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Abstract

The limiting factor in the uplink of all CDMA cellular systems is the

relation between uplink noise rise and intended coverage. In link budgets,

noise rise is usually simply handled as a constant contribution to the back-

ground noise in logarithmic scale, often referred to as interference margin.

In practice, however, it is not constant. We model the uplink noise rise

as a lognormal distribution, and investigate the impact to link budgets.

Simulations and numerical calculations show that the uplink noise rise

variance does not critically affect the uplink capacity and coverage.

System feasibility and its relation to the uplink load is also discussed.

It is shown that approximative load expressions provides an upper bound

on the uplink load and therefore they can be used to imply system feasi-

bility. Furthermore, the uplink load expressions provide accurate approx-

imations of the load given that the load is within the practical limits given

by the link budgets.

Keywords: Link Budget, Noise Rise Variance, Maximum Noise

Rise, System Load
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{geijer, fred, fredrik}@isy.liu.se

Abstract: The limiting factor in the uplink of all CDMA cellular systems is the relation
between uplink noise rise and intended coverage. In link budgets, noise rise is usually simply
handled as a constant contribution to the background noise in logarithmic scale, often referred
to as interference margin. In practice, however, it is not constant. We model the uplink noise
rise as a lognormal distribution, and investigate the impact to link budgets. Simulations and
numerical calculations show that the uplink noise rise variance does not critically affect the
uplink capacity and coverage.
System feasibility and its relation to the uplink load is also discussed. It is shown that
approximative load expressions provides an upper bound on the uplink load and therefore
they can be used to imply system feasibility. Furthermore, the uplink load expressions provide
accurate approximations of the load given that the load is within the practical limits given by
the link budgets.

Keywords: Link Budget, Noise Rise Variance, Maximum Noise Rise, System Load

1. INTRODUCTION

Due to limited transmission powers, there is a trade
off between intended uplink coverage and uplink to-
tal received interference power. The total received
power increase caused by an additional user depends
on the current uplink noise rise. Uplink noise rise
is defined as uplink total received interference power
over background noise power. It is the direct relation
between total interference power increase and current
noise rise, as oppose to current total received inter-
ference power, that makes noise rise interesting for
resource management purposes. As an example the
users’ transmission power increase due to a new user
depends directly on the current uplink noise rise. This
is also the reason why load, L below, is often related
to noise rise. This can be done through the pole equa-
tion (Holma and Laakso, 1999; Padovani et al., 1994)

Noise Rise =
1

1 − L
. (1)

Link budgets are often used for dimensioning of
systems, see e.g., (Laiho et al., 2002; Dehghan et
al., 2000). In link budgets, the uplink noise rise is
often modeled as constant. This constant, usually re-
ferred to as interference margin, is usually set to equal
approximately 3 to 4 dB (or, equivalently, a target
load of 50 to 60%) (Laiho et al., 2002; Black and
Wu, 2002; Stevens, 1998). We have instead assumed
the uplink noise rise to be Gaussian distributed in loga-
rithmic scale and studied how the coverage probability
changes with the noise rise’s average and standard
deviation. An assumption of uniformly distributed
users in a fixed sized cell leads to an explicit prob-
ability density function describing a user’s distance
to the base station. This distance is then converted
to a propagation-loss through the Okumura-Hata for-
mula (Okumura et al., 1968; Hata, 1980). Numerical
integration of the simultaneous density function for
the propagation-loss and the uplink noise rise provides
a relation between noise rise mean and variance for



a given user coverage probability. The link budget is
also used together with simulations. The intersection
between the numerical integration and the simulations
can be interpreted as the maximum noise rise we can
manage with a certain coverage probability.

The second part of this paper focuses on load approx-
imation when below this upper bound on noise rise.
We argue that it is always possible to approximate
the uplink load reasonably accurate when below the
maximum noise rise found in this paper.

2. LINK BUDGET WITH NOISE RISE
VARIANCE

We will in this section discuss, derive and apply den-
sity functions to some of the quantities usually found
in a link budget. The choice of constants are chosen
within intervals given in (Laiho et al., 2002).

