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ABSTRACT

Single carrier frequency division multiple accesSC{
FDMA) which utilizes single carrier modulation ahet
transmitter and frequency domain equalization & th-
ceiver is a technique that has similar performanacel es-
sentially the same overall structure as those ofoDMA
system. One prominent advantage over OFDMA is ttreat
SC-FDMA signal has lower peak-to-average powerorati
(PAPR). SC-FDMA has drawn great attention as amaett
tive alternative to OFDMA, especially in the uplicdmmu-
nications where lower PAPR greatly benefits the itadbr-
minal in terms of transmit power efficiency. SC-FBN§
currently a working assumption for the uplink nlki ac-
cess scheme in 3GPP Long Term Evolution (LTE).

In this paper, we give an in-depth overview of STMA
with focus on physical layer and resource managerasn
pects. We also show some research results on PARR:
teristics and channel-dependent resource schedufn§C-
FDMA.

1. INTRODUCTION

As wireless multimedia applications become moreewid
spread, demand for higher data rate is leadingili@ation
of a wider transmission bandwidth. With a widemsmis-
sion bandwidth, frequency selectivity of the chdnbe-
comes more severe and thus the problem of intebslym
interference (ISI) becomes more serious. In a cuotiveal
single carrier communication system, time domainadiga-
tion in the form of tap delay line filtering is permed to
eliminate ISI. However, in case of a wide band clednthe
length of the time domain filter to perform equation be-
comes prohibitively large since it linearly increaswith the
channel response length.

One way to mitigate the frequency-selective fadiagn
in a wide band channel is to use a multicarriehnéue
which subdivides the entire channel into smalldr-lsands,
or subcarriers. Orthogonal frequency division nplédtxing
(OFDM) is a multicarrier modulation technique whiagkes
orthogonal subcarriers to convey information. le the-
guency domain, since the bandwidth of a subcaisiate-
signed to be smaller than the coherence bandvadth sub-
channel is seen as a flat fading channel which Iiegpthe
channel equalization process. In the time domairsptitting
a high-rate data stream into a number of lower-cta
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Figure 1 — SC/FDE and OFDM.
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Figure 2 — A block diagram of an SC-FDMA system.

stream that are transmitted in parallel, OFDM res®lthe
problem of IS in wide band communications [1].

But OFDM has its disadvantages: High peak-to-awerag
power ratio (PAPR), high sensitivity to frequendiset, and
a need for an adaptive or coded scheme to overspewtral
nulls in the channel [2], [3].

In this correspondence, we give an in-depth overvgé
a single carrier FDMA (SC-FDMA) system, which is
newly developed multiple access scheme adopteokiup-
link of 3GPP Long Term Evolution (LTE), and showrso
research results on its PAPR characteristics asduree
scheduling.

The remainder of this paper is organized as foll&es-
tion 2 gives an overview of single carrier with dueency
domain equalization (SC/FDE). Section 3 overviews S
FDMA in detail. Section 4 explains the SC-FDMA irepl
mentation in 3GPP LTE uplink. Section 5 characesrithe
PAPR properties of SC-FDMA signals. Section 6 shosvs
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(SC/FDE) technique is another way to fight the frexpy- Figure 3 — Subcarri(_er allocation methods for midtigsers Q=3

selective fading channel. It delivers performaniceilar to usersM=12 subcarriers, arld=4 subcarriers allocated per user).
OFDM with essentially the same overall complexgyen
for long channel delay [2], [3]. Figure 1 shows thieck
diagram of SC/FDE and compares it with that of OEDM

Comparing the two systems in Figure 1, it is irdéng 1
to find the similarity between the two. Overalleyhboth use
the same communication component blocks and thg onl {QDKMFDMA}
difference between the two diagrams is the locatibhe
IDFT block. Thus, one can expect the two systemisaiee {QD"%,LFDMA}
similar link level performance and spectral effiag.

