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A muti-criteria vertical handoff system sensitigevarious mobile-terminals'
mobility parameters including distance and velocity a heterogeneous
wireless network is analytically formulated and ewaed via simulations. It is
targeted to estimate the essential handoff parametacluding outage

probability, residual capacity, signal to interferee and noise threshold ratio
and network access cost. In order to avoid the 4pogg effect in handoff, a
signal evolution prediction system is formulatedd aits performance is

examined. Moreover, the handoff scheme is triggasiuy an on line handoff-
initiation-time estimation model. When initiatede thandoff procedures begin
with network scoring procedures based on multidatie strategy which

results in selection of potentially promising netkvgparameters. Simulation
results are shown to track well the analytical fotation.

1. INTRODUCTION

For seamless wireless communications, integratfowiieless local area network
(WLAN) and third generation (3G) cellular networfGN), should be developed, in
order to achieve the targeted next generation @ssehetworks. These wireless access
networks (WANSs) are combined to provide a ubiqustanvironment of wireless
access for terminals equipped with multiple netwiotkrfaces, Fig. (1). When mobile
terminal (MT) transfers from one network to anothiéie quality of service (Qo0S)
offered by the network could be decreased undeéaiogoredefined level. This transfer
mechanism is known as vertical handoff (VHO). Aajrdeal of, previous, studies on
VHO are based on received signal strength (RSSyhith handoff decisions are
made by comparing the RSS with a preset threshalides [1-3]. Since RSS based
VHO is not a QoS aware scheme, it cannot providetter QoS to user to support
multimedia services [4-6]. Moreover, since the aghble data rate of a MT is function
of the received signal to interference and noise (8INR). Therefore, a SINR based
VHO is not expected to achieve maximum throughpod aninimum dropping
probabilities only, but also, it should lead to imgv a unified radio resource
management for the heterogeneous wireless netwdrks

2. LITERATURE SURVEY

Vertical Handover [8], is a mechanism in which us&intains connection when
switched from one WAN to another WAN technologyg(efrom WLAN to UMTS
and vice versa , Fig.1). In references [9, 10], [@drd, it is stated that VHO is different
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from the conventional horizontal handover whereil Moves from one base station
to another within the same network. In VHO, a s@s$ seamlessly handed over to a
new WAN in an interoperable region based on aripitewhich evaluates the signal
quality. The handover management procedures remaidely studied issue in the
case of heterogeneous network environment. Exanptasle the efforts provided by
different working groups such as IEEE 802.21 [1R];F MIP [13], or 3GPP standards
[14]. In particular, IEEE 802.21 supports a molu@etrolled handover (MCHO)
scheme with MIP as its mobility management protoetdwever, details of network
selection entity and the specifications of the lvaed policies that control handovers

are outside the scope of the 802.21.

. —
802.11 ¢

3 - Nohile

\ / UMTS

Fig. (1), Heter ogeneous Networ k Overlay

The objective of a VHO strategy is to guarantee @S variety of applications.
In general, the strategy can perform a complexsi@ticriterion that combines large
number of (QoS) metrics. The first VHO decision estie, that considered multiple
criteria policies, was proposed by [15]. It intradd a cost function to select the best
available WAN based on three policy parametersdaith, power consumption, and
cost. Reference [16] proposed also a multiservieO\Wecision algorithm based on
cost function. However, for more efficiency anditakinto account more criteria,
context-aware decision solution has inspired ththas in [17, 18], and [19]. In
reference [18], the authors designed a cross-layehitecture providing context-
awareness, smart handover, and mobility contral\W-WAN to WLAN environment.
They proposed a VHO decision, with a cost functiased solution, taking into
account network characteristics and higher levelapaters from transport and
application layers. References [17, 19], and [20F based on a multiple criteria
decision-making algorithm, analytic hierarchy prsxe(AHP). A more advanced
multiple criteria decision algorithms are presented[21], and [22], wherein the
authors applied the concept of fuzzy logic (FL)eYlemploy decision criteria such as
user preferences, link quality, cost, or QoS. Uljitenature review, mobility prediction
schemes in handoff procedure were found to be waifcal in the handoff
performance. The handoff procedure is typicallyeldasn the RSS from the base
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station. There exist several models, schemes ayatithims for handoff procedure
which is based on the RSS values as proposed jrRfd3and [25]. These published
methods are regularly based on hysteresis anchthicemethods.

