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Abstract— This paper proposes a simple inter-symbol interference
(I1SI) and inter-block interference (IBI) elimination scheme for a single
carrier block transmission with cyclic prefix (SC-CP) system with an
insufficient guard interval (Gl). In the SC-CP system, only limited
number of symbols in a transmitted block cause the interferences,
while all the information data contribute to the interferences in the
orthogonal frequency division multiplexing (OFDM) system. Therefore,
in the SC-CP system, the interferences can be exterminated by only
setting transmitted signals to be 0 at certain time slots in a transmitted
signal block without changing any parameters or configuration of the
system, such as the length of GI. The proposed scheme also can be
considered as a simple loading scheme in temporal domain, which tries
not to use time slots contaminated by the ISI and the IBIl. Moreover,
this paper also proposes a pilot signal configuration for the SC-CP
system, which enable us to estimate channel impulse response in the
discrete frequency domain even when the channel order is longer than
the Gl length.

Computer simulations show that the proposed schemes can signifi-
cantly improve bit error rate (BER) performance and accuracy of the
channel estimation when the channel order is larger than the length
of the GI.
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I. INTRODUCTION

A block transmission with cyclic prefix (CP), including orthog-
onal frequency division multiplexing (OFDM)[1],[2] and single
carrier block transmission with cyclic prefix (SC-CP)[3],[4], has
been drawing much attention as a promising candidate for the 4G
(4th generation) mobile communications systems. The insertion of
the CP as a guard interval (Gl) at the transmitter and the removal
of the CP at the receiver eliminates inter-block interference (IBI), if
all the delayed signals exist within the GI. Moreover, the insertion
and the removal of the CP converts the effect of the channel from
a linear convolution to a circular convolution, therefore, the inter-
symbol interference (ISI) of the received signal can be effectively
equalized by a discrete frequency domain equalizer (FDE) using
fast Fourier transform (FFT).

The existence of delayed signals beyond the GI causes residual
ISI and IBI after the FDE, and hence deteriorates the performance
of the block transmission with the CP. In order to overcome the
performance degradation due to the insufficient Gl, a considerable
number of studies have been made on the issue, such as impulse
response shortening[5], utilization of an adaptive antenna array[6]
and per-tone equalization[7],[8]. All these methods can improve the
performance, however, they increase the computational or system
complexity, which could spoil the most important feature of the
FDE based system, namely, the simplicity.

In this paper, we propose a simple ISI and IBI elimination
scheme for the SC-CP system with the insufficient GI. In the SC-
CP system, only limited number of symbols in a transmitted block
cause the interferences, while all the information data contribute
to the interferences in the OFDM system. Therefore, in the SC-
CP system, the interferences can be exterminated by only setting
transmitted signals to be zero at certain time slots in a transmitted
signal block without changing any parameters or configuration of
the system. The proposed scheme also can be considered as a
simple loading scheme[9] in the temporal domain, which tries not

to use time slots contaminated by the ISI and the IBI. Moreover,
we also proposes a pilot signal configuration for the SC-CP system,
which enable us to estimate channel impulse response in the
discrete frequency domain even when the channel order is longer
than the GI length. Computer simulations show that the proposed
schemes can significantly improve bit error rate (BER) performance
and accuracy of the channel estimation when the channel order is
larger than the GI length.

Il. THE SCCP SYSTEM WITH INSUFFICIENT CP

Fig.1 shows a basic configuration of the SC-CP system. Let
s(n) = [so(n), ..., sm—1(n)]T, where the superscript (-) stands
for the transpose, be the nth information signal block of size M x 1.
The transmitted signal block s’(n) of size (M + K) x 1 is generated
from s(n) by inserting the CP of K symbols length as the Gl,
namely,

s'(n) = Teps(n), )

where T, denotes the CP insertion matrix of size (M + K) x M
defined as

| @
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Ok x(Mm—k) is @ zero matrix of size K x (M — K), and Inrxnm
is an identity matrix of size M x M.
The received signal block r'(n) is written as

r'(n) = Hos'(n) + His'(n — 1) +n’(n), 3)

where n’(n) is a channel noise vector of size (M + K) x 1. Ho
and H; denote (M + K) x (M + K') channel matrices defined as
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where {ho,...,hr} denotes the channel impulse response.
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After discarding the CP portion of the received signal block
r’(n), the received signal block r(n) of size M x 1 can be written
as

r(n) = Repr’ (n)
= RepHoTeps(n) + RepHiTeps(n — 1) + n(n),  (6)
where R, denotes the CP discarding matrix of size M x (M + K)
defined as
R, = [OMxK IMxM] , (7)
and n(n) = Repn’(n).

