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Zusammenfassung

Ziel dieser Masterarbeit ist die Entwicklung und der Aufbau eines optischen Transcei-
ver für Freiraumübertragungssysteme für 1550 nm mit eine Datenübertragung bis zu 10
Gbps. Der erste Teil dieser Arbeit besteht darin den theoretischen Hintergrund und die
Entwicklung der optischen Freiraumübertragungssysteme zu beschreiben, sowie die Funk-
tionsprinzipien zu erklären. Des Weiteren wird auf das Design eines optischen Systems
eingegangen und eine Beschreibung der einzelnen Komponenten erfolgt. Auch die ver-
schiedenen Modulationsarten sowie auch das Funktionsprinzip des optischen Empfängers
und Senders werden dargestellt. Dazu werden die Lasersicherheitsklassen und Standards
abgebildet, sowie eine detaillierte Analyse des Link Budget.

Der praktische Teil dieser Arbeit widmet sich der Entwicklung des optischen Systems.
Daraufhin folgen Messungen und Testungen, die die Funktionalität des Links überprüfen
sollte. Das letzte Kapitel enthält abschließende Bemerkungen und die Testungen zeigen,
dass das Design des optischen Systems, auch bei einer höheren Datenrate als 10 Gbps,
einwandfrei funktioniert. Die Ergebnisse haben gezeigt, dass die Hardware in ein FSO-
System integriert werden kann und für weitere Forschungen herangezogen werden kann.



Abstract

The aim of this master thesis is the development and analysis of an optical transceiver
for Optical Wireless Communication (OWC) at 1550 nm with a data rate up to 10 Gbps.
The first part is to describe the background of Free Space Optical Communication (FSO)
systems, their historical development, as well as the principle of operation. Furthermore,
the design of an optical system is presented, and a description of the individual compo-
nents is given. The same applies to the types of modulation techniques and the operating
principles of optical receiver and transmitter. Laser safety classes and standards are
presented, as well as a detailed analysis of the optical link budget.

The practical part of this thesis presents the physical implementation of the designed
optical system. The performance analysis and results are presented and discussed. Last
chapter presents conclusion remarks and the successfulness of the implemented hardware
and its ability to work at even higher data rate than 10 Gbps. The results show that the
hardware can be integrated into a FSO system and can be used for further projects.
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1. Introduction

Chapter 1 explains the general concept of FSO Communication systems, its historical
development, starting from their humble beginnings in the early years up to the various
powerful methods of modern technology. This chapter also explains the motivation of this
work and the ideas that make this thesis so interesting.

Chapter 2 introduces FSO systems and shows the concepts of an optical wireless
transceiver design, its main components, transmission data, and the principle of operation
and many advantages over other technologies. Each component will be explained starting
from the concept of a simple FSO link, up to the optical transmitter and its component
from optical sources, modulation technique and optical receiver.

Laser safety standards and classification are discussed in chapter 3 , highlighting the
importance of choosing the right wavelength and all the potential risks to the human
body, especially to the eyes.

Chapter 4 introduces the link analysis, including link budget, transmission losses,
optical received signal power et cetera. The purpose is to determine if a communication
link can support the target data rate, and if so, with what margin. The case studied
here is not for terrestrial communication, but for earth and satellite communication. Link
budget simulation of the received power signal and SNR using MATLAB software are
found also in chapter 4 .

Chapter 5 presents the practical part, where the hardware implementation is dis-
cussed. The results of the performance analysis, Bit Error Rate (BER), eye diagram, etc.
are also presented.

Chapter 6 presents conclusion and remarks on this work and the use of the optical
system for future projects.
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1.1 History of Free Space Communication

The origin of telecommunication technology used for transferring information data is a
very old technique which has its route from the first man’s fire signal to today’s technology.
The possibility to transfer information in a short time was always one of the priority of
every telecommunication company, especially nowadays where the technology evolved so
much that it is becoming a must for every company to transfer information in a short
time with a high capacity [7].

FSO systems are mainly used in the last mile area. It is a Line-Of-Sight (LOS)
technology that allows to transfer information in free space. It is classified as optical
communication at the speed of the light, as light travels in free space faster than it does
through fiber optics. The communication technology has been used from thousands of
years from the Greeks and Romans (around 800 BC) who used polished metal plates as
mirrors to communicate with each other. The light was reflected on the polished plates,
which gave people the idea of communication. The optical telegraph communication based
on a chain semaphores was developed by French Naval (Claude Chappe) in 1792. The US
military used also the same principle with sunlight-based power devices to communicate
in the 1800s. In 1880 was the famous Alexander Graham Bell (considered as the era of
OWC), presented his device with the name Photophone. It was a transmission in free
space, transmitting a sound signal using a beam of light over a length of about 200 m
through the atmosphere medium (See Figure) 1.1 [1] [8] [9].

Figure 1.1: Photophone from Alexander Graham Bell [1]

Transmitting high data rate for long distance with free space optical communication
requires an amount of strong optical beam at the desired wavelength. In 1960 Theodore
Maiman invented the ruby laser, one of the first optical lasers which was a huge success
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in the optical field of communication. In wireless communication systems semiconductor
injection laser diodes are very attractive especially for long distance. FSO has also been
researched for deep space application by NASA (National Aeronautics and Space Admin-
istration) and ESA (European Space Agency) with their programs such as Mars Laser
Communication Demonstration (MLCD) and the Semiconductor Laser Inter-satellite Link
Experiment (SILEX) [9]. 2003 was the year of Internet-Protocol (IP) packets for com-
puter internet network. They carried data using IPs that include voice signals. The new
research for sending high speed data up to 400 Gbps (Gigabit per second) over a FSO
link is not new especially for the next generation of 5G networks [7].

1.2 Motivation

The 5G technology is not only the future of communication but it is already in the present.
Especially the optical transmission of data will play a major role in the future. Therefore,
my goal is to develop an optical system that consist of an optical receiver and transmitter.
With this work I would like to inspire future students to get involved into the word of
FSO communication systems. The hardware of my optical transceiver can be integrated
into a FSO system that can be used for future projects.
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2. Free Space Optical Communications

FSO requires LOS communication between the receiver and transmitter and the use of
lasers to provide narrow beam optical connection. Free space means air, outer space,
vacuum, where light is propagated in this medium to transmit information. We can
classify free space optic as an optical communication at the speed of the light, as light
travels through free space faster than it does through fiber optics. FSO provide cable free
communication and has a license-free spectrum [8]. The advantages of FSO over other
technologies include:
• Higher bandwidth.
• Higher security.
• Invisible and eye safe.
• Unlicensed spectrum.
• Low bit error rates (BER).
• High directivity.
• Quickly and easily deployment.

