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The OSI Reference Model

OSI: Open Systems Interconnection.
Abstract description of a layered computer network.

Divides network architecture into seven layers: Application,
Presentation, Session, Transport, Network, Data Link, and Physical.
= Also known as The Seven Layer Model.

More historic and didactic than currently archetypal.

o Excellent place to start studying network architecture, even though actual
systems might not easily fit the model.

o Most widespread network architecture (TCP/IP) does not fit Seven Layer
Model (it has five layers).
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The OSI Reference Model (cont.)

Each layer in one network node communicates with the same layer
in another node.

Each layer serves the layer above it (except the highest) and uses
the services of the layer below it (except for the lowest).

Layers are functionally specified through protocols
Protocols

o Conventions or standards that govern the syntax, semantics and timing
of communication between entities.

o May be implemented in hardware, software or a combination of both.
o In software, more concerned with syntax and semantics.

o In hardware, more concerned with behavior of devices (including timing)
and characteristics of signals.
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The Seven Layers

Application
Interacts with the communication software, which is outside the scope of the model

Presentation

Translates the different syntaxes and semantics that Application Layers entities may use to a
format understood by the Session Layer

Session

Establishes, manages, and terminates connections between local and remote computers
Transport

Does flow control, segmentation/de-segmentation of data, and error control

Network

Transfers data over a network of nodes (routing functions)
May do fragmentation and reassembly

Data Link

Transfers data between adjacent network nodes (one link; no routing involved)
Controls physical medium access

Physical

Defines the signals and physical specs. of the devices, according to the physical medium

Guillermo Acosta and Roberto Uzcategui 5



The Internet Protocol (IP) Suite

RFC 1122
Not an abstract model, but an actual implementation

Five of the seven OSI layers: Application, Transport, Network (called
Inter-Networking), Data Link and Physical (these last two, combined
in one called Link)

Correspondence with the OS| Model not perfect (for instance, a
protocol used in IP’s Link Layer straddles OSI’s Network and Data
Link), but we will assume so for didactic purposes
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OSI Model

Unit Layer Function IP Suite Examples
NNTP, SIP, SSI, DNS, FTP,
D Network process to | Gopher, HTTP, NFS, NTP,
7. Application application DHCP. SMPP. SMTP. SNMP. HL7, Modbus
Telnet, RIP, BGP
&
() Data i
> 6. Presentation | D2tarepresentation | yyye ypr st is | [P ASCHL EBCDIC,
@® and encryption MIDI, MPEG
» 5 S ion Inter-host Sockets. Session NetBIOS, SAP, Half
:CE) . O€SSIo communication establishment in TCP, RTP Duplex, Full Duplex
End-to-end
Segment |4. Transport connections and TCP, UDP, SCTP NBF, nanoTer
reliability
Path determination
o | Packet |3. Network and logical IP, IPsec, ICMP, IGMP NBF, Q.931, IS-IS
o .
% addressing
— : Physical addressing | OSPF, PPP, SLIP, PPTP, LoTp | 8923 (Ethemet),
TR ’ 802.11a/b/g/n
© Frame |2. Data Link (MAC & LLC) 802.11alb 9802 o
g 202
= : : Media, signal and 100BASE-TX, POTS,
Bit  |1. Physical iy ghat ant SONET, SDH, DSL,
Inary transmission 802.11a/b/gin PHY
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What 1s WAVE?

Wireless Access for Vehicular Environments

Radio communications system intended to provide interoperable
wireless networking services for transportation

Mode of operation for use by IEEE 802.11 devices in environments
where the physical layer properties are rapidly changing and where
very short-duration communications exchanges are required

Mode of operation used by IEEE 802.11 devices in the Dedicated
Short-Range Communications (DSRC) band allocated for Intelligent
Transportation Systems (ITS) communications
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Why WAVE?

To provide interoperable wireless networking services for
transportation, including

Those recognized for Dedicated Short- Many others not specifically identified in the
Range Communications (DSRC) by the U.S. architecture

National Intelligent Transportation Systems o Ecommerce

(|TS) Architecture (N|TSA) Q Internet access

o Arterial and freeway management
Crash prevention and safety
Road weather management

Roadway operations and
maintenance

Transit management

Traffic incident management
Emergency management
Electronic payment and pricing
Traveler information
Information management
Commercial vehicle operations
Intermodal freight

0o 0 O

0 0O 0000000
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WAVE Takes Place Between...

Roadside units located within 1000m of each other (in line of sight)

Roadside units and vehicles (vehicle-to-infrastructure, or V2I)
moving at high speed

Roadside units and vehicles (V2I) moving slowly
Roadside units and stopped vehicles (V2I)

Vehicles (vehicle-to-vehicle, or V2V) moving at high speeds (up to
140 km/h)
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History

MILESTONE YEAR

Intelligent Vehicle-Highway Society (IVHS) of America and US DOT 1992
collaborate on IVH strategic plan

Intelligent Transportation Society of America (ITSA) and US DOT 1995
collaborate on national Intelligent Transportation System (ITS) plan

US DOT searches for frequency band 1995/96
ITSA requests 5.9 GHz 1997
FCC allocates 75 MHz (5.85-5.925 GHz) 1999
Standards effort begins (ASTM) 1999
Technology selection (ASTM) 2003
FCC final report and order licensing 2003
IEEE approves task group 802.11p to prepare a WAVE standard 2004
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Why Base WAVE on 802.11°

To have a stable standard supported by experts in wireless
technology.

o Necessary to guarantee interoperability between vehicles made by
different manufacturers.

o Necessary to guarantee interoperability with roadside infrastructure in
different geographic locations.

To guarantee that the standard will be maintained in concert with
other ongoing developments in IEEE 802.11.

Since 802.11p is based o 802.11a, synergies in chipset design are
expected to help ensure the necessary production economies of
scale.
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Why a Ditferent Version of 802.117

Changes are required to support

The longer ranges of operation (up to 1000 m)
The high speed of the vehicles
The extreme multipath environment

The need for multiple overlapping ad-hoc networks to operate with
extremely high quality of service

The nature of the applications to be executed

A special type of beacon frame, used only in the ITS (DSRC)
frequency band
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A Simple WAVE System

Roadside Unit

On-board unit (OBU) (RSU)

RF signal in
the direction
of the vehicle

AN

N
Vertical Antenna Pattern

OBU Antenna Reference Point

© 2005 IEEE
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WAVE System Components

—H | Host

RSU

Wireline Stack

Internet/ Intranet

© 2007 |IEEE
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Wireline Stack
WAVE Stack

RSU: Roadside Unit

15

oBU

WAVE Stack
Wireline Stack

OBU: Onboard Unit

OBU to Vehicle
Host Interface

Host

Wireline Stack




WAVE Protocol Stack

SN

Management Plane Data Plane
A A
( Y )|
WME UDP / TCP TRANSPORT TRANSPORT
WSMP
IPv6 NETWORK INTERNET
LLC
DATA LINK
MLME WAVE MAC LINK
PLME WAVE PHY PHYSICAL

WAVE OSl IP Suite

LLC: Logical link control MLME: MAC sublayer management entity PLME: Physical layer management entity

© 2007 IEEE WME: WAVE management entity WSMP: WAVE short message protocol UDP: User Datagram Protocol
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Background

Guillermo Acosta and Roberto Uzcategui
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Wired vs. Wireless L ANs

In WLANS, there is no physical
destination location.

WLANS use a medium that has
neither absolute nor readily
observable boundaries.

Signals in WLANSs are unprotected
from signals from other wireless
systems that may be sharing the
medium.

The wireless medium is
significantly less reliable than any
wire.

WLANSs have dynamic topologies.
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WLAN stations may be “hidden”
from each other.

The wireless medium has time-
varying and asymmetric
propagation properties.

Given the lack of precise
boundaries of the wireless
medium, logically disjoint WLANSs
can interfere with each other.

WLANs must deal with mobile
stations.

Mobile stations are usually
battery-powered, so power
management is an important
consideration.



