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Abstract

In this paper, the bit error rate (BER) performance of ultra wideband (UWB) waveforms with

matched filter and correlation receivers is analyzed. The rectangular passband, modulated rectangular

and modulated Gaussian waveforms, which satisfy the UWB signal definition and Federal

Communications Commission (FCC) indoor and outdoor limit spectral masks, are used as the

transmitted UWB signals. The complex form of Friis'transmission formula is considered as the tlWB

free space channel. Therefore, the distortion effects caused from the channel are included. The BER
performance of each waveform is shown and compared. The results are discussed in the conclusion.
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l. Introduction by the Federal Communications Commission

ultra wideband (UWB) radio technorogy 
(FCC) [3]. The FCC defined the uwB signal as

has become an important topic for -i.ro*au" those' which have a fractional bandwidth equal

communications because of its low cost and low to or greater than 0'20' or occupy bandwidth

power consumption potentials [1], [2]. The equal to or greater than 500 MHz'

uwB radio technology differs from th; , 3: 
tt9 

?l 
a UWB signal does not exceed

conventional narrow band radio frequency (RF) lltt 
F,cc^tT 15 limits or -41'3 dBm/MHz' so

and spread spectrum (SS) technologies. The thlt th; ts? 
:t 

a uwB signal is considered as

uwB radio technology uses an extremely noise for other radio communication systems'

wideband of RF spectrum to transmit the data Thergfore, 
, 
the, UWB radio technology can

with very short purses and power spectral :oex:st 
with other RF communications without

density (pSD) in the range of ultra wide interference' Moreover' UWB radio technology

trequency spectrum rnstead of using nuroJ is an ideal candidate that can be utilized for

carrier frequency in traditional RF technologies. commercial' short-range' low power and low

The UWB radio technology is a unique and new cost, indoor communication systems' such as

usage of recently legalized frequency spectrum wireless personal area networks (wPANs) [4]'

The UWB radio technology is specified in thr- The Friis' transmission formula' [5] is

frequencies ranging tiom 3.1 GHz to 10.6 GH; widely used to calculate the free space path loss
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for narrowband communications. The complex
form of Friis'transmission formula is developed
for UWB communications [6]-[8]. The matched
filter and correlation receivers are used as the
UWB receivers tgl-t l1l. Although, the
performances of UWB communications are
analyzed !2], [13], there are no considerations
about the FCC regulation of UWB signal and
distortion of a UWB signal caused by a channel.
After that, the rectangular waveform distorted
by a UWB free space channel is used to derive
the theoretical BER performance [14]. Howevet,
there are no considerations about other causal
waveforms.

In this paper, the BER performance
of UWB waveforms with matched filter
and correlation receivers is analyzed. The
rectangular passband, modulated rectangular and
modulated Gaussian waveforms, which satisfy
the UWB signal definition and FCC indoor and
outdoor limit spectral masks [15], are used as
the transmitted UWB signal. The complex form
of Friis' transmission formula is considered as
the UWB free space channel. The spectral
density of received signal, considering the
distortion caused by a free space channel, is
evaluated. At the receiver, the matched filter and
correlation receivers with frequency transfer
functions, which satisfy the constant noise
power conditions between the input and output,
are used. The BER performance of each
waveform is shown and compared.

This paper is organized as follows. In
Sections 2 and 3, the UWB waveform models
and BER performance analysis are briefly
discussed, respectively. Next, the analysis
results are illustrated in Section 4. Finally, the
conclusions are discussed in Section 5.

2. UWB Waveform Models

For UWB waveforms, the rectangular
passband, modulated rectangular and modulated
Gaussian waveforms are considered as the UWB
transmitted waveform v, in the time domain and

its spectral density V, inthe frequency domain.

