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Abstract We show that delay impulsive systems are a natural frameteankodel
wired and wireless NCSs with variable sampling intervald drlays as well as
packet dropouts. Then, we employ discontinuous Lyapunogtfanals to charac-
terize admissible sampling intervals and delays such thadreential stability of
NCS is guaranteed. These results allow us to determinermqgants needed to es-
tablish exponential stability, which is the most basic @yalf Performance (QoP)
required by the application layer. Then we focus on the dguesif whether or not
the Quality of Service (QoS) provided by the wireless nelwsuffices to fulfil the
required QoP. To answer this question we employ results feahtime scheduling
and provide a set of conditions under which the desired Qofeachieved.

1 Introduction

Network Control Systems (NC3s§ spatially distributed systems in which the com-
munication between sensors, actuators, and controllemgred¢hrough a shared
band-limited digital communication network, as shown ig.FL. There are two
types of NCSs in terms of medium used at the physical layeedvand wireless.
Wired NCSs have been used widely in automotive and aerospduastry [14] to
reduce weight and cost, increase reliability and conniggtivarticularly drive-by-
wire and fly-by-wire systems have shown a high penetratitsinethese industries.
In wireless NCSs, the communication relies on the wireleshriology and it has
been finding applications in a broad range of areas that irctwitiis difficult or
expensive to install wire, such as mobile sensor networks HVAC systems [1],
automated highway and unmanned aerial vehicles [18].

In both the wired and wireless domains, use of a shared nletwior contrast
to using several dedicated independent connections—dintes new challenges to
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Fig. 1 General NCS architecture.

NCSs [7]. However, the reduced channel reliability andt@dibandwidth that char-
acterize the wireless domain require special care. In taepwe mainly focus on
wireless NCSs, although most of the results presented soeapbplicable to wired
NCSs. Traditional control theory assumes the feedbacktddia accurate, timely,
and lossless. These assumptions do not hold for wireless @& the following

factors have to be considered:

Sampling and Delay. To transmit a continuous-time signal over a network, the
signal must be sampled, encoded in a digital format, trathsdhover the network,
and finally the data must be decoded at the receiver sidepfdigss is significantly
different from the usual periodic sampling in digital cantrThe overalldelaybe-
tween sampling and eventual decoding at the receiver caigbly kariable because
both the network access delays (i.e., the time it takes foaeesl network to accept
data) and the transmission delays (i.e., the time duringhvtiata are in transit in-
side the network) depend on highly variable network condgisuch as congestion
and channel quality. In some NCSs, the data transmittedragedtamped, which
means that the receiver may have an estimate of the delasg¢ialu and take ap-
propriate corrective action.

Packet dropout. Another significant difference between NCSs and standard di
ital control is the possibility that data may be lost whiletiansit through the net-
work. Typically,packet dropoutsesult from transmission errors in physical network
links (which is far more common in wireless than in wired netks) or from buffer
overflows due to congestion. Long transmission delays somstresult in packet
re-ordering, which essentially amounts to a packet droffdbe receiver discards
“outdated” arrivals.

Systems architecture. Fig. 1 shows the general architecture of an NCS. In this
figure, theencoderblocks map measurements into streams of “symbols” that can
be transmitted across the network. Encoders serve two pespthey decidehen
to sample a continuous-time signal for transmissionwahdtto send through the
network. Conversely, thdecoderblocks perform the task of mapping the streams
of symbols received from the network into continuous adétmegignals. One could
also include in Fig. 1 encoding/decoding blocks to mediagedontrollers’ access
to the network. Throughout this paper the encoder is sim@grapler and the de-
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Fig. 2 Single-loop NCS.

coder is a hold. However, in Section 3.1.3 we will consideremnspphisticated en-
coder/decoder pairs.

Most of the research on NCSs considers structures simgarttte general one
depicted in Fig. 1. For example, some controllers may becatkd (and therefore
can communicate directly) with the corresponding actsatlbris also often com-
mon to consider a single feedback loop as in Fig. 2. Althouggtsierably simpler
than the system shown in Fig. 1, this architecture still gggst many important char-
acteristics of NCSs such as bandwidth limitations, vagaimmmunication delays,
and packet dropouts. In this paper we only consider lineantpland controller;
however, some of the results can be extended to nonlinemnsg$11].

In Sections 2 and 3, we show that delay impulsive systemsigecw natural
framework to model (wireless) NCSs with variable samplimgivals and delays as
well as packet dropouts. Then, we employ discontinuous Wwyap functionals to
derive a condition that can be used to guarantee stabilithetlosed-loop NCS.
This condition is expressed in the form of a set of LMIs that ba solved numer-
ically using software packages such as MATLAB. By solvingstl LMIs, one can
characterize admissible sampling intervals and delays/ffiich exponential stabil-
ity of the NCS is guaranteed.

From a networking perspective, the NCS is implemented usiagisual layered
architecture shown in Fig. 3 [10]. From this perspective, goal is to determine
under what conditions the network can provide stabilizgtwhich is the most basic
form of Quality of Performance (QoP). In essence, the stalibnditions place
requirements on the Quality of Service (QoS) that the lowgeils need to provide
to the application layer to obtain the desired QoP.

Section 4 is focused precisely on determining conditiordeinwhich the net-
work provides a level of QoS that permits the desired apfitindayer QoP. We re-
view different real-time scheduling policies and identifg ones implementable on
wireless NCSs. Among the discussed policies, the mostat#siis Earliest Dead-
line First (EDF) because it has the advantage of being a digralgorithm that can
adapt to changes in the wireless network. For EDF scheduwliagprovide a set of
conditions, often known as scheduling tests in real-tinegdture, that when satis-
fied, ensures the desired QoS of wireless NCS. Finally ini@eétwe address the
question of how to implement EDF scheduling policy on LANeléss NCSs.
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Fig. 3 Layered view of Wireless NCS.

Notation We denote the transpose of a mateiky P’. We writeP > 0 (orP < 0)
whenP is a symmetric positive (or negative) definite matrix and wigena symmet-
ric matrix [ 5 &] as[4 &]. We denote the limit from below of a signe(t) by x~ (t),
i.e.,x” (t) :=lim¢ (7). Given an interval C R, B(I,R") denotes the space of real
functions froml to R" with norm||@|| := sugg, |@(t)|,® € B(I,R") where|.| de-
notes any one of the equivalent norm&h x denotes the function : [-r,0] — R"

defined byx (8) = x(t + 0), andr is a fixed positive constant.