Besides having a similar structure with OFDM, SCEFD {QX, orom}
has advantages over OFDM as follows: Low PAPR due t
single carrier modulation at the transmitter, rabess to . time
spectral null, lower sensitivity to carrier frequgroffset, and *=3"CmX . G, complex weigh
lower complexity at the transmitter which will béihehe =0
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mobile terminal in cellular uplink communications. Figure 4 — Time symbols of different subcarrier piag.
Single carrier FDMA (SC-FDMA) is an extension of
SC/FDE to accommodate multi-user access. 05

——IFDMA
—e—LFDMA

3. OVERVIEW OF SC-FDMA

Figure 2 shows a block diagram of an SC-FDMA system
SC-FDMA can be regarded as DFT-spread orthogomal fr
guency division multiple access (OFDMA), where tidw
main data symbols are transformed to frequency dotma
DFT before going through OFDMA modulation [4]. The
orthogonality of the users stems from the fact g@ath user
occupies different subcarriers in the frequency a@onsimi-

lar to the case of OFDMA. Because the overall tmhs 10 20 30 40 50 60
signal is a single carrier signal, PAPR is inhdyetw
compared to the case of OFDMA which produces aimult Figure 5 — Amplitude of SC-FDMA signals (no pulaging).
carrier signal [5].

The transmitter of an SC-FDMA system first groups t petween successive blocks. If the length of thésdBnger
modulation symbols into blocks each containbigymbols.  than the maximum delay spread of the channel, ghy,
Next it performs arN-point DFT to produce a frequency the length of the channel impulse response, tienetis no
domain representation of the input symbols. It theaps || second, since CP is a copy of the last pathefblock, it
each of the\-DFT outputs to one of thil (> N) orthogonal - converts a discrete time linear convolution intaliacrete
subcarriers that can be transmittedN i M/Q and all termi-  ime circular convolution. Thus transmitted datepagating
nals transmitN symbols per block, the system can har@le hroygh the channel can be modelled as a circaavatu-
simultaneous transmissions without co-channel fetence.  on petween the channel impulse response andahenit-
Q is the bandwidth expansion factor of the symbqlisece. teq data block, which in the frequency domain miat-wise
As in OFDMA, anM-point IDFT transforms the subcarrier tiplication of the DFT frequency samples. Themre-
amplitudes to a complex time domain signal. _ move the channel distortion, the DFT of the reaisignal

The transmitter performs two other signal proce&ssin g simply be divided by the DFT of the channel utep
operations prior to transmission. It inserts aafesymbols response point-wise or a more sophisticated fregueio-
referred to as a cyclic prefix (CP) in order toyide a guard  main equalization technique can be implemented.
time to prevent inter-block interference (IBI) dtee multi- The receiver transforms the received signal inofté-
path propagation. The transmitter also performiseat fil- quency domain via DFT, de-maps the subcarriers,taed
tering operation referred to as pulse shaping @eroto re-  performs frequency domain equalization. Most of wel-
duce out-of-band signal energy. In general, CP @y of  known time domain equalization techniques, suchmis-

the last part of the block, which is added at tiaet ©f each  ym mean square error (MMSE) equalization, decifsen
block for a couple of reasons. First, CP acts gaaad time

Amplitude [linear]
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dback equalization (DFE), and turbo equalizatican de One radio frame = 10 ms
applied to the frequency domain equalization. Mdetails
on the various frequency domain equalization methae

One subframe

found in [6~11]. The equalized symbols are tramsfmt v | = ‘ #2 ‘ """""""""""""" ‘ #17 ‘ #18 ‘ #19 ‘
back to the time domain via IDFT, and detection dedod- Oncstot
ing take place in the time domain. -o5ms

31 Subcarrier Mapping

There are two methods to choose the subcarriersdns- 5 - = - - -
mission; distributed subcarrier mapping anidcalized sub- ECLENVERY  CERVCER R
carrier mapping.

