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l. Title of Invention

Receiver Apparatus for Detecting Narrowband Interference in

a Multi-Carrier Receive Signal

2. Detailed Explanation of the Invention

The present invention 1is in the field of multi-carrier
dynamic spectrum sharing systems and particularly in
10 narrowband interference detection in shared spectrum data

transmission.

Multi-carrier dynamic spectrum sharing (DySS = Dynamic
Spectrum Sharing) systems derive their denomination from
15 the fact that they operate over a wide bandwidth where
other narrowband services can be active. Especially OFDM-
systems (OFDM = Orthogonal Frequency Domain Multiplexing)
can use non-contiguous groups of subcarriers in an
interfered spectrum. In particular, unmodulated, or also
20 called wvirtual, subcarriers will be placed over those
frequency intervals occupied by narrowband communication
systems so as to limit any possible interference to a
tolerable level. Additionally, in license exempt bands even
active OFDM subcarriers can be affected by interference
25 from other signals, for example.from Bluetooth. Possibly
strong narrowband interference (NBI = Narrowband
Interference) within the signal spectrum complicates

considerably the synchronization task of a receiver.

30 Generally, all OFDM systems that exploit synchronization
preambles for synchronization purposes and frequency
correction purposes are affected by the harmful influence
of narrowband signals, for example, in the case of spectrum
sharing systems. This is in particular disadvantageous as

35 spectrum sharing is considered to play a significant role
in the future of wireless systems, as for example in fourth
generation systems (4G = fourth generation). Since

bandwidth is a scarce resource, these systems have to find
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a way to establish successful ways to cope with possible
in-band interference, as the number of active wireless

systems 1is steadily increasing.

The effect of strong NBI is such that the common approach
of using a dedicated training block composed by several
repeated parts for timing and fregquency acquisition
experiences significant degradations in a spectrum sharing
system. The disadvantage of conventional systems is
therefore, that the synchronization and frequency-
correcting task of any receiver suffers from narrowband

interference, implying lowered overall system performance.

It is the object of the present invention to provide a
concept to efficiently detect narrowband interference 1in

order to enable narrowband interference reduction.

The object is achieved by a receiver apparatus according to

claim 1 and a method for receiving according to claim 12.

The object 1is achieved by a receiver apparatus for
detecting narrowband interference in a multi-carrier
receive signal. The multi-carrier receive signal Dbeing
comprised of a plurality of subcarriers and having a
structure of sequential time frames, the receiver apparatus
comprising a means for transforming a composed receive
signal, which is based on a transmit signal having
subcarriers with a predefined amplitude and having
subcarriers with a zero amplitude, to the frequency domain
to obtain a composed receive signal spectrum, the composed
receive signal being a composed of multi-carrier signals of
multiple time frames. The receiver apparatus further
comprising a means for detecting narrowband interference by
comparing subcarrier intensities from the composed receive
signal spectrum to a detection threshold and a means for
cancelling a subcarrier 1in the composed receive signal
spectrum if the intensity of the subcarrier is above the
detection threshold.
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The present invention 1is based on the finding that an
existing preamble structure, especially of 802.11 systems,
can be used to detect narrowband interference in shared
spectrum systems. The existing systems do not utilize all
subcarriers for the preamble and narrowband interference
can be detected in the gaps of unused subcarriers during
the preamble period. Once the narrowband interference is
detected, 1t can easily be reduced by demasking in the
fregquency domain, i.e. by using only subcarriers having
frequencies that are not occupied by narrowband interferers.
Especially in a WLAN (WLAN = Wireless Local Area Network)
the existing preamble can be used to detect narrowband

interference.

