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1 Introduction

The rapid growth of the population of mobile users demands the fast development of wireless
communication technology. There are more than 1 billion mobile broadband subscriptions
worldwide today, and this number is expected to grow to 5 billion by 2016. The rapidly
increasing number of mobile subscriptions involves the exponential growth of mobile data
traffic which is primarily dominated by smartphones, mobile PCs and tablets [1].

These new trends in wireless communications also include high (peak and average) data
rates and low latency expectations from the user point of view, as well as high spectrum
efficiency and low cost of ownership from the network operator’s perspective. The wireless
mobile systems of today have to meet these stringent requirements. Since the radio resource
is limited and very expensive, the efficient use of the radio spectrum is extremely important
from the cost of service point of view. This goal is particularly challenging for systems
that are power, bandwidth, and complexity limited. A reduction in cost and an increase
in bit rates at the same time can be achieved, for example, by more efficient reuse of
spectrum through improved radio resource management (RRM) functions and by the use of
multiple transmitter and receiver antennas that can significantly increase channel capacity.
Therefore, the efficient use of radio spectrum plays a key role in maximizing the utilization
of the system.

The term radio resource management is generally used in wireless systems in a broad
sense to cover all functions that are related to the assignment and the sharing of radio
resources among the users of the wireless network (e.g., mobile terminals, radio bearers,
user sessions). The type of the required resource control, the required resource sharing
and the assignment methods are primarily determined by the basics of the multiple access
technology such as Frequency Division Multiple Access (FDMA), Time Division Multiple
Access (TDMA), Code Division Multiple Access (CDMA) or Orthogonal Frequency Division
Multiple Access (OFDMA) and the feasible combinations thereof. Likewise, the smallest
unit in which radio resources are assigned and distributed among the entities (e.g., power,
time slots, frequency bands/carriers or codes) also vary depending on the fundamentals of
the multiple access technology employed on the radio interface [BC1].

Radio resource management (RRM) has to combat the randomly changing radio link
conditions by adapting the transmission and reception parameters to the actual link con-
ditions (often referred to as the channel state). The better the transmitter can follow the
fluctuations of the radio link quality and adapt its transmission accordingly (multi-antenna
transmit mode selection, modulation and coding, power allocation, scheduling), the better
it will utilize the radio channel capacity. The radio link quality can change rapidly and with
large variations, which are primarily due to the fast fading fluctuations on the radio link
but other factors such as mobility and interference fluctuations also contribute to these. As
a consequence, the various radio resource management functions have to operate on a time
scale matching that of the radio link fluctuations. The requirement on modern wireless
systems in terms of high (peak and average) data rates, low latency and high spectrum
efficiency are fulfilled primarily via the radio resource control functions being located close
to the radio interface where such instantaneous radio link quality information is readily
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available. In this case, the radio resource management benefits from the fast operation
of single or multi-cell radio network algorithms, and thereby achieves capacity increase
in the system. The improvement in spectral efficiency can also be realized by the use of
multi-antenna (e.g., multiple-input and multiple-output (MIMO)) systems where the RRM
algorithms have to control the additional spatial dimension as well, introduced by multiple
transmitter and receiver antennas [2].

On the other hand, capacity maximization involves the fundamental trade off between
the achieved throughput and the level of fairness guaranteed. Thus, fairness in terms of
achieved per user capacity is also needed to be taken into account in the RRM algorithms
in order to provide certain quality of service to users. Beside the fast changing radio link
quality, the bursty nature of typical packet data traffic also imposes a challenge on the radio
resource assignment and requires a dynamic and fast resource allocation taking into account
not only the instantaneous radio link quality but also the instantaneous packet arrivals.

The dissertation is centered around the following aspects from the area of radio resource
management in modern cellular networks:

• how to improve the channel quality through the use of power control, interference
management and scheduling, and through the proper coordination of these RRM
functions in a multi-cell environment [C1,C2,C3,C4,C5,J1,J3,J4,BC1,P1,P2,P3];

• how to exploit the better channel quality to achieve higher capacity (e.g., use of spatial
multiplexing and adaptive modulation) [C1,C2,C3,J1,J3];

• how to share the radio resources among users to guarantee a certain level of fairness
[C2,C3,J1,J3];

• finally, how to employ these methods in a real modern cellular network (e.g., in the
3GPP Long Term Evolution (LTE) system) [C4,C5,J1,J2,J4,BC1,P1,P2,P3].

My dissertation contains the most important results of my research work in the field
of radio resource allocation in cellular networks focusing on the above listed aspects, and
builds on the following theses.

• Thesis 1: Optimal radio resource allocation in multi-user multiple input multiple
output (MU-MIMO) and in the single user MIMO (SU-MIMO) systems employing
spatial multiplexing, as well as, transmit diversity [C2,C3,J3].

• Thesis 2: Inter-cell interference coordination in modern cellular mobile systems em-
ploying fast radio resource management functions [C5,J4,BC1,CO1,CO2].

• Thesis 3: Network coordination for fast radio resource management in multi-cell co-
ordinated modern cellular systems [C4].

• Thesis 4: Distributed power control and mode selection algorithms for cellular network
assisted device-to-device (D2D) communications [C1,J1,J2].

2



2 Methodology

The main results of Section 3.1 are founded on analytical basis. I used the mathematical
analysis and numeric optimization as the main approaches to the problem of radio resource
allocation in MIMO wireless systems (Thesis 1). The results of Section 3.2 and 3.3 are
founded both on analytical and simulation analysis of the 3GPP LTE radio interface and
the LTE radio access network (Thesis 2 and 3). A detailed radio system simulator platform
was extended comprehensively to cover all functionalities needed to model inter-cell inter-
ference coordination and multi-cell coordinated resource allocation in a realistic Orthogonal
Frequency Division Multiplexing (OFDM) based wireless environment. In Thesis 4 (Section
3.4), I used the toolset of mathematical analysis, numeric optimization and simulation anal-
ysis to solve the problem of optimal radio resource allocation and to evaluate the proposed
heuristics in cellular network assisted device-to-device communications.

3 New Results

3.1 Opportunistic Power Control in Single- and Multi-User MIMO Sys-

tems

Power control as one of the most fundamental radio resource management functions has
the task to set the individual transmit power levels of users taking into account different
aspects such as total and individual power budget and/or quality targets. In the available
literature, the power control is mainly used to maintain a predefined signal-to-interference-
and-noise ratio (SINR) target (see, for instance, [3] and [4]). This approach is called SINR
target tracking or SINR target following power control (PC) and is suitable for real-time
voice applications. Since it is anticipated that the data volume in wireless networks become
higher and higher in the future, it is needed to re-examine the paradigm of the SINR target
following PC. The technique designed for voice systems may not be suitable, since data
applications typically can tolerate a much larger delay and transmission rate fluctuations.
Furthermore, setting the SINR targets to a single value that is suitable for all users and
for all types of data applications is a very difficult task due to the large fluctuation of the
received SINR and the significant difference in the requirements of the services, e.g., voice
or video streaming.

The basic idea of opportunistic power control (OPC) came from Knopp and Humblet
[5] who showed that in a single input single output (SISO) code division multiple access
(CDMA) environment, only the terminal with the largest instantaneous channel gain should
transmit in order to maximize the system throughput. That is, the idea of OPC is to allocate
higher power for users with good channels.

