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Abstract— Since the energy of chirp waveform distributes evenly 
in time domain, chirp waveform has the advantage of low peak-
to-average power ratio. In this paper, we first employ chirp 
function to generate the ultra-wideband (UWB) pulse for 
narrow-band interference (NBI) suppression, then the simplified 
characteristic function (CF) method is proposed to evaluate the 
NBI suppression performance of the direct sequence spread 
spectrum binary phase shift keying (DS-BPSK) chirp pulse based 
UWB (Chirp-UWB) system over multipath channels. Simulation 
results and theoretical analysis show that the proposed CF based 
performance analysis of Chirp-UWB system not only superiors 
to the traditional Gaussian pulse based UWB system, but also 
outperforms the conventional approximate analysis method in 
accuracy and complexity. 

 
Keywords— UWB; Chirp waveform; NBI; multipath channel; 

characteristic function (CF) 

I. INTRODUCTION 

Ultra-wideband (UWB) [1] technology is a good candidate 
for high data rate and short range wireless communications 
and has  attracted considerable  interests  since  FCC  
approved  the  spectrum occupation  for  UWB  technology  in  
2002. FCC regulates that the signal whose absolute bandwidth 
is greater than 500 MHz or relative bandwidth is greater than 
0.2 is ultra wideband signal. Recently, FCC regulates that 
UWB systems can exploit the frequencies from 3.1 GHz to 
10.6GHz with the transmit power spectral density (PSD) less 
than -41.3 dBm/MHz in order to reduce the interferences 
between UWB system and the existing narrowband (NB) 
systems. Actually, there always exist some NB systems [2] 
with PSD much larger than UWB system, such as IEEE 
802.11, GPS, and Bluetooth and so on. These NB systems 
may affect the communication quality of UWB system, it is 
necessary to reduce the NB interference of UWB system. 

The concept of chirp pulse based UWB (Chirp-UWB) [3] is 
that the system spectrum of the chirp spread spectrum (CSS) 
technology based UWB system satisfies FCC regulation and 
also generates the desired power spectrum to avoid the 
interference with NB systems. Chirp-UWB system has 
remarkable superiority such as low complexity, long 
transmission distance, avoidance of high peak to average ratio 
and so on. There are some literatures about the performance 
analysis of UWB systems under additive white Gaussian noise 

(AWGN) [4]–[8], but the detailed research about the 
performance analysis of Chirp-UWB system under multipath 
channel environment is not so much. Therefore, it is necessary 
to study the performance of Chirp-UWB system considering 
IEEE 802.11 NB interference (NBI) under multipath channel 
environment. 

In this paper, we mainly study the chirp pulse design and 
also study the performance analysis of the Chirp-UWB system 
under multipath channel environment with NBI. In the 
performance analysis, we utilize the deterministic 
characteristic function (CF) based analysis method, and 
deduce the bit error rate (BER) formula of the Chirp-UWB 
system. Simulation results show that the accuracy of the 
presented CF based theoretical system performance analysis is 
better than the traditional Gaussian approximation based 
analysis method. 

The organization of this paper is as follows. Chirp theory is 
presented in Section II. Section III introduces Chirp-UWB 
system model and the CF based performance analysis under 
NBI is given. Simulation results and discussion of the 
proposed system performance analysis are given in section IV. 
Finally, section V draws the conclusions. 

II. CHIRP THEORY 

A chirp pulse function in time domain can be written as [9], 

 2
0 0( ) ( )cos 2linearc t a t f t t     ,            (1) 

where a(t) is the envelope of the chirp signal, f0 is the centre 
frequency,  is the chirp rate and 0 is the initial phase. In 

addition, a(t) is zero outside its time interval T. 

