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An approximate analytical formulation of the resource allocation problem for handling variable bit rate multiclass services in
a cellular round-robin carrier-hopping multirate multicarrier direct-sequence code-division multiple-access (MC-DS-CDMA)
system is presented. In this paper, all grade-of-service (GoS) or quality-of-service (QoS) requirements at the connection level,
packet level, and link layer are satisfied simultaneously in the system, instead of being satisfied at the connection level or at the
link layer only. The analytical formulation shows how the GoS/QoS in the different layers are intertwined across the layers. A
novelty of this paper is that the outages in the subcarriers are minimized by spreading the subcarriers’ signal-to-interference
ratio evenly among all the subcarriers by using a dynamic round-robin carrier-hopping allocation scheme. A complete sharing
(CS) scheme with guard capacity is used for the resource sharing policy at the connection level based on the mean rates of the
connections. Numerical results illustrate that significant gain in the system utilization is achieved through the joint coupling of
connection/packet levels and link layer.
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1. INTRODUCTION

Connection-level resource allocation typically has new con-
nection and handoff connection blocking probabilities, and
forced termination probability of handoff connections as
grade-of-service (GoS) measures. These system connections’
GoS metrics are collectively defined at the connection level.
When traffic flows are admitted into the system, quality of
service (QoS) is measured in terms of packet loss rate and/or
packet delay. These packets’ QoS metrics are collectively de-
fined at the packet level. Scheduling and statistical multiplex-
ing gains play an important role in determining the amount
of traffic that can be admitted into the system while still sat-
isfying the packet-level QoS. Satisfying the connection-level
GoS constraints alone may limit the packet-level traffic load

that can potentially be admitted into the system. Higher sys-
tem utilization can be achieved by making use of both the
connection-level and packet-level characteristics [1]. To our
knowledge, Cheung and Mark [1] were the first to propose
a resource allocation strategy in a cellular network subject
to joint packet/connection-level GoS/QoS constraints to im-
prove system performance for a single-class traffic. In [2],
Wong et al. considered a complete sharing scheme with K
classes in their numerical results. Improvements in system
utilization with joint coupling of connection/packet-levels
are found in these papers.

Successful packet transmissions in a cellular system de-
pends on the total interference in the system. The chan-
nel outage QoS metric is defined at the link layer. The idea
of joint coupling of connection/packet-levels is extended to
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include the link layer in order to maximize system utilization
for a multirate direct-sequence code-division multiple-access
(DS-CDMA) system using cross-layer designs in [3, 4]. The
analytical formulations in [3, 4] are based on a single-carrier
multirate DS-CDMA system with on/off and Maglaris’ vari-
able bit rate (VBR) sources [5], respectively. Maglaris’ model
is suitable for video or other multirate traffic.

Recently, multicarrier (MC-) CDMA systems have been
receiving a lot of attention as they can promise high data rate
required by 4G mobile cellular systems, and they are effective
in mitigating multipath fading and rejecting narrowband in-
terference [6, 7, 8, 9, 10]. From a physical point of view, MC
systems can also offer frequency diversity. Thus, MC-CDMA
is one of the candidates for 4G cellular multimedia networks.
In this paper, the performance of the cross-layer coupling
in the uplink of a novel round-robin carrier-hopping mul-
tirate MC-DS-CDMA system with Maglaris’ VBR traffic is
derived. A novelty of this paper is that the outages in the sub-
carriers are minimized by spreading the subcarriers’ signal-
to-interference ratio (SIR) evenly among all the subcarriers
by using a dynamic round-robin carrier-hopping allocation
scheme. This will also help to increase the number of users
that can be supported in the system. To the best of our knowl-
edge, this way of evenly distributing the SIR among all the
subcarriers is new. The current work utilizes and adapts the
analytical model in [3] to analyze cross-layer resource allo-
cation for a round-robin carrier-hopping multirate MC-DS-
CDMA.

