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i l l iWireless Evolution

From 2G to 3G
Then into 4G
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F. Adachi, “Wireless past and future - evolving mobile
communications systems,” IEICE Trans. Fundamentals, vol.
E84-A, pp. 55-60，Jan. 2001.



Wi l  E l tiWireless Evolution
Every one wants to communicate instantly with anyone, any time,y y y , y ,
from anywhere

Arrival of ubiquitous society: communication is available everywhere
This is only possible by wireless Wireless is indispensable in ourThis is only possible by wireless. Wireless is indispensable in our
forthcoming ubiquitous society

Every 10 years, a new wireless technology has come up and
h d ichanged our society

1980’s: from “point-to-point” to “anytime, anywhere”
communicationcommunication

1G systems (analog)

1990’s: from voice to “data”
2G systems (digital)
Access to the Internet

2000’s: “wideband data”2000 s: wideband data
3G systems and then 3.5G systems (high speed packet)

2010’s: “broadband, ubiquitous”
4G systems
Roaming across heterogeneous networks
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Wi l  E l tiWireless Evolution
Cellular systems have evolved from narrowband toCellular systems have evolved from narrowband to
wideband wireless networks
Now on the way to broadband wireless networks
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3G S t  U i  W CDMA3G Systems Using W-CDMA
Data transfer rates in 2G systems are too slow forData transfer rates in 2G systems are too slow for
retrieving rich information distributed in the Internet.
3G cellular systems are designed to offer cellular users a
significantly higher data-rate services using wideband DS-
CDMA technology (5MHz bandwidth).

Indoor: 2MbpsIndoor: 2Mbps
Pedestrian: 384kbps
Vehicular: 144kbps IMT2000

NetworkNetwork

2GHz band

F. Adachi, M. Sawahashi and H. Suda, “Wideband
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Mobile
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, ,
DS-CDMA for next generation mobile
communications systems,” IEEE Commun. Mag., vol.
36, pp. 56-69, Sept. 1998.

Pedestrian
~384kbps



3 5G d 3 9G S t3.5G and 3.9G Systems
3G systems will continue to evolve to meet the demands of3G systems will continue to evolve to meet the demands of
(internet-related) broadband wireless services and
substantially strengthen its downlink data rate capability

High-speed downlink packet access (HSDPA), called 3.5G
systems of ~14Mbps/5MHz, started in Japan in 2006
Even 3.5G of 14Mbps data rate capability will sooner or laterEven 3.5G of 14Mbps data rate capability will sooner or later
become insufficient
A 3.9G close to 4G will appear to provide broadband services
f 50 100Mb /20MH i th 3G b dof 50~100Mbps/20MHz using the 3G bands

4G systems are expected to provide much faster services of
a peak data rate of 100M~1Gbpsa peak data rate of 100M~1Gbps
ITU allocated the spectrum for 4G systems in Dec. 2007

450~470MHz/790~806MHz/2.3~2.4GMHz/3.4G~3.6GHz/ / /
4G development will start soon
4G systems will appear in around 2015
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Shift From Single-Carrier Only to 
l i i / i l iMulti-Carrier/Single-Carrier

In 3.9G, wireless downlink access will be based on multi-In 3.9G, wireless downlink access will be based on multi
carrier technique including OFDMA, while uplink access
based on single-carrier technique with FDE.
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Wi l  A  f 3 9G (LTE)Wireless Access of 3.9G (LTE)
Different multi-access techniques between downlink andDifferent multi access techniques between downlink and
uplink (this is the first time in its history)

Downlink: OFDMA, ~100Mbps
Uplink: SC-FDMA, ~50Mbps

Scheduling for packet access
M lti di it i i l h lMultiuser diversity in wireless channel
Hybrid ARQ using incremental redundancy (IR) strategy
Non real time servicesNon real time services

