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ABSTRACT

QUEUING ANALYSIS OF THE ENERGY-DELAY
TRADE-OFF IN WIRELESS NETWORKS

Ege Orkun Gamgam
M.S. in Electrical and Electronics Engineering
Advisor: Nail Akar
September 2018

Energy-efficiency of wireless communication systems has been an important re-
search topic in recent years. For such a system, a transmission profile is described
by the transmission power and the modulation and coding scheme (MCS) to be
used for packet transmission. For a given channel condition, higher order MCSs
offer higher throughput at the expense of requiring more transmission power.
Average power consumption of the system can be reduced by using lower order
MCSs at the expense of increased queuing delays. Using this observation, the
goal of this study is the development of transmission profile selection policies so
as to minimize the average power consumption while meeting a statistical delay
constraint for a wireless link. For the purpose of assessing the proposed policies,
the system is modeled as an M/M/1 queue where transmission speeds of pack-
ets are dynamically selected based on the queuing delay already experienced by
them. This setting is shown to give rise to a multi-regime Markov fluid queue
model which is used to obtain the waiting time distributions of packets as well
as the average power consumption. In the numerical examples, proposed pro-
file selection policies are evaluated for different system parameters using realistic
transmission profiles obtained from LTE simulations. A proposed energy-aware
profile selection policy is shown to consistently outperform all other proposed
policies in terms of energy-efficiency whereas a reasonable performance is also
obtained with a simpler-to-implement policy.

Keywords: queuing analysis, adaptive modulation, transmission power control,
energy-efficiency, Markov fluid queue.
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OZET

KABLOSUZ AGLARDA ENERJI-GECIKME
ODUNLESIMININ KUYRUK SISTEMI ANALIZI

Ege Orkun Gamgam
Elektrik ve Elektronik Miihendisligi, Yiiksek Lisans
Tez Danigmani: Nail Akar
September 2018

Enerji verimliligi, son yillarda kablosuz iletigim sistemlerinde 6nemli bir aragtirma
konusu olmustur. Bu sistemlerde her bir transmisyon profili, transmisyon gii¢ se-
viyesi ve adaptif modiilasyon ve kodlama yapisi (MCS) olmak iizere iki parame-
tre ile tanmimlanir. Belirli bir kanal durumu i¢in yiiksek MCS igeren trans-
misyon profilleri yiiksek enerji tiikketimi karsiliginda daha hizli servis imkam
saglamaktadir. Sistemin ortalama gii¢ tiiketimi, daha diigik MCS iceren pro-
filler kullanilarak paketlerin kuyrukta bekleme siirelerinin artmasi dezavantaji ile
birlikte azaltilabilir. Bu gozlemden yola c¢ikarak, bu caligmanin amaci kablo-
suz linklerde belirli bir istatistiksel gecikme kisitlamasi altinda ortalama en-
erji tiketiminin minimizasyonu tizerine transmisyon profili se¢cme politikalari
geligtirmektir. Bu politikalarin incelenmesi amaciyla sistem, paketlerin trans-
misyon hizlarimin kuyrukta bekleme siirelerine gore dinamik olarak secildigi bir
M/M/1 kuyruk sistemi olarak modellenmistir. Bu sistemin ¢ok bolgeli bir Markov
akigkan kuyruk modeline karsilik geldigi gosterilmigtir. Bu model kullanilarak
paketlerin kuyrukta bekleme siirelerinin dagilimlar1 ve sistemin ortalama enerji
tiiketimi ¢ikarilmigtir. Onerilen profil secme politikalart LTE simulasyonlarindan
elde edilen gercekci profiller kullanilarak farkl sistem parameterleri altinda sayisal
orneklerle degerlendirilmistir. Onerilen politikalardan enerji farkindahg ile pro-
fil secimi gerceklestiren bir politikanin diger politikalara karsi tutarh bir sekilde
istlinliik sagladigr gosterilmistir. Bunun yaninda donatma kompleksitesi diger
politakalara gore daha az olan bir politikanin 6nemli miktarlarda enerji kazanci
saglayabildigi gosterilmistir.

Anahtar sézcikler: kuyruk analizi, adaptif modiilasyon, transmisyon gii¢ kon-
troli, enerji verimliligi, Markov akigkan kuyrugu.
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Chapter 1

Introduction

1.1 Overview

In the era of globalization, tremendous demand for data keeps growing each
year. It is estimated that there will be 50 billion connected devices in 2020 [3].
Most of these devices will use wireless connectivity due to the advantage of being
portable and small. To support this many connected devices, a capacity of 1000
times higher data rates is anticipated to be required [4]. With the emerging 5G
technologies such as virtual reality, telemedicine, etc., the aim is also to achieve
x1000 higher data rates in these networks. Using today’s wireless technologies,
this will require a proportional growth of 1000 times more energy consumption.
This unmanageable energy demand is raising environmental concerns on COq
emissions and electromagnetic pollution which is also acknowledged by the GSM
Association in their Mobile’s Green Manifesto that demands for a 40% reduction
in CO4 emission per connection by 2020 [5]. In addition to ecological concerns,
energy-efficient technologies also allow operators to save on their electricity bills
and maintenance costs [5]. All these factors motivated a significant interest in

studying and designing energy-efficient communication techniques.

It is well known that base stations (BSs) are one of the major contributors to



the overall power consumption in the context of wireless cellular networks with
a share of more than 50% in overall consumption as shown in Fig 1.1 which is
taken from [1]. Modeling power consumption in BSs is widely studied in several
studies. The study [6] describes a BS consisting of multiple transceivers (TRXs).
Each TRX serves to a single antenna element. Power consumption in each TRX
is modeled by several factors: RF unit, signal processing unit, losses incurred by
feeder, active cooling, mains supply and DC-DC power supply and also a load
dependent amplifier term given by P,/ Ppa: Where P, and P, is the radiated
power (called as transmission power throughout the thesis) and the maximum
output power at the antenna port, respectively. Reduction of a power AP,,; at the
antenna port results in a reduction of A,APF,,; in overall input power where A, is
defined as the power gradient [7]. For a macro BS setup with P,,,, = 43 dbm, 10
MHz bandwith, 3 sectors per site, 2x2 MIMO configuration and A, = 4.7, the load
dependent term A, P,,; contributes above 40% to the overall power consumption
in the BS [6]. Therefore, it is relatively important to develop energy-efficient
transmission strategies by reducing P,,; in high power BSs which has been studied
in [8-10]. Some of these strategies result in reduced delay performance which may
be problematic for applications with minimum delay constraint. This concern
motivated several studies in which energy-efficiency is investigated under delay
constraints to optimize power consumption while ensuring a certain performance
[11-13].

In the context of wireless communications, transmission power and modula-
tion and coding schemes (MCSs) can be dynamically selected the latter being
referred to link adaptation. In this thesis, we define a transmission profile to
be a particular setting of a MCS and a transmission power value. Profiles with
higher order MCS (higher service rate) offer higher data rates and better spectral
efficiency but they are less resilient to noise and interference, i.e., require more
power to overcome noise. Signal-to-Noise ratio (SNR) versus Block Error Rate
(BLER) graph for an example channel setup of LTE is illustrated in Fig 1.2 from
which it is clear that the required SNR to meet a certain BLER is larger for
higher order MCSs [2]. On the other hand, profiles with lower order MCS (lower

service rate) typically consume less energy for a given channel condition at the
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Figure 1.1: Power consumption share in cellular networks which is taken from [1].

expense of increased queuing delays. Therefore, it is important to dynamically
choose appropriate profile, i.e., combination of transmission power and MCS to

minimize power consumption while satisfying delay constraints.

