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Different known guard intervals for single/ multi-carrier transceiver
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Abstract: To enhance the bandwidth efficiency of the guard interval ( GI) assisted wireless communication
system, an attractive scheme is proposed, which combines the functions of pilots and the GI together, so that the
pilot resource used for estimating channel state is saved. Based on the proposed different known guard intervals
(DKGQI), the time-domain channel estimation can be simply applied on the receiver side. After channel
estimation, the receiver can employ the cyclic convolution restoring (CCR) function to reconstruct the cyclical
convolution relationship between the signal and the channel, by which the receiver can also achieve good
performance through the conventional 1-tap frequency domain equalization (FDE).
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In a wireless communication system, transmitted
signals often arrive at the receiver through more than
one path, due to reflection, refraction, and scattering of
the radio waves, which often degrade system perform-
ance greatly. The time-domain equalizer ( TDE) is
widely used to mitigate the effect of the inter-symbol
interference (ISI) in WCDMA systems. However, for
the broadband transmissions, the complexity of TDE
can be very high. The guard interval inserted structure
(GIIS) is proposed to eliminate the multipath impacts
by the frequency domain equalization ( FDE) with a
simpler implementation. GIIS can be directly applied
for single-carrier (SC) and multi-carrier (MC) systems
and it can be divided into three types: cyclic prefix
(CP)"7, zero padding (ZP)"" and fixed symbol
padding (FP)"*~"".

In this paper, a novel transceiver structure is pro-
posed for single/multi-carrier communications. DKGIs
are appended to the multiple consecutive data blocks.
At the receiver side, the channel impulse response can
be estimated in time-domain by the proposed scheme
based on the DKGI. Due to different GIs used for con-
secutive data blocks, the linear convolution of channel
in time-domain cannot be directly transformed into a
cyclic convolution. With the knowledge of channel
state info (CSI) and GI in consecutive data periods, the
cyclic convolution can be easily restored in time-do-
main. Then the CSI and cyclic convolution restored
signal are transformed into frequency domains by the
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fast Fourier transform (FFT) operations, and the chan-
nel is equalized by the FDE. With the time-domain
channel estimation in the proposed scheme, there is no
need on pilot overhead so that the system capacity can
be enhanced when compared with the conventional or-
thogonal frequency division multiplexing (OFDM) or
CP assisted single-carrier (SCCP) system.

1 CP,ZP and FP System Review

The general CP, ZP and FP transceiver structure in
SC/MC systems are illustrated in Fig. 1.

Fig.1 CP,ZP and FP transceiver structure in SC/MC sys-
tems. (a) Multi-carrier OFDM systems; (b) CP assisted single-car-

rier systems; (c) FP assisted single-carrier systems; (d) ZP assisted

single-carrier systems

Each data block is appended by the CP greater
than the maximum delay spread in the OFDM system,
where the CP is a repetition of the last data symbols in
each data block. At the receiver side, the CP is re-
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moved based on time synchronization to avoid inter-
block interference (IBI) and each truncated block is
processed by the FFT. The frequency-selective channel
is transformed into parallel flat-faded independent sub-
carriers by the FFT so that the channel can be equal-
ized by the FDE. In conventional OFDM systems, the
modulated symbols are processed by the M-point in-
verse fast Fourier transform (IFFT) such as

x(m) = IFFT{X(k)} = ix(k)exp(jzym) "

where m =0, 1, ..., N-1; X(k) is the data sequence of
length M. Then the output of IFFT is converted from
parallel to serial (P/S), and the redundancy is inserted
in the form of a CP of a length larger than the maxi-
mum delay spread such that
b(m) = {x(M -C+m) m=0,1,...,C -1
x(m —C) m=CC+1...,C+M -1
(2)
where b(m) is the transmitted signal, and C is the CP
length.
The signal at the receiver side is given by
r(t) =h(t) @ b(t) +n(r) (3)

where @ denotes the convolution operation, A(f) =
L

Z a,(1)6(t — 7,) is the channel impulse response in
=1

time-domain, L is the number of paths, a,(¢) is the
complex channel coefficient at the /-th path, 7, is the
path delay, 7, is the maximum delay spread of channel
profile, 5( ¢) is the delta function, and n(¢) is the addi-
tive white Gaussian noise.

ZP and FP have recently been proposed as ap-
pealing alternatives to the CP to ensure symbol recov-
ery regardless of the channel zero locations. Before
transmission, each data block is appended by fixed
symbols p(m) with the length greater than the maxi-
mum delay spread in the FP system, while in the ZP
system, p(m) are also zero symbols. So the main
problem of the ZP structure is the transmission discon-
tinuity due to the appended zeros. It requires a very
high performance of power amplifiers at the transmit-
ter side.

