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ABSTRACT space without interference concerns. In this paper, we ihesiI-
lowing question:Can devices use the multiple orthogonal channels
in wi-fi networks simultaneously to realize a high data-rateeless
link and hence cater to applications requiring high bandihg? In
other words, given that there are 3 orthogonal wi-fi chanimetlse
2.4GHz band and 12 orthogonal wi-fi channels in the 5.2GHzpan
can a pair of devices each equipped with 15 wi-fi radios usinall

Wi-fi standards have provisions for multiple orthogonal rainels
where the orthogonality allows them to be used simultarigous
both in time and frequency without interference concermsthis
paper, we pose the following questiddan devices use the multiple
orthogonal channels in wi-fi networks simultaneously tdizeaa
high data-rate wireless link and hence cater to applicasioequir- . . . o
ing high bandwidthsn other words, given that there are 3 orthog- available prthogonal chan.nels to achleve.a high qata-rapdlmk?
onal wi-fi channels in the 2.4GHz band and 12 orthogonal wi-fi We believe that such high data-rate wireless links will hase

channels in the 5GHz band, can a pair of devices each equipped” gree;figld environments wherelco-e;(isteﬂce with kprqﬂmg
with 15 wi-fi radios use all the available orthogonal chasrtel networks is not a concern. Examples of such networks inatele

achieve a high data-rate link operating at 600Mbps? Stmgtis terprise network deployments and v_vireles_s backhauls fml(_ms
we find through experimental evaluation that the actual niese m.efghdne:works. Further:no.re, e;l/enlln ferlmlvlr(t))nrrll(entsdthatpm‘/‘!e.
performance when using all fifteen orthogonal channels &etw Wi-Ti dep oyme_nt_s,_ a solution that IS Tully backwar C(_)mb :
two devices is a mer@1Mbps We identify the reasons behind the with normal wi-fi links and opportunistically provides higtata-
low performance and present Glia, a software only solutht t rate communication capabilities will indeed be desiralile. term
effectively exercises all available radios. We prototyp&a @Gnd such a set-up with multiple wi-fi radios mounted on a singléate

show using experimental evaluations that Glia helps aehibyse as awi-fi array.
to 600Mbps data-rate when using all possible wi-fi channels. To the best of our knowledge, no efforts have been undertaken

in related research to characterize achievable datawéies using
. . ) wi-fi arrays with all possible orthogonal channels in theG
Categories and Subject Descriptors and 2.4GHz spectrum. Hence, we first experimentally detesmi
C.2.1 [Computer-Communication Networks]: Network Archi- the achievgble data.-rgtes using off-the-shelf (OTS) vadios. We
tecture and DesignWireless communication use Mlcr_ot_lk R52 miniPCI cards mounted on Routerboard IABVIP
8-slot miniPClI-to-PCl adapters for our experimental get-Sur-
prisingly, we find that while the expected application lageta-
General Terms rate with a wi-fi array that uses 15 orthogonal channels (12 ‘a
Algorithms, Experimentation, Performance gnd 3 'g’) is approximately _GOOMppshe observed pe_rformance
is a mere 91MbpsWe delve into this observation and identify two
phenomena, both pertaining to the close physical proxiofithe

1. INTRODUCTION radios on the wi-fi array that together cause the performdagea-
Even with the advancements made in wireless data techeslogi  dation. Specifically, we find thaiut-of-band (OOB) emission of
there still remains a need to continue to bridge the bandwadp energyat a transmitting radio is strong enough at short distances
that exists between wire-line and wireless data networksfi Wét- (<1m) that it can trigger carrier sensing atearbyradio operating
works using IEEE 802.11 (a, g, or n) standards have congitjera  0n an orthogonal channel, and also corrupt the receptionagts
improved data-rates in wireless LANs, but also have prowisifor at the other radio if it were receiving. Secondly, we find tilger

multiple orthogonal channels that may be used by differestt n  inefficiencieswhen two radios in close proximity are operating on
works operating in the same vicinity. The orthogonality bét orthogonal channels, also increases effective bit ertesrarther
channels allows them to be used simultaneously both in tinde a  lowering performance.
We then presenGlia® a practical software only solution that
coarsely coordinates the different radios on a wi-fi arragt an
the process delivers the aggregate data-rate expectedtiear-

Permission to make digital or hard copies of all or part o§ tivork for ray. Glia uses a combination of medium access, scheduliag-f
personal or classroom use is granted without fee providatidbpies are ing and channel management mechanisms that allow the radios
not made or distributed for profit or commercial advantage that copies the wi-fi array to overcome the aforementioned problemshaqzs,
bear this notice and the full citation on the first page. Toyooiherwise, to more importantly, we realize Glia as a software module thakes

republish, to post on servers or to redistribute to listguies prior specific
permission and/or a fee. T - . i
MobiCom’09,September 20-25, 2009, Beijing, China. Glia, Greek for 'glue’, is a solution that effectively glutsgether
Copyright 2009 ACM 978-1-60558-702-8/09/09 ...$10.00. wi-fi radios.




with any off-the-shelf wi-fi radios, thus requiring no changes to the
hardware or firmwareof the radios themselves. Using experimen-
tal evaluation, we demonstrate that Glia, with a 15 radidiarray
(12 "a’ radios and 3 'g’ radios) achieves approximately 6@Qid.

Note that there are several approaches to achieve highatiatar
wireless communication. Some of these techniques inathde-
nel bonding[1], using higher frequency ranges of the spectrum
[2, 3], wideband techniquelgl], directional antennasMIMO and
adaptive array communicatiofi], radio bonding[5, 6] andad-
vanced PHY layer techniqu§s, 8]. However, there are a few fun-
damental differences, and hence advantages, to the Gliaagp
to achieving high data rates: (i) Unlike all of the above fohs,
Glia is a pure software based solution that works wittthe shelf
radios We believe that this is a significant advantage when it comes
to deployability and time to availability of the solutionii) i-fi is
by far the most ubiquitous wireless technology deployedatad
networks today, and Glia is built a top wi-fi, and perhaps égua
importantly is fully backward compatible with legacy wi-fdces.
(i) Finally, to the best of our knowledge, despite the pisenof
high data rate wireless communication that other solutiaffer,
Glia is the first demonstrated experimental working sotutileat
offers upwards of 600Mbps in data rate. We delve into other sp
cific differences between Glia and the aforementioned rsdtéres
later in the paper.

The contributions of this work are three-fold:

e We experimentally study the performance of a 15 radio wi-fi
array and characterize the data-rate performance aclgevab
using OTS radios as being a mere 91Mbps. We then identify
the reasons behind the lower than expected performance.

We present Glia, a software only solution effectively exer-
cising a wi-fi array that coarsely coordinates the diffemant

arguments we present in the paper are relevant only withiimges
band, we restrict the scope of the experimental set-up tp tal
radios belonging to the 802.11a 5.2GHz band. However, wisitev
a complete set-up with 15 radios (12 a and 3 g) in the perfocaman
evaluation section. Atheros chipset (AR5413) based Micieb2
802.11a/b/g miniPCI cards are used as WLAN radios. The cards
are mounted on two Routerboard [9] IA/MP8 8-slot miniPGl-to
PClI adapters, each housing 6 cards. The open source Maddlifi [1
driver is used for the WLAN cards. The 12 radios together pgcu
all the 12 available channels in the 5.2GHz spectrum. Fob&dse-
line experimentation, the Iperf application is used for gyating
UDP traffic. The source and destination wifi arrays are pldded
meters apart. The RTS/CTS of the 802.11MAC protocol is tirne
off for all experiments. Figure 1 shows a photograph of onthef
two wifi-arrays with 12 radios, while Figure 2 shows a schémat
of the 12 radio wifi-array testbed.

