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Abstract. We consider a WCDMA system with both real time (RT)
calls that have dedicated resources, and data non-real time (NRT) calls
that use a time-shared channel. We assume that NRT traffic is assigned
the resources left over from the RT traffic. The grade of service (GoS) of
RT traffic is also controlled in order to allow for handling more RT call
but at the cost of degraded transmission rates during congestion peri-
ods. We consider both the downlink (with and without macrodiversity)
as well as the uplink and study the blocking probabilities of RT traffic
as well as expected sojourn time of NRT traffic. We further study the
conditional expected sojourn time of a data call given its size and the
state of the system. We extend our framework to handover calls.
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1 Introduction

An important performance measure of call admission policies is the probability
of rejection of calls of different classes. In order to be able to compute these
probabilities and to design the call admission control (CAC) policies, a dynamic
stochastic approach should be used. A classical approach for CAC is based on
adaptively deciding how many channels (resources) to allocate to calls of a given
service class [2,7,8]. Then one evaluates the performance as a function of some
parameters (thresholds) that characterize the admission policy. Where as this
approach is natural to adapt to TDMA or FDMA systems in which the notion of
”channel” and of ”capacity” is clear, this is not the case any more with CDMA
systems in which the capacity is much more complex to define. For the uplink
case in CDMA, the capacity required by a call has been defined in the context
of CAC see [12,5,3].

We focus on two type of calls, real-time (RT) and non-real time (NRT) data
transfers. Where as all calls use CDMA, we assume that NRT calls are further
time-multiplexed®. We propose a simple model that allows us to define in the

* Supported by a CRE research contract with France Telecom R&D.
3 Time multiplexing over CDMA is typical for down link data channels, as the High
Data Rate (HDR) [1] and the High Speed Downlink Packet Access (HSDPA) [11]



downlink case (also in presence of macrodiversity) the capacity required by a
call when it uses a given GoS (transmission rate)*. We then propose a control
policy that combines admission control together with a control of the GoS of
real-time traffic. Key performance measures are then computed by modeling the
CDMA system as a quasi birth and death (QBD) process. We obtain the call
blocking probabilities and expected transfer times (see [3] for the uplink case).
We further obtain the expected transfer time of a file conditioned on its size. We
study the influence of the control parameters on the performances.

2 The downlink

We use the model similar to [4]. Let there be S base stations. The minimum
power received at a mobile k from its base station [ call is determined by a
condition concerning the signal to interference ratio, which should be larger

than some constant
Es R,
TN, W M
o
where E; is the energy per transmitted bit of type s, N, is the thermal noise
density, W is the WCDMA modulation bandwidth, R, is the transmission rate
of the type s call, and I' is a constant is related to the shadow fading and
imperfect power control [3]. Let Py ; be the power received at mobile &k from the
base station [. Assume that there are M mobiles in a cell [; the base station of

that cell transmits at a total power Pio,; given by Piory = EJN; P;; + Poccn
where Poo g corresponds to the power transmitted for the orthogonal Common
Channels. Note that these two terms are not power controlled and are assumed
not to depend on /. Due to the multipath propagation, a fraction « of the received
own cell power is experienced as intracell interference. Let gi; be the attenuation
between base station [ and mobile k. Denoting by I snter and I ;ntro the intercell
and intracell interferences, respectively, we have
C Pr,i/ gk,

Iy, " Ttinter + Ihintra + N

(C/D)x

where N is the receiver noise floor (assumed not to depend on k), It intra =
a(Pocr + X Pia)/gks and Tiinter = Y-y i Prot,j/grj- Define Fiy =

s
Ej:l,j;él Prot,j [ gk,i
Ptut,l/gk.l

. It then follows that

Py.1/ gk,
(Frg + ) Pioti/gry + N

(C/Dx

B = 1+a(C/I)"

where [ =

(2)

We next consider two service classes (that will correspond to real time (RT)
and non-real time (NRT) traffic, respectively). Let (C/I)s be the target SIR
ratio for mobiles of service class s and let 3, be the corresponding value in (2).
Let there be in a given cell M, mobiles of class s. We shall use the following

* UMTS uses the Adaptive Multi-Rate (AMR) codec that offers eight different trans-
mission rates of voice varying between 4.75 kbps to 12.2 kbps.



