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ABSTRACT

Channel estimation and synchronization are considered the most challenging issues in Orthogonal

Frequency Division Multiplexing (OFDM) system. OFDM is highly affected by synchronization
errors that cause reduction in subcarriers orthogonality, leading to significant performance
degradation. The synchronization errors cause two issues: Symbol Time Offset (STO), which
produces inter symbol interference (ISI) and Carrier Frequency Offset (CFO), which results in
inter carrier interference (ICI). The aim of the research is to simulate Comb type pilot based
channel estimation for OFDM system showing the effect of pilot numbers on the channel
estimation performance and propose a modified estimation method for STO with less number of
pilot to mitigate ISI effect. Channel estimation is simulated for different pilot number with 16QAM
modulation in Ped-A Rayleigh channel. The STO effect assumed less than the cyclic prefix length
to minimize 1SI and maintain the orthogonality between subcarriers. The simulation results show
that the high number of pilots are needed to achieve good channel estimation in case no
synchronization used while similar results are achieved with smaller number of pilots if the
propose modification on the synchronization method are used aligned with the channel estimation.
The proposed system is evaluated in terms of BER and SNR.

Keywords: Channel estimation, pilots, STO.
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1. INTRODUCTION

For wireless systems, the transmitted signal is passed through the radio channel and then it reached
the receiver side after scattering in frequency and time domains because of the channel
characteristics such as path loss, Intersymbol interference (IS1), multipath fading and doppler shift.
Hence, these characteristics are considered as critical challenges in the OFDM systems as the
channel is changing rapidly depending on the environments (Nadar, Koti and Jayaswal, 2014).
Pilot based channel estimation introduced as one of the most efficient methods that utilized by
OFDM systems. This method relies on the inserted pilot signals to track the amplitude and the
frequency shift errors of the channel and equalize the channel effects on the data signals with the
help of interpolation techniques.

Orthogonal Frequency Division Multiplexing (OFDM) is a multi-carrier transmission technique
which has an efficient spectrum. OFDM gives a chance to minimize the multipath fading effects
by converting a frequency selective channel to a flat fading channel which reducing the equalizer
complexity at the receiver side (Frederiksen and Prasad, 2002).

The multipath channel characteristics result in a delay in the receiving signal depending on the
maximum delay speared of the transmitted signal. This delay leads to synchronization errors at the
receiver side and impacts the orthogonality between the OFDM subcarriers (Farhan, 2014).

The synchronization effect can be divided into two types: Symbol Time Offset (STO) and Carrier
Frequency Offset (CFO) (Cho et al., 2010). The STO effect represents a delay between the
transmitted symbol to the received symbol, while the CFO represents a shift in the frequency
domain of the subcarriers.

2. LITERATURE SURVEY

In 2005 Choi and Lee analytically determined a pilot pattern in order to reduce the mean square
error of the channel estimation that found using general interpolators. They determined the spacing
of the pilot symbols in terms of Doppler spectrum, pilot density, and power delay profile.

In 2008, Ali Ramadan Ali et al discussed the BER for OFDM using adaptive pilot distribution in
time-varying channels. The simulation results show that the adaptive system resulted in increasing
the total capacity of the system with comparable BER performance as compared to the
conventional system when selecting appropriate threshold levels.

Peter Fertl and Gerald Matz proposed in 2010 a channel estimation method for a wireless OFDM
with irregular pilots’ distribution relying on non-uniform sampling techniques. The proposed
estimator is implemented with low computational complexity by employing conjugate gradient
iterations and FFTs. The proposed method is applied to MIMO-OFDMA (multi users OFDM
system with multiple antennas).

In 2011, Abdelhakim Khlifi and Ridha Bouallegue, studied the performance of LS and MMSE
channel estimation techniques for the Downlink in LTE system considering the effect the channel
length.
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In 2012, Serkout N. Abdullah and Zainab M.Abid, studied the effect of adaptive coded
modulation for coded OFDM system according to punctured convolutional code, channel
estimation, equalization and SNR estimation.

