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Abstract. Most of previous study of radio resource allocation in traditional wireless networks concentrates on network layer connection blocking probability QoS.
In this paper, we show that physical layer techniques and QoS have significant
impact on network layer QoS. We define a novel concept of cross-layer effective
bandwidth and use this to measure the unified radio resource usage taking into account both physical layer linear minimum-mean square error (LMMSE) receivers
and varying statistical characteristics of the packet traffic in code devision multiple access (CDMA) networks. We demonstrate the similarity between traditional
circuit-switched networks and packet CDMA networks, which enables rich theories developed in traditional wireless networks to be used in packet CDMA networks. Moreover, since both physical layer signal-to-interference ratio (SIR) QoS
and network layer connection blocking probability QoS are considered simultaneously, we can explore the tradeoff between physical layer QoS and network
layer QoS in packet CDMA networks.

1 Introduction
An efficient resource allocation scheme is crucial for guaranteeing different quality of
service (QoS) requirements and fully utilizing the scarce radio resource available in
wireless mobile networks. Several schemes have recently been proposed for resource
allocation in wireless mobile networks. In [1], the complete sharing (CS) and complete
partition (CP) schemes are studied. The CS policy allows all connections equal access
to the radio resource at all the time, which will result in maximum usage of the available
resource. However, at the same time, it does not provide different network layer QoS
(e.g., connection blocking probabilities) to different classes of traffic when traffic load is
heavy. The CP policy divides up the available resource into separate sub-pools, and each
class of traffic can only access its resource pool. This policy allows for more control of
the QoS. In the guard channel scheme [2], [3], a portion of resource is reserved for some
important classes (e.g., handoff connections) to provide better QoS to these classes. The
fractional guard channel scheme [4] is to admit a less important connection (e.g., new
connection) with a certain probability when the system (the number of all ongoing
connections) is in certain states. The system state can also be defined as the number

2

of ongoing new connections. This leads to the new connection bounding scheme [5].
When the resource is not available, some classes of connection requests can be queued
instead of being rejected to provide different QoS to different classes [6], [7]. Authors
in [8] investigate the comparative performance of different resource allocation schemes.
Although much work has been done in resource allocation of wireless mobile networks, most of previous work concentrates on network layer QoS, blocking probabilities of new and handoff connections, and does not consider physical layer technologies and physical layer QoS. While the decoupling between network layer and physical
layer is appropriate for circuit-switched time division multiple access (TDMA) and frequency division multiple access (FDMA) systems, this approach may not be suitable
for packet-switched code division multiple access (CDMA) networks. In fact, the interplay between physical layer and network layer plays an important role in CDMA
networks with linear minimum-mean square error (LMMSE) multiuser receivers [9].
Unlike the conventional matched filter receivers, the LMMSE receivers take into account the structure of the interference from other users when demodulating a user, and
therefore significantly outperform the conventional matched filter receivers [10]. Moreover, unlike traditional circuit-switched networks, future CDMA networks are required
to support packet multimedia traffic, which can change the radio resource requirement
during a connection’s lifetime. Consequently, both cross-layer interplay and packet traffic in CDMA networks complicate the analysis of radio resource allocation schemes as
well as hinder the application of rich theories developed in traditional wireless mobile
networks [1]-[8] to packet CDMA networks. To the best of our knowledge, analysis of
radio resource allocation schemes that considers both CDMA LMMSE physical layer
and packet traffic has not been addressed in previous work. For example, the CDMA
capacity in [11], [12] is evaluated under the assumption that matched filter receivers are
used to demodulate users, and packet traffic is not considered there. In addition, authors
in [9], [13] only consider circuit-switched constant bit rate traffic.
In this paper, we study the cross-layer radio resource allocation problem in packet
CDMA networks with LMMSE receivers. The novelties of this work are as follows.
1) A novel concept of cross-layer effective bandwidth [14] is used to measure the
unified radio resource usage taking into account both LMMSE receivers and varying
statistical characteristics of the packet traffic in CDMA networks. Based on the concept
of cross-layer effective bandwidth.
2) Both physical layer signal-to-interference ratio (SIR) QoS and network layer connection blocking probability QoS can be considered simultaneously in radio resource
allocation schemes. Therefore, we can explore the tradeoff between physical layer QoS
and network layer QoS in packet CDMA networks.
3) Using numerical examples, we show that physical layer receivers have significant impact on the network layer QoS. We also show that the network layer QoS can be
improved significantly if the physical layer SIR QoS can be violated with a small probability. This study reveals a number of interesting observations and provides insights
into the radio resource allocation problem from a cross-layer perspective.
The rest of the paper is organized as follows. Section 2 describes the traffic model
and CDMA model. Section 3 presents the concept of cross-layer effective bandwidth.

