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ABSTRACT In this paper, we present an introductory course design for fresh research-based graduate

students in wireless communications, which is planned to be delivered immediately after enrollment. The

course aims at covering necessary research methodologies and the rudiments of wireless communications.

Different from most graduate study curricula based on experiments, we design the course structure in an

introductory manner by tailoring the course contents to a simplistic form and involving only simulations.

We start by introducing the pedagogical background and our motivations for designing this course. Then,

we present the fundamentals and the technological contents, followed by detailing the basic research

methodology, strategies, and skills for deriving insightful analytical expressions and carrying out numerical

simulations. We also verify the effectiveness of the course structure design by carrying out a teaching

experiment and analyzing objective and subjective data collected from the experiment. By participating in

this course, research-based graduate students are expected to gain a preliminary knowledge of the research

methodology and strategies in the field of wireless communications as well as a research roadmap.

INDEX TERMS Wireless communications, research methodology, graduate students, telecommunications

education, teaching experiment.

I. INTRODUCTION

Telecommunications stems from the electric telegraph

invented by Morse in 1837. In 1897, Marconi’s successful

demonstration of wireless telegraphy made wireless commu-

nications come to public attention. The commencement of

modern wireless communication research was triggered by

the works published by Nyquist who found the maximum

pulse rate for a given band-limited channel (a.k.a. the Nyquist

rate) and the pulse shape maximizing the rate [1]. Later,

a more important breakthrough in wireless communications

The associate editor coordinating the review of this manuscript and
approving it for publication was Ting Yang.

was made by Shannon who creatively used statistics to con-

struct the relation among transmit power, channel bandwidth,

and channel capacity [2]. Shannon’s work formally marked

the 70-year long march of research in practical wireless com-

munication systems, which gradually evolve from the first

generation (1G) network to the fifth generation (5G) network.

The research and development associated with

5G networks are in full swing in recent years [3]. The ‘5G

enthusiasm’ reshapes the engineering education in wire-

less communications. In particular, recent years witnessed

an increasing number of graduate students enrolled in the

subject of wireless communication and related subjects [4].

On the other hand, with the enrollment expansion of graduate
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students, the knowledge backgrounds of different graduate

students vary in a large scale. Today, it has become a com-

mon case that fresh research-based graduate students are not

equipped with necessary research methodologies, especially

for those whose first degree is not wireless communications

or related subjects. The lack of a solid knowledge back-

ground and research methodologies make them difficult to

carry out research in either an independent or a supervised

manner. Therefore, our experience shows that it is helpful

and even indispensable to deliver an introductory course

for fresh research-based graduate students immediately after

enrollment. In this way, students are able to grasp some

fundamentals of research methodology and apply them to

their research activities. To this end, we believe that such

an introductory course should be well designed and prepared

to deliver fundamentals and the basic research methodology

in wireless communications to fresh research-based graduate

students.

Although some teaching program designs for wireless

communications are instructive and supporting, by going

through the existing literature, we can hardly find an exact

course design aiming at delivering the required rudiments

for fresh research-based graduate students. A brief review

of the relevant literature is presented as follows. In [5],

a project-based instruction in wireless communications tar-

geting undergraduate students equipped with preparatory

mathematical knowledge at the junior level was presented,

which serves as an early training in advanced topics for senior

study. Teaching random signals and noise in communication

systems was discussed through an experimental approach

in [6]. Systematic curricula based on experiment assignments

for wireless communications and mobile networking were

detailed in [7]–[10], which are useful for students in senior

and graduate levels with a solid knowledge background.

Wi-Fi protocols that are mature and close to students’ daily

life were employed in the teaching activities of wireless

communications in [11] due to their hands-on and easy-to-

implement properties. Apart from experiment-based projects,

simulation-based classroom instruction using MATLAB was

given in [12], but only simplistic flat fading mechanism

and outage probability were introduced without detailing the

simulation setups and procedures. An extension of [12] to

Nakagami fading scenarios was published in [13], but again

simulation details are missing, which is thereby not suited for

fresh graduate students without much research experience to

read.

As reviewed, all above literature does not satisfy our goal

for introducing fundamentals to fresh research-based gradu-

ate students who do not possess a solid knowledge basis of

wireless communications. Some contents presented in these

published papers a decade ago are outdated and do not match

the fast-changing research activities today. This motivates us

to propose our own course design aiming at delivering neces-

sary research methodologies and the rudiments of wireless

communications to fresh research-based graduate students

who do not possess a solid knowledge basis. Considering the

introductory nature of the course and the target student

groups, we also tailor the course contents to a simplistic form

and involve only simulations instead of physical experiment.

The course can be delivered in the form of lecture series, spe-

cial lectures, small-scale workshops, seminars, and individual

tutorials.

In the rest of this paper, we first present the pedagogical

background of this course design in Section II. Then, we give

the fundamentals in wireless communications that should be

covered in the ‘first course’ for usefulness and complete-

ness in Section III. After these, to efficiently deliver the

fundamentals, we present technological contents by several

subtopics, including system modeling, analytical derivation,

and numerical verification in Section IV. This course struc-

ture design consisting of fundamentals and technological

contents covers a wide range of research topics and directions

in academia and industry despite with simplified scenarios

and contents. Based on the course structure design, we carried

out a teaching experiment in the form of one-day seminar

and present the data analysis in Section V. Two analytical

methods, i.e., the comparative analysis by tests before and

after delivering the seminar and course quality assessment are

employed to verify the effectiveness of the course structure

design. Finally, we summarize the paper and point out several

future directions to improve the course structure design in

Section VI.

The main textbooks recommended for reading in this

course include [14]–[16], and the software required to be

mastered through this course are MATLAB and Wolfram

Mathematica. As a side contribution, we also provide a plenty

of milestone papers beside the relevant contents in this paper,

which can be viewed as guidelines for further study and

research for students.

II. PEDAGOGICAL BACKGROUND

In this section, we provide the pedagogical background of the

course design. It should be noted that the following back-

ground is mainly for the developing regions in the People’s

Republic of China, but can also be regarded as nationwide

universal.

A. EXISTING ISSUES

As found by the Report of Admission Data Analysis of

Chinese Master Students: 2015-2018 [4], recent years have

witnessed a surge in the number of enrolled graduate stu-

dents. On the one hand, it is positive that more and more

students would like to participate in academic research and

gain an in-depth knowledge of the subject. On the other hand,

as a double-edged sword, graduate enrollment expansion

has inevitably lowered down the admission baseline [17].

Internal admission investigations have shown that there is

an increasing number of fresh graduate students who cannot

even answer the basic questions that are regarded as must-

know in the past. What is worse, the lack of knowledge

associated with the basic research methodology and strate-

gies has become a common issue in recent years. This has

VOLUME 7, 2019 86679



Z. Wang et al.: Basic Research Methodology in Wireless Communications

resulted in a significantly negative impact on the research

performance of graduate students [18]. An increasing number

of fresh research-based graduate students neither know how

to carry out research at a graduate level, nor have a clear

picture of the research roadmap. Undoubtedly, this situation

has resulted in severe challenges in teaching organization

design and researching at colleges and universities.

B. TARGET STUDENT GROUPS

Fresh research-based graduate students are the main target

of this introductory course, as the course is dedicated to

delivering fundamental research methodology and strategies.

Other student groups that can benefit from this course are

senior undergraduate students with little research experience,

coursework-based graduate students, and on-the-job trainee

students.

C. COURSE PREREQUISITES

There are three kinds of course prerequisites for the stu-

dents participating in this course. First, students are expected

to have adequate mathematical knowledge to understand

the mathematical concepts and derivations presented in the

course. This includes calculus, linear algebra, probability

theory, and statistics. Second, students are expected to acquire

fundamental knowledge of wireless communications and

signal processing, so as to understand the basic concepts,

e.g., modulation, coding, and detection, as well as random-

ness, causality, time-varying and time-invariant properties.

