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1 Introduction
This report contains four sections. The first section is an overview of the operating principles of CDMA and some important
features of the CDMA network. With the necessary background for CDMA, the second section proceeds to discuss the
theoretical capacity of 3G. The factors impacting 3G capacity are treated qualitatively and typical analytical models for 3G
capacity estimation are presented. To bridge the gap between theoretical planning and practical resource management, the
role of call admission control (CAC) is introduced in section three. It is this mechanism that dictates users’ perception of
3G capacity ultimately. The last section of this report contains sample industrial estimations for 3G capacity with respect to
voice traffic, data traffic and a mixture of voice and data traffics.

2 CDMA Network Overview - Operating Principles and Features
In this section, some basic concepts of CDMA are introduced. Since WCDMA technology has been widely adopted as the
air interface for 3G and the working principle of WCDMA is based upon that of CDMA, an understanding of these concepts
is necessary before proceeding to the discussion on the theoretical aspects of 3G capacity. This section also covers some
important features of the CDMA network, including power control and soft handover. They will be revisited in subsequent
sections.

2.1 CDMA as a Multiple Access Scheme
CDMA is one commonly used technique that enables multiple users to share radio resources at the same time. Multiple
access scheme is important for making efficient use of the scarce radio spectrum and it has a significant impact on the system
capacity. Currently, three commonly used multiple access schemes are: (Figure 1)
• Frequency Division Multiple Access (FDMA)
• Time Division Multiple Access (TDMA)
• Code Division Multiple Access (CDMA)
For FDMA, each user is assigned one frequency. This allocation is exclusive, that is, no other users can use this frequency
for transmission. For TDMA, a frequency channel is divided into time slots. Each user is assigned certain time slots during
which no other users can transmit. It is possible to divide the system bandwidth into several frequency channels and divide
each frequency channel into time slots. This becomes a hybrid FDMA/TDMA system. An example of such hybrid system is
GSM.
CDMA uses a very different approach for identifying signals of individual users. For CDMA, all users occupy the same
frequency at the same time and there is no division of time slot. Users are distinguished from each other by means of special
codes. More on its operating principle will be given in the next subsection. It is this signal recovery mechanism that makes
CDMA fundamentally different from other multiple access schemes, especially in terms of the complexity in determining
the system capacity.

Figure 1: Diagram showing the logical channels for FDMA, TDMA and CDMA
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Figure 2: Block diagram of transmitter and receiver in a CDMA system

Figure 3: Only the correct spreading code can recover the original signal [2]

2.2 Operating Principles of CDMA
CDMA users are distinguished from each other by different spreading codes[1]. These spreading codes have much wider
bandwidth than the user’s original signal and the codes among different users have low correlation. These two properties are
essential for the spreading and despreading processes. Section 2.2.1 serves as a quick overview of the CDMA operations.
More on the properties of these codes are provided in the section 2.2.2.
2.2.1 Spreading & Despreading
• Spreading: In the transmitter, user’s data is multiplied by that user’s spreading code. The resultant is a spreadspectrum-coded version of that user’s data (Figure 2).
• Despreading: The receiver extracts the user’s signal by multiplying the incoming signal with that user’s spreading
code, the same code used by the transmitter when the signal is sent. This process converts the spread-spectrum-coded
signal to its original bandwidth. The signal has been despread (Figure 2).
With orthogonal spreading codes, despreading with the correct code will yield the original user data, whereas despreading with the wrong code will result in zero signal, as illustrated in Figure 3. This property enables the system to
extract the data for individual users (Figure 4).
The key challenge in this system lies in the need for orthogonality among the spreading codes. Such orthogonal behaviour
requires signals using different codes to arrive at the receiver synchronously. Confronted with imperfect channel conditions,
device limitations and user mobility, signal synchronization is not easy to realize.
2.2.2 Spreading Codes
The preceding section is a simplified description of the use of spreading codes. In practice, two types of spreading codes are
used together: orthogonal codes and pseudorandom scrambling codes. The codes used in downlink and uplink are different.
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Figure 4: Unique codes help to extract signals of individual users [2]

This section provides supplementary details on their uses and differences.
For downlink, codes for different users connected to the same base station are orthogonal and synchronized. Orthogonal
Variable Spreading Factor codes (OVSF) are commonly used. They can be arranged in a hierarchical structure as shown in
Figure 5. Since the codes come from the same base station, synchronization is easy to achieve. Ideally, there should be no
interference among signals for different mobile stations connected to the same base station. Unfortunately, it is true only
when there is no multipath effect and there is no other base station in the system. With multipath effect, signals traverse
different paths and arrive at the mobile asynchronously. When there exists other base stations, signals from these base stations are no longer orthogonal, resulting in inter-base-station interference. In the light of the second problem, pseudorandom
scrambling codes are assigned to base stations. One base station has only one primary scrambling code so mobiles can use
this information to differentiate between signals from various base stations. There are 512 different scrambling codes [2]
possible in the downlink.
For uplink, signals from different mobiles arrive at the base station asynchronously. Orthogonality cannot be maintained
among different mobiles. In this case, orthogonal codes are only used to separate different channels of the same mobile.
Besides the orthogonal code, each mobile is assigned a unique scrambling code. When the base station is extracting the
signals for a particular user, signals from other mobiles are treated as interference.
The calculation and usage of different scrambling codes are specified in [3], as summarized by Figure 6.

