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Abstract

In an ultra wideband (UWB) impulse radio (IR) system, a number of pulses, each transmitted
in an interval called äframë, is employed to represent one information symbol. Conventionally,
a single type of UWB pulse is used in all frames of all users. In this paper, IR systems with
multiple types of UWB pulses are considered, where different types of pulses can be used in
different frames by different users. Both stored-reference (SR) and transmitted-reference (TR)
systems are considered. First, the spectral properties of a multi-pulse IR system with polarity
randomization is investigated. It is shown that the average power spectral density is the average
of the spectral contents of different pulse shapes. Then, approximate closed-form expressions
for the bit error probability of a multi-pulse SR-IR system are derived for RAKE receivers in
asynchronous multiuser environments. The effects of both inter-frame interference (IFI) and
multiple-access interference (MAI) are analyzed. The theoretical and simulation results indicate
that SR-IR systems that are more robust against IFI and MAI than ac̈onventional̈SR-IR system
can be designed with multiple types of ultra-wideband pulses. Finally, a multi-pulse TR-IR
system is proposed, in which the transmitter and the receiver are designed in order to mitigate
the effects of IFI and MAI. The performance of the proposed receiver is analyzed approximately
and by simulations.
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In an ultra wideband (UWB) impulse radio (IR) system, a number of pulses, each transmitted in an interval

called a “frame”, is employed to represent one information symbol. Conventionally, a single type of UWB pulse

is used in all frames of all users. In this paper, IR systems with multiple types of UWB pulses are considered,

where different types of pulses can be used in different frames by different users. Both stored-reference (SR) and

transmitted-reference (TR) systems are considered. First, the spectral properties of a multi-pulse IR system with

polarity randomization is investigated. It is shown that the average power spectral density is the average of the

spectral contents of different pulse shapes. Then, approximate closed-form expressions for the bit error probability

of a multi-pulse SR-IR system are derived for RAKE receivers in asynchronous multiuser environments. The

effects of both inter-frame interference (IFI) and multiple-access interference (MAI) are analyzed. The theoretical

and simulation results indicate that SR-IR systems that are more robust against IFI and MAI than a “conventional”

SR-IR system can be designed with multiple types of ultra-wideband pulses. Finally, a multi-pulse TR-IR system

is proposed, in which the transmitter and the receiver are designed in order to mitigate the effects of IFI and MAI.

The performance of the proposed receiver is analyzed approximately and by simulations.
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I. INTRODUCTION

Since the US Federal Communications Commission (FCC) approved the limited use of ultra-wideband

(UWB) technology [1], communications systems that employ UWB signals have drawn considerable

attention. A UWB signal is defined to be one that possesses an absolute bandwidth larger than ����� MHz or

a relative bandwidth larger than 20% and can coexist with incumbent systems in the same frequency range

due to its large spreading factor and low power spectral density. UWB technology holds great promise for

a variety of applications such as short-range high-speed data transmission and precise location estimation.

Commonly, impulse radio (IR) systems, which transmit very short pulses with a low duty cycle, are

employed to implement UWB systems ([2]-[7]). In an IR system, a number 	�
 of pulses are transmitted

per symbol, and information is usually carried by the polarity of the pulses in a coherent system, or by

the difference in the polarity of the pulses in a differentially-modulated system. In the former case, it is

assumed that received pulse structure is known at the receiver and channel estimation can be performed;

hence, RAKE receivers can be used to collect energy from different multipath components. Since the

incoming signal structure is correlated by a locally stored reference (template) signal in this case, such a

system is called a stored-reference (SR) system [8]. In the latter case, out of the 	�
 pulses transmitted

per information symbol, half of them are used as reference pulses, whereas the remaining half are used

as data pulses. The relative polarity of the reference and the data pulses carries the information. Since the

reference pulses to be used in the demodulation are transmitted to the receiver, such a system is called

a transmitted-reference (TR) system [7]. In a TR system, there is no need for channel estimation since

the reference and the data pulses are effected by the same channel, assuming that the channel is constant

for a sufficiently long time interval, which is usually the case for UWB systems. On the other hand, a

lower throughput is expected since half of the energy is used for non-information carrying pulses. Also

since the transmitted reference is used as a noisy template at the receiver, more effective noise terms are

generated.

Considering a conventional SR-IR system, a single type of UWB pulse is transmitted in all frames of all

users [2]. In asynchronous multiuser environments, the autocorrelation function of the pulse becomes an

important factor in determining the effects of inter-frame interference (IFI) and multiple-access interference

(MAI) [9]. In order to reduce those effects, UWB pulses with fast decaying autocorrelation functions are

desirable. However, such an autocorrelation function also results in a considerable decrease in the desired
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signal part of the receiver output in the presence of timing jitter [10]. Moreover, when there is an exact

overlap between a pulse and an interfering pulse, the interference is usually very significant. Hence, there

is not much flexibility in choosing the pulse shape in order to combat against interference effects. However,

in SR-IR systems with multiple types of UWB pulses, the effects of interference can be mitigated by using

different types of UWB pulses with good cross-correlation properties. Multi-pulse SR-IR systems have

recently been proposed in [11]. However, there has been no theoretical analysis of such systems, in terms

of their spectral properties and bit error probability (BEP) performance, and no quantitative investigation

of the gains that can be obtained by multiple types of UWB pulses. In this paper, we consider this problem

in an asynchronous multiuser environment and analyze the BEP performance of a generic RAKE receiver

over frequency-selective channels. The results are valid for arbitrary numbers of UWB pulse types, and

hence cover the single-pulse system as a special case.

Moreover, considering TR-IR systems, we propose a multi-pulse transmitter and receiver structure,

which is the first application of the multi-pulse approach to TR-IR systems. The proposed scheme aims to

mitigate the IFI and MAI by appropriate design of a signalling structure. The performance of the proposed

system is analyzed approximately, and simulation results are presented.

In addition to the performance analysis of the multi-pulse IR systems, the average power spectral

density (PSD) of a generic multi-pulse IR signal is derived and a simple relationship between the Fourier

transforms of the UWB pulses and the average PSD of the transmitted signal is obtained.

The remainder of the paper is organized as follows. Section II describes a generic transmitted signal

model, which reduces to SR- and TR-IR systems as special cases. Then, Section III analyzes the spectral

properties of this generic IR signal structure. After describing the received signal in Section IV, the

performance of multi-pulse SR-IR systems employing RAKE receivers is analyzed in Section V. Section VI

proposes a multi-pulse TR-IR system, and presents an approximate performance analysis. The simulation

results are given in Section VII, which is followed by the concluding remarks in Section VIII.

