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Abstract
Long Term Evolution (LTE) andWorldwide Interoperability for Microwave Access (WiMAX)
are two major technologies toward next-generatiambila broadband standards, which are both
expected to provide higher throughput and lowerdmaission latency for mobile users. This paper
measures and compares the latency and the through@ime Division - Long Term Evolution
(TD-LTE), WIMAX, and third-generation (3G) systentmsed on several technical trials. Our

guantitative measures and comparisons provide bjédefor the operators to deploy their future

networks.
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Multiple Access (W-CDMA), Worldwide Interoperabilifor Microwave Access (WiMAX)

1 Introduction
Wideband Code Division Multiple Access (W-CDMA), CDMA2000, andTime Division -

Synchronous Code Division Multiple Access (TD-SCDMA) are three major standards for the third



generation (3G) mobile telecommunication. Both WNI®and CDMA2000 have been deployed

in many countries, and are operated in the frequelndgsion duplex (FDD) mode. On the other

hand, TD-SCDMA has been mainly deployed in Chinsebaon the time division duplex (TDD)

mode. In TD-SCDMA, the number of timeslots for mgliand downlink can be dynamically

adjusted to accommodate different uplink/downliltadrate requirements.

To provide higher data rate for packet servidés;d Generation Partnership Project (3GPP)

proposedHigh Soeed Downlink Packet Access (HSDPA) [1] andHigh Speed Uplink Packet Access

(HSUPA) [2] to improve the data rates. The downlitata rate of an HSDPA device is indicated by

its category number. For example, an HSDPA devidth wategory 12 can support 1.8 Mbps

downlink data rate, while a category 8 device @ach 7.2 Mbps downlink data rate. The data rate

of HSDPA and HSUPA can be further improved wiiolved High Speed Packet Access (HSPA+),

which provides downlink/uplink peak rates up toN8dps and 22 Mbps, respectively.

In 2008, 3GPP Release 8 proposed ttmng Term Evolution (LTE) that specified

downlink/uplink peak rates up to 300/75 Mbps. Térgeon a smooth evolution from the earlier

3G technologies, LTE can operate in either FDD BDTmodes. The evolution of LTE TDD,

which is sometimes called TD-LTE, is based on TDbdm and is backward compatible with

TD-SCDMA. Similar to TD-SCDMA, the uplink/downlinlsubframe ratio of TD-LTE can be

dynamically adjusted to accommodate different igtiownlink traffic conditions.

A competitive standard of LTE idMorldwide Interoperability for Microwave Access

(WIMAX). The set of WIMAX standards are defined amdintained by the IEEE 802.16 working
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group [3]. The IEEE 802.16-2004 standard is somegincalled 802.16d or “fixed WiMAX”

because it only supports fixed or slowly moving reseThe subsequent amendment IEEE

802.16e-2005 is also referred to as 802.16e or ilmo/iMAX”, which supports seamless

handover for users with mobility. The latest moldmadband standards are 3GPP Release 10

(LTE-Advanced) and IEEE 802.16m-2011 [3], bothlwdrh are expected to meet fiméer national

Mobile Telecommunications Advanced (IMT-Advanced) requirements [4] and become

well-organized 4G systems.

During 2004-2010, Taiwan government had establithedVobile Taiwan Program, and we

had conducted performance evaluation of VoIP on YAiM The reader is referred to [5] for the

details. Based on our experience in WIMAX, we haso developed research capabilities on

TD-LTE. Specifically, we have collaborated with @&iMobile, Chunghwa Telecom and Nokia

Siemens Networks to conduct the world's first cstsait TD-LTE trial that connected

high-definition conference calls between Taiwan &ménghai via Hong Kong, which was a great

success.

This paper measures the latency and throughpubtrnpeshce of W-CDMA, TD-SCDMA,

WIMAX and TD-LTE based on several technical tridlee measurement results provide guidelines

for the operators to deploy their future networks.



