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ABSTRACT isolated link, 802.11n protocol overheads are significéhtis,

We examine theeak performance of an 802.11n system witH1€ 9ains possible with the MIMO PHY layer technology can-

respect to the achievable throughput and we decompose'¥AeP€ completely realized in current systems. _

gains observed due to the various PHY/MAC layer features of-Understanding the interplay between the features thatieons

fered from 802.11n. Our results show that while the Mim&te 802.11n’s gains and the achievable performance isimpo

PHY and channel bonding offered from 802.11n increase {8t towards the design of a dynamic system, which adaptivel

PHY data rate, packet aggregation and block acknowledgrfaitbles/disables the various protocol characteristicpattic-

are required to achieve throughput closer to the latter. ular, our initial study sh(_)ws_that despite the fact that MIMO

PHY and channel bonding increase the data rate and conse-

qguently the throughput, in order for the end user to enjoyra pe

1. INTRODUCTION formance close to 200 Mbits/sec, the protocol overheadd nee
802.11n draft is currently being finalized with the objeetivto be reducetl The latter is achieved by using PABA.

to create a high throughput 802.11-based standard. For thihe rest of this extended abstract is organized as follows. |

reason, 802.11n offers several enhancements over legdgy \Bection 2 we present related studies. In Section 3 we provide

systems. In particulag) it utilizes MIMO PHY layer,(b) of- a description of our experimental setup. Section 4 presamts

fers possibility for using 40 MHz channel (channel bonding)scusses our experimental results. Section 5 concludgs an

and(c) allows for the use of packet aggregation and block gmrovides our future directions.

knowledgment (PABA). All these features aim at improving th

higher layer system’s performance (i.e., achievable thheu2, RELATED STUDIES

put). , .
In particular, the MIMO PHY layer utilizes multiple antenna Recent!y, there are a few experimental _stud|es thf’ﬂ. try to
. . . . aracterize the performance of 802.11n links, providing a
elements that can be combined to achieve either higher Jaa .
rates (Spatial Division Multiplexing - SDM - mode) or highe'rm ial characterlgatlon ofth_e real world performangeﬁﬁ&ln
roducts. In particular, Shrivastaetal [1] were the first to ex-

range (Space Time Block Coding - STBC - mode). Additiof} eriment with 802.11n. They are mainly focused on multiruse

aly, using, 40MHz channels, increases the maximum poss%? . :
data rate as compared to the conventional 20 MHz band Sgynaros and they show that the CSMA/CA policy employed

legacy 802.11 systems. Finally, PABA increases the num rom the draft, can significantly hurt the performance unitier

. . ) : resence of multiple active links. Moreover, using a praslp
of packets transmitted with a single medium access, reduci . 4
) . introduced interference model [2], they try to capture titer-
at the same time the number of ACK packets required to ac:. ; . o
. actions between channel bonding and interference. Iniaddit
knowledge a specific amount of DATA packets.

In this study, we first seek to experimentally examine ﬂt]réey also perform experiments on isolated links on the 2.4 GH

maximum achievable performance of 802.11n. Previous té%nd, with various combinations of 802.11n features. In the

forts on experimental characterization of 802.11n haventeg ?;ﬁi:é;eggmé;meaiué%%ri '12] [s?js?e)rrr? F;irg gzeSEr;gI{'ﬁe:yzgm
throughput values that are far from the maximum data rate fhally in [4] guidelines for.deploying a testbed ablétali'ee '
able (i.e. 300 Mbits/sec for a 2x3 802.11n system). Thus, we !

seek to examine in more detail the actpedk performance of € MIMO benefits are being provided by the authors. How-

802.11n, for both SDM and STBC modes of operation. thi\s/er’ the (isolated link) results reported in these stydies

will serve as a benchmark for further studies. To accomplia}% below the maximum possible data rate of 802.11n. In con-

our goal, we use commaodity cards that can operate atthe 5 r|_a|§t, with these works, we are mainly interested in ach@vi

band. This is important, since this specific band is curyen € maximum performance of 802.11n, and we consider both

not widely used for WLAN depoyments, giving us the c:apabmOdes of MIMO operations, that is, SODM and STBC.

ity to performcontrollable experiments to a large extent. W

proceed by isolating and decomposing the gains observed due EXPERIMENTAL SETUP

to the different 802.11n factors. We would like to emphasizgnese overheads with 802.11n exist, due to the requireroehatk-
on the fact that, as our measurements show, even on a losstass compatibility with 802.11 legacy devices.




