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Abstract—A novel method for the detection of narrowband spectral densities. Consequently, UWB systems will have to
interferer is presented, specifically designed for time-hopping coexist with a number of radio systems, in order to be of
impulse radio receivers. Closed form expressions for the per- niarest from a technological and/or economic perspective.

formance have been derived and are presented employing the | | the interf f di ¢ be ch
central limit theorem. The detection probability and false alarm n general, the inteérierence irom radio systems may be char-

probability have been considered as measure for the performance. acterized as narrowband compared to UWB. Consequently,
The correctness of the closed form expressions has been validatedhe UWB receiver could suppress the interference by means

by means of Monte-Carlo simulations. Finally, the impact of of signal processing utilizing the spectral differences between
several parameters on the performance is discussed. the interference and UWB signals. At initiation, the receiver
is unaware on the momentary spectral characteristics of the
interference from radio system. A UWB system could assume
a worst case scenario and avoid the use of spectral bands,
which are potentially used by others radio systems. Hence,
Almost all communications systems in use today deployige UWB system is very robust, but wasting capacity. An
sinusoid as an elementary waveform, on which informatiofjternative approach is a receiver that measures the momentary
is mapped via certain kinds of modulation. Signal energy jsterference situation and adapts to it. For instance, the receiver
hence concentrated in a well defined frequency band, whighy|d inform the peer transmitter(s). Hence, the peer could
facilitates noise and interference suppression, e.g. by meanggifch that frequency at which the interferer is active by means
band-pass filtering. Unfortunately, such narrow band systegsthe TH-code [7],[6]. This paper presents a method for the

are inherently sensitive to fading. To obtain a robust wireleggtection of narrowband interferer for a time hopping impulse
communication system, a fading margin has to be implementggio receiver.

with a negative effect on the system capacity . In the last

ten years the interest in ultra wide band (UWB) technology Il. THE CONCEPT

has grown [1], [2] and [3], due to its inherent resilience | et's assume a pulse amplitude modulated (PAM) impulse
against fading and implementation simplicity in case of imygio (IR) signal, i.e.

pulse transmission. A system deploying this technique is often

referred to as an impulse radio (IR). Due to its high bandwidth y(t) = Z ap(t — (ENp + cx)Te) 1)

a UWB signal is able to resolve its surrounding with high k

resolution, which in principle allows a single UWB device tqyherep(t), T, and N,, represent the pulse, the chip duration
be used for communication and radar applications. Currentizd the number of chips per bit, respectively. Bath and

regulation authorities in both Europe and the USA are i) are independent discrete random variables with the prob-

the process of developing legislation for UWB unlicenseghilities Play = a) = 3 and Py = ¢) = N, *, where
deployment. Clearly, no gigahertz bandwidth at the lowerc {-1,1} andc € {0,1,..., N}, — 1}.
frequencies can be allocated for UWB on a exclusive basis.Now, let's assume a receiver matched to the signa).

The US telecommunications regulator (FCC) has adoptedcgnsequently, the received signal will be passed through a
First Report and Order to revise Part 15 regarding UWRter with impulse responsé(t)=p(—t) whose output will
devices. Particularly, the frequency range from 3.1 GHz i@ denoted byf(t). For the sake of simplicity the issue
10.6 GHz has been released for UWB communication device§. causality has been neglected and the pulse duration is
Other communication systems, like IEEE802.11, occupy slicggsumed to be shorter than the chip duration. The demodulator
of this vast frequency range and operate at relatively higiytput corresponding to theth pulsef[k] = f(t), given that

This work was supported by the European Union under project numbter_ (Ck * th)Tc' Consequently’ the demOdUI‘.’ﬂor gene.rates
IST-2000-25197-whyless.com in collaboration with MIUR (Italian Ministrya stream of samples taken pseudo-randomly in time with an
of Education and Research) under project CERCOM and PRIMO. average sample period o¥,T..

Index Terms—UWB, Impulse Radio, Coexistence, Detection.

