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ABSTRACT Moreover, B-IFDMA supports the efficient use of a micro-glee

Recently, a new multiple access (MA) scheme denoted BIOCm_ode resulting in additional power savings at the UT comgbare

Interleaved Frequency Division Multiple Access (B-IFDMARs 0 IF_DMA [1,10]. The advantages of B'IFDM.A are b_aS|caIIy
been proposed which can be regarded as a generalizationeof [rPbtained at the expense of a higher complexity for signal pro
leaved Frequency Division Multiple Access (IFDMA). Comedito  Cessing and increased envelope fluctuations of the traisegnit
IFDMA, B-IFDMA provides higher flexibility, increased robtness nal compared to IFDMA, resulting in undesired additionatso
to carrier frequency offsets and additional power savirighemo- at the UT.

bile terminal at the expense of increased envelope fluctustnd In this paper, two different variants of B-IFDMA are pre-
higher complexity. In this paper, different variants of BIMA are  sented and their properties are discussed. Moreover, rgw al
presented and their properties are discussed. Moreowsralyd-  rithms for a low complexity implementation of B-IFDMA mod-
rithms for a low complexity implementation of B-IFDMA pr@i a4i0n and demodulation providing low envelope fluctuasio

ing low envelope fluctuations are introduced. The compjesitB- . .
IFDMA is shown to be lower than for OFDMA. New performanc:eare proposed. The complexity of B-IFDMA is analyzed and

results for coded transmission over a mobile radio chaneajigen. compared to that of other MA schemes. Moreover, new perfor-
mance results for coded B-IFDMA transmission over a mobile

radio channel are given.

The paper is organized as follows: In Section Il, a system
Currently, research on B3G/4G mobile radio systems is ongvodel for the different variants of B-IFDMA is given. After
ing wordwide. The choice of the MA scheme has a great ira-discussion of the properties of B-IFDMA in Section III, in
pact on the characteristics of the system. In order to peovigection IV the novel algorithms for the implementation of B-
packet based transmission of multi-media services at saokep IFDMA are introduced. The complexity is analyzed in Section
costs, desired properties of the MA scheme are, e.g., gaed péand the performance results are given in Section VI.
formance, high flexibility, low complexity, robustness teat
world effects and provision of low cost mobile terminals hwit 1. SYSTEM MODEL
low power consumption.

For scenarios where reliable channel state informatioheat
transmitter is not available, the exploitation of diveysi the
preferred strategy for provision of good performance [t]tHis
context, especially in the uplink, DFT precoded OFDMA wit
interleaved subcarrier allocation spread over the totailavle
bgnd\{vidth, also cqlled IFDMA, cf. .[2, 3], has been (ecgiving‘_ DFT precoded OFDMA Modulation
wide interest and is currently considered as promising ieand i ) )
date MA scheme, e.g., in 3GPP LTE [4] or in the EuropedrP @ system withk users with userindek k = 0,..., K — 1,
Union research project WINNER [5]. Spreading of the sutet (k) (k) (k) \p
carriers over the total bandwidth leads to high frequenegrdi d™ = (dy’,...,dg ) (1)
sity. DFT precoding provides a considerable reduction ef th (k)
envelope fluctuations of the transmit signal compared to no%enOte a block ofy data symbolsi; ", ¢ = %C) - @1, of
precoded OFDMA. Thus, for IFDMA the utilization of low costUserk at symbol ratd /7. The data symbolg, * may be taken
power amplifiers at the user terminal (UT) is possible andfepm the alphabet of a bit mapping scheme like Phase Shift Key
lower power back-off compared to non-precoded OFDMA is ré2g (PSK) or Quadrature Amplitude Modulation (QAM), ap-
quired. The lower power back-off results in lower power corlied after Forward Error Correction (FEC) coding and inter
sumption due to a power efficient use of the amplifier [6]. Moréeaving. Further on, IeF § denote the matrix representation of
over, IFDMA provides low complexity and high flexibility in @nN-point Inverse DFT (IDFT), wher&/ = K - Q denotes the
terms of different data rates [3, 7]. However, IFDMA suffergumber of subcarriers available in the system. The assighme
from high pilot symbol overhead for channel estimation [Bfia of the data symboldé"’) to a user specific set ¢ subcarriers is
high sensitivity to carrier frequency offsets [9]. described by atV x @ subcarrier allocation matrixI*). Thus,
OFRDemntly,ha nelvv Mg scheme baned gn [_)FTblpr'!(COdﬂdgeneral, a DFT-precoded OFDMA signal of ugeran be de-

