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ABSTRACT

The current paper explores the impact of misalignment between transceivers (referred to as
pointing error (PE)) on the performance of transdermal optical wireless (TOW) technology, as
indicated by average signal-to-noise ratio (SNR), outage probability (OP), outage rate (OR), and
average ergodic capacity (AEC). This study was inspired by the effectiveness of differential
phase shift keying (DPSK) in enhancing the reliability of the link in free-space optical commu-
nications (FSO). Furthermore, this enhancement was studied and analyzed in consideration
of the impact of pointing errors. In particular, this paper presents a mathematical analysis
that considers certain characteristics of the channel, limitations within the body, the pointing
errors (PEs) between the transceivers, and other specific aspects of the optical unit. The results
demonstrate the significant impact of PEs on the reliability of the TOW link and highlight the
improvement provided by the DPSK technique. i.e., 3 dB better performance compared to the
on-off keying (OOK) modulation technique. Finally, this research demonstrates the practical
application of wireless optical technology in the medical field within the wavelength range of
800-1300 nm, with optimal performance observed around 1100 nm.
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1  INTRODUCTION

Medical implants (MIs) and bio-devices have rapidly increased due to further
research and studies on human diseases, as well as advancements in electronic
circuits. One of these studies examines the use of wireless implantable sensors,
which are inserted into the transdermal, also known as transcutaneous, using
implant telemetry devices. It has recently been used for medical applications in the
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human body [1]. According to the progression of the treatment, tailored to the ill-
ness, the patient’s symptoms, and the case’s condition, MIs are implanted for peri-
ods ranging from several months to many years, requiring higher data rates and
lower power consumption [2]. The main categories of applications include cochlear
implants, intraocular (retinal) implants, brain implant devices, pacemaker devices,
and wireless capsule endoscopy. The increased availability of enhancements for
a larger number of patients has sparked significant interest among academia and
industries in MIs. Conventional MIs utilize the radio frequency (RF) band. They
are known for being bandwidth (BW) saturated and typically have a transmission
power estimated to be around tens of mW [3]. Transdermal communication could
likely be achieved through RF wireless links. Nevertheless, while this type of innova-
tion can deliver data rates of up to 24 Mbps, it also requires at least 30 mW [4], which
results in significant power consumption for MIs, necessitating the replacement of
RF with transdermal optical wireless (TOW). This paper sheds light on optical wire-
less communication (OWC) through transdermal transmission, which is suitable for
use in medical applications. The rest of the paper is organized as follows: Section 2
discusses related literature. Section 3 discusses the suggested system and channel
model, while Section 4 derives a closed-form solution for the average SNR, the out-
age probability, the outage rate, and the average capacity. Numerical results are pre-
sented in Section 5, while the conclusion and future work are discussed in Section 6.

2  RELATED WORK

Over the past few decades, researchers worldwide have published numerous
studies on optical transdermal transmission. Transdermal wireless connections
have been studied and documented in various research projects. In vitro and in
vivo experiments were conducted to demonstrate the superiority of optical wireless
transmission over RF technology. In [5], a data rate of about 75 Mbps was achieved
when conducting an in-vitro study on a 6 mm layer of pork skin, which has similar
optical properties to human skin [6]. In [7], the same researchers used a 2.5 mm
skin thickness of an anesthetized sheep in an in vivo experiment, achieving a bit
error rate (BER) of less than 2x10-7 while consuming 2.1 mW and achieving speeds
of up to 100 Mb/s. However, they did not account for any misalignment between
the receiver terminals and the transmitter. In [8], a vertical-cavity surface-emitting
laser diode (VCSEL) with an 850nm wavelength and an active area of 7 mm? and
a PIN photodiode with a 2-8 mm thickness of pork tissue were implemented. The
system employed Manchester encoding to examine the feasibility of a transder-
mal telemetry link with a minimum beam divergence angle of 2° as an initiative
to reduce optical power losses. A hybrid transdermal system of RF and infrared for
cortical recording applications was demonstrated in [9]. Various configurations of
emitters and detectors were tested at different data rates to assess power efficiency.
Up to 40 Mbits/second data rate could be achieved through a skin thickness of 5 mm
when 120 mW or less power is dissipated. Reducing the skin thickness to 3 mm will
increase the data rate. Less than 20 Mbits/s could be easily achieved using various
components and optical technology. Receivers need to be aligned within 1-2 mm of
the center in order to function. The scattering presents the primary challenge and
limiting factor affecting performance in the application, especially in fatty tissues,
with a typical optical recovery factor of 0.5% to 5% over a diffuse area.