IEEE 802

IEEE 802.2 Logical Link Control

IEEE 802.1 Bridging

Logical fink

IEEE
802.3
Ethernet

IEEE
802.4
Token bus

IEEE
802.5
Token

ring

|EEE
802.11
Wireless

~ Data link layer

Media Access

Physical

K. Bilstrup, “A survey regarding wireless communication standards intended for a high-speed vehicle environment,” Halmstad University,
Halmstad, Sweeden, Tech. Rep. IDE0712, Feb. 2007.
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[IEEE 802.11

Medium access control (MAC)

FHSS DSSS IR OFDM DSSS/HR DSSS/
2.4 GHz 2.4 GHz 1-2 Mbps 5 GHz 2.4 GHz | CCK/OFDM/ |:
1-2 Mbps 1-2 Mbps 6-54 Mbps | 1-11 Mbps PBCC '

(802.11a) | (802.11b) 2.4 GHz
1-54 Mbps
(802.119)
CCK: Complementary code keying DSSS: Direct-sequence spread spectrum FHSS: Frequency-hopping spread spectrum HR: High rate

IR: Infrared

OFDM: Orthogonal frequency-division multiplexing

PBCC: Packet binary convolutional code

. Physical
layers

K. Bilstrup, “A survey regarding wireless communication standards intended for a high-speed vehicle environment,” Halmstad University,
Halmstad, Sweeden, Tech. Rep. IDE0712, Feb. 2007.
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IEEE 802.11e (for QoS)

Hybrid Coordination Function (HCF)

A
£ e e N
i Point Enhanced HCF Controlled
' Coordination Distributed Channel Access
: Function Channel Access

Distributed Coordination Function

K. Bilstrup, “A survey regarding wireless communication standards intended for a high-speed vehicle environment,” Halmstad University,
Halmstad, Sweeden, Tech. Rep. IDE0712, Feb. 2007.
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IEEE 802.11 Basic Service Set

BSS 1 802.11 Componen’ts

STA 1
BSA
STA2

IBSS
IBSS
BSS: Basic Service Set BSA: Basic Service Area
IBSS: Independent BSS STA: Station Bss 2

© 2007 IEEE
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IEEE 802.11 Distribution System

802.11 Components

BSS 1

STAA1

STA 4

BSS 2

© 2007 IEEE AP: Access Point BSS: Basic Service Set DS: Distribution System DSM: DS Medium STA: Station
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IEEE 802.11 Extended Service Set

802.11 Components
1
Ee e ————___ESS

BSS 2

©2007 IEEE  Ap: Access point BSS: Basic Service Set DS: Distribution System ESS: Extended service set
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Connection to Wired LLAN

BSS 1 802.11 Components

AP

802.xLAN| | Portal

BSS 2

—_—

© 2007 IEEE AP: Access point BSS: Basic Service Set DS: Distribution System ESS: Extended service set
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Logical Services

BSS 1
STA 1

802.11 MAC/PHY
H = = '

|
STA2

802.11 Components

| Il = i
802.11 MAC/PHY

© 2007 |lEEE  AP: Access point BSS: Basic Service Set  DS: Distribution System  DSS: DS Service ~ ESS: Extended service set  SS: STA service
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Logical Services (cont.)

SS: services provided by DSS: services provided by

STAS the DS
o Authentication o Association
o De-authentication o Disassociation
o Data confidentiality o Distribution
o MAC Service Data Unit o Integration
(MSDU) delivery o Re-association
o Dynamic Frequency Selection 2 QoS traffic scheduling

(DFS)
o Transmit Power Control (TPC)

o Higher-layer timer
synchronization

o QoS traffic scheduling
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IEEE 802.11 Reference Model

802.1X
L
: MAC_SAP
Data Link RSNA Key
k MAC Sublayer Management
Y MAC Subl Management
E TPIAYEl 4= Entity MLME_SAP
R
PHY_SAP MLME-PLME_SAP
G Station
Management
Physical PLCP Sublayer . gusp Entity
L PMD_SAP PHY Sublayer
A | GEEEE»  Management PLME_SAP
\E, Entity
R PMD Sublayer . quap

©2007 IEEE  \LMmE: MAC sublayer management entity  PLME: Physical layer management entity ~ PMD: Physical medium dependent ~ SAP: Service access point
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WAVE

Guillermo Acosta and Roberto Uzcategui
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WAVE vs. IEEE 802.11

Communications in a highly mobile environment
10 MHz channels

One half the data rates of 802.11

Control Channel and (6) Service Channels

Unique Ad Hoc Mode

Random MAC address

RSSI high accuracy mode

16 QAM use in the high speed mobile environment
Spectral mask modification

Option for more severe operating environment (automotive)
Priority control

Power Control

Wayne Fisher, ARINC, March 2004
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WAVE BSS (WBSS)

© 2005 IEEE
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KENBSS |

Roadway \ow 2 og%

\/

\)EU L \ Roadway

WBSS 2 LUl
WBSS 3
WIBSS 1
OBU1 OBU3
Roadway
opua  OBU4
OBU 5 ]
REER Roadway
OBUG6  opu-
.y OBUILD
WIBSS 2 WIBSS 3

OBU: Onboard unit

RSU: Roadside unit

WBSS: WAVE basic service set
WIBSS: WAVE independent BSS



‘ Connection of OBUs to WANSs

Porta ( RSU 2 WBSS 2

o r'_,.-_'f .
[RSU 1 :--,\’_... Portal 1 | OBUS OBUG
WBSS 1 : ik
~ WAN 1 OBU 9 OBUS
SRR SE
WAN - wide area network WBSS 3
© 2005 IEEE OBU: Onboard unit RSU: Roadside unit WAN: Wide area network WBSS: WAVE basic service set
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Connection of OBC to ITS App.

Interface devices

WAN - wide area network

On-BoardComputer
ydl
( e In-vehicle network
\.__|Portal
LocalComputer
(Optional) ITS
OBU Application
| Computer
S L
BSS *7l . RSU Portal ?‘?i
J):

':%?' WAN w-‘
NN

© 2005 IEEE BSS: Basic service set
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ITS: Intelligent transportation system OBU: Onboard unit RSU: Roadside unit
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Connection of OBU to OBC

On-Board Computer
( which Is connected to the ;Lﬁﬂﬁ;ﬂ:
Interface Devices threugh the On-board Unit (OBU)
In-vehlcle natwork) {connected to the In-vehicle

/ network)
RS

in-vehicla network (Built-in Display, Annunciator,
Microphone, Keypad, ete.
connected to the In-vehicle
network, which is connected
to the On-Board Computer)

© 2005 IEEE
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'Connection of OBU to ITS App.

Back Office |
Equipment
Back Office ITS
Application

Other On Board
Equipment

F...--.-..I -
Transpondsr

.l
|
I
I
|
I
|
1
|
[
|
1
|
!
|
|
I
|
:
I
I
I
1
[
|
|
I
|
[
1
i
|
[
1
[
|
1

Roadside
Equipment
VRG
‘t&ntrouer

© 2002 ASTM
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WAVE Standards

IEEE 1609.1,
et al.

IEEE 1609.3

IEEE 1609.4,
IEEE 802.11p

© 2007 |IEEE
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WAVE device

Upper Layers

Networking
Services

WAVE
Service
Security

Lower Layers
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Purpose of IEEE 1609.1

OBUs may want to use services provided by applications installed in units
far removed from the RSUs.

o OBUs host an application (Resource Command Processor, or RCP) that uses the
service.

o Third parties (remote from the RSUs) host other applications (Resource Manager
Applications, or RMAs) that provide the services.

o RSUs host an application (Resource Manager, or RM) that acts as middle-man
between RCPs and RMAs.

This standard specifies the RM and the RCP.

This standard describes how the RM multiplexes requests from multiple
RMA, each of which is communicating with multiple OBUs hosting a RCP.