with interleaved assignment of subcarrier blocks, cf .. k) _ (,.(K) (B) \T i
Fig. 1, has been proposed [1]. The scheme is referred toécnbed by vector® = (z,”,..., oy ,)", with N e!ements
B-IFDMA and can be regarded as a generalization of IFDM&n .7 =0,..., N —1, at sample raté /T, = K/T given by
Due to the equidistant assignment of blocks of subcarriers i k) _ mH k k
stead of single subcarriers, compared to IFDMA the robisstne x® =Fy M- Fo-d®, 2)
to frequency offsets is increased and the pilot symbol eah whereF g denotes &)-point DFT matrix for precoding. Before
is reduced since for pilot assisted channel estimatiorrpote transmission over a multi-path channel, a Cyclic Prefix (TR)
lation in frequency direction within a block becomes polssib is applied to the signal from Eq. (2).

I. INTRODUCTION

[In this section, a system model for B-IFDMA is derived as spe-
cial case of DFT-precoded OFDMA. In the following, all sigma
are represented by their discrete time equivalents in thrgbex
fpaseband. Further of)T denotes the transpose) ! the in-
verse and-)™ the Hermitian of a vector or a matrix, respectively.
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Figure 1: Subcarrier allocation for B-IFDMA and IFDMA. IFDM
can be regarded as B-IFDMA with/ = 1.

B. B-IFDMA Modulation

Further on, let

(k) ()

&*) = diag(¢y /5., Pn_1)s @
define a user depended¥ x N diagonal matrix with di-
agonal elementspY) = 1/VEK - el FnkM+m)  where

n=0,...,N—landm=0,...,M — 1. Itis shown in [3]
that the termFL - Mgm’k) -F, from Eg. (5) can be reformu-
lated as

FL .M . F, =& - R®. 8)

The expression on the rightin Eq. (8) represenis-éold com-
pression in time and a subsequédtitfold repetition, cf. ma-
trix R, followed by a phase rotation according to mati#x®).
Thus, with Eq. (8) follows that the Added-Signal B-IFDMA sig

In the following, the system models for two possible vaganf@l from Eq. (5) can be efficiently generated in time domain by
of B-IFDMA are derived. The first one, referred to as Joint4Sing & sum of IFDMA signals generated by compression and
DFT B-IFDMA, is based on the application of one DFT over aflepetition of the data block(*) of userk and subsequent user
subcarriers assigned to a specific Usehe second one, referredspecific phase rotation, cf. [2, 3].

to as Added-Signal B-IFDMA, is based on the assignment of

multiple IFDMA signals to one user. The two variants resnlt iC. B-IFDMA Demodulation

two different signals with different properties. In the gefj let
M denote the number of subcarriers per block and.ldenote
the number of blocks assigned to a specific usewith Q =

M - L.

Joint-DFT B-IFDMA: Let Mfgk) denote a block interleaved

subcarrier allocation matrix with eIememg“) (n,q) in then-
th row,n =0,...,N — 1, andg-th column,q = [ - M + m;
l=0,...,L—1,m=0,..., M — 1defined as

k 1 n=0-Y4+m+kM
Mé)(nvq):{ 0 else L

Thus, a possible transmit signal for B-IFDMA is given by sejt
M®*) in Eq. (2) toM®) = M ¥,

®)