1.1 Related Work

To reduce network traffic in NCSs, significant work has beevotisl to finding
maximum allowable transmission intervahat, that are not overly conservative
(see [7] and references therein). First we review the relatek in which there is no
delay in the control loop. In [21umaT! is computed for linear and nonlinear systems
with Round-Robin (static) or Try-Once-Discard (TOD) (dymia) protocols. Nesic
etal.[15, 16] study the input-output stability propertiésionlinear NCSs based on
a small gain theorem to fintdyat) for NCSs. [6, 13, 24] consider linear NCSs and
formulate the problem of findingyat by solving LMIs. In the presence of variable
delays in the control loop, [5, 12, 25] show that for a giverndo boundr,i, on the
delay in the control loop, stability can be guaranteed farss Iconservativeyar)
than in the absence of the lower bound.

Ye et al. [23] introduced prioritized Carrier Sense Mukiplccess with Collision
Avoidance (CSMA/CA) for mixed wireless traffic, in which serof the network ca-
pacity is devoted to real time control and monitoring. Theydaduced and validated
several new algorithms for dynamically scheduling theficaff wireless NCSs. We
use similar MAC protocol for the wireless network (more psety wireless LAN
networks). Liu and Goldsmith [10] presented a cross laydesign of network and
distributed controllers and addressed the tradeoff betwemmunication and con-
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Fig. 4 An abstract system with delay whereu(t) = x(s¢) fort € [sq+ Tk, Ski1 + Tkr1)

troller performance. The designed controller is robust adaptive to the commu-
nication faults such as random delays and packet lossekg thiei network should
be designed with the goal of optimizing the end-to-end aimterformance. Tab-
bara et al. [19] defined the notion of persistently excitinlgexiuling protocols and
showed that it is a natural property to demand, especiatl{himdesign of wireless
NCSs. Xia et al. [22] developed a cross layer adaptive fegddbeheduling scheme
to codesign control and wireless communications. The astiientified that the
Deadline Miss Ratio (DMR) is an important factor to detereiihe sampling inter-
vals. Consequently, the authors proposed a sampling #igothat is the minimum
of a function of DMR and maximum sampling period.

2 Delay Impulsive Systems. A Model For NCSs With Variable
Sampling And Delay, SISO Case

Consider the system depicted in Fig. 4. The LTI process hésta space model of
the formxX(t) = AX(t) + Bu(t), wherex, u are the state and input of the process. At
the sampling timey, k € N the process statg(sy) is sent to update the process input
to be used as soon as it arrives and it should be kept consttinthe next control
command update. We denote tkeh input update timéy t,, which is the time
instant at which th&-th sample arrives at the destination. In particular, diegdiy

17 the total delay that thieth sample experiences in the loop, thgn= s¢+ 1«. The
resulting closed-loop system can be written as

X(t) = AX(t) +BX(s0),  te€[Sc+ Tk Sep1+ Tky1) KEN, (1)

We write the resulting closed-loop system (1) as an impalsistem of the form

E(t) =FE&), t £t vke N (2a)

E(to) = {X (tk)} , t—t, Wk €N, (2b)
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where
B ]

The overall state of the systeénis composed of the process stateand thehold
state zwherez(t) := X(), t € [tk,tkr1)-

2.1 NCSs Modeled By I mpulsive Systems

Equations (2) or (1) can be used to model NCSs in which a lipkart Xy (t) =
ApXp(t) + Bpup(t) wherexp € R",up, € R™ are the state and the input of the plant
respectively, is in feedback with a static feedback g&inAt time s, k € N the
plant’s statex(s), is sent to the controller and the control comm#hds) is sent
back to the plant to be used as soon as it arrives and it sheutdiit constant until
the next control command update. In particular, denotingiye total delay that
the k-th sample experiences in the loop, thgn= s+ 1x. Then the closed-loop
system can be written as (2) wixh= xp, A:= Ap, B:= BpK.

Remark 1 Note that we only index the samples that reach the destmatibich en-
ables us to capture sample drops [24]. Consequently, etba gampling intervals
are constant, because of the sample drops the closed-loajdsttill be seen as a
system with variable sampling intervals.

2.2 Exponential Stability Of SISO NCSs

In this section we provide conditions in terms of LMIs to gastee exponential
stability of the linear delay impulsive system in (2) whicldels the NCS described
in section 2.1. The system (2) is said to be (globally unifigiraxponentially stable
over a given set of sampling-delay sequences, if there exist > 0 such that
for every({s}, {1}) € 7 and every initial conditiom, the solution to (2) satisfies
[X(1)] < cllxq|le ), vt > 1o,

In this paper, we are mostly interested in clagsf admissible sampling-delay
sequences characterized by three parameters: The maximenvai of timetyar)
between a signal is sampled and flolowing sample arrives at the destination;
the minimum delayrmin; and the maximum delaymax. Specifically, to be consis-
tent with the results in [12], [25], and [5] we characteribe Bidmissible set” of
sampling-delay sequencé&s}, {1k }) such that

Skr1t+ Tkrl — S < TMATI, Tin < Tk < Tmax- (3
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Although we adopt the above characterization, (3) is not ao@avenient form to
provide the sampling rule. Another characterization is aleissible set” of
sampling-delay sequencé&s}, {1k }) such that

Sk+1— S < Ymax Tmin < Tk < Tmax, 4)

which provides an explicit bound on the sampling intervésate that if any
sampling-delay sequence belongs#g it necessarily belongs t¢” provided that

Ymax -= TMATI — Tmax-
The following theorem was proved in [11] based on the Lyamfoactional

t
V= x’Px+/t  (prmax—t -9 (SRuk(3)dst
Jt—p1

it 't
/t (Pzmax—t+ K (IRA(SAST [ (Tin —t+ X (SRak(5)ds
Ji—=p2 JT—=Tmin
't

| / I p1max—t + 9K (SRA(SASH (PLmax— Trin) / X (s)Rax(s)dst

t—p1 Jt—Tmin

[ X(92x95+ (oamas— pr) (WX (- w), )

t—Tmin
with P, X,Z R;,i = 1,..,4 positive definite matrices and

w(t) := X(ty), p1(t) ==t —s, p2(t) =t —t, t<t<tyi1, (6)
P1rmax:= SUppa(t), P2max:= SUPP2(t). (7)
t>0 t>0

