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Abstract

A hard-deadline, opportunistic scheduling problem in which B bits must be transmitted within 7" time-slots
over a time-varying channel is studied: the transmitter must decide how many bits to serve in each slot based
on knowledge of the current channel but without knowledge of the channel in future slots, with the objective of
minimizing expected transmission energy. In order to focus on the effects of delay and fading, we assume that no
other packets are scheduled simultaneously and no outage is considered. We also assume that the scheduler can
transmit at capacity where the underlying noise channel is Gaussian such that the energy-bit relation is a Shannon-
type exponential function. No closed form solution for the optimal policy is known for this problem, which is
naturally formulated as a finite-horizon dynamic program, but three different policies are shown to be optimal in the
limiting regimes where T is fixed and B is large, T is fixed and B is small, and where B and T' are simultaneously
taken to infinity. In addition, the advantage of optimal scheduling is quantified relative to a non-opportunistic (i.e.,
channel-blind) equal-bit policy.

I. INTRODUCTION

Although the basic tenants of opportunistic communication over time-varying channels are well understood, much
less is known when short-term delay constraints are imposed. Given the increasing importance of delay constrained
communication, e.g., multimedia transmission, it is critical to understand how to optimize communication perfor-
mance in delay-limited settings. Thereby motivated, we consider the discrete-time causal scheduling problem of
transmitting a packet of B bits within a hard deadline of T slots over a time-varying channel. At each time slot the
scheduler determines how many bits to transmit based on the current channel state information (CSI), but without
future CSI, and the number of unserved bits, with the objective of minimizing the expected total energy cost. In
order to focus on the interplay between opportunistic communication and delay, it is assumed that no other packets
are simultaneously transmitted, and the hard deadline must always be met.

This basic problem was formulated as a finite-horizon dynamic program in [1], but an analytic form for the
optimal scheduling policy cannot be found for most energy-bit relationships. Indeed, such a problem is difficult
to solve because the transmitter only has causual CSI and because a particular rate must be guaranteed over a
finite time-horizon. In our earlier work [2], we studied this problem in the setting where transmission occurs at the
capacity of the underlying Gaussian noise channel and proposed different suboptimal scheduling policies.

Building upon [2], in this work we prove the optimality of certain scheduling policies in different asymptotic
regimes. In particular, we show that:

o When the number of bits B is large, the optimal scheduling policy is a linear combination of a delay-associated
term and an opportunistic-term. The opportunistic term depends on the logarithm of the channel quality, and
the weight of this term decreases as the deadline approaches.

o When the number of bits B is small, a one-shot threshold policy where all B bits are transmitted in the first
slot in which the channel quality is above a specified threshold is optimal.

e When the number of bits B and the time horizon 7' are both large, a waterfilling-like policy is optimal.

These results are particularly important in light of the fact that the general optimal solution appears intractable. In
addition, the different asymptotically optimal schedulers provide an understanding of how the conflicting objectives
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Fig. 1: Point-to-point delay constrained scheduling

of opportunistic communication (i.e. transmit only when the channel is strong) and delay-limited communication
are optimally balanced, and how this balance depends on the time-horizon and the packet size.

In addition to showing asymptotic optimality, we also quantify the power benefits of optimal channel- and delay-
aware scheduling relative to non-opportunistic equal-bit/rate transmission. These results identify that the largest
benefits are obtained for severe fading, small packet size, and large time horizon. Moreover, we analyze the behavior
of the scheduling policies for large and small B using results on high and low SNR analysis in [3] and [4].

A. Prior Work

The basic scheduling problem was first proposed and formulated as a finite-horizon dynamic program (DP) in
[1]. In that work a closed-form solution for the optimal scheduler is provided for the special case where the number
of transmitted bits is linear in the transmit energy/power and the channel quality is restricted to integer multiples
of some constant. In [5], the formulation is extended to continuous time; closed-form descriptions of the optimal
policies for some specific models are found, but these do not directly apply to the discrete-time problem considered
here. In our earlier work [2], we specialized [1] to the setting where the energy-bit relationship is dictated by
AWGN channel capacity and proposed several different suboptimal policies. Two of these policies are shown to be
asymptotically optimal in the present work.

Prior work has also considered the dual problem of (expected) rate maximization over a finite time horizon, i.e.,
the transmitter determines how to utilize a finite energy budget over a finite number of slots with the objective
of maximizing the expected rate. This problem was considered in [6], and a one-shot threshold policy and equal
power scheduling are shown to be asymptotically optimal in the low- and high-SNR regimes, respectively. This
work was extended to a multiple-access setting in [7].

Because transmission scheduling corresponds to power allocation, it is also useful to put the present work in
the context of prior work on optimal power allocation in fading channels, with and without delay constraints. In
[8] it is established that waterfilling maximizes the long-term average transmitted rate; analogously, the long-term
average power needed to achieve a particular long-term average rate is minimized by waterfilling. At the other
extreme, channel inversion is known to be the optimal policy when a constant rate is desired in every fading state
[9]. The current setting lies between these two extremes, because our objective is to find a power allocation policy
(based on causal CSI) such that a particular rate (i.e. B/T) is guaranteed over 7' fading slots. The case 7' = 1
clearly corresponds to zero-outage/delay-limited capacity in [9], while we intuitively expect T — oo to correspond
to the long-term average rate scenario of [8]. The latter correspondence is made precise in Section IV-C.

II. PROBLEM SETUP

This section summarizes the scheduling problem introduced in [2], which is a discrete-time delay constrained
scheduling problem over a wireless fading channel as illustrated in Fig. 1. A packet of B bits! is to be transmitted
within a deadline of T slots. The scheduler determines the number of bits to allocate at each time slot using
the fading realization/statistics to minimize the total expected transmit energy while satisfying the delay deadline
constraint. We assume no other packets are to be scheduled simultaneously and that no outage is allowed.

The discrete-time slots are indexed by ¢ in descending order (i.e., starting at ¢ = T" down to ¢ = 1), and thus ¢
represents the number of remaining slots to the deadline. The channel state (at slot ¢) is denoted by g; in power
units. We assume that g7, 971, ,g1 are independently and identically distributed (i.i.d.) and the probability
density function (PDF) and the cumulative distribution function (CDF) are denoted by f and F, respectively?

"We operate in “nats” instead of “bits” since we adopt log-base e expression in the capacity formula to avoid constant factors in the
analysis. We use “bits” and “bit allocation” as generic terms.
The fading distribution must have a non-zero delay-limited capacity, i.e., E[1/g] < oo, for this problem to be feasible.



The scheduler is assumed to have only causal knowledge of channel states (at time ¢, gr,--- ,g; are known but

Jgt—1,- - , g1 are unknown). Assuming unit variance Gaussian additive noise and transmission at capacity, if energy
F); is used under channel state g;, the number of transmitted bits is given by:
bt = lOg(l + gtEt) (1)

By inverting this formula, the required energy FE; to transmit b; bits with channel state g, is:

el —1
Ey (b, g¢) = P ()

The queue state is denoted by (;, which is the number of unserved bits at the beginning of slot ¢. Thus,
the number of bits to allocate at slot ¢t is determined by the queue state [3; and the channel state g;. That is,
a scheduling policy is a sequence of functions, indexed by the time step, that map from the current queue and
channel state to the bit allocation: {br (87, g7), br—1(Br—1,97-1), -+ ,b1(B1,91)}. As for terminology, the entire
set {bp(-,+),br—1(-,*), -+ ,b1(+,-)} is referred to as a policy or a scheduler, and each element of it is referred to
as a policy function or a scheduling function.

