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1. Introduction 
 

1.1  Motivation 
The explosive growth of communication technology in recent years has brought 
the high-capacity wireless connectivity to end users. The rising Internet traffic 
volume is predicted to boost the requirements for wireless channel capacity in 
coming years with major applications such as data, file sharing, interactive high 
definition (HD) video, voice over internet protocol (VoIP) and gaming [1, 2]. 
Video traffic is predicted to increase at a very high annual growth rate taking up 
more than 70 percent of the overall traffic [1]. 

In the near future, users shall be able to receive the same services on their 
mobile/wireless access systems that they are currently receiving over wireline 
networks, including interactive real-time HD multimedia. Therefore, 
transcoding will no longer be necessary at the wired/wireless transmission 
interface and more computationally efficient video coding solutions can be 
introduced. 

Photonic devices are currently undergoing the process of cost reduction 
along with enhancement of functionalities. Techniques that for a long time 
belonged to a domain of wireless communication research e. g. support of 
advanced modulation formats are now being adopted for optical fiber 
communication [3]. Recent progress in photonic integrated circuits (PICs) 
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enables integration of devices such as lasers, couplers, modulators, and 
detectors on the same chip [4]. PIC-based optical transmitters and receivers for 
fiber-wireless networks have already been implemented [5]. These 
developments allow us to envision that future optical transmitters will 
gradually adopt the functionalities of photonic radio frequency (RF) processing 
and uncover the potential of microwave photonics research. 

In this Thesis, the broadband access network segment is studied. As access 
and metro networks migrate from the copper-based infrastructure for 
baseband data delivery to hybrid and all-fiber solutions, the RF transmission 
over optical fiber is becoming more feasible as the same pre-installed fiber-
optic infrastructure can be used for both baseband and the RF signal delivery. 

The capacity of fiber-wireless networks is limited by the wireless 
connection bandwidth bottleneck. The low spectrum availability in microwave 
range leads to higher interest in the bandwidth available in a millimeter-wave 
(mm-wave) range. V (50-75 GHz), E (60-90 GHz) and W (75-110 GHz) bands 
allow unlicensed transmission in 57-66 GHz region and transmission with low 
cost swift approval license in 71-76 and 81-86-GHz bands [6].  

In this Thesis, access fiber networks are studied for simplified transport of 
Gigabit mm-wave RF signals supporting real-time HD video transmission. 

1.2 MM-wave fiber-wireless networks 
For mm-wave radio transmission, the simplicity and low cost of BSs is 
advantageous as utilization of mm-wave bands would require a higher count of 
base stations (BS)/access points/remote antenna units to provide a wireless 
coverage for a given area compared to transmission on microwave 
frequencies.  With increased density of BSs, distributed antenna systems (DAS) 
architecture becomes advantageous [7]. In the DAS scenario, the central office 
(CO) contains most of the functionalities, and the BS should be simplified. Later 
in this work, we refer to wireless transmitters and receivers as the BS 
irrespective of the level of complexity assigned. 

As an example of the DAS architecture, we study radio over fiber (RoF) 
technology where upconversion to the wireless carrier is performed at the CO, 
and the combination of RF and data signals is then delivered to the BS through 
the fiber. At the BS, the RF carrier is recovered simply by means of optical-to-
electrical (O/E) conversion, and then radiated.  

In RoF systems, RF amplification and filtering may be used at the BS, 
however, expensive mm-wave RF generation and mixing are avoided [8-13]. 
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Figure 4. Schematic diagram for photonic RF generation by dual-laser remote 
heterodyning. 

The advantage of the dual-laser remote heterodyning scheme is that it 
allows circumventing the use of the local oscillator (LO) generating the RF 
carrier at the CO. However, due to the fact that the lasers are uncorrelated, 
phase and frequency instability is expected [25]. 

 

Figure 5. Schematic diagram for intensity modulation / direct detection (IM/DD) 
RoF scheme. PC: polarization controller. 

The most straightforward technique for homodyne photonic RF signal 
generation at the BS is the direct modulation of the lightwave with the RF signal 
at the CO as exemplified in Fig. 5. In this scheme, the MZM is used as an 
amplitude modulator, therefore its bias is set to the linear operation region. In 
this case, the spectrum of the modulated signal consists of three components: 
the lightwave carrier and two sidebands offset at the frequency equal to the 
frequency of LO modulating the lightwave. When this technique is used for 
transfer of mm-wave wireless signals through the fiber, high frequency E/O RF 
components are required which increases the cost of the system considerably. 
Due to the fact that sidebands are correlated, high performance of the 
recovered at the BS RF signal in terms of the RF phase noise is expected at the 
BS [26]. 
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Figure 6. Schematic diagram for OCS RoF signal generation. 

An attractive technique for photonic RF generation has been proposed in 
[27] as a modification of the simple intensity modulation method, showing that 
by biasing the MZM at the minimum transmission point, the optical carrier is 
suppressed and the value of the photonically generated RF at the BS is twice the 
RF originally fed into the MZM. This method is known as an optical carrier 
suppression (OCS) technique. The schematic diagram of the OCS RoF setup is 
depicted in Fig. 6. When this technique is utilized, higher optical power loss is 
imposed at the MZM, and usually an optical amplifier must be used before 
launching the RoF signal in the fiber. 

Of the three techniques presented in this section, the first presented scheme 
might potentially become the most cost-efficient, especially if PICs are used [5], 
as low-cost distributed feedback (DFB) lasers could be employed, and the LO at 
the CO can be omitted. However, in this simple set-up, transmission of 
advanced spectrally-efficient modulation formats is challenging. Performance 
of the dual-laser remote heterodyning system may be enhanced by laser 
injection locking and optical phased locked loop at a price of increase in 
complexity [28, 29]. The IM/DD scheme requires the use of the mm-wave LO at 
the CO. The IM/DD scheme might become more practical with the progress in 
mm-wave RF generation, however it also entails the use of high-frequency E/O 
components. The OCS scheme allows alleviation of requirements for the LO at 
the CO compared to the IM/DD scheme, while preserving the sufficiently 
narrow linewidth of the generated RF. 

Several other techniques are used such as optical single sideband (OSSB) 
modulation [30], frequency multiplication of higher order [31], and frequency 
comb [32], but they augment the complexity of the system, and therefore do not 
match the objective of our research.  

1.6 RF downconversion 
After the RF signal is downconverted from the optical carrier, radiated in the 
air and received, the baseband data are to be recovered. To downconvert the 
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As shown in Fig. 7, the sensitivity of synchronous detection-based receivers 
is higher, however, following the fact that we target the simplified system 
design, envelope detection technique is used more frequently than 
synchronous detection. 

In this Thesis, we report on studying the statistics of the baseband 
waveform after envelope detection in the mm-wave fiber-wireless setup. 

1.7 Optical fiber transmission impairments 
In this section, an overview of signal impairments due to fiber transmission 

of mm-wave RF signals is presented.  

1.7.1 RF signal power fading  
Transmission of DSB RoF signals in dispersive fiber media leads to the 
appearance of the phase shift between the spectral lines that, after 
photomixing, leads to the RF carrier-to-noise (C/N) degradation as a function of 
both the fiber distance and the LO frequency. The experimentally measured 
optical spectrum of the DSB RoF signal is presented in Fig. 8.  

 

Figure 8. Optical spectrum of the DSB signal. 

