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Abstract—In this paper, a combination of Space-Time Block- to a specific user are equidistantly distributed over the total
Coding (STBC) and Discrete Fourier Transform (DFT) frequency  available bandwidth, and block allocation, where a set of ad-
coding for OFDMA systems is proposed which provides low com- jacent subcarriers is assigned to each user. The application of
pytanlonalt comﬁletxny, '0.‘{" entvelope ﬂl:thu_""t'c_’fnS OI the ftransmlt DFT-precoding to OFDMA with interleaved subcarrier allocation
signals at each transmit antenna and significant performance :
gains for transmission over mobile radio channels due to ex- (I-OFDMA) r(_as_u_lts n th(_-: well known Interleaved Orthogonal
ploitation of spatial diversity. The resulting scheme is investigated Frequency Division Mult_lple Acce_s_s (IFDMA) scheme, cf. _[5]'
for blockwise and interleaved subcarrier allocation. The signal [6] and references therein. In addition to the already mentioned
properties and the computational complexity are discussed and advantages of DFT precoded OFDMA, IFDMA provides high
it is shown that the scheme with interleaved subcarrier allocation frequency diversity due to the interleaved subcarrier allocation.
outperforms the scheme with block allocation for transmission The application of DFT precoding to OFDMA with block alloca-
over spatially correlated and uncorrelated mobile radio channels.  tion (B-OFDMA) results in a scheme designated as Single Carrier
Frequency Division Multiple Access with localized mapping [7],
in the following denoted as SC-FDMA. Compared to IFDMA,
o . SC-FDMA suffers from lower frequency diversity but is more
Presently, transmission schemes for beyond 3rd generation mgsyst to frequency offsets due to block allocation of the sub-

bile radio systems are under research worldwide. Future mohilgriers.

radio systems have to meet challenging requirements such as, convenient way to provide reliable high data rate services
on the one hand, good performance, high spectral efficiengyq o further increase the system capacity of a mobile radio
high flexibility and sufficient granularity in terms of dlfferentsystem is the exploitation of spatial diversity using multiple an-

data rates. On the other hand, especially in the uplink, 10nn4 techniques such as, e.g., Space-Time coding (STC) [8]. The
cost terminals and, thus, schemes providing low computatio plication of STC to OFDMA is well known [9]. In this paper,

complexity. aqd a low Peak-to-Average Power Ratio (PAPR) gfe propose a novel space-time-frequency coded OFDMA sys-
the transmit signal are desirable. o tem that combines Space-Time-Block Coding (STBC) with DFT
A suitable multiple access scheme providing good coded P@feacoding in frequency direction. The proposed combination
formance for transmission over mobile radio channels and highgesjgned such that the resulting space-time-frequency coded
erX|b|I|ty as well as low computqtlonal complex_lty for useroEpMA scheme maintains the advantages of DFT precoded
separation and channel equalization even for high data raggspma and, additionally, provides significant performance im-
is Orthogonal Frequency Division Multiple Access (OFDMA) 6y ement due to exploitation of spatial diversity. Because of its
However, OFDMA suffers from a high PAPR of the transm'Eignal properties and its good performance, the resulting scheme

signal and, thus, requires costly amplifiers [1]. Moreover, in Ord@I"shown to be a well suited candidate for future mobile radio
to exploit frequency diversity additional coding has to be app"egpplications especially in the uplink.

Other promising and well known multiple access schemes,o paper is organized as follows: In Section II, a system

result f_rom the applica_tion of _DiS‘?fete Fourier_ Transform (D':_T%odel is introduced and in Section Ill, the application of STBC to
precoding to OFDMA in combination with equidistant subcarrieg et hrecoded OFDMA is described. In Section IV, the properties
allocation. I}he lresultlng scl;ehmes combine thel advantagesofine resulting systems are discussed and the computational
OFDMA with a low PAPR of the transmit signal due to DFT;npievity is given. Finally, in Section V performance results for

prequmg and computatlona!ly efficient implementation due {Q,4e transmission over uncorrelated and over correlated spatial
equidistant subcarrier allocation [2], [3]. The advantages of thepiie radio channel models are discussed and the performance