In vivo experiments were conducted on the brains of rats and monkeys as part
of an extensive study using a hybrid model [10]. Under anesthesia, implants were
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placed inside the brain to record the somatosensory neural activity of a rat and the
motor neural activity of a monkey. An external electronic unit received the signal for
audio and video display and digitization. A model for bidirectional transdermal opti-
cal transmission using wavelength division and amplitude shift keying (ASK) was
developed [11]. In reference [12], the authors examined two link configurations—
direct links and retro—to illustrate the possibility of establishing a retro-reflective
transcutaneous optical wireless link using chicken dermis. In a direct link, a light
source inside the body transmits data to a receiver outside the body, crossing the
skin only once. In the retro link configuration, the light beam is reflected back to its
source by the in-body unit, modulated through the modulating retro-reflector (MRR),
and then captured outside the body by the photodiode. Because most of the experi-
ments were conducted on anesthetized animals, fixed numbers were used to repre-
sent the pointing errors in terms of BER. This approach has major disadvantages as
it does not accommodate stochastic behavior.

The authors [13] studied the outage performance of TOW links, taking into account
the limitations of PEs, channel characteristics, and the physical constraints associ-
ated with in-body devices. The authors mentioned that for a fixed normalized signal-
to-noise ratio (SNR) value, the outage performance (measured by the outage proba-
bility) increases as the misalignment between the transmitting and receiving units
becomes more severe. As the normalized SNR increases, the limitations of pointing
errors (PEs) on the outage probability become more apparent. This study also illus-
trates the outage probability in relation to the wavelength for various threshold SNR
values, denoted as y,,. For a given operating wavelength with a minimum SNR value,
i.e., the threshold value, the outage probability deteriorates. In this study, the authors
concluded that wavelength values ranging from 400 to 600 nm and wavelengths
around 1500 nm are unsuitable for TOW transmission, while values around 1100 nm
are considered the optimal wavelength. The authors [14] studied the use of an opti-
mal combining method at the receiver side of the TOW communication interface. The
proposed design consists of out-of-body, in-body units, and skin. At the transmitting
unit, this system design incorporates two modulation schemes: on-off keying (OOK)
and pulse position modulation (PPM). Based on the assumption that the stochastic PE
component in the total channel coefficient has an upper limit, the support of the prob-
ability density function (PDF) was considered. This led to the reflection of all the ana-
lytical work for the average BER and the expressions, resulting in the availability of
generalized error performance results. The use of this combining method, combining
receive diversity with PPM, significantly enhances error performance. [15], with the
goal of assessing TOW performance, integrated the outage probability metric into the
study conducted by [14] using the same channel conditions. [16] developed an OWC-
based system model aimed at improving the reliability, spectral efficiency, and power
efficiency of a transcutaneous link in a cochlear implant. The proposed model incor-
porates all the design parameters and their corresponding interactions, such as skin
thickness, optic area size, misalignment severity for both the transmitter and receiver,
system efficiency, and transmitted power. The closed-form expression derived in [16]
provides the average SNR, OP, ergodic spectral efficiency, and the capacity of the link.

3  SYSTEM AND CHANNEL MODEL

Figure 1 illustrates the components of the transcutaneous communication model
under consideration. Three main components are present: the internal (in-body)
unit, the skin representing the channel, and the external (out-of-body) unit.
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The TOW system model under study uses DPSK, which has been demonstrated
to be effective in free-space optical wireless systems [18]. In this paper, we con-
sider a transdermal transmission process where a stimulation message is emitted
through the skin.

Skin
Data Data
\ Y
STM DSP o - P DSP | STM
Unit unit > ™XRx 3D B WX |- unit [* Unit
External Unit Internal Unit

Fig. 1. TWO system model [17]

From the external unit to the internal unit. When the transmitted signal, X, passes
through a channel, h, in the presence of noise n, the received signal of baseband
equivalent can be defined as [15].

y=R hx+n (1)

In this equation, R represents the receiver’s photodiode responsivity, which is
used to measure the input and output gain for a detector system. It is expressed in
units of amperes per watt (A/W) or volts per watt (V/W) and can be figured out via

R= npi, where, n represents the photodiode quantum efficiency, g represents the
v

charge of the electron, v represents the frequency of the photons, and p represents
the Planck constant [15].

