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CROSS-LAYER DESIGN

INTRODUCTION

The explosive development of wireless services
such as wireless Internet, mobile computing, and
cellular telephoning motivates an unprecedented
revolution in wireless networks. This also pre-
sents great challenges to system designers since
the time-varying fading channel has the signifi-
cant impact on supporting the quality of service
(QoS) requirements for heterogeneous mobile
users. A large number of interesting schemes are
developed at the physical layer to overcome the
impact of wireless fading channels. Among them,
the multiple-input multiple-output (MIMO)
infrastructure [1] and adaptive modulation and
coding (AMC) [2] are promising techniques that
have received significant research attention in
recent years.

There have been a great deal of research
efforts on applying both MIMO and AMC to
improve the spectral efficiency at the physical
layer. However, the problems of how to effi-
ciently employ the unique nature of such tech-
niques for designing upper-layer protocols and
the impact of this physical layer revolution on
supporting diverse QoS requirements, have been
neither well understood, nor thoroughly studied.
Consequently, it becomes increasingly important
to develop the cross-layer scheme to integrate
the QoS provisioning algorithms/protocols at
higher network layers with MIMO and AMC
implemented at the physical layer.

In this article we propose a cross-layer
approach to investigate the impact of physical
layer characteristics on data link layer QoS per-
formance in mobile wireless networks. Some rel-
evant work can be found in [3–5]. At the physical
layer, we integrate the MIMO diversity with
AMC, while at the data link layer, our focus is
on how this physical layer infrastructure influ-
ences the QoS provisioning performance. To
achieve this goal, we first model the physical-
layer service process as a finite state Markov
chain (FSMC). Based on this FSMC model, we
then characterize the QoS provisioning perfor-
mance at the data link layer by applying the
technique of the effective capacity [3]. The effec-
tive capacity approach enables us to analyze the
statistical QoS metrics such as delay bound vio-
lation and buffer overflow probabilities, which
are critically important for QoS guarantees over
real-time multimedia mobile wireless networks.
Extending and applying the theories of the effec-
tive capacity, we show how it can act as a bridge
that connects across the physical layer with the
upper layer protocols. The numerical and simu-
lation results obtained demonstrate that our
approach can efficiently capture the interaction
across different layers and accurately character-
ize the QoS provisioning performance.

The rest of this article is organized as follows.
We introduce the physical layer system model
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for the point-to-point wireless link. We propose
effective-capacity-based cross-layer modeling for
wireless QoS guarantees. We evaluate our pro-
posed cross-layer design system model. The arti-
cle is then concluded.

THE PHYSICAL LAYER
SYSTEM MODEL

In this article we concentrate on the point-to-
point wireless downlink transmission with Nt
antennas (Tx) at the base station transmitter and
Nr antennas (Rx) at the mobile receiver. This
system model, as shown in Fig. 1, can be consid-
ered as cellular networks where we only focus on
the transmission from a base station to a single
mobile receiver over a point-to-point wireless
link. Note that in real wireless networks it is also
important to consider the end-to-end QoS provi-
sioning. However, in this article we focus on the
point-to-point QoS mainly for the following rea-
sons. First, the investigation of point-to-point
QoS provisioning provides fundamental studies
for end-to-end QoS guarantees. Second, the bot-
tleneck of most current wireless networks (e.g.,
cellular networks) is typically located at the last
wireless hop, which can be simplified and mod-
eled as a point-to-point QoS provisioning prob-
lem. As shown in Fig. 1, the upper layer packets
are first divided into frames at the data link
layer. The frames are stored at the transmit
buffer and then split into bitstreams at the physi-
cal layer, where AMC and MIMO diversity are
employed, respectively, to enhance the system
performance. The reverse operations are imple-
mented at the receiver side. Also, the channel
state information (CSI) is estimated at the
receiver and fed back to the transmitter for
AMC and MIMO diversity deployments (if nec-
essary, depending on the specific MIMO diversi-
ty scheme used).