If the length of the Gl is sufficiently long, namely, K > L — 1,
it can be easily verified that R.,H;T., becomes a zero matrix,
and the nth received signal block has no IBI component from the
(n — 1)th transmitted signal block. Moreover, if K > L — 1,
R,HoT., becomes a circulant matrix of size M x M, which
means the one-tap FDE can equalize the ISI effectively.

However, if the length of the Gl is insufficient (K < L — 1),
R.,H1 T, is no longer a zero matrix. Instead, R.,H1T., can
be written as

i hr hr+1]
0
hr
RepyHiTep = | Opnrx(m—L+K) (8)
0
I o ... 0 |

This means that the IBI from the (n— 1)th transmitted signal block
remains even after the CP removal operation at the receiver.
Also, R, HoT,, can be written as

R, HoT., =
rho O ... ... ... 0 hrg ... hi]
0 hr
0 0
. . . .0
L0 ... ... O hr ... ... ... hol

Note that R.,HoT,, is no longer a circulant matrix. Therefore,
it is difficult for the one-tap FDE to equalize the received signal
block distorted by the ISI.

Basic Configuration of SC-CP system

I11. PROPOSED INTERFERENCE ELIMINATION SCHEME
In order to present the proposed interference elimination scheme,
we firstly separate the matrix R.,HoT, into the two matrices as

R,HoT., = C — Crsi, (10)

where C is a circulant matrix, whose first column is the same as
that of the matrix R.,HoTcp, Namely,

(ho 0 ... 0 hr ... h
hr
C=1n, ol @D
0
: i " .0
[0 ... 0 hL ... ... ho
and Cjygsy is the compensation term given by
i hr hi+1 1
0
Crsr = |Opxv—1) he Onvx K (12)
0
I 0 ... 0 ]

Using C and C;s;, the nth received signal block r(n) after the
CP removal can be rewritten as

r(n) = Cs(n) — Crsrs(n) + Crers(n — 1) + n(n), (13)
where Cjp; is defined as
Crer = RepHiTep. (14)

From (13), we can see that the first term of the right hand,
Cs(n), can be equalized using the FDE, since C is a circulant
matrix, while the second and the third terms could result in the ISI
and the IBI component respectively at the FDE output.

The proposed interference elimination scheme is based on the
following facts;

e The ISl and the IBI due to the insufficient GI can be
eliminated if C;srs(n) = Oarx1 and Crprs(n) = Onrxi.

« Since only the limited number of columns of the matrices
C;srand Crpr have nonzero elements, only the correspond-
ing symbols in the transmitted signal block s(n) cause the ISI
and the IBI.

From the facts, we can see that the interferences can be elimi-
nated by only setting the information data to be zero at certain time
slots (or symbols) in the information block s(n). The time slots
are selected so that Crsrs(n) = Oarx1 and Crers(n) = Onrxi.
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Fig. 2. Proposed Transmission Scheme for ISI and 1Bl elimination

To be more precise, the information block in the proposed scheme
can be written as

s(n) = [so(n),...

T
s sm—rrr-1(n), 01 L-r)] -

y8M—1-1(n),01x(L—K), SM—K (N),
(15)

Also, Fig.2 show the proposed transmitted signal block configura-
tion.

Note that the proposed transmission scheme does not require the
transmitter to know the detailed channel state information (CSI),
such as an instantaneous channel impulse response. The transmitter
only has to know the channel order L. It also should be noted that
the transmission rate of the proposed scheme is (M — (L — K) x
2)/M times the transmission rate of the original SC-CP system,
since the (L — K) x 2 time slots (symbols) in a block are not
used for the signal transmission. Therefore, it can be said that the
proposed scheme eliminates the interferences due to the insufficient
Gl at the cost of small reduction of the transmission rate.

