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Introduction channel and leads to the ICI (Li and Kavehrad, 1999
Zhang and Liu, 2006).

There is an ever increasing demand to increase the A gircylar extension known as the CP is added @t th
data throughput and to make more efficient usehef t o 4 of OFDM symbols in order to eliminate both ISI

available spectrum in wireless data communication .+ | To achieve this goal, the CP length must b

systems. The Orthogonal Frequency Division .
Multiplexing (OFDM) modulation technique is one of greater than the delay spread of the multipath ieéian

the methods used to achieve these goals. Due to ithhahet al., 2010). _Howev_er_ the introduction of the CP
robustness against multi-path fading, the OFDM is reduces the bandwidth efficiency and decreasesdte
becoming a modulation technique of ’choice for most rate (capacity of the system) because it conveys no
commercial high-speed broadband wireless INformation. It also disperses the transmitter gpgthe
communication systems. The OFDM is a special fofm o @mount of consumed power relies on how large CP
multi-carrier modulation schemes that is capable ofl€ngth), where the Signal-to-Noise (SNR) lost duéhe
overcoming the frequency selectivity of the radio CP introduction indicates the loss of transmission
channels and providing high data rates withoutile ~ €nergy. Because of the loss of SNR and the bankwidt
(Kaur and Bharti, 2012; Marchettt al., 2009; Prasad, efficiency, the CP needs to be chosen optimally.
2004). However, in multipath fading channels, tineet ~ Typically, it is chosen based on the multipath cfen
variation of a fading channel over an OFDM symbol duration in a given operating environment (Nessl.,
period destroys the orthogonality between the sub-2002; Payaswini and Manjaiah, 2013).
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The CP is always appended to the head of the OFDMOnce the sequence of binary values is mapped tta d
symbols. This result in loss of spectral efficierafythe symbol form, the next step is to generate an OFDM
system. For example, in IEEE 802.11a/g standarditabo waveform by converting the serial data symbol saqae
25% of the useful signal is utilized for the CP [9)]. into a number of shorter parallel symbol sequences.
Therefore, it is essential to understand the CPtatian These modulated signals are processed by the IFFT
scheme. The conventional OFDM uses a large and fixe block. Then the CP is added to the signals. The CP
CP length to tolerate worst case channel conditionextends the OFDM symbol by copying the last samples
irrespective of current channel state. This teammjg of the OFDM symbol and appending it in front of the
however will lead to loss in bandwidth efficiency waell transmitted OFDM symbol. The reason for that is to
as waste of the transmit energy proportional to@fe  preserve the orthogonally between the sub-carriers.
length. If the receiver is designed based on indimiay Also, the CP allows the receiver to integrate oaer
spread, the mobile terminal will undergo severe ISl integer number of sinusoid cycles for each of thdtim
when it moves to outdoor. Conversely, if the reeeiig paths when it performs OFDM demodulation with the
designed based on outdoor delay spread, some of thEFT. After adding the CP, the signals are convetted
guard band will be unnecessary, which wastes theserial form and transmitted through the channel
spectrum and increases battery power consumption(Nolan, 2005). At the receiver side, a reverse pssc
Therefore would be beneficial to change the CPtleng is performed. The serial data are received and
based on the channel parameters (Hassaln, 2011). In converted to the parallel form. Then cyclic pref&
(Daset al., 2005; Ghosh, 2011) OFDM uses a CP which removed. After removal of cyclic prefix, Fast Faari
is selected to be several times more than the R&M&/d Transform is performed. Then, the signals are
spread of the operating environment. This CP select demodulated using different modulation schemes to
mandates devices which experience smaller RMS delayet the original binary data (Nolan, 2005).
spread to use an excessively longer CP, in thisitsin Figure 2 shows the proposed OFDM system model.
the scarce network resource is misused and théetimi According to this model, at the transmitter end gtgmal
battery power is wasted from the device perspective is modulated and subsequently the CP controllachés
This fact motivates the research into ways for mglkhe the CP length adaptively to mitigate both ISI a@l |
CP length shorter and even adaptive, which canintroduced due to the channel. At the receiver ¢he,
introduce a significant enhancement in spectral CP controller detaches the CP length before demtatul
efficiency. In 2004, Zhang proposed a method topado in order to recover the transmitted signal.
the CP length based on the variation of the chadelely
spread. His method suggested selection of the He  Analysis: SNR and Data Rate Loss beyond
to be twice the channel RMS delay spread (Zhang an ;