2 Test Environments

W-CDMA and TD-SCDMA Test Environment
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Figure 1. Test Environments of W-CDMA, TD-SCDMA, MAX and TD-LTE
Figure 1 introduces the test environments of W-COMB-SCDMA, WIMAX and TD-LTE.
We first illustrate the test environment of W-CDMsad TD-SCDMA. We have developed a
software tool for wireless performance measurenp@ghtThis performance measurement tool is
installed in notebook 1 (NB1; see Figure 1 (a)) antebook 2 (NB2; see Figure 1 (b)), which are
connected through a 100 Mbps Ethernet link. To camoate with dode B (the base station; see
Figure 1 (c)), NB1 is equipped with a W-CDMA (TD-B®IA) wireless data card. The Node B

connects to th&®adio Network Controller (RNC; see Figure 1 (d)) through several E1 link$ whe
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capacity larger than that at the radio layer (thpacity of one E1 link is 2.048 Mbps). The RNC

connects to th&ledia Gateway (MGW; see Figure 1 (e)gerving GPRS Support Node (SGSN; see

Figure 1 (f)), and>ateway GPRS Support Node (GGSN; see Figure 1 (g)) through STM-1 links and

Gigabit Ethernet. On the other hand, NB2 connextoutter 1 (Figure 1 (h)) through another 100

Mbps Ethernet link. Similarly, router 1 connectsG&SN via router 2 (Figure 1 (i)) through 100

Mbps Ethernet links. Details of RNC, MGW, SGSN, @G&n be found in [7].When we measure

the uplink performance of W-CDMA or TD-SCDMA, thest packets are generated by NB1 and are

sent to NB2 through path (@)c)—(d)—(e)—(f)—(g)—(i)—(h)—(b). When NB2 receives the test

packets, it forwards the packets to NB1 througln paf—(a). After NB1 has received the packets it

sent out, it computes the latency and packet lestopnance. When we measure the downlink

performance, the test packets are generated by afisl2sent to NB1 through the reverse path

(b)—(h)—(i)—(g)—()—(e)—(d)—(c)—(a)—(b). Note that in this environment, the test pasket

are generated and received by the same noteboadkhvaliows us to accurately measure the

one-way delay without time synchronization of teader and the receiver. We have also confirmed

that the delays produced by routers 1 and 2 asethesr 1 ms, and can be negligible as compared

with the total delay.

In the WIMAX test environment, NB3 (Figure 1 (j)@rsds packets to NB4 (Figure 1 (k)). NB3

is equipped with a WIMAX wireless data card to conmicate with the WiMAXBase Sation (BS;

see Figure 1 (I)). The BS connects to Mveess Service Network Gateway (ASN GW; see Figure 1

(m)), theForeign Agent (FA; see Figure 1 (n)) and téome Agent (HA; see Figure 1 (0)) through
5



100 Mbps Ethernet links. Similarly, NB4 connectdHA through router 1 (Figure 1 (h)) using 100

Mbps Ethernet links. The packet delivery procedarthe WIMAX test environment is similar to

that in the W-CDMA/TD-SCDMA test environment, argbtdetails are omitted.

In the TD-LTE test environement, the LTE core netwancludes System Architecture

Evolution (SAE) gateway (Figure 1 (p)Mobility Management Entity (MME; see Figure 1 (q)) and

Home Subscriber Server (HSS; see Figure 1 (r)). The SAE gateway congibtServing Gateway

(SGW) and Packet Data Network Gateway (PDN GW). The SGW handles inter-enhanced Node B

(eNB; see Figure 1 (s)) handover, and is respomddil routing user data packets. The PDN GW

provides connectivity between the user equipmedtexternal data packet networks. The MME is

responsible for user authentication, bearer managenand monitoring idle UEs. The HSS is a

central database that contains user information¢twhlso connects to SGSN and provides user

information for 3G systems. In this environment NBtgure 1 (t)) sends packets to NB6 (Figure 1

(u)). NB5 is equipped with a TD-LTE data card tamgounicate with the eNB. The eNB connects

to the SAE, and the SAE GW connects to NB6 thraa@Mbps Ethernet links. When we measure

the wuplink performance of TD-LTE, the test packetse delivered through path

()—(s)—(p)—(u)—(t). For downlink performance, the test packets dedivered through the

reverse path.