Downlink Uplink

Bandwidth(MHz) 1 4/3/5/10/15/20Bandwidth(MHz) 1.4/3/5/10/15/20

IFFT/FFT block 
size

128/256/512/1024/1536/2048
size

Multi-access OFDMA SC-FDMA

Scheduling Multi-user diversity gain
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D li k OFDMADownlink OFDMA
Resource allocation: one or more resource blocks of 1msecResource allocation: one or more resource blocks of 1msec
and 12 subcarriers (180kHz) each are allocated according
to each user’s channel condition (scheduling) to obtain

lti di it imultiuser diversity gain
Proportional fairness (PF)* scheduling can maximize the
throughput while keeping fairness among usersthroughput while keeping fairness among users
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User A User B User Cn

Coded
OFDMA
signal

User A

User B

User A User B User C

n
n
el

 g
ai

Nc-point
IFFT

Coded
data

signal
+GI

User B

User C Freq.C
h
an

Freq* A  Jalali  R  Padovani  and R  Pankaj  “Data throughput of CDMA-

2008/04/29 FA/Tohoku University 9

Freq.A. Jalali, R. Padovani, and R. Pankaj, Data throughput of CDMA
HDR a high efficiency-high data rate personal communication 
wireless system,” Proc. IEEE VTC 2000-Spring, vol. 3, pp. 1854 -
1858, Tokyo, 15-18May 2000.

12 subcarriers
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U li k SC FDMAUplink SC-FDMA
For uplink, peak to average power ratio (PAPR) is a bigFor uplink, peak to average power ratio (PAPR) is a big
factor to decide the access technique
To reduce the peak transmit power of mobile power
amplifiers, SC-FDMA with FDE is a good choice

Block transmission is used. Each block is transformed by DFT into
frequency-domain signal which is then mapped onto broad bandwidthfrequency domain signal which is then mapped onto broad bandwidth
in such a way that users’ spectra are not overlapped.
To reduce PAPR of SC-FDMA signal, equidistance spectrum mapping is
usedused
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Two types of equidistance spectrum mappingTwo types of equidistance spectrum mapping
Localized FDMA
Distributed FDMA

Advantage of localized FDMA
Multi-user diversity gain, similar to downlink OFDMA, can be obtained
According to each user’s channel condition one or more resourceAccording to each user s channel condition, one or more resource
blocks of 1msec and 12 subcarriers (180kHz) each is allocated

Di t ib t d FDMAL li d FDMA Distributed FDMA

user useruser user

Localized FDMA

Whole bandwidth

A CB C

Whole bandwidth

Multi-user diversity Frequency diversity
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T h i l I  f  4GTechnical Issues for 4G
For a peak data rate of ~1Gbps/100MHz, there are twoFor a peak data rate of 1Gbps/100MHz, there are two
important technical issues to address
Channel problem

Wireless channel is extremely frequency-selective and
produces strong inter-symbol interference (ISI). Some
advanced equalization technique is necessaryadvanced equalization technique is necessary
A very high frequency-efficient transmission technique is
necessary to achieve the cellular frequency efficiency of more
th 10b /H /BSthan 10bps/Hz/BS

Power problem
For a very high rate transmission a huge transmit power isFor a very high rate transmission, a huge transmit power is
required if the same communication range in distance as in the
present cellular systems is kept
To keep the transmit power the same as in the present
systems, fundamental change is necessary in wireless access
network architecture
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Channel & Power 
P blProblems

There will be two important technical issues
which should be solved before 4G systemswhich should be solved before 4G systems
will appear
Channel problem is a consequence of thep q
presence of multipaths having different time
delays

bl f h hPower problem is a consequence of high
data rates
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Ch l P blChannel Problem
In terrestrial wireless communications, the transmitted,
signal is reflected or diffracted by large buildings between
transmitter and receiver, creating propagation paths having
different time delaysdifferent time delays
For 1Gbps transmission, 1bit time length is equivalent to
the distance of 0.3 m. So, many distinct multipaths exist,
th b t l h i th h l fthereby extremely enhancing the channel frequency-
selectivity

