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ABSTRACT

When amobile operator migrates its network from the 3rd Generation (3G) system to Long Term

Evolution (LTE), both 3G and LTE will co-exist for a period of time. Since the 3G Circuit-

Switched (CS) voice mechanism is more mature and available than that for LTE Voice over

Internet Protocol (VoIP), the operator may consider CS fallback as a solution to provide reliable

voice calls. According to the 3rdGeneration Partnership Project (3GPP) CS fallback procedure,

when a mobile user in the LTE network has an incoming or an outgoing call, theUser Equipment

(UE) falls back from LTE to Universal Mobile Telecommunications System (UMTS). When the

call is complete and released, the UE immediately returns to LTE. If the next activity for the UE

is another voice call, immediately switching from UMTS to LTE may not be efficient. In this

case, the UE has to perform another CS fallback. To resolve this issue, we suggest delaying the

returns to avoid unnecessary CS fallbacks, which is called delayed-return (DR). Based on the

measurements from the real UMTS and LTE networks, we develop analytic model to investigate

the performance of the CS fallback with DR. We also present the Software-Defined Networking

(SDN) implementation for CS fallback for further studying. The study indicates that the DR

scheme can effectively reduce the CS fallback costs up to 60%.

Keywords: CS fallback, delayed-return scheme (DR), long term evolution (LTE), Software-

Defined Networking (SDN)
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Notation

The notation used in this thesis is listed below.

• p: the probability that when a voice call arrives, the UE can be connected at UMTSwithout

CS fallback due to DR

• p1: the probability that no data session is in progress when the previous call is released

• p2: the probability that no data session arrives before the next voice call arrives

• α: the performance improvement of the DR scheme over the IR scheme

• tc: the call holding time

• ta: the inter-call arrival time

• ts: the session holding time

• tp: the inter-session arrival time

• tf : the time that the UE falls back from LTE to UMTS

• td: the UMTS outgoing call setup delay without the CS fallback

• τp: the residual life of tp

• 1/µ = E[ts]: the mean session holding time

• λ: the rate parameter of the ta distribution

• γ: the rate parameter of the tp distribution

• k: the shape parameter of the ta distribution

vii



• m: the shape parameter of the tp distribution

• fa(·): the density function for the ta distribution

• fp(·): the density function for the tp distribution

• rp(·): the density function for the τp distribution

• Fa(·): the distribution function for the ta distribution

• Rp(·): the distribution function for the τp distribution

• Va: the variance for the ta distribution

• Vp: the variance for the tp distribution

• f ∗
a (s): the Laplace transform for the ta distribution

• f ∗
p (s): the Laplace transform for the tp distribution

• r∗p(s): the Laplace transform for the τp distribution
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Chapter 1

Introduction

The 3rd Generation Partnership Project (3GPP) Long Term Evolution (LTE) [1] defines an all

IP network architecture that evolves from the Universal Mobile Telecommunications System

(UMTS) [2] to provide high-speed data services. When a mobile operator migrates its network

from the 3rd Generation (3G) system to LTE, both 3G and LTE will co-exist for a period of

time, and initially, the 3G coverage is more complete than the LTE coverage. Since LTE is a

Packet-Switched (PS) network, the Circuit-Switched (CS) voice service [3] is not supported as

3G does. Therefore the LTE voice service is offered through the Voice over Internet Protocol

(VoIP) technology. Since the 3G CS voice mechanism is more mature and available than that for

LTE VoIP, in the deployment of LTE, many operators consider CS fallback [4] as the solution to

provide reliable voice calls. The CS fallback technique switches the User Equipment (UE; the

mobile phone) from the LTE network to the 3G legacy system when a voice call is attempted. In

order to use the CS domain in the UMTS system when the UE resides in LTE, the LTE network

needs to register the UEwith both the LTE and the UMTSCS domain and delivers the CS paging

message from UMTS to the UE.

Figure 1.1 illustrates a simplified architecture of UMTS and Evolved Packet System (EPS)

for LTE. This architecture includes two parts: the UMTS network and the LTE network. A UE

(Figure 1.1 (1)) accesses UMTS and LTE services through the radio interfaces. In the UMTS

network (Figure 1.1 (a)), the UMTS Terrestrial Radio Access Network (UTRAN) consists of

NodeBs (Figure 1.1 (2)) and Radio Network Controllers (RNCs; Figure 1.1 (3)). A NodeB pro-

videsWideband Code Division Multiple Access (WCDMA) radio connectivity between the UE

and the corresponding RNC. The RNC connects to the UMTS core network. This core net-
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Figure 1.1: The EPS and UMTS Architecture for CS Fallback (dashed lines: signaling; solid

lines: signaling/data)
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work is partitioned into the CS and the PS domains. The CS domain includesMobile Switching

Centers (MSCs) and Visitor Location Registers (VLRs; Figure 1.1 (4)). An MSC is responsi-

ble for call control and connection between the UE and the external CS Network (Figure 1.1

(5)). A VLR is responsible for the mobility activities of the MSC. The PS domain consists of

Serving GPRS Support Nodes (SGSNs; Figure 1.1 (6)) which provide the mobility and session

services to the UEs. The Home Subscriber Server (HSS; Figure 1.1 (7)) is the master database

containing all user-related subscription information, which supports mobility management of

mobile users. In the LTE network (Figure 1.1 (b)), the Evolved UMTS Terrestrial Radio Access

Network (E-UTRAN) consists of evolved NodeBs (eNodeBs; Figure 1.1 (8)) to offer LTE radio

connectivity to the UE. The E-UTRAN connects to the LTE core network that includes the fol-

lowing components. A Mobility Management Entity (MME; Figure 1.1 (9)) interacts with the

HSS to offer mobility management and session control. The Serving Gateway (S-GW; Figure

1.1 (10)) is responsible for routing data packets and is an anchor of the user plane data for intra-

and inter-system handovers. The Packet Data Network Gateway (P-GW; Figure 1.1 (11)) pro-

vides the connectivity to the External Data Network (Figure 1.1 (12)) and the per-user based

packet filtering. In the UMTS PS domain, the SGSNs connect to the External Data Network

through the S-GW and the P-GW. According to the 3GPP CS fallback procedure [4], when a

mobile user in the LTE network has an incoming or an outgoing call, the UE falls back from

LTE to UMTS. When the call is complete and released, the UE immediately returns to LTE. If

the next activity for the UE is another voice call, immediately switching from UMTS to LTE

may not be efficient. In this case, the UE has to perform another CS fallback. To resolve this

issue, we suggest delaying the returns to avoid unnecessary CS fallbacks.

