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Abstract. High bandwidth (10 to 100 Mbps), real-time data networking in the subsea environment using free-
space lasers has a potentially high impact as an enabling technology for a variety of future subsea operations in
the areas of distributed sensing, real-time wireless data transfer, control of unmanned undersea vehicles, and
other submerged assets. However, the development and testing of laser networking equipment in the undersea
environment are expensive and time consuming, and there is a clear need for a network simulation framework
that will allow researchers to evaluate the performance of alternate optical and electronic configurations under
realistic operational and environmental constraints. The overall objective of the work reported in this paper was to
develop and validate such a simulation framework, which consists of (1) a time-dependent radiative transfer
model to accurately predict the channel impulse characteristics for alternate system designs over a range of
geometries and optical properties and (2) digital modulation and demodulation blocks which accurately simulate
both laser source and receiver noise characteristics in order to generate time domain bit stream samples that can
be digitally demodulated to predict the resulting bit error rate of the simulated link. © 2014 Society of Photo-Optical

Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.53.5.051410]

Keywords: laser communications; experimental validation; channel characterization; radiative transfer; optical sensors.

Paper 131497SSP received Oct. 2, 2013; revised manuscript received Feb. 21, 2014; accepted for publication Mar. 10, 2014; pub-
lished online Apr. 25, 2014.

1 Introduction

High bandwidth networking between undersea assets has
great potential to transform operational scenarios for mapping,
monitoring, and intervention missions. A distributed approach
to sensing can provide valuable datasets that allow marine sci-
entists to obtain improved spatial and temporal resolution
datasets, thereby improving the scientific understanding in the
study of critical ocean processes. Dynamic events such as
storm-water runoff, harmful algal blooms, or toxic spills need
to be mapped accurately and monitored by sensors as they
evolve. Distributed sensing and sampling systems of the future
will facilitate autonomous mobile observational and interven-
tional capabilities with real-time telemetry and control to and
from shore, enabling operators or scientists to make real-time
decisions for certain tasks (e.g., sample collection) and to
determine high-level mission definition and coordination.

Modern terrestrial wireless communication systems such
as WIFI or cellular phone networks employ radio frequency
(RF) to transmit data, and while RF works very well in air,
the severe attenuation of RF in water makes it impractical to
use for most underwater wireless communication needs.1

Although acoustic waves are able to travel great distances
underwater, the low carrier frequencies used in the acoustic
spectrum (typically between 10 Hz and 1 MHz) combined
with the relatively slow propagation speeds of acoustic
waves underwater result in low bandwidth, high latency, and
low data rates.2

Recent advances in semiconductor laser technologies in
the blue/green spectral range have made underwater optical
wireless communication a feasible alternative to acoustic and
RF carriers of data for short to moderate distance links. In
order to limit the cost and complexity of the sensor hardware
for undersea laser networking with large numbers of assets,
the use of many same-wavelength laser transceivers employ-
ing intensity-modulated and/or pulse coding schemes to
distinguish between alternate illuminating sources in the
network is a scenario under development by the authors.3,4

Accurate and efficient simulation of laser light propagation
and hardware-realistic detection of high frequency intensity-
modulated laser light and coded pulses is, therefore, a central
and key requirement for the development of more advanced
simulations. Indeed, from recent experimental studies in an
artificial scattering test tank environment, it was observed
that the propagation of laser light intensity-modulated at
frequencies greater than 100 MHz is significantly affected
by temporal dispersion due to multiple scattering.5

This paper presents the mathematical formulation of a
Monte Carlo model that is used to compute channel impulse
responses, over a wide range of operational and environmen-
tal conditions, as well as allowing alternate system designs to
be simulated. The code has been parallelized to run on multi-
processor computers.6

By using a set of dimensionless variables which relate the
scattering coefficient to both temporal and spatial spreading,
the impulse response dataset needs to be computed only once

*Address all correspondence: Fraser R. Dalgleish, E-mail: fdalglei@hboi.fau
.edu 0091-3286/2014/$25.00 © 2014 SPIE

Optical Engineering 051410-1 May 2014 • Vol. 53(5)

Optical Engineering 53(5), 051410 (May 2014)



for a particular system hardware design. This results in rapid
and accurate simulation of the channel over a wide range of
environmental and operational conditions. Experimental
validation results for the computed impulse responses are
presented in Sec. 2. Additional diagnostics were added to
the code to provide information regarding the onset of multi-
ple scattering and how the phenomenon is affected by
changes in inherent optical properties, single scattering
albedo, path length, and the degree of angular or spatial mis-
alignment between the laser transmitter and optical receiver.
Furthermore, the model is also used to assess the trade-off
between a narrow collimated laser source and a divergent or
diffused source in various manipulated conditions of turbid-
ity and misalignment between source and receiver.

The paper also describes the formulation of a theoretical
stochastic model to compute dominant noise effects in the
high bandwidth output signal of a photomultiplier tube
(PMT) detector. Experimental signal-to-noise ratio (SNR)
results, taken across four decades of input irradiance, are pre-
sented to evaluate the model for its accuracy, and a compari-
son with a “standard” theoretical model is also given. The
“standard” model arrives at an average SNR value for a par-
ticular input signal by using Poisson counting statistics,
whereas the new stochastic process approach models the
detector output signal as a compound Poisson stochastic
process, which adds noise to a clean signal on a per-sample
basis. This was found to be much more useful than an aver-
age predicted SNR, as it allows the simulation of the actual
bit error rate (BER), based on received samples, and provides
a simulation framework for predicting BER as a function of
SNR (and thus to predict BERs for various scenarios involv-
ing different geometrical and environmental parameters).

