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Abstract 
 
 
 
 
 
According to the broad formal definition, “a femtocell, also known as home base station, 
is a low-power base station communicating in a licensed spectrum offering improved 
indoor coverage with increased performance; functioning with the operator’s approval; 
offering improved voice and broadband services in a low-cost technology agnostic form”. 
 
 A femtocell -offered by a cellular network service operator (provider)- is indeed 
perceived from the user viewpoint as a small private licensed cellular base station for 
domestic environments, enterprises and other critical spots to enhance the communication 
of standard mobile devices (typically cellular phones or smart-phones) inside buildings or 
in any other area where coverage by cellular systems using larger cells is uneven or weak, 
or simply when a faster and more reliable connection is required. The femtocell can thus 
connect these standard mobile devices to the backbone network of this operator (provider) 
through an Access Point and the Internet –the latter playing the role of intervening 
network- using the best available Internet connectivity provided by any Internet Service 
Provider (ISP) at that access point. 
This femtocell connection is end-to-end identical to the one which would directly connect 
standard mobile devices to the cellular network through outdoor high-power base stations. 
However the Femtocell Access Point Base Station, corresponding to the Home NodeB 
(HNB) in 3G cellular networks, can use a broadband Internet connection, thus providing a 
very stable, reliable and performing signal. 
 
The concept was pioneered more than a decade ago and has been extensively 
implemented since 2008. 3GPP standardization has been continuing ever since to provide 
the necessary framework. Femtocells –either as currently deployed along 3G 
specifications or as developing in the future LTE/4G embodiment- have recently attracted 
further huge interest both from mobile operators looking for new areas of commercial 
expansion compensating the declining profitability of traditional cellular systems and 
from users willing to significantly upgrade the communications of their smart-phones, 
tablets and other innovative terminals, still keeping universal roaming capability and 
built-in protection of information due to strict control of the licensed spectrum. 

This has generated a number of “Femtocell myths” on various aspects of this new 
technology, from basic capabilities to networking aspects to terminal usage. There is a 
need –not covered by technical literature- to address these myths, bring them down to 
realities and provide evidence to an abstract “concept user” on what and how much he can 
expect from Femtocells, 
 
The objective of this work is indeed the experimental analysis of femtocells behavior 
and performances from the viewpoint of user applications. 
 
In order to achieve validated results, extensive testing has been carried out, including 
comparison with the germane (yet different) Wi-Fi techniques, with focus on identifying 
which ones among the most common classes of current and forthcoming applications best 
match femtocells inherent characteristics (under which boundary conditions) and a view 
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to the evolution path towards the wireless heterogeneous network scenario, emerging as 
the driving trend. Hence this work has:  
-  tried to abstract inherent femtocells characteristics from what is transient, such as 
evolution to more refined transmission schemes, ever increasing data rates, more 
optimized data packaging. Advanced but well established equipment have been used: 3G 
WCDMA with HSUPA/HSDPA for Femtocells and IEEE 802.11.g for Wi-Fi, even if 
LTE and new Wi-Fi standards (IEEE 802.11.n, IEEE 802.11.ac, etc.) are well known to 
be forthcoming. Excessive attention to new features, for example modulations/coding or 
antenna arrangements, which have been evolving release after release would distract from 
the essence of what is or is not suited to Femtocells. 
-  tried to pinpoint a representative yet limited number of application classes, including 
related supporting protocols (Web-access through HTTP, streaming through RTP and 
VoIP through SIP and UDP) and boundary conditions (sensitivity to less benign 
propagation environment –longer distance and obstacles- or multi-user access). 
-  aimed at experimental evidence that can guide future exploitation through combined 
use of multiple off-the-shelf on-line tools to measure basic parameters and new metrics 
addressing user perception such as “ Quality of Experience” (QoE) . 

The starting point (benchmarking tests) is that Femtocells, albeit much more performing 
than standard cellular systems, can offer much less raw data rate to a single user per cell 
than Wi-Fi (less than a fourth when up-link and down link are aggregated) due to smaller 
channel capacity, but this difference is significantly reduced (e.g. halved) in case of less-
than-ideal propagation.  
 
However the Wi-Fi higher capacity channel is shared through CSMA/CD contention 
access, also involving up- and down-links (a sort of “half duplex” in traditional old-
speak), while Femtocell channels are dynamically allocated in optimal non-contended 
way; hence when multiple users are served by the same Access Point the overall situation 
tends to level out perceived performances per user to similar values (Femtocells closer to 
Wi-Fi systems).  
 
Spectrum does not come for free –especially the licensed portion used by Femtocells- and 
the initial difference is therefore not an absolute handicap rather a different mode of 
operations; in facts Femtocells could be argued to do comparatively better than Wi-Fi 
when their smaller channel capacity is better utilized for multiple users or difficult 
propagation conditions.  
 
Equally clear is that Femtocells back-end tail to access the global IP goes through 
multiple steps in the mobile operator’s domain and is therefore for each single interaction 
more complex and time consuming than in the case of Wi-Fi, which affects performances. 
On the other hand this back-end allows universal roaming and continuous coverage across 
the whole ensemble of femto-pico-micro-macro-cells, totally impossible for any other 
alternative technique including Wi-Fi: again, not an absolute handicap, rather a different 
mode of operations. 
 
Results of tests with user applications and related protocols did show significant 
differences in performances of Femtocells, in absolute terms and relative to 
benchmarking tests, also with different behavior as compared to Wi-Fi systems. 
 
Web browsing through HTTP and Streaming through RTP are at the two opposite 
extremes of the range.  
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HTTP emphasizes the strength of Wi-Fi versus Femtocells: highly interactive exchanges 
(hence Wi-Fi much better fit to the short/simple back-end tail to global Internet versus the 
complex Femtocell access through the long mobile operator’s chain), alternate 
transmit/receive (hence well fit to “half-duplex” access logic with the full big shared 
channel capacity available) and short sequences per each interaction (good match with 
Wi-Fi contention access, while dynamic capacity assignment algorithms of Femtocells 
take too long to be in effective steady state).  
Result: goodput (i.e. useful part of the throughput) is 3-5 times better for Wi-Fi than for 
Femtocells in ideal conditions, becomes 2-3 times better with moderate propagation 
degradation (which is less critical for femtocells).   
 
RTP on the other hand emphasizes Femtocells strength versus Wi-Fi: interaction is little 
to none (hence the complex back-end tail access to global Internet has influence only at 
transmission start-up and does not penalize Femtocells for long duration of streaming), 
essentially one-way communication with a very long single sequence filling in each 
session (hence the repeated need to access the shared channel in contention mode 
penalizes Wi-Fi, while Femtocell may use to the very optimum HSUPA features, from 
dynamic resource allocation to very efficient HARQ). 
Result: Femtocells operate correctly (no packet loss) for much larger files than Wi-Fi -
typically twice the size- and even when correct operations become critical Femtocells 
packet losses are half of Wi-Fi until saturation point is reached and all communications 
collapse. 
 
The third main class of considered applications is VoIP, which is somehow in the middle: 
Wi-Fi significantly outperforms Femtocells as to basic parameters such as one-way delay, 
jitter and to some extent packet loss, but the actual quality as perceived by the user and 
measured by service related parameters is comparable, with Wi-Fi only marginally better 
than Femtocell. The latter still keep delay and jitter above the threshold which would 
induce a serious quality drop. 
 
Power consumption has also been subject to conjectures; terminals connected through 
Femtocells consume more power than when connected through Wi-Fi systems, but much 
less than in case of macro-cell coverage. In fact, standard mobile terminal tuning and 
procedures still refer to the traditional macro-cell scenario and only evolution to match 
the specific Femtocell features could allow exploitation of the potential for achieving 
lower power consumption.  
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1. Introduction 
According to the broad formal definition, “a femtocell is a low-power base station 
communicating in a licensed spectrum offering improved indoor coverage with increased 
performance; functioning with the operator’s approval; offering improved voice and 
broadband services in a low-cost technology agnostic form factor”. 
 
A more specific system-oriented definition says that “femtocells, also known as home 
base stations, are cellular network access points that connect standard mobile devices to a 
mobile operator’s network using residential DSL, cable broadband connections, optical 
fibers or wireless last-mile technologies”.   
 
 As a matter of fact, a femtocell is indeed perceived from a user viewpoint as a small 
private licensed cellular base station –known as Femtocell Access Point Base Station and 
corresponding to the Home NodeB (HNB) in 3G cellular networks- for domestic 
environments, offices, enterprises and other critical spots to enhance the communication 
of standard mobile devices (typically cellular phones or smart-phones) inside buildings or 
in any other area where coverage by cellular systems using larger cells (e.g. macro-cells, 
pico-cells) is uneven or weak, or simply when a faster and more reliable connection is 
required. A femtocell offered by a cellular network service operator (provider) can thus 
connect these standard mobile devices to the backbone network of this operator (provider) 
through an access point and the Internet –the latter playing the role of intervening 
network- using the best available Internet connectivity provided by any Internet Service 
Provider (ISP) at that access point. 
 
When a user connects through a mobile device to a femtocell the private licensed (indoor 
or very close) base station is used for the connection instead of the remote public outdoor 
base station normally used in cellular systems. The femtocell routes the relevant user 
traffic via the Internet to the backbone network of the cellular service operator (provider), 
thus establishing a communication that is at all effects end-to-end identical to the one 
which would directly connect standard mobile devices to  the cellular network through 
outdoor high-power base stations as common practice in traditional cellular systems. The 
main difference, however, is that the base station  has a broadband Internet connection, 
and consequently can both provide a very stable, reliable and performing signal within the 
environment and reduce battery consumption as compared to traditional macro-cells. 
 
The concept of extremely small cells providing local good coverage and connected to the 
backbone network was pioneered more than a decade ago by Silventoinen and others [8] 
building also on  earlier studies on frequency channel doubly reused cellular systems [9] 
and has been extensively  implemented since 2008, when demanding applications and 
increasing user requests have provided the commercial push to attract industry and 
operators attention and investments [13]. At the same time the 3GPP standardization has 
started and has continued ever since to provide the necessary standardization framework 
[13] [14] [26].  

The further growth potential can be huge insofar they are capable of solving 
communication problems better that other alternative solutions inside buildings and in 
other critical areas (the indoor mobile communications are often the most difficult ones), 
which account for 2/3 of voice calls and 90% of data traffic [2]. 
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From a user viewpoint, femtocell technology has the advantage of offering advanced and 
high-performance communications equivalent to those obtained with fully fledged 
networks, continuity of coverage with the same mobile device across indoor and outdoor 
environments and built-in protection of information due to strict control of the licensed 
spectrum and security over the communication links. 

From the viewpoint of the cellular service operator (provider), femtocell technology 
enables better service offering –capable to compete with rapidly developing WiFi and 
other technologies using  frequency bands without a license- with relevant traffic growth 
and brings a major increase in the overall network capacity, thanks to much more efficient 
utilization of the licensed spectrum due to multiple-time frequency re-use across 
femtocells and macrocells (e.g. thanks to limited and/or controlled interference among 
indoor and outdoor base stations). 

Asevident from literature [16] [20] [23] [24], evolution of standards (3GPP-Release 9, 
3GPP-Release 10) and commercially-oriented surveys, the current trend suggest a growth 
of femtocell technology and implementation from domestic to enterprise environments, 
also with hybrid configurations and heterogeneous networking. 

Chapter 2 introduces the Femtocells architecture, the relevant key functional, technical, 
and hardware features plus the possible motivations for their deployment in preference to 
alternative solutions such as WiFi systems. 

Chapter 3 describes the access schemes used by Femtocells (current and future 
generation) and by WiFi systems, complemented by an overview of relevant technical 
literature. 

Chapter 4 outlines the approach taken by this work, its scope, its new aspects and the 
relevant test configuration.  

Chapters 5 and 6 report and analyze the results of benchmarking tests, conducted 
respectively in ideal conditions (transmitter and receiver very close to each other) and 
realistic conditions (longer distances and interposed obstacles). 

Chapters 7, 8 and 9 report and analyze the results of tests with the selected representative 
subset of user applications and protocols: Web-access through HTTP, Streaming through 
RTP and VoIP. 

Chapter 10 provides results and analyses of the sensitivity of Femtocells and WiFi 
systems to multiple user accesses. 

Chapter 11 analyzes the power consumption and associated parameters which 
characterize Femtocells and WiFi systems.   

Chapter 12 summarizes the overall assessment and draws conclusions as to Femtocell 
comparative strengths and weaknesses. 

Relevant references in the technical literature are listed in the last Chapter. 
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2 Femtocell definition, origin and perspectives 

2.1  Concept of  femtocell operations 

A typical femtocell deployment scenario –as seen from a practical viewpoint in [26]- is 
represented below in Figure 1. 

 

 

Figure 1 General concept for femtocells deployment 

 

Generic user equipment (UE) access a generic femtocell system at the Femtocell Access 
Point (FAP) through the first key element of such systems: the Access Point Base Station 
which is basically a small device installed inside the home or office or in critical outdoor 
positions at the premises of the femtocell subscriber with the aim of offering a better 
support for standard mobile terminals. 

Typical Femtocell Access Point Base Stations transmit 100 mW or less, which is a 
thousand times weaker than an outdoor base station and about one-fifth the power of a 
typical WiFi access point. Effective range for high performances is limited to about 30 
meters (about 100 feet) but depends on the location of the base station and the local 
propagation and interference environment. 
 

The subscriber must enter the identifiers (e.g. telephone numbers) of the devices that are 
authorized to access the base station. Typically, up to four simultaneous users are allowed 
in residential settings and up to 10 are allowed in enterprise settings. Handoff of users 
moving between the femtocell and the macrocell network is intended to be seamless 
(albeit under progressive standardization) to the point of allowing handsets to indicate the 
current serving network on the display. 

A GPS receiver is usually provided and access to GPS is required to set up the femtocell. 
GPS allows tailoring of the operating parameters to the specific location and also enables 
the operator to keep track of and control over femtocell Base Stations, including functions 

Access Point 

Base Station 
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such as enabling/disabling of service (e.g. when the base station is moved), support to 
interference avoidance and troubleshooting. 
 
The Femtocell Access Point Base Station is interfaced -at the subscriber’s premises- to 
the local termination of the broadband Internet connection (e.g., cable modem or DSL, 
typically via Ethernet). Through Internet each Base Station is connected to the second key 
element of a generic Femtocell system: the Femtocell Gateway.  
 
The Femtocell Gateway acts as a concentrator of a number of Base Stations both on the 
user and on the control plane and performs in both planes for femtocells a number of 
functionalities that would be normally be done by the Radio Network Controller (RNC) in 
a typical macro-cell network, such as those required for the Management and Security of 
the Radio Access and Resources used by the femtocells.  
 
On the other side, the Femtocell Gateway provides interfaces to the conventional 
backbone network of the Mobile Operator equivalent to those used by macro-cell 
networks; hence from the global viewpoint of the Mobile Operator femtocells –together 
with macrocells- become part of and are seamlessly integrated with the overall service 
offering and operations, including back-haul access to the core fixed Circuit Switched and 
Packet Switched Network.  
 
This includes the provision of an adequate Operator Management System (for functions 
such as software updates and diagnostics) of which the Femtocell Management System 
becomes a component, thus performing end-to-end management and supervision 
functions similar to those implemented in the classical macrocell networks. However,  
Femtocell Access Point Base Stations are self-organizing, which does substantially differ  
from Macro-cell Base Stations. Unlike the latter, which require complicated radio 
resource control functions, Femtocells configure and optimize themselves, operating 
nearly autonomously. 
 
The simplified end-to-end block diagram of Figure 2 sketches the essence of the location 
of a Femtocell in the context of the overall system. 

 

Figure 2 Simplified System Block Diagram including Femtocell 

 

Most operators offer some Femtocell service and hardware is available for all common 
air-link protocols including GSM, UMTS, CDMA, cdma2000, EV-DO, WiMAX and 
soon-to-appear LTE. 

  

Standard 
Terminal  
2G/3G 

Femtocell  
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2.2 Femtocell Technical and Functional Architecture 

The progressive introduction of Femtocells –while driven by increasing user requirements 
and by operators’ commercial interest- has been guided by a rigorous top-down analysis 
and standardization which has been aiming at and achieving almost seamless introduction 
of these new techniques into the existing framework and infrastructure of cellular and 
broadband systems.  
 
In this way all the huge investments done in terms of networks, management systems, 
user equipment and applications have been fully leveraged and the deployment of 
femtocells has been and will continue to be done at increasingly marginal costs, just 
replacing the local radio access capability with the new access point equipment –fairly 
cheap and becoming even cheaper by economy of scale- complemented by a very limited 
number of gateways at appropriate points in the network. 
 
Figure 3 below shows an intuitive overall representation of the integration of Femtocells 
into the 3G overall cellular network, thus building on the generic physical Femto Forum 
architecture shown in Fig.1 
 
 

 
Figure 3 Intuitive Representation of Femtocells Integration in the 3G Network 

 
The mobile terminal, also known as the user equipment (UE), interfaces with a Home 
NodeB (HNB) over the air interface defined at the Uu reference point. The name of the 
Home NodeB device (HNB), which resides in the customer’s premises (home, office or 
even outdoor critical spot) stems from the fact that it is a miniature UMTS NodeB 
providing wireless coverage in the customer’s home.  
The HNB is connected to the Mobile Network Operator (MNO) over an intervening IP 
broadband network (which is the one providing IP service at the customer’s premises) 
through a standard IP broadband access gateway on the customer’s premises side and 
through the Iu-h reference point on the MNO side. 
At the Iu-h reference point the MNO uses a security gateway to protect the core network 
against attacks. On the trusted side of the security gateway resides the Home NodeB 
Gateway (HNB GW), which embodies the Femto Forum’s Femtocell Access Gateway 
and is responsible for interfacing with the mobile operator’s core network’s Iu interface. 
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The Iu interface consists of the Iu-cs for circuit switched traffic and the Iu-ps for packet-
switched traffic. 

 
 
2.2.1 2G Femtocells 
 
Although most of manufacturers have concentrated on producing 3G Femtocells, there 
are also significant legacy systems which include Femtocell air interfaces with the Global 
System for Mobile communication (GSM).  
 
For instance, the Swedish telecom giant Ericsson was one of the first manufacturers to 
produce this type of Femtocell. In February 2007, Ericsson launched its first GSM FAP 
model and in September 2008 they signed a contract for its deployment with the British 
supermarket company Tesco 
 
GSM is an old system compared with UMTS and LTE. Nevertheless, it is well tested and 
still holds the biggest number of subscribers compared with newer networks. In 2009 
UMTS was barely –if at all- considered for newer rollouts in most developing countries 
like India while GSM macro-cell networks were in rapid expansion due to dramatically 
lower cost than those implied by more modern technologies. The fact that GSM 
Femtocells were (and are) substantially cheaper than 3G ones, made them more 
competitive against other technologies such WiFi or UMTS. 
 
However, there are also several reasons argued by other members of industry for not 
producing GSM Femtocells. For instance, the power control mechanism in GSM is not as 
flexible as in 3G and this might be an important source of interference to overlay Macro-
cells.  
 
Furthermore, GPRS’s achievable throughputs are quite low as compared to newer 
systems, meaning that 2G Femtocells would not be able to provide much more than a 
high quality voice service. If that is the case, would an indoor user be interested in 
purchasing a Femtocell to be used just for little more than voice? Hence, the economic 
viability of this type of Femtocell has been arguable for long. 
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2.2.2  3G Femtocells 
 
Universal Mobile Telecommunications Service (UMTS) is a third generation (3G) 
wireless mobile technology that evolved from GSM. It is very widely deployed and as 
such it has been one of the first wireless technologies to be standardized for Femtocells. 
The 3GPP standards body started to define the architecture to extend UMTS Home to 
incorporate Femtocells in 2009 [13] [26] and has been further improving, refining and 
extending these standards ever since (e.g. [29], [30]). 
 
The major standardization step-forward undertaken by 3GPP to promote seamless 
Femtocell introduction is summarized by the overall architecture definition in [29], which 
includes the simplified block diagram of the network domain elements, as reproduced 
below for convenience. 
 

 
Figure 4 Femtocell Access Logical Block Diagram 

 
The 3G Home Node Base (HNB) plays the role of Access Point Base Station as depicted 
in the physical description of Fig. 1. It interfaces the user equipment (UE) through the Uu 
interface, which has been defined to be essentially the same as the one used for macro-
cell with marginal changes such as the capability to exchange Closed Subscriber Group 
(CSG) information. 
 
The access scheme which is mostly used over-the-air for current 3G systems is W-
CDMA, which provides inherent protection against a large variety of types of noise (e.g. 
White Gaussian Noise) and has been continuously improved through successive releases 
of 3GPP specifications as described in [1], [27], [28] and other referenced standards and 
publications.  
 
Namely, specific improvements have increased data rates through the introduction of 
HSDA (High Speed Down-Link Access) and HSUPA (High Speed Up-Link Access) 
which are described in more details in section 3 below. Furthermore, Multiple Input 
Multiple (MIMO) techniques –making use of advanced arrangements such as 
source/destination discrimination and/or phased arrays- are additional features which 
would bring significant advantages albeit mostly time-aligned along the pre-4G 
timelineas further discussed below. 
 
From the network side the HNB is seen as providing Radio Access Network (RAN) 
connectivity as well as supporting Radio Network Controller (RNC) like functions by 
using the Iuh interface. The HNB functions – on top of RAN connectivity- include HNB 
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registration, UE registration, Radio Resource Management, Admission Control, Mobility 
Management, Ciphering, Integrity Checking, Scheduling, Dynamic Resource Allocation, 
Load Control and Interference Management.  
 
The 3G HNB Gateway (HNB GW) terminates the Iuh interface from HNB and 
implements all the additional functions that allow the group {HNB + HNB GW} to be 
seen from the Core Network (CN) in the same way as a Radio Network Controller (RNC) 
would normally be seen in a macro-cell environment, by presenting to the Core Network 
the usual Iu interface.  
 
There is one-to-many relationship between HNB(s) and HNB GW, which therefore acts 
as a concentrator of HNB connections and plays the role of the Femtocell Gateway 
depicted in the physical description of Fig. 1 (in conjunction with the Security Gateway). 
 
Functions of the HNB GW include Setting Power Parameters, Admission Control, Radio 
Resource Control, Overall Load Control, Setting of Operating Frequencies, Handover 
Control, QoS Control and Outer Loop Power Control.    
 
 
The Security Gateway is a logically separated entity implementable either as a separate 
physical element or integrated into the HNB-GW. It terminates tunneling for TR-069, 
performs HNB authentication and registration, manages IPSec and provides access to the 
HMS and HNB GW.  
 
The HNB Management System (HMS) represents the Femtocell instance of the Operator 
Management System identified in Fig. 1. It facilitates the HNB-GW discovery, provides 
configuration data to the HNB, performs Location verification of HNB and assigns 
appropriate serving elements (HMS, Security Gateway and HNB-GW). 
 
The protocol stack at the Uu interface (on both sides) is in line with traditional macrocell 
approach.  
 
In the control plane, the Radio Frequency (RF) interface is at the bottom; on top of it the 
Media Access Control (MAC) layer provides access to higher layer protocols, starting 
with the Radio Link Control (RLC) which is used by the UE/HNB to get access to various 
radio channels and is responsible for providing (quasi)-error-free communications 
through a combination of measures such as error detection, message acknowledgment and 
retransmission; on top of RLC the Radio Resource Control (RRC) is utilized to manage 
the radio resources allocated to the UE. 
 
Similar consideration apply to the user plane: for example for media transfer on both 
sides of the interface Media Encoding is done on top of MAC which is on top of the 
physical level implemented through the RF interface.  
 
The protocol stack at the Iuh interface has also been along the lines of traditional UMTS 
as much as possible, but two additional new protocols had to be introduced to cope with 
the specific needs of HNB, HNBGW and Security gateway, as shown in Fig 5 below, 
extracted from TS 25.467. 
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Figure 5 Protocol stack across the Iuh Interface 

 
The two new protocols are relevant to the control plane, while the user plane remains 
relatively unaffected insofar as the Iu UP protocol is terminated end-to-end at the HNB 
and Core network without intermediate processing at the HNB GW. Namely, access to 
the Core Network (CN) Packet Switched Component is performed by means of the GPRS 
Tunneling Protocol for User Plane (GTP-U). 
 
The HNB Application Layer Protocol (HNBAP) has been defined to implement the 
specific control features implied by the peculiarity of  Femtocells in conjunction with 
HNB, such as the registration of the HNB with the HNB GW.  
  
The RANAP (Radio Access Network Application Part) User Adaptation (RUA) was 
conceived to implement a lightweight adaptation for RANAP massages and signaling to 
be transported directly over the Stream Control Transport Protocol (STCP) rather than the 
classical protocols at the Iu interface (as used by Macro-cells) which would have been 
more complex and cumbersome, hence inappropriate for Femtocells operating over 
Internet.  
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2.2.3 Pre 4G Femtocells 
 
Improvements of 3G systems towards long term objectives are carried out through the 
progressive specification and implementation of the so called “evolved “elements in 
“evolution” references and scenarios, all encompassed under the acronym LTE (Long 
Term Evolution). 
 
This progress concerns first and foremost the over-the-air interface but brings also very 
significant evolution in the network elements and relevant protocol stack; last but not 
least a local working mode for users in advanced computerized environments –parallel 
and concurrent with access to the whole chain of cellular systems- is introduced through 
LIPA (Local IP Access). 
 
The LTE reference architecture block diagram as defined in [27] is shown below by 
Figure 6. 
 

 
Figure 6  LTE Femtocell Access Logical Block Diagram 

 
 

The deployment of new Home evolved Node Base Gateway (HeNB GW) can allow the 
S1 interface between the Home evolved Node Base (HeNB) and the Evolved Packet Core 
(EPC) to scale and support a large number of HeNB.  
 
The HeNB GW acts as a concentrator on the C-Plane specifically through the S1-MME 
(S1-Mobile Management Entity) interface but does not interfere with the U-Plane which 
adopts a direct interface between HeNB and EPC (the S1-U interface), thus preserving the 
concept scheme used by traditional 3G femtocells as shown in Fig. 4 and 5. The radio 
network signaling over S1 consists of the S1 Application part (S1AP). The corresponding 
HeNB GW OAM interface has also to be extended in order to be properly interacting with 
the HeNB Management System.  
 