This thesis is organized as follows. Chapter 2 describes the CS fallback procedures, the exist-

ing Immediate-Return (IR) scheme and the proposedDelayed-Return (DR) scheme for returning

to LTE. Chapter 3 proposes an analytic model for the IR and the DR schemes. Chapter 4 studies

the performance of IR and DR by numerical examples. Chapter 5 presents the Software-Defined

Networking (SDN) implementation for CS fallback, and conclusions are given in Chapter 6.
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Chapter 2

Network Architecture and Message Flow

This chapter describes the CS fallback procedures defined in the 3GPP, including call setup and

call release with IR. We also report the measured processing times for the procedures collected

in live 3G and LTE networks in [5, 6, 7]. Then we introduce the DR scheme, including call

release and data session setup.

2.1 LTE Call Setup with CS Fallback

Figure 2.1 illustrates the CS fallback message flow when a UE makes a call in the LTE network.

The following steps are executed:

Step 1. The UE sends the Extended Service Request message to the MME to initiate the CS

fallback procedure.

Steps 2 and 3. TheMME exchanges the UE Context Modification Request and Responsemes-
sage pair with the eNodeB to indicate that the UE should fall back to the UTRAN. Note

that Steps 1-3 take about 0.3 seconds [5].

Step 4. The eNodeB sends the UE the Radio Resource Control (RRC) Connection Release with
Redirection to UTRANmessage to indicate that it may follow the cell identity and System

Information to attach to the corresponding UTRAN cell.

Steps 5-9. Parallel to Step 4, the eNodeB sends the UE Context Release Request message to
the MME to release the bearers between the eNodeB and the S-GW. Steps 4-9 take about

0.2 seconds [5].

4
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Step 10. After Step 4, the UE tunes the radio to UMTS, and camps on the NodeB according

to the System Information in the RRC Connection Release with Redirection to UTRAN
message. Step 10 takes about 2.3 seconds for 3GPP R8 and 0.3 seconds for 3GPP R9 [5].

Steps 11-13. The UE exchanges with the NodeB the RRC Connection Request and Setup mes-
sage pair to establish the radio connection. Then the UE sends the NodeB the RRC Con-
nection Setup Complete message to acknowledge the RRC connection establishment.

Steps 11-13 take about 0.3 seconds [5].

Steps 14 and 15. The UE sends the Call Management (CM) Service Request message to ini-
tiate the CS call establishment procedure. The UE includes the Circuit-Switched Mobile

Originated (CSMO) flag to indicate that it is a CS fallback call. The CS call establishment
at Step 15 follows the 3GPP standard, and the details can be found in [8]. Steps 14 and

15 take about 3.5 seconds [5].

Note that if the UE in LTE is engaged in a data session when a call arrives, then the PS

connection (for the data session) is also switched to UMTS in the call setup of the CS fallback

procedure. Details of PS connection switching can be found in [1].

2.2 Call Release with Immediate-Return

Figure 2.2 illustrates the call release procedure with Immediate-Return (IR). After a voice call is

released, if no UMTS data session is in progress, the UTRANmoves the UE to the LTE network

immediately with the following steps:

Step 1. The standard 3GPP call release procedure is executed [8].

Steps 2-5. The MSC sends the UTRAN the Iu Release Command message to release the bearer
between the MSC and the RNC. This message contains the End of CS Fallback (CSFB)

flag to indicate that the call which was released is a CS fallback call. Then the NodeB

sends the UE the Radio Bearer Release message to release the radio bearer between the
NodeB and the UE.

Steps 6-8. According to the End of CSFB flag, the NodeB knows that the UE is LTE capable.

The NodeB sends the UE the RRC Connection Release with Redirection Info message to

6



(End of CSFB flag)

(Redirection Info)

5. Iu Release Complete

2. Iu Release Command

4. Radio Bearer Release Complete

7. RRC Connection Release Complete

6. RRC Connection Release

NodeB/RNCUE MSC

1. 3GPP call release procedure

3. Radio Bearer Release

8. Turn to LTE 

and camp on cell

9. 3GPP UMTS to LTE PS handover

Without 

data 

session

With data 

session
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release the radio connection between the NodeB and the UE. Then the UE switches to the

LTE network according the redirection information in the message.

If the UE is engaged in a data session when the voice call is released, then Steps 6-8 are

replaced by the standard 3GPP UMTS to LTE PS handover (Step 9) [1], and the data session is

moved to the LTE network.

2.3 Call Release with Delayed-Return

When a voice call is released, if the UE is engaged in a data session, then it is switched back to

LTE as shown in Figure 2.2 (Steps 1-5 and 9). If the UE is not engaged in a data session, then

it does not need to return to LTE immediately. Figure 2.3 illustrates the call release procedure

with Delayed-Return (DR). The UE releases the radio connection and stays in UMTS in the idle

mode.

Steps 1-5 of the message flow in Figure 2.3 is the same as the call release procedure with

IR. At Step 6, the NodeB sends the RRC Connection Release without Redirection Info message.
Because this message does not contain the optional Redirection Info, the UE will not switch to

LTE. This message instructs the UE to release the RRC connection, stay in UMTS, and change

its status to the idle mode. Compared with the CS fallback with IR, Steps 8 and 9 in Figure 2.2

are saved in the CS fallback with DR.

2.4 Data Session Setup in UMTS with Delayed-Return

Suppose that DR is applied, and the UE does not return to LTE after a voice call (i.e., there is

no data session in progress when the voice call is released). If the next event to the UE is a data

session arrival, then it will receive the PS paging message from the UMTS NodeB. The UE is

switched to LTE to establish the PS connection. The detailed steps are described as follows (see

Figure 2.4):

Step 1. The UE executes the 3GPP Inter-Radio Access Technology (RAT) cell reselection pro-

cedure from UTRAN [9] to perform the measurement process, and then selects a LTE

cell.

8
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Steps 2-4. The UE exchanges with the eNodeB the RRC Connection Request and Setup mes-
sage pair to establish the radio connection. Then the UE sends the eNodeB the RRC
Connection Setup Complete message to acknowledge the RRC connection establishment

procedure.

Step 5. The UE sends the MME the Service Request message to initial the establishment of the
bearer for the PS connection.

Steps 6-9. The MME exchanges with the eNodeB the Initial Context Setup Request and Com-
plete message to establish the radio bearer between the UE and the eNodeB. The Request
message also contains the bearer information between the eNodeB and the S-GW. The eN-

odeB sends the UE the RRC Connection Reconfiguration message to modify the bearer

information of the radio connection. Then the UE sends the eNodeB the RRC Connection
Reconfiguration Complete message to acknowledge the radio bearer reconfiguration.

