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Abstract—We explore the benefit of feedback for physical
layer interference management in wireless networks without
centralized upper layer control mechanisms. Lack of coordination
in the upper layer could make the interference experienced in the
physical layer bursty. To understand how to harness such bursti-
ness with feedback, we investigate a two-user bursty interference
channel (IC), where the presence of interference is governed by a
Bernoulli random state. We completely characterize the capacity
region of the symmetric two-user linear deterministic bursty IC
with feedback. The proposed two-phase scheme exploits feedback
either for refining the previous interfered reception or for relay-
ing additional information to the legitimate receiver of the other
user. Matching outer bounds are derived by novel techniques
that take the effect of delayed state information into account.
We also use insights from the deterministic case to characterize
the approximate symmetric capacity for the symmetric Gaussian
bursty IC with feedback in the weak interference regime.

I. INTRODUCTION

Interference has become the major barrier against efficient
utilization of limited spectrum in modern wireless networks.
For wireless networks, the simplest information theoretic
model for studying interference is the two-user Gaussian
interference channel (IC), in which it is assumed that the trans-
mitted signal from one transmitter always interferes with the
receiver of the other user. Under this potentially conservative
modeling assumption, the capacity region is characterized to
within 1 bit/s/Hz [1], which sheds light on how to manage
interference in the high SNR regime.

In many realistic scenarios, however, interference could
be bursty owing to the distributed medium access control
mechanisms and/or the decentralized networking protocols
across different users. For example, consider an OFDM-based
wireless system, where two neighboring access points (AP’s)
lack coordination in allocation of subcarriers to the users they
serve. Since each cell has full frequency reuse, from time to
time a cell-boundary user served by one AP is faced with
interference caused by some other cell-boundary user served
by the other AP. If these two AP’s allocate the same frequency
band to the users they serve, they form an interference channel.
If not, they form two point-to-point interference-free links.

Hence in the physical layer, it may be too pessimistic
to assume that interference is always present. In principle
harnessing such burstiness could increase users’ data rates.
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A natural way to harness such burstiness is the degraded-
message-set approach proposed in [2], where an opportunistic
message can be decoded in addition to the original message
when the interference is not present. The degraded-message-
set approach does not require any feedback from the receivers.
In most wireless systems, however, feedback is an available
resource and potentially can be utilized to manage interference
and/or exploit the burstiness. For managing interference, it is
shown that feedback can provide an unbounded gain in capac-
ity for the non-bursty interference channel [3]. For exploiting
the burstiness of interference, one could in principle exploit
its temporal correlation to predict the presence of interference
beforehand by using feedback, and opportunistically increase
the overall throughput. However, when the burstiness is mem-
oryless, it is not clear how feedback can help at the first glance.

In this work, we study the benefit of feedback for managing
bursty interference. We focus on the linear deterministic model
[4] of a simple two-user bursty Gaussian interference channel,
where an i.i.d. Bernoulli process {S[t]} controls the presence
of the (additive) interference at both receivers. The realization
of the burstiness state S|[t] is known to both receivers at the
end of time slot ¢ and can be viewed as part of the channel
output. Perfect channel output feedback is available from each
receiver to its own transmitter, which includes the received
signal and the state. In the literature, our model is closely
related to the binary fading interference channel with feedback
[5]. In particular, [5] considered a (single-level) binary fading
interference channel where the four links are associated with
i.i.d. binary fading states, and provided tight characterization
of the capacity region under various feedback settings.

