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Abstract 

In short-range communication 1 mm PMMA SI-POF established itself as a reasonable 
alternative to the traditional data communication media such as glass fibers, copper cables and 
wireless systems. Due to multiple advantages such as a large core diameter, tolerance to fiber 
facet damages and low installation costs, the SI-POF is typically used for network systems in 
homes, vehicles and industrial automation. 

The commercial systems with SI-POF use a single channel for data transmission. However, 
the data carrying capacity of SI-POF is impaired by strong inter-modal dispersion and high 
optical attenuation. Over the last few years various concepts to overcome the bandwidth 
limitation of SI-POF have been successfully demonstrated, including optimization of the 
optoelectronic components and implementation of the digital signal processing techniques. 
Complying with any of the hitherto developments, utilization of several optical carriers for 
parallel transmission of data channels over a single fiber, known as WDM, represents another 
alternative to increase the capacity of SI-POF link.  

This thesis investigates the application of WDM in short-range optical communication over 
SI-POF. The focus of research is on: 

• Demultiplexing techniques for SI-POF; 

• High-speed WDM transmission over SI-POF; 

• Channel allocation for POF WDM systems. 

For WDM an optical demultiplexer is a key component. The thesis concentrates on the 
demultiplexing techniques employing thin-film interference filters and a concave diffraction 
grating.  

An interference filter-based SI-POF demultiplexer was realized using a precisely adjustable 
opto-mechanical setup, which allowed maximization of the optical throughput in the 
individual channels. Intermediate setups with two and three channels were first established. In 
addition, a serial and a two-stage configuration of a target setup with four channels were 
realized. It was shown that the latter configuration outperformed the former one in terms of IL 
and IL uniformity. Furthermore, the demultiplexer with two-stage configuration provided low 
IL (< 5.7 dB) and high channel isolation (> 30 dB). It outperformed other interference filter-
based SI-POF demultiplexers reported so far, and was well suited for implementation in high-
speed POF WDM transmission experiments. 

Within the BMBF project VIP HOPE a demultiplexer with a ruled concave diffraction grating 
was produced. It is the first demultiplexer with a concave grating ever reported for SI-POF. 
Since the demultiplexer became available in the late project phase, its demultiplexing 
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properties could not be examined during the project duration. In the thesis a subsequent 
theoretical and experimental analysis of the demultiplexer was carried out. Two methods for 
characterization of transmission properties of the demultiplexer were proposed and 
investigated. A diffraction angle-dependent spectral response over a broad wavelength range 
and a diffraction angle-dependent transmittance at five lasing wavelengths were measured by 
scanning the curved focal surface of the demultiplexer with an output SI-POF. The results 
confirmed the wavelength separating function of the demultiplexer. However, a poor grating 
quality due to unstable parameters of the ruling process led to high IL (> 20 dB) and low 
channel isolation (< 15 dB). That prevented the use of the demultiplexer for POF WDM 
transmission experiments.  

To demonstrate experimentally the feasibility and potential of a high-speed POF WDM 
concept, a four-channel data transmission setup was realized. A four-legged multiplexing 
POF bundle was developed to combine the signals from four visible laser diodes onto SI-POF 
link. For the separation of wavelength channels the interference filter-based demultiplexer 
with two-stage configuration was used. It was shown that POF WDM with lower channel 
rates and simple transmission technique (NRZ+FFE) could provide aggregate bit rates 
comparable to those achieved with the single-wavelength systems that used more advanced 
transmission techniques (DMT or NRZ/PAM+DFE) but required more signal processing. In 
addition, the record 14.77 Gb/s and 8.26 Gb/s data rates employing the offline-processed 
DMT modulation were demonstrated over 50 m and 100 m SI-POF, respectively, at the 
BER=10-3. Compared to the fastest single-wavelength systems, two times higher transmission 
capacities were achieved. 

Finally, the channel allocation for today’s and future POF WDM systems was investigated. It 
was shown that the extension of ITU-T G.694.2 Coarse WDM grid into the visible spectrum, 
with 15 channels and 20 nm channel spacing, is best suited to support WDM applications over 
SI-POF. 
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 1 

1 Introduction 

Having its origin in the 1960’s as well as the silica glass fiber, the polymer optical fiber 
(POF) stayed long in the shadow of the huge development and success of glass fiber 
communications. However, the advances in POF technology and the growing need for high-
speed short-range communication networks make POF nowadays gain more and more in 
importance. The key advantage of POF is a large core diameter. It makes POF tolerant to the 
fiber facet damages and relaxes the alignment tolerances, thus also reducing the installation 
costs. Furthermore, POF is pliable, durable, and inexpensive, offers small weight and short 
bend radius, allows easy installation, simple termination and quick troubleshooting, and also 
provides the immunity to electromagnetic interference. Due to its diverse advantages, in 
short-range applications POF established itself as a reasonable alternative to the traditional 
data communication media such as glass fibers, copper cables and wireless systems (see 
Table 1.1). 

Table 1.1: Comparison of different transmission media. Characteristics between very bad (--) and 
particularly good (++) [Fischer11]. 

Transmission medium Data rate Distance Safety Cost Handling Installation Total 

Twisted pair cable + 0 0 ++ - 0 2+ 

Coaxial cable 0 0 0 + 0 0 1+ 

Glass fiber ++ ++ ++ -- -- - 1+ 

Polymer fiber 0 - ++ + + + 4+ 

Wireless -- - -- ++ ++ ++ 1+ 

Powerline - - -- + + ++ 0 

Today, POF is produced with different core materials, core diameters and index profiles. A 
comprehensive overview on various POFs is given in [Ziemann08]. Two major POF types are 
made of polymethyl methacrylate (PMMA) and perfluorinated (PF) materials. The parameters 
of the common PMMA and PF POFs are specified in the IEC Standard 60793-2-40, which 
defines eight different POF classes [IEC09].  

The PMMA POF is produced with both step-index (SI) and graded-index (GI) profile, 
whereas the PF POF offers only GI profile. The GI profile of the core ensures high modal 
bandwidth exceeding 1.5 GHz × 100 m for the PMMA POF and 300 MHz × 1 km for the PF 
POF. However, the implementation of the PMMA GI-POF is confined to 500-680 nm 
wavelength range due to the high optical attenuation at other wavelengths (> 400 dB/km). The 
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PF GI-POF is best suited for use in the infrared region, e.g. in the first (850 nm) and the 
second (1300 nm) optical window, where of-the-shelf components developed for multimode 
glass fibers are available. In contrast, the PMMA SI-POF suffers from intermodal dispersion 
limiting the bandwidth-length product to around 50 MHz × 100 m (see subchapter 2.1), but 
also provides several attenuation windows in the visible spectrum (400-700 nm). Due to its 
advantages over the other POF types such as technological maturity, ease and cost of 
production and high numerical aperture (NA), the standard 1 mm PMMA SI-POF (POF class 
A4a.2 according to IEC 60793-2-40) is the best known and by far the most widely employed 
type of POF. This is also the fiber the thesis concentrates on. Throughout the work the terms 
SI-POF and POF will be equally used to address this fiber type. 

Three major application sectors of SI-POF data communication technology are industrial 
automation, automotive industry and in-house/office networks. Over more than 25 years SI-
POF has been employed in industrial automation applications. The bus systems such as 
Profibus (1.5 Mb/s, 60 m) and INTERBUS (2 Mb/s, 70 m), and industrial Fast Ethernet 
(100 Mb/s, 50 m) are the typical application scenarios. 

In vehicles SI-POF displaces copper in the network structure of a passenger cabin for 
multimedia data services. The infotainment communication system known as Media Oriented 
System Transport (MOST) connects different multimedia components in the SI-POF-based 
ring topology [Grzemba08], as illustrated in Fig. 1.1. First introduced in the BMW 7 Series 
2001, the MOST technology is nowadays used by almost all major car manufacturers in the 
world. In 2011 there were more than 50 different car types on the market employing SI-POF 
(BMW, Mercedes-Benz, Ford, Hyundai, etc.) [Bunge12]. The current (third) version of the 
MOST system (MOST150) supports the data transfer at 150 Mb/s over link lengths of about 

 

Fig. 1.1: SI-POF-based ring topology of a MOST system in a car. 
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10 m. Not only multimedia, but also security-critical and safety applications benefit from SI-
POF (e.g. Byteflight bus system, 10 Mb/s). 

Another sector where SI-POF displaces traditional communication media are short-range 
networks in houses and offices. As an in-house extension of a broadband access network 
(e.g. VDSL, HFC, FTTB), the typical application of POF technology is the delivery of triple-
play services (combination of broadcasting, telecommunication and internet) to the end user, 
as illustrated in Fig. 1.2. The Fast Ethernet transceivers (100 Mb/s) and since 2013 also the 
Gigabit Ethernet transceivers (1 Gb/s) are available on the market enabling the transmission 
of broadband services over 50 m SI-POF. The Gigabit solutions from KD-POF employing the 
multilevel signaling and from Teleconnect based on the multicarrier modulation are 
accompanied by the technical standards ETSI TS 105 175-1-2 [ETSI15] and ITU-T G.9960, 
Annex F [ITU11], respectively. 

The commercial communication systems with SI-POF use a single channel for data 
transmission. However, the transmission performances of SI-POF are impaired by strong 
inter-modal dispersion and high optical attenuation. Stimulated by the growing bandwidth 
demands (e.g. 10 Gb/s to 40 Gb/s to 100 Gb/s Ethernet speed), various concepts to overcome 
the low-pass characteristic of SI-POF have been successfully demonstrated over the last few 
years. The simplest solutions utilized passive equalization implemented as an analog high-
pass filter that increased the electrical -3 dB bandwidth of a channel [Vinogradov08]. A 
similar approach but with an adaptive analogue equalizer was presented in [Sundermeyer09]. 
Other solutions concentrated on the development and optimization of the fast transceiver 
components including a red vertical-cavity surface-emitting laser [Johnson12], a large-area 
photodetector [Loquai14], or even a fully integrated photoreceiver with adjustable equalizer 
[Atef12]. A major focus was also placed on the digital signal processing techniques, which 
were mostly implemented offline due to the lack of commercial components. Both the non-

              

Fig. 1.2: In-house communication scenario with Ethernet over POF. 
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return-to-zero (NRZ) and the spectrally efficient multilevel signaling were combined with the 
digital receiver equalization to increase the data rates over SI-POF [Loquai13], [Breyer10]. 
The sophisticated spectrally efficient multicarrier modulation formats were also successfully 
implemented to combat the highly dispersive SI-POF channel [Lee09a], [Vinogradov11]. A 
record capacity of approx. 6.3 Gb/s was achieved over 50 m SI-POF at the bit error rate 
(BER) of 10-3 employing the offline-processed discrete multitone (DMT) modulation and a 
commercial 650 nm laser diode [Vinogradov11]. In the same publication, a record capacity of 
approx. 4.2 Gb/s was demonstrated over 100 m SI-POF at the BER=10-3, allowing for error-
free transmission after implementing forward-error correction (FEC). An early prototype of 
OSRAM 515 nm laser diode was thereby employed to transmit NRZ signal, which was 
equalized at the receiver using the offline implementation of a decision-feedback equalizer 
(DFE). 

Complying with any of the hitherto developments, utilization of several optical carriers for 
parallel transmission of data channels over a single fiber represents another alternative to 
increase the transmission capacity of SI-POF. The technique is well known as wavelength 
division multiplexing (WDM). In glass fiber communications WDM has been firmly 
established for more than two decades and represents the key technology in modern high-
capacity optical networks with the distances ranging from several thousand down to 10 km 
[Mukherjee06], [Kartalopoulos02], [Thiele07]. The principle of WDM is shown in Fig. 1.3. 
Since different wavelengths 1– N do not interfere with each other in a linear medium, they 
can be used to simultaneously carry the data signals over a single fiber. Thereby, the capacity 
of a fiber i.e. of an optical communication system increases almost proportionally with the 
number of wavelength channels. 

 

Fig. 1.3: Principle of WDM: MUX – multiplexer; DEMUX – demultiplexer. 

Two components are essential for WDM, a wavelength multiplexer and demultiplexer. The 
multiplexer combines the signals at different wavelengths, coming from different transmitters, 
onto a single fiber. On the opposite side of the optical link the demultiplexer performs an 
inverse function, separating the wavelength channels to be detected by separate receivers. 
Because of e.g. interchannel crosstalk, the demultiplexer is more often considered in fiber 
optics. Therefore, this thesis concentrates on the demultiplexing function without loss of 
generality for the multiplexing operation. 
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The existing WDM components developed for single-mode glass fibers in the infrared region, 
such as Mach-Zehnder interferometers, arrayed waveguide gratings or fiber Bragg gratings, 
cannot be reused for a highly multimode SI-POF. On the other hand, the operating principles 
of demultiplexers based on thin-film interference filters and on a diffraction grating can be 
applied for POF. In spite of some other demultiplexing solutions (e.g. employing dispersion 
prisms), these two demultiplexing techniques have been recognized as the most promising for 
SI-POF. However, because of the difference in the operating wavelength range, fiber diameter, 
NA, etc. compared to the glass fibers, such demultiplexers must be newly designed for SI-
POF communication. The subchapters 2.2.1 and 2.2.2 give an overview of the state of the art 
thin-film interference filter- and diffraction grating-based SI-POF demultiplexers respectively. 
The first aim of this thesis is to further investigate experimentally these two demultiplexing 
techniques for SI-POF. 

The most frequently mentioned motivation for POF WDM is to increase the transmission 
capacity of SI-POF link compared to the single-wavelength systems. So far, only a few 
attempts have been made to investigate that possibility, primarily because of the lack of 
functional low-loss multiplexing and demultiplexing components. In the early attempts, the 
light emitting diode (LED)-based POF systems exploiting WDM technology could not 
provide sufficient capacity [Junger02], [Appelt02], [Bartkiv03]. Only recently, supported by 
the advance in the visible laser diode technology, the record-breaking POF WDM 
transmission experiments, including the work of the author, were performed [Kruglov12a], 
[Kruglov14], [Jon i 14b], [Jon i 14c]. Accordingly, the second aim of this thesis is to 
demonstrate experimentally high-speed POF WDM data transmission offering capacity 
increase compared to the single-channel systems. The third aim of the thesis is to investigate 
possible channel allocation for today’s and future POF WDM systems. 

The rest of the thesis is organized in the following manner. Chapter 2 gives the fundamentals 
of WDM for short-range communication over SI-POF that are used throughout the thesis. The 
next two chapters consider two different demultiplexing techniques. Chapter 3 focuses on the 
experimental realization of SI-POF demultiplexer employing thin-film interference filters. In 
a step-by-step approach, intermediate solutions with two and three channels are first 
established. In addition, two different configurations of a target demultiplexer setup with four 
channels are realized and mutually compared. Chapter 4 addresses a theoretical and 
experimental analysis of the previously produced SI-POF demultiplexer based on a concave 
diffraction grating. Two methods for characterization of transmission properties of the 
demultiplexer are proposed and investigated. The measurement results are interpreted in 
relation to the theoretical calculations and optical simulations, and are used to qualify the 
manufacturing process. Chapter 5 presents four-channel POF WDM transmission experiments 
using the demultiplexer introduced in chapter 3 to separate the wavelength channels. Several 
optimization steps with intermediate results are shown before a target experimental setup and 
data transmission results are presented, demonstrating the feasibility and potential of a high-
speed POF WDM concept. Chapter 6 investigates spectral grids for the visible spectrum 
WDM applications over SI-POF. Criteria for evaluating the applicability of a grid for the 
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intended application are defined prior to establishing and analyzing different WDM channel 
allocations. Finally, chapter 7 summarizes the contributions of this work and outlines the 
possibilities for the follow-up research. 
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2 Fundamentals of WDM for short-range 
communication over POF 

This chapter introduces the fundamentals of POF WDM relevant for this thesis. First, the 
transmission characteristics of SI-POF are considered in terms of optical attenuation and 
electrical bandwidth. Next, the demultiplexing techniques based on thin-film interference 
filters and a concave diffraction grating are described. Two data transmission techniques for 
increasing the channel capacity are then discussed. Finally, an overview of the existing 
WDM-related standards for glass fiber communication is given. 

2.1 Transmission properties of 1 mm PMMA SI-POF 

The 1 mm PMMA SI-POF is the best known and by far the most widely employed type of 
POF. It is made of 980 m diameter PMMA core surrounded by a thin cladding (10 m) 
made of fluorinated polymer. The typical spectral attenuation of SI-POF is shown in Fig. 2.1. 
The fiber supports operation in the visible spectrum from 400 nm to 700 nm. The lower 
wavelength bound is determined by the degradation of the PMMA compound with prolonged 
exposure to the ultraviolet (UV) wavelengths [Lekishvili02]. The attenuation value of around 
400-450 dB/km, that still allows operation over shorter link lengths (< 20 m), sets the upper 
wavelength bound. 

 

Fig. 2.1: Typical spectral attenuation of 1 mm PMMA SI-POF [Bunge11] with contributions of 
intrinsic loss mechanisms and with attenuation minima and maxima. 
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Two intrinsic loss mechanisms contribute to the raise of attenuation at shorter and particularly 
UV wavelengths. The electronic transitions due to the absorption of light in the polymer 
compound cause absorption peaks in the UV region. However, their absorption tails extend 
through the visible spectrum affecting the POF attenuation [Zubia01]. The dependence of the 
attenuation coefficient of electronic transitions  [dB/km] on the wavelength for PMMA is 
given by [Koike14]: 

 1.58 10-12 1.15 104

. (2.1) 

The second loss mechanism is the Rayleigh scattering. It is caused by the structural 
irregularities in the polymer compound that are much smaller than the wavelength of light 
(order of one tenth of wavelength or less). The effect of scattering becomes more pronounced 
as the wavelength decreases since the scattering attenuation coefficient  [dB/km] is 
inversely proportional to the fourth power of the wavelength [Kaino97]: 

 13
633 4

. (2.2) 

In the infrared region the attenuation significantly increases due to the intrinsic absorption 
losses caused by vibrations of the molecular C-H bonds (total of eight per MMA monomer). 
The higher overtones of the C-H bond vibrations also extend in the visible spectrum. The 7th 
overtone at 549 nm, and particularly the 6th and the 5th overtone at 627 nm and 736 nm 
respectively, cause pronounced absorption peaks and wide absorption bands, predominantly 
determining the level of attenuation in the red spectral range [Emslie88], [Groh88]. 

The contributions of the intrinsic loss mechanisms to the overall attenuation of SI-POF are 
also shown in Fig. 2.1. The attenuation contributions due to the vibrations of C-H bonds at 
516 nm, 568 nm and 650 nm are taken from [Kaino97]. The sum of individual intrinsic loss 
mechanisms corresponds to the theoretical loss limit and equals approx. 40 dB/km, 37 dB/km 
and 107 dB/km at the respective wavelengths. In practice is this limit never achieved due to 
the extrinsic loss processes (absorption due to impurities in the fiber core, scattering loss due 
to waveguide structural imperfections, etc.) [Zubia01].  

The wavelength regions where the fiber exhibits low attenuation are called attenuation 
windows. The SI-POF has four attenuation windows. Those are blue, green, yellow and red 
windows, with the absolute attenuation minimum of approx. 62 dB/km at around 568 nm 
(yellow window). The parameters of the attenuation windows are listed in Table 2.1. 

Table 2.1: Attenuation windows of SI-POF (based on the attenuation curve from Fig. 2.1). 

Attenuation window blue green yellow red 

Attenuation minimum [dB/km] 85 70 62 125 

Wavelength of the attenuation minimum [nm] 476 522 568 650 

Approximate 3 dB width of the window [nm] 19 24 8 4 
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The mean refractive index of SI-POF core material in the visible spectrum is =1.492, 
whereas the refractive index of cladding is =1.412. Due to the big difference in 
refractive indices of core and cladding, the numerical aperture (NA)  

 2 2 (2.3) 

has the value of 0.482 (usually rounded to 0.5). The corresponding maximum acceptance 
angle of the fiber is 30º. The large core radius =490 μm combined with the high NA 
results in the normalized frequency  

 2 (2.4) 

of 2698 at 550 nm, which is far above the limit =2.405 below which a fiber is single-moded. 
The number of modes  propagating through SI-POF can be approximated as 

 2 2 , (2.5) 

corresponding to 3.64 million modes at 550 nm. Due to the significant path difference 
between lower and higher order modes, propagating respectively at smaller and larger angles 
relative to the optical axis, the strong intermodal dispersion is inherent to SI-POF. In the time 
domain it is manifested as pulse broadening, thus introducing the inter-symbol interference 
(ISI). In the frequency domain the intermodal dispersion results in a low pass frequency 
response, constraining the bandwidth-length product of SI-POF to around 50 MHz × 100 m 
[Ziemann08]. 

2.2 Demultiplexing for 1 mm PMMA SI-POF 

The WDM is one possibility to increase the data carrying capacity of SI-POF. The key 
component for WDM is a wavelength demultiplexer. Different approaches for realization of 
the demultiplexer for SI-POF have been investigated, including demultiplexing based on a 
dispersion prism, thin-film interference filters, and a diffraction grating (plane or concave). 

The prism-based two-channel demultiplexer operating with LEDs at 530 nm and 650 nm was 
reported in [Zhang05]. The insertion loss (IL) and the crosstalk were around 17-20 dB and      
-20 dB respectively. Another solution employing the dispersion prism was shown in [Lutz05]. 
The three-channel demultiplexer operated with LEDs at 470 nm, 520 nm and 650 nm. It 
provided the IL of 12-20 dB, whereas the crosstalk took values between -4.6 dB and -34.8 dB. 
High IL and considerable crosstalk were caused by unoptimized optical components, broad 
LED spectra and high alignment sensitivity of both setups.  

The two other demultiplexing techniques have been recognized as the most promising for SI-
POF and have been the most investigated so far. This thesis focuses on the demultiplexers 
employing interference filters and a diffraction grating, in particular the concave one. 
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2.2.1 Demultiplexing employing thin-film interference filters 

The technology based on thin-film interference filters is mature and one of the most 
commonly applied technologies for realization of WDM demultiplexers in single-mode glass 
fiber communication. The demultiplexers for Coarse WDM applications cascade the 
interference filters to provide up to 16 flat-top channels between 1271 and 1611 nm, with 
20 nm minimum channel spacing [Thiele07]. The typical parameters of commercial 4-, 8-, 
and 16-channel demultiplexers with IL less than 1.6 dB, 2.7 dB and 3.7 dB respectively, can 
be found in [Lightel15]. The thin-film filter-based demultiplexers for Dense WDM 
applications are commercially available with up to 40 channels in 1550 nm region and less 
than 8 dB IL. Instead of simply cascading the filters, those devices usually employ a modular 
configuration described in [Dutta03]. The same reference provides a typical transfer function 
of the 40-channel demultiplexer with 3-6 dB IL and 100 GHz (0.8 nm) channel spacing. 

In the visible spectrum, and thus within the application range of SI-POF, a vast variety of 
thin-film interference filters is available from various manufacturers. Even though not 
particularly intended for POF applications, the visible interference filters represent an 
attractive solution for POF demultiplexers, where wavelength selectivity, low IL and high 
isolation are required.  

An interference filter, typically designed for 0º angle of incidence (AOI), utilizes the principle 
of constructive and destructive interference to selectively transmit certain wavelengths and 
reject (diminish in intensity and reflect) the others [Macleod10]. Its basic structure comprises 
multiple thin dielectric layers with alternating high and low refractive indices, which are 
successively deposited on a single glass substrate. The desired spectral response is obtained 
by a careful selection of the number of dielectric layers, their thickness and refractive indices. 
The filter is typically characterized with high passband transmittance (> 90%), steep transition 
slopes (> 3 dB/nm) and deep blocking (> 30 dB) in rejection bands (see Fig. 2.3). 

A dichroic mirror is a special type of interference filter intended for the spatial separation or 
combination of light at different wavelengths. It is designed to operate at 45º AOI, such that a 
certain spectral range is transmitted, whereas the rejected wavelength range is reflected at 
90º angle with respect to the incident optical axis. A commercial visible spectrum dichroic 
mirror has a transition slope between the transmission and reflection band of typically         
30-40 nm (see Fig. 2.3 and Table 3.1). This is significantly less steep compared to the 
standard interference filters designed for the normal incidence. Unlike an interference filter, 
e.g. a longpass mirror must be not only highly transmissive above the cutoff wavelength, but 
also highly reflective below it. Therefore, producing steeper slopes would require increased 
complexity of the coating, and accordingly, a significant rise in production costs. 

The interference filters show significant angular dependence of their transmission 
characteristic [Herbert06]. To be applicable for SI-POF, the highly divergent beam from the 
fiber must be transformed into a bundle of parallel rays prior to the incidence. The principle 
of separation of two collimated wavelength channels using a dichroic mirror is shown in 
Fig. 2.2. To increase the channel isolation, an additional bandpass filtering in each of the 
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output channels should be implemented prior to the focusing of light. As an example, a 
selection of the dichroic mirror and interference filters for demultiplexing two wavelength 
channels centered around 1=450 nm and 2=525 nm is shown in Fig. 2.3. 

 

Fig. 2.2: Principle of separation of two collimated wavelength channels employing thin-film 
interference filters: 1 – dichroic mirror (45º AOI); 2 – interference filter (0º AOI). 
 

(a) 

(b) 

Fig. 2.3: Selection of the dichroic mirror and interference filters for demultiplexing two wavelength 
channels centered around (a) 1=450 nm and (b) 2=525 nm (the curves obtained from datasheets of 
the commercially available filters from Table 3.1 and Table 3.2): FT – flat top; BW – 3 dB passband 
bandwidth; TS – transition slope. 
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There were several attempts to realize an SI-POF demultiplexer with interference filters. The 
three-channel demultiplexer for the blue, green and red wavelength regions, shown in 
[Bartkiv03], offered the IL of 7-10 dB. Another three-channel solution with wide channel 
passbands in the violet, green and red spectral regions was reported in [Kruglov12]. The 
device provided the IL of 6-7 dB and high channel isolation. By far the best three-channel 
demultiplexer was reported in [Junger02]. It had wide (> 50 nm) channel passbands in the 
violet/blue, green and red spectral regions, the IL as low as 2.5 dB (at 570 nm), and high 
isolation between the channels (> 30 dB). At 450 nm, 520 nm and around 650 nm (lasing 
wavelengths used for SI-POF communication and in this thesis) the IL was 5 dB, 3 dB and 
3 dB respectively. The demultiplexer offered small dimensions by employing a plastic 
housing with slits for lenses and dichroic mirrors. Furthermore, it allowed easy connection of 
the input and the output fibers to the housing. 

In the patent [Tschekalinskij10], the same authors as in [Junger02] proposed the design of a 
four-channel demultiplexer by cascading the dichroic mirrors. To the best of author’s 
knowledge, no information about practical realization of the setup has ever been published. 
The only four-channel demultiplexer reported so far was shown in [Appelt02]. It was based 
on a two-stage configuration and operated with LEDs at 470 nm, 520 nm, 590 nm and 650 
nm. The IL of the setup was estimated to be 4-5 dB, but no transfer function was provided by 
the author. Since no additional filtering was implemented in the output ports, the 
demultiplexer experienced very high crosstalk. Therefore, it could not be used as a stand-
alone component, but rather in combination with an electronic crosstalk compensation. 

When properly designed, an interference filter-based demultiplexer is capable of providing 
low IL and high isolation. That makes it suitable for realizing and investigating POF WDM 
communication systems. In the thesis this demultiplexing approach for SI-POF is further 
investigated. The goal is to increase the channel count compared to [Bartkiv03], [Kruglov12a] 
and [Junger02], and realize a four-channel demultiplexer with improved performances 
compared to [Appelt02]. 

