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Table 2-1: Simulation parameters (Inter-WN multi-hop scenario) 

Parameter Value 

Transmission range (m) 160 

Channel rate (Mbit/s) 11 

Max retry times 7 

Space between nodes (m) 100 

Packet size (Byte) 1000 

Queue size (packet) 140 (Normal scheme) 

140 (OTQ:20, FTQ:120) (Existing scheme) 

140 (OTQ:20, UTQ:60, DTQ:60) (Proposed scheme) 

Simulation time (sec.) 180 
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Table 2-2: CBR transmission rate 

Parameter Value 
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Figure 2-12: Relation between ‘weight’ of weighted round-robin scheduling and CoV in throughput in the 
existing scheme. (CBR traffic case) 
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Figure 2-13: Relation between uplink offered load and throughput in the normal scheme 
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Figure 2-14: Relation between uplink offered load and throughput in the existing scheme 
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Figure 2-15: Relation between uplink offered load and throughput in the proposed scheme 
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Figure 2-16: Relation between uplink offered load and CoV in throughput among WNs 
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Figure 2-17: Aggregate throughput 
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Table 2-3: Average delay of each WN 

(msec) 
Scheme WN1 WN2 WN3 WN4 

Normal 902.8 1713.9 2623.5 3793.6 

Existing 400.7 1473.8 2545.1 3473.2 

Proposed 455.4 872.2 1326.1 1977.2 
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Figure 2-18: Relation between uplink offered load and CoV of average delay among WNs 
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Table 2-4: TCP throughput and CoV 

(kbps, %) 
Scheme WN1 WN2 WN3 WN4 CoV 

Normal  512.3 306.6 298.9 293.2 26.1 

Existing 321.2 326.8 321.0 315.7 1.2 

Proposed 397.8 323.5 312.0 304.0 11.1 
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Table 2-5: Throughput CoV under bi-directional FTP flows 

(%) 
Scheme CoV (Uplink) CoV (Downlink) 

Normal  18.5 28.6 

Existing 39.3 25.2 

Proposed 3.4 20.9 
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Figure 2-19: Relation between weight in the round-robin scheduling and CoV of throughput 
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Figure 2-20: An example of network topology under random placement of WNs 
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Figure 2-21: CoV ratio of proposed scheme to normal scheme 
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Figure 2-22: CoV ratio of proposed scheme to existing scheme 
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Figure 2-23: Network topology in the scenario of inter-RS multi-hop network 
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Table 6: Simulation parameters (Inter-RS multi-hop scenario) 

Parameter Value 

Transmission range of AP (m) 160 

Transmission range of WN (m) 22.5 

Channel rate (Mbps) 11 

Max retry times 7 

Space between RSs (m) 100 

Space between RS and WN (m) 15 

Packet size (Byte) 1000 

Queue size of AP (packets) 140 (Normal scheme) 

140 (OTQ:20, FTQ:120) (Existing scheme) 

140 (OTQ:20, UTQ:60, DTQ:60) (Proposed scheme) 

Simulation time (sec) 180 
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Figure 2-24: Relation between uplink offered load and throughput in normal scheme (Inter-RS multi-hop 
scenario) 
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Figure 2-25: Relation between uplink offered load and throughput in existing scheme (Inter-RS multi-hop 
scenario) 
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Figure 2-26: Relation between uplink offered load and throughput in proposed scheme (Inter-RS multi-hop 
scenario) 
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Figure 3-1: Multi-mode terminal that supports several wireless networks 
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Figure 3-2: Urgent handover and non-urgent handover 
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Figure 3-3: Vertical handover 
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Table 3-1: Power consumption in each state of Wireless LAN and cellular systems and GPS [24][25] 

      (mW) 
 Power consumption 

Wireless LAN: Idle (PSM ON) 414.4 

Wireless LAN: Send/Receive 1086.4 

Wireless LAN: Not connected 1015.1 

Cellular: Idle 27.4 

Cellular: Send/Receive (voice) 1063.8 

GPS: Acquisition mode (fully active) 69 
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Figure 3-4: Vertical handover using Service Area Map Server (SAMS) 
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Figure 3-6: Reporting trigger that differs according to target systems 
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Figure 3-8: Interface activation trigger using coverage area information 
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Figure 3-9: Prototype system 