In 2013, Michal Simko et al. addressed the effect of inserting the pilots between data-symbols on
the bandwidth. The simulation results show that by significantly increasing the power of the pilots’
symbols compared to the power of the data symbols, the number of pilot symbols can be decreased
at low SNR.

In 2013, Bashar A.Esttaifan, Oday A.Lateef and Waleed A.Mahmoud, design and construct
an OFDM transmitter with the aid of FPGA in order to simplify FFT calculations by utilizing
decoder instead of multipliers.

In 2015, Yang Guangxi et al. proposed a channel estimation technique that applied to slow and
fast fading OFDM systems. The proposed technique relied on comb type and comprised of adding
a low pass filter in the transform domain to minimize ICI.

A deep learning approach for channel estimation and symbol detection in OFDM systems is
proposed by Ye, Li and Juang, et al. in 2017. The proposed deep learning model included two
stages: training stage and deployment stage. During the training stage, the characteristics of the
wireless channel are learned using data that generated from the simulation process based on
channel statistics. While in the deployment stage, the outputs that recover the transmitted data is
generated by the model.

Most of the researchers have focused on channel estimation ignoring the synchronization phase.
In this research, the channel estimation is carried out by considering the synchronization effect.

3. ORTHOGONAL FREQUENCY DIVISION MULTIPLEXING (OFDM)

OFDM implies sending one data symbol into different linear independent subcarriers that have
equal frequency spacing depending on the symbol duration. The orthogonality of OFDM is
maintained by using IFFT and FFT due to the simplicity of implementation in the transmitter and
receiver. OFDM block diagram is shown in Fig. 1.

Binary signal Pilot CP DfA
— - s/P —
Source Mapper / Insertion IFFT P/S

Insertion g Converter
Channel
Binary | signal prg (| Shannel dem cP s/p A/D
Data Demapper (= Estl;ﬂE:IOH - Removal —Converter
| 211 Pilot | f— ﬁ

Figure 1. Block diagram for OFDM system (Liu Kewen and XingKe, 2010).
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3.1 OFDM Pilot Based Channel estimation

In OFDM system, channel estimation is an essential step to keep orthogonality between the
subcarriers to eliminate the channel effect. In pilot based channel estimation, a known data called
pilots are inserted during OFDM symbols transmission at specific locations which are known at
the receiver. Pilots have an important role in channel estimation, pilots can be allocated in time
and frequency domains. Two main kinds of pilot allocations are illustrated in Fig.2: Comb and
block type. In comb type, pilot data is sent on a specific subcarrier during all time in the OFDM
symbols as indicated in Fig 2.a. In block type, all the subcarrier frequencies of the OFDM symbol
are used as pilots periodically as shown in Fig 2.b.
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Figure 2. Pilot allocation types (Nadar, Koti and Jayaswal, 2014).

Different channel estimation methods are used relying on the pilot symbols, such as Least-
Square (LS) and Minimum-Mean-Square-Error (MMSE) (Cho et al., 2010).

3.1.1 Least-Square channel estimation (LS)

The main purpose of the LS channel estimator is to minimize the square distance between the
received data and the originally transmitted data. The received samples are expressed in Eq. (1).

Y(k) = X(k)H(k) + Z (k) (1)

Where k is the carrier index, X (k) is the transmitted signal, H (k) channel frequency response,
Z (k) is the noise signal and Y (k) is the received signal.

The LS estimation of Eq. (1) is obtained by Eqg. (2) depending on pilot subcarriers (Cho et al.,
2010).

Hi =Xty (2)
The advantages of LS algorithm are simplicity, low complexity and it does not require any

previous information about the channel statistics. However, the performance might be affected due
to high mean square error (MSE) (Liu Kewen and XingKe, 2010).
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3.1.2 Minimum-Mean-Square-Error channel estimation (MMSE)

MMSE algorithm is used to overcome the problem of high MSE by using the second order
statistics of the channel. However, MMSE suffers from major disadvantage which is high
complexity. The MMSE channel estimate H in frequency domain is given by (Cho et al., 2010):

—~ 2
H = Ryp, g (E(HH"} + 5 1)~ Hys ©)

Where Ry, ; represents the cross correlation matrix between H and Hy, I is the identity matrix,
oz and o, represent the standard deviation of the Additive White Gaussian Noise (AWGN) and
the transmitted signal.

