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Abstract—In this paper we investigate the degrees of freedom
of layered two unicast Gaussian networks with destination-to-
source feedback. The feedback model allows the destinations
to feedback their received signals to their respective sources
perfectly. Based upon the non-feedback degrees-of-freedom result
by Shomorony and Avestimehr [1], we show that in general,
feedback enlarges the degrees of freedom region for two unicast
layered Gaussian networks. This is the first case in literature
where feedback can provide a degrees-of-freedom gain in multi-
user interference networks.

I. INTRODUCTION

The role of feedback in multi-user networks has received
great attention in recent years. For Gaussian networks with
constant channel coefficients, it is shown in [2] that, in
contrast to the case of point-to-point channels, multiple access
channels, and broadcast channels, feedback can provide an
unbounded capacity gain in two-user interference channels.
This is the first Gaussian channel reported in literature where
feedback can provide unbounded capacity gain. Such a gain
can be viewed as a generalized degrees of freedom [3] gain.

Channel output feedback in single-hop interference channels
with constant channel coefficients has been studied for two-
user interference channels [4] [2] [5] and K -user interference
channels [6]. In single-hop interference networks, feedback
provides an efficient way to exploit interference received at
destinations as useful side information. Notably, among the
known results in literature, however, feedback does not provide
gain in the degrees of freedom compared to the non-feedback
case for generic channel coefficients!.

With a good understanding on the role of feedback in
single-hop multi-user networks, one of the natural follow-
up questions is whether or not this understanding extends
to networks with an arbitrary number of nodes and arbitrary
connectivity. In particular, can feedback provide a gain in
degrees of freedom in general multi-hop networks? In this
paper we make a step towards answering the former question
by studying the layered two unicast Gaussian networks with
single-antenna full-duplex terminals. Furthermore, we answer
the latter question in the positive, that feedback can increase
the degrees of freedom in two unicast Gaussian networks.
This class of networks was studied in [1] when feedback is

1[6] provided examples of three-user interference channels with specific
integer channel coefficients where feedback can increase the degrees of
freedom, but not for generic channel coefficients
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not available. The non-feedback degrees of freedom (DoF)
region is completely characterized in [1]. As a result, the class
of layered two unicast Gaussian networks can be partitioned
into five different categories according to their DoF regions:
{%,%12,%21,B, S}, as shown in Fig. 1.

Our main result is that, when feedback is available from
the destinations to their respective sources, it helps increase
the DoF region to the pentagon region ‘B3 for networks with
the non-feedback DoF region %15 or ¥5;. To the best of
our knowledge, this is the first instance where feedback can
increase the degrees of freedom. However, the DoF region
cannot go beyond to the pentagon region ‘f, and hence there
is no increase in the sum DoF. On the other hand, compared
to the characterization of the non-feedback DoF region where
bounds on 2dy + dy or dy + 2ds are active ((di,ds) is the
achievable DoF pair), here these bounds are no longer active
in characterizing the feedback DoF region. Therefore feedback
helps balance the resource utilization among different users,
and the role of feedback is similar to that in the two-user
interference channel [2].

For the achievability, we provide a coding scheme that ex-
ploits feedback for utilizing side information at destinations for
networks with non-feedback DoF region %15 (or T91), so that
the DoF pair (1,1/2) (or (1/2,1)) is achievable. Interestingly,
using only the feedback from destination 2 to source 2 suffices
to achieve (1,1/2), and symmetrically, the feedback from
destination 1 to source 1 solely suffices to achieve (1/2,1).
The scheme is essentially the same as that in a class of linear
deterministic networks considered in the previous work [7].
For the outer bounds, we generalize the proof of the linear
deterministic outer bounds [7] by introducing new functional
relations and genie-aided techniques to deal with additive
Gaussian noise terms, and show that the sum DoF outer bounds
still hold with the presence of feedback. The converse proof
for the Gaussian case is the main contribution of this paper.

The rest of the paper is organized as follows. In Section II,
we formulate the problem and define the network model. In
Section III, we introduce an example network on which we
focus throughout this conference paper and present our main
result: feedback can enlarge its DoF region from T to .
The achievability proof is presented in Section IV, and the
converse proof is detailed in Section V. Finally Section VI
concludes the paper with a few remarks on general layered
two unicast Gaussian networks.
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Fig. 1.