2.3 Signal to Interference Ratio in CDMA
As mentioned in section 2.2.1, due to multipath dispersion, use of non-orthogonal code and imperfect power control, signals
from other users may not go to zero after despreading. These unwanted signals become interference to the target user’s signal
detection process.
However, CDMA still turns out to be a successful multiple access scheme despite all the non-ideal variables. The success
of CDMA is attributed to the low cross-correlation property of the spreading codes. Even though the codes are not strictly
synchronized, despreading with the wrong code results in significantly weaker signal then when the correct code is used.
The energy from signals of each individual interfering user remains spread over a large bandwidth after despreading. To the
receiver, these signals can be treated as background noise, hence signals of the target user can be extracted without much
impact (Figure 7 ).
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Figure 5: Tree of orthogonal codes [2]

Figure 6: Code types in the air interface [2]
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Figure 7: Signals of target user and interfering users after despreading [2]

Figure 8: Signals of target user and interfering users after despreading [2]

Problem occurs when there are more and more users in the system. Though the energy from individual interfering user
remains spread over a wide bandwidth, their power can add up to a level which overtakes that of the target user as their
number grows (Figure 8).
The situation shown in Figure 8 is an extreme case. Figure 7 is a more realistic picture for a properly planned CDMA
system. Under this situation, although the total interference is lower than the target user’s signal strength, its presence increases the probability of detection error for the target user. The greater the interference relative to the user’s signal strength,
the greater the probability of detection error. In other words, the quality of services provided to the target user depends on
the ratio of the user’s own signal strength to total interference from other users.
This idea can be qualified by the notion of signal to interference ratio. For clarity, this ratio calculated without spreading
and despreading is denoted by SIR, whereas in the case with spreading and despreading, it is denoted by Eb /Itotal . Consider
SIR,
Ps

=

total interference power =
SIR

=

signal power for the target user
signal power from other users + thermal noise
Ps
total interference power

(1)

With spreading and despreading, it is the Eb /Itotal ratio which determines the successful decoding of a target user’s
signals.
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Eb

=
=

Itotal

=
=

Eb
Itotal

=

useful energy per user information bit
Ps
user data rate (R)
total interference power spectrum density
total interference power
total spreading bandwidth (W )
W/R ∗ SIR

(2)

W/R is known as the processing gain in a CDMA system. The transmission is considered to be successful only if the
Eb /Itotal exceeds a certain minimum threshold γ, which in turn is service specific and depends on various other factors such
as the use of different coding schemes.
Eb
Itotal

>γ

(3)

2.4 Features of CDMA Network
This section discusses two important features of CDMA network: power control and soft handover. This is by no means an
exhaustive list of the CDMA features, but serves to lay the foundation for further discussion.
2.4.1 Power Control
Power control is essential to minimize the interference in the system. Power control is enforced both in the uplink and
downlink, though for different reasons.
For uplink, signal of a user becomes interference for other users. The best scenario is when all signals arrive at the
base station with the same signal power. In reality, some mobiles are closer to the base station while some are farther away.
Without power control, the cells would be dominated by users closer to the base station. It is known as the near-far effect
(Figure 9). With power control, users farther away are transmitting at greater power, and vice versa. It ensures that all signals
arrive at the base station with the same power (Figure 10), combating the near-far effect and reducing unnecessary interference from other users. Power control is also used to mitigate fading and to compensate for changes in propagation conditions.
For downlink, signals transmitted by one base station are orthogonal. However, in typical usage environment, orthogonality cannot be strictly maintained. Moreover, the mobiles may receive signals from other base stations simultaneously.
Therefore, power control is still needed in the downlink for controlling and distributing the total transmission power of a
base station among different mobiles. It improves link quality for mobiles in worse coverage area and reduces interference
to other neighboring cells.
2.4.2 Soft Handover
As a mobile moves along its way, it chooses the base station with the best signal to interference ratio. Handover refers to the
procedure when a mobile switches its connection from one base station to another base station. In 2G, break-before-make
hard handover is employed. In 3G, there are three types of handovers, namely softer handover, soft handover and hard
handover. Only soft handover is covered here as an introduction. It would be re-visited in section 3.2 when we discuss the
factors impacting 3G Network capacity.
During a soft handover, the mobile is connected to more than one base station simultaneously (Figure 11). The mobile
combines the transmission power from various base stations and eventually switches to the base station with better signal
strength. Hence connectivity can be maintained when the mobile changes its location. In addition, connection is not lost
altogether if one base station gets shadowed. The significance of soft handover on the 3G capacity will be further elaborated
in section 3.2.2

3 Theoretical Capacity of 3G Network
3.1 Wired versus Wireless
The whole 3G Network consists of two parts, namely the wired part and the wireless part. In Figure 12, UTRAN and core
network are the wired part of the 3G network. The core network links the 3G Network to the outside wired network. The
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Figure 9: Illustration of the Near-Far effect

Figure 10: Effect of power control [4]

Figure 11: Effect of power control [5]
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Figure 12: Architecture of the 3G Network

wireless part refers to the part from the base station to the mobile. In theory, the overall capacity of the network depends on
both the wired and wireless sides. However, assuming proper traffic engineering and network planning, the overall network
capacity should be determined by the most precious resource, that is, the wireless part. Therefore, we will focus on the
capacity of the wireless access network in this project.