Added-Signal B-IFDMA: In order to get the signal model forwhere FH

Added-Signal B-IFDMA, it is assumed thaf IFDMA signals,

each withL subcarriers are superimposed and assigned tdwuser Added-Signal

The M IFDMA signals assigned to usérare mutually shifted

by one subcarrier bandwidth. The resulting Added-Signal B0~ »-- >

IFDMA signal can be described as follows: L&t"-*) denote
them-th L elementary subblock af*) with elements\™"*) —

df:)LH; [=0,...,L—1. The N x L subcarrier allocation
matrix Mgm"‘”’) of them-th IFDMA signal assigned to uséris

defined by its elements

(4)

m,k 1 n=0-Y4+m+kM
MI( )(n,l) :{ 0 else t

Thus, the Added-Signal B-IFDMA signal for uskrcan be ob-
tained by

M-1

x® = SR ME R ) (5)
m=0

whereF ;, denotes ad, x L DFT matrix.

LetI; denote anl. x L identity matrix and lefR denote an
N x L repetition matrixR obtained by stackings identity ma-
trices according to

R=(I,... (6)

7IL)T-

In the following, the demodulators for the two variants of B-
IFDMA from Section I1-B are described.

Joint-DFT B-IFDMA: For demodulation of Joint-DFT B-
IFDMA, the operations from Eq. (2) have to be performed
in reversed order. In a first step, after removal of the CP, an
N-point DFT has to be applied. Subsequently, a subcarrier
demapping has to be performed. Finally, the DFT precoding
is neutralized by application of an IDFT. Lét)" denote the
pseudo-inverse of a matrix. The demodulated B-IFDMA signal

p® = (p§”,...,p3) )T of userk is given by

T
p® =FE . MP Fy-r, )

andFy denote a@-point IDFT matrix and anV-

point DF{%' matrix, respectively.
B-IFDMA: Let  plmk) =
aim ) 5T denote then-th subblock of the demod-

ulated B-IFDMA signalp®) with elementsp\™"* = p*)

I
The Added-Signal B-IFDMA signal is demodulated suBbIock
by subblock. The subblock®™*) are given by

pmh) — MO Fy e m=0,.. M —1 (10)

whereF!! denotes arL-point IDFT matrix.

IIl. PROPERTIES OFB-IFDMA

In this section, the properties of B-IFDMA are briefly anadyz
Due to the block interleaved subcarrier allocation spread the
total available bandwidth, B-IFDMA provides high frequgnc
diversity gains. At the same time, low potential multi-user
scheduling gains are provided, because the exploitatidreef
quency diversity lowers the channel variations betweefedif
ent users. Thus, similar to IFDMA, B-IFDMA is an appropri-
ate scheme for scenarios where channel state informatite at
transmitter side is not available or not reliable, e.g., tiukigh
user velocity, and where, hence, adaptive transmissioada-
tive multi-user scheduling is not possible.
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compared to Egs. (2) and (9). A reduction of the computationa
complexity is especially desirable for the modulator in tie

: link and for the demodulator in the downlink, which are both
_ Jaint DFT | 5 : situated in the UT. In the following, novel algorithms for efa
§ 08_ ......... ......... B"'IFDMA, ........... ........... . ............ ficient implementation Of JOInt-DFT B_IFDMA modulation and
2 IFDMA L=4 1 : demodulation are presented.
a Joint DFF : :
SI‘ 06l ; ”B“IFDEM’%’ ...... Y O S Blogk: - i A. Modulation
Q P =2 : interlgaved
c : § OFDMA, L=4 Let 0-1
Egal.oomi N RO R EHURO U .......... OUTT k 1 k _i2m
: TN D =~ S d e p—0..0-1 ()
= : : : . Added Signal q=0
£ 02| DM . denote the) elements of the DFT of the data symbdf§’. The
N elementse™ of the transmit signal from Eq. (2) using the
o ; ; i ; block interleaved subcarrier allocation matM%"), cf. Eq. (3),
0 2 4 & 8 10 12 can be rewritten as follows:
PAPR in dB —
Figure 2: PAPR for the transmit signal of different multiglecess . 1 Nl W o
schemes for Q=128 subcarriers per user and N=1024 avaitathe =) = Wi Z D) eI ¥m: p=0,...,N—1, (12)
system. it N n=0
Compared to IFDMA, B-IFDMA requires a lower overhead\”t *) N
for pilot transmission for channel estimation. Indeed,dnttast (k) — { Dirvram fOr n=10-T+m+kM (13
to IFDMA, by using pilot assisted channel estimation, ipter 0 else

of subcarriers becomes possible for B-IFDMA. Thus, comtin 1%‘ (12) repres%rlnskthe lDlFT fodr O'ZDM modulation and Eg.
with Time-Division Multiple Access (TDMA), the assignmen ) represents block Interleaved subcarrier mappmg,E(ti..