II. PROBLEM FORMULATION

A two-source-two-destination layered network G = (V,€)
is a collection of nodes V that can be partitioned into L + 2
layers (L > 0):

L+1

V=|JLe, LinL;#0, Vk#j,

k=0
such that for any edge (u,v) € £, 3k, 0 <k < L st.u¢€
Li,v € Li11. The first layer Lo = {s1,s2} consists of the
two source nodes, and the last layer £7,,1 = {d1,d2} consists
of the two destination nodes. Without loss of generality we
assume each node in the network can be reached by at least
one of the source nodes and can reach at least one of the
destination nodes. For each node v € V' \ {s1,s2}, we define
nodes that can reach v as its predecessors. Let P(v) denote
the set of predecessors that can reach v in one step. We will
call the nodes in P(v) as the parents of v.

Each source s;, © = 1,2, has its own message W, to be
transmitted to its own destination d; at rate R;, and {W1, W5}
are independent. Let X,[t] € R and Y,[t] € R denote
the transmitted and received signals of node u at time ¢
respectively. Due to the causal processing at each node, for
any t > 1,

o Xi,|[t] is a function of (WZ-,Yd(it_l)), fori=1,2

e X,[t] is a function of Y forue v \ {s1,s2}.

The notation X* := {X[1],...,X[t]} for any ¢ > 1 and
X0:=0.

Note that in the above formulation, we do not include the
feedback links from the destinations to their respective sources
into the graph G. Hence, throughout this paper, any graph
theoretic properties and conditions are associated to the graph
G itself, not including the feedback links.

For each edge (u,v) € &, the associated channel coefficient
is given by hy,, € R, where the channel coefficients are
drawn from a continuous distribution, i.i.d. over all edges
€. Recall that X,[t] and Y,[t] denote the transmission and
reception of node u respectively. The reception of a node is
the superposition of the transmission of its parents along with
an additive white Gaussian noise:

Yot = Y hwXult] + Zut],
ueP(v)

where the noise Z,[t] ~ N(0,0?) is ii.d. over time and V.
Each node has the same power constraint P.

4 4 dy

DoF Regions for Two Unicast Gaussian Network. Without Feedback: {T, T12, T21,B, &} [1]. With Feedback:{%T, 3, 5}.

We are mainly interested in the high-SNR approximate
capacity region, namely, the collection of achievable degrees
of freedom (DoF). For user 7,7 = 1,2, its achievable DoF is
defined as

R;
d; = lim ————~
VoPoeeglog (14 )
where (R, R2) lies in the capacity region of the two unicast
network.

III. MAIN RESULT

S uy uy dq
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Fig. 2. A Network with Non-Feedback DoF T12 and Feedback DoF B

In this conference paper, we shall focus on an example
network depicted in Fig. 2 for simplicity of presentation. It
is not hard to verify that the non-feedback DoF region of this
network is T1o, which can be done by either using the result in
[1] or directly proving it (we will re-derive the non-feedback
result for this network later in Section IV and Section V). Our
main result pertains to the degrees of freedom region when
destination-to-source feedback is available.

Theorem 3.1 (Feedback Increases Degrees of Freedom):
With destination-to-source feedback, the degrees of freedom
region is enlarged from %15 to B3, where

Tig :={(d1,d2) : dy 20,0 < dy <1,2d; +dy < 2}

‘B = {(dl,dg) :0 S d1 S 1,0 S dg S 1,2d1 —|—2d2 S 3}
Moreover, using only the feedback from ds to sy suffices to
achieve the feedback DoF region ‘3.