Additionally the LTE architecture includes direct HeNB to HeNB interactions, for 
example for enhanced hand-off, through the standardization of the X2 Interface.    
 
The over-the-air interface aspects are addresses by the evolution of the UTRAN 
(Universal Terrestrial Radio Access Network) towards the E-UTRAN (Evolved UTRAN) 
scheme which aims at increasing the throughput between the HeNB and the User 
Equipment by also tackling one of the main impairments of wireless channels: frequency 
selective fading.  
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This impairment is especially relevant in intense multipath environments where the 
behavior of the communication link differs between different frequencies, for example in 
indoor and urban environments. The distortion suffered by wideband signals (e.g. W-
CDMA signals) when transmitted over such channels makes them difficult to recover and 
hence narrowband signals –if properly managed over time windows- are more resistant to 
this type of impairment. 
 
This led to revisiting techniques developed since the fifties for the development of 
multicarrier modulations, which consist of the transmission of information over several 
narrowband channels instead of using one large wideband channel. However, this type of 
techniques found practical extensive applications only since the 1990s, when electronics 
could start to cope with very intensive computational requirements and allowed 
exploitation of the inherent additional advantage of subdividing the data stream into 
several smaller ones: very efficient management of the radio resources and interference, 
which is the main problem of overlaid two-layer networks such as Femtocells and Macro-
cells.  
 
Due to its highly efficient implementation by means of the Fast Fourier Transform (FFT), 
Orthogonal Frequency Division Multiplexing (OFDM) is the technique selected for the 
Physical (PHY) layer of the 3GPP Long Term Evolution (LTE) over-the-air interface in 
the regulated E-UTRAN spectrum.  The same type of technique has been used for years 
in the frequency band used for the IEEE Wireless Interoperability for Microwave Access 
(WiMAX) and could be also used in the regulated 4G band. 
 
Since Femtocells need to be compatible and interact with the outdoor Macro-cells (e.g. 
for cooperative coverage, for performing handovers), FAPs based on OFDM techniques 
are the natural evolution of current GSM or 3G HNB to achieve seamless interoperability 
with future LTE Macro-cells. Several manufacturers have already started the development 
of OFDM-based Femtocells, which might become rapidly common in the future. 
 
In general terms, the Femtocell concept applies equally to all RAN technologies. 
However, there are some fundamental differences between Femtocells based on CDMA 
and OFDM. 
 
In scenarios where both Femtocells and Macro-cells reuse the same part of the 
electromagnetic spectrum, CDMA inherent interference averaging across the whole band 
helps to reduce the interfering effects. On the contrary, this does not happen in OFDM 
where one transmitter is enough to interfere completely with a given sub-carrier; hence 
OFDM Femtocells need to use some sort of self-organizing approach and/or more 
sophisticated frequency/time allocation techniques to cope with potential interference 
issues. For example OFDM Femtocells could be able to scan the radio environment 
(either by themselves or through measurement reports from the UEs) and use this 
information in a distributed manner (cooperatively or not) to choose the optimum 
subcarriers assignment. 
 
The protocol stack at the Uu interface for the evolved scenario is similar to the stack for 
current 3G, other than for the Packet Data Convergence Protocol (PDCP) which is 
inserted immediately on top of the RLC, hence below the RRC (control plane) or below 
media Encoding (User Plane). The PDCP performs header compression and provides 
increased reliability of packet delivery and integrity protection.  
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The protocol stack for the evolved femtocell network elements at the HNB to HNB GW 
interface is shown below in Figure 7. 
 
The main structure and features of the evolved stack are in line with those shown in 
Figure 5 for the non-evolved one, including processing of the HNBAP and RUA 
additional protocols in the control plane and transparent transport of the user plane in the 
HeNB GW, but two differences emerge: 
- in the control plane, introduction of the Service Area Broadcast Protocol (SABP), which 
is multiplexed over the SCTP together with RUA and HNBAP by using specific Payload 
Protocol Indicators (PPI); the HeNB GW is the routing point able to distribute the SABP 
messages to the appropriate HeNB.  
-  in the user plane, multiplexing of circuit switched access at the Core Network (CN) 
boundary.     
 
 

Note 1) RTCP is optional. 
Note 2) Iu UP is terminated in CN and HNB only (i.e. not in the HNB GW) 
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Figure 7. Protocol stack across the Iuh Interface for evolved network elements 
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The other main step brought forward by the evolved scenario is Local IP Access (LIPA), 
which was already introduced in concept for HNB in 3GPP Release 8 and 9 but is being 
pushed in its fully fledged form in the context of deploying HeNB.  
 
LIPA concept aims at ensuring IP connectivity to all IP-enabled devices in the 
home/enterprise environment where the FAP is located in such a way that these devices 
can connect to each other locally; the Femtocell would provide for this purpose Internet 
or IP services without traversing through the mobile operator network or the HeNB (or 
HNB) GW, as shown below by Figure 8. 
 
Therefore in the LIPA scenario users have the simultaneous capability of accessing to the 
operator’s network, as in canonical Femtocell configurations, as well as accessing their 
home local area network. This way users do not overload the operator’s network insofar 
as their requests can be satisfied locally while content sharing, file sharing and real time 
streaming services can be provided with fast and secure data transfer  through the LAN at 
the customer’s premises.    

 
Figure 8 Local IP Access (LIPA) Concept 
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The introduction of Node-B and Node-B GW with the capability to operate in LIPA mode  
brings about the fruition of Local Gateway (L-GW) functionality to allow also a much 
more flexible network configuration, including direct connectivity at Node-B level, 
shown through the Iurh interface below by figure 9. 
 
 

 
 

Figure 9 Network Configuration with Connectivity through Iurh Interface 
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2.3 Femtocell Hardware: an outlook. 

The first and most obvious impact of the move toward smaller cells is the need for cost 
reduction. In short, base stations must become less expensive to acquire, maintain and 
install. Integration is the key to product cost reduction for the digital processing elements. 
Typically, a base station processing card will contain three basic elements:  
- A general-purpose processor (control processor),  
- A digital signal processor (Baseband processor)  
- A RF front-end logic (typically in a dedicated chip or field programmable gate 
array) to prepare the signal to be sent to the analog front end. 
 
 

 
 

Figure 10 Typical block diagram of  a femtocell 
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2.3.1 RF front end 

The front end converts the digital data stream into an RF signal in the transmit circuit, and vice 
versa in the receive chain. 
 
The front-end design entails trade-offs between integration and performance. Although 
discrete solutions can be tailored to provide the best performance, the cost would be 
prohibitive for a femtocell design. Conversely, a fully integrated solution may provide the 
lowest cost, but the performance may not be sufficient.  
 
Together, the mixed-signal front-end baseband transceiver, the integrated radio 
transceiver, the linear amplifiers, switches, filters, and other associated support circuitry 
need to form a compact, high-performance front end for the femtocell.  An example 
implementation is summarized below. 
 
On the transmit side, the digital baseband feeds a bit parallel data stream to the Digital to 
Analog Converter, which converts it to an analog I/Q baseband signal. The baseband 
signal is translated converted to Radio Frequency, amplified through multiple gain stages, 
and sent to a duplexer. A power detector monitors the RF output. A switch selects which 
transmit or receive monitoring chain is connected to the single antenna. This signal chain 
provides the required output power at the RF output connector, while meeting transmit 
specifications as defined in 3GPP standard TS25.104. 
 
The receive chain includes surface acoustic wave (SAW) filters and switches for 
monitoring the main path. The matching blocks may consist of a simple series/shunt 
inductor for each receive port. Three inputs can be received: one for band 1, and one each 
for high- and low band monitoring functions. The band-1 receive function may be 
switched between 1960 MHz to receive the uplink signal and 2140 MHz to monitor the 
downlink frequency. The following block down-converts and filters the selected RF 
signal to a baseband I/Q signal. The baseband signal is sampled by the dual Analog to 
Digital Converters and converted to dual parallel bit streams for the digital baseband. 
 
This example of functional partition provides the designer with flexibility, ensures high 
performance in the signal chain, and allows the data converter’s speed and resolution to 
be chosen to fit the application’s requirements. This solution enables the designer to 
combine the analog front end with a commercially available baseband function, 
accelerating time to market of the femtocell design, while maintaining the benefit of 
future integration 
 
  



23 

 

2.3.2 DSP processor 

The baseband DSP processor is responsible for analyzing and decoding the transmission 
into useful data. It is directly connected to a memory and a clock generator, and indirectly 
to the RF front end. Moreover, it deals not only with the LAN/Ethernet port (responsible 
for the connection to the backhaul network), but also with other optional ports (standard 
USB interfaces, GPS or LED interfaces) 

The DSP chips are supported by separate memory chips, typically a read/write chip for 
transient data (called RAM) and a read only chip which holds the program (called ROM). 
These are standard components used in many electronic devices. 

A critical component is the crystal frequency oscillator which provides a very accurate 
clock, important for synchronizing the timing of signals to handsets. Specific 
manufacturers are leading the supply of low cost oscillators for femtocells. 
 
There is a tradeoff for femtocell designers between availability and flexibility of the 
hardware chips used and their cost. Some femtocells have been developed using standard 
DSP chips which are immediately available in quantity, but at a price. Other 
manufacturers have developed femtocell specific "System on a Chip" devices which are 
much cheaper when bought in large volumes, and also use much lower power in 
operation. 

 

 

2.3.3 The GPP (control processor) 
 
Last but not least, in a femtocell there is usually also a general purpose processor/control 
processor, that deals with: 
- temperature 
- power 
- signal conditioning 
 
On the basis of the variations of these parameters (and also of the outcome from the RF 
part), this microprocessor generates signals that are going to interact with the RF front 
end, in order to allow the maintenance of the Femtocell. 
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2.4 Reasons to introduce Femtocells 

As an initial input for further analysis, elements of the rationale for introducing and using 
Femtocells have been collected from literature as well as from commercial sources and 
are summarized below. 
 
From the point of view of the providers, the use of Femtocells allows to: 
 
- Increase network capacity. As first result, with the deployment of Femtocells a 
number of constraints limiting the capacity and network coverage are relieved. As a 
matter of fact, when a customer is served by a dedicated Femtocell, the Macro-cell which 
would have had to serve him/her is relieved of the corresponding traffic and the total 
capacity of the mobile operator network is increased. 
 
- Improve coverage (indoor and/or in critical spots).  In particular for 3G, the use of 
higher frequencies means more difficulties in the indoor penetration with the current 
density of Macro-cells; this issue can be solved  by introducing Femtocells with excellent 
local (indoor) coverage. 
 
- Potentially reduce macro sites. A gradual easing of the network load combined with a 
strengthening of macro hedging indoor through Femtocells deployment may result in a 
lower need for installation of macro sites, especially those which would be needed for the 
improvement of the quality of service perceived by the user (e.g. in terms of throughput). 
 
- Make Mobility "transparent" with the Macro Network.  Even with some limitations, 
hand-off and mobility management between 3G Femtocells  and Macro-cells is in sight 
(and in some cases this is also true for 2G), thus reducing lost traffic and repeated call 
attempts. 
 
- Reduce the cost of backhauling. The Femtocell traffic towards the Core Network is 
moved away from the critical Mobile Network Infrastructure by taking advantage of the 
IP connectivity of the customer. 
 
- Increase the penetration of mobile broadband services. The increased coverage and 
performance of Femtocells over-the-air interfaces will foster broadband services and will 
also increase the performances of current high bit-rate services. 
 
- Increase use of licensed frequencies.  Being able to work on licensed frequencies even 
indoor and in critical spots with additional frequency reuse, mobile operators gain a 
competitive advantage. 
 
- Increase customer’s loyalty by offerings home zone type of fares. By using the 
dedicated radio coverage of Femtocells and  restricting the access through exclusive use, 
operators can easily build appealing offers based on home-zones fares. 
 
 
From the point of view of the customer, Femtocell potential benefits include: 
 
- Improvement of indoor coverage. The customer has the advantage of being able to 
have full mobile coverage "at home" 
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- Improving the "user experience" by increasing throughput. Unlike the Macro-cells 
that support hundreds of users, Femtocells serve a limited number of simultaneously 
active users. Hence connections based on Femtocells offer an higher average bit rate than 
macro environment, since the resources of the node (power and codes) are used only by 
authorized users and the propagation and interference conditions are better than in the 
Macro-cell case. 
 
- Using the same mobile terminal indoor and outdoor.  Since all the Femtocells 
available today provide coverage for 3G type of equipment, users do not need to buy a 
dedicated device, rather can use the same terminal utilized for mobile calls in Macro-cells 
network. In this way users can continue to have the wide choice and ease of using a 
device they select, unlike the case of other technologies  for which terminals need to be 
dedicated or possibly dual-mode, thus resulting in a limited availability of solutions.  
 
- Potentially better fares. Final users may enjoy more convenient fares, due to the 
reduction of costs of the service providers. 
 
- Propagation of the "Home networking". Inherent capability to evolve towards 
integrated enhanced digital environment at home and in the enterprise (e.g. making use of 
better interactions with TV, Gateways,  xDSL modems, etc. ...). 
 
 

  



26 

 

2.5 Alternatives to femtocells 

Today, several coexisting technologies are capable of providing wireless data access in an 
indoor environment.  
 
For instance, Unlicensed Mobile Access (UMA) allows data connectivity by means of 
technologies using spectrum portions which do not require a license (e.g. Bluetooth). 
WiFi is also using this class of spectrum portion, is a common alternative for indoor 
connections and is typically presented as a competing technology to Femtocells.  
 
Since WiFi is a well established technology, Femtocell-skeptics argue that it will not be 
easy to convince WiFi users to change to Femtocells in order to enjoy Small Office/Home 
Office (SOHO) connectivity. Why would someone be interested in acquiring a new 
device to emit in a licensed spectral band, while other systems have worked well so far?  
 
This work aims at addressing this and other questions not only through theoretical 
considerations but also and much more extensively through experimentation.  
 
To this end, it is crucial to understand the fundamental characteristics of the various 
available technologies at physical and logical access level, the way in which they are used 
by the protocol stack and most importantly the relevant response to user applications 
requirements.  
 
For instance, the Medium Access Control (MAC) layer of WiFi relies on collision 
avoidance, which compels different users to compete continuously for the resources of the 
access point. As a consequence, users with better signal quality (e.g. users closer to the 
access point) might obtain better resources and more frequently than other users. Services 
requiring a certain Quality of Service (QoS) level and/or continuity (e.g. VoIP, online 
gaming, media streaming, remote surgery) are subject to sequences of contention-
avoidance accesses and cannot be guaranteed for more than a few users.  
 
On the other hand, the MAC layer of mobile technologies used by Femtocells such as 
UMTS typically relies on scheduled approaches, allowing different User Equipments 
(UEs) to specify QoS requirements. This might lead one to conclude that UMTS is better 
suited to support this type of service than is WiFi. 
 

One of the basic questions that would be better addressed on the basis of the experimental 
results achieved by this work is at the center of the interest from every potential user of 
Femtocells is: why should one deploy a Femtocell instead of WiFi hotspots at home 
or in the enterprise? 

A simple case in point is used here as an example, while extensive treatment of the 
various issues is addressed below as the core of this work. 

Initial preference of WiFi-based technology for the UMA (Unlicensed mobile access) was 
due to the possibility to use very basic/cheap WiFi hotspots, while Femtocells were in 
their infancy. These hotspots could be used to securely tunnel signaling and voice/data 
traffic to the back-end.  

 But a few drawbacks emerged:  
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1. Limited number of dual-mode phones and cost. Most people still use a cheap phone. 
The selection of dual-mode phones is comparatively small and cost is higher due to less 
competition and more components/complexity. It may change over time, but today it is an 
obstacle when  customers call Service Providers and say they have bad coverage at home.  

2. Quality of service.  

First, anybody can operate in the WiFi spectrum without any licenses. Nobody can 
completely control quality without control of what “his neighbor” does.  

Second, WiFi operates at higher frequencies than UMTS, hence signal penetration across 
obstacles is more difficult.  

Third, if a customer wants to use their own WiFi base station, support of configuration 
and quality issues with lots of different vendor devices become extremely cumbersome. 

By contrast, Femtocells 

(a) work with existing phones  

(b) provide managed quality of service.  

As a general premise, some published commercial research suggest that from the point of 
view of a customer:  

- If he already has an advanced phone and a WiFi base station, is happy with Skype and 
similar applications and does not have issues with unprotected and unregulated spectrum 
he probably doesn't need a Femtocell today.  

- However, if he doesn't want to pay for an expensive smart-phone, wants a seamless 
connection outdoor/indoor and has little technical interest in setting up connectivity, then 
in this case the use of a Femtocell is suggested; on the high side of the market, Femtocells 
may be attractive for users and enterprises with specific needs for spectrum and 
communication protection and/or for sophisticated network planning with multiple and 
articulated frequency re-use. 
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3. State of the Art 

3.1 Femtocell access 

As discussed above in Chapter 2, the focus of the Femtocell architecture is on the access 
portion of the network, notionally between the UE and the CN.  

Functions normally performed in Macro-cells are translated into the Femtocell 
environment according to the protocol stacks outlined in section 2, which ensure the same 
global end-to-end type of services from the user and the operator viewpoints. 

Examples of control plane functions implemented in the Femtocell architecture are: 

- HNB Registration: to inform the CN about the existence of each HNB. To this end the 
HNB, after power-up, establishes an IPsec tunnel to the Security Gateway, then starts an 
SCTP session to a designated port of the HNB GW which is used to convey a registration 
request comprising also the HNB location. The process is concluded when the HNB GW 
can positively evaluate all parameters of the request and send an accept reply to the HNB. 

- UE Registration: when a user gets in proximity of a registered HNB and wants to 
register itself. First step is establishments of a RRC channel, through which the UE can 
send its identity and other relevant parameters, thus requesting his location to be updated 
in the mobile network (the UE becomes reachable through the HNB it has connected to).  
HNB and HNB GW exchange messages to validate the UE identity and access rights and 
to open a communication dialogue with the MSC/VLR, which update their tables with the 
new user location (if all processes including user authentication are successful) and 
inform the UE which becomes fully active in the network and can process calls. 

- UE Call: after HNB and UE registration, calls can be originated and terminated by the 
UE. For example if  user tries to make a call, the UE first establishes a RRC connection 
with the HNB, through which a service request can be sent to the MSC via the HNB GW. 
The MSC validates the authentication and establishes the required ciphering in 
collaboration with the UE, which can now send a call set-up message to the MSC, which 
in turn tries to establish the connection on the CN side and initiates a Radio Access 
Bearer assignment to be finalized between UE and HNB. If everything is successful and 
the remote side from the CN side can be connected, the UE sends an acknowledgement to 
the MSC and the call is active. 

The architecture concept and the process logic are similar in all Femtocell 
implementations post-2G, but major differences exist between 3G UMTS (namely 
WCDMA and its extension) and LTE at physical and MAC layers, which are described 
below and evaluated separately in more detail. 
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3.1.1 WCDMA 

WCDMA has been specified by successive releases of 3GPP standards and has become 
“de facto” the reference Radio Access Technology (RAT) being currently used by UMTS 
Macro-cells and current Femtocells, either in its original formulation (hereafter simply 
indicated by WCDMA-basic when needed to be specifically addressed) or in the more 
performing extensions (hereafter indicated as HSPA for High Speed Packet Access when 
needed to be specifically addressed) which have started to be published in 3GPP Release 
5 (High Speed Down Link Packet Access or HSDPA) and Release 6 (High Speed Up 
Link Packet Access or HSUPA).  

UMTS operates in regulated, licensed portions of the electromagnetic spectrum in the 
ranges 698-960 MHz, 1427-1501 MHz, 1710-2155 MHz and 2500-2690 allocated for this 
purpose. 3GPP standards have defined 14 up-link frequency bands (UE transmitting) and 
14 down-link frequency bands (UE receiving) across these allocated portions of spectrum, 
to be used in various ways depending on the operating Region. 

 3GPP specifications [32] address operations using either frequency division duplex 
(FDD) with paired frequency bands, where the UE transmits in one band and receives in 
another band, or time division duplex (TDD) with unpaired frequency bands, where the 
UE transmits and receives in the same frequency time but at different times.  

Current Femtocells most often use FDD, until LTE deployment becomes a reality. Hence 
FDD is the focus of this description and of the experiments conducted in this work.   

FDD uses a 3.84 Mcps chip rate for the physical channels, which are organized in 
Frames, Sub-frames and Time Slots. 
 
Frames have a period of 10 ms, consist of 5 Sub-Frames, 15 Time Slots and 38400 chips. 
Sub-frames have a period of 2 ms, consist of 3 Time Slots and of 7680 chips. 
Time Slots have a period of 10/15 ms (~0.667 ms) and consist of 2560 chips. 
 
 
The standard defines 4 types of Down Link dedicated physical channels: DPCH, F-
DPCH, E-RGCH and E-HICH, which are outlined in Fig. 10 below as suggested by [1]. 
 
The Dedicated Physical Channel (DPCH) carries two time-multiplexed (sub) channels: 
the Dedicated Physical Channel (DPDCH) for data and the Dedicated Physical Control 
Channel (DPCCH) for control, both addressing a specific user.  
The DPDCH includes the Transport Format Combination Indicator (TFCI) containing 
information about the Transport Block Transmitter and the Transmit Power Control 
(TPC) to control the UE transmit power (up-link). 
 
The Spreading Factor (SF) of DPCH is variable between 256 and 4, hence implying 
different bit rates (maximum bit rate for SF=4) and different protection levels against 
various noise sources (maximum protection for SF=256) by using Orthogonal Variable 
Spreading Factor (OVFS) channelization codes such as Gold codes with period of 10 ms. 

The Fractional Dedicated Physical Channel (F-DPCH) is a particular embodiment of 
DPCCH with fixed SF at 256, limited to include only the uplink power control commands 
(TPC) in such a way that it is possible to multiplex different users’ TPCs on the same F-
DPCH. This is useful when no DPDCH is used for user traffic –for example in HSDPA, 
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where a separate HS-DSCH channel transports user traffic- to drastically reduce down-
link transmissions and consequently limit down-link interference among cells and within 
the same cell. 

The Enhanced-DCH Relative Grant Channel (E-RGCH) has a fixed SF at 128 and is used 
to carry E-DCH relative grants through transmission on 3, 12 or 15 consecutive slots, 
each one including 40 ternary values. These values are generated through multiplication 
of an orthogonal signature sequence with the grant value, which could be [-1, 0, +1] or [0, 
-1] depending on whether the radio link belongs or not to the serving E-DCH link set. 

The E-HICH channel in inherently linked to HSUPA and is therefore discussed below in 
the context of  HSUPA.  
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Figure 11.a       Down-Link DPCH 
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Figure 11.b      Down-Link E-RGCH 
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Figure 11.c      Down-Link F-DPCH 

 
 
  

Data 1  TPC TFCI Data 2 Pilot 

SLOT 0  SLOT 1 ……  SLOT j  

KKData 

………  SLOT13 

1313 

SLOT14

4 

DPCH  

 b i,0 b i,1 ……………… b i,39 

SLOT 0  SLOT 1 ……  SLOT j  

KKData 

………  SLOT13 

1313 

SLOT14

4 

E-RGCH  

OFF TPC OFF 

SLOT 0  SLOT 1 ……  SLOT j  

KKData 

………  SLOT13 

1313 

SLOT14

4 

F-DPCH  



32 

 

The standard defines 5 types of Up-Link dedicated physical channels: DPDCH, DPCCH, 
E-DPDCH, E-DPCCH plus HS-DPCCH (instrumental to support HSPA) which are 
outlined in Fig. 11 below as suggested by [1]. 
 
The Dedicated Physical Data Channel (DPDCH) is used to carry user traffic, namely the 
DCH transport channel and has a variable spreading factor between 4 and 256, depending 
on the user data rate. 
 
The Dedicated Physical Control Channel (DPCCH) carries physical control information 
and has a fixed spreading factor of 256. Each slot consists of 4 parts: 
- a Pilot field containing a known sequence (changing in each slot of the same frame and 
periodically repeated frame by frame) used to assist in coherent detection, beam forming, 
Signal-to-Interference estimation and other functions. 
- a Transport Format Combination Indicator (TFCI) which informs the receiver station 
(Node-B) about the combination of the transport channels being simultaneously 
transmitted in the DPDCH. 
- a Feedback Information (FBI) field used to support collection of information from the 
UE to Node-B for specific applications requiring closed loop cycles (e.g. closed-loop 
transmit diversity). 
- a Transmit Power Control (TPC) field which carries power control information to allow 
Node-B to adjust its down-link transmission power. 
 
The E-DPDCH and E-DPCCH channels are very instrumental in supporting HSUPA and 
specifically the Enhanced DCH (E-DCH) channel used by the UE to send the optimal 
flow of packets in the up-link depending on relevant down-link measurement.  
 
E-DPDCH has a variable SF between 2 and 256; it carries the E-DCH traffic. 
E-DPCCH has a fixed SF of 256; it carries the associated control information. 
 
The HS-DPCCH has a fixed SF of 256; it has the function of transporting towards the 
Node-B the feedback information generated by the UE and is functionally related to the 
down-link transmission of the HS-DSCH, which is used for HSDPA. 
The frame is organized in sub-frames, all with same format including: 
- a HARQ ACK field, used by the UE to indicate to Node-B whether the down-link 
packets in the HS-DSCH channel have been demodulated and decoded successfully 
(ACK) or not (NACK). 
- a Channel Quality Indicator (CQI) and Pre-coding Control Information (PCI), which 
contains an indication of the down-link channel quality as observed by the UE and 
reported to the Node-B through a quantitative value used by the latter to index a table 
containing the various combinations of modulations, code rates, block size, thus 
dynamically optimizing down-link communications.  
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Figure 11.a       Up-Link DPDCH and DPCCH 
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Figure 11.b      Up-Link E-DPDCH and E-DPCCH 
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Figure 11.c      Up-Link HS-DPCCH 
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Since Release 5 and 6 of the 3GPP specifications major enhancements have been 
introduced to achieve High Speed Packet Access (HSPA) as seamless evolution which 
can be compatible with earlier versions if required to co-exist. 
 
