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Abstract—Home Networking Systems (HNS) play a crucial
role in achieving broadband service delivery to end users and
are quickly becoming the next arena for telecom operators and
companies. This emphasizes the need for a technology roadmap in
order to address several key issues associated with the deployment
of these systems. The present paper presents the results of the
European project ICT-OMEGA road mapping effort for future
HNS focusing on the most indicative and critical function, namely
that of network extension. Taking into account the various social,
economic and technological factors, three alternative technologies,
namely the 802.11n, 60 GHz and Power Line Communications
(PLC) have been ranked, using the Analytic Hierarchy Process
(AHP). Based on a number of expert surveys, the technology
value of each solution is calculated. The results indicate that
PLC possesses the largest potential for delivering broadband
services in the home environment but also underlines the need for
hybrid solutions. The results also reveal various crucial aspects
of HNS deployment which are related to current research and
standardization activities. A sensitivity analysis is also performed
to ascertain the reliability of the results.

Index Terms—Analytic hierarchy process, decision making,
home networking systems, IEEE802.11n, PLC, radio 60 GHz,
technology roadmap.

I. INTRODUCTION

H OMENetworking Systems (HNS) will play a crucial role
in achieving end-to-end broadband service provision,

enabling the penetration of the future internet. Traditionally,
in-building networks, for instance in corporate or academic
settings, have a tenfold higher capacity than their access points
to the rest of the telecommunication infrastructure. Since
Fiber-To-The-Home (FTTH) promises symmetric access data
rates of at least 100 Mbit/s per household [1], HNS should sup-
port gigabit per second data transmission, limiting the latency
time below 10 ms. Inside new buildings, optical fiber-based
systems (either glass or plastic) may provide the ultimate
solution in terms of bandwidth and range. However, installing
fiber cables inside older office buildings or dwellings is usually
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Fig. 1. Illustration of hybridization of technologies inside the HN.

not preferred, since it is accompanied with increased cost and
user discomfort.
The ICT-OMEGA project aims to develop user-friendly

HNS, capable of delivering high-bandwidth services and con-
tent, at a transmission speed of at least one gigabit per second
[2]. The project aims to incorporate three different “no new
wires” technologies, namely the optical wireless [3], radio
[4]–[6] and Power Line Communications (PLC) [7] into a
single inter Medium Access Control (inter-MAC) layer. The
OMEGA inter-MAC is a technology independent layer, located
between layers 2 and 3, providing common functionalities
over heterogeneous communication systems. The inter-MAC
is in charge to setup a resilient, reliable and easy to use gigabit
home network that guarantees the quality and the continuity
of services within the home environment [2]. The network
consists of various interconnection points called extenders
that spread inside the home, supporting the hybridization of
the three aforementioned technologies. As shown in Fig. 1,
network extension is a fundamental aspect of the OMEGA
HNS [8]. It aims to extend the HNS coverage and allow the
communication between devices having different Physical
Layer (PHY) interfaces. Network extension can be realized
at a wireless hotspot on the ceiling of the room or even at
the terminal devices themselves. Conceivably, every network
device may extend the network acting as a “multi-hopper,” in
the sense that it is able to process (receive and forward) traffic
for which it is not an end point. The extender device may act
as a router by forwarding data for other network nodes and can
also generate and receive packets of its own supporting ad-hoc
network functionalities. Each of the “no new wire” technolo-
gies considered in ICT-OMEGA may be used to provide the
extension functionality. Taking into account that each comes
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with its own merits and shortcomings, it seems that no single
technology will be able to satisfy every user requirement.
This paper seeks to shed light in this problem, contributing

to the technological roadmapping of HNS in general. It con-
siders three possible alternative technologies for network
extension namely IEEE 802.11n, 60 GHz radio and PLC. To
rank these alternatives, the Analytic Hierarchy Process (AHP)
methodology is used [9] as a fundamental part of an effective
technology roadmapping introduced in [10]. The main objec-
tive of the paper is to evaluate the prospects of the various home
networking technologies both from a technical and a socio-eco-
nomic point-of-view. The paper builds on previous work [12],
were the criteria and factors affecting the HNS deployment
were identified and their importance was discussed. Based on
these criteria and factors, the AHP framework is applied to
its full extend to rank the several technological alternatives.
AHP is a tool for complex decision making which reduces
the overall process in a set of discrete subproblems, each of
which can be tackled more easily. It has been used around the
world on numerous occasions, in sectors such as government
[13], business [14], industry [15], healthcare [16], technology
[10], [11] education [17], and telecommunications [18]. As a
representative example, in [18] the authors propose a model,
based in AHP, which can be applied to improve the group
decision making in selecting a telecommunication system
that satisfies customer specifications. Interestingly enough, in
[19] the concept of a System of Systems (SoS) collaborative
formation mechanism is discussed using the AHP process.
The application of AHP in the present work reveals the