The chirp pulse’s phase is as follows, 

  2
0 0=2t f t t     .                         (2) 

The chirp rate is an important parameter which denotes the 
rate of the change of the instantaneous frequency fw(t), and it 
is given as, 

2

2

( ) 1 ( )
( )

2
wdf t d t

t
dt dt




  .                     (3) 
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Figure 1.  Up-chirp and down-chirp waveform  

The chirp waveforms with ( ) 0t  are called up-chirps and 

those with ( ) 0t  are called down-chirps, as shown in Figure 

1. 
Here, we use the range of the instantaneous frequency to 

describe the bandwidth B and it can be expressed as, 
( )B t T  .                                       (4) 

The chirp rate of the linear chirp waveform is a constant, 
which means that all the frequency bands have the same 
weights. Hence, we consider the design of the nonlinear chirp 
waveform for the NBI suppression, which comes from the 
results that the nonlinear chirp pulse has the best NBI 
suppression performance if its chirp rate achieves the highest 
at the NBI frequency band.  

Similarly to the above linear chirp waveform, the 
expression of the adaptive atan chirp waveform is given by, 

2

2 ( )
( ) cos 2

arctan( )

ln(1 )
arctan

2

fra l i
i

T f f
c t f t




 

 

   
       

 
       

,              (5) 

where fi is the centre frequency of the interference signal, 
fl=3.1GHz , 0 t T  , Tfra=(fi-fl)/ which corresponds to the 
centre frequency of NBI. For convenience, we define 

 1frat T     and is a very important parameter which 

identifies the instantaneous frequency. 
The chirp rate has the highest value at the NBI frequency 

band, that is, the nonlinear chirp waveform through NBI band 
with the fastest speed and the NBI band has the small weight 
compared with other bands, and then the NBI can be 
excellently suppressed. In this way, the nonlinear chirp 
waveform can achieve the best interference suppression 
performance. 

Due to the characteristic which the inequality weights 
during the whole frequency bands, we get that the nonlinear 
chirp waveforms have better characteristics than the 
traditional UWB pulses. So we can use chirp waveforms to 
substitute the traditional UWB pulses. On the receiver side, 
we apply the CF method to evaluate the NBI suppression 
performance of the Chirp-UWB system over multipath 
channels. This method can get more accurate performance. 

III. DS-BPSK CHIRP-UWB SYSTEM MODEL AND CF BASED 

PERFORMANCE ANALYSIS 

A. DS-BPSK Chirp-UWB System Model 

 

 
Figure 2.  DS-BPSK Chirp-UWB System Model 

In this paper, the system model is given in Figure 2. For a 
single user direct sequence spread spectrum binary phase shift 
keying (DS-BPSK) Chirp-UWB system, the transmitted signal 
is written as, 

 
1

0

( )
cN

tr i j tr b c
i j

m t d c p t iT jT


 

    ,              (6) 

where Tb is the duration occupied by one data bit, and Tc is the 
chip duration time of a signal waveform. ptr(t) is the 
transmitted waveform which is the chirp waveform here. Nc is 
the number of the pulses transmitted in one bit. cj is the j-th 
DS code and its length is Nc. di is the i-th transmitted data bit. 
In general, we have { 1}, { 1}i jd c     and the bit interval 

is b c cT N T .  

Considering the multipath channel, we can simplify its 
expression as, 

0

( ) ( )
L

l l
l

h t t  


  ,                               (7) 

where L is the total number of multipath, l is the gain of the 

l-th path, l is the delay of the l-th path. 

IEEE 802.11a system [10] is one of the main interference 
sources in UWB spectrum for its high PSD compared with 
UWB signals. According to the characteristics of IEEE 
802.11a system, it can be modelled as many different forms. 
Generally speaking, an NBI signal of IEEE 802.11a system 
with a single tone can be modelled as,  

 ( ) 2 cos 2 ii t P f t   ,                         (8) 

where P is the average power, fi is the frequency of the 
interference signal and   is the initial phase of the 

interference signal. 

B. CF Based Performance Analysis 

In the receiver side of the DS-BPSK Chirp-UWB system, 
the received signal with NBI is given as, 

1

( ) ( ) ( ) ( )

( ) ( ) ( )

UWB I

L

l tr l
l

r t r t r t n t

m t i t n t   


  

    
,           (9) 

where rUWB(t), rI(t) and n(t) denote the received UWB 
multipath signal, the NBI signal and also the Gaussian noise 
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with 2( ) ~ (0, )nn t N  , respectively.  is the corresponding 

path gain and  is the corresponding path delay. mtr(t) is the 
transmitted signal. l  is the transmission gain of the l-th path, 

l is the delay of the l-th path. 

