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To alleviate the effects of the intersymbol interference (ISI) in the multicarrier system it is impetus to incorporate the cyclic 
prefix (CP) whose length is determined by the worst channel impulse response  (CIR) duration. A nearly ISI devoid 
communication system can be attained for CP length more than the CIR. Such a system is power and bandwidth inefficient. 
In the Visible light communication (VLC) system employing optical orthogonal frequency division multiplexing (O-OFDM) the 
effect of such an ISI would deteriorate the received signal. In this paper we propose a technique of adapting the CP length 
as per the CIR which eliminates the ISI and further increases the bit rate in O-OFDM in VLC transmission systems. A 
mathematical model is developed to evaluate the optimal CP length based on the channel capacity. This proves to be 
computationally complex, so we then propose a simplified mathematical model based on the lower & the upper bound of the 
channel capacity and also on the delay spread of the channel. These techniques are then compared with the conventional 
predetermined CP length spanning 25% of the OFDM symbol based on signal to interference noise ratio (SINR)  and the 
overall throughput of the system. A maximum improvement of 5.2% of throughput is obtained when the CP length based on 
channel capacity is adopted as compared to the CP length spanning 25% of the OFDM symbol. 
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1. Introduction 
 

It is fascinating to have a spectrum that could 

endlessly cater the high bandwidth requirements at the 

customer end. The avenue granting such a gateway to the 

unprecedented visible light spectrum until now has  just 

begun with. Besides illumination and communicat ion 

simultaneously the Visib le Light Communication (VLC) 

has other unique advantages like unlimited bandwidth, 

invulnerability to eavesdropping, and no regulation on 

transmit power [1]. Enriched with such incomparable 

attributes the VLC has led researchers and industries to 

venture into improvement of the same in terms of bit  rates, 

longer distance communication, device advancements for 

higher switching speeds etc. Adhering to the simplicity of 

On-off keying (OOK), application in VLC [2] reports data 

rates upto 3Gbps by utilizing LEDs which are engineered 

to sustain such high speeds [3]. The mit igation of the ISI 

in the OFDM with VLC has also been reported in 

literature lead ing to high spectral efficiency [4]. The t ime 

domain signal intended for transmission in VLC using 

Intensity modulated-Direct detection (IM-DD) has to be 

non-negative and real valued [5]. However the 

enhancement of the bit rates in the system utilizing the IM-

DD is limited to the switching speed of the electro-optical 

conversion by the LEDs. Techniques that could escalate 

concomitantly the electro-optical conversion are reported 

in [6]. By imposing the Hermit ian symmetry [7] and 

applying a sufficient DC (Direct Current) bias to the time 

domain signal it is possible to obtain waveforms that are 

non-negative and real at the same time. Mathematically  

these were described in [8] and by virtue they are called 

the Direct Current Optical OFDM (DCO-OFDM). 

Modifying the OFDM such that the alternate subcarriers 

carry in formation and clipping off the negative signals also 

results in time domain signals that fulfill the duo-

requirement of the IM -DD. These are the Asymmetrically  

clipped Optical OFDM (ACO-OFDM) [9].The DCO-

OFDM is spectrally efficient and the ACO-OFDM is 

power efficient [9]. In  the state of the art, the technological 

advancements in the multicarrier systems, Discrete 

Multitone-DMT and  employing orthogonal subcarriers , 

Orthogonal Frequency Division mult iplexing –OFDM 

provide data rates that are tens of Gbps in the wired and 

wireless scenario[10,11]. The need for such high rates with 

high spectral efficiency is essential for mostly applications 

like live video streaming in HD, DVB-T or even the 

Wireless Gigabit with Advanced Multimedia (WIGWAM) 

[12] within  a limited bandwidth. The 4G systems support 

data rates of upto 100Mbps under high mobility and upto 

1Gbps for nomadic movement [13].  

In wireless transmission the baseband signal intended 

for transmission is branched into narrower data sets 

multip lexed over subcarriers which are robust to 

multipath. Maximizing the system performance involves 

the optimizat ion of the availab le resources. The resource 

allocation problem namely the bit loading, power 

assignment and subcarrier number [14-16] are limited to a 

particular size of the constellation. Merely increasing the 

data rate has another implication which poses a time 
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dispersion effect that could extend over long symbol 

intervals in the multicarrier scenario. This is averted by the 

addition of the cyclic prefix (CP) to the individual 

symbols. It serves as a guard band avoiding the Inter 

symbol Interference (ISI) and usually has a length just 

enough to be more than the longest channel impulse 

response (CIR). An overlooked  provision for optimizing 

the system performance is the duration (time/samples) of 

the CP. Conventionally the CP length is fixed to just more 

than the CIR which proves to be more  bandwidth and 

power inefficient. At the expense of avoiding the ISI it  

may  become inevitable to have long CP in communicat ion 

channels with longer CIR than usual thereby thrusting a 

demand on the bandwidth. In such a case the bandwidth 

efficiency would seemingly be low. Various techniques 

have been proposed to address this problem [17-19]. The 

transmission energy required for OFDM increases upon 

addition of such a prefix. The rate also declines by a ratio 

of the time duration of the OFDM symbol (excluding the 

CP) to the total duration of the OFDM symbol.  