In the distributed subcarrier mapping mode, DFT- out Figure 6 — Frame/slot structure in 3GPP LTE SC-FDiyphnk.
puts of the input data are allocated over the ehigmdwidth
with zeros occupying the unused subcarriers, wkecea-

“

Used for RS

Subcarrier

secutive subcarriers are occupied by the DFT ositplithe Mapping

input data in the localized subcarrier mapping mde will zeros { | 2

refer to the localized subcarrier mapping mode @fFPOMA I

as localized FDMA (LFDMA) and distributed subcarrie _ . "

mapping mode of SC-FDMA as distributed FDMA p,;;;r 3 poin || P
(DFDMA). The case oM = QIN for the distributed mode 1. g

with equidistance between occupied subcarriersaied zera |

Interleaved FDMA (IFDMA) [12], [13]. IFDMA is a sl =
case of SC-FMDA and it is very efficient in thae tihansmit- - _ ; ; : ;
ter can modulate the signal strictly in the timend with- Figure 7 — Generation of a block in 3GPP LTE SC-#Dtplink.
out the use of DFT and IDFT. An example of SC-FDMA
subcarrier mappings in the frequency domainNor 4,Q = whereas SC-FDMA does it after additional IDFT opiera
3 andM = 12 is illustrated in Figure 3. Because of this difference, OFDMA is more sensitivea

Depending on the subcarrier mapping method, the scwll in the channel spectrum and it requires chianoding
FDMA modulated symbols in the time domain diffed1  OF power/rate control to overcome this deficierigo, the
For IFDMA, the modulated time symbols are simpepe- ~ duration of the modulated time symbols are exparébe
tition of the Origina| input Symb0|s with a Sca"[fniptor of CaS.e of OFDMA with pal’allel t_ransmISSIon of theadhtock
1/Q and some phase rotation. DFDMA and LFDMA have théluring the elongated time period whereas SC-FDMAluro
same time symbol structure; they have exact cayfiésput lated s_ym_bols are compressed into sm_aller chi[ds sdtial
time symbols with a scaling factor ofQn theN-multiple  transmission of the data block, much like a dissrjuence
sample positions and in-between values are sumil ohea ~ code division multiple access (DS-CDMA) system.
time input symbols in the input block with diffetezomplex-
weighting. Because of this, we can expect to seee rfhac- 33 SC-FDMA and DS-CDMA
tuation and higher peak in amplitude for DFDMA andDS-CDMA with frequency domain equalization (DS-
LFDMA. Figure 4 shows the time symbols for diffetsnb- CDMA/FDE) is a technique that replaces the rakeliosr,
carrier mapping schemes. Figure 5 shows the ardplinf  commonly used in the conventional DS-CDMA, with the
the signal for each subcarrier mapping ¥br= 64,N = 16, frequency domain equalizer [15]. SC-FDMA is simitar
Qiroma = 4, and Qprpma = 3 Without pulse shaping and we DS-CDMA/FDE in terms of: Both spread narrow-bandada
can see more fluctuation and higher peak for LFDMA into broader band, they achieve processing gasparading
DFDMA. gain from spreading, and they both maintain low RAF-

cause of the single carrier transmission.
32  SC-FDMA and OFDMA An interesting relationship between orthogonal DS-

Figure 2 also shows a block diagram of an OFDMAgra CDMA and IFDMA is that by exchanging the roles of
mitter. It has much in common with SC-FDMA. The ypnl Spreading sequence and data sequence, DS-CDMA asodul
difference is the presence of the DFT in SC-FDM@x fhis  tion becomes IFDMA modulation [16].
reason SC-FDMA is sometimes referred to as Bpiead One advantage of SC-FDMA over DS-CDMA/FDE is
or DFTprecodedOFDMA. Other similarities between the that channel dependent resource scheduling is bpest
two include: Block-based data modulation and prsiogs ~ €Xploit frequency selectivity of the channel.
division of the transmission bandwidth into narrovgeb-
bands, frequency domain channel equalization pspcesd 4. SC-FDMA IMPLEMENTATION IN 3GPPLTE
the use of CP. UPLINK

