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Fundamental evaluation of the OFDM cooperative communication
with software defined radio

YOSUKE MUKAT»'®  KATSUHIRO NAITO?2 KaAzuo MorIl! HIDEO KOBAYASHI!

Abstract: This paper evaluates fundamental communication performance of the proposed OFDM cooper-
ative communication with software defined radio equipment USRP. The proposed scheme has focused the
OFDM characteristics where an OFDM receiver can demodulate various multi-path signals within a guard
interbal period. Nodes in the proposed scheme should control transmission timing autonomously to transmit
same OFDM symbols from different nodes at same instance because each symbol should arrive within a guard
interbal period at a receiver. We could find that the the proposed scheme can improve a packet delivery
ratio by route diversity effect and packet delivery delay by simultaneous transmission in several simulation
conditions. However, performance with actual devies has not been evaluated. This paper employs USRP
which is one of the well-known software defined radio equipments to evaluate communication performance
of the proposed scheme. The experimental results show that the proposed scheme also works well on IEEE
802.11a standard and can improve communication performance.
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DL LT, FEHESFZ L OMBFHBRTHNHIATY
% Orthogonal Frequency Division Multiplexing (OFDM)
FADREUZEH U7z OFDM WdilidfE iz REL TS
7z [4]. OFDM AR TIE, ~IVF NRABRBITE T 5 EER
DHBR BRI L7202, T— XEFDRIELIZH— R
AV R—=N)V (GI) EIFEND T —REFO—#%EMAT
EEZ1TS. OFDM A58 1%, IEHE & AR O BRG]
22 GL RN THNIXZAEE S EF— RS Th 5 7=
b, EREICERANRETH S, FRE L 72 OFDM i@ E
FARTIE, HHEEPEENICRER S I VI 2RAML,
IFIFEIREIZFE— OFDM ¥ > R D kS fE2 175 Z &I
£ 0, FrhfkiiR 2 5% E T iz OFDM ¥ v RILOF|k
Rl Z %2 GI BRNICHI T 5. fERE LT, FERHIZ AL
HEfTS Z itk y, FMHBEEROHEZ T TE%RL,
ZAZBEI OB R X A N FRIRIZE 0y MDY
REREINDGZEPHPHLTWSE., — /T, 25 DFE
flfit¥ Qualnet X Matlab Z{fi->7z> I a b —Y a3 VPNET
o, REEICB I BREARDOEEIZ DV TIERTHET T
o o7z [4], [5].

OFDM Fidfi@{E A TId, 570 5 ik KM TE(E &
VT ERFAMTABEND D720, FEETIEMACEDO—
HOEHEMNREL 5. 22T, AFETIE MAC @% HH
ICAHEAREIRY 7 b U = T AREERR  H 5 USRP ZFIH
U, HAMNZ OFDM Wili@E € 7V 2 M8 5.
RIVERANIERBEIZBOVTCEAEMCEET 2 Z 2%
RY.

2. OFDM #HREBEEAR

2.1 OFDM i#EBEDOHME

RIVFERY T2y NI — 7 DPHETRRERKTH 5
IEEES02.11a 7 21X OFDM Z# A AP RA T HhTW»
% [6]. OFDM Z=3 /5 RILB AL D e 8 % (KT 5 72812,
T—RDEIFIZ Gl 2 AMT R LT, XN FRAT ==
VIR UEWIEEET S, YL F Ry TRy T —2
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7y N R R o 2 R R IS AZ 8y M U 72 LR
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F7EEER L, ARHZE—T — XF5 %2 58080 AK D 123
B35, WARDIZBWT, Ml R» S REENETF— X
EREA—THYH, B2 EEHREZEELTEZILF N
A& RgE5d. OFDM ZF AR TIEY IV FNZEZN GI
NTHNEZEHCTEREIZERTE 5720, FRkEE?
REEUET =2 ESORRKMZEL GI N THNIEEREE
WEHFATES. BEARZHVWEZIZLY, A—F—4&
ZHEREET 2 7-OMREROBEEZMZ 27215 TR <,
ZAERFOEIEIZE S @EERED R LIZH NS,

2.2 OFDM #:E:EE DB EREAFIHE
OFDM {3#&E 1 1 ki R D B R E R 1 I v
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JHEMENBRETH D, M2 FHRESH RO T 27 & Al A
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JREAE EBT 5. XMEI00AK S 2Y, FHkETR R, ..., Rn
ATy D EEET B, B HkEARIZIRE X A I 2 I
IZBWT CSMA/CA THWOHNTWA NNy 7% 7% ]
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X OFDM G5 DEEX 1 I V72 HEMIZAMT 52 &
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CSMA/CA LELD—EZHR L 2EHDTH D, TD=0,
SERETHIRKEDEE L TWBEEITEWTH, KHikifk
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1. BRIy NEZELZEE, &umklET 7k
A% BIR S 5.