In this paper, a comprehensive methodology for iltgiprediction based VHO
scheme is proposed. In this respect, the propodd® \algorithm considers the
received SINR as its handoff criterion. Moreovéd®re handover process is split into
number of stages: handover initiation decision Whitvolves the decision to which
point of attachment to execute the handover andnitisig. Next, radio link transfer
which is the task of forming links to the new poft attachment is based on the
estimation of a significant QoS metrics that isrskesatisfy the basic requirements of
a variety of applications.

This paper is organized as follows; section 3 pa#li the SINR based VHO
strategy. Section 4 presents a signal predictiodemtm predict future SINR evolution
and enhances the handoff process. In section b @f §%0S parameters necessary for
handover is analytically formulated. Section 6 preés a network selection scheme
with examples to validate its performance in Wi Wi MAX and UMTS networks.
The research work carried out in this paper is kmed in section 7.

3. SINR-BASD VERTICAL HANDOFF STRATEGY

In order to provide guaranteed QoS, the VHO atbgorimust be QoS aware.
Traditional received signal strength (RSS) basedica handoff algorithm cannot
achieve such QoS awareness [26, 27], and [28].eftne, we have considered the
SINR as handoff criteria similar to that proposed[29]. A SINR based vertical
handoff technique, according to Shannon's capémityula, states that, the maximum

achievable data raig 4 from WLAN (Access point, AP) anc g5 from WCDMA
(Base station, BS) can be represented by the iageBINR: v, and vgs,

Rip = W,p log, ( 1 #ﬁ) 1)
Ros = Wys log, 1+ ”i) )

whereW, , = 22MHz [30], andit’z: = 5 MHz [31] are carrier bandwidth of WLAN,

WCDMA, I, =3dB [32] andiz; = 12 dB [30] are channel coding loss factors. &inc

the data rates of both networks are different ettoee, to compare the SINR of the two
networks, the SINR of the source network must beveded to the SINR of the

destination. Thus, assuming the data rfigs, and Rz to be equal, the relationship
between the SINR of WCDMA and Wi-Fi can be obtdias given below:

Warp

¥es = Tgs( ( 1+ ﬁ)ﬁgg -1 (3)

The relationship in (3) makes the SINR based VH@gplicable method, in which
the receiving SINR from WCDMA is being convertedtbhe equivalenty ,p required
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to achieve the same data rate in WLAN, and compartédthe actual receiving SINR

from WLAN. Handoff is triggered when the user rees higher equivalent SINR

from another access network. This gives the vértiaadoff mechanism the ability to

make handoff decision with multimedia QoS consitiena such as the user maximum
downlink throughput and minimum probability of H@ogping.

4. SINR PREDICTION SCHEME FOR HETEROGENEOUS WIRELESS
NETWORKS

As previously mentioned, the achievable data réta MT is a function of the
received SINR, which is proportional to the diseretween access point (AP) (or
(BS)) to the mobile user and to the noise and atiirgerference levels. A significant
characteristic of the SINR is its high fluctuatioceused by user speed as well as the
effect of fading, shadowing attenuations. Such atems could cause some
unnecessary handoffs especially at cell boundaighenomenon referred to as ping-
pong effect. In the following we present a SINR lation-prediction model to be
adopted in the rest of this paper. The main tasthefprediction system is to extract
realistic governing laws of the SINR using avaitalbheasurements. This process is
known as the generation of the grey sequence [33],and [36]. In grey models, the
future values of a time series is predicted basdagl on a set of the most recent
measurements depending on the window size of thdiqior. Consider the following
time sequence :

