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Abstract— In this paper, we propose power efficient schedulers
for transmitting bursty traffic sources over Gaussian wireless
channels that provides guarantees on absolute delays experienced
by the source packets. The proposed schedulers finds the trans-
mission rate and power using temporal water-filling techniques
without any knowledge of the arrival traffic statistics. We also
introduce an iterative process to compute a lower bound on the
transmit power of any scheduler that provides absolute delay
guarantees. The proposed schedulers and iterative method of
computing the lower bound are also shown to provide statistical
guarantees on packet delays.

I. INTRODUCTION

Provisioning of quality of service (QoS) is critical for the
success of high data rate multimedia services in future wireless
networks. In this paper, we propose power efficient sched-
ulers for transmitting bursty traffic sources through a wireless
channel. The proposed schedulers provide deterministic or
statistical guarantees on absolute packet delays without any
prior knowledge of the arrival traffic statistics.

Scheduling is commonly used to refer to the allocation of
a particular resource (like bandwidth) to multiple competing
entities (like flows) under certain constraints (like fairness);
for example, a first come first serve (FCFS) scheduler. In this
paper, we consider a single user system with varying number
of packet arrivals in every time-slot; such a source is referred
to as a bursty source. A scheduler is a defined (in Section II)
as a mapping from the number of packet arrivals and state of
the system to the number of packets transmitted at each time.
Schedulers are proposed for both stationary and nonstationary
traffic sources.

The contributions of this paper are as follows:
• Computes a universal lower bound on the transmit power
required by any scheduler that provides deterministic or
statistical guarantees on absolute packet delays. The lower
bound is computed iteratively and in an off-line manner for
a given sequence of packets arrivals. The scheduler which
achieves this lower bound is referred to as noncausal minimal
power (NOMP) scheduler.
• Proposes a simple memoryless (and causal) scheduler that
uses no information on prior scheduled packets or future
arrivals to schedule packets: Its performance serves as an upper
bound on transmission power and can be computed in closed
form.
• For nonstationary sources, a low complexity water-filling

based causal look ahead (CLAD)-0th order1 scheduler is
proposed that has low power consumption.
• For stationary sources, a CLAD-1 scheduler is proposed that
uses information of prior arrivals to predict the statistics of
future arrivals and schedule packets. The power consumption
of this scheduler is lower than that of CLAD-0 schedulers and
is near optimal.
• The similarity between the proposed schedulers and the
concept of digital FIR filters is shown. The notion of scheduler
bandwidth is defined and it is shown that the delay-bandwidth
product is a constant. The proposed delay-bandwidth product
is conceptually different from the common notion of delay-
bandwidth product used in flow control in networks. In the
later case, delay refers to the round trip time and bandwidth
refers to the peak service rate of a link [1].

All the proposed schedulers are solutions of minimizing
the transmit power under various constraints: The solutions of
these optimization problems (except for CLAD-1 scheduler)
can be interpreted as constrained temporal water-filling and
involves low computational complexity. The proposed delay
bounded schedulers are conceptually similar to rate and power
adaptation in fading channels with short term power con-
straints [2]. Since the proposed CLAD-1 scheduler achieves
performances near that of the NOMP scheduler without any
knowledge of arrival traffic, it can be considered to be a
preliminary or first generation universal scheduler.

A substantial portion of the energy consumption in a wire-
less communication system is at the transmitter. Hence, we
focus on minimizing the transmit power. Power minimization
for uplink transmission is important in mobile terminals due
to the limited battery resources. Using low power transmission
to obtain the desired downlink performance is also important
at the base station since it results in reduced interference to
other users and consequently increased system throughputs.

Schedulers that minimize the transmit power under average
delay constraints have been considered in [3]–[6]. Schedulers
that provide QoS guarantees have been an area of active
research (see for example [7]); however, many of these have
been proposed for constant rate data links. In wireless chan-
nels, the instantaneous throughput depends on the channel con-
ditions and the transmit power and is therefore not a constant.
A systematic approach to traffic regulation by filtering under a

1The order of the scheduler is defined in Section III.



new {min, +} algebra has been considered in [8] for constant
rate links.

The remainder of this paper is organized as follows. We
introduce some basic notation and formalize the scheduling
problem in Section II. Schedulers with deterministic and
statistical guarantees on delay are introduced in Sections III
and IV respectively. Finally, we conclude in Section V.