Analytical description of the chromatic dispersion (CD) induced RF power 
fading effect is given in [35, 36], and can also be noticed from Eq. (4).  The 
transmission penalty can be calculated if the dispersion parameter, the fiber 
link length and the frequency of the LO at the optical transmitter are known. 

Power of the recovered RF is varying as described in Eq. (7) [35,  36]: 
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where c is a light velocity, D=18 ps/(nm×km) is the dispersion parameter for 
SSMF, L is the fiber length,  fLO is the cyclic frequency of the LO,  fc=193.1 THz is 
the frequency of the lightwave carrier. 

Eq. (8) yields the value of RF C/N penalty in a logarithmic scale: 

             
nofiberLOOUT

fiberLOOUT
NC fX

fX
Penalty

)(
)(

log10/
,                                           (8) 

where XOUT fiber and XOUT nofiber are the RF signal power values recovered after 
photomixing with and without fiber transmission respectively. 

 

Figure 9.  CD-induced RF C/N penalty as a function of (top) the RF carrier frequency 
for 48.8-km SSMF fiber length, and (bottom) fiber link length for 60-GHz, 73.5-GHZ, and 

83.5-GHz RoF systems. 

In Fig. 9 (top), the results of numerical calculation of CD-induced RF power 
fading based on Eq. (7) and Eq. (8) for 48.8-km SSMF link as a function of the 
LO frequency are presented together with the experimentally measured data 
showing a close match. In Fig. 9 (bottom), the RF fading is compared for RF 
carriers in V and E bands.   As presented in Fig. 9 (bottom), the first 3-dB 
penalty is expected at 280 m, 375 m and 560 m for 83.5-GHz, 73.5-GHz and 
60-GHz systems respectively. 
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specifications of the laser diode and the optical power into the PD. In Fig. 12, 
the critical points when the amplitude noise is imposed on the waveform are 
indicated. High values of RIN noise will impose the main limitation on the SNR 
of the system in the case of DFBs when the RIN noise spectral density is usually 
no better than -155 dB/Hz [44]. For external cavity lasers (ECL), RIN is 
typically less than -175 dB/Hz [44] which sets the limitation either by the 
thermal noise or the shot noise depending on the value of optical power into 
the PD [44]. 

For low powers incident to the PD, the system noise floor is defined by the 
thermal noise. At higher powers into the PD, the shot noise is dominant. 
However, in the shot-noise limitation region, SNR of the system is higher than 
the SNR in the thermal noise limited region [44].  

1.9 Wireless channel 
In the following subsections, emerging applications for utilization of the mm-
wave wireless channel capacity are introduced, and limitations on transmission 
distance and end-user mobility are discussed. 

1.9.1 Overview of the applications and standards 
The 60 GHz wireless technology has already been widely adopted by industry 
for applications such as wireless Gigabit Ethernet bridges reaching distances up 
to 770 m sustaining 1.25 Gbps capacity [45-47] and high-definition multimedia 
interface (HDMI) cable replacement [48].  
Table 1. Overview of the 60-GHz band wireless standards. 

 IEEE 802.15.3C [55] Wireless HD [48] IEEE 802.11.ad [49] 
Current 
Status 

Released 2009 Released May, 
2010 

Absorbed by Wi-Fi 
alliance 

Data rate 0.3 to 5775 Mbps Up to >7 Gbps Up to 7 Gbps 
Target 

application 
Cable replacement, 
video on demand, 

high-speed Internet 
access. 

Uncompressed 
video 

transmission, data 
networking. 

Wi-Fi compatible 
operation, multi-Gbps 

Wi-Fi 

Channel 
coding 

RS, LDPC RS Not specified 

Multiband No No Yes 
Distance Up to 10 m At least 10 m Beyond 10 m 

Video coding Not considered Used. Not considered. 
Modulation 

format 
BPSK, QPSK, 8-PSK, 

16-QAM, OFDM 
OFDM(QPSK, 16-
QAM, 64-QAM) 

OFDM(QPSK, 16-QAM, 
64-QAM) 

There are ongoing research and industrial developments in application of 
the 60-GHz technology for wireless personal area networks (WPANs) [49], data 









  
 

19 
 

Table 2. Parameters for wireless channel modelling. 

Center 
frequency 

Environment Scenario Path loss 
exponent 

Reference 
distance 

Reference 

60GHz Laboratory LOS 1.8 1.5 m [62] 

60 GHz Hallway LOS 2.17 
 

1 m [64] 

60 GHz Corridor LOS 1.64 1 m [64] 

60 GHz Indoor  NLOS 2.5 1 m [65] 

60 GHz Hall NLOS 3.01 
 

1 m [64] 

Indoor propagation is oftentimes affected by reflections from the walls, the 
furniture, and the moving objects. The effect of multipath propagation is 
reported to either improve the channel performance or deteriorate it 
depending on the particular environment, and the performance depicted in Fig. 
14 (top) may therefore be subject to significant variations.   

 

 

Figure 14. The 60-GHz wireless channel path loss in several indoor 
environments (top) and the path loss for 60-GHz, 73.5-GHz and 83.5-GHz 

systems based on Eq. (13) (bottom). 
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1.10  Source and channel coding in mm-wave fiber-
wireless setups 

In this section, we discuss how the mm-wave wireless channel capacity can be 
utilized for real-time HD video transmission. Both compressed and 
uncompressed HD video transmission systems are considered. 

1.10.1 Uncompressed real-time HD video 
transmission 

Commonly, even though video arrives to the household in compressed format, 
it is provided in an uncompressed format at the output of consumer devices 
such as DVD, Blue-ray players, and Set-top boxes. As a result, uncompressed 
video streaming has become an application of choice for utilization of the 60-
GHz wireless channel. Using the 60-GHz wireless technology, essentially, the 
HDMI cable replacement is provided e. g. in [48]. 

Bitrate requirements for real-time uncompressed transmission of 1080p 
(1080 lines, progressive scan) HD video sequences with different frame rates 
and color subsampling methods are presented in Table 3. 

Table 3. Bitrate requirements for real-time uncompressed HD video transmission. 

Frame 
width 

Frame 
height 

Frame 
rate 

Color 
depth 

Sampling 
method 

Bitrate, 
Gb/s 

1920 1080 50 8 4:4:4 2.488 
1920 1080 60 8 4:4:4 2.986 
1920 1080 50 8 4:2:0 1.244 
1920 1080 60 8 4:2:0 1.493 

It is critical that wireless home networks make the uncompressed real-
time uncompressed HD video transmission an integral part of their 
functionality which imposes the bandwidth requirements that can only be met 
by using the mm-wave technology. 

1.10.2 Compressed HD video transmission 
The indoor mm-wave transmission channels are highly prone to severe drops 
in SNR in the case of the LOS path blockage, and thus in order to maintain the 
seamless wireless connectivity, transmission systems must adapt their 
transmitting power or bitrate. Considering this, video coding can provide a 
significant advantage over uncompressed video by its possibility of much more 
flexible adaptation to dynamic channel conditions in terms of bitrate. For 
uncompressed video transmission, the bitrate control is limited as a fixed 
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multiplexing of baseband data before fiber transmission have been 
studied [77, 78].  

Multi-hop transmission setups including either a few fiber or a few wireless 
spans have been demonstrated. In case of fiber-wireless-fiber architecture, the 
mobile backhaul transmission can be suggested as a target [79]. Fiber tunnel 
transmission (wireless-fiber-wireless) has shown that two 60-GHz terminals 
separated by 300 m of multimode fiber (MMF) can communicate seamlessly 
[80]. 

