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Tutorial goals

« Attendees should gain a basic understanding of the

scope of the 5G New Radio module in the ns-3 discrete-
event network simulator

« Attendees should be able to start running and modifying
5G New Radio example programs

5G -LENA
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Outline

1. ns-3 orientation
2. Overview of NR module
3. Review of NR example program

/"« We will monitor the conference chat for guestions I

 We will take a 5 minute break at the end of each
hour, and answer questions

« Slides are posted on the conference site
« Video will be posted at a later date
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NETWORK S



Acknowledgments

« Tom Henderson’s work on ns-3 has been supported by
multiple NSF and NIST awards™

« Ateam led by Lorenza Giupponi at CTTC has developed
ns-3 cellular models for almost a decade

* ns-3 credits nearly 300 authors, and is built upon the ns-
2 and ns-1 tools that originated in the 1990s

NSF award CNS-0551686: (2006-10)

NSF award CNS-0958139: (2010-15)

NSF award CNS-1836725 (2018-present)

NSF award CNS-2016379: (2020-present)

NIST Cooperative Agreement 70NANB17H170: (2017-2020)
NIST Cooperative Agreement 70NANB20H179: (2020-present)

ns-3 ACMSE Tutorial

NETWORK SIMULATOR



What is 5G NR?

The next generation cellular system

« eMBB (enhanced Mobile Broadband)

« URLLC (Ultra Reliable Low Latency Communications)
« mMTC (massive Machine Type Communications)
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What is ns-37?

» A set of C++ discrete-event simulation libraries
« Community-contributed and maintained modules
* A tool to answer performance questions about computer

networks
Scenario |
[ Generation l
J— = Execution manager

~ ~ A \' ' ~ "~ N
Problem |\ | Modeling |[ "\ | Experiment ns-3
Definition |/ ' '/ | Definition execution
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What has ns-3 been used for?

* Thousands of publications to date

— search of 'ns-3 simulator' on IEEE and ACM digital
ibraries, or Google Scholar

e
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FSR: Formal Analysis and Implementation Toolkit

for Safe Interdomain Routing

Anduo Wang, Limin Jia, Member, IEEE, Wenchao Zhou, Yiqing Ren, Boon Thau Loo,
Jennifer Rexford, Semior Member, IEEE, Vivek Nigam. Andre Scedrov, and Carolyn Talcott

Abstraci—Interdomain routing stitches the disparate
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Fig 1. AR wchitcere.

safery [4], [S}-{11], [33]. While our wderstanding of BGP
safery has izproved dramatically in the past decade, each re-
search study sull proceeds independently—manually cresting
proofs and sometimes building simu-

gence time.
Index Terms—Communicatious technologoy, declarative net-
working, formal analysis, routing algebra.

L INTRODUCTION

HE INTERNET'S global rousing system does ot neces-
sarily coaverze, depending on how the Border Gateway
Protocol (BGP) policies of individual networks are config-
. Since provocol oscilios cae serions pecformce
and router overhesd, researchers devote Sigmifi-

cant anention 1o BGP stabiliy (or “safety”). Abstract formal
models e(BCvP [12115], [36] allow researchers o explore
Bow loc affect 5GP stability and idensity poll(v

ersally adopted by ISPs, ensure

Lators or protocypes to study protocol overhead and Tansient
‘ehvior duwing convergence.

To aid the design, analysis, and evalustion of safe interdo-
‘main routing, we propose the Formally Safe Routing (FSR)
conmuunities. For re-

toolkit. FSR serves two
searchers, FSR automates

Crfigmons (g, sm convergence tme) prior to actual

deployment mmmh 12 FSR also wnify research i
131, (36]

‘nenworking [22] m ‘produce provably correct implementations

of safe interdomain routing

Given policy as inpw, FSR produces mm
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analysis of safety propersies and a dismibuted protocol imple-
‘mentation, as shown in Fig. 1. FSR has three main wderlying

+ Paoyea as algebra: Our extensions to rowing

:lgeh[l)] 136l esearchers nd ok apetors

plicy configwations i an abstract alze-

i . Theos coutgaations can b sything Eoc

highlevel policy guidelines (e.2., proposed conswaints
earcher was to smdy) or 3 conpletely

policy mstance [e g., an IBGP configuration of a mmiti-au-

‘tonomous-system (AS) network that a1 operator Wamts to

malyz). Rextercontgmation Sles can be uormcaly
translated into the alzebraic representation, easing the
adoption of FSR

