in the additive
white Gaussian noise (AWGN) channel is specialized.

1. Transmitter

Considering the transmitter structure of PPM-TH UWB, we
describe the proposed transmitter as shown in Fig. 4.

As for the LDCH, the input bit sequence is generated at a
rate of R;=1/T},. Each bit is repeated N, times by the repetitive
encoder which represents the frames constructing the bit. In the
transmission encoder module, a position shift for each pulse is
generated.

As for the LCCH, the binary input sequence is generated at a
rate of R;=1/T},. In the Miller encoder module, the data rate of
two channels should be matched, implying that
T=NXTi=NxNyxT,. Here, Ny is related to the receiving
performance of the LDCH, N, is determined by the difference
between the data rates of the LCCH and the LDCH, and the
relationship between these two data rates is expressed as
Ry pei=N, ¥Ry cc- The PSD of the transmitted signal is related
to IV, as described in section I11.2. An increase of N, will cause T,
to increase. This results in an increase in the peak value of the
PSD. Furthermore, the receiving performance of the LCCH,
which will be discussed later, is also related to V,. Therefore, the
tradeoff of the difference between Ry pcy and Ry ccy, the PSD of
the transmitted signal, and the receiving performance of the
LCCH should be jointly considered to determine the value of N,.

The multiplier between two channels can be realized by a
non-real multiplier. The signal of the LCCH is not like the
signal of the LDCH, whose signal is composed of pulses;
instead, it is a continuous direct current signal with some
polarity inversions. Thus, when multiplication is executed, we
can simply use the signal of the LCCH as a reference signal. If
the reference is negative, the pulses in the LDCH reverse the
phase; otherwise, they do nothing.

2. Receiver

It is assumed that the signal is transmitted in a zero mean
and Ny2 variance AWGN channel without multiuser
interference. The received signal is R(fy=w(¢)+n(f), where w(f)
is the transmitted signal, and n(?) is the AWGN noise. If the
channel fading is included in the considerations, we have
R(ty=pwW(®tn(?), where p is the fading factor. Assume that the
effects of both the transmitter and receiver antennas on the
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Fig. 4. Transmitter structure for proposed scheme.
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Fig. 5. Receiver structure for the proposed scheme: 71=7,=T for hard decision and 7\=T}, T,=T,/2 for soft decision.

shape of the pulses are already perfectly considered in the pulse
shaper on the transmitter side. We propose the optimal receiver
structure shown in Fig. 5.

In our considerations, we assume that the synchronization is
perfectly done. This means that 7,, 7}, T, T, T,, and C,, are all
known on the receiver side. Two decision rules are explained in
the receiver side, namely, hard decision and soft decision.

A. Hard Decision

The correlation template for hard decision is composed of
pulses during one frame time. Thus, the receiving templates for
the LDCH and the LCCH are set as m(£) and m(f), respectively:

m (@) =w,(t-t-C,T.)-w(t—-7-C,T, —¢),

myt)=w,(t-7-C,T)+w,(t-7-C,T —¢),

where w(?) is an energy-normalized frame.

For the LDCH to decide one bit, N pulses that represent one
bit are decided independently, and the final result is obtained
from the NV decision results using a simple majority criterion.
Similarly, for the LCCH to decide one bit, N/2xN; pulses that
represent one Miller-coded bit are decided independently.
Decision is performed frame by frame in hard decision, in
which only one pulse is included.

B. Soft Decision

For the LDCH, the correlation template for soft decision is
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composed of N pulses in the duration of one received bit:

1,
m(t)=N,2 [w(t-7-C,T,

m>c

)—wo(t—z'—CmTc—é:)].

m=1

In soft-decision-based detection, each bit composed of N
frames is considered by the receiver as a multipulse signal. The
received signal is cross-correlated with the receiver template
that is matched to the train of pulses representing the
corresponding bit. The decision is performed bit by bit.

Similarly, the correlation template for soft decision is
composed of N,/2xN; pulses for the LCCH in the duration of
each received Miller-coded bit:

1N,

my(t)= N2 [w(t-7-C,T.)+w,(t—-7-C,T. —¢)],
m=1

where Nj=N,/2xN;.

