Cross-Layer Radio Resource Allocation in Packet
CDMA Wireless Mobile Networks with LMMSE
Receivers

Fei Yu and Vikram Krishnamurthy

Department of Electrical and Computer Engineering
the University of British Columbia
2356 Main Mall, Vancouver, BC, Canada V6T 174
{feiy and vikrank}@ce. ubc. ca

Abstract. Most of previous study of radio resource allocation in traditional wire-
less networks concentrates on network layer connection blockingmititp®oS.

In this paper, we show that physical layer techniques and QoS haviicsigh
impact on network layer QoS. We define a novel concept of cross-&ffective
bandwidth and use this to measure the unified radio resource usageitakiag-
count both physical layer linear minimum-mean square error (LMM8&givers
and varying statistical characteristics of the packet traffic in code demisigti-

ple access (CDMA) networks. We demonstrate the similarity between traalition
circuit-switched networks and packet CDMA networks, which enablésthieo-
ries developed in traditional wireless networks to be used in packet CD&A n
works. Moreover, since both physical layer signal-to-interfereatie (SIR) QoS
and network layer connection blocking probability QoS are consideredltsim
neously, we can explore the tradeoff between physical layer QoS etmerk
layer QoS in packet CDMA networks.

1 Introduction

An efficient resource allocation scheme is crucial for gosgaing different quality of
service (QoS) requirements and fully utilizing the scar@éio resource available in
wireless mobile networks. Several schemes have recently pemposed for resource
allocation in wireless mobile networks. In [1], the compleharing (CS) and complete
partition (CP) schemes are studied. The CS policy allowsahections equal access
to the radio resource at all the time, which will result in nmaxm usage of the available
resource. However, at the same time, it does not providerdift network layer QoS
(e.g., connection blocking probabilities) to differerdasses of traffic when traffic load is
heavy. The CP policy divides up the available resource iepagate sub-pools, and each
class of traffic can only access its resource pool. This paliows for more control of
the QoS. In the guard channel scheme [2], [3], a portion aue=e is reserved for some
important classes (e.g., handoff connections) to provedebQoS to these classes. The
fractional guard channel scheme [4] is to admit a less ingmbrtonnection (e.g., new
connection) with a certain probability when the system (tbenber of all ongoing
connections) is in certain states. The system state carbalstefined as the number



of ongoing new connections. This leads to the new connettiamding scheme [5].
When the resource is not available, some classes of conneetjoests can be queued
instead of being rejected to provide different QoS to déferclasses [6], [7]. Authors
in [8] investigate the comparative performance of diffemesource allocation schemes.

Although much work has been done in resource allocation téless mobile net-
works, most of previous work concentrates on network layes (blocking probabil-
ities of new and handoff connections, and does not considgsigal layer technolo-
gies and physical layer QoS. While the decoupling betweemarktlayer and physical
layer is appropriate for circuit-switched time division Itiple access (TDMA) and fre-
quency division multiple access (FDMA) systems, this apphomay not be suitable
for packet-switched code division multiple access (CDM&jworks. In fact, the in-
terplay between physical layer and network layer plays goomant role in CDMA
networks with linear minimum-mean square error (LMMSE) tiuser receivers [9].
Unlike the conventional matched filter receivers, the LMM®Eeivers take into ac-
count the structure of the interference from other userswvadenodulating a user, and
therefore significantly outperform the conventional mattfilter receivers [10]. More-
over, unlike traditional circuit-switched networks, frtU"CDMA networks are required
to support packet multimedia traffic, which can change tld@reesource requirement
during a connection’s lifetime. Consequently, both cres®r interplay and packet traf-
fic in CDMA networks complicate the analysis of radio reseuatiocation schemes as
well as hinder the application of rich theories developettaditional wireless mobile
networks [1]-[8] to packet CDMA networks. To the best of onolkledge, analysis of
radio resource allocation schemes that considers both CDMMSE physical layer
and packet traffic has not been addressed in previous worlkexample, the CDMA
capacity in [11], [12] is evaluated under the assumptiohrtietched filter receivers are
used to demodulate users, and packet traffic is not considleeee. In addition, authors
in [9], [13] only consider circuit-switched constant bitedraffic.