On its journey from the transmitter to the receiver, the emitted light encoun-
ters two channel gain elements. The first element is deterministic and exclusively
represents the propagation loss, specifically the skin attenuation. The second term
refers to stochastic terminology and represents the geometric distribution caused
by misalignment between the transmitter and receiver ends. The product of the two
components yields the net channel coefficient, h [12, 19]:

h=hh, )

Where h,is the deterministic component of the channel coefficient, and h ) denotes
the stochastic component of the channel coefficient. h, can be defined as shown in
references [3, 13, 20I:

n =exp(—%a(l)5j 3)

Where a(2) represents the coefficient of skin attenuation at a given wavelength
A, and 8 denotes the skin thickness.

The skin thickness, §, determines the communication distance between the trans-
mitter and the receiver unit. Due to the presence of skin attenuation in this channel,
it is necessary to consider and measure «(A), which represents the skin attenuation
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coefficient at wavelength A. The values of «(A) depend on the skin’s optical charac-
teristics within the range of 400-1800 nm and can be expressed as [13, 14, 20]:

8 _ 2
a(d)= Zaiexp _(lc_bl] (4)

t

In [13], Table 1 presents the numerical values of a,, b, and ¢, for i = 1 through 8,
and where A is provided in nm.

The biggest challenge related to the reliability and performance of transcutane-
ous links is the misalignment between the transmitter aperture and the receiver.
This misalignment is perceived as an offset occurring in the line between the beam
footprint and the detector, as seen at the detector plane.

The only parameter considered in the current paper is the jitter component, i.e.,
the zero-boresight PE. It follows the same framework as seen in [20] to determine the
stochastic expression, h,, which represents the fraction of collected power resulting
from the geometric spread with a radial displacement, r, from the central zone of the
detector. This is approximately calculated by the Gaussian function as [3, 13, 16, 20]:

2r?
h~A, exp[—w—zJ (5)
eq

Where A_ is the fraction related to the collected power with a radial offset of zero.
A, can be calculated by [3, 13, 16, 20]:

A, =[refW))? (6)

Where ref(v) is the error function related to the value v. The value v can be calcu-
lated using [3, 13, 16, 20]:

V= \/7?61
Voo,

Here a denotes the receiving aperture radius, § denotes the thickness of the skin,
and e, represents the waist of the beam at the RX plane. In addition, ¢ is measured
by [3, 13, 16, 20]:

(7)

0
(06 =Jdtan [E] (8)

Here, 6 represents the transmitted beam divergence angle. We therefore assumed
that the skin layer is in direct contact with both the transmitter and the receiver.
Practically, range from 4 to 10 mm [21]. In equation (5), the @, value represents the
radius of the equivalent beam, as defined in [3, 13, 16, 20]:

o N7 e )

« s 2vexp(-v?) ©)

The value of r, the radial displacement, in equation (5) is expressed as [22]:
r=Jri+r (10)
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Where r_represents the displacement along the horizontal axis at the detector
plane, and r, represents the displacement along the vertical axis. These values are
considered to be zero-mean Gaussian variables with equivalent and equal to ¢? i.e,,

r,~ N(0,0?),and r~ N(0,0?). Therefore, r follows a Rayleigh distribution, and PDF
is expressed by [3, 13, 16, 20]:

fr(r):%exp[— r:zj r>0 (11

The PDF of h, by using the appropriate transformation on (5) using the PDF in
(11), is defined as [3, 13, 16, 20]:

f,00= =X, 0 X< Ao (12)

0
The severity of the PE, &, (where a lower value indicates a worse misalignment

situation) can be expressed as [3, 13, 16, 20]:

COZ

= _eq 13

g 102 (13)

Values ranging from 0.1-2 of & correspond to the practical values [20]. Equation
(13) shows that lower numerical values of § are associated with higher values of o,
which predispose to more intense PEs circumstances. The approximation in equa-
tion (5) is well-known in the literature and has been utilized in numerous previ-
ous research studies [3, 13, 16, 20]. In fact, this corresponds to the defined value of

hp, especially if D 6 is achieved, providing less than 10° as a normalized mean
a

squared error (NMSE) shown in [23]. Once the linear random variable transforma-
tion Y = aX [24] has been applied, the expression of the PDF related to the channel
state h in (2), considering h, is deterministic, can be provided as:

