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Abstract: Channel bonding technology, which bundles multiple adjacent channels, is one of the promising
ways for improving throughput performance in IEEE 802.11ac wireless LANs. Since the device using chan-
nel bonding tend to be exposed to severe competition and/or interference with other devices due to its
wider bandwidth, media access control (MAC), which identifies whether the channel is idle or not, be-
comes crucial. However, the MAC implementation of channel bonding is vendor matter, and thus it could
be different among them. Moreover, the effectiveness of channel bonding when some AP utilizing channel
bonding (AP (w/ CB)) collides with APs without channel bonding (C-AP) has not been investigated.
Therefore, in this paper, we investigated the MAC implementation on several commercial products of
802.11ac AP and examined how the channel collision between AP (w/ CB) and C-AP affects the commu-
nication performance through the practical experiments. Finally, we demonstrated that the MAC imple-
mentation is basically classified into three patterns and the use of extended Request To Send (RTS)/Clear
To Send (CTS), which is an optional function of IEEE 802.11ac specification, greatly alleviates the degra-
dation in communication performance even under the channel collision between AP (w/ CB) and C-AP.
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Fig. 1 Combination pattern of bonding-channel in IEEE 802.11ac.
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Fig. 2 Channel structure at 80 MHz channel bonding.
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£1 802.1lac ¥ v ) 7Y AIZHBITSH CCA Bl 8]
Table 1 CCA threshold for carrier-sense in IEEE 802.11ac [8].

CCA- mode P-20 S-20 S-40
SD-th —82dbm —T72dbm —72dbm
ED-th —62dbm —62dbm —59dbm
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Ny 7 7 R ARG R AT AR & B AG L 22 A 12,
N I X TDHNT Y —%fELL72) 2 THRY )Ty A
AT\, FE DIFS i O 7 4 FOVIREE & FEFE L 72 #2 T,
N I FTDAT Yy MEBHEL, Ny 7 TR DR T
LETV—LEHERFETL ZEMEIT—F7 7L —252%E
$ 5% &, SIFS B¢ 212 BA (Block ACK, FEFRISZE) %
EEL, XEMICH LTS 2ERETEEMTS. 20

101



IBMAIBF R/ T2 T T 71X Vol2 No.2 99-113 (Apr. 2021)

L&, U LRI (CW) X CW ORAEE 7L — 24
OFEERFIIG U TIREMmI s w5 (2 #85Ny 7
FTTNT)AL) ZETHET L —LDOHEL L EZEHER
WS ETWE, 72720, &K CW EAY 1023 1ZEZE L 72
Blig—wEMHE L7729 2T, e SN0 FECHESNDS,

CDOX ) BEERLIT) CSMA/CA I X AHKT 7 & A
FIEZ B L 727 v SV ER Y F 1 v PEEOBEDOHNIZD
WTHHT 7. £7, M3 412, 80MHz IR (4
Fr RN BRAWTAYTFA Y I F Y RIVEY T4~
A F I FXRNKY T 2T THERTo B
DEBEDOTNERT .

FyrNVRY T U TEE, 74 <) F v ROVIEHDE
L7 CSMA/CAIZ & > T7 L — AREENHIM SIS 2,
YH O F)F X ARNTIETTIAR)F v RIVITBIT LNy
7 F T DS HERTIZ PIFS B 227 +x 1) 7 & &~
A" OIREIT, MHOTGEZHWT 5. ¥ )F ¥
ANPET = LTSN GE, M3ICRTLIICRSY
TAVIZFXRNRYTA VY TOEEEIFETI A<
FrANVOF ) T ALY, SOMHz §XTHOF ¥
PUBT A BV e o 2B CHlEXMIGT 4. ZUIK
LKAIWRT A FIv s F xRN RY T4 v TO%E
E, BV = EHIBr S 7o F v oV & B TR TR T RE
T X A NVDAH (100+104ch D 40 MHz) 2R 574 ¥ 7
L7292 CilfEd 4.