3.2 OFDM Pilot Based Channel Synchronization

The multipath fading channel causes a delay in the receiving signal depending on the maximum
delay speared reflected on the transmitted signal (Bai and Atiquzzaman, 2003). This delay can
lead to synchronization issues in the OFDM receiver and destroy the orthogonality between the
OFDM subcarriers which result in packet error if it is not estimated and corrected. According to
the synchronization effect, the receiving symbol at index [ is expressed as (Cho et al., 2010):

yi(n) = IFFT{Y,(k)} = IFFT{X,(lk)H,(k) + Z,(k)}
— %Zgz—& X, (k) H, (k) ei2n(k+e)(n+8)/N 4 z,(n) (4)

Where N represents the number of samples in OFDM symbol, § and & represent the effects of STO
and CFO respectively. This research is focusing on the STO effect assuming CFO is neglected.

3.2.1 STO effect

STO represents the delay between the transmitted symbol and the received symbol. From Eq. (4)
and assuming ¢ is zero, the STO delay of § is determined as the phase offset 2mké/N in the
frequency domain as shown in Table 1.

Table 1. The effect of STO on the received signal (Cho et al., 2010).

Representation Received signal STO 6 effect
Time Domain Representation y;(n) x(n+6)
Frequency Domain Representation Y, (k) X, (k)eJ?mks/N

According to the starting point of the received OFDM symbol, four cases of timing offset are
shown in Fig. 3.
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Figure 3. OFDM symbol starting point cases subjected to STO (Cho et al., 2010).

e Case I: The starting point of the estimated OFDM symbol is aligned with exact symbol
timing preserving the orthogonality between the subcarriers. As a result, it is possible to
recover the OFDM symbol correctly.

e Case II: In this case, the estimated OFDM symbol starting point is taken before the exact
start point but still lower than the (T; — t,,4.) Where T is the cyclic prefix delay and
Tmax 1S the maximum multi-path delay spread. Thus, the Ith symbol is not interfered or
overlapped with the (I — 1)th symbol but still there is a phase rotation in the frequency
domain due to the STO effect.

e Case IlI: In this case, the starting point of the estimated OFDM symbol is taken before the
exact start point (similar to case Il), but it is higher than
(Tg — Tmax)- Therefore, the symbol timing starting point is too early to prevent ISI from
the previous symbol.

e Case IV: Assuming that the starting point of the estimated OFDM symbol is a little late
after the exact point of the symbol timing which makes the FFT interval have a part of the
(I + 1)th OFDM symbol in addition to the current [th OFDM symbol.

3.2.2 STO estimation in frequency domain

The STO effect is causing phase rotation depending on the subcarrier frequency index. According
to (Cho et al., 2010), STO estimation is carried out by finding the difference in phase between
adjacent and equal received subcarriers in the frequency domain. When the transmitted samples
X, (k) = X;(k — 1) and channel H,(k) = H,(k — 1) for all k, the received signal Y;(k) Y;" (k —
1) = |X,(k)|?>e/2™3/N Therefore, the STO parameter § can be estimated as below (Cho et al.,
2010):

A

8 = —arg( SNZ1 v (k) ¥;" (k — 1)) (5)

This method is using all samples as pilots to estimate the STO parameter §. As a result, the data
throughput will be low (most of the transmitted samples are used for synchronization). In other
words, it is widely used in block type. In this research, a modification on the above technique is
suggested to use only two pilots to find the phase difference between the two adjacent LS channel
estimation as:

phase difference = @y = arg (H,(k,) /H,(k,)) (6)
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where H,(k,) and H;(k,) are the LS channel estimation at two adjacent pilot on index k; and k,
respectively.

