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Abstract—This paper presents OpenAirlTS, an open-source  In this paper, we present the implementation and test of
Software-Defined Radio platform for DSRC (802.11p) technology OpenAirITS, an open-source hardware/SDR DSRC prototype
We extended the Linux 802.11 subsystem, developed a soft-y, the OpenAirinterface platform. The OpenAirinterfacaifie
modem and a dedicated driver for the OpenAirinterface Express bleLi REfront-end ande MIMCEPGA board t
MIMO FPGA board. The low-layer PHY functions of DSRC e .Ime ron 'e_n and=xpress oard suppor
have not been coded on the chipset, but instead as a soft-modem$tatic and dynamic frequency changes between 400Mhz and
which allows the SDR platform to be easily modified according 6GHz, the lower IEEE 802.11 PHY functionalities have been
to particular experimental objectives. The RF front-end and implemented as a soft-modem, the Linux 802.11 subsystem
Express-MIMO board are reconfigurable to allow a wide range has been modified to support the OCB funclicand the pro-

of options. In this paper, we configure the prototype for a 5Mhz . . - .
channel bandwidth at at 800MHz, and provide key performance totype is made available to the Linux IP subsystem as a Virtua

metrics of the soft-modem, as well as the DSRC protocol stack. interface. This paper describes the design methodologigs a
Index Terms—IEEE 802.11p, DSRC, prototype, Linux 802.11 the test procedures to evaluate the prototype’s key pedioce

subsystem, software defined radio, OpenAirinterface, vehicula metrics. We illustrate the experimental capabilities oé th

communications, ITS. DSRC prototype by selecting an experimental 5MHz band
I. INTRODUCTION at 800MHZ, but the platform is fully capable of supporting

I:LOMHZ or 20MHz band at 5.9GHz. The platform being open-

The perspective of innovative safety and non-safety lintel id | to th hicul o d
ent Transportation Systems (ITS) applications motivaied Source, we provide a '.[00 to the vehicu ar communlca_non an
g flexible radio community for fast prototyping and experirtan

Increasing R&D efforts over the past few years to proV'd\(/aalidations of DSRC components, connectivity, as well &8 IT
an efficient and reliable dedicated communication system f

; . pplications. Also, benefiting from the flexibléme RFfront-
vehicular environments based on DSRC/IEEE 802.11 [1 nd, the prototype may be adapted to the different worldwide

In the development path, after design and simulation-bas, . -
evaluations, prototyping and field operational tests ae trs?tgandards (US, EU, Japan), as well as experimental fregeeenc

. . . or cognitive approaches.
last step before market introduction. It is also the mpst Thg rest ofpfhe paper is organized as follows. Section Ii
o&ic‘sitions this work within related work in DSRC prototyp-
ing, while Section 1l depicts the general architecture of
%E% OpenAirlTS prototype. In Section IV, we describe the
various developed software components, whereas in Séétion
and Section VI, we present experimental tests respectively
on a single device or by connecting two devices with a
oaxial cable. Finally, Section VIl discusses current artdrie

aoevelopments of the prototype.

face real constraints and challenging vehicular envirarts)e
that simulations cannot reproduce. Several platforms (N
LinkBird-MX [2], Denso WSU [3], Cohda MK2 [4],..) are
available, which are also currently under test within laFger
projects like Drive C2X [5].

One limitation from the few available platforms is that the
are developed for a particular configuration and bound
hardware/chipset constraints. This reduces their aliditseep
up with the dynamic standardization process currently dpein Il. RELATED WORK

conducted. AISO, it has also been observed that majOI‘ iI’BprOV Prototyping communication Systems for ITS app“cations is
ments could be provided to vehicular communications by aghostly based on software development kits (e.g. [2], [6)-[8
justing or modifying the DSRC lower layers functionaliti@s modeling the upper-layer functions built on top of communi-
parameters. Unfortunately, most of the available expertale cation platforms (e.g. [2]—[4]). This approach is alsodeled
platforms either do not release the source code, or haver lowg major FOT projects such as Drive C2X [5]. But when the

