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Abstract

In Mobile WIMAX (also known as IEEE802.16e), a standard pogaving mechanism (PSM) that
alternates between sleep and wake modes is adopted to ¢xeelifdtime of mobile stations (MSs), but
it simultaneously induces a medium access control (MACQYiserdata unit (SDU) response delay. The
standard PSM defines three power saving classes (PSCs)ganioch Type | is based on a binary-
exponential increase in the sleep window, and Type Il is dhasea constant sleep window. Over the
years, most studies have mainly focused on PSC Type |, whiieaofew have considered Type Il. This
paper derives several analytical models of PSC Type Il aatlates the power consumption and MAC
SDU response delay performance. Based on the derived magetptimized power under delay-bound
mechanism (OPDBM) is proposed to find the optimal initialeplevindow parameter that minimizes
the power consumption of an MS while satisfying a given MACLSE2sponse delay constraint. Both
numerical analysis and simulation experiments show th@GRDBM effectively minimizes the power
consumption of an MS while guaranteeing any imposed/redulAC SDU response delay constraint

in a wide variety of environments.
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. INTRODUCTION

Recently, there has been renewed interest in energy catgervin information and commu-
nication technologies, where traffic has grown expondgtidbday, the energy costs incurred
by large service providers are substantial [1] and coristidularge portion of their operational
expenses in cases of mobile networks [2]. Traditionallypbit@ocommunication networks were
designed for maximum throughput and spectral efficiencyh wass attention given to power
consumption. In recent years, power efficiency has beeraenesl an extremely important factor
in the design of future wireless systems because future lmmcbmmunications demand much
higher data rates, entailing significantly more power camstion. World Interoperability for
Microwave Access (WiMAX), also known as the IEEE 802.16 g, is a standard for enabling
fixed and mobile convergence through broadband wirelesssadechnology. As an enhancement
of this standard, IEEE 802.16e (Mobile WIMAX) aims to redube energy consumed by a
mobile station (MS) through power saving mechanisms (PSNikgse PSMs are especially
important because an MS is generally powered by a limitetetyasupply.

Under a PSM, an MS repeatedly transits between sleep modevakel mode to conserve
energy. In sleep mode, an MS alternates between a slee@msthtelisten state. In the sleep state,
there is no communication between the MS and its serving §lasen (BS). This minimizes the
MS’s power consumption by decreasing its use of the BS’sra@riace resources. In the listen
state, the MS checks for the arrival of a medium access doiMi&C) service data unit (SDU)
during the previous sleep state and can transmit a certaoumainof data. Basically, the IEEE
802.16e standard specifies the PSM of the MAC protocol by idefithree types of power saving
classes (PSCs). PSCs are a group of connections that haveraotodemand/requirement [3],
for providing specific QoS support. The Type | PSC is reconuhedrfor best effort (BE) and non-
real time-variable rate (NRT-VR) services. The Type Il PS@acommended for delay-sensitive
applications such as urgent grant service (UGS) and reattimniable rate (RT-VR) services. The
Type 1l PSC is recommended for multicast connections andagement operations [3]. Based
on the PSM, an MS powers down its battery during the sleep atad powers up during the listen
state [3]. Because the power consumed in the sleep stateds lower than that consumed in
the listen state, it is desirable to reduce the duration efligien states and increase the duration

of the sleep states to reduce power consumption.
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Although a PSM effectively extends the battery lifetime ofS§] it simultaneously causes
an increase in the MAC SDU response delay. Note that that ¢ieedy of a MAC SDU is
delayed if it is destined for an MS in the sleep state. Thusaddition to reducing power
consumption, the MAC SDU response delay also has to be s#yioansidered because delay-
sensitive applications have specific QoS requirementstends and delay. For example, in IEEE
802.16m, the maximum state transition latency in the playsind MAC layers is recommended
to be 100 ms or less [4], and the latency for voice and videdezencing services should not
exceed 150 ms [5]. Moreover, the jitter for interactiveaodshould be no more than 30 ms [6].
Hence, the power consumption and MAC SDU response delaywareot the most important
performance metrics for evaluating the PSM performancadttition, it is essential to investigate
the manner in which the sleep mode parameters affect therpeafhce metrics to achieve the
desired performance in various environments.