Lai, 2004). In 2005, Chiwoo, Youngbin, Panyuh, d[he CP Introduction

Hyeonwoo and Jaeweon proposed another method to To evaluate the effect of the CP length on the OFDM
adopt the CP length via adjusting the sampling. feite ~ system performance, it is simulated based on the
drawback of this method is that it requires a wWitlDM parameters in Table 1 and using different chanRBIR
spectrum; since the CP is extended by samplinghgp, such as ITU-A, ITU-B, EITU and 3GPP channel
occupied bandwidth will also increase (Latal., 2005). ~ models. This section also indicates how to caleutae

In previous work, the Power Delay Profile (PDP)tiod loss in data rate and SNR due to the CP insertised
channels is fitted into a Negative Exponentially ON the OFDM system.

Decaying Profile (NEDP). Based on the NEDP a Cp |ength Calculation

mathematical formula is derived to estimate theade

CP length for the different channel models. The OFDM symbol consists of different sub-channels

The evaluation of the CP length requirements for that carry data subcarriers, pilot subcarriers dnatused
different mobile environments is the problem adsees for channel estimation and synchronization purposes
in this research. In this study, the variable CRgth is DC subcarrier and guard subcarriers that are used t
adopted based on the last tap of the Power Delafjid>r  Provide high inter-channel interference margin. Kéep
(PDP) of the channel where the PDP is not consitiese ~ the subcarrier spacing fixed at 10.9375 Kkcross
the NEDP. This means that the CP length is depeéndendifferent channel bandwidth, scalability feature of

on the MEDS of the channel. OFDM chooses 1024 FFT length with 10Midcupied
bandwidth. Thus, the useful symbol lengit) (s inverse
System Model Description of the subcarrier spacing. Then, the CP length i§ (=

G*T ), whereG s (Ty/T,) ratio. The choice of G is made
Figure 1 shows a basic model of an OFDM system.according to channel parameters. The total OFDM
First the input binary data are generated and aten/éo symbol length consists of the useful symbol lenatll
the data symbols by using different modulation sobe the CP lengthTorom = Tg+ Ty).
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Fig. 1. Block diagram of OFDM system
Transmitter Risaia
P CP
Modulator controller Channel B inoller Demodulator
Fig. 2. Block diagram of proposed OFDM system
Table 1. OFDM simulator primitive parameters SNR Loss
System parameter Value o
Bandwidth 10 MHz As the CP length is increased to overcome ISI and
Number of data sub-carriei;,) 560 ICI, it reduces the overall power efficiency. ThalFS
Number of pilot sub-carrier 280 lost at the transmitter side can be given by:
Guard sub-carrier 184
FFT size 1024
Sampling frequency 11.2 MHz AR, =-10 |ng(1_ Tg ] (2)
Subcarrier spacing() 10.9375 KHz = Tof dm
Useful symbol timeTu = 1/Af) 91.43us
Ratio of CP time to useful time (G) Variable . . .
Cyclic prefix (Ty) Ty= G*Tu At the receiver side, the receiver energy_d_oe_s_ not
Modulation scheme QPSK change as result of removing the CP. Minimizing
power losses is so important because the mobile
Data Rate terminal need to be run on battery. Since the OFDM

) o ) useful length is fixed the minimization of the pawe
The main goal of the communication system is t0 |,ss can be done by changing the CP length.
achieve high data rate with minimum BER. The

maximum transmission data rate can be written as: Wireless Standard Channel Models
_ Ng.xb (1) Several wireless channel models are used to
B T, +T, simulate the radio wave propagation. These channels
are currently utilized in industry where each moisel
where,b is the number of bits per symbol based on theconvenient for a specific type of environment. Usés
modulation scheme used. It is clear that, by chaggi standardized models allow researchers to provide
the CP length from 3% of the symbol length to 25% ‘apple to apple’ comparisons of the obtained result
reduces the amount of data transmitted rateThe considered channel models that are used for the
significantly. performance evaluation tasks in this paper work are
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ITU Channel Models

eliminate the ISI and to require more transmit potee
maintain the same BER. From Fig. 3, {6 = 4(0.34