Although the OPC concept is attractive because it maximizes the multi-cell throughput
and lends itself for distributed implementations, it requires instantaneous and quite precise
channel state information and can become extremely unfair. This approach is fundamentally
the opposite that of the SINR target following power control with predefined SINR targets.
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I have investigated the problem of opportunistic power control in single- and multi-user
MIMO systems and shown how to maximize the sum throughput under fairness and sum
power constraints. First, I have examined this problem in the form of channel dependent
SINR target setting and shown how to maximize the sum throughput under fairness and
sum power constraints in the downlink (DL) of a multi-user MIMO system (Thesis 1.1 and
1.2). In the second part of Thesis 1, I analyzed the optimal power control depending on the
applied MIMO transmission mode such as spatial multiplexing (SM) and transmit diversity
(TD) (Thesis 1.3 and 1.4).

Thesis 1. [J3, C2, C3] I have formulated the power control and capacity maximization
problems with the consideration of fairness in the downlink of a multi-user MIMO system in
the form of adaptive SINR target settings (Thesis 1.1). I have proposed a fairness constraint
in the optimization problems that can control the relative user SINR values on stream level
instead of assuming a predefined fixed SINR for each user (Thesis 1.2).

I have formulated the power control problem with the consideration of fairness, link
adaptation, and modulation and coding scheme (MCS) selection in the downlink of single-
user MIMO system (Thesis 1.3). I have analyzed the impact of different MIMO transmission
modes such as spatial multiplexing and transmit diversity on the achieved capacity and
fairness (Thesis 1.4).

In the first part of Thesis 1, I have analyzed the impact of introducing and setting the
target SINR in the multi-user MIMO downlink broadcast channel employing block diago-
nalization precoding subject to several realistic constraints (transmission power, fairness,
etc.). I have solved both the power control and the capacity problems. The illustration of
the model under study can be seen in Figure 1.
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Figure 1: Downlink multi-user MIMO with block diagonalization in the presence of other
cell interference assuming linear minimum mean square error (MMSE) receiver [6, 7]. The
detailed explanation of the figure can be found in the dissertation [8].

In order to evaluate both the capacity and power control problems, first I have derived
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the stream wise SINR expression assuming linear minimum mean square error (MMSE)
algorithm at the receiver. Having the SINR expression for each stream of each user makes
it possible to evaluate the proposed capacity and power control problems that are formulated
as follows.

Thesis 1.1. [C3] I have formulated the optimization problem for the capacity maximiza-
tion and power control problems in the multi-user MIMO downlink broadcast channel as
constrained optimization tasks. Both problems are formulated as the problem of finding the
per stream SINR targets subject to fairness constraints in order to investigate the gain of
optimal target SINR settings. The optimization problems are given by

Capacity problem

max
Γ,P̃

K
∑

k=1

Lk
∑

l=1

log2(1 + γk,l), (1)

subject to the following constraints:

Tr(P̃) ≤ PT, (2)

(Pk)(l,l) ≥ 0,∀k,∀l, (3)

γdBk,l −min{γdBm,s} ≤ F,∀k,∀l, (4)

m = 1, . . . ,K, s = 1, . . . , Lm,

where Γ = diag(γ1,1, . . . , γ1,L1 , γ2,1, . . . , γK,LK
), in which γk,l is the effective SINR (in linear

scale) perceived by user k on its lth stream and given by the following expression assuming
linear minimum mean square error (MMSE) receiver

γk,l =
1

{(INR,k
+P

1
2
k Ȟ

H
eff ,kK

−1
I,kȞeff ,kP

1
2
k )

−1}(l,l)

− 1, (5)

where Pk is a diagonal matrix whose elements contain the transmission power values of
the corresponding streams. Ȟeff ,k denotes the effective channel transfer matrix (intra-cell
interference is already suppressed) and KI,k is the covariance matrix of the other-cell inter-
ference plus noise. Furthermore, P̃ = diag(P1, · · · ,PK), K denotes the number of mobiles
and Lk is the number of data stream of mobile k. The constraint in (4) sets the maximum
allowed difference in terms of SINR for each stream (γdBk,l is the SINR of user k on stream
l in dB) and thereby enforces a certain level of fairness (F ).

Power control problem

min
Γ,P̃

K
∑

k=1

Lk
∑

l=1

(Pk)(l,l), (6)
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subject to the following constraints:

K
∑

k=1

Ck ≥ CT, (7)

(Pk)(l,l) ≥ 0,∀k,∀l, (8)

γdBk,l −min{γdBm,s} ≤ F,∀k,∀l, (9)

m = 1, . . . ,K, s = 1, . . . , Lm,

where CT in (7) is the required sum capacity.

Although, it can be proven that the power control problem is the dual of the capacity
maximization problem, it is often of more interest due to practical reasons (e.g., green
networking). The duality means that (1) and (6) have exactly the same solution in terms
of per stream power values when the maximum sum capacity achieved by (1) is set to CT

in (7) or when the minimum sum power of (6) is used in (2) as the value of PT.

Thesis 1.2. [C3] I have proposed to control the fairness among users in cellular MIMO
systems by setting the per stream SINR targets in power control according to the following
criterion

γdBk,l −min{γdBm,s} ≤ F,∀k,∀l, (10)

m = 1, . . . ,K, s = 1, . . . , Lm.

The parameter F is called the per stream SINR offset which controls the largest difference
in SINR (in dB) among streams of users.

This fairness approach has the advantages that

• it does not assume predefined and fixed minimum SINR values,

• provides adaptive SINR target setting and fairness control at the same time, and

• increases the degree of freedom of the optimization by introducing per stream SINR
values as optimization variables.

I have solved and evaluated the proposed optimization problems with different fairness
criteria. Since the optimization problems belong to the problem of nonlinear non-convex
optimization, the evaluation of these problems is a complex task. I have used a non-convex
optimization method to evaluate both the capacity and power control problems. This global
optimization approach is called Augmented Lagrangian Penalty Function (ALPF), which is
an exact penalty method based on the Lagrangian multipliers. ALPF requires the setting of
a feasible starting point, thus I have given heuristics to set feasible initial points, which runs
first random search for several iterations. When none of the selected points are feasible,
then other heuristic optimization algorithms are evaluated such as the Simulated Annealing
or the Nelder-Mead methods.

6



æ æ
æ

æ
æ

æ æ æ

à

à

à

à à
à à à

ì ì ì ì
ì

ì ì ì

ò

ò

ò
ò ò ò ò ò

UC 30 20 10 5 2 1 0.5

0

-Inf

-65

-55

-45

-35

-25

-15

-5

5

Per stream SINR offset @dBD

S
IN

R
p
er

st
re

am
@d

B
D

ò User 2 stream 2

ì User 2 stream 1

à User 1 stream 2

æ User 1 stream 1

(a) SINR per stream versus SINR offset

æ
æ

æ

æ

æ æ æ æà à
à

à
à

à
à à

ì ì ì

ì

ì
ì ì ì

ò
ò

ò

ò

ò

ò
ò ò

ô ô ô ô ô ô ô ô

UC 30 20 10 5 2 1 0.5

0

50

100

150

200

Per stream SINR offset @dBD

P
o
w

er

ô Sum power
ò User 2 stream 2

ì User 2 stream 1

à User 1 stream 2

æ User 1 stream 1

(b) Power per user per stream versus SINR
offset

System of today

Proposed solution

Gain

~ same rate per user

æ æ

æ

æ

æ

æ
æ æ

à à à à

à
à à à

ì ì

ì

ì

ì

ì
ì ì

UC 30 20 10 5 2 1 0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Per stream SINR offset @dBD

R
at

e
@b

it
�s
�H

zD

ì Sum rate

à User 2

æ User 1

(c) Rate per user versus SINR offset

Figure 2: Capacity maximization in MU MIMO cellular system: The optimal per stream
SINR perceived by each user (a), the optimal power allocation per stream and total trans-
mission power (b), and the achieved rate per user and sum rate are shown (c) in the function
of the SINR offset (F in (4) and (9)) when capacity maximization is applied (urban envi-
ronment, K = 2, NT = 4 and NR,k = 2,∀k).

