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Abstract— It is known that the capacity of parallel parallel Gaussian point-to-point, MAC and BC is use-
(multi-carrier) Gaussian point-to-point, multiple access and  fyl because it provides a direct connection between
broadcast channels can be achieved by separate encodingpe gingle-carrier channel models studied extensively in

for each subchannel (carrier) subject to a power allocation - . . .
across carriers. In this paper we show that such a separa- classical information theory and the frequency-selective

tion does not apply to parallel Gaussian interference chan- (Or time varying) channels that may be more relevant
nels in general. A counter-example is provided in the form in practice. Coding schemes designed for the classical
of a 3 user interference channel where separate encoding (single carrier) models can be applied directly to multi-

can only achieve a sum capacity olog(SNR) +o(log(SNR)) - c4rier systems subject to a power allocation across

per carrier while the actual capacity, achieved only by joirt- . ) . .
encoding across carriers, is3/2log(SNR)) + o(log(SNR)) ~ C&ITiers. A key_ question that remains open is whether
per carrier. As a byproduct of our analysis, we propose a Such a separation holds for other Gaussian networks, and
class of multiple-access-outerbounds on the capacity of¢h in particular, if separate encoding is optimal for multi-
3 user interference channel. carrier interference networks.

Much work on multi-carrier interference networks
(e.g. in the context of DSL [3]-[11]) has focused on

The study of parallel Gaussian channels is motivategptimal power allocation across carriers under the as-
by the frequency-selective or time-varying nature of theumption ofseparate codingver each carrier. For the
wireless channel. With multi-carrier modulation, (astwo user parallel interference channel with strong inter-
suming no inter-carrier interference (ICl)) a frequencference it is shown in [11] that indeed the sum capacity
selective channel can be viewed as a set of parallslthe sum of the rates that can be achieved by separately
channels with channel coefficients that vary from onencoding over each carrier subject to an overall power
carrier to another but may be assumed constant (flaistimization. For the case where more thanusers
fading) over each carrier. Similarly, if inter-symbol-are present or when the channels are not restricted to
interference (ISI) is absent, the time-varying channéhe strong interference case, since the capacity of even
gives rise to parallel channels whose values are fixg¢lde single-carrier interference channel is not known,
during each symbol but vary from one symbol to anotheuisually the rate optimization is carried out under the
In this paper, we will use the terminology of frequencypractically motivated assumption that all interference is
selective channels and multi-carrier modulation to refep be treated as noise. Both centralized and distributed
to parallel Gaussian channels. It is understood that thfyorithms, some of which are based on game-theoretic
model is equally applicable to the time-varying channébrmulations, have been proposed for this “dynamic
as well. spectrum management” problem and the optimality and

It is well known that over the parallel Gaussian pointeonvergence properties of these algorithms have been
to-point channel, coding separately over the individuastablished under the separate encoding assumption.
subchannels (carriers) achieves the capacity subject tQ@oint encoding of multiple-carriers has been used
optimal power allocation. Thus the capacity of the parecently in [12] to characterize the sum capacity per
allel Gaussian point-to-point channel is equal to thearrier, of theK user multi-carrier Gaussian interference
sum of the capacities of the point-to-point Gaussiaghannel. The sum capacity (per carrier) is found to be
subchannels with corresponding powers chosen through
the water-filling algorithm. Similarly, it has also been C(SNR) = Elog(SNR) + o(log(SNR)),
shown that separate coding over each carrier is opti- 2
mal for parallel Gaussian multiple access (MAC) and/here SNR represents the signal to noise power ratio. In
broadcast (BC) channels [1], [2]. The separability ofther words, thek user interference channel has/2
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degrees of freedd]mer orthogonal time and frequency

dimension. The key to the capacity characterization is
the idea of interference alignment (see [14] and the ref-

. . . Wy ——= Xo Yo— = Wy
erences therein) - a construction of signals such that they
cast overlapping shadows at the receivers where they
constitute interference while they remain distinghiskabl Ws e Xs o

at the receivers where they are desired. The interference
alignment constructions proposed in [12] are based on
joint encodingover multiple frequencies. Due to inter-
ference alignment, the joint encoding scheme of [12]
outperforms the dynamic spectrum management schemegye start with the classical (single-carrier) Gaussian

of [4]-[8] in terms of degrees of freedom However, ser interference channel.