Third, students are required to be equipped with program-

ming knowledge for MATLAB and Wolfram Mathematica

and be familiar with common operating commands. In case

some students are not familiar with MATLAB and Wolfram

Mathematica, a programming brief introducing MATLAB

and Wolfram Mathematica is distributed to them for self-

studying at the beginning stage of the course.

D. COURSE OBJECTIVE AND GOALS

Overall, the course objective is to equip fresh research-

based graduate students with basic research methodology and

research strategies in the field of wireless communications.

In particular, this holistic course objective can be realized by

the following goals:
• Understand what the objects of research are in wireless

communications.

• Understand what the challenges would be in wireless

communications.

• Grasp the basic research methodology in wireless com-

munications.

• Understand the general research strategies in wireless

communications and how to advance research activities.

• Understand performance analyses and optimization pro-

cedures in wireless communications.

• Master a series of mathematical and software tools that

are useful in research but have not been covered in the

undergraduate education.

• Understand the relation between analytical and numer-

ical results and how to efficiently verify analyses by

Monte Carlo simulations.

Overall, we aim to equip the fresh graduate students with the

cognitive skills and abilities that they can find and promote

their graduate-level research topics with critical and inde-

pendent thinking, and appraise and judge research works via

expertise and a set of principles and methods.

E. SIMULATION VS. EXPERIMENT

Undeniably, hands-on experiments are helpful for graduate

students to understand how actually communication systems

operate and master the approaches to design practical proto-

types. However, experiment-based course designs in wireless

communications also have apparent drawbacks. First, they

require a much higher level of prerequisite knowledge and

skills for students, which might not be directly associated

with wireless communications per se, for example, transmis-

sion protocols, platform design, test, and debug that involve

a set of sophisticated appliances. In addition, by involving

physical experiments, the number of random factors that

could affect the testing results goes much higher, and it is

demanding to explore and explain the inherent mechanisms

when results deviate from the theoretical expectation. As an

introductory course, the course schedule is time-limited,

which makes it more desirable if the essence of wireless com-

munications relying on the random process can bemanifested

to students.

For this reason, we believe that hands-on experiments

based on physical apparatus are more suited for graduate stu-

dents who have already gained sufficient theoretical knowl-

edge and dedicate to industrial designs. Besides, taking the

course cost into account, simulation-based course designs

are more cost-efficient and can be widely promoted without

considering funding limit, as computer laboratories are ubiq-

uitous at most universities nowadays. Hence, we choose to

design the introductory course based on simulations relying

on MATLAB and Wolfram Mathematica instead.

The reason for usingMATLAB andWolframMathematica

is because of their universality and convenience in academia

and industry. Also, both have already constructed a huge

number of functions and simulators that can be easily used in

wireless communications for performance analysis and sys-

tem optimization [19]–[22]. To fully exploit the advantages

of both computing platforms, we mainly use MATLAB for

numerical simulations and Wolfram Mathematica for analyt-

ical derivations in this course.

III. FUNDAMENTALS

A. OBJECTS OF RESEARCH IN WIRELESS

COMMUNICATIONS

Summarized from authoritative textbooks widely acknowl-

edged in the communication community [14]–[16], the major

purpose of wireless communications is to reproduce the infor-

mation sent by the source(s) at the intended destination(s),
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FIGURE 1. A generic wireless communication system.

which is transmitted over the wireless physical medium (i.e.,

the wireless channel) subject to a series of adverse mech-

anisms, including but not limited to path loss, shadowing,

fading, interference, and noise. Therefore, we can briefly

sketch a generic wireless communication system in Fig. 1.

From the major purpose of wireless communications and the

schematic in Fig. 1, we can easily identify the objects of

research in wireless communications:

1) SOURCE

At the source, there are a series of topics worth investigating.

First, in order to capture the information intended to be

transmitted to the destination, we have to first quantify the

information (e.g., voice, image, and text) in a comprehensible

form for communication systems, which is normally a stream

of bits with ‘0’ and ‘1’. This procedure involves analog-

to-digital (A/D) conversion. Furthermore, for data compres-

sion, secrecy enhancement, and/or reliability enhancement

purposes, coding techniques can be introduced to map the

original bit stream to a coded bit stream that might have a

shorter or longer length. Then, we must modulate the bit

stream to a symbol on a proper frequency band in order to effi-

ciently transmit them. Therefore, for the source, researchers

investigate how to incorporate proper techniques to transmit

information efficiently and reliably. In this sense, adaptive

coding and modulation schemes always attract researchers’

attention [23]. In addition, hardware implementation at the

source is also of high importance, e.g., antenna deployment

and setup [24].

2) DESTINATION

Relative to the source, the research regarding the destination

focuses on how to effectively and efficiently demodulate and

decode the signal propagating over a wireless fading channel

and contaminated by a variety of interference and noise. As a

result, the optimal and adaptive receiver designs for different

application scenarios are intriguing [25]. With the advance of

adaptive receivers, interference and noise cancellation tech-

niques at the destination have become attractive in recent

decades [26]. Meanwhile, to provide appropriate quality of

service (QoS), it is necessary to consider the synchronization

and equalization issues at the destination, which are also

frequent topics in research [27], [28].

3) WIRELESS CHANNELS

For wireless channels, there are four major research direc-

tions. First, how to get access to the channel states. Second,

how to mathematically model the wireless channels. Third,

how to improve the wireless channels so as to provide a mild

environment for signal propagation. The first direction results

in a plethora of research works dedicated to channel state

estimation. The common approaches to estimate the channel

states are to employ pilot signals and training sequences

[29]–[31]. Having accurate channel state information (CSI) is

the prerequisite to applying any adaptive mechanisms either

at the source or at the destination and is thereby crucial

[32], [33]. The second research direction provides the basis to

simulate wireless communications and significantly facilitate

the research activities of wireless communications. Further-

more, a proper mathematical model of the wireless chan-

nel also leads to an accurate channel prediction for taking

proactive countermeasures. The last research direction tells

us how to overcome or mitigate the disadvantages of wireless

channels in a complicated electromagnetic environment. This

direction is highly related to wireless network planning [34].

Most importantly, researchers are highly interested in the

capacities of complicated wireless channels and devise a huge

set of advanced mathematical tools to determine or approxi-

mate channel capacities [35]–[38].

4) IMPAIRMENTS

In practice, there are a large number of impairments prevent-

ing the information transmitted at the source from being cor-

rectly decoded at the destination. This happens particularly

when signals are propagating over the complicated wireless

electromagnetic environment. The most typical impairments

include path loss, shadowing, various types of fading, dis-

tortion, mobility, interference, and noise, as well as chan-

nel estimation error and hardware imperfection. To transmit

signals effectively and efficiently, researchers must first fig-

ure out the intrinsic principles and physical kernels of these

impairments, take their adverse effects into account when

modeling/analyzing wireless communication systems, and

then propose corresponding countermeasures to neutralize

or alleviate these impairments. One of the most efficient

and reputable techniques to overcome these impairments is

the diversity technique [39]–[44], which relies on multiple

replicas of the original signal and transmits them through

independently faded wireless channels. Therefore, as long

as one signal replica can be received and correctly decoded,

the intended information is successfully transmitted.

5) SECURITY AND SECRECY

As stressed in the major purpose of wireless communications,

the information sent by the sources should only be received

and decoded by the intended destination(s), which raises

additional requirements of security and secrecy in wireless

communications. Consequently, security and secrecy also fall

within the realm of the research in wireless communications.
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In the past, security and secrecy related issues were mainly

considered in terms of information encryption based on

number theory. In recent years, physical layer security

exploiting the intrinsic randomness of the communication

environment has been extensively studied [45]–[47]. Hence,

the researchers have focused on how to transmit a signal in

a specific way in terms of the instantaneous channel con-

ditions to maximize the probability of correct detection at

the intended destinations, while minimizing the probability

of correct detection by eavesdroppers.