2.2.2 Demultiplexing based on a concave diffraction grating 

Like the interference filters, the commercial plane reflective diffraction gratings can also be 
effectively used for realization of a demultiplexer for SI-POF. Besides the grating, an 
additional collimating/focusing lens is required, thus reducing the number of optical 
components to two. The three-channel demultiplexer based on a plane diffraction grating was 
shown in [Pinzon13]. The setup was optimized for 405 nm, 532 nm and 655 nm, having the 
IL of 3.6-5.8 dB and good channel isolation (> 20 dB). In [Pinzon14] the same authors 
reported the improved three-channel demultiplexer for 405 nm, 515 nm and 650 nm with the 
IL of 4.5 dB, 3.5 dB and 4.1 dB respectively, and isolation better than 30 dB. The SI-POF 
demultiplexer with the highest channel count ever reported was shown in [Kruglov14]. A 
plane grating was used to separate six wavelength channels with the IL of 7.5-10 dB and high 
isolation between the channels. 
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Besides the components performing the separation of different wavelengths, the dispersion 
prism-, interference filter- and plane diffraction grating-based demultiplexers require 
additional optical components for collimation and focusing of light. This not only introduces 
additional attenuation and aberrations caused by the lenses employed, but also leads to a 
complex and bulky design requiring precise alignment between the components.  

In contrast, a demultiplexer based on a concave diffraction grating reduces the number of 
optical interfaces between its input and outputs due to the capability of the concave grating to 
combine the imaging and the wavelength-separating function. The concavity of the mirror is 
responsible for reflection and focusing of light, whereas the grating stamped on the mirror 
spatially disperses the incident spectrum into its monochromatic components. A principle 
sketch of the POF demultiplexer employing a concave diffraction grating is shown in Fig. 2.4. 
The Rowland circle is a circle tangent to the grating center with the radius  equal to one-half 
of the grating surface radius . When the end face of the input fiber is located on the Rowland 
circle, the fiber images will also be focused on the Rowland circle [Palmer05], [Bartkiv05], 
[Haupt10]. This is where the output fibers or a detector array should be located. 

The concave grating-based SI-POF demultiplexer, including the optimization of grating 
parameters, was theoretically investigated for both ruled [Haupt10] and holographic 
[Bartkiv05], [Bartkiv10] gratings. In [Ziemann11] the theoretical loss limit of a demultiplexer 
with an optimized concave grating was estimated to be below 3 dB, thus demonstrating its 
potential to provide both low IL and increased channel count compared to the previously 
discussed demultiplexing techniques.  

Within the BMBF project VIP HOPE (“Research and Development of Key Components for 
High-Speed Communication via Polymer Optical Fibers”, Nov. 2010 – Feb. 2014) the 
optimization of the parameters of the POF demultiplexer employing a concave diffraction 

 

Fig. 2.4: Principle of operation of the POF demultiplexer based on a concave diffraction grating 
[Höll13]. 
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grating was performed by means of an optical simulation software, and four demultiplexer 
samples were produced [HOPE14a]. These are the first concave grating-based demultiplexers 
ever reported for SI-POF. Since the samples became available in the late project phase, their 
demultiplexing properties were not properly examined during the project duration [Höll14]. In 
this thesis a subsequent theoretical and experimental analysis of this demultiplexer is carried 
out. 

The basic concept of the VIP HOPE project demultiplexer with a ruled concave grating is 
introduced in Fig. 2.5. A design where the light guided by the input fiber does not change the 
medium and keeps propagating through PMMA prior and after the diffraction was 
implemented. As a consequence, the light leaving the input fiber was confined to a tighter 
cone (NA=0.34) compered to the transition from PMMA to air (NA=0.5). That enabled better 
focusing of light propagating in higher order modes. 

To comply with the requirement for cost-effectiveness of POF components and to enable easy 
mass-production, the injection molding was targeted as a production technology [Höll13]. 
However, to verify the validity of the optical simulations and the functionality of the 
demultiplexer, all four samples were machined as a preform with a smooth concave surface 
on the back of the demultiplexer body. The sawtooth grooves were subsequently 
mechanically ruled on a PMMA substrate with a diamond tool mounted on a ruling engine. 
The machining of the samples and the ruling of the gratings were performed by a specialized 
company. To form a highly reflective surface, a thin aluminium coating was deposited onto 
the grating through a vacuum metalizing process.  

The concave gratings are typically formed on spherical substrates which allow easy 
production. In contrast, toroidal substrates require a more demanding manufacturing process, 
but help to correct the astigmatism, which is a dominant type of aberration in the 
demultiplexing system from Fig. 2.4 [Palmer05]. To reduce the astigmatism, and thus 
improve the coupling efficiency into the output fibers, the PMMA blanks were of toroidal 

 (a)  (b) 

Fig. 2.5: Basic concept of the VIP HOPE project demultiplexer with a concave grating ruled on a 
PMMA substrate: (a) back view revealing the concave grating; (b) top view with indicated Rowland 
and grating-based circle. 
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shape. Toroidal substrates are defined by two radii. In the dispersion (also called meridional 
or horizontal) plane this is the tangential radius. It corresponds to the diameter of the Rowland 
circle and equals 22.5 mm for this particular grating. The sagittal radius refers to the radius of 
curvature in the vertical (sagittal) plane. By setting the sagittal radius to 20.3 mm, the 
astigmatism was minimized for a certain wavelength in the green wavelength region. From 
this it followed that the amount of astigmatism for the boundary wavelengths of the intended 
operating wavelength range (400-700 nm) was approximately equal (see Fig. 4.4). To 
minimize the coma, the angle of incidence with respect to the grating normal was set to 0º 
[Haupt12]. 

In order to meet the complex requirements of the manufacturing process, the groove density 
was reduced from initially planned 800 grooves/mm to an acceptable value of 
400 grooves/mm, corresponding to 2.5 μm spacing between the adjacent grooves. Due to 
small separation between the wavelengths on the focal curve caused by lower groove density, 
the first diffraction order was not suitable for detection. That implied that a higher diffraction 
order (e.g. second or third) had to be utilized. It was estimated that the second order offered 
enough separation between four preselected lasing wavelengths (405 nm, 450 nm, 520 nm 
and a red wavelength around 650 nm) [HOPE14a].  

To guide most of the optical energy in the higher diffraction order, a blazed grating had to be 
employed. Such a grating is capable of maximizing the grating efficiency for a given 
diffraction order, with the efficiency reaching its absolute maximum at a certain wavelength 
called the blaze wavelength. In order to achieve the best efficiency over the whole operating 
wavelength range from 400 nm to 700 nm, the grating was designed to blaze at 507.22 nm in 
the second diffraction order. The value of the corresponding blaze angle was 11.97°. The 
optimization of all demultiplexer parameters was performed with a ray tracing simulation 
software. The physical parameters of the grating ruled on a toroidal PMMA substrate are 
summarized in Table 2.2. 

Table 2.2: Parameters of the optimized diffraction 
grating ruled on a toroidal PMMA substrate. 

Tangential radius [mm] 22.5 

Sagittal radius [mm] 20.3 

Angle of incidence [º] 0 

Groove density [grooves/mm] 400 

Groove spacing [μm] 2.5 

Second order blaze wavelength [nm] 507.22 

Blaze angle [°] 11.97 

The basic grating equation that applies for both plane and concave gratings is of a form 
[Overbeck56]: 

 , (2.6) 
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where  is the groove spacing,  is the angle between the incident light and the normal to the 
grating surface,  is the angle between the diffracted light and the normal to the grating 
surface,  is the order of diffraction, and  is the wavelength of light in the medium 
surrounding the grating, typically air. The diffraction by a blazed reflection grating is 
illustrated in Fig. 2.6, where  denotes the blaze angle. 

 

Fig. 2.6: Diffraction by a blazed reflection grating. 

Because of the large diameter of the output fibers, for the POF demultiplexer with a grating 
surrounded by air it would be sufficient to consider the vacuum wavelengths in Equation 2.6, 
without performing any wavelength conversion [Bartkiv10]. However, when the light enters 
SI-POF, its wavelength changes according to: 

 , (2.7) 

where  is the wavelength of light in PMMA having the wavelength dependent index of 
refraction , and  is the wavelength of light in vacuum. 

In the developed demultiplexing system the light guided by the input fiber does not change 
the medium and keeps propagating through PMMA prior and after the diffraction. To point 
out that the light incident on the grating has significantly shorter wavelength than in the 
vacuum (or air), the grating equation can be written in the following form: 

 . (2.8) 

For a grating with a groove spacing  it is essential to know at which angles  are the 
wavelengths of the polychromatic light incident at an angle  diffracted in a given diffraction 
order . Rewriting the grating equation in a convenient form yields: 

 . (2.9) 

The parameter defining how wide is the wavelength interval in a given diffraction order 
which does not overlap with the adjacent orders is called the free spectral range . If  1 is 
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the shortest and 2  the longest wavelength in this wavelength interval, and 1  and 
2  are the corresponding refractive indices, from the definition follows: 

 
 

2

2
1 1

1
, (2.10) 

with 2  1. 

A measure of how much the diffraction angle changes per unit change of wavelength in a 
given order is called the angular dispersion . It is typically expressed in rad/nm or °/nm. For 
a constant angle of incidence, the angular dispersion can be obtained by differentiating the 
grating equation (Equation 2.6) with respect to the wavelength: 

 , (2.11) 

where  is the groove density, and  is obtained from Equation 2.9.  

The linear dispersion  of a grating system, typically expressed in mm/nm, is defined as the 
product of the angular dispersion  and the effective focal length  of the optical 
system. Having that the focal curve in the dispersion plane coincides with the Rowland circle, 
the effective focal length of the grating system from Fig. 2.4 equals 2 , 
where  is the radius of the Rowland circle. Now, the expression for linear dispersion can be 
written as: 

 2
2

. (2.12) 

The reciprocal linear dispersion , expressed in nm/mm, is the quantity that was used in this 
thesis. It is defined as a reciprocal of the linear dispersion, and represents a measure of change 
in wavelength (in nm) per unit change of location (in mm) on the focal curve. 

2.3 POF coupling losses 

When analyzing the IL of a demultiplexer, a coupling loss between the input i.e. the image of 
the input POF and the output POF plays an important role. In the thesis this loss is analyzed 
as a direct coupling loss of a fiber-to-fiber connection. Both the intrinsic and the extrinsic loss 
mechanisms contribute to an overall connection loss. The former one is caused by differences 
between the connecting fibers. These refer to the fiber geometry mismatch (difference in core 
diameter, in core-cladding concentricity, etc.), difference in NA, and refractive index profile 
mismatch. It should be noted that the losses occur only if the launching fiber has a larger core 
diameter, higher NA or larger profile parameter respectively, than the receiving fiber. For SI-
POF used as both the input and the output fiber the influence of those mismatches can be 
neglected. 
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Another source of the intrinsic coupling loss is the Fresnel reflection at the fiber-air interface. 
Considering two transition interfaces (launching fiber-air and air-receiving fiber), the loss due 
to the Fresnel reflection  can be expressed as:  

 10 1 2 , (2.13) 

where  is the reflection coefficient of the fiber-air interface. Having that the reflection 
coefficient for large incidence angles is approximately equal to that of normal incidence 
[Werzinger13], it holds that: 

 1
1

2

. (2.14) 

Taking =1.492 as the mean refractive index of PMMA within the visible spectrum, the 
resulting Fresnel loss at two interfaces is 0.35 dB. An abrupt change in refractive index can be 
reduced by employing an index matching gel or adhesive.  

The extrinsic coupling loss can be caused by poor fiber end face preparation and by 
misalignment between the fibers. The misalignment can be: 

• Lateral (axes of two fibers are parallel with an offset between them); 

• Longitudinal (axes of two fibers overlap but their end faces are separated); 

• Angular (axes of two fibers are not parallel). 

In the following, the coupling loss between two identical multimode step-index fibers due to 
misalignments is considered. Thereby, a uniform mode distribution in the launching fiber is 
assumed. The loss due to lateral misalignment  is proportional to a common area of the 
fiber end faces and can be expressed as [Keiser00]: 

 10
2

1 2 , (2.15) 

with  being of a form 

 
2

, (2.16) 

where  represents the lateral misalignment. According to [Ziemann08], the theoretical 
coupling loss due to longitudinal misalignment  is: 

 10 1
2

, (2.17) 

where  is the longitudinal separation, and  is the maximum acceptance angle of a fiber. 
The coupling loss due to angular misalignment  can be obtained as [Opielka83]: 

 10
2

2 1 2 1 2 , (2.18) 
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with  being of a form 

 
2

, (2.19) 

where  is the angular misalignment.  

Fig 2.7 gives the loss due to lateral, longitudinal and angular misalignment of two SI-POFs 
( =490 μm, =30º). The horizontal axes in the graphs are limited by the maximum 
misalignment values considered later on in the thesis (see subchapter 4.4). As can be noticed, 
the POF-to-POF connection is less sensitive to longitudinal than to lateral misalignment. For 
example, 240 μm longitudinal and 84 μm lateral offset introduce the same coupling loss of 
0.5 dB. An angular misalignment of 4.9º would also cause 0.5 dB loss. 

   (a) 

   (b) 

   (c) 

Fig. 2.7: POF-to-POF coupling loss due to (a) lateral, (b) longitudinal and (c) angular misalignment. 
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2.4 Data transmission techniques for increasing the channel 
capacity 

In this thesis two data transmission techniques were used to overcome the bandwidth 
limitation of a POF WDM channel, which is primarily caused by the intermodal dispersion of 
SI-POF. Those were: 

1. Non-return-to-zero (NRZ) modulation in combination with electronic dispersion 
compensation, in particular feed-forward equalization (FFE); 

2. Discrete multitone (DMT) modulation. 

In the single-channel POF systems with intensity modulation and direct detection (IM/DD) 
those are well known techniques for increasing the channel capacity, e.g. [Loquai13] and 
[Vinogradov11] respectively. The next two subsections briefly introduce the two techniques. 
For detailed explanations about FFE equalization and DMT modulation it is referred to the 
relevant literature, e.g. [Proakis08], [Voigt14] and [Cioffi91], [Lee09a] respectively. 

2.4.1 Non-return-to-zero modulation and feed-forward equalization 

According to the Nyquist theorem for two-level signalling, the maximum bit rate (in bits per 
second) for a noiseless channel of the bandwidth  equals 2 . Since the real systems 
encounter noise, this theoretical limit cannot be achieved. Therefore, for 100 m SI-POF link 
the data rates less than 100 Mb/s are possible. If the data rate further increases, the eye 
diagram of the received signal becomes partially or completely closed due to the combination 
of the ISI and additive noise (introduced e.g. by receiver’s transimpedance amplifier).  

The equalization techniques are used to open the eye diagram at the receiver for clock and 
data recovery (CDR). In its principle, the equalizer compensates for ISI, which is 
deterministic (unlike the random noise) and determined by the low pass frequency response of 
a POF channel. In the thesis a simple linear FFE equalization technique was employed to 
correct the distorted signal waveforms at the receiver. An FFE equalizer is realized as a 
discrete-time finite impulse response filter with adjustable coefficients. The output of the 
equalizer is obtained as the weighted sum of the delayed samples of the input signal as: 

 
1

0

, (2.20) 

where  is the equalized voltage sample at the time ,  is the equalizer coefficient 
(weighting factor),  is the tap delay, and  is the  times delayed uncorrected 
received voltage sample. A block diagram of the FFE equalizer is shown in Fig. 2.8.  

Through its coefficients the equalizer may synthesize a transfer function corresponding to the 
inverted channel frequency response, thus eliminating the ISI. In a noisy POF channel, and 
due to inverting the channel frequency response, this would lead to great noise amplification 
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at higher frequencies where the channel frequency response is small in magnitude. Typically, 
to minimize the probability of the decision error, the weighting factors are calculated to 
minimize the noise power at the cost of a certain amount of residual ISI after equalization. 
The descriptions of different algorithms for optimizing the equalizer coefficients can be found 
in [Proakis08].  

The BER performance of the system was estimated based on the Q-factor of the equalized eye 
diagram: 

 1 0

1 0
, (2.21) 

where 1  and 0  are the mean values, and 1  and 0  are the standard deviations of the 
equalized signal voltages associated with logic 1 and 0 levels respectively, as shown in 
Fig. 2.9. The corresponding BER was obtained as: 

 
1
2 2

, (2.22) 

where 2  is the complementary error function. 

 

Fig. 2.9: Calculation of the Q-factor from the eye diagram: 1  and 0  – probability distributions 
of received logic 1 and 0 levels respectively. 

 

Fig. 2.8: Basic structure of an FFE equalizer. 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



2 Fundamentals of WDM for short-range communication over POF 
 

 22 

2.4.2 Discrete multitone modulation 

To provide high spectral efficiency of the signals transmitted within POF WDM channels, a 
DMT modulation technique was used. The DMT is a multicarrier modulation format and 
represents a baseband version of a better-known orthogonal frequency division multiplexing 
(OFDM). Unlike the OFDM, which is used in wireless communication systems such as 
wireless local area networks (WLAN), the DMT is widely employed as enabling technology 
for digital subscriber lines (DSL), e.g. asymmetric DSL (ADSL) and very high DSL (VDSL). 
The DMT-based transmission was also shown to be very beneficial for SI-POF 
communication [Lee09b], [Loquai10], [Vinogradov11]. 

The DMT technique slices the frequency-selective channel into a large number of 
subchannels that can be considered to have a flat frequency response. Each subchannel is then 
used for transmission of a passband signal with quadrature amplitude modulation (QAM). 
The simultaneous transmission of the low-speed parallel streams reduces the influence of the 
ISI. Another important property of DMT is that it adapts the signal parameters (QAM size and 
power in each subchannel) to the characteristic of the communication channel. 

The principle of the DMT transmission over an optical IM/DD channel is shown in Fig. 2.10. 
A high-speed serial data stream is first divided into  parallel lower-speed streams, where  
corresponds to the number of subcarriers. Every  bits in each stream are grouped together 
and mapped into a complex value corresponding to a point of the QAM constellation with 2  
size. The modulation of the complex values onto  different subcarrier frequencies is based 
on the inverse fast Fourier transform (IFFT). To obtain real-valued time domain signal 
samples at the output of the IFFT block, a 2 -point IFFE has to be carried out. Thereby, the 
second half of 2  IFFT inputs must be complex conjugate of the first half and symmetric 
around the middle of the input vector, a property referred to as a Hermitian symmetry. The 
real-valued samples of the DMT time signal are then parallel-to-serial converted and a cyclic 
prefix (CP) is added as a guard interval at the beginning of each DMT frame to resist to inter-

 

Fig. 2.10: Principle of DMT transmission over an optical IM/DD channel:  – length of CP. 
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frame interference occurring in a band-limited channel. After digital-to-analog conversion, a 
bipolar continuous-time DMT frame is produced. It is then DC-biased to modulate the 
intensity of an electrical-to-optical converter.  

At the receiver, the DMT waveform is direct-detected, analog-to-digital and serial-to-parallel 
converted, and demodulated using 2 -point fast Fourier transform (FFT). The first  
complex outputs of the FFT block are QAM-decoded and parallel-to-serial converted to result 
in an output serial data stream. 

Depending on the signal-to-noise ratio (SNR) of a subchannel, the DMT allocates different 
number of bits and power for different subchannels. The technique is known as bit loading. 
There are two types of bit loading algorithms – the margin adaptive and the rate adaptive. The 
former ones minimize the transmission power for given data rate and BER performance. The 
latter ones maximize the data rate for fixed total transmission power and BER performance. 
Having the goal to maximize the data throughput of a POF WDM system, in this thesis the 
rate-adaptive bit loading was used. From the information theory it is known that the rate 
adaptive water-filling algorithm provides the optimal bit loading (and power allocation), 
thereby reaching the channel capacity [Proakis08]. However, it assumes an infinite 
granularity in constellation size (in number of bits per subchannel), being unsuitable for 
practical implementation. Instead, a widely employed sub-optimal Chow’s rate adaptive bit-
loading algorithm was used [Chow95]. For the predetermined BER and total transmission 
power this numerical algorithm maximizes the bit rate, thereby almost reaching the theoretical 
channel capacity [Chow95], [Cardiff11]. At the same time it offers a finite granularity in 
constellation size. This allows easy practical implementation. 

2.5 Spectral channels for POF WDM 

Besides developing low-IL cost-effective POF WDM components and fast POF WDM 
systems, it is also important to allocate a unique set of WDM transmission channels in the 
visible spectrum to support POF WDM applications. Such a set of channels is commonly 
referred to as a spectral grid. 

Spectral grids already exist in the infrared part of the spectrum for use in glass fiber 
communication. Two recommendations developed by the Telecommunication Standardization 
Sector of the International Telecommunication Union (ITU-T) specify the frequency and the 
wavelength grid to support Dense and Coarse WDM applications respectively. Over the last 
15 years the ITU-T developed several more international standards for WDM components and 
systems in the infrared spectral region. Following the practice established by ITU-T, the terms 
and concepts provided by the ITU-T recommendations are used in this thesis. 
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2.5.1 WDM standardization by ITU-T 

The terms and concepts relevant for this thesis, in particular for chapter 6, are provided by the 
following ITU-T Recommendations:  

• ITU-T Recommendation G.671, Transmission characteristics of optical components 
and subsystems, 1996 (first edition) / 2012 (in force edition); 

• ITU-T Recommendation G.694.1, Spectral grids for WDM applications: DWDM 
frequency grid, 2002 / 2012; 

• ITU-T Recommendation G.694.2, Spectral grids for WDM applications: CWDM 
wavelength grid, 2002 / 2003; 

• ITU-T Recommendation G.695, Optical interfaces for coarse wavelength division 
multiplexing applications, 2004 / 2015. 

Those recommendations are briefly introduced in the next subsections. The actual scopes of 
the recommendations, especially of G.671 and G.695, extend far beyond presented 
considerations. 

ITU-T Recommendation G.671 

The ITU-T Recommendation G.671, Transmission characteristics of optical components and 
subsystems, gives definitions of the transmission-related parameters of the optical components 
used in long-haul and access networks [ITU12a]. The components covered by the 
recommendation, among others, include optical filters, connectors, switches, splices, isolators, 
WDM devices, etc. According to the recommendation, the WDM devices and systems are 
classified into three categories based on the channel spacing. Those categories are referred to 
as: 

1. Dense WDM, with a frequency spacing between the adjacent channels less than or 
equal to 1000 GHz; 

2. Coarse WDM, with a wavelength spacing between the adjacent channels less than 
50 nm, but greater than 1000 GHz (approx. 5.7 nm at 1310 nm and 8 nm at 1550 nm); 

3. Wide WDM, with the wavelength spacing between the adjacent channels greater than 
or equal to 50 nm. 

ITU-T Recommendation G.694.1 

The ITU-T Recommendation G.694.1, Spectral grids for WDM applications: DWDM 
frequency grid, provides a grid with a narrow optical frequency spacing to support Dense 
WDM (DWDM) applications [ITU12b]. The grid is anchored to 193.1 THz (1552.52 nm) and 
supports channel spacings of 100 GHz, 50 GHz, 25 GHz and 12.5 GHz. In the wavelength 
domain the corresponding spacings are approx. 0.8 nm, 0.4 nm, 0.2 nm and 0.1 nm 
respectively. Because of the narrow channel spacing, strict requirements for the laser 
wavelengths are imposed. For 100 GHz channel spacing the typical tolerance for the lasing 
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wavelength is on the order of ± 0.1 nm. To maintain the wavelength stability, a precise 
temperature control of the laser transmitters is required. Channel spacings equal to an integer 
multiple of 100 GHz are also allowed. The recommendation does not impose any limitation to 
the maximum channel count i.e. the frequency grid has no endpoints.  

The DWDM systems tend to be used at a higher level of network hierarchy, typically in 
backbone networks and metro rings with high capacity. They operate in the C- and L-band 
where erbium-doped fiber amplifiers are effective [Ramaswami09]. Fig. 2.11 illustrates 
DWDM channels based on 100 GHz channel spacing. In the C-band, covering 1530-1565 nm 
wavelength range, a total of 44 DWDM channels are located. The DWDM channels typically 
provide a capacity of 10 Gb/s to 100 Gb/s over several hundred up to 3000 km. The recent 
technological advancements allowed further capacity incense to 400 Gb/s over a single 
wavelength [Zhou12]. One of the highest aggregate data rates ever reported over a single-
mode glass fiber employing DWDM technology was greater than 100 Tb/s using 
370 channels with 25 GHz spacing [Qian11]. 

ITU-T Recommendation G.694.2 

The ITU-T Recommendation G.694.2, Spectral grids for WDM applications: CWDM 
wavelength grid, defines a set of 18 nominal equidistant central wavelengths to be used for 
Coarse WDM (CWDM) applications [ITU03]. The wavelength grid covers the spectral range 
from 1271 nm to 1611 nm and specifies 20 nm spacing between the adjacent channels. The 
nominal central wavelengths of the grid are given in Table 2.3. The comparison of 20 nm 
CWDM and 100 GHz (0.8 nm) DWDM channel spacing is shown in Fig. 2.11. 

Table 2.3: CWDM grid according to ITU-T Recommendation G.694.2. 

CWDM  
channel 

Nominal central  
wavelength [nm]  CWDM  

channel 
Nominal central  
wavelength [nm] 

1 1271  10 1451 

2 1291  11 1471 

3 1311  12 1491 

4 1331  13 1511 

5 1351  14 1531 

6 1371  15 1551 

7 1391  16 1571 

8 1411  17 1591 

9 1431  18 1611 

Unlike DWDM systems, CWDM systems are intended to be cost-effective. That is possible 
because of the significantly wider channel spacing. To maximize the number of CWDM 
channels within the usable spectral range of the single-mode glass fiber (from 1260 nm to 
1625 nm), the channel spacing was set to 20 nm. This value was formed in the following way: 
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• To reduce the production costs, the manufacturers of CWDM lasers are allowed to 
relax tolerances in the production process, resulting in a typical variation of ±3 nm 
around the nominal lasing wavelength. 

• CWDM systems use lasers without cooling. Consequently, the lasing wavelength 
changes with the operating temperature. The operating temperature range of a CWDM 
transmitter is expected to be from 0 to 70ºC. Having the typical temperature 
coefficient of central wavelength of 0.1 nm/ºC, the laser wavelength drift of 7 nm 
around the nominal wavelength was taken into account. 

• To accompany ±6.5 nm variation around the transmitter’s nominal central wavelength, 
the demultiplexers with 13 nm channel passbands are required. For 20 nm channel 
spacing that leaves 7 nm guardband between the adjacent channels. That is enough to 
allow implementation of low-cost demultiplexer technologies, typically thin-film 
filters, rarely gratings (arrayed waveguide and diffraction), for channel separation. 

Therefore, the flexibility in CWDM systems is achieved by allowing relaxed tolerances for 
the laser wavelengths, and by using uncooled lasers and low-cost demultiplexers.  

CWDM systems are suited for short-haul communications, typically in metro and access 
networks, where the transmission distances range between 10 km and 100 km. The capacity 

 

Fig. 2.11: Representation of: (1) 100 GHz DWDM frequency grid according to ITU-T 
Recommendation G.694.1; (2) 20 nm CWDM wavelength grid according to ITU-T Recommendation 
G.694.2; (3) attenuation of single-mode glass fiber according to ITU-T Recommendation G.652.A/B 
(with OH absorbtion peak) and G.652.C/D (low or zero OH peak). 
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per wavelength varies between 1.25 Gb/s and 10 Gb/s, depending on the link length 
[Thiele07]. For 16 channels, each with a 10 Gb/s payload, the maximum data rate of 160 Gb/s 
over 40 km was reported in [Thiele04]. 

ITU-T Recommendation G.695 

The ITU-T Recommendation G.695, Optical interfaces for coarse wavelength division 
multiplexing applications, defines sets of wavelengths to be used in CWDM applications with 
different channel counts [ITU10]. Such sets are called channel plans. Even though the 
CWDM grid offers 18 channels, channel plans are specified for applications with 4, 8, 12 and 
16 channels in the way shown in Table 2.4 The first two spectral channels (at 1270 nm and 
1290 nm) are typically omitted due to the increased losses caused by the Rayleigh scattering 
at shorter wavelengths [Thiele07]. 