X%=x%(1),x°(2), ..., X°(n), n =4 (4)

where X°, is a non-negative sequence and n is the sanze®bthe received data. To
obtain the predicted value of the data at time Jk#fte following formula is used :

xg(k+1) =(x%(1) — S) e 2K (1 — e%) (5)

(see Appendix for details and parameter definifipasd the predicted value of data at
a future time instant (k + H) is as follows :

Xk +H) =(x"(1) - S) ema3(RrHE-1) g _ o9 (6)

To demonstrate the efficiency of the proposed SinBdiction model, the actual
value X" and the forecasted valuﬁg,(k + H) are compared in the following

subsection.

4.1 Preliminary Simulations: Parameters and Modeling

The simulation study is underpinned by a seriesasgumptions that we shall
describe. A WLAN simulation model is developedshewn in Fig. (1). In this model,
MTs move from one cell to another with varying sgge€rlhe received signals from the
base stations are affected by two major factor joss and shadow fading.

Lig=PL+10qlog (d) +S (7
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where PL is constant power loss, g is path losemesmpt with values between 2 to 4, d
represents the distance between the MT and WLANsaAd S, represents shadow
fading which is modeled as Gaussian with mgafl and standard deviatias with
values between 6-12 dB depending on the environ{Béht

4.2 Simulation Results

The SINR received from AP is calculated at diff¢remobile speeds and is shown
in Fig. (2). In the simulation model, mobile speedse controlled using two
parametersAx and At representing, respectively, the difference oftadises,Ax,
travelled during fixed time intervalat. Figure (2), shows the relationship between
SINR and the "relative" (simulation) mobile speedsoss the WLAN coverage area
for speeds ranging from 1 km/h to 100 km/h.
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Fig.(2), Effect of Mobile (relative) Speed on SINR.

Of importance here to mention that, in real lifesteyns, a "calibration” based
formula should, initially, be defined via a set'pfactical" experiments to quantify the
relationship between the SINR measurements andacheal mobile speeds in real
wireless networks.

Basically, the mobile node measures SINR perioljicavery At - seconds, the
evolution of SINR can, then, be translated intogkelution of the "relative” distance
between mobile nodes and their base stations asisviHeir speeds.

As can be seen (Fig. (2)), SINR is significantipsitive to mobility of the users in
terms of their distances and speeds. Moreoveryidem characteristic of the SINR is
its significant fluctuations caused by fading ahddowing as well as by the speeds of
MTs.

Figure (3), compares the actual values of rece®BdR and the corresponding
prediction values. The simulation results show tiet grey model tracks well the
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evolution of the measured SINR data. A desirabsuie of the prediction results is
that it reveals the exact trends of the currentRsiheasurements.

5. SINR-BASED HANDOFF PARAMETERS FOR HETEROGENEOQOUS
WIRELESS NETWORKS

This section proposes different parameters that saen to be necessary and
sufficient for mobility management in VHO systeri$ie objective is to provide the
proper information required to offer a seamlessdbaar services for the end users.
First, we show how to decide and when to performO/I$econd, the results of the
proposed VHO protocol are presented. The two phasebnplemented via simulation
models including 802.11, 802.16 and UMTS techn@sgleveloped for this purpose.

5.1 Vertical Handoff Triggering-Time Estimation Model

In a heterogeneous network environment, the pinmgypedfect occurs if factors for
the VHO decision are changing rapidly (see Fig), (@hd MT performs handover as
soon as it detects the better AP/BS [10]. A dwelket scheme has been used to avoid
such ping-pong effect [37], [38]. It starts to warken the vertical handover condition
is first satisfied. If the VHO condition persistarthg the dwell time, the MT performs
vertical handover to the target BS/AP after the Ittimer is expired. Otherwise, the
MT resets the dwell timer [39]. Consequently, th@ Moes not execute premature
vertical handover until the target BS/AP becomedblst However, ping-pong effect
can occur if the speed of the MT is relatively haghits moving direction is irregular.

asing Relative Speed Direction

SINR. dB
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Fig.(3), SINR Prediction




A COMPREHENSIVE APPROACH TO VERTICAL HANDOFF IN ...

