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Summary

In this paper, an efficient cross-layer design that performs joint adaptation of the physical (PHY) and application
layers of a mobile WiMAX network is proposed. The design takes into account channel state and performance
information from the PHY and medium access control (MAC) layers, respectively. It uses a decision algorithm to
evaluate this information, specify unfavorable conditions regarding low channel quality and increased congestion,
and take measures by coordinating modulation order, transmission power, and media encoding rate, toward
improved overall quality of service (QoS) offered to the user. Extensive simulation results show that the proposed
design achieves considerably reduced packet loss and power consumption, combined with increased throughput as

compared to a typical mobile WiMAX system. Copyright © 2008 John Wiley & Sons, Ltd.
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1. Introduction

Modern wireless communication systems are charac-
terized by the need for advanced quality of service
(QoS) provision to their end-users combined with
efficient utilization of the scarce available bandwidth.
This is achieved by using powerful and computation-
ally simple adaptation procedures, such as adaptive
modulation and error control, adaptive media encod-
ing rate, and power control, aiming on improving the
overall system performance. A challenging issue is
the satisfaction of the varying and sometimes contra-

dictory performance requirements posed by different
classes of applications, especially under hostile trans-
mission conditions caused by the users’ mobility, poor
channel quality, and limited resource availability.
Traditionally, communication systems adopt a
layered approach in their attempt to provide efficient
QoS to their end users. Although this approach aims to
the efficient operation of each individual layer of the
protocol stack, it can result in the overall system
performance degradation. The main reason for this
is the independent, and sometimes conflicting, opera-
tion of the separate adaptation mechanisms residing in
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each layer. Typically, this is resolved with the intro-
duction of a cross-layer design that coordinates and
combines these mechanisms toward improved overall
system performance [1].

A very promising technology in the field of wireless
broadband communication systems is WiMAX that
complies with the IEEE 802.16 family of standards
[2,3]. In order to enhance the system performance and
support user mobility, the IEEE 802.16e amendment
has adopted the Orthogonal Frequency Division
Multiple Access (OFDMA) scheme. This scheme
provides multiplexing in both uplink and downlink
directions by subdividing the available bandwidth into
multiple orthogonal frequency subcarriers. The user
data streams are also divided into several parallel
substreams each of which is modulated and trans-
mitted on a separate orthogonal subcarrier. Thus,
using efficient subcarrier bit and power allocation
algorithms, the OFDMA scheme manages to offer
multi-user diversity and increased robustness against
frequency-selective fading and inter-symbol interfer-
ence (ISI). Systems complying with the IEEE 802.16e
amendment are usually referred to as mobile WiMAX
systems.

In the recent bibliography [4—11], many proposals
on cross-layer designs over OFDMA communication
systems can be found. In Reference [4], the problem
of joint congestion control at the transport layer and
OFDMA scheduling at the medium access control
(MAC) layer for hybrid wireline—wireless networks
is formulated as a network utility maximization
problem. A cross-layer design for the joint packet
scheduling and radio resource allocation in an
OFDMA system is considered in Reference [5]. In
Reference [6], the problem of joint channel allocation,
modulation level, and power control in a multi-cell
network is addressed by considering a synergy be-
tween the physical and access layers and introducing
two classes of heuristic algorithms. A cross-layer
design between the MAC and Physical (PHY) layers
for packet scheduling and resource allocation is con-
sidered in Reference [7] with the aim to maximize the
overall utilization while satisfying each user rate
requirements. In Reference [8], the issue of adaptive
coding and modulation and resource and power
allocation in an IEEE 802.16e system taking into
consideration resource and power constraints is
addressed. Its aim is to reduce the total transmitted
power in order to achieve interference reduction and
system capacity increase. By exploiting the acknowl-
edgement feedback received by the mobile nodes, [9]
proposes a cross-layer design for downlink time divi-
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sion multiplexing (TDM)—OFDMA systems assum-
ing imperfect channel state information and unknown
interference in slow fading channels. In Reference
[10], the problem of efficient broadcast/multicast
video delivery over IEEE 802.16e networks is tackled.
Its aim is to address the issues of synchronization,
energy efficiency, and video quality, achieve increased
coverage and spectrum efficiency, and finally guaran-
tee improved video quality.

