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Abstract: The high data transmission rates in the communication channel is a recent growing demand which is
achieved by using the multiple input multiple output-orthogonal frequency division multiplexing (MIMO-OFDM)
systems because of their unique properties.. The OFDM systems that adopt the cyclic-delay diversity (CDD) scheme
require only one inverse discrete Fourier transform (IDFT) operation at the transmitter. Hence, the CDD provides a
low-complexity by means of increasing the transmission diversity in MIMO-OFDM systems. However, the optimal
pilot sequences which minimize the mean square error (MSE) of the channel estimate in traditional MIMO-OFDM
systems are inapplicable to CDD-OFDM systems. Thus this paper originates by deriving the criteria which yield the
minimum MSE of both the least square (LS) channel estimate and the MMSE channel estimate in CDD-OFDM
systems. The derived criteria are then used to develop a general methodology for determining the optimal pilot
sequence. Significantly, the proposed design methodology enables the status of the channel to be estimated using
single OFDM symbol. We have compared the performances of channel estimation algorithm by measuring bit error
rate vs. SNR with BPSK, QPSK 16-PSK and 256-PSK modulation schemes.

Keywords: Orthogonal frequency-division multiplexing, multiple input-multiple output technologies, channel
estimation, cyclic delay diversity, optimal pilot design, Inter carrier Interference (ICl).

I. INTRODUCTION

Orthogonal frequency division multiplexing (OFDM) communication systems is a type of frequency division
multiplexing system which requires accurate estimation of timing offset and channel impulse response in order to
achieve desirable performance. Channel estimation is one of the critical issues in designing multiple-input multiple-
output (MIMO) OFDM systems for coherent detection and decoding. Recently compressive sensing plays a vital role
in the applied mathematics and signal processing communities which are commonly utilized in various areas such
as imaging, radar, speech recognition, and data acquisition. Consequently in communication system compressive
sensing is mainly adapted for sparse channel estimation and its variations. In parametric channel model, the channel
frequency response is estimated using path channel model. The ESPRIT (estimation of signal parameters by
rotational invariance techniques) method is utilized to determine the initial multipath time delays acquisition and
also proposed an inter path interference cancellation delay locked loop to track the channel multipath time delays
[1]. A channel estimation scheme based on time of arrivals (TOAs) estimation determined using a variant of
probabilistic data association (PDA) and employing the minimum description length principle. In order to refine the
TOA estimation PDA is augmented by group decision feedbacks [2]. The time diversity in the Doppler-induced inter
carrier interference (ICI) and its relationship to the carrier frequency offset (CFO) induced ICI are illustrated using
the basis expansion model [3].In pilot aided channel estimation the equally spaced pilot symbols are used for the
reconstruction of channel response by means of interpolation.
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The optimum minimum mean squared error (MMSE) estimation performs smoothing and interpolation mutually
[4]. Innumerous modern wireless communication systems, the assumption of a locally time-invariant (block-fading)
channel breaks down due to increased user mobility, data rates, and carrier frequencies. Fast time-varying channels
feature significant Doppler spread in addition to delay spread [5]. The transmission of ultra-short pulse through a
multipath ultra-wideband channel provides ultra-wideband signal which can be approximated using linear
combination of a few atoms from a pre-defined dictionary. Thus the outcome becomes the sparse representation of
the received ultra-wideband signal [6].In comparison with other guided media; the radio channel is highly dynamic
thus the channel estimation is a challenging problem in wireless systems. During transmission of signal over a
communication channel which often undergoes numerous detrimental effects that corrupt the signal and often place
limitations on the performance of the system [7]. Inter-Carrier interference (ICI) is minimized by using a soft non-
coherent equalizer that influences the sparsity in the delay-power profile to generate near-optimal bit estimates
with low complexity [8]. The emerging theory of compressed sensing provides the key idea to propose sparse
channel learning methods for both single-carrier and multicarrier probing waveforms that employ reconstruction
algorithms based on convex/linear programming [9]. In sparse MIMO channel, the nature of the signal is used at the
transmitter and the algorithms used at the receiver to estimate quantification of the mean squared-error in the
resulting channel [10]. The physical multipath in angle-delay-Doppler at a resolution corresponding to the signal
space parameters and the dominant non-vanishing virtual channel coefficients characterize the statistically
independent degrees of freedom (DoF) in the channel [11]. Channels with Doppler spread, adopted a compressed
sensing approach in form of Orthogonal Matching Pursuit (OMP) and Basis Pursuit (BP) algorithms, and utilize over
complete dictionaries with an increased path delay resolution [12].A popular assumption that multipath channels
are sparse in their equivalent baseband representation has drawbacks. The complete dictionaries that lead to much
sparser channel representations and better estimation performance [13]. Estimation of time-varying and sparse
channels provides considerable interest especially on underwater acoustic communication [15]. The optimal pilot
distribution is often quite different, with more pilot energy distributed to the edges of the signal bandwidth [16].
Recent results indicate that full (all tones carrying pilot symbols) preambles with equal pilot symbols are nearly
optimal, in the sense that they yield a local minimum of the mean square error (MSE) performance metric of the
estimated channel frequency response (CFR), subject to total training energy constraint [17].