Embodiments of the present invention are detailed in the

following using the accompanying figures, in which

Fig. la shows an embodiment of a receiver apparatus;

Fig. 1b shows a block diagram of an embodiment of a

receiver;
Fig. 2 displays a table of WLAN system simulation
parameters;
Fig. 3 shows an embodiment of a WLAN frame structure;
Fig. 4 shows an embodiment o¢f a frame structure for

simulations;

Fig. 5 shows and embodiment of a structure of a

preamble;

Fig. o6a illustrates narrowband interference estimation

using two exemplified spectra;
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Fig. 6b
Fig. 7
Fig. 8
Fig. 9
Fig. 10
Fig. 11
Fig. 12
Fig. 13
Fig. 14
Fig. 15
Fig.
detecting
receive

comprised
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shows a view graph of simulation results of bit
error rates versus a number of cancelled

Subcarriers;

shows a block diagram of an embodiment of

narrowband interference cancellation;

shows simulation results of bit error rates

versus an 1nterference detection threshold;

shows simulation results of bit error rates
versus bit energy over spectral noise density for

different frequency offsets;

shows simulation results of bit error rates for

different numbers of narrowband interferers;

shows simulation results of bit error rates for

different signal-to-interference ratios;

shows simulation results in a histogram of timing

estimates without narrowband interference;

shows simulation results in a histogram of timing
estimates with narrowband interference and

without narrowband interference cancellation;

shows simulation results in a histogram of timing
estimates with narrowband interference

cancellation; and

shows simulation results of a carrier frequency

estimation mean square error.

la shows an embodiment of a receiver apparatus 100 for

a narrowband interference 1in a multi-carrier

signal, the multi-carrier receive signal being

of a plurality of subcarriers and having a
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structure of sequential time frames. The receiver apparatus
100 comprises a means 110 for transforming a composed
receive signal, which 1s Dbased on a signal having
subcarriers with a predefined amplitude and Thaving
subcarriers with a zero amplitude, to the freguency domain
to obtain a composed receive signal spectrum, the composed
receive signal being composed of multi-carrier receive
signals of multiple time frames. The receiver apparatus 100
further comprises a means 120 for detecting narrowband
interference by comparing subcarrier intensities from the
composed receive signal spectrum to a detection threshold
and further comprises a means 130 for cancelling a
subcarrier in the composed receive signal spectrum, if the
intensity of the subcarrier is above the detection
threshold.

In another embodiment the means 120 for detecting
narrowband interference is adapted for comparing subcarrier
intensities from the composed receive signal spectrum of a
subcarrier, which is based on a zero amplitude subcarrier
in the transmit signal, to the detection threshold. The
receiver apparatus 100 can further comprise a means for
transforming the composed receive signal spectrum with
cancelled subcarriers to the time domain to obtain a
composed receive signal with reduced narrowband
interference. The multi-carrier receive signal can be based
on a transmit signal, which 1is composed o¢f repeated
transmit sequences, wherein a duration of a transmit
sequence 1s less than a time frame. In one embodiment the
duration of a transmit sequence 1is a quarter of the time
frame, as for example in a WLAN preamble. In another
embodiment, the transmit sequence is repeated a number of
times, in a preferred embodiment as for example according
to the 802.11 specifications the transmit sequence 1is

repeated ten times.

In one embodiment the multi-carrier receive signal is based

on a preamble signal according to the 802.11 specifications.
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The receiver apparatus 100 can further comprise a means for
time synchronizing on the composed receive signal with
reduced narrowband interference. Morecver, in one
embodiment, the receiver apparatus 100 further comprises a
means for estimating a frequency offset based on the
composed receive signal with reduced narrowband
interference. The means for cancelling a subcarrier can be
further adapted for <cancelling subcarriers within a
frequency range around a frequency of the subcarrier,
which’s intensity is above the detection threshold. For a
case where the narrowband interferer collides with a
subcarrier of the preamble, 1t is one embodiment of the
present invention to cancel that subcarrier if the
narrowband interference is detected on any of the neighbor
subcarriers. In one embodiment therefore, the frequency
range in which subcarriers are cancelled spans across two
consecutive subcarriers. In general embodiments of the

present invention can be applied to any OFDM systems.

According to embodiments of the present invention,
narrowband interferers are estimated 1in the frequency
domain by evaluating subcarrier intensities against a
detection threshold, upon which the narrowband interferers
can be suppressed by setting the subcarrier intensity to
zero 1if interference is detected, provided that the number
of subcarriers set to zero is limited, the synchronization

accuracy degradation is tolerable.