The long-term goal of the authors is to interface the physi-
cal layer simulator with a higher-level network simulator
(such as OpNet or ns-2) in order to help design adaptive
modulation and error correction schemes, multiple medium
access protocols, and routing in ad-hoc delay/disruption tol-
erant networks. However, to create a solid foundation for this
research, the foremost purpose of the experiments described
in this paper is to validate the accuracy of the entire physical
layer simulation framework in predicting BER for a variety
of pulse repetition rates and water turbidities. The main per-
formance metric for both the experimental and simulated
results is the 95% confidence level (95% CL) BER, which
differs from a raw BER in that a raw BER is only useful in
describing the BER for a particular dataset, while a 95%
CL BER can be said to predict the BER ceiling (with 95%
accuracy) for all possible datasets utilizing the same environ-
mental parameters. Maximum acceptable BER ceilings vary
depending on the application, with real-time voice data
requiring 10−2, while TCP file downloading requires a
BER ceiling on the order of 10−6. Modern cellular telephone
data networks such as long-term evolution employ additional
protocols that allow data transmissions with a BER ceiling of
10−4. The BER simulator is also used to explore how increas-
ing the average laser power by a factor of 100 (from 10 mW
to 1 W) increases the number of beam attenuation lengths
through which acceptable BERs were obtainable.

The paper is organized as follows: Secs. 2 and 3 describe
the theoretical foundation of the radiative transfer and
detector noise models, respectively; Sec. 4 describes the
experimental validation of the radiative transfer model, with

a high peak power 500 ps green pulsed laser, multiple scat-
tering analysis, and the divergent source simulation study;
Sec. 5 describes the noise model performance evaluation
using experimental results with a known photon flux; Sec. 6
presents the results from the entire BER simulator and com-
pares the observed performance with that of experiments
conducted with a prototype low-power laser communication
system, with further simulation at higher average power.

2 Monte Carlo Radiative Transfer Model

A Monte Carlo simulation method that accounts for the
effects of absorption and multiple scattering on channel char-
acteristics in turbid ocean environments has been developed.
To analyze communications links, it is necessary to solve
the time-dependent radiative transfer equation

�

1

υ

∂

∂t
þs ·∇þc

�

Lðt;r;sÞ¼b

Z

4π

βðs;s0ÞLðt;r;s0Þds0þqðt;r;sÞ

(1)

for the radiance L, where t is the time variable, r is the posi-
tion in space, and s is the direction vector. The operator ∇ is
the gradient in r. The optical medium is characterized by the
speed of light υ, the beam attenuation coefficient c, the scat-
tering coefficient b, and the scattering phase function β,
which is normalized according to

Z

4π

βðs; s 0Þds 0 ¼ 1: (2)

The impulse response is the solution to the above equa-
tion with the source function

qðt; r; sÞ ¼ δðtÞδðrÞSðsÞ; (3)

where SðsÞ is the angular distribution of the radiance from
the source located at the origin (r ¼ 0). We restrict our atten-
tion to cases where b and c are uniform throughout the
medium and note that the beam attenuation coefficient c ¼
aþ b, where a is the absorption coefficient. The situation is
represented in Fig. 1.

In order to expedite the required calculations, it is desir-
able to obtain similarity solutions of a nondimensional form
of the above equation using Monte Carlo simulations. This
relates the radiance collected at the receivers in media with
different optical properties to radiances collected at receivers
placed at various distances from the source in a canonical
medium (i.e., a ¼ 0 and b ¼ 1) so that all desired quantities
can be computed with only a single simulation. To achieve
this, we make the substitution

Lðt; r; sÞ ¼ Mðt; r; sÞ expð−aυtÞ; (4)

and introduce the dimensionless variables

τ ¼ bυt and ρ ¼ br;

which represent the number of scattering lengths in time and
space, respectively, to obtain the equation
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∂

∂τ
þ s · ∇̄þ 1

�

Mðτ; ρ; sÞ ¼
Z

4π

βðs; s 0ÞMðτ; ρ; s 0Þds 0

þ 1

b
qðτ; ρ; sÞ; (5)

where ∇̄ is the gradient in ρ. The impulse response is found
by solving the above equation with the source term

1

b
qðτ; ρ; sÞ ¼ δðτÞδðρÞSðsÞ; (6)

where δ is the Dirac delta function and SðsÞ is the angular
distribution of the source aperture. Monte Carlo simulations
consist of random draws from the source distribution func-
tion SðsÞ, which propagate random distances according to
the exponential distribution function (with rate parameter
b ¼ 1) between scattering events where deflections are dis-
tributed according to βðs; s 0Þ. Each particle decays exponen-
tially with path length where the decay rate is a ¼ 1.

The advantage of reducing the radiative transfer equation
to this dimensionless form is that it is only necessary to solve
once for Mðτ; ρ; sÞ, then for any given coefficients a and b
the radiance can be recovered from the relation

Lðt; r; sÞ ¼ bMðbυt; br; sÞ expð−aυtÞ: (7)

Therefore, in the case of uniform optical properties, we
can obtain the medium impulse response L by solving a sin-
gle canonical problem for M, which is the impulse response
for a medium characterized by a ¼ 0 and b ¼ 1. Note that
the dimensions of all spatial quantities, and the receiver area
in particular, are scaled according to the definition of the
dimensionless variable ρ.

