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ABSTRACT
In underwater wireless optical communication links, pulse
position modulation (PPM) and differential pulse position
modulation (DPPM) are two typical modulation schemes.
In this paper, we present an alternative modulation scheme
to improve the communication performance compared with
the traditional methods. As an improvement of DPPM, this
new modulation scheme, which named as polarization dif-
ferential pulse position modulation (PDPPM), combines the
polarization technology with DPPM scheme. Simulation re-
sults suggest that the channel bandwidth efficiency and bit-
error-rate (BER) performance are enhanced obviously based
on our new method.

Categories and Subject Descriptors
H.4.3 [Information Systems]: Information Systems Ap-
plications—communications applications
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1. INTRODUCTION
Underwater wireless optical communication (UWOC) has

recently attracted much attentions [1, 3]. The UWOC links
provide a much higher data rate up to 1 Gpbs [2] compared
with traditional acoustic methods. However, the strong at-
tenuation property of seawater will degrade the optical sig-
nal heavily, and then exert a negative impact on bit error
rate (BER) performance as well as limit the link range (typi-
cally shorter than 100 m). The study of modulation scheme,
therefore, is necessary for UWOC links to improve the BER
performance and extend the link range.
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Table 1: Frame structures of DPPM and PDPPM
Input data DPPM PDPPM (N=2) PDPPM (N=4)

000 1 H P 1

001 10 H0 P 10

010 100 H00 P 2

011 1000 H000 P 20

100 10000 V P 3

101 100000 V0 P 30

110 1000000 V00 P 4

111 10000000 V000 P 40

Previous works [4, 6, 7] did not add the effect of polariza-
tion into the improvement of PPM or DPPM schemes. In
this paper, we consider the polarization technology and then
present a new modulation scheme named as polarization dif-
ferential pulse position modulation (PDPPM). Based our
theoretical analysis and numerical simulations, the band-
width efficiency and BER performance are enhanced.

2. BASIC RULES OF OUR MODULATION
SCHEME

As an improvement of the DPPM scheme, the PDPPM
method redefines the structure of the frame in DPPM. We
utilize the polarization directions of pulse slots and the num-
ber of empty slots to represent a frame in PDPPM scheme.
Each frame contains a pulse slot with given polarization di-
rection and the given number of empty slots. The basic rules
of the PDPPM are summarized as follows.

First, we divide the input data into a sequence of frames
with each frames encodes M bits. We describe a frame as
S = (s1, s2, . . . , sM ), and define a new variable L as L =
sM +2SM−1 + . . .+2M−1s+1. Then set 2M = aN + b with
N (N ≥ 2) as the number of polarization directions.

Next step, we consider two cases of L < (a + 1)b and
L ≥ (a+1)b separately. In the case of L < (a+1)b, we donate
two integers i and j which can be obtained by L = (a+1)i+j.
Based on the values of i and j, the corresponding frame can
be build by a pulse slot with i+ 1 th polarization direction
and following j empty slots, and we designate P i+1 as the
above pulse slot.

In another case of L ≥ (a+ 1)b, i and j can be computed
by (L−(a+1)b) = ai+j. The corresponding frame contains
a pulse slot with b+ i+1 th polarization direction, which is
set as P b+i+1 and following j empty slots.

To demonstrate the PDPPM scheme obviously, Table 1
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Figure 1: Bandwidth requirement versus M for var-
ious modulation schemes

depicts the frame structure of DPPM and PDPPM schemes.
Note that H and V donate the horizontal and vertical polar-
ization in the case of two polarization directions in PDPPM.

3. PERFORMANCE ANALYSIS

3.1 Bandwidth efficiency
Based on our above analysis, the average number of the

slots in a frame of DPPM and PDPPM schemes are (2M +
1)/2 and (2M−1 + 1)/2, respectively. As the increase of
M , the average number of slots in PDPPM is half of the
DPPM approximately. Hence, the bandwidth requirement
is strongly reduced in PDPPM scheme. Figure. 1 illustrates
the bandwidth requirement (defined as the inverse of bit rate
1/Rb) versus M for OOK, PPM, DPPM, and PDPPM.

3.2 Frame error rate
To simplify analysis, we adopt the widely used additive

white Gaussian noise (AWGN) in the FER performance sim-
ulations. Note that we ignore the effects of time dispersion
and fading which may corrupt the signal and then exert a
negative impact on FER performance.
The underwater optical links can be characterized by the

interactions between photons and medium: energy of pho-
tons are absorbed thermally, photons are scattered by the
particles and therefore change the transmit directions. The
effects of both absorption and scattering may cause energy
loss which can be quantified by widely used attenuation coef-
ficient. In clean ocean, the path loss follows the exponential
attenuation approximately by

Pr = Pt exp(−cLr) (1)

where c is the attenuation coefficient from [5] for typical
water types, Lr is the link range, Pr and Pt are the re-
ceive power and transmit power, respectively. Note that we
only consider the case of clean ocean as when we consider
the turbid environment, the diffuse light field will form and
then the diffuse coefficient will be used to describe the en-
ergy loss instead of attenuation coefficient. Based on the
assumption that the path loss is independent of polariza-
tion directions, the frame error rate (FER) performance for
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Figure 2: FER performance versus link range in
clear ocean for various modulation schemes

PDPPM scheme has been evaluated by both theoretical cal-
culation and the Monte Carlo simulation. Figure. 2 shows
the FER performance versus link range for OOK, DPPM,
and PDPPM schemes.

4. CONCLUSIONS
We have presented a new modulation scheme PDPPM by

adding the effects of polarization into DPPM schemes. Sim-
ulation results suggest that the PDPPM scheme improves
the bandwidth efficiency and FER performance. Our re-
sults are beneficial for the UWOC links design. Our future
work is to build an experimental platform to realize our new
scheme and then measure the FER performance.
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