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Abstract—We considera point to point communication system
facing interfer encefrom other systemswith a particular focuson
the casewhen this interferenceis undecodable.lt is well known
that when the interferenceis non-interactive, we can certainly
treat it as additional noise at the recever and thereby achieve
certain rates. This paper askswhether any higher rates could be
achieved by exploiting knowledge of the interferer's codebook.

The main contribution of this paper is to study the corverse:
if the interference is undecodable, then we cannot do better
than treating it as additional noise.This is proved for almost all
interfer encecodebookswhen viewed under the random Gaussian
codebookmeasure. When the interfer encesignal is strong enough
to be decodable,then codebook knowledge can be exploited at
our recever to allow higher ratesto be achieved by appropriately
structuring our own codebooks.

Finally, we give an example of an interference codebookthat
cannotbe completelydecoded but whoseknowledgeis still useful.
However, this interfer encecodebookis bad from the perspective
of the interferer's own communication system.This leads us to
conjecture that when the interferencesignal is undecodable,the
only interference codebooksworth knowing are those that are
not worth using from the interfering systems point of view.

I. INTRODUCTION

We are motivatedby the engineeringproblem(illustratedin
Figurel) of designinga pointto point communicatiorsystem
(denotedsecondary)that has to operatein the presenceof
interferencefrom other (primary') systemsWe considerthe
casewhenthe secondarsystemis sel sh and only wantsto
maximize its communicationrate subjectto a pre-speci ed
transmitpower constraing It doesnot careif by doing so it
causesharmful interferenceto the other systems’
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Fig. 1. Wirelessinterferencenetwork

1our terminologyrevealsour motivation's origin in the study of cognitive
radio systemd1], [2] and opportunisticspectrumsharing[3].

2This correspondsto a spectrumsharing regime in which the relevant
regulationis expressedas an individual power constraint.

3presumablythat concernis dealtwith at the regulatory level by limiting
the transmitpower of the secondarysystem.
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It is known from [4] that the secondary user can
treat the interferenc& from the primary user as addi-
tionaknoise and achieve the correspondingAWGN capacity:

Flog 1+ _PP%N , Where " P, is the receved interference
power, N is the recever noise,and P is the receved power
from our own transmitter In particular random Gaussian
coding combined with nearestneighbor decoding can be
usedto achieve this, irrespectve of the actual interference
codebook.

We take particularinterestin the casesvhentheinterference
is undecodableour receier could not decodethe interference
codevord even if our transmitterwere off. Sucha situation
canarisewheneer we are outsidethe primary users service
radiusandwe will modelit astheinterferencecoglebooks rate

R, beinglargerthanthe rela/antcapacity% log 1+ %

Underthis setupwe ask: Is thereary value for our system
to know the codebookof the interferer?More comically, if an
industrial spy were willing to sell the interferers codebook,
howvw muchwould we be willing to pay for it?

To answetrthis, we assumehatboththe senderandrecever
are aware of the interferencecodebook,but not the exact
interferencecodevord that was realized.We wantto nd the
maximumrate at which the sendercan corvey informationto
its recever.

This paperis structuredas follows: After commentingon
related work in Sectionll, a preciseinformation theoretic
formulationis givenin Sectionlll. The main corverseresult
for the caseof a random Gaussianinterferer is proved in
SectionlV. We extendour resultsto the caseof multiple inter-
ferersin SectionV andthe discussiorof generalinterference
codebookss donein SectionVI. We give someconcluding
remarksin SectionVII.

Il. CONTEXT AND RELATED WORK

The problem consideredin this paper comes from the
generalareaof spectrumsharing.For instance,two systems
tying to operatein the samefrequeng bandwill faceinter
ferencefrom eachothert evenif they have somegeographical
separationA topic of signi cant currentinterestis the caseof
cognitive radiosthat can sensetheir surroundingsand adapt

4Here we assumethat the primary useris non-interactie: it doesnot try
to jam the secondang transmissionssit might in an AVC formulation.



their communicationstratgies accordingly The questionad-
dressedhereis in what casesdoesit pay for the cognitive
radiosto adaptto the interferers codebook?
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Fig. 2. Thetwo user“cognitive radio channel”of [5].

