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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.
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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
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(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 Il. Section Il 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 V.
Finally, section V draws the conclusions.

I1. CHIRP THEORY
A chirp pulse function in time domain can be written as [9],

Cinar (1) = A(t) COS (27 ot + uat” + g, ), 1)

where a(t) is the envelope of the chirp signal, f, is the centre
frequency, u is the chirp rate and ¢, is the initial phase. In

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

The chirp pulse’s phase is as follows,
O(t)=2x fot + mut® + ¢, 2

The chirp rate is an important parameter which denotes the
rate of the change of the instantaneous frequency f,(t), and it
is given as,
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Figure 1. Up-chirp and down-chirp waveform

The chirp waveforms with x(t) > 0 are called up-chirps and
those with u(t) < 0 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=|u(®)-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,

c(t) 2005(272' fit+[_T£j.M

a ) arctan(a)

-{ﬂarctanﬂ—MD

where f; is the centre frequency of the interference signal,
fi=3.1GHz , 0<t<T, Txa=(fi-f))/zz which corresponds to the
centre frequency of NBI. For convenience, we define
B=(~t/T,, +1)a anda is a very important parameter which

(5)

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.
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111.Ds-BPsk CHIRP-UWB SYSTEM MODEL AND CF BASED
PERFORMANCE ANALYSIS

A. DS-BPSK Chirp-UWB System Model

d, Spread Spectrum BPSK
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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,

w Ng-1
m,(t) =Y > dic;p, (t-iT, - jT,), (6)
i=—0 j=0

where Ty, is the duration occupied by one data bit, and T, is the
chip duration time of a signal waveform. py(t) is the
transmitted waveform which is the chirp waveform here. N is
the number of the pulses transmitted in one bit. ¢; is the j-th
DS code and its length is N.. d; is the i-th transmitted data bit.
In general, we have d; e{1},c; e{t1} and the bit interval

isT, =N_T,.
Considering the multipath channel, we can simplify its
expression as,

ht) =Y es(t-7,), ™

where L is the total number of multipath, ¢, is the gain of the
I-th path, 7, is the delay of the I-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,

i(t)=v2Pcos(2z ft+¢), (8)
where P is the average power, f; 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,

r(t) = [ue () +1, (£) +n(t)
= ia|mtr(t—f|)+ﬂi(t—s)+n(t) l

where ryws(t), r(t) and n(t) denote the received UWB
multipath signal, the NBI signal and also the Gaussian noise

©)
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with n(t) ~ N(0,0,%) , respectively. 4 is the corresponding
path gain and ¢ is the corresponding path delay. mg(t) is the
transmitted signal. ¢, is the transmission gain of the I-th path,
7, is the delay of the I-th path.

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

F (i+D)T, . F
- ;Wf jm rvE—iT, -7, )dt=fZ:;Wf (Suwe +1+1),
(10)

N -1

where v(t) = Z C; P, (t—JT.) is the template signal, F is the
j=0

total correlator number of the Rake receiver, w; is the weight

factor of the f-th correlator, S, is the useful signal

component, | 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
Suwe, |, and n, respectively.

The CF [11] of AWGN component with n~N(0,57?) s,

@, (y)=E[e™ ]= T f (n)e™ dn
- . (11)
)e'”"’dn exp(—cly? /2)

- ra P2
Suwe Can be expressed by the following formula,
(i+D)T,

SUWB ZI.T

1y

Tows OV(—iT, — 7, )dt

L , (12)
= d;N E, + Z o, d;R(z, +7,)
I=1,1+f
where E, is the energy of single transmitted pulse.
Therefore, the CF of S, can be given as,

@ () =cos(ad;N.E,)-cos(ed;R(z7; +7,)) . (13)

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

|= L‘T‘b””b r OVt —iT, — 7, )dt

j2xf (sz+in)

= B2P Re(e!¥"" Nf‘lc(j)e

(14)
j=0
/2 ooty T,
~J.7Th/2 g J2rh ptr(v+ —jT. -7, )dv)
We define w, =27 f, . Then, we can set,
P(wi):f: e JWthr(v+T —jT.—z.)dv.  (15)

Utilizing chirp pulse with the time interval [—T?C,T?C] and

changing the integral interval into (-o0,00), we can see that
P(w,) can be viewed as the Fourier transform of

T, .
P, (v+?"— iT-7),
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P(w)= J;r/yexp{ —ﬂw) }

{[COu)-COW]+ i[S(,)-S(x)] e
where C(x) = J.cos( yjdy , S(X)= jsm(

_THT 2+ (W, —w) AT 2+ (W — W)

The interference component lis expressed as,

I—ﬂx/_ZR Jﬂ/_ﬂexp{ #W) }

{[C(x,) = CO)]+ i[S(x,) = S(x)]} . 17
where R; =c(j)cosw, (T, +iT, — jT, =7, +¢) and its CF [12]

, (16)
~ W ([T g —2)

2
jdy ,

,and x, =

is,
j RJ — —
@, ., (1) =E[E"" |¢; =c, s—e] s
=cos[ccosw, (T, +iT, — jT, — 7, +¢)]
Assume ¢;j is uniform dlstrlbutlon during [0,N_ —1], then
the CF of | on the condition of & is,
N,-1N -1 2
@, )= 2 [0 (V2P erpl- 10
1 c=0 j=0 .
{lC(x)-C()]+ J[S(Xz)—S(Xl)]}t//)
(19)

If NBI is synchronized with UWB, we have ¢ =0 and the
CF of | can be obtained as,

@)= IZHGDM(N_ P /uexpf-j )}(20)

{[Cx)-C(x)]+ j[S(Xz)—S(Xl)]}l//)
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,

P =P(y® <0)+P(y? >0)

= P(wa (Sie + lcomn +1) <0) + P(iwf (SSe + lcona +N) <0)

(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,

P=>-=[ 0, W)®,W®, WMy, (22
2 2m°0
where @ () is the CF of the useful signal part

Sows » D, (w) is the CF of the interference signal part
| ,®, (v) isthe 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
SINR = e

23
N, +o; (23)

where S, is the useful signal component, & is the variance
of AWGN, N, is the variance of NBI. The Gaussian pulse
based average system error probability can be expressed as,

P, = QSINR) = Q(22)

+0o? (24)
0

The detailed system parameters are showed as follows. The
number of data symbols is set to be 10°, 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 f=5.3GHz with bandwidth B;=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 Ey/N, 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 Ey/N, 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.

10 Fc-cz-c-cFfz-cc-cc-cz-ZZc-czzzzzkEzczzz—zZJdz-zz-ZzZ=ZTzz-=Z=z=
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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 the system
utilizing deterministic CF analysis method can have 2.0 dB
Eu/N, 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
Eu/N, 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
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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
0
0 e=c=cg====c====zf====d===-==E=-===73
CZ- - -IZZ-ZZ-ZZZIZZZZZILZ-ZZZZ-ZJZZ-ZZZZCcZZZZ1%
77777 B e T g S,

-
,,,,,,,,,,,,,,,,,, —— actual Pe in CM4

| —8—CF Pein CM4
—<— Gaussian Pe in CM4

Pe

o - -

EbNo(dB)

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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