MIMO SYSTEMS
The wireless fading channel is characterized by
its random fluctuations from the transmitted sig-

nal strength over time, frequency, and space. To
overcome severe performance deterioration due
to channel fading in mobile wireless networks,
various diversity techniques can be utilized to
efficiently improve system performance. While
conventional time and frequency diversities have
been successfully implemented in current wire-
less systems, the use of spatial diversity by
deploying multiple antennas at the transmitter
and/or receiver is still receiving a great deal of
research attention in recent years. In general,
MIMO techniques can be classified into two cat-
egories:
• Improving reliability by spatial diversity
• Enhancing throughput by spatial multiplex-

ing
Due to the hardware limitations and power con-
straints of the mobile terminal (MT), the num-
ber of receive antennas at the MT is limited to a
small number. Therefore, the benefit of using
spatial multiplexing is restricted and at the cost
of complexity in the MT. In contrast, it is practi-
cally more attractive to apply spatial diversity,
especially the base station transmit diversity
technique [1], in mobile wireless networks. Thus,
in this article we only focus on the first category,
spatial-diversity-based MIMO systems.

There are a number of promising transmit/
receive diversity schemes. For example, when
CSI is available at both sides of the wireless
link, maximal ratio transmission (MRT, also
known as transmit beamforming) and maximal
ratio combining (MRC) are known as the opti-
mal transmit and receive diversity schemes,
respectively. When CSI is not available at the
transmitter side, space-time block coding
(STBC) is a powerful approach to achieve trans-
mit diversity. Moreover, selection combining
(SC) at either the transmitter or receiver side
emerges as a good trade-off between perfor-
mance and complexity. In this article we consid-
er a general model for different diversity
schemes. The diversity schemes on which we
focus include MRT, STBC, MRC, and trans-
mit/receive SC, as well as the integrations of
those schemes.

nnnn Figure 1. The system model: a) base station transmitter; b) mobile wireless receiver.
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ADAPTIVE MODULATION AND CODING

The AMC technique, where transmission param-
eters such as constellation size and coding rate
are dynamically adapted to the time-varying fad-
ing channel, has emerged as one of the key solu-
tions to increase the spectral efficiency of
wireless networks. In [2] the authors did pio-
neering work in this area and investigated the
AMC scheme combined with power and rate
adaptations. In [4] the authors studied adaptive
modulation integrated with convolutional codes.

In this article we follow the AMC parameters
developed in [4] for convenience. The specific
modulation and coding modes for the AMC
scheme used are constructed as follows. We par-
tition the entire signal-to-noise ratio (SNR)
range by, say, K = 7 nonoverlapping consecutive
intervals, resulting in K + 1 boundary points
denoted {Tk}k=0

K , where T0 < T1 < … < TK with
T0 = 0 and TK = ∞. Correspondingly, the AMC
is selected to be in mode k if the SNR, denoted
γ, falls into the range Tk ≤ γ < Tk+1, where k =
0, 1, …, K – 1. More specifically, the code rates
of the available modes are 0, 0.5, 0.5, 0.75, 0.5625,
0.75, and 0.75, respectively, and their correspond-
ing constellations are “outrage,” binary phase
shift keying (BPSK), quaternary PSK (QPSK),
QPSK, 16-quadrature amplitude modulation
(QAM), 16-QAM, and 64-QAM, respectively.
Thus, with code rates ranging from 0 to 0.75 and
the modulations ranging from “outrage” to 64-
QAM, the corresponding system’s spectral effi-
ciency of each mode is 0, 0.5, 1.0, 1.5, 2.25, 3.0,
and 4.5 b/s/Hz, respectively. As the SNR increas-
es, the system selects the AMC mode with higher
spectral efficiency to transmit data. On the other
hand, as the SNR gets worse, the system decreas-
es the transmission rate to adapt to the degraded
channel conditions. In the worst case, the trans-
mitter can stop transmitting data, which corre-
sponds to the “outrage” mode of the system.

The boundary points {Tk}k=1
K–1 are determined

by the reliability QoS requirement of the specific
services. More specifically, for any given packet
size and packet error rate (PER), the boundaries
{Tk}k=1

K–1 can be derived numerically by using the
probability density function (pdf) of the SNR
with the different MIMO diversity schemes and
PER expressions of convolutional codes, which
are detailed in [4].

THE FSMC MODEL FOR
WIRELESS SERVICE PROCESSES

In [6] the authors proposed using FSMCs to
model the wireless fading channel. This model
has since been extensively studied and success-
fully applied in various scenarios to evaluate
QoS performance over wireless links. In this
article we extend and develop the FSMC model
to characterize the variation of the MIMO diver-
sity and AMC-based wireless service process. We
assume that the channel is invariant within a
data link layer frame’s time duration Tf but
varies in duration from frame to frame. This
assumption is valid when the frame duration is
not too long and the mobility of the mobile user
is not too high. Thus, a discrete time FSMC can
be developed to characterize the fading channel

process. Each state of our FSMC corresponds to
a mode of AMC. The state-transition probability
can be well approximated using the level-cross-
ing rate (LCR) evaluated at the AMC boundary
points of the SNR process [7]. In general, the
transition matrix of our developed FSMC, denot-
ed P = [pij] K × K, can also be derived numeri-
cally according to the specific AMC and MIMO
diversity schemes deployed at the physical layer.

