
Chapter 2

CDMA-Based Wireless Cellular Networks

Abstract In a CDMA-based cellular network, all radio cells share the same fre-

quency bands, and users can transmit simultaneously. Transmissions from one user

causes interference to other users. The more users are in the system and the higher

power they transmit, the more interference they generate to one another. A CDMA-

based system is typically interference-limited. The management of transmission

power and mutual interference is directly related to system capacity and quality-

of-service (QoS) to the users. In this chapter, we first briefly review the motivations

of power control in cellular CDMA networks, then study the power allocation prob-

lem in a single-cell CDMA network. Based on the analysis, different aspects that

affect the transmission power and system capacity are investigated. We then study

the power allocation problem in a multi-cell CDMA network. The relationship be-

tween transmission power, network capacity, and QoS to the users is analyzed.

Keywords: CDMA, cellular network, power control, SINR, pole capacity, outage,

soft handoff.

2.1 Motivations for Power Control

In a CDMA-based network, each transmitter uses a unique spreading code to gener-

ate the transmitted signals. The intended receiver can reproduce the spreading code

used by the transmitter and recover the desired signals. The cross-correlation of dif-

ferent spreading codes is ideally zero, so that the desired signal can be recovered

and interfering signals can be removed at the receiver. In a practical system, the

radio channel can be non-linear, and the spreading codes may not be orthogonal

to one another. Therefore, transmissions of the users can cause interference to one

another. The signal-to-interference-plus-noise ratio (SINR), defined as the desired

signal power divided by the total power of interference and noise, can be used to

evaluate the received signal quality.

Power control is originally used to solve the near-far problems in the uplink of

cellular CDMA networks, where homogeneous traffic (mainly voice) is supported.

 D. Zhao, Power Distribution and Performance Analysis for Wireless Communication Networks,
SpringerBriefs in Computer Science, DOI 10.1007/978-1-4614-3284-5_2, 

17
© The Author 2012
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In the uplink, all the transmissions in the same cell share the same receiver, which

is the base station (BS). If different users transmit at the same power, their signals

arrive at the BS receiver with different strength. On average, signals from the users

far away from the BS are weaker than that from the users close to the BS. Therefore,

the SINR of the former can be much worse than that of the latter. That is, the signals

from the users near the BS can block the transmissions of the signals from the users

far away from the BS. This is the “near-far” effect. In order to balance the received

SINRs for the signals from different users, power control is applied. The main pur-

pose of power control is for the signals from different users to arrive at the BS with

the same and acceptable SINR. The transmission power of each user is controlled

and adjusted based on its channel gain to the BS. Users with poorer channel gain to

the BS should transmit higher power.

The function of power control in the downlink is different. Since the signal and

interference from the BS arrive at a given mobile station (MS) go through the same

radio channel and undergo the same attenuation, power control is not needed to

combat the near-far problem. Instead, it is used to provide more power to users

located near the cell borders, where the users can suffer from high interference from

the transmissions in nearby cells. In addition, the transmission power of the BS

should be controlled in order to reduce the interference to nearby cells.

Consider N users transmitting to the same BS. Their signals are all power con-

trolled to have the same power S at the BS receiver input. Each user’s signal ex-

periences interference from the transmissions of all the other N − 1 users, the total

interference power at the receiver is I = (N − 1)S, and the SINR of the signal is

S/(I + η), where η is the background noise power. Let R be the information bit

rate, and W be the spreading bandwidth. Then Eb = S/R gives the energy per in-

formation bit, and I0 = (I +η)/W gives the interference-plus-noise power spectrum

density. The ratio of energy per bit to interference-plus-noise power spectral den-

sity (Eb/I0) is the SINR normalized to each transmission bit, and is commonly used

for evaluating the receiving quality of the CDMA users. This is based on a fairly

reasonable assumption that the bit-error-rate (BER) at a receiver is a monotonically

decreasing function of Eb/I0. When the noise power is zero, the expression for Eb/I0

is given by

Eb/I0 =
S/R

(N −1)S/W
=

W/R

N −1
, (2.1)

where the quantity W/R is called the processing gain, which is a basic parameter

for spread spectrum communications. If γ∗ is the minimum required value for Eb/I0

(corresponding to a maximum acceptable BER for a given physical layer design),

then N can be solved as

N ≤ 1 +
W

Rγ∗
� Np, (2.2)

where Np is referred to as the single cell pole capacity. From (2.2) we can find that

for given spreading bandwidth W , a higher pole capacity is achieved if users re-

quire lower transmission rate and target γ∗. The pole capacity provides an important

upper bound for the capacity, and is independent of the channel conditions of indi-
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vidual links. It is also the maximum capacity for each cell in a multi-cell network.