Consider the situation of a laser source located at the ori-
gin and directed along the z-axis, where we are interested in
computing an irradiance impulse response at N identical
receivers of area A with different orientations sn, for n ¼
0; : : : ; N − 1. The receivers are located at rn. The on-aperture
irradiance is given by

EnðtÞ ¼
Z

2π

Lðt; rn; sÞWðs · snÞds; (8)

where W is the angular acceptance function of the receiver.
In terms of the canonical impulse response M

EnðtÞ ¼ b expð−aυtÞ
Z

2π

Mðbυt; brn; sÞWðs · snÞds: (9)

It is then possible to define a canonical irradiance impulse
response for a ¼ 0 and b ¼ 1

E0ðτ; ρÞ ¼
Z

2π

Mðτ; ρ; sÞWðs · snÞds; (10)

and obtain the irradiance for arbitrary a and b from

EnðtÞ ¼ b expð−aυtÞE0ðbυt; brnÞ: (11)

The Monte Carlo model for the canonical irradiance must
maintain a three-dimensional (3-D) data structure for discrete
values of τ and ρ at each of the N receivers. However, the
data need to be computed only once for particular angular
distributions of the source and receiver apertures, and then
the desired irradiance can be easily extracted. It was found
that there was only a very modest increase in computer run
time in calculating the 3-D canonical irradiance compared to
calculating a single irradiance impulse response.

3 Detector Noise Modeling

The first model, referred to in this paper as the standard
model, arrives at an average SNR value for a particular
input signal by using Poisson counting statistics, which is
generally accepted as a fair predictor for shot-noise-limited
devices such as PMTs.7,8 The new approach models the
detector output signal as a compound Poisson stochastic pro-
cess, which adds noise to a clean signal on a per-sample
basis. This is much more useful than an average predicted
SNR, as it allows us to simulate the actual BER, based on
received samples, to incorporate into a simulation framework
for predicting BER as a function of SNR, thus allowing the
prediction of BERs for various scenarios involving different
geometrical and environmental parameters.

The standard model for predicting the arage SNR of
a photon detector is defined as6

SNR ¼ ðGηFqP∕hfÞ2RL

G22qRLΔfðID þ ηFqP∕hfÞ þ 4kTΔf
; (12)

where G is the applied detector gain, η is the quantum effi-
ciency of the photocathode, F is the collection efficiency of
the detector (ηF is the overall detector efficiency), q is the
elementary charge, P is the optical power incident on the
photocathode, h is Planck’s constant, f is the frequency
of the light, RL is the resistance over which a voltage
signal is measured, Δf is the detector bandwidth, ID is the
dark current, k is the Boltzmann constant, and T is the
temperature.

For so-called shot-noise-limited photon detectors, such as
PMTs, the shot noise is significantly larger than both the dark
current and the thermal noise, so these other noise sources
are ignored, and the SNR is typically defined in terms of the
root-mean-squared (rms) shot-noise current that manifests as
a result of a dc current flow, iavg, as given

σi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2qiavgΔf
q

(13)

and the SNR is given by

Fig. 1 Relevant parameters and typical geometrical scenario for
Monte Carlo model.
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SNRsignal-shot-limit ¼
iavg

inoise;rms

¼ iavg
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2qiavgΔf
p : (14)

This provides a time-averaged noise level for the dc
signal.

Shot noise is the random variation in the detector output
signal that is caused by the random arrival times of the pho-
tons at the detector photocathode. As such, the electrical
signal output from the detector can be regarded as a continu-
ous random function driven by a discrete Poisson counting
process. In the following, the mean, variance, and autocovar-
iance of the stochastic shot noise process is derived. The
derivation is similar to the presentations in van Etten9 and
Ross10 and is fully documented in Ref. 11. The photomulti-
plier output XðtÞ is modeled as a nonstationary compound
Poisson process

XðtÞ ¼
X

NðtÞ

k¼1

Gkhðt − SkÞ; (15)

where NðtÞ is the number of photons striking the photoca-
thode up to time is t, Sk the arrival time of the k’th photon,Gk

is the random amplifier gain, and h is the electrical impulse
response of the detector. The average photon arrival rate is
γðtÞ time-dependent, and

υðtÞ ¼ E½NðtÞ� ¼
Z

t

0

γðsÞds; (16)

where E½� denotes the expectation. The arrival time distribu-
tion is (for n ≥ 0)

PfNðsþ tÞ − NðsÞ ¼ ng

¼ expf−½υðtþ sÞ − υðsÞ�g ½υðtþ sÞ − υðsÞ�n
n!

; (17)

so that the increments are independent. Note that
PfNðtÞ ¼ ng ¼ exp½−υðtÞ�½υðtÞ�n∕n!. The arrival times
over the interval s ∈ ½0; t� are distributed according to the
probability density function (see Ref. 10 and references
therein)

fSkðsÞ ¼
γðsÞ
υðtÞ ; (18)

which is independent of the number of arrivals NðtÞ over the
interval.

The detector impulse response, h for t ≥ 0, is assumed
to be deterministic and stationary so that the pulse shape
is always the same. The autocorrelation of the impulse
response is denoted by

ChðτÞ ¼
Z þ∞

−∞

hðt − τÞhðtÞdτ: (19)

A detector with random fluctuations in amplification is
considered, so that fGkg is a sequence of independent, iden-
tically distributed random variables. The moment-generating
function for G is

ΦGðyÞ ¼ E½expðyGÞ�; (20)

where the mean, or expectation, μG ¼ Φ
0
Gð0Þ is and variance

is σ2G ¼ Φ
0 0
G ð0Þ − μ2G.