6) PERFORMANCE ANALYSIS

To analyze the pros and cons of wireless communication

systems and evaluate their performance, there exist a variety

of performance evaluation metrics, e.g., channel capacity,

outage probability, average signal-to-noise ratio (SNR), error

probability, spectral efficiency, energy efficiency, QoS, qual-

ity of experience (QoE), end-to-end delay, computational

complexity, and user fairness. Calculations of the afore-

mentioned performance evaluation metrics involve advanced

and diverse mathematical tools. As a result, how to analyze

the performance of wireless communication systems on an

insightful and unbiased basis becomes crucial. In general,

performance analysis should be application-driven and based

on circumstances.

7) SYSTEM OPTIMIZATION

To deliver information in realistic networks, communication

resources must be utilized, which include transmit powers,

time slots, frequency bands, devices, and spaces. These com-

munication resources need to be well organized and allocated

to multiple entities in order to achieve a global optimum

of the system. However, this is normally a nontrivial task,

especially when multi-user and multi-cell architectures are

considered [48]. First, the identification of key performance

metrics as optimization objective function and constraints is

not straightforward. Also, the formulated optimization prob-

lem couples several types of resources and can hardly produce

a globally optimal solution in closed form. Researchers thus

resort to a series of techniques to either simplify the formu-

lated optimization problems or release certain constraints in

order to find sub-optimal solutions [49]. Attention is also

paid to heuristic searching algorithm designs in order to solve

highly complicated optimization problems [50], [51].

B. GENERAL RESEARCH STRATEGIES IN WIRELESS

COMMUNICATIONS

Regarding the objects of research in wireless communica-

tions summarized in the last subsection, from a practical

perspective, there are three research strategies in wireless

communications. We introduce them seriatim.

First, one can have a breakthrough in wireless com-

munication research by proposing a novel communication

paradigm/framework or a novel communication methodol-

ogy that can be proved to be feasible in certain appli-

cation scenarios and better than the existing techniques.

Unmanned aerial vehicle (UAV) communications [52], multi-

input and multi-output (MIMO) communications [53], coop-

erative communications [54], visible light communications

(VLC) [55], and etc. are the successful examples of novel

communication paradigms. Spatial modulation (SM) [56],

non-orthogonal multiple access (NOMA) [57], space-time

block coding (STBC) [58], and etc. are classic examples of

novel communication methodologies. It should be noted that

some breakthroughs are based on other existing paradigms or

frameworks but with a significant difference from their orig-

inal counterparts or introduce some considerable benefits.

For example, SM can be regarded as the materialization of

index modulation (IM) in MIMO architectures; NOMA can

be viewed as a derivation of orthogonal frequency-division

multiple access (OFDMA); UAV communications is a special

case of mobile communications.

Besides, a summary or a proposal of a generic analytical

methodology that can be used to solve a general kind of

problems is also viewed as a milestone in wireless com-

munication research, for examples, the moment-generating

function (MGF) based and parameterization quantifying ana-

lytical frameworks proposed in [59] and [60].

Second, apart from breakthroughs, incremental advances

are also of importance. Therefore, one might also pay atten-

tion to the improvement in existing communication tech-

niques. For example, since the proposal of SM in [56], there

have been a large number of enhanced, combined, and deriva-

tive modulation schemes following, e.g., space shift keying

(SSK), generalized spatial modulation (GSM), Space-time

block coded spatial modulation (STBC-SM), optical spatial

modulation (OSM) [61]. These derivative schemes introduce

new performance gains or trade-offs, which enrich the clas-

sic version of the technique and enable a wider application

prospect.

Third, to promote a ‘theoretically sound’ prototype to a

‘technically sound’ system in practice, researchers must have

a thorough understanding before standardization. Instead

of proposing novel and incremental improved systems and

methodologies, it is also meaningful to explore the inherent

working principles as well as the applicability of existing

wireless communication systems and methodologies. Again,

taking the research activities associatedwith SM as examples,

in-depth analyses of the performance of SM in terms of

different performance metrics are provided in [62] and [63].

A variety of application scenarios of SM are provided in

[64] and [65]. SM with different channel models and add-

on techniques are studied in [66]–[68]. Practical issues

and design guidelines regarding SM are demonstrated in

[69]–[71]. All these works enhance researchers’ understand-

ing of SM and continuously promote this interesting concept

to practice.

C. BASIC RESEARCH METHODOLOGY IN

WIRELESS COMMUNICATIONS

As the research directions in wireless communication are

multitudinous and varied over time, it is difficult or even
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FIGURE 2. Research progress from a basic idea to a published work.

impossible to summarize a generic research methodology

covering all topics. However, for most research activities

in wireless communications, they share something in com-

mon. In this subsection, we summarize these similarities and

expound the basic research methodology in wireless commu-

nications.

Before expounding the basic research methodology in

wireless communications, we first illustrate the research

progress from a basic idea to a published work in Fig. 2,

which is applicable to most research activities in wireless

communications. First, one should have a good idea, which

could simply come from a fortunate stroke of serendipity or

inspired by other similar ideas. Having a good idea is the first

step in the research activity, but is normally nontrivial, which

requires extensive reading and strong transferable ability.

Once an idea is formed, an extensive and rigorous literature

review must be carried out to check if this idea has been

proposed by others. Then, two questions should be asked to

oneself:
• If the idea has been proposed and investigated, is there

anything else I can do to enhance the idea?

• If no relevant literature has found regarding the idea,

why is such a good idea not attractive to the research

community?
A proper literature review should be able to answer the

aforementioned questions, by which one can conduct a tech-

nical justification of the system based on the idea. In the

system justification, one should rethink his/her idea with

more realistic conditions and constraints and double check

whether it works. Subsequently, one has to analyze the pro-

posed system based on his/her original idea in terms of one

or multiple performance evaluation metrics. The analytical

results need to be verified by numerical simulations in order

to testify the correctness and usefulness. With both analytical

and numerical results, one might gain a profound insight

into the system through comprehensive discussions. After

this stage, one comes to the paper writing and publication

stages. As shown in Fig. 2, it is always possible to rework the

previous stages in all stages and even overturn the original

idea.

From the explanation of the research progress above,

we summarize that the basic research methodology in wire-

less communications should consist of three key components:

1) justification; 2) analysis; 3) verification. These three com-

ponents are interconnected and jointly enable a preliminary

idea to a theoretically sound system. In the following para-

graphs, we explain them seriatim.

First, to propose a wireless communication system or real-

ize a technique, one must adopt a series of assumptions.

Before doing anything else, one should consider whether

the assumptions adopted in the scenario are appropriate. For

example, access to perfect channel state information (CSI)

is always assumed in order to simplify system modeling.

However, This assumption is not always true in super dense

networks where there exist massive nodes and fast fad-

ing environments, because channel estimation will yield

very high signaling overheads in order to attain perfect

CSI [21], [72]. Another example is the modeling of resid-

ual self-interference (RSI) in full-duplex communications,

which is sometimes assumed to be negligible, sometimes

a Rayleigh/Rician distributed random variable independent

from transmit power, or a Rayleigh/Rician distributed random

variable proportional to transmit power [20], [73]. These

diverse models of RSI are only suited for certain cases, and

one must wisely select the appropriate one when constructing

his/her own systemmodel [74]. System justification allows us

to scrutinize all adopted assumptions in practical situations

and ensure that we do not make impractical or contradictory

assumptions [75].

Second, after justifying a system model, researchers then

need to rigorously analyze the system via mathematical tools.

The analysis of a system can be further classified into two cat-

egories. In the first category, researchers analyze one or more

selected performance evaluation metrics by deriving their

closed-form expressions, so that the inherent mathematical

relations among the performance evaluation metrics and sys-

tem parameters can be constructed and shown. In the second

category, researchers can also perform analysis with respect

to formulated performance optimization problems per se,

so as to get access to the attributes and complexity of the for-

mulated performance optimization problems. Such analysis

paves the way for the proposal of an efficient solution.

Third, one does not know whether the analytical results

are correct without numerical verification. The importance

of numerical verification can be analogized by a simplistic

six-sided dice throwing example. It can be easily derived

that the probability of producing number six is 1/6. To ver-

ify our analytical result, we can simulate the dice throwing

procedure for a large number of times and count how many

times we get number six so as to calculate the occurrence

frequency. By checking how close the derived probability and

the counted occurrence frequency are, we can verify the cor-

rectness of our original analytical result that the probability

of producing number six is 1/6. The above example shares

the same nature as the numerical verification for analytical

results in wireless communications.
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As we mentioned before, the analysis of wireless com-

munication systems can be classified into two categories.

