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Abstract

Millimeter wave (mmWave) frequency bands offer a new frontier for cel-
lular wireless systems to enable multigigabit communication. However, the
availability and reliability of mmWave links are significantly limited due to
its propagation characteristics. To mitigate the impact of such links and pro-
vide uninterrupted network services, the study of changing link condition is
important. This paper proposes a reference signal (RS) transmission scheme
and RS aware scheduling mechanism for a mmWave cellular system using
highly directional antenna beams. The aim of RS is to estimate the channel
condition which can be used for various purposes, e.g. initial access, beam
alignment, and channel state information (CSI) measurement. In particular,
the objective of our RS scheme is to enable efficient RS transmission in terms
of RS frequently reception while ensuring a fair number of RS reception at all
UEs within cell coverage. In addition, we provide a scheduling mechanism
considering directional RS for studying the system throughput. Through the-
oretical analysis and simulation, we show that the proposed scheme achieves

higher efficiency.
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Chapter 1

Introduction

With the ever-increasing number of users and the use of mobile devices, the demand
for higher data rates in wireless communication systems is continually increasing. This,
in turn, has led the cellular networks for a paradigm shift to address the significantly high
capacity requirements. Recently, millimeter-wave (mmWave) frequency bands have been
widely recognized as a potential candidate to support emerging broadband-access and cel-
lular system evolution with its achievable coverage comparable to traditional systems [1]-
[3]. The mmWave bands, roughly referred to 30 GHz to 300 GHz, has a huge range of
available spectrum worldwide. The mmWave transmission is featured with short wave-
length, large bandwidth, and sensitive to blockage against most solid materials [4]. Recent
study in [1]-[5] shows that, the mmWave channels have the potential to be used in cellular
network design, however, much remains to be studied to reach the phenomenal objective.
It is also now becoming commercially attractive which has led to many standardization ac-
tivities. In [6], a detail standardization activity, progress and way forward for short range
communication can be found.

The mmWave transmission links are vulnerable and the increased path loss in these
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bands are well known. To compensate the increased path loss, beam forming (BF) technol-
ogy is used to provide high directivity gain [4][5][12], which improves the traﬁffimission
range. Fig. 1.1 illustrates the effect of frequency bands on transmission' co:\;eré-ge; and
compensation of the path loss by using narrow beam transmission. In mmWave system,
one new dimension added is the BF capability both at the user equipment (UE) and the
base station (BS). Due to the use of BF technology and the transmission directivity, finding
a reference point for transmission/reception between UE and BS become a very important
point of design. In addition, mmWave link availability and reliability is impaired due to
its unfavorable propagation characteristics which may have negative implication on net-
work service continuity. It is required to identify and track the best beam pair between a
UE and its serving BS which can be used for signaling and data communication. To ac-
complish this, we present a simple yet novel reference signals (RSs) transmission scheme
for mmWave system. RSs are transmitted towards all the UEs served by the BS for beam
measurements. This can be used for various purposes e.g. initial access, beam alignment,
and channel state information (CSI) measurement.

In the 3GPP LTE system, CRS (cell-specific reference signal) is transmitted by a BS
via a sector beam that covers a whole cell . It is delivered in every subframe and all
the UEs served by the BS measure the same CRS. In contrast, in mmWave system, we
expect a beam-specific reference signal (BRS) may replace the role of the CRS in LTE
[10]. It is expected that the BRS is transmitted via a highly directional beam to overcome
the significantly larger propagation loss of the mmWave channel. It is note that due to
such difference, the studies for microwave frequency based LTE systems are not directly
applicable to mmWave system.

Consequently, a RS transmission procedure for mmWave system using highly direc-
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Sector beam at high frequency.
Sector beam at low frequency.

.......... : Narrow beam at high frequency.

Figure 1.1: (a) Beam coverage at different frequency band using sector and narrow beam,
(b) Narrow beam transmitted with full-power, (c¢) Total transmission power is shared
among multiple narrow beams result in smaller coverage.

tional narrow beams where a BS periodically transmits RS beams in different angular
directions is needed.

A straightforward solution for RS is to have BSs to transmit directional RS beams in
different directions in a sequential manner. Therefore, the RS measurement at UE side is
also done in a sequential manner. In this approach, a beam selecting decision can be made
after a full measurement on all transmission-reception (TX-RX) beam pairs are performed.
For this, a large number of RS transmissions to sweep through the whole angular space
is required. The total number of directions for RS transmission in a cell depends on the
selected beam-width that is used to cover the desired angular space. Clearly, this approach
suffers from higher network overhead and power consumption.

In the aspect of UE, it only concerns itself about specify BS beam which is able to
transmit data to it. Therefore, data transmission after waiting all sequential scanning of
RS beams is not efficient. A novel scheduling mechanism which is compatible with BRS

1s also studied in this dissertation.
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A slightly refined approach for RS could be to transmit multiple narfow beams.to
different directions simultaneously to cover the whole desired angular space. ﬁiﬁwever,
this, results in lower coverage, and apparently is not beneficial to edge users, Authors in
[17], [23] addressed the limitations of this approach with more details.

Chapter 2 of this dissertation presents a hybrid RS pattern design to utilize both single
beam and multiple narrow beams transmission. Chapter 3 of the dissertation provides a
scheduling mechanism taking BRS sequential scanning into account to not only enhance

system throughput but also save UE power. Finally, Chapter 4 concludes the dissertation.
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Chapter 2

Directional Reference Signal Design for

5G Millimeter Wave Cellular Systems

2.1 Introduction

A RS transmission pattern design in mmWave cellular system is presented in this chap-
ter. The design provides efficient RS transmission opportunities for reducing channel
measurement delay, while ensuring a fair number of RS reception at all UEs within the
coverage area. Due to the use of highly directional transmission, a BS might need to
sweep through the whole desired angular space to reach all UEs. To ensure RS reception
for the cell-edge users, a BS transmits an RS beam in full-power at a time. However, this
results in longer time gap between two consecutive RS reception at UE. To overcome this
limit, a BS could transmit multiple RS in multiple non-interfering antenna beams in each
RS transmission opportunity. The simultaneous RS transmission in multiple beams will
be more efficient for providing a specific angular coverage with the trade-off of reduced

transmission range as shown in Fig. 1.1(b) and Fig. 1.1(c). In the proposed scheme, we
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consider a hybrid design that leverages full-power RS transmission usingsinglebeamyand
reduced power simultaneous RS transmission using multiple beams to even fofi‘;!he time
gap between two consecutive RS reception.

The novelty of our approach lies in the hybrid design that transmits multiple RS beams
along with single RS beam. With respect to previous literature, the key contributions we

provide in this chapter can be summarized as follows:

* Proposing a hybrid design for efficient RS transmission provisioning in mmWave

system.

