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Access Point for Metropolitan-Area Deployment
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Abstract— The paper presents the performance gainsfoa
multi-antenna AP for metropolitan-area WiFi deployments,
which is gaining traction around the world. The AP has a 6-
antenna array and implements single-user maximum 1o
combining (MRC) and transmit Beamforming (BF), as vell as
multi-user four-fold spatial division multiple-access (SDMA). The
clients use standard WiFi 802.11a/b/g NICs. We present
significant performance gain over a conventional Wki AP, which
amounts to doubling the range and quadrupling capaty.

Index Terms— Array Signal
Division Multiplexing, Wireless LAN

Processing, MIMO, Space

I. INTRODUCTION

Current 802.11a/b/g [1][2] technology is matureow [cost
and is now integrated in a large variety of handragvices.
The wide adoption of WiFi clients facilitated thewvetlopment
of public access WiFi networks. What started asitdich
coverage hot spots turned into wider coverage boeg, and
recently, to a metropolitan-area coverage in hutld cities
around the world.

Current metropolitan-area WiFi networks suffer fratime
limited range of existing AP's and their spotty emage. The
limited range leads to dense deployment and coeseiguto
increased cost of deployment and maintenance. Mereo
since the 2.4GHz band contains only 3 non-overlappi
channels, the result of dense deployment is airgelffering
network with reduced rate and capacity. Spotty caye
results in dead spots and low rates. The low-ratersu
consume most of the air-time and consequently #féict on
network capacity is detrimental.

As the installed-base of current NICs is large, &inday take
many years before shifting to next-generation Ni@s,way to

transmission, as well as multi-user four-fold Splabivision

Multiple Access (SDMA) [3][4]. The AP is designea t
operate in outdoor channel conditions [5].

The rest of the paper is organized as follows.eletien Il we

present the performance gains of single-user MR&iver

and transmit Beamforming (BF). In section Il weegent the
performance gains of multi-user four-fold SDMA. Théan

section |V the AP interference resilience and éaddits under
dense deployment scenario is discussed. A reviewhef
regulatory limitations and its consequences fordd8 Europe
regulatory domains is presented in section V. biise VI we

present the performance gain in mobile scenariocd ian
section VII the effect of the improved AP performanon

Mesh deployment. Section VIII presents field-tri@sults.

Finally, our concluding remarks are presented atise 1X.

As the antenna gain, transmit power and noise digifrmost
WiFi clients are inferior compared to the AP, thmiting
factor of the AP’s range and coverage is the uplikiti-
antenna AP can improve the uplink sensitivity uding well
known Maximum Ratio Combining (MRC) algorithm. We
have implemented the MRC algorithm in the frequency
domain for both multi-carrier (OFDM) and single-éar
(CCK and DSSS) modulations. The frequency domain
implementation for the single-carrier modulatiorssveelected
due to implementation efficiency and re-use consitens.
The weights of the MRC are calculated based on raan
information, estimated from the preamble of the.8Q2urst.
Figure 1 presents the MRC gain of a 6-antenna ARpened

to 2-antenna selection diversity reception for 6MB4Mbs
and 54Mbps 802.11 OFDM modulations. The channelahod
used is based on the 3GPP urban micro spatial ehamdel

SINGLE USER PERFORMANCE GAINS

improve Metro WiFi networks is to enhance the ARS5] for outdoor propagation. The multipath delayegs was

performance.

This paper presents the benefits of using a higfepeance
6-antenna AP over a conventional AP that implemen®-
antenna selection diversity reception and singterara
transmission. The 6-antenna AP uses single-userinvlax
Ratio Combining (MRC) receptioand Beamforming (BF)
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drawn from a uniform distribution with maximum dglspread
of 600nSec, 400nSec and 200nSec for 6Mbps, 24Mhgds a
54Mbps, respectively. Frequency and timing offsetsere
uniformly generated over +/-25ppm. The antennayaisa
uniform-circular, of 28cm diameter and with omnieditional
antennas of 8dBi. The antenna-pattern used initt@ation is
the result of electromagnetic simulation that ideld antenna-
array cross coupling and the effect of the metalebd-or
selection diversity, we used two antennas at 28gartaThe
simulations were run for 100Bytes data packets.cas be
seen, the performance gain for Packet Error RER]Rf 1%
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is 14dB for 54Mbps, 15dB for 24Mbps rates and 8B f
6Mbps. For R® path loss model,
factor of 1.7 in range at low modulations and adaof 2.7 in
range at high modulations.

