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1

1. Introduction

Network traffic is becoming more and more data-centric. For the last decade or so, the
data traffic has risen exponentially [1] [2] following the unprecedented growth in stat-
ic and interactive Web traffic, voice over Internet protocol (VoIP), file transfer proto-
col (FTP), point to point (P2P) and machine to machine (M2M) communications, se-
curity applications, internet video traffic etc. It is worthy of note that market surveys
reveal that around 80% of all wireless communication takes place in indoor environ-
ments [3]. It is estimated that the Internet of things (IoT) will consist of around 50
billion physical objects by 2020 [4]. Therefore, besides network capacity and connec-
tivity, energy efficiency will remain as a crucial issue in the near future and beyond.
The modern trend in wireless networking technology is moving towards massive den-
sification of cells to meet this sharp rise in data demand over the coming decade. In
fact, it is expected that the whole field of networking technology is going to experi-
ence something of a major paradigm-shift in the next decade. In this context, the small
cell network is found to be a viable solution to offload the data traffic of the macrocell
network while ensuring quality of service (QoS), energy efficiency, greater network
capacity, spectral efficiency and the ability to connect billions of household physical
devices to wider networks.

Small cells are low-power, short range and low cost small base stations (BSs) or ac-
cess points (APs) that operate in either licensed or unlicensed spectrum [5]. Its trans-
mission range is typically from 10 to 100 metres and the maximum transmission pow-
ers are generally a few hundred milliwatts. For example, the maximum transmission
power of  a  Femto BS is  200mW [6] and for the WiFi access point  it  is  250mW [7].
The WiFi or IEEE 802.11 [8] families operate in the unlicensed spectrum whereas a
femto cell operates in the licensed band. To a user equipment (UE), a femto BS is
identical to a macro BS in terms of network functionalities. Both WiFi and Femto cells
are deployed by consumers or private enterprises in an ad-hoc manner and are usually
connected to the core network by the wired connection found on the home premises.
For the Femtos, the digital subscriber lines (DSLs) or a wireless backhaul could also
be used to connect the gateway of the operator’s network. In fact, to meet the expo-
nential traffic demand, the massive densification of the network is essential, and with
the current cellular network structure, such densification is neither feasible from a
technical and economical perspective [9] [10]. In the near future, for the 5th genera-
tion (5G) millimetre wave (30-300GHz) technology [11], the approach to network
densifications by reducing the cell size as well as aggregating spectrum beyond
30GHz band  is expected to accommodate the 1000-fold increase of the traffic de-
mand.
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From the above perspective, the performances of the two central building blocks of
the small cell networks, i.e., the WiFi and the femto networks, are investigated in
terms of traffic adaptivity, throughput, delay and energy efficiency for both elastic and
non-elastic traffic in this thesis. The link specific and traffic-adaptive power save
mode of the IEEE 802.11s [12] mesh networks are studied analytically and numerical-
ly from an energy perspective. The dynamic uplink/downlink (UL/DL) traffic-
adaptive technique, energy saving micro-sleep operation and their challenges are in-
vestigated thoroughly in this thesis for Long Term Evolution (LTE) time division du-
plex (TDD) femto networks. The probable solutions and algorithms are also suggest-
ed. The motivation for the research, author's contribution and the thesis organization
are discussed in the subsequent Sections.

1.1 Background and Motivation

Some of the key terminology used in this thesis is discussed briefly before presenting
the motivation for the research. The aspects of the key terminology are discussed in
details in the subsequent Chapters.

1.1.1 Key Concepts of the Thesis

Link Specific Power Save Mode
Link specific power save mode for mesh stations (STAs) is introduced in the IEEE
802.11s [12] amendment. A mesh STA can maintain different power modes for its
peer STAs at the same time. There are two power states in IEEE 802.11s, one is
‘awake state’ and the other is ‘doze state’. In active state, a mesh STA can transmit
and receive frames and operates at full power. On the other hand, in doze state it can-
not transmit and receive any frames and consumes a small amount of power. There are
three power modes of a STA for a link. They are active mode, light sleep mode and
deep sleep mode. In active mode, the mesh STA remains in active state for the link, in
light sleep mode for a link the mesh STA listens to all the beacons of its peer STA and
in deep sleep mode for a link a mesh STA may choose not to listen to the beacon of its
peer STA. Therefore, depending on the traffic intensity and availability, a mesh STA
can choose the right power modes for its peer STA.

Peer Service Period
Peer service period [12] in IEEE 802.11s is a contiguous time period during which one
or more individually addressed frames are transferred in a link in which at least one of
the mesh STAs operates in power save mode (PSM). In a peer service period, one
mesh STA acts as a transmitter. It transmits the buffered data and initiates the termina-
tion of the service periods after transferring the batch. A mesh STA can maintain mul-
tiple peer service period in parallel. The link specific power save modes and the frame
transmission methods in a link are discussed in detail in Chapter 2.

Dynamic TDD
In Radio Access Networks (RANs), the transceiver can transmit either in Frequency
division duplex (FDD) or in time division duplex (TDD) mode. In FDD, the assigned
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spectrum is equally divided between uplink (UL) and downlink (DL) transmission.
Each direction has their own dedicated frequency band to transmit, therefore, simulta-
neous transmission is possible in both directions. In contrast to FDD, the transmission
frame comprises several UL and DL subframes or transmission time intervals (TTI) in
TDD. In each subframe, either DL or UL transmission takes place over the whole
spectrum at a time. In static TDD, the UL/DL configurations within a frame are fixed.
On the other hand, in dynamic TDD the UL/DL transmission direction of a subframe
is assigned dynamically to address the asymmetric UL/DL traffic. In this radio re-
source management technique, the direction of the transmission in a subframe is cho-
sen dynamically based on the UL/DL traffic intensity. Nowadays, due to large varie-
ties of applications and services with diverse UL/DL traffic requirements, the DL to
UL traffic ratio in a cell varies dynamically. This variation is more significant in small
cells. As a result, for the best use of the expensive radio resources, the dynamic ad-
justment of the UL/DL transmission has appeared as a crucial research challenge. In
this thesis the challenges and the performance of dynamic TDD is addressed in Chap-
ters 5, 6 and 7.

Micro-sleep Operation
In micro-sleep operation, transceivers are able to switch to the energy saving state
(sleep state) and remain in this state for a few symbols duration. The essence of the
operation is the ability of the transceiver to tune the energy saving operation at symbol
level. In 3rd generation partnership project (3GPP) LTE, in low traffic situations, the
transmitter can switch off its power amplifier for several symbols duration within a
subframe to save energy. While providing necessary QoS, the transmitter alternates
between the active and sleep state according to the traffic situation. In LTE, the dura-
tion of a symbol is around 72 microseconds including the cyclic prefix (CP). There-
fore, the granularity of the sleep duration could be in the order of several microsec-
onds to a few milliseconds. Also the receiver can go into the sleep state even for a
couple of microseconds if there is nothing to receive. The micro-sleep operation is
addressed in greater detail in Chapter 6 of this thesis.

Hopfield Neural Network (HNN)
The Hopfield Neural Network (HNN) [13] [14] is a fast computational model to solve
the complex combinatorics problem in real time. This popular tool has been long used
to solve complex computational problems that are computationally unfeasible to solve.
In Chapter 7, the UL-DL scheduler optimization problem for dynamic TDD falls into
this category of NP (non deterministic polynomial) problems. For N number of nodes,
the growth of this search problem has a computational complexity of O(2N). The HNN
is used in our research to obtain a quick real-time solution to this problem.

1.1.2  Motivation

As mentioned before, the study in this thesis basically covers two major components
of the small cell networks. One is the IEEE 802.11s amendment that operates in an
unlicensed band and another is the LTE TDD femto cell network that operates in a
licensed band. After the introduction of the legacy IEEE 802.11 Wireless local Area
Network (WLAN) standard in 1997, it has become an integral part of all home and
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office appliances. In the next decade, WiFi is regarded as a dominant stakeholder that
will support a major portion of all IoT [4] physical devices. With the introduction of
IEEE 802.11 power save mode (PSM), a lot of work [15] [16] [17] [18] [19] has been
done to enhance the energy saving ability of the nodes. However, few studies have
been made until now in the area of the recently introduced IEEE 802.11s based link
specific power save mode for the mesh network. The link specific power save mode is
a totally new concept. A new peer service period (PSP) mechanism is proposed in the
IEEE 802.11s amendment for transmitting to a receiver operating in PSM. Based on
the traffic intensity and the delay requirement in a link, a node can switch to a suitable
PSM for that particular link. The performance of the link specific PSM is studied in
this thesis from an energy perspective. The ultimate goal of the research is to make the
networking equipment carbon neutral and prolong the lifetime of the energy limited
devices for various applications.

For the radio access network (RAN), two major challenges of the near future, i.e.,
the energy efficiency and the dynamic addressing of the UL/DL traffic asymmetry are
studied in detail for the LTE TDD small cell environment in this thesis. The imple-
mentation challenges of the asynchronous transmission and the micro-sleep operation
as well as the factors affecting the performance are examined in this study. According
to the 3GPP LTE advanced technical report [20], the future enhanced small cell will
be deployed in indoor and outdoor environments with or without the macro coverage
(standalone) and will support both ideal and non-ideal backhauls [21]. Moreover, for
new energy-efficient building regulations [22] [23], energy efficiency has become a
crucial issue in modern building construction technology. Recently the commonly-
used reinforced concrete block, metal insulated wall, four-layer metal coated windows,
metal coated panel of glass etc., have altogether added an additional 20-30 decibel
(dB) penetration loss for the radio wave per wall over old buildings [24] [25]. In our
study, it is assumed that the femto network is assigned an orthogonal frequency band
in the overlaid macro network or it is operating standalone in a deep indoor situation.
Basically, the focus of our research is to study the energy efficiency and the dynamic
TDD method together with the implementation challenges to find some feasible solu-
tions to these problems. The mitigation of cross interference between two tier and the
power control techniques to enhance the user experience is not in the scope of this
study. In fact, the traffic adaptivity, energy efficiency and their implementation per-
spectives are studied in this thesis both analytically and numerically in terms of delay
throughput and energy for a small cell networks or more specifically, for LTE TDD
femto and IEEE 802.11s networks.

1.2 Contribution of the Author

As discussed in the previous section, the performance of the IEEE 802.11s and the
LTE TDD femto cell networks are studied in detail in this thesis in terms of energy,
throughput and delay. The performances are studied both mathematically and numeri-
cally.

The contents in Chapter 2, 3 and 4 are already published in a peer reviewed confer-
ence [26] and in a journal [27] respectively. The research works [26] [27] were done
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with the collaboration of Nokia Research Center, Helsinki, Finland. Prof. Riku Jäntti
supervised the overall research.

The IEEE 802.11s PSM protocol and the corresponding simulator is introduced in
Chapter 2. The author implemented the link specific IEEE 802.11s PSM protocol in
the NS2 [28] simulator in association with Dr. Johanna Nieminen and Jarkko Kneckt.
The medium access control (MAC) and physical layer (PHY) protocols are imple-
mented with C++ and Tcl. In fact, the IEEE 802.11s did not recommend any specific
queueing and scheduling principle for the incoming packets from the upper layers. The
peer specific queue and the batch scheduling process for the energy saving MAC are
introduced and implemented by the author in this work.

The performance of the IEEE 802.11s PSM is studied for user datagram protocol
(UDP) and transmission control protocol (TCP) traffic in Chapter 3 and 4 respectively.
Prof. Riku Jäntti modeled the queue stochastically to evaluate the steady state proba-
bility of the batch and wrote one sub-section in the mathematical modeling part. The
author extended the mathematical model to validate the simulation results and wrote
Chapter 3 and 4. Prof. Riku Jäntti supervised the overall work of the IEEE 802.11s
PSM. It is found in the study that at small load the energy saving in PSM could be as
high as 80% when compared with the active mode operation. The study also suggests
that there is a trade-off between delay/throughput and energy saving.

A detail system level simulator is developed by the author in Matlab [29] to study
the performance of the LTE TDD femto cell networks. This has been realized with the
collaboration of Ericsson, Finland. The simulator is introduced in Appendix C. The
scope and feasibility of the dynamic LTE TDD network for both a femto and macro
cell network are examined in detail from an implementation perspective in Chapter 5.
A mathematical model is also developed to validate the simulation results for a single
BS and UE pair. Based on the study, a flexible scheme for dynamically selecting the
TDD frame configuration in a femto network is proposed by the author. This Chapter
is written by the author under the supervision of Professor Riku Jäntti.

In Chapter 6, the micro-sleep operation of LTE TDD is investigated. The author has
proposed a micro-sleep based operational framework at symbol level when the load in
a cell is very small. The impact of the discontinuous transmission (DTX) [9] [30] [31]
has been long studied for large networks with multiple cells. However, at subframe or
symbol level, few works are found that have studied the probable on-off state of the
power amplifier (PA) of a BS for LTE TDD. The performance in DTX is studied in
Chapter 6 for both UDP and TCP traffic in terms of energy and delay/throughput. The
delay-performance while in energy saving mode is also modeled analytically. The
study suggests that a BS can operate in micro-sleep mode while providing the neces-
sary QoS. During off peak hours at no load, a PA can save up to 90% of energy usage.
The Chapter is written by the author.

The HNN based UL/DL scheduling algorithms proposed in Chapter 7 are already
submitted to a reputed journal [32] and is under the reviewing process at this time of
writing. In this Chapter, the HNN based centralized and distributed algorithms for
UL/DL scheduling are formulated by the author together with prof. Riku Jäntti. The
author developed the TDD simulator and evaluated the results. The mathematical part
is written by the author together with the co-authors. A genetic algorithm based
scheduler is developed by the author to check the accuracy of the outcomes. The study
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suggests that the proposed HNN algorithms improve the system performance by up to
13 to 20 percent when compared to before. The algorithms can also run on top of any
power control algorithms and is portable to 3GPP LTE TDD. For instance, in LTE
TDD frame configuration 1 (6:4), around 12 percent of additional link capacity can be
achieved by this novel scheme. Both centralized and distributed HNN schedulers al-
ways converge within the first few epochs regardless of the number of mobile stations
(MS) and base stations (BSs) in the network.

1.3 Organization of the Thesis

The thesis is organized into two parts. The first part addresses the IEEE 802.11s net-
works that operate in unlicensed spectrum and the second part addresses the LTE TDD
femto networks that operate in the licensed spectrum and are connected to the opera-
tor’s core network by a backhaul. In Chapter 2, the IEEE 802.11s system and the sim-
ulator-model are discussed. A stochastic model, based on the discrete time discrete
state Markov chain is studied in Chapter 3 for one peer link operation to examine the
system behavior closely during PSM operation. The energy-delay performance for a
large multi-hop network is analyzed for UDP traffic also. In Chapter 4, the network
performance for the link specific power save mode of IEEE 802.11s in FTP-TCP traf-
fic is studied in detail. The scope and feasibility of a femto network in dynamic LTE
TDD operations are examined in Chapter 5. In Chapter 6, the micro-sleep based opera-
tion of PA in LTE TDD operation is studied from an implementation perspective. Two
centralized algorithms and one distributed HNN based UL/DL scheduling algorithm
are introduced and analyzed in Chapter 7. Conclusions are drawn in Chapter 8.
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2. IEEE 802.11s

The widely used IEEE 802.11 [8] is a low-power, short-range medium access control
(MAC) and physical layer (PHY) protocol set to transmit in the unlicensed spectrum.
In recent times, for covering a large working area de-centrally, a multi-hop mesh net-
work has become an essential infrastructure for a large sensor network, an indoor of-
fice environment or for machine to machine (M2M) communications. However, the
legacy IEEE 802.11 MAC and PHY both have some inherent drawbacks to cover
large network areas where multi-hop transmission is inevitable. In this regard, the
IEEE 802.11s has emerged as an efficient mesh networking protocol in terms of secu-
rity, throughput, self-path-finding, self-healing and more importantly, as a traffic-
responsive energy-efficient technology. The IEEE 802.11s [12] is an amendment of
the IEEE 802.11. In this extension, the advanced mesh networking protocols are inte-
grated into the (MAC) of the IEEE 802.11 standard.

 In the licensed band, the 3GPP LTE advanced has already integrated the feature of
data offloading through the unlicensed spectrum with the LTE femto networks. In the
above context, the IEEE 802.11s mesh stations (STAs) that represent a link specific
and traffic-adaptive energy saving technology, appears as a promising solution. In this
thesis, we explore and analyze the energy-efficient data transmission method of the
IEEE 802.11s mesh STAs. Based on the traffic intensity in a link, a mesh STA is able
to switch to either active or light sleep or deep sleep power save mode (PSM).

In this Chapter the energy-efficient transmission perspective is introduced in Section
2.1. Previous works done on the IEEE 802.11 PSM are presented in Section 2.2. In
Section 2.3 the PSM link concept in the IEEE 802.11s and the frame exchange meth-
ods in PSM are discussed. The overall operation of the implementation, especially the
batch scheduling and sleep/wake-up method as well as the experimental setup are ad-
dressed in Section 2.4.

2.1 Energy-Efficient Transmission and Power Save Mode (PSM)

For the last decade, the deployment of  mobile wireless devices has risen by leaps and
bounds in a variety of different applications; such as for data access purposes, in  wire-
less automation and control, making Voice over Internet Protocol (VoIP) calls as well
as in other QoS sensitive applications. However, these mobile devices are battery
powered and have a limited amount of operational time. As the batteries are a limited
resource of energy, devising an efficient energy saving protocol is now a critical issue
for battery-constrained wireless devices. Generally, a significant amount of wireless
node energy is dissipated in wireless radios. During normal operation a radio typically
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undergoes the following three states: transmitting, receiving and idle state. The trans-
mitting state consumes the highest amount of energy since the major portion of the
energy is dissipated in the power amplifier. In the idle state, the radio obtains trans-
mission opportunities (TXOPs) and is capable to start receiving the transmissions. The
idle state consumes a little bit less energy than the receiving state but, in the long run,
this state contributes a significant portion of the total energy consumption. Therefore
in PSM, the node avoids unnecessary operation in idle state, and when a node neither
receives nor transmits it switches to sleep state, which naturally, consumes the lowest
amount of energy. As an example, the current drawn by the Lucent IEEE 802.11
WaveLan card, for transmit, receive, idle and sleep modes is 284, 190, 156 and 10 mA
respectively [33]. In basic PSM operation the destined packets are temporarily buff-
ered by the transmitter station (STA) and are later delivered to the destination. The
packets are transmitted in bursts at some agreed-upon intervals. When the queue of the
transmitter STA becomes empty, it switches to doze state.

With the introduction of IEEE 802.11 PSM operation [8], a lot of work has been
done to reduce the energy consumption of the nodes while maintaining the QoS for
various applications [34] [35] [36]. However, few studies have been made until now in
the area of IEEE 802.11s based link specific power mode. In this scheme, a mesh STA
creates links with peer mesh STAs and maintains a link specific power mode towards
each peer. A mesh STA also tracks the power mode of each peer mesh STA and ex-
changes data frames with only peer mesh STAs. Three link specific power modes are
defined and these are active, light sleep and deep sleep. The power modes of peerings
are independent and a mesh STA may operate in different power modes for each peer-
ing [12]. A peer service period (PSP), an agreed contiguous time period, is used to
exchange buffered frames in a link if the receiver STA operates in PSM, i.e., it oper-
ates in light sleep or in deep sleep mode for the link. The IEEE 802.11s has proposed
its own guideline to initiate, maintain and terminate a PSP.

2.2 Previous Works

Ronny K. et al. [37] proposed an algorithm called bounded slow down (BSD) to save
energy for web traffic. It bounds the delay to a user-specified value while expending
minimum energy. The sleep duration is adapted depending on the previous activity.
Another solution for the same kind of problem is done by Yan H. et al. [38] where
energy is saved in two steps: by switching to doze state during inactive periods and by
controlling the traffic flow by declaring enough buffer space in the TCP ack packet
when necessary. It creates a burst of data flow from the AP towards the STA and
shortens the total transmission time. Hao Zhu et al. [39] proposed a rate-based sched-
uling algorithm for streaming traffic where the AP will decide the service order of the
flows. Chi-Hien et al. [40] proposed a power conservation scheme to optimally sched-
ule the awake time of the STAs to reduce the contention. Lei and Nilsson [41] mod-
eled the queue for the infrastructure mode to predict the system performance if the
configuration parameters are known. Sangkyu et al. [42] later extended this work and
derived the exact average value of the Percentage of Time a station stays in the Doze
state (PTD) and the variance of the delay. It is assumed in both [43] and [44] that the
polling message from the STA has a negligible impact and the AP always transmits a
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fixed amount of packets within a single beacon interval. Chin-Min et al. [33] and Hos-
sein M. et al. [43] proposed a quorum-based energy conserving protocol for a single
hop mobile ad hoc network (MANET). A quorum-set is a set of time frames wherein a
node must wake up. Any two nodes can wake up and meet each other at some time
frame defined in the set. During the non-quorum time frames, nodes are allowed to
remain in sleep state to save their energy. A hyper quorum system is proposed in [44]
where nodes can adapt their cycle length. Jangsoo Lee. et al. [17] used the Kalman
filter to predict the best Announcement Traffic Indication Message (ATIM) window
size to increase the time spent in doze state.

Almost all the sleep/wake-up based power saving schemes that have been so far
proposed, mainly address the following aspects of the IEEE 802.11 PSM. These are:
the effective notification in the Traffic Indication Map (TIM) field or the efficient
scheduling of data frames in the queue [39] [40], traffic shaping to create a burst when
necessary [37] [38], ATIM window size adjustment [17], asynchronous wake up of
STAs [33] [43] [45], Unscheduled Power Save Delivery (UPSD) [34] [35] etc.

Nevertheless, a few papers are found to focus on the IEEE 802.11s based link spe-
cific power mode operation. As mentioned in Section 1.2, the findings of the Chapters
2, 3 and 4 are already published in a peer reviewed Journal [27] and a conference [26]
paper. At the time of writing these papers, no actual research work on link specific
PSM of IEEE 802.11s was found anywhere in the literature. However, by this time of
writing the thesis, a few papers [46] [47] [48] had emerged that studied the IEEE
802.11s PSM inspired from our research [26] [27]. In [46] and [47], the performance
of the IEEE 802.11s was investigated by testbed analysis. In [46], for a STA that acts
in light sleep mode to its peer STAs, the energy consumption at no load are measured
by gradually increasing the number of links. At no load, the study suggests that for a
STA, the energy consumption increases with the number of links it is serving. In [47],
for a single peer link, the performance is measured for UDP and TCP traffic. The
testbed analysis shows that the throughput depends on the PSM mode of the peer link
and the duration of the beacon period. In fact, the multi-hop transmission and conten-
tion is absent in both [46] and [47] while evaluating the performance. In [48], one peer
link mesh STA is modeled with queueing petri nets (QPN) [49] and is extended for a
multi-hop mesh network. The simulation in SimQPN [50] measures the performance
of the QPN model. A testbed analysis as well as a computer simulation are performed
to validate the results of the QPN model. The paper presents the numerical results, no
analytical insight is found.

2.3 IEEE 802.11S SYSTEM

In this Section the IEEE 802.11s PSM link concept as well as the frame transmission
and reception method in a link in power save mode is introduced.

2.3.1 The PSM Link Concept in IEEE 802.11s

The most significant point of the 802.11s PSM operation is the STA’s link specific
power mode. A mesh STA creates a link and maintains a link specific power mode
towards each peer STA. It also tracks the power mode of each peer and only exchang-
es data frames with its peer. A link consists of two mesh STAs and both STAs have
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their own independent power mode for each other. A STA can operate in any of the
three power modes for a link. These modes are active, light sleep and deep sleep. A
single mesh STA can serve its various peers in different power modes at the same
time. In Fig. 2.1, STA A is in active mode for both link-X and link-Y. STA C is in
deep sleep mode for link-Y and link-Z. The same STA B is in light sleep mode for
link-X and in deep sleep mode for link-Z. In light sleep mode for a link, a PSM STA
wakes up periodically to listen to all the beacons of the peer STA. On the other hand,
in deep sleep mode for a link, a PSM STA may not wake up to listen to all the bea-
cons. In active mode operation, a STA remains in awake state all the time. If a STA
works in either light sleep or deep sleep mode for any of its peer links, the STA will
alternate between awake and doze states for that link, as determined by the frame
transmission and reception rules [12].

Figure 2.2. The internal states of mesh STAs during frame transmission and
reception. A is in active mode. B and C are in PS mode. STA’s PSM to links
are given in Figure 2.1.

Figure 2.1. Link specific power modes of three mesh
STAs. STA A is in active mode. STA B and C are in
PSM.
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In terms of link specificity, one of the basic difference between the IEEE 802.11s
and the legacy IEEE 802.11 PSM is that in IEEE 802.11s, a mesh STA cannot be
characterized by a unique power save mode, because, at the same time, it maintains
different power modes to its different peer. For example, an IEEE 802.11s mesh STA
can maintain a light sleep mode to one of its peer STAs that transmits regularly, and,
at the same time, can maintain deep sleep mode to another STA that generates traffic
occasionally. On the other hand, in the legacy IEEE 802.11 standard, a STA works
either in active or in power save mode for the entire network, the peer specific wake-
fulness concept is absent there.

2.3.2 Frame Transmission and Reception Method

In the previous Section the concept of link specific power modes and how these modes
affect the internal power states of a mesh STA were introduced. In this Section the
transmission and reception method of frames in PSM will be examined. Unlike
802.11, the beacons of the mesh STAs are not synchronized in 802.11s, rather evenly
distributed. Every STA in a network has its own Targeted Beacon Transmission Time
(TBTT) as illustrated in Fig. 2.2. The Mesh Beacon Collision Avoidance (MBCA)
mechanism detects and mitigates the collisions among beacon frames in the network
[12]. The Mesh Coordinated Channel Access (MCCA) enables mesh STAs to reserve
transmission time to increase transmission efficiency. The transmission time reserva-
tions avoid hidden terminals and in the forwarding operation, the time may be re-
served for both transmission and reception of the forwarded data. All this coordination
improves network efficiency. However, the details of this mechanism are outside the
scope of this study.