Our main contribution is the capacity region characterization
of the symmetric linear deterministic bursty IC. We propose
a novel two-phase scheme which exploits feedback to harness
bursty interference. Depending on the operating regime as well
as the target rate pair, the scheme differs in how it utilizes
feedback to manage bursty interference. In the weak and the
strong interference regime, feedback is used to refine the
interfered signals in the previous time slot. In the very strong
interference regime, on the other hand, the role of feedback is
to relay additional information from the unintended transmitter
to the desired receiver. In order to optimally exploit the
burstiness of interference using feedback, the transmit strategy
in the strong and the very strong interference regime has to
be carefully modified from the original scheme proposed in
the case of non-bursty IC [3]. For the converse part, we prove
a set of outer bounds with novel techniques, which match
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the inner bounds when the channel is symmetric. Using the
insights from the linear deterministic case, we characterize
the symmetric capacity of the symmetric Gaussian bursty
IC to within 1 bit/s/Hz in the weak interference regime.
We compare our result with the non-feedback opportunistic
achievable rate [2] and the non-bursty feedback capacity [3]
to demonstrate the synergic benefit of feedback in managing
bursty interference.

The rest of this paper is organized as follows. In Section II
we formulate the problem. In Section III we show the main
result. The achievability part is proved in Section IV while the
converse part is proved in Section V.

II. PROBLEM FORMULATION

<+ - —h —————
Tx1 j - i Rx1
S[t]
St]
x2 j haa i Rx2

Fig. 1. Two-user Bursty Interference Channel

The two-user bursty Gaussian interference channel is de-
picted in Fig. 1 and defined as follows. User ¢ has a message
W to be reliably delivered from transmitter ¢ (Tx?) to receiver
i (Rx?), 2 = 1, 2. The transmit signal at transmitter ¢ is X; € C,
for i = 1,2. For (i,7) = (1,2),(2,1), the received signal at
Rxi at time t is

Yi[t] = hai Xolt] + hi X;[t] + Zilt), X;[t) = S[)X;1t),

where the two independent additive noise terms Z; [t], Z2[t] are
CN(0,1) and i.i.d. over time. The burstiness state S[¢] is an
i.i.d. Bernoulli process Ber(p) which governs the presence of
interference and is revealed to both receivers at the end of time
slot t. The channel inputs are subject to unit power constraint,
that is, + Zivzl | X;[t]|? < 1 for block length N. We denote
signal-to-noise ratios SNR; := |h;;|? and interference-to-noise
ratios INR; := |h;;|? at receiver i = 1,2 respectively. Perfect
feedback from receiver 7 to transmitter ¢ is available, and the
transmit signal from transmitter ¢ at time ¢, X;[t], is determined
by W; and (Y;[1:¢—1],S[1:¢—1]).

In this paper, we mostly focus on a linear deterministic
model [4] of the bursty Gaussian channel defined above. The
transmit signal at transmitter ¢ is X; € ]Fg, for ¢ = 1,2. Here
F5 denotes the binary field {0,1}. The received signals are
(dropping the time index t)

Vi =Hpn X +HioXy, Yy =HypXy + Hy X,

where additions are modulo-two component-wise. Channel
transfer matrices H;; := S99 for (i,j) € {1,2}?, where
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max {ny1,n12,n21,n22}, and S € FL*? is the shift
T
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I,_1 is the identity matrix in

. . —-1
where 0 is the zero vector in F§

DX (-,

III. MAIN RESULT

In this paper, we focus on the symmetric case where

ni1 = Ngg =N, No1 = N1z = k,
SNR; = SNRy = SNR, INR; = INRy = INR.

Our main result consists of a general outer bound as well
as the characterization of the feedback capacity region of the
symmetric linear deterministic bursty IC. We also characterize
the symmetric feedback capacity to within p(fT_pp) bits/s/Hz of
the symmetric Gaussian bursty IC in the weak interference
regime. Some of the proof details can be found in [6].