THE EFFECTIVE CAPACITY FOR
QOS GUARANTEES

STATISTICAL QOS GUARANTEES
Real-time multimedia services such as video and
audio require the bounded delay or, equivalent-
ly, the guaranteed bandwidth. Once a received
real-time packet violates its delay bound, it is
considered useless and discarded. However, over
mobile wireless networks, a hard delay bound
guarantee is practically infeasible to achieve due
to the impact of time-varying fading over wire-
less channels. For example, over a Rayleigh fad-
ing channel, the only lower bound of the system
bandwidth that can be deterministically guaran-
teed is a bandwidth of zero. Thus, we consider
an alternative solution by providing statistical
QoS guarantees, where we guarantee the delay
bound with a small violation probability.

During the early 1990s, statistical QoS guar-
antee theories were extensively studied in the
context of the so-called effective bandwidth theory
with emphasis on wired asynchronous transfer
mode (ATM) networks. The asymptotic results
in [9] showed that for stationary and ergodic
arrival and service processes under sufficient
conditions, the probability that queue size Q
exceeds a certain threshold B (i.e., the buffer
overflow probability) decays exponentially fast as
the threshold B increases; that is,

Pr{Q > B} ≈ e–θB, for a large B, (1)

where θ is a certain positive constant called the
QoS exponent, detailed below. For a small B,
the following approximation is shown to be more
accurate [3]:

Pr{Q > B} ≈ αe–θB, (2)

where α denotes the probability that the buffer
is not empty. Furthermore, when delay bound is
the main QoS metric of interest (i.e., when the
focus is on delay bound violation probability), a
set of expressions similar to Eqs. 1 and 2 can
also be obtained in the same manner.

From Eqs. 1 and 2 we observe that the
parameter θ plays an important role in statistical
QoS guarantees, which indicates the decaying
rate of the QoS violation probability. A smaller
θ corresponds to a slower delaying rate, which
implies that the system can only provide a looser
QoS requirement, while a larger θ leads to a
faster delaying rate, which means a more strin-
gent QoS requirement can be guaranteed. Due
to its close relationship with statistical QoS pro-
visioning, θ is called the QoS exponent [3].

THE FUNDAMENTALS OF EFFECTIVE CAPACITY
In [3] the authors proposed an interesting con-
cept termed effective capacity, which turns out to
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be the dual problem of effective bandwidth. In
particular, effective capacity is defined as the
maximum arrival rate a given service process can
support in order to guarantee a QoS require-
ment specified by θ, while effective bandwidth is
defined as the minimum service rate required by
a given arrival process for which the QoS expo-
nent θ is fulfilled. From the definition of effec-
tive capacity, we observe that effective capacity
relates wireless channel service rate to network
QoS provisioning performance through the QoS
exponent θ. Thus, we can use it as a bridge in
cross-layer design modeling between the physi-
cal layer system infrastructure and the upper-
layer network protocols’ statistical QoS
performance.

Based on the duality between effective band-
width and effective capacity, we have analytically
shown that the effective capacity function, denot-
ed EC(θ), has the following properties:
• EC(θ) is a monotonically decreasing function

of θ.
• limθ→0 EC(θ) converges to the average ser-

vice rate.
• limθ→∞ EC(θ) converges to the minimum

service rate.
Intuitively, these properties can be explained as
follows. As the QoS constraint becomes more
and more stringent, the given channel can sup-
port lower and lower traffic arrival rates in order
to guarantee the more stringent delay QoS
requirement. This is why the effective capacity is
a decreasing function of θ. On the other hand,
when the system can tolerate long delay, the
maximum arrival rate a given channel can sup-
port is equal to its average service rate. Howev-
er, if the arrival rate increases beyond the
average service rate, from queuing theory we
know that a large queue will build up and the
queue size will eventually approach to infinity.
This is the reason effective capacity converges to
its average service rate when θ → 0. When the
system cannot tolerate any delay, we can only
restrict the arrival rate to be equal to or less
than the minimum service rate to ensure that the
queue will never build up. That is why the effec-
tive capacity converges to the minimum service
rate as θ → ∞.