Each mesh STA maintains a Time synchronization Function (TSF) timer with modu-
lus 264 [12]. The beacon frames contain a copy of its TSF timer. In PSM, a mesh STA
first enters the awake state prior to its every TBTT and remains in awake state for an
awake-window duration as shown in Fig. 2.2. After hearing the beacon, the corre-
sponding peer STA triggers the beaconing STA to initiate a PSP. A PSP is a contigu-
ous period of time during which the buffered frames are transmitted to the PSM mesh
STAs. A mesh STA announces the presence of buffered data in the “beacon TIM ele-
ment” in its own TBTT. A trigger might be a mesh data or mesh null packet which
should be acknowledged. After receiving the trigger, the beaconing STA starts to
transmit the buffered packets one by one. The PSP will be terminated after a success-
fully acknowledged data frame or a mesh null frame with the End of Service Period
(EOSP) bit set to 1 from the transmitter of the PSP [12].

The awake state could be extended if any PSP is initiated within the awake-window
duration. In this case, a STA will remain in awake state until the PSP is terminated
successfully. If no PSP is initiated, the mesh STA should return to doze state just after
the awake-window. A PSM STA can transmit frames to its active mode peer at any
time without establishing any PSP. However, frame transmission towards a PSM peer
will never take place arbitrarily. A PSP should be established before any transmission
towards the PSM peer takes place. Fig. 2.2 shows the activity of the mesh STAs A, B
and C during frame exchange. As STA B is in  light sleep mode for STA A, it wakes
up prior to every TBTT of STA A to listen to A’s beacons . It may not hear all the
beacons of STA C since it acts in deep sleep mode for peer STA C. STA A will re-



IEEE 802.11s

12

main in awake state all the time as it serves its links in active mode. In Fig. 2.2, mesh
STA B and C transmit their buffered frame to active mesh STA A directly without
initiating any PSP. On the other hand, transmission of buffered packet towards PSM
STAs B or C takes place only after the initiation of PSP as described before.

In legacy 802.11 PSM operation, both in infrastructure or in Independent Basic Ser-
vice Set (IBSS) mode, all the STAs in a network wake up synchronously at every
TBTT and compete to transmit the buffered frame to the destined STA at the same
awake-window followed by a beacon. Therefore, within the sensing range, at most one
STA is able to transfer the buffered packets in a beacon interval for the contention-
based access. Unlike IEEE 802.11, multiple STAs can transmit in a different time slot
within a single beacon interval duration in IEEE 802.11s. It obviously increases the
network throughput. A simple example will be helpful to capture the basic difference
of the IEEE 802.11 and IEEE 802.11s frame transfer principle in PSM. Suppose there
are three PSM STAs P, Q and R in a sensor network. P and Q generate data and
transmit to R. STA R is the receiver. The frame transmission method in IEEE 802.11s
and IEEE 802.11 for this setup is illustrated in Fig 2.3 and Fig 2.4 respectively. The
bold green arrows show the transfer of data. The detail of the initiation and termina-
tion processes to transfer a batch is not illustrated here separately. Assume P and Q
generate one or two packets per beacon interval and an awake-window duration is
enough to transfer a couple of packets. So in an MCCA enabled 802.11s system, P and

Figure 2.4. Frame transmission in IEEE 802.11 PSM. STA P and Q compete
in the awake-window to transmit to STA R.
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Figure 2.3. Frame transmission in IEEE 802.11s PSM. Mesh STA P and Q
transmit to STA R. STA R is in light sleep mode to STA P and Q. STA P and Q
are in deep sleep mode to STA R.
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Q will wake up in its own TBTT that are evenly distributed within a beacon interval.
STA R will also wake up for two times to listen to STA P and Q within a beacon in-
terval. Here, mesh STA P and Q both are in deep sleep mode to R and R is in light
sleep mode to both P and Q. STA P and STA Q are not peers to each other. As STA R
has nothing to transmit, it may not wake up in its own TBTT. Therefore, the number
of wakes up in the network to transfer packets from P and Q are four. In other words,
at the cost of four wakes up (awake-windows) both STA P and Q are served in every
beacon interval as illustrated in Fig. 2.3. On the other hand, in IEEE 802.11 PSM, at
most one STA will be able to transmit in every beacon interval as explained above.
Therefore, at the cost of six wakeup in two beacon intervals (3 synchronous
wakeup/beacon intervals), both STA P and Q are served on average as shown in Fig.
2.4. It is assumed that there is no collision. Thus, on average, it takes two beacon in-
tervals to serve one STA. So for this particular example with two transmitters, the
maximum packet delay is one beacon interval for IEEE 802.11s and for legacy IEEE
802.11 the maximum packet delay is two beacon intervals for the best case. In addi-
tion, the percentage of saving for IEEE 802.11s is [(6-4)*100/6], i.e., 33.33% more
than that of IEEE 802.11 for this network. In the above topology there are only two
transmitters, however, the frame transmission method clearly indicates that for n
transmitters, the opportunity to transmit them within a beacon interval will undoubted-
ly enhance the performance of IEEE 802.11s PSM in terms of delay, throughput and
energy.

2.4 IEEE 802.11s PSM Simulator

The beacon management, link specific PSM and PSP protocols are briefly discussed in
Section 2.3. These protocols [12] are implemented in the extended version [51] of
Network Simulator NS-2 [28] to evaluate the network performance. However, the
IEEE 802.11s did not recommend any specific queueing and scheduling principle for
the incoming packets from the upper layers. In the simulator, however, we implement-
ed a queueing and scheduling method that effectively interacts with the underlying
energy-efficient MAC protocol. The dynamics of the queue in fact represents the be-
haviour of the system. In this Section, the batch scheduling method and the simulator
experimental setup are explained. In the subsequent Chapter 3, the queue is modeled
to study the system performance. However, the details of the implementations are
beyond the scope of this present study. The statistical accuracy of the simulator’s out-
comes is discussed in Appendix A.

2.4.1 The Batch Scheduling Method

In this Section, the overall system response of the implementation, i.e., the batch
scheduling process and the corresponding sleep/wake-up event are explained. In the
new queuing system, there are separate temporary buffer spaces for all PSM peer
STAs as shown in Fig. 2.5. The queue-logic unit first stores the incoming packet from
the logical link layer (LL) to the exact peer specific buffer in the MAC. When the
MAC wakes up to transmit its own beacon, it first checks all of its peer specific buff-
ers to see whether any stored packet exists. If so, the STA declares those peers´ identi-
ties in its beacon’s TIM element.
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However, there is no intermediate buffer for the data destined to the active mode
peers. This data is directly transferred to the final transmission queue as shown in Fig.
2.5. Prior to every PSP, the buffered packets are moved to the MAC transmission
queue as a group or batch before delivering them one by one. After this batch a null
packet with EOSP field set to 1 is placed as an indication of the end of an individual
batch in this implementation. The transmitter STA remains in active state as long as it
has frames in the transmission queue to deliver or it successfully receives the
acknowledgement (ACK) to the last frame. The receiver STA also remains in active
state until it receives the end trigger frame. The total batch service time may take sev-

Figure 2.5. A simplified diagram of new
queuing system where MAC maintains
individual queue for each of its PSM link
or peers.
.

LL

MAC

MAC TX Logic

PHY

MAC Queue

IFQ

Active peer’s
data path

Parameters Values
TX state power 1.327W
RX State power 0.967 W
Idle state (neither TX nor RX state) power  0.844 W
Doze state power 0.066 W
Energy per Switching 0.422 mJ
Switching time, from doze to idle state 250 s
Beacon transmission interval* 102.4ms
Data transmission Rate 6 Mbps
UDP Packet size 1000 Byte
TCP (Tahoe) segment size 1000 Byte
Beacon frame size 272 Byte
PSP Trigger frame size 28 Byte
Awake-window duration 5ms
Safety margin or wakeup before TBTT 0.1024 ms
DCF Inter Frame Space (DIFS) 34 s
Short Inter Frame Space SIFS 16 s
CW Slot  duration 9 s
Minimum number of CW (CWmin ) 15
*Unless otherwise stated

Table 2.1. Simulation Parameters.

Figure 2.6. Batch arrival process in STA 1 queue for a single peer. B21 de-
notes the first batch for STA 2. Similarly, B23 is the third batch for STA 2.
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eral beacon intervals. New data packets destined to the STA to which a PSP is ongo-
ing, will not be set immediately to the MAC transmission queue; rather these will be
stored in the peer specific buffer and will be delivered in another PSP. However, in the
implementation, if the arrived frame is destined to some other mesh STA with whom
no PSP currently exists, the transmitter can establish a new PSP. A STA can continue
several PSP operations in parallel with its peer STAs, but not more than one PSP with
a particular peer STA according to the current implementation.

An example of this operation is given in Fig. 2.6 for a single link. Here STA 1 is gen-
erating traffic and has only one peer link with STA 2. STA 2 is working in light sleep
mode for the link and is receiving frames from STA 1. The busy period, service period
and sleep duration of STA 1 during the operation is depicted in Fig. 2.4. Batches B21,
B22 and B23 are transferred to the queue of STA 1 from its temporary buffer after
successful initiation of PSP at 1st, 3rd and 4th beacon respectively. Here batch Bxy
means that this batch is destined to STA x and the batch number for this station x is y.
Suppose B21, B22 and B23 batches have service time x1, x2 and x3 respectively. The
service rate in Fig. 2.6 and Fig. 2.7 is considered 1 sec/sec and therefore the unfinished
work u(t) decreases with a slope equal to -1. It is shown in Fig. 2.6 that no batches
arrive in the transmission queue just after the 2nd, 5th and 6th beacon. One good rea-
son for this is that STA 1 did not send any indication of the buffered packet in these
beacons as the PSP with STA 2 is still continuing. Let us consider another scenario
where STA 1 is connected with another station STA 3 and is also generating traffic for
it, therefore it has two peers, STA 2 and STA 3. The activities of the STA 1 queue in
this scenario are depicted in Fig. 2.7. At the first beacon, a PSP is established with
STA 2 and the batch B21 is transferred to the transmission queue in STA 1. Similarly,
after beacon 2, another batch B31 is transferred to the queue from its temporary buff-
er. Batch B31 will be placed behind batch B21. The batches are transferred to the
queue after being triggered by the corresponding receiver STA. It should be noted that
although a PSP is progressing with STA 2, a new PSP with STA 3 is established after

Figure 2.7. Batch arrival process in STA1 queue for a two peers. B21 denotes
the first batch for STA 2. Similarly, B32 is the second batch for STA 3.
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beacon 2 and at this moment STA 1 has two parallel PSPs, one with STA 2 and anoth-
er with STA 3. As shown in Fig. 2.7 the first PSP ends at time t after delivering all the
packets to STA 2. A slightly different situation occurs after announcing the existence
of the buffered frame for both stations in beacon 4. Here STA 3 wins to send the PSP
trigger first and batch B32 is transferred to the queue for immediate transmission. STA
1 also receives the trigger from STA 2 after a few milliseconds due to contention, and
subsequently batch B23 is transferred to the transmission queue and placed behind the
previous batch B32. Like before, the system will start to serve batch B23 at time t
after emptying the previous batch B32 as shown in Fig. 2.7. In the current implemen-
tation a STA can maintain N links and, therefore, in case of N parallel PSPs the batch
scheduling process in the MAC transmission queue will be the same as explained
above. The primary concern of this study is to evaluate the performance of the pro-
posed 802.11s PSM from the energy efficiency point of view. Flow control and sched-
uling methods could be utilized to maintain fairness among the flows. However, these
fairness considerations are outside the scope of this study.

2.4.2 Experimental Setup

With this simulator, several experiments, from one peer link to multi-hop multi peer
link topology, in both elastic and non-elastic traffic are carried out. Unless otherwise
stated, the beacon interval is set to 102.4 ms or 100 time unit (TU). The UDP traffic is
Poisson distributed. The TCP Tahoe is used for performance evaluation in FTP. The
access mechanism is distributed coordination function (DCF) and the propagation
model is taken as free space to observe the MAC performance. Thus, packets are lost
only for collision. During the PSM operation, a STA wakes up for a fraction of a mil-
lisecond before its own TBTT for safety purposes. In this study, this duration before
TBTT is called the safety margin. If there is no transmission, the transmitter goes into
doze state just after the awake-window. In the experiment, the safety margin is 0.1024
ms and awake-window duration is 5 ms. Therefore, the maximum duration of sleep
possible within a beacon interval is around 97.29 ms (102.4 ms-5 ms-0.1024 ms =
97.29ms). The necessary parameters used to measure the performance are summarized
in Table 2.1.



17

3. IEEE 802.11s Energy Efficiency under
UDP

In this Chapter, the performance of the IEEE 802.11s PSM for one peer link operation
in a single 20 MHz channel is first studied both numerically and analytically. Several
mathematical models are developed to validate the simulation output such as the batch
size, packet delay, sleep duration and energy for one peer link. Later the simulation
study is extended to a multi-hop network consisting of 8 STAs. The IEEE802.11s
simulator discussed in Chapter 2 is used for the simulation. It is found that at low traf-
fic rate the percentage of average energy saving could be as high as 79% when com-
pared to active mode operation. The results indicate that the total energy consumption
depends on the independent power modes of the STAs for their link as well as the
application traffic rates.

The rest of the Chapter is organized as follows: in Section 3.1 the mathematical
model for one peer link operation is introduced; in Section 3.2 the simulation results
for one peer link are validated. The simulation result of a multi-hop network is exam-
ined in Section 3.3; and, finally, a summary is drawn in Section 3.4.

3.1 Modeling One Peer Link Operation

In this Section, the dynamic that affects the energy related issues in a network is ob-
served closely. In order to do this, a mathematical model based on a discrete time dis-
crete state Markov chain is developed for one peer link operation. The model is later
used in Section 3.2 to validate the simulation output. There are two STAs in this mod-
eling; one STA operates as a transmitter and another as a receiver.

In this modeling, several assumptions are made. It is assumed that the transmitter
STA operates in deep sleep mode for the link. The transmitter only wakes up before its
own TBTT to transmit and does not wake up to hear the receiver’s beacon. However,
the receiver STA wakes up periodically to hear the transmitter’s beacon. As there is no
need to declare the presence of buffered traffic in its own TBTT for this typical sce-
nario, the receiver STA does not wake up to transmit its own beacon. After successful
transmission of a batch the transmitter goes to sleep if the remaining time to the next
wakeup is greater than zero. The transmission time of the beacon and PSP trigger are
very small compared to the transmission time of a batch in our experiment. Therefore,
the beacon and the PSP trigger transmission time are ignored in this modeling. As the
propagation model is free space, there is no packet loss in the channel for a single
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transmitter. The buffers are large enough so that the probability of packet loss due to
buffer overflow is negligible in this region of operation.

3.1.1 Modeling Batch Size Distribution in Steady State

Assume that packet length is fixed. Let X denote the deterministic part of the packet
transmission time X=DIFS+Data+SIFS+ACK. Due to the contention-based access
the total transmission time of a packet p is a random variable pp CXX ~~    where

),0(~ min

~
CWUC p is a uniform random variable corresponding to the contention

window length. The total transmission time of a batch of a packets is

)(~)(~ aaXaB   where 





1

0

~)(~ a

p
pCa denotes the additional transmission time due

to the contention process. Let )(, tF a  denote the cumulative probability density (cdf)

function of )(~ a . The closed form solution of  ,aF t  is known [52], but for large a

it has numerical problems. In this study  ,aF t  is approximated by truncated Gauss-

ian cdf. The details of this approximation can be found from Appendix B. The approx-
imation is based on two observations. Firstly, the central limit theorem states that the
sum of i.i.d. random variables approaches to Gaussian distribution when the number of

variables a grows. Secondly, it is known that min

~
)(0 CWaa  .

Figure 3.1. The system observation instants are given by k. The batch transmission
time is shown by hatched region.
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Figure 3.2. The safety margin and awake-window area are shown by deep hatched
and light hatched respectively. Here T=102.4 ms, y = 5ms, x = 0.1024 ms and z =
97.29 ms. Based on awake-window and safety margin beacon interval, n(a) and
n(a)+1 are divided into 6 regions A to F. The deterministic part and indeterministic part
of a transmission is also shown here separately.
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Let T be the beacon interval. A new batch can only start in the beginning of a bea-
con interval. Hence, there is idle time )(~)(~)(~ aBTaNaI   between the end of the

batch and the beginning of the next batch. The random variable  TaBceilaN )(~)(~ 
denotes the number of beacon intervals needed to serve the batch. Let us define
I(a;n)=nT-aX . The probability that the transmission of a packet spans over n beacon
intervals can now be expressed as

       
     , ,

Pr Pr 1

; ; 1a a

N a n n T B a nT

F I a n F I a n 

    

  

 
                         (3.1)

Now the batch size distribution could be characterized. The system is observed at
each TBTT after a successful transmission of a batch. The observation instants are
shown by k in Fig. 3.1. The accumulated packets or a new batch is transferred to the
MAC transmission queue from the temporary buffer before transmission at each ob-
servation instant. Assume that packets arrive according to Poisson process with rate .
Let ka  be the batch size at kth instant. From the property of Markov chain, the batch

size ka  depends only on the size of the previous batch 1ka  . Hence the batch size

process fulfils Markov property. Assume that the arrival rate is small enough such that
the batch size is not growing without bound. Then the probability that the size of batch
k is j conditioned that the size of batch k-1 was i can be written as
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where nmin(a)=ceil{aX/T} and nmax(a)=ceil{a(X+CWmin)/T} denote the minimum and
maximum number of  data frames needed to serve a batch of size a, respectively. The
steady state probability distribution of the batch j  size can be solved from the fol-

lowing set of linear equations

0
, 0,1,2,...j i ij
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                                                   (3.3)
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                          (3.4)

In practice, the buffer size is constrained. Let amax denote the maximum MAC buffer
size in terms of packets. Now the state space of the Markov chain can be truncated and
standard linear algebraic methods can be used to solve j .
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3.1.2 Modeling Sleep Segment Distribution

Let assume that the size of the random part due to CW,  a is always less than a

beacon period. The ground of this assumption is that even for a very big size batch
suppose, 300 packets, the maximum backoff time that may come is 300150.009 =
40.5 ms, less than the beacon interval of 102.4 ms. Here CWmin=15 and slot size
=0.009 ms as given in Table 2.1 in Chapter 2. Therefore, the transmission time of a
batch of size a will occupy either nmin(a) or nmax(a)=nmin(a)+1 numbers of beacon
periods  as shown in Fig. 3.2. Now the size of a sleep segment depends on at which
point an ongoing batch transmission ends inside a beacon interval or the time left for
the next wakeup. Therefore, any one of the three cases may arise: i) a batch transmis-
sion may end within the safety margin before beacon nmin(a) or nmax(a); ii) it may end
within an awake-window after beacon nmin(a) or nmax(a); iii) it may end neither with-
in an awake-window nor within a safety margin as shown in Fig. 3.2. The transmitter

can be put to sleep for the duration of the idle time  I a . Let  as
~

 be the sleep dura-

tion after the successful transmission of a batch of size a. The above three cases are

analyzed below for a>0.

Case 1
Let the transmission end within the safety margin window x before beacon nmin(a) or
beacon nmax(a) i.e., in region C or F as shown in Fig. 3.2. The corresponding sleep
duration here will be zero because the time left for the next wakeup is zero. Therefore
the probability that the sleep duration is zero
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Case 2
Let the transmission end within the awake-window after beacon nmin(a) or beacon
nmax(a), i.e., in region A or D as shown in Fig. 3.2. These beacons will not contain any
indication of buffered packet as the PSP is still continuing. Hence STA will go to
sleep just after the awake-window and the sleep duration will be equal to z or maxi-
mum value of 97.29 ms. Therefore the probability that the sleep duration is z
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Case 3
Let the transmission end in region B or E in Fig. 3.2. In this case the sleep duration
will vary between 0 to z. The probability that the sleep duration is s, where zs 0 ,
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From equation (3.5), (3.6), (3.7) and from the total probability theorem for all size of
batches,
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i.e.; if there is no packet to transmit, STA will go to sleep just after the awake-window
for the maximum period of z or 97.29 ms.

3.1.3 Modeling Sleep per Packet and Percentage of Energy Saving

Another important metric in this experiment is the sleep time per packet. A sleep seg-
ment always follows a successful batch transmission. Thus, sleep per packet is the
ratio of the sleep segment to the corresponding batch size. The distribution of sleep per
packet can be derived from the probability of sleep conditioned on batch size a as
follows

 






