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Abstract— When transmitting data over fading channels there  Application Application

is an inherent trade-off between the average transmission power

and the average queueing delay of the data. This trade-off can

be exploited by appropriately scheduling data transmissions over

time. We study the behavior of the optimal power-delay trade- Encoder/ Fading Decoder/

off for a single user in the regime of asymptotically small delays. M Transmitte Channel Receiver

In this regime, we lower bound the average power required as ! H ‘

a function of the average delay. The rate at which this bound e e T Chabrorgma !

increases as the delay becomes asymptotically small is shown to

depend on the behavior of the fading distribution near zero and

the arrival statistics. We characterize this rate for two broad Fig. 1. System Model.

classes of fading distributions. For both classes, it is shown that

this rate can essentially be achieved by a sequence of simple

“channel threshold” policies. model, randomly arriving data is placed into a transmission
I. INTRODUCTION buffer as shown in Fig. 1. Periodically, some data is removed

In manv wireless communication scenarios ener manafro-m the buffer, encoded and transmitted over the fading
y gy Wannel. The transmitter can vary the transmission power

Lne?/?ééz 32;&??::}2;'2%02;? tr;isscr):iz:igr?h gviefxi:;eggm%n% rate based on both the channel state and the buffer
the main ener consurﬁers in ,Wireless deviceDS' conseguent - Pancy- As in [7], we consider the optimal power/delay
ay . . ’ i rhade—off, P*(D). This characterizes the minimum long-term
there has been much interest in approaches for efficien VY . . .
o . . . .~ average power under any scheduling policy as a functioneof th
utilizing this resource. A basic technique for accomphighi . . .
average queueing delay, for a given arrival process anchethan

t_h|5 Is through controllmg the trans_rmssmn ratg and pavver ._fading process. When the channel and arrival processes are no
time, for example by using adaptive modulation and COdIng'oth constant,P*(D), will be a strictly decreasing, convex
Such.approaches explon the weII-Ifnoyvn fact that th.e enerihction of D. In [7], the behavior ofP*(D) was studied in

per bit needed for reliable communication is decreasingpén tth asymptotic regime of large delays (low power). In this
number of degrees of freedom used to send each bit; for ﬁxree(gime P*(D) approaches a limiting value oP(A) at. rate

bandwidth and packet-size, the available degrees of fmedgf o (#) In [7] it was shown that this rate can be achieved

per bit increase with a lower transmission rate. In a fadin\ﬁith a sequence of “buffer threshold policies” whose only

channel, another benefit of adapting the transmission rae .at‘jependence on the buffer occupancy is via a simple threshold

power is that it enables t_he transmitter to be opportwﬁsn_nﬁe. Moreover, this weak dependence on the buffer occypanc
and send more data during good channel conditions, whic . o .
IS required for a sequence of policies to be order optimal.

again reduces the average energy per .b't'. . Here, we focus on the behavior £ (D) in the asymptotic
A number of energy-efficient transmission scheduling ap- ime of small delays (high power). Specifically, we study

proaches have been studied in which transmission rate ranciﬁcgJ

power are adjusted over time based in part on the offerede optimal rate at which the average delay decreases to its

. . . - minimum value as the average power increases. The analysis
traffic as well as any available channel state information

. . . . _of the large delay asymptotics in [7] is based, in part, on
including [1}-{7]. In each case, the goal is to effectivaigde using large deviation bounds on the buffer occupancy, which

off some cost rglated to packet delay (e.g. average quguemg asymptotically tight for large buffer sizes. In the dmal
dglay or a deadline by which all packets must be transmitte lay regime, these bounds are not very useful and we instead
with some cost related to power or energy (e.g. total energy " o differ’ent approach. In this regim@(D) will be

over a finite horizon or long-term average power). Lo .
In this paper, we re-visit the model for energy-eﬁicien?hown to behave quite differently from the large delay regim

. . . n particular, the convergence rate depends strongly on the
transmission scheduling over a fading channel from [7]hla t behavior of the fading distribution near zero. We focus oa tw