Il. RELATED WORKS
Certain modern research efforts linked to the optimal pilot design technique for sparse channel evaluation is
elegantly elaborated as follows.
Feng Wan et al. [18] have presented a semiblind algorithm for the estimation of sparse multiple-input-multiple-
output orthogonal frequency-division multiplexing (MIMO-OFDM) channels. The second order statistics signal was
received through a sparse MIMO channel which are then analyzed an expressed in terms of the most significant taps
(MSTs) of the sparse channel. The semiblind approach for the estimation of MSTs of the sparse channel can be
developed using the combination of blind constraints and the training-based least square criterion. Although
perturbation analysis of this approach was demonstrated in order to determine the semiblind solution is not
subjected to signal perturbation error when the sparse channel is a decimated version of a full finite impulse
response channel.
Chenhao Qi et al. [19] have proposed a scheme using the modified discrete stochastic approximation to optimize the
pilot placement in OFDM systems. The channel data was employed to offline search the near-optimal pilot
placement before the transmission. At the mean time the principle was formed to select compressed sensing (CS)
algorithms based on the mean squared error (MSE) minimization. Simulations using a sparse wireless channel
model enhance the effectiveness of the scheme which provides much faster convergent and more efficient compared
to exhaustive search.
Chenhao Qi et al. [20] have investigated the deterministic pilot allocation for sparse channel estimation in OFDM
systems. The optimal pilot design according to the cyclic different set (CDS) were derived Based on the rule of
minimizing the coherence of the DFT sub matrix. However, the CDS only existed for some specific number of OFDM
subcarriers. Hence this scheme proposed a discrete stochastic approximation to obtain a near-optimal pilot pattern
F. Abdelkefi et al. [21] have proposed a novel efficient algorithm for the estimation of sparse channel impulse
response (CIR) was addressed for OFDM systems. The origination of this algorithm equivalently realizes the CIR
estimation problem as a decoding one. Hence it achieves the channel sparsity through the modeling of the sparse
CIR as a Bernoulli-Gaussian process. Then, using the relationship between the Reed-Solomon codes and the OFDM
modulator it efficiently estimates the sparse CIR using directly the decoding of the OFDM received signal.
Jong-Seob Baek et al. [22] have presented the efficient pilot patterns and channel estimations for a high-rate multi-
input multi-output orthogonal frequency division multiplexing (MIMO-OFDM) system. This technique concentrated
on the basic orthogonal property of the unit matrix manipulating the scattered pilot (SP), edge pilot (EP), and
continuous pilot (CP).From the orthogonal property, the efficient channel frequency response (CFR) and channel
impulse response (CIR) estimations were achieved.
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Wei-Chieh Huang et al. [23] have proposed an optimal pilot sequence design for channel estimation in CDD-OFDM
systems, which provides the minimum MSE of both the least square (LS) channel estimate and the minimum mean
square error (MMSE) channel estimate in CDD-OFDM systems. These derived measurements are then utilized to
develop a general methodology for determining the optimal pilot sequence. Significantly, the designed methodology
enables the status of the channel to be estimated using single OFDM symbol.

Peng Cheng et al. [24] have proposed a novel channel estimation scheme based on distributed compressive sensing
(DCS) theory. The advantage of the basis expansion model (BEM) and the channel sparsity in the delay domain is
used to transform the original DS channel a novel two-dimensional channel model where several joint sparse BEM
coefficient vectors become the estimation goal. The special decoupling form originating from a novel sparse pilot
pattern was designed which results in an ICI-free structure and enables the DCS application to make joint estimation
of these vectors accurately. This smoothing treatment process scheme achieves significantly higher estimation
accuracy when compared with existing scheme.

Jung-Chieh Chen et al. [25] have investigated the pilot placement problem for sparse channel estimation in
orthogonal frequency division multiplexing (OFDM) systems. The compressed sensing technique is used to recover
the sparse signal from under sampled measurements and these signals are then applied for pilot-aided sparse
channel estimation in OFDM systems to reduce the transmission overhead. The selection of pilot tones significantly
affected channel estimation performance. Hence optimal pilot placement for sparse channel estimation in terms of
minimum mean-square error of the channel estimation, through an exhaustive search of all possible pilot
placements was extremely computationally intensive. In order to minimize the computational complexity and
simultaneously maximize the accuracy of sparse channel estimation, cross-entropy optimization was introduced to
determine the optimal pilot placement.

I1l. PROPOSED PILOT PATTERN DESIGN FOR MIMO-OFDM WITH CCD

3.1 Overview of OFDM

The Orthogonal Frequency-Division Multiplexing (OFDM) is one of the Frequency Division Multiplexing (FDM)
method which works on the basis of digital multi-carrier modulation technique. The orthogonality property of the
OFDM is unique among the subcarriers which are obtained by splitting the carriers into nearest space orthogonal
subcarriers or channels. Thus the Inter Carrier Interference (ICI) is reduced to maximum extent so that the design of
transmitter and receiver is simple when compared to FDM. Therefore the insertion of guard intervals between high
OFDM symbols Therefore the Inter Symbol Interference (ISI) can be eliminated effectively without using pulse
shaping filter. The block diagram of OFDM System is shown in figure 1.