For CIRs that are time varying and dynamic , the CP 

length calculations for optimality becomes a point of 

concern. It would be advantageous to vary CP lengths 

according to current channel conditions. It is also 

noteworthy that the CP length need not be equal to the CIR 

in order to maximize the capacity always, as a tolerable 

amount of ISI may be unremarked such that the CP can be 

shortened. This may improve the overall system 

performance. Fin ite impulse response time domain  

equalizers are applied to DMT receivers for shortening the 

length of the CIR [18-20].Unlike equalization in the t ime 

domain [21] proposes the frequency domain equalizat ion 

to each tone using a multitap. The distortions occurring 

due to inadequate CP can be removed by a precoder as 

reported by [22]. A unique technique of eliminating totally  

ISI and Inter Carrier Interference (ICI) was shown in [23] 

by combin ing the unused carrier samples. Another method 

is to implement an iterative cancellat ion, such as the 

residual ISI cancellation (RISIC) method, to remove the 

ICI and ISI because of the limited CP [24,25]. The 

magnitude of the interference caused due to the channel 

echoes more than the CP were calculated in [26]. It  

provided the solution to this problem by apply ing 

subcarrier equalization and coding in Digital TV 

broadcast. Simulative proofs were demonstrated in [27] 

that the interference is an additive white Gaussian noise 

(AWGN). [27] also gave the detailed study of the 

deterioration of the link performance in the UMTS channel 

model due to such interference. The capacity of the single 

user wireless OFDM depending upon the CP length in  

urban and suburban environments for 20MHz bandwidth 

was reported in [28]. Adaptation of the CP length in  

Wireless local area network (W LAN) using OFDM is 

investigated in [29]. The outcome suggest that the keeping 

the CP length as long as  twice the channel delay spread 

would mit igate the effect  of ISI.  The technique of 

maximizing the capacity here in this work w.r.t the CP 

length is not complex as shown by [21] which are 

achieved with a complete modification of the receiver 

involving time domain equalization. A power penalty is 

inherent for the precoder implemented transmitter as 

reported in [22].  As per our analysis a precoder is not 

required as the CP length can be varied as per the channel 

characteristics dynamically. The overhead on power 

requirement thus becomes inexistent. The bandwidth 

inefficiency is combated in this work by using more 

number of subcarriers with optimal CP length to form the 

OFDM symbol unlike [23] where some numbers of 

subcarriers are left unused. The CP reconstruction method 

in [24,25] gives a satisfactory performance of the symbol 

error rate only after a number of iterat ions. In the method 

proposed by us the requirement of such an iterative 

process is not needed. Further, the bandwidth efficiency is 

enhanced by keeping the CP length to an optimum so that 

the ISI could be mit igated unlike in [29] where the CP is 

twice as long as the CIR.  

In this work we present a mathemat ical model and 

perform numerical analysis on the CP length adaptation 

for optical signal transmission in Optical W ireless Channel 

(OW C). Within the indoors, where intention is to have 

high bit rates, the vicinity is more or less static. Thus the 

indoor channel would not vary  much resulting  in  the 

channel to be quasi-static. The variations of the channel on 

time scale in  fact  do not change much over mult iple 

symbol periods. Even though the channel here does not get 

much affected by the multipath fading, it suffers from 

dispersion which inherently leads to ISI. The mot ivation to 

this research lies in significantly reducing the ISI effect of 

the multipath components in the OWC and as a result 

enhancing the bit rate of the VLC system by optimizing 

the CP length. Within a g iven frame of t ime it is possible 

to incorporate more OFDM symbols in the vacant time 

slots that are created as a result of shortening the CP length 

to an optimal value. We show the dependence of the 

achievable rate on the CP length. Hence by maximizing 

the capacity we can obtain an optimal CP length. Another 

computationally simpler approach of evaluation is by 

bounding to lower and upper limits keeping the CP length 

as the constraining parameter. To  the best of our 

knowledge, such techniques of optimizing the t ime 

varying CP length resulting in enhancement of the bit rate 

in a VLC OFDM system is surveyed first time. We report 

results based on mathematical derivations of the optimality 

conditions with an improvement of 5.2%  in the bit rate of 

the OFDM in VLC system. The simulations are performed  

in Matlab. 

The rest of the paper is organized in the following 

manner: Sect ion 2 gives the system description in detail. 

The optimization of the CP length is discussed at large in  

Section 3. Based on the Channel capacity depending on 

the CP length the maximum value is determined. 

Following this, a relatively relaxed method of bounding 

the capacity to lower and upper bounds also gives a range 

of the CP length. We also find the optimal CP length as 

per the delay spread of the channel. Based on the metrics 

derived the numerical simulat ions and results are shown in 

Section 4. Sect ion 5 concludes the paper with the 

summarization of the inferences drawn from the analysis .  
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2. Theoretical Analysis 

 

We consider an OFDM signal with the number of 

subcarrier = 𝑀 . The standard OFDM signal in time 

domain is given as, 

 

𝓈𝐵(𝑡) =
1

𝑀
∑  𝒞𝑚𝑒

𝑗2𝜋𝑓𝑚 𝑡𝑀−1
𝑚=0 .                (1) 

The normalized subcarrier frequencies are defined at 
𝑚

𝑀
 intervals, 𝑀 denotes the number of tones in the OFDM 

signal (𝑀 ≤ 𝑁). The CP length is 𝜐 = 𝑁 − 𝑀 where 𝑁 is 

the normalized  subcarrier symbol period with 𝑇 being the 

sampling time. After the electro -optical conversion by the 

LED, the OFDM signal is transmitted through the OWC. 

