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Abstract: In this paper we analyze the effects of interchannel interference (ICI) and intersymbol interference (ISI) on the
performance of a Multi-Symbol Encapsulated Orthogonal Frequency Division Multiplexing (MSE-OFDM) system. MSE-
OFDM is a bandwidth efficient OFDM scheme, where a number of OFDM symbols are grouped together as a frame and
protected by one single cyclic prefix. This reduces the extent of redundancy caused by the CP and increases the bandwidth
efficiency of the system. We have derived expressions for probability of error for MSE-OFDM in presence of ICI and ISI,
which result from the time variation and delay spread of mobile channels. Both analysis and simulation results are
presented for the MSE-OFDM system and are found to be almost identical.
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1. Introduction

Orthogonal Frequency Division Multiplexing (OFDM)
has been applied widely in wireless communication
systems due to its high data rate transmission capability
with high bandwidth efficiency and its robustness to
multipath delay. Another advantage of OFDM is its simple
receiver structure using a frequency domain equalizer with
only one complex multiplication per subcarrier. This is
achieved by introducing a cyclic prefix, which is a cyclic
extension of the output sequence, to eliminate intersymbol
interference among the symbols [1]. Therefore, an
appreciable amount of redundancy is introduced in an
OFDM system which reduces the bandwidth efficiency. To
avoid this redundancy, an OFDM system called Multi-
Symbol Encapsulated Orthogonal Frequency Division
Multiplexing (MSE-OFDM) has been proposed in
literature [2-6]. OFDM is also sensitive to frequency and
timing synchronization errors. The peak-to-average power
ratio (PAPR) is also high, which limits the efficiency of the
power amplifier. The effects of these phenomena can be
reduced by using MSE-OFDM.

Two different implementations of the MSE-OFDM
scheme have been proposed [2] [5]. The first
implementation, termed the CP-reduced system, is
designed to improve the bandwidth efficiency for static
channels by reducing the number of CP insertions. The

bandwidth efficiency is improved as the MSE-OFDM
frame size increases. The other implementation, termed
FFT-size reduced system, is designed to keep the MSE-
OFDM frame duration same as that of a conventional
OFDM symbol i.e. the symbol duration reduces for the
MSE-OFDM system, while the bandwidth efficiency
remains the same. This reduces the number of subcarriers
and the FFT size of MSE-OFDM system. So the PAPR and
robustness to frequency offset improves.

An accurate channel estimation is required for the
receiver design. Channel estimation for OFDM is usually
performed in the frequency domain by either inserting pilot
tones into all subcarriers of the OFDM symbols with a
specific period or by inserting some pilot tones into each
OFDM symbol. Several pilot-aided channel estimation
schemes have been investigated for OFDM applications.
Similar channel estimation methods can be used for MSE-
OFDM systems.

Similar to conventional OFDM systems, MSE-OFDM
are also very sensitive to frequency offsets due to the loss
of orthogonality among the subcarriers. Various techniques
have been proposed for frequency offset estimation and
correction of OFDM systems [7-8]. Timing acquisition
detects the presence of a new frame in the received data
stream and once the frame is detected, it provides a coarse
estimate of the timing error to find the correct position of
the received DFT window. A popular timing acquisition
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algorithm was proposed by Schmidl and Cox [9]. A joint
estimation of the frequency offset and the channel response
were investigated [10] to improve the system performance
and minimize the estimation errors. Similar channel
estimation and frequency and timing synchronization
schemes can be implemented for MSE-OFDM systems.
There may be residual frequency and timing offsets even
after synchronization techniques are used. The intercarrier
interference (ICI) due to residual frequency offset will
affect the accuracy of the OFDM channel estimation. We
have analyzed and simulated the effects of these residual
offsets on MSE-OFDM systems.

In this chapter, we analyze the performance of MSE-
OFDM systems in AWGN and frequency selective
Multipath Fading Channels. Channel variations severely
degrade the performance of MSE-OFDM by introducing
both a complicated multiplicative distortion and an additive
intercarrier interference. The effects of carrier frequency
offset and timing offset on MSE-OFDM are studied. We
have done extensive simulations for these cases and
verified the results using analysis. Section 2 gives a general
description of the MSE-OFDM system. In Section 3 we
have derived expressions for probability of error in
presence of synchronization errors in multipath fading

channels. Simulation results are given in Section 4 and
some conclusions are given in Section 5.