Steps 10-13. The MME sends the S-GW the Modify Bearer Request message to establish the
bearer between the eNodeB and the S-GW and the bearer between the S-GW and P-GW.

We note that for data session setup, the CS fallback with DR does not incur extra overhead

over IR from the network viewpoint. Specifically, Steps 10-13 in Figure 2.1 are executed by IR,

which are the same as Steps 1-4 in Figure 2.4. IR also executes Steps 5-13 in Figure 2.4 when

a data session arrives.
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Chapter 3

Analytic Modeling

This chapter proposes an analytic model to study the performance improvement of the DR

scheme over the IR scheme. Specifically, we derive the probability p that when a voice call

arrives, the UE can be connected at UMTS without CS fallback due to DR. Figure 3.1 illus-

trates a timing diagram for voice call arrivals (at t2 and t5) and data session arrivals (at t1 and

t6). Let tc = t4 − t2 (also t7 − t5) be a voice call holding time. Let the inter-call arrival time

ta = t5− t4 be a random variable with the density function fa(·), the distribution function Fa(·),

the variance Va and the Laplace transform f ∗
a (s). Let the session holding time ts = t3− t1 (also

t8 − t6) be a random variable with the mean 1/µ, and the inter-session arrival time tp = t6 − t3

be a random variable with the density function fp(·), the variance Vp and the Laplace transform

f ∗
p (s). Suppose that the call release event at t4 is a random observer of the period [t3, t6]. From

the residual life theorem [10], the interval τp = t6 − t4 is the residual life of tp with the density

function rp(·), the distribution function Rp(·), and the Laplace transform r∗p(s). We define an

observation interval as a period between when the previous call arrives and when the next call

arrives (e.g., the interval [t2, t5] in Figure 3.1). It is clear that the probability p described at the

beginning of this chapter is the probability that no data session is in progress when the previous

call is released (with probability p1) and no data session arrives before the next voice call arrives

(with probability p2).

The sequence of ts and tp forms an alternating renewal process [11], and therefore p1 =

E[tp]

E[tp]+E[ts]
. Since a call release event is a random observer of ts and tp, p2 can be expressed as

Pr[ta < τp]. According to the above description, we have

p = p1p2 =

(
E[tp]

E[tp] + E[ts]

)
Pr[ta < τp] (3.1)
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Based on the inverse Laplace transform formula and the residue theorem [12, 13], Pr[ta < τp]

in (3.1) is derived as

Pr[ta < τp] =

∫ ∞

τp=0

rp(τp)

∫ τp

ta=0

fa(ta)dtadτp

=

∫ ∞

τp=0

rp(τp)Fa(τp)dτp

=

(
1

2πi

)∫ σ+i∞

σ−i∞

∫ ∞

τp=0

rp(τp)e
sτp

[
f ∗
a (s)

s

]
dτpds

=

(
1

2πi

)∫ σ+i∞

σ−i∞
r∗p(−s)

[
f ∗
a (s)

s

]
ds

= −
∑
z∈σp

Ress=zr
∗
p(−s)

[
f ∗
a (s)

s

]
(3.2)

where i =
√
−1, σ is a sufficiently small positive number, σp is the set of poles of r∗p(−s) in the

right half of the complex plane, andRess=z denotes the residue at the pole s = z. Alternatively,

Pr[ta < τp] can also be derived as

Pr[ta < τp] =

∫ ∞

ta=0

fa(ta)

∫ ∞

τp=ta

rp(τp)dτpdta

=

∫ ∞

ta=0

fa(ta)[1−Rp(t)]dta

= 1−
(

1

2πi

)∫ σ+i∞

σ−i∞

∫ ∞

ta=0

fa(ta)e
sta

[
r∗p(s)

s

]
dtads

= 1 +
∑
z∈σa

Ress=zf
∗
a (−s)

[
r∗p(s)

s

]
(3.3)

where σa is the set of poles of f ∗
a (−s) in the right half of the complex plane.

For the demonstration purpose, we compute Pr[ta < τp] based on two cases of ta and tp

distributions.

Case 1. ta is a Gamma random variable with the shape parameter k and the rate parameter λ,

and tp is an Erlang random variable with the shape parameterm and the rate parameter γ.

In this case, k > 0 is a real number andm ≥ 1 is an integer.

Case 2. ta is an Erlang random variable with the shape parameter k and the rate parameter λ,

and tp is a Gamma random variable with the shape parameterm and the rate parameter γ.

In this case, k ≥ 1 is an integer andm > 0 is a real number.

The Gamma distribution is considered because this distribution is widely used in telecom mod-

eling [14]-[17]. We also select the Erlang distribution because this distribution can be easily
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extended into a hyper-Erlang distribution, which has been proven to be a good approximation

to many other distributions as well as measured data [13, 18]. The Laplace transforms for the

ta and the tp are

f ∗
a (s) =

(
λ

s+ λ

)k

and f ∗
p (s) =

(
γ

s+ γ

)m

(3.4)

For Gamma ta and tp, k and m > 0 are positive real numbers in (3.4). For Erlang ta and tp,

k and m are positive integer numbers. From the residual life theorem [10] and (3.4), r∗p(s) is

expressed as

r∗p(s) =
( γ

sm

)
[1− f ∗

p (s)] =
( γ

sm

)[
1−

(
γ

s+ γ

)m]
(3.5)

For case 1, we substitute (3.4) and (3.5) into (3.2) to yield

Pr[ta < τp] =
m−1∑
i=0

i∑
j=0

[
γi−j

mλi−j(i− j)!

](
λ

γ + λ

)k+i−j i−j∏
l=1

(k + l − 1) (3.6)

Note that in (3.6), when i − j = 0,
i−j∏
l=1

represents an empty product, and its value is 1. From

(3.1) and (3.6), p is re-written as

p =
m−1∑
i=0

i∑
j=0

[
µγi−j

(γ +mµ)λi−j(i− j)!

