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Abstract The power saving capabilities of the mobile devices in broadband wireless
networks constitute a challenging research topic that has attracted the attention of researchers
recently, while it needs to be addressed at multiple layers. This work provides a novel analysis of
the intra-frame energy conservation potentials of the IEEE 802.16e network. Specifically, the
power saving capabilities of the WiMAX downlink sub-frame are thoroughly studied, employing
the well-known simple packing algorithm as the mapping technique of the data requests. The
accurate mathematical model, cross-validated via simulation, reveals the significant ability to
conserve energy in this intra-frame fashion under different scenarios. To the best of our
knowledge, this is the first work providing intra-frame power-saving potentials of IEEE 802.16
networks. Additionally, thisis the first study following an analytic approach.

Keywords IEEE 802.16, downlink mapping, intra-frame power saving, sleep
slots, WIMAX

1. Introduction

Worldwide Interoperability for Microwave Access (WiMAX) forms one of the most promising
wireless access technologies for metropolitan area networks. Its standardization, realized by the
original |EEE 802.16 [1], initially allowed for fixed subscribers’ communication. In the sequd, its
advancement, enhanced |IEEE 802.16e [2], enabled both fixed and mobile subscribers’
communication access to backbone networks and mesh inter-connectivity in an efficient way.
Considering the fact that service quality and duration are highly dependent, besides the type and
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characteristics of the mobile device used (e.g., PDA, maobile phone, laptop etc), on the battery
longevity, power consumption issue is constituted of paramount importance. In this perspective,
the current work focuses on power management, enabling the Mobile Station (MS) to conserve its
battery resources, even during the occurrence of asingle data frame.

Power management addressed by the standard at Medium Access Control (MAC) layer
provides a power saving mode (referred to as deep mode) and an idle mode of operation [3, 4].
Under the deep mode, the MS temporarily disrupts its connection over the air interface with the
WIMAX Base Station (BS), reducing, thus, its power consumption, being, however, unable to
send or receive data. The amount of time that an MSis set to sleep mode is called sleep window.
Upon the completion of the sleep window the M S restores its connection with BS. This period is
called listen window.

According to the specification, three different power-saving classes have been defined in
the context of the Power Saving Mode (PSM) in order to address various types of applications and
services [4]. In the first power-saving class, each listen window of fixed length is followed by a
sleep window whose length is twice the length of the previous sleep window, without however
exceeding afinal sleep window size. Before entering the first power-saving class, the BS indicates
to the MS the initial deep window size and the final deep window size. Once the final deep
window size is reached, all the subsequent sleep windows are of the same length [4]. The deep
windows of power-saving class two have a fixed length and are followed by a listen window of
fixed length. Again, the BS indicates to the M S the sleep and listen window sizes. Lastly, the third
power-saving class operation, on the contrary to the other classes, involves a single sleep window.
In asimilar manner to the first and second power saving class, the BS informs the M Ss about the
start time and the length of the dleep window. At the end of the sleep window, the power-saving
operation becomes inactive.

Various studies have investigated power management issues based on these three classes;
indicatively see [5-7]. However, all past research efforts limit their attention to power saving
techniques in terms of frame time basis, disregarding intra-frame power saving potentials. Aiming
to cover this absence of known relevant research attempts in the literature, the contribution of our
paper lies in intra-frame power saving investigation, studying the potential power savings of intra-
frame sleep periods. Recent studies [8-11] show that modern WiMAX transceivers [12] exhibit

sufficiently low power demands that justify the intra-frame energy conservation perspectives
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analyzed in this paper. Hence, bearing in mind that the in-frame requests’ mapping process is quite
important in WiMAX systems, since it affects the whole network performance (e.g., the unmapped
requests are returned to the scheduler and they should be reallocated, leading to performance
degradation) and green broadband access networks form a very hot and concurrently critical
research field, this paper constitutes an effort to contribute novel power saving related aspects to
the IEEE 802.16 wireless networks. In the light of the aforementioned, this work examines the
downlink sub-frame, adopting the simplest requests’ allocation technique, which is widely
considered as one of the default WiMAX requests’ mapping schemes, and provides analytical
results concerning the average time that an M'S could be set to sleep mode, considering the number
of connected MSs, the downlink load, and the given sub-frame dimensions, while the power
consumption when transiting to receive / sleep statesis aso taken into account.