II. TRANSMITTED SIGNAL MODEL

The transmitted signal from the  th user in a multi-pulse UWB-IR system can be expressed as��������������� �� 	�
 � !#"%$ � &('�$*) + "-, � �����!/. + �����10 (1)
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where 	�
 is the number of pulses transmitted per information symbol, 	32 is the number of different

pulse types, and � �����!/. + ����� represents the UWB pulses of type 4 transmitted for the 5 th information symbol

of user  . Note that the signal model in (1) can also represent cases in which the number of pulse types is

less than 	62 , by using the same pulses for different pulse indices. Also different users can have different

ordering of the pulses in one period, which can be useful for reducing the effects of MAI. The number

of pulses per symbol, 	7
 , is assumed to be an even multiple of 	82 for simplicity of notation and � �����!/. + �����
is expressed as follows:� �����!/. + ������� � !#9%) �;:�<= : ' $*) >�"?!#& <�@ ��A &(' � BDC �����)E. >DF �����A >�&('�9 +HG �����+JI �LKM�ONQP 	62SRT4 �EU 
 KTV �����A >�&('�9 + UHWEXR C �����A . > F �������A >�9%) � &('�9 + G �����+JI �LKM�ONQP 	62SRT4 �EU 
 KYU3�����+ KTV �������A >�9%) � &('19 + UHWZX7[;\ (2)

In (2), G �����+ ����� is the UWB pulse of type 4 for user  , U 
 is the frame interval, U]W is the chip interval,

and U �����+ is the distance between the two pulses in a pair of type 4 for the  th user, considering the

pulses from a given type being grouped into pairs as shown in Figure 1. The time-hopping (TH) code

for user  is denoted by V �����> , which is an integer taking values in the set
B � 0 � 0^\^\^\�0 	 W�K � [ , with 	 W

being the number of chips per frame, which prevents catastrophic collisions between different users. The

polarity, or the spreading, code, F �����>`_ B K � 0 R � [ , changes the polarity of the pulses, which smoothes

the power spectral density of the transmitted signal [12] and provides robustness against MAI [13]. The

information is represented by
C �����)E. > and

C �����A . > , which carry the same information for an SR system, and carry

the information in the difference between their values for a TR system.

The general signal model in (2) can represent SR and TR systems as special cases:

A. Stored Reference Impulse Radio

For the SR system,
C �����)E. > � C �����A . > � C �����a A &('Z> @ & <cb , U �����+ � 	62 U 
edH4 0  , and each frame has independent

time-hopping and polarity codes.

B. Transmitted Reference Impulse Radio

For the TR system,
C �����)E. > � � and

C �����A . > � C �����a A &('Z> @ & <cb . In other words, the first pulse in (2) is the reference

pulse and the second one is the data pulse. As shown in Figure 1, this results in a structure in which the
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first 	62 pulses are the reference pulses, the next 	82 pulses are the data pulses, and which follows this

alternating structure.

Note that U �����+ can be chosen to be larger than 	82 U 
 for the TR system if the TH sequence is constrained

to a set
B � 0 � 0^\^\^\�0 	gf K � [ with 	gfghi	 W . In this case, different values from the set j 	82 U 
 0k� 	62DR � �EU 
 K	gf UHWml can be chosen for different users and/or different pulse types in order to provide extra robustness

against the effects of interference.

Also each reference-data pulse pair has the same TH and polarity codes in order to facilitate simple

delay and multiplication operation. In other words, F �����A >�&('�9 + � F �������A >�9%) � &('�9 + , and V �����A >�&('�9 + �nV �������A >�9%) � &('19 + , forPo� 5m	�
�p �ON 	62 �10^\^\^\Q0k� 5%R � � 	�
kp �ON 	62 �LK � , dq5 , 4 � � 0 � 0^\^\^\Q0 	62 K � .
III. POWER SPECTRUM DENSITY OF MULTI-PULSE UWB-IR SYSTEMS

In order to evaluate the spectral properties of the transmitted signal, the (average) power spectral

density of the signal must be calculated. Therefore, we first calculate the autocorrelation function of �;�����
as follows r : s%tOt ��� Rvu 0������ E

B �;��� Rvu ���;������[w� �	�
 � !#"%$ � &('�$*) + "-, E
B � !/. + ��� Rvu ��� !/. + ������[;0 (3)

where we employ the fact that the polarity codes are i.i.d. for different bit and pulse indices.

From (2), E
B � !/. + ��� Rvu ��� !/. + ������[ can be calculated as (see Appendix A)

E
B � !/. + ��� Rvu ��� !/. + ������[w� � !#9%) � & <1@ &('Q$*) >�"?!#& <x@ &(' E

B G + ��� Rvu KM�yP 	62zRT4 �EU 
 KTV >�&('�9 + UHWc�{ G + ���LKM�yP 	62zRT4 �EU 
 KvV >�&('�9 + UHWZ��[;\ (4)

From (3) and (4), it is observed that �;����� is not wide-sense stationary (WSS) since the autocorrela-

tion function is not independent of � . However, note that �;����� is a zero mean cyclostationary process

since
s%tOt ��� R|u 0���� is periodic with a period of 	}2 U 
 [14]. Therefore, we can obtain the time-average

autocorrelation function as~s%tOt � u ��� �	62 U 
8� &('c� <, s%tOt ��� Rvu 0���� F ��� �	62 U 
k	�
 &('�$*) + "-, � �$ � G + ��� Rvu � G + ����� F �10 (5)

4We drop the user index � in this section, for notational convenience.
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the Fourier transform of which gives the average PSD as follows:� tOt �O�]��� �	62 U t &('�$*) + "-,e� � + �O�]� � A^0 (6)

where � + �O�]� is the Fourier transform of G + ����� .
Note from (6) that the average PSD of the signal is the average value of the squares of the Fourier

transforms of the pulses. The dependence on the pulse spectra only is a consequence of the pulse-based

polarity randomization, as considered for impulse radio systems in [12] and [15]. Moreover, we note that

the multi-pulse system can have more flexibility in shaping the PSD by proper choice of the UWB pulses.

IV. CHANNEL MODEL AND RECEIVED SIGNAL

We consider the following channel model for user  :� �����c��������� $*) � "-,S� �������� ���DK u ������ �10 (7)

where � ������ and u ������ are, respectively, the fading coefficient and the delay of the � th path for user  .

Using the channel model in (7) and the transmitted signal in (1), the received signal can be expressed

as �-��������� � "%)L� � �	�
 � !#"%$ � &('�$*) + "-, � !#9%) �(: <= : ' $*) >�"?!#& <x@ ��A &(' � BDC �����)E. >DF �����A >�&('x9 +�� �����+ I �LKM�ONQP 	62SRT4 �EU 
 KTV �����A >�&('�9 + UHW�K u �����, X
R C �����A . >�F �������A >�9%) � &('�9 + � �����+ I �LKM�ONQP 	62SRT4 �EU 
 KYU3�����+ KTV �������A >�9%) � &('19 + UHW�K u �����, X [ RT�]4 �����10 (8)

with � �����+ ������� � $*) � "-, � �������� �����+ ���LK u ������ Rvu �����, �10 (9)

where

� �����+ ����� is the received UWB pulse of type 4 for user  , � � determines the received energy from

user  , and 4 ����� is a zero mean white Gaussian process with unit spectral density.
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V. ANALYSIS OF RAKE RECEIVERS FOR MULTI-PULSE SR-IR

Since
C �����)E. > � C �����A . > � C �����a A &('Z> @ & <cb , and each frame has independent time-hopping and polarity codes for the

SR-IR system, the received signal in (8) can be expressed, after some manipulation, as�-������� � � "%)D� � �	�
 � >�"%$ � C �����a > @ & <cb F �����> � �����> I �DK�P�U 
 KvV �����> UHW�K u �����, X RT�]4 �����10 (10)

with � �����> ����� given by (9). For the indices of the pulse types, such as in (9), the �e� F � ����	32 operation is

implicitly assumed. In other words, for any 4 _ B � 0 � 0^\^\^\10 	82 K � [ , � + ������� � + 9 � &(' ����� for all integers  .