it has not been shown that this joint encodingnisc-

essaryto achieve capacity. Interestingly, another receft: THE GAUSSIAN 3 USERINTERFERENCE CHANNEL
work in [15] has provided examples where interference We study the3 user (single-carrier) Gaussian interfer-
alignment is achieved over a single-carrier interferen@nce channel whose input-output relations are described
channel, i.e., with separate encoding. Thus, it remaias follows

unclear whether the capacity of multi-carrier interferenc 3

channels can be achieved by separate encoding over each Y;(n) = Z hi;X;(n)+ Zi(n),i=1,2,3

carrier and a power allocation across carriers. It is this j=1

open problem that we address in this paper. where at thenth symbol,Y;(n) and Z;(n) respectively
The main result of this paper is that unlike thgepresent the received signal and the noise atithe
point-to-point, multiple-access and broadcast channelgceiver, andX;(n) represents the signal transmitted
in general separate codirdpes not sufficéo achieve py the jth transmitter., ; represents the channel gain
the capacity of the interference channel. We establiglatween transmittej and receiver. All channel gains
this result by constructing a counterexample 3-8Ser  are assumed to be non-zero and known to all the nodes in
frequency-selective interference channel where separg{@ network. Transmittei has messag#/; for receiver
coding can only achieve a sum rate big(SNR) + ;for; = 1,2, 3. The noiseZ;(n) is a zero-mean additive
o(log(SNR)) per carrier while the capacity is shown toyhjte Gaussian noise (AWGN), assumed independent
be 3/21og(SNR) + o(log(SNR)) per carrier. Thus, par- igentically distributed (i.i.d.) across users and symbols
allel interference channels are, in general, inseparablgyith the noise power at each receiver normalized to

As a byproduct of our analysis we also propose gnity, the total transmit power can be expressed as
class of outerbounds on the capacity of thaser inter- )[ 18

Fig. 1. The3 user interference channel

N
ference channel. These outerbounds share the propdfty — ZZ |Xi(n)*| < SNR, whereN is the length

) ) ) ) o AN L~ £
that one recever (possibly aided by a genie and/or no'(%?the lc_oldg/\}ord. The rate of thi¢h user is defined as
reduction) is able to decode all messages - so thg

t _ log(IWi) 1 il
the multiple-access channel capacity to the genie-aid&d?(snl:leRs)S;ge Sfth cor\;vehsTarSrL?ifrZwlgIfotr:r?egggglgzhtr);tgf

receiver becomes an outerbound on the sum capacity 0 - .
the 3 user interference channel. The MAC outerbounalsef:torR(SNR). - (R?(SNR)’RQ(SNR)’R?’(SNR)) 'S

; . o sg|d to beachievableif messagedV;,i = 1,2,3, can
can be viewed as a generalization of Carliel's outerboun

[16] on the 2 user interference channel to the case q € encoded at rate&;(SNR),i = 1,2,3 so that the

. R{obability of decoding error can be made arbitrarily
more tharR users. These outerbounds play an |mportaSmall by choosing an aopropriately lardé The capac-
role in identifying singularity conditions for interferea y 9 pprop y large P

channels that do not achieve thé/2 degrees of free- ity region C'(SNR) represents the set of all achievable

dom. However, the bounds are generally loose in tﬁate vectors in t.he ngtwork. The sum capadity(SNR)
4 of the network is defined as
degrees of freedom sense and tighter bounds at hig .

SNR may be obtained by an application of Carlieal’s B
outerbound on each of th2 user channels contained Cs(SNR) = R(SN%Q)C((SNR)Z;RZ'(SNR)

within the K user interference channel.
The number of degrees of freedom of the network is
1Also known as multiplexing-gain (See [13]) or capacity {og- defined as c (SNR)
b))

2|nterestingly, in both cases interference is treated asenaio no ds = lim
multiuser detection is involved. SNR—oo log(SNR)



Equivalently, ds; is the total number of degrees ofcan be decoded at receivér as well. Now, in this
freedom of the network if and only if we can write  channel, we can let transmitterls and 2 co-operate
to form a MIMO two user interference channel as in
C=(SNR) = ds log(SNR) + o(log(SNR)). Figurel2(b). Again, note that allowing transmitters to co-
Theorem 1: Consider the user interference channeloperate cannot reduce capacity. Thus, the MIMO inter-

where ference channel of Figufé 2(b) has a capacity region that
hi,; _ hij contains the capacity region of tiBuser interference
hii  hig channel of Figur&ll. Reference [17] has shown that the

for somei, j,k € {1,2,3},j # k. k # i,i # j. Then, MIMO interference channel of Figufé 2(b) haglegree