The moment-generating function for the shot noise proc-
ess can be derived using the conditional expectation and
invoking the independence of the random variables

ΦXðuÞ ¼ E½expðuXÞ�

¼ exp

�
Z

t

0

γðsÞfΦG½uhðt − sÞ� − 1gds
�

: (21)

From this the mean and variance of the shot noise process
can be calculated

μXðtÞ ¼ Φ
0
Xð0Þ ¼ E½G�

Z

t

0

γðsÞhðt − sÞds; (22)

σ2XðtÞ ¼ Φ
0 0
X ð0Þ − μ2X ¼ E½G2�

Z

t

0

γðsÞh2ðt − sÞds; (23)

where E½G� and E½G�2 are the first and second moments of
the random detector gain. To derive the joint moment-gen-
erating function for the shot noise process one must consider

X1ðtÞ ¼
X

Nðt1Þ

k¼1

Gkhðt − SkÞ for t ≥ t1 (24)

and

X2ðtÞ ¼
X

Nðt2Þ

k¼1

Gkhðt − SkÞ for t ≥ t2; (25)

where t2 ≥ t1. It is now possible to write

X2ðtÞ¼X1ðtÞþ
X

Nðt2Þ

k¼Nðt1Þþ1

Gkhðt−SkÞ¼X1ðtÞþ X̄2ðtÞ; (26)

where X1 and X̄2 are independent random variables.
The joint moment-generating function is then

ΦXXðu1;u2Þ ¼ Efexp½u1X1ðt1Þ þ u2X2ðt2Þ�g
¼ Efexp½u1X1ðt1Þ þ u2X1ðt2Þ�gEfexp½u2X̄2ðt2Þ�g: (27)

The first term can be expressed as

Efexp½u1X1ðt1Þ þ u2X1ðt2Þ�g

¼ exp

�
Z

t1

0

γðsÞfΦG½u1hðt1 − sÞ þ u2hðt2 − sÞ�− 1gds
�

;

(28)

and the second term is

Efexp½u2X̄2ðt2Þ�g¼exp

�
Z

t2

t1

γðsÞfΦG½u2hðt2−sÞ�−1gds
�

;

(29)

and finally
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ΦXXðu1;u2Þ

¼ exp

�
Z

t1

0

γðsÞfΦG½u1hðt1 − sÞ þ u2hðt2 − sÞ� − 1gds
�

× exp

�
Z

t2

t1

γðsÞfΦG½u2hðt2 − sÞ� − 1gds
�

: (30)

The autocovariance function is then given by

CXXðt1;t2Þ ¼
�

�

�

�

∂2ΦXX

∂u1∂u2

�

�

�

�

u1;u2¼0

− μXðt1ÞμXðt2Þ

¼ E½G2�
Z

t1

0

γðsÞhðt1 − sÞhðt2 − sÞds: (31)

Higher-order statistics can also be derived from the
moment-generating function.

For the simulations Gk is assumed to be Gaussian distrib-
uted. The detector impulse response h is also approximated
with a Gaussian shape. If the mean radiant power incident on
the detector surface is PðtÞ, the mean photon arrival rate is
given by ϕ̄ðtÞ ¼ PðtÞ∕ðℏωÞ, where h ¼ 6.63 × 10−34 J s is
Planck’s constant, ℏ ¼ h∕2π, the frequency of light for a
wavelength of λ meters is ν ¼ c∕λ Hz, the angular frequency
is ω ¼ 2πν, and c ¼ 3 × 108 m∕s is the speed of light in a
vacuum. The average rate of photon arrivals at the photoca-
thode resulting in a pulse at the anode is then γðtÞ ¼ ϕ̄ðtÞηF.

For the detector output signal, consider samples xk ¼
xðtkÞ at times tk ¼ kΔt for k ¼ 0; 1; 2; : : : . Letting xn ¼
ðx0;x1;: : : ; xnÞT be the vector of samples up to time tn,
where superscript “T” indicates the transpose. The detector
output signal XðtkÞ is modeled as a multivariate Gaussian
distribution, which is easy to implement but results in
some (non-physical) negative values for the output current.
Noting that the correlation between nearby samples is much
greater than that between more distant samples, one must
truncate the number of samples considered simultaneously
in the joint density at some limit p.

The following outlines the procedure used to simulate
the detector output signal. The joint probability density
for signal samples is given by

fXðxnÞ ¼
1

ð2πÞn∕2∣ Σ ∣1∕2
exp

�

−
1

2
ðxn − μÞTΣ−1ðxn − μÞ

�

;

(32)

where the vector of mean values is

μX ¼ ðμn−p; : : : ; μnÞT ¼ μGðγn−p; : : : ; γnÞT; (33)

where μk ¼ μXðtkÞ and γk ¼ γðtkÞ, and the covariance matrix
is

Σ ¼

2

6

4

Cn−p;n−p · · · Cn−p;n

..

. . .
. ..

.

Cn;n−p · · · Cn;n

3

7

5
; (34)

where Cj;k ¼ CXXðtj; tkÞ. Now consider the vector of prior
samples x̃ ¼ ðxn−1; : : : ; xn−1ÞT and define

μ̃ ¼ ðμn−p; : : : ; μn−1ÞT and s̃ ¼ ðCn−p;n; : : : ; Cn−1;nÞT

(35)

and

Σ̃ ¼

2

6

4

Cn−p;n−p · · · Cn−p;n−1

..

. . .
. ..

.

Cn−1;n−p · · · Cn−1;n−1

3

7

5
: (36)

The conditional density is then

fXðxn ∣ x̃Þ ¼
1
ffiffiffiffiffi

2π
p

σ̄n
exp

�

−
1

2

ðxn − μ̄nÞ2
σ̄2n

�

(37)

with

μ̄n ¼ μn þ s̃TΣ̃−1ðx̃ − μ̃Þ and σ̄2n ¼ σ2n − s̃TΣ̃−1s̃: (38)

Given the mean power incident on the receiver aperture at
the discrete sample times, it is possible to use Eq. (37),
together with the definitions in Eq. (38), to make consecutive
random draws for the samples. Results from the new com-
pound stochastic noise model, presented herein, are com-
pared with the standard model and experimental results in
Sec. 5. First, experimental validation results for the radiative
transfer channel model are given.

4 Monte Carlo Model Experimental Validation

The Monte Carlo code was subjected to several sets of val-
idation experiments within the main test tank at the Ocean
Visibility and Optics Laboratory at Harbor Branch Oceano-
graphic Institute (Fort Pierce, Florida), a campus of Florida
Atlantic University. These tests consisted of acquiring both
on-axis and off-axis measurements through the entire length
of the tank (12.48 m path length) using a 40 μJ green laser
pulse with 500 ps pulse duration (FWHM). The outline
experimental configuration is shown in Fig. 2.