In this paper, we propose a disconnection (bredkinge estimation scheme
1 i}: - . -
wherein an estimate for the mobile's speiéd, = llmicﬁDT , IS obtained, withx

and At designate the differences of distances travellad time intervals respectively.
Then an estimate of the disconnection time is folassically, the MT measures SINR
periodically every n second(s). With the predictrondel (section 4) integrated in the
present (VHO timing) model, the SINR variations amoothed out. Then, the
evolution of SINR is translated into the evolutiointhe relative distance between MT
and the base station. Hence, the relative speediacdnnection time are estimated as
follows. Since

SINR (dB) = A-B * log 10 (distance) (8)

with the coefficients A and B vary according to frequency of emitting signal then,
H—SINR) H—SINRi-1]

V=(10 = — 10 B }/n 9

where, SNR(i) is the current measurement and SWR&-the previous one. Clearly, V
> 0, means the MT is moving away from the AP, V dnficates that the MT is
moving towards the AP. Note that, this equivalgrgexl does not represent the real
speed of the mobile node. Once again, a calibrddonula should be used to match
the measurements with real life situations. NownfrShannon's capacity formula, we

can define SINR thresholdy; ., as the critical threshold under which wireless
communications cannot be supported anymore,

R
Yenr = SINRyp, =Tap (Eﬁ B j‘)’ (10)

where R, W are, respectively, the user data ratettan channel bandwidth. Then, we
can estimate the relative timig[..;.) when the mobile node will get disconnected
according to its current relative position and pesispeed estimate,

K—Vihr H— SINRI)
10 B - 10 B )

TB]'EE'.{ =" T . (11)

From Equs. (9) and (11), we have:
K-Venr  K=SINR(
(10" 8 -100 8 )
Threak =N* — ST ESRG-1) (12)
(100 8 - 10 E ]

Equation (12) allows estimating the future signatiation and, hence, the MT's
mobility evolution. Then, it can deduce as whenkheis about to migrate out of the
current wireless coverage. Based on the predictioa, MT is able to decide on
triggering the VHO procedures but at the right time

Figure (4), shows the simulation results for thecdnnection-time estimation
technique (Equ.12). As can be seen, due to estifhattuations, it is relatively
difficult to decide on the exact time to triggee thandoff procedure. This is where the
prediction scheme comes into play in order to defive exact VHO timing. Figure (5),
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depicts the results of using the prediction scheksecan be seen, knowing the "cross-
over time", the MT can decide on ‘triggering’ (ializing) the handoff procedure so
that it avoids unnecessary handoffs caused by itréfisant uncertainties seen in

Fig.(4).
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5.2 Outage Probability Estimation Model

In wireless environment, network throughput shdmdkept above a target value
and, therefore, packet delay can also be kept belotarget value for a certain
application class. This has been, traditionallyarabterized by the SINR values.
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However, guaranteeing SINRs of all applicationalatime instances may result in
low network utilization especially for bursty traff Therefore, in this paper, beside
the SINR, we use another QoS metric, namely, tiNRSIutage probability. That is,
instead of guaranteeing the SINR at all the time, can guarantee that the SINR
outage probability is below some target value.He following we derive the SINR
outage probability.