802.11a performance: With 802.11a the maximum data

Our experimental set up consists of 2 nodes. Each nodesi® supported is 54 Mbps. As we can observe from Figure 1,
a mini-ITX form factor PC, with 1.7GHz Intel CPU, 512MBwith 802.11a we are able to reach 37 Mbps on the lossless link
RAM and 80GB HDD, running Ubuntu 8.04.1 with kernel verreated in our lab.
sion 2.6.24-21. Each device is equipped with one R&ARB80 MIMO PHY: The first step towards examining the perfor-
card that supports MIMO-based (802.11n) communicatiods amance of 802.11n involves employing only the MIMO PHY
carries three 5-dBi omnidirectional antennas mounted en thyer offered from the new draft standard. Thus, we enable
RT2880 card. The Linux driver of tHgT2880 can support both 802.11n on our wireless NICs, while keeping channel bonding
STBC and SDM modes and can operate at the 5 GHz bandand PABA disabled. Using the corresponding maximum data

In our experiments we disable the rate adaptation algorithiates (shown at Table 1), we are able to achieve throughput pe
We create a link with zero packet losses at the maximum ségrmance of 61.9 Mbits/sec and 42.3 Mbits/sec with SDM and
ported data rate and we measure the achievable MAC [a8&BC mode respectively, as we can see at box (2) of Figure
throughput for various combinations of the 802.11n feauré&. Even though there is a clear improvement as compared with
Given that there are no losses, this is also the maximum p832.11a (especially for the SDM case), the achieved through
sible throughput under the specific configurations. The maput is far from the PHY rate. Examing the reasons behind this,
imum data rate for the 4 combinations of channel width ame define théeffective Throughput Ratio (ETR) to be the ra-
MIMO modes can be found in Table 1 (the short Guard Itie of the measured throughpilif, over the PHY data rat&.
terval option is used). We use theer f traffic generator to Therefore, we have:
backlog the link with 1470 bytes UDP packets.

20MHz | 20MHz ETRsrso = 0.69 > ETRLE = 0.58 > ETRYA = 0.43
SDM | 144 300 (1)
STBC 72 150 Only 58% of the PHY layer data rate is obtained from the

802.11n when STBC is being employed. SDM achieves much
Table 1. Maximum data rates (M bits/sec) for variouscom- higher throughput, however, it is just 43% of the maximum
binations of channel width and MIMO modes. possible. The reason for this performance can be found in the

Eliminating losses on the link was not a trivial task. In paf02-11n MAC layer overheads. In particular, for the case of

ticular, the system appears to be very sensitive to a nunfbelPgsiess link, ETR can be expressed as:
factors. The spacing between the antennas placed on a linear

topology as well as the length of the lidk, affect significantly T, TDATA % )
. . . . ETR — — air —
the packet delivery ratio. Even small variations at the eslof ROT DATA |, % S Tovernens (2)

[ and D can dramatically change the link quality. In general,
the antenna spacing needs to be greater then half WavelemgigreTaIZ?TATA is the air time of the DATA packet (MAC layer
A in order for the antenna signals to be uncorrelated. In adglyload of sizel) andT),c,reqq Captures the various 802.11n
tion, the wireless environment, and in particular the r&®in protocol overheads adopted from legacy 802.11 for backward
scattering, is another important factor to consider. fynale compatibility (timings related with DIFS, SIFS, ACK, contéon,
initially experimented at the 2.4 GHz band. However, elimétc.). We have experimentally validated tHBf,,;eqq iS CON-
nating interference in these frequencies is hard, due tid8 stant for the various modes of operation (SDM, STBC) and
usage for WLAN deployments. channel widths, and depends only on whether PABA is used
For our lossless link we sé = 1.3 meters, while the anten-or not. From Equation (2), we can see that ETR is a decreasing
nas are arranged on a linear topology with a spacing-ef7.8 function with respect to the data raf& for the same packet
cm between them. Note that since we operate on channekB@ 1. and7,, ., head; thUus, Tyverneaq introduced from 802.11n

(5.3 GHz), this antenna spacing is greg‘{eﬁ 2.8 cm. Nodes IS more profound for higher data rates, verifying the trend ob-

are placed inside a meeting room, rich in scattering. Fu-rthseerveOI In Inequalities (1). In contrast with legacy 8021t

o . .Supports much lower data rates, the air-time of the packet fo
more, we have verified that there is no other WLAN operatnt“g'fﬁigh rates supported from 802.11n is comparabler'ioﬂne or
on the same and the neighboring frequencies, and thus, eu )