These wavefonns can satisfy the FCC definition
of UWB signal and FCC spectral masks for
indoor and outdoor limits. The parameters
obtained from maximum bandwidth, amplitude
and average power optimizations, which are
proposed in [15], are used.
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2.1 Rectangular Passband Waveform

The rectangular passband transmitted
waveform in the time domain and its spectral
density function are given by:

1

v,(t) = -:l"f
Jr,

l A
t r  t  r t  = )2J^

I

l o

',, 
stnc(2f nt) - f , sinc(2f ,t)l (1)

I f  t - f ,E+

I f  t - f .>+ 
(2)

where I is the maximum amplitude, fi is the

occupied bandwidth, I is the center frequency,

f , = - f , - - f o l 2  a n d  f , = f , + f u l 2  a r e  t h e

minimum and maximum frequencies. This
waveform has an A l2f h constant magnitude of

spectral density in - -f , to -.f , and .f , to f,
frequency ranges. The area of its spectral

F '

densirv is I Fl / ld/ = I . This waveform has
' L 6

the I maximum amplitude at t -- 0. This is the
ideal case of UWB waveform lt is used to
consider the upper limit of maximum
bandwidth, amplitude and average power for
UWB waveforms.

2.2 Modulated Rectangular Waveform

The modulated rectangular transmitted
waveform in the time domain and its spectral
density function are given by:

v, \ t )

v,(f)

where I is the maximum amplitude, l. is the

carrier frequency and to is the pulse width of

waveform.
This waveform is modulated between the

I constant amplitude and t, width rectangular

pulse and "f, carrier frequency. The sine

function is used for reducing the direct current
(DC) component of the modulated waveform to
zefo.

I t
l , q s i n ( z r  f  r l  l t s : u
t " 2- 1- l  

t

I  o l t l>-L
l 2

_ Atu lsinclt,(f 
- "f,)l l.- 7 z l - s i n c l r n ( /  

+  f , ) l l

(3)

(4)
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2.3 Modulated Gaussian Waveform

The modulated Gaussian
waveform in time domain and
density function are given by:

v,(t) = Ae-Qtct)2 sin(2n f,t)

AdG I
v . l  |  |  = - p  , : l : , '  r  "

; )
. t -

transmitted
its spectral

(s)

_"  , 'o ' r t . t , r ' f

(6)

where A is the maximum amPlitude of

envelope waveform, I is the carrier frequency

and d is the lle characteristic decay time.
This waveform is modulated between

the A maximum amplitude and d (1le

characteristic decay time Gaussian pulse) and

f, canier frequency. The sine function is used

for reducing the direct current (DC) component
of the modulated waveform to zero, in the same
way as the modulated rectangular waveform.

3. BER Performance Analysis

In this section, the analysis of BER
performance is theoretically discussed. The
UWB waveform models discussed in Sec. 2 are
used as the UWB transmitted waveforms. For
UWB free space channel, the complex form of
Friis' transmission formula is used [6]-[8]. The
transmitting (Tx) and receiving (Rx) antennas
are considered to have one constant gain. The
frequency transfer function of free space

channel H , can be written as :

H , ( f . d \ = = - : - e  2 r ' � d "  
Q )

a r l  I  l d

where d is the transmitter-receiver (T-R)

separation distance and c is the velocity of
light. This equation satisfies for both positive
and negative frequencies as it satisfies the

causality.
The spectral density of UWB received

signal Z, is calculated by using multiplication

between H , and ( , which can be written as;

v , ( " f  , d ) :  H  / ( f  , d ) . v , ( J ' )  ( 8 )

This spectral density of UWB received signal
includes the distortion effect caused by UWB
free space channel.

The matched filter and correlations
receivers with frequency transfer functions,

satisfying constant noise power condition
between input and output , are considered. For a
matched filter receiver or an optimum
correlation receiver, the spectral density of

template signal is the complex conjugate of 2..

