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CROSS-LAYER DESIGN

INTRODUCTION

As wireless communications and networking fast
occupy center stage in research and development
activity in the area of communication networks,
the suitability of one of the foundations of net-
working, the layered protocol architecture, is
coming under close scrutiny from the research
community. It is repeatedly argued that although
layered architectures have served well for wired
networks, they are not suitable for wireless net-
works. To illustrate this point, researchers usual-
ly present what they call a cross-layer design
proposal. Thus, there have been a large number
of cross-layer design proposals in the literature
recently. Generally speaking, cross-layer design
refers to protocol design done by actively exploit-
ing the dependence between protocol layers to
obtain performance gains. This is unlike layer-
ing, where the protocols at the different layers
are designed independently.

If one looks at the literature in the area of
cross-layer design, several observations can be
made. First, there are several interpretations of
cross-layer design. This is probably because the
cross-layer design effort has been made rather
independently by researchers from different
backgrounds, who work on different layers of the
stack. Second, while there are many cross-layer
design proposals in the literature, including
those that build on top of other cross-layer
design proposals, some more fundamental issues
(coexistence of different cross-layer design pro-
posals, when cross-layer design proposals should
be invoked, what roles the layers should play,
etc.) are not addressed directly. Third, the syner-
gy between the performance viewpoint and
implementation concerns is weak; most propos-
als focus and elaborate on the performance
gains from cross-layer design, although there are
some ideas on how cross-layer interactions may
be implemented. Finally, the wireless medium
allows richer modalities of communication than
wired networks. For example, nodes can make
use of the inherent broadcast nature of the wire-
less medium and cooperate with each other.
Employing modalities like node cooperation in
protocol design also calls for cross-layer design.
Such cross-layer design ideas are only beginning
to be discussed in the literature.

The motivation for this article came from the
aforementioned state of the literature. In this
article we have two aims. The first is to present a
brief survey of the literature. In doing so, we
take stock of ongoing work in the area of cross-
layer design, put that work in perspective, and
consolidate the existing results and insights. Our
second aim is to identify the road ahead. We do
so by raising some questions and issues related
to cross-layer design that, in our opinion, are not
getting sufficient attention in the literature
today, and researchers may want to address as
they move forward.

We start by suggesting a definition for cross-
layer design. Although our definition is simple
and arguably obvious, it serves to unify the dif-
ferent interpretations of cross-layer design in the
literature. After presenting the definition, we
identify some basic types of cross-layer designs
and present relevant examples from the litera-
ture. This serves four purposes: first, it clarifies
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Of late, there has been an avalanche of
cross-layer design proposals for wireless net-
works. A number of researchers have looked at
specific aspects of network performance and,
approaching cross-layer design via their inter-
pretation of what it implies, have presented
several cross-layer design proposals. These pro-
posals involve different layers of the protocol
stack, and address both cellular and ad hoc net-
works. There has also been work relating to the
implementation of cross-layer interactions. It is
high time that these various individual efforts
be put into perspective and a more holistic view
be taken. In this article, we take a step in that
direction by presenting a survey of the litera-
ture in the area of cross-layer design, and by
taking stock of the ongoing work. We suggest a
definition for cross-layer design, discuss the
basic types of cross-layer design with examples
drawn from the literature, and categorize the
initial proposals on how cross-layer interactions
may be implemented. We then highlight some
open challenges and new opportunities for
cross-layer design. Designers presenting cross-
layer design proposals can start addressing
these as they move ahead.
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and illustrates our definition of cross-layer
design; second, it creates a taxonomy for classify-
ing existing cross-layer design proposals; third, it
highlights the different interpretations of cross-
layer design in the literature and shows how they
can be seen in a more unified way; and finally, it
provides a framework for evaluating the imple-
mentation concerns raised by different kinds of
cross-layer design proposals. As expected, the
different kinds of cross-layer design proposals
raise different implementation concerns. After
creating the taxonomy of the cross-layer design
proposals, we similarly categorize and discuss
the initial proposals for implementing cross-layer
interactions and highlight briefly for which kind
of cross-layer design proposals the different
implementation methods are suitable. This com-
pletes the survey part of the article.