This research was supported by NSF CAREER award CCR-0238382 broad classes of channels: one class (“type A") that reguire




infinite power to minimize the queueing delay, and one clasgich ensures that the arriving datd,{, ;) waits in the buffer
(“type B") for which the queueing delay can be minimizedor at least one time-unit. The buffer size is assumed to be
with finite power. These classes include most common fadingfinite and we denote the buffer state spaceSoy RT. We
models, such as Rayleigh, Ricean and Nagakami fading. Fmnsider the case where the arrival proceds} is a sequence
each class, we lower bound the convergence rate in the snadll.i.d. random variables taking values in a compact.4et
delay regime that can be achieved by any transmission poli@¥,.i., amaz] C RT with probability distributionF4(a) and

We then show that this bound is achievable for both classesan A. Here, a,,.. and a..;, are, respectively, upper and
when using a sequence of “channel threshold policies,” undewer bounds on the amount of data that can arrive per time-
which the transmission rate only depends on the channelit. This process is independent of both the channel fading
gain through a simple threshold rule. This demonstrates process and the noise process.

interesting duality with the large delay regime, whereeast  We assume a functio®(r) specifies the received signal-
buffer threshold policies were order optimal. For type Ao-noise ratio (SNR) required for the transmitter to reljab
channels, we then show that an even simpler fixed-rate chanimansmit at a rate of bits per channel use during a given
threshold policy is also order optimal. However, such pe$ic time-slot. The main example we consider is

are not order optimal for type B channels. Due to space

considerations, we omit the proofs; these can be found ih [11 S =2"-1, ®)
which is the received SNR required for the Gaussian channel
Il. PROBLEM FORMULATION in (1) to have a capacity of bits per channel use. More

We begin by describing our model for the system in Figgenerally, the following analysis will hold for any functio
ure 1. The channel is modeled as a discrete-time, blockdadiS(r) that satisfies the following regularity property:
channel with additive white Gaussian noise and frequency-Definition 1: A SNR function S(r) is regular if S(r) is
flat fading. Over each block oV channel uses, the channeincreasing, differentiable, and strictly convex wis{0) = 0,
gain stays fixed. Lety/H, denote the magnitude of theS’(0) > 0, andlim, .. S’(r) = oc.
base-band channel gain during thgh block. Let X,, = In addition to (3), most practical modulation and coding
(Xp1s--s Xnn) andY, = (Yo1,...,Y,n) be vectors in schemes will satisfy this definition. In a time-slot when the
CN which denote, respectively, the channel inputs and outp@isannel gain ish, the received SNR iSt2, where P is the
over thenth block. These are related by: transmission power. Thus, the required transtission power

sendu bits during this time-slot is?(h,u) := 2-S(u/N). In
Y, = \/H_an +Z,. (1)  the case of (3), () R S/)

Here the additive noisg,, is a complex, circularly symmetric P(h,u) = Uj (2u/N B 1) 4)

Gaussian random vector with zero mean and covariance matrix ’ ’

oI, wherel denotes av x N identity matrix. The sequencewhich is the power required so that the mutual information

{Z,} is independent and identically distributed (i.i.d.). Theate in the given block is equal ta/N. Provided thatN

sequence of channel gaifs,, }, is also a assumed to be i.i.d. s large enough, this choice will give a reasonable indicati

i.e. the time for one block ofV channel uses is on the ordefof the power needed to reliably transmit at ratéN. One

of one coherence-time. For all H,, takes values ift = R* may question the reasonableness of modeling the required

and have a continuous probability density functiga(z) and  power using (4) when we are analyzing the performance of

cumulative distributionf’; (h). We assume thaf; () > 0for 3 system in the regime of small delays, since to communicate

all » > 0, which is true for most channel models of interes'gﬁe|iab|y at rates near Capacity typ|ca||y requires the Lfger[g

This implies thatt' (h) is strictly increasing ovel{. Both the codes and subsequently long delays. The main justification f

transmitter and receiver have perfect channel state irdbom thjs is that we are measuring delays on the time-scale of the

(CS'), i.e., during thenth b|0Ck, the transmitter and receiverqueue dynamics in (2), within each time-step of this model, w

know the value off,,. assume that there are sufficient degrees of freedom awailabl
We consider a discrete-time “fluid” model for the buffeto use sophisticated coding.