3 - 2 MN  
Table 3-2: Specification of prototyped MN  

 Power consumption 

Laptop PC OS:    Windows XP SP.2 
CPU:   PentiumM 1.6GHz 
Mem:   1.0GB  

WLAN1 IEEE802.11b/g (Built into the PC) 
WLAN2 
(WLAN signal measurement) 

IEEE802.11a/b/g/n (AirPcap; PCMCIA) 

GPS receiver Compact Flash GPS Receiver 
Cellular system CDMA2000 1xEV-DO compliant 

 



  

3  

 

47 

 

50 SAMS SAMS
3 - 10(b) 3 -  10(b) LAN

3.2.2.1
LAN RSSI

3 - 10(b) 1

LAN
3 - 10(b) Area-A GPS

 

LAN
SAMS 7 6

3 - 10(b) Area-A LAN 6
1 Windows XP LAN

LAN AP LAN AP 5
LAN AP 7 1 3 - 10(b) Area-B

LAN Area-B
Area-A SAMS

 

     (a) (b)  SAMS  

(a)  Experimental  environment (b)  Collected information at  SAMS  

3 - 10  

Figure 3-10: Experimental environment and result 
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PWPROP_RPT  

PWPROP_RPT = PWREG_RPT * RLCS (3-1) 

PWREG_RPT SAMS
(3-2) RLCS 

LAN
3.2.2.1 LAN

RLCS RBCS  

PWREG_RPT = (PWGPS * TGPS_W + PWACT * TUL) * 1/CRPT  (3-2) 

3 - 3
PWGPS * TGPS_W 1 GPS
PWACT * TUL 1

CRPT  

LAN
PWBSC_DIS  

PWBSC_DIS = NCH * Twait * PWWLAN * 1/CWLAN (3-3) 

NCH * Twait * PWWLAN

CWLAN 0.105 [s] [36]  
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3 - 3  
Table 3-3: Definition and value of parameters in use 

Parameter Definition Value 

PWGPS  [mW] Consumed Power in GPS acquisition mode 69 [25] 

TGPS_W  [sec] Duration for which a GPS receiver keeps scanning GPS 
signals from satellites in the warm start mode 

34 [25] 

TGPS_H  [sec] Duration for which a GPS receiver keeps scanning GPS 
signals from satellites in the hot start mode 

5 [25] 

PWACT  [mW] Consumed power for the network I/F during Tx/Rx 1063.75 (Cellular) [24] 
1086.43 (Wireless LAN) [24]  

TUL  [sec] Duration for transmitting the information to the SAMS 0.002*1 

TDL [sec] Duration for receiving the available access system list 
from the SAMS 

0.0024*2 

CRPT  [sec] Periodic reporting cycle 1800 

RLCS  [%] Ratio of the area, where a limited coverage system is 
provided and the radio quality is good, to the whole area 

10*3 

RBCS  [%] Ratio of the area, where a broad coverage system is 
provided and the radio quality is bad, to the whole area 

10 

NCH number of WLAN channels to be scanned 28*4 

Twait [sec] passive scan wait time 0.105 [36] 

PWWLAN  [mW] Power consumption during the WLAN AP discovery 
phase 

1015.06 [24] 

CWLAN [sec] WLAN passive scanning cycle 30 [36] 

CINQ [sec] The cycle of the inquiry to the SAMS 30 

*1: On sending a 122 Byte packet, which was used as one report message in the prototype system, over 500 
Kbit/s wireless link 

*2: On sending a 153 [Byte] packet, which is used as one list message in the prototype system, over 500 
Kbit/s wireless link 

*3: The value is calculated from the following assumption: the initial plan of the WiMAX service in Japan 
was to cover about 20.5 % of the population by the end of 2009, and the area in which the radio quality is 
good is assumed to be 49 % (area inside 70 % of radius from the center of a cell is good) of the total 
coverage. 