The rest of the paper is organized as follows. In Section 2,
we describe the system model and system parameters in an
MC-DS-CDMA system. In Section 3, we describe the prob-
lem that this paper will address. Section 4 presents a novel
round-robin carrier-hopping multirate MC-DS-CDMA sys-
tem. In Section 5, we present an analytical model for VBR
multiclass services at the connection level, packet-level and
link layer in the round-robin carrier-hopping multirate MC-
DS-CDMA system. Section 6 presents numerical results for
three classes from the analysis presented in Section 4. Finally,
concluding remarks are made in Section 7.

2. SYSTEM MODEL

We consider a typical generic radio cell with physical capac-
ity C in a cellular arrangement. For easy reference, we define
the basic unit of capacity as a channel. A user of some traffic
class may transmit at a rate equal to one channel, while other
transmission rates may require multiple channels. The cell-
site (base station) supports K classes of services that can orig-
inate from mobile users in the cell. The generic cell is charac-
terized by the following system parameters used throughout
the paper.

System-level parameters

(i) C: total physical capacity in a cell.
(ii) K: total number of traffic classes.
(iii) N.: number of subcarriers.

(iv) re: number of equivalent basic channels (units) re-
quired by each class k connection’s spreading code in a
subcarrier.

(v) Mj: maximum number of active spreading codes used
by each class k connection in the active subcarriers.

(vi) & > C: total nominal capacity in a cell (capitalizing
on statistical multiplexing gain).

The dynamics of a radio cell are driven by new connec-
tion requests, connection terminations, and handoffs in-
duced by user mobility. Since maintaining an ongoing con-
nection is more important than admitting a new connection,
handoff connections are given a higher access priority. One
way to facilitate this is to reserve capacity for admitting hand-
off connections, which is not accessible by new requests. The
reserved capacity is sometimes referred to as guard capacity.

Let Cg and C; denote, respectively, the guard capacity and
the instantaneous capacity occupancy plus the new or hand-
off connection capacity. We have the following.

Admission rule

(1) Admit both new and handoff connections if &' — C; >
Cg, where (N — C;) is the free capacity left after admit-
ting a new or handoff connection.

(2) Admit only handoff connections if 0 < & — C; < Cg,
where (N — C;) is the free capacity left after admitting
a handoff connection.

Deployment of the guard capacity policy has the following
ramifications.

(1) A handoff connection is accepted as long as there is
enough capacity available.

(ii) A new connection is accepted as long as the available
capacity (if it is admitted) is greater than Cg.

In a CDMA-based system, system capacity is a soft quan-
tity which is determined by the SIR specification, corre-
sponding to the target bit error rate (BER) at the link layer.
This is the reason that we refer to N as the nominal capac-
ity. The connection level, packet-level, and link layer have
different but related performance measures. Specifically, the
connection-level performance is measured in terms of block-
ing probabilities (GoS); the packet-level performance is mea-
sured in terms of packet loss rate (QoS); and the link layer
performance is measured in terms of SIR or outage probabil-

ity.

3. PROBLEM STATEMENT

Consider a class k connection. Its GoS/QoS is specified by
the new connection blocking probability Bk, handoff con-
nection blocking probability By, and system utilization Ny
at the connection level; the packet loss probability Ly at the
packet-level; and the outage probability Poutagex at the link
layer. The goal is to maximize the system utilization or nom-
inal capacity under these GoS/QoS requirements.
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FiGure 1: A VBR source.

4. ROUND-ROBIN CARRIER-HOPPING
MULTIRATE MC-DS-CDMA

A single-carrier DS-CDMA system has a spread-spectrum
bandwidth of W at a center frequency of f, while a multi-
carrier DS-CDMA system has a spread-spectrum bandwidth
of W/N, at frequency f; in each of its subcarriers, where N,
is the number of subcarriers and ¢ = 1,2,...,N.. The same
spreading code can be used in each of the subcarriers for a
user.