Figure 1: 12 radio wifi-array

2.2 Baseline Experimentation
In this Section, we present results of the baseline expetane

dios on a wi-fi array to achieve the expected aggregate per- tion using the testbed.First, the individual per-chanrehetate is

formance.

We prototype Glia and demonstrate in a real experimental
set-up that close to 600Mbps data-rate is achieved usiryg onl
OTS wi-fi radios.

The rest of the paper is organized as follows§ Awe describe
our setup of wifi-arrays and present the results of defastirtg of
the setup. We also analyze the reasons behind poor perfoeniran
the default 802.11 operation. §13, we explore the core principles
of our solution, Glia. In§ 4, we present the software architecture
of Glia and explain how each component of the solution wolfs.
§ 5, we present the performance evaluation of Glia using an im-
plementation on the wifi-array testbed and also using ns2das
simulations. In§ 6, we present the related work in this field, and
finally we conclude the paper 7.

2. BASELINE PERFORMANCE AND MO-

TIVATION
2.1 Testbed Setup

First, we explain the setup used for experimentation. Two In
tel core-2 based Dell Optiplex GX 520 desktops, running Wiun
Linux (version 8.04, kernel 2.6.24), and equipped with 12 AN
radios each, act as source and destination wifi-arrayse Qilhthe

2While we don't perform extensive tests of Glia with 802.11red
to current bus speed limits in our experimental set-up, wehdov
a proof-of-concept that Glia works with 802.11n as well. $ha
full set-up with Glia and 802.11n in the 2.4GHz and 5.2GHzdsan
could achieve over 1Gbps in data-rate.

observed to be around 40Mbpsby running only one UDP iperf
session across each channel at a time. The 12 channels used by
radios are supposed to be 'orthogonal’, i.e, communicatioone
channel should not affect communication on any of the othane
nels. Thus the expected aggregate throughput, when al2ha-1
dios are operated simultaneously, should be around 480ASs
12). However, when simultaneous UDP iperf sessions ar@ setu
each of the 12 channels, the observed aggregate throughuoiyi
70Mbps. Figure 4 shows the variation of aggregate througagu
a function of the number of simultaneous links active at ti@es
time. Thusonly 15% of the ideal aggregate throughput capacsty
observed when off-the-shelf radios are used as-is for tfieaways
(OTS Wifi).

12 Channels
=

Wifi-array /;3—/

Figure 2: Schematic of 12-radio wifi-array Testbed

2.3 Analysis

In the previous section we observed that using all 12 charatel
the same time using collocated radios gives a lower thanctege

3Note that the throughput we mention here is the actual
application-level achievable throughput from the 802ihkd and
not the raw datarates that the 802.11 standard specifies.
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Figure 3: Experimentation with Collocated Tx/Tx

throughput performance. However, in practice WLAN netwiek
ployments do use orthogonal channels simultaneously. Elge k
differentiating property of our experimental set-up whempared
to such typical WLAN network deployments is the physicabpro
imity between the radios using the orthogonal channels. Fdyw
that this factor is indeed the reason for the poor perforraame
use a simple two channel experiment. Two adjacent charméig i
802.11a band (5.18GHz and 5.2GHz) are used for analysiard~ig
5 (a) shows the topology of the experiment, where two linksrop
ating on adjacent channels are setup. In this setup the amertit
radios are kept far apart (similarly the two receive radi@saso
kept far apart). However, the two transmit radios (simjldhle two
receive radios) are within transmit range of each other. diffier-
ence between this setup and a wifi-array setup with two radios
the absence of proximity between the radios. When the tvks lin
are active at the same time, the aggregate throughput isvelose
to be 78Mbps which is close to the ideal aggregate througbput
two channels. This points the reason for poor performandbeof
wifi-array setup to the proximity of the radios at the trartsamid
receive nodes.
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Figure 4: Throughput vs number of radios
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Figure 5: (a) Non proximal radios (b) Collocated Tx/Tx; (c)
Collocated Rx/Rx; (d) Collocated Tx/Rx

To understand what exactly happens at each of the transhit an
receive wifi-arrays, we experiment with a three node (A, B @pd

setup, where node A has two radios while nodes B and C have only
one radio each. Nodes B and C are placed far apart. The twasradi
at node A connect to either of nodes B or C on adjacent channels
(5.18GHz and 5.2GHz). Depending on the direction of DATA flow
in each of the two links, there are three possible scenafostud-

ied below:

2.3.1 Collocated Tx/Tx

In this scenario, both the radios of node A are used for trans-
mission(Tx) of DATA packets (refer Figure 5 (b), while nod@s
and C act as receivers. Figure 3 (a) shows the ideal throaghpu
of the two radio setup, and the observed individual and aggee
throughputs. We refer to the two links as F1 and F2. While the e
pected aggregate throughput is 80Mbps, the observed thpotig
is only 44Mbps. Thus, single link throughput is what is oleer
in-spite of the fact that two links on orthogonal channetsastive
at the same time. A deeper inspection, using the Wireshakepa
analyzer shows that in fact only one link is active at any gitnme.
Figure 3(b) is a visualization of the wireshark dump, whibbwss
the times at which packets are sent across the two links. gheefi
also shows a zoomed version of a part of the visualizations It
clearly seen at any given time only packets belonging to one |
are sent. This phenomenon occurs in-spite of the two radiiosde
A operating on orthogonal channels.

RSSI Vs Distance

RSSI because of Tx in 5.18GHz (dBm)

10 15 20 25 30
Distance between two radios (inches)

Figure 6: RSSI vs Distance

To verify the above phenomenon we investigate the RSSI (Re-
ceived Signal Strength Indicator) values at both the radiewde
A. The RSSI is used by 802.11 radios to perform physical earri
sense and is available readily as a hardware register orfsical
device. Figure 3 (c) shows the RSSI at each radio of node Aphwhe
the other radio is transmitting DATA packets. It is obsertkat
each radio records a finite RSSI when the other radio is tritnsm
ting. This RSSI triggers carrier sensing at either radiopmestents
it from transmitting a packet when the other radio is tratsng.
Thus even though the two channels are technically orthdgona
each other, there is some power leakage from a transmitsing r
dio on one channel to the other. This leakage power is terrsed a
Out-Of-Band (OOB) emission, and has been discussed iretelat
literature [11].
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Delving further, we characterize this OOB by studying RS81 v
ues using different channels and different distances leatvike
two collocated radios of node A. Figure 6 shows the variatibn

Table 1: Packet Error Rates and Aggregate Throughput for
Different Locations and Different sets of Adjacent channed