](
λ

γ + λ

)k+i−j i−j∏
l=1

(k + l − 1) (3.7)

On the other hand, for case 2, from (3.4) and (3.5), (3.3) is re-written as

Pr[ta < τp] = 1−
k−1∑
i=0

{
γ

λm
−

i∑
j=0

(
λj−1

j!mγj−1

)(
γ

λ+ γ

)m+j j∏
l=1

(m+ l − 1)

}
(3.8)

From (3.1) and (3.8), p is re-written as

p =

(
mµ

γ +mµ

){
1−

k−1∑
i=0

{
γ

λm
−

i∑
j=0

(
λj−1

j!mγj−1

)(
γ

λ+ γ

)m+j j∏
l=1

(m+ l − 1)

}}
(3.9)

Equations (3.7) and (3.9) are validated against the discrete event simulation experiments de-

scribed in Appendix A, which shows that the discrepancies between the analytic and simulation

results are within 0.5%.
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Chapter 4

Numerical Examples

This chapter studies the call setup delays of DR and IR. Let tf be the time that the UE falls

back from LTE to UMTS (i.e., Steps 1-10 in Figure 2.1). Let td be the UMTS outgoing call

setup delay without the CS fallback (i.e., Steps 11-15 in Figure 2.1). Then the performance

improvement α of the DR scheme over the IR scheme can be defined as

α = 1− (1− p)E[tf ] + E[td]

E[tf ] + E[td]
=

pE[tf ]

E[tf ] + E[td]
(4.1)

In (4.1), E[tf ] + E[td] is the expected total call setup delay for IR, and (1− p)E[tf ] + E[td] is

the expected total call setup delay for DR. The larger the α value, the better the performance of

DR over IR. From the call setup delay measurement of Qualcomm (see Chapter 2), E[tf ] = 2.5

seconds for 3GPPR8,E[tf ] = 0.5 seconds for 3GPPR9, andE[td] = 4 seconds. FromHuawei's

measurements [6], E[tf ] = 9 seconds for 3GPP R8, E[tf ] = 3 seconds for 3GPP R9, and

E[td] = 5 seconds. We also measured the call setup delay at Broadband Mobile Lab of National

Chiao Tung University [7], where E[tf ] is more than 10 seconds and E[td] = 7 seconds. Our

measurement results are more consistent with Huawei's results than that of Qualcomm's results.

In this thesis, we use Huawei's results to compute α in (4.1).

We also note that although an LTE data connection is ``always on", the connection is in the

idle mode (and is actually disconnected) if no data session is in progress. Because the expected

session holding time is typically shorter than the expected inter-session arrival time [19, 20], we

assume that 0.01E[tp] ≤ E[ts] ≤ 0.1E[tp]. We consider the effects of ts (the session holding

time), ta (the inter-call arrival time), and tp (the inter-session arrival time) on the probability

p that a voice call can be connected without the CS fallback overhead. Note that the voice

call holding time tc does not affect p and is not considered. We also note that the α value is
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proportional to the p value (see (4.1)), and the effects on α are similar to those on p. Finally, to

simplify our discussion, ts and ta are normalized by tp.

Effects of E[ts]/E[tp]: Figure 4.1(a) shows that p decreases as E[ts]/E[tp] increases. When

E[ts]/E[tp] increases, a call is more likely to be released in the ts interval. In this case, the

UEwill return to LTE immediately, and smaller p is observed. The non-trivial observation

is thatE[ts]/E[tp] has insignificant impact on p for allE[ts]/E[tp] values under our study.

The probability p and the improvement α decrease by 8% when E[ts] increases from

0.01E[tp] to 0.1E[tp]. In other words, in this operational range, we can ignore the effect

of E[ts]/E[tp] and can focus more on other parameters.

Effects of E[ta]/E[tp]: Figures 4.1(a), 4.2(a), and 4.3(a) indicate that p decreases asE[ta]/E[tp]

increases. WhenE[ta]/E[tp] increases, the data session is more likely to arrive before the

voice call arrives (i.e., the UE will return to LTE before the next call arrives). Thus, a

smaller p is observed. Figures 4.2(a) and 4.3(a) show that the effects of E[ta]/E[tp] be-

come insignificant when Va or Vp is large, where large p and α are always observed.

Effects of Va: Figure 4.2(a) indicates that p increases as Va increases. For a fixed E[ta] value,

when Va increases, there are much more short ta intervals than long ta intervals. For short

ta, it is very likely that ta < τp (i.e., larger Pr[ta < τp] is observed). From (3.1) and (4.1),

p and α increase as Va increases.

Effects of Vp: Figure 4.3(a) shows that p increases as Vp increases. When the inter-session

arrival interval becomesmore irregular (i.e., Vp increases), more long and short tp intervals

are observed. Since the call release events aremore likely to fall in long tp intervals and the

next calls are likely to arrive before the next sessions arrive, larger p and α are observed.

Based on Figures 4.1(a), 4.2(a), 4.3(a), and Equation (4.1), Figures 4.1(b), 4.2(b), and 4.3(b)

plot the α curves againstE[ts]/E[tp], Va, and Vp. These figures show that with probability p, the

CS fallback with DR can reduce up to 60% outgoing call setup delay over the CS fallback with

IR. We note that the DR scheme can also reduce the incoming call setup delay (i.e., the delay

between when the network pages the UE and when the UE rings). The incoming call setup delay

is typically shorter than the outgoing call setup delay. From (4.1), the DR scheme has even better

α performance for the incoming calls than that for the outgoing calls. Since the called party of a
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Figure 4.1: Effects of E[ts]/E[tp] and E[ta]/E[tp] on p and α (Va = E[ta]
2 and Vp = E[tp]

2)

0

0.2

0.4

0.6

0.8

1.0

p

10−3 10−2 10−1 100 101 102 103

Va (unit: E[ta]
2)

•: E[ta]/E[tp] = 0.1

×: E[ta]/E[tp] = 1

◦: E[ta]/E[tp] = 10

........................................................................................................................................................................................
..........................

.............
..........
.........
......
......
......
....
....
.....
....
.....
....
....
...
..
...
...
...
...
...
....
...
..
...
....
...
...
....
..
....
...
....
....
.....
....
.....
....
.....
....
......
.....
.......
.......
..........
............
.........

• • • •
•

•
•

.......................................................................
.......................

............
.........
........
......
.....
....
....
....
..
...
..
...
..
...
...
...
..
..
..
..
..
..
..
..
..
..
..
...
..
..
.
..
.
..
..
.
.
.
...
.
..
.
..
..
.
.
.
..
..
.
.
..
.
..
.
.
.
.
..
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
..
.
.
.
.
.
.
..
.
.
.
.
.
..
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
..
.
..
.
.
..
.
.
..
.
.
..
.
.
...
..
.
..
..
..
.
...
..
..
.
..
...
..
..
...
..
...
..
...
..
...
..
...
...
..
...
...
...
...
..
....
...
...
...
.....
....
.....
......
......
........
.......

