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Preface

Dear conference delegate,

| have the pleasure to welcome you to the combined 13" Middle Eastern Modeling &
Simulation Multiconference (MESM2012) and 3™ annual Pan-Arabic - GAMEON-
ARABIA’2012 organized by EUROSIS and hosted and sponsored by the Arab Open
University (Oman Branch) in Muscat, Oman. The MESM'2012-GAMEON-ARABIA’2012 is
co-sponsored by the IEEE — UKRI SPC, BITE, Ghent University, HTI, LMS and The
University of Skovde. This year's event also marks our first visit to Oman with the MESM-
GAMEON-ARABIA conferences.

While the MESM’2012 Conference highlights recent and significant advances in many
research areas of modeling and simulation related to distributed simulation, electronics
simulation, security systems and information processing, GAMEON-ARABIA’2012 looks at
the advances in gaming research in the Middle East.

Next to the programme featuring the refereed and selected papers the joint event also
features first of all a number of excellent keynotes by Lt.Col Dr. Ahmed Bin Subaih of the
Dubai Police General HQ entitled “Gamification in the Dubai Police: Opportunities and
Challenges” and by Ken Newman of HTC in Abu Dhabi entitled “Modeling Culture: An
overview of attempts to model aspect of human culture and history”, and secondly three
turorials. Two of these tutorials are presented by Ass. Prof. Uvais Qidwai of Qatar University
in Doha, Qatar entitled: “Parametric Modeling of Ultrasonic Signals in Nondestructive Testing
Applications in Oil & Gas Industry” and “Modeling ECG and EEG Signals for Possible
Classification Applications”. The third tutorial is given by Ass. Prof. Mugeem Khan,
Northwestern University in Qatar, Doha, Qatar entitled “Autodesk Maya Software and the
Workflow in 3D Content Design”.

As General Conference Chair of both events, | would like to express my thanks to the Arab
Open University for giving me the time to chair this conference and thanks also to the
committee members for reviewing the papers and to our local chair Dr. Moosa Al-Kindi,
Faculty of Computer Studies, Arab Open University University, Muscat, Oman in organizing
this event at our Oman Branch.

Thanks to my colleague Philippe Geril, executive director of EUROSIS office for supporting
the event and for his time. Last but not least thanks to all authors without whom the
conference would not be a successful conference.

Professor Dr Marwan Al-Akaidi
General Conference Chair
EUROSIS — M. East Chair

Vice-Rector Academic Affairs
Arab Open University
Kuwait
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LOAD BALANCING AND RESOURCE ALLOCATION IN
DISTRIBUTED SIMULATION SYSTEMS

Giuseppe lazeolla and Alessandra Pieroni
Enterprise Engineering Department
University of Rome TorVergata, Rome, Italy
E-mail: {giuseppe.iazeolla,alessandra.pieroni}@uniroma?2.it

KEYWORDS
Distributed and parallel simulation methodology, distributed
simulation modelling, simulation performance evaluation.

ABSTRACT

Assume a local simulator (LS) of a given system X is
available and that we wish to turn it into a distributed
simulator (DS). In the DS case, the LS is partitioned into
segments called federates, each federate being run by a
separate host. Before implementing the DS (i.e., at design-
time) we ask: will the DS execution time be shorter than LS
one? In some cases the DS may run slower than the
equivalent LS. To answer this question we are to consider
that the execution time of a distributed simulation system
depends on 3 interacting factors: 1) the speedup “S” (or run-
time gain) resulting from the partitioning of the local
simulator into federates. 2) The synchronization-message
communication  overhead. 3) The  data-message
communication overhead. The speedup depends on the load
balancing between the parallel-operating hosts. The message
delays depend on the network resource allocation. The
combination of such factors makes very hard predicting the
benefits of the LS to DS transformation. In this paper a DS
load balancing and resource allocation decision procedure is
proposed to evaluate the benefit of the LS to DS
transformation. The procedure is guided by a performance
model of the DS. The High Level Architecture (HLA)
distributed simulation standard is assumed to be used.

1. INTRODUCTION

A simulation model can be seen as consisting of a set of sub-
models. In local simulation (LS), a single model exists that
simulates the entire system and is run by a single host. In
distributed simulation (DS), various sub-models (called
federates) simulate distinct parts of the system and are run by
separated hosts connected via a local, metropolitan or wide-
area network (LAN, MAN or WAN) or a composition
thereof.

Predicting at design-time the convenience of implementing
the DS version of the LS can be of interest. Indeed, the
development of a DS system is a complex and expensive
task, including the cost of achieving the necessary know-how
of the distributed simulation standard, the cost of the extra-
lines of code to develop for each federate [2, 4], the cost of
the hosts and the computer networks, the number of design

alternatives to face (in terms of simulator partitioning, host
capabilities, network potentialities and so on).

This paper introduces a procedure to support the evaluation
of the DS convenience before implementation. The method
investigates the effects of two elements:

1) The load balancing among the various hosts that operate
in parallel; 2) The allocation of network resources for the
exchange of synchronization messages and data messages
among federates.

The management of the load balancing among the parallel
hosts affects the achievable speedup. On the other hand, the
management of network resource allocation affects the
synch-communication overhead and the data-communication
overheads that both work against the speedup, by lowering
down the run-time gain obtained with the speedup.

A DS load balancing and resource allocation procedure is
proposed to choose (at design-time) whether to remain on the
LS version of the simulator or carry out the implementation
of its DS version. The procedure is guided by a performance
model (PM) of the DS. The model can be used to perform
what-if analysis and sensitivity analysis to observe how
managing the tradeoff between the parallel load balancing
and the network resource allocation may affect the DS
execution time. The PM assumes the DS is based on the
HLA protocol standard and middleware [8].

The paper is organized as follows: Sect.Il presents the
problem statement. Sect.Ill illustrates the PM and its
implementation in the OMNet++ simulation language and its
use in the DS load balancing and resource allocation
procedure. Sect.IV presents the paper contribution with
respect to existing literature and finally Sect.V gives
concluding remarks.

2. PROBLEM STATEMENT

Assume a local simulator (LS) of a given system X is
available, and that we wish to turn it into a distributed
simulator (DS).

In the DS case, the LS is partitioned into sub-models called
federates, each federate being run by a separate host. Fig.1
shows the two federate case, with Ng denoting the network
for the exchange of synch messages and N the one for data
messages.

Before implementing the DS (i.e.,, at design-time) we
wonder: will the DS execution time be shorter than LS one?
In some cases the DS may run slower than the equivalent LS.
To answer this question a Performance Model (PM) of the
DS is introduced.



