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Abstract— This paper proposes a burst noise cancellation
scheme for single carrier block transmission with cyclic prefix
(SC-CP) systems. In the proposed scheme, we simply force the
received signals which are collapsed by the burst noise to be zeros.
Since this processing introduces an inter-symbol interference
(IS1), which cannot be effectively equalized with a conventional
frequency domain equalizer (FDE), we also propose an ISI
cancellation scheme. We firstly generate a replica signal of the ISI
using tentative decisions in order to make the defective channel
matrix to be circulant, and then the conventional frequency
domain equalization is performed to compensate the ISI. Also,
we have utilized newly derived minimum mean-square—error
(MMSE) based FDE weights for the replica signals generation.
Computer simulation results show that the proposed burst noise
cancellation scheme with the ISI cancellation can significantly
improve the bit error rate (BER) performance even when almost
10% of the received signals are collapsed by the burst noise.

I. INTRODUCTION

A single carrier block transmission with cyclic prefix (SC-
CP)[1]-[3], has been drawing much attention because of the
effective and simple frequency domain equaizer (FDE) using
fast Fourier transform (FFT). Of particular significance of the
SC-CP system is that, as far as the length of the guard interval
(GlI) is greater than or equal to the channel order, the channel
matrix is given by a circulant matrix thanks to the cyclic prefix
(CP).

In order to apply the SC-CP scheme to wide-ranging envi-
ronments, accurate responses to various causes of performance
deterioration will be required. A burst noise is one of the most
important cause of the performance degradation for wireless
communications systems, especially in industrial, scientific
and medica (ISM) bands[4]. So far, to the best of authors
knowledge, no burst noise cancellation scheme for the SC-
CP system has been proposed. Forward error correction code
with deep interleaver could be one promising option for such
situations, however, it aso introduces a large processing delay.
Therefore, we have considered the problem of the burst noise
from a viewpoint of signal processing.

In this paper, we propose a simple burst noise cancellation
scheme for the SC-CP system. In the proposed scheme,
we force the received signals which are collapsed by the
burst noise to be zeros. Since this processing introduces an
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inter-symbol interference (ISl), which cannot be effectively
equalized with a conventional FDE, we also consider 1SI
cancellation schemes, where we have taken a similar approach
to [5]. We firstly generate a replica signal of the ISl using
tentative decisions in order to make the defective channel
matrix to be circulant, and then the conventiona frequency
domain equalization is performed to compensate the ISI. As
for the replica signals generation, we have utilized newly
derived minimum mean-square—error (MMSE) based FDE
weights. Computer simulation results show that the proposed
burst noise cancellation scheme with the I1S| cancellation can
significantly improve the bit error rate (BER) performance
even when almost 10% of the received signals are collapsed
by the burst noise.

Il. PROPOSED BURST NOISE CANCELLATION SCHEME

Thefollowing notations are used for describing the proposed
system. K is the length of the guard interval, M the FFT
size, and L is the channe order. An M x M identity matrix
will be denoted as I,,, a zero matrix of size A x B will be
denoted as 0 4« 5, a matrix of size A x B, whose elements
are al 1s, as 144, and a DFT matrix of size M x M,
whose (i,7) element is ﬁe—jw, as D. We will
use E[-] to denote ensemble average, () for transpose, (-)
for Hermitian transpose, tr(-) for trace, and (-)* for complex
conjugate.

A. Sgnal Modeling

In order to obtain a received signal moddl, we have made
following assumptions:
o Thelength of the cyclic prefix K is greater than or equal
to the channel order L
« A burst noise collapses P consecutive symbols
« Upto one burst noise is observed within a received signal
block
With the assumptions, the received signal vector after the
cyclic prefix removal at the receiver can be written as

)

where s = [sg,...,s1]7 denotes a transmitted informa-
tion signa block of length M, n is a zero mean white
noise vector, whose covariance matrix is 021, and v; p =
[01(i—1)5 Vi, - - - VigP—1, 01 (m—i—p)] " iS@burst noise vec-
tor, whose P consecutive entries from the ith element are

r=Cs+n+v;p,
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Fig. 1. Linear Equalization Approach

nonzero. C is an M x M circulant channel matrix defined
as
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where {ho, ..., hr} denotes a channel impulse response.