+ Simplifying beam scanning procedure and yet allowing efficiently learning the chan-

nel condition.

* Providing a framework for studying the tradeoff between RS transmission overhead

and RS measurement accuracy.

The rest of the chapter is organized as follows. We discuss related work in Section 2.2.
Section 2.3 gives an overview of the working principles of our proposed scheme. The
system model, channel model and mathematical formulations are derived in Section 2.4.
The performance evaluation of proposed scheme is presented in Section 2.5. Finally, we

conclude this chapter in Section 4 .

2.2 Related Work

Several works have discussed the CRS design in 3GPP LTE network [7]-[9] under the
consideration of a frequency offset between transmitter and receiver. However, the stud-

ies for microwave based LTE system are not mmWave compliant due to the less favorable
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propagation characteristics of mmWave band. The challenges brought in mmWave,sys-
tem due to the directivity have been studied in, e.g., [11]. The beam tracking b%pcedure
and alignment overhead have been widely discussed in [12]-[16]. These Studi:es ila's pri-
marily investigated on the objective to reduce the beamforming complexity and enhance
the searching scope over angular space. The studies in [18]-[20], assumed that the BS
beam and UE beam are perfectly aligned. The simplest strategy for beam tracking and
alignment is discussed in [13]. It performs an exhaustive search to sweep through all pos-
sible directions over the entire angular space by scanning all the BS and UE beam pairs.
However, this technique leads to a high beam training overhead and requires longer set-up
time. The latency for the initial access might be longer.

In order to alleviate the delayed initial access, authors in [21] proposed a directional
cell discovery procedure where the BS periodically transmit synchronization signals in
time-varying random directions to scan whole angular space. Findings in this work shows
that omnidirectional transmissions of the synchronization signals from the BS generally
outperform random directional scanning. However, the omnidirectional transmission of
synchronization signals leads to shorter transmission range in control channel, assuming
data channel transmission is beamformed [4]. We note that the work in [21] only paral-
lelizes, with our proposed scheme, in the single narrow beam transmission in randomly
varying directions but do not uses multiple beam transmission and also do not discuss re-
ceived power measurement. Authors in [22], [23] compared different initial access design
options and evaluated the access delay and system overhead. The analysis in [22] demon-
strates significant benefits of low-resolution fully digital architecture in comparison to
single stream analog beamforming.

On the other hand, to improve the cell discovery procedure and minimize the delay,
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the context-information based procedure has been studied in [23]-[25]./ Thescontext in-
formation about the UE, e.g., position of UE, is provided by a separate controﬁ'plane in
order to directly steer the beam towards UE for further reducing the sea’rch:i;lg iaténcy.
Recently, in [26], a network assisted small cell discovery mechanism is proposed, which
optimizes the UE and network power consumption. However, the discovery delay is not

discussed.

2.3 Overview of Proposed Scheme

In this section, we will introduce the concept behind our RS transmission scheme and

explain the working procedure of the protocol in detail.

2.3.1 Working Principle

Fig. 2.1 illustrates the overall procedure for proposed hybrid approach for RS transmis-
sion (we will call the total transmission period as Reference Signals Transmission Period
(RSTP) throughout the paper). The model divides the system operation into two stages,
namely, (i) Stage-1: Full Reference Signal Transmission Period (Full-RSTP), and Stage-
2: Efficient Reference Signal Transmission Period (Efficient-RSTP). The Efficient-RSTP
is further divided into two phases, namely, (i) Scanning Phase (SP), and (i1) Compen-
sation Phase (CP). In Full-RSTP, BS transmits only one RS beam per time slot using
full-transmission power. On the other hand, in Efficient-RSTP, BS transmits multiple RS
beams simultaneously per time slot, where the total-transmission power is shared among
all the beams. In our design, the Full-RSTP is always followed by one or more Efficient-
RSTP, explained later. Remaining in this section, we discuss the overall procedure in
detail.
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() Corﬁbensa([ion Phase (CP)

C, Cycles
|
CP |sP SP
. Time
Full RSTP . Efficient RSTP Efficient RSTP

C.Cycles

Figure 2.1: Illustration of Proposed Reference Signaling Scheme

2.3.2 Frame Format of Reference Signal

The frame format used by our proposed RS transmission scheme is shown in Fig. 2.2.

The frame comprises of 7 timeslots. Each time slot is used by BS to transmit RS beam(s).

The frame consists of two stages, namely, (i) Stage-1: Full-RSTP, and (ii) Stage-2: Efficient-

RSTP. Full-RSTP requires N identical timeslots and is used to transmit a single RS beam

per time slot. On the other hand, Efficient-RSTP is further divided into two phases,

namely, (i) SP, and (ii) CP. The SP comprises of Va/n; identical timeslots and is used

to transmit \, number of RS beam per time slot. The CP consumes (< ;) timeslots, and

is used to transmit a single RS beam per time slot on selected beam. These beams in CP

are selected by BS and will be explained later.

d0i:10.6342/NTU201603159



Fig. 2.1(a) illustrates an example of the Stage-1 RSTP, i.e. Full-RSTP._Assuming a
beam-width of 15° at BS for transmitting RSs, at most 24 directions (or beams) aﬁ%needed
to cover a 360° angular space. Since each timeslot in Full-RSTP is used to t:rans;nit one
RS beam, it takes 24 timeslots to cover the whole angular space. The timeslots in SP are
used to transmit multiple RS beams simultaneously. As illustrated in Fig. 2.1(b), 6 RS
beams are transmitted simultaneously, and it takes 4 timeslots to cover the whole desired
angular space. The timeslots in CP are used to transmit RS on selected beams one-by-one
as shown in Fig. 2.1(c). This phase uses a variable number of timeslots, i.e. < Nj, which
depends on the distribution of UE in the cell coverage.

Clearly, over one round of RSTP, there are 1 Full-RSTP, C. Efficient-RSTP cycles,
and each Efficient-RSTP cycles has C; SP cycles and 1 CP cycle, finally, Cs additional SP

cycle towards the end.

1) Transmits one beam per timeslot

- 2) Transmits with maximum power
1

v
Full-RSTP SP CP

1%t Stage

Effici eIII—RSTP

|
1) Transmit multiple beams per timeslot in SP
2 Stage: 2) Power is shared among multiple beams in SP
3) Transmit 1 beam per slot using full-power in CP

Figure 2.2: Frame format of Reference Signal
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2.3.3 Full Reference Signal Transmission Period

In Stage-1, i.e. in Full-RSTP, BS transmits only one RS beam per time slot v_s;th full-
transmission power P. BS sweeps through all N; angular directions sequeﬁtiélly toreover
the whole angular space. In total, N; timeslots are required. The approach proposed
in [21] is similar to the Stage-1 procedure here and thus, will be used for performance
comparison later. The maximum transmission range of a RS beam transmitted with full-
transmission power is designed to be cell radius, d;. Hence, the RS beams transmitted
in this stage can be received by all the users within the cell coverage. These RS beams
yield good coverage and specifically is suitable for cell edge users. However, the time gap
between two consecutive RS beam received by a particular UE is long. To address this

problem, Stage-2 procedure is proposed, i.e. Efficient-RSTP.