In general, the propagation attenuation for a wdea distance r from the base
station is modeled [40] as:

alr,€) = r* 105/10, (13)

whereu is the power of the distance r, afids the dB attenuation due to log-normal
shadowing with zero mean and standard deviasiolsuppose that we impose the
requirement that the link achieves at least thefopmance of un-shadowed
propagation for all but a fractiorE, ., of the time which is denoted the outage
probability. This means that the desired perforreawdl be achieved whenever the
shadowing attenuation; = y wherey here designates the SINR. Hence, the outage

probability, or the fraction of time wherein therfsemance is not achieved is,

—["e™? di =Q(H (14)

V2T

Pu:uucz PI[E = 1-"'] =

where Q(.) designates the complement error funckayure (6), shows the simulation
results of the outage probability at different kiamas and speeds within the coverage
area of 802.11. The prediction mechanism (sectjois,4again, integrated within the
outage probability estimation model in order to ethoout the probability results. As
can be seen, the outage probability estimate shkodesirable sensitivity to mobile's
speed as well as its relative location in the cagerarea of the AP. This reveals the
fact that our estimation scheme will play an impnottrole in making efficient handoff
decision as will be seen later.
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Fig.(6), Outage prabability predictian.
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5.3 Residual Capacity Estimation Model

In VHO, users seek for maximum available bandwidtbm the integrated
heterogeneous networks especially for multimedraises. In this paper, MT keeps

measuring received SINR for Wi Fi, Wi MAX and UMT&onducting they ,p, Vgs

and vy;ax cConversions (section 3). The handoff strategyt(rsection), allocates

users with low bandwidth requirements to netwonsnoized for a particular data rate
and service provisioning and, hence, leaves higtedpconnections free for users
requiring high QoSs. In [41], the concept of resldcapacity was introduced as the
additional number of calls a base station can dcnegh that the system wide outage
probability will be guaranteed to remain below aa&e level. The residual capacity is
dynamically updated at each cell according to ti¢éRSmeasurements. The residual
capacity is defined as follows,

1 1
Crsa = [smﬂtt,  SINRy (15)

whereSINR, ;. andSINR . are the minimum SINR required to support the iserv
rate and the actual SINR received , respectiveélis Envisaged that a SINR- based
C,<4 Will play an important role in the handoff stragggroposed in this paper.
Figure(7), depicts the simulation/prediction resufor the residual capacity
estimation scheme. Here, the estimator and predititains theC,..; estimates of all

neighboring networks and decide as to which netvitogkould hands off. As can be
seen, the residual capacity prediction follows wék simulation results. In the
following section we present our handoff strategy.
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6. VERTICAL HANDOVER STRATEGY

This section proposes a mobility management stydtmgntegrated heterogeneous
wireless networks. The objective is to guarante® @o a variety of applications with
different QoS requirements. In general, the stsaten perform a complex decision
criterion that combines large number of (QoS) patans including (in our case),
outage probabilities, residual capacities, SINRshplds in addition to network access
costs if necessary. Selection of potential netv&)rk(ll be based on a network scoring
scheme that will be presented later. But, for ntwe, handoff process is seen to be
composed of three phases: network discovery, hétwgdering/initiation decision
and handoff execution. In the following, the netkdiscovery and handoff initiation
phases are presented.

6.1 Handoff initiation/triggering decision

The simplest way for a multiple interfaces MT tecativer reachable wireless
networks is to keep all air-interfaces ON at allds. However, keeping an air interface
active all the time consumes battery power and Wwatid even when the MT is not
sending or receiving any packets. The handoff detisefers to the process of
deciding on the right moment when to perform thedudf. It is, thus, critical to avoid
keeping idle air interfaces perpetually ON. Moregpwe order to avoid the ping-pong
effect, MTs must observe if the neighboring netwsyks consistently better than the
current one before initiating handoff.
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Fig.(8), SINR monitoring: threshold at handoff time.

Primarily, the SINR is monitored and used in futeslution prediction for the
attached AP and neighboring networks. An exampkhawvn in Figures (8) and (9).