A heuristic cross-layer mechanism for real-time
traffic over the OFDM-based IEEE 802.16 networks
that interacts with the PHY, MAC, and application
layers is introduced in Reference [11]. The main idea
behind this mechanism, which will be therein referred
to as “CLEMA” (Cross-Layer Encoding and Modula-
tion Adaptation), is the coordination of the adaptive
modulation capability of the PHY layer and the
adaptive media encoding rate of modern real-time
encoders at the application layer, leading to reduced
packet losses and system capacity improvement as
experienced at the MAC layer. However, despite its
improved performance, CLEMA does not utilize all
the adaptation capabilities provided by WiMAX in
order to achieve channel quality improvement. One of
them is power control. It is well known that the
efficient adaptation of the transmission power can
lead to better overall system performance by improv-
ing the channel quality in cases of congestion and
achieving reduced power consumption in case of
favorable channel conditions, especially in mobile
environments such as mobile WiMAX. Motivated by
the above, the purpose of this paper is to extend the
design proposed in Reference [11] by including the
transmission power adaptations into the overall cross-
layer design, and improve the performance of mobile
WiMAX, in terms of packet loss, throughput, and
power consumption. Moreover, the simulation envir-
onment used for the performance evaluation is en-
hanced to be applied to mobile WiMAX systems
employing the OFDMA scheme. This environment
includes an enhanced traffic scheduler that performs
resource allocation to the connections taking into
account both their QoS requirements as well as their
perceived channel quality. Additionally, the simula-
tion environment employs a more realistic channel
model that provides path loss as well as short-term
fading and leads to more accurate performance eva-
luation results. The proposed design will be hereafter
referred to as “E-CLEMA” (Extended-CLEMA).

The rest of this paper is organized as follows.
Section 2 provides an overview of the proposed E-
CLEMA design. Section 3 describes in detail the
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decision algorithm that is the core of this design. In
Section 4, the performance of E-CLEMA is evaluated
through a set of simulations. Finally, Section 5 con-
tains conclusions and plans for future work.

2. System Model

The proposed cross-layer design for IEEE 802.16e
networks is split into two parts, namely the base
station (BS) part and the mobile station (MS) part,
residing at the BS and the MSs, respectively [11]. An

outline of the proposed design operation for both
uplink and downlink directions is shown in Figure 1.
For comparison purposes, the messages regarding
power control not included in Reference [11] are
underlined.

The BS part collects information regarding each
connection’s performance status, i.e., packet timeout
rate, mean delay, channel state conditions, and trans-
mission power on both directions (uplink and down-
link). Based on this information, a decision algorithm
residing inside the BS part determines the encoding
mode, modulation order, and transmission power level
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Fig. 1. E-CLEMA system model: (a) downlink, (b) uplink.
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of each MS. Channel conditions for the uplink are
known from the BS PHY layer, while for the downlink
they can be obtained through IEEE 802.16(e) signal-
ing [2,3] (see arrow (1) in Figure 1a). Packet timeout
rate and mean delay for all active connections in both
directions can be provided by the BS MAC layer
(see arrow (2) in Figure la and b). Transmission
power levels for the downlink can be obtained by
the BS PHY layer, while for the uplink they can be
derived by signaling messages defined in the IEEE
802.16(e) standards [2,3] (see arrow (1) in Figure 1b)
that will be described below.

The BS part decisions regarding encoding mode
adjustments are transferred to the MS part through the
BS MAC layer (see arrow (3) in Figure 1a and b) using
a specially defined MAC management message re-
ferred to as Rate Adjustment Request (RATE-ADJ-
REQ) described below (see arrow (4) in Figure 1a and
b). The MS MAC layer transfers the received rate
modification request to the MS part that is responsible
for the communication with the application layer (see
arrow (5) in Figure 1a and b). The MS part decides on
the connections that should be affected and sends
proper cross-layer messages to the application layer
(see arrow (6) in Figure la and arrow (6a) in Figure
1b). On the uplink direction, the application layer can
perform the proper adjustments, e.g., by tuning the
data encoder to produce the required overall media-
encoding rate. In the downlink direction, the MS has
to notify the distant traffic sources for the necessary
encoding adjustments, using an Application layer
Real-Time Control Protocol (RTCP) feedback mes-
sage, to suggest a new encoding mode to the senders
(see arrow (7) in Figure 1a).