For comparison reasons, it could be taken into consideration that the power saving mode
defined by the WiMAX standard [3, 4] in regards to inter-frame energy conservation implies
message transmission related to sleep mode switching, which constitutes a major factor when
estimating overall power consumption. On the other hand, the intra-frame power saving
perspectives analyzed in this work involve no message exchange when transiting to or from sleep
mode.

The remaining paper is organized as follows. The adopted multi-access technique and the
intra-frame bandwidth alocation are described in Section 2. Section 3 presents the environment
and the analytical approach of the proposed energy conservative mapping. Section 4 validates our
analysis via simulation and provides extensive performance results in terms of potential deep time.

Finally, Section 5 concludes this paper and highlights our future plans.

2. OFDMA background and intra-frame allocation

Orthogonal Frequency Division Medium Access (OFDMA) congtitutes the main multi-access
technique adopted by WiMAX, alowing multiple subscribers to share the time and the frequency
domain in a flexible way. The BS allocates distinct bandwidth regions to the connected MSs for
sending and receiving data, realizing two-way communication via two distinct sub-frames: the
uplink sub-frame, responsible for carrying data streams from MSs to BS, and the downlink sub-
frame, transmitting data streams originated in the backbone from BS to MSs. Adoption of the
Frequency Division Duplexing (FDD) technique leads to the transmission of the downlink and
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uplink data streams in parallel in different frequencies, while in case of the Time Division
Duplexing (TDD) technique, the uplink and the downlink sub-frame are repeated one after the
other in time in the same frequency. Here, the flexible TDD technique is adopted.

In essence, OFDMA operation takes place between the physical (PHY) and the MAC
layer. The PHY layer is responsible for the MAC framing, defining the term of slot, which is the
minimum framing structure unit. The bandwidth distribution is associated with slot assignment in
an intra-frame allocation fashion. The process of allocating available slots to the subscribers’
requests is defined as mapping. The mapping operation includes a) request gathering from the
scheduler and b) creation of a complete transmission program, defining the exact time and
frequency of transmitting (uplink stream) and receiving (downlink stream) data for each connected
MS. The IEEE 802.16e frame structure is shown in Fig. 1. Each frame begins with a preamble, a
short control period used for synchronization and channel estimation. The downlink sub-frame
includes two control messages, the downlink map (DL-MAP) and the uplink map (UL-MAP),
which define the time duration of each burst, the modulation, and the forward error control (FEC)
coding scheme for each MS. The frame control header (FCH) field proceeds DL-MAP and UL-
MAP, as it provides frame configuration information, such as the MAPs’ length and their
corresponding PHY properties (e.g., modulation, coding scheme, and usable subcarriers). Two
guard gaps, named transmit-receive transition gap (TTG) and receive-transmit transition gap
(RTG) protect the BS from interference during switching from transmit mode to receive mode and
vice versa

Due to the fact that each frame, based on TDD technique, has fixed length and each sub-
frame’s duration is predetermined, periods of inactivity is possible to occur. As time passes, an MS
could be inactive if its data transmission or reception finishes before the sub-frame completion. In
this case, intra-frame sleep periods could be set in order to reduce power consumption within the
sub-frame. In thisletter, the potential sleep periods in intra-frame fashion are examined.

The intra-frame power conservation potentials strongly depend on the applied downlink
mapping method. The mapping process provides an assignment of the MSs requests to the
OFDMA adlocation space, conforming to the shaping restriction imposed by the standard,
according to which each downlink request should form a two-dimensional rectangular. The
mapping process may result to inefficient solutions, leaving a large portion of the allocation space

idle (i.e., not utilized), while it may constitute a complex procedure. Even though many interesting
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mapping schemes have been proposed in related research literature [13-15], the simplest dynamic
mapping algorithm called Simple Packing Algorithm (SPA) [16] has been adopted in the context
of this study due to its ssimplicity, effectiveness, and broad acceptance. Our approach contributes
towards an accurate analytical approach regarding the intra-frame deep time considering SPA,
verified by comparison against ssimulation outcome. Our approach inherits the advantages of
simplicity and ease-of-use from the SPA logic, fact that could easily lead to a feasible application

of alow complexity intra-frame power management component.

