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Abstract: In digital data transmissions, it is known that pulse

shaping can help improve the transmission performance by

reducing the amount of frequency selective distortion on the

transmitted signal. However, to what degree pulse shaping is

needed and by how much the transmission performance is im-

proved in the context of visible light communications (VLC)

has not explicity been reported. This paper provides numeri-

cal results from simulation experiments on data transmissions

using pulse amplitude moduation (PAM) over two commonly

used channel models for VLC, namely the exponential chan-

nel impulse response (CIR) and the ceiling-bounced CIR. For

equalization, the linear minimum mean square error (MMSE)

criterion is adopted for the sake of a possible practical im-

plementation. For unequalized PAM transmissions, numeri-

cal results indicate that pulse shaping using the square-root

raised cosine pulse (SRRC) and pulse shaping using the rect-

angular pulse yield similar bit error rate (BER) performances.

However, in the presence of linear MMSE equalization with

a fixed filter length, pulse shaping using the SRRC pulse can

lead to significantly lower BERs when compared to the base-

line case of using the rectangular pulse.
Keywords—visible light communications, pulse shaping, pulse ampli-

tude modulation, bit error rate

1. Introduction

While optical wireless communications (OWC) has been in-

vestigated for over a few decades [1], it has recently received

a lot of renewed interest in the context of visible light commu-

nications (VLC) where visible light is used as carrier signals

for digital modulation [2].

In a typical VLC system, light emitting diodes (LEDs)

are used for both illumination and data transmissions. Since

LEDs are non-coherent light sources, intensity modulation

(IM) is employed. Accordingly, power detection or direct de-

tection (DD) is used at the receiver, which typically contains

a photodiode to convert the optical power of the received op-

tical signal into a photocurrent, i.e., electrical signal.

With IM/DD, the transmitted signal must be unipolar, i.e.,

non-negative. While this unipolar constraint raises new chal-

lenges in data modulation for OWC in general, the constraint

is not as stringent for VLC, which normally adds a DC bias

to the data signal for the purpose of illumination. Hence,

for VLC, standard signal sets for pulse amplitude modulation

(PAM) may be employed.

While pulse shaping is known to help improve the bit er-

ror rate (BER) performance of digital transmissions over fre-

quency selective channels, to what degree pulse shaping is

needed and by how much the BER performance is improved

in the context of VLC has not explicitly been reported. Hence,

this paper provides numerical results from simulation exper-

iments to quantify the benefits of pulse shaping on reducing

the BER in data transmissions. In particular, PAM is assumed

since it is the most basic modulation format and should be

considered first.

2. System Model and Simulation Parameters

Consider an M -PAM transmission system in which each

transmitted pulse is multiplied by one of M possible ampli-

tude values. Let p(t) denote the pulse shape. Commonly

used pulse shapes are rectangular and square-root raised co-

sine (SRRC) pulses as expressed below [3]. Note that T is the

pulse period, i.e., one pulse sent for each time period T .

prect(t) =

{

1/
√
T , t ∈ (−T/2, T/2]

0, otherwise
(1)

pSRRC(t) =
4α

π
√
T
×







cos((1 + α)πt/T ) +
T sin((1− α)πt/T )

4αt
1− (4αt/T )2






(2)

The parameter α ∈ [0, 1] is referred to as the roll-off fac-

tor. While the rectangular pulse has unlimited bandwidth, the

SRRC pulse has a finite bandwidth equal to
1 + α

2T
.

Two VLC channel models are considered, namely the ex-

ponential channel impulse response (CIR) and the ceiling-

bounced CIR [1].

hexpo(t) = H(0)
1

D
e−t/Du(t) (3)

hceil(t) = H(0)
6a6

(t+ a)7
u(t) (4)

In the above CIR expressions, H(0) is the DC gain, D denotes

the delay spread, u(t) is the unit-step function, while a =

12
√

11

13
D.

Simulation programs are developed using MATLAB. Note

that discrete-time simulations are used, where we convert
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Figure 1. Discrete-time CIR of SRRC pulse shaping filter

for T=100ns and the exponential CIR with H(0)=1 and

D=10ns; note that the CIR is delayed by 4 symbol peri-

ods for causality.

each continuous-time CIR into a discrete-time CIR. In par-

ticular, let h0, . . . , hL−1 denote the discrete-time CIR, where

L is the length of CIR, i.e., hn ≈ 0 for n ≥ L. In addition,

let q(t) = h(t) ∗ p(t). Then, hn’s are obtained from samples

of the matched filter output due to a transmitted pulse, i.e.,

hn = q(t) ∗ p(−t)|t=nT (5)

where n ∈ {0, 1, . . .}. Fig. 1 shows an example of discrete-

time CIR.

At the receiver, when additive white Gaussian noise

(AWGN) is added to the received signal [5] , the received

data signal can be expressed as

rn = sn ∗ hn + nn (6)

where sn’s are data symbols and nn’s are AWGN values.

In addition, linear minimum mean square error (MMSE)

equalization is employed. In an MMSE equalizer as illus-

trated in Fig. 2, the goal is to choose a finite impulse response

(FIR) filter denoted by f0, ..., fK−1 so that the equalizer out-

put is approximately equal to the transmitted signal or its de-

layed version. For the receiver to compute fn’s, the prear-

ranged training sequence s0, s1, . . . , sP−1 is assumed known

at the receiver. The input-output relation of the MMSE equal-

izer is

yn = fn ∗ rn =
K−1
∑

k=0

fkrn−k (7)

The error en from Fig. 2 can be written as

en = sn−δ − yn (8)

where δ is the time delay of signal processing for equalization.