Figure 1 shows a VBR source with discrete bit rate levels.
Each level has a bit-rate of R;, wherei = 1,2,...,K and K is
the number of traffic classes. The highest level is M; and it has
a bit rate of M;R;. Each level of bit rate is transmitted through
one subcarrier. Thus, a VBR source is transmitted through a
number of subcarriers, each using the same spreading code.
In each subcarrier, there can be different classes of users, each
transmitting at different bit rates R;. Every user in the same
class transmits at the same bit rate in each of the subcarri-
ers that they are transmitting in. For ease of illustration, the
time durations for a source at each level are shown equal. To
evenly spread the usage of the subcarriers and outage proba-
bilities in the subcarriers and to increase the number of users
in the system, we propose to use a novel round-robin carrier-
hopping multirate MC-DS-CDMA scheme. The usage of the
subcarriers is shown in Table 1. The symbol 6 represents that
a reference subcarrier is used, while the symbol o represents
that the subsequent subcarrier is used. This round-robin
carrier-hopping carrier allocation scheme works as follows.
The reference subcarrier is moved in a round-robin manner
over all the subcarriers. Table 1 shows that the goal of evenly
spreading the usage of the subcarriers is achieved. Thus, the
outage probabilities in the subcarriers are lowered and the
number of users that can be supported is increased.

Note that a round-robin carrier-hopping scheme is easier
to implement than a random carrier-hopping scheme.

5. ANALYTICAL MODEL

5.1. Connection level

Consider a K-class complete sharing (CS) model. The guard
capacity Cg is reserved for handoff connections only. To fa-
cilitate analytical modeling, it is necessary to make certain
assumptions about the traffic parameters. It is not unreason-
able to assume that the holding time has a negative exponen-

TaBLE 1: Subcarriers used for a VBR source in a round-robin
carrier-hopping MC-DS-CDMA system.

Time epoch Subcarrier used

1 2 3 4 N,
t 0 — — — —
t) — o 0 — —
t3 — — 0 0 [
1y — — — 0 o
ts — — — — 0
ts ) o — — —
t; — o 0 0 —
ts — — 1§) 0 —
to — — — 0 —
to 0 — — — o

Moy (My — Doy ok

"/
2Bk My

B

F1GURE 2: Continuous-time Markov chain for a single VBR source.

tial distribution [11]. Although a negative exponential dis-
tribution assumption may not be as reasonable for the cell-
dwell time, for analytical tractability, we will make the same
assumption for cell-dwell time (interhandoff time) [11] and
model the channel occupancy as a K-dimensional Markov
chain with the connection-level parameters in Section 3. This
Markov chain can be modeled and solved using the tech-
niques in [12].

The connection-level GoS is dependent on the packet-
level QoS. Thus we need to understand the packet-level char-
acteristics before solving for the connection-level GoS. We
assume that a class k connection, after being admitted into
the system, behaves according to Maglaris’ model [5]. From
Maglaris’ model [5], a VBR source can be modeled by a
continuous-time Markov chain with finite states as shown in
Figure 2.

Each state my represents the discrete level of bit rates gen-
erated by a single source. The combined data rate of each
source is m Ry, where Ry is the bit rate for user k using one
spreading code in the subcarrier. That is, we assume that each
level of bit rate uses one spreading code in one subcarrier for
a class k user. This means that each level has a data rate of Ry
corresponding to one class k spreading code. Users use the
same spreading code in their subcarriers. Each low-bit-rate
level is modeled by a two-state mini-source with an increase
rate of o and a decrease rate of . Thus the continuous-
time MC for a single VBR source at state m; has an increase
rate of (Mx — my)oy and a decrease rate of my Sk, where My
is the highest-level bit rate, and this is also the maximum
number of active spreading codes used in Mj subcarrier by
a class k user. If My = 1, the source is an on/off source.
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The steady-state probability of being in state my, denoted by
P, is given by

M Me—me
F = ( ) (pi)™ (1= p)™ ™, mp=0,1,2,..., My,
my

(1)

where pr = ar/(ax + Br).