Moving on to the second aim of the article,
which is to point out the road ahead, we spell
out the open challenges in cross-layer design.
We highlight some issues we believe, if
addressed, will make the current activity more
complete and holistic. We also raise some ideas
that could be new opportunities for cross-layer
design. Researchers making cross-layer design
proposals may want to address these issues as
they move forward.

Recently, authors in [1] presented what they
called a “cautionary” perspective on cross-layer
design. They highlighted the importance of
architecture and discussed the architectural
problems that cross-layer design, if done without
care, can create; they also warned designers
about the possibility of inadvertent performance
losses due to interaction between conflicting
cross-layer design proposals — hence the term
“cautionary.” Our work in this article comple-
ments the work in [1]. Specifically, the definition
and taxonomy of cross-layer design proposals
allows a clearer appreciation of the cautionary
perspective in [1]. Additionally, we raise some
open challenges and new opportunities for cross-
layer design, as mentioned above.

UNDERSTANDING
CROSS-LAYER DESIGN

A DEFINITION OF CROSS-LAYER DESIGN
A layered architecture, like the seven-layer open
systems interconnect (OSI) model [2, p. 20],
divides the overall networking task into layers
and defines a hierarchy of services to be provid-
ed by the individual layers. The services at the
layers are realized by designing protocols for the
different layers. The architecture forbids direct
communication between nonadjacent layers;
communication between adjacent layers is limit-
ed to procedure calls and responses.

In the framework of a reference layered
architecture, the designer has two choices at the
time of protocol design. Protocols can be
designed by respecting the rules of the reference
architecture. In a layered architecture, this
would mean designing protocols such that a
higher-layer protocol only makes use of the ser-
vices at the lower layers and is not concerned
about the details of how the service is being pro-
vided. Following the architecture also implies

that protocols would not need any interfaces not
present in the reference architecture.

Alternatively, protocols can be designed by
violating the reference architecture, for example,
by allowing direct communication between pro-
tocols at nonadjacent layers or sharing variables
between layers. Such violation of a layered archi-
tecture is cross-layer design with respect to the
reference architecture.

Definition 1: Protocol design by the violation
of a reference layered communication architec-
ture is cross-layer design with respect to the par-
ticular layered architecture.

Comment 1: Examples of violation of a lay-
ered architecture include creating new interfaces
between layers, redefining the layer boundaries,
designing protocol at a layer based on the details
of how another layer is designed, joint tuning of
parameters across layers, and so on.

Comment 2: Violation of a layered architec-
ture involves giving up the luxury of designing
protocols at different layers independently. Pro-
tocols so designed impose some conditions on
the processing at other layer(s).

Comment 3: Cross-layer design is defined as a
protocol design methodology. However, a proto-
col designed with this methodology is also
termed cross-layer design.

For exposition, consider a hypothetical
three-layer model with the layers denoted L1,
L2,  and L3 — L1 is the lowest layer, L3 the
highest. Note that in such an architecture, there
is no interface between L3 and L1. One could,
however, design an L3 protocol that needs L1 to
pass a parameter to L3 at runtime. This calls
for a new interface, and hence violates the
architecture. Alternatively, one could view L2
and L1 as a single layer, and design a joint pro-
tocol for this “super layer.” Or one could design
the protocol at L3, keeping in mind the process-
ing being done at L1, again giving up the luxury
of designing the protocols at the different lay-
ers independently. All these are examples of
cross-layer design with respect to the three-
layer architecture in question.

Architecture violations, like those introduced
by cross-layer design, clearly undermine the sig-
nificance of the architecture since the architec-
ture no longer represents the actual system. If
many architecture violations accumulate over
time, the original architecture can completely
lose its meaning. Architecture violations can
have a detrimental impact on system longevity,
as has been argued for the case of cross-layer
design in [1].

GENERAL MOTIVATION FOR
CROSS-LAYER DESIGN

Why does the presence of wireless links in the
network motivate designers to violate the lay-
ered architectures? There are three main rea-
sons: the unique problems created by wireless
links, the possibility of opportunistic communica-
tion on wireless links, and the new modalities of
communication offered by the wireless medium.