The objective of minimizing transmission energy under deadline constraints
has been studied in [11] over a time-varying stochastic channel in the context
of wireless communications. An energy-efficient rate control has been obtained
using a decomposition approach and a cumulative curves methodology. Further-
more, a heuristic policy has been then developed for arbitrary packet arrival
processes. The study [12] obtains an optimal off-line scheduling with infinitely
many transmission profiles for a wireless node operating under delay constraints.
Then, an on-line algorithm has also been developed which is shown to, through
simulations, perform better than the deterministic scheduler in terms of energy
savings. In [14], delay bound violation (packet drop) probability is minimized
subject to constraints on delay bound, average power and arrival rate over a
Rayleigh fading channel. However, queuing model of a wireless link which uses
realistic transmission profiles for the purpose of energy minimization under sta-

tistical delay constraints does not exist in literature.

In this thesis, the following setup is considered. The system consists of a

wireless transmitter that is capable of dynamically adjusting the transmission
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Figure 1.2: Physical layer simulation results of an example channel in LTE which
is taken from [2].

power and MCS for each packet destined to a single receiver. Packet arrivals
are considered to be stochastic and one packet is transmitted at a time. The
transmitter also has an infinite size FIFO buffer to which packets join before being
transmitted. A finite set of K transmission profiles is assumed to be available
at the transmitter. Each transmission profile consists of two attributes: service
rate in packets/sec and transmission power in Watts. A profile to be used for the
Head of Line (HoL) packet is selected among the K profiles based on the queuing
delay already experienced by that particular packet at the service start time. For
ensuring a given delay performance, it is natural to resort to profiles with higher
service rates for packets that have already experienced longer queuing delays.
However, development of policies that specifies which profile to use and when to

use, is an open problem in the literature which is the scope of this thesis.

Within the queuing system of interest, packets sizes are assumed to be expo-

nentially distributed and packet arrivals are assumed to follow a Poisson process.



A transmission profile set with finite size is available to serve packets depend-
ing on their waiting time in the queue and a-priori transmission profile selection
policy is assumed which gives rise to an M/M/1 queue with delay-dependent ser-
vice times. If the profile selection is based on number of packets in the queue,
performance metrics of interest can be obtained by classical Markov Chain (MC)
methods [15]. However, delay-dependence of the profile selection policies moti-
vates a multi-regime Markov fluid queue (MRMFQ) approach for the purpose of
modeling the system. The advantage of this approach stems from the lack of need
for re-derivation of any integral or differential equations. In this thesis, the well-
established theory of MRMFQs is used by which one can use numerically stable
and efficient methods that are already available for the solution of MRMFQs. A
fast MRMFQ solver based on [16] is employed to solve the model of interest. It
is matrix-analytical and its main building blocks are the ordered Schur decompo-
sition and the Sylvester equation. This solver can be used to obtain expressions
for performance metrics such as the delay distribution of packets and the average
power consumption for the system of interest which is an M/M/1 queue with

delay-dependent service times.

1.2 Thesis Contribution

An MRFMQ model based on the study [17] which considers dynamic speed scaling
in a completely different context of computer systems is adapted and modified.
Average power consumption of the wireless transmitter along with the delay vi-
olation probability of packets which is defined as the probability that a packet
experiences a queuing delay greater than a given delay threshold, is considered
as the performance measure of interest. An MRMFQ model solver that obtains
these performance parameters is implemented based on [16]. This solver can be

easily adapted to models that consider similar performance metrics in the future.

The main contribution of this thesis is the development of transmission profile
selection policies in the context of wireless communication systems. When a

policy is given in terms of one or a few parameters, one can repeatedly solve the

5



MRMFQ model to find the optimum parameter set that minimizes average power
consumption while satisfying a given delay constraint. This approach is used for
assessing the performance of the proposed transmission profile selection policies.
Several policies are proposed and studied using the analytical model. It is shown
that substantial energy savings are obtainable with some of the proposed policies

for a wide range of systems parameters.

Another contribution is that proposed policies are evaluated using realistic pro-
files obtained from simulations of Physical Downlink Shared Channel (PDSCH)
within the LTE framework. Analytical model is also compared with frame level
simulations of the LTE by means of considering the effects that MRMF(Q model
does not take into account such as byte padding operations. Therefore, it is be-
lieved that the current work is expected to find real world applications in similar

settings.

1.3 Thesis Outline

The rest of this thesis is organized as follows. Related work is given in Section 2.
A brief preliminary study on MRMFQs is provided in Section 3 along with the
boundary conditions necessary to solve their steady-state distribution. The sys-
tem model is described and related MRMFQ model is presented in Section 4.
Transmission profile selection policies are developed in Section 5. Numerical ex-
amples are presented in Section 6 to asses the performance of the proposed policies
using profiles obtained from the LTE simulations. Finally, conclusions and future

work items are provided in Section 7.



Chapter 2

Related Work

2.1 Speed Scaling in Queuing Systems

Balancing between energy and performance is adapted in computer systems using
speed-scaling which is a method to adjust the speed of the computer systems
based on the load [18]. A simple way to accomplish this is the static speed-scaling
in which the computer system either goes into sleep mode or employs a single
speed depending on the existence of work in the system. More sophisticated rate
adjustment method is the dynamic speed scaling in which the speed is adapted
all times to the current state [18]. The interaction between the speed scaling
and load balancing is studied in [19] where three models are formulated each of
which minimizes different performance metrics such as delay experienced by a
job or energy usage. The study [20] considers a single server queue with Poisson
arrivals and state-dependent service times for which a method for obtaining the
minimum achievable average cost is developed where the cost consists of two
elements that are motivated by the queue length and the service level chosen. The
speed scaling is also considered for energy saving purposes in several studies for
wireline technologies such as Ethernet. In [15], authors investigate Adaptive Link
Rate for the purpose of minimizing energy in a typical Ethernet link. Several rate

adaptation policies are studied and their performance is evaluated with respect



to performance metrics such as mean packet delay.

2.2 Energy-Efficient Rate Adjustment in 5G
Networks

As the 5G development and related applications with strict QoS requirements
are rapidly advancing, the studies on the energy-efficient communication for 5G
networks has been widely conducted in the literature [21-26]. The reference [21]
studies power control and rate adjustment methods to maximize effective capac-
ity of the channel under statistical QoS and power constraints. In [22], several
scheduling strategies that maximize energy-efficiency by minimizing the number
of transmission attempts while meeting a deadline constraint are proposed. An
optimization problem is formulated in [23] to optimize energy efficiency metric
under maximum power and delay threshold constraints which are defined based
on a queuing model of the wireless link. The reference [24] develops central-
ized and decentralized power control algorithms to maximize energy-efficiency
under QoS constraints for 5G wireless technologies. In [25] several Base Station
(BS) sleeping schemes are developed to minimize power consumption under rate
constraints. An analytical model is also proposed to evaluate the performance
metrics, namely power consumption, mean delay and blocking probability. The
reference [26] proposes a power control approach based on game theory to jointly

optimize QoS and power consumption in wireless links.