Numerical results have confirmed that limiting the maximum difference in per stream
SINR values (expression (10)) is an efficient means to control fairness among users. I have
shown that in the downlink of the multi-user MIMO (MU MIMO) broadcast channel the
per stream SINR target setting provides considerable performance benefits compared to
systems in which equal SINR targets are set for all streams of all users. Figure 2 shows
the results when capacity maximization is applied and unbalanced interference conditions
exist in the network. These results altogether show that the introduction of SINR targets
as optimization variables increases the degree of freedom of the optimization concerning
capacity maximization and power minimization. The settings of these targets has a great
impact on the performance characteristics of the system.

In the following, my objective is to evaluate the performance of opportunistic power
control also in OFDM based single-user MIMO systems that can operate in two different
MIMO transmission modes such as spatial multiplexing (SM) and Alamouti space-time
block coding (STBC) transmit diversity scheme.

Alamouti proposed a simple STBC scheme [9] that was turned out to be the only

7



orthogonal STBC that achieves code rate 1 (i.e., full rate, since it transmits two symbols
in two time slots). The Alamouti coding works with two transmit antennas and it can be
extended to handle multiple receive antennas providing receive diversity as well.

Specifically, multi-antenna schemes such as Alamouti STBC with maximal ratio combin-
ing (MRC) and spatial multiplexing (SM) with linear minimum mean square error (MMSE)
processing at the receiver are widely employed and well understood diversity and multiplex-
ing schemes, respectively.

I focus on the downlink of a MIMO OFDM system and study the throughput gain of
OPC over equal power allocation when the system employs Alamouti STBC (as low rank
transmission mode) or SM (as higher rank transmission mode). The main goal is to answer
the question whether OPC is worth the pain of obtaining fast CSI at the transmitter, since
it requires excessive signaling overhead.

In order to analyze the gain of OPC in realistic environment, I formulated the capacity
maximization problem considering the following two aspects:

• optimal modulation and coding scheme selection is taken into account, and

• the throughput calculation considers modulation characteristics (link adaptation) as
opposed to the idealistic Shannon capacity approach.

Using the proposed model, it is possible to make true comparison between the two MIMO
transmission modes (Alamouti STBC with MRC receiver and SM with linear MMSE re-
ceiver) regarding the performance characteristics.

Thesis 1.3. [J3,C2] I have proposed a constrained optimization task for the capacity max-
imization problem in the downlink of an OFDM based single-user MIMO system that con-
siders fairness and adaptive modulation and coding scheme selection (link adaptation).The
optimization task is formulated as

max
p

K
∑

k=1

Nk
∑

nk=1

Lk
∑

q=1

Rc
k(1− PERc({p}k,M

c))LA({p}k,M
c) (11)

subject to the following constraints:

K
∑

k=1

Nk
∑

nk=1

Pn
k ≤ PT, (12)

Pn
k ≥ 0,∀k,∀n, (13)

Tk ≤ F · Tl,∀k,∀l, (14)

where Rc
k and PERc denote the code rate of the convolutional encoder and the predicted

packet error rate on the qth stream and nth subcarrier of user k (i.e., on subchannel c =
(k, n, q)), respectively. Furthermore, LA(·) is the link adaptation function, which requires
the SNR and the corresponding modulation scheme of user k as inputs and returns the
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Figure 3: Optimal system throughput of Alamouti STBC (green) and spatial multiplexing
(blue) are shown in the functions of the total transmission power budget and the unbalance
in the users’ channel conditions without (a) and with (b) adaptive MCS when opportunistic
power control is applied at the transmitter, F = ∞, K = 2, NT = 2 and NR,k = 2,∀k.

number of effective information bits. In (11), p is the power loading vector whose kth

element equals to {p}k = {P 1
k , . . . , P

Nk

k }, where Pn
k is the transmit power of user k on

subcarrier n. The constraint in (14) sets the maximum allowed relative difference in per
user throughputs (Tk, k = 1, . . . ,K) and thereby enforces a certain level of fairness among
users.

The addressed capacity maximization problem is a constrained nonlinear non-convex
optimization task. To solve this problem I applied the Augmented Lagrangian Penalty
Function (ALPF) method similarly as in the multi-user MIMO case. In order to employ
ALPF, the continuously differentiable requirement for the objective function has to be
fulfilled. In (11), this requirement is violated by the PER and LA functions, since they
are expressed in the forms of tables. Therefore, I have proposed continuously differentiable
approximation functions for the SINR to PER as well as to channel information capacity
mappings. The proposed functions minimize the sum of squared relative errors compared to
the table based representations. The mapping functions, their parameters and their exact
values can be found in Section 2.3.3 of the dissertation [8].

I have implemented the proposed model and solved the constrained nonlinear non-convex
optimization task with respect to

• different fairness requirements;

• whether adaptive modulation and coding scheme selection is employed, and

• how large the channel unbalance among users is.

Thesis 1.4. [J3,C2] By solving the proposed optimization problem, I have shown that

• Alamouti achieves better fairness than SM regardless of the power control scheme and
exploits the advantage of higher order modulation even at high unbalance or in the low
SNR region;
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Figure 4: Jain’s fairness index for Alamouti STBC (green) and spatial multiplexing (blue)
are shown in the functions of the total transmission power budget and the unbalance in the
users’ channel conditions without (a) and with (b) adaptive MCS when opportunistic power
control is applied at the transmitter, K = 2, NT = 2 and NR,k = 2,∀k.

• Alamouti STBC is always superior in terms of system throughput when the channel
unbalance is high (> 5dB) and when the available total transmission power is low
regardless of fairness and power control scheme;

• equal power allocation achieves ∼90 % of the capacity of OPC when tight fairness
(F = 1.5 in (14)) is required and adaptive MCS is applied;

• the spatial multiplexing along with OPC yields superior system throughput when fair-
ness is not a concern.

The validation of Thesis 1.4 is based on the evaluation of the proposed optimization
problem. See Figures 3 and 4 for some results of the evaluation.

In Thesis 1, I have presented the most important effects of optimal radio resource alloca-
tion regarding different power control approaches and MIMO transmission schemes on the
system capacity from different aspects. While these theoretical works provide useful insight
into the maximum gain that can be achieved by optimal power settings and selecting the
best transmission modes, their complexity limits their direct application in system design.
Therefore, realistic system simulations are needed for the fast RRM system design which I
investigate in Section 3.2 (Thesis group 2).

