Fixed-Rate Transmission Over Fading I nterference Channels Using Point-to-Point
Gaussian Codes

This document has been downloaded from Chalmers Publication Library (CPL). It is the author’s
version of a work that was accepted for publication in:
IEEE Transactions on Communications (ISSN: 0090-6778)

Citation for the published paper:
Farhadi, H. ; Wang, C. ; Skoglund, M. (2015) "Fixed-Rate Transmission Over Fading

Interference Channels Using Point-to-Point Gaussian Codes'. IEEE Transactions on
Communications, vol. 63(10), pp. 3633 - 3644.

http://dx.doi.org/10.1109/TCOMM .2015.2471301

Downloaded from: http://publications.lib.chalmers.se/publication/225034

Notice: Changes introduced as a result of publishing processes such as copy-editing and
formatting may not be reflected in this document. For a definitive version of this work, please refer
to the published source. Please note that access to the published version might require a
subscription.

Chalmers Publication Library (CPL) offers the possibility of retrieving research publications produced at Chalmers
University of Technology. It covers all types of publications: articles, dissertations, licentiate theses, masters theses,
conference papers, reports etc. Since 2006 it is the official tool for Chalmers official publication statistics. To ensure that
Chalmers research results are disseminated as widely as possible, an Open Access Policy has been adopted.

The CPL service is administrated and maintained by Chalmers Library.

(article starts on next page)


http://dx.doi.org/10.1109/TCOMM.2015.2471301
http://publications.lib.chalmers.se/publication/225034

Thisisthe author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
Thefinal version of record is available athttp://dx.doi.org/10.1109/TCOMM.2015.2471301

Fixed-rate Transmission over Fading Interference
Channels Using Point-to-Point Gaussian Codes

Hamed Farhadi, Chao Wang, and Mikael Skoglund

Abstract—This paper investigates transmission schemes
for fixed-rate communications over a Rayleigh block-
fading interference channel. There are two source—
destination pairs where each source, in the presence of a
short-term power constraint, intends to communicate with
its dedicated destination at a fixed data rate. It encodes its
messages using a point-to-point Gaussian codebook. The
two users’ transmissions can be conducted orthogonally
or non-orthogonally. In the latter case, each destination
performs either direct decoding by treating the interfer-
ence as noise, or successive interference cancellation (SIC)
to recover its desired message. For each scheme, we seek
solutions of a power control problem to efficiently assign
power to the sources such that the codewords can be
successfully decoded at destinations. However, because of
the random nature of fading, the power control problem
for some channel realizations may not have any feasible
solution and the transmission will be in outage. Thus, for
each transmission scheme, we first compute a lower bound
and an upper bound on the outage probability. Next, we
use these results to find an outer bound and an inner
bound on the ¢-outage achievable rate region, i.e. the rate
region in which the outage probability is below a certain
value e.

[. INTRODUCTION

The fading interference channel models wireless
communication scenarios in which multiple source—
destination pairs share the wireless medium and
each source’s transmission interferes with the recep-
tion at non-intended destinations. Wireless commu-
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nications are usually subject to time-varying chan-
nels, thus, in order to enable reliable communica-
tion users are required to adapt their transmissions
according to available channel state information
(CSI). In fading interference channel, the optimum
transmission of each source—destination pair is in-
terrelated with that of the other pairs and optimizing
transmissions is a challenging task. To study trans-
mission in such time-varying environment, an ana-
lytically tractable channel model called block-fading
can be used such that channel gains are constant
within the duration of each fading block, but change
across different blocks [1]. In each fading block,
system parameters (e.g. data transmission rates and
transmission powers) can be adapted in order to
satisfy certain service requirements. For example,
if each user desires maximum data throughput for
given transmission powers, a throughput maximiza-
tion problem can be studied to adapt transmission
rates. In theses systems the instantaneous mutual in-
formation corresponding to each source—destination
pair fluctuates over different fading blocks and
transmission rates are adapted accordingly to attain
the highest throughput while maintaining a reliable
communication. In another category of communica-
tion systems (e.g. voice communications) in which
each user desires a fixed-rate communication, a
power control problem should be addressed for
adapting transmission powers in order to enable
reliable communication. Certainly the lowest pos-
sible transmission powers are desired. The solution
to this problem controls the powers such that the
instantaneous mutual information is kept constant
over different fading blocks. Consequently, a sin-
gle fixed-rate codebook is sufficient. The optimal
solutions of either the throughput maximization
problem or the power control problem in general
are unknown.

The throughput maximization problem for a two-
user fading interference channel has been stud-
ied in [2]-[6] and transmission schemes based on
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Han-Kobayashi coding have been devised [7]. The
recent development of capacity achieving codes
for point-to-point communications, however, makes
such codes attractive even for network communica-
tions (although they might be sub-optimal in these
scenarios). In addition, applying point-to-point code
between each source—destination pair has less com-
plexity compared to coding schemes such as Han-
Kobayashi. The throughput maximization problem,
subject to using Gaussian point-to-point codes, has
been addressed in [8] and the capacity region has
been characterized. The power control problem, us-
ing point-to-point codes, has been studied for single-
user communication systems in [9]. In addition,
this problem has been partially investigated in the
literature only for a class of fading interference
channels in which sources simultaneously send their
messages and each destination decodes its message
by treating the interference as noise (see e.g. [10]-
[12]). Certain power control algorithms have been
proposed (see e.g. [10], [13]-[15]) that assign power
to the sources such that every source—destination
pair meets a desired signal-to-interference-plus-
noise ratio (SINR). These algorithms require local
CSI to be available at terminals. Since in practice
available CSI at terminals is subject to errors, power
control algorithms in the presence of imperfect CSI
have been studied in the literature. For instance,
the power control problem when transmitters have
only quantized CSI is addressed in [16], and when
transmitters have noisy CSI is studied in [17]. A
framework for distributed stochastic power control
algorithms is proposed in [18], where the transmit
powers are updated based on noisy estimation of lo-
cal CSI. The performance degradation of distributed
power control algorithms due to CSI estimation
errors is investigated in [19], [20].