2. The MSE-OFDM System Description

MSE-OFDM is a bandwidth efficient scheme, where a
number of OFDM symbols are grouped together and a
single cyclic prefix is used [5]. In CP-reduced MSE-
OFDM, a number of OFDM symbols are grouped together
in a frame and a single cyclic prefix is used in one frame.
This reduces the redundancy caused by cyclic prefix in
each symbol and therefore improves the bandwidth
efficiency. In FFT-reduced MSE-OFDM system, each
OFDM symbol is divided into smaller IFFT blocks, which
are protected by one single cyclic prefix. The number of
subcarriers is reduced, which reduces the effects of
frequency offset and also reduces the PAPR. The
bandwidth efficiency is same as that of OFDM.

The block diagram for the transmitter of the MSE-
OFDM system is shown in Fig.1, where N and M denote
the size of IFFT modulator and the total number of OFDM
symbols in one MSE-OFDM frame respectively.
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Fig 1. Transmitter of MSE-OFDM, N: Number of data samples used to generate one OFDM symbol, M: Number of OF DM symbols in one MSE-OFDM

frame, No,: number of samples used as cyclic prefix.

To generate one frame of MSE-OFDM signal, M OFDM
symbols are generated and then a cyclic extension of Ncp
samples of last OFDM symbol in the same frame is
inserted as the cyclic prefix. Here, one cyclic prefix is used

for one frame which consists of M OFDM symbols. The
OFDM signal consists of N complex exponentials or
subcarriers which have been modulated with the complex
input data X(k). Each OFDM symbol is generated by
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taking the N point complex modulation sequence through
IDFT.

The subcarriers of the transmitted signal pass through
frequency non-selective Rayleigh fading channel, and are
also subjected to additive white Gaussian noise (AWGN)
n(t), with a double-sided power spectral density No/2. The
statistics of all the Rayleigh fading channels are assumed to
be identical. Furthermore, we assume that the channel
fading is slow and remains unchanged over two
consecutive symbols. The complex impulse response of the
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Rayleigh fading channel for the m-th subcarrier can be
written as

h,(t) = B,e" &(t)

where Om is a random phase introduced by the channel, it
is modeled as uniformly distributed over the interval of [0,
27] and is assumed to be i.i.d. for each subcarrier and each
user, Bm is a Rayleigh random variable with power
E[B2m] = 62 where E[.] is the expectation operator.
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Fig 2. MSE-OFDM Receiver

2.1. Receiver

The MSE-OFDM receiver is shown in Fig.2. In OFDM
receiver, after removing the cyclic prefix and taking
inverse OFDM the received sequence is equalized to get
the transmitted data. After channel estimation, the output of
each subcarrier is equalized. Finally, the regenerated
symbol sequences are parallel to serial converted to recover
the transmitted binary data. With the help of cyclic prefix,
simple frequency domain equalizer can be realized for the
OFDM system. However, a new frequency domain
equalizer has been employed due to the unique frame
structure of the MSE-OFDM signal as shown in MSE-
OFDM receiver in Fig.2 [2] [5]. Channel estimation is used
to compensate for the amplitude and phase distortions
associated with the received signal. To estimate the
multiplicative channel response, pilot symbols are inserted
among the transmitted data symbols. The receiver
estimates the channel state information based on the
received, known pilot symbols. MN point FFT is

performed to convert the whole frame to frequency domain.
After channel estimation, one tap equalizer is used to
compensate the channel distortions. For demodulation of
each OFDM symbol in the same frame, the equalized
frequency domain signal is converted back to time domain
for IFFT demodulation. The equalized signal 7™ is then
split into M OFDM symbols for demodulation using N-
point FFT.

To implement this frequency domain equalizer, a very
large MN size Fast Fourier Transformation is needed,
which increases the computational complexity of the
system. However, the complexity can be reduced by using
a time domain ISI cancellation process as proposed in [11].
In this case, the frequency domain equalization can be done
on each individual OFDM symbols using only N point FFT.