In logarithmic scale, the total received interference
power user i experiences may be expressed as

Ītot
i = Λ̄i + N̄ ,

where Λ̄i is the uplink noise rise user i experiences
and N̄ is the thermal noise power plus receiver noise
figure common to all users. We model the total power
gain between user i and the base station the user is
connected to, denoted Ḡi in logarithmic scale, as a
sum of propagation loss, Ḡ

p
i , shadow fading, Ḡsh

i and
fast fading. In the link budget below, the fast fading is
represented by a fast fading margin, Ḡ

ff
i .

User i’s carrier-to-total-interference ratio (CTIR) may
now be expressed in logarithmic scale as

β̄i = C̄i − Ītot
i = P̄i + Ḡi − Λ̄i − N̄ =

P̄i + Ḡ
p
i + Ḡsh

i + Ḡ
ff
i − Λ̄i − N̄,

where C̄i is the received carrier power from user i and
P̄i is user i’s transmission power. The overhead bar
indicates that the quantity is in dB. Simulations shows
that it is reasonable to assume that Λ̄i ∈ N(mi, σi).
Furthermore, according to (Okumura et al., 1968;
Hata, 1980) we may assume Ḡsh

i ∈ N(0, σsh). As
both are Gaussian distributed, so is the difference
between the two. Consider a single service scenario
where all users’ target CTIR equals β0. The require-
ment that the maximum achievable CTIR given the
power constraints, β̄max

i , should be greater than or
equal to β̄0 can now be expressed as

Ḡ
p
i + X̄i ≥ β̄0 − P̄ max − Ḡ

ff
i + N̄ − BAG, (2)

where P̄ max is a user’s maximum transmission power
which is considered fixed equal to 26 dBm (includ-
ing 2 dB in mobile antenna gain). The fast fading
margin, Ḡff , is set to -4 dB. Included in (2) is
also a base station antenna gain and cable loss of
BAG = 18 − 2 dB. The gaussian variables Ḡsh

i and
Λ̄i are represented by one variable, X̄i = Ḡsh

i −
Λ̄i ∈ N(−mi,

√

σ2
i + σ2

sh). We have chosen σsh =

rmin 30 m
R 1200 m

σsh 7 dB
P̄max 26 dBm

Ḡsh
i

N(0, σsh)

Λ̄i N(mi, σi)

Ḡ
ff
i

-4 dB
BAG 16 dB

N̄ -103 dBm

Table 1. Constants used in the link budgets.

7 dB in accordance with guidelines found in (Laiho
et al., 2002). Left to express of the variables in the
left hand side of (2) is Ḡ

p
i . Under an assumption

of uniformly distributed users we get the probability
that the user is not more than r0 meters from the base
station as

P (r < r0) =

∫ r0

rmin

2πr

A
dr,

where A = π(R2 − r2
min) is the area of a circular cell

with a minimum distance to the base station of rmin

and a maximum distance of R. Taking the derivative of
the expression yields the probability density function
for r. The probability density function for the propaga-
tion loss in logarithmic scale can then be found using
the Okumura-Hata propagation model ((Okumura et
al., 1968; Hata, 1980))

d

dḡ0
P (Ḡp < ḡ0) =

d

dḡ0
P (C̄p − 10α log(r) < ḡ0) =

d

dḡ0

∫ R

10
C̄p−ḡ0

10α

2r

R2 − r2
min

dr

This gives

fḠp(ḡ0) = C 10−
ḡ0
5α , C =

10
C̄p

5α

5α(R2 − r2
min)

log(10)

(3)
Table 1 shows the parameter values used in the link

budgets.

3. SIMULATIONS

Using the probability density function given in (3)
together with the Gaussian density function for Xi in
(2) enables us to calculate the probability that βmax

i ≥
β0 for different mi and σi according to

P (β̄max
i ≥ β̄0) =

1 − C

σx

√
2π

∫ ḡmax

ḡmin

10−
ḡ
5α

∫ y−ḡ

−∞

e
−

(x−mx)2

2σ2
x dx dḡ,

(4)