In this paper, we study the cross-layer radio resource ailme problem in packet
CDMA networks with LMMSE receivers. The novelties of thisrtk@re as follows.

1) A novel concept otross-layer effective bandwidfth4] is used to measure the
unified radio resource usage taking into account both LMM&teivers and varying
statistical characteristics of the packet traffic in CDMAwerks. Based on the concept
of cross-layer effective bandwidth.

2) Both physical layer signal-to-interference ratio (SRS and network layer con-
nection blocking probability QoS can be considered sinmgtausly in radio resource
allocation schemes. Therefore, we can explore the tratbebffeen physical layer QoS
and network layer QoS in packet CDMA networks.

3) Using numerical examples, we show that physical layegivecs have signifi-
cant impact on the network layer QoS. We also show that thearktiayer QoS can be
improved significantly if the physical layer SIR QoS can balated with a small prob-
ability. This study reveals a number of interesting obsgowa and provides insights
into the radio resource allocation problem from a crossflg@erspective.

The rest of the paper is organized as follows. Section 2 descthe traffic model
and CDMA model. Section 3 presents the concept of cross-Effective bandwidth.
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Fig. 1. Cross-layer radio resource allocation in packet CDMA networks with L3Mteceivers.

Section 4 discusses cross-layer radio resource allocstioemes. Some numerical ex-
amples are given in Section 5. Finally, we conclude thisystadection 6.

2 Model Description

In this section, we formulate the radio resource allocapiablem in CDMA networks
with LMMSE receivers, as shown in Fig. 1. Packet traffic atswrequest to access the
CDMA network. A radio resource allocator decides whethemairto admit a user and
allocates radio resource to the user if he/she is admitteth Betwork layer blocking
probability QoS and physical layer SIR QoS are considerddérresource allocation.
The admitted users transmit packet traffic over multi-patlirfig channels. A LMMSE
multiuser detector is used to demodulate each user. Ther&glBi& outage probability
evaluated at the LMMSE receivers are passed back to the mestoirce allocator. We
detail the traffic model and the asymptotic system capacityCDMA networks with
LMMSE receivers in the following.

2.1 Traffic Model

Assume there arg classes of traffic in the network. The clgsg = 1,2,..., J, arrival
processes of new connections and handoff connections il ared”oisson processes
with means); ,, and \; 5, respectively. We assume that connection holding time for
classj connections is exponentially distributed with average®al;. Each connection
transmits packet traffic in the CDMA network. In order to stute characteristics of
the packet traffic and propose the cross-layer effectivelWwatth concept in Section 3,
we introduce the network layer effective bandwidth condepa given traffic source in
wireline networks, which has been well developed [15] dyithre last decade. Consider
a bufferless communication multiplexer with a single oatpgthere areJ classes of
input traffic withn; connections of clasg traffic. The aggregate input traffic 1 =
E}-]:1 S in, wherein is theith classj traffic. Assume that the output capacity is
C'. The congestion probability of this system is

J nj
peond — p ZZYJZEO ) (1)

j=1i=1

Given the statistical characteristics of traffic sourced treir congestion probability
requirements, the actual bandwidth that a connection regjlies between its mean



rate and its peak rate. This bandwidth is generally refawed theeffective bandwidth
of the traffic source. Assume thE[0, ¢] is the amount of work that arrives from a class
Jj source in the time intervad, ¢], andY; [0, t] has stationary increments. The definition
of network layer effective bandwidth of claggraffic is [15]

1
aj(s,t) = o logE [esyj[o’tq ,5,t e Ry, 2

whereE is the expectatiorns andt 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 meaauphysical layer. Evaluating
the SIR of LMMSE receivers is difficult due to the interwiningthe effects of all sig-
nature sequences and received powers of all interferersirfately, recent results [10]
show that, the SIR can be closely approximated by an exprefisat only depends on
the transmit powers of all active users as well as the first-smtond-order statistics of
the channel gain, if we assume that signature sequences &f thsers are randomly
and independently chosen. In this paper, we use theses@suédio resource alloca-
tion. The path of userk is characterized by its estimated average channeligaiand
its estimation error variancg. In a large system (botlV andK are large), the SIR for
the LMMSE receiver of a user (say, the first one) can be expdeapproximately as
[10] SIR, = P, S, |hui|®n/ (1 4 Py&2n), wherer is the unique fixed point if0, o)