This study derives analytical models for evaluating powanstimption and MAC SDU re-
sponse delay of the Type Il PSC. The paper then explains thahde-off exists between
power consumption and MAC SDU response delay because arl@hggp duration produces
better power management but simultaneously causes amagecia the MAC SDU response
delay. Based on this trade-off relationship, an optimizedigr under delay-bound mechanism
(OPDBM) to minimize power consumption under a given MAC S@dponse delay is proposed.
The simulation results show that OPDBM effectively minieszhe power consumed in a wide
variety of environments, in comparison with the standartP®hich uses a fixed duration for
the sleep state.

The remainder of this paper is organized as follows. Sedtisammarizes the previous work
related to the Type Il PSC. Section Il describes the basgratpn of the Type Il PSC in the
IEEE 802.16e standard. Section IV presents the analytiodlets for evaluating the performance
of the Type Il PSC. The proposed OPDBM is then described ini@e®. Section VI presents
the numerical results of extensive simulation experimgadormed to evaluate the proposed

analytical models and mechanism. Finally, Section VIl dodes this paper.

Il. RELATED WORK

In the IEEE 802.16e standard, the Type | PSC for BE and NRT-¥Rices increases the

sleep window size binary-exponentially from the initiakegb window ,.;,) to the maximum
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sleep window T;,...) until there is a request for the MS to go into wake mode. Untike Type

| PSC, the Type Il PSC for delay-sensitive applications sle¢ssleep window at a constant
value of T;,;,. This is because for the services supported by the Type II, RS reduction
in the response delay is very critical [7]. In the Type lll BSGr multicast connections and
management operations, MSs automatically transit frompsteode to wake mode, skipping the
listen state, because the services using the Type Ill PSQoteequire a listen state [3].

Because of the importance of PSC applications in IEEE 8@2sy6tems, a significant amount
of research has focused on evaluating the performance allékee mode operation and improv-
ing the power efficiency. Most of the studies, however, haxau$ed on the Type | PSC. Its
performance was extensively evaluated in [8]-[11], andower approaches for enhancing the
power saving performance of PSMs have also been proposekP}Jr[14]. On the other hand,
only a few studies have so far focused on the Type Il PSC.

Cho et al. [15] proposed an adaptive initial sleep window scheme thatpplicable to both
the Type | and Type Il PSCs of IEEE 802.16e. Their proposecrsehadaptively changes
T,.in, Dy keeping track of the burst inter-arrival time, to maxamithe power saving without
experiencing too much packet delay degradation. Howeker,scheme is only effective when
the traffic volume is low; under heavy traffic, the schemeltesn severe long delays. In another
study [16], Cheret al. presented an energy conservation scheme, called maximavailability
interval (MUI), to reduce power consumption by Type |l PS@vsms by applying the Chinese
remainder theorem. The MUI dynamically adjusis;, to find the maximum unavailable interval
during which the transceiver can be powered down. In additan algorithm to reduce the
computational complexity when solving the Chinese remairtdeorem is proposed. However,
the authors did not seriously consider the MAC SDU delaycWiig very important for real-time
services supported by the Type Il PSC. As an extension ofatbi&, the authors further extended
the MUI to a combination of Type | and Type Il PSCs to achieve ilaximum unavailability
interval [17]. The proposed scheme aimed to reduce energgucoption and average packet
response time of the Type | PSC by maximizing its unavaiigbihterval. However, there was
no evaluation of the delay performance in the Type Il PSCiHeumore, the authors in [18]
presented a dynamic PSM that increases the unavailahiligrval when an MS uses two or
more PSCs. Their proposed mechanism adjusts the sleepw il listen window of the Type
| PSC or Type Illl PSC to those of the Type Il PSC. By doing so, k& can reduce the
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listening time and increase the unavailability intervélug, power consumption in the MS is
effectively reduced. From a historical review of Type Il BSi@ the literature and to the best
of our knowledge, no study has evaluated the performancbeoffype Il PSC with respect to

sleep mode parameters suchas,,, which is done in this paper.

. TYPE Il POWER SAVING CLASSES IN MOBILE WIMAX

This section describes the Type Il PSC and presents key fde@nhancing its performance.
The sleep mode parameters for the Type Il PSC include theHesfgan initial sleep window
(denoted byr},,;,), the length of a listening window (denoted lby, and the start frame number
for the first sleep window.