2.3 Fluid Queue Models in QoS Analysis in
Wireless Links

Several studies consider fluid queue models in wireless channels for the analysis

of QoS metrics such as energy-efficiency and packet loss probability [27-33]. The



reference [27] analyzes the packet-loss performance based QoS in a wireless trans-
mitter over a fluid version of Gilbert-Elliot channel model. The traffic burstiness
is captured as on-off fluid model and exact packet loss probability is obtained us-
ing the proposed fluid model. The same fluid model is also used in [28] where the
authors derive distribution of the queuing delay at the transmitter from which
delay violation probability is investigated with respect a delay threshold. The
reference [29] also adapts the fluid model for obtaining analytical expressions for
QoS parameters such as the probability of buffer overflow. The reference [30] stud-
ies energy-efficiency of hybrid automatic repeat request (HARQ) schemes under
statistical queuing, outage and deadline constraints considering several sources
including on-off Markov fluid source. In [31], energy-efficiency and throughput
metrics for wireless fading channels are investigated in the presence of Marko-
vian arrival models such as Markov fluid process. The references [32,33] study
energy-efficiency and throughput optimization under QoS constraints in wireless

links considering several Markovian sources including Markov fluid source.



Chapter 3

Preliminary Study:
Multi-Regime Markov Fluid

Queues

A Markov fluid queue (MFQ) is defined by two processes X (t) and Z(t) where
X(t) is the process that represents the fluid level in the queue and Z(t) €
{0,1,..., N} is a Markov Chain that determines the drift, i.e., the rate at which
X(t) changes at time t. When Z(t) is in state i, the process X (t) changes by
a drift of r;. Note that it cannot be reduced further if the fluid level is zero at
time ¢, i.e., X(t) = 0. For an MFQ with infinite capacity, there is no upper
boundary on the fluid level. Mathematically, the following applies when the state
is Z(t) =1

dX(t) _ max{0,r;}, X(t)=0, (3.1)

dt v, X(t) > 0.

MRMFQs are the generalization of MFQs such that the system behavior at
a given time ¢ may change with the fluid level [16,34-36]. Both the modulated
process X (t) and the modulating process Z(t) depend on the fluid (buffer) level

10



at time t. The rest of this chapter briefly summarizes MRMFQs based on the
notation used in [16]. The entire buffer is divided into K regimes using the
thresholds denoted by 0 = T®) < T < ... <« TE-1D) < TE) — o5, For an
MRMFQ with finite capacity, T equals to some finite value whereas the case
of infinite capacity, i.e, T®) = oo is considered throughout the thesis. The system
is said to be in regime k£ with a drift of Tgk), when T¢+~1D < X (t) < T™ and the
current state is 7. For each regime 1 < k£ < K, a drift matrix and an infinitesimal
generator, denoted by R*®) and Q® respectively, are defined. R® is a diagonal

matrix which can be shown as follows:

0 . |
o P 0 0
R" 0 0 ,
0 o ¥, o0
o 0o ... o 9]

where the diagonal elements are the drift values in regime k. At each boundary
T™ . the terms Q®) and R® are also defined as Q™ and R™), respectively along
with the drift value fgk). The joint pdf f*)(z) is defined for the state k as follows:

@) = [fP@) @) o @) (3.2)

Each element fi(k) (x) in this row is defined as:

() = lim 4 Pr{X(t) <z, Z(t) = i}, (3.3)

¢ t—o0 dl’
for 0 < ¢ < N. Similarly, a row vector of steady state probability mass accumu-

lations are defined as:

k) — [Cw) RORIC) ] (3.4)

where

11



) = lim Pr{X(t) = T®, Z(t) = i}, (3.5)
— 00

for 0 <1i < N. As shown in [16], the following set of differential equations holds
for the joint pdf vector:

%f(k)(gc)R(k) — f(k)(x)Q(k). (3.6)

Additionally, S(,k), S(()k) and S(f) denote the set of states with negative, zero and
positive drifts in regime k, respectively. Similarly, g(_k), S(()k) and S’Sf) denote the
set of states with negative, zero and positive drifts at boundary 7™, respectively.

Using these definitions, boundary conditions are also provided as follows from [16]:

=0, viesV (3.7)

=0, vie(snsEP)u(s9nst) (3.8)

M=o, vie (S(_’“) N Si’““’) N (S(f) U S(_'“)) (3.9)

FOOL)RD = OGO (3.10)

FERD(E) ) REFD _ pB) (k) _) pE) = (B GF) (3.11)

TPy =0 wvies®y (Nék) N g@) (3.12)

FIN® ) — 0 e <S§)k) N 5’(_k)> Ui (3.13)
K T*) — K-1

3 / FO@)de+ Y e [ 1=1 (3.14)
=10 k=0

where 1 is the column vector with appropriate size. The row vectors of steady-
state joint probability distribution (3.2) and the probability mass accumulation
(3.4) can be calculated using the boundary conditions given in (3.7)-(3.14) by a
matrix-analytical method as proposed in [16]. A linear matrix equation with at

most size N(2K + 1) needs to be solved to obtain the unknowns. Since the linear

12



matrix equation is in block tridiagonal form, the computational complexity can
be brought down to O(N3K) [37]. The constructed system model in next section

uses the notations given in this section.

13



Chapter 4

System Modeling

In this section, the system model will be explained. Then, the related MRMFQ
model will be presented. Lastly, performance measures of interest will be ob-

tained.

4.1 Model Description

The system is assumed to be a single server FIFO queue where packet arrival
process is Poisson with rate A packets/sec. A set of transmission profiles indexed
by k=1,2,..., K are assumed to be available to serve a packet. Each transmis-
sion profile k,1 < k < K, is characterized by two properties: service rate and
transmit power, denoted by gy in packets/sec and Py, in Watts respectively with
i < pj and P; < P; when ¢ < j without loss of generality. It is assumed that
the profile to be used for any packet transmission is fixed during the service time
of that particular packet, i.e, the service profile of any packet can be adjusted
only at service start times. Let D(t) denote the delay already experienced by
HoL packet at the service start time ¢. The transmission profile selection for that
particular packet is made at time ¢. The total of K thresholds are defined as
0=T0 <« 70 <« ... « TE=D « TE) = 55 such that the profile with index
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k is selected for the transmission of HoL packet when T"=Y < D(t) < T®.
The motivation behind this selection method is that the packets that experience
longer queuing delays should be served with higher service rates in order to meet
a statistical delay constraint. Any transmission profile selection policy proposed

in next section will be studied within this general system framework.

Let U(t) denote the overall time that HoL. packet spent in the system including
its transmission time. Note that U(t) = 0 when there is no packet in the system
at time ¢t. The virtual waiting time A(¢) denotes the required time to serve all
packets in the system including the transmission time of the last packet. It is
obvious that a packet that arrives to the system at time ¢ will be eventually served
with the transmission profile k if T*=1 < A(¢) < T®).

Consider an example setup of two thresholds 7™ = 4 and T® = 8 with
transmission times 6, 4, and 2 for the regimes 1, 2, and 3, respectively. Suppose
the packets arrivals occur at ¢t = 0,2,10,14. Resulting sample paths of two
processes A(t) and U(t) are given in figures 4.1a and 4.1b, respectively. Note
that transmission times are set to those values (6, 4, and 2) for the sake of

simplicity.

4.2 MRMFQ Model

A process with only finite drifts can be modeled as a Markov fluid queue. There-
fore, an auxiliary process X (t) is also defined, depicted in Fig. 4.1c, in which a

drift of -1 replaces the the abrupt downwards jumps in U(t).