3. Performance Analysis of
MSE-OFDM

The performance analysis of OFDM signal has been
carried out in several papers with and without
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synchronization errors [12] [13]. We have extended this
work for MSE-OFDM schemes. The analysis of MSE-
OFDM signal is similar to OFDM if there is no
interference among the OFDM symbols in a frame.
However, an ISI will occur among the OFDM symbols
within the same MSE-OFDM frame prior to equalization.
The accuracy of channel estimation is affected if the ISI is
not suppressed. To reduce this ISI, a new frequency
domain equalizer has been used due to the unique frame
structure of the MSE-OFDM signal as explained in Section
1. In the receiver of MSE-OFDM systems, NM point FFT
is performed to convert the whole frame to frequency
domain. After channel estimation, one tap equalizer is used
to compensate the channel distortions. For demodulation of
each OFDM symbol in the same frame, the equalized
frequency domain signal is converted back to time domain
for IFFT demodulation. The equalized signal 7#° is then
split into M OFDM symbols for demodulation using N-
point FFT.

In practical situations, Doppler shifts and oscillator
instabilities result in a carrier frequency offset between the
received carrier and the local sinusoids used for signal
demodulation. A carrier frequency offset produces a shift
of the received signal in the frequency domain and may
result in a loss of mutual orthogonality among subcarriers.
This causes ICI, which may cause severe performance
degradation and so must be properly compensated.

In multicarrier systems, the DFT window should include
samples from only one single block in order to avoid inter
symbol interference (ISI). A timing offset in this DFT

window may cause ISI among the symbols. If the length of
the cyclic prefix (CP) is selected to be greater than the
channel impulse response (CIR) duration, no ISI is present
in the DFT output and it only results in a cyclic shift of the
received OFDMA block. Thus the timing error A8 appears
as a linear phase across subcarriers and it can be
compensated for by the channel equalizer, which cannot
distinguish between phase shifts introduced by the channel
and those caused by timing misalignments. We have
analyzed the effects of carrier frequency offset and timing
offset on the performance of MSE-OFDM.

Mathematical models have been used to find the
analytical solutions for the problems. First, the analysis has
been done for the ideal case, where we assume that there is
only AWGN noise in the channel and there is no multipath
fading or interference of any kind. Then the analysis is
carried out for a multipath fading channel assuming no
interferences. Then the effects of carrier frequency offset
and timing offset in a multipath fading channel has been
considered for the analysis. All the schemes have been
analyzed and also been simulated and interpreted
extensively.

The transmitter and receiver models for analysis of the
MSE-OFDM system are shown in Fig.3 and Fig.4. Here,
one cyclic prefix is used for one frame which consists of M
OFDM symbols. The cyclic prefix is the cyclic extension
of Ncp samples of the last OFDM symbol in the same
frame. The IFFT size of modulator is N and the length of
cyclic prefix is Ncp samples.
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Fig 3. Transmitter of MSE-OFDM indicating major signal processing blocks

The serial binary data sequence {b(k)}, 0<k <aNM, is
the input data b(k) =+1.

This is QAM modulated to get the sample sequence
{dk)}, 0<k<NM ,

d(ky=d,(k)+ jdy(k) , 0<k < NM (1)

where di(k) and do(k) can have a value of either £1.

After serial to parallel conversion, a complex sequence
{X(m,k)} of N samples of d(k), 0<k <N, form one set of
input to the m-th IFFT block which generates the m-th
OFDM sample set {x(m,n)} , 0<n<N . Each OFDM
sample is given by

0<n<N

N-1
)= Y X(m,k)exp(j2mmk | N) 2
x(m,n) ; (m,k)exp(j2rmk /| N) 0<m<M (2)
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In MSE-OFDM, M OFDM symbols, each having N
samples, are taken in one frame and N, samples from the
last OFDM sample are used as cyclic prefix. Thus one
frame consists of NM + N, samples.

The n-th sample of MSE-OFDM signal can now be
written as

N-1

s(n) = ;X(M ~1Lk)exp(j27mk(N =N, +n)/N), 0sn<N,,
M-1N-1

> X(m,k)yexp(j2mk(n~N,, ~mN)/N), N, Sn <NM +N,, (3)

k=0

=
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£
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where the first term represents the cyclic prefix and the
second term represents the actual data to be transmitted.
As shown in Fig.4, the received signal r(t) is
demodulated to baseband frequency using carriers
recovered from the received signal, cos[w.t + 0(t)] and
sin[w.t + 6(t)]. The double frequency term is removed by
using a filter and filtered signal is integrated and sampled
at an interval of T+ 1t to get the in-phase and quadrature

cospif+a1)]