Fig. 1 shows two example cases of sleep mode activationard¢ed by which station activates
sleep mode. In case 1, an MS itself initiates sleep mode bgisgra sleep request message,
MOB_SLP-REQ, to its serving BS as shown in Fig. 1(a). After the BSeives MOBSLP-
REQ, the BS processes the control message and respondsdaygsarsleep response message,
MOB_SLP-RSP, to the MS. Upon receiving the MOBR_P-RSP message, the MS enters sleep
mode at the frame specified by the start frame number for thedieep window. As shown in
Fig. 1(a),all sleep windows are of the same size as 7,,;,,. In case 2, sleep mode is activated by
the BS, as shown in Fig. 1(b). In this case, the BS sends anicitesss MOB_SLP-RSP message
to the MS, initiating the MS’s transition to sleep mode. Oriiceeceives the MOBSLP-RSP
message, the MS transits to sleep mode [3].

Fig. 2 illustrates the initiating transition from sleep neditd wake mode. Either the MS or BS
can initiate this transition. Sleep mode consists of sé\sdegp cycles, where each sleep cycle
comprises one sleep window and one listening window (I.g;, + L). When the MS has some
protocol data units (PDUS) to transmit, it will transit to keamode by sending a MOESLP-RSP
or bandwidth request message to the BS while the MS is in d&p, as shown in Fig. 2(a), or
in listen state, as shown in Fig. 2(b), respectively. In &addj the BS may send an unsolicited
MOB_SLP-RSP message or DL sleep control with an extended subhadeactivate the PSC,
as shown in Fig. 2(c) [3].

In contrast to the Type | PSC, where an MS cannot transmit ceive data during listen
state, an MS in the Type Il PSC can transmit a certain amounatd during the listen state.

Let d be the number of MAC SDUs that arrive in one sleep cycle anae the holding rate
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Fig. 1. Sleep mode activation by MS and BS

of incoming MAC SDUs. Assume that an MS remains in sleep médédoes not exceed a
maximum numbetV, that the MS can transmit durin. Then,N, = |uL]. If d > Ny, the MS
has to transit to wake mode. In addition, a MAC SDU arrivinginly a sleep state is put into
the BS’s queue, and will be forwarded to the MS when the MS mdk@amn the sleep state to
the listen state.

When the MS initiates its transition to wake-mode, there asMVAC SDU response delay,
regardless off,,;,. Therefore, in such situations a longér,;, helps reduce the power con-
sumption to a great extent. However, in the case where thenBi&tés the transition to wake
mode, as in Fig. 2(c), a MAC SDU response delay will inevyaitcur because the BS has to
wait until the listen state of the MS before it can start traitBng the MAC SDUs to the MS.
Thus, attention needs to be paid to power consumption asasét reduction in the MAC SDU

response delay.
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Tmin: Sleep window
L : listening window
X :request of wake mode
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Fig. 2. Sleep mode termination by MS and BS

IV. ANALYTICAL MODELING

We next derive analytical models to predict the performaoicéhe Type Il PSC in Mobile
WIMAX. In [19], it was reported that the arrival process fola3, RT-VR, and NRT-VR traffic
can be modeled as a Poisson process. In addition, traffic Imtai®wing a Poisson distribution
were suggested for performance evaluation in [20]. Hereassume that the arrival of MAC
SDUs at an MS follows a Poisson distribution with a rate ofNote that both\ and p. are

measured by the number of MAC SDUs per frame. hgt) denote the probability that there
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are exactlyy MAC SDUs arriving during time. Then,p;(t) is calculated as follows:

D (t) — ()‘ )Ze—At. (1)

7!

Let Py, denote the probability that the number of incoming MAC SDUsing ¢t does not

exceedN,. Then, Py, is determined such that

Py, (t) = po(t)+pi(t)+-+pn,-1(t) +pn, (1) (2
xt (At)? ()™
= ¢ <1+At+ TR N )

Note that an MS wakes up aftersleep cycles if and only if there are no more thgnincoming
MAC SDUs in each of ther{ — 1) previous sleep cycles and at leadfy(+ 1) MAC SDUs in
the n-th sleep cycle. LetP(n) denote the probability of this event. TheR(n) is given by

P(n) =
N, < # of MAC SDUs innth sleep cycle

= Prob(N, > # of MAC SDUs in sleep cycles dfl,--- ,n — 1))

Prob ( N, > # of MAC SDUs in sleep cycles dfi,--- ,n —1]; )
ro

x Prob (N, < # of MAC SDUs innth sleep cycle
= Py '(C) (1- P, (),

where(C' is the duration of a sleep cycle, add= T,,,,+L. Note thatT,,;, and L are measured

in terms of the number of frames in the standards.