× ×
×

×

×

×

×

.......................................................................................................................................................
............
......
....
....
...
..
..
..
...
.
..
..
...
.
..
.
..
...
.
.
..
.
..
.
.
.
.
..
..
.
.
.
.
.
.
..
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
..
..
.
.
..
.
.
.
...
.
..
.
..
..
.
.
.
.
...
.
.
..
..
.
...
..
..
..
..
..
..
..
..
..
..
..
...
..
..
..
..
..
....
...
....
...
.....
...
.......
.....
......

◦ ◦ ◦

◦

◦

◦

◦

(a) Effects on p

0

0.2

0.4

0.6

0.8

1.0

α

10−3 10−2 10−1 100 101 102 103

Va (unit: E[ta]
2)

Solid: 3GPP R8

Dashed: 3GPP R9

•: E[ta]/E[tp] = 0.1

×: E[ta]/E[tp] = 1

◦: E[ta]/E[tp] = 10

........................................................................................................................................................................................................
........................

...............
...........
.......
.........
......
......
.....
.......
....
.....
....
.....
.....
....
....
.....
......
....
.....
......
.....
.......
.......
.......
.......
.........
...........
...............

..................

• • • •
•

• •

................................................................................
..........................

.............
..........
........
......
.....
...
....
...
....
....
...
...
..
..
...
..
..
..
..
...
..
..
...
..
..
...
..
..
..
..
..
...
..
..
..
...
..
..
..
.
..
..
..
..
..
..
.
..
..
..
..
..
..
.
..
.
.
.
..
.
.
.
..
.
.
.
.
...
.
.
.
..
.
.
.
.
..
.
.
..
..
.
.
..
.
.
.
...
.
.
..
.
..
.
..
.
.
.
..
.
..
.
.
.
.
...
.
.
.
.
..
.
.
.
...
..
..
..
..
.
..
..
..
..
..
..
..
..
..
...
.
..
..
..
..
..
..
...
..
..
..
..
...
..
..
...
..
..
...
..
...
..
...
..
....
....
....
...
...
...
...
.....
....
......
......
.......
...........
.............
.

× × ×

×

×

×
×

.............................................................................................................................................................
............
......
....
...
...
...
..
..
...
..
..
...
.
..
...
..
.
...
.
..
.
...
.
.
...
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
..
.
..
.
.
.
.
.
.
.
..
.
.
.
.
.
.
.
...
.
..
.
..
.
..
.
..
..
..
..
..
..
...
.
..
..
...
.
..
...
.
...
..
...
..
....
...
..
...
...
...
..
...
.....
...
...
.....
....
.....
......
.......
........
.......

◦ ◦ ◦

◦

◦

◦

◦

............. ............. ............. ............. ............. ............. ............. ............. .............
.............

.........
....

......
.......

........
.....

........
.....

.............
............. .

• • • • •
• •

............. ............. ............. ............. .............
.........
....

.....
....
....

..
...
...
...
..

..
..
..
..
..
..
.

..
..
..
..
.
..
..

..
..
..
..
..
..
.

..
..
..
..
..
..
.

..
..
..
..
..
..
.

..
...
..
..
...
.

...
....
....
..

......
.......

.............
....

× × ×

×

×

×
×

............. ............. ............. ............. ............. ............. .............

...
...
..
...
..

..
..
.
..
..
..
..

.

..

..

..
..
.
..
.

.

.

.

..

.

.

.

..

.

.

.

.

.

..

.

.

.

.

.

..

.

.

.

..

.

.

.

..

.

.

..

.

.

..

..
.
..
..
..
.

.

..

..
.
..
..
.
..

..
..
..
..
..
..
.

...
..
...
...
..

...
.....
.....

........
.....

.

◦ ◦ ◦

◦

◦

◦
◦

(b) Effects on α

Figure 4.2: Effects of Va and E[ta]/E[tp] on p and α (E[ts]/E[tp] = 0.05 and Vp = E[tp]
2)
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voice call does not experience call setup delay, the improvement α is only meaningful from the

network cost viewpoint.
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Figure 4.3: Effects of Vp and E[ta]/E[tp] on p and α (E[ts]/E[tp] = 0.05 and Va = E[ta]
2)
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Chapter 5

SDN Implementation for CS Fallback

Analysis indicated that today's mobile networks experience significant signaling traffic [23]. To

resolve this issue, Software-Defined Networking (SDN) has been introduced to the current LTE/

UMTS architecture [24],[25]. SDN separates the control and data traffic in the mobile network.

This can reduce the configuration complexity of adding new nodes into the mobile network

and speed up the communication between mobile network elements to get better performance.

This chapter introduces the SDN to the LTE and UMTS network architecture for CS fallback by

replacing some network elements with the SDN controller Apps and the SDN switches. Since

the SDN controller utilizes the OpenFlow protocol [26] to communicate with the SDN switches,

they are usually called the OpenFlow controller and the OpenFlow switches, respectively. This

chapter describes the SDN LTE and UMTS network architecture for CS fallback, and the call

setup procedure.

5.1 SDN LTE and UMTS Network Architecture for CS Fall-

back

Figure 5.1 describes the simplified SDN LTE and UMTS architecture for CS fallback. We in-

troduce the SDN architecture to the LTE and UMTS by separating the control plane and the user

plane data of SGSN (e.g., SGSN-C and SGSN-D), S-GW and P-GW into Apps and OpenFlow

Switches respectively. The SDN architecture includes two components: OpenFlow Controller

and Switches. An OpenFlow Controller (Figure 5.1 (1)) provides the network topology and

the packet information to Apps and sends the routing flow entry modification command from
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Figure 5.1: The simplified SDN LTE and UMTS architecture for CS fallback (dashed lines:

signaling; solid lines: signaling/data)
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Apps to the OpenFlow Switches. Apps (Figure 5.1 (2), (3), (4), (5)) are responsible for control

plane. When the App receives the 3GPP signaling about establishing or redirecting the data

path, it computes the routing flow entries which are set in Openflow Switches. An App can also

communicate with other Apps or network elements via physical network interface. OpenFlow

Switches (Figure 5.1 (6), (7), (8)) are responsible for forwarding the data packet by matching

each packet against flow entries. OpenFlow Switches here have an advanced function that can

encapsulate and decapsulate GPRS Tunneling Protocol (GTP) packets which are used to carry

the packet in the UMTS and the LTE network.

