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Abstract: In order to adapt to all kinds of spectral mask and utilize thefull frequency band and avoid interference to/from the existing
wireless systems for ultra wideband (UWB), this paper investigates two pulse designs for ultra wideband-cognitive radio (UWB-CR)
by using multiple modified transform domain communication system (M-TDCS). By applying multiple M-TDCS and installinga
different power scale factor to each sub-band with about 1-2GHz, the first flexible and implementable pulse is generated.By using a
combination of the multiple M-TDCS and compressed chirp waveform, the second pulse is accomplished. The two new pulses each can
be implemented by surface acoustic wave (SAW) devices and some other accessorial devices as well, moreover, comparing with the
seventh order derivative of Gaussian pulse, the bit error ratio (BER) performance by using these two pulses can be observably improved
2-3dB for UWB systems. For BER performance, the second pulseis better, but it is more complex.

Keywords: Pulse design, Ultra wideband-cognitive radio, M-TDCS, Compressed chirp.

1. Introduction

Recently, ultra wideband (UWB) [1] integrated with cog-
nitive radio (CR) [2] (UWB-CR) has gained significant
interest due to its ability to exploit the advantages and
unique features of these two spectrum sharing techniques
[3]. UWB can share the spectrum with some existing nar-
rowband wireless systems, and CR can recognize the radio
scene and regulate its communication scheme so as to uti-
lize the frequency spectrum more efficiently and flexibly.
While UWB-CR not only can utilize CR to implement col-
laborative coexistence schemes, but also can use UWB as a
versatile PHY layer and adapt to various wireless channel
conditions based on its inherent capability and scalability.

With dynamic spectrum allocation as a major task of
CR, one of its functions is to select a modulation scheme
which is used to adapt to the varying radio environment
by utilizing spectrum holes. For the modulation strategy
of CR, a natural choice of former study is the orthogo-
nal frequency-division multiplexing (OFDM) by virtue of

its flexibility and computational efficiency[4], and another
suggestion is the transform domain communication sys-
tem (TDCS) as a potential candidate as well [5]. The lit-
erature [6] gives a detailed description about the TDCS
transmitter and its receiver system, and highlights the fun-
damental differences related to OFDM and multicarrier
code-division multiple access (MC-CDMA).

With respect to UWB, two standards have been pro-
posed, named as multi-band orthogonal frequency divi-
sion multiplexing UWB (MB-OFDM-UWB) and direct-
sequence UWB (DS-UWB) respectively [7,8]. In order to
avoid interference to/from the existing wireless systems,
MB-OFDM-UWB divides the UWB spectrum into many
sub-bands, and meanwhile, deactivates some of sub-bands
around these existing wireless systems (e.g. 5.3Hz in IEEE
802.11a WLAN frequency band); however, DS-UWB, be-
ing an impulse radio (IR) UWB, commonly generates a
spectral notch to solve the interference problem [9]. UWB-
CR, based on IR, can theoretically generate an adaptive
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UWB pulse waveform for avoiding interference. Depended
on the linear combination of orthogonal prolate spheroidal
wave functions (PSWF), the literature [3] investigates a de-
sign method of pulse waveform optimization, but PSWF
needs a large quantity of calculation, so this waveform is
only used in theoretical analysis, and is very difficult to
implement for device.

Since US Federal Communication Commission (FCC)
released a spectral mask with some restrictions [1] for ultra
wideband in 2002, the research on UWB has been mainly
centered on 3.1-10.6GHz frequency band based on FCC’s
UWB spectrum mask, however, the UWB mask is dissimi-
lar in different countries or regions [1,10], and so the varia-
tions of UWB mask should be taken into consideration and
other frequency bands besides 3.1-10.6GHz should also be
utilized.

The pulse compression technique of linear frequency
modulated (FM) chirp waveform possesses high process-
ing gain, and is widely used in radar systems [11]. The
chirp waveform and its correlation process are easily ac-
complished by using surface acoustic wave (SAW) chirped
delay lines [11,12]. Based on the instantaneous frequency
of the linear chirp waveform varying linearly with time, the
literature [13] constructs a time-frequency mapping pro-
cessing to modify chirp waveform. This scheme requires
only time domain processing compared with TDCS, but
this processing needs to accurately sense this extremely
wide spectrum in real time because the UWB bandwidth is
extra wide. However, any details about how to detect this
extra wide spectrum are not mentioned in literature [13].
Moreover, the performance of the proposed scheme isn’t
superior to that of TDCS.

