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Abstract

Worldwide Interoperability for Microwave Access (MIAX) is generally considered as a

competitive candidate networking technology for tkalization of the 4G vision. Among the

key factors towards its successful and widespregplogment are the effective support of
mobility and the provision of mechanisms for enadplservice access at a high quality level in
an efficient and cost-effective manner. Nonetheldisis effort should take into account and
adequately address strict and severe energy liom&atthat the mobile devices are currently
facing. Power saving constitutes an issue of vitglortance, as mobile terminals continue to
incorporate more and more functionalities and epérgngry features in order to support the
ever increasing user requirements and demands.s®meard employs variations of power
saving classes in a frame-to-frame basis, whilermepower saving mechanisms proposed in
related research literature limit their activity whole frames, neglecting, thus, the intra-frame
power saving capabilities. In this work, the inframe energy conservation potentials of the
mobile WIMAX network are studied and a novel aniablt approach is provided, focusing on
the downlink direction where the bandwidth allooatiinvolves idle intervals and dynamic

inactivity periods. Specifically, we endeavour toccarately analyse the potential energy
conservation capabilities in an intra-frame poifitveew, applying the well-known simple

packing algorithm to distribute the available bamdttvto the various subscribers. Our analytical
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findings are thoroughly cross-validated via simiolat providing clear insights into the intra-

frame energy reduction capabilities.
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1. Introduction

Worldwide Interoperability for Microwave Access (MAX) is a competitive candidate
networking technology that efficiently supports egieg services and advanced service features
and capabilities. With IEEE 802.16e providing tleset of mobility and IEEE 802.16m (also
known as mobile WIMAX) currently under standardiaat WiMAX advances to a fully mobile
and efficient wireless communication standard, tansg, thus, a valuable candidate player in
the 4G era.

The standard tends to support a wide variety of ilmatevices, including mobile phones
with multimedia enhancements, PDAs, laptops, etobil devices incorporate an increasing
number of processing units and functionalities idep to support the ever growing user needs
and demands; however, this fact negatively afféots battery lifetime. This phenomenon is
intensified by latest achievements concerning thasmmission rate increase and the coverage
range extension, which both bring substantial sifiects. In the light of the aforementioned and
taking into account limitations and deficienciesmergy supply, efficient power management is
an issue of outmost importance and has, thus, daimeeattention of the researchers.

The standard addresses the power consumption ispaeifying a power saving mode at
Medium Access Control (MAC) layer. In order to ntain an efficient power consumption
level, IEEE 802.16e standard specifies sleep mattk idle mode-based operations. Mobile
devices can operate in these modes in case natyetivnonitored and can return to the normal
operation mode whenever needed. Focusing on pavargsmechanisms exploiting sleep mode
of operation, the basic principle underlying [1,i2}o apply predefined intervals, referred to as
sleep windows, during which the Mobile Station (M&nporarily interrupts its connection over
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the air interface with the Base Station (BS), realgicthus, its power consumption. During sleep
window periods, the MS enters the sleep state aisdconsidered unavailable, unable to either
send or receive traffic. Each sleep window is fokoWby a listen window, during which the MS
returns to normal state. Thus, between sleep stdtesMS is able to recover in order to
exchange control messages with the BS.

Three variations of power-saving classes have lgesigned to meet energy management
requirements of the various types of applicatioms services [3]. In the first power-saving class,
each listen window of fixed length is followed byskep window whose length is twice the
length of the previous sleep window, without howeegceeding a final sleep window size.
Before entering the first power-saving class, tig&iidicates to the MS the initial sleep window
size and the final sleep window size. Once thel fslaep window size is reached, all the
subsequent sleep windows are of the same lengtiig] sleep windows of power-saving class
two have a fixed length and are followed by a hst@ndow of fixed length. Again, the BS
indicates to the MS the sleep and listen windovessid.astly, the third power-saving class
operation, on the contrary to the other classemlwes a single sleep window. In a similar
manner to the first and second power saving ctagsBS informs the MSs about the start time
and the length of the sleep window. At the endhefdleep window, the power-saving operation
becomes inactive [3]. Numerous studies have folthwstudying power management issues
based on these three classes. All these effortatapm a frame-to-frame basis, where each MS
negotiates its state mode with the BS concerniegathole frame. Nevertheless, they disregard
the intra-frame power management capabilities, iggothe possibility for an MS to enter a
sleep state within the duration of the frame, ré@adyeven more its battery consumption.

In this work, we endeavor to cover this absencethbyoughly studying power management
in an intra-frame basis. Specifically, we proposeeaergy conservative extension to a well-
known mapping algorithm, supported by a comprelnensinalysis of the potential power

consumption reduction in the context of the dowkkab-frame. To this respect, we provide an
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analytical framework, where the potential intranfiex sleep time intervals are identified and
presented under various scenarios considering plaulMiSs and different traffic demands. It
needs to be stressed out that hardware switchitvgeba reception and sleep mode may cause
extra energy consumption, which could limit the povsaving capabilities of the examined
scheme. However, the typical power consumption esalpresented in the WiIMAX chipset
specifications [4] and adopted In [2-8] (power ateive mode: 280mW, power in idle mode:
120mW, power in sleep mode: 10mW, additional powben switching between receive and
sleep modes: 1mW) reveal that the maximum of twdckes which may occur during one
frame period according to the analyzed mechanismad@add to the energy consumption very
much, and therefore intra-frame power saving isaathgeous.

The remainder of this paper is organized as follolise OFDMA technique and the
bandwidth allocation fundamentals are described®eagation 2. In Section 3, the intra-frame
power saving capabilities are identified and tHetegl efforts in research literature are revisited.
Section 4 identifies energy conservation potentraldownlink vertical mapping and analytically
models the proposed energy conservative technieetion 5 validates our analysis via
simulation and provides extensive performance tesu terms of potential sleep time. A
comparative analysis of intra-frame and inter-frapmever saving is conducted in Section 6.