IV. ACHIEVABILITY

We first argue that without feedback, degrees of freedom
pairs (dy,d2) that lie in the region T2 can be achieved. We
then show that with feedback, DoF (1,1/2) can be achieved
and hence so can the region 3.
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It is trivial to see that DoF (1,0) and (0,1) are achievable
since s; can reach d; and sy can reach d,. To achieve DoF
(1/2,1), we would like to deliver one real symbol {a} from
s; to di and two real symbols {b1,by} from so to do over
two time slots. See Fig. 3 for an illustration. At the first
time slot, each node transmits what it receives except the
node ug, with s; transmitting a and se transmitting b;. The
node ug keeps silent at the first time slot. Hence d; receives
a linear combination of {a,b;}, while do receives b;. At
the second time slot, each node simply forwards its received
signal except the node ug, with s; transmitting nothing and se
transmitting bo. The node us transmits its received signal at
the first time slot (a scaled version of b1). Hence d; receives a
scaled version of by, while ds receives a linear combination of
{b1,b2}. Destination d; can now decode a by first decoding
interference by from the reception of the second time slot and
then canceling b; from the reception of the first time slot.
Destination dy can decode b; from the reception of the first
time slot and hence by from the reception of the second time
slot. DoF (dy,d2) = (1/2,1) is achieved.

L1 (CL., })1) bl

s1 a u a Uy di 51 ug Uy di
O o O OO
Li(a,b1) by
uzbl us bl U2b1 5 bl
D> D>
2(b1,b2)
by b by by by

@ Xoeq, 9 GG,

(a) Time Slot 1 (b) Time Slot 2

Fig. 3. A Scheme Achieving (1/2,1) without feedback. L1 (a,b1) and
Lo(b1,b2) denote linear combinations of {a, b1} and {b1, b2} respectively.

When feedback is available, the scheme is similar to that
proposed in the linear deterministic two unicast networks with
feedback [7]. See Fig. 4 for an illustration. We aim to deliver
two real symbols {a1,as} from s; to d; and one real symbol
{b} from sy to do over two time slots. At the first time slot,
each node transmits what it receives except the node uy, with
s1 transmitting a; and so transmitting b. The node us keeps
silent at the first time slot. Hence d; receives a scaled version
of a1, while dy receives a linear combination of {a1,b}. At
the second time slot, using the feedback from ds, the source
so obtains a;. At this time slot, each node simply forwards
its received signal except the node ug, with s; transmitting ag
and sy transmitting a;. The node ug keeps silent at the second
time slot. Hence d; receives a linear combination of {a,as},
while dy receives a scaled version of aj. Destination d; can
decode a; from the reception of the first time slot and hence
ay from the reception of the second time slot. Destination ds
can now decode b by first decoding interference a; from the
reception of the second time slot and then canceling a; from
the reception of the first time slot. DoF (dq,ds2) = (1,1/2) is
achieved.

From the above discussion, we prove that using only d»-to-
so feedback, one can achieve DoF region ‘.

s A up ap ug ar di s uy uy di

sag o O O—9 O

Ly (a1, az)

u>2< u e}’uz us
ay ay

b b \ Ly(ai1,b) a/ a

9 tr{ @ \Dé @ QQ S5 - u3 >ng 92
{ Ll((ll b) !

(a) Time Slot 1 (b) Time Slot 2

Fig. 4. A Scheme Achieving (1,1/2) with feedback. L2(ai,b) and
Ls(a1, a2) denote linear combinations of {a1, b} and {a1, as} respectively.

V. CONVERSE PROOF

The converse part of the theorem is a non-trivial extension
of the converse proof in the linear deterministic case [7]. The
main difficulty is due to additive Gaussian noise terms in
the intermediate nodes, making the Markov relations (that are
essential to the proof) complicated.

Below, we provide two key lemmas that immediately prove
the DoF outer bound 2d; + 2d> < 3.

Lemma 5.1: For any achievable rate pairs (R, Rz) and
block length IV,

N(2R1 + R2 — El,N)
1
< 2N <210gP) +1 (I/VlgZé\][,uhu‘“)/u2 us) T 0 (log P)

where €; ;v — 0 as N — oo.
Lemma 5.2: For any achievable rate pairs Ry and block
length N,

N (Ry — 627N) +1 (Wl; Zé\{yulylhl’ KJIzVU3)
1
<N (QIOgP) + o (log P)

where €2 ;v — 0 as N — oo.

If there were no feedback from destinations to the respec-
tive sources, since YUZ;’ us 18 independent of Wi, the term
1 (VVl7 vy uS) = 0. Using Lemma 5.1, we have for
any achievable (R1, Ra2), limp_, 510“}32 < 2 and hence the
DoF outer bound 2d; +ds < 2. This recovers the non-feedback
DoF result [1].