  iasis

~~
Pr

  0,)(PrPr
~~~

~








 













 iiaSiSia
i
s

i
is

pppp
                            (3.9)

In the above equation,
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)(Pr  is the distribution of sleep per packet

conditioned on batch i. For a batch of size i with corresponding sleep segment s, the
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Therefore, from the total probability theorem the distribution of sleep per packet be-
comes
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The percentage of energy saving in the network is the ratio of the saved energy in
PSM mode to the energy expended in the active mode to transfer an average size
batch. Let Energyactive and EnergyPSM be the energy spent to transmit an average size
batch if both nodes operates in active mode and power save mode respectively. Let Etx

and Erx be the energy expended to transmit and receive a packet respectively. Poweridle

and Powersleep are the power dissipated in idle state and sleep state correspondingly.
Batchavg is the average batch size and Sleepavg is the average sleep time. Hence the
percentage of energy saving is
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(3.8). The )( sf and )( sF  are the probability density function (PDF) and cumulative
density function (CDF) of the sleep time respectively. In this modeling it is assumed
that the Ptx=Prx = Poweridle =750 mW and Powersleep=50 mW [37]. Ptx and Prx are
transmission and receiving power respectively.

3.1.4 Modeling Average  Queueing Delay

Let average batch size in the peer specific buffer be Batchavg  and average service

time of a single packet be 
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Suppose a PSP started with an average batch of size Batchavg. Therefore, after the
transmission of the nth packet, the number of packets in the system (both in the peer

specific buffer and in the MAC queue)
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Thus the average number of packets in the system
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From Little’s theorem, the average queueing delay is
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3.2 Results of One Peer Link Operation

In this Section the energy-related features are explored both numerically and analyti-
cally for one peer link topology. The setup for the experiments and the energy model
are discussed earlier in Section 2.4 in Chapter 2. Fig. 3.3 represents the batch size
distribution for the entire period of operation. It is found that the batch size increases
as the packet rate  increases. For a packet rate less than 400pps (packet per second),
the batch size is less than 50. These batches could be delivered completely within one
beacon interval as 65 packets on average are possible to transfer in a single beacon
period for this setup. For an average packet rate of 400 pps ( 40 packet/beacon inter-
val), around 2% of the batches take more than one beacon interval to be delivered
completely. The batch size increases rapidly after 400 pps. As shown in Fig. 3.3, for
500 pps ( 50 packet/beacon interval), almost all the batches vary from 75 to 185, i.e.,
they take  6575  =2 to  65185  =3 beacon intervals to be transferred. Fig. 3.4

shows the average batch size in different packet rates. It increases linearly up to a
packet rate of 400 pps and near the stability limit after 400 pps, it builds up rapidly.

The impact of the batch size and its transfer time is clearly visible in terms of aver-
age packet delay. The average packet delay in PSM is illustrated in Fig. 3.5. The delay
increases linearly up to 400pps and, after that, it rises sharply as it approaches the sta-
bility limit. At 400 pps, the average delay is around 88 ms and at 500 pps it rises to
210 ms. However, the average delay remains below 5.5ms even at 500 pps in active
mode operation.

The sleep per packet is illustrated in Fig. 3.6. The sleep per packet is the ratio of
sleep segment to the corresponding batch size. It is found that as the packet rate in-
creases the sleep per packet decreases. Only the sleep segment does not describe the
actual energy saving picture, because a big sleep segment may also follow a big batch
or a long transmission. Therefore, the ratio of sleep segment to the corresponding
batch size could be a good metric to measure the actual scenario. As shown in Fig. 3.6,
in 90% of cases, the sleep per packet is less than 15 ms at100 pps and it is less than 1
ms at 500 pps.

The percentage of energy saving for a simple energy model [37] is plotted in Fig.
3.7. At a packet rate of 100 pps, the percentage of energy saving is around 79% and
decreases linearly as the packet rate increases.
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Figure 3.8. Energy consumption by the
network in different power save modes
for the link.

Figure 3.3. Batch Size distribution.

Figure. 3.6. Sleep per Packet distribu-
tion.

Figure 3.7. Percentage of Energy Sav-
ing.

Figure 3.4. Average Batch Size.

Figure. 3.5. Average packet delay.
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At 500 pps, it is almost 19%. For a realistic energy model [53], only the simulation
results of energy/bit in the network for different link specific power modes are plotted
in Fig. 3.8. Energy/bit is the expended energy in the network to transfer a single bit
successfully. The Figure shows that as the rate increases, the energy per bit decreases.
In PSM operation, a fixed amount of energy is required to maintain the link regardless
of data. Link maintenance requires a periodic wakeup for listening peers, transmitting
beacon, switching and alternating between doze and awake states. These activities all
consume a certain amount of energy.

As illustrated in Fig. 3.8, the highest amount of energy is consumed while both trans-
mitter and receiver STAs operate in active mode. At 100 pps the energy consumption
per bit is around 2.2J. The lowest amount of energy is consumed while the transmit-
ter operates in deep sleep mode for the link and the receiver wakes up only to listen to
the transmitter’s beacon as in Fig. 3.9(c). In this mode the energy consumption per bit
is around 0.62 J/bit at an application packet rate of 100 pps. When receiver STAs
operate in light sleep mode for the link, given that the mode of the transmitter STA
remains unchanged as shown in Fig. 3.9(b), the expenditure of energy per bit increases
to 1.044 J /bit for the same rate. This is due to the one additional wakeup of the re-
ceiver per beacon interval, beacon transmission as well as the increased switching
number. For the same reason, when both transmitter and receiver operate in light sleep
mode for the link as shown in Fig. 3.9(a), the energy consumption increases to 1.46 J
/bit.

3.3 Performance Study in Multi-hop Network

In this Section, some experiments are carried out for a multi-hop network consisting of
a total of eight STAs. The experimental setup and simulation parameters are discussed
in Chapter 2 in Section 2.4. As shown in Fig. 3.10, two linear data flows, consisting of
four STAs are placed across each other. One data flow is from STA 1 to STA 4 and
another is from STA 5 to STA 8. The number of data flows remains constant for the
entire simulation. The performance is evaluated for two separate setups. It is assumed
that the STAs are MCCA enabled as discussed in Section 2.3.2.

Figure 3.9. Wake up patterns of STA A and STA B for different link specific power
modes. (a) Link A->B Light Sleep and Link B->A Light Sleep. (b) Link A->B Deep
Sleep and Link B->A Light Sleep. (c) Link A->B Deep Sleep and Link B->A listens to
only A’s beacon. STA B transmits no beacon.
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Figure 3.10. A multi-hop network consisting of total eight STAs. STA 4 and 8 are
sink for source STA 1 and 5 respectively. Data flows are indicated by arrow.

Figure 3.11. Throughput /sink for different packet rate. a) For Setup 1(No hidden
node). b) For Setup 2 (Source STA 1 and 5 are hidden nodes).

Figure 3.12. Percentage of retransmission of each STA at 50 pps:  a) All STAs are in
active mode. b) All STAs are in PSM. At 50 pps the impact of hidden node is negligible on
PSM operation when compared with active mode.
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In the first setup (Setup 1), all STAs are within the transmission range, i.e., a STA can
hear all STAs in the network. Thus, there are no hidden nodes. In the second setup
(Setup 2), the transmission range is reduced to two-hop, i.e., a STA can hear only
those STAs that are situated within a two-hop distance. As a result, the transmitting
STA 1 and STA 5 act as hidden node to each other.

Both of the above setups are studied for three power mode configurations of the
network. The power mode configurations are: i) all STAs are in PSM ii) only sink
STAs are in active mode and iii) all STAs are in active mode. In the first power mode
configuration, all transmitting STAs are in deep sleep (DS) mode for its receiving
STA and all receiving STAs are in light sleep (LS) mode for their transmitting STA.
For example, STA 2 is in DS mode for receiving STA 3 but at the same time it is in
LS mode for transmitting to STA 1. In the second configuration, the sink STA only
operates in active (AC) mode for the link, i.e., STA 4 and STA 8 are in AC mode for
STA 3 and STA 7 respectively. The power modes of the remaining PSM STAs are
kept unchanged. In third the configuration, all STAs operate in active mode.

Fig. 3.11(a) and 3.11 (b) shows the throughput/flow in terms of packets per second
for Setup 1 and Setup 2 correspondingly. In Setup 1, both active and power saving
(PSM) operation give almost the same performance, i.e., the system starts to cross the
stability limit after 75 pps. After 75 pps, active mode performs better than PSM. How-
ever, in Setup 2, where a hidden node exists, the PSM performs much better than ac-
tive mode. In active mode, the system goes to saturation after 60 pps. On the other
hand, in PSM, it still operates linearly up to 75 pps. The reason for this response is
explained in Fig. 3.12. After 100 pps, i.e., at high packet rate, the network throughput
is almost the same both in PSM and in active mode.

In Fig. 3.12, the percentage of retransmission of each STA is depicted for both Setup
1 and Setup 2 at 50 pps. The percentage of retransmission is the ratio of the number of
retransmitted packets to the total number of transmissions. The result for Setup 1 and
Setup 2 are shown by blue and red bar respectively. In active mode, as shown in Fig.
3.12(a), the percentage of retransmission at source STA 1 and STA 5 is around 60%
due to the hidden node problems. Basically, this is the main bottleneck to achieve lin-
ear operation at high packet rate in Setup 2 as described in Fig. 3.12(b). However, in
PSM as shown in Fig. 3.12(b), the percentage of retransmission is negligible in both
Setup 1 and Setup 2. Suppose in PSM, the percentage of retransmission of source STA
1 and STA 5 is only 0.582% with the existence of a hidden node, and it is 0.457%
without a hidden node. Basically, in IEEE 802.11s, the beacon transmission times of
the STAs are evenly distributed in a beacon interval and, therefore, the transmission
times of the PSM STAs are also distributed evenly as discussed in Section 2.3.2 in
Chapter 2. As a result, the probability of any collision between two transmitting STAs
is low as long as a STA on average can complete its transmission before another STA
wakes up to transmit. Thus, at high packet rate, the number of collision increases. For
example, for a hidden node, the percentage of retransmission at source STAs rises
from 0.582% to 8.30% as the packet rate increases from 50pps to 75pps.

The average packet delay over a three-hop data flow is explored in Fig. 3.13. The
delay here is the time difference between packet generation and its successful recep-
tion by the MAC of the sink STA. As shown in Fig. 3.13, the average delay increases
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with the packet rate. For Setup 1, the average delay is less than 20 ms in active mode
and is less than 185 ms in PSM for a packet rate below 75pps. For Setup 2, the aver-
age delay in active mode rises sharply after 60 pps, and at 75 pps, it is around 23 sec-
ond. However, at the same packet rate of 75pps the PSM experiences delay below 242
ms. The figure suggests that the impact of a hidden node on delay in PSM operation is
not as significant as it is in active mode. Still in PSM, a large amount of delay comes
from the waiting time of the packet in the peer specific buffer. In IEEE 802.11s, a
PSM STA can transmit to its AC mode peer as soon as it receives a packet from the
upper layer. In order to do so, it can immediately wake up from doze state if neces-
sary. This reduces the queueing delay of that particular hop. The effect of this opera-
tion is also checked in this experiment. It is found that at 50 pps, the average delay in
the last link reduces from 19 to 5.5 ms when the sink STA switches to AC mode for
this link. Fig. 3.13 illustrates that this change in power modes also helps to improve
the overall delay. However, this costs some extra energy.

Figure 3.13. The average packet delay over 3 hop. a) For Setup 1(no hidden node) b) For
Setup 2 (hidden node exists). Hidden node has significant impact on Active mode operation.

Figure 3.15. Percentage of saving for Setup 1
where no hidden node exists.

Figure 3.14. Energy/bit without or with hid-
den nodes. Solid lines are for Setup 1 (no
hidden node) and dotted lines are for Setup
2 (hidden node exists).
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The energy/bit in various operating modes is illustrated in Fig. 3.14. The energy/bit
is the expended energy in the whole network to transfer a single bit from the source to
sink successfully. In PSM, the lowest amount of energy is consumed. It increase when
the sink STAs switch to active mode to reduce the delay of their links. The highest
amount of energy is consumed if all STAs operate in active mode. This consumption
can further increase in the presence of hidden node. As shown in the figure, at high
packet rate, the impact of a hidden node in energy consumption is prominent in active
mode operation. However, in case of PSM, this impact is negligible as hidden nodes
do not start to transmit their buffered packet at the same time as discussed before.

The percentage of saving for Setup 1 is depicted in Fig. 3.15. The percentage of sav-
ing is calculated for the whole network. The percentage of saving is the percentage of
saved energy to successfully transfer a single bit in PSM when compared to Active
mode operation.
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When there is no packet at all, the percentage of saving is around 80% in PSM and it
is around 57% when only the sink operates in AC. In PSM operation, a fixed amount
of energy is required to maintain the link regardless of data. Link maintenance re-
quires a periodic wakeup for listening peers, transmitting beacon, switching and alter-
nating between doze and awake state. These activities all consume a certain amount of
energy. At 10 pps, the saving is the highest and starts to fall with an increase in the
packet rate. If all STAs are in PSM, the saving is around 62% near the stability limit at
75 pps.

3.4 Conclusions

In this study, the energy consumption for the IEEE 802.11s link specific PSM for one
peer link operation has been analyzed both numerically and analytically for the first
time. Later the simulation study is extended to a multi-hop network consisting of eight
STAs. It is assumed that all STAs are Mesh Coordinated Channel Access (MCCA)
enable. The MCCA protocol enables mesh STAs to reserve transmission time to in-
crease transmission efficiency. The study suggests that at the cost of increased packet
delay, the IEEE 802.11s PSM operation not only saves a large amount of energy but
also provides almost the same throughput as the active mode operation offers. For a
large network the energy saving could be as high as eighty percent when compared
with active mode operation. Especially in the presence of a hidden node, the PSM can
perform much better than active mode, if the nodes avoid simultaneous operation.
However, the average packet delay in PSM is large when compared with the active
mode operation. At very small load, the average packet delay over a three-hop data
flow is around 10 ms in active mode and it increases to 80 ms in PSM. Still, this delay
is adjustable. By switching to AC mode, receiving STAs can reduce the link delay
considerably. The study shows that the link delay reduces from 19 to 5.5 ms as the
receiving STA switches to active mode for the link. This clearly indicates that there is
a trade-off between delay and energy and by choosing suitable power modes for the
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link an IEEE 802.11s network can adjusts its delay, throughput and energy consump-
tion. In future, the critical parameters in PSM operation could be investigated thor-
oughly to set a network at an optimum point of operation.
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4. IEEE 802.11s Performance Under
FTP-TCP

The IEEE 802.11s system and its energy-performance are studied and modeled in
Chapters 2 and 3. In this Chapter, the energy-throughput trade-off is studied further for
elastic traffic. Basically, the energy saving in a PSM STA is achieved by switching off
the radio when the system is busy to serve another STA. However, a STA that has
already initiated a PSP to retrieve its buffered packets listens to the channel and waits
for its turn when the other STA is served by the system. Thus, in a large system, the
total listening time of a particular STA is significant and could be much larger than the
total receiving time of its own packets. In case of bidirectional traffic, suppose for
TCP, this listening time could be further increased for TCP acks or due to the conten-
tion between the TCP payload and TCP ack. This additional listening time, apart from
the actual receiving time of the packet, costs extra energy and degrades the PSM per-
formance. A similar thing happens in the case of packet transmission. If several PSPs
continue at the same time, a particular transmitting STA has to listen to the channel
while another STA transmits. This obviously prolongs the awake state of a PSM STA.

In this study, the performance of the IEEE 802.11s PSM for FTP-TCP traffic is in-
vestigated from the energy efficiency point of view. It is found that by selecting a suit-
able beacon period and PSM link combination, a significant amount of energy could
be preserved while offering the same throughput that the active mode operation offers.

The rest of this Chapter is organized as follows. The TCP and flow throughput is
addressed in Section 4.1. The simulation results for a single and multiple clusters are
discussed in Section 4.2. The conclusion is drawn in Section 4.3.

4.1 TCP Traffic and Flow Throughput

TCP is a window-based transport layer protocol. The congestion window is dynami-
cally adjusted in response to a successfully received acknowledgement (ack) packet.
The window size is measured by the number of maximum segments (MSSs) that can
be transmitted within a transmission timeout interval without any acknowledgement.
The timeout interval is calculated from the estimated round trip time (RTT) of a pack-
et. When a TCP connection starts, the congestion window is initialized to 1. A thresh-
old value is also initialized in this stage. Until there is a loss event, the TCP sender
redoubles its congestion window at every RTT. From the sender side, a loss event
could be the occurrence of either a time out or the reception of multiple duplicate ack
messages [54]. However, in this primary phase, the congestion window grows expo-
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nentially up to the threshold value for every successfully received ack. This starting
property is called slow starting (SS). When the threshold value is reached, the conges-
tion window is increased by one MSS at every RTT until a loss event occurs. During
this whole process if any loss event occurs, the threshold value is reset to one-half of
the previous value and the congestion window is reinitialized to one.

The RTT has a significant impact on TCP throughput. The average throughput de-
creases as the RTT increases. The small RTT means a high rate of arrival of positive
acknowledgement. As a result, the smaller the RTT is, the faster the congestion win-
dow develops. The large congestion window creates high bursts of packets and in-
creases the throughput of a flow. The average throughput [54] of a connection at
steady state could be expressed as follows

RTT
WThroughputAverage 


75.0                                                       (4.1)

Here W is the value of the congestion window when a loss event occurs. It is assumed
that W and RTT are approximately constant over the duration of the connection.

4.2 Performance Evaluation

The IEEE 802.11s PSM-related operations such as beacon management, PSP protocol,
PSM efficient queue as well as peer specific buffers on top of the queue are imple-
mented by the authors in the Network Simulator NS-2.33 [28]. TCP Tahoe [55] is
used in the simulation. In order to evaluate FTP-TCP performance, two types of sce-
narios are considered. In the first scenario, users download from a common server in a
star topology as illustrated in Fig. 4.1 (a). In this case, the number of active users is
increased gradually from one to twelve. In the second scenario, as shown in Fig.
4.1(b), three clusters, each consisting of four users, are deployed and the clusters are
interfering with each other. The numbers of flows are also kept constant during the
simulation. Throughout this Chapter, the PSM link combination is expressed by writ-
ing their corresponding power save mode beside an arrow sign. Suppose LS<->DS
means the server or the transmitter STA is working in LS mode for the link and the
users or receiver  STAs are working in DS mode for the link.

Figure 4.1. (a) First scenario. Single cluster. tx =TCP sender, rx = receiver. (b) Second
scenario of 3 clusters. STA indexes are at the center.
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 In this experiment for LS<->LS mode, the receiver obtains its TCP payload when it
wakes up to listen to the server’s beacon and the server gets the buffered TCP acks
when it wakes up to listen to the receiver’s beacon. The TCP acks and payloads are
thus transferred in separate PSP. However, in LS<->DS mode, the receiver hardly
wakes up to listen to the server’s beacon as it operates in DS mode for the link. There-
fore, when the server wakes up to listen to the receiver’s beacon, a bidirectional PSP is
established to transfer buffered TCP acks and the buffered TCP payload. In AC<->DS
mode of operation, the receiver retrieves its TCP payload when it wakes up in its own
TBTT. It triggers the server and establishes a PSP. However, the receiver can send the
TCP acks any time as the server operates in active mode all the time. When the receiv-
er’s queue gets the TCP acks from the upper layer, it immediately transmits the packet
to the active mode peer without any PSP. In order to do this, it switches to awake state
if necessary.

The throughput, percentage of energy saving and flow-level fairness are examined in
this study. The percentage of saving is the percentage of saved energy to successfully
transmit a single bit in PSM when compared to Active mode (AC<->AC) operation.
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Here Energy/bit is the energy expended to transmit one bit successfully. The energy
model [53] and other simulation parameters are given in Section 2.4 in Chapter 2. The
free space channel model is used throughout the simulation in order to focus on the
MAC performance in this energy-related issue. Hence, packets are lost only when
collision occurs.

4.2.1 Results For First Scenario

In the first scenario as shown in Fig. 4.1(a), users download simultaneously from a
common server (STA 0) in a star topology. The performances are first measured by
keeping the beacon period constant (100 tu) as shown in Fig. 4.2 and 4.3. Later, the

Figure 4.2. Network throughput for different
PSM link combinations. The numbers of
receiving STAs are increased gradually.
Transmission rate is 6Mbps.

Figure 4.3. Network percentage of saving for
different PSM link combination. The numbers
of receiving STAs are increased gradually.
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impact of the beacon period is studied in Fig. 4.4 by varying the beacon transmission
interval. Here one time unit (tu) is equal to 1.024 ms. Fig. 4.2 shows the network
throughput for different PSM link combinations. Network throughput means the sum-
mation of individual throughputs of all links in a network. In PSM operation, as the
receiver STAs periodically wake up to receive the buffered data, the TCP sender expe-
riences a large RTT for the flow. As discussed in Section 4.1, this large RTT in turns
reduces the average throughput. For the small number of PSM clients, the channel
capacity remains under-utilized, irrespective of the PSM link combination. However,
when the channel utilization rises for multiple downloading users, the difference of
network throughputs between PSM and AC mode becomes marginal. The Fig. 4.4 also
shows that when the server works in PSM for its PSM peer, the utilization of channel
is lower than that when it works in AC mode for its PSM peer. Actually if the server
operates in AC mode, the PSM STA can send the TCP ack immediately to the server
without establishing any PSP. This decreases the RTT and thus increases the through-
put. The fairness among the flows, when all users are downloading, is observed in
scenario 2 in the subsequent Section where interference is comparatively high.

Fig. 4.3 shows that the percentage of energy saving in a network varies with the
number of downloading users. The percentage of saving is calculated for the whole
network. In PSM operation, a fixed amount of energy is required to maintain the link
regardless of data. Link maintenance requires periodic wake up for listening peers,
transmitting beacon, switching and alternating between doze and awake state. These
activities consume a certain amount of energy. For a single user, the channel capacity
is highly under-utilized and thus the cost per bit in PSM is higher than that in AC
mode operation. In AC<->DS mode, the saving is around 16.30% for 3 users, 4% for 8
users and tends to 0% for 12 users. As discussed in the beginning, the additional lis-
tening time in a dense network increases the overall energy consumption. Though the
percentage of saving is higher in LS<-DS mode, this PSM link combination offers
around 25% less throughput when compared with AC<->DS mode as given in Fig.
4.2. Lower throughput also means more delay to download a file.

(a) (b)

Figure 4.4. (a) Throughput and (b) percentage of saving in AC<->DS mode as
Beacon period varies. Users are downloading simultaneously. 1, 4 and 8 users are
taken into consideration.
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The impact of the beacon period on throughput and saving is explored in Fig. 4.4 for
AC<->DS mode. In the 802.11s standard, beacons are evenly distributed in a beacon
interval. At small beacon period, the distance among the wake up instants of the STAs
is also small. Therefore, before the completion of an ongoing PSP, another STA wakes
up and establishes its own PSP. This introduces contention among STAs in the net-
work. For a large beacon period, a STA can get sufficient time to complete its PSP
before another STA wakes up. Hence, up to a certain point, the throughput increases
with any increase in the beacon period. A large beacon period, on the other hand in-
troduces a large sleep time or large RTT for a TCP sender. As a result, throughput
starts to fall at some point when the impact of RTT becomes prominent. Fig. 4.4 also
shows that there is a trade-off between throughput and the percentage of saving and
the optimum beacon period depends on the number of users in a cluster.

4.2.2 Results For Second Scenario

In the second scenario as shown in Fig. 4.1 (b), three clusters of each consisting of
four active users are deployed. STA 0, STA 5 and STA 10 are TCP senders. In PSM,
the links are configured as AC<->DS, i.e., TCP senders are working in AC mode for
their links. Fig. 4.5 illustrates the individual link throughput and the percentage of
saving of each node at beacon period 100 tu.

The red and green bars in Fig. 4.5(a) show the throughput/link in AC mode and PSM
respectively. There is a marginal difference between the throughputs of the two
modes. Besides this, the network throughput is 2.538 Mbps and 2.546 Mbps in PSM
and AC mode respectively, i.e., both modes offer almost equal throughput. Fig. 4.5(b)
depicts the percentage of saving of individual STAs.

The energy saving of the whole network is indicated by the horizontal red line in the
figure and it is around 8.54%. Fig. 4.6 depicts the impact of the beacon period on
throughput, energy saving and fairness among flows in terms of Jain’s index. As ex-
plained in the previous Section, the percentage of saving, throughput and fairness var-
ies with the length of the beacon period.

Figure 4.5. (a) Red and green bars show the throughput/STA in AC and PSM respec-
tively. There is a marginal difference between AC and PSM throughput. (b) Depicts the
percentage of saving of individual STAs.



IEEE 802.11s Performance Under FTP-TCP

36

4.3 Conclusions

In this Chapter, a performance study is performed for the case where a number of us-
ers are downloading a file from a specified server using TCP connection. It is assumed
that all STAs are Mesh Coordinated Channel Access (MCCA) enabled. The MCCA
protocol enables mesh STAs to reserve transmission time to increase transmission
efficiency. The study demonstrates that if the server operates in PSM for the link, it
may introduce more delay when compared to its AC mode operation. Due to high
throughput or small delay, an AC<->DS link combination could be a good choice for
such operation. PSM operation not only offers the same throughput and fairness as
active mode offers, but also saves a significant amount of energy. The percentage of
saving depends on the individual network size and topology.

The study indicates that there is a trade-off among throughput, percentage of saving
and fairness. The beacon period has a significant impact on energy saving, throughput
and fairness. The optimum beacon transmission interval depends on the number of
users and the topology of the network. For example, when the percentage of saving is
the primary concern, the beacon transmission interval of 200 tu can maximize the per-
centage of saving to 40% for an isolated cluster of four STAs. In future, this study
could be further extended by deploying some PSM STAs together with some active
mode STAs in the same network. The effect of the channel as well as the impact of
service order of flows on PSM efficiency could also be examined in detail.

Figure 4.6. Beacon period vs. throughput, energy savings and Jain’s indexes
are plotted. There is a trade-off among them.