Analytical techniques such as those in [12] can be used to
solve for the connection-level GoS§ like blocking probabilities
and system utilization. To this end, let n = (n1,n2,...,1k)
denote the state of the system with the number of users
(nx) in each of the K classes, let r = (r,7,...,11) de-
note the number of basic subcarrier channels (r;) required
for each class k connection’s spreading code in the sub-
carriers, and let m = {m;,m,,...,mx} denote the mean
number of active subcarrier spreading codes used by each
class k connection in the active subcarriers, where m; =
Mo/ (o + Bi). Let Ax(n) denote the arrival rate and u(n)
the departure rate in the system. The state space of the sys-
tem, denoted by S, is given by S := {n: (m-r) -n <
N1

When the system is in state n and a class k connection
(new or handoff) arrives, an admission policy determines
whether or not the connection is admitted into the system.
Here, the admission policy is a complete sharing scheme
with guard capacity. We can specify the admission policy by
mapping f := (fi,..., fx) for new and handoff connections,
fc := (fa1,..., fox) for handoff connections, where f; and
fer + S — {0,1}, and fix(n) and foi(n) each takes on the
value 0 or 1 if a class k connection is rejected or admitted,
respectively, when the system state is n. These mappings are
defined by the following equations:

1, m-r-n+mry <N —Cg,
fln) = kTk G
0 otherwise,
(2)
1, N—-Co<m-r-n+mriy <N,
for(m) =

0 otherwise,

for which S(f) + S(fg) = S.

Let P(n) denote the equilibrium probability that the sys-
tem is in state n. The global balance equations for the Markov
process under the policies f and fg are

K

[Ac(m) { fe(n) + for(n)} + p(n)]P(n)

k=1

[
M=

P(n—ex)Ak(n—ex) X {fu(n—ex) + for(n —ex)}

=~
l

1

nes,

+
M=

P(n+ex)pr(n +ex),

k=1

(3)

where e is a K-dimensional vector of all zeros except for a
one in the kth place,

n .f = 1)
e(n) = 11 ke + Ak 1 fi(n)

Ank if fok(n) =1,
O<m-r-n<N. (5)

(4)

() = ng (e + pnk)»

Ak is the arrival rate of class k new connections, Ay is the
arrival rate of class k handoff connections, 1/ is the mean
connection holding time or lifetime of a class k connection,
and 1/up is the mean dwell time of a class k connection. The
first condition in (4) allows both new and handoff connec-
tions to be admitted to (& — Cg) channels, while the second
condition allows only handoff connections to be admitted to
Cg channels. Equation (5) allows both new and handoff con-
nections to be serviced when the total channel occupancy is
less than or equal to N basic channels. Due to the memoryless
property of the exponential distribution, the distribution of
the remaining connection holding time is the same as the dis-
tribution of the original connection holding time. The depar-
ture of a connection from the cell depends on the minimum
of its cell-dwell time and its remaining connection holding
time. Equation (3) can be solved using LU decomposition
[13] together with the condition for the total probability of
all states to obtain P(n). LU decomposition is a common nu-
merical technique for solving linear algebraic equations. This
gives exact solution. However, an efficient approximate com-
putational algorithm [11] can be used for a large system state
space. Results can be precomputed and stored in a lookup
table for real-time applications in this situation.

Let O, denote the probability that the next arrival is a
new class k connection. Then 0, = A,/ Zszl Ak. Similarly,
if Oy denotes the probability that the next arrival is a class
k handoff connection, we have Oy = An/ ZszlAk) and if
O denotes the probability that the next arrival is a class k
connection, we have 0y = A/ Zle Ak. A new class k con-
nection is blocked from entering the system (and is assumed
lost) if upon arrival, it finds that it cannot be accommo-
dated because the available basic channel capacity (excluding
the guard capacity) is less than #irx. Therefore the block-
ing probability for a new class k connection considering all
classes is given by

N N Nk
Bnk: Z Z Z P(”l)”Z:-“)nK)enk)
=0 ny=0 ng=0

. (6)
(N -Co-D. nimm) < Mgt

i=1

where Ny = [(N — Zi:ll n;m;r;)/(mgre) ] and the K summa-
tions with maximum limits of Ni’s define the system state
space S ;= fn:m-r-n < N}. A class k handoff con-
nection is blocked from entering the system (and is assumed
lost) if upon arrival, it finds that it cannot be accommo-
dated because the available basic channel capacity is less than
wmgry (including the guard capacity). Therefore the blocking
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probability for a class k handoff connection considering all
classes is given by