Devroye, et.al. in [5] proposeaninterferencechanneimodel
(illustratedin Figure 2) for cognitive radios,thatthey call the
cognitiveradio channel It is de ned asaninterferencechannel
in which S, hasknowledge of the messagédo be transmitted
by S;. This modelssituationsin which the cognitive radio
facesvery strong interferencefrom the primary and hence
candecodehis messageUsing ideasfrom dirty papercoding
[6] they derive an achievable rate region in [5] for the
two usercognitive radio channel.More recently Jovicic and
Viswanathin [7] have derived the maximumrate achievable
for the cognitive radiochannelundersomespecialinterference
regimes.

In this line of prior work, the main assumptionis that the
primary's messagecan be decodedby the secondaryuser
Furthermore,the underlying values are “polite' in that the
secondarysertriesto listento the primaryfor awhile, decode
it and try to take adwantageof the decodedmessagen a
way that doesnot causeharmful interferenceto the primary
In contrast,we focus on the ‘rude' approachin which the
secondaryuser doesnot care aboutthe succesr failure of
the primary's messageput is willing to exploit whatever it
knows to its own adwantage.

Another differenceis that we implicitly considerthe case
of secondaryusersthat are outside the service areaof the
primary and so may not be able to decodethe primary at
all. An analogousquestionwith respectto detectionrather
than decoding has beentreatedin [8]-[10]. At low SNR,
the samplecompleity of detectingthe presenceor absence
of a primary users signal doesnot changesigni cantly with
additionalknowledge of the signal constellation(assumedo
be zero-mean).From a sample compleity point of view,
treatingthe primary signalasnoiseanddoing a simpleenegy
detectionis nearly optimal. The result here suggestghat the
samephilosoply appliesatthelevel of code-design— it is not
worth adaptingto the details of the primary codebookwhen
the primary signal's SNRis too low to decodeln a sensethis
validatesthe currentassumptiorthat given enoughgeographi-
cal separationsystemscanbe designedndependentlyof each
otherand shouldonly end up seeingeachotheras noise.

I1l. PROBLEM FORMULATION

The boxed areain Figure 3 shaws the channelof interest.
The secondarytransmitter and recever are referred to as

senderandrecever respectrely. For obviouspracticalreasons,
we malke the half-duplex assumptiorthat our sendercannot
receve and transmitat the sametime in the samefrequeny
band.
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Fig. 3. Informationtheoreticproblemformulation

The channelof interestis expressedas:
Yi = Xi+ § + Z

whereX; andY; denotethe input and outputof the channel,
S; is the interferenceand Z; is the recever noiseat time i.

We assumethat the noise process,nterferenceand the input
areindependentf eachother

> Noiseprocess White GaussiarZ; » N (0;N).
> |nterference RateR; , with codevordsuniformly chosen
from a (2"R':n) codebook, S,. Eachcodavord s; =
(si1; Si2; ¢¢¢; sin ) mustsatisfy:
1 X
— Sij 2. 1;

- i = 1,2 ¢0¢; 2"
j=1

@)

¢
N o -, the interfer
enceis undecodableven whenthe senderis off.

We assumethat R, > %Iogll+ 5

For each block, we assumethat the interferencecode-
book S, is revealedto both the senderand recever and
thus the channel input is allowed to dependon the in-
terferencecodebook,but not on the interferencemessage.
Our goal is to senda messagew 2 f1;2;¢¢¢;2"Rg to
the recever in n uses of the channef Thus we must
specify a (2"R;n) code G,, with codavords x(W) =
(X1(W); x2(W); ¢ec; xnﬁW)), W 2 f1;2; ¢¢¢2"R g satisfying
the power constraint: L, x2;(W) - P togetherwith a
decodingfunction g, : R" | f1;2; ¢¢¢2"R g suchthat the
averageerror probability P& s low.