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5. 3GPP LTE Dynamic TDD

Nowadays, mobile applications and services demand high data rate and low latency to
maintain the required quality of service (QoS) operations. Most of the services are
now delay bounded. In this context, the 3GPP LTE [56] standard is introduced to meet
such unprecedented growth of the traffic demand and service requirements. In a broad
sense, a set of high-level requirements [56], for example, reduced cost per bit, in-
creased service provisioning, flexible spectrum use, open interface, energy efficiency
were mainly targeted at the beginning. Later in the LTE advanced [57], i.e., in Release
10, the capacity in the downlink and uplink direction is expected to be 3Gbps and 1.5
Gbps respectively. Currently, the LTE advanced-pro [58] (Release 13 onward) is con-
sidered as a roadway to the 5G [59] [60] technology. In this release, the long-
envisaged all-IP-network (AIPN) [61] platform where the radio access network, WiFi,
WiMAX or even wired technology are expected to be tightly integrated under the
same infrastructure will be made possible.

The LTE is an OFDM-based technology and can operate in both frequency division
duplexing (FDD) and time division duplexing (TDD) mode. The FDD is specified for
paired spectrum and is suitable for symmetric traffic. On the other hand, TDD is speci-
fied for unpaired spectrum and is introduced mainly to deal with the asymmetric up-
link and downlink traffic in a network.

In this Chapter the LTE TDD system is introduced in Section 5.1. The previous
works for the frame selection method are reviewed in Section 5.2. In Section 5.3, the
simulation result of frame configuration 1 (6:4) for a single cell is first validated and
later the delay performance of two common frames is examined analytically. Section
5.4 examines the feasibility of using asymmetric frames in a high and low-power net-
work in terms of SINR. Also the latency for system reconfiguration and probable hy-
brid automatic repeat request (HARQ) ambiguity that need to be addressed during
reconfiguration are discussed in Section 5.5. Subsequently, for a low-power femto cell
network, the benefit of frame switching is inspected in terms of delay in Section 5.6.
The TDD frames and their accommodative nature for the common traffic is surveyed
in Section 5.7. In Section 5.8 a flexible frame selection method is proposed based on
the above study. Concluding remarks is drawn in Section 5.9. The dynamic LTE TDD
simulator discussed in Appendix C is used to implement the experiments of this Chap-
ter in both static and dynamic mode.
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5.1 LTE TDD System

In contrast to FDD, the uplink and downlink transmissions in a TDD system are time
multiplexed within a frame. In both FDD and TDD, the duration of a frame is 10 ms
and is divided into 10 subframes of duration 1 ms each. In TDD, both UL and DL
transmissions occupy the whole spectrum. The LTE is specified for 1.4 MHz to 20
MHz bandwidth.

The UL and DL traffic in a network are not symmetric. Especially in a small cell
network, this asymmetry is more prominent. The main technical advantage of TDD
over FDD is its ability to address asymmetric UL/DL traffic. To utilize the spectrum
efficiently in both directions, seven frame configurations are proposed in the LTE
TDD standard [62] [63] [64] [65]. Details of the frame configurations are illustrated in
Appendix C. The proposed frames have a different DL to UL ratio in the time domain.
The ultimate goal is to dynamically select the suitable frame to address the asymmetric
traffic in a cell. For example, to satisfy the delay constraint of some downlink traffic, a
cell can switch to a new heavy DL frame configuration. The same could be applied to
the UL direction. However addressing such asymmetry by changing the frames dy-
namically has brought forward new research challenges. In this Chapter, we will dis-
cuss the feasibility, challenges, scope and the probable solutions of deploying the dy-
namic TDD from an implementation perspective.

5.2 Previous Work on Dynamic Frame Adjustment

A few published works on the dynamic frame adjustment method are to be found that
address the frame selection strategy within the 3GPP LTE TDD standard framework
and guidelines. Below some of these work are discussed briefly.

A dynamic UL-DL configuration algorithm for an isolated cell is proposed in [66].
A metric called resource block (RB) utilization ratio is used to trigger from one frame
to another. The ratio of payload size and the ratio of spectral efficiency in UL/DL di-
rection at some TTI, as well as their historical values with some weight function are
used to calculate the updated RB utilization ratio. The frame configuration 0, 1 and 2
are used to evaluate the performance. The study suggests that the scheduler can im-
prove the cell performance by switching to a suitable frame. The performance is
measured based on throughput. In terms of QoS and implementation challenges, some
crucial issues such as, packet delay, HARQ and system reconfiguration latency, dy-
namic interference from the neighbors are not taken into account during evaluation. So
in a dynamic channel condition with a delay bound and reconfiguration time con-
straint, how this algorithm will perform is not entirely clear.

Inspired by the above method, a QoS based algorithm is proposed in [67] to adjust
the frames for a pico scenario. Three performance-metrics i.e., packet drop ratio, sys-
tem throughput and packet average delay, are used to make the decision. Later the
performance is compared with the previous RB-based algorithm for mixed traffic
(video, FTP and VoIP). The algorithm is found efficient compared to the reference
[66]. A 10 ms reconfiguration time is used while evaluating the performance. It is
quite a small duration from the implementation perspective. From the computational
complexity viewpoint, it is not also clear how fast the proposed algorithm will react.
In addition, the delay and throughput performance is compared to the RB-based algo-
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rithm therefore the results do not reflect whether all the mixed traffic is satisfied indi-
vidually in terms of its delay and throughput bound. Finally, the performance is com-
pared for the 11, 14, 17 and 23 users in a pico cell. However, when the number of
users is large, the traffic intensity ratio in the opposite direction on average does not
change a lot due to the wide traffic diversity in each direction. In this perspective, the
evaluation fails to address how much additional benefit could be achieved from
switching when compared to some recommended [68] static frame configuration for
this users.

Based on the empty and nonempty state of the DL and UL buffer, a flexible frame-
switching algorithm is proposed in [69]. From the empty and non-empty condition of
the UL and DL buffer, 22=4 states can arise. For each state, a specific frame configura-
tion from configuration 0, 1 and 2 is selected. For example, when both buffers are
empty, the network switches to configuration 0 and when both buffers are non-empty
the network switches to configuration 2 and so on. It is assumed here that the whole
macro network switches to a new configuration. When compared to the static case,
throughput gains are found for switching. This study gives a primary indication that a
system can be improved by adapting a new frame type.

A centralized algorithm for dynamic TDD frame configuration for a small cell net-
work is given in [70]. This maximizes the network sum rate by scheduling either a UL
or DL subframe dynamically at the beginning of each TTI with computational com-
plexity O(n log n), where n is the number of the cell. Performance superiority in terms
of throughput and fairness over the static frame configuration in LTE TDD is found in
the study. Other dynamic TDD algorithms [71] [72] [73] [74]  proposed so far look for
the optimum UL/DL configurations to maximize the system utility function that ulti-
mately increases the sum rate or sometimes both sum rate and fairness of a network. In
some cases, searching for such optimum UL/DL allocation falls in the category of NP
complete problems.

5.3  Frame’s Delay Performance Model

In this Section, the experimental result of the delay performance of a TDD frame is
first validated by a mathematical model [75]. Later, the UL/DL delay performance is
measured analytically for three common [68] frames to observe whether there is any
prospect of switching from one frame configuration to another in the context of packet
delay. The model [75] used here was mainly derived for analyzing the delay perfor-
mance for the time division multiple access (TDMA) channel. With some minor modi-
fication this is applied here to approximately model the mean delay of the TDD frame
configurations. Let us first have a look at the model [75] for the basic TDMA as

Figure 5.1. TDMA frame with five users. Colored slots indicate a tagged user.

cT

Ts
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shown in Fig. 5.1. It is assumed that within a frame, a single slot is assigned for a user
to transmit a single packet. For frame duration cT , the slot duration of a user Ts is

equal to
M
Tc  for M users. Here the slot refers to the transmission time interval (TTI)

i.e., the duration of a subframe in case of TDD frames. In a TDD frame, messages
arrive in the queue with an independent Poisson’s process of rate . Buffer capacity is
unlimited and if there is a packet available in the queue, a user transmits it in its as-
signed slot. A message consists of several fixed length packets and the number of

packets in a message has a general probability distribution of
~
L . Only one packet fits

in a single slot. Then the mean message delay is given as

Here L  and 2L  are the first and second moment of
~
L  respectively. If messages con-

sist of a single packet, L = 2L  =1. In [76] an elaborate and complex model is derived
for generalized TDMA where a user could have multiple slots in a frame and their
inter-allocation distances may or may not be equal. However, if the inter allocation
distance of the slots of a user within a frame in generalized the TDMA are equal, the
complex model takes the form of the above equation (5.1) [76]. The average service

time then becomes
N
Tc  instead of cT , where N is the number of equally-spaced slots in

a frame of a particular user. The equation becomes

It is presented in [77] that if the performance is measured in terms of mean delay, then
equally interspaced slots within a frame is the best allocation for a user. Therefore, if a
user is allocated N number of slots to transmit within a frame, the above equation (5.2)
gives the lower bound compared to the other uneven distribution of the slots for the
same user.

The reason for the difference in delay for different inter-allocation distance for the
same number of slots within a frame could be explained as follows. When a tagged
packet arrives in a queue, its waiting time depends on the number of packets ahead of
it. The delay contributed by this group of packets ahead, can be divided into two parts.
The first part is an integer multiple of the frame duration and the second part is con-
tributed by the packets that can be served during the ongoing frame. For example, in a
system, a user is given four slots in a frame and at some instant 14 packets are fol-
lowed by a tagged packet. Then the first portion of the total delay will be
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  and the second portion will come from the left 14 - 43 = 2 packets.

Basically, these leftover packets make the difference. The time to leave the system for
the leftover packets depends solely on the slot distribution within a frame. However, at
high load ( 1 ) this difference disappears as the first portion of the delay becomes
very large compared to the rest of the delay that comes from the leftover packets [76].
In light of the above discussion, the mean delay of a particular TDD frame configura-
tion could be approximately modeled by the equation (5.2) above. Suppose, in a single
cell, a femto BS and an UE pair (HeNB-UE) is transmitting a packet by using TDD
frame configuration 1. In the absence of a neighbor’s interference, all transmission
attempts are considered successful. As UL and DL are time divisionally multiplexed,
it could be thought that two users are transmitting in their allocated slots in a frame.
Similar to the generalized TDMA, the DL and UL slots are unevenly distributed with-
in the frame. Packets arrive in the UL and DL queue with a Poisson’s rate of . It is
assumed also that a DL and UL packet should stay in the queue for at least the dura-
tion T  after its generation for processing and other protocol overhead purposes. We
assume that in each slot, it is possible to transmit one segment or packet. Then equa-
tion (5.2) above could be written as

T  is taken as 3ms and 10 ms for DL and UL respectively. For the downlink, 3 ms is
assumed for processing time and for the uplink the latency is assumed on average 10
ms for the scheduling request (SR), corresponding grant and the buffer status report
(BSR). The number of slots N for a user depends on the frame configuration. For in-
stance, for frame configuration 1, N is 4 and 6 for UL and DL directions respectively.
In Fig. 5.2 the delay throughput performance is plotted for frame configuration 1. The
performance curves illustrate that there is a minor difference between the analytical
and simulation results. Basically, the above equation (5.3) is the exact model of a
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Figure 5.2. Mean UL and DL delay for frame
configuration 1. Analytical and numerical.

Figure 5.3. Mean delay for frame configu-
ration 1 and 2. Analytical.
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frame where the inter-allocation distance of the slots, either for UL or DL, are uni-
form. As the uniform slot distribution gives the minimum mean delay, the delay in this
approximate analytical model presented in Fig. 5.2 is slightly lower than the empirical
data as stated before. However, at high load the difference disappears as it was ex-
pected.

The analytical delay performance of the two most common frame configurations i.e.,
configuration 1 (6:4) and configuration 2 (8:2), are illustrated in Fig. 5.3. The ratio
mentioned inside the parentheses is the downlink to uplink subframe ratio within a
frame. Figure 5.3 presents that by switching from one frame configuration to another,
the delay performance in both directions could be adjusted. In fact, the traffic in a cell,
specifically in a small cell, is asymmetric. Therefore, a cell can select the suitable
frame configuration from among the frame pools to fulfil its DL and UL traffic de-
mand. In the subsequent Section the challenge and scope of its practical implementa-
tion will be studied.

5.4 Feasibility Study of Dynamic TDD

In this Section, the scope and feasibility of dynamic frame configuration are numeri-
cally studied to some extent for both high and low-power cells, i.e., for macro and
small cell networks. The main challenge of such an implantation is found to be the
DL-UL cross interference [78] [79] especially when there is a large difference of
transmission power between opposite directions. As a matter of fact, if dynamic TDD
is used to deal with the traffic asymmetry, the frames used by all the cells in a network
may not be identical. Therefore, at the same TTI some cells may transmit in the UL
direction and some in the DL direction. The goal of this study is to first check whether
such opposite transmission in the same TTI can co-exist or not. The observation of the
study for a separate macro and an indoor femto scenario is described in the following
sub-sections.

Figure 5.4. UL SINR and RSS distribution of
the macro center cell. Other macros are in
DL. eNB at 46dBmW,UE at 23dBmW.

eNB Intf. Watt Intf. dBW Tier
1 Cell of Interest
2 5.3643e-09 -82.7049 1
3 5.3641e-09 -82.705
4 4.0797e-08 -73.8937
5 5.3643e-09 -82.7049
6 5.3641e-09 -82.705
7 4.0797e-08 -73.8937
8 8.1832e-09 -80.8708 2
9 4.6396e-10 -93.3352

10 8.1978e-09 -80.863
11 8.1832e-09 -80.8708
12 4.6396e-10 -93.3352
13 8.1978e-09 -80.863
14 1.0199e-08 -79.9144
15 1.3411e-09 -88.7254
16 1.341e-09 -88.7257
17 1.0199e-08 -79.9144
18 1.3411e-09 -88.7254
19 1.341e-09 -88.7257

Mean(2:19) -80.44

Table 5.1
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5.4.1 Cross Interference at Macro Cell

A 19 cell two-tier scenario [79] [80] [81], discussed in Appendix C is used to examine
the feasibility of asymmetrical transmission for macro networks. In this experiment, it
is assumed that the cell at the center transmits in the UL direction and the rest of the
cells in the first and the second tier transmit in the DL direction at the same TTI. The
mean value of hundred independent realizations are taken to plot the SINR distribution
in the UL direction. Basically, the signal in the UL direction is more vulnerable than
the DL because at the macro cell, the DL transmission power of macro BS or en-
hanced Node B (eNB) is around 46dBmW ( 40 watt), whereas, the UL transmission
power is around 23dBmW ( 0.2 watt), i.e., the DL power is 200 times as stronger as
that of the UL. Fig. 5.4 illustrates the SINR distribution UL signal at eNB at the center
cell. The figure demonstrates that the SINR is below the 0 dB for 98.5% UE. The re-
maining 1.5% of UEs, those that are outside of a building and are very close to the
eNB with line-of-site communication, only get SINRs above 0 dB. Nevertheless, the
maximum SINR is around 5 dB. Also, it could be noted that 90% of the UEs are below
the -7 dB SINR that is the minimum required SINR [82] for physical uplink control
channel (PUCCH). So at this level, no ACK/NACK or channel quality indication
(CQI) report is possible to send for UE. Also 85% of UEs are below -9 dB. At such
low SINR, it is even impossible for a UE to be UL synchronized [82]. The distribution
of received signal strength (RSS) from UEs as well as the interference coming from
the individual eNBs in the DL is given in Fig. 5.4 and Table 5.1 respectively. The
intensity of the DL interference on an UL transmission could be further illustrated by a
numeric example. From Table 5.1 it is found that the smallest interference from the
first tier for a single cell is -82.70 dBW. The noise power -129 dBW found in the ex-
periment is too small compared to the interference of -82.70 dBW. If the noise power
is ignored for simplicity, at least (-82.70dBW -7dBW) = -89.7 dBW received signal
strength is required for a UE to be synchronized with the eNB. Therefore, from the
RSS distribution given in Fig. 5.4, it could be stated that in the first tier, at least one
transmission in the DL is enough to force the 60% of UEs out of sync. The main rea-
sons for such severe interference found for the asymmetric transmission are i) the DL
transmission power of macros is too high compared to the UL and ii) the eNBs are in
line-of-site  (LOS) communication and  experiences path loss very close to the free
space propagation. In the above context, it is difficult for a UL transmission to co-exist
with a DL transmission in the same TTI for a macro network. Some approaches to this
interference cancellation are mentioned in Section 5.4.3.

5.4.2 Cross Interference at Small Cell

In contrast to the macro cell, the UL and DL transmission power in a small cell are
very close. The maximum UL and DL power in a femto cell is 23dBmW and 20
dBmW respectively. The cells are also deployed inside a building that gives high at-
tenuation to the interfering signal. From this perspective, the possibility of co-
existence of opposite transmission in a femto cell network is examined. A three-
storied office building scenario [83] is used for the study. The percentage of active
femtos is kept at 20% [6]. The distributions of DL and UL SINR are plotted in Fig. 5.5
and Fig. 5.6 respectively for 3 different cases, they are i) all femtos are in DL ii) 50%
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are in UL and 50% are in DL and iii) all femtos are in UL. Fig. 5.5 and Fig 5.6 illus-
trate that when UL transmission is increased from 0% to 50%, i.e., from case (i) to
case (ii), the DL SINR below 5 dB increases from 25% to 33% and the UL SINR in-
creases from 19% to 25%.

The increase in UL transmission contributes some extra interference to the network
as the UL transmission power is taken a little higher than the DL. The red and blue
curve in Fig. 5.5 and Fig 5.6 are basically the upper and lower bound for the DL and
UL SINR respectively. At any ratio of DL to UL transmission in the network, the
SINR will lie between them. Nevertheless, the SINR performance could be further
improved by power control or other interference mitigation techniques. However, the
central focus of this experiment is to examine how sensitive the transmissions are,
while some neighbouring cells are in the opposite direction. The results reveal that the
sensitivity is very marginal and the coexistence of asymmetric transmission is possible
in a small cell network. It is possible for mainly two reasons. First of all, the UL and
DL transmission powers are very close. Secondly, unlike a macro cell, irrespective of
UL or DL transmission, all the transmitter experience almost equal attenuation per unit
distance to interfere.

5.4.3 Summary of Feasibility Study

The findings of the above study agree with the observation in [78] [79]. Basically, if
high power cells transmit in the same frequency band, an extensive interference miti-
gation technique should be introduced to protect the weak signal of the opposite direc-
tion. For example, the DL-UL cross interference in a macro-macro network belongs to
this category, as analyzed before. The 3GPP is working for a feasible and imple-
mentable solution to mitigate such large interference [78]. For this macro scenario, the
interference cancellation by Interference Suppressing Interference Mitigation (ISIM)
is still a challenging task because every individual cell, from both near and far tiers is
a dominant interferer. The co-channel interference coming from individual cells from
the first two tiers is given in Table 5.1. It shows that a single transmission in the DL
from any cell in the second tier is enough to destroy the UL transmission. However,
where there are small numbers of dominant interfering cells, for instance one or two,
the above suppression technique by joint transceiver technologies could be a feasible

Figure 5.5. DL SINR distribution of femto
cells. HeNB at 20 dBmW, UE at 23 dBmW.

Figure 5.6. UL SINR distribution of femto
cells. HeNB at 20 dBmW, UE at 23 dBmW.
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solution [78]. Apart from ISIM, other potential solutions of interference mitigation
could be clustering [84], Enhanced Inter-Cell Interference Mitigation (eICIC) and
Further Enhanced Inter-Cell Interference Mitigation (FeICIC) [77] [85] [86], schedul-
ing [78], power control technique [85] etc. The detail of this mitigation technique is,
however, beyond the scope of the discussion but these are effective ways to improve
system performance.

The feasibility of asymmetrical frames for a heterogeneous network could be sum-
marized as follows. In heterogeneous networks where low-power cells and macros
transmit in a different frequency band, the coexistence of UL-DL transmission is fea-
sible using some of the interference mitigation techniques [78] suggested above. How-
ever, if the macros transmit in the same carrier with small cells, some intensive mitiga-
tion technique is required to overcome the large DL-UL cross interference. No specific
mitigation technique is suggested yet in the 3GPP specifications for such an adverse
case.

5.5 Latency in System Change and HARQ Ambiguity

Based on the asymmetric traffic demand, switching from one frame to another has to
undergo the system modification procedure. The necessary time for reporting to all
users about the upcoming change and for the corresponding system reconfiguration is
mentioned in the 3GPP standard. In the current LTE TDD standard, this duration will
not be less than 640 ms [87] [88] [89]. In addition, within this system modification
time, another challenge that needs to be addressed is the possible ambiguity in the
HARQ process that may arise after the boundary of frame switching [90]. This is be-
cause every frame configuration from 0 to 6 has its own timeline of delivering ACK or
NACK. After the switching, the deliverable ACK/NACK assigned for some specific
subframe may not find the necessary transmission direction to be delivered.

This problem is illustrated by the blue dash line in Fig. 5.7. For changing frame from
Config 1 to Config 2 the deliverable ACK of ninenth DL subframe of frame n is lost.
If no measures are taken, this loss will affect the throughput in the case of very fre-
quent frame switching.

5.6 Delay Throughput Performance for Frame Adaptation

In Section 5.3, it is found that DL and UL delay performance of a frame depends on
the DL to the UL subframe ratio and there is a potential opportunity to adjust the de-
lay-throughput dynamically. The study in Section 5.4 suggests that there is a bright

Figure 5.7. HARQ conflict for Frame switching shown by blue dashed line.

Config 1 Config 2

0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9

Frame n Frame n+1

D S U U D D S U U D D S U D D D S U D D
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prospect for the low-power small cells to exercise such dynamic frame configuration.
In the above context, two extensive simulation studies are carried out in this Section
for a low-power 25 femto cell scenario to observe the benefit of frame switching in
terms of delay.  The 55 grid layout discussed in Appendix C is used for the experi-
ments. In all cells, a packet arrives in the queue with Poisson distribution at rate of 150
packets/second. Packet size is 500 bytes and the system bandwidth is 10 MHz.

In the first experiment, three cases are studied. In each case the frame configuration of
the center cell is kept constant to config-1 (6:4). The frame of the network except the
center is set to config-0 (4:6), config-1 (6:4) and config-2 (8:2) in case 1, case 2 and
case 3 respectively. For each case, a 20% and 40% activation ratio is considered. Re-
sults are averaged over 100 scenarios. The UL/DL delay and throughput at the center
cell for the three cases are given in Table 5.2. The study reveals that the neighbor’s
frame configuration has a negligible impact on the center as was found in Section
5.4.2 in terms of SINR for a static femto scenario. However, the performance varies
with the percentage of active cells, or in other words, it mainly depends on the number
of active transmissions in the network. In addition, it could be noted that at a certain
percentage of activation, the UL/DL delay and throughput has a negligible difference
for the alternative frame configurations of the neighbors.

In the second experiment, the frame configuration of the center cell is changed grad-
ually from config-0 (4:6) to config-1 (6:4) and then to config-2 (8:2), i.e., the DL re-
sources are increased gradually from the initial 40% to 60% and then to 80%. For each
DL to UL ratios, the delay performance of the center cell is observed for 100% active
cells in the network.

The frame used by the remaining 24 surrounding cells is kept constant to config-1
(6:4). The measured packet delays are averaged over 100 independent realizations. In
Figs. 5.8 to 5.10, the UL and DL delays are plotted in a spacial 3D domain to illustrate
the response physically. The figures on the left side, i.e., Fig. 5.8 (a), Fig. 5.9 (a) and
Fig. 5.10 (a) are DL delays for configurations (4:6), (6:4) and (8:2) respectively. The
right side figures from top to bottom, i.e., Fig. 5.8 (b), Fig. 5.9 (b) and Fig. 5.10 (b) are
UL delays for configurations (4:6), (6:4) and (8:2) respectively. It could be mentioned
again that in all these figures, the frame of the surrounding 24 cells is kept constant at
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Figure 5.9(a). DL mean delay. Center cell is
at 6:4 and other cell are at 6:4 config.

Figure 5.9(b). UL mean delay. Center cell is
at 6:4 and other cell are at 6:4 config.

Figure 5.10(a). DL mean delay. Center cell
is at 8:2 and other cells are at 6:4 config.

Figure 5.10(b). UL mean delay. Center cell
is at (8:2) and other cells are at 6:4 config.

Figure 5.8(a). DL mean delay. Center cell is
at 4:6 and other cells are at 6:4 config.

Figure 5.8(b). UL mean delay. Center cell is
at 4:6 and other cells are at 6:4 config.
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6:4. The figures illustrate that the DL /UL delay at the center cell varies with the allo-
cated resource. The effect of this change is obvious in Figs. 5.8 to 5.10. Due to switch-
ing the DL delay becomes 72.64 ms, 7.27 ms and 6.18 ms for frame configuration
(4:6), (6:4) and (8:2) respectively. On the other hand, for the gradual reduction of UL
resources the UL delay becomes 13.15, 15.44 and 310.37 ms. A change in frame from
6:4 to 8:2 reduces the allocated UL resources by 50%. Basically at this new load in-
tensity, the UL queue goes near to the stability limit. So, the mean delay sharply rises
from 15.44 to 310.37 ms.

In Fig. 5.9 where all cells are using the same frame configuration, the center cell in
Fig. 5.9 (a) is experiencing the maximum DL delay of 7.27 ms because the interfer-
ence at the center is high compared to elsewhere. The lowest DL delay in the network
is 5.55 ms. In Fig 5.9 (b) the UL delay at the center is 15.44 ms. The highest and the
lowest UL delay in the network is 15.85 ms and 14.20 ms accordingly. As the UL
power is a little higher than the DL, the interference has less impact at the center for
its high SINR. The DL and UL delay distribution of the center cell for these same
configurations is plotted in Fig. 5.11 and Fig. 5.12 respectively. The distribution also
confirms that by switching from one frame to another, a low-power cell, in the pres-
ence of the interfering neighbor, can adjust its delay successfully in both UL and DL
directions.

5.7 Traffic Nature and LTE TDD Frame

In dynamic 3GPP LTE TDD, a cell has to select a suitable frame from the seven frame
configurations given by the standard. As stated before, providing the QoS is the prima-
ry concern of LTE and it should satisfy each individual traffic in terms of its minimum
bit rate and packet delay. In [68] [82] [91] [92] [93] the delay, bit rate and other statis-
tics of some common traffic are discussed. Some traffic is uplink oriented e.g., securi-
ty camera, VoIP etc., and some is heavy downlink oriented e.g., FTP, video streaming
etc. A study was carried out by Sandvine [94] and NSN [68] to find out the DL to UL
traffic ratio across the Globe. It was found that in Europe, the Middle East and Africa

Figure 5.11. DL delay distribution of center
cell for (4:6), (6:4) and (8:2) configurations.

Figure 5.12. UL delay distribution of center
cell for (4:6), (6:4) and (8:2) configurations.



3GPP LTE Dynamic TDD

49

the ratio is 4.37:1, in North America 2.37:1, in Latin America 3:1 and globally, on