that satisfies) = [o® + 1/N S0, (L= DI, ) + T (SF ol +&.n) )|
andI(v,n) = v/(1 + vn). Assume that there até classes of traffic in the system. An
important physical layer performance measure of cjagsers is SIR, which should
be kept above the target valug. In [13], it is shown that a minimum received power
solution exists such that all users in the system meet thaget SIRs if and only if
wj < |E§|2/§;12 and
J nj T,L
i~ J
SN Ry~ <1, (3)
j=14=1

where|R:|? is the average channel gain of it classj user;|hi[> = S A%

n; is the number of clas users;R;i is the number of signature sequences assigned to

theith user of clasg to make it transmit aR; times the basic rate (obtained using the
highest spreading gaiN) and

g’
T =(L—1)w;—=—— + .
= ) |nif? 1+ wj

(4)

Note that multi-code CDMA is used in the above model, in whiehiable bit rate
is provided using multiple codes and the SIR requirement cbrnection does not
change when the bit rate varies [16]. The capacity of theegyss restricted by the



power control feasibility condition (3). The SIR outage Ipability in CDMA networks
with LMMSE receivers can be expressed as

J ny T
pot—p ZZR;ﬁjzl . (5)

j=1i=1

3 Cross-Layer Effective Bandwidth

3.1 Definition of Cross-Layer Effective Bandwidth

Comparing (5) with (1), we can see the similarity between GQDNetworks with
LMMSE receivers and wireline networks. From a mathemapoaht of view, there is a
scalarY’ ; /N besides the packet trafij- in (5). Itis very interesting to observe that the
scalarT;/N contains all the information about the physical layer LMM&Eeivers.
Since the definition of network layer effective bandwidth i&useful in deriving the
congestion probability (1), we can develop a concept ofsstager effective bandwidth
to derive the SIR outage probability (5). This motivates aisiéfine the cross-layer
effective bandwidth of a traffic source as follows:

Definition 1. LetL denote the number of resolvable paths that each user appetrs
receiver,|lfz§-|2 denote the estimated average channel gain @;ﬁdﬂenote the channel
estimation error variance of théh classj connections with a SIR target valug in a
CDMA system with spreading ga. LetR§ [0, t] denote the amount of work generated
from theith connection of clasg in the time interval0, ¢], and R}[0, ¢] is assumed to
have stationary increments. The cross-layer effectiveliadalith of this connection is

a;(L,N,h,f,w,s,t) = QlogE |:€SRj[O7t]Tj/N:| 7LaN € Z+vh7£7wa Sat € R+7
(6)

where?’; is defined in (4).

3.2 Properties of Cross-Layer Effective Bandwidth

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

Proposition 1. If R}[0,1],..., R}” [0,] are n; independent random processes corre-
sponding to the workload from; class; independent connections afitj [0, ] stands
from the workload of the multiplexed systef]0,¢] = Y"1/, R’[0,1], then we have

a;(L, N, b, & w,s,t) = > al(L, N, h, &, w, 5,1). (7)

i=1



Remark:The cross-layer effective bandwidth for the superpositibmdependent
input processes is the sum of the individual cross-layescéffe bandwidths. Therefore,
the total cross-layer effective bandwidth of all conneasiin the system is

Jory ) n
1 £ 2 Y R0 J o,
(L, N, &w,s,1) = — log B e SE T = NS G (LN B 6w, 5, 1),
S

j=1i=1
(8)
This additive property shows the similarity between triadial circuit-switched net-
works and packet CDMA networks with LMMSE receivers. Theref if we allocate
each connection with its cross-layer effective bandwidtn theories in [1]-[8] can be
used to analyze various radio resource allocation schemyecket CDMA networks.
Proof: See Appendix.

