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ABSTRACT

OFDMA femtocells have for many years represented a possible method of strengthening
4G network integrity on a small scale. Typically, a single femtocell can be used to provide better
signal integrity throughout a user’s home or small office space. However, the leap in cost, size,
and coverage radius between a single femtocell, and a macrocell spans several orders of
magnitude. As such, femtocell networks have begun to rise as a possible low cost method of
strengthening signal integrity in locations with high user density or a large variance in user
traffic. Given that femtocells were not designed with the intention of working together as a
network, in the interest of compatibility with older technology, intelligent placement and control
of these cells is paramount. In particular, this paper most closely explores the idea of SINR
improvements for borderline users, and decreased power dissipation and operation cost via the
intelligent modulation of transmission power and the resulting radius reduction.
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Chapter 1
Introduction
This chapter provides information on the goal of this project, and a background on
femtocells and their applications. Furthermore, given that a large portion of this project involved
the experimental verification of a preexisting algorithm, an overview of this algorithm will be
provided.

Femtocells
Femtocells are the latest technology in the field of locally deployed, small scale network
infrastructure improvements. In practice, they are highly reminiscent of commonly used WiFi routers,
with the key difference being that they offer connectivity to commercial cellular standards such as 3G or
4G[3]. Further differences include the fact that femtocells share the spectrum that the larger macrocells
are already using. However, due to the wired connection used for backhaul, this does not limit the
potential users of the cell, though it does pose interesting scheduling questions.
Comparisons to a WiFi router have their limitations, but do serve as a good reference in terms of
scale. The femtocells themselves are often about the same size as a router, and their coverage radii are on
a similar magnitude, typically 10’s of meters. This, combined with the fairly modest price point, makes a
femtocell a highly appealing solution for small businesses or private residences looking to strengthen their
connection to a wireless network. Furthermore, nonuniform user densities or small areas with poor
connectivity can be provided with service at a fairly low cost and with a small footprint.
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Power Adjustment and Scheduling in OFDMA Femtocell Networks
The primary focus of this paper is to extend upon or verify existing theories presented in [3].
Namely, the two phase process of Radius Reduction and Scheduling (RRS). More detail will be shed
upon the specifics of RRS as it is deemed necessary, but a broad overview will be provided in this
section.
The overall goal of the RRS algorithm is to promote fairness amongst users of a given network of
femtocells by maximizing the number of users who meet their throughput requirement, with the ancillary
goal of reducing power consumption. This goal is accomplished in multiple stages. The first stage of RRS
is to take a given network of femtocells, whose radii of coverage overlap in a significant manner, and to
reduce their transmission power in an intelligent manner. Ideally, doing so would result in overall less
power consumption, less noise, and a higher SINR for users previously present at the border between
cells. These users are assumed to have previously been subject to too much noise to properly be offered
service. After reducing transmission powers their connection to their closest access point may have
degraded slightly, but in theory the noise they were subject to would have decreased much more, resulting
in a superior signal to interference plus noise ratio and the possibility of service. Note that a caveat of this
radius reduction is either that the entire area in question must still have coverage (ACR), or that every
user in the area could still be offered coverage at a minimum rate (UCR). Furthermore, this process may
result in lower throughput for some users, but a higher degree of fairness in terms of the number of users
achieving their minimum rate.
In the second stage of RRS, the users of a given femtocell are designated as regular or borderline
users. Regular users are then scheduled on the femtocell’s even numbered resource blocks, with priority
given to users with the lowest expected number of required resource blocks. If necessary to attain the
minimum number of resource blocks, regular users can also overflow onto odd numbered blocks.
Borderline users are scheduled on the odd numbered blocks, but by definition are unable to attain their
minimum rate. To improve the signal integrity for these borderline users, vacancy requests are made to
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neighboring femtocells. These femtocells are requested to stop offering service on the requested resource
block, or at a specific time and frequency. In doing so, the interference at this time and frequency will be
less severe, improving the SINR of the borderline user of the femtocell requesting the vacancy. Vacancy
requests will only be approved if the requested resource block can be vacated without having another user
drop below its throughput target.