To help demonstrate the principles and iden-
tify the  relationship between effective band-
width and effective capacity, let us consider two
cases illustrated in Fig. 2, which are elaborated
on, respectively, as follows.

Case I — Service process (ii) is given with arrival
process (i) having higher bandwidth than that of
arrival process (ii). For the fixed service process
(ii) in Fig. 2, a higher-bandwidth traffic arrival
process (i), plotted in terms of effective band-
width, intersects with EC(θ) at the QoS exponent
θ1, while a lower-bandwidth traffic arrival pro-
cess-(ii), also plotted according to the effective
bandwidth function, intersects with EC(θ) at the
QoS exponent θ2. Clearly, Fig. 2 shows θ1 < θ2.
This implies that the given service process (ii)
can support a more stringent QoS for the slower
arrival process (ii) than can for the faster arrival
process (i), which is expected since intuitively
the higher-bandwidth arrival process (i) results
in larger QoS violation probability.

Case II — Arrival process (ii) is given with service
process (i) having higher bandwidth than that of
service process (ii). For the fixed arrival process
(ii) in Fig. 2 , we specify its statistical QoS
requirement as the QoS exponent θ*. Then the
higher-bandwidth service process (i) can guaran-
tee the required statistical QoS since the inter-
section θ3 between arrival process (ii) and service
process (i) satisfies θ3 > θ*, while the lower-
bandwidth service process (ii) cannot support
the required QoS provisioning, because the
intersection θ2 between arrival process (ii) and
service process (ii) results in θ2 < θ*.

From the above observations and analyses,
we propose to use the effective bandwidth and
effective capacity as the controlling functions for
cross-layer modeling. The characterizations of
the QoS performance guarantees are equivalent
to investigating the dynamics of the QoS expo-
nent θ, which turns out to be a very simple and
efficient cross-layer modeling approach, elabo-
rated on below.

EFFECTIVE CAPACITY OF THE
PROPOSED SCHEME

As described above, effective capacity is the dual
problem of effective bandwidth. Thus, utilizing
the well established effective bandwidth theory,
it is feasible to formulate the effective capacity
problem analytically. Using the duality between
effective bandwidth and effective capacity, we
can show that the effective capacity function
EC(θ) is determined by the following equation:

(3)

where P is the transition matrix of our devel-
oped FSMC, Φ(θ) is a K × K diagonal matrix
with the kth diagonal entry φk(θ)= exp(–Rkθ),
where Rk is the number of bits transmitted per

Ec ( ) log { ( )} , ,θ
θ

ρ θ θ= − ( ) >1
0PΦ   

nnnn Figure 2. Relationship between effective bandwidth and effective capacity as
a function of the QoS exponent θ.
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frame by using the kth AMC mode, and ρ{⋅}
denotes the spectral radius of the matrix. Note
that the spectral radius of a matrix is defined as
the maximum of the absolute values of the eigen-
values for that matrix. We derived Eq. 3 follow-
ing a similar manner as shown in [9]. Notice that
the derivation of Eq. 3 is not exactly the same as
the procedure used in [9], but the spirit is simi-
lar.

The above cross-layer modeling establishes
the analytical framework to investigate the
impact of the physical layer infrastructure varia-
tions on the statistical QoS provisioning perfor-
mance at the upper layer protocols through the
effective capacity function EC(θ). This analytical
framework is critically important since, based on
our developed cross-layer model, the upper layer
protocols, such as various admission control,
scheduling, and adaptive resource allocation
algorithms [8, 10, 11], can be designed corre-
spondingly to guarantee the desired QoS
requirements, depending on the different wire-
less schemes used at the physical layer.

PERFORMANCE EVALUATIONS
We first evaluate the effective capacity function
by numerical solutions under different physical
layer diversity schemes and parameters used, as
shown in Fig. 3, where we set the example sys-
tem bandwidth W = 100 kHz, the frame dura-
tion Tf = 2 ms, the average SNR γ— =10 dB, and
the maximum Doppler frequency fd = 5 Hz.
Moreover, we use the following assumptions:
• The CSI is perfectly estimated at the receiv-

er and reliably fed back to the transmitter.
• The MIMO channel is flat-fading and inde-

pendent identically Rayleigh distributed
between each transmit/recive antenna pair
in mobile wireless networks.