* Sqfety anabysis: To auwtomatically amslyze the policy
configuration, FSR reduces the convergence proof 10 2
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Abstract We present an efficient message delivery
framework, called

sage delivery in heterogeneous networks prone to episodic

MeDeHa's ability © operste in environ

n inemet connecting by cous networks that i
prone 1o disruptions in comectivity. MeDeHa is mmpL
entary 10 the IRTF's Bundle Architecure.
ability 10 store messages for unavailable al-:\hmhon».
the connectivity gap between infra-
i-hop infrastructure-less networks.
s from network hetrogeneity
porting more than one network and nades having di
resources) 1o improve message delivery. For exampl
IEEE 802.11 networks, participat
frastructure- and ad-hoe modes 1o deliver data (0 oher-
wailsble destinations. It also. ||iu_yu\|“x|umdn.
odes with episodic
Meltis- \A\, features is that any pr relay
data 10 any destination and can act 5 3
ter-op
network. The network is able © store data destined to
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of scemrios with realistic synhetic and real mobility tra
ces. Our results show significant mproves n average
delivery ratio and asignificant decresse in average delivery
delay in the face of episodic comectivity. We also dem
cnstrate that MeDeHa supports different levels of quality-
ofservice twough traffic differentision and message
prioritization.

Keywords Disupion pleans - Epsodic commastivhy -
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1 Introduction

o is envisionad that the Intemet of the futare will be highly
heierogencous not only due © the wide variety of end
devices it interconnects, but also in terms of the underly
networks # comprises. Figure | ilusraie
range from wired- and wireless backbones (e.. ¢
wireless mesh networks) (o wireless infrastructus
120 kb ntvorts (60, MANETS. On o o b,
cumot nd. emerging pplcaion, such % cmergency
environmental moritoring, smant envircnments
(e.g. smurt offices, homes, museums, etc.), and vehicular
networks, among cthers imply frequent and abivrarily
Tong-lived disruptions in connectvity. The resuling dis-
fugtion- o debiy-wlerant networks (DTNS) will likely
become an impertant component of future intemetworks.
Seaniless. interoperability among hetero
works is 3 challenging probl

etworks that
ity

respons

encous net
=5 these networks may
have very different characteristics. Node diversity ma
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Augmenting Data Center Networks with
Multi-Gigabit Wireless Links

Daniel Halperin-+ Snkanm Kandular, Jitendra Padhyer, Paramvir Bahlt, and David Wetherall-
Microsoft Resaarch' and University of Washington"

Abstract - The 60GHz wircless tchnology that is now emerging
has the potential to provide dense nd extremely fast connectivity
3t low cost. In this paper, we auplore its e to reliove hotspots
in oversubscribed data center (DC) networks. By cxperimenting

e
suited 1o a deployment of 60 GHz links contrary to conaerms about
ik rlisbility. Using dircesionsl sntcnnas, many

‘mul Ghps raes on top.of:

rack (ToR) switches. The wizd DC network can be wed to sidestep

imericrence and

wirelcss links can nin concuredly 3t

By
OFIC il o e vl S we show that adding a small
smount of nework G m of wireless fiyways to the
i DC etk mproe peformance. However, o b of
gnificant value, we find that ons hop indirect routing is needed
ndermed by oo 60 Gile caperimcnt s D e s s
present a design that wes DC traffic Jevels to slect and ad
oy 10 e wied DC rtuerk Trce den vsatoonshw
DC sppiicatons
ming oo 12 vensbcried stk b ped by 458
n 95 of the cases, with just one wircless device per ToR
Wit v 10% of 5 o, o perorboee e
1o that of 2 non.oversubscribed network.

Categorles and Subject Descriptors
C21 [Compoer- Commenication Nebworks]: Network Archi
ecture s0d Design— Wirless Commanicatcn

General Terms
Design, Experimentation, Measuement Performance

1. INTRODUCTION
llimeser wavelenyth wircless technology is rapidly being de-
veloped. Spectrum between 5764 Gz, colloguially known as the
60GHz band, is available warld-wide for unbiocased use. The band
contains over 80 times the bandwidth available for 802.11big at
24 supports devices with mul Gops data racs. Further
more, 60GHz devices with directional amenss can be deployed
gl atenustes rapidly due to the high fre

corpunics ke SiBear {36 romise o ilver 60GH: devices st
less than $10 per usit at OEM quantities. In summary, 60 Gz tech
nology can lead to dense, high-bandwidth wistless conncctivity al