3. Presentation and Analysis of Energy
Conservative Mapping

3.1. Horizontal SPA and Power Saving

One of the less demanding with respect to processing time straightforward technique for mapping
user reception requests to slots provided by the 2-dimensional (time vs frequency) 802.16
downlink sub-frame is based on horizonta or vertical SPA [16]. Here we focus on the horizontal
variant of the known SPA, alocating slots on a row by row intra-frame fashion. According to its
operation each MS is assigned slots along the time axis according to the requested resources and
the adopted modulation scheme. If the number of slots that correspond to a single sub-channel is
not adequate to satisfy the M'S downlink requirements, then slots of the next sub-channel are also
utilized. It should be noted that, due to PHY layer restrictions, the WiMAX standard constrains
downlink data requests’ allocation in the form of rectangular shapes, called data regions [3], as
shown in Fig. 1. Hence, the examined mapping technique allocates to each MS rows of dots
beginning with the time axis (i.e., downlink sub-frame width) and then proceeding to the
frequency axis (i.e., downlink sub-frame height). This process continues until al requests are
mapped or no adequate sub-channels are left in the specific downlink sub-frame to serve the
remaining requests. The steps of the examined algorithm are described below.

- Set the number of MSsin the network equal to N

- Initiatethe set of MSrequests S={R | i €[1, N]}, measured in number of slots

- Set the downlink sub-frame width (i.e., the maximum number of dots available on the

time axis) equal to W

- Set the downlink sub-frame height (i.e., the maximum number of slots available on the
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frequency axis) equal to H
- Initiate Res W= W
- InitiateRes H=H
- ForeachR €S
o IfR<Res W
* SetRes W= Res W-R
= SetS=S-{R}
o Elself R<Res HxW

* SetRes H=Res H- [Ri/w1

* SetRes W=W
"~ SetS=S-{R}
o EndwhenS=g or (R >Res Wand R >Res Hx W, VR € S)

This mapping technique is characterized by energy conservation capabilities. To be more
specific, considering the typical scenario of data reception during the downlink sub-frame, an MS
that is allocated downlink slots on a single sub-channel may not utilize the whole sub-frame
duration for data reception. Thus, in case the MS is alocated slots on a single row of the OFDMA
dlocation bin and the number of alocated dlots is less than W (downlink sub-frame’s width in
dots), it is able to transit to sleep mode during the slots that involve no data exchange,
constituting, thus, idle dots for the MS under consideration (i.e., W-allocated slots). When in sleep
mode within a single frame (the respective dots are referred to as sleep dots), the MS is
unavailable, not able to send or receive data, but notably low energy consumption is achieved. In
sleep mode, it is shown that an M S consumes as low as one twelfth of the energy consumed when
being in idle mode [8-12]. The fact that an MS in sleep mode cannot transmit or receive data does
not degrade network performance at all, since the examined mapping scheme involves no data
transfers that concern the specific MS during the sleep slots. At this point it should be noted that
an MS which is allocated dots in more than one sub-channel is not capable of power saving by
transiting to sleep mode, because it remains in receive mode during the whole downlink sub-frame
tuned at least at one sub-channel. Additionally, the MS can remain in the same operation mode
(deep / idle mode) for the whole duration of a single frame, in case it is not involved in any data

exchange.



An example of the slots allocation and the power saving capabilities of the horizontal
SPA mapping technique is depicted in Fig. 2. The downlink sub-frame is represented by a grid of
OFDMA dlots that constitutes the available resource space. According to this example, MS1
utilizes four dots for reception and may transit to sleep mode for two dots, since the each row,
which corresponds to a sub-channel, is here assumed to be six slots long. MS2 occupies two rows,
because its request is eleven slots long. Given that MS2 must be active for the whole duration of
the downlink frame, it is not able to transit to eep mode at al. In the example, the last slot in the
middle row remains unexploited, since it belongs to the rectangular data region occupied by MS2.
On the other hand, MS3’s request in mapped to two slots, leaving the residual four slots of the
respective sub-channel available for sleeping. Finally, M$4 starts reception right after the end of
the dots used by MS3 and it lasts for three slots. Thus, it has at its disposal for transiting to sleep

mode the first two slots as well as the last dlot of the specific row.

3.2 Mathematical Analysis

In this subsection we introduce a mathematical analysis for the presented horizontal SPA aiming to
estimate the power saving capabilities of the respective mapping technique. The notations of all
variables used in this paper can be found in order of appearance in Table 1. It is assumed that
generated user requests with respect to each MS are independent identically distributed following
Poisson distribution with rate A (a typical assumption for this type of anaytical approaches). In
fact, an MS request could never be lower than 1 slot or exceed the total downlink frame space;
hence, it is not possible a simple MS request to be larger than the total available downlink
alocation bin. Subsequently, the number of requested dlots is actually distributed according to a
variant form of the Poisson distribution, which disallows values lower than zero or higher than the
downlink sub-frame capacity. Thus, in the context of the provided analysis, the employed
equations involve the respective normalization.