2. BWARIE AT Y NOFREEFEET B0, HEDXE(F
FEREMERT . ZE T Y FABRIZEIRE L TV
AiZiE, RNy b EEET 5.

3. CSMA/CA 2B BNy 7 4 7% RET 5720
IZ, Network Allocation Vector (NAV) % #J#i{td 5.
NAV ofI#fbicid/haryFryar 4 v KRR
fibh s,

4. Ny X 7EOM e LT, EETLT KLV A, kv
T, Ny MU= v ABEE AW TR G
5. AUATY N EZUFW- RO A, LT VK
L%/ DEZENTE S, TDHK, £HikmRILG
SNzF—F v X LM%, CSMA/CA LD Ny 7 F
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5. BMiRILEFEHAEDF ¥ 2V EBEIL DD, @BEHN
TONTVRVHIHERTS. L, FrIANEER
BTHNENY A 7HMEF v 23 5.

6. Ny 7 A 7HFEMB 0 TRITNIEZDOEERES LTnL.
Ny 2 A 7HEOMEMN 0 o/ & OFDMEE5 %
*ET 5.

3. VIKNDITER

2 BTN D, OFDM 1hdfid@f5 A N % EBITIE MAC
JED—IBEIET 2 BERH D, —RINIZ, MAC J&I2ME
IR DON— R 2 7 ICHAAENTE 0, EHOBAE
B WGEIZI, HET A Z e AR#TH B, T2 T, K
METEN—RND =70 Z2Y 7 vy =27 E UTHES
ZENHEERY T N o TR A T 5. RO
EROEETH SN — U = 7R TIX, MACET*
BUERXTY 2TV —AIINETEIL—IVIFT%
N=RY 7T 2008~ TH 5. ThizxL, V
7 bUz TR T, AD 2Hs F 721k DA 2o T
VANMEEELTY 7 by =7 CUBT 5. BifE, VT
U 7 RS B Y — UAVEBURE S T W B DY, AFE
TlX GNU Radio & USRP Z i\ /Y 7 b7 = 7 EEARERES
T 5.

3.1 GNU Radio

GNU Radio & 2001 4EiZ Eric Blossom D3ME 7z A4 — 7
YV=ADY T MY T HERY —VFy b THS (7). GNU
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& 1 USRP B200 fihk
ADC/DAC Sample Rate (max) | 61.44 [MS/s]
ADC/DAC Resolution 12 [bits]
Host Sample Rate (16b) 61.44 [MS/s]
Frequency Accuracy + 64 [ppm]
DC Input 6 [V]
Power Output > 10 [dBm]
Receive Noise Figure < 8 [dBm]

Radio IXEFD Y 7 b U = 7 JEkHE &tk L, A2V 7

EFETH 5 Python 2 fH\WTH 0, LIENIER G TN
PEWEEZRD. A7) 7N ZEIINIENEL, TYXIL
FENBIZIRNAETH LN, a1 55ETH D C++
THBRINEZTATITVEHWSEZ LIZX D, Edl i
EREREUTWS. CH+ T INAESNE T v 713,
FTNFNASEH DA VR T 2 — A %L, SWIG &I
XN 5d 7 v 3% ffio T Python »SMFOHS Z & WS A[FET
5. GNU Radio 13 USRP & IFiEn 5 EHE7a > b
Rty hTHWSNS., BiN%E%ET 554, USRP
™ AD F 721X DA £¥#i% 47\, GNU Radio IZEHDEE
WHETay 7&20mIF5Z 812k, TYRIMEEZRNE
T5.

3.2 USRP B200

Universal Software Radio Peripheral (USRP) 1% Ettus
Resarch #:23BFR L TCWBY 7 by = TEREHADO 71 > b
TV RTH5[8. USRP &, RF—XR—R& A VR-F
PofRENS. R=2KR=FIX, ZERESZ2 DMK
BIZEML, £/23 A1 VA=K 5%Z IR - 2% EE
BRBEHEBICERT S, A4 VR—-FRTl, K—%—
R—=F»rSDANES%E2 AD 2L, AEDBEEL — MC
FHS 5. BUE, USRP 1E X ¥V — X, Network ¥ 1) — X,
Embedded >V — XDFAET 5 5%, ATk USRP Bus ¥
) =X TH5 B0 25, £ 112 USRP B200 DA
%7729 . USRP B200 X, {83 A b DFEERD - DIZFF I
V7N TR T Ty N7 A —LTHY, 70 [MHz]
5 6 [GHz] OB 2 eI R sER 7o > b=
Y R%FD. PC & USRP B200 & EE T — Rzt %47 >
7212 USB 3.0 T/ EINTHY, kY TV v 7L —
N 56 [MHz] £ CHIHAETH S [9). K3 ITRT LT,
GNU Radio & USRP B200 Dt v + % 1 DML L
TH>.

