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Abstract—Increasing the receiver’s bitrate and suppressing 

the spectral line are issues of major interest in the design of 

compliant Time-Hopping Impulse Radio (TH-IR) Ultra-Wide 

Band (UWB) systems. Suppression of spectral lines has been 

commonly addressed by randomizing the position of each pulse to 

make the period as large as possible. Our analysis suggests that 

this influences the overall shape of a signal’s Power Spectral 

Density (PSD) in a way that is useful for spectral line suppression 

or diminishing the PSD maximum peak power. A method for 

utilizing the system to generate a Dynamic-Location Pulse-

Position Modulated (DLPPM) signal for transmission across a 

UWB communications channel is presented, and an analytical 

derivation of the PSD of a proposed DLPPM signal TH-IR UWB 

is introduced. Our proposed method can be applied without 

affecting the users of other concurrent applications. The 

theoretical model for DPLM TH-IR is compared with the PSD for 

conventional DPLM TH-IR. The results show that spectral 

estimation methods based on Fast Fourier Transform (FFT) 

significantly overestimate the continuous part of the PSD for 

small and medium signal lengths, which has implications for 

assessing interference margins by means of simulation. Another 

purpose of this paper is to improve a predesigned system by 

increasing the receiver’s bitrate. This will be achieved by using 

the bits that control the sub-slot technique as information and 

designing a receiver capable of detecting them. The bitrate is 

effectively doubled. Finally, the proposed system for DPLM TH-

IR has been built inside Simulink/MATLAB to test its results via a 

conventional DPLM TH-IR system. 

Keywords—Bitrate; FFT; PPM; PSD; spectral estimation; sub-

slot; TH-IR; UWB 

I. INTRODUCTION 

Ultra-Wide Band (UWB) systems based on Impulse Radio 
(IR) are the leading candidates for communication systems 
with low power, low complexity, low rate, and high battery 
life, as well as immunity to multipath interference 
characteristics. Applications involving such systems range 
from collision avoidance automotive systems to sensor 
networks. IR-UWB technology (also referred to as impulse, 
baseband, and zero-carrier technology), uses very short pulses, 
which imply a large signal bandwidth, to convey information 
[1]. Various modulation techniques, such as Pulse-Amplitude 
Modulation (PAM), Pulse-Interval Modulation (PIM), Pulse-
Shape Modulation (PSM), Pulse-Position Modulation (PPM), 
On–Off Keying (OOK), and Bi-Phase Shift Keying (BPSK), 

are used to transmit the information in such systems [2, 3]. In 
PPM, the information is determined by the position of one 
pulse [4]. 

In order to be able to deploy such applications, the 
interference from UWB-based devices to already-established 
narrowband deployments must be kept to satisfactory levels. 
Consequently, the Power Spectral Density (PSD) of IR-UWB-
based devices must comply with regulatory spectral masks 
such as the one used by the Federal Communications 
Commission (FCC) [5]. In this context, simulation of the 
signals produced by UWB devices with their corresponding 
PSD estimation by Fast Fourier Transform (FFT) methods is 
an invaluable tool for the evaluation and improvement of such 
systems before building the physical prototype. 

Conventional PPM TH-IR typically assumes a fixed 
timing offset between pulses in the signal set. This has several 
drawbacks for UWB systems. Therefore, there is a need for 
modulation schemes to realize the benefits of standard PPM 
while providing greater randomness. 

Thus, a novel PPM scheme must be more robust to fix 
timing offset effects while allowing for a greater throughput in 
UWB systems than conventional PPM TH-IR schemes. 
Therefore, methods and systems for generating Dynamic-
Location Pulse-Position Modulation (DLPPM) have been 
introduced [6]. 

In previous research [1,7,8], the behaviour of simulations 
with FFT-based PSD estimation of UWB signals was analysed 
by comparing the results with analytical and actual 
measurements. This paper is an extension of such works, 
whereby a comparison between the proposed and existing 
systems is introduced. 