: ; . used
55! cnservedon on i as s unclon of detance foabe % [ ChameLozat] PER | Tl
: g packetsthén 518,520/A | 00L,01| 756
figure we note that when the two radios are placed very close to T —— -
5.18,5.20/ B 0.32,0.24 56.7
each other, even channels that are as far as 5.18GHz and=#4205
(channels at extreme ends of the 802.11a spectrum) candmeaff 5.24, 5.26/ A 0.5,0.1 28.0
because of OOB emission3his power leakage can however be 5.24,5.26/B 0.2,0.21 62.8
anticipated and the physical carrier sense mechanism casutie
ably modified to account for the OOB varying observed throughputs. The aggregate throughpigdsaf-
fected by the adjacent channels being used by the two raafitisef
2.3.2 Collocated Rx/Rx same location. However, the throughput remains fairly taortsfor
In this scenario, both the radios of node A are used for receiv a considerable amount of time (in the order of a few hoursplera
ing(Rx) DATA packets (refer Figure 5 (c)). As in the previcce- 1 shows variation of aggregate throughput of the two radiab a

nario, Figure 7 (a) shows the ideal and observed throughpfuts  packet error rates with location and adjacent channels @gd11
the setup. The observed aggregate throughput of the twe imk  ACKs are disabled for these experiments. The two differecad
45Mbps. Again single link performance is what is observed. T tions studied (1 and 2) are only 3 inches apart. As explaing¢ti]

investigate further, we perform Wireshark analysis of the links. this phenomenon occurs because of the imperfect filter tpesa
Figure 7 (b) shows a visualization of the times at which peckee at the receive radios. The power from a transmission on dheig
sent on each link. While in the previous scenario, it was olesk ing channel can be filtered along with the legitimate powethen

that only one link was active at any given time, in this scenar  current channel at a receiving radio. This extra power &tstar-
packets are sometimes sent on either link at the same time- Ho ference and causes CRC errors resulting in packets beipgpeiio
ever, the aggregate throughput is low. To dig deeper, we zoom at the receive radio. The effect of the extra power is obskonty
into the visualization and observe that some packets oardittks when the channel gains for the adjacent channel is high énoug
do not start exactly at the same time, but overlap each otimer.  The channel gains for the receive power can vary dependitig-on
this case the reverse direction ACK from one of the radiog-ove cation, time and channels being used.
laps with the DATA reception on the other. The ACK for the athe
DATA packet is not sent back, indicating a packet error. This 2.3.3 Collocated Tx/Rx
verse direction ACK will cause errors on the other DATA pdaiee In this scenario (refer Figure 5 (d)), one radio of node Agran
ception because of OOB emission. Further, we analyze theepac  mits packets (link F1) while the other radio receives paglek
error rates of the received DATA packétsFigure 7 (c) shows the  F2). The throughput results in Figure 8 (a) indicate thatlevhil
packet error rates on each of the two radios, of node A, whitkeu gets a high throughput of 38Mbps, F2 gets only 1 Mbps. Wire-
individual and simultaneous operation. The packet err@srare shark analysis shows that while DATA packets are presentth b
significantly higher under simultaneous operation confignihe the links, very few packets of F2 are ACKed. The reason fa@ thi
earlier hypothesis that reverse direction ACKs can corl#stA phenomenon can also be attributed to the OOB emissions from
reception. This phenomenon of ACKs corrupting DATA occufs i the transmit radio of node A, which make it almost impossfble
respective of the channels used by the two radios (as longeas t the other radio to decode its received DATA packets. Figufe)8
two channels are within the same band), albeit to varyingesteg shows the unusually high packet error rates for F2, when thath
Thus it can be concluded that ACKs corrupt DATA. radios are operating simultaneously. Thus, it can be cdeduhat
From the above observation, turning OFF 802.11 ACKs should itis not possible to simultaneously transmit and receivegisollo-
result in ideal aggregation of the two links (assuming nokbac cated radiosSince DATA transmission on one radio corrupts DATA
ground interference). However, a second phenomenon is\@ltse  reception on a collocated radio, simultaneous DATA trarssion
when adjacent channels are used for the two Rx radios. Packetand reception through collocated radios is never possible
errors are observed in the reception of DATA packets in eithe
dios. The packet error rate, and hence the aggregate thpotigh
different on the two radios, and varies depending on thetilmta 3. DESIGN ELEMENTS IN GL_IA
of node A. Even small differences in location can lead to aelyid In this section we present two broad design elements thawall
aggregation of throughput capacities of multiple orthagjarhan-
“The packet error rates can be figured from a hardware register ~ nels. These design elements are based on the insightsadifrove
the physical WLAN device the previous section. Ifi4, we propose a software-only solution,
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known as Glia, using these two principles. The first prirgipict-
as-one, coarsely bonds individual radios and creates kedogical
radio, that can use all the available channels at the sanee fiime
second principle, exploit-the-many, allows the right cadhannel
association for both the transmitting and receiving wifagy such

cards, the RSSl is equal 10log(SN R), where SNR is the Signal
to Noise ratio, and is usually reported as an integral vaiudBm.
Thus, it is not possible to determine the accurate powelvede
given an RSSI reading. Further, if there are two components t
some received power value, a higher power component can mask

that maximum aggregate throughput can be achieved. The twothe lower value. For example, if two components of powers are

principles are explained in detail below.

3.1 Act-as-One

This design element facilitates multiple radios in a wifisgrto
act as one single radio occupying all the channels at the tamae
The key concept is to use coarse synchronization of the saxid
allow near simultaneous transmission of data packets oodie
cated radios.

3.1.1 Mutually exclusive Rx/Tx

In §s 2.3.2 and 2.3.3, we identify that transmission of a packet
on a radio will render reception of any packet on a collocasetio
useless. Hence it is essential to ensure that simultanesmsntis-
sions and receptions of packets never occur in a wifi-arrayw-H
ever, it is possible to either simultaneously transmit fradhcollo-
cated radios or simultaneously receive on all collocateibsa We
now present a scheduler that achieves this behavior. Itgesivifi-
array interacts with multiple other wifi-arrays at the saineet it
becomes difficult to schedule packets to/from those wifiygsi(on
different channels) such that unnecessary triggeringmiezaense
and packet corruption is prevented. Hence, the schedltersab
wifi-array to interact with only one other wifi-array at anyen
time.

3.1.2 Adaptive Carrier Sensing

In § 2.3.1, we identify that OOB emissions from one radio can
trigger unnecessary carrier sensing at a collocated réulis, pre-
venting packet transmission on a radio if a collocated raslial-
ready transmitting another packet. It is possible to edtnthe
effect of OOB power from a collocated radio. This estimate loa
used to prevent an unnecessary carrier sensing, if the O@B dr
collocated radio is anticipated. The default carrier semsnech-
anism, of identifying if the received power is less than ashr
old, can be thus replaced with a more intelligent adaptiveiera

15dBm and 20dBm, the aggregate of the two is only 20dBm. It is
possible that power from a collocated transmission masgaesr

of a legitimate background carrier and as a result the legi
background carrier may not be detected by adaptive caries-s
ing. Thus, there are two ranges of received power of a legtém
background carrier: 1) a region where a legitimate backupiaar-

rier can definitely be identified, and 2) a region where théilegte
carrier can be masked by collocated transmissions and menbe
detected.