of short TDMA blocks to a user is possible with low channd)- Insertion of Eg. (13) and Eq. (11) into Eq. (12) results |
estimation overhead. The use of short TDMA blocks enables M—1 Q-1 L—1

micro-sleep modes that result in significant power savingisea () — 1 Zej%”n(kMer)Zd(k)e—j%qmzej%”l(nw)
UTs [1]. Further on, in the uplink, B-IFDMA provides a higher " vQN = e — ’

lation in frequency domain between the pilots within a blocg

q=0

robustness to frequency offsets compared to IFDMA for dplin (14)
transmission. The robustness to frequency offsets inesasigh  Where
increasing number of subcarriers per block. Lol 22 () L for g=n+uL

In Fig. 2 the Peak-to-Average Power Ratio (PAPR) for Joint- Zej S { 0 clse , (15)
DFT and Added-Signal B-IFDMA is given and compared to the =0

deduced that the advantages of B-IFDMA compared to IFDMA

are obtained at the expense of an increased Peak-to-Avera e I Mfl(k) o kMIWl o
Power Ratio (PAPR) of the transmit signal. However, comgarer;, TON D A0 iimoage’ ¥ MY eI G i D.,
to OFDMA the PAPR of B-IFDMA is significantly lower. The p=0 m=0

trade-off between PAPR reduction and pilot overhead "‘meabefining (16)
for a lower numbeM of subcarriers per block is subject of fur- I ‘ M—1
ther study. A comparison of Joint-DFT B-IFDMA and Added- olmk) — _ei%””kMZe*jQ”m(%f%+ﬁ>7 (17)
Signal B-IFDMA shows that the implementation with joint DFT " VON =
provides a significantly lower PAPR.

For the same numbep of subcarriers assigned to a user, thEd- (16) reduces to

computational effort for B-IFDMA at the transmitter and héet (k) _ Mil a® ) (18)
receiver is higher than for IFDMA. Considering the computa- T = (n+tuL)modQ ~m -
tional complexity, Added-Signal B-IFDMA is preferable coem pn=0

pared to Joint-DFT B-IFDMA because Added-Signal B-IFDMAEG-  (18) can be implemented as depicted in Fig. 3. In a
benefits from the very efficient signal generation schemizia t first step, the data blocd*) of userk is compressed in time
domain for IFDMA, cf. 1I-B. by factor K and subsequently repeatdd-times resulting in

Since Joint-DFT provides a significantly lower PAPR comK - @ = N elements. TheV elements are, element by ele-
pared to Added-Signal B-IFDMA, algorithms providing loweiment, multiplied with the elemen®“*) of M different user
computational complexny for the implementation of JODFET specific SequenC@&u,k‘), . 95\;;_;@1) L=0,...,M—1. The
B-IFDMA are desirable.

sequence@é“’k), cee @}‘,‘fl) are independent on the data sym-
IV. EFFICIENT IMPLEMENTATION bol vectord(¥) and, thus, can be calculated offline. Finally, the

) | ] " | bearri resulting) different sequences resulting from multiplication of
Since also Joint-DFT B-IFDMA provides a regular subcarri k) of the compressed

assignment, the computational complexity for Joint-DFT §_F1e cyclically shifted elementﬁ(nWL)mon
IFDMA modulation and demodulation can be further reducezhd repeated data block Wi@l,({"k) are summed up.

T. Frank, A. Klein, and E. Costa, "An Efficient Implementatitor Block-IFDMA,” in Proc. of PIMRC2007, Athens, Greece, Sep. 2007.



