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CHAPTERSS

PETRA CONGESTION CONTROL OVER LONG-TERM EVOLUTION (LTE)

NETWORKS
Y

Wireless technologies have experienced expansive improvements in tx ayt decade,

and new technologies have been rapidly introduced. Nowadays, wi

'vtechnolo gies

are literally everywhere, with Wi-Fi signals, fast 4G LTE access M, and Bluetooth

v ; h')use front gate.
However, some new technologies have not yet shown, thei®exp
reason for this is that traditional techniques fail tc%)rt A

example, there is the poor performance of TCP’&;{‘) *

wireless links. Therefore, in this study we N ced a ng

running everything from printers to security terminals a

mechanism based on the modifications

<3'

§evaluatmg the proposed

(] ge%%s We have presented three

This chapter will dlscu

modifications to the TCPW dix

modifications given in chapte

cex@ of the slow start phase, enhanced

a

r{iﬁlgomhm and an enhanced timeout

fast retransmission an r re]
MISC&CI the implementation and the evaluation

retransmission prOL@
\z

for each mod1 usmg a modlﬁe&’FCPW implementation included in ns-3. As a

result, th:@odlﬁcatlon showed better performance compared to TCPW and

rms of the total throughput and congestion window size.

NewReno

The following section will introduce the LTE technology, implementing LTE
in ns-3, and TCP performance over LTE. Then we will discuss the implementation of

TCP PETRA in ns-3. The evaluation process will include more network performance
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metrics: throughput, congestion window size, average delay, and jitters. Also, we

~extend our study to test the fairness of the proposed implementation.

- Long Term Evolution Networks

Cellular technologies are designed to provide communications betweeltmcobile

ed a land

units called mobile stations, or between a mobile and one stationary

unit (Forouzan, 2007; Sesia & Toufik, 2011). Thus, the service provi¥er has to locate,

Y,

keep track, assign channels, and smoothly handover the mob'lew as they move all

A eQ{Sa'ice area 1S
ol

the time from one station to another. To locate a mobil

The development of cellular technologies can be traced in sequential but

different generations from the early 0G services like Mobile Telephone Service

(MTS) and the Improved Mobile Telephone Service (IMTS), to the 1G cellular
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networks, to the 2G digital cellular networks, broadband data service in 3G, and the

latest technology of 4G services with native-IP networks. Table 5.1 shows a brief

description of these generations.

Table 5.1: Cellular Network Generations

Commercially Capacity Evolution Specification
Used
1G 1980 2 - 5.6 Kbps AMPS, NTM Analog cellular nSgyO™s for voice
connnunicaticw
G2 1990 10— 14 Kbps GSM,3GPP Digital wireleS€ networks, primarily

for voice

‘unic‘tion, but
,AMPS limite '

2.5G 1998 50 — 144 GPRS, HSCSD,
Kbps EDGE, EGPRS
3G 2000 2_3Mbps  3GPP2, T(}{r'
WiMAX

A
4G 2010 100Mbps- 6@0rks, full web browsing,
1Gbps vigcp copderéncing, etc.

40

F
wé" the release of the 8.0 version of
&

MQS'K series in 2008. LTE is the leading of
9,

[P-based Orthogona% ency- :i n @tiple Access (OFDMA) wireless mobile
P 3
technology. Accevdilg to 3GPP (201 Qfe objectives of producing LTE were:

\

user data rates

e Improved system capacity and coverage, and reduced overall cost for the

operator

e Potential network and traffic cost reduction
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e Flexible accommodation and deployment of existing and new access

technologies with mobility by a common IP-based network.

LTE used radio access called Evolved UMTS Terrestrial Radio Access
Network (E-UTRAN). 3GPP specifies the Evolved Packet Core (ERC)Maetwork

architecture to support the E-UTRAN through a reduction in the numaf network

elements, simpler functionality, improved redundancy, and permiss?'!) connect and

handover to another fixed line, as well as wireless access techpoloWies which deliver

Figure 5.2: LTE High-Level Archit§ e

Signa's

%)))))) E-UT*I‘UJAN s1

The user eq@h igvb'i -

UMTS and the (4 System for Mo,@l! Communication (GSM), which is a Mobile

&

Equipment (M@=ME is comprised of three modules: the Mobile Termination (MT),

which thl the communication functions; the Terminal Equipment (TE), which

terminates the data streams; and the Universal Integrated Circuit Card (UICC), also
known as the SIM card for LTE. UICC runs the Universal Subscriber Identity Module

(USIM) where it keeps the user information as phone number, home network 1dentity

and security keys, etc.
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On the other hand, the E-UTRAN (the access network) handles the radio

communications between UE and EPC. F igure 5.3 shows the E-UTRAN architecture.