Figure 3a shows the effective capacity EC(θ) with
the different numbers of transmit antennas,
where we fix the total transmit power when
increasing the number of transmit antennas. The
number of receive antennas is set to Nr = 1 and

the average PER = 10–3. From Fig. 3a, we can
observe that increasing the number of transmit
antennas at the physical layer can significantly
improve effective capacity, which verifies the
superiority of employing spatial diversity in sup-
porting statistical QoS for upper layer protocols.
Figure 3b studies the relationship between effec-
tive capacity and QoS reliability requirements
for PER, where we set the number of transmit
and receive antennas Nt = Nr = 2 and use the
Alamouti STBC scheme [1] in the system. As
shown by Fig. 3b, more stringent reliability QoS
(lower PER) results in lower effective capacity,
which is expected since the system needs to
decrease the transmission rate to guarantee reli-
ability. From Fig. 3, we can observe that physical
layer variations have a significant impact on
effective capacity, and thus on the QoS provi-
sioning performance of wireless networks at
higher layer protocols.

We observe that the numerical results shown
in Fig. 3 are also consistent with the properties
of effective capacity mentioned above. Specifi-
cally, all EC(θ)s are monotonically decreasing
functions of the QoS exponent θ. When the QoS
exponent θ gets near 0, the spectral efficiency of
effective capacities can be shown to be equal to
the average rates of service processes. On the
other hand, as the QoS exponent θ gets large,
the effective capacity converges to 0, which cor-
responds to the minimum service-rate (i.e., the
outage mode of AMC).

We also conduct simulations to verify the cor-
rectness and validity of our proposed cross-layer
modeling technique and QoS provisioning per-
formance. In the simulations we generate two
types of real-time services. The first type simu-
lates the low speed audio service, where we
model the arrival traffic by the well-known ON-
OFF model. The probability of ON and OFF
states are 49 percent and 51 percent, respective-
ly. The ON state traffic is modeled as a constant
rate of 16 kb/s. The system bandwidth for the
audio service is set to W = 10 kHz. The second
one simulates a high-speed video traffic flow.

nnnn Figure 3. Effective capacity Ec(θ) as a function of QoS exponent θ with the different physical layer diversity schemes and parameters:
a) beamforming/MRC; b) STBC/MRC.

QoS exponent θ (1/kb)

100

0

0.5

N
or

m
al

iz
ed

 e
ff

ec
ti

ve
 c

ap
ac

it
y 

E c
(θ

) 
(b

/s
/H

z)

1

(a) (b)

1.5

1

2.5

3

3.5

10110-110-210-3 102

Increase the number
of transmit antennas

QoS exponent θ (1/kb)

100

0

0.5

N
or

m
al

iz
ed

 e
ff

ec
ti

ve
 c

ap
ac

it
y 

E c
(θ

) 
(b

/s
/H

z)

1

2

2.5

3

10110-110-210-3 102

Increase the reliability QoS

PER = 10-1
PER = 10-2
PER = 10-3
PER = 10-4

8 Tx, 1 Rx
4 Tx, 1 Rx
2 Tx, 1 Rx
1 Tx, 1 Rx

1.5

ZHANG LAYOUT  12/20/05  8:00 AM  Page 104

                                                          



IEEE Communications Magazine • January 2006 105

We employ a first-order auto-regressive (AR)
process to simulate video traffic characteristics
[12]. The mean and standard deviation of the
arrival video traffic are 72.7 kb/s and 6.95 kb/s,
respectively. The system bandwidth for the video
service is set to W = 100 kHz. In the simulation
the transmitter employs Alamouti’s STBC
scheme when the number of transmit antennas
Nt = 2.

Figures 4a and 4b show the QoS violation
(delay bound violation) probability vs. the
delay bound threshold for audio and video
traffic services, respectively. In order to obtain
the modeling results, we derive the effective
capacity of the channel and the effective band-
width of the traffic, respectively. Then the
intersection between the effective capacity and
effective bandwidth determines the QoS expo-
nent θ, which then determines the slope of the
exponential decay rate for the modeling results
in the figure. In the simulations we simulate
the arrival traffic and wireless channel based
on the parameters described above. Finally, we
calculate the probability of the queuing delay
exceeding the delay bound threshold. As
expected, the delay bound violation probabili-
ties for both types of services decay exponen-
tially as the delay bound increases.  When
increasing the number of transmit antennas or
transmit power (SNR increases), the QoS pro-
visioning performance can be improved. As
shown in both Figs. 4a and 4b, our modeling
results agree well with the simulation results,
especially for video services. Thus, Fig. 4 con-
firms the correctness and accuracy of our
developed cross-layer modeling.