prospects of the three technologies in question in future HNS
deployment. To best of author’s knowledge, this is a subject not
previously addressed in the literature. According to the findings
of the present work, PLC seems to take some precedence over
the other two technologies but emphasis must also be placed in
hybrid solutions incorporating multiple technologies. Several
issues concerning the device performance and component
cost are revealed and the relevance of current research and
standardization activities is discussed. In order to validate the
reliability of the results, the authors extend the AHP technology
value framework introduced in [10] incorporating sensitivity
analysis and Monte Carlo simulation. This serves as a means
to investigate how uncertainty influences the final ranking.
The rest of the paper is organized in the following sections: In
Section II, the motivation behind the roadmapping effort for
the technologies of choice is analyzed. In Section III, the basic
notions of the AHP method are presented. Moreover, the expert
surveys conducted within the AHP framework are described
in Section IV. Section V illustrates the results obtained by
the AHP methodology concerning the extension functionality
and HNS in general. The results of the sensitivity analysis are
presented in Section VI. Some concluding remarks are given
in Section VII.

II. MOTIVATION FOR AN HNS ROADMAP

As mentioned in Section I, there are various technology
solutions that could be considered for network extension, each
with their own particular characteristics. Radio systems, such as
WiFi, are already commercially available and 802.11n promises
up to 600 Mb/s data rates using multiple-input multiple output

(MIMO) techniques [4], but the actual network throughput
should be lower. Systems operating at the unlicensed 60 GHz
band [5] and short range Ultra Wide Band (UWB) [6] systems
can provide higher data rates. Wireless gigabit-per-second
transmission is feasible at 60 GHz, but such systems have not
reached full technological maturity. State-of-the-art PLC [7]
provide hundreds of megabit-per-second wireline connectivity
using the already installed power cables of the house. Extending
them in the gigabit regime is however a challenge because of
the particularities of the power line channel. Optical Wireless
Systems (OWS) [1] may also provide high data rates, possibly
reaching 10 Gb/s in the future, in either the infrared or visible
spectrum region. However, there are still important technical
limitations in their application. In Line-of-Sight (LOS) OWS
configurations, blocking is a serious issue. In diffuse config-
urations, where there is no need for LOS path, one obtains a
poorer signal to noise ratio.
The above discussion illustrates that, as envisioned in

OMEGA, future HNS will probably consist of hybrid systems
and technology roadmapping is key in ensuring their smooth
deployment. This paper aims to contribute towards this end,
by ranking three possible alternative technologies for network
extension, namely IEEE 802.11n, Radio 60 GHz and PLC.
Optical wireless systems are not considered in this work, since
the majority of the experts believed that this technology is
still relatively quite immature. For example, it remains unclear
which optical wireless configuration will prevail from a number
of possible choices [20], including Visible Light Communi-
cations (VLC) and infrared (IR) systems which can be LOS,
diffuse or both. Such issues prevent reliable forecasting of
several performance-related measures. Furthermore UWB was
not considered in the HNS roadmap since they can provide
high bandwidth short range links at small distances, but at
distances longer than 10 m the throughput is comparable to that
of 802.11g [21].
In addition to technical complexities, the network designer

must take into account many economic and social issues af-
fecting the acceptance of HNS from the wider public. For ex-
ample, the system cost becomes of paramount importance as we
move closer to the user premises. It is easy to understand that
the prospects of HNS are influenced by a blend of performance,
cost, health and security related features. In view of such com-
plexities, the need for an HNS roadmap, addressing all these is-
sues, becomes evident in order to reach a consensus about the set
of needs and the technologies that are required to satisfy those
needs.

