INESCTEC [BPORTO

[ ASSOCIATE LABORATORY

FACULDADE DE ENGENHARIA
[ gl FEUP UNIVERSIDADE DO PORTO
| PORTUGAL

Novel ns-3 Model Enabling
Simulation of Electromagnetic
Wireless Underground Networks

Sérgio Conceicao, Filipe Ribeiro, Rui Campos, Manuel Ricardo

WNS3 2015, Barcelona, Spain
13th May 2015

Research and Technological Development | Technology Transfer and Valorisation | Advanced Training | Consulting
Pre-incubation of Technology-based Companies




Outline

* Introduction
* Objectives
Underground propagation models

 Work methodology

FACULDADE DE ENGENHARIA
UNIVERSIDADE DO PORTO
[

e Results

IBAPORTO

FEUP

e Conclusions

INESC

ASSOCIATE LABORA

O
N
L
=

i

Novel ns-3 Model Enabling Simulation of Electromagnetic Wireless Underground Networks




Introduction - WUN

* Wireless Underground Networks (WUN) consist of
— Nodes buried underground and aboveground
— Wireless links
— Two Propagation media
e 4 types of links
— Underground-to-Underground (U2U)
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— Aboveground-to-Aboveground (A2A)
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— Underground-to-Aboveground (U2A)
— Aboveground-to-Underground (A2U)

z @ Monitoring nodes <-» UG2UG links
%X Q) Infrastructure nodes —» UG2AG links
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Introduction - WUN

< e« Playing fields, Agriculture
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O %% — Monitor soil water content, temperature
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Introduction - ns-3

No network simulators available for WUN
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H 3§ * ns-3 characteristics
4
w A
m "E*é — Open source
o %% — Experience in our research group in using ns-3
Qq 02 — Highly modular
X3
% — Well documented
®) ¢
L

— Allow easily integration of user implemented models

— Well accepted by the research community
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Objectives of the work

e Study existing underground propagation models

* Improve ns-3 towards WUN
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* Validate ns-3 models against results obtained in testbeds
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Path loss in soils

< * Free Space Path Loss, Friis equation [dB]
O i z
a0 41td
F %é - PT=Pt+Gt+GT'_LOI L0= 10 log(To)
auf «2 * Path Loss in Soil
52
O é% - PT'=Pt+Gt+GT'_LpI Lp= L0+LSOil’ LSOil= LB"‘La
Q# fé_:’ — Propagation constant (in soil)
a *y=a+jp
LL * y depends on soil dielectric properties = type soil, water content
— Attenuation constant a [m™1]
— Phase constant B [rad.m™!] - A= %ﬂ - v=Af
o —1=1010g(%),  1,=101loge?
o 4 - B g yl ’ a g
EE
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Two-ray U2U model

e Single direct ray

® Z — sl = Ly = 6.4+20log(d)+20l0g(3)+8.69ad—10l0g(GG})
— £
m Eg Aix
O §§ Soil
A 2

o JAE
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L ¢ Two-rays

2
VG Gdﬁ.de“‘&‘” B
: Ly = Lg—10lag |1+ = o ~FAP
Q¥ VGoGp(r1 +r2)
D 2mAr o
% 28 Ar =1+ 1, Ap = ) R: reflection coefficient soil-air
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Three-ray U2U model
Air

E Lateral Wave
<0
IE
QO i
— £
auil}: < <\
O - Transmitter ~ Direct pyz, o * =~ .
52 ” 7 >
A 2 Receiver
% Pd = Pt + 20log A, — 20logrl — 8.69arl — 45
L

Pr = Pt + 20logAs; — 20logr2 — 8.69ar2 + 20logl’ — 45

Pl = Pt + 20log A, — 40logdh — 8.69a(ht + hr) + 20logT — 30

Pd Pr Pl

Pr = 101log( 1010 + 1010 + 1010)

T
INESCTEC
ASSOCIATE LABORATORY | NESCPOF

Novel ns-3 Model Enabling Simulation of Electromagnetic Wireless Underground Networks 9



IBAPORTO
INESCPO#
FEUP FACULDADE DE ENGENHARIA
UNIVERSIDADE DO PORTO

ASSOCIATE LABORATORY

INESCTEC

i

A2U model

Air __91(.’1:, X MTT"