The BS MAC layer is also responsible for transfer-
ring the power control messages containing the BS
part instructions regarding the transmission power
levels on the uplink. These instructions are transferred
to the MS MAC layer (see arrow (4) in Figure 1b)
through an IEEE 802.16e power control message, e.g.,
the Power Control Mode Change Response
(PMC_RSP) [3]. The MS MAC layer will in turn
inform the MS part accordingly (see arrow (5) in
Figure 1b). Again, the MS part is responsible for
distributing the available transmission power to its
connections (see arrow (6b) in Figure 1b).

It should be noted that all management messages
exchanged between the network entities for the opera-
tion of the E-CLEMA design are either signals avail-
able in the IEEE 802.16(e) and RTCP standards or can
be easily derived from such standardized signals. In
the following, although all message exchanges neces-
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sary for the completion of the presentation are being
reviewed, emphasis is given to power control related
message signals not considered in Reference [11].

2.1. Channel Quality Information

In order to increase the robustness of downlink trans-
missions, the BS requires information regarding the
quality of the signal received by the MSs. For this, each
MS sends channel quality measurements to the BS
using standard IEEE 802.16(e) signaling either periodi-
cally, through the Channel Quality Information Channel
(CQICH), or on demand, through the Channel Mea-
surement Report Request and Response (REP-REQ,
REP-RSP) messages [2,3] (see arrow (1) in Figure 1a).

2.2. Rate Modification Message

The BS part decisions regarding recommended media
encoding rate adjustments are transferred to the MS
part using the Rate Adjustment Request (RATE-ADJ-
REQ) message defined in Reference [11] (see arrow
(4) in Figure 1a and b). This message contains the BS
part recommendation in the form of a target overall
mean media encoding rate either for the downlink or
the uplink and its syntax is shown in Table I.

Message type 67 is determined as “reserved” in
both References [2] and [3], meaning that it is left
unused for future purposes. The ‘““Direction” para-
meter declares uplink or downlink direction. The
“Total Rate Recommended” parameter contains the
recommendation of the BS part in kb/s. Considering
that this refers to the total transmission rate for an MS,
the size of 32 bits allows rates up to approximately
4.3 Gb/s per direction.

2.3. Encoding Mode Adjustments

For the downlink direction, the MS application has to
inform the traffic source for media encoding rate
adjustments. This can be performed through a stan-
dard Application Layer RTCP Receiver Report (RR)
message. Application layer messages are part of the

Table I. RATE-ADJ-REQ message.

Syntax Size

RATE-ADJ-REQ_Message_Format( ) {

Management Message Type =67 8 bits
Direction 1 bit
Total Rate Recommended 32 bits

}
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extensions of Real-time Transport Protocol (RTP) for
RTCP-based feedback, as defined in Reference [12],
and can be used to transport application-defined data
directly from the receiver to the sender application.
Such a message can be sent either immediately or at
the next regular time instance, depending upon the
RTCP mode and the bandwidth available for RTCP
messages [12].

2.4. Power Control Information Exchange

Each MS has to provide the BS with the necessary
information regarding its maximum available as well
as its current transmission power. This exchange of
information is achieved through messages such as
the Subscriber Station Basic Capability Request
(SBC-REQ) message and the Channel Measurement
Report Response (REP-RSP) message (see arrow (1)
in Figure 1b). Based on the results of the decision
algorithm, the BS has to notify the MSs of the
required transmission power modifications (see arrow
(4) in Figure 1b). The standard [2,3] provides various
power correction messages such as the Power
Control Mode Change Response (PMC_RSP), Ran-
ging Response (RNG-RSP), and Fast Power Control
(FPC) messages.

3. Decision Algorithm

In this section, the operation of the decision algorithm
executed in the BS part of the proposed E-CLEMA
system is described. This algorithm takes into account
the connections’ packet loss rates and mean delay and
performs adaptation of the modulation order, trans-
mission power and media-encoding rate. Its aim is to
improve QoS provision to the connections in terms of
packet loss rate, throughput, and power consumption.

Let us present first the details of the system model
and QoS parameters of interest.

Considering transmissions between one BS and K
MS connections, using N OFDMA subcarriers, with
each OFDMA frame consisting of L time slots and
containing packets from K connections (K < K), the
most important system model parameters are the
following:

(@) i, is the Carrier to Interference plus Noise Ratio
(CINR) of the k™ connection, k € {1,2,...,K},
on the n'™ subcarrier, n € {1,2,... ,N}. CINR is

Copyright © 2008 John Wiley & Sons, Ltd.

estimated by the BS based on the measurements it
performs on the received signals (uplink) as well
as on the channel state information it receives on a
periodic basis from the MSs (downlink).