III. METHODOLOGY DESCRIPTION

A. AHP Framework

The AHP framework incorporating the technology value
evaluation [12] is depicted in Fig. 2. On the first level, the
objective of the decision making process is defined and the
alternative courses of action (in our case the alternative tech-
nological solutions) are identified. The second level, shown in
Fig. 2, comprises of the definition of the criteria where
is an integer with , affecting the decision making
process. A criterion is a particular aspect that needs to be taken
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Fig. 2. The AHP hierarchical model incorporating the evaluation of the tech-
nology values for each technology.

into account when deciding in favour or against an alternative.
In the third level, a number of factors are identified for each
criterion where is an integer with . A factor
is an indicative attribute that characterizes a criterion. The
factors can be either quantified in terms of numerical values
(for example in the case of the achieved bit rate, in Mb/s) or
using a qualitative scale (for example a 6-point scale: Excel-
lent—E, very good—VG, good—G, average—A, poor—P,
unacceptable—U).
The priorities of the alternatives are evaluated by determining

the weights of the criteria and their corresponding factors based
on the opinion of experts. To estimate the weights of the criteria,
pairwise comparisons [12], [21] are used, according to which,
the experts are required to perform a series of comparisons of
the various criteria involved in combinations of two. After the
experts have completed these comparisons, one can calculate
the average weights of the various criteria involved and ob-
tain their ranking, using several mathematical methods such as
the eigenvalue method [21]. The same procedure is carried out
for the factors of each criterion and the weights of the factors

are estimated. This is an important step in the AHP decision
making framework, since it allows for the ranking of the various
alternatives.

B. Technology Value Estimation

Fig. 2 already suggests that the technology evaluation is based
on the values of the technological metrics which repre-
sents the actual value of factor for the th technology. The
present and future values of the technological metrics are de-
termined by the experts through a series of surveys. For future
values of experts need to make a forecast based on their
experience. For each value of we can assign a desirability
value by specifying a desirability function . This function
maps the values of to real numbers between 0 and 100 and
is also determined by collecting the opinion of the experts. More
specifically, the interval of value range of the factors is divided
into a number of subintervals and experts are requested to pro-
vide a desirability value from 0 (the worst desirability value)

to 100 (the best desirability value) for the midpoints of each
subinterval. The desirability function is calculated by averaging
the values provided by the experts. The function values at all
other points may be determined using linear interpolation. Once

and are calculated then determines the de-
sirability level of the factor for the th technology. How-
ever, in determining the overall desirability of the technologies
one must also take into account the relative importance of each
factor in the decision making process. The weights deter-
mine the importance of factor related to the rest of the fac-
tors of criterion . Since the weight of is , one deduces
that the weight of factor with respect to all other factors is

. Therefore in estimating the overall desirability of each
technology (i.e., its technology value) one should calculate the
weighted sum of with respect to :

(1)

In (1), is the Technology Value (TV) of the th technology
and ranges between 0 and 100, quantifying the appropriateness
of a technological solution over time. It is interesting to note
that, according to the technology value for the th technolog-
ical alternative can be thought of as the sum of the technological
values of the factors = for the alterna-
tive in question. One can also define the technological value of
criterion for the th technological alternative by summing
up the technological values of its factors,

(2)

IV. SURVEYS DESIGN AND PARTICIPANTS

A. Definition and Weights of Criteria and Factors

Table I summarizes the factors and criteria pertinent for the
extension functionality, including their description. A detailed
discussion on how the criteria and factors were identified and
the calculation of their weights can be found in [12]. Hereafter,
the basic conclusions are summarized and can be drawn from
Table I. Twenty five experts in HNS have participated in the
pairwise comparisons that was conducted during a period of
three months in September–November 2009. According to the
opinion of the experts, all criteria, except from design issues,
have more or less the same weight (ranging between 19%
to 24%), suggesting that all corresponding issues have equal
bearing. Design issues are deemed of secondary importance
probably because there are still many important technological
matters to be resolved in order to provide reliable and cost-ef-
fective network extension functionality. The situation is quite
different when one considers the factor weights. Regarding
the system trustworthiness/confidence criterion, it is clear
that health issues are the most important aspect to consider
reflecting the growing public concern on this subject [24], [25].
Several standards [26] are addressing the health concerns such
as the IEEE C95.1-2005 [25].



