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Abstract—The concept of a ber aided wireless network
architecture (FAWNA) is intr oducedin [Ray etal., Allerton 2005],
which allows high-speed mobile connectvity by leveraging the
speed of optical networks. Reference [Ray et al., ISIT 2006]
considers a single-input, multiple-output (SIMO) FAWNA: A
SIMO wirelesschannel interfaced with an optical ber through
wir eless-opticalinterfaces. Though the architecture is similar to
that of the classical CEO problem, the problem is differ ent from
it. In this paper, we addressthe question of how rate should be
allocatedamongthe interfacesin a SIMO-FAWNA, i.e.,how ber
capacity should be divided betweenthe interfaces. The interface
has noise from two sources,recever front end and quantizer. We
show that an optimal rate allocation is one which ensures that
eachinterface getsenoughrate sothat its noiseis dominated by
front end noiserather than by quantizer distortion. This implies
higher rates for interfaces seeing higher channel gains. After
this rate requirementis met, SIMO-FAWNA capacity is almost
invariant to allocation of left over ber capacity. Hence, large
capacity of the optical ber ensuresrobustnessof SIMO-FAWNA
capacity to interface rate allocation. We also show that rather
than dynamically changingrate allocation basedon channelstate,
a xed rate allocation schemecan be adopted with very small
loss in capacity. This translates into considerable reduction in
FAWNA complexity.

|. INTRODUCTION

Thereis a considerablelemandor increasinglyhigh-speed

communicatiometworks with mobile connectvity. Tradition-
ally, high-speeccommunicatiorhasbeenef ciently provided
through wireline infrastructure,particularly basedon optical
ber, wherebandwidthis plentiful andinexpensve. However,
suchinfrastructuredoesnot supportmobility. Instead,mobile
communicationis provided by wirelessinfrastructure,most
typically over the radio spectrum.However, limited available

spectrumandinterferenceeffectslimit mobile communication

to lower datarates.

In [10], [11], we introduce the conceptof a ber aided
wirelessnetwork architecture(FAWNA), which allows high-
speedmobile connectvity by leveragingthe speedof optical

networks. Optical networks have speedsypically in hundreds

of Megabits/se®r several Gigabits/se¢GigabitEthernetOC-
48, OC-192,etc.). In the proposedarchitecture the network
coverageareais divided into zonessuchthat an optical ber

“bus” passeghrougheachzone.Connectedo the end of the
ber is abuscontroller/processowhich coordinatesiseof the
ber aswell asconnectvity to the outsideworld. Along the
ber areradio-opticalcorverters(wireless-opticalnterfaces),
which areaccesgointsconsistingof simple antennadglirectly
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Fig. 1. A SIMO ber aidedwirelessnetwork architecture.

connectedto the ber. Each of theseantennasharest the

enegy from the wireless domain to acquirethe full radio

bandwidthin their local ervironment and place the associ-
ated waveform onto a subchannelof the ber. Within the

ber, the harnestedsignals can be manipulatedby the bus

controller/processoand madeavailableto all otherantennas.
In eachzone,theremay be oneor moreactive wirelessnodes.
Wirelessnodescommunicatebetweenone another or to the

outsideworld, by communicatingto a nearbyantenna.Thus

ary nodein the network is at mosttwo hopsaway from ary

other node,regardlessof the size of the network. In general,
eachzoneis generallycoveredby several antennasandthere
may also be wired nodesconnectedlirectly to the ber.

This architecturehas the potential to reduce dramatically
the interferenceeffects that limit scalability and the enegy-
consumptioncharacteristicsthat limit battery life, in pure
wirelessinfrastructure A FAWNA useghewirelineinfrastruc-
ture to provide a distributed meansof aggressiely hanesting
enegy from thewirelessmediumin areasvherethereis arich,
highly vascularizedwireline infrastructureand distributing in
an effective mannerenegy to the wirelessdomainby making
useof the proximity of transmittersto reduceinterference.
Reference [11] considers a single-input, multiple-output
(SIMO) ber aided wireless network architecture (SIMO-
FAWNA). Figure 1 shows sucha link betweentwo points A



and B. The variousquantitiesin the gure will be described
in detailin the next section.In the two hoplink, the rst hop

is over a wirelesschanneland the second,over a ber optic

channel.The links we considerare oneswherethe ber optic

channelcapacityis larger thanthe wirelesschannelcapacity
The transmitterat A transmitsinformation to intermediate
wireless-opticalinterfaces over a wireless SIMO channel.
The wireless-opticalinterfacesthen relay this information to

the destination,B, over a ber optic channel.The end-to-
end designis doneto maximize the transmissionrate from

A to B. Since a FAWNA has a large number of wireless-
optical interfaces,an important design objectve is to keep
the wireless-opticalinterface as simple as possible without

sacri cing too muchin performance.