Hostll Host20
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Figure 1. DS system with two federates

For the sake of simplicity a two federate PM is presented. It
is understood that as the number of federates grows, the
degree of complexity and the amount of communication
overhead increases depending on the application and the
implementation characteristics. Modeling the k-federate
case, however, is out of the scope of this work. In the paper,
indeed, we only wish to show that one cannot neglect the
trade-off between parallel load-balancing and network
resource-allocation even in a simple two federate case.
The following terminology will be used throughout the
paper:

% = System to be simulated

LS(X) = Local Simulator of X

Trs = LS execution time

DS(Z) = Distributed Simulator of X

Tps = DS execution time

PM(DS(X)) = Performance Model of DS(X) to predict
the execution time Tpg
The question is: when does DS(X) run faster than LS(X)?

A. The management of the speedup/communication
overhead trade-off

As with most parallel computations, to obtain a significant
speedup the portion of LS that can be parallelized must be
large relative to the portion that is inherently serial. Let us
denote by S(N) the maximum speedup that can be achieved
using N processors and by Q the fraction of computation that
is inherently serial. According to Amdahl’s law [3,12] even

with an arbitrarily large number of processors (N—), S(N)

can be no larger than the inverse of the inherently serial
portion Q of LS.

Thus, one requirement for the DS code to achieve significant
speedups is that the fraction Q should be small. An
appropriate partitioning of LS into a set of federates should
then be found at design-time that improves S while
maintaining the synch- and data-message communication
overheads low. In other words, a partitioning that yields a
high computation-to-communication ratio (i.e., a large
amount of computation between communications). On this
basis, a DS load balancing and resource allocation procedure
can be foreseen (Fig.2) to choose whether to remain on the
LS version of the simulation system or carry out the
implementation of its DS version. In other words, assume a
LS(X) has been developed and that its Ty g is not satisfactory.

A search for an appropriate partitioning of LS(X) into
federates and for an appropriate choice of the Ng and Np
networks has to be performed by the iterative use of the
PM(DS(Y)), to obtain a distributed simulator with Tpg < Tys.
At each iteration, if the Tpg predicted by the PM is
sufficiently lower than Tyg, the decision to implement the
DS(X) can be taken.

Otherwise, one may either try a new tentative partitioning
and load balancing (in other words, new portions of the
original local simulator are assigned to various federate, and
thus to various hosts) or try alternative network Ng and Np
allocation with improved capabilities. In both cases, a new
performance model of the DS is run and the DS execution
time is predicted without the need of really developing the
DS. In case no partitioning nor network improvements can
be found, one may decide not to implement the DS(Z).

An example use of the PM in the DS load balancing and
resource allocation procedure is illustrated in Sect.II.A. The
PM cannot be evaluated by analytic methods and thus its
evaluation is simulation-based. The coding of the PM is
done in the OMNet++ simulation language [11] and an
example coding is provided in Sect.IIL.C.
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Figure 2. DS load balancing and resource allocation
procedure

3. THE PERFORMANCE MODEL OF THE DS(X)

It is assumed the reader is familiar with the structure of an
HLA federation, based on the so-called Run Time
Infrastructure (RTI) [13]. The RTI is the software that
allows the federates to execute together. In Fig.3 the
interface, between the RTI and the federates, is illustrated
[10]. The federates do not talk to each other directly. They
are instead connected to the RTI and communicate with each
other using services provided by the RTI. The RTI offers to
each federate an interface called RTI Ambassador.



Each federate on the other hand presents an interface called
Federate Ambassador to the RTL

In the following we shall denote by:

. LEX the local execution internal to a federate, in
other words, the standard simulation operations
such as event processing, event routines, scheduling
of local events, etc.

Federate@mbassadorl

|

RTiAmbassador?l

Figure 3. HHLA federation structure

. HLAR the execution internal to a federate of an RTI
service, e.g., an invocation of a time advance
request.

. HLAF-Ex the execution internal to a federate of a
service request coming from the Federate
Ambassador.

The PM(DS(Z)) consists of two model: the federation
performance model and the network performance model. In
this paper we deal, in particular, with the federation
performance model (limited to the two federates case, as said
above). while giving only a few details of the network
performance model.

A. The federation performance model

To answer the Fig.2 question “Exists alternative
partitioning?” we shall assume that the LS is partitioned into
a 2-federates DS and shall evaluate the PM of such a
partitioning.

The PM of the 2-federates DS is shown in Fig.4, where the
details of the PM of only one federate (Fed 1) are illustrated.
One may partition the LS code into the 2-portions of the DS
code in various ways. As we shall better see in Sect.Ill.C,
the effect of the partitioning choice is reflected in the value
given to a model parameter (parameter psync ) at model
parameterization time.

The model includes three time-consuming nodes:

. CPU that synthetically represents the host that runs
the federate.

*  Ng representing the synch network, that transports
synchronization messages from Fed 1 to Fed 2,
and vice versa.

*  Np representing the data network, that transports
data messages from Fed 1 to Fed 2, and vice versa.

Besides such time-consuming nodes, a set of non-time
consuming nodes can be found, namely:

*  AND nodes that perform AND-logic operations.

. OR nodes that perform OR-logic operations.

e SPLIT nodes, that split an incoming job class into
two or more outgoing classes.

. Classifier nodes that, basing on the class of the
input job, forward the job in one or the other
direction.

*  Router nodes that perform probabilistic routing of
the incoming jobs.

. Merge node that merges two job classes.

The computation performed by the federate is carried out by
jobs of various classes that circulate in the PM, namely:

. Class C; jobs

. Class C2, jobs

. Class Cya jobs

Class Cgy jobs
Class CPg; jobs
Class Cpc jobs
Class CDRC jobs

The only jobs that consume CPU time are C; and Cgc. The
relative parameters, (e.g. mean CPU time E(tcpy), variance,
etc.) can be obtained [2] basing on the model of the federate
software run by the CPU and the CPU capacity. The class
C, job simulates the so-called federate main thread [10],
performing LEX and HLAR computations. The class Cgc
job simulates the so-called federate R7I callback [10],
performing HLAR-Ex computations.

A class C™ job is a job derived from C; and holding the data
payload to be forwarded to Fed 2 through network Np, when
the RTI-Ack arrives from Fed 2 (see the AND®}, node). A
class Cypa is a job derived from C; and holding the synch
message to be forwarded to Fed 2 through network Np. A
class Cgp job represents the so-called federate request
listener thread, waiting for synch messages from Fed 2 (see
the AN”,, node). A class CPrp job is the federate request
listener thread, waiting for data messages from Fed 2 (see
the AND?,, node). A class CPre job is the federate request
callback thread holding the data payload coming from Fed 2
and to be used by the C, job class.

