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Abstract— Wireless local area networks offer a range of (mostly based on received signal strength and packet error
transmitted data rates that are to be selected according to rates) and in many cases can lead to inefficient bandwidth
estimated channel conditions. However, due to packet overhead utilization and unnecessary rate adaptation. In this paper

and contention times introduced by the CSMA/CA multiple | the i tin sinal ffective th h
access protocol, effective throughput is much less than the analyze the improvement in single-user efiective throughp

transmitted bit rates. Furthermore, if there is even a single Provided by link adaptation by varying the data rate and pack
bit error in the packet, the entire packet is discarded and the length as a function of channel conditions. We consider both
packet is retr_ansmitted. This causes the effective throu_ghput AWGN and block fading Nakagami-m channels in this paper.
to be a function of the packet payload length. We provide a  An early investigation of the effect of payload size on
theoretical framework to optimize single-user throughput by . . .
selecting the transmitted bit rate and payload size as a function throughput was conducted in [2]. Rate adaptation usmg_ a
of channel conditions for both additive white Gaussian noise theoretical framework to evaluate the throughput has been i
(AWGN) and Nakagami-m fading channels. Numerical results vestigated in [3]. A link adaptation strategy for IEEE 8Qthl
reveal that careful payload adaptation significantly improves the was provided in [4]. Frame lengths were classified into 3 throa
throughput performance at low signal to noise ratios (SNRs) classes: 0-100 bytes, 100-1000 bytes and 1000-2400 bytes. W

while at higher SNRs, rate adaptation with higher payload - . -
lengths provides better performance. We compare the range extend the above results by presenting a novel algorithrotwhi

of SNRs over which payload length adaptation is crucial for takes into account the tight coupling between payload fengt
AWGN and different fading channels based on the m-parameter and data rate to maximize the single-user throughput based

of Nakagami fading realization. We then specify SNR values for on the channel conditions. Our theoretical formulatiomwad
switching between transmitted bit rates and payload lengths such 3v15a4 length to be varied continuously over a wide range an
that the effective throughput is maximized. . . .
we provide a mathematical framework to dynamically adapt
the payload length to maximize the throughput for AWGN
and different fading channels. Our results indicate thahbo
Wireless local area networks (WLANSs) are rapidly beconthe payload length as well as the data rate is dependent on the
ing part of our network infrastructure.The 802.11 WLANchannel under consideration. The algorithm does not requir
physical layer (PHY) supports multiple data rates by usinghy changes in the current MAC operations and the data rates
different modulation and channel coding schemes. For Iand pay|oad |engths can be varied with received signa|g;ﬂnen
stance, the 802.11a networks have 8 different modes Wi{easurement as in [4].
varying data rates from 6 to 54 Mbps [1]. However, due to The paper is outlined as follows. In the next section, we
the packet headers from higher layers, as well as the varigisvide a theoretical model to evaluate single-user thnputy
overheads in the medium access control (MAC) scheme, th@i&02.11a systems and use it to plot the payload lengthsisers
is a significant reduction in effective throughput. transmission rate under different channel conditionstiSec
The effective throughput is affected by a number of paH contains numerical results for our rate and payload tang
rameters, including transmission rate, payload and headglaptation scheme, and provides the transmission rakefpac
size, constellation size, transmitted power, and recengse |ength combinations that maximize effective throughpuiaas
characteristics. When the channel is time varying in natum@inction of average symbol SNR for AWGN and Nakagami-
the transmission parameters should be adapted accordingnt@ading channels. Section IV states conclusions and future
channel conditions to improve link performance. The mech@search directions.
nism to select one of the multiple available transmissidasra
is referred to adink adaptation The current link adaptation !l. THROUGHPUTANALYSIS IN IEEE 802.11 WIRELESS
schemes used in IEEE 802.11a wireless cards are proprietary NETWORKS
In this section we present a mathematical framework for