Considering a short-term power constraint, a so-
lution to the power control problem may not always
exist even if perfect CSI is available at terminals. In
fact, due to the random nature of fading, for some
channel realizations there is no positive power value
that can both satisfy the power constraint and guar-
antee successful communication at the desired rates.
We say, the power control problem is infeasible and
the system is in outage. The probability that an
outage event occurs is defined as outage probability.
In many communication systems a small value of
outage probability is tolerable. In these cases an ¢-
outage achievable rate region is defined as the set

of the rates for which the outage probability is less
than € [21]-[23]. The performance limits of fixed-
rate transmission schemes for single-user commu-
nication system have been extensively studied (see
[9], [21]), but for fading interference channels they
are still less known.

In this paper, we consider a two-user Rayleigh
block-fading interference channel. Each source uti-
lizes a fixed-rate point-to-point Gaussian code to
communicate with its dedicated destination. Perfect
CSI is globally available at all terminals. Each
source is subject to a short-term power constraint.
We consider four different transmission schemes.
When the two source—destination pairs are orthogo-
nally activated, inter-user interference can be com-
pletely eliminated, with the possible price of spec-
tral inefficiency. When both users non-orthogonally
access the channel, inter-user interference must be
taken into account at the decoders. This leads to
three schemes: 1) both destinations directly decode
their desired messages by simply treating interfer-
ence as noise; 2) both destinations conduct succes-
sive interference cancellation (SIC); 3) one destina-
tion performs direct decoding and the other destina-
tion performs SIC. For each of these schemes, we
first find the solution of the power control problem.
Next, we compute a lower bound and an upper
bound on the outage probability. These results are
then used to find an outer bound and an inner bound
on the e-outage achievable rate region.

Notations: Lower-case letter = and boldface
lower-case letter x represent scalar and vector, re-
spectively. The transpose of x is denoted as x”. The
notation x < y (x = y) means that each element
of vector x is less than (less than or equal to) the
corresponding element of vector y. We denote the
set of real numbers as R, the set of positive real
numbers as R™, and the set of complex numbers as
C.

The structure of this paper is as follows. In
Section II, we describe the system model and define
the performance metrics which will be investigated.
Section III addresses the orthogonal transmission
scheme. The non-orthogonal transmission schemes
are discussed in Section IV. Finally, Section V
concludes the paper.

II. SYSTEM MODEL

We consider a single-antenna fading interference
channel with two source—destination pairs as shown
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Fig. 1: Two-user fading interference channel.

in Fig. 1. Each source intends to communicate with
its dedicated destination. The channels follow a
Rayleigh block-fading model, in which the channel
gains remain constant within a coherent interval
(the time slots in which the considered communi-
cations occur and their number is denoted as n).
We assume that the channel gains independently
change across different fading blocks. We denote the
fading coefficient of the link between the kth source
(k € {1,2}) and the kth destination (termed direct
link) as hy, ~ CN(0,032), and that between the kth
source and the [th destination (I € {1,2},1 # k)
(termed interference link) as hy, ~ CAN(0,07).
The parameters o2 and of are the variances of
the direct and interference link gains, respectively.
They generally can have different values and their
ratio is denoted as o = 03 /0o?. The channel gains
are mutually independent. We denote the network
channel matrix as H, whose element on the ¢th
row and the jth column is h;;. We assume perfect
channel knowledge to be globally available, i.e. H is
known at every terminal. During one fading block,
each source sends one message to its destination.
The message from the kth source, my, is encoded
using a point-to-point Gaussian codebook with fixed
data rate R;, (bits/channel use).

Definition 1 (Messages). The kth (k€ {1,2})
source’s message my is independently and uni-
formly chosen from the set My, = {1, 2, ..., Q"Rk}.

Definition 2 (Encoders). The kth source
(k€ {1,2}) has an encoding function, &:
M — C" that maps its message my into a
length-n codeword {xy(t)},_, with the power
constraint

1 n
~ | <1 (1)
t=1

Each encoder is concatenated by a power con-
troller as shown in Fig. 1.

Definition 3 (Power controllers). The power con-
troller associated with the kth source (k € {1,2})
applies a function, Py: C" — C", that according to
the channel gains scales the codeword {xj(t)};_,
to {\/p_kxk(t)}?zl, where py denotes the average
transmission power of the kth source. The assigned
power obeys a short-term constraint, i.e. within each

fading block it satisfies
2)

where Pmax i IS the maximum transmission power of
the kth source.

Dk S Pmax, k>

Definition 4 (Decoders). Each destination has a
decoding function, Dy: C" — My, that maps its
observed channel outputs {yx(t)},_, to an estimate
my, of the transmitted message my.

In the following we provide definitions regarding
performance metrics.

Definition 5 (Achievable rate region). Within each
fading block, for a given transmission power vector
p (p = [p1 p2)?), applying a transmission scheme
‘A’, the average probability of error is defined as
P —pr{(NE, A) # (My, M)}, ()
where M, and Mk denote a randomly transmitted
message and the corresponding decoded message,
respectively. If there exist channel encoding and
decoding functions such that lim,, Pe(n) = 0, then

we say that a rate pair (Ry, Ry) is achievable. We
denote the achievable rate region as C*(p, H).

Although in general one can use time-sharing
with point-to-point codes, we assume that there is no
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time-sharing as it requires additional coordination
between the terminals.

Definition 6 (Feasible transmission scheme). Given
a globally known channel matrix H, if the achiev-
able rate region corresponding to a power vector
p (O = p = Pmax, Pmax = [pmax,l pmax,Z]T) includes
the transmission rates, i.e. (Ry, Ry) € C*(p,H),
then the power vector is a solution of the power
control problem. In the case that the power con-
trol problem for a transmission scheme ‘A’ has a
solution, we say that the transmission scheme ‘A’
is feasible. We define the set of feasible solutions
of the power control problem for the transmission
scheme ‘A’ as

Pﬁ((RlaRQ)apmaX) =
{P:0=p =P, (R1,R2)eC*(p,H) } .(4)

Using 0 to denote an empty set, Py # ) means that
the transmission scheme ‘A’ is feasible.