Tx SVD
I
' Conv. IEET Cyclic Multi-Path
Encoder Prefix Channel
OFDM
Viterbi Channel R -
Decoder Esp. & comp. FFT [~— Synchronization
Rx SVD A
sS\VvD - !
Feedback Link ]

Figure 1: OFDM System Block Diagram

The above figure contains two parts such as OFDM and SVD in which SVD is used to provide feedback link between
transmit antennas (Tx SVD) and receive antennas (Rx SVD).The OFDM encodes the transmitted data from Tx SVD by
convolutional encoder and then inverse Fourier transform is applied by using IFFT, finally it is fed intocyclic prefix
which acts as a buffer region where delayed information from the previous symbols can get stored. The receiver
eliminates the samples from the cyclic prefixwhich is corrupted by the previous symbol when selecting the samples
for an OFDM symbol.In the multiple-path channel the synchronization occurs which can be approximated by using
Fast Fourier transform which is received by the receiver and the channel is estimated. These received and estimated
values can be decoded by usingViterbi Decoder.
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3.1.1. Mathematical formulation of OFDM
If symbols to be transmitted are X, , K =0,1,......, M —1. The OFDM symbols are placed at a frequency spacing of

fS , to keep orthogonality among the subcarriers.

Where f, =1/(MT,), T, =sampling interval (1)

The OFDM signal transmitted through Kth subcarrier is given by
i2TImk

M-1
— M
Xn =D 4o X8 @
3.2. MIMO-OFDM System

The usage of MIMO-OFDM systems in modern wireless communication systems provides increased system capacity
and coverage with robustness against multipath fading. Hence multiple antennas are used at both ends of the
transmitter and the receiver. Because of the unique properties of the MIMO and OFDM systems, these systems are
used in high-speed wireless communication systems. We consider the block diagram of MIMO-OFDM system with
Mt transmit antennas, Mr receive antennas, and M subcarriers shown in Figure 2. Generated OFDM signals are
transmitted through a number of antennas in order to achieve diversity.

Tx-1 Rx-1
Pilot tones
insertion L
T ﬂ Output
Y m ‘ — Data
Input — ‘ ! ‘ 1 Symbols
Data | ! | Demapping—
Symbols Te-p Rx_q
Mapping

|
|
|

1441

Pilottones | | |
insertion Channel
estimation

l

Figure 2: Block Diagram of MIMO-OFDM System

In MIMO OFDM system shown in Figure 2 (for SISO-OFDM systems we consider Mt =1), we assume that the duration
of the cyclic prefix is long enough to avoid inter-symbols interferences (ISI). A received symbol vector at a discrete
time index n transmitted over a flat and time-variant MIMO channel can be written as

M, My M
YAm) =D HZ XPM)+ > > HEXP(m)+UP(m) (3)
p=1 p=li=l
i=k
-
ICI

Where X ”(m) is the transmitted symbol over the K thsubcarrier from the p tantenna at time indexm, Y,7(m) is
the received symbol over the K th subcarrier from the qth antenna at time indexm. Hkp’i , denotes a frequency

channel response between the K th andi th subcarrier. Inter-carrier interference (ICI) can be neglected for time
invariant channels and time varying channels with moderate mobility. Also we consider MIMO-OFDM systems with
two transmit antennas and two receive antenna as shown in figure 3.The total number of subcarriers is M. Basically;
the MIMO-OFDM transmitter has Mt parallel transmission paths which are very similar to the single antenna OFDM
system.
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Figure 3.MIMO-OFDM System with 2 transmitting antenna and two receiving antenna

In OFDM system the binary data is first grouped and mapped according to the modulation in “signal mapper”. After
modulation the symbol rate reduced to R = (R /log2N), where N is constellation size. Then this serial data is fed to
serial to parallel convertor. This reduces data rate by M times, where M is number of parallel streams. Each of
parallel streams constitutes tiny bandwidth in the spectrum. So these streams almost undergo flat fading in the
channel. After inserting pilots either to all subcarriers with a specific period of blocks or within a uniform period of
frequency bins in all blocks, IDFT block is used to transform the data sequence of length into time domain signal.

x (M)=IDFT{X(K)}, m=0, 1, 2, ........ M-1  (4)
Mt i2IImk
x(m) =2, X (ke ¥ )

At the receiver end, discrete domain through A/D and low pass filter, guard time is removed and the signal
Y9(m+ m,) for —M  <m<M —1will become as y(m) for m=0,12,.....M-1. Then y (m) is sent to DFT block

for the following operation:

Y (k)= DFT{y(m)}k=012,.....M =1 (6)
As a matter of convenience we can write the entire operation as

Y(K) =X (K)H (k) +U (k) )

Where X (k) = DFT{x (m)} and U (k) = DFT {u (n)}. Then the binary information data is obtained back in “signal
Dapper” block, where M is DFT length. Following IDFT block, guard time, which is chosen to be larger than the
expected delay spread, is inserted to prevent inter-symbol interference. This guard time is a copy of the last part
which acts as a OFDM symbol. This makes the transmitted symbol periodic, which plays a key role in identifying
frames correctly, so as to avoid ISI and inter-carrier interference (ICl). The resultant OFDM symbol is given as
follows:

X4m)=x(mg+m) , my=M M .. -1,m=0,1,2..M-1 8)
Where M o is the length of the guard interval. The transmitted signal will pass through the frequency selective time
varying fading channel with additive noise. Then the received signal is