Theorem 3.1 (Outer Bound): If (R, Rs) is achievable, it
satisfies the bounds in (1) — (3) for (4,7) = (1,2),(2,1):

Ri <y +pmin{(ni; —ni) b, (g —na) T} (D)
Ri+ Rj < (1 —p)(n11 + ng22)
+ p(max(ni, nij) + (ng; —nig)*)  (2)
Ri+pR; < (1—p)nii
+ p(max(ng;, nij) + (nj; —nig)*) 3
Proof: See Section V. ]

Theorem 3.2 (Capacity Region: Symmetric Case): The ca-
pacity region of the symmetric bursty linear deterministic
interference channel with feedback is characterized by

Ri, Ry < (1 —p)n+ pmax(n,k)
Ry + Ry <2(1—p)n+p{max(n,k) + (n—k)"}
Ry +pRe < (1-— n+p{maxnk (n k+}
pR1+ Ry < (1 —p)n+p{max(n, k) + (n—k)"}

Proof: Theorem 3.1 proves the converse. See Section [V
for the achievability part. ]
For the symmetric Gaussian case, we have the following
partial result regarding the symmetric capacity’.
Theorem 3.3 (Symmetric Capacity to within One Bit): In
the weak interference regime SNR > INR, we have

Vel p(3 — p) FB
C(sym - ﬁ Csym S Osyma
where
1—p SNR
- 75 log (1 4+ SNR) + % log (1+ 1+INR)
sym —

1+plog<1+(m+m) )

Proof: See [6].

|
Note that the gap 23-2)

s 1 and

"(ETPP) < 1. Hence, we recover the one-bit-gap result in [3]
for the case p = 1.

is maximized when p =

IFor the result in the strong interference regime, see [6].
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Fig. 2. Comparison of Normalized Symmetric Rates

A natural strategy for the non-feedback case is the degraded
message set approach [2]. For comparison, we focus on the
symmetric rate point I2; = Ry = Rgyn,. The achievable rate
by the non-feedback strategy can be derived from the results
in [2] (see [6] for more details). On the other hand, from
Theorem 3.2 the symmetric feedback capacity is characterized.
When p = 0, both rates coincide with the interference-free
capacity. When p = 1, they coincide with the non-feeback IC
capacity [1] and the feedback IC capacity [3], respectively. We
plot the the above two versus k/n for p = 0.5 in Fig. 2 for
comparison.

Remark 3.1 (Synergic Benefit): The plot in Fig. 2 shows the
synergic benefit of feedback in managing bursty interference.
Let us focus on the regime 2/3 < k/n < 2, highlighted by the
square. Exploiting burstiness in the absence of feedback [2]
provides no capacity gain (it provides gain in this regime if
p < 0.5). For non-bursty IC, feedback provides no gain in this
regime either [3]. When the interference is bursty, however,
feedback increases capacity. Such gain when translated to the
Gaussian case is unbounded.

Remark 3.2 (Optimality in Non-Feedback Case): Note that
the degraded message set approach need not be optimal for
the non-feedback bursty IC, since it does not harness the
possibility to code over time. Nevertheless, we are able to
show that indeed it achieves capacity for the case p < 0.5,
which is interesting by itself. See [6] for more details.

IV. ACHIEVING SYMMETRIC CAPACITY

In this paper we only present the achievability proof of the
symmetric rate point. For the complete proof of achieving the
capacity region, please refer to [6].

We shall distinguish into three different regimes according
to the ratio k/n: (1) weak interference regime k/n < 1, (2)
strong interference regime 1 < k/n < 2, and (3) very strong
interference regime k/n > 2. The scheme that we use in
different regimes will be different.

A. Weak Interference Regime k/n < 1
p

k

When k < n, we would like to achieve CES =n — - bk

sym
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ay
ag + (by)

az + (b2)

by
by + (a1)
by + (az)

(b) Phase R with interference

(a) Phase F with interference

Fig. 3. n =3,k = 2. Symbols in (-) only appear when interference is on.

Strategy: We define the following two transmission phases.
Both users take the same strategy due to symmetry, and we
only describe it for user 1. An illustrative example for the
scheme is depicted in Fig. 3.

e Phase F: Send fresh information on all n levels. Let
[al an] and [bl bn]T denote the binary
symbols sent from Tx1 and Tx2 respectively in a partic-
ular Phase F at time ¢. Here a;, b; are the bits sent on the
i-th MSB level (pictorially).