But there are also FSO disadvantages since the medium of transmission is air. This
includes: atmospheric absorption, weather conditions and turbulence, interference from
background light sources ect. which limit the performance of the optical link. FSO has
several applications like: telecommunication and computer networking, outdoor wireless
access, security applications, last-mile access, point-to-point LOS link ect [10] [8].

Free space communication system is based on three basic components: the transmit-
ter, which converts the electric signal (data) into an optical signal, the channel and the
receiver, which decodes the optical signal into an electrical signal (data).

Transmitter: The main function is to convert the electrical signal into an optical
signal that propagate through the atmosphere to the receiver. The components of a
transmitter consist of: MZM, driver circuit for the optical source, collimator or telescope
that collimates and direct the light toward the receiver.

Channel: The atmospheric condition in FSO channel has many unpredictable factors
like cloud, snow, fog, rain etc. This limits the performance of FSO systems.

Receiver: The main function is to recover the transmitted data from the received
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optical signal. Its telescope collects the transmitted power and reduces the background
ambient light. The components of a receiver consist of: receiver telescope, optical filter,
photodetector, amplifier, demodulator ect [11].

Figure 2.1: Block diagram of FSO communication link

2.1 The Optical Signal

The optical source radiates a planar electromagnetic field. It is described at any time and
spatial point by solutions to Maxwell’s equations. Plane waves are free-space modes. If
we consider a scalar component U which is normal in the direction of propagation and
ignore the polarization, then the following expression is used

U(x, y, z) = A(x, y, t)ei(ω0t+φ(x,y,t)) (2.1)

where (x, y) is the plane normal to the direction of propagation, t is time, A is the wave
amplitude, ω0 is the optical radian frequency, φ is the phase offset. When optical signal is
transmitted, it can be modulated by its amplitude A, frequency dφ

dt
and phase φ. I ∼ A2

where I is light intensity. If the wave intensity is the only component being detected at
the receiver, then we are talking about incoherent systems. On the other hand, coherent
systems depend on both the intensity and phase, thus making such systems sensitive to
both amplitude and phase changes [12].

2.1.1 Driver Circuit

Driver circuit is very important for optical communication. A driver circuit for a laser
diode or other optical sources is to provide precise electrical currents. A constant and
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noiseless current is another characteristic that a driver circuit should have in order to
emit a stable light signal. For modulators (in this case an MZM) driver circuit should
provide a stable biasing current [13].

2.1.2 Optical Source

In optical communication, a device that convert an electrical signal into an optical signal
is referred to as an optical source. For optical transmitters and other devices, a suitable
light source must have certain characteristics. Choosing the right optical source depends
on many factors including optical power, speed, beam profile, high optical output power,
low weight and low cost. The two most known optical light sources are: Light Emitting
Diodes (LED) and Laser Diode (LD).
They offer small size, low forward voltage, drive current ect. LEDs are preferred for indoor
application and LD for outdoor application [14].

LED

The LED is a semiconductor light source. It is a forward bias p-n junction that emits
light when it is activated. The light is emitted through spontaneous emission. The current
flows from p-side to n-side (anode, cathode), but not in reverse direction. Their structure
is similar to that of an LD, but it does not have the cavity for feedback. The advantages
are: very low voltage from 1-2 Volt, current 5-20 mA, a very long life span, miniature in
size, output power less than 150 mW [14] [13].

LD

LASER stands for Light Amplification by Stimulated Emission of Radiation Diode. An
LD is a semiconductor p-n junction that emits light coherently. The light is emitted
through stimulated emission of electromagnetic radiation. The advantages are: high
speed and bandwidth, high efficiency, long lifetime, small in size and very narrow spectral
bandwidth duo to its coherent nature, which make it possible to transmit high data rate
up to 10Gbps [14] [13].
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Figure 2.2: Spontaneous and Stimulated emission for LED and LD.
P: Power (W), I: Current (A), Ith: Threshold value.

2.1.3 Modulator

An optical modulator is a device that modulates the light beam and propagate it through
free space or optical waveguide. The optical signal parameters are characterized in ampli-
tude, phase, frequency, and polarization [5]. We have two types of modulation methods:
1. Direct Modulation, where the light source is directly modulated, and 2. External
Modulation, where the light is modulated by an external device, which can produce
optical pulses of higher quality and higher bit rates [5]

Direct Modulation

The direct modulation method of the light source (typically laser) is directly modulated,
which is the simplest method and has the advantages of simplicity, compactness, and cost
effectiveness. On the other side, resulting data rates are limited because of link length
and wavelength chirping effects. This creates a bottleneck in the system, which will affect
the overall performance [5].

External Modulation

Optical systems use intensity, phase and frequency modulation. The intensity modulation
is the most used method, since it simplifies the demodulation at the receiver side with a
simple use of a photodiode. In an optical transmitter system, we have two types of ex-
ternal modulators: The Electroabsorption Modulator (EAM) and Mach-Zehnder
Modulator (MZM). MZM is larger than EAM in size, but it can generate a higher qual-
ity of optical pulses, with a controlled amount of superior chirp and a higher Extinction
Ratio (ER) characteristics [5].
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Mach-Zehnder Modulator

MZM is used to control the phase and the amplitude of the optical signal. Converting
the optical phase modulation into an intensity modulation, it is often necessary to use
an interferometer. The role of an interferometer is to split the optical waveguide, which
comes at the input side, into two different waveguide arms equally. The bias voltage
is applied on the splitted waveguides to induce a phase shift, so at the end occurs the
effect of interference. At the output we have the converted amplitude-modulated wave.
Constructive interference occurs when waves are in phase with each other. In this case
the light intensity is very high (on state). In case of destructive interference there is a
phase shift of 180◦ so they cancel each other. This tells us that the light intensity is zero
(off state) [2] [5].

At some materials like LiNbO3 (Lithiumniobat), by changing the delay of the paths it
is possible to control the phase shift. Because of delay mismatch between the two optical
paths, there is the so-called Drift effect, in which the switching curve is shifted, such that
the quadraturepoint of the switching curve is not at midpoint. To compensate this effect,
MZMs require a bias controller. This is shown in Figure 2.3 [2] [5].