Y ® (m) = {x¢ (m).h(m)j+u(m) (9

The channel response h(m) can be represented by
h(m) :1/\/MZOzne‘j“/M("”"‘1)m sin([Iz,)/sin(f1/ M (z,K)) (10)

As a MIMO signaling technique, Mt different signals are transmitted simultaneously over Mt X Mr transmission paths
and each of those Mr received signals is a combination of all the Mt transmitted signals and the distorting noise. It
provides the diversity gain to enhance system capacity. The data stream from each antenna undergoes OFDM
Modulation with the encoding matrix represented as,
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W« _| X1 X2 (11)
X2 X1
X1=[X[0]- X “[IX[2]- X "[3]-....c... =XM1 (19

X2 = (X[ X [0]X[3]X “[2]-wee. X “[M —2])

The vectors X1 and X2 are modulated using the Inverse Fast Fourier transform (IFFT) and after adding a cyclic
prefix as a guard time interval, two modulated blocks Xg1 and Xg2 are generated and then transmitted through first
and second Transmit antennas respectively. Assuming the guard time interval is more than the expected largest
delay spread of a multipath channel. The received signal will be the convolution of the channel and the transmitted
signal. Assuming that the channel is static during an OFDM block, at the receiver side after removing the cyclic
prefix, the FFT output as the demodulated received signal can be expressed as

Y, Hiy Hip oo How TX, 7 U, ]
Y, | [Hy Hyy oo How | X, | U,
= +
Yir ) [ Hus Huz oo Hucwr L% | [Un

SN R (13)
In the equation (13), [U1, U2.U ;] denotes AWGN and Hn, m is the (single-input single-output) channel gain

between the nth receive and m-th transmit antenna pair. The m-th column of H is often referred to as the spatial
signature of the mth transmit antenna across the receive antenna array.T he channel information at the receiver,
(ML) detection can be used for decoding of received signals for two antenna transmission system, which can be
written as

W[2k] = %k: H[2KTY,[2K] +H [2k]Y, [2k +1]  (14)

W2k +11= > H;,[2K +1]Y,[2k] - H,[2k +1]Y,"[2k + 1] (15)
Where k=0, 1, 2 ... (M/2)-1. Assuming that the channel gains between two adjacent sub channels are approximately
equal. ie H; [2k]=H, [2k +1]andH, ,[2k] = H, ,[2k +1] At the end, the elements of block w[k]are

demodulated to take out the information data.

3.3 Cyclic Delay Diversity
3.3.1 Channel model

A block diagram of an OFDM system with M transmits antennas utilizing CDD is shown in Figure 1. As a
conventional single antenna OFDM transmitter, the signal stream is divided into M, parallel sub streams, termed

subcarriers. The 1" subcarrier, of the N symbol block, named OFDM symbol, is denoted by X ;. An inverse DFT
(IDFT) with M .y = M, points is performed on each block. Then the data streams split into M parallel streams,

and an antenna dependent cyclic delay, 5C(§‘c), is inserted, resulting in the following CDD signal of transmit antenna
y7,
x4 = x, (M=5%)mod M 17)

m cyc
Usually, the cyclic delay between adjacent transmit antennas are set as equidistant delays
S =(u-1). 5, 1< <M, (18)

cyc

where§_ , is the delay parameter which can be chosen within the range [0,M - / M. ] It is instructive to

cyc !
consider the signal before OFDM modulation, X, ; which is related to X, ., by an IDFT. Correspondingly, the DFT of

(1)

a cyclically delayed signal X', translates to a phase shifted version of X, ;. Cyclic delays by (u-1)o,, samples in

cyc
the time domain correspond to the following phase shift between adjacent subcarriers.
(D(H) = ZH(ﬂ _1)5cyc IM FFT (19)
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The time domain signal of transmit antenna u is related to the frequency domain transmitted signal by
x*) = IDFT{X, e "W }= IDFT{X "'} (20)

I,m —

Where Xl("i’) represents the transmitted frequency domain signal of transmit antenna y . Note that Xl("i’) does exist

only virtually, it is the equivalent signal which would be obtained by inducing phase shifts before OFDM modulation
rather than time delays after OFDM modulation. Consequently a guard interval (GI) having N, samples is inserted,
in the form of a cyclic prefix. The signal stream is transmitted over a multipath fading channel. At the receiver the
guard interval is removed and a DFT on the received block of signal samples is performed, to obtain the output of
the OFDM demodulationY, ; . We assume the cyclic prefix to yield perfect orthogonal. Generally, the received signal

of a MISO system after OFDM demodulation is
_ N (u)pg (u)
Yl,i_zylxl,iHl,i +Ml,i

Taking into account the properties of CDD the received signal can be expressed as

M B
Yii= X > HWeiel) ym (21)
u=1
where M, ; denotes additive white Gaussian noise (AWGN) with zero mean and variance M, . The channel transfer

function (CTF), H|(Y’i‘) is obtained by sampling the analog CTF, H “)(t, ), at time and frequency instants t =T

and f =1/T where T, = (M + M )T, and T =M represent the OFDM symbol duration with and

spl FFT Tspl

without the guard interval, and T, is the sample duration. The CTF, H W(t, f) is the Fourier transform of the
channel impulse response (CIR).Considering a frequency elective, Rayleigh fading channel, modeled by a taped delay

