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stract— .11a is a new high-speed physical layer e- i u . ually, indi i
Ab IEEE 802.11a i high d physical | PHY) de- cal Link Control (LLC) sublayer. Actually, as indicated in the
fined for th? 5 GHz L(J'N” bfmds a2 Suphp'eme”t to the existing IEEE |EEE 802.11 standard, an MSDU can be further fragmented into
802.11 wireless LAN (WLAN) standard. In this paper, we give an overview . .
of the IEEE 802.11a Orthogonal Frequency Domain Multiplexing (OFDM) smaller MAC .frames, ".e" MAC protocol data units (MPDUS)’
PHY with eight different PHY rates as well as the distributed coordination ~ for transmission. In this paper, we explore the following two
function (DCF) of the IEEE 802.11 MAC, then derive the goodput perfor-  adaptive techniques: dynamic fragmentation of MSDUs, and
mance analytically for peer-to-peer communication under the DCF. Based dynamic PHY mode selection for each MPDU transmission
on the numerical results, we claim thatlink adaptation which performs both . - . . . . )
dynamic fragmentation and PHY rate selection depending on the wireless OUr link adaptationidea is to select the optimal combination of
channel condition between the transmitter and receiver, is an attractive way the PHY mode and the fragment size, depending on the wireless
to improve the goodput performance of an IEEE 802.11a wireless LAN. Fi- channel condition, to achieve the best goodput performance.
nally, we propose a system architecture to perforniink adaptation . . . .

The rest of this paper is organized as follows. Section 2

I. INTRODUCTION introduces the distributed coordination function (DCF) of the

The IEEE 802.11 standard [1] is the first international sta"lEEE 8?]2'11 MAC in%_}he IEElE 2_302.1$ahhigh-s%eed OF?M
dard for wireless local area networks (WLANS), which de'?HY' The error probability analysis and the goodput perfor-

fines a medium access control (MAC) sublayer, MAC manag@-ance anal_ysis are presented in _Section 3and Sectio_n 4, respec-
ment protocols and services, and three low-speed physical Ia;ﬂé’r%ly' Section 5 presents a'_"d discusses the_numerlcal _result_s,
(PHYs) operating in both 1 and\@bps Recently, the increasing and proposes a system archl_tecture .to adopt link adaptation. Fi-
number of wireless users and the growing demand of high-spé‘&uy’ this paper concludes with Section 6.
multimedia services have led to the requirement of higher data
rates and bandwidths to be supported by future wireless systems.
One new high-speed physical layer, the IEEE 802.11aThe IEEE 802.11 MAC sublayer provides a fairly controlled
PHY [2], has been developed to extend the existing IEEE 802.ddcess to the shared wireless medium through two different ac-
standard in the 5 GHz U-NIl bands. It is an Orthogonal Freess mechanisms: the basic access mechanism, called the dis-
guency Domain Multiplexing (OFDM) radio, which providedributed coordination function (DCF), and a centrally controlled
eight different PHY modes with data rates ranging fromiips access mechanism, called the point coordination function (PCF).
up to 54Mbps In addition to the use of the advanced moduldn this paper, we are focusing on the goodput performance of
tion schemes compared to the existing low-speed PHYs, anotier IEEE 802.11 wireless LAN under the DCF, which will be
important aspect of the IEEE 802.11a PHY is that, a convoldiscussed in details in Section Il-A. The goodput performance
tional code of rate 1/2 is included as part of the physical layeramalysis for the PCF will be treated in a separate paper.
improve the frame transmission reliability. However, the IEEE The PHY is the interface between the MAC and the wire-
802.11a PHY has to work under the existing MAC protocol th&ss medium, which transmits and receives data frames over the
was originally designed for low-speed PHYs. Therefore, it ghared wireless medium. The frame exchange between MAC
important to add théink adaptationcapability to the existing and PHY is under the control of the physical layer convergence
MAC protocol, so that the proper PHY mode as well as the bgwtocedure (PLCP) sublayer.
MAC frame size can be adaptively selected to combat the vari-
ation of the wireless medium condition, hence improving th. DCF of IEEE 802.11 MAC

goodput performance of an IEEE 802.11a wireless LAN. Here, ta pasic access mechanism of the IEEE 802.11 MAC, called

the goodputrefers to the bandwidth the user actually receivege pCF, achieves automatic medium sharing between compati-
after all the overheads are accounted for, including the MASe prys through the use ofrrier sense multiple access with
overhead, the PHY overhead, and the retransmission overhegghision avoidanc§CSMA/CA) with random backoff Before