Since the sample path of X (¢) has only finite drifts, it can be modeled by a
modulated process of a MRMFQ with K regimes and K + 1 states. The steady-
state distribution of the fluid process (X(t),Z(t)) can be used to obtain the
steady-state distribution of U(t) by censoring out the states that have negative
drifts where Z(t) is the background process of the corresponding fluid model.
Therefore, the MRFMQ model of X (¢) will be described first. Service state,
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Figure 4.1: Sample paths of three processes A(t), U(t), and X ().

denoted by Ij for k = 1,..., K, is defined during which X (¢) is increased by a
drift of 1 and transmission profile k is used for serving packets. Let D denote
another state to which the system transits into after completing the transmission
time of a packet, i.e, finishing transmission of any packet in state I;. Note that
the delay of the new Hol. packet has to be reduced by an amount corresponding
to its inter-arrival time. Therefore, X (¢) is decreased by a drift of -1 in state D
for a random amount of time that follows an exponential distribution with mean
1/X. Then, the system transits into state I, if T¢+~1) < X(t) < T® and so
on. Moreover, the transmission profile k = 1 is selected if a packet arrival occurs
when the queue is empty, i.e, X (¢) = 0. Therefore, only transition that may occur
from out of the state D is into the state I;. From these definitions, it is clear that

the background process, denoted by Z(t), has a total of K + 1 states with [}, for

16



i=1,..., K and state D. Possible state transitions of Z(t) are demonstrated in

Fig. 4.2. Additionally, the infinitesimal generator matrix of regime 7, denoted by

QY. for j =1,..., K, can be constructed as follows:
Iy - Liyn I Ly - L D
Iy 10 --- 0 0 0 0 0
Iig | O - 0 0 0 0 0
I 0 - 0 —u, 0 0 .
J H e (4.1)
Ll 0 o 0 0 =i oo 0 g
I 0 --- 0 0 0 e =
D 0o - 0 A 0 0 —A

It is clear that since X (t) increases by a drift of 1 in service state I, there
may be state transitions from [ to state D in regime j for k£ < j. The generator

at the boundary j =1,..., K is set as follows:

OV = QU+, j=1... K. (4.2)

Note that the equality Q@ = QM also holds, however the only transition that
occurs at boundary 0 is from state D to state I;. Lastly, drift matrices at regime

k, denoted by R are expressed as follows:

R® = diag(I, 1), 1<k<K, (4.3)

where I is an identity matrix of appropriate size. Similarly, drift matrices at

boundary k, denoted by R®, are given as follows:
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Figure 4.2: State transitions (a) for X (¢) = 0 and (b) for regime k, k =1,..., K.

N R&+1) 1<k<K,
RW = (4.4)
max(0, RY), k=0,

where max is the element-wise operator. With these definitions, establishment
of the related MRFMQ model is finalized.

4.3 Performance Measures

The performance metrics of interest in this thesis are the queuing delay distri-
bution and the average performance consumption, which will be obtained in this
section. Note that these metrics can be obtained using steady-state distributions
of state D since the waiting time of a virtual packet arrival will be determined by
the process A(t) as a direct consequence of PASTA (Poisson Arrivals See Time
Averages) property [38]. The steady-state distribution of A(t) can be obtained
from the fluid process (X (), Z(t)) by censoring out all the states I,k =1,..., K

as follows:

lim Pr{A(t) < xz} = lim Pr{Z(t) = D, X(}) < x}

Sx Pr{Z(t) =D} (4:5)

The probability that a packet arrival occurs when the queue is empty, denoted

by pg is expressed as:
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Po = tlg(r)lo Pr{A(t) = 0}. (4.6)

Also the probability that the transmission profile & is selected for serving the
HoL packet, denoted by g for £k =1,..., K, is written as:

gr = Jim Pr{T*D < At) < TW} 1<k <K. (4.7)
—00

Using these definitions, the average power consumption P can be calculated as

follows:

K
1— P
PZPOPI+(KPO)qu k’ (4.8)
SO = &
=

where P; is the power consumption at the transmitter when idle, i.e, no packet
transmission is ongoing. The cumulative distribution of the process D(t) is ex-

pressed as below which is equal to the cumulative distribution of A(t) from the
PASTA property.

Fp(z) = 1tlim Pr{D(t) <z} = tlim Pr{A(t) < z}. (4.9)
—00 —00

Since the constructed MRMFQ model consists of K regimes and K + 1 states,

the algorithm to obtain the performance metrics of the proposed policies has a

computational complexity of only O(K?) [37]. Therefore, a transmission profile

selection policy with numerous profiles can be evaluated very quickly using the
established MRMFQ model.
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Chapter 5

Transmission Profile Selection

Policies

Let N ={U,Us,...,Ux} denote a given transmission profile set in a wireless link.
Each profile in this set is represented by the power and service rate property pair
denoted as (P(i), u(i)) with @ > 1) for i > j, respectively. Given the available
profile set N, various profile selection policies can be considered to derive the
transmission profile set I for the MRMFQ model. The motivation of any policy
should be such that HoL. packets with higher D(¢) should be transmitted with
higher rate and transmit power in order to meet a statistical delay constraint. On
the other hand, different approaches can be considered to determine which profiles
in the set A should be used or not. It may be desirable to eliminate some of
the profiles by means of obtaining more energy saving or reduced implementation

complexity.
The delay violation probability is defined as follows:
Dy = tlim Pr{D(t) > Dy}, (5.1)
— 00

for a given delay bound Dy. A transmission profile selection policy needs to
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be tuned to satisfy the statistical delay constraint which is given as

Dy < €, (5.2)

for a tolerance parameter €. Any policy proposed in this study aims to maximize
the energy-efficiency under the statistical delay constraint given in (5.2). Selection
of profile subset K = {1,2,..., K} C N and the thresholds T, ... T~ will
be defined for each policy such that if the queuing delay D(t) experienced by the
HoL packet is within [T(k_l),T(k)), the profile £ € K with service rate u; and

power P, will be used for the transmission of that particular packet.

5.1 Min-Delay Policy (MDP)

The aim of min-delay policy is to minimize the average delay by choosing the
single profile with the largest transmission power and service rate for transmission
of all packets. Note that this selection is independent of the queuing delay D(t)
experienced by the packets. Therefore, in MDP, K = 1 with

(Pr,) = (P, ™). (5.3)

Service rate selection for HoL. packet in M DP is shown in Fig. 5.1. Use of
a single regime enables us to obtain the performance metrics of M DP using
the conventional M/M/1 analysis. Therefore, we can express the average power

consumption of M DP, denoted by Py;pp as follows:

where p = A\/p™) < 1. M DP minimizes the average delay of the system without
any concern for saving energy. Therefore, it can be considered as a baseline
policy such that the energy gain performance of the other proposed policies will

be evaluated relative to M DP. In the numerical examples, only the values of
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Figure 5.1: Service rate selection for the HoL. packet in M DP.

the arrival rate A < Ay; will be considered such that M DP satisfies the delay
constraint where \j; is the particular value of A for which the delay violation

probability for M DP equals e, i.e., p, = pe_(“(N>_’\M)D° =€ [38].

5.2 Single Threshold Policy (ST P)

STP is a binary rate adjustment policy such that when D(t) is below a single
threshold value denoted by Ts7p, the profile with minimum possible rate is used
for HoLL packet. When D(t) is above Tsrp, the maximum possible rate is selected.

