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Abstract—Narrowband interference reduces performance of interference power by using simple power detection schemes
present transmission systems, and will do so in the future to an jp frequency domain. However, it is shown here that if the
even higher extent. The interference mainly hinders a correct ;yiarference detection is supposed to be based on the received

data signal detection. But it may already have distorted the bl dat bol detecti f K interf s
channel estimation, even for more carriers than the one, actually preamble or data Symbols, power detection of weax interierer

containing the carrier of the narrowband interferer. Therefore = in frequency domain is severely harmed by the OFDM symbol
it is substantial to correctly detect the interferer power and and the variations of the channel.

its position in the frequency grid. This paper discusses an  Hence, in this work a multistage approach is proposed,
interference detection scheme in interaction with a preamble where the NBI detector is combined with a channel estimator,

based channel estimation for the MB-OFDM standard. It covers both ki the burst ble. Theref . first
the fact that due to large subcarrier channel power fluctuations, oth working on the burst preamble. ereiore n a hrs

either detection probability is poor because of high thresholds, Step, NBI is pre-detected and, afterwards, the channel is
or reduced thresholds make rise to the false alarm probability. estimated considering the acquired/assumed knowledge of the

interference as well as channel covariance information. Since
the LMMSE channel estimator comprises smoothing of the
Wideband OFDM transmission has been a widely dighannel snapshots in frequency domain, still an acceptable
cussed topic in the past few years, as OFDM is a vegstimate of the channel can be interpolated from neighboring
flexible and robust transmission technique in terms of copinata symbols. Based on this preliminary channel estimate, the
with multipath fading. But as coexisting narrowband systenthannel fluctuations can be subtracted from the received signal
operate in the same spectral range narrowband interfereteasving — ideally — the additive noise and the interference in the
(NBI) becomes an important topic. Coexisting systems majgnal. This signal may be fed back into the detector, making
be systems operating in the same freely usable spectrum likpossible to significantly lower the threshold, and thereby, in-
e.g. Bluetooth in the ISM band or licensed systems in tharease the detector sensitivity or lower the probability of false
frequency range, where our system is just tolerated with vesijarm. With these detected interferers, the channel estimate
low spectral densities. The latter one is the UWB approaatan be re-initiated based on our improved knowledge of the
for which the Multiband-OFDM (MB-OFDM) [1] standard is interference situation.
an implementation also applying frequency-hopping. The remaining text is structured as follows: in section I
In any case, this NBI is often characterized by a mudhe models of the OFDM signals, the channel and the NBI
higher power concentration in isolated subcarriers than thae introduced. Section Il then provides a short motivational
of the OFDM symbol. This renders the transmitted symanalysis of the impact of channel variations on the signal
bols in at least one subcarrier unusable for reasonable daggection. Section IV introduces the joint interference detec-
transmissions. Due to leakage effects because of the limitimh and channel estimation, before it shortly explains the
DFT window length the distortion also significantly leakemployed interference suppression, engaging in the system
into neighboring subcarriers causing additional degradationan the demodulation/soft bit generation. In section V some
terms of the BER or PER even for relatively weak interferersimulations are discussed and in section VI the work is
In [2] the NBI is combatted with estimation and cancellatiosummarized.
techniques in frequency domain and in [3] based on adaptive
filtering in time domain. Reference [2] ignores a first acquisi-
tion and assumes the center frequency of the interferer knownThe transmission model simplifies the signal model of MB-
while [3] needs mute periods where no signal is transmitted f&DM in order to clarify the success of the underlying
adaptation to the NBI. [4] discusses the topic of NBI with theechniques. Frequency hopping is being switched off like
focus on ADC performance in conjunction with an analoguenvisioned for some modes of this standard. Additionally, the
notch filter and assumes the NBI to be known. The text [Spde rate is being fixed at= 1/3, and no further spreading
introduces for a similar scenario a blind NBI detection whicbf the transmitted signal is applied. The employed code is the
operates on a whole burst. one foreseen for MB-OFDM [1].
Interference can easily be detected, if sensing the otherwis@he dimension of the DFT and with it the total number
void channel before transmission, even for relatively lowf subcarriers per OFDM symbol i& = 128. The channel