Finally, Section 7 concludes this paper and hidtifgur future plans.

2. OFDMA Technique and Intra-frame Bandwidth Allocation Fundamentals

IEEE 802.16 WIMAX system incorporates four alteenphysical specifications operating in
different frequencies. These include the WirelesfMBC, the WirelessMAN-SCa, the
WirelessMAN-OFDM, and the WirelessMAN-OFDMA. In atdn, there is another physical
layer, WirelessHUMAN PHY, which is specified for theense-exempt bands [9]. In particular,
WirelessMAN-OFDM PHY and WirelessMAN-OFDMA PHY adesigned for operation below
the 11-GHz licensed band, based on the Orthogargjuency Division Multiplexing (OFDM)

and the Orthogonal Frequency Division Multiplexilgccess (OFDMA) technologies,
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respectively. Mobile WIMAX adopts WirelessMAN-OFDMRHY only, constituting OFDMA
the dominant multiple access technique of the moteEE 802.16 standards.

OFDMA divides the available frequency spectrum iatéarge number of subcarriers and
transmits the input data by mapping it into the subers. In essence, OFDMA is the key feature
that ties the physical (PHY) with the MAC layer. it responsible for realizing multiple
subscriber access by flexibly sharing the time &eduency domains. The BS governs the
communication process amongst the MSs, which inglvepetitive broadcasting of
communication frames. Each frame has predefinedd fittee duration, while full duplex
communication is realized by sub-diving each fraaneidth into two sub-frames: the downlink
sub-frame, during which the BS broadcasts the destined to the various connected MSs, and
the uplink sub-frame, which is responsible for migang the data transferred from the MSs to
the BS. OFDMA defines two different techniques ¢arrying traffic at the downlink and uplink
directions. The Frequency Division Duplexing (FD@ghnique, according to which traffic of
both directions is transmitted in parallel in diffat frequencies and, on the other hand, the Time
Division Duplexing (TDD) technique that involvesns@cutive transmissions of the traffic of the
two directions in time in the same frequency, with uplink sub-frame following the downlink
sub-frame. Due to TDD’s flexibility that allows fatynamic adjustment of the width ratio
between the two directions, it is the most popolae and it is adopted in the context of this
study.

In order to facilitate the bandwidth assignmentcpss in both downlink and uplink sub-
frames, OFDMA defines slot as the minimum allocafwysical resource. To be more specific,
bandwidth distribution is synonymous to slot alkb@a within the allocation bin, where the
dimensions are time and frequency. An intra-fraffaxation process takes place just before the
beginning of the frame, where the available slats granted to the subscribers to send (i.e.,
uplink sub-frame) and/or receive (i.e., downlink gtdme) data. The process of allocating slots

in accordance with the bandwidth requests giventhey MAC scheduler is referred to as
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mapping. In essence, the mapper is directly coedewith the scheduler; having acquired and
processed traffic requests, concludes to a fimahsimission program with respect to both
downlink and uplink directions. At this point, iheuld be mentioned that downlink requests
should conform to a shaping rule, with each reqémshing a rectangular inside the OFDMA

allocation bin, having one dimension associatedh wie time and the other associated with the

frequency domain. An indicative mobile WIMAX frantased on TDD technique is illustrated

in Fig. 1.
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Fig. 1. A TDD Mobile WIMAX frame instance

Each frame begins with a preamble, a short comesiod used for synchronization and
channel estimation. The downlink sub-frame include® critical control messages, the
downlink map (DL-MAP) and the uplink map (UL-MAPWyhich define the time duration of
each burst, the modulation, and the forward emaotrol (FEC) coding scheme for each MS. The
frame control header (FCH) field proceeds DL-MAPdadL-MAP, as it provides frame
configuration information, such as the MAPs’ lengtid their corresponding PHY properties
(e.g., modulation, coding scheme, and usable subrgt Furthermore, the transmit-receive

transition gap (TTG) and the receive-transmit titems gap (RTG) prevent possible
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interferences as the BS passes from transmit eau@enode and vice versa.

3. Intra-frame Power Capabilitiesand Related Efforts

Considering that time duration of each frame isdia&d predefined in conjunction with the
fact that a single or multiple MSs may experienigersor large periods of idleness within the
duration of a single frame, it may be easily codeldithat an MS may utilize only a portion of
the available allocation space. Specifically, eddB may be associated with one of the
following states: a) begins its transmission orepgon at the beginning of the frame and
completes them at the end of the frame, b) begsngsansmission or reception at the beginning
of the frame and completes them before the endhefftame, ¢) begins its transmission or
reception after the beginning of the frame and ceteglthem at the end of the frame, d) begins
its transmission or reception after the beginnifithe frame and completes them before the end
of the frame, and e) does not participate eithénentransmission phase or the reception phase or
both. Except for the first state, all other statemsy incorporate sleep periods, which may be
exploited in order to reduce power consumptionhaut, however, overshadowing the network
performance during the transmission and/or thepteme phase. We refer to the sleep slots
incorporated in states (b), (c), and (d) as intaarke sleep slots.

Due to the OFDMA nature, the power consumption ersgs should be investigated along
with the mapping process, since the mapping praeedignificantly affects the allocation
strategy within the OFDMA allocation space. Subseqly, in accordance with the specified
strategy and the resulting slot assignment in thecation bin, MSs inactivity periods and
idleness behavior may be defined. Even though ealble research efforts have been performed
in order to provide power management frameworkdi¢atively see: [10-12]), to the best of our
knowledge no prior published work on intra-frame powonsumption exists. In the current
study, we aim to fill this gap by analytically exing the power saving capabilities in the
vertical (mapping) perspective, since it imposessegy challenging sight. A number of

interesting mapping schemes (e.q., [13-15]) hawn lpgoposed in related research literature. In
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the context of this work, Simple Packing Algorit{®PA) [16], the simplest dynamic mapping
algorithm, is adopted in order to explore and plevclear insights on the intra-frame power
reduction capabilities.