HSDPA is the down-link portion of HSPA and hinges on the introduction of a new High 
Speed Downlink Shared Channel (HS-DSCH), which carries user traffic and has a fixed 
SF of 16.  
Figure 12 below summarizes the main features as suggested by [1]. 
 
15 multi-codes are available in each multi-code set and can be dynamically assigned to 
HS-DSCH to serve user traffic depending on needs; if there is a single user with high 
traffic to be served in a certain cell, the full down-link capacity (15 multi-codes) can be 
utilized to serve this request. If more users have to be served, each one is given a number 
of multi-codes which will decrease the available capacity per user. 
 
Since HS-DSCH channels are used only to carry traffic, the relevant control information 
is transported by another channel: the High Speed Shared Control Channel (HS-SCCH) 
which has fixed SF of 128 and signals the multi-codes used for the various HS-DSCH. 
This channel is processed first by the UE which can thus be alerted and also obtain the 
information necessary to perform effective reception of the relevant HS-DSCH traffic, 
thanks to appropriate time-staggering between each HS-SCCH sub-frames (which arrives 
first) and the corresponding sub-frame in HS-DSCH (which arrives slightly later). 
 
Furthermore achieving down-link high speed and efficiency implies optimization through 
a closed-loop over-the-air, hence a return up-link channel is required: the High Speed 
Dedicated Physical Control Channel (HS-DPCCH), with fixed SF of 256.  
 
This channel carries the Channel Quality Indication (CQI) and Pre-coding Control 
Information which are filled in by the UE on the basis of the local status and inform the 
Node-B about the channel conditions and/or the size of the transport block that can be 
handled by the UE : on this basis multi-code blocks (i.e. communication resources in the 
down-link) are dynamically assigned to users together with other features (e.g. 
modulation scheme) in order to maximize the throughput.  
 
A short Time to Transmit Interval (TTI) is specified to close the loop very rapidly and 
achieve maximum efficiency through optimal dynamic behavior; TTI = 2 ms. for 
HSDPA. 
 
The HSDPA maximum raw data rates (i.e. without coding) are specified by [32] in terms 
of the maximum number of bits that can be contained in an HS-DSCH transport block 
received within an HS-DSCH TTI, considering also the TTI interval. For example 
Category 10 – one of the most popular and also the one used for experimentation in this 
work- implies that the UE can receive up to 27952 bits / 2 ms, corresponding to 13976 
Mbit/s.   
 
HS-DPPCH carry also ACK/NACK feed-back from the UE to allow sophisticated Hybrid 
ARQ (HARQ) processing: if packet transmission in the down-link fails the first time, 
reception of a NACK by the Node-B triggers packet repetition with more or different 
redundancy to aid effective demodulation and decoding.    
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The requirement to implement sophisticated performance-improving functions such as 
HARQ and dynamic scheduling imply the introduction of a new MAC sub-layer, known 
as MAC-hs and resident both in the UE and in the Node-B. 
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Figure 12.a       HS-DSCH 
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Figure 12.b      HS-SCCH 
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Figure 12.c      HS-DPCCH 
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High Speed Up-link Packet Access (HSUPA) does also implement in the up-link a 
dynamic scheduling between UE and Node B, in concept similar to HSDPA in the reverse 
direction, but has also some specific characteristics:  
-HSUPA features a dedicated channel solution per user for traffic while HSDPA uses a 
shared capacity scheme with multi-codes assigned to different users depending on traffic, 
- in HSUPA the dynamic scheduling is done at the traffic destination (Node-B) by issuing 
open-loop assignments through a multi-level process, while in HSDPA it is done at the 
traffic origin (still Node-B) through a closed-loop control involving also the UE.  
- HSUPA specifies two values of TTI: one at 2ms, for maximum traffic capacity and the 
other at 10 ms, for maximum power efficiency, the latter being the most frequently 
supported by current terminals, while HSDPA foresees only TTI = 2ms.   
 
A new specific layer MAC-e is introduced for the latter function in the UE and Node-B 
for implementing HSUPA; additionally a packet re-ordering function is carried out at the 
UE and at the RNC by a new entity identified as MAC-es.  
 
A summary of the format of some HSUPA channels is shown in Fig. 13 as suggested by 
[1]; this complements the description of the HSUPA channels already shown by Fig. 11.b 
(E-DCH components) and Fig. 10.b (E-RGCH).  
 
The main up-link transmission channel is the E-DCH, which is served through two 
physical types of channels: E- DPDCH and E-DPCCH. The former carries traffic and has 
a SF variable between 2 and 256, while the latter carries the corresponding control 
information and has a fixed SF of 256. 
The E-DPDCH supports transmission of up to 2 codes with SF=2 and 2 codes with SF=4, 
with a maximum bit rate of 5.742 Mbit/s for TTI = 2ms, and 2Mbit/s for TTI = 10 ms, as 
per [32].  
The transmission pattern used on the E-DCH is determined by the E-TFC, which operates 
as auxiliary channel for this purpose. 
 
The dynamic scheduling function is performed by the Node-B which issues “grants” to 
the UE for up-link transmission on the E-DCH by means of two down-link channels: the 
Enhanced Absolute Grant Channel (E-AGCH) with fixed spreading factor of 256 for 
(initial) coarse assignment of absolute grants and the Enhanced Relative Grant Channel 
(E-AGCH) with fixed SF of 128 for fine adjustments in individual steps (keep the same 
grant, increase by 1 or decrease by 1). 
These “grants” are expressed as the allowed power ratio between the E-DPDCH used in 
HSUPA format and the DPDCH used in native WCDMA format.  
Given the (noise+) interference-limited boundary in multi-user situations, additional 
power (i.e. larger power ratio to the basic DPDCH value) implies “de facto” additional 
capacity. 
 
HSUPA draws also a lot of efficiency from extensive use of HARQ, whereby the Node-B 
sends ACK/NACK notifications to the UE depending on whether up-link packet 
transmission has led to successful demodulation and decoding or not.  
This information is carried by the E-DCH Hybrid ARQ Indicator Channel (E-HICH) 
which flows in the down link, has a fixed SF of 128 and uses the same channelization and 
scrambling code as E-RGCH. Thus both channels are multiplexed on the same code; they 
can be discriminated because they use orthogonal 40-bit sequences.   
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Figure 13.a      Downlink E-HICH 
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Figure 13.b      Down Link E-AGCH 
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Since the issue of Release 7 onwards, 3GPP Standards have been extended to further 
improve performances, namely for up-link packet applications.  
 
This process is often referred to as “HSPA Evolution” and is based on four main threads: 
 
1) Introduction of Multiple Input Multiple Output (MIMO) techniques, based on the 
multiple input and output antennas which can increase the data rate by parallel 
transmission. 
MIMO can be implemented either in single or dual space streams; in the latter case the 
pre-coding weights are orthogonal, so that the two streams are uncorrelated. Multiple 
antennas need to be installed both at the Node-B and at the UE, hence additional 
complexity needs to be traded-off versus really needed advantages. 
 
2) Extensive use of High Order Modulation (HOM), for example by utilizing 64 QAM in 
the down-link. This can significantly increase bandwidth efficiency at the cost of 
additional power consumption, but in good propagation conditions the trade-off may be 
very advantageous. 
 
3) Provision of Continuous Packet Connectivity (CPC) to optimize services which require 
an open channel but do not have a constant flow of traffic, such as VoIP. Three features 
provide to the feeling of an “always on” connection without unduly occupying system 
resources: 

_ Discontinuous reception (DRX): UE can periodically monitor down-link 
channels in order to save power consumption without missing information when 
this is present. 
_ Discontinuous Transmission (DTX): reciprocally, UE can periodically transmit 
up-link channels only when needed in order to save power. Attention must be paid 
to proper closure of the HARQ and control loops. 
_ HS-SCCC-Less, which reduces HSDPA overhead to better suit low-rate 
applications. This can be achieved when UE can decode the HS-DSCH without 
the aid normally provided by HS-SCCH, for example through blind detection.   

 
4) Enhanced Cell-FACH, which moves the UE to a different (less resource consuming) 
status when there is no transmission due to the fact that traffic nature produces 
discontinuous bursts.     

 
 
An additional evolution of LTE towards 4G or 4G-Advanced is the potential opening to 
utilize larger portions of the spectrum, hence to achieve further major increases in 
capacity. 
 
This evolution brings on one hand additional challenges, for example in roaming across 
different National networks with different LTE frequency allocations (e.g. 2.6 GHz). In 
France, 700-800 MHz in US), on the other hand huge opportunities to scale the data rate 
up by almost an order of magnitude if good use can be made of the additional spectrum 
availability, for example by using carrier aggregation techniques either in contiguous 
carrier or in non-contiguous carrier form.   
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3.1.2 LTE (Long Term Evolution) 
 
In order to further improve communication capabilities, especially in packet mode, 3GPP 
standards have introduced LTE since Release 8. 
 
The main objectives of LTE include increase in data rate (up to 100Mbit/s down link and 
50 Mbit/s uplink), reduced latency, more flexible spectrum use, dual space diversity, 
better coverage, security and mobility altogether leading to improved user experience. 
 
The LTE network environment is typically all-over-IP; the relevant main features are 
summarized above in section 2.2.3.  
 
LTE utilizes and extends a number of concepts and techniques introduced by HSPA, such 
as Shared Data Channels, Dynamic Scheduling (with a shorter time frame of 1ms. for 
more responsive behavior), and HARQ. It assumes from the start a reference receiver 
with dual space diversity capability. 
 
The most visible change introduced by LTE with respect to HSPA is the change in the 
technique used on the physical channel: from WCDMA to Orthogonal Frequency 
Division Multiple Access (OFDMA) in the down link and Single Carrier Frequency 
Division Multiple Access (SC-FDMA) in the up-link. 
 
This change has also implications on the scheduling process: in the down-link resource 
assignment is executed in both frequency and time domains; in the up-link SC-FDMA 
ensures that the various carrier blocks assigned to different UEs are orthogonal, hence the 
eNode-B can select and assign the transport format without any major concerns as to 
cross-UE interference and to UE up-link level control, thus avoiding complex signaling 
for this purpose. 
 
Both FDD and TDD are supported; for consistency focus in on FDD in the following 
description. 
 
The down-link structure consists of a 10 ms frame, a 1 ms sub-frame and 0.5 ms time 
slots. Standard sub-carrier spacing is 15 KHz, with smaller spacing (7.5 KHz.) only used 
for MBMS (Multimedia Broadcast Multicast Service), and a resource block consists of 12 
consecutive subcarriers. Symbol duration is ~ 0.0667 ms. 
 
A resource block has 180KHz bandwidth and the duration of 1 slot, hence total number of 
available resource block elements is equal to the number of subcarriers multiplied by the 
number of OFDM symbols per time slot: in the case of normal cyclic prefix there are 7 
symbols per slot, hence 84 elements per resource block. Extended cyclic codes are also 
supported with normal 15 KHz carrier spacing (6 symbols/slot) and with half-carrier 
spacing (3 symbols/slot). 
 
The down-link contains as well reference (pilot) signals, which are also multiplexed 
across the time and frequency domains and are used by the UE for demodulation. The 
standard foresees QPSK, 16-QAM, 64-QAM for traffic channels with 1/3 Turbo code 
FEC and QPSK for control channel.   
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Dynamic scheduling is performed on sub-frame basis and uses as key parameter the 
number of available resource blocks, which are then allocated and de-allocated depending 
on channel conditions, traffic and capacity requests. 
 
 
 
At the physical layer, LTE down-link utilizes the following channels: 
 
- Physical broadcast channel (PBCH) to broadcast predefined transport format to the 
entire cell 
- Physical control format indicator channel (PCFICH) to signal to the UEs the number of 
OFDM symbols used for PDCCH 
- Physical down-link control channel (PDCCH) to signal to the UE the necessary 
information about the resources and HARQ used for direct and broadcast traffic in the 
shared down-link PDSCH. 
- Physical down-link shared channel (PDSCH) for transport channels, both directed to a 
single UE (DL-SCH ) and broadcast (PCH) 
- Physical Hybrid ARQ Indicator Channel (PHICH), to close the up-link loop HARQ by 
sending ACK/NACK answers to the up-link transmission 
- Physical Multicast Channel (PMCH) to carry the transport Multicast Channel (MCH) 
which supports the Multimedia Broadcast over a Single Frequency Network (MBSFN) 
combination of the Multimedia Broadcast Multicast Service (MBMS).    
 
 
The up-link utilizes Single Carrier Frequency Division Multiple Access (SC-FDMA), 
which does also provide orthogonal subcarriers and resource assignment flexibility, but 
also a much lower peak-to-average power ratio (papr) than OFDM, as required to 
implement inexpensive UEs (typically avoiding large back-off of the output power 
amplifier). 
 
This result is achieved in SC-FDMA by pre-coding symbols into groups of smaller size 
(M) than the size (N) of the groups to which the canonical OFDM -IFFT is applied and 
completing the missing entries into the IFFT by zero-entries, thus achieving an 
oversampled version of the signal, which has inherently smaller papr. Pre-coding is 
implemented through a Discrete Fourier Transform (DFT) at the beginning of the 
transmitting chain, while an inverse function (IDFT) is inserted at the end of the receiving 
chain, thus cancelling each other’s effects as to end-to-end performances. 
 
The up-link utilizes the same radio frame (10 ms), sub-frame (1 ms), slot duration (0.5 
ms), nominal sub-carrier spacing (15 KHz.) and subcarrier number per resource block 
(12) as the down-link. The up-link does also make use of Cyclic Prefix, either in the 
normal version leading to 7 SC-FDMA symbols per slot or in the extended version 
leading to 6 SC-FDMA symbols per slot.  
 
Resource blocks assigned to a UE in the up-link need to be contiguous in the frequency 
domain. 
Control signals are also used for HARQ and channel situation reporting.   
As to modulation schemes, QPSK, 16 QAM and 64 QAM (optional only) are specified.  
 
At the physical layer, LTE up-link utilizes the following channels: 
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- Physical up-link control channel (PUCCH) to transport in the up-link the ACK/NACK 
responses to down-link transmission, the Channel Quality Indicator (CQI) information 
and the requests for scheduling in the access scheme. 
- Physical up-link shared channel (PUSCH) to transport traffic through dynamic link 
adaptation and HARQ. 
- Physical Random Access Channel (PRACH) for the random access preamble.     
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3.2 WiFi access 

3.2.1 IEEE 802.11: general concepts 

Standardization and Deployment: an outline 

The introduction of WiFi (Wireless Fidelity) technology has changed the face of 
networking by fostering unparalleled development of wireless connectivity. It has allowed 
corporate IT departments to deploy WLANs in support of roving employees and  to 
rapidly implement connectivity without cabling, has offered to mobile workers easy 
access in public places (hot-spots in café’, trains, lobbies, etc..), has let small enterprises 
share Internet connections and standard devices such as printers and peripherals, has 
introduced into the home environment practical and simple means to share Internet 
connections and other services among PCs of various family members. 

An essential element of this development has been the timely availability of standards, 
which have streamlined research results application, have allowed consistent products 
deployment and ensured interoperability between equipment, even when belonging to 
different generations of technology. 

The IEEE Standards Association [33] has been elaborating and improving a set of 
standards for implementing Wireless Local Area Network (WLAN) computer 
communications through the activity of the IEEE LAN/MAN Standards Committee for 
more than a decade.  Furthermore an industry association founded in 1999 and known as 
“WiFi Alliance” validates products interoperability and certifies compliance with the 
standards. 

These standards are commonly known as WiFi standards and often named as IEEE 
802.11.x, where x is the generic indicator and takes different values to denote the 
Working Group operating on the subject and the relevant results in terms of successive 
versions and improvements, defined as amendments. 

Actually, in formal terms the IEEE Standard Association recognizes at each time only one 
full IEEE 802.11 –<year of publication> standard which is periodically published at 
relatively long intervals and incorporates all the elaborations done that far, plus further 
amendments identified as above.  After the original standard – published as IEEE 802.11-
1997 and often known as “802-11 legacy”- the most recent of these publications has been 
made available in 2007 and is known as IEEE 802.11-2007 [34]; it incorporates very 
popular amendments published until that date, such as 802.11.a, 802.11.b, 802.11.g. 

Further amendments have been added to the set of IEEE 802.11 standards since then, 
including IEEE 802.11.n which is addressing higher capacity access schemas and new 
versions are being continuously elaborated, such as IEEE 802.11.ac.     

 

Outline Reference Architecture 

The network reference architecture is very simple and flexible.  

The elementary unit is the STA (station, meant as the elementary addressable unit).  
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The simplest Basis Service Set (BSS) is the independent BSS (IBSS) consisting of set(s) 
of STA connected to each other through wireless means, often indicated as “ad hoc 
network”.   

Instead of existing independently, a BSS may a component of an extended form of 
network that is built to connect BSS and is identified as a Distribution System (DS), with 
its own Distribution System Medium (DSM) logically separated from the Wireless 
Medium (WM).  

An Access Point (AP) is an entity with STA functionality which enables other associated 
STA to access via WM the DS. Hence data move between a BSS and the DS through an 
AP, which is also a STA and is therefore an addressable entity. An AP may use different 
addresses to communicate on the WM as compared to those used in the DS.   

IEEE 802.11 does not specify DS implementation, rather specifies DS Services (DSS), 
which complement STA Services (SS). DSS are specified for use by Medium Access 
Control (MAC) sub-layer entities. Among several services specified by IEEE 802.11, six 
are to support MAC service data unit (MSDU) delivery (which in turn uses the PHY layer 
services), three to control access and confidentiality, two to provide spectrum 
management, one to support LAN applications with QoS requirements and another one to 
support higher layer timer synchronization. 

The IEEE 802.11 set consists of standards that apply this fundamental reference 
architecture, use the same basic protocol and operate in the 2.4 GH z and 5 GHz 
frequency bands (additionally amendment IEEE 802.11.y extends operations of the 
standard used  in the 5 GHz band to the 3.7 GHz band, licensed in the US). These 
elements cutting across the IEEE 802.11 family of standards are described first, followed 
by the description of each main element of the standard set.   

 

Frequency bands 

Use of the 2.4 GHz. Band (operating in the US under Part 15 of the FCC Rules and 
Regulations and in other Nations with comparable regulations) allows WiFi equipment to 
legally operate without a license, but brings also a major risk of potential interference 
with microwave ovens, cordless telephones, Bluetooth devices and other equipment using 
this very popular part of the spectrum. 

The reference available spectrum considered by IEEE 802.11 in this frequency band is in 
the range 2.401- 2.483 GHz, subject to different legal use and further restrictions and/or 
modifications in different countries (e.g. the actual allocation in the UK is 2.400-2.4835 
GHz., in the US 2.402-2.483 GHz., conversely in Japan an extension has been granted to 
an additional range around 2.484 GHz. only for the IEEE 802.11.b amendment –now 
clause 18 of [34]-, etc.).  

This spectrum is typically subdivided into 13 channels, which were initially consistent 
with the nominal bandwidth of 22 MHz implied by the most widespread version of the 
standard (IEEE 802.11.b amendment, now clause 18 of [34]) at that time. Center 
frequencies are equally spaced and staggered by 5 MHz from each other, symmetric with 
respect to the frequency band edges. This implies overlapping of multiple channels 
already within the nominal bandwidth ideal limits (which are obviously not absolute 
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cutting edges for any physically implementation, rather points in the spectral mask where 
the emitted signal power has a prescribed maximum ratio versus the peak power). 

For example Channel 1 has its center frequency at 2.412 GHz, extends in the range 2.401-
2.423 GHz for 22 MHz wide Channels and overlaps with Channels 2,3,4,5. Channel 2 has 
its center frequency at 2.417 GHz. and overlaps with Channels 1,3,4,5,6. At the other 
extreme of the available spectrum, Channel 13 has its center frequency at 2.472 GHz, and 
overlaps with Channels 9,10,11,12. Maximum overlapping is in the central Channels 
5,6,7,8,9. 

This frequency arrangement, the interference-prone environment and the additional 
restrictions or tuning in National Regulations have a major implication on the actual use 
of the frequency plan. Only a subset of channels, those non-overlapping, can be used to 
maintain acceptable service in practical conditions, typically channels 1, 6 and 11 which 
are often the preset option by equipment manufacturers for the most universal 
compatibility, although the reduced 20 MHz bandwidth required by the modern version 
IEEE 802.11.g (now clause 19 in [34]) could in theory allow the use of the four Channels 
1, 5, 9, 13 in Europe.   

One of the latest amendments –IEEE 802.11.n- foresees as an option 40 MHz Channels 
composed of a 20 MHz primary channel paired with another 20 MHz channel spaced +/- 
20 MHz away. 

Operations in the 5 GHz band have the advantage of using a much less crowded portion 
of the spectrum (larger overall available bandwidth, no interference from common 
domestic appliances)  and of much smaller antennas with higher RF gains, but have also 
the disadvantage of significantly higher attenuation when the signal goes across walls and 
other solid obstacles. 

Spectrum availability in the 5.00-5.35 MHz range allows a frequency plan with at least 12 
non-overlapping 20 MHz channels, all of them usable indoor and at least 4 of them usable 
outdoor in point-to-point configurations.  

Opening up of the additional 5.47-5.725 GHz. band –at least as secondary use- in a 
number of countries implies the possibility to enhance capacity with at least another 12 
channels.  

 

Access Scheme 

From the concept viewpoint, IEEE 802.11 covers the low layers (WLAN-dedicated) of 
the much broader set of IEEE 802 standards. The interface to the immediate higher layer 
is with the Link Layer Control (LLC) defined in IEEE 802.2, which makes use of Packet 
Data Units (PDUs) of various types (e.g. unnumbered, information, supervisory) and in 
turn requires services to the MAC layer defined in IEEE 802.11 through the MAC Service 
Access Point (MSAP).  

In essence the MAC (data) service provides peer LLC entities with the ability to exchange 
MSDUs (MAC Service Data Units). This is achieved through two sub-layers: the PLCP 
(Physical Layer Convergence Protocol) which defines a method to ensure that MAC 
frames match the required transmission features and the PMD (Physical Medium 
Dependent) sub-layer which defines physical transmission and reception methods on the 
wireless medium.  
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The access scheme used by IEEE 802.11 is Carrier Sense Multiple Access/Collision 
Avoidance (CSMA/CD). In this scheme each STA can try and access the shared 
communication channel whenever it has something to transmit and senses that the 
channel is free.  

If the communication is not successful –mostly because a collision has occurred, i.e. 
another STA has tried an access at the same time- the STA can retry later, after a random 
delay (to avoid repeated collisions between transmissions of terminals which have already 
collided in the first attempt) provided the channel is sensed as free. 

  Sensing is done in wide sense: not only is the physical carrier monitored, but also the 
header of each physical data units in transit is analyzed to determine how long that 
transmission will last, hence when the channel will be free again (virtual sensing). This 
time marks the start of the possible window for access, which will be attempted after a 
random delay conceptually similar to the case of physical collision (in this case multiple 
STAs may do concurrent virtual sensing and would try concurrent, conflicting access if 
allowed to transmit immediately after the announced end of occupancy). 

In general CSMA/CD implies what in traditional terminology would be defined as half-
duplex use of the communication channels: all STAs making use of it –including the AP 
which in this respect operates as STA- can either transmit or receive in each time interval. 
Various strategies are possible to manage this situation. 

The basic protocol outlined above is the Distributed Coordination Function (DCF), based 
on three principles: access is possible only in defined time intervals, known as Contention 
Window (CW), well calibrated and managed delays have to be respected before 
transmitting even when the channel is free, successful or unsuccessful transmissions are 
always revealed and notified through ACK/NACK feed-backs. 

Traditional improvements to DCF have been developed by adding the possibility to “book 
the channel” by sending a very short Request to Send (RTS) packet which has a good 
chance to get through and notify all about the intention to transmit; the corresponding 
STA (e.g. AP) can confirm the availability of the channel with another short packet, Clear 
to Send (CTS). Thus collisions are minimized (limited to RTS only) but delays are higher; 
the scheme is practically not suitable for multicast traffic, due to the large number of 
stations which would respond with a CTS. 

A third scheme introduced in the evolution of IEEE 802.11 is PCF (Point Coordination 
Function), which is based on STA polling exercised by the AP playing the role of 
coordinator; this avoids collisions but introduces unpredictable delays. 

More advanced schemes have been recently developed, starting from amendment IEEE 
802.11.e, aiming at implementing different classes of traffic with different priorities, 
which contend the shared channel access through the management of Transmission 
Opportunities (TXOP).  

An important element of the IEEE 802.11 access scheme is the timeline, which depend on 
the Inter-Frame Space (IFS), i.e. time difference between successive frames transmitted 
on the shared communication channel. A number of IFS types have been defined, such as: 

- Short IFS (SIFS), the shortest one used in all actions with immediate response, such as 
ACK response to a successful unicast transmission or CTS packet transmission. A STA 
using SIFS has implicit priority insofar as it automatically gets early access versus others. 
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- Point Coordination IFS (PIFS), equal to SIFS plus one slot period, used by APs when 
they need relative priority access to the channel to direct STA polling. 

- Distributed IFS (DIFS) equal to PIFS plus one slot period, which is the standard timing 
used by a STA which wishes to start a new transmission in DCF. 

- Extended IFS (EIFS), the longest IFS. It is used by a STA which is dealing with an 
incorrect frame in order to avoid follow-on collisions. 

Original Standard:  IEEE 802.11-1997 

The original IEEE 802.11-1997 was derived from initial research done by NCR 
Corporation/AT&T in Nieuwegein (NL) and specified two raw data rates of 1 Mbit/s and 
2 Mbit/s by using as transmission media either Infrared (IR) signals (now Clause 16 of 
[34]) or the Industrial Scientific Medical (ISM) band at 2.4 GHz, to be exploited either by 
Frequency Hopping Spread Spectrum (FHSS, now clause 14 of [34]) or by Direct 
Sequence Spread Spectrum (DSSS, now clause 15 of [34]). 

Due to the use of CSMA/CA access scheme the inherent under-utilization of the raw 
channel capacity reduced the practical applicability, albeit with the aim to increase data 
transmission reliability. Commercial products appeared on the market but were hardly 
interoperable, hence this version was rapidly overtaken by the following evolutions of the 
standard which did indeed foster a much faster uptake of WLAN. 
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3.2.2 IEEE 802.11.b-1999 

The 802.11.b amendment was published in 1999 and is now reflected in clause 18 of [34].  