The ITU channel models consist of two types of the us) gives the minimum BER and provides better
channels. Table 1 and 2 show the PDPs and theerformance. The achievable data rate the systerges

characteristic of these channels. Theses Tablesaiied
the relative delay, the average power for the tphe

using this length is 12.204 Mbps and the power less
0.0161 dB to accommodate this CP length, which

multi-path channel and the RMS delay spread based ojngicates an improvement over the loss and the rdda

the ITU recommendation.
EITU Channd Modds

obtained subsequently for ITU Pedestrian-A PDP and
ITU Vehicular-A PDP. Figure 4 shows the BER
performance for different CP lengths over ITU

The Extended ITU channel model for LTE was called Pedestrian-A PDP. It can be seen that when the CP
Extended Pedestrian-A (EPA), Extended Vehicular-A length increases the BER decreases and the minimum

(EVA) and Extended Typical Urban (ETU). Table 3
represents the PDPs of this channel. This Tablevsho
the channel models parameters such as the exdags de
the average power and the RMS delay spread.

3GPP Channel Models

The 3GPP channel model consists of urban micro-

cell and urban macro-cell channel model. Tablealvsh

the tap delays, the average power and the RMS dela

spread for these channel models.

Results and Discussion
OFDM over ITU-A with Different CP Length

The aim of this section is to evaluate the perforcea
of the OFDM system with different CP lengths over
ITU-A channel models. Figure 3 shows the BER
performance for different CP lengths over ITU Ind@éo
PDP. It can be seen that when gradually increasiag
CP length the BER decreases proportionally. Thiuis
the fact that the BER is affected by the ISI arelgbwer

BER occurs aCP = 6(0.46us). It can be observed that
when the CP is less than 6 the BER is slightly high
because these lengths are less than the MEDS of thi
channel, therefore; théP = 6 is enough to mitigate the
ISI. The achievable data rate the system can gagus
this length is 12.188 Mbps and the power loss 0218

dB to accommodate this CP length. Figure 5 shows th
BER performance for different CP lengths over ITU
?/ehicular-A PDP. It can be seen that when the @Btle
ncreases the BER decreases and the minimum BER
occurs at CP = 29(2.8is). This can be used to mitigate
the ISI and achieving acceptable data rate. Itatem be
observed that for the small CP length the system
performs poorly because this CP length is not cieffit

to eliminate the ISI. The achievable data ratesystem
can get using this length is 11.884 Mbps and theepo
loss is 0.131 dB to accommodate this CP lengthatt

be concluded from these figures the BER degradéseas
CP length increases and the optimal CP required
increased as the MEDS of the channel increases, Als
the data rate of the system decreases as the Gt lisn
increased while the SNR lost at the transmittere sid

consumption, so the CP needs to be increased talecreases as the CP length is decreased.
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Fig. 3. BER for ITU indoor-A PDP with different CPrigths
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Fig. 5. BER for ITU vehicular-A PDP with different G&ngths
Table 2. Power delay profile of ITU-A channel
Indoor A Pedestrian A Vehicular A
Tap No Delay (ns) Power (dB) Delay (ns) Power (dB)  eldy (ns) Power (dB)
1 0 0 0 0 0 0
2 50 -3.0 110 -9.7 310 -1.0
3 110 -10.0 190 -19.2 710 -9.0
4 170 -10.0 410 -22.8 1090 -10.0
5 290 -26.0 NA NA 1730 -15.0
6 310 -32.0 NA NA 2510 -20.0
Trus = 35NS Trus = 45ns Trus = 370Nns
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Table 3. Power delay profile of ITU-B channel