III. OPTIMAL & SUBOPTIMAL SCHEDULERS

In this section we describe the optimal scheduling policy, two suboptimal policies introduced in [2], and a
heuristic modification of the ergodic (infinite-horizon) policy.

A. The Optimal Scheduler

The optimal scheduler for the hard-deadlined causal scheduling problem described in Section II can be found by
solving the sequential optimization:
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where [ denotes the expectation operator. Equivalently, this can be formulated as a finite-horizon dynamic program
(DP):

min (ebt;l + jfftl(ﬂt — bt)> . t>2
T Bg) = (5050 b1 @)

g1

where J;,(3) = E4[J7, (8, g)] is the cost-to-go function, i.e., the expected cost to serve 3 bits in ¢ — 1 slots if

the optimal policy is used.

At the final step (¢ = 1) all §; remaining bits must be served because outage is not allowed. At all other steps the
optimal bit allocation is determined by balancing the current energy cost eb;—f_l and the expected energy expenditure
in future slots jf P tl (B¢ — by). Although the optimal scheduler can be found in closed form for 7" = 2 (Section III-A
in [2]), it is not possible to do the same for T" > 2 because no close-form expression for the cost-to-go function is
known for 7" > 2. Nevertheless, the optimal scheduling functions can be described as [2]:

1
O 9= TEEY
0 e® T ePt
btpt(ﬂtugt) = argy, {E = (Jtogtl)/(ﬁt - b)} 7m < gt < (]:511)’(0)’ (5)
ﬂta gt > Wﬁt,(oy

where arg,{-} represents the solution® of the argument equation. The differentiability of jfftl can be verified by
the properties of convexity and infimal convolution (pp. 254-255 in [10]).

Proposition 1: The optimal policy function b;" t(ﬁt, g¢+) has the following monotonicity properties:

3Because of the convexity, the solution exists uniquely if it exists.



(a) For any fixed value g;(> 0), b, P and (B¢ — bY?") are non-decreasing in /3;. Furthermore, there exists B¢ such
that b," " and (B — by oPt ) are strlctly increasing in (; for all §; > By.
(b) For any fixed value ﬁt( 0), b t " is non- decreasing in gy.

Proof: See Appendix I. [ ]

Intuitively, monotonicity in the queue 3; and the channel state g; is expected because more bits should be served
when there remain more unserved bits or when the channel is strong.

B. The Boundary-relaxed Scheduler

The first suboptimal scheduler is derived by relaxing the boundary constraints (we no longer require 0 < b; < [3;),
while maintaining the deadline constraint Zthl by = B. The relaxed version of the original optimization (4) is
given by

Ui(Be, gt) = Hé}n ( L+ Ui 1(Be — bt)) . t>2,

By — (6)
g1
where U;_1(8) = E4[Ui—1(8, g)] and can be calculated by induction [2]:
. 8
U(B) = ter G(ve, ve—1,- -+ ,v1) — tvi, (7)
where G denotes the geometric mean operator (i.e., G(z1, - ,z,) = ([[5—; xk)l/”) and vy, v, -+, are the
fractional moments of the fading distribution defined as:
1 m
1\ =
Um = (EQ [<g> ) ;o o m=1,2,---. (8)

Due to the simple form of the cost-to-go function Uy, by substituting (7) into (6) and solving the minimization
we obtain the following closed-form description of the optimal policy for the relaxed problem [2]:

be(Be, 9¢) = %ﬁt + ! ; ! log ( gfax> )]
Tt
where 7™ serves as a channel threshold given by
relax 1
= G(Vi—1,Vi-2,-- ,v1) (10

The policy function in (9) solves the boundary-relaxed problem but does not guarantee 0 < b; < 3; in each slot.
To obtain a policy for the actual unrelaxed problem, we simply truncate at O and (3;, and reach what we refer to
as the boundary-relaxed scheduler*:

Be
B (3, g) = <1ﬁt + %log rgefax> (11)
Mt 0

where <> denotes truncation below 0 and above (3;. Notice that this policy function is optimal for ¢t = 2, i.e.,
bilax = bOpt for all 32 and gy since (U)" = (J{)'.

Note that this same scheduling policy can be reached using the high-SNR approximation log(1 + z) ~ log(z).
More specifically, if the energy-bit relationship in (2) is approximated by:

el —1 e

~—. (12)
gt gt

and the optimal policy is found with the same relaxation as above, the policy in (9) also reached.

Ei(bs, g) =

“This is referred to as the suboptimal II scheduler in [2].



C. The One-shot Scheduler

The second scheduler is derived by modifying the boundary constraint into a stronger constraint b, € {0, 3;}
(equivalently, b, € {0, B}), i.e., in each slot either the entire packet is transmitted or nothing is transmitted. Then,
the dynamic program is given by

b —
min (e t=1 4 jone (ﬁt—bt)> , t>2,
ane(ﬁt,gt) = betﬁe{oiﬁt} gt t—1
e’l—1 -

g1 :

13)

where J(3) = E,4[J" (5, g)]. Equivalently, we can express the above DP as an optimal stopping problem [11]
(this can be shown inductively with gr = B):

min 63;17 jone B}, t>2,
J(B.gr) = { in {5 B (14
e=1 t=1.
g1’
The optimal solution is a sequential threshold policy [2]:
by — B, first t .such that g, > 1/wy, (15)
0, otherwise,
where 1/w; is the channel threshold in slot ¢, and is recursively computed as:
E |min (%)wt—l)} ) t:T7 737
w=qE]. Y (16)
00, t=1.

Notice that the thresholds depend only on the channel statistics and are independent of B, and that the thresholds
decrease as the deadline approaches (i.e., as ¢ decreases) [2].

D. The Delay-constrained Ergodic Scheduler

The above two suboptimal policies are developed to solve the DP, formulated in (4), by simplifying the cost-to-go
function. Unlike these two policies, we now consider a policy by modifying the ergodic scheduling policy to meet
the hard deadline constraint. The ergodic policy is the optimal solution to a problem of minimizing the average
energy to transmit a certain average number of bits (i.e., no hard deadline constraint). If we denote this average
rate constraint as b, the ergodic scheduling policy function b(g), which does not depend on ¢ and determines how
many bits to transmit based only upon the channel state g, is determined by solving:

b
E((b)= min @ F, | —— - 1]
b(g)

g
subject to E4[b(g)] > b, b(g) > 0.

7)

This optimization is readily solvable by standard waterfilling [12] and the solution is given by

i = (). gz
weig) = (o)) = {Og<"°) " (18)
0

0, else,

where n°'® serves as a channel threshold and is the solution to:
E[b"(b, 9)] = b. (19)

When the time-horizon 7' is large, we intuitively expect the ergodic policy to perform well in the delay-limited
setting considered here. In order to meet the deadline constraint, we utilize the ergodic policy, with b = % + ¢ for



some J > 0, at each time step with the exception that all remaining unserved bits are transmitted in the final step:

b;onstrained-erg <§’gt; (5) _ {/[;efg (% + 67 gt) ) i = Z—‘,T — 1, cee ’2, (20)
17 = )

which is referred to as the delay-constrained ergodic scheduler.

IV. ASYMPTOTIC OPTIMALITY

This section investigates the optimality of the suboptimal schedulers introduced in the previous section. The
optimality can be analyzed in two ways: optimality in policy and optimality in the associated energy cost. Both
forms of optimality are shown for the boundary-relaxed scheduler and the one-shot scheduler, whereas energy
optimality is shown for the delay-constrained ergodic scheduler.