schemes are obtained essentially at the expense of flexibility, e%i'ns for IFDMA and SC-FDMA are compared to each other
in terms of the support of different data rates. However, in [4] '

method is introduced that provides sufficient flexibility in terms
of different data rates also for systems with equidistant subcarrier
allocation. In this section, a system model for OFDMA is introduced. In
Common equidistant subcarrier allocation schemes are, ethe following, all signals are represented by their discrete time
interleaved subcarrier allocation, where the subcarriers assigeegivalents in the complex baseband. We assume a system with

I. INTRODUCTION

Il. SYSTEM MODEL
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K users. With(-)™ denoting the transpose of a vector, let In the following, we regard the user specific part of ukeof
*) ) ®) an OFDMA receiver in the uplink. Firstly, for OFDMA demod-
d™ = (d, ""de—l) (1) ulation, an N-point DFT is applied to the received signel

Secondly, the demodulated signal is user specifically demapped.
The demapping matrix is given by th@ x N matrix M

where(-)T denotes the pseudo-inverse of a matrix. Furthermore,
CK\gse assume that after demapping, the impact of the channel of

designate a block of) data symbolsﬂﬁ, q=0,...,0Q—1,

at symbol ratel/Ts transmitted by a user with index,

k=0,...,K —1. The data symbolslflk') may result from ap-
plication of a mapping scheme like Phase Shift Keying (PS
or Quadrature Amplitude Modulation (QAM) to either Forwar
Error Control (FEC) coded or to uncoded data bits. Let furth
Fy and Fyy denote the matrix representation of afpoint representation of the FDE. Thus, at the receiver, an estidf4te

DFT and anN-point Inverse DFT (IDFT) matrix, respectively ; k) e i
T =Y of the transmitted data bloak®) for userk is given b
whereN = K - @ denotes the number of subcarriers available g y

in the system and-)? denotes th;&z Hermitian of a matrix. The a® — g® v Fy-r. (9)
assignment of the data symbtmlf,;’C to a user specific set @ ) N ] . ]
subcarriers is assumed to be described byVax Q mapping Finally, let the user specifi€@) x Q matrix D) designate

erk is compensated by application of a Frequency Domain
qualizer (FDE) as described in [11] and [12], e.g., based on the
Hero-Forcing (ZF) criterion. LeE(*) denote the) x @ matrix

matrix M(*). Thus, the signal the overall channel for OFDMA of usekt including mapping
) ) according to matriXM (), OFDMA modulation represented by
x®) = (2", .zl )T (2) FX, transmission over the equivalent circulant chanHeéf,

OFDMA demodulation byF and demapping according to

after OFDMA  modulation  with  elements x4, (k)1 ; o i
n=0. ,N—1, at chip rate1/T, = K/T, is given M)" Thus, the overall channel matrix of uders given by
by D® — M®T g H® . RH . ME. 10
. Note that sinceH*) is circulant, Fy - H®) . F& results in
et (k) (k) (k) \T a diagonal matrix. Thus, the overall channel matfix®) is
h™) = (ho”, ... hp2y) 4 diagonal, too.
designate the vector representation of a channel Witoeffi-  The overall channel matri®*) for DFT-precoded OFDMA

cients hl(k)’ 1=0,...,L—1, at chip ratel/T,. For the time ¢&n be obtained from Eq. (10) by extension wit)gpoint DFT
interval T required for transmission of a modulated version direcoding matrix, at the transmitter side andc@point IDFT
data blockd® the channel is asf}gfged to be time invarianfﬂat“XFg for decoding at the receiver side according to
Before transmission over the chan , a Cyclic Prefix (CP ~

is applied tax(*) which is removed at the rece)i/ver before éem)od— D" = Fg - D® - Fo. (1)
ulation. It is well known, that insertion of the CP, transmissio
over the channel and removal of the CP at the receiver can
described by an equivalenf x NN circulant channel matrix

inceD*) is diagonal, the overall channel matiX*) for DFT-
Bcoded OFDMA is a circulant matrix.