With the proposed transmission scheme (15), the received signal

block r(n) can be written as
r(n) = Cs(n) + n(n). (16)

Since C is a circulant matrix, it can be diagonalized by the discrete

Fourier transform (DFT) matrix F of size M x M as[10]
C =F7AF, 17)

where the superscript H denotes the Hermitian transpose, and A is

a diagonal matrix, whose diagonal elements are {\o, ..., Aar—1}-
Also, A can be calculated as
ho
A =diag{ F : , (18)
hr

Om—L-1)x1

where diag{a} denotes a diagonal matrix, whose diagonal elements
are the same as the elements of vector a.

The one-tap FDE can be formulated as FZT'F, where T' is a
diagonal matrix with the diagonal elements of {~o,...,vam—1}.
For zero-forcing (ZF) equalization, the ith equalizer weights v, zr
of the one-tap FDE is given by

1
i’
and for minimum mean-square-error (MMSE) equalization, the
equalizer weights ~v; v arsE 1S given by

AP
|Ail? + 0% fo3
where the superscript * denotes the complex conjugate, o2 is the
variance of the additive channel noise, and &2 is the variance of
the transmitted data symbols.

In this way, the same equalization methods as the conventional
SC-CP system can be applied to the proposed scheme. The
fundamental difference between the equalization in the proposed
transmission scheme and in the conventional SC-CP system is that
the channel order is longer than the length of the Gl in the proposed
scheme.

Yi,ZF = i=0,...,M—1, (19)

Vi, MMSE = 1=0,...,M -1, (20)

IV. CHANNEL ESTIMATION SCHEME FOR SCCP SYSTEM WITH
INSUFFICIENT CP

The proposed transmission scheme can effectively eliminate
the ISI and the IBI component with the one-tap FDE, however,
in order to equalize the received signal, it requires the channel
impulse response, whose order may be longer than the length of
the GI. In this section, we propose a pilot signal configuration
for the computationally efficient channel estimation in the discrete
frequency domain for the SC-CP system with the insufficient GI.

Let p(n) = [po(n),...,pr—1(n)]" denotes the nth pilot signal
block of length M. After the CP removal, the corresponding
received pilot signal block, r,(n), can be written as

rp(n) = Cp(n) — Crsip(n) + Crerp(n — 1) + n(n), (21)

where C, C;s; and C;pr are the same as the matrices defined in
(11), (12) and (14) respectively.

When the length of the Gl is insufficient, namely, K < L — 1,
it becomes difficult to estimate the channel response in the DFT
domain due to the ISI and the IBI components. However, from
(21), we can see that if

Cisip(n) = Crsrp(n — 1) (22)

holds, the received pilot signal block r,(n) can be written as

rp(n) = Cp(n) + n(n), (23)

which is the same form as the received pilot signal block with the
sufficient Gl. Therefore, conventional channel estimation schemes
are available.

Inspection of (9) and (12) reveals that the two matrices, Crs;
and C;pi, share the same elements with the same arrangement,
although they are not the same matrices. It is easily verified that
Crsr and Crpr can be related as

Crs1S™ = Crsr, (24)
where the M x M shifting matrix S is defined as
0 1 0 ... 0]
S=|: U (25)
: o1
0 ... ... ... 0]

Then we derive a condition imposed on the transmitted pilot
signals for the equality in (22) to be true. Using (24), (22) can be
modified as

Crsip(n) = C]s]SKp(n -1). (26)

From (26), it can be said that if the two consecutive pilot signal
blocks, p(n — 1) and p(n), have the relation of

p(n) =S"p(n—1),

the equality of (22) is always true. However, the condition of (27)
can be much more relaxed because only the limited number of
columns of C;s; and Crpr have nonzero elements. To be more
precise, if the elements of p(n — 1) and p(n) have the relation of

(@7)

pm(n) =pmyx(n—1), m=M—L,...,. M — K —1, (28)

(22) is always true. Fig. 3 also shows the proposed pilot signal
configuration for the channel estimation.