It is a direct extension of the above IEEE 802.11-1997: it builds on the original 1Mbit/ 
and 2Mbit/s data rates on top of which it adds 5.5 Mbit/s and 11 Mbit/s. It uses Direst 
Sequence Spread Spectrum (DSSS) and as modulation technique 8-chip Complementary 
Code Keying (CCK) as an evolution of the original spreading based on Barker’s 
sequences.  

CCK features an 8-bit sequence at a frequency of 11 Mbit/s: for each 8 data bits, 2 are 
used for a DQPSK modulation, while the other 6 are associated to one of the possible 
orthogonal symbols obtained by the combination of the 4 possible states of the phases 
with the chip-code of 8 bits.  

CSMA/CA retention from the previous standard implies that the actual maximum 
throughput at application level is around 6 Mbit/s when using TCP and 7 Mbit/s when 
using UDP.  

IEEE 802.11.b operates in the 2.4 GHz band, thus being subject to significant interference 
but also being relatively well performing as to indoor propagation and penetration across 
obstacles.  

In the US the maximum allowed transmit power is 1 watt, in Europe is 100 MW. 

Typical indoor range is 30m at 11 Mbit/s, 90m at 1Mbit/s. With high-gain external 
antennas the range can be extended to 8 Km.  

Compatibility modes with the previous IEEE 802.11-1997 standard are prescribed to 
allow joint operations with the equipment implementing the previous standard (at the cost 
of lower data rates) but also to scale back transmission data rates rate when it is necessary 
to cope with difficult communication conditions. 

The combination of all these factors and a significant reduction in price of the required 
equipment have been key success factors which enabled acceptance of IEEE 802.11b as 
the main vehicle for WLAN technology rapid introduction and extensive use around the 
turn of the last century..  

Extensions of the IEEE 802.11.b standard have been proposed by a number of vendors to 
increase the transmission data rate but have not been endorsed by IEEE, have remained 
proprietary and have been rapidly overtaken by the advent of more advanced IEEE 
standards. 
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3.2.2 IEEE 802.11.a-1999 

The IEEE 802.11.a amendment, now clause 17 of [34], has been ratified in 1999, non-
intuitively following the IEEE 802.11.b amendment. 

This amendment uses the same core protocol as the original standard, but introduces 2 
major innovations, also versus the IEEE 802.11.b amendment: use of the 5 GHz. bands 
and introduction of OFDM modulation. 

 Use of 5 GHz provides wider spectrum availability, as discussed above in 3.2.1: at least 
12 non overlapping 20 MHz channels plus another 12 in the countries which allow 
operations in the 5.47-5.725 band. It also allows operations in a less-interfered 
environment, but propagation and penetration across obstacles suffer much higher 
attenuation.  

However, obtaining approval by frequency regulatory authorities was not immediate 
everywhere: relatively straightforward in US and Japan but much more difficult in 
Europe, where the HIPERLAN standard was pursued for a while. 

OFDM utilizes 52 sub-carriers, 48 for data and 4 for pilot subcarriers, with a sub-carrier 
separation of 0.3125 MHz (20 MHz/64), hence the occupied bandwidth is 16.6 MHz out 
of each 20 MHz channel. Each subcarrier can use BPSK, QPSK, 16-QAM or 64-QAM.  

Symbol duration is 4 microseconds, including a guard interval of 0.8 microseconds. As 
common in OFDM schemes, generation and decoding of orthogonal components is done 
at baseband by using DSP. Each subcarrier can be represented by a complex number; the 
time-domain signal is generated through the IFFT (Inverse Fast Fourier Transform). The 
inverse process is performed at the receiving end. 

OFDM is well suited to combat multipath effects and offers very good spectral efficiency. 

The combination of OFDM and higher frequency bands allows to achieve much higher 
data rates on the shared channel, up to 54 Mbit/s. If required, lower rates (48, 36,24, 18, 
12, 9, 6 Mbit/s) can be used. The maximum actual data rate available for user applications 
is between 20 and 30 Mbit/s. 

IEEE 802.11.a did not achieve the same immediate market success as IEEE 802.11.b: 
products were not immediately available with good quality in the new frequency band, 
regulations did not help from the outset and range limitations were perceived as critical. 

Dual-band or dual-mode or tri-mode equipment operating according to IEEE 802.11.b, 
802.11.a (and now also IEEE 802.11.g) have been introduced and have made more 
practical the use of the 5 GHz band.   
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3.2.4 IEEE 802.11.g-2003 

IEEE 802.11.g, now Clause 19 of [34], aims at improving IEEE 802.11.b to achieving the 
same throughput as IEEE 802.11.a. 

It operates in the 2.4 GHz band with the same channelization described above in 
paragraph 3.2.1, further aided by the slight reduction in the used channel bandwidth (20 
MHz gross).    

It utilizes OFDM with the same features as defined above in 3.2.3, including the gross 
channel bandwidth of 20 MHz and the data rates of 6, 9, 12, 18, 24, 36, 48 and 54 Mbit/s.  

However, it can also revert to CCK at 5.5 and 11 Mbit/s and even to DSSS at 1 and 2 
Mbit/s for full backward compatibility with IEEE 802.11.b and earlier versions. 

Achieving this compatibility has complicated the standard and does also imply reduced 
throughput for networks operating in mixed mode, but has also been a key success factor 
for rapid and extensive deployment across the world. 

Furthermore, IEEE 802.11.b devices co-existing with IEEE 802.11.g devices in the same 
network require a protection mechanism for the latter, because the former are not able to 
detect OFDM signals and would therefore potentially interfere by improperly transmitting 
on the shared medium at times assumed as empty but actually occupied by non-detected 
OFDM waveforms.  

When the protection mechanism is activated, IEEE 802.11.g devices can communicate 
among them through OFDM signals at high rates, but have to transmit first a short 
message to IEEE 802.11.b devices (according to their standard and rates) to indicate that 
they cannot transmit for a certain period of time, during which OFDM signals occupy the 
shared medium. 

Instructing devices to use a protection mechanism is a responsibility of the AP, which is 
the entity with the best knowledge of the network situation, including co-existing devices 
operating according to different standard amendments. 

Among the various possible signaling methods for IEEE 802.11.g devices protection, two 
are validated by the WiFi Alliance: 

- RTS/CTS, whereby devices issue a RTS and wait for the clearance through CTS before 
transmitting; in this way they can be certain that the channel is free from any potentially 
interfering transmission in whatever form (CCK or OFDM). 

- CTS-to-self, using an IEEE 802.11.b message and rate to clear the air and be sure that 
the only communication taking place is from itself.  
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3.2.5 IEEE 802.11.n-2009 

IEEE 802.11n-2009 is an amendment to the IEEE 802.11-2007 standard, as already 
amended by IEEE 802.11.k -2008, IEEE 802.11.r-2008, IEEE 802.11.y-2008 and IEEE 
802.11.w-2009. Further improvements in the same line are being elaborated as IEEE 
802.11.ac 

It can operate either in the 5GHz or the 2.4 GHz frequency band and aims at achieving a 
quantum leap in data rate, pushed up to 600 Mbit/s in the most extreme case (4 spatial 
streams with a channel width of 40 MHz) by introducing a number of innovations. 

The first innovation is the adoption of Multiple Input Multiple Output (MIMO) 
techniques, which use multiple antennas to coherently resolve more information than 
normally done with a single antenna.  

This can be done through Spatial Division Multiplexing (SDM): multiple independent 
data streams are transferred simultaneously in the same frequency channel by using 
discrete, separate antennas, separate relevant RF-chain and conversions between the 
analog and digital domains both at the transmitter and at the receiver end. 

Pre-coding and post-coding techniques need also to be applied at both ends. Pre-coding 
includes spatial beam-forming to increase signal quality and spatial coding to increase 
data throughput and range by exploiting spatial diversity. 

The number of simultaneous data streams is limited by the number of antennas in use on 
both sides and by the maximum number of data spatial streams useable by the radio. Four 
simultaneous data streams are well within the practical achievable range, although larger 
numbers are also being standardized.  

The second major contribution to increasing the achievable data rate is the introduction of 
a 40 MHz –wide channel, which can obviously double the physical rate all the rest being 
equal.  

This change in channel bandwidth can be somehow easily accommodated in the 5 GHz 
band, where spectrum is more readily available, but is critical in the 2.4 GHz. band, 
which is already over-crowded and works in a more constrained portion of spectrum. 

IEEE 802.11.n provides an option to identify a primary 20 MHz channel (using the 
frequency plan described in 3.2.1) to be used with devices incapable of handling the 
larger channel bandwidth to be possibly paired with a secondary adjacent channel spaced 
+/- 20 MHz away. When the two channels operate jointly in 40 MHz bandwidth mode, 
the joint center frequency is in the middle of the primary and secondary channels center 
frequencies. 

The third element contributing to higher data rates available to the user applications is 
Frame Aggregation.  

This MAC feature aims at decreasing the inefficiencies due to protocol overheads, 
including the contention process, inter-frame distance, physical level headers and 
acknowledgement. Considering that overheads are largely independent from frame length, 
longer frames are transmitted, resulting from aggregation of shorter ones, thus decreasing 
the percentage of overhead. This can be done in two ways: 

- Aggregation of MAC Service Data Units (MSDUs) at the entry of MAC, or A-MSDU 
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- Aggregation of MAC Protocol Data Units (MPDUs) at the exit of MAC, or A-MPDU. 

Backward compatibility is also fully specified, building on the experience of IEEE 
802.11.g. This is necessary to operate networks with devices working according to 
successive standard amendments and can be achieved in various ways:  

- Mixed Mode Format Protection (L-SIG-TXOP), in which IEEE 802.11.n transmission 
are embedded in IEEE 802.11.a or IEEE 802.11.b transmissions; IEEE 802.11.b devices 
would still require CTS protection as in case of IEEE 802.11.g protection. 

- Use of a 40 MHz channels implies CTS protection on both 20 MHz component 
channels. 

- RTS/CTS frame exchange or CTS-to-self transmission is an effective protection of 
general nature. 
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3.3 Review of work related to Femtocells 

Femtocells have recently attracted significant attention from the technical community, 
including entire books such as [1] and [2], accompanying the increasing deployment and 
use of equipment which has moved from concept to the commercial reality. 
 
The idea is indeed simple, effective and well-documented for more than a decade.  
 
It was pioneered by Silventoinen and others [8], by already highlighting the potential of a 
simple extension of the concept of Base station to the Home environment without 
changing most of the fundamental architecture of the cellular network and by using a 
peculiar Total frequency Hopping. In turn, this built on suggestions coming from the 
transmission domain, inspired by the need and advantages of doubling (or more) 
frequency re-use across indoor and outdoor environments [9]. 
 
 
 Major amounts of technical activities have been dedicated to preparing and supporting 
the standard continuous evolution. Results are in a way embedded either in successive 
formal releases of 3GPP, such as [27], [28], [29], [30], [31], [32] in areas closer to the 
present work, or in more informal publications by Femto-Forum such as [25] and [26], or 
in periodic reviews in the technical literature domain, such as [7}, [13] and [14]. 
 
 
Recent papers such as [4], [6], [11], [15], [17], [21] and [23] give significant attention to 
transmission aspects, often in the context of the forthcoming LTE prospects. 
 
 In [4] challenges and opportunities deriving from the joint optimization of macro- and 
femtocell frequency assignment are explored, by taking advantage of the flexibility 
offered by OFDM (where certain frequency sets and/or “resource blocks” can be easily 
allocated/de-allocated) and proposing alternative optimized frequency reuse schemes. 
 
Combination and synchronization of signals received by a UE and coming from neighbor 
base stations is studied in [6] as means to achieve a cooperative transmission scheme 
(CTS) to improve performances: the key idea is the utilization of the LTE OFDM scheme 
to achieve overlapping resource blocks, hence reinforced signals and better SINR, thanks 
to the synchronization information fed back to base stations by the routinely closing the 
timing information loop from the UEs to the multiple, cooperative base stations. 
 
Optimization of down-link power use in HSDPA is presented in [17]: the HNB adjusts 
the transmitted power level just to match what is necessary to achieve the target 
modulation and coding scheme requested by the actual user needs and UE 
position/reception; this way a target CQI (Channel Quality Indicator) average can be 
maintained instead of unnecessarily following frequent individual CQI variations. 
 
Mixed Macro-cell and Femtocell scenarios are analyzed in [21], aiming at multiple 
objectives: introducing Femto-ell power control scheme which does not need extensive 
co-ordination with the macro-cells, applying the successive interference cancellation 
(SIC) scheme shown to be successful in OFDMA and defining an optimal Macro-cell to 
Femtocell hand-off which makes use of the above techniques. 
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Heterogeneous Networks (HeTNeT) issues are analyzed in [23], with specific reference to 
the interference problems, namely in the control channels, which can significantly 
degrade the performance of these networks which are rapidly emerging as the main trend 
for the future. Inter-cell Interference Coordination (ICIC) and more recently enhanced 
ICIC (eICIC) are discussed, including time domain techniques, based on scheduling 
transmission of the victim user in time-domain resources where the interference from 
other nodes is mitigated, frequency domain techniques, based on selecting the –reduced- 
bandwidth of control and physical information channels in such a way that they are totally 
orthogonal at different cells, and applying different power control techniques at 
Femtocells. 
 
 
Resource assignment and optimization has also been the subject of numerous publications 
in recent technical literature, such as [16], [19], [20], [22], [24].  
 
Issues generated by deployment of multiple LTE femtocells as self-organizing networks 
(SON) at close distance in indoor environments (e.g. enterprises) are discussed in [16] in 
different types of access policy: open access to all, closed access only for a pre-defined 
list of users or hybrid, with part of the resources open and the rest closed. Best global 
throughput is achieved by a specifically proposed SON technique, but this may penalize 
privileged enterprise staff when guests are too numerous, hence the hybrid scheme may 
be a reasonable way ahead in most practical cases.   
 
Sharing the available spectrum across multiple Femto-cell Access Points (FAPs) is 
discussed in [19], which presents both a simple greedy algorithm (each FAP senses 
unused channels and picks them for own use) and a more sophisticated game theory 
algorithm (a central data base holds information on all FAPs) and shows that the latter 
offers better performances only when the ratio of the number FAPs to the number of 
available channels is high. 
 
Hybrid resource management algorithms (HRMA) for down-link OFDMA are discussed 
in [20], as a result of trade-off between centralized schemes –offering better coordination 
but not scalable to a large number of nodes- and distributed schemes which are scalable 
but offer decreasing performances with larger number of nodes. 
 
Co-existence of macro/micro-cells and co-channel Femtocells in OFDMA-FDD systems 
is discussed in [22], which shows functions to determine the maximum total capacity 
and/or the number of supportable active Femtocells, given the fractional value of 
macro/micro traffic and the number of macro/micro users. 
 
A fully decentralized resource allocation scheme for OFDMA down-link in a shared-
spectrum macro/femtocells network is proposed in [24]: results show that “by restricting 
each femtocell to access only a randomly selected subset of the available resource blocks 
per transmission time interval, decentralized inter-cell interference avoidance can be 
achieved”. 
 
 
A few papers such as [3], [5], [18], address Femtocells system related aspects in a broader 
context. 
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The implications and attractive prospects of introducing local IP access (LIPA) as 
foreseen in the recent releases of 3GPP specifications are discussed in [18]: LIPA offers a 
flexible architecture for different scenarios, such as simultaneous connections from UE to 
Operator’s and LAN through the H(e)NBs or single connection to transport data traffic 
from UE to operator’s core and LAN. 
 
The impact of Femtocells on idle-mode mobility and UE battery life in 3GPP UMTS are 
discussed in [5], concluding that Femtocells introduction has the potential to reduce cell 
searches and re-selection, but that trade-offs exist between capacity offload and UE 
battery life.  
 
A comparative survey of Femtocells and alternative techniques with similar 
characteristics such a WiFi is offered in [3] and is very germane to the work described 
below in the following sections of this paper. Technical similarities and differences are 
outlined and it is concluded that both Femtocells and WiFi can provide convergent 
communication services, based on use of IP networks and that “evaluating their 
performances under the varied conditions of IP networks is an interesting area of future 
work”. 
Indeed, the subject of the following chapters of this work! 
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4.  Overall approach of this work 

4.1 Scope and objective of this work 

The objective of this work is the experimental analysis of femtocells behavior and 
performances from the viewpoint of user applications. 
 
This aims at identifying which ones among the most common classes of current and 
forthcoming applications best match Femtocells inherent characteristics and under which 
boundary conditions, while conversely pinpointing which other types of applications are 
not a natural fit to Femtocells and what penalty is implied by this mismatch as compared 
to more suitable alternative techniques.  
 
Consequent follow-up contributions are guidelines for the optimal evolution path towards 
the wireless heterogeneous network scenario which is emerging as the driving trend 
especially in the enterprise environment, considering that the request of additional 
communications continues to appear an insatiable (and commercially well-founded) need 
even for the combination of different techniques available and under development. 

Against this background, the analysis needs to be orientated by a few principles: 

-Abstraction of what is inherent to Femtocells essence from what is dependent on non-
inherent features, for example technical details transient over time or parameters effecting 
in similar ways any alternative solutions and techniques. 

-Representativeness of application classes and boundary conditions. 

-Experimentalevidence that can guide future exploitation. 

 

These principles define the scope of this work.  

Abstraction is pursued by three main tenets: 

- Selection of as basic set-up as the simplest configuration that can hold significant 
results, as described below: one UE, a near-by Access Point (either Femtocell or 
WiFi AP) in direct visibility, one local router offering the entry into the IP back-
haul, which is then remotely connected to the application server. 

- Selection of modern but well developed and consolidated equipment as the solid 
basis for the experiments: HSUPA/HSDPA with maximum up/down link raw 
speed around 2Mbit/s/14Mbit/s without MIMO for Femtocells, IEEE 802.11.g 
with maximum raw speed at 54 Mbit/s without MIMO for WiFi. It is well-known 
that LTE will progressively spread and that major improvements are brought about 
by new techniques such as MIMO and High Order Modulations (HOM), but for 
the sake of the concept argument these are assimilated to scaling factors in 
principle applicable in similar ways to any solutions/techniques which only 
magnify the picture but do not change the relative merits of one solution/technique 
(Femtocells in this case), especially when parameterized with respect to initial 
benchmarking, as discussed below. 
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- Extensive application of parameterized comparison versus benchmark. An initial 
set of “benchmarking tests” is run to determine the fundamental parameters and 
performances of Femtocells access as well as WiFi access. Then all the other 
extensive tests for different applications and conditions are evaluated and 
compared with respect to this benchmarking;  this neutralizes the influence of the 
basic initial well-known levels and emphasizes the differences in terms of (much) 
better or worse comparative performances.   For example Femtocells are 
immediately shown to have less bandwidth and basic speed than WiFi in 
benchmark tests, but what is really relevant is the identification of the applications 
and conditions for which Femtocells exhibit significantly better or worse 
performances as compared to the initial benchmarking. 

 

Representativeness implies restricting the number of applications (plus related 
supporting protocols) under consideration, yet achieving meaningful results applicable to 
a much broader range of cases to characterize Femtocells (and alternative techniques such 
as WiFi) and restricting the analysis of boundary conditions to only two variants of the 
very simple basic set-up. 

The three selected classes are Web-access through HTTP, streaming through RTP and 
VoIP through SIP and UDP. These classes not only represent the vast majority of the 
actual traffic over deployed Femtocells and WiFi access networks, but also include as 
components (e.g. supporting protocols) building blocks that are likely to be part of any 
combination required by new applications as anticipated in the foreseeable future.  

The first variant of boundary conditions consists of evaluating the sensitivity to a slightly 
less benign propagation environment, including longer distance, obstacles or 
combinations thereof. This analysis is not pretending to address in depth the issues of 
propagation relevant to  Femtocells or WiFi communications (covered by a number of 
other specialized publications), rather to outline this additional element to qualify and 
validate the basic benchmarking tests. 

The second and more significant variant is the introduction of additional users and 
relevant traffic, thus experimenting with multiple accesses. This can be done on a limited 
scale without losing representativeness; current Femtocells normally handle only up to 4 
simultaneous users, hence 3 intensive users are a valid test case. This set of tests is indeed 
illuminating, especially when evaluated with respect to benchmarking, since it allows 
focus on the inherent features of femtocells access (regardless of the applicable 3GPP 
generation and additional technologies) versus other techniques such as WiFi (regardless 
of which is the applicable IEEE 802.11 publication or amendment). 

 

Experimental evidence to guide future exploitation is pursued by three main tenets: 

- Use of multiple off-the-shelf on-line tools for parameters and performance 
evaluation. Traditional performance analysis tools derived from theoretical 
principles –no matter how sophisticated- need to be continuously gauged to avoid 
obsolescence and be refreshed into a new generation orientated to aspects such as 
“Quality of Experience (QoE)” to deal with the novelty brought about by the 
current rapid development of Web-based techniques and applications, which tend 
to be more often captured by the corresponding on-line downloadable tools 
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developed in the same context and environment. On the other hand these tools –as 
all freeware- are not exempt from inconsistencies and cannot be easily re-
conducted to a formal theoretical pattern. Combining multiple tools of different 
nature whenever possible leads to up-to-date and validated experiments.  

-  Practical usability in realistic conditions. Peer review and third party validation 
are key to any technical and scientific research, but in this domain results and 
conclusions receive real confirmation (or otherwise) only when conducive to a 
rapid and widespread follow-up implementation. For example, if a certain class of 
applications appears particularly well matched to Femtocells, evidence should be 
sufficient to foster diffusion of such match even through commercial channels. 

- Evaluation of additional parameters of fundamental operational importance, first 
and foremost power consumption of user equipment, which continues to be a key 
concern and an attribute of high commercial value, but also realistic feed-backs on 
the experience gained with months of practical work as to stability, consistency 
and easy-of-use of Femtocells versus other solutions such as WiFi.  
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4.2 Novelty of this work 

The novel aspects of this work are directly linked to the objectives, scope and 
methodology outlined in the previous section 4.2.1. 
 
Very little –if any- recent papers have been published on the analysis of Femtocell 
performances from the user application viewpoint; namely significant researches (and 
information) on validated test campaigns, including extensive and thorough experiments 
with up-to-date Internet applications, are not widely available in technical literature. 
Filling this gap is not only providing new results by itself but also calling for a number of 
novelties. 
 
The systematic and specific use of benchmarking to identify and highlight the application 
class(es) best matching inherent Femtocell characteristics (versus other alternatives) and 
net out peculiar transient and/or peculiar aspects is original –at least in the subject 
domain- to this work. 
 
Another related development is the introduction and utilization of new metrics and tools 
specifically generated and tuned to qualify performances as a function of user perception 
and acceptance, such as Quality of Experience (QoE). 
 
Extensive use of multiple tools to provide multiple measurements which can be cross-
correlated and reinforce experimental evidence (or otherwise) has no significant traceable 
precedents in current literature on the specific subject of Femtocell analysis, although the 
tools are widely available and downloadable from Internet while measurement cross-
correlation is obviously one of the most consolidated methodologies in technical and 
scientific practice. 
 
Some parameters of evident interest to users and operators –chiefly user equipment power 
consumption- have often been considered and discussed in literature, but rarely been 
subject to measurement campaigns; namely this aspect has been advertised as potential 
Femtocells success factor, but no known published precedent paper has performed a 
systematic and comparative experimental analysis with a number of applications similar 
to this work.     
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4.3 Configuration 

In order to evaluate performances of  Femtocell-based connections and compare them to 
those achievable byWiFi connections the testing environment needs to be stable and 
suffer as little influence as possible from factors which are not related to the objective of 
the work. 

The server–client architecture has been considered the most appropriate in order to 
evaluate a set of parameters that either are or at least allow a measurement of the 
performances of the connection. 

Various network configurations could be chosen:  

-  Rely on a single computer that works as a client and is alternatively connected through 
Femtocells or WiFi to a router and an online server  

-  Create an own network made up by a computer that acts as a server and another one 
that acts as a client that connects to the server through a Femtocell based connection or 
WiFi based connection.  

The first way has been chosen; the possibility of creating an own network is denied by the 
structure of the Femtocell itself, being it a base station that connects automatically to the 
mobile operator backbone network through several steps. Thus, the communication 
among devices (such as 3Gequipment) through a Femtocell is impossible in a direct way 
(simple server – client architecture) and is allowed only through a complex loop that 
transfer the data from the hypothetic client to the backbone network and returns to the 
server. Beyond impracticable, this configuration would have been also unrealistic for the 
following reasons: 

- The use of WiFi/Femtocell for local purposes (i.e. sharing of files) would be extremely 
limited; either the use of USB mass storage devices or the sharing of resources in a LAN 
are more practical and efficient, both in a working and in a domestic environment.  

- Furthermore, the performances monitored in this local environment would have been by 
far better than the ‘realistic’ one that a final user may expect for his real needs (Web 
browsing, download of files, VoIP etc…).  

For these reasons the structure chosen was the first one, being it the one that allows 
measurement of the network performances in realistic scenarios and for realistic purposes.  
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4.3.1 Logical Configuration 
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Figure 14. Logical configuration of the network 
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4.3.2 Network configuration 

Macro- environment level 

Internet:  The Internet cloud refers to the source of the Internet 

Router: The Enterprise Router is basically a Layer-3 Network device that connects 
disparate networks. It acts as a gateway between the LAN and the WAN networks and the 
Internet Leased Lines/ MPLS Circuits/ Managed Leased Lines/ Broadband networks are 
all terminated on the router. 

UTM/ Firewall:  The Unified Threat Management Appliance (or software) is for 
providing gateway level network security for the various end points used in the 
organization. The UTM Devices provide the following network security options: 
Firewall, Anti-Spam, Anti-Virus, Content Filtering, URL Filtering, Intrusion Prevention 
(IPS), Virtual Private Network (VPN) and Protection from Internet threats like Phishing 
etc. 

Core Switch: A Core Switch is generally a Layer-3 based Network Switch that connects 
to the various distribution switches, edge switches (through distribution switches / 
directly) using Optical Fiber Networks or UTP Copper cabling. 