ZOEHZ, AT F AT, FX)TEIA
DIODOWEHN T T A< F v 2V L) QEERTH S
2, TI9A4<)F ¥ ALY SD-th % ED-th 2%\
ZEIZEST, A UF)F X ANVIIBWTIEHERF YY)
T VAP TERCIREEN D 5.

®) [DIFS| cw | {DIFS | CW {DIFS{ W |
| L | i 1 | i ; Time
Joac =
(s-20) G - 7 i
108ch = | Data | Data Time
" = o
ime
112ch = = =
(5-40) o 3 i) )
- Time

P: 7742 UFvHI,S-20,S-40: AV EUF v

K3 CSMA/CAIWLXBAYTA Y IF X ANKRY T4 VT
Fig. 3 Static channel bonding (SCB) using CSMA /CA.
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Fig. 4 Dynamic channel bonding (DCB) using CSMA/CA.
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Fig. 5 Dynamic channel bonding (DCB) using CSMA/CA with ex-
tended RTS/CTS.
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Fig. 6 Frame structure of A-MSDU.
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Fig. 7 Frame structure of A-MPDU.
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Fig. 8 Frame structure of combination of A-MSDU and A-MPDU.
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Fig. 9 Experimental Environment of ex. 1.
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configuration both AP (w/ CB) and C-AP.
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o FEIHN LR

Table 2 Equipment used at experiments.

G A—T14 ks
AP1 1-O DATA WN-AC 1600DGR
AP2 Buffalo WZR-1750DHP2
AP3 Cisco AIR-AP1832I-Q-K9C
STA I-O DATA WN-AC433UK
rZ v v 7 Rk HE Dynabook R634
J PC (Senderl, 2
/ Receiver 1, 2)
HEBR LAN VAIO VAIO S13
7574 FH PC
MR LAN AT LiveAction OmniPeek
7 T Professional [9]

=3 iperf3 ICBUFBFEE/NNT A —4F
Table 3 Parameter setting on iperf3.

UDP /347 v b
. . . 1470 Byte
R B— RH A R
rT U AR—
) UDP

=3 =%

AP (w/ CB)20 MHz | 110 Mb/s

e AP (w/ CB) 40 MHz | 230 Mb/s
HEEL—

AP (w/ CB) 80 MHz | 450 Mb/s

%4 AP (20MHz) 110 Mb/s

WX BB EERENOREY AL K10 IR THERT
AP2HRE MNT ey ZHEBR - ZEPCE2XTHAHL,
F X RVRY T4 2T %479 AP (AP (w/ CB)) DK~
FA Y THEWENO) LD 1 F Yy A VE, FrRIVER Y
T A VT ERITDRVEA AP (C-AP) OffiflF ¥ 2Lk

LCHELZ AP (w/ CB) D754~ F v 2 )ik
100ch & L, 80MHz ® K » F ¢ » 7 #5 1 liF T 13 100~
112ch Z i L7z, AP (w/ CB), ¥t AP (C-AP) & b
802.11ac THRE) S ¥ 7.

FEETIE 1B 30Ty 72k SE, [
BeOFERE 5 MFERL 72, TNEROERICBWT, #E
DOFET & MR LAN f#HT > 7 b7 = 7 @ OmniPeek [9] %
FAWTT7L—2Fx 7 F v i1, BART 7 & AHI#H % F
HrL72. OmniPeek TIE— DO DM LAN A > ¥ 7 = — A
T1F ¥ 2 NVEFHITE %728, OmniPeek & 1 » A+ —
VLAPCEZ2HEHEL, FNENDOPCIZZODEL
LAN A ¥ % 72— A2 AH1F 5 2 & TRIKEIZ 4 F v %
V453 (80 MHz) OFHM %475 72,

3.2 TEBEIEIE
FEER 1T, 71— ARERIZHEE S5 RTS/CTS 7

104



IBRAIBF R/ T2 T T 71X Vol2 No.2 99-113 (Apr. 2021)

