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Abstract

In this paper, delay-limited transmission of quasi-stationary sources over block fading channels are
considered. Considering distortion outage probability as the performance measure, two source and channel
coding schemes with power adaptive transmission are presented. The first one is optimized for fixed rate
transmission, and hence enjoys simplicity of implementation. The second one is a high performance scheme,
which also benefits from optimized rate adaptation with respect to source and channel states. In high SNR
regime, the performance scaling laws in terms of outage distortion exponent and asymptotic outage distortion
gain are derived, where two schemes with fixed transmission power and adaptive or optimized fixed rates
are considered as benchmarks for comparisons. Various analytical and numerical results are provided which
demonstrate a superior performance for source and channel optimized rate and power adaptive scheme. It is
also observed that from a distortion outage perspective, the fixed rate adaptive power scheme substantially
outperforms an adaptive rate fixed power scheme for delay-limited transmission of quasi-stationary sources
over wireless block fading channels. The effect of the characteristics of the quasi-stationary source on

performance, and the implication of the results for transmission of stationary sources are also investigated.
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Outage capacity, quasi-stationary source, outage distortion, source and channel coding, rate and power
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I. INTRODUCTION

Multimedia signals such as speech and video are usually quasi-stationary and their transmission
in real-time or streaming applications is subject to certain delay constraints. The delay limited
communications over a wireless block fading channel is studied from a channel coding perspective
in, e.g., [1]], [2], where the performance is quantified in terms of channel outage probability, outage
capacity and delay-limited capacity. In this paper, we study the delay-limited transmission of a quasi-
stationary source over a block fading channel from the perspective of source and channel coding
designs and performance scaling laws.

The zero outage capacity region of the multiple access and the broadcast block fading channels,
respectively are studied in [2]] and [3]. In [2], it is shown that the delay limited capacity of a single
user Rayleigh block fading channel is zero. In [1]], [3] and [4], power adaptation for constant rate
transmission over point-to-point, broadcast and multiple access block fading channels is designed
for minimum outage probability. The outage performance of the relay block fading channel is
investigated in, e.g., [S]-[7].

The end to end mean distortion for transmission of a stationary source over a block fading channel
is considered in [8]-[13]. The performance is studied in terms of the (mean) distortion exponent or
the decay rate of the end to end mean distortion with (channel) signal to noise ratio (SNR) in high
SNR regime.

The transmission of a stationary source over a MIMO block fading channel is considered in
[14], where the distortion outage probability and the outage distortion exponent are considered as
performance measures. For constant power transmission, it is shown in [14] that separate source and
channel coding schemes with constant (optimized) or adaptive transmission rate essentially provide
the same distortion outage probability.

We consider the delay-limited transmission of a quasi-stationary source over a wireless block
fading channel. The assumption is that the channel state information is known at the transmitter.
The source and channel separation does not hold in this setting [15][16l], however, for practical
reasons we are interested in exploring the designs that combine conventional high performance
source codes and channel codes in an optimized manner. Specifically, a framework for rate and/or
power adaptation using source and channel codes, that achieve the rate-distortion and the capacity in
a given state of source and channel, is presented. The applicable performance measures of interest,
as described in Section II, are the probability of distortion outage and the outage distortion exponent.
Under an average transmission power constraint, two designs are presented. The first scheme devises
a channel optimized power adaptation to minimize the distortion outage probability for a given

optimized fixed rate, and hence enjoys the simplicity of single rate transmission. The second scheme



formulates adaptation solutions for transmission power and source and channel coding rate such
that the distortion outage probability is minimized. As benchmarks, we consider two constant power
delay-limited communication schemes with channel optimized adaptive or fixed rates.

The performance of the presented schemes are assessed and compared both analytically and
numerically. Specifically for large enough SNR, different scaling laws involving outage distortion
exponent and asymptotic outage distortion gain are derived. The analyses are mainly derived for
wireless block fading channels and are specialized to Rayleigh block fading channels in certain
cases. The results demonstrate the superior performance of the source and channel optimized rate
and power adaptive scheme. An interesting observation is that from a distortion outage perspective,
an adaptive power single rate scheme noticeably outperforms a rate adaptive scheme with constant
transmission power. This is the opposite of the observation made in [17] from the Shannon capacity
perspective. The effect of the statistics of quasi-stationary source on the performance of the presented
schemes is also investigated. In the marginal case of a stationary source, our studies reveal that a
fixed optimized rate provides the same outage distortion as the optimized rate adaptation scheme,
either with adaptive or constant transmission power. The results shed light on proper cross-layer
design strategies for efficient and reliable transmission of quasi-stationary sources over block fading
channels.

