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Abstract:- In this paper we introduce a novel method for high data rate transmission in ultra-wideband (UWB)
communications systems. This is achieved through a new approach based on hybrid techniques between pulse
position modulation (PPM), pulse amplitude modulation (PAM) and pulse shape modulation (PSM) using
combinations between a minimum possible number of modified hermite polynomial (MHP) functions by recalling
their orthogonality property. In this paper we have based our discussion on single path scenario assuming beam
forming is taking place to combat multipath propagation. Besides, the impact of time jitter of the proposed
modulation technique on the performance of the system is investigated.
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1 Introduction
UWB is a sort of baseband communications in which
very short duration pulses in the order of sub nanosec-
onds with very low power spectral density (- 41.5 dBm
/ MHz) are directly radiated to the air. This technol-
ogy has many synonyms in technical literature as base-
band, carrier-free or impulse radio.
According to Federal Communications Commission
(FCC), a radiator is defined as UWB transmitter if it
has a fractional bandwidth (FB) equal or greater than
0.2, where

FB =
Signal bandwidth

Center frequency
=

fh − fl

(fh + fl)/2
, (1)

fh, fl are the higher and the lower 10 dB points of
the signal spectrum, respectively. Alternatively, it has
a UWB bandwidth equal to or greater than 500 MHz
regardless the fractional bandwidth.

Due to the very low power in UWB systems, trans-
mission of multiple versions of pulses for the same in-
formation comes to play an important role - simply to
collect enough energy for detection as have been pro-
posed in conventional modulation techniques such as
time hopping (TH) or generally pulse position modu-
lation. At the same time no transmission during certain
duration between any two successive pulses should be
guaranteed to avoid intersymbol interference (ISI) in

multipath scenarios, if equalizers will not be used to re-
duce the system cost. This duration should be at least
as long as the channel impulse response (IR), which
means low duty cycle and hence low data rates.
On the other hand, this very short pulse duration and
its high fractional bandwidth can provide bandwidth of
over 1GHz to several GHz. However, by this low data
rate due to the above mentioned reasons, we can safely
say that the spectrum is not used in an effective way.
Hence, searching for techniques allowing this repeti-
tion, avoiding ISI and at the same time provide high
data rates becomes to be more than convenient.

In this paper we propose a scheme that employs a
combination of pulse shape, pulse amplitude and pulse
position modulation to generate biorthogonal pulses
for the transmission of multiple bits or symbols. This
allows to transmit more information than the conven-
tional proposed systems in the same amount of time
even with better performance for the same SNR. Due
to the fact that the most UWB communications sys-
tems employ correlation receivers, we based our discus-
sion on detection using Matched Filter (MF) concept
in AWGN channels. However, the approach can also
be applicable for more sophisticated receivers as Rake
ones where multipath propagation is exploited. It is
worth to mention that multipath scenarios could not
only be handled by Rake receivers, beam forming is
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also a reasonable alternative. Hereby, the antenna pat-
tern (AP ) is directed to the Line of Sight (LoS) path
and suppresses other pathes. The downside of this ap-
proach is that the AP will depend on the angle of in-
cidence θ and the frequency f , i.e. AP = AP (θ, f).
Hence, if a user moves, the AP has to be tracked. A
solution could be obtained by periodically embedding
a training sequence in the transmitted data stream in
order to estimate the total IR (channel and antenna).
We postpone the discussion of this subject for future
work.
This paper is organized as follows. In Section 2 we re-
view briefly the conventional UWB transmission sys-
tems. In section 3 we outline the theoretical basics for
the proposed pulses based on MHP, and describe the
proposed modulation scheme and pulse combinations
design. In section 4 performance of the proposed sys-
tem and the effect of time jitter are discussed. Finally,
in section 5 we present some conclusions and discuss
some future research work.

2 Conventional UWB transmission
systems

In this section we describe the typical UWB transmis-
sion system and use this as a motivation for the pro-
posed system. The rigorous mathematical description
is presented next and considers a multi-access environ-
ment

sk(t) =
∞∑

j=−∞
p(t− jTf − ck

j Tc − δbk
b j

Np
c). (2)

Here, p(t) with duration Tp represents the trans-
mitted monocycle waveform, Tf represents the pulse
repetition time which is typically a hundred to a
thousand times of the monocycle length leading to a
very low duty cycle, i.e. Tp

Tf
¿ 1. Superscript k denotes

the user k assumed in multiuser environment. So, the
signal emitted by user k consists of monocycles shifted
to different times, the j-th monocycle nominally begin
at time jTf − ck

j Tc − δbk
b j

Np
c.