Lab-grade Maalox was used to increase the beam attenu-
ation (c) values from clear water to c ¼ 2 m−1 (i.e., up to 25
beam attenuation lengths) in 10 increments, measured by a
Wetlabs ac-9 meter with attenuation and absorption being
adjusted for scattering error according to Zaneveld.12 Single
scattering albedo was found to be approximately 0.90
throughout. The gated microchannel plate photomultiplier
tube (MCP-PMT), Hamamatsu model R5916U-50, was
radiometrically calibrated and measured for impulse response
to allow for irradiance and time dispersion comparisons
with the simulated data, respectively. Automated laser beam
angular incrementation and data acquisition of input and out-
put laser waveforms were handled from a LabVIEW user
interface, controlling a 2.5-GHz bandwidth, dual-channel
20 GSps digitizer. A photograph of the test tank, showing
the dual purpose light cover and baffle which consists of
70,000 black spheres, is shown in Fig. 3. This cover signifi-
cantly reduces optical “ringing” inside the water volume
which can bias results, and also prevents light from entering
into the water volume from the surrounding laboratory.

A benchtop transmitter consisting of the pulsed laser (far
field divergence 1 mrad) and an electronic microstepper mir-
ror unit was used to precisely offset the laser beam angle rel-
ative to the MCP-PMTat the opposite end of the tank. This is
shown in Fig. 4. The field of view (FOV) of the MCP-PMT
was controlled by a length of tube to restrict the angular extent
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of incident rays. The gain on the device was held
constant throughout the experiments, with neutral-density
filters being used to control the light levels reaching the
photocathode. Raytrace modeling results and experimental

measurements of the FOV were in agreement that the FOV
was 15 deg FWFM (9.5 deg FWHM) with a Gaussian shaped
function. Datawere collected at 21 different positions for each
turbidity increment; on-axis and at�6.7-cm off-axis intervals
at the receiver plane out to�67 cm. Computed angular offset
of the transmit electronic microstepper mirror was confirmed
by diver measurement with a rule.

The forward portion (out to 10 deg) of the scattering phase
function for the 50% laboratory-grade magnesium hydroxide
particles and 50% laboratory-grade aluminum hydroxide par-
ticlemixturewasmeasuredusing aLISST-100X fromSequoia
Scientific (Bellevue, Washington). The results were used in
the Monte Carlo matrix computations that produced the sim-
ulation results presented in the remainder of the paper.

The range of linearity of the MCP-PMT device was deter-
mined experimentally using a variable beam expander and
calibrated neutral density filters to flood the photocathode
and measure the peak output current to known input irradi-
ance. This was necessary to establish the linear range of out-
put current from the device during the experiments and also
to determine the conversion factor between input peak power

Fig. 2 Outline schematic of laser pulse dispersion experimental
measurements.

Fig. 3 Harbor Branch large optical imaging test tank: Photo of tank surface (a) and solid model of
tank (b).

Fig. 4 Photos of laser pulse transmitter (a, residing in east lab) and receiver assembly (b, residing in
west lab).
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and measured output peak voltage. The impulse response of
the device to the nondispersed laser pulse source waveform
was also used to convolve with the simulated medium
impulse response in the time history results that follow.
A comparison between simulated peak irradiance and results
from the experiments, converted from measured voltage on
oscilloscope to irradiance (W∕m2) over the range of nominal
turbidities, is shown in Fig. 5.

The horizontal axis of Fig. 5 represents the mechanical
angle of the microstepper mirror. Therefore, considering
both that the optical angle is twice that of the mechanical
angle and also the effect of refraction at the planar interface,
the greatest off-axis case of slightly greater than 3 deg rep-
resents the laser beam being 0.66 m offset from the center of
the receiver axis at the receiver plane. The results show
reasonable agreement between experiment and simulation,
as well as a consistent trend for each of the turbidities.
Intuitively, at increased turbidities, where multiple scattering
dominates, these results clearly show that received irradiance
is less sensitive to misalignment.

To examine the accuracy of temporal dispersion results,
we present (in Fig. 6) normalized experimental time history
waveforms versus simulated comparison plots for on-axis
and 1 m off-axis cases. These results also show a good agree-
ment and consistency. However, it can be observed that at
increased turbidities, the experimental results exhibit more
time-delayed contributions that manifest as a longer received
pulse “tail.” This is thought to be due to the recombination of
larger angle scattering events via reflections from the tank
walls or water surface in the dominant multiple scattering
regime. Performing a set of tests with a lower and more real-
istic single scattering albedo was a secondary objective of the
low-power violet (405 nm) pulsed laser communications
experiments presented in Sec. 7.

A summary of the observed versus simulated pulse
dispersion, as FWHM pulse width over the range of off-
axis displacements, is shown in Fig. 7. This further high-
lights the tail discrepancy at higher turbidities.

Included in the Monte Carlo code were extra lines of code
to track the number of scattering collisions that each simu-
lated photon bundle reaching the receiver has experienced.

The number of scattering events per total photons collected
for each case was bracketed into 1 to 5 scattering events, 6 to
10 scattering events, 11 to 15 scattering events, 16 to 20 scat-
tering events, and 21 to 40 scattering events.

The data in Fig. 8 show that with the exception of the on-
axis case, the average number of scattering events grows
gradually with number of beam attenuation lengths. The
on-axis case (0 deg) initially exhibits single scatter, which
is intuitive, but shows a sharp rise after cZ ¼ 15, where c

is the beam attenuation coefficient and Z is the fixed path
length of 12.48 me used in this study.