Figure 6 demonstrates the templates for different kinds of
receivers. The receiving template is the same as traditional PPM-
TH UWB for the LDCH, and the received signal is the same as
traditional PPM-TH UWB system after passing through the full-
wave rectifier. For the LCCH, the receiver template is different
from traditional PAM UWB because the received signal is
modulated by PAM with PPM, and the exact positions of pulses
cannot be obtained. Thus, the receiver template simply repeats
the pulse in two positions. This decreases receiving performance
because the integrator with longer duration introduces more
noise to the receiver. This will be analyzed later.

ETRI Journal, Volume 32, Number 1, February 2010



[=]
W
—_
(=]
—_
[

(@)

M\i4

(b)

(©

= -

0.5 1.0 15
(d)

Fig. 6. Receiver templates for different UWB modulations: (a)
transmitted signal, (b) template for LDCH (PPM-TH), (c)
template for PAM-TH, and (d) template for LCCH.

V. Receiving Performance

In this section, receiving performance is analyzed in a zero
mean and Ny2 variance AWGN channel without multiuser
interference.

1.LDCH

For the LDCH, since the decision is the same as that of the
traditional PPM-TH UWRB, receiving performance of soft
decision in AWGN channel as in [2] is given as

PSDC:lerfc Ep Lok NE, , (10
2 2N, | 2 2N,

1
where erfe(x)=27*["e"dr, Ep is the received energy per

LDCH bit, and Ey is the received energy per frame. By
increasing the number of pulses per bit, the received energy is
increased by a factor of N, with a consequent reduction in the
bit error rate (BER).

For hard decision, given the number of pulses falling over a
threshold and comparing this number to the number of pulses
falling below the same threshold, the estimated bit corresponds
to the higher of these two numbers. An error occurs if more
than half of the pulses included in a bit are misinterpreted, and
the probability of the bit error is given by

N, _
})hDC _ z Ci[vr})oi(l_})o)stl’ (11)
N,
I

i= 2

2N,

0

E
where P, :%erfc[ -
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J is the decision error rate of a frame.

2.LCCH

First, we would like to calculate the receiving performance
for a single pulse in the LCCH. There are four possible
received signals in the LCCH in the following equation:

VE W, (1), a=1, b=0;
E t—¢), =1, b=1;
S (1) = Wl ), a
—JE,w, (1), a=-1, b=0;
—JEyw,(t—¢), a=-1, b=1,

where a is the transmitted bit of the LCCH, and b is the
transmitted bit of the LDCH. Using the template to achieve the
correlation results, and after passing through the integrator, we
obtain the following signal:

Z =58z +ny,

where 7, is a Gaussian random variable with zero mean and
. 2
variance N,?, and

¢ _{ JE., a=1l;
=
—Ey, a=-1

For the equally probable and independent information bit, the
average error probability can be expressed as

P

a=—1—-a=+1

1 1
=5sz>0w=U+EP42>ow=0)

=Pr(2>0[p=1)=Pr(JE, <n,)

E
=lerfc X,
2 2N,

Total error probability is expressed as

F = ll)a:—l—mzﬂ +ll)a:+l—>a:4 = lerfc Ex - (12
2 2 2 2N,

Similar to the LDCH case, it is easy to determine the error rate
of the LCCH in soft decision:

E E
pSCC = lerfc c =lerfc M , (13)
2 2N, 2 4N,

0 0

where E is the received energy per LDCH bit, and Ey is the
received energy per pulse.

It should be noted that the duration of the received bit is 7,,/2
since the received bit is a Miller-coded bit whose duration is
T,/2, and N.X N,/2 pulses are included in one received LCCH
bit. The influence of Miller-decoding will be analyzed later.

2) Variance equals N, as follows: based on the proposed receiver template, 1, here is an
addition of two noise signals that are all zero mean and Nyy/2 variance noises.
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The error rate of the LCCH is the same as that of the LDCH
if Ec=Ep. However, if we consider the receiving performance
in the case of E-=N,/2XEp, we find that the receiving
performance of the LCCH is much better than that of the
LDCH in the system. This means that the receiving
performance of the LCCH is better than that of the LDCH.
Thus, it is useful for controlling and maintaining WBAN
networks.

Similar to the LDCH case, receiving performance of the
LCCH in the hard decision case can be obtained by

Ny xN,

R= > ChwnRA=R) L (14

3. Error Consideration for Miller Decoding

The error rate calculations in section V.2 only consider the
error rate before Miller decoding. The influence of Miller
decoding is considered as follows.

