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Abstract— We propose a simple inter-symbol interference
(I'sl) and inter-block interference (1Bl) cancellation scheme
for single carrier block transmission with cyclic prefix (SC-
CP) systems with insufficient guard interval (Gl). In the
SC-CP system, the equalization and demodulation process-
ing is conducted in a block-by-block manner, therefore,
the IBI can be reduced by using previously detected data
signals. For the ISl cancellation, we firstly generate replica
signal of the I SI using tentative decisionsin order to make
the defective channel matrix to be circulant, and then
we perform the conventional FDE to compensate the IS].
We also derive minimum mean-square-error (MM SE) and
zero forcing (ZF) equalizers for the shake of performance
benchmark. Computer simulation results show that the
proposed interference cancellation scheme can significantly
improve the bit error rate (BER) performance and can
outperform the MM SE equalizer while it requires lower
computational complexity.
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1. INTRODUCTION

A block transmission with cyclic prefix (CP), including
orthogonal frequency division multiplexing (OFDM)[1] and
single carrier block transmission with cyclic prefix (SC-CP)[2],
has been drawing much attention due to the effective and
simple frequency domain equalizer (FDE) using fast Fourier
transform (FFT). If al the delayed signals exist within a
guard interval (Gl), the insertion of the CP as the GI at the
transmitter and the removal at the receiver eliminates inter-
block interference (IBI). Moreover, the CP operation converts
a Toeplitz channel matrix into a circulant matrix, therefore, the
inter-symbol interference (1S1) can be effectively equalized by
the FDE.

On the other hand, delayed signals beyond the Gl deteriorate
the performance of the block transmission with the CP. This
is because, with the delayed signas, the IBI can not be
eiiminated by the CP removal and the channel matrix is no
more the circulant matrix. So far, a considerable number of
studies have been made on the issue, such as impulse response
shortening[3], utilization of an adaptive antenna array[4] and
per-tone equalization[5],[6]. All the methods can improve the
performance, however, they increase the computational or
system complexity, which may spoil the important feature
of the FDE based systems. On the contrary, the interference
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elimination scheme proposed in [7] is quite simple, however,
it reduces the transmission rate.

In this paper, we propose a smple ISI and IBI cancellation
scheme for the SC-CP system with the insufficient GI. In the
SC-CP system, the egualization and demodulation processing
is conducted in a block-by-block manner, therefore, the IBI can
be reduced by using previously detected data signals. For the
ISl cancellation, we firstly generate replica signals of the 1S
using tentative decisions in order to make the defective channel
matrix to be circulant, and then the conventional FDE is
performed to compensate the | SI. Asfor the replicasignals, we
propose two tentative decision generation methods, where our
newly derived FDE is utilized. We a so derive minimum mean—
square—error (MM SE) and zero forcing (ZF) equalizers for the
shake of performance benchmark. Computer simulation results
show that the proposed interference cancellation scheme can
significantly improve the bit error rate (BER) performance and
can outperform the MMSE equalizer while it reguires lower
computational complexity.

2. PROPOSED INTERFERENCE CANCELLATION
SCHEME

2.1. Signal Modeling

The nth transmitted signal block s'(n) of size (M +
K) x 1 is generated from the information block s(n) =
[so(n),...,sm—-1(n)]T by inserting the CP of K symbols
length as the GI.

s'(n) = Teps(n), @
where T., denotes the (M + K) x M CP insertion matrix
defined as

L
Tep = |:IJ\Z:| v Lep= [OKX(M—K) IK] . 2

Oxx(m—x) IS azero matrix of size K x (M — K), and Iy
is an identity matrix of size M x M.
The received signa block r'(n) is given by
r'(n) = Hos'(n) + His'(n — 1) + n'(n), 3)

where n'(n) is a channel noise vector, Hy and H; denote
(M + K) x (M + K) channel matrices defined as
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Here, {ho,...,hr} denotes a channel impulse response.