Fig. 5 Experimental and simulated comparisons for on-axis and off-
axis pulse peak irradiance.

Fig. 6 Comparison of experimental and simulated pulse dispersion
for on-axis (left column) and 0.66 m off-axis (right column) beam
orientation, with increasing turbidity from top to bottom. Results are
normalized. Top row (c ¼ 0.4 m−1). Bottom row (c ¼ 2.0 m−1).
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5 Laser Source Divergence Study

A specific objective of the channel simulator should be able
to exercise various key system parameters to investigate how
they affect the received signal amplitude and modulation
depth in order to better understand performance trade-offs.
In this section, we examine the effect of varying the laser
source divergence through a range of turbidities and angular
misalignments. To be consistent with the test tank results pre-
sented herein, the simulations used the same geometry as the
tank results, the same receiver aperture, and same 500-ps
FWHM laser source, except that the laser source angular
aperture was varied from a diffraction limited beam of
0.1 mrad (half angle) to 0.1 rad (half angle). The plots in
Fig. 9 show the effect of received peak irradiance and
pulse duration for the four laser source angular apertures
at four different turbidities, from 4.25, 8.63, 13, and
21.63 beam attenuation lengths, using the same angular

misalignment as before, except denoted in meters offset from
the receiver in this case.

In the clearest case, which is equivalent to clear coastal
water, it can be seen for the on-axis case, that there are
four orders of magnitude more photons reaching the detector
aperture for the narrowest laser aperture (10e−4 rad) versus
the widest (10e−4 rad). The widest laser aperture has a con-
sistent response through the range of angles, with higher
peak irradiance than the narrow cases only being apparent at
the greatest misalignment angles. However, for the off-axis
case the wider aperture laser source case receives more pho-
tons. For the moderately turbid (8.63 and 13 beam attenua-
tion lengths) to very turbid (21.63 beam attenuation lengths)
conditions, the narrow collimated laser source will generate a
higher signal level at the detector over the entire range of
angular misalignments exercised in the simulation.

6 Noise Model Experimental Results

In order to evaluate the performance of both the standard
detector noise model and the new stochastic process detector
noise model, a low-noise Laser Quantum Gem single mode
continuous wave (cw) laser operating at a wavelength of λ ¼
532 nm was used, along with a Hamamatsu R9880U-210
ultra bialkali miniature PMT, as the detector. These experi-
ments, which required precise control of laser power imping-
ing on the PMT photocathode, were performed on an optical
bench, and did not involve passing the laser through a water
tank. The laser output power was set to either 86 or 50 mW
and the photon flux entering the PMT was adjusted using
neutral-density filters calibrated for 532 nm, while the
gain voltage was varied to obtain several sets of data, which
was captured by a National Instruments PXIe-6366 (Dallas,
Texas) analog-to-digital converter measuring the voltage
across a 1 kΩ load. These data were then analyzed to pro-
duce experimental SNR measurements. For each of the
experimental SNR measurements, the theoretical SNR
using both the standard model and the stochastic process
model was calculated and compared.

The SNR of the captured signals was calculated by comput-
ing the mean of the captured signal, and then taking the mean-
squared difference between each sample and the mean. Then,
the noise floor mean was subtracted from the signal mean, and
the noise floor variancewas subtracted from the signal variance
to get the corrected-mean and corrected-variance

μcorrected ¼ μsignal − μnoise floor; (39)

σ2 ¼
P

t½VðtÞ − μv�2
t

; (40)

σ2corrected ¼ σ2signal − σ2noise floor; (41)

SNRdB ¼ 10 log10

�

μcorrected

σcorrected

�

: (42)

Using the stochastic process model, an ideal signal was
used as a starting condition, where every sample was equal
to the mean (i.e., 86 or 50 mW depending on which exper-
imental dataset was being examined). The ideal signal is then
attenuated by 10ND-value, converted from optical power to
number of photons, multiplied by the detector efficiency fac-
tor, then the noise was added to each sample according to

Fig. 7 Summary of experimental and simulated comparisons of
FWHM through the full range of angular offsets and turbidities.

Fig. 8 Average number of scattering events for four different angular
misalignments versus beam attenuation length (cZ ).
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Eq. (37). This noisy signal was then converted to volts by
multiplying by the terminal resistance (1 kΩ). Average SNR
is again calculated using Eqs. (41) and (42).

Figure 10 shows the difference between the predicted aver-
age SNR and the observed SNR. An ideal noise model would
have zero difference between predicted and actual SNR. It can
be seen that for the lowest optical power cases, the new model
is much closer to the ideal. The size of the circles in the bubble
chart on the right-hand side of Fig. 10 indicates the optical
power entering the PMT. Note that the optical power (circle
size) decreased as the gain voltage increased. This was done
intentionally (with optical power being controlled by applying
ND filters), to avoid damaging the PMT.

7 BER Simulation Framework

In Sec. 5, the radiative transfer model validation experiments
used a laser source with a very high peak power (60 kW) in
order to obtain high SNR time domain plots at 25 beam

attenuation lengths. For the laser communications system
that was developed for test tank use and to validate the com-
plete physical layer simulation framework, a much lower
peak power laser transmitter was selected. It was therefore
possible to observe a significant degradation in link quality
over the path length of 12.5 m.

The complete physical layer simulator as shown in the
flowchart in Fig. 11 was written in MATLAB and consists
of four main execution blocks, the modulator, the channel
model, the detector model, and the demodulator. For the
experimental and simulation results presented in this section,
16-slot pulse position modulation (PPM-16) was used as the
modulation scheme, which allowed for the isolation and
analysis of individual pulses, in order to compare against
the experimental data. For future system design simulations,
the modem blocks can easily be replaced with on-off keying
(OOK), for example, to maximize throughput in low-noise
scenarios. The PPM-16 modulator block takes as input a
pseudorandom bit stream, peak laser power, laser power

Fig. 9 Effect on pulse duration (FWHM) and peak irradiance of received waveforms with varying degrees
of laser source angular divergence. (a) 4.25, (b) 8.63, (c) 13, and (d) 21.63 beam attenuation lengths.
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variance, sampling interval, and pulse repetition rate. The
output is a one-dimensional array representing the simulated
signal in terms of optical power.