The paper is organized as follows. Following the preliminaries and the description of system
model in Section [lI, Section [lII] presents the design based on fixed source coding rate for minimized
distortion outage probability. Next, in Section [[V] we present the adaptive rate and power source and

channel coding design. Finally performance evaluations and comparisons are presented in Section

V1

II. SYSTEM MODEL

We consider the transmission of a quasi-stationary source over a block fading channel. Specifically,
the source is finite state quasi-stationary Gaussian with zero mean and variance o2 in a given block,
where s € § : § = {1,2,..., N,}[18]. The source state s from the set S is a discrete random
variable with the probability density function (pdf) P(s). The source coding rate in a block in state
s, 1s denoted by R, bits per source sample. Hence, according to the distortion-rate function of a
Gaussian source [18][[19], the instantaneous distortion in a block in state s is given by D = ag 2 28s

We consider a point to point wireless block fading channel for transmitting the source information
to the destination. Let X, Y and Z, respectively indicate channel input, output and additive noise,
where Z is an 1.1.d Gaussian noise ~ N(O, 1). Therefore, we have Y = aX + Z, where « is

the multiplicative fading which is constant across one block and independently varies from one
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block to another according to the continuous probability density function f(«). For a Rayleigh
fading channel, the channel gain |a|? is an exponentially distributed random variable, where we
here consider E[a] = 1.

The block diagram of the system is depicted in Fig. [IlL We consider /K source samples spanning
one source block coded into a finite index by the source encoder. This index is transmitted in N
channel uses spanning one fading block (bandwidth expansion ratio b = %, here b € N). We assume
that K" and N are large enough such that, over a given state of source and channel, the rate distortion
function of the quasi-stationary source and the instantaneous capacity of the block fading channel
may be achieved. The source coding rate R, in bits per source sample and channel coding rate R
in bits per channel use are related by R; = bR. The instantaneous capacity of the fading Gaussian

channel [1]] over one block (in bits per channel use) is defined as
1
Cla,y) = 5 logy(1 +a). (1)

In case of a channel outage, in each state of the source and the channel (s, «), the instantaneous

distortion is equal to the variance of the source and the decoder reconstructs the mean of the source.
Whereas without channel outage, distortion is given by 02272°%, Thus, the distortion at a given state
(s, ) is equal to

0227 %R it R < C(a,7)

D(os,a,7) = (2)
o? if R > C(a,7),

S

where C(a, ) is given in (I). Let D,, be a nonnegative constant and represent the maximum

allowable distortion. The distortion outage probability evaluated at D,, is defined as
PDout = PT(D(O'S, «, 7) > Dm)> (3)

where v = (0, ) is the transmission power and we have the power constraint E[y] < P.

The outage distortion exponent is defined as [14]

111 PDout

“4)

Aop = lim — )
ob 151—r>rolo In P

Let P, and P, be the average powers transmitted to asymptotically achieve a specific distortion

outage probability by two different schemes. We define the asymptotic outage distortion gain as

follows _ _
GOD =10 10g10 P2 —10 lOglO Pl. (5)

In the sequel, we also use the following mathematical definitions

[z]* := max{z,0} (6)

and 0 ,—a
Ei(x) ::/ —da, (7
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as well as the following two approximations (refer to (5.1.53) in [20])
Ei(x)= —E.—In(z) ifz—0, 8)

where £, = 0.5772156649 is the Euler constant and
e"=21+ax ifx—0. 9

III. CHANNEL OPTIMIZED POWER ADAPTATION WITH FIXED RATE SOURCE AND CHANNEL
CODING

In this section, the aim is to find the optimized power allocation strategy and fixed rate such
that the distortion outage probability for communication of a quasi-stationary source over a wireless
fading channel is minimized. With a fixed rate, the encoders do not need to be rate adaptive which
simplifies the design and implementation of transceivers. Noting (3]) the distortion outage probability

is computed as follows

Ppouw = Pr(R > C (@, 7))Pr(02 > Dy) + (1 = Pr(R > C (a,7)))Pr(022*% > D,,).  (10)

We have the following design problem.
Problem 1: The problem of delay-limited channel optimized power adaptation for communication
of a quasi-stationary source with minimum distortion outage probability (COPA-MDO) is formulated

as follows

min Ppoyt
7R !

subject to E[y] < P. (11)

The solution to Problem [1|is obtained in two steps. For a given fixed rate and noting Pr(o2272% >
D,,) < Pr(o? > D,,) : VR > 0, minimizing (I0) is equivalent to minimizing Pr(R > C'(a,7)).
Problem [2] below formulates this (sub)problem and provides the optimum power adaptation strategy
as a function of R. Next, solving Problem (3| as described below, provides the optimum solution for
R, and hence problem m is solved.

Problem 2: With COPA-MDO scheme and with a given fixed channel coding rate R, the power

adaptation problem is formulated as follows

min Pr(R > C(«, 7))
! (12)
subject to E[y] < P.