If there is no interference at time ¢, both transmitters
remain in Phase F in the next time slot ¢ 4 1. If there is
interference, both transit to Phase R at time ¢ + 1.
Phase R: Send the past interference on the common £ lev-
els to refine the previous reception, along with fresh infor-
mation on the private (n—k) levels. For example, if there
is interference in the previous time slot ¢ under Phase F, in
the current time slot ¢t+1 it should switch to Phase R, and
Tx1 shall send [by b i1 Clgn_k]T
Regardless of the presence of interference, both transmit-
ters transit to Phase F in the next time slot ¢ + 2.

Based on the above operation, the random process defined by
the transmission phases is a two-state Markov chain depicted
in Fig. 4(a).

Analysis: We shall show that in Phase R regardless of the pres-
ence of interference, at Rx1 all symbols {a1, az, ..., a2,— U
{b1,...,bg} can be decoded. Let us assume that at time ¢ the
transmission phase is F while at time ¢ + 1 the transmission
phase is R. If we represent the received linear combinations
on all levels as a vector

[ yalt]
1

[t+1
it is equivalent to show the following lemma (here the subscript
“w” corresponds to the weak interference regime)

by

bi] "

20—k ;

J — M, [a

W
Lemma 4.1: M, is full-rank and rank (M) = 2n.
Proof: See Appendix of [6]. [ ]
Now we analyze the achievable rate Ry = Ry = Ry, Of
the above scheme. Due to symmetry, we focus on user 1. The
stationary distribution of the underlying Markov chain is:

1 P
m(F) = ——,n(R) = —. 4
(F) = 7R = T @
During the transition F — F, n symbols {a1,...,a,} are

successfully decoded at Rx1. During the transition F — R,
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(a) Markov Chain k/n < 2 (b) Markov Chain k/n > 2

Fig. 4. Markov Chains of Transmission Phases

(n—k) symbols {a1,...,a,_} are decoded. During the tran-
sition R — F, n symbols {an—g+1,.-.,a2,—k} are decoded.
Hence, the achievable rate for each user is

m(F)-(1—p)-n+na(F)-p-(n—
p

1+p

k)+m(R)-1-n

B. Strong Interference Regime 1 < k/n < 2

When n < k < 2n, we would like to achieve ng]?n =
anr k: We shall exclude the case n = k in the following
dlscussmn The proof of achievability for this case will be dealt

separately in Appendix of [6].

(b1)
ay + (b2)

(bs)
az + (az)

by

(a1) b3 Ci (a3)
bi+(a2)  ay SR | b + ()
by 0 \C az

(a) Phase F (b) Phase R

Fig. 5. m =2,k = 3. Symbols in (-) only appear when interference is on.

Strategy: The strategy in this regime is different from the pre-
vious one. Let us begin with redefining the two transmission
phases. An illustrative example is depicted in Fig. 5.

o Phase F: Send fresh information only on the top n %ut of
the total k levels. Let [a1 -~ a, 0 --- 0] and

by -+ by O - O}T denote the binary symbols
sent from Tx1 and Tx2 respectively in a particular Phase
F at time ¢.

If there is no interference at time ¢, stay in Phase F in
the next time slot ¢ + 1. If there is interference, transit
to Phase R at time ¢+ 1. Due to the special transmission
as well as the channel structure, only by_,; interferes
with a;, for j = 1,...,2n — k. (See Fig. 5(b) for an
illustration.)

o Phase R: Send (k — n) fresh bits {an11,...,a;} on the
top (k—mn) levels so that they do not interfere with Tx2’s
transmission. In the next (2n—k) levels, send the (2n—k)
interfering bits {bx—rn11, ..., b, }. Leave the last (k —n)
levels empty. In summary, if there is interference in the
previous time slot ¢ under Phase F, in the current time
slot ¢+ 1 it should switch to Phase R, and Tx1 shall send
[a'n-i-l T ag bk—n+1 to bn 0o - O]T

24

Regardless of the presence of interference, both
transmitters transit to Phase F in the next time slot ¢ 4 2.