Qo
line with Q, non-zerotaps,h “)(t,7) = Z hq(")(t)é (r - 75”) , the CTF can be described by
q=1

—jorrz ()
H W) =3 % hlme 120m T o

q=1
where h|(,ﬁ) is the qth tap of the CIR, impinging with time delay Tq(“) The channel is assumed to be constant during

one OFDM symbol, so h,(y’é) =h, (T It is assumed that all channel taps and all antennas are mutually

sym)'
uncorrelated, and all tap delays are within the range [0, 7

3.4. Channel Estimation in CDD-OFDM Systems

In developing the proposed pilot design scheme, it is assumed that the channels remain static for V consecutive
OFDM symbols and the receiver collects a total of S pilot symbols from these V OFDM symbols. Therefore, the
bandwidth efficiency (i.e., the ratio of the number of data symbols to the total number of data symbols plus pilot
symbols) isgivenby (M -V -S)/ (M -V)=1 -5/ (M - V). In other words, the bandwidth efficiency depends upon
the channel coherence time.

max ]

gen |
pilot +GlI
¥
MUX T [ﬁ
— pilot | IFFT P/S +Gl

Figure 4: Block diagram of the transmitter of an OFDM based system utilizing cyclic delay diversity (CDD)
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Figure 5. Receiver of an OFDM based system

Itis further assumed that the sth pilot symbol is located on the m, th sub-carrier of the v, th OFDM symbol, where
m, §0,1..M-1}and V, &0, 1..V - 1}. The sth received pilot is given by

M -1
1 T
sz(ms)z -Xvs' Zys,mT'VM 'GL(ms)hmT +Uvs(ms) (23)
\/MT my =0

=~M y.h+U, (m,) (24
where X, , Y, and U, denote the V, th transmitted OFDM symbol, the V th received OFDM symbol, and AWGN
noise, respectively. In addition, y, . = exp(—j2IIm.d, . /M), where d v,m, Is the cyclic-delay of the V th

OFDM symbol of the M, th transmit antenna, and 5 (m ) denotes the M th row of matrix (5 . Furthermore,

-

w isa 1x L row vector L = M; - L defined as ] Finally, h

W =X, M) 0.G M) 7 LG (M) yeM -1.G (M)

is a Lx 1 column vector with the formp — _ 1 AT AT . .h,, _,]7 -Assuming that the MIMO channels are

T

independent and identically distributed (i.i.d.), then h(lj,l e{O,l,Z,....,L—l}, are independent complex

Gaussian random variables with zero mean and a variance of & 2 _ . The S received pilot symbols can be written in

h (1)

the form of anSx1 column vectorY = [YVO (Mg), Yy, (M) Yy (M —1)]T. Moreover,y can be re-written as

f - JIM l/; H+Lj where \i] isa s x L matrix defined as

Y,
Y. .
\PE = AOGL,A]_GL, ........ y AMT—lGL
\Ps—l (25)
A, isa S x S matrix with the form
'
Xvo(ma);’o‘m,
X, M)y,
A, =
)(Vs(ms)ys,mT (26)

NIRAE:: ©2014-21, AM Publications, India - All Rights Reserved Page -89



L M

F
Ei‘ International Journal of Innovative Research in Advanced Engineering (IJIRAE)  ISSN: 2349-2163
BEEER RE Issue 05, Volume 8 (May 2021) https://www.ijirae.com/archives

column vector describing the AWGN. The matrix \fj incorporates the effects of cyclic delay and pilot location.

Moreover, the channel vector to be estimated,ﬁ , is obtained by concatenating M ; channel impulse responses,
h - Accordingly, the developed approach does not estimate the equivalent-SISO channel, but the M ; channel

impulse responses are estimated individually.

Analysis of MMSE channel estimate
The MMSE channel estimate for a given s has the form - . - ,where - - "] and
g LII MMSE :PnyPyjY Pﬁ?IF{hY }

Meanwhile, the MSE of the MMSE channel estimate is given by

2 L1 w ) *].Note that __ « is diagonal since all the
}tp[Pﬁuz \PJ Py-Finn’]

Ry -FIYY |

h MMSE h

e

2 —
O mmse T Fl:

channel taps are assumed to be sample spaced and mutually independent. For analytical convenience, let the Lx L
N " N be introduced, o/, is lower bounded by

matrIX CD = P ;1 +

o 2
2 -1 1 LI
O mmse :tp{[Ph*'O_zlP ‘PJ :|
(27)
-1 |:71 . 0'2 . 0'2
=[], S o, 1)* _ Lf n[1 28)
-0 | o"uai[ﬂ]’
B hi 1
The equality holds When\f/ H ‘f’ - p|.- Note that the values of H o } and
; ok =0l by ¥ }

Ly v

" -1 are both a function of o . Moreover, the value of q} is
O-I\EIMSE =tp|:[Pﬁl+ j } tp{|:‘1" \P :|}

influenced by the cyclic delays and pilot locations.