The purpose of the communication is to provide the RMA access to
“resources” such as memory, user interfaces and interfaces to other on-
board equipment controlled by the RCP, in a consistent, interoperable and
timely manner to meet the requirements of RMA.
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‘Scope of TEEE 1609.1

Roadside Environment RF Link Vehicle Environment
(IEEE 802.11p)
Remote RSU oBU On-board
computer networks and
devices
RM Application APDU ASDU On-board
w [RMA to RM) " device or
RMA) CGommands, Responses b
( n (RM to RCP) application
-+ > < RCP + UCVICT o7
(RMA) - Resources > application
® °
b ]
® .
b ®
RM Application On-board
device or
(RMA) application

Elements covered by this standard are dark and in bold text,
elements not addressed by this standard have light lines and text

© 2006 IEEE  OBU: Onboard unit ~ RSU: Roadside unit ~ RCP: Resource command processor ~ RM: Resource manager ~ RMA: Resource manager application
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Purpose ot IEEE 1609.2

To define secure formats for management and application
messages, and the processing of those secure messages
To protect from attacks such as

Eavesdropping

Spoofing

Alteration

Replay

Invasion of privacy

To guarantee

o Confidentiality

o Integrity

o Authenticity

o Anonymity

o 0o 0O O 0O
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Purpose ot IEEE 1609.3

WAVE networking services
Layers 3 and 4 of the OSI communications stack

Addressing and routing services within a WAVE system

Guillermo Acosta and Roberto Uzcategui 40



Scope of IEEE 1609.3

Management Plane Data Plane
( A Y & 3
L L] L] q
WME UDP/TCP
1% WSMP
= IPv6
® MIB
w
£ LLC
©
1
o) Multi-Channel Operati
O%I MLME WAVE MAC ulti-Channel Operation
I PLME WAVE PHY

LLC: Logical link control ~ MIB: Management information base  MLME: MAC sublayer management entity ~ PLME: Physical layer management entity
© 2007 IEEE WME: WAVE management entity WSMP: WAVE short message protocol
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Purpose ot IEEE 1609.4

Multichannel wireless radio operation over WAVE PHY and MAC
layers

Operation of control and service channels
Operation of interval timers

Priority access

Channel switching and routing

Management services

Guillermo Acosta and Roberto Uzcategui 42



Scope of IEEE 1609.4

Management Plane Data Plane
A A
( M
WME
IPv6 WSMP
LLC
—_— Channel Coordination

WAVE MAC

WAVE PHY

Scope of
this standard

LLC: Logical link control ~ MLME: MAC sublayer management entity ~ PLME: Physical layer management entity =~ WME: WAVE management entity

© 2005 IEEE WSMP: WAVE short message protocol

Guillermo Acosta and Roberto Uzcategui
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MAC With Channel Coordination

LLC

MAC (with Channel Coordination )

‘ Channel Router

— ] —— i ——] —— o — P e — — — — — ——

.
[—]
]
€
—]
e
€

:5 | CCH (WSMP data only) | : ||SCH(WSMP and/or IP data)| gl
e v v v v, 13 ¥ ¥ 3 9:
lg AC=0 AC=1 AC=2 AC=3 | AC=0 AC=1 AC=2 AC=3 gl
|
- -
IN | | il
18 | o
) | o |
I v | I
QLT&UE' H o . - | Il= 4 - - |
| Kk OZ| | xX0O 2Z2||x0 2 ><r=2| X0 2 [x0Z|x0Z[lx0Z=
R 23|(323|32 9|32\ 1323323323353
| B 33| (333323383 (333 [333|[333)383] |
[N il i | i | ot | sl | il B |
| | |
| |

% Intemnal Contention l Internal Contention I

Channel Selector and medium Contention |
Transmission
Attempt

AC: Access category  AIFS: Arbitration inter-frame space  CCH: Control channel  CW: Contention window  SCH: Service channel
© 2005 IEEE TXOP: Transmit opportunity
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Services Provided by IEEE 1609.4

Channel routing.

o Routing of data packets from the LLC to the designated channel.

o WAVE Short Messages (WSMs) are allowed on any type of channel.
o IP packets are allowed on SCHs only.

User prioritization.

o Eight priority levels as defined in IEEE 802.1D.

o Used to contend for medium access using Enhanced Distributed
Channel Access (EDCA) functionality derived from IEEE 802.11e.

Channel coordination.
o Guarantees that all devices will be monitoring the CCH at the same time.

o Guarantees that members of a WBSS will be using their SCH at the
same time.

MSDU transfer

o Onthe CCH
AC: Access category  AIFS: Arbitration inter-frame space  CCH: Control channel ~ CW: Contention window
o On the SCHs SCH: Service channel  TXOP: Transmit opportunity MSDU: MAC Service Data Unit
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IEEE 802.11p

Guillermo Acosta and Roberto Uzcategui
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Medium Access Control Layer

Guillermo Acosta and Roberto Uzcategui 47



Purpose of the MAC Layer

Channel-access control

a

a
a
a

Mechanisms usually known as multiple access protocols
May detect or avoid data-packet collisions (contention based protocols)
May establish logical channels (channelization based protocols)

Examples:
In Ethernet, Carrier Sense Multiple Access/Collision Detection (CSMA/CD)
In WLANSs, Carrier Sense Multiple Access/Collision Avoidance (CSMA/CA)

Addressing

a

Unique serial number assigned to each network adapter, known as MAC
Address

Makes it possible to deliver data packets to a destination within a
subnetwork , i.e. a physical network consisting of one or several network
segments interconnected by repeaters, hubs, bridges and switches, but
not by IP routers
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MAC Architecture

Required for Prioritized |

QoS Services

Required for Contention-Free |
Services for non-0o0S STA,

optional otherwisg |

AC: Access category  AIFS: Arbitration inter-frame space  CCH: Control channel
TXOP: Transmit opportunity

© 2007 |IEEE

-'”‘mhﬂyhrid Coordination Function {HCF]
.

e _/-"'.'\_ r_,--'" ’
rh"\q_ .H-""'.L .-":::l-‘
. | . L
I Paint HCF HCF
| Coordination | Contention Controlled
Function | Access Access
: {PCF) | (EDCA) (HCICA)

Reguired for Parameterized
QoS Services

Used for Contention Services,

4 basis for PCF and HCF

Distributed Coordination Function (DCF)

CW: Contention window SCH: Service channel

Guillermo Acosta and Roberto Uzcategui
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‘ MAC Data Plane Architecture

MSDU
Flow

IEEE 802.1X IEEE 802.1X
Controlled and Controlled and
Uncotrolled Port Uncotrolled Port
LLC/SNAP "l'l':‘-l"':"-' LLC/SNAP
ow
-
H IEEE B02.1X IEEE 802.1X H
E Controlled Port iy I_H'IAC Controlled Port ’
H Filtering Relay Entity Filtering H
i {optional) (RSNA AP only) {optional) I
Intra BSS Relay (pre - RSNA AP only)
PS Defer Queuing - MSDU Replay Detection
(AP or IBSS STA Flow {optional)
only)
MSDU Integrity and
Sequence Number Protection (optional)
Assignment
MSDU Integrity Defragmentation
Protection -
(optional) MPDU Decryption
and Integrity
(optional)
Fragmentation
9 Per Access Block Ack
CategofleS Reordering
MPDU Encryption Queuing
and Integrit .
{optionil) ¥ Duplicate Removal
' MPDU Header + MPDU Header +
CRC CRC Validation
© 2007 IEEE

A

MSDU
Flow

AP: Access point

BSS: Basic service set

CRC: Cyclic redundancy check

LLC: Logical link control

MSDU: MAC service data unit

SNAP: Subnetwork access protocol

RSNA: Robust security network association
TS: Traffic stream

Guillermo Acosta and Roberto Uzcategui
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Channel Types

A single Control Channel (CCH)

o Reserved for short, high-priority application and system control
messages

o By default, WAVE devices operate here

Multiple Service Channels (SCHs)
o For general-purpose application data transfers
o Visits are arranged via a WBSS (WAVE Basic Service Set)
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Channel Coordination

Synchronized scheme based on Coordinated Universal Time (UTC).

Assures that all WAVE devices will be monitoring the CCH during a common time
interval (CCH Interval).

Assures that members of a WBSS will be using the corresponding SCH during a
common time interval (SCH Interval).

The sum of the CCH and SCH intervals comprises a Sync Interval.
At the start of a Sync Interval, all devices must monitor the CCH.
There are 10 Sync intervals per UTC second.
Channel intervals are padded with a guard interval.