I. INTRODUCTION

Il. SIGNAL AND CHANNEL MODEL



) channel tapg in the frequency domain channkel Employing

bits o .
| coder [interleav. 8o noise n the channel decay factdr, the PDP with(v+ 1) channel taps
pilots : ins.zp |} oo yields
postfix A
Transmitter preamble interference 1 9 1—e" —AlL
. : pl:O'hm'e fOfOélSl/. (2)
Receiver pilots P
bits e, The discrete length of the channel resultsvin= [ Brmax|,
. emod. . . . .
7| decoder]] deinterl. : [coFTI 200 wheremax is the continuous duration of the channel impulse
i response and is the respective bandwidth. The tap power
channel est] preamble coefficients p; are assembled in the diagonal PDP matrix
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Fig. 1. OFDM System with Interference Detection independent channel taps.

For simulation purpose the discrete, time channel impulse
estimation will be based on a preamble of two OFDM symbolesponse is truncated a1 < 3/A, such that the last channel
known to the receiver. The preamble symbols, here, consisp has in average 5% of the power of the first one, which
of random QPSK symbols on all subcarriers except for thappears to be sufficient for low SNRs.

DC carrier and 5 carriers at the edges of the spectrum, which

are null carriers. The coded and interleaved data bits are Interference

mapped onto a QPSK constellation and are transmitted via thdn the IEEE Selection Criteria [7] for the 802.15.3a an
100 data subchannels. The 12 pilot subcarriers are randodftypand tone interferer is proposed that consists of a simple
QPSK modulated and inserted in between at a distance of Wgmodulated carrier at frequencyf;

subcarriers. The additional 10 subcarriers (if the null carriers _ \/7 Jl2rAf Tm-+do] 3)
are also considered for the data symbols), here, contain QPSK Mm = 4/ 0p€
data, but are not exploited in this work. with power o2 and a random phasg,. Channel variations

Fig. 1 shows the signal flow in transmitter, channel angk the interferer channel are neglected. This is valid for very
receiver in terms of a block diagram. The subcarrier dagarrowband transmission with symbol intervals well longer
is transformed to time domain by A-point DFT and after than OFDM symbol length e.g. Bluetooth if compared to MB-
eachK samples of an OFDM symbaVeq zero samples are oEpM. The NBI power leaks into several subcarriers due to

appended as zero padded postfix. After transmission via #@ rectangular shaped, temporally limited DFT window
channel this postfix is then added to the leadi¥igy samples

of the received OFDM symbol in order to emulate a cyclic o id = j2n[AfiT—Em
K R .. . nk = O’/K-e "Ze ’ K (4)
convolution with the channel. This is necessary in order to™™ K =
suppress intercarrier interference (ICl) after the FFT in the 5 B . k
receiver. _ T it R T (V1)) SO(TIAST — ﬂN)
The transmission equation for a single OFDM symbg| K sin(r[AfiT — £])
at the symbol time instance in the frequency domain then (5)
becomes where N = K + Ngg. This leakage is a well known effect as
yn = diag{z,) h+ & + wy. ) already discussed by Slepian in his introduction of the prolate

spheroidal functions [8] or more previous works e.g. [2]. This
where h is the channel that is assumed to be constant feffect on MB-OFDM differs slightly from OFDM systems
a burst.&,, is the interference anab,, the transformed addi- with cyclic prefix because of different receiver structures.
tive gaussian noise term each in frequency domain. For theThe NBI power leaking into subcarriér equals

transmitted signal the short-clX,, = diag{«x,, } is used. The 2 e 2
presumption of unit signal power (QPSK) yield§, X 7 = TI. P = Tn Slﬁl(W[AAflT k/KIN) , (6)
The next paragraphs will go into detail with channel and K | sin(n[AfT — k/K])