An input error in the Miller decoder will cause one error
output bit by Miller decoding. As shown in Fig. 7(a), two
neighboring error input bits cause two error output bits, while
in another case, shown in Fig. 7(b), there will be no error
output bit for two neighboring error input bits. These two cases
have the same probability due to the randomness of the input
errors in the Miller decoder. Therefore, the average error rate of
Miller decoding is one bit for two neighboring error input bits.

Similarly, there is one bit decoding error for m continuous
input errors, where m € {1, 2,--}. The decoding error
probability can be expressed as

(15)

where P,, is the decoding error rate for m continuous error
input bits. Since m continuous error bits are composed of m
continuous error bits with one correct bit at the each end of this
error sequence, we find

P'=]31+])2+]33+...+])m+...’

P, =(1-P)yP". (16)
Input 1 0 0 1 0
AN AN N

TR B S S LS L

AV VARV VA ve

X 3

Output 1 0 1 0 0
(a)
X X
-1 +1 +1 +1+1 4+l -1 +1 +1 +1
1 0 0 1 0
(b)

Output

Fig. 7. Examples of 2 neighbor bit errors in Miller decoding.
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Substituting (16) into (15), we find

P’:(I—P)zﬁP'” =(1-P)P.

m=1

a7

Substituting the error rate expressions of (13) and (14) into
(17), we can determine the final BERs of the LCCH for the
case of soft and hard decisions, respectively.

VI. Numerical Results

This section presents simulation focusing on the BER
performance of the proposed scheme. The simulation
parameters are shown in Table 1. Unless otherwise specified,
the hard decision scheme is adopted in the simulations.

The simulation results of the BER performance are shown in
Fig. 8. The results verify (10) and (13), where the BER
performance of the LDCH and the LCCH is the same if Ep/NV,

—%—LDCH N,=5
,,,,,, —&—LCCH N;=5, N~2
,,,,,, ——LCCH N,=5, N,=4
10* L —v—LCCH N;=5, N,=8
—&—LCCH N=5,N=16 N
LCCH N,=5, N,=32

—e—LCCH Ny=5, N~=100

»»»»»» —Theoretical (soft decision)

-6 H H
10 0 5 10 15

Ey/N, (dB)

Fig. 8. BER comparison of different N, (N=5).

10? j{ —=—LDCH N,=2
—a—LCCH N,=2, N=2
—%—LCCH N;=2, N~4
| —<—LDCH N,=5

| ——LCCH N=5, N=2
| ——LCCH N=5, N~4
| ——LDCH N=10

| ——LCCH N=10, N, =2 2
| —=—LCCH N,=10, N,=4 S X

BER

-10 5 0 5 10
EJ/N, (dB)

Fig. 9. BER comparison of different channels, where the LDCH
has the same performance as PPM-TH UWB systems.
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10 =~ . (Q.’:‘i&hs\ Table 2. Link budget (soft decision).
NG High PSD| Low PSD Calculation
X% X
10? N\ \: Center freq. (MHz) 4,000 4,000
¥ € BW (MHz) 500 500 A
\
2 &\ \ * \( \R Bit rate (bps) 107 10* B
@ 107§—6=LDCH N;=5 \ oo Tx PSD (dBm/MHz) 413 70 D
—&— LCCH N=5, N2 Py
—%— LCCH N=5, N~4 \ U Tx antenna gain (dBi) 0 0 E
10y —— LDCHN=S, No=8 \\ \ \‘ EIRP (dBm) 143 43 | F=D+10log ,A+E
—6— LCCH N=5, N~16 §
—v—LCCHN,=5, N=32 [ \\ Rx antenna Gain (dBi) 0 0 G
10 e LCCH NS, NZ100 \ Path loss @ 3 m (dB) 62 62 H
2 -20 15 10 - 0 5 10 Log-normal fading 6.5 6.5 I
/Ny (dB
EdMNo (4B) C (dBm) 828 | —111.5| J=F+G-HI
Fig. 10. BER comparison of different N, (N,=5). Thermal noise (dBm/Hz) | —174.1 -174.1 K
Noise figure (dB) 6 6 L
No (dBm/Hz) —168.1 —168.1 M=K+L
10° : o
............................................. /Ny (dBHz) ) 6.6 N=IM
Trryed? ¥y Ey/Ny (dB) 153 16.6 | O=N-10log;oB
10! 1l Required E4/N, (dB) 12.6 12.6 P
Link margin (dB) 2.7 4 Q=0-P
Receiver sensitivity (dBm)|  —85.5 —115.5 |R=M+P+10 log;oB
10”
-4
[2a)
m
,,,,,,,,, T
——N=2, N~4 channels have the same performance if the number of pulses
* xsj" xj included in one LDCH-bit is the same as the number of pulses
| — included in the half-LCCH-bit. The reason is that the decision
10° : . . . ..
0 1 2 3 4 5 is performed in half the duration of one LCCH bit in the
ATIT, demodulator of the LCCH. The small difference between them