45

components  ri(l,n) and rg(l,n). The received signal
sequence {r(l,n)}, 0<n<NM+N, , is the transmitted

signal sequence {s(l,n)} corrupted by channel noise and the
additive white Gaussian noise w(l,n). After removing the
cyclic prefix, {#(/,n)} is split into M OFDM symbols and
demodulated using N-point FFT. The recovered complex
samples X(/,m,k) are decoded to get a pair of numbers,
(d,.d,) which represent the maximum likelihood estimates
of the quadrature coordinates of the transmitted symbols
(d,.dy). Thus, the symbols are detected from X(1,m,k)
based on maximum likelihood (ML) detector and are
parallel to serial converted to get the sequence { d(k) }.
The binary bit sequence { b(k)} is recovered from { d(k) }
using a binary mapping. The probability of symbol error is
calculated as Pr(d(k) % d(k)) .
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Fig 4. Receiver of MSE-OFDM highlighting the signal processing aspects

We observe that in AWGN channels the OFDM symbols
can be separated from a MSE-OFDM frame without any
interference. Therefore, the average probability of bit error
for the MSE-OFDM system in AWGN channel using
MQAM modulation will be same as that for an OFDM
system.

In Rayleigh fading channels also, if the channel is slow
fading and can be considered to be static over one frame
duration, the average probability of bit error for the MSE-
OFDM system using MQAM modulation will be same as
that for an OFDM system. In presence of other
interferences in addition to noise, the SNR is replaced by
SINR, which is signal-to-interference noise ratio.

We reproduce the results derived for OFDM systems in
literature [14-15] for comparison and to derive expressions
for MSE-OFDM. The probability of symbol error of
OFDM system using MQAM modulation in AWGN is
given by [14],

3y,

)

where y, stands for the SNR per symbol under AWGN.
The probability of bit error using QPSK Modulation in
AWGN channel is given as [14],

PfQ(ﬁ):Q(

(4)

| 26/M -y
P =1 [1 Tir Q(

2E,
ND
where y, stands for the SNR per symbol under AWGN,
Eb bhbh is the bit energy, No is the noise variance.

The average symbol error probability of an OFDM

system employing MQAM constellation under Rayleigh
fading channel can be computed by integrating the

)
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probability of symbol error under AWGN channel over the
PDF of Rayleigh distribution.

The average probability of error under Rayleigh fading
can be computed as [15]

=[ W1, wdy (6)

where f,(y) is the PDF of the fading distribution.
The Rayleigh fading distribution is given by [15]

£,) =;zexp[—2’;} Osy<e _,y<0 (7

The probability of bit error for the MSE-OFDM system
in AWGN channel is found to be same as that of an OFDM
system in AWGN and fading channels. Thus we observe
that the MSE-OFDM system gives better spectral
efficiency without degradation in the performance.

The probability of bit error for the OFDM signal with
frequency offset is given as [7]

1)9 :J.::Q[ y:Eb

@, + Nu)]fy(y)dy 3

where vk is the fading parameter in the k-th subcarrier, Eb

bhbh is the bit energy, No is the noise variance, f,()) is
the joint pdf of y, y,....y, and o, * is the variance of ICI

given by [7]

2
i in 70k N
o, 1=y Z Sin oI N=D/N (9)
t Nsin(7dk / N)
where Ak is the normalized frequency offset defined as
ratio of actual frequency offset to subcarrier spacing.

4. Joint Effects of Carrier Frequency
and Timing Offsets

OFDM systems are very sensitive to frequency and
timing errors. We consider the effects of carrier frequency
and timing offsets on an MSE-OFDM signal in a multipath
fading channel. The probability of bit error for the MSE-
OFDM signal taking both frequency and timing offset into
consideration is derived in this Section. The following
assumptions are taken for this analysis:

i Carrier frequency offset 0 (t), uniformly distributed

between 0 and 2 radians.

ii ~ Timing offset 1, uniformly distributed between 0

and Ty, (one bit duration).

iii Input bits are random,

equiprobable,

iv. The channel is a ITU-R vehicular-A fading channel.

The received MSE-OFDM signal after demodulation and
removing the double frequency term can be written as

independent  and

r(t) = h(t)s(t —1)+1(t) +n(t) (10)

where s(t) is the transmitted signal, T is the time delay, h(t)
is channel impulse response, I(t) is inter-carrier
interference due to carrier frequency offset and timing
offset and n(t) is Gaussian noise with zero mean and power
spectral density No/2.