In [3], the goodput performance was analyzed for the IEEEgation starts transmission, it shall sense the wireless medium
802.11 wireless LAN using Lucent Technologies’ WaveLAN, getermine if another station is transmitting. If the medium is
radio. However, since the high-speed OFDM PHY was njje the transmission may proceed. If the medium is busy, the
available at that time, the authors assumed the QPSK modulayion shall defer until the end of the current transmission. The
tion without forward error _correctlo_n (FEC), and analy_zed thesMA/CA mechanism requires that a gap of a minimum speci-
goodput performance for different size of the MAC service dajfyq space exist between contiguous frame transmissions. A sta-
units (MSDUs), which are generated by the IEEE 802.2 Logipn, shall ensure that the medium has been idle for the specified

The work reported in this paper was supported in part by AFOSR under Grémer'fra.me. space.before attempting to trqnsmlt. .
No. F49620-00-1-0327. Thedistributed inter-frame spac®IFS) is used by stations
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operating under the DCF to transmit data frames and manakey feature of the IEEE 802.11a PHY is to provide eight PHY

ment frames. A station using the DCF has to follow two mediumodes with different modulation schemes and different coding

access rules: (1) the station shall be allowed to transmit ombtes, which makes the idealofk adaptatiorfeasible. As listed

if its carrier-sense mechanism determines that the medium ladrable |, the OFDM system provides a wireless LAN with

been idle for at least DIFS time; and (2) in order to reduaepabilities of communicating at 6 to 34bps Forward error

the collision probability between multiple stations accessing therrection is performed by bit interleaving and rate-1/2 convolu-

wireless medium, the station shall select a random backoff timnal coding. The higher code rates of 2/3 and 3/4 are obtained

terval after deferral or prior to attempting to transmit again inBy puncturing the original rate-1/2 code.

mediately after a successful transmission. .
One important characteristics of the IEEE 802.11 MAC is | Mode | Modulation | Code Rate] Data Rate| BpS |

that an acknowledgment (ACK) frame shall be transmitted by 1 BPSK 1/2 6 Mbps 3
the receiver upon a successful data frame reception. Only aftef 2 BPSK 3/4 9Mbps | 4.5
receiving an ACK frame correctly, the transmitter assumes that 3 QPSK 1/2 12 Mbps 6
the data frame was delivered successfully. $hert inter-frame 4 QPSK 3/4 18 Mbps 9
space(SIFS), which is smaller than DIFS, is the time space be- 5 16-QAM 1/2 24Mbps | 12
tween a data frame reception and the ACK frame transmission| 6 16-QAM 3/4 36Mbps | 18
Using this smallest gap between transmissions within the framg— 7 64-QAM 2/3 48Mbps | 24
exchange sequence prevents other stations, which are required g 64-QAM 3/4 54Mbps | 27
to wait for the medium to be idle for a longer gap, e.g., at least TABLE |

DIFS time, from attempting to use the medium, thus giving pri-
ority to completion of the frame exchange sequence in progress.

The process of partitioning an MSDU into smaller MAC  pyring the transmission, the MPDUs from the MAC sublayer
frames is calledragmentation Fragmentation creates MPDUsgha|| be provided with a PLCP preamble and a PLCP header to
smaller than the original MSDU length to improve reliabilitycreate PLCP protocol data units (PPDUS).
by increasing the probability of successful fragment transmis-
sions. Each fragment is sent as an independent transmission and [1l. ERRORPROBABILITY ANALYSIS

is acknowledged separately. Once a station has contended fqy, this paper, we assume that the noise over the wireless

the medium, it shall continut_a to send fragments with a SIERedium is white Gaussian with spectral density2. Although

gap between the ACK reception and the start of the subseqUgfit 5qitive white Gaussian noise channel (AWGN) model is
fragment transmission until either all the fragments of a Sifi 4 yealistic assumption, we believe that our goodput analysis
gle MSDU have been sent, or an ACK frame is not receivegl,soq on the AWGN model will show the same trend with that
The process of sending multiple fragments after contending {pse on a more realistic and complicated channel model, so

the medium is called &ragment burst However, if any frag- .t the results presented in this paper can be a good guidance
ment transmission fails, the station shall attempt to retransiyf the reality.

the failed fragment after the backoff procedure. The different
timings of successful fragment transmission and fragment traps- Bit Error Probability
mission failure are shown in Figs. 1 and 2, respectively.