Indoor B Pedestrian B Vehicular B
Tap No Delay (ns) Power (dB) Delay (ns) Power (dB) eldy (ns) Power (dB)
0 0 0 0 0 -2.5
2 100 -3.6 200 -0.9 300 0
3 200 -7.2 800 -4.9 8900 -12.8
4 300 -10.8 1200 -8.0 12900 -10.0
5 500 -18.0 2300 -7.8 17100 -25.2
6 700 -25.2 3700 -23.9 20000 -16.0
Trvs = 100ns Trvs = 750ns Trvs = 4000ns
Table 4. Power delay profile of EITU channel
EPA EVA ETU
Tap No Delay (ns) Power (dB) Delay (ns) Power (dB) elay (ns) Power (dB)
1 0 0 0 0 0 -1.0
2 30 -1.0 30 -1.5 50 -1.0
3 70 -2.0 150 -1.4 120 -1.0
4 90 -3.0 310 -3.6 200 0.0
5 110 -8.0 370 -0.6 230 0.0
6 190 -17.2 710 -9.1 500 0.0
7 410 -20.8 1090 -7.0 1600 -3.0
8 NA NA 1730 -12 2300 -5.0
9 NA NA 2510 -16.9 5000 -7.0
Trvs = 45ns TrvS = 357ns Trvs = 991ns
Table 5. Power delay profile of 3GPP channel
Urban macro Urban micro
Tap No Delay (ns) Power (dB) Delay (ns) Power (dB)
1 0 0 0 0
2 0.36 -2.22 0.28 -1.27
3 0.25 -1.72 0.20 -2.72
4 1.04 -5.72 0.66 -4.30
5 2.7 -9.05 0.81 -6.01
6 4.59 -12.50 0.92 -8.43
Trvs = 850ns Trvs = 295ns
Table 6. OFDM data rate and SNR loss over ITU-A dehmodel
Channel type Optimal CP length Data rate (Mbps) I(dB3
Indoor-A 4(0.34us) 12.204 Mbps 0.0161 dB
Pedestrian-A 6(0.4@s) 12.188 Mbps 0.0218 dB
Vehicular-A 29(2.81us) 11.884 Mbps 0.131 dB

The optimal parameters associated with this armlysi BER occurs atCP = 8 (0.78 us). The achievable data
in order to eliminate both ISl and ICI can be suminea rate the system can get using this length is 12.146
in Table 6. Mbps and the loss in the SNR is about 0.0369 dB to
. . accommodate this CP length. Figure 7 shows the BER
OFDM over ITU-B with Different CP Length performance for different CP lengths over ITU
The performance of the OFDM system with Pedestrian-B PDP. It can be seen that when the CP
different CP lengths is evaluated over ITU-B chdnne length increases, the BER becomes smaller and the
models which consist of ITU Indoor-B PDP, ITU minimum BER occurs atCP = 42 (4.15 ps).The
Pedestrian-B PDP and ITU vehicular-B PDP as shownachievable data rate the system can get using this
in Table 3. The CP is also estimated based on thdengthis 11.717 Mbps and the loss in the SNR uab
MEDS of the channel. Figure 6 shows the BER 0.192 dB to accommodate this CP length. Figure 8
performance for different CP lengths over ITU shows the BER performance for different CP lengths
Indoor-B PDP. It can be seen that when the CP kengt over ITU Vehicular-B PDP. It can be seen that when
increases, the BER becomes smaller and the minimunthe CP length increases, the BER becomes smalter an
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the minimum BER occurs &P = 224 (22.4 us). The larger CP length as compared to ITU-A channel
achievable data rate the system can get using thidecause ITU-B channel has larger delay spread.
length is 9.839 Mbps and the loss in the SNR isuabo The optimal parameters associated with this aralysi
0.951 dB to accommodate this CP length. It can bein order to eliminate both ISI and ICI can be sumireal
deduced from Fig. 6-8 that ITU-B channels required in Table. 7.