The current generated equivalent to the time vary ing 

OFDM signal is denoted by  �̂�𝑠𝐵(𝑡). It is ensured that the 

time varying current signal is positive throughout in order 

to avoid the turning off of the LED. It is ensured that the 

actual OFDM signal is  real and non-negative by imposing 

the Hermitian  symmetry  while implementation. ACO-

OFDM and DCO-OFDM are two well know versions of 

the same [28]. The total current passing through the biased 

LED keeping it always on can be written as  

 

𝐼𝑂𝐹𝐷𝑀(𝑡) = 𝐼𝑏𝑖𝑎𝑠 + �̂�𝑠𝐵(𝑡) ,                     (2) 

 

where 𝐼𝑏𝑖𝑎𝑠is the additional DC b ias applied to the elctro-

optical converter. Considering the fact that the LED is a 

non linear device, the equivalent optical power generated 

on the application of the input OFDM t ime vary ing signal 

can formulated as 

 

𝑃𝑜𝑢𝑡 (𝑡) = ∑ 𝛽𝑛[𝐼𝑂𝐹𝐷𝑀(𝑡) − 𝐼𝑏𝑖𝑎𝑠]
𝑛

𝑛 ,        (3) 

 

where 𝛽𝑛  is the co-efficient of the LED non-linearity and 𝑛 

is the order of the non-linearity in the LED. The optical 

signal is transmitted through the OWC whose equivalent 

discrete time impulse response is [30] 

 

ℎ(𝑡) =
𝐴𝑟(𝑚𝑙+1)

2𝜋𝑑2
𝑐𝑜𝑠𝑚𝑙 (𝜙)𝑔(𝜓) cos(𝜓) 𝛿(𝑡 − 𝜃), (4) 

where 𝐴𝑟  denotes the aperture area of the detector, 𝑑 is the 

channel length, 𝑚𝑙  is Lamberts mode number that 

expresses the directivity  of the source beam,  the angle of 

transmission from the normal at the emitt ing surface is 

denoted by  𝜙, 𝜓 is the incidence angle o f the rad iation, 

𝑔(𝜓) is the gain of the associated receiver optics  and 𝜃 is 

the ratio of the channel length and the velocity of light in  

vacuum. Since most of the parameters in the CIR above 

are typically constant without loss of generality, we may  

simply assign 𝜌 =
𝐴𝑟(𝑚𝑙+1)

2𝜋𝑑2
𝑐𝑜𝑠𝑚𝑙 (𝜙)𝑔(𝜓)cos (𝜓) 

yeilding,  

 

ℎ(𝑡) = ∑ 𝜌𝜃𝛿(𝑡 − 𝜃)
𝜇−1

𝜃=0
.                  (5) 

𝛿(. ) and 𝛿(𝑡 − 𝜃)  are the is the Dirac delta function and 

the signal propagation delay for all the possible multipath 

arrivals, respectively. For an indoor scenario of a simple 

LOS trans mission (denoted by ℎ𝐿𝑂𝑆 ), we may evaluate the 

received power based on the relation 

 

𝑃𝑟(𝑡) = 𝑃𝑜𝑢𝑡 (𝑡) ∗ ℎ𝐿𝑂𝑆 (𝑡).                     (6) 

Fig.1 shows a block schematic of the implemented 

system. The constellation diagram from the binary data is 

accomplished by the quadrature amplitude mapping. The 

system shows the addition of the CP to the OFDM to 

avoid ISI. An additional DC bias to keep the LED 

switched on throughout the operation is also depicted. The 

OWC channel contains line of sight (LOS) and multipath 

components as well.  

 

 
 

Fig. 1. Block schematic of the Optical OFDM in VLC 

 

For analyzing the effect of the CP length modification 

for the OW C, we need to revamp the variables that are 

implicitly independent of 𝜐  in the equation (6). For the 

channel to be not longer than the OFDM symbol duration 

we assume  𝜐 ≤ 𝑀 . Practically the CP length may become 

shorter than the CIR for harsher conditions . Nevertheless, 

as a result at the receiver, applying the symbol 

synchronization, followed by removal of the CP and 

performing the Discrete Fourier Transform (DFT) the t ime 

domain signal for the subcarrier 𝑚 becomes 

 

𝓇𝐵 (ℓ, 𝑡) = 𝓈𝐵 (ℓ, 𝑡) ∗ ℎ(𝜐 , 𝑡) + 𝒾(𝜐 , ℓ) + 𝓃(ℓ), (7) 

 

where 𝓈𝐵(ℓ, 𝑡) is the ℓ𝑡ℎ  data subcarrier at 𝑚, ℎ(𝜐, 𝑡)is the 

channel transfer function for the OFDM symbol,  𝒾(𝜐, ℓ) is  

the ISI term and 𝓃(ℓ)  represents the added noise. The 

term indicat ing the interference surfaces as a consequence 

of loss of orthogonality. The dependence on the CP length 

of ℎ(𝜐 , 𝑡) and 𝒾(𝜐 , ℓ) is explicit. The Signal to interference 

noise is then given by the relation  

 