(b) by denotes the number of bits per OFDMA sym-
bol of the k™ connection. b; € {0,1,..., M}
where M is the maximum number of bits per
transmitted OFDMA symbol. b; denotes the ex-
pected number of bits per OFDMA symbol as a
result of a modulation order adaptation.

(c) I, is a variable indicating whether the subcarrier
n is allocated to connection k. Thus,

5o 1, if subcarrier n is allocated to connection k
kn=1 0, elsewhere

(d) BER, denotes the bit error rate (BER) experi-
enced by the k™ connection on the n'™ subcarrier.
It is a function of ~y ,, and by: BERy , = f (Y, bi)-
BER; denotes the mean BER experienced by
connection k on its allocated set of subcarriers:
BER; = (X BERy,, - It,)) /(3N I.,); Simi-
larly, BER}, and BER} denote the expected
values of BERkvn and BERy, respectively, as
a result of a modulation order adaptation:
BERS, = /(.. b5). BERS = (30, BERY,)/N.

(e) Py, is the transmission power of the k™ connec-
tion on the n™ subcarrier and P; is the total
transmission power of the k™ connection on
its allocated set of subcarriers. Thus, P, =
ZnN:1 Pk,n : Ik,n-

(f) AP denotes the interval between two consecutive
power levels.

The QoS parameters used by the proposed decision
algorithm are the following:

(1) Rer(k) is the packet error rate of the k™ con-
nection, i.e., the percentage of packets that are
lost due to channel errors.

(ii) Remeout (k) is the packet timeout rate of the k™
connection, i.e., the percentage of packets that
are lost due to expiration.

(iil) Rioss(k) = Rer(k) + Riimeout (k) is the total packet
loss rate experienced by the k™ connection.

(iv) dy is the mean delay experienced by the k"
connection while o, € and dmay, are the BER
tolerance, maximum tolerable loss rate, and
maximum acceptable delay of the X connec-
tion, respectively.

(v) py is the encoding mode of the k™ connection.
we €{0,1,2,...,D}, depending on the corre-

Wirel. Commun. Mob. Comput. (2008)
DOI: 10.1002/wem



D. TRIANTAFYLLOPOULOU ET AL.

sponding multi-rate application, where D is the
highest encoding mode.

o = 1:2'5‘5((%, is the percentage of packet errors
with respect to the total loss rate of the k™
connection. d; is the main QoS parameter used
in the decision algorithm as it represents the
packet errors contribution to the overall con-
nection packet loss rate and allows the determi-
nation of the nature of the packet losses
experienced by a connection.

Olow> Omed and Opign are the thresholds upon
which the algorithm decides on the appropriate
adaptation actions. If x > Onign, the connection
is considered to be suffering almost exclusively
by packet errors that are the result of signifi-
cantly unfavorable channel conditions. Other-
wise, if Omeq < 6x < Onign the connection is still
considered to be suffering mainly by hostile
transmission conditions, but a considerable part
of its total packet losses is the result of packet
timeouts. If djow < Ok < Omed, most of the con-
nection packet losses are the result of packet
timeouts but a significant percentage of them is
the result of packet errors caused by poor
channel quality. Finally, if 6; < 0w the con-
nection is considered to be suffering almost

(vi)

(vii)

Yes
o-2) "
s > Eedt No
v 1
{D-3) (D-4)
— 82 S O < e
Was
Mo
o5
BER® <
Mo
Yas
¥ ¥ h J *
P=P+AP b=b-2 Decrease u b=b+2

exclusively by unacceptable delays that lead
to packet timeouts.

(viii) [ is a threshold indicating whether the delay of
the k™ connection is close to its maximum
acceptable bound dpay, (i-e., if d > 8.

dmmxk

We use the packet loss as the basic criterion for the
operation of the E-CLEMA as it directly affects the
QoS observed by each connection. The maximum
tolerable packet loss rate €; as well as the maximum
acceptable delay dmax, can be different for each
connection based on its individual QoS characteristics
and requirements. However, the usual case considered
in this paper is that connections belonging to a specific
traffic class have the same packet loss rate and delay
thresholds. Additionally, the discrimination between
packet error and packet timeout rates through the
introduction of the § parameter allows the decision
algorithm to determine the nature of packet losses and
thus, take the most appropriate adaptation decisions.