3.2 Factors Impacting 3G Capacity
On the wireless side of the 3G Network, the theoretical capacity depends on: (1) number of codes available; and (2) maximum number of connections whose Eb /Itotal can achieve the required threshold γ.
When the number of spreading codes is concerned for the uplink, there are millions of scrambling codes available. Hence,
it is unlikely to be a bottleneck. As for the downlink, the number of orthogonal codes per cell ranges from 4 to 512. The
actual number of codes depends on the connection bandwidth and the type of ongoing traffic mix. In this case, the number
of codes can be a limiting factor for capacity, especially with the presence of some high bandwidth connections.
Consider the maximum number of connections whose Eb /Itotal can achieve the required threshold γ (Equation 3). Two
groups of factors can be identified. They are many factors that can change the threshold requirement γ and any factors that
can change the received Eb /Itotal for the users.
In the following, we will explore these two groups of factors in detail. In practice, the actual capacity of the Network is
often limited by Call Admission Control (CAC) well before the theoretical capacity is reached to avoid unstable operating
conditions during network overloading. The implementation of Call Admission Control is vendor specific and tunable by
vendors.
3.2.1

γ: the Eb /Itotal Threshold Requirement

γ depends on several factors:
• Direction of transmission: uplink or downlink. Usually downlink has greater γ requirement than that of uplink. It
is due to the difference in processing capability of the base station and the mobile. For the uplink the processing
is performed in the base station where expensive computation is not a critical issue, whereas for the downlink, the
processing is handled by the mobile which has limited processing power and battery life. In addition, receiving
antenna diversity is supported in the uplink, but not in the downlink.
• Type of service: e.g. realtime service, non-realtime service, data, voice etc. Non-realtime services allow more sophisticated error correction algorithms, hence lower γ can be tolerated. On the other hand, different modulation schemes
have different bit error rates. There is no straight forward relationship between the bit rate and the γ requirement.
• Mobility: due to the interplay of various factors, in general, greater the mobility, higher the γ requirement.
Typical values for Eb /Itotal are shown in tables 1 and 2. The related services are 12.2kbps AMR voice and packet data
64, 144 and 384kbps with 10-20ms interleaving and block error rate of 10%.
3.2.2 Factors Impacting the Eb /Itotal Ratio
Eb
Recall Equation 2 in section 2.3, Itotal
= W/R ∗ SIR, the following list gives an overview of the major factors that affect
this Eb /Itotal ratio.
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Table 1: Uplink Eb /Itotal Requirement[5][6]
Service Type
12.2kbps (Voice)
64kbps
144kbps
384kbps

Stationary
2.9dB
1.0dB
0.4dB
0.6dB

120km/h
5.0dB
2.9dB
2.4dB
2.9dB

Table 2: Downlink Eb /Itotal Requirement[5][6]
Service Type
12.2kbps (Voice)
64kbps
144kbps
384kbps

Stationary
4.4dB
2.5dB
2.3dB
2.4dB

120km/h
6.2dB
4.5dB
4.2dB
4.3dB

1. Processing Gain (W/R)
• User data rate
Different services are provided at different data rate. In UMTS/WCDMA, applications and services can be
divided into four classes, namely conversational, streaming, interactive and background classes, depending on
how delay-sensitive the traffic is. Conversational and streaming classes are typically transmitted as realtime
connection, utilizing greater bit rate than the other two classes. Speech service is a typical example for the conversational class. The speech codec in 3G employs the Adaptive Multi-rate (AMR) technique, which supports
eight source rates [7]. A greater user data rate leads to lower processing gain and hence lower Eb /Itotal , vice
versa.
• Spreading bandwidth
Greater the spreading bandwidth, greater the Eb /Itotal , vice versa. The chip rate of the spreading codes used by
UMTS/WCDMA is 3.84Mcps.
2. Signal Strength at the Receiver
• Radio propagation environment
Different radio propagation environments impose different path losses, fading and multipath dispersion on the
signals [8]. For example, more significant multipath propagation is expected in urban areas than suburban and
rural areas. Rural areas with flat terrain usually have lower path loss than that in urban and suburban areas. The
size of cell also makes a difference. Micro-cell has better code orthogonality than macro-cells whereas macrocells can leverage the multipath environment for better diversity. Indoor environment is characterized by small
cells and low transmit power. Delay spread is small and path loss is mainly due to scattering and attenuation
by walls, floors etc. Whereas outdoor environment typically consists of larger cells and higher transmit power.
Delay spread is expected to be larger, especially when greater mobility is possible. Mobility can vary from
stationary to pedestrian and vehicular. Faster the movement, less accurate the power control mechanism.
• Distance of the mobile from the base station
Not withstanding the power control headroom, greater the distance, greater the path attenuation, lower the Eb .
The exponent of attenuation depends on the propagation environment.
• Maximum transmission power of base station or mobile
The maximum transmission power is directly related to Eb . For base station, the maximum transmission power is
typically around 10-40 W or 40-46 dBm and that of mobile station is typically 125mW or 21dBm. However, the
system may not be operating at the maximum transmission power so as to minimize interference and to maintain
9

Figure 13: Diagram of noise rise against throughput [2]