Theorem 1. The system (2) is exponentially stable ovérdefined by(3), if there
exist positive definite matricesX® Z,R;,i = 1,..,4 and (not necessarily symmetric)
matrices Ni = 1,..,4 that satisfy the following LMIs:

M1+TmaTI(M2+M3) TmaN1  TminN3

# ~TmaRy O <0, (8a)
* * —TminR3
M1+TmaTIM2 TmaN1  TminNs  TmaTi(N1+N2)  TmMaTINg
¥ TmaRL O 0
* * —TminR3 0 0 < O, (8b)
* * * —TmaT1(R1+R2) 0
* * * * —TmaTIRg

where

ottt frarsme [} o
Lg]z[g]/—r\llp -100]— [Igl} N7 —Nz[10-10]— Hl] Ny —N3[1 00 1]
0

[ -
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_ _ | _
M> ZZF/(Rl—I—Rz-i- Ry)F, M3 = [O|] XF+F/X[I 0 -l 0].
0

with F:=[ABO0O]. O

If the LMIs in (8) are feasible for givemyar, Tmin, @aNd Tmax, then there exists
adz > 0 such thatd% < —dg|x(t)|?. It is straightforward to show that the Lya-
punov functional (5) satisfies the remaining conditions bédrem 15 in [11] that
provides sufficient conditions for exponential stabilifydelay impulsive systems.
Hence the NCS modeled by the delay impulsive system (2) abédlly uniformly)
exponentially stable ove? given by (3).

When the load in the network is low and the computation detagssmall, the
total end-to-end delay in the loop is dominated by transimisand propagation
delays which can be small. This motivates a closer exanoinati the casamin =
0, which is the subject of the following result. The condian the theorem that
follows can be derived from the conditions in Theorem 1 fer¢hse whempj, — 0
or they can be directly derived employing the following Lyapv functional

V = XPx+ /t (PLmax—t + )X (S)RyX(s)ds+
t—p1
t
/FPZ(pZmax—t+s>%<s>RZX<s>ds+ (P1max—P1) (X— W)X (X~ W).

Theorem 2. The system (2) is exponentially stable ov&r defined by(3) with
Tmin = O, if there exist positive definite matricesX?Ry, R, and (not necessarily
symmetric) matrices AN, that satisfy the following LMIs:

M1 +TmaT1(M2+M3)  TmaxNy
|: * —TmaxRy <0, (ga)
M1+TmaTIM2 TmaxN1  TmaTI(NL+Np)

* —TmaxRy 0 <0, (9b)

* *  —TIvaTi(Ri+Re)

where

|\/|12:F_I[P00]—|—[ }F_— ,‘I’JX[H/_Nl[' ~10]— H}Ni

[e]=hv]

—Na[1o-1]— L(I)J Ny
Mz :=F'(Ry + Rz + Ru)F,
Mgiz{é})(l:_-i-l:_/)([lofl]. (20)

with F := [A BO]. O
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Fig. 5 Fig. 5(a) shows the plot afyat| versustmin for Tmax €qual to 0.2,.4,.6,1 based on The-
orem 1. The dashed line is the same as the one in Fig.5(b)5@pshows the plotyar versus
Tmin Where Tmax = Tmin from [12] ('+') and [25] ('x"), the worse case whergnax = TvaTi (')
and the best case whergax = Tmin ('0’) from Theorem 1.

2.3 Example

Consider the state space plant model

Xl o 0 1 X1 T 0 u
Xz ~|0-01 X2 01| ™
with state feedback gaik = — [3.75 115], for which we have

01 0
A= [0 _0'1], B=— [0.1} x [3.75 115].

[2]. By checking the conditioreig([] §] &™) < 0 on a tight grid ofh, we can
show that the closed-loop system remains stable forcamgtantsampling inter-
val smaller than I7, and becomes unstable for larger constant sampling adterv
On the other hand, when the sampling interval approaches tter system is es-
sentially described by a Delay Differential Equation (DDdf)d we can find the
maximum constant delay for which stability is guaranteeddmking at the roots
of the characteristic function dst — A— Be ). Using the Pade approximation

e S = iigﬁ to compute the determinant polynomial, we conclude by thatiiRo
Hurwitz test that the system is stable for any constant detagller than 36. Com-
paring these numbers with the maximum variable sampliregwat 11137 and the
maximum variable delay.Q744 both obtained using Theorem 1 (see below) reveals
that this result is not very conservative.

No-delay and variable sampling. When there is no delay but the sampling in-
tervals are variablenyar) determines an upper bound on the variable sampling in-

tervalssc,1 — . The upper bound given by [6, 12, 24] (whegi, = 0) is 0.8696
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e
th yi(t)
Xx=Ax+Bu :
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y=Cx
Um Ym(t)
Sampler
Delay 1}

Fig. 6 MIMO system with variable sampling intervals and delays wehg(t) = yi(s,) for t €
[t t 1), Vi € {1,-- -, m} wheret; :=§ + 1.

which is improved to 8871 in [25]. Theorem 1 and [13] gives the upper bound
equal to 11137.

Variable-delay and sampling. Fig. 5(a) shows the value af;a1, obtained from
Theorem 1, as a function af,;, for different values offimax. The dashed curves in
Fig. 5(a) and Fig. 5(b) are the same and correspond to of thederyar) for dif-
ferent values ofmax. Fig. 5(b) showsyar| versustmin where the results from [12],
[25] are shown by, x respectively. The values afyat| given by [5] lie between
the “+” and “x” in Fig. 5(b) and we do not show them. In Theoremtgar) is a
function of Tmin andtnax. To be able to compare our result to the others we consider
two values fortmax and we obtaimyat; as a function offyin based on Theorem 1.
First we considermax = Tmin, Which is the case that the delay is constant and equal
to the value oftyin. The largestyat for a giventyn provided by Theorem 1 is
shown using an “0” in Fig. 5(b). The second case is whg = TwaT), Which is the
case where there can be very large delays in the loop in casopao the sampling
intervals. The largesiyar) for a giventm, for this case provided by Theorem 1 is
shown using al@” in Fig. 5(b). One can observe that when the delays in therobnt
loop are small, our method shows a good improvement in cosgrato the other
results in the literature.