The pole capacity can never be achieved in a real network, since it is obtained by

assuming zero noise and interference power, because of which the pole capacity is

independent of S. On the other hand, each receiver requires a minimum signal power

in order to detect and decode the desired signals. When the link condition is poor,

the required transmission power can be high in order to guarantee the minimum

power at the receiver end. The actual capacity of the system is then limited by the

maximum transmission power of the MSs. In addition, different users may require

different transmission rates and target SINRs, which also affect the target receiving

and transmission power of each user’s signal. This scenario is studied in the next

section.

In the remaining part of this book, all SINRs are normalized to per information

bit. In another word, they are in fact energy per bit to interference-plus-noise power

spectral density ratio.

2.2 Power Allocations in a Single Cell Network

We consider an FDD-based network, where different frequency bands are used for

the uplink and the downlink transmissions, and therefore, there is no interference be-

tween the uplink and the downlink transmissions. This allows us to study the uplink

and the downlink performance separately. We use Ri to denote the transmission rate

and γ∗i to denote the the minimum required SINR for user i, where i = 1,2, . . . ,N,

and N is the total number of active users.

Uplink Power Analysis

Each user may have a different rate and SINR requirement, and the target receiving

power for different users may be different at the BS. Let Su,i be the target receiving

power of user i’s signal, and η be the noise power at the BS receiver. The relation-

ship between the target receiving power and the required SINR is given by

W

Ri

Su,i

∑N
j=1, j �=i Su, j + η

≥ γ∗i , (2.3)

for all i = 1,2, . . . ,N. This formulation is equivalent to (1.2), if the processing gain

(W/Ri) is equal to 1 in (2.3) and all the background noise powers are the same

in (1.2). Based on the analysis for (1.2), we know that the minimum power is re-

quired for each user when equality holds in (2.3), i.e.,

W

Ri

Su,i

∑N
j=1, j �=i Su, j + η

= γ∗i . (2.4)
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With some simple manipulations, (2.4) can be rewritten as

N

∑
j=1

Su, j + η =

(
W

γ∗i Ri

+ 1

)
Su,i (2.5)

for all i = 1,2, . . . ,N. Define Qi = W
γ∗i Ri

+ 1, (2.5) becomes

N

∑
j=1

Su, j + η = QiSu,i. (2.6)

Since the left-hand side of (2.6) does not depend on individual user’s parameters,

the right-hand side of the equation should be the same for different users. That is,

QiSu,i = Q jSu, j (2.7)

for all i, j = 1,2, . . . ,N. Then Su, j can be written as

Su, j = Su,i
Qi

Q j

. (2.8)

Replacing Su, j in (2.6) with the right-hand side in (2.8), we can solve Su,i as

Su,i =
η

Qi

(
1−∑N

j=1
1

Qj

) . (2.9)

Dividing Su,i by gu,i, which is the link gain from MS i to the BS, we can find the

required transmission power from user i as

Pu,i =
η

Qi

(
1−∑N

j=1
1

Qj

)
gu,i

. (2.10)

From the above derivations we have the following observations:

• Without considering the maximum transmission power limit, a feasible solution

to the power allocation problem exists (i.e., all Su,i’s are non-negative) if and only

if
N

∑
j=1

Q−1
j < 1. (2.11)

If the total capacity of the system is normalized to 1, which is the right-hand

side of (2.11), Q−1
j can be considered as the normalized amount of resources

consumed by user j. Because of this property, (2.11) can be used as a criterion

for admission control in cellular CDMA networks.

• For homogeneous traffic, all the users require the same rate and SINR, Qi = Np =
W/(γ∗R)+ 1 for all i = 1,2, . . . ,N, is the pole capacity derived in the previous

section. In order to have a feasible solution for the receiving power, N/Np < 1
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should always hold, or N < Np. The required target receiving power is then given

by

Su,i =
η

Np −N
, (2.12)

which indicates that the required power increases with the number of users sup-

ported in the network.

• The target receiving power for the ith user is inversely proportional to Qi. This

is straightforward, since higher transmission rate and larger SINR requirement

(which results in smaller Qi) requires the support of higher power.

• The target receiving power at the BS for each user is independent of the link

gains. The power control manages the target receiving power, which directly af-

fects the mutual interference among the links.

• The required transmission power from a user is inversely proportional to the

link gain between itself and the BS. Users with worse link gains should transmit

higher power. Furthermore, the required transmission power for each user does

not depend on the link gain of any other links. That is, poor link gain of one

link, although results in high transmission power from a particular user, does not

affect the transmission power of other links in a single cell network. (This is not

the case in a multi-cell network, where inter-cell interference exists.)

• By further looking at (2.12) we can find that Su,i can increase significantly with

the number of users when the latter is close to the pole capacity. As a result,

the required transmission power also increases, and may exceed the maximum

transmission power limit of the MS. When the maximum transmission power is

relatively small or the link conditions are poor, the actual capacity can be much

smaller than the pole capacity.