On the pessimistic side, wireless links create
several new problems for protocol design that
cannot be handled well in the framework of the
layered architectures. The classic case of a TCP
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sender mistaking a packet error on a wireless
link to be an indicator of network congestion is
an example [3]. On the optimistic side, wireless
networks offer several avenues for opportunistic
communication that cannot be exploited suffi-
ciently in a strictly layered design. For instance,
the time-varying link quality allows opportunistic
usage of the channel [4, references therein],
whereby the transmission parameters can be
dynamically adjusted according to the variations
in the channel quality, just to name one exam-
ple. Additionally, the wireless medium offers
some new modalities of communication the lay-
ered architectures do not accommodate. For
instance, the physical layer can be made capable
of receiving multiple packets [5] at the same
time. The nodes can also make use of the broad-
cast nature of the channel and cooperate with
one another in involved ways. Making use of
such “novel” modes of communication in proto-
col design also requires violating the layered
architectures. 

A SNAPSHOT OF
CROSS-LAYER DESIGN PROPOSALS

As mentioned above, there are many cross-layer
design proposals in the literature. The authors in
[6] present a survey of several cross-layer design
proposals from the literature based on the layers
that are coupled. Here, we are more interested
in how the layers are coupled, in other words,
what kind of architecture violation has taken
place in a particular cross-layer design.

We note that the layered architecture can be
violated in the following basic ways:
• Creation of new interfaces (Figs. 1a–c)
• Merging of adjacent layers (Fig. 1d)

• Design coupling without new interfaces
(Fig. 1e)

• Vertical calibration across layers (Fig. 1f)
We find that most cross-layer design propos-

als in the literature fit into one of these basic
categories. We shall now discuss the aforemen-
tioned four categories in more detail and point
out some relevant examples. A few points are
worth mentioning here. First, the examples we
point out are meant to be representative, not
exhaustive. Second, the architectural violations
we identify can be combined to yield more com-
plex cross-layer designs. Finally, the reference
layered architecture we assume is a five-layer
model, with the application layer, transport
layer, network layer, link layer (comprising the
data link control [DLC] and medium access con-
trol [MAC] sublayers) [2, p. 24], and physical
layer; we assume that all the layers perform their
generally understood functionalities.

CREATION OF NEW INTERFACES
Several cross-layer designs require creation of
new interfaces between the layers. The new
interfaces are used for information sharing
between the layers at runtime. The architecture
violation here is obviously the creation of a new
interface not available in the layered architec-
ture. We further divide this category into three
subcategories depending on the direction of
information flow along the new interfaces:
• Upward: From lower layer(s) to a higher

layer
• Downward: From higher layer(s) to a lower

layer
• Back and forth: Iterative flow between two

layers
In the literature one can find examples of all

three subcategories. We discuss these now.

nnnn Figure 1. Illustrating the different kinds of cross-layer design proposals. The rectangular boxes represent the protocol layers.
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Upward Information Flow — A higher-layer
protocol that requires some information from
the lower layer(s) at runtime results in the cre-
ation of a new interface from the lower layer(s)
to the higher layer, as shown in Fig. 1a. For
instance, if the end-to-end TCP path contains a
wireless link, errors on the wireless link can trick
the TCP sender into making erroneous infer-
ences about the congestion in the network, and
as a result the performance deteriorates. Creat-
ing interfaces from the lower layers to the trans-
port layer to enable explicit notifications
alleviates such situations. For example, the
explicit congestion notification (ECN) from the
router to the transport layer at the TCP sender
can explicitly tell the TCP sender if there is con-
gestion in the network to enable it to differenti-
ate between errors on the wireless link and
network congestion [3].

Examples of similar upward information flow
are also seen in the literature at the MAC layer
(link layer in general) in form of channel-adap-
tive modulation or link adaptation schemes [4,
references therein]. The idea is to adapt the
parameters of the transmission (e.g., power,
modulation, code rate) in response to the chan-
nel condition, which is made known to the MAC
layer (link layer) by an interface from the physi-
cal layer.