A. Seep Time Model

Let N5 be the number of sleep cycles that an MS spends in sleep mbamidghout this paper,

the notationE|.] is used to stand for an expectation or mean function. Thesedpectation of

Ng is -
E[Ns] =) nP(n). (3)
n=1
From (3), it can be inferred that [Ng] > 1 becausei P (n) =1. E[Ng] can also be rewritten
n=1
as .
E[Ns| =1~ Py, (C)+ P, (C) (1= Py, (O)) (i +1). ©)
i=1

June 24, 2012 DRAFT



A
A
A

MS time

Fig. 3. Complete sleep mode operation cycle

BecauseT lim Py, (C) =0, E[Ng] goes to 1 a¥,,,;, approaches infinity. This means that
min 00

asT,,, increases, an MS goes to wake mode only after one sleep cycle.

Let Ts denote the time the MS is in sleep mode. Then, the expectafidiy is given by
E[Ts) =Y nP (n) (Tin + L) = E[Ng] (Tyin + L) . (5)
n=1

From (5), it can be inferred thak [Ts] > (T,.., + L). This implies that an MS, on average,

stays in sleep mode for a duration longer than one sleep tgftae it transits to wake mode.

B. Power Consumption Model

When an MS transits from sleep to wake mode, it spends a geatabunt of timeTy to
process all the MAC SDUs that arrived during its previougglenode, as shown in Fig. 3. Note
that while processing those MAC SDUs, new MAC SDUs may arrhence, T should also
include the time for processing all the newly arriving MAC 88 As a result, the total time

Tt 1N Sleep and wake modes can be obtained as
ETa) = E[Ts] + E[Tn]. (6)

Let E[N;emain) and E[N,.,,] be the mean numbers of outstanding and newly arriving MAC
SDUs, respectively. TherY)y is calculated as follows
1
E [TN] = ; (E [Nremam] +FE [NnewD 5 (7)

where

o0

E [Nremain] = Z ipNo-l-i (C)

i=1
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10

The number of newly arriving MAC SDUs duringy is calculated using Little’s Law [21]:

E [Npew| = AE[Ty]. (8)
By (7) and (8), we have
> ipy,+i (C)
. E [Nremain] _ 1=l
Blly) == =N =" ©)

By putting (5) and (9) into (6) F [Ny is determined as
> ipN,+i (O)

= E[Ns] (Tpnin + L) + ZIMT (10)

B [Tu] = B [15] + £z
We first calculate the energy that an MS consumes in sleep nieté’s and P, denote the
power consumed by an MS in the sleep and listen states, tasggcBecause an MS in the
listen state operates as it does in wake mdgeis equal to the power consumed in wake mode.
Each sleep cycle includes one switch from the sleep to listate and another switch from the
listen to sleep state. Let, denote the energy that an MS consumes in sleep mode. Then, the

expectation ofE, is given by
E [Es] =L [NS] (TmmPS + LPL + Eswitch—on + Eswitch—off) ) (11)

where Egyiich—on aNd Egyicn—ory are the energy consumed for switching from the sleep tonliste
state and that for switching from the listen to sleep staspectively. Lett,,,,, denote the total
energy that an MS consumes in sleep and wake modes to traarttie MAC SDUs. Then,
Eiotar 1S

E [Eiotal = E[Es] + E[Tn] - Pr. (12)

By combining (12) with (10), the average power consumptiy), of a Type Il PSC MS is as

follows:

 E|Buww) E[E)+E[Ty]- P,
Pavg N FE [Ttotal] B E [TS] +FE [TN] ’ (13)

where E[Ts|, E[Ty], and E[E;| are calculated by (5), (9), and (11), respectively. Noté¢ tha

numerator in (13) is the energy that an MS consumes in sleaferand wake mode to transmit
all the MAC SDUs, and the denominator is the time elapsed énstkep and wake modes. In
(13), P, is given as a function df’,;,, and in Section VI, we will numerically show th&,,,

decreases d§,,;,, increases.
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11

C. MAC DU Response Delay Model

Let D be the time delay experienced by a MAC SDU, from the time ivag during an MS’
sleep mode until it receives a response from the MS. Hehc@cludes the waiting timél
for the MS to transit from the sleep to listen state and thgisertime R required for the MS
to process all the previous MAC SDUs. Then, the expectatiohv és E[D] = E[W]| + E[R)].