Proposition 1: The solution to Problem [2| for optimized power adaptation over a block fading

channel is given by

22R_1 lf a > 225*—1
“(a, R) = @ 4% 13
7 (e, R) . e (13)

* Y
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in which ¢ is selected such that the power constraint is satisfied with equality, 1.e.,

2R _
/ 2 1f(a) da = P. (14)

«

2R_
azzi*l
a1

Specifically for Rayleigh block fading channel, (14)) is simplified to
22R -1 B
(?R—Dlﬁ( - ):fz (15)
ISl
Proof: The proof follows that of Proposition 4 in [1]. Based on (I4)), for Rayleigh block fading
channel ¢ is to satisfy (I5). In fact ¢ sets the SNR threshold below which the channel outage

occurs. [ |

Now for obtained ~*(«a, R), minimizing (10)) is equivalent to maximizing

[WR):I%(R5500%7WarR»><Pr@§>>Dm)—Pr@f24“€>[%J), (16)

as formulated in Problem [3] below.
Problem 3: For COPA-MDO scheme with optimum power adaptation v*(«, R), the optimum R,
denoted by R*, is given by the solution to the following optimization problem
max A(R)
" ] a7
subject to E,[v" (o, R)] < P.
Proposition 2: Solution to Problem [3] for block fading channel is R*, where R* is an element of
the set {4 log, %; s €S, 02> D,,} that maximizes

2R
Pr (a >2 1) (Pr 02 > Dy) — Pr (02227 > Dm)) (18)
1

for ¢} satisfying (14).
Proof: Using (1)) and (I3), we have

R if 2l < g
Cla,y) = K (19)
0 if > g

07

Therefore,
22R _ 1
Pr(R < C(a,7)) =Pr (a > - ) (20)
51
Thus, the maximization in Problem [3] is equivalent to
227 _ 1
mgXPr(azz - ) Q&(ag>.Dm)—Pr@ﬁ2—%R:>L%J> (21)
a4

where ¢} satisfies (14]).



It is clear in that Pr (02 > D,,)—Pr (02272"F > D,,) is an ascending (stair case like) function

of R with discontinuity at R = %logQ o Vs € S, 03 > D,,. On the other hand, noting (14),

D,
(22R_1) X
~—; 7 Iincreases as R grows; and therefore Pr (o >

22R_1

) decreases as R increases. Thus, the
1

objective function in Problemhas discontinuities at R = 2ib log, %; Vs €S, 02 > D,, and also is
a descending function of R between two subsequent discontinuity points. Hence, we can conclude
that the maximum of (21)) occurs at one of these discontinuity points. [ ]
The next two Propositions quantify the performance of the proposed COPA-MDO scheme in
terms of the resulting distortion outage probability and outage distortion exponent, respectively.
Proposition 3: The distortion outage probability obtained by COPA-MDO scheme for transmis-
sion of a quasi-stationary source over a Rayleigh block fading channel is given by

2R 2R _ ] .
Ppout = <1 — exp <_—q* )) Pr(af > D,,) + exp <_—q* ) Pr(o'§2—2bR > D,) (22)
1 1

with ¢; satisfying the following equation

2R* B
(2°% - 1) By (%) =P (23)
1

and RR* given in Proposition
Proof: Noting (20) and with exponentially distributed channel gain, we obtain

22 _ |
Pr(R" < C(,7)) = exp (—q—) | 24)
1

where R* is given in Proposition 2] Hence, equation (22)) is derived by replacing (24)) in (I0). m

As expected, the power allocation and hence the resulting distortion outage probability are func-
tions of the optimized fixed rate.

Proposition 4: For communication of a quasi-stationary source over a Rayleigh block fading
channel, the COPA-MDO scheme achieves the outage distortion exponent Agp of the order O <%>
for large average power limit P.

Proof: To compute App as defined in (@), we first note that according to (23)) and Proposition
for large enough P, we have

be rewritten as follows.

22R* _q . . . . .
= — 0. Thus, using the approximation given in (§)), (23) can

* 22R* - 1 =
— (227 —1) <ln —+ E) >~ p (25)
a4
or equivalently -
* Av * P
q = (22R _ 1) exp (m) . (26)

*

221;*_1 — 0, (22) can be rewritten as follows

1

Therefore, using (9) and and noting



P P b
Ppour = Pr (af > Dm) exp (—m> + (1 — exp (—m>) Pr(0?2 PR > D). (27)

Noting Proposition [2] or equivalently minimizing (27) for large power constraint, it is observed that

the optimum R* have to be set such that Pr(c22=%%" > D, ) =0, i.e.,

1 max{o?}
— logy ———— 28
R =% 082 D, (28)
Thus, we have
~ by (2 —P
Poou = Pr (O’S > Dm) exp T 29)
max{c2} \ b
() -
and therefore, )
P luPt(e?> D)
<ma;iz:5}> 1 (30)
Agp = i — .
op Pl—{go In P
Hence, the proof is complete. [ ]

For the optimized fixed rate R*, the distortion outage exponent enhances when the average power
limit P increases.