Note that in Fig. (8), the SINR monitore8INR,;.,;. represents the difference
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between the observed SINR and that required tcsfgathe user's application

requirements (equation (16) below), assuming thatMT is currently covered under

the 802.11, and is migrating to either 802.16 orT8The same scenario applies for
the outage probability depicted in Fig. (9).

SINR}‘[D]U’ = ESINRA?.-::.-'.' SINREﬁT) (16)

Next, the handover decision function comes intg flee section 5.1), where it
helps estimating the "cross-over" moment (see %)p.(n order to trigger VHO
procedures by starting the network scoring schedence, selection of the most
promising network is carried out. In the followintpe network scoring scheme is
presented.
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Fig.(9), Outage probability monitoring at handoff time.

QOutage probability

6.2 Network Scoring
In VHO, we are faced with multiple QoS-criteriag¢SINR y;ons0 P

out Crsg in
our case, in addition to network access costshdurandover decision making, we can
no longer easily rank the candidate networks adegrth our preference on a single
criterion. In such cases, different criteria haee be combined and scaled in a
meaningful way. In addition, various criteria iretlecision process may oppose to
each other. For example, when the desirable Qa8dses, it may require undesirable
increase in the price. Thus, trade-offs are sonestimequired. The following is a

working example based on the results we have piedao far:

Example:

Suppose a user has to make decision among threkdatn networks: 802.11,
802.16 and UMTS. The decision problem can be espre# the decision matrix D
(Table 1.A), where the predicted measurements ch ezndidate networks are
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out Cregr SINH 5., andCost respectively Moreover, suppose the user

has two running applications: Voice and Data. Thefgzence (weight) on handover
criteria is modeled as weights assigned by the, @seshown in Table (1.B). Now, all
elements in the decision matrix, D, must be in mgarable scale. That is, if the QoS
criterion is benefit, i.e. the larger, the bettg comparable scale is obtained using the
weighting rule given by Equ.(17), and, clearly, E(L8B), is applicable for cost criteria.
The weighed matrix is obtained using equations, (), is given by Table (1.C).

presentedP,

Table (1.A): Decision matrix

Network | D: Decision Matrix: Monitored/Predicted Network Parameters
Technology Pt Crca SINR jomi Cost
802.11 6.527380E-01 8.795717E-01 29.196250 6.000000
802.16 2.409183E-01 3.886717E-01 14.336600 8.000000
UMTS 1.958555E-01| 1.313916E-01 3.338140 10.000000
Vi = X5 /x0T vi,i, for beneficial criteria (17)
Vi = xmin /%3 v i,i, for cost criteria (18)

Table (1.B): User preference

P: Normalized User/Application Preferences
Pout Crsd SINE yyom; Cost

Voice 4.092000E-01| 2.270000E-01| 3.182000E-01| 4.550000E-02
Data 4.550000E-02] 2.270000E-01| 3.182000E-01| 4.092000E-01

Service

Table (1.C): Scaled matrix

Networ k DS: Scaled Matrix: Monitored/Predicted Network Parameters
Technology Pout Crsg SINR 1 oni Cost
802.11 3.000523E-01 1.000000 1.000000 1.000000

802.16 8.129541E-01  3.886717E-01 14.336600 7.500000
UMTS 1.493813E-01] 1.313916E-0f 3.338140 6.00000DE

0

Now, the weighted average valuesnefwork scores with respect to voice and data
applications can be obtained as follows:

Network score = DS* PT

where T signifies transpose. The results are getable (1.D) below. As can be seen
(table 1.D), with such a simple, straight forwaedwiork scoring procedures, the Wi Fi
is having the highest score for both voice and datalications. In the next example,
Table (2), we repeat the network scoring but foasaeements taken at a distance of
about 80 meter from the AP, with the same useepzates.