Our approach contributes towards an accurate acelyapproach, which is thoroughly
verified by comparison against simulation outcom@umber of related research studies present
analytical models of WiMAX systems. In |1/, 18] thethors develop a generic analytical model
of WIMAX systems that takes into account frame dgtries precise slot sharing-based
scheduling and channel quality variation of WiMAXstems and provides closed-form
expressions for Erlang-like performance parameteh as throughput per user or channel
utilization. Although this work presents a notalalealytical approach, it neglects the power
consumption issue.

In a nutshell, the contribution of this paper isotfelded. First, the intra-frame energy
conservation potentials of the IEEE 802.16e dovnkub-frame are explored, adopting the
vertical SPA algorithm. Second, an accurate ar@lytpproach is provided, which is thoroughly

verified against simulation outcomes considerirfiedent scenarios and realistic test-cases.
4. Analysisof theVertical SPA Power Saving Capabilities

4.1. Energy Conservation in Vertical SPA

Vertical SPA is a fast and easy to implement magppachnique for assigning OFDMA slots
provided by the rectangular structured 802.16 saitmé for downlink transmissions to user
bandwidth requests [15]. Because of its low reguésts in processing resources, it can be
efficiently programmed along with the schedulepitite hardware of any WIMAX BS. The term
“vertical” indicates that slots are allocated to M8y filling consecutive columns of the
downlink sub-frame. Specifically, each request thie# scheduler provides for mapping is
assigned with slots along a column, which correspdad pair of symbols. In case the slots for
an MS exceed the column height, that is the nurobevailable sub-channels, the allocation
proceeds to the next column. The fundamental odistni in the mapping process comes from the
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802.16 physical layer specifications for the dowkldirection, which define the data region as a
rectangular shaped area of slots in the sub-fréwateid allocated to an MS for reception. On this
basis, the vertical SPA scheme never maps requests non-integer number of multiple
columns. Hence, each served MS is eventually akocaither a fraction of a single column or
multiple whole columns. The objective is to keep thapping area in a rectangular shape in any
case. Thus, the respective algorithm maps eacleseqti the frequency dimension first and then
at the time dimension. Each time a new requestasgssed for mapping, it is examined whether
there is enough space in the current column tccaéothe required slots; otherwise, the next
column is used. The procedure completes for a eifrgine when all requests are mapped or
there are no available slots in the downlink sw#ale to allow the formation of additional
rectangular data regions according to the bandwrdtiuirements posed. The algorithmic
description of the vertical SPA operation is asolek:

- The number of MSs in the network with non-zerguests is set tN

- The set of MS reques®= {R |i € [1, N]}, measured in number of slots, is initiated

- The downlink sub-frame height (i.e., the avakabumber of sub-channels) is setto

- The downlink sub-frame width (i.e., the availablenber of slots in the time domain) is set

toWw
- The number of residual slots in the time donfé&s_Ws set equal tdV (i.e.,Res W =W
initiation)
- The number of residual subchanneks His set equal tél (i.e.,Res_H = Hinitiation)
-ForeaclR € S
-if R<Res_H
-Res H=Res H-R

-$=S—{R}



- else iIfR < Res_WxH
-Res_W =Res_W[R/H]
-Res H=H
-S=S—-{R}

- End wherS=9 or (R > Res_HandR <Res_WxHVR € S)

The vertical SPA scheme as described above invahaesivity periods for the MSs assigned
with allocation space in the downlink sub-frame.sTfeature can be exploited to enable intra-
frame power saving. In more detail, each MS is abtuactive (Rx mode) only during the
OFDMA symbols allocated to it, tuned at the subrcteds corresponding to its slots. Hence, it
could be set to a low power mode for the residuardink sub-frame (i.e., before and after its
reception period). It is noted that an MS transeein sleep mode can conserve up to eleven
twelfths of the energy consumed when being in the state [4-8]. When in sleep mode, data
transmission or reception for an MS is not allomddwever, as an MS is not involved in such
activities outside the region formed by its all@hslots in the downlink sub-frame, the adoption
and the transition to intra-frame sleep state wapplying vertical SPA does not negatively
impact and/or degrade network performance in anynea Fig. 2 presents an illustrative
example of the mapping process using the verti®afl &chnique. In this case, the requests of
five MSs are mapped to the slots provided for davintraffic considering a 5ms long frame,
assuming a downlink-to-uplink ratio equal to 1:lheTdata regions, which always form
rectangular boxes, are highlighted in heavy blaaidérs. Sleep periods for each MS are given

as a number of columns.
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Width (W) = 9 time slots — columns
5

N

MS 1: 7 sleep slots
MS 2: 8 sleep slots
MS 3: 8 sleep slots
MS 4: 8 sleep slots
MS 5: 6 sleep slots

(H) W31eH

sjauueyd-qns Qg

R A N e e T e e e e e e e N N N e N e e I e N e N I I S
I R T T g I N N N g e e N e e e e N I I N I I S Y Y Y I S Y

X IX X [ XINIINININININININININ(INININININININININININININININ

X1l |P|lWWIWIWIWWWIWWWIWW[W[W | W|W
vuiunnunnunnnununnunnuinunnuinninininninniuninninnjinninnfniLniLniunivniunn
vuiunnunuiunnninnnunnuninnniuninninnininninniLnninninninnjinnfLniLniuniuiv v

XX X X X [X XX XX XXX [X [X[X XX |X[X[X]|X|X|[X|X]|X|[X[uv|luv|lwn
XX X X X XX XXX XXX [X X [X [X[X|X[X[X[X|X]|X[X]|X]|X[X|X| X
XX X X X XX XXX XXX [X X [X [X[X|X[X[X[X|X]|X[X]|X]|X[X|X| X

xisidle

Fig. 2. Example of the downlink sub-frame resolsgace, when mapping 5 MS requests via
vertical SPA, considering 5ms long frame and 1:XBHUL ratio