in which time is slotted and the length of each time-slot |et i S xH — Rt denote a stationary (Markov)

corresponds to a block ol channel useS.Let A, be the transmission policy that indicatés, as a function ofS,, and

number of bits that arrive between timeandn — 1, and let F,, . Under such a policy; S, } will be a Markov chain. Under

Sy, be the buffer size at the start of théh time-slot. Denote by policy x, the time-average transmission power is

U,, the number of bits removed from the buffer at the start of

. . . . _ 1 &
each time-slot and transmitted over the fading channehduri P = limsup — Z E(P(H,,, (S0, Hy))),
the time-slot. The resulting buffer dynamics are m—oo T =]
Spi1 = max{S, + An+1 — Un, Apt1}, (2) and the time-average delay is
1 <~ E(S,)
1This is a fluid model because we do not restrict the amount o™ titat D# :=lim sup — Z 7
arrive to or depart from the buffer during a time-slot to be ateger. m—oo MM el A



T T T T T I p ) oes delay limited capacityWe focus mainly on the following two

w — P"(D).type B types of distributions:
25t | | Definition 2: A channel is defined to beype Aif H, has
a finite mean andfy (0) > 0.

Definition 3: A channel is defined to bgype Bif H, has
a finite mean and'y (h) = ©(h") ash — 0 for some~y > 0.

It can be seen that type A channels have zero delay-limited
capacity and type B have positive delay-limited capacity.
Examples of type A channels include Rayleigh and Ricean
fading channels. A Nakagami fading channel will also be type
A if the Nakagami fading figurey is less than 1. It will be
type B whenm > 1; in this casey = m — 1. A Rayleigh
S 1 2 3 4 5 6 7 s channel withm > 1 independent diversity branches will also

Delay be type B withy = m — 1, when either selection diversity or
maximal ratio combining are used. o

Fig. 2. Examples of* (D) for two different channels. In the type A channel, For a given fading density, l&f(h) := f;o %fH(h) dh. As

the optimal power grows without bound as the dglay approathisthe type h — 0, G(h) ~F (L) , which is infinite for any channel with

B channel the optimal power converges to the limit/f(1). o H . _1 .
zero delay-limited capacity. Le¥~*(z) denote the inverse of
the functionG(h). Since, by assumptiotiy (h) > 0 for all

Assuming that{S,} is ergodic, it follows that thatP* — h >0, G(h) will be stlrictly. decr(_aasing and approach zero as

Es,nP(S,H) and D* = E5, which is equal to the average” — > and hencel:~(z) is defined forz € [0, G(0)].

queueing delay by Little’s law.For a given channel and arrival

process, the optimal power/delay trade-off is
. P - Next, we give a lower bound ob* (P) that applies for any
P*(D) := inf{P" : u such thatD* < D}. channel and arrival processes satisfy the previous asgmapt

This will be a decreasing, convex function as shown in Fig. &1d becomes tight a8 — P*(1). We then use this to bound
As D — oo, P*(D) converges tdP(A) at a rate of® (1) the rate gt_whlchD*(P_) — 1 for type A and B channels.
[7]. The asymptotic valueP(A) corresponds to the minimum _ Proposition 1: Consider a system with a regular SNR func-
power required to send at average rateignoring any delay tion S(r). For anyP < P*(1),
constraints. Whe®(h, u) is given by (4), this is the minimum D*(P) -1
power so that the channel hashaoughput capacityf A/N $'(0) P
bits per channel use [8]. > Fy K%) -1 (2—” )
It will also be useful to define th@ptimal delay/power S'(@maz/N) a?Ea(S(A/N))
trade-off Note thato?E 4 S(A/N) is the value ofP*(1) for a channel
D*(P) := inf{D" : ju such thatP* < P}. i!’l \(vhich Hy =1 for- all n. Irj a cf;gnlnel with positive delay-
. . _ _ _ limited capacity, this satlsfleUQEAS((z/N) = G(0), and so
Clearly, if P*(D) is strictly decreasing, theD*(P) will  for p — p*(1) this bound equals zero and is tight. Likewise,
simply be its inverse. From (2), all data must spend at lea&t oty a channel with zero delay limited capacity; (1) = oc.
time unit in the buffer, henc®~*(P) > 1 for all P. The only Hence, asP — oo, the bound approaches zero and is once
way thatD*(P) = 1isif ju(Sn, Hy) > Ay, foralln, i.e. every ggain tight.
bit is transmitted the time-slot after it arrives. The minim The proof of this proposition is based on considering a
power required by such a policy B*(1) = Ea,u P(H, A).  “fictitious system,” which is identical to the original sgs
For a constant arrival rate of and whenP(h, u) is given eycept that all arriving data can be transmitted after wagiti
by (4), P*(1) represents the minimum power needed for thg; 2 time-units without requiring any power. However, to
channel to have alelay-limited capacityof A/N bits per yansmit the data after one time-unit still requires the sam
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[11. L OWER BOUNDS