2.3.4 Efficient Reference Signal Transmission Period

The Efficient-RSTP always takes place immediately after the Full-RSTP during op-
eration. During the first phase of Efficient-RSTP, i.e. SP, BS simultaneously transmits
multiple RS beams per time slot using multiple non-interfering antenna beams. To be spe-
cific, NV, RS beams are transmitted in each time slot. This procedure takes Va/y;, timeslots
to sweep through the whole desired angular space, i.e., total A/; directions. Unlike the
Full-RSTP, the total transmission power P is equally shared among the N, multiple RS
beams. As a result, the maximum transmission range of a RS beam in Efficient-RSTP is
reduced, as illustrated in Fig. 2.4, to D. For UEs positioned beyond this reduced trans-
mission range, D, the RS transmission from BS cannot be properly perceived. To remedy
it, the CP phase is thus introduced. In CP phase, the BS transmits RS in some selected

beams that can cover far UEs, as illustrated in Fig. 2.1(c). It is noted that the beams in CP
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phase are selected to provide the coverage for far UEs which cannot receivedsproper. RS
transmissions in SP phase. This procedure evens off the limitation of SP-due to tﬁe lower
transmission range as well as increases the frequency of RS reception at any. UE -Th'e se-
lected beams are identified by the BS from channel measurement report which is discussed
in Section 2.3.5. During system operation, one or more consecutive Efficient-RSTP are

configured semi-statically over one RSTP.

2.3.5 Reference Signal Measurements

So far, only RS transmission is discussed. In the following we explain the design
from UE perspective. As discussed, the BS periodically transmits a sequence of RS in
non-interfering antenna beams so that UEs can carry out the channel measurement. Af-
ter receiving RS in Full-RSTP, UEs measure the channel quality of received RS beams
and reports it to the BS. With channel quality report from UE, BS decides how many
simultaneous beams to be transmitted in SP phases based on certain performance crite-
ria. In addition, BS estimates which UEs may not be able to properly receive RS in SP
phase based on the channel quality report. The selected beams which will be used in the
CP phase is thus decided. Afterward, BS transmits a signaling message to notify the RS
beam configuration for the following Efficient-RSTP cycles. The signaling message in-
cludes the information about the number of simultaneous beams or transmission power in
each beam, as well as selected beams opportunities.

In our system model, RS beams are transmitted in the secondary cell (SCell) which
operates in the mmWave band if a mmWave system coexists with LTE, while UE reports
channel quality measurement in the primary cell (PCell) operates in the microwave band.

However, for a standalone mmWave system UE reports channel quality measurement in
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the mmWave band. Similarly, for signaling message, if mmWave system coexistspwith
LTE, the signaling messages are transmitted over microwave band to notify the Ifr-E about
the RS configuration, while for a standalone mmWave system, signaling m:c;,ssage's are
transmitted over the mmWave band.

To lay the ground for mathematical analysis on choosing a suitable number of Efficient-
RSTP, i.e., C., and a suitable number of SP, i.e., C;, for execution of one RSTP operation
in the subsequent section, we summarize the working procedure here. Assuming a UE is
reachable during the SP with probability Q,, which depends on the number of simultane-
ously transmitted beams denoted as A,. From the channel quality report of Full-RSTP,
BS estimates the received power at each UE when transmission power is reduced to 7 /n;,
during SP. If the estimated received power at UE is below P,,, BS assumes that this UE
is not reachable during SP. In this way, the BS estimates the number of UEs that can re-
ceive the RS beams during the SP. The probability of UEs which are within the radius
D (as shown in Fig. 2.4) to receive the RS beams can thus be estimated from N, value.
We note that, far UEs or the UEs with worse channel condition only receives RS in CP as
well as in Full-RSTP. That said, UEs with bad channel condition only updates their chan-
nel condition after the completion of CP. To clearly illustrate how the proposed scheme
works over one RSTP period, a comparison in terms of in RS beam transmission type
(single/multiple), transmission power in each beam, and transmission range of RS beam

for different RS transmission stages,is provided in Table 2.1.

Table 2.1: Key Deviations in RS Transmission

Stages Tx. Type | No. of RS | Power in Beam | Range
Full-RSTP | Single 1 P dn
SP Multiple M P /Ny D
CP Single 1 P dyg

13

For practical reason, we introduce two constraints when selecting the number of Efficient-
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RSTP cycle, C., as well as the number of SP cycles, Cs, over one round of RSTP. Fsstly,
a fairness index which is defined as the ratio of the number of RS received by t'i';ear UEs
to the number of RS received by far UEs is introduced, and is upper bounded by: é prede-
fined value 7. The fairness constraint has direct effect on the number of SP, i.e., C,. The
second constraint is imposed on the number of timeslots in one round of RSTP, 7 and is
required to be smaller than a maximum value, 7,/... The constraint affects the number of
Efficient-RSTP cycles, i.e., C.. One of the goal of our proposed scheme is to maximize
the number of RS received per time slot at each UE. To address this, BS optimizes the ex-
pected number of RS received at UE per slot while meeting above-mentioned constraints.
BS chooses an optimal value for NV, to maximize the expected number of RS received at

UE per slot. In Fig. 2.3, a detailed working flow is shown.

% BS Transmits RS Beams in Full-RSTP
v
: UE Reports Channel Condition to the BS
v
: BS Estimates Q,, Based on the Channel Condition
v
: BS Calculates the Value for C,, C,, and N,
J

—[ BS Transmits RS Beams in Efficient-RSTP ]

Figure 2.3: Proposed Reference Signaling Flow

To summarize, this scheme is featured with three properties: (1) The expected number
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of perceived RS transmissions is increased while meeting the two constraints, (2) incerpo-
rating the CP, UEs with worse channel condition, are also able to update channel condition

periodically, and (3) the total RS transmission power is constant.

2.4 System Model

2.4.1 Network Model

We consider a mmWave cellular system where transmission and reception are based
on high-gain electronically steerable directional antennas. We assume a BS is capable
of transmitting either single narrow beam in one direction or multiple narrow beams in
multiple directions using non-interfering antenna beams. For analysis, we assume an iso-
lated cell scenario as illustrated in Fig. 2.4. We assumed the UEs are distributed uniformly
within the cell coverage with radius dj;. The minimum distance between the BS and UE
is denoted as d,,,. Furthermore, we assume BS is able to categorize UEs into far UEs and

near UEs depending on their respective distance to BS.