For correlation or transmitted template signal
receivers, the spectral density of template signal
is the complex conjugate of V, . The receiver

gains satisfl, the constant noise power

conditions. Therefore, the frequency transfer
functions of matched filter and correlation

receivers, H^ and H,, can be written as (see

Appendix A) :
tt7

H ",( f .d ) = -+: v : ( f . d \ \el
^ l l - l v " ( " f  . d t l ' d f
V  r * t  r

6V
H,( f )  = (  l0 )

where 
- 

is the complex conjugate operator.
The spectral densities ofoutput signal from

matched filter and correlation receivers, V- and

V, canbe written as :

v^ ( " f , d )  :H . ( f , d ) . v , ( f , d )  (11 )

v, ( . f ,d)  =H,( f ) .v . ( f ,d)  ( r2)

The signal-to-noise ratio (SNR) gain of
these receivers is defined as the ratio between
average powers of received signal at receiver
output and that at receiver input for the case of
constant noise power conditions between input
and output. The SNR gains of matched filter and

correlation receivers, G. and G, can be

resoectivelv written as:

G _ =
fflv^c,a\'at r 1 1 )

G , = (14)

The efficiency of receiver is considered by
using correlation coefficients between received
and template signals. The correlation
coefficients of matched filter and correlation
receivers, C, and C. can be respectively written
as (see Appendix B):

flr,,u,a\'af

flr '.u,a\'af
fflrtr,a\'ar

f-lrtrtf ar
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Fig.l BEn of UWB waveform with matched
filter receiver satisfying FCC indoor limit
spectral mask for antipodal modulation
scheme.

The UWB modulation schemes can be
classified into antipodal modulation scheme
such as binary pulse amplitude modulation
(BPAM), and orthogonal modulation scheme
such as on-off keying (OOK) and pulse position
modulation (PPM), with modulation index of
d:l 16l. ln this paper, BER performance of
antipodal and orthogonal modulation schemes
are considered. The BER performance of
matched filter and correlation receivers for

antipodal modulation scheme, 8,,,.,, and 4.,,, in

additive white Gaussian noise (AWGN) can be
respectively written as ! 71 (see Appendix C) :

where B, is the bit rate, S/N is the SNR at

input of receiver and

*fti {dgl

Fig. 2 BER of UWB waveform with correlation
receiver satisfying FCC indoor limit
spectral mask for antipodal modulation
scheme.

0 ( . r ) =  + f  r ' ' c l r , . r > 0
l . -  l

\ I  L/L

The SNR is normalized by average power
of rectangular bandpass waveform, which is the
theoretical maximum average power of UWB
signal, for considering FCC spectral masks
Moreover, the distortion effect caused from
UWB channel, occupied bandwidth and bit rate
are also included to analyze the BER
performance.

4. Analysis Results

In this section, the analysis results of BER
performance are shown. The BER performance
of transmitted waveforms, which are the
rectangular bandpass, modulated rectangular and
modulated Gaussian waveforms, are analyzed.
The TR separation distance is set to be l0 m,
while the bit rate is set to be 110 Mbps. These
parameters are based on the IEEE 802.15.3a

!8]. The parameters of each waveform obtained
from the maximum bandwidth, amplitude and
average power optimizations, satisfying FCC
spectral masks for indoor and outdoor limits, are
used [4] .

t . = o ? (20)

= o (- 1 ,

= o (- lB

Eqe-t;;\
\1 t,r )
Ecs-/;)
t r t , r )

(  1 7 )

(  l 8 )

The BER performance of matched filter
and correlation receivers for orthogonal
rlrodulalion scheme. 8,,,,, andB,., , in AWGN

can be written as I I 7] (see Appendix C):

B  = o ( C,,G,,./t,S

B N

c,c,/J )
tr- )

( l e )

60



Figures I to 4 show the BER performances of
matched filter and correlation receivers for
UWB waveforms satisfying FCC indoor limit
spectral mask. The BER performances for
antipodal modulation scheme are shown in Figs.
I and 2, and those for orthogonal modulation
scheme are shown in Figs. 3 and 4.

E  I '  r - *

-  .  :  :  -  . L  l { .  ;  t

{ .tt {a 4t .tt .tt -ia 4 | t rl
gxn (d3!

Fig.3 BER of UWB waveform with matched
filter receiver satisfying FCC indoor limit
spectral mask for orthogonal modulation
scheme.
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Fig. 4 BER of UWB waveform with correlation
receiver satisfying FCC indoor limit
spectral mask for orthogonal modulation
scheme.