I. INTRODUCTION



If the UWB receiver is disturbed by a narrowband interferewhere r,, denotes a circular convolution over the interval
the signal f[m] will contain a residue of the narrowbanddefined by the time window, such that

interferer. The detection of the presence of a narrowband no+N—1
signal with an unknown amplitude, phase, and frequency in an Z f[m + n]f[m] m4+n<N
uniformly sampled data stream is a well-known problem [4]. f m=no
Therefore, additional zeros are inserted into the demodulatofo [n] = no+N-—1 (6)
output sample stream at those chip positions, where no actual Z flm+n—N]f[m] m+n>N
sample is taken. Consequently, a uniformly sampled date m=ng
stream is obtained with a sample perlod equal to the Chﬂbrthermore, the relatioaxp(jz) = cos(z) + j sin(z) allows
duration. The sample taken at theth chip us to rewrite the spectrogram
2 2
fn) = F(B)e(t) = ) 1Pk = (XPK) "+ (vP1w) Y]
where ¢(t) represents the periodic, non-uniform sampling‘f]vhere N
scheme, such that, —
XT(LJ;) (k] & fln + ng] cos <2WNkn) (8)
c(t) = 8(t — (kNy + i) T.) (3) o .
‘ YO 2 S fln+nglsin <7}Vn> ©)

S
o

whered(k) denotes the Kronecker delta pulse. A well-known _ o - _
signal processing technigue to bring out a narrowband sigri&@ Simplify the notation, the function identifigif) will be
is a spectrogram. Basically, a spectrogram is a power specflitted whenever the signgln] is the input. Furthermore,

density (PSD) estimation. Similar to [4], the spectrogram &€ no identifier is omitted, since the statistical properties of
the signalf is defined as the spectrogram are independent of its value.

The signalf[m] is composed out of three terms, a IR signal

N-1 k 2 term y[m], a noise terrn[m] and the narrowband interferer
17(11(‘)')[14;] A Z fn + no) exp (—j27rn) (4) s[m], which are all random of nature. Sinég[k] is the sum
n—=0 N of N random variables (RVs), it is reasonable to assume that

o X[k] is arandom variable (RV) with a Gauss distribution given
wheren, denotes the start of the observation interval of leng{at v is significantly large. Furthermore, it is evident that
N, which is used to estimate the PSD. Furthermérdenotes Y[k] = 0if k = 0. OtherwiseY [k] is assumed to be a RV with
a frequency identifier, where the actual frequency under evalyigayss distribution, independent but identically distributed as
ation is equal tdt/N. Consequently, the f_requency resolutmrk[k,]_ Consequently/[k] will be a RV which arises as a result
is equal tol/N and the spectrogram will be computed fopt summing the squares ofi.i.d. Gaussian RV, where = 1
k e {0,1,..,N/2 — 1}. Whenever a narrowband interferets 1. _ o and otherwise equal to two. In both caség] will

is active at frequency: at time ng, the spectrogram value phave a chi-squared distribution, which is given by
at the specifiqk, ng)-combination will in average be larger.

Here, a threshold detector is adopted, which reports a detection . \. 3., _ 1 (f) S T+ A VAz
; (s A B v) = exp |— To—2 (20)
at frequencyk, if the spectrogram/[k] exceeds a certain A 20 2

26
threshold. Evidently, the performance of the algorithm Wi¥or all 2 > 0 and zero ifz < 0, where I,(u) denotes

depend on the statistical prgpertles .Of the speqtrogram gndtﬁg modified Bessel function of the first kind and order

the threshold. In the following sections, both issues will bl‘—aurthermore,\ 3 andv denote the non-centrality parameter

evaluated. the scale parameter and the shape parameter, respectively. The
values of), 8 andv depend on both the mean and the variance

I1l. THE STATISTICAL PROPERTIES OF THESPECTROGRAM of X [k] and Y [k], according to

2 2
The spectrogram is a non-linear function of the received Alk] = E{X[k]}" + E{Y[k]}
signal. Therefore, two alternative expressions for Eq.(4) are Blk] = var{ X [k]} + var{Y[k]}
introduced, which help to derive the statistical properties of the v[k] = 2 — 0[k] (11)

spectrogram. If a signal is real valued in the time domain, the _
multiplication of this signal with its conjugated in the discret& Urthermore, the expectation for the spectrogram [4],
Fourier domain is equivalent to the discrete Fourier transform E{I[k]} = \[k] + B[] (12)

of a circular convolution of the signal with itself, such that .
and is also equal to