𝑆𝐼𝑁𝑅(𝜐) =
𝒫𝓈𝐵

(𝜐)

𝒫𝓃 +𝒫𝒾(𝜐)
,                            (8) 

where 𝒫𝓈𝐵is the power corresponding to the intended data 

signal, 𝒫𝒾 denotes the inseparable interference, and 𝒫𝓃 is 

the additive white noise power terms on the 𝑚 th 
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subcarrier. The crosstalk between two subcarriers  𝑚 and 𝑘 

can be formulated considering two successive OFDM 

symbols ℎ1(𝑡) and ℎ2 (𝑡) each on 𝑚 and 𝑘 respectively 

 

𝓍ℎ1ℎ2
(𝑡) = (ℎ1(𝑡)𝑒

𝑗2𝜋𝑓𝑚𝑡) ⊗ (ℎ2(𝑡)𝑒
𝑗2𝜋𝑓𝑘𝑡). (9) 

Then the useful signal power is given by 

 

𝒫𝓈𝐵
(𝜐) = 𝒫|∑ 𝜌𝜃(ℎ1(𝑡)𝑒

𝑗2𝜋 𝑓𝑚𝑡)⊗ (ℎ2 (𝑡)𝑒
𝑗2𝜋 𝑓𝑚𝑡)𝜇−1

𝜃=0
|
2
.

  (10) 

 

The interference power 

 

𝒫𝒾 (𝜐) = 𝒫𝑡𝑜𝑡 (𝜐) − 𝒫𝓈𝐵
(𝜐),                     (11) 

where 

𝒫𝑡𝑜𝑡 (𝜐) = 𝒫|∑ 𝜌𝜃𝓍ℎ1ℎ2
(𝑡)

𝜇−1

𝜃=0
|
2
,           (12) 

where 𝒫 is the power of the constellation in the subcarrier 

𝑚 . The CIR in equation (5) is used to evaluate and 

simulate the channel behavior to implement a real world  

OWC. The CIR would have channel co-efficients 

corresponding to the LOS and non-LOS links which are 

separable. At the transmitter the transmit power is 

evaluated by equation (3). This is in time domain which is 

convolved with the CIR as discussed previously. The 

resultant is the received power given by equation (6). The 

evaluation of the system performance based on this 

received power would be incomplete as the interference is 

not taken into account. Hence we incorporate the terms 

corresponding to the interference in equation (7). Th is 

interference allows us to set limits to the tolerable amount 

of ISI without much affecting the data rate. The balance 

between the allowable ISI level and the optimal CP length 

for that ISI has to be maintained in order to increase the 

data rate.  

 

3. Cyclic prefix length optimization 

 

We present the criteria to optimize the CP length 

under the assumption that the power spectral density 

(PSD) mask is constrained for the transmission signal. The 

distribution of power over the subcarriers is uniform. We 

keep all the subcarriers active. Assuming the OWC to be a 

Gaussian channel, the data rate metric can be used to 

assess the effect on the systems performance due to the CP 

length. The input signals to the Gaussian channel are 

independent. Thus we may infer that the ISI and ICI are 

Gaussian for the OFDM transmission in the OWC.  

 

3.1. Capacity bound criterion 

 

The maximum data rate then is given by 

 

𝒞(𝜐) =
1

(𝑀 + 𝜐)𝑇
∑𝑙𝑜𝑔2 (1 +  

𝒫|∑ 𝜌𝜃(ℎ1(𝑡)𝑒
𝑗2𝜋𝑓𝑚𝑡)⊗(ℎ2(𝑡)𝑒

𝑗2𝜋𝑓𝑚𝑡)𝜇−1
𝜃=0

|
2

{𝒫𝓃 +𝒫|∑ 𝜌𝜃𝓍ℎ1ℎ2
(𝑡)

𝜇−1
𝜃=0

|
2

−𝒫|∑ 𝜌𝜃(ℎ1(𝑡)𝑒
𝑗2𝜋𝑓𝑚𝑡)⊗(ℎ2(𝑡)𝑒

𝑗2𝜋𝑓𝑚𝑡)
𝜇−1
𝜃=0

|
2
}

) (13) 

Optimizing 𝜐  within (0,𝜇)  yields the number o f 

samples of the CP length such that the capacity can be 

maximized. Upon a closer investigation of the metric in  

equation (13), we understand that for each of the CP value 

a sum and log has to be co-calculated. This becomes more 

complex thereby a computationally simpler approach has 

to be followed.  

 

3.2. Lower and upper bound capacity criterion: 

 

We can find optimal length of the CP by bounding the 

capacity metric to a lower and an upper limit as follows. 