We consider a generic RAKE receiver that can represent different combining schemes, such as equal

gain or maximal ratio combining. It can be expressed as the correlation of the received signal in (8) with

the following template signal, where we consider the � th bit of user � without loss of generality:� � ) ��/���¡  ������� & < $*) >�"-, F � ) �>�¢ � ) �> ���LK£P�U 
 KTV � ) �> UHWc�10 (11)

with ¢ � ) �> ������� � $*) � "-,¥¤ � � � ) �> ���LK u � ) �� �10 (12)

where ¤ � denotes the RAKE combining coefficient for the � th path. We assume that u � ) �, � � , and u �����, _j � 0 	�
 U 
 � , for  �¦N(0^\^\^\Q0�§ , again without loss of generality. Note that for a partial or selective RAKE

receiver [16], the combining coefficients for those paths that are not used are set to zero.

We assume that the delay spreads of the channels are not larger than one frame interval; that is u ������ $*)z¨U 
 , d¡ . In other words, the frame interval is chosen to be sufficiently large so that the pulses in one frame

can interfere only with those in the adjacent frames.

Using (10) and (11), the decision variable for detecting the � th bit of user � can be obtained as:© � � �-������� � ) ��/���¡  ����� F ��� C � ) �, � � )	�
 & < $*) >�"-, s*ª¬«�/®¯±° «�/®¯ � � � RT²3R�³´Rµ	 0 (13)

with s*ª « ¶m®·±° « ¸ ®¯ ��¹H��� � � �����! ���LKY¹H� ¢ � � �> ����� F �10 (14)

where the first term in (13) is the desired signal part of the output, ² is the IFI, ³ is the MAI, and 	 is
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the output noise. For simplicity of notation, bit indices are not shown.

A. Inter-frame Interference

The IFI occurs when a pulse of the desired user, user � , in a given frame spills over to an adjacent frame

due to multipath and consequently interferes with the pulse in that frame. The IFI for the � th symbol can

be expressed, using (10), (11) and (14), as the sum of the IFI to each frame of the template signal:² � � � )	�
 & < $*) >�"-,nº² > 0 (15)

where

º² > � F � ) �> � » "%$ �»½¼"¾> F � ) �» C � ) �a » @ & <�b s ª «�/®¿ ° «�/®¯ I � � K£P(�EU 
SR �ÀV^� ) �» KvV � ) �> �EUHWEXo\ (16)

Due to the assumption on the delay spreads of the channels, the IFI occurs only between adjacent

frames. Hence, º² > in (16) becomes

º² > � F � ) �>  »�ÁkÂ $*)E. 9%)mÃ F � ) �>�9 » C � ) �a � >�9 » � @ & <xb s ª «�/®¯OÄ ¿ ° «�/®¯ I � U 
zR �ÀV � ) �>�9 » KTV � ) �> �EUHWZXo\ (17)

Let 	�
 � 	wÅ�	62 . Then, we can re-express (15) as² �ÇÆ � )	wÅ &*È�$*) >�"-,µÉ² > 0 (18)

where É² > � )Ê &('SË &('�$*)+ "-, º² >�&('x9 + with º² > being given by (17). In Appendix B, we show that
B É² > [ &*È�$*)>�"-,

forms a � -dependent sequence Ì , and hence we approximate the distribution of the IFI term in (17) using

a central limit argument for dependent sequences [30].

Proposition 5.1: Consider a random TH SR-IR system with pulse-based polarity randomization, which

employs 	62oÍ � different UWB pulses. Then, the IFI at the output of the RAKE receiver, expressed by

(13), is asymptotically distributed as follows²�ÎµÏÑÐ]� 0 � )	62k	 AW &('�$*) + "-,YÒ � AÓÕÔkÓ�. ) � 4 � R N � AÓÕÔkÓ�. A � 4 �EÖ�×|0 (19)

5A sequence ØEÙDÚ¬Û Ú1Ü�Ý is called a Þ -dependent sequence, if all finite dimensional marginals ßÕÙ�Ú�à�ámâ â â á�ÙDÚ�ãÀä and ßÕÙ ¿ àxámâ â â á�Ù ¿?å ä are
independent whenever æ ;ç}è ·;é Þ .
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as
& <&(' KHê´ë , where � AÓÕÔkÓ�. ) � 4 ��� &-ì � "%) ��í s Aª «�/®Ú Ä  ° «�/®Ú � � UHWc� R s Aª «�/®Ú1î  ° «�/®Ú �ZK � UHWc�cïY0 (20)

and � AÓÕÔkÓ�. A � 4 ��� &-ì � "%) � s*ª «�/®Ú Ä  ° «�/®Ú � � UHWc� s*ª «�/®Ú ° «�/®Ú Ä  �ZK � UHWc�1\ (21)

Proof: See Appendix B.

Due to the FCCs regulation on peak to average ratio (PAR), 	�
 cannot be chosen very small in practice.

Since we transmit a certain amount of energy in a constant symbol interval, as 	�
 gets smaller, the signal

becomes peakier as shown in Figure 2. Therefore, the approximation for large 	�
�pQ	62 can be quite accurate

for real systems depending on the number of pulse types and the other system parameters.

From Proposition 5.1, the following result for a double-pulse system can be obtained.

Corollary 5.1: Consider a random TH SR-IR system with pulse-based polarity randomization, where

the UWB pulses

� , ����� and

� ) ����� , which are both even functions, are transmitted alternately. For this

system, the IFI in (13) is approximately distributed as follows for large 	�
 :²�ÎµÏ Ð � 0 � )	 AW &-ì � "%) �ñð s ª «�/®ò�° «�/® �ZK � UHW�� R s ª «�/®ò�° «�/® � � UHWc�Eó A × \ (22)

The distribution of the IFI for the case where a single UWB pulse

� , ����� is used in all the frames is

given by [17] ²�ÎµÏÑÐ]� 0 � )	 AW &-ì � "%) � ð s*ª¬«�/®ò�° «�/®ò �ZK � UHW�� R s*ª¬«�/®ò�° «�/®ò � � UHW�� ó A ×i\ (23)

Note that in an IFI-limited scenario, the autocorrelation function of the UWB pulse is the determining

factor for a single-pulse system. However, for the system using multiple types of UWB pulses, the IFI is

determined by the cross-correlations of different pulses. Note that it is possible to design the pulses so

that they are orthogonal and their cross-correlations decay quickly, e.g. modified Hermite pulses (MHPs)

[18]. However, the autocorrelation function always causes large values when there is an exact overlap of

the multipath components. Also a rapidly decaying autocorrelation function, which is good for combatting

the IFI, may not be very desirable since small timing jitter in the system could result in a significant loss

in the desired signal part of the decision variable. Therefore, the multi-pulse IR system is expected to

have better IFI rejection capability than the single-pulse system. For example, for a system with 	�
 �nN � ,



9	 W��Mô � and õ �nN � , the power of the IFI is reduced by about ö ô � by using the ÷ th and � th order MHPs

instead of using the ÷ th order MHP only.