@([)J")

n

i

Cyelic shift
by L.

Compression
and K-fold

Repeition

I

dF)—s

@51] k)
QML

Cyclic shift
by (M — 1)L

Figure 3: Low complexity implementation for Joint-DFT BBMA
modulation
B. Demodulation

Let

0,....,N—1, (19

1 N-n
_j2z
R, =— E ryoe TN
VN =
n=0

denote the elements of the DFT of the received signal ve€tor

at the receiver. Thé) elementsﬁflk) of the B-IFDMA signal

after demodulation can be obtained by

Q-1
1 ~ 2

Ak) — = (k) . ,i5pq. _ o

Pq _\/Qg Ry -ele? p=0,...,Q0 -1 (20)
p=0

with
=k R -k for =IM+m
Rz()k) { OlN/L+ +kM p ke (1)

] 1] -5
LIJ(V’ I b s ‘.Pgﬁzf_)md Y
. _>(g) . _>(X) _>A(X) _>(X) ,
‘Pl(v’k - LIJ((;f 1L ymod IV
A A A
| : >
| : >

Figure 4: Low complexity implementation for Joint-DFT BBIMA
demodulation

Table 1: Computational complexity for the uplink transeitand the
downlink receiver in terms of complex multiplications pef.U

Joint-DFT B-IFDMA, conventional| N/2-log,N + Q/2 - logo@Q
Joint-DFT B-IFDMA, efficient N-M
Added-Signal B-IFDMA N-M

IFDMA N

OFDMA N/2 - logg N

v=0,...,N/L-1,¢=0,...,Q — 1, Eq. (24) can be sim-

plified to
N/L—1
~(k) _ (v,k)
Pé ) = Z T(g+vL)modN * ¥ (ot s 1 )modN (26)
v=0

Eqg. (26) can be implemented as depicted in Fig. 4. For each
elemem;ogk) of the received signal after demodulation, figL

Eq. (20) represents the IDFT for compensating the DFT precaglements- (., ymoan from the received signal are multiplied

ing and Eq. (21) represents block interleaved subcarrieage

ping, cf. Eg. (3). Insertion of Eq. (21) and Eq. (19) into Eq.

(20) results in

| MoiN-1
- 270 - 27 y
e aw ryel ST (22)
m=0 n=0
L—1
) eﬂ%ﬂ”mZejZTﬂl(‘F"),
where 1=0
= L for + L
J2El(n—q) _ n=4qrp
Ze B { 0 else ’ (@3)

=0
v=20,...,N/L— 1. Insertion of Eq. (23) in Eq. (22) leads to

M—1N/L-1

- 2m YRy

3155 mq _—j3<E kM (g+vL
§: §: P(g+vLymodne’ @ M WMD)
m=0 =0

. e~ IR (gtvL)m

(k) L
a = L
q /QN

N/L-1
2 : —j%F kM (q+vL
T(g+vL)modN€ i (a )
v=0

VN

M-1
3 St be=iFmlatvL) o+ 3 (mod)
m=0

Defining @9
\I/,'(,ly’k) _ gN (@%—umodMJC))* ;on = (q + VIJ)I'I’IOCUV7

(25)

T. Frank, A. Klein, and E. Costa, "An Efficient Implementatitor Block-IFDMA,”

with ‘I]E:sz)modN and summed up. Note that, similar as for
*) at the

the modulation algorithm, the coefficienIé(Z;VL)modN
demodulator can be calculated offline.

V. COMPUTATIONAL COMPLEXITY

In this section, the computational complexity of the effitien-
plementation for Joint-DFT B-IFDMA from Section IV is com-
pared to the complexity of the conventional implementafan
Joint-DFT B-IFDMA according to Eqg. (2) and Eg. (3) and with
the complexity of Added-Signal B-IFDMA, cf. Eq. (4) and Eq.
(8). Further on, the computational complexity is compared t
the complexity of IFDMA and OFDMA.