In this paper, we propose two pulses forUWB-CRbased
on multiple modified TDCS (M-TDCS). Both of two pulses
use multiple M-TDCS to detect the UWB spectrum in real
time, and can avoid interference to/from the existing wire-
less systems, and besides, the two pulses can use the full
frequency band for any UWB spectrum masks, and can be
implemented by SAW devices and some other accessorial
devices as well.

The rest of this paper is organized as follows. Section
2 introduces simply the work procedure of TDCS and the
basic theory of chirp waveform, and the proposal pulses
for UWB-CR by using multiple M-TDCS are described in
Section 3. Section 4 gives the simulation analysis, and the
conclusions are drawn in Section 5.

2. A brief review for TDCS and chirp
waveform

2.1. The work procedure of TDCS

With the assumption that both the transmitter and receiver
are observing the same electromagnetic environment, the
TDCS produces a complex sequence which avoids exist-
ing users or interferences by operating dynamically over a

given bandwidth . A block diagram for the TDCS transmit-
ter is shown in Figure 1. The TDCS transmitter firstly sam-
ples the radio environment, and then, the sampled values
are compared with a hard limiting threshold to generate a
vectorA′(w) representing an interference free spectrum of
the radio environment. Amplitudes ofA′(w) exceeding the
threshold are set as zero and the remainders are assigned to
a value of one. Next,A′(w) is multiplied by a multi-valued
complex pseudorandom phase vectorejθ(w) to get a new
vectorBb(w). In order to ensure that the communication
symbols have the desired signal energies,Bb(w) is sub-
sequently amplitude-scaled by constant factor C. Finally
the resultant spectral vectorB(w) takes the appropriate
inverse Fourier transform to produce a time domain ba-
sis function (BF)b(t), which can be stored and modulated
in accordance with a datad(t)[5,6].S p e c t r u m I DS p e c t r u mm a g n i t u d e

 R a n d o mp h a s e S c a l e CI F F TM o dB u f f e rT x
Figure 1 TDCS Transmitter.

2.2. The basic theory of chirp waveform

A chirp waveform [11,14] may be expressed by

ch(t) =







g(t) cos(2π(f0t + µ
2 t2) + ϕ0),

0,

|t| ≤ Tm

2

|t| > Tm

2

(1)

whereg(t),f0,Tm are the chirp envelope, the center fre-
quency, the chirp duration, respectively.ϕ0 is the initial
phase of the chirp waveform, andµ is the chirp rate (also
named frequency sweep rate) and may be positive or nega-
tive. Whenµ > 0 , ch(t) is called an up-chirp,whenµ < 0
, ch(t) is called a down-chirp.

The instantaneous frequency of chirp waveform can be
written as

fch(t) =
1

2π

d(2π(f0t + µ
2 t2) + ϕ0)

dt
= f0 + ut (2)

From (2),thefch(t) and t maintain a linear relation-
ship, and the chirp rateµ remains constant in each chirp
duration. The bandwidthBs of ch(t) is corresponding to
frequency-sweep range which can be defined asBs = |µ|∗
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Tm . When frequency-sweep is stopped, the instantaneous
bandwidth ofch(t) depends ong(t) . Typical choices of
g(t) include [14]: (1) a rectangular window with amplitude
1 and durationTm centered att = 0 as followsg(t) =
∏

(t/Tm) , and (2) a truncated Gaussian pulse shown as

follows g(t) =
∏

(t/Tm)( 1√
2πσ

e−
t2

2σ2 ).

Wheng(t) =
∏

(t/Tm) , the autocorrelation function
of ch(t) is given as [12,14]

pc (t) =
√

BsTm

sin(πBst(1 − |t|
Tm

))

πBst
cos(2πf0t), |t| ≤ Tm(3)

Because the energy ofpc(t) is concentrated in the cen-
ter of time compared withch(t) , pc(t) is also named com-
pressed chirp waveform.