3 Performance Measurement

This section describes performance measurement-GIDWA, TD-SCDMA, WIMAX and
TD-LTE based on the latency and throughput of wsgagram protocol (UDP) and transmission
control protocol (TCP) packets. To ensure thatftiue systems to be evaluated are under the same
“controlled” conditions, all measurements are carted in indoor line-of-sight environments. The
detailed configurations for each system are desdrds follows. In the W-CDMA test, the HSUPA
category of the device is 3 (supports 1.46 Mbpskpdata rate), and the HSDPA category of the
device is 8 (supports 7.2 Mbps downlink data rdtepur TD-SCDMA environment, the frequency
bandwidth is 1.6 MHz and the ratio of uplink/dowiitimeslots is set to 2:4, where the theoretical
uplink/downlink rates are 384 Kbps and 2.2 Mbpspeetively. In the WIMAX test, the frequency
bandwidth is 5 MHz and the uplink/downlink ratio2s3. A computation method was proposed in
[8] to calculate the WIMAX data rates, where thexmam downlink data rate for 5 MHz
bandwidth is 10.32 Mbps, and the maximum uplinkadate is 2.7 Mbps. In the TD-LTE test, the
subframe configurartion is set to 1 (uplink/dowkliratio 2:3) for fair comparison with WiMAX.
For LTE UE category 3 and the frequency bandwidtBGbMHz, the theoretical maximum uplink
throughpufTy is:

Ty =B x Ry x f, % ¢ (1)
whereB; is the number of bits that a resource block (R&) transmit within a subframe. An RB
includes 12 subcarriers in frequency domain andsyi#hbols in time domain. Among the 14

symbols, 12 symbols are used for data transmis&ogymbols are used as reference signals).
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Assume that the modulation is 16-Quadrature AmgétModulation (16-QAM) and the coding rate
is 3/4 (i.e., best case), th8= 12 x 12 x 4 x 3/4 = 432 bits. Paramd®glis the number of RBs
used for data transmission within a subframe. BoKMBz frequency bandwidtiiy, = 95 Parameter
fu is the number of subframes used for uplink trassian within a frame. In TD-LTE, each 10 ms
frame is divided into 10 subframes of 1 ms, and tibenber of subframes used for uplink
transmission depends on the subframe configuratiosubframe configuration 1, there are four
subframes used for uplink transmission and thus 4. Parametelr is the rate of frames per
second. Each frame spans 10 ms and 100 frames per second. Therefore, from TL)= 16.4
Mbps. Similarly, the maximum downlink throughpig is:

Tp = min B, B-Ry) xfy x A¢ 2
where B is the maximum number of bits thatDownlink Shared Channel (DL-SCH) transport
block can receive within a subframe. For LTE catgdt) B. = 102048 bits [9]. The definitions of
ParameteB, andR, are similar to those in (1). For TD-LTE downling; - R, = 141960 bits (the
detailed computations are omitted), which is latganB.. Therefore, (2kan be simplified as:

Tp =B xfy X A¢ 3)

Parameteffp is the number of subframes that are used for dowrtliansmission within a
frame. In subframe configuration 1, there are 4 mlow subframes and 2 special subframes used
for downlink transmission. Therefore, when the sainfe configuration is fp =4 + 2 = 6. As in

(), A = 100 frames per second. Therefore, from (3), wefig= 61.2 Mbps.



Similarly, for TD-SCDMA, the theoretical maximumwolink throughput is 2.2 Mbps and the

uplink throughput is 384 Kbps. The complete configion parameters are shown in Table 1.