After discarding the CP from the received signal block
r’(n), we have the received signal block r(n) of size M x 1,

r(n) = Repr' (n)
=R,,HoT.ps(n) + R, Hi Tops(n — 1) + Repn' (1),
(6)

where R, denotes the M x (M + K) CP discarding matrix
defined by

Rep = [Omxx In]. )

If the length of the GI is sufficient, namely, K > L,
R.,H(T., becomes a circulant matrix of size M x M and
R.,H:T., becomes a zero matrix. Therefore, no IBI remains
in the received signal and the FDE can equalize the 1S
effectively. However, if the length of the Gl is insufficient
(K < L), RepHoT.,, is no longer a circulant matrix and
R,H1 T, is no longer a zero matrix. Instead, they can be
written as

chHOTcp:
(ho O ... ... ... 0 hxg ... hi]
0 hr
hr hr | (8)
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If we rewrite the received signal block r(n) as

I‘(n) = Cs(n) — CISIS(TL) + C]BIS(TL — 1) + chn’(n),
(10)

where
(ho O 0 hr hi
hr
C=|p, 0| @
0
0
_0 0 hr ho
0 ... 0 hr ... hgy1 0 ... O]
. . h . .
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0
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(12)
CIBI = chHchp7 (13)

the second and the third term in the right hand of (9) cause the
ISl and the IBI, respectively, at the output of the conventional
FDE.

2.2. Inter-Block Interference Cancellation

Denoting the channel noise vector R.,n’(n) as n(n), the
received signal block after the CP removal can be written as

r(n) = Cs(n) — Crsrs(n) + Crprs(n — 1) +n(n). (14)

Since the equalization and the detection are conducted in a
block-by-block manner, the IBI component C;prs(n — 1)
could be cancelled by using the previousy detected data
vector §(n — 1). In the proposed method, we cancel the
IBI by subtracting Crpr8(n — 1) from r(n). After the IBI
cancellation, the received signa vector ¥(n) can be written as

r(n) =r(n) — Crprs(n — 1), (15)
~ (C — Cys1)s(n) +n(n), (16)

where =~ becomes an equality when §(n — 1) = s(n — 1).

2.3. Inter-Symbol Interference Cancellation

In this section, we show IS| cancellation (or equalization)
methods assuming that the IBI components are completely
cancelled, namely,

t(n) = (C — Crs1)s(n) + n(n), 17)
=R.,HoT.,s(n) + n(n). (18)

In the followings, we firstly derive ZF and MMSE equal-
izers, which will be benchmarks of the proposed method.
And then, we derive FDE weights for the SC-CP system with
insufficient Gl. Finally, we describe the details of the proposed
subtractive ISl cancellation method.



2.3.1. ZF Equalization
The zero-forcing equalization can be achieved by an inverse
of Rep,HoT.p, therefore, the output of the ZF equalizer will
be

8:7(n) = (RepHoTep) ™ 'E(n). (19)

2.3.2. MMSE Equalization
The MMSE equaizer can be obtained by minimizing
E{tr((8(n) — s(n))(8(n) — s(n))"]}, where E{-} and tr[]
denote ensemble average and trace of the matrix, respectively.
By solving the minimization problem, the output of the MM SE
equalizer can be given by

§mmse(n) = (chHOTcp)H

2 -1
. {RCPHOTCP(RCPHOTCP)H + %IM} f‘(")?
(20)

where o2 and ¢2 denote the variance of the noise and the
information symbols, respectively.

2.3.3. 1-tap Frequency Domain Equalization
The channel matrix R.,HoT., is no more a circulant, there-
fore, the 1-tap FDE can not perfectly equalize the distorted
received signal even when the IBIs are completely cancelled.
However, the FDE is still attractive because of the simplicity
of the implementation using FFT. The output of the FDE for
the SC-CP system with the insufficient Gl can be given by

§f4c(n) = DI'Di(n), (21)
where T is a diagonal matrix, whose diagonal elements are
Yo,---,Ym—1, and the mth element ~,, is given by (see
Appendix)

)\:n, - g:n,,m
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(25

2.3.4. FDE with C;s; cancellation

The proposed FDE require low computational complexity
and can achieve better performance than the conventiona
FDE, however, it still suffer from performance degradation
due to the defective channel matrix R.,HoT.,. In order
to further improve the performance of the FDE, we pro-
pose a C;srs(n) cancellation scheme using tentative deci-
sion §(n) = [50(n),...,5m1(n)]¥. The main idea of the
proposed method is that, by adding the replica of Crsrs(n)
to £(n), we obtain a received signal vector r(n), which is
distorted only by the circulant matrix C in the ideal case.