Therefore, K =2 in ST P. Transmission profiles for STP can represented as:

(PO, MY, k=1,

b, = 5.5
Additionally, boundaries for ST P apply as follows:
0, k=0,

T® = Torp, k=1, (5.6)
0, k=2.
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Service rate selection for HoLL packet in ST P is shown in Fig. 5.2. The MRMFQ
model with two regimes and three states can be used to obtain the performance
metrices of ST P. Optimum value of Tgrp, denoted by Tsrp+, minimizes the
average power consumption while satisfying the delay constraint. Employing the

particular threshold value Tgsrp« represents the optimum ST P which is denoted
by ST P*.

M2

Service Rate

1

TW = Tsrp
D(t)

Figure 5.2: Service rate selection for the HoL packet in ST P.

5.3 Proportional Control Policy (PCP)

PCP aims to adjust the service rate of the HoL packets by making the profile
selection among all of the available profiles in the set N'. Therefore, the profile
subset K equals to the universal set N' (K = N). Transmission profiles used in

PCP can be represented as:

In PCP, service rate of HoL packet will be selected from the set {p1, po, ... ,px}
such that p; will be linearly proportional to D(¢) when 0 < D(t) < Tpcp as
shown in Fig. 5.3.
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Figure 5.3: Service rate selection for the HoLL packet in PC'P.

The transmission profile with rate p; will be used if the HoL. packet has arrived

when the queue is empty, i.e. D(t) = 0. Lastly, the transmission profile with rate

nr will be employed if the delay experienced by the HoL. packet is greater than

the performance parameter of PC'P which is denoted as Tpcp. Mathematically,

boundaries of PCP can be represented as follows:

/

\

0, k=0,
Tpep(prtietl) O<k<K-—1
HE-1t+pK ’ (5.8)
Trep. k=K -1,
00, k=K.

MRMFQ model with N + 1 states and N regimes can be used to obtain the
performance metrics of PC'P. The particular policy PC' P* with the performance

parameter Tpcp+ denotes the optimum PC P which minimizes the average power

consumption while satisfying the delay constraint.
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5.4 Enmergy-efficient PCP (EPCP)

Even though ST P and PCP adjust the service rate for the purpose of saving
energy, they do not evaluate the energy efficiency of the transmission profiles in
N while constructing the profile set . Some profiles in ' may be not as efficient
as others in terms of energy. Let the profiles Uy, Uy, and U; are available in N for
the rate adjustment given that f < h < j. Suppose the transmission profile Uy is
being used for a given time. The strategy of switching to both Uj, and U; results
in more service rate and requirement of transmission power since the inequality
f < h < 7 holds. On the other hand, the increase in transmission power per bit
may be less for the strategy of switching to U; than Uj,. In that case, it may be
more efficient in terms of energy to switch U; instead of Uj, for the purpose of
transmitting packets more aggressively. Same idea can also be applied other way
around. If the profile U; is being used for a given time, the strategy of switching
to Uy instead of Uj, may result in better energy saving performance. Using this
motivation, the profile U, is identified as a relatively energy-inefficient profile if

there exits any pair (f,j) such that the following inequality holds:

pr) _ plH)  pG _ pl)
0 — 0 7 0 —

(5.9)

Transmission Power

Service Rate

Figure 5.4: An example of a relatively energy-inefficient profile.

An example of a relatively energy-inefficient profile Uy is shown in Fig. 5.4.
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EPCP eliminates all of the relatively energy-inefficient profiles from set M.
For laying out the motivation behind the idea, consider an example profile set
N = {(1,1),(2,3),(6,4),(7,7),(11,10), (13,14)} where service rate and power
properties of the profiles are set to those values for the sake of simplicity. This
set is depicted in Fig. 5.5. It is clear that the inequality (5.9) holds for h =2, f =
1 and j = 3 from which the profile U, is found to be relatively energy-inefficient.
The resulting set obtained by elimination of U; is depicted in Fig. 5.6(a). It is
clear that the area under the curve is less than it is for the case with no elimina-
tion, i.e, the profile set for PC'P. Moreover, the inequality (5.9) also holds for h
=1, f = 4 and 7 = 5 which yields U, as an another relatively energy-inefficient
profile. The area under the curve is further reduced by elimination of U, along
with Us, which is depicted in Fig. 5.6(b).

1 4 T T T T T T
Us

12 1 7

=
o
T
1

o
T
1

U,y

Transmission Power

</ 1 1 1 1 1 1
U, 2 4 6 8 10 12

Service Rate

Figure 5.5: An example of a universal profile set N.

Elimination of each relatively energy-inefficient profile results in less area under
the given curve. Therefore, we obtain the smallest area when all of the relatively
energy-inefficient profiles are eliminated from set A. For this purpose, an energy

inefficiency index for a given profile subset £ C A denoted by T'(£), is defined
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(a) The profile set obtained by elimination of the relatively energy-inefficient profile Us.
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(b) The profile set obtained by elimination of the relatively energy-inefficient profiles
U2 and U4.

Figure 5.6: Elimination of the relatively energy-inefficient profiles from an exam-
ple universal set N' = {(1,1),(2,3), (6,4),(7,7),(11,10), (13, 14)}.
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as:

PO 4 P00 — =) (5.10)

Mh

1=2
which is a measure of the area under the given curve. The profile subset V of size
V', which minimizes the energy inefficiency metric, is obtained over all possible

subsets containing the profiles U; and Uy as follows:

V= argmin I'(L). (5.11)
{U1,UN}CLCN

Lastly, PCP is applied to the particular subset V which concludes the method-
ology of EPCP. Similar to ST P and PCP, the particular policy EPCP* with
the performance parameter Tgpop+ denotes the optimum EPCP which mini-

mizes the average power consumption while satisfying the delay constraint.

It is worthwhile to note that all of the proposed policies so far behave exactly
same as each other when there is only one available transmission profile in the
universal profile set N, i.e, N = 1. Additionally, ST P, PCP and EPCP behave
exactly same as each other when N = 2. Moreover, PC'P and EPCP behave
identically if there is no relatively energy-inefficient profile in N/, i.e, V = N.

5.5 Extended Policies

The profile to be used in the first regime is always fixed to the minimum service
rate profile U; for all three proposed policies p € {STP, PCP, EPCP} which
will be referred as basic policies hereafter. Each of the basic policies employs the
profile U; for any packet with D(¢) = 0 even when the performance parameter
T, is an arbitrarily very small value such as 0.0001. On the other hand, M DP
employs the maximum service rate profile Uy when D(t) = 0. Depending on the

difference in the service rate between U; and Uy, this may create a significant gap
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in the delay performance between M DP and basic policies as will be shown in
the numerical examples. In order to avoid this catch, the choice of the first profile
can be relaxed, i.e, becomes another performance parameter along with the 7,.
This additional performance parameter gives rise to the extended versions of the
three basic policies, denoted by p € {STP,, PCF,, EPCP.}, respectively.

The methodology described for the each of the three basic policies in the
previous section is applied to all the subsets {Uy,Upni1,...,Un} C N ,m €
{1,2,..., N —1} indexed by m as the starting profile set. Using two dimensional
exhaustive search, the optimum performance parameter pair, denoted by (1,
T,+), is obtained which minimizes the average power consumption while satisfying
the delay constraint. The resulting optimum extended policies are named as
STP:, PCP, and EPCP;, respectively.