3. Proposal pulses for UWB-CR

In this section, we describe the two proposal pulses for
UWB-CR by using multiple M-TDCS.

3.1. The M-TDCS and first proposal pulse

3.1.1. M-TDCS

The TDCS can dynamically sense the radio environment
and generate a time domain BF, so we only modify appro-
priately the time domain BF to meet the requirement of
UWB mask, and the first UWB-CR pulse can be obtained.

The phase vectorejθ(w) of TDCS mainly ensures that
the time domain BF has correlation properties similar to
that of a noise signal in military application, but it is bet-
ter that the energy of a UWB pulse is concentrated on the
center of the time, so we abridge the vectorejθ(w) . There
are different UWB masks for the different countries or re-
gions, we use a ”UWB Spectrum Masks” module to pro-
vide different UWB masks–Maskj(f). Because the UWB
frequency spectrum is extremely wide, in order to sense
rapidly the radio environment to satisfy the requirement
of UWB-CR on the dynamic spectrum allocation and the
power control, we divide the UWB frequency band into
M continuous sub-bandsBm(m = 1, 2, ...M) , accord-
ingly, we give a mask valueMaskjm(f) for each sub-
band based onMaskj(f). Finally, the power scale factor
C of TDCS is replaced by the mask valueMaskjm(f) ,
so the M-TDCS is obtained.

The TDCS is actually a digital communications archi-
tecture, so we express BF withb(n) instead ofb(t) . Let
each sub-bandBm employ one M-TDCS to generate one
sub-BFb′m(n), and sumM sub-BFs to get a new time do-
main BFb′(n) . After the signalb′(n) is converted by DAC
device, a new pulse namedSUWB−CR1(t) for UWB-CR
can be obtained. A block diagram of M-TDCS is illus-
trated in Figure 2, and first proposal pulse is illustrated in
Figure 3.

S p e c t r u m I DS p e c t r u mm a g n i t u d e I F F TS c a l e C
Figure 2 M-TDCS scaled by the mask valueMaskjm.

M U T D C S M  

U W BS p e c t r u mM a s k s M a s kd i v i d i n g M t T D C S 2M { T D C S 1 B u f f e rD A C...
Figure 3 The first pulse design for UWB-CR by using multiple
M-TDCS .

Depended on the above work,b′(n) can be expressed
as

b′(n) =
M
∑

m=1
b′m(n) n = 1, 2, ..., N

=
M
∑

m=1

1
N

N
∑

l=1

A′
mMaskjme−j(2π(l−1)(n−1)/N)

(4)

where N is the point number of inverse Fourier transform.

3.1.2. Generating the mask value

In (4), the values of the vectorA′
m are ”1” or ”0”, so the

crucial task ofb′(n) is to gainMaskjm(f) depending on
the selected maskMaskj(f) .

For IR-UWB, two signal schemes are adopted, named
DS-UWB and time-hopping (TH) UWB. The commonly
adopted modulation schemes of these two signals include
pulse position modulation (PPM) and pulse amplitude mod-
ulation (PAM) [15–20].

PPM-TH-UWB, PAM-TH-UWB can be expressed by
(5), (6), respectively.

S
(k)
1 (t) =

√

εs

Ns

∞
∑

j=−∞

p(t − jTs − Cj
(k)Td − εd

(k)

| j/Ns |) (5)

S
(k)
2 (t) =

√

εs

Ns

∞
∑

j=−∞

e
(k)

| j/Ns |p(t − jTs − Cj
(k)Td) (6)

In (5), (6),K , Ts , εs denote the index of user and the
pulse repetition time and the symbol energy, respectively.
Cj

k is a TH sequence (also named pseudorandom (PN)
code) of thekth user, and the period of TH sequence is
Np .Td is a delay time governed by TH sequence, andε
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is a constant. As shown ind(k)
| j/Ns | ∈ {0, 1}, e

(k)
| j/Ns | ∈

{−1, +1} , | | represents an integer operator.p(t) is the
pulse waveform with a duration timeTb , Tb ≪ Ts. For a
fixed Ts , the symbol rateRs determines the numberNs

of p(t) which is modulated by a given binary symbol via
Rs = 1/(NsTs) .