A. Large B and Finite T: Asymptotic Optimality of Boundary-relaxed Scheduler

We first prove that the boundary-relaxed scheduler converges to the optimal policy when T is fixed and the
number of bits B is taken to infinity. When B is large, we intuitively expect that the optimal policy will allocate
strictly positive bits to all 7" time slots with high probability due to the nature of the Shannon energy-bit function.
Thus, we expect the boundary-relaxed scheduler to coincide with the optimal policy when the number of bits to
serve is large. The following theorem makes this relationship precise:

Theorem 1: Let the PDF f of g, be continuous on [gmin, gmax] With Support(f) = [gmin, gmax]» Where gmin > 0
and gmax < 00. For every time step ¢, the boundary-relaxed policy function in (11) converges to the optimal
scheduling policy function uniformly on [gmin, gmax] @ the number of unserved bits 3 goes to infinity: for every
given € > 0, there exists By such that

V8, 90) = b7 (8, 90| < € You € [gmin, Gmas]- D
for 5 > B.

Proof: See Appendix II. [ ]

Figure 2a illustrates the behaviors of b1 (3, g3) and b3 (3, g3) vs. g3 for different values of 3 and Fig. 2b illustrates
the behaviors in terms of  for different values of g3, when g is a truncated exponential variable with a support
of [0.001,10°] (the pdf is given in (30)). When g3 = 0.5, for instance, it can be seen that the difference between
bl and bgpt gets smaller as (3 increases in both Fig. 2a and Fig. 2b. Notice also that the value of 3 making the
difference between b5 and by” small varies with the value of g3. As can be seen in Fig. 2b, larger 3 is required
for larger g3. Additionally, we can observe from Fig. 2b that the slope of the plots is 1 in small 5 and the slope
changes to % for some larger 5 depending on the value of g3, which is due to the policy function in (11).

We now compare the incurred energy costs of the two polices. We first define the incurred energy with the
boundary-relaxed scheduler as:

M1 Trelax relax
+ JE (B — b , t=T.,T—1,---,2,
J{elaX(ﬂt7gt) — {eﬂlgtl t—1 ( t ) o

g1

(22)

where JI3(3) = E4[J;4*(3, g)]. Notice that (22) is not an optimization but is instead a calculation based upon
the definition of & in (11). Also notice that Jf*/™ denotes the cost for the actual un-relaxed problem (the energy
cost with a policy satisfying 0 < b; < (3; for all t), while the function U; defined in Section III-B denotes the cost
for the relaxed problem (the energy cost with a policy that may not satisfy 0 < by < ).

SThis policy is motivated by Theorem 3 of [7], where a modified version of the ergodic rate-maximizing policy is shown to maximize
the expected transmitted rate over a finite time-horizon when the transmitter is subject to a finite energy constraint (which is the dual of the
problem considered here).
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Fig. 2: The behavior of b5 and b5” when {g;} are truncated exponential variables with support [0.001, 10%]

Theorem 2: Let the PDF f of g, be continuous on [gmin, gmax] With Support(f) = [gmin, gmax|, Where gmin > 0
and gmax < 0o. For any number of time slots 7', the energy cost of the boundary-relaxed scheduler converges to
the optimal energy cost as the number of bits B goes to infinity:

Jim [JE™(B) — JF(B)] = 0. (23)
Proof: See Appendix III. [ ]

While proving Theorem 2, we obtain the asymptotic relations between the actual cost of the boundary-relaxed
scheduler, the cost of the relaxed version, and the cost of the optimal one, i.e., limp_.o [J5*(B) — Up(B)] =0
and limp_.o [Up(B) — J3F t(B)} = 0. Since we have a closed-form expression of Uz (B) shown in (7), these
relations help us understand the behavior of the optimal cost for large B, which will be discussed in Section V-A.

Although the analytic form of the optimal scheduler is not available, the above two theorems tell us that the
boundary-relaxed scheduler, which has a very simple form that can be easily implemented, is asymptotically optimal
when the number of bits to transmit (B) is sufficiently large. Furthermore, the scheduling function (11) provides
intuition on the interplay between the channel quality and the deadline. When the deadline is far away (large t), the
bit allocation is almost completely determined by the channel quality; on the other hand, as the deadline approaches
(small t), the policy becomes less opportunistic.

B. Small B and Finite T': Asymptotic Optimality of One-shot Scheduler

We now show that the one-shot scheduling policy is asymptotically optimal when 7T is fixed and B is taken to
zero. We first show convergence in terms of the policy function, and then in terms of the energy cost.

Theorem 3: For arbitrary time step ¢, the one-shot policy function in (15) converges to the optimal scheduling
policy function as the number of unserved bits 3 tends to zero, i.e., the optimal policy becomes a threshold policy
and the threshold coincides with the threshold of the one-shot policy:

1
li L b =0} = lim inf{g : &}™ =p}=—, 24
by sup{g « b, (6, 9) = 0} = lim inf{g : b7 (0, 9) = 53} o (24)
where 1/w, is the threshold of the one-shot policy as in (15) and (16).
Proof: See Appendix IV. ]
Furthermore, we claim that the costs of the two policies also converge to one another. Since the average costs

for the two policies converge to zero as B — 0, cost convergence is investigated by studying the ratio, rather than
the absolute difference, between the two costs:
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Theorem 4: For arbitrary delay deadline 7', the energy cost of the one-shot scheduler converges to the optimal
energy cost as the number of bits B goes to zero:

) jone B
im _jgpt( ) = (25)
B—0 Jp (B)
Proof: See Appendix V. ) [ ]
In Fig. 3 the additional power cost of one-shot scheduling relative to optimal scheduling (i.e., 10log;, ‘}Zm(g))) is

plotted versus the number of bits B for 7' = 2 and 7' = 3 when g is a truncated exponential variable with a support
of [0.001, 10%]. As can be seen, the ratio converges to 1 (0 dB) as B converges to 0.
The optimality of one-shot scheduling can also be seen by upper and lower bounding the energy-bit function by
linear functions. Using z < e* — 1 < xzeP for 0 < z < B, we have:
bteB

b
L < Ey(by,g0) < ~—. (26)
gt gt

If we solve the DP using either of these bounds on the energy-bit function, the optimization in (4) becomes
a linear program and thus a one-shot policy is optimal because a constrained linear program has a solution at a
boundary of the constraint. Furthermore, the one-shot policy based on the upper and lower bounds converge to the
one-shot policy described in Section III-C as B — 0 because the bounds themselves converge.

C. Large T': Asymptotic Optimality of Causal Delay-constrained Ergodic Scheduler

When B and T are simultaneously taken to infinity at a particular ratio (i.e., B,T" — oo with B = bT for some
constant b > 0), we can show the energy-cost optimality of the ergodic policy in Section III-D.
The average energy cost of the delay-constrained ergodic scheduler is given by

T bconstrained-erg T pere (6+5 t) ﬁl
_ : _ ¢ -1 et 9e) — 1 et —1
Jconstramed—erg bT: 5 =T e —° =FE — |+ E [ ] ) 27)
T ( ) tZ:; Gt tZ:; gt g1
where (3; denotes the remaining bits at the final slot and the value of § is chosen such that
jconstrained—erg(BT) — inf jconstrained—erg(BT, 5) (28)
T - T e

0>0
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Theorem 5: For any given average rate b(> 0), the per-slot energy cost of the delay-constrained ergodic policy
converges to the optimal ergodic energy cost as 7' tends to infinity:

1 —onstrai - | _ -
T!E};Q Tj;onstra1ned—erg(bT) _ Tll_{rolo TJ;pt(bT) _ Eerg(b). (29)

Proof: See Appendix VL [ ]

The effect of the hard-deadline becomes inconsequential for large 71" because the channel realizations over the
deadline horizon closely match the fading distribution. As a result, the delay-constrained ergodic scheduler performs
similar to the ergodic scheduler when T is large. Moreover, the delay-constrained ergodic scheduler becomes causal
optimal since any causal policy cannot be better than the ergodic policy.