Now that we have the received pilot signal block given by
(23), with the relation of the transmitted pilot signal blocks of
(28), conventional channel estimation schemes can be used for the
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channel estimation. For example, since the received pilot signal
block can be modified as

rp(n) = Cp(n) +n(n)

= Q(n)h +n(n), (29)
where Q(n) isa M x (L + 1) circulant matrix defined as
[ po(n)  pu-1(n) pM—r+1(n)]
p(n)  po(n) :
Qn) = O
po(n)
_pr.1(n) pr—2(n) pr.L(n) i

and h is the channel impulse response vector defined as h =
[ho,...,he]T, the maximum likelihood (ML) estimate of the
channel impulse response is given by[11]

h=(Q(n)"Q(n))"'Q(n)"r,.

Although the ML method can provide the channel estimation
of high precision, it requires high computational complexity. Since
the proposed transmission scheme in Sec.1l aims at simplicity, such
a channel estimation method may not be suited for the proposed
transmission scheme. More computationally efficient channel esti-
mation could be achieved in the DFT domain signal processing.

After the DFT of the received pilot signal r,(n), we have

(&)

Fr, (n) = FCp(n) + Fn(n)
= FF”AFp(n) + N(n)
= AP(n) + N(n)
= diag{P(n)}H + N(n),
where P(n) = Fp(n), N(n) = Fn(n) and H =

F[h" le(M,L,l)]T. From (32), the frequency response of the
channel, H, may be estimated as

(32)

H = (diag{P(n)}) ™" Fr,(n). (33)

Since P(n) is known to the receiver a priori, the calculation of the
channel response H is efficiently conducted using FFT.

V. COMPUTER SIMULATION

In order to confirm the validity of the proposed transmission
and the channel estimation schemes, we have conducted computer
simulations. System parameters used in the computer simulations
are summarized in table 1.

As a modulation/demodulation scheme, QPSK modulation with
a coherent detection is employed. The FFT length (or the informa-
tion block size), the length of Gl and the channel order are set to
be M =64, K = 16 and L = 20 respectively. 9-path frequency
selective Rayleigh fading channel is used for the channel model.
Also, additive white Gaussian noise (AWGN) is assumed as the
channel noise.

Proposed Pilot Signal Configuration for Insufficient Gl

Tab. 1. System parameters
Mod./Demod. Scheme QPSK/Coherent Detection
FFT Length M=64
Guard Interval K=16
Channel Order L=20
Channel Model 9-path Rayleigh Fading Channel
Channel Noise Additive White Gaussian Noise

1
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Fig. 4. Computer Simulation Results: BER Performance

Fig.4 shows the BER performance versus the ratio of the energy
per bit to the noise power density (FE»/No) of the proposed
transmission scheme with the MMSE based FDE or the ZF based
FDE. The BER performances of the SC-CP system without the
proposed transmission scheme are also plotted in the same figure.
In this computer simulation, perfect channel estimation is assumed
in order to evaluate the validity of only the proposed transmission
scheme. From the figure, we can see that the proposed scheme can
improve the BER performance significantly, while the performance
of the SC-CP system without the proposed scheme is degraded due
to the ISl and the IBI caused by the insufficient GI.

Fig.5 shows the mean-square-errors (MSEs) of the ML channel
estimation and the simple discrete frequency domain channel
estimation versus the E;/No with and without the proposed pilot
signal configuration. The MSE is defined as

1 Nirial ||hf}71||2
Ntrial ||h||2 ’

MSE = (34)

i=1

where Ni,-iq; denotes the number of channel realizations and was
set to be 1,000 in the simulations. From the figure, we can see that
the proposed pilot signal configuration can significantly improve
the accuracy of the channel estimation both for the ML channel
estimation and the simple discrete frequency domain channel
estimation.
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Fig. 5. Computer Simulation Results: Channel Estimation Error

VI. CONCLUSION

We have proposed a simple ISl and IBI elimination scheme
for the SC-CP system with the insufficient GI. The proposed
transmission scheme can exterminate the interferences without
changing any system parameters or the configuration from the
basic SC-CP system. Moreover, we have proposed a pilot signal
configuration for the channel estimation in the discrete frequency
domain for the SC-CP system with the insufficient GI. Furthermore,
the validity of the proposed transmission and the channel estimation
schemes are confirmed via computer simulations. From all the
results it can be concluded that the proposed schemes could be
a simple but powerful solution for the SC-CP system with the
insufficient GI.
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