this interference channel hdsdegree of freedom, or Of freedom meaning that its capacity is of the form
equivalently, the sum capacity of the interference chanrl@B(SNR)+o(log(SNR)). Therefore, we have shown that

may be expressed as Cs(SNR) = log(SNR) + o(log(SNR))
Progf;(SNR) = log(SNR) + o(log(SNR)) and the converse argument is complete. [ |
Achievability is trivial since settingV, = W3 = ¢, I1l. THE PARALLEL GAUSSIAN 3 USER
we get a point-to-point Gaussian channel whose capacity INTERFERENCE CHANNEL

is known to be of the formog(SNR) + o(log(SNR)).
We show the converse for the special case whiere
1,7 =2,j = 3. i.e., we consider the case where

The parallel Gaussian interference channel consisting
of M parallel subchannels may be expressed as

3
%:@:7’7750' Yl(n) = ZHMXj(n)—I—Zi(n),i:1,2,3
haa  hip =1
By symmetry, the converse extends to all other caseghere, corresponding to the nth  symbol
C_onsider any gchieva_ble coding scheme. _Let a geniei(n)’zi(n)7xj(n) are M x 1 vectors whoseM
give X, to receiver2 (Figure[2(a)). Now, receive? can entries represent the signal received at receivever
cancel the interference from transmittetto obtainY> the M sub-channels, the i.i.d. AWGN experienced by

which may be written as receiveri over the)M carriers, and the signal transmitted
Yo = hooXo+hosXs+ Zs by thgjth transmitter over thd/[. carriers, respectlvely.
- H, ; is aM x M diagonal matrix whosenth diagonal
Yo = hoo(Xo+vX3)+ Zo 1)

entry represents the channel gain between transmjitter

The dependence on the symbol indeis dropped above and receivet corresponding to the:th subchannel. All

for convenience. Note that any achievable scheme ovdtannel gains are assumed to be non-zero and known
the original channel is also achievable over this geni@priori to all nodes. Messages, achievable rates, power
aided channel and therefore, the genie does not affect gstraints, capacity and degrees of freedom are defined
converse argument (See for examp|e [14]) NOW, Siné@ the usual manner as described in the preViOUS Section.
we started with an achievable coding scheme, recdiver Let C2" (SNR) denote the sum capacity of the inter-
can decodeX; reliably and therefore, cancel the effecference channel over the'" carrier and SNR, denote

of X; from Y; to obtain the total transmit power constraint over theé” carrier.

- The main question addressed in this correspondence is
= hpXethigXs+ 2 the following - Can the capacity (per carrier) of the
Vi = hioXo+vXs3)+ 244 (2) parallel interference channel be expressed as the sum of

. . ~ the capacities achieved by the constituent interference
Note that receiver? is able to decoddV, from Y5. P oy
channels over each carrier, i.e.,

Equations[(R) and{1) imply that by reducing the variance

of 7, sufficiently, we can ensure that; is a noisy 1 X (]

version ofY;. Therefore, in a channel with sufficiently Cs(SNR) - = M Z Cs " (SNRy) ®3)
reduced noise, we can ensure that receivean decode m=1

W, as well. Note that reducing noise can only increader some power allocation vector

the capacity of a channel and therefore the conver€8NR;, SNR;,...SNRy;) such that

argument is not affected. Thus, by reducing noise and M

with the aid of a genie (Figurgl 2(a)), we have ensured Z SNR,, < SNR ()
that any message which can be decoded at receiver -

m=1
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Fig. 2. The converse argument of Theorgn 1

The existence of a power vector satisfying the aboy
equations would imply that a capacity-optimal schem
is to code separately over each carrier with pows
SNR,, allocated to themth carrier. We will use the
result of Theoreni]1 to construct a parallel interferenc
channel where independent coding over its subchann
is suboptimal. Specifically, we construct a multi-carrie
interference channel where,

1) Interference alignment achieves 3/2 degrees
freedom so that the capacity of the channel i
3/210g(SNR)) + o(log(SNR)) per carrier.