PPM-DS-UWB, PAM-DS-UWB can be expressed by
(7), (8), respectively.

S
(k)
3 (t) =

√

εs

Ns

∞
∑

j=−∞

Nr
∑

n=1

a(k)
n p(t − jTr − nTc − εb

(k)
j ) (7)

S
(k)
4 (t) =

√

εs

Ns

∞
∑

j=−∞

Nr
∑

n=1

a(k)
n b

(k)
j p(t − jTr − nTc) (8)

In (7) and (8),εs , k are the same as in (5) and (6).Tr

is the duration for each data bit, andj is the index for the
data bit. The data sequenceb

(k)
j ∈ {0, 1} of thekth user

is a binary bit stream that conveys the information, and
ε is a constant.a(k)

n ∈ {−1, +1} is thenth chirp of the
kth user, and each frame ofTr seconds containsNr chirps
with duration ofTc seconds per chirp(Tr = NrTc).

For PPM-TH-UWB, letC(1)
j in (5) be an independent

integer-value and be uniformly distributed over[0, Np] ,

and letd(k)
| j/Ns | be independent identically distributed bi-

nary data symbols with energyεs spreading overNs frames,
the power spectral density (PSD) forS

(1)
1 (t) can be ap-

proximated as [17]

Φuu1(f) ≈ εs

Ts
|P (f)|2 (9)

whereP (f) is Fourier transform (FT) ofp(t) . A similar
result is also derived in [18] for PAM-TH-UWB.

For PAM-DS-UWB, let the chip sequence satisfy the
meanµ = 0 and varianceσ2 = 1 in (8), andb

(k)
j be in-

dependent identically distributed binary data symbols, the
PSD forS(1)

4 (t) can be approximated as [19]

Φuu4(f) ≈ εs

Tc
|P (f)|2 (10)

A similar result is also derived in [20] for PPM-DS-
UWB. Based on the above-mentioned, the PSD for UWB
signal can be given by

Φuu(f) ≈ Ki|P (f)|2 i = 1, 2 (11)

whereKi is a constant,K1 is defined by the symbol energy
and the frame duration for TH-UWB, andK2 is governed
by the symbol energy and the chirp duration for DS-UWB.

In order to ensure thatMaskjm(f) is a constant, we
need to seek a tighter maskMaskjT (f) ≤ Maskj(f) .
A typical task required by the pulse shaper for UWB is to
meet the UWB mask, so we letΦuu(f) ≤ MaskjT (f) ≤
Maskj(f) for all f . By this, we can get a condition as

P (f) ≤
√

MaskjT (f)/Ki i = 1, 2 (12)

After that, we can obtainMaskjm as follows

Maskjm =

{√
MaskjT m(f)/Ki f∈Bm

0 f /∈Bm

i = 1, 2 (13)

We give an example adopting the US FCC mask [1]
for seeking the tighter maskMaskjT (f) and dividing sub-
bands. As is shown in Figure 4,B1 ∼ B8 are eight con-
tinuous sub-bands. The tighter maskMaskjT (f) is given
by

MaskjT (f) =











−75.3dBm/Mhz, f ∈ [0, 1.61]GHz
−63.3dBm/Mhz, f ∈ [1.61, 3.1]GHz
−41.3dBm/Mhz, f ∈ [3.1, 10.6]GHz
−61.3dBm/Mhz, f ∈ [10.6, 12]GHz

(14)

0 2 4 6 8 1 0 1 2� 8 5� 8 0� 7 5� 7 0� 6 5¢ 6 0¥ 5 5§ 5 0ª 4 5­ 4 0° 3 5
F r e q u e n c y ( G H z )PS D( dB m/ MH z) F C C ' s I n d o o r M a s kF C C ' s O u t d o o r M a s kT i g h t e r M a s kB 1 B 2 B 3 B 4 B 5 B 6 B 8B 7

Figure 4 A tighter Mask and a division of the frequency band.