4. REBEREER

4.1 V7 bz T7ERERAWVWEZ OFDM BREREEARD
ERTMmET IV
SEDOFEBRTIX, SVFHRy T2y hT =218 5
OFDM i@ /5 DMt O Hi RS & L T, USRP B200 % 2
BV, BN R GIEEE T VA RET 5. EREE %
412”7, % USRP 12 PC & USB3.0 TR e nTH D,
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GNU Radio
(OS: Ubuntu)

Application
(Python)

DSP Block
(C++)

3 GNU Radio ¥ USRP B200 (2 &%V 7 b = 7 HEAREERE K,

0y 7 AR AL S B 7D F IR A & ERL L, A
25 10)MHz] DIE 5% AN$ 5. KelEdHlie T V2K 5
WRY. ERZEREOE BB DWW T, GNU Radio A1)
IZRFE T N7z “IEEE802.11a/g/p Receiver” Z#X—2A & L,
IEEE802.11a (ZH#HL S 5 [10]. EEEIZEWTIILF IR
DIEJEPE RO IEIE G 2 % 25 Z L IFIEFICHETH 5.
ZTIT,HMEEEEER LR, AEOF ¥ XNVETIVEE
WEDEZITLILL, ZOES 2 AT — 7V TRERIC
RETDHIEITEY, B SV FANREE 2 /ES. &
7=, OFDM 1 dfilfE iR T, EEOREmELZHET 2
BEDBH Y, BIEEWR & ZEWARMDF v 2 IVRID #
5. FIT, ZFrxN @B U E5IBEIEREL
Abtsd LT, ZEMTEED RiEGAD 5 FH— OFDM
155 & BT 2 1T B S BREE & AR L 72,

F 2 125 BOFEBRFH uE RS, DAL 5.2(GHz),
Y7V L — b 20[Mbps] & U7-z. OFDM Z#® FFT
ALY h, 7% v ) 78, Gl EOAHIZ IEEES02.11a #i
IS, FYy 2 VETVITEIERECBIT5L 1) —
7=V V7 EREL, BHIXEREE, 1 DORERES
X BRIV FONABUL 8 & LT, MRS TH D USRP
B200 # B AMTHERT 2 L EGEENNKRETESL
&, -30[dB] O =EMAEMAL . JETIE, REM»S
100[byte] @ UDP /37w b % 100[ms] & T 10000 [E13%4F
5. M5 EORE[MUDP N7y NER TR Y 790 56%
FRIUDP N7y NMERT Oy 2 ETONT Y N RERE
Packet Delivery Rate (PDR) &9 5.

4.2 OFDM HEREICL 2ERIESDZERFNY
OFDM 1iifii@f5 08 E 2 iR 3 572012, PDR ¥t %
HIE U7z, Delay Z[EE L, —i%H®D OFDM {5 DA
5 Delay ¥~ 7V #IZ[A— OFDM {52323k 5 €5
Tdhb. EEEIE 3455 56[dB] £ T 1[dB] %A T PDR
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FSAS 5 OHRIE 2 F%E L 7=

FiRZ2X 6122”9 . OFDM hdidEfE ARG & T LA
WG AR 2.7[dB] BEABGE I N T WS, ZhiE,

TENINT2ZEEABEIMUL, 37y bR RHBME
WUl ThHdeEZSNSD. — /T, Delay=8 DIRfiZ
PDR 275 %REETHIT b R>TWaS. ZHiE, 7 —
VU DRIEREEDE 2 WOEENCIEEEA, VR
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* 2 FERFHC
PC Specification

(ON] Ubuntu 12.04 LTS
Processor Intel Core i5-4440
Clock 3.10 [GHz]
Memory 3.8 [GiB]

Transmitter
Device USRP B200 No.1
Standard IEEE802.11a
Center Frequency 5.20 [GHz]
Sample Rate 20 [Mbps]
Transmit Gain 34-56 [dB|

Modulation BPSK (R=1/2)
Number of FFT points 64

52 (48 data, 4 pilots)
16 Samples (8 [us])
UDP (100 [bytes])

Number of Subcarriers
GI Length
Packet Format

Transmit Period 100 [ms]

Number of Transmit Packets | 10000

Delay 0-15 samples (0-0.75 [us])
Receiver

Device USRP B200 No.2

Standard IEEE802.11a

Center Frequency 5.20 [GHz]

Sample Rate 20 [Mbps]

Receive Gain 50 [dB] (Fixed)

Channel model

Fading Model Rayleigh Fading

Number of Multi-path 8

Delay Time of Each Path 4.0 [ps]

FdTs 0 (No Doppler)
Conncetion

Wired with Attenuator ‘ -30 [dB]

MITHIZE DERAT — XD PELTWD Z LD HERT
5. 2, ETOBRIZBWT, 53[dB] {55 PDR
MERDUEL 2o T WS, Zhd, ZEBMD 71 > % [H
N U7z 728, GBI ORI, ZEMIEIESR I X 5
IR EARMENE - TH O, RESRIC L ZHE
TR, 2F 0, PERPS D 7 2=V Y T DBRIE%E
BUEFIEREED G RNTHIERE S N IFFERE
ZBWTHEEMTEET S L 2RLTWVWA.