3

Traffic model

Radio resource
allocation

LMMSE
physical layer

SIR
SIR outage probability

Fig. 1. Cross-layer radio resource allocation in packet CDMA networks with LMMSE receivers.

Section 4 discusses cross-layer radio resource allocation schemes. Some numerical examples are given in Section 5. Finally, we conclude this study in Section 6.

2 Model Description
In this section, we formulate the radio resource allocation problem in CDMA networks
with LMMSE receivers, as shown in Fig. 1. Packet traffic arrivals request to access the
CDMA network. A radio resource allocator decides whether or not to admit a user and
allocates radio resource to the user if he/she is admitted. Both network layer blocking
probability QoS and physical layer SIR QoS are considered in the resource allocation.
The admitted users transmit packet traffic over multi-path fading channels. A LMMSE
multiuser detector is used to demodulate each user. The SIR and SIR outage probability
evaluated at the LMMSE receivers are passed back to the radio resource allocator. We
detail the traffic model and the asymptotic system capacity for CDMA networks with
LMMSE receivers in the following.
2.1

Traffic Model

Assume there are J classes of traffic in the network. The class j, j = 1, 2, . . . , J, arrival
processes of new connections and handoff connections in a cell are Poisson processes
with means λj,n and λj,h , respectively. We assume that connection holding time for
class j connections is exponentially distributed with average value µj . Each connection
transmits packet traffic in the CDMA network. In order to study the characteristics of
the packet traffic and propose the cross-layer effective bandwidth concept in Section 3,
we introduce the network layer effective bandwidth concept for a given traffic source in
wireline networks, which has been well developed [15] during the last decade. Consider
a bufferless communication multiplexer with a single output. There are J classes of
input traffic with nj connections of class j traffic. The aggregate input traffic is Y =
PJ Pnj
i
i
i=1 Yj , where Yj is the ith class j traffic. Assume that the output capacity is
j=1
C. The congestion probability of this system is


nj
J X

X
(1)
Yji ≥ C .
P cong = P


j=1 i=1

Given the statistical characteristics of traffic sources and their congestion probability
requirements, the actual bandwidth that a connection requires lies between its mean
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rate and its peak rate. This bandwidth is generally referred to as the effective bandwidth
of the traffic source. Assume that Yj [0, t] is the amount of work that arrives from a class
j source in the time interval [0, t], and Yj [0, t] has stationary increments. The definition
of network layer effective bandwidth of class j traffic is [15]
αj (s, t) =

h
i
1
log E esYj [0,t] , s, t ∈ R+ ,
st

(2)

where E is the expectation, s and t are system parameters defined by the characteristics
of the source, its QoS requirements, and the link capacity.
2.2

Fading Channel and Linear Multiuser Detector Physical Layer Model

Signal-to-interference ratio (SIR) is the main QoS measure at physical layer. Evaluating
the SIR of LMMSE receivers is difficult due to the interwining of the effects of all signature sequences and received powers of all interferers. Fortunately, recent results [10]
show that, the SIR can be closely approximated by an expression that only depends on
the transmit powers of all active users as well as the first- and second-order statistics of
the channel gain, if we assume that signature sequences of the K users are randomly
and independently chosen. In this paper, we use these results in radio resource allocation. The path l of user k is characterized by its estimated average channel gain h̄kl and
its estimation error variance ξk2 . In a large system (both N and K are large), the SIR for
the LMMSE receiver
PL of a user (say, the first one) can be expressed approximately as
[10] SIR1 = P1 l=1 |h̄1l |2 η/(1 + P1 ξ12 η), where η is the unique fixed point in (0, ∞)
h
³P
´´i−1
PK ³
L
2
2
that satisfies η = σ 2 + 1/N k=2 (L − 1)I(ξk2 , η) + I
l=1 |h̄kl | + ξk , η