layer functions directly coded on the chipset. These aspewer layers also need to be experimentally enhanced, the
either limit or even block the rapid development and test of

innovative techniques to improve vehicular communication ‘The platform code is available at http:/www.openairiféee.org/
2The OCB function in IEEE 802.11-2012 [1] represents the MA@cE
This work has been partially supported by the French ANRtierRLATA  tionalities previously available in the IEEE 802.11p amendine
project and the French-German cooperation (DEUFRAKO), aadigily Swithin the PLATA project, a 5Mhz frequency band at 800MHz ha®n
by the FP7 NoE Newcom#. EURECOM acknowledges the supportsof iselected first to use the same transmit antenna and same catidig dioa the
industrial members: BMW Group Research & Technology, IABG,nlslco  RF front-end as the OpenAirinterface LTE transceiver aalted on the same
Telecom, Orange, SAP, SFR, ST Microelectronics, Swisscormafjec. chipset, but also for its resilience to fading for safetlated communication.



few available open-source platforms usually provide kit stack in kernel space. We will cover them with more details
802.11p OFDM functions [9].The prototype described in thim the next section.

paper is based on an open-source software/hardware phatfor
OpenAirinterface, and does not only provide a fully funotb
OFDM 802.11p but also a modified 802.11p MAC stack. eossos_cut sar 0L eeesozs g | ceanens_vo
The choice of OpenAirinterface to implement a DSRC hard- ~ _—————== :
ware/software prototype is also justified by the compatibil BREES R ER !
with the OpenAirinterface’s LTE-A protocol stack.

Ill. SOFTWARE ARCHITECTURE

Figure 1 illustrates the open-source SDR architecture of ou PG eueSIXVECTOR) | [ PHYDATArequesi(DATA)
IEEE 802.11p protocol stack. It is composed of three blocks. EESEQ(:(:;);
The upper block contains an extension for IEEE 802.11p TR G
of the Linux kernel 802.11 subsystem. This subsystem is

composed ofnl80211 a netlink configuration interface for
user-space applicationsfg80211which is the Linux wireless
configuration interface bridging user-space and driverd an
mac80211which offers a framework for driver developers
writing soft-MAC wireless devices. Thenac80211subsystem

Fig. 2. IEEE 802.11p TX Path
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Delivers skb to the
local stack

ieee80211_deliver_skb() H ':::%gzié?‘z’@zare— H ieee80211_rx()

T

is the Linux stack for IEEE 802.11. Due to tight real time —
constraints, the 802.11 subsystem only implements basis pa | ieeed0211p_tasklet_x(struc ieeeB021p_device_priv *priv) |
of the IEEE 802.11 standard, the other parts being usuadly th | Nemnkmefhand,e, |

responsibility of manufacturer chipsets.
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Fig. 3. IEEE 802.11p RX Path

(PC) Kernel space
netlink socket

Linux networking subsystem ‘

$ IV. SOFTWARE COMPONENTS

Linux 802.11 Subsystem
« modified for IERE 802.11p» ‘ We describe in this section some details of the software
components in each block.

ioctl

A

‘ OpenAirInterface driver ‘ ieee8021 1p driver ‘

S— , A. Linux 802.11 subsystem
(PCI-Express MIMO Board)