2) Each subchannel has only degree of freedom
meaning that separate encoding over each carr
is suboptimal since it can only achieve a capacit ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
of log(SNR) + o(log(SNR)) per carrier. 6 4 -2 0 2 4 6 8 10 12 14

Power in dB

35

N
o
T

Joint encoding (achievable rate)

=
o N
T T

[N
T

Rate in bits/symbol (per carrier)

Separate encoding

051 (rate outerbound)

This is easily done as follows. Consider the case wheie

we have2 carriers, soM = 2. Let
Fig. 3. A comparison of the performance of joint coding versu

1 0 separate coding on the paralleluser interference channel
Hi,j O 1 :| ,VZ#],Z,]€{1,2,3} (5)
Hyo, = H;, = [ 10 } (6) Theorem 2: Parallel Gaussian interference channels
' ’ 0 -1 are in general, not separable. Equivalently, in general
-1 0 there do not exist coding schemes such that
H;s; = (7)
0 1 N
N — Co(SNR) = — > CE(SNR,,)
It can be easily verified that each subchannel in this E M ~ =

above channel satisfies the conditions of Theofém 1 v
so that ea(_:h subchannel h]a;j_egree of freedom. Fur_— Z SNR, < SNR

thermore, it can also be verified that by beamforming —=

messages along vectfir 1]7 at each user ensures thafhe above theorem clearly implies the sub-optimality
at all receivers, interference aligns alofig 1]7 . The of separate coding over each carrier of theuser
desired messages can be decoded along the zero-fordiigrference channel in general.

vector[1 — 1] at each receiver and thag2 degrees of  Figure[3 illustrates the suboptimality of separate cod-
freedom are achievable over this network. We now staitgg over each carrier in comparison with the interference
this result formally in a theorem. alignment based joint coding scheme for the channel



S1 =a1X1 +asXs+az3X3z+ 21

described in equation§](9)}(7). The outerbound for the

' Genie

rate achievable by separate encoding (plotted in Figure i o
@) is derived later in SectioR 1V (See examplein W —=% = W e, Wa
the referred section). Note that in Figlide 3 the separate Reduce noise

encoding outerbound isot limited to schemes that treat

. . . Wy — =X Yo— s W

interference as noise. The outerbound is for the sum of 2 2 2 2

the Shannon capacities of the interference channels over

each carrier, and thus allows arbitrary encoding/decoding R
W3 ——= X3 Y3 ——= W3

schemes, possibly including multi-user detection, with

the only restriction that independent data is sent through

separate codebooks over separate carriers. Thus Sepd:riaté' Multiple access outerbound for the classiaker interference
: ) ! hannel

encoding schemes that treat interference as noise rﬁ'a?/nne

perform much worse than the separate encoding outer-

on the other hand, is based on treating interference fgedom to unity. For example, if playerhas control of
noise and is only an innerbound on the rates achiey; , he can choose the channel co-efficient to be equal
able with joint encoding. Thus, even the simple joinfy hi.:h22 14 ensure that the channel has onlgegree
encoding scheme which uses Gaussian codebooks (§p%readom. Thus, in a constant single-carrier channel,
known to be optimal) and treats interference as NOiISfayer2 wins the game.

is able to achieve higher rates than could be achievedy,,, suppose the channel coefficients vary with time

with the best separate encoding schemes. Further, whilg '\ e have a parallel Gaussian channel. At each time
our counterexample is based on a degrees of freedgiant the players take turns to design the channel

argument which is meaningful only at high SNR, the plofqfficients according to the rules described above. Cor-
in Figure[3 shows that the capacity with joint enCOd'ngesponding to each sub-channel, plagehas control

can be substantially higher than with separate encodigfl gne of the channel co-efficients. In this case, player
even at moderate to low SNRs. Lastly, note that no Su_‘ﬁhcan kill the degrees of freedom of the individual