Downlink Power Analysis

The power distribution in the downlink is similar to that in the uplink, except that

orthogonal codes may be used in the downlink for users associated with the same

BS in order to reduce co-channel interference within the cell. However, the orthog-

onality may not be maintained perfectly at the receiver end due to the non-linearity

inherent in the radio channel propagation. A variable ξ is used to denote this effect.

When ξ = 0, different transmissions are kept orthogonal at the receiver end; and

when ξ = 1, all power for one user contributes to interference to others. In addition,

different receivers may experience different noise power. Let Pd,i be the required

transmission power from the BS to the ith MS, gd,i be the link gain from the BS to

the MS, and ηi be the background noise power at the receiver of MS i. The downlink

transmission power should satisfy the following relationship,

W

Ri

Pd,igd,i

∑N
j=1, j �=i ξ Pd, jgd,i + ηi

≥ γ∗i . (2.13)
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When equality holds in (2.13), the transmission power to each user is minimized.

Using a similar approach as for the uplink, we can find the minimum value for Pd,i

as

Pd,i =
ηi

Qξ ,i

(
1−∑N

j=1
1

Qξ , j

)
gd,i

, (2.14)

where Qξ ,i = 1 + W
ξ γ∗i Ri

. Similar to the uplink, 1/Qξ ,i can be considered as the nor-

malized amount of resource consumed by user i in the downlink, if the total down-

link capacity is normalized to 1. The target receiving power at user i is given by

Sd,i = Pd,igd,i =
ηi

Qξ ,i

(
1−∑N

j=1
1

Qξ , j

) . (2.15)

When γ∗i = γ∗ and Ri = R for all i, Qξ ,i = 1 + W
ξ γ∗R

� Nξ ,p is the single cell pole

capacity in the downlink for homogeneous traffic.

For homogeneous traffic, we can see that the target transmission power and re-

ceiving power in the downlink have similar properties as in the uplink. In addition,

if the rates and SINRs in both the directions are the same (this may not be true in a

practical system), then we have the following observations:

• When ξ < 1, the pole capacity in the downlink is higher than that in the uplink,

and the normalized resource consumed by each user in the downlink is smaller

than that in the uplink; furthermore, if the channel is reciprocal, i.e., gu,i = gd,i,

the required transmission power in the downlink is lower than that in the uplink.

• When ξ = 1, the pole capacity and the normalized resource consumed by each

user in the downlink are the same as in the uplink; furthermore, if the channel is

reciprocal, the required transmission power in the uplink is exactly the same as

that in the downlink.

Outage

The uplink channel is an access channel, where all the transmitters are distributed in

different places and share the same receiver; while the downlink channel is a broad-

cast channel, where all the links share the same transmitter. Let Pmax,MS and Pmax,BS,

respectively, represent the maximum transmission power of an MS and a BS. In the

uplink, communication outage occurs if Pu,i > Pmax,MS; and in the downlink, outage

occurs if ∑N
i=1 Pd,i > Pmax,BS. Normally, Pmax,MS < Pmax,BS, and the capacity in the

uplink is lower than that in the downlink, or outage in the uplink is higher than that

in the downlink, if the users require the same rate and SINR in both directions.

For the uplink, when there are one or multiple users having Pu,i > Pmax,MS, re-

moving all these users (i.e. putting these users in outage) would make the power

allocation problem feasible for the remaining users. However, it may be not nec-

essary to remove all these users. Based on the analysis for the uplink we can find
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that i) both high traffic load and poor link condition can result in high transmission

power from a user, and ii) removing any user can decrease the target receiving power

(and therefore reduce the required transmission power) of all the remaining users.

When Pu,i > Pmax,MS for one or multiple users, it depends on specific objectives to

make decisions regarding how many and which existing users should be removed in

order to make the power allocation feasible for the remaining users. The situation is

similar for the downlink when ∑N
i=1 Pd,i > Pmax,BS.

We consider several simple criteria for user removal. For the uplink, when there

is at least one user having Pu,i > Pmax,MS, we consider two criteria. In the first cri-

terion, all the users with Pu,i > Pmax,MS are removed, and after this the transmission

power for the remaining users should be all below Pmax,MS. In the second criterion,

the user with the largest Pu,i is first removed, and the transmission power for the

remaining users is recalculated. If Pu,i > Pmax,MS for any of the remaining users,

another user is removed based on the same criterion. This process is repeated until

Pu,i ≤ Pmax,MS for all the remaining users. For the downlink, the user with the largest

Pu,i is removed first. After this the transmission power for the remaining users is

recalculated. If ∑N
i=1 Pd,i ≤ Pmax,BS, the removal process ends. Otherwise, another

user is removed based on the same criterion. Outage occurs to the removed users.