If multiple-access signals would have been com-
posed only with uniformly spaced pulses then a per-
fect chance for catastrophic collisions can occur, where
a large number of pulses from two signals are received
at the same time instants and this can corrupt irre-
versibly the message. Therefore, a random (or pseudo-
random) time hopping sequence ck

j is employed. These
sequences have a period Np with each element a finite
integer in the range 0,1,...,Nh − 1. Each element has a

chip duration of Tc.
Thus, this code provides an additional time shift to
each pulse in the pulse train, with the j-th monocy-
cle additionally shifted with ck

j Tc seconds. Hence the
added time shifts caused by the code are discrete be-
tween 0 and NhTc seconds. Also the greatest shift gen-
erated by the code (NhTc seconds) is required to be less
than the length of the basic train pulses period Tf . The
additional shift of δ is to differ between the sequence
representing bit 0 (b = 0) and the one representing
bit 1 (b = 1). This additional time shift could be cho-
sen to be greater than or equal the chip duration Tc.
Hence, the two sequences become fully orthogonal to
each other and better performance could be achieved.
See [2] and [3] for more information about time hop-
ping codes and its usage.

3 Proposed system description
based on orthogonal Hermite
pulse shapes

Hermite functions, and indeed Hermite pulses are not
new. Hermite transform has already been used to shed
light on spatio-temporal relationships in image process-
ing [1]. In fact, normalized MHP pulses are defined as

pn(t) =
1√

(2(n!
√

(π
2 )))

(−1)ne−
t2

4
dn

dtn
(e−

t2

2 ), (3)

where n is the pulse order. MHP do have attrac-
tive features could be summarized in the following.
MHP pulses are mutually orthogonal to each others,
which was the property used for the M -ary modula-
tion scheme. Another advantage of MHP pulses is that
the time duration and the bandwidth of the pulses do
not change significantly when the order of the pulses is
increased. These properties can be exploited to design
meaningful combinations of MHP pulses to increase
the data rate.
The drawback of MHP becomes obvious in case of im-
perfect correlation receivers, the probability of error
increases when a narrower correlation peak is present.
Besides, the time duration of the pulses do not change
significantly between two successive polynomial orders
but the change between a low order and a much higher
one could not be ignored for appropriate level of or-
thogonality. Higher order pulses have also been found
to be more sensitive to time jitter [1] in the receiver, ob-
viously also due to the narrow correlation peak. Hence,
some limitations do exist.

Due to the above mentioned shortcomings of the
higher orders in MHP pulses, we intend in our ap-
proach to use a minimum possible number of MHP
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orders to achieve as many biorthogonal combinations
as possible. Furthermore, we guarantee the complete
overlapping between different orders to achieve the full
orthogonality. This directly improves the probability of
error and hence improves the performance of the sys-
tem. Now let us combine the zero and the first orders
in one pulse as,

p(t) = a0 p0(t) + a1 p1(t− T ), (4)

p0(t) =
1

4
√

2π
e
−t2

4 , (5)

p1(t) =
1

4
√

2π
t e

−t2

4 . (6)

Here T is the duration of p0(t) or p1(t). Note that for
orthogonality and unit energy, the coefficients have to

satisfy a0 = a1 =
√

1
2 . Based on equation (4) we pro-

pose the first simple modulation scheme, which we call
Hybrid-2 (H-2) because the technique merges PSM,
PAM and PPM together.

Bits Combination

0
√

1
2 p0(t) +

√
1
2 p1(t− T )

1 −
√

1
2 p0(t)−

√
1
2 p1(t− T )

Table 1. Hybrid-2 modulation scheme.

The previous table shows that from the first 2 orders,
we are able to create 2 antipodal combinations. It is
worth to mention that of course antipodality could also
be achieved by just one pulse and its negative, but it
is just to start from the basic level of the proposed
system.

Bits Combinations

00
√

1
2 p0(t) +

√
1
2 p1(t− T )

01
√

1
2 p1(t) +

√
1
2 p0(t− T )

11 −
√

1
2 p0(t)−

√
1
2 p1(t− T )

10 −
√

1
2 p1(t)−

√
1
2 p0(t− T )

Table 2. Hybrid-4 modulation scheme.

Table 2 shows in more detail the concept behind this
approach that the position is mutually changed be-
tween the zero and the first orders in the same combi-
nation to generate 4 biorthogonal signals. So (00) signal
is orthogonal to (01) and (10) signals but antipodal to
(11) signal. Similarly any signal to the others. It can be
also shown that 4 biorthogonal signals can be achieved
by just using one pulse, simply by mutually changing
the position between the pulse and its negative.

Bits Combinations

000
√

1
2 p0(t) +

√
1
2 p1(t− T )

001
√

1
2 p1(t) +

√
1
2 p0(t− T )

011
√

1
2 p0(t)−

√
1
2 p1(t− T )

010 −
√

1
2 p1(t) +

√
1
2 p0(t− T )

110 −
√

1
2 p0(t)−

√
1
2 p1(t− T )

100 −
√

1
2 p1(t)−

√
1
2 p0(t− T )

101 −
√

1
2 p0(t) +

√
1
2 p1(t− T )

111
√

1
2 p1(t)−

√
1
2 p0(t− T )

Table 3. Hybrid-8 modulation scheme.