and I(ν, η) = ν/(1 + νη). Assume that there are J classes of traffic in the system. An
important physical layer performance measure of class j users is SIRj , which should
be kept above the target value ωj . In [13], it is shown that a minimum received power
solution exists such that all users in the system meet their target SIRs if and only if
2
ωj < |h̄ij |2 /ξji and
nj
J X
X
Υji
< 1,
(3)
Rji
N
j=1 i=1
PL
where |h̄ij |2 is the average channel gain of the ith class j user; |h̄ij |2 = l=1 |h̄ijl |2 ;
nj is the number of class j users; Rji is the number of signature sequences assigned to
the ith user of class j to make it transmit at Rji times the basic rate (obtained using the
highest spreading gain N ) and
µ
¶
2
ξji
2
ωj 1 + |h̄i |2
ξji
j
.
(4)
Υji = (L − 1)ωj i 2 +
1 + ωj
|h̄j |
Note that multi-code CDMA is used in the above model, in which variable bit rate
is provided using multiple codes and the SIR requirement of a connection does not
change when the bit rate varies [16]. The capacity of the system is restricted by the
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power control feasibility condition (3). The SIR outage probability in CDMA networks
with LMMSE receivers can be expressed as


nj
J X
i
X

Υj
Rji
(5)
P out = P
≥1 .


N
j=1 i=1

3 Cross-Layer Effective Bandwidth
3.1

Definition of Cross-Layer Effective Bandwidth

Comparing (5) with (1), we can see the similarity between CDMA networks with
LMMSE receivers and wireline networks. From a mathematical point of view, there is a
scalar Υji /N besides the packet traffic Rji in (5). It is very interesting to observe that the
scalar Υji /N contains all the information about the physical layer LMMSE receivers.
Since the definition of network layer effective bandwidth (2) is useful in deriving the
congestion probability (1), we can develop a concept of cross-layer effective bandwidth
to derive the SIR outage probability (5). This motivates us to define the cross-layer
effective bandwidth of a traffic source as follows:
Definition 1. Let L denote the number of resolvable paths that each user appears at the
2
receiver, |h̄ij |2 denote the estimated average channel gain and ξji denote the channel
estimation error variance of the ith class j connections with a SIR target value ωj in a
CDMA system with spreading gain N . Let Rji [0, t] denote the amount of work generated
from the ith connection of class j in the time interval [0, t], and Rji [0, t] is assumed to
have stationary increments. The cross-layer effective bandwidth of this connection is
αji (L, N, h, ξ, ω, s, t) =
where Υji is defined in (4).
3.2

i
h i
i
1
log E esRj [0,t]Υj /N , L, N ∈ Z+ , h, ξ, ω, s, t ∈ R+ ,
st
(6)

Properties of Cross-Layer Effective Bandwidth

We derive some properties of the cross-layer effective bandwidth defined in (6). These
properties give some insights into the radio resource allocation problem from a crosslayer perspective.
n

Proposition 1. If Rj1 [0, t], . . . , Rj j [0, t] are nj independent random processes corresponding to the workload from nj class j independent connections
Pnj i and Rj [0, t] stands
Rj [0, t], then we have
from the workload of the multiplexed system, Rj [0, t] = i=1
αj (L, N, h, ξ, ω, s, t) =

nj
X
i=1

αji (L, N, h, ξ, ω, s, t).

(7)
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Remark: The cross-layer effective bandwidth for the superposition of independent
input processes is the sum of the individual cross-layer effective bandwidths. Therefore,
the total cross-layer effective bandwidth of all connections in the system is


nj
J P
P
nj
J X
s
X
Rji [0,t]Υji
N
1
j=1 i=1


=
αji (L, N, h, ξ, ω, s, t).
α(L, N, h, ξ, ω, s, t) =
log E e
st
j=1 i=1

(8)
This additive property shows the similarity between traditional circuit-switched networks and packet CDMA networks with LMMSE receivers. Therefore, if we allocate
each connection with its cross-layer effective bandwidth, rich theories in [1]-[8] can be
used to analyze various radio resource allocation schemes in packet CDMA networks.
Proof: See Appendix.
Proposition 2.

