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Abstract—This paper evaluates the level of interference caused time-hopping (TH), direct-sequence (DS) spread-spectrum ap-
by different ultra-wideband (UWB) signals to other various proaches, fast frequency sweeping, or multicarrier techniques.
radio systems, as well as the performance degradation of UWB In this paper, we study the UWB techniques based both on

systems in the presence of narrowband interference and pulsed .
jamming. The in-band interference caused by a selection of UWNB TH and DS. The data modulation schemes most often used

signals is calculated at GSM900, UMTS/wideband code-division in UWB systems are pulse position modulation (PPM) and
multiple-access (WCDMA), and global position system (GPS) pulse amplitude modulation (PAM). Probably the best known

frequency bands as a function of the UWB pulsewidth. Several YwB system for data communication is so called impulse
short-pulse waveforms, based on the Gaussian pulse, can beradio (IR) that utilizes TH-PPM [2].

used to generate UWB transmission. The two UWB system Pulsed UWB si li ted b . b d
concepts studied here are time hopping and direct sequence uise signal IS generated by using sub-nanosecon

spread spectrum. Baseband binary pulse amplitude modulation Pulses that spread the signal energy over on extremely wide fre-
is used as the data modulation scheme. Proper selection of pulsequency band. One data bit is spread over multiple pulses, and a

waveform and pulsewidth allows one to avoid some rejected train of base-band pulses is sent through the radio channel. This
frequency bands up to a certain limit. However, the pulse shape g,r04ding corresponds to pulse repetition coding, which gives

is also intertwined with the data rate demands. If short-pulses are . . - . . .
used in UWB communication the high-pass filtered waveforms processing gain, allowing low signal-to-noise ratios (SNRs) and

are preferred according to the results. The use of long pulses, @voiding interfer.enc? or jamming at the receiver-end. o
however, favors the generic Gaussian waveform instead. An UWB  User separation in UWB systems can be done using in-

system suffers most from narrowband systems if the narrowband dependent pseudorandom (PR) codes for each user, similar
interference and the nominal center frequency of the UWB signal to code-division multiple-access (CDMA) systems. Discontin-

overlap. This is proved by bit-error rate simulations in an additive ¢ ission in TH UWB t | . bust
white Gaussian noise (AWGN) channel with interference at global uous transmission In Systems, alSo gives robusiness

system for mobile communication (GSM) and UMTS/WCDMA against severe multipath propagation. As long as the pulse
frequencies. repetition interval is larger than the delay spread of the channel,

Index Terms—Bit-error rate (BER), coexistence, direct-sequence interpulse .Int.erference can be avoided.
(DS), impulse radio (IR), interference, pulse amplitude modula- ~ The preliminary approval of UWB technology made by FCC
tion, time-hopping (TH), ultra-wideband (UWB). reserves the frequency band between 3.1 and 10.6 GHz for in-
door UWB communication systems [1]. Since this work has
been carried out before the FCC approval, the frequency bands
for the studied UWB transmission go beyond the limits.
LTRA-WIDEBAND (UWB) technology is one of the In this paper, we have studied the in-band interference power
possible solutions for future short-range indoor data coraused by different kinds of UWB signals at some predefined
munication applications. The Federal Communication Corfrequency bands. The interference levels are studied as functions
mission (FCC) defines a radio system to be an UWB systemof the UWB pulsewidth at the frequency bands of GSM900,
the fractional bandwidtiB; or the —10 dB bandwidth of the UMTS/WCDMA, and GPS. The pulsewidth of an UWB system
signal is greater than 20% or greater than 500 MHz, respefepends on the data rate and it is typically on the order of 1 ns or
tively [1]. UWB technology offers simultaneously high datdess. This study covers a selection of pulsewidths between 0.2
rate communication and high accuracy positioning capabilitiesad 3.5 ns. Also, the UWB system performance degradation in
These systems can utilize low transmitted signal power levadditive white Gaussian noise (AWGN) channel in the presence
with extremely wide bandwidth. Due to the noiselike signalf narrowband interference is studied. The interfering systems
characteristics the UWB systems can co-exist with the othgiken into account are GSM and UMTS/WCDMA.
radio systems. The UWB concept can be based on, for exampleThe paper is organized as follows. First, Section Il gives a
short introduction to the UWB systems based on TH and DS
concepts. Section Ill presents the numerical results for the
Manuscript received December 3, 2001; revised June 24, 2002. This pai&e'rband interference simulations in GSM, UMTS/WCDMA and
was supported in part by The National Technology Agency of Finland (Teke§PS frequency bands. In Section 1V, the effect of narrowband
Nokia, Elektrobit, and in part by the Finnish Defense Forces. ___interference on the UWB system performance degradation are
The authors are with the Centre for Wireless Communication, University of . . .
Oulu, FIN-90014 Oulu, Finland (e-mail: matti. hamalainen@ee.oulu.f).  Studied using GSM and UMTS/WCDMA systems as an inter-
Digital Object Identifier 10.1109/JSAC.2002.805242 ference source. Finally, the conclusions are given in Section V.