Figure 2.3: (a) Phase Drift and (b) RF Waveguide of a MZM [2]

Figure 2.4 shows the modulation and bias range of MZM. V s is the modulation voltage,
which represent the difference between on-off state voltage supplied by the modulation
driver. It equals the voltage swing across the modulator. The bias voltage VB is the
average voltage (DC component) supplied by the driver [2].

Figure 2.4: Modulation and Bias Voltage of MZM [2]
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Figure 2.5: Mach-Zehnder Modulator

Figure 2.5 shows in detail the representation of the MZM. The modulator has four
connections, two are for the bias voltage and two for the monitoring diode, which allows us
to monitor the bias voltage. The RF-input is used for supplying the modulated electrical
signal. Driving voltage from 4− 5V around 10 Gbps are in the telecom window at 1550
nm. For more details please refer to Appendix A.2

2.2 Modulation Techniques

Modulation technique are very important in communication systems. Before selecting
the right one, there are some criteria to be considered, like power efficiency, bandwidth
efficiency, transmission reliability ect. It is a process of imprinting data on the carrier
beam parameters. The optical signal parameters are characterized in amplitude, phase,
frequency, and polarization of the optical carrier. FSO systems use different modulation
techniques. The intensity modulation (IM) is the most used method, since it simplifies
the demodulation at the receiving side with a simple use of a photodiode [5].

2.2.1 On Off Keying

On-Off Keying (OOK) is the most commonly used IM/DD technique. It is simple and
widely used technique in FSO systems, in which the intensity of an optical source is
directly modulated by the information sequence. It has advantages in implementation,
simplicity and it is very cost effective [14]. OOK uses basically two methods: Non-
Return to Zero (NRZ) and Return to Zero (RZ).
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NRZ: Is the more common one because of its simplicity. The transmitter emits a
rectangular pulse of duration 1

Rb
, where Rb is the bit rate, and an intensity 2P which

describes the transmission power. When the signal is on, it stays on its bit period over
the entire time. The bandwidth required by OOK is approximately Rb = 1

T
, the inverse

of the pulse width [14] [15].

RZ: This method is more preferred in high-speed and long-haul transmission. The
difference between the RZ and NRZ is in the transmission of one because the pulse does
not remain high for the entire period. It means that only the partial duration of the bit is
pulse occupied. With a γ = 0.5 the pulse width is exactly half of the period duration. This
is shown in Figure 2.6. This means that OOK-RZ needs less energy than OOK-NRZ for
the same performance, but it has a higher bandwidth requirement. At γ = 0.5 the double
bandwidth is already used, and at γ = 0.25 already the amount of four. At the end, the
choice boils down to deciding if we prefer bandwidth efficiency or energy efficiency [14]
[15].

Figure 2.6: On-Off-Keying: NRZ and RZ

2.2.2 Pulse Position Modulation (PPM)

When we talk about Pulse Position Modulation (PPM), obviously we talk about Single-
Pulse Position Modulation(L-PPM). PPM cover many different processes, including Mul-
tiple PPM (M-PPM) or Differential (L-DPPM). In fact, all these modulation variants
offer the same advantages, especially the high power efficiency, transmission efficiency
and the good security against interference that make PPM popular and a widely used
modulation technique in optical communications systems. Compared to OOK, PPM has
a low average power and a high peak power, this leads to good security and a high SNR
features [3][14]. Furthermore We go into details to describe the principles of each variant
of PPM.
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Single-Pulse Position Modulation (L-PPM): is a binary n-bit data group with
fix L time slots. A time slot is known as a chip. All chips are 0 except one which is 1.
This gives us L different symbols. Each symbol corresponds to a bit pattern and thus
results in the mapping for the transmission. L-PPM has a very good power efficiency,
but it requires a higher bandwidth. The required bandwidth can be easily determined
which corresponds to the number of chips. In order to maintain the advantage of power
efficiency and to meet the bandwidth requirements, many variants were created [16] [3]
[14]. Figure 2.7 shows an example of 4PPM of the mapping code L-PPM modulation
technique:

Φ : l = m1 + 2m2 + · · ·+ 2n−1mn, n ∈ (1, 2, · · · , n) ∈ (1, 2, · · · , n) (2.2)

M = (m1,m2; · · ·,mn) n-bit data group. If M=(0,0), then 1=0; M=(1,0), then 1=1;
M=(0,1), then 1=2; M=(1,1), then 1=3 1=0,1,2,3, which present the slot position shown
in Figure 2.7 [3].

Figure 2.7: Single-Pulse Position Modulation (L-PPM) (modified from [3])

Differential Pulse Position Modulation (L-DPPM) is the improved version of
L-PPM. Here the bit value is fixed, one bit is 1 and the other bits are 0. There are two
types of errors that can occur. If a 0 is detected as a 1 this will be recognized as an
additional symbol and the actual symbol is detected as another symbol. The second type
of error is if a 1 is detected as 0, in this case the symbol is not recognized and the next
one will be detected incorrectly. Of course, there can be a combination of these two error
types, but the biggest problem is that these errors are only detected if a sequence of 0 is
greater than (L-1) chips. Figure 2.8 shows that DPPM removes the signal behind the high
signal of a PPM modulation for a code group. Compared to L-PPM, L-DPPM requires
higher power consumption, but smaller bandwidth requirement [3] [14].
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Figure 2.8: Differential Pulse Position Modulation (L-DPPM) (modified from [3])

Multi-Pulse Position Modulation (M-PPM): has fixed size of chip symbols,
except that here, are more 1 pulses per symbol. Figure 2.9 shows a dual pulse PPM mod-
ulation. This modulation variant has the advantages of very good bandwidth efficiency.
However, on the other side, it requires more power. When using M-PPM, not all possible
symbols are used. There are two types of M-PPM: multi-pulse combination PPM and
multi-pulse arrangement PPM [3] [14]. For example: two pulse position as l1, l2, then

(l1, l2) = ϕ(u1, u2, . . . , un); l1, l2 ∈ {0, 1, . . . ,M − 1}, uf ∈(0, 1) ∈ (2) (2.3)

Figure 2.9: Multi-Pulse Position Modulation (M-PPM) (modified from [3])

2.3 Optical Receiver

The function of an optical receiver is to recover the transmitted data from the received
optical signal. It consists of a receiver telescope, optical filter, photodetector, amplifier,
and demodulator (see Figure 2.1). The system design is very similar to that from a
fiber based receiver. The design of an optical receiver depends on several factors: the
modulation format, hardware availability, reliability, cost efficiency and receiver sensitivity
[4]. Chapter 5 introduce the design of the optical receiver and its characteristics.