In fact, due to the random nature of fading, for
some channel realizations, a transmission scheme
‘A’ may not be feasible. If P# ((R1, R2) , Pmax) = 0,
then the network is said to be in outage. This
implies that if there exists p (0 = p < Pma) Such
that the desired rate pair (R;, R2) is in the rate
region C*(p, H), then the transmission scheme is
feasible and no outage occurs. According to this
definition, if for any power p (0 < p = pPmax) at
least one of the rates (either R, or R,) does not fall
in the achievable rate region, then an outage event
occurs. We define the outage probability as follows.

Definition 7 (Outage probability). The outage prob-
ability of a transmission scheme ‘A’ is

PoAllt((R17R2)7pmaX) =
fﬂeHPr{Pﬁ ((R17R2)apmax):@}fﬂ<ﬂ) dH, (5)

where H denotes the set of all possible channel
matrices and fy is the joint pdf of H.

Wireless communication systems depending on
their underlying applications can tolerate a certain
amount of outage probability. Thus, it is desirable
to characterize the rate region for which an outage
probability less than the maximum tolerable outage
probability can be attained. In the following we pro-
vide the definition of a related performance measure
which will be investigated in this paper [23].

Definition 8 (e-outage achievable rate region). An
e-outage achievable rate region of a transmission
scheme ‘A’ is

C?(pmdx) £ {(R17 R2) :P(I)?lt((Rh R2>7 pIIldX) < 6} ’ (6)

where € is the maximum outage probability that a
specific application can tolerate.

In the following sections, we study the per-
formance of different transmission schemes. Our
analysis starts from orthogonal transmission.

III. FIXED-RATE ORTHOGONAL TRANSMISSION
SCHEME

In wireless networks, inter-user interference may
significantly degrade the communication system’s
performance. One intuitive solution to deal with
interference is to orthogonalize different users’ op-
erations. Since each user has access to only a
fraction of the available channel, this can provide
interference-free communication for each user. This
transmission scheme is referred as time-division
multiple access (TDMA) in the literature, and we
term it orthogonal transmission (OT) throughout the
paper to be consistent with the other schemes that
we study in this paper. Using 6 (0 < § < 1) to
denote the channel-sharing factor, the fractions of
the total channel used by the first and the second
sources are ¢ and (1 — 0), respectively. In a fading
block, the achievable rate region C°T(p, H) includes
the rate pairs (R;, R2) which satisfy

\h11|2p1
0 log, (1 + A
|h22\2p2

where N, is the noise power. The set of feasible
solutions of the power control problem is

,PI%T ((R17 RQ) 7pmax) = {p np X p = pmax}a (9)
in which

SN, r
nT:|:(2R1/6_1)|h11T2 (2R2/(1—5)_1)7|h22|2 :| .(10)

Clearly, the minimum required transmission powers
of the OT scheme are

Ry < )

Ry <

(1-6) No

0N,
P’ (2R1/6 1) |h11T2 (b
1—9)N,
pgT (2R2/(1_5) — 1) 7< ) No (12)

| Ra2l?
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This is similar to the channel inversion method pro-
posed for single-user point-to-point communications
[24]. The solutions in (11) and (12), however, may
violate the maximum power constraints in (2). Thus,
with a certain probability, the scheme is infeasible
and outage events occur. The following proposition
characterizes the outage probability.

Proposition 1. The outage probability of the OT
scheme is

POT ((Rla RQ) 7pmax) =

out
_No Ry/6_1)_30 _ Ro/(1—6) _1)(1=9)
0((2 1 1>pmax,l+(2 2 1)pmax’2>. (13)

s

1—e

The channel sharing factor § can be carefully
chosen to minimize the outage probability. It can
be shown that POl ((R;, Ry),Pmax) i @ convex
function of 4. The optimum choice of §, denoted as

dopt> can be found by solving the following equation:
(2R1/5opl (1 _ Rl In 2/60pt) — 1) =
(272/ 0000 (1= Ry In2/(1 — Gopr)) — 1) (14)

For instance, when prmax1 = Pmax,2 and R = Ry, we
can see that d,, = 0.5 is the solution. The result in
Proposition 1 can be used to obtain the boundary
of the e-outage achievable rate region C°T (ppax) by
solving POT ((Ry, Ry) , Pmax) = € for (Ry, Ry). The

out
solutions are

Ri=t
Ry=(1— 5)10g2<1

Pmax, 1
Pmax,2

6pmax,2 (2t/6_1)

(176)pmax,1

—— m(m) (15)
(1-8)No

where 0 < ¢ < dlogy(1— 2t x ;—iln(l —e)).
As mentioned, the OT scheme eliminates inter-
user interference with the possible price of spectral
inefficiency. In fact, depending on the value of
02, o and pma, permitting both sources to send
messages non-orthogonally may outperform the OT
scheme. In the next section, we will focus on non-

orthogonal transmission schemes.

IV. FIXED-RATE NON-ORTHOGONAL
TRANSMISSION SCHEMES

We permit the two sources to transmit non-
orthogonally. The kth source (k € {1,2}) sends a
codeword x;, as described in Section II. The channel
outputs at time ¢ (t € {1,...,n}) are

y1(t) = v/prhnaa (8) +/palnaa(t) + 21 (1)
yg(t) = \/p_lhgll‘l (t) —f-\/p_ghggl'g(t) +ZQ (t), (16)

where z;(t) is the additive white Gaussian noise
with power Vy. Each destination may either directly
decode its intended message by treating interference
as noise, or it may first decode the message of
the unintended source and next decode its intended
message after removing the interference. Thus, de-
pending on the decoding strategy, we have three dif-
ferent transmission schemes. We study their power
control strategies and their performance limits in
what follows.