3.1.3. The device implementation

For TDCS, the most effective method for the real-time
radio spectrum evaluation is autoregressive (AR) method
[21]. The AR method can be implemented by the real-time
Fourier transform, and meanwhile, the time domain BF
can be generated by the real-time inverse Fourier trans-
form. The real-time transform domain processing technol-
ogy can be accomplished by SAW devices [22], and the
real-time Fourier transform and inverse Fourier transform
can be generated based on the multiplication and convolu-
tion of desired signal by the linear chirp waveforms through
SAW [23]. Furthermore, the M-TDCS can also be per-
formed by SAW devices, so theSUWB−CR1(t) can be
implementable by using SAW and some other accessorial
devices as well.

3.2. The second proposed pulse

The index for the frequency spectrum ofSUWB−CR1(t)
matching the UWB mask depends onMaskjm , however,
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Maskjm is generated based on the tighter maskMaskjT (f)
, so this index is suboptimal, e.g. in this example adopt-
ing FCC UWB mask in Figure 4, this matching index is
only 88%. At the same time, because the UWB mask is
dissimilar in different countries or regions,MaskjT (f) is
also different for the dissimilar UWB mask so as to cause
the Maskjm variation in the same sub-band. In order to
increase this matching index, and eliminate the weakness
of the mask value, and meanwhile, considering the device
implementation and the performance of compressed chirp
waveform superior to that of the chirp waveform, another
novel UWB-CR pulse is proposed by using multiple M-
TDCS and a set of compressed chirp waveforms.

3.2.1. Pulse design

Firstly, we still divide the UWB frequency band into M
continuous sub-bandsBm(m = 1, 2, ...M) , and let the
factor C equal one for each M-TDCS. Secondly, let each
sub-bandBm employ one M-TDCS to generate one sub-
BF b′′m(n) , and sum M sub-BFs to get a new time do-
main BFb′′(n). Becauseb′′(n) represents the interference
free spectrum for the radio environment, and can change
with the electromagnetic environment in real time, we re-
gardb′′(n) as an adaptive notch filter. For different UWB
masks, we still use a ”UWB Spectrum Masks” module to
provide different UWB mask–Maskj(f) . The last work is
to acquire a signal satisfied the UWB maskMaskj(f) by
using the optimal combination of compressed chirp wave-
forms, and to let this signal pass this adaptive notch filter
to obtain the second new pulse for UWB-CR. A block di-
agram for this pulse design is illustrated in Figure 5.

Based on the above-mentioned work,b′′(n) can be ex-
pressed as

b′′(n) =
M
∑

m=1
b′′m(n) n = 1, 2, ..., N

=
M
∑

m=1

1
N

N
∑

k=1

A′
me−j(2π(k−1)(n−1)/N)

(15)

where N is the point number of inverse Fourier transform,
A′

m denotes the vector representing the interference free
spectrum of themth sub-band. The following work is to
generate the signal satisfying the UWB mask by using
compressed chirp waveforms.

3.2.2. Generating the signal satisfying the UWB mask by
using compressed chirp waveforms

Based on (3) andBs = |µ| ∗ Tm , we know thatpc(t) de-
pends onf0 , Tm , µ . Because the value forMaskj(f)
is different in each frequency band, we divideMaskj(f)
into I continuous sub-bandsWi based on the different
value ofMaskji(f)(i = 1, 2, ...I), and employ one com-
pressed chirp waveform for each sub-band. Theith com-
pressed chirp waveform can be given by

fi0 = (fiL + fiH)/2 (16)

U W Bs p e c t r u mM a s k s B u f f e rA D C D A C
M � T D C S M

 

M ! T D C S 2M ( T D C S 1 . . .
Figure 5 A pluse design for UWB-CR using compressed chirp
waveforms and multiple M-TDCS.

µi = Bis/Tim = (fiH − fiL)/Tim (17)

PSD(Pci (t)) ≤ Maskji (18)

In (16),(17),(18),fi0 , fiL andfiH denote the center
frequency and upper limit frequency and lower limit fre-
quency respectively for theith sub-band;µi , Bis, Tim are
the chirp rate, the frequency-sweep range and chirp dura-
tion respectively for theith compressed chirp waveform
pci(t); PSD(pci(t)) , Maskji are the PSD ofpci(t) , the
mask vale respectively for theith sub-band.

We still give an example adopting the US FCC mask
for fixing fiL, fiH ,Maskji and dividingi sub-bands, which
is shown in Figure 6.