The output decision variables of Rake receiver can be 
expressed as, 

( 1)

1 1

( ) ( ) = ( )
b

b

F Fi T

m f b f f UWBiT
f f

y w r t v t iT dt w S I n


 

      ,     

(10) 

where 
1

0

( ) ( )
cN

j tr c
j

v t c p t jT




  is the template signal, F is the 

total correlator number of the Rake receiver, wf  is the weight 
factor of the f-th correlator, UWBS is the useful signal 

component, I is the interference component, n  is the AWGN 
component. Considering the output of the f-th correlator 
during the i-th symbol interval, the output components are 
SUWB, I, and n, respectively. 

The CF [11] of AWGN component with 2~ (0, )nn N  is, 

2
2 2

2

( ) ( )

1
exp( ) exp( 2)

22

jn jn
n

jn
n

nn

E e f n e dn

n
e dn

 





 



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



    

   




.     (11) 

UWBS can be expressed by the following formula, 
( 1)

1,

= ( ) ( )

= ( )

b

b

i T

UWB UWB b fiT

L

l i c p l i l f
l l f

S r t v t iT dt

d N E d R



   



 

 

 




,               (12)  

where Ep is the energy of single transmitted pulse. 
Therefore, the CF of UWBS can be given as, 

( ) cos( ) cos( ( ))
UWBS l i c p l i l fd N E d R        .        (13) 

With a single frequency interference case, the interference 
component I can be expressed as, 

( 1)

1
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



 



 



 


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
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.            (14) 

We define =2i iw f . Then, we can set, 

/ 2

/ 2
( ) ( )

2

b
i

b

T jw v b
i tr c fT

T
P w e p v jT dv


    .          (15) 

Utilizing chirp pulse with the time interval [ , ]
2 2
c cT T

  and 

changing the integral interval into (- , )  , we can see that 

( )iP w  can be viewed as the Fourier transform of 

( )
2
b

tr c f

T
p v jT    , 

 

    

2
0

( )
2

2 1 2 1

( )
( ) exp

2

( ) ( ) ( ) ( )
b

i c f

i

T
jw jT

w w
P w j

C x C x j S x S x e

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

  

 
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 
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,  (16) 

where
2

0
( ) cos

2

x y
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 
  

 
 ,

2

0
( ) sin
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2
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The interference component  I is expressed as, 
1 2

0

0

( )
2 exp

2

cN

j
j

w w
I P R j  







 
  

 
  

           2 1 2 1( ) ( ) ( ) ( )C x C x j S x S x    ,              (17) 

where ( )cos ( )j i b b c fR c j w T iT jT       and its CF [12] 

is, 

| , ( ) [ | , ]

cos[ cos ( )]

j

j

j R

R c j

i b b c f

E e c c

c w T iT jT


   

 

   

    
.       (18) 

Assume cj is uniform distribution during [0, 1]cN  , then 

the CF of I on the condition of  is, 

    

1 1 21
0

| | ,
0 01

2 1 2 1

( )1
( ) ( 2 exp{ }

2
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





 


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   


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(19) 
If NBI is synchronized with UWB, we have 0   and the 

CF of I can be obtained as, 

    

1 1 21
0

|
0 01

2 1 2 1

( )1
( ) ( 2 exp{ }

2
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   






 


   

   


.(20) 

According to the above analysis of the decision variables 
and the CF of the interference signal, we can get the system 
average error probability with NBI which can be expressed as, 

(1) (0)

(1) (0)

1 1

( 0) ( 0)

( ( ) 0) ( ( ) 0)

e m m

F F

f UWB CDMA f UWB CDMA
f f

P P y P y

P w S I n P w S I n
 

   

        
.              