After removing the cyclic prefix, the whole frame is
equalized and split into M OFDM symbols x(m,n), each
sample of the recovered OFDM symbol can be written as
where H(k) is the channel transfer function at the k-th
subcarrier frequency, An is the relative timing offset (ratio
of the timing offset to the sampling interval), and Ak is the
relative frequency offset (ratio between frequency offset to
the subcarrier spacing) and w(m,n) is the Gaussian noise
in n-th sample of m-th OFDM symbol.

x(m,n) = ZX(m kYH (k)exp(j2rm(n + mN + An)(k + Ak)) / N) + w(m, n) Osn< ]L (11)
k=0 <m<
These received samples are demodulated using N-point FFT to get samples X (m, k)
N-1
)%(m,k):%ch(m,n)exp(—.ﬂﬂnk/N), 0<k<N (12)
n=0

substituting x(m,n) from eq.(11) in (12), we get

)A((m,k) = ! NZ:IPZ:IX(M NH(i)exp(j2rm(n + mN + An)(i + Ak) / N) +w(m, n)}exp( j2rmmk /| N)

= \

n=0|i=0

=
L
=
L

g

> =
T
Lo
=g
L o

X(m,i)H (i)exp((j2m(n(i -

=0

=z 3
T
Lo

1
z|— =]~ =[—
M

3
I}
=

X(m,i)H (i)exp((j2rm(n + mN + An)(i + Ak) —nk)/ N) +—2w(m n)exp(—j2mmk/ N)
k+Ak)+(mN +An)(i + Ak)) /! N)+ W (m, k)

X (m,k)H (k)exp(j2m(nbk + (mN +An)(k +Ak)) / N)
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1
+NZ

n=

N-1

=0
i#k

using the properties of geometric series, we get

sin 70\k
Nsin(7k / N)

« o sin 77(k + Ak)
+Z(,: X D ) =k + k) T )

itk

X(m, k)= X(m,k)H (k)

The fisrt term can be expanded using Taylor series as

X (m,i)H (i) exp(j27(n(i =k + Ne) + (mN + Dn)(i + Dk) /| N +WV (m, k)

0sm<M
<N

(13)

exp(j/k(N —1)/ N)exp(j27rm(k + Ak)An / N)exp(jm(M —1)Ak)

exp(j7a(i —k + D)(N =1)/ N).exp(j271(i + Ak )(M =1) +bn)/ N) T W (m,k) 0<sk<N (14)

X (k) H (k) .sin Tk [1 L Bk(N 1) + 271k + D) A + UM~ I)Ak]} (15)
Nsin(7\k / N) N
Substituting (15), eq.(14) can be expressed as
X(m, k)= X (m,k)H (k)S(0) + ISI + Vzl X(m,i))H(i)SG = k) +W(m,k) 0k <N (16)

where X(m,k) denotes the transmitted symbol for the k-th
subcarrier, whose amplitude and phase are modified by the
frequency offset and timing offset, S(k) is due to frequency
offset given by (16), W(m,k) is the complex Gaussian

X (m. k) H ()™

mfﬁk exp(ji\k(N —1)/ N)exp(j2rm(k + Ak)An / N)exp(jriM —1)Ak)

i=0,i#k

noise sample and N is the number of subcarriers. Since N is
always much greater than mAk, Nsin(tAk/N) can be
replaced by mAk and the first term reduces to

0<k<N (17)

The second term in (16) is due to ISI caused by the timing offset and is given by

ISI = X(m,k)H(k){

TK(N = 1) + 2710k + De)YAn + (M — I)Ak}
N

0<k<N  (18)

The third term in (16) is due to ICI caused by the frequency offset given by

sin 71(k + Ak)
Nsin(7(i —k +Ak)/ N)

Ly = NZ_‘jX(mJ)H(i)

ik

0
N-1

= Z X(m)HK)SG~-k)  0<k<N
i=0,i%k

The sequence S(k) depends on carrier frequency offset
and timing offset and is given by

Sk :Mexp[jn(ﬂj(k +ARY((M —1) +An)} 0<k<N (20)
Nsin%(k +AK) N

where Ak is the normalized frequency offset and An is the
relative timing offset.

Since the QAM symbols X(m,i) are random variables,
the interferences ICI and ISI are also random variables. For
large values of N, the power spectral density of ICI and ISI
can be approximated by Gaussian process using central
limit theorem.

TOK(N = 1) + 272k + M) An + 77(M = DAK[?