Diversification of the fiber infrastructure by using polymer optical fibers 
(POF) was investigated recently. In particular, the architecture combining the 
POF transmission media in home network / local area network (LAN) with 
access fiber infrastructure wired by SSMF was studied [69]. 

In order to enable energy-efficient 60-GHz RoF communication, passive 
wireless transmitters were examined in [81]. 

WDM RoF systems delivering the simultaneous generation of multiple RF 
signals using a single E/O conversion module at the CO have been studied 
in [82-85].  

A number of ECC solutions was proposed for mm-wave wireless 
systems [80-84].  Low-density parity check codes, RS codes, TURBO codes and 
convolutional codes were reported. In paper [86], the channel coding study for 
both omnidirectional antennas and antennas with high directivity is presented 
where in both cases a LOS condition is given, in paper [87] the study for the 
NLOS mm-wave transmission is presented.  Paper [88] reports on channel 
coding for a model that includes the phase noise and nonlinear effects.  

Telecommunication services such as broadband compressed and 
uncompressed HD video transmission in the combined 60-GHz fiber-wireless 
setups have been recently reported [89-91]. 

Subdividing the RoF setups by the wireless carrier frequency, larger amount 
of ongoing work is performed in mm-wave bands given the promise of large 
capacities.  

Our work in this Thesis has significantly extended the list of application-
focused fiber-wireless systems for access segment. 
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3. Description of the 
papers 

In this chapter, position of our work among the state-of-the-art research is 
outlined on the architectural basis with case studies including wireless home 
networks, backhaul networks, and close-proximity wireless connectivity.  

3.1. Overview of the papers included in the 
Thesis 

First, our work on RoF delivery to the wireless home area networks was 
addressed in papers [1-3, 8]. Paper [1], presents the case for joint source-
channel optimization in fiber-supported 60-GHz WPAN networks where the 
potential for fiber and wireless transmission extension has been shown 
through the use of source coding. This concept is later extended to the W-band 
wireless transmission in Paper [8] assisted with channel coding. Another work 
for this architecture addresses the fiber transmission in detail providing a 
solution for combined SSMF/MMF transmission (Paper [2]). We show that the 
bandwidth-length product of mm-wave RoF MMF links is suitable for gigabit 
data transmission. Our final work for fiber-supported mm-wave WPAN deals 
with the real-time uncompressed 1080i (1080 lines, interlaced) HD video 
transmission (Paper [3]). Passive and active solutions have been studied for W-
band wireless transmitter implementation in order to ensure the future-proof 
energy efficiency. 

Employing simplified setups leads to higher pronouncement of 
impairments. Our work on DSB RoF transmission in Paper [4] contributes a 
novel solution to combat the fading imposed on RF transport in simplified 
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fiber-wireless systems. Previous research would in certain cases require the 
change in fiber infrastructure, when our proposed method is suitable for 
implementation in pre-installed fiber networks. 

Paper [5] addresses the issue of backhaul data delivery where a novel 
architecture including 2 fiber spans bridged by wireless transmission is studied 
in order to provide backhaul simultaneously for dense metropolitan and 
suburban areas. 

Paper [6] and Paper [9] address the architectures for video 
broadcast/multicast. In Paper [6], the solution for simultaneous RoF 
upconversion of multiple lihtwaves with a single RF oscillator at the CO is 
investigated. By using diverse lightwave generation techniques, service quality 
differentiation for the end users might be performed. Paper [9] investigates the 
architecture where RN functionalities are enhanced to include the dynamic 
capacity allocation and wireless data multicast. 

Ultra-short range applications are studied in Paper [7], where advanced 
physical layer design of the link yields the use of low-end components for mm-
wave E/O conversion nevertheless achieving excellent transmission 
performance. 

We note that the main difference of our work from conventional approach is 
that we optimize the system performance under a constraint on complexity and 
feasibility for a specific application when the common approach aims at 
providing the highest bitrate to the end-user. 

3.2. Detailed description of the papers 
Below is the detailed description of the contribution of each paper based on 

their abstract and conclusion. 

[Paper 1] This paper addresses the problem of distribution of HD video in 
fiber-wireless networks. We explore the notion of joint optimization of physical 
layer parameters of the RoF link (power levels, distance) and the codec 
parameters (quantization, error-resilience tools) based on the BER/PSNR as 
objective video quality metrics. The physical layer architecture with the low 
complexity envelope detection solution for RF downconversion is investigated. 
We present both experimental studies and simulation of high-quality 
compressed HD video transmission over a 60-GHz fiber-wireless link. 

It should be noted that the combined noise figure of amplifiers in Eq. (3) 
may be calculated more precisely if Friis formula for noise is used. 
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[Paper 2] We propose and experimentally demonstrate a simple, cost-
effective gigabit fiber-wireless system operating in the 60-GHz band for WPAN. 
Simplicity is achieved by utilizing direct modulation and envelope detection. 
Error-free transmission of 2-Gbps data in the 60-GHz band over a hybrid 
channel including 10-km SSMF/1-km MMF and 6.5-m air transmission is 
successfully achieved proving that the sufficient bandwidth-length product is 
available for mm-wave RoF signal transmission in MMF [92]. 

 [Paper 3] We experimentally demonstrate uncompressed HD video 
distribution in V- and W-band fiber-wireless links achieving 3 meters of 
wireless transmission in both cases. We experimentally emulate access 
architecture by deploying single/multimode fibers. For W-band, we report on 
experimental assessment of passive and active approaches for implementation 
of the BS. The BER performance of the optical and wireless channels is 
reported. Based on the measured experimental results, we can conclude that V- 
and W-band dual-laser RF generation fiber-wireless systems can be regarded as 
viable candidates to provide fiber support in high-frequency WPAN particularly 
for uncompressed real-time 1080i (1080 lines, interlaced scanning) HD video 
delivery.  

We note that in Fig. 7 of the Paper 3 the performance is different from our 
expectations. B2B transmission shows lower performance than transmission 
through 22.8-km SSMF, which, given the low penalty (~0.3 dB), is best 
explained as a random measurement error. 

[Paper 4] We experimentally demonstrate a 60-GHz DSB RoF synchronous 
detection link capable of transmitting 3-Gbps data at 10-9 BER level. We studied 
CD induced RF degradation for DCF experimentally and theoretically. The 
experimental results indicate more rapid degradation of RF carrier after 
photomixing in case of DCF deployment, which agrees well with simulation and 
analytical solution. Theoretical results presented in this paper indicate that 
increase in the absolute value of the dispersion parameter when we employ 
DCF increases periodicity of CD induced RF degradation along the fiber length 
and along the frequency values of the electrical oscillator. Based on 
experimental results and analytical calculation, we then proposed the algorithm 
for frequency tuning of the electrical oscillator that uses an advantage of the 
wide 60-GHz bandwidth, and yields faster tuning optimization for DCF 
compared to SSMF.  