Trrl“s ‘I"’O”‘ Walséf“ppbo”ed by tr(‘jcha':meia Micro Emggamém'smi%‘a' single user throughput optimization by varying the payload
Technology, Dolby Labs, Inc. an ualcomm, Inc., by NSF Graos. F- . . . .
0429884 and CNS-0435527, and by the UC Discovery Grant Brogmd |€Ngth. We provide an integrated framework for link adaptat

Nokia, Inc.. by considering various physical and MAC layer adaptation

I. INTRODUCTION



parameters. In particular, we have developed an adaptivesfr we employ average bit error probability expressions for BPS

length transmission algorithm using adaptive modulatisn and M-ary QAM in Nakagami-m fading [7]. The Nakagami-

supported by IEEE 802.11a and adaptive framing in the MA@ fading model is used to describe a wide range of fading

layer. models and includes the Rayleigh distribution (m = 1) as
We definethroughputas the number of payload bits per seca special case. The fade is assumed constant for the entire

ond received correctly. For simplicity of analysis, we ddes packet duration over all subcarriers. The average bit awor

the effects of payload variation in additive white GaussiaBPSK over a Nakagami fading channel with for integeand

noise (AWGN) channels and assume that the acknowledgererage SNR per symbal is given by [7]:

ments from the receiver are error-free. We also assumea line m—1 ~N

mapping between received signal strength (RSS) and SNR as P, = %[1 S (2:> (1 — 1 ) } ©)

in [4]. Thus based on the RSS of the ACK frames from the =0 4
access points, the mobile station can estimate the SNR at \mweere
receiver. Throughput corresponding to PHY madds given ' 5.
by: F=\ s 5
I(m)= 7 1o, " R # P (7, L) (@) The bit error probability for M-ary QAM in Nakagami-m
where, fading can be derived from [7] as:
L: payload length in bits, SV -1 1 VM /2 ]
Cy,: header and DCF overhead corresponding to ratein P, = 4( — ) ( ) Z - {1 _
bits, v M log, M - 2
R,,: data rate corresponding to PHY mogde m=l 91N /1 2 k
P"™(): packet success rate (PSR) defined as the probability of I Z < ) < ) } @)
- i k 4

receiving a packet correctly corresponding to PHY made k=0
~vs: SNR per symbol. where,

C,. encapsulates both header overheads and CSMA/CA = 1.5(20 — 1)27,
interframe spacing. The time delay is converted to bytes for m(M — 1) + 1.5(2¢ — 1)%7,

the purpose of optimization by the following expression :
On,, - Rm * Th() (2)

where R,,, is transmission rate corresponding to PHY mode . . . .
‘m’ and T), is the total protocol overhead and can b%hsi;gL is the packet length including the various overheads
I i . )

ev\a/lvzuf:vgsalgshsr]ned hard-decision Viterbi decoding at t eIn order 1o find the optimal payload lengftt, we assume

receiver. For al. bits long packet, the probability of packetﬂ]e payload lengthl varies continuously. Differentiating Eq.

error can be bound by [5]: ’ (1) with respect td. and setting it to zero with packet success
' rate given by Eq.(8), the optimal payload length at a given

PIM(Lyys) < 1= (1= P ()" (3) SNRis:

where PJ"(y) is the union bound of the first-event error . C, 1 ) 4% C,,

Erobability corresponding to PHY mode [6] and is given L =- ) T 2\/ 7™ log(1 — P (7)) ©)

V:

The packet success rate (PSR) is given as :
P (vs, L) =1 = P"(L,vs) 8)