DEDE et al.: TOWARDS A ROADMAP FOR FUTURE HOME NETWORKING SYSTEMS 377

TABLE I
CRITERIA AND FACTORS FOR THE EXTENSION FUNCTIONALITY

According to Table I, security seems to be a minor concern.
This is possibly a reflection of the fact that the HNS vendor
can implement security-related methods on a protocol basis. In
light of this, the Wi-fi Protected Access WPA2 [27] security
protocol is incorporated in the IEE802.11n. Regarding power
line communications there are two intrinsic levels of security in
PLC equipment: a DES (Date Encryption Standard) encryption
and the possibility of setting up separate networks on the same
electric circuit with two different encryption keys that can be
configured using software usually provided with the equipment
[28]. Interestingly enough 60 GHz signals remain confined
within a room offering both security and interference advan-
tages. Concerning the design criterion, experts seem to believe
that the design/integration to the home environment tends to
be the most important aspect. It is also deduced that both the
volume and weight are important issues for both practical and

TABLE II
SURVEY DESCRIPTION

marketing reasons. Regarding the economic criterion, great
importance is placed on both the component price and the influ-
ence of power consumption on operation cost emphasizing the
need for energy efficient (green) devices. Regarding the sim-
plicity of use criterion, the plug and play feature is considered
somewhat more important than the compatibility with legacy
systems—probably because this feature is already present in
Digital Subscriber Line (DSL) modems as well as IEEE802.11
wireless routers. Compatibility with legacy devices is also an
important issue to take into account. Future adopters would
prefer the systems incorporating extension functionalities to be
easily mounted on their laptops and other appliances much like
WiFi cards on USB sticks. As far as performance is concerned,
the experts seem more concerned about the range rather than
the maximum achievable bit rate of the system. It should be
noted that as far as 802.11n is concerned, range refers to a
LOS configuration, since non-LOS is rather difficult to eval-
uate since one must take into account the actual room/house
characteristics. Downstream bit rate is also important in view
of many popular services where bandwidth requirements are
asymmetric. The importance of upstream data rate is not trivial
however (about 24%) probably because of several emerging
symmetric service technologies, such as on-line gaming, dis-
tributed and peer-to-peer applications [29], etc.

B. Surveys for Technology Value Evaluation

Four additional surveys were carried out in order to eval-
uate the technological metrics and the desirability functions, re-
quired for the estimation of the technology values for the var-
ious alternative technologies. The surveys are briefly described
in Table II.
The survey design was extensively discussed among the

several OMEGA partners. The feedback from the telecom
operators was interesting enough and very useful for the final
survey design taking into account the user perspective in both
the performance-related issues and the socio economic aspects.
The experts are highly trained employees with many years
experience from the various organizations inside the OMEGA
project consortium [30], which constitutes a well balanced
blend between industry and academia from many parts of
Europe (France, Italy, Germany, Spain, Austria, Slovenia, UK
and Greece). Their expertise lies primarily in the field of HNS
technologies. The aforementioned surveys were conducted by
a web-based survey/roadmapping platform incorporating the
AHP framework, where experts log on to the platform and fill
out the questionnaires. The web-platform has been developed
and maintained by the University of Athens.
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Fig. 3. Forecasts for various technological metrics.

V. RESULTS AND DISCUSSION

In this section, the results of the surveys in Table II are dis-
cussed and the Technology Value of each alternative for the in-
terval 2011–2015 are calculated and discussed.

A. Technological Metric Forecasting

Fig. 3 illustrates some examples of the technological metrics
calculated from the averaging of data provided by the first
three surveys of Table II. Regarding the downstream data rate
in Fig. 3(a), the experts think that 60 GHz systems will most
likely take precedence over the other technologies. This is
because of the license-free spectrum between 57 and 64 GHz
which is available for data transmission in this band [31]. It
should be noted that 60 GHz systems can be realized using
Complementary Metal–Oxide–Semiconductor (CMOS) cir-
cuits [31]. Such advances, together with some other promising
features of the 60 GHz band have led the standardization
activities. IEEE has formed 802.15.3.c study group to develop
a millimeter-wave-based alternative PHY for wireless personal
area network (WPAN) [32]. Despite the bandwidth abundance
in the 60 GHz band, on the average the experts predict that
commercial systems will provide slightly less than 1 Gb/s by
2015, probably because of technology-related performance
issues.
PLC systems come second, with predicted data rates of the

order of several hundred megabit per second. Restrictions in
these systems originate mainly because of the characteristics
of power line channels. Advanced modulation schemes such as
Orthogonal Frequency Division Multiplexing (OFDM) can be
used to push the system capacity to its limits [33], [34], [35].
Many organizations have developed specifications for PLC,
including the HomePlug Powerline Alliance, and Universal
Powerline Association. The ITU-T adopted Recommendation
G.hn/G.9960 as a standard for high-speed powerline, coax and
phoneline communications. IEEE P1901 is an IEEE working
group developing the global standard for high speed powerline
communications.
IEEE 802.11n comes third in terms of downstream capacity,