CONCLUSIONS
We propose a cross-layer design approach to
study the interaction between the physical layer
AMC and MIMO diversity, and the higher-layer
protocols on the statistical QoS performance of
the mobile wireless networks. We identify the
relationship between effective bandwidth and

effective capacity, and obtain the effective capac-
ity function in our proposed system model. The
numerical and simulation results show that AMC
and MIMO diversity employed at the physical-
layer have significant impact on the statistical
QoS performance at the upper layer protocols.
The proposed cross-layer modeling accurately
characterizes the influence of the physical layer
infrastructure on statistical QoS performance at
the higher protocol layers.

While in this article we only investigate sin-
gle-user QoS provisioning, our developed cross-
layer modeling technique can be readily
extended to scenarios with multiple users sharing
the wireless media in time-division multiple
access (TDMA) systems. More important, our
developed cross-layer modeling technique also
offers a practical and effective approach to
develop highly efficient admission control,
scheduling, and adaptive resource allocation
schemes to guarantee QoS for real-time multi-
media traffic over mobile wireless networks.

REFERENCES
[1] S. M. Alamouti, “A Simple Transmit Diversity Technique

for Wireless Communications,” IEEE JSAC, vol. 16, no.
8, Oct. 1998, pp. 1451–58.

[2] A. J. Goldsmith and S. Chua, “Vairable-Rate Variable-
Power MQAM for Fading Channels,” IEEE Trans. Comm-
mun., vol. 45, no. 10, Oct. 1997, pp. 1218–30.

[3] D. Wu and R. Negi, “Effective Capacity: A Wireless Link
Model for Support of Quality of Service,” IEEE Trans.
Wireless Commun., vol. 2, no. 4, July 2003, pp. 630–43. 

[4] Q. Liu, S. Zhou, and G. B. Giannakis, “Cross-Layer Com-
bining of Adaptive Modulation and Coding with Trun-
cated ARQ over Wireless Links,” IEEE Trans. Wireless
Commun., vol. 3, no. 5, Sept. 2004, pp. 1746–55.

[5] M. Krunz and J. G. Kim, “Fluid Analysis of Delay and
Packet Discard Performance for QoS Support in Wire-
less Networks,” IEEE JSAC, vol. 19, no. 2, Feb. 2001,
pp. 384–94.

[6] H. S. Wang and N. Moayeri, “Finite-state Markov Chan-
nel — a Useful Model for Radio Communication Chan-
nels,” IEEE Trans. Vehic. Tech., vol. 44, no. 1, Feb.
1995, pp. 163–71.

[7] C.-D. Iskander and P. T. Mathiopoulos, “Fast Simulation
of Diversity Nakagami Fading Channels Using Finite-
state Markov Models,” IEEE Trans. Broadcasting, vol.
49, no. 3, Sept. 2003, pp. 269–77.

nnnn Figure 4. The modeling and simulation results of the delay bound violation probability for audio and video traffic services: a) audio
traffic services (ON-OFF traffic model); b) video traffic services (AR traffic model).

Delay bound (s)

0.4 0.50

(a) (b)

10-3

10-4

D
el

ay
 b

ou
nd

 v
io

la
ti

on
 p

ro
ba

bi
lit

y

10-2

10-1

100

0.30.20.1
Delay bound (s)

0.4 0.50

10-3

10-4

D
el

ay
 b

ou
nd

 v
io

la
ti

on
 p

ro
ba

bi
lit

y

10-2

10-1

100

0.30.20.1

Modeling results
Simulation results
Tx 1, Rx 1, SNR  = 8 dB
Tx 1, Rx 1, SNR = 10 dB
Tx 2, Rx 1, SNR = 8 dB
Tx 2, Rx 1, SNR = 10 dB

Modeling results
Simulation results
Tx 1, Rx 1, SNR  = 8 dB
Tx 1, Rx 1, SNR  = 10 dB
Tx 2, Rx 1, SNR = 8 dB
Tx 2, Rx 1, SNR = 10 dB

ZHANG LAYOUT  12/20/05  8:00 AM  Page 105

                                 



IEEE Communications Magazine • January 2006106

[8] X. Zhang and J. Tang, “Space-Time Diversity-Enhanced QoS
Provisioning for Real-Time Service over MC-DS-CDMA
Based Wireless Networks,” Proc. IEEE GLOBECOM 2004,
Dallas, TX, vol. 4, Nov. 29–Dec. 3, 2004, pp. 2700–06.