2.3.1 Optical Filter

The optical filter is used to minimize the amount of background noise. Noise is a broad-
band signal and the use of filters can reduce this noise effect. There are used to allow the
transmission of light for different wavelength. Optical filters can be developed from an
Interferometer or Fiber Bragg Grating (FBG) [4] [13].
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2.3.2 Optical Detectors

An optical receiver should be able to detect a low level optical signal without showing
many errors. Noise is one of the important factors that give rise to bit errors, which
means for a digital system it is important that the SNR is sufficiently high to yield an
acceptable BER [5]. In FSO communication systems we have two types of detectors:

Communication Detectors

Beacon detectors

Application Detector type Material

Communication
APD Silicon, InGaAs, InGaAsP
PIN Silicon, InGaAs, InGaAsP
CCD Silicon
PMT Solid-state silicon photo-cathode

Beacon(acquisition and tracking)
CCD Silicon
CID Silicon

QAPD Silicon
QPIN Silicon, InGaAs

Table 2.1: Communication and Beacon detectors [4]

Some conditions to choose the right optical detector are: high sensitivity at the oper-
ating wavelength, high fidelity, large detection area, short response time, minimum noise,
large electrical response to the received optical signal, low cost, small size, and high stabil-
ity and reliability [5]. The main part of an optical receiver is the photodetector. It converts
an optical signal into its equivalent electrical signal through the photoelectric effect [13].
The two most commonly used types of photodetectors are: P-I-N photodetector and
Avalanche Photodetector (APD).

P-I-N

They are made from Si, InGaAs (preferable for longer wavelength up to 1.7 − µm), and
InGaAsP. P-I-N photodetector is the simplest detector, also known as p-i-n photodiode
(see Figure 2.10 (a)). It consists of a p-n junction intrinsic (i) (i.e., undoped) region in
between the n and p-doped material. The p-i-n photodiode is reverse biased and can
operate at voltages in the range from 5 to 10V. PIN photodiode has a high resistance,
as the intrinsic (i) region has no free charges. Therefore, the applied voltage is reversed
at the intrinsic (i) region. Since this region is wider, the incoming photons have better
probability than in the other two regions [2] [5]. The diode has two connections, the
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connection on the p-zone (Anode (A)) and the connection on the n-zone (Cathode (K)).
The current flow from p-zone to n-zone or from the anode to cathode. In Figure 2.10 (b)
the electrodes are shown in black and anode has the form of a ring (with 2 opposite parts
of it). Cathode is a flat electrode where the positive pole of the reverse bias is connected.
At the top of p region is the anti-reflection coating.

(a) (b)

Figure 2.10: P-I-N Photodetector (modified from: [2])

APD

APD is a reversed bias diode that operates at high voltage of about 40 to 60 V. They
are high sensitivity, high speed semiconductor light sensors. The structure of an APD is
shown in Figure 2.11 (a). It is similar to that of an P-I-N photodetector, but it has an
additional layer, the multiplication region.

(a) (b)

Figure 2.11: Avalanche Photodetector (modified from: [2])

The multiplication region permits the avalanche multiplication of the electron-hole
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pairs generated in the i-layer, known as the absorption region see Figure 2.11 b). De-
pending on their operating wavelength, APD provides low noise, good quantum efficiency,
low dark current, high sensitivity etc. Besides these qualities we have to mention that
the noise performance is very poor which results that Si devices outperform the longer
wavelength devices even with low quantum efficiency [4] [2]. Chapter 5 introduce the used
optical receiver which uses an APD sensor capable of receiving data rate up to 10Gbps.
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3. Laser Standards and Classifications

Before designing a FSO link, it is important to consider all the necessary parameters.
IR (Infrared), UV (Ultraviolet) and visible light radiation can affect the eye and make
irreparable damages if the safety standards are not taken into account. There are rules and
security levels in order to prevent these risks that can affect our skin and eyes. Because
of these safety risks, it is crucially important to choose the appropriate wavelength [5].

3.1 Eye Safety and Regulations

Near and far infrared radiation can cause cornea damage. The eye is very sensitive to
UV radiation. Even short exposure can be painful for the eye. Near UV wavelength are
absorbed in the lens which affect the eye and the vision is blurred. Photokeratitis is a
painful condition caused by damage to the eye from far UV and IR regions, it is like having
a sunburned eye. Since the light is absorbed in the cornea, i.e., the clear front window
of the eye that lead to pain, different wavelengths radiation can cause different effects.
Visible and Near IR region can damage the retina of the eye, thus leading to permanent
loss of the vision. The medium wave UV causes skin burns, erythema (reddening of the
skin) and darkening of the skin [4]. Figure 3.1 shows the different region of explosion
for the human eye. For wavelengths higher than > 1400 nm the absorption coefficient
of the cornea is much higher than for wavelengths < 1400 nm. The cornea is opaque to
infrared radiation over 1.4µm, therefore in the 1.55µm region we can avoid the restricted
standards for eye safety regulations [4]. Figure 3.2 shows the absorption of light as function
of wavelength.
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Figure 3.1: Different region of explosion for the eye (modified from [4])

Figure 3.2: Absorption of light as function of wavelength [4]

3.2 Optical Sources

Optical sources are characterized with their power consumption and radiation pattern.
The most used ones are LEDs and LDs. For long distance communication , LDs are
preferred for the fact that the energy from a laser source is collimated [5]. We have two
types of sources for the optical communication system (see Figure 3.3)

Extended Source: The emitted light from the device radiates in all directions or within
a very wide angle.

Point Source: The radiated energy from the device emits within a very low angle [5].

17



Figure 3.3: Eye transmission for: (a) point source and (b) extended source [5]
.

3.3 Laser classification according to IEC and ANSI
standards

The laser classification system is based on the output power, wavelength and pulse du-
ration. There are standards in different countries which are regulated by the European
Committee for Electrotechnical Standardization (ECES). For more information, please
refer to [4, p.35] where you can see in details the principle of laser safety standards for:
International Electrotechnical Commission (CENELEC) and American National Stan-
dards Institute (ANSI) Z136.