average, it is 3.29:1. The TDD frame configuration 1 (6:4) and configuration 2 (8:2) is
found most suitable to address the traffic. In some cases, configuration 3 (7:3) is also
recommended. The traffic study also suggests that Configurations 1, 2 and 3 can suc-
cessfully support a significant amount of applications. Heavy UL frame configuration
1 and 6 are mainly suitable for business applications, such as for machine type com-
munication, public safety, security camera and news channel media applications.

5.8 A Flexible Frame Selection Strategy for Femto cell

The study in Section 5.4 and 5.6 suggests that in a femto network, a transmission is
almost insensitive to the direction of transmissions in its proximity. Also Figs. 5.8 to
5.12 illustrate that a cell can adjust its delay by changing the frame configurations. For
example, the DL delay becomes 72.64 ms, 7.27 ms and 6.18 ms for frame configura-
tions (4:6), (6:4) and (8:2) respectively. Allocating more resource in a particular direc-
tion improves the system performance in that direction. The delay performance is fur-
ther studied in this Section for the 30% activation ratio of the femto cell. The Poisson
packet arrival rate is 200 packet/sec. The DL resource of the center cell is increased
gradually and the delay performance is observed. The frame configuration of the rest
of the cells in the network is kept unchanged to configuration 1 (6:4). The DL and UL
delay distribution of the center cell is illustrated in Fig. 5.13 and 5.14 respectively.
Like before it shows that adding more resource improves the system performance and
vice versa. The average DL and UL delay for this frame switching is summarized in
Table 5.3.

Therefore, at some instant, a cell’s performance in a particular direction solely de-
pends on the current frame configuration it uses and the dynamic nature of the experi-
enced interference. To adjust the performance in a distributed manner at some instant,
a cell therefore can look for the suitable frame configuration from the seven LTE TDD
frame pool. The detail structure of LTE TDD frames is discussed in Appendix C.

The widespread traffic accommodative nature of TDD frame configurations discussed
previously in Section 5.7 has created the opportunity to make the frame adjustment

Figure 5.14. UL delay distribution of center
cell at different frame configurations.

Figure 5.13. DL delay distribution of center
cell at different frame configurations.
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method simple and flexible. These frames could be considered as a template that mod-
els the existing traffic dynamics. So the search-complexity to find the optimum frame
becomes linear. For n number of frames, the complexity to find the suitable frame will
be O(1) for the best case, O(n/2) for the average case and O(n) for the worst case.

In the dynamic frame adaptation method reviewed so far, some basic implementation
issues, i.e., the required system reconfiguration time, HARQ conflict elimination, QoS
guarantee, SR and BSR [66] latency and above all the constraint to select a frame from
the given 3GPP TDD frame have been out of the scope of the problem formulation.
Optimizing a system’s average throughput or delay or trade-off between fairness and
throughput undoubtedly improves the overall system performance but a utility func-
tion fails to guarantee the minimum service requirement for each individual traffic and
running applications. Thus, the problem needs to be addressed in the resolution of
individual traffic and a specific cell’s service requirement level. In this context, a flex-
ible method of selecting a frame dynamically is proposed in this Section as discussed
below.

Initially, a cell in an apartment will start with configuration 1 (6:4) which is found
supportive [68] to most of the traffic. Later, based on the UL/DL traffic requirement it
will move back and forth in the following configurations given in sequence 5.4, over
the operational period to meet the QoS requirement.

       0 (4:6) 6 (5:5)  1 (6:4)  3(7:3)  2 (8:2)  5 (9:1) (5.4)

In the mentioned sequence, the DL resources are increasing smoothly from the left to
right and the UL resources are increasing from right to left. The leftmost one is the
heaviest UL and rightmost one is the heaviest DL frame. Configuration 0 and 6 are the
special purpose frame as mentioned before. To improve a user’s experience based on a
cell’s individual assessment, a femto will move to the next DL or UL favored frame
configuration with a view to improve the DL or UL directional traffic quality respec-
tively. While doing so, if new switching [87] deteriorates some opposite directional
traffic quality it can switch back to the previous frame. Such action depends on its
individual QoS strategy. For instance, at some operating point, to support some new
uplink favored traffic, it might serve downlink-oriented video traffic with the next

Table 5.3. Mean delay in various frame configurations

Frame Config.
      (DL:UL)

 Average
DL delay in ms

Average
UL delay in ms

Config 0 (4:6) 80.45  12.56

Config 1 (6:4)   6.83  14.57

Config 3 (7:3)   6.24  17.84

Config 2 (8:2)   5.94 126.70
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lower resolution (e.g., 1080p to 720p) or it can remain in the previous frame to favor
the prioritized current video traffic. Thus, the realization of user experience and their
quality definition is left open for the implementation. To capture all the user satisfac-
tion in a network is basically a NP problem. On the above background, challenges and
the experimental results found in Sections 5.4 to 5.6 and in this Section, a frame selec-
tion algorithm is summarized in Table 5.4. The individual cell’s utility to decide the
need for more resources either in the DL or UL direction, as well as the frequency of
the switching attempt, is left open for the user implementation.

The main difference between the suggested switching policy and the previous works
could be described as follows. Here femto moves sequentially towards the heavy UL
or DL frame direction rather than jumping into the optimum frame in the first attempt.
From its individual QoS definition and online realization, it calculates periodically
which transmission direction it needs more resources to improve the quality. Based on
the assessment it shifts gradually in this direction.

After each switching, it assesses the system performance in both UL and DL direc-
tions. Therefore, in that sense it is a kind of reactive approach. The minimum system
reconfiguration time should be taken into account to fix the frequency of assessment
routine.

1. Start operation with default Frame Configuration 1 (6:4) as given in
frame sequence 5.4.

2. Based on the measurements, QoS as well as from the defined user
specific priority to any application, determine whether to increase
the UL or DL resource.

3. If there is no necessity for increasing the UL or DL resource, stay
on the current configuration. Jump to Step 8.

4. If there is a necessity of switching either in UL and DL direction,
check the recent switching history and the corresponding perfor-
mance-gain to determine whether the system is oscillating or not. If
oscillates keep operating in current configuration and Jump to Step
8.

5. If DL resource need to be increased, switch to the next frame in the
right direction of the sequence 5.4. If no choices are left open Jump
to Step 7.

6. If UL resource needs to be increased, switch to the next frame in the
left direction of the sequence 5.4. If no choices are left open Jump to
Step 7.

7. If there is no scope to switch, for example, in case of the demand for
more DL resource, the femto is found operating in the right-most
highest DL favored configuration or vice versa, it will keep operat-
ing on the current frame configuration.

8. Delay (Depends on the system latency, switching overhead)
9. Go to Step 2

Table 5.4. Dynamic Frame Switching Algorithm
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From an implementation viewpoint, the above method is a feasible and flexible solu-
tion for mainly three reasons: i) there is a small pool of frame, so no exhaustive search
challenge actually exists to find the optimal or near optimal solution in the first at-
tempt. Rather, within a couple of switching as mentioned before, a cell will find the
optimal or near optimal solution in a distributed manner. ii) In a utility function, the
captured channel and traffic behavior by long or short-term measurement does not
guarantee the best frame to switch, because in a femto cell network, the traffic has
diverse requirements and the channels are less coherent in the time domain. So, in this
small search space, the proposed check and slide forward method will give a cell more
freedom to adjust the quality with finer resolution. iii) Above all, regardless of a cell’s
individual quality assessment criteria, this smooth frame tuning process will remain
effective to address the traffic asymmetry. Therefore, the individual cell policy to de-
termine the need of more DL or UL resources is left open for the user implementation.

At present for the common user-traffics like Netflix, Hulu, iPlayer, Youtube, Vimeo,
Pandora, Spotify, Facebook, Blogspot, Flicker, static or interactive Web traffic, VoIP,
FTP etc., [92] [93] a cell is expected to slide over the four rightmost frame configura-
tions (6:4, 7:3, 8:2, 9:1) in the proposed solution. For heavy uplink business traffic
[68] it will operate either in 4:6 or 5:5. In the worst case, if none of the frame satisfies
the existing traffic demand, a cell will choose the best one from among the traversed
frames and after some backoff period it may try again rather than oscillating among
them continuously.

5.9 Concluding Remarks

In this Chapter, the prospects of frame switching for dynamic TDD and its inherent
challenges from an implementation perspective are discussed for both high and low-
power networks. The study reveals that it is challenging to operate asymmetrical
frames in a macro network due to the heavy DL-UL cross interference. However, an-
other reality for a macro network is that a macro cell consists of a number of UEs; so,
there always exists traffic diversity in each direction. As a result, on average, the var-
iation of DL to UL traffic ratio with time is not so prominent. An operator can thus
select a suitable static frame such as either configuration 2 or 3 for a macro network
that can support almost all the user traffic efficiently [68] [94].

On the other hand, a femto cell often serves one UE at a time [79]. Thus in a small
cell, the variation of asymmetric traffic is large and needs to be addressed dynamical-
ly. The study proves that a small cell network can adjust its delay and throughput suc-
cessfully, by switching from one frame to another. This dynamic frame configuration
has a profound impact on boosting the system capacity with guaranteed QoS. Based
on the analysis, while staying in the 3GPP LTE TDD frameworks and constraints, a
flexible frame selection strategy is proposed in Section 5.8 from the implementation
perspective. In the small search space, rather than switching straight to the probable
solution, a femto will gradually move towards the direction of the solution and select a
suitable frame based on its individual assessment criteria. This gives a cell more free-
dom to tune the QoS with higher resolution.

The analytical model used in this study is an approximate model. Nevertheless, this
model is precise enough to capture the performance of the LTE TDD frame as well as
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to validate the numerical results for a BS/UE pair. It is assumed here that on average,
the UL packets will undergo a latency of around 10 ms for the scheduling request
(SR), scheduling grant (SG) and the packet-processing purpose. Basically, the focus of
our study here is not to evaluate the exact packet delay, rather to find useful and effec-
tive solutions by the comparative study of the delay-performance.
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6. Micro-Sleep Operation in 3GPP LTE
Dynamic TDD

In this Chapter, the micro-sleep based discontinuous transmission (DTX) mode [9]
[95] in LTE TDD is studied in terms of throughput and delay. The system level simu-
lator described in Appendix C is used to investigate the system performance for both
elastic and non-elastic traffic. In DTX mode, the power amplifier (PA) of a base sta-
tion (BS) goes into the sleep mode at subframe (SF) level to save energy when the
amount of DL traffic in the system is very low. In this Chapter the terms DTX and the
micro-sleep mode are used interchangeably. Some major approaches to save energy
for mobile networks are briefly discussed here. Adapting the number of active BSs in
a network according to the load intensity is suggested in [96] [97]. In this scheme, all
BSs or sectors in a network operate in full swing at peak hour and during off peak
hour, some BSs are switched off, i.e., the network goes into the energy saving mode.
Deployment of more low-power cells is proposed in [98] to decrease the energy con-
sumption in a network. For the small cell network it is recommended in [30] [31] to
operate the femtos in idle (or power save) mode while there are no users associated
with it. The power save mode, however, is realized in some literature as the complete
shutdown [96] of a BS or as a BS that dissipates 0 watts [99] during operation. In gen-
eral, the energy saving issue for the BSs is mainly addressed here from a network per-
spective or on a macroscopic level. Basically, the power save mode is not a unique
state for a BS. Depending on the existing traffic intensity, a particular BS can switch
to a different level of energy saving state while guaranteeing the required QoS. For
LTE FDD, the DTX mode for micro-sleep operation at subframe level is discussed in
[95] for eNB. In Ericsson research publications [100] [101] [102], the DTX mode for
FDD for six multicast and broadcast single frequency network (MBSFN) subframes is
studied for unreliable traffic. Six subframes within a frame can be configured as
MBSFN which has a short control signal region. The study shows that it is possible to
save up to 61% of the total energy.

To the best of our knowledge, the micro-sleep mode at symbol level for LTE TDD
in the presence of reliable and non-reliable traffic has not yet been studied until now.
In this Chapter the prospect of the DTX mode operation for LTE TDD and the factors
that affect its performance are examined thoroughly. The focus of this study is to save
energy by switching off the PA at subframe/symbol level during the idle period of the
BS. The static or load insensitive dissipated power from different units of a BS is not
the concern of our study. Thus the saving is captured here mainly as the percentage of
micro-sleep of PA within a frame, rather than the energy per bit that includes both the
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static and variable power of different units in a network. The energy consumption of
various units of a BS is discussed in the subsequent Section 6.1. Basically, maintain-
ing the same transmission rate, the increase in sleep duration will consequently de-
crease the energy per bit. The BSs consume 80% of the total network energy and the
PA consumes around 57% of the total energy of a BS [103] [104]. Thus switching-off
the PA during the idle subframes saves a substantial amount of energy in a large sys-
tem. Above all, the micro-sleep operation of the PA at symbol level entitles a BS to
make a trade-off between energy saving and traffic demand with finer resolution.

The contents of this Chapter are as follows: in Section 6.1 the micro-sleep operation
of the eNB, while maintaining the QoS is discussed. Some possible layouts of muted
subframes for configurations 0,1,2,3 are suggested in Section 6.2 while securing the
minimum required transmission [95]. In Section 6.3 the possible sleep time-line of the
PA at no load during the off-peak hour is suggested. In Section 6.4 an analytical delay
model in energy saving mode is presented for non-elastic traffic. The system response
at different percentage of micro-sleep of PA in UDP and TCP traffic is analyzed in
Section 6.5. In Section 6.6 the energy saving in the UL direction is addressed briefly
in light of the above studies and a concluding remark is drawn in Section 6.7.

6.1 Energy-efficient DTX operation of LTE TDD

The energy-efficient operation of a cellular network is of growing concern due to the
unprecedented growth of wireless networks [105] [106] [107] [108] and the conse-
quent increase in carbon footprint. In a BS, the energy is mainly consumed in the
power amplifier (PA), radio frequency (RF), base band (BB) processing, cooling and
power supply unit. Among those, the power consumption in PA, RF and BB are varia-
ble and depends on the load condition. The consumption in the rest of the unit is al-
most constant and not sensitive to the load. In macro BSs, the PA, RF and BB con-
sume 57%, 13% and 6% of the total energy accordingly [103]. Whereas in a femto
cell, the consumption is 22%, 12% and 47% for PA, RF and BB unit respectively
[107]. In this Section, the probable micro-sleep mode operation of a BS at subframe
level is explained for LTE TDD frames while taking into account the key implementa-
tion issues, i.e., the minimum downlink transmission requirement and the HARQ
feedback.

In discontinuous transmission (DTX), the eNB switches off the transmitter, specifi-
cally the power Amplifier (PA), while the user equipments (UEs) are in idle state or
the amount of traffic is very low. This approach can save a considerable amount of
energy in the eNB. However, before deploying this technique some issues need to be
considered to maintain the minimum downlink transmission [95]. An eNB should
guarantee the QoS for the UEs even in energy saving mode. An eNB must provide the
UEs with the provision of cell search, random access and registration facility round
the clock. Besides this, a registered UE should be able to initiate an uplink transmis-
sion at any time. In order to provide these facilities an eNB must transmit at least a
synchronization signal at the synchronization channel (SCH), cell specific reference
signal (CRS) and physical broadcast channel (PBCH) in its every frame as a minimum
downlink transmission requirement. Also, at low load condition it should transmit the
necessary control signals to decode and acknowledge the transmitted data. The role of
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the minimum required DL signals is discussed briefly here. An antenna specific refer-
ence signal (RS) is placed evenly in the DL subframes in time and frequency domains.
The number of RS depends on the number of antennas used in the eNB. Mainly the RS
is used for cell search and channel estimation purposes. The synchronization signal
(SS), i.e., the primary synchronization signal (P-SS) and the secondary synchroniza-
tion signal (S-SS), are used by the UEs primarily for the downlink synchronization
while it enters from the LTE_DETACHED [109] to the LTE_ACTIVE [109] state.
The PBCH carries the system level information to access the system. It contains the
address of the resource blocks (RBs) in time and frequency domains where a UE com-
petes to send its preamble to the eNB. This channel is called a random access channel
(RACH). When a UE asks for the synchronization, the eNB sends the timing ad-
vancement information in its DL control channel in response to the preamble sent by
the UE. The UE can also use the RACH while it needs to send scheduling request (SR)
to the eNB. The PBCH is transmitted once per frame.

6.2 Possible Micro-sleep Layout in LTE TDD Frames at Small
Load

The aim of energy-efficient transmission is to switch off the PA during idle subframes
during low traffic conditions. In this context, the probable muted subframes for some
common frame configuration i.e., 0, 1, 2 and 3 are proposed in Table 6.1. In the right
most column of the table, the percentage of switched off duration of the PA within a
frame is given. The DL SFs where the PA is kept switched off for the entire subframe
is marked by the green color. Whereas, the yellow color means that the PA is partially
switched off in this DL SF. The orange color is used for muted UL subframes. For
each frame configuration, some possible energy saving layout is proposed in Table 6.1
by gradually increasing the number of active DL SFs. For instance, for frame configu-
ration 3, five energy saving layout for  80% ,70%, 60%, 50% and 40% switched off
periods are suggested. Depending on the traffic intensity and the QoS constraint, a cell
can thus choose the right layout of a particular frame. The content of Table 6.1 is dis-
cussed below.

In energy saving mode the transmitter should transmit the ACK of the received data.
To represent the interdependency among the SFs within a frame, the hybrid automatic
repeat request (HARQ) ACK time-line [110] is given in this table in terms of exact SF
number rather than the relative number k. In general, for a transport block transmitted
in the nth SF, the transmitter will receive the ACK in n+kth SF, where k 4. If nth SF
is a DL, the n+kth must be an UL SF or vice versa. For instance, in frame configura-
tion 0, the number (3, 4) below the DL SF 0 means this particular SF sends the ACKs
for UL SF 3 and 4 of the previous frame. So k is 8 and 7 for SF 3 and SF 4 respective-
ly. Similarly the number 0 below the SF 4 denotes that it carries the ACKs of the SF 0
of the current frame and so on. For energy saving purposes, the principle of selecting
active SFs in a frame is explained below. For configuration 2, the 80% switched off
layout is taken as an example to explain the procedure.

Like other configurations, it is assumed that at least SF 0 and 1 should remain active
to satisfy the minimum transmission requirements (PBCH, RS, P-SCH, S-SCH). So
SF 0 and 1 in configuration 2 are primarily selected for transmission.
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FRAME
SUBFRAME NUMBER

0 1 2 3 4 5 6 7 8 9 % PA
off

Config-0 D S U U U D S U U U 60%
ACK
timeline 3,4 7 6 0 8,9 2 1 5  -

D S U U 87%
D S U U D U U 77%
D S U U D S U U 74%

Config-1 D S U U D D S U U D 40%
ACK
timeline 7 5,6 9 8 2 0,1 4 3  -

D S U 80%

D S U S U 70%

D S U D S U 60%

D S U U D S U D 50%

Config-2 D S U D D D S U D D 20%
ACK
timeline

4,5,
6,8 7 0,1,

3,9 2 -

D S D U 80%

D S U D S U D 70%

D S U D D S U D 60%

D S U D D S U D 50%

D S U D D S U D 40%

D S U D D D S U D 30%

Config-3 D S U U U D D D D D 30%
ACK
timeline 4 1,5,

6 7,8 0,9 2 3 -

D S U U D 80%

D S U U D D 70%

D S U U D D D 60%

D S U U U D D D D 50%

D S U U U D D D D 40%

Table 6.1. Layout of muted and active SFs in presence of low traffic

UL
OFF

 DL and S
OFF

 DL and S transmit for
first few symbols

 PA  ON
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Transmitting data in DL SF 0, 1 requires UL SF 7 to send ARQ ACKs in the physical
uplink control channel (PUCCH). So UL SF 7 will remain active. Moreover, if the
downlink traffic is TCP, the available UL SF 7 will send the TCP ack packets (small
data packet) in its physical uplink shared channel (PUSCH). Consequently the UE will
expect the ARQ ACK for these TCP ack packets in the physical hybrid ARQ indicator
channel (PHICH) of DL SF 3. So SF 3 will carry ARQ ACK. Nevertheless, in DL SF
3, the PA can be switched off just after transmitting in PHICH in the first symbol of
the control channel for a normal cyclic prefix. Therefore, this subframe is indicated in
yellow color because of the probable partial transmission. If the downlink traffic is
non-elastic, the PA could be switched off for the entire DL SF 3 as there will be no
TCP ack packet in UL SF 7.

For further increase of the DL transmission to meet the throughput delay constraint,
the next probable DL SFs are selected from SF 5 and 6 as they transmit the SCH that
is necessary for synchronization. The presence of SCH in the 5 ms interval will expe-
dite the DL synchronization process even in the DTX mode of a cell. The guideline
explained above could be used to design the other energy saving layout of different
frames.

6.3 Micro-sleep at No Load

At no load, the extended micro-sleep operation of the PA for FDD at symbol level is
discussed in [95] where the eNBs only transmit the minimum required signals. How-
ever, the orientation of some obligatory signals in LTE TDD is different from that of
FDD. The micro-sleep time-line of the eNB for LTE TDD at no load is introduced in
Fig. 6.1. The active and sleep state of the PA at symbol level is drawn by green line
for the first two subframes i.e., for subframe 0 and 1. This is valid for all seven LTE
TDD frames. Each subframe contains 14 symbols in the time domain.

Assume the base station has a 22 transmit antenna so in every DL SF, the symbol 0,
4, 7 and 11 transmit the RS. The PBCH is transmitted in symbol 7, 8, 9, 10 in SF 0. A
secondary synchronization signal (SSS) is transmitted in symbol 13 of SF 0 and 5. A
primary synchronization signal (PSS) is transmitted in symbol 2 of SF 1 and 6. During
energy saving mode it is assumed that the eNB will transmit one PSS and one SSS per
frame i.e., the periodicity of the synchronization signal will be 10 ms. Therefore, the
PA will transmit in symbol 13 of SF 0 and symbol 2 of SF 1. All together, in this deep
sleep mode, the PA will remain active for symbol 0, 4, 7, 8, 9, 10, 11, 13 of SF 0 and
symbol 2 of special SF 1. In Fig. 6.1, it is assumed that the switching period from
sleep to active state is half-symbol duration [95]. So the PA is kept in active state in

Figure 6.1. Possible micro-sleep operation of PA at no load in SF 0 and 1 of all frame
configurations. The PA can remain in sleep for the remaining 8 SFs.

0 1 2 3 4 5 6 7 8 9 10 1112 13 0 1 2 3 4 5 6 7 8 9 10 11 12 13

SF 0, DL SF 1, S
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symbol 12 to avoid any extra switching for only a half-symbol duration of sleep. The
sleep time is then (2.5+1.5+1.5+11)+8*14=128.5 symbols out of 140 symbols per
frame. Hence the percentage of sleep in a frame = (128.5*100)/140  92%. For the
small cell network where a femto serves one UE on average [79], it is very likely that
the BS will remain at no load condition for a substantial duration during off peak
hours. So at no load condition the PA can cut down around 92% of its energy con-
sumption while providing the minimum service requirements. The result is almost the
same for the FDD (92%) during off peak hours [95] at no load.

6.4 Delay model in Power Save Mode

In Chapter 5, the mean delay for a UDP packet is modeled and validated for the com-
mon frame configurations of LTE TDD. The derived model in equation (5.3) is as
follows

Where sT is the subframe duration, T  is the average processing time of a packet, cT
is frame duration, N is the number of transmitting subframes in a frame,  is Poisson

traffic rate,
~
L is packet size. L and 2L  are the first and second moment of

~
L  respec-

tively. If messages consist of a single packet, L = 2L =1. The above equation could be
used to model the mean delay during power saving mode with nominal modification.
Assume that in a particular direction, the transmitter remains in sleep mode at sub-
frame level within a frame for the fractional period fS ={ 0, 0.1,0.2,......,0.9}. Then in

equation (6.1) the number of the transmitting subframe N = )1( fc ST  . Therefore, for

an fS  fractional period of sleep time within a frame, the mean delay SD  during en-

ergy saving mode becomes
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6.5 Results and Analysis

The analytical and the simulation results for both UDP and TCP traffic are discussed
in the sub-sections that follow below.

6.5.1 Results for UDP Traffic

For UDP traffic the system delay is studied in detail both analytically and numerically
for the common frame configurations in Chapter 5. In this Section the delay perfor-
mance during energy saving mode for this non-elastic traffic is investigated. From
equation (6.2), the percentage of the switched off period of the PA versus the mean
delay of a single cell is plotted in Fig. 6.2 at load intensity 5.0 . Equation (6.2) is
derived from equation (6.1) with minor modification. Since equation (6.1) is already
validated in Section 5.1 of Chapter 5, the analytical results from equation (6.2) are
plotted only in Fig. 6.2. The figure illustrates that during a 20% switched off period,
the delay is 5.87 ms and increases to 11.5 ms for the 80% off period of the PA.

The results reveal that there is a trade-off between energy saving and delay. Though
the energy modeling is not the focus of this study, the above results could be interpret-
ed as follows: i.e., until the system remains under the stability limit, the same amount
of bit could be transferred while saving 80% of the PA’s energy or (0.57×80)  45%
of the BS energy [103]  at the cost of extra delay. In Fig. 6.3, for a 25% [6] activation
ratio of femto cells in a 55 grid, the delay at the center cell is plotted by gradually
increasing the sleep duration for frame configuration 2 (8:2). The Poisson’s arrival rate
is 150 packets per seconds and the mean delay is taken from 100 independent runs.
The packet size is 500 bytes and the bandwidth is set to 10 MHz. As shown in Fig. 6.3
for all 8 active DL subframes (20% sleep), the mean packet delay is 5.96 ms. The de-
lay increases with the sleep time. The system starts to move towards the stability limit
after an 80% sleep period at 150 packet/sec. The mean delay rises to 172.17 ms at
80% sleep. The system can choose the right sleep duration to adjust its delay. At low
packet rate the PA can thus save up to 80% energy for micro-sleep operation at sub-
frame level.

Figure 6.2. UDP packet delay at different
percentage of sleep time of PA.

Figure 6.3. UDP throughput at different
percentage of sleep time of PA for frame
Configuration 2(8:2).
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6.5.2 Results for TCP Traffic

In the subsequent experiments, the 3GPP LTE frame capacity for TCP-FTP in active
mode is observed first. Later the performance is investigated at different percentages
of micro-sleep operation for heavy downlink frame configuration 2 (8:2). The simula-
tor setup used above in sub-section 6.5.1 is also used to evaluate the performance. It is
also assumed that the download file size is big enough so that the effect of UL latency
that comes from the scheduling request (SR), scheduling grant (SG) is marginal [111]
while sending TCP acks. For the large file size, the possibility of an empty UL buffer
becomes slight. Therefore, the UE does not need to initiate the scheduling request
frequently for the UL TCP acks.

It just sends the buffer status report (BSR) periodically and transmits the TCP acks
packet in the next available UL subframe. The capacity of five common frame config-
urations in the 10 MHz band is illustrated in Fig. 6.4 by blue bars and is measured for
a single active cell. The figure shows that the capacity rises with the number of DL SF
and reaches its pick at 26.64 Mb/sec at configuration 5 (9:1). To evaluate the frame
capacity, or peak data rate, it is assumed that there is no error either in the control and