achieving its maximum data rate (600 Mb/s) near the end of the
study period. 802.11n incorporates both MIMO and OFDM as a
means to increase the available data rate. It is interesting to note
that actual throughput performance for wireless radio system
may be less because of MAC-related issues. Within 802.11n

several MAC enhancements are being considered in order to
alleviate this problem [36]. Similar conclusions can be drawn
from the upstream bit rate forecasts.
The results regarding the range of the three technologies are

shown in Fig. 3(b). As expected 60 GHz systems have signifi-
cant lower range because of the properties of electromagnetic
radiation in this part of the spectrum, than the PLC and the
802.11n solutions. Hence, range seems to be a limitation for the
60 GHz technology. At lower frequencies, say in UWB systems,
coverage may vary significantly with frequency and there are
five band groups covering a frequency range from 3.1 GHz to
10.6 GHz corresponding to a coverage range between 10 m and
1.56 m, respectively [37]. Because of relatively smaller changes
in frequency, coverage range does not change dynamically for
the 60-GHz radio. The 60 GHz channel generally exhibits op-
tical-like properties since the strongest components tend to be
LOS. At this band there is a large free space propagation loss
(about 20 dB more than that in 5 GHz band) which could be
overcome by the use of high gain directional antennas in order
to improve the signal coverage [38], which are feasible to im-
plement due to the relatively short wavelengths ( mm). The
short wavelengths in this band impose some serious challenges
such as greater signal diffusion and difficulty diffracting around
obstacles. The transmission of 60 GHz signals is strongly influ-
enced by surrounding obstacles and walls, as well as shadowing
[39]. People moving inside the line of sight may attenuate the
signal by as much as 15 dB and objects such as furniture, walls,
doors and floors found in indoor environments can also be prob-
lematic. Because of their optical-like nature, 60 GHz signals
cannot penetrate room walls rendering each room into a sepa-
rate cell where the whole system capacity is possible [40]. This
of course necessitates the use of one hotspot per room. These
facts are reflected in Fig. 3(b), where the experts seem to be-
lieve that the range of the 60 GHz would reach some tens of
meters through the study period.
Link characteristics are very different in the case of IEEE

802.11n, where the penetration loss is much less and rich mul-
tipath propagation exists to provide diversity. As a result, the
range can reach up to hundreds of meters, which coincides with
the experts point of view depicted in Fig. 3(b). 802.11n extends
the original concepts of 802.11 and includes many new options
to improve the quality of the wireless link and thereby to in-
crease both data rate and range. The coding scheme for 802.11n
is better than earlier versions of the standard and this results in
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Fig. 4. Examples of desirability function curves.

more data bits being transmitted in the same size channel [36].
In addition, 802.11n allows channel bonding that will essentially
double the data rate. Contrary to other wireless local area net-
working standards, 802.11n maintains high-speed connections
at greater than 90m. In 802.11 networks, a single wireless router
can be used to achieve connectivity over multiple rooms. Nev-
ertheless, the coverage range in the IEEE 802.11n will vary de-
pending on the environment as well as on the capability of the
user and access point.
As shown in Fig. 3(b), PLC technology takes precedence

compared to the other technology alternatives. According to
Table I, in the case of PLC, the range is related to the meters
of the wires used for the signal transmission within the house. It
is deduced that the maximum cable length will reach around 170
meters in 2015. In fact, the range of the PLC wires is indepen-
dent from the limits mentioned for IEEE 802.11n and 60 GHz.
The only limiting factors concerning the power lines communi-
cation originate from noise, attenuation and multipath propaga-
tion [33].
The last example of technological metric forecasting is the

cost, shown in Fig. 3(c). The experts predict that the cost will
be higher for the 60 GHz solution, especially in earlier years.
Today’s 60-GHz technology depends on relatively expensive
and GaAs semiconductors, but as discussed previously, various
works indicate that silicon chips can do the job with much less
power and at a fraction of the cost. Cost reduction in all three
technologies depends on production volume and therefore the
demand for future home networking equipment. If users are at-
tracted by broadband services such as HDTV, online gaming,
high-definition content sharing and distribution between end-
user devices such as the storage device and user terminals, then
the increase in production volumes will promote further cost
reduction [41]. Toward this end, standardization is also another
important element that may reduce the cost of the network com-
ponents.