a balance between uplink and downlink [9].
3. Interference from Other Users
• Number of users in the cell
As illustrated in section 2.3, greater the number of other users, greater the interference Itotal , hence smaller
the Eb /Itotal ratio. Figure 13 shows the diagram of noise rise again loading. Noise rise refers to the ratio of
total user power at the receiver to thermal noise. Total power at the receiver includes both useful signal and
interference from ambient users. As shown in the figure, noise increases more and more rapidly when loading
increases. For the network to be stable, it should operate below certain maximum allowable noise rise level.
• Call activity factor ν
Other users cause interference only when they are actively transmitting. However, voice users may not be talking
all the time. Call activity factor ν is the percentage time when the user is active. A smaller call activity factor
means smaller Itotal and greater overall Eb /Itotal ratio.
• Geographical distribution of users in a cell
Geographical distribution refers to how widely spread the users are around the base stations. For both uplink
and downlink, there are trade-offs between cell coverage and cell capacity (Figure 14). In both cases, when the
load increases, the maximum allowable path loss drops and the effect is more significant in the downlink than in
the uplink. It is due to the fact that in the downlink, the power of a single base station is shared among all its
downlink users. The more users it has, the less power, hence smaller Eb , it can allocate per user. Moreover, if
the number of users continue to grow, the cell radius will shrink eventually as the maximum allowable path loss
drops.
• Orthogonality of codes
Orthogonal codes have been introduced in section 2.2.2. High degree of code orthogonality helps to suppress
the signals of other users after the spreading and despreading process. Poor orthogonality increases Itotal experienced by individual users. The problem exacerbates as the number of other users increases.
• Transmission power of other users and neighboring base stations
Transmission power of other users has to be carefully monitored as it imposes interference Itotal on the target user. Since the mobiles are only power controlled by its own base station, they also impose challenge on
users in other cells. For downlink dimensioning, the total amount of base station transmission power required
should be estimated based on the average transmission power for the user instead of the maximum transmission
power for reaching the cell edge [5].
• Overlapping of neighboring cells
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Figure 14: Coverage and capacity tradeoff [4]

Cell overlapping at the cell boundary can guarantee coverage to a better extend. However, it also increases
interference at the overlapping region.
The discussion on the interference leads us to realize the ”soft” nature of CDMA capacity. As it is interference limited,
no single fixed value can account for the maximum capacity. As loading in the cell increases, users at the edge cannot
achieve the required Eb /Itotal threshold γ. These users are dropped or handovered to neighboring cells. As a result,
the cell size reduces. For users that can stay behind, they may experience service degradation due to higher frame error
rate. In practice, Outage probability is used as a reference for defining the system performance metric, where
Outage Probability = Prob{total interference > maximum allowable level}

(4)

Suppose we design a system that demands an outage probability to be less than 2%, it requires the total interference
to be kept below the maximum allowable level 98% of the time. On the other hand, if at any moment that the total
interference has exceeded the maximum limit, only some ”unlucky” users will be dropped or experience service
degradation. It demonstrates a great contrast to the hard blocking scenario in 2G.
4. Other Network Configurations and Operations
• Sectorization of cells
Sectorization refers to the scenario when a cell is divided into several subcells. Sectorization can increase
Eb /Itotal ratio by reducing interference. When directional antennas are used (Figure 15), the receiver for users
in a certain direction is shielded from the interference caused by users in other directions, as illustrated in Figure
16. The factor by which the interference is reduced depends on the degree of sectorization. A cell is normally
partitioned into three 1200 sectors or six 600 sectors (Figure 17).
• Soft handover
As mentioned in section 2.4.2, handover occurs when the mobile switches from one base station to the other.
During the process, a mobile is connected simultaneously to more than one base station. It can combine the
signal power from more than one base station, increasing the effective Eb /Itotal . The technique of maximum
ratio combining helps the mobile to make more accurate decision on the signal detection process than when only
signal from one source is used. The additional macro diversity gain further reduces the Eb /Itotal required. As
shown in Figure 18, soft handover allows pooling of resources between neighboring cells. The less interference
coming from neighboring cells, the more channels are available in the middle cell. Soft handover can increase
cell capacity by around 40-60% [4].
• Transmitter/ Receiver antenna diversity
Antenna diversity means that the same signal is transmitted or received by more than one antenna element in
the same base station. It is also possible to implement antenna diversity in the mobile, but it is less desirable
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Figure 15: Directional antenna used in base station [10]

Figure 16: Sectorization helps to shield interference

Figure 17: A cell divided into sectors
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Figure 18: A cell divided into sectors

Figure 19: MIMO antenna system [2]

as it increases the size of the mobile. Transmitter antenna diversity can generate multipath diversity. It allows
the mobile to combine the signal from different paths and detect user signals more accurately. Receiver antenna
diversity at the base station are achieved by space and polarization diversities. There is a worth-mentioning antenna diversity scheme, known as Multiple-Input-Multiple-Output (MIMO). The MIMO antenna structures can
increase system capacity. In an environment that is rich in multipath, MIMO can use different multipaths to carry
different data signals. Suppose there are M transmitters and M receivers, the theoretical system capacity can
increase M times. Figure 19 is an illustration of the scenario with MIMO.
3.2.3 Capacity of the Wired-side of 3G Network
For completeness, some of the factors affecting the capacity of the wired-side of the 3G Network are also listed here:
• Channel elements availability inside various Network Elements (NEs), e.g. Node B, RNC, MSC
• Interface throughput and processing capacity of the NEs
• Capacity of links interconnecting various NEs
• The sharing/competing of resources amongst NEs, e.g. Multiple Node Bs (RNC) homed to the same RNC (MSC)
• Distribution and correlation of traffic amongst NEs sharing/competing the same wired network resources
• Traffic pattern between different users in the network

3.3 Analytical Models for 3G Capacity Estimation
The discussion of the numerous factors affecting the 3G capacity shows the difficulty in developing a comprehensive analytical model for the 3G capacity. With different constraints and assumptions, several models have been built. This section
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starts with the CDMA capacity model for a single type of service in a single cell, which eventually evolves to cover the
case of multiple types of services in multiple cells. Since the WCDMA system is typically interference limited, interference
modelings for both the uplink and the downlink are included in the following section and the relationships among loading,
link quality, coverage and capacity are explored. Several variables are frequently used in the following derivation. Their
meanings are listed here.
• W : total spread bandwidth
• R: user bit rate
• Eb : energy per bit
• Itotal : total other user interference plus thermal noise power spectral density
• γ: signal to interference ratio requirement
• Ns : number of calls per sector
• S: power per call measured at the receiver
• Stotal : total power of calls from all the users, excluding thermal noise
• Ptotal : total power of calls from all the users plus thermal noise
• η: thermal noise power spectral density
• PN : thermal noise power
• νj : activity factor of type j call
• (1 + f ): scaling factor for accommodating intercell interference
• ηU L : uplink load factor
• ηDL : downlink load factor
• PT X : base station transmission power
3.3.1 Single Type of Calls
In this section, capacity for a single type of calls in a single cell has been derived in terms of the number of calls. Any
reduction in interference converts linearly into an increase in capacity. Assuming perfect power control and taking into
account sectorization, Eb /Itotal can be written as below [11]:
Eb
Itotal