Pomimion ;e g o oo of o o ot of s wrk 6
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o e S0Gi echalog s eencsplond for o o
(> point lnks. A common scensrio is home cakainment, ¢
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ihis paper, the movel possibility of using 60GHz
ok e comer to sugment the wired network. This
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Ak quality. Thi

ik by mocning 60 ion o top of racks. Finally,the
wired DC network is available 25 3 %
ing wintless devices th
robicms moch a5 alining drectonal semers and ecever, 2
interierence avordance

Traditional, wired DC petworks ar: tra-structired and cverub-
scribed to keep costs down [15]. For example, 3 typical DC

the-

from the ToR to the aggreyation switch can be
a ratio of 1:4. Howeves, each oversubscribed link is a potential
hotspot that hinders some DC application. Recent rescarch tack
les this problem by combining many more links and switches with

Scanly irprove, perfermance, wihoul th costof halding a fally
roubrenbed mtwork

" Toe basic design of & DC setwork with 60GH fyways is s
follows. The base wired network is provisioned for the sverage

o dimctices o A cnral contoller ooy
C wafhe patems, and reless devices
et By b TR swiches Bt provi e band
wicth as needed.

Otier mscrchers b cxplred we of fibes opic cables ad

o
fyways ar an atractve choce because wirtkss devices simplify
D pgrade necded Furthermore, 60 GHz
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pubih
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« appl not. Wircles
vices can irtroduce additionsl issues 35 well—for cuampl, with
dynamic topology. the network management may becore more
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Why simulation for wireless networks?

Simulation is commonly used for wireless research, for the
following reasons:
1) experiments can be replicated exactly

2) testbeds often do not provide low-level access to change how
devices work

3) tests at scale are hard or expensive to orchestrate
4) there may be frequency coordination/interference concerns

Simulation is also used in the technical standardization
process; e.g.
— IEEE 802.11-14/0571r12, 11ax Evaluation Methodology

— 3GPP TR 36.889: Study on Licensed-Assisted Access to
Unlicensed Spectrum

ns-3 ACMSE Tutorial

NETWORK SIMULATOR



Example performance study

LTE Licensed-Assisted Access (LAA) coexistence

"Can a specific unlicensed variant of LTE (LAA) operate in the same
spectrum as a Wi-Fi network, without impacting Wi-Fi system throughput
and latency more than another co-located Wi-Fi network would impact it?”

120 m
< >
A .
5 UEs/STAs per cell 4 co-channel cells Downlink on
per operator (40 total) per operator (eNB shared channel;
randomly dropped D or Wi-Fi AP) LAA has separate

licensed uplink
(D)) D ) )
50 m — — — —
Up 000 % e 5
I e P e e o e e e -
g 0 | | i
Step 1: Both operators A and B are Wi-Fi o \
Non-mobile indoor

co-channel on separate SSID Idealized

V| Step 2: (depicted) Replace operator A network with LTE LAA >cenario backhaul to

traffic sources

ns-3 ACMSE Tutorial
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Configuration

details

PP TR 36.889
Indoor scenario
20 MHz

5GHz

Number of carriers 1, 4 (to be shared between two
operators)
1 for evaluations with DL+UL Wi-Fi
coexisting with DL-only LAA
ezt
power

transmission power
shadowing and fading

2D Omni-directional

UE Drop
Traffic Model

Cell selection

Network synchronization

Antenna height 6m
hi 15m
5 dBi
0 dBi
10 UEs per unlicensed band carrier per
operator for DL-only

10 UEs per unlicensed band carrier per
operator for DL-only for four unlicensed
carriers.

20 UEs per unlicensed band carrier per
operator for DL+UL for single
unlicensed carrier.

20 UEs per unlicensed band carrier per
operator for DL+UL Wi-Fi coexisting
with DL-only LAA

All UEs should be randomly dropped
and be within coverage of the small cell
in the unlicensed band.

FTP Model 1 and 3 based on TR
36.814 FTP model file size: 0.5 Mbytes.
Optional: VolP model based on
TR36.889

9dB
For LAA UEs, cell selectionis based on
RSRP (Reference Signal Received
Power.

For WiFi stations (STAs), cell
selection is based on RSS (Received
signal power strength) of WiFi Access
Points (APs). RSS threshold is -82 dBm.
For the same operator, the network can
be synchronized. Small cells of different
operators are not synchronized.

[ mpiementation
Indoor scenario
20 MHz
5 GHz (channel 36, tunable)
1 for evaluations with DL+UL Wi-Fi
coexisting with DL-only LAA

18/24 dBm
Simulations herein consider 18 dBm
18 dBm

802.11ax indoor model

2D Omni-directional
6 m (LAA, not modelled for Wi-Fi)
1.5 m (LAA, not modelled for Wi-Fi)
5 dBi
0dBi
Supports all the configurations in TR
36.889. Simulations herein consider the
case of 20 UEs per unlicensed band
carrier per operator for DL LAA
coexistence evaluations for single
unlicensed carrier.