Figure 2.4: The mmWave network model used in this work.
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Table 2.2: Path Loss Deviation

carrier frequency | parameter value =
28 GHz a=72.0,0=292 1
38 GHz a=239.1,8=4.0
73 GHz a=2819,8=27

2.4.2 Channel Model

Without loss of generality, we consider only Non-Line-of-Sight (NLOS) path loss
model. It is noted that an extension to include both NLOS and Line-of-Sight model is

straightforward. The NLOS path loss model considered here is expressed by

PL(d)[dB] = « + 108 log,,(d) (2.1)

where d refers to the distance between the BS and UE, a = 72.0 and f = 2.92 are
constants from linear regression based on the NLOS measurement provided in [27] for
28GHz. In Table 2.2, a summary of «, [ values for different mmWave carrier frequency
bands are listed.

Let P,, denote the minimum required power to correctly decode the RS at the UE
side. As discussed in Section 2.3, during the scanning phase, the total transmitting power
P is equally shared among all simultaneously transmitted beams which lead to smaller
transmission range, denoted as [D. UEs are categorized based on this transmission range.
We derive the received power of UE at distance D (as shown in Fig. 2.4) using (2.1) as

below.
P =P — PL(dy)
(2.2)
=P —10log,y N}, — PL(D)

where N, is the total number of simultaneously transmitted beams per time slot and d,

refers to the maximum transmission range (distance between the BS and cell boundary).
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2.4.3 Mathematical Formulation

In this section, mathematical analysis is performed. Notations used in this clfa_bter are

summarized in Table 2.3.

Table 2.3: List of Key Notations

Notation | Description

Ny Total number of beam directions in each cell.

N, Number of simultaneously transmitted beam in SP.
P Total transmission power [dB] in each cell

dur Distance between BS and cell edge.

Ay Minimum distance between BS and UE.

A; Set of UEs, receives RS from beam ¢ in Full-RSTP.
P, Minimum required power to correctly decode the RS.
D Maximum RS transmitting range in SP.
C. Number of Efficient-RSTP cycles in one round of RSTP.
Cs Number of SP cycle in one Efficient-RSTP.
n Total number of UEs which receives RS.
Q, Probability of UE receiving RS in SP.
U, Set of near UEs which receive RS in SP.
U Set of far UEs which do not receive RS in SP.
R(j) The number of RS received by UE j.
U, Expected number of RS received by UE per timeslot.
Qs Prob. of each UEs in A4;, receives RS in SP by beam 1.

T Total number of timeslots in one RSTP
Trtaz Maximum number of timeslots in one RSTP
n The limit or upper bound of fairness index

By (2.2), the reduced RS transmission range D is expressed as

D= duN,” (23)

Since UEs are uniformly distributed within the cell coverage, the probability for a UE
receiving RS beam in SP, Q,,, is proportional to the ratio between the area where near UEs
reside and the area where all UEs reside.

2
—2/s dm
nD? — 7d?, Ny = (d_M)

Q= = 5 (2.4)

- wd}, — Td2, 1_<dm
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In the second equality of (2.4), we applied (2.3).

Denoting A; as the set of UEs which receives RS by the beam ¢ in Full—I:{Sf? Let £
denote the event that | 4;| = & for the beam ¢ and F denote the event that é;fer:}; UE in
A; also receives RS by beam 7 in SP. Essentially, this is a scenario where all UEs, who
receives RS by beam i, are near UEs, i.e., positioned within radius D. We can calculate

the probability of |.A;| = k for beam 7 as,

- () (%)

where N is the total number of beam directions and n is the total number of UEs which
receives RS in Full-RSTP.

Now, let us assume a scenario where all £ number of UEs receive RS in Full-RSTP
also receives RS in SP. This means all £ number of UEs are positioned within the radius
D and its probability expressed as P{F | E} = (Qn)k The probability that every UE in

A, receives RS in SP by beam i, O = P{A; C U, }, is derived as

Q; =P{F} =) P{F|E}P{E}

EOE )T e

Therefore, the probability of transmitting RS in CP for any beam is 1 — Q;. We
calculate the expected number of beam that transmits RS in CP by adding all beams’

probability of transmitting RS in CP for a beam, i.e., Ny(1 — Q).
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By definition, the total number of time slot in one round of RSTP,; T includes:the
following number of timeslots: (i) NV; timeslots used for one Full-RSTP, (ii) Ce E;Pﬁcient-
RSTP with each of Efficient-RSTP comprising C; SP and one CP, and (iii) CS SPicycles.

Thus, the total number of timeslots 7, in one round of RSTP, can be expressed by

. Nd Nd
T—Nd -l—Ce{Cs </\—/,b) +Nd(1 — Qf)} + C, (A—/.b)

:Nd{uce{%ﬂ—gf} +fv;} (2.7)

Consider R is a function with its domain (Un uu f) , and its image as the number of

RS received. Denoting Ry, (i) as the number of RS received at each far UE i € Uy,

Ru, (i) = 1+ C., Vi € Uj. (2.8)

Similarly, the expected number of RS received at each near UE j € U,,, denoted by

Ru, (), is obtained by
ERuy, ()] =1+ CelCo+1 — Q] +C,, Vi € U, (2.9)

The expected number of RS received by each UE within the coverage is simply the

weighted sum of Ry, (i) and E[Ryy, (7)]. This leads to
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Ry = Quf1+C.[C+1- Q] +C} +(1- Q)1 +€) _(2.10)

— 1460+ {1+ Qe - o/}

where Q,, and 1 — Q,, is the probability of receiving RS at near UE and far UE, re-
spectively.

Consequently, we derive the expected number of RS received at each UE per time slot
as the ratio of expected RS received at each UE in one round of RSTP (2.10) to the total
time slot for one round of RSTP (2.7) is, Dividing (2.10) by the total timeslots in one round

of RSTP, one obtains the expected number of RS received by UE per timeslot

Ry 1+CQ+C{1+Q.lc -/}
T mfirelg -]+ g}

U, = (2.11)

Let 7 denote fairness constraint which assess the RS received by UE in U, to the
number of RS received by UE in/;. We formulates using (2.8) and (2.9), Vi € U,,,j € U;

By definition, the fairness can be obtained by calculating the ratio of (2.9) to (2.8)

ERu(7)] _ 1 +Ce[Co+1— Q] +Cs

Ruf(i) 1+C,
1+ C.[1 — Q]
_ < .
Cs + 15 C <n (2.12)
1+C1—-0Q
= Cesn- 1[+C :

Let T4, be the maximum of 7 for one round of RSTP. By (2.7), the constraint on the
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total number of timeslots in one RSTP is expressed by

Nd{]- ‘|‘Ce[1f_2) + 1-— Qf] +/f_2)} S TMaw-

Rewriting (2.13), a constraint on C, is obtained,

T]Maz _ 1 _ &

Ny Ny
e = CS . .

it el 22

I K

43

(2.14)

For simplicity, we consider 7 as an integer. Therefore, to maximize the expected num-

ber of RS received at each UE per time slot, we have the following optimization problem

max U,

s,be

1—|—Ce(1 — Qf)
1+C,

TMaa: _ &

N, Y
Ce<¥
S +1-9;

subjectto C; < n —

and C,,C.,m € Z

(2.15)

where Z denotes the set of all integers. We then relax C, as a real variable to derive closed

form solution for following optimization problem.