=
=
≥

W
· SIR
R
S
W
·
R ν(Ns − 1)S + PN
¶
µ
Eb
Itotal required

(5)





⇒ Ns =  ³

Eb

W/R
´

Itotal

−

PN  1
 +1
S
ν

(6)

required

To extend the model for multicell environment, different approaches are used in the uplink and in the downlink. For
the uplink, the factor (1 + f ) is introduced to scale up the total interference [12]. The value for f depends on the cell
neighborhood geometry and path loss. Its typical value ranges from 40 - 60 %. Assume negligible thermal noise, the number
of users per sector can be simplified as below:
Ns = ³

Eb
Itotal

´

W/R
required

· ν(1 + f )

(7)

For the downlink, similar scaling factor can be used to account for the interference generated by base stations of neighboring cells. Since the spreading codes from the same base station are synchronized and orthogonal (except multipath effect),
interference due to other users’ signal transmitted by the same base station can be reduced by ᾱ%, where ᾱ is the so-called
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orthogonality factor. Since the uplink and downlink Eb /Itotal values and threshold requirements are different, we will consider their capacity limits separately in the following.
The above equations do not consider the stochastic behavior of user activities. To take that into account, let χi be a
random variable. Its probability of being 1 and 0 are ν and 1 − ν respectively, where ν is again the activity factor. In the
uplink, bit error rate BER < 10−3 is achievable with γ is set to 5 or 7dB. The system outage probability can therefore be
expressed as follows [11]:
Ã
!
µ
¶
Eb
W/R
Pr
< (γ = 5) = Pr PNs −1
<5
(8)
Itotal
i=1 χi + (I/S) + (PN /S)
In the downlink, bit err rate BER < 10−3 is achievable with γ is set to 3.16 or 5dB. Let K be the total number of
interfering base stations and STj be the power of base station j. β is the fraction of power for subscribers and φi is the
fraction of power for subscriber i. The system outage probability can be expressed as follows [11]:


µ
¶
Eb
βφ
S
W/R
i Ti
´
Pr
< (γ = 3.16) = Pr  ³P
< 3.16
(9)
K
Itotal
i
S
+P
Tj

j=1

i

N

3.3.2 Multiple Types of Calls
We first consider the single cell scenario where only intracell interference exists. Perfect power control is assumed. To
keep the derivation simple, we use three classes of users as an example. The subscripted version of variables carry the same
meaning as before except they are now referring to only a particular type of service. The Eb /Itotal requirement for the three
types of the call can be written as [12]:
µ

Eb

¶

Itotal 1
¶
Eb
Itotal 2
µ
¶
Eb
Itotal 3

=

µ

=
=

W
S1
·
≥ γ1
R1 ν1 (Ns1 − 1)S1 + ν2 Ns2 S2 + ν3 Ns3 S3 + PN
W
S2
·
≥ γ2
R2 ν1 Ns1 S1 + ν2 (Ns2 − 1)S2 + ν3 Ns3 S3 + PN
W
S3
·
≥ γ3
R3 ν1 Ns1 S1 + ν2 Ns2 S2 + ν3 (Ns3 − 1)S3 + PN

(10)
(11)
(12)

To extend the model for multiple cells, a factor of (1 + f ) is introduced to account for intercell interference. The effect is
the same as replacing Nsi by (1 + f )Nsi . After further rearrangement of terms, the number of users for each type of service
can be simplified to the following form:
N1
N2
N3
+
+
≤ 1,
Ñ1
Ñ2
Ñ3

(13)

where
Ñj =

1
1+f

µ
1+

W
Rj

·

1
1
−
γj
(Eb /Itotal )j

¸¶
.

(14)

Ñj is the number of type j users that can be supported if only this type of service exists in the system.
A more refined model for accommodating intercell interference is given in [13]. It considers up to the second ring of
interfering cells. The other cell interference is modeled as a Gaussian random variable and added to Equation 13,
N2
N3
N1
+
+
≤ 1 − z,
Ñ1
Ñ2
Ñ3

(15)

where
E(z)

≤

3
X

ai

i=1

V ar(z)

≤

3
X
i=1

bi

Ni
,
Ñi
Ni
Ñi

2

(16)
(17)
(18)

15

Figure 20: Capacity plane of three user groups under multiple cells[13]

and ai , bi are constants depending on the actual cell geometry.
Assuming an outage probability of 1%, the corresponding capacity limit becomes
K
X
Ni
i=1

Ñi

≤ 1 − E(z) − 2.33

p
V ar(z).