A percentage energy gain relative to M D P, denoted by G, is defined for each
of the six proposed policies p € {STP, PCP, EPCP,STP,, PCP.,EPCP,} as

follows:

(PMDP_Pp)

G, =100
g Pyvpp

(5.12)

Suppose the average power consumption obtained by employing M D P is rela-
tively low for a given scenario. In that case, even if the percentage energy gain G,
is high, the absolute power savings will also be relatively low. In order to analyze
these scenarios, the absolute power savings in Watts at the output of antenna

element, denoted by Pjueq, 18 also defined for each of the optimum policies as

follows:

Psavea = Pyupp — Pp (513)

where p € {STP*, PCP*, EPCP* STP, PCP:, EPCP}. Note that overall
absolute saved power in the transmitter depends on several factors such as power

supply efficiencies, amplifier efficiency and feeder loss caused by the distance
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between the amplifier and the antenna [6]. For the case of BSs, the overall
absolute saved power will be proportional to Pssweq by a factor of A, times the

number of antenna pairs per site.
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Chapter 6

Numerical Examples

In this section, the proposed transmission profile selection policies will be evalu-
ated in Physical Downlink Shared Channel (PDSCH) of the LTE. In [2], authors
conducted physical layer simulations for PDSCH which will be used in this anal-
ysis. The construction of € AN will be shown for the basic policies. Then,
frame level simulations will be performed to validate the analytical model. Fi-
nally, energy gain and absolute saved power performance of the proposed policies
relative to the baseline policy M D P will be evaluated for a wide range of system

parameters using the analytical model.

6.1 System Setup

Packet sizes are exponentially distributed with mean 5 = 500 bytes and packet
arrivals follow a Poisson process with rate A. Power consumption is considered
to be 0 in the transmitter when it is idle, i.e., P, = 0. MIMO configuration
is assumed to be 2x2 spatial multiplexing. Extended Pedestrian A model with
Doppler frequency of 5 Hz (EPAD5) is considered as the multipath fading model.
A perfect channel estimator is assumed as employed in [2]. LTE-TDD frame

structure is considered as shown in Fig. 6.1 where each Physical Resource Block
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(PRB) consists of 12 sub-carriers with 15 kHz carrier spacing [2]. Number of
PRBs allocated to the wireless link of interest within a sub-frame duration of 1
ms is assumed to be fixed to Ng = 50. For other parameters of the physical layer

simulation setup, the study [2] can be referred.
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Figure 6.1: LTE-TDD frame structure

For a given average Signal-to-Noise ratio (SNR) at the receiver, denoted by «
in dB scale, the block error rate (BLER) and the throughput per PRB in bits
are denoted as e(a, Iyy) and r(a, Ip) respectively, where I, is the modulation
and coding scheme index. The I; value which maximizes the throughput while
satisfying a target BLER (ep) is considered to be optimal Iy, value, denoted by

I3, which is obtained as follows:

r(a, Iy), ela,ly) < ey,
T(a, In) = (). el ) < 0 (6.1)
0, otherwise,

Iy, = argmax 7(a, {p). (6.2)
Iy

Note that when the expression given in (6.1) equals to 0 for a given «, it
indicates that there exists no MCS profile that satisfies the target BLER for that
particular SNR. The optimal throughput r*(«) in bits per PRB for a given « is
obtained by using the particular MCS index I},:

r*(a) = r(a, I). (6.3)
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Physical layer simulation results of the performance metrics e(a, ;) and
r(a, Ips) are tabulated as function of the MCS index Iy, and the average SNR
at the receiver v (in 1 dB granularity) in Table 6.1 and 6.2 respectively, which
are taken from the study [2]. The analytical model does not consider the effect
of HARQ retransmissions on the service time distributions of packets. Therefore,
a relatively low value of BLER constraint e, = 0.02 is assumed. For this BLER
constraint, obtained r*(«a) values using the selection rule (6.1) are given in bold
format in Table 6.2. Note that when o = 1 db, there exists no MCS that satisfies
the target BLER, i.e, 7(1, 1)) = 0 for any Iy;.

Table 6.1: BLER e(a, I)/) as a function of the SNR o and MCS index Iy;.

oIy 0 1 2 3 4 5 6 7 8 9 10 11
1 0.043 | 0.098 | 0.154 | 0.281 | 0.409 | 0.536 | 0.662 | 0.772 | 0.881 0.94 1 1
2 0.014 | 0.056 | 0.098 | 0.199 0.3 0.426 | 0.553 | 0.678 | 0.803 | 0.901 1 1
3 0.005 | 0.032 | 0.06 | 0.133 | 0.206 | 0.325 | 0.444 | 0.575 | 0.707 | 0.831 | 0.956 | 0.999
4 0 0.015 | 0.03 | 0.081 | 0.131 | 0.237 | 0.343 | 0.474 | 0.604 | 0.735 | 0.866 | 0.936
5 0 0.006 | 0.012 | 0.044 | 0.076 | 0.166 | 0.256 | 0.381 | 0.507 | 0.635 | 0.762 | 0.85
6 0 0 0 0.02 0.04 | 0.112 | 0.185 | 0.299 | 0.414 | 0.539 | 0.663 | 0.764
7 0 0 0 0.006 | 0.012 | 0.07 | 0.128 | 0.228 | 0.328 | 0.446 | 0.564 | 0.671
8 0 0 0 0.001 | 0.002 | 0.044 | 0.086 | 0.169 | 0.253 | 0.363 | 0.473 | 0.585
9 0 0 0 0 0.001 | 0.028 | 0.055 | 0.123 | 0.19 | 0.289 | 0.389 | 0.503
10 0 0 0 0 0 0.014 | 0.029 | 0.083 | 0.136 | 0.225 | 0.313 | 0.428
11 0 0 0 0 0 0.007 | 0.014 | 0.054 | 0.095 | 0.171 | 0.247 | 0.364
12 0 0 0 0 0 0 0 0.033 | 0.066 | 0.127 | 0.188 | 0.305
13 0 0 0 0 0 0 0 0.023 | 0.047 | 0.093 | 0.14 | 0.247
14 0 0 0 0 0 0 0 0.017 | 0.034 | 0.067 0.1 0.194
15 0 0 0 0 0 0 0 0.012 | 0.025 | 0.048 | 0.071 0.15
16 0 0 0 0 0 0 0 0.009 | 0.018 | 0.034 | 0.051 | 0.111
17 0 0 0 0 0 0 0 0.006 | 0.013 | 0.024 | 0.036 | 0.079
18 0 0 0 0 0 0 0 0.004 | 0.008 | 0.017 | 0.025 | 0.056
19 0 0 0 0 0 0 0 0.002 | 0.004 | 0.011 | 0.018 | 0.042
20 0 0 0 0 0 0 0 0 0.001 | 0.007 | 0.013 | 0.032

For a given receiver sensitivity and channel condition, « is a function of trans-
mit power, which makes it possible to adjust a by varying the transmit power.
Upper limit of the transmit power is constrained by a maximum limit, denoted
by P We define the maximum attainable average SNR, denoted by «,,, as
the a obtained when the transmit power is P,,.,. One can further reduce the
transmit power at the expense of reduced throughput as long as the target BLER
is satisfied. Mathematically, there must exist at least one I; value that satisfies
the target BLER at any particular transmit power. In line with the simulation
results of the study [2] which are presented in 1 dB granularity, the transmission
power is reduced by 1 dbm at each step while obtaining the universal profile set