Fig. 11. BER declines caused by the normalized AT.

is equal to E/N,y (In the figure, both Ep/N, and E/N, are
denoted as E£,/N,.). A theoretical curve of the soft decision case
is shown in the figure to compare the performance of hard and
soft decisions. As shown in the figure, the soft decision
achieves a performance about 1.5 dB better than that of the
hard decision. From the figure, we find that the proposed
scheme achieves the same BER performance as traditional
PPM-TH UWRB systems.

According to the foregoing descriptions, Ec=N,/2XEp in the
proposed scheme. Thus, the receiving performance of the
LCCH is much better than that of the LDCH in the system. As
seen in Fig. 9, where the X-axis is E,/N, rather than E,/N,, the
LCCH achieves a much better receiving performance than the
LDCH under a given N,. Furthermore, the LDCH and the
LCCH achieve the same BER performance if V; of the LDCH
equals N;XN,/2 of the LCCH. This means that the two

ETRI Journal, Volume 32, Number 1, February 2010

is caused by Miller decoding; this is negligible at low BERs.

The influence of N, on the BER performance is simulated in
Fig. 10. Since the energy per pulse is the decisive factor of the
average radiation power of the system, which is restricted by
the FCC’s emission mask, we still set £,/N, as the X-axis to
research the receiving performance. From the figure, we reach
the conclusion that larger N,, the better the performance that
can be achieved by the LCCH.

From Figs. 9 and 10, we draw a similar conclusion to that in
traditional UWB systems; the more pulses included in one bit,
the better performance can be achieved. The number of pulses
in one LDCH bit is N,, and it is NxN, in one LCCH bit.
Therefore, the LCCH performs better than the LDCH, and the
performance improves with the increase of N,. Since the data
rate of the LCCH is much smaller than the data rate of the
LDCH (N/>>1), the LCCH performs much better than the
LDCH. With the same error rate, the LCCH can transmit
further. This is useful to control and maintain the network.

To study the effect of imperfect synchronization on BER
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performance, we designed a simulation whose results are
shown in Fig. 11, where AT is the mistiming between
transmitter and receiver. In the simulation, E,/N, is set to be
10 dB. Correspondingly, the BER is 7.8x10™ in soft decision
case without time offset. Observing this figure, we find that the
periodic decline of BER depends on the value of V,, and it is
independent of NV,. Timing offset has no influence on the BER
performance when AT/T=IxN,, [={0, 1, 2,-**}; however, the
BER performance declines seriously in other cases. Therefore,
synchronization is an important issue for further work on the
proposed system.

The link budget of the proposed scheme is analyzed in
Table 2, where a transmission distance of 3 m is specified. The
target BER performance is 10° and the corresponding E,/N,
requirement is 12.6 dB in the soft decision case. Based on the
FCC’s UWB emission mask, two situations are analyzed. In
case I, whose transmission PSD restriction is -41.3 dBm/MHz,
a data rate of 10 Mbps can be achieved. In case II, whose
transmission PSD restriction is =70 dBm/MHz, a data rate of
10 kbps can be achieved. These two data rates meet the
requirement of WBAN.

VII. Conclusion and Future Work

In this paper, we proposed a novel transceiver structure for
WBAN networks which can transmit data channel information
together with control channel information in a single
modulated signal. Using this scheme, original UWB signals are
improved in the frequency domain; thus, the signal can meet
the FCC’s emission mask requirement more easily. Receiving
performance of both the data channel and the control channel
satisfy the transmission requirement of WBAN according to
the link budget analyses. With the same receiving performance,
information of the control channel can be transmitted further,
which is useful to build up and maintain networks. Most of all,
the proposed scheme is easy to realize. It is compatible with the
existing IR-UWB systems, which is very suitable for WBAN
sensor networks.

The proposed scheme can be expanded into multipath
channels, such as classical UWB CM;-CM, channels. It could
be a valuable work to expand the proposed scheme into
potentially standardized WBAN channels. These will be the
aims of our future work.
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