The problem has a similar setup, but a different objective

than the CEO problem [9]. In the CEO problem, the rate-
distortion tradeof is analyzedfor a given sourcethat needs
to be corveyed to the CEO through an asymptoticallylarge

numberof agents.Rate-distortiontheory is usedto analyze
the problem. We instead computethe maximum end-to-end
rate at which reliable communicationis possible.In general,
duality betweenthe two problemsdoesnt exist. Unlike the

CEO problem, the number of wireless-opticalinterfacesis

nite andtherate(from interfaceto recever B) perinterfaceis

high dueto the ber capacitybeinglarge. Finite-dimensional,
high resolutionquantizersare usedat the interfaces.

Let us denote the capacitiesof the wireless and optical

channelsasC,, (P; W;r) andC; bits/secrespectrely, where,
P is the averagetransmit power at A, W is the wireless
transmissionbandwidth and r is the number of wireless-
optical interfaces.Since, as statedearlier we considerlinks

whereCy, (P; W;r)  Ci, the capacityof a SIMO-FAWNA

Csimo(P; W; r; Cs ) canbe upperboundedas

Csimo(P; W;r;Ct) < Cyw(P; W;r) bits/sec (2)

One way of communicatingover a SIMO-FAWNA is to

decodeand re-encodeat the wireless-opticalinterfaces. A

major drawbackof the decode/re-encodechemas signi cant

lossin optimality becausé'soft” informationin the wireless
signalis completelylost by decodingat the wireless-optical
interface.Hence,multiple antennagain is not possible More-

over, decodingresultsin the wireless-opticainterface having

high compleity and the interfacerequiresknowledge of the
transmittercode book. In the schemeproposedin [11], the
wirelesssignal at eachwireless-opticalinterface is sampled
and quantizedbefore being sentover the ber. The capacity
for this simpleforwardingschemeapproachethe upperbound
(1), exponentiallywith ber capacity

In this paper we addressthe problem of interface rate al-

location for a SIMO-FAWNA. Referencg11] allocatesrates
equally amongthe wireless-opticalinterfacesirrespectve of

the fact that wireless channelgains seenby the interfaces
are different. This is sub-optimal since FAWNA capacity
increasesf more rate is allocatedto an interface that sees
a strongtransmitsignalthan one which seesa weak transmit
signal. Hence,interfacescloseto the transmittershould have

a higherratethanonesfurther away from it. In this paperwe
nd the optimal interfacerate allocation.We also investigate
robustnessof FAWNA capacitywith respectto interfacerate
allocation. Unlike the static wirelesschannelmodelin [11],

we consider a block fading wireless channel model. We

analyzethe loss from keepingrate allocation x ed (basedon

wirelesschannelstatistics)ratherthan dynamically adjusting
it accordingto channelstate.

This paperis organizedas follows: In sectionll we describe
our model and communicationscheme We analyzeinterface
rateallocationin sectionlll andconcludein sectionlV. Unless
speci ed otherwise all logarithmsin this paperareto thebase
2.

Il. MODEL AND COMMUNICATION SCHEME

There are r wireless-opticalinterfacesand each of them
is equippedwith a single antenna.The interfacesrelay the
wirelesssignalsthey receve from the transmittey to recever
B, over an optical ber. Communicationover the ber is
interferencefree, which may be achieved, for example,using
Time Division Multiple Access(TDMA) or Frequeng Divi-
sion Multiple Access(FDMA).

