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Abstract—An analysis of narrow- and broadband interfer-
ence robustness within an On-Off Keying/Binary Pulse Posibn
Modulation based noncoherent multiband impulse radio ultra-
wideband communication system is presented. Using the ergr
detector’'s processing gain closed-form expressions of theoise
and interference related second order moment statistics athe

passing the filterbank might lead to a reduction of the irtstan
neous signal-to-interference-plus-noise ratio (SINR) hence
to a falsified decision process. For this reason, it is reglir
to investigate the interference robustness of an energctiet
regarding, e.g., different modulation schemes.

output of an energy detection receiver are derived. This atlws
separate statements on the relative modulation specific poessing
gain with respect to various interference parameters.

Index Terms—Energy detection, interference robustness, pro-
cessing gain, UWB, OOK, BPPM.

This paper bases on [8] which analyzes out-of-band in-
terference for noncoherent UWB systems with BPPM based
energy detection. Recently, [9] extends this approach tkema
investigations of in-band narrowband interference (NRi) f
OOK/BPPM based energy detection. However, a general an-
alytical investigation of narrow-and broadband interfere
robustness for energy detection of OOK/BPPM is not yet done

The fundamental resolutions of e.g. the Federal Commtg- the best of the authors’ knowledge. _
nications Commission (FCC) [1] in 2002 or the Electronic '"€ remainder of the paper is as follows: In Section Il
Communications Committee (ECC) [2] in 2008 have Iea@e a_gnal model for OOK/BPPM baS(_ad data trans_ml_ssmn
to enormous research activities in academia and industry/§uding the energy detection under interference is intro
enable a possible commercialization of the unlicensedwulyduced. Section IIl defines the processing gain (PG) of the
wideband (UWB) technology. Thereby, wireless communif§"€roy dete_ctor and analyzes the mterferen_ce anq noaate_del
considers UWB as a possible candidate to revolutionize-higHatistics at its output. The subsequent Section IV idestifie
speed data transmissions as well as an enabler for the perséierference robustness for both modulation schemes tiseng
area networking industry aiming at novel innovations and §'€r9y detector's PG. Concluding remarks are given in Secti
greater quality of the services to the end user. V.

As future UWB systems are required to be realized with
low-complexity and in a power efficient way, a notable Pk Transmitter
of research focuses recently on suboptimal noncoherent UWB ) o . o
systems [3]. In contrast to coherent UWB systems, the main/® Pinary data transmission link within an MIR UWB
reasons to favor noncoherent UWB systems are subband of bandwidt® is considered. Based on OOK/BPPM

. . . . ) modulation the rectangular pulse
« the avoidance of a receiver-side high cost, high-speed and
p(t) = {, /%cos(%rfct) 0<t<Ty,

|I. INTRODUCTION

Il. SIGNAL MODEL

1)

power consuming analog-to-digital converter,
« the relaxed synchronization constraints and
. . . 0 else
« the efficient handling of energy capture resulting from the
high multipath diversity. with carrier frequency and pulse duratioff, is emitted with

A promising noncoherent UWB system suited for high daieroy 1 (c > 1/T). The resulting signal to be transmitted
rate transmissions is multiband impulse radio UWB (Mngonducts to

UWB) [4], [5], [6], [7]. Therein, extremely short pulses are >

given to the input of an analog bandpass filterbank covering so(t) = \/ET? Z brp (t = KTb), @)
the available spectrum. The pulses at the filters’ outpugs ar h=meo

modulated with On-Off Keying (OOK)/Binary Pulse Positiorfor OOK and

Modulation (BPPM), added up and afterwards transmitted. ad T

The receiver front-end uses the same bandpass filterbank to sp(t) = \/EE Z p (’5 — kb — bkj) J ©)

k=—0o0

split up the received UWB signal followed by a parallelized

energy detection. for BPPM. Data bitb, € {0,1}, which is assumed to be
A pivotal vulnerability of the energy detection receiver isiniformly distributed, is specified by bit enerdy, as well

its high sensitivity with respect to interference. Inteeiece as bit durationT, = % with duty cycleds < 3. Finally,



Eg,z' € {0, P} stands for the modulation specific pulse energyf meanEb and second order momeff2. The component

which equalsEy = 2E} = 2E,. Az® =29, +29, contains the mixed srgnal noise and signal-
interference term

B. Receiver 0 b =0,

Assuming perfect synchronization between transmitter amfjn = om0 b
receiver, the signai; (¢),i € {O, P} is superposed with zero A gcos 2rfet) (J () + N ()t b =1,
mean white Gaussian noisgt) of two-sided spectral density (10)

¢ and interferenceg (t) leading to (no fading) as well as the contribution

y(t) =si(t)+n@)+7(). (4) e
%, = /(J(t) + N (1)*dt by = 0,1, (11)
0
due to noise and interference-only.