Υji E[Rji [0,t]]
N
t

≤ αji (L, N, h, ξ, ω, s, t) ≤

Υji R̄ji [0,t]
.
N
t

Remark: The effect of network layer varying statistical characteristics of a connection lies between its mean rate and peak rate in the cross-layer effective bandwidth. Instead of allocating packet multimedia connections with their peak rates or mean rates,
we can allocate their cross-layer effective bandwidths in CDMA networks, by which
the physical layer QoS can be guaranteed and the network utilization can be increased
significantly. We will show this with numerical examples.
Proof: See Appendix.
3.3

Derivation of SIR Outage Probability Using Cross-Layer Effective
Bandwidth

In this subsection, we derive SIR outage probability using cross-layer effective bandwidth, which will be used in Section 4. SIR is an important physical layer QoS measure in CDMA networks. However, guaranteeing the SIR of all connections at all time
instants will result in low network utilization, especially when the traffic is bursty.
Therefore, we use SIR outage probability as a QoS measure in wireless packet CDMA
networks. Instead of guaranteeing the SIR at all time instants, we can guarantee the
SIR outage probability. This formulation is motivated by the design of packet-switched
wireline networks. It is well known [17] that allocating all connections with their peak
rates guarantees no packet loss, but results in the lowest utilization and no multiplexing
gain. Therefore, most bandwidth allocation schemes in wireline networks allow a small
packet loss probability to increase the network utilization [17]. Similarly, since most
applications in wireless networks can tolerate small probability of SIR outage, we use
SIR outage probability as a QoS measure in wireless packet CDMA networks and keep
it below a target value ζ. The SIR outage probability can be estimated by the following
well-known Chernoff bound [18] approximation


nj
J X

X
i
Υ
j
≥ 1 ≈ eΛ(1) ,
(9)
P out = P
Rji


N
j=1 i=1
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PJ Pnj i
i
where Λ(v) = inf s [sα − sv], α =
i=1 αj , and αj is the scaled logarithj=1
mic moment generating function of the instantaneous work load of the ith class j connection in a packet bufferless CDMA system. αji = limt→0 αji (L, h, ξ, ω, s/t, t) =
h i i i
(1/s) log E esRj Υj /N . The constraint P out ≤ ζ will be satisfied if the vector x =
(n1 , n2 , . . . , nJ ) lies within the admissible set

  


nj
J X




X
X = x ∈ ZJ+ : exp inf s 
αji − 1 ≤ ζ .
(10)


 s

j=1 i=1

The p
Chernoff bound (9) can be further refined [19] by adding a prefactor. P out ≈
1/s∗ 2π∂ 2 (s∗ α)/∂s2 eΛ(1) , where s∗ attains the infimum in (10). The admissible set
using the improved bound becomes










 





nj
J


X
X
1
∗
i
J
s 


exp
≤
ζ
−
1
α
X = x ∈ Z+ : v
.
j
Ã
!
u




nj
J P
u
j=1
i=1


P


∂2


s∗
αji
s∗ t2π ∂s


2


j=1 i=1
(11)

4 Cross-Layer Radio Resource Allocation in Packet CDMA
Networks
Using the concept of cross-layer layer effective bandwidth, we can reduce the complicated packet CDMA networks with LMMSE receivers to traditional circuit-switched
networks, and use rich theories developed for traditional networks to analyze various radio resource allocation schemes in packet CDMA networks. In this section, we present
the cross-layer global balance equations for general radio resource allocation schemes,
from which blocking probabilities and network utilization can be obtained. Then we
consider a set of coordinate convex schemes that have a product form of the equilibrium
probabilities. We emphasize that all of these schemes are not new. However, none of
them considers physical layer QoS in previous study. Our contribution is to apply these
schemes in CDMA networks with LMMSE receivers using the concept of cross-layer
effective bandwidth. Since physical layer QoS, SIR outage probability (9), is considered
in cross-layer effective bandwidth, we can study the radio resource allocation problem
with both physical layer and network layer QoS.
4.1