Table 1. The Configuration Parameters

W-CDMA TD-SCDMA WIMAX TD-LTE
Frequency | UL: 1920-1975 MHz| 2010-2025 MHz| 2500-2690 MHz 2570-2620 MHz
Band (1922.6 MHz) (2011 MHz) (2635 MHz) (2580 MHz)
(Center DL: 2110-2165 MHz
Frequency) (2112.6 MHz)
Bandwidth 5 MHz 1.6 MHz 5 MHz 20 MHz
Mode FDD TDD TDD TDD
(UL:DL=2:4) (UL:DL=2:3) (UL:DL=2:3)
Maximum 43 dBm 36 dBm 43 dBm 43 dBm
Transmitter (20 Watt) (4 Watt) (20 Watt) (20 Watt)
Power
Modulation UL: QPSK UL: QPSK Adaptive Adaptive Modulation
DL: 16QAM DL: 16QAM Modulation and and Coding:
Coding: UL: QPSK, 16QAM
QPSK, 16QAM,| DL: QPSK, 16QAM,
64QAM 64QAM
MIMO Not Support Not Support 2%x2 2%x2
(Matrix B) (Dynamic Open Loop)
BS Data UL: 1.46 Mbps UL: 384 Kbps UL: 25 Mbps UL: 50 Mbps
Rate DL: 14.4 Mbps DL: 2.8 Mbps DL: 25 Mbps DL: 170 Mbps
Dongle UL: 1.46 Mbps UL: 384 Kbps | IEEE 802.16e UL: 50 Mbps
Datarate | (HSUPA Category 3) DL: 2.8 Mbps Wave 2 DL: 100 Mbps
DL: 7.2Mbps (HSDPA Compliant (LTE Category 3)
(HSDPA Category 8) Category 13)

3.1 Latency Performance of UDP Transmission

We first measure the latency of 100-byte UDP packetiodically transmitted for every 1 ms

(i.e., the IP-layer data rate of the test trafsc800 Kbps). Then we consider VolP and TCP

performance. For each system under test, we reapeadasurements for 10000 times. Figure 2 (a)
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and Figure 2 (b) illustrate the downlink and upliakency histograms for each system, where the
average downlink latencies of W-CDMA, TD-SCDMA, WAX and TD-LTE are 23.0 ms, 61.6 ms,
13.5 ms and 8.6 ms, respectively. The corresporairegage uplink latencies are 56.8 ms, 290.9 ms,
45.6 ms and 23.4 ms. Poor uplink performance ofSIBMA is expected because TD-HSUPA is
not supported in our TD-SCDMA environment. Thisufig also indicates that the latencies of
TD-LTE are the lowest with the smallest standardiateon. Denote “>” as “better performance”,
then from Figure 2, we conclude that TD-LTE > WiMAXW-CDMA > TD-SCDMA under the
parameter configurations in Table 1. Since TD-LTikd aNMiMAX use the same radio access

technology in downlink physical layer, this resintlicates that TD-LTE has better layer 2/layer 3

designs than WiMAX, which improves the latency perfance.
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Figure 2. Latency Histograms
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The above measured results are compared with #haeopis studies as follows. In [10], the

maximum W-CDMA downlink and uplink data rates a8 3¥Xbps and 64 Kbps, respectively. This

work measures the latency of UDP packets peridgi¢ednsmitted every 20 ms, and the size of

packets is up to 40 bytes. The average measuredlidévand uplink latencies are 108.3 ms and

101.1 ms, respectively. In [11], the latency parfance of a live HSDPA enabled W-CDMA system

was measured, where the HSDPA category of the eeasid2 (supports 1.8 Mbps downlink data

rate). The size of UDP packets is 105 bytes (irinlydP header), and the packet transmission

interval is 20 ms. In this study, the average membkdownlink latencies of W-CDMA with and

without HSDPA are 50 ms and 111 ms, respectivelg,the average uplink latency is 76 ms, which

are higher than our measurements. In [12], the @BFAcy performance of an operational WiMAX

network was measured, which operates in the 4.9 f&ddmiency band and uses 5 MHz bandwidth.

In this work, 56-byte UDP packets are periodicaignsmitted, and the measured downlink and

uplink latencies are 17 ms and 60 ms, respectivalich are higher (worse) than our measurement

results.

We further investigate the TD-LTE latency for UDRcgets transmitted at different speeds.

Specifically, the size of UDP packet is fixed td1fytes and the packet transmission intervals are 1

ms, 5 ms, 10 ms, 15 ms and 20 ms, respectivelynidasured results are shown in Figure 3. This

figure indicates that different transmission speddsnot affect the TD-LTE downlink latency

significantly. When the packet transmission intéimareases from 1 ms to 20 ms, the downlink

latency slightly reduces from 8.6 ms to 8.5 ms, #Hredstandard deviation of the latencies reduces
11



from 0.8 ms to 0.6 ms. However, for TD-LTE uplinthe shorter interval (i.e., the higher
transmission speed) incurs higher latencies. Whermpacket transmission interval increases from 1
ms to 20 ms, the uplink latency reduces from 23s4ton12.2 ms, and the standard deviations are

between 2.1 ms and 4.4 ms.