€

e Some key assumptions in our model are single transmission,
Pl'(ve) = > aa-Pa(ys) (4)  no losses due to collisions, i.e. packet losses are causgtyon
d=dfree bit errors in AWGN and fading environments, and transmission
with d;,... being the free distance of the convolutional codef acknowledgments are error free.
selected in PHY moden, a4 is the total number of error events
of weightd which can be obtained from [6]. For hard-decision lIl. NUMERICAL RESU_LTS
decoding with probability of bit errop, Py(+,) is given by A Impact of payload length on effective throughput
, 3 o The variation of throughput with payload lengths at diffdre
EZ:(dHW (i) - P* - (1=p)*=* if dis odd SNRs, for all the PHY modes supported in IEEE 802.11a,
Py(vys) = % : (ddz) pY2 (1= )/ over an AWGN and Rayleigh fading channel are shown in
+ 2 ked/241 (&) -p* - (1—p)¢~* ifdiseven Figs. 1 and 2, respectively. We varied the payload lengths
(5) from 1-2264 bytes and added 40 bytes of RTP/UDP/IP header
The bit error probabilityp computation for AWGN for the used for multimedia traffic. The maximum allowable MPDU
various PHY modes in IEEE 802.11a is described in [3]. Iframe body length is 2304 bytes without fragmentation [8].
order to compute the packet error rate in fading environmenThe plots show that there is an optimal payload length
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Fig. 1. Throughput versus payload length at an SNR of 2 dB in AWGFig. 2. Throughput versus payload length at an average SNR @B in
channel Rayleigh fading channel

and rate corresponding to the received SNR for throughpgﬁg:ilai alrr:tl:/ht?i g(;f(feerc(t:lc\)/s] ggigggtgpgf_iiormgge\( 2mode 3 to be

mgrx(;g]slizr?“?f?.e Lgltz 'fatgu'itee Irl;tiLtj;tIVirsér;?]it:rla?iogr:vgin SNR, Selecting the proper data rate along with payload size
9 e P Qaaly is crucial for maximizing spectral efficiency. Selectingeth

lrig?:re,sws:lgg{i]:ﬁ% \(/::Illjjseebae;olzcc:irﬁishl nhitg;(;lrjgpgiukte':)lgr}ggest rate always, say BPSK, is too conservative an approac
rate (Eq. (3)) leads to a decrease in throughput. As shown") sting system resources, while selecting a much higher dat

rite can cause a severe degradation in overall throughput.

Fig. 1, at an SNR of 2 dB, only PHY mode 1 corresponding her i . ion f h | &t th
to 6 Mbps is used. The higher data rates are not evident in mnot er interesting observation from the above plots, & t

! . . Gre are relatively sharp peaks in the throughput plots for
plot since the packet error rates at these higher ratesaitist lower SNRs while a more gradual transition is observed for

reduce the effective throughput. The optimal payload Ibngﬁhgher SNRs i.e for the 2 dB case there is a small range of

at an SNR of 2 dB is around 280 bytes corresponding to E .
. . L2 yload lengths around 280 bytes which can be selected for
effective throughput of 2.45 Mbps. Thus there is a significa ptimal performance whereas for the 12 dB case, there is a

re?uc?cG)nN:E the e(;fec(tjlve. thr?ﬁ ghpult frzrr th(:hsup_porteti_d 4much broader range of payload lengths around 740 bytes. This
rate o bs and reducing the payload lengtn orincrea m%hggests that the payload length adaptation is more cratial

does not increase throughput at such low SNRs. For instance; . o -~ .
the effective throughput achieved at an SNR of 2 dB in AWG szl;ror?NRS. We discuss this in greater detail in the follavin

with a 20 byte payload is 0.6 Mbps and with a 2000 byte
payload, it is around 0.4 Mbps. B. Optimal Payload Length and Rate adaptation