Soil
d2 o,

Cb,”

d

L,= 20logf + 20logdl — 147.56

L, =64+ 20logd2 + 20logf + 8.69ad?2

(cosBi+Ve'—sin20i)?
4cos0ixVe'—sin20i

L,—, = 10log

Ltotar = Lg + Ly + Lg—yy — 10 log)(z

* Rayleigh distribution
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U2A model
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Ltotar = Ly + Lg + Ly_q — 1010g)(2

* Rayleigh distribution
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Methodology

* Include propagation models into ns-3

 Develop a new Wi-Fi channel with two propagation media

— Soil propagation medium

— Air propagation medium

e Carry-out network simulations using the new models

 Compare simulation results

against testbed results previously obtained at INESC TEC

e Conclude about validity of models

Novel ns-3 Model Enabling Simulation of Electromagnetic Wireless Underground Networks

12




&)
N
L
=

IBAPORTO

INESC

FACULDADE DE ENGENHARIA
UNIVERSIDADE DO PORTO

FEUP

New models in ns-3

Estimate soil dielectric constant

— estimateSoilDielectricConstantSMDM

— estimateSoilDielectricConstantMBSDM

— Based on type of soil and water volume contents

Estimate path loss between two nodes
— ns3::UndergroundPathLossModel

— U2U: 2 and 3 ray models

— Hybrid: U2A e A2U

— A2A

Estimate propagation delay between two nodes
— ns3::UndergroundConstantSpeedPropagationDelayModel

. . : : _d_d_ B
— Using velocity of EM wave in the soil, t= b The 27de
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New models in ns-3

New Wi-Fi channel

— ns3::UndergroundWifiChannel

— Supports two different propagation media

— Use underground path loss model for underground links

— Reuse ns-3 propagation models for over the air links
New Wi-Fi phy
— ns3::UndergroundWifiPhy

— Uses the ns3::UndergroundWifiChannel
— Similar to the ns3::YansWifiPhy

New Wi-Fi helper
— ns3::UndergroundWifiPhyHelper
— ns3::UndergroundWifiChannelHelper
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New models in ns-3

<
14
30
L 1
e
w
1= -
Z o i Object|
w N PropagationLossModel PropagationDelayModel
an + CalcRxPower(double, Ptr<MobilityModel>, Ptr<MobilityModel>) : double {query} + GetDelay(Ptr<MobilityModels, Pir<MobiliyModel>)  Time {query)
w< b\
ao ;
é %] UndergroundPropagationLossModel UndergroundConstantSpeedPropagationDelayModel Object
5| g- Dotg)al:;RgP_?S/_elr(dttn’/b(l:e, PiKAf&lggg%?:elzl Pt:sz;ili%/M%cllef) .'tgouble 1que(rjy} . - m_soilSpeed: double WifiPhy
+ estimateSoilDielectricConstan ouble, double, double) : std::complex<double> = = —
U E+ estimateSoilDielectricConstantSMDM(double, double, double, double, double, double) : std::complex<double> % GetDe_lay(PtKqu/lltyModeb , PIrcMobiltyModek) : Time {query}
< ; o + GetSoilSpeed(void) : double {query}
W D|* getPropagationVelocity() : double {query} B coiiSoecd(double) : void
. i
D WifiPhyHelper UndergroundWifiChannelHelper ’ S| UndergroundWifPhy
- T : - m_propagationDelay: ObjectFactory WifiChannel :
LL] + Create(Ptr<Node>, Ptr<WifiNetDevice>) : Ptr<WifiPhy> {query} - m_propagationLoss: std:vector<ObjectFactory> - - m_channel: Ptr<UndergroundWifiChannel>
Ll_ - m_undergroundPropagationLoss: std::vector<ObjectFactory> +  AssignStreams(int64._t) : int64_t
+ AddPropagationLoss() : void + CalculateSnr(WifiMode, double) : double {query}
chap»:ewemew:ce + AddUndergroundPropagationLoss() : void + ConﬁgureStantjard(enum W/ﬁPhyStandard) 2 void
AsciTmcerRbaromes + Create(void) : Ptr<UndergroundWifiChannel> {query} +  GetChannel(void) : Pir<WifiChannel> {que/y}l )
UndergroundWifiPhyHelper + Default(void) : UndergroundWifiChannelHelper +_ SetChannel(Pir<UndergroundWifiChannel>) : void
: - m_channel: Ptr<UndergroundWifiChannel> * SefPropagationDetay() : void
§ - m_errorRateModel: ObjectFactory -
z - m_phy: ObjectFactory UndergroundWifiChannel
- ) + Default(void) : UndergroundWifiPhyHelper i m_lcielay:PtPt!';Propag?tionDeliﬂyl\/cliocli:b
Qi g + SetChannel(Ptr<UndergroundWifiChannel>) : void I m_os;. ! :joliaagallgitﬂ;;ss o et' ossModel>
L 2 + SetChannel(std:string) : void - m_undergroundLoss: Ptr<PropagationLossModel
- + SetErrorRateModel() : void + Send(Ptr<UndergroundWifiPhy>, Ptr<const Packet>, double, WifiTxVector, WifiPreamble) : void {query}
o 5 2 + SetPropagationDelayModel(Ptr<PropagationDelayModel>) : void
3 + SetPropagationLossModel(Ptr<PropagationLossModel>) : void
m i < + SetUndergroundPropagationLossModel(Ptr<PropagationLossModel>) : void
T
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Simulations — network topologies
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Simulations — network topologies
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Simulations — metrics