Figs. 2.1 and 2.2 show the outage probabilities for the uplink and downlink, respec-

tively. These results are generated based on a link gain model that includes both

path loss and log-normally distributed channel fading, and the channel is reciprocal

in the uplink and the downlink, i.e., gui = gdi = Ad−α
ib e−β Xib , where A is the link

gain at a reference distance and assumed to be 1, dib is the distance between MS i

and the BS (normalized to the reference distance), α is the path loss constant, Xib is

a Gaussian distributed random variable with zero mean and a standard deviation of

σ , and β = ln(10)/10 is a constant. The outage probability is collected as the num-

ber of users in outage divided by the total number of users. It can be seen from the

figures that when the number of users (N) is relatively small, the outage probability

increases relatively slowly with N; and when N if close to the pole capacity, the out-

age probability increases significantly with N. From Fig. 2.1 we can see that using

criterion 2 results in lower outage probability than using criterion 1. The difference

between the outage performance using the two criteria increases as the number of

MSs increases.

Note that in a practical cellular system, distributed power control algorithms may

be used in both the uplink and the downlink to achieve the target SINRs, such as

the distributed and constrained power control introduced in reference [1] (which is

introduced in Subsection 1.2.2) and in reference [2]. When performing such algo-

rithms and the exact link gains between the MSs and the BS are unknown, making

decisions about which links should be removed during the iterations can be difficult.

Several heuristic criteria can be found in [3, 4].

In addition to the maximum transmission power limit, other aspects can also

cause outages. In the following two sections, we will look at outages caused by im-

perfect power control and bursty traffic, and study the required transmission power

in each of these cases.
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Fig. 2.2 Downlink outage probability for a single cell (Np = 16.6, α = 4, σ = 8dB, η = 10−14W,

ξ = 1)

2.3 Effect of Imperfect Power Control

We have introduced an iterative power control scheme in Subsection 1.2.2. Imple-

menting such an iterative power control scheme requires the transmitter and receiver

to exchange related information, so that the transmitter knows whether it should in-

crease or decrease the transmission power in the next iteration, and how much the

transmission power should be adjusted. In a practical system, the measurement at

the receiver may not be accurate, and the transmitted signaling from the receiver to
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the transmitter can be corrupted by interference and noise. As a result, the transmit-

ter may not adjust its transmission power towards the desired target value, resulting

in imperfect power control. In this case, the actual transmission power can be larger

or smaller than the desired power. When the transmission power is lower than the

desired value, the target SINR of the user cannot be satisfied, causing outage to the

communications. In order to protect the user’s receiving quality, the target receiv-

ing power should be increased, compared to the perfect power control case. The

high transmission power increases the co-channel interference in the network, and

reduces the system capacity.

When the power control is imperfect, the actual receiving power is the target

receiving power multiplied by a random error. Based on [5], the error due to im-

perfect control is log-normally distributed. Let S̃i denote the target receiving power

of user i, then the actual receiving power is S̃ie
βYi , where β = ln(10)/10, and Yi

is a normally distributed random variable with zero mean and variance σ2
y . Larger

σy indicates larger variations between the target and the actual power. We consider

that all the Yi’s are independent and identically distributed. When the actual SINR

is below the SINR threshold for user i’s transmission, outage occurs to the user. The

outage probability is given by

pout,i = Pr.

{
W

R

S̃ie
βYi

∑N
j=1, j �=i S̃ je

βYj + η
< γ∗

}
(2.16)

for all i = 1,2, . . . ,N. Mathematical analysis and comparison between the required

power for perfect and imperfect power control can be found in [6]. Here we use com-

puter simulation results to demonstrate this effect. Fig. 2.3 shows the relationship

between the outage probability and the standard deviation of imperfect power con-

trol, where the target receiving power is kept the same as that in the prefect power

control case. The figure shows that imperfect power control causes communication

outages, and the outage probability increases with σy. Furthermore, as σy increases,

the outage probability can increase very significantly towards an unacceptable level,

especially when the pole capacity is small.

Fig. 2.4 shows that increasing the target receiving power can effectively reduce

the outage probability, but only for a certain range of the outage probability. Beyond

this range, increasing the target receiving power has very minor effect on the outage

probability. The standard deviation of imperfect power control determines the best

outage performance that can be achieved by increasing the target receiving power.