We also observe a similar behaviour for fading channels.In this section, we present the optimal payload length and
In particular, we plot the throughput curves for an averagate adaptation for AWGN and Rayleigh fading channels. In
SNR of 12 dB for a Nakagami-m fading channel with niig. 3(a), we plot the effective throughput as a function of
set equal to one (which corresponds to Rayleigh fading) 8NR obtained by a joint adaptation of payload lengths and
Fig. 2. As seen from Fig.2, the optimal payload length idata rate based on our theoretical framework in an AWGN
around 740 bytes with an effective throughput of 7.2 Mbps. ghannel. The resulting transmitted data rates are shown in
2000 byte payload length would correspond to a throughpkig. 3(b) and the corresponding payload lengths are shown
of 5.7 Mbps and a 20 byte payload length would decrease tineFig. 3(c). The optimal payload length and rate adaptation
effective throughput to 0.9 Mbps. It is interesting to olveer for a slowly fading Rayleigh channel is shown in Fig. 4. The
from this plot that PHY mode 2 corresponding to 9 Mbpsffective throughput is plotted against average symbol SNR
is not used since the packet error rate at this mode for enFig. 4(a) while Figs. 4(b) and 4(c) indicate the optimal
average SNR of 12 dB in Rayleigh fading, is intolerabledata rate and payload size. It is observed from Figs. 3(c) and
Instead PHY mode 3 corresponding to 12 Mbps that althoudkc) that payload variation is more significant at the lower
has a larger constellation size (QPSK as compared to BPSKIR regions while at higher SNRs, a larger payload length
in PHY mode 2), has a significantly lower bit error rate whickban be used with careful data rate adaptation. Moreover, the
reduces its packet error rate. This has been widely destiibe range of SNRs over which payload length adaptation is atitic
literature and is attributed to the poor performance of #te r is wider for Rayleigh fading compared to AWGN. It is also
3/4 punctured convolutional codes for PHY mode 2 comparéuteresting to note the dependence of rate selection ondadi
to a rate 1/2 convolutional code for PHY mode 3 [3]. Thignvironments. In particular, as evident from Fig. 4(b), the
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Fig. 3. Optimal rate and payload length adaptation in AWGN Fig. 4. Optimal rate and payload length adaptation in Rakléégling

mandatory rates of 6, 12 and 24 Mbps are used over a mygfed in these two cases. In the AWGN case, all PHY modes
wider range of SNRs compared to an AWGN environment.apart from PHY mode 2 (9 Mbps) is used with the highest
mode (54 Mbps) used at SNRs above 25 dB. However, in the
Rayleigh fading case, neither modes 2 nor 4 corresponding to
In this section we show the difference in rate adaptation aBdMbps and 18 Mbps respectively are used. Moreover, PHY
SNR thresholds for different channel conditions for a fixethode 6 corresponding to 36 Mbps is used for an extremely
payload size of 1500 bytes. In Fig. 5(a), we plot the effectivnarrow SNR range. This suggests that the rate 3/4 punctured
throughput against SNR for all IEEE 802.11a PHY mode ratesnvolutional codes with a lower constellation size areagisv
in an AWGN channel for a fixed payload size of 1500 bytesutperformed by the higher constellation sizes with ra 1/
In Fig. 5(b), we plot the effective throughput against agera convolutional code in Rayleigh fading for the IEEE 802.11a
symbol SNR for a Rayleigh fading channel. It is interestingHY data rates. We also plot the effective throughput agains
to observe the difference in SNR thresholds and data ra®NR for a 1500 payload size in Nakagami-m fading with=

C. Rate adaptation with fixed payload size



4 in Fig. 5(c). We observe that as the fading decreases and
approaches the AWGN case:(— oo), PHY rates 4 and 6

are used over a wider range of SNRs. The above results again
indicate a tight dependence of data rate used with the fading
channel model.

IV. CONCLUSIONS ANDFUTURE WORK

We have presented a theoretical framework for achieving
higher throughputs by careful adaptation of payload leagith
data rates with varying channel conditions under the assump
tion of AWGN and slowly varying flat fading Nakagami-m
channels. The packet headers and protocol overheads reduc
the effective throughput drastically, motivating the nded
link adaptation with varying channel conditions. We preasen
plots for payload length and rate selection for maximizing
the single user throughput over a wireless link based on the
average received SNR per symbol or an equivalent packet
error rate. We also show the strong dependence of payload
and rate adaptation on the wireless channel condition. The
algorithm does not involve any changes in the current MAC
as the data rate and payload length can be adapted base
on the received signal strength measurement. Although we
discuss the link adaptation scheme for IEEE 802.11a weeles
networks, the approach is also applicable to IEEE 802.1#b an
g networks. Future research involves analyzing the effetts
retransmissions on overall packet loss rate and latencyelis w
as including the effect of collisions in a multiuser scenawe
are performing similar studies on frequency selective ipath
fading channels.
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