The use of FFT-periodogram estimation methods for 
spectrum analysis of random signals is well studied in the 
literature [9]. However, some constraints must be observed 
when using these methods for the purpose of assessing, via 
simulation, the PSD behaviour of a particular UWB system 
before implementation. In this work, the behaviour of such 
estimation methods for proposed DLPPM TH-IR as a function 
of the sample length is analysed by comparing with previous 
results of conventional DLPPM TH-IR and PPM TH-IR [1,6] 
obtained with a swept spectrum analyser. This allows the 
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identification of several issues that must be considered to 
enhance the PSD of conventional PPM TH-IR UWB signals. 
The proposed DLPPM TH-IR utilised the subsections to 
double the bitrate in comparison with conventional DLPPM 
TH-IR, but the PSD is not affected. 

This paper is organised as follows: Section 2 describes the 
basic system properties and derivation of the conventional and 
proposed DLPPM TH-IR UWB schemes. Section 3 shows 
analytical and simulation results of the described system 
performance, and the conclusions are given in Section 4. 

II. SIGNAL REPRESENTATION AND ANALYTICAL PSD OF A 

DLPPM TH-IR SYSTEM 

A. Conventional DLPPM TH-IR System 

Before discussing issues related to estimation of the 
spectrum power and increasing the bitrate for the proposed 
DLPPM TH-IR, we introduce the signal considered for 
analysing the proposed DLPPM TH-IR UWB system. The 
block diagram shown in Fig. 1 consists of six stages and 
manages to diminish the problem of the spectral lines and 
obtain a smooth PSD by observing the output at the spectrum 
analyzer [6]. 

The signal generated by the conventional DLPPM TH-IR 
system, shown in Fig. 1, is described by the formula [6]: 

 ( )  ∑  (       (    
  

   
)   )            (1) 

where   ( ) accounts for the pulse shape,    is the mean 

pulse repetition rate,     is the    symbol from the rate of the 
1⁄3 encoder taking values on the set {0,1,...,7},    is the PPM 
modulation shift (modulation index),     is the number of 
time sub-slots, and    is the position of the pulse inside the 
pulse repletion rate taking values on the set {0, 1, ...,    -1}. 
Note that  ( ) is a random process. 

B. Proposed DLPPM TH-IR System 

Fig. 2 shows the proposed system, allowing comparisons 
between the conventional and proposed systems based on the 
DLPPM TH-IR technique. The introduced system differs from 
the one shown in Fig. 1 by utilising the extra sub-slot stage, 
which divides each slot by the number of sub-slots for holding 
new information, leading to an increased bitrate. 

Fig. 1 shows the previous system block diagram. We can 
see that the data coming from the source through the 
convolutional encoder are used to choose the pulse-position 
slot of the PPM system. The convolutional encoder’s role is to 
randomize the pulse position for a smooth PSD. The sub-slot 
position block is used to randomly determine the position of 
the pulse inside the slot. In other words, this block chooses the 
sub-slot position for maximum randomness of the positions 
for consecutive pulses. 

In this paper, the position of the sub-slot is used to 
represent data in order to increase the bitrate and channel 
capacity. The block diagram of the proposed system is shown 
in Fig. 2. In this system, the data will be split into two parts 

each part contains three bits of data: the first part is to go 
through convolutional encoder-1 to select the proper slot in 
the frame, while the second part is to select the proper sub-slot 
inside the selected slot through convolutional encoder-2. This 
idea will be reflected in (1), where     on the old system was 
randomly chosen, and the position means nothing but just 
helps to randomize the pulse position to obtain a smooth 
spectrum. Whereas in the proposed system, this value has 
meaning, representing three bits of data as well as keeping the 
spectrum smooth. 