To calculateE[W], T, is divided into K intervals with equal duratiom. Then, at thek-
th interval, the MAC SDU waiting time for the MS to transit frothe sleep to listen state is

Wy = Truin — k7. Hence, the expectation &V is

1 & 1 & Tin T
E[Wk]:EZWk:EZ(Tmm—kr): 5~ (14)
k=1 k=1
Because lim Lun — , E[W] is given by
T .
B W)= =5, (15)

Moreover, the service tim& needs to be considered when at least one MAC SDU arrivesglurin
Tin- Suppose that there aieMAC SDUs arriving during7,,;, and: > 1. For thej-th MAC
SDU with 1 < 5 <4, the time that this MAC SDU has to wait until it is served(js— 1) %
Therefore, fori MAC SDUs arriving duringT,.;,, the expected time that each MAC SDU has
to wait is (i — 1)5.. Then, B[R] is given by

e}

1—1 e~
= 2 2

. [e.e]
)\T'm mn

Z (1 —1) NToin)"
7! )

=1

If we let x = \T,,,;, > 0, E [R] can be rewritten as

I z+e -1 1 x
FRl= — ——m— = —~ -1). 16
7] 21 l1—e® 20 (1—6” ) (16)

x T

Let f (x) = =, with = > 0. Then, f/(z) = L=t—=ae*

(1—e—=)2 *

ze~ ™. Then,¢'(x) = ze~™ > 0. Therefore,g (x) > ¢ (0) = 0; as a result,f’(z)= (lfi“’f)w)Q > 0.

This implies thatf(x) is an increasing function of, and thus,E[R] is an increasing function
of both A and7,,;,. By combining (15) and (16), the response delay of a MAC SDtiviag

In addition, letg () =1 —e™* —

while the MS is in the sleep state is
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12

Interestingly,£[D] does not depend oNj, which is the capacity at which an MS can transmit
during its listen state. In addition, it can be seen from (h&t £[D] is an increasing function
of both A andT,,,,. This also means that an increase in eitligf,, or A will result in a poor

delay performance.

V. OPTIMIZED POWER UNDER DELAY-BOUND MECHANISM

In this paper, the goal of PSMs is to minimize power consuampith MSs under a given MAC
SDU response delay constraint. As inferred from the ar@ytiesults in Section 1V, there is a
trade-off between power consumption and MAC SDU responkg/de other words, an increase
in T,,:, results in less power consumption, but a longer MAC SDU respalelay. Succinctly,
the optimalT,,;, that gives the lowest power consumption can be found by gifduncreasing
the value of7,,;, as long as the delay performance is guaranteed. In this pagepropose
the “optimized power under delay-bound mechanism” (OPDBM)determine the optimum
T for the Type Il PSC in Mobile WIMAX. This mechanism can be redgd as a policy
optimization problem for dynamic power management for miging power consumption in
MSs, while ensuring that the MAC SDU response delay remaiwed than the required bound
[22].

In the IEEE 802.16e standard [3],has a fixed duration. Furthermore, becaNsad ;. depend
on the customers and server behavior, which are not caaittelparameters, for simplicity, they
are assumed to be already known. L&}, (number of frames) denote the MAC SDU response
delay constraint. Then, from a given parameter sebpf, A, 1, andLL, we compute the optimal
T,..n that can achieve the lowest power consumption. The powesuroption minimization

based on the MAC SDU delay constraint is formulated as fatow
minimize P, (18)
subject to E[D] < Dy,
Tonin € Z7.

One may solve this integer programming problem using a Harte search in a large range of
T,..n. INnstead, we reduce the search spacé,gf, by exploiting the analytical models derived

in Section IV to make the search operation more tractable(1BY, the first constraint foE[D]
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Algorithm 1 A simple pseudo-code of the proposed OPDBM
Require: D, A, 1, and L.

AssignT;,, = (2Dg, — 1) and P* = oo
for Thin =1, to 1 do
CalculateE'[D] using (17)
if £[D] < Dy, then
CalculateF,,, using (13)
if P,y < P* then
pP*=P,,, andT}

man

end if
end if

end for

is rewritten as

T 1 T
=My (= 1) < Dy 19
2 _|_ 2ILL <1 — 6_)‘T7nin ) - g ( )

It is obvious from (19) thaf/},,;, < 2D, if the first constraint is satisfied. Note thatf,;, =

2D,,,, then, E [D] becomes greater thah,,;,. Therefore,T,,;, must satisfy:
1 S Tmin < 2Dgiv~

This range implies that the optimal solution fBy,;,, belongs to the setof = {1,--- , (2D, — 1)}.
In this formulation, the second constraint ffy,;,, is imposed to keep the compatibility with the
WIMAX standards.