Applying the Bernoulli inequality [31] to the capacity 

metric (13) we obtain 

 

𝒞(𝜐) =
1

(𝑀+𝜇)𝑇
∑ 𝑙𝑜𝑔2

(

 
 

1 +
𝒫 |∑ 𝜌𝜃(ℎ1(𝑡)𝑒

𝑗2𝜋𝑓𝑚𝑡)⊗(ℎ2(𝑡)𝑒
𝑗2𝜋𝑓𝑚𝑡)𝜇−1

𝜃=0
|
2

𝒫𝓃+𝒫|∑ 𝜌𝜃𝓍ℎ1ℎ2
(𝑡)

𝜇−1
𝜃=0

|
2

−𝒫|∑ 𝜌𝜃(ℎ1(𝑡)𝑒
𝑗2𝜋𝑓𝑚𝑡)⊗(ℎ2(𝑡)𝑒

𝑗2𝜋𝑓𝑚𝑡)
𝜇−1
𝜃=0

|
2

)

 
 

𝑀+𝜇

𝑀+𝜐

,                                             (14) 

 

>
1

(𝑀+𝜇)𝑇
∑ 𝑙𝑜𝑔2

(

 
 
 
 
 

1 +

(𝑀+𝜇)
𝒫|∑ 𝜌𝜃(ℎ1(𝑡)𝑒

𝑗2𝜋𝑓𝑚𝑡)⊗(ℎ2(𝑡)𝑒
𝑗2𝜋𝑓𝑚𝑡

)
𝜇−1
𝜃=0 |

2

𝒫𝓃+𝒫|∑ 𝜌𝜃𝓍ℎ1ℎ2
(𝑡)

𝜇−1
𝜃=0 |

2

−𝒫|∑ 𝜌𝜃(ℎ1(𝑡)𝑒
𝑗2𝜋𝑓𝑚𝑡)⊗(ℎ2(𝑡)𝑒

𝑗2𝜋𝑓𝑚𝑡)
𝜇−1

𝜃=0 |
2

(𝑀+𝜐)

)

 
 
 
 
 

                                                 (15) 
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>
1

(𝑀+𝜇)𝑇
∑ 𝑙𝑜𝑔2

(

 
 
 
 
 
(𝑀+𝜇)

𝒫|∑ 𝜌𝜃(ℎ1(𝑡)𝑒
𝑗2𝜋𝑓𝑚𝑡)⊗(ℎ2(𝑡)𝑒

𝑗2𝜋𝑓𝑚𝑡)
𝜇−1
𝜃=0

|
2

𝒫𝓃+𝒫|∑ 𝜌𝜃𝓍ℎ1ℎ2
(𝑡)

𝜇−1
𝜃=0 |

2

−𝒫|∑ 𝜌𝜃(ℎ1(𝑡)𝑒
𝑗2𝜋𝑓𝑚𝑡)⊗(ℎ2(𝑡)𝑒

𝑗2𝜋𝑓𝑚𝑡
)

𝜇−1

𝜃=0 |
2

(𝑀+𝜐)

)

 
 
 
 
 

.                                               (16) 

Further expanding the inner products, 

 

𝒞(𝜐) >
𝑀

(𝑀 +𝜇)𝑇
𝑙𝑜𝑔2 (

min (𝒫|∑ 𝜌𝜃(ℎ1(𝑡)𝑒
𝑗2𝜋𝑓𝑚𝑡) ⊗ (ℎ2(𝑡)𝑒

𝑗2𝜋𝑓𝑚𝑡)𝜇−1
𝜃=0 |

2
)

𝒫𝓃
) − 

−
𝑀

(𝑀+𝜇)𝑇
𝑙𝑜𝑔2(

(𝑀+𝜐)

(𝑀+𝜇)𝑀
∑ (1+

𝒫|∑ 𝜌𝜃𝓍ℎ1ℎ2(𝑡)
𝜇−1
𝜃=0 |

2
−𝒫|∑ 𝜌𝜃(ℎ1(𝑡)𝑒

𝑗2𝜋𝑓𝑚𝑡)⊗(ℎ2(𝑡)𝑒
𝑗2𝜋𝑓𝑚𝑡)𝜇−1

𝜃=0 |
2

𝒫𝓃
)).           (17) 

 

The optimal length of the CP in  the interval 0 ≤ 𝜐 <
𝜇  is then given by minimizing the argument (𝑀 +

𝜐) (𝑀𝒫𝓃 + 𝒫|∑ 𝜌𝜃𝓍ℎ1ℎ2
(𝑡)

𝜇−1

𝜃=0
|
2
−

𝒫|∑ 𝜌𝜃(ℎ1(𝑡)𝑒
𝑗2𝜋𝑓𝑚𝑡) ⊗ (ℎ2 (𝑡)𝑒

𝑗2𝜋 𝑓𝑚𝑡)𝜇−1

𝜃=0
|
2
).   

The channel capacity for the upper bound can be 

similarly deduced as 

 

𝒞(𝜐) ≤
𝑀

(𝑀+𝜐)𝑇
𝑙𝑜𝑔2

(

 
 
 
 
 

𝒫|∑ 𝜌𝜃(ℎ1(𝑡)𝑒
𝑗2𝜋𝑓𝑚𝑡)⊗(ℎ2(𝑡)𝑒

𝑗2𝜋𝑓𝑚𝑡)
𝜇−1
𝜃=0

|
2

𝒫𝓃+𝒫|∑ 𝜌𝜃𝓍ℎ1ℎ2
(𝑡)

𝜇−1
𝜃=0

|
2

−𝒫|∑ 𝜌𝜃(ℎ1(𝑡)𝑒
𝑗2𝜋𝑓𝑚𝑡)⊗(ℎ2(𝑡)𝑒

𝑗2𝜋𝑓𝑚𝑡)
𝜇−1
𝜃=0

|
2

𝑀

)

 
 
 
 
 

                                                                   (18) 

resulting in the optimal CP length by maximizing the 

argument  

 