In general, the PSD of the random TH-IR signal   ( ) 
consists of continuous  ( )  as well as discrete components [1, 
10] and is given by: 
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where  ( ) is the Fourier transform of  ( ) and    is the 
number of time slots. The value of    is chosen to eliminate as 
many spectral lines as possible [11].  The proposed system is a 
new modulation technique based on conventional DLPPM 
TH-IR [6]. The proposed DLPPM TH-IR scheme maximizes 
the average separation between modulated pulses to achieve 
greater resistance to large delay spreads. In addition, the 
proposed DLPPM TH-IR randomizes the time offset between 
adjacent pulses to provide greater immunity to multiple access 
interference. Thus, the bandwidth efficiency of UWB 
communications systems is increased. 

Fig. 3 is an illustration of an exemplary signal, in the time 
domain, modulated using the DLPPM TH-IR technique. The 
signal consists of a number of symbols, having a symbol 
period    . Symbols are transmitted with very short pulses. 
Each symbol represents   bits of binary information and has a 
value in the range of 0 to 2

M
−1. Each symbol is divided into a 

number of slots, each having a duration equal to   . Each slot 
contains

 
sub-slots, each having a duration equal to      ⁄ . 

For instance, if   =8 and    =8, there are 8 slots each 
containing 8 sub-slots, which correspond to the symbol values 

{0, 1, 2, …, 7}. Finally, each slot is divided into 
  
 ⁄   time 

sub-slots, which correspond to the conventional DLPPM TH-
IR code sequence. 

 

Fig. 1. Conventional DLPPM TH-IR System Block Diagram [6]. 
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Fig. 2. Proposed System Block Diagram using DLPPM TH-IR Technique. 

 

Fig. 3. An Illustrative Example of the Proposed DLPPM TH-IR Signal, 

where    =8 and    =8. 

Comparison between the conventional and proposed 
systems is described again in the signal shown in Fig. 3. This 
signal represents three bits of data when used in the old 
system, which exactly represents the data ―011‖ in this 
example, as the pulse is in the third slot, where one frame of 
   has eight slots. As a result, moving this pulse inside the slot 
has one main function, which is to achieve maximum 
randomness and smooth PSD. In the proposed system, the 
signal can be used to represent six bits of data with no effect 
on the PSD smoothness. For instance, this signal represents 
the data ―011001‖, where the three bits on the left ―011‖ 
represent the slot position exactly as they do in the old system, 
and the other three bits on the right ―001‖ represent the sub-
slot position, with this position determined from the (1/3) 
convolutional encoder-2. 

III. ANALYTICAL AND SIMULATION RESULTS 

A. Analytical Results 

In this section, we compare a conventional DLPPM TH-IR 
with the new proposed DLPPM TH-IR, where   =8×10

−9
 sec, 

  =8, and    =20, with 40 GHz applied and tested for both 
cases. Different levels of    have been selected for the 
DLPPM TH-IR system to detect the effects on PSD. 

Fig. 4 shows the theoretical PSD obtained by using the 
conventional PPM TH-IR system described in [6] for 
Resolution Bandwidth (RBW) equal to 20 and 40 GHz. It is 
evident that the tested signal had both random-like and 
harmonic-like components. Fig. 4 shows that the PSD section 
consists of 10 spectral lines. These spectral lines do not 
comply with regulatory spectral masks such as the one used by 
the FCC. When the RBW increases from 20 to 40 GHz, as 

shown in Fig. 4(b), it is clearly seen that the displayed power 
of the spectral lines does not change. However, the level of the 
continuous-like component increases by about 8 dBm/MHz. 

Fig. 5 shows theoretical PSDs obtained by using the 
conventional and proposed DLPPM TH-IR systems described 
in Section 2 and depicted in Fig. 1 and 2. In Fig. 5(a), the 
DLPPM TH-IR system has 8 slots (  ), and each slot has been 
divided into 4 sub-slots (   ). Fig. 5(a) consists of spectral 
lines repeated every 4 GHz, with the total number of spectral 
lines reduced and smooth harmonics components achieved 
compared to the conventional PPM TH-IR system, as shown 
in Fig. 4(a). 