Fig. 1b shows a block diagram of an embodiment of a
receiver apparatus 100. The receive signal undergoes the
narrowband interference estimation 150 as described above.
The narrowband interference can then be cancelled by the
narrowband interference canceller 155 in the frequency
domain. Based on the signal with reduced narrowband
interference, a timing and a frequency estimator 160 can
provide timing and frequency corrections to a timing and
frequency corrector 165. Once the timing and frequency is

corrected a channel estimator 170 can estimate the radio
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channel and provide a channel estimate to a data detector
175, which finally detects the data. Fig. 1b shows a
conceptional embodiment of a receiver apparatus 100 for a
multi-carrier system. After the narrowband interference has
been estimated and suppressed, timing and frequency
estimation can be performed using standard algorithms, for
example by means of a Schmidl and Coxs (S&C = Schmidl and

Cox) algorithm.

A multi-carrier signal that spans an overall bandwidth B
divided in N orthogonal subcarriers is considered in the
following to detail a preferred embodiment of the present
invention. In a multi-carrier system due to Doppler shifts
and/or oscillator instabilities, a fregquency £fio ©of the
local oscillator 1is not exactly equal to the received
carrier frequency f.. The difference f4=f.-f10 is referred
to as carrier frequency offset (CFO = Carrier Frequency
Offset). In addition, since time scales on the transmit and
receive sides are not perfectly aligned, at the start-up
the receiver does not know where the OFDM symbols start and,
accordingly, the DFT (DFT = Discrete Fourier
Transformation) window will be placed in a wrong position.
Since small or fractional timing errors do not produce any
degradation of the system performance, 1t suffices to
estimate the beginning of each received OFDM block within
one sampling period T=1/B. In the following @ denotes the
number of samples by which the receive time scale is
shifted from its ideal setting. Thus, the time domain
samples (tds = time domain samples) of the received signal,

collected at the instants t=nT, can be expressed as

r(n)= eﬂ””"“vzf h(£)s,(n—86 — £ —iN)+i(n)+n(n) (1)

i 1=0

where N is the OFDM block size, v=f,NI 1is the frequency

error normalized to the subcarrier spacing, h=[h(0), h(1),
., h(L-1)]7 is the discrete-time channel impulse response

(CIR = Channel Impulse Response) encompassing the physical
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channel as well as the transmit/receive filters, i(n) is the

NBI term and, finally, wn(n) 1is complex-valued AWGN with

. 2
variance o,

After NBI cancellation, the frequency and timing
synchronization units employ the received samples r(n) to
compute estimates of v and 6, in the following denotes as
? and 6. The former is used to counter-rotate r(n) at an
angular speed 2m/N , while the timing estimate 1is
exploited to achieve a correct positioning of the receive
DFT window. Specifically, the samples r(n) with 1indices
iIN+O0<n<iN+0+N-1 are fed to the DFT device and the
corresponding output 1is used to detect the data symbols

within the i-th OFDM block.

In the following a WLAN scenario where the desired signal
spans a 20 MHz bandwidth and the number of subcarriers is
64, is considered. Fig. 2 shows a set of system parameters
used for a WLAN scenario, which serves as for simulating an
embodiment. In order to speed up software development and
simulations some characteristics of the IEEE 802.11 have
not been implemented. Among the features that are currently
missing, there is error protection coding and
implementation of wvirtual carriers, however it does not
hinder to demonstrate the achievable benefits of
embodiments of the present invention with respect to narrow

band interference detection.

Fig. 3 shows a frame structure, which is used in order to
test the WLAN scenario, which is compliant with the 802.11
standard. At the beginning of each frame there 1is a
preamble 300 consisting of three synchronization blocks 310
320 and 330. The first block 310 serves for signal
detection, automatic gain control (AGC = Automatic Gain
Control) and coarse frequency offset estimation. The block
310 is obtained by repeating ten times a short training

sequence with a duration of t;=0.8us, 1=1..10, yielding an
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overall duration of 8ps. The length of the short training

sequence 1is N/4. The

and fine frequency

second block 320 serves for channel

offset estimation and also has a

duration of 8 ps. In the time domain the block 320 consists

of two long training
of N/2 symbols. The

sequences of N symbols and a preamble

third block 330 conveys information

about the type of modulation and the coding rate as used in

the rest of the frame

and has a duration of 4ps. Following

the third block 330 service and data blocks are transmitted,

which are out of the scope of the present application.