N-1 N-1
I,%)[k} = Z 7’5,{]) [n] exp <j27rzl\€[n> (5) E{I[k]} = Z E{r[n]} exp <j2ﬂ']l\€7n> (13)
n=0 n=0



Consequently, the expectati®¥r[n|} and the non-centrality Based on the stationarity of the signgin], the expectation
parameter\[k] completely describe the distribution dfk]. depends only on the value af i.e.
The three terms that construct the sigrféin] are assumed

E
statistically independent, such that E{y[m]ym + n]} = Fpé[n] (22)
h
E{X[k:]}:E{X(y) [k]} + E{X(") [k]} + E{X(s) [k:]} Substitution of Eq.(22) into Eq.(13) leads to the spectrogram
of the IR signal
B} =E{y W} + E{y K} + B{y Ok} @4 .
E{](y) [k]} — (23)
and Np,
var{X[k:}}zvar{X(y)[k]}—l—var{X("’)[/ﬂ}—&-var{X(s)[k]} which is equal to3¥)[k] since A\) [k] was found to be zero.

var{Y[k]}:var{Y(y)[k]}+var{Y(")[k]}+var{Y<5)[k]} (15) B. White Gaussian noise in the spectrogram
The noise term in the signdl[m] is described by
y, n and s denote the IR signal term, the noise term and the
narrowband interferer, respectively. Consequently, nim| = Z nid[m — c; — INy] (24)
l

2
A[E] = (\/A(y) (k] + \/)\(n) (k] + \/)\(s) [k:]) (16) Assuming a zero mean, white Gaussian noise signal at the
demodulator input and based on the fact that the pulse duration
Blk] = BW(k] + B k] + B [K] (17) is shorter as the chip duration, the expectafigm;} = 0 and

E{nnm,} = 025(l—m), whereo? denotes the noise variance.

where A and %) denote the non-centrality parametefhe proplem is equivalent to the one solved in the previous
and the scale parameter that describe the distribution of t\e,section. such that

spectrogram of the signal, i.e. I®*)[k]. The same notation

rule is applied toA(™, A\(), 3(") and 3(%). In the following AWK = 0
three subsections\(¥), ), A\ 3(M) \() and 3(*) are () o N
constructed. Bk = (25)

h
A. The IR signal C. Narrowband signal in the spectrogram

Let's assume that the IR signal term in the sigiiah] is Let us assume a narrowband interferer whose phase remains
described by approximately constant over the spectrogram duraf\df.,
such that the narrowband signal term,

=E, om—c —IN, -0 18
y[m] rzl:al [m —a n— 0 (18) §[m]:\/ﬁcos<2?\fnm+<ﬁ> (26)

whereFE, k,, andp denote the average power, frequency and
phase of the narrowband interferer, respectively. To simplify
matters,k,, is assumed to have an integer value. Let's com-

whereE, denotes the energy per pulse. Furthermeis,a RV
with distribution P(§ = ) = N, ' wherez € {0, 1,..., N}, —
1}. Now, let's concentrate on the expectation

N-1 otk mence with the computation of
E{X[k]} = Z E{y[n]} cos (Nn> (19) N1 -
n=0 E{X(S)[k]} =3 3[n|E{c[n]} cos (;n> @7)
Based on the fact that the expectatiofu;} = 0, it is easy to n=0

verify that bothE{y[r]} and thusE{X[k]} are equal to zero.
Similarly, it can be proven thaE{Y [k]} = 0, such that the
AW[E] = 0.

Let’'s continue with the derivation of the expectation

E + =F E ; ;
{y[m]y[m + n|} p ; {arar} (20) The same approach leads to the following expression for

. E{(S[mfckkath](S[ernfcllehfﬁ]}

It is easy to verify thaE{c[n]} = N, ', which after substitu-
tion of Eq.(26) into Eq.(27) leads to

B{X O = VI (5t V) 8 k) costio) 8

B{y ) [k} - @ (8 [k—kot-N] =8 [k~ k]) sin(i2) (29)
Based on the assumption that the pulse duration is shorter h
than the chip duration, the expectatiBfia;a,,} = §(m —n). Let's continue with the derivation of the expectation
Consequently, the right side of Eq.(20) can be simplified toE{I(*)[k]}. The blanking code and the narrowband interferer
are independent, such that
E E{d[m—cr—kNp—0]0|m + n—cp—kNp—0 21
2 BN =0 = kN @D ) — S mlSE G ) (30)