R

1 G = (i
e Prig.(Y) 6 ijX = x(i)g(2)
Prfg.(Y) 86 W)g

Pén)(q Sn)

®3)

where it is assumedhat the messagewW is uniformly dis-
tributed over f 1; 2; ¢¢¢2"R g and is independenof the inter-
ferencecodebookS, andthe noisesequence .

The aim is to nd the set of rates R, at which
Pe(n)(Q;Sn) !' Oasn ! 1 for some sequenceof

5Throughoutthis papewe assumehatthe interferenceblocklengthis same
asthe blocklengthusedby our encoderAll our resultsshould easily extend
to the casewhenthe blocklengthsare different.



encoder/decodedesigns.From resultsin [4], it follows that

thesendercancommunicatetall ratesR < 3 log 1+ P

IV. MAIN RESULT

Trying to prove a conversefor all “reasonable’interference
codebooksis very tricky since there are silly interference
codebooksfor which we can in fact do better Instead,we
considerthe productGaussiarmeasureon the setof all inter-
ferencecodebookssatisfyingthe power constraintin (1), i.e.,
we assumehateachcoordinateof aninterferencecodevord is
generatedising a Gaussiandistribution. Under this measure
we are interestedin the fraction of interferencecodebooks
for which the corverseis true. We shav that the probability
of the set of all interferencecodebooksthat are not worth
knowing can be made arbitrarily closeto 1 for sufciently
large blocklength.

Theorem1: Considerthescalamddit'wenoiseplusiinterfe&
encechanneldiscussedh Sectionlll. FixR, > log 1+ {-

N
andR > 1log 1+ 2 . Forevery0< . 1, thereexists

some0< 2. 1andng > O suchthat,8 n, ng we have
o}

n
Pr S, : P{™(G(Sh);Sn), 2 , 1 + (4)
for ary input codebook,G,(Sy). Here Pé”)(C},(Sn);Sn) is
the error probability (as given in (3)) whenthe encoderuses
G (Sy) for transmitting the messageindex®. Here we are
assuminga product Gaussianmeasureon the interference
codebooks.

Proof: We prove this resultby contradiction Supposehe
theoremwere false.Then, therewould exist some0O< +- 1

suchthat8 2 2 (0; 1], 9 a sequencef ny " 1 suchthat
n 0

Pr Snk : Pe(nk)(c’lk(sﬂk);snk) <? , X (5)
for someinput codebookG,, (Sy, )-

Now, partition the messagesvithin interfelrencechebook
Sn, into binsof size2"«R1  whereR; = 1log 1+ - j ° for
somesmall° > 0. Sincewe usea productGaussiammeasure
on the set of all power constrained2"«R' ; ny) interference
codebooksthe distribution of the codevords in eachof the
bins is alsoa productGaussiardistribution.

We now allow a genieto reveal the bin of the interference
codebookcontainingthe actualinterferencesequencéo both
the encoderand decoder Call this thinned codebook$S;, .
Sincethe total numberof possibleinterferencesequencess
reducedthe genie-aideddecoderperformsat leastaswell as

the original decoder Therefore, we musthave
n 0

Sﬂk : Pénk)(qk(snk);snk)<2 s * (6)

Given the receved channeloutput Y the genie-aidedre-
ceiver rst decodesthe input codevord X. We can then
subtractthis decodedcodavord from Y to get an estimate
of interferenceplus noise S + Z. Now, we can decodethe

Pr

81t is importantto notethattheinput codebookcandependon the particular
interferencecodebook.

interferencecodevord S from the estimateof S + Z using
nearesheighbordecodingHence thegenie-aidedlecodercan
get an estimateof the true codevord pair (X ;S). The error
probabilitycanbe computedoy unionboundingthe probability
of the following two error events:
= E;: Thegenie-aidedlecodemalesan errorin decoding
X fromY.
> E;: The thinnedinterferencecodebook,S;, , is badand
hencethe nearestneighbor decodermakes an error in
decodingS from S+ Z.

n Let An, denotey the event
Sne PG, (Sh,)iSn,) < 2 . From (6) we know that
Pr(An.) ., = Now, letusfocuson S,, 2 A, . We know

thatPr(E;) - 2forall0< 2 g 1

Also, recallthat Ry < 2log 1+ {-, andthe distribution
of thecodevordsin S, is I.1.D. Gaussiarwith averagepower
P. Thereforefor largeenoughng and8 0< 2 - 1, A,, must
containat leastone codebookS,, which approachesapacity
for a point to point AWGN channelwith noisepower N, in
the sensethat, for this specic S,, , Pr(Ez) < 2.