L—2nbk7—%7L—24 (A-MPDU % 1 X%), BA O3
AR AT v ANV T ECHERT B, T/, BEMEREICEIL
TIETY FY =Y FOUDP A)V—"7"y ;L HEHRX O
WMk L — MIEHT A, £ 2 TlE, BARICBIT
M D AP DANV—TF v MERBZEHG L7z, 22Tk, JE
WMAERBEOAN—Ty M [EHEHALV—T v M &
L, 7¥ 2NV EY T v THERPAER) % AP DALT, K>
TA Y THIBRIEOTTHET S APOEGEENET L L
CSMA/CA |2 & 2 % EMOMEERS1/(N+1) L74bT
Lry, [BE2AV—=Ty ] ELTIEBREHAN—T
M2 N+ CRELMEEERT S 2L T, BHEHOA
V—T v FOFEEEZ B AL — Ty N TIEBILL 7 X
V=T bEEREEE TS, Lo, EHILALV—TF
M, ®K1.0ERA.
(1)BEANV—=Tv F=FEGRANV—7y }/N+1 (N:
WA AP )
(2)IEBALA V=T v b=ERA V- Ty b /EEX
V—"Tv b

4. EERIER

41 FEB1: Fr xR T 1 L ITBOERET 72 X4
D FE

FEBR1TIX, Ky T 74 v ZHEEIRNICHS AP AFTE L
BWIBEIL, BEA—HDO AP IZFEEINTWLEET 7+
AME AR L 72, 2R, BE7 7 2 AHEIZE 11
VR LI, RELHPITTINY = VICHHETEL T L
AV L 72,
e AP1:/%%—>1 (Pt.1), RTS/CTS #FIH L7\,
o AP2: /%% —>2 (Pt.2), RTS/CTS % FlJ.
e AP3: /%% —> 3 (Pt.3), CTS-to-self % FIf.
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Fig. 11 MAC and data transmission procedures of each AP.
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X% — 1@ AP1 Ti&, RTS/CTS % FIfH&3 CSMA/
CAZ X BEART 7 2 AHIEHA TR S LTwiz kI,
AP2 T, 802.1lac Tid A 7 a Y HEREL SN TV B
B RTS/CTS ZFIH L TWwA 2 &H 5 CSMA/CA with JIE
R RTS/CTS &5 2 5%, RTSIZx L ClRIE S5 CTS
MNTIAR)FXARAIVDATEREINTVE 2O, X
ik [1], [2] THUE S N7-HME L ITBB IS L e &
Wy o itz wBIZ, /X% — 2 30 AP3 Tlx, CTS-to-
self [10] LIEIL S, CTS 7 L — 2 DA% FIHAT L 4T
7 & AHHIRH EN Tz, D CTS-to-self 7 L — A
&, B AR ER RS 5 720 721712 Cisco 1L LT, Tl
HICSEH SN TEB Y [12], #HAE7 7 ZAH# & LT
CSMA/CA LA TH B LEARTILENTEL. 20X
A2, L 802.11ac LD AP # Wiz LThH, &
A — HPEEST HERT 7 AGIHPRE o TB Y, ik
TEDONIMERER L LD H LD, ZNHIE—MHn
WA SN TV AR LAN AP TH Y, TS DOEART
7YX AHIHRTF ¥ ANVKR Y T Y TROR Y T4 v T
MEOZEE T & Dl ERENOREL LT 5 2 L13%
BThbH, EE2TIE, FyAINVRYy T v IR
GOFEE LA, BABENRRIZE 2 5 REIZOonT
PAERIT .

KIS, BART 7 & AN & 2B E TN DORE F i
570, M12I12K Y T4 ¥ FiBlgice§4/89 — >
MoANV—T v FERL F4 5 6IZKFAPOD
A-MPDU O fEF 2 7R9. K12 L0, Pt. 2D AP2 %
Pt.3 D AP3 £V b Pt.1 THDH AP1 D AN —TF v hAH;
THETLTWS, #2TAP1 O@EERMIZOVWT, %4
IZ7R”$ A-MPDU #EBRMICEH T 5 &, AP1 TlEFR >~
TA VBRI, 5T, 447 0.6 ms THIET S X
912 AAMPDU 882 LT b 2 &dvgroiz. Z
OB 5 IZR T Pt.2 D AP2 %% 6 I2/” T Pt.3
DAP3 L) LEL o TWABIEDNGNE. ZOHE
A-MPDU H. i T % & & 2 k7 7 & 2l