From these figures, we can see that the
BER performances of rectangular passband
waveforms are the lowest of all cases. The BER
performances of waveform obtained from
maximum amplitude and average power
optimizations are less than that obtained from
maximum bandwidth optimizations. That is
because the waveforms obtained from maximum
bandwidth optimizations give much less average

Eg t a
a
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power and slightly more bandwidth compared
with that obtained from maximum amplitude
and average power optimizations !5]. For
comparison between modulated rectangular and
Gaussian waveforms, the BER performance of
modulated rectangular and Gaussian waveforms
with maximum amplitude and average power

to

x  H \ l
l - . t  - : . . I } ' .  ]

t \ _\t-\
: 1;.I

' t l

+i.*,gr.ry,.ff ir.rry
+ f f i O E n & & M

SXn l.Et

F i g . 5 BER of UWB waveform with matched
filter receiver satisfying FCC outdoor
limit spectral mask for antipodal
modulation scheme.

{  t l  . n  a t  { ' r i  . r t  a  t  t  r t  r t
3[i kn]

Fig. 6 BER of UWB waveform with correlation
receiver satisfying FCC outdoor limit
spectral mask for antipodal modulation
scheme.

optimizations are almost the same and are better
than the others.

The BER performances of matched filter
and correlation receivers for UWB waveforms
satisfying FCC outdoor limit spectral mask are
shown in Figs. 5 to 8. The BER performances
for antipodal modulation scheme are shown in
Figs. 5 and 6, and those for orthogonal
modulation scheme are shown in Figs. 7 and 8.

The BER performances of rectangular
passband waveforms are also the lowest. The
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BER performances for FCC outdoor limit

spectral mask are average more than that for

FCC indoor limit spectral mask. From the

results, the average BER performances of all

FCC indoor and outdoor limit spectral masks at
-10 dB SNR are 0.14 and 0.22, respectively' For

comparison between modulated rectangular and

Thammasat Int.  J. Sc. Tech.. Vol. 13. No.2. Apri l-June 2008

orthogonal modulation schemes, are used as the

transmitted UWB signal. From the results, the

BER of rectangular bandpass waveform with

matched filter receiver is the ideal theoretical

bound, which is the minimum BER performance

case. The modulated rectangular and Gaussian

waveforms with maximum amplitude and

glri {d3}

Fig.7 BER of UWB waveform with matched
filter receiver satisfying FCC outdoor
limit spectral mask for orthogonal
modulation scheme.

Gaussian wavefotms, the BER performances of

modulated Gaussian waveform with maximum

amplitude and average power optimizations are

clearly better than the others. That is because the

side lobe spectrum of modulated Gausstan
wavefonn is less than that of modulated

rectangular wavefotms and the FCC outdoor

spectral mask is very strict compared with the

FCC indoor spectral mask. Therefore. the

modulated Gaussian waveform is appropriate for

this case.
For considering the modulation scheme. the

BER of antipodal modulation scheme is less

than that of orlhogonal rnodulation scheme

because the threshold distance of antipodal

rnodulation scheme is wider than that of

orlhogonal modulation scheme'

5. Conclusion

In this paper, the BER performance of

UWB wavefotms with matched fllter and

correlation receivers is analyzed. The

rectangular passband, modulated rectangular and

modulated Gaussian waveforms' which satisfy

the UWB signal definit ion and FCC indoor and

outdoor l imit spectral masks with antipodal and

stti {da}

Fig. 8 BER of UWB waveform with correlation
receiver satisfying FCC outdoor limit

spectral mask for orthogonal modulation
scheme.

average power optimizations are appropriate for

FCC indoor l imi t  spectra l  mask,  whi le  the

modulated Gaussian waveform with maximum

amplitude and average power optimizations is

appropr iate for  FCC outdoor l imi t  spectra l
mask.
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Appendix A:
Derivations of Receiver Frequency

Transfer Functions

Frequency transfer functions of matched
filter and correlation receivers are derived,
which satisfy constant noise power conditions
between input and output. Noise is considered as
AWGN with zero-mean and PSD of .V,, /2