Since E{I®)[k]} is the DFT of E{s[n + m]s[n]} and a == ! : ‘ ¢
multiplication of two signals in the discrete time domain is fied
equivalent to the circular convolution of both signals in the

discrete Fourier domain, then , |
s 1 s c
E{1< )[k:]} = 19k @ E{I( )[k]} (31) . e

where ) [k] and I()[k] denote the spectrogram &fm] and
c[m], respectively. It is easy to derive that

I®[k] = E,N?5 [N — k] + E;N%5[k,]  (32)

where the frequency is circular such thaé[—k] = 6[N — &]. 0 @ w @ wm W @

k
It is straight-forward derivation leads to the autocorrelation
function of the blanking code Fig. 1. The detection and false alarm probability of the detector for a desired
false alarm probability ob - 10—2

E{cln + Ke[n]} = Niha(k) 4 ]\% (1 ~tri (;}ID (33)

wheretri (x) = 1 — |z| if —1 <z < 1 and otherwise equal to
zero, such that the expectation of its spectrogram

probability. If A #£ 0, Eq.(37) must be evaluated numerically,
otherwise it can be solved closed form [5].
A narrowband interferer that is present in a spectrogram is

9 . . :

2 in (N, =& most likely also present in the adjacent spectrogram. Con-

E{I(“> [k]} = Nﬁ + %6[@ — % (W) (34) sequently, the performance of the detector can be further
h h h sin (57) improved by summing up/ spectrograms, i.e. the combined

Again, the frequency k is circular such that SPectrogram

E{I([—k]}=E{I®[N — k]}. Consequently, the expectation, _ &
including the effect of the periodic non-uniform sampling, Tnolk] = Z% Lngn[K] (38)
becomes "=
E The individual spectrograms are computed over non-
E{I (S)[k]} = N; (E{I (e) [k—kn}} + E{I () [kn—k]}> (35) overlapping section of the sign#[m] and are therefore statis-

) tically independent. Consequently, the combined spectrogram
Eq.(34) shows that the blanking code spreads the energy of :‘ﬁg[k] will be a RV, which arises as a result of summing the

narrowband signal over the spectrogram, resulting in a hig'l‘%fuares of\f-v i.i.d. Gaussian RV, where = 1 if £k = 0 and

false alarm probability as will be shown later on. Fortunatelyinanwise equal to two. Evidently, the combined spectrogram
the delta peak ensures that the frequency of the narrowb3gfl pe Chi-squared distributed as well, where its

signal can still be identified. The level of distortion depends

on the parameter® and IV,. To conclude this subsection, AD[k] = MA[K]
let's summarize the results, B (k] = MB[k]
O =20 (B{19k — k) } + B{IO R, — 1)) - 2O oD[K] = Mu[k] (39)
) E,N? Consequently, the expression for the detection and false alarm
A[R] = 2N? (0[k = kn + N| =6 [kn — k) (36) probability remains valid if multiple spectrograms are com-

bined before the threshold detection is being applied.
IV. THE DETECTOR
As stated before, the event of the detection of a narrowband
interferer at frequency: occurs whenever the spectrogram A performance evaluation of the narrowband interferer
I,,,[k] exceeds the thresholg The probability of this event detector will be presented, where the detection and false
is given by alarm probability are considered to be a measure for the
o performance. To validate the correctness of the analysis, both
. . ) ) ] probabilities have been compared with simulation results. The
PIR] = P{Ing[K] > n} = /p(x’)\[k}’ﬁ[k]’v[k])dx (37) parameter values ar¥ = 512, N), = 16, E, = 1, 02 = 1,
K E, =1 andk, = 100. The performance is depicted in Fig.1
The event of a correct detection can only occur i k,,, such and Fig.2 for a desired false alarm probability5e10~2 and
that the detection probability’; = P[k|k = k,,], otherwise a 5-10~2 , respectively. The X-axis denoted the frequency. The
false alarm event has occurred, iB¢[k] = P[k|k # k,]. eventof a correct detection can be found at the frequency with
Here, the same thresholgis used for every frequency anda value equal ta00 and the event of a false alarm at the other
is chosen such that a Chi-squared distribution with= 0, frequencies. The probability of both events can be found on
v=2andag =+ ZkN:_Ol (k] leads the desired false alarmthe Y-axis.