Voronoi-Laguerre Diagrams

Throughout this paper, various orientations of femtocells and users with varying
transmission powers will be studied. A convenient way of studying such arrangements is through
the usage of Voronoi diagrams in the Laguerre geometry, or Voronoi-Laguerre diagrams, as they
are referred as in [3] and [2]. Voronoi cells are a geometric representation of the regions of
responsibility for each femtocell, or the union of all points that are closer to a specific femtocell
than to any other femtocell. In the case of two femtocells with identical transmission power,
modelled as two circles with the same radius, the division between Voronoi cells is easily
determined to be the line perpendicular to the segment connecting two femtocells, crossing
halfway between the centers of the two circles. However, when dealing with femtocells with
different transmission powers, this practice will not account for the differing radii and will
incorrectly divide up the plane. The solution to this is to utilize these same diagrams in the
Laguerre geometry.
Laguerre geometry refers to modeling points in the form C1 = (x1, y1, z1), where x and y
represent the rectangular coordinates of a circle in a 2D plane, and z represents the radius of said
circle. For a femtocell with a given coverage radius, (x,y) represents the location of the femtocell,
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and |z| represents the coverage radius. The distance between a circle and a point is defined as
follows:
𝑑 2 (𝐶1 , 𝐶2 ) = (𝑥1 − 𝑥2 )2 + (𝑦1 − 𝑦2 )2 − 𝑧 2
This distance represents the length of the tangent line connecting the circle to the point in
question. This accounts for the radius of the circle, instead of assuming the radii of different circles are
the same and simply using their centers as a basis for comparison. As shown below in Figure 1, taken
from [3], generating Voronoi cells in this geometry will account for differing radii and correctly divide up
the plane into appropriate regions of responsibility.

Figure 1: Voronoi Cells Determined in Different Geometries

Note how the Voronoi line incorrectly divides the plane, as it creates an axis based solely on the
distance between P1 and P2, with no regard for the differing radii. With this division in place, Voronoi
cells in the Laguerre geometry are then generating according to the following equation:
𝑉(𝐶𝑖 ) =∩ {𝑃𝜖𝑅^2|𝑑2 (𝐶𝑖 , 𝑃 ) ≤ 𝑑 2 (𝐶𝑗 , 𝑃)
More simply, the polygon representing the region of responsibility for a given circle Ci is
represented by the intersection of all 2D points whose shortest distance, as determined by the Laguerre
geometry, is to the circle Ci. The union of each of these polygons in a given setup should include the
entirety of the 2D plane. Note that in this paper, Voronoi cells will not always be updated to match the
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current state of the network, and may be left unchanged to serve as a basis for comparison between
multiple results. Consult [2] for a more thorough overview of this subject.
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Chapter 2
Related Works
Femtocells are currently the subject of research for many groups with wide ranging
research interests. In this section, a few of these projects will be discussed. For more
information, refer to the bibliography to find the appropriate papers.

GREENFEMTO
The radius reduction and scheduling algorithm covered in this paper has a main goal of
promoting fairness, at the possible expense of throughput, with the ancillary goal of reducing power
consumption. This largely applies to heavily loaded, high interference networks. In the paper, “Energy
Efficient Selective Activation in Femtocell Networks” [4], a different set of initial assumptions set the
stage for a very different algorithm. It is assumed here that the network of femtocells is robust enough to
handle its users at peak load, but that this load varies greatly over time. For example, an office space will
require much more bandwidth at 2pm than at 2am. Given that the power consumption of a femtocell is
proven to be independent of its load, this presents a substantial source of wasted power. To solve this, the
aforementioned paper presents GREENFEMTO, a selective activation control scheme that will
automatically set redundant femtocells into a low power state when they are unnecessary, while enabling
neighboring cells to wake each other via the wired connection they use for backhaul.
In broad strokes, the GREENFEMTO algorithm is broken down into the steps of user detection,
user reassignment, redundancy testing, user swapping and hand offs. During user detection, an active, or
sentinel, femtocell will detect a new user. At this point, the sentinel femtocell will determine if it can
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provide service to the user, if a neighboring active femtocell can provide service, or if another neighbor is
necessary. In the case of the latter, a “wakeup” signal will be broadcasted to a neighbor who is expected
to be able to provide service. Once the neighbor is awake, it will alert its neighbors of its current status,
and in turn be given information regarding the state of the overall network. Timeouts are also scheduled
to plan for the next step, user reassignment. When a timeout occurs, a femtocell will run a redundancy test
to determine if its active neighbors can provide service across its coverage range and offer enough
throughput to satisfy its users. Given that these networks are setup with peak load in mind, such overlaps
during low activity times are very feasible. If possible, a handoff will be made and redundant cells will
enter their off state. However, in eliminating redundant femtocells it is possible that users will reassigned
to suboptimal access points. Communication between femtocells and comparing RSSI values leads to the
possibility of user swapping to alleviate this process. This algorithm is covered in much greater detail in
[4]