II. PROBLEM SETUP

Consider a system in which an packets arrive at the trans-
mitter at the beginning of time-slot n. Let D0 be the desired
absolute packet delay bound. Delay is measured in terms of the
number of time-slots and we use the convention that if packets
arriving in time-slot n are transmitted in the same time-slot,
then the delay equals 1 time-slot. To deterministically meet
the delay bound all an packets have to be transmitted within
time-slots n, n + 1, . . . , n + D0 − 1. All arriving packets are
stored in a buffer which is assumed to be large enough not
to cause any overflows.2 In this paper, we treat each packet
as being infinitely divisible and partial packet transmissions in
a time-slot are allowed. For simplicity, we only consider an
additive white Gaussian noise channel (AWGN).

The received signal, Yn, is given by Yn = Xn + zn, where
Xn is the transmit signal and zn is the additive Gaussian
noise with variance σ2. The signals Yn, Xn and zn are Tc

dimensional vectors, where Tc is the number of symbols
in each time-slot. The transmit signal, Xn, depends on the
number of packets, un, transmitted in time-slot n and the
coding and modulation scheme used. Transmit power Pn is
chosen to ensure that Xn can be reliably determined from
Yn. In this paper, we consider reliability in the Shannon
theoretic sense and use the well known Gaussian capacity
formulation [9] to compute the power required to transmit un

packets as Pn = P (un) = σ2(eun − 1). The average power
of any scheduler can then be computed as 1

N

∑N
i=1 P (ui) for

a given packet arrival sequence {an}
N
1 . Denote by vn,i the

number of packets transmitted during time-slot n that arrived
at time n − i.

Defn 1: A scheduler is defined as a mapping from the
number of packet arrivals, an and scheduler state, Sn to
the number of packets transmitted in different time-slots,
vn+i,i, ∀i ≥ 0.
In other words, at each time-slot n the scheduler computes
when each of the an packets should be transmitted. The state
of the scheduler at time n depends on the type of scheduler.
For a NOMP scheduler, the state is Sn = {ai}

N
i=1. For the

CLAD schedulers, Sn = {ai}
n
i=1 and for the memoryless

scheduler Sn = Λ, the null state. All the proposed schedulers
are assumed to be stationary.3

For a scheduler that provides deterministic delay guarantees
all packets have to be transmitted with in D0 time-slots, i.e.,
∑D0−1

j=0 vn+j,j = an. For a scheduler that provides statistical

2If the maximum packet arrival M in any slot is known, then the buffer
size needed to prevent overflows is MD0.

3Even if the arrivals are not stationary.

delay guarantees, at most δ% of the packets may violate the
delay bound, i.e.,

Pr{di > D0} ≤ δ, (1)

where di is the absolute delay of the ith packet and δ is the
fraction of packets that violate the delay bound. In this paper,
we assume that packets which violate the delay bound are
dropped. Therefore, vn,i = 0 for i /∈ {0, 1, . . . , D0 − 1}.
The number of packets, un, transmitted in time-slot n is
given by un =

∑D0−1
j=0 vn,j . In the next section, we compute

power efficient schedulers that provide deterministic delay
guarantees.

III. SCHEDULERS WITH DETERMINISTIC DELAY

GUARANTEES

A. Noncausal minimal power (NOMP) scheduler

We first compute a noncausal scheduler that uses informa-
tion about the entire arrival sequence (i.e., Sn = {ai}

N
i=1) to

schedule packets and minimize the average power consump-
tion. The problem of interest can be formally stated as follows,

P ∗
NOMP = min

{vi,j}

1

N

N
∑

i=1

P (ui) (2)

0 ≤ vi,j ,

D0−1
∑

j=0

vi+j,j = ai

For any given sequence of packet arrivals {an}
N
1 , it can be

shown that (2) is a convex optimization problem and has
a minimum. In Appendix A we give an iterative method
for computing P ∗

NOMP . The iterative procedure schedules
packet transmissions using information of future arrivals in
a noncausal manner. Hence, the scheduler is referred to
as a noncausal minimal power (NOMP) scheduler and its
performance serves as a lower bound on the power of any
scheduler that guarantees delay bound D0 for that arrival
sequence. Numerical values of the lower bound are given in
Fig. 1 and explained in Section III-E.

B. Causal look ahead (CLAD)-0 schedulers

We propose a series of CLAD-k schedulers where the order
of the scheduler, k, is the number of future time-slots up to
which arrivals are predicted. The rationale is that for stationary
sources, the statistics of future arrivals can be estimated from
prior arrivals. The CLAD-0 scheduler though does not predict
the distribution of future arrivals and can be used even when
the traffic is nonstationary.