]6 T T T T & \' T T T 50 T T T T T T T T T
: Minimum © Minimum —e—
Average —e— Average ——
Maximum —*— 45 :
14 -
‘*‘7%_,
12 b
Zo10F 4 oy
3 g
3 '—**—4:—0—:0—41 5
8 - i i -
B
6 - ~
4 L L 1 1 1 1 1 1 1 5 1 1 1 L 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Packet Transmission Interval (ms) Packet Transmission Interval (ms)
(a) Downlink Latency (b) Uplink Latency

Figure 3. TD-LTE Latency vs Packet Transmissioe vl

3.2 Latency Performance of Vol Pand TCP Transmissions

In this subsection, we focus on the TD-LTE latepeyformance oWoice over IP (VolP) and
TCP transmissions. G.729 and G.711 codecs areiaselecour VOIP tests. The size of a G.729 WoIP
packet is 50 bytes (including IP header, UDP headdrRTP header), and the packet transmission
interval is 10 ms. The size of a G.711 WoIP pack@00 bytes, and the packets are sent every 20 ms.
The maximum segment size of TCP packets is 1508shiyncluding IP header and TCP header),
and the packet transmission interval is 10 ms. Mkasured average downlink latencies of G.729

and G.711 VoIP packets are 8.4 ms and 8.6 ms,hendvierage latency of TCP data packets is 11.8
12



ms, respectively. The standard deviations of G.TA¥29, and TCP packets are all 0.6 ms. For
TD-LTE uplink, the average latencies of G.729, G,7dnd TCP packets are 12.4 ms, 18.1 ms and
25.4 ms, and the corresponding standard deviaaoe2.6 ms, 2.7 ms, 2.9 ms, respectively. We
notice that TD-LTE incurs low latency in downlinlagket transmission (even for large-size TCP
data packets). Figure 4 (a) and (b) illustrate T2-LTE downlink and the uplink latency
histograms for G.729, G,711 and TCP packets. imgesf “better performance”, although we have
a non-surprising result that G.729 > G.711 > T@Ryd-packet transmission of TCP only slightly

degrades the latency performance as compared mih-packet UDP transmission (i.e., G.729 and

G.711).
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Figure 4. TD-LTE Latency Histograms for G.729, G.7TCP Transmissions
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3.3 Throughput Performance

In this subsection, we measure the IP-layer thrpugperformance for each system under test.
The measured downlink and uplink IP-layer throudgb@re shown in Table 2, where the downlink
throughputs of TD-SCDMA, W-CDMA, WIMAX, TD-LTE ar&.8 Mbps, 6.4 Mbps, 9.6 Mbps and
49.2 Mbps. The corresponding uplink throughputsCa@® Mbps, 1.3 Mbps, 1.9 Mbps, 14.4 Mbps,
respectively. Most measured throughputs approaein theoretical peak data rates. The TD-LTE
downlink throughput is lower than the peak data t@cause the TD-LTE downlink throughput is
limited to the 50 Mbps bandwidth between the eNB #re core network in our environment (see
Figure 1). We will elaborate more on TD-LTE dowklithroughput later. In terms of “better
performance”, TD-LTE > WiIMAX > W-CDMA > TD-SCDMA.

Table 2. IP-Layer Throughput and Spectral Efficienc

DO
TD-SCDMA W-CDMA WIMAX TD-LTE
Peak Data Ra 2.2 Mbps 7.2 Mbps 10.32 Mbp. 61.2 Mbps
IP-LayerThroughput 1.€ Mbps 6.4 Mbps 9.€ Mbps 49.2 Mbps
Frequenc Bandwidtt 1.€ MHz 5MHz 5MHz 20 MHz
Spectre Efficiency 1.375 bit/s/H | 1.44 bit/s/H. | 2.06bit/s/Hz | 3.0€ bit/s/Hz
D
TD-SCDMA W-CDMA WIMAX TD-LTE
Peak Data Ra 0.38< Mbps 1.4€ Mbps 2.7 Mbp: 16.£ Mbps
IP-Layer Throughpu 0.0€0 Mbps 1.20 Mbps 1.€ Mbps 14.£ Mbps
Frequenc Bandwidtt 1.6 MHz 5MHz 5MHz 20 MHz
Spectre Efficiency 0.24 bit/s/H: | 0.2¢bit/s/Hz | 0.54 bit/s/H. | 0.82 bit/s/Hz