The optimization problem in (18) is solved by searching tlgmificantly reduced space of
X, as shown in Algorithm 1. Note that this search space is dengbly more limited than the
original one for7,,,; thus, the values that achieve the minimuty,, as the optimal solution
T,..n can be efficiently selected. Therefore, the proposed OPD8bptimal in terms of power
consumption and always converges if there is a solutiondhasfies the delay constraint. This
simplified version of Algorithm 1 can be further optimized byiting the loops based on the
finding that P,,, is inversely proportional td;,;,. Note that these optimal solutions can be

computed in advance and tabulated for various valueB f, A, i, and L.
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Fig. 4. Average power consumption with respect\to

VI. SIMULATION RESULTS

A. Validation of Numerical Model

First, we validate our proposed numerical models using ederpsimulations based on the
following parametersPs = 1 mW, P, = 30 mW, andEsyitch—on = Eswitch—orr = 15 M.y is
normalized to 1, and\ is varied from O to 1. The simulations run for 1,000,000 tinrets
(frames), and the results are the mean values from 100 @liffeuns with different random seed
values. Note that if the MAC SDU arrival rate exceeds the MAQUSservice rate (i.e.\ > p),
the queuing delay will grow infinitely, and the MS will neveo gnto sleep mode.

Fig. 4 presents the average power consumpiigy with respect to\ for different7;,,;, when
L = 2 (frames). As shown in the figuré},,, increases rapidly a& increases. It can be further
noted that an MS sleeps longer whens small. However, a3 increases, the MS transits from
sleep mode to wake mode more frequently, and because the gowsumed in a listen state
is much higher than that consumed in a sleep state, the largesults in a larger’,,,. Fig. 5
presents the effects df,,;, on P,,, for different A with L = 2. This figure shows thaf,,,
decreases with respect 19,;, because a largef,,;, results in a longer duration it takes for
an MS to sleep. Because the power consumed by an MS in the flgtepis much lower than

that consumed in the listen or wake mode, the laffjgy, results in a lowerF,,,. However,
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Fig. 5. Average power consumption with respectlig;,

8 T T T i Y | |
= Tmin=2; Num
) Tmin=2; Simul »
[a)] i : 7
S T NUm
= Tin=4: Simul 5
™ 6 |
: =R

7 D ...................... |

g ) DD. .....................
o [:I ...........................
S af 7
@
5 3r |
= N S Sy
o 2F 7
<
= 1L 7
O 1 1 1 : : ! !

01 015 02 025 03 035 04 045 05
MAC SDU Arrival Rate k)

Fig. 6. MAC SDU response delay with respectXo

the largerT,,;, causes a poor MAC SDU response delay performance. Thisamftiat there
is a trade-off between the power consumption and MAC SDUaesp delay performances.
Therefore, they cannot be simultaneously improved.

Fig. 6 presents the average MAC SDU response delay with cespe, where it can be seen
that £[D] increases as increases. This is because, wheincreases, more MAC SDUs arrive

during T,,;,, and the packets that arrive after the MS goes into the slegp suffer a delay
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Fig. 7. MAC SDU response delay with respectf®g,i,,

increase. As shown in Fig. 7, whéh,;, increasesF[D]| also increases because an MS sleeps
for a longer time. In the figure, we also observe thab)] is linearly proportional tdl},,;,,. This

is because the first term in (17), which is linearly proparéibto 7,,;,, is a dominant factor
compared to the second term. From Figs. 6 and 7, it can be baeA[tD] is also proportional

to both A andT,,;,, which is in accordance with the analytical results preseim Section IV-C.

B. OPDBM Performance Evaluation

We first evaluate the amount of power consumed to ensurelt@MAC SDU delay constraint
is satisfied. Then, we compare the power consumption pedoces of the OPDBM and the
original PSM in the Type Il PSC under different simulatioesarios. Herel. is set to 2 (frames)
and N, is 2 (number of MAC SDUSs).