Large obstacles
d-4

LocalTransmitter Local
scatterers

Transmitter

ReceiverReflection/
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For broadband dataFor broadband data
transmission, the
transfer function of

i l h l i
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Multi-carrier Multi carrier 
vs

i l iSingle-carrier

In 3G systems, DS-CDMA (or single-carrier
CDMA) is adopted for both uplink andCDMA) is adopted for both uplink and
downlink since it is a very flexible multi-
access technique
Which will be an optimal wireless accessWhich will be an optimal wireless access
technique in a severe frequency-selective
channel, single-carrier CDMA or multicarrier

fCDMA or OFDMA for 4G systems?
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F. Adachi, D. Garg, S. Takaoka, and K. Takeda,
“Broadband CDMA techniques,” IEEE Wireless
Commun. Mag., Vol. 12, No. 2, pp. 8-18, April 2005



MC SCMC vs SC
CDMA can overcome the channel frequency-selectivity andq y y
even improve the transmission performance, yet retaining
multi-access capability.

DS-CDMA: Time-domain spreadingDS CDMA: Time domain spreading
MC-CDMA: Frequency-domain spreading

DS-CDMA: single-carrier/time-domain spreading
Bandwidth (1+α)/Tc

Spreading
code sequence DS-CDMA

Ff

code sequence
signalData symbol

MC-CDMA: multi-carrier/frequency-domain spreading

Frequencyfc
Carrier frequency

d Bandwidth 1/TcSpreading
code sequence

I
MC-CDMA
signalData symbol
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R k  R i  f  DSRake Receiver for DS
Receivers of present 3G systems use time-domain rakeReceivers of present 3G systems use time domain rake
combining, which is a channel matched filter.
Rake combining can improve the BER performance if the
channel frequency-selectivity is not too strong (or the
number L of resolvable paths is not too large).
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F. Adachi, M. Sawahashi and H. Suda, “Wideband DS-CDMA
for next generation mobile communications systems,” IEEE
Commun. Mag., vol. 36, pp. 56-69, Sept. 1998.



Frequency-domain 
E li ti  f  MCEqualization for MC

Frequency-domain equalization (FDE) is used to exploit theFrequency domain equalization (FDE) is used to exploit the
frequency selectivity of the channel.
FDE based on the minimum mean square error (MMSE)
criterion can provide the best downlink performance.
MMSE-weight minimizes the mean square error (MSE)
between the transmit subcarrier component and thebetween the transmit subcarrier component and the
received distorted component.
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DS ith R k   MC ith FDEDS with Rake vs. MC with FDE
As the number of resolvable Multicode DS-CDMA for downlink w/full 
paths increases, the channel
frequency-selectivity gets
stronger and hence the

1.E+00
DS-CDMA with
rake combining

Multicode DS-CDMA for downlink w/full 
code-multiplexing

stronger and hence, the
achievable BER performance
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Application of Frequency-Application of Frequency
domain Equalization 
( )(FDE) to DS-CDMA

One-tap FDE can replace rake combining to
have much improved performancehave much improved performance
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F. Adachi, D. Garg, S. Takaoka, and K. Takeda,
“Broadband CDMA techniques,” IEEE Wireless
Commun. Mag., Vol. 12, No. 2, pp. 8-18, April 2005



Frequency-domain 
E li ti  (FDE)Equalization (FDE)

Coherent Rake combining can be replaced by one-tap FDECoherent Rake combining can be replaced by one tap FDE
Block transmission of Nc-chips
Insertion of guard interval (GI) at the transmitter
FFT/IFFT at the receiver
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Downlink
P f  C iPerformance Comparison

FDE can achieve d d 
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i h d kHigh-speed Packet Access

Packet services will dominate in 4G systems
For packet transmissions some form of errorFor packet transmissions, some form of error
control is necessary to satisfy the quality
requirementq
Hybrid ARQ w/incremental redundancy (IR)
strategy is a promising technique

D. Garg and F. Adachi, “Throughput comparison of turbo-coded HARQ in
OFDM, MC-CDMA and DS-CDMA with frequency-domain equalization,”
IEICE Trans. Commun., Vol.E88-B, No.2, pp.664-677, Feb. 2005.
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D. Garg and F. Adachi, “Packet Access using DS-CDMA with frequency-
domain equalization,” IEEE Journal of Select. Areas in Commun., Vol. 24,
No. 1, pp. 161-170, Jan. 2006.