As shown in Fig. 4,

in the analysis carried out with the

embodiment of the present invention, a simplified frame

structure was utilized to carry out simulations. The frame

400, which is depicted in Fig. 4, is comprised of three

blocks 410, 420 and 4

40. The functions described in Fig. 3

are remapped to functions of the three blocks 410, 420 and

430 of the preamble
preampble 400 1is ©pa

400 in Fig. 4. The block 410 of the

rticularly suited to estimate the

presence of narrowband 1interference, because of its

structure. It contains ten repetitions of a training

sequence of length N/

be used for both timi

4. Moreover, the second block 420 can

ng and frequency estimation, by means

of for example the S&C algorithm, and the third block 430

can be used for channel estimation. As indicated in Fig. 4,

the length of the s

econd Dblock 420 is 2xN+N/4 and the

length of the third block 430 is N+N/4. The remapping has

negligible effects on the synchronization performance and

it 1is motivated by

the need for fast and reliable

simulation results. Results obtained for example, for the
WINNER (WINNER = Wireless World Initiative New Radio)

scenario show that,

after the interference cancellation,

the first block can be used for timing synchronization as

well with almost no degradation.

Fig. 5 depicts a structure of the first block 410 of the

preamble 400. It indicates the general repetitions of a

block B of size N/4.

The NBI estimation algorithm as an
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embodiment of the present invention has been designed under
the assumption that prior to NBI estimation there is a
maximum timing error € up to N/2 (i.e. 05 8 <N/2). The
algorithm relies on the specific structure of the first
block 410 of the WLAN preamble 400, which is shown in Figs.
4 and 5. The Dblock consists of a 10-fold repetitiocon of a
short training sequence ﬂ%nﬁ@zzL“,N74). Neglecting the

thermal noise and carrier frequency offset, at the receiver
the n-th received tds r(n) of the preamble is:

r(n)=x,(n)+i(n), (2)

1-1
where x(n)=Zh(,€)s(n—,€) is the desired signal after being
1=0

filtered by the channel A(n) of length I samples and
x,(n)=x(n-06) .

Provided that L+0<N/2, the sequence bﬁ@ﬂknzlw”2N), which

collects the tds of the first block of the preamble, 1is
periodic of period N/4

-1
xe(n+kN/4):Zh(f)s(n—9+kN/4—£)=x9(n) ' k=0,.9. (3)

=0
The last equality in ({3) is due to the fact that the
sequence {ﬂnﬂ is periodic of period N/4 for n = 1,..,10N/4
and thus s(n—-0+iN/4-D=s(n-0-1)=b(mod(n—-0—-(,N/4)).

Let R(m),m=1,..2N be the outcome of the DFT of the first
2N-dimensional block of the preamble neglecting noise. It

is
R(m)=X,(m)+I(m) m=1.2N (4)

where X,(m) and I(m) are the DFT of the desired signal and

the interference, respectively. Because of the periodicity
of b@Uﬁ}, it is
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Ay(m) m=8xl I=1,..,N/4

0 otherwhise

A%@ﬂ:{

N/4-1
where AAnﬂ::SZZxQUQeﬂm”QN . Thus substituting (5) in (4)

n=0

yields

Ay(m)y+1I(m) m=8l1=1,...N/4
I(m) otherwhise

R(m) :{

Therefore, in absence of carrier frequency offset, R(m) is
an unbiased optimum estimator for NBI on all the
subcarriers with indexes m=8/ ,1=1,..,N/4 . The sqguared

module of R(m) is confronted with an adequate threshold P,

if [R(m)}zﬂ’,h , 1t 1is assumed that there is an NBI source

transmitting over the m -th subcarrier. Fig. 6a shows an
embodiment of the NBI estimation algorithm. The 2N-
dimensional DFT over the preamble block 410 is computed and

its output is used to estimate the interference over the

subcarriers with indexes m=#8 ,[=1,..,N/4.

Fig. 6a depicts two spectra determined according to the
above description. The first spectrum 600 results from a
DFT over the preamble block 410, and it shows an intended
subcarrier 602 and narrowband interference 604. As the
subcarrier 602 was intended, it can be concluded from the
spectrum 600 that the narrowband interference spans across
the subcarriers 004, and accordingly a narrowband
interference estimate can be carried out as shown in the

second spectrum 610.