On the other hand if feedback is available, in general
the term I (Wl, i u4,Yu];7ui) > 0. Instead, we further
bound Ry using Lemma 5.2 and combine it with the bound
on 2R; + Ry in Lemma 5.1 to show that for any achievable
(R1, Ra), limp_,oo 22212 < 3 and hence 2d; + 2dp < 3.
This completes the converse proof.

The high-level idea of the proof of these lemmas goes as
follows. One key to the proof, as mentioned in the determinis-
tic case [7], is to deal with the input and output signals at a few
“critical” nodes that are in the middle layers of the network
rather than those at the source and destination nodes which
may be far apart. In the deterministic case, this can be done
by using the functional relations induced by the structure of the

dq,uq,uy?
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graph. In the Gaussian case, however, we will have to deal with
the leftover additive Gaussian noise. Therefore in subsequent
derivations, we first use genie-aided techniques to provide
side information from which the transmitted signals from
the parents of d; (or d3) can be generated. After removing
the transmitted signals from the parents, only the additive
noise Zj\li (or Zj\; ), which provides zero DoF, is left. Next
we let the genie provide more side information to facilitate
recombination and cancellation of terms. Finally, we evaluate
the DoF upper bound for each differential entropy terms to
complete the proof.

The rest of this section is devoted to the proof of Lemma 5.1
and Lemma 5.2.

A. Proof of Lemma 5.1

We begin with a few notations to facilitate the discussion.

o For a link (u,v) € &, define Xy, := hyX, + Z,.

o For notational convenience, for a set of nodes A, X 4
denotes the collection of random variables { X, : a € A}.
In the context of no confusion, in the subscript we drop
the big parentheses of A.

« AL B denotes “A is a function of B”

By Fano’s inequality, for any achievable rate pair (R;, Rs),

N(2R1 + R2 — 61’1\[)
ST(WiY{Y) +1 (Was Ya)) +1 (Wi YY),
where €; v — 0 as N — oo.
As mentioned before, we would like to use genie-aided
techniques to remove the transmitted signals from the parents

of d; and ds. Using data processing inequality, we upper
bound the three terms as follows:

I(WyYdY) < I(Wl;chquJ

. 7N
+1 (WQ’ Zdz,ulyus,dﬂyrus»ue’ XU2|U4)
. 7N
+I(W17Zd1,d2,u17U3’YU XU2|U47 us\us WQ)

@ 7

(VVthl uuYN)
+1 (W2§Zd2,U1,U37d1’
+ I (lezé\j da2,uy,u3?

YY) = (2

YN

us,ug?

N
XU2|U4)

XN

LI2|U47

YN Wl)

N
K’E»“G’ U3\U6

:h(Zé\llul’

uy
+ h (Zd2 uj,us,di?
—h (ng,ul,U3,d1’
+ h (Zcﬁ,dz,ul,ug ’ KJIL’Y;UN

N
—h (Zdhdz,ulyu:s’yru U(>7X

ug

XUQ\M)
Wg)
XN

A

us,ug’?

N
Y—ud,u(ﬂ ug\U4

XN

UQ‘U47

U3|U6

U3|U(>

N
d1 ui?

uzfug
=h (Zd]\ll7ul’)/ll]j) +h (Zdz,UB’ )/U]:NG
+n (2

N
—h do,uq,uz,d1?
N
+h (2

WQ)
XN

N
us,Ue?

YN

us,ug’?

U2|U4

XN

,d2,ug,uz? uzlug?

1 (28 s Yoo X
= 0 (23] V) + 0 (230, Y
+ [0 (23
(X0 | W2, 28
—h (Zdl,d2,u1,u3,

Here (a) holds since {W3, W5} are independent.

U3|U(‘,

U3|U(>

vy
da,uq,us’ ~us,ug?

XN

N
}/U5 ug?

XN

Ug‘u4’ Ll3|IJ6

")

Wg)
Wi, WQ)

N

U2‘U4

)+ h (Zdl o X00)]

)

)
Wi, W)
zy, u1>XuZ\U4>
)+ h (20 X0

XUQ\M)
W17W2)

i)

To this end, we observe that to combine the terms

: vN
LW ¥e, ) =1 (W% dwsvu]@) ~h (23 Y |W) 0 (280, XD, )] it desired to
<T(Was 23, Y L) s ’ ’
< ( 2 d; 55 e) have h (Zé\lf s ) = h (Zé\lf s XLJJZ|U4 Wl). Hence,
1 (WY, <I(W;Y XN XN ) o ’
(Wi¥a) < b T diuer Fulugr Suslus we manipulate the term h (Zé\lf 0 as follows to
<I (Wl; zy YN xN Xlﬁwﬁ) ) proceed:

ug ? “ugfug?