Hybrid ARQ (HARQ) with 
I t l R d d (IR)Incremental Redundency(IR)

An automatic repeat request (ARQ) combined with theAn automatic repeat request (ARQ) combined with the
channel coding, called hybrid ARQ (HARQ), is an inevitable
technique, since an error-free transmission must be

t d f k t d t iguaranteed for packet data services
HARQ combined with FDE is a very promising error control
technique for DS- and MC-CDMAtechnique for DS and MC CDMA
HARQ combined with FDE can take advantage of the
channel frequency selectivity

/3 b
q y y
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2ICI cancellation significantly 
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MIMO Antenna 
h lTechnology

Equivalent to 10bps/Hz/BS when using single-
frequency reuse of 100MHz bandwidthq y
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Next generation (4G) wireless systems are expected toNext generation (4G) wireless systems are expected to
provide broadband packet data services of up to around
100M~1Gbps.
However, available bandwidth is limited. Probably, the
available bandwidth is less than 100MHz.

In December 2007 ITU allocated 3 4~3 6GHz band for 4GIn December 2007, ITU allocated 3.4~3.6GHz band for 4G
services.

It is necessary to develop a highly spectrum efficienty p g y p
wireless transmission technology of around 10bps/Hz/BS.
Multiple-input/multiple-output (MIMO) antenna technology

ill l i l li 4Gwill play an important role to realize 4G systems.
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H  T  A hi  1Gb ?How To Achieve 1Gbps?
4G target of peak data rate is ~1Gbps, but the available4G target of peak data rate is 1Gbps, but the available
bandwidth may be 100MHz/system in 4G (3.4~3.6GHz
band)
1Gbps/100MHz/BS=10bps/Hz/BS

If we want to achieve this goal by multi-level modulation, 1024QAM is
requiredrequired
However, the achievable BER performance severely degrades

16QAM4QAM
(2b /H )
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16QAM
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MIMO SDMMIMO SDM
It may be almost impossible to use a higher levelIt may be almost impossible to use a higher level
modulation such as 1024QAM to achieve 10bps/Hz/BS.
MIMO technology can achieve such a high spectrum
efficiency by using many antennas at both stations.

SISO

MIMOMIMO
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Single-Carrier Frequency-
d i  SDMdomain SDM

Severe frequency-selective fadingSevere frequency selective fading
So far, frequency nonselective fading channel has been assumed
for AAA, STTD, and MIMO. But, for broadband wireless, severe
f eq enc selecti e fading occ sfrequency selective fading occurs.
They can be combined with DS-CDMA and MC-CDMA with
frequency-domain equalization and a much better transmissionq y q
performance can be achieved due to frequency diversity effect.

Limitation on no. of antennas
Only one or two antennas (probably at most 4 antennas) may be
available at a terminal in practice.

Joint iterative frequency-domain 2D equalization (FDE) andJoint iterative frequency domain 2D equalization (FDE) and
parallel interference cancellation (PIC) for SC transmission

The data rate increase without bandwidth expansion is achieved
while achieving frequency diversity gain.

A. Nakajima, D. Garg and F. Adachi, “Frequency-domain iterative parallel
interference cancellation for multicode DS-CDMA-MIMO multiplexing,” Proc.
IEEE VTC’05 F ll V l 1 73 77 D ll U S A 26 28 S 2005
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IEEE VTC’05 Fall, Vol.1, pp. 73-77, Dallas, U.S.A., 26-28 Sept. 2005.
A. Nakajima and F. Adachi, “Iterative FDIC using 2D-MMSE FDE for turbo-
coded HARQ in SC-MIMO multiplexing,” IEICE Trans. Commun. Vol. E90-B,
No.3, pp.693-695, Mar. 2007.