D. Numerical Results: Policy Comparison

In order to compare the different asymptotically optimal policies, we compare their respective energy costs for
different time-horizons (7°). Since the analytical expression for the optimal policy is not available for T > 2, we
solve the dynamic programming (4) numerically by the discretization method [13]. In Fig. 4 the per-slot energy
consumption of the suboptimal schedulers is plotted for 7' = 5 and 7' = 50 assuming that the fading {g;}_, are
i.i.d. truncated exponential with a support of [0.001,10], i.e.,

—(g—0.001) 6
Fa) = {ce (9-0.001)  jf 0.001 < g < 10°, G0,
0, otherwise,

where c is a normalization factor. As can be seen, the one-shot scheduler is near-optimal only when B is small.
The other schedulers performs close to the optimal through all ranges of B. When T' = 5, as in Fig. 4a, the
delay-constrained ergodic scheduler performs worse than the boundary-relaxed for all B. This is because 1" = 5 is
too small for the delay-constrained ergodic scheduler to perform like the optimal. When T' = 50, as in Fig. 4b, there
exists a range of B such that the delay-constrained ergodic scheduler outperforms the boundary-relaxed scheduler.
This phenomenon can be clearly illustrated in Fig. 5, where the number of bits are given in logarithmic scale.
As can be seen in Fig. 5, the one-shot scheduler performs best for small B (region A) and the boundary-relaxed
scheduler outperforms when B is very large (region C). In the middle range (region B), the delay-constrained
ergodic scheduler performs better than the other two.
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V. SCHEDULING GAIN

We have shown that the boundary-relaxed and the one-shot schedulers are asymptotically optimal as B — oo
and B — 0, respectively. Another interesting issue is quantifying the advantage these schedulers provide compared
to a non-opportunistic equal-bit scheduler that simply transmits B /T bits during each time slot.

To compare energy performance, we first calculate the expected energy cost of the equal-bit scheduler, which is

ZT:ei—l

= I

Jad(p) = =T (e?ul - m) , 31)

since the equal-bit scheduler chooses b, = B/T for all ¢. Notice that the equal-bit scheduler achieves the delay-
limited capacity [9] [14] (i.e., zero-outage capacity) with rate B/T.
We define the scheduling gain as the ratio between the expected energy expenditures:

oot N jequal B
AT (B) £ jp(;)) (32)
T

and quantify its behavior in the following theorem:

Theorem 6: For any T', the scheduling gain AOTpt(B ) is monotonically decreasing with respect to B. Furthermore,
the limiting scheduling gains are given by:
JF"NB)

lim A%®Y(B) = lim L =
Blino T ( ) BIE{) J%ne(B) wT+1’ (33)

and if the PDF of the fading distribution is compactly supported and continuous,

jequal B
lim AP(B) = fm LBl (34)
B—oo B—o00 J,%e aX(B) G(VT,"' ,Vl)
Proof: See Appendix VIIL. [ ]

Since the boundary-relaxed scheduler is optimal as B — oo, the scheduling gain of the optimal scheduler and that
of the boundary-relaxed scheduler are the same as B — oo; the same is true for the optimal and the one-shot
scheduler as B — 0. The plot of scheduling gain vs. B in Fig. 6 agrees with the results of Theorem 6. Intuitively,
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Fig. 6: Scheduling gain A5 when ¢ is a truncated exponential variable with support [0.001, 10]

TABLE I: Scheduling gain examples for several fading distributions

distribution of channel state T=5 =10 T =50

) ) g Blim AT (B éimo AP (B) Blim AP(B éimo AT(B) Blim AP (B éimo AT (B)
truncated exponential with supp. [0.1, 10°] 0.97 dB 442 dB 1.26 dB 5.98 dB 1.63 dB 8.59 dB
truncated exponential with supp. [0.01, 106] 2.19 dB 6.72 dB 2.80 dB 8.63 dB 3.52 dB 11.51 dB
truncated exponential with supp. [0.001,10°] || 3.38 dB 8.38 dB 4.22 dB 10.44 dB 5.17 dB 13.40 dB

scheduling delivers a larger power gain for small B because in such scenarios one can be very opportunistic and
transmit the entire packet once a sufficiently good channel state is realized. For larger B, however, it is inefficient
to transmit the entire packet in a single slot (because energy increases exponentially with the number of bits) and
thus transmissions must be spread across many slots (in fact, all slots are used as B — o©0), which reduces the
channel quality during those transmissions and thus reduces the benefit of scheduling.

In Table I the limited scheduling gains are showed for various fading distributions. As intuitively expected, the
scheduling gain is larger for more severe fading distributions and for larger time horizons 7'. From the fact that both
G(vr,--- ,v1) and wry; decrease as 1" increases [2], the asymptotic scheduling gains in (33) and (34) increase
with 7.

A. Large B Behavior (High SNR)

When B is large relative to T, it is useful to interpret the scheduling gain in terms of the well-known affine
approximation to high-SNR (P) capacity [3]: C'(P) = Sx(log P — L&) + 0(1), where S denotes the slope
representing the multiplexing gain and L., denotes the constant term representing the power/rate offset. We define
the average SNR on a per-slot basis, i.e., P = Jp/T. Similarly, the average rate is defined as Ry = B/T, which

represents the average spectral efficiency per slot. Then, we investigate Rr in terms of P and 7™
Ry(P) = Soc(log P — Loo 1) + 0(1). (35)

With algebraic calculations, we can obtain Sy, and L., 7 for the equal-bit policy, the optimal scheduler (which
is equal to the boundary-relaxed scheduler in this regime®), as well as the ergodic capacity (see Appendix VIII for

®We obtain this result in the process of proving Theorem 2, and thus we limit the fading distribution as conditioned in Theorem 2, i.e.,
the PDF f is compactly supported and is continuous on the support.
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Fig. 7: Lo 1 for several fading distributions

derivation). The three policies have the same multiplexing gain (degrees of freedom) per slot (S, = 1), but the
offsets Lo, 7 are different:

LA = logu, (36)
£‘;§fT = logG (vr,vr—1,--- V1), 37
EZET = logvs. (38)
The offset of the equal-bit scheduler is independent of 7" since it does not take advantage of time diversity. On the
other hand, the offset of the boundary-relaxed scheduler decreases with 7" since G (vr,vr—1,--- ,v1) decreases
[2]. Moreover, the offset of the boundary-relaxed scheduler converges to that of the ergodic capacity because
G (vr,vr—1,"++ ,V1) = Voo as T — oo [2]. Figure 7 illustrates the offsets Lo, for several fading distributions.

As can be seen, £ opt o for all the fading distributions decreases from £ e T as T increases and converges to Ee
We can also see that the offsets Lo 7 have larger values for more severe fading distributions.

Figure 8 illustrates the behavior of the spectral efficiency versus SNR. The dashed lines are obtained from the
affine approximations in (35) while the solid lines are obtained numerically by running the optimal scheduling
policy. As can be seen, the affine approximations are very accurate when SNR is 20dB or higher. Furthermore,
as T increases the spectral efficiency increases from the delay-limited capacity (achieved with the 7" = 1 optimal
scheduling or the equal-bit scheduling) to the ergodic capacity (achieved with the 7" = co optimal scheduling).