Table 2.4: Channel plans according to ITU-T Recommendation G.695. 

Nominal central  
wavelength [nm] 

4-channel 
applications 

8-channel 
applications 

12-channel 
applications 

16-channel 
applications 

1271     

1291     

1311     

1331     

1351     

1371     

1391     

1411     

1431     

1451     

1471     

1491     

1511     

1531     

1551     

1571     

1591     

1611     

The channels plans are designed to maximize the transmission distance of a system. For 
example, the 4- and 8-channel applications utilize channels in the third window around 
1550 nm where the single-mode fiber exhibits minimum attenuation (< 0.3-0.4 dB/km for 
G.652 fibers).  The channels in the E-band were not considered for 12-channel applications 
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because of the OH absorption peak centered around 1383 nm. That allowed the utilization of 
both the older G.652.A/B fibers (with water peak) and the newer G.652.C/D fibers (low or 
zero water peak) (see Fig. 2.11) in 12-channel applications. The realization of 16-channel 
applications, also known as the full spectrum CWDM, is only possible with low or zero water 
peak fibers. 
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3 POF demultiplexer employing thin-film 
interference filters 

This chapter focuses on the experimental realization of a thin-film interference filter-based       
SI-POF demultiplexer using a modular and precisely adjustable setup. In a step-by-step 
approach, the intermediate solutions with two and three channels were first established. In 
addition, two different configurations of the target demultiplexer setup with four channels 
were realized. The principle of operation and the approach for experimental realization are 
explained for the simplest case of a two-channel demultiplexer. The same basic principles 
also apply to the demultiplexers with higher channel count. 

3.1 Basic concept of a demultiplexer employing thin-film 
interference filters 

The principle of operation of a two-channel SI-POF demultiplexer is illustrated in Fig. 3.1. 
An SI-POF link was connected to the input of the demultiplexer over a connector 
interface (1). A multi-wavelength light beam diverging from 1 m long ingoing SI-POF (2) 
was first collimated by means of a lens (3). The separation of two wavelength channels was 
performed by a dichroic mirror (4), which was placed at an angle of 45º with respect to the 
optical axis of an incident beam. A hard-coated bandpass interference filter (5) further 
suppressed the remaining unwanted spectral components from the demultiplexed wavelength 
channel. The filtered light beam was focused onto the end face of 1 m long outgoing SI-POF 

 

Fig. 3.1: Principle of operation of a two-channel SI-POF demultiplexer employing thin-film 
interference filters: 1 – connector coupling; 2 – 1 m ingoing SI-POF; 3 – collimating lens; 4 – 
dichroic mirror; 5 – bandpass interference filter; 6 – focusing lens; 7 – 1 m outgoing SI-POF. 
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(7) by means of another lens (6) and, depending on the type of measurement, fed to an optical 
spectrum analyzer, photoreceiver or power meter. 

The connector interface i.e. connector coupling at the input port was considered to be an 
integral part of the demultiplexer. It primarily allowed easy connection of a mode mixer or SI-
POF links of different length to the demultiplexer. Furthermore, after an initial alignment, the 
position of the ingoing fiber was left unchanged with the respect to the collimating lens. 
Keeping the same optical axis and the distance between the components ensured a 
reproducible measurement condition, regardless of the input to the demultiplexer. To 
minimize the IL introduced by the connector coupling in each of the demultiplexer channels, 
an index-matching gel was applied between the connectors. The 1 m length of the ingoing and 
the outgoing SI-POF was selected to allow easy manipulation with terminating connectors. 

The lenses available for collimation and focusing of light were a single Qioptiq aspheric 
condenser lens with 18 mm focal length (at 588 nm) and 21.4 mm clear aperture, and four 
Thorlabs A240TM-A aspheric lenses with 7.93 mm focal length (at 633 nm) and 8 mm clear 
aperture. Having a large core diameter and high numerical aperture of SI-POF, as well as a 
broad range of operating wavelengths (400-700 nm), both the monochromatic and the 
chromatic aberrations were inherent to the demultiplexing system from Fig. 3.1. With the 
available aspheric lenses it was possible to reduce the spherical aberrations and also the off-
axis aberrations such as coma and astigmatism [Hecht05]. However, the setup was much 
more subject to the chromatic aberrations due to the operation over a broad spectral range. 
From that standpoint, the available lenses could not provide optimum performance. 
Nevertheless, the effect of chromatic aberrations was to a certain extent reduced by an 
adjustable design of the demultiplexer setup, which will be discussed in the next subchapter. 
In all realized demultiplexer setups the larger Qioptiq lens was used to collect highly 
divergent light exiting the ingoing SI-POF. The aspheric lenses from Thorlabs were employed 
in the output ports for focusing of light. 

The basic parameters of dichroic mirrors utilized in different demultiplexer setups are given 
in Table 3.1. The Thorlabs dichroic mirrors with 425 nm, 505 nm, and 567 nm cutoff 
wavelengths are designed as longpass, whereas the one from Edmund Optics with the cutoff 
at 650 nm has a shortpass characteristic. As illustrated in Fig. 3.1, the optical axis of the 
collimated beam was shifted upon passing the dichroic mirror. The amount of shift depends 
on the material and thickness of the substrate, and on the wavelength of transmitted light. 
Having the fused silica as a common substrate for the dichroic mirrors from Table 3.1, the 
3.2 mm thick dichroic mirrors from Thorlabs introduced larger axis shift than the one from 
Edmund Optics (1.05 mm thick). The shorter the wavelength is, the higher is the refractive 
index of fused silica, and therefore the bending of the light path within the substrate. Taking 
400 nm as a lower bound of the operating wavelength range, the maximum shift of the optical 
axis introduced by a single Thorlabs dichroic mirror was 1.02 mm.  

Even though the selected dichroic mirrors could perform the separation of different 
wavelength channels, they did not ensure good isolation between the demultiplexed channels 
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nor optimally shaped their spectral response [Jon i 13a]. For those reasons a bandpass 
interference filter was employed in each of the output channels. Since designed for the normal 
incidence, on the optical path the filter was installed in front of the aspheric lens. The basic 
parameters of hard-coated bandpass interference filters from Edmund Optics utilized in 
different demultiplexer setups are given in Table 3.2. The center wavelengths of the filters 
were selected to comply with the nominal center wavelengths of the available laser diodes 
from Table 5.1. The filters centered at 405 nm, 450 nm, 525 nm and 650 nm were intended 
for use in combination with the dichroic mirrors from Thorlabs. For the intended application 
other passband bandwidths could have also been selected, e.g. 25 nm bandwidth for each 
filter. The filters centered at 640 nm and 660 nm were intended for use with 650 nm cutoff 
dichroic mirror. To provide higher channel isolation their bandwidth had to be limited to 
10 nm.  

Table 3.2: Basic parameters of hard-coated bandpass interference filters from Edmund 
Optics utilized in different demultiplexer setups (datasheet information). 

Center wavelength [nm] 405 450 525 640 650 660 

3 dB passband bandwidth [nm] 10 10 50 10 50 10 

3.2 Experimental setup 

A CAD model of the two-channel demultiplexer is shown in Fig. 3.2. The demultiplexer was 
realized with the components from LINOS Microbench series and was installed on a vibration 
suppressing optical table. A 4-rod construction system (1) supported with the mounting 
holders (2) was used to bring together the Microbench mechanical components holding the 
fibers and bulk optical elements. The ingoing and the outgoing fibers, which were terminated 
with SMA connectors, were mounted over SMA fiber adapters (3) into XYZ fine adjustment 
units (4). The units provided a travel range of ±1 mm in the - and -direction, and when 
anchored to the 4-rod system allowed a travel of 5 mm along the optical axis ( -direction). 
The aspheric lenses were mounted in XY precision translation stages (5) having a travel range 
of ±1 mm along the - and -direction. The collimating lens with 25 mm mounting diameter 
was directly mounted in the stage, whereas the focusing lenses with a smaller mounting 
diameter were mounted over reduction inserts. In each of the output ports the bandpass 

Table 3.1: Basic parameters of hard-coated dichroic mirrors utilized in different demultiplexer 
setups (datasheet information). 

Type longpass shortpass 

Cutoff wavelength [nm] 425 505 567 650 

Transmission band [nm] (> 85%) 440-700 520-700 584-700 400-630 

Reflection band [nm] (> 90%) 380-410 380-490 380-550 675-850 

Manufacturer Thorlabs Edmund Optics 
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interference filter was mounted in the XY precision translation stage in front of the aspheric 
lens. The dichroic mirror glued to an adjustable mirror insert (6) was positioned within a 
beam splitter cube (8) over a rotation adjustment for cube insert (7). 

Accordingly, the demultiplexer setup allowed very precise positioning and alignment of the 
fiber end faces, lenses and dichroic mirrors. The available degrees of freedom can be 
summarized as follows: 

• End faces of the ingoing and the outgoing fibers: -, - and -direction translation; 

• Collimating and focusing lenses: - and -direction translation; 

• Dichroic mirrors: rotation and tip/tilt (when applied together tip and tilt result in 
translation along the direction perpendicular to the incoming optical axis). 

The orientation of the -, - and -direction for the input port and the output port 2 of the 
demultiplexer is shown in Fig. 3.2. 

The alignment of the demultiplexer setup was performed in the following manner. At first, 
only the lenses and interference filters were installed in the setup, whereas the dichroic mirror 
and adjustable mirror insert were kept aside. Using the XYZ fine adjustment unit and XY 
precision translation stage in the input port, the end face of the ingoing fiber had to be 
positioned with respect to the collimating lens such that the collimated beam was centered 
within the rod system, i.e. such that the optical axis overlapped with the central axis of the rod 
system. The validity of the alignment was inspected with a LINOS alignment plate with 
printed crosshairs, which had to be positioned at different locations along the rod system. For 

 

Fig. 3.2: CAD model of the two-channel demultiplexer: 1 – construction rod; 2 – mounting holder;   
3 – SMA fiber adapter; 4 – XYZ fine adjustment unit; 5 – XY precision translation stage; 6 – 
adjustable mirror insert; 7 – rotation adjustment for cube insert; 8 – beam splitter cube. 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



3.3 Measurement results for a two-channel demultiplexer 
 

 33 

that purpose, the fine adjustment unit and the precision translation stage in the output port 2 
were brought along the rod system into the furthermost position from the beam splitter cube. 
That allowed the alignment plate to be positioned directly after the beam splitter cube and 
somewhat further, e.g. before the precision translation stage.  

In the next step, the dichroic mirror was mounted in the setup and aligned using the adjustable 
mirror insert and rotation adjustment for cube insert such that the axis of the reflected beam 
was centered within the rod system of the output port 1. The same procedure as in the output 
port 2 was used to prove the validity of alignment. The maximum shift of 1.02 mm of the 
beam passing the dichroic mirror was within the travel range of the lens and fiber positioners 
in the output port 2. 

The final step involved alignment of the focusing lenses and fiber end faces in the output 
ports. Furthermore, the distances between the fibers and the lenses in the input and the output 
ports were manipulated in order to maximize the optical throughput in each of the 
demultiplexer channels. For the available lenses that primarily implied increasing the distance 
between the ingoing fiber end face and the collimating lens, such that slightly converging 
rather than collimated beam was obtained after the lens. Thereby, a compromise between the 
reduced beam diameter that was better suited to the smaller clear aperture of the focusing 
lens, and the amount of light captured by the collimating lens had to be found. The optimal 
position, corresponding to the maximum optical throughput, was estimated by monitoring the 
spectral response of the channel on the optical spectrum analyzer.  

Due to the aspheric lenses employed, the effect of chromatic aberrations on the collimating 
lens could not be reduced. On the other hand, by applying the -direction translation using 
XYZ fine adjustment unit, it was possible to optimally position the outgoing fiber end face 
with respect to the focus point in each of the output ports. 

To measure the transfer function of the demultiplexer, a Yokogawa AQ4305 white light 
source followed by a cylinder mode mixer according to JIS 6863 provided a wide spectral 
range (400-700 nm) to the input of the demultiplexer. The spectral responses of the channels 
were recorded by a Yokogawa AQ-6315A optical spectrum analyzer. 

3.3 Measurement results for a two-channel demultiplexer 

The principle of operation and the CAD model of the two-channel demultiplexer are already 
shown in Fig. 3.1 and Fig. 3.2 respectively. Fig. 3.3 shows three different transfer functions of 
the corresponding setup. The 505 nm cutoff dichroic mirror was used to separate the 
wavelength channels in Fig. 3.3a and Fig. 3.3b. The interference filters centered at 405 nm 
and 650 nm were utilized in Fig. 3.3a, whereas the filters centred at 450 nm and 525 nm were 
used in Fig. 3.3b. The 650 nm cutoff dichroic mirror and 640 nm and 660 nm interference 
filters were used in Fig. 3.3c. Table 3.3 summarizes the basic parameters of the realized 
demultiplexers, with the IL uniformity defined as the difference between IL of the channel 
experiencing the highest and channel experiencing the lowest attenuation. 
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Fig. 3.3: Transfer function of the two-channel demultiplexer with the channels centered at: (a) 405 nm 
and 646.6 nm; (b) 450 nm and 528.5 nm; (c) 640.3 nm and 661.2 nm. 
 

Table 3.3: Basic parameters of the two-channel demultiplexer. 

Transfer function representation  Fig. 3.3a  Fig. 3.3b  Fig. 3.3c 

Output port  1 2  1 2  1 2 

Center wavelength [nm]  405 646.6  450 528.5  661.2 640.3 

3 dB passband bandwidth [nm]  9.3 47.9  9.2 41  9 10.6 

Minimum IL [dB]  3.98 3.30  3.7 3.42  3.39 3.74 

IL uniformity [dB]  0.69  0.28  0.35 

(Non)adjacent channel isolation [dB]  > 30  > 30  > 30 

 

(a) 

(b) 

(c) 
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3.4 Operating principle and measurement results for a three-
channel demultiplexer 

By installing a second dichroic mirror in the demultiplexer setup, it was possible to separate 
three wavelength channels. In general, the count of dichroic mirrors is by one smaller then the 
required channel count. The principle of operation of a three-channel demultiplexer is shown 
in Fig. 3.4. To keep the collimated beam in the output port 3 within the travel range of the 
lens and fiber positioners, the second dichroic mirror was rotated counterclockwise by 90º 
with respect to the first one. Thereby, the shift of the optical axis of the collimated beam upon 
passing the first dichroic mirror was entirely compensated upon passing the second one. 

Two different transfer functions and basic parameters of the corresponding setups are shown 
in Fig. 3.5 and Table 3.4 respectively. The 505 nm and 567 nm cutoff dichroic mirrors were 
used to separate the wavelength channels. In Fig. 3.5a the interference filters centered at 
405 nm, 525 nm and 650 nm were employed in the output ports 1, 2 and 3 respectively. In 
Fig. 3.5b the filter centered at 450 nm was used instead of 405 nm filter in the output port 1. 

 

Fig. 3.4: Principle of operation of a three-channel SI-POF demultiplexer employing thin-film 
interference filters (see enumeration in Fig. 3.1). 
 

 (a) 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



3 POF demultiplexer employing thin-film interference filters 
 

 36

Fig. 3.5: Transfer function of the three-channel demultiplexer with the channels centered at: 
(a) 405 nm, 528.3 nm and 646.4 nm; (b) 450 nm, 528.3 nm and 646.4 nm. 
 

Table 3.4: Basic parameters of the three-channel demultiplexer. 

Transfer function representation  Fig. 3.5a  Fig. 3.5b 

Output port  1 2 3  1 2 3 

Center wavelength [nm]  405 528.3 646.4  450 528.3 646.4 

3 dB passband bandwidth [nm]  9.3 41.2 47.8  9.2 41.2 47.8 

Minimum IL [dB]  4.00 3.99 3.65  3.74 3.99 3.65 

IL uniformity [dB]  0.37  0.28 

(Non)adjacent channel isolation [dB]  > 30  > 30 

3.5 Operating principle and measurement results for a four-
channel demultiplexer 

By extending the channel count to four, it was possible to investigate two different 
demultiplexer configurations. Those were: 

• Serial configuration; 

• Two-stage configuration. 

The principle of operation of a four-channel demultiplexer with serial configuration is shown 
in Fig. 3.6. In this configuration the dichroic mirrors were cascaded such that each mirror 
(except the last one) demultiplexed a single wavelength channel while passing all other 
wavelengths.  

For practical realization 425 nm, 505 nm and 567 nm cutoff longpass dichroic mirrors were 
cascaded so that the interference filters centered at 405 nm, 450 nm, 525 nm and 650 nm 
could be implemented in the output ports 1 to 4 respectively. The corresponding transfer 
function and the basic parameters of the demultiplexer are shown in Fig. 3.7 and Table 3.5 

 (b) 
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respectively. The factors contributing to high IL in the output ports 3 and 4 are discussed in 
the next subchapter. 

 

Fig. 3.6: Principle of operation of a four-channel SI-POF demultiplexer with serial configuration (see 
enumeration in Fig. 3.1). 
 

Fig. 3.7: Transfer function of the four-channel demultiplexer with serial configuration and the 
channels centered at 404.9 nm, 450.1 nm, 529.1 nm and 646.4 nm. 
 

Table 3.5: Basic parameters of the four-channel demultiplexer with serial 
configuration. 

Output port  1 2 3 4 

Center wavelength [nm]  404.9 450.1 529.1 646.4 

3 dB passband bandwidth [nm]  9.4 9.2 39.6 47.8 

Minimum IL [dB]  4.24 4.86 9.21 8.63 

IL uniformity [dB]  4.97 

(Non)adjacent channel isolation [dB]  > 30 
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The principle of operation of a four-channel demultiplexer with two-stage configuration is 
shown in Fig. 3.8. The first stage of the demultiplexer, represented by a dichroic mirror that 
follows directly after the collimating lens, split the incident spectrum into two spectral bands. 
The separation of the individual wavelength channels was then performed within the second 
stage of the demultiplexer. The corresponding laboratory setup is shown in Fig. 3.9. 

 

Fig. 3.8: Principle of operation of a four-channel SI-POF demultiplexer with two-stage configuration 
(see enumeration in Fig. 3.1). 
 

 

Fig. 3.9: Laboratory setup of the four-channel demultiplexer with two-stage configuration. 
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The practical realization was carried out with 505 nm cutoff longpass dichroic mirror in the 
first stage of the demultiplexer. It reflected the lower spectral band so that 425 nm cutoff 
dichroic mirror was used in the second stage to demultiplex the signals for the output ports 1 
and 2 in which 405 and 450 nm filters were employed respectively. The upper spectral band 
transmitted by 505 nm mirror was demultiplexed in the second stage by 567 nm dichroic 
mirror. The filters centered at 525 nm and 650 nm were used in the output ports 3 and 4 
respectively. 

The corresponding transfer function is shown in Fig. 3.10. The basic parameters of the 
demultiplexer are given in Table 3.6. The measurement results for the four-channel 
demultiplexer with two-stage configuration were presented at the International Conference on 
Plastic Optical Fibers (ICPOF) 2013 [Jon i 13b]. To comply with all other measurements 
shown in this chapter, which were performed two years thereafter, the demultiplexer setup 
was assembled and characterized again. While preserving the same principal behaviour of the 
spectral response, the minimum IL in the output ports 1 to 4 was 6.15 dB, 5.44 dB, 4.21 dB 
and 3.85 dB respectively. Those were by 0.49 dB, 0.89 dB, 0.74 dB and 0.66 dB higher 
values than those reported in [Jon i 13b]. 

Fig. 3.10: Transfer function of the four-channel demultiplexer with two-stage configuration and the 
chanels centered at 404.9 nm, 450.1 nm, 528.3 nm and 646.4 nm [Jon i 13b]. 
 

Table 3.6: Basic parameters of the four-channel demultiplexer with two-
stage configuration [Jon i 13b]. 

Output port  1 2 3 4 

Center wavelength [nm]  404.9 450.1 528.3 646.4 

3 dB passband bandwidth [nm]  9.4 9.3 41.6 47.6 

Minimum IL [dB]  5.66 4.55 3.47 3.19 

IL uniformity [dB]  2.47 

(Non)adjacent channel isolation [dB]  > 30 
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3.6 Discussion 

The transfer functions shown in Fig. 3.3, Fig. 3.5, Fig. 3.7 and Fig. 3.10 comprised for each 
demultiplexer channel: 

• Loss of the connector interface at the demultiplexer input;  

• Attenuation of 1 m ingoing and 1 m outgoing SI-POF;  

• Propagation losses through the setup between the fiber end faces.  

The loss of the connector interface was minimized by applying the index-matching gel. This 
loss downscaled the transfer function of the demultiplexer by approx. 0.5 dB. To obtain the 
performance of the optomechanical setup itself, the value of 0.5 dB should be added to the 
measured transmittance values. The propagation losses included the Fresnel loss at the end 
face of the ingoing and the outgoing fiber, the losses introduced by the optical components 
(including reflections on the anti-reflection coatings), and the coupling losses due to the setup 
misalignments, optical aberrations and clear aperture of components. For the perfectly aligned 
components and for given distances between them (obtained e.g. from the CAD model), the 
minimum loss of the demultiplexer could be estimated by means of an optical ray tracing 
software. However, that work was beyond the scope of this thesis. 

The shape of the spectral response of each demultiplexer channel was predominantly 
determined by an interference filter that was used. Those filters provided flat-top response, 
steep transition slopes, and high isolation between the channels due to an optical density 
greater than 4 (transmission of less than 0.01 %) in the rejection bands within 400-700 nm 
region. The deviations of the channels from the nominal central wavelengths and bandwidths 
of interference filters comply with the center wavelength and passband bandwidth tolerances 
of ±2 nm and ±5 nm for 10 nm and 50 nm filters respectively. An exception is the green 
channel where the spectral response curve was truncated by 505 nm cutoff dichroic mirror 
with the transmission band starting at 520 nm. 

The two-channel demultiplexer was realized to determine the minimum IL required for 
channel separation. In all three cases the IL ranged between 3.3 dB and 4 dB. The difference 
in IL of the channels could have been caused by different transmittances of filters and 
dichroic mirrors. Furthermore, the distance between the ingoing fiber and the collimating lens 
was adjusted such that the optical throughput was maximized (IL minimized) for the channel 
experiencing higher attenuation. In all three cases those were the shorter wavelength channels. 
As a consequence, the longer wavelengths experienced smaller beam convergence after the 
collimating lens. That led to the increased IL in the longer wavelength channels, resulting also 
in better IL uniformity.  

The two-channel demultiplexers in Fig. 3.3a and 3.3b demonstrated that even though the same 
dichroic mirror was used for channel separation, the interference filters employed in the 
output channels determined the operating wavelengths of the demultiplexer. The 
demultiplexer in Fig. 3.3b is the first SI-POF demultiplexer for the red spectral window 
reported so far. It offers a narrow channel spacing of 20.9 nm supporting the spectral grid 
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proposal from chapter 6. Furthermore, it complies well with 650 nm attenuation minima of 
SI- and GI-POF [Ziemann08], and is suitable for use with 640 nm and 660 nm red laser 
diodes (see Fig. 6.3). 

By extending the channel count to three, the IL in the shortest wavelength channel (violet or 
blue) remained the same, while the IL in two longer wavelength channels was increased, but 
still remained below 4 dB. The three-channel demultiplexer was realized for direct 
performance comparison with the solutions offered by [Kruglov12], [Pinzon14] and 
[Junger02]. The demultiplexer from Fig. 3.5a outperforms the one from [Kruglov12] by at 
least 2 dB in any of the output ports. It also slightly outperforms the three-channel plane 
grating-based demultiplexer from [Pinzon14]. Compared to [Junger02], the demultiplexer 
from Fig. 3.5b offers an overall IL of 11.5 dB at 450 nm, 520 nm and 650 nm, which is 
0.5 dB higher then the demultiplexer from [Junger02]. On the other hand, it provides 2.2 dB 
better IL uniformity. 

The four-channel demultiplexer introduced an additional channel in the short wavelength 
region. That allowed simultaneous operation at the violet and blue wavelengths, which are 
both very attractive for POF communication due to the availability of commercial laser 
diodes. Two different demultiplexer configurations offered significantly different 
performance. 

In the serial configuration the longer wavelength channels corresponded to the higher output 
ports. Because of the longer optical path compared to the shorter wavelength channels, the 
longer wavelength channels:  

• Were more sensitive to alignment inaccuracies; 

• Encountered more optical components (dichroic mirrors); 

• Suffered from stronger optical aberrations; 

• Experienced increased beam radius due to the beam divergence caused by the finite 
size of the source fiber [Diaz12]. 

The influence of those effects can be observed in the transfer function from Fig. 3.7, where 
the green and red channels experienced significantly higher IL than the violet and blue ones. 
If the effect of alignment inaccuracy, which is a parameter related to the particular setup 
adjustment, would be disregarded, all other effects that are inherent to the serial configuration 
would lead to the same principal behavior of the transfer function. 

In contrast, in the two-stage configuration all wavelength channels experienced the same 
length of the optical path and encountered the same number of dichroic mirrors. Even though 
the IL in the violet channel was increased compared to the serial configuration (due to the 
additional reflection), the IL in the green and red channels corresponded to the values 
obtained for the three-channel demultiplexer. The lower overall minimum IL of 19.65 dB and 
better IL uniformity of 2.3 dB of the reassembled two-stage demultiplexer outperformed the 
serial configuration (26.94 dB and 4.97 dB respectively). Therefore, it can be concluded that 
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the two-stage configuration is better suited for realization of a four-channel POF 
demultiplexer than the serial configuration. 

The [Jon i 13b] demultiplexer outperformed the four-channel solution from [Appelt02] in 
terms of IL and especially crosstalk. An exceptional performance of that demultiplexer with 
IL between 3.19 dB and 5.66 dB (overall minimum IL of 16.87 dB) may be explained by a 
very precise alignment of the components. However, all other measurements (performed two 
years thereafter) with two, three and four-channel setups, that had to be each time newly 
aligned, showed somewhat higher IL but also very consistent behavior to one another. 
Therefore, it cannot be excluded that some other factors such as accumulated dust on the 
optical surfaces or coating damages due to improper handling could have introduced 
additional attenuation compared to [Jon i 13b] measurement, which was performed with 
brand new components. In spite of that, all subsequent measurement results, including the IL 
of 3.85-6.15 dB for the reassembled two-stage demultiplexer, can be considered as excellent 
achievements.  

For the channel count up to four it was demonstrated that SI-POF demultiplexers employing 
interference filters offer the advantages of good wavelength selectivity, high channel 
isolation, low IL and flat-top spectral response (that is less sensitive to the spectral shift of 
transmitters caused by the manufacturing tolerances and temperature changes). The main 
characteristic of the realized demultiplexer setup compared to the previous solutions was its 
precise adjustability. That allowed the maximization of the optical throughput in the 
individual channels. On the other hand, a complex and time-consuming alignment procedure 
was required. The costly, bulky and alignment sensitive setup was primarily intended for the 
laboratory applications, and would be difficult to implement in non-laboratory conditions.  

The significance of these and of the other previously reported interference filter-based SI-POF 
demultiplexers is that they enable realization of POF WDM systems and investigation on their 
data-carrying capacity. For these reasons it is important to further optimize the realized 
demultiplexer setup and extend the channel count: 

• Using achromatic lenses in the input and the output ports, as suggested by 
[Tschekalinskij10], represent an apparent solution for achieving color correction over 
a broad spectral range. Alternatively, complex aspherized achromatic lenses could be 
used to achieve not only color correction but also a small spot size of the focused 
beam [Edmund13].  