Ny N,
Bhk— Z Z Z nl)nZ)-”)nK)ehka
n1=0 n;=0

(7)

Mw

[+

The blocking probabilities of new and handoff connections,
denoted by B, and By, respectively, are given by B,
zle B,k and B, = Zszl Bpk. Summing B, and By, yields the
total blocking probability, B = B, + Bj,. The system utiliza-
tion, defined as the number of basic rate users that can be
supported, for class k connections is given by

l’l,‘mii’i) < My rk.
1

N N

uk—ZZ

07120

z P nl) ny,.

ooy MK ) N T Tk (8)

The total system utilization is N, = Zle N,k. From [2], in-
voking Little’s law for a generic cell, the class k handoff con-
nection arrival rate can be approximated under low blocking
probabilities as follows:

UnkAnk
Kek ’

Ank = 9)

where 1/uy is the mean dwell time of a class k connection,
Ank is the arrival rate of class k new connections, and 1/p is
the mean connection holding time of a class k connection.

Let n; be the number of active class k connections. Us-
ing the definition of marginal distribution, the pmf of n,
denoted by P(#y), is given by

P(n)
N Ni-1 Nit1 N
= Z ZZ P(”l)---)nkfl)nk)nk-#l)“-)nK))
n1=0 Nk—1=0 Mk+1=0 ng=0
(10)

where ny = 0,1,...,0max and Mg max = [ N/(Tkri) .
Thus the mean, second moment and variance of ng, de-
noted by 7k, nf and Var[ng], are, respectively, given by 7y =
Yo ngP(ng), nf = S0 ngP(ng), and Var[ng] = nj —
(71x)*.

The connection admission used here at the connection
level is based on m which is based on the mean rate of a con-
nection. Nevertheless, the joint QoS coupling for the connec-
tion level, packet level, and link layer using CDMA inherently
achieves statistical multiplexing and assures that all GoS/QoS
requirements at the connection level, packet level, and link
layer are satisfied simultaneously.

5.2. Packet level

We consider a subcarrier, assuming that all subcarriers are
statistically identical. This assumption is valid as a round-
robin carrier-hopping carrier allocation scheme is used.

The probability that subcarrier ¢ is used for transmission,
given that the source is in state my, denoted by P, is given
by

Pclmkzﬁ’ mp=0,1,2,...,My, c=1,2,...,N,,
¢ (11)
My < N..

Unconditioning the dependence on state my, using (1) and
(11), and simplifying, the probability that subcarrier ¢ is used
for transmission, denoted by P,, is given by

M pi
Z Pclmk mk = Np My < N.. (12)
mi=0
Note that if My = 1, the source is an on/off source and

the probability that subcarrier ¢ is used for transmission
is simply equal to the source activity factor p; divided by
the number of subcarriers N.. This is due to the round-
robin carrier-hopping allocation scheme used. This alloca-
tion scheme evenly spreads the subcarriers’ usage by a source.

Treating each subcarrier as orthogonal from other sub-
carriers, we can model each subcarrier as though it has
on/off multiclass traffic with the multirate MC-DS-CDMA
sources’ subcarrier activity factors being treated like the
on/off sources’ activity factors. Thus we can make use of the
results in [3].