3 Delay Impulsive Systems: A Model For NCSs With Variable
Sampling And Delay, MIMO Case

We now consider the MIMO system depicted in Fig. 6. The ingupartitioned
asu:= [u - uy) whereu € R% i € {1,---.m} and ¥, gi = q and the output
is partitioned similarly withy := [v; - vi)" wherey; € R% i € {1,---,m}. Attime

So i€ {1,---,m},k € N thei—th output of the systeny;(t) is sampled ang;(s,)
is sent through the network to updatg to be used as soon as it arrives until the
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next update arrives. The total delay in the control loop thatk-th sample ofy;
experiences is denoted iy whereTimin < T < Timax, Yk € N,i € {1,---,m}. We
definet, := s + 1, which is the time instant that the value ofis updated. The
overall system can be written as an impulsive system of tha fo

E(t) =F&(), t#t, VkeNie {1, m} (11a)
[ 6]
7 (4)
=1 : |, t=ti,vke N,ie {1,---,m}, 11b
& (t) W) K { } (11b)
Zm(tl) |
where
7 (t)
F = {A B] Et) = [T@.], 2(t) :l : ]
z(t) .
00 Zm(t)

so we haveg (t) == yi(s,).t € [th,th, 1)

3.1 NCSs Modeled By MIMO System (11)

The impulsive system (11) can be used to represent theldit#éd sensors/actuators
configurations shown in Figs. 7 and 8. We now consider an Ll

Xp(t) = ApXp(t) + Bpup(t), Yp(t) = CpXp(t), (12)

wherexp € R™, up 1= [Uy; ~ Upm, ] € R, andyp := [Ve1  Yorp ] € R™ are the state,
input and output of the plant and matrices, respectivelyimhe §K,i e{1,---,mp},
sensori sendsypi(s,) to the controller, which arrives at the destination at time
t,. When a new measurement of the senisarrives at the controller side, the
corresponding value at the hold block, is updated and held constant until an-
other measurement of the sensarrives (all other hold values remain unchanged
when the value of holdis updated). Hencegi(t) = 7 (t) = ypi(s\), t € [t},t.) for
Vie{l,---,mp}. An output feedback controller (or a state feedback coletralises
the measurements to construct the control signal. Thealterthas the state space
of the form

Xe(t) = AcXc(t) + Beu(t), Ye(t) = CeXc(t) + Delic(t), (13)
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Fig. 7 One channel NCSs with the plant (12) and the controller (13).

wherex, € R™, Ug := [y - Ump ] € R™. Yo 1= [y  Yeme | € R™*1 € R™e*1 gre the
state, input and output of the controller, respectivelye Timain difference between
the NCS configurations discussed below is related to thea@isiginal construction.

3.1.1 One-Channel NCS With Dynamic Feedback Controller

Fig. 7 shows a one-channel NCS consisting of a plant (12) édback with a
dynamic output controller (13). In this one-channel NCS tontroller is di-
rectly connected to the plant and only the measurementseoplaint are sent
through the network. To match the system in Fig. 7 with theesysin Fig. 6
yi(t) := ypi(t), m:=mp, andx:= [{]. This closed-loop system can be written as
the impulsive system (11) where

A= [AOP B}_’\CCC] . Bi= {Bgﬂ ., C=[Cy0]. (14)

One-channel NCSs may look artificial since the controllat tie plant appear
to be collocated and one may suggest that there is no neeaddotise output of
the plant through the network. It turns out that there areortgmt cases of NCSs
that can be modeled as a one-channel NCSs. One example islliogta robot
using cameras that are not mounted on the robot, which pedhiel global image
of the field. In this case, position of the robot is “measurbg’cameras and the
measurements are sent through the network to the robot tedzbta compute the
control commands by the local controller of the robot.

3.1.2 Two-Channe NCSWith Non-Anticipative Controller

Fig. 8 shows a two-channel NCS consisting of a plant (12) @l&ack with anon-
anticipativecontroller (13) wheréd. = 0. Non-anticipative controllers are simply
output-feedback controllers for which a single value colitommand is calculated.



Implementation Considerations For Wireless Networkedt@b®ystems 13

e
Ypu(t)
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Sampler
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Controller Hold
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Fig. 8 Two channel NCS with the plant (12) and anticipative or natiegpative controller (13).

Now the controller is located away from the actuators andcthregrol commands
also need to be sent through the network. The control sign#hé actuator, yci(t),
is sampled attimes,, ,i € [mp+1,---,mp+me], and the samples get to the actuator
i attimest, := s + 1. The non-anticipative control unit sends a single-valusicd
command to be applied to the actuatof the plant and held until the next control
update of the actuatararrives (all other actuator values remain unchanged while
the valug of actuataris u_pda_ted). Hencapi(t) = z(t) = Yei(s ), t € [t|'<vt|'<+1)_ for _
mp+1<i <mp+me. So, in this case we can model the closed loop as the impulsive
system (11) in Fig. 6, with

U e, mptl<i<mpme

m:=mp+ g, X:= [] and
. |Ap O . |0 Bp . 1Cp O
T L R C ) Je

3.1.3 Two-channel NCSWith Anticipative Controller

Fig. 8 can also represent a two-channel NCS consisting ofiat pith the state-

space (12) in feedback with amticipativecontroller with state-space (13). An-
ticipative controller attempts to compensate the sammimg) delay introduced by
the actuation channels. For simplicity, we assume that theation channels are
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sampled with constant sampling intervhls q'(Jrl — q'(, and that the delay in the ac-
tuation channels is constant and equat te G vkeNjie {mp+1,-- ,mp+mc}.

At each sampling time, i € [mp+1,---,my + m¢] the controller sends a time-
varying control signal.i(-) to the actuatoi. This control signal should be used
from the times}, + T at which it arrives until the time + h+ T at which the next
control update of the actuatdrwill arrive. This leads toupi(t) = yei(t), Wt €
s+ T,$'<.+ h+ 7). However, the prediction of control signgi(t) needed in the
interval g, + 1,5 +h+ 1) must be available at the transmission tigyewhich re-
quires the control unit to calculate the control signal up tot time units into the
future.

Anticipative controllers send actuation signals to be usadng time intervals
of durationh, therefore the sample and hold blocks in Fig. 8 should be nstaled
in a broad sense. In practice, the sample block would sendtbgenetwork some
parametric form of the control signal;(-) (e.g., the coefficients of a polynomial
approximation to this signal). _

An estimatex;(t) of x;(t +h+ 1) can be constructed &g(t) = AcXc(t) + Beuc(t),
where

Uci(t) = Ypi(S), Vt € [Sc+ T, 9+ T+ h), (16)

forie{1,---,mp}. To compensate for time varying delays and sampling inteina
the actuation channelg; would have to be calculated further into the future. Hence
the assumptions of constant delay and sampling intervadtration channel can
be relaxed by predicting: further into the future.