• The channel count could be increased up to eight by employing a three-stage 
configuration where each wavelength channel would encounter three dichroic mirrors. 
Thereby, the dimensions and the complexity of the demultiplexer setup could be 
reduced by designing a housing with slits for lenses, dichroic mirrors and interference 
filters, similar to [Junger02]. 
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4 POF demultiplexer based on a concave diffraction 
grating 

The work presented in this chapter addresses subsequent theoretical and experimental analysis 
of the concave grating-based SI-POF demultiplexer produced within the VIP HOPE project 
(see subchapter 2.2.2). Two measurement methods for characterization of transmission 
properties of the demultiplexer samples were proposed and investigated. The measurement 
results were interpreted in relation to the theoretical calculations and optical simulations, and 
were used to qualify the manufacturing process. The results of the analysis were partially 
presented at the ICPOF 2015 [Jon i 15]. 

4.1 Theoretical calculations on the designed grating 

This subchapter calculates the diffraction parameters of the designed concave grating that are 
referred to throughout the chapter. The physical parameters of the grating are already shown 
in Table 2.2. For 2.5 μm groove spacing and 0° angle of incidence Table 4.1 gives the angles 
of diffraction obtained from Equation 2.9 for the first four positive diffraction orders at five 
lasing wavelengths in the visible spectrum (see also Fig. 4.1). Due to 0° angle of incidence, 
the diffraction angles in the negative orders have the same values as their positive 
counterparts but a negative sign. The values of refractive index of PMMA in the visible 
spectrum and shortening of the corresponding vacuum wavelengths are given in Table 4.2. 

Table 4.1: Angles of diffraction  [°] at five lasing wavelengths in the visible spectrum. 

  Wavelength [nm] 
Diffraction order 405 450 520 638 660 

+1 6.18 6.89 8.00 9.87 10.22 

+2 12.43 13.89 16.17 20.05 20.78 

+3 18.84 21.10 24.69 30.95 32.16 

+4 25.50 28.69 33.84 43.29 45.21 
 

Table 4.2: Refractive index of PMMA [Szczurowski13] and shortening of vacuum wavelengths. 

Vacuum wavelength [nm] 400 405 450 520 638 660 700 

Refractive index of PMMA 1.5059 1.5051 1.4998 1.4941 1.4887 1.4880 1.4869 

Wavelength in PMMA [nm] 265.63 269.08 300.05 348.03 428.57 443.56 470.79 
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From Table 4.1 it can be observed that in the first diffraction order the 405-660 nm 
wavelength range is free from superposition of light from the second order. However, the 
same wavelength range in the second order partially overlaps with the third order. The free 
spectral range  in the first four positive diffraction orders with 1=400 nm as the shortest 
wavelength is given in Table 4.3. As can be noticed, 400-788.9 nm wavelength range is free 
from overlap in the first diffraction order. In the second, the third and the fourth order the 
superposition of light from higher adjacent order starts at 593.8 nm, 529 nm and 496.6 nm 
respectively. Thereby, Equation 2.10 could be solved only approximately since both 2 and 

2  were unknown. For the wavelength resolution of 0.1 nm the pairs 2 2  that 
best satisfy the ratio 1 1 1  were first found. Those pairs are given in the 
fourth and the fifth column of Table 4.3  

Table 4.3: Calculation of the free spectral range. 

 1 [nm] 1 1 1  [nm] 2 [nm] 2   [nm] 

+1 400 531.2438 788.9 1.4849 388.9 

+2 400 398.4328 593.8 1.4903 193.8 

+3 400 354.1625 529 1.4936 129 

+4 400 332.0273 496.6 1.4957 96.6 

For the polychromatic light from 400 nm to 700 nm, Fig. 4.1 illustrates the diffraction orders 
and gives the diffraction angles for the boundary wavelengths.  

Fig. 4.1: Dispersion of 400-700 nm polychromatic light with angles of diffraction for the boundary 
wavelengths. 
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The angular dispersion of the grating is given in Table 4.4. The reciprocal linear dispersion of 
the grating is given in Table 4.5 for the boundary wavelengths of the intended operating 
wavelength range.  

Table 4.4: Angular dispersion  [°/nm] of the grating for the 
boundary wavelengths of the visible spectrum. 

Wavelength [nm] 
Diffraction order 400 700 

+1 0.0153 0.0157 

+2 0.0311 0.0332 

+3 0.0482 0.0559 

+4 0.0673 0.0936 
 

Table 4.5: Reciprocal linear dispersion  [nm/mm] of the 
grating for the boundary wavelengths of the visible spectrum. 

Wavelength [nm] 
Diffraction order 400 700 

+1 167.32 165.21 

+2 83.66 82.61 

+3 55.77 55.07 

+4 41.83 41.30 

4.2 Theoretical considerations on the designed demultiplexer  

Comparing the theoretical values for diffraction angles given in Table 4.1 with the results 
obtained by the ray tracing simulation (OpTaliX) revealed a considerable mismatch between 
the calculated and the simulated angles. The mismatches in the second and in the third order 
at 405 nm, 520 nm and 638 nm are illustrated in Fig. 4.2. The theoretical angles are 
represented in solid lines, whereas the simulation results are represented in dashed lines. The 
reason for the mismatch is that shortening of wavelengths when light enters PMMA was not 
taken into account when designing the demultiplexer. Instead, the design vacuum 
wavelengths were considered to be incident on the grating. The diffraction angles obtained 
from the grating equation (Equation 2.6) for a grating which has the same parameters and is 
surrounded by air (or vacuum) fully comply with the ray tracing results, confirming this 
hypothesis. Therefore, the optimization of the grating parameters for detection in the second 
diffraction order was based on a false assumption that the design vacuum wavelengths were 
incident on the grating. In the following, the possibilities for detection in the second and in the 
third diffraction order are discussed in detail. 
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 (a) 

 (b) 

Fig. 4.2: Simulated [Haupt15] and theoretical diffraction angles at 405 nm, 520 nm and 638 nm in 
(a) the second and (b) the third diffraction order plotted on a 2D ray tracing model of the 
demultiplexer provided by [Haupt15]. 

4.2.1 Detection in the second diffraction order 

In the second order the angles of diffraction are smaller than expected due to the failure in 
design. That results in shortening of distances between the wavelengths on the focal curve. 
The values of the theoretical and simulated diffraction angles at 405 nm, 520 nm and 638 nm, 
as well as the corresponding focal points on the Rowland circle are shown in Fig. 4.2a.  

For 1 mm SI-POF as the output fiber, the minimum wavelength separation between adjacent 
channels is determined by the reciprocal linear dispersion of the grating. In the second order it 
equals approx. 83 nm/mm (see Table 4.5). For four fibers densely packed in the detection 
layer that would, for example, allow to have the channels at 405 nm, 488 nm, 571 nm and 
654 nm. Unlike the diodes at 405 nm, 488 nm and around 655 nm, there is no commercial 
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yellow device at or around 571 nm. Furthermore, to achieve better channel isolation, the 
fibers should be placed more apart from each other [Bartkiv05]. It would be reasonable to 
have the channels at 405 nm, 520 nm and around 650 nm, as shown in Fig 4.2a. That would 
reduce the number of channels in the second order from initially planned four to three. 

In addition, the diffraction efficiency of the grating is reduced in the second order for the 
wavelengths of interest. For 0º angle of incidence the blaze angle was optimized to maximize 
the diffraction efficiency in the second order within 400-700 nm operating wavelength range. 
Because of the failure in design, that range refers to the wavelengths in PMMA ( PMMA). The 
corresponding range of vacuum wavelengths ( vac) would be 596.1-1037.3 nm. On the other 
hand, 400-700 nm vac range would be mapped into 265.63-470.79 nm PMMA range.  

Moving off from the second order blaze wavelength (753.5 nm in vacuum i.e. 507.22 nm in 
PMMA) would reduce the diffraction efficiency. Such behaviour can also be observed in 
Fig. 4.3, where the simulated (OpTaliX) theoretical efficiency of the grating employing 
unpolarized light is shown for the first, the second and the third diffraction order [Haupt15]. 
The graph in Fig. 4.3 provides two horizontal axes for the simultaneous display of vac and 

PMMA. The simulation results show that in the second order the grating could be used with 
red and near infrared vac (600-1050 nm). Within 400-550 nm vac range the efficiency would 
be less than 5%, making those wavelength unsuitable for use in the second order. 

Finally, the imaging aberrations of the grating, in particular the astigmatism, are larger in the 
second diffraction order for the wavelengths of interest. Two spot diagrams for the second 
order are combined together in Fig. 4.4 to illustrate the rise of imaging aberrations. The 
diagram on the left [Haupt15] (in lighter colours) was obtained with the design wavelengths 
that refer to PMMA. The diagram on the right [Haupt15] was obtained with the correct set of 

 

Fig. 4.3: Theoretical diffraction efficiency of the grating for the first, the second and the third 
diffraction order [Haupt15]. 
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vac. The images would experience the same behaviour if a point source was replaced with an 
area source corresponding to 1 mm SI-POF [Haupt12]. The larger the separation from the 
wavelength where the astigmatism is minimized, the image height would increase and the 
image width would decrease, reducing the amount of light coupled into the output fiber. 

 

Fig. 4.4: Two spot diagrams for the second diffraction order combined together to illustrate the rise 
of imaging aberrations (note: diameters of the reference circles were set within the ray tracing 
software). 

To conclude, in the second order the grating provides good diffraction efficiency and low 
aberrations within 600-1050 nm vac range. Within that range the demultiplexing of four 
wavelength channels would be possible with sufficient separation between 1 mm output 
fibers. Within vac range that is used for SI-POF communication (400-700 nm) it would be 
possible to use three detecting fibers in the second diffraction order. However, the reduced 
diffraction efficiency and increased imaging aberrations for vac < 600 nm make the second 
order unsuitable for SI-POF applications. 

4.2.2 Detection in the third diffraction order 

From Fig. 4.2a and Fig. 4.2b it can be noticed that the simulated diffraction angles in the 
second order, corresponding to the grating surrounded by air (or vacuum), have similar values 
as the theoretical diffraction angles in the third order. That is due to the fact that in 
Equation 2.8 the ratio  approximately equals 2 for =3, influencing the equation in 
the same way as if the grating was in the air for =2. Therefore, the third diffraction order 
offers almost the same reciprocal linear dispersion i.e. provides the same separation between 
the wavelengths on the focal curve as it was initially planned for the second order.  

In addition, the diffraction efficiency in the third order rises as the wavelength decreases with 
respect to the second order blaze wavelength. Using equation: 
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 2 , (4.1) 

where  is the blaze angle, the third order PMMA blaze wavelength 3  is obtained to 
be 338.15 nm and the corresponding vacuum wavelength 3  is 505.6 nm. The identical 
result can be observed from Fig. 4.3 with the diffraction efficiency of 100% at vac=505.6 nm. 
However, because of higher angular dispersion (see Table 4.4), the efficiency curve has a 
steeper fall-off than in the second order. That reduces the operating wavelength range in the 
third order. For example, in the second order the grating was designed to provide the 
efficiency greater than 23% within 400-700 nm PMMA range. In the third order the efficiency 
is above that value within 427-620 nm vac range. 

Finally, for a given angle of incidence the wavelengths from different orders diffracted at the 
same angle experience the same imaging aberrations [Loewen97]. As shown in Fig. 4.4, in the 
second order 520 nm PMMA experiences the lowest aberrations. In the third order 520 nm vac 
is diffracted at approximately the same angle as 520 nm PMMA in the second order, also 
experiencing the lowest aberrations. Correspondingly, 405 nm, 450 nm and 650 nm vac in the 
third order experience almost the same aberrations as 405 nm, 450 nm and 650 nm PMMA in 
the second order. Therefore, in the third diffraction order the imaging properties of the grating 
are optimized for 400-700 nm vac operating wavelength range. 

Due to the fact that wavelength shortening in PMMA by a factor of approx. 1.5 and the ratio 
of the third and the second diffraction order of 3/2=1.5 cancel each other, the performances of 
the grating in the third order satisfy the conditions for wavelength separation and aberrations 
initially set for the second order. The biggest constrain for the implementation of the 
demultiplexer in the third order would be shortening of vac operating wavelength range to 
427-620 nm because of reduced diffraction efficiency. Having the minimum channel 
separation of 55 nm (see Table 4.5), and according to Fig. 4.3 the violet and red lasers 
unsuitable for use, the available channels left would be those at 450 nm and 520 nm. These 
two wavelengths fall within the free spectral range of 129 nm in the third order (see 
Table 4.3). Consequently, there would be no overlap with the images from the second and the 
fourth order (as shown in Fig. 4.1), even when the input fiber had 1 mm diameter. 

4.3 Description of demultiplexer samples 

Within the project VIP HOPE four demultiplexer samples were produced. In the following, 
those samples are numbered with S1, S2, S3 and S4, based on the chronology of their 
production. The first produced was the Sample S1. It is introduced in Fig. 4.5. The body of 
the demultiplexer lies between the Rowland circle-based half-sphere on the front side and the 
toroidal grating on the back side of the device. The labels plus (+) and minus (-) added to a 
CAD model in Fig. 4.5a indicate from which demultiplexer side are the positive and the 
negative orders respectively. An intersection between the back side of the demultiplexer body 
and the toroidal surface forms an elliptical cross section with 16 mm width and 15.17 mm 
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height, as shown in Fig. 4.5b. The Sample S1 mounted in a holder is shown in Fig. 4.5c. To 
demonstrate the wavelength separating function, the sample was excited over an input SI-POF 
with white light of low intensity. The input fiber was fixed to the demultiplexer using an UV-
curable adhesive with the refractive index close to the one of PMMA. The images of the 
segments from the upper and the lower half of the toroidal surface, obtained by a scanning 
electron microscope, are shown in Fig. 4.5d and Fig. 4.5e respectively [HOPE14b]. The 
sawtooth profile can be recognized in the upper half of the toroidal surface. However, in the 
lower half of the toroidal surface the quality of the grating deteriorates. According to [Höll14] 
that is because of the change in how the ruling engine applies the force on the surface – once 
the diamond tool reaches the highest point on the toroidal surface its motion changes from 
pulling to pushing, leading to a poor grating structure in the lower half of the surface. 

 (a)  (b)  (c) 

 (d)  (e) 

Fig. 4.5: Demultiplexer Sample S1: (a) CAD model; (b) back side with the grating; (c) sample 
mounted in a holder; (d) recognizable sawtooth profile in the upper half of the toroidal surface 
[HOPE14b]; (e) poor grating structure in the lower half of the toroidal surface [HOPE14b].  

The Sample S2 offered better quality of the grating. Fig. 4.6a shows a segment from the upper 
half of the toroidal surface with a good grating structure. A segment from the lower half of the 
surface, shown in Fig. 4.6b, experiences coarse but still recognizable groove pattern. 

 (a)  (b) 

Fig. 4.6: Demultiplexer Sample S2: (a) good grating structure in the upper half of the toroidal surface 
[Höll14]; (b) coarse grating structure in the lower half of the toroidal surface [Höll14]. 
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The grating segments of the sample S3 are shown in Fig. 4.7. Again, the difference in the 
quality of the grating surface when the diamond tool is pulled or pushed to form the grooves 
is clearly observable. 

 (d)  (e) 

Fig. 4.7: Demultiplexer Sample S3: (a) recognizable sawtooth profile in the upper half of the toroidal 
surface [HOPE14a]; (b) poor grating structure in the lower half of the toroidal surface [HOPE14a]. 

The Sample S4 is introduced in Fig. 4.8. Like the Sample S3, it was redesigned to offer easier 
mounting possibilities due to a larger demultiplexer body, and more precise alignment of the 
input fiber due to an alignment guide at the top of the Rowland circle-based half sphere. The 
changes in design can be seen in Fig. 4.8a. In spite of different attempts to improve the ruling 
process, the Sample S4 had the poorest grating quality among all manufactured samples, as 
can be observed from Fig. 4.8d and Fig. 4.8e.  

 (a)  (b)  (c) 

 (d)  (e) 

Fig. 4.8: Demultiplexer Sample S4: (a) CAD model; (b) back side with the grating; (c) sample 
mounted in a holder; (d) coarse sawtooth profile recognizable in the upper half of the toroidal surface 
[HOPE14b]; (e) poor grating structure in the lower half of the toroidal surface [HOPE14b].  

Based on a limited number of grating segments obtained with the scanning electron 
microscope, it can be stated that the Sample S2 offered the best grating quality. It was 
followed by the Samples S1 and S3. The Sample S4 had the poorest grating structure. 
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4.4 Measurement methods 

The characterization of transmission properties of the demultiplexer was performed by 
scanning its curved focal surface with 1 mm output SI-POF. Two measurement methods, 
which differ in the orientation of the scanning output fiber with respect to the grating center, 
and the corresponding mounting setups were proposed and investigated. For ease of 
understanding, the simplified measurement method, that had to be developed as an alternative 
to the initially developed more complex method, is introduced first. 

4.4.1 Simplified measurement method 

The principle of the simplified measurement method is illustrated in Fig. 4.9. The ideal 
position of the output fiber for the angle of diffraction , with the fiber axis going through 
the center of the grating, is shown in dashed lines. However, in the current demultiplexer 
design that position could not be physically reached. Instead, the method is based on a 
simplified approach where the output fiber is always perpendicular to the demultiplexer 
surface regardless of the angle of diffraction. The center of the output fiber touches the 
surface of the demultiplexer at the same point as the center of the ideally positioned fiber 
would do. The output fiber axis goes through the center of the Rowland circle with the radius 
 and forms the angle 2  with the grating normal. The scan of the demultiplexer surface 

over a range of diffraction angles is performed by rotating the demultiplexer and the input 
fiber counterclockwise around the center of the Rowland circle. 

As indicated in Fig. 4.9, positioning the output fiber perpendicular to the demultiplexer 
surface introduces an angular displacement between the actual and the ideal axis of the fiber. 
For a given angle of diffraction  the angular displacement also equals . Therefore, 
compared to the ideal fiber position when the space between the demultiplexer surface and the 

 

Fig. 4.9: Principle of the simplified measurement method. The output fiber stays in the fixed position 
perpendicular to the demultiplexer surface. To perform the scan, the input fiber and the demultiplexer 
are rotated counterclockwise around the center of the Rowland circle. 
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output fiber would be filled with index-matching adhesive or gel, the measurement results 
contained additional losses due to angular misalignment and Fresnel reflection.  

The coupling loss between the image of the input fiber and the output fiber was approximated 
by the loss due to angular misalignment between two identical multimode step-index fibers 
with uniform mode distribution. The calculation of the loss was performed using 
Equation 2.18. The resulting Fresnel loss in the image layer was taken to be 0.35 dB 
according to Equation 2.13. It was assumed that no Fresnel reflections occur when the light 
transits from the input fiber into the demultiplexer due to the UV-curable adhesive filling the 
air gap. The correction factor comprising the loss due to angular misalignment and the Fresnel 
loss is represented by a solid line in Fig. 4.10.  

 

Fig. 4.10: Correction factor for the simplified method (due to angular misalignment and Fresnel 
reflection) – solid line ( ); correction factor for the initially developed complex method (due to 
longitudinal misalignment and Fresnel reflection) – dashed line (---). 

It is known that the theoretical models assuming a uniform mode distribution, as in 
Equation 2.15-18, typically overestimate the actual coupling losses due to misalignments 
[Ziemann08]. Therefore, adding the correction factor to the measured optical level would 
indicate the theoretical upper limit of the demultiplexer performance. The optical level that 
would be detected with an ideally positioned fiber would rather lie below the corrected level. 
For example, let the optical level detected by the output fiber at a certain wavelength and 
diffraction angle be -20 dBm. Furthermore, let the corresponding correction factor be 2 dB. 
Then, the actual optical level that would be detected with an ideally positioned output fiber 
would not be -18 dBm, but rather slightly below that value (for an illustration see Fig. 4.22b).

The mounting of the demultiplexer Sample S4 is shown in Fig. 4.11. The Sample S4 (2) with 
the input fiber (1) was installed on a rotation stage M-RS40 (4) over an appropriate holder (3) 
so that the rotational axis of the stage went through the center of the Rowland circle. The 
rotation stage allows the angular position readout to 0.2º from the vernier scale, but also has a 
micrometer screw allowing for the finer resolution. It was fixed to a stationary bracket (6) of 
F-206 hexapod over a mounting plate (5). The F-206 hexapod system is a high-precision 
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automated fiber optic alignment system allowing the minimum incremental translational 
motion of 0.1 μm. The output fiber (11) was centered within a fiber chuck (10), which was 
mounted to a movable platform (7) of the hexapod over a cable clamp (9) and a movable 
platform adapter (8). The complete setup was installed on a vibration suppressing optical 
table. 

The alignment between the demultiplexer and the output fiber was performed in the following 
manner. After all components were mounted on F-206 hexapod, the rotation stage was used to 
position the demultiplexer as if the input fiber entered Fig. 4.12 from the bottom side, such 
that the angle between the input and the output fiber was 90º. Instead of the output fiber and 
the fiber chuck, a centering rod sharpened on top was mounted in the cable clamp. The top of 
the rod was aligned with the front edge of the demultiplexer body using the incremental 
translational motion of 10 μm. That had to provide that the rod axis intersects the rotational 
axis of M-RS40 stage. The alignment process was monitored under a Stemi 2000 stereo 
microscope. After the alignment was performed, the rod was taken out and the output fiber 
and the chuck were mounted back in the clamp. The angle between the input and the output 
fiber was then reduced so that the end face of the output fiber could be brought to the surface 
of the demultiplexer (as shown in Fig. 4.12). The incremental translational motion used for 
that and all other positioning was 10 μm, primarily because of the multiple larger SI-POF 
diameter, but also because of the limited magnification of the microscope. In addition, the 

 

Fig. 4.11: Mounting of the demultiplexer Sample S4 for the simplified measurement method: 1 – 
input fiber; 2 – demultiplexer Sample S4; 3 – holder for demultiplexer sample S4; 4 – M-RS40 
rotation stage; 5 – rotation stage mounting plate; 6 – bracket of F-206 hexapod system for affixing 
stationary components; 7 – movable platform of F-206 hexapod system; 8 – movable platform 
adapter; 9 – cable clamp; 10 – fiber chuck; 11 – output fiber. 
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vertical alignment took place. The laser radiation was introduced through the input fiber, and 
the output fiber was vertically aligned so that maximum optical power could be detected at its 
output with an optical power meter. To verify the vertical alignment, the same procedure was 
performed for several diffraction angles. After this final adjustment step, the demultiplexer 
was brought into initial angular position corresponding to the diffraction angle of 30º or 35º, 
and the setup was ready to start the scan. For the purpose of aligning and fixing the input fiber 
to the demultiplexer, a specialized mounting on the movable platform of F-206 hexapod was 
used. 

4.4.2 Initially developed measurement method 

The principle of the initially developed more complex measurement method is illustrated in 
Fig. 4.13. The ideal position of the output fiber for the angle of diffraction , with the center 
of the fiber located on the Rowland circle and the fiber axis going through the center of the 
grating, is shown in dashed lines. In this method the scanning output fiber always preserves 
the ideal orientation with respect to the grating center. With respect to the ideal end face 
position, the fiber is shifted backwards along the ideal fiber axis and kept as close as possible 
to the demultiplexer surface. Assuming the uppermost position of the output fiber in Fig. 4.13 
as the initial position, the scanning is performed by clockwise rotation and then translation of 
the output fiber to the position corresponding to the new diffraction angle. The demultiplexer 
and the input fiber stay in a fixed position during the scan. Such functionality was achieved 
by mounting the output fiber over the rotation stage on the movable platform of F-206 
hexapod, while the demultiplexer was affixed to its stationary bracket. That can be observed 
from Fig. 4.16. A detailed description of the mounting setup follows on the next pages.  

To perform the scan, it was essential to determine the input coordinates of F-206 hexapod 
system that ensured correct positioning of the output fiber with respect to the surface of the 
demultiplexer and the center of the grating. In the first step, it was necessary to calculate the 
diffraction angle-dependent backward shift of the output fiber with respect to its ideal 

  

Fig. 4.12: Positioning of the demultiplexer Sample S4 and of the output fiber for the simplified 
measurement method at the diffraction angle of 22.5º.  
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position. For that purpose, the key points and their coordinates in Fig. 4.13 are denoted as 
follows: 

• 0 0  – origin of the Cartesian coordinate system  positioned in the center of the 
Rowland circle; 

•  – focal point on the Rowland circle i.e. demultiplexer surface where the 
center of the ideally positioned output fiber is located; 

•  – contact point between the output fiber and the demultiplexer surface; 

•  – actual position of the center of the output fiber. 

Let 1 be a line representing the axis of the output fiber. For the angle of diffraction  the 
equation of 1 is given by: 

 . (4.2) 

To work with the general numbers, the cladding radius of the output fiber is designated as . 
In practical calculations a value of 500 μm was used. The equation of a line 2, which is 
parallel to and at a distance  from the line 1, is therefore: 

 . (4.3) 

In the first quadrant the line 2 intersects the Rowland circle at a point . The ordered pair 
 is of a form: 

 
2 (4.4) 

  (4.5) 

with 

    

Fig. 4.13: Principle of the initially developed measurement method. The output fiber is rotated and 
then translated closest possible to the demultiplexer surface so that its axis goes through the center of 
the grating. The input fiber and the demultiplexer stay in the fixed position.  
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 2 2 2 2 . (4.6) 

Knowing the ordered pairs  and , the distance  can 
be easily calculated. The backward shift  of the output fiber along the fiber axis for a given 
diffraction angle is therefore: 

 2 2 . (4.7) 

For example, the backward shift at the diffraction angle of 10º equals 77 μm. At the angle of 
35º the shift rises to 331 μm. The resulting coupling loss due to the backward shift of the 
output fiber was approximated by the loss due to longitudinal misalignment between two 
identical multimode step-index fibers with uniform mode distribution. The calculation of the 
loss was performed using Equation 2.17. The resulting Fresnel loss in the image layer was 
taken to be 0.35 dB according to Equation 2.13. It was assumed that no Fresnel reflections 
occur when the light transits from the input fiber into the demultiplexer due to the UV-curable 
adhesive filling the air gap. The correction factor comprising the loss due to longitudinal 
misalignment and the Fresnel loss is shown by a dashed line in Fig. 4.10. Like in the 
simplified measurement method, adding the correction factor to the measured optical level 
would indicate the theoretical upper limit of the demultiplexer performance. The actual 
optical level that would be detected with an ideally positioned fiber would rather lie slightly 
below the corrected level. 

Knowing , the coordinates of the center of the scanning output fiber can be calculated as: 

 2 (4.8) 

 2 . (4.9) 

The position of the scanning output fiber when the movable platform of F-206 hexapod is in 
its initial position is shown in Fig. 4.14. The center of the fiber is located in the origin 0 0  
of the  Cartesian coordinate system in which the coordinates of the hexapod are 
expressed. The coordinates of the fiber center with respect to (w.r.t.)  are designated with 

 and . The setup from Fig. 4.16 is realized so that when F-206 hexapod is in its initial 
position, the axis of the output fiber (coinciding with the -axis) and the grating normal 
(coinciding with the -axis) form an angle of 45º.  