B. Burst Noise Cancellation

The basic idea of the proposed burst noise cancellation
scheme is quite simple. We simply force the corresponding
received signals to be zeros. Defining a matrix P, p =
diag[1;y(i—1) O1xp lix(m—i—p)], the received signal vector
after the burst noise cancellation r' can be written as

r = P; pr, 3)
= Pi’pCS + Pi7pn. (4)

Since P; pv; p = Oumxi, We can perfectly eliminate the
burst noise in the received signal, however, the cancellation
also introduces an inter-symbol interference, which cannot
be effectively equalized by the conventional FDE. In the
following section, we consider ISl cancellation schemes for
the received signal model of (4).

C. Inter-Symbol Interference Cancellation

In this section, we consider three ISl cancellation (or
equalization) methods.

1) Linear Equalization: We firstly try to utilize linear
equalization approach. As shown in Fig.1, the output of the
linear equalizer can be written as

Sinr = FIt = FHP; pCs + FEP; pn. (5)

In order to determine the equalizer weights, we have em-
ployed zero-forcing (ZF) and MM SE criteria. The ZF equalizer
can be given by an inverse of P; pC, therefore, the output of
the ZF equalizer will be

F = (P;pC)~". (6)
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Fig. 2. Frequency Domain Equalization Approach

The MMSE equdizer can be obtained by minimizing
E{tr[(8inr — 8)(81nr — s)¥]}. By solving the minimization
problem, the output of the MMSE equalizer is given by

2

= CHPZ'7P(P¢7PCCHPZ'7P + U—gPi,P)_la (7)
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where o2 denotes the variance of the information symbols.

Note that the linear equalizers of (6) and (7) do not
exist actually. This is because the matrices P; pC and
P; pCCYP; p + 24P, p are not full rank due to the matrix
P; p and hence noné invertible. After all, the ZF or the MM SE
linear equalizers are not available for the proposed burst noise
canceller.

2) 1-tap Frequency Domain Equalization: The matrix
P; pC is no more a circulant, therefore, the 1-tap FDE can
not perfectly equalize the distorted received signal. However,
the FDE is dtill attractive because of the low computational
complexity. As shown in Fig.2, the output of the FDE for the
SC-CP system is given by

$r4e = DYTPDP, pCs + DTYDP,; pn, )
=DHTHDP,; pD¥ ADs + DTYDP; pn, (9)
where A = diag[\o, ..., Ax—1] is a diagonal matrix of the

channel frequency response calculated as A = DCD 7. T'H s
adiagonal weight matrix of the FDE, whose diagonal elements

are~g,...,vy—1, and the mth element ~/, is given by (see
Appendix)
* (1 B E)A:n
T = M . (10

P P 0'2
(1- _M)2|>‘m|2 +(1- _Z\J)g_g
M— — 27 —_n)P
1\}2 Zn—_o?n;tém |>‘n|2 Lcos 3 (m—n)

Note that, interestingly enough, the equalizer weight of ~,
is independent of the temporal position of the burst noise 7.
Also, we can see that if we set P = 0, (10) becomes the same
weight as the conventional MM SE based FDE.

3) FDE with C;g; cancellation: The proposed FDE re-
quires low computational complexity, however, it suffers from
performance degradation due to the incomplete circulant ma-
trix P; pC. In order to improve the performance of the
proposed FDE, we take a similar approach to [5]. If we define
amatrix Cyg; as

1—cos 2V"’(Tn—n)

Crsr=C-P; pC, (11)

we can rewrite the received signal vector after the burst noise
cancellation as

I‘I =Cs - Cjgrs + Pi7pn. (12)
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The main idea is that, by adding the replica of the second
term in the right side C;gys to r , we obtain a received signa
vector r’, which is distorted only by the circulant matrix C in
the ideal case. Since the true s is not available at the receiver,

we utilize a tentative decision § = [5, ..., 551]7 instead of
S.