approximations. First we replace Fy; by a constant (e.g. its average value, as
in [4]; this is a standard approximation, see [6]). Secondly, we approximate gy,
by their averages. More precisely we define G to be the average of g; ; over all
mobiles k belonging to class s, s = 1,2. With these approximations (2) gives the
following value for Py, ; (we shall omit the index {):

P = PCC’H +st ﬁsMsGs (3)
T (@ + F)Y, B M,

Further assuming that the system is designed so as to have Pocogg = ¥ P and
defining the downlink load as Ypr =), 3s M, this gives

N Es /BsMsGs
Z3

Py = where Zo = (1 —¢) — (a+ F)Ypr. (4)

In practice, to avoid instabilities and due to power limitation of the base stations,
one wishes to avoid that Zs becomes close to zero, thus one poses the constraint
Zy > € for some € > 0. Define the system’s capacity as ©, = 1 — ¢ — € and the
capacity required by a call as

A(s) == (a + F)B,. (5)

We note that 3 will allow to depend on M,,o = 1,2. Combining this with (1)
and with (2) we get
A N,W
= (5)  NW (6)
a+F—aA(s) EI

3 Downlink with Macro diversity

Our approach is inspired by [4] who considered the single service case. A mobile
1 in macrodiversity is connected to two base stations, b and [. b is defined to be
the station with larger SIR. Following [4] we assume that the Maximum Ratio
Combining is used and hence the power control tries to maintain v; = %L =

Tlip+ 7

., where ~; is given by the constant in (1). We have (2; < 1 where

2y
/I, . oo . . . .
;= %“; (£2; is defined to be 0 for a mobile 4 that is not in macrodiversity.)

This gives for the combined C/I [4]:
C (14 £2:)P; 5/ gbs

T i a(Prioty — Pin)/gvi + FipPiotp/gei + N

The transmission power becomes P; p = k;(Prot,p + FipPiot,p + gsiN ), where

- (oD
C1+ 2+ a(C/I);

(7)

Let there be M mobiles in a cell b (we shall omit this index) of which a fraction

u is in macrodiversity. Then as in [4], Pyt = ZE;’L)M P, + Zfizlw P, + Pcem.



We now consider two classes of services s = 1,2 corresponding to RT and NRT
mobiles. We make the following approximations, similar to [4]: For a given ser-
vice class s = 1,2 (2; is replaced by a constant (2, (its average over all mo-
biles of the same service as i); we also replace F;, by one of four constants
FNMD and FMP s = 1,2, where FNMP (resp. FMP) corresponds to an av-
erage value of F;; over mobiles in service s which are not in macrodiversity
(and which are in macrodiversity, resp.). Finally, we replace g5; by one of the
four constants GNMP and GMP, s = 1,2, where GNMP (resp. GMP) corre-
sponds to an average value of g;; over mobiles in service s which are not in
macrodiversity (and which are in macrodiversity, resp.). This gives the total
power of a base station b: P;,: = Z1/Z> as long as Z» is strictly positive, where
Zy = (1= p) X n M.k ,GNMDN 42 Dsm1,2 M.ksGMPN | Zy = (1 —19) —
(L—p) Y oey o Msks(a+ FNMPY — 2% Msks(a+ FMP). In practice one
wishes to avoid that Z» becomes close to zero,’ thus we pose the constraint Z; > €
for some € > 0. Define the system’s capacity as @. = 1 — 1 — ¢, and the capacity

required by a call of type s as A(s) = ks [(1 —w)(a+ FNMDY 4 2p(a+ FSMD)].
Combining this with (1) and (7), we get

A(S)(l + Qs) NoW
(1 —p)(a+ FNMDY £ 9o+ FMDY —qA(s) E, T’

R, = s=1,2. (8)

4 Uplink
We recall the capacity notions from the case of uplink from [3]. Define

- E,R, A(s)
Ay =225 and Al(s) = ——22 =1,2. 9
Nl md A=A ©)

The power that should be received at a base station originating from a type s
mobile in order to meet the QoS constraints is Z;/Z, [3] where Z; = NA'(s)
and Zo =1—(1+ f)Y . , o M A'(s) (N is the background noise power at the
base station, f is a constant describing the average ratio between inter and intra
cell interference, and M, is the number of mobiles of type s in the cell). To avoid
instability one requires that Zs > € for some € > 0. Define the system’s capacity
as O, = 1 —¢, and the capacity required by a type s call as A(s) = (1+ f)A'(s).
Combining this with (9) we get

A(s) N,W
R =1 7— At * B

s=1,2. (10)

5 Admission and rate control

We assume that either the uplink or the downlink are the bottleneck in terms of
capacity, so we can focus only on the more restrictive direction when accepting
calls. All the notations will be understood to relate to that direction.