*4: In the case of IEEE802.11a/b/g combo NIC [36] 
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PWPROP_DIS  

PWPROP_DIS = (PWGPS * TGPS_H + PWACT * (TDL + TUL)) * 1/CINQ  (3-4) 

3.2.2.2 MN
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PWGPS * TGPS_H PWACT 

* (TDL + TUL)

CINQ CWLAN

 

MN 1  

[37]
108.22 /  ( :  91.7 :  124.4 )

1 108.22 MN
MN

108.22 MN  

LAN
PWBSC_Total  

PWBSC_Total = PWBSC_DIS * (108.22 * 60) / 3600                       
          = 179.42[mWh] (3-5)  

PWPROP_Total  

PWPROP_Total = PWPROP_RPT * ((1440 - 108.22) * 60) / 3600 + PWPROP_DIS * (108.22 * 60) / 3600 

              = 23.92 [mWh]  (3-6) 

PWBSC_Total 85%  

 

3.2.3 WAN  

3.2.2 MN SAMS
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LAN MN
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MN LAN
[38] Received Signal  Strength  (RSS)

 
3 - 11  

Figure 3-11: Fluctuation in RSS of cellular system when movement into an office building 
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Figure 3-12: Fluctuation in RSS of cellular system when movement into an apartment 
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Figure 3-13: Walking path with 3D buildings (from “Google earth”) 
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3 - 14 IP (Co-located ) 

Figure 3-14: Mobile IP (in the case of co-located care-of-address) 

 
3 - 15 IP 

Figure 3-15: Proxy Mobile IP 
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3 - 16 SCTP 

Figure 3-16: mobile SCTP 
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Figure 3-17: Vertical handover management considering existing nodes 
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(R2)  
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3.4.2  SIP  

SIP
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 (High speed wireless access  network:  HSWA)

 (Handover  assis ted ser ver :  HOAS)

 
3 - 18  

Figure 3-18: Assumed heterogeneous access networks 
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STEP A:   

3  - 19 A 1 4
1 4 SIP
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3 - 19 B2BUA  

Figure 3-19: Handover sequence of the proposed difference quality stream bicasting using B2BUA 
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Figure 3-20: Message detail in the bicast using B2BUA 
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3.4.2.2 Third party call control (3pcc)  

Third par ty cal l  control  (3pcc )  [64] SIP
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Figure 3-21: Handover sequence of the proposed difference quality stream bicasting using 3pcc 
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Figure 3-22: Message detail in the bicast using 3pcc 
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3.4.2.1 HOAS
HOAS

HOAS  (SIP
)  ( )
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3 - 19 3 - 21 B CDN

[69]  (MN CN

3 - 4 B2BUA 3pcc  
Table 3-4: Comparison of B2BUA-based and 3pcc-based approaches 

 B2BUA-based 3pcc-based 

Flexibility ○○  ××  

Number of messages ○○  △△  

HOAS load ××  ○○  

Security △△  ○○  
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Figure 3-23: DDA process in the case of handover from high-speed wireless access network to cellular 
network 
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Figure 3-24: Testbed network 
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3  - 6

150 ms 750 ms

3 - 5 PC  
Table 3-5: PC spec on the testbed 

PC  Spec. 

UE1 CPU Pentium M 1.60 GHz 
Memory 1.0 GB 

UE2 CPU Pentium M 1.60 GHz 
Memory 1.5 GB 

HOAS CPU Pentium D 3.00 GHz 
Memory 3.0 GB 

 

3 - 6  
Table 3-6: Parameter settings on the network emulators 

Parameter  Value 

Bandwidth (Kbps) Cellular 500 
High-speed wireless access 1,000 

Added delay (ms) Cellular 150, 300, 450, 600, 750 
High-speed wireless access 0 

 