Performance metrics

— RSSI

— Throughput

— Packet Loss Ratio (PLR)
— Delay

— Delay litter

Measured using
ns-3 Flow monitor

- -
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o oni :
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Sender 0?
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Simulation results - U2U, 2.4 GHz, RSSi

RSSI 20 cm RSSI 30 cm
_20 r r r T T -

E 2-ray —— 20 ’ ’ ' ' ' ' "2-ray ——
< O 30 } ) 3-ray | 230 | ) 3-ray

O T E experimental = experimental =
r4
32 40 | a0 1
Zz0
wQa_ 50 f _ 50
423 2
w< 60 = 60}
0 oa 7
g 70| T 70}
=
0z 8ot 80 |
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E. 90 | 90 |
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- 100 - . : : - -100 - : - - - : : -
Ll 0 0.5 1 15 2 2.5 3 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
L|_ Horizontal distance (m) Horizontal distance (m)

* RSSi difference 2 ray: 11dBm @ 20cm | 14 dBm @ 30 cm
e RSSidifference 3ray:5dBm @ 20cm | 8 dBm @ 30 cm
e Distance difference 3ray: 21% @ 20cm | 21% @ 30 cm

5 * 2-ray model not adequate for high horizontal distances
Q — Lateral wave is the dominant component (d > 1m)
- — 3 ray model should be used
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Simulation results - U2U, 2.4 GHz, Throughput
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Difference 2 ray: 4.5 Mbit/s @ 20cm | 5 Mbit/s @ 30 cm
Difference 3 ray: 7 Mbit/s @ 20 cm | 4 Mbit/s @ 30 cm
Higher precision for high depths

2 ray model with results only until 1.1 m
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Simulation results - U2U, 2.4 GHz, Delay

g Delay 20 cm Delay 30 cm
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* Experimental results with ping — Round-trip time (RTT)
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Simulation results - U2U, 2.4 GHz, Jitter
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Jitter (ms)

3ray —w— | 045 } * 3ray —e— |

0.5 1 15 2 2.5 3 02 0.4 06 08 1 12 14 16

Horizontal distance (m) Horizontal distance (m)

Difference 2 ray: 0.06 ms @ 20cm | 0.04 ms @ 30 cm
Difference 3ray: 0.12ms @ 20cm | 0.11 ms @ 30 cm
Higher precision for high depths

2 ray model with results only until 1.1 m
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Simulation results - U2A, A2U, 433 MHz
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No Rayleigh: RSSi difference: 4 dBm @ U2A | 10 dBm @ A2U
Rayleigh: RSSi difference: 3 dBm @ U2A | 9.5 dBm @ A2U

Multi path component introduces channel variability
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Simulation results - discussion

Lateral wave is the dominant component for
— lower depths (< 20cm) and

— high horizontal distances (> 1m)

Models more accurate for higher depths

Hybrid model accurate with and without multipath
Air

Lateral Wave

Soll
IR - N
Transmitter Direct Wayg — * =~ .
o > f:
Receiver
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Conclusions / Contributions

ns-3 discrete event simulator for Wireless Underground
Networks

Validation of models (theoretical propagation + ns-3)

against experimental results

Code publicly available at
https://telecom.inescporto.pt/~sconceicao/sourcecode.zip
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Future work

* Improve hybrid propagation models (U2A, A2U)

* Evaluate multi-access and multi-hop underground

scenarios using ns-3

* Improve communication stack for WUN

* Include the underground model in a future ns-3 release
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