AC: Access category  AIFS: Arbitration inter-frame space
CCH: Control channel  CW: Contention window
SCH: Service channel TXOP: Transmit opportunity

I Guard Interval

Sync Interval J

CCH Interval_I . SCH Interval

TTEATTER T T

Start of every Start of every
UTC second UTC second © 2005 IEEE
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Communication Protocols

WAVE accommodates two protocol stacks:
o Standard Internet Protocol (IPv6).
o WAVE Short Message Protocol (WSMP).

WAVE Short Messages (WSMs) may be sent on any channel.
IP messages may be sent only on SCHis.
System management frames are sent on the CCH.

WSMP allows applications to directly control PHY characteristics,
such as channel number and transmitter power.

AC: Access category  AIFS: Arbitration inter-frame space  CCH: Control channel  CW: Contention window  SCH: Service channel
TXOP: Transmit opportunity
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Protocol Identification

802.2 header

IP or WSMP header

IP or WSMP data

Octets = 1 > 1 > 1 3 > 2 >
DSAP SSAP L
bl e Control Organization code | EtherType
N g .
LLC header SNAP header
\ /
_‘\

© 2005 IEEE

802.2 header

DSAP: Destination service access point

LLC: Logical link control ~ SNAP: Subnetwork access protocol

SSAP: Source service access point  WSMP: WAVE short message protocol

Guillermo Acosta and Roberto Uzcategui
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Physical Layer

Guillermo Acosta and Roberto Uzcategui
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Frequency Plan

ITS-RS Bands: 7 Carriers in 75 MHz / 10 MHz Spacing
IOM H:z S5M H:

VT . : . : —1

. f‘\‘_
5850 5840 5870 5880 5890 5900 5910 5920 5925
Lower US Band Edge Upper Band Edge

© 2002 ASTM
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‘ Operating Channels

Channel center frequency (MHz) = 5000 + n_, x 5

Regulatory Band, Operating Channel Channel Center
Domain GHz Numbers Frequencies, MHz
United States ITS-RS 172 5860
and Canada (5.855-5.925) 174 5870
175 5875
176 5880
178 5890
180 5900
181 5905
182 5910
184 5920

© 2002 ASTM
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PHY Specifications

3,4.5,6,9, 12, 18, 24, and 27 Mbit/s

Information Data Rate (3, 6, and 12 Mbit/s are Mandatory)

Modulation BPSK OFDM
QPSK OFDM
16-QAM OFDM
64-QAM OFDM
Error correcting code K =7 (64 states) convolutional code
Coding rate 112, 2/3, 3/4
Number of subcarriers 52
OFDM symbol duration 8.0 us
Guard interval 1.6 us?(Tg)
Occupied bandwidth 8.3 MHz

© 2002 ASTM
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Class-A Transmit Spectrum Mask

Power Spectral Density (dB)

Transmit Spectrum Mask
(hot to scale)

-20 d&ir -28 dir

Typical Signal Spectrum
(an example)

I
I
—1— —
I | | | l ! | _
-5 -10  £45 fe “% 10 15
-5.5 5K Frequency (MHz)

© 2002 ASTM
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OFDM Structure

16 + 16 =32 ps

10 x 1.6=16ps 2x16+2x6.4=160 ps I6+64 =80 s 16+64=80ps | 1.6+6.4=280 ks
AT T I 1T F Ny T
Juts u st uufGR | T GIISIGNAL GIE Data 1 GII Data 2
_ bt——pd
Signal Detect, Coarse Freq. Channel and Fine Fn&quency RATE SERVICE +DATA DATA
AGC, Diversity Offset Estimation O ffset E stimat ion LENGTH
Selection Timing § ynchronize
© 2002 ASTM
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SIGNAL Symbol

RATE LENGTH SIGNAL TAIL
(4 bits) (12 bits) (6 bits)
R1 R2 R3 R4| R|LSB MSB| P [0 0> “0” <0 “0” <0~
0|1 |2 314 5|6 |7‘8 ‘9‘10|11|12 13 |14 |15 |16 17 18|19|20|21 ‘22‘23
Transmit Order
|
Rate, Mbits/s R1-R4
3 1101
4.5 1111
6 0101
9 0111
12 1001
18 1011
24 0001
27 0011

BPSK modulation, 3 Mbps, and convolutional coding with rate 1/2.
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‘ Rate-Dependent Parameters

Data Rate Coding Rate Coded Bits Coded Bits Data Bits
) ' Modulation ’ per Subcarrier, per OFDM Symbol, per OFDM Symbol,
Mbits/s R
NBPSC IA\‘l(JBPS NDBPS
3 BPSK 172 1 48 24
45 BPSK 3/4 1 48 36
6 QPsK 1/2 2 96 48
9 QPSK 3/4 2 96 72
12 16-QAM 172 4 192 96
18 16-QAM 3/4 4 192 144
24 64-QAM 2/3 6 288 192
27 64-QAM 3/4 5 288 216
© 2002 ASTM
Guillermo Acosta and Roberto Uzcategui 62



‘ Timing Parameters

Parameter

Value

Ngp: humber of data subcarriers

Ngp: number of pilot subcarriers

Nsr: number of subcarriers, total

Agr: subcarrier frequency spacing

Teer: IFFT/FFT period

TereameLe: PLCP preamble duration

TgienaL - duration of the SIGNAL BEPSK-OFDM
symbol

Tg: Gl duration

Tg2: training symbol Gl duration

Tgym: symbol interval

TsyorT: short training sequence duration

T one: long training sequence duration

48

4

52 (Ngp+ Ngp)

156.25 kHz (=10 MHz/64)
6.4 us (1/A¢)

32 Ps (Tsportt TLong)

8 Us (Tg* Trer)

1.6 s (Teer/d)

3.2 us (Teer/2)

8 us (Tt Trrr)

16 s (10 X Tepr/4)
16 us (Tt 2 X Teey)

© 2002 ASTM

Guillermo Acosta and Roberto Uzcategui 63



‘ OFDM Transmitter

> FEC
Coder

Interleaving+
Mapping

v v

IFFT

¥ v

Gl

AdditionJ?

Symbol
Wave
Shaping

© 2007 |IEEE

T

1Q

Mod. |
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‘ OFDM Recetver

AGC Amp
I Q
Det.
LNA
Rx Lev. Det.
v
© 2007 IEEE

Remove
Gl

¥ v

FFT

§é

Demapping+ |

Deinterleaving

FEC
Decoder

AP
e

AFC

 Clock Recovery
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Other Requirements

Tx and Rx antenna requirements:
o Antenna port impedance: 50 Q (if port is exposed)
o Right hand circularly polarized

Operating temperature

Type Environment Temperature
Range
1 Office 0—40° C
2 Industrial -20—50° C
3 Industrial -30—70° C
< 4 Automotive -40—85° C

Guillermo Acosta and Roberto Uzcategui
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Tx Power Limits for Public Safety

RSU OoBU
WAVE Frequency Max Antenna Max EIRP Max Antenna Max EIRP
Channel (GHz) Input Power (dBm) Input Power (dBm)
(dBm) (dBm)
172 5.860 28.8 33.0 28.8 33.0
174 5.870 28.8 33.0 28.8 33.0
175 5.875 10.0 23.0 10.0 23.0
176 5.880 28.8 33.0 28.8 33.0
178 5.890 28.8 44.8 28.8 44.8
180 5.900 10.0 23.0 20.0 23.0
181 5.905 10.0 23.0 20.0 23.0
182 5.910 10.0 23.0 20.0 23.0
184 5.920 28.8 40.0 28.8 40.0

© 2005 IEEE
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Tx Power Limits for Private Usage

RSU OoBU
WAVE Frequency Max Antenna Max EIRP Max Antenna Max EIRP
Channel (GHz) Input Power (dBm) Input Power (dBm)
(dBm) (dBm)
172 5.860 28.8 33.0 28.8 33.0
174 5.870 28.8 33.0 28.8 33.0
175 5.875 10.0 23.0 10.0 23.0
176 5.880 28.8 33.0 28.8 33.0
178 5.890 28.8 33.0 28.8 33.0
180 5.900 10.0 23.0 20.0 23.0
181 5.905 10.0 23.0 20.0 23.0
182 5.910 10.0 23.0 20.0 23.0
184 5.920 28.8 33.0 28.8 33.0