The probability that an active spreading code in a subcar-
rier is used by source k, denoted by Pryy = 1] = g, is given
by

Priys =1]l=q =P, k=12,...,K (13)

The first and second moments, and the variances of the
active class k spreading code used, xi, in a subcarrier are, re-
spectively, given by X = qx, xt = qx and Var[x;] = qx(1—qx)-
For a stationary admission control policy, the underlying
process is Markovian. Let

(i) r« = Ri/R, where R is the basic data rate, be the num-
ber of basic channels a class k connection needs to
transmit its packets for each of its spreading codes in a
subcarrier;

(ii) nx be the number of class k connections in progress;
(iii) Ir be the number of active spreading codes used by nj
class k connections in a subcarrier;

ni and I together characterize the state space, with the state
descriptor given by

(n,1) = (ny,...,n50,. .., k). (14)

The probability that J; active spreading codes are used in a

subcarrier, given that there are n; connections in progress, is
given by

P(lln) = ('Z‘) - g)™ ™", k=01, ,m (15)
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Assuming one packet is transmitted in a basic channel and
no packet buffer, the equivalent class k packet loss probability
normalized over all classes for the CS scheme is given by

1
L, =
™ Lam
N, N,
[z S oS Pl )
Onz 0 ng= 0
n ny
XD > Z P(Llni)P(Liny) - - - P(Ix|ng)
L=05L=0 Ixk=0
X (lkrk)Poutage,k])
(16)
where
l 2
Sum= z Z Z P n17n2) ..,1’1]()
0712 0 ng= =0
n ny
X > Z Z xP(li|n)P(L|ny) - - - P(IxInk)
=0 L= Ix=0
K
X Z (l,‘r,‘),
i=1
(17)

and Poutage  is the outage probability for class k connections

which is defined in (18). The total packet loss probability is
. K

givenby L = >, L.

5.3. Linklayer

To solve for the link layer QoS of outage probability in a sub-
carrier, the first and second moments, and the variance of
the required energy-to-interference density ratio (Ep/Io) for
each class k connection in the subcarrier are required. Let
& denote the required energy-to-interference density ratio
(Ep/Io)k for each class k connection in the subcarrier under
some propagation conditions. Assuming that the class k sig-
nal emerging from the propagation channel in the subcar-
rier is lognormal distributed with a normal mean of # and
a normal variance of of. The mean and second moment of
&k are, respectively, given by & = exp((fox)?/2 + Btx), and
&7 = exp(2(Box)? + 2Btx), where B = (In10)/10. Its variance
is thus Var[eg] = exp(2(Box)? + 2ftx) — exp((Bok)? + 2Btk).
We consider the uplink capacity focusing on a subcar-
rier assuming statistically identical subcarriers and define the
outage to occur when the total influence of the users, both
intracell and intercell, introduces an amount of interference
density I so great that it exceeds the background noise level
Ny by an amount Iy/Ny = 1/5 in a subcarrier. Applying the
approach in [3] to a subcarrier, the class i outage probability
in a subcarrier Poytage,i for MC-DS-CDMA can be written as

[((W/Nc)/Ri)(l—n)—E[Zi]])’ (18)

Var [Z,]

Poutage,i ~ Q(

where
E[Zi]
- 2
niq; exp (@ +ﬂt,‘>
= K (1 + f))
_ Ry (B k)
+ n — | Xexp + pt
S (B2 )
Var [ Z;]
(174, exp (2(for) “+2B1:) - () 4} exp((Bor) " +2p1:)
R
+ nq exp((ﬁa)+2t)
= k lz;c#l ¢ k<R2> ¢ ﬁ ¢
K R
= 3 g () ew (B’ + 268)
k=1,k#i i
x (1+ f),
(19)
Qly) = f;o e *"2dx//2m, R; is the data rate of class i’s spread-

ing code in the subcarrier, W/N, is the spread-spectrum
bandwidth in the subcarrier, and f is the other cell to own
the cell relative interference factor in a subcarrier. Clearly,
from (18) and (19), the link layer class i outage probability in
a subcarrier is a function of not just the link layer character-
istics (0, t) of the required energy-to-interference density
ratios, but also a function of the connection-level character-
istics (1) of the number of users of different classes as well as
a function of the packet-level characteristics (M, px) of the
VBR sources and the number of subcarriers (N,). Note that
qk = My pr/N.

For the purpose of assessing the performance of the un-
coupled connection-level, packet-level, and link-layer ap-
proach, we will assume that the nominal capacity N without
coupling is given by

N = max|n1 maxi (7171), N2, maxi (M212) .. .
o (20)
MK, maxi (mKT’K) ] >

where ngmaxi = (((W/Ne)/R)/&i)((1 = )/ (1 + f)).