channel use [9]. . ~_ power as in the original system (recall that all data must
Depending oy (h), P*(1) may or may not be finite. Since it at least one time-unit). Therefore, the maximum delay
the arrival and channel processes are independeritl) = iy the fictitious system will be no more than 2 time-units. Let

o*En (77) EaS(A/N). Since {An} is bounded,P*(1) will  f5(P) pe the minimum average delay in this fictitious system
be finite if and only ifE; (7) < oo. Therefore, every fading ynder any transmission policy with average power no greater
distribution can be classified as either havingositive delay- han p. Clearly, for the same arrival and channel processes,

limited capacity if Ex7 () < oo, or otherwise having aero D(P) < D*(P) for all P. Using this, we then lower bound

) . o . D*(P) by lower boundingD(P).

Here and in the following, given an ergodic procegX,, }, we denote by In the fictiti t | | timal i ill set
X (without an index), a random variable with the correspogditeady-state n the ne '_ Ious system, clear y*_ an optuma po_ ICy will s
distribution. U, < A,, since any other data in the buffer will leave the



system anyway without requiring any power. It follows thagéxpected SNR required to transmit all of the data which adriv
an optimal policy for the fictitious system can be expressed i@ n time-slots grows at most exponentially in

function of the current channel statd,, and the number of  Proposition 2: For a type A channel, if the SNR function
arrivals A,,, and must be a solution to the convex program:has exponentially bounded growth, then for any decreasing

maximize By C(H, A) sequence of channel threshold policigs,}, as K — oo,

CHX ART Prr — oo and DH+ — 1 = O(exp(—aP**)), for any a <
. o? (0% fu(0)E4S(A/N)) "
subject 0B, 45 S(C(H, A)/N) < P () This proposition implies that any decreasing sequence of
0<(¢(h,a)<a, VYheH,acA channel threshold policies is nearly order optimal in thesse

that the exponentv can be arbitrarily close to the bound in

Using standard Lagrangian techniques, the solution tocéiis Corollary 1. If instead we consider the power/delay traffe-o
be characterize?] Using this policy, we can derive the bouncthen Proposition 2 implies that for any decreasing sequence
in Proposition 1. of channel threshold policie$* = O(In(z;+—)). In other

The next two corollaries to Proposition 1 bound the rate @fords, in terms of the power/delay trade-off, these pddicie
which D*(P) — 1 for both type A and type B channels.  are order optimal. Therefore, in the small delay regime, the

Corollary 1: For a type A channel, a8 — oo, D*(P) — optimal convergence rate a@?*(D) for type A channels is
1=Q(eP), for anya > (0 fu (0)E4(S(A/N))) . O(In(p1y))- Note that this is a much faster rate of change

The result of this corollary can equivalently be expressed ihan the# behavior in the large delay regime.
terms of the power/delay trade-off, i.e. for a type A channel proposition 3: For a type B channel with parameter> 0,
P*(D) = Q(In(p1y)) as D — 1. Note that in this case theif the SNR function has exponentially bounded growth, then

constanta is not needed. for any decreasing sequence of channel threshold policies
Corollary 2: For a type B channel with parameter> 0,as  {;,}, as K — oo, P* — P*(1) and D" — 1 =
1

y+1

P — P*(1) (from below),D*(P)—1 = Q((P*(1)—P) > ). O((P*(1) - Plik)%).
1 . . . .
The exponent is decreasing iny, and so this bound  Comparing to Corollary 2, it follows that for a type B
will approachl slower in channels with larger values ®f  channel, decreasing sequences of channel threshold golici