© 2005 IEEE
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Certification

Guillermo Acosta and Roberto Uzcategui
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OmniAir
Omni: Open Mobile Network Interoperability
Non-profit trade association
Established in 2003

An alliance of DSRC system manufacturers, operators, integrators,
application service providers and others

Mission: To foster and promote the deployment of interoperable 5.9
GHz DSRC systems through the member-defined OmniAir
Certification Program
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Wireless Channel
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‘ Wireless Channel

Signal
Strength z’_‘..bw&l.@ﬂmevﬁpvg

‘1 ﬂ.ﬂﬁ. (AN, TLTATA|

u VI

” Distance
[
[

WSSUS: any slab selection
has same stochastic
properties

Short-term Fading
(Rayleigh Fading)
(Rician Fading)

_ VTV main challenge

Long-term Fading

(Lognormal Fading) _ Automatic gain control
(AGC) domain

Path Loss
(Two-Ray Model)

STATT .
Base Mobile

| Station

Station

Guillermo Acosta and Roberto Uzcategui
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Small Scale (Short-Term) Fading

Large scale fading is ignored (AGC might take care of it)

The received baseband complex signal of a VTV
channel is

I (t) =T os (t) 4 Zu (t —7 (t)) a, (t)ej(Zﬂfm COS(H(t—Tn(t)))(t—rn(t))+27zfcrn(t))

To provide a useful description or model, we need to
somehow define, measure, calculate, or estimate the
four parameters:

L’ z-n (t)’ an (t) ,and fm
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Channel Impulse Response

The VTV channel can be modeled as a time-
varying linear system

s(t) +  h(z,1) > I ()

1. T dependence causes filtering
2. t dependence causes modulation

where

h(z,t) = ni?(t -7, (1))B, (t)
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Wireless Models

Guillermo Acosta and Roberto Uzcategui
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Wireless Design Alternatives

"he main objective is to generate h(z,t)
"he alternatives are

Theoretical models: stochastic (statistical)
or geometric (ray tracing)

Hardware channel emulation
Software simulation
Recorded channels

Guillermo Acosta and Roberto Uzcategui 76



Basic Theoretical Model

The multipath fading for a channel manifests itself in two effects

1. Time spreading (in 7 ) of the symbol duration within the signal, which is
equivalent to filtering and bandlimiting

2. A time-variant behavior (in t) of the channel due to motion of the
receiver, transmitter, changing environment, or movement of reflectors
and scatters

The random fluctuations in the received signal due to fading can be

modeled by treating the channel impulse response h(r,t) as a

random process in t

If at any time t, the probability density functions of the real and

imaginary parts are Gaussian. This model implies that for each

the ray is composed of a large number or irresolvable components

o For zero mean, the envelope has Rayleigh pdf

o For nonzero mean, the envelope has Ricean pdf
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Scattering Function: delay-power

For a wide sense stationary uncorrelated scattering (WSSUS)
channel assumption, the autocorrelation is a function of delay
and difference in time

R, (z,At)=E| h*(7,t)h(z,t +At) |

From the engineer’s point of view, the scattering function is
perhaps the most important statistical measure of the random
multipath channel

S(z,v) = j_i R, (7, At)e " d At

The delay-power profile is defined as

o0

p(f) = j_wS (Z',V)dl/
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Scattering Function: Doppler

The Doppler power spectrum is

S(v)= Jmo S(z,v)dr

—00

For example, the Jakes dense scatters model, the
Doppler power spectrum is

S(V)= =, Mﬁfm

Guillermo Acosta and Roberto Uzcategui 79



Scattering Function Example

Example from
0.7 seconds of
data

Doppler as a
function of tap

Guillermo Acosta and Roberto Uzcategui
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VTV Statistical Model

The time correlation function for a Rayleigh distributed complex envelope
assuming uniform scattering and two vehicles in motion is

R, (At) = 0,°3,(27f A1), (27f _,At)

The Doppler spectra assuming uniform 2-D scattering and omni-directional
transmit and receive antennas

S(v) = o 1+a 1% : |
zfm1\/_ 2\/— (+a) o

where

-

~
S~

- —

/(a 05) @) e os) S

I :ff-\ ,
m1 b0 e ) ,; / =7 fen

1
~{f1+2) .
y (' ), Frequency e

A. S. Akki and F. Haber, “A statistical model of mobile-to-mobile land communication channel,” in IEEE Transactions on Vehicular Technology, pp. 2-7,
February 1986

81
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Another Statistical Model: double-ring

A “double-ring” model defines an individual ring of

uniformly spaced scatterers for both the BS and the MS,
which causes each transmitted path to undergo two
reflections, one for each ring

The autocorrelation for this model is

R, (r) =J, (27zf12')J0 (27Z'f22')

C. S. Patel, G. L. Stiiber, and T. G. Pratt, “Simulation of Rayleigh faded mobile-to-mobile communication channels,” in Proceedings of the IEEE
Vehicular Technology Conference, vol.1, pp. 163-167, October 2003
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What to Do with or How to Use
the Theoretical Models?

We need to remember that the models derivations
assume stochastic processes such as uniform
distribution of scatters or normal probability densities in
their amplitude variations

There are plenty of random sources available that we
can use to generate signals that behave as the
theoretical models

Once we have this signals, we use them to amplitude
modulate the transmitted signal, i.e., we generate the

pa (1)

Guillermo Acosta and Roberto Uzcategui 83



Channel Impulse Response (Repeat)

The VTV channel can be modeled as a time-
varying linear system

s(t)

1. T dependence causes filtering
2. t dependence causes modulation

where

n(z,t)

> I ()

h(z,t) = 250 -7, (t))B, (t)

Guillermo Acosta and Roberto Uzcategui
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Conventional Tapped-Delay Line Model to

Implement h(z,t)

S(t) —_— To(t) >_2.1(1.)_1-0(1.)

T,-'_ (t) o T,-'__1(t)_

£yt % () i A, (t)
Y g Yy

()
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Characterization of /£, (t)

Assume WSSUS model: o=} {vofdfo
0 Independent f, (t) W w0
o Stationary random process

Additional assumptions:

o Complex Gaussian

o Can be nonzero mean

We characterize g, (t)by its
o K-factor

o Power spectral density (PSD)
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Wireless Design Alternatives
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Is There an Easter Way?

Instead of developing the modulation vectors,
we can use available systems

Hardware: Channel Emulators, e.g. Spirent SR
5500

Software: Channel Simulators, e.g. Mathworks
Simulink Communications Blockset

Guillermo Acosta and Roberto Uzcategui 88



Channel Emulator
() —7L— ((9)

= A channel emulator is a device or machine that “replaces” a real
channel for laboratory testing

= Certification tests are performed using channel emulators

Guillermo Acosta and Roberto Uzcategui 89



Required Channel Emulator Parameters

Number of paths

For each path:
o Relative time delay
o Relative path loss

o K-factor
Amplitude
Spectral line location

J Doppler spectrum
Shape
Width
Center frequency

Guillermo Acosta and Roberto Uzcategui 90



‘ Channel Emulator Doppler Spectrum
Shapes

= Only four choices! U J_Bd
B
_T_
< Wwidth
Classical 6 dB Flat
a4 m
Center \_/ —T—SdB
Frequency
\
Classical 3 dB Rounded