Interference is described as band-limited wide-senséstat
ary, time-continuous zero mean Gaussian proce@s char-
acterized by the autocorrelation function=€ t; — t2)

Ry(r) = P sin (7w ByT) (2r fy7) ) BPPM: In contrast to OOK the BPPM decision variable at
W= BT COSAETIaT) - the output of energy detection is symmetric [8]:
It depends on the mean interference powedetermined by Ty 24Ty
the ratio of the interferer's bit energysy, ; and bit duration 2P = /y2 (t) dt — / Y2 (t) dt
Ty = qTb,q > 0. Further parameters are the interference . 2
center frequency; as well as its bandwidtf;!. The resulting 2
interferer's signal duratiori,; ~ A < Tp; leads to an = 2P+ AP (12)
T dsT

interference duty cycle ofy = 720 = =7 The decision variable” compares energy values within two

The received signal of (4) is first bandpaSS filtered and-aftefbservation intervals of duratich,. It is composed of a signal-
wards put into noncoherent energy detection with obsewationly contribution

periodTp. At its input stage the available SINR is given by
P Ey br=0,
SIN 101 2 6 B =1 (13)
Rn = 10log;, Ty (P + P’ (6)

which is characterized by mean zero and second order moment
which is identical for OOK/BPPM. In (6 stands for the E7. The additional term\z” = af, + 2% is composed of a
mean noise power of the passband noise signal, which is matixed signal-noise and signal- mterference component

eled as band-limited wide-sense stationary, time-contisu 7,
zero mean Gaussian proceSst): (1 = t; — t2) a [ cos(2mfet) (J () + N (t)) dt b =0,
0
_ sin(7BT1) P KLEE ;3
B (r) = Ph— 5 cos (21 fer) (1) Tsn=\—a | cos(@nfe(t- L)) (T () + N (1) dt,
At the output of energy detection the decision variableedsf 2
for OOK/BPPM. by = 1,
(14)
OOK: For OOK, the asymmetric decision variable with a = 2, /2EF/T, and the noise and interference-only part
T Ty, .
24
xoz/yQ(t)dt::vg—i—A:vo, ®) L. ,
/ P =29 / J@®)+N@E)2d.  (15)
Ty
occurs. The resulting energy vale€ consists of a determin- 2
istic signal-only part I11. A NALYSIS OF INTERFERENCEROBUSTNESS
To make statements on the interference robustness of energy
20 — 0 br =0, ©) detection for OOK/BPPM a proper quality criterion has to
2B, by =1, be introduced. A possible measure is the PG of an energy

detector. It refers the available SINR at the energy detiscto
1Eq. (5) holds if the interference source is completely iegtie MIR UWB outputto the SINR at its input. For OOK this can be described

subband. In casé3; overlaps completely or only partially with the subbandaS

f3, By and P; have to be properly modified. However, as it can be ascribed to

(5) the following investigations focus solely on an inteefece source being P — 101og; (
completely inside the subband.

22

100+ (9 ) — 10log;, (SINRy), (16)



which differs from the PG of the BPPM based energy detectiovhereas, with\ ; , = f.— f3, the following notations are used:

receiver expressed as
1 B; v B; v
, = = Ap,) —(-=+A ,
T BJ (( 2 + ch) ( 2 + ch) )

E? sin (47chTp + %lw)
PG =10lo —10log;o (SINRp) . (17)  way = ;
810 (Qp Q2> g10 (SINRn) (17) 2n+1-1)! (47rchp)l
l
-1 sm 47T Ty + = kw
Un,l = Wn, + ( ) 1 fc P )
» (@n+1 =D (- k) (4wchp>
In (16) and (17)Q%,: € {O, P} stands for the second order
moment of the mixed signal-noise and signal-interference | = cos (4m feTp + glm)
componentr’;,, i € {O,P}. In contrast,Q5,i € {O,P} de- " (2n+1—1)! (dnfcTp)'
scribes the second order moment of the noise and interferenc B Zn,l
only part:zzjn, i€ {O,P}. Ynl = (2n+2— l)
Based on PG, separate statements on the detection zl: coS 47rfCTp+ Imr)
erformance can be made for each modulation scheme, :
p ulat 2n+2—l'k20 (1—k)! (47chTp)

i.e., a low modulation specific PG indicates an increased

error probability and vice versa. Hence, the smalgf Eq. (19) reveals the dependency 6 from the system
and Q4,7 € {O,P} the lower the modulation related error, parametersE Ty, fo. B as well as from the interference
detection probability. In the following)} and@5,i € {O, P} parametersPJ, By, f3. In addition, concerning the special case
are determined for both modulation schemes. By — 0, e.g., a cosine tone;, has to be replaced with

v = hm r, = VA” L. Note that this result is consistent
OOK: For OOK, the second order moment of the S|gnal

noise and signal-interference pa@m can be formulated as® o [9] 'f PN =0. ) )
(r=t1 —ts) The second order moment of the noise and interference-only

part:co can be described as

T Tp

Q2 / / UE(J ()N ()T ()N L)+ (20)