3.4 Accessible Emission Limits according to IEC stan-
dard

IEC describes the accessible exposure limits (AELs) and shows that the required warning
labels for different types of radiation are safe.
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Laser classification
Average Output power optical power (mW)
850nm 1550nm

1 <0.22 <10
2 Used only for 400-700nm and has the same AEL as class 1
3R 0.22− 2.2 10− 50
3B 2.2− 500 50− 5004
4 >500 >500

Table 3.1: Accessible Emission Limits for 850 nm and 1550 nm [4]

Classification Power (mW) Aperture size (mm) Distance (m) Power density (mW/cm2)

Class 1
10 7 14 26

25 2000 2.04

Class 1M
10 3.5 100 103.99

500
7 14 1299.88
25 2000 101.91

Table 3.2: Requirements of Class 1 and 1M laser classification [4]
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4. Link Analysis

4.1 Link Budget

Link analysis relates the transmitted power and the received power and shows in detail
how the difference between these two is accounted for. The purpose is to determine if a
communication link can support the target data rate, and if so with what margin. Using
matlab software we simulated and analyzed the system by calculating the basic formulas,
which are related to the link budget [17]. First we introduced the link budget and calcu-
lated the free space losses and the optical received power. Link budget simulation of the
received power signal and SNR is shown in Figure 4.4 and 4.3, and shows if a communi-
cation could be successful or not. The case here is not for terrestrial communication, but
for ground to satellite communication.

Figure 4.1: Laser Space Communications System
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A link budget has at least three entries, one for the transmitter, one for the channel,
and one for the receiver [18]. This is shown in Table 4.1

Item Value dB value
Average Transmitter Power 1.0 mW 0.0dBm

Propagation Losses 1%Transmission −20dB
Signal Power at Receiver −20dB

Receiver Sensitivity −30dB
Power margin +10dB

Table 4.1: Link Budget entries

The flux density S(W/m2) of an isotropically radiating antenna at a given distance d,
can be calculated using the following formula [18, p. 61]:

S = Pt
4 · π · d2 (4.1)

where Pt is the Optical Transmitted Power, Ae is the Effective Area, λ is carrier wave-
length and Gr is the receiver gain.
Directivity D, describe how much of the light’s energy is concentrated in a specific di-
rection, where gain G is given by the multiplication of the radiation efficiency and the
directivity

D = 4 · π · Ae
λ2 (4.2)

G = η ·
rad

D (4.3)

Gr = 4 · π · Ae
λ2 (4.4)

Isotropic Equivalent Radiated Power (EIRP) is an important parameter for the link bud-
get tool. This is defined as the power that an isotropic source would have to emit, to have
the same power flux. It is described by:

EIRP = Pt ·G (4.5)
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4.2 Transmission Losses

Transmission loss
Propagation

Losses

Free Space Losses

Atmospheric
Losses

Ionospheric effects Scintillation effects

Tropospheric effects

Attenuation
Rain Attenuation
Gas absorption

Sky Noise

Table 4.2: Transmission losses

Losses are a major problem when it comes to transmission in satellite communication.
We have different kind of losses from different sources like: free space losses, atmospheric
losses (troposphere and ionosphere losses), pointing losses, equipment and environment
losses ect. This work here is focused on Free Space Losses and additional losses will be
estimated.

4.3 Free Space Losses (FSL)

Free space means air, vacuum, outer space, where light is propagated in this medium
to transmit the information. Free Space Path Loss (FSPL) is the loss in strength of an
electromagnetic signal as it travels through free space in a line-of-sight path [6]. In order
to calculate the FSL we have to find the maximum distance between the Satellite (ST)
and the Ground Station (GS) [6]. This is shown in Figure 4.2.

Rs

d

Re

Horizon

Ground Station

Earth

Satellite

Figure 4.2: Variation distance between Satellite and Ground Station (modified from [6])
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Rs2 = d2 +Re2 − 2 · d · cos(Θ + π · 2) (4.6)

d = −Re sin(Θ) +
√
Re2 sin(Θ) +Rs2 −Re2 (4.7)

Now we can calculate the FSL

FSL = Ls =
(

4πd
λ2

)2

(4.8)

In terms of dBs we have

FSL = Ls = 10 log
(

4πd
λ2

)2

(4.9)

where Re is the Radius of Earth, d is the distance GS-ST, Rs is the distance Earth-ST
and Θ is the elevation angle.

4.4 Optical Received Signal Power

After performing all the necessary steps the optical received signal power is defined as

Pr = Pt ·Gr ·Gt · Ls · La · ηpt · ηt · ηr (4.10)

Pr = Pt ·Gr ·Gt · Ls · LA (4.11)

LA = La · ηpt · ηt · ηr (4.12)

Entries in link budget are usually expressed in decibels

Pr = Pt +Gr +Gt − Ls − LA (4.13)

Pr = Pt +Gr +Gt − 10 log
(

4πd
λ2

)2

− LA (4.14)

where Pt is the transmitter optical power, Gt,r is the transmitter and receiver gain, Ls are
the space losses, La are the atmospheric losses, ηpt pointing loss, LA Additional losses, ηt,
transmitter efficiency and ηr receiver efficiency.
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4.5 Noise Power

There are three types of sources that decrease the channel capacity in the receiver. Photo
electrons generated by incident background light

P sky
n = Ib(λ)δλΩdet

πD2
r

4 ηdetηrηpol (4.15)

Ib(λ) is the incident sky radiance at wavelength, δλ is the narrow band filter bandwidth,
Ωdet is the detector field-of-view , ηr is the receiver efficiency and ηpolpolarization rejection.
Dark noise electrons generated from detector

P dark
n = 4δ2ldEλ (4.16)

where ld is the detector dark rate, 2δ is the detector spatial width, and Eλ is the
energy of a single photon of a λ wavelength.