An outline of the decision algorithm, the flow
chart of which is illustrated in Figure 2, executed at
the BS part for each MS connection will be presented
next.

The algorithm is initiated in regular time ins-
tances and takes adaptation decisions every time the

START
L
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Fig. 2. Decision algorithm flow chart per connection.
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k™ connection faces unacceptable packet loss rates
that lead to a degradation of the provided QoS (see (D-
1) in Figure 2)*. The actions to be taken depend on the
nature of these losses, as follows.

(1) In case 6 > 6meq (see (D-2) in Figure 2), most of
the losses are due to packet errors caused by bad
channel conditions. The decision depends on the
packet errors contribution to the overall packet
losses experienced by the specific connection:

i. If Ox > Onign (see (D-3) in Figure 2), i.e., the
connection loss rate is almost exclusively
caused by packet errors, the algorithm con-
cludes that the transmission conditions are
significantly unfavorable resulting in high
BER. In this case, the most appropriate action
is to decrease the modulation order thus allow-
ing the connection to achieve higher channel
error resilience and increase robustness against
interference. The BS part selects then the high-
est modulation order that will restore the loss
rate to acceptable values, according to a BER
versus CINR curve, such as the one included in
Reference [13], and instructs the MAC layer
accordingly. The MAC layer sends the required
primitives to the PHY for the modulation order
change and informs the MS through the Down-
link Access Definition (DL-MAP), for down-
link changes and UL-MAP, for uplink changes,
fields of the next MAC time frame.

ii. Otherwise (6mea < 6k < Onign), a significant
percentage of packet losses are caused by
packet timeouts. The algorithm assumes that
the connection is under congestion conditions.
In this case, a decrease of the modulation order
that results in significant reduction of the trans-
mission rate would most probably cause an
immediate increase of the connection packet
timeouts. Therefore, the BS part will instruct
for a transmission power increase that will
improve the connection CINR without reducing
the transmission rate.

(2) In case 6 < 6peq (see (D-2) in Figure 2), most of
the losses are the result of unacceptable delays
that cause packet timeouts. The action to be
performed depends on the contribution of these
timeouts to the overall packet losses:

iD-1, D-2,
Figure 2.

, D-8 refer to the Decision Points shown in

Copyright © 2008 John Wiley & Sons, Ltd.

i. If 6 < Oiow (see (D-4) in Figure 2), the overall
loss rate is caused almost exclusively by packet
timeouts. The algorithm can safely conclude
that the transmission rate is very low and
unable to satisfy the connection transmission
speed requirements. In this case, if the expected
BER is lower than the BER tolerance (see D-5
in Figure 2), the BS part instructs for an
increase of the modulation order which will
increase the transmission rate and thus will re-
duce the losses caused by timeouts. In different
case, the BS part instructs for a media encoding
rate decrease. As previously, the error rate in-
duced by the candidate modulation order can be
predicted using a BER versus CINR curve.

ii. In other case (Ojow < Or < Omeq), a significant
percentage of packet losses are caused by
errors due to the poor channel conditions that
do not allow a modulation order increase. The
BS part instructs the MS part for a media
encoding rate reduction in order to moderate
timeouts.

To achieve an efficient performance under all pos-
sible conditions, the algorithm must make adaptation
decisions also when the conditions for a specific
connection are improved. Thus, when the loss rate
decreases significantly (see (D-6) in Figure 2), the
algorithm may decide to switch to a higher modula-
tion order that will increase the transmission rate,
reduce the connection power in order to achieve
power efficiency, or increase the media encoding
rate and improve the QoS. The specific action depends
on the mean delay, as follows:

D If; 4 > B (see (D-7)in Figure 2), the mean delay
is close to the connection delay bound. The algo-
rithm instructs for a modulation order upgrade that
will immediately increase the transmission rate
and reduce the mean delay.