I. INTRODUCTION
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Fig. 1. Pulse waveforms used in the study; solid thick lines represent the generated pulses, dashed thin lines represent the pulse waveformslin the cha

Il. UWB SYSTEM MODELS

Pulse width 0.50 ns

A. Pulse Waveforms

The spectral properties of an UWB signal depend on tt
pulse waveform, as well as on the pulsewidth. The use
very narrow pulses spreads the transmitted signal energy toz _
extremely wide frequency band. In this paper, we have selecf—§
several pulse waveforms, based on the generic Gaussian pL§ 60
for detailed study. The simplest one is the Gaussian pulse itsg :
[2]. Two amplitude reversed Gaussian pulses with time gz-%g 30
T, between the pulses are used to form a bipolar signal callz  |:
Gaussian doublet [3]. The other waveforms are high-pa _f

filtered versions of the basic Gaussian pulse, simply model Gassanpuse
. . . . il nd . " "
as higher derivatives of the generic pulse. S20fl " e g gr e of g:u“;j:n";u“,':: i
In time domain, the Gaussian pulse can be mathematica - - Jussandobel Tl
defined as I — : i ‘ x ‘ J
0 1 2 3 4 5 6 7 8 9 10
Frequency [GHz]
1 t— 2
w(t) = exp | —0.5 (—) (l) Fig. 2. Normalized power spectral densities for the different UWB pulses. In
ov2r o all cases, pulsewidtf,, = 0.5 ns.

whereo is the standard deviation apds the mean value of the in the channel are presented in Fig. 1. Fig. 2 presents the corre-
Gaussian distribution, respectively. sponding spectra of the radiated pulses (in the exarfiples

The effects of antennas can be modeled as a differentiatiaf ns).
operation [4], [5]. Therefore, the pulse waveforms in the channelAs one can notice from Fig. 2, the generic Gaussian pulse
are the first derivatives of the generated pulses. If a loop amd the Gaussian doublet have similar spectral envelopes. This
tenna is used the pulse waveform in the channel is the secimflecause they have the same basic pulse waveform. However,
derivative of the generated pulse [5]. The receiving antenna difith the doublet, regular nulls in the frequency domain emerge.
ferentiates the received pulse waveform correspondingly. Thke null separation on the frequency axis is inversely propor-
generated pulse waveforms and the corresponding wavefortingal to the pulse separatidh, within the doublet. All pulse
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TABLE | the consecutive spectral lines is inversely proportional to the
CENTER FREQUENCIES AND —10-dB BANDWIDTHS pulse repetition interval. These spectral lines need to be avoided,
FOR THE USED PULSE WAVEFORMS . . .
in order to reduce the interference caused to other radio systems.

Generated pulse waveform I B_10a8 The data rate?; in UWB systems can be calculated as
A) Gaussian pulse /T, 2T, Rq=1/NTj. 4)
- If the number of transmitted pulses per data bit and the
/7, 2/ T, . . .
B) Gaussian doublet k i pulsewidth are fixed to the same values in both concepts,
C) the 2™ derivative of A 1737, 2.1/ T, the data rate in TH concept is smaller than in DS, begause
Tf,TH—UVVB > Tf,DS—UVVB- In DS-UWB, the pulse transmis-
D) the 3“ derivative of A 2/T, 2T, sion is continuous, but in TH-UWB, there are silent periods

between the consecutive pulses, as shown in Fig. 3.
If the aim is, in both TH-UWB and DS-UWB concepts, to

waveforms used here have asymmetric spectra about the celfggp the pulsewidth and the data rate fixed at the same value

frequency which is assumed to be the frequency having the m(ls(s_shpuls_es Ineedl to be sentl in TIH tlha_r|1_|i|nl5)V?I.BThis has ar_lfefr']fect
imum power level. Table | expresses the relationships betwed the single pulse power levels. In TH- systems, It the

the pulsewidth, the center frequency and-the) dB bandwidth energy of the data bit is fixed, the energy of a single pulse should
for the used pl,JIse waveforms be increased to maintain the whole system performance at the

same level. The processing gain in both systems still remains the
B. System Concepts same, due to the extra processing gain from the low duty cycle

) in the TH-concept.
The two UWB systems studied here are based on TH-UWB |, ywB systems, the pulsewidth and the pulse waveform de-

and on DS-UWB concepts. In both cases, one transmitted dgf@ the spectrum of the transmitted signal and not the data rate.
bit is spread over multiple pulses to achieve a processing g&ifis allows one to select the optimal waveform giving minimum
in reception due to repetition code. interference at certain rejected frequency bands. The data rate
The binary baseband pulse amplitude modulated (BPAM) iBf the system depends on the spreading factor and the pulse
formation signak(t) for thernth user can be presented as  repetition interval, as noted by (4). In DS-UWB systems, the

o N pulsewidth is defined by the spreading factor (code lerdgjh
s (1) = Z Z w (t — KTy — 5T — (Cw)J(»m)TC) 4™ ifthe whole code period is used to send one data bit.
k=—oc j=1
! (2) C. Simulation Assumptions

for TH and There are several approaches one can take when studying
o N UWB system spectral coexistence. For example, the data rate
s(m(t) = Z Z w(t —kTy — ch)(c,,)](»m)dfgm) (3) ofthe studied system can be fixed. If the processing gain is kept

k=—o0 j=1 the same, TH-UWB and DS-UWB have different pulsewidths.