21
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max U,

SHve

14+C(1—Qy)
14+ Ce

subjectto C; < n —

T]\/Iaa: _ &

N N
Ce<¥
N 19

and Cs,m € Z (2.16)

1+Ce[1-Qy] < 1 — —L—. Therefore,

By examining (2.12), one can see that ) — 1 < 1 — — e

maximal C; is in [ — 1,7 — 13- |. Suppose 7 is an integer, substitute 77 — 1 for C, in (2.14).

When equality holds in (2.14), we derive the optimal value for U, from (2.11) as,

M*_M{[Qn(n—l)ﬂﬂ%“gﬂ_Q”Qf<%z_%_l)} 2.17)
L= Tatas [0 +No(1 = Q) — 1] |

where Uy is the optimal value of Us,.

2.5 Performance Evaluation and Analysis

In this section, we evaluate the performance of our proposed RS transmission scheme
and provide the key findings.

To analyze the performance of our RS transmission scheme, we compare it with two
other schemes: Without-Efficient-RSTP, and Without-Compensation Phase. The Without-
Efficient-RSTP is the simplest directional scanning method proposed in [21]. It is noted
that our proposed scheme degrades to the approach proposed in [21] when ignoring the
Stage-2, i.e., Efficient-RSTP.
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We study the performance of our scheme against two metrics: average numberof RS
received at each UE, and expected number of RS received at each UE. The b.as'i%:"system
parameters used for simulation and theoretical analysis are listed in Table 2.4, :":Fhé- related
parameters are based on [27],[29]. The evaluation scenario follows the description of

Section 2.4.1 and Section 2.4.2.

Table 2.4: Simulation Parameters

Item Value
Thermal noise level —174dBm/Hz
Downlink bandwidth 100 M Hz
BS transmit power 37 dBm
BS antenna gain 10 dB1
Carrier frequency 28 GH~z

Path loss parameter,
PL = a+ 108 1log,y(d)[dB], din meters | a = 72.0,8 = 2.92
Minimum SNR to correctly decode the RS | —10 dB

UE receiver noise figure 10 dB
Minimum distance between BS and UE 10m
Beamwidth 15°

Fig. 2.5 demonstrates the simulation result and theoretic result for average number of
RS received and expected number of RS received at each UE per time slot, respectively,
versus the number of UE on varying the number of Efficient-RSTP cycles. The theoretic
result is defined as the ratio of the expected number of RS received at each UE to the total
number of timeslots 7 in one round of RSTP. Interestingly, the theoretical observations
using (2.11) and experiment results are uniform. Therefore, the simulation result validates
the mathematical formulations. We observed that regardless the number of Efficient-RSTP
cycles (C.), the proposed scheme converges the expected RS received at each UE per time
slot in about 250 UEs. To perform this experiment, we have fixed C; = 2 for all value of
C. and executed simulation on different V;, values.
Observation 1. The expected number of RS received at each UE per time slot decreases

with increasing number of UE and finally converges, even on different C, values.
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Figure 2.5: The number of RS received at each UE per time slot varying Efficient-RSTP
cycles and NV, = {2, 3,4,6}.

From (2.6), we observed that Q ; decreases exponentially with the increase in the num-
ber of UEs. Therefore, it is advisable to incorporate CP while the number of UEs are
higher. All curves converge because of the probability, regardless of the C. value. The
proposed scheme finally converges to a Full-RSTP followed by C, SP. Considering that
n tends to infinity will result in Q tending to 0, (2.11) tends to %, which equals
the expected RS received at each UE per time slot under a simpler scheme which is a
Full-RSTP followed by C; number of SP.

Observation 2. Increasing Cy results in more frequent RS reception at near UE per time

slot comparing to which of far UE.

We execute simulation on different number of A, and C,, and plot the results in Fig.
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Figure 2.6: The cumulative distribution function (CDF) of RS received per time slot for
different SP cycles.

2.6. We have performed this experiment with 75 UEs in the cell. The number of UE

decided for the experiment is according to [30] settings'. From Fig. 2.6 which plots cu-

mulative distribution function (CDF) for the number of RS received per time slot, we

observe that as C; increase, both lower RS received per time slot portion of UE and higher

RS received per time slot portion of UE increases. It concludes that the fairness in system

is deteriorated as C, increases. UE in U, is able to receive RS whereas the UE in U/; is not

able to receive RS during SP. Near UE receives RS in SP as well as in CP which in turn

receives more frequent RS. Therefore, the number of RS received by UE in U, increases

on increasing C,. On the other hand, UE in U needs to wait longer duration to receive

! According to the 3GPP Evolved Universal Terrestrial Radio Access (E-UTRA), UE density across a
cell is set to 25 when UEs are distributed uniformly.
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RS. As a result, the frequency of receiving RS for far UEs is less or not frequent. '
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Figure 2.7: Performance comparison of three different schemes. N, = 2, C; = 2 and
C. = 3.

Observation 3. The proposed RS transmission scheme outperforms other two schemes.
In Fig. 2.7, we plot theoretic result by (2.11) for the proposed scheme. We assume that

the proposed scheme and w/o Compensation Phase is compared under the same fairness

constraint. We denote the number of cycles of SP in w/o Compensation Phase is as C'.

From (2.12), we derive C’, as below.
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1+C[l—-9Qf 1+C,

Cs + g =
/ Cle
=Cs — 2.18

The expected RS received at each UE per time slot for w/o Compensation Phase is

Q.(1+C)+(1-Q,) _ 1+,
Ni+ C5¢ Na(1+ &)

(2.19)

Fig. 2.7 compares the performance of three different schemes. Given a fixed \V;, (we have
set NV, = 2 for this test), we studied the expected RS received at each UE per time slot.
A simpler scheme w/o Compensation Phase is compared with the proposed scheme un-
der the same fairness constraint. The w/o Efficient-RSTP scheme is discussed in [21]. As
shown in the theoretic result ploted by (2.11) and (2.19), the proposed scheme without a
compensation phase results in smaller expected number of RS received at each UE per
time slot. To counterbalance the less amount of RS received at far UE, w/o Compensa-
tion Phase scheme needs to frequently use the Full-RSTP. On the contrary the same can
be easily achieved using CP instead Full-RSTP again. Thus, the proposed scheme with-
out an CP is less efficient than our proposed scheme. The other two schemes outperform
w/o Efficient-RSTP of which the expected number of RS received at each UE per time slot
1s Ai/d Another important observation we found is that, these two scheme converges on
higher UE presence because the proposed scheme converges to a Full-RSTP followed by
Cs number of SP without using a CP as mentioned-previously in Observation 1.