With the controller state prediction (16), the sigpalt) sent at timeﬁ(, to be
used in the intervals, + 7,5 + h+ 1) is then given by

Yei(t) = Ceife(t — h— T) + Delgi(t), ¥Vt € [§ + T,8 +h+T), (17)

which only requires the knowledge gf(") in the intervak ¢ [sﬂk— h,q'(), available
at the transmission timess. The closed-loop system can be written as

k?pa)} _ [Ap chc} Fpm] [BpDc] ) 18
[ﬁc(t) “lo A |z | Be | (18)
wherex(t) ;= xp(t +h+ 1) and the elements ak(t) are defined by (16). Hence in
this caseyi(t) :=Vypi(t), m:=myand the closed-loop system with state= [iﬂ
can be written as the impulsive system (11) where

A= [AOP BKCCC] , Bi= {Bgﬂ ., C=[Cy0]. (19)

The equation (14), which represents a one-channel NCS witlardic output
feedback is similar to equation (19) that represents tworebBNCS with anticipa-
tive controller. Consequently for analysis purpose onencadel a two-cannel NCS
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with anticipative controller as a one-channel NCS wifthtitious” delays equal to
the sum of the delay in the sensor to actuator channels, thg olethe actuator to
sensor channels, and the sampling of the actuator channel.

Remark 2 Anticipative controllers are similar to model predictivendrollers in the
sense that both calculate future control actions. Howevenadel predictive con-
trollers only the most recent control prediction is appli@dticipative controllers
are predictive controllers that send a control predictmrefcertain duration. At the
expense of sending more information to the actuators in packet, one expects
that fewer packets need to be transmitted to stabilize thesy

3.2 Exponential stability of MIMO NCSs

In this section we provide exponential stability condigdor the linear impulsive
system (11) that can model both one-channel and two-ch&@86 with anticipa-
tive or non-anticipative controller, as described in Set8.1.

Since the minimum of delay in the network is typically smé#dk;, simplicity of
derivations, we assume that,i, = 0,1 < i < m. We now present two theorems
for the stability of the system (11). These stability tests generalizations of the
resultin Theorem 1. The first theorem is less conservatmegher, the number of
LMIs grows exponentially withm. The second stability condition is based on the
feasibility of a single LMI, but its size grows only lineanyith m. For smallmthe
first stability test is more adequate because it leads toclmsservative results, but
the second stability test is more desirable for langeWVe present our results for
m = 2, but deriving the stability conditions for other valueswofs straightforward
by following the same steps.

Inspired by the Lyapunov functional (5), we employ the Lyapufunctional

V = V1—|—V2+V3+V47 (20)
Vl = X’PX,
2 gt
V2 = i;./tfpi (P| max_t+ S)%(S)Rliyi (S)ds
2t
Vs = .Zi'/tia(aimax—t—l—s)yi’(S)RZiyi (s)ds
2

Vg i= ;(Pi max— 0i) (Yi —Wi)/xi (Vi — W),

with P, Ry, Roj, X; symmetric positive definite matrices and
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Bt) =t S Gi(1) ==t~ th wi(t) == i(H), T tlyy).
Pimax:=SUppi(t), GCimax:=supag(t),
t>0 >0

for i = 1,2. The next theorem characterizes the admissible et = 1,2, of
sampling-delay sequences }, {1y }) such that
§K+l + Tli<+1 - SIk < Pimax; 0< T|i< < Timax, VkeN. (21)

Theorem 3. The systen(il1)is exponentially stable over” defined by21), if there
exist symmetric positive definite matriceRR, Ry, X; and (not necessarily symmet-
ric) matrices N;j, Ny that satisfy the following LMIs:

[ M1+p1max(M21+Ma1)+P2maxM22+M32) TimadNi1  T2madNi2
*

~Tmafir  Oggp <0, (22a)
L * * —T2madi2
[ M1+p1masMo1+P2malM22+Ma2) TimaNit TomalNiz Gii ]
* -n malel OQ1QZ Oqlql 0 22 b
* * —T2maR12 Ogyqy <9 ( )
L * * * Go1 i
[ M1+01max(M21+M31)+P2maMz2 TimaNi1  T2madiz Giz |
* -n malel 0q1q2 0q1q2 0 22
C
* * —T2maR12 Ogyap <9 ( )
* * * Goo i

[Mi+p1imaM21tP2maMz2 TimadN11  T2maNiz Gi11 Giz
* —Tmaf11  Ogqy  Ogyaq Oyap

* * —T2maxR12 Oqqu OqZQ2 < 07 (22d)
” * * G21 Ogyqp
" * * *  Gp2

whereF := [A B Ong| and

_ P _
My := F’ [P Ong Onq] + [8qn} F—T{X T — TpXoTo — NygTs
qn

— TéNil —No1T1 — TllNél —NqpoTs — Tz{Niz —NpoTr — Tz/Néz,
Mai := F'Cl(Rii +Roi)CGF, Mg :=T/XGF +F'CXT,
Gy = Pimax(N1i +N2i), Goi = Pimax(R1i + R2i) (23)
with
Cri=[loy 046 ]C, Ci=[0nn le]C, Ti:=[C0qq ], To:=[Cz Oxq —I2],
T3:=[C —Ip Oqq], Ta:=[C2 I Ogpal, l1:=[lo Oap], I2:=[O%u le] (24)

a

It is possible to generalize Theorem 3 for an arbitnawryHowever, the number
of LMIs that one needs to solve equal td and the size of LMIs and the number
of scalar variables increases linearly, which limits thelegation of this result for



Implementation Considerations For Wireless Networkedt@b®ystems 17

large values oim. The next theorem, also provided in [11], presents anothbiligy
test, which is more conservative, but only requires thetawilof a single LMI.

