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Abstract—This paper presents a new transceiver framework of
the MIMO-OFDM systems, with the space-time block code (ST-
BC). Unlike the conventional Pseudo-Random Postfix (PRP) -
OFDM in our proposed framework the null samples of zero-
padding (ZP)-OFDM is replaced by known cyclic postfix
sequence (CPS), weighted by a pseudo-random (PR) scalar. Since
the CPS is implemented by the cyclic-shift (CS) complementary
code (CC) sequences, the proposed transceiver scheme is referred
to as the MIMO CS-PRP-OFDM systems. By exploring the useful
property of CC sequences, convolved with channel information,
the receiver design associated with the semi-blind channel
estimation of the proposed MIMO CS-PRP-OFDM systems is
affected only by the background noise. It avoids the interference
of the transmitted signals, and yields achieving better system
performance, in terms of symbol error rate, compared with the
conventional PRP-OFDM based systems, with less complexity.
This is especially true when the signal-to-noise ratio is increased.
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L INTRODUCTION

Multiple-input multiple-output (MIMO) systems provide a
very promising means to increase the spectral efficiency.
Equipped with space-time block encoding (ST-BC) [10] in the
transmitter and applied the intelligent signal processing at the
receiver [6], MIMO systems can provide diversity and coding
gains over single antenna system. The orthogonal frequency
division multiplexing (OFDM) technique has been widely
adopted for high-speed wireless communications, due to its
robustness of multipath propagation [1]-[5]. In OFDM system
to maintain the orthogonality among subcarriers and to prevent
the inter-block-interference (IBI), a redundant sequence named
as the cyclic prefix (CP), zero-padding (ZP) and pseudo-
random postfix (PRP), with length no less than the order of
channel impulse response (CIR), is inserted between
consecutive block symbols in the transmitter [1][4][8][9].
Eventually, the ZP-OFDM [4] system was proposed to
circumvent the problem of channel null occurred when the CP-
OFDM system was employed, with the price of increased
receiver complexity. Although the appended zero-samples can
be used to eliminate the channel induced IBI, it seems a little
waste. Hence, in the PRP-OFDM system [8][9] the PRP is used
to replace the guard interval contents of ZP-OFDM. It
capitalizes on the advantages of ZP-OFDM, but unlike the ZP-
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OFDM it exploits additional information, i.e. pseudo-randomly
weighted postfix sequences, for semi-blindly channel
estimation, with order-one statistics of the received signal [7].
At the receiver end, by removing the added redundant sequence
the effect of IBI could be alleviated, effectively. The PRP-
OFDM system with single antenna was extended to the MIMO
case, by encoding the transmitted signal and postfixes vectors
with two different space-time encoder [13][14], and is referred
to as the ST-BC MIMO PRP-OFDM systems. With specific
design of the space-time (ST) encoder for the PRP sequences,
the MIMO PRP-OFDM system is capable to perform a semi-
blind estimation for the entire MIMO-channel, by exploiting
the order-one statistics of the received signals.

In the aforementioned PRP-OFDM systems [8][9][13][14],
to extract the channel information it assumed that the
transmitted signals and background noise are zero-mean, and is
performed by averaging a number of collected signal-blocks in
the receiver to avoid the effect due to the interfered transmitted
signal. The zero-mean assumptions do not hold, due to the fact
that the collection of sufficient signal-blocks may not be
possible, in practical situations. Especially, when the signal-to-
noise ratio (SNR) is increased, the effect of the interfered
transmitted signal becomes significant. To circumvent the
above mentioned problem, in this paper, we propose a new
transceiver framework of the ST-BC MIMO-OFDM systems to
further enhance the system reliability and with less complexity
compared to the PRP-OFDM based systems. In our proposed
scheme, the null samples of ZP-OFDM is replaced by the
known cyclic-postfix sequences (CPS), weighted by a pseudo-
random scalar. Since the CPS is implemented by cyclic-shift
(CS) complementary codes (CC) [15][16], it is referred to as
the MIMO CS-PRP-OFDM system. By exploring the useful
property of CC sequences convolved with channel information,
at the receiver we can enhance the semi-blind channel
estimation, effectively. The resulting channel estimation is
affected simply by the background noise; it avoids the
interference of the transmitted signals, yields better system
performance achievement. This is especially true when the
signal-to-noise ratio (SNR) is increased.