For further calculations it is necessary that the coordinates of a point expressed w.r.t. the 
coordinate system  are expressed w.r.t. the coordinate system  and vice versa. To 
achieve that, the active transformation, which maps the origin  into , and the - and -axis 
into the - and -axis respectively, must be found first. This transformation is a composition 
of a counterclockwise rotation by 4 about the origin  and a translation by the vector 

. The inverse of the active transformation matrix is a matrix , which is the required 
passive transformation matrix: 
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4 4 4 4
4 4 4 4

0 0 1
. (4.10) 

For example, let an arbitrary point  have the coordinates  w.r.t. the coordinate 
system . The coordinates of the point  w.r.t. ,  and , can be obtained as: 

 
1 1

. (4.11) 

To establish the connection between the  and  coordinate systems, the coordinates 
of a point , which are initially unknown, have to be determined. To do that, the 
output fiber must be translated into position 1a, as shown in Fig. 4.14. The coordinates of the 
fiber center w.r.t.  can be calculated as 4 and 4. The 
coordinates of the same point w.r.t. ,  and , represent the travel of the movable 
platform of F-206 hexapod along the - and -axis respectively, and can be directly read 
from the display of the hexapod system. Substituting the coordinates of the point  w.r.t. both 
coordinate systems in Equation 4.11 and solving the system of two equations with  and  
as unknowns yields: 

 4 4 (4.12) 

 4 4 . (4.13) 

To bring the output fiber into position corresponding to an arbitrary angle of diffraction  
(position 2 in Fig. 4.14), it would first have to be rotated from position 1a by the angle of 

4  into position 1b. The point of rotation, which lays on the rotational axis of the 

                 

Fig. 4.14: Determining the input coordinates of F-206 hexapod system. 
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rotation stage, is at the distance  from the center of the output fiber. Since the rotation stage 
is mounted on the movable platform, the rotation of the fiber is independent from its 
translation, and the positioning coordinates of the hexapod system are still  and . To 
bring the output fiber from position 1b into position 2, the coordinates of the hexapod would 
have to be changed to  and , which corresponds to a point  in Fig. 4.14.  

Using the basic principles of trigonometry, it can be shown that the distance  equals: 

 2 8 2 , (4.14) 

and that the coordinates of the point w.r.t. the coordinate system , expressed as a 
function of  and , are: 

 2 8 2 3 8 4 (4.15) 

 2 8 4 3 8 4 . (4.16) 

After applying the transformation matrix , the coordinates of the point w.r.t. the 
coordinate system , can be calculated as: 

 4 4 (4.17) 

 4 4 . (4.18) 

The obtained ordered pairs  represent the input coordinates of the hexapod system 
that ensure correct positioning of the output fiber with respect to the surface of the 
demultiplexer and the center of the grating. Besides the cladding radius of the output fiber  
and the radius of the Rowland circle , which are predetermined constants, the input of the 
mathematical model which calculates the diffraction angle-dependent ordered pairs  
are also the ordered pair  and the distance . 

The relative change of the - and the -axis coordinates of F-206 hexapod system w.r.t. the 
point  for diffraction angles from 45º to 0º is shown in Fig. 4.15. The distance  is 

 

Fig. 4.15: Relative change of the  and -axis coordinates of F-206 hexapod system w.r.t. the point 
 for =40 mm. 
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set to 40 mm, which is a value suitable for practical realization of the mounting setup. For 
example, to go into position corresponding to the diffraction angle of 10º, the travel of            
-5.43 mm and -35.69 mm has to be performed along the - and the -axis respectively. 
However, the travel range of the hexapod system is from -8 mm to 5.7 mm along the -axis, 
and from -5.7 mm to 5.7 mm along the -axis. Consequently, to reach the positions 
corresponding to lower diffraction angles, the use of an external translation stage is required. 

The mounting of the demultiplexer Sample S2 for the scan over positive diffraction angles is 
shown in Fig. 4.16. The Sample S2 (2) with the input fiber (1) had to be mounted on an 
uppermost TB 50-16 linear translation stage (5) over a holder (3) and an appropriate 
adapter (4) such that the grating normal formed an angle of 45º with the -axis (as shown in 
Fig. 4.17). The translation stage has a resolution of 10 μm and allows 16 mm travel along a 
single axis. Three translation stages (one for - and two for -direction) were mounted on 
the top of each other to extend the measurement range and to allow flexible initial positioning 
of the demultiplexer. For affixing the lowermost translation stage to the stationary bracket (8) 
of F-206 hexapod, two mounting plates (6,7) were used. The output fiber (15) was centered 
within a fiber chuck (14), which had to be mounted on the M-RS40 rotation stage (11) over a 
cable clamp (13) and a rotation stage adapter (12) such that the rotational axis of the stage 
intersected the axis of the output fiber. The rotation stage was fixed to the movable platform 
of the hexapod (9) over an appropriate adapter (10). 

 

Fig. 4.16: Mounting of the demultiplexer Sample S2 for the initially developed measurement method: 
1 – input fiber; 2 – demultiplexer Sample S2; 3 – holder for demultiplexer Sample S2; 4 – translation 
stage adapter; 5 – liner translation stage; 6 – top mounting plate; 7 – bottom mounting plate; 8 – 
bracket of F-206 hexapod system for affixing stationary components; 9 – movable platform of F-206 
hexapod system; 10 – movable platform adapter; 11 – M-RS40 rotation stage; 12 – rotation stage 
adapter; 13 – cable clamp; 14 – fiber chuck; 15 – output fiber. 
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The alignment between the demultiplexer and the output fiber was performed in the following 
manner. At first, the hexapod system was initialized and the centering rod sharpened on top 
was mounted in the cable clamp. Under the microscope and by using the incremental 
translational motion of 10 μm the horizontal and vertical alignment of the rod was carried out. 
The top of the rod had to point at the transition between the Rowland circle-based half sphere 
and the demultiplexer body in the dispersion plane, as shown in Fig. 4.17 for the Sample S4. 
That had to ensure that the axis of the rod went through the grating center and formed an 
angle of 45º with the grating normal.  

 

Fig. 4.17: Alignment of the centering rod. The axes parallel to - and -axis are also designated. 

The rod was then taken out and the output fiber centred within the chuck was mounted in the 
clamp, such that the distance between the fiber center and the rotational axis of the M-RS40 
stage was approx. 40 mm. By translation only along the -axis the output fiber had to be 
brought to the position corresponding to position 1a from Fig. 4.14. The  and  
coordinates were then directly read from the display of the hexapod system. Together with the 
cladding radius of the output fiber , radius of the Rowland circle  and distance , those 
coordinates were used as the input of the mathematical model for calculating the ordered 
pairs .  

The rotational direction of the output fiber during the scan as well as its translational 
directions parallel to - and -axes are illustrated in Fig. 4.18 with black arrows. From 
Fig. 4.15 it can be observed that the -coordinate decreases much faster than                    
the -coordinate as the diffraction angle decreases. Consequently, during the scan the 
hexapod system first reached its travel limit on the -axis (see Fig. 4.18, step 1). Once that 
happened, one of the translation stages was used to push the demultiplexer in the positive 
direction along the axis parallel to the -axis (step 2). To place the output fiber in the same 
position with respect to the demultiplexer as before it was pushed, the hexapod system had to 
travel the same distance along the -axis in the positive direction (step 3). The hexapod was 
then again within its allowed travel range, and the scan could be continued for the lower 
diffraction angles (step 4).  

Before the actual scan could start, the described procedure was used to accurately determine 
the distance , since it could not be exactly measured. Namely, the ordered pairs  
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were first determined with an approximate value of  which was taken to be slightly smaller 
than it actually was. The demultiplexer and the output fiber were brought into position 
corresponding to some of the lower angles of diffraction, e.g. 15º. Because of the smaller 
distance , the output fiber did not touch the demultiplexer. In the iterative process, the 
ordered pair  corresponding to the diffraction angle of 15º had to be recalculated for 
increasing values of  until the fiber touched the demultiplexer, as illustrated in Fig. 4.18. 
After this final adjustment step, the output fiber and the demultiplexer had to be brought to 
the position corresponding to the diffraction angle of 30º or 35º, and the setup would be ready 
to start the scan. The additional vertical alignment would not be necessary since it was already 
performed with the centering rod. 

The described measurement method was first developed because it locates the scanning 
output fiber most closely to its ideal position, which primarily refers to the ideal orientation of 
the fiber with respect to the grating center. That had to ensure that the measurement results 
most closely correspond to the actual values. On the other hand, that implied an alignment 
sensitive mounting setup. To prevent the error propagation and thus the uncertainty (both 
angular and translational) of the output fiber position during the scan, the input to the 
mathematical model had to be most exactly determined. Furthermore, the initial alignment of 
the components shown in Fig. 4.17 had to be most precise. However, the realized mounting of 
the demultiplexer samples, conditioned by the available mechanical components, lead to a 
bulky design subject to misalignments and imprecisions. During the test scans, the 
propagation of accumulated errors combined with an inaccurate distance  introduced 
deviations of the output fiber from the desired position that could not be resolved, thus 
making any measurement attempt unreliable.  

For those reasons, the simplified measurement method was subsequently developed. As 
shown in Fig. 4.10, the method requires larger correction factor, thus introducing more 
uncertainty into the measurement results. However, it is less alignment-sensitive and therefore 

 

Fig. 4.18: Positioning of the demultiplexer Sample S4 and of the output fiber for the initially 
developed measurement method at the diffraction angle of 15º. 
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more suitable for practical realization. The results represented in the next subsection were 
obtained with the simplified method.  

The initially developed method requires smaller correction factor, thus introducing less 
uncertainty into the measurement results compared to the simplified method. For example, for 
the diffraction angle of 20º the respective correction factors are 2.8 dB and 0.7 dB. As can be 
observed from Fig. 4.10, the difference becomes even more significant for higher diffraction 
angles (> 20º). Therefore, it would be recommendable to optimize the mounting setup of the 
initially developed method for characterization of future demultiplexer samples. 

4.5 Experimental setup and measurement results 

A block diagram of the experimental setup for measuring the diffraction angle-dependent 
transmission spectrum of the demultiplexer over a broad wavelength range is shown in 
Fig. 4.19a. The blocks of the diagram are mutually connected with 1 mm SI-POF. The broad 
optical spectrum covering 400-700 nm wavelength range was provided by an Anritsu 
AQ4305 white light source. To ensure reproducible measurement conditions, a cylinder mode 
mixer according to JIS 6863 was used before the input fiber that introduced the light into the 
demultiplexer under test (DUT). The focusing and dispersion of the spectral components of 
white light along the curved focal surface of the demultiplexer Sample S2 are shown in 
Fig. 4.20a. The spectral components entering the output fiber were detected by an Anritsu 
AQ-6315A optical spectrum analyzer (OSA). To obtain the spectral response of the 
demultiplexer at a certain diffraction angle, a reference measurement was also required. It was 
performed by replacing the input fiber, the demultiplexer and the output fiber by a short piece 
of SI-POF with the length equal to the sum of lengths of the input and the output fiber. By 
scanning the demultiplexer surface over a range of diffraction angles, the overall transmission 
characteristic i.e. the transfer function was obtained. 

Fig. 4.21a (page 66), Fig. 4.23a (page 68), Fig. 4.25 (page 70) and Fig. 4.27 (page 71) show 
measured transfer functions of the demultiplexer Samples S1, S2, S3 and S4 respectively, for 
positive diffraction angles. Fig. 4.21b (page 66) and Fig. 4.23b (page 68) show measured 
transfer functions of two best demultiplexer Samples (S1 and S2 respectively), for negative 
diffraction angles.  

The represented transfer functions were obtained with the simplified measurement method 
using an angular resolution of 1º. The lowest reachable diffraction angle (typically 8º) was 
determined by the extent of spreading of the UV-curable adhesive on the demultiplexer 
surface around the input fiber (see Fig. 4.20). The noise level of OSA limited the highest 
diffraction angle for which the measurements were performed to 30º. From the transfer 
functions it can be noticed that at higher diffraction angles the transmission curves are more 
noisy at shorter than at longer wavelengths. This is because the power spectral density of 
white light source increases with the wavelength (from approx. -50 dBm/nm at 400 nm to       
-39 dBm/nm at 700 nm), raising the level of longer spectral components more above the noise 
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level. The spectral density curve also experiences a local minimum at around 620 nm, 
resulting in more noisy transmission curves in that region. As the diffraction angle decreased, 
the levels of spectral components entering the output fiber increased, leading to noise-free 
transmission curves.  

The representation of the transfer function using a 3D graph, with diffraction angle as the 
third axis (wavelength and transmittance are standard axes), gives a comprehensive insight 
into transmission properties of the demultiplexer. From an individual curve, which is related 
to a particular angle of diffraction, it is possible to observe the IL over the wavelengths and 
the isolation between different wavelengths i.e. orders. It is also possible to determine the 
wavelengths of transmission maxima corresponding to different diffraction orders. The long 
spectral tails from both sides of transmission maxima are due to operation with 1 mm input 
fiber. In the detection layer the image of the input fiber at a particular wavelength overlaps 
with the images at the neighbouring wavelengths, thus causing such behaviour. Another effect 
contributing to the long spectral tails is the interorder scatter (see subsection 4.6.2). 

By bringing several curves together to form the 3D graph, it becomes possible to observe the 
diffraction angles of a certain wavelength, and the shift of diffraction orders along the 
wavelength axis for determining e.g. the angular dispersion. Furthermore, based on the levels 
of transmission maxima in the successive curves, the order and the wavelength region that are 
the most suitable for transmission can be determined. Therefore, it is possible to completely 
describe the demultiplexer using a single graph. 

A block diagram of the experimental setup for measuring the diffraction angle-dependent 
demultiplexer transmittance at a particular wavelength is shown in Fig. 4.19b. An edge-
emitting laser diode launched a narrow spectral band over the mode mixer and the input fiber 
into the demultiplexer. The focusing and dispersion of 638 nm laser radiation along the 
curved focal surface of the demultiplexer Sample S2 are shown in Fig. 4.20b. A Thorlabs 
S140C integrating sphere and a PM100D optical power meter were used to measure the 
transmitted power at the end of the output fiber. As in the previous measurement, to obtain the 

 (a) 

 (b) 

Fig. 4.19: Block diagram of the experimental setup for measuring: (a) transmission spectrum of the 
demultiplexer using a white light source and an OSA; (b) transmittance of the demultiplexer using a 
laser diode and an optical power meter. 
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transmittance for a given diffraction angle, a reference measurement was required. For a 
given lasing wavelength the transmittance curve was obtained by performing the 
measurement over a range of diffraction angles. 

Fig. 4.22 (page 67) and Fig. 4.24 (page 69) show transmittance curves of the demultiplexer 
Samples S1 and S2 respectively, for positive and negative diffraction angles at five different 
lasing wavelengths. Fig. 4.26 (page 70) and Fig. 4.28 (page 71) show transmittance curves of 
the demultiplexer Samples S3 and S4 respectively, for positive and negative diffraction angles 
at the shortest (405 nm) and the longest (660 nm) available lasing wavelength.  

The represented transmittance curves were obtained with the simplified measurement method 
using an angular resolution of 0.5º. The measured curves are shown in solid lines with colored 
markers, whereas the curves obtained by adding the correction factor to the measurement 
results are shown in dashed lines. The characterization was performed for the angles up to 
35º, which was enough to observe the third diffraction order at 660 nm. 

When the demultiplexer is to be used with the pre-defined transmitter wavelengths, describing 
it with transmittance curves may be more beneficial than by using complex 3D graphs. An 
individual transmittance curve, related to a particular lasing wavelength, gives the 
transmittance of the demultiplexer as a function of diffraction angle. The local maxima in the 
curve locate the angles of diffraction, and give the minimum IL of the demultiplexer in a 
particular order (see analysis in Fig. 4.22). By placing several transmittance curves below 
each other (as in the thesis), it becomes possible to easily determine the isolation between the 
individual channels. Therefore, the representation over transmittance curves gives a clear and 
concise insight into the demultiplexer performance with predefined transmitter wavelengths 
(see analysis in Fig. 4.24) 

The transmittance curves can also be extracted from the transfer function drawn on the 3D 
graph. However, in the particular case the white light source could not provide the power 
spectral density high enough to compensate for high IL of the demultiplexer. That resulted in 
noisy curves at shorter wavelengths and higher diffraction angles. In contrast, the laser diodes 
provided high optical output power, allowing the noise-free measurements at short operating 
wavelengths and high diffraction angles. 

 (a)  (b) 

Fig. 4.20: Measuring transmission properties of the demultiplexer Sample S2 when launching with 
(a) white light source and (b) 638 nm laser diode. For the purpose of taking both photos an excitation 
of low intensity was used. 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



4 POF demultiplexer based on a concave diffraction grating 
 

 66 

Measurement result for the Sample S1 

(a)     

(b)  

Fig. 4.21: Transfer function of the demultiplexer Sample S1 for (a) positive and (b) negative 
diffraction angles (measured). 
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 (a)   

 (b)   

 (c)   

 (d)   

 (e)   

Fig. 4.22: Transmittance of the demultiplexer Sample S1 at (a) 405 nm, (b) 450 nm, (c) 520 nm, 
(d) 638 nm and (e) 660 nm: measured – solid line ( ) with markers; corrected – dashed line (---). 
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Measurement result for the Sample S2 

 (a)     

(b) 

Fig. 4.23: Transfer function of the demultiplexer Sample S2 for (a) positive and (b) negative 
diffraction angles (measured). 
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 (a) 

 (b)  

 (c)   

 (d)  

 (e) 

Fig. 4.24: Transmittance of the demultiplexer Sample S2 at (a) 405 nm, (b) 450 nm, (c) 520 nm, 
(d) 638 nm and (e) 660 nm: measured – solid line ( ) with markers; corrected – dashed line (---). 
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Measurement result for the Sample S3 

(a) 

Fig. 4.25: Transfer function of the demultiplexer Sample S3 for (a) positive and (b) negative 
diffraction angles (measured). 
 

 (a) 

 (b) 

Fig. 4.26: Transmittance of the demultiplexer Sample S3 at (a) 405 nm and (b) 660 nm: measured – 
solid line ( ) with markers; corrected – dashed line (---). 
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Measurement result for the Sample S4 

(a)   

Fig. 4.27: Transfer function of the demultiplexer Sample S4 for (a) positive and (b) negative 
diffraction angles (measured). 
 

 (a) 

 (b) 

Fig. 4.28: Transmittance of the demultiplexer Sample S4 at (a) 405 nm and (b) 660 nm: measured – 
solid line ( ) with markers; corrected – dashed line (---). 
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4.6 Discussion 

The measurement results shown in Fig. 4.25 and Fig. 4.26 indicate that the demultiplexer 
Sample S3 does not exhibit any dispersive property. The subsequent visual examination of the 
grating and comparison to the other samples revealed that the grating looked as if it was of a 
spherical shape with 20.3 mm radius of curvature instead of being elliptical with 22.5 mm 
tangential and 20.3 mm sagittal radius (see Table 2.2). This was most likely due to the failure 
in the manufacturing process. Since the source was positioned outside the new Rowland circle 
(with 10.15 mm radius), the tangential focus was inside the new Rowland circle [Loewen97], 
and thus inside the demultiplexer. That resulted in reduction of the image height and 
spreading of the image width in the detection layer of the demultiplexer, causing the loss of 
dispersive property.  

Further considerations in this subchapter refer to the Samples S1, S2 and S4. Since the 
demultiplexer was intended for use in a communication system with the pre-defined lasing 
wavelengths, the analysis was carried out on the basis of the transmittance curves from 
Fig. 4.22, Fig. 4.24 and Fig. 4.28.  

4.6.1 Discussion on wavelength separating performances 

Fig. 4.29 gives an overview of the diffraction angles of the Samples S1, S2 and S4 obtained 
from the transmittance curves as the angles where the curves exhibit local maxima. The 
theoretical diffraction angles are given in the same figure as a comparative reference. In 
addition, Fig. 4.30 closely shows the deviations of the measurement values from the 
theoretical ones. The deviations may partially be caused by the measurement limitations. 
These include: 

1. Measurement resolution of 0.5º (corresponding to 1º rotation of the M-RS40 stage), 
introducing an angular inaccuracy of up to ±0.25º. 

2. Angular position readout to 0.2º from the vernier scale of the rotation stage, adding an 
additional inaccuracy of up to ±0.1º. 

3. Misalignments in the measurement setup. Those were minimized through the precise 
design of components and carefully controlled alignment process. A significant and 
under the microscope easily noticeable shift of ±50 μm of the output fiber axis from 
the nominal one would result in an inaccuracy of approx. ±0.125º. A ±10 μm 
misalignment, corresponding to the minimum translational motion used, would cause 
an insignificant angular inaccuracy of ±0.025º. 

Therefore, it would be reasonable to adopt ±0.4º (0.25º+0.1º+2 0.025º) inaccuracy for the 
measured diffraction angles due to the measurement limitations, as indicated in Fig. 4.30.  
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Fig. 4.29: Theoretical and measured diffraction angles of the demultiplexer Samples S1, S2 and S4 at 
five lasing wavelengths. 
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(a) 

(b) 

(c) 

Fig. 4.30: Deviations of the measured diffraction angles (including ±0.4º inaccuracy due to 
measurement limitations) from the theoretical values for the demultiplexer Samples (a) S1, (b) S2 and 
(c) S4 at five lasing wavelengths. 

The deviations of the groove spacing from the nominal value could also be identified as a 
reason for the mismatch between the theoretical and the measured diffraction angles. For 
example, Table 4.6 gives the measured groove spacing of the grating segments of the 
Samples S1, S2 and S4 as well as the resulting diffraction angles at 520 nm in the third order. 
The deviations of the corresponding diffraction angles from the theoretical value of 24.69º 
range between -0.54º and -1.91º. In contrast, the measurement results have deviations of only 
-0.19º, 0.31º and -0.19º from the theoretical angle respectively. That provides a strong 
indication that there exist random variations of the groove spacing across the toroidal surface.  
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Table 4.6: Measured groove spacings and corresponding diffraction angles at 520 nm in the 
third diffraction order. 

Sample S1 S2 S4 

Grating segment representation Fig. 4.5d Fig. 4.6a Fig. 4.8d 

Measured groove spacing [μm] 2.668 
[HOPE14b] 

2.552 
[Höll14] 

2.696 
[HOPE14b] 

Diffraction angle at 520 nm in 3rd order [º] 23.04 24.15 22.78 

Deviation form the theoretical angle [º] -1.65 -0.54 -1.91 

From Fig. 4.30 it can be observed that the deviations of the measured values from the 
theoretical ones that do not come from the measurement limitations might be present. Large 
deviations (e.g. in -4th order) might indicate that the constructive interference occurs at 
smaller angles then expected due to the inhomogeneous structure of the grating. The 
differences in the absolute diffraction angles between the positive and the corresponding 
negative orders can also be noticed, probably due to the same reason. Because of the random 
variations of the groove spacing across the toroidal surface, only a general observation based 
on Fig. 4.29 and Fig. 4.30 can be made that the measurement results are closely distributed 
around the theoretical values. That implies that the groove spacing was a parameter of the 
ruling process that was easier to control than the groove shape and the groove depth (see next 
subchapter). 

4.6.2 Discussion on transmission performances 

The considerations in this subchapter refer to the Samples S1 and S2, which exhibit better 
grating structure (groove depth and groove shape) and thus better demultiplexing properties 
than the Sample S4. As can be observed from the transmittance curves of the Samples S1 and 
S2, the minimum IL (with the correction factor included) was around 20 dB. In Table 4.7 the 
author roughly estimates individual contributions to the overall IL of the demultiplexer.  

The light entering the demultiplexer suffered from the propagation loss in PMMA. Because of 
the short optical path in the demultiplexer (approx. 4.5 cm), the propagation loss played an 
insignificant role in the overall IL of the demultiplexer. For example, according to Fig. 2.1 the 

Table 4.7: Estimation of individual contributions to the IL of the demultiplexer. 

Fresnel reflection between the input fiber and the demultiplexer [dB] 0 

Propagation loss in PMMA material of the demultiplexer [dB] 0.005 

Absorption on the aluminium coating deposited on the grating [dB] 0.36 

Diffuse scattering introduced by the grating [dB] 6 

Diffraction efficiency of the grating, interorder scatter and coupling loss in 
the image layer [dB] > 14 

Total loss [dB] > 20 
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propagation loss at 650 nm was approx. 0.005 dB. Furthermore, it could be assumed that no 
Fresnel reflections occurred when the light transited from the input fiber into the 
demultiplexer due to the UV-curable adhesive filling the air gap. 

From the light incident on the toroidal grating one portion was absorbed on the aluminium 
coating, another portion was scattered and the rest was diffracted according to grating 
equation. For an average reflectivity of aluminium of around 92% within PMMA operating 
range (266-471 nm), the contribution of 0.36 dB to the IL was considered at any wavelength 
and diffraction angle.  

An unwanted effect of the light being diffusely radiated (i.e. into all directions) from the 
Rowland circle-based half sphere and from the demultiplexer body was possible to observe in 
a darkened room or with an increased intensity of white light or laser excitation. The diffuse 
scattering was predominantly caused by a poor, practically non-existent grating structure in 
the lower half of the toroidal surface. Taking the grating segments from Fig. 4.5e and 
Fig. 4.6b as a reference, it could be reasonably assumed that most of the light incident on the 
lower half of the grating (50% of total light intensity) was diffusely scattered. That resulted in 
approx. 3 dB contribution to the IL. 

Furthermore, the roughness of the grating surface on the scale of the incident wavelength 
[Loewen97] as well as the obvious imperfections (e.g. pinholes, bumps and scratches) in the 
upper half of the grating caused a portion of incident light to be scattered diffusely. It was 
considered that up to 50% of light incident on the upper half of the grating could have been 
diffusely scattered, causing the additional loss of 3 dB.  

Therefore, approx. 75% of light incident on the grating was diffusely scattered due to the poor 
quality of the grating surface. That corresponded to 6 dB loss. The minimum IL of around 
20 dB suggests that the diffraction efficiency, interorder scatter and imaging aberrations 
caused most of the optical power loss in the demultiplexer (> 14 dB). 

For the light diffracted according to the grating equation the intensity distribution of a certain 
wavelength among diffraction orders was determined by the diffraction efficiency in the 
individual orders. Even though the blaze condition should have been satisfied for 505.6 nm in 
the third order, it can be noticed that for a neighbouring wavelength of 520 nm the 
Samples S1 and S2 concentrated more energy in the second than in the third order (see 
Fig. 4.22c and Fig. 4.24c respectively). However, the simulated diffraction efficiency 
according to Fig. 4.3 experienced a maximum in the third and a minimum in the second order 
around 520 nm. Correspondingly, the behaviour opposite to the measured one was expected. 
An additional contradiction was imposed by the fact that the imaging aberrations were 
minimized around 520 nm in the third order. Therefore, the measurement results provided a 
strong indication that the parameters of the ruling process were not stabile enough to produce 
an accurately shaped sawtooth profile with a required blaze angle (groove depth). As a 
consequence, the distribution of light among the orders did not follow the expected diffraction 
efficiency according to Fig. 4.3.  

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



4.6 Discussion 
 

 77 

Furthermore, for the Sample S2 the interorder scatter can be observed in Fig. 4.20b where the 
laser excitation of low intensity was used. It was manifested as a reduced but still present light 
intensity in the dispersion plane between the orders. According to [Palmer05], this type of 
scatter indicates the presence of the random deviations in the groove spacing from the 
nominal one, and of the irregularities in the depth of the grooves.  

Finally, the dimensions of the input fiber images in the detection layer were primarily affected 
by the sagittal radius of the grating. That was the production parameter certainly easier to 
control than e.g. the groove depth. However, the inhomogeneous grating structure also 
influenced the dimensions of the fiber images and their intensity distribution. Consequently, it 
was not possible to analyse the coupling efficiency separate from two other loss mechanisms 
(diffraction efficiency and interorder scatter). 

Since the diffraction efficiency, interorder scatter and image dimensions complexly depend on 
the groove depth, groove shape and groove spacing, it was not possible to determine their 
individual contributions to the IL of the demultiplexer based on the performed transmittance 
measurements. However, their joint contribution was estimated to be larger than 14 dB. That 
indicates that the ruling process would have to be optimized in order to produce a more 
accurate grating structure that could possibly ensure demultiplexer IL of less than 5 dB. 