Femto-Macro Cell Interactions
This thesis focuses on densely deployed femtocell networks and the interactions that take place
within them, with minimal regard to macrocells or out of network users. In the paper, “Femtocells: Past,
Present, and Future” [1], these interactions are studied much more closely. While a single network of a
few femtocells might be mostly innocuous from the perspective of a macrocell, the rapid growth in
femtocell deployment rates indicates that this could become a problem. While macrocells were
meticulously planned in their deployment to optimize coverage and their interactions with their neighbors,
femtocells are effectively deployed randomly. This is because of the low cost, low power nature of
femtocell base stations, as well as the development of near plug-and-play like activation. With minimal
planning or effort, just about anyone could deploy one or several femtocells, if regulations aren’t put into
place.
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Theoretically, femtocells and macrocells could cooperate in the scheduling of their users to limit
interference. If a femtocell only claimed the resource blocks it required for its users, and the macrocell
then agreed to use those time and frequency slots, a reduction in interference, similar to the vacancy
requests discussed in this paper but on a much larger scale, could be implemented. However, this would
require a lot of coordination and communication between macrocells and a rapidly growing number of
femtocells. As such, technical challenges such as this and many others are currently the subject of
research for a growing number of research groups.
Interestingly, studies have been made that indicate heterogeneous, multi-tier deployments of
femtocell base stations does not significantly affect overall interference or SINR values. While this is
promising, specific use cases, such as unregistered users surrounded by femtocells who are trying to
connect with the macrocell, are troublesome and may develop into a more significant problem. As such,
studies have been on transmission power control schemes and reserving “femto-free” frequency bands,
with an eye towards assimilating femtocell networks into the existing infrastructure.
Other challenges currently being faced are related to cell associations and the biasing thereof. A
cell biasing algorithm that emphasizes power reduction will be studied later in this paper, but biasing and
associations when considering macrocells and mobile users are a different challenge entirely. If femtocell
transmission power is not a concern, it may often be the case that a user ought to connect to a lightly
loaded femtocell instead of the macrocell, even if the SINR is inferior. Furthermore, orchestrating
handoffs between cells becomes an in interesting challenge when mobile users could be moving between
femtocells, from a macrocell to a femtocell, or from a femtocell to a macrocell. Among the solutions to
these issues is the idea of establishing self-organizing networks that could adapt to the existing network
and configure itself accordingly. Femtocells are largely plug and play in their operation, but issues such as
channel and frequency selection and power adjustment are the subject of much research. In a similar vein,
proper placement of these cells can go a long way towards providing service where it is needed and
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limiting interference elsewhere. With femtocells as easily accessible as they are, this may be difficult to
enforce, but nevertheless such placement algorithms are under development [1].
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Chapter 3
Radius Reduction Experiments
One of the main projects discussed in this paper was the experimental verification of the radius
reduction algorithm presented in [3]. The algorithm, the experimental process, and the results thereof will
be discussed in great detail in this chapter.

Motivation
Wireless signals are notoriously finicky, particularly when closely examining signal strength or
noise, as opposed to total bandwidth. Simulation results may converge on a single solution, but if the
effects are not noticeable when used in a non-ideal environment, the algorithm has limited use. By
proving that measured SINR values shifted in a way to promote improved fairness, the applicability of the
algorithm can be verified.