The demodulator block takes the noisy simulated signal
as input, demodulates and compares against the predefined

pseudorandom bitstream, and calculates the 95% CL BER.
In this iteration of the simulation framework, the demodula-
tor and the BER calculator are included in the same block, to
allow for bit stream signal archiving, which assists with later
analysis and comparison against experimental data. In future

Fig. 10 (a) Optical power as calculated by the measured laser output and attenuated by the ND filter
value. (b) Bubble size indicates optical power (larger bubbles mean smaller ND filters).

Fig. 11 Entire physical layer simulator flowchart.
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iterations of the framework, for example, in the study of link
layer protocols, the BER calculator will be separated from
the demodulator block.

In this experiment, the large electro-optics turbidity tank
at Harbor Branch was once again used. However, for these
experiments, the turbidity of the water was controlled using
ISO 12103-1 A1 Ultrafine Arizona Test Dust (ATD). The

reason for the change in the turbidity agent was that it had
been found by the test tank experimentalists that ATD was
a more stable particle suspension at high turbidities, fewer
particles were found to stick to sensors and other objects
in the tank, and the scattering phase function was very sim-
ilar to coastal water. It was less expensive as a consumable
than the lab-grade Maalox. Throughout the turbidity cycle,
beam attenuation and absorption coefficients were measured
using a Wetlabs AC-9 in situ spectrophotometer, and the full
scattering phase function was measured with the MASCOT
instrument, operated byWetlabs.13 These values were used in
the simulations.

As summarized in Fig. 12, a 405-nm Omicron A350 laser
source was placed in the west lab, and a Hamamatsu
R9880U-210 PMT detector in the east lab (12.48 m apart).
The laser was directed into the tank via a mirror mounted on
a micro-stepper stage. However, only on-axis results are pre-
sented herein. The PMT was fitted with a 405-nm (3 nm
FWHM) interference bandpass filter, and a 50-mm condens-
ing lens was used to create a receiver assembly with a 20-
deg FOV.

The laser was driven using an Agilent 81130A high-speed
pulse generator. A predefined bitstring of length 65,488 (the
internal memory limit of the Agilent) representing a PPM-16

Fig. 12 Outline schematic for laser communication experiments.

Fig. 13 Comparison of 95% CL BER for on-axis experimental prototype against simulated results for
0.95 m−1 < c < 2.71 m−1 and data rates of 25, 50, and 62.5 Mbps using PPM-16 pseudorandom bit
stream modulation (on-axis).
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modulated pseudorandom bit stream (along with a trailer for
synchronization) was loaded into the internal memory, and
signaling was set to nonreturn-to-zero. The detector outputs
were attached to a National Instruments PXI 5154 high-
speed 8-bit digitizer (though the dynamic range was effec-
tively 7 bits since we were unable to set the digitizer offset
to take advantage of the entire 8-bit range) set to record at
1 Gsps with a vertical range of �0.01 V.

Starting with clear water, 10 turbidity increments were
generated, from c405 ¼ 0.1 m−1 to c405 ¼ 2.71 m−1. At each
turbidity, the Agilent pulse frequency was set to 100, 200,
and 250 MHz, with 100 million samples being recorded for
each. For the 100-MHz case (25 Mbps), the pulse duration
was set such that it accommodated the entire slot (i.e., 10 ns
FWFM), and the mean laser output power into the water was
measured using a Nova Ophir II power meter to be 10.4 mW
at 6.3% duty cycle. For the 200-MHz (50 Mbps) case, the
pulse duration was set to 5 ns FWFM, and for the 250-MHz
(62.5 Mbps) case, the pulse duration was set to 4 ns FWFM.
The peak laser power was 160 mW for the three cases. The
gain voltage applied to the PMT was varied throughout

the experiment to maintain a constant mean current output
of 100 μA from the PMT (equivalent to 5 mV using 50 Ω

termination resistance), which was determined to be within
the linear dynamic range for these PMTs. The bandwidth
of the PMT throughout the range of gain adjustments
used in the experiments was also verified to be constant.

At each turbidity increment, simulated 95% CL BERs at
the three data rates were generated. However, due to the com-
putational intensity of the simulation, 10 million samples
were simulated instead of 100 million, as were used in
the experiments. This resulted in the 95% CL BER for zero
bit errors being 1.5039 × 10−5 in the simulation results.
From clear water up to c405 ¼ 0.95 m−1, there were no bit
errors for the 100-MHz case, and these data are therefore not
shown in Fig. 13, instead are shown the 95% CL BER data
from c ¼ 0.95 2.71 m−1, as the link integrity begins to
deteriorate, up to the point where the BER is 0.5, indicating
completely random data.

However, it can also be seen from Fig. 13, which com-
pares the simulated results to the experimental results, that
the physical layer simulator is a reasonably good predictor of

Fig. 14 Comparison of simulated 95% CL BER for low peak power (160 mW) and 100× higher peak
power (16 W) over turbidities 0.95 m−1 < c < 2.71 m−1 and data rates of 25, 50, and 62.5 Mbps
using PPM-16 pseudorandom bit stream modulation (on-axis).
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observed experimental results across all turbidities for the
100-MHz (25 Mbps effective data rate), 200-MHz (50 Mbps
effective data rate), and 250-MHz (62.5 Mbps effective data
rate) cases. Note again, that in the 100-MHz, c ¼ 0.95 m−1

case, both the simulated and experimental results contained
zero bit errors. The difference in 95% CL BER ceiling is due
to the fact that we simulated 10 million samples rather than
the 100 million used in the experiments.