Thus, the systems are using different parts of the frequency
spectrum. Moreover, the power of a single pulse in the TH
fSystem is higher than in the corresponding DS pulse.

In our approach, the bit energy and the spreading factor of

for DS, whered,, is thekth data bit,(c,); is thejth chip of the
PR code(c,); is thejth code phase defined by the PR cod
andw(t) is the pulse waveformN represents the number o

DUIS?:S to be used per da_taﬁf];,is the chip length, andy is the the UWB concepts are fixed. The interference level is measured
nomlr_wal pulse repetltl_on interval. Both the _PR code_and the da&ea function of the pulsewidth from a “victim receiver” point

are bipolar, thus having valugs-1, +1}. Bit length isTy = ¢ \jie\y and the UWB system performance is not considered in
NT. in DS-UWB andTy = NTy in TH-UWB. Furthermore, s context. This approach sets the spectra of the TH and DS

in DS-UWB, we havel, = T, = T;. The ideas of TH-UWB gygiems to the same location in the frequency domain, and thus,
and DS-UWB concepts are presented in Fig. 3. the interference results are comparable.

~ In TH-UWB systems, the PR code defines the fransmissionThe numerical results of the following sections represent
instants inside TH frames, for each user individually. IQorst case scenarios from the interference point of view. This is
DS-UWB systems, one data bit is spread over multiple pulsgge to the fact that the effects of the radio channel (e.g., signal
using a PR code like in conventional DS spread spectrugitenuation, multipath propagation) are not taken into account.
concepts. The chip waveforms are shown in Fig. 1. The pulgging these results, one can compare the relative ratio of the
repetition interval (frame lengthY in TH-UWB is much interference for different pulse waveforms, from the victim
longer than the pulsewidth,. In this study, the PR code usedreceiver's point of view. The plotted interfering powers can
is a bipolar maximum length code, unless otherwise states interpreted as transmitted powers radiated straight after the
Because both of the UWB concepts use bipolar PR code aprghsmitter antenna and measured using an ideal probe. The
bipolar data, either the pulse, or its amplitude-reversed versi@mergy coupling from the transmitter antenna to the monitoring
is transmitted to the channel. probe is assumed to be perfect, so that all the radiated energy

A PR code is used to separate the users (CDMA) and wdll be detected. In real life, the interference is less, due to the
smooth the spectrum. If the pulse repetition interval in UWBignal attenuation in the radio channel and nonideal antenna
systemiis fixed, line spectrum will arise. The separation betweeoupling.
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Fig. 3. Difference between the TH-UWB and DS-UWB concepts.

Number of RF samples vs. FFT size

When composing the UWB signal, one data bit is spread ovi ‘ . ‘ ‘ ‘
N pulses, and the pulse train is Fourier transformed to get tt || 2~ &3 (\ee=207p=1re) YUV IO DUDDE PPN |
frequency-domain spectrum. The interfering power caused b 1sp == GEt(fee-coTo-1ne) ' | | ]
an UWB signalP; is calculated from the amplitude spectrum eyt e tieing | ! !

. . .. . . . - e 1 4
S(f) inside a victim receiver's bandwidth using the formula ™[ i ! !
) ol :Nsp=60 : N,,=50 l,Nsp=4o |
PI:Z|Si(f)| . (5) : , ,
i€B & 1 | |
- 10 1 i

The frequency resolution of the amplitude spectrivyfiis g “', b :
defined by the sample intervai¢, and the number of points £ sf sabisertantiastisetinotinnts 1
used in the fast Fourier transform (FFW}-rt, as given by il ',' s |

1 P
Af = ———. 6 !
f At/Nppr ©) A f*l"*’r"'&ww;-c-o-.-.' il
1 1
The sample interval is defined by the frame structure, and tt | ﬁ""'“' |
number of samples taken from the pulse waveform as preferr b
in the equation ARSI - Aaaasaanassasad ,
0 5 10 15 20 25 30 35 40 45 50
T Number of taken frequency samples, NSS
At=——1 (7
[TfNSp/Tp] Fig. 4. Number of frequency samples and the corresponding FFT size.

where Ny, is the number of samples within the pulse, anfi .
takes the highest integer value that is smaller or equal than thebe used in the case of GSM. The smaller the frequency

operand. The number of taken FFT points in the Fourier trarfésolution, the more FFT points are needed. In fact, 200-kHz
form can be defined using the equation GSM channel bandwidth leads to the FFT size of over 8 million

to achieve the high-frequency resolution for the defined pulse
®8) train, as presented in Fig. 4.