[Paper 5] We propose and experimentally demonstrate a fiber-wireless 
transmission system for optimized delivery of 60-GHz RF signals through 
picocell mobile backhaul connections. Advantages of 60-GHz links for 
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utilization in short range mobile backhaul are identified through feasibility 
analysis in comparison with an alternative E-band technology. The system is 
simplified and tailored for OOK data signals delivery by employing a single 
module for lightwave generation and modulation combined with simplified RF 
downconversion technique by envelope detection. The power budget margin 
that is required to extend the wireless transmission distance from 4 m to a few 
hundred meters has been taken into account in the setup design, and the 
techniques to extend the wireless distance are analyzed. BER performance 
below the 7% overhead FEC limit is reached for 1.25-Gbps data transmission 
through up to 4 m wireless distance and up to 20 km of SSMF interfacing both 
60-GHz BSs. 73-dB-Hz2/3 SFDR is reported when the EDFA is included as a part 
of an optical transmitter. Phase noise performance indicates high potential of 
the system for transmission of advanced modulation formats.  

[Paper 6] Simultaneous 60-GHz RoF modulation and fiber transmission of 
lightwaves produced by the DFB, the ECL, and the C-band VCSEL laser devices 
is demonstrated. 1.25-Gbps data signals are transmitted on each of the 
lightwaves attaining a BER performance below 10-9 level. Carrier suppression 
of 20 dB is achieved simultaneously for all three lightwaves placed in a wide 
wavelength range. By investigating the lightwaves with diverse performance in 
terms of chirp and optical power, we can control directly at the CO the quality 
of service assigned for multiple end-users.  

[Paper 7] We present an experimental investigation of the 60-GHz optical 
carrier suppressed radio over fiber systems with less than 5 dB carrier 
suppression. As a case study, the 60-GHz RoF signal is generated using a 
12.5-Gb/s commercially available Mach-Zehnder modulator biased at its 
minimum point. We report on error-free transmission over 20 km of standard 
single mode fiber and 1 m of wireless distance. Furthermore, the efficiency of 
photonic RF generation depending on the value of carrier suppression is 
reported. Presence of the optical carrier and low separation between the 
carrier and sidebands lead to four wave mixing, however no error floor due to 
nonlinearities at 16-dBm optical power was reported.  

We argue that transport of RoF signals with low carrier suppression 
combined with low-complexity techniques of lightwave generation, baseband 
data modulation, and RF downconversion might be a promising enabling 
technology for fiber support of close-proximity wireless terminals. 

[Paper 8] We report on performance of channel and source coding as 
applied for an experimentally-realized hybrid fiber-wireless W-band link. BCH 
and RS pre- and post-decoding BER performance is assessed for 20-km fiber 
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transmission and a wireless propagation distance of 3 meters. We report on 
noise statistics for the envelope detection of mm-wave RF generated through 
photomixing of two unlocked lasers.  

We argue that light video compression and low-complexity channel coding 
for the W-band fiber-wireless link enable multiple channel 1080p wireless HD 
video transmission. The experimental results for BCH-protected transmission 
match the results of the analytical calculation. Finally, we analyze performance 
of light compression techniques for a few 1080p HD video sequences.  

[Paper 9] We propose an approach for dynamic channel allocation and 
multicast data delivery inside the 60-GHz unlicensed band. Channels, conveying 
1.25-Gbps signals, are allocated by tuning the frequency sweep of an ECL either 
in the optical remote node (RN) or in the CO. At the RN, we perform the 
replication of the original channel suitable for closely spaced multicast 
applications such as HD video delivery where RN serves as a photonic RF 
generator for both channel allocation and multicast. Experimental 
demonstration is presented with BER performance below 10-9 for original and 
replicated channels after transmission through 22.8 km of SSMF. Higher 
receiver sensitivity may be achieved with OCS technique, but larger fiber 
transmission penalty is imposed as compared to remote heterodyning of 
uncorrelated lasers. 

 

 

 

 

 

 

 

 

 

 

 



 
 

32 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  
 

33 
 

 

 

 

 

 

 

 

4. Conclusions 
In this Ph.D. project, design and performance evaluation of simplified mm-wave 
RoF links suitable for HD video transmission were treated.  

For WPAN distribution, we explored the notion of joint optimization of 
physical layer parameters of a fiber-wireless link and the codec parameters 
based on the PSNR as the objective video quality metric for compressed video 
transmission. Furthermore, uncompressed real-time HD video delivery and 
channel coding in mm-wave WPANs were examined. 

Use of mm-wave signals for metropolitan and suburban mobile backhaul 
was studied in this Thesis. We proposed a setup for gigabit wireless 
transmission in the fiber-wireless-fiber link arguing that, despite the higher 
oxygen absorption, 60 GHz links can be used for the short range mobile 
backhaul. 

In this Thesis, we proposed a novel solution to combat the periodic 
CD-induced RF power fading in a simple IM/DD mm-wave RoF links through 
introduction of a degree of frequency tunability at the RoF transmitter. 
Performance of the method was evaluated for SSMF and DCF transmission 
media. We have shown that, even though DCF fibers will impose the 3 dB 
penalty at a shorter distance than SSMF fiber, their performance can be easier 
optimized by using the frequency tuning of the LO at the transmitter. 

We studied advanced RoF infrastructures in order to enable 
compressed/uncompressed real-time HD video transmission. To enable 
efficient dynamic multicast/broadcast of video services, we have proposed and 
evaluated an approach of increasing functionality of the optical RN. Dynamic 
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channel allocation and replication of channels at the RN were experimentally 
demonstrated by simply adding a tunable laser at the RN. 

In order to decrease the count of expensive mm-wave LO modules at the CO,  
delivery of multiple upconverted lightwaves generated by a single E/O module 
was evaluated using diverse lightwave generation and data modulation 
techniques including VCSEL, ECL and DFB techniques. The three techniques 
have shown comparable performance under constraints of available power 
budget, chirp and the bit walk-off in OCS setups for access fiber-wireless 
network segment. 

In this Thesis, mm-wave RoF links with diverse lightwave generation 
techniques were experimentally realized for diversified fiber infractructure 
including SSMF, MMF and DSF and the estimate of the feasibility of delivering 
mm-wave wireless video services through fiber infrastructure under a 
constraint of different nonlinear impairments and dispersion is given. 
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5. Future work 
In this section the directions for future development of simplified mm-wave 
RoF links for video distribution are outlined. 

We believe that using low-directivity antennas supported by the fiber 
infrastructure is a promising approach capable of bringing together the 
flexibility of wireless technology and the capacity of fiber links. However, the 
thorough optical/wireless link budget planning should be performed including 
empirical studies for diverse wireless environments.  

Another interesting solution to overcome the LOS obstruction is to handle 
blockages by relaying the signal to intermediate nodes available in the LOS 
visibility.  When the LOS path between two nodes is blocked, the route around 
it should be built, using available intermediate LOS links [93]. However, this 
approach requires the use of a few access points per room, which may increase 
the system cost significantly, particularly considering that every access point 
might require fiber support.  