Before proceeding with the analysis, Fig. 3 that depicts some key notions of the presented
work is provided in order to assist the reader better comprehend the points raised by the authors..
Specifically, on the same resource grid that was shown in Fig. 2, we highlight with thick borders
the data regions used by the four considered M Ss requesting for downlink bandwidth and explain
basic magnitudes considered in the following analysis. As a first step, we consider the mapping of

the request of a single MS. The MS can sleep before and after the slots it occupies in the current
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sub-frame. A request occupies k rows with the probability p of involving more than (k — 1)xW

slots and less or equal to kxW dlots, as shown by the following expression:

p[K] = i=(k-1)xW +1

W xH i

el
i il

, >0, 1<k<H, KW,HeZ"(1)

It is clarified that the probability p refers to the case that there are sufficient available dots to
alocate to the specific request. In fact, it concerns M Ss that are eventually served and are the first
to occupy rows. The resource space limitations are considered subsequently in this anaysis, in
order to estimate the total number of mapped requests. Based on (1), the mean number of rows

occupied by a mapped request is given by the weighted average:

M =>" p[klxk, H eZ* (2

k=1
Then, we calculate the probability U to have ¢ deep slots for the examined MS in the current

downlink sub-frame. It is derived by the probability to have W — ¢ requested slots. Hence, it holds:

W-c
A

(W -c¢)!
W xH ﬂ,k
e
= k!

Ulc] = , A>0, 1<c<W-1 cW,HeZ"(3)

The mean number of sleep slots per MS is then resulted by the following weighted average:

W-1
s=>Ulclxc, WeZ'(4)
c=1
In order to determine the total number of sleep slots, we first estimate the mean number of
MSs that are served in a downlink sub-frame, assuming that no more than one request is mapped
per row. Referring to the example provided in Fig. 3, MS1, MS2, and MS3 belong to this type of

MSs, but not MS4. Thus, we have:

H
R=—, M <H, HeZ" (5
M

Next, we need to compute the mean number of requests that are mapped to rows already occupied
by another MS. This calculation is based on the probability Q[I] that | successive requests are

mapped in asingle row of width W



QIl] :Wi PIW —i]xP[>i], 1<I<W, |,W eZ" (6)
i-0
At this point, it is noted that P,[X] represents the probability that the total number of slots requested
by y M Ss equals x, while the probability that the number of requested dotsis higher than x is given
by Py[>X]. In this analysis, the computation of Py[x] cannot be based on the theorem that the sum
of Poisson variables follows the Poisson distribution, given that our random variables do not really
follow the Poisson distribution, as already mentioned. Taking into consideration that the respective

calculation can be recursively expressed, we end up with the equation:

x=(y-1)

PIx]= > P, [x-ilxP[i]l, x>y, x,yeZ"(7)

According to the problem definition, P,[x] = O, when x <y, since there are no null bandwidth
reguests, and when x > yxWxH, because the scheduler never provides requests larger than the

downlink mapping area. The recursive formulain (7) isinitialized by the following quantity:

X
e_/1 L

FE[X] = R;JI——QS%{T, A>0, xe Z (8)

el
i=1 i

The expression P,[>X] employed in equation (6) is calculated as follows:

P[> x] = i Py[i]:l—zx: Plil, x>y, x,yeZ'(9)

i=x+1 i=y

Finaly, the mean number of requests that occupy slots in a row of width W already used by

another MSis estimated as shown below:
w
A=3" Qlilx(i-1), W eZ"(10)
i=2
Taking into account that multiple MSs per row can be served only in case that the initial request

does not demand more than a single row for mapping, the mean number of MS requests that

occupy rows already used by other MSs equals:

E= p[1]xAx%—&> E=p[l]xAxR, HeZ" (11)

In Fig. 3, only the request generated by M$4 is mapped in such a manner. On the grounds that

each one of the E MSs utilizes no more than W — 1 dots, since the latter belong to rows already
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occupied by another M S, the probability that one such MS uses ¢ sleep dotsis given by:

) /,LW—C
-c)! .
V[c]:¥, A>0, 1<c<W-1, ¢c,W,H eZ% (12
W -1 ﬂk

-2
2’

k=1

Therefore, each one of the E M Ss uses on average z sleep dots, as shown below:

z=Wz_:1V[c]><c, W e Z"(13)

c=1
We can now calculate SS, which represents the mean number of all sleep dots presentina

downlink sub-frame. Considering that each one of the R MSs exploits on average s deep dots,

whereas each one of the E M Ss exploits zdeep dots, it isresulted that:

SS=Rxs+ Exz(14)

Equation (14) provides the average number of sleep slots per downlink sub-frame when
there are enough requests to occupy the resource space. At this point, we adapt this analytical
expression to suit the case of finite number of MSs that generate downlink bandwidth requests.
Specifically, when there are more than R + E requests, equation (14) holds asis. However, if there
are N MS requests, with N lower than R + E, then R/(R + E) of the MSs utilize on average s sleep
slots each, while the remaining M Ss can exploit z sleep slots each. The final expression is formed

asfollows:

J Rxs+Exz N>R+E
N

SS, = ., NeZ (15

N

{ x(Rxs+Exz) N<R+E
R+ E

4 Analytical and Simulation Results

4.1. Numerical Outcomes

In order to cross-vaidate our anaytical model, we developed a simulator of the described
horizontal SPA in MATLAB?. Then, we conducted simulations and mathematical calculations to

estimate the mean number of deep dlots per downlink sub-frame. The Partially Used Sub-

! The simulator source code is readily available and provided upon request.
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Channelization (PUSC) mode was adopted, which is the most common frequency diversity mode.
PUSC defines 30 sub-channels (represented by variable H). The downlink-to-uplink sub-frame
ratio can be adjusted to 1:1, 2:1, and 3:1. The frame duration is also defined as a parameter that
varies from 2ms to 20ms. In this work, the considered frame duration values are 5ms (default
value) and 10ms. Excluding the Preamble, MAP, and FCH fields, a 5ms long frame includes a
downlink sub-frame that is 9, 12, and 15 timeslots (represented by variable W) long for downlink-
to-uplink sub-frame ratios of 1:1, 2:1, and 3:1, respectively. Likewise, the downlink sub-frame of a
10ms long frame is 21, 27, and 33 timeslots long for downlink-to-uplink sub-frame ratios of 1.1,
2:1, and 3:1, respectively. The aforementioned frame modeling parameters are summarized in
Table 2.

In what follows, the analytical results are presented along with the simulations’ output. A
comparison with similar mathematical analyses of the SPA or any other mapping technique is not
possible, since there are not any known in the existing related research literature.

First of al, it should be noticed that al the respective graphs (Fig. 4 to Fig. 7) revea an
amost exact match between the analytical and simulation results, which confirms that our model is
valid. Initially, the mean number of sleep dots per downlink sub-frame was estimated, varying the
mean number of requested slots (represented by the Poisson parameter 1). In Fig. 4, the results for
5ms long frame are depicted. As expected, low values of 2 and high downlink-to-uplink ratio
increase the sleep dots. It can be also seen that for high A the slope of the three curves decreases
and eventually the number of sleep slots reaches zero. This may be attributed to the fact that when
large size (i.e., slot demanding) requests are mapped to a “narrow” downlink sub-frame, they
occupy more than one sub-channel, thus, constituting impossible the transition to sleep mode. In
Fig. 5, we depict the mean number of sleep slots for 10ms long frame. It is evident that the higher
the duration of the sub-frame, the more power saving capabilities are provided.

The results provided in Fig. 4 and 5 were calculated with the assumption that there are
aways enough MS requests to occupy al the sub-channels of the downlink sub-frame when
mapped. Following, we present results considering variable number of MSs and a fixed mean
number of requested slots A equal to 10. Note that each request corresponds to one MS, thus, the
number of requests equals to the number of MSs. Fig. 6 shows the mean number of sleep slots per
downlink sub-frame for varying number of M Ss, when the frame duration is 5ms. It is obvious that

in total more MSs can conserve more energy, since the power saving capabilities of each MS
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depends only on the number of slots it occupies considering a single channel. Furthermore, it can
be seen that the higher the downlink-to-uplink ratio the later the respective curve converges to a
specific value. The reason is that each downlink sub-frame size can support a limited number of
MSs. When this threshold is reached, the residual MSs are simply not served, so the number of
sleep dlots remains constant. Notice that this value of convergence is equal to the respective mean
number of sleep dots that we previously estimated and depicted in Fig. 4 for A=10 and unlimited
number of M Ss. The results for frame duration equal to 10ms are plotted in Fig. 7. In this case, the
increased energy conservation capabilities are obvious. The downlink sub-frame islong enough to
enable the M Sstransition to sleep mode, since most requests do not exceed one sub-channel.