3.1.3 Coarse Synchronization

Itis not always possible to identify a legitimate backgrowar-
rier on a channel if collocated radios are transmitting spamket.
It is possible to get complete information about a channéf dn
all collocated radios are idle. We propose a coarse synid@on
tion across all radios in a wifi-array, where all radios in ans-
mit wifi-array start sending packets at the same time aftgsiphl
carrier sense of their respective channels. Each radiossenel
packet at a time and waits for an acknowledgment (ACK) froen th
corresponding radio at the receive wifi-array. An epoch isret
period during which a wifi-array sends packets on differexias
and waits for ACKs. ACKs are sent by the receiver radios only
after all packets in the epoch have been transmitted. Thigepts
ACKs corrupting receptions. If a particular radio of thensenit
wifi-array senses its channel to be busy, it will not send aagkpt
during that epoch. If some of the packets are not received dur
ing an epoch, they are retransmitted during the next epodte T
retransmission can happen through a different radio tharotte
in which the packet was sent around the first time. For pragidi
fairness across all nodes occupying the channels, theitwifi-
array performs a random backoff, similar to the random bfi¢ko
802.11 MAC. There is however, only a single backoff for atlice.
This ensures the coarse synchronization across all thestadi

This simple model of synchronization has three issues: ) It

sense (ACS) mechanism. The new adaptive carrier sense mechanot possible to perfectly synchronize all radios to senceiscat

nism will remove the estimated effect of a transmission fittwn
received power before determining if the received powerésitpr
than some threshold, to identify a legitimate carrier. Hrthare
multiple collocated radios transmitting at the same tirhe aggre-
gate effect of all the radios by summing the estimated powérs
each transmission should be used for the adaptive carrisese
Received power is measured at a radio using RSBdr atheros

5The reporting of RSSI is vendor specific. This fact poses #dim
tion, on our solution, of having to use cards from the samel@en

the same time. There are several possible sources of delayg al
a packet path in the network stack. These delays are contpdnsa
as explained ir§ 4.1.2. b) Since there is a single backoff for all
channels, it is possible to be unfair across users. If therenal-
tiple users on a particular channel, packets belongingedlitfier-
ent users may collide with each other. An unsuccessful ACK wi
indicate such a loss of packet. Ideally in such a scenargotréms-
mitters should backoff for a larger time on that particulaamnel

Further work is needed to combine cards from different vemdo



during the next packet transmission. However, since albsaith a
wifi-array have a single backoff, it is not possible to havargér
backoff for a particular radio. In this case, compensat®pro-

of radio-channel associations, when both the transmibgadre
simultaneously transmitting packets. Combination 3 perfothe
best, in terms of the aggregate throughput. Combinatios@lzs

vided by not sending any packet in some epoch. c) A radio does the highest aggregate RSSI. Hence, the sum of RSSI of alveece

not send any packet, during an epoch, if the correspondiagrei

is busy at the start of the epoch. However, it is not alwaysipos
ble to know if the channel becomes free before the epochidarat
This is because collocated radio transmission can maskhiue- ¢
nel. This might be unfair to the wifi-array as other users ia th
channel might get access to the channel for a longer timettrean
wifi-array. However, this unfairness is allowed for the marar
radio of the wifi-array.

3.1.4 Framing

While using a wifi-array, channel conditions may vary aciiss
ferent channels being used. Depending on the channel comglit
different rates of data transmission may be required fdexiht
radios,to ensure successful reception of the packets. vowaif-
ferent rates imply different transmit times for packetshwéame
length. So when only one packet is sent across a radio in &sing
epoch, a slower radio will prevent faster radios from traittsmg
new packets. Thus a slow radio in a wifi-array can pull down the
aggregate throughput achievable out of the wifi-array. Hewne
if different radios, with different rates, use differentcgat sizes,
such that the transmit time for any packet is the same, sustaga
can be avoided. All packets from higher layer are joined tonfo
a single byte stream. Suitable sized frames are createdtfrism
stream and given to individual radios. This variable sizeriing
is also used to compensate the delays in packet transmasioss
radios. Given the link layer focus of Glia, we haven't foatigm
how different higher layer protocols will behave as a reetiltari-
able sized frames. A detailed analysis of how Glia interadts
higher layers will be part of our future work.

Table 2: RSSI and Aggregate Throughput for Different Com-
binations of Radio-channel Association for a 2 radio wifi-aray

Combination #| Receive RSS| Throughput(Mbps)
1 34, 36 70.1
2 31, 40 65.2
3 41, 38 78.2
4 33,31 60.1

3.2 Exploit-the-Many

This design element exploits the presence of diversity dibsa
at source and destination wifi-arrays to maximize the acihiev
aggregate throughput. §2.3.2, we identified that imperfect filter-
ing at the receiver radios leads to packet errors duringpteneof
packets, when adjacent (yet orthogonal) channels are used s
taneously. This error rate depends on location of the radiersma
and even a small difference in location can lead to a hugedwepr
ment in aggregate throughput. However, the error rate does n
change drastically during short intervals of time. The erabe ob-
served has some correlation with the RSSI observed at @plarti
receiver radio, when both the channels are simultaneouetygb
used. The higher the RSSI at the receiver, the higher theghro
put of the radio. If there are radios at each of the source and
destination wifi-arrays, there afé x n! combinations to assign
channels to the different radios. It is possible to find a coab
tion that gives the best aggregate throughput. For exaraple,
sider a 2 radio wifi-array. Table 2 shows the RSSI readingsher
two receiver radios, and their corresponding aggregataigimputs
(no carrier sense and no ACK), for the 4 different combinegio

radios, when all the transmit radios are active, is used dsaie
determine the best combination.

Link Layer

i

Interface Rx
Queue Scheduler

(" single Stream of Bytes ) Glia

(" Framing Handler (Segmentation and Reassembly)

Kernel

2 e —— E
Mutually Module
aptive ‘—(Exclusive Rx/Tx )—' Rx
cs Tx Buffer — Buffer
handler ACK Handler
j— Sy

Send ACK
on each

Recv ACK
Epoch of on each
DATA
packets

all (at Tx)
radios

Receive
DATA
(at Rx)

Get
RSS!
from

Radio
(at Rx)

Give Inform-

ation for rate
control

Radio
(at Tx)

To PHY. Physical
cs Hardware

H

Figure 9: Software Architecture of Glia

4. SOFTWARE ARCHITECTURE

In this section, we present the details of how each princigén-
tified in § 3 can be implemented in a real system. We develop Glia
as a software module that works with any off-the-shelf wafiio,
thus requiring no changes to the hardware or firmware of ttiesa
themselves.

4.1 2.5 Layer Operation

We propose Glia as a 2.5 layer solution between the link layer
and the medium access layer. Figure 9 shows the softwarée arch
tecture of Glia in the network stack. The correct operatibthe
solution requires the following from the 802.11 MAC: 1) The-d
fault carrier sense mechanism has to be turned OFF. Glizsrefi
adaptive carrier sense mechanism. Real-time RSSI valoestfre
hardware are needed by the Glia layer. 2) The default 802CK A
mechanism has to be turned OFF. As discussed earlier, thaltef
ACK is replaced with a delayed ACK, to compensate for the-inde
terministic delays in the network stack. We now present gr®us
components of Glia in detail.