4.2. Mathematical Approach

The power saving capabilities of the vertical SPApming scheme are mathematically
analyzed in this subsection. Each frame constitateistinguished mapping cycle, where the
bandwidth requests provided as output from theddlee are examined in a sequential way for
slot allocation. It is considered that the requéstslownlink resources originate from a number
of MSs that form the concerned WIMAX network. Agsttypically assumed in such analytical
procedures, the number of slots requested by e&hshMin independent identically distributed
variable following a Poisson distribution with exped number of occurrences equal Ao
Actually, in this case, an MS could never request Zero downlink slots, thus, the above
mentioned random variable may never be nullifiédges a request for zero slots is not really a

bandwidth request that could be scheduled for nmgpLonsequently, the requested number of
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slots follows in fact a variant form of the Poisstistribution, according to which there is null
probability to be equal to zero. Therefore, thepeesive formulae are properly normalized
throughout this analysis. However, it should bdasat that an MS patrticipating in the network
may occasionally omit downlink slots requests inc#pe frames. The following analysis
eventually takes into account this special casecmdiders also as intra-frame sleep intervals
the downlink sub-frame periods during which an M&ains totally inactive. On these grounds,
each time the rest of this analysis refers to anrbtitiest, a bandwidth request for more than
zero downlink slots is assumed. In the light of #ferementioned, it may be concluded that
since null requests are possible but not reallypedpthe mean number of requested slots per
MS which are actually mapped in the downlink sul¥fe bin space does not exactly equal
Initially, we examine the intra-frame power savipgtentials of a single MS, which receives
downlink slots applying the vertical SPA. The MSable to transit to sleep mode for the
duration of the slots preceding those it occupre®othose following in the same sub-frame or
even for the whole duration of the downlink sulifein case it has not requested for any slots.
We call these slots sleep slots and their numbeertts on the width of the data region allocated
to the MS and the width of the downlink sub-frarbe probabilityp that a request occupi&s
columns is equal to the probability of involving racdhan Kk — 1)>H slots and less or equal to

kxH slots, as it is expressed by the following equation

kxH L il

oK = i=(k-DxH+L i!

Zeﬁﬁ

i=1

, A1>0, 1sksW, KW HezZ* (1)

The mean number of columns that form the data regilocated to a requesting MS is given by

the weighted average:

Mzip[k]xk WezZ® (2)

k=1

Thus, the mean number of sleep slots for an MSgadicipates in a downlink sub-frame is:
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s=W-M, M<W, WeZ" 3)

The next step in this analysis is to estimate teammumber of MS requests that are mapped
in a downlink sub-frame in order to determine tlygragate number of sleep slots present.
Assuming first that no more than one request ispedgper column, the mean number of MSs
that are served in a downlink sub-frame is resuited

R:%, M<W, WezZ* (4)

We then calculate the mean number of requestsatbanapped to columns already occupied by
another station. The basis of this calculatiomesfact that the probabilitQ[l] thatl consecutive
requests are allocated slots in a single columheaghtH is derived by the probability they
occupym slots ( < m < H), while the following request occupies more thdum slots. In this

aspect, it is found that:
H-I
Q=Y RIH-1xA>1, 1<I<H LHeZ" (5
i=0

It is clarified thatPy[x] is the probability that the aggregate numberlotfssrequested by MSs
equalsx, whereasP,[>X] is the probability that the number of requestidssis higher tharx.
Concerning the calculation &}[x], it is not accurate to refer to the additive prdy of the
Poisson distribution, which states that the sunPoisson variables also follows the Poisson
distribution, since in our case the added randonables are not exactly Poisson distributed, as
it was explained earlier. Considering that thebphulity y MSs request fox aggregate slots
results from the probability thggl MSs request-i aggregate slots, while the next MS requests

slots, we end up with the following recursive fotanu

x-(y-1)

PN = PIx-1xRL x>y xyZ" (6)

i=1
Note thatP,[x] = 0, whenx <y, because a MS can never request for zero dowslotk. The

examined probability for one MS request (y& 1) is given by:
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In regards to equation (33,[>x] can be computed in a straightforward manner ag/slbelow:

0 X

P[>X=>Y Pl1=1-> P[], x>y xyeZ" (8)

i=x+1 i=y
By deconstructing the recursive formula provide@guation (6), the following iterative formula

can be derived:

o zxil){xiz){”i(q x— i x A q)x~~>< ] i/-]z}( P ly—]l} x>y xyez- (9

iyo=1 i=1

iy 1=l

Eventually, the mean number of requests that camdygped to a column of height already

occupied by another MS equals:
H
A=> Qi x(i-1), HeZ" (10)
i=2

Considering the whole downlink sub-frame and takimtg account that columns which are part
of data regions of width greater than one slotrarteable to include more than one MS request,
the mean number of requests that can be mappealumes already occupied by other MSs is

given by:
W (4) +
E:AXW—> E= AxR WeZ (12)

It is now possible to proceed to the estimatiothef mean number of sleep slots available to all
MSs that can be served during a downlink sub-frgdenoted bySS, assuming that they
generate non-zero requests. Taking into accourtt dhaaverage number of sleep slots
corresponds to each one of RéMSs and that each one of tReMSs may employV — 1 sleep
slots, we conclude that:

SS= R s E( W1, WZ' (12

The formula above provides the mean number of sées in a downlink sub-frame
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considering that the available space is filled wehuests and no empty columns are left in the
resources bin due to limited number of requests inore realistic case, where there is a finite
number of MSs requesting for downlink bandwidtre #imalysis is adapted accordingly. To be
more specific, if the number of MS requests is bigthanR + E, then the formula of equation
(12) holds as is. In case the number of MS requsdtsver tharR + E, for N, MSs generating
downlink bandwidth requests, ti&(R + E) portion of them can use on averagsleep slots
each, whereas the rest (i¥(R + E)) have at their disposdV — 1 sleep slots, as it is shown

below:

Rx s+ Ex(W-1) N> R E

SS= N, WeZ" (13)
. Ex(RxS+ Ex(W-1)) N< R E

SS represents the average number of sleep slotatbassociated with MSs which are
actually served, that is they are assigned downrginks in the examined sub-frame. This case
clearly demonstrates the presented intra-frame poseving concept, where stations
participating in a sub-frame are at the same tiaygable of conserving energy. For reasons of
analysis completeness, we further estimate the slkxs of the MSs which do not request any
downlink slots during the frame. It should be notledt this is not a typical case of intra-frame
power saving, since the particular stations dopasticipate in the examined sub-frame and just
transit to sleep mode for its whole duration. Waially define the probability that an MS

generates no resource request as:
P=e"—=¢", 1>0 (14)
Assuming that the total number of MSs in the neknieNy, the estimated number of MSs that
do not generate bandwidth requests is equal to:
N,=PxN;, N;ezZ" (15)
Thus, the number of sleep slots associated with tM&srequest no downlink slots is given by:
SS= NxW WezZ* (16)
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Similarly, the number of MSs that request for dankklots is estimated to be:
N, =(1-P)N;, N,ezZ® (17)
In order to conclude our analysis, we calculate mlumber of sleep slots which are
related with MSs that are not served in the exathsb-frame, because not enough available

downlink slots are left to allocate to their bandiki requests. The number of these unserved

MSs is equal to:

\ :{N,—(R+ E) N>R:E (18)

‘ 0 N, <R+ E

Consequently and given the fact that any MS whschot active during the sub-frame transits to
sleep mode for the whole period, the total numblesleep slots per downlink sub-frame

associated with unserved MSs is given by:
SS= NxW WZzZ* (29)
It is noted again that similarly to the case of tlom-requesting MSs, the sleep mode transition

during the whole sub-frame because of the lackafi@ble resource space is not considered as a

typical intra-frame power saving case.

5. Numerical Results

The analytical solution described in the previoasti®n is cross-validated by means of a
simulation program developed in MATLAB The specific program models the downlink
mapping procedure allocating WiMAX OFDMA slots toSegl bandwidth requests, according to
the vertical SPA technique. The input of the sirtarlas considered to be the output of the
packet scheduler, which generates requests acgotdinthe typical Poisson process. The
simulation output is the number of sleep slotsdibiparticipating MSs (served, non-requesting,
and unserved, corresponding $&, SS, and SS, respectively), averaged considering 10,000
runs, which correspond to different mapping cyclesjl the relative statistical error is lower

than 2%.

! The simulator source code is readily available gmodided upon request.

-16 -



The adopted frequency diversity mode is PUCH (Bi&ytlsed sub-Channelization), which
constitutes the most common approach. Accordind?tfCH, the frame includes 30 sub-
channels, which correspond to the downlink sub-&anheight represented By rows. The
downlink sub-frame width (denoted W) depends on the downlink-to-uplink sub-frame ratio
which may vary among 1:1, 2:1, and 3:1, and thean&auration, which may range from 2ms to
20ms. This paper considers the default frame durati 5ms as well as the 10ms, and 20ms
values. Regarding the exact frame structure, thBNI slots available for request mapping
correspond to the resource space that remains tattededuction of the Preamble, MAP, and
FCH downlink fields. More specifically, in a 5malp frame,W equals to 9, 12, and 15 slots for
downlink-to-uplink sub-frame ratios of 1:1, 2:1, darB:1, respectively. Considering frame
duration of 10ms, the downlink sub-frame width is 21, and 33 slots for downlink-to-uplink
sub-frame ratios of 1:1, 2:1, and 3:1, respectivesstly, for the 20ms long frame, the downlink
sub-frame width is 45, 60, and 70 slots for dowklio-uplink sub-frame ratios of 1:1, 2:1, and

3:1, respectively. Table | summarizes the presefrade structure parameters adopted in this

work.
TABLE |. PROPERTIES OF THE ADOPTEB02.16FRAME.
OFDMA PHY Mode PUSC H = 30 sub-channels)
Frame Duration 5ms (default) 10ms 20ms
DL-to-UL Ratio 11 2:1 31 11 2:1 31 1:1 2:1 3:1
aumber of Stots ('\r/‘v) o | 12| 15| 20| 27| 33| 45| 60| 70

The following figures graphically depict the resufirovided by the analytical model along
with the simulation results, considering four diéfet scenarios. As a first note, a very
satisfactory match between the analytical and ithelation results may be observed in all cases,
which constitutes a definitely positive element tloe cross-validation of the two approaches. At

this point it should be noted that it is not possibd perform a comparison with analogous
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mathematic analytical models of the SPA or any rotkquest mapping technique, due to the
absence of such research attempts in the knoweddigerature.