[0 ==k, 0 <h< Ay (14)
0 1

4  PERFORMANCE METRICS
4.1 Average signal to noise ratio

At the receiver, the signal-to-noise ratio (SNR) defines the quality of the data and
the data rate across the link. Two fundamental noise sources are known to affect
the receiver: electrical noise and noise generated from light striking the photodiode.
For To achieve low power transmission, it is important to reduce the noise from
these sources. This is crucial because the need for more signal power will increase
to compensate for the noise, especially when a specific SNR is needed. As a result,
the level of noise seems to affect the link’s ability to meet certain technical require-
ments. Inputs from various sources, such as. shot and thermal noise, contribute to
the electrical noise. Shot noise, for example, is considered to be the result of the
random behavior of photocurrent electron formation [25]. By assuming differential
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phase shift keying (DPSK) modulation, the SNR can be obtained using the method
described in reference [26].

n,ATh
- pv

(15)

Here, n, represents the quantum efficiency of the detector, A is the effective area
of the RX’s photodiode, T is the DPSK symbol interval, h defines the channel and can
be expressed as in (2), p is the Planck constant, and v is the photon frequency and
can be expressed as in (7). The statistics for channel h, as represented by the mean
value of h [26], are as follows:

Elh]= %thl (16)

Based on (15) and (16), the average SNR:

_ AT

y:—epvs E[h] (17)
_ M,ATEAh

4 pv (E+TD (18

4.2 The outage probability

The term “outage probability” refers to the probability of communication links
and information rates entering an outage state, which happens when the informa-
tion rate falls below the required threshold SNR value and fails to meet it. The value
of the instantaneous SNR y that falls below the predefined threshold value is denoted
asy_. . The outage probability can be expressed as the cumulative distribution func-

min*

tion (CDF) of h [13]:
P(y,) =P(y<vy,) =F,(h) (19)

By the substitution of equation (15) in equation (19):

pln<talV |_p| YuP (20)
n, AT, ) " n, AT,

For the evaluation of F,(x) the following equation is used:

F,(0= [ £, (hdh 1)

Also, by the substitution of equation (14) in equation (21):
1

F (h)=1 Ath:

1 s h> A

Xt,0<h<A, o)
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Finally, by using equations (20) and (22) the outage probability is:

£
y[hp.v
— 0| 0<h<A
P - (ne ATsthl ’ (23)

out
1 h2A

4.3 The outage rate

The average rate at which service interruptions occur. The average outage rate is
defined as [27]:

Rou[ = (1 - Pou[ )BLOgZ (1 + yth) (24)

By the substitution of equation (23) in equation (24)

g
Y, DV
1-| =" | |BLog.(1+y.),0<h<A
R :[ {neATSAOhJ] B ° (25)

out
0 ,h>A

0

4.4 The average capacity

The channel capacity is defined as the maximum rate at which information can
be reliably transmitted over the channel with a negligible probability of error. This
performance evaluation is measured in bits per second (bps) per Hertz and is calcu-
lated using Shannon’s Formula [27, 28]:

C=BLog,(1+7) (26)

Where B is the signal bandwidth. To evaluate the average capacity, the estimation
of equation (26) is utilized as:

In[1 + 7]

C=E[BLog,(1+y)]= E{B N } o E[In[1+y]] 27)
In[1 d 28
ln(z)jn +y1f ()dy (28)
Where (K'=A h), and f(y) represents the PDF of y.
J(v) Expressed as:
£, Y pv
= , t h= -t~ 29
LO=g an "= At 29)
By the substitution of equation (14) in equation (29)
& e
Ehé hé '
f (7)—7 (30)
pv
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Then by substitution of h:% in (30)

ne S
e-1
g ( YDV ] .
Ashé | n AT
fp="n e B TPy (31)
T]equs 4 AOhlneATs
p.v
By using (31) in (28)
B | p.v )
C=——|In[1 el ———1d (32)
ln(Z)-([n[ +7’]§7 [thzneATsJ !