In the following three Corollaries, we summarize the implications of the COPA-MDO design for
transmission of stationary sources over block fading channels. The stationary source is a Gaussian
with zero mean and variance o > D,,. Obviously, with o2 < D,,,, the distortion outage probability
is equal to zero. The results are directly obtained from Propositions and M] and allows for
insights into the system performance as it relates to source statistical characteristics.

Corollary 1: The optimum power adaptation and channel coding rate prescribed by COPA-MDO

for transmission of a stationary source over a block fading channel are given by

1 o2
—1 31
R* 2b 082 75— D, 31
and

()t ()01

Dm - . Dm -
D (32)

0 otherwise

in which ¢ is selected such that the power constraint is satisfied with equality, i.e.,

1

/ (55)" - —(m) "~ fa)dn = . (33)
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Specifically for Rayleigh block fading channel, (33)) is simplified to

() )= ()

Thus, for transmission of a stationary source over a block fading channel, the optimized fixed rate
is simply set such that the source coding distortion is equal to its maximum D,,.
Corollary 2: The distortion outage probability obtained by COPA-MDO for transmission of a

stationary source over a Rayleigh block fading channel is given by
0.2 b
() -1
Ppow =1 —exp | ————— (35

with ¢* satisfying the following equation

@ )&+

The results in Corollary [2| is obtained noting that 0> > D,, and Pr(c?22*F" > D, ) = 0 for
stationary sources.

Corollary 3: For communication of a stationary source over a Rayleigh block fading channel and
with large average power limit P, the COPA-MDO scheme achieves the outage distortion exponent
App = lim + of the order O (%).

P=ooyy p (%)tl
This immediately follows the proof of Proposition ] and noting that for stationary sources R* =
% log, %.
The performance of COPA-MDO scheme is studied and compared in Section

IV. SOURCE AND CHANNEL OPTIMIZED POWER AND RATE ADAPTATION

In this section, we consider power and rate adaptation with regard to source and channel states for
improved performance of communications of a quasi-stationary source over a wireless block fading
channel. Thus, the objective in this section is to devise power and rate adaptation strategies for
each state (s, «) such that the distortion outage probability is minimized, when the average power
is constrained to P. We have the following design problem.

Problem 4: The problem of delay-limited source and channel optimized power adaptation for
transmission of a quasi-stationary source with minimum distortion outage probability (SCOPA-
MDO) over a block fading channel is formulated as follows

min Ppoy = Pr(D(o,, «,v) > D,y)
e (37)

subject to E[y] < P,

8



where D(og, a,y) is given in (2).

Proposition 5: The solution to Problem [ for an arbitrary block fading channel is given by

1|:<02)’1’ 1]+ o 1|:(0_2>11, 1:|+< )
o \on) — tal\on) —4 =14
YV (oga) = © [\ = i (38)
0 Otherwise
and
L og 2 if“?>1andl{(”3>‘l’—1 <q
R _ 2b D, Dy, « Dy, 2 (39)

0 Otherwise,

with ¢; satisfying the following equation

> () =) paa—p 0

5:02>Dp, 1
2 b
.1 o
ay |:(Dfn> —1] <q3

Proof: The transmission rate may be controlled with respect to the channel state. Specifically,

it 1s logical to set the rate to its maximum as follows

1
R=C(a7) = ;log(l+a) (41)
and therefore, we have
2
D(057 a, P)/) = g?QinR — L (42)

(1+ ay)b’
Let v represent the probabilistically adapted transmission power. Obviously with distortion outage,

7y is set to zero and without distortion outage, the power is set to 4 such that D(og, o, ¥) < D,,. We
define w(o,, ) to be the probability that (noting the channel SNR) the power is not zero in state

o, and . We have,

4(os, )  with probability w(os, c)
(o5, ) = (43)
0 with probability 1 — w(oy, ).

Thus, the distortion outage probability and the average transmitted power, respectively are 1 —
Elw(os, )] and E[w(os, a)(0s, @)]. Hence, using a Lagrangian optimization approach, the problem
may be restated as follows in which the Lagrangian variable A is set such that the power constraint
in is satisfied with equality.

( rr;ag(( )E[w(as, a)] — AE[w(os, a)¥(os, )] subject to (44)
w(0O0s,x),Y(0Os,x

0.2

Ch: > <D,,
1+ (o, )b T

Cy: 0 <w(os,a) <1.