Guillermo Acosta and Roberto Uzcategui 91



Channel Emulator Parameter Input

& ||| 7

Guillermo Acosta and Roberto Uzcategui
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N / Channel 1 Channel 2
Velocity (km/h): IW
Modulation Fading Doppler Fading Doppler Phase Shift Fre_quen[:y LOS AOA LOS Doppler Rician K Fad. Spec. Delay
(Hz) Vel. (kmjfh) (Deg) Shift (Hz) (Deg) (dB) Shape
Rayleigh 463.30 250.00 0.00 0.00 Classic6dB  |Fixed
Rayleigh 463.30 250.00 0.00 0.00 Classic6dB  |Fixed
Rayleigh 463.30 250.00 0.00 0.00 Classic6dB  |Fixed
Rayleigh 463.30 250.00 0.00 0.00 Classic6dB  |Fixed
Rician 463.30 250.00 0.00 0.00 90.00 0.0 0.00 Classic6dB  |Fixed
Rician 463.30 250.00 0.00 0.00 90.00 0.0 0.00 Classic6dB  |Fixed
| Rician 463.30 250.00 0.00 0.00 90.00 0.0 0.00 Classic6dB  |Fixed
Rician 463.30 250.00 0.00 0.00 90.00 0.0 0.00 Classic6dB  |Fixed
Static 0.00 0.00 Fixed
Static 0.00 0.00 Fixed
Static 0.00 0.00 Fixed
Static 0.00 0.00 Fixed
KN
S
(- SEEE e 0 ()-110)-00 O Plaver Status: IR [ =] Il H



‘ Examples of Scattering Functions Produced
by a Channel Emulator

Channel Emulator Time Aligned 100 ns Scattering FunctionT

Channel Emulator Filtered 50 ns Scattering Function

Relathve amplitude, dB

Delay, us

Frequency. kHz

Relative amplitude, dB

Delay, ps

Frequency, kHz

Guillermo Acosta and Roberto Uzcategui
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Channel Simulation

W untitled * - =N - | (m] X
File Edit View Simulation Format Tools Help
O)l=zEd&| & ) 4 0.0 |Norma| ﬂ
Rayleigh
Fading
Multipath Rayleigh
Fading Channel
I oy il
Rician
Fading
Multipath Ri
Fading Ch 1
Ready 100% ode45
Guillermo Acosta and Roberto Uzcategui 9%

Simulink Multipath
Rayleigh and Rician
Fading Channels
Blocksets

o One blockset for each
path

o Similar Doppler
Spectrum Options



‘ Channel Simulation Parameters

Rayleigh Fading Input

Parameters

E Function Block Parameters: Multipath Rayleigh Fading... ﬁ

Multipath Rayleigh Fading Channel (mask) (link)
Multipath Rayleigh Fading Channel for complex baseband signals.

The number of paths equals the length of the 'Discrete path delay vector'
parameter.

To enable/disable channel visualization, double click on the block while the
simulation is running. You can also check the box "Open channel visualization at
start of simulation” to enable the visualization.

Parameters
Maximum Doppler shift (Hz):

40

Doppler spectrum type: |Jakes

) Jakes
Discrete path delay vectd -+

[0 2e-6] Gaussian

Rounded

Average path gain vectol Restricted Jakes
Asymmetrical Jakes
Bi-Gaussian

Normalize gain vecto Specify as dialog parameter

Tnitial seed:

[0-3]

73
[] open channel visualization at start of simulation
[] complex path gains port
[] channel filter delay port

oK I[ Cancel H Help Apply

8 Doppler
Spectra

Parameters

Rician Fading Input

E Function Block Parameters: Multipath Rician Fading Channel

E3

Multipath Rician Fading Channel (mask) (link)

Multipath Rician Fading Channel for complex baseband signals.

The number of paths equals the length of the 'Discrete path delay vector' parameter. I the K-
factor is a non-zero scalar, then only the first path has a line-of-sight component. If the K-factor is
a vector of the same length as the 'Discrete path delay vector', then all paths have line-of-sight

components, except for those whose correspending element of the K-factor is zero.

To enable/disable channel visualization, double click on the block while the simulation is running.
You can also check the box "Open channel visualization at start of simulation” to enable the

visualization.
Parameters
K-factor (scalar or vector):
1
Doppler shift(s) of line-of-sight component(s) (Hz):
o
Initial phase(s) of line-of-sight component(s) (rad):
o
Maximum diffuse Doppler shift (Hz):
40
Doppler spectrum type: Jakes
Discrete path delay vector (s):
0
Average path gain vector (dB):
0
Normalize average path gain vector to 0 dB overall gain
Tnitial seed:
73
["1 open channel visualization at start of simulation
[] complex path gains port
[] channel filter delay port

ok | [ cancel | [ melp

Apply

Guillermo Acosta and Roberto Uzcategui
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‘ Examples of Simulated Channels

Scattering Function Impulse Responses

Scattering Function (Measured data updated) Bandlimited impulse response

$ _ . - —
x : : : — — — Theoretical
Uil e Measurement

&0 0 50 “ime offset (s) 0 P 0 5 “
Frequency (Hz) x 10

96
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Wireless Channel Sounding
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Where Can I Obtain the Input

Parameters?

We can use published
models such as the
COST series

We can measure the
channel

We call measuring a
communication channel
“Channel Sounding”

Guillermo Acosta and Roberto Uzcategui
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PDP for Each Segment 0.7s Segment
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Channel Sounding Techniques

Channel

Sounding

l

Narrowband Wideband
Techniques Techniques
I | | | |
Chirp Tone Multitone Periodic Pulse
Sounding Stepping Pulse Compression

Two main design goals for any sounding system: real-time processing and
real-time recording
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Pulse Compression Sounding

Based on the theory of linear systems
E{ nt)n"(t -7)|=R,(z) = N,5(z)
E[y(®n'(t-7)]=E| [h(2)n(t—A)n"(t—7)dA |
= N,h(z)

Uses white noise approximation: maximum length
sequences (MLS)

Similar spectrum and bandwidth to bpsk (double-sided)

Resolution given by “chip” period, and dynamic range by
sequence length 20log(N)

Guillermo Acosta and Roberto Uzcategui 100



Pulse Compression Techniques

N(f) w—m  ((7,f) | —

T Wireless
Channel

Best dynamic range
Double-sided spectrum: real signal transmitted

“Wastes” half RF bandwidth
Requires two samples to reconstruct

Guillermo Acosta and Roberto Uzcategui 101



Multitone (OFDM) Sounding

e =Tl

Wireless
f Channel f

Send equal amplitude subcarriers through channel
Obtain channel frequency response
IFFT gives the channel impulse response

Uses full RF bandwidth: twice the time resolution as
Pulse Compression

Guillermo Acosta and Roberto Uzcategui 102



Time Resolution Difference

MLS Sounding PDP OFDM Sounding PDP
5 T T 5 I T

relative power
1 1 1
relative power

3 | | | | ] | | | |
-8.1 0 0.1 0.2 0.3 04 381 0 0.1 0.2 0.3 04
delay, usec delay, psec

MLS vs. OFDM time resolution response for a three-tap static channel with
delay of 0, 100, and 250 ns and power settings of 0, -4, and -7 dB
respectively
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OFDM Sounding System Calibration

Requirement

Calibrated vs. Uncalibrated OFDM PDP

Ob----- 3,,,,,,3,,,,,,3,,,,,,3, ,,,,, — uncalibrated
------- calibrated

relative power, dB

Guillermo Acosta and Roberto Uzcategui
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Dynamic range depends
on system frequency
response

It is necessary to obtain
the cumulative or
combined frequency
response of all the
elements in the
communication system



Combined Sounding Waveform

15, Lo-OFDM Sounding Waveform MLS Sequence |511
e Length samples
g OFDM FFT 912
g Length samples
% Te 50 ns
5 T 115.1 ps
i Maximum Path | 34.53 km
1% 20 a0 ] 60 80 100 120 Length
me, psec
T —— Maximum + 4.344 kHz
:k/?ESnS 511- 50 ns 512-OFDM Doppler
Frequency

We used the MLS part to obtain the PDP and to synchronize the
OFDM part

We used the OFDM part to obtain the Doppler spectra
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How Do We Design a Channel Sounder?