Fig. 2.8 shows both the average number of RS received and the expected number of
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Figure 2.8: The number of RS received per time slot for different number of simultaneous
beam in SP varying number of UEs. Here, we set 7 = 3 and T, = 600.

RS received at each UE per time slot varying N;. We calculate the expected number of
RS received at each UE per time slot using (2.16) for a real value of C.. On the other hand,
we execute simulation for multiple times to find the average number of RS received for
a discrete value of C.. For this experiment, we set C; = 1 — 1 and in analytic result C,
is set to the boundary value of (2.14), which is the feasible solution. In simulation result,
C. is rounded to the nearest integer less than or equal to the value of C. which is set in
analytic result. On N, = 1, the proposed protocol degrades to Full-RSTP. We found, the
expected RS received at each UE per time slot is concave. Interestingly, from simulation
results, we observe that, increasing the number of simultaneously transmitted beams in SP
does not definitely lead to larger average number of RS received at each UE per time slot.

Since, the number of simultaneously transmitted beams in SP is inversely proportional to
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the transmission range in SP which leads to more possible to use CP. Note that:CP istithe
consuming because of single beam transmission. The number of RS recelved fer time
slot is optimal at A, = 8, 6, 6 for the number of UE n = 40, 75, 250, respectlvely When
the number of UE is smaller, BS prefer using more number of simultaneously transmitted
beams in SP because less probability using CP in small number of UE from (2.6). We
conclude that A, can be chosen depending on the number of UEs in the coverage. We
can get the optimized NV, by integer linear search among all V;, using (2.17) or any other
integer optimization method. Another observation we have from this result is that the
average number of RS received per time slot in simulation result is less than or equal to
analytic result because C, in simulation result is less than or equal to the value of C, in
analytic result.

In Fig. 2.9, we perform the analytic experiment on different mmWave bands to study
the expected number of RS received at each UE per time slot with varying V;, in SP phase.
The proposed scheme yields higher number of RS reception at each UE per slot over single
beam transmission, which is the baseline. The performance differentiation in different
mmWave bands are due to the path loss characteristics which lead to different optimal
N, for different bands. In short, the number of simultaneous beam transmission and UE
distribution in cell can have a great impact on the RS transmission and for fair RS reception

at UE.

2.6 Summary

This chapter proposes a new scheme to transmit reference signal so as to boost rate of
receiving reference signal at each UE. We have studied the problem of reference signals

design that are used by BS to learn the channel condition. A hybrid design is proposed
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Figure 2.9: Performance variation due to different mmWave carrier frequencies when
number of UE n =75, n = 3, and T4, = 600.

for efficient reference signal transmission provisioning in mmWave cellular system. By
considering fairness and periodicity of transmission pattern, we study the problem of max-
imizing reference signal reception at each UE per time slot and formulate an optimization
problem. We then establish a simple protocol to help BS to find an optimal solution. In
this scheme, BS periodically configures reference signal transmission pattern according
to UE reporting channel information. Our proposed scheme simplify the beam scanning
procedure while providing efficient reference signal transmission reducing the channel
measurement delay. The performance of this scheme is evaluated by simulation and com-
pared with mathematical formulation. Simulation results not only validate our mathemat-

ical formulation but also demonstrate that our scheme outperforms others. The simulta-
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neous multiple beam transmission especially suits for near UEs in the cell coveragé. By
explicitly taking small number of UE in mmWave small-cell scenario into consideration,
¥ | l!_

our scheme provides a desirable solution to frequently channel measurement at-edeh'UE.
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Chapter 3

Scheduling Mechanism for 5G

Millimeter Wave Cellular Systems

3.1 Introduction

This chapter provides a scheduling mechanism for 5G mmWave cellular systems. Ref-
erence signal (RS) which is transmitted beam by beam leads to time difference in channel
measurement. This time difference in channel measurement can cause transmission fail
due to outdated channel information. In traditional cellular network, RS is transmitted
to cover whole sector. Therefore, it would seem that further investigations are needed
to study the scheduling mechanism in mmWave cellular systems. In this study, a channel
measure delay aware scheduling mechanism on directional reference signaling is proposed
to enhance throughput and save UE power. An expression of system throughput is derived
from Markov chain modeling in order to provide insight under different setting of system.

The rest of the chapter is organized as follows. We discuss related work in Section 3.2.

Section 3.3 introduces an scenario which we study. The working principles of our pro-
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posed scheme and mathematical formulations are derived in Section 3.4: Thesimulation
detail is provided in Section 3.5. The performance evaluation of proposed scheries pre-

sented in Section 3.6. Finally, we conclude this chapter in Section 3.7 .

3.2 Related Work

Several research is studied on utilizing adaptive modulation and coding scheme (MCS)
selection to improve throughput or spectrum efficiency. Fan [31] discusses resource block
assignment and MCS selection to improve throughput since the same MCS must be se-
lected to every resource block for single user in one transmission time interval (TTI). The
time between channel quality indicator (CQI) estimation and scheduling can cause im-
proper MCS. The event is called CQI aging. CQI aging can degrade throughput or spec-
trum efficiency [32]. In this incident, reinforcement learning technique can be applied to
improve CQI accuracy [33]. CQI aging is described as outdated CQI and its impact on
throughput is derived from assuming Jakes model in [34]. However, directional antenna
for mmWave scenario is not compliant with Jakes model. Instead, the method of using
finite-state Markov chain to model fading channel is well developed [35]. Viswanathan
[36] models Rayleigh fading channel as finite-state Markov channel to study capacity
which is affected by CSI feedback delay. Chen [37] introduces a first-order finite state
Markov model to study channel fading effect between CQI feedback and HARQ retrans-

missions.
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3.3 System Model

-
=

A system where a BS operating at 28 GHz placed in the center is conside.'r_ed“"'to serve
UEs around it. The contour of BS coverage is a circle which centers at BS. UEs are placed
uniformly within BS coverage except the region inside the shortest legal distance which
is 10 m between UEs and BS. The BS is equipped with directional antennas which utilize
code-book based beamforming. The BS is composed of three sectors and each sector is
able to beamform eight directional beams. We assume that BS knows each best beam pair,
which is able to achieve largest power transmission, to serve UEs in the beginning. Serving
beam pairs do not change during reference signaling and data transmission. We assume
our traffic model is only downlink and full buffer. We assume that both transmission time
interval (TTI) and CQI feedback delay is 0.5 ms. We assume CQI measurement by UE is
perfect without error. We assume transmission throughput becomes 0 when actual channel
required CQI is below which used to transmit. A slot comprises a negligible overhead of
RS and a TTI. When BS simultaneously transmits data to multiple UEs in the same TTI, the
throughput in single UE is divided by total number of UEs simultaneously served. There
is no interference between UEs when they are simultaneously served by BS. We assume
that UE movement trajectory is a line. When a UE moves between two end points, its

channel response is interpolated from which of two end points.