Among all analyzed samples, the Sample S2 offered the best demultiplexing properties. In the 
third diffraction order the corrected IL at 450 nm and 520 nm was 23.83 dB and 26.34 dB 
(measured 26.89 dB and 30 dB) respectively. The respective channel isolation was 9.27 dB 
and 8.17 dB. In contrast to the theoretical expectations given in subchapter 4.2, the 
demultiplexer offered better detecting possibilities in the second then in the third order (see 
analysis in Fig. 4.24). As described in subchapter 4.2.1, the suitable wavelength channels in 
the second order would be those at 405 nm, 520 nm, and 660 nm. The corresponding 
corrected IL was 24.72 dB, 20.06 dB and 19.27 dB (measured 26.47 dB, 22.35 dB and 
22.24 dB). The isolation between the channels is shown in Table 4.8. Because of the low 
isolation in 405 nm channel, it can be stated that the best performance from the Sample S2 
can be obtained for 520 nm and 660 nm channels in the second order (IL  20 dB, 
channel isolation  13 dB). 

Table 4.8: Isolation between 405 nm, 520 nm and 660 nm 
channels in the second order. 

Channel Rx 
Channel Tx 405 520 660 

405 / 11.26 10.1 

520 6.83 / 13.64 

660 1.73 12.33 / 
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4.6.3 Recommendations 

Due to the high IL and low channel isolation, the produced demultiplexer samples did not 
fulfil the requirements to be used for high-speed POF WDM transmission experiments. 
Further optimization of the demultiplexer is required to realize a functional device capable of 
supporting POF WDM applications: 

• When used with SI-POF, the demultiplexer with the current parameters could separate 
two channels in the third diffraction order (see subchapter 4.2.2). The blaze angle and 
the sagittal radius should be re-optimized for operation with three channels in the 
second order. For operation with a higher channel count the dimensions of the 
demultiplexer (e.g. tangential radius, grating height and width) would have to be 
increased. Alternatively, the demultiplexer could be re-designed for use with the 
smaller-diameter fibers. 

• Stabilizing the parameters of the ruling process is necessary to obtain an accurately 
shaped sawtooth profile with the required groove spacing and groove depth. If that 
would be achieved, a master grating could be directly ruled on a molding tool in order 
to cost-effectively produce the demultiplexer through injection moulding. That could 
open up the possibilities for commercial implementation of POF WDM.  

• To enable easy plug-in of the input and the output fibers, a demultiplexer design with 
the fixed entrances for the fibers, as suggested in [Höll13], could be employed.  
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5 Four-channel POF WDM transmission 
experiments 

The lack of functional low-loss multiplexing and demultiplexing components and of fast 
visible light sources was the key factor preventing high-speed POF WDM experiments for a 
long time. In the early attempts, the LED-based POF systems exploiting WDM technology 
could not provide sufficient capacity [Junger02], [Appelt02], [Bartkiv03]. Only recently, 
supported by the advance in visible laser diode technology, the record-breaking POF WDM 
transmission experiments were performed. First, 10.7 Gb/s transmission over 50 m SI-POF 
employing a three-channel interference filter-based demultiplexer was reported in 
[Kruglov12a]. The same authors further increased the capacity to 21.4 Gb/s over the same 
link length using a six-channel plane diffraction grating-based demultiplexer [Kruglov14]. 
Shortly thereafter, preceded by several optimization steps shown in [Jon i 13b], [Jon i 13c], 
[Jon i 14a], a capacity of 14.77 Gb/s was demonstrated over 50 m SI-POF employing a four-
channel interference filter-based demultiplexer [Jon i 14b]. Based on the same 
demultiplexing solution, the transmission distance was extended to 100 m resulting in 
8.26 Gb/s capacity [Jon i 14c]. All data rates were measured at the BER=10-3, allowing for 
error free transmission after applying FEC with 7% redundancy. The experiments not only 
demonstrated the feasibility of a high-speed POF WDM concept, but also offered significant 
capacity increase compared to the single-wavelength systems.  

This chapter describes the author’s activities resulting in the record-breaking four-channel 
POF WDM transmission experiments over 50 m and 100 m links. Several optimization steps 
with intermediate results are represented before the target experimental setup and results are 
shown. 

In the experiments a pre-coded target BER of 10-3 was adopted, which is a common value 
used in high-speed POF communication, e.g. [Vinogradov11], [Kruglov12a], [Loquai13]. 
That BER value complies with the FEC threshold and can be reduced to BER<10-9 after 
applying FEC with 7% redundancy ratio [ITU04]. 

The experiments were carried out over 1 mm Asahi KASEI DC-1000 SI-POF (POF class 
A4a.2 according to IEC 60793-2-40). To separate the wavelength channels at the receiver, the 
four-channel interference filter-based SI-POF demultiplexer with two-stage configuration was 
used. The corresponding transfer function is represented in Fig. 3.10. 

The basic parameters of the laser diodes used in different measurements are listed in 
Table 5.1. Besides the diode in position 4, all other devices are commercially available. The 
diode operating at 515 nm was a research and development sample provided by Osram Opto 
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Semiconductors. The product with similar characteristics (diode in position 5) became 
available on the market afterwards. 

Table 5.1: Basic parameters of the laser diodes used in different data transmission experiments 
(datasheet information for the case temperature of 25º C): op – operating wavelength; Pout – optical 

output power; Ith – threshold current; Ibias – recommended bias current. 

Position op 
[nm] 

Pout 
[dBm] 

Ith 
[mA] 

Ibias 
[mA] 

Type name Manufacturer Package 

1 405 16 35 70 DL-5146-101S Sanyo TO-56 

2 405 19 45 110 DL-7146-101S Sanyo TO-56 

3 450 19 30 100 PL 450B Osram TO-38 

4 515 17 60 160 R&D sample Osram TO-38 

5 520 14 45 150 PL 520 Osram TO-38 

6 639 10 30 40 HL6358MG Opnext TO-56 

7 656 14.8 35 65 QL65I7SA QSI TO-56 

8 660 17 60 115 HL6544MG Opnext TO-56 

A Graviton SPD-2 receiver comprising a lens coupling system, a Ø 400 m silicon PIN-
photodiode and a transimpedance amplifier was used for detection. The receiver is widely 
accepted as a benchmark optical to electrical converter for the laboratory tests and has a 
sensitivity of -19 dBm at 1 Gb/s (at 650 nm) [Gaudino11]. It provides a frequency bandwidth 
from DC to 1.2 GHz, and has a saturation power level of -4 dBm at 650 nm. The maximum 
optical power providing a proper signal output at the available lasing wavelengths, estimated 
on the basis of the responsivity curve [Graviton06], is given in Table 5.2.  

Table 5.2: Saturation power of the Graviton SPD-2 receiver at the available lasing wavelengths. 

Operating wavelength [nm] 405 450 515 520 639 656 659 

Saturation power [dBm] 1.24 -0.32 -1.55 -1.65 -3.76 -4.05 -4.07 

5.1 WDM transmission employing NRZ modulation 

This subchapter shows the initial experimental setup and gives the measurement results prior 
and after the first optimization step. Even though performed measurements cannot be 
considered as real WDM, the setup with multiplexer and demultiplexer along the optical path 
was assembled, and its functionality was demonstrated. The results of the experiments were 
presented at the ICPOF 2013 [Jon i 13b]. 
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5.1.1 Experimental setup 

The data transmission setup is shown in Fig. 5.1. It comprised an Agilent N4903A bit error 
rate tester (BERT), four butt-coupled edge-emitting laser diodes, multiplexing POF coupler, 
10 m SI-POF link, interference-based POF demultiplexer, optical receivers and Agilent 
86100B sampling oscilloscope. 

 

Fig. 5.1: Experimental setup for the measurements employing NRZ modulation: LD – laser diode; 
MUX – multiplexer; DEMUX – demultiplexer; PD – photodiode; TIA – transimpedance amplifier. 

To provide precise temperature control, prevent possible damage from overheating and extend 
the lifetime, the laser diodes were mounted in Thorlabs TCLDM temperature controlled laser 
diode mounts. The temperature of an integrated temperature control (TEC) element of the 
mount was adjusted to +15 ºC. Only for OSRAM samples the cooling at +10 ºC was used to 
provide better stability of the optical output power. Both the temperature of the TEC element 
and the bias current were controlled over a Thorlabs ITC8022 module. Four of those modules 
were installed in a Thorlabs PRO8000 modular chassis for the simultaneous control of four 
operating diodes (see Fig. 5.6). To maximize the coupling efficiency from the laser diode into 
the fiber, a butt-coupling unit based on an -translator (0.25 mm pitch of the adjustment 
screws) was utilized. The translator was mounted on the TCLDM9 mount over a 4-rod 
construction system, as shown in Fig. 5.3c. 

To combine the optical signals with different wavelengths onto the SI-POF link, a Comcore 
4×1 fused POF coupler was used. Two tested coupler samples showed similar IL behavior. 
For direct launching with 405 nm (DL-5146-101S), 450 nm, 515 nm and 639 nm laser diodes, 
the IL between any of four input (laser coupled) ports and the output (fiber coupling) port was    
8-9 dB. Taking into account the launching loss from the laser diode into the input coupler port 
(1.3-1.5 dB), and the loss of a connector interface between the output coupler port and SI-
POF link (approx. 0.5 dB), the fiber-coupled power was by approx. 10 dB lower than the 
optical output power of any of the employed laser diodes (see Table 5.3). 
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Table 5.3: Optical power loss at the transmitter side when using 4×1 fused POF coupler. 

Operating wavelength [nm] 405 450 515 639 

Laser diode-to-coupler port launching loss [dB] 1.5 1.3 1.3 1.5 

IL of 4×1 fused POF coupler [dB] 7.9 8.9 8.1 8.6 

Connector loss (with index matching gel) [dB] 0.5 

Total loss [dB] 9.9 10.7 9.9 10.6 

The BERT was used to generate an up to 1.8 Vpp bipolar NRZ signal based on 27-1 pseudo-
random binary sequence (PRBS). After adding a DC-bias, the signal was used to modulate the 
optical output of the laser diodes in their linear lasing region. The eye diagrams were 
monitored on the sampling oscilloscope, whereas the BERT was used for BER estimation. 
Since the BERT and the sampling oscilloscope provided one electrical output and input 
channel respectively, the transmission experiments were performed with one active WDM 
channel at a time, as indicated in Fig. 5.1.  

5.1.2 Measurement results and discussion 

2.5 Gb/s transmission over 10 m SI-POF 

The laser diodes providing the signals at four different wavelengths operated at 405 nm (DL-
5146-101S), 450 nm, 515 nm and 660 nm. Each diode was inserted into a laser socket of the 
TCLDM mount, which was also equipped with an internal 500 MHz bandwidth bias-tee and 
had separate inputs for the bias and modulating current. The respective data rates achieved in 
the individual WDM channels were 0.5 Gb/s, 0.5 Gb/s, 0.7 Gb/s and 0.8 Gb/s. The 
corresponding eye diagrams are represented in Fig. 5.2. The effect of pulse shaping due to the 
low pass characteristic of the fiber can clearly be recognized, e.g. in 405 nm channel. The 
irregular signal trajectories, e.g. in the eye diagrams of 515 nm and 660 nm channels, indicate 
the presence of nonlinearities in the electrical domain (presumably introduced by the bias-tee 
circuit). No BER measurement data were saved. However, due to the eye diagrams still 
opened wide enough, it can be reasonably assumed that the corresponding BERs were below 
the FEC threshold of 10-3, allowing for the error correction. 

High optical isolation of the demultiplexer provided very low optical crosstalk between the 
WDM channels. The crosstalk of < -35 dB, coming from 450 nm channel, was detected in 
515 nm channel.  In all other channels the crosstalk lower than -45 dB was detected with a 
Melles Griot 13 PDH 005 integrating sphere. Considering the amplitude levels of the recorded 
eye diagrams and low interchannel crosstalk, no reduction in the SNR of the received signals 
could be assumed if the laser diodes were modulated simultaneously. Therefore, it can be 
stated that an aggregate bit rate of 2.5 Gb/s could be transmitted over 10 m SI-POF with four 
simultaneously active channels and no interchannel errors. The corresponding information 
rate after deduction of 7 % FEC overhead would be 2.33 Gb/s. 
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          0.5 Gb/s           0.5 Gb/s 

  

          0.7 Gb/s           0.8 Gb/s 

  

Fig. 5.2: Eye diagrams for 10 m SI-POF link at an aggregate bit rate of 2.5 Gb/s (note: the full time 
scale was automatically set by the oscilloscope and is smaller than two unit intervals of the signal). 

5 Gb/s transmission over 10 m SI-POF 

In the next experiment, 405 nm (DL-5146-101S), 450 nm, 515 nm and 639 nm laser diodes 
were used as WDM optical sources. To directly modulate the diodes with a higher modulation 
bandwidth, each diode was soldered to a 50 ohm SMA formable coax cable (Fig. 5.3a), which 
was connected to the output of an external bias-tee with 6 GHz bandwidth and 0.1 MHz low 
cutoff frequency. Due to the low impedance of the laser diodes (typically 2-5 ohms), a severe 
impedance mismatch was present. However, by using higher power of the modulating signals 
the mismatch could be compensated. For mounting the diodes into the mounts, copper 
retainer rings for both TO-56 and TO-38 packages were fabricated (Fig. 5.3b). For better 
thermal conductivity between the TEC element of the mount, the retainer ring and the laser 
diode housing, a heat-conductive paste was applied on the contact surfaces. 

 (a)  (b)  (c) 

Fig. 5.3: Driving, cooling and coupling of laser diodes: (a) TO-56 diode soldered to a formable coax 
cable; (b) TO-56 diode mounted in a retainer ring; (c) TCLDM9 mount with a butt-coupling unit.

effect of nonlinearity effect of nonlinearity 
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The bit rates in the individual channels were 1.25 Gb/s (405 nm channel), 1.05 Gb/s (450 nm 
channel), 1.25 Gb/s (515 nm channel) and 1.45 Gb/s (639 nm channel). The transmission 
parameters for the individual channels are listed in Table 5.4. The corresponding eye 
diagrams are represented in Fig. 5.4. In contrast to the previous measurement, no signal 
nonlinearities were present, and the maximum achievable data rates were limited by the ISI. 

Table 5.4: Transmission parameters for 10 m SI-POF link at an aggregate bit rate of 5 Gb/s. 

Operating wavelength [nm] 405 450 515 639 

Bit rate [Gb/s] 1.25 1.05 1.25 1.45 

BER 6 10-5 7 10-5 1.1 10-6 9 10-7 

Taking into account the amplitude levels of the recorded eye diagrams and low interchannel 
crosstalk, like in the previous experiment no power penalty due to crosstalk could be assumed 
if the laser diodes were modulated simultaneously. Therefore, it can be stated that 5 Gb/s 
transmission could be realized over 10 m SI-POF link at the BER<10-4 with four 
simultaneously active channels and no interchannel errors. Using a standard Reed-Solomon 
(255,247) FEC with 3.2% redundancy, 4.84 Gb/s transmission could be achieved at the 
BER<10-9 [Azadet99]. 

  

Fig. 5.4: Eye diagrams for 10 m SI-POF link at an aggregate bit rate of 5 Gb/s (note: the full time 
scale was automatically set by the oscilloscope and is smaller than two unit intervals of the signal).  

         1.25 Gb/s          1.05 Gb/s 

  

         1.25 Gb/s          1.45 Gb/s 
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It should be noted that in both measurements the parameters of the setup were not optimally 
adjusted. For example, the wavelength dependency of the receiver’s saturation power was not 
taken into consideration. Instead, the received power in any of the channels was limited to       
-4 dBm, e.g. by introducing longitudinal launching offset for the laser diodes, thus impairing 
the system performance. Nevertheless, the functionality of the demultiplexer and of the 
assembled setup was tested through the measurements, and the optimization by direct 
soldering of the diodes to the SMA coax cables was validated. 

5.2 WDM transmission employing NRZ modulation and FFE 
equalization 

This subchapter shows the improved experimental setup and gives the measurement results of 
the simultaneous four-channel NRZ transmission over 50 m and 100 m SI-POF. To mitigate 
the effects of ISI, the FFE equalization was implemented at the receiver side. The results of 
the experiments were partially presented at the ITG Symposium on Photonic Networks (ITG 
Fachtagung Photonische Netze) 2014 [Jon i 14a]. 

5.2.1 Experimental setup 

The experimental setup is shown in Fig. 5.5. It comprised a four-channel Agilent M8190A 
arbitrary waveform generator (AWG), four butt-coupled edge-emitting laser diodes, four-
legged multiplexing POF bundle, SI-POF link of two different lengths, interference-based 
POF demultiplexer, Graviton SPD-2 receiver and four-channel Agilent DSA91604A real-time 
oscilloscope with built-in software for digital signal processing. A photo of the general setup 
for investigating four-channel high-speed POF WDM transmission is shown in Fig. 5.6. 

 

Fig. 5.5: Experimental setup for the measurements employing NRZ modulation and offline-processed 
FFE: ATT – attenuator; AMP – amplifier; DC – direct current. 
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Fig. 5.6: Experimental setup for investigating four-channel high-speed POF WDM transmission: 1 – 
Agilent M8190A AWG; 2 – attenuator and MERA-556+ wideband amplifier; 3 – bias-tee; 4 – 
Thorlabs TCLDM temperature controlled laser diode mount; 5 – Thorlabs ITC8022 module; 6 – 
Thorlabs PRO8000 mudular chasis; 7 – four-legged multiplexing POF bundle; 8 – SI-POF link; 9 – 
four-channel interference filter-based demultiplexer; 10 – Graviton SPD-2 receiver; 11 – Agilent 
DSA91604A real-time oscilloscope, 12 – Melles Griot universal optical power meter with 13 PDH 
005 integrating sphere; 13 – Thorlabs PM100D power meter with S140C integrating sphere. 

To multiplex the signals from four laser diodes onto the SI-POF link, a four-legged POF 
bundle was used. The basic idea leading to the development of such a bundle was to utilize 
the benefit of a large core diameter of SI-POF. As indicated in Fig. 5.7a, four fibers with 
400 μm cladding diameter, that are arranged in a formation with 970 μm outer diameter, can 
be completely covered by 980 μm core of SI-POF. The principle of operation of the POF 
bundle as a multiplexer is shown in Fig. 5.7b. At the input side, 400 m fibers are separated 
and guided to the spatially distributed laser diodes. On the opposite side, 400 m fibers are 
joined in a bundle with their end faces aligned in the same plane. A multiplexing interface is 
formed by positioning the fiber bundle against 1 mm SI-POF. 

For realization of the bundle an Asahi KASEI DB-400 PMMA SI-POF with 400 m cladding 
diameter and NA=0.5 was used. Four 60 cm long fibers were terminated at the input side with 
400 m FC connectors. The opposite ends of the fibers were joined together and glued inside 
970 m FC connector to form the fiber bundle (Fig. 5.7c). As illustrated in Fig. 5.7d, an FC 
connector-mating sleeve was used to bring together and align the bundle and the input of the 
SI-POF link, thereby forming the multiplexing interface. An index-matching gel was applied 
between the connectors to reduce the losses. 
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Fig. 5.7: Four-legged multiplexing POF bundle: (a) cross sections of four 400 μm cladding diameter 
fibers arranged within a circle with 970 μm diameter (left) and of 980/1000 μm SI-POF (right); 
(b) principle of operation of the POF bundle as a multiplexer; (c) four 400 m fibers glued within 
970 m FC connector; (d) formation of a multiplexing interface with the POF bundle aligned against 
the SI-POF link using an FC connector mating sleeve. 

The optical power loss at the transmitter side comprised the laser diode-to-400 m fiber 
launching coupling loss, the attenuation of 60 cm long bundle leg, and the loss of the 
multiplexing interface. As shown in Table 5.5, for direct launching with 405 nm (DL-7146-
101S), 450 nm, 520 nm and 656 nm laser diodes the total loss ranged between 3.3 dB and 
5.5 dB. Even though the launching coupling loss was higher than for 1 mm POF (see 
Table 5.3 and Fig. 5.8), a significant improvement compared to the fused POF coupler was 
achieved due to the low loss (< 1 dB) of the multiplexing interface.  

Table 5.5: Optical power loss at the transmitter side when using four-legged POF bundle. 

Operating wavelength [nm] 405 450 520 639 

Laser diode-to-400 μm fiber launching loss + 
attenuation of a bundle leg [dB] 4.06 2.63 2.82 4.76 

Connector loss (with index matching gel) [dB] 0.87 0.98 0.52 0.77 

Total loss [dB] 4.93 3.61 3.34 5.53 

The described multiplexing solution was first shown in [Jon i 13c]. Shortly before, the patent 
application for an optical POF multiplexer based on a multi-legged POF bundle, which 
referred to arbitrary channel counts and fiber diameters, was submitted to the German Patent 
and Trade Mark Office (DPMA) under number DE 10 2013 020 236.1. A similar approach 
was later adopted in [Kruglov14] and [Pinzon14] to realize the low loss seven-legged and 
three-legged multiplexers respectively. Because of the simplicity and effectiveness of the 

(a)  (b) 

 (c)  (d) 
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approach, further investigation on multiplexing technique using multi-legged POF bundles is 
recommended.  

The AWG simultaneously generated four independent NRZ data streams based on 27-1 PRBS 
with the maximum sampling rate. The received electrical signals were acquired by the real-
time oscilloscope with 8-bit vertical resolution and oversampling. The digital receiver 
equalization was carried out in the offline mode. For that purpose the oscilloscope’s built-in 
Serial Data Equalization software was used [Agilent09].  

In order to determine how many FFE taps to use, a trial-and-error approach was applied. The 
number of taps was initially set to a low value (e.g. two), and the optimization procedure was 
run on the oscilloscope to determine the tap values. If the values of the higher taps were 
significant, the tap count was increased by one and the optimization algorithm was run again. 
If the values of the higher taps were close to zero, that meant that their contribution to the 
equalizer’s output would be insignificant and that they were unnecessary. The trial-and-error 
approach was also applied to determine the optimal tap delay, i.e. if one or more taps per bit 
had to be used. To prevent the equalizer from amplifying the noise components at higher 
frequencies where the energy content of useful signal was low, the bandwidth of the 
oscilloscope was set to the value in GHz corresponding to one half of the data rate in Gb/s. A 
phase-locked loop was used to extract the clock from the equalized data. 

The eye diagram of an equalized waveform was displayed on the oscilloscope’s screen for 
further analysis. The oscilloscope’s built-in software EZJIT Complete was used to estimate 
the corresponding Q-factor [Agilent13]. Thereby, only a small time window (2 % of the unit 
interval) in the middle of the equalized eye diagram was taken into consideration. The BER 
value was then calculated using Equation 2.15.  

5.2.2 Measurement results and discussion 

7.8 Gb/s transmission over 50 m SI-POF 

The WDM channels based on 405 nm (DL-7146-101S), 450 nm, 515 nm and 639 nm laser 
diodes were employed in this transmission experiment. To maximize the modulating signal 
amplitude and thereby improve the SNR of the received signal, the optical output power of 
each laser diode was adjusted to its maximal possible value. For 405 nm, 450 nm and 515 nm 
devices the operating point was set to comply with the upper limit of the receiver’s dynamic 
range. The 639 nm device was driven with the maximum recommended forward current. The 
respective used bias currents were 70 mA, 40 mA, 61 mA and 43 mA. The optical powers 
coupled into the SI-POF link and the received optical powers measured after the 
demultiplexer are given in Table 5.6. All diodes were driven in their linear lasing region, as 
indicated in Fig. 5.8 for a P-I curve of 405 nm device. The 1 Vpp output amplitude of the 
AWG was sufficient to modulate 450 nm, 515 nm and 639 nm laser diodes with the 
modulation index of approx. 0.9. The signal in 405 nm channel was additionally amplified to 
achieve the same modulation index, as indicated in Fig. 5.5. For the amplification, a MERA-
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556+ wideband amplifier (20.5 dB gain at 0.1 GHz) was used in combination with 10 dB 
attenuator to avoid amplifier nonlinearities (18 dBm output power @ 1 dB compression point 
at 0.1 GHz).  

Table 5.6: Optical power levels along 50 m SI-POF link (NRZ+FFE). 

Operating wavelength [nm] 405 450 515 639 

Fiber-coupled power [dBm] 11.54 7.63 5.17 8.06 

Received power [dBm] 0.67 -0.51 -1.76 -6.40 

 

                         

Fig. 5.8: Optical power coupled into 1 mm SI-POF and 400 μm SI-POF when direct launching with 
405 nm (DL-7146-101S) laser diode. 

The maximum transmission rates achieved in the individual channels were 1.7 Gb/s (405 nm 
channel), 1.9 Gb/s (450 nm channel), 2.2 Gb/s (515 nm channel) and 2 Gb/s (639 nm channel). 
Thereby, six FFE taps with the tap delay equal to one half of the corresponding bit period 
were used in each of the channels. The transmission parameters for the individual channels 
are listed in Table 5.7. The resulting eye diagrams are represented in Fig. 5.9. A total of 
7.8 Gb/s were transmitted over 50 m SI-POF at the BER<10-5. After deduction of 3.2% 
redundant bits required for Reed-Solomon (255,247) FEC, a net bit rate of 7.56 Gb/s was 
obtained. Compared to the record capacity of a single-channel system over the same fiber 
length [Vinogradov11], an improvement of 1.67 Gb/s was achieved.  

Table 5.7: Transmission parameters for 50 m SI-POF link at an aggregate bit rate of 7.8 Gb/s. 

Operating wavelength [nm] 405 450 515 639 

Bit rate [Gb/s] 1.7 1.9 2.2 2 

Q-factor 5.06 4.67 4.96 4.76 

BER 2.10 10-7 1.51 10-6 3.52 10-7 9.68 10-7 
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Fig. 5.9: Eye diagrams for 50 m SI-POF link at an aggregate bit rate of 7.8 Gb/s. 

3.21 Gb/s transmission over 100 m SI-POF 

In this experiment the same laser diodes like in the previous measurement were employed. 
The operating point of 405 nm device was adjusted to accompany the maximum allowed 
output amplitude of the MERA-556+ amplifier. The optical output power in 450 nm and 
515 nm channels was limited by the saturation power of the Graviton SPD-2 receiver. The 
device in 639 nm channel was driven with the recommended bias current. Correspondingly, 
the utilized bias currents were 95 mA, 68 mA, 86 mA and 43 mA. The optical powers coupled 
into the SI-POF link and the received optical powers measured after the demultiplexer are 
shown in Table 5.8. The laser diodes were directly modulated in their linear lasing region 
with the modulation index of approx. 0.9. To reach high modulation index for the applied bias 
currents, the outputs of the AWG for 405 nm, 450 nm and 515 nm channels were additionally 
amplified in the same manner as in 50 m experiment. 

The data rates achieved in the individual channels employing six FFE taps with the tap delay 
equal to one half of the corresponding bit period were 0.6 Gb/s (405 nm channel), 1 Gb/s 
(450 nm channel), 1.3 Gb/s (515 nm channel) and 0.31 Gb/s (639 nm channel). The 

Table 5.8: Optical power levels along 100 m SI-POF link (NRZ+FFE). 

Operating wavelength [nm] 405 450 515 639 

Fiber-coupled power [dBm] 13.08 11.99 8.71 8.06 

Received power [dBm] -5.40 -0.76 -2.13 -18.74 

          1.7 Gb/s           1.9 Gb/s 

  

          2.2 Gb/s              2 Gb/s 
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transmission parameters and the resulting eye diagrams in the individual channels are shown 
in Table 5.9 and Fig. 5.10 respectively. An aggregate bit rate of 3.21 Gb/s was transmitted 
over 100 m SI-POF at the BER<10-4. Considering 3.2% overhead required for Reed-Solomon 
(255,247) FEC, an information bit rate of 3.11 Gb/s was achieved (BER<10-9). That was 
0.82 Gb/s less than the record single-channel capacity over the same link length, which was 
achieved with an offline processed DFE implemented through a custom Matlab program 
[Vinogradov11].  