It is interesting to compare and contrast
cross-layer design proposals that rely on upward
flow of information to what can be called self-
adaptation loops at a layer. By a self-adaptation
loop, we mean an adaptive higher-layer protocol
that responds to events which, within the con-
straints of the layered architecture, are directly
observable at the layer itself. Hence, self-adapta-
tion loops do not require new interfaces to be
created from the lower layer(s) to the higher
layer, and cannot be classified as cross-layer
designs. For example, consider the auto-rate fall-
back mechanism for rate selection in wireless
devices with multirate physical layers. The idea
is that if some number of packets sent at a par-
ticular rate are successfully delivered, the data
rate is increased, whereas if a packet failure is
experienced, the data rate drops. In this case the
MAC layer rate selection mechanism responds
to the acknowledgments, which are directly
observable at the MAC layer. Hence, auto-rate
fallback is not a cross-layer design.

Downward Information Flow — Some cross-
layer design proposals rely on setting parameters
on the lower layer of the stack at runtime using
a direct interface from some higher layer, as
illustrated in Fig. 1b. As an example, applica-
tions can inform the link layer about their delay
requirements, and the link layer can then treat
packets from delay-sensitive applications with
priority [7].

A good way to look at the upward and down-
ward information flow is to treat them as notifi-
cations and hints, respectively, as proposed in
[8]. Upward information flow serves the purpose
of notifying the higher layers about the underly-
ing network conditions; downward information
flow is meant to provide hints to the lower layers
about how the application data should be pro-
cessed.

Back and Forth Information Flow — Two
layers, performing different tasks, can collabo-
rate with each other at runtime. Often, this man-
ifests in an iterative loop between the two layers,
with information flowing back and forth between
them as highlighted in Fig. 1c. Clearly, the archi-
tecture violation here is the two complimentary
new interfaces.

As an example, we refer to the network-assist-
ed diversity multiple access (NDMA) proposal
[9, references therein], whereby the physical
(PHY) and MAC layers collaborate in collision
resolution in the uplink of a wireless LAN sys-
tem. Basically, with improvements in the signal
processing at the PHY, it becomes capable of
recovering packets from collisions. Thus, upon
detecting a collision the base station first esti-
mates the number of users that have collided,
and then requests a suitable number of retrans-
missions from the set of colliding users. Then
PHY signal processing lets the base station sepa-
rate the signals from all the colliding users.

A similar back and forth information flow
between layers is seen in proposals performing
joint scheduling and power control in wireless ad
hoc networks; see [10] as an example.

MERGING OF ADJACENT LAYERS
Another way to do cross-layer design is to design
two or more adjacent layers together such that
the service provided by the new superlayer is the
union of the services provided by the constituent
layers. This does not require any new interfaces
to be created in the stack. Architecturally speak-
ing, the superlayer can be interfaced with the
rest of the stack using the interfaces that already
exist in the original architecture.

Although we have not come across any cross-
layer design proposal that explicitly creates a
superlayer, it is interesting to note that the col-
laborative design between the PHY and MAC
layers (discussed earlier with the NDMA idea)
tends to blur the boundary between these two
adjacent layers.

DESIGN COUPLING WITHOUT NEW INTERFACES
Another category of cross-layer design involves
coupling two or more layers at design time with-
out creating any extra interfaces for information
sharing at runtime. We illustrate this in Fig. 1e.
While no new interfaces are created, the archi-
tectural cost here is that it may not be possible
to replace one layer without making correspond-
ing changes to another layer.

For instance, [5] considers the design of a
MAC layer for the uplink of a wireless LAN
when the PHY is capable of providing multi-
packet  reception capabi l i ty .  Mult ipacket
reception capability implies that the PHY is
capable of receiving more than one packet at
the same time. Notice that this capability at
the physical layer considerably changes the
role of the MAC layer; thus, it needs to be
redesigned.

VERTICAL CALIBRATION ACROSS LAYERS
The final category in which cross-layer design
proposals in the literature fit is what we call ver-
tical calibration across layers. As the name sug-
gests, this refers to adjusting parameters that
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span across layers, as illustrated in Fig. 1f. The
motivation is easy to understand. Basically, the
performance seen at the level of the application
is a function of the parameters at all the layers
below it. Hence, it is conceivable that joint tun-
ing can help to achieve better performance than
individual settings of parameters — as would
happen had the protocols been designed inde-
pendently — can achieve.