In all the cases studied, the total UWB power over one data
whereNg; gives the number of frequency samples taken withinit is fixed to P; = 0.5 mW. The bit energy is evenly spread
the victim receiver’s frequency bang. The ratio between the over the pulses corresponding to the databit. The temporary
calculated frequency samples and the FFT size needed is plotiaddwidths of the interfering UWB signals both in TH-UWB
in Fig. 4. and DS-UWB modes are equal because the correspofigsg

Nrpr is the limiting parameter during the simulations. Inremain the same. The pulse power needed to satisfy a certain
creasingNVrrT, the computational demands are also increasdut power assumption is a function of the pulse spreading factor
To achieve a high enough frequency resolution for reliabl¥. If N is increased the pulse power can be decreased for an
results, a large number of samples from the amplitude spectriumdividual pulse. This means that less interference is generated
need to be taken. This enables a quite small spreading fadtothe other radio systems frequencies.




1716 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 20, NO. 9, DECEMBER 2002

Interference power measured at the TX antenna Interference power measured at the TX antenna
-60 T T T T T T -60 T T T T T T

In-band interference power [dBm]
In-band interference power [dBm]

-130 N . -130f e 7 N oy
—— The 3rd derivative (TH) = —— The 3rd derivative (TH) \ \
—— '[r)hel’;ilrd q‘?rivative (D%)'H) —— Bheslrd q;;rivative (D%)'H) \ ﬂ’ “
— - Doublet, Tw = 1.1 ns — - Doublet, Tw = 1.1 ns
=140 me= Doublet, Tw = 1.1 ns (DS) 7 =140 me= Doublet, Tw = 1.1 ns (DS) 7
Gauss!‘an pulse (TH) GSM-UL Gaussfan pulse (TH) GSM-DL
. Gaussaan pulse (DS)‘ ; : ‘ : . Gaussxan pulse (DS)‘ ; ; ‘ :
-150 -150
0 0.5 1 15 2 25 3 3.5 0 0.5 1 15 2 25 3 3.5
Pulse width [ns] Pulse width [ns]

Fig.5. In-band interference power as a function of the pulsewidth at GSM96y. 6. In-band interference power as a function of the pulsewidth at GSM900
UL band. DL band.

Il. I N-BAND INTERFERENCECAUSED BY UWB TRANSMISSION  SPectrum overlaps the GSM band and the interference level
reaches a maximum value. When the UWB pulsewidth is

This section introduces the in-band interference calculatighcreased, the spectrum moves toward lower frequencies. If
results at the following victim receiver bands: GSM90Ghe pulsewidth is long (narrow) enough, the spectrum is below
UMTS/WCDMA, and GPS. A random physical channel in thgapove) the victim system’s frequency band and interference
middle of a victim system bandwidth has been selected for thges not occur.
interference calculations. The in-band interference power iSas it can be seen from Figs. 5 and 6, the shorter pulsewidths
calculated over the victim receiver's bandwidth. favor the waveforms having the higher “center frequency.” The

In the simulations, a train of pulses is generated using randqjit at which the pulse waveform should be changed from the
databits and a fixed pulse spreading factor. The pulse traingigrd derivative of the Gaussian pulse to the basic Gaussian pulse
Fourier transformed to get the amplitude spectrum of the signglahout 2 ns, if the UWB pulse is selected from the GSM inter-
The interference is calculated using the samples of the amplirence point-of-view. The Gaussian doublet in the figures gen-
tude spectra of the transmitted UWB signal, as noted in (5). erates a spectral null at about 909 MHz and, thus interfering less

In this paper, the used pulsewidths cover the range from Q2he GSM UL band than the corresponding DL band. Changing
to 3.5 ns (maximum). This corresponds to a center frequeng time gap between the consecutive pulses within the doublet
range from 0.25 to 10 GHz depending on the pulse wavefotfects even the interference level.
used (see Table I). All system assumptions are fixed during therhe difference between TH-UWB and DS-UWRB is not sig-
same victim system study, so that the results are comparableyficant. In the TH-UWB simulations, a4y = 50 ns is used.

Also, the difference between UL and DL bands is insignificant
A. UWB Interference at the GSM900 Bands from the in-band interference point of view.