(19)

Based on these inequalities, the capacity plane defining the call admission region can be constructed as shown in Figure
20.
3.3.3 Interference Modeling
Since WCDMA is interference limited, an understanding of interference modeling is useful in estimating the 3G capacity.
In this section, the load factor for the uplink and the downlink are derived [5] and discussed side by side with the noise rise
equation. They are commonly used for predicting average capacity and noise rise in a WCDMA cell.
• Uplink Load Factor ηU L
Suppose there are N users in a cell and Ptotal refers to the sum of all the users’ power plus thermal noise at the
receiver. The signal to interference ratio for user j can be written as Equation 20. The load factor Lj of user j is given
by the ratio of the signal power for user j, Sj to the total received power including thermal noise Ptotal (Equation 21).
(Eb /Itotal )j

=

Lj

=

W
Sj
νj Rj Ptotal − Sj
Sj
1
=
Ptotal
1 + (E /I W )
b

(20)
(21)

total j Rj νj

For classical all-voice-network where all N users have low bit rate R,
W
(Eb /Itotal )j Rj νj

>> 1

Taking into account the load factors of all the N users in the cell as well as interference from other cells, the uplink
load factor ηU L is approximated by
ηU L = (1 + f )

N
X

Lj ≈

j=1
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Eb /Itotal
N ν(1 + f )
W/R

(22)

Note that the ”other-to-own cell” interference ratio (1 + f ) depends on the cell environment (macro/micro, urban/suburban) and antenna pattern (e.g. omni, 3-sector or 6-sector). If an average value is taken, the uplink load
equation can be written as
Eb /Itotal
ηU L =
N ν(1 + f )
(23)
W/R
Recall the notion of noise rise in section 3.2.2 where interference from other users are considered qualitatively.
Noise Rise

=
=
=

total power received
thermal noise power
Ptotal
PN
PN
j=1 Sj + PN
PN
1

=

PN
Sj
PN j=1

1−

j=1

=

(24)

Sj +PN

1
1 − ηU L

(25)

Thus, when ηU L approaches 1, the corresponding noise rise goes up to infinity. The system is said to have reached its
pole capacity.
• Downlink Load Factor
The derivation for the downlink load factor equation is similar to that of the uplink, except for the introduction of
the orthogonality factor αj . Although WCDMA uses orthogonal codes in the downlink, radio channel defects such
as multipath propagation are inevitable. An orthogonality factor of 1 refers to perfectly orthogonal users. The typical
value for orthogonality factor ranges from 0.4 to 0.9. The downlink load factor equation and its averaged version are
given in Equations 26 and 27. Note that with perfect orthogonality, hence αj = 1, only intercell interference exists.
ηDL =

N
X
Eb /Itotal
j=1

ηDL =

W/Rj

νj (1 − αj + fj )

N
X
Eb /Itotal
j=1

W/Rj

νj (1 − α + f )

(26)

(27)

Similar to the uplink load factor, when the downlink load factor approaches 1, the noise rise goes to infinity and the
system reaches its pole capacity. The downlink load factor is also related to the minimum transmission power PT X
the base station should deliver (equation 28).

Noise Rise

=

PT X

=

PT X (1 − α + f )/L + ηW
1
=
ηW
1 − ηDL
ηW LηDL
,
(1 − ηDL )(1 − α + f )

(28)

where η is the noise spectral density of the mobile receiver front-end and L is the average path loss. The equation
shows that the required transmission power for each user depends on the average attenuation between the base station
and the mobile, as well as the receiver sensitivity of the mobile. Path attenuation leads to the issue of cell coverage,
which will be covered shortly in the next section.
3.3.4 Cell Coverage and Cell Capacity
Cell coverage is another design parameter in network planning. When the number of users increases, the base station can
transmit less power to each individual user. Due to path attenuation, the signal power falls exponential as it propagates in
the air. If the power is not strong enough, the signal to interference ratio may be too low to fulfill the minimum Eb /Itotal
threshold when the signal reaches its destination. Effectively, the cell radius shrinks due to overloading. It is useful to find
the relationship between the maximum allowable path loss L and the number of users supported.
Let N1 , N2 , N3 be the number of data users, video users and voice users respectively. Based on Equation 28, we can
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Figure 21: Maximum allowable path loss with given traffic mix

expressed L as below:
L=

PT X
η

·

1
1−α+f
−
N1 R1 (Eb /Itotal )1 ν1 + N2 R2 (Eb /Itotal )2 ν2 + N3 R3 (Eb /Itotal )3 ν3
W

¸
(29)

Hence, given N1 , N2 , N3 , the maximum allowable path loss can be derived. Figure 21 visualizes the typical relationship
between path loss with a given traffic mix. This path loss can be translated into cell coverage by assuming a 6dB difference
between the average and cell-edge path loss and a suitable choice of path loss model. Three typical path loss models will be
provided in section 3.3.5. Conversely, given the target cell coverage, the maximum allowable path loss can be found based
on some empirical path loss model. The maximum path loss in turn helps to determine the admission region, i.e. maximum
N1 , N2 , N3 in this case, for each type of service. Figure 22 illustrates the number of users for each type of service under the
constraint of target coverage area. They are plotted based on the following equations:
µ
N1 R1 (Eb /Itotal )1 ν1 + N2 R2 (Eb /Itotal )2 ν2 + N3 R3 (Eb /Itotal )3 ν3 =

Lη
1−α+f
+
PT X
W

N2
N3
N1
+
+
=1
Ñ1
Ñ2
Ñ3
·
Ñ1

=

µ
R1 (Eb /Itotal )1 ν1

·
Ñ2

=

µ
R2 (Eb /Itotal )2 ν2

·
Ñ3

=

µ
R3 (Eb /Itotal )3 ν3
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1−α+f
Lη
+
PT X
W
1−α+f
Lη
+
PT X
W
Lη
1−α+f
+
PT X
W

¶−1
(30)
(31)

¶¸−1
(32)
¶¸−1
(33)
¶¸−1
(34)