B. Multiple-Access Interference

Consider the MAI term ³ in (13), which is the sum of the interference terms from �À§øK � � users³ ��� � " A ³ �����Z0 (24)

where ³ ����� can be expressed as ³ ����� � � � �	�
 & < $*) >�"-, º³ �����> 0 (25)

with º³ �����> denoting the MAI from user  to the P th frame of the first user. From (10), (11) and (14),º³ �����> can be expressed as

º³ �����> � F � ) �> � » "%$ � F �����» C �����a » @ & <�b s ª « ¶m®¿ ° «�/®¯ I � � K£P(�EU 
SR �ÀV^�����» KTV � ) �> �EUHW Rvu �����, Xo0 (26)

where u �����, denotes the amount of asynchronism between user  and the user of interest, user � , since we

assume u � ) �, � � .
For a given value of u �����, , the distribution of the MAI from user  can be obtained approximately from

the following proposition:

Proposition 5.2: Consider a random TH SR-IR system with pulse-based polarity randomization, which

employs 	62 different types of UWB pulses. Then, the MAI from user  , ³ ����� in (25), given u �����, , is

asymptotically distributed as follows³ ����� � u �����, ÎµÏùÐH� 0 � �	62k	 AW &('Q$*) + "-, � AúDû?Ó�. � � 4 0 u �����, �Z×i0 (27)

as
& <&(' KHê´ë , where� AúDû?Ó�. � � 4 0 u �����, ���  »�ÁQü &-ìZ$*) � "%$ � &-ìZ$*) � � 	 W�K � � � � s Aª¬« ¶m®¿ý° «�/®Ú I ��� � K 4 � 	 W Rµ� �(UHW Rvu �����, X 0 (28)

with þ � ÿ � 4 KµN R � p�	 W K u �����, p U 
�� 0^\^\^\Q0�� 4ñR N8K � p�	 W�K u �����, p U 
���� .

Proof: See Appendix C.
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Note that the Gaussian approximation in Proposition 5.2 is different from the standard Gaussian

approximation (SGA) used in analyzing a system with many users ([27]-[29]). Proposition 5.2 states

that when the number of pulses per information symbol is large compared to the number of different

pulse types, the MAI from an interfering user is approximately distributed as a Gaussian random variable.

This idea is similar to the improved Gaussian approximation approach in [19], where the large processing

gain of a CDMA system leads to normally distributed MAI conditioned on some systems parameters.

Denote the amount of asynchronism between user  and user � as u �����, �
	 u �����, p UHW��^UHW R� � , where � _ j � 0�UHWZ� . When a single type of UWB pulse is employed in the system, it can be shown from

Proposition 5.2 that the distribution of ³ ����� is given by the following result:

Corollary 5.2: Consider a random TH SR-IR system with pulse-based polarity randomization, where

the UWB pulse

� , ����� is employed in all frames of all users. Then, the conditional distribution of the MAI

from user  is given by ³ ����� � u �����, ÎµÏÑÐ]� 0 � �	 W &-ìZ$*) � "%$?&-ì s Aª¬« ¶m®òý° «�/®ò � � UHW R� � �Z×i\ (29)

Note from Corollary 5.2 that the distribution of ³ ����� depends on  � , instead of u �����, , for a single-pulse

system. This is because the probability that a given pulse of the desired user collides with the pulses of

user  is the same for all delays u �����, with identical  � values, due to the random TH codes, and the same

amount of average interference occurs when the same pulses are used in all frames.

Denote � � j u ��AZ�,������ u � � �, l . Then, given � , the distribution of the total MAI ³ in (13) can be

approximated by ³ � �TÎµÏÑÐ]� 0 �	62k	 AW � � " A &('�$*) + "-, � � � AúDû?Ó . � � 4 0 u �����, �Z×|0 (30)

for large 	�
�pQ	62 , where � AúDû?Ó . � � 4 0 u �����, � is as in (28). Note that it is not necessary to have a large number

of users, or equal energy interferers (perfect power control), for the expression in (30) to be accurate.

The only requirement is to have a large ratio between the number of pulses per symbol and the number

of pulse types.

When the delays of the interferers are unknown and/or an average performance measure is to be

obtained, then each interferer is assumed to have a uniformly distributed delay with respect to the desired

user; that is, u �����, Î j � 0 	�
 U 
 � , d¡ . In this case, the performance measure, such as the BEP expression,
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needs to be averaged over the distribution of � .

C. Output Noise

The output noise 	 in (13) is distributed as Ï I � 0 � A�� � � � ) ��/���¡  ����� � A F �cX . Using the expression in (11)

for � � ) ��/���¡  ����� , we can approximate the distribution of 	 for an SR-IR system with a single UWB pulse� , ����� as 	 Î�Ï I � 0 	�
¬� A s ° «�/®ò � � �cX , for large values of 	7
 , where
s ° « ¶m®¯ ��¹H�8� � ¢ �����> ���¥Kµ¹H� ¢ �����> ����� F � is

the autocorrelation function of ¢ �����> ����� .
Similarly, for an SR-IR system employing 	82 types of pulses, we obtain the approximate distribution

of 	 as 	 ÎµÏ I � 0 � A & <&(' Ë &('�$*)+ "-, s ° «�/®Ú � � �cX , for large 	�
�pQ	62 .
D. Bit Error Probability

Using the results in the previous sections, we can obtain an approximate BEP expression for the multi-

pulse SR-IR system as follows:��� � � ���������� �  &(' Ë &('�$*)+ "-, s ª «�/®Ú ° «�/®Ú � � �Æ Ë &('�$*)+ "-, ÿ  &-ìm& j � AÓÕÔkÓ�. ) � 4 � R N � AÓÕÔkÓ�. A � 4 �El R )&-ìm& Ë �� " A � � � AúDû?Ó . � � 4 0 u �����, � RT� A s ° «�/®Ú � � � �
!�""# 0
(31)

for large 	�
kpQ	62 , where � � j u ��AZ�, ����� u � � �, l , 	 � 	 W 	�
 is the total processing gain of the system, and� AÓÕÔkÓ�. ) � 4 � , � AÓÕÔkÓ�. ) � 4 � and � AúDû?Ó�. � � 4 0 u �����, � are as in (20), (21) and (28), respectively.

If we consider a synchronous scenario, where u �����, � � , for  � � 01N(0^\^\^\�0�§ , then the unconditional

BEP is given by
�%$'&)(+*� � ��� �-,%� , with

��� � � � being given by (31).