It is assumed that the comnservative-time management HLA
option is used, in other words, no federate advances logical
time except when it can be guaranteed not to receive any
events in its past. If we also assume zero lookahead
(actually HLA does not accept a null value for lookahead and
thus a very small value is given to this parameter) there is
guarantee that federates do not receive events in the past and
thus that they are fully synchronized. For such choices, the
federates will not process events in parallel and parallelism
will only be found when federates include intrinsically
parallel portions of LS. If this holds, a significant speedup
will be obtained when transforming the LS into its DS
version.

The computation performed by the federation starts by
launching the RTI interface and initializing the HLA
components local to each federate. Such initial computations
are performed only once and do not substantially affect the
federation execution time and thus are omitted from the
modeling. They are synthetically represented by the INIT
job on the top of Fig.4. The INIT job enters the Splity node
and yields the main thread C; for Fed 1 and the main thread
C, for Fed 2. The main thread C, enters the Split; node and
yields three outgoing jobs: C, itself again, Cr; and C gy.



The job of class C; enters the CPU processing queue from
Split; and circulates in the model (in a way that we shall soon
illustrate), so iteratively reentering the CPU processing
queue coming from the AND,r; node (in case a synchronous
HLA service is invocated (psync), otherwise the C; job
returns directly to the CPU processing queue without enter
ANDyr; node, as better explained below). The job of class
Cri, instead, enters the OR;; node and from here enters the
AND;; node where it waits for a synch message from Fed 2
to generate a Cgc job, which through the Split; produces both
a new Cpy job (that waits for future synch messages) and the
Crc itself again that enters the CPU processing queue. The
same logic applies to the CDy, job coming from Split;, which
enters the ORP,; and the AND®,, nodes waiting for a data
message from Fed 2. The CPxc job outgoing Split, does not
enter the CPU processing queue directly but merges itself
with the C; circulating main thread through the merge node
M,. As said above, the C; job entering the CPU performs
LEX and HLAR computations, while the Crc job performs
HLAR-Ex computations.

Figure 4. View of the federation PM with details of Fed 1

The job leaving the CPU can be a Cgc or a C; job.

In case the job leaving the CPU is a Cgc job, the Classifier]
node forwards it to the router R3, which sends the job to the
AND,; node if the HLA synchronous modality [10] is used.
Otherwise, the Cgc job has no effects and is absorbed by the
sink node. If directed to the AND,r; node, the Cgc job gives
consensus to the circulation of the main thread C;, which
thus re-enters the CPU processing queue.

In case instead, the job leaving the CPU is a C; job, the
Classifierl directs it to the R/ router, which sends the job to
Classifier2 if the simulation is not ended (1-pquir). Here, if
C, contains a data-message, a C®; job is produced which
enters the AND”,, node, and waits for the RTI-Ack from
Fed 2 in order to be forwarded to Fed 2 through network
Np. If instead, the outcome from Classifier? is a no-data
message Cy, this enters the Split; node and yields a Cyp 4 job
(holding a synch-message to be forwarded to Fed 2 through
network Ng) and again a circulating main thread C,;, which
(in case a synchronous HLA service is invocated (psync))
reaches the aforementioned AND,,r; node to iterate the main

thread circulation. In case, instead, of no-synchronous HLA
service (l-psync), the C; job does not need the AND,q;
consensus to iterate the main thread circulation, and returns
directly to the CPU processing queue.

Let us conclude this Section by pointing out that in building
the federate model we did not make any mention of the
simulated system X. This is since the federate model we
introduce in this paper is independent from X, i.e. it is valid
for any 2. In other words, the paper model can be used for
any HLA-based simulation. Only its parameters may depend
on X, as better seen in Sect.II1.C.

B. The network performance model

A further model is necessary to answer the second Fig.2
question of the DS load balancing and resource allocation
procedure: “Exists alternative NS (or ND)?”. The needed
model is the model of the computer network connecting the
federation hosts. By use of such a model, the “Exists
alternative Ng (or Np)?” question can be answered by
making what-if and sensitivity analysis of the various
network components of both Ng and Np.

Giving details of the network performance model is out of
the scope of this paper and the reader can find in [2] the
possible approach to such a modeling to identify the Ng and
Np parameters to be used in the PM(DS(X)), see Sect.II1.C.

C. The OMNet++ version of the PM (DS(X)) and model
parameterization

To perform an example prediction of the DS(X) execution
time (Tps) to be used in the Fig.2 DS load balancing and
resource allocation procedure, we developed the OMNet++
simulation version (shown in Fig.5) of the model in Fig.4.
Only the Fed 1 part and the Ng and Np nodes are represented
in Fig.5.

As said above, the model structure is valid for any system X
and only its parameters, illustrated in Tab.1, (i.e., the CPU
service time, the Np and Ng service times, the pourr and
Psync routing probabilities) may change with X. The derived
parameters for a ¥ example-case (whose details can be found
in [5], but are not essential to be known since the PM
structure is independent from X) are illustrated in Tab.1. As
can be seen from Tablel, there exist three types of
parameters: the federate Host CPU parameters, the N, the
Np parameters and the routing parameters (pouir and psync)
illustrated in Sect.IIL.A.

Figure 5. OMNet++ simulation version of the PM(DS(X)) Fed 1.



Table 1: Model parameters for a two-Federate DS

Distrib | Parameters
ution
CPU service | positive | E(tcpy) = 10ms
time tcpy truncat | (Scen.A)
ed- E(tch) = 500ms
Normal | (Scen.B)
o (tepv) = 1
NS, ND k- E(ts) =21ms
service time | Pareto,
ts k=4
Routing Pourr 0,001 (Fed 1)
parameters 0,001(Fed 2)
Psync 0,82 (Fed_l)
0,74 (Fed 2)

The federate Host CPU service time parameters vary with
the job class (C; or Cgc) and are derived from the CPU
capacity and the federate software run by the CPU, as seen in
Sect.Il.A. For the sake of simplicity, in this example, a
common mean E(tcpy) of 10ms or 500ms (for Scenarios A
and B respectively, see later) is chosen for both classes.

The parameters for the Np and Ng networks are instead
derived from the network models, as briefly seen at the end
of Sect.IIL.B.