Fig. 5(b) shows the PSD section consisting of spectral 
lines repeated every 8 GHz. Fig. 5(c) shows the PSD section 
consisting of spectral lines repeated every 11 GHz, with the 
total number of spectral lines reduced and smoother harmonics 
components achieved. In the last case, Fig. 5(c), the spectral 
line is outside the UWB legalizing spectrum across 7.5 GHz, 
between 3.1 and 10.6 GHz [12], which provides an 
interference-free system. Identical responses have been 
achieved for both systems, as expected. 

(a)   =8x10-9 sec;   =8;    =20 GHz. 

 
(b)   =8x10-9 sec;   =8;    =40 GHz. 

Fig. 4. Estimated PSDs Performed with different Resolution Bandwidths 

(RBWs) from [6]. 
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(a)   =8x10-9 sec;   =8;    =4;    =20 GHz. 

 
(b)    =8x10-9 sec;   =8;    =8;    =20 GHz. 

 
(c)    =8x10-9 sec;   =8;    =11;    =40 GHz. 

Fig. 5. Estimated PSDs Obtained by an Analytical Model with different 

RBWs and     (for Both Systems). 

B. Simulation Model Results 

The conventional and proposed DLPPM TH-IR systems, 
shown in Fig. 1 and 2, respectively, have been built inside 
Simulink/MATLAB in order to compare the two systems for 
bitrate, as well as the selected code for eliminating the spectral 
lines or increasing smoothness to reduce the interference 
problem on other users. In the simulation system, each frame 
has eight slots and each slot has eight sub-slots. Both systems 
have same bandwidth but the one depicted in Fig. 1 represents 
three bits and the one depicted in Fig. 2 represents six bits.  As 
a result, a doubled bitrate is expected to be achieved by this 
technique (proposed system). 

1) PSD: In this section, a [4 2 1] code set of systematic 

convolutional codes with rate 1/3 has been applied and tested 

with equal probability [13–15]. The same process has been 

repeated to detect the difference between the conventional and 

proposed DLPPM TH-IR systems. 

The results for both systems are compared for the same 
metrics: Pseudo Noise (PN) length, convolutional encoder 
codes, symbol rate, pulse shape (0.5 ns), and with equal 
probability. In the DLPPM TH-IR system, each slot (  ) is 
divided into 8 sub-slots (   ) . The pulse position in both 
systems will be determined in the same way, with the only 
difference being the location of the pulse inside the slot. In 
both (conventional/proposed) DLPPM TH-IR systems, a 
convolutional encoder is used to decide the sub-slot pulse 
position. In the old system, the sub-slot position is randomly 
chosen by the (Sub-slot Technique) block, as shown in Fig. 1. 
In the new system, part of the data came from the source is 
used to choose the sub-slot position to represent three bits of 
data. 

Fig. 6 shows an excellent PSD performance obtained by 
using conventional vs proposed DLPPM TH-IR systems with 
the same conditions. Excellent performance returns to the 
randomness between consecutive pulses. Furthermore, it can 
reduce the spectral lines or make them smoother. Thus, the 
proposed system will not affect the contribution achieved in 
[6], but it will enhance the bitrate as demonstrated in the next 
sub-section. 

2) Bitrate: Fig. 7 shows the receiver side used to detect 

the data for both systems. In the old system receiver, as shown 

in Fig. 7(a), the (Slot Location Detector) block can detect 

which slot has a pulse regardless of which sub-slot is in. Then 

the signal will go to the PPM demodulator to convert these 

symbols to three bits encoded data. After that, Viterbi decoder 

is used for decoding and recovering the original data. In the 

new system receiver, as shown in Fig. 7(b), the (Slot/Sub-slot 

Location Detector) block is used to separate the information 

bits into two parts: the first part is comprising the bits that 

control the location of the slot and the second part is 

comprising the bits that specify the sub-slot. The slot location 

will be processed by the upper side of the receiver exactly as 

the old system, and the sub-slot by the lower side. The data 

from both sides are combined by (Data Combiner) block. The 

overall result is six bits of data received per one PPM frame 

instead of three bits per frame in the old system. 