EBPt.1 OPt.2 EPtL.3

350 313.1319.3
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40MHz

BT v JEERE
E12 % AP OA)L—T7v b DI

Fig. 12 Throughput comparison of each AP (bonding width is var-
ied from 20 MHz to 80 MHz).
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R4 XY= 1O AP IZB1F 5 A-MPDU ity Hxe a8 5 R
Table 4 The number of aggregated frames in a A-MPDU and its
airtime of Pattern 1 AP.

AN A LB SES A-MPDU A-MPDU @
VA -k LERIHL HE REH]
[Mb/s] [msec]
20MHz 86.7 4 0.6
40MHz 200 10 0.6
80MHz 4333 22 0.6

K5 /XY =220 AP 25175 A-MPDU #fy Hx 38 5 e H
Table 5 The number of aggregated frames in a A-MPDU and its

airtime of Pattern 2 AP.

N YRR % A-MPDU ®
N7+ A-MPDU N
Ny —h - TW1EREfH
VA EHIE
[Mb/s] [msec]

20MHz 86.7 32 4.6
40MHz 200 32 2.0
80MHz 4333 32 0.9

®6 /35— 30D AP |ZBIT S A-MPDU HA9 5050 W15 K¢ ]
Table 6 The number of aggregated frames in a A-MPDU and its
airtime of Pattern 3 AP.

N WER R A-MPDU @
RoT 4 ] A-MPDU R
N -k w 1HE HF R
v A )
[Mb/S] [msec]

20MHz 86.7 13 1.9
40MHz 200 31 1.9
80MHz 433.3 64 1.8

(DIFS+CW BfH]) % BA |2

BIS %+ — v~y Fask X ¢

b, FOREE Pt.1THAHAPILO AN —T v Mk

Pt.2, 3 XDV LB &N oTz.

4.2 FEE2:

v
e

ANGEERETlE 40 MHz,
*Eitis 5 AP (DU, AP(w/ CB)) OFIFHIRIRANICS
W, 20MHz TF v 1A IVAKR Y T4 yﬁ“%fj’éfj@bf;mAP

(LLBE, #ia

Y 5.

AP) 7

"‘fﬁ
Ny

SR Tk

BEDF v 2IVK T 1 > OMEBEHE
80MHz CTF ¥ A VARV T4 v 7

A i fETERE % 7

FER1LY, FYANVKRY T4 V7 TEHEND AP O
AR T 7 2 ARIEHA 3 /88 — U AFAES B 2 LI L7272
W, ZHNY —2 DRV T4 7 AP (w/ CB) &F ¥ &

WARY T4 v T &ATH 7\ 802.11ac D

WA AP (Pt. 1,

2, 3) xHAGEDLE EEMELFHET 5. AP (w/ CB)
DT FTA4<)F ¥ ANV 100ch, K>V T 4 ¥ 7Gx
80 MHz 2% E LT, ZDHKF ¥ 2 )|

2, 3) ZREL THESIELN,

© 2021 Information Processing Society of Japan

ZEEE AP (Pt. 1,
1n/\y_/ﬁ\ }\T})

€
o
=5
5]
=
o
o

112 116 120

Channel

(a) Pt.1
€
aa)
=
5]
2
o
o
-120 .
100 104 108 112 116 120 124 128 132 136 140
Channel
(b) Pt.2

E
[aa}
=
@
2
o
[a

116 120
Channel

(c) Pt.3

B 13 112ch [ZREE L72HEE AP D ANRT } T 4
Fig. 13 Power spectrum of output signal from C-AP (112ch).
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BIRIRE L D T LNy o 7. if:, T v &V
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1ch B 116, 108 F ¥ # )V Tl —65 dBm LLE, 2ch B
72120, 104 F v A ) Td —90 dbm ML EDOEIE L L TH
SNAHZ D ghoT.