T Tp

o 8EQ
Q° = //cos 27 ft1) cos (27 feta) -

[E(J(tl)J( 2)) + E(N (1) N (t2))] dtadts

2E (J? (t1) N? (t2)) + E (N? (t1) N? (t2)) +
E(J? (t1) J? (t2))] dt1dts

AEQ i T, T,
= // Ry(7) + Rn (7)) - [cos (27 fe (t1 — t2)) _ // [(PN +P)?+2(Ry (7) + Ry (7_))2} dtydts,
~+ cos (27ch (tl + tg))] dtdis. (18) 00

wherer = t; — to. Thereby, using the theorem of Price [10],
(20) can be written in terms of the noise and interference re-
A solution OfQO can be found us|ng Parseval’'s theorem und@tEd autocorrelation functions. With Parseval and thamﬁ
the assumptiong|f. + fj| > Bj and4f. > B. This leads to tions2fc > B, 2f;> By and|fc + fo| > (Byor(B — By))

the closed-form expression (20) results in
QS = 2T; [P} + PP+ P}
211 > (—1)" (2nTp)** (P?B3* + P3B?)
o o Ton+1 D opeg  Un,l + Z
= EjP (27 Ty)
o'} k 2k—2 2 R2k—2 2 P2k—2
B 27TTpT2n+2 Zl:O Un,1 4TpT2n+1 + Z (_1) (27TTP) (PJ BJ' + PNB )
27 fe (2n + 2) 2n+2)! (2n+1) P (k) (2k)!
(o) k 2k+1
N EQ Py i (—1)" (< TyB)>" [ 87Tofs (1t N 2P)Py Z —1)" (2m) T2+
2nfe 7= (2n+1) (2n + 2)! B (fo— fm) £2 (2k +2)!
2n+1 2n+1 . fi.k n fQ_k 21)
cos (47 feTp)) D wpy — sin (4w fcTp) » zn,z> : 2%k+2  2k+1)°
1=0 1=0

(19) Thereby, withf, = 2 + B and fn =2 — 52, f, , and fo 5



are defined as: closed-form result

2m)** (P§B3* + P3B?*) gop 1o

242 2%+2 P o (—1)"(

fie = =80 si2 5= An) 2kt2 @ = 2; @k+ 1) 2k + 1) (k+1)

+ (_fm + Afc,J) - (_fp + Afc,J) " o k 2k—2 2k—2 _

2k+1 (-1)" 2% () (PFBy" " + B{B*?) goi

for = (fo+Ar) [(_fm —Ay,) — (= /o~ + ];2 (2k)! (2k)

Afc,J) 2k+1} i 2PJPN i (—1)k (27T)2k+1 92k+2

+ (fo— Ay,) [(—fm + Afm)%ﬂ (=St 7B (fp — fm) prt (2k + 2)!

Jik J2.k

Ar)™H)] (2k+2 %H), (23)

+ (o= f) [(fm = A5) ™' = (—form with

Af“)%ﬂ} ' gy = 2T5 — <TP - %) e <%) - <TP + %) ’

QS is influenced by the system parametéjs ., B as well as €an be found@Qy is influenced by the system paramet@s
by the interference parametePs By, f3. However, in contrast b, fe, B as(;/v_ell as on the |nterferen_cepparametéj,sBJ, Ja
to Qf it cannot be reduced vi&g. Eq. (21) simplifies for Similar to Q3 it cannot be reduced vi&j. For By — 0, (23)

By — 0 due to P2B2x — pp?-2 — o, [ —
'f2,k

2k +2) (-2 =A%)+ (-5 + 809 as wel
Jo—f

aspzh- = (2k+1) (5 +Afco) (-5 - Afc,J)Qk. Assuming
Py = 0 for this case, (21) equals the result of [9].

allows the same simplifications as f@. In addition, (23)
reveals that for low data rate$y(— o) g, ~ 27} resulting

in a negligible influence of)5. In contrast, the larger the data
rate the higher its impact, e.g., for the maximum data rate of
T, = 2T} g, conducts tag, = 4Ty — (2Tp)".