Radius Reduction and Scheduling Algorithm
The Radius Reduction and Scheduling (RRS) algorithm presented in “Power Adjustment and
Scheduling in OFDMA Femtocell Networks” [3] operates under a few key assumptions. It is assumed
that the network of femtocells is dense enough to cover all users in a given area when at full power, but
that there is initially some interference between the cells, due to overlapping regions of coverage. Users
are assumed to connect to the femtocell that provides the strongest connection, which is assumed to be the
closest access point. Note that a network of femtocells are all wireless access points to the same network
via a wired backhaul. Each femtocell will divide its available bandwidth into a series of time and
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frequency dependent resource blocks, operating across a wide range of frequencies, but limited in scope
to a single time frame (i.e. schedules have no memory of previous schedules). The RRS algorithm is run
in each individual femtocell, based on estimated SINR values and channel quality indicator (CQI) values.
Varying CQI values and the presence of vacancies, discussed later, are compensated for by calculating the
expected throughput of each resource block individually. Lastly, it is assumed that individual femtocells
can communicate with their neighbors via a wired connection, enabling cooperative distribution of
responsibility regions without requiring additional wireless communication.
Reducing transmission power, and by extension coverage radius, is an iterative process that is
carried out in each femtocell. Since this is done in a distributed manner, it is important for cells to be able
to communicate with their neighbors to ensure that the coverage criterion is met. At each iteration,
Voronoi-Laguerre diagrams are recalculated to determine responsibility regions.
According to the user controlled reduction (UCR) criterion, femtocells are allowed to reduce their
transmission powers and coverage radii so long as they will still be able to provide service to each of their
users, as determined by the femtocell’s Voronoi-Laguerre polygon. In other words, the femtocell’s radius
on its next iteration will always be greater than or equal to the distance between the cell itself and its
farthest user. For area controlled reduction (ACR), the corresponding condition would be that the next
iteration’s radius value must exceed the distance between the femtocell and the farthest point in its
Voronoi-Laguerre polygon. A notable extension of this criterion is when a femtocell is assigned no users,
or a null Voronoi-Laguerre polygon. This will allow the so-called redundant femtocell to let its radius
converge to zero, with the knowledge that each user the redundant femtocell could offer service to is
better served by a different femtocell.
With the coverage criterion established, redundant femtocells will deactivate, and the remainders
will begin reducing their radius in an iterative process. A reduction rate parameter, αi(k) dictates the step
size between the users current radius, and expected final radius, the calculation of which is discussed in
great detail in [3]. At each iteration of the reduction process, communication between the femtocells
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enables recalculation of both the Voronoi-Laguerre polygons and αi(k). Note that it is expected and
accounted for that a femtocell will only be able to set its transmission power to a set of predefined values.
If the desired power cannot be set exactly, the next highest power level that will satisfy the coverage
criterion ought to be chosen.
Proofs that the radii will converge under both UCR and ACR are provided in [3], as well as
exhaustive, mathematical models of the algorithms themselves. In short, the algorithm is guaranteed to
converge in a finite number of steps due to the discrete nature of the changes in radius, and the caveat that
all reductions in radius must be greater than a specified amount in order to be followed through with.

Experimental Setup
In this chapter we describe the experimental setups we used to verify the radius reduction
algorithm. In order to properly adjust transmission powers, femtocells were not employed in our
experiments. Instead, Raspberry Pi 2 units with Canakit 150 Mbps WiFi adapters (RT5370 chipsets) were
used to mimic the femtocell access points. These WiFi adapters comply with the 802.11n standard,
employing orthogonal frequency multiplexing and effectively making the broadcasted signal very similar
to that of a femtocell. The users were represented by a single HP Spectre x360 laptop containing an Intel
Dual Band Wireless-AC 7265 wireless adapter. The experiment involved five separate users, so the laptop
was moved between five designated locations and measurements were taken sequentially. This meant that
each user’s measurements were taken over the course of several minutes. However, the experiment was
purposefully taken in a fairly constant environment, namely the lobby of the IST building late at night,
when almost no one else was present or passing by.
Measurements taken on the aforementioned laptop utilized the software “Homedale [1.59]”. This
program measured and graphed the received signal strength indicator (RSSI) at a rate of one measurement
per second. At each location, 200 measurements were taken and averaged to approximate the received
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signal strength and the noise. Note that in this setup, noise was modeled by summing the RSSI of the
access points to which the given user was not connecting, whereas the RSSI of the desired signal
corresponded to the strongest signal being received, which the user would logically connect to by default.
Also note that whenever a signal was dropped, Homedale would report a measurement of “n/a”. As a
conservative approximation, these values were approximated as -89 Dbm, the noise floor in our setup.
This led to a conservative estimate of our results, as the weaker signals (the noise) would report
disproportionately high values, whereas the stronger signals were less affected by this practice.
For the sake of our experiments, four access points were arranged in a roughly trapezoidal
arrangement, shown in Figure 2 below. One central user was placed approximately equidistant from each
access point, and four more users were positioned each roughly three meters away from a separate access
point. Note that the naming or numbering of each access point in no way reflects the access point itself
and was done for purely organizational purposes. Furthermore, the near trapezoidal arrangement was
largely a product of the environment available to us, but it also served the dual purpose of presenting
more useful results, compared to the more trivial arrangements of a linear or rectangular arrangement.
Note that the voronoi cells shown in Figure 2 are the correct result of the current arrangement,
and that henceforth these same cells will be shown as a basis for comparison between the results of
different algorithms.
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Figure 2: Experimental Arrangement of Femtocells(+) and Users (.)