t(n) = ¥(n) 4+ Crs18(n), (26)
~ Cs(n) + n(n). (27)

ISI Canceller
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Figure 1:  Proposed receiver with tentative decision 1

And then, the conventional FDE can efficiently equaize r(n)
as

écancel (TL) = DHFCnvDI:‘(n)7 (28)

where I'..., isadiagonal matrix with the diagonal elements of
6", yars - If we employ the conventional MM SE FDE,
the mth element of the equalizer can be given by

cnv )\:71
m = T g2 (29)
Am|* + 2%

where A, is the mth diagonal element of
A =DCD¥?, (30)

which is unitary similarity transformation of C, and is calcu-
lated as

o ho

-D ; . (31)
hr

AM—
Mt O1x(m—12-1)

Also, if we employ a conventional ZF FDE, ~;.*” is given by

1
P = —. 32
%= (32
As for the tentative decision used for the replica signa
generation, we consider two schemes as follows:

« Tentative Decision 1: In this scheme, we directly utilize
the output of the conventiona FDEs for the tentative
decision, namely,

5(n) = 87ae(n) = (874c(n)), (33

where (-) stands for the detection operation. Figure 1
is the configuration of the proposed receiver using the
tentative decision 1 for the replica signal generation.

o Tentative Decision 2: In this scheme, we utilize the
structure of Crsr. Since Crsr has nonzero elements only
in L — K columns,

Onr—Lyx1
stjs(n) = C[SI Ssub(’n) (34)
Ok x1
= C[SIFSF?S(H), (35)



where s***(n) = [sm—r(n),...,sm—x-1(n)]T =
FTs(n) and
O(v—Lyx(L-K)
F, = Ir-x . (36)
Oxx(L—K)

Therefore, only the corresponding tentative decision
§°“*(n), which is defined in the same way as s*“*(n), is
required in order to generate the replica of Crsrs(n).
Moreover, since

R.,HoT.,s(n) — C (IM - FFH) s(n)

Ovr—ryx1
=R, HoTeps(n) — C | s(n) — | s°*(n)

Oxx1
Ov—r)yx1
=R, HoTep Ssub(") ) (37
Oxx1
we have
. Ov—r)x1
F (n) = §(n) - <f - 57t (n) ])
[ Oxrx1 J
[O(M L)><1-|
~RcpHoTep | s (38)
[ 0K><1 J
where §742 (n) = F1'§342(n). Furthermore, defining
_ |Ows-ryxL
r, =[O0 o] (@)
and F ***(n) = FTF (n), we finaly have
°"*(n) ~ Es***(n), (40)
where
e 0
E=F R,HoT,Fo= | hols (4D
hio1 ... ha

By solving the overdetermined system of (40), the tenta
tive decision for the replica generation can be given by

5" (n) = (E"E)'Er "*(n)). 42)

The schematic diagram of the proposed canceller with the
tentative decision 2 is shown in Figure 2.

3. COMPUTER SIMULATION

In order to confirm the validity 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 = 20, channel
model: 10-path frequency selective Rayleigh fading channel.
As for the systems to be evaluated, we consider following 8
systems with various equalization or interference cancellation
methods:

« Conventional FDE: The receiver has a conventional FDE

(29) and no interference canceller are employed.

ISl Canceller

' + = - l
I’(I’]) +C_ +W r(n) Con\'/:eStElonal E ~§(n)
............................ '_1|
ey T
IBI Canceller

Figure 2:  Proposed receiver with tentative decision 2

o Proposed FDE: The receiver has a proposed FDE (22),
and no interference canceller is employed.

o Proposed FDE with IBI cncl: The proposed FDE (22)
and the IBI canceller are employed.

o Proposed FDE with IBI and ISl cncl (TD1): The
proposed FDE (22) and the IBI and the ISl cancellers
are employed. The tentative decision 1 is used for the IS
cancellation.

o Proposed FDE with IBI and ISl cncl (TD2): The
proposed FDE (22) and the IBI and the ISl cancellers
are employed. The tentative decision 2 is used for the IS
cancellation.

o ZF with IBI cncl: The ZF equalizer (19) and the IBI
canceller are employed.