IV. OPTIMAL AND SUB-OPTIMAL SEQUENCES OF are order optimal. Thereforel)"(P) —1 = O((P*(1) —
TRANSMISSIONPOLICIES P)>) as P — P*(1) from below. Equivalently,P*(1) —

, , , P*(D) = ©((D — 1)771) as D — 1. As noted previously,
In the previous section, we boundéx (P) by studying an . ) : L
P (P) by ying 11 is decreasing tol as v increases. This implies that

optimal transmission policy for a fictitious system. Nexge w_ v ) . !

study several transmission policies for the actual systath a'dn. a Rtaylbegh ;admg channel 2; t?je nl'J”mber of |Ed1ep?ndent

compare their performance to the bounds. iversity branches are increasdd; ( _) will approac ata
slower rate. For a large number of diversity branches, ttee ra

A. Channel Threshold Policies will be approximately linear inP*(1) — P. Of course,P*(1)

The first type of policies we consider athannel threshold also decreases with additional diversity branches.
policies in which transmission occurs only when the channel
gain is greater than a given threshold; when this occurs tBe Policies with bounded transmission rates
transmitter empties the buffer. More precisely,: H x S —
R* is a channel threshold policy with thresholtd, > 0,
if pin,(h,s) = slipsp,y, Where 1, denotes the indicator

Under a channel threshold policy, since the transmitter
empties the buffer whenever it transmits, the requiredstran
function of the event mission rate can .be ar.bitrarily large. Nextt we look at a

We define adecrez;\sing sequencef channel threshold sequence of pql|c_|es with bounded tran_sm|SS|on rates.. For
policies{u } to be a sequence where the associated threshoﬁa.mple’ such I|m|ts. may be due constramt; on the available
I are decreasing with he — 0. Clearly. the average %ilng and modulatlo_n_schemes. We cons_lbeunded rate_

k 9 Moo Uk = - Y. 9€ channel threshold policiesvhere the transmitter once again

. o ; > U
delay W'”. decrease withD .k - .1 ask — oo. Next, we only transmits when the channel gain is larger than a thfdsho
characterize the rate at which this converges as a funcfion,0

. hi. When transmitting, these policies s&, = A, + 9§,
the average power for type A and B channels. For this W& : .
o . 6. ransmi MOS0 its. W n h
make one additional assumption on the SNR funcifon they transmit at mosi + 0 bits. We denote suc

- i . a policy by ¢p(h,a) = (a + d)1g,5p,;. Note that when
Definition 4. A regular SNR functionS(r) has exponen- sn/N < A, +0, there is not enough information in the buffer

tially bounded growthif there exists non-negative Constant% transmit. In this case we assume the transmitter sends ext
MF?)rr]deI;asrl;i)rl]eth\?vthSr;?”; iZs,Oéifé;) bgy ]é’; -i t satisfies this “dummy” bits. This is clearly a poor choice from the view of

, r , . . ..
definition with M = 1 and x = 2. This ensures that the saving power, but is sufficient for our purposes.

SIndeed, in the case whei(h, ) is given by (4), the optimal policy can  “Note that these policies do not base the transmission deasionly H,
be related to a combination of the well-known “water-fillingdwer allocation and S, but can be viewed as using the past historySqf and U,,. Such a
and a “channel inversion” policy. dependence is not needed for an optimal policy.



We again consider a decreasing sequence of poligie$, limg_ ... dr = 0. In this way, ask — oo, P? — P*(1).
where the thresholds; decrease to 0. To study the perforHowever, as the following proposition states, such a setpien
mance of these policies, we use the following lemma whidf policies still do not achieve the optimal convergence rat
applies to any policy for whicli/,, — A,, is an i.i.d. sequence. for type B channels. Here, for simplicity, we restrict ouves
This is the case here, sin¢ég, — A,, depends only orfH,,. to the case wheré(r) is given by (3).