For an asynchronous system, we assume that u ��AZ�, 0^\^\^\Q0 u � � �, are i.i.d. distributed as .ñj � 0�U t � , whereU t � 	�
 U 
 is the symbol interval. Hence, the unconditional BEP can be obtained by�%/ $'&)(+*� � �U � $*)t � ��0, ����� � ��0, ��� � � � F u ��AZ�, \^\^\ F u � � �, \ (32)

Due to the periodicity of the pulse structure, we can show that it is enough to average over an interval

of length 	62 U 
 instead of 	�
 U 
 . Hence,
� / $'&)(+*� can be expressed as�%/ $'&)(+*� � �� 	62 U 
 � � $*) � &('c� <, ����� � &('c� <, ��� � � � F u ��AZ�, \^\^\ F u � � �, \ (33)
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In order to calculate
� / $'&)(+*� , numerical techniques or Monte-Carlo simulations can be used. For example,

by generating 	 » vectors according to the uniform distribution in j � 0 	82 U 
 � � $*) , we can approximate� / $'&)(+*� by Monte-Carlo simulations as �%/ $'&)(+*� � �	 » & ¿ !#"%) ��� � � ! �10 (34)

where � ! denotes the 5 th random vector of interferer delays.

Note that the BEP expression in (33) becomes more accurate as 	�
kpQ	62 gets larger, without the need

for large number of users or equal energy interferers, which are needed for accurate BEP using the SGA.

The SGA directly calculates the average value of the variance of the total MAI instead of averaging over

a conditional BEP expression in (31). In other words,
� / $'&)(+*� is approximated by the expression in (31)

with the only change of using
)&('c� < � &('c� <, � AúDû?Ó . � � 4 0 u �����, � F u �����, instead of � AúDû?Ó�. � � 4 0 u �����, � . Of course, this

expression is easier to evaluate than the expression in (33), especially when there is a large number of

users. Therefore, in such a case, the SGA might be preferred if the users’ power levels are not very

different. But for systems with small numbers of interferers, such as an IEEE 802.15.3a personal area

network (PAN), the expression in (33) is not very difficult to evaluate and can result in more accurate

BEP evaluations.

Now consider the case in which a single type of UWB pulse

� , ����� is employed for all users. The BEP

expression for this scenario can be obtained from (13), (23), (29), and Section V-C as13254'687:9<;>=??@ A BDCFEHG8I à'JKML I à'JK 4'N�7O P àQ3RSQUT Q3RV W CYX[Z EHG8I à'JKML I à'JK 4]\ X_^a` 7cb EHG8I à'JKML I à'JK 4 X_^a` 7edgf:b CQUT<hi W f T Q3Rkj CV W3jlQ3R B i E fG I m JKnL I à'JK 4 X_^a` bpo i 7cbpq f E L I à'JK 4'N�7
rFsst �
(35)

for large 	�
kpQ	62 , where u � j  A �����  � l characterizes the asynchronism between the interfering users and

the desired user in �e� F � ��� U]W arithmetic. Similar to the multi-pulse case, the unconditional BEP is given

by
� $'&)(+*� � ��� �-,%� , with

��� � u � being as in (35), for the synchronous case, and by�%/ $'&)(+*� � �U � $*)W � ��ì, ����� � ��ì, ��� � � � F u ��AZ�, \^\^\ F u � � �, 0 (36)

for the asynchronous case.

From the closed-form BEP expressions for multi-pulse and single-pulse systems, we can observe that

the IFI and MAI terms depend on the autocorrelation function of a single pulse for single-pulse systems,
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they depend also on the cross-correlations of different pulse types for multi-pulse systems, which suggests

that more flexibility in combatting the effects of the IFI and MAI is present in multi-pulse systems. In

other words, by design of UWB pulses with good cross-correlation properties, it is possible to mitigate

the IFI and MAI to a larger extent, as will be investigated in Section VII.

VI. MULTI-PULSE TRANSMITTED REFERENCE IMPULSE RADIO SYSTEMS

TR-IR systems [7], [20]-[22] relax the stringent timing requirements of the SR-IR systems [2], and

do not need any channel estimation, which is a challenging task for coherent UWB-IR receivers [23].

However, the main drawbacks of the original TR-IR proposal [7] are the use of energy for the reference

pulses and the effects of using a noisy template signal which causes a large noise-noise term at the

correlator output. In order to reduce the effects of the latter problem, the received signal can be passed

through a matched filter [21], or an averaging operation can be performed [22]. In this section, we design

a transmitter-receiver structure, which allows the use of different types of UWB pulses in the system, thus

provides robustness against MAI and IFI. In order to reduce the effects of the noise-noise cross-terms, the

approaches proposed in [21] and [22] can be straightforwardly applied to our multi-pulse receiver, which

we do not consider in this paper, and mainly focus on mitigating the effects of IFI and MAI by means

of multiple types of UWB pulses.

If we consider the “conventional” TR signalling structure as shown in Figure 3-(a), we observe that

each reference pulse is followed by a data pulse after Uwv seconds [7]. One way to adopt the use of multiple

types of UWB pulses is to consider transmitting a sequence of reference and data pulses of the same type,

as shown in Figure 3-(b). The same pulse types are considered for each reference and data pulse pair

in order to facilitate a simple demodulation scheme (with delay-and-multiply operations) at the receiver

side. Although the scheme in Figure 3-(b) is a simple way of implementing a multi-pulse TR system, it

may not have enough rejection of reference-to-data interference under harsh multipath conditions since

the same pulse type needs to be employed for each reference and data pulse pair x . Therefore, we propose

the signalling scheme shown in Figure 1, where 	82 reference pulses are transmitted first, followed by

the corresponding 	}2 data pulses, and then the next 	82 reference pulses and the corresponding 	82 data

pulses are transmitted, and this structure continues until a total of 	�
�p N reference pulses and 	7
kp N data

6The adverse effects of reference-to-data interference and IFI in TR-IR systems are investigated in [24].
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pulses are transmitted. In this way, each pulse is followed by a different type of UWB pulse, and therefore

the interference between consecutive pulses can be mitigated by appropriate choice of pulse structures.

For the signal model in Figure 1, which is described in Section II-B, we propose the receiver structure

in Figure 4, which has 	}2 parallel branches, each of which processes one type of UWB pulse. In other

words, the received signal is first passed through a bank of delay-and-multiply operators, each for a

different pulse type. The output corresponding to the P th frame of the 4 th pulse type is given by© + . > � � � «�/®Ú8y ¯ 9(��z {]|� «�/®Ú8y ¯ �-�����Z�-���LKYU � ) �+ � F �10 (37)

for 4 � � 0 � 0^\^\^\�0 	62 K � , and Po� � 0 � 0^\^\^\�0 	�
�p �ON 	62 �*K � , where U �����+ . > � �ONQP 	62 R 4 �EU 
 R U �����+ R V �����A >�&('�9 + UHW ,U:} ( � is the integration interval, and the � th bit of user � is considered without loss of generality. Then,

at each branch, the contributions from different frames are combined; that is,
© + � Ë & <�@ ��A &(' � $*)>�"-, © + . > , for4 � � 0 � 0^\^\^\Q0 	62 K � . Note that we consider a general model in which the distance between the reference

and data pulses can be different for different types of pulses and for different users.

After obtaining the decision variables at different branches, we can estimate the information bit as

follows

ºC , � sign ~ &('�$*) + "-, � + © +�� 0 (38)

where

� , 0^\^\^\Q0 � &('�$*) are the weighting coefficients at different branches. For example, if statistical

information on
B © + [ &('�$*)+ "-, is available, the weights can be chosen according to the MMSE criterion.