Figure 5.3: E-UTRAN architecture

E-UTRAN
-

P o
1¥as lﬁfwer commands.
&)

Ny
‘?\! Bﬁigés X2 1nterfaces, and are connected to

&
f'eN8Ys the Home eNB (HeNB) which is a base

X

station that ha A owned by a us&D to provide femtocell coverage to a Closed

Subscriber, G%CSG) and can only be accessed by mobiles with a USIM belonging

to the s 2O

The last part of the LTE architecture is the Evolved Packet Core (EPC), which

is the core part of the LTE network. The architecture of the EPC is shown below in

Figure 5.4.
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Figure 5.4: Evolved Packet Core (EPC)
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The EPC contains the Home Subscriber S‘e%
database that contains the network operator _suDSeribegp
W ;k %

interfaces. Each P-GW is identified by 1ts ulm C ess P 'y
Z '

Va)\whlch acts as a router
' &
@ are either S5 if the two

communicates with PDN via a Packet Data

forwards from eNB to P-GW using a Se

between them. The mterfaces betwee

1f the ar P'd@rent networks. The high-level

(J
d m@ged by the Mobility Management

C
), G
"o

Qf N
Implem @ | V{g\
c}’v

In this sectlg@dlscuss implementing the LTE model in the ns-3 simulator. As

present apter 3, the LTE-LENA model has been adopted to implement the

devices are in the same network

operations of LTE mobiles &c\bn

Entity (MME).

LTE-EPC s1mulat10n model in this study. The model includes the LTE model entities

residing in UE and eNB nodes, and the core network interfaces, protocols and entities

(SGW, PGW and MME nodes) in the EPC Model. Figure 5.5 shows the End-to-End

LTE-EPC data plane protocol stack.
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Figure 8.5: L 1E-EPC data plane protocol stack (From LENA V8 Documentation, n.d)

, j O e T | s s o
eNB SGW/PGW remote host

| !
: n end-to-end ag llcatll::rl '
: l l end-to-end TCP/UDP socket cc:lnhectlon

' d

' u end-to-end IP conne lbn

r
|

PDCP GTP

GTP

]

5 8 l.

| | = |

| | : b
- I | | Iy
» I = I
- | g S | y
- N I '
- PHY PHY = l
= P — - ao s w= -— - P l - e

llw

LTE Radio Protocol stack S1-U protocol stack

:lllllllllllllllllllllllllllh -

In the above figure, 1t 1s clear that ¢

within a single SGW/PGW node. This s ﬁcat 1] @/e the need for the S5
(4

or S8 interfaces: however, for oth %tocxg SA

oy
43' and LTE radio protocol
N

stack) all the protocol laygrs emﬁJl 3Q are present (LENA v8

) F &

documentation). Q

N
N

The LTE-LEN Nl Iﬂ'sb % ’lhctugl‘éd In ns-3.18 version (Carneiro et al.,
2009). The tull de

O
% th? #l »

5

ca@e found in (http://lena.cttc.es/manual/lte-
oy

design.html). M/ Pt.rtonnanst}fndlcators (KPIs) are available at different

tion output. This starts from the channels: PHY, MAC, Radio Link

levels in the
Control memcols and Packet Data Convergence Protocol (PDCP), and finally

to the IP and application status (as a FlowMonitor, PCAP traces, etc.). Details about

the experimental topologies will be discussed 1n the coming sections of this chapter.
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5.3 Implementing PETRA in ns-3