Theorem 4. The systenfll) is exponentially stable ove#;, i = 1,2, defined by
(21), provided that there exist symmetric positive definite et PRyj, Ry and
(not necessarily symmetric) matriceg M; that satisfy the following LMIs:

Mi+P1maMo1tPemaMoz TimadNit TomadNiz G Grz

% —Tima®11  Oggap  Oggap Oggap
* * ~T2mafR12 Ogpey Oy | < O, (25)
" * * G21 Ogyqp
X * * * Gy

whereF := [A B Ong] and

P _
My :=F’ [P Ong Ong] + [83:] F —Ni11T3— T3Nj3 — Nog Ty

—T{Njy — N12Ta — TaNjp — NooTo — TyN3,,
Mai :=F'C{(Ri +Ra)GF, Gui := pimax(Nii +Nai), Gai := pimax(Rui + Rai)-

with the matrix variables defined {24). a

By solving the LMIs in Theorems 3 or 4 one can find positive ¢antsp; max, i =
1,2, that determine upper bounds betweendbpsecutive samples of chann&i
which the stability of the closed-loop system is guarantémda given lower and
upper bound on the total delay in the loiop

Most of the work in the literature has been devoted to findisingle constant
waTti ([7, 15, 16, 20, 21] and references therein) that providesigwer bound
betweenany consecutive sampling instandes which the stability of the closed-
loop system is guaranteed. It is thus not surprising thainigaw distinct constants
Pimax, L < i < minstead of one single constangar), reveals more information
about the system and permits less conservative results.

3.3 Example

This example appeared in [8, 15, 19, 21] and considers arlz@hmodel of the
form (12) for a two-input, two-output batch reactor where

A= —0.5814 —4.29 0 Q675 5679 O Cp = [10 lfl]
p-— 1067 4273 —-6.654 5893 %%gg 73.3.46 ’ P-—1lo10 0/

138 -0.2077 6715 —5.676 0 0
0.048 4273 1343 -2.104

This system is controlled by a PI controller of the form (13)ese
Ac=[06], Be:=[28], Cei=[¢'gl, Dei=[57]:

Following the assumptions of [8, 15, 19, 21], we assume thjt the outputs of
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no drop
Maximum deterministic time interval between samples frd®| [ 0.0123
Maximum stochastic arbitrary inter-sampling time digttibn from [8] 00279
Maximum stochastic uniform inter-sampling time distribatfrom [8]  0.0517
Maximum deterministic time interval between samples fronedrem 3 0.0405
Maximum deterministic time interval between samples fronedrem 4 (029

Table 1 Comparison offyat for Example 3.3 when there is no delay.

the plant are transmitted over the network, there are noaditsand the outputs are
sent in a round-robin fashion and consecutively. We compgke, of this example
given by the stability results in [8, 15, 19, 21], where thieef of the delay was ig-
nored. From Theorem 3 we compyiinax= 0.081 pomax= 0.113 when there is no
delay. We can also show that if the upper bound between arsecative sampling,
TMATI, IS smaller thar% MIN(P1max P2max) = -0405, then the upper bound between
the samples of1 or yp are smaller than miip max P2max) and the system is sta-
ble. Table 1 shows the less conservative results in theliteg and oumyat| for
comparison. Note that the value gjfiaT| for a (stochastic) uniform inter-sampling
time distribution given by [8] is less conservative th@int) given by Theorem 3.
However, for a fair comparison our result should be compaoethe stochastic
arbitrary inter-sampling time distribution given by [8F. we can send the mea-
surements of1p andysp in one packet themyar) = MiN(P1max P2max) = 0.081,
because the requirement for the stability that the conasecsamplings of/1p and

Yop are smaller tham, max andpz max respectively. As expected, in the presence of
delays the value ofya7| decreases and, for example, when the maximum delay is
0.03 thenp; max= 0.058 andpy max= 0.087.

4 WirelessNCS QoS

The framework that we have developed so far, provides ciondito guarantee QoP
of the control system in terms of exponential stability. Végriocus on the QoS that
the network should provide to obtain the desired QoP at thécgtion layer.

Consider again the system depicted in Fig. 1. We assumehthat/erall system
consists off connections, where eonnectionis a path between a sampler and its
corresponding hold. From the results in previous sectiascan find constants
Yimax Timax 1 € {1,2,...} such that

§K+1 - é& < Yimax T;L < Timax (26)

1 The results in this chapter require explicit bounds on timepdimg intervals. Hence, we use the
definition of sampling-delay sequences as in (4) for SISO MO cases. Note thap; max =
Vimax—+ Timax Moreover, for simplicity we assume the lower bound on tHayss zero.
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for which exponential stability of all subsystems is guaead. Suppose now that
the upper bounds on the sampling intervals of all connestigpax,i € {1,---¢},
are given, then using Theorem 1 or Theorem 2 for the SISO aa$dleorem 3
or 4 for the MIMO case (withrjmin = 0), we can find upper boundsyax for the
total delay in each connection so that exponential stghibin be guaranteed. The
main question addressed in this section is whether or natgtveork can deliver all
packets for all connections before thdeadlinest; max.

To answer this question we will employ results in real-tincbeduling [4]. In
real-time scheduling, different jobs are released pecalt)i or lower bounds be-
tween release times are given. In the most basic settingsttared resource services
different jobs and servicing a job takes a certain amouninoé.t Each job should
be completed before a deadline and if all the timing requéets can be met, then
the set of jobs is said to bechedulableln the context of real-time computation,
typically a processor is a shared computation resourceab®lgre corresponds to
computing tasks. While computation resources can also &redhin NCSs; for ex-
ample a processor can be used to implement two controllgrth [ will not pursue
here and we assume that the computation delay is negli¢yititee context of NCSs,
the shared resource typically is a network shared betwdfsmatit nodes.

Jobi refers to transmitting a packet from the source to the daistin of connec-
tioni and the time required to service a job is the time needed tefeaa packet,
which we call the transmission time. Suppose atx, Timax are given such that
the stability LMIs are satisfied. If the set of “jobs” are sdaokable with deadlines
Timax, and release times greater thagi, for everyi € {1,--- ¢}, then the comple-
tion of the jobi is guaranteed befomgmax. Hence the corresponding sampling-delay
sequence satisfies (26) and consequently stability of bfiymtems connected to the
network is guaranteed.

4.1 Types Of Real-Time Scheduling

Two main types of scheduling can be found in the literatuga-preemptive and
preemptive. In non-preemptive scheduling, a running semiill not be interrupted
to service a higher priority job. On the contrary, in preewgscheduling, as soon
as a job with a higher priority is released, the shared resoisr allocated to the
higher priority job and the current job with lower priorityinterrupted. Preemptive
scheduling is suitable for computation resource shariagsénnot be used on com-
munication networks for which access to the network caneogianted to a new
transmission until the current transmission is completed.