It is interesting to note that for the dual problem of rate maximization over a finite time horizon when subject
to a per-realization energy constraint (i.e., for every realization of channel gains gr,--- , g1 the amount of energy
used by the scheduling policy cannot exceed some constraint F' considered in [6] and [7], at high SNR the optimal
policy converges to uniform power allocation (independent of channel state) and there is no advantage to using an
intelligent scheduling policy. This is to be contrasted with the setting considered here, where there is a non-vanishing
benefit to using the optimal scheduler even at high SNR (i.e., large B).

B. Small B Behavior (Low SNR)
In this regime, we characterize the linear approximation to the spectral efficiency versus % curve based on

the wideband analysis in [4]. The linear approximation consists of a constant term ( N and a slope Sy that

represent the minimum energy per bit for reliable communication and the growth of spectraTefﬁmency with respect
to N To be clear, we adopt the notion of Fj as the required energy per slot to transmit one bit per slot instead
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Fig. 8: High SNR behavior when g is a truncated exponential variable with support [0.001, 10]

of the required energy to transmit one bit throughout the entire 7" slots:

a~ (8),.,
Ey No |4 No ) min,T laB
Rr|— | =S : . 39
T ( No) 0,T 3 dB (39)
These parameters Sp 7 and (%) . can be obtained for the equal-bit scheduler and the one-shot scheduler,
which is optimal for B — 0, (see Appendix IX for derivations):
Ey\™
S =2, <b> = (log 2)v1, (40)
' NO min, T

B\ (1 (1 (1 1
= () = 28 0 (2 oo (55 [ (e [G]) )] 0

erg
erg E . -
and both SO7T and (ﬁ)min,T are zero for ergodic capacity.

. . mln’ . . NO . .
So,r decrease from the delay-limited values to the ergodic capacity values as 7' — oo due to the available time
diversity.

Figure 9 illustrates the behavior of (%) - and Sy with respect to T'. As can be seen, both <&> - and
min,

VI. CONCLUSION

We have shown the asymptotic optimality of three different scheduling policies for delay-constrained transmission
over a fading channel. When only a small number of bits need to be served, a one-shot threshold policy is optimal:
once a sufficiently good channel state is experienced, the entire packet is transmitted. On the other hand, when the
number of bits is large, the number of transmitted bits at each time step should be a weighted sum of the unserved
bits and a channel state-related term, where the weight is proportional to the time to deadline. In each of these two
policies, the scheduler is opportunistic while also being cognizant of the deadline. Furthermore, a modification of
the ergodic waterfilling policy is shown to be optimal when the number of bits and the time horizon are both large.

Although problems involving delay-limited communication are of great practical importance and have been the
subject of considerable research, such problems generally do not have closed-form solutions. In this work, however,
we are able to circumvent this general difficulty by considering different asymptotic regimes. It would be interesting
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Fig. 9: Low SNR behavior when g is a truncated exponential variable with support [0.001, 10°]

to see if the asymptotically optimal policies identified here, which admit a very simple analytical form, can be
extended to other more general settings. For example, to scheduling with time-varying channels and randomly
arriving packets [15] [16] and possibly to multi-user channels [17].

APPENDIX I
PROOF OF PROPOSITION 1
(a) (i) We show the monotonicity of b™ in ;. When g; < (joptil)l(ﬁ), b = 0 and thus is non-decreasing in
B:. When TG ) Gy <9 < ﬁ, we suppose that b™ decreases in ;. Then, (3; — bi™) increases

and (J*)) (ﬁt — b™) increases. As a result, b P increases but this leads a contradiction. Thus, b;™" is non-
decreasing in (3; when

in ﬁt.
(ii) We show the strict monotonicity of b;" " for large ;. To do this, we first show the unboundedness of
(J{P))". Suppose not, i.e., there exists M(< 0o) such that (J;*)/(8) < M for all 3(> 0). By integrating
both sides, we have J*,(3) < Mp for all 3(> 0). Note also that J;*,(8) > E [L} for all

max(gt—la"' 191)
B(> 0) by (4). Consequently, we have | m < M for all (> 0), which leads a contradiction.
Therefore, (J;*,)" is unbounded.
Since (JP ptl)’ is unbounded and monotonically increasing, for any given g; there exists By such that
m < g < (J(,p.iﬂ),(o) for all 3; > %B. In this region of g;, we showed that b;" is non-decreasing in 3
by (i). Suppose b, " maintains a constant value as (3; increases in this region of g;. Then, (f; — by? ") increases

and (J;™) (B — b;’p ) increases. As a result, b;™ increases but this leads a contradiction, too. Therefore, b;™
increases strictly in gy if Gy > By.

(iii) Finally, we show the monotonicity of (8; — b*') in G;. Since b™ is non-decreasing in 3;, £~ is non-
decreasing. Since (J;™,)'(-) is an increasing function, (3; — b;"") must be non-decreasing in ;. If 3, > By,
then by is strictly increasing by (ii) and thus (8; — b;™") is strictly increasing by the same argument.

) If g < W and g; > ﬁ, bOpt is constant as g; increases, and thus is non-decreasing with respect
t—1 t
to g;. When < gt <

e - > __ Pt popt _
T < gt < 7 (,,,[ ),( y- When g; > T 0 b;” = [3; and thus is non-decreasing

0Pt

1
(J%0) (Be) (J°pl ) (0)”

bgp _ log i + log [(aEOE[l)/(,Bt _ b?pt)] . (42)
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If we suppose that b;™" decreases strictly as g; increases, (3; — by™") will increase and thus (J™,)'(3; — b™)
will also increase. This leads a contradiction because the left hand side of (42) decreases strictly while the
right hand side increases. Therefore, b;™" is non-decreasing in g;.

APPENDIX II
PROOF OF THEOREM 1

We show the result by induction, i.e., we show that if the scheduling functions converge at time step ¢ — 1,
then the functions also converge at time step ¢. The base cases occur at ¢ = 1 and ¢ = 2: by construction,

erelax(ﬁa 92) = b;pt(/@ng) for every (ﬁa 92), and blidax(ﬂa gl) = b(l)pt(ﬁa gl) for every (ﬁa gl)
In order to show policy convergence, it is useful to write b as:

1
O, ) ) gt S (Uf,—l)l(ﬁt)7 ;
O™ (By, gi) = arg, {Zj = (Up-1)'(Bt - b)} ,m <gt < ma 43)
ePt
ﬁta gt 2 (Ut_l)’(O)’

which is identical to the expression for ;™ in (5) except replacing (J;*) with (U;—1)". Since J*| and U;_;
are convex, (jfftl)’ and (Ut_l)’ are increasing and moreover unbounded (shown in Appendix I (a)(ii)). Since
Jmin > 0 and gmax < 00 where gmin and gmax are the lower and the upper bounds of the support of the PDF f
(Support(f) = [gmin, gmax]), there exists By such that if 3 > B, then

1 1

fin = max((ﬁtn'w)’ <J;’P‘1>’<ﬁ>> -
. eb eP

o < mm<<m1y<o>’ <J:Pa>'<0>>'

Henceforth, we only consider 3 > B, and thus, no truncation occurs in both policy functions, i.e., bfla" and b?p '
are determined by