However, there are distinct differences that maketwo |, thjs section, we describe the physical layerl@menta-

systems perform differently. In terms of data dtecat the  {jon of SC-FDMA in 3GPP LTE frequency division degl
receiver, OFDMA performs it on a per-subcarrier ibas (Fpp) uplink according to [17] and [18].
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Figure 8 -Comparison of CCDF of PAPR for IFDMA, DFDM.
LFDMA, and OFDMA with total number of subcarridvb= 512,

number of input symbol = 128, IFDMA spreading factor 4,
DFDMA spreading factor 2, QPSK, androll-off factor) = 0.22.

In 3GPP LTE uplink, available data modulation sceem
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Figure 9 — Comparison of aggregate throughput Mith 256
system subcarrierd| = 8 subcarriers per user, bandwidth =5
MHz, noise power per Hz = -160 dBm, and sum of tle@ugh-
puts as the utility function.

IFDMA has the lowest PAPR, and DFDMA and LFDMA

are QPSK and 16-QAM and turbo code based on 3GHRve very similar levels of PAPR.

UTRA Release 6 is used for forward error correc{iRg§C)
code.

In the time domain, one radio frame has duratiod®f
ms and it consists of 20 slots. Also, two slots pose a sub-
frame. One slot consists of 7 long blocks (LB) wi@R. The
middle LB is used for reference signal (RS), ootpslignal.
Figure 6 illustrates the frame/slot structure.Ha frequency
domain, a resource block (RB) spans 12 subcawigsone
slot duration of 0.5 ms and one subcarrier has Wit of
15 kHz. Figure 7 shows the process of a block geiver.

For subcarrier mapping, only localized subcarrieqpm
ping is being considered and the frequency hoppinthe
subcarriers may be applied to achieve frequenaarsity.

5. PEAK POWER CHARACTERISTICS OF SC-
FDMA

PAPR is a performance measurement that is indeafithe
power efficiency of the transmitter. In case ofideal linear
power amplifier where we achieve linear amplifioatup to
the saturation point, we reach the maximum powér ef
ciency when the amplifier is operating at the sattan
point. A positive PAPR in dB means that we neecbaqgy
backoff to operate in the linear region of the poamplifier
and high PAPR degrades the transmit power effigigrar-
formance.

Unlike OFDM, statistical properties of PAPR for gl
carrier modulations are not easily obtained areiiti [19].
We thus resort to numerical analysis to investigfagePAPR
properties.

Figure 8 is the result of Monte Carlo simulatioki¢e
calculate the CCDF (Complementary Cumulative Distri
tion Function) of PAPR, which is the probabilityatrPAPR

6. CHANNEL-DEPENDENT SCHEDULING OF
UPLINK SC-FDMA SYSTEMS

In wide band multi-user uplink communications, thannel
gain of each user is different for different timmeddrequency
subcarrier when the channels are uncorrelated amser.
Time and frequency resources which are in deemdafiir
one user may be in excellent conditions for ottsarst The
resource scheduler in the base station can adsgytinbe-
frequency resources to a favourable user whichimgliease
the total system throughput [20], [21]. We term thess of
this adaptive resource scheduling method as channel
dependent scheduling (CDS) which can greatly isereébe
spectral efficiency (bits/Hz).

Figure 9 is the results of computer simulationsSar-
FDMA with 256 subcarriers spread over a 5 MHz barey
compare the effects of channel dependent subcaditaa-
tion with static (round-robin) scheduling for LFDMAnd
IFDMA. In the example, the scheduling took placehwi
chunks containing 8 subcarriers and we assume gperfe
knowledge of the channel state information. Thigyfunc-
tion is the sum of user throughputs. Each graphvshie
aggregate throughput as a function of the numbsmadilta-
neous transmissions. The simulation results irfithee use
the following abbreviations: R-LFDMA (static rounidbin
scheduling of LFDMA), S-LFDMA (CDS of LFDMA), R-
IFDMA (static round robin scheduling of IFDMA), arfs+
IFDMA (CDS of IFDMA).