Assuming the starting point for estimation is similar to case 1l then the LS channel estimation at
pilot location is defined as below:

itk _ |valkp | 220
1Cer) Xy (ky) |Xl(ki) ™)
Then the @45 is expressed as below:
Ouyy =arg (st ) =2 ®
where i is the pilot index and by rearranging Eq. (8) the estimated & is defined as below:
§ = Do 9)

21 (Kit1—Ki)

After finding estimated & it is used to synchronize the received signal and keep the new channel
estimation for the channel effect only without the STO effect.

3.3 Interpolation

The interpolation can be defined as the estimation of a value or a set of values between two known
values. Thus, the channel response of the data subcarriers is estimated by interpolating the
estimated channel response from received pilot subcarriers. There are many types for interpolation,
linear interpolation is used commonly due to its simplicity. Linear interpolation is used to link two
successive pilots by a straight line (Zhang, Xia and Ching, 2006).

4. SIMULATION RESULTS

In this research, first LS and MMSE channel estimation techniques are applied to ITU-R
Pedestrian-A Model (Ped-A) Rayleigh channel that described in (Cho et al., 2010). Then, the STO
effect is estimated by frequency domain estimation. Finally, system evaluation is carried out
according to different SNR to BER with different pilot numbers. The simulation parameters are
shown in Table 2.

Table 2. Simulation parameters.

Parameter Value
Number of Frames 1000
FFT Size 64
Pilot Sub-Carrier Number 4,8, 16
Pilot Allocation Pattern Comb Type
Cyclic Prefix Length 16 (25%)
SNR Range 1-40 dB
Interpolation Method linear
Channel Estimation LS and MMSE
Synchronization Method STO Estimation
QAM Modulation 16
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e LS and MMSE estimation

Fig. 4 shows the effect of using different pilot numbers on the LS and MMSE estimation
performance. In this figure, it can be seen that the channel estimation performance of the LS and
MMSE estimators is increased significantly when increasing the number of pilots used in
estimation.

BER vs SNR BER vs SNR
10° T T T 10° » . . —
" ilots
- - gg::z:z — — — 8 Pilots
16 Pilots 16 Pilots
107! J 1071
102 1072
o x
@ &
107 10
104 107
1078 I L L L \ | L 107° ! ! 1 I
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35
SNR (dB) SNR (dB)
a. LS estimation QAM 16 b. MMSE estimation QAM 16

Figure 4. BER performance in Ped-A Rayleigh channel with 4, 8 and 16 pilots.

e STO synchronization estimation

Fig. 5 illustrates the synchronization effect on the received signal in time domain representation
by using the modified method. In this figure, it is observed that the received symbol is shifted and
restored to its original position after synchronization.

Transmitted Symbol
0.3 T T T - =
Transmited Samples 20-25 ‘ Transmited Samples ’
Transmited Samples 20-25
0.2
0.1
0 1 1 1 I 1
(0] 10 20 30 40 50 60
Received Symbol before Synchronization
T T T T T T
02 Received Samples 20-25 Received Samples 7
Received Samples 20-25
0.15 —
0.1
0.05 —
o I 1 1 | | I
0 10 20 30 40 50 60
Received Symbol after Synchronization
T T T T T
15k Estimate Samples 20-25 Synchronized Samples |
. Synchronized Samples 20-25
1 3
0.5 —
o I
0 10 20 30 40 50 60

Figure 5. Synchronization effect on the received symbol when & =7 using two pilots only.
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5. CONCLUSION

This research focuses on the effect of pilots in channel estimation and synchronization by
considering the STO effect. The OFDM system is modeled and the BER performance is evaluated
for a different number of pilots using 16QAM modulation in the Ped-A Rayleigh channel type.
The STO effect is estimated by using the modified method. The simulation results show that the
modified STO estimation method which used only two adjacent pilot samples still gives good
synchronization performance even with low BER which is depending on channel estimation
accuracy according to the number of pilots used.
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