Chapter 4 introduced three main modifications to the TCPW congestion control

mechanism. The first modification enhanced the slow start phase by introdw a new

method to calculate the initial ssthresh value. Furthermore, @\odiﬁcaﬁon

introduced a new method to accelerate the cwnd growth based o

utilization. V
m sierl\a? fast recovery
@

' a)?the third

avoid] wa 11"g

fas&étransmission

o
ure from waiting
X

onnection link

The second modification enhanced the fast r

mechanism. Firstly, we introduced a new method

pro

N
m@' using both the current
&

ro@overy of the cwnd size after

O

’ ‘Oéw

'ng@ cwnd size to its initial value every time a

N

diﬁc{i’m uses the current bandwidth estimation and
. S
the last valu;‘&RTT to recognize the cause of a loss event (a congestion cause or a

receiving accumulative acknoWit

Finally, we havéod
timeout (R70) proc% :sa L

ification to the TCPW’s round trip

packet timeout @ The

wireless & dropped). For each modification, we have evaluated the performance
of the proposed algorithm by comparing the simulation results of the new

modification with TCPW and TCP NewReno implementations using ns-3 simulator.

In this chapter, we evaluate the performance of the three modifications which have

been implemented as a new TCP congestion control mechanism referred to as

PETRA.
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To mmplement PETRA, we used a modified version of the TCPW
implementation which 1s included within ns-3.19 to avoid the complications of

defining a new TCP for the simulator environment. The new implementation includes

all the proposed modifications in chapter 4. The complete C++ soncjg; of the

proposed new 1mplementation 1is appended within Append™™\E. The new

implementation uses the same TCPW’s header file avallable §-allinone-3.19/ns-

3.19/src/internet/model/tcp-westwood.h™). Figure 5.6 shqws sactlon diagram of

PETRA congestion control mechanism.
'l

| S
Figure 5.6: PETRA congestion control4 sactlon ‘k
\ \3.
Rcy NewACK()

If (In FastRecovery) Vz

cwnd=ssthersh;
In FastRecovery=False,;

If(EBW/FlightSize>2)
cwnd+ =2°*SMSS;
clse

cwnd + =SMSS;

If (Inial slowStart)
ssthersh=MAX(ssthersh, EBW) e

< " Faster
\ )

If (FlightSize<ssthersh &&
LastRTT<ERTT)
cwnd=FlightSize/2,

ssthersh=EBW,;

clse E
cwnd=SMSS; %
ssthersh=FlightSize/2,
RTO=RTO*2;

i
!
If (LastRTT<ERTT && FlightSize<ssthersh)

Retransmssion tg==- cwnd+=2*SMSS;
5.4 Evaluating PETRA over LTE

Retransmission )

\

| RTO0 else
cwnd+=SMSS;

The following sections introduce the simulation results of evaluating the proposed

PETRA congestion control mechanism over the LTE-LENA model using ns-3.19
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simulator. We have designed three main simulation topologies to test the new

modifications, as discussed in chapter 3. The first topology compares the results of

congestion window size, throughput, packet loss, average delay, and the ilter sum of

PETRA with TCPW and NewReno implementations. Furthermore, w@he fairmess
of PETRA over different flows in the second topology. In the thir® topology, we

include the UE mobility model to the simulation topology to th real behaviour of

the new modifications over a realistic LTE environment. i l

5.4.1 Experiment 5-1 ! \d:

/
In this experiment, the performance of PETRTWI% sing simple LTE-
7. Ab di uss&ﬁefore, the LENA

O

LRe topology will contain

c_}

radio link
e—— noint to point link

- == logical connection

remote host

E: S1-U intertaces

SGW/PGW

The simulation scenario shown in Figure 5.7 represents a simple LENA LTE-
EPC model. A single UE 1s connected to an eNB through the access-link using a radio

link with a download transmission rate of 25 Mbps and latency of 5 ms as in (Abeta,
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2010; Astely et al., 2009). The eNB is connected to the SGW/PGW and MME through
the EPC S1-U, and S1-AP interfaces with a large transmission rate link of 1 Gbps and

latency of 3 ms. The EPC 1s connected to the internet via SGW/PGW- remote host

link with 100 Mbps transmission rate and 20 ms latency. The Drocmleuing

scheme was chosen as a queue management scheme for all the connﬂ* links. Table

5.2 summarizes the links parameters for the first experiment.

Link

Remote host-SGW/PGW

eNB-SGW/PGW & MME

MME-SGW/PGW \q

UE-eNB-Download Lml\éﬁi N

To simulate the wueleh ove E
RateErrorModel class w@:e @005@ generate random transmission bit

| (O
errors during the 51mu1

pe1o<f 1 dApplication class 1s used to generate a
single flow of tra%grtmé

N
simulation peé‘able 3.3 summa??es the simulation parameters.