The routing parameters pourr and psync, finally, can be
derived from measurements on LS(X), in particular, by
counting the number of events Ningvents, NdisEvents> NdisTolntEvents
which respectively denote the number of local events
(internal events), the number of events sent from a potential
Fed 1 to a potential Fed 2, and the number of events
received from the potential Fed 2. Such counting can be
easily performed collecting the number of LS events in a
simulation experiment for a given hypothetical LS
partitioning into two federates [5].

As said above, the value probability psync takes, reflects the
model partitioning. Indeed, it is possible to be convinced [5]
that under the conservative time-management assumption, its
value depends on the number of local events processed
within the model partitioning border and on the number of
distributed events generated by the model partition.

Basing on the federate Host CPU parameters, the Ng and Np
parameters and the routing parameters, the OMNet++ code
simulation model has been run to obtain the Tpg predictions
shown in Tab.2 [6, 7]. This was carried-out in two scenarios
A and B: Scenario A being one in which the fraction Q of
inherently serial computation was high and Scenario B in
which Q was low. The first column in Tab.2 reports the
local simulator execution time Tis. The second column
reports the distributed simulator execution time Tpg
predicted by OMNet++ version of the PM, and the third
column the times of the real distributed simulator DS (that
was implemented in Java+HLA). Such a column shows how
the times predicted by the PM adequately match the real
ones. Note that in Scenario B the execution times are in

minutes while in Scenario A they are in seconds. This is
since Scenario B is built in a way to yield a high
computation-to-communication ratio. In other words a large
amount of computation between communications.

Tab.2 also shows how in the Scenario B the distributed
simulator outperforms the local one.

Table 2: Execution-time results

Tis PM results | real DS
(OMNet++ results
predictions)

A 0.7s TDS =8.3s TDS =8.2s
(high

Q)

B 33 min TDS = 125 min TDS = 120
(low min

Q)

Indeed, in such a Scenario the DS execution time (Tps) is
much lower than the LS time (T.s). Finally by using the
expression S = Ty g/Tps, the results in Tab.2 were used to
obtain the speedup results shown in Tab.3:

Table 3: Speedup results

PM results
A: High Q S=0.08
B: low Q S=2.64

This table shows that a significant speedup (S = 2.64) is
obtained in the B Scenario. In other words, in this case the
run-time gain obtained by the parallel execution on two hosts
compensates for the data and synch communication
overheads.

In the scenario A, instead, the parallelism does not yield a
sufficient run-time gain to compensate for the overheads, and
the resulting speedup (S = 0.08) is practically irrelevant.
The Tab.2 and 3 results are used by the DS load balancing
and resource allocation procedure of Fig.2 to decide at
design-time whether to remain on the LS version of the
simulator or carry out the implementation of its DS version.
In case the Tpg execution time is considered not “ok™ (see
Fig.2), one may either try a new tentative partitioning (that
modifies the federation psync parameter, see Fig.4) or try
alternative networks Ng and Np of improved capabilities
(that modifies their E(ts) parameter). In case no partitioning
nor network improvements can be found, one may decide not
to implement the DS(Z).

4. RELATED WORK

A number of existing contributions can be found in literature
that address the prediction of execution times of simulation
systems, see e.g., [1,9,12,14,15,16]. Such contributions deal
with parallel simulations, run by a set of processors that are
tightly connected by use of multi-processor interconnection
network (rather than by a computer network) and
coordinated by a dedicated operating system.



Our work does not deal with the parallel case of above, but
rather with the distributed case, in other words the case of
parallel simulations run by a set of processors connected by a
computer network, such as a LAN, a MAN or a WAN, or a
composition thereof and coordinated by an appropriate
middleware, such as HLA.

Besides being important for the DS load balancing and
resource allocation procedure, the knowledge of the effects
of the two communication overheads is also of importance to
evaluate the representativeness of the DS(Z) at design-time.
Indeed, depending on the nature of system X, there are
situations in which the data and synch message delays are
not critical and thus a communication network of any
capability can be used. On other situations, instead, the
system X can be of such a nature that the synch and data
delays become very critical for the representativeness of the
system. In other words, the DS(Z) looses the capability of
realistically representing the original X in case the Ng and Np
networks are not sufficiently performing,

5. CONCLUSION

The execution time of a distributed simulator (DS) depends
on 3 interacting factors: the speedup, the synch-
communication overhead, the data-communication overhead.
The combination of such 3 factors makes it very hard to
predict the advantage of transforming a local version of the
simulator (LS) into a distributed version (DS).

A DS load balancing and resource allocation procedure has
been proposed to decide at design-time whether to remain on
the LS version of the simulator or implement its DS version.
The procedure is guided by a performance model (PM) of the
DS. The model can be used to perform what-if analysis and
sensitivity analysis to observe how managing the tradeoff
between load balancing among the parallel hosts and
network resource allocation may affect the DS execution
time.

The PM assumes the DS is based on the HLA protocol
standard and middleware. The model can be used both to
support the DS load balancing and resource allocation
procedure and to evaluate the representativeness of the
DS(X) at design-time.
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ABSTRACT

Economic principles have been used in the investiga-
tion of resource allocation algorithms in computational
grids. In this paper we investigate a computational mar-
ket with a multi-unit auction and agents acting on behalf
of resource consumers. Each agent has private resource
valuations and budget. We study a model to predict bid
prices in the auction, and a model to drive the agent’s
decisions on accepting or rejecting bids. The aim is to
aid resource consumer achieve objectives such as sav-
ing budget while meeting a deadline for computational
jobs to be finished. The models are evaluated using
simulations with a Java-based grid economics simula-
tor. A number of scenarios are checked to see whether
the model’s intelligence does in effect help in achieving
the cost/deadline objective.

INTRODUCTION

A key component of any large-scale distributed system,
such as grids or peer-to-peer systems, is a resource man-
agement that allows the resources to be allocated and
utilized efficiently in a coordinated fashion (Krauter
et al. 2002). Traditionally, resource management ap-
proaches have favored metrics, such as throughput, that
are system-centric to gauge their effectiveness. However,
large-scale infrastructures have an diverse user base and
thus should use allocation algorithms that take into ac-
count the valuations of individual user’s of the resources
to be used. A user-centric approach improves the util-
ity of the infrastructure to all users, even with diverse
requirements.

One such user-centric approach is based on the use of
economic principles in resource management and it has
been considered by a number of authors (Krauter et al.
2002). An economics based approach involves the def-
inition of a computational market where resources are
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traded. These resources are often CPU’s, but can also be
bandwidth, storage space, etc. Prices signal the abun-
dance of the resources provided by suppliers with respect
to the demand formulated by the consumers. Willing-
ness to meet a certain price to acquire a resource for
completing a task reflects the value attached to the task.
The market organization can be of different types such
as posted price, auctions, or commodity markets (Buyya
et al. 2002).