3.4 Proposed Scheduling Mechanism

In our proposed scheduling mechanism, the UE transits to high power state for receiv-
ing RS and starts its schedulable time after receiving RS. UE feedbacks CQI after the UE

receiving RS from BS and BS receives CQI from the UE after a slot duration delay. The
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schedulable time of UE is triggered right after receiving RS. Schedulable time is aycon-
tinuous time period when the UE is schedulable. A UE is said to be schedulabléfz;rt time /¢
when a BS can schedule for data transmission to UE at time ¢. Otherwise, the UE ;erhains
in the low power state to save power. When schedulable time is 7" slots, it means that each
UE becomes schedulable 7 slots after receiving RS from BS. UEs utilize this mechanism
to not only save power when no data transmission but also reduce delay time between CQI

report and data transmission. The mechanism is illustrated in Fig. 3.1.

Referencelsignal
» time

UE power state

T » time

Schedulable time

Figure 3.1: illustration for UE power state transition right after reference signal

Schedulable device set is the set of UEs that are schedulable at a given time ¢. A BS
schedules data transmission for all UEs within the schedulable device set in each TTI.
Fig. 3.2 illustrates an example of BS scheduling data transmission in each slot. In this
example, we assume that 7' = 4 and BS transmits single RS beam in each slot to se-
quentially sweep all beams. Therefore, BS must schedule UEs which receive any RS in
previous four slots. That is, the UE which associates with any four beams that transmit RS

in previous four slots will be scheduled for data transmission. In this example, schedulable
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Schedulable time for UE which receives RS Schedulable time for UE which receives RS
(b) BS schedules data transmission in each TTlI when schedulable time = 4.

time

|£| Beam n reference signal

W] Schedulable time for UE which
receives beam m reference
signal

(a) BS transmit a RS beam in a slot and sequentially sweep all beam in 12 slots.

Figure 3.2: An example of scheduling data transmission for schedulable time = 4 slots

We consider a first order finite state Markov chain to model channel CQI transition of
UE. Let # be the tth slot for the UE after receiving RS, K be the number of MCS which can
be selected. CQIindex from 0, 1, ..., (K —1). Let P be the CQI state transition probability
matrix which is a K x K matrix, C; be the BS transmission rate for CQI ¢, r be the initial
probability distribution of CQI in channel, R; be the average throughput over schedulable
time when CQI ¢ is measured and feedback, p be the average distribution of CQI measured
to transmit data, \/; be the total number of beam directions in a site. Notations used in
this chapter are summarized in Table 3.1.

By eliminating the transmission rate in transition to lower CQI than reported CQI and

averaging throughput over schedulable time 7" slots, we then derive R; as
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Table 3.1: List of Key Notations

Notation | Description =
Ny Total number of beam directions in each site
T Number of slots in schedulable time
t The tth slot for the UE after receiving RS
K Number of MCS which can be selected. CQI index from 0, 1, ..., (K" — 1)
P
C’L
r
R

CQI state transition probability matrix P which is a K x K matrix

BS transmission rate for CQI ¢

The initial probability distribution of CQI in channel

Risa K x 1 matrix. R; which is the entry of the ¢th row of R denotes

the expected throughput over schedulable time when CQI 7 is measured and feedback.
Oy Probability distribution of CQI after ¢th slot

Pt Normalized distribution of CQI after ¢th slot
i System throughput in one slot
K-1
C
R, = T Z P, (3.1)
=1 j=i

From characteristics of Markov chain, we derive d;, distribution of CQI after ¢th slot,

as

5, = P! (3.2)

BS does not allocate resource block to UEs which report CQI 0. Therefore, we only
need to consider CQI distribution on CQI 1 to K — 1. By normalizing (3.2), we derive p;
, normalized distribution of CQI after tth slot, as

Ot

SR, G

Finally, we take the average of \; slots to derive system throughput in one slot, 77 as

Ng—1 P
— =0 Pp (3.4)
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3.5 Simulator

We extend the simulator from [38], which is modified from the 3GPP spaﬁafghz:mnel
model(SCM) [39]. We further expand number of BS and UE antenna element.- We utiiize
explicitly positioned scatters which are generated from the delay of the paths, angle of
arrival (AoA) and angle of departure (AoD). We calculate cluster power fraction by linear
interpolation to support continuous channel behavior of UE mobility according to [40].

According to the 3GPP SCM [39], BS antenna pattern used for each sector is defined by

0
A(6) = —min[lQ(@)Q, Ap] (3.5)

where 0345 is the half power beam width (HPBW) of antenna in degrees and A,, is
maximum attenuation in dB which is the antenna gain far away from the antenna bore
sight. We set f355 = 65° and A,, = 30 dB in our directional antenna simulation. BS
antenna gain pattern is plotted in Fig. 3.3.

A BS comprise three sector of directional antenna. Each sector serve 120° degrees
of area span. There are 8 x 4 antenna element in each sector of our directional antenna.
The directional antenna use code-book based beamforming technology which can select
from eight antenna weight for each antenna element to form eight directional beams. The
magnitude of eight directional beams of antenna field pattern is plotted in Fig. 3.4.

The different magnitude in each BS directional beam results from different BS antenna
gain pattern at each azimuth in degrees.

UE antenna Gain pattern is omnidirectional. There are 4 x 4 antenna elements in
UE. It use code-book based beamforming technology which can select from four antenna

weights for each antenna element to form four directional beams. The beam patterns of
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Figure 3.3: BS antenna Gain pattern

UE is shown in Fig. 3.5.

UEs measure CQI based on receiving SNR. We utilize the mapping table for CQI to
SNR threshold with 10% block error rate (BLER) shown in Table 3.2 from [31]. UE
reports the highest CQI whose corresponding SNR threshold with 10% BLER is below
the UE receiving SNR.