interference. and its maximum magnitude is;N?/K. Fig. 2 displays
the leakage power for three interference carrigrA ;7T =
A. Channel 0,0.25 and 0.5, as only the fractional part is important for
In order to allow for a prove of concept, the channel ithe shape of the discrete leakage functiddAf, T = 0
time domainc is modelled as a gaussian channel with arepresents an interferer right in the center of a subcarrier,
exponentially decaying power delay profile (PDP)(of+ 1) while KA f;T = 0.5 is an interferer in between to subcarriers
independent channel taps. However, the authors are well amaading to a maximum spread of power. Additionally for
that, especially for UWB channels, more sophisticated moddisA f; T = 0.5, the underlying frequency domain sampling
are in use e.g. [6]. At least for the channel in frequenayf the original function is demonstrated. The results can also
domainh = DFTx{c}, additional effects of the reported pathbe shown by simulation to approximately hold true for NBI
clustering are of less importance due to the overlaying of tlrandwidths up to the one of the subcarrier bandwidth.
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Fig. 2. Interferer leakage power for varying interferer carriers Fig. 3. Probability of the max. subchannel power higher than threshold

surpass the power of an existing interferer, which causes both
a detection miss and a false alarm.

This section shortly states the problem of detecting a
narrowband signal in a fading environment. If the distorted
subcarriers are used for conveying training data like in aln the next subsection the adapted system components are
preamble, it may also increase the mean square error (MSftfoduced which comprise NBI detection, channel estimation
of the channel estimation for several subcarriers due to thrd NBI suppression.
leakage. This effect additionally spreads out to an even wider )
range of subcarriers, if the channel estimates are smoothed'byNB! detection
lowpass filtering the channel observations. It is assumed that the receiver possesses no further know-

Hence, reliable interference detection schemes become miedge on the possible interferer, i.e. the subcarrier comprising
and more important, especially, if the power of interference ibe center frequencyh £, 7" of the NBI as well as the strength
in the same order of magnitude of the signal plus noise powa the interferer are unknown to the receiver. Hence firstly,
|hix + ng|?. If we assume averaging over both preamblafter the DFT the subcarrier with maximum power
symbols, the decision variablg, = 2711:0 |hkn ke + wn k) 1
(in fact we skip the division by 2) results. In order to achieve Q) = arg maXZ k2 9)

a high detection probability for weak interferers the maximum k=

élfjtt)(z;ra?r?rzeﬁ?mgtrulzti%%r?r?zzebdcyrtizra dger:]a;'i\rl]egrg;\g threshol% found. This power is compared to a threshold to be deter-
. y cause tmtlaned

expected maximum of the subchannel power maxy{uy} 1

in the absence of NBI to be an order of magnitude higher than > Ynknal® 2 V(07 05) (10)

the average channel gairf. This is visible for the comple- n=0

mentary cdf (ccdf)l — F,(v) of the maximum channel gain The threshold depends on channel and noise power but not
in Fig. 3. This is the probability that the maximum channghe NBI carrier Af;7 because it is unknown as well as
gain exceeds the value of the abscissa. The two cases depigiegetectable due to phase ambiguities. This leads later on to an
represent () only the subcarrier chanriglsof powers), =1 ynayoidable dependency of the detection probability\ji 7.