2) Otherwise, if the mean delay is relatively low

(D-7) in Figure 2), the algorlthm instructs for a
media encoding rate increase to improve the QoS
provided to the user. However, this increase should
be performed carefully as it may lead to increased
traffic and possible delay bound violations. In any
case, the percentage of this increase should be
relevant to the difference between the current
value of the mean delay and the delay bound.
Additionally, if the channel conditions for the
specific connection are such that significantly
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low BER occurs (see (D-8) in Figure 2), the
algorithm may also instruct for a reduction of the
transmitting and/or receiving power in order to
reduce power consumption, improve power effi-
ciency and reduce possible interference to neigh-
boring nodes.

The previously described decision algorithm can be

implemented as follows:

for k =1 to K do
if Rioss (k) > € then
if 6 > Omedium then
if (51( > 6high) then
by — by —2
else
P, =P+ AP
end
else if (6; < Ojow) then
by — b +2
forn =1to N do
BER,  f (7. )
end
BER; — - Y0 BER;,,
if BER} < oy then

Decrease
end
else
Decrease i
end
else if Rjos (k) =2 0 then
if ( di_ ﬂk) then

forn =1to N do
BER;n <_f(’yk,n7b2)
end
BER{ «— -3  BER{,
if BER] < ay then
by — b}
end
else
increase i
if BER; < oy then
P, =P, — AP
end
end
end
end

The complexity of the above algorithm is O(K - N).
A typical system has to perform adaptive modulation

Copyright © 2008 John Wiley & Sons, Ltd.

for each of the K connections based on the CINR
value of each of the N subcarriers, leading to a
complexity similar to the proposed algorithm.

It should be noted that the performance of the
proposed E-CLEMA design is strongly affected by
the specific values of the thresholds Oiow, Omeds Ohigh
and [, that activate modulation order, transmission
power, and media encoding rate adaptations. Clearly,
all the thresholds jointly determine the algorithm’s
“sensitivity”’ regarding adaptation decisions. For ex-
ample, the value of ), determines the point that
activates a modulation order increase and thus it has
an immediate effect on the transmission rate. A small
value of djoy, that does not allow for frequent in-
creases, results in low transmission rate that may lead
to unacceptable packet timeouts. In contrast, a large
value of Oy, that increases the modulation order
more frequently, may lead to unacceptable packet
errors. Clearly, the values of these thresholds
directly affect the overall performance and they
should be adjusted dynamically, based on several
parameters such as the available bandwidth or the
channel quality. The dynamic determination of these
values is out of the scope of this paper and is left for
future work.

4. Performance Evaluation Results
and Discussion

The previously discussed E-CLEMA design has been
evaluated by means of computer simulation and
various performance evaluation results have been
obtained. Performance was compared with the
CLEMA mechanism introduced in Reference [11]
and a typical IEEE 802.16e system that performs
adaptive modulation at the PHY layer and media
encoding adjustments at the application layer sepa-
rately and independent of each other. The overall
simulation model was constructed in C++ and its
individual subsystems, illustrated in Figure 3, will be
described next.

4.1. Traffic Generator

It generates one video variable-length traffic frame
every 40 ms for each connection, starting at a random
instance within the first 40 ms of a simulation run.
The maximum encoding rate for each connection
depends on the feedback received from the cross-layer
mechanism.
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Traffic
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Power Level

Cross-Layer [#————QoS Status
Mechanism |«

I

Fig. 3. Simulation model outline.

4.2. Traffic Scheduler

It performs the resource allocation to the connections
as shown in Figure 3. It receives input traffic from the
traffic generator, information regarding the connec-
tion modulation order changes by the cross-layer
mechanism and channel conditions information from
the channel model. In our simulation we use the
“Frame Registry Tree Scheduler” (FRTS) described
in Reference [14], a deadline-based scheduler for
IEEE 802.16 networks that uses a tree structure in
order to provide differentiated service to connections
based on their QoS requirements. Its aim is to perform
resource allocation that guarantees QoS agreements
between the BS and the MSs, perform packet dis-
crimination for the fair dropping of excess traffic
during congestion and eliminate processing during
time frame creation. Additionally, an OFDMA allo-
cator was used [15] to allocate to each MS sufficient
resources for satisfying its QoS requirements while
taking into account the wireless channel quality. Both
schedulers support all the traffic classes defined by the
IEEE 802.16(e) standards, namely Unsolicited
Grant Service (UGS), Real-Time Polling Service
(rtPS), Extended Real-Time Polling Service (e-rtPS),
Non-Real-Time Polling Service (nrtPS), and Best
Effort (BE) and can guarantee the provision of im-
proved service based on each class’ characteristics
and prioritization. In the current simulation model,
rtPS video traffic was used as E-CLEMA aims at
the performance improvement of multi-rate real-time
applications.