3.2 Inter-Cell Interference Coordination in OFDM based Modern Cellu-

lar Systems

The reduction of inter-cell interference for multi-cell wireless systems including GSM, EG-
PRS, EDGE and UTRA systems has been the topic of research ever since these systems
started to gain popularity. In order to study the inter-cell interference problem in a realistic
way, we need to consider all of the fast RRM functions as well as typical packet data traffic
characteristics. Thus, I have studied the gain of the inter-cell interference coordination
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(Thesis 2) for the uplink in a multi-cell system that extensively rely on fast radio resource
management functions and reuse-1 frequency allocation, which is the case, for instance, in
the 3GPP LTE system, in which scheduling, link adaptation, fast retransmission of lost
packets by HARQ and power control are also employed.

In OFDM based radio interface of LTE, the radio resource is divided in time and fre-
quency. A time-frequency resource unit is called a Resource Block (RB) which aggregates
a certain number of OFDM symbols on a given number of carriers. Due to the reuse-1
property of LTE, every RB is available for use in each cell, which means that transmissions
on the same RB may be scheduled by neighbor cells (causing a RB collision).

Considering the interplay between various RRM algorithms, the result of such a collision
can be that

• fewer number of data bits can be carried by a RB (due to link adaptation),

• fewer number of RBs can be allocated to the UE in a transmission time interval (TTI)
because of the UE’s power limitation, and

• more retransmissions may be necessary for successful data delivery, because link adap-
tation may fail in setting the appropriate modulation scheme and code rate.

Thesis 2. [C5, J4, BC1, CO1, CO2] I have formulated and characterized conditions for
achieving capacity gains with inter-cell interference coordination (ICIC) in OFDM based
cellular systems (Thesis 2.1).

I have developed five ICIC algorithms for the uplink of OFDM based cellular systems
that are able to realize the achievable ICIC gain in terms of increased mean and cell-edge
user throughput, reduced UE power consumption and reduced radio transmission delay, and
are practically feasible to implement. I have shown that capacity gains achievable with ICIC
depends on whether the Compensation criterion (introduced in Thesis 2.1) holds and on the
statistical nature of the user traffic (Thesis 2.2).

Definition 3.1 (Transmit power limited transmission). I assume a transmit power limi-
tation of Pmax at the UE and the transmission is said to be transmit power limited if the
number of RBs allocated for the UE is limited by Pmax.

Thesis 2.1. [C5] I have introduced the notion of the Compensation criterion in order to
capture the aggregate effects of fast RRM functions and to understand the limitations of
ICIC mechanisms in practical systems.

Compensation criterion Considering M cells in the system, the Compensation crite-
rion is fulfilled if the number of bits carried by a non-colliding RB (Cnc

RB) is less than or
equal to M times the number of bits carried by colliding RBs (Cc

RB), i.e.,

Cnc
RB ≤ M · Cc

RB . (15)

I have shown that if the Compensation criterion holds (i.e., Cnc
RB ≤ M · Cc

RB) and
the transmit power is not limiting (see Definition 3.1), then it is true for arbitrary system
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load that the capacity of the system (average cell capacity and cell edge capacity) cannot be
increased by employing any inter-cell coordinated resource allocation mechanism in OFDM
based cellular systems employing fast RRM functions.

I have shown that if the Compensation criterion holds and the transmission is power
limited in OFDM based cellular systems employing fast RRM functions, then

a) in case the load does not exceed what can be transmitted per transmission time interval
(TTI) on RBs with collisions (Dc

max) then no capacity gains can be achieved with
inter-cell coordinated resource allocation;

b) in case the load per TTI is higher than Dc
max then it is possible to achieve gains in sys-

tem capacity and cell-edge capacity with a coordinated allocation, where the maximum
gain that can be achieved compared to the uncoordinated case is

g =
min(Dnc

max, F/M · Cnc
RB)

Dc
max

, (16)

where F denotes the total number of RBs available in the frequency domain during one
TTI and Dnc

max is the maximum number of bits transmitted per TTI on RBs without
collisions.

In the proof of the previous theses I exploited the fact that the fast radio resource man-
agement functions (routinely employed by modern cellular systems) are able to compensate
the loss occurred by RB collisions by allocating more RBs to the user or by retransmitting
the unsuccessfully delivered data through the fast HARQ mechanism. Thesis 2.1 has been
validated based on extensive computer simulations.

With the above in mind, I have developed several ICIC algorithms that are presented
in the next thesis. Our reference case (referred to as “No ICIC - reference case”) is such a
scheduling approach in which the scheduler does not employ restrictions on the schedulable
resource blocks. That is, the scheduler in each cell works independently of the used resource
blocks in the neighboring cells (default scheduling approach in LTE).

In order to evaluate these algorithms, I have proposed a solution on how to introduce
ICIC aware resource allocation into the scheduler. The proposed scheme is a modification
of the existing scheduling algorithm and it is built for the uplink of the 3GPP LTE system,
and

• is able to support the integration of different ICIC methods,

• preserves the characteristics of the existing scheduler (default scheduler characteristics
in LTE) regarding fairness, quality of service, etc.,

• takes into account the single carrier property of the uplink scheduler (in LTE, sin-
gle carrier frequency division multiple access (SC-FDMA) and OFDMA scheduler is
applied for the downlink and the uplink, respectively).

12



The proposed ICIC aware scheduling has two phases, in the first phase the default scheduling
decision is evaluated according to the quality of service, fairness, etc. requirements, then in
the second phase the scheduled users are reordered and reassigned to resource blocks (which
implies the recalculation of the corresponding transport formats as well) as required by the
employed specific ICIC algorithm from Thesis 2.2.

Thesis 2.2. [C5,J4,BC1,CO1,CO2] I have developed five algorithms for uplink inter-cell
interference coordination in OFDM based cellular systems that

• achieve throughput improvement for greedy and peak rate limited traffic types,

• substantially reduce UE power consumption,

• reduce transmission delay of a packet sent on the radio interface,

• do not require communication between base stations,

• can run on the time scale of the radio scheduler, and

• are practically feasible to implement.

The concise descriptions of the proposed algorithms are as follows.

1. ICIC start index: This scheme defines a “start index” in frequency domain. The
scheduler schedules UEs starting from the resource block identified by the start index.
Being the simplest ICIC scheme, this approach does not distinguish between exterior
(cell edge) and interior (non cell edge) UEs.

2. ICIC start index + cell edge / non edge: This scheme is similar to the ICIC
start index scheme, but now the scheduler schedules first the exterior UEs starting
from the resource block identified by the start index and after all the exterior UEs
have been scheduled, it continues scheduling the interior UEs.

3. ICIC randomized + cell edge / non edge: This scheme is similar to the ICIC
start index + cell edge / non edge scheme, except that the start indexes are selected
randomly without cell-wise coordination. This scheme is a fully distributed scheme
in the sense that there is no need for a central entity that assigns the start indexes.
Another random variable with an arbitrary distribution describes how often in time
this offset is reselected by the scheduler.

4. ICIC geometry: This scheme is similar to ICIC start index + cell edge / non edge
but uses a continuous measure based on the path loss differences to neighbor cells in
order to sort the UEs (rather than distinguishing exteriors and interiors). The path
loss value between the UE and the serving base station, as well as between the UE and
the neighbor base station i is denoted by PL and PLi determined for each neighbors,
respectively. The algorithm maintains a sorted list in each cell in ascending order
that contains min∀i PL− PLi value (called geometry weight) determined for each UE.

13



Thereafter the scheduling algorithm is similar to that of the ICIC start index + cell
edge / non edge scheme, except that now the scheduler schedules the “most exterior
UEs” first starting from a pre-set “start-index” and proceeds towards the interior UEs.