Another attractive direction is to combine mm-wave fiber-wireless systems 
with conventional Wi-Fi WPAN / wireless local area networks (WLAN) systems. 
Under optimal propagation conditions, the user can exploit the resources of the 
mm-wave system. As the mm-wave channel conditions deteriorate, the 
connection is switched to the Wi-Fi bands. In this way, the Wi-Fi bands serve as 
a fallback option for mm-wave cells [94]. As Wi-Fi coverage is broader than 
mm-wave coverage, one Wi-Fi access point may support several mm-wave 
cells. 
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Bidirectional fiber-wireless transmission is also of interest, in particular, in 
combination with advanced modulation formats. Crosstalk in fiber-wireless 
channels for a variety of environments remains to be quantified. 
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Abstract: The paper addresses the problem of distribution of high-
definition video over fiber-wireless networks. The physical layer 
architecture with the low complexity envelope detection solution is 
investigated. We present both experimental studies and simulation of high 
quality high-definition compressed video transmission over 60 GHz fiber-
wireless link. Using advanced video coding we satisfy low complexity and 
low delay constraints, meanwhile preserving the superb video quality after 
significantly extended wireless distance. 
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1. Introduction 

The motivations for this work are three-fold. First, the unprecedented frequency range around 
60 GHz (from 4 to 9 GHz within 57-66 GHz) has been regulated for unlicensed use in a 
number of countries around the world. Second motivation is the introduction of high quality 
video services such as high-definition (HD) video conferencing and distributed video gaming. 
These services define both the demand for increased data rates in the access networks and 
need for optimization of video compression schemes. Third, efficient convergence of wired 
and wireless technologies is required to enable the concept of “anytime anywhere” wireless 
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connectivity. Radio-over-fiber (RoF) is considered a promising example of such integration 
for optical networks [1]. 

Previous research in the area of 60 GHz RoF video transmission suggests the use of 
uncompressed video [2,3]. The main drawback of this approach is reduced flexibility in terms 
of bitrate: bitrates are fixed depending on resolution, number of bits per pixel, and frame rate 
of the video sequence. This therefore results in extremely complex adaptation of the HD video 
system to significant signal-to-noise ratio (SNR) drops caused by either severe shadowing in 
non-line-of-sight (NLOS) case or extremely high attenuation – problems that are typical for 
60 GHz systems. 

Source coding (compression) gives us desirable flexibility of bitrate but at the expense of 
introducing delay and increase of power consumption. However, there is a trade-off between 
the power needed to radiate larger bandwidth for uncompressed video and the power 
consumed for the computations of an encoder and a decoder for compressed video 
transmission. According to [4], low complexity compression can, in fact, bring about 
reduction in power consumption for a 60 GHz wireless video transmission system compared 
to the uncompressed case, while at the same time keeping delay under the acceptable limit. 

In this work we explore the notion of joint optimization of physical layer parameters of a 
RoF link (power levels, distance) and the codec parameters (quantization, error-resilience 
tools) based on peak signal-to-noise ratio (PSNR) as an objective video quality metric. We 
experimentally demonstrate, first time to our knowledge, the combined optical access and 
wireless transmission of compressed HD video in the 60 GHz band employing simple 
envelope detection technique. 

2. Experimental setup 

The experimental setup of the 60 GHz optical-wireless RoF system is shown in Fig. 1. The 
binary sequence corresponding to compressed video file was uploaded in an arbitrary 
waveform generator (AWG). The non-return-to-zero (NRZ) electrical signal on the output of 
the AWG directly modulated a 1550 nm laser. After the baseband data modulation, frequency 
up-conversion to the 60 GHz band was performed by driving a Mach-Zehnder modulator 
(MZM) biased at the minimum transmission point with a 30 GHz sinusoidal signal. A 
polarization controller (PC) was used before the MZM to minimize its polarization-dependant 
losses. After the MZM, two sidebands with a frequency spacing of 2fLO were generated 
according to the double sideband-suppressed carrier (DSB-SC) intensity modulation scheme 
(see Fig. 2). Optical carrier suppression of approximately 13.6 dB is achieved limited by the 
MZM extinction ratio. The generated sidebands have the same optical power and the locked 
phase. Subsequently, an Erbium doped fiber amplifier (EDFA) is employed to compensate the 
losses, and an optical band pass filter (OBPF) is used afterwards to mitigate the amplified 
spontaneous emission (ASE) noise produced by the EDFA. Then the signal is launched into a 
20 km span of non-zero dispersion shifted fiber (NZDSF). We employ the NZDSF in order to 
minimize dispersion induced impairments. A variable optical attenuator (VOA) is employed 
to control the optical power impinging the photodiode (PD) in order to evaluate BER 
performance of the system as a function of the received optical power. 
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Fig. 1. Experimental 60 GHz optical-wireless RoF system with envelope detection, LD-laser 
diode, PC-polarization controller, MZM-Mach-Zehnder modulator, LO-local oscillator, EDFA-
Erbium doped fiber amplifier, OBPF-optical band pass filter, PD-photodiode, LNA-low noise 
amplifier, PA-power amplifier, BPF-band pass filter, ED- envelope detector, LPF-low pass 
filter, DSO-digital sampling oscilloscope. 

After photodetection the 60 GHz signal was amplified (gain of amplifiers – 16 dB and 
28.7 dB) and filtered (58.1-61.9 GHz) before feeding it to an antenna for up to 6 meters of 
wireless transmission. After receiving the signal with an antenna and following filtering 
(58.1-61.9 GHz) and amplification (gain of amplifiers – 16 dB and 28.7 dB) envelope 
detection was employed for down-conversion. The detected envelope is low-pass filtered and 
digitized by a digital sampling oscilloscope (DSO). Both the transmitting and receiving 
antennas used throughout the experiment are commercially available horn antennas with 20 
dBi gain and 12° beam width. Bitrates that were transmitted over the fiber are low compared 
to similar research setups. This explains a good performance to a certain extent, but we 
emphasize that reduction of bitrate does not lead to a significant video quality deterioration. 
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Fig. 2. Optical spectra on the input of the PD. 

The encoding was performed using the Joint Model (JM) 17.0 reference software 
implementation of the H.264/Advanced Video Codec (AVC) [5]. It is a realistic scenario 
since H.264/AVC is one of the latest industrial video coding standards covering a wide range 
of applications, including, coding for transmission over wireless links and HDTV coding [6]. 
An Intra coding mode only and a frame slicing mechanism were employed to achieve the low 
delay requirement. Both mechanisms are improving the error-resilience as well [7]. Slicing 
was performed with the use of flexible macroblock ordering (FMO). 

H.264 is not capable of coping with single-bit errors: its mechanisms of error-resilience on 
the encoding side and error concealment on the decoding side are adjusted to cope with packet 
loss when the packets affected by the errors are discarded such as usually occurs in networks. 
Packet error rate (PER) depends on the bit error rate (BER) and the size of the packet; in 
general, the noisier the transmission the shorter the length of the packet is desirable. Initially 
in the experiment we used the packet size equal to 2500 bytes, each packet containing a slice 
of the frame; afterwards we have been using packets of length of 3000 and 3500 bytes for 
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simulation. The uncompressed HD test video sequence ‘blue sky’ was used for encoding and 
transmission. The sequence was originally shot in 4:2:0 format 8 bits per color 1920 × 1080 
pixels. However, in order to model the most bitrate demanding case upsampling to 4:4:4 
format was performed (uncompressed bitrate – 3 Gbps for the frame rate of 60 frames per 
second). 

We use PSNR as an objective quality metric for video, which is defined as: 

 2
1

1 ( ) ,N
i ii

MSE x y
N �

� ��  (1) 

 
2

1010log ( ),LPSNR
MSE

�  (2) 

where MSE stands for mean squared error, N is the number of pixels in the image or video 
signal, and xi and yi are the i-th pixel values in the original and the distorted signals, 
respectively. L is the dynamic range of the pixel values. For an 8 bits/pixel signal, L is equal 
to 255. PSNR is evaluated for the luminance component of the transmitted video signal. 