However, this is usually not possible unless the receiver can store
B © + [ &('�$*)+ "-, values for a number of

information bits and the system is stable, meaning that the statistics of the total noise (MAI, IFI, and

thermal noise) do not change during the reception of those information bits. Therefore, a practical choice

is to use equal gain combining (EGC); that is,

� , � ����� � � &('1$*) � � .
In the case of EGC, if we use the same delay between the reference and data pulses for all the pulses of

user � ; that is, U � ) �+ �|U � ) � dH4 , we can have a simpler receiver with a single delay-and-multiply operator,

as shown in Figure 5.

The advantage of the multi-pulse TR system over a single-pulse TR system is that the former can

provide better rejection of the MAI and the IFI, since different pulse shapes with good cross-correlation

properties can be employed. If the main source of error is the thermal noise, then the two systems are
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expected to perform almost the same.

A. Approximate Performance Analysis

In this section, we present an approximate analysis of the proposed TR-IR receiver, based on a set of

simplifying assumptions. The details of the derivations are omitted due to space limitations.

We first assume that U �����+ � U ����� dH4 , and U:} ( � is smaller than the maximum delay spread of the

channel. Then, we also assume that there is no IFI in the system � by assuming a sufficiently large frame

interval compared to the delay spread of the channel and constraining the TH sequences into the setB � 0 � 0^\^\^\�0 	gf K � [ , where 	gf UHW Rvu � ) �� $*) h U 
 .
We consider a MAI-limited scenario, in which the MAI is much stronger than the thermal noise.

Note that the advantage of the multi-pulse system in mitigating the effects of the interference would be

significant in this scenario. For a system with dominant thermal noise, the single- and multi-pulse systems

are expected to perform the same. In the MAI-limited scenario, the output from the P th frame of the 4 th

pulse given by (37) can be approximately expressed, using (8), as© + . > � C � ) �, � )	�
}� ��z {]|, Ò � � ) �+ �����EÖ A F � R�� + . > R�� + . > 0 (39)

where � �����+ ����� is given by (9), � + . > is the MAI-signal term, and � + . > is the MAI-MAI term. The MAI-signal

and MAI-MAI terms are given, respectively, by� + . > � � � " A Ê � ) � �	�
 � � «�/®Ú8y ¯ 9(��z {]|� «�/®Ú8y ¯ Ò � � ) � �����Z� ����� ���DKqU � ) �+ � R � ����� �����Z� � ) � ���LKYU � ) �+ �EÖ F �10� + . > � � �  " A � � = " A � � �  � � =	�
 � � «�/®Ú8y ¯ 9(��z {]|� «�/®Ú8y ¯ �¾���  �������Z�¾��� = �����LKYU3� ) �+ � F �10 (40)

where � ����� ����� is the part of the received signal related to user  :�¾�����c������� � !#"%$ � &('�$*) + "-, � !#9%) �(: <= : ' $*) >�"?!#& <x@ ��A &(' � ÿ F �����A >�&('x9 +�� �����+ I �LKYU �����+ . > R U3�����+ X R C �����a A >�&(' @ & <cb F �����A >�&('�9 +D� �����+ I �DKqU �����+ . > X � \
(41)

7Note that the better suppression of the IFI is in fact an advantage of the multi-pulse TR systems that we consider. The purpose of this
simplified analysis is to present some initial results on the performance of our proposed receiver. A more detailed analysis is to be performed
in a future study.
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It can be shown that the noise terms, � + . > and � + . > , have zero mean, by using the fact that the polarity

codes are i.i.d. for different users. From (39) and (40), it is straightforward but cumbersome to derive the

signal-to-interference ratio ( �c��� ) of the system, which results in a quite complex expression. However,

under the condition that � U ����� KñU � ) � � Í�u ������ $*) K u �����, R UHW for  �nN(0^\^\^\Q0�§ , the following relatively simpler

expression for the �c��� can be obtained after some manipulation:

�c��� � � ��� � A) 	 A
 í Ë &('�$*)+ "-, � ��z {]|, ð � � ) �+ ����� ó A F � ï A÷¾	 A2 Ë &('�$*)+ "-, Ë :�<= : ' $*)>�"-, � ��z {]|, � ��z {]|, � A+ . > ��� ) 0�� A�� � � F � ) F � A 0 (42)

where � � j u ��AZ�,������ u � � �, l is the delay of the interfering users, and� A+ . > ��� ) 0�� A�� � ��� � ) � � ) �+ ��� ) � � � ) �+ ��� A � � � " A � �  � Á�� � �����+ . > ��� ) 0�� A�� ¹ Rvu �����, �
R � �  " A � � = " A�  ¼" � = � �  � � =  � � . � � Ág� � ���  . � = �+ . > ��� ) 0�� A�� ¹ Rvu ���  �, 0+� Rvu ��� = �, �10 (43)

with � � B K U � ) � 0 � 0�U ����� K U � ) � 0�U ����� [ , � � B �ZK U � ) � 0 � �10k�ZK U � ) � 0�U ��� = � �10k��U ���  � K U � ) � 0 � �10k��U ���  � K U � ) � 0�U ��� = � ��[ ,� �����+ . > ��� ) 0�� A�� ¹H��� �	 Af : <= : ' $*) !#"%$ :�<= : '
&('�$*) » "-, &���$*) � "%$ � &���$*) � � 	gf K � � � � � �����» ��� ) R U >Z. !/. + . » . � Kq¹H� � �����» ��� A R U >Z. !/. + . » . � KY¹H�10 (44)

and � ���  . � = �+ . > ��� ) 0�� A�� ¹ 0+�-��� �	��f &���$*) �  "%$ � &��Q$*) � &���$*) � = "%$ � &���$*) �� �  $ � = � � &�� � 	gf K�� �  . � = �c� ���  �+ . >Z. �  ��� ) 0�� A�� ¹H�c� ��� = �+ . >Z. � = ��� ) 0�� A�� �-�1\ (45)

In equation (45), � �����+ . >Z. � ��� ) 0�� A�� ¹H� is given by� �����+ . >Z. � ��� ) 0�� A�� ¹H��� :�<= : ' $*) !#"%$ : <= : '
&('�$*) » "-, � �����» ��� ) R U >Z. !/. + . » . � KY¹H� � �����» ��� A R U >Z. !/. + . » . � KY¹H�10 (46)

with U >Z. !/. + . » . � � �ON 	62 �yPwK 5 � Rv4 K � �EU 
¥RT� UHW , and � �  . � = is equal to ����� B � � ) � 0 � � A � [ if the signs of � ) and� A are the same, and is equal to � � ) � R � � A � otherwise.

Note that even though the expressions seem complicated, the numerical evaluation of the �c��� can be

performed usually in a reasonable period of time using (42)-(46).
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As considered in [31], if we approximate the sum of the noise terms by a Gaussian random variable for

large numbers of users under the assumption of perfect power control, we can approximate the BEP of

the system by
�D� � � � ��� I � �c��� � � � X . For an asynchronous system, the expectation over the interfering

users’ delays needs to be taken, which might be approximated by Monte-Carlo simulations.