r =r + Crsis, (13)

~ Cs+P; pn. (149

And then, the conventional FDE can efficiently equalizer” as

a HyH
Scnel =D Fcnv

DF, (15)

where T2 is a diagonal matrix with the diagonal elements
of v§™*, ..., vty If we employ the ZF criterion, y577* is
given by
1
CNU* - 16
Tm PV (16)

while for the MMSE criterion the weight will be

*
cnuk __ >‘m
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o

(17)
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It should be noted that there is a difference between the
conventional MM SE based FDE weight and (17), namely, the
existence of the coefficient of 1 — £ due to the matrix P; p.
Figure 3 shows the configuration of the proposed method.

Hereafter, we show how to obtain the tentative decision used
for the replica signal generation depending on the temporal
position of the burst noise .

e« L<i<M-—L-—P:Inthiscase,

0G-ryx1
Si—IL

Crsrs = Crsr : ; (18)

Si+P—1
O(vr—iPyx1

therefore, only the estimate of the subvector s*** =

[Si—L,---,8:0p—1)T is required for the replica signal

generation. Moreover, since we can easily verify that

O(i—Lgxl
P;pCs—-—C |s— s
O(m—i-P)x1
O(ingxl
=P; pC s* ) (19
Ovr—i Pyx1

To 0G-ryx1
Sfde — Sy
7 O(m—i-P)x1
O(i—Ll)7><1
~P; pC s , (20)
O(m—i-P)x1

Whae éfde = [ggde,_”,gf\;il]T = <§fde> and
(-) stands for the detection operation. Also, 5;13’; =
[5/% ..., _]7. Furthermore, defining ¥*"’ =

= sub = sub = sub =" sub T H
[P, P Ty s Tl py 1] we findly have

’

£ x Es*, (21)

where E is a matrix of size 2L x (L + P) defined as

ho 0
_ hL_1 . h()
E= h ... h (22)
L 0 hr ]

By solving the overdetermined system of (21), the tenta-
tive decision for the replica generation can be given by

s = (EYE) B ). (23)

Here, the necessary condition for the inverse of EFE to
existis P < L.
e 0<i<L-—1:Inthiscase,

S0
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SM—1



and also we have the eguality of
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Therefore, we have the relation of
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Furthermore, defining r > = [F7 .., Tar,
= sub = sub = sub = sub T ssub
7'0;1; PR ,Tiile ’]Lz’-si-uP’ -f-d-ari—sﬁ-%-&-de—l] and s -
~fde ~fde ~fde ~fde T -
(B0 Lqir- 2801180 s 8 p_q)» we finaly
have
r " ~ Es*, (27)

which is exactly the same form as (21). By solving this,
the tentative decision is given by

ésub — <(EHE)71EHI:',5ub>. (28)
«e M—L-P+1<i<M-—P:
Finaly, in this case,
O(ingxl
Crsrs = Crsr Ch ; (29)
O(vr—i Pyx1

and also we have the same equality as (25),

O(i—Lgxl
P;pCs—-C |s— s
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O(ingxl
= Pi,pC s’ . (30)
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Therefore, we have
_rdef - O(i:sﬁg“
r ==r —C | Spqe — Stde
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~P; pC s (3D
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Furthermore, defining T 40 = [r24, ..., 754, 758,
' sub _"sub _! sub T
e T, T ""’rij-uP-ﬁ-L—M—1] , we have

IE.’sub ~ E§SU'b, (32)
which is again exactly the same form as (21). By solving
this, the tentative decision is given by

gsub — <(EHE)71EH?5ub>. (33)

Note that the matrix E is common in all the cases. This
mean that we can use the same pseudo-inverse of E regardless
of the temporal position of the burst noise ;.

I1l. COMPUTER SIMULATION

In order to confirm the performance of the proposed method,
computer simulations are conducted with the following system
parameters;, Mod./Demod. scheme: QPSK, symbols per block:
M =64, Gl: K = 16, channel order: L = 16, channel mode!:
10-path frequency selective Rayleigh fading channel.