The mean square error is

Figure 2. MMSE equalizer block diagram from [6]

J =

P−1
∑

n=K−1

e2n (9)

For n = K − 1,K, ..., P − 1, the above equations can be

written in the vector form as

Y = RF (10)

E = S − Y = S −RF (11)

J = ETE = (S −RF )T (S −RF ) (12)

where we define

Y =











yK−1

yK
...

yP−1











, R =











rK−1 rK−2 · · · r0
rK rK−1 · · · r1
...

...
. . .

...

rP−1 rP−2 · · · rP−K











,

F =











f0
f1
...

fK−1











, S =











sK−1−δ

sK−δ

...

sP−1−δ











(13)

It follows that the F that minimizes the mean square error

becomes [6]

F = (RTR)−1RTS (14)

yeilding the minimum J equal to

Jmin = ST (I −R(RTR)−1RT )S (15)

This Jmin and F are for specific values of K and δ [6]. Fig. 3

shows the overall system structure.

The bit error rate (BER) will be plotted against a varying

signal-to-noise ratio (SNR) defined as the energy per bit (Eb)

divided by the one-sided power spectral density of AWGN

(N0), i.e., SNR = Eb/N0. Table 1 lists key system parame-

ters used in the simulation experiments. The delay spread for

VLC is typically between 7 and 13 ns while the channel DC

gain should be 10−6 for VLC. Without loss of generality, the
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Figure 3. System overview diagram

Table 1. Parameters used in simulation experiments

Parameter Value

Bit rate 20 Mbps

Modulation format 2-PAM, 4-PAM

Sampling rate 1000 sample/bit period

No. transmitted bits 106

No. training bits for equalizer 1000

Channel model exponential,

ceiling-bounced

Noise model AWGN

Channel DC gain (H0) 1

Channel delay spread (D) 10 ns

No. taps for linear equalizers 12

channel DC gain is set to 1, which means there is no atten-

uation for the channel because pulse dispersion is the main

consideration in this research.

3. Numerical Results and Discussions

Fig. 4 and 5 show example transmitted, received, and equal-

ized signals for the exponential CIR with 2-PAM using rect-

angular and SRRC pulses, respectively. It can be seen in both

figures that the equalized signals are more similar to the trans-

mitted signals than received signals. In addition, it is observed

that the equalized signal values obtained from SRRC pulse

shaping are closer to the transmitted signal values than using

rectangular pulse shaping.

The construction of a linear MMSE equalizer is as follows.

First, for each equalizer length (K), we vary the delay length

(δ) until the minimum MSE (Jmin) is obtained. Then, we vary

the value of K to get the overall minimum MSE of the equal-

izer. Table 2 shows different lengths of the MMSE equalizer

and its MSEs for the exponential CIR with SRRC pulse shap-

ing and 2-PAM. According to the results in table 2, K = 12
(with δ = 11) is selected since it is better than lower values

and there is no significant improvement at higher values.

Finally, the impulse response of the equalizer (fn) ob-

tained from K = 12 with δ = 11 are used to transmit 1 mil-

Table 2. Mean-square errors of different equalizer lengths

Equalizer length (K) Optimal delay (δ) Average Jmin

10 9 36.8884

11 8 36.2986

12 11 35.8702

13 11 36.0701

14 11 35.9804

Figure 4. Transmitted signal sn, received signal rn and equal-

ized signal yn, using rectangular pulse shaping with 2-

PAM

Figure 5. Transmitted signal, received signal and equalized

signal using SRRC pulse shaping with 2-PAM

lion bits. The impulse response of the equalizer varies from

one system to another according to pulse shape, the channel

type and the modulation method.

Fig. 6 and 7 show the BER plots for 2-PAM with the ex-

ponential and ceiling-bounced CIRs, respectively. It can be

observed in each case that, without equalization, the BERs

obtained from using the rectangular pulse and from using the

SRRC pulse are not significantly different. However, with

equalization, the BERs from using the SRRC pulse are sig-

nificantly better.

Fig. 8 and 9 show similar information but for 4-PAM in-

stead of 2-PAM. Like for 2-PAM, it is observed that the SRRC

pulse can lead to lower BERs when equalization is applied at

the receiver.

4. Conclusion

We investigated through computer simulation to what extent

pulse shaping helps in reducing the BERs for 2-PAM and
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Figure 6. BER vs. SNR for 2-PAM with the exponential CIR

Figure 7. BER vs. SNR for 2-PAM with the ceiling-bounced

CIR

Figure 8. BER vs. SNR for 4-PAM with the exponential CIR

Figure 9. BER vs. SNR for 4-PAM with the ceiling-bounced

CIR

4-PAM transmissions over VLC channels. Rectangular and

SRRC pulse shapes are considered. For unequalized trans-

missions over both exponential and ceiling-bounced channels,

the two pulse shapes do not lead to significantly different BER

performances. However, in the presence of linear MMSE

equalization with the same number of equalization filter taps,

using the SRRC pulse can lead to significantly lower BERs

when compared to using the rectangular pulse. Thus, pulse

shaping should be employed when linear MMSE equalization

is applied.
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