Capacity reservation. We assume that there exists a capacity Lygr re-
served for NRT traffic. RT traffic can use up to a capacity of Lgr := @, — LyRgT.

GoS control of RT traffic. UMTS will use the Adaptive Multi-Rate
(AMR) codec that offers eight different transmission rates of voice that vary
between 4.75 kb/s to 12.2 kb/s, and that can be dynamically changed every
20 ms. The lower the rate is, the larger the amount of compression is, and we
say that the GoS is lower. For simplicity we shall assume that the set of available
transmission rates of RT traffic has the form [R™® R™X]. We note that A(RT)
is increasing with the transmission rate. Hence the achievable capacity set per RT
mobile has the form [A™® A™aX] Note that the maximum number of RT calls
that can be accepted is ME#* = |©./A™" |, We assign full rate R™** (and thus
the maximum capacity A™*) for each RT mobile as long as Mgy < Ngr where
Ngr = |Lrr/AB5|. For Nrr < Mpr < ME#* the capacity of each present RT
call is reduced to Ay g = Lrr/Mpgr and the rate is reduced accordingly (e.g.
by combining (1), (2) and (5) for the case of downlink).

Rate control for NRT traffic. The capacity C(Mgr) unused by the RT
traffic is fully assigned to one NRT mobile, and the mobile to which it is assigned
is time multiplexed rapidly so that the throughput is shared equally between the
present NRT mobiles. The available capacity for NRT mobiles is

Oc — MppA™* if Mpr < Ngr,
LygT otherwise.

COMar) = {

The total transmission rate R%%,, of NRT traffic for the downlink and uplink is

then given by
C(Mgr) y N,W

Z3 E. I’
where Z3 = a + F — aC(Mpgr) for the downlink and Z3 =1+ f — C(Mgr) for
the uplink. The expression for downlink with macrodiversity is derived similarly.

RN%r(Mgr) =

6 Statistical model and the QBD approach

Model. RT and NRT calls arrive according to independent Poisson processes
with rates Agr and Aygr, respectively. The duration of a RT call is exponen-
tially distributed with parameter purr. The size of a NRT file is exponentially
distributed with parameter uygr. Interarrival times, RT call durations and NRT
file sizes are all independent. The departure rate of NRT calls depends on the
current number of RT calls: ¥(Mgr) = punrr Ry (MpeT)

QBD approach. The number of active sessions in all three models (down-
link with and without macrodiversity and uplink) can be described as a QBD
process, and we denote by @ its generator. We shall assume that the system
is stable. The stationary distribution of this system, =, is calculated by solv-
ing: 7@ = 0, with the normalization condition e = 1 where e is a vector of
ones of proper dimension. 7 represents the steady-state probability of the two-
dimensional process lexicographically. We may thus partition 7 as [w(0), w(1),.. ]
with the vector 7(7) for level i, where the levels correspond to the number of



NRT calls in the system. We may further partition each level into the number
of RT calls, 7(i) = [7(4,0),n(,1),...,n(i, Mpi*)], for i > 0. Q is given by

B Ay 0 0 ---
Ay Ay Ag O ---
Q: 0 Ay A1 Ag --- (11)

0 0

where the matrices B, Ag, A1, and Ay are square matrices of size (M +
1). The matrix Ag corresponds to a NRT connection arrival, given by Ay =
diag(Ay rr). The matrix A, corresponds to a departure of a NRT call and is given
by Ay = diag(v(i);0 < i < MP%ET). The matrix Ay corresponds to the arrival
and departure processes of RT calls. A; is tri-diagonal as follows: A;[i,i + 1] =
)\RT,Al[i,i — 1] = iuRT,Al[i,i] = _)\RT — iMRT — )\NRT — I/(Z) We also have
B = A; + Ay. w is given by [3,9] n(¢) = 7(0)R* where R is the minimal non-
negative solution to the equation: 49 + RA; + R?A, = 0. 7(0) is obtained by
solving w(0)(I — R)~!e = 1 [3]. Note that the evolution of number of RT calls is
not affected by the process of NRT calls and the Erlang formula can be used to
compute their steady state probability. The blocking probability of a RT call is:

P]I;T — (PRT)Z%%X/MJI\??T!
S (prr)iil
where prr = Arr/prr. This is the main performance measure for the RT
traffic. For NRT calls the important performance measure is expected sojourn
time which is given by Little’s law as Tnrr = E[MNRT]/ANRT-

Conditional expected sojourn times. The performance measures so far
are similar to those already obtained in the uplink case in [3]. We wish however to
present more refined performance measures concerning NRT calls: the expected
sojourn times conditioned on the file size and the state upon the arrival of the
call. We follow [10] and introduce a non-homogeneous QBD process with the
following generator @Q* and the corresponding steady state probabilities 7*:

B Ag 0 0 ---
(1/2)A2 A Ao 0 0 -
o =| 0 @34 AT A0 .- (12)
0 0 (3/4)As A Ag -
. . L

where the matrices Ag, A3, B are the same as introduced before, and A7 is
the same as A; defined before except that the diagonal element is chosen to be
minus the sum of the off-diagonal elements of Q*, i.e. Aj[k,k] = —Arr —kurr—
ANRT — k%z/(k). The conditional expected sojourn time of a NRT mobile given
that its size is v, that there are ¢ RT mobiles and ¥ — 1 NRT mobiles upon it’s

arrival, is obtained from [10]:

_ v/RiR7(0) T v 1% )| =
Tk :(v) = B + 1p,; [I —exp RNRT(O)R Q W  where (13)

Riar(0) K Bighr (0)

.  RR&ar (i) . [1 R¥Rr(i) . ANRT
R := E 7 (k, 1) s—r—=, R=diag |- =%, pi=——,
v #NRTRNRT(O)



1, is a vector whose entries are all zero except for the (k,%)th entry whose
value is 1, and w is the solution [10] of Q*w = ﬁﬂ% gy — Lg e

Remark 1. Suppose that the number of RT sessions stays fixed throughout the
time (this can be used as an approximation when the average duration of RT
sessions is very large). Then with R* = R%%..(i)/Ry%(0), (13) becomes

o/ Righr (0) 1 C——
T = + - x [k —
e(v) R* — p* UNRTRR L (1) — ANRT R* — p*
v tot
X (1 — exp ( T R (0) (pvrT RNRT(0) — ANRT))) (14)

In Fig. 1 we use (14) to compute the maximum number k of NRT calls present
at the arrival instant of an NRT call (we include in this number the arriving call)
such that the expected sojourn time of the connection, conditional on its size
in kb and on k, is below 1 sec. For example, if the size of the file is 100 kb
then its conditional expected sojourn time will be smaller than 1 sec as long as
the number of mobiles upon arrival (including itself) does not exceed 12. This
figure and the next one are obtained with R%%.(0) = 1000kbps, Anrr = 1,
Ky'wr = 160 kbits so that p* = 0.16 (We took no RT calls, i.e. i = 0).
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Fig. 2. Mean number of RT calls
in a cell as a function of the reser-
vation level for RT traffic

Fig. 1. Max number of NRT calls
upon arrival s.t. the conditional ex-
pected sojourn time is below 1 sec

7 Numerical results

We consider the following setting. Unless stated otherwize, the data are for
both down and uplink. Transmission rates of RT mobiles: maximum rate is
12.2kbps, minimum rate 4.75kbps. NRT uplink data rate: 144 kbps. NRT down-
link data rate: 384 kbps. Egrr/N, (at 12.2 kbps) is 7.9 dB (UL) and 11.0 dB
(DL). Exgr/N, is 4.5 dB (for 144 kbps UL) and 4.8 dB (for 384 kbps DL).
Total bandwidth W = 3.84M Hz. Mean NRT session size 160 kbits, arrival rate
of NRT calls: Ayrr = 0.4. Average duration of RT call: 125 s, arrival rate of
RT calls: Agr = 0.4. Uplink interference factor is 0.73. Downlink interference




factor is 0.55. o = 0.64, 1 = 0.2,¢ = 107%. I' is computed so as to guarantee
that the probability of exceeding the target C/I ratio is 0.99. It corresponds to
a standard deviation constant o = 0.5 (see [3]).