4.1.1 Mutually Exclusive Rx/Tx

The mutually exclusive Rx/Tx scheduler is required to pnéve
simultaneous transmissions and receptions. The pseud» afod
this component is shown in Figure 10. There are two main func-
tionalities of the scheduler: a) The first functionality yeats trans-
mission of DATA packets on any radio if some of the radios &f th
wifi-array are receiving packets. b) The second functiopgie-
vents transmission of packets to a wifi-array that is alréaayn-
versation with a third wifi-array. To achieve this, all wifirays
opportunistically snoop on packets that they hear. Theskets
need not be destined to a snooping wifi-array. However, the ad
dresses on the snooped packets help the scheduler in dategmi
if the intended destination is busy with some other commatioag,



INPUT:

isIdle = Variable indicating if all radios are idle

recvAddr = Address of the receiver

snoopAddr[i] = Src and Dst addresses of opportunistic snod
packets; = 1 tok, k = Total number of addresses

OUTPUT:

isSend = Variable requesting to send packets to recvAddr

ALGORITHM

1 If (isIdle == 1) {

ped

2 if (recvAddr = snoopAddr[i]|Vi=1tok)
3 1sSend = 1;
4 elseisSend =0;}

Figure 10: Pseudo Code for Mutually Exclusive Rx/Tx

in which case packets should not be sent to the receiverislifibt

possible to snoop packets of an intended receiver (thisssiple

if the local node is out of reception range of the transmis$iot

within the carrier sense range of the transmission), the amfiy

will depend on adaptive carrier sense to determine if a Qaetr

channel is free. However, if the receiver wifi-array is busyhw
some other interaction, it will not send any ACKs.

DEFINITION: epoch = a period of time when radios in a
wifi-array send out packets.

INPUT: RSSI[i] = Current RSSl of radie, : = 1 ton

CSthresh = RSSI threshold for default Carrier Sense

aC Sthresh[i] = RSSI threshold, for radi) for ACS,
using estimated RSSI of collocated transmissions

OUTPUT: o Pkt[i] = Packet of suitable size to send on rad

isSendPkt[i] = 1 if oPkt[i] should be sent in this epoch,
0 otherwise

VARIABLES: isFree[i] = 1 if channeli is free

ALGORITHM:

1 for(i=1ton)

2 if (RSSI[i] < CSthresh)isFreeli]=1

3 for (i =1ton){

io

4 if (RSSI[i] < aCSthreshli]) {
5  createoPkt[i] of suitable size
6  sendoPkt[i] on radio: } }

Figure 11: Pseudo Code for Coarse Synchronization
4.1.2 Coarse Synchronization

The coarse synchronization mechanism is used to send packet
through all radios of a wifi-array, within an epoch. The pseud
code for this component is shown in Figure 11. A single b&dkof
used for all radios. The traditional carrier sense (CS) rapism is
replaced with the adaptive carrier sense (ACS) mechanis&SIR
values are estimated for all combinations of active coliedaa-
dios. These estimated RSSI values are used with the cur@8t R
to perform the adaptive carrier sense as explained in 3Befre
sending out any packet in a epoch, ACS is performed on albsadi
to figure out, if their channels are free. All radios with frelean-
nels will send out packets in the current epoch. ACKs are lsgnt
the receiving wifi-array on each radio to indicate the susftese-
ception of the packet. The ACKs are sent using basic ratengebfi
in 802.11 PHY) to improve reliability. The ACKs are sent aftee
last packet in the epoch is received. Lost packets are sstrighed
in the next epoch, possibly through a different radio (tHanfirst
time). ACKs are handled by an ACK handler as shown in Figure 9

Since perfect synchronization of all radios is not possitbie de-
lays that occur as a result of various bottlenecks along éteark
stack have to be compensated. Since Glia is a 2.5 layer @ojuti

only the delays that are caused below the link layer have edbe
dressed. The delays can be split into two parts:1) a condedet-
ministic delay ¢) and 2) a variable delayj), that is not fully deter-
ministic. The deterministic delay occurs because of theesybus
bottleneck. This delay can be as high agid ber packet if a PCI
bus is used for the mounting the radfbsAn X4 PClexpress bus
can reduce this delay to around®2 Thea delay is compensated by
variable packet size. The first packet is sent out with defsadket
size. Each successive radio is given a packet that is sniader
the previous one, such that the difference in packet sizeusts
for the deterministic delay. The goal of the compensatida &ave
the end times of all packets to be coarsely synchronizeds e
vents the reverse direction ACK, on some radio, from coingpt
DATA reception on a different radio. The delay occurs because
of system inefficiencies. A range of thiedelay is precomputed
and this delay is compensated by having an ACK timeout of max-
imum g after the last packet is sent out. Also before handing out
the packet to the radio, a second ACS is performed to deterifin
no new packet has started transmission during the time leetthe
two ACSs. If the second ACS indicates the presence of a some ne
background carrier on a particular channel, the channedtisised
for this epoch. It is possible that the second ACS does nohcat
legitimate carrier, because of masking. In such a scenzilision
will occur at the receiver, and an ACK will not be generated.
Individual radios are allowed to have their own rate corditgb-
rithm. However, since the default 802.11 ACK is turned OIRE,
driver, which performs the rate control, does not have actethe
successful packet delivery information. Instead, the AGiKdier
sends this information to the driver. After every packehsmis-
sion on a radio, the corresponding driver is given the infdian
whether the transmission was successful or not. This irdGon
will be used by the driver to perform rate control.

—

INPUT: rateli] = Datarate for radio, : = 1 ton

iPkt[id] = Higher layer packetsd = packet number

OUTPUT:oPkt[i] = Glia Packet for radia

GLIA PACKET FORMAT:

|HeadetSegmenHeadetSegment..| HeadefSegmerjt

Segment segment of bytes of somé&kt[j]

Where Header= (pnum, length, of f set, more)

pnum = j, input packet number

length = length ofi Pkt[j] bytes used in this segment

of fset = Location of the first byte of Segment in th2kt[;]

more = 0 if this segment contains the last bytei&fkt[],
1 otherwise

VARIABLES USED: pSizeli] = size of Glia packet on radig

tTimel[i] = transmission time for Glia packet on radio

ALGORITHM:

1 Convert alk Pkt[id] into one single byte stream

2 find k such thatrate[k] is maximumV i

3 pSizelk] = MTU

4 ChoosepSizeli] V i = k such thatTime[i] = tTime[k]

5 Take pSizeli] - Header size) bytes from byte stream,

add Headers and create Glia packet

Figure 12: Pseudo Code for Framing

4.1.3 Framing

This component is used to send packets of different sizeagr
different radios within an epoch. Variable sizes may be iregu
for accommodating multiple rates or for compensatingdiuelay.

6Assuming a packet size of 1500bytes and PCI bus speed of
133MBps



MTU is used for the fastest radio (to accommodate differates)
or the first packet sent out (to compensate dhdelay). For ac-
commodating variable rates, packet sizes are determinedyr-
ing constant packet transmit times. For compensatingittelay,
successive packets are given increasingly smaller sizgareg=12

packets from the higher layer, puts them all in a single byr&am,
creates packets of variable sizes for different radios amdi over
packets to the corresponding radios. Since there is no trénes-
mission in the vicinity, every radio will sense the channdb¢ free.
Each radio will send the Glia packets during the epoch. Attt

shows the pseudo code of the framing component for accommo- of the epoch, The receiver node sends ACKs on each radicg if th

dating different rates. All packets from the higher layes &rst
combined to form a single byte stream. The packet size ig-dete
mined for each radio and the corresponding number of by&s ar
given to the respective radio. The newly formed packetsaaredd

as Glia packets. In order to aid in the re-assembly of thedrigh
layer packets, from the Glia packet, a four tuple headerésl tigr
each segment of a unique higher layer packet. The packeaform
and the descriptions of the four tuple are shown in Figure I£2.

a packet has to be retransmitted (because of packet losg€wa n
packet size may be required. In such a situation, the Gliagtac
may be further fragmented to make smaller Glia packets, ar ne
segments may be added to make a larger Glia packet.