5. ICIC hard restriction: In this scheme, there is a “start index” and a “stop index”
associated with the set of available resource blocks. The scheduler uses the resource
blocks between the start and stop indexes for exterior UEs. If this pool of resource
blocks is depleted, some exterior UEs will not get scheduled within a specific TTI. If
there are remaining resource blocks in this pool after exterior UEs have been scheduled,
they can be utilized by interior UEs. Using disjoint subsets of resource blocks (defined
by the start and stop indexes) in neighboring cells, exterior collisions can be completely
avoided.

Based on extensive computer simulation, I have shown that the UE power consumption
and the transmission delay of the radio interface can be substantially reduced when ICIC is
employed in the system.

I have also shown that

• under bursty packet arrivals, i.e., non-full buffer (e.g., TCP-based traffic sources)
and full buffer non-peak rate limited traffic types, noticeable throughput improvement
cannot be achieved with inter-cell interference coordination;

• with full buffer type of traffic sources together with peak rate limitation (e.g., video
streaming) capacity gain can be achieved with ICIC mechanism.

The detailed and formal description of the algorithms can be found in Section 3.3.4 of
the dissertation [8].

I have implemented the proposed algorithms in a realistic radio system simulator to
demonstrate the above listed advantages of the proposed algorithms. The simulator im-
plements detailed channel propagation models as well as higher layer link protocols and
functions such as power control, HARQ, link adaptation and scheduling. Network layer
protocols such as TCP/IP are also implemented. The channel propagation models are ac-
cording to the ones defined by the 3GPP channel models in [10], from which I used the
typical urban channel for the simulations. The results of the evaluation of the proposed
scheduling algorithm together with some of the ICIC extensions are presented in Figure 5.

These results altogether suggest that significant capacity and throughput improvements
should not be expected from high complexity ICIC mechanisms with excessive inter-cell
communication as compared to simple allocation-order based, cell autonomous methods.
Therefore, it is of great interest to find other alternatives that can increase the spectrum
efficiency. Such alternatives are given in the following theses (Thesis 3).
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Figure 5: Cell edge throughput for full buffer and peak rate limited (“circuit switched”
like narrowband) users (a), the cell edge throughput (b), the packet transmission delay (c)
and UE power consumption (d) for non-full buffer and non-peak rate limited, (“TCP” like)
users are shown.

3.3 Scheduling and Power Control in OFDM based Multi-Cell Coordi-

nated Cellular Systems

Recently, tight network coordination in cellular systems has been demonstrated to improve
the spectrum efficiency by means of signal processing methods. However, the performance
of signal processing based multi-cell coordination is sensitive to backhaul delays, channel
estimation errors and imperfections in fast link control. That is, for the coordination to
work, there is a need for a high data rate multi-site communication on the time scale of
milliseconds or even less [11,12].

On the other hand, such multi-cell coordination infrastructure also enables tight coordi-
nation of radio resource management functions as a complement or alternative to multi-cell
signal processing. Unlike the signal processing based coordination methods where both
transmitted data and channel state information need to be exchanged among multiple base
stations, fast RRM coordination requires only channel state information to be exchanged.
In fact, fast RRM coordination may be an efficient complement to coherent signal pro-
cessing methods by allowing a more accurate control of channel variations and inter-cell
interference and thereby improving the SINR regime in which signal processing algorithms
have to operate, as it has been pointed out for instance, in [11]. Therefore, in the following,
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I investigate tight network coordination for fast radio resource management in multi-cell
coordinated system that is built around a fast backhaul transport infrastructure for the
purpose of enabling coordinated RRM rather than coordinated signal processing.

In a multi-cell coordinated cluster, there can be multiple number of transmission and
reception antennas at the different cell sites, connected to the central node via high capacity
transport links.

I have proposed a coordination method for multi-cell fast RRM and investigated the
achievable gains with multi-cell coordinated clusters in modern cellular systems that ex-
tensively rely on fast radio link control, where the link layer characteristics and fast RRM
algorithms are also modeled in detail. I have implemented all the proposed algorithms in
a detailed radio network simulator (in the same one that is used in Thesis 2) discussed
after Thesis 3.1. I have evaluated the performance of the uplink of an OFDM based system
employing the multi-cell coordinated clustering concept that makes use of a fast backhaul
infrastructure for multi-cell RRM using a realistic cellular environment similarly as in the
previous thesis group.

Thesis 3. [C4] I have given a coordination method for fast multi-cell radio resource man-
agement functions for coordinated clusters of cellular cells. I have proposed combined multi-
cell power control (Thesis 3.1) and scheduling algorithms (Thesis 3.2) for the coordinated
cluster concept and shown that they provide considerable performance gains without impos-
ing strong requirements on the backhaul infrastructure.

In order for the central entity to be able to adjust the power values of all users in all cells
of the cluster, a multi-cell power control algorithm is needed that calculates the transmission
power values such that certain SINR targets per user are met for all UEs.

Thesis 3.1. [C4] I have proposed an iterative multi-cell SINR target following power control
algorithm for the uplink of an OFDM based coordinated cellular system. The pseudo-code
of the proposed scheme is described by Algorithm 1 that executes the power allocation for
each resource block RB-f .

Using simulations, I have shown that employing closed loop power control alone with-
out exploiting any multi-cell knowledge can already improve the performance significantly
(∼30% for moderate system load). The application of the proposed multi-cell power control
algorithm can further increase the performance by ∼30%.

The validation of the thesis is based on extensive computer simulations. I have imple-
mented the proposed coordinated cluster system and the proposed power control scheme.
The simulation model implements detailed channel propagation models, higher layer link
protocols and functions, such as HARQ, ARQ, link adaptation and scheduling.

First, the multi-cell scheduler has to select users for transmission from each cell. Next,
the power control adjusts the transmit power levels for each assigned RB in the cluster,
then the link adaptation sets the coding rate and modulation scheme for all the scheduled
RBs in the coordination cluster. To reduce the inter-cell interference impact in the cluster,
the scheduler needs a measure that evaluates the loss in terms of bits per RB when more
users are scheduled on the same RB in neighboring cells within the coordination cluster.
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Algorithm 1: Multi-cell power control algorithm

1. Initially assume only the thermal noise (σ2
RB) and no interference on RB f and

assume that UE j ∈ Sf has a target SINR of ρ(j) where Sf denotes the set of UEs
scheduled on RB f in the entire coordination cluster.

2. The power allocation vector in iteration step i on RB f is denoted by
pi
f = [pik,f , p

i
l,f , . . . , p

i
m,f ], where pij,f is the transmission power of UE j ∈ Sf in

iteration step i and |pi
f | = |Sf |.

3. The transmission power of UE j on RB f in iteration step i is calculated according
to the following function (note that pi−1

j is available for each UE j ∈ Sf )

pij,f =
ρ(j) · Ii−1

1 · Ii−1
2

gj,l(j),f,1 · I
i−1
2 + gj,l(j),f,2 · I

i−1
1

, (17)

where

Ii−1
a =

∑

l 6=l(j)

∑

u∈Ml

yu,f · p
i−1
u · gu,l(j),f,a + σ2

RB , (18)

and gm,l,f,a contains the long and short term channel gain of UE m towards cell l on
RB f and on receiver antenna port a ∈ {1, 2}. Let the indicator variable ym,f take
the value of 1 whenever RB f is assigned to UE m and zero otherwise. The cell that
serves UE m is denoted by l(m), where l(m) = argmaxl{g

avg
m,l}, in which gavgm,l is the

channel gain without multipath fading between UE m and cell l. Ml denotes the set
of users served by cell l. The constant noise power on a RB is denoted by σ2

RB.