Considering the long memory of SI-POF channel, a 3-bit memory of the equalizer associated 
with the current and two previous bits, could not optimally compensate for the ISI introduced 
by the channel [Zeola11]. As a consequence, the transmission rates in both experiments were 
impaired. However, for any further increase of the equalizer’s memory (tap count) or data 
rate, the optimization algorithm could not calculate the tap values that would open the eye. 
Having the software implementation of the equalizer beyond the scope of this thesis, a 
recommendation for further work would be to investigate the equalizer’s implementation, and 

Table 5.9: Transmission parameters for 100 m SI-POF link at an aggregate bit rate of 3.21 Gb/s. 

Operating wavelength [nm] 405 450 515 639 

Bit rate [Gb/s] 0.6 1 1.3 0.31 

Q-factor 4.19 4.53 4.22 4.21 

BER 1.39 10-5 2.95 10-6 1.22 10-5 1.28 10-5 
 

Fig. 5.10: Eye diagrams for 100 m SI-POF link at an aggregate bit rate of 3.21 Gb/s.  

           0.6 Gb/s              1 Gb/s 

  

           1.3 Gb/s         0.31 Gb/s 
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determine how the data rate can be maximized by using the Serial Date Equalization software. 
Furthermore, a more complex non-linear DFE equalization, which is typically employed in 
POF systems and gives better results than FFE, e.g. [Loquai13], should be implemented 
through the oscilloscope’s equalization software for further data rate increase. 

The performed experiments demonstrated that POF WDM with lower channel rates and 
simple transmission technique could provide aggregate bit rates comparable to those achieved 
with the single-wavelength systems that used more advanced transmission techniques 
(e.g. DMT or NRZ/pulse amplitude modulation (PAM) combined with DFE) but required 
more signal processing. Therefore, another important point for further work would be to 
investigate possible advantages (e.g. lower latency) of WDM transmission with lower channel 
rates over fast single-channel transmission. 

5.3 WDM transmission employing DMT modulation 

To maximize the spectral efficiency of the signals transmitted within four optical channels, 
the DMT modulation technique was applied [Lee09a]. As already described in subsection 
2.3.2, the DMT is a multicarrier modulation scheme based on parallel transmission of a large 
number of low-speed subcarriers with QAM modulation. The record 14.77 Gb/s and 
8.26 Gb/s data rates employing the offline-processed DMT modulation were achieved over 
50 m and 100 m SI-POF, respectively, at the BER=10-3. The results of 50 m experiment were 
published in IEEE Photonics Technology Letters in July 2014 [Jon i 14b]. The results of the 
experiment over 100 m link were presented at the ICPOF 2014 [Jon i 14c]. 

The WDM experiments employing the offline-processed DMT modulation were realized 
through the cooperation with Dr.-Ing. Roman Kruglov from the POF-AC. The digital signal 
processing (pre-computation, modulation and demodulation of the pilot and real DMT 
signals, implementation of the Chow’s rate adaptive bit-loading algorithm, SNR estimation 
and BER calculation, plotting of the constellation diagrams) was performed by Dr. Kruglov 
using a custom Matlab program. 

5.3.1 Experimental setup 

The experimental setup for the measurements employing the offline-processed DMT 
modulation is shown in Fig. 5.11. It comprised the four-channel Agilent M8190A AWG, four 
butt-coupled edge-emitting laser diodes, four-legged multiplexing POF bundle, SI-POF link 
of two different lengths, interference-based POF demultiplexer, optical receivers, four-
channel Agilent DSA91604A real-time oscilloscope and computer with a software for offline 
signal processing. The photo of the general experimental setup is already shown in Fig. 5.6. 

The four-channel AWG with 12-bit vertical resolution was used to generate the DMT signals 
transmitted within four optical WDM channels. The signals were constructed on the basis of 
215-1 PRBS and included up to 256 subcarriers with constant subcarrier spacing. The 
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sampling rate of the AWG was set to the value four times higher than the maximum 
frequency of the transmitted DMT signal, corresponding to the oversampling factor of 2. 
Oversampling was necessary for two reasons. First, to minimize amplitude distortions of the 
generated signals caused by sin(x)/x frequency response of the digital-to-analog converter of 
the AWG, which has the first null of the spectrum at the sampling frequency. Second, to 
facilitate digital filtering of the received baseband DMT signal from high-frequency spectral 
images aliased by the AWG’s digital-to-analog converter. 

To optimally transmit the DMT signal, which may have instantaneous peak occurring when 
the subcarriers add up constructively, its dynamic range had to be reduced [Lee09a]. 
Therefore, the value of the crest factor after clipping, defined as the ratio of the maximum 
allowed signal amplitude to the root-mean-square amplitude of the original signal, was 
limited to 3. To resist to the ISI, a cyclic prefix of 3.125% was added as a guard interval at the 
beginning of each DMT frame. 

The received electrical waveforms were acquired by the real-time oscilloscope with 8-bit 
nominal resolution. To facilitate phase recovering and enhance the effective resolution of the 
oscilloscope, the DMT signals were captured with additional oversampling. The subsequent 
offline processing and BER counting were performed on the computer. 

To estimate the quality of the WDM channels and allocate the number of bits per subcarrier, 
four DMT pilot signals with 256 subcarriers, each loaded with 16-QAM, were simultaneously 
transmitted over four channels. In 50 m and 100 m experiments the bandwidth occupied by 
the pilot signals was initially set to 1 GHz and 500 MHz respectively. To decorrelate the 
signals that modulated the laser diodes, an additional delay of 10 ns between the channels was 
introduced in the AWG. The received signals were demodulated and used to evaluate the 
SNR per subchannel. For the case the SNR in the highest subchannels was high enough to 
allow transmission of additional bits at even higher subcarrier frequencies (like in Fig. 5.12c), 
the bandwidth of the pilot signal was accordingly increased and the measurement was 
repeated.  

 

Fig. 5.11: Experimental setup for the measurements employing offline-processed DMT modulation. 
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The evaluated SNR per subchannel was used as input to the Chow’s rate adaptive bit-loading 
algorithm that computed the appropriate bit-loading scheme and power allocation per 
subchannel [Chow95]. Based on the obtained bit and power allocations across the subcarriers, 
the real-valued samples of the DMT time signal were pre-computed offline. After that, the 
DMT samples were loaded into the memory of the AWG and repeatedly played in order to 
create a continuous-time DMT signal that directly modulated the intensity of the laser diode. 
The received DMT frames were captured by the oscilloscope for subsequent offline 
processing that comprised DMT demodulation, SNR evaluation and BER counting. 

5.3.2 Measurement results and discussion 

14.77 Gb/s transmission over 50 m SI-POF 

For transmission over four different wavelengths 405 nm (DL-7146-101S), 450 nm, 515 nm 
and 639 nm laser diodes were employed. To achieve a better performance of the link, the 
operating point of 405 nm, 450 nm and 515 nm devices was adjusted to its possibly maximum 
value according to the dynamic range of the corresponding receiver. The operating bias 
current of 639 nm laser diode corresponded to the recommended value. Accordingly, the 
respective utilized bias currents were 80 mA, 50 mA, 60 mA and 40 mA. The laser diodes 
were operated in their linear lasing regions with the modulation index of approx. 0.9. The 
output amplitude of the AWG of up to 1 Vpp was sufficient to modulate the diodes in 515 nm 
and 639 nm channels. High modulation index in 405 nm and 450 nm channels was achieved 
by employing additional MERA-556+ wideband amplifiers (20.5 dB gain at 0.1 GHz) in 
combination with 10 dB attenuators to avoid amplifier nonlinearities (18 dBm output power 
@ 1 dB compression point at 0.1 GHz).  

An optical receiver based on Ø 800 m HAMAMATSU S5052 silicon PIN photodiode 
followed by a commercially available transimpedance amplifier [Vinogradov05] was 
provided by the POF-AC for this particular measurement. It was used in 405 nm and 450 nm 
spectral channels. The maximum optical power providing a proper signal at the receiver 
output was approx. 0 dBm at 650 nm. The Graviton SPD-2 receiver was used in 515 nm and 
639 nm channels. The reason for using two receiver models was that in the shorter 
wavelength channels the [Vinogradov05] receiver supported higher data rates than the 
Graviton receiver because of its better responsivity and higher saturation power. The optical 
powers coupled into the SI-POF link and the received optical powers measured after the 
demultiplexer are given in Table 5.10. 

Table 5.10: Optical power levels along 50 m SI-POF link (DMT). 

Operating wavelength [nm] 405 450 515 639 

Fiber-coupled power [dBm] 11.79 9.12 5.01 7.96 

Received power [dBm] 0.82 1.00 -1.93 -7.04 
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The transmitted DMT pilot signals occupied the bandwidth of 1 GHz, implying 3.9 MHz 
subcarrier spacing. Accordingly, the sampling rate of the AWG was set to 4 GS/s. The 
received signals were acquired with the sampling rate of 20 GS/s, corresponding to 10 times 
oversampling. The SNR before bit-loading and the bit-loading schemes obtained on the basis 
of Chow’s rate adaptive bit-loading algorithm for four WDM channels are shown in Fig. 5.12. 

The variation of the SNR between the spectral channels was caused by the difference in 
channel frequency response, attenuation of the optical link, slope efficiency of the laser 
diodes and responsivity of the receivers, which all depend on wavelength and/or used 
components. Since the frequency response of SI-POF can be considered constant over the 
wavelength channels, the frequency response variations between the channels were primarily 
caused by different responses of employed transmitters and receivers. The attenuation of the 
optical link comprised the wavelength-dependent fiber attenuation and IL of multiplexer and 
demultiplexer. The SNR degradation in the lowest subchannels of 405 nm and 450 nm 
channels was presumably caused by an increased low cutoff frequency of the transimpedance 
amplifier of the [Vinogradov05] receiver. In two other channels the SNR degradation in the 
lowest subchannels may have been caused by a number of other factors such as poor electrical 
contact between the mated connectors or poor soldering joints of the laser diodes. Too high 
modulation index or the saturation of receiver can be excluded on the grounds that in 100 m 
experiment, where even higher modulation index was used, such SNR degradation was not 
present. 

After deduction of the DMT transmission overhead, the data rates transmitted in the 
individual WDM channels were 3.26 Gb/s (405 nm channel), 3.90 Gb/s (450 nm channel), 
4.08 Gb/s (515 nm channel) and 3.53 Gb/s (639 nm channel). The total averaged BER in each 
channel was 10-3 allowing the FEC with 7% overhead. Therefore, an aggregate bit rate of 
14.77 Gb/s achieved at the BER=10-3 corresponded to 13.8 Gb/s information bits at the   
BER<10-9. The realized system provided 2.3 times more capacity than the fastest 50 m single-
wavelength system known from literature, which operated at 650 nm [Vinogradov11].  
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Fig. 5.12: Measured SNR per subcarrier before bit-loading (solid black curve) and bit-loading scheme 
obtained on the basis of Chow’s rate adaptive bit-loading algorithm (curve with colored markers) for 
(a) 405 nm, (b) 450 nm, (c) 515 nm and (d) 639 nm channel in 50 m experiment. 
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As an illustration of quality of the received signals, two superimposed constellation diagrams 
obtained after DMT demodulation in the fastest 515 nm channel are shown in Fig. 5.13. The 
highest constellation corresponding to 128-QAM is represented in Fig. 5.13a. The 7th to 41st 
subcarrier, experiencing the best SNR, was modulated with 128-QAM. That implied a 7-bit 
allocation. A superimposed constellation diagram of the subcarrier group modulated with     
4-QAM (203rd to 254th subcarrier, 2 bits assigned to each subcarrier) is shown in Fig. 5.13b. 

Fig. 5.13: Superimposed received constellations in 515 nm channel for the subcarrier groups 
modulated with (a) 128-QAM (7th to 41st subcarrier) and (b) 4-QAM (203rd to 254th subcarrier). 

8.26 Gb/s transmission over 100 m SI-POF 

In this experiment the brand-new samples of the laser diodes operating at 405 nm (DL-7146-
101S), 450 nm, 520 nm and 656 nm were employed as WDM transmitters. The Graviton 
SPD-2 receiver was used for detection. To achieve a better frequency response of 450 nm and 
520 nm devices, their operating point was adjusted to a higher value [Kruglov12b], thereby 
exceeding the maximum optical power for a proper signal at the receiver output. To reduce 
the received power, a longitudinal offset of the outgoing fiber end face was introduced in the 
demultiplexer output port 2 and 3. In the corresponding channels the offset caused an 
additional attenuation of 0.8 dB and 1.2 dB, providing that the received optical power was 
below the receiver’s saturation level of -0.32 dB and -1.65 dB respectively. The operating 
bias current of 656 nm laser diode corresponded to the recommended value. To accompany 
the maximum amplifier’s output amplitude, the operating point of 405 nm device was set to 
70 mA. The respective utilized bias currents were 70 mA, 50 mA, 60 mA and 65 mA. The 
laser diodes were directly modulated in their linear lasing region with the modulation index of 
approx. 0.95. High modulation index was achieved by amplifying the AWG’s output signals 
with MERA-556+ wideband amplifiers combined with 6-10 dB attenuators to avoid amplifier 
nonlinearities. The optical powers coupled into the SI-POF link and the received optical 
powers measured after the demultiplexer are given in Table 5.11. 

Table 5.11: Optical power levels along 100 m SI-POF link (DMT). 

Operating wavelength [nm] 405 450 520 656 

Fiber-coupled power [dBm] 12.85 11.80 9.09 9.90 

Received power [dBm] -4.40 -0.88 -1.83 -9.03 

SI-POF link attenuation [dB] 12 7.5 5.8 15 

 (a)  (b) 
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The transmitted DMT pilot signals occupied the bandwidth of 500 MHz (405 nm, 450 nm and 
656 nm channel) and 700 MHz (520 nm channel), implying 1.95 MHz and 2.73 MHz 
subcarrier spacing respectively. The corresponding sampling rates of the AWG were 2 GS/s 
and 2.8 GS/s. The received electrical waveforms were oversampled with 10 GS/s. The SNR 
before bit-loading and the bit-loading schemes obtained on the basis of Chow’s rate adaptive 
bit-loading algorithm for four WDM channels are shown in Fig. 5.14. The maximum SNR of 
approx. 30 dB in both 50 m and 100 m measurements was not limited by the transmission 
system, but rather by the DMT signal itself due to the clipping noise [Lee09a]. 

After deduction of the DMT transmission overhead, the data rates transmitted in the 
individual channels were 1.34 Gb/s (405 nm channel), 2.09 Gb/s (450 nm channel), 2.84 Gb/s 
(520 nm channel) and 1.99 Gb/s (656 nm channel). The total averaged BER in each channel 
was calculated to be 10-3, which was sufficient to achieve BER<10-9 after applying FEC with 
7 % redundancy. Hence, an aggregate bit rate of 8.26 Gb/s realized at the BER=10-3 contained 
7.72 Gb/s information bits. The system provided 2 times more transmission capacity than the 
fastest 100 m single-channel system known from literature, which operated at 514 nm 
[Vinogradov11].  
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Fig. 5.14: Measured SNR per subcarrier before bit-loading (solid black curve) and bit-loading scheme 
obtained on the basis of Chow’s rate adaptive bit-loading algorithm (curve with colored markers) for 
(a) 405 nm, (b) 450 nm, (c) 520 nm and (d) 656 nm channel in 100 m experiment. 

The power allocation per subchannel for 520 nm channel, that was obtained on the basis of 
Chow’s algorithm, is shown in Fig. 5.15. The saw-tooth-shaped power mask with approx. 
3 dB peak-to-peak deviation is characteristic for the Chow’s algorithm [Chow95] and has to 
be applied to the transmitted subchannels of a real DMT signal. Thereby, within the same 
subcarrier group the lower subchannels, typically experiencing better SNR before the bit 
loading, are allocated with less power than the higher subchannels experiencing worse SNR. 

 

Fig. 5.15: Power allocation obtained on the basis of Chow’s rate adaptive bit-loading algorithm for 
520 nm channel. 
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The SNR per subchannel of the received DMT signal in 520 nm channel after applying the 
bit-loading algorithm is shown in Fig. 5.16a. A stepped SNR curve can clearly be recognized. 
Each step corresponds to the subcarrier group with the same constellation size. Due to the 
saw-tooth shaped power allocation, the received SNR after bit loading is almost constant 
within each subcarrier group, which should also result in the same BER performance. 

The BER per subchannel for 520 nm channel is shown in Fig. 5.16b, resulting in the total 
averaged BER of 10-3. That value was computed by averaging the BER per subchannel over 
all active subcarriers, which amounted 251 in the particular case. Thereby, each individual 
BER was weighted based on the number of bits assigned to that subcarrier. That explains how 
a lower-weighted BER (typically greater than 10-3) of a larger number of higher subchanels 
was compensated by a higher-weighted BER (typically less than 10-3) in a smaller number of 
lower subchannels to result in the total averaged value of 10-3. 

(a) 

(b) 

Fig. 5.16: Properties of the received real DMT signal in 520 nm channel: (a) SNR per subchannel 
after bit-loading; (b) BER values per subchannel resulting in the total averaged BER of 10-3. 

The superimposed constellation diagrams with clearly distinguishable signal points, obtained 
after DMT demodulation in the fastest 520 nm channel, are shown in Fig. 5.17 to indicate the 
quality of the received signal. Fig. 5.17a depicts the highest received constellation employing 
256-QAM. Due to the insufficient SNR only 16 out of 27 lowest subcarriers were modulated 
with 256-QAM, implying that 8 bits were assigned to each of those subcarriers. Fig. 5.17b 
represents a superimposed constellation diagram of the subcarrier group modulated with       
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4-QAM (182nd to 185th and 191st to 232nd subcarrier). An averaged received SNR for the 
subcarrier groups modulated with 256-QAM and 4-QAM, obtained from the measurement 
data from Fig. 5.16a, equals 29.22 dB and 9.76 dB respectively. 

 (a)  (b) 

Fig. 5.17: Superimposed received constellations in 520 nm channel for the subcarrier groups 
modulated with (a) 256-QAM (16 out of 27 lowest subcarriers) and (b) 4-QAM (182nd to 185th and 
191st to 232nd subcarrier). 

5.4 Discussion 

Together with a three-channel and a six-channel WDM experiment from [Kruglov12a] and 
[Kruglov14] respectively, the performed measurements demonstrated not only the feasibility 
but also the potential of a high-speed POF WDM concept, offering more than two times 
higher transmission capacity compared to the single-wavelength systems. 

Having the measurement results already discussed in the previous sections, this subchapter 
summarizes the recommendations for further research and outlines the possible capacity of 
POF WDM. The recommendations can be summarized as follows: 

• Because of the simplicity and effectiveness of multiplexing based on the multi-legged 
POF bundles, a further investigation on that multiplexing technique is recommended. 

• Another important point for further work would be to investigate whether POF WDM 
with simple transmission techniques and at the same aggregate data rate offers 
advantages over single-channel transmission that employs more advanced 
transmission techniques but requires more signal processing. In particular, there might 
be applications (e.g. where low latency is required) where parallel WDM transmission 
with lower data rates per channel may be more beneficial than fast single-channel 
transmission. 

• Further optimization of both the demultiplexer to provide lower IL (see subchapter 
3.6), and of the transmission system and DMT signal parameters is required to further 
increase the aggregate WDM data rates:  

- With a four-channel WDM system an aggregate data rate of 16.05 Gb/s at the 
BER=10-3 could probably be achieved over 50 m SI-POF. That would correspond 
to 15 Gb/s error free transmission. An aggregate data rate of 9.35 Gb/s could 
presumably be reached over 100 m link, resulting in 9 Gb/s information bits. 
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- With the available transceiver components and a properly designed eight-channel 
interference filter-based demultiplexer with three-stage configuration, a possible 
aggregate data rate over 50 m SI-POF would be 32.1 Gb/s at the BER=10-3. That 
would correspond to an information rate of 30 Gb/s (in average 3.75 Gb/s per 
WDM channel). 

Supported by the technological advancements related to the capacity increase of a single 
channel, POF WDM might represent a networking solution offering both the advantage of a 
robust and easy-to-install transmission medium, and of a high-speed data communication. 
That might open up the possibilities for SI-POF technology to be used in the next generation 
broadband in-house networks and in high-speed very short reach optical interconnection 
networks (e.g. in data centers, and for inter-rack or inter-board interconnections). 
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6 Spectral grids in the visible spectrum for POF 
WDM applications  

Besides developing low-IL cost-effective POF WDM components and fast POF WDM 
transmission systems, it is also important to allocate a unique set of WDM transmission 
channels in the visible spectrum to support WDM applications over SI-POF. This chapter 
investigates spectral grids for today’s and future POF WDM systems. The results of the 
investigation were partially presented at the ITG Symposium on Photonic Networks (ITG 
Fachtagung Photonische Netze) 2013 [Jon i 13a]. 

6.1 Requirements for spectral grid in the visible spectrum 

To evaluate the applicability of a spectral grid to support visible spectrum WDM applications 
over SI-POF, the appropriate criteria were first established. Those criteria refer to: 

1. Channel distribution with respect to the spectral attenuation of SI-POF; 

2. Performances of different demultiplexing techniques; 

3. Availability of laser diodes in the visible spectrum. 

6.1.1 Channel distribution with respect to the spectral attenuation of SI-
POF 

Criterion: A spectral grid should have channels at wavelengths (frequencies) or in 
wavelength (frequency) regions where the attenuation of SI-POF experiences absolute or 
relative minima.  

The typical spectral attenuation of SI-POF is shown in Fig. 6.1. The fiber supports operation 
in the visible spectrum (400-700 nm) where it also provides four attenuation windows. Those 
are blue, green, yellow and red windows with the attenuation minima at 476 nm, 522 nm, 
568 nm and 650 nm respectively. In the red window the attenuation rapidly increases for 
wavelengths around 650 nm. In three other windows the slope of the attenuation curve is 
considerably less steep, and thus less sensitive to the spectral shift of transmitters caused by 
the manufacturing tolerances and temperature changes. 

Therefore, the spectral grid should specify channels within the visible spectral range from 
400 nm to 700 nm. The grid should define one channel at or very close to 650 nm. The grid 
should also specify channels in each of three other attenuation windows (blue, green and 
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yellow). Having the channels at wavelengths where the attenuation experiences local maxima 
should be avoided. 

6.1.2 Performances of different demultiplexing techniques 

Criterion: A spectral grid should provide high channel density to ensure long-term 
compatibility and high transmission capacity, but also sufficient channel spacing to comply 
with the current and near-future demultiplexing solutions. 

A major challenge in WDM for large-core SI-POF is to realize a demultiplexer. The main 
requirements for the demultiplexer are low IL, good IL uniformity (low IL uniformity value) 
and high channel isolation. The higher the channel count is, the more difficult it is to comply 
with those requirements. Different approaches for realization of the demultiplexer, including 
dispersion prisms [Lutz05], [Zhang05], interference filters [Junger02], [Appelt02], 
[Bartkiv03], [Kruglov12a], [Jon i 13b], plane [Pinzon13], [Pinzon14], [Kruglov14] and 
concave diffraction gratings [Haupt10], [Bartkiv05], [Bartkiv10], [Ziemann11] were shown. 
Based on those solutions, Table 6.1 gives the comparison of the available demultiplexing 
techniques. The demultiplexers with prisms, interference filters, and plane diffraction gratings 
require additional focusing and collimating optics, leading to a bulky design and causing 
additional losses. The best results for SI-POF demultiplexer could most likely be achieved 
with a concave grating, which combines both the imaging and the wavelength-separating 
function and does not require any additional optics. 

At the current development stage of SI-POF demultiplexers it would be realistic to separate 
up to eight channels in the visible spectrum with acceptable IL. For example, a three-stage 
configuration of the demultiplexer with interference filters could be employed. However, the 
spectral grid should provide even higher channel count to ensure compatibility with future 

 

Fig. 6.1: Typical spectral attenuation of 1 mm PMMA SI-POF [Bunge11] with contributions of 
intrinsic loss mechanisms and with attenuation minima and maxima. 
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technological improvements. For the less demanding WDM applications requiring wider 
channel spacing, the channel plans using e.g. every second or fourth channel of the original 
grid could be adopted. 

6.1.3 Availability of laser diodes in the visible spectrum 

Criterion: The channels of a spectral grid should be located at wavelengths where the laser 
diodes are available. 

The main requirement for a WDM system in the visible spectrum is to overcome low 
bandwidth of SI-POF. In order to maximize the data rates in the individual WDM channels, it 
would be necessary to employ high-power laser diodes as transmitters. Such diodes typically 
support operation with higher modulation amplitudes that should be used to compensate the 
losses occurring in the multiplexer and demultiplexer. Fig. 6.2 gives an overview of the 
commercial visible laser diodes from Sanyo, Osram, Nichia and Opnext with the optical 
output power greater than 10 mW (10 dBm). The following wavelengths are available: 

• Violet lasers: 405nm, 415 nm and 422 nm; 

• Blue lasers: 445 nm, 450 nm, 455 nm, 473 nm and 488 nm; 

• Green lasers: 505 nm, 515 nm and 520 nm; 

• Red lasers: 633-642 nm, 650 nm, 658-660 nm, 670 nm, 685 nm and 690 nm. 

Currently, up to 9 laser diodes with at least 17 nm separation between the nominal lasing 
wavelengths could be employed at the same time. 

The laser diodes operating in the yellow attenuation window, where the attenuation exhibits 
absolute minimum, would be ideal transmitters for SI-POF systems. Such devices are still not 
commercially available. However, a yellow laser diode with continuous-wave operation was 
demonstrated in [Tanaka13]. The fabricated diode had the lasing wavelength of 571 nm and 
the optical output power of 50 mW, which make it optimal for use in single- and multi-
channel SI-POF systems. 

Table 6.1: Comparison of different demultiplexing techniques. 

Demultiplexing 
technique 

Channel 
count 

Channel 
spacing IL Isolation Size 

Dispersion 
prisms low wide high medium large 

Interference 
filters 

low to 
medium 

narrow or 
wide 

low to 
medium 

high medium to 
large 

Plane 
gratings 

low to 
medium 

narrow or 
wide 

medium to 
high 

medium to 
high 

medium to 
large 

Concave 
gratings 

potentially 
high 

potentially 
narrow 

potentially 
low 

medium to 
high 

small to 
medium 
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Fig. 6.2: Overwiev of the commercial visible laser diodes with the optical output power  10 mW 
(datasheet information). 

6.2 Establishing and evaluating grids in the visible spectrum 

Two ways for establishing spectral grids in the visible spectrum were used in this thesis: 

1. Extend existing grid from infrared into the visible spectral range;  
2. Define a new wavelength or frequency grid in the visible spectrum. 

6.2.1 Extension of ITU-T G.694.1 DWDM grid into the visible spectrum 

If ITU-T G.694.1 DWDM frequency grid with 100 GHz channel spacing would be extended 
into the visible spectrum, 3213 channels between 428.3 THz (700 nm) and 749.5 THz 
(400 nm) would be obtained, as shown in Fig. 6.3. In the wavelength domain the channel 
spacing would reduce from 0.163 nm for the channels in 700 nm region to 0.053 nm for the 
channels in 400 nm region. For the channel spacing of 100/n GHz, where n=2, 4, 8, the 
number of channels in the same spectral region would further increase to 3212 n+1.  

 

Fig. 6.3: Extension of ITU-T G.694.1 DWDM frequency grid into the visible spectrum. 
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According to [ITU12a], dense WDM systems have the frequency spacing between the 
adjacent channels less than or equal to 1000 GHz. In the wavelength domain the channel 
spacing of 1000 GHz corresponds to 0.53 nm and 1.63 nm for the wavelengths in 400 nm and 
700 nm spectral regions respectively. Even the channel spacing of 8 nm (transition from 
dense to coarse WDM at 1550 nm) would be too demanding for demultiplexers in the visible 
spectrum. Furthermore, the demands for POF WDM systems, including channel count, data 
rates and control of laser wavelengths, are far more modest than for DWDM systems. 