CIT, BN BEFEERICEY — MBI A5M0E L
T, BE2EHTLIF Y RV EOBBREIZL > THES
NTW5DCCARBME E1D I2XoTikE L Zh&D,
BTSN TV A ERIRICER SN TVRLREANRT T
AR A7 EHEET v AVIEENRELTE Y, HIRoW
¥ v ) 712 2128\ T CCA BIEE FWV 5 & 38m A
BEL, FyANEr T v IHORERMICEEL S 2
LRSS B 2 LW otz 122 L, SHBOANRY b
T AR AT OUERELFEIC L o TESIRMITED T 5720,
B OSEEII NS b L TFHEEIND,

4.2.2 BMEF v RIVERE AP DEE/N2—>

WIZ, SOMHz DF ¥ F VK T4 v 7 EHWCHER
119 AP OHART 7 & A KR @5 EREDSFIH F ¥ 4V |k
T 88 AP OFBEICL > TED X ) BB L 21}
LIwRETSH 22T, T4 F Y ANV ETORES
X, Ry 74 Y7 ORMIZEDLL T, @ AP Mo &
[l Kk o #l # & %2 % 72 %, K BF%E Tid AP (w/ CB)
(100ch~112ch fifH) Dt H ¥ ¥ 1) F ¥ F ) EIZHi4 AP
PHEETLEEICERT L. 72, 421 HOBEED? S,
() EA ) FXANVDEFETIA)F v A NVET
M BEZ: 104ch & (b) 79 4 <) F ¥ # )V E TR T X
72\ 112ch @ 278% — TR 5. w4 AP & LTI,
Fx VT AL Ty PREEEREBIICIET S
Pt.1 (CSMA/CA) O AP %M L 7.

4.2.3 KR>F 127 AP » Pt.1 (CSMA/CA) DFA

RIETWE, FY¥ANVEKY T4 Y7 %4T9H AP (w/ CB)
A 11 O Pt.1 TdHh % CSMA/CA THEIET 2 A I2oW
CTHAET 5. T3, OmniPeck Z HW /- 7 L — 2 O
MR s, M14 18T E 912, pt.1 D AP EFHET v
% VA 104ch, 112ch DEWIZEAD LT, AF¥ 74 v 7
FXRNKY T T Ko TENET B Z LD h o 7.

WIZ, A AP 25 104ch TEIET AHLGICEH T4 &
AP (w/ CB) D7 74X F X AN ETHFYY T2 A
Lo THAEAP DB EMINT LI LN TELD, 77
A< ECToOBELFEEOEEL 2D, BA AP & AP
(w/ CB) AT ¥ ANV EHEERT L2 L10% 5.
ZOME, B15I12RT LI AP (w/ CB), BLUEA

100ch ﬂ m- m
® — Time
104ch
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Fig. 14 MAC control and data transmission of Pt.-1 AP.
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AP DIEHALA IV — Ty NI 1IZEWEE o TWnAHB T &
DB

CHICK L, BEA AP AV 112ch TEIET 2354, AP
(w/ CB) D754 <) F % 3 )V ETHA AP OR%E Z R
TEY, 8612, A ¥ F ¥ R2NVIIBIT S PIFS Kt
WOF v ) 7Ey AL TREHEEZEONLRENVWT LI
Lo TAP (w/ CB) B&ELEBENFTE TV aho7z. AP
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MWEGCHLERT LI ENE D720, HiG AP OIEH
L2V =7 b OBEHIAT 104ch FEARHIZHERTEL 2> T
Wb EDVGHD.