This architecture includes two parts: the UMTS network and the LTE network. AUE (Figure

5.1 (9)) accesses the UMTS and LTE services through the radio interface. In the the UMTS

network (Figure 5.1 (a)),UMTS Terrestrial Radio Access Network (UTRAN) consists of NodeBs

(Figure 5.1 (10)) and Radio Network Controllers (RNCs; Figure 5.1 (11)). A NodeB provides

Wideband Code Division Multiple Access (WCDMA) radio connectivity between the UE and

the corresponding RNC. The RNC is responsible for radio resource management and connects

to the UMTS core network. This core network is partitioned into the CS and PS domains. The

CS domain includes Mobile Switching Centers (MSCs) and Visitor Location Registers (VLRs;

Figure 5.1 (12)). The MSC is responsible for call control and connection between the UE and

the external CS Network (Figure 5.1 (13)). The VLR is responsible for the mobility activities

of the MSC. The PS domain consists of Serving GPRS Support Nodes which are separated into

SGSN-CApp and SGSN-D Switch (Figure 5.1 (2), (6)). The SGSN-CApp is responsible for the

mobility management and provides the session control to the UEs by controlling the SGSN-D

Swtich.

In the LTE network (Figure 5.1 (b)), the Evolved UMTS Terrestrial Radio Access Network

(E-UTRAN) consists of evolved NodeBs (eNodeBs; Figure 5.1 (14)) to offer LTE radio con-

nectivity to UEs. The E-UTRAN connects to the LTE core network that includes the following

components. The Mobility Management Entity App (MME App; Figure 5.1 (3)) provides the

mobility management and session control to UEs. The Serving Gateway (S-GW) is separated

into S-GW-C App and S-GW-D Switch (Figure 5.1 (4), (7)). The S-GW-C App is responsible

for routing data packets by controlling the S-GW-D Switch and is an anchor of the user plane

data for intra- and inter-system handovers. The Packet Data Network Gateway (P-GW) is sep-

arated into P-GW-C App and P-GW-D Switch (Figure 5.1 (5), (8)). The P-GW-C App provides

the connectivity to the External Data Network (Figure 5.1 (15)) and the per-user based packet
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filtering by controlling the P-GW-D.

5.2 SDN LTE Call Setup with CS Fallback

Figure 5.2 illustrates the SDN CS fallback call setup with PS handover. Assume that S-GW is

not changed in the procedure. When the UE makes a call and only if the UE is registered in

UTRAN CS domain and is not registered in LTE IMS, the following steps are executed:

Step 1. The UE initiates the CS fallback procedure by sending the Extended Service Request
message to the MME App through the eNodeB.

Steps 2 and 3. The MME App exchanges the UE Context Modification Request and Response
message pair with the eNodeB to indicate that the UE should fall back to UTRAN. The

UE Context Modification Request message includes the CS Fallback Indicator and the

Location Area Identification (LAI) which identifies the CS domain registered by the UE.

Step 4. The eNodeB exchanges theMeasurement Control and Reportmessage pair with the UE
in the Measurement Report Solicitation procedure to determine the target UTRAN cell.

Step 5. The eNodeB sends the Handover Required message to the MME App to initiate the

handover procedure.

Step 6. The MME App sends the Forward Relocation Request message to the SGSN-C App to

allocate resource in UMTS.

Step 7. The SGSN-C App sends the OFPT_FLOW_MOD (OFPFC_ADD) message to the

SGSN-D Switch to add new flow entries for two uplink and downlink paired bearers.

One pair is between the RNS and the SGSN-D Switch and the other pair is between the

SGSN-D Switch and the S-GW-D Switch.

Steps 8 and 9. The SGSN-CApp exchanges theRelocation Request andAcknowledgemessage
pair with the RNC to establish the radio resource.

Setp 10. The SGSN-C App sends the Forward Relocation Response message to the MME App

to indicate that the resource for the handover is prepared.
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Setps 11 and 12. The MME App sends the Handover Command message to the eNodeB and

the eNodeB sends the Handover from the E-UTRAN Command message to the UE to

command that UE hands over to the target UTRAN cell. The UE suspends the uplink data

transmission.

Step 13. The UE moves to the target UTRAN cell (i.e., the NodeB) and sends the Handover to
UTRAN Complete message to the RNC. The UE resumes the uplink data transmission.

Step 14. The RNC sends the Relocation Complete message to the SGSN-C App to complete

the relocation from E-UTRAN to UTRAN.

Steps 15 and 16. The UE initials the CS call establishment procedure by sending the CM Ser-
vice Request message to MSC through the RNC. The UE includes the CSMO flag to

indicate that it is a CS fallback call. The CS call establishment at Step 16 follows the

3GPP standard, and the details can be found in [8].

Steps 17 and 18. The SGSN-C App exchanges the Forward Relocation Complete Notification
and Acknowledge message pair with the MME App to inform that the UE has arrived

at UTRAN. The MME App starts a timer to release the resource for the uplink and the

downlink bearers in eNodeB.

Setp 19. The SGSN-C App sends the Modify Bearer Request message to the S-GW-C App to

inform that the SGSN-D Switch is now responsible for the bearers of the UE.

Step 20. The S-GW-C App sends the OFPT_FLOW_MOD (OFPFC_MODIFY) message to
the S-GW-D Switch to modify flow entries. The other peer of the flow entries for the

bearers is changed from the eNodeB to the SGSN-D Switch.

Steps 21 and 22. The S-GW-C App exchanges the Modify Bearer Request and Response mes-
sage pair with the P-GW-C App to inform the change of the RAT type information for

charging.

Step 23. The S-GW-C App acknowledges the SGSN-C App via the Modify Bearer Response
message.

Steps 24 and 25. When the timer in Steps 17 and 18 expires, the MME App exchanges the UE
Context Release Command and Complete message pair with the eNodeB to release the
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radio resource for the UE.
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Chapter 6

Conclusions

This thesis proposed the DR scheme to avoid unnecessary CS fallbacks. Analytic model was

developed based on the real LTE/UMTS network measurements to compare the DR schemewith

the existing IR scheme. The performance is measured by the probability p that when a voice call

arrives, the UE can be connected at UMTS without CS fallback, and therefore, non-necessary

switching between UMTS and LTE is avoided. In other words, when a voice call arrives, the

UE does not need to switch from LTE to UMTS, and when the call is complete, the UE does

not need to switch from UMTS to LTE. Our study indicated that the DR scheme can effectively

improve the CS fallback performance when

• the inter-call arrival time ta is short (i.e., the voice calls arrive frequently),

• the variance of ta is large (i.e., the inter-call arrival time is irregular), or

• the variance of the inter-session arrival time tp is large (i.e., the inter-session arrival time

is irregular).

The last two items of our conclusions are not trivial, and are used as guidelines to further inves-

tigate the user behavior by a commercial mobile operator. For users with long inter-call arrival

time and regular call and data session arrivals, the CS fallback with IR is exercised, while for

the users with short inter-call arrival time and irregular call and data session arrivals, the CS

fallback with DR is exercised.