The above upper bounds for the three terms are due to the
following functional relations:
v,

XN) = (2

N f N N f N
XUs_Yus’ XUG_YUG'

A
:
C

= £

(7

)

v h (zdl,ul GRS

us|ug>

xNLy~vE(xN 20D,y - 1>)
uy ug uzfug? ualug? di,uy
X““”)

~
I
—

—
=
=

Z(f 1)

NE

h (Zdl,ul (1], X o [t )Wl,

Next, we provide more genie-aided side information to p diur
facilitate recombination and cancellation of terms to proceed o N N
further. =h (Zdl,ul’XU2\U4 Wl) :
N@2Ri+ Ry — e1,n) Here (b) is due to the fact that
. N
<1 (Wl’Zd1’YU4) +1 (WQ’Zdz’ us, Ue) Xltj ; (X(t 1) Z(t 1)) (W Y(t 2) Z(t 1))
1
1 (Wl;zdl,y% ,Xu2|u4,Xﬁ‘u6>
£ (Wl y(t=3) 7(t=2) Z(tq))_
S I(Wl;Zé\i'—ll’Y'U]Z) ’» fuy s “dy » “uy
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Therefore, we have
N(2R1 + R2 — €1 N)
<h (Zdl Ul’YN) +h (Zé\zl,uw }/UI'VUG Zdl Ul’XU2\U4)
Wl) +h (Zd1 u17Xuz\U4>i|
N
K’57U6’XU2‘U4)

u3|u<> W1,W2)

N N
Zdhul ’ XU2\U4>

uzfus

[ (22 X2
+h(
—h (Zdl-,dZaulyu.‘i’Y X

us,ug?

us|ug W, Zd1>d2,U1>U3’

uzjug

=h (Zd]\ll7u1’)/ujj) +h (Zd27u3’ Yo

us,Ue

+1 (Wthl upXU2\”4)
+h(

N
—h (Zdl,dmul,us Y

us,ug’

us|ue da,uy,uz? T us,ue? “ruzfus

Wa, 2 Y uo X

xN XN

Wy, Wz)

U3|U6

Zd1 up? XU2|U4)

uz\u4’

(c)
< h (Zé\lj,ulvylljj) + h (Zé\;,us’m]:”ﬁ
+ I (Wl; Zdl ,uq,ug? YIJJ;],U3>
_|_h( WQaZdl d2’ul_’u3a)/ujg,u6’XU2‘U4)

—h (ZdladQ»UhUB ) Y e Xy Wi, WQ)

us,Ue?

U3‘u6

U2‘U4’ U3|U6

Here (c) is due to the fact that XV " s (Zﬁ YY) and that
the extra genie-aided side 1nf0rrnat10n Yu]: is added.

We prove the following claim regarding the DoF for the dif-
ferential entropy terms in the above upper bound to complete
the proof of Lemma 5.1.

Claim 5.1:

h (ZC]X,LU }/UIZ)
lim —— 0" <N
P—oo *IOgP

h(ZéZu YN Zy L xy )
A : ;16 2 2/ < N

h( d1 do,uq,u3? u]rvustd\Q]‘u‘l)
Plgnoo Tloa P <0

3 108
N N N
lim " (Zdl’d2’ul’u37YUS’”G’Xuz\uA; u3|ue WhWQ) <0
P—oco %logP <
Proof:

(1) Since i.i.d. Gaussian input maximizes differential entropy
of a random vector,

M (Zay s Yai) S 0 (Zayay) + 1 (V)

N 2 4
< Elog{(%re) o }

+ glog {(2776) |:(|hU4u1| + |h”4”2|)2 P+ 02} } ’

h(Zdl up’ U4)

1logP <N

Hence limp_, o

(2) We use the intuition that Y, and XY \, are roughly the
same. By the fact the conditioning reduces differential entropy

and ii.d. Gaussian input maximizes conditional differential
entropy,

Us,Ue

B (280 Y

Zd1 ug? XU2|U4)

< h (YVUJ(:[> +h (Zdz,ug) +h (

U2|LI4)

< 5108 {(276) [(agur |+ ragus)* P+ 7]}

N

2

N (|h‘U5U2|2+ ‘hU4U2| )PU + ot
— 1 2

9 Og{( ’/Te) | U4U2‘2P+0-2

N N N N
. h(deus’Yus:"G Zay ’XHQ\M)
Hence limp_, < N.