As Table 3 shows, only by use of the first 2 orders
we are able to design 8 different biorthogonal signals.
Also Gray code has been applied in the design for bet-
ter performance. Note that only 4 matched filters are
needed in the receiver.

4 System performance and time jit-
ter effect of the proposed system

In this section we will investigate the system perfor-
mance in terms of BER and time jitter.
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Figure 1: The performance of the conventional system and
the proposed one in AWGN channel.

From the previous figure, it is clear that the BER
of H-2 and H-4 are completely coincide [5] and both
of them require SNR of around 3 dB less than TH for
same performance. This is due to the fact that orthog-
onal signals require a factor of 2 increase in energy to
achieve the same error probability as antipodal signals
[5]
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For the BER of TH, the additional time shift δ has
been chosen to be greater than or equal to the chip
duration Tc. Thus, the two sequences representing bit
0 and bit 1 become fully orthogonal to each others.
Hence, the BER in AWGN could be calculated from
the following formula [5]

BER = 0.5 erfc(

√
Eb

N0√
2

). (7)

It can be shown that the probability of a symbol
error PM of the biorthogonal signals in AWGN is [5]:

PM = 1− 1√
2π

∞∫

−
√

2Es
N0




1√
2π

(v+
√

2Es
N0

)∫

−(v+
√

2Es
N0

)

e−x2
dx




M

2
−1

e−v2
dv. (8)

Here M = 2L where L is the number of bits per sym-
bol. Also Es is the energy per symbol, which means
Es = LEb where Eb is the energy per bit. In fact there
is no closed form for this integration except for M = 2
and M = 4 [5]. Hence, the integral has been evaluated
numerically for different values of M . Note that it can
be shown that as M →∞ (or L →∞), the minimum
required Eb

N0
to achieve an arbitrarily small probability

of error is -1.6 dB, the Shannon limit [5].
When a Gray code is used in the mapping then each
symbol error is most likely to cause only a single bit
error for high SNR. Hence, Fig. 1 is based on the fol-
lowing formula

BER ≈ PM

log2 M
. (9)

Fig. 2 demonstrates the effect of the approximation
in equation (9) and the simulation results. They
coincide together in case of H-4 due to the fact that
H-2 and H-4 coincide for antipodal signals. However,
there is difference in case of H-8 but this difference
becomes negligible for high SNR.

Mutual orthogonality among several pulses, however,
depends on perfect synchronization of all co-existing
waveforms. This ideal condition is not found in prac-
tical UWB channels due to random mismatches (jit-
ter) between transmitters and receivers. Thus, we have
investigated the robustness of the designed scheme
against time jitter.

The simulations are based on signal durations of
Tp = 1ns and Tf = 4ns in noise free channel. We can
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Figure 2: H-4 and H-8 are shown analytically and their sim-
ulation results in AWGN channel.
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Figure 3: Time jitter effect on TH and the proposed system

conclude that TH, H-2 and H-4 are more robust against
jitter values of ±0.1 or smaller. However, for jitter val-
ues >∼ 0.15ns, H-8 is more robust. This is due to the
behavior of the auto correlation function (ACF) and
the cross correlation function (CCF) around the sam-
pling point between different signals in each modula-
tion technique as shown in the following figures.

From Fig. 4-6 the orthogonality between the signals
is obvious. Note that the peak of the ACF in case of
H-8 is higher than the peak of the ACF in case of H-4
because simply SNR is per bit. The zero level in the
ACF and CCF is because of 1 ns signal duration in a
frame duration of 4 ns.

5 Conclusions
As have been illustrated in this paper we proposed
a hybrid technique between PPM, PAM and PSM
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Figure 4: Normalized ACF in case of H-2, H-4, H-8
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Figure 5: CCF between [00] and [01] in H-4

−3 −2 −1 0 1 2 3
−1

−0.5

0

0.5

1

1.5

Time [ns]

A
m

pl
itu

de

Figure 6: CCF between [001] and [010] in H-8

to produce up to 8 different biorthogonal signals in
order to increase the transmission data rate with
better performance. We have recalled the properties

of MHP and have investigated the reasons behind
using the minimum possible number of MHP in the
design of our proposed system. We have found that
the conventional modulation scheme (TH) requires a
factor of 3 dB increases in the energy to achieve the
same BER as H-2 or H-4 and about 4 dB to achieve
the same BER as H-8 in AWGN channel. Besides, only
4 matched filters are needed for H-8 and 2 for H-4.
The performance of the system in terms of time jitter
has also been discussed. It is found that TH, H-2 and
H-4 are more robust than H-8 for jitter values of ±0.1
ns.
For future work, we would like to test the performance
of the system in multipath scenarios where the real
channel will degrade the orthogonality properties
of the pulses. Treating this issue generically is of
course beyond the scope of this single article. Also
we would like to investigate multiuser scenarios in
which different users will be considered with their
different codes and different overlapping durations
between their signals. Furthermore, we would like to
investigate the performance of the proposed system if
the codes are chosen by such a way that overlapping
between only one code element is allowed.
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