4.1.4 Radio-Channel Association

Radio-channel association involves the exploitation védiity,
possible because of the presence of a potentially large euofb
combinations %! * n! for ann radio wifi-array) channel assign-
ments to the source and destination wifi-arrays. As disclgsg

corresponding packet was received successfully. If sorkeps
are lost during the epoch, they are re-transmitted duriegntxt
epoch. Re-transmission might take place on a new radio.

4.2.2 Contending wifi-array links:

In this scenario several wifi-arrays contend with each otber
transmit packets. Since Glia uses a single backoff for aios
in the wifi-array, and because all the radios are virtuallyed| to-
gether, there should ideally be a single virtual channéi witltiple
contending nodes (as in a single channel 802.11 networkjv-Ho
ever, since there is only a coarse synchronization acrdgss;raand
there is a finite delay between the start of packets on eacb, rad
different wifi-arrays might take over control of differerttannels
during an epoch. This will result in an epoch, where each ef th
transmit wifi-arrays use a subset of all the available chisntigthe
destination nodes of each of the transmit wifi-arrays isedéift,
then Glia will essentially result in a situation with muléplinks
operating at the same time, with each link operating on aefudis

3.2, the RSSI measurements at receive radio can be used-to estthe channels. However, consider a scenario where two wiiyar

mate the best possible combination. Even though the sepadie s

is very large, a significantly smaller number of experimemessuf-
ficient to make the RSSI measurements. The fact that sinasltan
ous transmission using only adjacent channels affect thiewable
throughput on any channel, is used to reduce the number efexp
iments required to make the RSSI measurements. At the tifansm
wifi-array, three radios are simultaneously activated (g¥errto si-
multaneous activation as sending DATA packets on all thades

A and B want to talk to the same destination wifi-array C. Since
the wifi-arrays A and B have different random backoffs thell wi
likely start at a different time instants and hence only ohthem
takes over all the channels. On the other hand it is also lpledsiat
before all radios of the node that starts first start its tr@ssion,
the other node might start its own transmission. In this céeze
are two possible situations. If the second node opporiaalit
snoops the packets of the first node, the mutually excluswé@R

at the same time after turning OFF CS and ACKSs) using adjacent scheduler will not allow the second node to talk to C. Howgifer
channels. The RSSI measurement is made for the middle dhanneopportunistic snooping is not possible, both nodes will peaal

on each of the: receive radios. This single experiment will give
RSSI readings for a particular combination of channel (tlddie
channel), transmit radio (radio at transmit wifi-array gsihe mid-
dle channel), and the receive radio. Changing the threenet&n
of activation and the transmit radio for the central chareat! to

a total ofn? experiments. From these experiments it is possible
to determine all the required RSSI values to compute theienetr
used to determine the best combination. The metric we useis t
sum of RSSI readings, and this simple metric is found to pi®a
good combination that shows a high achievable aggregaiaghr
put. We use a simple brute force search algorithm. A soghisd
algorithm will be part of our future work. The entire set ofexi-
ments can be automated. Once a suitable radio-channelatgsoc
is selected, it can be used as long as the RSSI values at theatec
do not change significantly. The RSSI values can change ifredla
conditions have changed, because of mobility or time of atjen.

4.2 Case Studies

While Glia is primarily designed for multi-radio wifi-array it
allows other background 802.11 traffic to co-exist. Furtit&ia
also allows wifi-arrays to communicate with legacy 802. IMicks.

and send packets on different channels. Node C will only ACK
packets belonging to the first wifi-array and ignore all péskem
the second wifi-array.

4.2.3 Contending background legacy 802.11 links:

In this scenario, there are background 802.11 transmissian
some of the channels that are being used by a pair of wifi-array
Because of the random backoff, the channels with the baakgro
traffic will be shared between the corresponding radios efHi-
arrays and the background 802.11 traffic. As discussed ir§ the
4.1.2, the radios of the transmit wifi-array will not use arotel if it
is already being used by some other traffic. However, it isibs
that OOB emissions mask the background carrier, and ACS. fail
In such a situation, packets will collide, on the particudaannel,
at the receiver radios. This will result in a lost packet. Towt
packets will be retransmitted at a later time.

4.2.4 Contending foreground legacy 802.11 links:
In this scenario, a wifi-array A has to interact with both deot
wifi-array B and a single-radio node C. The mutually exclasiv

Rx/Tx scheduler will ensure that only one of links (A with BAr

We consider four case studies, depending on the type of nodeswith C) is active at any given time. There are four possibinse-
present in the network and explain how Glia works in each sce- jos depending on the direction of communication betweeni\tge

nario.

4.2.1 Single wifi-array link:

In this scenario a wifi-array A wants to talk to another wifiear
B. There are no other interfering sources. At node A, Glia get

and A-C pairs. If the wifi-array A is transmitting to both B and
C, then A will either transmit an epoch of packets to B or trans
mit a single packet to C. Now consider the scenario when A svant
to send packets to B and A has to receive from C. In this case,
when C is sending some packet to A, the scheduler will eniatte t
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Figure 13: Evaluation Results Part 1

2

no packet is transmitted from A. Similarly when A is trandini W /q B &
packets, C will simply backoff because it sees a packet ichiga-

nel. The third scenario is when B sends to A and A sends to C.
When B sends an epoch of packets to A, the scheduler will hot le
any packet from A to C. Similarly when A is sending a packet to
C, B will opportunistically hear the packet and refrain freend-

ing the epoch to A. The fourth scenario is when both B and Catry t

Figure 14: Single wifi-array Link

send packets to the wifi array A. In this case, the wifi-arrayighn § 2. However, Glia shows expected linear behavior of throughp
not be able to Opportunistica”y snoop C’s packets’ if thm/cajt indicating the fact that all the channels are eﬁeCtiVe'y’]gﬁused.
of transmit range of each other. C and B might be able to detect With all 12 radios, Glia is able to provide a throughput of ab465
the other with carrier sense (physical or adaptive) elskgtaavill Mbps very close to the ideal 480Mbps.

collide on the channels and will be simply re-transmitted.