Selection Diversity vs. 6-channel Receive MRC
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Figure 1: PER/SNR simulation results of 6-antenn@QMreception (solid)
compared to 2-antenna selection diversity (SD)pgeor (dash) for 6Mbps,
24Mbps and 54Mbps 802.11 OFDM modulations

Multi-antenna AP also improves significantly thewafdink
using Beamforming (BF). BF is performing pre-eqeation of
the transmitted signal and coherent combining e ah. We
have implemented the BF, like the MRC, in the frery
domain for both multi-carrier (OFDM) and single-Gar
(CCK and DSSS) modulations. The BF weights areutaied
based on the knowledge of the uplink channel, whih
acquired by sending a short WLAN MAC control padikethe
client and using the response packet for channtehatson.
BF also requires that the RF channels hardwareonsspfor
transmit and receive be identical. This is achigvg@dn online
calibration and compensation process. Figure 2emts the
BF gain for 24Mbps and 54Mbps OFDM modulation for

I1l. MULTI-USER PERFORMANCE GAINS

these gains translate to @ppja transmission amounts to simultaneous transarissf

independent information streams to several cliargimg a
single frequency channel. The transmission algarith
optimizes directed power to each of the clients lavhi
minimizing their co-channel interferences [4]. SDMAN be
considered as a "network level" multiple-input rplé-out
(MIMO) technique in which the "multiple outputs"ealocated
at different clients. As clients are spread in & coverage
area, full rank of the channel matrix is achievegbulting-in
full performance gain of the MIMO processing.

6-antenna Transmit Beamforming Vs. Single antennaransmission,
under FCC power limits

I I I
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Figure 2: PER vs. Path Loss for Beamforming andventional AP
transmission at 24Mbps and 54Mbps 802.11 OFDM naithirls

With 6-antenna AP and simultaneous transmissighabents,
up to 216Mbps is achieved at the PHY layer, at 8ff%he
range of a conventional AP operating at 54Mbps, ratel
96Mbps at the range of a conventional AP operatig
24Mbps rate. The SDMA weights calculation is basadhe
channel information matrix of the selected 4 ckeior SDMA
@ransmission. Before sending a burst of SDMA traasion to

channel with 400nSec and 200nSec maximum delayasprea group of 4 clients, the required channel infoiomatis

respectively, as compared to a conventional siagtenna
AP. We present the PER as a function of mean pathfrom
the AP to the client for our 6-antenna AP and fa single-
antenna AP. The transmitted power in both caseshés
corresponding FCC power limit. As we point out @con V,
for 8dBi antenna gain, the maximum transmitted pofee a
single-antenna AP is 28dBm, while for our 6-anteAfathe
maximum transmitted power is 27dBm. As can be $edfig
2, performance gains of 13dB and 11dB are achidoeed
24Mbs and 54Mbs, respectively. This gain more tthanbles
the range of the 54Mbps and 24Mbps modulations*atpRth
loss model compared to conventional AP. Since Alfe
coverage is limited by the uplink, this significagain in
downlink allows us to reach the limit of the AP eoage area
with a rate of 24Mbps and thereby increase overativork
capacity.