3 - 7  
Table 3-7: Parameter settings in the video phone application 

Parameter  Value 
Moving image compression in 
video phone 

MPEG-4 encoder and decoder provided by KDDI R&D 
Labs. [75] 

Key flame interval (frame) 15 

Video phone bit rate (Kbps) Cellular 200 
High-speed wireless access 600 

Vide phone frame rate (/s) Cellular 5 
High-speed wireless access 15 

Initial buffering time (ms) 300 
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3 - 26 PTS  (

: 300 ms) 

Figure 3-26: Transition in PTS value right before input to the decoder under the hard handover method. (The 
delay difference between the two access networks is 300 ms) 

 
3 - 25 RTP

 ( : 300 ms) 

Figure 3-25: Transition in RTP timestamp of received packets under the hard handover method. (The delay 
difference between the two access networks is 300 ms) 
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Figure 3-27: Transition in PTS value right before input to the decoder under the proposed method. (The delay 
difference between the two access networks is 300 ms) 
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Figure 3-28: Transition in RTP timestamp of received packets under the proposed method. (The delay 
difference between the two access networks is 300 ms) 
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Figure 3-29: Delay difference between the access networks and the video interruption duration 

 

 
(a)      (b)   

(a)  Hard handover  method                 (b)  Proposed  method 

3 - 30 
PTS  ( : 750 ms) 

Figure 3-30: Transition in PTS value right before input to the decoder at the vertical handover from cellular to 
high-speed wireless access. (The delay difference between the two access networks is 750 ms)) 
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Figure 4-1: Store-carry-forward message switching 
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[88]  ( 4 -  2)  ( )
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2 LTE
 

Android
1 1 2

Web
1 MB HTTP

 (TCP/IP
) ICMP 5

 (Round tr ip  delay:  RTT) ICMP
Web RTT

 
4 - 2  [88] 

Figure 4-2: Hourly mobile traffic load in an office and a residential areas [88] 
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LTE Reference Signal 
Received Power  (RSRP) Reference Signal  Received Qual i ty  (RSRQ) Signal  to  Noise 
Rat io  (SNR) Android API

MVNO (Mobile  Virtual  Network Operators :  )
LTE  ( )

4 - 1  

RSRP RSRQ RSRP LTE  ( )
RSRP

 ( ) RSRQ
LTE  ( RSRP)

RSSI ( )
4 - 3 RSRP 30

4 - 4 RSRP 4 - 3 4 -  4 RSRP

4 - 5 RSRQ

 
4 - 1  

Table 4-1: Throughput measurement 

Item  

Measurement period About two months 

Measurement items Throughput 
RTT 
RSRP 
RSRQ 
SNR 

Measurement interval One or twice /hr 

Measurement location Shinjuku, Tokyo (JP) 

Equipment in use Smartphone, Sony Xperia Z 
OS Android 4.2.2 

Cellular system LTE(, HSPA) 
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RSSI RSSI
 

4 - 6 30
4 -  6 12

 
4 - 3 30 RSRP 

Figure 4-3: Half-hourly average RSRP in about two mongths 

 
4 - 4 30 RSRP  

Figure 4-4: Scatter plot of half-hourly RSRP in about two months 
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4 - 8 SNR 30 LTE
SINR [91] 4 -  8
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RTT 30 4 - 9
RTT 1 5 RTT

RTT 4 - 9 RTT

 
4 - 5 30 RSRQ 

Figure 4-5: Half-hourly average RSRQ in about two mongths 
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4 - 6 30  

Figure 4-6: Half-hourly average throughput in about two mongths 

 
4 - 7 30  

Figure 4-7: Scatter plot of hourly throuput in about two months 
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Figure 4-8: Half-hourly average SNR in about two mongths 

 
4 - 9 30 RTT 

Figure 4-9: Half-hourly average RTT in about two mongths 
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Figure 4-10: Traffic offloading using opportunistic network [92]  
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Figure 4-11: High-level overview of offloaded data-flow in RoCNet 
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Figure 4-12: Flowchart of mobile terminal in RoCNet 
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4.4.3  
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Bluetooth 5.76 Mbps[106] 24 Mbps[107]
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
(a)  ( )  ( )  