The random process defined by the transmission phases is
again the two-state Markov chain depicted in Fig. 4(a).

Analysis: Again, the key is to show that, in Phase R re-
gardless of the presence of interference, at Rx1 all symbols
{a1,a9,...,ar} U{bg—n+t1,...,b,} can be decoded. Let us
assume that at time ¢ transmission phase is F while at time
t+ 1 the transmission phase is R. If we represent the received
linear combinations on just the relevant levels (that is, the
bottom n levels discarding the top (k — n) levels) as a vector

M, [0 - a ]T

bkfnJrl o bn

3

it is equivalent to show the following lemma (here the subscript
“s” corresponds to the strong interference regime)

Lemma 4.2: My is full-rank and rank (M) = 2n.

Proof: See Appendix of [6]. ]

Let us analyze the achievable rate Ry = Ry = Ry, of the
above scheme, focusing on user 1. The stationary distribution
of the underlying Markov chain is given in (4).

During the transition F — F, n symbols {ai,...,a,}
are successfully decoded at Rx1. During the transition F —
R, (k — n) symbols {as,_g4t1,...,a,} are decoded. Dur-
ing the transiton R — F, n symbols {ai,...,a2,-%} U
{@n+1,...,ar} are decoded.

Hence, the achievable rate for each user is

m(F)- (1 - >~n+7r(F)-p-(k
1_
1+p

—n)+7(R)-1-n
n+ ——=~k.
1 + P

C. Very Strong Interference Regime k/n > 2

When £ > 2n, our goal is to achieve bem =(1

—p)n+5k.
Strategy: Let us define the following two transmission phases.

« Phase F: Send fresh information only on the top (k — nj)
out of total k levels. Let [a k- 0 -+ 0]

and [bl b—p, 0 --- O]T denote the binary
symbols sent from Tx1 and Tx2 respectively in a par-
ticular Phase F at time t.

If there is no interference at time ¢, stay in Phase F in
the next time slot ¢ + 1. If there is interference, transit
to Phase R at time ¢t + 1. Again, due to the special
transmission as well as the channel structure, effectively
on all levels there is no interference. Hence for user 1,
Phase R (see below) is to relay the (k — 2n) additional
bits {an41,...,ak—n} from Tx2 to TxI rather than to
resolve interfered symbols (and vice versa for user 2).

« Phase R: Send n fresh bits {ax—p41,...,ax} on the top
n levels. In the next (k — 2n) levels, send the (k — 2n)
to-be-relayed bits {b,41,...,bk—rn}. Leave the last n
levels empty. In summary, if there is interference in the
previous time slot ¢ under Phase F, in the current time
slot ¢+ 1 it should switch to Phase R, and Tx1 shall send

[ak—n-i-l e ag bn—i—l bk—n 0 - O]T
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If there is no interference at the current time slot ¢ + 1,
the to-be-relayed bits remain, and hence both transmitters
remain in Phase R in the next time slot ¢ + 2. If there is
interference, on the other hand, the to-be-relayed bits will
be successfully delivered, and hence both transmitters
transit back to Phase F in the next time slot.

Analysis: Based on the above operation, the random process
defined by the transmission phases is the two-state Markov
chain depicted in Fig. 4(b) and the stationary distribution is
m(F) = m(R) = 1/2. Analyzing the achievable rate for both
users of the above scheme is straightforward. In Phase F, n
symbols {a1, ..., a,} are always successfully decoded at Rx1.
During the transition R — R, n symbols {ag_pn+t1,...,ax5}
are decoded. During the transition R — F, an additional (k —
2n) bits {an41,. .., ak—n} are decoded. After straightforward
computation, we obtain that the achievable rate for each user
=(1—-p)n+ Lk,

Remark 4.1 (Asymmetric Channel): For the general asym-
metric setting, the two-phase scheme no longer suffices. In-
stead, we need to employ a more general scheme with infinite
number of phases defined by the number of to-be-resolved
interference or to-be-relayed information symbols.