Initially, the effect of the mean request size (esponding to the Poisson parameéfeon
the number of sleep slots is explored in a 5ms drafar a fixed number of 30 MSs that
participate in the network and may generate downleduests without any restrictions. Fig. 3
illustrates the number of sleep slots that are @ssatwith served MSs, which are stations that
are actually allocated downlink slots in the sulnyfe. As already explained, this is the type of
sleep slots that is fully representative of thenexed intra-frame power saving scheme, since
these slots are related with MSs which participatde downlink sub-frame with data receiving
activity. In Fig. 4, the mean number of sleep slthsit are associated with MSs which do not
request for downlink slots, are plotted againstriean request size. These non-requesting MSs
exhibit no downlink activity and transit to sleepode for the whole downlink sub-frame
duration, which case is not representative of tii@iframe power saving mechanism, as already
explained. Moreover, the number of sleep slotstedldo MSs that request for downlink slots,
but do not get served, due to unavailability ofoteses, is graphically depicted in Fig. 5 as a
function of the mean request size. The case ofruedeMSs is also not fully considered as intra-
frame power saving, since the specific stationsrateactive at all during the downlink sub-
frame. As it can be seen in Fig. 3, for higher DomkiUplink ratios, the mean number of the
available sleep slots per frame is higher, sineseths a larger resource space in the downlink
sub-frame. Initially, for small requests, the numbgintra-frame sleep slots is low, since there
are multiple non-requesting MSs, as it is depiatelig. 4. Then, it is evident in Fig. 3 that for a
specific range of request sizes the number of dkw®p is almost constant to a maximum value.
This is attributed to the fact that almost all 3G$are requesting and are allocated slots. They
are all associated with sleep slots and almost nbtieem is unserved, as it can be seen for the
particular range of request sizes in Fig. 5. Frbat point on, as the request sizes increase, the

number of unserved MSs also increases, due to @E®wmnavailability, as it can be deduced
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from Fig. 5. This phenomenon leads to intra-franees slots decrement, which is evident in

Fig. 3.
Frame Duration: 5ms (Served MSs)
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Fig. 3. Mean number of sleep slots of served M3Dphesub-frame versus the mean request
size, considering frame duration of 5ms and a @it80 MSs

Frame Duration: 5ms (Non-requesting MSs)
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Fig. 4. Mean number of sleep slots of non-requgdiss per DL sub-frame versus the mean
request size, considering frame duration of 5Smsaatadal of 30 MSs
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Frame Duration: 5ms (Unserved MSs)
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Fig. 5. Mean number of sleep slots of unserved PESDL sub-frame versus the mean request
size, considering frame duration of 5ms and a @it80 MSs

Next, we present the corresponding results foreckffit frame durations, in an effort to
examine the effect of the frame size on the nurobertra-frame sleep slots. In Figs. 6, 7, and 8,
we provide the related graphs regarding the meambeu of sleep slots associated with served,
non-requesting, and unserved MSs, respectivelyl@ons long frame and a fixed number of 30
MSs. It is apparent from Fig. 6 that the particdtame length allows for more intra-frame sleep
slots than the 5ms frame. The reason is the inedeassource space, which includes more
downlink slots for request mapping. Furthermore, IBens long frame retains maximum sleep
slots for a larger range of request sizes, asnitbgaseen in Fig. 6. This is attributed by the fact
that the larger resource space can sustain laegeests till some MSs are not served, as shown
in Fig. 8. Of course, when the number of unservefsMurther increases, the sleep slots
associated with these stations also increase hbuadtual intra-frame sleep slots represented in

Fig. 6 decrease.
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Frame Duration: 10ms (Served MSs)
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Fig. 6. Mean number of sleep slots of served M3Dphesub-frame versus the mean request
size, considering frame duration of 10ms and d t#ta0 MSs
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Fig. 7. Mean number of sleep slots of non-requgdiss per DL sub-frame versus the mean
request size, considering frame duration of 10nasaatotal of 30 MSs
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Frame Duration: 10ms (Unserved MSs)
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Fig. 8. Mean number of sleep slots of unserved PEDL sub-frame versus the mean request
size, considering frame duration of 10ms and d t#ta0 MSs

The third frame length studied is 20ms. The comwadmg results on the mean number of
sleep slots versus the mean request size are eepicFigs. 9, 10, and 11. As expected, Fig. 9
reveals that this frame size ensures the highasibau of intra-frame sleep slots. In the same
figure, it is indicative that the 3:1 Downlink/Upk ratio maintains maximum sleep slots even
for mean request size of 50 slots. This meanstligaavailable downlink resource bin is so large
that it takes greater than 50-slot request to teagnserved MSs, as it can be seen in Fig. 11.
Regarding the non-requesting MSs, it becomes evidem Fig. 10, similarly to Figs. 4 and 7,

that forA>5 almost all stations generate non-zero bandweljhests.
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Frame Duration: 20ms (Served MSs)
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Fig. 9. Mean number of sleep slots of served M3Dphesub-frame versus the mean request

size, considering frame duration of 20ms and d t#ta0 MSs

Frame Duration: 20ms (Non-requesting MSs)
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Fig. 10. Mean number of sleep slots of non-reqngdWlSs per DL sub-frame versus the mean
request size, considering frame duration of 20nasaatotal of 30 MSs
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Frame Duration: 20ms (Unserved MSs)
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Fig. 11. Mean number of sleep slots of unserved MSDL sub-frame versus the mean request
size, considering frame duration of 20ms and d tta0 MSs

Next, we study the manner in which the number ofsMi&at form the network affects the
mean number of sleep slots per frame, assuminghbad®oisson parametewhich corresponds
to the mean request size is set equal to 20 sludsisa not modified in the context of this
experiment. Considering the 5ms long frame, thecifiperesults regarding the served and
unserved MSs are plotted in Figs. 12 and 13, réisyede We clarify at this point that the graphs
presenting the number of sleep slots associatddneit-requesting MSs versus the total number
of participating MSs are deliberately omitted, hesmafori=20 all stations produce non-zero
bandwidth requests. Thus, there are not actualjynan-requesting MSs to represent. As it may
be observed from the results depicted in Fig. 1Bnear relationship between the number of
MSs and the mean number of intra-frame sleep skitds up to a certain point with the number
of sleep slots converging to a specific value. ghler downlink-to-uplink ratio results in a
higher increase rate and a higher sleep slots cgemee number, because of the increased
capability of the larger resource bin to serve nmd&s, which are then related with more sleep
slots. To be more specific, the network exhibitsximaim intra-frame downlink sleep slots,

when it reaches the limit of MSs that can be sebsethe specific resource bin. These MSs are
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associated with a fixed number of sleep slots, Wwkimrresponds to the convergence values seen
in Fig. 12. The increment of the unserved MSs asntlmber of participating stations increases
is evident in Fig. 13. Actually, the point at whiaghserved MSs start to appear corresponds to

the maximum number of stations that can be senvéige specific downlink sub-frame size.
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Fig. 12. Mean number of sleep slots of served M8 sub-frame versus the total number of
MSs, considering frame duration of 5ms and meanesize of 20 slots
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Fig. 13. Mean number of sleep slots of unserved MSDL sub-frame versus the total number
of MSs, considering frame duration of 5ms and nreguest size of 20 slots