o

3.5 Design criteria for optimal pilots in CDD-OFDM systems
This division presents an over-all approach for designing the pilot sequence which satisfies, Wy ! W o=l and

therefore diminishes the MSE of the LS and MMSE channel estimates. In emerging the optimal pilot design, it is
noted that can be rewritten as

g H g
Fo‘o Fo,l """""" FOMT—I 1
FlO F1,1 """""" rlMT—l
_F M;-1,0 FMT—l,l """""" FMT—l‘MT—l_ (29)

wherel"k‘ii, ke{01,., M, —1},isan L x L matrix defined asp = [A E L]H A.F . In order to satisfy the

i _ H - iy s . ,k = .
condltlon\P ¥ o=l , itis essential that - Pl ke {01, M, _1}hereoLxL is an LxL
! OLxL’k # 1
zero matrix.
A Caseof k=i

When k =i, . i(c,d)hastheform

rk,k(c;d):il{x mfeXE—Jmh(dqs,k ﬂ_exE— jmh(?s,k Hﬂ}
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2

In examining for the optimal pilot sequence required to estimate M channels of length L, the S pilot symbols are

S 2 exp{i j2rm, (c - d)} (30)
M

equally divided into R groups, with each group containing Mg pilots, i.e, S=R - M, where M > LandR> M.
Itis revealed that .=rl. if the S pilot symbols have the form

X Vs(m $) = X V('{)(m(r‘r)) = AP exp( je(r,r))' (31)
Where m(”)=t,+rT,Rz;:M e Pe=p, t,e{01...T -1} re{0l.., R-1}
And re 0l M -1

B.Case of K #1
ForKk # I, the matrix r. has the form as shown in (32),

rk.zLAkﬁL} AFL

(32)
E . H Xvu(mo)‘ Y oi « ’FL(mO) (33)
FL(ml) ‘Xvu (mU)‘z}/Li‘k FL(ml)
F L(Ms_1) . 2" F L(Ms-1)
Xvg_, (ms—1)‘ 7/571”;
where 7/ _ exp {— j2lim (b, ; = b, )} . The(c, d)th element of [~ s given by (32)
sik M "

(34)

In order to satisfy the condition,r =0 it is necessary that.r L (c,d)=0 Using the pilot structure given in
N LxL N

(32), and replacing the index sby the index set (r, 1), ., (c,d)can be expressed as in (35),

L, (cd)= RZI“Mip ex;{ { Zr(t +1Mj(c d+q —Q{myk)}}
r=0 =0 R (35)

Equation (35) shows that I, (cd) is a function of the cyclic-delay b i . However, (35) cannot be further

v(r,z)?

simplified unless the value of the cyclic delay b i is constrained. To facilitate the analysis, the cyclic-delay is

v(r,z)?
therefore specified as
bv(rlf)v m; = bvr,mT = Ar "My 'MR

(36)

where V is the sub-carrier index of the OFDM symbol which carries the rth pilot group and

M -1 is a cyclic-delay coefficient, which guarantees the condition
R e
L< Vel bvr,k‘ <M for K #1i. Equation (36) ensures that all of the pilots in the same group have the same
cyclicdelay, ie., bv vl = b, i Asaresult ", ,(c.d)can be rewritten as,

L, cd)= Rzllep ex;{ [ Zr(t +T— J(c d+4, -(i—k)- MR)} (37)

S —jort, (c—d+4, -(i—k)-Mg) ] Mt [ —jorTe(c—d+24 - (i—k)- Mg

:ZX”””{ jrt, (c R?(' ) T~;km{’ 7C ;?(' ) >H

It is observed from (40) that .. (c,d) = 0 when Mi*exp {— j2M z (c - d 1:/[/% -k M Q)| _ 0 Applying
=0 R

the summation property, it is easily shown that
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Mg-1 i _ i — .
Zem{ j2iz(c—d + 4, (i k)MR}:O
MR

if (@a=-b+A, -(i-k)-M;) ¢{0,tM,£2M,....}. Furthermore, it is shown that
(c—d+A4, -(i—-k)-My) € {0,tM,£2M,.....}if and only if c=d. Under such conditions, Ty; (¢, d) in (37)

can be simplified to (38).
m@mﬂmmhg%e%ﬂ@m%iu@}ga%gﬁgfju@}

=0

(38)

It should be noted in (41) that |i - k/ < Mr -1 <R - 1since O < i, k < Myand R = Mr. Using the summation property
once again, it can be shown that I'y; (c,c)= Oif Cjartt, A (- K)-M 5 _j2m -(r + 1)(i - k)] THUs, to obtain
p,<exp[ L R}——exp[—].

M S R

the desired result Ty, (c,d) = 0, it is necessary that
A :%(r+l), t, e {12, T-13, A, 6{1,2 ..... {'\“J} (39)

o=t
t -
' (M; DM,

Equation (39) shows that all of the pilots have the same magnitude even if they belong to different groups. In

addition, trand A, should be jointly determined in accordance with (39). Since trand Arare both integers, (39) implies

that S and M are constrained by mod (M, S) =0.

3.6.Proposed pilot design procedure

This section describes the pilot design methodology proposed in this study based on the criteria derived in above

two sections. As described in above design section, the minimum MSE of the channel estimate in CDD-OFDM

systems is obtained when y _ , which requires the condition specified in equation(30) to be
v ¥Y=p-l

satisfied. The pilot sequence which satisfies equation (30) can be determined as follows.

Step 1. Determination of V: In the proposed pilot design, the S pilot symbols are scattered over V consecutive

OFDM symbols. Moreover, it is assumed that the channel remains static for at least V OFDM symbols. The value of V

can be as small as 1 and is upper bounded by the channel coherence time.