B. Desirability Function Curves

Fig. 4 illustrates some examples of desirability function
curves for the cases of a) downstream bit rate and b) cost
for the extender systems. Experts are strict when concerned
with downstream rather than upstream traffic. For example

Fig. 5. TV for the technology alternatives for network extension.

a 100 Mb/s downstream data rates maps to 70% satisfaction
level, while for upstream data rate this is much higher. This
reflects the asymmetric nature of many broadband services
and particularly HDTV where high downstream data rates are
important for high quality service provision.
The desirability curve for the cost is also interesting empha-

sizing the need for low cost solutions. Much like access net-
works, the commercial prospects of home networks are much
more sensitive to component cost than say, core networks, since
the equipment is now installed at the user premises and not some
remote central office owned by the telecom operator. According
to the experts, the systems must be priced below 100 in order
to be attractive from a user point-of-view.

C. Estimation of the Technology Value

The technology value of each alternative solution was evalu-
ated through (1) in each time period, once the desirability func-
tions and the technological values are determined by
the appropriate expert surveys described in Table II. As men-
tioned in Section III, the technology value for the th technolog-
ical alternative can be thought of as the sum of the technological
values of the factors . Fig. 5 shows the technology values
calculated for each of the alternative networking technologies
considered. The results are also indicative for other network de-
vices as well (terminals, etc). The results of Fig. 5 will be further
elaborated in Section V-D considering the technological values
of the factors and criteria, which determine the final ranking of
the alternatives.
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Fig. 6. Technological values of Criteria (a) 2011 (b) 2015.

Fig. 5 suggests that the technology value of each technology
is improved over time as a consequence of the increased per-
formance and cost reduction. The graph indicates that PLC
seems to have the highest short-term potential. For both PLC
and 802.11n systems, the TV eventually level off after 2014,
suggesting that these technologies will reach maturity within
the next two to three years. The situation is different for the
60 GHz systems for which the TV is increasing even beyond
2014. Interestingly enough, 60 GHz systems seem to achieve
the same TV as 802.11n in 2015 suggesting that in the long run,
they may serve as the technology of choice for wireless home
access. It is also interesting to consider the fact that PLC and
802.11n have pretty much the same TV in 2013.
Hybrid radio/PLC systems, combining the merits of both

technologies could also provide an alternative. Products
combining both technologies at the PHY have already been
commercialized. Within ICT/OMEGA, all three technologies
are combined in a single inter-MAC layer. The issue of hy-
bridization is more interesting when the PLC and the 60 GHz
systems are combined together: 60 GHz can provide high
bandwidth wireless connection within the room while PLC can
be used to extend the connectivity across multiple rooms of the
house. In order for PLC to provide the future home network
backbone however, its capacity must be extended in the Gigabit
per second regime. On a more general sense, the capacity of the
home network backbone is an important issue for future HN
deployment. In the long run, fiber either multimode or plastic
would provide the best solution, potentially offering one order
of magnitude higher capacity than PLC at the expense of in-
stalling additional wires inside the house. Towards this concept,
radio-over-fiber (RoF) techniques may provide an interesting
potential [35]. The RoF concept relies on modulating an optical
source at by the radio signal (instead of its baseband form) and
distributing it through optical fiber to the various hotspots. In
this manner, the hotspot/base station equipment is much sim-
pler, since no frequency up/down conversion is required at the
various base stations. At 60 GHz however, it is impossible to
modulate the LASER using direct modulation and an external
modulator should be used, increasing the cost. In any case, a
RoF-based backbone network solution using high frequency
radio signals presents with several technical challenges and will
not be easily made commercially available in the near future.

Fig. 5 suggests that shorter term network extension would be
provided by PLC. Optical wireless technologies combined with
either fiber or PLC could also provide a longer term alternative
for distributing data at gigabit bit rates inside the house. The
combination of visible light communication (VLC) and PLC
has already been proposed [42]. In this approach, white LED of
ceiling lamps used for illumination, are also modulated in order
to provide wireless data range. The various white LED lamps
can be connected using a PLC network, providing both power
supply and backbone connection. Such systems can be used for
data broadcast, but do not provide upstream connectivity (i.e.,
from the terminal to the hotspot).