By utilizing the equation (11) in [29] in equation (32) then

Sk
= B pv
C= 1322
ln(Z)&(AOhlneATs J ! e (y

When equation (26) in [29] is used, the final equation presents as:

g
~ B pv L L =€
C= Ah)+1G | Ah 34

1n(2)§[thlneATJ( oY) 3’3( L -1+, OJ o

1, 1
© T |d 33
1’0]y (33)

4.5 Numerical results

Transdermal optical wireless link parameters are utilized here to generate the
results, as depicted in Table 1. Taking into consideration that the value of certain
parameters is selected from references [3, 20, 30]. This paper evaluates the per-
formance of the TOW link, assuming that the light source is a laser emitting DPSK
pulses with an operating wavelength of 850 nm. It is also assumed that the pulses
traverse a 4 mm thickness of the skin layer. A circular photodetector with a radius
of 0.5 mm then collects the optical signal with a conversion ratio, or responsivity,
of 0.7 A/W.

Figure 2 illustrates how the skin thickness impacts the quality of the received
signal for the TOW link. Note, however, that both the analytical and simulation
outcomes match. Therefore, the analytical context related to the average SNR
derivation is verified. For a given wavelength, the average SNR decreases as the
thickness of the skin increases, i.e., getting a degraded received signal as a result
of path loss. Furthermore, it is observed that the average SNR depends on the
wavelength for a given skin thickness, §. As an example, if § equals 6 mm and
A equals 1500 nm, then the average SNR will be 48 dB, while if § remains the
same and A equals 1400 nm, the average SNR will increase to 75 dB, indicating
a 25% improvement in the quality of the signal solely by decreasing the wave-
length by 100 nm. However, on the other hand, changing the wavelength from
400 nm to 500 nm while keeping the same value of § improves the average SNR
by about 35%.

International Journal of Online and Biomedical Engineering (iJOE) 139


https://online-journals.org/index.php/i-joe

Al-Rbeihat and Hasan

140 International Journal of Online and Biomedical Engineering (iJOE)

Table 1. The values of TOW link parameters

Parameters Value

R (Receiver Responsivity) 0.7 A/W
0 (Beam divergence angle) 20°

P_ (Signal PSD) 1 mW/Hz
B (Signal Bandwidth) 10 MHz
A (Signal Wavelength-Laser Source-) 850 nm
o)) (kin Attenuation Factor) for A = 850 nm 1.8 nm
& (Skin Thickness) 4 mm
o (Aperture Radius) 0.5 mm
o (Pointing error) 1.4422 mm
A (The RX’s Photodiode Effective Area) 1 mm?
n, (Quantum Efficiency) 0.8 Alw
Ts (DPSK Symbol Interval) 1*10-%

It is important to properly select the wavelength when designing a TOW link.
In addition, it has been found that if § is less than or equal to 5.5 mm, a link with
1500 nm outperforms a link that operates at 400 nm, whereas if it is more than
5.5 mm, the opposite is observed. Accordingly, if the skin thickness is 5.5 mm or less,
the RX’s responsivity is the main factor determining the degradation of the signal
quality. However, when the thickness exceeds 5.5 mm, the dominant factor is the
skin attenuation coefficient.

Figure 3 illustrates the impact of the wavelength on the average SNR for different
values of the jitter standard deviation, c. There was an increase in the average SNR.
In addition, the average SNR decreases for a defined wavelength as ¢ increases.
If A is equal to 600 nm, there will be a 10% decrease in the average SNR when o
increases by 1 from 0.25 to 1.25. Furthermore, the figure also illustrates the presence
of a transmission window within the wavelength range of 700 nm to 1300 nm. In
this range of wavelengths, there are various commercial LEDs and several photodi-
odes available. The wavelength of around 1500 nm is found to be suboptimal for use
in the TOW link, and a wavelength of 1100 nm is considered optimal.

Figure 4 illustrates the impact of the skin thickness, §, on the quality of the
received signal by displaying the effect of various values of the jitter SD, o, on the
average SNR. Here, the average SNR value decreases as both the skin thickness and
the Jitter SD increase. As an example, if the skin thickness is 6 mm and the Jitter SD
changes from 0.1 to 1 mm, a decrease in the average SNR value of less than 10% is
noticed. The same principle applies when increasing the skin thickness for a spec-
ified Jitter SD. For example, if the Jitter SD is 0.5 mm and the skin thickness varies
from 4 to 10 mm, a 30% decrease in the average SNR value is observed. Similarly, for
the same skin thickness as before, if the Jitter SD is 1 mm, a decrease in the average
SNR of about 20% is observed. In conclusion, when o is increased, the impact of skin
thickness on signal quality diminishes.