V. PERFORMANCEANALYSIS



Fig. 2. The detection and false alarm probability of the detector for a desirEily. 4. The detection and false alarm probability of the detector for a desired
false alarm probability of - 1073 false alarm probability of - 1073 and M = 4

- anar ‘ ity of the detector without increasing the false alarm probabil-
: ity. Furthermore, the simulation results validate the correctness
of the closed-form expressions for both probabilities.

VI. CONCLUSIONS ANDOPENISSUES

- A method for the detection of narrowband interference
including its center frequency has been presented for a time
hopping impulse radio receiver. The impulse radio demodula-
tor output is used as input for the narrowband detector, such
that possibly no additional hardware is required. A spectro-
‘ ‘ ‘ ‘ ‘ ‘ gram based technique combined with a threshold detector has
’ o e ® been chosen as narrowband interferer detector. Exact closed
Fig. 3. The detection and false alarm probability of the detector for a desirf%rm expressmn_s for the dEte_Ctlon and false alarm p_robab!llty
false alarm probability of - 10~3 and M = 2 ave been derived and validated by means of simulation.
Furthermore, the performance is shown to be improved by
combining several spectrograms before threshold detection.

Both Fig.1 and Fig.2 indicate that the mathematical ex- Several topics critical to the applicability of the method
pressions for the detection and false alarm rate match ti§gnain open. For instance, the pulse duration was assumed
simulation results well, although the closed-form expressiot® be shorter than the chip duration, which in several cases
seems to under-estimate the false alarm rate, which probab@f the reality. A release of this assumption will modify the
result from the assumption that and Y are RVs with a statistical properties of the spectrogram and thus the detector
normal distribution. Still the closed-form expressions giveerformance. Furthermore, the computation complexity has
a good indication on the performance of the algorithm. Aot been analyzed. Evidently, the fast Fourier transformation
comparison of both figures reveals that a lower desired falg@n reduce the computation complexity. Furthermore, the
alarm probability results in a decreased detection probabiligpmplexity may be further reduced, since the up-sampled
meaning that the algorithm becomes less sensitive if a low@&@modulator output contains many zero valued samples.
false alarm probability is desired. Both figures illustrate that
the false alarm is not constant over the frequency. As stated Mz Win RA. Scholz ‘C _ ¢ anal d diaital imoul

. L. n, A cholz,”Comparison of analog an Igital Impulise
before, the blgnklng code spreads a part of the energy of radio for multiple-access communications,” Proc. ICC, June 1997, vol.1,
narrowband signal over the spectrogram, but not uniformly. Montreal, Canada
Consequently, the false alarm varies as functior.of [2] S.S. Kolenchery, J.K. Townsend, J.A. Freebersyer,“A novel impulse radio

L . . . . network for military communications,”, Proc. MILCOM., Oct 1998, vol.1,

The sensitivity can be improved without increasing the false gocion mA
alarm probability by means of spectrogram combining. Herg] M.z. win, R.A. Scholz,“Impulse Radio: How It Works", IEEE Commu-
the principle of spectrogram combining is validated and com- nications Letters, vol.2, No2.Feb 1998. ~ . .

d with th . ts. T fai . éﬂ S. M. Kay,“Fundamentals of Statistical Signal Processing: Detection
pared with the previous results. To ensure a fair comparison, tpeory, Prentice-Hall, New Yersey, 1998
the parameters have been kept constant. The desired fggsev. Abramowitz, I.A. Stegun,“Handbook of Mathematical Functions,”,
alarm rate has been set3010~3. The performance has been _ Dover Pub., New York, 1970 .
depicted in Fia.3 and Fia.4. where the former corres onds[? L. Piazzo, J. Romme,“Spectrum Control by Means of the TH Code in
epicte 9. 9.4, p UWB systems”, Proc. VTC, Apr. 2003, Jeju, Korea
M = 2 and the latter ta\/ = 4. [7] J. Romme, L. Piazzo,"On the Power Spectral Density of Time-Hopping
A comparison of both figures confirm an improved sensitiv- 'MPulse Radio”, Proc. UWBSTO2, May 2002, Baltimore, USA
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