acquired by sending a WLAN MAC control packet talea
NIC. The response packet is used to calculate henrel
information. Figure 3 presents the SDMA transmiRPErsus
mean path loss to AP antennas, compared with aeotional
AP communicating to a single client. The transrdif@wer in
both cases is the corresponding FCC power limit. Svauld
note that the FCC power limits for four-fold SDMAlcavs
four-fold increase in the transmitted power, resgltin a
maximum transmitted power of 25dBm for each of the
channels.
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SDM4 transmission compared to Signal antenna Transmsson,
under FCC power limits |
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Figure 3: PER vs. Path Loss for Transmit SDMA coragao conventional
AP transmission for 24Mbps and 54Mbps 802.11 OFDiintations

IV. INTERFERENCE RESILIENCE

Due to the success of WiFi equipment deploymenthat
2.4GHz band, Metro-WiFi networks need to cope witlarge
number of co-channel and adjacent-channel intedere

WiFi MAC CSMA/CA rules defer transmission in casesere
"clear-channel-assessment” (CCA) mechanism indichtesy
channel. In many cases the interference leveldoaver than
the CCA threshold, defined in the standard to I&&lBm, but
higher than minimum detected signal level whichpeteling
on RF sensitivity, may be about -96dBm. In thessesaa
burst can be detected due to the processing gais 8PSK
modulated preamble, but its demodulation would ¢ie to
the interference level.

Our multi-antenna processing provided interfererastlience
because of the 8dB directivity provided by a 6-angearray.
On receive, the MRC focuses on the client and headaces
by 8dB, on average, the interference received fiathrer
directions. Similarly, on transmit, the BF direth® power to
the client, and thereby reduces by 8dB, on avethgdevel of
interference transmitted to other directions.

V. REGULATORY PERSPECTIVE

In the US, Part 15 of Title 47 of Code of FederabRlations
[6] defines the total transmitted power and antegaua in the
ISM unlicensed bands. In its April 2005 revisiorgulation
for multiple-antenna processing was set. Due talthextional

nature of Beamforming and SDMA transmission, theCFC 10°;

allows increasing the transmitted power when siugier and
multiple-user Beamforming is employed. ConventioAfl's
are limited to 36dBm EIRP, regardless of antenrig, gehile

this case
conventional AP. Total directed power is calculatediB as

the sumof the total conducted power, the antenna gain and

array gain, given by 10*lgg\.
For SDMA, the FCC allows up to 6 SDMA beams to be
transmitted simultaneously, each with a power le¢plal to a
single directed beam. That is, up to 6-fold SDMAat6dBm
for each SDMA beam is allowed by the regulator.

Current ETSI regulation for the ISM band does natude
special regulation for multiple-antenna processingits next
revision of ISM regulation, due on December 2006MK2
and other high throughput methods are planned tedaated

[71.

VI.

With conventional AP's, the performance of highowegly
clients is limited by the fast channel variatioesulting from
mobility.  Multiple-antenna AP provides  significant
performance gain in this case. This enhanced pedoce was
investigated in [8][9] where it was shown that MRfbustness
to mobility increases as the number of MRC chanimelease.
Figure 4 presents the achievable performance chaténna
AP at 24Mbps rate with client velocity of 100kmigr f
different payload length. Notice that at a velo@fyl00kmh,
1500 bytes burst translates to 0.1%herel is the 2.4GHz
wavelength. The PER of a static client is presenfed
reference. The model for the effect of mobilityldeled [5],
with a maximum delay spread of 400nSec. Frequemdy a
timing offset where uniformly distributed in +/-25m range.
As can be seen, at payload size of 1500 bytes, R |B&er
than 3% is achieved at 15dB SNR, while a conveatidP
achieves only a PER of 40% at SNR of 27dB.