4. Increase the iteration counter by one and apply Step 2 until the power converges
(i.e., the difference between the power vector obtained at step i and i+1 is below
some threshold) or the maximum power is reached for one or more UEs.
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In order to decide which UE should be scheduled, basically three factors need to be
considered, namely (1) the quality of service requirements of UEs, (2) the channel quality
and (3) the UEs’ interference impact on each other. To model all these effects together,
I propose a weight based scheduling scheme, which selects users according to a complex
weight function, which includes components for all the above three factors.

Thesis 3.2. [C4] I have proposed a novel measure called relative link rate loss in order to
express the loss in terms of carried number of bits suffered by already scheduled UEs when
an other UE in an other cell of the coordination cluster is to be scheduled on the same RB.
The measure is denoted by ∆r and expressed as follows when UE k is about to be scheduled
in cell l on RB f

∆r =

∑

j∈Cf

rj −
∑

j∈Cf

r̂j

∑

j∈Cf

rj
= 1−

∑

j∈Cf

r̂j

∑

j∈Cf

rj
, (19)

where Cf denotes the set of UEs that are already scheduled on RB f in other cells (i.e., in
all cells except cell l), rj is the number of information bits of UE j ∈ Cf when UE k is not
scheduled on RB f , and r̂j denotes the number of information bits of UE j, when UE k is
also scheduled on RB f .

I have developed a multi-cell weight based scheduling algorithm that is able to exploit the
advantages of the multi-cell channel knowledge and is applicable in an OFDM based modern
cellular system. In the proposed solution, the users are selected according to a complex
weight function that takes into account the following factors to decide which UE should be
scheduled

• the quality of service requirements of UEs,

• the channel quality, and

• the UEs’ interference impact on each other.

The proposed scheduling algorithm executed by the central processing entity is described by
Algorithm 2 (see also Figure 6 for a schematic illustration).

Using computer simulations, I have shown that adding coordinated scheduling on top of
multi-cell PC and LA brings only a relatively small additional improvement (∼5%) compared
to the gain of multi-cell PC. The numerical results have confirmed that the coordinated
RRM has low sensitivity to backhaul delays, i.e., 4 times higher delay results in only ∼ 10%
performance degradation.

In the proposed measure, the UE channel quality and the interference impact of UEs on
each other are jointly taken into account utilizing the multi-cell channel knowledge of the
central entity.

The illustration of the weight calculation and the scheduling algorithm is shown in
Figure 6. The first component of the weight function (QoS weight) is calculated per UE
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Algorithm 2: Multi-cell scheduling algorithm

1. Take the next cell l and start the allocation of RBs in that cell (cells can be chosen
in arbitrary order).

2. Calculate the QoS weight for all UEs ∈ Ml and the RB weight for all UEs ∈ Ml

and for all RBs in cell l.

3. Take the next UE which has the highest aggregated weight (i.e., the sum of the QoS
and the RB weight) on the RB adjacent to the last allocated RB.

(a) Keep scheduling this UE onto subsequent RBs as long as the UE has the highest
weight on the given RB and has data in the buffer and remaining transmission
power.

(b) The transmission power given to UE j on RB f is calculated according to

pj,f =
ρ(j) · I1 · I2

gj,l(j),f,1 · I2 + gj,l(j),f,2 · I1
, (20)

where ρ(j) denotes the target SINR of UE j. Other notations are the same as
in Algorithm 1.

(c) If the UE has negative infinity weight on the RB, then the UE is stopped to be
scheduled.

(d) Repeat Step 3 until there are UEs and free RBs in the cell.

4. Apply the multi-cell power control algorithm to recalculate transmission powers and
execute the link adaptation to recalculate transport formats for all scheduled UEs in
all cells.

5. Select the next cell and go to Step 2
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Assign one consecutive RB 

Recalculate UE weight after each RB assigned to UE

If UE still has the highest weight and has remaining power

Otherwise, take the next UE

RB 1 RB 2 RB 3 RB 4 RB n

RB weight function

Weight

∆r

determining the 
QoS weight per UE

UE k       ArgMaxj { QoS weight of UE j + RB weight of UE j on RB f }

Time spent in the buffer

Weight

QoS weight function

Θ

determining the RB 
weight per UE per RB

Figure 6: Weight calculation and scheduling used in the scheduling algorithm in the multi-
cell coordinated clusters

and expresses how urgent the transmission of the packets is. The QoS weight function
ensures fairness as well, since a UE will get an increasing weight as the time spent in the
buffer increases. The UE channel quality and the interference impact of UEs on each other
are jointly taken into account in the RB weight component, which is a mapping to the value
of the relative link rate loss (∆r, presented in Thesis 3.2) into a scheduling weight via a
corresponding weight function illustrated in the upper right corner of Figure 6.

Taking into account all these factors in the scheduling decision, the algorithm is able to
evaluate a tradeoff between the number of parallel transmissions in the coordinated cells
and the amount of bits that can be carried by the already scheduled users for each RB.

Figure 7 confirms the advantages of the proposed multi-cell power control algorithm
illustrated by the “Multi-cell PC / LA” (red) curve. The performance of the proposed multi-
cell scheduling algorithm is also presented in Figure 7 represented by the curve “Multi-cell
PC / LA / Scheduling”.

Figure 8(a) shows the CDF of the expected SINR, as calculated by LA and PC at the
time of scheduling and the CDF of the actually received SINR at the time of transmission
in case of the different schemes. In the Multi-cell - PC/LA/Scheduling scheme the expected
SINR reaches exactly the target SINR of 11 dB in the majority of the cases. For the Single
cell - open loop PC scheme the expected SINR basically never matches the target SINR,
which is mainly due to the lack of sufficiently accurate channel knowledge. The received
SINR is higher for theMulti-cell - PC/LA/Scheduling scheme than for the single cell scheme,
approximately with 3 dB.
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Figure 8: Numerical results on physical layer measures with multi-cell coordinated RRM
with a processing delay of 1 TTIs.

3.4 Distributed Power Control and Mode Selection for Cellular Network

Assisted Device-to-Device Communications

Device-to-device (D2D) communication on top of a cellular infrastructure has recently been
proposed as a means of increasing the resource utilization, improving the user throughput
and extending the battery lifetime of user equipments. Relative to the traditional cellular
methods, there is a need to design new peer discovery methods, physical layer procedures
and radio resource management algorithms that help to realize the potential advantages of
D2D communications.

Device-to-device communications supported by a cellular infrastructure hold the promise
of three types of gains. The reuse gain implies that radio resources may be simultaneously
used by cellular as well as D2D links thereby tightening the reuse factor even of a reuse-1
system [13, 14]. Secondly, the proximity of user equipments (UE) may allow for extreme
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high bit rates, low delays and low power consumption [15]. Finally, the hop gain refers
to using a single link in the D2D mode rather than using an uplink and a downlink re-
source when communicating via the access point in the cellular mode. Additionally, D2D
communications may also facilitate new types of wireless peer-to-peer services [13,16].