D. Technological Value of Each Factor and Criterion

Fig. 5 illustrates the total Technology Value of each alterna-
tive, but it is also interesting to consider its various components,
i.e., the TV of each criterion and each factor as defined in Sec-
tion II-B. It seems to be that PLC receives the highest tech-
nology values in the most cases. Fig. 6(a) and (b) depict the
technological values of criteria in 2011 and 2015, respectively.
Fig. 6 suggests that PLC rates better both in the beginning and
the end of the study period in terms of system trustworthiness
and the economic criterion defined in Table I. Simplicity and
integration to home environment are generally favourable for
PLC in 2011, but eventually level off for all three technologies
in 2015. The 802.11 also rates high in terms of home environ-
ment integration in 2011 while the 60 GHz systems rate high in
terms of performance but do not meet well with other criteria,
especially in 2011, which justifies the precedence of the other
alternatives TVs over the 60 GHz solution.
Fig. 7 indicates the technological values of the factors for

each technology averaged throughout the study period. The
figure also contains useful information, breaking down the
contribution of each factor in the total technology value of a
solution. Interestingly enough, all three technologies accumu-
late more technological value because of downstream bit rate
performance than in terms of upstream data rate and range.
Downstream data rate is in fact the most important asset for
60 GHz systems. Plug-and-play carries high importance for
802.11 and PLC, probably because these technologies are
already commercially available. The device cost is also an
important asset for 802.11 and PLC. Health issues constitute
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Fig. 7. Mean technological values: (a) IEEE 802.11n, (b) Radio 60 GHz, and
(c) PLC.

an important component in the technological value of PLC,
especially in light of the public concern on the impact of radio
radiation in wireless technologies.
Comparing the technological values of the various factors,

one deduces that up to a point, the technologies are complimen-
tary. Taking into account the previous discussion in this section,
as well as the fact that the technology values in Fig. 5 of PLC
and 802.11n are rather close, especially near 2013, it seems that

Fig. 8. Sensitivity of alternatives for performance changes from % to 70%:
(a) 2011 and (b) 2015.

a hybrid solution incorporating both would present with inter-
esting prospects compared to HNS incorporating only a single
technology.

VI. SENSITIVITY ANALYSIS

The results obtained in the previous section may be under-
mined by uncertainties involved in the evaluation of priorities
or the technological metric forecasts, which according to Fig. 2
are essential elements for evaluating the technology values. In
this section we discuss the reliability of the results against un-
certainty by carrying out a sensitivity analysis. In Section V-A,
we consider the impact of changing primarily the value of a
weight of a single criterion or factor while in Section V-B, we
use Monte Carlo simulation to estimate the effect of simulta-
neously introducing random perturbations in these weights. In
Section V-C, we discuss the changes in technology value when
a single technological metric is varied, whereas in Section V.D.
Monte Carlo simulations are performed to study the effect of
changing many of these metrics simultaneously.

A. Changes in Primarily a Single Component

Fig. 8(a) and (b) illustrate the influence of perturbing the
weight of the performance criterion in the technology value
of the alternatives in 2011 and 2015 respectively. It should be
noted that the weights need to be normalized so that
and consequently changing a single weight will necessarily in-
duce changes in the weights of other criteria as well because of
the renormalization. Fig. 8(a) suggests that changing affects
the TV of all three technologies. In 2011, the TV of 60 GHz sys-
tems changes significantly. The changes are less significant in
2015, because as indicated in Fig. 6(a) and (b) the technology
value of the performance criterion becomes less important to-
wards the end of the study period. It is also interesting to note
that the ranking between the various alternatives is preserved
both in 2011 and 2015 even for relative changes as high as

%. Similar conclusions are drawn when the sensitivity anal-
ysis is carried out for the weight of trustworthiness/confidence,
which is the criterion with the highest weight in Table I. Fig. 10
illustrates the effect of changing the weight of the downstream
bit rate factor, while Fig. 11 considers the sensitivity analysis for
the weight of the health issues factor, (the most important factor
of the trustworthiness/confidence criterion). In both cases, the
factor weights are renormalized so that . It is inter-
esting to note that the ranking is again preserved both in 2011
and 2015.
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Fig. 9. Sensitivity of alternatives for system trustworthiness/confidence
changes from % to 70%: (a) 2011 and (b) 2015.

Fig. 10. Sensitivity of alternatives for downstream bit rate changes from %
to 70%: (a) 2011 and (b) 2015.

Fig. 11. Sensitivity of alternatives for health issues changes from % to
70%: (a) 2011 and (b) 2015.