Step 2. Determination of number of pilot symbols: The pilots are equally partitioned into R groups, with each

group containing M, pilots. In other words, S = R- M, where M, > L and R > M,
Step 3. Determination of pilot pattern: The 7 t pilot of the r th group has the form given in equation (32) and
(39), ie. X\, (Miay) =(p1S)-exp( j0.) Note that the phase term 6, is arbitrarily assigned, and can

rr)

therefore be adjusted as required to minimize the peak to average power ratio (PAPR). An instinctive option is that
the pilot symbols allocated to each OFDM symbol should form a perfect sequence, i.e., a sequence with equal
amplitude in both the time domain and the frequency domain. However, the issue of perfect sequences lies beyond

the scope of this paper, and thus the value of HW) is simply set to 0. In other words, all of the pilots in our proposed

design have the following pattern:

X v (M) =(p18) (40)
Step 4. Determination of pilot locations and cyclic-delays: As shown in (34), the cyclic delay of the V_th OFDM

(r.r

symbol at the M, th antenna is given by

dv,,mT =, -m; -Mg (41)
Therefore, to determine the cyclic-delay dv,,mT is equivalent to determine the cyclic-delay coefficient A, . In general,
the pilot location is described by two parameters, namely the subcarrier index and the OFDM symbol index. The
sub-carrier index M 7 of the t th pilot of the r th group has the form

T=M/Mg t, el2..T-1

It can be seen that the pilots in the same group are equally-spaced in the frequency domain. As noted in the above

toa =M e {1,2,..., {LJ}
S (M; -1)-M,

Moy = t, +1T,

Section, A, and t, are constrained by 43)
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Although the cyclic-delay may vary from one OFDM symbol to another for a given antenna, an OFDM symbol
transmitted by any given antenna cannot have two different cyclic delays. In other words, pilot groups with the

same value of /lr can be allocated to the same OFDM symbol, but pilot groups with different values of /lr must be

transmitted via different OFDM symbols. As a result, the OFDM symbol index of a given pilot is not fixed, but has
certain flexibility. In determining the OFDM symbol index, the following steps are as follows:

i. Each pilot group is associated with a cyclic-delay coefficient A, , where the value of A, may be repeated among
different pilot groups.
ii. Pilots with different values of A, are transmitted via different OFDM symbols.

iii. Pilot groups with the same value of A may be allocated to the same OFDM symbol. It is important to emphasize
that the pilot sub-carrier indexes, OFDM symbol indexes, and cyclic-delay coefficients should be determined
mutually but not individually. In addition, it is noted that the value of V must be larger than the number of distinct

values of}“r.
3.7 lllustration of pilot design procedure:
This section illustrates the proposed pilot design procedure for a CDD-OFDM system with M; =4 transmit

antennas and M= 128 sub-carriers. The multi-path channel is assumed to have a length of L = 8. As a result, the
minimum number of pilot symbols is equal to S= 32, which is obtained by setting the number of pilot groups equal to

R =4(R > M) and the number of pilots in each group to M, =8(M > L). From (43), all the pilot symbols
have the same pattern p/S = p/32. In designing the pilot sequence, the pilot locations and cyclic delays were

mutually determined since the cyclic delay coefficient A, and the initial sub-carrier index of the r th pilot groupt, .

In principle, when the number of total pilot symbols is a constant, the pilot placement is a 2D problem (frequency
and time). However, in addition to identifying pilot locations in the frequency-time plane, the optimal pilot design
determines the cyclic delays of various antennas. The following discussions present the optimal pilot designs for two
different cases, namely V=1 and V>1.

Cyclic delay

|

Cyclic delay cP
& Add CP

Cyclic delay
Cyeclic dela

o [ -1 [ ~> [ S —

Figure 6. lllustrative example of the proposed pilot design - all pilots are allocated to one OFDM symbol
(V=LM; =4 R=4 M,=8).
A. Optimal pilot designforvV=1
If the channel is time-varying, it is desirable to accomplish channel estimation using one OFDM symbol. In other
words all the pilot groups should be allocated to a single OFDM symbol and have the same value of 4,

o e =Aell2. M-DI(M, -)-Mp) ]}, r=01...R-1
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In this scenario, the sub-carrier index of the 7 th pilot within the r th pilot group is given bym(r,z) =t, +7T ,in
which t is given byt, =M -(r+1)/(1-S). It is noted that A should be carefully selected such that
t, e {ZLZ,...T —1}. Once A, =Ahas been determined, the cyclic delay can be computed from (45) as
d = A-m; - M. Figure 6 illustrates the pilot design for the case of V=1, in which all R= 4 pilot groups are

Ve,m
allocated to the same OFDM symbol, X,, and therefore have the same cyclic-delay coefficient,
A =AA € {1,2,...,5}. As noted above, 2 must be selected in such a way thatt, € {1,2,...,T —1}. In other words,

for the illustrative example considered here, A has valid values of only 2 or 4. Arbitrarily selecting a value of A = 2,
the cyclic-delay of the My th transmit antenna is given byd,, =2-Mg-m; =16-m,. Furthermore, the sub-

carrier indexes of the various pilots are givenbym ., =M - (r +1)/(1-S) + 7T = 2(r +1) + 167, where r §0, 1,
2,3}and 7={0,1,.., 7}.
B. Optimal pilot design for V>1