1! B[R[0,]]

L ) i RY[0,t]
Proposition 2. ~

3 gaé(L,N,h7§,w,s,t)§

Remark:The effect of network layer varying statistical charactécs of a connec-
tion lies between its mean rate and peak rate in the crogs-dfective bandwidth. In-
stead of allocating packet multimedia connections witlirtheak rates or mean rates,
we can allocate their cross-layer effective bandwidths M2 networks, by which
the physical layer QoS can be guaranteed and the netwoidatith can be increased
significantly. We will show this with numerical examples.

Proof: See Appendix.

3.3 Derivation of SIR Outage Probability Using Cross-LayerEffective
Bandwidth

In this subsection, we derive SIR outage probability usirgss-layer effective band-
width, which will be used in Section 4. SIR is an important giegl layer QoS mea-
sure in CDMA networks. However, guaranteeing the SIR of afirections at all time
instants will result in low network utilization, especialwhen the traffic is bursty.
Therefore, we use SIR outage probability as a QoS measurietess packet CDMA
networks. Instead of guaranteeing the SIR at all time instame can guarantee the
SIR outage probability. This formulation is motivated b thesign of packet-switched
wireline networks. It is well known [17] that allocating albnnections with their peak
rates guarantees no packet loss, but results in the lowkzation and no multiplexing
gain. Therefore, most bandwidth allocation schemes inlimgenetworks allow a small
packet loss probability to increase the network utilizatjb7]. Similarly, since most
applications in wireless networks can tolerate small pboditg of SIR outage, we use
SIR outage probability as a QoS measure in wireless packBtABetworks and keep
it below a target valu€. The SIR outage probability can be estimated by the follgwin
well-known Chernoff bound18] approximation

. _
i
pt—p ZZRﬁ'ﬁjZl ~ M) (9)

j=1 i=1
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where A(v) = inf, [sa — sv], a = Z‘f;l Y2y of, anda is the scaled logarith-
mic moment generating function of the instantaneous waak lof theith class;j con-
nection in a packet bufferless CDMA system} = lim;_,g aé(L,h,f,w,s/t,t) =

(1/s)log E {eSRéTf/N} . The constraintP®t < ¢ will be satisfied if the vector: =

(n1,n2,...,ny) lies within the admissible set
J o
X = :L‘GZi:eXp inf |s ZZQ}—I <(p. (20)
* j=1i=1

The Chernoff bound (9) can be further refined [19] by addingefgztor. PO ~
1/s*\/2102(s*a) [0s2e (1) wheres* attains the infimum in (10). The admissible set
using the improved bound becomes

J nj
X = zGZi: ! exp | s* ZZaéfl <

n; j=11i=1

J
* 92 * 7
5%\ | 275 (5 le al
i=

(11)

4 Cross-Layer Radio Resource Allocation in Packet CDMA
Networks

Using the concept of cross-layer layer effective bandwidta can reduce the com-
plicated packet CDMA networks with LMMSE receivers to titahal circuit-switched
networks, and use rich theories developed for traditioaddarks to analyze various ra-
dio resource allocation schemes in packet CDMA networkghigsection, we present
the cross-layer global balance equations for general radiource allocation schemes,
from which blocking probabilities and network utilizati@an be obtained. Then we
consider a set afoordinate convex schemimt have a product form of the equilibrium
probabilities. We emphasize that all of these schemes dreeva However, none of
them considers physical layer QoS in previous study. Outritarion is to apply these
schemes in CDMA networks with LMMSE receivers using the epmof cross-layer
effective bandwidth. Since physical layer QoS, SIR outagbability (9), is considered
in cross-layer effective bandwidth, we can study the rad&murce 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= (nq,no,...,n;),
wheren;, j = 1,2,...,J, denotes the number of clagsonnections in the system. The
state spac& in the system is defined in (10) or (11). Note that physicadfé§iR out-
age probability QoS constrain®! < ¢, is used to restrict the state space of the system.