There are two main priority assignment schemes: static gndrdic. A static
priority is fixed and set a priori, so it can be stored in a taltic scheduling
is simple, yet it is very inflexible to changes, failures, afteén it under-utilizes
the shared resources [4]. When scheduling decisions aeal lmasthe current de-
cision variables, we have what is called a dynamic scheguldynamic priority
assignment is more difficult to implement because priaritikange over time and
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they should be computed online; however, a dynamic pri@stsignment is gener-
ally more flexible and efficient. In the following we summarithe most common
scheduling policies and we refer the readers to [4] for metaits.

First-Come First-Serve (FCFS) scheduling. This policy serves the oldest re-
quest first so that resource allocation is based on the ofdequest arrivals. This
policy is generally not suitable for control applicationchase it may serve a job
with longer deadline over a job with shorter deadline.

Round-Robin (RR) scheduling. This is a static algorithm in which a fixed time
slot is dedicated to each node. This policy is simple andctffe when: all nodes
are synchronized, they have data most of the time, and tivoriestructure is fixed
so that no new node joins after the time slots are assigndtetaddes. If, for any
reason, a node loses its turn, no matter how close its deadliit should wait until
its next allocated slot.

Deadline Monotonic (DM) scheduling. This staticpolicy allocates the resource
to nodes according to their deadlines. A task with shertest deadling(smallest
Timax) iS assigned the highest priority. For exampléiif,ax = 3 andTo max= 4 then
jobs of source one will always have higher priority over jolhsource two.

Earliest Deadline First (EDF) scheduling. EDF is a dynamic algorithm that
assigns priorities to jobs according to thaibsolute deadlingswhich are the
times remaining to miss the deadline. A job with the earl@s$olute deadline,
(ti + Timax—t) will have the highest priority, whertg is the last sampling time of
connection andt is the current time. Again consider job one withnax= 3,ty =2
and job two witht, max = 4.ty = 0, which means that job one must be completed
before time 5 and job two must be completed before time 4. imdhse, if both
nodes have a job ready to be service at time 3, then job twdwilerved because
its absolute deadline is smaller (in spite of the fact theat;jhax is larger).

Each of these scheduling policies can be easily implemertesbmputation re-
sources, but scheduling policies for shared communicaéisources depend on the
specific network. FCFS is not easily implementable on wigleetworks; however,
RR, DM, and EDF are implementable on particular wirelessvagks as we shall
see in Section 5. Of all the policies discussed, the mostaltdsi policy is EDF
because, as a dynamic algorithm, is most adaptable to Hetwoditions. The dis-
advantage of EDF is that the priorities are a function of tand should be updated
periodically, which require spending additional compiotaf11].

4.2 Scheduling Test To Guarantee QoS

The core of scheduling analysis is a scheduling test, whitérchines if a particular
scheduling policy can guarantee that the tasks will be sedvieven under worst
case condition. When this happens, we say that the taslssheelulable under the
policy. Our focus here will be on EDF scheduling. The deadline tcsfijobi €
{1,---,n} is denoted byD;, the lower bound between consecutive job release times
is denoted byf;, and the time to service jdbis denoted byZ;. If the conditions in the
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next theorem hold for a given set of jobs, then the set of jelszhedulable under
EDF policy. This means that the maximum delay experienceddtby from the time
it is released to the resource until the time that it is sedjdés always smaller than
its deadlineD;. This delay consists of the wait time until the jobs gets serplus
the service time. Note that the wait time depends greatiherstheduling policy.

Theorem 5 ([26]). A set of connectionéT;,Ci,Di),i € {1,---,n} is schedulable
over a network under a (non-preemptive) EDF schedulingcgdfiand only if the
following inequalities hold:

n

G

—<
2.7 <1 (27)
0ot

;L‘?Di "G +Cnax<t,  VteUL,S, (28)
i= 1

where Ghax := max Ci

§:= {Di+hTi:h=o,1,---,[MJ},

Ti
. Zinzl(l_ DI/TI)CI + Crax
Omax:= Dy,---,D
max maX{ 1, s Ny 1— ZP:]_CI/Tl }7
| . ] is a floor function,|x|* := |x+ 1] for x > 0 and zero otherwise. O

To apply the results in Section 2 or 3 to our problem, we assed jobi with
a packet transmission in connectinie setD; = Tjmax to be the deadline for the
packets in connection T; = ymin to be the minimum time between consecutive
transmissions, anG; to be the transmission time in that same connection.

Corollary 1. Assume that the sampling intervals satigfyin < S, ; — S < Yimax

and (27)(28) hold for D = Timax, T = Yimin,» and G equal to the transmission time
of the connection i. Iff max and 1y max satisfy the stability conditions in Section 2 or
3 (wherepimax = Yimax+ Timax), then all subsystems connected to the network are
exponentially stable.

This corollary formally verifies the design specificatiomttend to end delays
must be smaller thanmax. Without this type of scheduling analysis, one has to rely
on extensive testing to find rare events that may destaltilizeystem.

5 Implementation Considerations

In this section, we discuss the implementation of EDF sclieglon wireless NCSs.
In particular, we consider wireless LAN networks governgdhe IEEE 802.11 set
of standards. These standards use a distributed coowtinfatnction (DCF) or a
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point coordination function (PCF) for Medium Access Pratio@MAC). Based on
CSMA/CA protocol, DCF uses random backoff in the event of kision. In wire-
less NCSs, short and periodic packets are sent frequeat®C¥- is not suitable
since its throughput is high only with light bursty trafficottever, PCF can be im-
plemented to ensure high throughput by a polling mecharostiminate collisions.
A node called the Access Point (AP), grants permission teadal transmit. There
are three priority levels of mixed traffic [23]:

e Level 1. contains time critical aperiodic data that is bursty andnocatear any
loss. Retransmission is required when the former trangomiss unsuccessful.

e Level 2. includes time critical periodic data that can tolerate stuse.

e Level 3. consists of noncritical data, which require data integrig, no loss is
allowed. Retransmission is always implemented when ttsedata loss.

Level 1 data has the highest and level 3 has the lowest yitS measure-
ment and control packets are level 2 data and the focus op#psr. For simplic-
ity, we assume that all data is level 2; however, the extentiche general case
is straightforward. For implementation, Ye et al. [23] pospd a Centrally Main-
tained Polling Table (CMPT) to poll stations to scheduleldéwel 2 data. The table
maintains globally known network induced errdfsr each connection which is de-
fined ase :=z(t) —vi(t) . The CMPT knows;(t) since it was broadcasted on the
network, but noy;(t). The authors proposed to estimgiét) if t # 5, Yk € N and
otherwise update it with the true broadcasted value. Ye. 23] proposed several
algorithms to handle scheduling and grant node permissisertd data.