4.3. Channel Model

A novel part of the simulation model used for the
performance evaluation of E-CLEMA is the channel
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model that simulates the system channel conditions by
providing path loss and short-term fading. Bit errors
are randomly produced for each connection, accord-
ing to its modulation scheme information provided by
the cross-layer mechanism, with a mean rate accord-
ing to the BER versus CINR curve included in
Reference [13]. Path loss is assumed to be
P,(dBm) = Py + L — 10nlog(d) where P, is the re-
ceived power, Py is the transmitted power, L is the link
budget [16], d is the distance between BS and MS, and
n is the path loss exponent that, assuming a dense
urban environment, equals to 4 [17]. Short-term
channel fading envelopes are considered to be Ray-
leigh distributed assuming the well-known Jakes
spectra model with a maximum Doppler frequency
shift of 128.2 Hz. Carrier frequency is set to 2.3 GHz
and the number of subcarriers N is set to 64. The MSs
are randomly distributed in the area of an IEEE
802.16¢ cell of 1km radius and move within the cell
range with a velocity of 60 km/h.

4.4. Cross-Layer Mechanism

It executes the proposed design’s decision algorithm
described in the previous section and decides on each
connection modulation order, transmission power le-
vel and media encoding rate based on the QoS
information received by the traffic scheduler and
channel condition information received by the chan-
nel model. The cross-layer mechanism decisions are
transferred to the traffic scheduler, the channel model
and the traffic generator that perform the appropriate
adjustments.

For the system employing the CLEMA mechanism
introduced in Reference [11], the cross-layer mechan-
ism does not perform power control and decides only
on the modulation order and media-encoding rate of
each connection.

For a standard IEEE 802.16e system, which will be
referred to as “legacy system,” the operations per-
formed by the cross-layer mechanism are split into
two parts that operate independently. On the one hand,
the physical layer adapter is the entity that instructs
the traffic scheduler for modulation order adjustments
based solely on the channel conditions information
provided by the channel model. On the other hand, the
application layer adapter instructs the traffic genera-
tor for traffic changes based on the connections total
packet loss rates. The BS receives channel conditions
information by each MS periodically. The traffic
generator receives RTCP feedback by each MS every
5s according to Reference [18].
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4.5. Simulation Scenario

The simulation scenario considers an increasing
number of MSs, each one with one downlink video
connection. The systems’ performance is measured in
terms of throughput, packet loss rate, mean delay, and
total transmitted power. To focus on the improvement
process, the BS is considered as the traffic source for
all connections and assumed minimum delay for the
transmission of signaling messages at the radio inter-
face. The modulation schemes used are QPSK, 16-
QAM, and 64-QAM and the code rate equals 1/2. The
system maximum transmission power was set to 20 W.
The time frame length is set to 1 ms and the maximum
transmission rate is 120 Mb/s (for 64-QAM). In order
to achieve lower processing complexity in the simula-
tion model, 7% of this data rate is reserved for the
above connections, while the rest is assumed dedi-
cated to other kinds of traffic. This percentage is lower
than the one used in Reference [11] to cope with the
increased complexity of the OFDMA allocator. Ex-
tensive simulation experiments have shown, by trial
and error, that the following values for the thresholds
and delay parameters result in the best performance
with respect to packet loss rate, throughput, and power
consumption: oy = 0.05, 6mea = 0.5, Onign = 0.99
and G = 0.95. The CLEMA and E-CLEMA decision
algorithms are initiated every 40ms, as this is the
period used by the traffic generator for the creation of
traffic frames. The same period is used for the mod-
ulation order adaptations employed by the legacy
system. A longer period would make the decision
algorithms less responsive to changes, while a shorter
one is not expected to provide improved performance
considering the period used for the traffic generation.
For consistency and to obtain fair comparisons in all
simulations, the initial states and channel conditions
are the same for all systems under consideration
(Table II).

4.6. Simulation Results

Figure 4 illustrates the total packet loss rates as a
function of the number of MSs of the legacy system,
the system employing the CLEMA mechanism [11]
and the new system employing the proposed E-
CLEMA design. Packet losses are the sum of packet
errors and packet timeouts. All systems managed to
efficiently adapt to the wireless channel quality fluc-
tuations by instructing proper modulation order ad-
justments and maintained the packet error rate in
values around 107>, Thus, the dominant part of the
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Table II. Simulation parameters.