To derive the CLAD-0 scheduler, we modify (2) to minimize
the local average power rather than global average power.
The state of the scheduler Sn = {ai}

n
i=1. At time-slot n, the

CLAD-0 scheduler computes vn+j,j , j = 0, 1, . . . , D0 − 1 to
minimize

∑D0−1
j=0 P (ũn+j), where ũn+j =

∑D0−1
k=j vn+j,k is

the number of packets scheduled for transmission at time-slot
n + j that arrived before time-slot n. Note that this sched-
uler uses the knowledge of prior scheduled transmissions,



vn+j,i, i = j + 1, . . . , D0 to compute vn+j,j . Formally,

P ∗
CLAD−0 = min

{vn+j,j}

1

D0

D0−1
∑

i=0

P (ũn+i). (3)

0 ≤ vn+j,j

D0−1
∑

j=0

vn+j,j = an

The solution to (3) is given by temporal water-filling as

vn+j,j =



α −

D0−1
∑

k=j+1

vn+j,k





+

, (4)

where (x)+ = max{x, 0}, and α is computed from
∑D0−1

j=0 (α − vn+j,j)
+

= an. The performance of this sched-
uler is shown in Fig. 1 and is discussed in Section III-E.

C. CLAD-1 scheduler

For stationary sources, we propose a scheduler which min-
imizes local transmit power by estimating the distribution of
future arrivals. In this paper, we use a simple histogram to
estimate the distribution of future arrivals and thus p̂(an+1 =
i) = 1

n

∑n
k=1 I(ak = i), ∀i, where I() is the indicator

function. As n increases p̂ → p, the true distribution of the
source. At each time-slot n the CLAD-1 scheduler not only
computes vn+j,j but also v

(k)
n+j+1,j for k = 1, . . . , Mn =

max{a1, . . . , an}. Note that v
(k)
n+j+1,j represents the number

of packets transmitted in time-slot n+j+1 if k packets arrive
at time-slot n+1. Formally, the scheduler is chosen to optimize

P̃ ∗ = min
{vn+j,j ,v

(k)
n+j+1}

Mn
∑

k=0

D0
∑

i=0

P (ûn+i)p(an+1 = k), (5)

0 ≤ vn+j,j ,

D0−1
∑

j=0

vn+j,j = an,

D0−1
∑

j=0

v
(k)
n+j+1,j = k ∀k = 1, . . . , max{a1, . . . , an}

where ûn+i =
∑D0−1

j=0 vn+i,j . Solving (5) analytically is
intractable and hence we resort to numerical optimization
techniques. The performance of the CLAD-1 scheduler is
given in Section III-E.

The CLAD-m schedulers can be derived using similar tech-
niques: However, their computational complexity increases
with m. Moreover, from Fig. 1, it can be seen that the
performance of the CLAD-1 scheduler is close to the NOMP
scheduler and thus is a reasonable choice for obtaining good
performance at low complexity.

D. Memoryless scheduler

We now present a simple memoryless scheduler in which
vn+j,j , j = 0, 1, . . . , D0 − 1 depends only on an and not on
the prior scheduled packets; thus Sn = Λ. Specifically, the
memoryless scheduler uniformly spreads the packet transmis-
sions across the entire available time-slots, i.e., vn+j,j = 1

D0
an
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Fig. 1. Average power versus absolute delay for the proposed schedulers.

and thus, un = 1
D0

∑D0−1
j=0 an−j . This memoryless scheduler

serves three objectives: i) Its performance serves as an upper
bound on the transmit power. ii) Its performance can be
derived analytically in closed form, if the traffic is stationary,
and iii) It is used to show the connection between filtering and
scheduling and derive the delay-bandwidth relationship.

The average power of the memoryless scheduler,
Pmemoryless, can be computed as

Pmemoryless =
1

N

N
∑

n=1

P





1

D0

D0−1
∑

j=0

an−j



 .

If the source arrivals are stationary, then Pmemoryless can be
derived in closed form as

Pmemoryless = σ2

(

(

E[ean/D0 ]
)D0

− 1

)

, (6)

where p(a1 . . . , aD0) =
∏D0

i=1 p(ai) is the joint pmf of the
arrivals which is assumed to be an i.i.d. process. Note that the
memoryless scheduler is derived without assuming stationarity
of the arrival process. The stationarity of the arrival process is
only used to calculate the average power in closed form (6).