If our objective is to sound a channel to generate
a channel model, we focus on real-time
recording for post processing

We can use a software radio based architecture
The design objective is to record In-Phase and
Quadrature (I/Q) baseband samples for post-
processing

The Analog-to-Digital (ADC) and Digital-to-
Analog (DAC) converters are the defining
elements
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General Architecture of a Digital

Radio

We can start here

Transmitter

Agilent Application Notes 5968-3579E, 5988-6788EN, and 5966-4096E

Guillermo Acosta and Ro

berto Uzcategui
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Baseband 1/a
Filter Modulator \F Filter Upconverter  Amplifier
Ch | Coding/ ! !
Input anne ? g Symbol fegae
{Data or Voice] B Interleaw_ng/ *1Encoder . \ /_\
Processing
o] o]
Power Control
IFLO RFLO
Channel
‘7 Receiver
Preselecting Baseband
Filter Downconverter  IFFilter Downconverter | Filter
. Output
B Bit
- / \ / \ e Demodulator I \ ; Dec-;der e [E}Izti:;r
Low-Noise a
Amplifier with
Automatic
Gain Control RF LO IFLO

We can end here



Digital Transmitter

This is the block
diagram of an Agilent
ESG 4438C arbitrary
waveform generator

Ext? Input

Burst Envelope - used with ext (/0

TTL Burst lnput

}

- <
used With ext d218 poefl o e L5
Envelope ALG
Reconstruction
Filter
FHA Digital |14 W ", |
. S e
Filter Fesampler .
Data = Symbol % b b é
Gererator 30 o Generator (®)
é ek Oiff. encoder iR Diaital 14
igita . ",
Ext Data Filter Resampler | - @ a
Serial Input
Ext Bit Clock
Clock
Ext Symbiol Sync Generator e
18 MHz It Ref
Ext Fef Input
A B C E

Many of the blocks may be done in a PC

Agilent Application Notes 5968-3579E, 5988-6788EN, and 5966-4096E

Guillermo Acosta and Roberto Uzcategui
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2.4 GHz Transmitter Example

1

0000000
sl @

o
(00
(8 -]

L
C
C
L
c

ESG E4438C
511 MLS Signal

Frequency

Length MLS 911

T, 50 ns

3 dB BW 20 MHz
T, 25.5 us
Ili/leanxg;rr\]um Path 7 65 km
Maximum Doppler 19 5 kHz

Roof mounted
Omni antenna

30 dB
amp

Guillermo Acosta and Roberto Uzcategui
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5.9 GHz Transmitter Example

Rubidium Reference

=y

10 MHz Sync I
+ .

Roof Mounted
8 dBi Omni

ESG E4438C

+43 dBm Amplifier

= This time we are using Rubidium reference clocks
= We also have a substantial increase in output power
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We Have Two Options for the Recetver

Baseband

Mixer Filter

=\

] 0>

Preselecting
Filter Downconverter  IF Flter

/\

Low-Noise
Amplifier

Lo Filter

80-Degree Phase Shifter

Baseband

=~

uCas

We can sample all the way to
baseband: Two ADCs

reselacting

Filter

Downconverter  IF Filter

.

/\

Low-MNoise
Amplifier

L0

Or we can sample the intermediate
frequency (IF) and finish the down-
conversion in the digital domain: One ADC

Agilent Application Notes 5968-3579E, 5988-6788EN, and 5966-4096E
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\ 2.4 GHz Recetver Example