3. Composite fiber-wireless channel modeling for 60 GHz band 

The difficulty of the modeling arises from the fact that we need to account for both the 
impairments induced by the wireless and the fiber-optic channels. We performed the 
modeling of the fiber-optic channel with VPI software [8]. The wireless channel model was 
implemented in Matlab and combined with VPI channel model afterwards. We combine 
below the description of the channel model with the excerpts from experimental 
measurements that allow us to simplify the model. 

Noise processes in the optical part of the setup (such as amplified spontaneous emission 
(ASE) noise, Johnson noise, shot noise at the photodiode), attenuation and dispersion in the 
fiber are simulated in VPI software. We set the numerical values for these parameters 
according to the specifications of equipment we used in the experimental setup. 

We performed the modeling of the wireless channel according to the physical parameters 
of the devices that have been used in the scheme and references on theoretical parameters 
taken from [9–11]. 

The path loss (attenuation) at 60 GHz is much more severe than the path loss at the 
frequencies that are currently employed for Wireless Personal Area Networks (WPAN). 
Theoretical description for this phenomenon is provided by Friis formula [9], according to 
which attenuation in the air is proportional to the frequency squared. It is known that the line-
of-sight (LOS) attenuation of the 60 GHz wireless channel can be modeled with a log-normal 
model [11]. Parameters for this model have been defined through the extensive measurements 
presented in a number of publications. Summary on the parameters for different experimental 
environments can be found in [9]. We perform the modeling of the system without taking into 
account frequency dependency of the path loss. To the best of our knowledge, frequency 
dependent models for 60 GHz system have not yet been reported. 

Influence of the noise on the signal can be modeled with the following formula [10,11]: 
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where Ptx in our case is the RF power on the output of the PD, GT and GR are the gain of 
transmitting and receiving antennas respectively, 

tx txLNA PAG � and 
rx rxLNA PAG �  are gains of 
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amplification cascades at transmitting and receiving parts of the scheme respectively, PL is 
the distance-dependent path loss (attenuation) in the air. The terms in brackets represent noise 
contributions. The first term represents the Johnson noise, second and third represents noise 
contributions from amplifiers. Parameters d0 and d in Eq. (4) represent the reference distance 
(we used 1 m according to [9]) and the distance between a transmitter and a receiver 
respectively, n denotes path loss exponent. 

The formula does not account for shadowing caused by LOS obstruction, but this 
resembles the experimental setting where we were working with the LOS scenario only. 

Phase noise modeling for the channel was excluded after the experimental examination of 
the phase noise of the oscillator presented in Fig. 3. Figure 3 shows the high quality of the 
electrical oscillator for 3 cases: measuring the phase noise of LO, setup without fiber 
transmission up to a transmitting antenna (optical back-to-back) and after 20 km of NZDSF. 
Figure 3 also illustrates the fact that contribution from the system to the phase noise is 
insignificant. Moreover, it could be excluded from consideration, because after wireless 
transmission we finally recover with ED only the amplitude of the signal, and therefore 
discard information about phase or frequency. 
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Fig. 3. Phase noise of RF subcarriers. 

The model does not take into account the nonlinear effects that are reported for Power 
Amplifiers in [9]. Nevertheless we regard the model as feasible since the power after the PD 
is low, so we work in the linear region. Indeed, the power on the output of the PA at the 
transmitting side given the power at the photodiode of �10 dBm is around �6 dBm. Typically 
nonlinear effects are observed in the region above 0 dBm [9]. The RF-spectrum measured is 
depicted in Fig. 4. We refer to the power before the antenna, as the power before radiation Pbr. 
Therefore the equation for wireless channel simulation based on Eq. (3) and Eq. (4) could be 
transformed into: 
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Fig. 4. RF spectrum measured before the antenna. 

Typical parameters for the path loss at the reference distance and the path-loss exponent 
has been found in the references [9,10]. Values for the parameters that are used in modeling 
of the wireless channel are listed in the Table 1 below. 

Table 1. System Parameters for Modeling 

Parameter Numerical value 
Center frequency, GHz 60 
Joint noise figure Tx amplifiers (LNA + PA), dB (6 + 7) = 13 
Joint noise figure Rx amplifiers (LNA + PA), dB (6 + 7) = 13 
Joint gain of Tx amplifiers (PA + LNA), dB (28.7 + 16) = 44.7 
Joint gain of Rx amplifiers (PA + LNA), dB (28.7 + 16) = 44.7 
Gain of the Tx antenna, dBi 20 
Gain of the Rx antenna, dBi 20 
Bit rate, Mbps 312.5/1250 
Distance, m 2-6 
Reference path loss at 1 meter, dB 57.5 
Path loss exponent 1.77 
Ambient temperature for Johnson noise modeling, K 298 

We perform attenuation of the signal and addition of the Additive White Gaussian Noise 
(AWGN) in VPI, the noise power and attenuation to achieve SNR described in Eq. (5) are 
calculated in Matlab. 

4. Results and discussion 

Our goal for optimization is to achieve the best video delivery quality for a given link budget. 
With regards to the role of the quantization of transform coefficients of the coded video in the 
optimization, roughly speaking, the smaller the quantization parameter size, the smaller the 
source distortion (loss due to compression), but the larger the channel distortion it may cause. 
In the experiment we explored two cases. First, the chosen test video sequence (‘blue sky’ 
4:4:4) was encoded with bitrate of 312.5 Mbps. Second, the tested video sequence was 
encoded in a high quality setting with the quantization parameter equal to 1, which gave us a 
compression ratio of 3. 
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Fig. 5. BER as a function of the wireless distance. 
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Fig. 6. PSNR as a function of the wireless distance. 

On the Fig. 5 BER at the power level at the photodiode equal to �10 dBm as a function of 
the wireless distance is depicted. From the Fig. 5 we can see that in general the distortion 
induced by the wireless channel is severe in our system, but video coded with the use of 
higher quantization parameter has greater dynamic range of wireless distance, as shown in 
Fig. 6. The distance equal to 0 corresponds to the distortion introduced by the compression 
only. When we increase the wireless distance, in the beginning, the source distortion is 
dominant, and the use of lower quantization parameter is reasonable. Anyhow, we lose the 
advantage of lower distortion after around 2 m of transmission when video is evaluated based 
on the PSNR metric only. This shows the potential of optimization of the power budget of the 
system under the constraint of video quality. We obtain similar curves for changing optical 
power level at the photodiode at 5 m of wireless distance, as shown in Fig. 7 and Fig. 8. With 
the higher video compression we can work at lower optical power levels. At the same time, 
we should note that the video quality is high in both cases, and deterioration induced by the 
compression itself can be regarded as non-significant (PSNR of the video unimpaired by the 
channel is higher than 45 dB in both cases). 
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Fig. 7. BER as a function of the optical power at the photodiode. 
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Fig. 8. PSNR as a function of the optical power at the photodiode. 

Curves provided by simulation for 5 meters distance and dynamically changing optical 
power levels show close resemblance that verifies the correctness of the simplified wireless 
channel model employed. We do not provide simulation-based curves for PSNR, because our 
simulation is based on the analytical estimation of BERs with the use of VPI software, and we 
therefore do not have traces including erroneous bits to analyze video performance. 

5. Video coding for 60 GHz radio-over-fiber 

We employed video coding parameters in a simplified setting that is suitable for both 
conferencing applications and distributed video gaming. The main constraints for such type of 
an application are delay and energy consumption. As a part of simplified setting we were 
using Universal Variable Length Coding (UVLC) for entropy coding that is considered a 
lower complexity solution [7]. All coding experiments were performed in intra mode thus 
eliminating the need for long buffering time, and satisfying low delay requirement. The 
simulation below was performed with bit traces including erroneous bits. 