Randomly dropped and within small cell
coverage.

FTP Model 1 as in TR36.814.

FTP modelfile size: 0.5 Mbytes
Voice model: DL only

9dB
RSRP for LAA UEs and RSS for Wi-Fi

Small cells are synchronized, different
operators are not synchronized.

Figure from: Giupponi et al., Simulating LTE and

Wi-Fi Coexistence in Unlicensed Spectrum with ns-3

.llllnS'B
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3GPP TR 36889 V13.0.0 (2015-06)

Tochrcal Report

3rd Generation Partnership Project;
Technical Specification Group Radio Access Network;

Study on Li d-Assisted A to Unli d Spectrum;
(Release 13)
l‘\‘!._ . x"_s)
The et doc s s s dvalopa i 14 Cimrnton )t e P————
The s 0t b by and dullnot be
This R fahare drveky within PP only. T wcvcpd ae luindity for ny we of s Spocifionbon.
Specid e JGIP™ 3 om (¥fes

Configuration drawn from TR 36.889
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https://arxiv.org/abs/1604.06826
https://arxiv.org/abs/1604.06826

Sample results

« Place two Wi-Fi networks in same region, fully load the system, and
plot a CDF of observed throughputs per station. Repeat by
replacing one Wi-Fi network with LAA.

v 1
\
These flows (the majority in the ,' \
scenario) experience no contention 1 \
08 r and achieve close to the MCS 15 limit l' ‘l 08 |
\ 1 : Small amount of throughput
. degradation for the non-replaced
L 1 L
0.6 I 1 0.6 Wi-Fi network
[T | 1 [T
[ 1 [
@] 1 1 @]
0.4 t i ! 0.4 L
1
Some flows experience contention and |
1
02 | slow down \ - o _ 02 L
will 7
7 ~
- PR erator A (Wi-Fi) —5—
el - - erator B (Wi-Fi) —&— F
OI i § B - = .{p L L L 0 e LR = L L L L
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Throughput [Mbps] Throughput [Mbps]
a) Step 1 (Wi-Fi) b) Step 2 (LAA)

Figures from ns-3 LAA Wi-Fi Coexistence simulation project

[This is exemplary of an ns-3 performance study ]
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Simulation alternatives

« “Link” or physical-layer simulations
— MATLAB, Vienna LTE-A Simulator
— Unit of granularity is the symbol (high-level of PHY realism)

\/ \/ Perfect CSIR
Interleaving, = DF Deinterleaving
modulation ’ demodulation
. i) :

Nt MIMO |
" Nss spatial space Hosts TX Nt RXNr detector space STBC Nss spatial Reverse FEC Data bits
FEC | Stream ’ antenna) - eg. | decoding| " streams stream [ |decoder| "

" streams time : ’ time
encoder parser . mapping| | \/ . MMSE arsin
. , streams|  (Fj} \/ equalizer|” Streams . parsine
Interleaving, OF Deinterleaving
modulation > o demodulation

Sian Jin, Sumit Roy, Weihua Jiang, and Thomas R. Henderson. 2020. Efficient Abstractions for Implementing TGn
Channel and OFDM-MIMO Links in ns-3. In Proceedings of the 2020 Workshop on ns-3 (WNS3 2020).

modified from T. Paul and T. Ogunfrunmiri. 2008. Wireless LAN Comes of Age: Understanding the IEEE 802.11n Amendment.
IEEE Circuits and Systems Magazine 8, 1 (First 2008), 28-54.

Data bits—#-|

N; X Ny(= Ngs) | Bandwidth | MATLAB Full-link
1x1 20MHz 28 min _
1x1 40MHz 25 min Run—t|mgs for
2% 2 20MHz 37 min 40,000 simulated
2% 2 40MHz 39 min packets between
3% 3 20MHz 51 min two nodes
3x3 40MHz 60 min

Table 2 from Jin et al (cited above)

ns-3 ACMSE Tutorial
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https://www.mathworks.com/products/wlan.html
https://www.nt.tuwien.ac.at/research/mobile-communications/vccs/vienna-lte-a-simulators/

Simulation alternatives (cont.)