A. Direct Decoding at Both Destinations

We require each destination to directly decode
its desired message by treating the interference as
noise. We term this scheme NOT;. For a fading
block, the achievable rate region CN°T'(p, H) in-
cludes the rate pairs (R;, R2) which satisfy

R < log (1 + M) (17)
b= ? |h12|?p2 + No
\h22|2p2 )
Ry, < lo 14+ ————— . 18
’ 52 ( |h21]?p1 + No (1%

After some manipulations, we can present these
conditions as the following power constraint

p = DsFsp + ng, (19)
where
2 1 0 ek
DS = |: O 2R2 1 :| 5 FS: |h21‘2 O 9
|ha2|?
Ny Ny 1"

= (2" -1 2 — 1 . (20

ns = [0 - 1)t - ] o

The matrix Dyg is related to the transmission rates,
while Fg depends only on the channel gains.

1) Power Control Solution: The positive
element-wise minimum transmission power vector
among those satisfying (19) - if there is any such
vector - is pN9Tt = (I — DgFs) 'ng [10], where I
is the 2 x 2 identity matrix. Therefore, the minimum
required powers are

Ry |ho1]?
pNOT1 — NO <(2 1) ‘hll‘Q T l) (21)
! |ho1[2(1 — 1)
Ry |h12]?
)
? |haaf?(1 — 1) ’
where [ = (21 — 1) (282 — 1) % The pow-

ers are positive only if [ < 1. For some channel
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ns NOT;  Pmax
Py

Fig. 2: The set of feasible solutions of the power
control problem for the NOT; scheme.

realizations, there is no positive power vector that
can satisfy the constraints in (2) and (19). In these
cases, the power control problem does not have any
feasible solution, and transmissions cause outage
events. In the following, we investigate the outage
probability.

2) Outage Probability Analysis: For a given
channel H, the set of feasible solutions of the power
control problem is

PEIOTl ((Rla R2)7pmax):
{p:p=DsFsp+ng, 0 =p < Pma} (23)

Fig. 2 illustrates this set - when there is at least
one vector p that satisfies the constraints in (2) and
(19). The light gray region in the figure indicates
the powers which satisfy (2), and the dark gray
region illustrates the powers which satisfy (19). The
intersection of the two regions indicates the powers
within PE™ ((Ry, R2) , Pmax). For some channel
realizations, there is no positive power vector which
satisfies (19), or such a positive power vector exists
but does not satisfy the maximum power constraints
in (2). In this case, PEOTI = (), i.e. the power control
problem is infeasible, and an outage event occurs.
We aim to characterize the outage probability. For
this purpose, we first present the following lemma
to provide a necessary and sufficient condition for
the existence of a positive vector that satisfies (19).

Lemma 1. There exists at least one positive vector
p (p = 0) that satisfies the inequality in (19), if
and only if Apax (DsFs) < 1, where Apax (DsF)
denotes the largest magnitude of the eigenvalues of
matrix DsFg given in (20).

Proof: The proof is similar to that of Theorem
5 in [25]. [ |

Now, we utilize the above result to characterize
a lower bound and an upper bound on the outage
probability of the NOT; scheme.

Proposition 2. The outage probability of the NOT,
scheme is bounded as follows

PYOT(Ry, Ra) , Prax) < PAT((R1, Ra) s Prnax) /(24)

out,l out

PNTY((Ry, Ry) , Pmax) < PYTY((Ry, Ry) , Pmax) »(25)

out,u

where

Pout (B Ra) Prax)=1—min{Fe " Py} (26)

out,l

P NOTl(( Ry,Ry ) yPmax ) =min {1 2 _PgPTl_Pg;)Tl}(27)

out,u

In these equations (k € {1,2})

P —
5 i - - apoa(l—y)=vby
~ Zechemtronn) 4 B g (ma) M
cle ap o ape=7)

+BZ’Z1+’Y)2]€ (E1 (aka) — E1 (% e v ) s (28)

where Br = %e(akaibk); ap = NO/(ngmax,k)’
S,
b = No (27 — 1) /(03 Pmaxk). a = o§/of,
v = ozz/((QR1 — 1) (2R2 — 1)) The  function
Ei(z) = [> < dt denotes the exponential integral
[26].
Proof: See Appendix A. [ ]

In general, computing a closed-form expression
for the outage probability is involved. However, in
the following two special cases, the exact value
of PX™ ((Ry, Ry), Pma) can be found. The first
case is when one source has sufficiently large
power constraint. Specifically, if pp.; — 0o, then
condition prOTl < Pmax1 almost surely holds and
comparing (60) and (62) in Appendix A we can see
that PNOT: ((R1, R2) , Pmax) = 1 — PgZ.OTl. Similarly,
if pmaxo — 00, then PhO™ ((Ry, Ry), Pmax)

1 - Pglon. The next case is when one of the
transmission rates is sufficiently small. Specifically,
if Ry — 0, then according to (21) plfOTl — 0,
and condition pI{IOTl < Dmax,1 almost surely holds.
Comparing (60) and (62) in Appendix A it can be
concluded that PA™ ((Ry, Ry) , Pmax) = 1 _szon.
Also, it can be shown that if By — 0, then
PO ((Ri, Ra) , Pmax) = 1 — Pp™. We can also
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compute the closed-form of outage probability at
asymptotically high pma.1 and ppax2-

Corollary 1. The outage probability of the NOT,
scheme at asymptotically high Pmax.1 and pmax2 1S

e g £1

1- 25+

PNOTY (R, Ry), 00)= (r= ,
out (( 1 2) ) 0.5 v=1
(29)
where y=a?/((2%1—1) (2%2—1)) and o = 03 /0.
Proof: See Appendix B. [ ]

It is worth mentioning that, although Propo-
sition 2 provides a lower bound on the outage
probability, Corollary 1 gives the exact value of
the outage probability at high ppax1 and pmaxo-
This result shows that at this regime, the outage
probability only depends on parameter 7, which is
a function of R;, R», and the channel parameter o.