The task of detecting interference on the subcarriers with
indexes m=8/,/=1..,N/4 is more challenging because of the
presence of the desired signal. Since NBI estimation is
performed Dbefore having acquired any synchronization
information of the desired signal, the optimal choice would
be a joint NBI estimation/signal synchronization strategy.

On the other hand, this approach, though optimal, requires
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a very large computational effort. Therefore, to keep the
overall complexity low a simple heuristic is proposed if
any subcarrier adjacent, i.e. with index m=8%1, results
interfered then also the subcarrier carrying the signal,

i.e. with index m=8/, is considered interfered.

Residual carrier frequency offsets destroy the
orthogonality between subcarriers in a multi-carrier system.
Thus, since the whole NBI estimation algorithm relies on
the specific structure of the desired signal in the first
preamble block, even small frequency offsets risk to
severely affect the NBI estimation algorithm. In particular,
in the considered case the effect of a frequency offset v
is that an increasingly large fraction of the desired
signal power is received on subcarriers with indexes m=#8l
and thus also the desired signal risks to be detected as
interference. Numerical results show that an embodiment of
the NBI estimation algorithm is robust to offsets up to 20%
of the subcarrier spacing 1/NT, which are the ranges of
offsets for the WLAN scenario. For larger offsets the NBI
estimation 1is wunreliable and the overall performance
deteriorates requiring a different NBI estimation algorithm

as in the case of e.g. a WINNER scenario.

After having decided which subcarriers are occupied by NBI
sources, interference is removed by setting to zero those
subcarriers that result interfered. Embodiments of the
present invention remove or reduce all detected
interference so that the timing synchronization and the
carrier frequency estimation algorithms can work reliably.
Nonetheless, setting to zero a certain number of
subcarriers has an 1impact also on the desired signal,

namely:

e the available energy for synchronization 1s reduced
proportionally to the number of cancelled subcarriers
and thus errors due to the thermal noise are more likely.
On the other hand, in a WLAN scenario the
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synchronization preamble 1is long enough to be very
robust against the thermal noise. Fig. 6b shows the BER
as a function of the number of subcarriers cancelled.
The synchronization algorithms show 1little degradation
when the number of subcarriers cancelled is up to 50% of
the total number.

e distorts the signal.

The effect of interference power leakage, which is evoked
by windowing an interference signal in the time domain, is
to spread the interference over a larger number of
subcarriers, and thus complicates the task of NBI
cancellation. The problem of interference power leakage can
be tackled by increasing the DFT block-size e.g. to 4N. By
doing so, the main lobe of a sinc function, resulting from
rectangular windowing in the time domain is four times more
compact and accordingly the power leakage of ©NBI 1is
likewise reduced. Moreover, increasing the DFT window to 4N
has the beneficial effect of reducing the distortion of the
cancellation of the desired signal. Thus, to improve the
NBI cancellation algorithm, additional time domain samples
are considered, which <can e.g. be obtained from an

interpolation or an oversampling operation.

Symbol and timing estimation can be performed according the
algorithm proposed by S&C. Since it 1s assumed to have
cancelled all the NBI, interference does not appear

explicitly anymore in the received signal equations.

Symbol timing recovery 1s based on a search for training
symbols with two identical halves in the time domain, which
remain identical after passing through the channel, except
that there will be a phase difference between them caused
by the carrier frequency offset. The two halves of the
training symbol are made identical by transmitting two
identical OFDM blocks of length N. The idea of S&C to

achieve timing synchronization is to correlate the first
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and the second OFDM blocks using a 2N-leg window. The

timing metric adopted to estimate the correct timing is

_lp@f
Ad) = R (7)
where
P(d)=§r*(n+d)r(n+d+N), (8)
R(d)=§\r(k+d+N)’2. (9)

Note that d is a time index corresponding to the first
sample in a window of 2N samples. The estimate for the
correct value of the symbol timing is found by maximizing

the metric in (7),

é:argm?x{/\(d)}. (10)