QE Table 5.3: Experiment 5-1 simulation parameters

link, we use the built-in ns-3°’s

N
r@e host and destined for the UE along the

Parameter | Value
| Number of UEs ] 1 )
Number of eNB i 1 |

| Packet Size | 1500 b§tes

Queue scheme Drop-Tail
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Simulation peri(;d 100 seconds
. S
Error Rate 0.00005
TCP Protocols | NewReno,
TCPW, PETRA

¥
S
Yv

n Table 5.2 and Table

ansp rw ol, NewReno

5.4.1.1 Simulation Results

We ran the first experiment using the same parameters §&

5.3. The congestion window size was recorded for eaC

TCPW, and PETRA. Figure 5.8 shows the co@

implementations for the first 10 seconds of the Sl atl -

Figure 5.8: Experiement 5- lwauon windQe# co <<scm

n )
e
f 4

100
N PETRA ——

TCP Westwood

N
42;? NewReno
A |
N

Congestion Window (Packets)

' | “2 ’ | |

A 1 = L T b~ .
3 4 5 6 7 8 9 10

Time(Seconds)

In the figure above, PETRA recorded higher cwnd values than other

implementations, whereas, NewReno recorded a very small cwnd size. The behaviour
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of PETRA cwnd reflects the new enhancement mechanisms. One clear observation is
~ that TCPW rested its cwnd size to the initial congestion window five times (at 3.5, 5.1,

Oo1ncce

6.4, 8.3, and 9.7 of the simulation period); however, PETRA rested its ¢cwnd
Ny

during the first 10 seconds of the simulation period (almost at 5.3 e gd). This
behaviour reflects the two modifications of the faster retransmission mst recovery,

and the modification of the time out retransmission procedur Az ummary of the

experimental results 1s listed in Table 5.4. The simulgtio sults show better

d TCPW

¥ the gve e'd@ because

€ qu e@g time).

throughput improvements using PETRA compared

However, NewReno shows better performance in te

of the low bandwidth utilization over the links (i.e. th

Table 5.4: Experimen

PETRA

1\%113&01} resvyd

[ Total T, hroughput (Mbps) 2

I Averagé Defay (ms) __%69,

| Jitter Average (mT_% N,
Packet Loss (%) Q—J :

— ¢

To test thi%erfoﬂ%u)

of the Bit Err imwe (BER) (0.00007%, 0.00009, 0.0001, 0.00025, and 0.0005) over

99.33

E-eNB link). We repeated the experiment above and plotted the total

the acceQ
throughput'®hieved using TCPW, NewReno, and PETRA, as seen in Figure 5.9.
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Figure 5.9: Throughput results using different PER values

80
i PETRA —+—
i TCPW -
L e e B e e R e NewReno —x—

Total Throughput (Mbps)

0 . f
5e-05 0.0001 0.00015 0.0002 0.00025 0.00% 0.000}5 0.0g04 Q00045 0.000°

Packet Error R ER)\ NV

SRS

)
%’ * s)vement that PETRA
% N,
“to the p&iﬁntations. The throughput
he @N fast retransmission and fast

| O

fapgs of the PETRA over loss links.

Figure 5.9 shows the sigmfi

achieved over high PER values co

Average
Delay (ms)

Average | Loss ratio
jitter (ms) %

PETRA 66.78 93.7 3.49 4.4%
0.00009 |
TCPW 60.39 121.8 3.57
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NewReno 15.26 33.06 2.92 4.53%
PETRA 58.15 94.5 3.36 5.23%
0.0001 TCPW 52.18 118.46 3.52 590,
NewReno 14.15 | 32.95 | 2.88 TSA%
PETRA 31.35 * 14.2%
0.00025 |  TCPW [  7.02 | 15.00%
NewReno | 548 | 15.2%
PETRA 10.9 30.9%

00005 | TCPW | 0.13

NewReno 0.13

Table 5.5 shows the results ,eation experiments. The

N
performance of PETRA was tested X&@es. The above table shows

better throughput values of PE

recorded lower values for a\m
shorter queuing time d@e
. ¢ o
link, compared to @k d.T
performance in JOn@ pt paG‘kMQﬁs rgyd 1n comparison with other implementations.
>
One more obSgrvation 1s that PETRA shows significant improvements over high PER