The easiest way to demodulate a PPM signal is to use a 
decoder. This is one of the best techniques for digital 
communications when computational complexity dominates in 
importance. It permits major equipment simplification while 
obtaining the full performance benefits of maximum 
likelihood decoding. The decoder structure is relatively simple 
for a short constraint length  , making decoding feasible at 
relatively high rates of up to 10 Gbit/s [16]. 

Simulation has been run for 20    for each system, where 
the data source (PN) sampling rate is 4    for the old system 
and 2    for the new one. The channel assumed to be 
noiseless. The number of bits received in the old system is 
4801, as shown in Fig. 8(a) whereas the proposed system has 
received 9801 as shown in Fig. 8(b). The number of delayed 
bits is 200. By adding 200 to each system, the total bits 
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received for the old and the proposed systems are 5001 and 
10001, respectively, where both systems have a bandwidth of 
2 GHz. Obviously, we can see that the bitrate has been 
duplicated exactly. The noiseless channel capacity is shown in 
(3) [17]: 

                           ( )           (3) 

where    is the bandwidth and   is the number of levels, 
which is eight for the conventional system and 64 for the 
proposed system. 

 
(a) Conventional DLPPM TH-IR system. 

 
(b) Proposed DLPPM TH-IR system. 

Fig. 6. PSD with Equal Probability for a Systematic Code [4 2 1]. 

 
(a) Conventional DLPPM TH-IR System. 

 
(b) Proposed DLPPM TH-IR System. 

Fig. 7. Block Diagram of the Receiver for both Systems. 

 
(a) Conventional DLPPM TH-IR System. 

 
(b) Proposed DLPPM TH-IR System. 

Fig. 8. Bitrate Counter based on Receiver Built Inside Simulink/MATLAB. 

IV. CONCLUSION 

The present method provides a novel technique which 
meets the requirements described earlier with the help of a 
DLPPM TH-IR scheme that allows for a greater throughput 
than the conventional DLPPM TH-IR scheme. This can be 
achieved by maximizing the pulse separation and randomizing 
the time offset between pulses in a time-efficient manner to 
ensure the period is maximized. 

A mathematical representation of the PSD of a DLPPM 
TH-IR UWB signal was derived. The analytical result was 
used to investigate the effect of the variable position of pulses 
in the DLPPM TH-IR system in the PSD of the signal, and it 
was found that it can be effectively used to eliminate some 
spectral lines or to diminish the peak value of the PSD. It has 
been observed that DLPPM TH-IR significantly outperforms 
conventional PPM TH-IR with respect to spectral efficiency 
when the location of a pulse is variable within each slot. The 
hardware complexity at the receiver side does not need to be 
increased, which makes the DLPPM scheme very attractive 
for TH IR-UWB communication systems. 

Theoretically, the bitrate can be increased without limit by 
increasing the number of sub-slots. As a result, the Inter 
Symbol Interference (ISI) will be increased. This can be 
clearly noted when the phase error is added to the old and 
proposed systems. The old system is less affected than the 
new one. This can be explained as follows: in the old system, 
any change in the sub-slot position of the pulse will not affect 
the symbol data for one frame of the PPM signal. It is 
sufficient to detect the pulse inside the same slot to avoid ISI. 
In contrast, in the proposed system, a small phase can lead to 
an error of three bits of six bits for one frame of data. 

Finally, the simulated results within Simulink/MATLAB 
were compared to the conventional DLPPM TH-IR UWB. 
The results showed that when testing with a systematic code 
[4 2 1], a smoother PSD without spectral lines and a doubled 
bitrate were achieved. 
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