Fig. 8 presents the average power consumed by the OPDBM andtéimdard PSM with
different 7,,,,,, with respect to the MAC SDU response delay constraipt,. Here, A is fixed
at 0.1. In this figure, the black dots represent the powerwopsions of the original PSM for
T,nin's that make the MAC SDU delay equal to or lower than the cpwesing D, on the
x-axis. In all the cases, the OPDBM successfully selectgthe that results in the lowest power
consumption. FoDy;, = 1, the standard PSM needs to $¢1,, at 3, but the value of},,;, is

too small for the case whe®;, = 8. If T,,;, = 3 for D,,, = 8, the power consumption of the
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Fig. 8. Average power consumption with respectg;,

standard PSM is 19, whereas the OPDBM consumption is 6,3eptiag a power consumption
reduction of up to 68%. As explained in Section V, based onahalytical models, OPDBM
first evaluates the MAC SDU response delay for all the possialues of7,,;, belonging to
the set ofX', and then selects the one that gives the lowgst from all the values that satisfy
the MAC SDU delay constraint. Because the seftofs limited, the algorithm of the OPDBM
always converges. For the original PSM of the Type Il PSQ,,if, is not properly chosen, the
power consumption could become significantly larger thandptimal, especially whe®;,, is
large.

Fig. 9 shows that the MAC SDU delay obtained by OPDBM satidfies delay constraint.
As seen in the figure, the points formed by, on the x-axis andZ[D] obtained by OPDBM
on the y-axis lie below the bisector of the first quarter angleis means that’[D] does not
exceedD;,. The results in Figs. 8 and 9 imply that OPDBM not only miniggzthe power
consumption but also guarantees the MAC SDU response delay.

Fig. 10 shows the power consumption of the OPDBM and the ar@hBSM with different
Tmin With respect to). Here, the MAC SDU response delay constraint is 5, (L&, = 5).
Regardless oA, OPDBM achieves the lowest,,,, while that of the standard PSM depends on
the selection off,,;,. For A = 0.9, the standard PSM should ggt;,, at 5 to satisfy the delay

constraint. However, a fixed value @f,;, results in a power consumption of 14 far= 0.1,
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Fig. 10. Average power consumption with respect\to

while OPDBM achieves a power consumption of 9. Therefore,@#DBM reduces the power
consumption by 35%, in comparison with the standard PSMethesignificantly extending the
battery lifetime of the MS. As shown in Fig. 4, asncreases, the minimuf,,, obtained when
the delay constraint is satisfied also increases.

Fig. 11 shows that the MAC SDU response delay obtained by RBEM does not exceed
D, as X increases. This is because OPDBM always choose§ thethat makesE[D] equal
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Fig. 11. MAC SDU response delay obtained by OPDBM with respec

to or lower thanD,,. It can also be observed in Fig. 11 th&fD] fluctuates. For example,
the first point and the next three points show #igD] values wheril},;, is equal to 9 and 8,
respectively. WherY,,,;, decreases from 9 to &[D] decreases in the same manner shown in
Fig. 6. However, wherf,,,;, is fixed at 8,E[D] is seen to increase asincreases, as discussed
in Section IV-C. For the other points, we obtain similar lesuwherein E[D] increases as

increases for the sanig,;, and E[D] increases wheff,,;, increases.

VII. CONCLUSION

We evaluated the performance of the Type Il PSC in the IEEE1®#2standard by deriving
analytical models for the sleep cycles, sleep time, conguposver of an MS, and MAC SDU
response delay. We showed that these performance metedsirastions of7,,,;,, and they are
significantly affected byr,,;,. Further, we demonstrated that a trade-off exists betwesvep
consumption and MAC SDU response delay, which are the twat mgsortant performance
metrics for the Type Il PSC.

Next, we proposed optimal power saving under the delay-tdonechanism (OPDBM), which
minimizes the power consumption under a given MAC SDU respatelay. A set of,,,;, values
that can satisfy the MAC SDU condition were first identifieé viumerical analysis. Then, the

one that consumed the least power was chosen as the ofdimal Therefore, the proposed
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OPDBM is optimal in terms of power consumption and alwaysveoges if there is a feasible
solution that satisfies the delay constraint. The extersiveilations showed that the proposed
OPDBM achieved a power consumption reduction of up to 68%3%%, when the MAC SDU
response delay constraint varied from 1 to 8, and the amatal of MAC SDU varied from 0.1
to 0.9, respectively. The analysis and method presentelisrnpaper would provide a potential
guideline for efficiently managing power consumption and ®&DU response delay for the
Type Il PSC in IEEE 802.16e systems.
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