[9] C.-S. Chang, “Stability, Queue Length, and Delay of Deter-
ministic and Stochastic Queueing Networks,” IEEE Trans.
Auto. Control, vol. 39, no. 5, May 1994, pp. 913–31.

[10] M. Moustafa, I. Habib, and M. N. Naghshineh, “Efficient
Radio Resource Control in wireless Networks,” IEEE Trans.
Wireless Commun., vol. 3, no. 6, Nov. 2004, pp. 2385–95.

[11] S. Ci, M. Guizani, and G. B. Brahim, “A Dynamic
Resource Allocation scheme for Delay-Constrained Mul-
timedia Services in CDMA 1xEV-DV Forward Link,” IEEE
JSAC, in press.

[12] B. Maglaris et al., “Performance Models of Statistical
Multiplexing in Packet Video Communications,” IEEE
Trans. Commun., vol. 36, 1988, pp. 834–43.

BIOGRAPHIES
XI ZHANG [S’89, SM’98] (xizhang@ee.tamu.edu) received
B.S. and M.S. degrees from Xidian University, Xi’an, China,
an M.S. degree from Lehigh University, Bethlehem, Penn-
sylvania, all in electrical engineering and computer sci-
ence, and a Ph.D. degree in electrical engineering and
computer science (electrical engineering — systems) from
the University of Michigan, Ann Arbor. He is currently an
assistant professor and the founding director of the Net-
working and Information Systems Laboratory, Department
of Electrical Engineering, Texas A&M University, College
Station. He was an assistant professor and the founding
director of the Division of Computer Systems Engineering,
Department of Electrical Engineering and Computer Sci-
ence, Beijing Information Technology Engineering Insti-
tute, China, from 1984 to 1989. He was a research fellow
with the School of Electrical Engineering, University of
Technology, Sydney, Australia, and the Department of
Electrical and Computer Engineering, James Cook Universi-
ty, Queensland, Australia, under a fellowship from the
Chinese National Commission of Education. He worked as
a summer intern with the Networks and Distributed Sys-
tems Research Department, Bell Laboratories, Murray Hill,
New Jersey, and with ATT Labs Research, Florham Park,
New Jersey, in 1997. He has published more than 70 tech-
nical papers. His current research interests focus on the
areas of wireless networks and communications, mobile
computing, cross-layer designs and optimizations for QoS
guarantees over mobile wireless networks, wireless sensor
and ad hoc networks, wireless and wireline network secu-
rity, network protocols design and modeling for QoS guar-
antees over multicast (or unicast) wireless (or wireline)
networks, statistical communications teory, random signal
processing, and distributed computer control systems. He
received the U.S. National Science Foundation CAREER
Award in 2004 for his research in the areas of mobile
wireless and multicast networking and systems. He has
served or is serving as a panelist on the U.S. National Sci-
ence Foundation Research Proposal Review Panel in 2004,
a WiFi Hotspots and QoS panelist at IEEE QShine 2004,
chair of the IEEE International Cross-Layer Designs and
Protocols Symposium within the IEEE International Wire-
less Communications and Mobile Computing Conference
(IWCMC) 2006, Technical Program Committee co-chair for
IEEE IWCMC 2006, poster chair for IEEEQShine 2006, pub-
licity co-chair for IEEE WirelessCom 2005, and technical
program committee member for IEEE GLOBECOM, IEEE
ICC, IEEE VTC, IEEE QShine, IEEE WoWMoM, IEEE Wireless-
Com, and IEEE EIT. He is a member of ACM.

JIA TANG [S’03] (jtang@ee.tamu.edu) received a B.S. degree
in electrical engineering from Xi’an Jiaotong University,
China, in 2001. He is currently a research assistant working
toward a Ph.D. degree at the Networking and Information
Systems Laboratory, Department of Electrical and Comput-
er Engineering, Texas A&M University, College Station. His
research interests include mobile wireless communications
and networks, with emphasis on cross-layer design and
optimizations, wireless QoS provisioning for mobile multi-
media networks, wireless diversity techniques, and wireless
resource allocation. He received the Fouraker Graduate
Research Fellowship Award from the Department of Electri-
cal Engineering, Texas A&M University in 2005.