shared channel in both UL and DL directions. It could be mentioned that the peak data
rates found in [111] are close to our results. The frame configuration 0 (4:6) has the
lowest capacity of 6.92 Mb/Sec. Basically, in configuration 0 (4:6) there is no room
for a physical downlink shared channel (PDSCH) in its two special subframes (S-SFs).
So there are only two effective DL subframes to transmit user data per frame in con-
figuration 0. Also in configuration 5 (9:1), no symbol is left for PDSCH in special
subframes. The detailed structure of special subframe is available in LTE 3GPP speci-
fication [112]. As a whole, when there is no loss in the channel, the available re-
sources in the PDSCH are the major factor that determines the throughput as shown by
blue bars in Fig. 6.4. The available resource elements (REs) in PDSCH at 10 MHz
bandwidth for configuration 0 (4:6), 1(6:4), 3(7:3), 2(8:2), and 5(9:1) at a normal cy-
clic prefix are found to be 11.592K, 30.792K, 40.392K, 43.992K and 47.592K respec-
tively per frame. Here ‘K’ means thousand.

In Fig. 6.4, the red colored bars show the throughput at the center cell for the 10%
active femto cells in the network. Fig. 6.5 shows the corresponding throughput distri-
bution at the center. In Fig. 6.4, for the 10% active femto cells in the network, the

Figure 6.4. LTE TDD frame’s throughput at
FTP-TCP.

Figure 6.5. TCP throughput distribution in
the center of deployment scenario.
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lowest throughput 3.50 Mb/sec is found for the heavy uplink configuration 0 (4:6) and
the highest throughput 10.16 Mb/sec is found for configuration 3 (7:3). When com-
pared to the peak rate, the results suggest that TCP is sensitive to the channel condi-
tion. As a matter of fact, the sender TCP does not issue any new packets until it gets
the acknowledgement of the sent packets. Also every loss of a single packet always
shrinks the sender TCP congestion window to half of the previous size. The center cell
which undergoes heavy interference compared to others, is highly affected when any
cell in the next apartment is active for this random deployment scenario. This is illus-
trated in Fig. 6.5.

In TDD, the frames are asymmetric, thus the ACKs of several subframes are bun-
dled [110] together. This bundling means that a single bit, either 0 or 1 is transmitted
in the control channel after the logical AND operation over the corresponding ACK or
NACK of a group of subframes. As the ACKs of several frames are bundled, failure of
any one transport block appears to the sender as the failure of the whole bundled
group. Therefore, besides the available symbols in a frame, the ACK bundling [110]
also affects the frame capacity in the presence of channel error. For example, the
frame configuration 3 (7:3) has 8.18% and 15.12% less symbols than configuration 2
(8:2) and 5 (9:1) respectively. However its throughput is 13.39% and 14.93% higher
than configuration 2 and 5 correspondingly. Also configuration 2 gives 1.35% more
throughput even though it has 7.56% less symbols than configuration 5. As illustrated
in Table 6.1, the number of bundled ACKs per UL subframe is 2 to 3 in configuration
3 (7:3). On the other hand, in Configuration 2 (8:2), it is 4 per UL and in configuration
5(9:1) it is 9. If any transport block fails, the eNB retransmits all the data of the corre-
sponding DL subframes of those that are bundled [110] together. So the channel error
has an adverse effect on ACK bundling. For the same reason, the heavy uplink frames
(i.e., configuration 0, 1) are less affected to channel error with respect to the peak rate
when compared to other heavy downlink configurations as shown in Fig. 6.4. Howev-
er, the ACK bundling is the suggested default mode [110] by 3GPP LTE in the UL
direction. For configuration 5 it is the recommended mode [110]. Basically, ACK
multiplexing or reporting individual ACK in the PUCCH with low order modulation is
inefficient in terms of energy efficiency for the battery operated UEs.

Figure 6.7. TCP throughput at different
percentage of sleep for frame Config 1
(6:4). Network activation ratio 25%.

Figure 6.6. TCP throughput at different
percentage of sleep for frame Config 2 (8:2).
Network activation ratio 25%.
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The following experiments are carried out to study the impact on TCP throughput for
muting the DL subframes gradually in a frame. The TCP traffic performance is meas-
ured for 20%, 40%, 60% and 80% sleep duration of the PA within a frame for the
heavy downlink frame configuration 2(8:2), as shown in Fig. 6.6 . Also, for the com-
mon frame configuration 1 (6:4), the throughput for 20%, 40%, and 60% sleep dura-
tion is evaluated and is illustrated in Fig. 6.7.

The frame layout at these possible sleep durations is taken from Table 6.1. For the
55 femto grid scenario with a 25% [6] activation ratio, the TCP throughput is meas-
ured at the center cell. The Figs. 6.6 and Fig. 6.7 illustrate that the longer the sleep
period of the PA is, the lesser the cell throughput becomes. In Fig. 6.6, for 8 active
DLs (20% sleep), the throughput is 4.62 Mb/sec and reduces gradually as the switched
off period increases. It becomes 1.33 Mb/sec for 2 active DL subframes or during an
80% switched off period. For 6 active DLs (40% sleep), configuration 1 (Fig. 6.7) and
configuration 2 (Fig. 6.6) have almost an equal number of available symbols in their
PDSCH. However, for 6 active DLs, configuration 1 gives 20% more throughput than
configuration 2 (Fig. 6.6) because it addresses the ACK of DL SF numbers 4 and 9
separately. The effect of bundling is thus minimum for these two DL SFs. The detail
ACK time line is given in Table 6.1.

6.6 Energy Saving in UL

Although the study has focused on the BS so far, the energy saving principle is the
same for the TDD UL direction as well. In a broad sense, irrespective of the transmis-
sion direction, the system response must be identical as the same access technique is
used in both UL and DL. However, from an implementation perspective there is a
difference between UL and DL transmission in terms of scheduling. Before transmis-
sion, the UE has to take a scheduling grant [113] from the eNB. The latency between
the scheduling request (SR) and the consequent transmission is around 23 ms. If the
packet arrival rate in the UL direction is large, the effect of this scheduling latency on
average becomes minimal as discussed in Section 6.5.2. The scheduling latency in the
UL direction becomes prominent where the UL traffic is very infrequent, for example,
in machine type communication (M2M).

During discontinuous reception (DRX) [68], after hearing the DTX command from
the eNB, the UEs just listen to the control channel and sleep for the rest of the frames
if there is no data to transmit. The UEs wake up periodically to listen to the physical
downlink control channel (PDCCH) transmitted by the eNB’s. If there is an indication
of a paging channel (PCH) in the PDCCH, the energy saving UE stays in awake-state
to hear the PCH; otherwise it goes back to sleep just after hearing the control channel.
At small load the DRX performance is analyzed in [114] [115] [116] for FDD in non-
elastic traffic. The study reveals that delay/throughput performance is inversely pro-
portional to the energy saving.

The DRX cycles have been studied so far for the symmetric FDD configuration
where UE has the freedom to transmit in every transmission time interval (TTI) within
a frame. Few studies are found that outlined the possible DRX activity period for the
asymmetric TDD configurations. In Section 6.2, some UL subframes marked by the



Micro-Sleep Operation in 3GPP LTE Dynamic TDD

65

orange color are proposed in Table 6.1, where the UEs can switch off their PAs at
light load. During transmission, the sounding reference signal (SRS) can be transmit-
ted either in the PUSCH or in the uplink pilot time slot (UpPTS) of the special sub-
frame (S-SF). The UE can choose the right subframe to avoid extra wake up for
transmitting SRS in sleep mode. The SRS is used to figure out the uplink channel
quality. Its duration is one symbol and occupies the full bandwidth. However, when
the UL traffic intensity is too small, for example, in machine type communication
(MTC), then micro-sleep at the symbol level is possible. In MTC the mean inter arri-
val time of packets is from 10 sec to 24 hours. The numbers of packets per burst is 1
and the average packet size is from 1 byte to 1 Kbyte [117] [118]. So for such infre-
quent, delay tolerant and low burst traffic, symbol-level sleep can save around 90% of
energy as discussed in Section 6.3.

6.7 Concluding Remarks

The energy saving micro-sleep operation of LTE TDD is studied in this Chapter in
terms of delay and throughput. In a fixed spectrum, allocating more resources in the
time domain increases the throughput and delay performance. Thus after satisfying the
QoS of the existing traffic, the transmitter can switch off its PA for the remaining
transmission time interval (TTI) in TDD. The study suggests that there is a trade-off
between delay/throughput and saving.

A similar relationship is found in our previous work [26] [27] for IEEE 802.11s
PSM operation. In contention based wireless medium access control (MAC), for ex-
ample, in the IEEE 802.11 family, a major portion of the additional energy in a node is
expended listening to the channel and waiting for accessing the system while another
node transmits. Thus in energy saving mode, a node buffers the incoming packets and
periodically wakes up to transmit them in a batch [26] to reduce its listening and wait-
ing time. On the other hand, in contention-free TDMA MAC, for example in LTE
TDD, the transmitter has no need to wait to access the channel. It has dedicated sub-
frames to transmit within a frame. So the energy can be saved here by filling the sym-
bols of a subframe in the frequency domain as much as possible and switching-off the
PA for the remaining empty subframes in a frame. In other words, rather than trans-
mitting an arrived packet in the next available TTI, a BS buffers the packets, efficient-
ly schedules them to fill all the REs of the subframes and switches off the PA in the
remaining empty subframes. In that sense, the LTE TDD MAC is inherently more
energy-efficient in comparison to the LTE FDD. In fact, the mechanism to transmit
over the whole spectrum in a TTI and to remain idle during the opposite transmissions
basically captures the energy saving principle of TDMA as discussed above. In addi-
tion, for a particular frame, the savings could be further increased to 80% at light load.
The study also suggests that during off-peak hours at no load, the PA can save around
90% energy consumption in micro-sleep operation.

While activating the next DL SF to accommodate more traffic, the normal DL SF is
found more suitable than the special subframe (S-SF) as the normal DL SF has more
symbols to carry data. The extra symbols improve the system performance as found in
Section 6.5.2.
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One point could be noted that either in energy saving or in active mode, a transmitter
has to spend the same amount of energy to transmit a particular chunk of data. There-
fore, for FTP-TCP traffic where downloadable data is fixed per session, the system
can use as much DL resources as it can allocate. However, for other reliable or non-
reliable traffic in which the throughput and delay bound are defined, for instance, web
traffic, e-mail, SSH, telnet, Dynamic Adaptive Streaming over HTTP (DASH) [119],
the real-time streaming protocol (RTP), online gaming, VoIP etc., [68] [82] [91] [92]
[93], a cell can allocate the required minimum number of transmitting SFs to meet the
existing traffic demand and in the remaining empty SFs, if available, the PA can be
switched off to save energy.
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7. HNN based UL/DL Scheduling for Dy-
namic TDD Network

The recent momentous growth in the deployment of low-power small cells in hetero-
geneous networks has introduced a new research challenge to optimize the transmis-
sion mode of a dynamic TDD network. It is a promising technique to improve the
system performance of wireless networks. In TDD, the uplink and downlink transmis-
sions are time multiplexed and use the same carrier frequency. It was noted [120] that
in Heterogeneous Networks (HetNets) cases, not all cells have to have the same
UL/DL timing. In a TDD based femto cell system, the interference between cells can
sometimes be reduced and the capacity can be improved by setting an offset between
the frame timings such that the uplinks of some frame coincides with the downlinks of
another frame [121]. In dynamic TDD [122], the transmission direction in a slot is
assigned dynamically. Therefore, in a particular slot, the direction of transmission of
all the cells in a network may not be in the same direction. Therefore, for N numbers
of cell, 2N number of combinations or sets of transmission mode is possible in a slot.
The transmission mode optimization problem here looks for that optimum set, for
which the accumulated interference in the whole network is minimum. However, for N
number of cells, the growth of this search problem becomes O(2N) and falls in the
category of NP (Nondeterministic Polynomial time) complete problems that are com-
putationally unfeasible to solve. In this regard, three HNN [13] [14] based algorithms
are introduced in this thesis to find out the optimum or the near optimal solution for a
large network. The HNN is an effective tool or fast computational model to solve such
a combinatorics problem in real time. It has been long used in the area of wireless
communication to solve complex computational problems, e.g., in solving dynamic
channel allocation [123], multiuser detection [124] [125], phase noise mitigation [126]
and peak-to-average power reduction [127] in an orthogonal frequency division du-
plex (OFDM) system, for instance. The HNN gives a fast near optimal solution and is
implementable in a very large scale integration (VLSI) chip. In our work, a genetic
algorithm (GA) [128] [129] based scheduler (GASch) which acts as a benchmark of
the approximate global solution is also introduced to find the accuracy of the result
from the HNN scheduler. The experiment indicates that the difference between global
minima and the GASch scheduler’s output is marginal.

For improving the system performance of a small cell network, most of the prior
works mainly addressed the spectrum assignment [130], power control [131], cluster-
ing and resource allocation [84], joint power control and spectrum assignment [85],
multiple antenna deployment to exploit the angle dimension [132] [133] etc. In [132],
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the femto base station inserts null in the direction of the UE that belongs to the micro-
cell during the transmission. The power control technique mainly increases the user
experience of the macro UEs in the proximity of the femto network by reducing the
outage probability. However, it may degrade the throughput in a femto network as the
interference generated from the power controlled node still remains strong enough to
reduce the network throughput [85]. The study [134] suggests that in a femto network,
the open loop power control [135] ultimately reduces the network throughput when
compared to the no power control setup. On the other hand, in the power control
method where a target SINR is achieved [135], a marginal gain is found [134] at the
cost of a large number of iterations. This massive computation imposes higher re-
quirements on the hardware and control signal overhead [134] for the low power
femto cell. Especially in inter-femtocell interference mitigation, a few works are found
till now that focus on UL/DL transmission direction optimization. In [121], it was
shown that in TDD based femto cell systems, the interference between cells can some-
times be reduced and the capacity can be improved by setting an offset between the
frame timings such that the uplinks of one frame coincides with the downlinks of an-
other frame. The prospects and challenges of UL/DL configuration in LTE TDD are
studied in [89] and it is concluded that UL/DL reconfiguration will play a vital role in
future wireless mobile communications. A joint optimization of the UL/DL transmis-
sion direction and channel allocation technique for Device-to-Device (D2D) commu-
nication systems is introduced and studied in [73] [74]. It is found that such optimiza-
tion increases the network throughput remarkably and could be extended to small cell
networks.

The deployment of femtocell has gained the attention of academia and the industry
for its ability to improve the indoor coverage and offload the major portion of traffic
of macro base stations. It is found that using a suitable radio resource allocation meth-
od, such as the sub-channel assignment and power allocation technique, the cross-tier
interference in an overlaid network could be mitigated [84] [85] [136]. Moreover, the
metal-coated structure of the modern energy-efficient building wall introduces addi-
tional 20-30 dB penetration loss over the old building for the radio signal [24] [25].
The 3GPP report [20] also suggests that future small cell networks will operate with or
without the coverage of a macro network and will support both ideal and non-ideal
backhaul [21]. In our study, it is thus assumed that the femto network is assigned an
orthogonal frequency band in the overlaid macro network or it is operating standalone
in the deep indoor environment. The average user experience of non-member UEs in
the proximity of an optimized femto network is kept for future exploration in our
study. However, without any major change, the proposed HNN algorithms can be
employed to optimize an entire heterogeneous network [86] and the subsequent im-
provement could be studied further. The algorithms optimize the transmission direc-
tion of the cells and, consequently, increase the network sum rate. The first two algo-
rithms, HNN Scheduler Version 1 (HNNSv1) and HNN Scheduler Version 2
(HNNSv2), compute centrally whereas the last HNN Distributed Scheduler (HNNDS)
algorithm computes locally in a distributed manner. The performance of the sched-
ulers is measured by gradually increasing the activation probability of the links in a
large simulation scenario. The overall result suggests that regardless of the number of
cells, the HNN schedulers converge within the first few epochs and their outcomes are
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close to the global optimum. Also, the proposed schedulers can enhance the spectral
efficiency of a link by up to 13 to 20 percent.

The remainder of the Chapter is organized as follows: Section 7.1 presents the for-
mulation of the problem. The Hopfield Neural Network (HNN) based solutions for the
transmission mode optimization problem are presented and analyzed in Section 7.2.
The HNN based distributed algorithm is introduced in Section 7.3. Section 7.4 ex-
plains the experimental setup for computer simulations. The simulation results are
shown in Section 7.5. A discussion is introduced in Section 7.6 followed by the con-
clusions in Section 7.7. The basics of GA and the corresponding scheduler are intro-
duced in Appendix G.

7.1 Formulation

Before going into the detailed formulation, we would like to explain the problem
physically with a small network consisting of four femto cells as shown in Fig. 7.1.
Suppose, nodes 0, 1, 2 and 3 are the BSs and 4, 5, 6 and 7 are the corresponding MSs.
Assume in TDD that there are two slots. The cells 1 to 4 transmit in the DL and UL in
the first and the second slot respectively, i.e., the directions are synchronous. The 8
nodes here are by default divided into two subsets, base stations Bs={0,1,2,3} and
mobile stations Ms={4,5,6,7}. If Inm is the received interference at node n for the

transmission of m, the total network interference in the DL is 
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fact, the network interference in a particular slot here depends on the geographical
location of the nodes as well as the transmission power of the interfering nodes.

In this study, we would like to introduce a new approach to minimizing the interfer-
ence ULDL III  by optimizing the transmission direction of the cells in a transmis-

sion slot. The solution thus divides 2N transmitting nodes into two equal subsets, such
that, when each subset transmits in a slot, the network interference becomes minimum.

BS MS

Figure 7.2. Interference graph G repre-
senting a large femto network of n cells.
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In graph theory, it’s a minimum cut problem [73] [74]. The HNN is used as a classifier
that divides the nodes into two optimal or near optimal subsets. At this optimal setting,
the transmission mode of the cells in a slot will no longer be synchronous. It could be
clarified that this technique is not a substitute of the power control method, rather, it is
a new approach that could be used independently or on top of other interference miti-
gation techniques.

In this Section, we formulate the total network interferences to be minimized by op-
timally choosing the transmit modes. We’d like to formulate it on a general level so
that the results can be adopted by different cellular, cognitive, or ad-hoc type radio
networks. We assume the flat fading and slow fading channel case, which means that
the channel coherence time is much higher than the radio resource management
(RRM) algorithms runtime. Let the number of co-channel BSs be N. Then the received
Signal-to-Noise-Interference-Ratio (SINR) at receiver i can be mathematically
sketched as
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where, at a given instant, i  denotes the received SINR at receiver i ; iig  is the re-

ceived signal power of the BS and MS pair (involving path loss, shadowing, etc.); 2
i

is the thermal noise at receiver i and ijg is the received power or interference from the

other transmitter j to receiver i. The ijg  can be modeled as follows
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where jp  is the transmit power of  transmitter j; ijs  is the shadow fading term, ijd  is

the propagation loss in a link with pathloss exponent  , and ijc  is the multipath fad-

ing factor [137] [138] .
Let’s assume that there are N receiver-transmitter pairs in the wireless network. For

each pair, the receiver is either the Mobile Station (MS) or its serving Base Station
(BS) depending on the transmission mode. Once the transmission modes for all pairs
are determined, then we can calculate the total co-channel interference in the network,

denoted as ntw
totI , as follows
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where 
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 is the sum of the interference power experienced by a receiver i in

a cell and is a decisive part of the equation (7.1). For channel allocation purposes, a
similar network utility called weighted aggregate interference is optimized in GADIA
[139] where each node tries to minimize the experienced interference in an asynchro-
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nous manner. This utility has been used later in D2D transmission direction optimiza-
tion in [73] [74] [140]. Basically, in the low SINR regime, the minimization of net-
work interference in turn maximizes the network sum rate. Therefore, such interfer-
ence minimization yields a near optimal solution to sum-rate maximization [139].
Clearly, the total network interference power in (7.3) depends on the transmission
modes and the global optimum solution of the transmission mode optimization is an
NP-complete problem. Our approach is to devise a novel effective algorithms to min-
imize the total network interference in (7.3) by optimizing the transmission modes. In
what follows, we propose and analyze three effective scheduler solutions which are
based on a discrete-time Hopfield Neural Network. The simulation results in Section
7.5 confirm that by the proposed schedulers, the system performance improvements of
the wireless network are very promising.

7.2 Hopfield Neural Network Scheduler

Let’s consider a system of N cell having N+N  BSs and MSs as shown in Fig. 7.2. In
this system of 2N communicating nodes V= {0,1,2,..,2N-1}, node i and i+N are re-
ceiver-transmitter pairs in the wireless network, where i=0,1,2,..N-1. For each pair,
the receiver is either the Mobile Station (MS) or its serving Base Station (BS) depend-
ing on the transmission mode. As illustrated in Fig. 7.2, the system can be modeled
with a directed interference graph G(V,E), where the vertices V are the nodes, and the
edges E connect the nodes that interfere with each other. The interference graph
G(V,E) can be equivalently expressed as Interference matrix G as follows

The weight on an edge (m,n) denotes the interference power gnm at node n caused by
transmitter m. Where m,nV. A node is not assumed to interfere with itself gnn= 0
nor does it interfere with the intended receiver 02mod)(,  NNnng . If node m and node

n transmit at different power levels then in centralized processing, the gmn or gnm

could be taken as their mean value
2

nmmn gg  , so that  the link interference between

node m and node n will always remain reciprocal in G . In (7.4) the matrix G=[gnm]
is expressed with four submatrices Gij. These submatrices are N by N nonnegative
zero diagonal square matrices. We consider a TDD system with two half-duplex time
slots to transmit in both UL and DL directions. If a cell transmits in the DL direction
in the first slot, it transmits in the UL direction in the next timeslot and vice versa. Let
us divide the nodes into two sets S and S . The nodes belonging to set S transmit dur-
ing the first time slot and nodes in set S  receive. In the second time slot, the nodes in
the set S  transmit and the set of nodes S receive. Furthermore we require that
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NSS  . Hence, the division of transmitters into two time slots corresponds to

partitioning of the interference graph.
Definition: A schedule x=(xn, n=0,1,…,2N-1),  11,- ix   defines a graph par-

titioning such that ),( SS  divides the set of vertices V into two sets S={n:xn=1} and
S ={n:xn=-1} such that

1. All nodes are scheduled SSV 
2.  The number of transmitters and receivers are the same: NSS 

3. Half-duplex operation. A node is not allowed to transmit and receive simulta-
neously: If Sn then   SNn  , that is, Nnn xx  , n=0,1,2,..N-1.

Example: Assume, for the deployment scenario in Fig. 7.1, a feasible schedule vector
x takes the value of x(n) = { -1 1 -1 1 1 -1 1 -1} at  some near optimal solution. By
definition, a schedule x=(xn, n=0,1,…,2N-1 ) where  11,- nx  and Nnn xx 

for n = 0,1,2,..N-1. Now for this particular case, the number of cell, N = 4 and the
index of the nodes, n = 0, 1, 2…..7. The optimum schedule x thus divides the 8 nodes
into two subsets of S = {1, 3, 4, 6} and S = {0, 2, 5, 7}. So, within two different time
slots, when S  will transmit S will receive and vice versa.

Clearly, a schedule corresponds to partitioning of the interference graph, but not all
partitions correspond to a schedule. An interference graph approach is presented in
[140] for the channel allocation problem. A key difference between the two cases is
that the interference matrix G is N by N in [140] while it is an augmented 2N by 2N
matrix for the transmission mode optimization in this study.

   Lemma 1: Let’s define a discrete-value vector  120  Nxx x such that

 11,- nx . The total interference power in (7.3) due to schedule x is

xGDxx )(
4
1)(

8
1)(

,

2   T

mn
mnnmtot xxgG (7.5)

where D=diag(dn, n=0,1,…,2N-1) is a diagonal matrix containing the row sums of G,

n nm
m V

d g


 . If node m and node n transmit at different power levels then in central-

ized processing, the gmn or gnm could be taken as their mean value
2

nmmn gg  , so

that  the link interference between node m and node n will always remain reciprocal in
G .

Proof: The proof of this Lemma is given in Appendix E.

Lemma 2: The total interference power )(xtotG in (7.5) is comprised of two parts.

One part varies with schedule x and another part is constant. The variable part that
varies due to scheduler x, where  120  Nxx x ,  11,- nx  could be written as
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Wxxx TG
8
1)(2  ( 7 . 6 )

where W=G+GT  is a symmetric matrix and N2}1,1{x .

Proof: The proof of this Lemma is given in Appendix F.

It is notable that equation (7.6) corresponds to the Energy function of a Hopfield Neu-
ral Network [14]. The matrix W in equation (7.6) is a symmetric matrix. Hence its
eigenvalues are real. Let us relax the constraint on the schedule vector so that it can
obtain any values on a hyper sphere and consider the following optimization problem

NR
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 zz

WzzT

(7.7)

The Rayleigh-Ritz theorem states that the global maximum value of the quadratic form
corresponds to the maximum eigenvalue max of W and the optimal solution z* is the
eigenvector associated with it. If the solution vector z* happens to lie on the corner of
a hypercube, i.e.

  NN 2* 1,12 z

then we have found the global minimum of (7.6). Otherwise, we can convert the solu-
tion of z* into a good feasible solution x by using the sign operator x(0)=sign(z*).
This vector can be used as an initial value for the Hopfield neural network having a
sequential learning rule
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The sequential learning rule in (7.8) ignores the duplexing constraint xn+xn+N =0,
where n=0,1,…,N-1. There are several ways to take that into account. The first option
is to add there an additional rule to force the constraint as shown in Table 7.1. The
second option is to exploit the fact that xT, where  120  Nxx x , can be written as

xT= (yT –yT), as xn= -xn+N, for n=0,1,2,..N-1. Here N2}1,1{x and N}1,1{y .
Furthermore, matrix D can be expressed as a block diagonal matrix D=blockdiag(Di,
i=1,2) where the matrices Di are N by N diagonal matrices.
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Table 7.1 HNN Scheduler v1 (HNNSv1)

1. Every MS and its serving BS measure the
corresponding interferences, and send
them to a central unit (e.g. BS).

2. The central BS sets the weight matrix of
the HNN as W = -G-GT. The dimension
of W is 2N by 2N.

3. The HNN (sequentially) runs according to
(7.8) with the following constraint: The
state of the HNN together with its pair en-
try in vector x are allowed to change (as a
pair) only if the total interference power is
further reduced.

4. The transmission modes are determined
by the states of the HNN once the HNN
converges.

With the help of y and D, equation (7.5) can be equally be written as
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Now we can directly apply the Hopfield learning rule to a Neural Network half of the
size of the original problem
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The above scheduler is summarized in Table 7.2. The dynamic systems described by