Our channel model related parameters and other system parameters are summarized in
Table 3.3 and Table 3.4, respectively. Most of settings of parameter are from [38] and [40].
Parameters which are not mentioned in these table are the same as in Chapter 2 simulation

setting. We utilize Shannon’s channel capacity equation to calculate throughput.
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Figure 3.4: BS antenna field pattern gain magnitude at each directional beam

3.6 Evaluation and Results

In this section, we evaluate the throughput under different setting of schedulable time,
UE velocity and SNR offset in choosing CQI.

The simulation results of simulator is shown in Fig 3.6, where UEs velocity is fixed as
5 km/hr. Fig 3.6 (a), (b), (c) demonstrate the throughput component in each successive step
of slot after receiving RS. The sum of throughput in each slot is system throughput which
is plots in Fig 3.6 (d). The transition probability is able to be extracted from simulator. We
take average of thirty-thousand UE of simulation to extract the transition probability. We
use Markov chain model to simulate system throughput and compare with the calculation
at (3.4) in Fig. 3.7. The simulated results by realistic channel model are also provided.

The theoretic results from calculation of Markov model are very close to the simulated
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Figure 3.5: UE antenna field pattern gain magnitude at each beam

results of Markov model in Fig. 3.7.
Observation 1. The throughput decreases in successive step of slot after receiving RS.
Furthermore, system throughput decreases with increasing number of schedulable time.
From (3.1), the transmission rate in transition to lower CQI will be eliminated. Tran-
sition probability from simulation extraction shows that there is larger probability of tran-
sition to lower CQI than transition to higher or remaining in the same CQI in channel.
Therefore, the throughput decreases in successive step of slot and larger schedulable time
leads to lower system throughput.
Fig. 3.8 demonstrates the system throughput of simulation results in different UE ve-
locity. Each component of throughput is clarify in Fig 3.9, where UEs velocity is fixed as

10 km/hr.
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Table 3.2: MCS feedback table

CQI Index | SNR threshold with 10% BLER (dB) =

0 out of range
1 —9.478

2 —6.658

3 —4.098

4 —1.798

5 0.399

6 2.424

7 4.489

8 6.367

9 8.456

10 10.266

11 12.218

12 14.122

13 15.849

14 17.786

15 19.809

Table 3.3: Channel Model Related Parameters
Model Description Parameter values

Omnidirectional path loss (PL) [dB] | PL = a + 108logio(d) | a = 72.0,5 = 2.92,d
is distance in meters

Log-normal shadow fading (X,) Xy, ~N(0,0?) oc=238.7dB
Number of clusters (V) constant N =2
Number of subpath (M) constant M =20
Number of scatters (.5) constant S =2

BS horizontal cluster central AoD (f) | Uniform Distribution 0 ~10(0,2m)

UE horizontal cluster central AoA (¢) | Uniform Distribution o ~ U(0, 2m)

Observation 2. The throughput decreases as UE velocity increase.

Fig 3.6 and Fig 3.9 can be compared to discover that higher UE velocity leads to lower

throughput in each slot. Because channel change rapidly in higher UE velocity, there is

more probability of transmission fail in higher UE velocity. This result directly leads to

system throughput decrease in higher UE velocity.

In real system, the selected CQI of receiving SNR is not merely higher than corre-

sponding SNR threshold with 10% BLER. Actually, the selected CQI of receiving SNR

must higher than a SNR offset plus corresponding SNR threshold with 10% BLER. By uti-

42

d0i:10.6342/NTU201603159



Table 3.4: Other System Parameters

Parameter Value =
BS HPBW 65°
Maximum attenuation of BS antenna pattern 30 dB
UE antenna gain 0 dBi

BS antenna element array

8 X 4 antenna elements

UE antenna element array

4 x 4 antenna elements

BS coverage

meters

: : 900
maximum distance is 7

Number of UE in a site

1000 UEs is placed uniformly in BS coverage

UE receiver noise figure

10 dB

Minimum distance between BS and UE

10m

Number of beamforming direction in a BS sector

8 directions

Number of beamforming direction in a UE

4 directions

Height of BS 18 m
Height of UE 1m
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Figure 3.6: Throughput component in each slot contribute to system throughput for dif-

ferent schedulable time duration
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Figure 3.9: Throughput component in each slot contribute to system throughput for dif-
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lizing this approach, UE can report a lower CQI to leave a margin for channel variation.
In Fig. 3.10 and Fig. 3.11, we study how SNR offset affects our system throughput in dif-
ferent UE velocity. Fig. 3.10 and Fig. 3.11 is simulated under UE velocity 5 km/hr and 10
km/hr respectively. From Fig. 3.10, SNR offset improve system throughput at SNR offset
0.5 and 1.0 dB. However, throughput is not further improved when SNR offset at 1.5 dB.
When it comes to UE velocity 10 km/hr in Fig. 3.11, system throughput of schedulable
time of 1, 4 and 6 behave in the same trend as which of UE velocity 5 km/hr. However,
system throughput of schedulable time of 24 is further improved at 1.5 dB for UE ve-
locity 10 km/hr. We observe that system throughput can be further improved at higher

UE velocity. Moreover, system throughput can be further improved at longer schedulable
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Figure 3.10: Throughput versus SNR offset when UE velocity is 5 km/hr

Observation 3. Proper SNR offset improves system throughput. Higher UE velocity or
longer schedulable time require larger SNR offset

Higher UE velocity leads to larger channel variation. Larger schedulable time results
in larger channel variation in last slot. Therefore, those factors require larger channel

margin which leads to larger SNR offset.

3.7 Summary

We proposes a desirable scheduling mechanism utilizing directional transmission for
5G mmWave cellular systems. This mechanism is characterized as power-saving and
throughput enhancement. We model the system performance using Markov chain and

derive theoretic performance which is validated by Markov channel simulation. Simula-
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Figure 3.11: Throughput versus SNR offset when UE velocity is 10 km/hr

tion results demonstrate that shorter schedulable time is preferred for higher throughput.

However, shorter schedulable time causes that UEs need to wait longer time between

each schedulable opportunity. It means longer latency in the system. Futhermore, shorter

schedulable time take the risk of idle in BS when no UEs in some beams. UEs which re-

ceive less frequently RS can set a longer schedulable time for fairness concern. A schedul-

ing algorithm utilizes this mechanism can be a future work.
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Chapter 4

Conclusion

In this dissertation, we propose a reference signal scheme and a scheduling mechanism
to take directional RS into account.

In reference signal transmission, we provide a two stages approach to not only boost
average reference signal received at each UE but also provide whole RS coverage around
BS.

In scheduling mechanism, we introduce dormant behavior to save UE power and take
timely throughput into consideration to enhance system throughput. We introduce Markov
model to analyze the system and discover shorter schedulable time leads to larger through-
put.

Through this two study, we have provided desirable solutions to 5G mmWave cellular
network. We believe that these solutions can be applied to boost the performance of future

mmWave cellular systems.
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