(45)

relax
bt

e

= 68— b™), (46)
gt
M opt

= ¢(ﬂ - btp )7 (47)
gt

for 3 > B, where ¢(8) = (U;—1)'(8) and ¥(8) = (J;*,)(B).
Let € > 0 be given. By Lemma 1 (stated later in Appendix II), there exists B1(> Bg) such that if £ > B, then

[¢(§) =¥ (§)] <e. (48)

Since 8 — by™ and b™* are strictly increasing in 3 (when § is sufficiently large) by Proposition 1 and 3 — b (=
¥~ 1(e"" /g;)) is unbounded due to the unboundedness and the monotonicity of 1, there exists B such that 3 > By
implies

/8 - bgpt(ﬂa gt) > %17 th S [gmina gmax]- (49)
Therefore, if 5 > B,
‘¢(ﬁ - bgpt</87 gt)) - w(ﬁ - b?pt(/Bhgt))‘ < €, v.gt S [gmiru gmax]~ (50)
If b?pt < b;elax’
G(B — bE™) < (B =) < (B —b™) + ¢, (51)
where the last inequality follows from (50). Additionally, we have
' eb?Iax eb‘zp‘ oot
(B — b)) = > =96 —b"). (52)

gt gt
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Combining (51) and (52), we have ¢(3 — biF™) — (8 — b*') < e. By the same argument for b™ > b, we have
V(B — b)) — ¢(B — biE™) < e. Thus, we obtain

}Qb(ﬁ - b;elax(ﬁagt)) — (B - bgpt(ﬂagt))’ <, Vgt € [gmin, Gmax]- (53)
By (46), (47), and the continuity, b (-, g;) — b?pt(-, g¢) uniformly on [gmin, gmax| i obtained. [ |

Lemma 1: If b;ilal"(-, gi—1) — bgp_tl(-, g¢—1) uniformly on [gmin, gmax|, then
Jim [(T-1)'(8) = () (B)] = 0. (54)
Proof: From (4) and (5), we write the expected cost-to-go as:

‘ dF (z),

4)1)1ﬂ eb?il [— 1
dF(z) + [ =" [x + I (6 = 6
A)pl

) (0) <f§"_‘2)'<ﬁ>

TR = [T IR ar) +

(55)
where btp 1 is a function of 3 (and x). By differentiating jtoftl using integral calculus’, the derivative (with respect
to 3) of J, pl is:

opt

F0pt \/ (f)plg) (8) , Fopt \/ 8 > 1 (f)pl )’ (0) d ebt 1—1 Fopt opt
() (8) = (R @) f@dze” [ flaydat [ S B8 )
0 TP (0) TP (8)
- (56)
Since (J;® p2) is unbounded increasing and Support(f) = [gmin, Jmax)» m < gmin and ﬁ > Qmax for
sufficiently large /3, and thus .
— () (8) f ()dx = 0, (57)
B—oo Jo
im e [ L f(@)de =0 58
1 — =0.
L I G
(7,)" (0)
opt
. e’t—1 __ / J0pt \/ __gopt 1
Since 5= = (/%) (8 = bi=y) for z € ((Ji”i‘g)’(ﬁ)’( 77,y (0 ) by (),
d yp‘l —1 _ eb2[£1
- [ FAACE b?ﬂ‘l)] - 59
As a result, the derivative of the expected cost-to-go can be stated simply in the limit of large 3:
B npt
- ,0170 o1 (8)
lim (JP)(8) = lim [ 2" eidF(:n). (60)
B—00 B—oo ) 1 x
TP (8)
From (7), we have
B ot
: 7 / Fopt . B (Jom Y0y €e’t—1
lim [(Ut—l) (8) = (.2 (5)} = lim e G(r—1,--,v1) — dF (z)
B—o0 B—o0 1 xT
TP, (8)
5 optﬁ e ;eldx optﬁ e ;e]d)i . eb(t)pll
— hm P G(I/t 1" 7V1) _ (J—)'(0) dF( ) (J322)"(0) 7dF((I}) '
B—o00 1 1 x
<J*’P‘ ) (8) <i;"1‘2)'<ﬁ)
(61)

TH'(z) = Wz, ¢(2))¢ (z) + [P 2L (2, y)dy for H(z) = [7) h(z,y)dy

dF(x)
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Since Support(f) = [gmin, Gmax] [ 7 1), iR Opl (0)} (for large 3) and the induction hypothesis that bi'% (3, x)
converges to bi™, (3, x) uniformly on & € [guin, gmax],
St U G Gmax D _ b,
lim [ 7 Lf(x)dar = lim / Lf(x)dm =0, (62)
B—00 1 x B—o0 Gini T
TP (8)
and thus
P brclax
. ¥ / Fopt \/ . £ <J°P‘2> (0) €7t
lim [(U;-1)'(8) = (JF)' ()] = lim |7 G(v-1,--- ,11) — 4R (x) | - (63)
B—00 B—o0 x
<J"*" ) (8)
By substituting (11) into b'% and re-writing G(v¢—1,- -+ ,v1) as
=2 1\ 7
G(thla"' )Vl) - (G(Vt72a"' 77/1))671 / <$> dF(.CIT), (64)
we have limg_, [(Utfl)/(ﬂ) - (jtoﬂtl)/(ﬁ)] =0. [ ]

APPENDIX III
PROOF OF THEOREM 2

We will prove this by showing that limp_.o [J3*(B) — Ur(B)] = 0 and limp_.c [Ur(B) — J;7(B)] = 0.
(i) First, we show Blim [J5F*(B) — Ur(B)] = 0 by induction. Notice that J**(3, g) > Ut(ﬂ, ) for all values
’ Jtrelax(ﬁ’ Ut ﬂv ’ - Jrelax Ut(ﬁa ) and

‘ relax Ut(ﬂ)l — j;elai(ﬂ) _ Ut(ﬂ)
By (7) and (22), Ji¥& = U}. Let €(> 0) be given. As an induction hypothesis, we assume that

Jim [J5(B) — Ur—1(B)] =0, (65)

i.e., there exists By such that if B > By then J¥'(B) — Ur_1(B) < .

To differentiate brelax and the solution to (6), we let b}mmmca‘ed be the solution to (6) and thus the relation of
the two is b1 (3, g,) = < puntruncated (3, gt))@ﬂ where pyntruncated (3, o,y — 1 13, 4 t=1 log < rem) by (9).

Notice that

JE™(B) —Ur(B) =E [J’e““(B gr) — UT(B,gT)]

relax _ ,; T eB r 7 0 ] eB
=E | J5 (B, g7) = Ur(B.90)| 5 =55y <97 < G o) {(UTfl)’(B) SIS T71>’(0)}

relax 1 ! (66)
TEJEN (B, gr) = Ur(Bygr)|gr < 5 =5 r{gT : (Um)’(B)}
+E |Jr (B, gr) — Ur(B, gr)|gr > (Or_1)(0 ]Pr {gT = (U 71)’(0)}

When —L—— < g7 <

T &) belx (B, gr) = byntruncaed( B gr) by (43), i.e., no boundary cases occur,

J%elax(B’ .gT) _ UT(B, gT) Jrelax( brjglax) _ UT—l(B o bf]glax)7 (67)

B

where b5 = B + Tt log g7 G(vr—1, -+ ,v1) by (11) for g7 € <(UT_3>/(B)’ (@i)/(o))‘ Thus,

T-1 T-1
B = b = ——B — ——loggr G(vr-1,--- , 1), (68)




which is strictly increasing in B and unbounded. Therefore, there exists By such that B > 9B; implies
B — brf,la" > By uniformly for all g7 € [gmin, Gmax)- Thus, J;?l_a’{(B — brj‘ilax) —Ur_1(B — b&?lax) < ¢ for
B > B uniformly for all g7 € [gmin, gmax) by (65) and consequently,