{
 
 

 
 𝒫|∑ 𝜌𝜃(ℎ1(𝑡)𝑒

𝑗2𝜋𝑓𝑚 𝑡)⊗ (ℎ2(𝑡)𝑒
𝑗2𝜋𝑓𝑚 𝑡)𝜇−1

𝜃=0
|
2

𝒫𝓃 + 𝒫|∑ 𝜌𝜃𝓍ℎ1ℎ2
(𝑡)𝜇−1

𝜃=0
|
2
− 𝒫|∑ 𝜌𝜃(ℎ1(𝑡)𝑒

𝑗2𝜋 𝑓𝑚𝑡)⊗ (ℎ2(𝑡)𝑒
𝑗2𝜋𝑓𝑚 𝑡)𝜇−1

𝜃=0
|
2

𝑀(𝑀 + 𝜐)

}
 
 

 
 

 

 

in the interval of 0 ≤ 𝜐 ≤ 𝜇. 

The optimal conditions derived in equation (17,18) are 

computationally simpler as the logarithm term does not 

exist anymore and also the evaluation of the SINR is not 

required as the lower bound is now dependent on the 

interference power for different 𝜐.  

 

3.3. Delay spread criterion 

 

The CP length is also evaluated based on the rms  

value of the delay spread for a given channel response. 

The delay spread is given by 

 

𝜎𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = √
∑ 𝑇2(𝜃−∑ 𝜃

𝜇−1
𝜃=0 𝜌𝜃

2 ∑ 𝜌𝜃
2𝜇−1

𝜃=0
⁄ )2

𝜇−1
𝜃=0

∑ 𝜌𝜃
2𝜇−1

𝜃=0

 (19) 

Typically  the CP length is chosen twice more than the 

rms delay spread of the channel (IEEE 802.11a). The 

optimal CP length considering a significant portion of the 

energy of the CIR is captured within 𝛾𝜎𝑐ℎ𝑎𝑛𝑛𝑒𝑙, where 𝛾 is  

a scalar quantity which is greater than 0 is given by 

 

𝜐𝑜𝑝𝑡𝑖𝑚𝑎𝑙 = 𝛾
𝜎𝑐ℎ𝑎𝑛𝑛𝑒𝑙

𝑇
.                               (20) 

This technique of evaluation is the most convenient 

method if the channel conditions are static. 

 

4. Numerical analysis 
 

This section numerically validates the calculat ions of 

optimal CP length provided in section 2 and its assessment 
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in the OWC for indoor scenario on the OFDM 

transmission using the parameters as listed in Table1.  

 
Table 1. System Parameters 

 

System Parameter Value 

OFDM Bandwidth 30MHz 

Number of Subcarriers 512 

OFDM subcarrier frequency 

spacing 

58.59kHz 

Information duration 17.06µs 

Maximum trans mission 

distance 

10m 

QAM (Q) 4 

FFT size  1024 

 

As per [32] the PSD for the visible light (viz. 

wavelength dependent) in the range of 400nm-700nm 

(visible spectrum) is assumed. If the length of the channel 

is large compared to the wavelength then the irradiance 

can be assumed to be a constant throughout the surface of 

the photodetector. Under such an assumption, the models 

described previously have to be modified and the impulse 

response of this simple system would then approximately  

be a delayed and scaled dirac delta function as in equation 

(5). The possibility of a mult ipath scenario can be 

considered by the light emanating from the source 

touching the receiver surface after a numerous number of 

reflections from different surfaces. The channels impulse 

response can be summed up as an infinite series of the 

multipath compositions as, 

 

𝐻(𝜔) = ∫ ℎ(𝑡)𝑒−𝑗𝜔𝑡𝑑𝑡
∞

−∞ ≈ ∑ ℎ(𝑛Δ𝑡)𝑒𝑗𝜔𝑛Δ𝑡∞
−∞   

= Δ𝑡𝐻(𝑒𝑗𝜔Δ𝑡 ),                                (21) 

where the discrete-time Fourier transform  𝐻(𝑒𝑗𝜔Δ𝑡 )is of 

the discrete-time signal ℎ(𝑛Δ𝑡). Fig.2 shows the PSD of 

the above mentioned channel as a function of the 

frequency. For this response, we set the number of 

multipath,  𝑛 = 1,2,3,4. It can be seen that the higher order 

reflections corresponding to the diffuse paths  contribute 

majorly to the dc component of the frequency response. At 

other frequencies the response appears to be diminishing 

irrespective of the multipath number. The direct LOS 

component has a constant magnitude of -118.2dB for the 

entire frequency range. The other mult ipath components 

are not considered as their contribution is negligib le. 

Hence in our analysis to evaluate the delay spread of the 

channel we consider up to a maximum of four multipath 

components. The maximum delay spread is given by 4*  

delay spread of the last multipath component. 

 
Fig. 2. Frequency response of the channel showing  
the magnitude of LOS and higher order reflections  

 

 

 
Fig. 3. CDF of the rms delay spread of  

the optical wireless channel 

 

 

The rms delay spread measurements for the indoor 

OWC was performed. For this the indoor channel length 

was taken to be 10m (maximum).The Cumulative 

Distribution Function (CDF) of the rms  delay spread is 

plotted in the Fig.3 We can notice that the rms delay 

spread varies significantly depending upon the channel 

length. 