As a final remark, the DR scheme can be practically implemented in NodeB with a minor

modification in the RRC Connection Releasemessage. Therefore, the DR scheme is an effective

approach for reducing the CS fallback costs. In the future, we will investigate the DR scheme
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by the call and data traffic statistics collected from the commercial mobile telecom network.

We will also consider other approaches to avoid unnecessary CS fallbacks (e.g., a timer-based

scheme that determines the optimal time interval for the UE to stay in UMTS based on differ-

ent traffic rates). Moreover, because both CS fallback and Enhanced Single Radio Voice Call

Continuity (eSRVCC) [21, 22] are voice call solutions in LTE, we will compare the call perfor-

mance between these two solutions. We also present the SDN implementation for CS fallback

for further studying.
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Appendix A

The Simulation Model for CS fallback

with DR

This appendix describes the discrete event simulation model and the simulation code for CS

fallback with DR. With minor modifications, the model can be extended for CS fallback with

IR. The extension details are omitted. In our simulation model, an event e has two attributes:

• The type attribute indicates one of four event types. A Call Arrival event represents

a voice call arrival. If this event occurs when the UE resides in LTE, the UE needs to

trigger the CS fallback procedure to switch to UMTS. A Call Release event represents

that a voice call is complete and is released. A Session Arrival event represents a data

session arrival. If this event occurs when the UE is not engaged in a voice call, the UE

needs to switch to LTE. A Session Release event represents that a session is released.

• The ts attribute indicates the timestamp when the event occurs.

In the simulation, the inter-call arrival times ta and inter-session arrival times tp are generated

from random number generators Ga and Gp, respectively. The call holding times tc and the

session holding times ts are generated from random number generatorsGc andGs, respectively.

Two output statistics are collected in the simulation:

• N : the total number of the voice calls investigated in the simulation run

• NU : the total number of the calls that arrive when the UE resides in UMTS

From the above outputs, we compute

p = NU/N
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In the simulation, a clock ck is maintained to indicate the simulation progress, which is the times-

tamp of the event being processed. Three flags are used in the simulation: domain, f_voice

and f_data. The domain flag indicates the domain (LTE or UMTS) where the UE currently

resides. The f_voice flag indicates if the UE is engaged in a voice call and f_data indicates if

the UE is engaged in a data session. All events are inserted into the event list, and are deleted

from the event list in the non-decreasing timestamp order for execution. Figure A.1 illustrates

the simulation flow chart with the following steps:

Step 1. Set all output variables (i.e., N and NU ) and the simulation clock ck to 0. Set domain

to LTE. Both f_voice and f_data are set to OFF.

Step 2. The first two events e1 and e2 are generated and inserted into the event list. For event

e1, e1.type is Call Arrival and e1.ts = ck + ta where ta is generated from Ga. For event

e2, e2.type is Session Arrival and e2.ts = ck + tp where tp is generated from Gp.

Step 3. The first event e in the event list is deleted, and is processed based in its type in Step 4.

The clock ck is set to e.ts.

Step 4. If e.type is Call Arrival, then Step 5 is executed. If e.type is Call Release, then Step

9 is executed. If e.type is Session Arrival, then Step 14 is executed. If e.type is Session

Release, the simulation proceeds to Step 17.

Step 5. For aCall Arrival event, the UE needs to connect to the UMTS CS domain. If domain

is LTE, then Step 6 is executed. If domain is UMTS, the simulation proceeds to Step 7.

Step 6. The UE is in LTE and the CS fallback procedure is performed. Set domain to UMTS.

Then the simulation goes to Step 8.

Step 7. The call is connected to the UE in UMTS. NU is increased by one.

Step 8. Set f_voice to ON to indicate that UE is engaged in a voice call. The Call Release

event e3 is generated and inserted into the event list, where e3.type is Call Release and

e3.ts = ck + tc. The value tc is generated from Gc. Then Step 3 is executed.

Step 9. A Call Release event occurs. If f_data is ON, then the data session is in progress, and

Step 10 is executed. If f_data is OFF, the simulation proceeds to Step 11.

34



Call Arrival

Start

Call Release

Session Release

End
Yes

ON

OFF

domain?

5

f_data?
9

N>106?
12

N←NU←ck←0;

domain←LTE;

f_data←OFF;

f_voice←OFF

1

Generate the first Call 

Arrival event e1, Session 

Arrival event e2; 

e1.ts←ck+ta and 

e2.ts←ck+tp; 

Insert them into the event 

list

2

Get the next event e; 

ck←e.ts

3

domain←UMTS
6

NU++
7

domain←LTE
10

f_voice←OFF;

N++;

Generate the next 

Call Arrival event 

e1; e1.ts←ck+ta; 

Insert e1 into the 

event list

11

e.type?

4

Session 

Arrival

UMTSOFF

f_voice?
14

p = NU/N
13

ON LTE

domain←LTE
15 f_voice←ON;

Generate the next 

Call Release event 

e3; e3.ts←ck+tc; 

Insert e3 into the 

event list

8

f_data←ON;

Generate the next 

Session Release

event e4; 

e4.ts←ck+ts;

Insert e4 into the 

event list

16

f_data←OFF;

Generate the next 

Session Arrival

event e2; 

e2.ts←ck+tp;

Insert e2 into the 

event list

17

No

Figure A.1: Simulation Flow Chart for CS Fallback with DR

35



Step 10. The UE is switched from UMTS to LTE. Set domain to LTE.

Step 11. Set f_voice to OFF to indicate that the call is released. Increase N by one. The next

Call Arrival event e1 is generated and inserted into the event list.

Step 12. If one million of the Call Release events have been processed, then stable result is

produced. Step 13 is executed to exit the simulation. Otherwise, the simulation proceeds

to Step 3.

Step 13. Probability p is computed, and the simulation is terminated.

Step 14. When a Session Arrival event occurs, this step checks if UE is engaged in a voice

call. If so, Step 16 is executed. Otherwise, Step 15 is executed.

Step 15. The UE is idle and is established the PS connection in LTE. Set domain to LTE.

Step 16. Set f_data to ON to indicate that the UE is engaged in a data session. The Session

Release event e4 is generated and inserted into the event list, where e4.ts = ck+ ts. Then

the simulation goes to Step 3.

Step 17. A Session Release event occurs. The UE releases the PS connection. Set f_data to

OFF. The next Session Arrival event e2 is generated and inserted into the event list. Then

the simulation goes to Step 3.
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Appendix B

The Simulation codes for CS fallback with

DR

The simulation codes is listed in this appendix. The library of random number generator is pro-

prietary and is not listed.