5.2 Multiple Contending wifi-array links
5. PERFORMANCE EVALUATION

In this section, we present the performance evaluation &f Gl
on the 12 radio wifi-array testbed. We implement it as a saftwa
application, which hooks with the open source madwifi drividre
source-code of madwifi is modified to accept user-input \satoe
any hardware register of the Atheros chipset (for each oflthe
radios), through the iwpriv command. The current RSSI of the Figure 15: Multiple Wifi-Array Links
chipset is mapped to a /proc file that can be accessed inimezl-t
The default CS of the chipset is turned OFF using the transmit
stomping feature. Traffic stomping works by telling the cardh-
terrupt any reception of any data packet and shift to transrade
when there are packets to send. The 802.11 ACK is turned OFF by
setting the noACK parameter of the 802.11e QoS specificafitin
the other elements of Glia are implemented as user space€C cod
Traffic is generated using UDP datagrams. Unnecessary ggese
in the Linux OS (Example: X server) are turned OFF to reduee th
indeterministic delays. ACS for a radio is performed usingent
RSSI value and pre-estimated RSSI values for OOB emissiins.
though we don’t implement the framing mechanism, we study th
impact of variable frame sizes for different rat§s5(6). Radio-
channel association is performed as an offline process hyérs

forming the individual experiments, as describec;id.1.4. The 5.3 Contending background 802.11 links
channel associations are computed offline and fed manumathet

Here, we show how Glia operates in the presence of multiple
wifi-array links (Figure 15). Due to the lack of enough equgmn
we use lesser number of radios for each wifi-array, when éxper
menting with multiple wifi-array links. We use independeotise
destination pairs for each link. Figure 13(b) shows theviialdial
link throughputs for different number of links. It can be ebged
that, in each scenario, all the wifi-array links get similarough-
puts. In fact the links share the available bandwidth oftedl¢han-
nels they operate on. The single backoff across all the saglio
a wifi-array ensures that the wifi-array acts as a single &ga-
dio. It is however possible that different links use differsets of
channels at the same time. However, on the average, eadleliak
approximately the same throughput.

individual radios at source and destination wifi-arrayd. experi- ey T R 5
ments are performed in an urban office environment. Thereare
background users on any of the 5.2GHz channels. Howevee the ’

are users in the 2.4GHz spectrum. Unless otherwise spedified

results are provided for experiments using the 5.2GHz bahd. a;;?‘f;:f:e \ 5

less otherwise mentioned, all results are obtained as & oé<i0 ‘6” "ﬂfﬁ
experimental runs.

51 Single Wifi-array Link Figure 16: Glia Link with Background Traffic

We first study the effect of number of radios on the throughput  Next, we study the fairness properties of Glia when there-is |
capacity of a single wifi-array link in an isolated enviromré=ig- gitimate background traffic on some of the channels (Fig@e 1
ure 14). Each radio operates on a different 'a’ channel. rigéigu Multiple background single-radio 802.11 links are addediffer-
13(a) compares performance Glia with off-the-shelf (OT®).&1 ent channels used by a 12 radio wifi-array link. While Figusécl
operation. The OTS performance suffers for reasons idedtifi shows how the number of background links affects the 12 radio



throughput, Figure 17 shows the aggregate throughput dfabk-
ground links. Results of Glia are compared with a OTS 802.ifit w
array. The throughput of the wifi-array is much higher foraGhs
expected. While a Glia wifi-array tries to share any channti &
background link present on the channel, an OTS 802.11 wiiyar
uses very little of any channel. Hence, in the case of OTS1402.
background links get more time to transmit and as a resukréxp
ence higher throughput.

Throughput Vs Number of background Links
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Figure 17: Aggregate of background Traffic
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Figure 18: Glia Link with Foreground Traffic

Now, we study how Glia can coexist with other legitimate fore
ground 802.11 traffic. (Figure 18). Multiple single radigedits,
each on a different channel, are added to the setup of a wafy-ar
link. A single wifi-array acts as the source for all the singe
dio clients as well as the other wifi-array. Due to lack of spac
we do not study other situations of traffic directions. Wihig-
ure 19(b) shows how the number of foreground links affecslth
radio throughput, Figure 19(a) shows the aggregate thmutgbf
the foreground links. It can be seen that the throughputeofiifi-
array link falls drastically with addition of new singledia links.
This is because the transmit wifi-array can send traffic tg onke
other destination at a given time. When the transmit wifaais
talking to a single radio node, only one of the multiple radie
active.

5.5 Radio-Channel Association

As discussed iff 3.2, the radio-channel association plays an im-
portant role in achieving the best throughput out of a wifagr
Further, the radio-channel association depends on thegathys-
cation of the source and destination wifi-arrays. In thiseexpent,
using a single 12 radio wifi-array link, the location of theuste
wifi-array is fixed and the location of the destination is aieth
within the transmit range of the source. These differenations
are all within the urban office environment. Glia’s radicaohel
association is compared with a dumb association in Figu(e)19
The dumb association just assigns channels to the radiosén a
quential order. The results indicate that the throughphiexed
with Glia is always higher than the dumb association. What-is
teresting to note is that a dumb association can lead to ghpu
that is only about 60% of the maximum achievable throughput.

5.6 Effect of Different Datarates

In § 3.1.4, a framing algorithm is proposed for using different
rates at different radios of a Glia link. Instead of actuathple-
menting the variable packet size algorithm, we study thecefbf
the variable frames size by manually setting the frame sizdif-
ferent rates. We study the effect of framing in a simpler 2aad
wifi-array setup. Table 3 shows aggregate throughput aetiiby
the two radios for constant frame size for both radios anakibe
frame sizes. When using a constant frame size, a slower valilio
pull down the aggregate throughput as only one packet iscseat
channel during an epoch. However, with variable frame sizes
transmission time for packets in either channels is the sémis
increasing the aggregate throughput.

Table 3: Aggregate Throughput for Different Datarates (Mbps)

Rates | Const Pkt| Var Pkt
54,6 10 43.1
54, 48 72 75.1
36, 12 18 37.8
12,6 12 16

5.7 Gliain 2.4GHz band

Thus far we provided results of Glia operation in the 5.2GHz
band. In this section we provide results of Glia operatic2 #GHz
band. The 2.4GHz band is a relatively congested band with lot
of users. We show how Glia can aggregate the limited availabl
bandwidth in this band. There are only three orthogonal cbksn
that can be used in the 2.4GHz band (channels 1,6, and 11 4ab
compares the aggregate throughput achieved by Glia witlfealitle
802.11 implementation on a three radio setup using all theeth
channels. We run the experiments at two different times when
background traffic conditions are different. Glia can aggte the
available throughput at any given time.

Table 4: Glia in 2.4GHz Band

Scenario Aggregate Throughput (Mbps)
802.11 (12:00pm 20
Glia (12:00pm) 55
802.11 (12:00am 34
Glia (12:00am) 95

5.8 Gliain dual band operation

Since Glia uses independent radios for each channel, wesean u
it in all the 15 available orthogonal channels in the 2.4GlHd a
5.2GHz unlicensed bands at the same time. Further, a trasiemi
in the 2.4GHz band will not cause OOB emissions in the 5.2GHz
band and vice versa. Hence we can run Glia on a 15 radio node
independently, as two sets of Glia links, one in each bangurEi
20 shows the throughput vs number of channels used in such a 15
radio Glia link. These experiments were carried out at 12100n
the night when the 2.4GHz band is relatively free. Glia camwsh
an aggregate throughput of 567Mbps with all the 15 radios.

Table 5: Aggregate Throughput for collocated 802.11n radie
(in Mbps)

Scenario/Channel$ Aggregate
Ideal Two-Radio 192
Default Two-Radio 81
Partial Glia 132

5.9 Gliain 802.11n context

802.11n is latest standard in the 802.11 suite of protoctls.
offers higher throughputs among other benefits, by utifjznva-
riety of technologies like MIMO Multiple Input Multiple Opit)
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Figure 20: Glia in dual band operation

antennas, spatial multiplexing and a wider bandwidth (4G\did-
eration). Although, we present Glia in the context of 804, the
design elements of Glia are valid even in the context of 802.To
study the impact of Glia in an 802.11n setting, we equip onhef
wifi-arrays (Linux desktop) with two miniPC1 802.11n radiossed

links on an array, itis possible that packets arrive outafer at the
receiving end depending upon the bandwidths and delayg #hen
different links in an array. However, TARterpretssustained out-
of-order packet delivery as a sign of network congestiomférs

a loss on the third DUPACK for a particular sequence numbatf) a
will cut down the rate at which a connection is operating. téor
nately, a simple extension to Glia that explicitly does egtgencing
at the receiving end will address this above problem. Werdafe
ther investigation of such techniques and an in-depth stdidize
impact of Glia on other higher layer protocols for futureaash.