Therefore the genie-aidedlecoderdecodedhe pair (X ; S)
with error probability lessthan or equalto 22 for all 0 < 2 -
for somespeci ¢ thinnedinterferencecodebookin Ay, . This
shaws that the rate pair (R) ; R) is achievaple for a Gaussian
MAC channel.SinceR > 3log 1+ {-, by choosing®
sufciently small enough,the point (R ; R) canbe forcedto
lie outsidethe two userGaussiarMAC capacityregion. This
is a contradiction.

Therefore the theoremis true. ]
Hencein this regime, knowing the interferencecodebookis
not useful.
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Fig. 4. Theredline is the capacityof our noiseplus interferencechannel
as a function of the interferencerate R, . This is for the caseof a random
Gaussiarinterferer

A. Whathappenswheninterferenceis decodable?

For ratesR, < %Iog|1+ A we can do better than
treatinginterferenceas noise by exploiting the knowledge of
the interferencecodebook.The red curve in Figure 4 gives
the capacityof our channela}s a fungtion of the interference
rate R;. WhenR, < 1log 1+ i~ we canappealto the



converseof the GaussiarMAC capacityregion andshow that

we cannotachiere rateshigher than thosegiven by the red

cune in Figure4. Herewe don't needa genieto help usout.
To shawv achigrability we considerthe following cases:

> Ry < 3log 1+ 51 :In thiscasewe can rst decode
the interferencecodavord by treating our messageas
noiseandthendecodeour messagéy cancelingout the
interferencecodavord. i ¢

> Llog 1+ 5L < Ry < }log 1+ {- : This corre-
spondsto the rampin Figure 4. Pointson the ramp can
be achiered by using successie cancellationas in the
achievability of the GaussianMAC region. Speci cally,
this canbe achiezed by splitting our sendeiinto two users
(1 and2) with power, andP j , for some0- , - P.
Then the decodercan rst decodeuser 1 by treating
everything else as noise, then decodethe interference
by treating user 2 as noise and nally we can decode
user2 seeingno interference.This schemewill achieve
pointsstrictly belov therampin Figure4. Hencewe have

proved the capacityregion in Figure 4.

V. EXTENSION TO MULTIPLE INTERFERERS

The result in Theorem 1 statesthat under the product
Gaussiarmeasuremostinterferencecodebooksare not worth
knowing. However, thereis no reasonto restrictto product
Gaussianmeasures.In this section we extend our result
to measuresformed by superpositionof product Gaussian
measures.

For instance,we can generatea 2"R'i codebook,S;, ac-
cordingto the productGaussiammeasurewith averagepower
constraintl; for i = 1,2. Here, R}, = R, + R;, and
I = I1+15. Now, we canformthe nal codebookS = S;+S;.
This imposesa measureon the setof all rateR, with average
power constraintl .

If eachR,, is suchthat we cannotdecodea part of the
code treating the other as interference,then we can shov
that mostinterferencecodebooksare not worth knowing even

under this measure.That is, if Ry, > flog 1+ ,Z'TIN ,

R, > 3log ¢1+ |1ITZN andthesumrateR, = R|, + R, >

%Iog "1+ ,{l— thenwe are limited to treatinginterferenceas
noise for essentiallyall interferencecodebooks.This result
can be proved by the same argument as in the proof of
Theorem1 by useof a contradictionargument.We needto
considera genie, who thins both the codebooksS; appro-
priately and reveals the thinnedlist to both the encoderand
decoder Usinag this genie-aideddecoderwe can shav that,

if R> 1log 1+ P thenaratepoint outsidethe 3 user
GaussiarMAC regionis achievable,which leadsto the desired
contradiction.