 

4. 1. Throughput 

 

The bandwidth efficiency of the CP length modified 

system is measured by comparing the average throughput 

for the optimal cases. The throughput rate 𝑅 at a particu lar 

signal to interference noise ratio (𝑆𝐼𝑁𝑅) is  
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𝑅(𝑆𝐼𝑁𝑅) =

(

 
 
 

1 −𝑃𝑒

(

 
 𝒫 |∑ 𝜌𝜃(ℎ1(𝑡)𝑒

𝑗2𝜋𝑓𝑚𝑡)⊗(ℎ2(𝑡)𝑒
𝑗2𝜋𝑓𝑚𝑡)𝜇−1

𝜃=0
|
2

𝒫𝓃 +𝒫|∑ 𝜌𝜃𝓍ℎ1ℎ2
(𝑡)

𝜇−1
𝜃=0

|
2

−𝒫|∑ 𝜌𝜃(ℎ1(𝑡)𝑒
𝑗2𝜋𝑓𝑚𝑡)⊗(ℎ2(𝑡)𝑒

𝑗2𝜋𝑓𝑚𝑡)
𝜇−1
𝜃=0

|
2
)

 
 

)

 
 
 
({

𝑁

𝑀+𝜐𝑜𝑝𝑡𝑖𝑚𝑎𝑙

} {
𝑀∗𝑟

(𝑇𝑂𝐹𝐷𝑀 𝑠𝑦𝑚𝑏𝑜𝑙+𝑇𝐶𝑃 )
})  𝑏𝑝𝑠.         (22) 

The simulated error rate at the 𝑆𝐼𝑁𝑅  is denoted by 

𝑃𝑒 (𝑆𝐼𝑁𝑅), 𝑟 is the code rate, 𝑇𝑂𝐹𝐷𝑀 𝑠𝑦𝑚𝑏𝑜𝑙  is the OFDM 

symbol duration and 𝑇𝐶𝑃  is the CP duration in continuous 

time. Fig shows the throughput performance of the system 

as a function of the 𝑆𝐼𝑁𝑅for a BER < 10−3. We consider 

five cases here to analyze the effect of CP length 

modification on the throughput. The first curve in the Fig.4 

pertaining to no CP addit ion shows that for short distance 

LOS in the OWC a maximum rate of 510Mbps can be 

attained for high SINR. Such a system would be beneficial 

for a limited range only but with high probability of error 

thereby decreasing the entity (1 − 𝑃𝑒 (𝑆𝐼𝑁𝑅)) in equation 

(22).  

Next we consider the conventional CP which spans 

25% time duration of the OFDM symbol. It  improves the 

rate significantly as the 𝑃𝑒 (𝑆𝐼𝑁𝑅)  reduces due to 

mitigation  of the ISI. For this CP length the performance 

of the system is a tradeoff between the bandwidth 

requirement and the tolerable error rate. If the CIR has 

length more than the 25% t ime durat ion of the OFDM 

symbol the throughput declines s ignificantly for low SINR 

as indicated by the initial slope of the curve. Implementing 

the lower bound optimal CP length improves the 

throughput by nearly 3% compared to the 25%TOFDM symbol. 

This means that the bandwidth can be made use of more 

efficiently  for the same signal strength requirement if the 

CP length is optimally chosen. The upper bound CP length 

gives a close about performance as the lower bound 

condition.  In terms  of SINR reduction the upper bound 

proves to be more advantageous than the lower bound 

whereas the reverse is true if the bandwidth utilization is a 

parameter of the choice. In this case we obtain an increase 

of throughput marginally  only.  The throughput of the 

system evaluated based on the delay spread CP length 

adaptation gives a performance in close proximity with the 

lower and upper bound criteria. It still lies intermediate 

between the upper and lower bounds for SINR between 

15-22dB. The optimal CP length calculated as per the 

capacity of the channel in equation (13) y ields the best 

performance out of the all the six categories of the CP 

length selection. The throughput is maximum for this case 

and is 45% better than the no CP condition, 5.2% more 

improved as compared to the 25%TOFDM symbol . It is also 

enhanced by 2% and 2.2 % compared to the lower and the 

upper bound CP lengths  and the delay spread CP length 

adaptation, respectively. For low SINR practically the 

systems maintain the improvement very closely. 

 
 

Fig. 4. Throughput vs SINR 
 

 

4.2. SINR analysis 

 

Fig. 5 shows the dependence of the SINR on the CP 

length. It can be observed that the SINR increases 

consistently with the CP length. With no CP length as 

indicated by point (a) in the figure the SINR is only 7dB. 