V. CONVERSE PROOF

The outer bounds in (1) and (2) are those of the inter-
ference channel with feedback where the transmitters know
the channel state sequence S~ non-causally. Hence the proof
follows straightforwardly from [3], and we give the details in
Appendix of [6]. The proof of the non-trivial bound (3), on the
other hand, needs to make use of the fact the the transmitters
only knows the state S with delay. Below we provide the
detailed proof of (3) for (i,7) = (1,2).

For any achievable (R1, R2), by Fano’s inequality we have
N (Ri+pRy—en) < I (W YN, 8N) + pI (Wo; Y5V, SN)

where ey — 0 as N — oo.

Let us first manipulate the term I (W7; YN, SV): (For no-
tational convenience, in the rest of this section, the summation
“> " without specification is the summation over ¢ € [1 : NJ.)

T(Wy Y, SNy =S "1 (Wl Sy, s
=> 1 (Wit \YH St S[H)
+ 3 T (Wi S | Y 80
OS T (Wl | Yf‘l,St_l,S[t])
O S0 —p)f (W HL X[ | Y80
+Zp[ Wl;Hqu[t] +Hp X[ | VST
< Z (1 —p)H (H1 X1 [t]) + pH (Hi1 X1 [t] + Hi12X5[t])
—ZpH (Hyy X1 [f] + Hip Xo[t] | Y71, 8070 W)

< NA{(1 —p)ni1 + pmax(nii,ni2)}
—pZH (H11X1 +H12X2[ } ‘ Yltilvst_l’Wl)

25

(C:) N{(l —p)n11 —|—pmax(n11,n12)}
—pZH (ngXg[t] | nggé_l,st_l, Wl) .

Here (a) is due to the fact that (Wl, v/t s tfl) and S[t] are
independent. (b) is due to the evaluation on S[¢]. (c) is due to
the fact that (A L B denotes “A is a function of B”)

£ 1 e 1 i S
Xift] = (Wi, 87 LYY = (W, 8L X7 Hin X; 1)

&)

=
L (w8 HXE).
Next we manipulate the term [ (Wg; YV, SN ):
I (Wo YV, 8N) <1 (W YV, Y5V, SN | W)

=D T(Wai[t), Yalt], ST [ Y1, ¥y, 80 W)
DS (W v
9N H (H125(2 [t], Hap X 1] |
=Y (1—p)H (HpXo[t] | Y, Y31, S0, W)

+ ZpH Hip Xo[t], Ho Xo[t] | Y{, Y5, S W)
<> H (HipXolt], Hop Xoft] | V{1, 571, W)

YQ[t] | Yltilﬂygilﬂst_lﬂwlvs[t])
Ylt—l’}/Qt—l’ Stil,Wl,S[t])

f St _
O H (H12X2[t],H22X2[t] | Hpp X1, st Wl) .

Here (d) is due to the fact that (W7, Wo, Yy ™!, Y51, St
and S|t] are independent. (e) and (f) are due to (5).
Hence, we have

N (Ry+pRe —en) <1 (Wi Y(Y,8%) +pI (We; Y5, 5Y)
< NA{(1 = p)ni1 + pmax(ni1,ni2)}

~p > H (HuXoll] | Hio X5 510, m7)

+p > H (HioXef], Hos Xolt) | Hia X570, 577,17
= N{(1 - p)n11 + pmax(ni1,ni2)}

+p > H (He Xl | Hiz Xaft], Hin X570, 51,7 )
< NA{(1 - p)ni1 + pmax(ni1, ni2)} + Np(ngz — nia) ™,
and the bound (3) is proved.
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