EIGHT PHY MODES OFIEEE 802.11 PHY

The symbol error probability for aM-ary QAM modula-
DIFS SIFS tion [5] with M = 4, 16, 64 can be calculated by
Busy Medium f‘_’I/ Backoff \ Fragment 1 “ 7| Fragment 2

ACK ACK Py =1—(1-P)?, 1)
SIFS SIFs

_ o o where
Fig. 1. Timing of successful fragment transmission

1

3 Eqv
DIFS ACK Timeout Puyar=2- (1 B \/_M) Q ( M—1 N > @
Busy Medium f‘_ﬂ/ Backoff ‘ Fragpdent 1"_’1/ Backoff ‘ Fragment l‘
oFs is the symbol error probability for thea7-ary PAM modula-
tion with the average signal-to-noise ratio (SNR) per symbol,
Fig. 2. Timing of fragment transmission failure and retransmission E../N.. With a Gray coding, the bit error probability for an
Based on the above discussions, we notice thaamsmis- M-ary QAM modulation can be approximated by
sion cycleunder the DCF consists of the following phases: the

DIFS/SIFS deferral phase, the backoff/contention phase if nec- P,,(M> ~ ﬁ Py (3)

essary, the data/fragment transmission phase, the SIFS deferral 082

phase, and the ACK transmission phase. Note that 4-ary QAM and QPSK are identical. For BPSK mod-
ulation, the bit error probability is the same as the symbol error

B. IEEE 802.11a OFDM PHY probability, which is given by

The OFDM has been selected as the modulation scheme for
the IEEE 802.11a PHY, which is very similar to the modula- PP =P =0Q ( wﬂ) . @
tion scheme adopted in Europe for HIPERLAN/2 PHY [4]. A No



B. Packet Error Probability control on the transmitting station, i.e., each OFDM symbol is

In [6], an upper bound was given on the packet error probtggnsmitted at the same power level. Besides, we neglect the air
bility, under the assumption of binary convolutional coding a ope:}ga:cal\%anflays In our googw:jt anar:y5|s. Finally, we arl]ssgme
hard-decision Viterbi decoding with independent errors at tiﬁ att eh' hit _ramekls tr?ndsmltte atthe same rate as the data
channel input. For ah-octet long packet to be transmitted usirame which itis acknowleaging.

ing PHY modemn (1 < m < 8), this bound is B. MAC/PHY Layer Overheads
PM(L)<1—(1-PM)8L, (5) octets: 2 2 6 6 6 2 0-2304 4
‘ ('::cgﬁmfl Durlaéion/ Address 1| Address 2| Address 3 Sg%‘:ﬁr’c‘)?e Frame Body FCS‘
where the union bound™ of the first-event error probability is
given by MAC Header
P = Z ag - Py, ©) Fig. 3. Frame format of a data-type MPDU .
d=dfpee In the IEEE 802.11 MAC, each data-type MPDU consists of

the following basic components, as shown in Fig. 3MAC

wherec_if rec IS the free disftance of the convolutional code S(?1'eader a variable length informatioframe body and aframe
lected in PHY moden, a4 is the total number of error eventsCheck sequencéFCS). All the fields except théame body
of weightd, and P, is the probability that an incorrect path '

a(/vhich is 28 octets in total, contribute to the MAC overhead for

distanced from the correct path being chosen by the Viterbi de- " £ Fig. 4 ill he f £ N
coder. When hard decision decoding is applieds given by % data/ ragment frame. Fig. 4 illustrates the frame format of an

ACK frame MPDU.
d d k d—k Ty .
D hm@1)/2 () " - (1= p)%, if d is odd, octets: 2 2 6 4
| Gams | ouraion | Recelver| rs |
P = d b b 7
d % X (d/z) -pd/z . (1 _ p)d/z (7)

d d k d—k o MAC Header
+Zk=d/z+1(k~)'/’ (1= p)l=*k, if dis even,

Fig. 4. Frame format of an ACK frame MPDU

wherep is the bit error probability for the modulation scheme . .
selected in PHY mode:, and is given by Eq. (3) or (4). The The PPDU format of the IEEE 802.11a PHY is shown in

value ofa, can be obtained either from the transfer function r'9: 5 which mcluQes PLCP preamble, PLC'.D head_er, MPDU,
by a numerical search [7] tail bits, and pad bits. The PLCP preamble field, with the du-