(in black on the left, exponential PDP of 41 samples) and (fhe power of the two successive CE preamble symbols is used
additionally including AWGN at an SNR of 3dB (on the right) for averaging. The respective subcarrier and its surrounding
AQS reference the ccdf for assumed independently, identicalfes () + 1) are then signalled to the channel estimator
xj-distributed channels are computed and displayed in Figtghether with an estimate of the respective interference power

IIl. M OTIVATIONAL ANALYSIS

IV. SYSTEM COMPONENTS

for both cases according to in that subcarrier
Peaa(v) = 1—F,(v @) 5 N a0 e e
Fa(0) (v) o P —pos( o el Gz 52))
2
= 1-—{1-6_”/”f'(2+‘1)] ® ©) (0
oy with k; € {kmax, kmaxt1} where pogx) = = for x > 0 and 0

otherwise. The combined estimate fof +o2 is attained by
raging over all subcarriers but thgeo

~ o~ 1
2 2 = — 3 2
Gh+au1 2(K — 3) k;{:.(|y07k| +|y1,k

where the shortcut? = o} + o2, is used. However, this

approach neglects correlation of the channel in frequency Q€

well as temporal domain explaining the visible inaccuracies.
High outputs ofv = max;{ux} > 10 can be expected al-

ready rather often just due to the channel variations and the

AWGN as visible in Fig. 3. This causes a high false alarfhe previous as well as the following subcarrierigfax are

(FA) [9] probability. Sometimes, channel and noise might evassumed to be harmed by interference, because it is reasonable

9. (12




to decide in favor ofmax as interferer ifA ;T is in the range as they do not have large impact, but they can easily be
B _ 1y (ko 1 Fwx 4 1 extracted fromE{&, 5. }. In a real receiver implementation

(72 — 53), (72 + 537)]. However, forA f;T' = + 55, . k1S, s 1N E plem

it would be equally sensible to decide in favor kf.c+ 1 the interference correlation is unknown: for the first place,
respectively, as they contain the same amount of interfererfen the position of the interference must be detected there.
power (cf. Fig. 2). As due to phase ambiguity, there is nts the amount of observations per subcarrier is very limited
applicable way of determining the real value &ff;, we are (in fact_ it i_s 2 here_\), an evaluation of interference cross
on the safer side if we simply assume &l as interference correlation is of no significance anyway. Thus, the average of

and estimate the interference power as in (11). the subcarrier powers is extracted from (11) and the estimate
This simple detection algorithm can be extended to multipf the interference correlation becomes

interferers. Therefore, after a firsUccessfubI_etection cycle, ~(0) 132-((1)@) if k=% andk € S©

a second one could be started on the maximum power of the C&&; Y0 otherwise (19)

remaining subcarriers at \ {kﬁ?gx, el 1} such that this

maximum is also compared to the threshold as in (10). TH®r the implementation, the preamble symbols are averaged
process can then be resumed for further interferers until thefore channel estimation such that
threshold is not exceeded any longer or a maximum number of _ 1 Xiyo + X*
. . . . _ -1 oYo 1Y1
admitted interferers is reached. Then the set of all subcarriers #' = Crn(Chn + 5 Ca)” - 9 (20)

. (0) . . .
affected E)y .|ntejrferencé‘ and their respgctlve Interferenceresults as good approximation of the preamble based LMMSE
power P(¥) is signalled to the channel estimator.

A simil di ithouah not din thi kestimator. Note that therefore the interference (phase) is
similar proceeding — although not pursued In this Work zq¢, 64 independent in both preambles and @igt is

; ; " w ; az
is possible for "less narrowband” interferers covering SEVEIRS rmitian. This channel estimate already provides an estimate

subcarriers even before DFT leakage. The tactic would thenB? the channel power variation. Thus, in order to remove this

to start at the detected maximum and then proceed companigiation from the received symbols, it is straight forward to

in each direction as long as at the next one falls belo btract an estimate of the received signal pXr;;ﬁ from
the threshold. The harmed subcarriers are then gained Yin order to reduce the inherent variance (cf. Fig. 3). The

extending the measurement range (extension approach). In Tgta . .
. . g n square error of the channel estimatearises from the
even this detection proposal should be able to detect this "I d

i X e(ﬁ gonal elements of the error covariance matrix
narrowband” interferers, but the extension approach wou
. 1 _
save the complexity C. = Chn — Chn(Chi + = - C3) " Chn. 1)