Since the performance of the proposed scheme does not
depend on the power of the burst noise in principle asfar asthe
temporal position ¢ and the tempora width P are adequately
detected, we have examined the performance of the proposed
ISl cancellation schemes when P samples of the received
signal vector are set to be 0. Also, in order to verify the
bare performance of the proposed schemes, no forward error
correction code is employed and ideal channel estimation is
assumed in all the computer simulations.

Figs. 4 and 5 shows the BER performances versus the
ratio of the energy per bit to the white noise power density
(Ey/Ny) of the proposed FDE and the proposed FDE with
Cjsy cancellation scheme with P = 1 and 6, respectively. The
performances of the conventional FDE with MMSE criterion
are also plotted in the same figures. The reason why the BERS
of the conventional FDE get worse as E;, /N, increases is that
the difference between the actual SNR (more precisely, SINR)
and o2 /o2 grows larger as E;, /N, increases. From the figures,
we can see that the proposed FDE with C ;g; cancellation can
significantly improve the BER performance even when P = 6,
where amost 10% of the received signals are eliminated.
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IV. CONCLUSION

We have proposed a burst noise cancellation scheme for the
SC-CP system. Since the burst noise cancellation introduces
an 18I, which cannot be effectively equalized by the conven-
tional FDE, we have proposed the optimum MMSE based
FDE weights and the FDE with C;g; cancellation scheme.
Moreover, the BER performances of the proposed schemes
are confirmed via computer simulations. From the results, the
proposed FDE with the Crgr cancellation can significantly
improve the BER performance even when almost 10% of the
received signals are eliminated. If we also employ the forward
error correction code, we can expect further improvement
on the performance. Performance evaluation of the proposed
system with the forward error correction code will be our
future study.
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APPENDIX

Here, we derive MMSE weights of the 1-tap FDE, which
are used in the proposed canceller.

In order to derive the MMSE weights, we define a cost
function J to be minimized. Since the output of the FDE for
the SC-CP system is written as

$r4e = DYTHDP, p DY ADs + DTPDP; pn, (34)
the cost function J is given by
J =E {tr[(87ae — ) (870 —s™)]},
=o2tr[["DP; p DY AAPDP; pDT]
— 2tr[T"DP; pDTA] - o2tr[A"DP; pDT)
+o2tr[TPDP; pDAT) + 02 M (35)
Ignoring the last term o2 M, and defining a matrix Q; p as
Qi p = DP; pD* the cost function J can be redefined as
J =o2tr[IT" Q; pPAAT Q; p] — o2tr[T Q; pA]
— o2tr[A"Q; pT] + o2tr[T7 Q; pT). (36)
Moreover, defining the (m,n) element of Q;p as ¢i,
(m,n=0,...,M — 1), we can rewrite the cost function as

M—1 M—1
i, P i,P i, P
J = Z (0’? Z |>‘k|2|7k‘|2ql:k Q. — Ug'YI:Aqu:k = Ve Ak
k=0 =0
* i, P i, P
- Ug)‘k’yk‘qk,k + ng|’yk|2qk,k) (37)
The differentiation of J with respect to +;, is given by
o7 M—1
P P : :
e 203%1 Z |/\k|2Q:n,kqlzc,m - Uf/\mq;fm + Ui'qu:n{:’m
m k=0
(38)
By solving 72 = 0, we have
)\* i, P
T = o (39)

M—1,\ 5. 4P 4P | 02 ip
k=0 |AP@ kGE o T 2 dmm

Also, by calculating the elements of the matrix Q;p =
DP; oD, we have

) P
i, P
LA [ 40
Trinm U’ (40)
. 1 on 1 — e~ iFr(m—m)P
i, P - —j3Z (m—n)i 41
qrn,n € M 1 _ e—j%(m—n) I ( )
PP i 1 1-cos2X(m —n)P
Gt = — M (42)

M? 1—cos232(m—n)

Therefore, by substituting (40) and (42) into (39), we finaly
obtain the MM SE weight of (10).