II. SYSTEM MODEL DESCRIPTION

In Fig.1, we consider the discrete-time transceiver model of the
MIMO CS-PRP-OFDM system, with two transmit-antennas
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and M, receive-antennas. As an introduction, we assume that
the transmitting symbol block is with length M, the M x1
signal block s(») is first modulated by the M xM inverse fast
Fourier transform (IFFT) matrix F' (or F?), to obtain the
resulting time-domain signal block vector u(n)=Fs(n),
denoting as u(n) = [ue(n) u(n) ...u.1(n)]7, and H denotes the
Hermitian transpose. As in [13][14] the signal-blocks and
postfix vectors are, independently, encoded by two STC-

encoders, where the new proposed cyclic-postfix sequences (or

cyclic complementary-code sequences) will be introduced later.

First, at transmitter, the corresponding M x1 successive
precoded blocks u(2i) and u(2i+1) (or u(n), n=2i+k, k=0
and 1) are sent to the ST encoder M(.), to output the following
2M x2 ST-coded matrix: (Lee [12]).

a”(2)) aV2i+1) | [ w2i) -PPu*(Q2i+1) 1)
a?(2i) a®@2i+1) N u(2i+1) PQu*(2i)

Where the superscript * denotes the complex conjugate. At ith

time block interval, the symbol-blocks @" (i) and a® (i) are

transmitted through the first and second antenna, respectively.

In (1) the function of M xM permutation matrix (or reverse

matrix) PA(;' ) is such that for vector a=[a(0) a(1).. .a(M-1)]"with
this operation, the pth element becomes [PA(,," ) a]p = a((M-ptn)

mod M). Thus in (1) PA(; )ll*(n) = [haa(n) o) ... uo(m))” is
simply a reversed version of u*(n).

As described earlier, the CC sequence is adopted to build up
the modulator of the MIMO CS-PRP-OFDM  systems.
Basically, the CC sequences or series have the important
property that their periodic autocorrelation series sum is zero
everywhere, except at the zero shifts [15][16]. For exposition,
let us consider a pair of CC sequence a = [ay a; ... a,] and b =
[bo b1 ... b,] with equal length n+1. By definition, the
respective autocorrelation series are defined as

n n
b= zai—la(i+j—l) mod n and q;= Zbi—lb(i+j—1) modn”
i1 =

As described in [15][16], the pair of complementary codes a
and b satisfies the following property; p;+ ¢;=0 for ;0 and
Do+ qo=2n. For example, ifa=[-1-1-1111-11]and b =[-1
-1 -11-11 -1], with equal length (D = 8), are selected, we
have p;+ ¢;=0 for ;0 and py+ go=16. With these properties,
during the semi-blind channel estimation, we could sum the
autocorrelation series of two complementary codes to create a
diagonal matrix. It has desired noise suppression capability,
and hence improving the system performance. Based on the
above discussion, we can introduce the cyclic-shift sequences
used as the postfix sequence in the proposed CS-PRP-OFDM
system.

Let us consider the Dx1 cyclic postfix sequence ¢ = [cy(i)
ci()...cpa(i)]", before ST encoder W(.); it consists of two
equal length CC sequences. At the beginning, we insert the
encoded postfix sequence, which uses one of the first
complementary sequences a, with zero-shift, behind the
transmitting signal block encoded by the ST encoder, M(.).

For the next transmitting signal block, do the same processing
except that the postfix sequence is obtained by cyclic-shifting
a once, before it is encoded by the ST encoder W(.). Again,
repeating the same processes until the first D transmitting
signal blocks, encoded by the ST encoder, are appended with
the ST-coded cyclic-shifting postfix sequences. Following the
same manner as the first complementary code sequence a, and
do the same thing with the second complementary code
sequence b, with zero-shift, for the next D transmitting signal
blocks to complete the whole 2D transmitted signal blocks for
transmission. Due to this fact, we refer it as the CS-PRP-
OFDM system, to distinct it from the conventional PRP-
OFDM system. To be more specific, we define the cyclic
postfix sequences as

c(i) = [a(D—i)mod D QD-isymod D *** A(D-i-1)mod D]T (22)
forimod2Dto be 0, ...,D-1, and

C(l) = [b(D—i)mod D b(D—i+1)mod D - b(D—i—l)mod D]T (2b)

for imod 2D to be D, ...,2D-1, where D is no less than L+1 (L
is the channel order), and for simplicity, we let D = L+1. The
purpose of the cyclic-shifting the CPS is to form a full rank
matrix for semi-blind channel estimation, at the receiver. First,
we would like to introduce the ST-BC encoder for the CS-
PRP-OFDM system. As depicted in Fig. 1, the corresponding
cyclic-postfix sequences are applied to the ST-BC encoder #(.)
to construct the 2D x2 cyclic-postfix matrix, i.e.,