When the channel is stationary for V>1 OFDM symbols, the S pilots are scattered over V consecutive OFDM symbols.
Consider the illustrative example shown in Figure. 7, in which V= 4. In this scenario, one pilot group is assigned to

each OFDM symbol and the initial sub-carrier indexes t, of the R= 4 pilot groups are set equal to one another, i.e
t, =te {1,2,...,15}, r=0,1,2,3. The sub-carrier index sets of the R= 4 pilot groups are therefore identical to one
another, ie.m, , =t+7T, z=1{01...,7}. Sinced =M-(r+D/(t-S),A e{L....[(M -1/[(M; -1)-M_]]}, it

follows that t can only be specified as 4. Therefore, the sub-carrier indexes of the four pilot groups are given by {4,
20, 36, 52, 68, 84, 100, 116}. Meanwhile, the cyclic-delay coefficients of the various pilot groups are given as

A, =M -(r+1)/(t-S) =r+1and the cyclic-delays of the various transmit antennas are given by
d, o =4, M -Mg=8-(r+1)-m; .

v, ,m

Cyclic delay & cp cP cp cP

AddCP

Cyclicdelay & ’—> CcP cP CP CP
Add CP
[ [ 1 [ 1 ]

Cyclic delay & cp cpP cP oF

AddCP

Cyclicdelay &

AddCP cP cP cP cP
E; [ | 1 [ 1 L]
]

Fig. 7. lllustrative example of the proposed pilot design - pilot groups have same sub-carrier indexes but different
cyclic delays (V =4,NT =4,R=4,NQ = 8).
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I [ 1 1 |
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Figure 8. lllustrative example of the proposed pilot design - pilot groups have same sub-carrier indexes but different
cyclic delays (V =4,NT =4,R =4,NQ = 8).

Figure 7 presents an alternative pilot design for the same example. In this case, the initial sub-carrier index is set as
forr=0,2,and forr=1, 3. The corresponding sub-carrier indexes are given by (43) as {4, 20, 36, 52, 68, 84, 100,
116} forr =0, 2, and {8, 24, 40, 56, 72, 88, 104, 120} for r = 1, 3. Finally, the cyclic-delay coefficients are specified as
and the cyclic-delays are for r =0, 1, 2, 3, respectively. As a result, the first two pilot groups (r = 0, 1) can be
allocated to the same OFDM symbol, as depicted in Figure. 8. In other words, the four pilot groups can be allocated
to three OFDM symbols and the corresponding cyclic-delays of the various transmit antennas are specified. Such a
pilot design is suitable for the case in which the channel remains stationary over only V = 3 OFDM symbols. As
demonstrated in Figures. 6-8, the proposed pilot design can be realized using a number of different strategies.
Therefore, the proposed scheme is flexible and can be adapted as required by the channel status.

IV. EXPERIMENTAL RESULTS

This section shows the experimental results obtained by our proposed pilot pattern design and the comparison
results of our proposed method with the existing methods by means of the parameters obtained from the
performance evaluation.

System configuration:

Operating System: Windows 8

Processor: Intel Core i3

RAM: 4 GB

Platform: Matlab

4.1 Simulation Results
The results obtained by our proposed MIMO-OFDM channel are shown below. Figure 9 shows the MSE vs SNR graph
for our proposed MIMO-OFDM channel in comparison with the SISO-OFDM and MSO-OFDM channel.
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MSE

Figure 9: SNR Vs MSE

Figure 10 shows the BER vs SNR graph for our proposed MIMO-OFDM channel in comparison with the SISO-OFDM
and MSO-OFDM channel.

SNR?n dB
Figure 10: BER Vs SNR
4.2 Performance evaluation
The performance of the MIMIO-OFDM channel is evaluated in terms of Signal to noise ratio (SNR), Bit error rate
(BER), Mean square error (MSE).

4.2.1 Signal to Noise Ratio (SNR):
The SNR is the ratio of the received signal power over the noise power in the frequency range of the process. Which
is given by?

SNR — I:)signal
Pnoise (
44)
4.2.2 Bit Error Rate (BER):

The bit error rate or bit error ratio (BER) is defined as the rate at which errors occur in a transmission system
during a studied time interval.

_ No.of errors
Total.no.of .bits sent

(45)

4.2.3 Mean Square Error (MSE):
Let us assume that x be an unknown random variable and R be a known random variable, then

R=HX+n (46)
An estimator x(R) is any function of the measurement y, and its mean square error is given by

MSE = E{(X"~X)’} 47,

Where the expectation is taken over both X and R.
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V. CONCLUSION

In this paper we presented a work based on the Performance Evaluation of Multiple Input Multiple Output
Orthogonal Frequency Division Multiplexing (MIMO-OFDM) with pilot pattern design used in Wireless
Communication Applications. Due to dispersion the channel becomes severely frequency selective for high speed
transmission. Our proposed method overcome this frequency selective fading and also improves the performance of
transmission quality. To overcome the channel estimation and the synchronization problems in the multilevel
modulation schemes pilot pattern design with cyclic delay diversity is utilized. The simulation results, comparison
and the performance results demonstrates that the pilot pattern design is most optimal and produce better results
and enhance the performance of the whole system.
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