A. WirelessChannel

We usea linear modelfor the wirelesschannelbetweenA
andthe wireless-opticainterfaces:

¥y = ax + w;

where,x 2 Cw;y 2 C are the channelinput, additive
noiseandoutput,respectrely. We assumergodicblock fading
wherea 2 C isthechannektatethatis randombut x edfor a
block interval. The channelstatechangesndependentlyfrom

blockto block andis perfectlyknown attherecever, B, but not
at the transmitterand interfaces.a; denotesthe channelgain
for the i interface. The additive noise,w  CN (0; Nol,),

is independenbf the channelinput and channelstate.N (=2

is the double-sidedwhite noise spectraldensity The channel
input, X, satis esthe averagepower constraint

E[xj’] = P=W;

where,P and W are the averagetransmit power at A and
wirelesshandwidth,respectiely. Hence,the ergodic wireless
channelcapacityis

kak2P

1+ ;
NoW

Cw(P;W;r) = WE log

andW symbols/se@retransmittedover the wirelesschannel.
Thus, using (1), we obtain an upper bound to the SIMO-
FAWNA ergodic capacity:

kak2P

AN < .
Caimo(P; W;r;C;) < WE log 1 NoW

)



B. Fiber Optic Channel

The ber optic channelbetweenthe wireless-opticalnter-
facesand the recever, B, canreliably supporta rate of C;
bits/sec.Communicatiorover the ber is interferencdree and
the it interface communicatesat a rate of R; bits/secwith
recever B. Now,

0< Rj
X

Ct 3)

Ri = Cf: (4)

i=1

Let us de ne the setof all rate vectorssatisfyingthesetwo
constraints(3, 4) as S. Fiber channelcoding is performed
at the wireless-opticalinterface to reliably achieve the rate
vectorsin S. Note that the code requiredfor the ber is a
very low compleity one. An example of a code that may
be usedis the 8B10B code, which is commonly used in
Ethernet. Hence, ber channel coding does not signi cant
increasethe compleity at the wireless-opticalinterface. In
this work, we assumeerror free communicatiorover the ber
for all sumratesbelov ber capacity To keepthe interfaces
simple,sourcecodingis not doneat the interfaces.Reference
[11] shaws that since ber capacityis large comparedo the
wirelesscapacity the lossfrom not performingsourcecoding
is nggligible.

C. CommunicatiorScheme

The communicationschemewe describehereis similar to
the onein [11]. However, we do not limit oursehesto equal
interfacerate assignmenand allow optimizationover the set
S of feasibleinterfacerate vectors.

The input to the wireless channel,x, is a zero mean cir-
cularly symmetriccomplex Gaussianrandom variable, x

CN (0; P=W). Note that it is this input distribution that
achievesthe capacityof our wirelesschannelmodel. At each
wireless-opticainterface,the outputfrom the antennas rst
corvertedfrom passbando baseban@ndthensampledat the
Nyquistrateof W complex samples/seclherandomvariable,
yi, representshe outputfrom the samplerat thei™ interface.
Fixed-rate memorylessm-dimensionalectorquantizationis
performedon thesesamplesat a rate of Rj=W bits/comple
sample.The quantizedcomplex samplesaresubsequentlgent
overthe ber after ber channelcodingandmodulation.Thus,
the ber is requiredto reliably supporta rate of R; bits/sec
from the i wireless-opticainterfaceto the recever, B.

The quantizernoise at the i!" interface, q;, is modelled as
beingadditive. Hence,the two-hop channelbetweenA andB
canbe modelledas:

Z=ax+ w+ g;

an interface has noise from two sources,recever front end
anddistortionintroducedby its quantizer The quantizerat the
interfaceis an optimal x ed rate memorylesan-dimensional
high resolution vector quantizer Hence, its distortion-rate

functionis given by the ZadorGershofunction [1], [3], [5]:
Efiaij*]
Rj
= E[yij’Mm m2 W

E[ja P
== (5)
Mp, is the Gershos constantwhich is independentof the
distribution of y; and p, is the Zador's factor that depends
on the distribution of y;. Sincethe ber channelcapacityis
large, the assumptionthat the quantizeris a high resolution
one, is valid. Hence,for all i, Ri=W 1. Also, as this
guantizeris anoptimal x edratememorylesyvectorquantizer
referenceg2], [3], [4], [6], [7] shawv that the following hold:
Elgi]= 0,E[ziq;]1= OandE[yiq;]= E[jq;j?]. Therefore,
E[izij’] = Eljyij*] EJjqij?]. The wireless-opticainterfaces
have low compleity and do not require knowledge of the
transmittercodebook. They are also extendableto FAWNAs
with large number of transmittersand interfacesand offer
adaptability to variable rates, changing channel conditions
and node positions. Reference[11] shows that this scheme
approacheshe capacityupperbound (2) of the architecture,
exponentially with ber capacity Also, for a given ber
capacity thereis an optimal operatingwirelessbandwidthand
an optimal numberof wireless-opticainterfaces.