Since the frequency bandwidths of the investigatgstems are different, we need to also

consider the spectral efficiency for fair companisd@he spectral efficiency is the peak data rate
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divided by the frequency bandwidth. The spectréitiehcy of each system is listed in Table 2,

which indicates that TD-SCDMA and W-CDMA have siamildownlink spectral efficiency (a bit

less than 1.5 bit/s/Hz) and similar uplink specéféiciency (a bit less than 0.3 bit/s/Hz). Thibl&a

also indicates that WiMAX and TD-LTE have higheestral efficiencies than TD-SCDMA and

W-CDMA. This is a non-surprising result because WXl and TD-LTE support 64-QAM

modulation, while TD-SCDMA and W-CDMA only suppal6-QAM modulation. On the other

hand, the downlink and uplink spectral efficiencas TD-LTE are both higher than those of

WIMAX under the same uplink/downlink ratio. Theredpwe have a result that TD-LTE > WiIMAX

> W-CDMA > TD-SCDMA, and TD-LTE has the best spatefficiency.

We further investigate the TD-LTE throughputs meeduby Nokia Siemens Network in

Hangzhou, China. In the Hangzhou test environmttiet,bandwidth between eNB and the core

network is sufficient and does not become the &otitk. The measured downlink throughputs in

Hangzhou can reach 59.1 Mbps, which is consistétht thve theoretical peak data rate 61.2 Mbps.

We also investigate the TD-LTE throughputs for saime configuration 2 (uplink/downlink ratio

1:4). For subframe configuration 2, the TD-LTE uglithroughput can reach 7.3 Mbps and the

downlink throughput can reach 79.8 Mbps in the Hog test environment.

4. Conclusion

In this paper, we conducted the latency and theutityput measurements of W-CDMA,

TD-SCDMA, WIMAX and TD-LTE based on several techalitrials. Denote “>" as better latency

15



and throughput performance, the measurement rasdltate that TD-LTE > WIMAX > W-CDMA

> TD-SCDMA. Our quantitative measures and compasgwrovide guidelines for the operators to
deploy their future networks. Clearly, migrating 3&LTE will significantly improve the latency
and the throughput performance of an operator'svort In the early stage of migration, LTE
could be deployed in the city areas to provide @ighata rates. On the other hand, the 3G systems
will still play a role to provide service coveragpering the migration.

For specific applications such as remote healthéai®essential to utilize broadband wireless
communications between the users and the healtrwareer[13]. In particular, we intend to
implement a robot application to watch aging resideg home. In this scenario, the command must
be issued from the healthcare center using wiredesalink with short and low-variance delays.
Figure 2 (a) indicates that TD-LTE satisfies thegjuirement the best among the four wireless
technologies. Also, the robot monitors the aging@es with high-definition video camera, and the
video will be sent back to the healthcare centéh waal-time wireless uplink. Again, Figure 2 (b)
suggests that TD-LTE is the best solution. Curyentte are developing the healthcare robot
applications controlled by TD-LTE based on the N&lNébaran solution (see Figure 5).

This work targets on time-to-value impact withinb3years to assist network planning of
mobile telecom operators who are developing LTEvogt. Our work can also serve as a tutorial to
guide researchers to measure and test future ésatoir LTE. Specifically, we are currently
extending our work for video/streaming, circuit sskied (CS) fallback, and single radio voice call

continuity (SRVCC) measurement/testing for LTE. our future work, multiple TD-LTE and
16



WIMAX base stations will be considered to investeganobility issues such as handover. We will
also investigate the inter-operability between TIEILTE FDD and migration from WIMAX to

TD-LTE.

Figure 5. NSN/Aldebaran Robot Solution
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