N. Therefore, each value of the aw € {2,3, ..., v, } vields a different transmission
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Table 6.2: The throughput r(«, I)s) in bits/PRB as a function of the SNR « and
MCS index Iy,.

a/Iy 0 1 2 3 4 5 6 7 8 9 10 11
1 52.98 64.88 74.92 82.03 85.64 81.5 69.58 56.52 33.1 18.98 0 0

2 54.55 | 67.94 79.94 91.49 101.45 100.69 92.15 79.69 54.69 31.36 0 0

3 55.07 | 69.62 83.25 98.95 114.98 118.46 114.64 105.19 81.64 53.79 13.94 7.81

4 55.31 70.88 | 85.96 104.98 125.84 133.89 135.44 130.37 110.15 84.56 42.77 34.54

5 55.34 71.54 | 87.55 | 109.16 133.86 146.41 153.42 153.28 137.36 116.66 75.77 67.76

6

7

8

55.36 71.99 | 88.62 | 111.93 139.12 155.89 168.21 173.63 163.11 147.28 107.48 | 100.23
55.36 72 88.63 | 113.55 | 143.22 163.3 179.8 191.31 187.22 177.03 139.33 | 133.96
55.36 72 88.64 | 114.13 | 144.67 | 167.91 188.57 205.86 208.08 203.51 168.37 | 164.83
9 55.36 72 88.64 | 114.18 | 144.81 170.68 194.85 217.43 225.61 227.03 195.31 | 194.04
10 55.36 72 88.64 | 114.24 144.96 173.05 | 200.22 227.33 240.6 247.7 219.44 | 220.35
11 55.36 72 88.64 | 114.24 144.96 174.43 | 203.46 234.4 252.11 264.93 | 240.69 | 243.24
12 55.36 72 88.64 | 114.24 144.96 175.63 | 206.29 | 239.68 260.18 278.85 | 259.28 | 263.77
13 55.36 72 88.64 | 114.24 144.96 175.66 | 206.34 | 242.11 265.56 289.76 | 274.92 | 282.44
14 55.36 72 88.64 | 114.24 144.96 175.68 206.4 243.77 | 269.22 298.17 | 287.56 | 298.64
15 55.36 72 88.64 | 114.24 144.96 175.68 206.4 244.86 | 271.67 304.17 | 296.75 | 311.52
16 55.36 72 88.64 | 114.24 144.96 175.68 206.4 245.7 273.55 | 308.54 | 303.33 | 321.96
17 55.36 72 88.64 | 114.24 144.96 175.68 206.4 246.37 | 275.05 | 311.77 | 308.07 | 330.17
18 55.36 72 88.64 | 114.24 144.96 175.68 206.4 246.92 276.29 | 314.16 | 311.42 | 335.95
19 55.36 72 88.64 | 114.24 144.96 175.68 206.4 247.43 277.43 315.9 313.61 | 339.63
20 55.36 72 88.64 | 114.24 144.96 175.68 206.4 247.83 278.35 | 317.36 | 315.47 | 342.43

profile. Service rate attribute of each profile can be represented as:

) = T (6.4

Note that units of p(«) is in packets/sec; whereas units of r*(«) is in bits per
PRB. The equation (6.4) is the conversion from bits per PRB to packets/sec
between these parameters. Next, transmission power (in dBm) attribute of each

profile can be represented as follows:

P(@) = Prag — (i — ). (6.5)

In this study, P is assumed to be 46 dBm which is a typical value for
PDSCH. For a specific scenario of «,,, = 12 dB and ¢, = 0.02, the transmission
power and the service rate attributes of the constructed profiles in N are listed
in Table 6.3. Using the set NV, obtained transmission profiles for each of the basic
policies are shown in Fig. 6.2. Note that ST P uses only two profiles with the
highest and lowest possible service rates whereas PC'P uses all of the available
profile from the set N. EPCP, on the other hand, eliminates all of the relatively
energy-inefficient profiles from the set AV, i.e, minimizes the area under the curve
in Fig. 6.2.
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Table 6.3: Profiles in the set N for the case «,, = 12 dB and e, = 0.02.

i P p i P e

1] 398 681.9 7 | 15.84 1808.4
2| 5.01 688.4 8 | 19.95 1810.2
3| 6.30 886 9 | 25.11 2163.1
4 1 794 1094.3 | 10 | 31.62 2543.3
5 10 1107.8 | 11 | 39.81 2578.6
6 | 12.58 1790.2
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Figure 6.2: Service rate and transmission power attributes of the profiles used for
STP, PCP, and EPCP, when «,, = 12 dB and ¢, = 0.02.

6.2 Model Validation

Next, the analytical model is validated by conducting frame level simulations
for PDSCH. LTE sub-frame structure is considered such that the required byte
paddings are performed to align the size of payload to the nearest Transport Block
size given in [39] for Np = 50. Total number of packet arrivals is considered to
be 107 for each simulation. A specific scenario of Dy = 15 ms, «,, = 12 dB, and
A = 1000 is studied in which the performance metrics of the particular policy

PC'P with respect to its performance parameter Tpcp are obtained and depicted

35



in Fig. 6.3 and Fig. 6.4 respectively for both analytical model and simulations.
It can be concluded that the simulations are in line with the analytical results.
The average power consumption appears to be slightly higher in simulations for
relatively small values of the threshold parameter Trcp as seen in Fig. 6.4. This
is the result of using higher order MCS profiles more frequently in which the
average power spent for the padded bytes increases due to the fact that higher
order MCS profiles require larger Transport Block sizes for a given sub-frame
duration of 1 ms. However, the effect of byte padding operation on the power
saving performance can be considered from negligible to none depending the
system parameters. Therefore, only the analytical model will be used to evaluate

the proposed profile selection policies for the rest of the study.

10° ‘
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—e— Simulation
107t E
1072 E
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104 3
10_5 | | | | I
0 5 10 15 20 25 30
Tpcp (ms)

Figure 6.3: Delay violation probability p, of the particular policy PCP as a
function of the parameter Tpcp when A = 1000 packets/sec, the delay bound
Dy = 15 ms and the maximum attainable SNR «,, = 12 dB for both analytical
model and simulations.
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Figure 6.4: Average power consumption P of the particular policy PCP as a
function of the parameter Tpcp when A = 1000 packets/sec, the delay bound
Dy = 15 ms and the maximum attainable SNR «,, = 12 dB for both analytical
model and simulations.

6.3 Performance Evaluation

In this section, the energy gain and the absolute saved power performances of the
proposed policies with respect to the three system parameters A, o, and Dg are

investigated using the employed system setup.