H.264/AVC encoder employs the number of error-resilience tools: slicing of the frame, 
data partitioning, arbitrary slice ordering, and redundant coded slices [7]. Below we present 
simulation on two major tools providing error resilience: slices and Flexible Macroblock 
Ordering (FMO). On the decoder side, there are two error concealment tools used in JM 17.0 
reference software implementation of H.264/AVC codec, one exploiting spatial information 
only, suitable for intra frames (the one used in the experiment and simulation), and one 
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exploiting temporal information. Details on the error concealment algorithms used can be 
found in [5]. 

First we performed the simulation with a different size of the packet (each containing one 
slice of the frame). Employing the smaller slices enables us to receive acceptable video 
quality in the regions with higher BER, and therefore extends distance for acceptable quality 
of video transmission. Indeed, enabling packets of shorter length reduces the amount of 
information lost when the packet is discarded, enabling decoder to reconstruct impaired parts 
of the picture better from unimpaired blocks of neighboring pixels. The simulation results are 
illustrated on Fig. 9. 
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Fig. 9. PSNR as a function of the wireless distance for different packet sizes of the encoded 
video for the bitrate of 312.5 Mbps. 

Below we also present the simulation results for enabling FMO in H.264 reference 
software [5]. H.264/AVC is the first standard defining this error-resilience tool [7]. In case if 
we do not use FMO, the images will be composed of a single slice groups with the 
macroblocks in a scan order. If we employ this algorithm, then when we lose a slice of the 
video frame, we can make better approximation with the neighboring blocks and therefore, 
presumably, can achieve gain in PSNR. Results of the simulation for the packet size of 3000 
bytes are depicted in the Fig. 10. FMO shows up to 3 dB improvement of PSNR. 
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Fig. 10. PSNR performance as a function of the wireless distance for FMO effect estimation. 

Coding simulations show the effect of employed source coding error-resilience 
mechanisms for a particular simplified setting of H.264/AVC and 60 GHz RoF setup as an 
example of physical layer architecture suitable for transmission high quality HD video 
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content. Employed tools of H.264/AVC show the greater robustness of video provided by 
advanced video coding against impairments induced by 60 GHz fiber-wireless channel. 

6. Conclusions 

Our experiment and simulation demonstrates the trade-off between the distortion introduced 
by the source (lossy compression) and distortion introduced by channel for high quality HD 
video transmission over 60 GHz RoF fiber-wireless links. We have achieved significant 
extension of wireless distance employing low complexity physical layer solution for detection 
of RF modulated signal. Our work demonstrates the solutions for improving robustness and 
reach of simplified converged fiber-wireless RoF communication links provided by advanced 
video coding. 
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a b s t r a c t

In this paper, we propose and experimentally demonstrate a simple, cost-effective hybrid gigabit �ber-
wireless system for in-building wireless access. Simplicity and cost-effectiveness are achieved in all parts
of the system by utilizing direct laser modulation, optical frequency up-conversion, combined single
mode/multimode �ber transmission and envelope detection. Error-free transmission of 2-Gbps data in
60-GHz band over a composite channel including 10-km standard single-mode �ber (SSMF)/1-km mul-
timode �ber (MMF) and 6.5-m air transmission was successfully achieved.

� 2012 Elsevier Inc. All rights reserved.

1. Introduction

Millimeter wave (MMW) wireless communication is receiving
increased research interests. It is aimed at exploring its potential
of broadband wireless data transmission in future wireless per-
sonal area networks (WPANs), to support bandwidth-hungry ser-
vices such as high-de�nition television (HDTV), 3D gaming and
high-speed data access. Additionally, the 60-GHz band has been
standardized for future WPAN networks by several working groups
such as Ecma International - an European association for standard-
izing information and communication systems, WirelessHD and
IEEE 802.15.3c [1�3]. In order to commercialize 60-GHz systems
for next-generation high-speed wireless networks, it is highly
desirable to develop a system with less complexity and low power
consumption transceivers as a large number of remote antenna
units (RAUs) and user terminals are to be deployed in such net-
works. Due to the high atmospheric loss of MMW signals, radio-
over-�ber (RoF) technique is generally considered as an attractive
solution to extend the reach of MMW wireless networks. In this
context, supported by low loss and wide bandwidth transmission
of optical �bers, several BSs is connected to one central of�ce
(CO) which has centralized functions such as MMW subcarrier gen-
eration, data up-conversion, ampli�cation. Several MMW RoF sys-
tems have been proposed and demonstrated recently in the
literature [4�10].

Regarding the optical �ber plant, standard single-mode �bers
(SSMFs) have been widely deployed in optical core/metro/access
networks, and well studied in proposed MMW RoF systems [4�
10]. On the other hand, multi-mode �bers (MMFs) are predomi-
nantly deployed in in-building networks as a backbone for local
area networks (LANs) (approximately from 85% to 90%) due to
various advantages such as low cost, easy installation and main-
tenance [11]. Gigabit baseband links over hundred meters of
MMF have been deployed [12]. When developing a system to
meet the increasing demand for high-bandwidth wireless ser-
vices, it is greatly encouraged to ef�ciently utilize this existing
infrastructure. Together with SMFs in access networks, the reuse
of MMF for distribution of MMW signals through in-building opti-
cal networks to WPAN networks will save �ber reinstallation cost.
The schematic of such a system is presented in Fig. 1. MMW sig-
nal is optically generated at the CO and then distributed to user
terminals through a composite channel including SMF, MMF
and wireless links. Several experiments on MMF based RoF sys-
tems have been reported ([13�15, and references therein]). How-
ever, to the best of our knowledge, 60-GHz over MMF system has
not been demonstrated yet. The reported highest frequency and
data rate so far are 38.8 GHz and 900 Mbps over 100-m MMF
[14]. Data transmission over a composite channel has been dem-
onstrated at low bitrate and low RF frequency: 120-Mbps data at
31.14 GHz over 20-km SMF plus 300-m MMF and 3-m wireless
link [15]. For future deployment of 60-GHz systems, it is impor-
tant to evaluate the performance of 60-GHz signal over such com-
posite channel.
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that chromatic dispersion of 10-km SMF introduced less than 1-dB
power penalty. Additional 100-m MMF caused about 0.5-dB power
penalty. Suffered from large modal dispersion, the BER perfor-
mance after 1-km MMF transmission had about 2-dB power pen-
alty. In the case of combined 10-km SMF and 1-km MMF
transmission which has both large chromatic dispersion and modal
dispersion, the BER curve shows a slightly different slope and the
power penalty at a BER of 10� 9 were approximately 4.3 dB. Addi-
tionally, we observed in the experiment that the BER performance
rapidly became worse when the received optical power was higher
than about � 3.0 dBm. That is because the power of the 60-GHz sig-
nal was saturated with the RF con�guration when high optical
power was launched into the PD.