« MMSE with IBI cncl: The MMSE equalizer (20) and
the IBI canceller are employed.

« MMSE with sufficient GI: The MMSE equalizer (20)
(or equivalently the conventional FDE (29)) is employed
with sufficient length of the GI (K = 20 is used only for
this receiver).

Figs.3 shows the BER performances versus the ratio of the
energy per bit to the noise power density (E,/No) of the
above 8 systems. From the Figure, we can see that “Proposed
FDE with IBI and ISl cncl (TD2)" can achieve the best
performance among the systems with insufficient GlI, and
the performance is close to the MMSE equalizer with the
sufficient GI. Amazingly enough, “Proposed FDE with IBI
and 1Sl cncl (TD2)” can outperform even “MMSE with IBI
cncl”. This could be explained by the existence of a nonlinear
processing in the proposed 1Sl canceller, namely, the detection
operation. The nonlinear operation makes it possible for the
proposed system to outperform the optimum MMSE linear
equalizer. Moreover, even only the proposed IBI cancellation
can significantly improve the BER performance.

4. CONCLUSION

We have proposed a subtractive ISl and IBI cancellation
scheme for the SC-CP system with the insufficient GI. Also,
the BER performances of the proposed schemes are confirmed
via computer simulations. From the results, the proposed
FDE with the IBI and ISl cancellation using the tentative
decision 2 can outperform the MM SE equalizer with relatively
low computational complexity due to the capability of the
implementation using FFT.
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Figure 3: BER Performance
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APPENDIX

Here, we derive MM SE weights of the FDE for the SC-CP
system with the insufficient GI, which is used in the proposed
canceller.

Since the received signa vector can be rewritten as

t(n) = RepHoTeps(n) + n(n), (43)
= D" ADs(n) — Crs1s(n) + n(n), (44)

denoting the FDE weights by a diagonal matrix T', whose
diagonal components are 7o, . ..,vam -1, the FDE output can

be given by
§74e(n) =D I'DE(n), (45)
=D"”TADs(n) — D"I'DCrsrs(n)
+D"I'Dn(n). (46)

In order to derive the MMSE weights, we define a cost

function J to be minimized as

J =E {tr{(3(n) = s(m)" () = " ()]},
=tr[c2{D”"TAAYT"D — DYTADCY;,;DTYD
—D”rAD - DIDC;5; D" AT D
+DrDC;5;CE,DT”D + DIDC;s;
—DYATPD + C,DTYD + 1}
+o2Drroi. (47)

Ignoring the term tr[afIM], which has no elements of T,
the cost function .J can be redefined as

J =c2{tr[FAA"TY] — tr[CADCJ5, DT
— tr[CA] — tr[[DCrs;D¥ AP TH)
+ tr[IDCrs:Cls; DT 4+ tr[IDCs:D"]

—tr[A"TT]) + tr[DCs, DT} + o2 tr[CT].
(48)

Moreover, defining a matrix as
G = DCISIDH: (49)

and the (m, n) element of G as gm,» (m,n =0,...,M —1),
we have

M-1
T =023 (Pl ol = v A = YA
m=0
M-1
— Ml gmm + Y Y |Gl + Ym G
=0
= XV F G Vo) + Tl (50)
The differentiation of J with respect to ~;, is given by
aJ . .
6’)/* :O'? {|)\m|2|7m - Amg”m,m’ym - )\mgm,m’Ym

M-1
Fm Y Ngmail® = A + gi‘n,m} +05ym- (51)
1=0

By solving gj* =0,

)\:n, - g:n,”m,
Ym = M—1 9, o2’
|)‘7n|2 - )\mg:n, m )\:n,gm,m + Z‘: |gm,i|2 + _g
s i=0 o3
)‘:n - g:n, m
= ’ 52
e —— &
[Am = Gm.m|* + Zi:O,i;ém, |gm.i|* + o2
where
1 L-K—-1 1 Y )
g =37 D Dby FOOILHID gy
1=0 i=0
1 L-K—-1 1 L .
Gmm =37 2 D he—ie FUOTIHED (54
I=0 i=0
and
M-—1 1 L-K-1 | L-K-1 Y ,
Slnal =y > 33 e,
m=0 =0 =0 {9

(55
we obtain the MMSE weight (22).