6. RELATED WORK

There have been some works that identify practical issuds wi
using multiple radios on a single node. In [13], the authouslys
a three node, two-hop testbed, with the common node haviog tw
802.11 radios. They study only the two-hop behavior of the ne
work and conclude that if a single node contains 2 wirelesdsca

on the Atheros 9160 chipset. The chipsets use the open sourcgjone, these cards will not be able to receive or transnfiidrat

ath9k driver. Because the ath9k driver is still in a develeptn
stage, we were able to use the cards only in the client modecdie

the same time, unless their antennas are separated by naore th
35db. In [14], the authors identify the interference actosswire-

we use two other 802.11n access points (a Linksys WRT600n and|ess interfaces on the same node, each using a differenhehan

a Netgear WNR834) for the other ends of the wifi-array, cotetec
via Gigabit Ethernet to two other Linux machines. The togglo
used is similar to the Tx/Tx topology of Figure 5(b). We use th
2.4GHz spectrum for experimentation. Since the 2.4GHz Ibasd
only about 60MHz of available spectrum, one of the two radibs

Similarly, in [15, 16, 17],the authors argue that it is nosgible
to simultaneously use two radios on the same node. In [1#], th
authors study the challenges and opportunities for mattier co-
existence on a single node. Unlike in other works, the astsdy
coexistence of radios belonging to heterogeneous techiesltike

the wifi-array can use a 40MHz channel and the other radio can 802.11, WiMAX, and Zigbee.
use the remaining 20MHz channel. Table 5 shows the ideal and Channel bonding techniques have been known for some time

observed throughput when the two radios of the wifi-arrapgra
mit DATA packets simultaneously. Itis observed that eved.80n
performs poorly in a wifi-array. We were able to disable CShef t
802.11n cards but not able to disable the 802.11 ACKs. Hemce w
were unable to fully implement Glia in the 802.11n contexowH
ever, disabling carrier sense, does show benefits in theegaigr
throughput (confirming the OOB emission effect). The redson
not achieving the ideal throughput is that reverse direcA€Ks
collide with legitimate DATA packets. While this straw-mam-
plementation shows the relevance of Glia in an 802.11n, we be
lieve a full blown implementation can provide even highegrag
gate throughputs. Ideally it should be possible to achibariban
aggregate throughput of around 1.2Gbps using all the 15netsn

in the two bands.

5.10 TCP performance with Glia

Thus far in the paper we have not explicitly considered the us
of TCP (Transmission Control Protocol) as the transporigyo-
tocol for traffic that is sent over Glia. However, there arenso
important implications of using Glia with TCP based traffiglia,
as we have presented it, does not explicitly provide in-‘opdeket
delivery. Since packets are served opportunistically erdifierent

and have been proposed for the new 802.11n standard [1]. How-
ever, the standardized Channel bonding in 802.11n is omly fo
adjacent channels. Glia, on the other hand, can bond anyaumb
of channels, even if they are non adjacent. Further, newigdlys
hardware conforming to the 802.11n standard is necessagefe
ting the benefits of such channel bonding. The 802.11n haslwa
is, however, compatible with existing 802.11 a/b/g devicg&se
maximum application bandwidths of commercial 802.11n pqui
ment is in the order of 180Mbps [5]. Efforts are on for ratifyi

a new wifi standard known IEEE 802.11 Very High Throughput
(VHT) [18]. Throughput in excess of one gigabit per secorsd, u
ing 100MHz of bandwidth in either the 5.2GHz or 60GHz spec-
trum, is the goal of this initiative. The new standard woliltéWise
need new hardware. It is not yet clear if the new standard avoul
be backward compatible with existing 802.11 a/b/g devictber
wideband solutions have been shown to work in principle bgkao
such as [19, 2, 4]. In [19], the authors present a widebandt sol
tion in the 5.2GHz spectrum, known as SWIFT, that can coexist
with other narrow band devices in the same frequency by weavi
together non-contiguous unused frequency bands. The maxim
bandwidth shown by SWIFT is close to 500Mbps. All these wide-
band solutions need new physical hardware and are not cdigpat



with other wifi devices [20, 21]. Advanced antenna technigleg
like directional antennas, MIMO, and adaptive antennayarhave
been developed for existing standards. However, thesadémdies
require additional hardware level modifications. Whilesita@rod-
ucts are backward compatible with other wifi devices, andarom
to existing 802.11 standards, they require new physicalviare
to provide higher bandwidths. The maximum per-client baidtiw
advertised by such products is 300Mbps. Several wirelgsgnle-
ing companies offer multi-radio wifi APs [5, 6]. However, fee
products bind the radios on different bands (2.4GHz and BAG
The multiple radios cannot be used to operate in the sameeney
band. The maximum advertised throughput using such prsdsict
around 300Mbps. Advanced physical layer techniques lik&8]7
can also be used to provide a high bandwidth wireless linkv-Ho
ever, these techniques require major changes to existmglatds
and also need new physical hardware. While these advangsé ph
cal layer techniques could be made to be standards comliemt
require new physical hardware to obtain the benefits. Sueh ad
vanced techniques have only been demonstrated at bandvatith
around 11Mbps (802.11b).

In[22], the authors present 2P, a MAC protocol for long-aliste
802.11 mesh networks. The proposed work uses two radiols, wit
directional antennas operating on the same channel, at pude.
Although the directional antennas face different diraewdioit is
found that some amount of leakage power from one antennsesau
problems at the other antenna because of side-lobes. Tigosol
proposed in this work is similar in the sense that transmisaind
reception of data packets at a node are synchronized with eac
other. There are two important differences between 2P and ou
work. Firstly 2P works only on one channel while Glia works on
multiple orthogonal channels. Secondly 2P is not backweots-
patible with other legitimate 802.11 traffic. WildNet [23}ilds
upon 2P to improve the loss resiliency of long distance megh n
works.

A commercial product called 802.11abg+n is manufactured by
Xirrus, Inc [20]. The product is a 16 radio wifi AP with direatial
antennas. The AP uses 16 radios to divide 360 degrees intcl6 s
tors, each of which is served by a separate radio. HoweweAkh
cannot use 16 different omni-directional radios as Gliasddore
importantly, the notion of providing bandwidth aggregatis not
supported on a single link to a single client. Hence, theuhhput
deliverable to a single client is restricted to that of a Errgdio

7. CONCLUSION

In this paper, we identify the practical issues of aggreggttirough-
put of multiple orthogonal channels using multiple off-thieelf ra-
dios in a wifi-array. We analyze the reasons for poor perfocea
in such wifi-arrays using a combination of wireless packater
analysis, and spectrum analysis. We present a practicavezef
only solution, known as Glia, that can achieve close to thibcal
aggregation. We evaluate our solution with an implemeoiatin a
12 radio wifi-array testbed. A Mobility analysis will be paftour
future work.
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