The results presented concerning the number of sleep slots for different downlink-to-
uplink ratios and frame durations are based on the different number of slots provided for allocation
in the time and frequency domains for each considered scenario. The provided analytical approach
has aready shown that the time intervals during which M Ss can transit to low power sleep mode
depend on the dimensions of the resource space. Thus, for identical rectangular ot areas, the
number of sleep dots is expected to remain constant. However, the examined schemes correspond
by definition to different downlink sub-frame dimensions, hence, they cannot be considered on
exactly the same resource space without violating their characteristics. In such a case, the
differences in downlink-to-uplink ratio and frame duration would be eliminated, the schemes
would lose their unique features, and the study would not be able to provide usable information on
realistic WiMAX implementations, following the standard’s specifications. Nevertheless, a
normalization of the given results for the same operation interval could lead to useful conclusions
on the power saving capabilities of the examined scenarios, considering that the involved
transmissions last for the same time duration. For instance, a downlink sub-frame which is part of
a 10ms long frame with downlink-to-uplink ratio equal to 1:1 corresponds to two downlink sub-
frames which are part of two 5ms long frames considering the same downlink-to-uplink ratio.
Table 3 presents the number of acquired sleep slots considering different scenarios normalized to
the duration of a 10ms long frame with downlink-to-uplink ratio equal to 1:1. The considered
value for 2 is 10, whereas the available MSs are unlimited. The respective results confirm that
even when assuming the same operation interval, the larger the width of the resource space, the
higher the number of available sleep slots. This behavior is attributed to the fact that wide dot

areas alows for the arrangement of user requests to single sub-channels according to horizontal
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SPA, which makes transition to sleep mode possible.

4.2. Feasibility Study

For reasons of accuracy and completeness, we perform at this point a feasibility study regarding
the presented intra-frame energy conservation procedure. More specifically, we examine in detail
the effect of switching from reception mode to sleep mode and vice versa. This transition between
different energy statuses is considered as overhead that may degrade power saving efficiency. The
considered power requirements when receiving, being idle, and deeping are taken equa to
280mw, 120mw, and 10mW respectively, whereas switching is considered to consume additional
1mW. These are commonly adopted energy consumption values that come from related WiMAX
studies [8-11], which are based on the WiMAX chipset specification described in [12]. The exact
duration of switching between reception and sleep mode constitutes a highly specialized chipset
characteristic and as such it is difficult to be estimated based on existing implementations. An
approximation could come from other wireless technologies, like wireless sensors [17, 18] and
wireless local area network [19], however, the considered values vary from a few microseconds up
to amillisecond.

A complete study is performed here for a large range of switching intervals, considering
as closest approximation for the examined WiMAX case the switching duration assumed for a
wireless local area network scenario. On this ground, we estimate the maximum achievable power
reduction in order to draw conclusions on the feasibility of intra-frame energy conservation.
Carefully taking into account the exact specifications of the adopted WiMAX standard, one time
dlot is considered to consist of two OFDMA symbols, each symbol lasting for 102.9us [2]. The
maximum reduction of consumed energy for low 1 (1=1) is graphically presented in Fig. 8 and Fig.
9. It becomes evident that intra-frame power saving capabilities are notable for multiple values of
switching duration (measured in slots), especially for large frames. As the number of switch slots
reaches the downlink sub-frame length, the ability to conserve energy fades and eventually for
extreme switching duration values it disappears. The respective graphs highlight with a vertical
line the maximum reduction of consumed energy achieved for five dots switching (corresponding
to Imsinterval considered in [19]). In more specific, for this particular switching duration, which
is considered as the most representative value, the consumed power can be reduced up to 72

percent, in case of large sub-frame width (W=33), and up to 27 percent, in case of small sub-frame
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width (W=9).

To generalize this study on the feasibility of intra-frame power saving, it is noted that the
switching overhead can eliminate energy conservation, when the power saved during sleep is less
than the extra power consumed during switching compared to the typical no-sleep scenario. Thus,

an inequality formula can be derived to show when transiting to sleep mode is energy beneficial:

Slotsl x Powerl > SlotsSW x PowerSW + (Slotsl — SlotsSW ) x Power SL (16)

where Sotsl and SotsSW denote the number of idle slots available for sleep and the number of
switch dlots, respectively, whereas Powerl, PowerSW, and PowerSL denote the power
consumption when being idle, switching, and dleeping, respectively. Hence, based on the
aforementioned energy consumption values and considering as switching duration the
representative value of 1ms, (16) leads to the conclusion that a MS can exploit intra-frame power
saving when it has more than 1.038ms long interval available for slegping in a single downlink

sub-frame. This finding confirms the intra-frame power saving perspectives analyzed in this paper.