h ... h 0 cee ... 0
0 o (k) In the following, a system model for IFDMA is derived as
H® — 0 hg cehpzy 00 a special case of the previously introduced system model for

: . . — _ OFDMA. As already described, for IFDMA we assume inter-
Bk k) 0 0 W leaved subcarrier mapping, i.e., the eIemeMtféc) (n,q) inthen-

! Tkt 0 5 th row,n:O,...,N—lkandq-thcolumn,q:O,...,Q—1,
[10]. Hence, the signal of useér after transmission over the Of the mapping matrid " are given by
equivalent circulant channel is given by

(k) _J 1 n=q¢ K+k
y) = HOD 8, ©) M (n, q) = { 0 else : (12)
In the following, we regard an uplink scenario. Let Moreover, a@-point DFT precodingFg is applied to the
T OFDMA transmitter described by Eq. (3) before mapping. Thus,
n = (no,...,nN-1) (7)  the transmit signal for IFDMA is given by
designate an Additional White Gaussian Noise (AWGN) vector ng) —FH. Mgk) “Fo .d® (13)

with samplesn,,, n=0,...,N —1 at chip ratel/7T.. The

received signal after removal of the cyclic prefix is given by theet I, designate & x Q identity matrix. We define atv x Q
superposition of the signals of thi€ users transmitted over therepetition matrixR by stackingK identity matrices according to
user specific equivalent circulant channEI§") and distorted by T

AWGN according to R=(g,....1Ig)". (14)

K-1 Let us further define a user depend@&htx NV rotation matrix

K-1
- (k) - (k) , x (k)
r—Zy +n—ZH -x\" 4+ n. (8) . A X
k=0 k=0 é(k) = dl&g((ﬁé )a ey S\/')—l)’ (15)
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where diag( (()k), ey 55)_1) denotes a diagonal matrix with are maintained and, on the other hand, significant performance

diagonal elements!®) — 1/VK - el knp=0,... N—1. Iimprovementdue to exploitation of spatial diversity is obtained.
It is shown in [6] that the signal from Eq. (13) can be expressed " the following, the received signal after demodulation and
as demapping is described utilizing the the overall channel for

ng) —R.H® . q®) (16) DFT precoded OFDMA accordl(r;C to Eq. (11). Appllcatpn of

_ ~ the interleaved mapping matri¥;™ or the blockwise mapping
From Eq. (16) follows that the IFDMA time domain signalyayix M(*) results in the description of the overall channel for
can be obtained by compression in time and subsedgiefld |\EpMA or SC-FDMA respectively.
repetition of the data blocd(*) of userk and subsequent user We assume a mult’i antenna system with transmit antennas
specific phase rotation according to matik®), cf. [6], [13]. andnp, receive antennas. Lét=1,...,np andj = 1,...,ng
In the uplink, the IFDMA receiver is typically implementedygnqte the indices for the transmit and receive antennas, respec-

in frequency domain. The receiver is given by extension _(k) : ) .
the OFDMA receiver described in Eq. (9) by(point IDFT (ﬁ(/ely. Let furthert;™ (p) designate the-th received data block

operatioan for inversion of the DFT precoding. Hence, forat receive antenniiof userk given by

IFDMA an estimated*) of the transmitted data bloo#®) is R) NN (k) (k)

given by ;o (p) = ;Di,j (p) - ;" (p); (22)
d® =Fg -E®. MPFy a7 (k) . .

N whered;"’ (p) designates the-th data block of usek transmitted

Note, that for IFDMA a FDE based on the Minimum Meanom the;-th transmit antenna adagf“j)(p) designates the overall

Square Error (MMSE) criterion provides better performancgannel of usert: between thei-th transmit andj-th receive

compared to a ZF-FDE [14], [12], [15]. antenna.