« “Packet-level” or full-stack simulations

— The main unit of granularity is the packet
— ns-2, ns-3, OMNeT++, OPNET, QualNet

—_— -
§e) r I I I
S I UE eNB I SGW/PGW I remote host
] |
©
(O | I g N 11 I
5 ) | APP [ end-to-end apphcatlbri » APP
o) | |
S © | | I : |
| to- / i | |
(| TcpuoP $ : end-to-end TCP/UDP socket cdlnrectlon I} TCP/UDP |
|
I L1 end-to-end IP connectibn Il |
I IP * . IP T IP
5 I T 1 1 N I
N :' [ e ] o e e e l-= - rl - I- I I
% = PDCP I PDCP == GTP | | GTP - 11 |
n — - - -
O D = I == Iy : Il |
O Q = RLC RIC |22 wop |, UDP |= |1
— @® - 1] — | - |
= I == by = | !
- I - l - |
= | | I - | I - | | I
c - PHY PHY == =
.9 - 1] == Iy - I I
"g :l E—— I_ =y awe - - - |- - ] SN - - === 1) o |- — 4
o = LTE Radio Protocol stack == S1-U protocol stack =
O n [ R R R R R R R R RN R R R R RRRRRRRRR R NRRRRERRRRRRERRERRRRRRERRRERR
=6

Figure source: ns-3 LTE documentation (CTTC)
ns-3 ACMSE Tutorial
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Simulation alternatives (cont.)

« “System-level” or flow simulations

— Individual packets are not modeled, but the effects of messages
exchanged or packet aggregates (flows)

— examples: ExtendSim, SimGrid

ns-3 ACMSE Tutorial
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https://extendsim.com/
https://simgrid.org/

ns-3 architecture

* ns-3is aleading open source, packet-level network simulator
oriented towards network research, featuring a high-performance
core enabling parallelization across a cluster (for large
scenarios), ability to run real code, and interaction with testbeds

Lanali

ations

real applications
via Direct Code

}

*

Native ns-3 4 Execution
models of these I ! modular .
layers 1 , Interconnections
run Linux
s R Transport Linux kernel code
— stack via Direct

Code Execution

Runs on a -
single machine N i 1 modular
High fidelity | | interconnections

models of v v
LTE, Wi-Fi packets can
* Support for be sent out
802.15.4, o over real NICs
mobility, Phy/Channel N in testEdS
propagation, (realtime
energy scheduler)

real applications
— via Direct Code
Execution

ctions

run Linux
kernel code

via Direct

Code Execution

tions

packets can
be sent out

__ over real NICs
in testbeds
(realtime
scheduler)

Code

e

cution

an
ut
NICs
ds

r)

ns-3
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across a cluster
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Outline

1. ns-3 orientation

— Obtaining the code

— Configuring and building ns-3

— Walkthrough of simple example: udp-client-server.cc
2. Overview of NR module

— Assumptions and Architecture

— PHY

- MAC

— Validation

— Extensions (NR-U, NR-V2X)
3. Review of existing NR example

— cttc-nr-demo.cc

— pointers to documentation of other examples

Wonssu'§ ACMSE Tutorial



Software orientation

ns-3 is written in C++, with Python bindings

« Users need to work at the Linux (or Unix, macOS, etc.) command-
line, compile the code, and handle raw output data

Key differences from other network simulators:

1) Command-line, Unix orientation
— vs. Integrated Development Environment (IDE)

2) Simulations and models written directly in C++ and
Python

— vs. a domain-specific simulation language

Wonssu':oa ACMSE Tutorial



ns-3 not written in a high-level language

Submodule vectors. gate vectors and multiple connections are illustrated 1n the following example:

simple Hub
gates:
out: outport[];
endsimple

simple Station //...

module Star
submodules:
hub: Hub
gatesizes: outport[4];
station: Station[4];
connections:
for i=0..3 do
hub.outport[i] --> station[i].in;
endfor
endmodule

The result of the above 1s depicted 1n Fig 4.

Star

station[0]

station[1]

i

station[2]

]

station[3

|

Example of OMNeT++ Network Description (NED) language
Figure excerpted from http://www.ewh.ieee.org/soc/es/Nov1999/18/ned.htm

NETWO!?S%I_:TOBR ACMSE Tutorial
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ns-3 does not have a graphical IDE