However, D2D communications utilizing cellular spectrum pose new challenges, as the
system needs to cope with new interference situations compared to cellular communication
scenarios. For example, in an OFDM system in which D2D communication links may reuse
some of the OFDM physical resource blocks (RB), intra-cell interference is no longer negli-
gible [17]. I have focused on scenarios in which the same RB may be used simultaneously
for a cellular and a D2D link tightening the reuse factor below 1 (as shown in Figure 9).

UE1

AP1 AP2

UE2 = Tx UE

Rx UE

UE3

g1
g2

g4

g3

Figure 9: Illustration of D2D communications, when a user equipment (UE1) and a D2D
pair (Tx UE - Rx UE) may use the same OFDM RB. Due to the D2D link, intra-cell
interference as well as intercell interference between D2D and cellular links (UE3 to Rx
UE) can be very high. (In this example assuming that the D2D link uses cellular UL
resources.)

For a given D2D candidate (a user pair), the benefit of direct mode communication
(as compared to communicating through the base station) depends on the geometry of the
D2D pair and the UEs in the own cell and neighbor cells using the same resource blocks.
Mode selection (MS) is a D2D specific function that allows the base station to change
the communication mode (cellular mode: via the base station or (direct) D2D mode: via
the direct link) of two communicating UEs. Mode selection plays a similar role for D2D
communications as handover does for traditional cellular communications in the sense that
the D2D transmitter can switch its transmission between the D2D receiver and its serving
base station. Accordingly the appropriate time scale for MS is in order of the several
hundreds of millisecond.

In order to capture and analyze the aggregate effect of joint mode selection and power
control, I have proposed a distributed power control scheme that can easily interwork with
the proposed mode selection algorithm. To our best knowledge, no distributed power control
scheme exists in prior art work for D2D communications that would minimize the sum power
subject to a sum rate constraint. Therefore, I have proposed such a power control algorithm
for OFDM cellular systems supporting D2D communications.

22



Thesis 4. [J1,C1, J2] I have proposed a low complexity mode selection algorithm (Thesis
4.1) and a distributed power control scheme (Thesis 4.2) for cellular network assisted D2D
communications. I have shown that D2D communication is superior both in terms of the
required sum power and the feasibility of a predefined sum rate target to the classical cellular
mode of operation. I have also shown that the joint power control and mode selection are key
RRM functions in order to manage the new interference situations and realize the potential
gains of D2D communications.

I have proposed a practical mode selection algorithm given in Thesis 4.1 that aims to
dynamically select the best communication mode of two communicating UEs.

Thesis 4.1. [J1] I have given a low complexity mode selection algorithm with two variants
based on single cell large scale fading information for the cellular network assisted D2D
communications described by the pseudo-code of Algorithm 3. The proposed scheme selects
D2D mode for the D2D candidate if the useful communication links are stronger in terms
of hypothetical capacity than the interfering links. I have shown that Variant 2, that only
considers the D2D link and the link between the D2D Transmitter and the base station (i.e,
not assuming a pairing decision prior to MS), performs very close to Variant 1 that requires
the knowledge of all of the four links.

The algorithm contains a tunable system parameter ∆ measured in bit/sec/Hz. By
increasing this parameter, the mode selection algorithm becomes more conservative and
selects D2D communication more cautiously. Selecting a negative ∆ implies a more fre-
quent D2D mode selection. The algorithm can adapt to realistic situations and avoid using
simultaneous transmissions within a cell, i.e., D2D mode when high intra-cell interference
can be expected.

The advantage of Variant 2 is that it only considers the D2D link and the link between
the D2D Tx and the base station, that is, it can be executed independently of the pairing
algorithm that decides on the UE that uses the same RB as the D2D pair.

I have also proposed a practically viable SINR target tracking type of power control
algorithm applicable in multi-cell cellular systems supporting D2D communications, such
that the algorithm uses only limited channel state information by requiring only the estima-
tion of the covariance matrix of the total received signal and noise, and the feedback of the
covariance to their respective transmitters. This piece of information is then used by the
transmitters in a distributed fashion to adjust their respective transmit powers such that
some predefined SINR targets are reached. I also propose an SINR target setting algorithm
that can be combined with the power control algorithm in order to minimize the overall used
power subject to some sum rate target such that a minimum link quality is also guaranteed
for both the cellular and the D2D transmission links.

However, the problem of SINR target tracking power control consists of two subtasks,
such as (1) setting the SINR targets which may be different for the cellular and the D2D
link and (2) find the transmit power levels that realize the adjusted SINR targets. To solve
the first subtask, I have proposed a near-optimal heuristic SINR target setting algorithm.
In order to solve the second subtask, I have modified an existing algorithm proposed in
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Algorithm 3: Simple mode selection algorithm (with two variants, Variant 1 and 2)
based on single-cell large scale fading information

Input: ∆, ρ, σ2
n, p = pmax, number of cells (L), and gk,j = d−ρ

k,jχk,j , k = 1, . . . ,K, j = 1, . . . , J ,
where K and J are the number of receivers and transmitters, respectively.

Output: Decision on which mode is preferred (D2D or Cellular) for all cells:
useD2Dl ∈ {True,False}, l = 1, . . . , L.

Notations:
BSl - the cellular base station of cell l,
CellUEl - the cellular UE in cell l,
RxDl - the D2D receiver in cell l,
TxDl - the D2D transmitter in cell l,
for l=1 to L do

1. The useful (u) signal path loss in Cellular (C) mode is gBSl,CellUEl
, hypothetical SNR

γu,C
l =

p · gBSl,CellUEl

σ2
n

;

2. The useful signal path loss in D2D mode is gRxDl,TxDl
, hypothetical SNR

γu,D2D
l =

p · gRxDl,TxDl

σ2
n

;

3. The interfering (i) signal path loss in Cellular mode is gBSl,TxDl
, hypothetical SNR

γi,C
l =

p · gBSl,TxDl

σ2
n

;

4. The interfering signal path loss in D2D mode is gRxDl,CellUEl
, hypothetical SNR

γi,D2D
l =

p · gRxDl,CellUEl

σ2
n

;

5. Select whether Cellular or D2D mode is beneficial to use as:
if (log2 (1 + γu,D2D

l ) + log2 (1 + γu,C
l )− log2 (1 + γi,D2D

l )− log2 (1 + γi,C
l ) > ∆) (Variant

1)

OR: (log2 (1 + γu,D2D
l )− log2 (1 + γi,D2D

l ) > ∆) (Variant 2) then

useD2Dl = True
else useD2Dl = False;

end
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[18], where I have relaxed the assumption on the knowledge of all channel matrices at all
transmitters. My assumption instead is that Receiver-k estimates the covariance of the
total received signal and noise and feeds it back to its transmitter.

Thesis 4.2. [J1,C1,J2] I have proposed a distributed power control algorithm for cellular
network assisted device-to-device communications that consists of two parts: the adaptive
setting of SINR targets and the setting of the power on transmission links such that the
adjusted SINR targets are realized.

The adaptive SINR target setting algorithm

• adjusts the SINR targets on all transmission links such that the used sum power is
minimized subject to a sum rate target

• requires only large scale fading information (shadow fading and pathloss)

• supports providing a minimum quality of service, and

• is practically feasible to implement.

The pseudo-code of the algorithm description is given by Algorithm 4.

The transmit power setting algorithm to realize the adjusted SINR targets

• measures the covariance of the total received signal and noise and feeds it back to its
transmitter and thus, it requires only the knowledge of its own channel to its receiver
(Hk,k), and

• is viable to be applied in practical systems.