In this work we focus on a computational market, i.e.
the resources are CPU’s. All resources are considered
equivalent, i.e., prices are not tied to specific machines.
Evidently, such an approach is limited to compute-
intensive tasks without considerations of data locality
for input and output. Market participants communi-
cate their valuation of resource as a willingness to supply
(for providers) or acquire (for agents) a certain number
of resources.

We consider a multi-unit auction market that uses dutch
auction roles for choosing the winners (Leyton-Brown
et al. 2000), (Ausubel 2006). The agent bids for re-
sources and the providers offers these resources as a
package of multiple speeds. The owner of the highest
bid is a winner of each auction.

We introduce agents acting in the market on behalf of re-
source consumers. Each agent has their private resource
valuation and disposes of their own budget. Intelligence
is embedded into the agent via a model to predict bid
prices in the auction and a model to drive the decisions
on accepting or rejecting bids. The former is based on
neural network and the latter is based on fuzzy tech-
niques. The price model helps the agents to set a refer-
ence bid price to avoid overspending (Vanmechelen et al.
2006). Its basic idea is that the intelligent agents typi-
cally have some pre-knowledge about the history of the
winning bids. Such pre-knowledge can used to derive
better estimates for the bids for new transactions.

The question that we try to answer in this paper is
whether the use of intelligence improves the resource
consumer performance in achieving objectives such as
saving budget while meeting a deadline for computa-
tional jobs to be finished. We do so by having an intelli-
gent agent act in a market populated by non-intelligent



Auction 1 | | Auction 2 M

w v
Get Info Register
Agent 1# > Prov. 1
Agent 2 Submit Job and get results > Prov. 2
Agent N » Prov. N

Figure 1: Interaction between agents and providers.

agents and compare their performance in term of bud-
get spent and jobs finished before deadline. A further
investigation of what happens when multiple intelligent
agents interact in a single computational market is the
subject of future work.

SYSTEM MODEL

Our grid environment consists of several participants:
resource providers and agents acting for resource con-
sumers. Each agent has one or more independent jobs
for execution and is willing to pay. The providers have
computational resources (CPUs) and are willing to rent
them for profit.

The formal specification of our multi-unit auction in-
cludes a number of agents, n, a number of providers
p and the mechanism rules. In general our multi-unit
auction comprises p separate auctions, one for each
provider, that operate over a round of bidding. In each
round each agent submits a bid in every auction that
chooses to bid in. The bid price for provider ¢ is 3;, the
highest bidding price received so far. The f; is set to
zero if the provider i has not received any bid yet.

The winner of every auction is announced at the be-
ginning of next round. If an auction receives multiple
admissible bids in a given round the highest bid will
win. Figure 1 shows the interaction sequences between
the agents and providers. Providers register and get
an auction number, and the agent asks for information
about each auction and then, if it so chooses, bids in
that auction. At the end of each auction, the winner
acquires the resource and submits the job for which the
CPU resource was obtained for execution. When the
job is finished its results are returned to the consumer.

Resource Model
In this study we simulate only one type of resources

namely (CPU). Each resource provider willing to par-
ticipate into the grid can offer multiple CPUs with dif-
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ferent speeds that he puts into the resource pool for
bidding. The different CPUs with different speeds de-
fine categories which we label C PU;. Resources within
each category C PU; are identical in performance. Per-
formance of the CPU; is expressed by a performance
ratio Per fRatio; relative to CPU; that is considered
the reference. We have arbitrarily chosen linear perfor-
mance ratio’s i.e. PerfRatio; = 1.

Agents and Jobs

Each agent has a queue of CPU-bound computational
jobs that need to be executed. Every job has a nom-
inal running time, i.e. the time it takes to finish on
a reference CPU. Jobs are taken to be atomic , in the
sense that they are always allocated to a single CPU
and are non-pre-emptable. The agents on the system
are divided into three groups according to their base al-
lowance in order represent diversity in the user base as
far as spending capacity is concerned.

Bidding policies

As indicated before, the intelligent agent operates in an
environment of non-intelligent agents. The bidding pol-
icy of the former is determined by the prediction model.
The intelligent agent uses price returned by the predic-
tion model for next auction to determine its bid. The
non-intelligent agents use either of the following policies:

e Uniform policy: in this policy the budget of non-
intelligent agent are distributed uniformly over time
slots in the time period up to the deadline and the
agents use the budget available at any particular
time to bid.

e Random policy: in this policy, the non-intelligent
agent uses a random amount for bidding in each
time step. The bids are created randomly between
the low and high number of the membership func-
tion of our fuzzy logic function.

Price prediction

The price prediction is based on the use of a neural
network trained with historical price information. The
historical data are the prices that result from each auc-
tion round in the past. The data are divided into two
groups of data sets at a ratio of 2:1. The first part is
used learning purpose while the last part are reserved
for testing. The historical data are updated each time
with a recent results from last steps. We have used a
fairly common architecture for a small neural network.
It is a feed-forward network with input layer, a hidden
layer and an output layer, with full connection topol-
ogy between the layers. For more details on the setup
and its use in the context of grid economics, we refer



number of iterations 500

number of agents 150

number of providers 75

resources per provider min 5, max 20
number of resources type | 3

CPU, performance ratio | 1.0

CPU; performance ratio | 2.0

CPUs performance ratio | 3.0

base allowance per group | 1.0M,2.5M,5.0M
budget ratio per group {2.0,1.5,1.0}
initial number of jobs {1000, 5000}

job running time length | {2,3,---,10}

Table 1: GES simulation parameters.

base allowance 4.0M
initial number of jobs 1500
job running time length | 5
deadLine step time 150

Table 2: Parameters for intelligent and non-intelligent
agent.

to (Arfa and Broeckhove 2008b),(Arfa and Broeckhove
2008a) and (Arfa and Broeckhove 2009).

Notice that in our approach, the intelligent agent uses
price prediction to determine the bid price, but not to
identify specific auctions and time step in which to par-
ticipate in.