4. Conclusions

We have experimentally demonstrated a gigabit MMW system
over a combined-SMF/MMF optical link with simple 60-GHz trans-
ceiver based on direct modulation and envelope detection. Error-
free transmission was achieved for 2-Gbps data at 60-GHz after
10-km SMF, 1-km MMF and 6.5-m wireless. The experiment proves
the feasibility of using SMF in optical access networks in combina-
tion with the existing MMF in buildings for distribution of 60-GHz
signal direct from a CO to remote in-building antennas enabling a
cost-effective solution for next generation gigabit in-building wire-
less access networks.
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we present the performance analysis for HD video compression for the W-band provided the joint source-

channel optimization framework.  

This report complements our previous work on uncompressed real-time HD video transmission in W-band 

[14] and compressed HD video transmission in V-band [15], now providing the estimate on the channel coding 

performance. 

This paper is organized as follows: the experimental setup is presented in Section 2, major parameters of 

source and channel coding are reported in Section 3 together with a simple analytical method for ECC 

performance assessment. Results for uncoded physical layer transmission, post-decoding BCH- and RS-

protected transmission and peak signal-to-noise ratio (PSNR) metric for 150 Mbps full bandwidth utilization 

coded video are discussed in Section 4. In Section 5, we conclude the paper and suggest the future work. 

2. EXPERIMENTAL SETUP DESCRIPTION 

In this section, we present the experimental setup of a hybrid fiber-wireless W-band link for delivery of 150 

Mb/s data signal. As depicted in Fig. 1, main building blocks of the system are a signal generation part, 

combined SSMF and MMF fiber distribution, RAU, and an end-user terminal.  

Fig.1 Experimental W-band  RoF system with envelope detection, RAU: remote antenna unit, LD: laser diode, AWG: arbitrary 

waveform generator, PC: polarization controller, MZM: Mach-Zehnder modulator,  LNA: low noise amplifier, EDFA: Erbium doped fiber 

amplifier, OBPF: optical band pass filter, VOA: variable optical attenuator, BPF: band pass filter, ED: envelope detector, LPF: low pass 

filter, DSO: digital sampling oscilloscope, CO: central office, RAU: remote antenna unit, WPAN: wireless personal area network.  

In the signal generation part, two identical 100-kHz linewidth external cavity lasers (ECL) were used for 

generating two lightwaves in a 1550 nm wavelength region with a frequency offset of 84 GHz with optical 

power of each lightwave  equal to 15 dBm. Baseband data were imposed onto one of the optical carriers by using 

an optical Mach-Zehnder modulator (MZM) biased at its quadrature point and driven by an arbitrary waveform 

generator (AWG). Subsequently, an Erbium doped fiber amplifier (EDFA) was employed followed by an optical 

bandpass filter (OBPF) used to mitigate out of band amplified spontaneous emission (ASE) noise from EDFA.  

A 3 dB coupler was used to combine the two lightwaves before the single fiber transmission.  

The fiber link was composed of a 22.8 km span of SSMF and a 100 m span of MMF.  Following fiber 

transmission, a variable optical attenuator was employed to control the optical power entering the 75 GHz 

bandwidth photodiode (PD) in order to evaluate the BER performance of the system.  

At the RAU, upconversion to 84 GHz RF took place through photomixing of the two lightwaves in the 

photodiode. Subsequently, a 25 dB gain W-band amplifier was used before feeding the 84 GHz RF signal to an 

antenna for wireless transmission.  

In this work, we report the transmission performance including a 3 m W-band wireless link. The transmitting 

and receiving antennas used in the experiment are commercially available 25 dBi gain horn antennas. After 

receiving the signal with the antenna and following double-stage W-band amplification (40 dB gain), envelope 

detection (ED) with the Schottky barrier diode was used for down-conversion of the data signal from the RF 

carrier to baseband.  Finally, a digital sampling oscilloscope (DSO) was employed to store the waveform 

containing the transmitted data. 

3. BCH, RS AND H.264/AVC CODEC SETTINGS. 

In this section we discuss the choice of parameters for channel and source coding. Packetization is required 

in both channel and source coding, the video packet size for video transmission was chosen to be equal to 20000 

bits, and closest packet sizes capable of covering the video packet were chosen for BCH and RS coding. 

BCH and RS were used to test the channel coding for the mm-wave fiber-wireless link. The BCH primitive 

block length was set to 32767 bits. We employ the BCH encoder with the number of overhead bits equal to 150, 

450 and 750 bits per block (0.5, 1.4 and 2.3 percents of overhead). 
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In Fig. 6, we also plot the results for BCH and RS sustaining 10 symbols error correction capability including 

shortened BCH codes. These results show that shortened BCH codes in the setting used for this paper can bring 

performance almost identical to that of RS codes at a slightly lower redundancy rate. However, we note that 

discussion on applicability of a particular code is also constrained by the difficulty of hardware implementation 

which is our planned future work. 

The targeted compressed video bitrate yields a required compression ratio of 20, which is considered as a 

computationally simple task for H.264/AVC. We test the simplified setting described in Section 3 for coding test 

video sequences including static video and videos with complex motion.  PSNR of compressed 1080p 60 frames 

per second 4:4:4 video clips is presented in the Table 1 for video packet size equal to approximately 20000 bits 

and varying test video sequences. Encoding is performed in a very close range of QPs.  

Table 1. PSNR of 60 fps 1080p 4:4:4 video compressed to <150 Mbps bitrate. 

Test sequence title PSNR, ~20000 bits packet  

length 

Bitrate, kbit/s QP 

Blue sky 42.02 146002.00 25 

Sunflower 43.94 127020.34 24 

Riverbed 40.19 148171.46 25 

Pedestrian area 42.23 93070.27 24 

 From Table 1, we conclude that, given generous bandwidth provided by hybrid fiber-wireless links, there is 

no significant difference in terms of PSNR between encoded videos with varying content, however the bitrate 

shows relatively large variations for a very narrow range of QPs. Compression by about a factor of 20 leaves a 

large margin to preserve high video quality enabling low-complexity coding solutions.  

As the video packets containing slices are large (20000 bits), dropping the video frame when the slice is lost 

might be an efficient solution to avoid the visible video quality degradation. In our case, no more than 10 slices 

per frame are generated for video sequences under study, thus the loss of the slice will result in visible 

deterioration of video quality if the slice is located e. g. in the middle of the frame, and therefore frame dropping 

might reduce the perceived video quality distortion causing only moderate reduction in the frame rate if 1-2 

percents of packet loss are not exceeded. However, depending on the video content and position of the slice in 

the frame, the lost slice might be approximated by neighboring slices.  

Finally, we note that in traditional hybrid wired-wireless systems, transcoding is usually employed, but for 

the mm-wave fiber-wireless transmission it might be avoided in the absence of significant difference between 

capacity of wireless and wireline channel. 

5. CONCLUSIONS 

In this work, we have shown that, in combination with the source coding use, the fiber-wireless link budget 

can be aided through implementation of the channel coding. The experimental results for BCH-protected 

transmission match the results of the analytical calculation. We report on noise statistics of the envelope 

detection of mm-wave RF generated through photomixing of two unlocked lasers. We have shown that due to 

residuals of RF carrier passed by the ED, ‘zero’ level cannot be approximated by Rayleigh PDF and, secondly, 

optimum threshold level is decreased compared to generally used value. Finally, we analyze light compression 

techniques for 1080p HD video transmission. The experimental results presented and analysis enable multiple 

channel HD video transmission in W-band through support of source and channel coding. Future work is related 

to studying the statistics of envelope detection of RF produced by homodyne technique. Furthermore, it is 

desirable that the packet size is reduced, and therefore error concealment using neighboring slices might be 

employed efficiently. 
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