Therefore, it can be stated that dense WDM concept and the extension of DWDM grid into 
the visible spectrum are not suitable for WDM applications over SI-POF. 

6.2.2 Extension of ITU-T G.694.2 CWDM grid into the visible spectrum 

If ITU-T G.694.2 CWDM wavelength grid would be extended into the visible spectrum, 
15 equidistant channels between 400 nm and 700 nm would be obtained, as shown in Fig. 6.4. 
The parameters of the grid including the nominal central wavelengths, corresponding 
frequencies and attenuation coefficients are listed in Table 6.2. The channel spacing of 20 nm 
makes good utilization of the available spectral range. In the red window the extension has a 
channel at 651 nm, which is very close to the attenuation minimum at 650 nm. The channel 
distribution also corresponds well to three other attenuation windows. The channels 
experiencing the highest attenuation are those at 611 nm, 631 nm, 671 nm and 691 nm. Those 
channels could be used for distances up to 20 m since they would experience approximately 
the same attenuation as 651 nm channel over 50 m, but lower intermodal dispersion. Good 
channel allocation, sufficient channel spacing, high channel count and good availability of the 
transmitters make the extension of CWDM grid very suitable to support WDM applications 
over SI-POF. 

 

Fig. 6.4: Extension of CWDM wavelength grid into the visible spectrum and channel plans for 4-,   
8-, 12- and 15-channel applications. 
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Table 6.2: Basic parameters of CWDM grid extension. 

Chanel Nominal central  
wavelength [nm] 

Approximate nominal  
central frequency [THz] 

Approximate attenuation 
coefficient [dB/km] 

1 411 729 158 

2 431 696 120 

3 451 665 100 

4 471 637 85 

5 491 611 84 

6 511 587 72 

7 531 565 75 

8 551 544 99 

9 571 525 63 

10 591 507 89 

11 611 491 259 

12 631 475 349 

13 651 461 126 

14 671 447 261 

15 691 434 313 

The long-term compatibility and high transmission capacity of the grid would be ensured by a 
high channel count. For the less demanding WDM applications with wider channel spacing, 
the channel plans could be adopted. Table 6.3 shows possible channel plans for the extension 
of CWDM grid into the visible spectrum. Suggested plans support WDM applications with 4, 
8, 12 and 15 channels. For 4-channel applications with 80 nm channel spacing all 
demultiplexing techniques listed in Table 6.1 could be used. Interference filter- and grating-
based demultiplexers would be suitable for the realization of 8-channel systems with 40 nm 
channel spacing. Only a properly designed concave grating-based demultiplexer would 
probably be able to provide, at a reasonable IL, high channel count and 20 nm channel 
spacing required in 12-channel applications. The channels with the highest attenuation, 
omitted in 12-channel plan, could be utilized in 15-channel applications but only up to certain 
transmission distance (e.g. 20 m). The proposed channel plans are also designated in Fig. 6.4. 

The main requirement for POF WDM systems is cost-effectiveness. Like in CWDM systems 
in the infrared range, that could be achieved by allowing tolerances for laser wavelengths, and 
by using uncooled lasers and low-cost demultiplexers. Therefore, it would be reasonable to 
adopt the values for tolerances, temperature drifts and demultiplexer passbands already 
specified for CWDM systems, as shown in Fig. 6.5 (see also subchapter 2.5.1). 
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Table 6.3: Channel plans for CWDM grid extension. 

Nominal central  
wavelength [nm] 

4-channel 
applications 

8-channel 
applications 

12-channel 
applications 

15-channel 
applications 

411     

431     

451     

471     

491     

511     

531     

551     

571     

591     

611     

631     

651     

671     

691    
 

 

Fig. 6.5: Allowed variation of CWDM laser wavelengths requiring demultiplexers with 13 nm 
passband channels (according to [ITU03]). 

6.2.3 Newly defined frequency and wavelength grids 

Having the values of 8 nm and 50 nm as the minimum and the maximum coarse WDM 
channel spacing, it is clear that POF WDM systems in the visible spectrum should belong to 
coarse WDM category. In this subchapter the newly defined coarse WDM grids will be 
presented and analyzed. 
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Frequency grids 

A frequency grid anchored to 461.2 THz (650 nm) with 22.2 THz channel spacing is shown in 
Fig. 6.6 on the wavelength axis. The parameters of the grid are listed in Table 6.4. The grid 
has 15 channels between 749.8 THz (399.8 nm) and 439 THz (682.9 nm). The channels at 

Fig. 6.6: Frequency grid anchored to 461.2 THz (650 nm) with 22.2 THz channel spacing and 
15 channels in the visible spectrum. 

Table 6.4: Basic parameters of the frequency grid anchored to 461.2 THz (650 nm) with 
22.2 THz channel spacing and 15 channels in the visible spectrum. 

Chanel Nominal central  
frequency [THz] 

Approximate nominal  
central wavelength [nm] 

Approximate attenuation 
coefficient [dB/km] 

1 749.8 399.8 179 

2 727.6 412.0 153 

3 705.4 425.0 129 

4 683.2 438.8 113 

5 661 453.5 97 

6 638.8 469.3 86 

7 616.6 486.2 87 

8 594.4 504.4 74 

9 572.2 523.9 70 

10 550 545.1 106 

11 527.8 568.0 62 

12 505.6 592.9 94 

13 483.4 620.2 396 

14 461.2 650.0 125 

15 439 682.9 285 
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469.3 nm, 523.9 nm, 568 nm and 650 nm comply well with the attenuation minima of SI-
POF. The nominal central frequencies (wavelengths) of the grid also comply well with the 
available lasing wavelengths in the visible spectrum. As can be noticed, a constant channel 
spacing in the frequency domain results in a variable channel spacing in the wavelength 
domain that increases from 12.2 nm in 400 nm region to 32.9 nm in 700 nm region. By 
concentrating most of the channels in the violet, blue and green wavelength regions, the 
number of channels experiencing high attenuation is reduced to two (channels 13 and 15). 
However, the narrower channel spacing in the short wavelength region would impose stricter 
requirements for filters and laser wavelength variation. Furthermore, the allowed wavelength 
drifts and filter parameters would have to be individually specified, at least for those channels 
with the channel spacing less than 20 nm. 

Therefore, for WDM applications over SI-POF it is not suitable to have a frequency grid. 
Instead, it would be more convenient to have a wavelength grid with equidistant channel 
spacing. 

Wavelength grids 

The basic idea when considering new wavelength grids in the visible spectrum was to 
systematically establish and evaluate grids with equidistant channel spacing ranging from 
8 nm to 50 nm. To comply with the nominal center wavelengths of commercial components 
(e.g. laser diodes or interference filters) that are typically specified as whole numbers, 1 nm 
increment of the channel spacing was adopted. Furthermore, only the grids with the whole-
numbered nominal central wavelengths were subject to analysis.  

To achieve that, the following procedure was applied. The separation (in nm) between the 
shortest and the longest channel of the grid was designated as D. If D was not a prime number 
it could be prime factorized i.e. decomposed into its constituent prime factors which when 
multiplied result in an original number. Depending on the prime factors obtained, one or more 
a b products could be formed such that D=a b, where 

• a stands for the number of channels decremented by one, and 

• b stands for the channel spacing.  

For a given D only some a b products were of interest. For example, let D equal 294 nm. The 
prime factorization of this number results in 294=2 3 72. The a b products which were not of 
interest are 2 147, 3 98, 49 6, 98 3 and 147 2.  The applicable a b products were 6 49, 14 21 
and 21 14. The product 14 21 refers to the grid with 15 (14+1) channels and 21 nm channel 
spacing. On the other hand, the commutative product 21 14 designates the grid with 22 (21+1) 
channels and 14 nm channel spacing. 

Having the visible spectrum extending from 400 nm to 700 nm, the maximum value of D was 
300 nm. In this example 300 could be written as a unique combination of the following prime 
factors 300=22 3 52. The a b products of interest were 10 30, 12 25, 15 20, 20 15, 25 12 and 
30 10. 
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When the applicable a b products were found i.e. when for a given D the possible channel 
counts and channel spacings were known, the optimal position of the grid on the wavelength 
axis had to be determined. First, the grid was centered around 550 nm midpoint of the visible 
spectrum. The grid was then shifted upward or downward in steps of 1 nm along the 
wavelength axis in order to find the best position according to the criteria for the minimum 
attenuation and the availability of the laser diodes. To keep all channels within 400-700 nm 
region and avoid making space for an additional channel (which then refers to (a+1) b product 
and therefore another D), the upward and downward shift (in nm) were limited to: 

•  (300–D)/2 if (300–D) < b, or  

• < (300–D)/2 if (300–D)  b. 

For example, let D=280 nm. When a grid with 15 channels (a=14) and 20 nm channel spacing 
(b=20 nm) is centered around 550 nm, the shortest and the longest wavelength of the grid are 
at 410 nm and 690 nm respectively. The allowed upward and downward shift for this grid 
would be less than 10 nm. A 10 nm downward shift would place the shortest and the longest 
channel at 400 nm and 680 nm respectively, therefore creating the space for an additional 
channel at 700 nm, which then corresponds to another D (with a=15 and b=20 nm).  

The described approach was used to systematically study the wavelength grids with 
equidistant channel spacing ranging from 8 nm to 50 nm in increments of 1 nm, with both odd 
and even channel count. To perform that, the numbers from 215 to 300 were prime factorized 
and obtained a b products were analyzed. In case of duplication, only the grid with a higher 
channel count was considered (e.g. 300=15 20 and 260=13 20; only 15 20 was considered, 
13 20 was dismissed). 

It was found that the following two grids with 20 nm channel spacing best satisfy the criteria 
set in subchapter 6.2: 

• Grid with 15 channels distributed from 410 nm to 690 nm; 

• Grid with 16 channels distributed from 400 nm to 700 nm. 

The channel spacing of 20 nm was estimated to be realistic for POF WDM systems, providing 
both sufficient utilization of the available spectral range and enough tolerance for the low-cost 
components. The former grid, among others, places one channel directly at 650 nm. It 
deviates from CWDM grid extension by only 1 nm, thereby also confirming good 
performances of CWDM grid extension. The latter grid increases the channel count to 16, 
thereby exploiting the whole visible spectral range. It is shown in Fig. 6.7 and the basic 
parameters of the grid are listed in Table 6.5. The values for the laser wavelength  
tolerance (± 3 nm), temperature drift (7 nm) and guardband (7 nm) specified for CWDM 
systems should also be applied for these two grids. 

For even more flexibility, the grids with wider channel spacing should be considered. For 
example, the grid with 25 nm channel spacing and 13 channels between 400 nm and 700 nm. 
The guardband between the adjacent channels would then be 8 nm, corresponding to one third 
of the minimum channel spacing according to [ITU03]. By adopting the standard values for 
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the laser wavelength tolerance and temperature drift, an additional tolerance of ±2 nm for the 
nominal wavelength of the laser diode could be introduced. That would mean, for example, 
that the laser diodes with the nominal lasing wavelength from 448-452 nm range could be 
used in the channel centred at 450 nm.  

Fig. 6.7: Wavelength grid with 20 nm channel spacing and 16 channels channels in the visible 
spectrum. 
 

Table 6.5: Basic parameters of the wavelength grid with 20 nm channel spacing and 
16 channels in the visible spectrum. 

Chanel Nominal central  
wavelength [nm] 

Approximate nominal  
central frequency [THz] 

Approximate attenuation 
coefficient [dB/km] 

1 400 749.5 179 

2 420 713.8 138 

3 440 681.3 112 

4 460 651.7 92 

5 480 624.6 85 

6 500 599.6 77 

7 520 576.5 71 

8 540 555.2 98 

9 560 535.3 71 

10 580 516.9 75 

11 600 499.7 129 

12 620 483.5 396 

13 640 468.4 185 

14 660 454.2 187 

15 680 440.9 281 

16 700 428.3 430 
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6.3 Discussion 

Having different channel allocations already analyzed in the previous sections, this subchapter 
summarizes the best spectral grids and gives the author’s recommendations for further 
standardization-related activities. 

Among all examined spectral grids, the following four wavelength grids stand out for their 
performance: 

1. Extension of CWDM grid into the visible spectrum. The grid specifies 20 nm channel 
spacing and contains 15 channels from 411 nm to 691 nm; 

2. Grid with 20 nm channel spacing and 15 channels from 410 nm to 690 nm; 

3. Grid with 20 nm channel spacing and 16 channels from 400 nm to 700 nm; 

4. Grid with 25 nm channel spacing and 13 channels from 400 nm to 700 nm. 

These grids provide good potential for high-speed POF WDM applications and are proposed 
to be subject to further discussion and revision. The author’s recommendation would be to 
adopt the extension of CWDM grid to support WDM applications over 1 mm PMMA SI-
POF. The rationale for that would be not only the compliance of the grid with the set 
evaluation criteria, but also the compliance of the basic principles and requests for POF 
WDM systems in the visible spectrum with those for CWDM systems in the infrared range. 
Furthermore, by developing the G.hn family of standards  (ITU-T Recommendations G.9960–
G.9964), the ITU also laid the focus on in-home networking technologies that operate over 
three standard types of premises wiring (phone lines, power lines and coaxial cables). In 2012 
the ITU added 1 mm PMMA SI-POF to G.hn as a fourth physical medium (ITU-T 
Recommendation G.9960, Annex F [ITU11]). By recognizing the potential of POF 
technology, the ITU opened up the possibilities for further POF-related standardization. 
Therefore, changing the existing CWDM standard by extending CWDM grid into the visible 
spectrum would be much simpler than developing a new standard for another grid. 

As an alternative to the ITU, the European Telecommunications Standards Institute (ETSI), 
which provides ETSI TS 105 175-1 technical specification for 100 Mb/s and 1 Gb/s POF 
systems [ETSI15], could also offer good standardization possibilities. 

The standardization of spectral channels is a necessary and important step that would 
stimulate further development of POF WDM technology and help towards bringing it into the 
market.  
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7 Summary and outlook 

This thesis investigated the application of WDM in short-range optical communication over 
SI-POF. The focus of research was on: 

• Demultiplexing techniques for SI-POF based on thin-film interference filters and a 
concave diffraction grating (chapters 3 and 4 respectively); 

• Four-channel high-speed WDM transmission over SI-POF (chapter 5); 

• Channel allocation for today’s and future POF WDM systems (chapter 6). 

Chapter 3 concentrated on the experimental realization of SI-POF demultiplexer employing 
thin-film interference filters. The principle of operation and the approach for experimental 
realization of the demultiplexer were first explained. The main characteristic of the developed 
demultiplexer setup was its precise adjustability. That allowed the maximization of the optical 
throughput in the individual channels. On the other hand, a complex and time-consuming 
alignment procedure was required.  

In a step-by-step approach, the intermediate setups with two and three channels were first 
established. One of the most interesting results was realization of the two-channel 
demultiplexer with 10.6 nm and 9 nm passband channels centered at 640.3 nm and 661.2 nm. 
That is the first SI-POF demultiplexer for the red spectral window reported so far. It offered a 
narrow channel spacing of 20.9 nm supporting the spectral grid proposal from chapter 6. 
Furthermore, it complied well with 650 nm attenuation minima of SI- and GI-POF, and was 
suitable for use with 640 nm and 660 nm red laser diodes. The realized three-channel 
demultiplexers offered performances close to the best interference filter-based SI-POF 
demultiplexer reported so far. However, their IL was by approx. 0.5 dB/channel higher than 
expected, most likely because of the accumulated dust on the optical surfaces and coating 
damages due to improper handling. Even then, the IL required for the separation of up to three 
channels was less than 4 dB. 

In addition, a serial and a two-stage configuration of the target setup with four channels were 
realized and mutually compared. An important result was that the two-stage configuration 
significantly outperformed the serial one in terms of IL and IL uniformity. The demultiplexer 
with two-stage configuration provided 9.4 nm, 9.3 nm, 41.6 nm and 47.6 nm passband 
channels centered at 404.9 nm, 450.1 nm, 528.3 nm and 646.4 nm. Its exceptional 
performances, including the IL of 3.19-5.66 dB, isolation greater than 30 dB and channel 
count of four, make it the best interference filter-based demultiplexer for SI-POF reported so 
far. As such, it was very suitable to support high-speed POF WDM transmission. 
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For the channel count up to four it was demonstrated that SI-POF demultiplexers employing 
interference filters offer the advantages of good wavelength selectivity, high channel 
isolation, low IL and flat-top spectral response. The costly, bulky and alignment sensitive 
setup would be difficult to implement in non-laboratory conditions. However, low IL and 
high isolation make these demultiplexers suitable for implementation in high-speed POF 
WDM transmission experiments and investigation on their data-carrying capacity. For those 
reasons, further optimization of the realized setup and extending the channel count gains in 
importance. For example, the use of achromatic or aspherized achromatic lenses in the input 
and the output demultiplexer ports represents an apparent solution for achieving color 
correction over a broad spectral range. Furthermore, the channel count could be increased up 
to eight by employing a three-stage configuration where each wavelength channel would 
encounter three dichroic mirrors. Thereby, the dimensions and the complexity of the 
demultiplexer setup could be reduced by designing a housing with slits for lenses, dichroic 
mirrors and interference filters. 

Within the BMBF project VIP HOPE (Nov. 2010 – Feb. 2014) the parameters of the SI-POF 
demultiplexer based on a concave diffraction grating were optimized by means of an optical 
simulation software. The demultiplexer was designed to support operation with four laser-
diode based channels at 405 nm, 450 nm, 520 nm and 650 nm in the second diffraction order. 
Moreover, four demultiplexer samples with the grating mechanically ruled on a PMMA 
substrate were produced. These are the first concave grating-based demultiplexers ever 
reported for SI-POF. Since the samples became available in the late project phase, their 
demultiplexing properties could not be examined during the project duration.  

Chapter 4 addressed subsequent theoretical and experimental analysis of the VIP HOPE 
project demultiplexer (see previous paragraph). Comparing the theoretical diffraction angles 
with the previous simulation results revealed a considerable mismatch between the calculated 
and the simulated values. It was found that shortening of wavelengths when light enters 
PMMA was not taken into consideration when designing the demultiplexer. This meant that 
optimization of the grating parameters for detection in the second diffraction order was based 
on a false assumption that design vacuum wavelengths were incident on the grating. 
However, an important observation from chapter 4 was that the wavelength shortening in 
PMMA by a factor of approx. 1.5 and a ratio of the third and the second diffraction order of 
3/2=1.5 cancel each other in the grating equation. It was further shown that the demultiplexer 
could provide good detecting possibilities in the third order, but with a reduced operating 
wavelength range (427-620 nm instead of initially planned 400-700 nm). Having the violet 
and red channels unsuitable for use, the demultiplexer was expected to support two-channel 
operation in the third order using 450 nm and 520 nm laser diodes. 

For characterizing the transmission properties of the samples, two measurement methods and 
the corresponding mounting setups were proposed and investigated. In both cases the curved 
focal surface of the demultiplexer had to be scanned with 1 mm output SI-POF. The basic 
difference between the methods was the orientation of the scanning output fiber with respect 
to the grating center. The initially developed more complex method preserved an ideal 
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orientation of the fiber axis to the grating center during the scan, introducing small 
longitudinal displacement between the actual and the ideal fiber position (e.g. 169 μm 
displacement at 20º diffraction angle). That had to ensure that the measurement results most 
closely correspond to the actual values (0.7 dB corresponding correction factor). On the other 
hand, high alignment sensitivity was inherent to the method, making any measurement 
attempt with the realized mounting setup unreliable. For that reason, the simplified 
measurement method was subsequently developed. In that method the output fiber was 
always perpendicular to the demultiplexer surface, with the fiber axis going through the center 
of the Rowland circle. That introduced angular displacement between the actual and the ideal 
fiber position (e.g. 20º displacement at 20º diffraction angle), resulting in more inaccuracy in 
the measurement results (2.8 dB corresponding correction factor). However, the method was 
less alignment-sensitive and therefore more suitable for practical realization. Having the 
initially developed method potentially more accurate, it would be recommendable to optimize 
the corresponding mounting setup for characterization of future demultiplexer samples. In the 
thesis, the experimental results were obtained with the simplified method.  

For the first time, the transmission characteristics of one concave grating-based SI-POF 
demultiplexer were measured. Both the diffraction angle-dependent spectral response over a 
broad wavelength range (400-700 nm) and the diffraction angle-dependent transmittance at 
five lasing wavelengths (405 nm, 450 nm, 520 nm, 638 nm and 660 nm) were presented. A 
significant observation from chapter 4 was that the measured diffraction angles in both 
positive and negative orders corresponded well to the theoretical values. The existing angular 
deviations indicated that the ruling process introduced random variations of the groove 
spacing across the grating surface. Another observation was that the distribution of light 
intensity among the orders did not follow the expected diffraction efficiency, having more 
intensity concentrated in the first and the second than in the third order. That indicated that 
the groove depth and the groove shape were the production parameters much more difficult to 
control than the groove spacing. It was shown that in the best case the demultiplexer could 
support two-channel operation (520 nm and 660 nm) in the second order with IL of around 
20 dB and channel isolation of 13 dB. Furthermore, it was estimated that the minimum IL of 
around 20 dB was composed of 6 dB scattering loss and 14 dB loss due to combined effects 
of low diffraction efficiency, high interorder scatter and high coupling loss in the image layer. 
Because of the poor grating structure resulting in high IL and low channel isolation, the 
produced demultiplexer samples did not fulfil the requirements to be used for high-speed POF 
WDM transmission experiments.  

Further optimization of demultiplexer parameters and ruling process is required to realize a 
functional device capable of supporting POF WDM applications. The demultiplexer with 
current parameters can support operation with two laser diode-based channels in the third 
diffraction order. The blaze angle and the sagittal radius should be re-optimized for the 
operation with three channels in the second order. For the operation with a higher channel 
count, the dimensions of the demultiplexer (e.g. tangential radius, grating height and width) 
would have to be increased. Alternatively, the demultiplexer could be re-designed for use 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



7 Summary and outlook 
 

 118 

with the smaller-diameter fibers. To obtain an accurately shaped sawtooth profile with the 
required groove spacing and groove depth, the parameters of the ruling process would have to 
be stabilized. If that would be achieved, a master grating could be directly ruled on a molding 
tool, and a demultiplexer with fixed entrances for the input and the output fibers could be 
cost-effectively produced through injection moulding. That could open up the possibilities for 
commercial implementation of POF WDM. 

Chapter 5 presented four-channel POF WDM data transmission experiments, demonstrating 
the feasibility and potential of a high-speed POF WDM concept. For the separation of laser 
diode-based wavelength channels the four-channel demultiplexer with two-stage 
configuration was used. Several optimization steps with the intermediate results were shown 
before the target experimental setup and data transmission results were presented. One of the 
most important setup improvements was realization of the four-legged POF bundle to 
multiplex the signals coming from four different laser diodes. For direct launching the overall 
optical power loss at the transmitter side (launching coupling loss, bundle leg attenuation and 
loss of the multiplexing interface) was only 3.3-5.5 dB. Because of its simplicity and 
effectiveness, the suggested approach significantly outperformed any other multiplexing 
technique. The patent application for an optical POF multiplexer based on a multi-legged POF 
bundle, which referred to arbitrary channel counts and fiber diameters, was also submitted to 
the German Patent and Trade Mark Office (DPMA) under number DE 10 2013 020 236.1. 
Further investigation on using multi-legged POF bundles as multiplexers is recommended as 
an important point for the follow-up research. 

By employing NRZ modulation and linear FFE equalization the aggregate data rates of 
7.8 Gb/s and 3.21 Gb/s were demonstrated over 50 m and 100 m SI-POF respectively at the 
BER<10-4. The corresponding net bit rates were 7.56 Gb/s and 3.11 Gb/s. An interesting 
observation was that POF WDM with simple transmission technique and lower channel rates 
provided aggregate bit rates comparable to those achieved with the single-wavelength systems 
that used more advanced transmission techniques but required more signal processing. 
Therefore, another important point for further work would be to investigate whether POF 
WDM with simple transmission techniques and lower channel rates offers advantages over 
fast single-channel transmission (e.g. in applications where low latency is required). 

The most important results in chapter 5 were achieved through the cooperation with           
Dr.-Ing. Roman Kruglov from the POF-AC. The 14.77 Gb/s data transmission based on the 
offline-processed DMT modulation was demonstrated over 50 m SI-POF at the BER=10-3. 
That is the second highest transmission capacity ever reported over 50 m SI-POF. For that 
purpose four laser diode-based channels at 405 nm, 450 nm, 515 nm and 639 nm were used. 
In addition, the similar setup was used to demonstrate record 8.26 Gb/s data rate over 100 m 
SI-POF at the BER=10-3. That is the only 100 m POF WDM experiment reported so far. The 
corresponding information rates were 13.8 Gb/s and 7.72 Gb/s, offering two times higher 
transmission capacity than the fastest single-wavelength systems.  
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To further increase the aggregate WDM data rates, the additional optimization of the 
demultiplexer to provide lower IL, and of the transmission system and DMT signal 
parameters is required. With a four-channel WDM system an aggregate data rate of 
16.05 Gb/s at the BER=10-3 could probably be achieved over 50 m SI-POF. That would 
correspond to 15 Gb/s error free transmission. An aggregate data rate of 9.35 Gb/s could 
presumably be reached over 100 m link, resulting in 9 Gb/s information bits. With the 
available transceiver components and a properly designed eight-channel interference filter-
based demultiplexer employing three-stage configuration, a possible aggregate data rate over 
50 m SI-POF would be 32.1 Gb/s at the BER=10-3. That would correspond to the information 
rate of 30 Gb/s (in average 3.75 Gb/s per WDM channel). 

Chapter 6 investigated spectral grids for the visible spectrum WDM applications over SI-
POF. First, the criteria for evaluating the applicability of a grid for the intended application 
were defined. In addition, the newly defined frequency and wavelength grids as well as the 
extensions of existing grids from infrared into the visible spectral range were analyzed. It was 
estimated that 20 nm channel spacing is realistic for POF WDM systems, providing both 
sufficient utilization of the available spectral range and enough tolerance for the low-cost 
components. As an important result, the extension of ITU-T G.694.2 CWDM grid into the 
visible spectrum was suggested to support WDM applications over SI-POF. With 20 nm 
channel spacing and 15 channels in 400-700 nm region, the grid provides good potential for 
high-speed applications. Furthermore, by recently recognizing the potential of POF 
technology, the ITU opened up the possibilities for further POF-related standardization. 
Therefore, changing the existing CWDM standard by extending CWDM grid into the visible 
spectrum would be much simpler than developing a new standard for another grid. Further 
activities towards standardization of the spectral channels are recommended as a necessary 
and important step that would stimulate the development of POF WDM technology and help 
towards bringing it into the market.  

For commercial implementation of POF WDM, a mass production of low-IL multiplexing 
and demultiplexing components in a cost effective way (e.g. injection molding) is required. 
Supported by the technological advancements related to the capacity increase of a single 
channel, POF WDM might represent a networking solution offering both the advantage of a 
robust and easy-to-install transmission medium, and of a high-speed data communication. 
That might open up the possibilities for SI-POF technology to be used in the next generation 
broadband in-house networks and in high-speed very short reach optical interconnection 
networks (e.g. in data centers, and for inter-rack or inter-board interconnections). 

To conclude, this thesis investigated several aspects of WDM for short-range optical 
communication over SI-POF. The WDM components with low IL were realized, high-speed 
WDM transmission over SI-POF was demonstrated and channel allocation for POF WDM 
was proposed.  The results from the thesis make a significant contribution to the investigation 
and development of WDM technology for large-core POFs, and set a good basis for the 
follow-up research. 
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