B. SC-FDMA In [16] a method for application of STBC to Orthogonal

' ] ] ~ Frequency Division Multiplex (OFDM) is introduced for trans-

In the following, a system model for SC-FDMA is derivedmission over time dispersive channels. In the following, a method
as a special case of the previously introduced system mogiehescribed that can be understood as an extension of the method
for OFDMA. For that purpose, (V}l/)e assume blockwise subcafascribed in [16] to DFT precoded OFDMA including IFDMA
rier allocation, i.e., the elemendd ;' (n,¢),n =0,...,N —1; and SC-FDMA. A similar method is described in [17] for single

q=0,...,Q — 1, of the mapping matrng) are given by carrier transmission. In order to illustrate the application of STBC
to DFT-precoded OFDMA, in the following, the well known
M}(;) (n,q) = { o e O . (18) Alamouti scheme [18] is regarded as an example. However, note
0 else that the presented method can be also applied to other STBC [16].

Again we extend the OFDMA transmitter from Eq. (3) byJa For the Alamouti schemeyr = 2 andnp = 1 is assumed.

point DFT precodingF, before mapping. Thus, the transmit! NUs, in the following, indey can be skipped. We regard two
signal for SC-FDMA is given by consecutive time slots, each of length According to [16], it is

assumed that for the duration of the two consecutive time slots,
ng) = FH. MSB’“) Fg-d®. (19) i.e., for2- T, the channelis time invariant. Withih- 7" a space-
o ~ time-frequency coded and modulated version of the data blocks
Also fo_r SC-FDMA, the combination _of OFDMA modql_atlon,d(k’) anddg") is transmitted. According to [17], we assume that
blockwise mapping and DFT precoding can be simplified anf the first time slot a modulated version of the double DFT of
signal generation in time domain is given by d{¥) is transmitted from antennia= 1 and a modulated version
x® = p®) . q®), (20) of the double DFT oid{") is transmitted from antenna= 2.

In the second time interval, a modulated version%{fdgk))*
whereP®) = F -Msgk) -F(, designates a user specificx ) is transmitted from antenna= 1 and a modulated version of
matrix which can be calculated offline. (d*)* is transmitted from antenna = 2. Let #*)(1) and

In the uplink, also for SC-FDMA the receiver is imglementeé(k])(z) denote the received signals in the first and the second
in frequency domain. Hence, for SC-FDMA an estimdt&) of regarded time slot, respectively. Thus, together with Eq. (22),

the transmitted data bloak®) is given by £(®) (1) andr(®) (2) are given by

R - = (k k) | Ak k

a® =rh . E®. MO Fy o (1) FM(1) = DVFoFedl” + DVFGFodS”

—(k _ S (k) (ke | K 3(B)\x
Similar to IFDMA, also for SC-FDMA an MMSE-FDE provides rf(2) = -Dy’(dy))" + Dy (dy), (23)
better performance compared to a ZF-FDE. where D™, i = 1,2, denotes the overall channel from the
1. L OW COMPLEXITY AND POWER EFFICIENTSTBCFoR first and the second transmit antenna, respectively, to the receive
IEDMA AND SC-FDMA antenna. The eigenvalue decompositioﬁ)ﬂ‘) is given by
In Section 1l, OFDMA with DFT precoding is described. DFT DY =F, AWM .FH (24)

precoding can be understood as linear non-redundant frequency _
coding. In this section, in addition, STBC is applied such thauhereAgk) is a diagonal matrix with the eigenvalues]bﬁk) on
on the one hand, the advantages of DFT precoded OFDMA diagonal. Insertion of Eq. (24) into Eq. (23) and multiplication
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with Fg from the left leads to TABLE I: Complexity of IFDMA and SC-FDMA

*) ) *) *) Transmitter Recever
Fgf(k)(l) = A]"Fqod;”’ +A;"Fpd, multiplications multiplications \ divisions
FAr®(2) = —AVFE@P)" + AP FE (@) (25) IFDMA 2. N 1/2 N 1d(N) + 2Q o
SCFDMA | 2.Q N +O+1/2Q1d(Q)