B

1
— < gr < —=

Bh_{nooE J¥laX(B,gT) - UT(B,QT) (UT—I),(B) m

1 eB
br { Ty ®) 7 W) ) }

B
(U _1)"(0) [

= Blim JE™ (B, z) — Ur(B,z)] f(z)dz
2 e
gmax
= lim [JE*(B,z) — Ur(B, z)] f(z)dx
B—o0 Gimin
Gmax _ _
= ma [JE= (B — UE™) — Up_1(B — b§™)] f(z)dz =0
— 00 Gmin
(69)
For sufficiently large B, m < Gmin since (Up_1)(B) = /T G(vr—_1,--- ,v1) and m > Gmaxs
and thus ) B
e
Pr gT<—}:P1“{gT>—}=O- (70)
{ (Ur-1)'(B) (Ur-1)'(0)
Consequently, the induction follows.
(ii) Second we show limp_.« [Ur(B) — J3*'(B)] = 0 by induction again.
At t = 1, all the bits are to be served and thus:
Fopt 66 -1 Jé] 7
Jl (/B)ZE g =€ VI_V1:U1(6)7 Vﬁ(z 0)7 (71)
where 1 is defined in (8). As an induction hypothesis, we assume that
lim [U;—1(8) = 2\ (8)] = 0. (72)
B—o0
From (4) and (5), we write the expected cost-to-go as:
B —r— 00 B8 _1 e R T
JP(8) = / CEIO G @) det [ S faydar [ [ = TP (B -6 | dF (@),
0 (7)) (0) (TP ) (8)
(73)

where b;® is a function of 3 (and z). Since (J;”})’ is unbounded increasing and Support(f) = [gmin, Gmax]>

m < Gmin and @ﬁ% > gmax for sufficiently large 3 as did in Lemma 1, and thus
Jim [T () (e = 0 74
o e’ —1
gllrr;o , . f(z)dz = 0. (75)
(TP ) (0)

From Theorem 1 and the induction hypothesis (72),
/}im [bF™(B,9) — b*'(8,9)] =0 uniformly Vg € [gmin; Jmax): (76)
»31520 [Ut—l(/@ - bgelax(ﬂ’ g)) - j;)gtl (ﬁ - bgpt(ﬂvg))] =0 uniformly Vg € [gmimgmax]a (77)

and thus, )

— 7016 ! 0 b"::]ax —_— 1 —

ﬁhngo J;pt(ﬁ) _ /Bhnolo (4 tpzl) (0) [6:1: + Ut—l(/B _ b;elax) dF($) (78)
)




Therefore,
B bre]ax
. = Fopt . I Do | et — 1 7 relax
Jim [U(8) = JE(B)] = Jim (et G (ve, vy, s 01) =t = [+Uﬂﬂﬁ—@ )| dF (x)
U*"" ) (8)
brclax relax
3 ot — 1 B—bY
= lim te{?(G(Vt,Vt_l,"- V1) — () [6 +(t—1)e =1 G W1, ,101)| dF(z)
B—o00 1 T
(7P (8)
(79)

By substituting (11) into b¥%, we have limg_..[U;(8) — J;*'(3)] = 0 as desired. Thus, the induction holds.
By (i) and (ii), we obtain the result as desired.

APPENDIX IV
PROOF OF THEOREM 3

First, we show that the optimal scheduler becomes a threshold policy as 8 — 0. As in (5), the optimal policy
is determined differently by the range of gz g < 1/(J%)(8), 1/(JP)(B) < gt < €°/(J*)(0), or g; >
e /(T2 (0). Since limg o e = 1 and limg_o(J", V(3) = (/) (0),

A 1
e
lim | — - — =0, (80)
8=0 [ (JP1)(0)  (J21)(B)
which implies that the case of 1/(J%) (3) < g+ < €5/(J,)'(0) occurs with vanishing probability as 3 — 0.
Thus, the optimal policy is a threshold policy , i.e.,

1
b > gy

bgpt(ﬁagt) = 0 g <
j t >

1 81)
(J721)(0)
as 3 — 0. This implies that

1
lim sup{g : b;*(8,g) = 0} = lim inf{g : b*'(8,g) = T o) (82)
Second, we show that the thresholds are identical, i.e., hmﬁ_@(.](’pt ) (B) = w; for every t, where w; is defined
in (16). When ¢ = 2, this holds by construction. As an induction hypothesis, we suppose that limgﬂo(jtoftg)’(ﬂ) =
(JP)(0) = wy—1. By (56) and (59),

opt

B
70 . J"pl 3) , 70 > 1 ]Opt2 0 -
lim (Ji20)'(8) = lim / IR B @)+ [ —dP@)+ [ ——dF ()
0 (TP )0 TP (8)
7 Fopt (ffplz) (0) o
= (J;75)(0) dF (x) + 1 ;dF(x) (83)
0 (7P,) (0)
= (J7)(0)Pr{ g < 7701,} —— ¢ +E | —|g > 77@1 | Preg > 7,0]33 , — Wy
(/;25)'(0) (/;25)'(0) (/;25)'(0)

where the last equality follows from (16) by substituting w;_1 into (J;*,)’(0) from the induction hypothesis. Thus,
the induction holds.
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APPENDIX V
PROOF OF THEOREM 4

Since J{™(B) = (e —1)E [ ] (JeY(0) = E [ﬂ = wy by (16). If we suppose that limp_o(J™) (B) =
(J2"%)(0) = w1, then from (14)

= o) B _

Jo (B) = /0 Jo (B)dF (z) + /16 - Lir() (84)
n [

B = [Ty @aere + [ ) 59)

Thus,

lim (J)(B) = (J2"%)'(0) /0 are+ [ " dF@)

B—0 1
wWi—1 (86)

11 1
— 2w | Prio—>wi1p =wr.
g9 g

By induction, limBHO(j%“‘i)’ (B) = wr+1. In the proof of Theorem 3, we have shown that limp_o(J77")(B) =
wr41 also. Since limp_o J2(B) = limp_o J;* (B) = 0, by L'Hopital’s rule, we have
jone jone "(B
lim ,ﬁpt( ) _ i % =1. (87)
B=0Jp"(B)  B=0 (Jp)(B)

1
:wthr{g Zwtl} +E

APPENDIX VI
PROOF OF THEOREM 5

By definition,
E2(b) < %j;P‘(BT) < %J;"“S‘”i“ed'“g(z}T). (88)
Let € > 0 be given. Since E2(b) is an increasing continuous function of b, there exists § > 0 such that
E°%(b) + e = E8(b+9). (89)
We use this § for birg‘deha. Then, by (27) and (28),
T ob0+6g) _ 1 B 1]
+

1 Fconstrained-er 1
ZJr e g(bT) T E Z

T T —2 gt g1
- (90)
T T et +og) — 1] 1 b —1
mE Ty i[5 [
. b7 8 (b+8,9¢) _ 1 T ..
Notice that {97} ) are 1.1.d. and thus,
t t=
T erg (7 erg (7
1 ebt (b+6:gt) -1 ebt (b+5vgt) -1 _ _
E = —— | = E*3(b+9). 91)
-1 —o gt 9t ( )

Since {b"*}]_, are iid., 75 3/ o b — E[bi®] = b+ & almost surely (a.s.) as T — oo by the law of large
number, and thus, the remaining bits at the final slot is given by