(a) Users (red-letter) are at home in the morning; at the start of the simulation 

 
(b)  ( )  

(b) Many users (red-letter) are in their offices in the daytime 

4 - 13  (
) 

Figure 4-13: Simulation field overlaid on the real map around Pittsburgh (PA, USA); solid circle and a black 
line represent coverage of a cellular BS and a load, respectively. 
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4 - 14 Lavalette Zipf  

Figure 4-14: Data size distribution that follows Lavalette’s distribution, and Zipf’s distribution for comparison 
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Figure 4-15: CDF of data size in the simulation 
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4.5.3.2  

3  

 
 

RoCNet  

4 - 2  

Table 4-2: Simulation parameters 

Parameters Value Remarks 

Area size [km] 18.2 x 11.7 Around Pittsburgh (PA, 
USA)[102] 

The number of office workers 250  

The number of sales-persons 30, 50, 100  
Radio coverage of cellular [m] 1,000 Exclude pico-cell 
Radio coverage of pico-cell [m] 100  
Radio coverage of Bluetooth 
[m] 

100 Assuming class 1 

Maximal transmission speed of 
cellular [Mbps] 

5.76 [106] 
Assuming HSUPA in 3GPP 
release 6. 
Incl. pico-cell. 

Maximal transmission speed of 
Bluetooth [Mbps] 

24 [107] Assuming Bluetooth 3.0 + 
HS 

Movement model 

Working day 
movement 
(office-workers) 
Shortest Path Map 
Based Movement 
(sales-persons) 

 

Moving speed [m/s] 2 - 5 Randomly selected 
Wait time of messengers after 
reaching destination s 

60 - 120 Randomly selected 

Message generation interval [s] 1 - 120 Randomly selected 
Storage capacity in each 
terminal [GB] 

2 Works as message buffer 

The number of particles 100  
Allowed delay [s] 3,600 1 hour 
Simulation time [sec] 43,200 12 hours 
# of simulations 10  
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Figure 4-17: Pico-cells installed in the downtown of Pittsburgh 
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Figure 4-16: Relationship between thresholds of CVtraf and each performance indices (traffic volume at peak 
time, average traffic volume, and average latency of data delivery) 
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Figure 4-18: Transition of traffic in the BS located in the business district 
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Table 4-3: Traffic volume and its standard deviation at BS-A located in the business district, average data 
delivery delay, and average data delivery rate 

Scenario 
Peak traffic 

volume 
[MB/10min.] 

Standard 
deviation of 
peak traffic 

volume 
[MB/10min.] 

Average traffic 
volume from 

150 to 530 min. 
[MB/10min.] 

Standard 
deviation of 

average traffic 
volume from 

150 to 530 min. 
[MB/10min.] 

Average data 
delivery delay 

[sec] 

Average data
delivery rate 

[%] 

Cellular (30 
sales-persons) 

351.6 1.36 319.6 3.36 280.2 99.90 

Cellular (50 
sales-persons) 

349.8 1.99 316.9 4.15 248.3 99.98 

Cellular (100 
sales-persons) 

346.3 3.69 315.7 2.85 267.7 99.91 

RoCNet (30 
sales-persons) 

289.5 12.04 204.5 5.21 375.6 100.00 

RoCNet (50 
sales-persons) 

283.6 13.79 199.1 3.93 323.7 100.00 

RoCNet (100 
sales-persons) 

282.8 15.19 197.6 3.76 271.6 100.00 
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Figure 4-19: Fairness index of Traffic among BSs in each scenario 
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Figure 4-20: Fairness index ratio of RoCNet scenario to Cellular 
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Figure 4-21: Transition of traffic in the BS located in the business district (No. of sales-persons: 100) 
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Figure 4-22: Transition of traffic in the Pico-cells (No. of sales-persons: 100) 
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Figure 4-23: RoCNet architecture 
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