€02 @i+ | | Wa2) wal2i+1)

@) TPQi+1) | | WPa2) W2a(2i+])
where ¢ (n) represents the cyclic-postfix vector of nth block
for the /th transmit-antenna (/ =1, and 2), with index n =2i + £,
k =0 and 1), and ® denotes the Kronecker product. The
function of w @ in (3) is used to identify the all MIMO
channels for two transmit-antennas case, at receiver. In
consequence, the 2 x2 matrix W, which gathers the
corresponding deterministic weighting factor w /(.) is denoted

as
w (0) w? (0) @
w (1) w?® (1)

By choosing matrix W to be a full rank orthogonal matrix
(W7W=2L,), we are able to separate all transmitted-postfixes,
completely [13][14]. It is notice that the use of the pseudo
random- weight a(n) can avoid the cyclo-stationary in the
postfix sequences [8][9]. With P=M+D, the Px1 signal vector
x(n), transmitted from the /th antenna is represented as

x¥ (n) = TZPﬁ(I) (n) + TPE(I) (n) )
where the PxD and PxM matrices, Tp and Tzp, are defined,
respectively, as

TP =|:0MxD} and TZP =[IM><M }‘

}@c(z‘) 3

DxD 0DxM
Also, the channel response between the /th transmit-antenna
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and mth receive-antenna is modeled as a FIR filter denoted as
h™ = [h"™ hl("”)...hL("")]T, where L is the channel order. The
Px1 signal vector received at the mth receive-antenna is
defined as

2
r™ (n) =Y [HIX" (n) + H"xO (n-1)1+ v (n) (6
171

In (6), channel matrices H,"™ and H,"™ are denoted as the
upper triangular Toeplitz and lower triangular matrices,
respectively. The noise vector v™=[v,™ v, ...vp, ] has
the same dimension with r™(n), and the elements are assumed
to be with variance o, .

III. SEMI-BLIND CHANNEL ESTIMATION AND EQUALIZATION
OF ST-BC MIMO-OFDM SYSTEM

We first develop the semi-blind channel estimation for the
MIMO CS-PRP-OFDM system and after the equalization will
be performed with the estimated channel information.

A.  Order-one MIMO CS-PRP-OFDM Semi-blind Channel
Estimation

First, by observing the signal vector received of the mth
receive-antenna in (6), we found that the last element of
received signal vector consists of the postfix-sequence
convolved with channel information, and interfered with
background noise. Thus, we may collect the last element of
two consecutive blocks, r™(2i) and r™(2i+1), and after some
mathematical manipulation, the pth entry of both vectors are
given by

" (2i)], = ia(m‘) W (0) ™Y e (i) + v (20)], (D)
=
and

B ()l =S 2 (VT () 47 ()], ®)

=
Where in (7) and 8) h™ = [&™ m™ . ) is the

reverse version of h“™. Next, dividing (7) and (8) by a(2i) and
a(2i+1), respectively, we can remove the factor of pseudo
random scalar, and the related signal vectors can be written as
™ (2)], & v (2i)]

@ (2) = S iy 2 ()
()=~ 2 O e

and

™ (2i+1)], & _ v (2141
d s =W S myre(y « 240 (10
o(2i+1) = a(2i+1)
Now, by stacking both &™(2i) and d™(2i+1) into a 2x1 vector
d™Q2i)=[d™2i) d™(2i+1)]", and after some manipulation, we
get

L [ (0) (50 " e(i v (20)1, / (2i)
w0 <o),

=y B0 (1)(5(1»") )T e(i)

v (2i+1)], / a(2i +1)

W 0" e(i) . V7 @)/ (2) | (g
@Y e(i)| | v (2i+1)], /e (2i+1)
We note that W was defined in (4). By multiplying W in

both sides of (11), we can isolate each individual channel

contribution to h"”)

2" (i)= w"d" (i)/2

, and divide it by two to get

1
a(2i)

(m) (~:
r —(Im) T . [V (21)]1’
EE(Z ); c?;}-%WH 1
K" e(i (m) (s
- 2D (27-+1)1,

[eoyn®™] .,
- _(c(i))Tﬁ(z”’)} +v" (@)