FUZZY MODEL

The fuzzy logic model is defined by a set of logical rules
and a set of membership functions. The membership
functions describes the range of values that each ob-
ject can have at any time. The logical rules uses fuzzy
variables to make the predictions. The fuzzy variables
can have different grades of membership in the interval
[0,1] defined by the membership function. Let u, () the
membership function expressing the degree of member-
ship of object = with respect to to fuzzy set y. The closer
the value to 1, the higher the membership of = for set
y. Our fuzzy system is constructed using the logical ex-
pressions IF-THEN to show the relationship of fuzzy set
members (Lin et al. 2006),(He et al. 2004),(Yao 1998).
In our application, the membership values are chosen
according to the average of the low and the high bids
in the historical data. The prediction model that we
build uses the history data to predict the next bid price
P; at each auction round of the market. The returned
bid price is then subjected to the fuzzy logic rules to
decide the final bid price for the intelligent agent. The
constructed rules for our fuzzy logic are:

e IF P, is low and (current step less than 7) THEN
bid=bid. Here 7 denoted a critical time threshold
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Figure 2: Average over all jobs of budget spent per
job for intelligent agent (IA) and non-intelligent agents
(NIA) for uniform and random policies.

defined as an 20% of remaining time from the dead-
line of the job.

e IF P, is low and (current step greater or equal 7)
THEN bid=bid+(bid*«). Again 7 is the critical
threshold defined before, and o = .1 increases the
current bid level by 10%.

e IF P, is medium or is high and (deadline-current
step greater than 7) THEN bid=0. Essentially
this rule says: under these conditions, abstain from
bidding.

e IF P, is medium or is high and (deadline-current
step less or equal 7) THEN bid=bid+(bid*«).
Again 7 is the critical threshold defined before, and
a = .1 increases the current bid level by 10%

SIMULATION

The models are evaluated using simulations with a Java-
based grid economics simulator (GES). A number of sce-
narios are checked to see whether embedding the model’s
intelligence in an agent does in effect help in achieving
the cost/deadline objective. The Grid Economics Sim-
ulator is a Java-based discrete event simulator designed
for the evaluation of economics based resource manage-
ment algorithms. For details we refer to (Stuer et al.
2007), (Vanmechelen et al. 2008).

The parameters for the GES simulator runs are given in
Table 1 and for the agents and jobs in Table 2. Values
indicated by brackets indicate a random drawing of a
value in that range.

The simulation runs for 500 steps and consist of 150
agents and 75 providers that are willing to participate
in the auctions. The providers offers a number of re-
sources as one package which at least contains 5 CPUs
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Figure 3: Finished jobs and budget spent per time step
for both agent types using uniform policy environment.

and maximum 20 CPUs. Each agents starts with a ran-
dom number of jobs between 1000 and 5000 and with a
random running time in job list. The agents are divide
into three equal-sized groups that have a small, medium
and high budget allowance.

The intelligent agent and non-intelligent agent enter the
market at the same time. They are initialized with
the same specifications e.g the base allowance budget
(4000000), number of jobs (1500) and the deadline time
(step 150) see Table 2.

RESULTS

The models described in the previous sections have been
executed with variations of the simulation parameters
such as number of agents or providers, number of jobs
and so on. The results reported here are representative
with respect to these variations.

In this section we will look at the effect of the bid-
ding policies on the performance of intelligent and non-
intelligent agent with respect to average budget, the
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Figure 4: Finished jobs and budget spent per time step
for both agent types using random policy.

average over all jobs of budget spent per job for each
agent type (see Figure 2) finished jobs , the percent-
age average of finished job per agent type (see Figures
3 and 4), average spent per time step , the average
budget spent per time step for the execution of jobs (see
Figures 3 and 4). The latter figures cover the time span
from the start of the market until the final job deadline.

Figure 2 show that the intelligent agent saves more bud-
get than non-intelligent agents with either policy. Fig-
ure 3 clearly reflects that the non-intelligent agent has
its his jobs finished earlier, way before deadline, and
spends more budget while the intelligent agent takes its
time to finish jobs and spends considerably less. The
figures also show that the non-intelligent agent requires
more time to finish its jobs with the random policy.

These results indicate that the intelligence embedded in
the consumer agent does indeed assist in achieving the
goal of finished jobs within deadline at the lowest cost.



CONCLUSION

We have investigated a computational market with a
multi-unit auction and agents acting on behalf of re-
source consumers. We have used simulations to inves-
tigate whether an agent with intelligence would act in
a manner that enables the user to better achieve the
goal of finishing all jobs within deadline for lowest cost.
The results point to the fact that the price prediction
based on neural network together with fuzzy techniques
in defining bid levels achieve that objective. The inves-
tigations of course need to be extended to include the
interaction of multiple intelligent agents.
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ABSTRACT

Nowadays, satellite communication is one of the most
important technologies. It is used in various applications
such as navigation, military applications, scientific missions,
etc. One essential device present in every satellite is the
antenna. Without it, the satellite is unable to communicate
with earth stations and is, hence, useless. Reflectarrays are
one of the most promising antennas used in satellite
communications. They have several advantages such as the
ease of fabrication and the relatively low weight, volume and
cost. Recently, many researches have been carried out to add
Micro-Electro-Mechanical Systems (MEMS) switches into
reflectarrays in order to control their radiation patterns.
However, the presence of switches in such antennas means
that a digital control is needed. As a consequence, the phase
law that controls the radiation pattern becomes quantified.
Phase errors are introduced on the radiation aperture which
could create severe degradation on the radiation pattern. The
main goal of this paper is to estimate the effects of uniform
and non-uniform phase quantization errors in MEMS based
reconfigurable reflectarrays. For this purpose, several tools
have been designed and a large number of simulations are
carried out.

INTRODUCTION

Satellite communications are one of the most important
technologies of nowadays. Satellites are classified in many
different ways: by function (communication, navigation,
military, scientific, etc.), type of orbit (synchronous,
asynchronous), cost, size, and so forth. However, and
whatever its classification is, an artificial satellite is useless
unless it can communicate with earth stations on the ground.
All satellites are therefore equipped with a radio
communication subsystem and accordingly, an essential
device that plays the role of interface between the different
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satellite subsystems, the space channel and earth stations,
which is the antenna.

Two wide antenna categories are used in satellite
communication: reflector antennas (Balanis 1982) and
phased array antenna (Hansen 1998). A reflector antenna
consists of a reflecting metallic surface illuminated by a
feeding antenna. The radiation pattern of the antenna is
based on the geometric properties of the reflecting surface.
Technically, the shape of the area to be covered by the
satellite on the earth determines the antenna’s radiation
pattern. Then, geometric optics and physical optics
techniques are used to synthesize the geometry of the
corresponding reflecting surface (Bergmann et Al. 1988),
(De Padova 1978). Nevertheless, due to the nature and the
geometry of its reflecting surface, this category of antennas
suffers a cumbersome weight and volume, especially when
high gain is required. Also, for shaped beams, complex
reflector geometries are required which involve a time-
consuming and high-cost fabrication process.