_ [p(m)
b(m) = {x(m -0)

m=0,1,...,C -1
m=CC+1,...M -1
(4)

2 Proposed DKGI Scheme

Fig. 2 illustrates the block diagram of the pro-
posed transceiver structure with DKGI for consecutive
data blocks, where CCR denotes cyclic convolution
restoration. During the i-th data period, the i-th data

block is appended by the predefined corresponding
known GI p,(m) as follows:
x;(m) m=0,...M—-L -1

b. =
m {p,-(m—M) m=M-L,...M -1 (5)

Fig.2 Transceiver structure with DKGI

In order to simplify the matrix expression, we as-
sume channel impulse responses in consecutive sym-

bol levels such that h = {h;, hy, ..., h ).

Then the i-th received signal vector can be defined as
i i i-1 i
X X n,

MR R e Y e B
v p p n,

where x' = {xi,x;, ...,x;, ..

tor during the i-th block period, p' = {p}, p5, ..., i,

., xj,}" is the symbol vec-

...,p.}" is the vector of fixed known prefix with the
length of Ly = {yi,y;, ...,y;, s yj'u}T and o' = {vi,
v;, ey v_;, s vé}T are the vectors of received signal
during the i-th block period, x; is the j-th data symbol
of the i-th block, p; is the j-th symbol of the i-th
known GI vector, ni and nL are the noise vectors. All
the elements of the noise vectors are independent
identical distribution (i. i. d) with the average power
0. The channel matrix for the i-th block period can
be formulated as

i
hU

i
h,

L - h;.\/[+L,1_M+L‘M+L

(7
And the residual channel matrix of the previous block
for the i-th block period can be formulated as

i i
hM+LL hM+L2

Hi—l = (3)

i
hM+LL

M+L M+L
in Egs. (7) and (8),
the superscript i denotes the block number index, the

For the matrix element /',
left subscript m denotes the symbol index in the block
and the right subscript / denotes the path number.
Because the GI length is greater than the maxi-
mum delay spread, Eq. (6) can be simplified into
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3 Time-Domain Channel Estimation and
Cyclic Convolution Restoration

3.1 Time-domain channel estimation

It is assumed that the channel is quasi-static dur-
ing K consecutive symbol periods, which also means
that the superscript in the channel information matrix
can be ignored. By collecting all the last elements of
Eq. (9) from each of the K consecutive symbols and
making a little transform, we obtain
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v=Ph +n (10)
where v} is the last element of the received signal of
the i-th block.

Defining the number of consecutive blocks using
DKGI equal to the length of GI (K =L), we can make
matrix P full rank by designing each row of matrix P
with linearly independent GI sequences. Then the CSI
can be estimated as

h=CP"[PCP" +R,] 'v (11)
where C is the covariance matrix for the L path chan-
nel information variables, which can be seen as an
identity matrix when the channel information is un-
known.

Due to the relatively small size of matrix P and
identity matrix C, the CSI can be estimated in time-
domain with very low complexity as in Eq. (11). It
can be noticed that the CSI can be estimated over the
DKGI in the proposed scheme in time-domain. There
is no need for overhead of known pilots inserted in the
frequency domain, so the channel capacity can be en-
hanced.

3.2 Cyclic convolution restoration

Because the DKGI is used for the consecutive da-
ta block, the linear convolution of channel in time-do-
main cannot be directly transformed into cyclic convo-
Iution. For the purpose of simpler equalization in the
frequency domain, the circle convolution should be re-
stored using the estimated knowledge of CSI and GI
in consecutive block periods from Eq. (9), such that
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<i ~ i l’li, 5l N i ni,
in] :Hi[xi + {’z] :Hi[xi i (12)
v 4 n,ilv p n,

It can be seen that the proposed circle convolution res-
toration can be easily implemented by (L —1)L/2 and
(L +1)L/2 complex multiplications and additions, re-
spectively. The frequency domain equalization of the
DKGI system can be applied on the basis of Eq.
(12).
3.3 Remarks on length of DKGI and number of

consecutive data blocks

The proposed scheme has been described in the
above sections assuming the length of DKGI and the
number of consecutive data blocks equal to the maxi-
mum delay spread such that L = K =7, for simplicity of
mathematical formation. In the proposed receiver struc-
ture with time-domain channel estimation and cyclic
convolution restoration, it is assumed that the channel
is quasi-static during consecutive block periods. This is
unrealistic in practical environments. Especially for fast
fading channel, the proposed scheme with L = K =7
does not work well. Therefore, the actual length of
DKGI and the number of consecutive data blocks have
to be defined to reach the best tradeoff between chan-
nel capacity waste and end user mobility. Assuming the
actual GI is greater than the maximum delay spread
such that L=7, +D,only K= | 7,/2” | consecutive
data blocks are needed for DKGI design, time-domain
channel estimation and cyclic convolution restoration,
where | | rounds the input element to the nearest in-
tegers towards infinity.