In the following, the in-band interference is studied from a
GSM900 system point of view. GSM system utilizes a frequen& UWB Interference at the UMTS/WCDMA Bands
division duplex (FDD). The uplink (UL) and the downlink (DL) UMTS/WCDMA systems utilize two different duplexing
bands in Europe are 890 915 and 935 960 MHz, respectivedgncepts: frequency-division duplex (FDD) and time-division
and the channel bandwidth (physical channel) is 200 kHz [@uplex (TDD). In the beginning of the UMTS commercial-
Both the UL and the DL bands have been considered. The intemation, only FDD will be used [8]. UMTS FDD UL and DL
ference powers are calculated in the middle of both of the bantiands are betweeh92...1.98 GHz and2.11...2.17 GHz,
and the results can be expanded to cover also the rest of the cespectively. There will be two separate TDD bands between
responding bands. 1.9...1.92 GHz and2.01 ... 2.025 GHz [8]. Next, the in-band

Results covering the interference study in GSM uplink canterference power levels are calculated using the UMTS
also be found from [7]. Those results are discussed here in motannel bandwidtt3 = 3.84 MHz.
detail. Also, the DL band, which was not included in [7], is also Fig. 7 shows the interference power level in three UMTS
covered here. bands when the UWB system is utilizing a generic Gaussian

The in-band interference power depends on the spectpallse. Both the TH-UWB and DS-UWB interference in
allocation of the interfering UWB signal. This can be noticedd MTS/WCDMA bands are studied also in [9]. The results
from Figs. 5 and 6. When the pulsewidth changes, the specshbw that, from the UMTS band point of view, there are no
allocation of the corresponding waveform in the frequengignificant differences in the interference between TH and DS
domain also changes. For a certain pulsewidth, the UWi®ncepts with Gaussian pulses.
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Fig. 7. In-band interference power caused by Gaussian pulse as a functiofrigf 9. In-band interference power in FDD-UL and FDD-DL bands caused by

pulsewidth in UMTS bands. four different pulse waveforms. UWB system is based on TH concept.
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Fig. 8. In-band interference power caused by four different pulse waveformgy. 10. In-band interference in GPS L1-band as a function of pulsewidth with
using a DS-UWB system in FDD-UL and FDD-DL bands. three different pulse waveforms.

Fig. 8 shows the in-band interference power at UMTS FDBye to the 10 MHz maximum length code used in GPS system
bands when the UWB system is based on DS, and four difs the spreading code.
ferent pulse waveforms are used. The corresponding results fogig. 10 shows the difference between TH and DS concepts
TH-UWB can be found in Fig. 9. when the interference power is calculated over the GPS L1-band

The effect of the different pulse repetition intervals are alg9]. The number of pulses used to transmit one data bit is the
studied at the UMTS/WCDMA frequency bands. Despite théame in all the studied cases. The TH frame lengtiijis=
different line spectra caused by the differéif the total in-band 50 ns. The pulse separatidf), = 0.63 ns in a doublet generates
interference power seemed to be the same in all simulated cag&pectral null at the L1-band. The effect can be seen as a smaller

as the corresponding results from Fig. 7 show. interference compared with the case whgre= 5 ns. The null
separation in the latter case is 200 MHz, and there is no null at
C. UWB Interference at the GPS Bands L1-band. In all cases studied, the DS concept causes less in-band

In the GPS system case, the L1-band and L2-band were seerference power than the TH concept having the same system
lected for the detailed study. L1-band is used to carry the naassumptions.
gation information signal and the ionospheric delay is measuredThe corresponding results for GPS L2-band are presented in
using L2-band [10]. In the calculations, a precise code P(Y) Big. 11. The figure presents the results for both TH and DS sys-
1.575 GHz (L1) and 1.227 GHz (L2) has been assumed. The tams. The results from Fig. 11 correspond to the results from
formation bandwidth (main lobe) for both channels is 20 MHZig. 10, but the maximum interference appears at the different
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2 Interference power measured at the TX antenna (3). At the receiver the signal is detected by a correlator, whose
GPsL2 template waveform corresponds to the transmitted signal wave-
T,= 50 ns in TH-UWB form. Correlation results are integrated o)epulses in order to
form the data bit. When the antennas are modeled as derivators
(high-pass filters) the received waveforms after the RX-antenna
are the second derivatives of the generated waveforms.

The UWB system performance degradation in the presence
of interference has been studied as a function of the SNR for
several pulsewidths using a fixed total interference power level.
Both TH and DS concepts have been implemented and the data
modulation in UWB systems is BPAM, as in the earlier cases.
No diversity methods at the reception are used. Perfect syn-
~12011 — The 3rd derivative (TH) 1 chronization between the transmitter and the receiver is also

—e— The 3rd derivative (DS)

— - Doublet, Tw = 5 ns (TH)
—e— Doublet, Tw = 5 ns (DS) assumed.

Gaussian pulse (TH) The simulation results are bit error rate (BER) curves as func-

-1401 ... Gaussian pulse (DS) h i X X .
—— Doublet, Tw = 0.63 ns (TH) . ; , tions of both the desired UWB transmission SNR and of the total
0 0% ! Pusowdhis 25 ° interfering power. The reference curve in the following figures
is the theoretical upper bound limit for BPAM modulated signal
Fig. 11. In-band interference in GPS L2-band as a function of pulsewidth wim AWGN channel. which is also the upper bound performance
three different pulse waveforms. L ' . .
limit for BPSK. The theoretical upper bound limit. can be

calculated using [11]
pulsewidths, due to the difference between L1 and L2 frequency

bands. E,
To achieve high data rates and accurate positioning capability Pe=2Q ( QF()) (1)

in IR systems, the pulsewidths shouldbgns, or less. Keeping

this in mind, the third derivative of the Gaussian pulse amonghere £, is the bit energy, andV, the noise power spectral

the waveforms included in the study seems to be best chofi@nsity.