' ration of tPLCPPreambleis composed of 10 repetitions of a

IV. GOODPUTPEREORMANCE short training sequence ((:8) and 2 repetitions of a long train-

L ing sequence (4s). The PLCP header except the SERVICE

Recall that theransmission cyclender the DCF of the IEEE fie |4 \yith the duration ofPLCPHeadey constitutes a separate

802.11 MAC consists of the following phases, which are ex5ep\ symbol, which is transmitted with BPSK modulation
ecuted repetitively: the DIFS/SIFS deferral phase, the backsy ihe rate-1/2 convolutional coding. The 6 “zero” tail bits

off/contention phase if necessary, the data/fragment transmiss \;sed to return the convolutional codec to the “zero state”,

sion phase. The related characteristics for the IEEE 802']a1"fhultiple of OFDM symbols. Each OFDM symbol interval
PHY are listed in Table Il, where some of them will be disganoted bytSymbol is 4us. The 16-bit SERVICE field of the '
cussed in details later. In this section, we are going to state th€-p header and the MPDU (along with 6 tail bits and pad bits),

assumptions to be used for our goodput analysis, discuss t esented by DATA, are transmitted at the data rate specified
MAC/PHY/retransmission overheads, and analyze the goodmx{he RATE field.

performance of an IEEE 802.11a wireless LAN.
PLCP Header

A. Assumptions ‘ —— : .
(LRAT_E Reserved | LENGTH Pan_ty‘ Tail |SERVICE MPDU ‘ Tail |pad Bits
e s ep . . . 4 bits 1 bit 12 bits 1 bit | 6 bits | 16 bits 6 bits
In general, it is difficult, if not impossible, to analyze the—— ! !
goodput performance for a real IEEE 802.11 wireless LAN sys- 1
tem, where multiple stations are contending for the shared wire- . Coded/OFDM | Coded/OFDM
less medium. However, in this paper, since the focus is on L s (RATE is indicated in SIGNAL)
the trend of MAC/PHY/retransmission overheads affecting the ‘ PLCP Preamble SIGNAL DATA
12 Symbols | One OFDM Symbol Variable Number of OFDM Symbols

goodput performance, we make the following assumptions to
simplify our analysis. Fig. 5. PPDU frame format of IEEE 802.11a OFDM PHY

Assume that two stations running the DCF are communicat- . . .
ing with each other with no interfering stations nearby. On Based on the above analysis, fooctet Ior'wg |nformat|(_)n 0
one station is transmitting and its queue is never empty. Thelﬁg transmitted over.the. IEEE 8(.)2'1.16‘ physical layer using PHY
fore, there are no collisions on the wireless medium, but it rigodem, the transmission duration is
also never idle for any longer period than required by the DCF Tm, (L) = tPLCPPreamble+ tPLCPHeader
medium access rules. In addition, we assume that there is no 30.75 + L
retry limit for each frame. We assume that there is no power [W

-| - tSymbol. (8)



| Characteristics | Value | Comments
aSlotTime 9us slot time
aSIFSTime 16us SIFS time
aDIFSTime 3dus aDIFSTime = aSIFSTime + X aSlotTime
aCWmin 15 min contention window size in unit efSlotTime
aCWmax 1023 max contention window size in unit @fSlotTime
tPLCPPreamble| 16us PLCP preamble duration
tPLCPHeader | 4us PLCP header duration except the SERVICE field
tSymbol Aus OFDM symbol interval

TABLE Il

IEEE 802.1]n OFDM PHY CHARACTERISTICS
Note that the Bytes-per-Symbol information for PHY made BPSK modulation and rate-1/2 convolutional coding, i.e., PHY
BpS(m)is given in Table I. Similarly, the transmission duratiomnode 1. The calculations @f (-) andp(.) are given by Eq. (5).
for an ACK frame using PHY mode: is Let \y,., andn be the number of fragments and the number
of consecutive unsuccessful transmission attempts before the