WHz. Therefore, the input noise power N, can

be written as:

N, = NnJ,, ( A - r )

The output noise power of matched filter
and correlation receivers, l/,,,,, and ly',,., are:
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max I r, .,, (z) |

Set N,,.. and N,., equal to N,, the

constant noise power conditions between input
and output of matched filter and correlation
receivers can be respectively derived as:

The general form of frequency transfer
function of matched filter receiver with output
maximum SNR is [19]:

f f ^ (  f  . r t  l  = , q , V , "  (  " f  . d  ) e ' " " -  ( A - 6 )

where arbitrary constant A. and t^ are

magnitude and delayed time, respectively.
Set /,, = 0 and solve l. , which satisfied

constant noise power condition (A-4). The
frequency transfer function of matched filter
receiver can be derived as:

tr". k, (t) Lt"r" lr,,(r)l
max lr ,  , , ,  ( r)  |

(B- l)

(B-2)C,

where v. is the received signal waveform, r,

and r,.o respectively are the autocorrelation of

signal a and cross-correlation between signal a

and b , which are defined as [9]:

I t
r . \ r )  =  |  a . ( t )a ( r  + r ld t  (B-3)

r" n(r)  = l"  a.  \ r)bl t  + r)dt (B-4)
t ^

Substitute the definitions of autocorrelation
and cross-correlation, (B-3) and (B-4), in (B-l).
The correlation coefficient of matched filter
receiver can be derived as:

c," = 1 (B-5)

From this result, the correlation coefficient of
matched filter receiver is always equal to l.
That is the ideal case, which the template signal
is identical with received signal. Therefore, the
energy of signal with matched filter receiver is
optimum.

For considering the correlation coefficient
of correlation receiver, evaluate the impulse
response of correlation receiver /r,. by using the

inverse Fourier transform of ( l0) and assume the
transmitted signal is the real value signal. This
obtains:

h , ( t )  = v ,  ( - / )  ( 8 -6 )

.". =+ f_la^r.r,atl'ar
N.. =+ f-la,u,a1'ar
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(A-2)

(A-3)

f-la ̂ {f ,il]' af = z-fu (A-4)

f*ln,{f ,dyl'ay =zyu (A-5)

H -( . f  ,d)  = v: (f ,d) (A-7)

In practice, the received signal is unknown.
The correlation receiver, which the transmitted
signal is used instead of received signal, is
considered. Therefore, the frequency transfer
function of correlation receiver can be derived
AS:

H,(J') = v,'(.f) (A-8)

Appendix B:
Derivations of Correlation Coefficients

The correlation coefficient between
received and template signals is used to consider
the efficiency of receiver. The correlation
coefficients of matched filter and correlation
receivers are respectively defined as:

f--lrtrf at

Use the correlation function properties and
Perseval's theorem for energy signal, which are

t le l

E,  =  ̂ u*  l r " ( t  ) l

where E, is the energy of signal a and A is

the spectral density ofsignal a.
Use relation between cross-correlation and

convolution functions for the real value signal.
This obtains [19]:

l -- l tr,{f , i l f  af

= f**l-t(f ) l 'af @-tt
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f6

I  v iQ)h,( - t  + r )dt  = v , ( t )  @ h,( t ) :  v .  ( l )  (B-8)

,i*r" t is the convolution operator and v, is

the output signal from correlation receiver,
which is obtained by using the inverse Fourier
transform ofits spectral density. That is [19]:

u.  ( r ) :  L_r , t  f  ,d )e i2 '1d f  (B-e)

Substitute (B-3), (B-4), (8-6), (B-7), (B-8)
and (B-9) in (B-2). The correlation coefficient of
correlation receiver can be derived as:

(B-10)
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where r is the AWGN with zero-mean and its

PSD or variance of N o l2 W/Hz. Therefore, the

probability distribution functions (PDFs) of

received signals that s, and s, are transmitted'

p ( r l s , )  a n d  p ( r  l s , ) , a r e [ 1 7 ] :

f7t1y.av 
",' dfl

The efficiency ofcorrelation receiver is equal to
l, when the transmitted signal is identical with
received signal. There is no distortion of signal.
If there is more distortion of signal, the
correlation coefficient is decreased. The energy
of signal with correlation receiver is
proportional to the correlation coefficient.