‘%025 and 0.0005, where PETRA recoded at PER of 0.00025 a total

valueé
throughp®of 31.35mbps, which 1s 4.46 times as TCPW and 5.72 times as NewReno

total throughput values.
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5.4.2 Experiment 5-2

In this experiment, we extended the first topology used in experiment 5-1 to include

more UEs and eNBs. The goal of this experiment is to test the PET@gestion
control mechanism in a congested LTE network. Also, in this exp! Mmaght we tested

PETRA fairness between the 15 flows shown in Figure 5.10. Y.

Figure 5.10: Experiment 5-2 simulation topo?.

irdfesd L@a’ndwidlh=25Mbps, Latency=5ms
t €& Kint Link Bandwidth=1Gbps, Latency=3ms

Wire-c@?E’ar:vnm'.:lv.wicith= 100Mbps, Latency=20ms

o‘y

,;{\
l o
ﬂ‘g@, the simulation topology contains three

As we can :19 the fab
E m;tz N
eNBs connected ' G\’\f/ ' ga@y using a point-to-point link with large data
&
on

ency of 3ms. Each eNB serves five UEs using a

....... o+

transmissio f{o% 1Gbps and la

a download transmission rate of 25Mbps and latency of 5ms. A TCP

radio §
bulk send application was started at the remote host to generate continuance traffic

targeted to all UEs. The link between the local host and the LTE SGW/PGW is a
wired link with a transmission rate of 100Mbps and latency of 20ms. A drop-tail
queue scheme was applied to all the links in the proposed topology. Also,

RateErrorModel 1s used over the radio links between the UEs and eNBs to generate
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uniform distributed transmission errors to simulate the wireless link medium. Table

5.6 summarizes the simulation parameters.

Table 5.6: Experiment 5-2 simulation parameters

Parameter Value

Number of UEs 15

Number of eNB

Packet Size

Queue scheme D@

Simulation period ]

Error Rate

Application type

TCP Protoca

5.5.2.1 Simulation results ) \ 0
QL7 &
We used the same cwa' ’ ct I@}listed in Table 5.6 to compare the

1Qn

performance of P@! \;ﬂ!}
(&, 4

¢ referred to\h& flow by a unique ID and recorded the total

throughpu@age delay, and loss ratio for the 15 flows using the three

imple@ns of PETRA, TCPW and NewReno.

" i
{é'(d NewReno. Table 5.7 summarizes the

simulation resul



Table 5.7: Experiment 5-2 results
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Flow Total Throughp_ut | Avera-ge Delay - Loss Ra?io 0/,
ID
(Mbps) (ms)
PETRA | TCPW | NewReno | PETRA | TCPW | NewReno | PETRA TCY. NewReno

1 | 2157 | 1878 | 492 | 4560 | 4555 | 4550 | 041, \' 0.43 |

o | 2142 | 18.46 | 449 | 45.61 | 45.59 0.47

3 | 2027 | 18.08 | 497 | 45.62 | 45.63 | 0.41 |

4 | 2132 | 18.02 | 4.05 | 4562 | 45.63 0.51

s 12099 | 1833 | 456 | 45.66 | 4557 | 047 |

6 | 21.36 | 17.80 3.77 45.61 066

7 | 21.04 | 1735 | 4.07 | 45.67 051

g | 21.16 | 1924 | 4.12 | 45.68 | g5, 4%\5 0.50

9 | 21.06 | 1685 | 4.07 | 456 \é 459 052 | 051

[0 | 2155 | 1872 | 406 | 4598455 __ 55&; 041 [ 042 [ 051 |

11 | 21.13 | 18.74 | S ) 45N @9 | 044 | 042 | 047

12 18.06 | ﬂ‘ 548 | 044 | 048 | 037 |

13 45 &1 4550 | 045 | 048 | 0.65

12 @—T 49 | 044 | 043 | 046 |

15 | V4562 | 4549 | 048 | 045 | 034 |
684.02 | 682.45 | 6.62% | 6.87% | 7.27% |

S

imulation results in the above table show that PETRA recorded the best

throughput and the lower packets loss ratio of all the implementations; however,

NewReno recorded the best average delay values for all the 15 flows.
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The tlow throughput values in Table 5.7 were used to test the fair bandwidth
sharing of the new congestion control mechanism using Jain’s fairness index, as

discussed in chapter 3, which gives the following equation:

\y
n(iTi \ \,Y.