E. Numerical Results

The performance of the proposed scheduler is shown in
Fig. 1 for an arrival sequence of length 10,000 time-slots.
Clearly, at a delay of 1, all packets have to be transmitted in
the same time-slot that they arrive. Thus, all schedulers require
the same power. As the delay increases, the power required
decreases substantially (nearly 55% for CLAD-0 scheduler as
delay increases from 1 to 2 time-slots). Eventually, as the delay
goes to infinity, the required power approaches the Shannon
limit. The Shannon limit is simply given by P ( 1

N

∑N
n=1 an)

and is the power required to transmit constant rate traffic.
The power required by the memoryless scheduler is higher

than the power required by the CLAD-0 scheduler, which
is not surprising since the memoryless scheduler does not
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Fig. 2. Convergence of iterative process in computing the lower bound on
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utilize knowledge of prior packet schedules in determining
the transmission rate. As the delay increases the CLAD-0
scheduler smoothens the input traffic thereby reducing bursti-
ness of output traffic, an effect which has also been observed
in case of schedulers which minimize power under average
delay constraints [4]. The CLAD-1 scheduler has performance
better than even the CLAD-0 scheduler and nearly that of the
NOMP scheduler. It should be reiterated that only the CLAD-1
scheduler requires the stationarity of arrival process. The other
schedulers can be used even for nonstationary traffic sources.

F. Scheduling and Filtering

Our investigations have revealed a similarity between the
design of schedulers and FIR filters. Recall that un, an

represent the number of packets transmitted and arriving at
time-slot n. For a scheduler which guarantees an absolute
delay bound Do,

un =

D0−1
∑

i=0

αn,ian−i ≡ h ∗ an, (7)

where h = {αn,i} are the taps of an equivalent FIR filter,
∗ denotes the convolution operator, and αn,i =

vn,i

an−i
is the

fraction of packets arriving at time n − i that are transmitted
at time n.4 Since all arriving packets have to be transmitted
completely within Do time-slots, we have the constraint that
∑D0−1

i=0 αn+i,i = 1.
It is now clear that (7) represents the input-output rela-

tionship of a FIR filter. In general the coefficients of the
filter h vary with n. However, for the memoryless scheduler
αn,i = 1

D0
and the filter coefficients are time invariant. As the

delay bound increases, there are more terms in the summation
in (7) and the number of taps of the filter increases. The

4If an−i = 0, since there are no packet arrivals, the actual values of αn,i

are irrelevant and can be assumed to be equal to 1

D0
.
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Fig. 3. Frequency response of the schedulers at different delays (measured
in number of time-slots) when modeled as FIR filters.

frequency response of the filter can be computed as

|H(ejω)|2 =
1

D2
0

1 − cos(D0ω)

1 − cos(ω)
(8)

Define the bandwidth of the filter (or equivalently the sched-
uler) to be the frequency of the first null in the frequency
response. Then the bandwidth B of the filter depends inversely
on the delay bound. In other words, the delay-bandwidth
product is a constant. For Do = 1, the output equals the
input and hence the scheduler behaves like an all pass filter.
As the delay increases, the bandwidth of the filter decreases.
Asymptotically, as Do → ∞, the bandwidth goes to zero,
i.e., the filter passes only DC. Equivalently, the scheduler
transmits at constant rate thereby minimizing transmit power
and achieving the bound given by Shannon’s capacity formula-
tion. The frequency response of the proposed scheduler when
modeled as an FIR filter is given in Fig. 3. The reduction
in bandwidth with increasing delays is evident from Fig. 3.
Further the number of nulls in the frequency response equals
bD0

2 c. Conceptually, the scheduler bandwidth is different from
the notion of effective bandwidth [1] in the sense that the
former is independent of the arrival traffic while the later is
a measure of the effective data rate of bursty sources. The
relationship between scheduling and adaptive filters is not
just of theoretical interest. It creates the possibility to use
the extensive knowledge and techniques from the filter design
literature to design optimal multiuser schedulers.

IV. SCHEDULERS WITH STATISTICAL DELAY GUARANTEES

A. Statistical NOMP scheduler

For a given arrival sequence {an}
N
1 we now compute a

lower bound on the power required by any scheduler which
provides delay guarantees of the form (1). In this paper, we
assume that packets which violate the delay bound are dropped
and retransmission will be ensured by higher layers.5 The

5Moreover, we assume partial packets can be dropped and retransmitted.
Packet integrity constraints can be easily imposed in this framework.