5.4. Joint connection-level, packet-level,
and link-layer QoS coupling

We can maximize the system utilization through coupling of
the connection-level, packet-level, and link-layer parameters.
This is also equivalent to maximizing the nominal capacity
MN. The maximization can be achieved by solving the cou-
pling problem

ax {N,} or max{N} (21)
subject to the constraints
By < B:k> By < B}Tk) Ly < L;:, Iy < I, (22)
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TABLE 2: Parameter values used.

Symbol Value Symbol Value
N. 20, 40, or 60 1/ pno 18/60 min
Co 3 1/uns 18/60 min
1 1 h=b=1t 7 dB
s 2 1/par 1 min
13 2 e 2 min
M, 6 1/pe3 3 min
M, 3 01 =0, =03 2.5dB
M; 2 (W/N,)/R, 48,24, or 16
o 1/0.650 R =R, 96 kbps
o 0.2 R, 192 kbps
o3 0.9 R; 192 kbps
B 1/0.352 f 0.576
B 0.1 n = No/I¢ 0.1
ﬁs 0.1 m =Bp=B5 0.1
O 02 = O3 By = By, = Bj; 0.1

1/pm 18/60 min F=1Ly=L% 5% 1073

where the superscript * denotes the threshold of the cor-
responding parameter. Numerical results for the maximum
system utilization are obtained in Section 6.3 by iteratively
increasing the load until the target constraints are met.

6. NUMERICAL RESULTS

In this section we present results to examine the connection-
and packet-level performance for the CS scheme with guard
capacity, as well as the performance gain in system utiliza-
tion through joint-layers GoS/QoS coupling. The analytical
results have been obtained by means of the foregoing anal-
ysis from Section 5, while the simulation results have been
obtained from a simulation program coded in C for the con-
nection level and ran with a simulation kernel. We consider
three traffic classes (K = 3).

The parameter values used in the numerical example pre-
sented in this section are tabulated in Table 2.

6.1. Connection-level blocking probabilities
and system utilization

The connection-level analytical and simulation results of
new and handoff connection blocking probabilities as a func-
tion of the new connection arrival rate are shown in Figures
3 and 4, respectively.

For illustration purpose, a nominal capacity of N' = 24
and N, = 20 are chosen. Clearly, the larger the load, the larger
the blocking probabilities. Figure 5 shows the connection-
level analytical and simulation results of system utilization.
The larger the load, the higher the system utilization.

6.2. Packet-level packet loss probabilities

Packet loss rates are presented in Figure 6. Intuitively, the
larger the load, the larger the packet loss probabilities.

0.1

New-call blocking probability

0.001

T T
0.6 1.2 1.8 2.4 3

Total new call arrival rate A, per min

—a&A— By3 analysis
—&8— B, analysis
—¥— By analysis

- === = B3 simulation
- <~ - B, simulation
- = - By simulation

FIGURE 3: New connection blocking probabilities, where C = 3,
N =24,and N, = 20.
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- - - By, simulation
- = - By simulation
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Figure 4: Handoff connection blocking probabilities, where C; =
3, N =24,and N, = 20.

6.3. Coupling of the connection-level, packet-level,
and link-layer GoS/QoS

Figure 7 shows the effect of the gain in system utilization
through joint connection-level, packet-level, and link-layer
GoS/QoS coupling for N, = 20. The gain in system uti-
lization is the difference between the solid-line curve with
coupling and its corresponding dotted-line curve without



EURASIP Journal on Applied Signal Processing

20

Utilization

190
20
15 -5
el
= /
15 X
g 10 //
}
5 “/ "
=4
0 T T T T 1
0.6 1.2 1.8 2.4 3

Total new call arrival rate A, per min

—>— N,, analysis
—aA— N3 analysis
—-8— N, analysis

- =Ou
- -
-

N, simulation

N,3 simulation
N,; simulation
N1 simulation

Total new call arrival rate A, per min

—*— N, with coupling

—=— N3 with coupling
—8— N, with coupling
—a— Ny with coupling

N, without coupling

N3 without coupling
N2 without coupling
N1 without coupling

—%— N1 analysis

F1GURE 5: System utilization, where Cg = 3, N = 24, and N, = 20.