Parameter Value

Traffic frame creation period 40 ms

Mean traffic rate per MS 63 kb/s

Path loss model P,(dBm) = Py + L — 10nlog(d)
Path loss exponent () 4

Maximum Doppler frequency shift 128.2Hz

Carrier frequency 2.3GHz

Number of subcarriers (N) 64

Cell radius 1 km

MS velocity 60 km/h
Modulation schemes QPSK, 16-QAM, 64-QAM
Code rate 172

System maximum transmission power 20W

Time frame length 1ms

Maximum Transmission Rate 8.4Mb/s

Olow 0.05

6med 0.5

Ohigh 0.99

B 0.95

packet loss rate is the packet timeouts. As can be seen
from Figure 4, the legacy system shows unacceptable
packet losses in cases of congestion, while the pro-
posed E-CLEMA design achieves considerably im-
proved packet loss rates as the number of MSs
increases. This happens because in the legacy system
adaptive modulation is performed based solely on the
channel state information received by the MSs and is
totally unaware of the loss rates experienced by the
MSs. Additionally, RTCP feedback messages are ex-
changed between the MSs and the real-time sources
every 5s, and thus are unable to quickly detect
unacceptable packet losses and enable the MSs to
efficiently react by reducing the media encoding rate
on time. On the other hand, the coordinated adaptation
of modulation, media encoding rate, and transmission
power of each connection employed by the E-
CLEMA design, provides the system with the ability
to accommodate to frequent channel quality fluctua-
tions and heavy traffic situations.

Figure 4 also depicts the performance improvement
of the described E-CLEMA design against the
CLEMA mechanism [11]. This performance improve-
ment is due to the power control functionality intro-
duced in the proposed E-CLEMA design. The
adaptation of the transmission power prevents fre-
quent modulation order decreases that significantly
reduce the transmission rate in heavy congestion
situations. Thus, in cases of unfavorable channel
conditions it reduces packet error rates by increasing
the transmission power and avoids packet timeout
rates as it does not affect the connections’ transmis-
sion rate.
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Figure 5 depicts the created and served MAC layer
rates per MS for the three systems under considera-
tion. All the systems have created rates that follow a
declining course due to the fact that the operation of
the RTCP protocol becomes more intensive as the
number of MSs increases. The legacy system has a
slightly increased created rate, in a scale of 1Xkb/s,
compared to CLEMA and E-CLEMA. However, the
legacy system does not have the ability to efficiently
handle these encoding rates while the system employ-
ing E-CLEMA manages to maintain higher served
rates, in an average scale of 3kb/s. Note once again
that the proposed E-CLEMA design has slightly
improved served rates as compared to the CLEMA
mechanism. Mean delay is only slightly, in the scale
of ps, reduced by the use of the E-CLEMA, since this
is mainly affected by the deadline-based scheduler
(FRTS) [14] operation, that schedules traffic as close
to its deadline as possible in any case.

Figure 6 depicts the relative transmission power per
subcarrier in the system employing the proposed
E-CLEMA design. Although the use of power adapta-
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Fig. 6. Relative power per subcarrier.

tions is more intensive, as the number of the MSs
increases and congestion becomes more intense, the
mean power consumption per subcarrier is lower than
in the case of the legacy system. This happens because
the power decrease performed when the channel
quality is favorable, is more intense than the power
increase during heavy congestion situations.

5. Conclusions

In this paper, a cross-layer design for the performance
improvement of multi-rate real-time applications over
IEEE 802.16e networks was presented. By taking into
account information from the PHY and MAC layers, a
decision algorithm performs joint adaptive modula-
tion and power control at the PHY layer and encoding
rate adjustment at the application layer. Simulation
results showed that the system employing this design
manages to accommodate an increased number of
connections by efficiently coordinating the operations
of adaptive modulation, power control, and encoding
rate and guaranteeing reduced packet loss rates and
increased throughput. Our future plans include the
extension of the described cross-layer design opera-
tion to support horizontal and vertical handovers
toward other wireless communication systems and
an analytical model for the derivation of the decision
algorithm thresholds and the theoretical evaluation of
the proposed design’s performance.
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