3) e-outage Achievable Rate Region: We can use
the lower bound in Proposition 2 to obtain an outer
bound on CNOT (py,,) denoted as Clon' (Pmax) by
solving PoO™ ((Ry, Ra) , Pmax) = € for (Ry, Ry).
This equation has different solutions for (R;, Rs):
each of them denotes one point on the boundary of
Ci\fggl (Pmax)- Similarly, we can characterize an inner
bound on CN°" (pq,) denoted as Chi ' (Pmax) by
solving Py ((Ry, R2) , Pmax) = € for (Ry, Ry).

Fig. 3 shows the inner bounds and the outer
bounds on the e-outage achievable rate regions of
the NOT; scheme for different values of «. We
also plot the e-outage achievable rate regions of the
OT scheme for comparison. In this example, we set
e = 0.001 and pmax1/No = Pmax2/No = 50 dB.
This figure shows that for these parameters, if « is
sufficiently large, then the e-outage achievable rate
region of the NOT; scheme is larger than that of
the OT scheme.

Although for the single-user fading Gaussian
channel with perfect CSI it has been shown that
a fixed codebook that does not depend on the CSI
concatenated by a separate power-control based on
CSI can achieve the rates without loss of generality
[27], for the interference channel, it is not known
whether fixed codebook with concatenated power
control can achieve any rate within the capacity
region. Therefore, there might be some points which
are not achievable with the considered schemes
when time-sharing is not allowed. This justifies non-
convex achievable rate regions in this figure.

Although the outage probability of the NOT; is
small when the interference links are relatively weak
compared to the direct links (i.e. large «), it is
large when the interference links become relatively
stronger than the direct links (i.e. small «). There-
fore, for such channels, decoding the desired mes-
sage by treating interference as noise may not be the
best decoding strategy to apply. In the next section,
we consider another scheme which is suitable for
such scenarios.

B. Successive Interference Cancellation at Both
Destinations

If each destination knows the codebooks of both
sources, it can perform SIC by decoding the mes-
sage of the interfering source, removing the in-
terference, and then decoding the message of the
desired source. We term this scheme NOT;. The
destinations would be able to decode the messages
of the interfering source in a fading block, if the
following conditions are satisfied:

R < log (1 + M) (30)
e 2 |haz|?p2 + No
\h12|2p2 )
R, < lo 1+ —=—1). (@3
? 52 ( |ha1)?p1 + No

These are equivalent to the following power con-
straint in matrix format

p =~ DiFip +ny, (32)
where
|haz|?
! 0 2f: _ 1 [ T 2 ’
|h12]?
No Ny r
n = | (2% -1 oft2 1 . (33)
I [( )|h21|2 ( )|h12|2

The matrix D; depends on the rates and the matrix
F; is a function of only the channel gains. After
interference cancellation, each destination can suc-
cessfully decode its desired message if the following
conditions are satisfied:

h 2

R < log, (1+‘1]1VJ) (34)
0
h 2

Ry, < log, <1+‘2;ﬂ). (35)
0
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Fig. 3: The e-outage achievable rate region of the OT and NOT; schemes.

Therefore, the transmission powers should also sat-
isfy the following condition:

P = Dhp, (36)
where
ng=[ng; nea)’ =| (27-1) No (2%2-1) No 1"
S |ha1]? |haa?
1) Power Control Solution: The positive

element-wise minimum transmission power vector
among those satisfying the constraints in (32)
and (36) - if there is any such vector - can
be found as described in the following. Define
pr 2 [pL1 pLz]T = (I — DyF;) 'ny. Then, depending
on the channel gains and transmission rates, the
minimum required powers can be found according
to one of the four cases that will be mentioned
in the following. Fig. 4 shows four plots each
corresponding to one possible case. The light gray
region denotes powers which satisfy the power
constraint in (2); the dark gray shows the powers
which satisfy (32); the gray region illustrates
the powers which satisfy the constraint in (36).
The intersection of these regions (the darkest
region) shows powers which can provide successful
transmission. There are four different cases where
this happens. In each case, we find the minimum
required powers as follows.

a) Case I: If ng < p; =< Pmax» as shown in
Fig. 4 (a), the minimum power solution of the power
control problem is

NOT;
= Pr1-

P (37)
This solution is marked by a small circle in the
figure.

b) Case 2: If pr; < npi < Pmax,1 and
npy < 2F1 (282 — 1) Moo < p oo, as shown in

|h12]?
Fig. 4 (b), the minimum required powers are

N,
A" = e = (20 1) 5, (39
|
N,
pyT = 2f(2f 1) L. (39)
|72

The solution is shown by a small circle in the figure.
¢) Case 3: If npy < 2R2 (28 —1) Lo <pooy

. ha1|?
and pro < ng2 < Pmax,2, as shown in Fig. 4 (¢), the

minimum required powers are

N,
P = 2B o) o= @0)
||
N,
;O = mpy = (22— 1) —. (4]
|haa|

This solution is shown in the figure by a small circle.
d) Case 4: If pp,

(2R — 1) o <|h11|2

S nE S Pmax,1 and

(2R2—1)+1> < g <

[h12]? \ [ho2|?
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(c) Case 3 (d) Case 4

Fig. 4: Possible solutions of the power control problem for the NOT; scheme. The small circle in each
plot indicates the minimum required powers in each case.

Ny <|h111‘2 _ ‘h211|2) IZ;IE, as shown in Fig. 4 (d), the regions have no common intersection region, then
minimum required powers are PII\{IOTQ ((R1,R2) , Pmax) = 0 and an outage event
N occurs. In the following proposition, we provide a
o = (2% —1) —027 (42) lower bound on the outage probability of the NOT,
|h]i[1| scheme.
py = (2R 1) (43)
|hga| Proposition 3. The outage probability of the NOT,

This solution is marked in the figure by a small Scheme is bounded as follows:
circle.