(7.8) and (7.10) are two special cases of serial mode learning rules defined by Hop-
field [14].
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Table 7.2 HNN Scheduler v2 (HNNSv2)

1. Every MS and its serving BS measure the
corresponding interferences, and send
them to a central unit (e.g. BS).

2. The central BS sets the weight matrix of
the HNN,  , as in (7.9). The dimension
of   is N by N.

3. The HNN (sequentially) runs without any
constraints as in (7.10).

4. The transmission modes are determined
by the states of the HNN once the HNN
converges.

Proposition 1. The iteration eqs (7.8) and (7.10) converge to the stable solutions
 *Wxx sign* and  *yy sign* , respectively. Furthermore If ** 2 zx N

, then the solution also corresponds to global minima of (7.5); otherwise it corre-
sponds to local minima.

Proof: It is shown in [14] that as long as the weight matrix is symmetric, the sequen-
tial update rule converges to a stable state. The remark on global optimality follows
from the Rayleigh Rayleigh-Ritz theorem.                                                                    

7.3 HNN Distributed Scheduler

In this Section, a distributed algorithm is proposed by leveraging equation (7.5) and
the corresponding updating rules for centralized HNNSv1. From equation (F.2) in
Appendix F, the variable part of the total interference that depends on the schedule x
can be written as

Gxxx TG
4
1)(2 

(7 .11 )

The schedule N2}1,1{x and the element gmn in G is the interference experienced at
node m due to the transmission of node n. If node m and n transmit at different power
levels, the interference matrix G no longer remains symmetrical, i.e.; gmn gnm.
Therefore, for the distributed computation a new symmetric weighted interference
matrix, WG is derived from G for the stability [14] in case of sequential learning. It
could be simply obtained by multiplying each row m by pm of the interference matrix
G. Here pm is the transmission power of node m. The elements in the new matrix p-
ngnm = pmgmn , so WG  becomes symmetrical. The above equation could be written as

xWxx G
T

4
1)(2 wG ( 7.12)
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Where )(2 xwG is a utility function that acts as a proxy for the weighted interference
in the network for the schedule x , N2}1,1{x . Equation (7.12) corresponds to the
Energy function of a Hopfield Neural Network [14] and the same sequential learning
rule as stated in equation (7.8) could be applied to find the optimal solution. For a
symmetric matrix WG, the asynchronous updates converge to a stable state [14] as
proved in Section 7.2.
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(7.13)

However, on the right side of the equation (7.13), the transmit power pi inside the sign
function has no role in determining the updated value xi (t+1). Therefore, instead of
using the weighted interference matrix WG, the interference matrix G in equation
(7.11) could be directly used for learning and it leads to a stable state.
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  (7.14)

The interference terms on the right side of equation (7.14) for any node i could be
arranged into two parts. One part is multiplied by +1 and the other is multiplied by -1.
So equation (7.14) could be simplified as

 secondfirsti IIsigntx  )1( (7.15)

Where Ifirst  and Isecond are the interference sensed by a node in the first slot and the
second slot respectively. In the schedule vector x , N2}1,1{x , the transmission in
the first slot and second slot is represented here by +1  and -1 corresponding fashion.
The arguments inside the sign function in equation (7.14) could be physically inter-
preted as the algebraic sum of the interference experienced by a node in two slots.
Therefore, the updating rule can be implemented in a distributed manner.

In this distributed approach, all the cells in a network sense and update their sched-
ule sequentially one at a time. For such orthogonal measurement, a particular cell
skips the transmission for two time slots to measure the interference. The BS and MS
in a cell measure the interference in these two slots separately and based on the meas-
urement, they compute their next transmission schedule according to equation (7.15)
until reaching to a stable state. The steps of the distributed scheduler are described in
Table 7.3.
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Table 7.3 HNN Distributed Scheduler (HNNDS)

Proposition 2. The iteration eq (7.14) converges to a stable solution  *Gxx sign*

Proof: It is shown in [14] that as long as the weight matrix is symmetric, the sequen-
tial update rule converges to a stable state. So the iteration in equation (7.13) for the
symmetric metric WG  = pigij converges to a stable state. If pi  0, pi  has no im-
pact on the updated value of xi (t+1) in equation (7.13). So, for the symmetric metric

WG  =  pigij  and a diagonal matrix D , where i , dii =
ip

1
 , the sequential update

rule will converge to a stable state for the weight matrix DWG. Since the Interference
matrix G=DWG , therefore the update rule in equation (7.14) for the weight matrix
G=gij converges to a stable state.                                                                               

7.4 Experimental Setup

An extensive simulation study is performed to evaluate the efficiency of the proposed
algorithms. In order to do this, two separate deployment scenarios, as given in Figs.
7.3 and 7.4, are used. An indoor site of a three-storied large office building [83] is
chosen for this experiment. Each floor of the office building consists of forty rooms.
In both Fig. 7.3 and Fig. 7.4, the Heterogeneous eNBs (HeNBs) and UEs are marked
as triangles and small circles respectively. The red UE indicates that the corresponding
HeNB<-> UE link is in an active state, i.e. either it is in downlink or in uplink trans-
mission. The shaded room implies that the link is in downlink transmission. In the first
scenario, femtos are randomly deployed in each room of the office building. Each
HeNB serves only one UE. In our second scenario, the HeNBs are deployed 20 meters
apart from each other and are placed in the middle of a room [83]. The UEs are de-
ployed randomly across each floor. The maximum number of UEs/floor is equal to the
number of rooms on a floor. The HeNB is configured as an open subscriber group. So,
multiple UEs can associate with a single HeNB.

1. A Cell in a network stops the transmission for two
time slots to measure the network interference.
Every MS and its serving BS measure the corre-
sponding interferences in the two slots separately.

2. Based on the measurement the MS and BS com-
pute their new schedule according to equation
(7.14).

3. The MS and BS are allowed to change their
schedule only if they are opposite in sign or the
BS and MS are scheduled to transmit in opposite
slots in the new schedule.

4. The cells in the network update their schedule
sequentially until the HNN converges to a stable
state.
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For a cell with multiple UEs or links, the mean of all the link interferences is used in
the algorithm for optimization. For a particular cell i with M number of UEs, the

equivalent received interference at node k of another cell, 



M

u
ku

equ
ku g

M
g

1

1 , where gku

is the interference from UE u to node k when cell i is in the UL. Therefore, for a long
operational period, multiple links in a cell are substituted by a single equivalent link in
terms of the average interference they experience and contribute. For both scenarios,
the network performance is measured by gradually increasing the activation probabil-
ity of the link. The traffic in all direction is full buffered. The transmission power of
the HeNB and UE are assumed to be the same while measuring the performance of
HNNSv1 and HNNSv2 and is set to 23 dBmW. For the distributed algorithm HNNDS,
the performance is examined for unequal transmission power of 20 dBmW and 23
dBmW for the HeNB and UE respectively. The noise power density is assumed to be -
174 dBmW/Hertz. The results of the simulation for a different activation probability of
links are taken for 100 independent runs or realizations.

7.5 Numerical Results

As described in the previous Section, two deployment scenarios are used to evaluate
the performance of the optimization algorithms. In each scenario, a reference mode of
operation is taken into account for comparison of the results. These are random and
primary transmission mode. In random mode, cells select their transmission order
randomly with coin tossing probability. The primary transmission mode means all
cells are transmitting either in the uplink or in downlink direction simultaneously. In
the discussion below, at first the performance of the centralized HNNSv1 and
HNNSv2 algorithms is examined in detail. Later the performance of the distributed
scheduler HNNSDS is studied and compared with the centralized one.

In the first experiment, the accuracy of the algorithm with respect to global minima
as well as the convergence rate is examined. Scenario one is used to measure this
computational performance. As the computational complexity here mainly depends on
the number of links, so either scenario one or two can be used. To measure the accura-
cy, the global minimum interference in a network for a 10% active link is measured by

Figure 7.3. Scenario one. Random Femto
cell deployment. Layout of a floor in a three-
storied office building.

Figure 7.4. Scenario two. Regular Femto
cell deployment. Layout of a floor in a three-
storied office building.
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exhaustive search. Here network interference means the sum of interference experi-
enced by all active links in the network. The percent of error for the optimized trans-
mission mode when compared with the global minima for the same realization are
then calculated.

Fig. 7.5 shows the distribution of the percent of error for the centralized algorithms
as well as for the reference modes for scenario one. The percent of error for HNNSv1
is less than that of HNNSv2. The root mean square (rms) error is 8.20 and 14.98 per-
cent for HNNSv1 and HNNSv2 respectively. For a primary and random case it is
382.28 and 284.79 percent correspondingly. However, the GASch gives a negligible
amount of error as shown in Fig. 7.5. Its rms value is around 0.136 percent. The results
indicate that the solution of GA could be very close to the global optima if the search-
ing parameters are chosen efficiently. Therefore, the output of GA could be used as a
precise reference while evaluating the performance of HNNSv1 and HNNSv2. The
number of generations used in GA for this 10% activation scenario is 3K, where K
means thousand. Though the results evolve for 3K, the minimum value is achieved
within 25 generations for most cases. For a large number of active links, the search
space also increases exponentially (2N). Therefore, in order to obtain precise output as
a reference, the number of generation for GA is taken as 30K for the remaining of the
scenarios in this study.

For scenario one, the convergence rate of HNNSv1 and HNNSv2, while the number
of active link increases is examined. Fig. 7.6 depicts the number of epochs our algo-
rithms take to converge when the number of active links varies. Here the epoch is that
set of operations where all links are traversed once. One complete traversal means one
epoch. Fig. 7.6 describes both the maximum and average number of epochs for 100
runs. In our three-storied building, every floor having 40 links contributes a total of
120 links. It shows that for any number of active links, both algorithms on average
take two to five epochs to converge, i.e. if the search space increases from 20 to 2120,
HNNSv1 and HNNSv2 on average take the same amount of time to converge. Any
massive increase in search space does not influence the convergence rate. In contrast
to the HNN based algorithm, the GA based algorithm looks for the global optimum
and does not provide any proof of convergence. It searches for the global optimum in
the entire search space. The precision of the outcomes depend on the well or poorly

Figure 7.5. Percentage of error in respect to
global minima. 10% links are active in meas-
uring the interference.

Figure 7.6. Maximum and mean number of
epochs taken by HNN based algorithm to
converge.
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chosen parameters as well as the number of generation it evolves. As mentioned be-
fore, the number of generations is set to 30K here to have a precise outcome to use
them as a guideline. Within this 30K generations of evolution, the generation that pro-
vides the minimum value is also examined. It is found that as the number of links in-
creases, the generation number at which the minimum value is obtained also increases.
Suppose for 20%, 40%, 60%, 80% and 100% of an active link, on average it is 2.5K,
9K, 16K, 18K and 20K respectively. However, for a 10% active link it rarely exceeds
30 generations.

In Fig. 7.7a and Fig. 7.7b, the 95th, 5th percentile as well as the median of the total
network interference is plotted for different activation ratios for scenarios one and
scenario two respectively. The blue, green and red curves depict the 95th, median and
5th percentiles respectively. Fig. 7.7 shows that the result of the optimized transmis-
sion mode is better than the reference mode of transmission. Suppose, for a 60% ac-
tive link, the improvement is somewhere between 3 dB to 6 dB for scenario one, and
for scenario two it is around 4 dB. Also, the output of HNNSv1 and HNNSv2 is very
near to the output of GA based GASch that is considered here as a reference to global
minima. Fig. 7.8a and Fig. 7.8b depicts the 95th, 5th percentile as well as the median
of the individual link SINR for different link activation ratios for scenario one and
scenario two correspondingly.

Figure 7.7a. Percentile of the total network
interference after optimization. Scenario one.

Figure 7.7b. Percentile of the total network
interference after optimization. Scenario two.

Figure 7.8b. Percentile of SINR/link after
optimization. Scenario two.

Figure 7.8a. Percentile of SINR/link after
optimization. Scenario one.
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The blue, green and red curves depict the 95th, the median and the 5th percentile re-
spectively. For both scenarios, the improvement of SINR per link is around 1.2 dB
when compared to the reference case for the 95th percentile. The figures show that
both algorithms improve the individual link SINR for all activation ratios. The output
of HNNSv1 and HNNSv2 is also very close to the output of GA based GASch. The
percentage of additional link capacity is plotted in Fig. 7.9a and Fig. 7.9b for scenarios
one and two respectively. The capacity here is Shannon’s capacity. The percentage of
additional capacity is measured as follows

100



moderandominCapacity

moderandominCapacitymodeoptimizedinCapacity
capacityadditionalofPercent

(7 .16)

Fig. 7.9a and Fig. 7.9b show that HNNSv1 and HNNSv2 offer an additional 15 to 20
percent capacity for both scenarios and it depends on the percentage of the active link.
For both scenarios, the synchronized primary mode where all cells transmit either in
the UL or DL direction performs better than random mode in most cases. Though the
GA based GASch gives better performance than the first two algorithms, it requires a
large number of generations to evolve before going a precise output when the number
of active link is large.

The performance of the HNN distributed algorithm is examined for scenario one.
The BS and MS transmission power is set to 20 dBmW and 23 dBmW respectively.
As shown in Fig. 7.10, the average number of epochs taken by the distributed updating
to converge depends on the number of active links as before and varies between 2 to 4,
which is slightly higher than the centralized one.
The additional link capacity is depicted in Fig. 7.11. The additional capacity it offers is
around 13 percent and is about 2 to 3 percent less than the centralized algorithm at
small load. However, for a large number of active links the difference is negligible.

On the whole, the most significant point for the proposed HNN algorithms is that,
irrespective of the number of links, they converge very quickly and offer output that is
very close to the GA based algorithm or global optima.

Figure 7.9b. Percentage of additional link
capacity when compared to random mode of
operation in scenario two.

Figure 7.9a. Percentage of additional link
capacity when compared to the random
mode of operation in scenario one.
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Though they are not giving the best result in terms of accuracy, they are, nonetheless,
giving a very good result without any delay. Such a property is very suitable for real-
time application where computation complexity is of big concern.

7.6 Discussion

It is noteworthy that our optimization does not limit the operation of the network for
an unsymmetrical DL to UL load condition. The results suggest that, if two TDMA
slots are available for transmitting in opposite directions, there is the scope for trans-
mission mode optimization and such optimization adds an additional 13 to 20 percent
link capacity per slot compared to the random and synchronous operation. It is found
[68] [94] that 3:2 DL to UL ratio is suitable to address almost all common traffic. In
this case, one set of transmitters can transmit in a DL-DL-UL-UL-DL frame and an-
other set can use the frame UL-UL-DL-DL-DL at optimum mode. The last slot here is
dedicated for DL and the first four slots are kept flexible for optimization purpose. All
together, it holds the 3:2 DL to UL ratio. As Fig. 9a states that around 15 percent of
additional capacity can be achieved per slot for this optimization, therefore, for this
3:2 frame, HNNSv1 and HNNSv2 can offer (4×15%)/5=12% additional link capacity
per frame compared to the synchronous or primary mode. Another interesting thing is,
both of the above frames are basically the frame configuration 1 of the 3GPP LTE
TDD standard [112]. The second one is the two slots (subframes) time-shifted version
of the first one. Similarly, for LTE TDD frame configuration 0 and 6, 80% slots (sub-
frames) could be optimized by time shifting the same frame. This could also offer
additional (8×15%)/10=12% link capacity per frame. If one subset of nodes transmit in
a particular frame, the other subset will transmit in the time-shifted version of the
same frame in optimal mode. The additional benefit basically depends on how many
pairs of subframes are available for opposite transmission at the same transmission
time interval (TTI). Consequently, without any HARQ ambiguity [90] and system
change complexity, this concept could be smoothly transferred to the 3GPP LTE TDD
standard.

For the convergence of the centralized algorithms, the interference matrix G in equa-
tion (7.4) sent to the central processing unit needs not be symmetrical (gnm gmn.). Al-

Figure 7.11. Percentage of additional link
capacity when compared to the random
mode of operation in scenario one.

Figure 7.10. Mean number of epochs taken
by distributed and centralized algorithms to
converge.



HNN based UL/DL Scheduling for Dynamic TDD Network

83

so, regardless of the symmetricity of the interference matrix G, the HNNDS converges
in a distributed manner. Therefore, in a femto network, our HNN algorithm can run on
top of any power control algorithm. Thus for any set of transmission power, the classi-
fier HNN finds a set of near optimal solutions. In a low-power dense femto network,
as discussed in Section I, the power control ultimately reduce the throughput. In this
case, also the transmission mode optimization could be an effective time domain solu-
tion.

7.7 Conclusions

In this study, two centralized and one distributed HNN based algorithms are proposed
to optimize the transmission mode in a large network. Such optimization belongs to
the group of NP complete problems. An extensive simulation study is performed to
measure the performance of the proposed algorithms thoroughly. To compare their
outcomes to the global optimum, one genetic algorithm (GA) based scheduler GASch
is also introduced in this study. It is found that regardless of the number of links, HNN
based algorithms converge within the first few epochs and their output is close to the
benchmark of the global optimum. One of the remarkable finding is that, the HNN
scheduler could be implemented distributedly where a cell updates its state locally and
reaches a stable state within a few epochs. The proposed HNN algorithms can provide
optimal results for any set of node transmission powers in a network. The extensive
simulation implies that the optimized transmission mode adds up to 13 to 20 percent
of additional capacity per link. Moreover, the optimization process does not restrict
the network for operating under an unsymmetrical DL-UL load condition. As dis-
cussed in previous Section, for the most common 3:2 DL to UL ratio, around 12 per-
cent of additional link capacity can still be achieved. Thus, for the next generation
cloud/centralized radio access network (C-RAN) with massive backhaul capacity and
densified low-power cells, both the centralized and the distributed algorithm could be
a novel optimization scheme.
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8. Conclusions

This thesis has studied two dominant candidates for small cell technology, i.e., the
WiFi (IEEE 802.11s) and the LTE TDD femto networks, in terms of energy, delay and
throughput. The thesis is organized into two parts. The first part addresses the IEEE
802.11s WiFi network that operates in unlicensed spectrum, and the second part fo-
cuses on the LTE TDD femto network that operates in licensed spectrum.

The IEEE 802.11s amendment is proposed for multi-hop WiFi mesh networks. One
of the most remarkable features of this amendment is the link specific PSM that is a
completely new concept from the legacy IEEE 802.11 PSM. In this mechanism, a
node can maintain a different PSM mode, for instance light or deep sleep mode, to its
peer node simultaneously. In this thesis, we have studied the performance both analyt-
ically and numerically of the 802.11s, PSM and the factors that affect network perfor-
mance. It is found that the beacon interval has a profound effect on energy saving,
throughput and flow level fairness, also the optimum beacon interval depends on the
network size and the individual topology. Either in a single hop or in a multi-hop
transmission, a node can adjust the delay by switching to a different PSM mode for a
link. There is always a trade-off between the energy saving and the delay/throughput.
At the cost of delay, a network can save up to 80% energy.

The dynamic frame adjustment methods, micro-sleep energy saving operation of
LTE TDD and three HNN based UL/DL scheduling algorithms for a TDD network are
studied in this thesis in part 2. The study demonstrates that for a macro network, it is
challenging to select a TDD frame dynamically because of the intense DL-UL cross
interference. On the other hand, the low-power small cell femto networks have dis-
played a bright prospect to adjust the QoS dynamically by switching to new frames.
Both analytical and numerical study confirms that a LTE TDD femto network can
improve its performance either in DL or in UL directions by adding more resources or,
in other words, by changing frame configurations to suitable ones. In this context, a
flexible frame selection algorithm is proposed in Chapter 5 to adjust the QoS dynami-
cally. The algorithm is flexible enough and is proposed from the implementation per-
spective. It has taken into account the 3GPP TDD seven frame configurations. The
practical challenges while frame switching, for example, the complexity of looking for
the best frame, the HARQ ambiguity, system latency etc., are taken into consideration
in the proposed scheme. An energy-efficient frame layout is also proposed for the LTE
TDD in this thesis at a small load condition. Like IEEE 802.11s, the study reveals that
there is a trade-off between energy saving and delay/throughput. At off peak hour, the
power amplifier (PA) can save around 90% energy while satisfying the minimum
downlink transmission requirements. In addition, for a particular frame, the saving of
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the PA could be further increased to 80% at light load. To enhance the system capacity
our proposed UL/DL scheduler can increase the network performance by up to 13 to
20 percent regardless of the number of links. Our algorithms can work in both central-
ized and distributed manners and converge within the first few epochs.

8.1 Assumptions

On top of the PSM protocol for IEEE 802.11s, the Mesh Coordinated Channel Access
(MCCA) protocol enables mesh STAs to reserve transmission time to increase trans-
mission efficiency. All this coordination improves the network efficiency and avoids
the hidden node problem. However, the details of this MCCA mechanism for reserv-
ing transmission time is beyond the scope of our present study. It is assumed in the
study that, the STAs are MCCA enable. For the LTE TDD simulator, the assumed
indoor channel model, deployment scenarios and other simulation parameters are cho-
sen as per the LTE 3GPP recommendations. While calculating the UL delay perfor-
mance, it is assumed that on average, a packet will experience 10 ms of delay for the
SR, SG and packet processing purposes. In fact, a UE has to start the scheduling pro-
cess each time a packet arrives in an empty uplink buffer. The latency between the
scheduling request (SR) and the consequent transmission is around 23 ms [141] [142].
On the other hand, for a nonempty UL buffer, a UE can just send the buffer status
report (BSR) periodically without the initiation of a new scheduling request process.
The initial scheduling grant (SG) remains valid until the queue becomes empty. In
response to BSR, the eNB then grants the UL resource. Therefore, if the packet arrival
rate in the UL direction is large, the effect of this scheduling latency on average be-
comes minimal. Also, while downloading large files over TCP-FTP, the probabilities
an empty UL buffer becomes small for the frequent arrival of TCP ack packets. The
peak TCP throughput of different TDD frames in our simulation is found very close to
the results in research conducted by Ericsson research [111]. Basically, the exact mod-
eling of UL delay is crucial where the inter arrival time of the packets is very large,
e.g., in machine type communications where the inter arrival time could be in the or-
der of from a few minutes to a few hours. In our experiments, the inter arrival time of
the packet is small, hence the effect of system latency in the UL direction is assumed
to be equal to 10 ms to avoid additional computations. Moreover, the focus of our
study is not to evaluate the exact packet delay. Rather the focus is to find an efficient
and implementable solution to the problem of the UL/DL traffic adaptivity and energy
efficiency by the comparative study of delay-performance.

In this thesis, it is also assumed that the femtos are allocated an orthogonal spectrum
in the overlaid macro network or are operating standalone in the deep indoor situation.
Consequently, inter-femto interference is the only kind that exists. This assumption is
fair enough from the perspective of our research focus as discussed in Chapters 1 and
5. Especially when energy-efficient modern buildings are taken into account, an addi-
tional 20-30 dB penetration loss per wall takes place compared to the older buildings
[24] [25]. Also in LTE 3GPP advanced, it is expected that femtos will ultimately oper-
ate both in indoor and outdoor scenarios with or without the macro coverage and will
support ideal and non-ideal backhauls [20] [21].
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Overall this thesis has investigated the traffic adaptivity, energy efficiency as well as
possible implementation perspectives within the context of small cell networks, in
terms of delay, throughput and energy.

8.2 Future Prospect and Research Areas

Usually inside a building femtos are installed and maintained by the individual users.
In an un-organized and dense scenario, an active transmission within 10 to 20 meters
in the adjacent apartment deteriorates the signal quality significantly. At this close
distance, the interference from the adjacent cell and the received signal reaches a re-
ceiver with an almost equal strength at the cell edge. In such situations, only control-
ling the transmission power may deteriorate the received SINR further as discussed in
Chapter 7. Therefore, for poorly organized and dense indoor scenarios, co-ordination
among the neighboring small cells to utilize and optimize the radio resources jointly or
distributedly will undoubtedly improve the system performance. In this context, self-
organizing networks (SON) could play a promising role to mitigate these inherent
problems by optimizing, for instance, the spectrum usage, transmission power, trans-
mission order, scheduling and load balancing. In addition, rapidly evolving cloud ra-
dio access networks (C-RAN) opens the opportunity for centralized optimization and
can cancel the interference by a baseband processing technique centrally.

For the near future, the IEEE 802.11s is a promising technology to support the
emerging IoTs because of its advanced energy saving aspects, self-healing and self-
path-forming abilities and improved security features for mesh peering. In large sensor
networks at small load, the energy expenditure could be reduced further for all battery
operated devices by optimizing the routing path, the link specific PSM mode of the
nodes, the scheduling strategy, as well as by optimizing the critical parameters, for
example, the beacon interval, awake-window duration, the contention window (CW)
size etc.

In LTE TDD advanced, the introduction of Local IP Address (LIPA), Selected IP
Traffic Offload (SIPTO) and IP Flow Mobility (IFOM) has opened the opportunity to
integrate the WiFi or the non-3GPP devices with femto networks. As WiFi has already
become an integral part of the home network environment, the data offloading by us-
ing the unlicensed spectrum through the packet data network (PDN) gateway of the
evolved packet core (EPC) could be a potential research area for the future energy-
efficient small cell scenarios as well. In this integrated environment, the delay-tolerant
traffic could be offloaded through the WiFi network while offloading the QoS sensi-
tive data through licensed spectrum. To improve the system performance, the SON
would be able to leverage this valuable offloading feature for load balancing purpose
too.
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Appendix A. Statistical Accuracy

As discussed in Chapter 1, two detailed system level simulators are developed to study
the performance of the low-power small cell Network in terms of delay throughput
and energy. In the first simulator, the IEEE 802.11s power save mode (PSM) protocol
is implemented in the MAC and PHY layer of the well known Network simulator