where y = β̄0 − P̄max + N̄ − Ḡ
ff
i − BAG. The

integration interval for ḡ, [ḡmin, ḡmax], is given by the
choice of rmin and R, respectively. Figure 1 shows
the relation between mi and σi for two different user
types. The data represented by the dashed lines is
taken from a simulation of 9 cells and the only service
provided was a 384 kbps and a 144 kbps streaming ser-
vice, respectively. The variation in noise rise is result
of imperfect power control due to, among other things,
measurement errors, transmission power control er-
rors and user movement. Also shown in the figure is



the relation given by equation (4) for three different
P (β̄max

i ≥ β̄0). Since the lines in both plots are rather
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Fig. 1. Relation between mi and σi for different
P (βmax

i ≥ β0) (from left to right: 97%, 95%
and 90%). Also shown is a plot showing the re-
lation between average noise rise and standard
deviation in simulations (dashed line). a) β̄0 =
−9.5 dB (384 Kbps), b) β̄0 = −13 dB (144 kbps)

steep, we can conclude that the standard deviation
does not have a considerable impact on the capacity
and coverage. As can also be seen in the figure, the
standard deviation during simulations are quite small
and also seem to be fairly independent of the users’
target CTIR. From Figure 1 one can conclude that if
we want to provide satisfactory service to 95 percent
of the users in a system providing only a 384-Kbps-
service with β̄0 = −9.5 dB, we should not have an
average noise rise of more than 3 dB. In the case where
a 144-kbps-service with β̄0 = −13 dB is offered, the
system should be able to cope with up to around 7 dB.

Thus far we have only studied how the performance of
a single user is affected when the load of the system
is increased. We can conclude that it is important not
to overload the system. Hence, it is important to have
knowledge of the current system load.

4. SYSTEM MODEL

The uplink inteference power user i experiences, I tot
i ,

is modeled as a sum of background noise, Ni, and
contributions from all users in the entire network,

Itot
i = Ni +

M
∑

`=1

g`,ji
p`, i = 1, 2 . . . , M (5)

Here, Ni is a user individual background noise power,
g`,ji

is the power gain from user ` to the cell user i is
connected to. In general, the i:th element of the vector
j is the number of the cell user i is solely connected
to. All power gains in the system can be conveniently
gathered in a (square) matrix G = [g`,i] = g`,ji

.

In a tractable situation, power control maintains each
user’s transmission power such that

β` =
p`g`,j`

Itot
`

≥ β
tgt
` ,

where β
tgt
` is the carrier-to-total-interference power

required by the service user ` is provided. Let us use
the vector N = [Ni] and the matrix Z = [z`,i]

M

=
g`,ji

g`,j`

.

The above expression for the interference power can
then be expressed in matrix form as

Itot ≥ BtgtZT Itot + N, (6)

where Itot is a vector in R
M containing the interfer-

ence power each user experiences and

Btgt M

= diag(βtgt
1 , β

tgt
2 , . . . , β

tgt
M ).

The above inequalities, just as all inequalities be-
tween vectors in this contribution, should be inter-
preted component wise. For future reference note that,
in a single service scenario where β

tgt
` = β0∀`, equa-

tion (6) may be simplified into

Itot ≥ β0Z
T Itot + N. (7)

5. UPLINK LOAD

5.1 Theoretical Load

Note that, due to physical reasons, the G-matrix is ob-
viously a strictly positive matrix, i.e., all its elements
are strictly positive. The following is a version of a
theorem in (Zander, 1993) which uses a requirement
of positive interference powers instead of positive
transmission powers.

Theorem 1. (Maximum CTIR).
There exists a maximum achievable carrier-to-total-
interference ratio in the noiseless case

β∗

0 = max{β0|Itot
i > 0 : βi ≥ β0∀i}.

Furthermore, the maximum is given by

β∗

0 =
1

λ∗
,

where λ∗ is the greatest eigenvalue of Z.

PROOF. The maximum achievable carrier-to-total-
interference ratio (CTIR), β∗

0 is found by studying the
following version of Equation (7)

ZT Itot =
1

β∗

0

Itot = λItot.

The smallest real λ which gives a positive real solution
Itot is the greatest eigenvalue of Z, λ∗, according
to theory for positive matrices. Since a larger β∗

0

corresponds to a smaller eigenvalue of Z, 1
β∗

0
= λ∗.