from the interference point of view. This is valid for both L1- ) _
and L2-bands. A. Multitone Jamming at the GSM Band

In-band interference power [dBm]
1
=)
o
T

First, the UWB system performance degradation is studied

IV. NARROWBAND INTERFERENCEAGAINST UWB in the presence of multitone jamming at GSM900 bands [12].

In this section, we present a reverse coexistence study;, vvllli'haln AW.GN channe], the multitone jamming 1S added to the
' ' “propagating UWB signal. Both the GSM uplink and GSM

respec_t to the previous study, i.e., the interference i_s now ComP&anink jamming cases were studied. The bandwidth of the
from different narrowband systems (compared with the UW SM channel is only 200 kHz, a minor fraction of the UWB
system bandwidth) and its effect is shown by the study of trg) X

. fandwidth. This allows us to model the GSM signal (physical
UWB system performance degradation. i channel) as a tone and without any modulation scheme to
The .generated UWB pulse Wavgforrns in the study.are tgﬁread the spectrum. Ten independent interfering tones are used
Gaussian pulse and the second derivative of the Gaussian pyf@escribe the GSM signals. The physical channels 0 and 124
The pulse waveform in the channel is again the differentation gf ihe Gsm system are always allocated, while the eight other
the generated pulse. The processing gain of the UWB system fagnnels are randomly selected inside the GSM band. This
been fixed toPG = 20 dB. The processing gain of TH-UWB yy5ximizes the jamming spectral allocation, while still offering
is a combination of the pulse repetition coding and the low dupgasonable simulation times. The GSM channel allocation for
cycle. In DS-UWB, it is defined by the spreading factor (pulsgye eight tones is renewed each time the SNR is changed in the
repetition coding) only, as it can be noted in the following:  simulation. The random phases for each of the jamming tone
T signals are updated when the data bit is changed.
PGru = 10log4(N) + 10log;, (Tf) (9a) Fig. 12 shows the BERSs for the first derivative of the Gaussian
P pulse used in the TH-UWB and the DS-UWB systems. The
and legends in the figures define the corresponding radiated UWB
signal waveform and system concept. Performance curves
PGps = 101og;4(N). (9p) are presented for several pulsewidths suitable for high data
rate UWB communication applications. The power of the
The received UWB signal(t) for themth user can be modeled UWB signal under interest is set to 0 dBm. The observed total
by interference power at the GSM bands at the receiver antenna
is 15 dBm, in all cases. The jamming signal power is evenly
™) () = s () + n(t) + J(t) (10) distributed over the ten tones. This assumption yields a total
signal-to-jamming ratio(S/.J) of —15 dB. Corresponding
wheren(t) and.J(t) represents the noise and the interferencegsults for the Gaussian third derivative as a radiated waveform
respectively. The transmitted signdf™ (t) is defined by (2) or are shown in Fig. 13.
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Tone interference in GSM downlink band Tone interference in GSM uplink band
T T Td EHEEEE 10 T 13 T T T T T T

= -

-l

— 15'T = 0.5ns,P=15dBm (DS)

Bit error rate

1074 ~®= 1.7 = 0.75ns,P,=150Bm (DS) 107l = DS, 1°LT = 0.5ns,P=15dBm
=&~ 15! T"_ 1.0ns,P.=15dBm (DS) -e- DS, 15T = 0.75ns,P =15dBm
= = 15LT = 1.5ns,P=15dBm (DS) & DS, 15,7 1.0ns,P.215dBm
=v= 15L7 = 2.0ns,P=15dBm (DS) - = DS, 1, T°= 1.5ns,P=15dBm
10°H — 1% 7= 0.5ns,P'=15dBm (TH) 10°H = DS, 1,7 = 2.0ns,P =15dBm
—e— 15LT = 0.75ns,P =15dBm (TH) — TH, 15T = 0.5ns,P.=15dBm
—- 15',T’; = 1.0ns,P.=150Bm (TH) : e B : : —— TH, 15',Tp= 0.75ns,P =15dBm
10l - - 15T = 1.5ns,P=15dBm (TH) . Ll R . ] 10l TH. 15',Tp= 1.0ns,P.=15dBm i
— 197" 2.0ns,P=150Bm (TH) i : i — - TH, 15LT = 1.5ns,P=15dBm
—_— 15',Tz=5.0ns,Pf=15dBm (TH) : S R —— TH, 197" 2.0ns,P=15dBm
=== Theoretical BPAM in AWGN Channel . . E = Theoretical BPAM in AWGN Channel
10*7 T T T T I L I L ! 10*7 T T T T L L I L !
0 1 2 3 7 8 9 10 ] 1 2 3 4 7 8 9 10