0—[512 =X2H2 N

ey

exp(j7ii =k + DkY(N =1)/ N).exp(j271(i + Mk)(M ~1) + An)) / N)

(19)

2 —
UICI

REl sin 71k + Ak) . ~ o ’
X ;Hk {—Nsin(m_k+Ak)/N) exp j7K(N —1)/ Nexp(j (M I)Ak)} (22)
The probability of bit error for the MSE-OFDM signal
taking both frequency and timing offset into consideration
is given by

el o [ tE

— d 23
oita, T Nﬂ)]f(y) y o (23
where vy is the fading parameter in the k-th subcarrier
given by ) =E[H(k)’], E, is the bit energy, N, is the

noise variance, f,(y) is the joint pdf of yy,...y, 0,,° is

the variance of ICI and o’ is the variance of ISI given
by (21) and (22).
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It is found that the signal amplitude and variance of ICI
is multiplied by an extra exponential term in CP-reduced
MSE-OFDM signal as compared to OFDM signal. This
introduces a phase error due to multiple encapsulated
symbols, which can be compensated for by the channel
equalizer. The timing offset produces a phase shift in the
received signal. The phase shift is more in MSE-OFDM as
compared to OFDM systems. The phase error due to
multiple encapsulated symbols can be compensated for by
the channel equalizer and it does not cause much
degradation in the performance.

For FFT-reduced MSE-OFDM system, the IFFT size is
reduced keeping the bandwidth constant, so the subcarrier
spacing is increased. This reduces the relative frequency
offset Ak, which is defined as ratio of actual frequency
offset to frequency spacing. This reduces the ICI variance
and therefore we get better performance in FFT-reduced
MSE-OFDM systems as compared to OFDM or CP-
reduced MSE-OFDM in presence of carrier frequency
offset. We have taken relative frequency offset values
which are uniformly distributed with zero mean.

5. Simulation Results

Table 1. Simulation parameters for MSE-OFDM

Parameters Values
Number of subcarriers N 128
Number of OFDM symbols per p
frame M

Cyclic prefix N, 16
Modulation QPSK
Number of pilot carriers P 16

Relative frequency offset Mean = 0.05, variance = 0.001

Relative timing offset Mean = 0.05, variance = 0.001

Simulations have been carried out to evaluate the bit
error rate (BER) of MSE-OFDM system under different
channel conditions. Programming languages C++ and
MATLAB have been used for simulation. Stochastic
models have been used to generate random numbers for
input data. The simulation results are verified using
extensive mathematical analysis for each case and the
results are found to be close. The small discrepancy in the
results is due to the assumptions taken in the analysis.
Monte-Carlo simulation is used to get reliable simulation
results. The analysis and simulation have been done for
QPSK modulation. However, higher QAM modulation can
be used to increase the spectral efficiency. The system
parameters used are: N = 128, B = 4, Ncp = 16 and
modulation scheme is QPSK. The channel is ITU-R
defined vehicular A channel. The frequency and timing

offsets are assumed to be uniformly distributed random
variables with zero mean and variances as mentioned in the
simulation results. The relative frequency offset is a
uniform random variable with zero mean and variance 0.05.
The simulation parameters are given in Table.1.
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Fig 5. BER for MSE-OFDM system with frequency offset in fading
channel (a) BER in AWGN channel (b) BER in fading channel without
frequency offset (c) simulation result for BER of FFT-reduced MSE-
OFDM signal with a relative frequency offset of 0.05 (d) simulation result
for BER of CP-reduced MSE-OFDM signal with a relative frequency
offset of 0.05 (e) analytical result for CP-reduced system with frequency
offset.
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Fig 6. BER for CP-reduced MSE-OFDM system in fading channel for
different values of frequency offset (a) without frequency offset (b) with a

frequency offset of 0.01 (c) frequency offset of 0.05 (d) frequency offset of
0.08 and (e) frequency offset of 0.1.

The analytical and simulation results for the probability
of bit error for both CP-reduced and FFT-reduced MSE-
OFDM systems with frequency offset are shown in Fig.5.
The BER in AWGN channel is shown in (a) and the BER
in multipath fading channel is shown in (b), which are
same for both the cases. The simulation result for BER of a
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FFT-reduced MSE-OFDM with a relative frequency offset
of 0.05 is shown in (c), the simulation result for BER of a
CP-reduced MSE-OFDM with same relative frequency
offset of 0.05 is shown in (d) and the analytical result is
shown in (e). There is a degradation in BER from 10-5 to
10-4 at Eb/No of 16 dB due to frequency offset in CP-
reduced MSE-OFDM. This degradation is less in case of a
FFT-reduced scheme since the number of subcarriers is
reduced.