IV. RESULTS

BPPM: Considering BPPM the second order moment

of the signal-noise and signal-interference pa@jn is:
QY = 1Q9. QF differs from QP solely in a factor of

two which can be ascribed to the reduced modulatid

specific pulse energy. In contrast €@ there is a significant
difference concerning the second order moment of the no
and interference-only pam?n. With the theorem of Price this
can be again generally described in terms of the noise
interference specific autocorrelation functions={ ¢t; — t5)

T Tp

2 [E(J? (t1) J? (t2)) + 4E (J (t)) N (t1) -
[

J (t2) N (t2)) + E (N? (t1) N? (t2))] dt1dts

T, Tyt 2

2 [E(J? (t1) J? (t2)) +4E (J (t1) N (t1) -
{4

J 0N (1) + B (N (1) N (1)) s

4

/
Tp

Tp
‘/[R?@ﬁ4‘3ﬁfﬂ-FRlU)RN(ﬂ]dth
0

Tp+ P

4/ / [P () + B (r) + Ri (7) B (7)] dt1dta.

0 Ty

2

(22)

Therefore, using the theorem of Parseval g5 > B;, the

dRgated atfc

Based on the previous analysis this section identifies the
interference robustness of an OOK/BPPM based energy de-
gction receiver. Thereby, assuming regulation of ECC [2]
an MIR UWB system with four subbands of equal band-
width B = 625 MHz is taken into account. Without loss of
generality, the analysis focuses solely on the first subband
= 6.3125 GHz. However, an extension to other
subbands or other MIR UWB system configurations, which
are possibly based on other frequency masks, e.g., FCC [1],
is easily possible. Further common system parameters nsed i
the subsequent analysis are the pulse durdfipr= 3.2 ns,

a duty cycleds % a mean transmit power normalized to
one, the modulation specific pulse ener@&,z’ € {0, P} as
well as a constant signal-to-noise ratio (SNR)161dB at the
input of the energy detector. Fixed interference paramister
the interference bit duratioi, j = 167, = 102.4 ns.

In Fig. 1 the PG is plotted vs. the SINR An interfer-
ence source with the two bandwidtlisy ; = 20 MHz and
Bj 2= 400 MHz is considered leading to the fixed duty cycles
dy1 = g = 04883 anddy2 = - = 0.0244. For
OOK/BPPM, the PG increases with higher SINRp to the
interference-free PG at SINR 10dB. Furthermore, it can
be observed that the OOK/BPPM based PG varies with the
interference bandwidth. For OOK, the PG increases with a
larger interference bandwidth because of the minor imphct o
the mixed signal-interference as well as the interferemg-
component involved in the energy detection. A PG of energy
detection can be achieved from a SINR —3.5dB (B;1=
20 MHz) and from SINR, = —5.5dB (B;, = 400 MHz),
respectively. For strong narrow- and broadband interfagen
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Fig. 1.
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PG of OOK/BPPM vs. SINR for B3; = 20 MHz and Bj;»
400 MHz with fj = fc + 50 MHz, SNR= 10dB, d; (Bj1 = 20 MHz)

0.4883, d; (Bj2 = 400 MHz) = 0.0244 and Ty ; = 102.4 ns.

(fa= fciTip). This can be on one hand ascribed to the subband
pulse’s sinc spectrum which is zero at the subband’s boyndar
On the other hand, the morg is located at the subband’s
boundary the minor the interference bandwidth falling into
the subband. In case interference overlaps with the sufsband
boundary, the effective interference parametgss f; and d;
changes resulting in a reduction of the actual mean intemfas
power P;.

V. CONCLUSION

This paper investigates the energy detector’s robustmess i
presence of narrow- and broadband interference within an
OOK/BPPM based noncoherent MIR UWB communication
system. Based on the energy detector’s PG closed-form&xpre
sions of noise and interference related second order moment
statistics at the output of an energy detection receiver are
provided. This reveals insight into the impact of interfere
and system specific parameters. Furthermore, the analfysis o
the relative modulation specific PG with respect to various

no PG results as the energy detector’s decision variable {@)erference parameters shows the robustness of OOK/BPPM.
is significantly corrupted. In contrast, considering BPPM a Future work focuses on the approach’s extension to other
PG can be achieved for small interference bandwidths, e gulse shapes, e.g., cosine-shaped pulses, to other modulat
Bj;1 = 20 MHz, over nearly the complete SINRrange. For schemes as well as to realistic channel models.

Bj> = 400MHz a PG occurs from SINR = —2dB. The
reason for this behavior lies in a different amount of energy
resulting from the mixed signal-interference and interfexe-
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relative PG shows that for strong NBI BPPM is more robust
whereas OOK is more robust for mean and low interference[i]
Fig. 2 shows the PG vsf, which varies fromf; — £ to
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