%logP
(3) Since
N i N Ny f N N\ f N N
X - (XS2’Z ) = (W2’Y;jz ’Zus) = (W271/U UG’ZUS’dQ)’
we have
N N
h( usz|ug W2’2d1 ,da,u1,ug? U5,UG’XU2\u4>
N
<h ( uzlug WQ’ZdQ ug? YIJs UG)
N N
( uzlue VV2’Zd2,L13’)/Ur UG’XU3)
N N
( Zd2 ug’K.l5 U67XU3)
<h(Z, ) = — 10g(27re)
. h(Xng\UG Wz’Zé\lrvd%Ulv“s’Yulsvvus’X\g\“4>
Hence limp_, o <0.

%logP

(4) The last one requires using chain rule to expand the term
into a series in time.

N N N
h (Zd17d27U17U3’YU57U6’XU2|U47 WI’W2>

h <Zd1,d2,u1,u3 (t],Yug ug [t],

Xu2\u4 [t]: ug|ug [t]

us|ue

(t—1)
Wi, Wa, 25 a5 iy ug )

I
M=

Y(t U,X(t 1),X<t 1)
us,ug uglug "“Tuglug

/—\
o
=
o
Il
-

M=

Y(r 1) X(t 1) X(t 1)

h Zd1d2 uq, u;[t] us u6[]
Xuglug [t1:Xugug [t] uglug "z ug
Xu1 ug ug [t]

—1
Wi Wa, 2500 )

(t—1)
WI’WQ’Zdl da,u,u3’ >
)

o~
Il
—

I
hE

h <Zd1 . g s g 11| Y000 x (D x (D)

ugfug " uglug
t=1 Xu1 ug,ug [t]
N
() N
= Z h (Zd1,d27u17U37U47U57U6 [t]) = 5 10g(27T6)7014.

~
Il
—

Here (d) is due to the fact that conditioning reduces differential
entropy, and (e) is due to the fact that the additive noises at
time ¢ are independent of the messages (W1, W), any recep-
tion up to time ¢ — 1, and any transmission up to time ¢t. Hence

N N N N
7h(Zdl’d%“lvuli’Y“5f“67X”2|”4’X“3‘”6 W1, Ws
limp_s o0 Tiog P <0. u
2
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B. Proof of Lemma 5.2

By Fano’s inequality and data processing inequality,
N (Ry—ean) < I (Wa; YY)

< 1 (Wi Yy 20

us,Ue,U1,Us,d1

Wl) )

uz,uz’

where €, N — 0 as N — oo. Combining with the term
N
(W1, . thYu2 u3>, we have

N (R2 - EQ,N) +1 (WU Zﬁ,ul,uuyu];/us,)

S I (W27 }/;j];],uz,ua’ Zl]l\sf7U67U1aU47d1 Wl)
+1 (Wﬁ Zé\lj,ul,uy Y:JJ;],US)

= (2 o Vi) + 1 (V)

Wl’Zd]\LUly YN )

Ug? ~U2,u3

W N N
up,ug? 1’Zd1,U1,U4,U5,U6’}/LI2,U3

+h<ZN

Us,Ue

N N
—h (}/‘127U2,U37Z dq

Us,Ue,U1,U4q,

Wl,WQ) .

We need to prove a second claim regarding the DoF of the
above differential entropy terms to conclude the proof.
Claim 5.2:

N
h (Zd17U1,U4’YU2 Us) <N

lim <
P—oc0 = logP

. ( ‘Wl’ d1,u1,uq,us UG’KJJZVvUS)

lim T <0
P—oo 5 log P

. h (lelv ug W17Zd1\1/7U1, ug? YUJ;[uLv,)

lim I <0
P—o0 5 log P

. —h (Y;ijj,umus’ Zlf\f{yu6;u1-,u47d1 Wl’ WQ)
lim T <0
P—oo 5 log P

Proof: The third and the last item can be proved using
techniques similar to that in Claim 5.1 and hence we omit the
proof.