Eq. (25) can be rewritten as
H (k) k) in Eq. (15) are required. According to Eg. (20), SC-FDMA
( Fg-r (1) ) — AR, Fod; (26) signal generation required’ - () complex multiplications per
(Fg ) f(k)@))* o FQdék) transmit antenna resulting from matrix multiplication wBH*),
with cf. Eq. (20). MatrixP(*) can be calculated offline. Thus, for
both schemes only low computational effort at the transmitter
> ) (27) is required which, together with the low envelope fluctuations,
makes low cost and power efficient terminals possible.
At the receiver, in a first step, for both schemes/éspoint
DFT is required which can be implemented using the Fast Fourier

A _ [ AT Ay
= (A(k))* —(A(k))*
2 1

At the receiver(A(k))H is applied according to

i FH . §0)(1) i i Foq® Transform (FFT) algorithm ifV is a power of 2. In this case, the
(ANHH < F’? () e ) = (APYHA KR Q ly |. computational effort for the DFT is given biy/2 - N - 1d(N)
( QT (2)) Fod, complex multiplications. Additionally, according to Eq. (28), a

N A R) , o (28)  matrix multiplication with(A®) ¥ is required (A ) is block
Matrix (A™)% A H is a diagonal matrix which can bﬁ easilygiagonal, hence, the matrix multiplication with ")) requires
co_mpensated at .t e receiver by a FDE based on the MMéEQ comple scalar multiplications. For determination of the
criterion as described in [11]. FDE coefficients for each usép complex divisions are neces-

IV. SIGNAL PROPERTIES ANDCOMPLEXITY sary, cf. [6]. The equalization of the received signal requiges
complex multiplications per user. Finally, for DFT decodin@a

In the following, the properties of the signals at each trans int IDFT is required. I is chosen as a power of 2, the Inverse

3_ntenna ;nd the computational complexity of the system r%ET algorithm (IFFT). can be utilized and for DF,T decoding
IScussed. . ) . 2 - Q - 1d(Q) complex multiplications are required per user.
According to Eq. (23), in t,he first time slot DFT prec?de {ms, also S:lt 'Bhe receiver, for both schemes low computational

and OFDMA modulated versions of the double DFTsdgf »effort is required. Due to the low complexity, in particular at

i = 1,2 are transmitted from theth antenna. In the secon():l UMethe transmitter side, and the low PAPR of the transmit signals

slot a DFT precoded and OFDMA modulated versiord§’ is  at each transmit antenna, both schemes are well suited especially

transmitted from thé-th antenna. It is well known that the doublefor the uplink. The total computational effort for a system with 2

DFT of a vectorv = (vg, vy, . ..,vq-1)" is given by transmit antennas and 1 receive antenna using Alamout STBC is
summarized in Table I.
FoFov = (vo,vg-1,---,v1) ", (29)
cf. [17], i.e., application of STBC to DFT precoded OFDMA at V. SIMULATION RESULTS

the transmitter is given by a permutation of the elements of the|, Figure 1 performance results for transmission over corre-
transmit signals at each antenna and, hence, the signal propeffigsy and uncorrelated spatial mobile radio channels with sim-
of these signals are the same as for a DFT precoded OFDMption parameters according to Table Il are given. Regarding

signal without STBC. Thus, applying the mapping matrivé IFDMA at a Bit Error Rate (BER) ofl0—3, for a net bit rate
or M([f), respectively, the signal properties can be concluded about 5.1 Mbit/s, i.e., a number of 128 subcarriers assigned
directly from Eq. (16) or Eq. (20), respectively. to each user, a gain due to additional spatial diversity of about

Compared to OFDMA without DFT precoding, IFDMA sig-0.9 dB is obtained for transmission over correlated channels. For
nals and SC-FDMA signals provide significantly lower envelopencorrelated channels, the gain is about 1.7 dB. For SC-FDMA
fluctuations due to the signal generation in time domain. Thubge gain is similar. For a net bit rate of about 1.25 Mbit/s, i.e.
a power efficient use of the amplifier and utilization of low = 32 subcarriers, ata BER af)~2 SC-FDMA provides a gain
cost amplifiers is possible. The envelope fluctuations of IFDMAf about 1.6 dB for transmission over correlated channels and 2
signals are even lower compared to the envelope fluctuatiai® for transmission over uncorrelated channels. For IFDMA, the
of SC-FDMA signals because of the simple compression agdin for transmission over correlated channels is 0.7 dB and for
repetition of the input data symbols. transmission over uncorrelated channels 1.5 dB.