After having estimated the correct timing, all the tds of

the training symbols are

rn+0)=s(me’”™'V +n(n+0) . (11)
Thus, taeking advantage of the periodicity of the training

symbol, the carrier frequency offset can be estimated as

ﬁ:—]—arg{R}, (12)
2z

where R is the N-leg correlation of the received samples of

the training symbol

N1 R .
R:-]%Zr*(n+9)r(n+9+N). (13)

n=0

The narrowband interference block can be enhanced. Fig. 7
depicts a block diagram of a receiver apparatus 100. The

time domain samples of the receive signal are input to a
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4N-FFT 700 (FFT = Fast Fourier Transformation) with, which
has the size of 4N. The number of samples can, for example,
be achieved by interpolating between samples obtained with
a sampling frequency or respectively by oversampling. The
spectrum of the receive signal samples is provided to the
narrowband interference cancellation block 710. A block 715
calculates the interference power on all subcarriers and
provides the calculated powers to a narrowband interference
estimation block 720, which provides the subcarriers to be
cancelled to the narrowband cancellation block 710. The
block 710 then cancels the subcarriers on which the
interference was detected, respectively on which the
intensity was above the detection threshold as indicated in
Fig. 7. The signal with the reduced narrowband interference
is then provided to an inverse 4N-IFFT 725 (IFFT = Inverse
Fast Fourier Transformation) of size 4N, where an
interference reduced receive signal is back-transformed to

the time domain.

This section evaluates the performance of an embodiment of
an NBI cancellation algorithm 1in a WLAN scenario. The

interference term in (2) is the sum of the contribute of

all NBI sources, Kn):E:ﬂ”Uﬂin the system. Each NBI source
J

ig)(t) is represented as a pulse amplitude modulated (PAM

Pulse Amplitude Modulated) signal, whose spectrum 1is
centered at the normalized frequency vu)eh,N]

—/Z’WU)’

l'(./)(t):A(J')Zc,(nj)g(t_m']})e*—jv?_ , (14)

where the symbols ¢ =da+ BV 4V bV e 143, . tVM | are i.i.d
y .]m m m

random variables that belong to a M-point QAM constellation,
A7 is a parameter that scales the interfering source power
that determines the position of the NBI source 1in the
signal spectrum, Ts; 1is the NBI symbol interval and the
pulse-shaping function g(t) 1is a raised cosine function
with roll-off o
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-«

T <

15

_ 2 _ l-a I+a
G(f)=197,cos (4a(12f2 1+a)) T (f]< T (15)

1+«
0 _

2T /]

Under these assumptions, the bandwidth occupied by each NBI

source 1is

1
Byy =(1*’a)§T- (16)

b3

Most of the results have been obtained in the presence of a
strong NBI interferer, occupying a bandwidth Bppr=1MHz with
a with SIR=-20dB (SIR = signal-to-interference ratio). The
signal-to-interference ratio is defined as the ratio of the
average power receilved over a sub-carrier of the desired

signal and the power of the interfering signal.

E S S(m)f
P
SIR:W .

m=]

To study the performance of synchronization in presence of
NBI four different parameters are used in the following,
namely bit error rate (BER = Bit Error Rate), histograms of
the timing error, mean sguare crror (MSE = Mean Square
Error) of the carrier frequency offset and signal-to-noise

ratio (SNR) degradation.

The BER 1s computed assuming that after synchronization
transmission will take place only over those subcarriers
that are not interfered. Therefore it is assumed that the
signal is virtually interference-free and NBI will affect
the performance only through synchronization errors.

Channel estimation is performed in absence of NBI. Fig. 8
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plots the measured BER for different values of interference
detection thresholds for the NBI cancellation algorithm.
These results have been obtained for one NBI that occupies
a 1MHz bandwidth and SIR=-20dB. The frequency offset 1is
v=0.1 and E,/Ny=20dB. For small values of the threshold v
the measured BER is large because a large number of sub-
carriers of the received signal 1s set to zero. Thus,
interference is removed but useful signal toco and this
leads to poor timing synchronization and BER degradation.
As it can be noticed from the results there is a wide range
of threshold values that vyield optimum or quasi-optimum
results. Thus, the choice of the threshold 1is not a
critical issue provided that it is chosen within this range.
For large wvalues of the threshold not all the interference

is detected and removed and thus the BER grows.

Fig. 9 shows the results obtained for utilizing different
values of frequency offsets v (™ni” in the figures). The
proposed algorithm is robust to frequency errors up to
v=0.2. For larger values of the frequency offset the loss
is more than 2dB with respect to ideal curve obtained
without interference. On the other hand, in case narrowband
interference 1s not taken care of, the system performance

is very poor.