Figure 22: Admissible region given target coverage area

3.3.5 Empirical Path Loss Models for Converting Path Loss to Coverage Area
Path loss models are often used to convert path loss measures to system coverage. In this section, three common empirical
path loss models are discussed [8].
1. Okumura-Hata Model [14],[15]
The Okumura-Hata model is used extensively in Europe and North America for cellular systems operating in the
frequency range of 150 - 1500MHz. The model has catered for various parameters including antenna height, carrier
frequency, diffraction due to mountains, sea or lake areas, road slope, suburban, quasiopen space, open space or hilly
terrain areas. The median path loss under different propagation environments are listed below. fc is the carrier frequency. d is the distance between the base station and the mobile. hb and hm are the base station antennae height and
mobile antennae height respectively.
• Typical urban
L50 = 69.55 + 26.16 log fc + (44.9 − 6.55 log hb ) log d − 13.82 log hb − a(hm )dB

(35)

where a(hm ) is a correction factor for mobile antenna height.
• Typical suburban

• Rural

·
µ ¶
¸
fc
L50 = L50 (urban) − 2 2 log
− 5.4 dB
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(36)

L50 = L50 (urban) − 4.78(log fc )2 + 18.33 log fc − 40.94dB

(37)

2. COST231 (Walfisch and Ikegami) Model [16]
This model is often used for personal communication networks (PCN) operating in the frequency range of 800MHz -
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2000MHz in urban area. In this model, the median path loss consists of three components: (1) free space loss Lf ; (2)
rooftop-to-street diffraction and scatter loss Lrts and; (3) multiscreen loss Lms .
Lf
Lrts
Lms
L50

= 324 + 20 log d + 20 log fc dB

(38)

= −16.9 − 10 log W + 10 log fc + 20 log ∆hm + L0 dB
= Lbsh + ka + kd log d + kd log fc − 9 log b
½
Lf : if Lrts + Lms ≤ 0
=
Lf + Lrts + Lms : otherwise

(39)
(40)
(41)

where W refers to the width of the street, b is the distance between buildings along radio path, L0 depends on the
incident angle relative to the street(usually -9 to 4dB), ∆hm = hr − hm and Lbsh , ka , kd depend on antenna heights
and transmitter-receiver distance.
3. IMT-2000 (FPLMTS) Models
The key parameters that the IMT-2000 Model cover include delay spread, geometrical path loss, shadowing, multipath fading and operating ratio frequency. Let n be the number of floors, ∆hb be the base station antenna height,
measured from the rooftop and d be the separation between transmitter and receiver. Path loss in three different
propagation environments are given below:
• Indoor office

L50 = 37 + 30 log d + 18.3 · n[(n+2)/(n+1)−0.46] dB

(42)

• Outdoor-to-indoor pedestrian environment
L50 = 40 log d + 30 log fc + 49dB

(43)

L50 = 40(1 − 4 × 10−2 ∆hb ) log d − 18 log(∆hb ) + 21 log fc + 80dB

(44)

• Vehicular environment

4 Call Admission Control (CAC) and its role on 3G Capacity
Network planning is based on the projected traffic demand, user demand, target blocking or system outage probability, and
target coverage area of each cell. However, during network operation, user usage, arrival rate, location distribution etc. may
differ from our plan. For example, the cell size will shrink if the loading keeps increasing. The introduction of more users
will build up interference in the system. Hence, call admission control is essential to ensure planned coverage for each
service and the quality of existing connections.
The admission control functionality is usually located in the RNC. It occurs when new connection is set up as well as
during handovers [4]. It monitors traffic and predicts the increase in interference that will be caused by a new connection.
Average bit rate of the traffic source, behavior of the traffic source and environment parameters, e.g. signal to interference
ratio, are considered. The admission control scheme for the uplink and the downlink work independently, but the admission
rule for both directions have to be satisfied before the new connection is accepted. Several call admission control schemes
have been suggested in [17],[18], [19] and [20]. Most of the admission control policies are threshold based. For example,
[17] and [18] use noise rise as the primary uplink admission criterion and total downlink transmission power as the downlink
admission criterion. Figure 23 illustrates an example of threshold based admission policy, where a threshold is imposed
on the maximum tolerated interference in the system. Since call admission control is enforced to maintain system stability,
the admission bound should be reached before the system approaches its maximum achievable capacity. Therefore, call
admission control actually dictates the capacity perceived by users.

5 Sample Industrial Estimates of 3G Capacity
This section contains publicly available estimations quoted from different studies conducted by various CDMA vendors and
operators. They are organized into three categories: (1) voice capacity; (2) data capacity; and (3) voice and data capacity.

5.1 Voice Capacity
• Qualcomm [21]
Assume 100% loading, 62-95 calls can be supported simultaneously. Allowing an an outage probability of 2%, the
corresponding Erlang capacity per sector is 51.5-83.1 (Figure 24).
• Ericsson [22]
For a 5MHz spectrum, the capacity is 60 - 85 Erlangs (Figure 25).
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Figure 23: Increase in interference due to load increase cannot exceed a certain threshold [2]

Figure 24: Voice Capacity from Qualcomm [21]

Figure 25: Voice Capacity from Ericsson [22]
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5.2 Data Capacity
• Qualcomm [21]
Assuming 100% data loading, 5MHz spectrum and pedestrian mobility, the average throughput is 900kbps (Figure
26).

Figure 26: Data Capacity from Qualcomm [21]

• Ericsson [22]
Using 5MHz spectrum as reference, throughput amounts to 750kbps/sector when Dedicated Channel (DCH) is used
only and 1Mbps/sector if Dedicated Channel (DCH) is used together with TxDiv (Figure 27).