For the first category carrying out performance evaluation,

one should compare the analytical and numerical results

for the verification purposes. The numerical results are nor-

mally generated by numerical experiments based on repeated

random sampling. Monte Carlo methods and MATLAB are

jointly used to generate numerical results [76]. If the ana-

lytical and numerical results are close to each other, it is

verified that the analytical results are correct under the cur-

rent settings and can well capture the attributes of the sys-

tem of interest. For the second category by analyzing the

formulated performance optimization problems, researchers

employ numerical experiments to generate the numerical per-

formance metrics and compare them to the numerical results

of at least two benchmarks. The first benchmark is a ‘naïve’

solution (e.g., random allocation and uniform allocation solu-

tions) and the second benchmark is the optimal solution

produced by brute-forth methods [77]. Ideally, the proposed

solution is supposed to provide much better results than

that of the ‘naïve’ solution and be comparable to the opti-

mal solution. Meanwhile, the computational complexity or

hardware/system requirements to yield the proposed solution

are much lower than the optimal solution relying on brute-

forth methods. In this way, the effectiveness and efficiency

of the proposed solution corresponding to the formulated

performance optimization problem can be verified.

Overall, the basic research methodology in wireless com-

munications can be summarized as follows. One should first

have a good idea and employ systematic methods to jus-

tify the feasibility of the system as well as the adopted

assumptions. Then, mathematical tools shall be applied to

rigorously analyze the system so as to quantify the relation

among system performance and a set of system parameters

and provide profound insight into the constructed system.

Finally, numerical simulations are carried out to verify the

analysis by mathematical tools. Once this basic research

methodology is in use and the corresponding procedures are

done, the constructed system based on the original idea and

the corresponding analysis can be tentatively regarded as

technically sound.

D. CHALLENGES OF RESEARCH IN WIRELESS

COMMUNICATIONS

As we have introduced the research objects, general research

strategies, and basic research methodology in wireless com-

munications, we are now able to elaborate on the challenges

of research in wireless communications. Again, we should

focus on the research progress as shown in Fig. 2. Having

an idea is the first step to carry out one’s research. However,

experienced researchers might all agree that this would be

the most demanding step. This is because having a good

idea requires a good sense of discernment, which can only

be endowed by wide reading and in-depth knowledge of

research frontiers. There are some general tips for fresh

graduate students in wireless communications for having

good ideas. First, it is suggested to have general understand-

ing of the research hotspots and communication scenarios

in recent years. Also, it is also suggested to know what

bottlenecks are hindering the development of current wireless

communication technologies. Relevant information can be

obtained by tracing the workshops and tutorials given in

IEEE International Conference on Communications (ICC)

and IEEE Global Communications Conference (GLOBE-

COM) in the last few years. In addition, the ‘call for

papers’ leaflets of several leading journals and magazines for

wireless communications (e.g., IEEE JOURNAL ON SELECTED

AREAS IN COMMUNICATIONS, IEEE TRANSACTIONS ON

INDUSTRIAL INFORMATICS, IEEE COMMUNICATIONS SURVEYS

& TUTORIALS, IEEE COMMUNICATIONS MAGAZINE, and IEEE

WIRELESS COMMUNICATIONS) are also very useful to get to

know what researchers in academia and industry are con-

cerned about.

Opposite to having no idea, having too many ideas without

discernment and critical thinking is also an issue. This can

be commonly found among fresh research-based graduate

students. For this issue, some research management skills

should get introduced, which requires knowledge at a senior

level and is thereby not recommended to fresh graduates

at early stages. Instead, regular seminars should be held to

discuss these preliminary ideas and lead fresh students to

master the ability to critically appraise an idea by reviewing

the relevant literature and even constructing a small-scale and

simplistic system for testing.

Meanwhile, once a research topic has been confirmed,

carrying out a literature review in an efficient manner is

also a challenge for most novice researchers. From our own

experience, it is normally too difficult to understand technical

works with a huge amount of mathematics for fresh graduate

students. Therefore, we recommend reading tutorials, maga-

zine articles, and introductory overviews first. Then, based

on the reading of these introductory works, fresh graduate

students might find more technical works to read. Also,

these introductory works can help them to reorganize their

research schedules and form a full picture of state-of-the-

art techniques pertaining to their research topics. For the lit-

erature review, Google Scholar (https://scholar.google.com/)

and IEEE Xplore (https://ieeexplore.ieee.org/) are in particu-

lar recommended to fresh graduate students. Besides, arXiv

(https://arxiv.org/) is also a helpful database to trace the latest

preprints released online.

After the literature review, the system justification

becomes a challenge, especially for fresh research-based

graduate students who do not have much experience. To be

realistic, for most cases, standing on the shoulders of giants

would not be a bad idea, and we suggest to check the pro-

posed systemmodel by comparing to existing systemmodels,

especially presented in those widely recognized papers and

millstones. Then, if an assumption is widely adopted in most

literature, one should reckon on the physical facts behind

this assumption and inspect whether these physical facts still

hold in his/her system model. If an adopted assumption has

86684 VOLUME 7, 2019



Z. Wang et al.: Basic Research Methodology in Wireless Communications

never been seen in the literature, more attention should be

paid to explore whether such an assumption is valid, and

the physical principles behind the assumption. In addition,

thorough understanding of how systems actually operate in

practice is also the key for constructing correct and accu-

rate system models. In wireless communications, modeling

a system requires knowledge of prevailing standards and

protocols [75].

Having justified the system model, analysis becomes the

next challenge. Again, we split the discussion for the two

aforementioned categories of analysis. For works belonging

to the first category by analyzing performance evaluation

metrics, the common challenges include the selection of

performance evaluation metrics and the mathematical deriva-

tions of closed-form expressions. The selection of perfor-

mance evaluation metrics for analyzing should refer to the

goal of the proposed system and the contexts. For example,

to propose a certain high-reliability communication system,

its reliability characterized by outage probability and error

probability would be analyzed; to propose a certain low-

latency communication system, the end-to-end delay should

be taken as a crucial performance evaluation metric to ana-

lyze. If a trade-off between metric A and B is discussed in

the proposed system, both metric A and B as well as their

inherent relation shall be analyzed. However, for sophisti-

cated wireless communications, it is generally difficult and

even impossible to derive the closed-form expressions for

the performance evaluation metrics.1 General techniques for

obtaining closed-form expressions and approximations are

detailed in Section IV-C.

For works belonging to the second category dedicated to

performance optimization, formulation of optimization prob-

lems is relatively easy, as long as a proper objective function

can be defined and constraints are fully taken into consider-

ation. In this regard, the challenge of analysis mainly refers

to obtaining the solution to the formulated optimization prob-

lem. To obtain the solution, we first need to inspect the nature

of the formulated optimization problem, in particular, its

convexity/concavity. If a formulated optimization problem is

convex/concave, we can easily solve it by using the method of

Lagrangemultipliers or theKarush-Kuhn-Tucker (KKT) con-

ditions [79]. Sometimes, we can even derive a closed-form

expression for the final solution [80]. For non-convex/non-

concave optimization problems, complex optimization tech-

niques are required. Some of them focus on transferring the

original non-convex/non-concave optimization problem to an

approximate optimization problem that is convex/concave

by modifying the objective function or relaxing one or

1The closed-form expression is a terminology for a kind of mathematical
expressions that can be assessed in a finite number of operations and has a
rigorous mathematical definition [78]. In general, a closed-form expression
in the context of wireless communications should not include infinite sum,
infinite product, infinite continued fraction, limit, derivative, and integral.
However, special functions are normally acceptable as a part of closed-
form expressions in the research community of wireless communications,
e.g., the complete/incomplete gamma functions, Bessel function, exponential
integral function, Q-function, Lambert W function, and their composites.

more constraints [81]. Some techniques convert the original

non-convex/non-concave optimization problem to several

sub-problems that are convex/concave. Then, solving these

sub-problems will produce a sub-optimal solution that is

comparable to the optimal solution [49]. Moreover, some

artificial intelligence (AI) related techniques, e.g., machine

learning and genetic algorithms, can also be applied to

approach the optimal solution of a non-convex/non-concave

optimization problem on an iterative basis [51], [82].