Ea% =]
Home Defi ns Geometry Physics Mesh Study  Results 3D Plot Group
Gl Volume W Slice —line [ Arrow Line I Evaluate Along Normal Cut Line Direction Second Point for Cut Plane Normal
o - : , = v : =
= Arrow Volume ' Isosurface ) Contour 3=, Particle Trajectories ./ First Point for Cut Line % Cut Line Surface Normal 1] Cut Plane Normal
Plot Plot More . ) 3D Player
In~ ™ Surface — Arrow Surface Streamline Mesh Plots ~ Second Point for Cut Line | First Point for Cut Plane Normal “* Cut Plane Normal from Surface Image
Model Builder v 4 Slice ~*  Graphics vt
=2 =+5-ctE & Plot Q Q Q& Low by bz [= @EI &
4 & micromixer.mph (root) v Data - Slice: Velocity magnitude (m/s) Arrow Volume: Velocity field
=) Global Definitions ) 3
4 @ Model 1 (mod1) Data set: |From parent v A 0.0267
= Definitions
"\ Geometry 1 v Expression +v %~ 0.025
Materials
Laminar Flow (spf) Expression: 0.02
b" Transport of Diluted Specie spfU ~ 50
/A Mesh 1 . 0.015
4 o5 Study 1 Unit - o} |
[~ Step 1: Stationary m/s v 0.01
[ : Stati - -50
. Step 2: Stationary 2 0.005

"= Solver Configurations
" Results
Data Sets

% Derived Values
FE Tables
4 & Velocity (spf)

W Slice 1

= Arrow Volume 1
Pressure (spf)
Concentration (chds)
Concentration (chds) 1
‘= Export
== Reports

#

3 9 09

7] Description:

Velocity magnitude

0 1© w3.8202x10

Title
v Plane Data Concentration v x
Plane type:  [Quick - Q Q F -z @B & @&
e — Surface: Concentration (mol/m?)
Plane: ‘yzfplanes v ‘ . %
Entry method: ‘Number of planes v A 27.575
Planes: 5 o
[7] Interactive
20
shift. |0
0 x1 15
10
Range 5
¥ Coloring and Style
0
V¥ -0.5739

Coloring:

van

Color table

233GB|241GB

Figure source: https://www.comsol.com/comsol-multiphysics
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https://www.comsol.com/comsol-multiphysics

ns-3 uses external programs for graphics

Network cell structure showing eNBs,  Radio environment map showing
UEs, and buildings signal strength from eNBs

e S %
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o et A | A o
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Y /L \ / ) :
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\ a '."
s

Matplotlib gnuplot
ns-3
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ns-3 users write scripts for plotting

EmsVideo_1_Server 942.36392953 RX 1012 1061 U 2395
EmsVideo_1_Client 942.37317727 TX 1012 1061 U 2398

EmsVideo_1_Client 942.377 RX 64 113 U 2397

WebBrowsingGraphics_0_Server 942.38092876 TX 1024 1073 U Used to measure KPlIs
2399
Plots or WebBrowsingGraphics_0_Client 942.394 RX 1024 1073 U 2399 PTT Floor granted Release
] ) AvlAssetPerimeter_1_Server 942.42492988 RX 1408 1457 U
animations 2401 l Talk spurt Sender
Thredghaut vs. time lar acident scerario pr—
(KPI 1)
. EMS traffic vs Time . CAD and telemary braflic us T.i — Access time \ \
. — Cornmiink | Talk spurt | Receiver
3 (KPI 3)
‘: " Mouth to ear latency
: Figure source: 3GPP TS 22.179

T
L 3 L 1090 pH A 3 u |

Natwark afic throughpar vs Time

~ “
M ~ ! — o

hgaghpeal [MLys)
" s
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ns-3 software repositories

* The main web site (documentation, wiki) is
https://www.nsnam.org

« Software is hosted in Git repositories at
https://gitlab.com/nsnam/

4 » GitLab  Projects QLR Snippets  Help Search or jump to...

nsnam > Details

nsnam
1 Group overview nsnam @
Group ID: 3096283
Details
Activity ns-3 is a discrete-event network simulator for Internet systems, targeted primarily for research and educa
& Epics 0 . . . .
Subgroups and projects Shared projects Archived projects Search by name
[ Issues 117
QE elf-loader @& * 1
R s &4 ELF dynamic linker/loader for Direct Code Execution
netanim @
© Security & Compliance NN ns-3 network animator *o
ictri ns-3-AppStore
® Packages & Registries RN pp ® * 0

Cnrde for the ne-2 Ann Stare rreaterd as nart nf Gnnnle Summer nf Code 2017

NETwo!p:]sﬁL-ATOBR ACMSE Tutorial
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https://www.nsnam.org/
https://gitlab.com/nsnam/

ns-3 App Store

 https://apps.nsnham.org

|I|II n S-3 ADD Store Search the App Store

All Apps Newest Releases e
Categories = -
Routing AN\ 77 model for ns-3 mempms Shim
MANET *“:_77\ r ‘ \ Wrapper around the if77 Shim to enable use of the
Underwater Acoustic Networks propagation model. EMPIRE propagation suite in ns-3
=
Public Safety el bl Bk DOCSIS models for ns-3 I Direct Code Execution