PCLe interface According to the IEEE 802.11-2012 standard [1], when the
flag dot110CBActivateds set totrue, the Linux 802.11 sub-
system may accept communications conducted outside of the
context of a basic service set (OCB mode), and as such, may
bypass the scanning, authentication and association s
The second block is théeEE 802.11p driverwhich bridges IEEE 802.11 state machine. As this mode is strongly related
the Linux 802.11 subsystem and the hardware. One majorthe capability of the IEEE 802.11 chipset (frequencyf-hal
difference with standard architecture for 802.11 systeisis, rate etc..), the driver should also indicate it to the sutesys
that the IEEE 802.11p driver does not link to the chipsetith a flaglEEE80211HW_DOT110CBSUPPORTEDO 1.
directly, but rather to asoft-modenvia netlink sockets. We  We maodified the Linux 802.11 subsystem accordingly, and
chose this architecture for flexibility in the developmenta also added missing ITS frequency bands 5GHz and 800MHz to
configuration of the low layer functionalities of the IEEEthe data structuresi80211 bandandieee80211band When
802.11p stack and to ease the reconfigurability of our radigoth dot11OCBActivate@nd I EEE80211HW _DOT110CB-
The soft-modenis the placeholder of all the functionalities of SUPPORTEDare set, theBSSID in the MAC header is
IEEE 802.11p physical layer. Being located out of the chipseeplaced by thewildcard BSSID=0xFFFF and delivered
it is totally accessible and reconfigurable. The soft-modgemto the soft-modem on the TX path, and a packet containing
finally connected to the hardware via an IOCTL link and a wildcard BSSIDwill be accepted without authentication or
dedicated OpenAirinterface driver, which composes thé lasssociation and delivered on the RX path.
block. Broadcast, multicast and unicast may be used, but since
Figure 2 and Figure 3 illustrate the software architectusafety-related low latency data exchanges are targetgdese
for the TX and RX paths, and depict the various functiont® send (RTS), clear to send (CTS) as well as acknowledg-
and data structures employed by the IEEE 802.11p protoeoents (ACK), fragmentation and QoS are not yet supported.

Firmware

II‘__>

Fig. 1. IEEE 802.11p protocol stack



Parameter

NL8021L IFTYPE

Value | Linux 802.11 . - o S
AD HOC \ wiphy —if_modes ( . }H‘ - H - H ‘ H

IEEE80211BAND 800 MHz | wiphy —bands p
dot110CBActivated | true | wiphy et ™
DOT110CB SUPPORTED \ true \ hw —flags
Softodem Opertiitertace
TABLE |

IEEE 802.1P DRIVER INIT CONFIGURATION OF THEB02.11SUBSYSTEM  Fjg 5. Simplified schema of the design architecture of the-smidem, and

the interaction with the Express MIMO board and RF front-end

B. IEEE 802.11p driver TOR) and PHY DATA request(DATA)on the TX side, as
The IEEE 802.11p drivercontains three basic routinesiye|| as PHY RXSTARTindicate(RXVECTOR) and PHY -
INIT, TX and EXIT. The INIT phase initializes the 802-11RXSTARIlndicate(DATA, RXERROR) where SAP param-
subsystem and initiates a netlink socket calling a RX handlgters are indicated on Table II. As indicated, service guali
waiting for data from the soft-modem to transfer it to thetraffic Clas, transmit power and data rate may be specified,
802.11 subsystem. Upon reception of data, the RX handlgid represent the triplet for controlling congestion andSQo
schedules a tasklet to handle the received frame and pdssegiiEEE 802.11p. On the RX side, statistics such as RSSI, as

transfers data received from the 802.11 subsystem to tiie S@fay be forwarded to the 802.11 subsystem. In case of RX
modem via a netlink socket. THEXIT routines releases thegrrors, the cause is indicated, such as invalid FCS.

RX handler, the tasklet and the netlink socket. Fig. 4 itatsts

the basic functionalities and behavior of the IEEE 802.11p—==-2t——— e — ——
driver. It builds a bridge between the soft-modem and the DATA RATE 3bis. DATARATE  3bis Formatvilation
Linux 802.11 subsystem, notably regarding statistics, iand  ™ewriever  3bis RX_RSSI 3 bits UnsupportedRate
also responsible for setting the interface type, the fragye TABLE Il
band and the OCB mode as illustrated in Table I. SOFT-MODEM SAP PARAMETERS

C =) (W) (e )

— — " ’
Waiting ;t:_"mxa;’;w from V VA LIDATI O N
[ -
dler
close o

Before testing the prototype, we need to evaluate its cenfor
leee80211_tx Configure 802.11 RX_Handler

sub-system

mity. To this objective, we first tested the soft-modem using

] an oscillator as a perfect OFDM traffic source, and tested the
() performance of the soft-modem in RX mode, while varying
the SNR. We then mounted the 802.11p OCB interface, sent

traffic from the soft-modem and intercepted replies to campu

(L e ommm ] performance statistics.
Due to its reconfigurability, the SDR DSRC prototype may
Fig. 4. |EEE 802.11p driver flow chart be tuned to various frequency bands or channel bandwidth.
For these tests, and following the FOT specifications for the
C. IEEE 802.11p Soft-modem PROTON/PLATA project [10], we tuned it to the 800MHz