VII. SIMULATION RESULTS

In this section, we first compare the BEP performance of a single pulse and a double-pulse SR-IR

system. In the double-pulse system, each user transmits the ÷ th and � th order MHPs [11] alternately,

whereas the single-pulse system employs the ÷ th order MHP in all the frames (see Figure 6). The systems

parameters are § � � users, 	7
 � N � frames per symbol, 	 W¥� ô � chips per frame, and U]W¥� � ns. We

consider an MAI-limited scenario, where the received energy of each interferer is ��¡ \£¢ � dB more than that

of the user of interest. All the channels have õ � N � taps, which are generated independently according to

a channel model with exponentially decaying (E
B � � � � A [w�¥¤ ,8¦ $c§ � ) log-normal fading ( � � � � Î�¨LÏ �]© � 0 � A � )

channel amplitudes, random signs for channel taps, and exponential distribution for the path arrivals with

a mean º© . The channel parameters are ª � � \ � , � A � � , and º© � � \ � ns, and © � can be calculated from© � � � \ � ð ln � )E$ � î�«)E$ � î�«F¬ �DK ª � KµN � A ó , for � � � 0 � 0^\^\^\�0 õ K � .
Figure 7 shows the BEP performance of all-RAKE receivers [16] for the single and double-pulse

systems. Both the theoretical and the simulation results are shown, which are in good agreement. From

the figure, the double-pulse system is observed to have a better performance than the single-pulse system,

as expected. Further gains can be obtained by using a larger number of UWB pulse types and/or MHPs

that are several orders apart [11].

Next, we evaluate the accuracy of the approximate analysis in Section VI-A for a synchronous double-

pulse TR-IR system. The parameters are given by § � � � users, with � ) � � and � � � � for  �N(0^\^\^\Q0�§ , õ � � multipath components with the same channel model described previously, U�W3� � ns,	 W��nN � , 	�
 � ÷ , and U:} ( � � � ns. In order to satisfy the assumptions of the analysis, 	of �nô , U � ) � � ÷¾� ,
and U ����� � � � for  �¦N(0^\^\^\Q0�§ are used. The ÷ th and � th order MHPs are employed alternatively, and

the �c��� of the system is plotted in Figure 8 for various � values. From the figure, a reasonably good

match between the theory and the simulations is observed.

Finally, we perform a simulation study of the TR-IR system with more realistic parameters, where§ � � � , õ � � � , UHW�� � ns, 	�
 � ¡ , 	 WD� 	gf � N � , U:} ( � �� ns, � ) � � and � � � � \ � for  � N(0^\^\^\�0�§
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are used. An asynchronous system is assumed, and both a single-pulse and a double-pulse system is

considered as in the SR-IR simulations. The delays between the reference and the data pulses are set

according to U ����� � 	62¬	 W d¡ , where 	62 is the number of pulse types. Figure 9 plots the BEPs of the

single- and double-pulse systems for various noise levels. From the figure, it is observed that when the

MAI is dominant, the double-pulse system performs better than the single-pulse system as expected.

VIII. CONCLUSIONS

In this paper, we have considered multi-pulse IR systems. First, we have introduced a generic model

for an IR signal, which can represent an SR or a TR signal as special cases. Using this model, we

have investigated the average PSD of the transmitted signal, which is important considering the power

limitations imposed by the FCC. Then, we have provided a detailed BEP analysis for a multi-pulse SR-IR

system, considering the effects of both the IFI and the MAI. In addition, we have proposed a multi-

pulse scheme for TR-IR systems, in which a parallel or serial receiver implementation is possible. An

approximate analysis of the TR-IR system has been presented, and simulations have verified its accuracy.

APPENDIX

A. Derivation of ® B � !/. + ��� Rvu ��� !/. + ������[
Consider the expression in (2). Note that for both the SR and the TR system, the polarity codes are

independent for different values of the index of the summation, P . Therefore, E
B � !/. + ��� R±u ��� !/. + ������[ is given

by

E ¯5°)±_² ³ 4_´cb¶µ·7 °)±_² ³ 4_´-7�¸�¹»º ± ¼ C]½ Q[¾F¿ º f QaÀ ½ j CÁÂ W ± Q[¾F¿ º f QaÀ ½ E ¯·ÃH³ÅÄ ´ab¶µÆ\Ç4 �FÈ�ÉËÊ b¶Ìc7 ^aÍ \ÏÎ f Â QaÀ ¼a³ ^a`�Ð ÃH³ÅÄ ´3\Ç4 �FÈ�ÉËÊ b¶Ìc7 ^aÍ \ÏÎ f Â QaÀ ¼a³ ^a`kÐbnÑ C ² Â Ñ f ² ÂaÒ f Â QaÀ ¼a³ Ò º f Â ¼ C]½ QaÀ ¼a³ ÃH³ÆÄ ´ab¶µÆ\Ç4 �FÈ�ÉËÊ b¶Ìc7 ^aÍ \ÏÎ f Â QaÀ ¼a³ ^a`�Ð ÃH³ÆÄ ´3\Ç4-4 �FÈ b � 7 ÉËÊ b¶Ìc7 ^aÍ \ÏÎ º f Â ¼ C]½ QaÀ ¼a³ ^a`�ÐbnÑ C ² Â Ñ f ² ÂaÒ f Â QaÀ ¼a³ Ò º f Â ¼ C]½ QaÀ ¼a³ ÃH³ÆÄ ´ab¶µÆ\Ç4-4 �FÈ b � 7 ÉËÊ b¶Ìc7 ^aÍ \ÏÎ º f Â ¼ C]½ QaÀ ¼a³ ^a`kÐ ÃH³ÆÄ ´Ó\Ç4 �FÈ�ÉËÊ b¶Ìc7 ^aÍ \ÏÎ f Â QaÀ ¼a³ ^a`�Ðb ÃH³ÆÄ ´cb¶µÆ\Ç4-4 �FÈ b � 7 ÉËÊ b¶Ìc7 ^aÍ \ÏÎ º f Â ¼ C]½ QaÀ ¼a³ ^a`kÐ ÃH³ÆÄ ´3\Ç4-4 �FÈ b � 7 ÉËÊ bpÌc7 ^aÍ \ÏÎ º f Â ¼ C]½ QaÀ ¼a³ ^a`kÐ ¸�Ô (47)

For the IR system,
C )E. > � C A . > _ B K � 0 R � [ and F A >�&('x9 + and F ��A >�9%) � &('19 + are independent, and thus the

second and the third terms become zero after the expectation. For the TR system
C )E. > � � , C A . > _ B K � 0 R � [ ,

and F A >�&('x9 + � F ��A >�9%) � &('�9 + . So, the second and the third terms become independent for equiprobable
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information bits. Therefore, (47) can be expressed as� !#9%) � & <1@ &('�$*) >�"?!#& <x@ &(' E
B G +%Õ � Rvu KM�yP 	62zRT4 �EU 
 KTV >�&('�9 + UHW�Ö G +%Õ �LKM�yP 	62zRT4 �EU 
 KTV >�&('�9 + UHW�Ö�[;0 (48)

after arranging the indices.