Initial measurements were taken (200 discrete values at each location) to calibrate the simulation
to the specific setup. This includes calibrating for the coverage radii and range of transmission powers
available to each access point as well as ensuring that the central user connected to the access point to
which it had the strongest connection. With the simulation calibrated, the algorithm calculated the desired
transmission powers for each access point, each of which was then manually set to the desired value.
Ideally, this process could be handled completely programmatically, but in a static scenario with unideal
hardware, doing so manually was simpler.
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Results
The results of the simulation are shown in Figure 3. Note, however, that this is largely to be used
as a representation of the resulting regions of responsibility, and exact values for throughput, SINR, etc.
are not listed. This is because it is to be expected that the experimental results would not match the
simulation perfectly. Rather, the success of the algorithm would be best gauged by noting the direction in
which SINR values shifted. Ideally, the worst SINR value would improve post reduction, at the cost of
the better SINR values going down. Depending on the exact layout, it is possible that some of the better
SINR values would not go down much or could even improve, if their corresponding access point was not
interfering with other users too much. As a sanity check, it is important to note that all received power
values should have gone down. This includes the RSSI from the desired access point as well as the
strength of the noise.
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Figure 3: Expected Regions of Responsibility for Experimental Setup

A summary of the experimental results is shown below in Table 1. Note that each block of data
corresponds to one user, and each SINR value within each block refers to the SINR of the given user if it
were to connect to the access point corresponding to that column. The received signal strength is first
given in dBm by averaging the raw data (not shown), then converted to mW. Interference is then the sum
of the received signal strength from the other access points (in mW), which is then converted back to
dBm, so that the final SINR is the difference between received signal strength and interference, both in
dBm. This is represented by the following equation, for a user u connecting to a femtocell i in a network
of n femtocells, where all RSSI values are in mW:
𝑛

𝑆𝐼𝑁𝑅𝑖 =

𝑅𝑆𝑆𝐼𝑖
𝑛
∑𝑗=1,𝑗≠𝑖 𝑅𝑆𝑆𝐼𝑗

= 10 ∗ log (𝑅𝑆𝑆𝐼𝑖 ) − 10 ∗ log10

( ∑ 𝑅𝑆𝑆𝐼𝑗 )
𝑗=1,𝑗≠𝑖
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Table 1: Radius Reduction Experimental Results

This data matches expectations almost perfectly. As expected, the initial worst
connection, the central user to AP 6, was improved from -3.265 dBm to -1.358 dBm. On the
other end of the spectrum, the user with the best connection, the user near F(0,0), had its SINR
go from +8.29 to +6.64 dBm. Other values tended to do the same, as the user near F(3,28)
suffered a decrease in SINR from +4.78 to +1.01. The user near F(10,10) saw a slight
improvement from +2.255 to +2.45 dBm, and the user near F(10,0) improved from +5.98 to
+8.58 dBm. These last two shifts are not necessarily sought after by the algorithm: rather it is
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merely enforced that their SINR values do not drop too low. All of these values are high enough
that the priority was to strengthen the weaker links, at the cost of the strongest link, so as to
provide a greater degree of fairness to the users.

Conclusion
Overall, the results gathered from the experiments discussed in this chapter were very promising.
The RRS algorithm’s value has previously been verified extensively in simulation, but with these
experiments having been conducted, the algorithm’s applicability to real world users is verified. As a
result of the success of these experiments, the data gathered will be added to [3] to reinforce the ideas
presented in the paper and be submitted to a journal.
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Chapter 4
Cell Biasing and Reassignment Algorithm
While gathering data for the experimental verification of the radius reduction algorithm,
covered in Chapter 3, it became apparent that some of the fundamental assumptions of the
algorithm limited the extent to which transmission power, and by extension noise, could be
reduced. From here, the idea of reassigning users to suboptimal access points for the sake of
more aggressively reducing transmission power was born. This process will be discussed in the
following chapter.