In the following, the computational effort in terms of complex Comparison of IFDMA and SC-FDMA shows that for a net
multiplications and divisions required for IFDMA and SC-FDMAbit rate of about 5.1 Mbit/s, at a BER a3, IFDMA gains
with STBC is determined. The effort for channel estimation iabout 0.9 dB for the single antenna case and about 0.8 dB for
omitted and it is assumed that for the permutation according ¢combination with STBC due to its higher frequency diversity.
Eqg. (29) no computational effort is necessary. For a net bit rate of about 1.25 Mbit/s, i.€. = 32 subcarriers

From Eq. (16) follows that IFDMA signal generation requireper user, the effect is further reinforced. At a BER16f > the
compression, repetition and user dependent phase rotation. Tigagn of IFDMA compared to SC-FDMA is about 2.1 dB for the
at the transmitter, per transmit anteniacomplex multiplica- single antenna case and 1.9 dB for combination with STBC. For
tions resulting from matrix multiplication with the matrix givenboth data rates, the gain for transmission over correlated and
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TABLE II: Simulation parameters

10" ‘ . . : ‘

Carrierfrequency | 5 GHz Decoder MaxLogMAP o Q=128 slibcarriers per User ]

Bandwidth 20 MHz Equalizer MMSE FDE N : - ]
No. of subcarriers 512 Interleaving Random 10

Modulation QPSK Interl. depth 0.5ms

Code Corv. Code STBC Alamouti

Coderate 1/2 Guardinterval 5 ps T

Constraintlength 6 Channel WINNER SCM [19], i
Urban, 70 km/h —o— =150 (30 FOVA)

uncorrelatedhannels is similar.

In this paper, a combination of STBC and DFT frequency mfz A‘am;m' 2 um;or””FDMf)
coding for OFDMA systems has been proposed. The resulting E /Ny in dB —
10 e —

VI. CONCLUSIONS

space-time-frequency coded OFDMA scheme provides low com-
putational complexity for channel equalization, user separation
and space-time-frequency decoding. Especially for application
to DFT precoded OFDMA systems with equidistant subcarrier
allocation, i.e., IFDMA and SC-FDMA, also low computational
complexity for signal generation is obtained. Additionally, both,
IFDMA with STBC and SC-FDMA with STBC, provide low

envelope fluctuations of the signals at each transmit antenna and,

thus, provide a power efficient use of the amplifiers and make low

3| —+— SISO (IFDMA)
—8— Alamouti 2x1{corr.) (SC-FDMA)
—— Alamouti Zx1{corr.) (IFDMA)
Alamouti Zx1{uncorr.) (SC-FDA)
{

- Q=32 subcarriers per user. .

BER —
=

cost terminals possible. Finally, significant performance gains O~ SIS0 (SC-FDMA)

due to additional spatial diversity is exploited and both, SC- 10° $i§§oﬂg Sﬂfk)or)(sc_FDMA)

FDMA and IFDMA provide good coded performance for trans- —*— Alamouti 2¢1(kor } (IFDMA)

mission over typical mobile radio channels. Due to the interleaved Alamou 2x1{unkor ) (SC-FOMA)

subcarrier allocation, IFDMA can exploit more frequency diver- ot L Alamodt 2xfonior) (FEMA) -
sity and thus, outperforms SC-FDMA, especially for moderate B ’ 2 epngngs ’ "

to low data rates. However, for application of further diversity

techniques such as, e.g., frequency hopping, also the performance
of SC-FDMA can be further improved. Thus, due to their gooqg] H. Bolcskei and A.J. Paulraj

performance, their signal properties and their low complexity also
for high data rates, in particular at the transmitter, both schemes
are well suited candidates for the uplink of future mobile radid®l

Fig. 1: Coded performance for IFDMA and SC-FDMA
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