2.4 Adaptive Power and Adaptive Rate

User’s traffic often exhibits random active and inactive periods. During an active

period, a user generates traffic and transmits to the destination; and during a silent

period, the user has no active traffic and does not transmit. Within a network, the

number of active users changes randomly, causing random changes in co-channel
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Fig. 2.4 Outage performance vs. target receiving power with imperfect power control (Np =
16.625 and η = 10−14W)

interference, which affects the resource allocations and system capacity. In this sec-

tion, we follow some analysis in [7] to look at a simple system with bursty traffic,

and study the effect of traffic burstiness on outage, transmission rates, and power

allocations.
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Consider Ntot users, indexed by i = 1,2, . . . ,Ntot , all communicating with a com-

mon receiver, which, for example, can be the BS in a cellular network. Each user

generates bursty traffic. Define a set of binary variables χi’s. When user i transmits,

χi = 1; otherwise, χi = 0. The transmission rate for an active user i is Ri, and the

SINR of its transmission at the BS receiver should satisfy the following condition

W

Ri

S

∑
Ntot

j=1, j �=i
χ jS + η

≥ γ∗i . (2.17)

Consider homogeneous traffic with Ri = R and γ∗i = γ∗ for all i. Given R and

γ∗, the pole capacity Np is fixed. Assume there is no maximum transmission power

limit. If Ntot ≤ Np, i.e., the total number of users is less than the pole capacity, there

is no outage, since all users can be supported even when they are all active. Let

Na = ∑
Ntot
i=1 χi be the random variable representing the number of active users. When

Na > Np, Na −Np active users are in outage. As the number of active users changes,

the minimum target receiving power changes. Given R and the number of active

users, the target receiving power S = S∗ for an active user (not in outage) is given by

S∗|Na= j =
ηRγ∗

W − (min{ j,Np}−1)Rγ∗
, (2.18)

where min{ j,Np} is due to the fact that when j > Np, only Np users can be sup-

ported. This is referred to as power adaptation, which is to adjust the target receiving

power (through transmission power control) so that the required SINR is satisfied

for the given transmission rate. The average target receiving power is given by

E[S∗] =
Ntot

∑
j=1

S∗|Na= j min
{

Np, j
}

Pr.{Na = j}

=
Ntot

∑
j=1

ηRγ∗

W − (min{ j,Np}−1)Rγ∗
min
{

Np, j
}

Pr.{Na = j}. (2.19)

Instead of having some users in outage when Na > Np, the pole capacity can be

dynamically changed according to the current number of active users, so that all the

active users can be supported. The pole capacity can be changed by adjusting R or

γ∗. Assume γ∗ is fixed. Reducing R can increase the pole capacity and allow the

system to accommodate more users; while larger R is possible when fewer users are

active. The channel rate can be changed by varying the spreading factor [8] or using

multi-code CDMA technique [9]. Given Na = j, the maximum achieved rate R can

be found as

R∗|Na= j =
W

γ∗
S

S( j−1)+ η
. (2.20)

As Na changes, the transmission rate of the active users is adaptively changed. This

is referred to as rate adaptation. That is, the target SINR is fixed, and the transmis-

sion rate is adjusted so that it is maximized based on the current traffic load and

the target receiving power. Given that each user has the same probability of being
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active, the mean of the transmission rate for a user is given by

E[R∗] =
Ntot

∑
j=1

R∗|Na= j × j×Pr.{Na = j}

=
Ntot

∑
j=1

W

γ∗
S

S( j−1)+ η
× j×Pr.{Na = j}. (2.21)
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Fig. 2.5 Comparison between adaptive rate and adaptive power (Ntot = 12, pon = 0.5, and η =
10−10W)

Fig. 2.5 shows the average rate and average receiving SNR (ratio of the target

receiving power to the noise power) for both adaptive rate and adaptive power allo-

cations. It is seen that the two systems are approximately the same in low SNR and

low rate region, but the adaptive rate system can achieve much higher rate in high

SNR region.

• As the number of active users changes randomly, the adaptive rate system allows

the users to adjust their transmission rates (and therefore change the pole capac-

ity) based on the current traffic load. When a smaller number of users are active,

higher rate can be achieved for each active user; and when a larger number of

users are active, a lower rate is served for the users, but none is in outage.

• On the other hand, the adaptive power system fixes the transmission rate, which

is independent of the current traffic load. When the number of active users is

small, the available network resource is wasted; when the number of active users

is large, it has to force some users in outage. In addition, the required power in

the power adaptive system can change significantly as the number of active users
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changes, making the power adaptive system more likely to have outages than the

rate adaptive system when the transmission power is upper bounded.

2.5 Power Allocations in a Multi-cell Network

In this section we study power allocations in a cellular network with multiple cells.

Based on the results, we discuss possible approaches to improving the system per-

formance. We use B to represent the total number of BSs, gib to denote the link gain

between BS b and the MS carrying connection i, and i ∈ Bc to indicate that con-

nection i is associated to BS c. The main difference between a multi-cell network

and a single cell network is that each transmission in a multi-cell network experi-

ences not only interference from the transmissions within the same cell (intra-cell

interference), but also that from other cells (inter-cell interference). We consider

homogeneous traffic with all the users requiring the same transmission rate R and

target SINR γ∗.