4.6 Thermal Noise

Thermal noise is a big factor in the degradation of the signal quality. The noise is
usually caused by the electronics inside the system. Noise calculation are related to
power consideration. Noise Power is determined as

Pn = k · T ·W = N0W (4.17)

Pn is the available noise power, k is the Bolzman constant k = 1.38062 · 1023 J
K
, W is

Badnwidth, N0 = k · T is the noise spectral density. Noise Figure:

F =
S
N in
S
N out

(4.18)

Considering all the noises that comes from resistor at the input, the temperature Te is
given by

Te = T0(F − 1) (4.19)

F = 1 + Te
T0

(4.20)

TL = T0(L− 1)TRX = T0(L− 1) + LTLNA + L

GLNA

T2 (4.21)

where TT0 is the reference noise temperature, TRX is the total receiver noise tempera-
ture, Ta is the antenna temperature and TL is the resistive loss temperature.
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The System Noise Temperature is

Tsys = Ta + TRX (4.22)

4.7 Signal To Noise Ration SNR

Signal to Noise Ratio is very important for a good communication. The SNR is defined
as

SNR = Pr
Pn

(4.23)

EB
N0

= SNR · BN

r
(4.24)

C

N
= Pt ·Gt ·Gr · λ2

(4πr)2 · La · kB · Ts ·B
(4.25)

N0 is the Noise power spectral density, EB is the Bit Error Rate (BER), BN is the Noise
Bandwidth and r is the Information rate.
An increase of data rate increases the bit error rate. An increase in SNR decreases the bit
error rate. Modulation scheme, also play a key issues when talking about how successful
an incoming signal can be interpreted [19] [20]. Using the relation between energy per bit
to noise power spectral density Eb

N0
and the relation of SNR we get the following expression

Eb
N0

= SNR · BN

r
= EIRP + G

Tsys
− 10 · log KB

dB

J

K
− 10 log BN

1Hz − 10 log
(

4πd
λ2

)2

− LA

(4.26)

In fact, with this expression we can evaluate the BER. Evaluating the BER means we
have information about the quality of the communication. This tells us which average
amount of data will be lost. Link Margin M can be defined as

M = Eb
N0
− Eb
N0

∣∣∣∣∣∣
req

(4.27)

The Link Budget tool gives us an optimistic view about the Satellite Link and tells if
the communication link will be good enough.
Table 4.3 contains the parameters used for the link budget analysis.
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Formula Parameters
Flux Density S = Pt

4·π·d2

Isotropic Equivalent Radiated Power EIRP = Pt ·G
Receiver Gain G = η ·

rad
D

Directivity D = 4·π·Ae
λ2

Effective area Ar = λ2

4πGr

Transmiter Power Pr = S · Ar
Received Signal Power Pr = Pt ·Gr ·Gt · Ls · La · ηpt · ηt · ηr

Free Space Loss FSL = 10 log
(

4πd
λ2

)2

Dark Noise P dark
n = 4δ2ldEλ

System Temperature Tsys = Ta + Trx

Noise power spectral density Pn = k · T ·W = N0W

Carrier to Noise Ratio C
N

= Pt·Gt·Gr·λ2

(4πr)2·La·kB ·Ts·B

Signal to noise ratio, or signal to noise per bit Eb

N0
= EIRP + G

Tsys
− 10 · log KB

dB
J
K
− 10 log BN

1Hz − 10 log
(

4πd
λ2

)2
− LA

Table 4.3: Link Budget

Using all the expressions in Table 4.3 it is possible to show a simulation of the received
power and SNR as function of distance. In the given Table 4.4 the received lens diameter
is very small 10 cm and the received power is around −60 dBm. The result of this
simulation is shown in Figure 4.3.

Parameters Value
Wavelength λ = 1550 nm
Elevation 90◦

Transmitter Lens diameter 20 mm
Receiver Lens diameter 100 mm

Channel length 35786 km
Data rate 100 Mbps

Transmitted power 1 W

Table 4.4: Link parameters with an received lens diameter of 10 cm
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Figure 4.3: Simulation of Received Power and SNR over distance for a received lens
diameter of 10 cm
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In Table 4.5 the given received lens diameter is 0.5 cm and the result of this simulation
is shown in Figure 4.4

Parameters Value
Wavelength λ = 1550 nm
Elevation 90◦

Transmitter Lens diameter 20 mm
Receiver Lens diameter 5000 mm

Channel length 35786 km
Data rate 100 Mbps

Transmitted power 1 W

Table 4.5: Link parameters with an received lens diameter of 0.5 cm
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Figure 4.4: Simulation of Received Power and SNR over distance for received lens
diameter of 0.5 cm

As a conclusion of the link analysis, the link budget simulation of the received power
signal and SNR using the interface in MATLAB software was successfully simulated and
showed that the calculation about the essential parameters and analytic formulas including
the free space losses could support the target data. In the first simulation the received
power was around −60 dBm and the results were not satisfied. In the second simulation
the lens diameter was 0.5 cm and the received power and SNR were satisfied. Link
budget is an important tool to investigate the areas, gain and losses that possibly will
occur between transmitter and receiver of satellite communication system [21] [17].
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5. Hardware Implementation and Analysis

This chapter introduces the practical part of this thesis, which includes the development
of the optical transmitter and receiver, hardware implementation, performance analysis
and results.

5.1 Optical Transmitter

The main function of an optical transmitter is to convert an electrical signal into an
optical signal. Figure 5.1 shows the optical transmitter schematic created via the software
program EAGLE.

Figure 5.1: Optical Transmitter Schematic
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Figure 5.2: Optical Transmitter PCB Layout

The PCB is designed in a four layer board with a dimension of 120×90 mm. The stack
up of the board is shown in Figure 5.3. The top and bottom layers are used for routing,
and the second and third layers are used as ground and power planes, respectively.

Figure 5.3: Four Layers Stack-up Board of TX and RX. The green parts represent the
copper layers, while the gray parts represent the dielectric material.

The MZM driver operates with a data rate up to 10.7 Gbps and has a rise edge speed
of 23 ps with an integrated bias network. A negative LDO is used because the driver
required a negative supply. The reason to choose the negative linear regulator LT3094
(see [22]) is, because of its low noise characteristic. The positive linear regulator has an
input voltage range from +3 V to +36 V , and for similar reasons as the negative LDO, the
choice of TPS7A4700 is due to its low noise characteristic. The capacitors 0.1 uF and 10
uF are used as filters to reduce noise, which can be seen almost on every part of the board.
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It is important to place this capacitors as near as possible to the driver. The capacitors
C9, C10, C11, C14 are used as DC blocking capacitors. The MZM has an SMP interface,
which require the use of an SMP cable. Therefore, an SMP connector is used at the output
of the driver. Thereafter, the driver and MZM are connected with an SMP assembly cable,
which has a bandwidth up to 26.5GHz.. The potentiometers shown in Figure 5.10 are
used to control the PWC (Pulse Width Adjustment) and MODSET (Modulation Current
Set)of the driver. The several jumpers on the design are used to control several pins.The
rectangular hole seen in the schematic which is next to the modulator is there to ensure
that the cable can move freely. The test points VEE, MZM BIAS and MODSET seen on the
left side of the board are used to monitor the DC voltages. For more details please refer
to [23].