Cross-Layer Global Balance Equations

In a packet CDMA network, define the state vector of the system as x = (n1 , n2 , . . . , nJ ),
where nj , j = 1, 2, . . . , J, denotes the number of class j connections in the system. The
state space X in the system is defined in (10) or (11). Note that physical layer SIR outage probability QoS constraint, P out ≤ ζ, is used to restrict the state space of the system.
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Therefore, different physical layer QoS requirements will result in different state spaces,
which have significant impact on the network QoS. As we shall see in Section 5, the network QoS can be improved substantially if a small SIR outage probability is introduced
compared to the system in which SIR requirements are guaranteed at all time instants.
For each given state x ∈ X, an action a(x) = (a1 , a2 , . . . , aJ ) ∈ {0, 1}J is chosen.
If aj (x) = 1, admit a class j connection when the system state is x; if aj (x) = 0, the
connection is rejected. The action space is a set of all possible actions, which can be
defined as A = {a : a ∈ {0, 1}J , j = 1, 2, . . . , J}. The action is done according to a
radio resource allocation scheme u ∈ U, where U is defined as U = {u : X → A}.
{x(t), u}t∈R+ is a Markov process under each radio resource allocation scheme. Let
πu (x) denote the equilibrium probability that the system is in state x under scheme u.
Define ej ∈ {0, 1}J as a row vector containing only zeros except for the jth component, which is 1. x + (−)ej corresponds to an increase (decrease) of the number of class
j connections by 1. The global balance equations for the Markov Chain under scheme
u are [20]
J
X
j=1

J
J
X
X
[λj aj (x)+µj (nj +1)]πu (x),
πu (x+ej )µj (nj +1) =
πu (x−ej )λj aj (x−ej )+
j=1

j=1

(12)
where x ∈ X, λj and µj are class j connection arrival and departure rates, respectively. These global balance equations can be solved using any linear equation procedure, such as Jacobi and Gauss-Seidel methods. Once the equations are solved, network
layer blocking probability QoS, can be directly calculated. The blocking probability for
a class j connection is
X
Pjb =
π(n).
(13)
n∈Xj

where Xj ⊆ X is the set of states that system will move out of X with addition of one
connection of class j. This approach is general enough to be applicable to a variety of
radio resource allocation schemes.
As the cardinality of X becomes large, the computation complexity of solving the
global balance equations is extensive. It is very difficult, if not impossible, to get feasible solutions in real networks due to the problem of large dimensionality. In the following, we consider a set of coordinate convex schemes that have a product form of the
equilibrium probabilities.
4.2

Coordinate Convex Schemes

The coordinate convex schemes form several important resource allocation schemes,
such as complete sharing, complete partitioning and threshold schemes. It is shown in
Chapter 4 of [20] that their equilibrium probabilities have a product form. The name
coordinate convex scheme comes from the concept of coordinate convex set. A coordinate convex scheme is characterized by a coordinate convex set, which is any nonempty
set ∆ ⊆ X with the following property: if x ∈ ∆ and nj > 0 then x − ej ∈ ∆. In
a coordinate convex scheme associated with coordinate convex ∆, a connection arrival
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is admitted to the system if and only if the system state remains in ∆ after the admission. The equilibrium probabilities of the system can be obtained from the the theory of
multiservice loss networks.

J
Q
(λj /µj )nj

, if n ∈ ∆,
π0
nj !
π(n) =
(14)
j=1

0,
otherwise,
where π0 is a normalization constant,
π0 =

1
J
P Q

n∈∆ j=1

(λj /µj )nj
nj !

.

(15)