2) Outage Probability Analysis: The set of the
feasible solutions of the power control problem for

the NOT; scheme is PO (R, Ra) , Puax) < PAC™ ((Ri, Ra) , Prnax) (45)
,IDII\{IOT2 ((R17 RQ) 7pmax) =
{p - p i DIFIp + ng, Ng j P j pmax} . (44)

This set is illustrated in Fig. 4 as the intersection
of the green region, the red region, and the blue
region. The red region in this figure denotes pow-
ers which satisfy the constraint in (2); the green
region shows the powers which satisfy (32); the
blie region illustrle)ltes the powers wlzlich satisfy F OI\lIl?lT 2((R1,R2),pmax):1—min{P ggfﬂp é,“é’,?,P gIOTQ}
the constraint in (36). Therefore, if these three (46)

where
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and
N ((2F1-1)  (22)
PNOT2_€U§< Pmax,1 Pmax,2 > (47)
FI —
pNOT> _ ”Ylaﬁkaél _obgtay
EDk — 1—_7, € o
4 ap(1— /)7 'ab
{ Drnds El(a—"“l)ei’“ .
1=~ ay
/4 _bk ap(1— /)
57]161(7 ‘7522 <E1<%>—E1(a—k,)eW)
-7 « ary
ke{1,2}, (48)
in  which ' =1/(a? (2% —1) (272 - 1)),

ap = No/(pmax,kgg): b, = No (2Rk - 1) /pmax,kgg;
o = 03/0'12, (lnd ﬁl:} — #e(ak—abk)/a.
S
Proof: See Appendix C.
|

Even at high pn.1 and pmax2, the outage event
may occur due to the fact that no positive power vec-
tor may exist to satisfy (32). The following corollary
characterizes the value of the outage probability
of NOT; scheme at asymptotically high py.x; and

pmax,Z-

Corollary 2. The outage probability of the NOT,
scheme at asymptotically high Pmax.1 and pmaxo 1S

! "In(y’ /
Pg?TQ((Rl,RQ),oo):{l — TR oy |
0.5 v =1
(49)
where ~ = 1/(a? (2" —1) (2" —1)) and
a = os/ot.

Proof: The proof is similar to that of Corol-
lary 1. [ |
3) The e-outage Achievable Rate Region:
We can characterize an outer bound on
CNOT2 (poyx)  denoted as  Chon® (Pmax)  USING

the lower bound given in Proposition 3 by solving
PO ((Ri, Ra) ,Pmax) = € for (R, Rp). Each
solution of this equation for (R;, R;) denotes
one point on the boundary of ngthQ (Pmax)-
The outer bound on CNOT2 (p..), for different
values of «, and the e-outage achievable rate
region of the OT scheme are shown in Fig. 5.
In this particular example, we set ¢ = 0.001 and
pmax,l/NO = pmax,Z/NO = 50 dB.

If only one of the destinations observes strong
interference, SIC at both destinations may not be

the best decoding strategy. Instead, SIC can be
employed at the destination which observes strong
interference and direct decoding by treating inter-
ference as noise at the other destination to achieve
a better performance. We investigate this scheme in
more detail in the next subsection.

C. Successive Interference Cancellation at One
Destination

The destinations may implement different decod-
ing strategies. For instance, the first destination can
perform SIC, while the second destination decodes
its message directly by treating the interference as
noise. We refer to this scheme as NOT3. The follow-
ing conditions should be satisfied for a successful
transmission in a fading block:

Ry, < log (1 v M) (50)
2= |h11]?p1 + No
h 2
R < log (1 v %ﬂ) (51)
0
|haa|*pa )
Ry < log|l4+ 777 ). 52
’ g( |ha1]?p1 + No 62)
Therefore, the powers should satisfy
p = ng (53)
where
No
ng= (271
R {( )|h11|2

(2R2_1)maX{N02R1 N0(|h11 |2Hh21 |2 (2R1 71))

T
|h12]? |ha2|?|h11]? H
(54
1) Power Control Solution: The minimum pow-
ers which satisfy the constraint in (53) are

N,
NOT3: 2R1_1 0
by ( ) |h11|2
Py =N (2—1) x
9R: ‘h11|2—|—‘h21‘2(2R1—1)
max 5 5 D)
| P12l |Pa2|?[ R |

(55)

(56)

However, for some channel realizations, the cal-
culated powers in (55) and (56) for NOT3; may
violate the power constraint in (2); thus, an outage
event may occur. In the next part, we investigate the
outage probability in more details.
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Fig. 5: Outer and inner bounds on the e-outage achievable rate region of the OT and NOT, scheme.

Pmax,2

L e

p1

TR,1 Pmax,1

Fig. 6: The set of the feasible solutions of the power
control problem for the NOT3 scheme.

2) Outage Probability Analysis: The set of the
feasible solutions of the power control problem for
the NOT3 scheme is

P (R, Ra) , Pnax) = {P Mk < P = Punaa} (57)

This set is illustrated in Fig. 6 as the intersection
region of the light gray and the dark gray regions.
The light gray region shows powers which satisfy
the power constraint in (2) and the dark gray region
denotes the powers which satisfy the constraint in
(53). If the light gray and the dark gray regions do
not overlap, then an outage event occurs. The outage
probability is characterized as follows.

Proposition 4. The outage probability of the NOTj3

scheme is bounded as follows

PO (Ry, Ry),Pmax) < PN ((Ry, Ry),Pmax) (58)

out,]

PO ((Ry, Ry),Prmax) < PXOT3(Ry, Ra) Prnar) {59)
where

PpNOTs ((R1, R3) , Pmax) = 1 —min {ngJTs, Pg?Ts}

out,]

PNOTs ((Rla Rg) ’pmax) = min {1, Q—Pgloﬁ_szOTs} )

out,u

and
PAOTs . o (2 1)30/ ()
pNoTs [ =y CI—@G%EH @ o~ (cr+l)bza
B2 @ o
In these equations ¢, = 2% — 1 and
b2 — NO (2R2 — 1) /pmaXQO'g.
Proof: See Appendix D. [ ]

3) The e-outage Achievable Rate Region: The
lower bound on the outage probability in Propo-
sition 4 can be used to obtain an outer bound on
CNOT5 (P ), denoted as Cron® (Pmax), by solving
PYT ((Ry, Ra) , Pmax) = € for (Ry, Ry). This equa-
tion may have many solutions for (R, R»); each
of them denotes one point on the boundary of the
outer bound region. Similarly, an inner bound on
CNOT5 (Dimax), denoted as CLi)'* (Pmax ), can be found
by solving PAa® ((Ri, Ra) , Pmax) = € for (Ry, Ry).