exgmple can be C(_)nstructed for the parallel Gaussigiychannels by using Theordih 1. However, player
point to p.omt, multiple access and broadgast chann%lﬁn wins the game sinca/2 degrees of freedom are
because in all those cases separate coding over eggchiayaple through the interference alignment scheme of
carrier is capacity-optimal foany channel realization. [12] which codes across all parallel channels. Thus, in
An interesting interpretation of the counterexamplthe time-varying case, playérwins the game.
presented above is the following. Consider a game thatNote that, it is important that us@rhas control ofif-
is played between two players. The players will pick théerent channel co-efficients ovadifferent sub-channels.
channel coefficient values for a (single-carriéruser If user 2 controls the same channel co-efficient of all
interference channel. Playerintends to maximize the the subchannels, it can, in fact, use Theofém 1 to Kkill
number of degrees of freedom of the channel. Pl&yerthe degrees of freedom of the channel. For example,
wants to minimize the number of degrees of freedom ebnsider the case where if usethas control of all the
the channel. In this game, playemoves first and player entries ofH; » over all subchannels, then it can choose
2 moves second. During his turn, playeis allowed to H; » = H; 3Hs o(Hz 3) 1.
select the values of all the channel coefficients. Pl&yer
can only change the value @fchannel coefficient after
the values have been chosen by playewhich channel
coefficient player is allowed to change is also decided In this section, we provide an interesting application
by player1. There is a constraint that all channel coef the result of Theoreni]l1l in the form of a class
efficients (diagonal terms of the channel matrix) musif outerbounds for the classical (single-carri@ruser
be non-zero. First, consider the constant interferencgerference channel. The outerbound argument goes as
channel. Note that [15] has already shown that there existlows. Consider any achievable coding scheme. Using
3 user channels with close /2 degrees of freedom. this coding scheme, receivércan decodé?;. Our aim
Therefore, in absence of play2r player1 can design is to enhance receivdrwith enough information so that
a channel that will achieve close /2 degrees of it can decoddV, andW; as well (see Figurgl4). Then
freedom. However, if playe can control any one of the the capacity region of the multiple access channel(MAC)
channel co-efficients, he can use the result of Theordormed by the three transmitters and the (enhanced)

IV. MULTIPLE ACCESS OUTERBOUNDS FOR THE
CAPACITY OF 3 USER INTERFERENCE CHANNEL



receiverl forms an outerbound for the capacity region othis class of outerbounds is loose from the perspective
the interference channel. The improvements to receivefr degrees of freedom. Using the Carliel's outerbounds
1 are described in the following steps on each of the two user channels contained within3the
1) To help receiveil decodelV; : Let a genie provide user interference channel obtains a degrees of freedom
receiverl with a S; = a; X1 + asXs + a3 X5+ Z; outerbound of3/2 (See [12], [18]). We now provide
whereZ; is an AWGN term independent 6f;,i = examples of this class of outerbounds.
1,2,3. Note that this side information effectively Example 1Here, we consider the interference channel
acts as an additional antenna at receiverThe formed on the first carrier of the parallel Gaussian
noise termZ; can possibly be correlated with otheiinterference channel described in Equatiofs [(5)-(7) in
noise variablesZ;,i = 1,2, 3. Now, receiverl can the previous section. In this channdl,; = 1,i #
linearly combine its received signal with its sidej, 4,7 € {1,2,3}. AlSO hq1 = hoy = 1, hg3 = —1. With
information to formU; = aY; + 3S; to form AWGN power at each receiver normalized to unity, the
another (noisy) linear combination of the codewordital transmit power at all the transmitters is defined as
X;,i = 1,2,3. o and 3 can be chosen such thatSNR. Consider any achievable coding scheme. Note that
the co-efficients ofX; and X, in U, satisfy the this channel already satisfies the conditions of Theorem
conditions of Theoreml 1. Note that if these channBl. Therefore, we do not need the aid of a genie. In
co-efficients already satisfy the condition[of 1, thefiact, both receiverl and receiver2 receive signals of
side information ofS; is not needed. Now, the proofthe form X, + X; + X3 + Z where Z is an AWGN
of Theoren{lL implies that by sufficiently reducingerm of unit variance. Therefore, any message that can
the noise at receivelr, we can ensure that receiveibe decoded at receiv@rcan also be decoded at receiver
1 decodedV, as well. Thus, with the aid of a geniel (and vice-versa). Receiver can hence decod#.
and possibly reducing the noise, we have ensuré&dirthermore, receiver can computeX; + X, —Y; =
that receiverl can decodgV,. Note that neither h31X1 + hz2X2 + h33X3 — Z;. Since (=Z;) is a
the genie information, nor the reduction of noiséWGN term having the variance as;, receiverl can
reduce the capacity of this channel and therefoftecodelVs without requiring any noise reduction. Thus,
do not affect the outerbound argument. the capacity region of this channel is bounded by the
2) To help receiverl decodeWs : Receiverl, en- capacity region of the multiple access channel formed at
hanced as described in the previous step, can ne@ceiverl. The sum-capacity of this interference channel
decodelV; and W,. We can now choose, 3,7 is therefore bounded by

such that Cs < 1/2log(1+ SNR)