2
B. Channel Estimation The authors are well aware that the complexity of the un-

For demonstration, an adapted (with respect to noise adgrlying LMMSE channel estimator is far beyond being real-
estimated interference) LMMSE channel estimation [10] igable. The inherent matrix inversion (estimated interference
used as limit with respect to the achievable MSE performanggenario), has a complexity aP(k3). The Wiener filter
The formula for the estimator as derived from theory can, implemented as a vector matrix multiplication itself is of com-
the interference scenario, be expressed as: plexity O(K?). A promising solution would be an extension

~0 1 of the Wiener filter in temporal domain as e.g. [11] to cope
h® = CryCyyy. (13) " with interference. P o i P

The autocorrelation matrix of the received signglyields C. Joint lterative Processing

Cyy = FE{yy"} = XCnn X" + Cee + Cuww (14)  Hence, the remodulated preamble based on the above chan-
= XCw X" +0Cy (15) nel estimates is subtracted from the received signal
summarizing the effect of noise and interference in the distor- y =y, — X,hO. (22)

tion covariance matrix which is, with a new set of detected interferess!) and

Cy= C¢t + Cuu (16) NBI power P(), fed back into the NBI detector. There, the
maximum
For burst traffic, it is assumed that no temporal channel 1
variation occurs such that the only channel correlations are ko = argmkaxz |y§2€|2 (23)
those in frequency domain characterized by the limited and n=0
non-uniform power delay profile of the channel is recomputed and the resulting subcarrier powers are once
VH again compared with a thresholdo?, 02) , etc. The detector

v v+1
Chn = F TV pF T (17)  results in new setsS) and P(!) of NBI positions and

The interference correlation emerges from (6) where the adM—BI power estimates respectively. Together with the original

tional non-diagonal samples are neglected for implementatiBFF,ample dgtayn (.n:O,ll), they are used for the.char'mel
estimation like depicted in Fig. 4. Although further iterations

Cee =diag P, Pix), (18) might still improve the detection and estimation results the



channel | #om Additionally demonstrated in Fig. 5 is the estimation per-
Yo NBI S estimator:|" formance when no interference is present (circle marker), i.e.

detector | g false alarms might occur if the threshold is chosen too low.

Wmodulamr False alarms mean that valid observations are neglected for
Xy estimation, which becomes true for< 12 in the second run

and~y < 22 in the first run. It is obvious that in the second

iteration a better performance trade off can be achieved for

scheme is skipped here after the second run. Simulations ofl§ MSE (with and without NBI) e.g. with = 12.

showed minor gains for further detection/estimation cycles. These thresholds are chosen because the performance of the

The variance of the input to the second detector yields SYStem should not degrade in the absence of NBI compared
to the case of no NBI detector.

Fig. 4. NBI detector/channel estimator proposal

E{lyS =B (hnge — B\ T g + €k +wail?t  (24)

0 (0 * *
=02 + Pi(:k) +ou - ZE{Re{h;}(fna’f +wn k)b The estimates of the interference power as detected above
~o? + Pi(q?c) +02 — qxgk(Pi(,(;? +07) (25) and already used for channel estimation purpose, are reused
' for weighing the received data symbols and with them the soft
if ¢m is the Wiener filter matrix from (20) the inherenthits of the receive data. Like discussed in [5] the soft symbols
reduction of the interference power by the factor— ¢rx) are extracted from
is, in the case of a previously detected interference, marginal