Introduction
In modern communication networks, it is not uncommon for several access points to be available
to a given user. By default, it is a common assumption that a connection would be made to the access
point corresponding to the strongest received signal strength indicator (RSSI). However, through the
process of cell biasing, this may not always be the case. “Cell biasing” refers to the practice of a user
equipment (UE) electing to connect to a specific access point based on how that access point meets
certain needs. A user looking to upload a lot of data, for example, would be biased towards connecting to
a node that would enable the fastest upload rates, whereas a user looking to download data might connect
to a different access point that would enable it to download faster. Given the high density of potentially
viable access points associated with femtocell networks, this poses an interesting question. The RRS
algorithm presented in Chapter 3 assumes that each user connects to the access point with the strongest
signal, which equates to the shortest distance from the user. However, while gathering experimental
results, it became apparent that, for edge users in particular, the signal strength from the optimal access
point was not always that much better than that of the second best. As such, a cell biasing algorithm that
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biased users towards establishing connections that would enable more aggressive power reduction was
developed.
RRS held the fundamental goal of increasing user fairness by providing service to as many users
as possible, with the ancillary goal of reducing power consumption, and the caveat that throughput may
not be maximized. Keeping this goal in mind, the cell biasing algorithm must not result in the loss of
service to any users compared to the existing RRS algorithm, but it may result in a reduction of
throughput if and only if overall transmission power is reduced.

Implementation
One of the benefits of this biasing algorithm is how well it cooperates with the already discussed
RRS algorithm. RRS takes in a list of user-femtocell associations as an input, and proceeds with the
iterative process of reducing transmission powers from there. Note that the cell biasing process is
designed with user controlled reduction in mind. If area controlled reduction is employed, cell biasing
would encourage suboptimal user-femtocell associations, but would not enable any extra reduction in
transmission power.
The cell biasing and reassignment process starts with establishing the default femtocell to user
assignments, while also taking note of the quality of secondary assignments for each user. When
conducting this process graphically or in simulation, physical distances can be easily noted, but in
practice this information would have to be estimated based on the RSSI from each access point. Other
estimates including macrocell interference and RSSI’s from other access points enable the user to have a
rough idea of what their SINR would be if connected to a given access point. At this point in the process,
there has been no transmission power reduction, so the estimates should be conservative of final values.
The next step in the process is for each femtocell to determine if there would be any value in
reassigning its users. The users that would theoretically be reassigned are likely those whose connections
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were not too strong to begin with. As such, reassignment must result in a significant decrease in
interference to compensate for, and ideally outweigh the effect of, the reduced RSSI from the user’s
chosen access point. This is accomplished by comparing the distances, or RSSI’s, between a femtocell
and all of its users. The largest difference in distance is calculated, and compared against a user selected
threshold. The larger the chosen threshold is, the more likely it is that reassignment will be helpful, but
the less likely it is to occur. If this gap is large enough, it is determined that there could be a substantive
reduction of transmission power and noise, and that some users will benefit from the reassignment
process.
If it is determined that there is some merit to the idea of reassignment in a specific setup of users
and femtocells, the next step is to ensure that the users in question would not be too negatively impacted.
In its current state, the biasing and reassignment algorithm will only implement the reassignment process
if the SINR estimates indicate that these users will be provided service by their new femtocell. This
reflects and is very much dependent on the load that the secondary femtocell is projected to be under.
Given that reassigned users are typically the borderline users whose service is in jeopardy; this indicates
that reassignment will usually only occur when most users already have service available to them. The
existing RRS algorithm emphasized fairness above all else, but the addition of the cell biasing and
reassignment algorithm shifts the emphasis towards power savings, with the guarantee that no additional
users will fall beneath their throughput targets.
Finally, if reassignment is projected to result in significant power reduction and will not be at the
cost of service to edge users, users are reassigned to their secondary connection, and the power reduction
algorithm proceeds as before. In its current state, only one reassignment per iteration is allowed, a
termination condition to prevent a user from potentially being juggled between two access points. Ideally,
femtocells would communicate with each other to compare results from different reassignment
conditions, and the optimal solution would be agreed upon and carried out. In its current implementation,

22
a centralized calculation is made to decide upon the most promising reassignment, which is then carried
out if desired.