Vi = aX,+[BX;+7Y, _ .. .
o It can be easily verified that the sum-capacity of the
= hs1X1+ha2Xo + hy3Xs + 525 interference channel corresponding to the second carrier
Note that receivel can formV;. We useYll and of the parallel channel described by Equationis [5)-(7)
Z, above rather thal; and Z; since the previous can also be bounded as above.
step involves reducing the noise at receivier =~ Example 2:Consider theperfectly symmetri@ user
Statistically,V; differs fromY; only in the variance interference channel wherk;; = 1vi = 1,2,3 and
of the noise term. Therefore, by further reducing thé:; = h > 1,¥i # j,4,j € {1,2,3}. Also, let the total
noise if required, receiver can also decodd’s;. As transmit power be equal to SNR. Since the channel does
in the previous step, it is important to note that theot satisfy the conditions of Theordth 1, a genie provides
reduction of noise does not affect the outerbouni@ceiverl with information ofS; = a1 X1+ (1 —h) X2+
argument Xs+7; whereZ; is ani.i.d AWGN term correlated with
Steps1 and 2 above imply that the capacity regionZ: such thatt |(Z; +Z1)2)} = 1. Note that since we
of the 3 user Gaussian interference channel is outestarted with an achievable coding scheme, recedivaan
bounded by the capacity region of the single-inputiecodel¥; using information fromY;. Receiverl can
multiple-output (SIMO) Gaussian MAC which receiversubtract the effect oX; from S; andY; and to obtain
S; on one antenna and a reduced-noise versioi;of S; = (1-h)Xs + Z; andY; = hXs+ hX3+ Z;. Now
on the other. This class of bounds can be optimizedceiverl can now decodeXs from U;hX; + Y; + 5
over a;,i = 1,2,3 and the statistics ofZ;. Further, since itis of the forrThX1+X2+hX3+Z; whereZ; is
similar outerbounds can be found by enhancing receivearAWGN term with unit variance. Now that receivers
2 or receiver3 rather than receivet. Note that, since aware ofX; and X5, it can add appropriate terms 1§
a MAC with two antennas hag degrees of freedom, to formV; = h(hX;+hXo+ X35)+ Z;. Sinceh > 1, Y3



is a degraded version df; which implies that receiver on interference alignment which is only known to be
1 can decoddV; as well. Thus, all rates achievable inrelevant for interference channels withor more users,
this interference channel, are achievable in the singlee have not shown that the2 user parallel Gaussian
input-multiple-output (SIMO) multiple access channehterference channel is inseparable. It is interesting to
with 3 single antenna nodes respectively transmittingote that the2 user interference channel is separable
X1, X5, X3 and a two-antenna node receivilig along under strong interference [11].

the first antenna and; along the second. Thus, the The inseparability of the interference channel may
capacity region of this multiple access channel is dmve interesting implications, especially for the existen
outer-bound for the capacity of the interference channei single-letter capacity characterizations for intesfeze
Furthermore, parametegs andZ; are parameters which channels. From a practical perspective, it prompts a
can be used for optimization. So, for example, weloser look at the performance of separate encoding
can bound the sum-capacitys(SNR) of the 3 user versus joint coding schemes in parallel Gaussian inter-

interference channel by

Cx(SNR) < % min Cwac(p, a1, Z1)
(a17 Zl)
E [(z1 n 21)2} <1 [1]
Zl ~ N(O, 0'2)
where [2]

K, + SNRHHT|

Cwac(SNR a1, Z;) = log K,

(3]

|A| indicates the detereminant of matéx K, indicates
the covariance matrix corresponding to noise vectoi]
[Zl Zl]T and

1 h
aq (1 — h)

V. CONCLUSION

h

H 0

(5]

We constructed & user interference channel with [6]
constant (i.e., not frequency-selective or time-varying)
channel coefficients such that it haglegree of freedom.
Furthermore, we provided a mult-carrier extension of’]
this channel such that separate coding over each carrier
can only achieve sum ratlbg(SNR) + o(log(SNR))  [g]
per carrier, while the actual capacitydg2 log(SNR) +
o(log(SNR)) which can be achieved only through cod-
ing across carriers. The result implies that, in generalg)
independent coding over the various channel states of
the parallel Gaussian interference channel is not capacity
optimal. Thus, unlike parallel Gaussian point to poinf;g)
multiple access and broadcast channels, parallel Gaus-
sian interference channels are, in general, not separaﬁ(f].
The key is that even though interference alignment
may not be possible over each carrier, it may still bg2]
accomplished by coding across carriers.

An interesting question that remains open is the sefy
arability of parallel Gaussian interference channels for
two users. The counterexample provided in this wor
applies to the3 user scenario and by simple extensio
to K > 3 users. However, since our examples rely

14]

ference channels.
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