T T

_ T _

bT_E b= (T —1) (T—l T—lE b‘“g>§b+6 a.s. (92)
t=2 t=
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That is, ¢® < eP*9 as. and therefore | [eﬁl] < ebtd,

A1 bto 1 b_1 b1l e
E!]l |:E51 |:e :|:| < Egl [€] = min Egl |:€:| < min E |:€ :| = Eerg(b+5) (93)

91 91 b=b+06 g1 E[b]=b+8 91
Thus,
lim ljconstraincd—erg(BT) < lim EEerg(B_'_é) + lEerg(B_f_(S) — E‘verg(6+6) (94)
T—oo T T T Tos| T T ‘
Therefore, .
Eerg(E) < Tlim fj%onsmi“ed'erg(BT) < E°%(b) +e. (95)
Since ¢ is arbitrary, we have the result.
APPENDIX VII
PROOF OF THEOREM 6
First, we show the monotonicity of A%'(B). Since
d I (B) I (B) — JRX(B)(J) (B
(J7(B))
we will investigate the quantity (J)'(B)J(B) — J7(B)(JF) (B).
From (4), (5), and (31), we have
1 e opt
- T B = T oy T —1 o
JP(B) = / T L (B)dF () + [ [ —— I (B - b | dF ()
0 TP (B)
[e's) B
-1
+f C —dF(a) 97)
(J"Tpipwo)
_ 5 amvrr=i ot o d |ebt —1 .
e = [T e+ [T S R (B 6| dFw
0 (TP ) (B)
[e's) 6B
+ / . dF(x) (98)
(f;pfg'm)
JYB) = T(er — 1y (99)
(J3)(B) = ern (100)

When T = 2,

+ﬁ; s (1) [(D - <v11>;rf(x)dx (101)

Y1

<0.

. dAY(B)
That is, 2= < 0.

dATL (B . ot .
We now suppose that Td;Bl() < 0 and examine ‘m(fiB(B). That is, we assume that

(J7)) (B)J7 4 (B) — Jit (B)(J%) (B) <0, (102)
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dAS* | (B) dA""‘( )

where the left hand side is the numerator of —Z=— from (96). The numerator of is given b
dB g y
(J7) (B)J7(B) — JF(B)(J1") (B)
JOP s B Fop B 70 /
= [T [, () - ek - )y ()] s
0
oo B -1 B B
+ s U e? . —T(eg — 1)%} f(x)dx
(IE ) (0)
o 5 [ - ' : 5 N I .
+ [ VDO, e F Loy ) -1t —n-L + TP (B W) ) | fo)da
% T dB T
(TE ) (B)

(103)
From the integrand of the first integral in (103),

B

eF TP (B) = T(eF —1)(J,)(B) = ¢ 700 [e7 I (B) — (T = 1)(e7 7 — () (B)]
[T e — (-1 T () (B) (104)
From (99), (100), and the hypothesis (102), we have
eT T (B) — (T —1)(e71 — 1)(J™,)(B) < 0. (105)
We define a concave function ¢ such that
p(z) =T -2 —(T-1)z"t,  z>0. (106)

Since the concav1ty and ¢ ( ) =0 yield that ¢ attains its maximum at z = 1 and ¢(1) = 0, ¢(z) < 0 for all z > 0.
Since ¢(€T<T 1)) — eT — ( — 1)6 T(T D,

T—e? — (T —1)e 75 <0. (107)
From (105) and (107) along with the fact that J_;p_t 1 1s convex, (104) becomes
er JP (B) = T(er — 1)(J3,)'(B) < 0. (108)
Likewise, from the integrand of the second integral in (103), we want to show that
er (e — 1) = T(er —1)eP <0, (109)
which is equivalent to show e — 1 —T(1 — e~ 7 )e? < 0. If we define a concave function (z) = —(T — 1)27 +
TzT=1—1forz >0, ¢(er) =eB —1—T(1—e 7)eB. As we did before, we can show that (z) < 0, and thus

(109) holds.
From the integrand of the third integral in (103), we want to show that

eF ( bE 1) T (ﬁ _ 1) M <0, (110)
B — B d
FIP (B~ T (eF 1) TEIP (BB <o, (111)
To prove (110), we can write

B opt B opt
er <ebT — 1) - T (e? — 1) ebr =
B-b%" i‘?‘ opt ﬂ opt B—b%" opt _be‘,}"‘
e T [6T<ebT1>T et —1)ePr | —e T Telr (1—e 7 (112)

Notice that (109) holds for every B > 0 and thus

bR opt bOP! opt
et ("7 — 1) —T(e+ —1)e’r <. (113)
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Therefore, (110) holds. By the similar argument, (111) holds, too. Thus, the third integral in (103) is no greater
than 0. Consequently, we obtain

(J) (B)JP(B) = J7H(B)(J7) (B) < 0. (114)

This shows that the monotonicity of A;Pt(_B) inductively. )
Second, the limits are calculated with Ji*(B) and Jo"(B) since .J;*'(B) converges to the former for large B
and to the latter for small B by Theorem 2 and Theorem 4, respectively.

APPENDIX VIII
DERIVATION OF HIGH SNR AFFINE APPROXIMATION PARAMETERS

From (31), the spectral efficiency of the equal-bit scheduler can be found by

141

P=(e"" — 1y or RJI(P)=log <1 + P> : (115)
Thus, at high SNR
R7A(P) =log P —log i + o(1). (116)
Similarly, from (7) and Theorem 2, the spectral efficiency of the optimal scheduler at high SNR is given by
R (P) =1log P —log G (vr,- - ,v1) + o(1). (117)
At high SNR, the ergodic capacity can be approximately given by the uniform power control:
R¥¥(P) ~ E [log(1 + gP)]
~ log P + E [log ¢]
= logP—logeE[log(.%)] (118)
= log P — log Vo,
where the last equality follows from

Elos(3)] i 2 =E[()] - i (E

x—0 m—oo

<1> = V. (119)
g
APPENDIX IX

DERIVATION OF LOW SNR AFFINE APPROXIMATION PARAMETERS

From (115), /
. 1 1Z1
RY(P) = . 120
P)= 1 (120)
By [4], I s 9
b 0g
— = = = (log2)v;. 121
<M)mn Ry B e
Then second order analysis is given by )
.. -1
RY(P) = LZQ)Z (122)
(1+2)
Therefore, by [4], )
W ()
Syl=—-2-— 2 =2, (123)
Re4(0)

By Theorem 4, the average total energy cost of the optimal scheduler at low SNR is given by

A i —
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With the per slot basis notations,

TP = (""" —1)E [min (ng,E [min (ng_l - E [min <912,E [;])DD] (125)

and thus,
1 TP
RP(P)= —log | 1+ (126)
! B [min (5, [min (1, [min (52 [3])])])
Therefore, we have
1
. E|min( - ,E|min( ——, E|min( + E| X+
for(p) 1+[ = T}E (HelEDDD)] 127
i min (8 [min (22 B min (e [ ) ) ])]
T
Ropt(P) — (E[min(E,E[min(gTA,--~E[min<g,ﬂz[a])])})]) 5. (128)
1+ L

B [min (5 min (52 & [min (3 5[5 ])])])

Thus,

(57, - -temalon s alon B o

(Rone(0)>2 9

See [4] for (@) ~and Sy of the ergodic capacity.
min

(1]
(2]
(3]

(4]
(5]

(6]
(7]
(8]
(9]
(10]
(11]
(12]
(13]
(14]
(15]
(16]

[17]

No
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