Simulation Results
When evaluating RRS in [3], the femtocell network was initialized to be near capacity in that
there would initially be users who could not be served, but after RRS some of these users would be given
service. One such network is shown in Figure 4, where it can be visually observed that biasing and
reassignment would likely have minimal effect. In circumstances such as these, the cell biasing and
reassignment algorithm is considered to be a success if no reassignment takes place, and the existing RRS
process proceeds as usual. Note that a large facet of the algorithm is deciding when or when not to
reassign its users, and it is important to not trigger false positives.

Figure 4: Heavily Loaded Femtocell Network for Evaluating RRS
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Conversely, in under loaded networks, such as the one shown in Figure 5, the potential for
reassignment and the benefit therein is much greater. This is further evidenced by Figure 6 and 7, the
results of RRS with and without cell biasing and reassignment, respectively.

Figure 5: Test Case 1, Initial Conditions

Figure 6: Test Case 1, Reassignment Enabled
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Figure 7: Test Case 1, Reassignment Disabled

In this test case, reassignment enables the femtocell at (10,20) to reduce its transmission power
significantly, at the expense of limiting the degree to which the femtocell (10,0) could reduce. In this case
only a single user is reassigned, and the power savings are clear. More detailed information on each
femtocell and user in this test case is shown in the tables below.
Table 2: Test Case 1, User Results

User
(x,y)
3,8
7,8
10,9
10,11
9,19
0,24
Total:

Initial
Throughput
(Mbps)
375
148.05
86.95
152.75
852.25
921
2536

Throughput (Mbps),
Reassignment Disabled
375
217.5
157.5
221.25
1308.72
375
2654.97

Throughput (Mbps),
Reassignment Enabled
375
182.38
256.9
229.27
547
734
2324.55

Goal
44.30891
28.28894
48.07498
33.03005
42.83068
46.35375
242.8873
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Table 3: Test Case 1, Femtocell Results

Femtocell
(x,y)
0,0
10,0
3,28
10,20
Total:

Initial Power
(dBm)
14
14
14
14
20.02

Power (dBm),
Reassignment Disabled
9.714
9.714
4
9.714
14.857

Power (dBm),
Reassignment Enabled
9.714
11.14
4
-6
14

Note that in order to calculate total power, the power values in dBm were converted to
watts before summing them together. Total power was reduced by a noticeable margin, and
while there was a slight decrease in overall throughput, all users were still well above their
threshold.
The initial conditions of test case two are displayed below in Figure 8, where the same
orientation of femtocells is employed for a different set of users.
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Figure 8: Test Case 2, Initial Conditions

Here the network is more heavily loaded than in Test Case 1, but the users are still spread in a
non-uniform manner. By reassigning femtocell (10,20)’s edge users, the subsequent reduction in
interference results in a net improvement in the overall throughput, while also resulting in the required
reduction in transmission power. The results are shown in Figures 9 and 10 for no reassignment and
reassignment enabled respectively, with the quantified throughput rates and transmission powers
displayed in Tables 4 and 5. With each user still well above its throughput requirement, this represents
arguably the best result of the cell biasing and reassignment
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Figure 9: Test Case 2, Reassignment Disabled
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Figure 10: Test Case 2, Reassignment Enabled
Table 4: Test Case 2, User Results

User (x,y)
0,1
4,0
0,6
1,19
6,0
7,11
8,21
0,20
8,9
10,5
8,7
Total:

Initial Throughput
(Mbps)
957.6
214.03
264.24
75.2
175.04
96.35
405.54
375
82.25
102.76
71.25
2819.26

Throughput (Mbps),
Reassignment Disabled
706.15
127.5
138.75
80.8
267.09
118.75
405.54
375
120
165.78
114.87
2620.23

Throughput (Mbps),
Reassignment Enabled
706.15
127.5
138.75
344.98
226.86
125.81
375
389.02
146.8
285.38
174.99
3041.24

Goal
24.38
27.48
37.91
12.41
36.67
36.83
18.42
15.16
22.62
24.55
32.81
289.24
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Table 5: Test Case 2, Femtocell Results

Femtocell
(x,y)
0,0
10,0
3,28
10,20
Total:

Initial Power
(dBm)
14
14
14
14
20.02

Power (dBm),
Reassignment Disabled
6.86
9.71
9.71
9.71
13.52

Power (dBm),
Reassignment Enabled
6.86
11.14
9.71
-1.71
13.21

Test Case 3 is detailed in the following figures. Here a comparatively loaded cell accepts greater
responsibility, as its estimates indicate that it can still take on more users while satisfying every user’s
minimum rates. Note that the fundamental goal of the RRS algorithm is to maximize the number of users
whose minimum rates are satisfied, and that this may come at the expense of throughput. As such the
improvements made by this algorithm, while valuable, should not be made at the expense of this
fundamental goal.