Last, but not least, challenges also exist in the simulation

and verification stages. Simulating a wireless communica-

tion system is always not a trivial task. Simulation plat-

form and algorithms for random sample generation must be

skillfully chosen so as to achieve a good balance between

simulation accuracy and computational complexity. Master-

ful programming and debugging are equally important for

simulating wireless communication systems, especially when

the numerical results produced by the simulation programs

do not match the expectation. MATLAB is recommended to

novice researchers for carrying out numerical simulations due

to its accessibility and a large number of useful embedded

toolboxes [19]. Note that, the embedded functions on MAT-

LAB can only generate random variables abiding several

basic distributions, e.g., Gaussian, exponential, Rayleigh, and

Poisson distributions. To generate random samples following

advanced random distributions, e.g., Rician, Nakagami, and

Weibull distributions, one should combine random variables

abiding basic distributions to form them [12], [13], [83], [84],

which demands good understanding and technical expertise

of the relations among different random distributions. To pro-

vide some clues for fresh graduate students, contents regard-

ing generating random samples are presented in Section IV-D.

IV. TECHNOLOGICAL CONTENTS REQUIRED

TO BE COVERED

Following the fundamentals introduced in Section III,

we infuse them into the techonological contents presented

in this section. Most contents presented in the course are

clipped off and summarized from [14], [15], but with our own

descriptions and interpretations, for the purposes of teaching

demonstration.

A. SYSTEM MODELING OVER RAYLEIGH FADING

CHANNEL

To have an in-depth investigation and understand the intrinsic

nature of wireless communication systems, we must rely on

mathematical tools to model a generic wireless communica-

tion system first. Simplifying Fig. 1, we can view a wireless

communication system from the perspective of signal and

system in either time or frequency domain. In general, taking

the view of signal and system, a communication channel

can be regarded as a system with input signal x(t)/X (f ) (in

time and frequency domain) and output signal y(t)/Y (f ). The

system is modeled as a linear time-variant filter, in which the

channel impulse response h(τ ; t) varies over time. Consider a
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general form of modulated signals in the time domain:

x(t) = Re
{

xB(t)e
j2π ft

}

, (1)

where xB(t) is the equivalent baseband transmitted signal.

It is widely accepted that there are multiple paths from the

transmitter to the receiver because of reflection, scattering,

and diffraction, by which the sent signal from the transmitter

can reach the receiver. Hence, if we assume all paths are

linear, the linear time-variant filter channel is characterized

by the following input-output relation in the time domain:

y(t) =
N
∑

n=1
an(t)x(t − τn(t)), (2)

where N is the number of paths; {an(t)} and {τn(t)} represent
the time-variant attenuation factors and delays corresponding

to the nth path at time t . Substituting (1) into (2) yields

y(t) = Re

{(

N
∑

n=1
an(t)x(t − τn(t))e

−j2π f τn(t)
)

ej2π ft

}

, (3)

by which we can easily extract the equivalent baseband

received signal to be

yB(t) =
N
∑

n=1
an(t)x(t − τn(t))e

−j2π f τn(t). (4)

By the rudiments of signal processing, we have yB(t) =
h(τ ; t)⊛ xB(t) (⊛ denotes the convolution operation), which

results in the explicit expression of the time-variant impulse

response by h(τ ; t) =
∑N

n=1 an(t)δ(t − τn(t))e
−j2π f τn(t),

where δ(·) denotes the Dirac delta function.
Now, assumingN →∞, we can generalize (4) and express

the input-output relation in baseband by integral as

yB(t) =
∫ ∞

−∞
a(τ ; t)xB(t − τ )e−j2π f τdτ, (5)

which gives the channel impulse response h(τ ; t) =
a(τ ; t)ejθ , where θ = −2π f τ ; a(τ ; t) is called the amplitude

variation (a.k.a. channel fading) in the received signal. The

amplitude variation is unpredictable, but follows a certain

random distribution, e.g., Rayleigh, Rician, Nakagami distri-

butions, according to the central limit theorem; θ is called the

phase variation that is assumed to be uniformly distributed

over [0, 2π ) by the central limit theorem. Consequently,

assuming the channel is frequency-flat and slowly faded and

the received signal is polluted by a complex additive white

Gaussian noise (AWGN) term n(t) with average noise power

N0, the input-output relation in the baseband within a signal-

ing interval can be given by

yB(t) = aejθxB(t)+ n(t), (6)

where the amplitude variation a is assumed to be a Rayleigh

distributed random variable corresponding the Rayleigh fad-

ing channel model in this course design. The probability

density function (PDF) and cumulative distribution func-

tion (CDF) of a are given as follows:

fA(ǫ) = (2ǫ/µ)e−ǫ2/µ ⇔ FA(ǫ) = 1− e−ǫ2/µ (7)

where µ is the average channel power gain.

B. CALCULATIONS OF PERFORMANCE

EVALUATION METRICS

To appraise the performance of the above constructed com-

munication system, one shall first choose proper performance

evaluation metrics. In this course design, we adopt average

SNR, outage probability, and error probability as perfor-

mance evaluation metrics, because of their simplicity and

universality. The average SNR can be regarded as the most

common and best understood performance evaluation met-

ric in wireless communications, which is directly associated

with the received signal detection process and therefore an

intuitive indicator of the system fidelity. Outage probability is

defined as the probability that the system throughput follows

below a preset outage threshold and is relatively easy to

calculate once the random distribution of the instantaneous

SNR is known. Error probability is defined as the probability

that the originally transmitted signal from the transmitter

is erroneously detected at the receiver and is much more

complicated in terms of mathematical formalization due to

the randomness of additive noise. However, error probability

is the most revealing metric about the system nature and thus

of primary interest for performance evaluation.

1) AVERAGE SIGNAL-TO-NOISE RATIO

By (6), it is straightforward to determine the instantaneous

SNR by

γ (t) = a2E{|xB(t)|2}/N0, (8)

where E{·} returns the expected value of the random

variable enclosed. For constant-envelope modulation, e.g.,

M -ary phase-shift keying (M -PSK), we can simply denote

Pt = E{|xB(t)|2} as the transmit power. Therefore, we can

determine the average SNR by

γ̄ = E {γ (t)} = E

{

a2
}

Pt/N0 = µPt/N0. (9)

2) OUTAGE PROBABILITY

Based on the instantaneous SNR defined in (8), we can define

the outage probability with normalized bandwidth as

Po(Rth) = P
{

log2 (1+ γ (t)) < Rth
}

= P

{

a2 < N0(2
Rth − 1)/Pt

}

= 1− e−N0(2
Rth−1)/(µPt ), (10)

where P{·} denotes the probability of the random event

enclosed and Rth is a preset rate threshold, below which the

wireless communication system is in outage.
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3) ERROR PROBABILITY

Considering a simplistic scenario where binary PSK (BPSK)

and maximum likelihood (ML) estimation are adopted at the

transmitter and receiver, the transmitted symbols for bits ‘1’

and ‘0’ can be denoted as χ1 =
√
Pt and χ0 = −

√
Pt ,

respectively. Assuming the CSI represented by aejθ is per-

fectly known at the receiver, the ML estimation criterion is

thereby given as

x̂B(t) = argmin
ẋ∈{χ1,χ0}

{

|yB(t)− aejθ ẋ|
}

. (11)

By the properties of the Gaussian distributed noise term n(t),

we can derive the conditional error probability conditioned

on a as [14]

Pe(a) = P
{

x̂B(t) 6= xB(t)|a
}

= Q

(

√

2a2Pt/N0

)

, (12)

where Q(·) is the Q-function (a.k.a. the tail distribution func-
tion of the standard normal distribution). The error probabil-

ity can be determined by averaging Pe(a) over a as follows:

Pe =
∫ ∞

0

Pe(a)fA(a)da =
1

2

(

1−
√

µPt

N0 + µPt

)

. (13)

The integral can be computed on Wolfram Mathematica by

the code block infra

Qfunc[ǫ_] := Erfc[ǫ/Sqrt[2]]/2;
Integrate[Qfunc[Sqrt[(2 a2 Pt )/N0]] ∗ ((2 a)/µ)

Exp[−(a2/µ)], {a, 0,Infinity},
Assumptions→ {Pt > 0,N0 > 0, µ > 0}]

C. ANALYTICAL DERIVATIONS OF CLOSED-FORM

EXPRESSIONS

If a certain performance evaluation metric of a system can be

determined in closed form, the system is said to be mathe-

matically tractable in terms of that performance. The exam-

ples given in the last subsection are simple and thereby all

mathematically tractable. However, for complicated wireless

communication systems in state-of-the-art literature, the ana-

lytical derivations of performance evaluation metrics are not

straightforward and sometimes even impossible due to the

limitations ofmathematics. To facilitate research activities for

fresh graduate students, it is necessary to introduce a series

of general skills for deriving closed-form expressions in the

course design.