NS2-2.33 by C++ and Tcl. The second simulator is implemented by Matlab to meas-
ure the performance of the LTE TDD network as discussed in Appendix C. For the
first and the second simulators, the results for a transmitter-receiver pair are validated
mathematically in Chapters 3 and 5 respectively. Here we shall check the statistical
accuracy of the simulation results for the case of multiple deployments of cells in a
grid.

For the first IEEE 802.11s simulator, a star topology consisting of five nodes is tak-
en for the experiment of accuracy measurement. In this Carrier Sense Multiple Ac-
cess/Collision Avoidance (CSMA/CA) access, all nodes are placed in the sensing
range of others. The topology is fixed. Four nodes download FTP traffic from an ac-
cess point placed at the center. The access point is in light sleep mode and the rest
nodes are in deep sleep mode. The transport layer protocol is TCP, thus the traffic is
bidirectional due to TCP acks. The energy per bit of the network is measured for vari-
ous lengths of the simulation duration as shown in Table A.1. The simulation parame-
ter is illustrated in our study [26].

The above results illustrate that the outcomes reach very near to the stability within
an 800-sec simulation runtime. However, the percentage of difference of output be-

Table A.1. IEEE 802.11s Simulator’s outcomes

Simulation
Run Time
 in Sec.

Network Energy
Expended
 in Joules

Successfully
received
Packet nos.

Energy/bit
in micro joules

100 233.20 35,289 0.82605
200 464.16 70,370 0.82450
400 918.52 140,715 0.81594
800 1,834.80 282,823 0.81095

1,500 3,432.80 529,171 0.81090
3,000 6,874.20 1,055,869 0.81381
6,000 13,712.00 2,119,182 0.80883
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tween a 400-sec simulation-time and a 6,000 sec simulation-time is not that significant
and is only 0.87%. The standard deviation of the results taken from 100 to 6,000 sec
simulation runtimes is 0.00684. In our experiments in Chapters 3 and 4, results are
taken for the runtime above the 2,500 seconds. The NS2 simulator written in C++ is
fast enough to give quick response.

For the LTE TDD simulator, at first, the distribution of the inter arrival time of the
generated Poisson traffic is plotted together with the analytical value in Fig. A.1. The
packet rate is taken 150. The granularity of the inter arrival time in our simulator is
one subframe duration or 1ms. Fig. A.1 illustrates that the distribution curve of the
simulated packets coincides with the analytical results. Next to check the statistical
accuracy of the outcomes, the uplink and the downlink delay performance is measured
at the center cell for a different number of realizations at 40% activation ratio. The 55
grid deployment scenario discussed in Appendix C is used for the experiments. The
femtos are deployed randomly in the network. The results are taken for a 1,000 frames
simulation length. The UL and DL packet rate is 200 packet/sec.

In Table A.2, the mean delay-performance at a different number of independent reali-
zations is illustrated. The corresponding standard deviation is also given in this Table.
For example, the standard deviation of DL delay among 25 randomly deployed inde-
pendent scenarios is 2.15 ms and for 100 independent scenario it is 3.2838 ms. The
mean DL and UL delays given in Table A.2 are also plotted in Fig. A.2.

Figure A.1. The distribution of inter arrival time of packets at a rate of 150 packets/sec.
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The number of realizations is gradually increased from 25 scenarios to 200 scenarios.
The results suggest that the mean value reaches very close to the stability at 75 realiza-
tions and later it oscillates around the absolute value and moves towards the conver-
gence slowly. In our experiments for Chapters 5, 6 and 7, the mean value of 100 reali-
zations is taken to measure the performance. The standard deviation of the mean delay
among the eight test cases illustrated in Table A.2, are 0.43852 and 0.31479 in the DL
and UL correspondingly.

Table A.2. The LTE TDD Simulator’s outcomes

No. of real-
ization

Mean DL
delay in
msec.

Standard
Deviation

 Mean UL
delay in
msec.

Standard
Deviation

25 7.2039 2.1500 16.498 7.8541
50 8.7628 3.7095 15.763 5.5228
75 8.3086 3.5968 16.492 6.6341
100 8.2354 3.2838 15.852 5.7502
125 8.3063 3.5521 16.412 6.1073
150 8.0111 3.1647 15.916 5.6354
175 8.1394 3.3339 15.840 5.5359
200 8.1504 3.3937 16.012 5.6255

Figure A.2. The mean delay for various numbers of independent realizations. The frame
Configuration used is 6:4. UL and DL packet arrival process is Poisson with a rate of 200
packets/sec.
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Appendix B. Truncated Gaussian CDF

In this study )(, tF a ,  the  CDF  of  a ,  defined in Section 3.1.1 in Chapter 3 is

approximated from the truncated Gaussian CDF for a large value of a. Here a is the
probable packet numbers in a batch. The  a  is the additional random transmission

time due to contention process for batch size a. The approximation is based on the

central limit theorem. The value of )(, tF a  for ),()( 21

~
tta   can be calculated from

the Q function as follows
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As it is assumed there is no contention or packet loss in the network, the contention
window size will remain fixed to CWmin all the time.
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Appendix C. LTE TDD System Simulator

A detailed system level LTE TDD simulator is developed in Matlab to study the net-
work performance in terms of delay, throughput and energy. A system level simulator
[143] simulates a large number of mobile stations in a radio environment for multiple
cells. The signal to noise interference ratio (SINR) in a receiver is calculated based on
the radio propagation model in a particular environment. The propagation model cap-
tures the attenuation loss per unit distance and the shadowing phenomena of a channel.
The simulator gives the distribution and the average of the SINR, delay or throughput
of a large scenario based on a large number of independent realizations. On the other
hand, the link level [144] simulator simulates a link performance of a transmit-
ter/receiver pair in symbol or bit level in terms of bit error rate (BER) and frame error
rate (FER). While evaluating the performance, the link level simulator takes into ac-
count the interleaving, coding, decoding and channel estimation.

In our system simulator, the necessary functional blocks that interact with each other
are kept separate. Therefore, when necessary, it is possible to plug into different de-
ployment scenarios or new functionalities in the simulator with little effort. For a sin-

Figure C.1. The simulator’s work flow diagram per TTI or subframe for a single
realization.

Deploy BS/UE, initialize
frames, and configure cells.

TTI =1

Generate Traffic, log the
generation time, send
them  to  transmission  (TX)
Queue in every Subframe.

Scheduler checks TX and RTX queue.  Schedules traffic
according to their modulation level.  RTX queue has
higher priority . In DL subframe the DL Scheduler and in
UL subframe the  UL Scheduler is activated .

Receiver measures SINR
of  each  PRB of  a
transport block &
determines packet error.

Receiver Keeps SINR
records of failed
transport block for
chase combining.

Receiver orders packets
from successfully received
transport blocks, record
receiving time.

In the assigned  subframes,
receiver sends ACK/NACK
to the transmitter .

Transmitter sends failed
transport block in
retrans-queue. Delete it if
max retry limit exceeds.

Transmitter calculates
future modulation level
based on accumulated
ACK/NACK.

TTI=TTI+1



Appendix C. LTE TDD System Simulator

96

gle realization, the flow diagram of the simulator per transmission time interval (TTI)
is illustrated in Fig. C.1. In the diagram, the BS is meant as a transmitter and the UE as
a receiver in DL TTI and in UL TTI it is vice versa. For evaluating multiple deploy-
ment scenarios or realizations, the simulator could be run in parallel in multi-core ma-
chines as there is no computational interdependency among them. Each realization
runs as an independent thread. For instance, the 16-core 256GB RAM ‘force’ server of
Aalto University is used often for parallel computations while evaluating 100 realiza-
tions or more. The statistical accuracy of the simulator’s outcomes is discussed in Ap-
pendix A. The major building blocks of the simulator are discussed below.

C.1   Frames

Seven frame [112] configurations are proposed in the 3GPP LTE TDD standard as
shown in Fig. C.2. Frames differ in the ratio of DL to UL subframe (SF) numbers and
their geometric allocation inside it. A special subframe (S-SF) is placed just after a DL
subframe before switching to the UL direction. The duration of a frame is ten milli-
seconds and is divided into ten subframes each of 1 millisecond (ms). Each subframe
is also divided into two slots of 0.5 ms duration. These subframes carry data and nec-
essary control signals in the time and frequency domains. The detailed structure and
the allocation of control signals within the frame in the time-frequency domain are
described in the specification [112].

While designing the frames, the control signal overheads are taken into consideration
in the simulator. Data is scheduled in the available physical resource blocks (PRB)
only. The frame configuration-1 created by the simulator for the 5MHz band is illus-
trated in Fig. C.3. The smallest unit in a frame is called the resource element (RE) that
carries one symbol. A block of seven REs in the time domain and 12 REs in the fre-
quency domain, i.e., 84 REs make one PRB. The PRB is the smallest unit to schedule
data. In the figure, REs coloured red are allocated for various control signals [112]

FRAME
SUBFRAME NUMBER

0 1 2 3 4 5 6 7 8 9

Config-0 D S U U U D S U U U

Config-1 D S U U D D S U U D

Config-2 D S U D D D S U D D

Config-3 D S U U U D D D D D

Config-4 D S U U D D D D D D

Config-5 D S U D D D D D D D

Config-6 D S U U U D S U U D

Figure C.2. Seven frame configuration in LTE TDD.
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such as for the physical downlink control channel (PDCCH), physical control format
indicator channel (PCFICH), physical hybrid ARQ indicator channel (PHICH), physi-
cal broadcast channel (PBCH), primary synchronization sequence (PSS), secondary
synchronization sequence (SSS), cell specific reference signal (CRS), sounding refer-
ence signal (SRS), random access channel (RACH) etc. The remaining REs coloured
blue are used for carrying data.

C.2   Traffic Generator

Two types of traffic are implemented in the simulator. One is the user datagram proto-
col (UDP). The other one is the transmission control protocol (TCP). The sequence
number of the packet and the generation time are recorded in a logbook before sending
them to the queue. Also on the receiver side, the arrival time of the successfully re-
ceived packet is recorded.

C.2.1 UDP

UDP is a lightweight and connectionless protocol defined in RFC 768. It is a principal
member of the internet protocol suit. In the simulator, UDP packets arrive in the queue
with a Poisson’s arrival process. The statistical accuracy of the arrival process with
respect to the theoretical value is presented in Appendix A. There is no acknowledge-
ment and retransmission process in UDP and is suitable for real-time applications such
as voice over IP (VoIP), real time streaming protocol (RTSP) where reliable operation
is not the primary concern.

C.2.2 TCP

TCP guarantees the reliable end-to-end packet delivery over an unreliable network and
was first defined in RFC 793 in September 1981. These days, most of the internet

Figure C.3. Half of the Frame configuration-1 (DSUUDDSUUD) generated by the simulator
in time frequency domain is illustrated. D is downlink, U is uplink and S is special SF. One
resource block (RB) consists of 84 REs in time frequency domain. Blue REs are available
PDSCH to carry data. Red REs are for control Signal.
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applications use TCP where reliability is of the primary concern. The detail of connec-
tion establishment and release procedure of TCP is however beyond the scope of this
system level simulator. Rather, the interest of research is how the system behaves un-
der the process of such elastic traffic. It is assumed here that a TCP connection has
already been established for an active UE/HeNB pair and also the receiver buffer is
large enough to avoid any bottleneck due to memory space. Therefore, TCP timer
management and congestion control are in the main focus of the implementation.
Some major points of the implementation are discussed below.

Every TCP sender maintains a dynamic congestion window (cwnd) throughout the
transmission session. The congestion window basically determines how many
unacknowledged packets will stay in the system at any one instant. At the beginning,
an initial congestion window size is set to one and is increased exponentially at each
transmission round in response to a successful reception. This exponential increase is
called the slow start. When the window size reaches the slow start threshold, its size is
then increased linearly, i.e., one packet or segment in each RTT. This is called addi-
tive increase. If there is any packet loss or the round trip time exceeds the retransmis-
sion time out (RTO), the new threshold value is set to half of the current window size.
At this point the slow start can start all over again as suggested in TCP Tahoe or it can
start the additive increase process from the new threshold value in every RTT. The
latter one is suggested in TCP Reno and is implemented in the simulator. The additive
increase and multiplicative decrease (AIMD) of the window size in a session thus
creates a saw-tooth pattern. In the implementation, the sender TCP gets to know the
success and failure of the transmitted packets from the running HARQ procedure. For
this system level simulator, no separate small acknowledgement (ack) packets are
generated in the receiver TCP side to avoid further complexities and computations.

 A TCP downlink transmission to a UE in a cell is illustrated in Fig. C.4. Here the
fixed packet size is 512 bytes and the slow start threshold is taken as 16. In retrans-
mission time out (RTO) adjustment procedure [145], each TCP connection maintains
two variables, i.e., smoothed round trip time (SRTT) and round trip time variation

Figure C.4. Adjustment of congestion window.
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(RTTVAR). The SRTT is a good estimate of the round trip time (RTT). If it takes
time Rt to get an ack for a connection then

                                                     SRTT= SRTT+(1-) Rt

Where  is the smoothing factor and is typically 7/8 [145]. However, near the capacity
limit, i.e., when the queue size is large enough, it is found practically that the transmit-
ter fires a copy of the original packet that is currently under the transmission process
[145]. To fix this problem the retransmission time out (RTO) are made sensitive to the
variance of the round trip time as follows

RTTVAR =  RTTVAR+ (1- ) | SRTT- Rt |

RTO = SRTT + 4  RTTVAR

Where  is typically 3/4 [145].

C.3   Queue

The queue is one of the crucial blocks of the simulator. There are two first-in-first-out
(FIFO) queues for each UE in each UL and DL direction. One is the transmission-
queue where new packets arrive from the upper layer for the first transmission, and the
other one is the retransmission-queue where packets are queued for retransmission
purposes. After the first transmission, the transmitted packets are buffered into a tem-
porary buffer. If no-acknowledgement (NACK) comes from the receiver in the as-
signed subframe, this packet is queued in the retransmission-queue. The retransmis-
sion-queue has a higher priority than the transmission-queue. After several attempts,
when a transport block exceeds the maximum retransmission limit, it is deleted from
the retransmission queue.

C.4   Scheduler

The scheduler is another vital part of the simulator. In each transmission time interval
(TTI), the scheduler takes data from the head of the queue and schedules it in round
robin (RR) fashion in the available physical resource block (PRB) of a subframe. In
the UL subframe the UL data and in DL subframe the DL data is scheduled. An adap-
tive modulation scheme provides the current modulation level for a receiver at some
specific TTI. As a result, the amount of scheduled bits in a particular subframe de-
pends on the current value of the bit/symbol of individual users and available PRBs in
an SF. However, the transport blocks that are to be retransmitted are scheduled as it
was before in its first transmission, i.e., they are scheduled without any change of their
previous modulation level.
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C.5   HARQ

The hybrid automatic repeat request (HARQ) process [110] with chase combining
[146] is implemented in the simulator. If a transport block is received successfully, the
transmitter receives an ACK from the receiver in an assigned [110] subframe (SF). In
general, for a transport block transmitted in the nth SF, the transmitter will receive the
ACK in n+kth SF, where k 4. If the nth SF is a DL, the n+kth must be an UL SF or
vice versa. Suppose, for frame configuration 1, if a downlink transmission happens in
SF 0, the corresponding ACK will be received in the available uplink SF 7.

C.6   Adaptive Modulation and Coding (AMC)

From the HARQ procedure, a transmitter gets to know the success and failure of the
transmitted data. The adaptive modulation coding (AMC) algorithm [147] dynamical-
ly selects the suitable modulation and coding scheme (MCS) level based on the re-
ceived NACK and ACK for a receiver. The objective is to adjust the transmission rate
according to the channel condition. The data rate is decreased under bad channel con-
ditions and vice versa. The algorithm is given in Table C.1 as follows:

The number of k is 6 [147] in the simulator, i.e., for 6 consecutive successful ACKs,
the MCS level is increased one step up. On the other hand, for any NACK, the MCS
level is decreased one step below. The levels of MCS used here are 2, 4 and 6 for
QPSK, 16QAM and 64QAM respectively [112]. In Fig. C.5, the adaptive nature of the
modulation order in DL transmission to a UE is plotted. A transport block in an SF is
considered to be received successfully if all PRBs in this transport block satisfy the
Shannon capacity [148] limit. An individual PRB is considered successful, if the num-
ber of bits it carries are less than or equal to its Shannon capacity limit in the time
frequency domains. It could be noted that the experienced interference in all PRBs of
an SF may not be equal, because neighboring cells may or may not schedule in the
same OFDM carrier frequency. If any PRB in a transport block of a user fails to satis-
fy the Shannon capacity limit, it is assumed that this block is received incorrectly and
is sent to the retransmission queue for future retransmission. The Shannon [148] chan-
nel capacity or channel use is as follows

Cs  = Bw log2(1+SINR) [bit/sec]

Where, Bw is the bandwidth, SINR is the signal to noise ratio as given in Appendix D.

MCS=MCS-1, if a NACK is received

MCS=MCS+1, if k number of consecutive ACK are received

Table C.1
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C.7    Packet Fragmentation/Defragmentation

Packets may not arrive at the receiver sequentially due to packet loss and consequent
retransmissions. The Packet Fragmentation/Defragmentation block assembles, de-
assembles and orders the packets from successfully received transport blocks. Packets
are reconstructed, ordered and sent to the upper layers.

C.8   Deployment Scenario and channel model

Three deployment scenarios are designed for different experiments. They are as fol-
lows:

Figure C.5. Adaptation of bit/symbol in DL.

Figure C.6. A 55 grid femto scenario. The triangles are HeNBs and
stars are UEs.
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C.8.1   55 Grid Model

A  55 grid [6] deployment scenario is shown in Fig. C.6. The dimension of each
apartment is 1010 meters and they are placed next to each other on the grid. There
are in total 25 such apartments in a 5050 meter building floor. It is assumed that with
probability p [6] there is an HeNB in each apartment. Femto BSs together with a UE
are randomly and uniformly deployed in each apartment. The channel model used here
is suggested in [6] for this grid layout.

Pathloss in dB, PL(dB) = 127+30log10(d/1000)+N(0,12dB)

where d is the distance in meters. A log-normal shadow fading standard deviation of
12 dB is expected.

Figure C.8. A macro deployment scenario generated by the simulator.

Figure C.7. Deployment scenario. Layout of a floor of the three-storied office building
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C.8.2    Indoor office model

An indoor scenario of a three storied large office building [83] is shown in Fig. C.7.
Each floor consists of forty rooms. Femtos are randomly deployed in each room of the
office space and the network performance is measured by gradually increasing the
activation probability of the link. The triangles are the HeNBs and small circles are the
UEs. The red UE means the corresponding HeNB<-> UE link is in an active state, i.e.
either it is in downlink or in uplink transmission. The channel model used here is sug-
gested in [83] is as follows

                PL(dB) = 37+30log10(d)+
46.0)1(

)2(

3.18










n
n

n +N(0,12dB)

where d is the distance in meters and n is the number of floors in the path. A log-
normal shadow fading standard deviation of 12 dB is expected.

C.8.3   Macro Deployment Model

A macro deployment scenario containing 19 cells with 3 sectors per cell [80] [81] is
implemented in the simulator. The Antenna’s radiation pattern is 3D. The base station
antenna’s electrical tilt is captured in the deployment as per the specifications [80]
[81]. The suggested path loss models for an urban macro are used in the simulation.
Detailed equations of the 3D radiation pattern as well as path loss models are available
in [81]. It is provided also in Appendix D. The deployment scenario is shown in Fig.
C.8 where all 19 cells are transmitting in the same spectrum. The red dots are the UEs
deployed randomly [81] inside a cell. The blue triangles at the left lower corner of
each hexagonal cell are directional antennas. Distances are in Km.
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Appendix D. Macro 3D Radiation Pattern
and Pathloss Model

The pathloss models and 3D radiation pattern available in [81] is given below.

Urban Macro Pathloss model
Scenario Path loss [dB]

Note: fc is given in GHz and distance
in meters.

Shadow
fading
std [dB]

Applicability range,
antenna height default
values
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= 4

10 m < d < d’BP
1)

d’BP < d < 5 000 m1)

hBS = 25 m1), hUT = 1.5
m1)

 NLOS

PL = 161.04 – 7.1 log10 (Wd) + 7.5
log10 (h)
– (24.37 – 3.7(h/hBS)2) log10 (hBS)
+ (43.42 – 3.1 log10 (hBS)) (log10 (d)-3)
+
20 log10(fc) – (3.2 (log10 (11.75 hUT)) 2 -
4.97)

= 6

10 m < d < 5 000 m
h = avg. building height
Wd = street width
hBS =   25  m, hUT  =  1.5
m,
Wd = 20 m, h = 20 m
The applicability rang-
es:
5  m  < h <  50  m
5  m  < Wd <  50  m
10  m  < hBS <  150  m
1 m < hUT < 10 m
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1) Break point distance d’BP = 4 h’BS h’UT fc/c, where fc is the center frequency in Hz, c
= 3.0108 m/s is the propagation velocity in free space, and h’BS and h’UT are the ef-
fective antenna heights at the BS and the UT, respectively. The effective antenna
heights h’BS and h’UT are computed as follows: h’BS = hBS – 1.0 m, h’UT = hUT – 1.0
m, where hBS and hUT  are the actual antenna heights, and the effective environment
height in urban environments is assumed to be equal to 1.0 m.

The line-of-sight (LOS) probabilities are given below. Note that probabilities are used
only for system level simulations.

Scenario LOS probability as a function of distance d [m]

UMa

The Signal to Noise Ratio (SINR) is calculated as follows where the SINR at receiver i
can be mathematically sketched as
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here, but may be set to fit other RRM techniques
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where )(ki  denotes the received SINR at receiver i at time k; )(kpi is the transmit
power of  transmitter i at time k; ijl is the link gain of the BS and MS pair  (involving

path loss, shadowing etc.) , ijl is link gain from the other transmitter j  to receiver i ;

and 2
i  is the thermal noise at receiver i. The link gain ijl  can be modeled as follows

Nji
d

cs
l

ij

ijij
ij ,,2,1,,  

where ijs  is the shadow fading term, ijd  is propagation loss with pathloss exponent

 , and ijc  is multipath fading factor.
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Appendix E. Proof of Lemma 1

Proof of Lemma 1: The volume [73] of the graph G in terms of the edge weights
becomes equal to the 1-norm of the interference matrix G defined in equation (7.4).
Therefore

As discussed in Section 7.2, assume, a feasible schedule divides the 2N nodes (N+N
MSs and BSs) into two clusters 1C and 2C , each having N elements. Each cluster
transmits in two different slot.  For any feasible schedule, we write from Eq. (E.1)

    
    


2 12 21 21 1

1
Ci Cj

ij
Ci Cj

ij
Ci Cj

ij
Ci Cj

ij ggggG (E.2)

Eq. (E.2) can be written as

    ),(),()( 122211 CCcutCvolCCcutCvolvol G (E.3)

where    
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iju gCvol is the sum of the intra-cluster weights for cluster u, and
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, represents the sum of the inter-cluster weights between clus-

ter u and the other cluster, where u=1 and 2. The inter-cluster weights are basically
the total network interference in a slot. If matrix G is symmetric,

),(),( 1221 CCcutCCcut  . Examining closely the total network interference
in equation (3) and the cut of matrix G, one can find that, for any feasible schedule
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 The cut of the graph can be expressed as follows:
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Re-writing (E.7) in matrix form gives

 xGDx  TCCCut
4
1),( 21 (E.8)

where D=diag(dn, n=0,1,…,2N-1) is a diagonal matrix containing the row sums of G,
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which completes the proof.                                                                                       
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Appendix F. Proof of Lemma 2

Proof of Lemma 2: From equation (7.5) the total network interference could be writ-
ten as

GxxDxxx TT
totG

4
1

4
1)(  (F.1)

We note that the diagonal elements in equation (F.1) have no impact on the cost of the

quadratic form as the first part 
n

n
T dDxx

4
1

. The sum of the diagonal elements of

matrix D, 
n

nd  is constant, so DxxT

4
1  is constant for schedule  120  Nxx x ,

Nnn xx   , N2}1,1{x . Thus, from equation (F.1) the variable part of the total

interference power due to schedule x  could be written as

Gxxx TG
4
1)(2      (F.2)

The Hermetian splitting of the matrix is G is given by
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where the first part is symmetric and the latter part is skew symmetric. For any
N2}1,1{x , 0xTGGTx 





 

2
1 . Hence, )(2 xG in (F.2) could be written as

Wxxx TG
8
1)(2                            (F.3)

where W=G+GT  is symmetric matrix and  120  Nxx x , Nnn xx   ,
N2}1,1{x .                                                                                                      
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Appendix G. GA based Scheduler
GASch

The GA is a stochastic algorithm whose search method models some natural phenom-
ena, i.e., the genetic inheritance and the Darwinian strife for survival [128] [129]
[149]. Basically, the GA searches in the entire search space to find the global opti-
mum. After a sufficient number of generations together with suitable parameters, its
outcomes become close to the global optimum. Therefore, it is used here as a bench-
mark of the global optimum to check the accuracy of the HNN algorithms that gener-
ally gives near optimal solutions. A GA undergoes some basic core operations e.g.,
Selection, Crossover and Mutation. Before describing the core operators, some basic
terminologies are defined below:

Objective function: It is the function whose value needs to be optimized. In our case,
it is the total network interference in equation (7.5).

Chromosome: Chromosome is any arbitrary solution represented as a string of bits. In
this study, a chromosome is defined by the vector N}1,1{y

Offsprings: Offsprings are the new chromosomes or solution after the crossover oper-
ation takes place between two chromosomes.

Fitness function: An evaluation function that rates the individual solution according
to their fitness value. In this study, the smaller the interference a scheduler y offers the
more fitness value it has.

Now the core operators [149] [150] in GA are described below.

Selection: Based on the fitness value, the selection process selects a finite number of
solutions or Chromosome for the mating pool from a randomized set of solutions.
How many copies of a particular chromosome will be transferred to the new mating
pool depends on its fitness value. There exist a number of selection operators. In this
study the most common roulette-wheel selection process is used.

Crossover: Selection process only picks up good solutions but does not create new
probable solutions. The Crossover operator does this. Crossover exchanges some
property between two randomly selected chromosomes. There are variants of crosso-
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ver. In our algorithm two-point crossovers are used where two cross sites are selected
randomly along the string length. In this thesis the crossover probability Pc is taken as
0.65.

Table G.1. GA Scheduler  (GASch)

1. Initialize some random population. The
number of population is equal to the size of
the mating pool declared. Set generation,
GEN=0.

2. Fill the mating pool with selected individ-
uals. Do Selection based on fitness value.

3. Perform Crossover operation on the select-
ed individuals in the mating pool with
crossover probability Pc.

4. Perform Mutation operation on the selected
individuals in the mating pool with muta-
tion probability Pm.

5. Increase GEN.
6. If GEN reaches the desired generation

number, take the best solution found so far.
Otherwise, repeat from 2.

Mutation: The mutation operation mimics the mutation phenomenon occurs at some
stage on Chromosome in a natural evolution process. In this operation bits of the
Chromosome of the mating pools are altered with mutation probability Pm. The typical
range of Pm is 0.001 to 0.5. In this thesis Pm is taken as 0.001. Mutation guarantees the
diversity among individuals and explores new individuals in the search space.

The sequences of GA are illustrated in Table G.1.
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