4.3 EREREVIaL—YarvOhR

EEAERDPZ U TH D% HERT 572012, ¥ Ial—
varveliETs, vIalb—va UEERIZ Matlab & W
T, FEBGEIL L FARkD /Y5 A — & T Bit Error Rate (BER)
Ktk sk 7-. REGEER Y LTHE S50 72 PDR # BER (12
HI27-012R% H\W -,

BER =1 — (1 — PER) Packeitengh (1)

{E 535 It (Signal to Noise Ratio) 1%, Z{5{f USRP B200
ETC—ERHESOY TV ERD, ZIEESB L OHY
55 O EYHRIEME D S ReD 7. FEREZK 8 ITRT. /57
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K 7 Delay # 2L E7-BOZEMESHERAT v X —

L0, vIalb—va Ve ERELH 1.5[dB] FE TN T
WED, REZFATIZR > TWB IR hE. 2D e &
v, OFDM #5813 € 72 & % PDR Rtk o 2R 13 32 24
ThdLF25. M, HEEPREL LR RN
5 < 7% & BER 1 0.5 IZIUR S 5 A%, SNR ' 5, 6[dB] T
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UHRER Y KIBICEAR S, Zhi, HFICL Y Y 7T
KB EYBA LI L, N7y PEEDSEES W TLE -
bl rEZoNE. ¥Ialb—Y 3 v CREMRE
FERRMERE L TH Y, FBREE R fEHR L 572,

4.4 OFDM iE@E AR QR

HiR DEERTIE Delay ZFEEME U, kK" 2 BT
BB EARE L0, EEED OFDM Wi s 5 = & ik i
KOPEEAFIEL, OFDM 55 DEPRMELE $HEHTH
5. ZIZ T, WA EWEINEE, & OFDM {55 DBIEA 5
VRALTHBDETIVORMERTHES 5. WAL, 2,58
U, BEFDHRKNELY > T V%E Dmax &3 5. IR

-4-Coop (Delay=4) [
»Coop (Delay=8) |



BHRULEFMRERE
IPSJ SIG Technical Report

—e—Normal (Simulation)
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—©—-Normal (Experiment)
-8-Coop (Exp, Delay=0)
= Coop (Exp, Delay=8)
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8 OFDM (5 i XD Z/E SNR & BER iz 81 55k
BREYIaL—Ya VORI
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Bit Error Rate
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9 Delay # 7 VX LZ5 2 -BD3%{Z SNR 5 BER Rtz 81>
LEBRBER-YI AL —Y 3 YO

5, Dmaz=T7 13 5 B OHHkIER»: SEERE SN, KE5
DEBIEN OO TV TNV THEIEE2E®RTE. TV X
LPEIEZ Ty b a1 DREET D T 8I2&kT 5. SNR X
BER HitE 2k, EEfie I 2 —v a UMz L /2.
FERZ B 9IRS bR EAE IS 5 12\, BER
Dl ES N T WS Z 23005, FEifir I a2l —
va VEIEH 1.5[dB] D EBRHTWE A, BB LT EfTE
BRoTHY, ERENZYTHD L ER 5. W REK
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235 O, SNR AY 10[dB] ik 5 70 7 A TW5. 45
B X SNR % — 123 572812, Automatic Gain Control
(AGC) ZFIH L B WRINTEREZ T -7, D728, Ik
FEDORENPKELS 2D, ZEMTT ¥V T DI EAD
EURREDFEeEZONS. LEX D, WRBADBINL T
b, HEBOIREMAED CI RN THNIE, ERFEIZE WL
TEHEEZERIIEFTRTH O, BEMEREOM EARRAD S
ZeEmRUTE.

5, &

A TIE, GNU Radio & USRP B200 %ZH\T, OFDM
iEE HARDE TV EEEL, EEIE T ORMEFTG 217 >
. FERE Y, BEARTIRIEERD S OFRIEMZE A4 T
CIENTHONIEEREICHEATS Z LMW TE, EEMEE
WEHRDZ 2R L. SHOFEL LT, USRP 24
BEAWT, KO ERBIZAILZET IV TOFMBBET
H5.
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