First of all, to be efficient, we recommend referencing

reputable formula booklets and tables [85]–[87]. Some web-

based searching engine for formula would also be useful

(e.g., https://dlmf.nist.gov/). One might also resort to the

powerful functionality of Wolfram Mathematica and Maple

for analytical derivations of closed-form expressions, e.g.,

the example following (13). In case no such a closed-form

expression could be found in the aforementioned resources,

we may consider
• Expand the original equation or integrand of an integral

in a certain way and swap the operation order among

several mathematical operations if allowed. Power series

expansion, the multinomial theorem, and partial fraction

decomposition are commonly used for this purpose.

• Expand the original equation or integrand of an inte-

gral in a certain way and discard the terms that have

little impact on the entirety under certain conditions

and obtain an approximate or asymptotic expression in

closed form instead.

• Make some modest assumptions to idealize and further

simplify the system so as to obtain a reduced form of the

original equation.

• Employ widely applicable alternative forms/

approximations/bounds of special functions that consist

of simpler and ordinary functions.

• Employ the Fubini-Tonelli theorem to swap the order of

several integration operations under certain conditions.

• Employ the Lebesgue’s dominated convergence theorem

to swap the order of integration and differentiation oper-

ations under certain conditions.

• Integrate by substitution to reduce the form of an inte-

gral.

D. VERIFICATION BY NUMERICAL SIMULATIONS

Having calculated the three performance evaluation metrics

in closed-form expressions in Section IV-B, we now won-

der whether these derived analytical expressions are correct.

To achieve this goal, we employ numerical simulations based

on Monte Carlo methods in the course design, and the cor-

responding simulations are called Monte Carlo simulations.

Monte Carlo methods provide non-deterministic approaches

that are capable of approaching analytical results by a large

number of repeated random trials [88]. Theoretically, when

the number of random trials NS goes to infinity, the rela-

tive error between the numerical and analytical results will

become infinitesimal if the analytical results are correct and

exact. If the analytical results are approximate, there shall

exist an acceptable relative error between the numerical and

analytical results when NS →∞.

To implement Monte Carlo simulations successfully, there

are four crucial steps. We elaborate on them as follows:

1) INITIALIZATION

Prior to carry out Monte Carlo simulations, we must define

the deterministic procedures, stochastic process, and con-

figure all parameters in an explicit way. The deterministic

procedures mainly refer to the modulation, coding, transmis-

sion, reception, and estimation procedures. In our example,

we employ an uncoded BPSK transmission scheme at the

transmitter, and shall thereby represent bit ‘1’ and ‘0’ by

symbols xB(t) =
√
Pt + j0 and xB(t) = −

√
Pt + j0 (only the

in-phase component in the signal constellation plane is used

due to the binary antipodal nature of BPSK), respectively.

The value of transmit power Pt should also be assigned.

Next, for the signal propagation procedure characterized by

a stochastic process, we must define the distributions of
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random variables, e.g., a, θ , and n(t) (c.f. (6)):










a ∼ Rayleigh(µ/2)

θ ∼ U (0, 2π )

n(t) ∼ CN (0,N0)

(14)

as well as the parametersµ andN0. At the receiver, we imple-

ment theML estimation scheme given in (11) with the defined

signal space {χ1, χ0} = {
√
Pt ,−

√
Pt }. Also, we assume that

the incoming bit stream in the simulated wireless commu-

nication system is equiprobable, and hence the elements in

the signal space {χ1, χ0} will be equally chosen to transmit.

Mathematically, we have

xB(t) =
{

χ1, with 50% chance

χ0, with 50% chance
(15)

Most importantly, the number of random trials NS should

also be directly or indirectly defined in the initialization

stage.2 There exists a trade-off when setting NS . On the one

hand, to guarantee the statistical completeness and ergodicity

of simulations, we should let NS be sufficiently large. On the

other hand, it is worth pondering a practical simulator with

limited processing capability. That is, we cannot set an over-

large NS , since this inappropriate setting would demand high

computational complexity and take a tremendous amount of

time to complete the simulation.Moreover, the computational

load might also excess the memory of the simulator.

2) GENERATE RANDOM SAMPLES

As we utilize MATLAB in this course design, we can

directly apply the functions embedded on MATLAB

to generate random samples of a, θ , and n(t). First,

for the Rayleigh distributed a, we can either directly

apply a ← raylrnd(
√

µ/2) or indirectly construct a

Rayleigh distributed random variable by the module of

the sum of two Gaussian random variables by a ←
√

(normrnd(0,
√

µ/2))2 + (normrnd(0,
√

µ/2))2. It is

recommended to master the indirect method for generating

random variables, as there might not always exist an embed-

ded generating function on MATLAB for all kinds of random

variables. Therefore, one should know how to construct the

generating function of sophisticated random variables by

a set of generating functions of simple random variables.

Similarly, the uniformly distributed θ can be constructed

by modifying the embedded MATLAB function rand and

applying θ ← 2 ∗ pi ∗ rand, and the complex AWGN

term n(t) is structured by n(t) ← normrnd(0,
√
N0/2) +

j ∗ normrnd(0,
√
N0/2). Let µ = 1 and Pt/N0 = 10 dB,

we plot the randomly generated aejθ and n(t) when

NS = 1000 in the complex plane in Fig. 3 for illustration

2The direct setup regulates NS to be a fixed number, while the indirect
setup specifies certain conditions and terminates the repeated trials with
a variable number of NS when the specified conditions are satisfied, e.g.,
the number of collected error events has reached a threshold. The direct setup
is simple and straightforward, but the indirect setup is more efficient and
reliable in most cases. For simplicity, we adopt the direct setup of NS in the
following simulations.

FIGURE 3. Randomly generated samples of aejθ and n(t), given NS = 103,
µ = 1, and Pt /N0 = 10 dB.

purposes. Then, we again utilize rand, the embedded func-

tion on MATLAB, to generate random samples of xB(t) by a

simple code block with if-else structure infra

xB(t)← rand;
if(xB(t) > 0.5) xB(t)← 1;
else xB(t)←−1; end

3) PROCESS RANDOM SAMPLES BY

DETERMINISTIC PROCEDURES

After generating random samples of aejθ , n(t), and xB(t),

we can process these random samples by deterministic pro-

cedures. First, we simulate the baseband transmission pro-

cedure by (6) and obtain the dependent random samples

of yB(t). Then, we simulate the ML estimation procedure

defined in (11) to further process the dependent random

samples of yB(t) and obtain the dependent random samples

of x̂B(t). For visualization purposes, we equalize the depen-

dent random samples of baseband received signals yB(t) over

normalized Rayleigh fading channel with different Pt/N0

and show them in Fig. 4, given NS = 103 and µ = 1.