As an example, [11] presents an example of
vertical calibration where the delay requirement
dictates the persistence of link-layer automatic
repeat request (ARQ), which in turn becomes
an input for deciding the rate selection through
a channel-adaptive modulation scheme.

Vertical calibration can be done in a static
manner, which means setting parameters across
the layers at design time with the optimization
of some metric in mind. It can also be done
dynamically at runtime, which emulates a flexi-
ble protocol stack that responds to variations
in the channel, traffic, and overall network
conditions. Static vertical calibration does not
create significant consideration for implemen-
tations since the parameters can be adjusted
once at design time and left untouched there-
after. Dynamic vertical calibration, on the
other hand, requires mechanisms to retrieve
and update the values of the parameters being
optimized from the different layers. This may
incur significant cost in terms of overheads,
and also impose strict requirements on the
parameter retrieval and update process to
make sure that the knowledge of state of the
stack is current and accurate.

PROPOSALS FOR IMPLEMENTING
CROSS-LAYER INTERACTIONS

Alongside the cross-layer design proposals
discussed earlier, initial proposals on how cross-
layer interactions can be implemented are also
being made in the literature. These can be put
into three categories:
• Direct communication between layers (Fig.

1a)
• A shared database across the layers (Fig.

1b)
• Completely new abstractions (Fig. 1c)

DIRECT COMMUNICATION BETWEEN LAYERS

A straightforward way to allow runtime informa-
tion sharing between layers is to allow them to
communicate with each other, as depicted
schematically in Fig. 1a. Note that this is applica-
ble when there has to be runtime information
sharing between layers (e.g., in cross-layer
designs that rely on new interfaces or in dynamic
vertical calibrations). Practically speaking, direct
communication between the layers means mak-
ing the variables at one layer visible to the other
layers at runtime. By contrast, under a strictly
layered architecture, every layer manages its own
variables, and its variables are of no concern to
other layers.

There are many ways in which the layers can
communicate with one another. For instance,
protocol headers may be used to allow flow of
information between layers. Alternatively, extra
interlayer information could be treated as inter-
nal packets. The work in [12] presents a compar-
ative study of several such proposals and goes on
to present another such proposal, cross-layer sig-
naling shortcuts (CLASS). CLASS allows any two
layers to communicate directly with one another.

These proposals are appealing where just a
few cross-layer information exchanges are to be
implemented in systems that were originally
designed in conformance with layered architec-
tures. In that case, one can conceivably “punch”
a few holes in the stack while still keeping it
tractable. However, in general, when variables
and internal states from different layers are to
be shared as prescribed by such proposals, a
number of implementation issues relating to
managing shared memory spaces between layers
may need to be resolved.

A SHARED DATABASE ACROSS LAYERS
The other class of proposals propose a common
database that can be accessed by all layers, as
illustrated in Fig. 1b (e.g., [6]). In one sense, the
common database is like a new layer, providing
the service of storage/retrieval of information to
all the layers.

The shared database approach is particularly
well suited to vertical calibrations across layers.
An optimization program can interface with the
different layers at once through the shared

nnnn Figure 2. Proposals for architectural blueprints for wireless communications.
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database. Similarly, new interfaces between the
layers can also be realized through the shared
database. The main challenge here is the design
of the interactions between the different layers
and the shared database.

COMPLETELY NEW ABSTRACTIONS
The third set of proposals present completely new
abstractions, which we depict schematically in Fig.
1c. Consider, for example, the proposal in [13],
which presents a new way to organize the proto-
cols: in heaps, not in stacks as done by layering.

Such novel organizations of protocols are
appealing as they allow rich interactions between
the building blocks of the protocols. Hence,
potentially they offer great flexibility, both dur-
ing design as well as at runtime. However, they
change the very way protocols have been orga-
nized, and hence may require completely new
system-level implementations.