Fig. 10 shows the BER results as a functiocn of the number
of interferers. The interference power is fixed to yield an
overall SIR=-20dB. By increasing the number of interferers,
the number of sub-carriers that are set to zero increases
too. In any case, results show that the embodiment of an
NBI detection algorithm is robust with respect to number of
interferers, i.e. with 5 interferers that occupy
approximately 25% of the signal bandwidth the loss is lower
than 4dB.

Fig. 11 shows the BER results as function of the E,/N; for
different values of the power of one NBI source. As a

matter of fact, the algorithm 1is robust to strong



10

15

20

25

30

35

(37) JP 2008-206152 A 2008.9.4

interference up to SIR = -35 dB. For even stronger
interference too much interfering power leaks onto the
desired signal and the system performance shows some

degradation.

To measure the accuracy of the timing synchronization unit,

histograms approximating the probability density function
of the timing error AO=0-0 are used. Figs. 12-14 show the
timing histograms obtained for timing synchronization in a
system without NBTI (Fig. 12), a system with strong NBI (Fig.
13) and with strong NBI after interference cancellation
(Fig. 14), respectively. Correct synchronization is
achieved 1if the timing estimate 1lies 1inside the range
[CPiengin —L, 0] (CPrengtn = Cyclic Prefix Length). In the WLAN
scenario as indicated in Fig. 2 the cyclic prefix length is
CPiengtr=16 samples and the channel length L depends on the
particular channel realization. Results show that in
absence of a dedicated strategy for taking care of NBI,

synchronization in presence of strong interferer is in most
of the cases impossible. On the other hand, results
obtained after NBI cancellation are very close to the ideal

optimum of the interference-free case.

As shown in Fig. 9, the carrier frequency estimation error
has an impact on both the NBI cancellation performance and
the BER. The carrier frequency estimation MSE (MSE = Mean

Square FError) is defined as

EUV—&

'} (18)

Fig. 15 shows the carrier frequency MSE with respectively
without NBI cancellation and for reference without NBI. The
MSE has been computed assuming perfect timing estimation
and a frequency offset v =0. Once again, estimation
performance is very poor without interference cancellation.
The residual interference due to the power leakage

determines an error floor in the performance of the
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frequency estimation algorithm after NBI <cancellation.
Nonetheless, results presented above show that this floor
is sufficiently low in the simulation scenarios that have

been investigated.

Embodiments of the present invention have the advantage
that conventional systems can be used to cancel narrowband
interference. Since no changes to e.g. the §02.11
specifications are needed, narrowband interference can be
detected reliably, accordingly, the narrowband interference
can be reduced and synchronization and frequency offsets
can be determined more accurately. Overall embodiments of
the present invention therewith provide a more robust

transmission and a higher system performance.

Depending on certain implementation requirements of the
inventive methods, the inventive methods can be implemented
in hardware or in software. The implementation can be
performed using a digital storage medium, in particular a
disc, DVD or a CD having electronically readable control
signals stored thereon, which cooperate with a programmable
computer system such that the inventive methods are
performed. Generally, the present invention 1s, therefore,
a computer program product with a program code stored on a
machine-readable carrier, the program code being operative
for performing the 1inventive methods when the computer
program product runs on a computer. In other words, the
inventive methods are therefore, a computer program having
a program code for performing at least one of the inventive

methods when the computer program runs on a computer.
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List of Reference Signs

100
110
120
130

150
155
160
165
170
175

300
310
320
330

400
410
420
430

600
602
604
610

700
710
715
720
125

Receiver apparatus
Means for transforming
Means for detecting

Means for cancelling

Narrowband interference estimator
Narrowband interference canceller
Timing and frequency estimator
Timing and frequency corrector
Channel estimator

Data detector

WLAN preamble
First block
Second block
Third block

Preamble
First block
Second block
Third block

First spectrum
Intended subcarrier
Narrowband interference

Second spectrum

4N Fast Fourier Transform
Narrowband interference canceller
Calculator

Narrowband interference estimator

4N Inverse Fast Fourier Transform
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Claims