This module extends ns-3 to - Direct Code Execution (DCE) is a

Reinforcement Learning
CL simulate the MAC layer operation “ framework to run real

Satellite Networking
Transport Protocols
Utilitles more newest releases »
Named Data Networking

ns-3 ACMSE Tutorial
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https://apps.nsnam.org/

ns timeline

1990 2000 2010
v v v R
1988: REAL (Keshav) 1 1 Tt 1< > 1
: _ regular
m|d'19908 nS'1 releases

1997: ns-2
1997-2000: DARPA VINT

2001-04: DARPA SAMAN, NSF CONSER

2006: NSF CISE CRI Awards

ns-3 core development (2006-08)

June 2008: ns-3.1

ns-3 ACMSE Tutorial
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October 2021: ns-3.33
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An open source project

Between mid-2019 and mid-2020:
« 578 commits by 51 authors (33 new!)

Maintainer commits from

— Alexander Krotov, Biljana Bojovic, Manuel Requena, Mohit
Tahiliani, Natale Patriciello, Peter Barnes, Getachew Redietab,
Sebastien Deronne, Stefano Avallone, Tom Henderson,
Tommaso Pecorella, Zoraze Ali

72,696 lines of C++ code added/deleted
— parsed output of git diff --stat

261 Merge Requests opened
160 Issues filed

ns-3 ACMSE Tutorial

NETWORK SIMULATOR

25



Links to videos, tutorials

» To get started using ns-3
— ns-3 tutorial

— ns-3 training videos (2019 annual meeting)
 special sessions for TCP, Wi-Fi, LTE, sensor networks

— Other videos (available also by searching YouTube)

 More information about ns-3 and wireless
— 2019 Workshop on Next-Generation Wireless with ns-

3 (WNGW)

« many talks on a variety of wireless technologies, from
industry and academia

’ nsu-§ ACMSE Tutorial
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https://www.nsnam.org/releases/latest/documentation/
https://www.nsnam.org/wiki/AnnualTraining2019
https://www.nsnam.org/documentation/videos/
https://www.nsnam.org/research/wngw/wngw-2019/program/

4G LTE models in ns-3

« LENA: An open source product-oriented LTE/EPC
Network Simulator

— Developed by CTTC, Barcelona from 2012-present

— Designed around an industrial API: the Small Cell Forum MAC
Scheduler Interface Specification

— Full stack, end-to-end
— Accurate model of the LTE/EPC protocol stack

— Specific Channel and PHY layer models for LTE macro and
small cells

— Emphasis on radio-level performance and end-to-end QoE

— Extended for public safety networks (NIST, UW, CTTC, in the ns-
3 App Store)

ns-3 ACMSE Tutorial
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http://networks.cttc.es/mobile-networks/software-tools/lena/

5G NR module (this tutorial)

« 5G NR (led by CTTC, Barcelona)

— Leverages mm\Wave models developed by the University of
Padova and NYU Wireless

— Supports fundamental PHY-MAC NR features aligned with NR
Release 15 TS 38.300

— Additional recent work to support V2X and NR Unlicensed

SG-LENA

ns-3 ACMSE Tutorial
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https://5g-lena.cttc.es/
https://apps.nsnam.org/app/mmwave/

Outline

1. ns-3 orientation

— Obtaining the code

— Configuring and building ns-3

— Walkthrough of simple example: udp-client-server.cc
2. Overview of NR module

— Assumptions and Architecture

— PHY

- MAC

— Validation

— Extensions (NR-U, NR-V2X)
3. Review of existing NR example

— cttc-nr-demo.cc

— pointers to documentation of other examples

Wonssu'§ ACMSE Tutorial



Obtaining the code

* For working with NR, we recommend using the
development version of ns-3 along with the latest release
of 5G LENA

— ns-3-dev: git clone https://qgitlab.com/nsnam/ns-3-dev.qit
— 3G NR: git clone https://gitlab.com/cttc-lena/nr.git

« Caveats:
1. access to 5G NR must be requested from CTTC

2. the 5G NR module must be downloaded separately as a
contributed module

3. we only support recent versions of Linux or macOS Command-
Line Tools

ns-3 ACMSE Tutorial 30
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https://gitlab.com/nsnam/ns-3-dev.git
https://gitlab.com/cttc-lena/nr.git

Why a separately downloaded module?

o Useful to track impact

— Supporting a module such as nr requires significant amount of
institutional resources