Figure 11: Test Case 3, Initial Conditions
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Figure 12: Test Case 3, Reassignment Disabled

Figure 13: Test Case 3, Reassignment Enabled
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Table 6: Test Case 3, User Results

User (x,y)
0,7
0,5
4,0
6,0
9,18
7,11
1,26
10,9
10,16
13,20
8,14
Total:

Initial Throughput
(Mbps)
180.51
227.54
219.36
289.91
306.72
68.15
1502
110.45
202.98
240.32
109.4
3457.34

Throughput (Mbps),
Reassignment Disabled
180.51
227.54
196.92
381.68
438.3
93.75
375
180
285.38
373.14
146.8
2879.02

Throughput (Mbps),
Reassignment Enabled
249.56
294.72
405.96
235
414.96
168.82
375
76.58
276.73
545.04
285.38
3327.75

Goal
24.38
27.48
37.91
12.41
36.67
36.83
18.42
15.16
22.62
24.55
32.81
289.24

Table 7: Test Case 3, Femtocell Results

Femtocell
(x,y)
0,0
10,0
3,28
10,20
Total:

Initial Power
(dBm)
14
14
14
14
20.02

Power (dBm),
Reassignment Disabled
8.29
9.71
-0.29
9.7
14.22

Power (dBm),
Reassignment Enabled
8.29
2.57
-0.29
11.14
13.52

Conclusion
The cell biasing and reassignment algorithm presented in this chapter is shown to have much
potential. Particularly in under loaded networks with nonuniform distributions of users, improvements in
transmission power and SINR, as well as occasionally throughput rates, are possible. However, the
implementation developed alongside this paper has not undergone extensive testing and thus has not truly
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been verified. Future improvements are discussed in Chapter 5, and the results presented in this chapter
indicate that following through with the development and testing of this algorithm could be worthwhile.
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Chapter 5
Future Works
The cell biasing and reassignment algorithm has the fundamental goal of not dropping
service to any additional users. This is important, but in the specific implementation it may have
been heavy handed in how quickly the possibility of reassignment was dismissed. A more
aggressive algorithm could potentially be of service in these conditions, while still not violating
the aforementioned condition, but it would also require more intelligent determination of when
reassignment can take place. This would require further calculations or estimations of the benefit
of the process, but it could be a direction worth exploration.
As of right now, at each iteration of the reduction process, a network is limited to
reassigning the users of one femtocell at a time. In its current implementation, a centralized
calculation to determine which femtocell should undergo reassignment selects the most
promising femtocell and the algorithm goes from there. Ideally this would be a purely distributed
algorithm with a more complex termination condition involving communication between a
femtocell and its neighbors. In terms of developing this algorithm further, this should be the first
area of exploration.
As mentioned in [1], interactions between femtocell networks and nearby macrocells are
of great interest. The algorithms in this paper only refer to macrocells as a small source of noise
when calculating SINR estimates and the like, but do not consider scheduling with respect to the
macrocell. Broadening the scope of the algorithms presented in this paper to account for the
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presence of a macrocell and the various complications it brings could go a long way toward
making the proliferation of femtocells a more sustainable process.
The data gathered on the verification of the Cell Biasing and Reassignment algorithm are
proof that the algorithm has merit and potential. However, the test cases shown are limited to
small scale, fairly simple orientations. To verify the algorithm and prove its use, more elaborate
tests ought to be carried out to illustrate the potential of the algorithm, and to make adjustments
as is necessary.

35

Chapter 6
Conclusion
In this paper, two major projects were discussed. The first entails the experimental verification of
the Radius Reduction and Scheduling algorithm presented in the paper under preparation, “Power
Adjustment and Scheduling in OFDMA Femtocell Networks”. Physical experiments were carried out,
and their results analyzed. The gathered data verified the expected results of the algorithm, and as such,
these experiments and the results thereof will be implemented into [3] before it is hopefully published.
The second major project was the development of a cell biasing and reassignment algorithm for
femtocell networks. This idea was born from observations made while gathering the aforementioned
experimental data. This idea was developed from an anecdotal observation, into simulation results
proving that such an algorithm could be very beneficial under certain circumstances.
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