D. NBI Supression

. . My
because themy; < 1. With the variance ofy!) also the L forkesW
variance of the test statistic is reduced. ' Znk = ,;S)yn’“k _ (26)
To assess the estimation performance, a system was 7 otherwise

smulated at an SNR:.SdB and and an SIR:13'2&_’CUVD/’eighting each received data symbol according to its estimated
which seems rather high but translates to a subcaSrI-NR Bt

rier SIR.= —9.72dB on the mainly afflicted subcar-

rier, if full alignment of the interferer with the a sub-

carrier (KAf,T =k, k=—K/2,...K/2—1) is assumed. V. SIMULATION RESULTS

This is sufficient to reduce BER performance signifi- Simulations are performed for an MB-OFDM like sys-
cantly. In Fig. 5 the channel estimation MSE is distem without frequency hopping but — in contrast to the
played for the first (solid line) and the second iteratiopon-frequency hopping modes of MB-OFDM — still with
(dashed) of the detection estimation cycle vs. the threstnly 2 preamble symbols. The bandwidth of the system is
old of the detector. The above case of perfect alignmept= 528 MHz. The OFDM symbol consists of th& = 128
(KAfT =k, k=—-K/2,-K/2+1,...K/2—1) is plotted samples IFFT outputNgq = 32 samples of the zero padded
with ’x’-markers. With '+' the case wher& A f;T' =k + 0.25  prefix such that that the total signal length= 160. The chan-

is marked. In both cases, it is is well visible that in the secornfkl decay constant is chosen/fas= 1/(25ns) i.e. the channel
cycle, a significantly reduced MSE can be achieved up tolgngth is 7 = 75 ns, which is approximately equivalent to
threshold of 10 or 12 whereas for thresholds larger than M4 of the IEEE 802.15.3a channel models [6] and results in
the first detector seems to work better. This is for the reducgte channel lengthy + 1 = 41. If the simple one stage NBI
power of the subcarrier due to the subtraction of the sign@étection algorithm from paragraph IV-A is used, the following
componentX,, h. Hence, the threshold can be reduced in thshannel estimation is based on this detected interference as

Ik
0121;+Pz‘(,k)

second iteration anyway. described in IV-B.
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Fig. 5. Channel estimation MSE of both iterations for SNR=3dB Fig. 6. ROC for NBI detection at SNR=8dB and SIR=13.25dB

Probability of False Alarm Pga
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Fig. 7. Pp and Pr 4 with simple detection and 3 interferers Fig. 9. Single NB Interferer at SIR=13.25dB and SNR=3dB
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Fig. 8. Pp and Pr4 with the joint algorithm and 3 interferers Fig. 10. Three NB interferers at combined SIR=6.5dB and SNR=3dB

At first, simulation results concerning a single narrowbandetection. A remarkable improvement is well visible for the
interferer are demonstrated. Therefore, since the focusjamt scheme and all NBI carriers: the curves approach the
on signal detection, a ratio of’ ;.. /(o +02) =8dB point (Pps = 0,Pp = 1) if compared to the simple detector.
at an SNR=3dB is assumed for the visualization. This In Fig. 7 and Fig. 8 detection and false alarm probability are
corresponds to a subcarrier SiR= —9.72dB and to the depicted vs. the threshold. Therefore, three NBI carriers are
OFDM symbol SIR=13.25dB. It can be shown that evenchosen coexistent, arbitrary but fixed &tA f;; T = —30.25,

NBI of this strength still rises significantly the BER ofat KAf;,T = 10.5 and atK' A f;3T" = 50. The detection (solid
MB-OFDM at high rates ® 200 MBit/s) even with frequency lines) and the false alarm probability (dashed) for each detec-
hopping and perfect channel knowledge. tion cycle are presented. Note that the order of the detections

The ROC diagram in Fig. 6 displays the detection prolmoes not tell, which interferer is picked first, second, etc.
ability versus the probability of false alarm for varying NBI Fig. 7 shows the simulated detection and false alarm prob-
carriersA f;T. The characteristics of the simple power detect@bilities for the simple power detector. The most remarkable
from section IV-A are plotted as solid lines and those of theoint is that for thresholds < 16 the detection probabilities
joint approach as dashed lines. Since only the fractional pagach their maximum, which is ndtp = 1, but much lower
of KAf;T determines the shape and, with it, the maximurmespecially for the third detection, as very often the channel
of the interference (cf. Fig. 2), it seems sufficient to base tiptus noise becomes stronger than all the interferers. Hence, a
diagram on 3 distinct NBI carriers witR' A ;7" = 10.0,10.25 detection miss and a false alarm occurs. The visible detection
and 10.5 in order to approximately cover the complete rangmiss can be circumvented when more detection trials than
of interference carriers for detection. 100 channel realizatiomgerferers are used.
have been generated and for each 100 detections have bedhis obvious that for none of the interferers a sensible
performed. trade-off between low false alarm probability and high detec-