Table 7. OFDM data rate and SNR loss over ITU-B cekhmodel

Channel type Optimal CP length Data rate (Mbps) I(0B3
Indoor-B 8(0.78us) 12.146 Mbps 0.0369 dB
Pedestrian-B 42(4.143s) 11.717 Mbps 0.192 dB
Vehicular-B 224(22.41s) 9.839 Mbps 0.951 dB
100
1071
1072
2 :
m
m
1073 |
1075
Fig. 6. BER for ITU Indoor-B PDP with different CP tghs
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1074
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Fig. 7. BER for ITU Pedestrian-B PDP with differ€® lengths
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Fig. 9. BER for EPA PDP with different CP lengths

: : shows the BER performance for different CP lengths
OFDM over EITU with Different CP Length over EVA channel. It may be seen that when the CP
The performance of the OFDM system with different length increases, the BER becomes smaller and the
CP lengths is also evaluated over EITU channel isode minimum BER occurs alCP = 29 (2.81ps). The
which consist of EPA PDP, EVA PDP and ETU PDP asachievable data rate the system can get using this
shown in Table 4. Figure 9 shows the BER performanc length is 11.884 Mbps and the loss in the SNR18D.
for different CP lengths over EPA channel. It may b dB to accommodate this CP length. Figure 11 shows
seen that when the CP length increases, the BERhe BER performance for different CP lengths over
becomes smaller and the minimum BER occurGRt= ETU channel. It can be seen that when the CP length
5(0.46us). The achievable data rate the system can geincreases, the BER becomes smaller and the minimum
using this length is 12.188 Mbps and the loss nShR BER occurs alCP = 56(5.6us). The achievable data
is 0.0218 dB to accommodate this CP length. Fidilire rate the system can get using this length is 11.542
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Mbps and the loss in the SNR is 0.258 dB to Figure 12 shows the BER performance for different
accommodate this CP length. It can be seen that ETUWCP lengths over urban micro-cell PDP. It can bensee
PDP has larger CP length as compared to EPA PDP anthat when the CP length increases, the BER becomes
EVA PDP, because the ETU PDP has larger delaysmaller and the minimum BER occurs at CP = 11(1.03
spread, which implies that the transmission ovés th pus). Figure 14 shows the BER performance for
channel is severely distorted, therefore; the nequCP  different CP lengths over urban macro-cell PDP. It
length is relatively large to mitigate this disfort. can be seen that when the CP length increases, the

The optimal parameters associated with this ar@lysi BER becomes smaller and the minimum BER occurs
in order to eliminate both ISI and ICI can be sumipesl at CP = 52(5.14us). It can be observed from these
in Table 8. figures that macro-cell PDP required larger CP thng

. . than micro-cell PDP because the macro-cell has a

OFDM over 3GPP with Different CP Length larger delay spread. It can be deduced from these

The performance of the OFDM system with Simulations that different channels require differe
different CP lengths is also evaluated over 3GPPCP lengths corresponding to their MEDS; hence no
channel models which consist of urban micro-cell single standard value of CP is optimal across all
PDP and urban macro-cell PDP as shown in Table 8channel models.
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107+

1073
0
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Fig. 11. BER for ETU PDP with different CP lengths
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Fig. 12. BER for urban micro-cell PDP with differe@® lengths
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Fig. 13. BER for urban macro-cell PDP with differ@R lengths
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Fig. 15. BER Vs. CP lengths for 3GPP PDP

Table 8. OFDM data rate and SNR loss over ITU-B cekhmodel

Channel type Optimal CP length Data rate (Mbps) I(dB3
EPA 5 (0.46us) 12.188 Mbps 0.0218 dB
EVA 29(2.81ps) 11.884 Mbps 0.131dB
ETU 56(5.64) 11.542 Mbps 0.258 dB

To summarize the analysis in previous section, Fig.does not result in further improvement of the syste
14 and 15 shows the effect of varying the CP lemgth  performance.
the BER performance of the OFDM system over EITU  Finally, it may be concluded that the CP lengtlaris
and 3GPP channel models buttressing the optimal Cressential aspect of the OFDM system. When the CP
length required in terms of the BER Vs. CP lengths. Sélected optimally based on the channel parametess,

From Fig. 14 and 15 we observe that increasingaRe ~ Overall system performance is improved. This is
length beyond the optimal length does not result inacco_mpllshed through effec_'uvely mitigating  the
further improvement of the BER of the channel. dominant problem (ISI and ICI) in the OFDM system.
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