(12)

where 2™ = [2,"(i) z,™(i)]" is a 2x1 vector, and
o =p"0 16T
. [ (v (20)], / o (2i) ] 3)
2 |V (2i+1)], /e (2i+1)
Next, we stack z,"(i) and z,"(j) for i= 0 ~ 2L+1, to get
z{" = Cch™ 4+ (" (14)
In (14) z™ = [z™(©0) z™Q) ... z™QL+D]", h™™ = [p, ™

™Y, =[\7§”’)(0) ... 17,(”')(2L+1):|T , and

, where matrices Cjcre and Cycppe are

CZ,CIRC
circulant matrices with their first rows to be denoted,
. ap4] and [bo b; ... bp.4]. Due to
the inherent property of CC sequences, we have (C,cizc )?
Cicire + (Cocire ) Cocire=2D X1 [15][16]. With this fact,

respectively, as [ay a; ..

we obtain an estimated channel vector of H(lm) , that is

z"(0) 2" (L+1)
fom _ 1l e 2" |, | 2w+ || as)
2D 1,CIRC E 2,CIRC
2" (L) M QL+1)

If the noise signal is assumed to be zero-mean and the cyclic-
postfix sequence is transmitted periodically. We may collect
sufficient symbol blocks (e.g., V) for averaging to reduce the

effect due to background noise. Thus, (14) can be rewritten as
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h" FM L +1)
¢ B |, L §| ALy (16)
: B :
Him M GELA+1)+2L+1)

where D = L+1 and = N, 7 4(L+1).

B.  Equalization of the ST-BC MIMO CS-PRP-OFDM
Receiver

After obtaining the estimated channel response, we may
remove the postfix sequences, and convert the signals received
of (6) into the form of ST-BC MIMO ZP-OFDM, i.e.

2
) () =r" - [H"T,e" () + BT, (n-1)] (172)
I=1
or

2
o) =Y HI T, a0 () + v (n) (17b)

I=1
Using the fact that HoT,,= Hcire T, the above equation can

be rewritten as

2
ri) () =Y HOAT,a® (n) +v™ () (18)
1=1

CIRC

where H(I”') is a P xP circulant matrix whose first row is

CIRC
0 h[({lm )

given as[hg"”) 0 hl("”)] . Next, using the

fact that PA(; ) T,=T, PA(; ) , the two consecutive blocks of (18)
are written as
! 2i) = HT,u2) + H2 T ui+ )+ v @) (19)
and
ri) (2i+1) = ~Hom PO, u' (2i+1)

+HE POIT 0’ (2i) + v (2i +1)
Similar to [12], the corresponding frequency domain signals of
(19) and (20) can be obtained, that is, y™ (2i)=F,r{y (2i) and

(20)

y"(2i+1)=F, P,(DM)(rg) (2i+1))’ . Stacking both terms, we get

7)< 3 ) }

v (2i+1)
[ ©s(2i) v (2i)
- D[@s(2i+ 1)} +[€r(”’) (2i+ 1)]

[ H7,  HG
(HEY  ~(HG
¥ 2y =F,v" @) and ¥ @i+1)=FPM" V" @i+1)
We then demodulate y(") (i) with diversity gains by a simple

@

where

, ®=F,T,F”

*

matrix multiplication

o o | D™es2i) ¥ iy
e () =Dy )(z){_(m) 0| (22)
D"Os2i +1) v (2i+1)
where D) = Hly), (H(, ) +HE, (HE,) - We note that

DIAG DIAG

multi-antenna diversity of order two can be achieved.

IV. SIMULATION RESULTS

To verify the merits of the new proposed ST-BC MIMO
CS-PRP-OFDM system, computer simulation is carried out.
As described earlier, by exploiting the cyclic postfix
sequences, using the complementary code sequences, the
semi-blind channel estimation could be performed, with low
complexity. After obtaining the estimated CIR, we can remove
the effect of IBI by removing the postfix sequences from the
received signal blocks. At the same time, the received signal
blocks are turn into the form of ZP-OFDM system. As
compared with the conventional PRP-OFDM system, the
proposed CS-PRP-OFDM system has the advantage that it
avoids the influence of transmitted signals, during the channel
estimation processes.