We canalsoextendthe sameargumentto measureformed
by superpositionof K product Gaussianmeasuresin this
case,the interferencecodebookis formed by a sumof 1.1.D.
random Gau§siancodebookswitlg rate R,, and power I,

whereR, = E:l R, andl = E:l lx. Herewe consider

the casewhen the individual ratesare such that we cannot
decodeary subsetof the interferencecodavords by treating
the rest as noise, ®ven when our transmitteris off. In this
casejf R> Zlog 1+ P , thenmostof the interference
codebooksre not worth knowing.

Consideringthesesuperpositiormeasuress practicalwhen
the interferencds comingfrom the uplink of a MAC channel,
i.e., from multiple Gaussianinterferers.Therefore,the con-
verseresult can be directly extendedto the caseof multiple
interferers.

VI. GENERAL DISCUSSION OF “GOOD” CODES

Considerand interfererwith two recevers, recever 1 with
Gaussiamoisepower N1 andrecever 2 with Gaussiamoise
power N,. Let us assumethat N; ¢ N». We assumethat
the interferersusessuperpositioncoding tcs transmit at‘rates
R, = jlog 1+ { andR,, = jlog 1+ g|i+®n2|2 for
some0 - ® - 1. To sendthe messagendex pair (i;j) to
its recevers, the interferertakescodevord s, (i) from the rst
codebookandcodevord s,(j ) from the secondcodebookand
computeshe sum. He then sendsthis sum over the channel.

Giventhis interferersetup,the channelseenby our recever
canbewrittepasY = X + S;1+ S, + Z. If R, + Ry, >
%Iog 1+ rlT thenit is clearthat our recever cannotdecode
all the interferenceeven when our senderis off. In this case
if N+ P - Nj, thenour recever is lessnoisy thanthe worst
recever of theinterferers channelj.e., recever 2 in theabove
setup.Henceourrecever candecodeS, treatingtheremaining
part of Y as noise. Then by subtractingS, from Y our
recever facesinterferencdrom S; only, which haspower ®\ .

Thereforeour sendercantransmitat R < 3log 1+ 5%

® +N
which is strictly higherthan 1 log 1+ £ . Hencethis is
an examplewherewe cando betterthantreatinginterference
asnoise. This exampleshaws that the resultin Theoreml is
not true for all interferencecodebooks.

Let's re-examine this code from a point to point channel
view for the interferer For the given power constraintl,
this code aghieves a much lower rate than the capacity
Flog 1+ {- . Hence,this is a bad point to point channel
code,in that it usesa lot more power thanis necessaryor
the givenrate. This badnesss the reasorwhy we candecode
a part of the codevord. From our proof point of view this
codebookis bad becauseit hasvery few cloud centersand
densecloudsaroundeachcloud center Therefore,we cannot
thin this codebookas requiredby the proof of Theorem1.

VIl. CONCLUDING REMARKS

In this paperwe tried to addressthe important question
— “Is interferencelike noisewhenits codebookis known?”.
We have showvn that, in the caseof a high rate (undecodable)
non-interactie interferer we cannotdo betterthantreatingthe
interferenceasadditionalpower constrainechoise,even when
its codebookis known. This result holds for essentiallyall
interferencecodebookainderthe productGaussiarmeasures.



We alsoveri ed our resultfor othermeasuresljk e superposi-
tion of productGaussiarcodebooks.

We have also shawvn by the example in SectionVI that
thereexists someinterferencecodebookghataregoodfor the
secondaryi.e., the secondarycan achieze higher rateswhen
the interfererusesthesecodebooks.

We concludeby proposingthe following conjecture

Conjecturel: If ainterferencecodebookis “good” for the
secondaryuserfrom a rate point of view, thenit mustbe a
badrate codefrom the interferers point of view.
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