The key innovation of the soft-modem is to provide softwaré&guency band at SMHz channel bandwidth. We configured
defined instead of hardware-defined low-layer operatioas the soft-modem parameters accordingly (see Table Ill, and
are traditionally on a chipset. Having it software-defined a Table IV for the RF front-end capabilities).
open-source makes it extensible and easily accessible for|EEE 802.11p Soft-modem

exp(_arlme_ntal_demgn. The a_rch|tecture of th(_—:- spft-modem 'SWe conducted three tests to evaluate the performance of the
depicted in Fig. 5, and contains channel monitoring as vl a

the block operation of an OFDM TX/RX. oft-modem and the OpenAirinterface FPGA board:

The current version of the soft-modem has the full func-

tionalities of the OFDM PHY layer, notably the mandatory Parameters | SMHz | 10 MHz | 20 MHz
and five other optional coding rates (BPSK 1/2, BPSK 3/4, Symbol Duration | 16us | 8us | 4pus
QPSK 1/2, QPSK 3/4, 16QAM 1/2, and 16QAM 2/3) at the Preamble Duration| 64 us | 32us | 16 us
TX side, as well as energy detection and FCS check at the RX Slot time | 2lps | 13us | 9ps
side. The MAC layer functionalities are limited, as conimmt SIFS

‘ 64 us ‘ 32 us ‘ 16 us

based access is not implemented yet.
From an interface perspective, the soft-modem provides IEEE 802.1P CHARACTEI;I—QE:_CESIILIOR DIFFERENT BANDWIDTHS
the following open SAP:PHY_TXSTARTrequest(TXVEC- '



P
( Start \
Parameters | Values (L mpwee )

Frequency Range \ 400Mhz - 6GHz

Channel Bandwidth| 5Mhz, 10Mhz, 20MHz @ Probie Channel
PA granularity 12 steps

A

no

IEEE 802.11 PHY | OFDM
n° - v False
Modulation | BPSK, QPSK, 16QAM @ Negathers

IEEE 802.11 MAC | IBSS OCB =

yes

Traffic \ Broadcast, Unack Unicast Correlate Symbols Packet Detection
not possible
Packet Size | 1024 bytes max
TABLE IV Preamble Decoded y ) no
- s Correlation Missed Packet? False
SDR DSRCSPECIFICATIONS Packet Detected Positive? Positiver+

Fig. 6. Energy detection process, givingtFalsePositive and

Parameters Values .
| #FalseNegative as output.

Noise Floor | -105 dBm
Noise Figure | 11 dB

1) False Negative- The RX does not detect any energy
on the channel, but a packet was there. This means the
SOFT_MODETLAF'?EE ;’ARAMETERS EDyy, is too high and we miss packets.
2) False Positive The RX detects energy on the channel,
but it is purely noise or the SNR is too small. This means

_ ) ) ) _ the E Dy, is too close to the cumulatei oise fo0r +
1) Noise Figure- Without any input from the oscillator, we Noise figure and is too low to detect any packet.
measured the energy at the receiving end.

2) Energy Detection Threshold®(D*") - The performance - 7 7
of an IEEE 802.11p chipset depends on the lowest (¥ ——» ™ “ o wnw )
energy to successfully detect and decode successfuly ' '
an OFDM preamble.