HSIAO-HWA CHEN [SM’00] (hshwchen@ieee.org) received
B.Sc. and M.Sc. degrees from Zhejiang University, China,
and a Ph.D. degree from the University of Oulu, Finland, in

1982, 1985, and 1990, respectively, all in electrical engi-
neering. He worked with the Academy of Finland during
1991–1993 and the National University of Singapore as a
senior lecturer from 1992 to 1997. He joined the Depart-
ment of Electrical Engineering, National Chung Hsing Uni-
versity, Taiwan, as an associate professor in 1997 and was
promoted to full professor in 2000. In 2001 he moved to
National Sun Yat-Sen University, Taiwan, as the founding
director of the Institute of Communications Engineering of
the university. He has been a visiting professor to the
Department of Electrical Engineering, University of Kaiser-
slautern, Germany, in 1999, the Institute of Applied
Physics, Tsukuba University, Japan, in 2000, and Institute of
Experimental Mathematics, University of Essen, Germany in
2002 (under a DFG Fellowship). He has authored or co-
authored over 130 technical papers in major international
journals and conferences, and three books and several
book chapters in the areas of communications. He has
served as TPC member and symposium chair of major
international conferences, including IEEE VTC, IEEE ICC, and
IEEE GLOBECOM. He has served or is serving as an Editor
or Guest Editor for IEEE Communications Magazine, IEEE
JSAC, IEEE Vehicular Technology, Wireless Communications
and Mobile Computing Journal, and International Journal
of Communication Systems. He has been a guest professor
at Zhejiang University, China, since 2003.

SONG CI [S’99, M’02] (sci@cs.umb.edu) is an assistant pro-
fessor of computer science at the University of Mas-
sachusetts, Boston. He received his B.S. from Shandong
University of Technology (now Shandong University), Jinan,
China, in 1992, his M.S. from the Chinese Academy of Sci-
ences, Beijing, in 1998, and his Ph.D. from the University
of Nebraska-Lincoln in 2002, all in electrical engineering.
He also worked with China Telecom (Shandong) as a
telecommunication engineer from 1992 to 1995, and with
the Wireless Connectivity Division of 3COM Corporation,
Santa Clara, California, as an R&D coop in 2001. From
2002 to 2005 he was an assistant professor of computer
science at the University of Michigan-Flint. His research
interests include cross-layer design for QoS provisioning in
wireless data networks, resource allocation in heteroge-
neous wireless networks, sensor network management and
data mining, multimodal sensor networks, multihop cellu-
lar networks, and low-power embedded real-time sensor
system design. He has published more than three dozen
research papers in referred journals and international con-
ferences in those areas. He currently serves as an Associate
Editor on the Editorial Board of Wiley Wireless Communica-
tions and Mobile Computing. He also serves as a reviewer
for many referred journals and as a technical committee
member for several international conferences. He received
the Best Paper Award at the 2004 IEEE International Con-
ference on Networking, Sensing and Control (IEEE ICNSC).
He is a member of ACM.

MOHSEN GUIZANI [S’87, M’90, SM’98] (mguizani@cs.wmich.
edu) is currently a professor and chair of the Computer Sci-
ence Department at Western Michigan University. He
received his B.S. (with distinction) and M.S. degrees in elec-
trical engineering, and M.S. and Ph.D. degrees in computer
engineering in 1984, 1986, 1987, and 1990, respectively,
from Syracuse University, New York. His research interests
include computer networks, wireless communications and
mobile computing, and optical networking. He currently
serves on the editorial boards of six technical journals and
is founding Editor-in-Chief of Wireless Communications
and Mobile Computing Journal (http://www.interscience.
wiley.com/jpages/1530-8669/). He is also the Founder and
General Chair of the IEEE International Conference on
Wireless Networks, Communications, and Mobile Comput-
ing (IEEE WirelessCom 2005). He is the author of three
books and in the process of writing another two. He has
guest edited a number of special issues in journals and
magazines. He also served as member, Chair, and General
Chair of a number of conferences. He has more than 140
publications in refereed journals and conferences. He
received both the Best Teaching Award and the Excellence
in Research Award from the University of Missouri-
Columbia in 1999 (a college wide competition). He won
the Best Research Award from KFUPM in 1995 (a university
wide competition). He was selected as the Best Teaching
Assistant for two consecutive years at Syracuse University,
1988 and 1989. He is an active member of IEEE Communi-
cation Society, IEEE Computer Society, ASEE, ACM, OSA,
SCS, and Tau Beta Pi.

Our developed 

cross-layer modeling

technique offers the

practical and 

effective approach 

to develop the 

highly-efficient

admission-control,

scheduling, and

adaptive resource-

allocation schemes

to guarantee the

QoS for real-time

multimedia traffics

over mobile wireless

networks.
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