Obviously, the interference detection performance is best fion probability can be found. However, employing the joint
the aligned interfered A f;T = 10.0 as then the maximum scheme in Fig. 8 things change significantly: for the first
of the interference functiOtN?/Ka% is reached on subcarriertwo detections a threshold of ~ 10 seems a good choice.
10. In contrast, the NBI power reaches only 22% of th&turthermore, the subtraction of the estimated channel variation
power at KAf;T = 10.5 rendering a successful detectiorbecomes beneficial in terms of the reduced probability, that
much more uncertain despite the two chances for correxie of the first two detections is erroneous.



In the following, the BER in the presence of NBI is V1. SUMMARY
discussed for both detection methods. Therefore, 100 channetne presented joint interference detection and channel es-

realizations are used and for each 100 data packets of 4(Ration demonstrates via simulations that it can significantly
bytes data are simulated. The amount of user data correspoggisrove the receiver performance in terms of the BER for
to 48 OFDM symbols after coding and QPSK mapping, S§igh SIR (- 10dB), if compared to the simple single stage
symbols together with the preamble. This results in a buigbtection algorithm. The gains in the BER together with
duration of15.2 uis, which is more than one order of magnitudgespective detection thresholds are foreshadowed by the MSE
smaller than e.g. the minimum frequency hopping interval @ferformance of the channel estimator, which, once again,

Bluetooth. underlines the importance of the channel estimation on the
In Fig. 9 and Fig. 10 display the BER vs. the detectiogystem performance.
threshold at an SNR=3dB. From the very right points in For higher code rates, even higher gains are expected due
the diagram related to very high detection threshold#t is to less code redundancy and, hence, a weaker capability of
pOSSible to read the BER if no interference detection Woug:,'ror correction. Even for an MB-OFDM System inc|uding
have happened. Especially the case of absent NBI servesraguency hopping losses of more than 1dB in the SNR are
the ultimate lower bound of the BER for this SNR, because dieasured for the 200 MBit/s mode and an SIR=11.25dB if
is clearly optimum not to try to (falsely) detect interferenceyg interference is detected, although the NBI just corrupts one
if none is present. Any intervention can only do harm. third of the OFDM symbols. Furthermore, weaker interferers
For the case of a single interferer in Fig. 9 at agre much more probable than strong ones, since the related
SIR = 13.25dB, a performance gain can be achieved for gllea increases with the radius and the corresponding signal
three different interference carriers and the joint scheme (sogﬂength decreases with this radius.
"neS) and very low detection thresholds. Addltlona"y, the BER As the used LMMSE channel estimator is rather Comp|exl
remains mostly unharmed from false alarms for absent NBi.is beneficial to search for simplified algorithms, that are ca-
For interferers in between two subcarriers €@\ f; 7" = 10.5  pable of both, exploiting the channel covariance and realizing
almost no gain is achievable, as they cannot be detectgdl interference suppression in the estimator. A derivation of
properly anyway. That is also the reason that the joint schef@ joint algorithm from ML or MAP theory and their iterative
achieves a lower BER for the other NBI carriers at lowpproximations is a helpful extension, as well as the study of

detection thresholds. The simple detection dlsplayed as Sqwé convergence based on these approximations_
lines suffers from substantially higher minimum BERs than

the joint scheme in all scenarios.