( Failure VR
3) PER vs. SNRWe computed the packet error rate (PER) N J @ @

curves of the soft-modem for six coding rates (up to

ED™" | -91 dBM

no yes

16QAM 2/3). Fig. 7. Energy Detection threshold loop, called the proadesscribed in
Fig. 6
Results are illustrated in Table V and Fig. 8, and we describéJ
the test procedures below. To obtain the ED,;, of the receiver (soft-modem and

1) Noise Figure: The Noisein SNR values is composedRF front-end), we ran the algorithm illustrated in Fig. 7.
on channel noise (which we assume hereAdslitive White The oscilloscope generates OFDM signals on the channel
Gaussian - AWGNand theNoise Figureof the chipset. The of various energy levels. The RX periodically (at a rate of
latter represents additive noise generated by the elakttriGlottime = 21us) probes the channel to detect energy above
components of the chipset and increases the noise levelnofse. At each iteration, the sum of all false positives and
the RX. The noise figure is measured by subtracting the noieése negatives are measured for the whole training seguenc
floor (here assumed to bel05dBm) to the energy detectedand as long as the tolerated thresholds are not reached, we
at the RX, when no energy is transmitted on the coaxittduce the ED value. Upon completion of this test, we obthine
cable. The value of the noise figure of the Express-MIM@ minimum ED;, = —91dBm. This value is a bit higher
OpenAirinterface chipset has been measured tallie. than modern DSRC chipsets, but remains below the minimum

2) Energy Detection ThresholdThe Energy Detection requirements indicated by [1].
threshold £D,;,) is a major performance indicator of a soft- 3) PER Curves:Packet Error Rate (PER) curves represent
or hard-modem, as it indicates the minimum energy at whithe resilience of the soft- or hard-modem toward noise and
it can distinguish between noise and signal, and succéssfuhterference. The lower the PER, the lower is the required
detect a packet at the lowest modulation. The lower it is, tiségnal to identify symbol in OFDM constellations and decode
lower can be the RX signal of a packdi.D,; also impacts a packet with high probability. We computed the PER curves
the TX, as the Carrier Sensing threshald9;;,) is usually set of the DSRC soft-modem following the procedure described
to the E Dy, of the RX. The lower thels Dy;,, the lower the hereafter. A generated broadcast signal for each modulatio
CSy, and as such, the TX leaves the RX decode more packsthema is iteratively subject to an increasing noise and we
that would otherwise been assumed to be interference. = measure the ratio of 32-bit CRC mismatch. We evaluated the

The ED,;, measurement is conducted following the proce$2ER curves for 6 different modulations. Considering the Mh
depicted in Fig. 6. Two metrics are measured, which charathannel bandwidth, the 16QAM 1/2 corresponds to 6Mbps,
terize the appropriate value of theD,;,: which is the recommended throughput on the CCH at 5.9GHz.



i i i i Rate | Throughput || Delay mean | IQR | 95% perc. | max
\\ ::LGS’\:(Abz 10Hz | 0013 Mbps || 69.1019 fis] | 15[us] | 655[us] | 77 [ms]
\ \ \ \ 7322'?(31//‘; 100Hz | 013Mbps || 753171fs] | 2[us] | 70[us] | 89 [ms]
10" \ \ QPSK 3/4 1000Hz | 13 Mbps || 1456126 Lis] | 2[us] | 75[us] | 89 [ms]
N \ \ \ —16QAM 1/2
W \ \ \ 160AM 2/4 TABLE VI
\ \ \\ SOFT-MAC STACK DELAY, WHERE rate REPRESENTS THE NUMBER OF
\ \ PACKETS OFFERED TO THE STACK
2| . . . .
" ‘ \ \ \ a coaxial cablt Our objective is to test the end-to-end
P R S ‘Slh?RdBlz i 16 18 20 connectivity between the Linux 802.11 subsystem over our

SDR DSRC prototype. We emulated ITS broadcast and unicast
traffic on 802.11 OCB using a Broadcast Ping (echo request
A . T in broadcast and echo reply in unicast). On both stations, we
\ \ \ Pk mounted the IEEE 802.11p interface as an IBSS interface,

\ Z orex configured static IPv4 addresses and disabled RRd then

‘ oA let STA1 send PING broadcast traffic to STA2 over our IEEE
\ \ 160AM 274 802.11p prototype. We measured the ping Round Trip time
IR to be stable around0[ms], a value that fits to the relay