In order to examine the effect of the frame sizeelation to the number of participating MSs
on the number of sleep slots, we have also drawrrébpective results considering 10ms and
20ms long frames. Since the 10ms long frame offeocse OFDMA slots for data reception
compared to the 5ms long frame, it provides momaifitame sleep slots, as it is evident from
Fig. 14. Additionally, the larger resource bin al®the allocation of downlink slots to more
MSs, as it is concluded from the number of unserstations represented in Fig. 15. At this
point, it should be noticed that in all cases, highewnlink/Uplink ratios lead to fewer unserved
MSs, however, these MSs are associated with meep slots, because the larger downlink sub-
frame allows transiting to sleep mode for longaiquks. This fact becomes apparent for instance

in Fig. 15, where the lines of the higher Downlldglink ratios have greater slopes.
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Fig. 14. Mean number of sleep slots of served M8 sub-frame versus the total number of
MSs, considering frame duration of 10ms and megquet size of 20 slots
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Fig. 15. Mean number of sleep slots of unserved MSDL sub-frame versus the total number
of MSs, considering frame duration of 10ms and nregnest size of 20 slots

Lastly, the mean number of sleep slots is presesmeathst varying number of MSs for 20ms
long frame in Figs. 16 and 17. As expected, FigreMals that the highest number of intra-

frame sleep slots is ensured by the frame witHatgest duration. It is noted that for the highest
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Downlink/Uplink ratio, which provides the largestmber of OFDMA slots for data reception,
50 MSs are not enough to reach the maximum numbietrafframe sleep slots. In more detail,
as it shown in Fig. 17, the increased resourceesjgacapable of allocating data regions even to

50 MSs, serving all bandwidth requests.
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Fig. 16. Mean number of sleep slots of served M8 sub-frame versus the total number of
MSs, considering frame duration of 20ms and meque#t size of 20 slots
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Frame Duration: 20ms (Unserved MSs)
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Fig. 17. Mean number of sleep slots of unserved MSDL sub-frame versus the total number
of MSs, considering frame duration of 20ms and nmregnest size of 20 slots

A general remark which becomes clear from the prtegieresults is that the magnitude of the
conserved power depends on the downlink sub-frags®urce space, the number of the
requested slots and the number of the participdid&g. In Table I, we summarize the total
energy conserved in the whole network during alsimpwnlink sub-frame, due to the intra-
frame sleep slots associated with served MSs, densg the power consumption values
adopted for WIMAX systems in [5-8] according to theecifications of [4]. As expected, the
more the participating MSs, the larger the avadadlocation space and the lower the Poigsson
parameter, that is the mean request size, theegribet overall power savings observed are. The
reason for the increase of the sleep slots where m8s participate in the network is the fact
that each of the multiple MSs is capable of povesirg), hence, increasing the total number of
intra-frame sleep slots. On the other hand, a smefiber of MSs may just leave numerous slots

in the frame idle.
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TABLE Il. TOTAL ENERGY CONSERVED IN THE NETWORK DUE TO THE INNA-FRAME SCHEME

Network Energy Conserved in Sub-Frame (Joules)

Frame Duration 5ms (default) 10ms 20ms

DL-to-UL Ratio 1:1 2:1 31 1:1 2:1 3:1 1:1 2:1 3.1

30MSs A=1 3.396 4.684 5.971 8.547 11.133  13.6p9 18.B5 25[299.583

30MSs, =50 0.632 1.253 2.071 4.299 7.309 11.1p9 21.071 37.951%.084

1IMS A=20 0.131 0.199 0.267 0.403 0.538 0.674 0.946 1.286 121.%

50MSs, L =20 1.655 3.077 4.926 9.904 16.59 24984 46.893 66.7/18.037

In order to further examine the impact of the reseubin dimensions on the intra-frame
power saving capabilities, we present results nbzethto a specific resource space size. The
presented results regarding the mean number @f-frdme sleep slots and the conserved power,
assume different frame sizes and different Downliypkihk ratios. Generally, the larger resource
space is expected to allow more sleep slots, hawekeroughly comparing the intra-frame
power saving capabilities of the different resousgedimensions would require considering the
same time period. Towards this objective, we hawenalized the number of intra-frame sleep
slots incorporated in different sub-frame duratjoassuming the same resource bin size that
corresponds to the 1:1 Downlink/Uplink 10ms longnfie. The mean request size was set to 20
slots, whereas the total number of participatingsh\tsthe network to 30. The respective results
are graphically depicted in Fig. 18. It is evidémht even when the same downlink sub-frame
duration is considered, the higher Downlink/Uplirétio and the larger frame duration exhibit
the greater number of intra-frame sleep slots, whie associated with served MSs. This is due
to the fact that the larger frames incorporate lessrhead, which is related to control
information, considered as portion of their totahdth. Hence, more OFDMA slots become
available for mapping stations’ downlink requestkjch then can save energy according to the
intra-frame power saving scheme. It is noticed thatdifferences for the three considered ratios
of the 20ms frame are minor, attributed to the fhat almost all 30 MSs can be served by the

increased available resource space regardlessawalibk/Uplink ratio. Nevertheless, it should
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be clarified that the adoption of a large frameonporates some significant drawbacks, too. First
of all, stations are required to wait for longeripds to content for bandwidth in the following
frame. This large waiting period may be provedi@altfor time-bounded traffic, such as voice
transmissions. Moreover, high frame duration le@adess frequent broadcast of beacon signals
and control information, which could cause synclzation failures among stations.
Consequently, the selection of the suitable frante@an the range of 2ms to 20ms could be
eventually considered as balancing between intnadr power saving and communication
flexibility.
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400
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Fig. 18. Mean number of intra-frame sleep slotsmadized to the duration of 1:1 Down/Up DL
sub-frame of the 10ms frame, for different frameqs, considering 30 participating MSs and
mean request size of 20 slots
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5ms 10ms 20ms
Frame Duration