Figure 9 shows that for throughput maximizationlifyt
= bit rate), the advantage of channel dependeredsding
over round robin scheduling increases as the nuofhgsers
increases. This is because the scheduler selextsldber

is higher than a certain PAPR value PAPR users who can transmit at higher data rate. letlaee more
(P{PAPR>PAPR}). We can see that all the cases for SC-users, the possibility of locating users at claiistance to the

FDMA have indeed lower PAPR than that of OFDMA.®&ls

©2007 EURASIP 2147

base station increases. As a result, the CDS ahggnifi-

EUSIPCO, Poznan 2007



15th European Signal Processing Conference (EUSIPCO 2007), Poznan, Poland, September 3-7, 2007, copyright by EURASIP

cant improvements for both IFDMA and LFDMA. Compar-[10] F. Pancaldi and G. M. Vitetta, “Block Chanrtgduali-
ing LFDMA and IFDMA, the capacity gain from scheidgl  zation in the Frequency DomainlEEE Trans. Commup.
for LFDMA is higher because it has higher frequencyvol. 53, no. 3, pp. 463-471, Mar. 2005.
selective gain. [11] N. Benvenuto and S. Tomasin, “lterative Desam
Detection of a DFE in the Frequency DomaiEE Trans.
7. CONCLUSIONS Commun.vol. 53, no. 11, pp. 1867-1875, Nov. 2005.

Single carrier FDMA (SC-FDMA) which utilizes single [12] U. Sorger, I. De Broeck, and M. Schnell,_ rezved
’ . - . FDMA - A New Spread-Spectrum Multiple-Access
carrier modulation at the transmitter and frequediognain \ ,
N . . . o Scheme,Proc. IEEE ICC '98 Atlanta, GA, pp. 1013-1017,
equalization at the receiver is a technique that similar
- Jun. 1998.
performance and essentially the same overall streichs

13] M. Schnell and I. De Broeck, “Application dFDMA
those of an OFDMA system. SC-FDMA has been adopsed [ . - o i
the uplink multiple access scheme in 3GPP Long Teva to Mobile Radio TransmissionProc. IEEE 1998 Interna

lution (LTE) mainly due to its low peak-to-averagewer tional Conference on Universal Personal Communareti
ratio (PAPR) whicyh reatly im rovF()es the transrﬁiuvpo (ICUPC '98) Florence, ltaly, pp. 1267-1272, Oct. 1998.
efficiency [22] 9 y imp [14] H. G. Myung, "Single Carrier Orthogonal MuligpAc-

In this paper, we gave an in-depth overview of gcless Technique for Broadband Wireless Communicstion

FDMA with focus on physical layer and resource a Ph.D. Dissertation, Polytechnic University, BroaklyNY,
ment aspects. We also showed some research resyitsak E]fESFZ OA0d7z;10hi D. Garg, S. Takaoka, and K. TakéBaoad-
power characteristics and channel-dependent resseted- ) - 22alg, " ' y |

uling of SC-FDMA. Two different categories of subnear band CDMA Techniques,lEEE Wireless Commvol. 12,

. . o ; no. 2, pp. 8-18, Apr. 2005.
mapping methods, localized and distributed, givedystem “ 5 .
designer the flexibility to adapt to the differemaidio envi- [16] C. Chang and K. Chen, “Frequency-Domain Appfoa

ronments to Multiuser Detection over Frequency-Selective whjo

' Fading Channels,TEEE International Symposium on Per-
sonal, Indoors and Mobile Radio Communications (RIB)
REFERENCES 2002 Lisboa, Portugal, pp. 1280-1284, Sep. 2002.