Appendix C:
Derivations of BER Performance

In this appendix, the BER performances of
antipodal and orthogonal modulation schemes
are derived for UWB communications. For
antipodal modulation scheme, the geometric
representation of binary signals is the one-
dimensional vector and can be written as [17]:

. 2

l.lv,U.a), a1 l"lu (7\ a1

s r  :

s . =

P(r ls , )  = ! / ' . ' [+r 'u '  (C-6)
, l rN "

In this case, the decision conditions
compare r with zero-threshold' If r >0, the

decision is s, and if r < 0, the decision is sr.

The probabilities ofbit errors that s' and s, are

t ransmit ted,  P(e ls , )  and P(r  lsr ) ,  are [17] :

ry 
( 6F\

P(e I s, '1= 
1"" nv 1s,vr = tt{tr 

)tc-tt
,-  (tr{\

P(els,):  fn{,ts,Vr =nh/ffJtc st

The BER performance of antiPodal
modulation scheme is the average probability of

error. This is [17]:

Et")
{ ^ t ,

p ( r l s , l = + " r '  u E '  r

.'lol'1"

f - \
t d ; ,  I

\2 t { ,  )

t;
, lLr,

r--.1 L,

(c-e)

The BER performance can be expressed
in the term of threshold distance between signals

s, and sr. For this case, the threshold distance

d,. is equal to 2rE. Therefore. the BER

performance .B can be written as [17]:

=o(-t

(c-s)

( c -11 )

(c-12)

where En is the average energy per bit, sr anc

.r2 are vector representations of bits '1' and'0',

respectively.
The received s ignals of  b i ts '1 'and'0 ' ,  r '

and r, from matched filter or correlation

receivers with no distortion of signals
respectively are [17]:

r -=  l L .h  +n
r-= - l b . h  + n

(c-10)

For orthogonal modulation scheme, the
geometric representation of binary signals is a
two-dimensional vector and can be written as

[ 1 7 ] :

s, = 1/{,0;

(c-1)
(c-2)

(c-3)
(c-4)

B  = o (- t
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For this case, the threshold distance d,, is

equal to tEl Substitute d,. =.,1i{ in

(C-10). The BER performance of orthogonal
modulation scheme Bn can be written as [ 7]:

(c-13)

Note that these BER performance formulas,
(C-9) and (C-13) assume that the signals have
no distortion and EnlN,, in these formulas Are

at output side ofreceiver.
For UWB communications, the distortion

of signal is necessary to consider. The result of
signal distortion is to decrease the energy per bit
of signal with correlation coefficient. The

energy per bit that considers distortion Er., is

given byl

Eo.o = CE,, (c-r 4)

where C is the correlation coefficient.
Therefore, d, in (C-9) and (C-13) is substituted

with CEo for considering the distortion of

sisnal.

where G is the SNR gain.
Substitute the relations (C-15) and (C-16)

in (C-9) and substitute Eo in (C-9) with CEr.

The BER performance of matched filter and
correlation receivers for antipodal scheme in
AWGN can be respectively derived as:

and the relation between ,S / N and 5,, I N,,

. t _  s ,
N GIV,,

t ,  : o (

t , ,  : o (

, . .=o (

t , . = o (

Substitute the relations (C-15) and (C-16)

in (C-13) and substitute .8, in (C-13) with CEo.

The BER performance of matched filter anc
correlation receivers for orthogonal scheme in
AWGN can be respectively derived as:

(c-16)

(c-17)

(c-18)

(c- 1e)

(c-20)
From the relation between SNR

side of receiv er S ,, I N,, and E u I N ,,'.

S. _ B,Eo.u

N,, .f,N,,

at output

(c-15)

" h  I
- l

,c-cJ;f )
B,N )

,qGJ;f \
B,N )

C.G^fJ )
q N )

CEIJ )
4 N )
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