I1l. INTERFACE RATE ALLOCATION

The schemein [11] allocatesequal rates(C; =r bits/sec)
to the interfaces.This is not optimal since over all quantizer
distortion decrease# more rate is allocatedto an interface
with high signal power than an interface with low signal
power. This leadsusto two questionsFirst, how shouldrates
be allocatedto the interfacesand second since channelstate
variesindependentlyfrom block to block, is theresigni cant
lossin not computingthe optimal rateallocationevery block?
To answerthe rst question, considerthe channel within
a block interval. The channelstatein this block takes the
realizationa = a. For ary rate allocation, R, the capacity
Co(P;W;&;R) for this block is given by the following
theorem(proof omitted for brevity):

Theoem1:
1
Co(P;W;a;R) = W lo 6
al ) 9 7 M Iy (6)
0
where,v is speciedfori 2 f1;:::;rg as

aa P Rj Rj
Mj = N?W (1 Mm w2 %)L Mp m2 W)
fori 6 j;
jaij?P W
= + w
1 NoW 1 Mp m2 ™)

fori=j:
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Fig. 2. Interfacerateallocationfor a two interface SIMO-FAWNA.

From [11], we know that Cqo(P; W;a;R) approachesthe
capacity upper bound (2) exponentially with sum rate. The
optimal rate allocationfor t?}is block is given by

[

R (a) = argmax Cqo(P;W;&;R) : (7)
R2S

To understandoptimal rate allocation, let us consider a
SIMO-FAWNA with two interfaces, ber capacity200Mbps,
channelstatea = [1 3]7, {~ = 100 10°, W = 5 MHz and
Mm m = 1. SinceR, = C Ry, it sufces to considerthe
capacitywith respecto R, alone.Theplot of Co(P; W; &; R)
with respectto R; is shavn in gure 2.
We candivide the plot into threeregions. The rst region is
from 0 Mbpsto 50 Mbpswherethe rst interfacehaslow ratée?
andthe seconchashighrate.Thus,noiseatthe rst interfaceis
guantizerdistortiondominatedvhereasat the secondnterface
is front endnoisedominatedHence aswe increaseheratefor
the rst interface,the distortionat the rst interfacedecreases
and overall capacityincreases.The reductionin rate at the
secondinterface due to increasein R; hasneggligible effect
on capacitysincefront endnoisestill dominatesat the second
interface.
The secondregion is from 50 Mbps to 170 Mbps. In this
region, the ratesfor both interfacesare high enoughfor front
end noiseto dominate.Sincequantizerdistortionis low with
respectto the front end noise at both interfaces,capacityis
almostinvariantto rate allocation. Obsene that the capacity
in this region is higherthanthatin the rst andthird regions
and,the sizeof this regionis muchlargerthanthatof the rst
andthird.
The third region is from 170 Mbps to 200 Mbps and here
the rst interface hashigh rate and the secondhaslow rate.
Therefore,noiseat the rst interfaceis front end noisedom-
inatedwhereasat the secondinterfaceis quantizerdistortion

1Even thoughwe considera two interface SIMO-FAWNA, resultsgeneral-
ize to SIMO-FAWNAs with ary numberof interfaces.

2Wheneer we mention “low rate”, the rate consideredis aways high
enoughfor the high resolutionquantizermodelto be valid.