LOOKING FORWARD:
OPEN CHALLENGES

Earlier we looked at the ongoing work in the
area of cross-layer design. In doing so, we came
face to face with several different interpretations
of cross-layer design, looked at some representa-
tive cross-layer design proposals, and saw some
initial ideas on how cross-layer interactions may
be implemented. Having taken stock of the
ongoing work, we now raise and discuss open
challenges in cross-layer design. Broadly speak-
ing, we include two kinds of issues in the open
challenges: questions about cross-layer design
that, in our opinion, are important but not get-
ting sufficient attention in the literature; and
some questions regarding the fundamental
nature of the wireless medium, questions whose
answers will influence how communication archi-
tectures for wireless networks should look like,
and hence are pertinent to the cross-layer design
effort. We note that some of these issues have
been raised elsewhere in the literature. Our pur-
pose here is to consolidate the different issues
and discuss their significance with respect to the
cross-layer design activity.

The following are some open challenges for
designers proposing cross-layer design ideas:
• How do the different cross-layer design pro-

posals coexist with one another?
• Will a given cross-layer design idea possibly

stifle innovation in the future?
• What are the cross-layer designs that will

have the most significant impact on net-
work performance, and hence should be
most closely focused on?

• Has a given design proposal been made
with a thorough knowledge of the effect of
the interactions between the parameters at
different layers on network performance?

• Under which network and environmental
condition would a particular cross-layer
design proposal be invoked?

• Can the mechanisms/interfaces used to
share information between the layers be
standardized?

• What should the role of the physical layer
in wireless networks be?

• Is the conventional view of the network, a
collection of point-to-point links, appropri-
ate for wireless networks?
We now look at some of these issues in

greater detail.

IMPORTANT CROSS-LAYER COUPLINGS
While there are a number of cross-layer design
proposals in the literature today, it is not clear
which are the most important. To identify these,
a thorough cost-benefit analysis of the different
cross-layer design proposals in terms of imple-
mentation complexity vs. performance improve-
ment is needed. Generally speaking, one can
make the following inferences from the litera-
ture today: cross-layer design is needed between
the network and MAC layers for ad hoc net-
works since the functionalities of the two layers
interact [14]; explicit notifications by new inter-
faces to the transport layer improve end-to-end
performance [3]; making use of channel knowl-
edge at the MAC layer allows opportunistic
usage of the channel and improves performance
[14, references therein]; and energy, delay, and
security related issues need to be handled across
the layers in a holistic manner. It is time to
move ahead from these general insights to spe-
cific holistic solutions. This requires comparative
quantitative study of the different cross-layer
design proposals, and is an open challenge for
the community. Also relevant in this context is
the question of coexistence of cross-layer design
proposals, discussed next.

COEXISTENCE OF
CROSS-LAYER DESIGN PROPOSALS

An important question to be answered is how
different cross-layer design proposals can coexist
with one another. To clarify by example, say the
MAC layer in a stack responds to the variation
in the channel by adjusting the data rate. The
question is, will additionally adjusting the frame
length at the link layer help further? How will
an overriding control from, say, the transport
layer, trying to control the link layer parameters,
interact with these adaptation loops?

The question of coexistence of cross-layer
design ideas is pertinent when it comes to deter-
mining whether some cross-layer design propos-
als can stifle further innovation. Let us say the
physical and link layers are optimized for a cer-
tain performance metric in a cross-layer design
scheme. If this scheme is deployed first, can
other schemes that also rely on some (other)
cross-layer couplings, or those that assume no
coupling between the link and physical layers be
deployed too at a later time?

Apart from presenting new cross-layer design
proposals, designers need to start establishing
which other cross-layer design interaction may or
may not be employed together with their pro-
posal. This has also been stressed in [1].

WHEN TO INVOKE A
PARTICULAR CROSS-LAYER DESIGN

The network conditions in a wireless network
are usually time-varying. In such a situation, one
of the stated motivations behind cross-layer
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design is to achieve the network equivalent of
impedance matching [3]. The idea is to make the
protocol stack responsive to variations in the
underlying network conditions so that an opti-
mal operating point is always maintained.