1. Receiver apparatus (100) for detecting narrowband
interference in a multi-carrier receive signal, the multi-
carrier receive signal being comprised of a plurality of
subcarriers and having a structure of sequential time

frames, comprising:

a means (110) for transforming a composed receive signal,
which is based on a transmit signal having subcarriers with
a predefined amplitude and having subcarriers with a zero
amplitude, to the frequency domain to obtain a composed
receive signal spectrum, the composed receive signal being
composed of multi-carrier receive signals of multiple time

frames;

a means (120) for detecting narrowband interference by
comparing subcarrier intensities from the composed receive

signal spectrum to a detection threshold; and

a means (130) for cancelling a subcarrier in the composed
recelve signal spectrum 1f the intensity of the subcarrier

is above the detection threshold.

2. Receiver apparatus (100) of claim 1, wherein the means
(120) for detecting narrowband interference is adapted for
comparing subcarrier intensities from the composed receive
signal spectrum of a subcarrier, which is based on a zero
amplitude subcarrier in the transmit signal, to the

detection threshold.

3. Receiver apparatus (100} of claim 1 or 2 further
comprising a means for transforming the composed receive
signal spectrum with cancelled subcarriers to the time
domain to obtain a composed receive signal with reduced

narrowband interference.
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4. Receiver apparatus (100) of one of the claims 1 to 3,
wherein the means (110) for transforming is adapted for
transforming a multi-carrier receive signal which is based
on a transmit signal composed of repeated transmit
sequences, wherein a duration of a transmit sequence is

less than a time frame.

5. Receiver apparatus (100) of claim 4, wherein the
duration of a transmit sequence 1s a quarter of the time

frame.
6. Receiver apparatus (100) of «c¢laim 5, wherein the

transmit sequence is repeated ten times.

7. Receiver apparatus (100) of one of the claims 1 to 6,

further comprising a means for time synchronizing on the

composed receive signal with reduced narrowband
interference.
8. Receiver apparatus (100) of one of the claims 1 to 7,

further comprising a means for estimating a frequency
offset based on the composed receive signal with reduced

narrowband interference.

9. Receiver apparatus (100) of one of the claims 1 to 8,
wherein the means (130) for cancelling a subcarrier is
further adapted for cancelling subcarriers within a
frequency range around a frequency of the subcarrier,

which’s intensity is above the detection threshold.

10. Receiver apparatus (100) of claim 9, wherein the

frequency range spans across two consecutive subcarriers.

11. Receiver apparatus (100) of one of the claims 1 to 10,
being adapted for detecting narrowband interference in an
OFDM system.
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12. Method for detecting a narrowband interference in a
multi-carrier receive signal, the multi-carrier receive
signal being comprised of a plurality of subcarriers and
having a structure of sequential time frames, comprising

the steps of:

transforming a composed receive signal, which is based on a
transmit signal having subcarriers with a predefined
amplitude and having subcarriers with a zero amplitude, to
the frequency domain to obtain a composed receive signal
spectrum, the composed receive signal being composed of a

multi-carrier receive signals of multiple time frames;

detecting narrowband interference by comparing subcarrier
intensities from the composed receive signal spectrum to a

detection threshold; and

cancelling a subcarrier 1in the composed receive signal
spectrum if the intensity of the subcarrier is above the

detection threshold.

13. Computer program having a program code for performing
the method of claim 12, when the computer program runs on a

computer.
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l. Abstract

A receiver apparatus (100) for detecting narrowband
interference in a multi-carrier receive signal, the multi-
carrier receive signal being comprised of a plurality of
subcarriers and having a structure of sequential time
frames. The receiver apparatus (100) ccmprises a means
(110) for transforming a composed receive signal, which is
based on a transmit signal having subcarriers with a
predefined amplitude and having subcarriers with a zero
amplitude, to the frequency domain to obtain a composed
receive signal spectrum, the composed receive signal being
composed of multi-carrier receive signals of multiple time
frames. The receiver apparatus (100) further comprises a
means (120) for detecting narrowband interference by
comparing subcarrier intensities from the composed receive
signal spectrum to a detection threshold and further
comprising a means (130) for cancelling a subcarrier in the
composed receive signal spectrum 1f the intensity of the

subcarrier 1s above the detection threshold.

2. Representative Drawing

Fig. 1la
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FG 2
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