Note that w(os, ) = 0 is a trivial case that is excluded in Cy above. Due to the fact that C
(representing D(os, v, %) < D,,) and Cy are convex, the solution to the above for A > 0 is globally
optimal. To solve this problem, we first find v*(o5, @) to maximize (@4)) for a given w(oy, «). Then
for the resulting power adaptation strategy, we obtain w*(oy, @) to maximize (44). Thus, v*(os, @)
is the solution to

min AE[w(os, a)9(os, )]  subject to

H(os,a)
52 (45)
Ci: 2 < D,,.
V(I adlosa) T

Noting A > 0 and 0 < w(o,, ) < 1, is equivalent to the following

min (o, o)
o2 (46)
subject to 5 <D,,.
R SR P s

Obviously, as v*(os, «), the solution to the problem above, is to be nonnegative, we have

1 +
1702 \F
V(o0 0) = [(g > _ 1] , 47

Now, given the power adaptation 7*(o, ), the optimization problem may be rewritten as follow

max E[w(os, a) (1 — My (0s,a))]. (48)

0<w(os,0)<1
The solution to (48)) is given by

1 if v*(os, ) <
(05, @) 49)

w*(os, ) =

e

0 if v*(os,a) >

Therefore, noting @7), (49) and @3], we obtain (38). Substituting (38) in (#I)), achieving (39) is

straightforward.

The Lagrangian variable A is set such that the power constraint E[w*(o,, a)v* (0, )] = P is

satisfied. We have

> [ vlearie PP (50)

where replacing % with ¢; completes the proof. [ ]
The next two Propositions quantify the performance of the proposed SCOPA-MDO scheme in

terms of the resulting distortion outage probability and outage distortion exponent, respectively.
Proposition 6: The distortion outage probability for transmission of a quasi-stationary source

using the SCOPA-MDO scheme over a Rayleigh block fading channel is given by

10



1
2 (5:) !
Ppouw = Pr(cs > D,,,)— Z exp | ————~—— | P(s) (51)

with ¢ satisfying the following equation

3 ((gi)é_1>& %2_1 P(s) = P. (52)

5:02>Dpy,

Proof: The proof is provided in Appendix [ ]
Proposition 7: For communication of a quasi-stationary source over a Rayleigh block fading
channel, the SCOPA-MDO scheme achieves an outage distortion exponent Agp of the order O <%>
for large average power limit P.
Proof: Noting (52)), P — oo requires that g5 — oo. In this case, using (8], we can rewrite (52)

as follows.

(@) ) e e

5:02>Dp,
and after some manipulations, we obtain

: = (@) -)m(E) 1)

5:02>Dp,

g5 = exp - <(Ei>i__1>;%5) | > (<5i)i——1)P%$

5:02>Dmy

(54)
Considering (51)) and (9) for ¢5 — oo, we have

Y ((gi)i - 1) P(s). (55)

$:02>Dpy

Y

PDout

)
w*l =

Hence, noting (54) for ¢5 — oo we obtain

App = lim

P p % ((;i)ll’—1) P(s) (56)

5:02>Dp,

Thus, the proof is completed. [ ]
The following Corollary expresses the implication of the SCOPA-MDO design for transmission
of a stationary source over block fading channels. This is directly obtained from Proposition [5| when

a stationary source is assumed.

11



Corollary 4: The optimum channel coding rate and power adaptation prescribed by SCOPA-MDO

for transmission of a stationary source over a block fading channel are given by

¢ 2k
1100, 02 i (82)" -1
ol log, jo if o > o (57)
\O otherwise
/ 1 1
) ot g s (B2)
v = e - (58)
0 otherwise

\

in which ¢; is selected such that the power constraint is satisfied with equality, 1.e.,

1

o2

/ —(m> _ 1f(a) da = P. (59)

«

=

N

a3
Specifically for Rayleigh block fading channel, (59) is simplified to

@ (@)

Remark 1: Examining Corollaries [I] and [] for transmission of a stationary source over a block
fading channel, one sees that the SCOPA-MDO and COPA-MDO schemes provide the same distor-
tion outage probability and outage distortion exponent. This implies that in this setting with power
adaptation an optimized fixed rate provides all the gain that may be obtained by rate adaptation.

The performance of SCOPA-MDO scheme is studied in Section

V. PERFORMANCE EVALUATION

In this section, we first present two constant power transmission schemes as benchmarks for
comparisons. Next, we consider analytical performance comparison of different schemes followed
by numerical results. To this end, we consider four quasi-stationary sources, with Ny = 25 where
the variance of the source in the state s is given by o2(s) = (1+$s)* : Vs € {0,1,..., Ng — 1}. For
three of the sources, labeled as G1, G2 and G3, the probability of being in different states follows
a discrete Gaussian distribution with mean 3 and variances 0.05, 0.48, 1.07, respectively. For the
fourth source, U, the said distribution is considered uniform with the same mean and a variance of
1.44. We also consider an stationary source S with o0, = 3 for a meaningful comparison. Unless

otherwise mentioned, we consider the source G2 for the following results and simulations.

12



A. Benchmark

Two constant power schemes for transmission of a quasi-stationary source over a block fading
channel are considered as benchmarks for comparisons. In the first scheme, the channel coding
rate is adjusted based on the channel state to minimize the distortion outage probability; hence the
scheme is labeled as Channel Optimized Rate Adaptation with Constant Power (CORACP). In the
second scheme with Constant Rate and Constant Power (CRCP), the aim is to find the optimized
fixed rate such that the distortion outage probability is minimized.