The pursuit of achieving such optimal opera-
tion throws up two complementary challenges.
First, designers need to establish the network
conditions under which the proposed cross-layer
designs would result in performance improve-
ments. Reference [1] presents an example to
illustrate how a cross-layer design involving an
iterative optimization of throughput and power
leads to a loss in performance under a certain
pathological network condition. The example in
[1] underscores the need for designers to estab-
lish the network conditions under which their
design proposals should and should not be used.
Second, efficient mechanisms to make a timely
and accurate assessment of the state of the net-
work need to be built into the stack, and the cor-
responding overheads must be taken into
account. This is also related to the question of
interfaces between the modules, discussed next.

STANDARDIZATION OF INTERFACES
The one thing layering achieved was to present
standardized boundaries and interfaces between
modules of the system, the protocol layers. Now
that the layered architecture is being violated in
different ways, finding the new reference archi-
tecture becomes a challenge. What should the
boundaries be between modules? Should we stick
to traditional layer boundaries, as in Figs. 1a and
b, and determine the new interfaces from there,
or should we look at completely new boundaries,
as in Fig. 1c? Or a combination? What should
the interfaces between modules look like?

Addressing this challenge requires greater
synergy between the performance viewpoint and
implementation concerns than is seen in the lit-
erature today. Basically, the organization of the
modules (layers or otherwise) and the interfaces
between them determine how efficiently infor-
mation can be shared between them, at what
kinds of overheads and delays. This, in turn,
determines how effective cross-layer design pro-
posals that rely on sharing dynamic information
between the modules can be. Hence, proposers
of cross-layer design relying on back-and-forth
information flow between layers or dynamic ver-
tical calibrations need to start considering the
impact of delays in the retrieval/updating of
information on protocol performance. They also
need to quantify the overheads associated with
their cross-layer design proposals.

THE ROLE OF THE PHYSICAL LAYER
In wired networks the role of the physical layer
has been rather small: sending and receiving
packets when required to do so from the higher
layers. As seen earlier, advances in signal pro-
cessing at the physical layer can allow it to play a
bigger role in wireless networks. This begs the
question of how much of a role the physical
layer should play. This is relevant to the cross-
layer design effort because first, layered architec-
tures like the OSI reference model do not allow
much of a role for the physical layer besides pro-
viding a bit pipe, and second, enhancements in

the physical layer will have to be balanced by
corresponding changes to the higher layers.
Hence, figuring out the role to be played by the
physical layer is an important question. Cross-
layer designs relying on advanced signal process-
ing at the physical layer can be an interesting
research ground for the future.

THE RIGHT COMMUNICATION MODEL
The last open challenge relates to the communi-
cation model assumed. Wired networks, by their
very nature, are essentially a collection of well
defined point-to-point communication links. The
same cannot be said about wireless networks
because the wireless medium is inherently broad-
cast, and there is no clearcut concept of a com-
munication link in wireless networks. This gives
rise to a fundamental question of whether it still
makes sense to “create” links in a wireless net-
work. Some recent work has made use of the
inherent broadcast nature of the wireless medi-
um to come up with innovative communication
schemes for wireless networks. For example,
exploiting the broadcast nature of the wireless
medium can allow transmission schemes that
rely on cooperation between the communication
nodes (e.g., [15]).

These new modalities the wireless medium
offers cannot be accommodated in layered archi-
tectures and hence inevitably require some
degree of architecture violation, in other words,
cross-layer design. They represent new opportu-
nities for the cross-layer design effort. Hence, we
believe that while proposing cross-layer design
proposals to address the issues raised by wireless
links, the designers should also keep an eye out
for new opportunities created by wireless com-
munication networks.

CONCLUSIONS
This article has taken stock of the current activi-
ty in the area of cross-layer design. After sug-
gesting a definition, we bring the different
interpretations of cross-layer design together and
survey the ongoing work by creating a taxonomy
of some representative cross-layer design pro-
posals. We also look at the initial ideas for
implementing cross-layer interactions. Next, we
move on to highlight some open challenges in
this area and discuss issues that, in our opinion,
will make the ongoing cross-layer design work
more holistic and complete. We also point out
some new modalities of communication in wire-
less networks into which designers can tap. All
in all, we have consolidated several scattered
results and ideas in this area into a logical struc-
ture. By doing so, we have both summarized the
current state of knowledge in this area as well as
created a platform over which new research can
be built.
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