dominated.An increasein rate for the rst interface results
in decreasen rate for the secondinterface.This decreaseén
rate resultsin increasein quantizerdistortion at the second
interface,resultingin overall capacitydecrease.
Thechannelgainatthe rst interfaceis higherthanthatatthe
secondnterface.Hence comparedo the secondnterface the
rst interfacerequiresmore rate to bring its quantizers dis-
tortion below the front endnoise.Also, reductionin quantizer
distortionat the rst interfaceresultsin highercapacitygains
thanreductionin quantizerdistortion at the secondinterface.
This canbeenseenfrom the asymmetricnatureof the plot in
gure 2 aroundR; = 100 Mbps.
We see that the optimum interface rate allocation for a
FAWNA is to ensurethateachinterfacegetsrate enoughfor it
to lower its quantizerdistortionto the point whereits noiseis
front end noise dominated.Wireless-opticalinterfacesseeing
higher channelgainsrequire higherratesto bring down their
guantizerdistortion. After this requirementis met, FAWNA
capacity is almost invariant to allocation of left over ber
capacity This can be seenfrom the near at capacitycurve
from 50 Mbpsto 170 Mbps in gure 2. Thus, ary interface
rate allocationthat ensureghat noiseat noneof the wireless-
opticalinterfacesis quantizerdistortiondominatedjs optimal.
Since ber capacityis large comparedto the wireless ca-
pacity, the fraction of ber capacity neededto bring down
the distortion for the interfaces so that none of them is
guantizedistortionlimited, is small. Thereforethesetof near
optimalinterfaceratevectorsis large,andthereis considerable
exibility in allocatingratesacrossthe interfaces.Therefore,
we seethatlarge ber capacitybringsrobustnesgo interface
rate allocationin a FAWNA. For example,from gure 2, we
seethat even an equal rate allocation for the two interface
SIMO-FAWNA is nearoptimal.
We now addresghe secondquestionposedat the beginning of
this section:Since channelstatechangesndependentlyfrom
block to block, is theresigni cant lossin not computingthe
optimal rate allocation every block? First, considerthe case
whereinterfacerate allocationis dynamic,i.e., donein every
block. The optimal rate allocationvectoris given by (7) and
dependson the channelrealization.The ergodic capacityof a
SIMO-FAWNA with dynamicrate allocationis:
h i
C3(P;W;r;Ct)= E Cq P;W;&R (a)

Considerthe sametwo interface SIMO-FAWNA as in the
previous questionbut with channelstate a [h1 %hg]T
where,h; andh; arei.i.d CN (0; 1). For this wireless-optical
channelwe computecg(P;W; r;Cs) 21.4 Mbps. Figure
3 shavs how the optimalratefor the rst interfaceR,; changes
with channerealization(state).Sincethe averagechannelgain
atthe rst interfaceis largerthanthatat the secondthe mean
of theobsenationsin the gure is above half the ber capacity
Dynamic rate allocationinvolves computationof the optimal
rateallocationvectorat recever B andupdatingtheinterfaces
with optimal values of rates, every coherenceblock. This
considerablyincreaseghe compleity in a FAWNA. In order
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to simplify, we considerstaticrateallocation,i.e, interfacerate
allocationis computedasedon wirelesschannektatisticsand

x ed forever. The rate aIIOﬁationvectoris chosenas:
i

Rg= argmaxE Cqo P;W;a;R
R2S
The ergodic capacity of a SIMO-FAWNA with static rate

allocationis h .
i
C3(P;W;r;Cf) = E Cqo P;W;a;Rg

Note that this is sub-optimal to dynamic rate allocation.
For the two interface SIMO-FAWNA, gure 4 shavs how
ergodic capacitychangeswvith R;. Sincethe ergodic capacity
is the capacity averagedover channelrealizations,this plot
is similar to thatin gure 2. From gure 4, we obsenre that
CS(P;W; r;Cs) = 21:35 Mbps and all ratesfrom 72 Mbps
to 142 Mbps are nearoptimal for interfacel.

Note that the loss from static rate allocationis very small.
Moreover, the setof nearoptimal staticrateallocationvectors
is large. For this example the loss from not performing

dynamicrateallocationis only 50 Kbps or 0:23% of capacity
Thoughthe SIMO-FAWNA capacityis sensitve to quantizer
distortion, large ber capacityensuresthat the interfacesal-

wayshave enoughratesothatthey arenever distortionlimited

over the typical setof channelrealizations This robustnesf

FAWNA capacityto interfacerate allocationmakes staticrate
allocationnearoptimal. Obsere from gure 4 thatevenequal
rate allocationis nearoptimal. This nearoptimality of static
rateallocationtranslatego considerableeductionin FAWNA

compleity.

IV. CONCLUSION

In this paper we shav that an optimal rate allocation for
a SIMO-FAWNA is one which ensuresthat each interface
gets enoughrate so that its noise is dominatedby front
end noise rather than quantizer distortion. Capacity is al-
most invariant to the way in which left over ber capacity
is allocated.Hence, large ber capacity ensuresrobustness
of SIMO-FAWNA capacityto interface rate allocation. This
robustnesdiasan importantimplication on design,ratherthan
dynamicallychangeinterfacerateallocationbasedon channel
state,a x edrateallocationschemecanbe adoptedwith very
small lossin capacity This resultsin considerableeduction
in FAWNA compleity.
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