In the following, it is assumed tha¥, @, M and L are cho-
sen as powers of 2 in order to make the utilization of the FFT

Table 2: Computational complexity for the uplink transmmitand the
downlink receiver in terms of complex multiplications pef.U

B-IFDMA

Joint DFT Added | IFDMA | OFDMA

Efficient | Conventional | Signal

N = 2048; Q = 256
M=2 4096 12288 4096 2048 11264
M=4 8192 12288 8192 2048 11264

N = 4096; Q = 256
M=2 8192 25600 8192 4096 24576
M=4 16384 25600 16384 4096 24576

N = 4096; Q = 1024
M=2 8192 29696 8192 4096 24576
M=4 16384 29696 16384 4096 24576

in Proc. of PIMRC2007, Athens, Greece, Sep. 2007.



Table 3: Simulation parameters

Carrier frequency| 3.7 GHz Decoder BCJR
Bandwidth 40 MHz Equalizer MMSE FDE
No. of subcarriers| 1024 Interleaving Random
Modulation QPSK Interl. depth 0.35ms
Code Convol. || Guard interval 3.2us
Code rate 1/2 Channel WINNER [12]
Constraint length 6 Scenario Urban, 50 km/h

algorithm for the DFT and IDFT operations possible. However

note that for the efficient implementation according to Bect e e \\2 e
IV, this assumption is not required. 1~ hdded Sigrnal &-IFDMA, M- . \, ]
From Eq. (18) and Eq. (26) follows that the required numbers e irona | D TOMAMeE R
of complex multiplications for modulation and for demodida 10{‘2 : : - i 8 e

are equal. The required number of complex multiplicatiars f E:IND indB
modulation and demodulation, respectlvely, .ar_e g“./en inlga Figure 5: Coded performance for B-IFDMA and IFDMA for diféat
1. Note that for IFDMA demodulation an efficient |mplemen-Da,[a rates
tation, cf. [2] can be used, which is already considered lida i ' ) o )

1. The computational effort using the efficient implemeiotat Pecially for non-adaptive transmission in the uplink ofufiet
for Joint-DFT B-IFDMA is the same as for the implementatiof'obile radio systems.

of B-IFDMA using a sum of IFDMA signals. Consequently,
compared to IFDMA, the computational complexity is higher.
An example for the values for different numbe¥sof subcar- This work was performed in the framework of the IST project
riers in the system and different numbé&psof subcarriers per 1ST-4-027756 WINNER I, which is partly funded by the Euro-

user are given in Table 2. From Tables 1 and 2 follows that fpean Union. The authors would like to acknowledge the contri
the given parameters, the efficient implementation of IDIRT  butions of their colleagues in WINNER I, although the views
B-IFDMA provides up to factor3 lower computational effort expressed are those of the authors and do not necessargy rep
compared to the implementation according to Eq. (2). The asknt the project.
vantage of the efficient implementation increases witheasr

ing the numbelV of subcarriers in the system, with increasing

data rateS, i_e_, increasing the num@eof subcarriers assigned [1] WINNER, “The WINNER Il Air Interface: Refined multiple &ess con-
to a user and decreasing the numbgof subcarriers per block. ~ CePts.” Tech. Rep. D4.6.1, 1ST-4-027756 WINNER I, Novemd@06.

Note that with decreasing the numbderof subcarriers per block [2] U. Sorger, I. De Broeck, and M. Schnell, “IFDMA - A New Spi
not only the computational complexity decreases, but digo t 3giftguu’ge“g‘ggg{er;ﬁ_cigiz_sl%hf?‘e’ noc. ICC'98, Atlanta, Georgia,
PAPR reduces. However, the lowkf, the higher the pilot sym-

P [3] T. Frank, A. Klein, E. Costa, and E. Schulz, “IFDMA - A Prd@sing
bol overhead as well as the sensitivity to frequency offsets Multiple Access Scheme for Future Mobile Radio Systems,”Pinc.

PIMRC 2005, Berlin, Germany, Sep. 2005.
[4] 3GPP TSG RAN, “Physical Layer Aspects for Evolved UTRAe(Base
7),” TR 25.814v1.5.0, 3rd Generation Partnership Proj&éethnical
Specification Group, Sophia-Antipolis, France, 2006.
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