(21) 
Because of the relationship between the cumulative 

distribution function and the CF, the average error probability 
can be obtained by the above two formulas, 

0

1 1
- ( ) ( ) ( )

2 2 UWBe S I nP d   



    ,            (22) 

where ( )
UWBS  is the CF of the useful signal part 

UWBS , ( )I   is the CF of the interference signal part 

I , ( )n   is the CF of AWGN. 

IV. SIMULATION RESULTS AND DISCUSSION 

In this section, we present the performance analysis of the 
CF based DS-BPSK Chirp-UWB system. The comparison 
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with the traditional Gaussian approximation method is 
provided. With Gaussian approximation analysis, the signal to 
interference plus noise power ratio can be expressed as, 

2

2
0

UWB

n

S
SINR

N 



,                             (23) 

where UWBS is the useful signal component, 2
n  is the variance 

of AWGN, 0N is the variance of NBI. The Gaussian pulse 

based average system error probability can be expressed as, 
2

2
0

( ) ( )UWB
e

n

S
P Q SINR Q

N 
 


.                 (24) 

The detailed system parameters are showed as follows. The 
number of data symbols is set to be 105, the bandwidth of the 
chirp pulse is from 3.1 GHz to 10.6 GHz, and its duration time 
is 10ns. We also consider the multipath environment with 
multipath resolution 5ns and the signal to interference ratio 
(SIR) is set as SIR=-20dB. The interference carrier frequency 
is fi=5.3GHz with bandwidth Bi=0.1GHz. The simulation is 
carried out in the CM1 and CM4 multipath channel model. 

Figure 3 reveals the BER performance with different pulse 
waveforms. We obtain that the system with linear chirp pulse 
waveform can save 2.7 dB Eb/No than the system applying 
Gaussian pulse with the same BER at 0.058. Furthermore, the 
system utilizing nonlinear chirp pulse waveform can save 2.5 
dB Eb/No than the system with linear chirp pulse waveform. 
We find that the chirp pulse based DS-BPSK UWB system 
have better performance than the traditional Gaussian pulse 
based UWB system. 
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Figure 3.  BER performance using different pulse waveforms 

The BER performance under different multipath channel 
models is shown in Figure 4 and Figure 5. In CM1 channel 
model, we see that with the same BER at 10-2, the system 
utilizing deterministic CF analysis method can have 2.0 dB 
Eb/No advantage near the actual simulation than the system 
applying traditional Gaussian approximation method. 
Furthermore, in CM4 channel model, it is shown that the 
system with deterministic CF analysis method can have 1.0dB 
Eb/No advantage near the actual simulation than the system 
applying traditional Gaussian approximation method with the 
same BER at 0.05. In CM4 channel, there are more multipath 

that the characteristics of NBI is more close to the Gaussian 
distribution, so the performance of the two analysis methods 
and the actual performance don't vary that much. Compared 
with the above two Figure, we obtain that the proposed 
method presents more accurate performance than the Gaussian 
approximate method in CM1 channel. In more complex 
channel environment, the deterministic CF analysis method 
also obtains accurate system performance.  
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Figure 4.  System Performance of the two analysis methods under CM1 

channel 
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Figure 5.  System Performance of the two analysis methods under CM4 

channel 

Comparing the simulation results based on the CF and 
Gaussian approximation method, we can see that the accuracy 
of the system performance with deterministic CF analysis 
method is better than that with Gaussian approximation 
method. Therefore, the Chirp-UWB system can be used in the 
complex UWB communication environment to avoid NBI and 
the proposed method can improve the accurancy of the 
performance analysis. 

V. CONCLUSIONS 

Considering the characteristics of the chirp waveform, we 
analyse the Chirp-UWB system under multipath channel 
environment. In order to alleviate the narrowband 
interferences within UWB spectrum, we also introduce the 
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chirp pulse design with NBI suppression. At last, the 
deterministic CF based performance analysis of the Chirp-
UWB system has been presented under multipath channels 
and it is shown that the deterministic CF analysis method is 
more accurate than Gaussian approximation method. 
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