The second antenna candidate for satellite communications
is phased array antenna. It consists of an array of small
printed radiating elements where each element is fed
throughout a distinct feeding line (Hansen 1998). Thereby,
the phase and the amplitude of the wave radiated by each
element can be controlled independently. The
phase/amplitude law created on the array surface defines the
antenna’s radiation pattern. This category has several
advantages such as reducing the weight and volume of
satellite antennas; however it still suffers from a high
complexity and cost of fabrication. The feeding network is
also responsible for high losses, especially at high
frequencies. This calls for a third category of satellite
antennas: the reflectarray.

Reflectarray antenna consists of a feeding antenna
illuminating a planar microstrip array (Huang and Encinar
2007). It combines the advantages of both reflector and
phased array antennas. Indeed, the presence of a primary
antenna as a feeding source cancels the need for a complex
feeding network; also, as will be described later, the
radiation pattern of such type of antennas is controlled by the
phase shift at each element in the aperture (Huang and
Encinar 2007), (Pozar et Al. 1997). There is no need for



additional phase shifters behind these elements; each cell
creates its own phase shift. A reflectarray is, hence, easier to
realize than phased array antennas. Furthermore, the
radiation aperture is realized in printed technology which
reduces considerably the weight and volume of the antenna
(Cadoret et Al. 2005), (Shaker and Cuhaci 1999), (Targonski
and Pozar 1994).

Nowadays, reflectarrays face new challenges. In fact, the
telecommunication systems are still rapidly evolving in order
to meet the greedy needs of the users and their societies who
ask for new high quality services, accessible anytime
anywhere and that are still in their budgets. For instance, a
“living” satellite (offering a given bandwidth, data rate, gain,
etc.) that serves an area/country(ies) today and satisfies the
needs of its/their society(ies) becomes useless for it/them
tomorrow if it does not respond to their needs anymore.

This fact pushes reflectarray designers to create a new
generation of intelligent satellite antennas that offer more
flexibility to telecommunication systems. They intend to
design low cost reconfigurable reflectarray antennas with an
adaptive radiation pattern. By this way, for instance, the
radiation pattern of the pre-evoked useless satellite antenna
could be reconfigured to illuminate another area less
demanding than the first greedy one (in terms of services).
Recently, many researches have been carried out to
dynamically control the phase shift at each element in the
array in order to obtain reconfigurable reflectarrays
(Rajagopalan et Al. 2007), (Hu et Al. 2006). MEMS based
phase-shifting cells are key elements for such applications
(Montoria et Al. 2011), (Carrier-Peruisseau 2008), due to the
excellent radio-frequency (RF) properties of MEMS
technology such as: low insertion loss, low power
consummation, high isolation, etc. MEMS are usually used
as switches to control the physical length of resonating
elements such as stubs or slots (Legay et Al. 2005),
(Papapolymerou et Al. 2003).

MEMS based reconfigurable reflectarrays combine the
advantages of both passive reflectarrays and RF-MEMS
switches. They are considered as a promising antenna
solution for future satellite communication (Vendier et Al.
2003).

However, this type of antennas is still facing some
challenges such as the low level of reliability of RF-MEMS
switches (Vendier et Al. 2003). MEMS breakdowns can be
responsible for severe phase errors on the radiation aperture
resulting in large deformations in the radiation patterns.
Even so, it has been shown in (Salti et Al. 2010) that
increasing the number of MEMS switches in the phase
shifting cell creates a given degree of phase redundancy and
makes this cell more robust to MEMS failure. This issue has
been well discussed in (Salti et Al. 2010) and is hence
behind the scope of this paper.

Here, MEMS switches are not supposed to fail, but they still
have only two states “ON” or “OFF”. The number of MEMS
configurations in the phase shifting cell is limited and so is
the number of phase shifts. A quantization error that depends
on the phase shifts repartition over the range 0°-360° is
therefore introduced on the radiation aperture. This error
could severely affect the radiation pattern of the
reconfigurable reflectarray and should, hence, be assessed.
The main objective of this paper is to study the effects of
uniform and non-uniform phase quantization errors in
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MEMS based reconfigurable reflectarray. It is organized as
follows:

At first, MEMS based reconfigurable reflectarrays are
introduced and the key element behind phase quantization
errors is defined, the “Cell’s Characteristic” (CC). To better
understand what a cell’s characteristic is, a realistic MEMS
based phase shifting cell called “Pharmacist Cross”, firstly
introduced in (Salti et Al. 2010), is recalled. The behavior of
this cell, and particularly, the repartition of its phase shifts
over the range 0°-360° (i.e. its CC), will serve us as a test-
case example for the study presented in the remaining part of
this paper.

Secondly, two types of phase quantization are addressed:
uniform and non-uniform. The algorithms and tools, used to
assess their effects on the radiation pattern of reconfigurable
reflectarrays, are presented.

Finally, the results are analyzed, a comparing study is
performed and a conclusion is drawn.

MEMS BASED REFLECTARRAYS
Generalities

Figure 1 illustrates how a reflectarray works: the wave,
issued from the feeding source antenna to an array element
“/”, arrives with a given phase @!"° . The array element i
absorbs the wave, introduces a phase shift @™ and re-
radiates the wave with a new phase: @F¢l = @in¢ + @intr The
group of reflected phases issued from the different array
elements is called “Phase law”. In fact, it is this phase law
that defines the antenna’s radiation pattern.

4

Array of MEMS
based phase
shifting cells

Figure 1: Schematic Representation for MEMS Based
Reconfigurable Reflectarrays.

In passive reflectarrays, once the reflectarray has been
designed, the phase law and the radiation pattern are
unchangeable.

In reconfigurable reflectarrays, the design of the array only
fixes the phase of the incident field @ on any given cell i
(the wave always travels throughout the same path to reach
the cell ). So the reflected wave’s phase @I°? is directly
proportional to the phase @I introduced by the cell i. If this
cell i is capable of introducing any phase shift @™ in the
range 0°-360°, at any time and whatever is its position in the
array (whatever is the value i), any phase law on the



radiation aperture can be created and the reflectarray is
considered as reconfigurable.

In MEMS based reconfigurable reflectarrays, the same phase
shifting cell is reproduced all over the array to create the
radiating aperture (Vendier et Al. 2003). In this cell, RF-
MEMS switches are inserted in order to dynamically control
the phase shift " (Rajagopalan et Al. 2007).