In order to properly relate this to uplink relative load
we need to define system feasibility.



Definition 2. (System Feasibility). Given an uplink power
gain matrix, G, and user individual target carrier-to-
total-interference ratios, β

tgt
i , a system is feasible if

there are user individual finite positive transmission
powers such that

βi ≥ β
tgt
i ∀i.

Otherwise, the system is infeasible.

Thus, in a single service scenario it is easy to deter-
mine whether a system is feasible or not; the system
is feasible if β0 < β∗

0 . However, in a multiple service
scenario requiring all users’ β

tgt
i < β∗

0 would result
in poor utilization of available resources. Denote by
(Btgt, G, N) a system in which the users experience
background noise power according to the vector N ∈
R

M and have target carrier-to-total interference ratios
according to the matrix Btgt and power gain values
according to the matrix G. An alternative definition
of uplink load related to the distance to infeasibil-
ity is inspired by (Gunnarsson, 2000; Herdtner and
Chong, 2000). It is basically how much we can scale
all users’ target CTIR with before the system becomes
infeasible.

Definition 3. (Feasibility Uplink Relative Load).
The feasibility uplink relative load, Lf , of a system
(Btgt, G, N) is defined as

Lf M

= inf{µ ∈ R :

(

1

µ
Btgt, G, N

)

is feasible}.

The following theorem can be used to determine the
feasibility uplink relative load of a system without soft
handover.

Theorem 4. (Feasibility Uplink Relative Load).
In a system (Btgt, G, N) where each user is connected
to exactly one base station, the feasibility uplink rela-
tive load is

Lf = max eig (BtgtZ) = max | eig (BtgtZ)|.

PROOF. A solution, I tot, to Equation (6) exists if
either of the following two requirements is satisfied

• E − (BtgtZ)T is non-singular or
• N ∈ span(E − (BtgtZ)T ).

The identity matrix is denoted by E. Since Z con-
sists of random numbers, the second requirement is
satisfied with zero probability if E − (BtgtZ)T is
singular. Thus, the equation has a solution if and only
if the matrix E − (BtgtZ)T is non-singular. Study a
system where the users have target carrier-to-total-
interference ratios according to the matrix 1

µ
Btgt. Sin-

gularity of the matrix E − 1
µ
(BtgtZ)T yields

0 = det(E− 1

µ
(BtgtZ)T ) =

1

µM
det(µE−(BtgtZ)T ).

Hence, µ is an eigenvalue of BtgtZ. We require a
positive solution to Equation (6). According to theory
for positive matrices, the smallest µ yielding a positive
real solution, I tot, to

(E − 1

µ
(BtgtZ)T )Itot = N

is the maximum eigenvalue. This proves the first
equality. The second equality in the theorem, that
max eig (BtgtZ) = max | eig (BtgtZ)|, is a result
from theory for positive matrices, see e.g., (Gantmacher,
1974).

5.2 Approximating Uplink Load

When looking for an uplink load expression to be used
in practice one usually use the definition sprung from
the pole equation (1). In cell c the pole equation is

Λc =
1

1 − Lc

, (8)

where Lc is the uplink load in cell c. Because of the
pole equation, it is irrelevant whether we approximate
the uplink noise rise and then convert it to load or
approximate the uplink load directly.

Definition 5. (System Load). The system load, Ls, is
the maximum cell load,

Ls M

= max
c

Lc.

In (Geijer Lundin et al., 2003b) the following approx-
imations are proposed and evaluated.

5.2.0.1. Linear Approximation

Llin
c =

M
∑

i=1

β
tgt
i

gi,c
∑

k∈Ki
gi,k

(9)

5.2.0.2. Iterative Approximation

Algorithm 1.
Let Λ(iter)(t, 0) = Λ(iter)(t − 1)
For n = 1 to NI

For j = 1 to B

Λ
(iter)
j (t,n) =1+

∑M

i=1β
tgt
i (t)

gi,j (t)
∑

k∈Ki

gi,k(t)

Λ
(iter)

k
(t,n−1)

Λ(iter)(t) = Λ(iter)(t, NI)

The set Ki is the set of cells user i is connected to
and M is the number of users in the entire network.
In practice, limited availability of measurements re-
duces these expressions to sums over terms where
information is available (Geijer Lundin et al., 2003a).
However, the theoretical investigations assume that
all measurements are available, or that missing mea-
surements are equal to zero. Note the resemblance



between Llin
c and the expressions commonly found

in the literature using a sum only over users con-
nected to the own cell and then represent the intercell-
interference (interference from other cells) a fac-
tor times the intracell-interference (interference from
users within the cell) (Ying et al., 2002; Holma and
Laakso, 1999; Boyer et al., 2001). The above expres-
sion explicitly handles the load caused by users in
other cells as well.