X . 1§80l overhead; therefore, the latter becomes the domfaant
periments are interference free. tor that limits performance at the 802.11n high data rates.
MIMO PHY + Channel Bonding: Channel bonding com-
4. 802.11n BENCHMARK PERFORMANCE bines two or more adjacent channels in order to form a wider
In this section we present our experimental results towagie, to support higher data rates. 802.11n offers the pbissib
the benchmark performartcef 802.11n. of using channels of 40MHz width. Adding this feature to our
Our experimental procedure starts by activating 802.18a gjtevious configuration increases the maximum data rates sup
measuring the achievable throughput; following we add Bfepported by 108%. However, the throughput achieved is only in-
step additional features of 802.11n and observe the difterecreased by 27% for the case of SDM (79.1 Mbits/sec) and 46%
in the performance. A pictorial summary of our results iegiv for the case of STBC (61.9 Mbits/sec). ETR is further reduced

in Figure 1. to ETRYRG, = 0.41 (30% reduction) anET R340 =
2This is measured using a specific wireless card, but we testieat it 0.26 (40% reduction).
is representative of the 802.11n performance. The reduction of ETR is much larger for the SDM case as



SDM

Channel Bondin R = 300Mbits/sec PABA
Tm = 79.1Mbits/sec
STBC
R = 150Mbits/sec

SDM Tm = 61.9Mbits/sec (3) SDM

802.11a R = 144Mbits/sec R = 300Mbits/sec
R = 54Mbits/sec MIMO PHY ) Tm = 61.9Mbits/sec Tm = 197.8Mbits/sec

Tm = 37Mbits/sec STBC STBC

1) R = 72Mbits/sec R = 150Mbits/sec
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PABA R = 72Mbits/sec Channel Bonding
Tm = 61.5Mbits/sec (4)

Figure 1: Break down of the 802.11n performance.

compared with the STBC. This should be expected based on th@ur results show that the overhead introduced to 802.11n by
shape of the ETR function given from Equation 2. In particthe 802.11 MAC protocol family is significant even on an iso-
lar, one can analytically verify that as we increase the deta lated lossless link. These are more pronounced in the higher
(REMEH= = 300Mbits/sec > REMHEZ = 150Mbits/sec), transmission rates supported from the draft, as compared to
we should expect a larger decrease in ETR. legacy 802.11. MIMO PHY layer and channel bonding offered

With channel bonding we can improve the performance sédssm 802.11n, can increase the data rate. However, in order
by the end user. However, we are still far from the PHY laytr be able to achieve throughpaibse to the actual PHY layer
capabilities in terms of bandwidth; being more precise, vee &apabilities (in the order of 200 Mbits/sec) we need to use en
even further - in relative terms - as compared to the caseavhi@mncements at the MAC layer that reduce the protocol overhea
20 MHz channel is used. This is because employing chanfeey. PABA).
bonding does not affed,,.-»cqq but only increase®. Thus, In this paper, we mainly followed an experimental approach
recalling again equation 2, the effectfif,..rcqq IS €ven more focusing on the peak performance of 802.11n. These results
intense when channel bonding is being employed. will serve as a benchmark for our future studies. In paréicul

MIMO PHY + PABA: As seen above, the overhead intrawe seek to examine in more detail the performance sensitivie
duced from 802.11n limits the peak throughfiiyt. One way mentioned in Section 3. Taking care of these sensitiviies i
to boost the performance is by reducifig,.,»..q fOr a fixed important in many realistic scenarios. For example, when mo
data rate. Then, ETR will increase and thi}s will also in- bility is considered, parameters suchiasthe exact environ-
crease. mental characteristics or the relative antenna positmpein

PABA achieves this by amortizing the protocol overheadsange rapidly. Thus, we seek to examine in more detail the
over a sequence of packets, without increasing the data edteve effects and also extend our study on lossy links. Our
at the PHY layer. Indeed, after enabling PABA on our cardsal goal, is the design of a dynamic system able to adapt vari
we measure a throughput of 61.5 Mbits/sec with STBC aads 802.11n parameters in such a way that will utilize as much
113.2 Mbits/sec with SDM (box (4) - Figure 1). The overhead MIMO PHY as possible.
is sigg;figgntly reduced, since the above values corresmnqs\cknow|edgments
ETRIEEC = 0.85and ETRYFAL 5 = 0.78. _ _ _ .
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