Distribution Switches: Distribution Switches provide an aggregation layer for network 
switching. The distribution switches connect to both copper UTP cable network as well as 
optical fiber networks. The distribution switches are connected to the core switch on one 
end and to the edge switches on the other. Generally, there may be one distribution switch 
for each department and a network is sometimes formed without the distribution/ 
aggregation layer by connecting the network endpoints directly to them. 

Micro – environment level (devices effectively used for the tests) 

Wireless Router: The Wireless Router contain built in radios which provide wireless 
signals for connecting certain network devices that has an in-built wireless adapter. 
Basically it sends wireless signals that can be interpreted by the wireless enabled network 
clients for communicating the data/ information over the wireless medium. Their job is 
just to collect these signals, convert them in to wired signals and send it over the LAN 
network for the wireless controller to interpret them and take appropriate action. They 
generally have a coverage range of 20-30 meters indoor and 80-100 meters outdoor and 
each device can connect to more than 15 wireless devices within their coverage area.  

Femtocell: a small cellular base station designed for use in residential or small business 
environments. It connects to the service provider’s network via broadband (such as DSL 
or cable) and supports up to 4 devices connected in a residential setting. A Femtocell 
allows service providers to extend service coverage where access would otherwise be 
limited or unavailable without the need for expensive cellular towers. It also decreases 
backhaul costs since it routes mobile phone traffic through the IP network.         
  

Network Endpoints/ Devices: There are various network devices/ endpoints connecting 
to the LAN via edge switches/ wireless access points. Some of them include PC/ Laptop/ 
PDA etc for data connectivity, IP Phones, Cell Phones/WiFi Phones, Soft Phones for 
voice connectivity, IP Surveillance Cameras/ IP Video Conferencing devices for video 
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over IP. There are also network based accessories like network printers, MFP’s (Multi-
Function Printers), Scanners etc. connecting to the enterprise computer network. 

 

4.3.3 Technical specifications of the devices used 
 

Wireless router 

Model: Linksys WRT54GL (v1.1) 
Technology: Wireless-G 
Bands: 2.4 GHz 
Standards: IEEE 802.3, IEEE 802.3u for Ethernet 

IEEE 802.11g, IEEE 802.11b for Wireless 
Antennas: 2 External 
Ethernet Ports x Speed: 4 x 10/100 
CPU Broadcom BCM5352 @ 200 MHz 
RAM 16MB 
Flash memory 4Mb 
Firmware version DD-WRT v24-sp2 (10/10/09) mini – build 13064 

Additional features Linux based OS 
 

 

 

3G Femtocell 

Model: The Alcatel-Lucent 9361 Home Cell (HC) V2 
Interface: Transmission: 10/100Base T RJ45 

Local connection: 10/100Base T RJ45 

Bands: Operating band:  1900 MHz or 850 MHz 
Listening bands: 1900 or 850 MHz UMTS    
                            1900 0r 850 MHz GSM 

Standards: IEEE 802.3, IEEE 802.3u for Ethernet 
IEEE 802.11g, IEEE 802.11b for Wireless 

Baseband capacity Four devices with each connection supporting a 
simultaneous voice call and data session 

Maximum Bearers: 14.4 Mb/s L1 HSDPA bearer 
5.7 Mb/s L1 HSUPA bearer * 

Maximum transmission power: ¬ 100 mW variant: 100 mW output power 
¬ 20 mW variant: 20 mW output power 

Sensitivity -107 dBm 
Electromagnetic compatibility 47CFR FCC Part 15 (Class B) 

OET-65 
Additional features Extends W-CDMA coverage and high-speed downlink 

packet access (HSDPA)/high-speed uplink packet access 
(HSUPA) capacity 
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* Note: UE can generally handle 10 s. TTI in HSUPA mode, hence a limit of 2 Mbit/s for 
the maximum uplink bearer.   



64 

 

4.4 Testing taxonomy 

The final purpose of the project is an evaluation ofFemtocells in terms of “performances” 
as experienced from a user viewpoint, including a relative benchmarking and comparison 
with a classical wireless network. Thus, in order to grant and achieve a high level of 
clarity and precision it has been decided to divide this activity on the basis of a 2-tier level 
taxonomy: 

- 1st level tier: applications and uses 

The uses and application of the Internet nowadays are very numerous and extremely 
wide-ranged; in order to keep focus, some domains –identified as experimental 
subgroups- have been specifically addressed and drive the organization of the tests: 

- Benchmarking tests and assessment => evaluations on basic performances in 
ideal conditions 

- Real environment tests and assessment => evaluations on basic performances 
in non-ideal conditions 

- Internet surfing   =>  mainly dealing with HTTP  protocol 
- Streaming and related activities (download/upload of video/audio files)  => 

mainly dealing with RTP protocol 
- Voice-calls through the Internet  =>  mainly dealing with the VoIP 

supporting protocols   
- Multiple accesses tests => dealing with realistic scenarios where many users 

are sharing the same connection 
- Energy profiler => evaluations about the consumption of energy of the 

connected device 

 

- 2nd level tier: scenarios 
 
On the basis of the primary division into experimental subgroups, the actual testing 
part takes place and is correlated with the overall 1st tier logic.  
 
Each experimental subgroup includes a set of representative tests, some of which are 
typical and hence adequate for just a single subgroup (for example out-of-sequence 
indicators for streaming traffic), while others are common to several sub-groups (for 
example the evaluation of ping and jitter).  
 
While reaching a high level of variety and inclusiveness is important, it is also 
necessary to strike a balance between this objective and the aim to keep a focused and 
synthetic approach, which is a critical factor for the success of the project.  
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4.4.1 Benchmarking tests 

They can be described as above, hence a sequence of tests to ascertain the preliminary 
network parameters in ideal conditions, such as the download/upload speed, bandwidth, 
ping, jitter, packet losses, transfers of basic packets(TCP/UDP)and signal strength in 
dependence of distance and obstacles. They have to be performed immediately for two 
purposes: 
-  Knowing the best values reachable and so having a touchstone for the future enquiries 
in non-ideal conditions and in presence of various user applications. 
-  Detecting immediately whether and in which areas differences exist between 
Femtocells and WiFiperformances. 

 

4.4.2 Web-access through HTTP tests 

HTTP is the stateless (each command is executed independently) protocol used by the 
World Wide Web; it defines how messages are formatted and transmitted, and what 
actions Web servers and browsers should take in response to various commands. 
Basically it deals with every web page and is used in every action that contemplates web 
surfing. 
 
Various cases are analyzed: 
-  Ideal condition of channel and load 
-  Decrease of download/upload speed by physically averting the client from the server, 
increasing the number of sessions or the dimension of the transferred file. 
-  Introduction of non-idea propagation conditions 
-  Further tests based on Quality of Experience (QoE). 

 

4.4.3 Streaming through RTP tests 

The analyzed streaming relies on RTP, the real-time transport protocol.  

RTP provides end-to-end network transport functions suitable for applications 
transmitting real-time data, such as audio, video or simulation data, over multicast or 
unicast network services; it does not address resource reservation and does not guarantee 
quality-of-service for real-time services.  

The data transport is augmented by a control protocol (RTCP) to allow monitoring of the 
data delivery in a manner scalable to large multicast networks, and to provide minimal 
control and identification functionality. RTP and RTCP are designed to be independent of 
the underlying transport and network layers.  

In this context streaming of videos of different size can be analyzed through the use of a 
packet sniffer (Wireshark); the latter allows a comparative and qualitative evaluation of 
the performances of Femtocells and WiFi during the streaming of a video. 
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4.4.4 VoIP tests 

VoIP (Voice over Internet Protocol) consists in the transmission of voice traffic over IP-
based networks. The success of IP in becoming a world standard for data networking and 
the cost advantages over traditional telephone networks are leading the VoIP technology 
to a great development. For the structural differences in respect to the previous protocols, 
some more specific tests will take place: 
 
-  Basic tests in ideal channel condition 
-  Evaluation of the quality of the call in different conditions 
-  Evaluation of packet losses and their distribution, packet orders and packet discards 
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5.  Benchmarking tests 
This section is dedicated to the “bundle” of initial tests that take place in order both to 
give a touchstone for the future tests in various scenarios and to assess the initial 
differences between the Femtocell connection and the WiFi connection. 
 
 

5.1 Preliminary assumptions 

In order to have meaningful measurements testing conditions need to be stated first. Thus: 
 
-  We assume an ideal channel, without any additional delays or imperfections on top of 
its intrinsic ones. Nothing is added that may jam or interfere with the transmission; in 
other words, the transmission parameters are optimal. 
 
-  We assume normal  traffic conditions. The transmission/reception of data takes place 
without any additional source of traffic; in other words testing is don e in absence of 
additional traffic. 
 
 

5.2 Software used 

-  Pingtest.net [39]. It is an online tool which determines the quality of a broadband 
Internet connection, through the measurement of ping, jitter and packet losses. 
Furthermore, it gives each test result a grade to help to interpret the overall quality.  

-  Ping-test.net [40]. It is an online tool which tests the speed and performance of an 
Internet connection. The test  checks how fast a user can download and upload data and, 
in addition, the values of PING time/ Latency, which measure the actual delay of packets 
of varying size sent across the Internet. Small packets are transmitted much faster than 
large packets, but these ones are far more frequent in the web browsing. 
 
-  Speedtest.net [41]. It is an online tool that testsInternet connection bandwidth (in 
upload and download) to locations around the world with this interactive broadband speed 
test 
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5.3 Benchmarking Evaluation 

5.3.1 Evaluation of upload/download speed 
 

Results of “speedtest.net” 

 

WiFi connection 

 

Order Download speed (Mb/s) Upload speed (Mb/s) 

1 12.59 9.82 

2 12.03 9.85 

3 12.57 8.53 

4 12.76 9.93 

5 11.36 10.48 

 

 

Femtocell connection 

 

Order Download speed (Mb/s) Upload speed (Mb/s) 

1 6.11 1.04 

2 6.81 1.01 

3 6.04 1.01 

4 6.30 1.01 

5 6.24 1.02 
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5.3.2. Evaluation of ping, jitter and packet losses 
 

Results of  “ping-test.net” 

 

WiFi connection 

 

Order Download 
speed (Mb/s) 

Upload speed 
(Mb/s) 

Ping: large 
packets (ms) 

Ping: small 
packets (ms) 

Average ping 
(ms) 

1 12.36 8.91 16 12 14 

2 12.45 7.81 16 12 14 

3 12.53 7.12 15 12 14 

4 11.95 7.65 17 12 14 

5 11.06 8.17 15 12 14 

 

 

Femtocell connection 

 

Order Download 
speed (Mb/s) 

Upload speed 
(Mb/s) 

Ping: large 
packets (ms) 

Ping: small 
packets (ms) 

Average ping 
(ms) 

1 5.78 0.9 153 98 125 

2 5.75 0.93 151 87 119 

3 5.97 0.97 145 82 114 

4 5.89 0.83 181 93 137 

5 5.89 0.79 193 86 139 
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Results of “pingtest.net” 

 

WiFi connection 

 

Order Packet loss (%) Ping (ms) Jitter (ms) Rate ( /5) 

1 0 17 7 4.4 

2 0 15 5 4.4 

3 0 15 6 4.4 

4 0 16 6 4.4 

5 0 16 5 4.4 

 

 

Femtocell connection 

 

Order Packet loss (%) Ping (ms) Jitter (ms) Rate ( /5) 

1 0 98 10 3.2 

2 0 98 12 3.2 

3 0 98 12 3.2 

4 0 99 15 3.2 

5 0 110 17 3.2 
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5.4 Benchmarking tests assessment 

Benchmarking tests appear consistent across the various software tools being used and are 
also coherent with the theoretical principles of 3GPP Femtocells and IEEE 802.11 WiFi 
as embodied in the chosen configuration, including the selected equipment. 

3 GPPP Femtocells work on different frequency channels for down-link and up-link, 
hence down-link speed and up-link speed are logically independent from each other; the 
only significant cross-correlation is due to the capacity used in one direction to close the 
return control loop for the other direction, but this has minimal influence on the capacity 
available for data channels, especially in the simple configuration selected for 
measurement.  

Both links use spread spectrum techniques, with different –but logically coherent- frame 
structures, chip rates, data rates and control mechanisms, as described in section 3.1. 
However it can be expected in a first approximation that the ratio between the maximum 
bit rate specified for the 3GPP equipment and the data rate perceived by the user (i.e. the 
one measured by the benchmarking tests) be similar in the down-link and up-link. As a 
matter of fact, in both cases the ratio essentially depends on frame and other format 
overhead at various levels, IP headers and other protocol overheads.  

Results averaged across numerous measurements and different tool-sets show: 

- downlink actual speed between 5 and 6 Mbit/s, slightly below 50% of the maximum bit 
rate around 14 Mbit/s quoted by Femtocells specifications.    

- uplink actual speed in the order of 1 Mbit/s, around 50% of the maximum bit rate of 2 
Mbit/s quoted by Femtocells specifications for 10 ms TTI. 

 

WiFi using IEEE 802.11.g –formally clause 19 of IEEE 802.11.2007- operates on the 
same frequency channel for up-link and down-link traffic by using a CSMA/CD access 
whereby the data burst transmitted by the STA (user terminal) has to contend with the AP 
(access point or hub in this case) the access to the common resource which can be used 
only by either of them at each moment in time (but STA and AP can of course access in 
sequence). In the traditional old-speak this would be qualified as “half-duplex” 
operations. 

The ratio between the maximum raw bit rate specified for the WiFi equipment and the 
data rate perceived by the user (i.e. the one measured by the benchmarking tests) depends 
on the overhead introduced by the various layers (LL, MAC, PHY), by the efficiency of 
the access scheme and by the IP headers and other protocol overheads. Given the “half-
duplex” characteristics of the access scheme, the meaningful ratio is between the sum of 
the user-perceived up-link and down-link data rates and the overall raw channel capacity. 

 Results averaged across numerous measurements and different tool-sets show that 
against a nominal channel raw bit rate of 54 Mbit/s, the sum of the measured user 
perceived data rates is slightly above 20 M/bits, in line with values reported in literature, 
split as follows: 

- slightly above 12 Mbit/s in the down-link 

- slightly above 8 Mbit/s in the up-link 
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When comparing benchmarking tests, Femtocells have a basic speed around 2 times 
slower than WiFi in the down-link and around 8 times slower in the up-link just on the 
basis of the channel capacity available to the two different schemes. This basic “operating 
difference” needs to be well considered when trying to identify which user 
application/protocols under which conditions are best matched to Femtocells, i.e. which 
ones do better (or worse).  

Very interesting information are provided by another set of measurement regarding ping, 
i.e. evaluated packet transit time across the whole chain from user lap-top to server and 
back in the two alternative cases of Femtocells and WiFi.  

This transit time is determined by the time needed to transfer the packet locally over-the-
air, i.e. across the Femtocell or WiFi up-link and down-link, plus the time needed to 
transfer it across the fixed infrastructure, which includes: 

- HNB-> user IP broadband connection -> HNB GW->mobile operator infrastructure -> 
IP global network -> server… and back for the Femtocells scenario 

- WiFi Hub/Router -> IP global network -> server….and back for the WiFi scenario 

If the only contributions to the ping delay came from the values measured for the up-links 
and down-links of the two alternative techniques, the typical Femtocells ping delay 
should be 5-6 times larger than the WiFi ping delay. 

The actual results from tests show instead a ratio around 8.  

This suggests that the more complex Femtocells back-end, including intermediate steps in 
the mobile operator domain and only eventual access to the global IP network, imply 
inherent larger delay in transit (at least for isolated packets sent one by one) which may 
be in the order of 30% of the total transit time across the full Femtocell chain.  

This is an additional “operating difference” to be considered in the evaluation of the best 
matching applications and protocols. 

 Conversely, it is noticeable that the Femtocells Jitter is not much higher than the WiFi 
Jitter and is actually much more controlled when rated with the ping value. This suggests 
that Femtocells tend to be inherently slower in communications with intermittent bursts, 
but in a sort of stable, steady form.   
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6. Benchmarking tests in realistic environments 

6.1 Preliminary Assumptions 

The previous chapter has provided a general overview of the differences in terms of 
performances between a WiFi connection and a Femtocell one in an ideal scenario; these 
results are a good starting point for successive sets of tests that eliminate the ‘ideality 
condition’, in order to obtain more realistic measurements. 

The majority of times, indeed, the user is going to cope with a WiFi or Femtocell 
connection where the access point is located some meters apart and, mostly, separated by 
walls and other objects.  

In this chapter the effective impact of the above mentioned ‘obstacles’ is evaluated, thus 
achieving realistic results, corresponding to those obtained in any domestic environment 
or office of everyday life. 

 
 
 
6.2 Software Used 

- WiFi SiStr [43].It is a small Windows application that creates a floating window 
showing the WiFi signal strength all the time, with plenty of visual customization options. 
It is characterized by a simple floating bar that updates the signal strength in real time, 
providing very accurate information on every single WiFi network. 

- QoE (3G USB modem option)[44]: a functionality of an all-embracing application. It 
allows a real-time measurement of signal strength of a 3G connection. In other words it 
has more or less the same purpose of WiFi SiStr, but for the femtocell. 

- Speedtest.net [41].It is an online tool that tests Internet connection bandwidth (in upload 
and download) to locations around the world with this interactive broadband speed test 

 
 
 
6.3 Influence of distance and walls on the signal strength 

Before any statement and measurement it is very important to introduce the concept of 
signal strength, and explain how it biases and influence the results. The performance of a 
WiFi or 3G Femtocell network connection depends on this parameter; between a 
computer and  the access point, the signal strength in each direction influences the total 
data rate achievable along that connection.  

As a result, before taking any measurement it is necessary to evaluate the signal strength 
of both connections in order to obtain reasonable results. 

An  ideal scenario (distance computer- access point < 1m and no obstacles) is 
characterized by: 



74 

 

- WiFi signal strength: -33 dBm 

- 3G signal strength: -51 dBm 

The specifications of the 3G Femtocell Base Station (Alcatel Lucent 9361 Home Cell v2) 
guarantee a sensitivity of -107 dBm, while the specifications of the WiFi router (Linksys) 
state a maximum sensitivity of -95 dBm; therefore we can state that any Femtocell 
measurement below -100 dBm and any WiFi measurement below -90 dBmcould be 
unreasonable and lead to inconsistent results.Several factors influence the strength of 
signals; unfortunately, many of these factors are out of a user's control, and may lead to 
considerable losses in signal strength.  

Signals travel better through open spaces, hence if there are large or numerous 
obstructions between wireless transmitters and wireless receivers, the signal strength 
suffers. Common obstructions that come in between and weaken signal strength include 
walls, floors, furniture and appliances. In all instances, metal obstructions tend to have the 
biggest impact on wireless signal strength.  

Even when there are few obstructions between a transmitter and a receiver, the overall 
distance between them affects signal strength. Wireless signals cannot travel indefinitely, 
as they eventually disperse and become absorbed by the surrounding environment. With a 
WLAN, a wireless router positioned at one end of a building may not be able to 
communicate with a device at the opposite end, whereas cellular networks provide signals 
that can travel farther. 

In order to evaluate properly the impact of dispersion losses, three different scenarios 
have been prepared, taking account of  distance , walls/floors , and supporting walls 
(thicker and thus more dispersive than the other ones). 
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6.4 Brief Description of testing scenarios 

As stated above three scenarios are considered in order to: 

- Take into account the miscellaneous dispersive factors 

- Obtain a reasonable signal strength (and hence consistent results). 

 

The three chosen scenarios include: 

1. Interposition of a non-supporting wall and 10 meters of distance 
2. Interposition of a supporting wall and 10 meters of distance 
3. Interposition of a floor and 5 m of distance 

 

 

6.5 Evaluation of upload/download speed and ping 

Upload/download speed and the ping delay are evaluated in the three testing scenarios 
described above through the use of speedtest.net.  

Through the use of WiFi SiStr and QoE the signal strength detected in each scenario is: 

Scenario 1: -66 dBm  for the WiFi (33 dB less than the ideal case) 

  -81 dBm  for the Femto (30 dB less than the ideal case) 

 

Scenario 2: -70 dBm  for the WiFi (37 dB less than the ideal case) 

   -81 dBm  for the Femto (30 dB less than the ideal case) 

 

Scenario 3: -74 dBm  for the WiFi (41 dB less than the ideal case) 

-87 dBm  for the Femto (36 dB less than the ideal case) 
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6.5.1 Scenario 1: interposition of a non-supporting wall and 10 m of 
distance 
 

Results of “speedtest.net” 

 

WiFi connection 

Signal strength :  -66dBm   ( 33 dB less than the optimal relevated) 

 

Order Download speed (Mb/s) Upload speed (Mb/s)  Ping (ms)  

1 12.50 7.31  10  

2 10.68 7.96  8  

3 11.50 8.02  10  

4 11.10 5.42  9  

5 12.24 7.66  9  

 

 

Femtocell connection 

Signal strength:  -81dBm  ( 30dB less than the optimal relevated) 

 

Order Download speed (Mb/s) Upload speed (Mb/s)  Ping (ms)  

1 6.41 1.00  138  

2 6.55 1.03  141  

3 6.52 1.05  141  

4 6.55 0.98  154  

5 6.45 1.05  139  
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6.5.2 Scenario 2: interposition of a supporting wall and 10 m of distance 
 
Results of “speedtest.net” 

 

WiFi connection 

Signal strength :  -70dBm   ( 37dB less than the optimal relevated) 

 

Order Download speed (Mb/s) Upload speed (Mb/s)  Ping (ms)  

1 6.40 3.42  8  

2 8.18 6.81  14  

3 10.65 5.65  9  

4 10.49 5.37  15  

5 7.14 3.11  8  

 

 

Femtocell connection 

Signal strength :  -81dBm   ( 30dB less than the optimal relevated) 

 

Order Download speed (Mb/s) Upload speed (Mb/s)  Ping (ms)  

1 6.25 0.95  168  

2 6.49 0.72  165  

3 6.35 1.05  155  

4 6.29 1.06  162  

5 6.43 1.00  128  
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6.5.3 Scenario 3: interposition of a floor and 5 m of distance 
 

Results of “speedtest.net” 

 

WiFi connection 

Signal strength :  -74dBm   ( 41dB less than the optimal relevated) 

 

Order Download speed (Mb/s) Upload speed (Mb/s)  Ping (ms)  

1 12.32 7.59  12  

2 11.80 6.69  10  

3 12.23 7.23  13  

4 11.83 8.47  12  

5 13.86 7.39  10  

 

 

Femtocell connection 

Signal strength :  -87dBm   ( 36dB less than the optimal relevated) 

 

Order Download speed (Mb/s) Upload speed (Mb/s)  Ping (ms)  

1 5.61 1.00  143  

2 6.25 0.99  129  

3 6.33 0.98  141  

4 6.65 1.06  130  

5 6.48 0.99  136  
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6.6 Tests Assessment 

 
 
The results of the tests executed can be summarized in table format: 
 
 
 
WiFi 
 
Scenario Download speed in the 

scenario / Download speed 
ideal case 

Upload speed in the 
scenario / Download speed 

ideal case 

 

1 93.6 % 

(- 6.4 %) 

74.8 % 

(- 25.2 %) 

 

2 69.1 % 

(- 30.9 %) 

50.1 % 

(-49.9 %) 

 

3 100 % 

N.A. 

76.9 % 

(- 23.1 %) 

 

 
 
 
Femtocell 
 
Scenario Download speed in the 

scenario / Download speed 
ideal case 

Upload speed in the 
scenario / Download speed 

ideal case 

 

1 100 % 

N.A. 

100 % 

N.A. 

 

2 100 % 

N.A 

93.7 % 

(-6.3 %) 

 

3 100 % 

N.A. 

98.4 % 

(- 1.6 %) 

 

 
 
Instead of simply listing the upload and download speeds recorded during the speed tests 
executed so far, it is far more useful registering the variations (in terms of percentage) in 
respect to the ideal case (Chapter 5). 
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The results are interesting, because they show a better resistance of the Femtocell to the 
impact of distance and to the interposition of walls; equally, it can be noticed that the 
signal strengths of the Femtocell 3G connection are slightly less attenuated than the ones 
of the WiFi connection. 
 
It is well known that the signal quality strongly conditions the network performances 
(bandwidth, ping, jitter packet losses etc…), but the issue is how to explain the 
differences in performances between the Femtocells and the WiFi.  
 
However, as indicated in Chapter 4, detailed analyses on propagation in indoor 
environment – a major subject of study “per se”- is outside the scope of this work and the 
following discussion is limited to an understanding of the aspects which are expected to 
have an impact on the way Femtocells or WiFi systems support user applications and 
related protocols.  
 
In the course of the years, various models have been elaborated to predict path losses and 
field strengths in dependence to the frequency of transmission.  
 
Although a number of recent researches have been undertaken on specific aspects with 
various results (e.g. [37], [38]), the two most commonly known models for general 
application are still: 
 
- Okumura Hata (COST-231) Model for predicting path losses and field strengths in a 
Macro-cell environment over a range of 1-100km for different heights of cellular towers. 
- The Keenan Motley model for the outdoor- indoor propagation: indoor losses using KM 
Model are evaluated at different transmitter –receiver distances. 
 
The second model (KM model) is the one taken into consideration in this case, as 
suggested by [3], but only as an initial lead and only insofar as relative signal strengths at 
different location are concerned (i.e. not to evaluate absolute values –neither in ideal nor 
in realistic conditions- which depend on too many other parameters such as transmitter 
power control). Thus: 
 
LdB = 32.5 + 20log10 (f) + 20 log10 (d) + (NWXW),  
 
Where f is the carrier frequency, d is the transmitter - receiver separation, NW is the 
number of walls and W is the wall loss factor. 
 
The equation shows that the losses of signal strength tends to increase if the carrier 
frequency tends to increase(not linearly). We know that: 
- WiFisystems work at 2.4 GHZ 
- Femtocells (3G) work at 1.8 GHZ 
 
It can be inferred that use of Femtocells result in reduced power loss due to the 
(critical) aspects of propagation when compared with WiFi systems, since 3G 
Femtocell carrier frequency is lower than the WiFi carrier frequency; consequently, the 
performances obtained by the Femtocell connection in the three scenarios are 
proportionally less degraded than those obtained by the WiFi. 
 