\ requirements for safety-related transmissions.
107 & \

Vi VII. DISCUSSION ANDFUTURE WORK

SNR dB We presented in this paper OpenAirlTS, an open-source
(b) Packet size 1024 Bytes software-defined radio DSRC prototype for experimental-eva

Fig. 8. PER vs. SNR curve of the soft-modem for two packet size u.ations of VehiC.UIar Commun.ication SO|Ut.i0nS and ITS appli
T ' " tions. We described the architecture at different protéeatls
and evaluated it in different tests. Notably, we measured ke
B. IEEE 802.11p MAC PHY metrics, such as the noise figure, the energy detection
. threshold, packet error rates and stack delays.
Before testing t,he fL,"_l prototype, we ne_ed to Fest the ex- g prototype is built on the OpenAirinterface platform
tended OCB functionalities of the soft-mac in the linux 802. _ 4 offers a total access to all IEEE 802.11 MAC and PHY

subsystem. The test is to send a 'fake’ ping broadcast fr@m 8, meters and is also capable of being adapted to different
soft-modem up the RX stack, when the driver configured t

' ) quency ranges (400Mhz - 6GHz) or channel bandwidth
I|_nux 802.11 subsystem to work in OCB mode. We gvalua%MHz - 20 MHz). The DSRC prototype therefore provides a
first th‘? sgpport _Of the OCB m_ode_ (accepting re‘?eP“O”S a ge flexibility for the design and experimental evaluatif
transmissions without authentication and associatioasll o next generation of vehicular communication solutions.
second the transmission delay on the RX stack. The latter

is particularly important, considering that the soft-made REFERENCES

communicate over a netlink socket, and as such delay could} |EEe 802.11-2012, “Wireless LAN Medium Access ContrbIAC) and
occur which could become a bottleneck for the crucial end- Physical Layer (PHY) Specifications,” 2012.
2-end delay for safety-related transmissions. The softeng [2] NEC Car2X Communication SDK. [Online]. Available: httfz2x-sdk.

. . . neclab.eu/
driver and 802.11 subsystem modules have been installed ) pENSO Wireless Safety Unit (wsu). [Online]. Available: tt
the kernel and the linwiw tool has been used to mount a  //www.denso-europe.com

virtual interface accessible from the Linux IP subsystem. [4 Cohda Wireless MK2 WAVE-DSRC Radio. [Online]. Available

. . . http://www.cohdawireless.com/product/mk2.html
Setting the driver parametedotl110CBActivated=tru®n  [5] Drive C2X. [Online]. Available: www.drive-c2x.eu/

the wiphy structure and setting the flapOT11OCBSUP- [6] T. L. Robert Lasowski and Markus Strassberger, “Operevngine /
PORTEDoOnN the hw structure (chipset Capabilities) we ob- Wsu - A Platform For C2C-CC,” in5th World Congress on Intelligent

. Transport SystemdNovember 2008, pp. 33-40.
served that all Broadcast echo-requests would be delivered (7] s. giddlestone, “A GNU Radio based testbed implementatiith IEEE
the Linux IP subsystem, and the returned unicast echoepli 1609 WAVE functionality,” inIEEE Vehicular Networking Conference

would be successfully delivered to the soft-modem. As fer th _ (VNC) 2009.

. . , , . [8] CarGeo6 Project. [Online]. Available: www.cargeo@br
delay, we increased the transmission rate of the 'fake’ ping p. Fuxggeret al, “IEEE 802.11p Transmission Using GNURadio,” in
packet and measured the stack delay on the up- and down- 6th Karlsruhe Workshop on Software Radi@810.

stream stack path. Results are depicted in Table VI. We C%H] Pro/ton(—jpl/%tg project. [Online]. Available: http:AMw.openairinterface.
. . . org/noae

see that delay remains reasonable considering the soféimod 9

and driver architecture of the prototype.

(a) Packet size 256 Bytes

PER

VI. PROTOTYPING 4The RF front end has been designed to be connected to omaotidital
. . . antenna, as well as car roof antenna
In this section, we connected two computers equipped wit We manually entered the required ARP entries to match thec dfawid

the SDR IEEE 802.11p prototype. We connected them ov@fd MAC addresses