— CTTC benefits from this arrangement to better track the
dissemination and impact of open sourcing this module for ns-3

* ns-3 in general is moving to a more federated
development process through its App Store

ns-3 Seminar for Ganpat Univ., June 2020

NETWORK SIMULATOR
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Obtaining access to 5G NR module

e Visit https://5g-lena.cttc.es

Features Publications Services Download Blog

5G-LENA simulator

ns-3 module to simulate 3GPP 5G networks Get th
. . . . e software
5G-LENA is a GPLv2 New Radio (NR) network simulator, designed as along with complete

a pluggable module to ns-!. Its development, initially funded by e e
InterDigital, is open to the community in order to foster early adoption,
contributions by industrial and academic partners, collaborative

development and results reproducibility. Join 5G-LENA Group

The simulator is the natural evolution of LENA, the LTE/EPC Network e e
Simulator, the development started from the mmWave module, and it
incorporates fundamental PHY-MAC NR features aligned with NR Release
15 TS 38.300. The first release of the simulator is dated February 2019.

ns-3 ACMSE Tutorial
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https://5g-lena.cttc.es/

Quick start

$ git clone https://gitlab.com/nsnam/ns-3-dev.git

$ cd ns-3-dev/contrib
$ git clone https://gitlab.com/cttc-lena/nr.git

S cd nr

$ $ git checkout -b 5g-lena-vl.l.y origin/5g-lena-
vi.l.y

Branch 5g-lena-vl.l.y set up to track remote
branch 5g-lena-vl.l.y from origin.

Switched to a new branch '5g-lena-vl1.l.y'
Scd ../../

$ ./waf configure -d optimized --enable-examples --
enable-tests --enable-logs

$ ./waf build

$ ./test.py

$ ./waf --run cttc-nr-demo
ACMSE Tutorial
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https://gitlab.com/nsnam/ns-3-dev.git
https://gitlab.com/cttc-lena/nr.git

Documentation

Extensive documentation at both sites
 Main ns-3 website https://www.nsnam.orq

— Tutorial, Manual, Model Library

— Doxygen

— Wiki

— Release Notes

— Training videos from past Workshops on ns-3

« 5G-LENA site: https://5g-lena.cttc.es/
— Getting Started, Manual
— Doxygen

— Release Notes

ns-3 ACMSE Tutorial
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https://www.nsnam.org/
https://5g-lena.cttc.es/

Placeholder

review of udp-client-server.cc example

ns-3 ACMSE Tutorial
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Key classes in ns-3

[
[Applicationw
Sockets-like

= —— -

~
\

Profocol

LR T ——

ns-3
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~
e ————

API

Packet(s)

S e L T ( Channi]

~ _
~
~

~~~~~~ Channel

4

[Applicatio

4
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Key concepts

« We are trying to represent the operation of a (wireless)
network within a C++ program

* We need a notion of virtual time and of events that occur
at specified (virtual) times

* We need a data structure (scheduler) to hold all of these
events in temporal order

« We need an object (simulator) to walk the list of events
and execute them

* We can choose to ignore things that conceptually occur
between our events of interest, focusing only on the
(discrete) times with interesting events

Wonssu':oa ACMSE Tutorial
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Discrete-event simulation

« Simulation time moves in discrete jumps from event to
event

« C++ functions schedule events to occur at specific
simulation times

« A simulation scheduler orders the event execution
« Simulation::Run() executes a single-threaded event list
« Simulation stops at specific time or when events end

Execute a function

(may generate additional events)
A AN ~
I \ S -
Ly s

Sa

\/ Advance the virtual time
to the next event (function)
ns-3
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ns-3 modules utiities
\
[ |
oy
devices protocols visualizer
A
[ \ { A \
( ) ( ) ( f )
bridge n L _ config-
ications - aodv
el s internet-apps | store
- N NetDevice ABC
esma Address types _ ( N ( )
S| (Ipv4, MAC, etc.) Internet dsdv flow-monitor
Queues (IPv4/v6) energy L L
- N Socket ABC
emu Ipv4 ABCs Packets N [ )
. Packet sockets . Packet Tags netanim
L ) L te raffic-controll “packet Headers olsr
N Pcapl/ascii file writing
( S F Y \ ( ) \ ) ) 4 ™\
_ click stats
Smart pointers  Callbacks ] )
Dynamic types Tracing - Ve mc
Attributes Logging . N (
Random Variables network Events nIX-Yector- topology-
J J Scheduler  routing read
Time arithmetic \
( R ( h Lprop N
Ir-wpan Wifi core J | openflow BRITE
. P \( J ) L
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