Tiek = tPLCPPreamble +tPLCP Header current transmission, respectively. Since we assume that there is
[Blf;.?% )1 - tSymbol. (9) no retry limit for each frame, the contention window parameter
pS(m

CWwill always be reset t@CWminafter the successful trans-
mission of the last fragment of a fragment burst. Therefore, the

C. Backoff/Contention Phase average time space between contiguous MSDU transmissions is

The random backoff interval is in the unit aBSlotTime and
this random integer is drawn from a uniform distribution over Omsdu = aDIFSTime + Thio75(0). (14)
the interval [OCW], where CW is the contention window pa-
rameter.CW shall take an initial value chCWmin In the case By referring to Fig. 1, each successful fragment transmission
of an unsuccessful transmissi@\WVis updated to [ (CW+1)- duration is equal to the fragment transmission time, plus the
1]. OnceCW reachesaCWmaxit shall remain at the value of ACK transmission time, and plus two SIFS times. However,
aCWmaxuntil it is reset. In the case of a successful acknowlvhenever the fragment transmission fails, the station has to wait
edged transmission, tfi@Vvalue is reset taCWminbefore the for an ACK timeout period and then execute a backoff proce-
random backoff interval is selected. dure before the fragment retransmission (see Fig. 2). According
Let Ty10f £ (i) denote the average backoff interval afteon- to the Specification and Description Languafggmal descrip-
secutive unsuccessful transmission attempts, and it can be tiah of the IEEE 802.11 MAC operation [1], an ACK timeout

culated by period is equal to a SIFS time, plus the ACK transmission time,
. _ and plus a slot time. Therefore, the average transmission du-
. . { Mzt*W—gmHH -aSlotTime, 0 <1i <6, 10 ration for each fragmenty;,,,, can be calculated by Eq. (15)
bkof f\2) = . m T ; I
2CWmaz . 510t Time, i>6. (on next page), whergy, (L), T, , andTy, (i) are given by

Eg. (8), (9), and (10), respectively, and
D. Goodput Analysis

. o . . L\ L
Assume that -octet long information is to be transmitted us- P[n = i] = {1 = P od_cycle <N—>] P od_cycle </\/—> .
. - frag frag
ing PHY modem. Then, the probability of a successttns-

mission cyclean be calculated by The average goodput can then be approximated by
P;Zod_cycle(L) = (1 - Pertldata(l’)) . (1 - Perflack)r (11) 8- L
G (Mbps) = 17)

Omsdu +Nfrag . Dfrag — aSIFSTime’

wherer™ (L) andpm . are the data/fragment transmission

error probability and the ACK transmission error probabilityy here the-aSIFSTiméerm is due to the fact that the first frag-
respectively. Since the data/fragment frame is normally mughy  of 2 fragment burst will be transmitted right after the back-

longer than the ACK frame, the possibility is tiny for the ACKoff interval without an additional SIES deferral
frame to be lost while the data/fragment frame gets through. '

Therefore, we have the approximation of V. NUMERICAL RESULTS AND DISCUSSION
Pgodcyete(L) ® 1= Plyq (L), 12)  According to the IEEE 802.11 standard, the length of an
MSDU must be less than or equal to 2304 octets. The length
of a fragment MPDU shall be an equal even number of octets
P™o (L)y=1-(1—PL3))-(1— P™(30.75+ L)).  (13) for all fragments except the last one of a fragment burst, which
’ may be smaller. Besides, by referring to Bpecification and
Here, P} (3) is the packet error probability of PLCP header, beé3escription Languagéormal description of the IEEE 802.11
cause PLCP header is 24-bit long and always transmitted WNIAC operation [1], the minimum fragment size is 228 octets.

where
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Fig. 8. Optimal PHY mode — fragment size combination for different SNRs