While this qualitative explanation of the different behavior of Femtocells versus WiFi is 
consistent with the test results, two quantitative aspects need some further considerations:  
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- the amount of experienced loss,  
- the reduced effect on performances of scenario 3 versus scenario2, although pure values 
of signal strength would suggest otherwise. 
 
On the first aspect, the impact of the walls and the floors on the obtained results has to be 
evaluated first. The following figure shown in [4] depicts a typical set up where 
transmitter and receiver are placed in adjacent (and large) rooms; it is evident the impact, 
in terms of decline of signal strength, of a reinforced concrete wall. 
 

 
 
Figure 15. Decline of signal strength in relation to the distance and the separating walls 

 
 
An additional attenuation around 2 dB and 5 dB at 1.8 GHz for different types of walls is 
implied, while other publications such as [37] suggest higher values, for example 4dB for 
simple walls (less than 20 cm.) and up to 14-18 dB for thick walls (60 cm.) with 
reinforcement. 
 
The experiment results are broadly consistent with the situation outlined by the figure 
above, but only when complemented by additional attenuation, either due to an actual 
larger walls influence –consistent with [37] and other publications- or by other effects as 
multipath or additional interfering effects. 
 
Namely, it can be deduced from Scenario 1 that a distance of 10 m. and insertion of a non 
supporting wall in the horizontal direction has significant effects on Femtocells (-30 dB 
versus ideal case) and WiFi (-33 dB versus ideal case). 
 
Comparison of Scenario 1 and 2 suggest that the difference between inserting supporting 
or non supporting wall has little if any impact on Femtocells but a significant one on WiFi 
(additional wall attenuation goes up to 14-15 dB).  
 
Scenario 3 suggests a further significant decrease in signal strength when transmitter and 
receiver are on different floors, even if the distance is shorter than for Scenarios 1 and 2. 
Noticeably, the decrease in signal strength is more remarkable for Femtocells (an 
additional 5-6 dB) than for WiFi (an additional 4 dB). This effect is consistent with some 



82 

 

literature (e.g. section 3.2 of [1]) or may be due to the interaction of particularly low 
incidence angles of the transmitted signal with the composite-metallic infrastructure of 
the floor (low angles are shown in literature as being much better modeled by ray-analysis 
than by KM  model), but detailed analyses on specific propagation effects –well beyond 
the scope of this work- would be required for exhaustive conclusions.  
 
Such analyses would also need to take account of the intertwined role of power control: 
received signal strength may appear reduced not only because of larger attenuation but 
also because power control at the transmitter inhibits transmission at maximum power 
when unnecessary; as a matter of fact in Scenario 3 Femtocells operate at -or extremely 
close to- the maximum nominal speed achieved in ideal conditions, hence the transmitter 
does not need to be pushed too high in power (which is instead the case for Scenario 2 –
for both techniques- and for WiFi still in Scenario 3 uplink).  
 
These considerations may contribute to explain why the most critical speed performances 
in both cases (Femtocells and WiFi) are induced by Scenario 2 that implies a supporting 
wall with reinforcement, while the largest attenuation, hence the lowest signal strength, is 
induced by Scenario 3 (shorter distance but different floors). However, for this aspect 
signal strength is only part of the overall situation, hence part of the possible explanation: 
noise, including interference, plays another important role and here characterization of 
actual values of these parameters in the University environment (where tests were done) 
is even more challenging and anyhow even more out-of-scope. 
 
For what concerns the purpose of the tests, suffice to say that realistic conditions very 
frequently encountered in indoor environments, such as non-negligible distance and/or 
interposed obstacles, weaken WiFi signals in a very significant way , much more than 
Femtocells signals. 
 
Even more relevant to this work, is the comparative, albeit brief, consideration of 
performance: 
 
- Femtocells nominal up-down link speed is only very marginally affected by typical 
indoor non-ideal conditions, hence it can be deduced that all the user 
applications/protocols tested in the following chapters would continue to operate without 
major shortfalls or unexpected dramatic fall in performances: in one word Femtocells are 
robust in any reasonable indoor environment. 
 
- WiFi nominal up-down link speed is significantly affected by less-than-ideal indoor 
conditions: out of 6 tests cases, only 2 remain almost unaffected, while 3 exhibit around 
30% drop in speed and one even 50% drop. Against this background, it has to be 
highlighted that preservation of (close to) nominal behavior of user applications/protocols 
in non-ideal indoor scenarios cannot be assumed “a priori” and need to be validated case 
by case. Major shortfalls are not out of the question: in one word WiFi robustness to 
variable indoor environments is not a verified general feature. 
 
 



83 

 

7. Web-access through HTTP Tests 

7.1 Preliminary Assumptions 

This section is going to deal with HTTP; this protocol is actually the most used for any 
operation of web surfing, download of data from the Internet and further operations. Due 
to its importance, the chapter is going to be divided in three sections:  

- A first section about HTTP downloading: it is going to give us a general overview of the 
differences in terms of performances between a WiFi connection and a 3G one in a 
common downloading from the Web scenario.  

- A second, and more embracing section, that deals with the HTTP access to Web-pages. 
In this section we are going to deeply evaluate the differences between a Femto-based 
access and a WiFi one. 

- A third section that is going to deal with an HTTP access in a realistic scenario. In other 
words one of the scenarios described in the previous chapter is chosen in order to execute 
the HTTP tests. 

 

7.2 Software used 

Downtester [42]. An utility that allows you to easily test your Internet download speed in 
multiple locations around the world. It automatically tests the download speed of the 
URLs that are chosen, one after another. It moves to the next download URL after the 
specified number of seconds has been elapsed or after it downloads the specified amount 
of KB 

QoE[44]. An articulated applications that allows the real-time monitoring of the HTTP 
traffic. It consents to choose and organize off-line, a set of web pages, used to run a real-
time analysis and capture HTTP traffic. 
 
Thinkbroadband.com [45]. An Internet utility that allows to download test files of various 
dimensions (from 5MB up to 1GB); in this way any user can test the download speed 
from servers over a prolonged lapse of time. 

 
 
7.3 HTTP Download/Upload Tests 

The first bundle of tests regardsan HTTP download from [45], according to the following 
steps: 
 
- Downtester is opened and, on the screen regarding the URL of the file to be 
downloaded, the link of the 5MB test file is pasted ten times 
 
- Downtester is launched: it will automatically execute the download ten consecutive 
times and register the average speed achieved 
 



84 

 

- The procedure is repeated for a 20 MB file and a 100 Mb one (both with a WiFi 
connection and with a 3G one  
7.3.1 Speed for 5 MB files 
 
Results of downtester.net (5MB file) 

WiFi connection 

Order Speed (Kbytes/s) Speed (Mbits/s) 

1 1126.0 9.22 

2 1153.9 9.45 

3 1183.0 9.69 

4 1149.8 9.42 

5 1174.6 9.62 

6 1088.7 8.92 

7 1103.2 9.04 

8 1250.6 10.25 

9 1196.0 9.80 

10 1246.0 10.21 

 

Femtocell connection 

Order Speed (Kbytes/s) Speed (Mbits/s) 

1 599.3 4.91 

2 625.1 5.12 

3 586.7 4.81 

4 545.3 4.47 

5 743.5 6.09 

6 647.9 5.31 

7 715.2 5.86 

8 702.1 5.75 

9 571.7 4.68 

10 645.8 5.29 
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7.3.2 Speed for 20 MB files 

Results of downtester.net (20MB file) 

 

WiFi connection 

Order Speed (Kbytes/s) Speed (Mbits/s) 

1 1254.2 10.27 

2 1253.1 10.27 

3 1323.9 10.85 

4 1385.6 11.35 

5 1461.2 11.97 

6 1506.7 12.34 

7 1305.5 10.69 

8 1388.5 11.37 

9 1489.5 12.20 

10 1494.6 12.24 

 

Femtocell connection 

Order Speed (Kbytes/s) Speed (Mbits/s) 

1 693.8 5.68 

2 701.1 5.74 

3 679.6 5.57 

4 669.6 5.49 

5 554.1 4.54 

6 546.6 4.48 

7 587.0 4.81 

8 593.1 4.86 

9 568.2 4.66 

10 699.3 5.73 
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7.3.3 Speed for 100MB files 

Results of downtester.net (100MB file) 

 

WiFi connection 

Order Speed (Kbytes/s) Speed (Mbits/s) 

1 1357.2 11.12 

2 1402.3 11.49 

3 1320.5 10.82 

4 1419.8 11.63 

5 1527.0 12.51 

6 1392.0 11.40 

7 1465.9 12.01 

8 1154.4 9.46 

9 1201.8 9.85 

10 1150.0 9.42 

 

Femtocell connection 

Order Speed (Kbytes/s) Speed (Mbits/s) 

1 655.4 5.37 

2 656.7 5.38 

3 652.7 5.35 

4 642.5 5.26 

5 656.7 5.38 

6 660.6 5.41 

7 652.8 5.35 

8 666.1 5.46 

9 666.0 5.46 

10 659.4 5.40 
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7.4 Q.o.E. in an ideal scenario 

This section deals with the most important part of the chapter: the Real time monitoring 
of the HTTP traffic. As described above, through the help of Q.o.E analyzer it is possible 
to evaluate and discuss the results of an HTTP access, alternatively made by WiFi and 
Femtocells.  
 
As a result, the topic is a complete and all-embracing monitoring of HTTP 
trafficduring the access with Femtocells and WiFito five of the ten most visited 
Internet sites in the UK, that are: 
 

- www.bbc.co.uk 
- www.facebook.com 
- www.google.co.uk 
- www.vodafone.co.uk 
- www.yahoo.co.uk 

 
 

It is now going to be shown the result of the complete analysis. 

 

 

Figure 16. Percentage of text, images, applications and video in each website 

 

Figure 16 shows the website profile characteristics based on the % of objects present in 
each website. We categorize each website into a profile group based on its characteristics 
and properties; this method enables us to comprehensively assess the performance of the 
networks based on each website profile type.  
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Figure 17(below) shows the average time to download a page; the vertical axis indicate 
the average total time in seconds from the start of the first html request to the last request. 
It is easy to guess that the shorter the download time is, the better is the user 
experience. 

 

Figure 17. Average download time for each site 

 
 
Figure 18 (below) is used to find the total time to download a page. It shows the total time 
in seconds from the start of the first html request to the last request. The individual results 
for BBC and facebook are shown below. It has to be noticed that BBC has got an higher 
percentage of  application objects than facebook; for this reason the download times are 
higher.  
 
 

 
 

Figure 18. Download time of  bbc and facebook Internet pages 
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Figure 19 shows the variability or dispersion of the download times. A low variation 
download time indicates that in each experiment the time taken to download the webpage 
was very close to the same value (the mean). A high variation  time indicates that in each 
experiment the download time of the webpage was “spread out” over a large range of 
values; to sum up it indicates a negative user experience. 
 

 
 

Figure 19. Download time variation for each site 

 
Figure 20 shows how much content was received in two websites (BBC and facebook). 
This information can give an indication of how much content is compressed by different 
operators; compression is one of the factors that is directly linked to the page loading 
time. The higher the compression the faster the page loading time will be. In this test we 
are looking to detect the presence of image optimization proxies within the network. 
 

 
Figure 20. Bytes received from BBC and facebook during the access 
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Goodput is the application level throughput, i.e. the number of useful bits per unit of time 
forwarded by the network from a certain source address to a certain destination, excluding 
protocol overhead, and excluding retransmitted data packets. For example, if a file is 
transferred, the goodput that the user experiences corresponds to the file size in bits 
divided by the file transfer time. The goodput is generally lower than the throughput (the 
gross bit rate that is transferred physically), which generally is lower than network access 
connection speed (the channel capacity or bandwidth). A low goodput value may indicate 
problems with  
a) Retransmission of lost or corrupt packets due to transport layer automatic repeat 
request (ARQ), caused by bit errors or packet dropping in congested switches and routers, 
is included in the datalink layer or network layer throughput but not in the goodput.  
b) Transport layer flow control and congestion avoidance, for example TCP slow start, 
may cause a lower goodput than the maximum throughput 
 

 
 

Figure 21. Average goodput in each Internet site 

 

 

 

  

Figure 22a and 22b show the different timing phases present in the HTTP requests.  
Block --> DNSLookUp --> Connect --> Sent --> Wait --> Receive --> CacheRead  
- Block: Time spent waiting for a network connection to become available  
- DNSLookUp: Time to resolve a host name  
- Connect: Time taken for a new TCP level connection to be established  
- Send: Time required to send the HTTP request message to the server  
- Wait: The idle time taken to receive a response message from the server.  
- Receive: Time taken to receive the response message from the web server  
- CacheRead: time taken to read the content from the browser cache during 304 
responses. 
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Figure 22a.  Timing percentage during an HTTP access with 3G connection 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 22b.  Timing percentage during an HTTP access with WiFi connection 
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7.5 Q.o.E. in a realistic scenario 

The tests executed so far in the ideal scenario are repeated in a realistic scenario, that is 
the first one of chapter 6 (interposition of a non-supporting wall and 10 m distance). In 
that place the signal strength both of the WiFi and of the Femto would be lower and the 
obtained results would be comparable to the ones obtained in a domestic environment 
(when a user is executing an HTTP access). 
 
Results are shown below. 
 
 
Figure 23 shows the website profile characteristics based on the % of objects present in 
each website; since we are using the same websites as before, we are going to obtain the 
exact same results. 
 
 
 

 
 
 

Figure 23. Percentage of text, images, applications and video in each website 
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Figure 24 shows the average time to download a page; the vertical axis indicate the 
average total time in seconds from the start of the first html request to the last request. It 
is easy to guess that the shorter the download time is, the better is the user 
experience. 

 
 

Figure 24. Average download time for each site 

 
Figure 25 is used to find the total time to download a page. It shows the total time in 
seconds from the start of the first html request to the last request. The individual results 
for each test are shown below. 
 

 
 
 

Figure 25. Download time for bbc.co.uk and facebook.com 
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Figure 26 shows the variability or dispersion of the download times. A low variation 
download time indicates that with each experiment the time taken to download the 
webpage was very close to the same value (the mean). A high variation time indicates that 
with each experiment the download time of the webpage was “spread out” over a large 
range of values. A high variation download time indicates a negative user experience. 
 

 
Figure 26. Download time variations for the Internet sites under test 

 
Figure 27 shows how much content was received. This information can give an indication 
of how much content is compressed by different operators. Compression is one of the 
factors that is directly linked to the page loading time. The higher the compression the 
faster the page loading time will be. In this test we are looking to detect the presence of 
image optimization proxies within the network. 
 

 
Figure 27. Bytes received when accessing bbc.co.uk and facebook.com 
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Such as in the previous subchapter, figure 28 shows us the average goodput received in 
this new scenario. It has to be noticed that the average goodput level are considerably 
lower than before, because of the decline of the signal strength. 
 

 
 

Figure 28. Average goodput in each Internet site 

 
 
Figure 29a and 29b show, as before, the different timing phases present in the HTTP 
requests.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 29a.  Timing percentage during an HTTP access with 3G connection 



96 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 29b.  Timing percentage during an HTTP access with WiFi connection 
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7.6 Web access through HTTP tests assessment 

Web access through HTTP is a highly interactive process which exhibits: 

- Inherent, extremely good match to the WiFi access scheme and configuration: a typical 
user either transmits a request or receives a downloaded page from the server and the 
operations are executed in sequence, exactly as suitable for the WiFi “half duplex” type of 
operations, thus using the whole capacity available in the shared wireless channel. 
Furthermore, direct access to the IP global network simplifies and accelerates the required 
protocol interactions.  

- Variable (but not optimal) degrees of match with Femtocells architecture. FDD 
separation of up- and down-link works but does not provide particular advantages as it 
would if overlapping transmit/receive or contending or continuous events were frequent.  
The sophisticated non-interfering HSDPA/HSUPA resource assignment and balancing is 
useful only in situations with multiple users and/or marginal propagation conditions while 
in ideal conditions with only a single access does not add much and still suffers from the 
relatively limited capacity available. Furthermore the relatively complex back-end tail -
which goes through HNB GW and other mobile operator elements before reaching the 
global IP network and thus the server- is prone to add significant penalties (mostly 
delays) in the case of frequent interactions as with HTTP.  

 

This concept summary is consistent with and confirmed by the results obtained, starting 
with the basic test in the ideal scenario. 

The HTTP basic tests show download speed mostly in the range 10-12 Mbit/s, which is in 
line with the benchmarking tests executed through trivial ping, i.e. any additional factors 
implied by a more complex protocol and applications are well absorbed and do not imply 
any additional penalties. 

Not surprisingly, WiFi down-load speed increases with the size of the down-loaded files: 
the longer the simple transfer is, the better is absorbed the initial transition time to ask for 
and initiate down-load which becomes negligible as compared to the whole duration of 
the transfer. 

The Femtocells basic tests show a download speed mostly in the range 5-6 Mbit/s, which 
is also in line with the benchmarking tests: individual downloads keep the HTTP 
interactions simple enough to be comparable with trivial ping and do not reveal (in this 
test) additional penalties from the back-end tail. Local speed over the-air has no reasons 
to become either faster or slower than in the benchmarking tests, hence the alignment. 

Femtocells download speed does also increase with the size of the downloaded file for the 
same reasons explained for WiFi, but this effect is systematic and noticeable only for 
major changes of size (e.g. from 10 MB to 100 MB) probably because the possible 
margins of improvements are so limited that limited changes of size are difficult to 
discern from.      

 

Q.o.E. tests suggest an even better insight into the issues related to HTTP handling by 
Femtocells and WiFi across a number of different sites and applications, starting from 
tests conducted in ideal conditions.  
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Average loading time for a page is typically 3-14 seconds for Femtocells and 1-3 seconds 
for WiFi (ratio between 3 and 5 times, depending on sites and applications) to which 
correspond average Femtocells goodput in the range 60-120 KB/s. and average WiFi 
goodput in the order of 120-330 KB/s (ratio between 2 and 3 times, depending on sites 
and applications). These values and their relationships are linked to the inherent 
mechanics and features of the 2 different techniques.  

The difference in loading time is neither dependent on content/content compression –
shown to be comparable by measurements- nor by the efficiency of HTTP protocol 
management, since the number of TCP sessions are just slightly higher for Femtocells and 
only in some cases, certainly  causing not more than a small marginal deviation. 

The Femtocell slower down-load speed can explain only part of the difference between 
average loading times, typically a factor of 2 as gauged through basic tests.  

Analysis of the KPI graphs suggest as an explanation of the reason for the other half (or 
more) of the difference that the longer and more complex Femtocells back-end tail is 
responsible for a good deal of the much longer delay in average page download.  

For example, KPI on timing percentages across the chain show 3-4 seconds delay in 
Femtocells waiting for the BBC response (35% of 10 seconds loading time), while WiFi 
typically wait for 1 second (similar percentage, but out of a much shorter loading time 
around 3 seconds). Similar results are shown for Facebook access: typically 1.5 seconds 
in the case of Femtocells (50% of the total) and 0.4 seconds for WiFi (40% of the total).  

This waiting time and hence additional delay is indeed attributable to the long mobile 
operator chain between HNB and global IP access to the server in the case of Femtocells 
(forth and back), while WiFi can access directly to the global IP network and hence to the 
server (and back).  

This deduction is consistent with the observations made in the benchmarking tests on 
large difference between Femtocells and WiFi ping delays, well beyond what could be 
attributable to different down-load speeds: in both cases the back-end tail seems to add a 
delay around 50-90% on top of the difference inherent in the different down-load speed. 
The deduction is also coherent with the behavior of Femtocells jitter in page loading time, 
which is smaller (and comparable to WiFi) for the best cases with relatively short delay, 
i.e. when the overall back-end tail influence (which would introduce more random 
variations than the down-load transmission) is limited.  

On the other hand it is noticeable that the overall Femtocells penalty of large average 
page down-load time (3-5 times more than WiFi) does not translate into a penalty of 
similar magnitude as to total goodput (2-3 times less than WiFi). This can be probably 
attributed to the particularly efficient HSDPA with the HARQ scheme including 
Incremental Redundancy and Chase Combining, which can significantly limit the number 
of required full retransmissions. 

 

The analysis of Q.o.E. tests in realistic conditions re-affirms the above deductions and 
conclusions, with the addition of complementary considerations.  

High level patterns are consistent with those measured in ideal conditions, however:  
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- Femtocells average page download time is about twice (not much more) the WiFi down-
load time practically for all Web-sites, i.e. the difference is smaller (e.g. for BBC and 
Facebook is a factor of 2 rather than 3, even clearer reductions for Yahoo). This is 
attributable to the comparatively smaller degradation of performances of Femtocells 
versus WiFi in more difficult propagation conditions. 

- Conversely, goodput ratio between Femtocells and WiFi is not necessarily changed in a 
significant and corresponding way: Femtocells goodput remains around 1/3 of WiFi 
goodput in the case of BBC access, while it becomes around ½ (from 1/3) in the case of 
Facebook. Indeed,  considering the time used for transmission addresses only a part of the 
whole issue, which is also heavily influenced by the remote tail of access to the server, 
especially when this access is relatively cumbersome due to the type of download (e.g. 
more relevant for BBC than Facebook). 

- This is confirmed by the analysis of the KPI on timing percentages across the chain. The 
more difficult conditions in the wireless access portion are confirmed by a 
correspondingly increased delay (from 1 second to 6 seconds for WiFi access to BBC, 
due to an increase from 35% to 60% of the delay percentage and to an increase from 3 
seconds to 10 seconds of the total delay, from 0.4 to 1.2 seconds for WiFi access to 
Facebook, from 3.5 seconds to 8 seconds for Femtocells access to BBC and from 1.5 
seconds to 2 seconds for Femtocells access to Facebook). As expected and discussed 
above, this degradation in performances is more evident for the more sensitive WiFi.  

  



100 

 

8. Streaming through RTP Tests 
 

This chapter is going to deal with another important issue of our investigation: the 
streaming of video through the Web in Real-Time. Since nowadays the possibility of 
watching live-shows, events or live-television directly on the Internet or through apposite 
programs (such as sopcast), and the quality of the displayed video is an important 
evaluation criteria, we decided to dedicate this section entirely to the streaming via Web 
via Femto and WiFi. 

However, the limitation imposed by the firewall of King’s College and by Vodafone, that 
are allowed to block any sudden and consistent flow of data directed to a computer inside 
King’s Network, denied us the possibility to execute a complete streaming process. In 
other words, if we have two computers connected to the same WiFi Router or Femtocell 
(with a determined IP) and one of the two is streaming locally, these limitations prevent a 
computer to connect to the IP address of the other one for receiving the stream of data. 

As a result, the streaming analysis that has taken place refers to the broadcasting part, so 
from the point of view of the one that is actually streaming the video; however, the results 
of this section have been considerably interesting, since once more they have shown 
interesting differences between the two typologies of Internet access.   

 

8.1 Preliminary assumptions 

The streaming that is going to be analyzed by us relies on RTP, the real-time transport 
protocol. RTP provides end-to-end network transport functions suitable for applications 
transmitting real-time data, such as audio, video or simulation data, over multicast or 
unicast network services; it does not address resource reservation and does not guarantee 
quality-of-service for real-time services. The data transport is augmented by a control 
protocol (RTCP) to allow monitoring of the data delivery in a manner scalable to large 
multicast networks, and to provide minimal control and identification functionality. RTP 
and RTCP are designed to be independent of the underlying transport and network layers.  

The main reason for the choice of RTP streams to be broadcasted relies in their inner 
characteristics: a RTP frame is characterized as part of a sequence (RTP stream) and, 
even if it is often carried by UDP, its sequence number and other useful data can be found 
out through specialized software. Therefore we can trace the whole stream, and access to 
pieces of information (such as sequence errors, packet loss, jitter etc..) that allows a 
consistent comparison between WiFi and Femto streaming. 
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8.2 Software used 

-  Wireshark[46]. It is a free and open-source packet analyzer. It is used 
for networktroubleshooting, analysis, software and communications 
protocol development, and education; it is very similar to tcpdump, but has 
a graphical front-end, plus some integrated sorting and filtering options. Wireshark is 
software that "understands" the structure of different networking protocols. Thus, it is 
able to display the encapsulation and the fields along with their meanings of different 
packets specified by different networking protocols.  

-  VLC Media Player[47]. VLC is a free and open source cross-platform multimedia 
player and framework that plays most multimedia files as well as DVD, Audio CD, VCD, 
and various streaming protocols. 

 

8.3 Sustained streaming 

As partially explained above, the tests that are going to take place are articulated with 
these steps: 

- Choose a video (it is going to be repeated for videos of 6MB, 10MB, 20MB, 
30MB, 40MB, 60MB and 100MB) 

- Through VLC and the option ‘stream’ the video is streamed with RTP to 224.1.1.1 
(port 5004) 

- Another window of VLC is opened and connects to rtp://224.1.1.1:5004 (it is just 
for checking) 

- Wireshark is opened and start the capture of packets 
- After filtering the useless packets, the RTP stream is analyzed 

 

8.3.1     6 MB - 10 MB - 20 MB video 

The first streaming experiments are going to take place with three low dimension videos. 
They are not even proper videos, since the great majority of videos below the 20 MB are 
slideshows, cartoons or music with lyrics; an .avi video of this size has got a limited 
number of pixels, and the quality is very poor. 

WiFi connection 

Figure 30a shows the streaming results for the 20MB video: the packet losses are absent 
and there are no sequence errors. Furthermore the useful bit rate was 1178 kbps, far lower 
than the maximum available amount. 

Figure 30b shows instead the values of the forward jitter: generally the values are very 
low (<1ms) and do not affect the quality of the video. The reverse jitter, since we are just 
broadcasting, is absent. 
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Figure 30a. Packet losses, bandwidth and sequence errors 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 30b. Values of forward jitter and forward difference 
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3G connection 

Figure 31a shows the streaming results for the 20MB video: the packet losses are 0% and 
there are no sequence errors. Furthermore the reachable useful bit rate was 1178 kbps, 
very close to the very top available capacity (already above benchmarking results). 