Figure 5 illustrates the impact of the effective area of the photodiode, A, on the
average SNR for various jitter SD values, 6. As the figure demonstrates, for a specific
value of 6, an increase in the PD effective area leads to a higher average SNR value.
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As A values increase, the performance improvement becomes less significant. This
clearly shows that, beyond a certain point, the impact of A on performance becomes
insignificant. Moreover, for a specific A, when the jitter standard deviation SD, 6,
increases, the signal quality degrades and the average SNR decreases. Additionally,
for a given A, as the jitter SD, o, increases, the signal quality deteriorates and the
average SNR decreases.

Figure 6 illustrates how the wavelength’s impact on the average SNR varies with
the skin thickness, 8. A rise in the average SNR was observed, indicating that the
TOW link is significantly more energy efficient than the RF link. In addition, the
average SNR decreases for a defined wavelength as § increases. The figure also
illustrates the presence of a transmission window in the wavelength range of 700
nm to 1300 nm. In this range of wavelengths, a variety of commercial LEDs and
several photodiodes are available. A wavelength of approximately1500 nm is found
to be suboptimal for use in the TOW link, while a wavelength of 1100 nm is consid-
ered optimal.

In Figure 7, the graph illustrates the impact of wavelength on the outage prob-
ability for various SNR threshold values, vy, , assuming a PEs severity of { = 1
and using equation (23). For a given wavelength, as the SNR threshold rises, the
outage probability will also increase, as expected. For example, if A is equal to
650 nm, then increasing vy, from 0.07 to 1 will result in a 10% increase in the out-
age probability.

Figure 8 illustrates the effect of skin thickness on the outage probability for var-
ious SNR threshold values when A is equal to 1500 nm. We observed compatibility
in the results, and thus, the analysis of outage probability was basically ascertained.
Based on a fixed skin thickness, an increase in y, results in a higher outage probabil-
ity. For instance, if 8 is equal to 8 mm and vy, is equal to 0.5, then the outage proba-
bility will be approximately 1.1*10°. In the same way, for the same 8, if y, increases
to 3, the outage probability will be approximately 1.4*10-°. In addition, given a fixed
value of y, , if & exceeds 8 mm, we observe an increase in the outage probability. The
reason for this is that the transmission is severely affected by pointing errors when
the Tx-Rx distance is close (skin thickness is less than or equal to 6 mm). In other
words, an increase in skin thickness leads to a decrease in the effectiveness of the
PEs, making the impact of path gain more pronounced.

Both equations (23) and (25) are utilized to calculate numerical results for outage
probability and outage rate. By employing different SNR threshold values, Figure 9
illustrates the effect of PEs on the Outage Performance of the transdermal link. As
shown in this figure, there are significant fading effects under acute pointing error
conditions. In contrast, these deep fading situations get greater immunity with mod-
erate pointing errors. For example, if the SNR, value is 15 dB, and the responsivity
(R) of the photodetector at the receiver is 0.7, then the Outage Probability will be
approximately 10 Figure 10 illustrates the impact of the wavelength, A, on the
outage rate for various SNR threshold values, vy,. As the figure demonstrates, as the
value of yincreases, there will be a decrease in the outage rate, and the signal quality
improves. Figure 11 depicts the average capacity as a function of the wavelength for
various PE values, by using equation (34). As indicated here, for a fixed wavelength,
as the values of PE increase (transitioning from a weak to a severe state), the average
capacity also increases. For instance, for A is equal to 1500 nm and ¢ is equal to 2, the
average capacity is approximately 12. While for the same A, when { becomes 1, the
average capacity decreases to 8.
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CONCLUSION

According to the results obtained, the most crucial factor affecting the quality
and effectiveness of the TOW link was the absence of boresight pointing errors. The
impact of PE is shown to have a detrimental effect on the performance of the TOW
link. In this study, we utilized DPSK modulation to examine its impact on overall
performance. The achieved average SNR, outage probability, outage rate, and aver-
age capacity results demonstrate a significant improvement over OOK modulation,
with a calculated 3 dB higher performance. A better performance is reported for
the average outage rate, as expected when using DPSK modulation. The seriousness
of pointing errors significantly impacts the outage rate. A transmission wavelength
window for TOW applications exists within the range of 700-1300 nm. In addition,
the optimal transmission wavelength is 1100 nm.

6
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