B. Proof of Proposition 5.1

Consider the IFI term given by (18); that is, ² � �  &*È Ë &*Èc$*)>�"-, É² > , with É² > � )Ê &(' Ë &('�$*)+ "-, º² >�&('x9 + . From

(17), it can be shown that ® B É² > [g� � , d P due to the i.i.d. random polarity codes. Also from the 	32Ï× N
assumption in the proposition, it is straightforward to show, from (17), that ® B É² > É² >�9 � [3� � for �D× N , sinceÉ² > and É² >�9 � include terms with polarity codes of different indices, which are independent and zero mean

by assumption. Hence,
B É² > [ &*Èc$*)>�"-, forms a zero mean � -dependent sequence.

We employ the following central limit argument for dependent sequences in order to approximate the

distribution of the IFI:

Theorem 1: [30] Consider a stationary d-dependent sequence of random variables Ø ) 0 Ø A 0^\y\y\ with® B Ø ) [±� � and ® B � Ø ) � � [ h ë . If Ù + � Ø ) R \^\^\ RÚØ + , then Û ÚÜ + KHê Ï � � 0 � A � , as 4 KHê ë , where� A � E
B Ø A) [ R N Ë v� "%) E

B Ø ) Ø )O9 � [ .
In order to apply the results of the theorem we first calculate the variance of É² > :® B É² A> [3� �	62 &('�$*) +  "-, &('�$*) + = "-, ® B º² >�&('�9 +  º² >�&('�9 + = [ (49)� �	62 &('�$*) + "-, ® B º² A>�&('�9 + [ R  � +  $ + = � "%) ® B º² >�&('�9 +  º² >�&('x9 + = [;0 (50)

where the second equality is obtained from (17) by using the fact that the polarity codes form an i.i.d.

sequence. Then, after some manipulation, ® B º² A> [ can be expressed as® B º² A> [3� �	 AW &-ì � "%) �ÆÝ s Aª «�/®¯ î  ° «�/®¯ �ZK � UHW�� R s Aª «�/®¯OÄ  ° «�/®¯ � � UHWc��Þg0 (51)

and ® B º² > º² >�9%) [ can be expressed as® B º² > º² >�9%) [w� �	 AW &-ì � "%) � s*ª¬«�/®¯OÄ  ° «�/®¯ � � UHWc� s*ª¬«�/®¯±° «�/®¯OÄ  �ZK � UHW��1\ (52)
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In obtaining (51) and (52), we have used the expression in (17) and the facts that the polarity codes are

randomly distributed in
B K � 0 R � [ and the TH codes in

B � 0 � 0^\^\^\�0 	 W�K � [ .
Now considering the correlation between the adjacent terms of

B É² > [ &*È�$*)>�"-, , the following expression can

be obtained: ® B É² > É² >�9%) [3� �	62 ® B º² � >�9%) � &('�$*) º² � >�9%) � &(' [;\ (53)

Theorem � can be invoked for
B É² > [ &*Èc$*)>�"-, , which results in ²oÎµÏ I � 0 � ) j ® B É² A> [ R N ® B É² > É² >�9%) [¬l X . Then,

from (49)-(53), the distribution of ² can be approximated as²�ÎµÏÑÐ]� 0 � )	62k	 AW &('�$*) + "-,YÒ � AÓÕÔkÓ�. ) � 4 � R N � AÓÕÔkÓ�. A � 4 �EÖ�×|0 (54)

as 	wÅ K%ê ë , where � AÓÕÔkÓ�. ) � 4 � and � AÓÕÔkÓ�. A � 4 � are as in (20) and (21), respectively.

C. Proof of Proposition 5.2

Since 	�
 � 	wÅ�	62 , the MAI term given by (25) can be expressed as ³ ����� � �  ¶&*È Ë &*È�$*)>�"-, É³ �����> , whereÉ³ �����> � )Ê &('¥Ë &('�$*)+ "-, º³ �����>�&('�9 + , with º³ �����> being given by (26). Consider the sequence
B É³ �����> [ &*È�$*)>�"-, . Since

we assume that the delay spread of the channel is smaller than a frame interval, it can be shown that the

elements of this sequence form a ô -dependent sequence for 	32 � � , a N -dependent sequence for 	82 �nN ,
and a � -dependent sequence for 	82ß× ô . In any case, the distribution of ³ ����� , given the delay of user  ,

converges to the following distribution by the central limit argument for dependent sequences in Appendix

B: ³ ����� � u �����, Î�Ï I � 0 � � ® B � É³ �����> � A � u �����, [�Xo0 (55)

as 	wÅ K%ê ë , since ® B É³ �����> � u �����, [ � � and ® B É³ �����>  É³ �����> = � u �����, [ � � for P )áà� P A due the i.i.d. random

polarity codes.

Also ® B � É³ �����> � A � u �����, [ can be calculated from É³ �����> � )Ê &('SË &('�$*)+ "-, º³ �����>�&('�9 + and (26), after some

manipulation, as ® B � É³ �����> �ZA � u �����, [w� �	62 &('Q$*) + "-, ® B � º³ �����>�&('�9 + �ZA � u �����, [;0 (56)
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with

® B � º³ �����+ �ZA � u �����, [3� �	 AW â + 9 A $ : ì $�ã
« ¶m®òä <Æå » "çæ + $ A 9 : ì $ ã « ¶m®òä <Åè

&-ìZ$*) � "%$ � &-ìZ$*) � � 	 W�K � � � � s Aª « ¶m®¿ ° «�/®Ú I ��� � K 4 � 	 W Rµ� �EUHW Rvu �����, X�0 (57)

where the uniform distribution of i.i.d. TH sequences in
B � 0 � 0^\^\^\�0 	 WSK � [ and i.i.d. random polarity

codes are employed. Note that the limits of the first summation in (57) is determined by the fact thats ª « ¶m®¿±° « ¸ ®Ú ��¹H��� � for � ¹ � Íi	 WmUHW .
From (55)-(57), the distribution of ³ ����� , conditioned on the delay of user  , is obtained as in Proposition

5.2.
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Fig. 1. Transmitted signal from a multi-pulse TR-IR system, where é < ê»ë�ì , é ì êUí , î « ¶m®Ú ê<ï î ì for
è êUð á ë á ì with ïáê<ì�ñ , and

the TH sequence is ØFò�á ñ á ì ákò�á ñ á ì á ë á ì á ð á ë á ì á ð Û . For simplicity, no polarity codes are shown (that is, ó « ¶m®¯ êôëDõgö ), and ÷ « ¶m® y ¯ êôë and÷ « ¶m®= y ¯ ê ç ë .

Fig. 2. Two different cases for an SR-IR system when é ì é <øêpì�ñ . For the first case, é ì ê¶í , é <øêpù and the pulse energy is ú�û ù ; for
the second case, é ì êÏñ , é <øê¶ü and the pulse energy is ú�û ü .

Fig. 3. (a) Transmitted signal from a conventional single-pulse TR-IR system. (b) An approach to employ multiple types of UWB pulses
in a TR-IR system.

Fig. 4. The proposed receiver structure for the multi-pulse TR-IR system.
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Fig. 5. The receiver structure for the multi-pulse TR-IR system when the same delay for all the pulses of user ë , and EGC are used.
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Fig. 6. The ñ th and ò th order modified Hermite pulses (MHPs).
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