5 5
E/N, [B] E/N, [B]

Fig. 12. BERs for TH-UWB and DS-UWB systems. The radiated waveforipig. 14. BERSs for TH-UWB and DS-UWB systems. The radiated waveform
is the first derivative of the Gaussian pulse. Multitone interference is in GSM the first derivative of the Gaussian pulse. Multitone interference is in GSM
DL-band, and total interference power is 15 dBm. UL-band, and total interference power is 15 dBm.

downlink band
oo Ty higher than the signal of the second derivative of the Gaussian
' pulse in the GSM DL band. This suggests that the latter system
— ST EPTTTEEE tolerates 15 dB higher interference power, still achieving the
EE " T » RS same system performance. Generalizing this comparison, we
‘ conclude that the results discussed here can be applied to a broad
range of interference levels by calculating the jamming margin
directly from the spectrum of the pulse.
NN In general, the UWB system performance degrades when the
: \ pulsewidth increases. This roots from the spectral shape of the
UWB signal. Gaussian first derivative wiif), = 1 ns yields the
center frequency at 1 GHz, which is close to the interference
source. Respectively, Gaussian third derivative With= 2 ns
yields f. = 865 MHz. Being a relatively narrowband interfer-
ence around the vicinity of 950 MHz, the GSM downlink carrier
v 39T 2.0ns P=1508m (TH) o . resembles a pulse whose width is matched close to the UWB
L _T"f"“*‘"’a' B;AM ‘”A!VG”C“T“' 5 _ 6 . 7 _ 8 9 _ '”10 signal. By settingl}, small enough, the UWB spectrum moves
EN, [4B] to the higher frequencies and eventually out of the range of the
interfering frequency. This explains the improvementin the per-
Fig. 13. BERs for TH-UWB and DS-UWB systems. The radiated waveforfyrmances of the UWB system using narrow pulses. In the ab-
is the third derivative of the Gaussian pulse. Multitone interference is in GSM . . -
DL-band, and total interference power is 15 dBm. sence of jamming, all the curves in Figs. 12—-14 would fall on the
theoretical performance curve. Changing the center frequency
f the narrowband interference, the performance results would
e different.
lg)ecreasingfp or increasing the order of the derivative of
i

is about 0.5 dB...1 dB to achieve the same performance ' radiated waveform, the power spectral density will be

Comparing Figs. 12 and 13 to see the effect of the pulggifte_d towgrd highe'r frequencie_s, giving a larger jamming
waveform, one can notice that the Gaussian third derivati%grgIn against GSM interference in both the TH-UWB and the

leads to better performances than the Gaussian first deriva -UWB systems.
WhenT!’ <2ns. Thisis valid fpr both TH- and DS-concgpts.. B. Pulsed Jamming Interference at the UMTS FDD Bands
In Fig. 14, the corresponding results for the Gaussian first
derivative are calculated for the GSM UL band. Since the In this section, we discuss the UWB system performance
channel allocation between GSM uplink and downlink chamnder pulsed jamming interference at the UMTS/WCDMA
nels is small, the results correspond almost to the ones shdvamds in an AWGN channel. In this case, the UMTS frequency
in Fig. 12. However, some individual differences related to tHeand is assumed to be fully loaded. This means that in the
different spectral allocation can be noticed. FDD band, the total interfering UMTS signal power is evenly
If we compare the UWB signal spectra from Fig. 2, one cagpread over the 60-MHz band. Thus, the UMTS signals are
notice that the signal level of the Gaussian pulse is about 15 diddeled using a sinc wave having a rectangular spectrum with

Bit error rate

|| == 3T — 0.5ns,P =15dBm (DS)
== 397~ 0.75ns,P =15dBm (DS)
== 397°_ 1,0ns,P 2150Bm (DS)
= = 397 1.5n5,P=150Bm (DS)
10°H ~~— 397~ 2.0ns,P=150Bm (DS)
— 397°= 0.5n5,P/=15dBm (TH)
—o— 39T = 0.75ns,P.=15dBm (TH)
s|| == 3T = 1.0ns,P=15dBm (TH)
— - 397 = 1.5ns,P=15dBm (TH)

The results show that the performance of the TH-UW
system is slightly better than the referred DS-UWB one. O
results express that the SNR difference between the conceR
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0 Interference in UMTS FDD-DL band particular situation can be noticed using the first derivative of
' the Gaussian pulse, where the two systems perform in a similar