4 Numerical Simulations

The proposed DKGI system is simulated with dif-
ferent channel conditions and compared with SCCP
and OFDM systems. The simulation specification is
set in Tab. 1.

Three different GI structures have been tested in
the proposed scheme as follows: First, the i-th row
vector of the matrix P, =exp{ -j2wlk/16},0<[, k<
15 is used as the GI of the i-th data block; secondly,
the initial vector is defined as p = {1,1,1,1,1,1,1,
1,1,1,1,1,1,1,1,6}" x4/ ./51 with the length of
16, and the vector p(i) ={p;.(» ---»P15>Po> ---» P;} 18
used for the GI of the i-th data block; thirdly, the
DKGI is designed the same as the second scheme
where the initial vector is defined as p = {0,0,0,0,0,
0,0,0,0,0,0,0,0,0,0,4}".
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Tab.1 Simulation specification

Systems

SCCP, OFDM and DKGI

Sampling rate/MHz
Each block symbol/symbols
CP length/symbols
Carrier frequency/GHz
Modulation

Channel information

5
1024
16
2.4
QPSK

Power distribution as ITU-R M. 1225 model A with consecutive symbol delay and

Rayleigh fading time varying channel

OFDM: zero-forcing in frequency domain with FFT interpolation

Channel estimation

SCCP: LMMSE channel estimation in frequency domain with FFT interpolation

DKGI: LMMSE channel estimation in time-domain over 16 consecutive data blocks

OFDM: 16 pilot symbols equally distributed over whole bandwidth in frequency domain

Pilot structure

SCCP: 32 pilot symbol ahead of OFDM symbols with CP in time-domain

DKGI: no need on additional pilots

Fig. 3 illustrates the mean square error (MSE) of
the channel estimation of different proposed schemes,
where the conventional OFDM with CP and SCCP are
used as benchmarks. Fig. 4 presents the numerical re-
sults of the alternative systems including OFDM, SCCP
and the proposed DKGI by SER vs. E, /N, in very slow
fading channel with a velocity of 3 km/h. It can be
seen that the proposed scheme has almost the identical
performance behavior of the SCCP system and is con-
siderably better than the conventional OFDM system.

Fig. 5 shows the performance behaviors of alter-
native systems with different velocities such that 36,
72,108 km/h. It can be noticed that the conventional
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Fig.3 MSE of channel estimation of DKGI schemes vs.
OFDM and SCCP
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Fig.5 SER comparison at different velocities. (a) 36 km/
h; (b) 72 km/h; (c¢) 108 km/h
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has approximately the same performance as the SC-
CP. However, it seems that the proposed scheme is
more sensitive to the fast fading channel contrasted
with the conventional OFDM and SCCP systems. The
main reason is that the proposed scheme estimates the
channel impulse response in time-domain assuming
quasi-static channel during 16 consecutive data
blocks. As analyzed in section 5 about the tradeoff be-
tween the DKGI length and the number of consecutive
data blocks, in faster fading channel, the GI length has
to be far greater than the maximum delay spread so
that the number of consecutive data blocks can be re-
duced and the time-domain channel estimation can be
improved, respectively.

5 Conclusion

A novel single/multi-carrier transceiver structure
with DKGI for consecutive data blocks has been pro-
posed in this paper. The consecutive data blocks are
appended by known vectors as the guard interval and
then transmitted. The proposed scheme estimates the
channel in time-domain over the DKGI. There is no
need for further pilots either in time- or frequency-
domain as in the conventional OFDM and SCCP sys-
tems, and the channel capacity can be enhanced. With
the knowledge of DKGI and channel estimates, the
proposed scheme restores the cyclic convolution in
time-domain so the channel can be still equalized in
frequency domain as the OFDM or SCCP system. Nu-
merical results prove that the proposed scheme with
higher channel capacity outperforms the OFDM and
has approximately the same performance as the SCCP
in slow fading channels. The proposed scheme would
be robust to the fast fading channel if the GI length
could be slightly greater than the maximum delay spread
with the reduced number of consecutive data blocks.
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