Workstation i i
with

RAIQ array

PCl to VME

FPDP r
1 =y

~~~~~ [ —
e — 1«
Lt _j .........
- o ]

Pentek Diaital Radio

425 MHz

o a8 a8 o

—_—F
f' ieiiad ]

1st Local Oscillator

) 10 MHz
2" Local Oscillator  sync
S =rE
Y 8 - I:;ﬁ:
_Ia-.. @@ ugmggéj

10 MHz

e |3 B ESSES  Sync
-‘ - glv .:;0 PR |
--11.. = @ ngmgéE&
ADC Clock | 2.0 GHz
80 MHz A

IF 20 MHz L

2nd Local Oscillator

C

1st Local Oscillator

Downconverter

5

LNA Omni antenng

oof mounte

15t |F

445 MHz

2nd |F

20 MHz

IF Filter BW

46 MHz

ADC

12 bit
80 MHz

Data Rate

20x106
complex
samples

Recording
Speed

80 Mbytes/s

Guillermo Acosta and Roberto Uzcategui
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5.9 GHz Receiver Example

Control PC Recorder PC
. smer § Rubidium Reference

Q — e |
; .y 10 MHz Sync
10 MHz Sync.

—50 :
,,|c, 1 GB Buffer T
Agilent E4422B
| e ADC Clock
Agilent E4438C

SBS 616
PClta VME Local Oscillator
FPDP 4.89 GH
e 0~18V, 0~5 A
PCI-VME
B 10 MHz Sync — E
Ll 15v
: - 1.0-2.0 GHz el
= Directional RF Directional
- Coupler kst
/Ei Lo Coupler
Ne———t00H: .
L P O
ﬂ 3B Bandpass
RF/LO 3.7-10.0 GHz 4-8 GHz LNA 60 dB Variable filter Roof Mounted
Attenuator  5.85-5.925 GHz 8B4 O

IF 0.0-2.0 GHz

Pentek 6226
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Today’s Technology

Recording

o Since the introduction of the PCI-E bus, direct to hard
drive recording speed keeps increasing

o The latest specification for a RAID system is 1.2 GB/s
(300 Mega complex samples per second [four bytes])
and upto 512 TB

o Assuming that we use the four bytes per complex
sample, we can sound 300 MHz RF bandwidth for a
time resolution of 3.33 ns

ADC

o Texas Instruments ADS5474 is a 400 MSPS 14 bit
ADC
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“Oftf the Shelt” Systems

National Instruments NI PXle-5663: 16-bit, 150
MS/s

“Affordable” Option: Ettus USRP2 software radio
system with two 100 MS/s 14-bit ADC

Pentek RTS 2701: two 125 MS/s 14-bit ADC
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Wireless Channel Model
Development
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Post Processing Examples

We will use the next slides to show examples of
the type of information you can obtain from the
recorded I/Q samples

We should recall that our objective is to create a
useful channel model, i.e., a model to use with
the emulator or simulator

We finish this section with an example of a
finished product
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Example of Channel Impulse Response

power spectral
density (PSD) for

fixed delay
Power

Delay
Profile

Each line represents
and impulse response
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lative am

Re

plitude, dB

‘ Post-Collection System Testing: System’s

Performance Through Channel Emulator

Channel Emulator Time AIignec{tlE)O ns Scattering FunctionT Channel Emulator Filtered 50 ns Scattering Function

-8 e
Delay, us Frequency, kHz Delay, ps = Frequency, kHz

Simulated 50 ns Time aligned 100 ns
vs. Filtered 50 ns
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Example Matrix (I Channel)

511 correlation.;'bins..(

delays or taps) .

100

o
3
w

time

234 235
delay, psec

232

<5
50ns
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Power Delay Profile

Location Fa2-202 In-phase Power Delay % 107

Ime, msac

time

t

=] - %) [#) £ [}

Average magnitude
squared of column
elements

to get power per bin
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time, mseac

Doppler Spectrum Estimation

Welch'’s spectral estimate
performed on 50ms segments
of one bin to see how spectrum
changes with time

Location Fa2-202 In-phase Power Del

234 235
delay, psec

236

Welch'’s spectral estimate
performed on whole 0.7 seconds
of one bin
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LocFa2-202 Path 466 Power Spectrum for 2048 Samples

-400 -200 0 200 400 600

50ms spectra frem one bin or tap

LocFa2-202 Path 466 Power Spectrum for All Samples

py

-1000 -800 -600 -400 -200 0 200 400 600 800 1000

0.7 s Spectrum™frédm one bin or tap

20 200
UV

-40

Power Spectral Density (dB/Hz)

-60

-
%
{
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Rate of Path Length Change

At 2.445 GHz, we can find the rate at which a path is
changing length in mph by dividing the Doppler
frequency in Hz by 3.64

Shortening at

about 55 mph
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Opening at
— about 80 mph
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High Rates of Path Length Change

60 mph Path is opening at nearly

X —>

60 mph

240mph

T M

RX
60 mph

“431HZ

“=\J T rJII

ooarz |« ' [\
23 mph 7ﬂ I ﬂfy/ _______ WWWH/W\M
Ly PN
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‘ Two Path Statistical Model for

Location E Second of Two Taps

Expressway

Location E Two Taps Scattering Function
i ;{: !'"4 : : : 1 10 Second Take - Frequency, kHz
m E et R M ' ]
g2 ] R R Second tap Doppler spectra for each 10 s
2 Location E First of Two Taps
= take
g_w : 10
Fat. 0
T o s A0
i D 20
504 8 30 =0
; \ %1,40
B -50 ke
40 e g o0
-70
80
0
Delay. ns Frequency, kHz
70

10 Second Take B o-8

Two path statistical model First tap Doppler spectra for each take 10 s

take
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Example of a Complex Tap Spectrum

Channel emulators have 6, 12, or 24 paths depending on price
Our objective is to match the tap spectrum with the minimum

possible of paths

Tap 1 Level Best Fit

7777777777777777777777777777777777777777777777777777777

N
o

N
S

N
o

a
o

Power Spectral Density (dB/Hz)
o

I I I I I
I | I I I
-60 | | 1 [

_ | | | |
-1500 - - 1500
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Expressway Same Direction Model

Tap | Path | Tap Relative | Delay | Rician | Freq | Fading LOS Modulation | Fad. Spec.
No. | No. | Power Path Value | K (dB) | Shift | Doppler | Doppler Shape
(dB) Loss (ns) (Hz) (Hz) (Hz)
(dB)
1 1 0.0 -1.4 0 23.8 | -55 1407 -60 Rician Round
1 2 -5.6 1 n/a -20 84 n/a Rayleigh Round
2 3 -11.2 -14.2 100 5.7 -56 1345 +40 Rician Classic 3 dB
2 4 0 -14.2 101 n/a 0 70 n/a Rayleigh Round
3 5 -19.0 -19.0 200 n/a -87 1358 n/a Rayleigh Classic 6 dB
4 6 -21.9 -21.9 300 n/a -139 1397 n/a Rayleigh Classic 3 dB
5 7 -25.3 -27.9 400 n/a 60 1522 n/a Rayleigh Classic 6 dB
5 8 -30.8 401 n/a -561 997 n/a Rayleigh Classic 3 dB
6 9 -24 .4 -24 .4 500 n/a 50 1529 n/a Rayleigh Round
7 10 -28.0 -28.0 600 n/a 13 1572 n/a Rayleigh Round
8 11 -26.1 -31.5 700 n/a -6 1562 n/a Rayleigh Classic 6 dB
8 12 -28.1 701 n/a 4 81 n/a Rayleigh Round
127
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Expressway Same Direction Model
Notes (complement to table)

Taps 1, 2, 5 and 8 have composite spectra. Each tap comprises two paths.
The first two taps each have Rician and Rayleigh paths. The overall K
factor is 4.0 dB for Tap 1 and -1.8 dB for Tap 2. Tap 8 comprises two
Rayleigh paths. All paths associated with a composite Doppler spectrum
have excess delays differing by 1ns. This is to ensure that the channel
emulator creates them as separate paths. Because of its limited
bandwidth, the unit under test will perceive two paths that differ in delay by
only 1 ns as having essentially the same delay.

“n/a” means “not applicable.”
This channel is normalized so that the first tap power is 0 dB.

The parameters are named according to the Spirent SR5500 TestKit
control software.

The SR5500 parameters LOS AOA and LOS Doppler are interdependent.

The SR5500 parameters Fading Doppler and Fading Doppler Vel. are
interdependent.
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MIMO Channel Sounding

Guillermo Acosta and Roberto Uzcategui 129



MIMO Extension: 2x2 Example

Transmitter and Receiver MUST be synchronized!

symbols
SO‘ 31, 32,

MIMO

MIMO >
decode

PULSE COMPRESSION:

Use sequences with good
autocorrelation and cross-correlation
properties: GOLD Sequences

Agilent Application Note 5989-8973E

Guillermo Acosta and Roberto Uzcategui
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r2 | h21 h22 _ SZ

MULTITONE:

Alternate each transmitted signal
in the subcarriers, e. g. odd
subcarriers for TX1 and even
subcarriers for TX2



MIMO Sounding Wavetorm

Three sections:

o Alength 2,047 Gold
Sequence with a 100 ns

Chlp perlOd Channel One Sounding Waveform

o A 512 FFT OFDM signal -
with a 128 guard band and
a 50 ns period

o Two null segments of
length 320 and 50 ns period
separating the OFDM signal

268.7 us total waveform

period for a £1.86 kHz

maximum Doppler
frequency

normallzed amplitude

P i i i i i
0 50 100 150 200 250 300
time, ps
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Gold Sequence Segment Performance

Gold Sequence TX1 Extraction Gold Sequence TX2 Extraction

5 5
/Y SN JO N SO S )
I — Morkable threshold], . f. i ] 5
. | | .
g 1YL AU SN A S MU | R SR g-m—
2 2
g 7T S S O I & O S—— o 15
= =
- -
[ ] : [ ]
S 2 S 2
= =
T3 O N, IS S A" WU MU A I T N S R AR AP SO Y SR S S NS SR
aol A L L NS i aol N A
a5l i 35 i
15 25 3 o 15
delay, psec delay, psec

TX1: ([0 ns, 0 dB], [2,000 ns, -6 dB]) and TX2: ([0 ns, 0 dB], [150 ns, -2 dB], [750 ns,
-6 dB]) simulation example

We use the Gold sequences primarily for synchronization, but they also provide
channel information

We can obtain a 100 ns resolution channel information with 20 dB of dynamic range
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OFDM Segment Performance

OFDM TX1 Extraction OFDM TX2 Extraction

5 5
1 R O S S A 1 O O S S SO
B -] U S . SO L S

E = E =

g 7 S 1M SR S g 7| RN A RN SN It

o o

o o

P T S P e o e S

= =

= =

® o9l | ® ool b

s 2 S 20

= =

5 T O s S SR N S [T RN I S E N S S
B0 B0 e
35 i i i i 35 i i i i i
0 05 1 15 2 25 3 0 05 1 15 2 25
delay, psec delay, psec

Same parameters simulation results
We increase the resolution to 50 ns

The dynamic range is set by the sounding system
performance

OFDM sounding requires system calibration since its
performance is closely tiedlgg system’s nonlinearities
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h11 Channel Emulation Results

We can process
approximately 0.55
second segments
We are showing the TX1 Gold Sequence vs. OFDM Resolution
extraction =
We notice the gain in
resolution from the OFDM

segment @ the 250 ns
path

Gold

o g
[ Py

relatlve power, dB
CH

LN 1
()
__4___________r_____
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OFDM Calibration

The system’s calibration
reduces the signal spreading

Unfortunately, there is no
overall calibration OFDM Calibration

The calibration is test specific

Every element in the path
(cables, connectors, etc.)
changes the calibration

For these results, we used the

relatlve power
& 8 &

|[F calibration, i.e., the most .
direct recording path i | |
Even without the exact mT —No CalibmtT:n

calibration, we can obtain a N 50 E"Lh - )
better delay resolution Y, psec
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2x2 MIMO VV Mobile OFDM Sounding

PDPs for a 0.6 s Segment

OFDM Sounding: h11 PDP

relatlve power

relative power

Guillermo Acosta and Roberto Uzcategui

OFDM Sounding: h12 PDP

relatlve power

p 5
delay, psec

relative power
a

OFDM Sounding: h22 PDP
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2x2 MIMO VV Mobile OFDM Sounding

Scattering Functions for a 0.6 s Segment

OFDM Sounding: hi1 OFDM Sounding: hi2

&
E o

&

Y
Reletive amplitude, 4B

Ralstive amplitude, dB

g
g

E & & & & a °

E o

it S

E o

&

&

?

Relstive amplituce, dB

Relstive amplituce, dB

E & & & & 8 °
2
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2x2 MIMO VV Mobile MLS Sounding
PDPs for a 0.6 s Segment

MLS Scunding: h11 PDP MLS Scunding: h12 PDP
g A0 E ______________________________________________________
4
; B S T Ty St LT T T TP BT
E_m ______________________________________________________________
_H_._._.: ____________________________________________________
;| wﬁ/\MM ﬂﬂbﬂmm
)
dehv psec
MLS Sounding: h21 PDP




2x2 MIMO VV Mobile MLS Sounding Scattering
Functions for a 0.6 s Segment

MLS Sounding: hif MLS Sounding: h12

B o
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B2 &
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g
g
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Reletive amplitude, 4B
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Thank youl
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