fashion. Furthermore, by using longer pulses, the theoretical
performance in AWGN channel can be reached. This is due to
the fact that the UWB spectrum related to those longer pulses is
~~~~~~~ 1 shifted below the interfering frequencies. The BER degradation
: can be considered a linear function of the increasing interfering
=1 signal power.

According to the results, the performance is worst when
the center frequency. of the UWB pulse (shown in Table I)

Bit error rate

— DS, 1%,T =0.5ns,P.=10dBm FDD-DL

~- DS, 1%,17-1.0ns,P/-10d8m FDD-DL s overlaps the interfering signal band. This is valid for both the
& -0 DS,1S,Tp=1.5n5,Pl=10dBm FDD-DL TH UWB and DS UWB Systems
107 H = - TH, 15.T =0.5ns,P.=10dBm FDD-DL S - - .
i TH, 1T, 0ns P10dBm FDD-DL ' The results also indicate that when longer pulses are trans-
—— DS, 3"’,T§;= 0.5ns, J=1OdBm. FDD-DL | i u | | w ; g pu
10| = = DS, 3.7 = 1.5ns,P=10dBm, FDD-DL .4 mitted, UWB system performance is better in the presence
—o- DS, 39T = 2.0ns,P=10dBm, FDD-DL H . K . . .
—+= TH, 81"~ 0.5n5,P/=100Bm, FDD-DL o of UMTS/WCDMA interference if the first derivative of a
177 [L—Theorefical BPAM in AWGN Chamnel | | ; . . . Gaussian pulse is used rather than the third. High data rate
R exnws . °° ' applications demand short pulses; thus, the third derivative

of the Gaussian pulse performs best, amongst the simulated
Fig. 15. BERs for UWB systems in presence of interference in the UMTyyaveforms. The same was noticed also in the GSM case. The
FDD DL band. difference in performance comes from the different spectral
allocations, compared with the interfering UMTS signals.
o !nterf?rencel in UMTS F.DD_UI.' bamli . Considering the pulse waveforms in the channel, the center
frequency of the third derivative of the Gaussian pulse is 1.73
times higher than the correspondifigof the first one.

V. CONCLUSION

In this paper, in-band interference and jamming power,
caused by several pulse waveforms generating UWB spectrum,
have been studied. Also, performance degradation of an UWB
system in an AWGN channel, in the presence of narrowband
interference is presented. In the in-band interference study,

Bit error rate

_b ‘rd _ _ _ . . .
1ol = D53 Tpm05ns.F-100Bm FDD-UL v the victim radio systems are UMTS/WCDMA, GSM900, and
0 DS, 3", T =1.5ns,P.=10dBm FDD-UL
- 55, gjj.l}s-gns,g}wggm ;gg-ﬂt GPS. UWB systems under consideration are based on baseband
—— TH, 3",T =0.5ns,P.=10dBm = . .
1oL =+ TH. 3 T°~1.0ns,l-10dBm FOD-UL 1 binary-PAM modulation, utilizing both the TH and the DS
—o- TH, 3" T =1.5ns,P=10dBm FDD-UL
. TH, 15(,T§=0A5ns,P;=1odBm FDD-UL concepts. .
_,[L=—_Theoretical BPAM in AWGN Channel | - . . . . The results show that proper selection of UWB pulse
%o 1 2 3 S 7 8 s 10 waveform and width pave the way for spectral planning. UWB
b 0

interference noticed by other RF systems depends on those
Fig. 16. BERs for UWB systems in presence of interference in the UMTEElECtions. Using short pulses, interference in the frequency
FDD UL band. bands studied is the smallest if the pulse waveform is based
on higher order Gaussian waveforms. On the other hand, long
. . ulses favor the generic Gaussian pulse. According to the
a 60-MHz bandW|dth. As a matter of fact, evena s!ngle UMT sults, DS based UWB systems seem to interfere less than the
s!gnal_ can be gons_|dered a narrowband signal in our Stug}ﬁrresponding TH systems in the GPS channel. The difference
since its bandwidth is much smaller that the one related to a¥rween TH-UWB and DS-UWB was insignificant on the
UWB signal. _ o other simulated frequency bands. Due to the assumptions of the
In Fig. 15, the interference has been studied in the UMTg,qy the UWB data rates are different in the corresponding
FDD DL band. Corresponding results for the UL band can hgges.
seen in Fig. 16. In both cases, the first and the third derivatives\/hen the UWB system degradation is studied in the presence
of the Gaussian pulse (generated pulse waveforms) have bgegn interfering and jamming radio system, results show that
considered in the performance analysis. The observed total e system performance suffers most if the interference and the
terference power is 10 dBm in all cases. nominal center frequency of the UWB system are overlapping.
The results from Fig. 15 show that TH-UWB performsthus, the UWB performance depends on the pulse waveform
slightly better than DS-UWB, just as in GSM. This can band on the pulsewidth. When there is a demand for high data
easily noticed when the interference starts to be negligibleites, short pulses should be used. Thus, in this case, the third
TH-UWB performances are going to superimpose the théerivative of the Gaussian pulse performs better than the first
oretical curve, while DS-UWB ones remain slightly higherderivative. On the other hand, if the data rate demands are not
The difference between the two systems is about 1 dB. $® high, and long pulses can be used, lower order waveforms
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perform better. The degradation of the system performances
also a linear function of the increasing interference power.

Our future work will include different UWB system perfor-
mances with multiband interference using real channel moc
[13] instead of AWGN channel. Also, other data modulatio
schemes than BPAM will be taken into account.
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