Uplink Analysis

In the uplink, power control ensures that all homogeneous connections associated

to the same BS have the same power level at the BS receiver input. Let Sb be the

target power at the BS receiver input for a connection associated to BS b, and Nb

be the total number of connections currently associated to BS b. Then for a given

connection associated to BS b, the experienced intra-cell interference for its signal

at the BS receiver input is (Nb − 1)Sb. The inter-cell interference is from all other

cells. For connection i associated to BS c, c �= b, its transmission power is given by

Sc/gic, and the interference level that its transmission causes at the BS b receiver

is Scgib/gic. Therefore, the total interference that a connection associated to BS b

experiences is given by

Ib = (Nb −1)Sb +
B

∑
c=1,c�=b

Sc ∑
i∈Bc

gib

gic

. (2.22)

The SINR at the BS receiver for the connection associated to BS b is given by

γb =
W

R

Sb

Ib + ηb

, (2.23)

where ηb is the background noise power at the receiver of BS b. When the power

control is perfect and all the users transmit at the lowest power, γb = γ∗, and

W

R

Sb

Ib + ηb

= γ∗. (2.24)
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Replacing Ib in (2.24) with the right-hand side of (2.22) and manipulating, we have

the following relationship:

Sb −
1

W
Rγ∗ + 1−Nb

B

∑
c=1,c�=b

Sc ∑
i∈Bc

gib

gic

=
ηb

W
Rγ∗ + 1−Nb

, (2.25)

where b = 1,2, . . . ,B. Define

Δb =
W

Rγ∗
+ 1−Nb = Np −Nb, (2.26)

where Np = W
Rγ∗ + 1 is the pole capacity of a single cell. We can rewrite (2.25) as

Sb −Δ−1
b

B

∑
c=1,c�=b

Sc ∑
i∈Bc

gib

gic

= ηbΔ−1
b . (2.27)

Define vector Su = (S1,S2, . . . ,SB)T . The B equations defined by (2.27) (for b =
1,2, . . . ,B) can then be rewritten in a matrix form as

(I−ΔuGu)Su = ηu, (2.28)

where I is a B×B identity matrix, Δu = diag(Δ−1
1 ,Δ−1

2 , . . . ,Δ−1
B ), Gu is a B×B

matrix whose bth row and cth column is given by

Gu,bc =

{
0, when b = c

∑i∈Bc

gib

gic
, when b �= c

(2.29)

and ηu is a column vector whose bth element is given by ηu,b = ηb
Δb

.

Downlink Analysis

For the downlink transmissions, all the connections associated with the same BS

share the BS transmission power. Denote the total transmission power from BS c as

Pc, and let Pci be the transmission power from BS c to user i in cell c.

For user i associated with BS c, the signal level at the user’s receiver input is

Pcigic, the received interference from transmissions for other users associated with

the same BS is ξ (Pc−Pci)gic, and the interference from a neighboring cell b is Pbgib.

Then the SINR of the received signal for the MS is given by

γi =
W

R

Pcigic

ξ (Pc −Pci)gic + ∑B
b=1,b �=c Pbgib + ηi

,

=
W

R

Pci

ξ (Pc −Pci)+ ∑B
b=1,b �=c Pb

gib
gic

+ ηi

gic

. (2.30)
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Letting γi = γ∗, the allocated transmission power for each connection can be found

as

Pci =
1

W/(ξ γ∗R)+ 1

(
Pc +

1

ξ

B

∑
b=1,b �=c

Pb

gib

gic

+
ηi

ξ gic

)
. (2.31)

The total transmission power from BS c for all connections in the cell is given by

Pc = ∑i∈Bc
Pci. (2.32)

Replacing Pci in (2.32) by the right-hand side of (2.31) and manipulating we have

Pc −
∑B

b=1,b �=c ∑i∈Bc

gib
gic

Δξ ,c
Pb =

∑i∈Bc

ηi

gic

Δξ ,c
, (2.33)

where

Δξ ,c = ξ

(
W

ξ γ∗R
+ 1−Nc

)
= ξ (Nξ ,p −Nc), (2.34)

and Nξ ,p is the downlink pole capacity of a single cell. The expression in (2.33)

gives a set of B linear equations for c = 1,2, . . . ,B.