6. Performance Comparison of Intra-Frame and I nter-Frame Power Saving Schemes

In this section, a comparative analysis on the p@aging capabilities of the proposed intra-
frame scheme and the standardized inter-frame stli®provided. Our aim here is to evaluate
the potential benefits of the technique analyzedhis work and quantify them against the
behavior of the well-known inter-frame energy comagon method, in order to efficiently

assess the value of the studied scheme. Towaslslijgctive, a formula is derived that provides
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the percentage change of the power conserved tisenghtra-frame scheme in relation to the
energy conserved by the inter-frame power saviogrigue.

It becomes evident from the description of the éhlpewer saving classes in Section 1, that
inter-frame power saving defines sleep periodsarsf/img duration and frequency, that last for
multiple frames, during which the involved MS tragsdo a low power mode without being able
to exchange data. The major advantage of intradrpower saving is that MSs are capable of
saving energy in the same frame that they exchdatge This strength of the particular method
corresponds to data exchange completion in shtirtexr or equivalently to more conserved
energy in the same reference period.

On the ground that the examined intra-frame schakes place only during reception mode,
without loss of generality we assume that timeivédéd to downlink sub-frames. In the context
of this analysis, we initially consider that a sed!S participating in the networlN( = 1) is
scheduled for receivinD data bits via the BS downlink. These bits corresipiorX requests for
an average of OFDMA slots per request, which are mapped to dagaons in the resource bin
of X downlink sub-frames according to vertical SPA.sTimeans that B bits are modulated per
slot, the following relationship exists:

D=XxAxB, X,BeZ", A1>0 (20)
If we denote asl the total time being in sleep mode alndhe duration of a slot, then the
eqguation below holds:

T=XxSSx L. XezZ', leR" (21)
Assuming now that inter-frame power saving is addpinstead, the MS would requipe
downlink sub-frames to complete data reception amextra time interval to transit to sleep
mode and conserve the same amount of energy thaavied by the intra-frame scheme.
Specifically, the intra-frame technique would regquaggregate tim&xF, whereas the inter-
frame method would require aggregate tdqxd=+T, whereF is the employed frame duration. In
order to estimate the power gain of the intra-fraatieeme, we reduce the above relationship to
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one unit of time for both techniques. In more dethe intra-frame method would conserve on
average TxJ/(XxF) watts, whereas the inter-frame method would comsemm average
TxJ/(XxF+T) watts, where] is the power saved when in sleep mode comparédldanode.
Hence, the intra-frame scheme achieved bJ/(XxF) — TxJ/(XxF+T) = T?xJ/(XxF(XxF+T))
watts higher power saving. As a result, the peagmtthange of the power conserved using the
intra-frame scheme in relation to the power conskbxethe inter-frame power saving technique

is equal to:

CTPIXxF(XxF+T) . T e
 TxJ/XxF+T  XxF ’
fowel | SS _ Rx st Bx(W-1)

" w (Rt B W

(22)
, X,WeZ', F,LeR'

The above quantity is plotted for different meaguest sizes in Fig. 19, considering the default
frame length of 5ms. It is evident that intra-frapmver saving greatly increases the amount of
conserved energy per time unit compared to the-frdene power saving. In more detail, the
respective improvement is relatively low for smmaktan request sizes, due to the fact that in such
a case there is a high probability that the MS gees null bandwidth requests. Then, the
maximum value is achieved for requests that ocaugy one column in the resource bin and
allow for long inter-frame sleep periods. As thguest size increases, the available slots for
transiting to sleep mode decrease and so does ticenpgge change of conserved energy.
Moreover, it is noted that the higher the Downllgglink ratio is, the higher the percentage
change is, because of the larger resource bin wénelbles intra-frame “sleeping” for longer

periods.
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Fig. 19. Percentage change of the power consersiad the intra-frame scheme in relation to
the power conserved by the inter-frame power saviogsidering 1 MS and default frame
duration 5ms
Lastly, it needs to be noted that intra-frame emer-frame power saving schemes could be
easily and very effectively integrated. A stati@mde able of utilizing intra-frame power saving
when actively participating in data exchanges withiframe, while in the long run it can adopt
one of the intra-frame power saving classes depgndin the exchange pattern of the

communicated traffic. A hybrid scheme like that Wwblbe capable to optimize energy

conservation in a WiMAX network.

7. Conclusions

This paper presents a formal analysis of the iftaare energy conservation capabilities of
the widely known vertical SPA request mapping teghe for the IEEE 802.16e downlink sub-
frame. The MSs are enabled to transit to sleep mddEn being inactive, conserving this way
significant amounts of energy. The number of thailable sleep slots per downlink frame was
estimated via the introduced mathematical formuhe take into account the number of sub-
channels and slots, the downlink-to-uplink ratioe requested bandwidth, and the number of

participating MSs. The provided analytical solutaas then cross-validated via a MATLAB
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simulation program, which proved the soundnesshefgroposed analytic approach. The final
results revealed the available number of slee &totvarying network parameters and exhibited
notable power saving possibilities, especiallyha tase of low bandwidth demands. Moreover,
the analytical comparison with the inter-frame posaving has shown significant improvement
in energy conservation. Concerning our future plame intend to analyze the behavior of

various request mapping schemes under differeni-aialiensional frame structures.
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