1) Channel Optimized Rate Adaptation with Constant Power: With CORACP and constant trans-
mission power P, the instantaneous capacity is given by C' = 1log, (1+ «P); and hence to
minimize Ppy, it is logical to consider the rate adaptation strategy of R = C. The source coding
rate is then set as R, = DR. The next two Propositions quantify the distortion outage performance
of CORACP.

Proposition 8: The distortion outage probability for transmission of a quasi-stationary source over

a Rayleigh block fading channel using CORACP is given by
9 1 o2\
Ppow = Pr(cs > D) — Z exp | —= (D;) — 1] ) P(s). (61)

P
5:02>Dmy
Proof: The proof is provided in Appendix [ ]

Proposition 9: For communication of a quasi-stationary source over a Rayleigh block fading

channel, the CORACP scheme achieves the outage distortion exponent Agp of the order O (1).
Proof: Using (@) and considering large enough P, (61) can be rewritten as

1 2\
Poou 3 ((gm) —1> P(s). (62)

$:02>Dp,

Thus,

—InP+In % ((gi)é—l) P(s) (63)

5:02>Dp,

App = lim — g
op = g In D

and the proof is complete. [ ]
Based on Propositions [§] and [0} the following Corollary presents the performance of CORACP
with stationary sources.
Corollary 5: For communication of a stationary source over a Rayleigh block fading channel, the

CORACP scheme achieves a distortion outage probability of

PDout =1- exXp | —

% (64)
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and an outage distortion exponent of Ayp of the order O (1).

2) Constant Rate Constant Power: With CRCP, the fixed rate is optimized to minimize the
distortion outage probability when the power is constant. The following three Propositions express
the optimized fixed rate, distortion outage probability and distortion outage exponent obtained by
CRCP.

Proposition 10: For transmission of a quasi-stationary source over a block fading channel using
the CRCP scheme, the optimum rate, 12*, is an element of the set {% log, %; s€S8, 02> D,}

that maximizes

22R -1 2 20—2bR
Pr{a>—% Pr (o2 > D,,) — Pr (027" > D,,) (65)

Proof: The proof is similar to the proof of Proposition [3] [ ]
Proposition 11: For transmission of a quasi-stationary source over a Rayleigh block fading chan-
nel, the CRCP scheme achieves the distortion outage probability of
2R* _ 2R* _
Ppout = (1 — exp <—T)) Pr(o? > D,,) + exp (—T) Pr(c?27%*% > D,), (66)
with R* in Proposition and the outage distortion exponent Ayp of the order O (1).
Proof: Noting and constant power P with exponentially distributed channel gain, obtaining

Ppou 18 straightforward. For a large power constraint, one can verify that R* is simplified to

1 max{o?}
*_ og, —5
R o 082 D (67)
Thus, from Proposition [I1] and noting (9) and (67), we obtain
( D, ) R (68)
Ppou = P Pr (O’S > Dm)
and therefore,
_ max{o2} % 9
—In(P) +1n ( o ) — 1] Pr(o; > Dy,) (69)
A f— 1 — — = 1
0P = S n P
|

Based on the above two Propositions, the following two Corollaries present the optimum rate and
the performance of CRCP with stationary sources.
Corollary 6: The optimum channel coding rate prescribed by CRCP for transmission of a sta-
tionary source over a block fading channel is given by
1 o?

* 1 o
R = o logy 1o (70)
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Corollary 7: For communication of a stationary source over a Rayleigh block fading channel, the
CRCP scheme achieves a distortion outage probability of
1
o2 \?
(5:) -1
Ppow =1 —exp [ —=—F— (71)
and an outage distortion exponent of App of the order O (1).
Remark 2: Noting Corollaries [5] and [7] for transmission of a stationary source over a block
fading channel, one sees that the CORACP and CRCP schemes provide the same distortion outage
probability and outage distortion exponent. This implies that in this setting with constant power, an

optimized fixed rate provides all the gain that may be obtained by rate adaptation.

B. Analytical Performance Comparison

In the sequel, we quantify the respective asymptotic outage distortion gain Gpp of SCOPA-MDO,
COPA-MDO, CORACP and CRCP for transmission of a quasi-stationary source over a block fading
channel.