Define a column vector Pd = (P1,P2, . . . ,PB)T , a B×B matrix Gd whose cth row

and bth column element is given by

Gd,cb =

{
0, if c = b

∑i∈Bc

gib
gic

, if c �= b,
(2.35)

a diagonal matrix Δd = diag(Δ−1
ξ ,1

,Δ−1
ξ ,2

, . . . ,Δ−1
ξ ,B

), and a column vector ηd with the

cth element given by

ηd,c =
∑i∈Bc

ηi

gic

Δξ ,c
. (2.36)

Then (2.33) can be rewritten as

(I−ΔdGd)Pd = ηd . (2.37)

Discussions

The solution to Su in (2.28) is the minimum receiving power that satisfies the re-

quired SINR of all users in the uplink, and the solution to Pd in (2.37) is the min-

imum BS transmission power in order to support all users in the downlink. These

two equations can be combined in a common form as

(I−ΔG)P = η, (2.38)
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where G = Gu, P = Su, Δ=Δu, and η = ηu for the uplink, and G = Gd , P = Pd ,

Δ = Δd , and η = ηd for the downlink. When there is a feasible solution to P,

i.e., all elements in P are non-negative (assume there is no maximum transmission

power limit), the required SINR is achievable, and all the users can be simultane-

ously supported. From the analysis in previous sections we know that the power

distribution is feasible if and only if the dominant eigenvalue of ΔG, denoted as

ρ(ΔG), is less than 1. When any element of P is less than 0, the target SINR or

required transmission rate should be reduced, if the same number of users are to be

supported. Otherwise, some users should be in outage so that the remaining users

can be served with the required rate and SINR.

When each BS is supporting at least one connection, we can see thatΔG is non-

negative (element-wise) for both the uplink and the downlink. Furthermore, since i)

Δ is a diagonal matrix with all the diagonal elements larger than zero, and ii) the

diagonal elements of G are all zero and all other elements in G are greater than zero,

we can conclude that the matrix given byΔG is also irreducible. For such matrices,

the Perron-Frobenius Theorem [10] indicates that increasing any entry of ΔG may

increase ρ(ΔG). Therefore, larger elements of ΔG lead to a higher possibility that

ρ(ΔG) > 1, and a higher chance that P is infeasible. When the transmission rate

and SINR requirements of the connections are given, large values in ΔG may be

due to large values in these two matrices. A large element inΔmay be due to a large

number of users in a cell (large Nc) or small single cell pole capacity (large γ∗R), and

a large element in G means high normalized link gain (gib/gic for i ∈ Bc), which

is resulted from poor transmission conditions — weak desired link and/or strong

interfering link. If it is possible to control the elements inΔ and G through different

techniques so that ρ(ΔG) can be reduced, then the power allocation problem may

be changed from infeasible to feasible. In the next section we introduce the method

of using soft handoff to achieve this objective, and in Section 4.1 the technique of

using multihop relaying is introduced to improve the relative link gains so that to

improve the power allocation feasibility as well as the network performance.

2.6 Soft Handoff and Power Allocations

When an MS is moving across the boundary of two cells, it should handoff from one

BS to another BS. In a wireless cellular network where neighboring radio cells use

different frequency channels, the MS has to disconnect from the previous BS before

connecting to the new BS. This is called hard handoff (HHO). During the time pe-

riod when the handoff is performed, communication outage occurs and packets may

be lost. The CDMA-based cellular networks allow soft handoff (SHO). Since all the

cells share the same spectrum band, there is no need to break the connection from

the previous BS before establishing a connection to the new BS. During the SHO

period, an MS can simultaneously connect to multiple BSs. Performing SHO can

make data transmissions smoother than using HHO. The multiple BSs that an MS

can be connected to during SHO form a set, referred to as the active BS set of the
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MS. In the uplink, the transmitted signal of an MS can be received simultaneously

by all BSs in the active set; and in the downlink, an MS can simultaneously receive

the same signals from all the BSs in the active set. Compared with using HHO,

using SHO allows the MS to take advantage of the diversity provided by multiple

BSs in the active set and always connect to the “best” BS [11]. By taking advan-

tage of this property, transmission power of the MSs and BSs may be reduced. As

the CDMA network is interference limited, minimizing the transmission power is

directly related to improving the network capacity.

In the uplink, if multiple BSs send power control commands to an MS, the deci-

sion for increasing the transmission power at the MS is made only if all the BSs in

the active set require it to increase the power. That is, the transmission power from

the MS is only required to guarantee sufficient SINR at one BS in the active set.

This ensures that the transmission power of the MS is always the minimum. Let Pm

represent the transmission power of MS m, then

Pm = min
b∈Sb

Sb/gmb, (2.39)

where Sb is the active BS set of MS m, and Sb is the target receiving power at BS b.

Assuming Sb’s are known for all b, Pm can be found. With the objective to minimize

the MS transmission power, the “best” BS for MS m is given by

b∗ = arg min
b∈Sb

Sb/gmb. (2.40)

As an example, consider that an MS is located in the middle of BSs 1 and 2, and is

connected to BS 1 if HHO is performed. If SHO is performed, then both BSs 1 and

2 are in its active set. The transmission power from the MS using HHO is S1/gm1,

and using SHO is min{S1/gm1,S2/gm2}. When S1 = S2, the ratio of the transmission

power using HHO to that using SHO is

S1/gm1

min{S1/gm1,S2/gm2}
=

1/gm1

min{1/gm1,1/gm2}
. (2.41)

Using the same channel model with path loss and log-normally distributed shadow-

ing as in Sections 2.2, and assuming dm1 = dm2 and independent shadowing effect

between the MS to the two BSs, Fig. 2.6 shows the average of the power ratio, where

the x-axis is the standard deviation of the shadowing. From the figure we can see

that the transmission power can be largely reduced by using SHO. Furthermore, the

effect of this becomes more significant when there are larger variations in channel

fading. That means, using SHO as defined above can get more benefit in highly

fading channels.