5.1.1 Matching Parameters

Figures 5.4 and 5.5 show the matched transmission lines used in both transmitter and
receiver boards. Matching is one of the most important steps to have an appropriate RF
interconnect. The structure used here is a grounded coplanar waveguide. In coplanar
waveguides the signal trace and the ground are located at the same layer. By including a
ground plane underneath the signal trace, the structure is referred as grounded coplanar
waveguide. The design parameters of a coplanar waveguide can be obtained e.g., by using
an online calculator by providing it with the necessary parameters. Figure 5.4 shows the
stack up of a grounded coplanar waveguide, while Figure 5.5 shows the stack up of a
differential grounded coplanar waveguide. Furthermore, Table 5.1 and Table 5.2 show a
list of the design parameters of both structures.

Figure 5.4: Stack up layer of a grounded coplanar waveguide
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Input Data Results
Relative Dielectric Constant 3.66

Trace Width (S) 0.3176 mm
Clearence (W) 0.2 mm

Dielectric Thickness 0.1702 mm
Characteristic Impedance 50Ω

Table 5.1: Matching Parameters for a Characteristic Impedance of 50Ω

Figure 5.5: Stack up layer of a differential grounded coplanar waveguide

Input Data Results
Relative Dielectric Constant 3.66

Trace Width (S) 0.2516 mm
Clearence (W) 0.2 mm

Dielectric Thickness 0.1702 mm
Characteristic Impedance (differential) 100Ω

Table 5.2: Matching Parameters for a Characteristic Impedance of 100Ω

5.1.2 MZM Driver

Figure 5.6 shows the schematic and layout of MZM driver. It has many suitable character-
istics like: On-Chip Bias Network, 23ps Edge Speed, Programmable Modulation Voltage
Up to 3Vpp, Programmable EAM Biasing Voltage Up to 1.25V, Integrated Modulation
and Biasing Functions, Pulse-Width Adjustment, Enable and Polarity Controls [23].
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(a)

(b)

Figure 5.6: Optical Driver

The Power-Supply Voltage is denoted as VEE and has the values from −5.5V to−4.9V .
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For more details please refer to [23].

VMOD = IMOD ·
ZL ·Rout

ZL +Rout

(5.1)

VBIAS = IBIAS ·
ZL ·Rout

ZL +Rout

(5.2)

5.1.3 MZM

Figure 5.7 and 5.8 shows the board and schematic layout of MZM. The MZM is a single
ended modulator with a data rate up to 10 Gbps. The pin out of the modulator consist
of DC bias (pin 1 and 2) and a monitoring photodiode (pin 3 and 4). The RF signal
is supplied over an SMP coaxial connector. For more details on MZM see chapter 2 in
section 2.1.3.

Figure 5.7: MZM on Transmitter Board
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(a)

(b)

Figure 5.8: MZM Schematic and PCB Layout

Figure 5.9 shows the four layers of the optical transmitter, where top and bottom
layers are used for routing, and the second and third layers are used as ground and power
planes, respectively.
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(a) (b)

(c) (d)

Figure 5.9: Optical transmitter four layer board: a) Top b) Ground c) Power and d)
Bottom
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(a)

(b)

Figure 5.10: Final hardware of the optical transmitter
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5.2 Optical Receiver

The main function of an optical receiver is to recover the transmitted data from the
received optical signal. Figure 5.12 shows the PCB design of the optical receiver.

Figure 5.11: Optical Receiver Schematic

Figure 5.12: Optical Receiver Layout

For the receiving sensor, an APD is used, which is capable of receiving data rate up
to 10 Gbps. The device model is FiBest-FBR2178GB, which requires a bias voltage of
around 29 Volt. It also has an integrated Trans-Impedance Amplifier (TIA) that requires
a supply voltage of 3.3 V. The board layout is shown in Figure 5.12: the left side shows
the DC-DC converter, which is to provide 29 V for the biasing of the APD, and the right
side shows the LDO for the TIA. On the board, it is also included another LDO for VOA
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(variable optical attenuator) but unfortunately the device model does not support this
feature. Matching of the input ports has the same parameters as used in Table 5.1. The
potentiometer seen on the left side is used to control the bias voltage.

(a) (b)

(c) (d)

Figure 5.13: Optical Receiver four layer board: a) Top b) Ground c) Power d) Bottom

The stack up of the board is shown in Figure 5.5. The individual layers are shown in
the Figure 5.13. The top and bottom layers are used for routing, and the second and the
third layers are used as ground and power planes, respectively.
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(a)

(b)

Figure 5.14: Final hardware of the optical receiver
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5.3 Correction on the PCB

1. After the PCB arrived it was obvious that the footprint for the SMA connectors
were not the correct ones. The problem was that the footprint of the SMA was too
large that it will introduce reflexions on the ports, thus degrading the signal quality.
To correct this error, the SMA pads were cutout and manual fixing is preformed to
fit new SMA connectors.

Figure 5.15: Correction of SMA Connectors

2. Another point was with the DC-DC converter in the optical receiver layout. Two
input pins where not connected in the beginning, so the soldering of a jumper cable
was necessary to fix this issue.

Figure 5.16: Soldering of a jumper
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3. VIAs on the LDO and MZM driver chips were forgotten in the design phase of the
transmitter PCB. Fortunately, they did not cause any problem later when testing
the board.

Figure 5.17: Forgot to place Vias
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5.4 Measurements

Figure 5.18 shows the measurement setup for the optical system. The optical table and
the collimator were only used in the last section for the free space scenario.

Figure 5.18: Measurements in the Optical Laboratory

5.4.1 MZM BIAS

MZM

DC Bias

CW Laser Power Meter

Multi-Meter

Figure 5.19: MZM Bias

The first measurement was with the bias of MZM. The measured bias voltage of MZM
is to determine the DC bias point and the driving voltage. The results showed that the
driving voltage is 2 V and the bias point is by 4.22 V. The measurement was done using
a CW laser and monitoring the voltage with a multimeter. The voltage was increased
and the optical output power of the MZM was observed. With this information it was
possible to adjust the output of the driver so that the maximum efficiency is achieved.
Figure 5.20 and Table 5.3 shows the bias voltage and optical output of MZM, and from
there it is possible to determine the bias point (4.2 V) and the maximum driving voltage
(2V).
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Figure 5.20: MZM Bias Voltage vs Power

Voltag (V) Power (uW) Voltag (V) Power (uW)
1.39 9.5 3.62 77.5
1.6 17.48 3.82 68.5
1.8 27.55 4.02 56.5
2.2 51.2 4.22 44.5
2.4 62.5 4.43 32
2.61 73 4.63 20.4
2.81 80 4.83 11.05
3.01 85.5 5.03 5.2
3.21 86.5 5.24 2.93
3.42 83.5 5.44 4.42

Table 5.3: Bias Voltage vs Power
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5.4.2 MZM Drive Voltage

��Ω

��Ω
��Ω

Bit Generator 
(BERT) MZM Driver Oscilloscope

DC Bias

Figure 5.21: MZM driver schematic

The potentiometer is used to regulate the output voltage of the driver and set it up at
2Vpp at 10 Gbps. The eye diagram of the MZM driver is shown in Figure 5.22.