0 2 4 6 8 1 0 1 28 9 0; 8 5> 8 0A 7 5D 7 0G 6 5J 6 0M 5 5O 5 0R 4 5U 4 0X 3 5
f r e q u e n c y ( G H z )PSD(dB m/MH z) F C C ' s I n d o o r M a s kF C C ' s O u t d o o r M a s kM a s k j 1

M a s k j 3M a s k j 2 M a s k j 5M a s k j 4
f 1 H / f 2 L f 3 H / f 4 Lf 2 H / f 3 L f 4 H / f 5 Lf 5 Hf 1 L

Figure 6 fiL, fiH ,Maskji for theith compressed chirp wave-
forms .

TheMaskji is given by

Maskji =



















−41.3dBm/Mhz, f ∈ [0, 0.96]GHz
−75.3dBm/Mhz, f ∈ [0.96, 1.61]GHz
−63.3dBm/Mhz, f ∈ [1.61, 3.1]GHz
−41.3dBm/Mhz, f ∈ [3.1, 10.6]GHz
−61.3dBm/Mhz, f ∈ [10.6, 12]GHz

(19)
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Since the mask values are different between the fre-
quency band 1.61-1.99GHz and the frequency band 1.99-
3.1GHz in Figure 6, and the bandwidth of [1.61,1.99]GHz
is very narrow, so we unite these two frequency bands into
one band with the mask value -63.3dBm/Mhz in order to
reduce the amount of compressed chirp waveform.

By a combination of a few compressed chirp wave-
forms, we generate the signalSUWB(t), which uses the
full frequency band of this mask and meets the require-
ment of this mask.SUWB(t) can be expressed as

SUWB(t) =
−→
Co

T−→
Pc =

∑

i

coiPci(t) (20)

{Pci(t)|fL=fiL,fH=fiH ,Tm = Tmi, Maskj = Maskji}(21)

In (20),(21),pci(t), coi denote theith compressed chirp
waveform, and the coefficient of theith compressed chirp
waveform, respectively.

In order to obtain the best matching index with the
UWB mask, we utilize the iterative algorithm to get the
optimum

−→
Co . The procedure is described as follows:

Step 1: Selection. We choose a group of compressed
chirp waveforms.

Step 2: Initialization. Using a random way to generate
an initial value of

−→
C o named as

−→
C os . After that, checking

whether the PSD of obtained with
−→
C os meets the selected

maskMaskj .
Step 3: Pre-processing. If Maskj in theStep 2is met,

let
−→
C o =

−→
C os , then skip toStep 4, otherwise, repeatStep

2 until Maskj is met.
Step 4: Iteration. Since instep 3we choose a set of−→

C o, which is not necessarily an optimal PSD for−→p c . we
use an iterative algorithm by changing

−→
C o in (22) so that

the PSD ofSUWB(t) can approachMaskj with a best
weight coefficient

−→
C o.

−→
C o =















−→
C′

o, PSD(
−→
C os

T−→
P c) ≤ PSD(

−→
C′

o

T−→
P c)

≤ Maskj
−→
C os,

Others

(22)

wherePSD(...) denotes the PSD ofSUWB(t) , the stop
condition of the iteration is given by

0.95Maskj ≤ PSD(
−→
C o

T−→
P c) ≤ Maskj

The signalSUWB(n) can be gained after theSUWB(t)
is converted by ADC device.

3.2.3. The proposed pulse

The signalSUWB−CR(n) can be calculated by

SUWB−CR(n) = SUWB(n) ⊗ b′′(n)

=
∑

i

coipci(n) ⊗
M
∑

m=1

1
N

N
∑

k=1

A′
me−j(2π(k−1)(n−1)/N)

=
∑

l

∑

i

coipci(n)
M
∑

m=1

1
N

N
∑

k=1

A′
me−j(2π(k−1)(n−1−l)/N)

(23)

After the signalSUWB−CR(n) is converted by DAC
device, we obtain a novel pulseSUWB−CR2(t) for UWB-
CR.

The compressed chirp waveform can also be generated
by SAW device [11,12], so the pulseSUWB−CR2(t) can
also be implemented by SAW devices and some other ac-
cessorial devices as well.