Fig. 10 is now concerned with three interferers present atl Multilgand QFDM Alliance, “MBOA PHY Layer Technical Specification
the ti ith a combined SIR = 6.5 dB. The power of a sindl V1.1,” Published on www.mboa.org, June 2005.
€ ume wi ! - : pow! ! qu] R. Nilsson, F. Sjberg and J. LeBlanc, “A rank reduced LMMSE

interferer is increased here in order to improve the detection canceller for narrowband interference suppression in OFDM-based Sys-
performance in this more severe scenario. The NBI center €ms’ IEEE Transactions on Communicatigneol. 51, no. 12, pp.

f i icked b for the d : d fal 2126-2140, Dec. 2003.
requencies are picked as apove for the detection and fa A. Coulson, “Narrowband interference in pilot symbol assisted OFDM

alarm probabilities. The solid lines indicate the BER for the  systems,”IEEE Transactions on Wireless Communicationsl. 3, no.
interference case while the dashed ones deal with the problem & Pp. 22772287, Nov. 2004.

f fal | NBI N h . f fi e[4] K. Shi, Y. Zhou, B. Kelleci, T. Fischer, E. Serpedin, and A. Karsilayan,
or Talse alarms (no present). ote the maximum of fiv “Impacts of narrowband interference on OFDM-UWB Receivers: Anal-

interference detection cycles (for five detectable interferers): ysis and Mitigation,”IEEE Transactions on Signal Processingl. 55,
this is especially important for understanding the results at the no- 3, pp. 1118-1128, March 2007.

. . . 5] S. Vogeler, L. Broetje, K. Kammeyer, R. Rueckriem and S. Fechtel,
detection threshold = 0. This means that automatically the ™ .gjing” Buetooth interference detection and suppression for OFDM

five subcarriers with the highest power values are identified transmission in the ISM bandZonference Record of the Thirty-Seventh

by the detector as containing interference. This proceeding Asilomar Conference on Signals, Systems and Computers, P03
703-706, Nov. 2003.

achieves amazingly good performance with only small Iossqg] IEEE P802.15 Working group TG3a, “Channel Modelling Sub-
in absence of interference for the joint detection and channel Committee Report Final,” Published on www.802wirelessworld.com,

estimation. However, looking for a good compromise means,_ Feb.2003. .
h . th hand t to increase the BER for ab em J. Ellis, K. Siwiak, and R. Roberts, 802.15.3a alt PHY selec-
ere: on the one hand, no I S S tion criteria” IEEE P802.15 Working group TG3a, Published on

NBI, but on the other hand, to gain as much as possible for www.802wirelessworld.com, Dec. 2002.

the case of interference, = 10 for the joint detector and [8] D. Slepian, “Prolate Spheroidal Wave Functions, Fourier analysis, and
. f h imol d b d uncertainty, V: the discrete caseBell Labs System Technical Jourpal
v = 30 for the simple one stage detector seem to be good 57 1o 5 pp. 1374-1430, May-June 1978.

choices. However the BER for the proposed threshgldsd [9] S. Kay, Statistical Signal Processing, Volume I, Detection Theory
present NBI is almost 8 times higher for the simple detectgr Prentice Hall, Upper Saddle River, NJ, USA, 1st edition, 1998.

.. . 10] H. Meyr, M. Moeneclaey, S. Fechtdbigital Communication Receivers:
than for the joint scheme. This stresses the value of a mére] Synchronization, Channel Estimation and Signal Processlagn Wiley

intelligent while also much more complex processing. As N0 & Sons, New York, NY, 1st edition, 1998.
phase information on the interference is used the introdud@dl N. Hadaschik, G. Ascheid, and H. Meyr, “Achievable Data Rate of

h Iso b | d if the interf . lized Wideband OFDM with Data-Aided Channel EstimatiorPtoceedings
scheme can also be employed It the INteriereénce IS realized as uf he IEEE Symposium on Personal Indoor and Mobile Communications

modulated carrier. (PIMRC) 2006 Helsinki, Finland, Sep. 2006.
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