Proposition 12: In transmission of a quasi-stationary source over a Rayleigh block fading channel,

the asymptotic outage distortion gain obtained by SCOPA-MDO with respect to COPA-MDO is given

by )
max{o}}\ * 2\ b
Gop = 10logyg (SD—> — 1| — 10logy, Z ((gs ) — 1) P(s). (72)
m $:02>Dp, m
Proof: The proof is provided in Appendix [C| [ ]

Proposition 13: In transmission of a quasi-stationary source over a Rayleigh block fading channel,
the asymptotic outage distortion gain obtained by COPA-MDO with respect to CORACP is given
by

P P

max 0'2 5 0—2 3
( ot S})b ~1 2. ((D;)b - 1) P(s)

§:02>Dp,

: (73)

where P, and P, are power limits in COPA-MDO and CORACP; P, (dB) =P»(dB)-Gop.
Proof: The proof is provided in Appendix [ ]
Proposition 14: In transmission of a quasi-stationary source over a Rayleigh block fading channel,

the asymptotic outage distortion gain obtained by CORACP with respect to CRCP is given by

max{c?} ; o2 \ b
Gop = 10log,, SD— —1|Pr(c? > D,,) | — 10log,, Z (DS ) — 1] P(s).

5:02>Dp, m
(74)
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TABLE 1
ASYMPTOTIC OUTAGE DISTORTION GAIN Gop OF SCHEME 1 WITH RESPECT TO SCHEME 2 FOR SOURCE G2 EVALUATED AT
b=1AND D,, = 8dB.

Scheme 1 Scheme 2 | Gop at P = 25dB | Gop at P» = 20dB
SCOPA-MDO | COPA-MDO 7.14 7.14
COPA-MDO | CORACP 12.28 8.16
CORACP CRCP 5.74 5.74
Proof: The proof is provided in Appendix [C| [ ]

As evident, Gpp of SCOPA-MDO with respect to COPA-MDO and CORACP with respect to
CRCP are independent of the power. This is while the gain of COPA-MDO with respect to CORACP
depends nonlinearly on the average transmission power limit and it improves when the power limit
increases. The dependency of Gpp on the variance of the source in different states and the maximum
allowable distortion is also seen in to (74). Table [[| presents the value of Gop at D,,, = 8dB.

The distortion outage exponent Ayp of the COPA-MDO and SCOPA-MDO schemes which are
derived in line with the proofs of the Propositions 4| and [/| are quantified in Table [lI} As denoted in
Propositions [9] and [[ T, CORACP and CRCP schemes give Agp = 1. The distortion outage exponent
indicates the speed at which the distortion outage (dB) reduces as the average power (limit) (dB)
increases. Therefore, as evident, this speed is noticeably high with SCOPA-MDO and very low with
CORACP and CRCP. Furthermore, the Ayp obtained by SCOPA-MDO and COPA-MDO depends
on the average power limit P, maximum allowable distortion D,, and bandwidth expansion ratio b.
It is observed that with SCOPA-MDO and COPA-MDO, A, improves as b, P or D,, increase. In
fact, for a given value of N, a larger b implies a more finely encoded source that is more sensitive
to channel errors and hence can more greatly benefit from increased power. The results in Tables
I and II indicate that from the perspective of probability of distortion outage, for delay-limited
communication of quasi-stationary sources, CORACP and CRCP schemes may not be appropriate
designs.

The following three Corollaries quantify the asymptotic outage distortion gain in transmission of
a stationary source over block fading channels. These are directly obtained from Propositions [12]
and [14] when a stationary source is considered.

Corollary 8: In transmission of a stationary source over a Rayleigh block fading channel, the
asymptotic outage distortion gain obtained by SCOPA-MDO with respect to COPA-MDO is equal
to zero.

Corollary 9: In transmission of a stationary source over a Rayleigh block fading channel, the
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TABLE II
DISTORTION OUTAGE EXPONENT App OF THE PROPOSED SCHEMES FOR SOURCE G2

Bandwidth Expansion Ratio b=1 b=5
Schemes and Settings SCOPA-MDO | COPA-MDO || SCOPA-MDO | COPA-MDO
D,, = 8dB, P = 16dB 18.90 3.89 129.08 34.33
D,,, = 8dB, P = 20dB 37.97 7.53 259.39 68.69
D,, = 5dB, P = 20dB 10.80 3.27 95.75 42.53

asymptotic outage distortion gain of COPA-MDO with respect to CORACP is equal to
X
Gop = 101 — 75
OD 0810 X’ (75)

where X := %%1 and P, is the power limit of CORACP.

Corollary 1 §¢ In transmission of a stationary source over a Rayleigh block fading channel, the
asymptotic outage distortion gain of CORACP with respect to CRCP is equal to zero.

The values of Gpp in and Agp in Corollary [3] for the stationary source S, P, = 20dB and
D,, = 8dB respectively amount to 16.33dB and 51. Noting Remarks |1| and [2} it is observed that
with stationary sources and common settings, an optimized fixed rate scheme and an adaptive rate
scheme provide the same distortion outage probability. Therefore, in this setting, with optimum
power adaptation, COPA-MDO and SCOPA-MDO schemes; and with constant power, CORACP

and CRCP schemes provide the same distortion outage probability.