4. System performance simulation

In this section, we firstly produce these two proposed pulse
waveforms, and then evaluate the bit error radio (BER)
performance of UWB-CR by using two new pulses. Lastly,
we make a comparison between the BER of UWB-CR sys-
tem by adopting two new puplse and that of UWB system
by using the Gaussian pulse.

4.1. Waveform evaluation

Assuming the radio environment to exist two narrowband
single-tone jammers, we express these interferences as

rk(t) = Akcos(2πfkt) (24)

whereAk , fk are the amplitude and central frequency for
thekth interference, respectively.

We assumef1 = 3.5GHz for worldwide interoper-
ability for microwave access (WiMax), andf2 = 5.3GHz
for wireless local area networks (WLAN).

4.1.1. The first proposed pulse waveform

The multiple M-TDCS sense the radio environment, and
generateSUWB−CR1(t) . The UWB mask adopts FCC’s
mask (see Figure 4), and the parameters in simulation are
listed in Firgure 7.SUWB−CR1(t) and its spectrum are
illustrated in Figure 8, in which the top plot shows the
spectrum ofSUWB−CR1(t), and the bottom plot shows
SUWB−CR1(t) . From Figure 8, we know that the spec-
trum efficiency forSUWB−CR1(t) is approximatively one,
and the index for the spectrum ofSUWB−CR1(t) match-
ing the UWB mask can be given by (12-0.96-(1.99-1.61)-
0.2)/12=87.2%.

4.1.2. The second proposed pulse waveform

The multiple M-TDCS sense the radio environment to gen-
erateb′′(n) , and the UWB mask adopts FCC’s mask, and
the sub-bands dividing is shown in Figure 7. Theb′′(n)
and its spectrum are illustrated in Figure 9, in which the
top plot shows the spectrum ofb′′(n) , andb′′(n) is shown
in the bottom plot.

For the pulseSUWB(t) , we still adopt the FCC’s spec-
trum mask, and the parametersfiL , fiH ,Maskji are shown
in Figure 6. The pulse and its spectrum are illustrated in
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Figure 7 The parameters in simulation.
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Figure 8 The first new pulse for UWB-CR and its spectrum.
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Figure 9 The new BFb′′(n) and its spectrum.

Figure 10, in which the top plot showsSUWB(t) , and the
spectrum ofSUWB(t) is shown in the bottom plot.

Based onb′′(n) andSUWB(n) , Figure 11 shows the
pulseSUWB−CR2(t).

From Figure 9 and Figure 10, we know that the spec-
trum efficiency forSUWB−CR2(t) is also approximatively
one. Based on the generated procedure ofSUWB(t), the
index for the frequency spectrum ofSUWB(t) matching

the UWB mask is no less than 95%, so the matching index
SUWB−CR2(t) can be given by 0.95-(0.2/12)= 93.3%.

0 0 . 1 0 . 2 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7 0 . 8 0 . 9 1x 1 0 
 8� 0 . 500 . 5 1 T i m e ( s )A mplit ud e
0 2 4 6 8 1 0 1 2x 1 0 94 1 0 07 8 0: 6 0= 4 0 F r e q u e n c y ( H z )PSD(dB m/MH z) T h e s p e c t r u m o f t h e c o m b i n a t i o n p u ls eF C C ' s i n d o o r U W B m a s kF C C ' s o u t d o o r U W B m a s k

Figure 10 The combinated signal of compressed chirp wave-
forms and its spectrum .

3 3 . 5 4 4 . 5 5 5 . 5 6 6 . 5 7x 1 0 � 9� 2 0� 1 001 02 03 04 0
T i m e ( s )A mplit ud e

Figure 11 The new pulseSUWB−CR2(t) for UWB-CR .