5 Numerical Results and Discussions
In this section, we illustrate the performance of the proposed approaches by numerical examples. The numerical values used for the system parameters in the numerical
examples are given in Table 1. A CDMA system with system bandwidth 5 MHz and
spreading gain N = 512 is considered. There are two classes of traffic, voice and
MPEG video. 20% of the traffic arrivals are video connections. The service rates are µ1
and µ2 . The voice traffic is modeled as an ON/OFF process. The packet transmission
rate in state ON is 15 kbps corresponding to an equivalent spreading gain 256. The rate
from ON to OFF is the same as the rate from OFF to ON, which is 0.4, for the voice
traffic. A Markov model with two states, NORMAL and BURST, is used for the MPEG
traffic [21]. The rate from state NORMAL to state BURST is 0.024 and the rate from
state BURST to state NORMAL is 0.076. The data transmission rate in state NORMAL
is 30 kbps corresponding to an equivalent spreading gain 128 and the data transmission
rate in state BURST is two times of that in state NORMAL.
We compare the admissible region of a packet CDMA network using LMMSE
receivers with that of the traditional scenario in which all users are demodulated by
matched filters. Two values of the number of resolvable path are considered, L = 1
and L = 5. SIR outage is not allowed in this example. Fig. 2 compares the admissible
regions when using matched filters vs. using LMMSE receivers. We notice a significant
gain in the admissible region when LMMSE receivers are used, such illustrating that
physical layer receivers have a significant impact on network layer QoS. We further
show this by presenting the connection blocking probabilities of voice in Fig. 3. It is
observed that the connection blocking probabilities of voice can be decreased substantially in the LMMSE cases, which illustrates the importance of considering physical
layer techniques in the radio resource allocation problem in packet CDMA networks.
We also observe that the simulation results roughly agree with those from the analysis.
Using the concept of cross-layer effective bandwidth, we can study the effects of
physical layer SIR outage probability QoS on network layer connection blocking probability QoS. We compare three radio resource allocation schemes, peak rate, mean rate
and cross-layer effective bandwidth with a small SIR outage probability. In the peak
rate allocation scheme, all connections are allocated with their peak rates to guarantee
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the SIRs of all connections at all time instants, and the SIR outage probability is zero.
[9] and [13] are examples of the peak rate scheme. In the mean rate allocation scheme,
each connection is allocated with its mean rate. Figs. 4, 5 show the admissible regions
and the video connection blocking probabilities, respectively. We can see that physical layer SIR outage probability QoS has significant effects on network layer blocking
probability QoS. Although peak rate allocation approach can guarantee physical layer
SIR requirements at all the time, it results in the smallest admissible region and the
highest blocking probabilities. An interesting observation is that, with a small SIR outage probability 0.005, the cross-layer effective bandwidth approach can increase the
admissible region and decrease the blocking probabilities substantially. The mean rate
allocation scheme can further increase the admissible region. However, physical layer
SIR outage probability cannot be guaranteed in this scheme, which is more than 50%.

6 Conclusions
We have studied the radio resource allocation problem in packet CDMA wireless mobile networks from a cross-layer perspective. A novel concept of cross-layer effective
bandwidth was used for variable bit rate multimedia traffic in packet CDMA networks.
Using this concept, we can have a unified measure of resource usage taking into account
both physical layer linear minimum mean square error (LMMSE) multiuser receiver
structures and varying statistical characteristics of packet traffic. We have shown that
physical layer techniques and QoS have significant effects on network layer blocking
probability QoS. Substantial performance gain can be achieved using linear minimummean square error (LMMSE) receivers over the scenario in which matched filters are
used. It was also observed that network layer QoS can be improved significantly if
physical layer QoS can be violated with a small probability.

Appendix
Proof (Proposition 3.1). :
#
" nj
h P nj i
i
Y
i
i
i
1
1
esRj [0,t]Υj /N
log E es i=1 Rj [0,t]Υj /N =
log E
αj =
st
st
i=1
!
Ã nj
nj
nj
i
i X
h
h
X
Y
i
i
i
i
1
1
=
αji .
=
E esRj [0,t]Υj /N
log
log E esRj [0,t]Υj /N =
st
st
i=1
i=1
i=1
Proof (Proposition 3.2). : Using Jensen’s inequality,
h i
i
i
1
=
log E esRj [0,t]Υj /N ≥
st
h i
i
i
1
i
αj =
log E esRj [0,t]Υj /N ≤
st
αji

h i
i Υ i E £Ri [0, t]¤
1
j
j
sRj [0,t]Υji /N
E log e
.
=
st
N
t
h i
i Υ i R̄i [0, t]
i
1
j
j
log esR̄j [0,t]Υj /N =
.
st
N
t
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12
Parameter
Notation
target SIR for voice traffic
ω1
estimated average channel gain for voice traffic
|h̄1 |2
channel estimation error variance for voice traffic
ξ12
data transmission rate in state ON for voice traffic
R1
service rate for voice traffic
µ1
target SIR for video traffic
ω2
estimated average channel gain for video traffic
|h̄2 |2
channel estimation error variance for video traffic
ξ22
data transmission rate in state NORMAL for video traffic R21
data transmission rate in state BURST for video traffic
R22
service rate for video traffic
µ2
Table 1. Parameters used in numerical examples.

Value
7 dB
1
0.02
15 kbps
0.005
10 dB
1
0.05
30 kbps
60 kbps
0.004
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