Lemma 1:For any policy where\,, = U,, — A,, is an i.i.d. Proposition 5: For a type B channel with parameter>
sequence, the average buffer occupancy is bounded by 0 and S(r) given by (3), let¢, be a decreasing sequence

E{(|—A]*)?} ) 2 of bounded rate channel threshold policies with decreasing
SR VT cRgs A< SN parameterss,, whered;, — 0. If as k — oo, P?* — P*(1)
2E(A) 2(EA) from below, thenD% — 1 = Q((P*(1) — P?*)7).
where[-A]T = max(—A, 0) and o2 is variance ofA,,. Note that sincey > 0, % is strictly less than the optimal

This Lemma follows from noting that the buffer dynamicexponent of%rl given by Corollary 2, and so these policies
in (2) is similar to the evolution of a Lindley process whickare not order optimal for type B channels. This illustrates a
models the delay in a continuous-time GI/G/1 queue. Thebasic difference between type A and B channels.
bounds are essentially the same as Kingman’s bounds on the
average delay for such a GI/G/1 system [10].

Proposition 4: For a type A channel, lef¢; } be a decreas-
ing sequence of bounded rate channel threshold policien T

V. CONCLUSIONS

We have analyzed the optimal power/delay trade-off for a
isingle user fading channel in the regime of small delays and
ask — oo, P% — 0o, andD? — 1 = O(exp(—aP?)), for large power. In this regime, the qptimal trade-'off was .sho.wn
any a < (o2 fx(0)EA{S(A/N)})~". to strongly depend on the behavior of the fading distributio

This implies that for type A channels, bounded rate chanr&fa" Z€ro. For two broad classes of channels, we bounded

threshold policies can achieve the same order of conveegelfe® asymptotic rate at which the average delay approaches

as a channel threshold policy, which we have seen is essiifi-Minimum power as the average power increases. This
tially order optimal. Next, we define &ixed-rate, channel bound was shown to be achievable when using a sequence of

threshold policyg%k(h) to be a policy that transmits at aSimple channel threshold policies. Here we have focused on a

fixed ratea/N, whenever the channel gain is greater tian single user communicating over a memoryless fading channel

and sends nothing otherwise. This differs from the previoydth only a long-term average power constraint. Potential

bounded rate policies in that the rate does not depend,on directions for future work include relaxing these modeling
Corollary 3: For a type A channel, Ie{ék} be a decreas- assumptions, e.g. considering multi-user systems or @isnn

ing sequence of fixed-rate, channel threshold policies inch memory. Another possible direction is to consider msde

i > amas. AS k — o0, P — oo and D% — 1 — with |mperf_e_ct cr(;arsnetzl kt?owlfdge, |r_1t£/vg|ch case outages may
In Corollary 3, the constraint oy is smaller than in
Proposition 4, unless the arrival process is constant. ,Thua]
in general this does not imply than these policies are order
optimal in terms of the delay/power trade-off. However, in
terms of the power/delay _trade'Oﬁ’ we Ca'.q 'gnore . the scheduling of bursty traffic over wireless channelifEE Trans. on

parameter so that these policies are order optimal in tiisese Information Theoryvol. 50, pp. 124—144, Jan 2004.
These policies do not depend on the buffer occupancy at alfl lt3- Prabhakar, E. Uysal-l_3|y||kogh|1_, Iimd_ A.IE. Gam?(l,t“Erp;g;gl[e'nt
PO . e . ransmission over a wireless Iink via lazy packet sche ng
this illustrates a S|g_n|f|can_t difference between_the sihalhy Proc. IEEE Infocom 20012001
and large delay regimes; in the large delay regime somemuffe] v. Goyal, A. Kumar, and V. Sharma, “Power constrained anthyle
dependence is required for any order optimal policy [7]. optimal policies for scheduling transmission over a fadingrotel,” in
Proc. of IEEE INF M 2 Franci Mar. 2003.
Next we turn to type B channels. For a type B channef5 foc. OCOM 2003(San Francisco), Mar. 2003
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