On examination of the BER performance for the different
modulation frequencies, it can be seen that the 100-MHz
case maintains a 95% CL BER of 10−3 up to c ¼ 1.2 m−1

(or 15 beam attenuation lengths), while the 200-MHz case
maintains a 95% CL BER of 10−3 up to c ¼ 1.0 m−1 (or
12.5 beam attenuation lengths), and the 250-MHz modula-
tion case has reached the 95% CL BER of 10−3 at c ¼
0.8 m−1 (or 10 beam attenuation lengths). Referring to
Fig. 6, which shows the high peak power pulse stretching
results, it can be seen that pulse stretching is <0.25 ns for
the on-axis case (at 15 beam attenuation lengths). Now con-
sidering that the digitization rate was 1 Gsps, the 10 ns
FWFM pulse used in the 100-MHz case is expected to
fully accommodate the sampling slot, resulting in 10 digital
samples per pulse. Similarly, the 250-MHz case (4 ns FWFM
pulse duration) will only result in 4 samples/pulse. This has
been confirmed by inspecting the acquired bit stream (not
shown), but it is clear that with the peak power of 160 mW
being used in these experiments (and simulations) that the
main channel mechanism for loss of link integrity is attenu-
ation, rather than pulse stretching.

In order to generate results beyond 15 beam attenuation
lengths, where the majority of collected photons are rapidly
becoming diffuse (referring back to Fig. 9), a simulation
study was performed with laser power of 100 times that of
these experiments. This results in the pulses having a peak
power of 16 W, rather than 160 mW. For the 100-MHz case,
this equates to a laser with an average power of 1000 mW,
the 200-MHz case would be 500 mW average power, and
the 250-MHz case would be 400 mW average power. The
results, which are shown in Fig. 14, indicate that the 95%
CL BER of 10−3 can be extended to c ¼ 2 m−1 or 25 beam
attenuation lengths for the 100-MHz case, c ¼ 1.8 m−1 for
the 200-MHz case, and c ¼ 1.7 m−1 for the 250-MHz
case. However, for all cases at c > 2 m−1 (or >25 beam
attenuation lengths), the BER degrades rapidly still primarily
due to attenuation losses.

8 Conclusions

This paper describes an overall physical layer simulation
framework for undersea laser communications and net-
working. The approach combines a modulation block
which includes laser power variance, a time-dependent
Monte Carlo model to compute the channel impulse response,
and a stochastic process detector noise model in order to
generate time domain bit stream samples that can be
digitally demodulated to predict the resulting BER of the
simulated link.

The high peak power 532-nm pulsed laser experimental
results using Maalox as the scattering agent, which were pre-
sented in this paper, show overall that the channel model is a
good predictor of the observed attenuation and pulse stretch-
ing due to multiple scattering. Some discrepancy with the
simulations was observed in the multiple scattering regime,
and this is believed to be mainly due to the recombination of

delayed components of the original pulse that have been
reflected from the surface or walls of the test tank. The
channel model does not currently allow the simulation of
depth-dependent optical properties, and solar irradiance
was not included in the study. Furthermore, dynamic effects
that are believed to affect undersea communications links,
such as turbulence, bubbles, or aggregates, are not consid-
ered. Indeed, recent work at Harbor Branch, in collaboration
with the Naval Research Laboratory, has shown that optically
turbulent layers in natural ocean environments can lead to
both deflection and distortion of the laser beam, and this
is also expected to lead to increased BER.14

Experimental validation results for the stochastic process

detector noise model show that it is a much more accurate

predictor of actual device shot noise than the textbook

model, particularly at low photon levels. Moreover, the

stochastic model allows noise to be added to the simulated

high-speed time domain signal on a per-sample basis, and

this is essential for the BER simulator framework being

described in this paper.
The laser communications results presented were con-

ducted with a much lower peak power 405-nm laser source.

This allowed for examination of the breakdown in integrity of

the laser link, exhibiting a good correlation with the entire

physical layer simulator, which consists of the radiative trans-

fer channel model, the stochastic detector model, and a PPM-

16 modulator and demodulator. For the PPM-16 cases tested,

the physical layer simulator was shown to be an accurate pre-

dictor of observed experimental results, with simulated 95%

CL BER ceilings within half an order of magnitude in most

cases, and all within one order of magnitude. Symbol error

rate rather than BERmight provide a better performance met-

ric for comparing PPM-16 results, since a single symbol error

can result in anywhere from 1 to 4 bit errors. Future research

plans are to use the model to define system requirements for

10−4 BER ceiling transmission rates, with further in-tank and

at-sea experiments being conducted to verify the validity of

these requirements. Now that the physical layer simulator has

been verified for on-axis 12.5-m path length one-way com-

munications over greater than 25 beam attenuation lengths,

next steps include comparing it against more test data using

different modulation schemes to ensure the accuracy of the

models and better understand upper bit rate capabilities. Of

particular interest are the off-axis cases, as this will allow us

to more accurately define pointing requirements, FOV, and

laser angular apertures for a given set of IOPs. The high

peak power nanosecond pulse experiments (Figs. 6–8)

show that, for certain combinations of system configuration

and environmental conditions, performance will be limited

by multiple scattering. The authors plan to use the developed

simulator to explore such scenarios for a range of modulation

scheme.
Ongoing research also involves using the simulation

tool in conjunction with higher network layer protocols to
simulate larger-scale network performance and to help deter-
mine hardware requirements for overall network system
design in a variety of undersea channel conditions. The
simulation tool will therefore allow researchers to simulate
more advanced scenarios that are necessary in developing
techniques and behaviors to realize the potential that under-
sea laser sensor networks are believed to offer.
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