S d MIMO SDMSpread MIMO SDM
Frequency-domain iterative interference cancellation (FDIC)Frequency domain iterative interference cancellation (FDIC)
can be introduced to Spread MIMO SDM.
Joint MMSE frequency-domain equalization (FDE) and
parallel interference cancellation (PIC) is repeated for de-
multiplexing while achieving frequency-diversity gain.
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1.E+00
Multicode DS-CDMA (4,4)MIMO multiplexing

with iterative FDIC, L=16, α=0dB, N c=256,
N g =32, SF (=C )=1, QPSK
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Throughput of Spread MIMO 
SDM

8
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A New Approach In Mobile 
kNetworks

Another important technical issue for the
realization of high data rate 4G mobilerealization of high data rate 4G mobile
networks is the significant reduction of the
transmit power from a mobile terminal (MT)
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T it P  P blTransmit Power Problem
Links for high speed data services are severely power-Links for high speed data services are severely power
limited

Peak power is in proportion to “transmission rate” x “fc2.6

[H t f l ]” h f i th i f[Hata-formula]” where fc is the carrier frequency
Let’s consider the peak transmit power for 100Mbps@5GHz at
a communication range of 1,000m. We assume the requireda co u cat o a ge o ,000 e assu e t e equ ed
transmit power for 8kbps@2GHz is 1Watt
The required peak transmission power is

b /8kb ( / )2 6 h100Mbps/8kbps x (5GHz/2GHz)2.6 =135,000 times, that is
135kWatt. Obviously, this cannot be allowed
To keep the transmission power at 1Watt level, theTo keep the transmission power at 1Watt level, the
communication range should be reduced by about 29 times
(e.g., 1,000m 34m cell) if the propagation path loss
exponent is 3 5exponent is 3.5

Fundamental change is necessary in wireless access
network
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Multi-hop Virtual Cellular 
N t k (VCN)Network (VCN)

Virtual cellular network (VCN) is suitable for non-real timeVirtual cellular network (VCN) is suitable for non real time
packet communication
Virtual cell consisting of many distributed wireless ports

One port (central port) acts a gateway to the network
Mobile terminal and central port are connected using wireless
multi hop relay techniquemulti-hop relay technique

NetworkNetwork

Network 
control 
station

Distributed
port

Network

station

Central

Base station
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M lti h  R t  C t tiMulti-hop Route Construction
Multi-hop routes connecting wireless end-ports (WPs) andMulti hop routes connecting wireless end ports (WPs) and
central port (CP) are constructed based on the total
transmit power minimization criterion

The interference to other multi-hop routes can be minimized.

To avoid excessive transmission delay, the maximum
number of hops is limited to Jnumber of hops is limited to J

An example of constructed routes for J=4

WP

CP
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D i  Ch l All ti  Dynamic Channel Allocation 
N mbe  denotes the channel indeChannel allocation is an

98 12

Number denotes the channel indexChannel allocation is an
important technical issue to
efficiently reuse the limited
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C l iConclusion
4G systems are a broadband packet network which requires4G systems are a broadband packet network which requires
Giga-bit wireless technology of 100M~1Gbps capability
(=10bps/Hz/BS for a 100MHz system bandwidth)
Wireless multi-access technique

Frequency-domain signal processing plays an important role to
achieve the goalachieve the goal
Besides OFDMA and SC-FDMA in 3.9G, either DS- or MC-CDMA
with FDE can also be a promising candidate for 4G
Frequency-domain HARQ and MIMO SDM can be used to take
advantage of the channel frequency-selectivity

Network issueNetwork issue
Power problem is an important technical issue in 4G network.
Some fundamental change needs to be introduced to theg
wireless network
E.g., multi-hop virtual cellular network, distributed antenna
network MIMO cooperative network etc
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network, MIMO cooperative network, etc.
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Please Visit Our 
f fHomepage for More Info.

http: 
// bil i t h k j//www.mobile.ecei.tohoku.ac.jp
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