4.2. BER performance evaluation

4.2.1. The first proposed pulse

We evaluate the BER performance by using two new pulses
in such two typical modulations of IR-UWB as PPM-TH-
UWB and PAM-DS-UWB. The utilizes the full interfer-
ence free spectrum of FCC’s UWB mask, however, in or-
der to satisfy the FCC’s UWB mask and maintain the pulse
bandwidth as wide as possible in UWB system, at least the
seventh order or higher derivative of the Gaussian pulse
should be used [24], so we compare the BER performance
of SUWB−CR1(t) with UWB system by using the sev-
enth order derivative of Gaussian pulse through the com-
puter simulation. The time width and shape factor of the
seventh order Gaussian pulse are 10ns and 0.2ns, respec-
tively. For (5) and (8),k = 1 , Cj ∈ {1, 2, 3} ,Np = 3000
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,Td = 0.5ns ,Tc = 1ns, ε = 0.25 , Ts = Tr = 9ns,
Ns = Nr = 3 . The average transmitted powers of UWB
systems are all -41.3dBm in the simulation.

With the assumption that the radio environment is an
additive white Gaussian noise (AWGN) with two narrow-
band single-tone jammers, the BER values of systems are
shown in Figure 12. In Figure 12, CR-PPM-TH-UWB and
CR-PAM-DS-UWB are the BER performance of UWB-
CR systems by using the pulseSUWB−CR1(t); Gaussian-
PPM-TH-UWB and Gaussian-PAM-DS-UWB are the BER
performance of UWB systems by using the seventh order
derivative of Gaussian pulse. From Figure 12, we can con-
clude the BER performance of UWB-CR systems can be
improved about 2-3dB compared with that of UWB sys-
tems.

0 2 4 6 8 1 0 1 2 1 4 1 61 0 Ê 41 0 Î 31 0 Ò 21 0 Ö 11 0 0
E b / N o ( d B )

BER G a u s s i a n í P P M í T H í U W BC R ÷ P P M ÷ T H ÷ U W BG a u s s i a n � P A M � D S � U W BC R � P A M � D S � U W B
Figure 12 BER versusEb/N0.

4.2.2. The second proposed pulse

In order to get BER performance evaluation of the sec-
ond proposed pulse, we still evaluate the BER performance
by using the pulseSUWB−CR2(t) in PPM-TH-UWB and
PAM-DS-UWB, and compare the BER performance of the
second proposed pulse with the seventh order derivative of
Gaussian pulse through the computer simulation. The time
width and shape factor of the seventh order Gaussian pulse
are 10ns and 0.2ns, respectively. For (5) and (8),k = 1 ,
Cj ∈ {1, 2, 3} ,Np = 3000 ,Td = 0.5ns ,Tc = 1ns,
ε = 0.25 , Ts = Tr = 30ns, Ns = Nr = 3.The aver-
age transmitted powers of systems are all -41.3dBm in the
simulation. The radio environment is the same as that of
the first proposed pulse. The BER values of systems are
shown in Figure 13.

In Figure 13, CR-PPM-TH-UWB and CR-PAM-DS-
UWB are the BER performance of UWB systems by using
the pulseSUWB−CR2(t); Gaussian-PPM-TH-UWB and
Gaussian-PAM-DS-UWB are the BER performance for the

seventh order derivative of the Gaussian pulse.From Fig-
ure 13, we also can conclude that the second new pulse
also improves the BER performance for UWB systems.

0 2 4 6 8 1 0 1 2 1 4 1 61 0 ( 41 0 , 31 0 0 21 0 4 11 0 0
E b / N o ( d B )

BER G a u s s i a n K P P M K T H K U W BC R U P P M U T H U U W BG a u s s i a n c P A M c D S c U W BC R n P A M n D S n U W B
Figure 13 BER versusEb/N0 .

5. Conclusion

Using multiple M-TDCS, this paper proposes two novel
pulse generation methods that are capable of sensing the
communication scene in each sub-band, and comply with
the UWB power spectral mask. The two new pulses can
be implemented by using SAW and some other accessorial
devices as well, and may utilize the full frequency band
for the UWB mask, and greatly improve the utilizing ef-
ficiency of UWB spectrum. Because it is difficult for the
Gaussian seventh order derivative to be implemented, so
the anti-jamming capability and realizability of two new
pulses are more excellent than that of the Gaussian seventh
order derivative pulse. Since both new pulses utilize mul-
tiple M-TDCS to sense the radio environment, the com-
plexity for UWB-CR system adopting two pulses will be
added and how to avoid it is worth further research.
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