In first two examples, the scenario of Dy = 15 ms, «,, = 12 dB and the
tolerance parameter ¢ = 0.001 is considered. First, a specific case where \ =
1000 packets/sec is studied in order to demonstrate the methodology of basic
policies. For this case, Pyypp can be obtained as 15.44 Watts using (5.4). The
delay violation probability and the average power consumption of ST P, PC'P and
EPCP with respect to their performance parameter 7, are depicted in Fig. 6.5
and Fig. 6.6, respectively. In order to find the optimal parameter 7T+, the delay

threshold T}, is varied with a step size of 0.1 ms and bounded by a maximum value
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of T,, = 2D, ms. Since all three basic policies behave same as M DP when T, = 0
ms, the minimum value of 7, = 0.0001 ms is considered in exhaustive search. For
a given 7, value, the average power consumption of ZPCP is much lower than of
PCP (and also STP) which shows that exclusion of relatively energy-inefficient
profiles for the rate adjustment results in significant power savings. On the other
hand, the delay performance of PCP appears to be better than EPCP (and
also STP) which indicates that the delay performance is slightly degraded by
elimination of profiles for energy saving purposes. In this example, the optimal
delay bound 7,- values are the maximum of 7}, values that satisfies the constraint
e = 0.001. However, this does not hold in general. The reason is that low indexed
transmission profiles may be relatively less energy-efficient than higher indexed
profiles in which case higher energy savings may occur at relatively lower values of
T,. An example of this observation can be seen in Fig. 6.6 such that the average
power consumption of PCP when T, = 20 ms is less than it is for when 7, =
30 ms. This the reason why exhaustive search is performed over all possible 7,
values instead of the binary search method which would be used if resulting 7}

values were the maximum of T}, values that satisfies the delay violation constraint.

In the second numerical example, performance of the six proposed policies
with respect to the parameter \ is evaluated. M DP does not satisfy the delay
violation constraint for the arrival rate values A > Ay, = 2130.766. Therefore, the
percentage energy gain and the absolute saved power performance of the the six
proposed policies are evaluated and depicted for A < Ay, = 2130.766 in Fig. 6.7
and Fig. 6.8, respectively. For relatively lower values of the arrival rate, all the
six proposed policies appear to be serving at the profile with the lowest service
rate, i.e., U; for majority of the time and percentage energy gain performances
are similar with around 62% gain over M D P. However, the absolute saved power
vanishes for low arrival rates as expected because the average power consumption
of M DP itself is relatively low for these arrival rates. The absolute saved power
peaks for medium to high arrival rates but vanishes eventually, since the profile
with highest possible service rate and transmission power, i.e, Uy is mostly used
to satisfy the statistical delay constraint in high traffic loads. It is also remarkable

that even though EPCP; consistently gives the most absolute saved power as
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Figure 6.5: Delay violation probability p, of the three proposed policies ST P,
PCP, and EPCP as a function of the parameter 7, when A = 1000 packets/sec,
the delay bound Dy = 15 ms, and the maximum attainable SNR «,, = 12 dB.

seen in Fig. 6.8, the performance of ST P} appears to be very reasonable with
the advantage of using only two transmission profiles. This is the indication of
the need for careful selection of the transmission profiles by considering their

energy-efficiency characteristics.

In the third numerical example, the effect of the choice of the delay bound Dg
on the energy gain and the absolute saved power performance of the six proposed
policies is investigated. A specific scenario when A = 1000 and «,, = 12 dB is
considered. MDP does not satisfy the delay constraint for Dy < 3.776 ms for this
particular scenario. Therefore, percentage energy gain and absolute saved power
values of the six proposed policies are depicted for the interval Dy > 3.776 ms in
Fig. 6.9 and Fig. 6.10, respectively. It is remarkable that basic policies provide no
energy gain for a wide range of Dy values. Extended policies, on the other hand,
still provide significant amount of energy gain in this region which indicates that
relaxing the choice of the first profile gives the opportunity to establish energy-

efficient communication for systems with relatively strict delay requirements. It
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Figure 6.6: Average power consumption P of the three proposed policies STP,
PCP, and EPCP as a function of the parameter T}, when A\ = 1000 packets/sec,
the delay bound Dy = 15 ms, and the maximum attainable SNR «,, = 12 dB.

is also clear that EPC P consistently outperforms all other policies with ST P’
being slightly worse just for higher Dy values.

In the final example, the percentage energy gain and the absolute saved power
are obtained with respect to the parameter «,, for six proposed policies when A =
1000 and Dy = 15 ms, which is depicted in Fig. 6.11 and Fig. 6.12, respectively.
It can be seen that FPCP; gives more energy gain and absolute saved power
than any other policy for all values of o, while ST P follows EPC P} slightly
below. The four proposed policies EPCP*, EPCP}, STP* and ST P} performs
same when «,, = 7 dB because their resulting profile subset K is same for that
particular value of a,,. Also note that when «,,, = 20 dB, the absolute saved power
is around 20 Watts which can be considered as a significant amount considering

the P, is about 39.8 Watts.
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Figure 6.7: The percentage energy gain G, as a function of the arrival rate \ for
the six proposed policies.
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Figure 6.8: The absolute saved power Pi,,,.q as a function of the arrival rate A
for the six proposed policies.
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Figure 6.9: The percentage energy gain G}, as a function of the delay bound Dy
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Figure 6.10: The absolute saved power Py,..q as a function of the delay bound
Dy for the six proposed policies.
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Figure 6.11: The impact of the maximum attainable average SNR «,, on the
percentage energy gain G, for the six proposed policies.
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Figure 6.12: The impact of the maximum attainable average SNR «,, on the
absolute saved power Pi,,.q for the six proposed policies.
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Chapter 7

Conclusions

In this thesis, transmission profile selection policies are proposed for the problem
of energy minimization under statistical delay constraints over wireless links. The
system is first modeled as an M/M/1 queue with delay dependent service times
which yields MRMFQ analysis to obtain the steady-state delay distributions as
well as the average power consumption. For the purpose of obtaining performance
parameters, the constructed MRMFQ model is solved to find the optimum pa-
rameter set of interest for a given policy. This framework can easily be adapted
to more realistic scenarios in the future. The proposed profile selection policies

are studied using realistic transmission profiles obtained from LTE simulations.

Three basic policies along with their extended versions are proposed. Basic
versions consider only one performance parameter to optimize, named as delay
threshold. If the queuing delay of a HoL packet is greater than this threshold,
all policies use the highest possible rate available for the transmission. If it is
less than this threshold, ST P uses the lowest possible rate whereas PCP selects
transmission rate from the available profile set such that the service rate will
be proportional to the delay already experienced by that packet. EPCP, on the
other hand, first evaluates the energy-inefficiency attribute of all profiles. A novel
term, named as relatively energy-inefficient profile, is defined which identifies

some of the profiles as inefficient compared to other profiles in terms of energy
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saving. Towards the elimination of the relatively energy-inefficient profiles, a
performance metric, named as energy-inefficiency metric, is also defined for a
given profile set. After elimination of all relatively energy-inefficient profiles,
EPCP applies same as PC'P on the set of remaining profiles. Extended versions
of each basic policy, denoted by ST P,, PCP, and EPCPF,, respectively, are also
proposed for which the choice of the minimum service rate profile is also relaxed
along with the delay threshold parameter. Relaxing this choice enables us to
obtain significant energy gains under relatively strict delay constraints. It is also
concluded that the absolute saved power depends on the traffic load such that it
is minimized for low and high loads as expected. However, substantial savings
appear to be obtainable for moderate loads. In the numerical examples, it is
shown that EPCP. consistently outperforms all other policies which indicates
the importance of considering energy efficiency properties of transmission profiles.
Besides, ST'P. gives very acceptable gains with the advantage of implementation
simplicity whereas its basic version ST P shows significantly worse performance
compared to all other policies which also yields the importance of optimizing

selection on the minimum service rate profile.

Future work includes incorporation of fading channels into the stochastic queu-
ing model and analysis of more general arrival processes and packet size distribu-
tions. Using insight from this study, another future work item is the development
of online algorithms that dynamically modify their performance parameters based
on the feedback information received such as traffic information and channel con-

dition.
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