Fig. 7 shows the inner bound and the outer bound
on the e-outage achievable rate regions of the NOTj3
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scheme and the e-outage achievable rate region of
the OT scheme when o = 0 dB. In this example, we
set € = 0.001 and pmax1/No = Pmax2/No = 50 dB.
The figure shows that, the achievable rate region
of none of these schemes is strictly larger that the
other. In fact, each of them can achieve certain rates
that may not be achievable by the other scheme. For
instance, NOTj3 can achieve certain asymmetric rate
pairs which can not be achieved by OT.

We can similarly characterize the performance
limits of a transmission scheme where the first des-
tination decodes its message by treating interference
as noise and the second destination performs SIC.

Remark 1. For each specific set of network pa-
rameters, one of the transmission schemes outper-
forms the others; specifically, for each value of «
and SNR..x, one of the considered transmission
schemes achieves the minimum outage probability
for transmission at the desired rates. Since these
parameters are a priori known at terminals, an
adaptive transmission strategy can be deployed.
This transmission strategy based on the values of «
and SNR,,.« selects the transmission scheme which
has the minimum outage probability for transmis-
sion at the desired rates.

V. CONCLUSIONS

In this paper, we have studied fixed-rate trans-
mission for a two-user Rayleigh block-fading inter-
ference channel. The studied schemes use a point-
to-point encoder at each source in concatenation
with a power controller. The power controllers
adjust the transmission power during each fading
block, considering a short-term individual power
constraint, to successfully transmit at desired rates.
We have considered orthogonal and non-orthogonal
transmission schemes. In the latter case, we have
investigated different decoding strategies in which
each destination either directly decodes its desired
message by treating the interference from the un-
desired source as noise, or it performs successive
interference cancellation. For each of these schemes,
we have found the solution of the power control
problem to assign the minimum required power to
each source. Since the power control problem for
some channel realizations may not have any feasible
solution, for each transmission scheme we have
characterized the probability of such events, based

on which the e-outage achievable rate regions have
been evaluated.

APPENDIX A
PROOF OF PROPOSITION 2

The probability PN ((Ry, Ry) , Pmax) 18

PNOTl ((Rla RQ) ,pmax)

out

= 1— Pr {PEOTl ((Rl, Rg) ,pmax) 7£ (b}

1 Pr{omax (DsFs)<1, pN" < pruai, k € {1,2}}

(60)

where pY°™" and pY°™ are the minimum required

transmission powers for the NOT; scheme calcu-
lated in (21) and (22). The equality (a) follows the
definition in (23) and the feasibility condition given
in Lemma 1. Defining the probabilities ngOTl and
Pglob as

PP & Pr{ Amax(DsFs) <1, pY°" < prax.1 } (61)
PgZOTlé Pr{Am'dX<DSFS) < 17 pIZ\IOT1<pmax,2} (62)

we can bound the feasibility probability as follows

NOT; | pNOT;
Py '+ Py =1

(a)
S PI'{ /\max(DSFS) < 1, pll\IOTl<pmax,1a ngTl < pmaX,Q }

(b)
. NOT; pNOT
< min {PF,I L PF,Z 1} ,

where the equality (a) follows the fact that
Pr{ANB} = 1—Pr{AﬂB} —1-Pr {AUB} >
1 — Pr{A} — Pr{B} = Pr{A} + Pr{B} — 1,
where A and B are random events; and the equality
(b) follows Pr{ A B} < Pr{A}. The probability
Pgloh can be further simplified as follows

[Pz B |* _
|h11[?hoal? @2’

h1]?
No ((2R1—1) e z) _
|h21‘2(1 _ l) pmax,l 9

PFNf’Tl = Pr

(63)
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Fig. 7: The e-outage achievable rate region of the NOTj3 scheme.

where v = W, and [ = % X 0‘72 show that the pdf of Zy; and 715 are
It can be shown that 4
fZ21( ) ( )27 zeR (67)
|h22| 2 2 2 o 4
Pry"=Pr 3 (11 [* = b108)> (| sl +a108) — 61&105 Bios - (t02)
’ | 21| g Tzl (1—|—az 1—|—az) © (68)
=Pr{bi0? < |hy|? ”2
r{biog < [hul"} x where o = % and 8; = Zel®* ). The pdf
1 S

= Zi979 can be de-

Prlo< |h21|2 (|h12|2—}-a10§) - N of 1/ — Jho1[2(haz|+a102)
|hoa* (|hua|* = bro2) o a |h22‘2(|h11\2*b1“s)
—e M % Q (64)rived as fy(m) = [7% ﬁ [ 21020 (1, ™)dt. Since
the cumulative dlstrlbutlon unction (cdf) of M is

ot (Ihrsf+a102) Fy(m) = [ fu(z)dz, by using the fact that
where Q@ = Pr {0 < |h22‘2(‘h11‘2_b102) < & ¢, the random variables Z,; and Z;, are independent
S
a; = % and b, = % (2% —1). To cal- we have )
§ Pmax 0§ Pmax
culate (), we derive the probability den51ty function Fy(m)= — pios 1 e — 41 B (a100)
A |h21)? (|h12\ +a10s) 1—a?m \«

1—a?m (1—a?m)?