The probability of bit error for the CP-reduced MSE-
OFDM system with different values of frequency offset in
fading is shown in Fig.6. The BER in fading channel
without any frequency offset is shown in (a), the BER is
found to be 10-4 at an Eb /No of 18 dB. The BER with a
uniformly random relative frequency offset with mean 0.01
and variance 0.001 is shown in (b), which is found to be
10-3 at an Eb /No of 18 dB. In (¢), the BER with a relative
frequency offset of 0.05 is shown and is found to be 2 x 10-
3 at the same Eb/No of 18 dB. With a relative frequency
offset of 0.08, the BER becomes 5 x 10-3 at the same
Eb/No as shown in (d) and with a relative frequency offset
of 0.1, it is 10-2 as shown in (e) for the same value of
Eb/No. Thus, we can see that a small change in frequency
offset can degrade the system performance severely.
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Fig 7. BER for MSE-OFDM system with timing offset in fading channel (a)
BER in AWGN channel (b) BER in fading channel without timing offset (c)
simulation result for BER in fading channel with a relative timing offset of
0.05 (d) analytical result with timing offset .

The analytical and the simulation results for the
probability of bit error for the MSE-OFDM system with
timing offset are shown in Fig.7. The BER in AWGN
channel is shown in (a), the BER in fading channel is
shown in (b), the simulation result for BER with a relative
timing offset of 0.05 is shown in (c) and the analytical
result for BER with a relative timing offset of 0.05 is
shown in (d). There is a degradation in BER from 10-5 to
10-4 at Eb/No of 17 dB due to timing offset.
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Fig 8. BER for MSE-OFDM system in fading channel for different values
of timing offset (a) without timing offset (b) with a timing offset of 0.01 (c)
timing offset of 0.05 (d) timing offset of 0.08 and (e) timing offset of 0.1.

The probability of bit error for the MSE-OFDM system
with different values of timing offset in fading is shown in
Fig.8. The BER of MSE-OFDM system in fading channel
without any timing offset is shown in (a), the BER is found
to be 10-5 at an Eb /No of 17 dB. The BER with a
uniformly random relative timing offset with mean 0.01
and variance 0.001 is shown in (b), the BER is found to be
10-4 at an Eb /No of 17 dB. In (c), the BER with a relative
timing offset of 0.05 is shown and is found to be 2 x 10-4
at the same Eb/No of 17 dB. With a relative timing offset
of 0.08, the BER becomes 5 x 10-4 at the same Eb/No as
shown in (d) and with a relative timing offset of 0.1, it is
10-3 as shown in (e) for the same value of Eb/No. It is
found that a small change in timing offset can degrade the
system performance severely.
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Fig 9. BER for CP-reduced MSE-OFDM system with frequency offset and
timing offset in multipath fading channel (a) BER in AWGN channel (b)
BER in fading channel without frequency or timing offset (c) simulation
result for BER with frequency and timing offset of 0.05 each and (d)
analytical result for BER with frequency and timing offSet.
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The analytical and the simulation results for the
probability of bit error for the CP-reduced MSE-OFDM
system with both frequency and timing offset are shown in
Fig.9. The BER in AWGN channel is shown in (a), the
BER in fading channel is shown in (b), the simulation
result for BER with relative frequency offset of 0.05 and
relative timing offset of 0.05 is shown in (c¢) and the
analytical result for BER with frequency and timing offset
of 0.05 is shown in (d). There is a degradation in BER from
10-6 to 10-3 at Eb/No of 14 dB due to frequency and
timing offsets.

6. Conclusions

In this paper, we have analyzed the BER performance of
MSE-OFDM systems. MSE-OFDM is very sensitive to
synchronization errors. We have analyzed the effects of
synchronization errors i.e. carrier frequency offset and
timing offset on MSE-OFDM systems and derived
expressions for probability of error in presence of these
errors, which cause ICI and ISI.

We have done extensive simulations and verified the
results analytically. Both analysis and simulation results
are presented and are found to be very close. As may be
expected, it is observed that the BER performance
degrades in presence of synchronization errors. However,
this degradation is less in case of FFT-reduced MSE-
OFDM scheme as compared to conventional OFDM due to
reduction in number of subcarriers. The performance
improvement by 2-3 dB has been observed by using this
scheme.
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