Although the longest CP length corresponding to equation 

(18) is found to be 170ns indicated by point (d) in the fig, 

the optimal CP length corresponding to lower bound in 

equation (17) is only 80ns at an SINR of 27dB. Point (c) 

corresponds to the capacity optimal CP length=120ns and 

(e) refers to the delay spread CP length both at an SINR of 

~28dB. Long CP lengths lead to significant improvement 

in the system performance based on ISI mit igation. Thus 

we see that the SINR for the longest CP is highest as 

compared to the other two optimal CP length systems. For 

the general case where a fixed length corresponding to 

25% of the OFDM symbol duration is taken, the SINR 

would be a locus of the curve plotted excluding the point 

corresponding to no CP.  
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Fig. 5. SINR vs CP length 

 

 

4.3. CP Length adaptation 

 

The OFDM symbols use 512 subcarriers. The 

dependence of the capacity  𝒞(𝜐)  on the CP length is 

depicted in Fig.6. The channel model is considered as 

described by the magnitude response in Fig.2. The channel 

capacity are evaluated as per equations (13,17,18,19) . We 

also show a case where no CP is added to the OFDM 

system.  It can be seen that the capacity increases 

monotonically t ill a  maximum is achieved corresponding 

to the optimality of metric (13). This optimal length was 

found to be 120ns in  length for which the capacity was 

obtained around 750Mbps.If the separation between the 

transmitter and receiver is increased thereby increasing the 

attenuation, the SINR would reduce. This would  mean that 

a higher optimal value of the CP length has to be chosen. 

Thus shorter CP lengths are more beneficial for channels 

that have low SINR requirement. The CP length for the 

upper bound has a lesser capacity as compared to the 

maximum optimal value. The overhead on the bandwidth 

requirement for this case is more as compared to the 

previous two equations (13, 17). However the effect of the 

ISI can be very efficiently avoided as CP lengths longer 

than the CIR ensure mitigation of the interference 

effectively. The CP length evaluated based on the delay 

spread criteria proves to be better as compared to the lower 

and the upper bound criteria. However its performance is 

still marginally short of the capacity optimal CP length. If 

we consider no CP addition case the results are more 

degraded. Although we expect the case to be more 

bandwidth efficient but the effect of ISI limits the capacity 

to low values. In this case for short distance 

communicat ion in  the OW C we obtain the theoretical 

value of the capacity to be in the 500 Mbps range. We may  

summarize that the capacity of the system with the 

optimized CP lengths definitely increases and indicates 

rate as high as 750Mbps in the VLC system.   

 

 
 

Fig. 6. Channel capacity as a function of the CP length 

 
4.4. BER vs SINR 

 
In the case of 4-QAM OFDM, an  approximate 

expression for the BER is 

 

𝐵𝐸𝑅 ≅
√𝑄 − 1

√𝑄 log2 √𝑄
 𝑒𝑟𝑓𝑐[√

3 log2 𝑄.𝑆𝐼𝑁𝑅

2(𝑄 − 1)
] 

 (23) 

≅
√𝑄 −1

√𝑄log2√𝑄
 𝑒𝑟𝑓𝑐

[
 
 
 
 
 
 
 
 
 

√
  
  
  
  
  
 

3 log2𝑄.
𝒫|∑ 𝜌𝜃(ℎ1(𝑡)𝑒𝑗2𝜋 𝑓𝑚𝑡) ⊗ (ℎ2(𝑡)𝑒𝑗2𝜋 𝑓𝑚𝑡)

𝜇−1

𝜃=0
|
2

𝒫𝓃 + 𝒫|∑ 𝜌𝜃𝓍ℎ1ℎ2 (𝑡)
𝜇−1

𝜃=0
|
2

−𝒫|∑ 𝜌𝜃(ℎ1(𝑡)𝑒𝑗2𝜋 𝑓𝑚𝑡) ⊗ (ℎ2(𝑡)𝑒𝑗2𝜋 𝑓𝑚𝑡)
𝜇−1

𝜃=0
|
2

2(𝑄−1)

]
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where 𝑒𝑟𝑓𝑐 (𝑥)is the complementary error function. The 

Fig.7 shows the BER against SINR for d ifferent CP 

adaptations. The graph shows that the BER decreases 

exponentially as the SINR is increased. The BER curves 

for the upper and lower bound criteria depict closeness in 

the system performance. The capacity bound CP length 

adapted system outperforms the other CP length adaptation 

techniques. The capacity bound CP length enhances the 

SINR performance by 1.5dB and 4.5dB as compared to the 

delay spread criteria and the lower and upper bound 

criteria respectively for the FEC threshold of BER of 

10−3. 

 
 

Fig. 7. BER vs SINR 

 

 

5. Conclusion 
 

An investigation of the CP length dependent 

curtailment of the ISI in the OFDM deployed VLC 

systems using the OWC is made here. We proposed that 

the CP length adjustments become beneficial for such 

communicat ion systems. The purpose of modify ing the CP 

length is that a significant restriction on the interference 

can be made in short distance quasi-static noise limited 

systems. We have taken into account the capacity of the 

system as a function of the parametric factor the optimal 

CP length that depends on the CIR. We find that the CP 

length can be capacity bound if the capacity is constrained 

to be CP length dependent as in equation (13). Based on 

the optimal CP length the corresponding capacity is 

obtained. A lower bound and upper bound limit to the CP 

length is also derived which is mathematically easier to 

compute than the capacity bound calculations. We also 

evaluate the delay spread based CP length for the channel. 

A comparison of no CP added and the conventional 25% 

time duration o f OFDM symbol is also performed in terms  

of the throughput. Besides this, numerical results for the 

typical OW C channel model are used to assess the 

worthiness of the CP length adaptation in terms of the 

SINR, the throughput, and the BER. The CP length 

calculation takes into consideration a tolerable amount of 

SINR. The CP length adaptation for the capacity bound 

criteria gives the best result compared to the lower -upper 

capacity bound and the delay spread criteria in terms of the 

throughput and the BER performance. 
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