The implementation of our method can be similar to the megirogosed by Ye
et al. [23]; however, instead of error, our method empliy®rs For each connec-
tioni, we employ a timer; that keeps track of how much time has elapsed since the
last time permission was granted to nadend transmission was successful. Note
that since the receiver node confirms a successful tranemisg sending acknowl-
edgment (ACK), the AP node is aware of possible packet drop@soon as the AP
node grants permission to a node, its corresponding tinteset to zero. The timer
values are maintained in CMPT and are globally known. WhenAR senses that
the wireless network is idle, it gives permission to the nati@se timer is closest
to its deadlingf max (if ri > Vimin)-

In case of packet dropout, the AP does not get an ACK packet fhe desti-
nation node, and again grants the permission to the same fmbdenly required
assumption is that the network designer must know an uppemndon the maxi-
mum number of consecutive packet dropouts in the networkh ¥at knowledge,
it is possible to find the upper bound for the sampling intlr¢see Remark 1 and
also the example in Section 5.1).

2 In Section 3 we defined :=yi(s,), t € [ti,t,,;), but since Ye et al. [23] assume that the delay is
negligible, this would correspond ®(t) :=Yi(S,), t € [S, S 1)-
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5.1 Example

We consider the example of a motion control system for shestral in a printer
paper path from [3]. The system consists of several pincheslers, driven by
motors, to move papers through the printer. Motor contrslége implemented on
the AP node and the position and velocity measurements aréhseugh a wireless
LAN network. The motors are directly connected to the AP ndathech subsystem

(a single motor-roller pair) can be modeled@&"ﬁu, whereJy = 1.95 x

10° kg/n? is the inertia of the motodp = 6.5 x 10° kg/n? is the inertia of the pinch,

rp = 14x 10-3 ms the radius of the pinch,= 0.2 is the transmission ratio between
motor and pinch and is the motor torque. Each subsystem can be presented with
the state space of the fomi= Ax+ Byu with

<[ a-[ed me[ 2] -

Iv-+n2lp

We use the state feedback contfok — [50 118] to control the motors. We assume
that for each subsystem, the AP node needs1ts to read a measurement packet
from its buffer, decode the data, calculate the control camatnand apply it to the
motor. Moreover, we assume that it takes 1 ms between the ABecative sent
permissions to nodes (for this example, sending ACK is noessary because the
receiver of all measurement packets is the AP node itselfitakitbws if the data
was dropped or corrupted).

In traditional control system design, one often ignoresetfiect of network de-
lays and selects a constant sampling times that are sufficfast so that sampling
can be ignored. By checking the condition

or

eig([! 9] el 3}“) <1, B:=ByxK, (30)
on a tight grid of h, we can show that the closed loop systenaiesnstable for
anyconstantsampling interval smaller than 48 ms, and becomes unstablarfjer
constant sampling intervals. So a designer who followsiticahl design guide-
lines may choose the sampling interval equal 12 ms, whichtimés faster than
the threshold beyond which stability is lost. A key questairthis point is: how
many motors can be controlled given this architecture. Tissvar to this question
depends on the designer experience and judgment. A cotigerdasigner would
choosen = 6 to guarantee a total bus load equal to 50% ( the total bussabafined
asy; % x 100%) whereas an aggressive designer would chooserug thl so that
the bus load remains strictly lower than 100%.{@ in this case).

In the following, we present our proposed systematic degsigness. The closed
loop subsystems can be modeled as a SISO delay impulsivensygven by (2)
with A B defined in (29) and (30). Then we determine the set of pgiksy;, Timax)
for which the system would be exponentially stable, basefhmorem 1. This set is
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Fig. 9 Admissible set of variable sampling-delay sequences fargdesmotor-pinch subsystem is
any sampling interval and delay sequence that belong taitivgte consists of the horizontal and
vertical axis and the blue line.

shown in Fig. 9. To compare with the first approach, we choosesampling times
constant and equal to 12 ms.

We consider two scenarios. First we assume there is no paieksut SO/ min =
Yimax = 12 ms. Based on Fig. 9, for this choice, stability of the sgbmys are
guaranteed for delays smaller than 10 ms. At the sched@irgd, lwe determine how
many subsystems can share the network so that the totalidedagh loop remains
smaller than 10 ms. To do so, we test the conditions in Thedravith Ty = 12,
Ci =1,D; = 10— 0.1 = 9.9 for different values of. It turns out that the conditions
are satisfied for up to = 9. This result indicates that 9 pinch-motor subsystems can
share the network while the stability of all subsystems iargnteed. Note that for
n= 10,11 the delay can be larger than 10 ms for some corner casesdlyatot be
easily captured by simulation and testing (the worse calsgy decurs when all the
sensors send data at the same time). By following the prapdssign procedure,
we can avoid very conservative choices (e.g., n=6) or clsdicat lead to unsafe
behavior of the subsystems.

In a second scenario, we assume that at most 3 consecutiketpiopout are
possible. For this casgmin = 12, andyimax = 15. Based on the analysis results
depicted in Fig. 9, for this choice, stability of the subsyss are guaranteed for
delays smaller than 8 ms. By testing the conditions in Thaobewith T; = 15,
Ci =1,D; =8-0.1= 7.9 for different values of, it turns out that the conditions
are satisfied forup ta=7.

6 Conclusions And Future Work

We showed that delay impulsive systems are a natural framketwanodel wired
or wireless NCSs with variable sampling intervals and delayd possible packet
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dropouts. We employed discontinuous Lyapunov functiottatharacterize admis-
sible sampling intervals and delays such that exponert#ibllgy of wireless NCS
is guaranteed. We defined exponential stability as a min(padd, and we found the
requirements to guarantee QoP at the application level ifl@gs NCSs. Then we
provided a set of conditions for EDF scheduling, that ifsf&d, ensures the desired
QoS for the wireless network required to provide QoP. We discussed implemen-
tation considerations to implement EDF scheduling (or othgamic scheduling
policies, on a wireless network.

An important topic for future research is the controller aredwork codesign.
The framework we developed for the analysis of wireless N@® provide the
foundation for the codesign of the network and controllers lalso important to
consider other QoP metrics such as robust design as measyrthe H., norm
or theH; norm. In general, faster sampling improves QoP of the cosyrstems;
however, QoS of the network may decrease due to higher tedffie network. The
tradeoff between the performance of the control systenfeapplication layer and
the behavior at other layers of wireless NCS is another itapotopic.
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