We first examine the accuracy of channel estimation using
the proposed CS-PRP-OFDM approach, in terms of
normalized mean square error (NMSE) and the symbol error
rate (SER), for sufficient redundancy (P-M = L+1) case. The
channel coefficients are assumed to be time-invariant and
randomly generated. Specifically, the parameter set (P, M, L)
is chosen to be (40, 32,7). The channel coefficients are
assumed to be time invariant and randomly generated. The
complementary code sequences are chosen as a=[-1-1-111
l1-11]and b=[-1-1-11-1-11 -1], with equal length (D=8)
to form the circulant matrices, C, crc and Cy,crc-With the first
rowtobe[-1-1-1111-11]and [-1-1-11-1-11-1],

respectively. In consequence, we have CF  C, .+

Cf,cmccz,cmc =16l,.

To perform the semi-channel estimation, for fair
comparison, we collect 96 blocks for averaging with the ST-
BC PRP-MIMO-OFDM and ST-BC CS-PPR- MIMO-OFDM,
to reduce the effect of interference. The NMSE of estimated
channel coefficients is represented as

| [geg -
NMSE:NrN‘ 3 ||h("")||2

m=1 I=1
The simulation results are obtained by averaging 500 random
channels. From Figure 2, we learn that the NMSE
performance with the ST-BC CS-PRP MIMO-OFDM
outperforms the conventional ST-BC PRP-MIMO-OFDM
scheme, for SNR greater than 3 dB, due to less influence by
the transmitted signal, and is performed similarly when SNR
is less than 3 dB. Besides, by increasing the number of
receive-antenna does not improve NMSE performance
because the channel estimation does not apply multiple
antenna diversity. That is to say, different receive antenna has
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different channel coefficients and we have to estimate these
channel coefficients, individually. Therefore, the NMSE
performance of two receive antenna is the same as one receive
antenna. From Fig. 3, we learn that the SER performance with
the ST-BC CS-PRP MIMO-OFDM outperforms the
conventional ST-BC PRP-MIMO-OFDM scheme, especially
for high SNR. Besides, by increasing the number of receive-
antenna the better SER performance can be obtained.

Next, we consider the case with orthogonal cyclic-postfix
sequences. If the channel order is not larger than 3, such as (P,
M, L) is changed to (36, 32, 3). In this situation, we find that
we can use an orthogonal cyclic sequence to simplify the
process with CC cyclic sequences. Here, if we choose a
deterministic sequence ¢ = [co ¢;¢; cs]’=[111-1]" to be
the postfix sequence, the cyclic-postfix sequence in (2-a) and
(2-b) becomes

. T

c(’ ) = [C(D—i)modD’c(D—iH)modD’ " '=c(D—i-1)modD:|
where D = L+1. With other parameters to be the same in
previous case, the cyclic-postfix sequence is orthogonal to each
other; the circulant matrix C . . formed by the cyclic-postfix

CIRC
sequences is given by C# C,.. = DxI, =4xI,. The results

are given in Fig. 4. From Fig. 4, we found that similar results as
in Fig. 3 are observed.

V. CONCLUSIONS

In this paper, we have proposed a novel ST-BC MIMO CS-
PRP-OFDM scheme, where the pseudo random cyclic-postfix
sequences, implementing with the complementary code (CC)
sequences, was employed to replace the PRP in OFDM
systems. The MIMO CS-PRP-OFDM systems with 2 transmit-
antennas and 2 receive-antennas is considered to verify the
merits of the proposed scheme. By exploring the property of
CC sequence the semi-blind channel estimation, with first-
order statistics of received signals, could be performed,
effectively and with lower complexity, compared with the
PRP-OFDM based system. However, with the proposed
MIMO CS-PRP-OFDM systems, it affected only by the
background noise, to avoid the interference of the transmitted
signals. Thus, when the SNR is increased better performance
achievement could be obtained compared with the
conventional MIMO PRP-OFDM systems. Also, we found that
the increasing of the numbers of the receive antenna, we could
improve the system performance of MIMO CS-PRP-OFDM,
accordingly, compared with that using the conventional
MIMO-PRP-OFDM systems, associated with the space-time
block coding. This proposed transceiver could be further
extended for insufficient redundancy case, with the blind
channel shortening algorithm.
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Figure 1 Block diagram of the ST-BC MIMO PRP-OFDM modulator
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Figure 2 Comparison of NMSE for ST-BC MIMO PRP- OFDM
and MIMO CS-PRP-OFDM system with complementary
cyclic sequence.
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Figure 3 Comparison of SER for ST-BC PRP-OFDM and
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Figure 4 Comparison of SER for ST-BC PRP-OFDM and CS-PRP -
OFDM with orthogonal cyclic sequence.
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