[1] R. van Nee and R. Pras#0f-DM for Wireless Multime- [17] 3GPP TR 25.814 — 3GPP; Technical Specification
dia CommunicationsArtech House, 2000. Group Radio Access Network; Physical Layer Aspéots
[2] H. Sari, G. Karam, and I. Jeanclaude, “Transiois Evolved Universal Terrestrial Radio Access (UTRARe{
Techniques for Digital Terrestrial TV Broadcastin¢fEE lease 7)

Commun. Mag.vol. 33, no. 2, pp. 100-109, Feb. 1995. [18] 3GPP TR 36.201 — 3GPP; Technical Specification
[3] D. Falconer, S. L. Ariyarisitakul, A. Benyam®eeyar, Group Radio Access Network; LTE Physical Layer nGe
and B. Eidson, “Frequency Domain Equalization fimg®-  eral Description (Release 8)

Carrier Broadband Wireless SystemdEEE Commun. [19] D. Wulich and L. Goldfeld, “Bound of the Digtution
Mag., vol. 40, no. 4, pp. 58-66, Apr. 2002. of Instantaneous Power in Single Carrier ModulatidBEE

[4] H. G. Myung, J. Lim, and D. J. Goodman, “Sin@ar-  Trans. Wireless Commuyrvol. 4, no. 4, pp. 1773-1778, Jul.
rier FDMA for Uplink Wireless Transmission[EEE Ve-  2005.

hicular Technology Mag.vol. 1, no. 3, pp. 30 — 38, Sep. [20] J. Lim, H. G. Myung, K. Oh, and D. J. Goodm&Pro-
2006. portional Fair Scheduling of Uplink Single-CarriEDMA

[5] H. G. Myung, J. Lim, and D. J. Goodman, "Peak-t Systems,"The 17th Annual IEEE International Symposium
average Power Ratio of Single Carrier FDMA Signeith ~ on Personal, Indoor and Mobile Radio Communications
Pulse Shaping"Proc. IEEE International Symposium on (PIMRC '06), Helsinki, Finland, Sep. 2006.

Personal, Indoor and Mobile Radio Communications[21] J. Lim, H. G. Myung, K. Oh, and D. J. Goodman,
(PIMRC) 2006 Sep. 2006. “Channel-Dependent Scheduling of Uplink Single @sairr
[6] G. K. Kaleh, “Channel Equalization for Blockatsmis- FDMA Systems,”|IEEE Vehicular Technology Conference
sion Systems,TEEE J. Select. Areas Commuwol. 13, no. (VTC) 2006 Fall Montreal, Canada, Sep. 2006.

1, pp. 110-121, Jan. 1995. [22] H. Ekstrdm, A. Furuskér, J. Karlsson, M. Mey&:
[7] M. V. Clark, “Adaptive Frequency-Domain Equaltion  Parkvall, J. Torsner, and M. Wahlgvist, “Technialutions
and Diversity Combining for Broadband Wireless Camm for the 3G Long-Term Evolution,JTEEE Commun. Mag.
nications,”IEEE J. Sel. Areas Communwol. 16, no. 8, pp. vol. 44, no. 3, pp. 38-45, Mar. 2006.

1385-1395, Oct. 1998.

[8] M. Tuchler and J. Hagenauer, “Linear Time ane-F

guency Domain Turbo EqualizatiorProc. IEEE 53rd Veh.

Technol. Conf. (VTCyol. 2, pp. 1449-1453, May 2001.

[9] R. Dinis, D. Falconer, C. T. Lam, and M. Sabhiag, “A

Multiple Access Scheme for the Uplink of Broadbakle-

less Systems,Proc. IEEE GLOBECOM '04vol. 6, Dallas,

TX, pp. 3808-3812, Dec. 2004.

©2007 EURASIP 2148 EUSIPCO, Poznan 2007



	MAIN MENU
	Front Matter
	Sessions
	Author Index

	Search
	Print
	View Full Page
	Zoom In
	Zoom Out
	Go To Previous Document
	Help