In particular, we utilize black dot and red cross markers to

represent received normalized signals that are correctly and

erroneously estimated, respectively. Also, red solid circle

markers are employed to denote the ML estimation bench-

marks, i.e., the elements in the signal space {χ1, χ0}. From
this figure, it can be visualized that how channel fading and

noise jointly contaminate the transmitted signals and why

increasing transmit power Pt can mitigate these impairments.

Meanwhile, by processing the dependent random samples

of yB(t), we are also able to obtain the random sample

of the SNR γ (t) corresponding to each sample of yB(t)

according to (8).

4) AGGREGATE THE PROCESSED NUMERICAL RESULTS

Then, by processing the independent random samples and

acquiring several dependent random samples, we are now
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FIGURE 4. Equalized samples of yB(t) received over normalized Rayleigh fading channel with different Pt /N0, given NS = 103 and µ = 1. Black dot and
red cross markers represent received normalized signals that are correctly and erroneously estimated, respectively. Red solid circle markers denote the
ML estimation benchmarks, i.e., the elements in the signal space {χ1, χ0}.

FIGURE 5. Verification of the analytical expressions presented in Section IV-B by numerical results generated by Monte Carlo simulations, given
NS = 105 and Rth = 1.

able to aggregate the numerical results and use them to verify

our analytical expressions given in Section IV-B. To be clear,

when comparing to the analytical expressions, we denote

the nth random sample of yB(t), xB(t), x̂B(t), and γ (t) as

yB[n], xB[n], x̂B[n], and SNR[n], respectively. Therefore,

the numerical results of average SNR, outage probability, and

error probability can be counted by

SNR = 1

NS

NS
∑

n=1
SNR[n], (16)

Po(Rth) =
1

NS

NS
∑

n=1
I
{

log2(1+ SNR[n]) < Rth
}

, (17)

and

Pe =
1

NS

NS
∑

n=1
I
{

x̂B[n] 6= xB[n]
}

, (18)

where I{·} denotes the Iverson function returning unity if the
enclosed condition is fulfilled, or zero, otherwise. We plot

both analytical and numerical results of these three per-

formance evaluation metrics in Fig. 5. This figure clearly

illustrates that the numerical and analytical results match

each other very well, which verifies the derived analytical

expressions given in (9), (10), and (13). The simulation pre-

cision of Monte Carlo methods is a function of NS , which

can be quantified by the goodness-of-fit and analyzed using

Chebyshev’s inequality [89].

E. SUMMARY OF MONTE CARLO METHODS

To summarize Monte Carlo methods as we described in the

previous subsection, we have to fairly appraise the pros and

cons. On the one hand, although, Monte Carlo methods are

straightforward to implement and do not involve any compli-

cated mathematical operation, the computational complexity

and simulation time caused by processing repeated trials

would be tremendous, especially when the simulated system

becomes sophisticated. On the other hand, the advantages

of Monte Carlo methods are the simplicity and robustness.

As long as the system model has been properly constructed,
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the numerical results can be produced in a simple and reliable

manner, while maintaining the randomness and robustness.

Moreover, apart from using as a powerful verification tool,

Monte Carlo methods provide an alternative way to quantita-

tively investigate wireless communication systems when the

analytical expressions cannot be obtained.

V. TEACHING EXPERIMENT AND DATA ANALYSIS

A. BRIEF SUMMARY OF THE TEACHING EXPERIMENT

To verify the effectiveness of the proposed course design,

we carried out a brief teaching experiment. As mentioned in

Section I, the course can be delivered in the form of lecture

series, special lectures, small-scale workshops, seminars, and

individual tutorials. Considering simplicity, cost efficiency,

and generality, our teaching experiment was carried out in

the form of one-day seminar and involved 25 first-year grad-

uate students enrolled in the subject of telecommunications

with the School of Computer, Electronics and Information,

Guangxi University. The seminar is named ‘Introduction to

the Basic Research Methodology in Wireless Communica-

tions’. To quantitatively evaluate the effectiveness of the

course design, we proposed to use two methods for analysis:
1) Comparative analysis by tests before and after deliver-

ing the seminar

2) Course quality assessment

The former is used to evaluate the objective improvement in

knowledge background of graduate students by attending the

seminar, while the latter is employed to assess participants’

subjective perception of the seminar and receive further sug-

gestions to improve the course design. Analyzing the col-

lected data from bothmethods, we can have good understand-

ing of the effectiveness of the proposed course design and

check whether the course objective and goals are achieved.

For completeness, we attach the knowledge background test

paper and the course quality assessment questionnaire in

Appendix A and Appendix B, respectively.3

Considering the format and organization of the teach-

ing experiment, the instructional techniques adopted include

inquiry-based learning, group discussion, and indepen-

dent study. Meanwhile, cooperative and cognitive learning,

project-based learning, and portfolio development techniques

can also be employed for a longer version of the course

design. Overall, the cognitive skills and abilities expected to

be acquired by the course attendees are: attendees can find

and promote their graduate-level research topics with critical

and independent thinking, and appraise and judge research

works via expertise and a set of principles and methods.

B. SEMINAR SCHEDULE AND LECTURE STRUCTURES

The seminar schedule is presented as follows for clarity:
• 09:00-09:40: Knowledge background test before

seminar

3To avoid the unnecessary misunderstanding caused by language barrier,
the entire teaching experiment, including seminar, tests, and questionnaire
are delivered in a bilingual manner (Mandarin Chinese and English).

FIGURE 6. Knowledge background test results before and after delivering
the one-day seminar.

• 10:00-10:40: Lecture I: Fundamentals of Wireless Com-

munications: Objects, Strategies, and Methodology

• 11:00-11:40: Lecture II: System Modeling and Perfor-

mance Analysis in Wireless Communications

• 14:30-15:10: Lecture III: Verification by Numerical

Simulation and Monte Carlo Methods

• 15:10-15:30: Open discussion and Q&A sessions

• 15:50-16:30: Knowledge background test after seminar

• 16:30-16:50: Filling in course quality assessment ques-

tionnaire

To be comprehensive, we also give the lecture structures

vis-à-vis Lecture I, II, and III infra:

1) LECTURE I: FUNDAMENTALS OF WIRELESS

COMMUNICATIONS: OBJECTS, STRATEGIES, AND

METHODOLOGY
• Architecture of a generic wireless communication sys-

tem (5 minutes)

• Research objects (10 minutes)

• General research strategies (5 minutes)

• Research progress from a basic idea to a published work

(5 minutes)

• Basic research methodology (10 minutes)

• Q&A (5 minutes)

2) LECTURE II: SYSTEM MODELING AND PERFORMANCE

ANALYSIS IN WIRELESS COMMUNICATIONS
• System and channel modeling (10 minutes)

• What is performance evaluation metrics? (5 minutes)

• Performance analysis (10 minutes)

• What is the closed-form expression? (5 minutes)

• System optimization and resource allocation (5 minutes)

• Q&A (5 minutes)

3) LECTURE III: VERIFICATION BY NUMERICAL SIMULATION

AND MONTE CARLO METHODS

• How canwe knowwhether the derived analytical expres-

sions are correct? (5 minutes)
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FIGURE 7. Subjective data collections of Q1-Q15 in the questionnaire.

• Numerical simulation and Monte Carlo methods

(5 minutes)

• Implement a Monte Carlo simulation by MATLAB

(15 minutes)

• Comparison between analytical and numerical results

and discussion (5 minutes)

• Summary of Monte Carlo methods (5 minutes)

• Q&A (5 minutes)

C. DATA ORGANIZATION AND STATISTICAL ANALYSIS

We collected the quantitative data from the comparison tests

before and after delivering the seminar as well as the anony-

mous survey, which are presented in Fig. 6, Fig. 7, and Fig. 8.

To ease the data analysis, we also summarize the detailed

information regarding the comparison tests in Table 1.

From Fig. 6 and Table 1, we have the key findings as fol-

lows. First of all, it is demonstrated that our course structure

design works, as the average marks for all questions have

considerably increased by 136.36% after giving the lectures.