Figure 31b shows instead the values of the forward jitter: generally the values are very 
low (<1ms) and do not affect the quality of the video. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 31a. Packet losses, bandwidth and sequence errors 

It may be noticed that figure 30a and figure 31a show the same values for the WiFi and 
the 3G connection. This is due to the low datarate of the video that is streamed: there are 
no packet losses and the uplink channel is not overloaded, so the streaming takes place, in 
both cases, in ideal conditions. In other words, the values obtained are the ideal ones in 
terms of bitrate reached, skew and delta; the unique parameter that differs is the jitter. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 31b. Values of forward jitter and forward difference  
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8.3.2 25 MB video 

A 25 MB .avi video starts to be more demanding for the streaming process: even if the 
number of pixels is generally not so high, the images are not faded and they are in 
constant motion (the in-motion sequences are generally harder to stream). 

 

WiFi connection 

Figure 32a shows the streaming results for the 25MB video: the packet losses are the 25% 
with 5 sequence errors, even if the amount of reached useful bit rate is 1171 kbps, lower 
than the maximum available capacity. These losses and the sequence errors slightly 
reduce the quality of the video: some parts are distorted, while elsewhere the flow of 
images suddenly stops 

Figure 32b shows instead the values of the forward jitter: generally the values are low 
(<1ms). Somewhere apparently there is no jitter: it simply means that there is a missing 
sequence, caused by the packet losses. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 32a. Packet losses, bandwidth and sequence errors 
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Figure 32b. Values of forward jitter and forward difference 

3G connection 
 
Figure 33a shows the streaming results for the 25MB video: the packet losses are 0% and 
there are no sequence errors. Furthermore the reached useful bit rate was 1443 kbps, 
extremely close to the maximum practically available amount. 

Figure 33b shows instead the values of the forward jitter: generally the values are very 
low (<1ms) and do not affect the quality of the video. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 

Figure 33a. Packet losses, bandwidth and sequence errors 
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Figure 33b. Values of forward jitter and forward difference 
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8.3.3 30 MB video 

A 30 MB video has generally the same characteristics of a 25 MB one: either is a bit 
longer or it has got a little bit better resolution. 

 

WiFi connection 

Figure 34a shows the streaming results for the 30MB video: the packet losses are the 
29.82% and there are 6 sequence errors. The amount of reached useful bit rate is 1106 
kbps, lower than the maximum available amount. These losses and the sequence errors 
slightly reduce the quality of the video: some parts are distorted, while elsewhere the flow 
of images suddenly stops 

Figure 34b shows instead the values of the forward jitter: generally the values are low 
(<1ms). Somewhere apparently there is no jitter: it simply means that there is a missing 
sequence, caused by the packet losses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34a. Packet losses, bandwidth and sequence errors 

 

 



108 

 

 

 

 

 

 

 

 

 

Figure 34b. Values of forward jitter and forward difference 

 

3G connection 

Figure 35a shows the streaming results for the 30MB video: the packet losses are 0% and 
there are no sequence errors. Furthermore the amount of reached useful bit rate was 1443 
kbps, extremely close to the maximum practically available amount. 

Figure 35b shows instead the values of the forward jitter: the values are not high but they 
are increasing if compared to the previous cases. 

 

Figure 35a. Packet losses, bandwidth and sequence errors 
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Figure 35b. Values of forward jitter and forward difference 

 

8.3.4 40 MB video 
Generally a 40 MB video has got a good resolution in terms of pixels (150 * 100 more 
than a 30 MB one), an higher data rate and more or less the same duration. 

 

WiFi connection 

Figure 36a shows the streaming results for the 40MB video: the packet losses are the 
41.69% and there are 9 sequence errors. The reached amount of useful bit rate is 976 
kbps, lower than the theoretical and practical (see benchmarking) maximum available 
transmission capacity. These losses and the sequence errors slightly reduce the quality of 
the video: many parts are distorted, while elsewhere the flow of images suddenly stops. 

Figure 36b shows instead the values of the forward jitter: generally the values are low 
(<1ms). In many parts apparently there is no jitter: it simply means that there is a missing 
sequence, caused by the packet losses. 
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Figure 36a. Packet losses, bandwidth and sequence errors 

 

 

 

Figure 36b. Values of forward jitter and forward difference 
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3G connection 

Figure 37a shows the streaming results for the 40MB video: the packet losses are 0% and 
there are no sequence errors. Furthermore the amount of reached useful bit rate was 1825 
kbps, which can be considered at the maximum practically available amount. 

Figure 37b shows instead the values of the forward jitter: the values are not high but they 
are increasing if compared to the previous cases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37a. Packet losses, bandwidth and sequence errors 
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Figure 37b. Values of forward jitter and forward difference 
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8.3.5 60 MB video 
 

60 MB video: very good quality music video or frame of a TV show 

 

WiFi connection 

 

Figure 38a shows the streaming results for the 60MB video: the packet losses are the 
45.40% and there are 8 sequence errors. These losses and the sequence errors reduce the 
quality of the video: many parts are distorted, while elsewhere the flow of images 
suddenly stops for long periods. 

Figure 38b shows instead the values of the forward jitter: generally the values are low 
(<1ms). In many parts apparently there is no jitter: it simply means that there is a missing 
sequence, caused by the packet losses. 

 

 

Figure 38a. Packet losses, bandwidth and sequence errors 
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Figure 38b. Values of forward jitter and forward difference 

3G connection 

Figure 39a below shows the streaming results for the 60MB video: the packet losses are 
the 28.88% and there are 4 sequence errors. These losses and the sequence errors slightly 
reduce the quality of the video: some parts are distorted, while elsewhere the flow of 
images suddenly stops. 

Figure 39b shows instead the values of the forward jitter: generally the values are low 
(<1ms). In some parts apparently there is no jitter: it simply means that there is a missing 
sequence, caused by the packet losses. 

 

Figure 39a. Packet losses, bandwidth and sequence errors 
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Figure 39b. Values of forward jitter and forward difference 

 

 

8.3.6 100 MB video 
A 100MB .avi video is generally a HQ music video. 

 

WiFi connection 

 

Figure 40a below shows the streaming results for the 100MB video: the packet losses are 
the 80.2% and there are 19 sequence errors. The video stops many times and in the few 
frames that apparently work the images are completely distorted. 

In the graph of the jitter (figure 40b), the majority of space is blank; it means that in all 
these section there was a sequence error and the streaming did not take place. 
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Figure 40a. Packet losses, bandwidth and sequence errors 

 

 

Figure 40b. Values of forward jitter and forward difference 
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3G connection 

Figure 41a shows the streaming results for the 100MB video: the packet losses are the 
70.79% and there are 4 sequence errors. The video stops many times and in the few 
frames that apparently work the images are completely distorted. 

In the graph of the jitter (figure 41b), the majority of space is blank; it means that in all 
these section there was a sequence error and the streaming did not take place. 

 

Figure 41a. Packet losses, bandwidth and sequence errors 

 

 

 

 

 

 

 

Figure 41b. Values of forward jitter and forward difference 

If compared to the graph of the jitter in the WiFi connection, we can notice that the 
interruptions are less frequent (3 in 2.5 seconds instead of 5) but longer.  
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8.3.7 Streaming through RTP tests assessments 
 

The following tables and graphics are used to sum up the results obtained in the streaming 
tests: 

WiFi       

       

       

Video dimensions Packet losses Bitrate audio (kbps) Datarate video (kbps) Pixels Duration Scale 

       

6 MB 0.00% 128 254 480*360 3.26 0.75 

10 MB 0.00% 128 263 600*480 3.45 0.75 

20 MB 0.00% 128 633 320*240 4.27 0.75 

25 MB 25.00% 128 979 480*270 3.13 0.75 

30 MB 29.82% 128 969 480*270 3.55 0.75 

40 MB 41.69% 128 1450 640*360 3.26 0.75 

60 MB 45.40% 128 1752 720*480 4.51 0.75 

100 MB 80.20% 128 3557 720*576 3.55 0.75 

       

       

Femtocell       

       

       

Video dimensions Packet losses Bitrate audio (kbps) Datarate video (kbps) Pixels Duration Scale 

       

6 MB 0.00% 128 254 480*360 3.26 0.75 

10 MB 0.00% 128 263 600*480 3.45 0.75 

20 MB 0.00% 128 633 320*240 4.27 0.75 

25 MB 0.00% 128 979 480*270 3.13 0.75 

30 MB 0.00% 128 969 480*270 3.55 0.75 

40 MB 0.00% 128 1450 640*360 3.26 0.75 

60 MB 28.88% 128 1752 720*480 4.51 0.75 

100 MB 70.79% 128 3557 720*576 3.55 0.75 
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WiFi 
 
 
 
 
 
 
 
 
 
 
 
 
Femtocell  
 
 
 
 
 
 
 
 
 
 
 
 
As clearly shown by the previous tables and graphics, streaming applications through 
RTP are an excellent match to Femtocells, which not only exceed by a large margin WiFi 
performances but do also exceed by a significant margin their own benchmarking results 
of section 5, in terms of usable bit rate. 
 
On the opposite side, streaming applications through RTP do not match at all the inherent 
features of WiFi, which not only underperform by a large margin Femtocells but do also 
fall short of their own benchmarking results of section 5 by a large amount in terms of 
usable bit rate. 
 
Analysis of the various time diagrams, of the example sequence descriptions and of the 
reached useful bit rate versus the requested ones for different sizes of streaming files (all 
transmitted within comparable time periods) suggest the following considerations: 
 
- The HSUPA scheme allows Femtocells to fully optimize the use of the available spread 
spectrum DPDCH channels, which can transport RTP frames with very high efficiency 
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due to the continuous nature of the streaming: once assigned at the beginning of the 
streaming session, these channels remain in service and keep being exploited at maximum 
capacity, demodulation and decoding is done at best, HARQ is always in progress and 
variability of video sequences can be absorbed by buffering so long as the average 
requested bit rate does not exceed the very top HSUPA rate. 
 
- As confirmation of these deductions, it is very significant that the Femtocell neither 
loses packets nor misses sequence ordering so long as the sheer uplink HSUPA rate is 
capable to cope; it starts with 1178 Kbit/s for 20 MB files, follows the increasing requests 
running at 1443 Kbit/s up to the top capability of 1825 Kbit/s: useful bit rates appear to 
get higher just enough to cope with 25 MB, 30 MB and 40MB files thus fully exploiting 
buffer elasticity. This can also be tracked in the various graphic representation of the 
sequence. At the bottom end of the range of no-packet-loss, periods with very dense  
transmission pulses (rapid video transitions, when the buffering is pushed) are interleaved 
with periods with less dense pulses (less rapid video transitions, when buffering can 
recuperate some margin for the next dense period); at the top end of the range, the whole 
sequence tends to be characterized by continuous dense pulses obviously corresponding 
to more dynamic video/audio. At this point buffering is pushed to the limit and then 
breaks when trying to go even faster; as a matter of fact, beyond 40 MB files buffering 
and optimal use of the available capacity is not sufficient anymore because streaming 
requires more than HSUPA can offer and packet losses become unavoidable. Yet, 
degradation is progressive (at 60 MB Femtocell still do a decent –albeit largely imperfect- 
communication job) and not vertically plunging. 
 
- On the other hand, the CSMA/CD scheme does not match well streaming/RTP and does 
not allow WiFi to make full use of the capacity that would be in principle available (but 
not easy to manage for this application). Cascading protocols layer after layer, from RTP 
to UDP to LL to MAC to PHY, in combination with the access scheme appear to suffer 
from inefficiency. This may depend on the need of observing some “pause time” to 
“capture the channel” in CSMA/CD even with low load: if this capture process is 
executed (almost) every new packet burst requested by the streaming application, a good 
deal of the available capacity on the shared channel remains under-utilized while the 
process to “capture the channel” cannot be repeated frequently enough to cope with the 
increasing rate of packet bursts generated by the streaming files of larger size. 
 
- Again, this concept finds some confirmation in the experimental results. The only file 
not affected by packet/sequence loss is the 20MB file, for which the useful bit rate going 
through is exactly the same as in the case of Femtocells (1178 Kbit/s): clearly what the 
streaming needs. As soon as the streaming file size increases, the useful bit rate decreases, 
due to packets loss becoming more and more evident. So, while femtocells throughput 
can climb up to 1443 Kbit/s and then 1825 Kbit/s and handle streaming files up to 40 MB, 
WiFi shows a decreasing value of useful bit rate for the same files: from 1178 to 1171, to 
1106 to 976 while the packet loss increases from 0% to 25%, to 29%, to 41%. 
Interestingly enough, about the same percentage that is missing between the useful bit 
rate of the WiFi (which loses packets in this range of file sizes) and the useful bit rate of 
the Femtocell (which does not loose packets in this range of file sizes). Another 
observation supporting the above deductions comes again from the comparison of the 
graphic representations of the Femtocell and WiFi transmitted sequences for 20, 25, 30, 
40 MB: it appears that WiFi tends to experience packets loss in correspondence of time 
intervals when the jitter has relative maximum periods and/or the pace of the streaming 
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requests changes, which can be handled much better by the Femtocell access/buffering 
mechanism than by the WiFi one. 
 
 
In conclusion, streaming through RTP is definitely (one of) the user application(s) best 
matching Femtocells inherent features, namely in terms of access scheme, to the point 
that Femtocells performances significantly exceed benchmarking and WiFi, thus more 
than compensating the basic penalties identified in Chapter 5. 
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9. VoIP tests 
This section is dedicated to the testing of VoIP applications.  
Difference of performances between a WiFi based connection and a Femtocell based one 
are evaluated through a series of preliminary tests and a series of advanced ones. 
 
Since the quality of a VoIP call depends also on some basic parameters, such as ping, 
jitter, packet losses, download/upload speed and download/upload consistency, the tests 
executed at the very beginning are not very different from the benchmarking ones; 
however they can give just partial and incomplete pieces of information for discovering 
exhaustively the performances of a VoIP call. 
 
In general, it is true that the faster your Internet connection, the better voice quality 
you will get from VoIP providers, the mere analysis of the above parameters is not 
sufficient to determine the actual performances as perceived by users. 
 
In this chapter, therefore, a more exhaustive way to find out the quality of a VoIP call is 
introduced and is used to analyze and discuss the difference between VoIP using a 
Femtocell connection and VoIP using a WiFi connection. 
 

9.1 Preliminary assumptions 

 
As stated above, a good upload/download speed on the computer is an optimal starting 
point for achieving a good quality during a VoIP call. Other two parameters that are 
fundamental for a good quality are the jitter  and the packet losses.  
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 42. Quality estimation of a VoIP call 
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Figure 42, that is one part of an online test for the VoIP, shows clearly that a jitter beyond 
the 10 ms and packet losses beyond the 2% lead to a poor quality of the call and, if they 
are even higher, to broken sound. 
 
The bundle of preliminary (or basic) testslead to a measurement of jitter, packet 
losses, packet discards and upload/ download consistency of service. 
 
However there is another way to obtain a unique result that sum up all the parameters 
enumerated above: the MOS. It is a test that has been used for decades in telephony 
networks to obtain the human user's view of the quality of the network. In multimedia, 
especially when codecs are used to compress the bandwidth requirement, the MOS 
provides a numerical indication of the perceived quality of received media after 
compression and/or transmission from the users' perspective. The MOS is expressed as a 
single number in the range 1 to 5, where 1 is lowest perceived audio quality, and 5 is the 
highest perceived audio quality measurement. 
 
Even if the MOS is a subjective 'opinion' rating of call quality given by someone who was 
just on a voice call, it can be also calculated if jitter, latency and packet losses are 
known values. The advanced tests take into account and evaluate the MOS value of a 
simulated VoIP call, executed alternatively with a WiFi connection and a Femtocell one.  
 

Nowadays Compression/decompression (codec) systems and digital signal processing 
(DSP) are commonly used in voice communications and can be configured to 
conserve bandwidth, but there is always  a trade-off between voice quality and bandwidth 
conservation. The best codec provides the best bandwidth conservation while producing 
the least degradation of voice quality. Bandwidth can be measured quantitatively, but 
voice quality requires human interpretation, although estimates of voice quality can be 
made by automatic test systems; in other words, through these systems, the cognition of 
the codec that is used in the call can lead to an estimation of the MOS for that call. 

 

9.2 Software used 

 
-  Voipreview.org/voipspeedtester [48].  Online program that evaluates the basic 
parameters of a VoIP phone call. In general, the faster is the Internet connection, the 
better voice quality is obtained from VoIP providers. 
-  myspeed.visualware.com [49].  Another online program that instead allows the 
calculation of all parameters necessary for the evaluation of the MOS 
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9.3 Basic tests 

Results of  Voipreview.org/voipspeedtester 
 
 
WiFi connection 
 

Order Download 
consistency 
of service 

Upload 
consistency 
of service 

Average 
round trip 

time 

Jitter Packet 
losses 

Packet 
discards 

1 60 % 92 % 149 ms 9.6 ms 0 % 0.2 % 

2 72 % 88 % 146 ms 8.0 ms 0 % 0 % 

3 80 % 87 % 158 ms 10.3 ms 0 % 0.8 % 

4 90 % 86 % 157 ms 10.9 ms 0 % 0.4 % 

5 80 % 76 % 154 ms 8.6 ms 0.4 % 0 % 

 

 

Femtocell connection 

 

Order Download 
consistency 
of service 

Upload 
consistency 
of service 

Average round 
trip time 

Jitter Packet losses Packet 
discards 

1 57 % 34 % 288 ms 12 ms 0 % 1.2 % 

2 77 % 57 % 293 ms 11.7 ms 0 % 1.4 % 

3 68 % 67 % 289 ms 8.1 ms 0 % 1 % 

4 65 % 56 % 282 ms 12.7 ms 0 % 0.8 % 

5 61 % 31 % 281 ms 10.3 ms 0 % 0.6 % 
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Figure 43a. jitter and packet losses in downstreaming (WiFi) 

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 43b. jitter and packet losses in upstreaming (WiFi) 

Figure 43a and 43b show the pattern of the jitter in the fourth test executed with a WiFi 
connection. The average jitter is around -11 ms (both for the upstream and for the 
downstream). The packet losses are not plotted (they would be plotted in red) because 
they are absent! This data would lead to a MOS score of 4.0, that is coherent with the 
codec G.711 that is effectively used 
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Figure 44a. jitter and packet losses in downstreaming (3G) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 44b. jitter and packet losses in upstreaming (3G) 

Figures 44a and 44b show the pattern of the jitter in the fifth test executed with a 3G 
connection. The average jitter is around -8.5 ms (7ms for the upstream and 10ms for the 
downstream). The packet losses are present in the downstream (about 0.4%)and plotted as 
a red delta.  This data would lead to a MOS score of 4.0, that is coherent with the codec 
G.711 that is effectively used  
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9.4 Advanced tests 

 

Results of  myspeed.visualware.com 

 

WiFi connection 

Order Jitter (User -> 
Server) 

Jitter (Server -
> User 

Packet losses 
(User-> 
Server) 

Packet losses 
(Server-> 

User) 

MOS score 

1 1.9 ms 5.5 ms 0 % 0 % 4.1 

2 0.6 ms 5.5 ms 0 % 0 % 4.1 

3 5.9 ms 7.2 ms 0 % 0 % 4.0 

4 2.1 ms 5.7 ms 0 % 0 % 4.1 

5 2.5 ms 5.3 ms 0 % 0 % 4.1 

 

 

Femtocell connection 

 

 

Order Jitter (User -> 
Server) 

Jitter (Server -
> User 

Packet losses 
(User-> 
Server) 

Packet losses 
(Server-> 

User) 

MOS score 

1 5.5 ms 4.2 ms 0.4 % 0% 3.7 

2 4.5 ms 5.2 ms 0.4 % 0 % 3.7 

3 5.4 ms 5.9 ms 0.4% 0.4 % 3.5 

4 4.5 ms 5.8 ms 0.4 % 0.2 % 3.7 

5 6.6 ms 9.5 ms 0 % 0 % 4 
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9.5 VoIP test assessments 

All the results obtained in this section lead mainly to one conclusion: although the 
uploadand download speed, ping, jitter and packet losses of the Femtocell 
connection are worse than the ones of the WiFi, the VoIP performances do not 
decline so much.  
 
For instance, VoIP performances compared with the Benchmarking tests in terms of rate 
lead to: 
- Benchmarking tests: WiFi 4.4 and Femtocell 3.2 
- VoIP tests: WiFi 4.08 and Femtocell 3.72 
 
The interesting point is to find an explanation about the values of MOS which would not 
have been expected from the values of the basic parameters. 
 
As mentioned at the beginning of the chapter, the MOS is calculated in dependency of: 

- Latency 
- Jitter 
- Packet losses 

 
However the relationship between these values and the MOS is not linear; furthermore, 
even a perfect connection is impacted by the compression algorithms of the codec, so the 
highest score a realistic codec can get is in the 4.2 to 4.4 range.  
 
Most tool-based solutions calculate what is called an 'R' value and then apply a formula to 
convert that to an MOS score. This R to MOS calculation is relatively standard. The R 
value score is from 0 to 100, where a higher number is better; in other words it works 
with the same principles of the MOS but on a different scale. 
 
It has to be taken into account that,as for the MOS, a perfect value of 100 for R is in fact 
unreachable; generally the maximum value commonly considered is 93.2.  
 
The formula works as follows: 
 
EffectiveLatency = ( AverageLatency + Jitter * 2 + 10 ) 
 

if EffectiveLatency < 160 then 

   R = 93.2 - (EffectiveLatency / 40) 

else 

   R = 93.2 - (EffectiveLatency - 120) / 10 

 

R = R - (PacketLoss * 2.5) 

 

MOS = 1 + (0.035) * R + (.000007) * R * (R-60) * (100-R) 

 

The formula explains why relatively high levels of latency (ping) do not produce a 
comparably high impact on the final value of R and the MOS: the division for 40 to 
obtain the value to be deducted from the starting point (93.2) reduces the effect of high 
latencies.  
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The ‘borderline’ of this situation is however the value of 160 for the effective latency; if it 
gets higher by a significant amount, then the value of R decreases much faster and, 
consequently, the final MOS score is heavily degrade as well.   
 
Results show that this borderline is not trespassed by Femtocells, at least not by a 
significant amount (and obviously not at all by WiFi Systems). 
 
One-way delay including codec and other elements, as deduced by round-trip delay 
measured above in section 9.3,is in the order of 140 ms, while average ping-related delay 
-net of codec and other elements- is about one half of it as measured in benchmarking 
tests. 
 
These values lead to a MOS calculation consistent with the value measured in section 9.4, 
which is just below 4, i.e. in a range that implies pretty good quality, albeit lower than 
WiFi. 
 
This score is indeed close to the “borderline” and it may be argued that any degradation 
of the basic performances may lead to a major drop in VoIP quality. However these 
concerns can be allayed by the robustness of Femotocells to potentially degrading factors, 
such as worse propagation conditions (Chapter 6)  and/or multiple user accesses (Chapter 
10 below).  
 
The Femtocells inherent robustness and –conversely- the high sensitivity of WiFi to 
degrading factors are likely to compensate the closer proximity of Femtocells to the 
“borderline” in most practical situations, where performances perceived by users are 
anticipated to remain not far apart.  
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- 
10. Multiple accesses tests 

10.1 Preliminary assumptions 

The majority of tests discussed in the previous chapters deal with a wide range of Internet 
applications which correspond to the majority of the general-purpose operations executed 
by the users. However there is a need to take into account further and, mostly, very 
common scenarios: the simultaneous and competitive access of more than one user to the 
same access point.  
 
It is indeed very important to address this topic for two main reasons: 
- It is a very usual scenario, both in domestic environment and in workplaces 
- There are considerable differences between a3G concurrent access and a WiFi one (due 
to the differences of access and transmission schemes) 
 
The tests described in this chapter deal with behavior and performances of femtocells -
and comparatively WiFi- when multiple users are connected to the same access point.  
The number of users exercising concurrent access has been limited to three to keep them: 
- representative of realistic cases, since current femtocells can handle a maximum of 4 
UE. 
- consistent with the aim of deducing concept analysis from test, rather than 
experimenting “per se” 
- simple and flexible to experiment with. 
 
 

10.2 Software used 

Net meter [50]. An application that monitors traffic through all network connections on 
the computer it's installed on, and displays real-time graphical and numerical 
downloading and uploading speeds. 
 
Nokia Energy profiler (Upload/download speed functionality)[51] an all-embracing 
application that is  used only in one of its functionalities, which allows monitoring and 
displaying operations comparable to Net meter. 
 
Speedtest.net [41] An online tool that tests Internet connection bandwidth (in upload and 
download) to locations around the world through this interactive broadband speed test. 
 
thinkbroadband.com/download[45]: an online site that allow to download test files. These 
files are provided to help users test their download speeds. 
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10.3 Testing scenario 

 
The following devices are used for the tests: 
 
- A laptop (connected alternatively to the WiFi router through the wireless card and to the 
3G through a dongle) 
- A Nokia E7 smartphone (connected alternatively to the WiFi router and to the 3G 
through the  SIM card) 
- A fixed computer (connected alternatively to the WiFi router through a WiFi stick and 
to the 3G through a dongle) 
 
The test plan applies the following sequence in a step-by-step approach: 
 

1. Make sure that no other devices are connected either to the WiFi router or to the 
3G 

2. Both the laptop and the smartphone are connected to the WiFi router and go to the 
webpage of thinkbroadband.com/downloads 

3. Both the laptop and the smartphone start the download of a test file of 1GB. 
4. Netmeter and Energy profiler are run on the respective devices. 
5. A short waiting time has to be respected, in order to allow the download speeds to 

be in a situation of quasi-steady state 
6. The fixed computer is connected to the WiFi router and go to the webpage of 

speedtest.net 
7. The fixed computer runs the speed-test 5 times (leaving a short lapse of time 

between every speed-test) 
8. The same steps are repeated for the 3G connection 

 
 
The selected typology and scenario allow to record and analyze not only the performances 
achieved by the first two devices over a prolonged interval of time due to the download of 
an ‘heavy’ file, but also the behavior during a sudden burst introduced by the third 
computer running a speed-test for some seconds. 
 
Namely, this configuration permits to evaluate the performances (in terms of 
upload/download speed and ping) of the third computer in presence of traffic, and to 
compare them to the nominal ones obtained in absence of traffic. 
 