5 Conclusions

This work provided a novel analysis of the power saving capabilities of the IEEE 802.16e
downlink sub-frame, when the well-known horizontal SPA mapping technique is implemented.
The respective algorithm allows transition to a low power sleep mode during the idle slots, when
an MS does not exploit more than one sub-channel. The number of sleep dlots that can be
supported per frame was mathematically calculated for multiple frame sizes, varying number of
MSs, and different request sizes. The introduced analytical model was validated via simulation,
wheresas the results revealed higher energy conservation potentials for larger downlink sub-frames
and the ability of saving up to a maximum of 72 percent of the consumed power (considering the
energy consumption parameters discussed in [8-12, 17-19]). In the future, we plan to provide

models for analyzing the power saving capabilities of other WiMAX mapping schemes.

References

1. IEEE 802.16 Workgroup, Part 16: Air interface for fixed broadband wireless access systems—
standard for local and metropolitan area networks, (2004).

2. |EEE 802.16e Workgroup, Part 16: Air interface for mobile broadband wireless access
systems—Amendment for physical and medium access control layers for combined fixed and

mobile operation in licensed bands, (2005).
14



3. Andrews, J., Ghosh, A., Muhamed, R. (2007). Fundamentals of WiMAX, Understanding
Broadband Wireless Networking. Prentice Hall.

4, Xiao Y. (2005). Energy saving mechanism in the IEEE 802.16e wireless MAN. |EEE
Communications Letters, 9(7), 595-597.

5. Tsao, S-L., Chen, Y.-L. (2008). Energy-efficient packet scheduling algorithms for real-time
communications in a mobile WiMAX system. Elsevier Computer Communications, 31(10), 2350-
2359.

6. Baker, A. M., Ng, C. K., Noordin, N. K., Mustafa, A., Akbari, A. (2010). An optimized energy
saving mechanism in |[EEE 802.16e Mobile WiMAX systems. Journal of High Speed Networks,
17(3), 147-161.

7. Kim, M.-G., Chai, J. Y., Kang, M. (2008). Adaptive power saving mechanism considering the
request period of each initiation of awakening in the IEEE 802.16e system. |EEE Communications
Letters, 12(2), 106-108.

8. Wong, G.K.W., Zhang, Q., Tsang, D.H.K. (2010). Switching cost minimization in the |IEEE
802.16e mobile WIMAX dleep mode operation. Wireless Communications and Mobile
Computing, 10(12), 1576-1588.

9. Hsu, C.-H., Feng, K.-T., Chang, C.-J. (2010). Statistical Control Approach for Sleep-Mode
Operations in |[EEE 802.16m Systems. |EEE Transactions on Vehicular Technology, 59(9), 4453-
4466.

10. Wong, G.K.W., Zhang, Q., Tsang, D.H.K. (2009). Joint Optimization of Power Saving
Mechanism in the |EEE 802.16e Mobile WiMAX. |EEE Global Telecommunications Conference
(GLOBECOM 209), 1-6.

11. Hsu, C.-H., Feng, K.-T. (2009). A datistical power-saving mechanism for |IEEE 802.16
networks. | EEE International Symposium on Personal, Indoor and Mobile Radio Communications
(PIMRC 2009), 27-31.

12. Datasheet: SQN1130 System-on-Chip (SoC) for WiMAX Mobile Stations (2007). Sequans
Communications.

13. Ben-Shimol, Y., Kitroser, I., Dinitz, Y. (2006). Two-Dimensional Mapping for Wireless
OFDMA Systems. |EEE Trans. Broadcasting, 52(3), 388-396.

14. So-In, C., Jain, R., Al Tamimi, A.-K. (2009). eOCSA: An agorithm for burst mapping with
strict QoS requirements in | EEE 802.16e Mobile WiMAX networks. 2nd |FIP Wireless Days (WD
2009), 1-5.