Prof. Gamal Abdel Fadeel Mohammed

Table (1.D): Network scores

Networ k Network Scor es

Technology Voice Application Data Application
802.11 7.134814E-01 9.680524E-01
802.16 6.233439E-01 6.004476E-01
UMTS 5.067908E-01 3.613108E-01

Table (2.A): Decision matrix

Networ k D: Decision Matrix: Monitored/Predicted Network Parameters
Technology Pout Crsg SINR 1 oni Cost
802.11 7.807536E-01 2.827938 8.335805 6.000000
802.16 2.004737E-01 3.801629 22.529620 8.0000p0
UMTS 1.860872E-01 7.452947 5.603825 10.000000
Table (2.B): User preference
_ P: Normalized User/Application Preferences
Service .
Pu:u ut 'Cr_:d SIN R.‘v!an: Cost
Voice 4.092000E-01| 2.270000E-01| 3.182000E-01| 4.550000E-07
Data 4.550000E-02| 2.270000E-01| 3.182000E-01| 4.092000E-01

Table (2.C): Scaled matrix

D: Scaled Matrix: Monitored/Predicted Network Parameters

Network
Technology Pour Crsg SINR o Cost

802.11 2.383430E-01  3.794389E-Q1 3.69993E-01 1@W00
802.16 9.282390E-01  5.100840E-Q1 1.000000 7.500000E
UMTS 1.000000 1.000000 2.487314E-01  6.000000E

01

Table (2.D): Network scores

Networ k Network Scores
Technology Voice Application Data Application
802.11 3.468944E-01 6.239091E-01
802.16 8.479494E-01 7.831240E-01
UMTS 7.426463E-01 5.791664E-01

As can be seen, Table (2.D), in this case, the ar&tacoring scheme indicates that
the user should migrates to the Wi MAX network =alégive but at due time as

explained in Fig. (5).
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7. SUMMARY AND CONCLUSIONS

In this paper, vertical handoff procedure in locatiand speed -aware (via
estimation) in heterogeneous wireless access nletigobeing proposed. A muti-
criteria vertical handoff algorithm sensitive torieas mobility and QoS parameters is
analytically formulated and examined via simulasioit is targeted to estimate and
predict the handoff metrics including outage prolish residual capacity, signal to
interference and noise ratio threshold as wellas/ork access cost. In order to avoid
the ping-pong effect, a signal evolution predictispstem is formulated and its
performance is examined. The handoff scheme igdreg using an on line handoff-
initiation-time estimation model. The handoff prduees begin with network scoring
process based on multi-attributes strategy whicdulte in selection of the most
potential network. Simulation results are shown ttack well the analytical
formulations.

APPENDEX

Consider a time sequend? that denotes the raw of positive data measurements
[42],

X%= (X°(1),X%(2), .., X%(n)), n =4 (A.1)

the following, accumulating sequend&!’, is obtained:

X = [K{i'.'[ll}{':i:'[z),... e (n)), n =4 (A.2)
where,
XY (k) =ZE, X0(1), k=1, 2,3n (A.3)

and, the mean sequen@e, is generated,

Z'= (2*(1),2%(2),2*(3), ... 2%(n)) (A.4)
where Z }(K) is the mean sequence such that,

Zl(n) = 0.5 (X'V (k) + X"V(k—1)) k=1,2,3...n (A.5)

Then, the least square estimate sequence of thedifference equation, G(t), is
defined,

r1 e

G(t)= d +aXli(t)=bh (A.6)

where, in the above,[ a,b ]T is a sequence of parameters that can be found as
follows:

[a b]'™=(BTB)'BTY,

where YAx%(1),x%(2),...., X%(n)]" and,
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—Z1(2) 17
—z1(3) 1
B=
[—z1 (n) 1!
The solution of Equ. (A. 6) at time K is, thereforgiven by,
] — o b —ak a
Kg(k+1)—[K [1)—;):& (1—e®) (A.7)
and the predicted value of data at a future time K§ is,
] — vl By —alk+H-1) a
Kg(k+H)-[K [lj—gje SEHEL(] — e9) (A.8)
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