This algorithm is described by the pseudo-code of Algorithm 5. Based on the evaluation of
the proposed power control algorithm, I have shown that in OFDM based cellular network
assisted D2D communications, even without the hop gain, the proximity and reuse gains can
lead to significant UE power savings (∼70 - 200 %), as well as, to decreased infeasibility
ratio (from 30-80% to 1-40%) compared to the cellular mode of operation while ensuring a
certain level of fairness.

The performance of the distributed power control algorithm presented in Thesis 4.2 is
benchmarked with respect to the optimal SINR target setting based power control that is
obtained using the ALPF method. The proposed scheme shows consistently near-optimum
performance both in SIMO and MIMO settings.

I have developed a Monte-Carlo based simulation framework which implements the
model of the received signal including spatial multiplexing MIMO transmission mode with
linear MMSE receiver. I have implemented the proposed mode selection and distributed
power control algorithms in the aforementioned simulation framework. The two perfor-
mance measures of interest were the sum power for a given sum capacity target and the
probability that the SINR targets corresponding to a given sum rate target are infeasible
(infeasibility ratio). An SINR target is considered to be infeasible if the transmit power
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Algorithm 4: Adaptive SINR target setting

Input: Csum,SINRmin > 0,∆ > 1, ρ, ǫ > 0, σ2
n and gk,j = d−ρ

k,jχk,j , k = 1, . . . ,K, j = 1, . . . , J , where
K and J are the number of receivers and transmitters, respectively.

Output: Γ(t)

Given t = 0,b(0) = [b
(0)
1 , . . . , b

(0)
K ] = 0, and γ

(0)
k = SINRmin, p

(0)
k = γ

(0)
k · σ2

n/gk,k, k = 1, . . . ,K.
repeat

1. for k=1 to K do
Calculate the approximated transmit power required to increase SINR by ∆ as:

∆P
(t)
k =

γ
(t)
k (∆− 1)

(

J
∑

j 6=k

p
(t−1)
j gk,j + σ2

n

)

gk,k
;

Calculate the capacity increase achieved by the increased SINR as:

capInc
(t)
k = log2

(

1 + γ
(t)
k ·∆

)

− log2
(

1 + γ
(t)
k

)

;

Calculate the benefit value b
(t)
k =

capInc
(t)
k

∆P
(t)
k

.

end

2. Select user with the highest benefit value as:
if (|b

(t)
i − b

(t)
j | < ǫ,∀i,∀j, i 6= j) then

bestUE(t) = argmax {g1,1, . . . , gk,k}

else bestUE(t) = argmax {b(t)}

3. Update SINR target for the user with the highest
benefit as:

γ
(t+1)

bestUE(t) = γ
(t)

bestUE(t) ·∆.

4. Calculate current sum capacity as:

C(t+1) =

Nt
∑

s=1

log2 (1 + γ
(t+1)
k ).

5. t=t+1;

until Csum ≥ C(t);
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Algorithm 5: Iterative distributed transmit power and power loading optimization
based on received signal strength measurement

Given t = 0 (iteration number), Ptot, εgap and T
(0)
k = INt

∀ k. {·}(i,j) denotes the operation
of acquiring the matrix element of the ith row of the jth column.
Initialize SINR targets Γ(0) = diag

(

γtgt
k

)

, where γtgt
k is the assumed given SINR target at

Receiver-k, and initial transmit powers p(0).
repeat

1. t = t+ 1.

2. for k=1 to K do
Receiver-k measures the Φk as:

Φ
(t)
k =

K
∑

j=1

P
(t−1)
j d−ρ

k,jχk,jHk,jT
(t−1)
j T

(t−1)†
j H

†
k,j +Ntσ

2
nINrxNr

; (21)

Receiver-k feeds the estimated (measured) Φk back to Transmitter-k;

Transmitter-k calculates the reduced Φred
k as:

Φ
red,(t)
k = Φ

(t)
k − P

(t−1)
k d−ρ

k,kχk,kHk,kT
(t−1)
k T

(t−1)†
k H

†
k,k

=
∑

j 6=k

P
(t−1)
j d−ρ

k,jχk,jHk,jT
(t−1)
j T

(t−1)†
j H

†
k,j +Ntσ

2
nINrxNr

; (22)

Transmitter-k calculates the effective interference ζk,s as:

ζ
(t)
k,s =







(

d−ρ
k,kχk,kH

†
k,k

(

Φ
red,(t)
k

)−1

Hk,k +
1

P
(t−1)
k

INtxNt

)−1






(s,s)

; (23)

Transmitter-k calculates the optimum loading matrix T
(t)
k and Pk as:

{

T
(t)
k

}(s,s)

=

√

√

√

√

ζ
(t)
k,sNt

∑Nt

w=1 ζ
(t)
k,w

, ∀s ∈ [1, Nt];

P
(t)
k = maxs

{

ζ
(t)
k,s

∣

∣

∣
{T

(t)
k

}(s,s)
∣

∣

∣

2 (γ
tgt
k + 1)

}

; (24)

end

until | P
(t)
k − P

(t−1)
k |≤ εgap, ∀ k;
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required to reach the target is higher than the maximum transmit power of the respective
UE.

The fairness guaranteeing capability of the proposed distributed power control algo-
rithm along with the low complexity of the mode selection algorithm make them interesting
candidates for future networks supporting D2D communications. Some interesting results
from the evaluation are illustrated in Figure 10.
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Figure 10: Comparison of the average sum power in different cases when the D2D pair is
dropped within ISD/5 distance from one another in a 7-cell system. When a minimum
SINR target is required (denoted with “+F”, F indicating fairness), adaptive SINR target
setting with mode selection (Variant 1) provides superior performance. The average sum
power is of course much lower when no minimum SINR is required (“lowest” curve).
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4 Application of the Results

The results presented in Thesis 1 provide useful insights into the maximal gain that can be
achieved by optimal radio resource allocation both in single- and multi-user MIMO systems
employing transmit diversity, as well as, spatial multiplexing. These results give important
guidelines for developments of RRM algorithms (e.g., rank adaptation, power control and
mode selection) used in today’s and future cellular systems.

In Thesis 2, 3 and 4, I have proposed several fast radio resource management algorithms
and solutions to improve the spectral efficiency in modern cellular systems, for instance, in
LTE and LTE-Advanced systems. The algorithms presented in Thesis 2, for coordinating
inter-cell interference can be directly applied in the LTE and LTE-Advanced systems with-
out requiring any changes in the standards. These algorithms were direct contributions to
the standardization process of LTE (see, for instance [CO1] and [CO2]) and they are part
of LTE base station (eNode B) product implementations.

The results presented in Thesis 3 are applicable in the LTE-Advanced system, where
the fast information exchange for RRM and signal processing based coordinations among
base stations are part of the system. The algorithms of Thesis 3 fit very well into the
Coordinated Multipoint Transmission (CoMP) feature of the LTE-Advanced system.

The results of Thesis 4 provide useful guidelines to the key design challenges and perfor-
mance aspects of future radio systems where the cellular resources are allowed to be reused
for D2D communication. The proposed algorithms consider several practical constraints of
an OFDM based system supporting D2D communications, thus they can be easily deployed
in such an environment. In 3GPP, the D2D communication has recently been accepted as
a study item in the standardization process of the LTE-Advanced (Release 12) system [19].
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