1 #inc lude <iostream>

2 #inc lude <event . h>

3 #inc lude <e_ l i s t . h>

4 #inc lude <random_2 . h>

5 #inc lude <random_tsaimh . h>

6 #inc lude <ctime>

7

8 us ing namespace std ;

9

10 // de f i n e numbers o f c a l l events have been proce s s ed

11 #de f i n e I t e r a t i o n 1000000

12

13 #de f i n e Cal l_Arr iva l 1

14 #de f i n e Ses s ion_Arr iva l 2

15 #de f i n e Cal l_Release 3

16 #de f i n e Sess ion_Release 4

17

18 i n t main ( ) {

19

20 i n t seed = ( i n t ) time (0 ) ;

37



21

22 // f l a g to record the s t a tu s o f the UE

23 bool f_voice=f a l s e , f_data=f a l s e , domain_in_LTE=true ;

24

25 //N: the t o t a l number o f the c a l l s

26 //N_U: the t o t a l number o f the c a l l s

27 // that a r r i v e when the UE r e s i d e s in UMTS

28 double N=0, N_U=0;

29

30 // s e t the parameters o f every d i s t r i b u t i o n s

31 i n t m=10;

32 double lambda=0.1 ,gamma, lambda_c=1,mu=1,k=5;

33 double mean_a ,mean_c ,mean_s , var_a ;

34 double t=0, ca l l_arr iva l_t ime , se s s ion_arr iva l_t ime ,

35 cal l_holding_time , sess ion_holding_time ;

36

37 mean_a=1;

38 mean_c=10*mean_a ;

39 mean_s=10*mean_a ;

40 gamma=1.0/mean_a ;

41 var_a=mean_a*mean_a ;

42

43

44 Expon c a l l_ a r r i v a l ( seed , 1 . 0 / lambda ) ;

45 //Gamma c a l l_ a r r i v a l ( seed , k/lambda , k/( lambda*lambda ) ) ;

46

47 Expon s e s s i o n_a r r i v a l ( seed +1 ,1.0/gamma) ;

48 //Gamma c a l l_ a r r i v a l ( seed+1, mean_a , var_a ) ;

49 //Erlang s e s s i o n_a r r i v a l ( seed+1, m/gamma, m/(gamma*gamma) ) ;

50

51 Expon ca l l_ho ld ing ( seed+2,mean_c) ;

52 Expon se s s i on_ho ld ing ( seed+3,mean_s) ;

53

54

55 // s e t the event l i s t and the f i r s t c a l l and the s e s s i o n event

56 Event *EventNode ;

57 E_List *EventList=new E_List ;

58 Event * FirstEventOfEList ;
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59

60 EventNode = new Event ( ) ;

61 ca l l_ar r i va l_t ime = c a l l_ a r r i v a l++;

62 EventNode -> setTimeStamp ( ck+ca l l_ar r i va l_t ime ) ;

63 EventNode -> setEventType ( Cal l_Arr iva l ) ;

64 *EventList << *EventNode ;

65

66 EventNode = new Event ( ) ;

67 s e s s i on_arr iva l_t ime = s e s s i o n_a r r i v a l++;

68 EventNode -> setTimeStamp ( t+ses s i on_arr iva l_t ime ) ;

69 EventNode -> setEventType ( Ses s ion_Arr iva l ) ;

70 *EventList << *EventNode ;

71

72 whi le (N<I t e r a t i o n ) {

73

74 // get the f i r s t event in the event l i s t

75 *EventList >> FirstEventOfEList ;

76 ck=FirstEventOfEList ->getTimeStamp ( ) ;

77

78 // check the event type and do something

79 switch ( FirstEventOfEList ->getEventType ( ) ) {

80

81 case Cal l_Arr iva l :

82

83 // i f the UE i s in LTE, s e t the domain to UMTS

84 // i f the UE i s in UMTS, N_U++

85 i f (domain_in_LTE==true ) {

86 domain_in_LTE=f a l s e ;

87 } e l s e {

88 N_U++;

89 }

90

91 // s e t the f_voice to ON and generate the next c a l l r e l e a s e event

92 f_vo ice=true ;

93 EventNode = new Event ( ) ;

94 cal l_holding_time = ca l l_ho ld ing++;

95 EventNode -> setTimeStamp ( t+cal l_holding_time ) ;

96 EventNode -> setEventType ( Cal l_Release ) ;
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97 *EventList << *EventNode ;

98

99 break ;

100

101 case Ses s ion_Arr iva l :

102

103 // i f no c a l l i s in progres s , s e t the domain to LTE

104 i f ( f_voice==f a l s e ) {

105 domain_in_LTE=true ;

106 }

107

108 // s e t the f_data to ON and generate the next s e s s i o n event

109 f_data=true ;

110 EventNode = new Event ( ) ;

111 sess ion_holding_time = ses s i on_ho ld ing++;

112 EventNode -> setTimeStamp ( t+sess ion_holding_time ) ;

113 EventNode -> setEventType ( Sess ion_Release ) ;

114 *EventList << *EventNode ;

115

116 break ;

117

118 case Cal l_Release :

119

120 // i f a s e s s i o n i s in progres s , s e t the domain to LTE

121 i f ( f_data==true ) {

122 domain_in_LTE=true ;

123 }

124

125 //add the N by one , s e t the f_voice to OFF and

126 // generate the next c a l l a r r i v a l event

127 N++;

128 f_vo ice=f a l s e ;

129 EventNode = new Event ( ) ;

130 ca l l_ar r i va l_t ime = c a l l_ a r r i v a l++;

131 EventNode -> setTimeStamp ( t+ca l l_ar r i va l_t ime ) ;

132 EventNode -> setEventType ( Cal l_Arr iva l ) ;

133 *EventList << *EventNode ;

134

40



135 break ;

136

137 case Sess ion_Release :

138

139 // s e t the f_data to OFF and generate

140 // the next s e s s i o n a r r i v a l event

141 f_data=f a l s e ;

142 EventNode = new Event ( ) ;

143 s e s s i on_arr iva l_t ime = s e s s i o n_a r r i v a l++;

144 EventNode -> setTimeStamp ( t+ses s i on_arr iva l_t ime ) ;

145 EventNode -> setEventType ( Ses s ion_Arr iva l ) ;

146 *EventList << *EventNode ;

147

148 break ;

149 }

150 de l e t e FirstEventOfEList ;

151 }

152

153 //compute the p r obab i l i t y p that when a c a l l a r r i v e s ,

154 // the UE can be connected in UMTS with out CS f a l l b a c k

155 cout<<”p=”<<N_U/N<<endl ;

156

157 }
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