FiGUure 7: System utilization with and without joint connec-
tion/packet-level and link-layer GoS/QoS coupling for N, = 20 and
Cs = 3.
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FIGURE 6: Packet loss probabilities, where C; = 3, N' = 24, and
N. = 20.

coupling. Without coupling, the nominal capacity is &' = 17,
from (20). The total nominal capacity N is increased until
the new or handoff connections’ blocking probabilities, By
or By, or the packet loss probabilities, L, violate any of their
respective thresholds.

The point, just before this violation occurs, corresponds
to the maximum system utilization N, and nominal capac-
ity M. With coupling, the nominal capacity &' = {> 38,>
38,>38,> 38,29} for A, = {0.6,1.2,1.8,2.4,3.0} per minute.

FIGURrg 8: System utilization with and without joint connec-
tion/packet-level and link-layer GoS/QoS coupling for N, = 40 and
Cg = 3.

We note that at &/ = 38, the packet loss probabilities at
Ay = {0.6,1.2,1.8,2.4} are still very low (in the order of 107!!
to 107) compared to the constraints of 5 X 107>, However,
their corresponding system utilization values are already at
their maximum values. Thus we can assume these values
for A, = {0.6,1.2,1.8,2.4} per minute. At low load, where
An = 0.6 per minute, there is a very small gain in system uti-
lization as the blocking probabilities and packet loss proba-
bilities are low, and they are not curbed by their respective
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FiGUre 9: System utilization with and without joint connec-
tion/packet-level and link-layer GoS/QoS coupling for N. = 60 and
Cg = 3.

GoS/QoS constraints in (21). At slightly above mid load,
where A,, = 2.4 per minute, the gain in system utilization is
the largest. At high load, where A, = 3.0 per minute, there is
still some gain in system utilization. Beyond that, the system
utilization is being curbed by the packet loss probabilities in
this numerical example. This means that the system is ap-
proaching congestion. Overall, there is a significant gain in
system utilization.

Figures 8 and 9 show the effect of the gain in system
utilization through joint connection-level, packet-level, and
link-layer GoS/QoS coupling for N. = 40 and N, = 60, re-
spectively. Without coupling, the nominal capacity is N =
9 and N = 17, respectively, from (20). With coupling,
the nominal capacity &' = {> 38,> 38,> 38,26,20} for
A = 10.45,0.9,1.35,1.8,2.25} per minute and N = {>
38,> 38,> 38,> 38,20} for A, = {0.3,0.6,0.9,1.2,1.5} per
minute, respectively. Although the absolute system utiliza-
tion is larger for a smaller number of subcarriers N, than
those for larger numbers of subcarriers, the gain in system
utilization is larger for a larger number of subcarriers than
those for small numbers of subcarriers as seen from Figures
7, 8, and 9. The reason for this is that the nominal capacity
N =6for N, = 60, N =9 for N, = 40, and N = 17 for
N, = 20, respectively. Thus the system utilization for N = 17
is higher than that for & = 9, and that for &' = 9 is higher
than that for & = 6 due to the increase loading effect of &
as it increases.

7. CONCLUDING REMARKS

An approximate analytical formulation of the resource al-
location problem for handling VBR multiclass services in
a novel round-robin carrier-hopping multirate MC-DS-

CDMA cellular system has been presented in this paper. A
complete sharing scheme is used for the resource sharing pol-
icy. The analytical model is solved using a K-dimensional
Markov chain for the CS scheme. In the formulation, all
GoS/QoS requirements are satisfied across the layers simul-
taneously. Numerical results illustrate that significant gain in
system utilization can be achieved through the coupling of
the connection/packet-levels and the link-layer parameters.
This gain in utilization can translate to possibly more rev-
enue for network providers and/or lower charges for mobile
users.
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