(1) Since i.i.d. Gaussian input maximizes differential entropy
of a random vector,

h(Zy

di,ug,ug0

w}fu];]w,) < h (Zd1 up, u4) + h( U2,U3)

< g log { (2me)®o°}

N
+ b} log {(27"6)2 [(lhu252‘2 + |hU352‘2) Po® + 0'4] } :

M<N.

Hence limp_, Tog P

(2) First observe the following:

N £ N N i N N N

us,ug ( ui,uz,us? Us us) - (XU1’Y:J27U3’ZU5»UG)7
N f

Xu1 - (Zu 7W17

1=

f N-1
) = ( 1,d1, U47W17XL51 us ))
N—

2

(Zul di,us’ W, S )) (Zu1 ,d1,ug0 Wl?KJ];]) :

Hence XY = = (Wl,YLl2 "z ZﬁvUG_’uh%dl), and
h <}/;1]2\] Wl’ Zd]\1[7U1 ,Uq,Us5,U6 7 YU]X%)
=h (Y:iJ;[ Wl’ Zé\j,”l-,“éla“Sy'—'G’ YLJ;[,UN XL]I\!Z#G)
=h (Zé\zi Wl’ Zé\lr,ul,umus-,uzs’ Kl]’i”S’ le\;UG)
<h(z})= glog(%re)a2

h

N N
Zdl.ul ,u4,u5,u67Yu2,u3)

%logP <0. u

Therefore limp_, oo

VI. CONCLUDING REMARKS

In this paper we characterize the feedback degrees of
freedom region of an example network. The non-feedback
degrees of freedom region is T4, while using a simple coding
scheme, the degrees of freedom region B3 can be achieved with
feedback. We also develop the matching sum DoF outer bound.
In our knowledge, this is the first instance where feedback
can increase the degrees of freedom in Gaussian interference
networks with generic channel coefficients. However, feedback
does not increase the sum DoF.

For general layered two unicast Gaussian networks, we
further characterize the feedback degrees of freedom region. It
turns out that when feedback is available from the destinations
to their respective sources, it helps increase the degrees of
freedom region if and only if the non-feedback DoF region
of the network is %12 or To1, and the feedback DoF region
is the pentagon region . If the non-feedback DoF region
is T, B, or G, feedback does not help increase the degrees
of freedom. The complete characterization will appear in an
extended version of this conference paper.

ACKNOWLEDGEMENT

The work of I-Hsiang Wang was supported by EU project
CONECT FP7-ICT-2009-257616.

REFERENCES

[1] I. Shomorony and A. S. Avestimehr, “Two-unicast wireless networks:
Characterizing the degrees-of-freedom,” Submitted to IEEE Transactions
on Information Theory, March 2011, http://arxiv.org/abs/1102.2498.

[2] C.Suhand D. N. C. Tse, “Feedback capacity of the Gaussian interference
channel to within 2 bits,” IEEE Transactions on Information Theory,
vol. 57, pp. 2667-2685, May 2011.

[3] R. Etkin, D. N. C. Tse, and H. Wang, “Gaussian interference channel
capacity to within one bit,” IEEE Transactions on Information Theory,
vol. 54, pp. 5534-5562, December 2008.

[4] G. Kramer, “Feedback strategies for white Gaussian interference net-
works,” IEEE Transactions on Information Theory, vol. 48, pp. 1423—
1438, June 2002.

[5] C. Suh, “Degrees-of-freedom region of the two-user Gaussian MIMO
interference channel with feedback,” Unpublished Note, July 2012, http:
/lsites.google.com/site/changhosuh/fdof_MIMOIC.pdf.

[6] D. S. Papailiopoulos, C. Suh, and A. G. Dimakis, “Feedback in the K-
user interference channel,” Proceedings of IEEE International Symposium
on Information Theory, pp. 3140-3144, July 2012.

[7] 1.-H. Wang, “On two unicast wireless networks with destination-to-source
feedback,” Proceedings of IEEE International Symposium on Information
Theory, pp. 4145, July 2012.

1855