Finally, thanks to the graphs of Netmeter and Energy Profiler, it is also possible to 
investigate the repartition of available capacity in case of a concurrent access on a busy 
channel, since the two downloads plus the speed-test are reaching and even exceeding the 
maximum bandwidth available. 
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10.4 Testing results 

10.4.1 Evaluation of upload/download speed and ping 
 
 

Results of “speedtest.net” 

 

WiFi connection 

 

Order Download speed (Mb/s) Upload speed (Mb/s)  Ping (ms)  

1 7.77 2.48  75  

2 7.88 4.13  42  

3 7.82 4.95  42  

4 8.07 2.86  36  

5 8.18 4.21  54  

 

 

Femtocell connection 

 

Order Download speed (Mb/s) Upload speed (Mb/s)  Ping (ms)  

1 3.06 0.99  132  

2 2.76 1.07  135  

3 3.77 0.59  199  

4 2.81 1.08  176  

5 2.77 0.97  185  

 

 

  



133 

 

10.4.2 Evaluation of upload/download speed on the Laptop (WiFi and 3G) 
 

WiFi connection 

 

The first result is the evaluation of the download speed of the laptop (while downloading 
a 1GB file) and, through the graphical support, the visualization of  trends and 
fluctuations due to the speed-test being run on the fixed computer. 

 

 

 

 

 

 

Figure 45.  First speedtest executed Figure 46. Second speedtest executed 

 

 

 

In figure 45 the downloads have started since a little while; in absence of  the speed-test 
running on the computer the achieved download speed does generally exceed 800 KB/s 
with a peak of 1.16MB/s. The dip next to the right margin of the figure corresponds to the 
first speed-test trial on the fixed computer.                               

Figure 46 was taken shortly after the second speed-test execution. As before, the achieved 
download speed generally overtakes the 800 KB/s (in the instant of the snap was 926.1 
KB/s) with a peak of 1.16MB/s. The two dips next obviously correspond to the first two 
speed-test trial on the fixed computer.                            

 

 

 
 
 
 

Figure 47. Fourth speedtest executed Figure 48. Fifth speedtest in execution 
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Figure 46 shows the instantaneous download speed during one of the dips (more precisely 
the fourth); the download speed declines to 419 KB/s, that is less than half of the average 
download speed, and almost one third of the apex one. 
Figure 47 shows a dip correspondent to the fifth speed-test executed; in this case the 
download speed decreases considerably and reaches 297 KB/s (almost one third of the 
average download speed and one fourth of the maximum). 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 49. Fifth speedtest executed 

 
Figure 48 shows once more the instantaneous speed (over 900 KB/s) and the considerable 
difference between the download speed achieved with two devices (laptop and 
smartphone) performing a download and three devices performing a download.  
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3G connection 

 

 

The same process used for the WiFi analysis is applied to evaluate the download speed of 
the laptop (that in the meantime was downloading a 1GB file) and, through the graphical 
support, to also visualize trend and fluctuations due to the speed-test run on the fixed 
computer. 

 
 
 
 
 
 
 

Figure 50. No speedtest executed yet 

 

In figure 50 the downloads have started since a little while; in absence of  the speed-test 
running on the computer the download speed achieved is generally stable on 290 KB/s 
with some rare peaks that reach at most 589KB/s. No speed-test trial on the fixed 
computer has been executed yet.      

 

 

 

 

 

 

Figure 51. First speedtest executed Figure 52. First speedtest executed 

(different resolution) 

Figure 51 and 52 shows the presence of the first dip in correspondence to the execution of 
the speed-test with two different resolutions of auto-scale. The impact of the dip in the 3G 
connection is far lower than in the WiFi one. 
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Figure 53. Fourth speedtest in execution. Figure 54. Fifth speedtest executed 

 
 

 
Figure 53 shows the instantaneous download speed during three dips (more precisely the 
second, the third and the fourth); the download speed decrease to 173 KB/s, that is about 
3/5 of the average download speed.  It has to be noticed also that in all the dips the 
download speed reaches very similar values. 
 
Figure 54 shows once more the pattern of the download speed (about 290 KB/s) with two 
devices connected, and the dips to 170 KB/s due to the execution of the speed-test on the 
third device. 
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10.4.3  Evaluation of upload/download speed on the smartphone (WiFi 
and 3G) 
 
WiFi connection 
 
The download speed of the smartphone (that in the meantime was downloading a 1GB 
file) is evaluated in this test; moreover, the graphical support of the Energy profiler, 
allows also to visualize its trend and fluctuations due to the speed-test run on the fixed 
computer. 

 

 

 
 
 
 
 
 

Figure 55. First speedtest executed 

 
Figure 55 shows the download speed of the smartphone; the average achieved download 
speed is 715.5 KB/s, although the pattern is extremely inconstant and full of peaks and 
dips. The biggest dip reveals a dramatic decline of the download speed (down to 125 
KB/s), due to an execution of the speed-test on the fixed computer.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 56. Speedtest executed (on the left) 

 
Figure 56 shows an extremely inconstant pattern with considerable fluctuations (up to and 
above 500KB/s), even when the speed-test is not executed. As before, the biggest dip, 
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located on the left, corresponds to the execution of a speed-test and to a decline to 190 
KB/s in terms of download speed. 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 57. Evaluation of a dip caused by the speedtest execution 

 
 
Figure 57 shows another dip due to the execution of a speed-test. In this case the loss is 
less considerable than in the previous ones. 

 
 
 
 
 
 
 
 
 
 

 
Figure 58. No speedtest executed! 

 
Figure 58 shows the evident fluctuations on the download speed achieved by the WiFi 
connection. It has to be noticed that in this interval of time no speed-test has been 
executed! 
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3G connection 
 

 
 
 
 
 
 
 
 
 

Figure 59. First speedtest executed. 

 
 
Figure 59 shows the download speed of the smartphone with a 3G connection; the 
average download speed achieved is 398.8 KB/s; the pattern is extremely constant and 
has got limited peaks and dips. The biggest dip reveal us a decline of the download speed 
(down to 230 KB/s), due to an execution of the speed-test on the fixed computer.   
 
 
 

 
 
 
 
 
 
 
 

Figure 60. Second and third speedtest executed. 

 
Figure 60 shows the constant progress of the download speed and the presence of limited 
(in width and size) peaks and dips. As a result, the position of the two speed-tests 
executed is easy to guess. 
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Figure 61. Fifth speedtest executed. 

 
Figure 61 shows the limited fluctuations on the download speed achieved by the 3G 
connection; once more the fluctuations are extremely limited. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 62. Evaluation of a dip caused by the speedtest execution 

 
Figure 62 shows the download speed achieved during the execution of the speed-test is 
measured; the impact is limited if compared to the WiFi connection (1/2 of the average 
speed for 3G instead of values between 1/6 and 1/3). 
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10.5 Assessment of multiple access tests. 

Test results show that Femtocells are very robust with respect to intensive and repeated 
multiple accesses, comparatively better than WiFi systems: actually Femtocells recover so 
much of the initial penalty that performances of the two techniques tend to almost level 
outwhen the load conditions become heavier and heavier. 

These results are entirely consistent with the benchmarking tests in combination with the 
differences in access schemes.  

 

Femtocells operate in FDD: the up-link load and performances are independent (other 
than for the small capacity of the control loop channels) from the down-link status and 
load. The latter is dynamically optimized through careful allocation of multi-codes, 
chosen to best match traffic and channel conditions almost continuously. 

Tests results confirm that theup-link speed remains around 1 Mbit/s as during 
benchmarking, regardless of the changes in down-link load.  

The use of the down-link is indeed very well balanced and stabilized across very variable 
traffic patterns. In presence of 2 contending applications, each one is given 2.4-3.2 Mbit/s 
speed (the sum is equivalent to or even slightly above the total down-link speed with 
single user benchmarking), when the third one comes on-line around 3 Mbit/s are 
allocated to it, while the previous applications stay alive but can use only a reduced 
capacity, 1.6-1.9 Mbit/s (again the total sum is up to or even slightly above the total 
down-link speed measured during benchmarking). No reductions of total capacity is 
detected at all (i.e. no inefficiencies in resource management) and all capacity allocations 
to applications are very stable and repeatable across the various instances. 

On the other hand the WiFi access scheme implies full resource sharing, hence the up-link 
is very much affected by the increased down-link load; when the down-link experiences 
the highest traffic, up-link speed is reduced to around 3 Mbit/s, i.e. by almost a factor of 3 
versus benchmarking. 

WiFi down-link speed is also heavily affected by load increase. In presence of 2 
contending applications, each one is given 5-7 Mbit/s speed on average (the sum is close 
to the total down-link speed with single use benchmarking), which then drops to 1.3-2.6 
Mbit/s when the third application comes on-line with a down-link speed around 7 Mbit/s 
and up-link speed around 3 Mbit/s (the total sum of up- and down-link is in this case 
significantly short –by around 30%- of the corresponding total sum measured during 
benchmarking). This remarkable reduction of total capacity, as detected, is attributable to 
inefficiencies in resource management caused by the CSMA/CD contention access; 
furthermore capacity allocations to applications appear as unstable and not-repeatable 
across the various instances. 

In conclusion, multiple accesses operations – as compared to single user access- are much 
better managed by Femtocells, which show efficient resource allocation -leading to no 
losses of aggregated capacity (actually, probably a marginal increase due to better filling- 
and very smooth and robust behavior, than by WiFi, which loose aggregated capacity –
due to the features of the access scheme- and manifest unpredictable variations and 
variations of throughput (in some cases also beyond the specific period of top traffic). 
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11.  Energy Profiler 
 

11.1 Preliminary assumptions 

This final section of the testing part of the thesis is going to deal with an equally 
important topic concerning the WiFi – Femto comparation: the consumption of energy by 
the device actually connected.  
Furthermore, thanks to the use of various functionalities, also other parameters such as the 
current consumption or the battery usage can be evaluated and shown. 
 
 

11.2 Device and software used 

Since the femtocell is often connected to the use of mobiles, the whole investigation about 
the energy consumption is going to take place on a smartphone. The latter is going, as 
ever, to be alternatively connected to the WiFi and to the Sure signal 3G femtocell, and it 
is going to perform various operation whilst it is connected in order to monitor its energy 
consumption and other parameters. 
 
Device used: 
 
- Nokia E7 00 smartphone; able to scan, reveal and connect to WiFi networks nearby and, 
through a “Pay as you go” Vodafone SIM card, able to reveal and connect to Vodafone 
3G Network (and so to the Femtocell). 
 
Software used: 
 
- Nokia Energy profiler[51]: the application enables developers to test and monitor their 
applications’ energy usage in real time on target devices. In this case the unique 
application that will be opened is going to be the Web browser, in order to avoid the 
capture of inconsistent data. 
 
 
11.3 Schedule  

In order to obtain consistent data, this two prerequisites needs to be achieved: 
 

- The unique applications opened in the Nokia E7 must be the Web Navigator and 
the Energy Profiler 

- The list of actions done during the Web browsing with Femto and WiFi needs to 
be the same; furthermore all the actions need to be done at the same time in the 
two iterations. 

 
The schedule that is going to take place is the following (the format is going to be 
mm.ss): 
 

- 00.20 (0 min and 20 seconds): access the Internet 
- 00.45 : go to www.google.com 
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- 00.55 : go to gmail.com 
- 01.05 : log into gmail account 
- 01.45 : open a mail in the inbox (the same in the two cases) 
-  02.10 : log out from gmail 
-  02.45 : go to youtube.com 
-  03.05 : open a video in youtube (the same in the two cases) 
-  03.45 : close the Internet and the energy profiler 

 
 

11.4 Testing results 

 
It will now follow the part with the graphical and numerical evaluations obtained through 
Energy Profiler. For every subchapter there are going to be both the results of the WiFi 
and the ones of the Femtocell. 
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11.4.1 Evaluation of power consumption 
 
WiFi connection 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 63a Power consumption (WiFi connection) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 63b Power consumption (WiFi connection) 

 
 
Figure 63a and 63b display the power consumption of the mobile when it is connected 
through the WiFi. The average power consumption is 0.66 W. The highest peaks in terms 
of power consumption are located in correspondence to the opening of the mail and, 
mostly, when the youtube video is buffering. 
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3G connection  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 64a Power consumption (3G connection) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 64b Power consumption (3G connection) 

 
The two graphs above display the power consumption of the mobile when it is connected 
through the Femto. The average power consumption is far higher, 1.19 W. As before, the 
highest peaks in terms of power consumption are located in correspondence to the 
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opening of the mail and when the youtube video is buffering; however, the difference 
between the peaks and the rest of the pattern is less evident. 
 
11.4.2 Evaluation of current consumption 
 
WiFi connection 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 65a Current consumption (WiFi connection) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 65b Current consumption (WiFi connection) 
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Above (Figure 65a and 65b) the consumption of current during the WiFi usage is shown: 
the average value obtained is 177 mA. As before, the apex of current consumption is 
obtained during the opening of the mail and the buffering of the video; some smaller 
peaks are also noticeable during the log into gmail. 
 
3G connection 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 66a Current consumption (3G connection) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 66b Current consumption (3G connection) 
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The graphs above show the current consumption when the mobile is connected to the 
femto. The average consumption is far higher (302 mA instead of 177) and, once more, 
there is not a great difference between the peaks reached during the whole lapse of time 
 
 
11.4.3 Evaluation of CPU load 
 
WiFi connection 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 67a CPU load (WiFi connection) 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 67b CPU load (WiFi connection) 
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The above graphs evaluate the CPU load while the Nokia E7 is connected to the WiFi; the 
average CPU load is 34%, and the peaks of 100% are reached in the same moments as 
noticed before ( log into gmail, opening of the mail buffering of the video). 
 
3G connection 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 68a CPU load (3G connection) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 68b CPU load (3G connection) 
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The graphs above show the CPU load during the femtocell connection: the average CPU 
load is a bit higher than the WiFi one (40% instead of 34%). Once more the peaks of 
100% of usage are scattered, except when the video is buffering. 
11.4.4 Evaluation of RAM usage 
 
WiFi connection 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 68a RAM usage (WiFi connection) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 68b RAM usage (WiFi connection) 
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The two graphs depict the pattern of the RAM usage of the smartphone: the pattern is 
generally constant (so the RAM usage is always the same). 
3G connection 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 69a RAM usage (3G connection) 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 69b RAM usage (3G connection) 
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The two graphs show the pattern of the RAM usage whilst the smartphone is connected to 
the femtocell: it is generally constant and the average value reached is lower than the one 
obtained with the WiFi (104.1 instead of 121.3) 

 
11.4.5 Evaluation of cumulative energy consumed 
 
WiFi connection 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 69a Cumulative energy consumption (WiFi connection) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 69b Cumulative energy consumption (WiFi connection) 
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It is now shown the cumulative energy consumed over the measurement period. The unit 
used is milli-Ampere-hour (mAh). Although this is not the unit for energy, it is commonly 
used to rate the capacity of rechargeable batteries 
 
 
3G connection 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 70a Cumulative energy consumption (3G connection) 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 70b Cumulative energy consumption (3G connection) 
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The figures above show the energy consumption when the smartphone is connected to the 
femtocell: the values are the double of the ones of the WiFi (the mAh consumed are 20 
instead of 10). Once more it is depicted the higher energy consumption of a smartphone 
connected to a femtocell. 
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11.5 Test assessment 

 
 The previous sections, through the visual aids, show an unquestionable higher battery 
consumption when the mobile is connected to the 3G instead of WiFi. In particular, the 
last graph shows a cumulative energy consumption that is the double for 3G (20 mAH 
instead of 10 mAH); besides, also the power consumption and the current consumption 
are roughly the double in a 3G connection (1.19 W – 0.66W,  302mA – 177mA), while 
the CPU usage in both cases is almost the same (40% - 34%). Why? 

The first set of considerations simply considers the 3G connection of a smart-phone itself, 
without the use of a Femtocell: 

- Whenever a call is made or a text message is sent and/or received, the 3G radio has to 
pause. This changing of radio states causes an extreme strain on the battery. 
 
- All the wireless systems (being them WiFi,2G, 3G etc…) use most of the power when 
transmitting, i.e. actively powering the antenna to upload data. Ranges the different 
systems have to bridge are far different. WiFi works well for like 30 meters, or 100 
meters outdoors, while usually the nearest cell tower (covering the macro-cell) is 
considerably farther away than those 100 meters. Therefore a 3G connection is 
automatically set in order to be more  powerful and far-reaching. 
 
- Last but not least, 3G is capable of opening multiple connections at once, and 
automatically boosts power output on weak signals. 
 
 
As a result, without the use of a Femtocell: 
 
- There would be simply no comparison between the power consumption of a mobile 
connected alternatively to a 3G and a WiFi, the former being much higher. 
 
- It has also been evaluated that generally just 5% to 10% of the energy that goes into a 
base-station emerges as a useful radiated signal [35]. 
 
However, although the femtocell has resolved some of the main issues that have been 
previously listed before (especially ‘bridging the gap’ between the device and the cell 
tower), it has to be taken into account that the totality of devices so far were produced in 
order to match a 3G coverage that obeys to the macrocell architecture and not to the 
femtocell one. Consequently, even if not needed because of the presence of a femtocell, 
the 3G signal of a device will in general be boosted more than a WiFi one. 
In other words, the use of a femtocell can help to reduce the consumption of power of a 
smart-phone as compared to standard macrocell coverage, but so far its contribution is not 
enough to equalize the performances of a WiFi. 
 
Furthermore, nowadays the mobile phones can be categorized on the basis of the “power 
class” they belong to: there are actually 4 classes of devices, categorized on the basis of 
their maximum power output from a UMTS/3G connection: 
 
-         Power 1 class mobiles: 2W (33 dBm)  
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-         Power 2 class mobiles: 0.5W (27 dBm)  
-         Power 3 class mobiles: 0.25W (24 dBm)  
-         Power 4 class mobiles: 0.125W (21 dBm)  
 
Now, let’s compare the power output of these devices to the  EIRP for IEEE 802.11b/g 
Wireless LAN 20Mhz-wide channels in the 2.4GHz ISM band (5mW per MHz) that is 
just 20 dBm; it can be immediately deduced that even the best case of power 
consumption of a 3G connection is not going to reach the same performances as a WiFi 
one. 
 
The results of the power consumption tests showed us that so far there is no comparison 
between a WiFi connection and a 3G one, for two main reasons: 
 
- A structural reason:  the dominant architecture of 3G networks relies on a macro-cellular    
coverage and not on a femto-cellular one, thus implying the capability for a mobile of 
reaching a good connectivity in various environment and scenarios. Until all the mobiles 
are going to be designed and projected in order to match this standard (so with an 
automatic signal boost and an EIRP that allows to reach far antennas), the power 
consumption of a 3G is going to remain considerable in any case. 
 
- A technical reason:  since the femtocell technology is relatively new, one of the research 
areas is to optimize UMTS Radio Resource Control (RRC) state machine. As a User 
Equipment(UE) associates with UMTS core network, the network maintainsRRC state 
machine and allocates the radio resources forthe UE device. Meanwhile, the UE spends 
different amount ofpower consumption in each state as well. In order to minimizepower 
consumption, UE should switch from high power consumptionstate to low power 
consumption state immediatelyonce application traffic stops. However, unpredicted user 
trafficpatterns may lead to massive transitions between two states,which increase signal 
overheads for radio access network, aswell as yield additional transmission delays for the 
UE. Inactivitytimers are used to reduce the frequency of state transitionsby controlling the 
time period UE spends in each state. 
 
As shown in [36], the optimization of the state machine, and a proper selection of packets 
size depending on the data flow allows the device currently connected to 3G to save 
power and increase battery life. Moreover, the researches executed in [36] presume the 
use of a smart-phone as well (a Nokia N900) that has got more or less the same power 
consumption of the Nokia E7-00 that has been used for our tests (talking time of at most 9 
hours with GSM and up to 5 hours with 3G). 
The results obtained in [36] are very close to the above tests results: the paper states a 
power consumption of around 1W that can be reduced to 0.85 through an appropriate 
choice of the packet dimension and optimization of the state machine. 
 
The similarity of the data obtained by the previous tests with the ones resulting from 
other research (1.19 W through a E7-00, 1W with a N900) confirms that there are 
margins of improvement for reducing the power consumption. The achievement of a 
superior battery life for smart-phones exploiting a 3G connection is one of the main issues 
that has to be solved in the following years. Considering form the outset in the design the 
possible use of smart-phones Femtocell environments may allow optimization of power 
usage at least in these environments, clearly privileged as compared to standard macro-
cells. 
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12.  Overall Assessment and Conclusions 
 
 
Femtocells –either as currently deployed along 3G specifications or as expected to 
develop in the future LTE/4G embodiment- have recently attracted huge interest both 
from mobile operators looking for new areas of commercial expansion compensating for 
the declining profitability of traditional cellular systemsand from users willing to 
significantly upgrade the communication capabilities of their smartphones, tablets and 
other innovative terminals. 
 
Not uncommonly, this has generated a number of Femtocell myths –some positive, some 
negative- which span the whole range of aspects of this new technology, from basic 
capabilities to networking aspects to terminal usability. 
 
This work has tried to address these myths, bring them down to the corresponding 
realities and provide material and evidence to an abstract “concept user”on what and how 
much he can expect from Femtocells, including identification of which applications and 
protocols – among the most common ones in the domestic as well as enterprise 
environment- would be best handled in this context. 
 
In order to achieve validated results rather than opinionated judgments, extensive testing 
has been carried out, including comparison with the germane (yet different)WiFi 
techniques, with focus on the inherent characteristics which would likely hold true across 
the transient evolution to more refined transmission schemes, ever increasing data rates, 
more optimized data packaging which are all anticipated to follow similar technological 
paths. Therefore advanced but well established and availableequipment have been used: 
3G WCDMA with HSUPA/HSDPA for Femtocells and IEEE 802.11.g for WiFi even if 
LTE and new WiFi standards (IEEE 802.11.n, IEEE 802.11.ac, etc.) are well known to be 
forthcoming. However excessive attention to details, for example modulations and coding 
or antenna arrangements, which have been evolving release after release would distract 
from the essence of what is or is not suited to Femtocells better than to alternatives, which 
indeed are evolving in parallel.  
 
 
The starting point (benchmarking tests) is that Femtocells, albeit much more performing 
than standard cellular systems, can offer much less rawdata rate to a single user per cell 
than WiFi(less than a fourth when up-link and down link are aggregated) due to smaller 
channel capacity, but this difference is significantly reduced (e.g. halved) in case of less-
than-ideal propagation.  
 
However the WiFi higher capacity channel is shared through contention access, also 
involving up- and down-links (a sort of “half duplex” in traditional old-speak), while 
Femtocell channels are dynamically allocatedin optimal non-contended way; hence when 
multiple users are served by the same Access Point the overall situation tends to level out 
perceived performances per user to similar values (Femtocells closer to WiFi systems).  
 
Spectrum does not come for free –especially the licensed portion used by Femtocells- and 
the initial difference is therefore not an absolute handicap rather a different mode of 
operations; in facts Femtocells could be argued to do comparatively better than WiFiwhen 



158 

 

their smaller channel capacity is better utilized for multiple users or difficult propagation 
conditions. 
 
 
Equally clear from the starting point is that Femtocells back-end tail to access the global 
IP goes through multiple steps in the mobile operator’s domain and is thereforefor each 
single interaction more complex and time consuming than in the case of WiFi, which 
affects performances. On the other hand this back-end allows universal roaming and 
continuous coverage across the whole ensemble of femto-pico-micro-macro-cell, totally 
impossible for any other alternative technique including WiFi: again, not an absolute 
handicap, rather a different mode of operations. 
 
 
Results of tests with user applications and related protocols did show significant 
differences in performances of Femtocells, in absolute terms and relative to 
benchmarking tests, also with different behavior as compared to WiFi systems. 
 
Web browsing through HTTP and Streaming through RTP are at the two opposite 
extremes of the range.  
 
HTTP emphasizes the strength of WiFi versus Femtocells: highly interactive exchanges 
(hence much better handled by short/simple back-end tail to global Internet, major 
advantage of WiFi versus the complex Femtocell access through the complex  mobile 
operator’s chain), alternate transmit/receive (hence well fit to “half-duplex” access logic 
with the full big shared channel capacity available, no advantage for Femtocells up-link 
/down-link independence) and short sequences per each interaction (hence good match 
with WiFi contention access, little benefit from the dynamic capacity assignment 
algorithm of Femtocells which takes too long to go into effective steady state).  
 
Result: goodput (i.e. useful part of the throughput) is 3-5 times better for WiFi than for 
Femtocells in ideal conditions, becomes 2-3 times better with moderate propagation 
degradation (which is less critical for femtocells).   
 
RTP on the other hand emphasizes Femtocells strength versus WiFi: interaction is little to 
none (hence the complex back-end tail access to global Internet has influence only at 
transmission start-up and does not penalize Femtocells for any significant duration of 
streaming), essentially one-way communication with very long sequences, basically a 
single sequence filling in each session (hence the repeated need to gain access to the 
shared channel in contention mode seriously degrades WiFi, while Femtocell may use to 
the very optimum HSUPA features, from dynamic resource allocation to very efficient 
HARQ). 
Result: Femtocells operate correctly (no packet loss) for much larger files than WiFi -
typically twice the size- and even when correct operations become critical Femtocells 
packet losses are half of WiFi until saturation point is reached and all communications 
collapse. 
 
The third main class of considered applications is VoIP, which is somehow in the middle: 
WiFisignificantly outperforms Femtocells as to basic parameters such as one-way delay, 
jitter and to some extent packet loss, but the actual quality as perceived by the user and 
measured by service related parameters is comparable, i.e. WiFi is only marginally better 
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than Femtocell, because the latter –albeit worse than WiFi- still keeps basic parameters 
above the threshold which would start to induce a serious drop in quality. 
 
 
Power consumption has also been subject to widespread conjectures; however, contrary to 
some current myths, user terminals connected through Femtocells consume more power 
than when  connected through WiFi systems, but much less than in case of macro-cell 
coverage. In fact, standard terminal tuning and procedures still refer to the traditional 
macro-cell scenario and only evolution to match the specific Femtocell features could 
allow to exploit the potential of achieving lower power consumption.  
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