Therefore, different physical layer QoS requirementsnegilt in different state spaces,
which have significant impact on the network QoS. As we slealis Section 5, the net-
work QoS can be improved substantially if a small SIR outagéability is introduced
compared to the system in which SIR requirements are gueedrat all time instants.
For each given state € X, an actiona(z) = (a1, as,...,as) € {0,1}’ is chosen.
If a;(z) = 1, admit a clasg connection when the system staterjsf a,(x) = 0, the
connection is rejected. The action space is a set of all plesactions, which can be
defined asd = {a : a € {0,1}7,5 = 1,2,..., J}. The action is done according to a
radio resource allocation schemec U, wherel/{ is defined ag/ = {u : X — A}
{x(t), u}er, is a Markov process under each radio resource allocatioensehLet
7. (z) denote the equilibrium probability that the system is irestaunder scheme.
Definee; € {0,1}” as a row vector containing only zeros except for ftie compo-
nent, which is 1z + (—)e; corresponds to an increase (decrease) of the number of class
j connections by 1. The global balance equations for the Ma@twin under scheme
u are [20]

J J J
Zﬂ'u z—ej)Njai(r—e; +Z mu(T+e;)pi(nj+1) = Z Ajaj(z)+p;(n+1)]m,(x),
j=1

Jj=1 J=1
12)

wherex € X, \; andp; are classj connection arrival and departure rates, respec-
tively. These global balance equations can be solved usindimear equation proce-
dure, such as Jacobi and Gauss-Seidel methods. Once thimegaae solved, network
layer blocking probability QoS, can be directly calculatéde blocking probability for
a classgj connection is

P =" n(n). (13)

neX;

whereX; C X is the set of states that system will move oufotvith addition of one
connection of clasg. This approach is general enough to be applicable to a yasfet
radio resource allocation schemes.

As the cardinality ofX becomes large, the computation complexity of solving the
global balance equations is extensive. It is very difficifilhot impossible, to get fea-
sible solutions in real networks due to the problem of larpeethsionality. In the fol-
lowing, we consider a set of coordinate convex schemes #vat & product form of the
equilibrium probabilities.

4.2 Coordinate Convex Schemes

The coordinate convex schemes form several important res@llocation schemes,
such as complete sharing, complete partitioning and tbtdsgthemes. It is shown in
Chapter 4 of [20] that their equilibrium probabilities haagroduct form. The name
coordinate convex scheme comes from the concepbofdinate convex sef\ coordi-

nate convex scheme is characterized by a coordinate coatjextsch is any nonempty
setA C X with the following property: ifz € A andn; > 0thenz —e; € A.In

a coordinate convex scheme associated with coordinatesgatyva connection arrival



is admitted to the system if and only if the system state remai A after the admis-
sion. The equilibrium probabilities of the system can beated from the the theory of
multiservice loss networks.

J o
7o ] 4()\jifj7'§) Lifne A,
j=1

m(n) = (14)
0, otherwise,
wheremng is a normalization constant,
1
o — 7 e . (15)
Ai/Hj "
n;A jl;Il !

5 Numerical Results and Discussions

In this section, we illustrate the performance of the pregoapproaches by numeri-
cal examples. The numerical values used for the system péeasrin the numerical
examples are given in Table 1. A CDMA system with system badithwb MHz and
spreading gainV = 512 is considered. There are two classes of traffic, voice and
MPEG video. 20% of the traffic arrivals are video connectidrig service rates ayg
and p». The voice traffic is modeled as an ON/OFF process. The pac@imission
rate in state ON is 15 kbps corresponding to an equivaleptsiimg gain 256. The rate
from ON to OFF is the same as the rate from OFF to ON, which isf@rdthe voice
traffic. A Markov model with two states, NORMAL and BURST, isad for the MPEG
traffic [21]. The rate from state NORMAL to state BURST is 01Q#¢hd the rate from
state BURST to state NORMAL is 0.076. The data transmisstmin state NORMAL
is 30 kbps corresponding to an equivalent spreading gairah@&he data transmission
rate in state BURST is two times of that in state NORMAL.

We compare the admissible region of a packet CDMA networkgusiMMSE
receivers with that of the traditional scenario in which adkers are demodulated by
matched filters. Two values of the number of resolvable pathcansidered. = 1
andL = 5. SIR outage is not allowed in this example. Fig. 2 comparesatmissible
regions when using matched filters vs. using LMMSE receivsnotice a significant
gain in the admissible region when LMMSE receivers are usedh illustrating that
physical layer receivers have a significant impact on ndiviayer QoS. We further
show this by presenting the connection blocking probaédibf voice in Fig. 3. It is
observed that the connection blocking probabilities oteaian be decreased substan-
tially in the LMMSE cases, which illustrates the importarafeconsidering physical
layer techniques in the radio resource allocation problemaicket CDMA networks.
We also observe that the simulation results roughly agréetwbse from the analysis.