From (2.39) we can see that whether a BS in the active set can become the “best”

BS of MS m depends on both the target receiving power of the connection at the BS

and the link gain between MS m and the BS. From the analysis in previous sections

we know that given the transmission rate and SINR requirements, the value of Sb

depends on the number of MSs associated to BS b, or Nb. The values of Nb count



34 2 CDMA-Based Wireless Cellular Networks

0 1 2 3 4 5 6 7 8
0

5

10

15

20

25

30

Standard deviation of log normal fading (dB)

R
at

io
 o

f t
ra

ns
m

is
si

on
 p

ow
er

 u
si

ng
 H

H
O

 to
 u

si
ng

 S
H

O

Fig. 2.6 Ratio of transmission power using HHO to transmission power using SHO in uplink:

single MS case

both the HHO MSs associated to BS b and the SHO MSs having BS b as their “best”

BS. In a practical system, performing optimum SHO and power control in order to

minimize the transmission power of all MSs can be difficult, since this requires the

knowledge of the “best” BSs of all SHO MSs, and the power allocations of the MSs

in all the cells should be jointly performed.

Next we consider a simple SHO decision. Each active MS can communicate with

the two nearest BSs, and always chooses to connect to the one to which it has bet-

ter link gain. If BSs b and c are the two nearest BSs for MS m, then i ∈ Bc when

gic ≥ gib, and i ∈ Bb otherwise. Using this criterion, the association between the

MSs and the BSs does not depend on the traffic load in each cell, and the analysis

in Section 2.5 can be used to find the required transmission power for each MS. We

consider that all the users transmit at the same rate, and find the maximum trans-

mission rate that can be supported to the users. For comparison, we also consider

a systems with HHO only, where all MSs communicate directly with their nearest

BSs. Note that when the channels experience random fading, the MSs performing

SHO can switch between different BSs more dynamically. A simple algorithm as

shown in Algorithm 1 is used to find the maximum transmission rate for given link

gains. We start from a small rate, and find the transmission power using the ana-

lytical model developed in Section 2.5. A variable UP is initially reset to zero. If

the power allocation is feasible, the rate is doubled. This is repeated until the power

allocation is infeasible, when UP is set to 1. Record this rate as 2R1. The maximum

rate is then between R1 and 2R1. The transmission rate is then returned to R1, and a
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step size is initialized to R1/2. Starting from this point, the rate is either increased

or decreased by a step size after each iteration, depending on whether the power

allocation is feasible in the current iteration, and then the step size is halved.This

process is repeated until the step size is very small and the change that it causes to

the rate can be neglected. In the algorithm, Rmin is the minimum step size, which

is set to 1bps in generating the numerical results. We simulate a two-dimensional

cellular network, which consists of 19 hexagonal cells as shown in Fig. 2.7, where

cell 1 is the center cell, cells 2 to 7 are the six first tier cells, and cells 8 to 19 are the

second tier cells. A large set of the rates are obtained based on randomly generated

link gains and then averaged. We consider distance related path loss and indepen-

dent log-normal fading. The link gain model between the MSs and the BSs is the

same as in Section 2.2. The CDMA bandwidthW = 5MHz, the path loss exponent is

α = 4, the standard deviation for shadowing is 8dB, the channel orthogonality fac-

tor for the downlink is ξ = 0.5, and the target SINR for the users’ traffic is 6.8dB.

Figs. 2.8 and 2.9 show the transmission rate that can be supported when the number

of MSs changes in the uplink and the downlink, respectively. From these figures we

can observe that using SHO can provide higher transmission rate than using HHO,

and this is consistent for both the uplink and the downlink.

Algorithm 1 Finding the maximum transmission rate

1: F = 0, UP=0, and R = 1bps.

2: while F = 0 do

3: Find target receiving power and transmission power

4: if UP=0 then

5: if Solution is feasible then

6: R = 2R;

7: else

8: R = R/2, UP=1, and δR = R/2.

9: end if

10: else

11: if Solution is feasible then

12: R = R+δR;

13: else

14: R = R−δR;

15: end if

16: end if

17: if δR < Rmin then

18: F = 1;

19: Record the value of R;

20: else

21: δR = δR/2;

22: end if

23: end while
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Fig. 2.8 Transmission rates for the uplink using SHO and HHO
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