(E1 (@0) — B, (ﬂ) eal(la—: m))) .
am

Let X}, = |hkl|2 and Y = |hkk‘2 (Vk,l € {1,2},

(pdf) of the random variable M £ haa P ((Fa P—bro?)” (( Braro Bramaod )
_ X
k # 1), we have:

1 2
= —e "% 2 >0 65
Jxu(@) 0126 r= ©5) Therefore,
1 — (o
Fruy) = —5e/% y > 0. (66) Q= Fu(/a®) = Fu(0)
S aja(l—7y)
_ ’Yﬁlas ey ﬁlalas B <G1Oé) e+
A |h12\2+a10§ o X12+a10'S (1 - PY) 1 - ’y ’y
Let Zy, 2 [Imelracs o Xoraog g "
) |h11]%—b10} Y11—bi0Z 51705 ajo a1al—v)
Iy = % = 92, using the fact that the pdf of +a(1 )2 Er(aa)—Ey ER e 7
Z = 3 is f2(2) = [73 lylfxv(zy, y)dy, we can (69)
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By substituting (69) in (64), we can find PLP".
It is possible to find szon with similar ap-
proach. By plugging these in (63), the bounds on
PR ((Ry, Ry) , Pmax) can be obtained.

out

APPENDIX B
PROOF OF COROLLARY 1

We have

PNOT1

. NOT;
ot 1 — lim PF’2

Pmax,2 >0

. T
1— lim P}?Ilo 1
Pmax,1 00

lim
Pmax,1>Pmax,2—> 00

1— lim PNOT
a1,b1—0 ’

1-A-B—C, (70)

where (a) and (b) follow from the equality in (60),
and the definitions of PR and Piy" in (61) and
(62), respectively. The values A, B and C can be
calculated as follows

A= lim —Me—(bk—kaak) _ _L
ak,bk—>0 Q{(l — /y) 1 _ ,y
. Braros g ee(i=m-yby
B= 1 E _
@Ic,}){@rio 1 . ,7 1 ,7 (& Y
. Buyode b
O= lm “oo—w|Bi(@a)
E (al&) a1a(-7)
1 I e ¥
Y
~
o™ (71)
APPENDIX C
PROOF OF PROPOSITION 3
We have
Pgi?& ((Rl’ RQ) ) pmax)

Z 1_Pr{)\max (DIFI) < 17 P1 j Pmax, NIF j pmax} .
(72)

Defining

PF,I é PI'{HF j pmax} (73)
PF,D,k é Pr{)\max (DIFI) < 17pl,k S pmax,k} ) k € {17 2}
(74)

we can show that

FPri+Frpi+ Prpa—2

(a)
S Pr{/\maX(DIFI) < 17 P1 j Pmax, INF j Pmax 175)

The inequality follows the fact that

Pr{ANBNC} 1 - pr{AmBmc}
1-Pr{AUBUC} > 1 —Pr{A} — Pr{B} —
Pr{C} =Pr{A} +Pr{B} + Pr{C} — 2, where A,
B, and C are random events. We have

(a)

() o)
PF,I == (& S max, max, (76)
and
Pep1 = Pr{Amax (DiF1) < 1,p11 < pmax1 }
=Pr {(231—1)(2R2_1) [ Plhaal®
\haa2han |2
N R R |hao|?
o (2 1—1)<1+(2 2—1)‘,5—;2)
h11|2|ho2|? 'max, 1

:PI‘{(2R1—1)(2R2—1)(&10€+|h11|2)|h22|2<
(|h21|2 - 5103) |h12|2}
=Pr {bl < |h21‘2} X
Pr{0< |h22|22(|h11|22+ a10’2§)
|haz|?(|h21|* = bro)
where  a; No/(02pmax1),  and
by = No (2% —1) /02pmax1.  Comparing  (77)
and (64), we can obtain (48) by substituting ag,
1/a, and of, instead of o7, o, and o2 in (28),
respectively.

< oﬂv’}m)

APPENDIX D
PROOF OF PROPOSITION 4

The probability PNC™((Ry, Rs), Pmax) can be
simplified as
PEI?TB ((R1, R2) , Pmax)
=1—Pr {PEOTS ((Rla RQ) ) pmdx) # @}
= 1= Pr {p°™ < prax1, 25" < P2} (78)

Defining the probabilities ng)Ts and szoh as fol-
lows
B & Pr{p\°" < pmaxi} (79)
P 2 Pr{py® <pmaa},  (80)
we have

(a)
NOT NOT NOT NOT
2—Piy =Py < Pr{py < Pmax 1, 0y < Pmax,2 |

(0)

< min {P;TPTS, PIQ’STB}, (81)
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where the equality (a) follows the fact that
Pr{ANB} = 1—Pr{AﬂB} —1-Pr {AYB} >
1-Pr{A} —Pr{B} =Pr{A} +Pr{B} —1, where
A and B are random events; and the equality (b)
follows Pr{A (B} < Pr{A}. We have

POl — pr Ot <y
— Pr{\hn\2 > —01 (2% — 1)}
= ¢ N(zlr; (82)
and
P =Pr{0< M <1/ (bo3)} (83)

where M £ max {
_ (oRs _
and b = (272 — 1) pmams

find the cdf of M. We define X 2 (l2he 1),

2R1 1 [hoi |
|h12|2’ [h22? \ [h1a]?
. Therefore, we require to

and Y £ ﬁ, where ¢ = (2% —1). It can be
shown that
fx(x) ac >1  (84)
r) = z
X (c—aa+ax)?  —
1 -
= ve > 0. 85
fY(y) ygo_g S Y= ( )
We define Z £ XY, and we have
1 z
o) = [ mn@ () ds
& acx -2
= 7s* dx (86
/1 O’SQ(C—Oé—FOél')QZ2€ > d(86)
The cdf of Z is
F ( ) _oéz C ao‘cng C (87)
z) = e - e )
i oiza "\ o2z
Now, defining W £ | ;21'2, we have
_ct1
Fy(w) =e i w > 0. (88)
Therefore, for the random variable

M = max{Z, W}, since Z and W are independent,
we have

Fry(m) = Fz(m)Fy (m). (89)

Then,

P =Pr{0<M <1/ (bas)}

=Fy (1/(bog)) — Fu(0

)
_ (eb . @e’g ( >> —(c+1)ba (90)
le'

: (231—1)+1>},

(1]

(2]

(3]

(4]

(3]

(9]

(10]

(11]
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