15. Sarigiannidis, P. G., Papadimitriou, G. I., Nicopolitidis, P., Obaidat, M. S., Pomportsis, A.
(2010). A Novel Adaptive Mapping Scheme for IEEE 802.16 Maobile Downlink Framing. |EEE
Global Telecommunications Conference (GLOBECOM 2010), 1-5.

16. Perez-Costa, X., Favaro, P., Zubow, A., Camps, D., Arauz, J. (2008). On the Challenges for
the Maximization of Radio Resources Usage in WiMAX Networks. 5th IEEE Consumer
Communications and Networking Conference (CCNC 2008), 890-896.

17. Hurni, P., Braun, T. (2008). Increasing Throughput for WiseMAC. |EEE Wireless on Demand
Network Systems and Services (WONS 2008), 105-108.

15



18. Langendoen, K., Halkes, G. (2006). Energy-Efficient Medium Access Control. In Richard

Zurawski (Eds.) Embedded Systems Handbook, Ch. 34. CRC press.
19. Chen, U., Smavatkul, N., Emeott, S. (2004). Power management for Vol P over |EEE 802.11
WLAN. |IEEE Wirdless Communications and Networking Conference (WCNC 2004), 3, 1648-

1653.

16



Allocation
of #5 Subscriber

Tdle Period

Allocation

Idle

of #4 Subscriber | Period

Allocation of #3

Subseriber

Allocation of #2

Subseriber

Preamble
Control Information
(FCH, DL-MAFP, UL-MAP)

#4——Frequency Domain (Subcarriers)y————»

EIIEGE &

—

Allocation of #5 Subscriber

Allocation of #4 Subscriber

—

Allocation of #3 Subscriber

Allocation of #2 Subscriber

Allocation of #1 Subscriber
Allocation of #1 Subscriber
Ranging
«—Downlink Sub-Frame > «* Uplink Sub-Frame———  »
-+ Time Domain (Symbols) »

Fig. 1 The IEEE 802.16 TDD frame structure.
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Fig. 4 Mean number of sleep slots per downlink sub-frame as a function of the mean number of

requested slots 4, for 5mslong frame.
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Fig. 5 Mean number of deep slots per downlink sub-frame as a function of the mean number of

reguested dots 4, for 10ms long frame.
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Fig. 6 Mean number of sleep slots per downlink sub-frame as a function of the number of
subscriber stations, for 5ms long frame.
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Fig. 7 Mean number of sleep slots per downlink sub-frame as a function of the number of
subscriber stations, for 10mslong frame.
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Table 1. Notations of Variables.

Notation | Explanation

N number of MSsin the network
S set of M S requests

R MSrequest i

W downlink sub-frame width

H downlink sub-frame height

Res W | residua downlink sub-frame width

Res H | residual downlink sub-frame height

A Poisson parameter
pIK] probability of arequest occupying k rows
M mean number of rows occupied by request
Ulc] probability to have c sleep dots for the examined MS
S mean humber of sleep dlots per MS
mean number of MSsthat are served in a downlink
R sub-frame, assuming that no more than one request is
mapped per row
Qlll probability that | successive requests are mapped in a
single row
PX] probability that the total number of slots requested by
v y MSs equals x
probability that the number of requested slotsis
P> | Higher than x
A mean number of requests that occupy slotsin arow
aready used by another MS
E mean number of M S requests that occupy rows
already used by other MSs
V[ probak_Ji lity that one M'S, which utilizes arow already
occupied by other MSs, uses ¢ sleep dots
. mean number of sleep dots used by each one of the E
MSs
s mean number of all sleep dots present in a downlink
sub-frame
s, mean number of all sleep slots present in a downlink

sub-frame for afinite number of N MSs

Table 2. |IEEE 802.16 Frame Modeling Parameters.

OFDMA PHY Mode PUSC (H = 30 sub-channels)
Frame Duration Sms (default)
10ms

11 W =9 timedots (5ms frame)
' W =21 timedots (10ms frame)

. ] W = 12 timeslots (5ms frame)
DL to UL Sub-frame Ratio 21 W= 27 timeslots (10ms frame)
31 W = 15 timesl ots (5ms frame)
’ W = 33 timedots (10ms frame)

Requests’ Mapping Technique Horizontal SPA
Scheduled Requests’ Distribution Poisson (mean value: 1)
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Table 3. Number of sleep dots normalized to the duration of 1:1

DL sub-frame (part of 10ms frame), for A=10 and unlimited MSs.

DL/UL Ratio 5msFrame 10ms Frame
1:1 31 561
2:1 100 880
31 228 1334
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