Using the concept of cross-layer effective bandwidth, we stady the effects of
physical layer SIR outage probability QoS on network layerrection blocking prob-
ability QoS. We compare three radio resource allocatioeises, peak rate, mean rate
and cross-layer effective bandwidth with a small SIR outpg#bability. In the peak
rate allocation scheme, all connections are allocated tvdhr peak rates to guarantee
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the SIRs of all connections at all time instants, and the SIRge probability is zero.
[9] and [13] are examples of the peak rate scheme. In the naamliocation scheme,
each connection is allocated with its mean rate. Figs. 4p%/¢he admissible regions
and the video connection blocking probabilities, respetti We can see that physi-
cal layer SIR outage probability QoS has significant effectsietwork layer blocking
probability QoS. Although peak rate allocation approach gaarantee physical layer
SIR requirements at all the time, it results in the smalleshiasible region and the
highest blocking probabilities. An interesting obserwatis that, with a small SIR out-
age probability 0.005, the cross-layer effective bandwipproach can increase the
admissible region and decrease the blocking probabibtitstantially. The mean rate
allocation scheme can further increase the admissiblemegiowever, physical layer
SIR outage probability cannot be guaranteed in this schesnieh is more than 50%.

6 Conclusions

We have studied the radio resource allocation problem ikgiad€DMA wireless mo-
bile networks from a cross-layer perspective. A novel cphoé cross-layer effective
bandwidth was used for variable bit rate multimedia trafiipacket CDMA networks.
Using this concept, we can have a unified measure of resosaggeuiaking into account
both physical layer linear minimum mean square error (LMM8tultiuser receiver
structures and varying statistical characteristics okpatraffic. We have shown that
physical layer techniques and QoS have significant effettsedwork layer blocking
probability QoS. Substantial performance gain can be &ebiesing linear minimum-
mean square error (LMMSE) receivers over the scenario irchvhiatched filters are
used. It was also observed that network layer QoS can be imgrsignificantly if
physical layer QoS can be violated with a small probability.

Appendix

Proof (Proposition 3.1):

1 n; i i 1
a; = QlogE {esziil RJ[O’t]Tj/N:| = QIOgE

nj
H o [O,t]T;/N‘|
=1

1 - sRI[0,4]T /N - 1 SRE[0,6]TF /N Ay
:ﬁlog(il:[lE{e 51047 } :;StlogE[e 31047 }:;aj.

Proof (Proposition 3.2): Using Jensen’s inequality,

T} E [R;[0,t]]

oi = itlogE {esR;[o,t]T;/N} > %Elog {esR;[o,t]T;/N} = ]
S S
i1 SRi[0 t]T?/N} 1 { SRE[0 t]r?/N} i Rj0,1]
;= AN < — FANERE = == —
aj < logE {e =3 log |e N ¢
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Parameter [Notatior] Value
target SIR for voice traffic w1 7dB
estimated average channel gain for voice traffic | |h1|” 1
channel estimation error variance for voice traffic| &7 0.02
data transmission rate in state ON for voice traffig R; |15 kbps
service rate for voice traffic 11 0.005
target SIR for video traffic w2 10dB
estimated average channel gain for video traffic| |h»|” 1
channel estimation error variance for video traffic]  £2 0.05
data transmission rate in state NORMAL for video traffid?2; |30 kbps
data transmission rate in state BURST for video traffic R22 |60 kbps
service rate for video traffic 12 0.004
Table 1. Parameters used in numerical examples.
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Fig. 2. Admissible regions of different physical
layer receivers (SIR outage probability = 0).
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Fig. 4. Admissible regions of different physical
layer QoS.
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Fig. 3. Voice connection blocking probabilities
of different physical layer receivers (SIR outage
probability = 0).
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Fig. 5. Video connection blocking probabilities
of different physical layer QoS.