Thus, PETRA Fairness =
According to the fairness index calculated ¢ 099.9 j t
&

fairly shared among the 15 connections. W

5.4.3 Experiment 5-3 \c‘) T 'Q\

N
é
In this experiment, we tested the p@ of e"ne c‘30dlﬁcat10n over a mobile

g
1o

Faimess (throughput ) =

(5.1)

'd)\T
ébmdvmdth 1S

ﬁrs.@(penment topology to include

UE in LTE network topology emfd

the mobility feature to the l{Far | Q@Jbe added to the proposed topology
| <

so that the UE will be\@ov

»eNB2, eNB3, eNB4, to eNB5. The
mobility of UE wil %ne

proposed topolo

<
N

eNB
| nﬁa@ong the x-axis. Figure 5.11 describes the
T

S




125

Figure 5.11: Experiment 5-3

—| Remote Hosts

SGW/PGW

i

~ ) 100Mbps/20ms

—
E
| —

=

1Gbps/3ms

&
The UE 1s mmtially attached tONeNBI ov@t a constant velocity of
&

50kmph along the x-axis. The U the nearest eNB during the

simulation period ot 100 sec% he 13

experiment parameters ll&\T lzlle v}

following table. c} b g
Q- mJ &
w'ableg ‘emlé\S 3 simulation parameters

'\ - Parameéde Value
§ [
0 Number of eNB 5

Packet Size 1500 bytes

Queue scheme Drop-Tail

ers will be the same as the first

D

ulation parameters are listed 1n the

&
|(°(J

Simulation period 100 seconds

Application type o —y
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_I— ap—plication

Constant vélocity
Mobility | at 25, 50, 75, 100

km/h Y-
~ Cell dimension 250m (,}
NewReno, N

TCP Protocol
PRI TCPW. PETRA

\X

Figure 5.12 shows the total throughp the three

implementations over varies UE speeds. As

significantly degraded over the UE high mobilitm

Figure 5.12: Experni

PETRA —+—

NewReno —3¢—

TCPW —x—
)
o8
L
pa
5
Q.
B
on
- |
O
o
o
©

—r—— Q@
40 50 60 70 80 90 100

UE speed (Km/)

The above figure shows significant throughput improvement of PETRA over
other implementations. PETRA benefits from the new modifications by maximizing
the bandwidth utiiization over the high loss environment. Firstly, PETRA’s faster start

phase maximizes the bandwidth utilization every time a handover occurs. Secondly,
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the faster retransmission and best recovery is frequently triggered because of the high
packet loss ratio. This will preserve greater cwnd size where the two modifications are

based on the calculated bandwidth and the RT7s values. Finally, the time out

procedure of the new modification keeps the cwnd size as large an® nk status.

Table 5.9 summarnzes the results of experiment 5-3.

Table 5.9: Experiment 5-3 results

Average Delay (ms)

UEspeed | 25 | 50 | 75 100
PETRA | 843 | 7.80 | 30.53
NewReno | 6.90 | 4.13 | 35.24
TCPW | 530 | 8.82 | | 40.63

The simulation results 1 i DOYE | the packet loss ratio and the
average delay values of the t%im o | uring the 100 second simulation

- del\ values compared to NewReno and

e
&t ('?ong queuing time because of the large

NS
number of packetQ# | | RA compared to other implementations. On

period. PETRA record@e 4Q

TCPW. One reason

the other han

S

B ary

This chapter introduced the implementation and evaluation of the new congestion
control mechanism PETRA over LTE networks. Three different experiments have

been discussed i1n this chapter to evaluate PETRA congestion control over LTE

networks. The LENA-LTE model was used to implement the LTE simulated
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environment. Three different scenarios were used in experiments 5-1, 5-2, and 5-3.

Simulation results showed significant improvement of PETRA performance compared

to NewReno and TCPW 1implementations over high mobility, low-laten

N\

and wide-

bandwidth links.

by