Second, we find that most students have basically known

what the research objects and possible ways to discover

potential research directions are in wireless communications,

but not comprehensively. Also, we can see that most students

can point out at least one state-of-the-art communication

technology in 5G, which indicates that they are tracking

the research front in their specific fields. Meanwhile, most

students are also able to give several performance evaluation

metrics and have basic understanding of performance anal-

ysis in the context of wireless communications. However,

some of themmisunderstood the concept of system optimiza-

tion. Plus, most students have good understanding of system

TABLE 1. Objective data collections of knowledge background tests
before and after delivering the one-day seminar.

modeling but cannot provide the details of how to model

a wireless communication system. Similarly, the concept of

fading is well known among students, but only a few of

them can well explain what small-scale fading is. Unfortu-

nately, most students misunderstand the concept of closed-

form expression and cannot provide detailed methodology

for result verification, and even do not explicitly knowMonte

Carlo methods.

Also, from Fig. 7 and Fig. 8, we are glad to see that

most students are basically satisfied with the course struc-

ture and find it helpful, as all students give overall scores

of 4 (28%) or 5 (72%). More importantly, 66% students have

never attended a similar course for research methodology

like ours and 100% students will recommend their colleagues

or classmates attending such a methodological course in the

future. From the data presented in Fig. 7 and the answers to
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FIGURE 8. Subjective data collections of Q16-Q18 in the questionnaire.

Q19 and Q20, we summarize the strengths and weaknesses

of the course structure as follows. The strengths include:
• The course is well defined and organized in a logical

manner.

• The course contents are delivered in an easy-to-

understand way, so as most students can understand

them well.

• It is appreciated that mathematical software is intro-

duced with proper examples.

• Having fewer equations help students understand better.
The weaknesses include:
• The course is too short to explain all new concepts well.

• More examples should be given to enhance understand-

ing of the research methodology.

• A practical research example should be provided, which

is related to 5G and industry.

• The course needs to be more interactive and more time

should be given to students to think.

• Experimental verification and system-level testbed are

recommended being added in the future course.

• The course could be broader for all types communica-

tions (e.g., wired communications and acoustic commu-

nications), instead of only focusing on wireless commu-

nications based on electromagnetic wave.

VI. CONCLUSIONS AND FUTURE

IMPROVEMENT DIRECTIONS

In this paper, we presented an introductory course design for

fresh research-based graduate students, which is planned to

be delivered immediately after enrollment. The course aims

at covering necessary research methodologies and the rudi-

ments of wireless communications to research-based grad-

uate students. Due to the target student groups, the course

structure has been tailored accordingly and is based on sim-

ulations. Simple but insightful examples were provided to

demonstrate the application of the basic research methodol-

ogy in wireless communications. Specifically, average SNR,

outage probability, and error probability were investigated

and visualized via MATLAB. The objective and subjective

data collected from the teaching experiment have verified the

effectiveness of the course structure design. By participating

in this course, research-based graduate students are expected

to gain preliminary knowledge of the research methodology

and strategies in the field of wireless communication and have

the first taste of research life.

In addition, throughout the conducted teaching experiment,

we also found a number of future improvement directions of

the course design, which are summarized as follows:

• Apart from the form of one-day seminar, the course can

also be delivered in other forms. It is worth expanding

and designing a one-semester course module to cover

more technological details and profound discussions

regarding the basic research methodology in wireless

communications.

• By expanding the course duration, the course struc-

ture design would also be improved and provide

more insights to graduate students if supplement-

ing practical demonstration using software-defined

radio (SDR) equipment and GNU-radio software devel-

opment toolkit.

• It is worth delivering the course with an open research

project for each individual or in group, especially when

the course duration becomes longer. By such an open

research project, graduate students have an opportunity

to apply the basic research methodology learned from

this course.

Based on the feedback received from the course attendees

and our experience, we further recommend a one-semester

(lasting from 12 weeks to 16 weeks) course module struc-

ture with practical experiments and open research project as

follows:
• Week 1: Fundamental concepts and research objects

(coursework-summarizing the history of modern wire-

less communications)

• Week 2: 5G and beyond (optional)

• Week 3: Research strategies and examples

• Week 4: Basic research methodology

• Week 5: Research directions and literature review

(coursework-preparing a research proposal accompany-

ing a proper literature review)

• Week 6: Common research challenges (optional)

• Week 7: System modeling (coursework-constructing

a system model according to the research

proposal)

• Week 8: Common assumptions adopted for simplifying

system models (optional)

• Week 9: Performance analysis and optimization

(coursework-carrying out performance analysis and/or

optimization based on the constructed system model)

• Week 10: Numerical verification and simulation

• Week 11: Useful software for research activities

(coursework-numerically verifying the performance

analysis by supporting data)

• Week 12: Experimental verification and system-level

test

• Week 13: Individual discussion meeting I (coursework-

preparing the outline of a research paper according to the

research proposal and collected analytical and numerical

data)

• Week 14: Introduction to academic writing (optional)

• Week 15: Individual discussion meeting II (coursework-

preparing the first draft of the research

paper)

• Week 16: Oral presentation and project demonstration
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APPENDIX A

KNOWLEDGE BACKGROUND TEST PAPER

Please answer the following questions in a closed-book

and independent manner within 40 minutes

1) Please explain what the research objects in wireless

communications are. (10 marks)

2) Please provide three possible ways to discover potential

research directions. (5 marks)

3) Please specify five state-of-the-art communications

technologies in 5G and beyond. (10 marks)

4) Please specify five performance evaluation metrics for

characterizing a generic wireless communication sys-

tem. (10 marks)

5) Please explain the concept of system modeling

in wireless communications and its procedure.

(10 marks)

6) Please explain the concept of small-scale channel fad-

ing and specify three small-scale channel fading mod-

els. (10 marks)

7) Please explain the concepts of performance analysis

and system optimization in the context of wireless

communications. (5 marks)

8) Please explain what a closed-form expression is.

(10 marks)

9) Please explain how we can verify an analytical

expression/result obtained by mathematical deriva-

tions. (20 marks)

10) Please explain whatMonte Carlo method is. (10 marks)

APPENDIX B

COURSE QUALITY ASSESSMENT QUESTIONNAIRE

Please fill in the following questionnaire (1: completely

disagree; 2: disagree; 3: neutral; 4: agree; 5: completely

agree).

1) The objective and aims of this course are clearly

defined. (1, 2, 3, 4, 5)

2) The course structure is well designed. (1, 2, 3, 4, 5)

3) New concepts introduced in the course are well

explained. (1, 2, 3, 4, 5)

4) The teaching and instructional materials and tools are

helpful. (1, 2, 3, 4, 5)

5) The course is interesting. (1, 2, 3, 4, 5)

6) The course is challenging. (1, 2, 3, 4, 5)

7) The prerequisite for this course is high. (1, 2, 3, 4, 5)

8) The course delivered new and useful knowledge that I

did not know before. (1, 2, 3, 4, 5)

9) By attending this course, I have had a basic idea what

research is in the field of wireless communications. (1,

2, 3, 4, 5)

10) By attending this course, I have gained insights into the

research objects, challenges, strategies, and methodol-

ogy in wireless communications. (1, 2, 3, 4, 5)

11) By attending this course, I have gained some basics for

carrying out performance analysis and optimization in

the field of wireless communications. (1, 2, 3, 4, 5)

12) By attending this course, I have picked up some basic

skills to use certain mathematical and software tools for

research. (1, 2, 3, 4, 5)

13) By attending this course, I have mastered the concepts

of analytical and numerical results as well as their

relation. (1, 2, 3, 4, 5)

14) By attending this course, I have known how to verify

analytical results by numerical simulations based on

Monte Carlo methods. (1, 2, 3, 4, 5)

15) By attending this course, I have gained some ideas of

how to advance my own research project. (1, 2, 3, 4, 5)

16) Have you enrolled into a similar methodological course

before? (Yes or No)

17) Will you recommend your colleagues or classmates

attending such a methodological course in the future?

(Yes or No)

18) Please give an overall score of this methodological

course. (1, 2, 3, 4, 5 from lowest to highest)

19) List three merits and three drawbacks of the course.

20) Do you have any further suggestion and comment on

the course in all aspects?
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