Figure 5.22: MZM driver 10 Gbps Eye Diagram
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5.4.3 Eye Diagram

��Ω

��Ω

��Ω

��ΩBit Generator 
(BERT) Transmitter OscilloscopeReceiver

DC BiasCW Laser

Figure 5.23: Optical Eye Diagram schematic

The eye diagram is used to get insights on signal quality, and it provides information on
jitter. The eye diagram is a better alternative to BER analysis, as it can easily detect
distortions and find the source of the problem. Figure 5.24 presents the optical eye
diagram at 1 Gbps. It is to observe from the eye diagram, that it’s a perfect eye with
a very low jitter. Figure 5.25, 5.26 and 5.27 present the eye diagram from 3 Gbps till 8
Gbps.

Figure 5.24: Eye Diagram at 1 Gbps
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Figure 5.25: Eye Diagram at 3 Gbps

Figure 5.26: Eye Diagram at 5 Gbps
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In Figure 5.27 it is to observe that by increasing data rate, the rise time reaches its
limit. This is the reason that the eye looks elliptic and not rectangular as in Figure 5.26.

Figure 5.27: Eye Diagram at 8 Gbps
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Figure 5.28 shows the eye diagram of 10 Gbps. This was the goal of this thesis. The
eye is still open and the digital transmission is still valid.

Figure 5.28: Eye Diagram at 10 Gbps

48



Figure 5.29 shows the eye diagram at 12 Gbps and the eye is still open but is reaching
its limit.

Figure 5.29: Eye Diagram at 12 Gbps
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5.4.4 BER

��Ω

��Ω

��Ω
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Receiver

��Ω

��Ω

��Ω
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Transmitter

DC BiasCW Laser

Out In

Figure 5.30: BERT Schematic

Since the BERT (Agilent Technologies N4906B) is connected directly with the the trans-
mitter and receiver, it is difficult to measure the BER at short distance. Figure 5.31 shows
the BER at 10 Gbps (which is 0).

Figure 5.31: BER
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5.4.5 Free Space Optics Demo

CW Laser

��Ω

��Ω
Transmitter

DC Bias

Bit Generator 
(BERT) ��Ω

��Ω
OscilloscopeReceiver

0.5m

Figure 5.32: Demo schematic

The transmitter and receiver where tested in a demo setup in free space optic scenario
using two collimators attached to an optical table. The work was done for a small dis-
tance, but this should be enough for demonstration to show that the hardware could be
integrated into an FSO optical system.

Figure 5.33: Optical Collimators
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Figure 5.34: FSO Demo Scenario at 10 Gbps
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6. Conclusions

The aim of this thesis was the hardware implementation and verification of a 10Gbps
Transceiver for Optical Wireless Communication at 1550 nm. The design of the optical
system was successful and it worked even at higher data rate than 10 Gbps, but after
12 Gbps it starts to reach its limit. Furthermore, we introduced the PCB design of the
optical system created with the software program Eagle, including the schematic and the
layout for the board. After that, an introduction of the stack up of a grounded and
differential coplanar waveguide was shown, which include the results of the matching
parameters. The MZM driver can reach a data rate up to 10.7 Gbps, and for the power
supply the positive and negative LDO regulators where chosen because of their low noise
characteristics. For the optical receiver, an APD was used, and an integrated TIA that
requires a supply voltage of 3.3 Volt. After the design was done some issues had to be
corrected, like the problem with the SMA connectors and the DC-DC converters (see
chapter 5), After solving these issues we were able to test the System. Using a 33 Gbps
Oscilloscope it was possible to show the perfect eye diagram with a very low jitter for
1 Gbps and continued like this until we reached 12 Gbps. The BER measurements and
a demo setup of free space optic scenario using two collimator attached in an optical
table in short distance where successfully analyzed. The goal of development and analysis
of an FSO system has been achieved and the results showed that the hardware can be
integrated into an FSO system and can be used for further projects.

For the future, additional improvements can be done on this work, e.g., implement-
ing another transceiver for bi-directional communication, and building a housing for the
system for ease of use. Furthermore, because of the analog nature of the system, one
can use it to convert optical signals into RF, e.g., measuring optical signals with RF
oscilloscope. Additional future works can include: parallel transmission (doubling the
data rate), optic-MIMO (Multiple-Input-Multiple-Output), implementation of IQ-based
(In-phase and Quadrature-phase) modulation by using multiple MZMs, etc. In general,
future works with multiple optical transceivers can be endless.
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A. Equipments

A.1 Equipment List

Device Manufacturer and properties
Power Supply HAMEG Instruments Programmable Power Supply HMP2030

Optical Powermeter Thorlabs PM100D
Digital Multimeter Digital Multimeter TDM 600 600V CAT II

CW Laser Agilent 8164A Lightwave Measurement System
BERT Agilent Technologies N4906B

Optical table Newport 544 637
Fiber collimator Thorlabs F810FC-1550

33 GHz Oscilloscope KEYSIGHT DSA-V 334A

Table A.1: Equipment

A.2 Data Sheets

The data sheet of the MZM and APD are found in the next pages.
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B. Optical Transmitter Board

B.1 Optical Transmitter

Figure B.1: PCB Transmitter Schematic 1
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B.2 Top Plane

Figure B.2: Top Plane Board
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B.3 Power Plane

Figure B.3: Power Plane Board
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B.4 GND Plane

Figure B.4: GND Plane Board
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B.5 Bottom Plane

Figure B.5: Bottom Plane Board
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C. Optical Receiver Board

C.1 Optical Receiver

Figure C.1: Optical Receiver Schematic 1
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C.2 Top Plane

Figure C.2: Top Plane Board
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C.3 GND Plane

Figure C.3: GND Plane Board
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C.4 Power Plane

Figure C.4: Power Plane Board
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C.5 Bottom Plane

Figure C.5: Bottom Plane Board
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