Influence of NRT reservation on RT traffic In Fig. 2 we depict the
average cell capacity in terms of the average number of RT mobiles for both
uplink and downlink as a function of the reservation threshold for NRT traffic.
We see that it remains almost constant (50 mobiles per cell) for up to 50% of
the load. In Fig. 3 we present the blocking rate of RT traffic. At a reservation
Ly gr of 50% of the maximum load, the dropping rate is still lower than 1%.
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Fig. 3. Blocking rate for RT calls as  Fig. 4. Expected sojourn times of NRT
a function of the reservation level for  traffic as a function of the NRT reser-

NRT traffic vation

Influence of NRT reservation on NRT traffic Fig. 4 shows the impact
of the reservation threshold Ly g7 on the expected sojourn time of NRT calls
both on uplink and downlink. We see that the expected sojourn times becomes
very large as we decrease Ly gr below 0.15% of the load. This demonstrates the
need for the reservation. In the whole region of loads between 0.16 to 0.5 the
NRT expected sojourn time is low and at the same time, as we saw before, the
rejection rate of RT calls is very small. This is thus a good operating region for
both RT and NRT traffic.

Conditional expected sojourn time Below, the reservation limit Ly gy
is 0.27. In Fig. 5 we depict the expected sojourn time conditioned on the number
of NRT and RT calls found upon the arrival of the call both being k£ and on the
file being of the size of 100 kbits. k is varied in this figure.

Fig. 6 depicts for various file sizes, the maximum number k such that the
conditional expected sojourn time of that file with the given size is below 1 sec.
k is defined to be the total number of RT calls as well as the total number of
NRT calls (including the call we consider) in the cell. We thus assume (as in the
previous example) that the number of NRT and of RT calls is the same, and seek
for the largest such number satisfying the limit on the expected sojourn time.
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8 Extension to handover calls

Till now we did not differentiate between arrivals of new and of handover calls.
We now wish to differentiate between these calls. We assume that RT new calls
(resp. NRT new calls) arrive with a rate of AR (resp. AN$%.) where as the han-
dover calls arrive at rate hgr (resp. hxgrr)- We assume that RT calls remain at a
cell during an exponentially distributed duration with parameter prr. Avoiding

blocking of handover calls is considered more important than avoiding block-

ing of new ones. So we define a new threshold M g;f" < ME¥*. Now new RT

calls are accepted as long as Mpr < M RT where as handover RT calls are ac-
cepted as long as Mgy < M g;w The behavior of NRT calls is as before. Define

PRT = )\RT/,U,RT and pHQ = hRT/,uRT Let prr(i) denote the number of RT
mobiles in steady state. It is given by

(”RT) \PRT) ppr(0) i 0<i< Mpg'
prT (1) = N .
Mp7" ( HO\i—Mppew
(prr) " (pnr) prr(0)  if Mpp” <i< MBS
Nmu N N -1
(P (prr) MR (pgp ) METeY
where prr(0) = Z Z B

Nmu

The QBD approach can be directly applied again to compute the joint distri-
bution of RT and NRT calls and performance measures.

A numerical example The data we consider are as before, except that
now a fraction of 30% of arriving RT calls are due to handovers. In Fig. 7 we
present the impact of the choice of the NRT threshold on the blocking rate of
RT mobiles. We also illustrate the impact of the differentiation between New
and Handover calls. The middle UL curve is obtained with no differentiation.
The total dropping rate of the model with handover (the HO curve) is larger,
but among the rate of dropping rate of calls already in the system (that arrive
through a handover) is drastically diminished (the curve called ”Dropping”).
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Conclusions

We have analyzed the performance of a CAC combined with a GoS control in
a WCDMA environment used by RT and NRT traffic. RT traffic has dedicated
resources where as NRT traffic obtains through time sharing the unused capacity
leftover by RT traffic. We illustrated the importance of adding reserved capacity
Ly gy for NRT traffic only and demonstrated that this can be done in a way not
to harm RT traffic.
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