Figure 27: Data Capacity from Ericsson [22]

• 3G Americas [23]
When Release ’99 is considered, the data throughputs for macro cell and micro cell are 900kbps and 1.5Mbps respectively (Figure 28).
• Nokia [5]
A simulation has been presented in [5] which shows typical input and output parameters for data capacity. In the simulation, users are assumed to be evenly distributed throughout the cells. Micro cells have lower inter-cell interference,
less multipath propagation than macro cells. However, they also have less path diversity, and hence greater Eb /Itotal
is required. There is no retransmission in the network. Table 3 shows the list of input parameters. The results can be
found in table 4.
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Figure 28: Data Capacity from 3G Americas [23]

Table 3: Simulation Parameters
Downlink Orthogonality
Other-to-own cell interference ratio
Uplink Eb /Itotal
Uplink loading

Macro Cell
0.6
0.65
1.5dB
60%

Table 4: Simulation Results
Uplink
Downlink

Macro Cell
1040kbps
660kbps
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Micro Cell
1430kbps
1440kbps

Micro Cell
0.95
20.2
1.5dB
60%

5.3 Voice & Data Capacity
The following shows the capacity when there is a mixture of voice users and data users in the network. Voice capacity is
measured in Erlangs and data throughput is in Mbps.
• Qualcomm [24]
Refer to the region labeled WCDMA in Figure 29. When two 5MHz WCDMA carriers are used and there exists only
one type of service, the maximum voice traffic and data throughput supported is about 110 erlangs and 2Mbps per
sector respectively. When there is a mix of voice and data traffic, the capacity will be shared as shown in the figure.

Figure 29: Voice & Data Capacity from Qualcomm [24]

• Nokia [5]
A simulation which aims at finding the cell throughput for each service when the mobile moves at different speeds has
been published in [5]. In its setting, 19 three-sectored macro cells are deployed as shown in Figure 30. The operators
coverage probability requirement for the 8kbps, 64kbps and 384kbps services set to 95%, 80%, 50% or better. In case
loading was exceeded, the mobiles were randomly set to outage from the highly loaded cells (or moved to another
carrier). Simulation parameters are listed in table 5 and 6. Typical results are given in tables 7 and 8.

Figure 30: Locations of base stations in the simulation
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Table 5: No. of users of different Services
Services in kbps
8kbps
64kbps
384kbps

Number of users
1735
250
15

Table 6: Simulation Parameters
Multipath channel profile
Uplink loading limit
Base station max transmission power
Mobile station max transmission power
Mobile station power control dynamic range
Slow (log-normal) fading correlation between base stations
Standard deviation for slow fading
Mobile/base station noise figures
Soft handover addition window
Pilot channel power
Combined power for other common channels
Downlink orthogonality
Activity factor for speech/data
Base station antennas
Mobile antennas

ITU Vehicular A
75%
20W(43dBm)
300mW(25dBm)
70dB
50%
6dB
7dB/5dB
-6dB
30dBm
30dBm
0.5
50%/100%
650/17dBi
Omni/1.5dBi

Table 7: Simulation Results with mobile speed = 3km/h and 1805 users
Cell
1
2
3
4
5
6
mean

Throughput UL(kbps)
728.00
208.70
231.20
721.60
1508.80
762.67
519.20

Throughput DL(kbps)
720.00
216.00
192.00
760.00
1132.52
800.00
508.85

Loading UL
0.50
0.26
0.24
0.43
0.75
0.53
0.37

Table 8: Simulation Results with mobile speed = 50km/h and 1777 users
Cell
1
2
3
4
5
6
mean

Throughput UL(kbps)
672.00
208.07
226.67
721.60
1101.60
772.68
531.04

Throughput DL(kbps)
710.67
216.00
192.00
760.00
629.14
800.00
506.62
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Loading UL
0.58
0.33
0.29
0.50
0.74
0.60
0.45

6 Conclusion
The design of CDMA has endowed it with the advantages of high spectrum efficiency and flexibility in bandwidth allocation.
By means of specially designed codes and the mechanism of spreading and despreading, it allows multiple users to share the
same spectrum at the same time. Each user is identified by a unique spreading code. Hence, the number of users supported
is no longer hard bounded by the number of time slots as in TDMA or the number of frequency channels as in FDMA. It
turns out that the capacity of CDMA can be limited by two factors, namely the number of codes and interference due to
channel imperfection. However, the abundance of codes available have made the former less severe when compared with the
latter. In fact, CDMA is mostly interference limited. Its capacity depends on the signal to interference ratio it can tolerate
while holding fast to the quality of service it has promised to its users. Its capacity is soft in the sense that no single fixed
value can characterize the maximum capacity of the 3G Network. It is this intrinsic property of CDMA that contributes to
the complexity in the estimation of the 3G Network capacity.
This report has presented a list of factors impacting the 3G Network capacity, such as different service mixes, data
rate, call activity factors, user mobility, geographical distribution of users, radio propagation environment, target coverage
area, target outage probability, transmission power and receiver sensitivity, effectiveness of power control, resource sharing
among neighbouring cells etc. The tight coupling among network capacity, interference and cell coverage has illustrated the
difficulty in deriving a comprehensive model for 3G Network capacity. Nevertheless, this report has extracted a number of
representative models from literature, which are comparatively intuitive and inspiring. While theoretical capacity models for
CDMA network do exist, the actual capacity perceived is determined by the Call Admission Control Algorithm, which may
be based on some of the theoretical capacity models. This report has included a discussion on call admission control and
elaborated its role on the 3G capacity.
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