1 2 3 4 5 6 7 8 9
2

4

6

8

10

12

14

16

18

20

DELAY

A
V

E
R

A
G

E
 P

O
W

E
R

NOMP : δ = 0.01
NOMP : δ = 0.1
CLAD−0 : δ = 0.01
CLAD−0 : δ = 0.1

Fig. 4. Performance of proposed statistical NOMP and CLAD-0 schedulers.

statistical NOMP scheduler is computed in two steps:
1) Deterministic NOMP: Calculate vi,j and un like in the
deterministic NOMP scheduler (Section III-A).
2) Dropping policy: Given δ and {an}

N
1 , compute a dropping

threshold udr such that no more than udr packets are trans-
mitted in any time-slot n. At each time-slot n the remaining
un−udr packets are dropped. The threshold udr is determined
to ensure that the total fraction of dropped packets equals δ
i.e.,

∑N
n=1 max(un − udr, 0) = δ

∑N
n=1 an. The performance

of the statistical NOMP scheduler is given in Fig. 4 for two
different values of δ. The reduction in power with increasing
δ is clear for all delays from the figure.

B. Statistical CLAD schedulers

The deterministic CLAD schedulers can be readily modified
to guarantee statistical bounds on delay (1) as follow:
1) Deterministic CLAD: Compute vk,j and un as given in
Section III-B.
2) Adaptive dropping policy: At each time-slot n, compute
ηal(n) = δ

∑n
i=1 an the total number of packets that could

have violated the delay bound and ηact the actual number
of dropped packets. Packets are dropped if un > uth

n and
ηact(n) ≤ ηal(n); the number of dropped packets equals un−
uth

n , and uth
n is the dropping threshold.

3) Threshold update: The dropping threshold is adapted as
follows: uth

n+1 = uth
n + ∆th(ηact − ηal), where ∆th is

the threshold updating step parameter. The performance of
the statistical CLAD-0 scheduler is given in Fig. 4 for two
different values of δ. For large values of δ the reduction in
power with increasing delays is negligible, since most packets
are dropped and there is not much variation in the transmission
rate. As δ → 1, the required power reaches 0 for all delays
since all packets are dropped. As δ → 0, the required power
is the same as that of the deterministic schedulers.

V. CONCLUSIONS

In this paper, we introduced power efficient schedulers
which provide deterministic and statistical guarantees on

packet delays. We believe that the lower bound introduced
is not a tight bound for the class of causal schedulers and
obtaining tighter bounds should be considered in future work.
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APPENDIX

A. Iterative water-filling

At the kth iteration denote by vk
n,i the number of packets

transmitted at time slot n that arrived at time n− i. Consider
an arrival sequence {an} of length N . At each time-slot n
compute vk

n+i,i for i = 0, 1, . . . , D0 − 1 based on: i) The
number of packets scheduled for transmission in time-slots
n + 1, ..., n + D0 − 1 based on packet arrivals in time-
slots n + 1, . . . , n + D0 − 1 in the (k − 1)th iteration,
and ii) The number of packets scheduled for transmission
in time-slots n, n + 1, . . . , n + D0 − 1 based on packet
arrivals in time-slots an−1, . . . , an−D0 in the kth iteration.
Further, vk

n+i,i is computed to minimize P (
∑D0−1

j=0 ũk
n+j)

where ũk
n+j =

∑D0−1
i=j vk

n+j,i +
∑j−1

i=0 vk−1
n+j,i. The solution

to this optimization problem is again given by water-filling
techniques as

vk
n+j,j =



β −

D0−1
∑

i=j+1

vk
n+j,i −

j−1
∑

i=0

vk−1
n+j,i





+

(9)

where β is computed from
∑D0−1

j=0

(

β − vk
n+j,j

)+
= an

The average power after kth iterations is given by P (k) =
1
N

∑N
i=1 P (uk

i ), where uk
i =

∑D0−1
j=0 vk

i,j . The variation of
the average power with iteration is given in Fig. 2. It can be
seen from Fig. 2 that the iterative process converges within
a few iterations for all delay bounds. It should be noted that
optimization problem (2) does not have a unique minimizer.
However, it has a global minimum and this iterative procedure
converges to the global minimum.