B. Simultaneous Changes of Criteria/Factors Weights

In order to evaluate the impact of simultaneously changing
more than one weight, one can resort to Monte Carlo simula-
tions. We perturb the weights of all criteria and factors from
and to and where the per-
turbations and are assumed zero mean, identically
distributed independent random variables. These random vari-
ations can be due for example to the fact that the experts may
perform inconsistent pair wise comparisons [43]. In Fig. 12(a)
and (b), we show the histogram of the technology values of
802.11n and PLC in 2015 respectively, obtained when
and are randomly chosen from a uniform distribution in-
side where is taken equal to 0.1 (corresponding to a
maximum % variation with respect to its original value).
After the weights are randomly chosen they must be renormal-
ized so that and . The technology values
of 802.11n and PLC were calculated using Monte Carlo it-
erations. Interestingly enough, it seems that technology exhibit
a similar sensitivity for both technologies and that the TVs in

Fig. 12. Sensitivity of TV histogram in 2015 for (a) IEEE 802.11n and (b) PLC.

Fig. 13. Rank Inversion Probability as a function of the perturbation strength
.

2015 are somewhat more prone to uncertainty-induced pertur-
bations.
Monte Carlo simulation can be used to evaluate the proba-

bility of rank inversion [43] as well. In our case, we can esti-
mate the probability of rank inversion by measuring the number
of iterations in which the technology ranking turns out to be dif-
ferent than that illustrated in Section IV. Fig. 13 shows the prob-
ability of rank inversion between the two most prominent tech-
nologies (PLC and IEEE 802.11n) for 2012 and 2013. The per-
turbations strength now ranges from 0.1 to 0.5. It is interesting
to note that the probability of rank inversion is zero for small
perturbations. Interestingly enough, the ranking order is always
preserved in 2011, 2014, 2015, where according to Fig. 5 the un-
perturbed TV of PLC and IEEE802.11n differ significantly. In
2012 and 2013, the probability of rank inversion is rather high
only for strong perturbations .

C. Changes in Primarily a Single Technological Metric

Given that the future values of factors are based on
experts forecasting ability according to their experience, a
sensitivity analysis is also for . Fig. 14(a) and (b) depict
the change in TV brought by varying the technological metrics
of downstream bit rate and range factors from their values

respectively, in 2015. As shown in Fig. 14, the
variations induce changes in the TV of all three technologies
compared to its base value (shown in dash lines). Interestingly
enough, Fig. 14(a) illustrates that PLC remains the most highly
ranked solution unless becomes % smaller for PLC
and % larger for 802.11n. Fig. 14(b) illustrates that for
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Fig. 14. Sensitivity of alternatives for a single technological metric changes
from % to 50%: (a) downstream bit rate (b) range. Dash lines correspond
to base values.

Fig. 15. Sensitivity of TV histogram: (a) IEEE 802.11n and (b) PLC.

PLC is always the highly ranked solution even if the range
forecasts change dramatically.

D. Simultaneous Changes of Performance Factors
Technological Metrics

In this section, a sensitivity analysis using Monte Carlo sim-
ulation is performed in order to further examine how the fore-
casting uncertainty influences the TV of the alternatives. The
technological metrics of all performance factors are simultane-
ously perturbed in a fashion similar to II.B. Fig. 15(a), (b) depict
the sensitivity of TV histogram the most prominent technology
alternatives (IEEE802.11n and PLC respectively) in 2015. The
perturbation strength is corresponding to a maximum
deviation of 25% from the original values. The figure illustrates
that forecasting uncertainties do influence the value of TV, but
not dramatically. The results of the present section provide an
indication of the reliability of the AHP results against uncertain-
ties in the pairwise comparisons and the forecasts carried out by
the experts.

VII. CONCLUSION

In this paper, the home networking system related roadmap-
ping activities carried out within the ICT-OMEGA project have
been presented and discussed. Using the AHP the ranking of the
various technological alternatives comprising of IEEE802.11,
60 GHz systems and PLC has been accomplished. The results
focus on network extension but are also indicative for the rest
of the home network components as well. AHP indicates that
PLC takes some precedence over the wireless alternatives.
IEEE802.11 is ranked second best while 60 GHz system are
regarded as a longer term alternative, which could provide
gigabit per second connectivity. The paper also discussed the

merits of hybrid integration of these technologies, either in
the PHY or a higher network layer. Indeed, PLC would be the
most ubiquitous connection in the home, while all the devices
would include additional interface to support the benefits of
intelligent switching to include a wireless extension. A sen-
sitivity analysis was also performed in order to estimate the
uncertainties involved and it was deduced that they do not in
general undermine the results of the ranking.
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