MOBILITY
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Figure 4: PER/SNR: 6-antenna AP receive-MRC peréorece (solid) versus
selection diversity (SD) (dash), as a function ofrsh payload length at
24Mbp rate and 100kmh

is 42.6dBm, as compared with 36dBm of

single-user Beamforming systems are required touaed
transmit power by 1dB on every 3dB increase in divédy Vil
gain over 6dBi. The gain is defined in dB as thenaf the - ' )

antenna gain and 10*gN[dB] where N is the number of Metro W|F_| d_eployments cover large geographlcglaareﬁ\s
array antennas. With 6 antennas, each with a ds8ad®i, the AP range is limited, dense deployment of AP's guired. To
total transmitted power is limited to 27dBm (eacdmsmitter reduce network deployment cost, which is driventti®y high

is limited to 19dBm). The total directed power he tuser in C€ost of wired backhaul, multi-hop mesh technology i
proposed. Yet, multi-hop mesh networks suffer frdramatic

MESHDEPLOYMENT
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decrease in capacity as the number of hops inge@bes was
analyzed in [10][11] and also demonstrated in [1#jere the
effect of multi-hop mesh on TCP/IP was measureithgud/iFi

equipment. A multi-antenna AP, when used as mesle;can
offer high gains in terms of rate, range and imteice
reduction. Figure 5 presents the link gain of twanenna

APs as mesh-nodes, as compared to the link of two

conventional APs. We compare the PER as a fundfionean
path loss to AP antennas, for the FCC power liffilhe
comparison is done for 24Mbps rate over a chanriti w
400nSec maximum delay spread. As can be seenchieva
21dB gain compared to conventional AP. This gain ba
exploited to increase link capacity or to incredserange and
thus reduce the number of hops. Note also thateithection of
interference in BF and the interference resilienéeMRC
reception reduce the interference level in the agtvand thus
allow for more nodes to communicate simultaneousdiese
significant benefits address the critical pain-p®iof multi-
hop mesh network and improve dramatically the ngtwo
capacity.

VIII.
To demonstrate our system performance gains ircdypeal

FIELD TRIALS RESULTS

6-antenna Beamforming/MRC mesh pair Vs. Single aenna transmission/Selection diversity reception,
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Figure 5: PER vs. Path Loss for two 6-antenna Asidjsas mesh nodes
compare to 2 conventional AP's (dash) for 24Mbp2.BD OFDM
modulation

IX. CONCLUDING REMARKS

This paper presented the benefits of using 6-aaték for
Metropolitan area WiFi deployment. The AP implensent
single-user MRC and transmit Beamforming as welinasti-
user four-fold SDMA while communicating witktandard

life deployment we have conducted a series of fileMViFi 802.11a/b/g NICs. The performance gains ef hulti-

experiments in typical sub-urban environment aGH4. We
have mounted our 6-antenna AP and a conventionarmi@p
of 3 meters mast on the roof of a 3 story buildirs a client
we used a laptop that was equipped with a standéird NIC
and a GPS receiver for accurate position readifid® client
laptop was mounted in a car and was connected 2dBa
external antenna mounted on the car roof.

Figure 6 and 7 presents the downlink throughpw isiction
of client position over the AP coverage area far @antenna
AP and a conventional AP, respectively. Note thet tb WiFi

antenna AP over a conventional AP were demonstrhted
simulation and field trial experiments. These gai@ be
summarized as: up to 15dB in uplink, up to 13dBldmvnlink

at the FCC power limit, up to 216Mbps at 80% of
conventional AP range of 54Mbps, interference iersile of
8dB on receive and transmit, and significantly érethobility
support. These gains enable four-fold reductionumber of
AP's for a given deployment and provide signifitatetter
network quality.

Moreover, these gains can also benefit multi-hopshme

MAC requirement of positive acknowledgement on eachetworks and solve their major pain points in terofs

downlink packet, downlink throughput is also affettby the
uplink performance.
The performance gains in range and throughputignéfisant.

performance and network capacity.
The regulators in the US have already realizedpibtential
benefits of multi-antenna technology and have szlishe

We more than double the range as well as providif§gulation to allow the public to gain from it. Wepe that

significantly more throughput at the AP coverageaar

the, regulators in Europe will follow soon.
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WIRELESS NETWORKS

Figure 6: Field trial mapping of throughput vsedii location: Conventional AP
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Figure 7: Field trial mapping of throughput vseali location: our 6-antenna AP