C. Numerical Results

Figs. 2a and 2b depict the distortion outage probability performance of the presented schemes as
a function of the power constraint P for D,, = 8dB and D,, = 5dB, respectively. As expected, for
a given P, Ppoy decreases as D,, increases. It is evident that the proposed SCOPA-MDO scheme
achieves an asymptotic outage distortion gain of about 7.1dB and 5.6 dB with respect to COPA-
MDO, for P = 20dB and D,, = 8dB and D,, = 5dB, respectively. In the same settings, the
COPA-MDO scheme achieves asymptotic outage distortion gains of about 9.1 dB and 6.3dB with
respect to CORACP; and CORACP achieves gains of 6dB and 4.9dB with respect to CRCP. The
results obtained from simulations and what is reported in Table [[| from analyses match reasonably
well given the assumption of very high average SNR considered in the analytical performance
evaluations.

The analytical results in Table [[I| for Ayp performance, may also be observed in numerical results

of Figs. 2a and 2b. Specifically, at each point on the curves, the corresponding value in the vertical
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coordinate in dB, i.e., 10log,, Ppoy divided by the value in the horizontal coordinate, i.e., P(dB),
indicates —Agp. For example, as seen in Fig. 2b, Ayp for SCOPA-MDO is almost equal to 38 at
P =20dB with D,, = 8dB.

Figs. 3a and 3b depict the Pp,, performance of the presented schemes for different sources.
As observed, as the non-stationary characteristics of the source intensifies (from source S to U),
the distortion outage probability increases in general. However, the sensitivity of the performance
of different schemes to the level of non-stationarity varies. Once again, the advantage of power
adaptation is clear. For the stationary source S, as noted in Remarks [I] and [2] and also seen in these
Figures, SCOPA-MDO and COPA-MDO schemes provide the same distortion outage probability
in this setting. This also holds true for CORACP and CRCP. It is observed that SCOPA-MDO (or
equivalently COPA-MDO) scheme achieves an asymptotic outage distortion gain of about 16.8 dB
with respect to CORACP (or equivalently CRCP) for P = 20dB and D,,, = 8dB.

It 1s noteworthy that the four methods discussed, rely on different levels of source and channel
state information (SSI and CSI). Specifically, it can be verified that three schemes of SCOPA-MDO,
COPA-MDO and CORACEP require instantaneous CSI for rate and/or power adaptation, while CRCP
needs CSI statistics. The SCOPA-MDO scheme also needs instantaneous SSI, while COPA-MDO
and CRCP simply need SSI statistics.

VI. CONCLUSIONS

In this paper, delay-limited transmission of a quasi-stationary source over a block fading channel
was considered. Aiming at minimizing the distortion outage probability, two transmission strategies
namely channel-optimized power adaptation with fixed rate (COPA-MDO) and source and channel
optimized power (and rate) adaptation (SCOPA-MDOQO) were introduced. The SCOPA-MDO scheme
provides a superior performance, while the COPA-MDO scheme enjoys the simplicity of single rate
transmission. In high SNR regime, different scaling laws involving outage distortion exponent and
asymptotic outage distortion were derived. Our studies confirm the benefit of power adaption from
a distortion outage perspective and for delay-limited transmission of quasi-stationary sources over
wireless block fading channels. The analyses of the presented schemes in the case of stationary

sources indicate the same outage distortion performance with or without rate adaptation.

APPENDIX A
PROOF OF PROPOSITION @]

Noting (0] and (7)) for exponentially distributed channel gain, we can obtain (52)) and subsequently
¢5 by numerical methods. Using and (42), the distortion for each state of the source and the
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channel is given by

A GO
D(O‘s’ @7’}/> = Dm lf Dfn > 1 and < q2 (76)

o2 otherwise.

1 0—5 % * 2
Ppout = Pr o D -1 >q,0.>D,|. 77)

Considering exponentially distributed channel gain «, deriving (51) is straightforward.

Therefore, we have

APPENDIX B
PROOF OF PROPOSITION§]
Noting for v = P, distortion can be written as follows
— 0'2
D(og,a,y=P)=¢227 = 5

78
(1+aP)’ e

and then we can derive

o2 1 o? g
Ppow =Pr | ——=—= > Dy, 02> D, | =Pr|a< 3 < ) —1),02>D,|. (19
(1+aP) P Dy,

Considering exponentially distributed channel gain «, obtaining (61) is straightforward.

APPENDIX C
PROOF OF PROPOSITIONS [T2] AND

The average power to asymptotically achieve a certain distortion outage probability using SCOPA-

MDO and COPA-MDO schemes are denoted by P, and P,, respectively. Thus, we can use (3)) to
derive Gpp. Noting (54), (55) and (29) we set
P P
lim ! = lim 2

e ((B) 1) Pﬁ“’(mf"{"?})}’_l' o

5:02>Dp, D

Therefore, we can derive and complete the proof of Proposition [12]
The proof of Propositions [13] or [14] is straightforward, when we use (29) and (62) or (62)) and
(68)); and obtain the following

. Py . P,
lim T = lim In T o1
IET ey (FT i TR
m 5:02>Dp,
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