Since each MEMS switch has only two possible states: ON
or OFF, the total number of MEMS configurations is given
by 2™ where “M” is the number of MEMS in the phase
shifting cell. Each MEMS configuration produces only one
phase shift. So the total number of phase shifts that a cell can
introduce is also equal to 2. The table relating phase shifts
to MEMS configurations is called Cell's Characteristic (CC).
As we will see later, this CC is the key element behind phase
quantization errors.

Typical Example of MEMS Based Phase Shifting Cell

The active cell used here as typical example is called
“Pharmacist Cross”. It has been firstly introduced in (Salti et
Al. 2012). It is obtained by associating several concentric
cross loops as in (Chaharmir et Al. 2006). The patch element
is implemented on a quartz glass (¢,=3.78, h=0.5mm) that is
separated from ground plane by an air cavity with metallic
boundaries (cf. Figure 2.a). Eight MEMS are distributed
among the three different slots between the crosses. By
changing the states of these MEMS, the electrical lengths of
the different slots change and different phase shifts are
obtained. The MEMS are capacitive switches having
Corr=20fF (when the switch is up) and Con=400fF (when
the switch is down).

In (Salti et Al. 2010), a didactic method has been applied to
optimize the repartition of the available 8§ MEMS switches in
the cell while maximizing its robustness to MEMS failures at
the central frequency f;=12GHz. This also leads to a linear
CC (cf. Figure 2.b). In this paper, this linear CC will serve us
as a typical example, when uniform phase quantization
errors are addressed.

On the other hand, the authors show in the same paper that
the robustness and the CC’s linearity are not the only issues
to be optimized in MEMS based reflectarray antennas.
Bandwidth consideration is also a major issue. As described
in (Salti et Al. 2010), some resonant MEMS configurations
should be discarded from the original pharmacist cross’
linear CC in order to largely increase the reflectarray’s
bandwidth (the 1dB gain bandwidth passes from 3 to 14%).
The resulting CC is non-linear and contains an 80° phase gap
around 180° (cf. Figure 2.c). In this paper, this non-linear CC
will serve us as a typical example, when non-uniform phase
quantization errors are addressed.

PHASE QUANTIZATION ERRORS EFFECTS
Phase Quantization Errors

Suppose that we have an arbitrary phase shifting cell
containing M MEMS and producing 2™ different
configurations/phase shifts. Let @1 be the theoretical phase
shift that should be introduced by this cell in order to obtain

a theoretical reflected wave with a phase of @I Due to the
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discrete CC, this phase @I is replaced by a quantified one
@i which is the nearest one to @' in the CC.
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Figure 2: Pharmacist Cross Cell (Salti et AL 2010):
(a) Optimized MEMS Positions, (b) Linear CC,
(c) Non-Linear CC.

The cell re-radiates the wave with a phase @i = @inc +
@i Since the phase of the incident wave on that cell @™

is constant, the quantization phase error AQ is given by the
Equation (1) below.

A@ — ngﬂ _ Qgeﬂ — @jcr}lltr _ @iqntr (1)

If the CC is linear: for instance, the CC of the optimized
pharmacist cross cell (cf. Figure 2.b), the phase quantization
is said to be “uniform quantization”. In this particular case,
the quantization step B is a constant and is directly related to
the number of MEMS M by: p=2m/2™. Figure 3, shows how
a given theoretical phase shift @I is quantified. It also
shows the corresponding quantization error A@. As we can
see in Figure 3.a, if the CC is linear, the phase error AQ
uniformly varies between [-B/2 ; B/2] when @I varies
between 0° and 360°.

Hence, in reconfigurable reflectarrays, uniform phase
quantization creates phase errors on the radiating aperture
that are limited between -f/2 and B/2. Reducing B reduces
phase errors. This can be achieved by simply adding more
MEMS in the phase shifting cell.

On the other hand, if the CC is not linear: for instance, the
CC of the optimized pharmacist cross cell but after
eliminating dispersive configuration (cf. Figure 2.c); the
phase quantization is said to be “non-uniform quantization”.
As we can see in Figure 3.b, when the quantization is non-
uniform, the quantization step J is no more a constant and
the phase quantization error A@ varies non-uniformly
between -Puu/2 and Puay/2; where Py is the maximum
value of B (maximum quantization step). Hence, unlike



uniform quantization, and whatever the number of MEMS in
the cell is, large phase errors are possible in a non-uniform
quantization. Those are directly related to the larger
quantization step; or in other words, directly related to the
non-linearity of the CC.
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Figure 3: Quantization Error:
(a) Uniform (Linear CC), (b) Non-Uniform (Non-Linear CC)

Test Case Reflectarrays

In order to assess the effects of phase quantization errors, six
circular test case reflectarrays are defined (cf. Figure 4).
Those differ by their diameter “D” and their inter-element
spacing dx = dy = d (the distance between two successive
cells). Table 1 summarizes the number of cells in each array.
Note that A, is the wave length at the central frequency
fo=12GHz.

dx s _fay
e,

D
(b)
Figure 4: Test Case Reflectarrays: Typical Scheme.

Table 1: Test-Case Reflectarrays: Number of Cells.

D d Number of cells Total number of
on X and Y axis cells
0.34 133 13764
404, | 0.54, 80 4872
0.7 57 2480
0.34 66 3388
204, | 0.54, 40 1184
0.7 28 608

The feeding source is supposed to be a horn antenna. It is
fixed on the central axis of the array, at a distance “F” from
this latter and gives -12dB tapering at its outline (outline
field’s amplitude/central field’s amplitude). The ratio F/D is
fixed to 0.8 in order to maximize the efficiency of the
reflectarray (Pozar et Al. 1997).

) L £ phase shifts
: H €
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For simplicity, the phase law of the reflected waves is
calculated at f,=12GHz for broadside radiation. The reflected
phases Qﬁﬁfﬂ of all cells are consequently being fixed to a

constant.
Theoretical Vs Real Radiation Pattern

In our generalized study, the elementary cell topology is
considered as unknown. The radiation pattern at the central
frequency f is also approximated to the array’s factor F(8,0)
given by the Equation 2. Where:

= N is the number of cells in the array.

= A; and A, are the reflected electrical field’s
amplitude on, respectively, the current cell i and the
reference cell r. In our study, the reference cell is
the nearest one to the center of the array.

=k is the wave number given by ko = 27/ A,.

= x;and y; define the position of the cell i ’s center.

= 0 and o are the spherical angles, supposing that the
axis origin is fixed on the center of the array.

F(,9) =

i Aiexp(]'(?)feﬂ)

———— —exp|jk,(x;cospsinf + y;sin@sind
Arexp U@feﬂ) p[/ 0( i 'z Vi P )]
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In addition, @R and @Re are the phases of the reflected
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