Theorem 6. (Sufficient Condition for Stability).
Consider a system in which each user is power con-
trolled in exactly one cell. Given complete knowledge
of all users’ power gain,

max
c

Llin
c ≥ Lf .

PROOF. Since all users’ power gains are assumed
known, the expression will consider all contributions
to the uplink relative load. In case each user is power
controlled from just one cell, the approximation given
in Equation (9) can be expressed in vector form as
(BtgtZ)T

1. Thus, the corresponding approximation
of the system load is

Llin,s = ||(BtgtZ)T ||∞.

There is a theorem, see for example (Skogestad and
Postlethwaite, 1996), which states that for any matrix
norm

max | eig(A)| ≤ ||A||.
Choosing A = (BtgtZ)T and using Theorem 4 give
the expression in the theorem.

The above theorem is useful in centralized resource
management since we know that the system is feasible
if Lf < 1 and therefore the system is also feasible if
all Llin

c are less than one.

In a system not utilizing soft handover we may define
a vector Λ(user) containing the uplink noise rise each
individual user experiences,

Λ(user) = [Λ
(user)
i ]

M

= [Λ
(iter)
ji

].

Theorem 7. (Convergence of fixpoint iterations).
Algorithm 1 will converge if applied to a feasible
system without soft handover.

PROOF. A system is feasible if and only if the sys-
tem’s feasibility relative load, Lf , is less than one.
According to Theorem 4 the feasibility relative load
of a system not using soft handover is the maximum
eigenvalue to the matrix BtgtZ.
Since soft handover is not used, the update formula in
Algorithm 1 becomes especially simple. The update
formula for Λ(user) ∈ R

M , containing each user’s
individual experienced uplink noise rise, is

Λ(user)(t) = 1 + (BtgtZ)T Λ(user)(t − 1)

Since this is a linear recursion it will converge, re-
gardless of initialization point, if the eigenvalues of

the matrix BtgtZ are all inside the unit circle. Hence,
system feasibility implies convergence of Algorithm 1
under the circumstances stated in the theorem.

Together, Theorem 6 and Theorem 7 can be used
to first prove that the iterations will converge and
then the uplink load can be well approximated with
Algorithm 1.

5.3 Approximating Uplink Load in Practice

The uplink load approximation given in (9) is valid
whenever one can expect the fast power control to
somewhat accurately maintain the user’s CTIR to the
correct level, i.e., whenever βi ≈ β

tgt
i . In a single

cell system, where there is no intercell-interference,
the only approximation is using β

tgt
i instead of the

actual received βi. The above link budgets show what
the system can coupe with in terms of noise rise levels
for two different services.

Concerning the fix point iterations in Algorithm 1 we
have proven that they will in fact converge when ap-
plied to a feasible system not utilizing soft handover. It
is possible to prove that the iterations will be bounded
above by the true noise rise when applied in a feasible
system utilizing soft handover (Geijer Lundin, 2003).

6. CONCLUSIONS

We have, using a stochastic approach to uplink link
budget, managed to give a theoretical upper bound on
the noise rise for different coverage probabilities and
noise rise variance. It was shown that the decrease in
manageable average noise rise is rather small as the
noise rise variance increases. Simulations were used
to provide an indication of what the relation between
the average and the variance is likely to be. Together
with the link budget this gave us an upper bound on
the noise rise in practice.
Furthermore, the ability to approximate the uplink
load when below the maximum noise rise provided by
the link budgets was discussed. It was shown that there
are iterative approximations with good accuracy that
will converge if below the maximum practical load.
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