DLEo#ER?S, 28 THR_2LH 12, Fr ARy
T4 v ZFHEED CSMA/CA TiE, &7 ¥ %) F x4
FToMEBEDOF YY) TRy AR E BRI SDR W
ER LT, 3G AP OMEE RN TE L WD,
AP (w/ CB) OEEMREIHILL TWDH Z D505
424 KT 4> AP # Pt.2 (CSMA/CA with #i

3R RTS/CTS) DiH&

RIETIX, ¥ AWKy T4 v 7 %479 AP (w/ CB)
2 11 © Pt.2 TH % CSMA/CA with $55E RTS/CTS T
BET 25 EICOVWTIRETS. ZOFETIE M11o
£, REWIHHTOLEED &) F v 2V EICx L
TRIS/X7 v bEREEL, 7947 F ¥ )V ETilR%
ENBECTS 7L =261 D v &) F v 2 )VOF IR
FHEEBEMICILETE S, 20720, PL1OF Y ) Tk
ADHRDOFFELY b EH v 5 F v VORI IR % IR
IR RE L 2 5.

DF D, Pt.l LidFEL D, BA AP AY 112ch THME L
TWALZEREEICIIETLIENTRTH L7120, K
16 12789 & 912, 104ch Td 112ch (2B D 5 FHi A AP
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Fig. 15 Normalized throughput under competition between Pt.1-
AP (w/ CB) and C-AP.
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Fig. 16 Normalized throughput under competition between Pt.2-
AP (w/ CB) and C-AP.

100ch
) | RTs| (98 BA RTS| [0
Time
104¢h )
(s-20) | RTS| BA §
Data Data Time

menpDiEE || RTS

108ch
(s-a0) | RTS| RTS| §
Time

112ch .
(s-40) | RTS| BA RTS|

Time

P 7542 Y Fr i, $-20,5-40 : AV LY F ¥R

17 Pt.2-AP (w/ CB) O &R OB
Fig. 17 MAC and data transmission procedures of Pt. 2 AP.
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Fig. 18 Airtime of AP (w/ CB) and C-AP with the time series

variation (competition at 104ch).
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Fig. 19 The number of retransmission frames of Pt. 2 AP (w/ CB).
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HEINIRELS Airtime /&, HAFHIZKRE 2D L9 I2F
BLTWLZeNgns. £7-WBUREL— MIEHT A
&, B20 1R T &) IXHA AP X EICRREEL — b
(86.7 Mb/s) THEELTWLDIZXL, AP (w/ CB) Ofx
EL— MIHEPEELTVDIZOEDLST, [[— Air-
time TRV z%k L — b (351 Mb/s % 292.5 Mb/s) Tifg
LTWb 70, EHILAV—Ty sHHBLLTWAE T LM
o7z,

DEoZ bnrs, @ARHIIBWTERILAV—Ty b
MEFF9 5 720120F, (i) Airtime 2S5 5 & 9 1FH# S
LHIEDNERETHDLIENgHhD. F72, SbhblEr
HiEd 7201213, BARICD —MMOFMHTRER T v AV &

108



IBRAIBF R/ T2 T T 71X Vol2 No.2 99-113 (Apr. 2021)
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H42Z EDMRELRTFHELE VR B,

9, ZOTHEIIBITL T L — 2 RETNEL BT L 72
B B21 IORT LI, BERAERIIBVWTY /Iy
JF X RNKYT AV TPEEINTD T EN T 0o
7z. B 2212 AP (w/ CB) MEH L T2 F v L VIEDHE]
BRRLTVDLY, ZORPLDFADFEITS U CTHH
F ¥ RIVIEPEE L TW5E I LRG0 5h.

W2, B2 IR TIEHILAN—Ty MZEHT D &,
WA AP OIEHAL AV — 7> MlE CTS-to-Self |2 & - TR
VT4 TORRAE BRSNS 2D, T L — A% )k
TEZRER, AT v AV OE (104ch/112¢h) (2D
5%, 10U EEHFITCETWAI LN D, T RIIH
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Fig. 21 MAC and data transmission procedures of Pt. 3 AP.
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Fig. 22 Utilization rate of channel bonding width of Pt.3-AP. (w/

CB) under competition
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Fig. 23 Normalized throughput under competition between Pt.3-
AP (w/ CB) and C-AP.
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Fig. 24 Utilization rate of phy. Rate of Pt. 3-AP (w/ CB) under
competition at 104ch and 112ch.
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