In this paper, we assume that the MSDUSs to be transmitted aredulation with rate-3/4 coding) under all SNR conditions. The
all of 2304-octet long, and each MSDU might be either not fragationale behind is that, although QPSK has worse error perfor-
mented or fragmented to up to 10 equal-sized MPDUs. The nmuance than BPSK, the worse performance of the rate-3/4 con-
merical results of the goodput performance using different PHXlutional code compared to the rate-1/2 convolutional code has
modes and/or different fragment sizes are presented in the it more dominating effect. Therefore, without the appropriate
subsection. Note that despite these assumptions, the resultposver control schemes, PHY mode 2 may not be a good choice
flect the general trend. atthe presence of PHY mode 3. Another observation from Fig. 6
A. PHY Mode vs. Goodput is that, for the same PHY mode, fragmentation decreases the

maximum goodput due to the overheads, however, improves the

The results of goodput performance for different PHY modegodput performance at certain SNR range. Please refer to PHY

are shown in Fig. 6. As expected, the higher rate PHY mod@gde 5 at the SNR of 10 dB for an example.
show better goodput performance in the high SNR range, while

the lower rate PHY modes have better goodput performance irFig. 7 shows the goodput performance for different fragment
the low SNR range. One interesting observationis that the goaizes. The goodput upper bounds in the figure are obtained by
put performance of PHY mode 3 (QPSK modulation with rat&ssuming the error-free wireless channel, so the only factors to
1/2 coding) is always better than that of PHY mode 2 (BPS&ffect the goodput performance are the MAC and PHY layer



overheads, and the ACK transmission time. We have three ob- LLC Sublayer ]
servations from this figure. First, for different fragment size, [ MsDU

the goodput varies. Secondly, for different SNR condition, the g i )

optimal fragment size to achieve the best goodput performance % Fragmentation % 5

varies. Thirdly, the affecting range of dynamic fragmentation is Q MPDU 88~ - _

rather small compared to that by changing the PHY mode. The S A §"’ g g

ranges for PHY mode 1 and PHY mode 8 are around-G.@B — || = é <

and 19.4-21.5 dB, respectively. Notice that, when PHY mode 8 g | | PLCP Sublayer s 18] |5

is selected and when the SNR value is less than about 19 dB, the 2 — §§:-3«

goodput is almost zero, which means that, under low SNR con- & i”’/

ditions, the high rate 5bpsPHY mode is useless even with | OFOM Symbols T

dynamic fragmentation. [ Wireless Medium }
The optimal combinations of the PHY mode and the frag-

ment size to achieve the best goodput performance for different Fig. 10. System architecture for link adaptation

SNR conditions are shown in Fig. 8(a). Along the Y-axis, the . _
values from , y+1) corresponds to PHY modgewith differ- the figure as th&NR estlmator_thefragment size selectpand

ent fragmentation choices of no fragmentation to 10 fragmerf€ PHY mode selectorespectively. , _

from up to down. For example, the selection of using PHY mode ©N€ important aspect of this architecture is that, the imple-
1 with 10 fragments is shown as the lowest level in the figurdlentation of the link adaptor is transparent to the higher lay-
Fig. 8(b) is an enlarged version of Fig. 8(a) for the SNR ran§&S: which makes it compatible to the existing network or higher
between 4.54 dB and 9 dB. One observation from these optirty€" applications. Besides, the basic idea of link adaptation is
combinations is that, PHY mode 2 is not part of the optimal s take advantage of the different modulation schemes and FEC
lection, which is consistent with the fact that PHY mode 2 h&&pabilities provided by the OFDM PHY, and no additional er-
worse goodput performance than PHY mode 3 under all SN correction codes need to be implemented. Therefore, the im-
conditions (see Fig. 6). Finally, Fig. 9 illustrates the maximuiffémentation of the link adaptor should be fairly simple, which
achievable goodput by choosing the optimal combination of tRekes this idea even more attractive.

PHY mode and the fragment size, i.e., tygimal link adapta- Vi

tion, which is given in Fig. 8(a). - CONCLUSION

In this paper, the key features of the DCF of the IEEE 802.11
MAC and the IEEE 802.11a OFDM PHY have been presented.
The goodput performance is derived analytically for peer-to-
peer communication without interference in the IEEE 802.11
wireless LAN using the OFDM PHY. The numerical results sug-
gest thatlink adaptation which performs both dynamic frag-
mentation and PHY mode selection, is an attractive way to en-
hance the goodput performance of an IEEE 802.11a wireless
LAN. In addition, a general system architecture to adopt link
adaptation is also presented at the end of the paper.

As the future work, we are going to investigate the goodput
performance in the multi-station environment through simula-
tion, and design a link adaptation algorithm that can be embed-
B. Link Adaptation ded into the existing IEEE 802.11 MAC protocol.
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Fig. 9. Goodput upper bound from optimal link adaptation
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