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Abstract: This paper is concerned with arandomized OFDM (R-OFDM) scheme. The basic principle isto apply a
scrambling operation to several OFDM frames. With a proper design strategy, the scrambling operation will not affect in-
tra-cell orthogonality of OFDM (even considering multi-path effect). For signals from different cells, mutually random
scramblings are used to reduce their correlation. This alleviates the worst case inter-cell interference problem. R-OFDM
combines some advantages of both OFDM and CDMA, namely, intra-cell interference avoidance, cross-cell interference

mitigation as well as simple receiver structure.

1 INTRODUCTION

OFDM (Orthogonal Frequency Division Multiplexing)
is a promising technique for high data rate transmission
over dispersive channels [1,2]. It has been successfully
selected as modulation schemes in the European Audio
Broadcasting standard and indoor standards such as
ETSl-Hiperlan-1l and |IEEE 802.11. OFDM and related
schemes have also been considered for many other appli-
cations[3-10].

If carriers are re-used in a multi-cell system, multiple
access interference (MAI) becomes a serious problem due
to the correlation problem. Worst-case MAI is particularly
damaging between two signals occupying the same car-
rier. It imposes a limit on system performance and capac-
ity. This is a major problem for the use of OFDM tech-
niquein cellular systems.

This paper is concerned with a randomized OFDM (R-
OFDM) ? scheme with potentiadl CDMA-type one-cell
spectrum re-use deployment (i.e., one spectrum re-used for
al the cells). Further to the basic principle introduced in
[11], this paper provides a detailed study on issues of in-
terference characteristics, clipping effect and low-cost
transceiver design.

The followings are some main features of R-OFDM.

Convolutional scrambling and de-scrambling @-
erations are used at the transmitter and receiver re-
spectively, which are commutative with the multi-
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“The system model was originally called OFDM-CSDMA in [11]
that is somehow confusing. The term R-OFDM used here is simpler
and more appropriate.
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path effect (through the prefix technique), so the
properties discussed below can be maintained in
multi-path channels.

For same-cell-users, the scrambling and de-
scrambling operations cancel each other. They do
not affect the orthogonality among the sequences
used within a cell so the system behaves just like
normal OFDM.

Mutualy (approximately) random scrambling
schemes are applied to signalsin neighboring cells.
They result in Gaussian-noise-like cross-cell inter-
ference behavior. It has a more benign effect than
the interference resulted from fully correlated sig-
nals.

The randomization operation introduces a CDMA in-
gredient into R-OFDM and alleviates the worst case cross-
cell MAI problem. R-OFDM combines some advantages of
both OFDM and CDMA, namely, intra-cell interference
avoidance, cross-cell interference mitigation as well as
simple receiver structure. It can potentially achieve higher
spectrum efficiency compared with either the standard
OFDM or CDMA in cellular environments. As a particular
scheme of intra-cell interference suppression, R-OFDM
has the advantage of considerably lower receiver com-
plexity compared with other multi-user detection schemes
[12].2

3 Theoretically, a CDMA receiver based on multi-user detection is
able to suppress any interference, but intra-cell interference can-
cellation (treating other-cell interference as Gaussian noise) is most
feasible due to complexity concerns. This results in similar princi-
ple as that discussed in this paper.




Li Ping

Compared with other existing work, orthogonal separa-
tion of up-link usersis still an issue for combined OFDM-
CDMA schemes. Due to alignment error and independent
fading experienced by signals from different users, it is dif-
ficult to apply some existing OFDM-CDMA [4,5,7,8] detec-
tion methods in the up-link. There is an interesting recent
work on up-link multiple access [9]. It is demonstrated in
[9] that by allowing certain tolerance on the alignment er-
ror of OFDM frames, the overhead in handling the up-link
synchronization problem can be significantly reduced. The
work in [9] is for a single cell environment. Incorporating
R-OFDM with the scheme in [9] can be an interesting fu-
ture work.

When used for the up-link, approximate frame align-
ment among same-cell users is assumed in R-OFDM. The
prefix technique for treating multi-path delay can also be
used to treat the frame alignment errors (since they have
the same effect seen from areceiver). Due to the overhead
involved, R-OFDM is most suitable for low speed, small
cell-size systems (such as indoor systems) where syn-
chronization accuracy is not adifficult issue.

2 PRELIMINARIES

21 CYCLIC CONVOLUTIONS, DFT, IDFT AND

ORTHOGONAL PHASOR SEQUENCES

Let x={x,} and y={y,} be two length-N discrete %
quences and <n-n' >° n-n" modulo N. The cyclic convolu-
tion between x andy, denoted as z=xAy, is defined by

N-1
Z,= & X;Yenys OENEN-1

n'=0

@

The multi-path effect in a digital communication sys-
tem is usually modeled by a sliding convolution but it can
be transformed into a cyclic one with a prefix technique,
see[11].

The N-point unitary DFT (Discrete Fourier Transform)
of a sequence x and its inverse IDFT (Inverse DFT) are
listed below [13],

DFT: :i_h"’l i“ (29)
X={X}=F(x) |J_a g

DT x=(g=ri00-| L ExeN) @)
TVN« ﬁ

Define an orthogonal sequence set,
i2p Kk 1 2pi0N-vkg

)ék)Dll 1 S e N

—_

k=0,1,..N-1 3
DFT and IDFT can also be redefined in the vector form as

DFT: F() = 8 xXO (4a)
i=0

IDFT: F(X)= g_l X, x® (4b)
k=0

where x® isthe conjugate of x®. The following is a well-
known relationship [13],

FIxAyl =4/N X oY = /N { XYy} ®)

where* o” denotes the symbol-by-symbol product of two
sets.

2.2 OFDM TRANSMISSION PRINCIPLES

The OFDM transmission principle [1] is illustrated in
figure 1. The input is delivered in a framed structure. An
IDFT is applied to each input frame so that v=F *(u). The
resultant signal is transmitted using quadrature amplitude
modulation (QAM). The cyclic prefix technique [1,11] is
applied at this point. It is well-known [1,11] that the fol-
lowing end-to-end transmission model results from the use
of prefixes,

v=vAc+h (6)
where ¢ is a sequence of reflection coefficients and h a

sequence of additive noise. Applying a DFT to ¢ in (6)
and using (5), we have (recall that v=F ™(u))

0 =F(¥) = /N u®F(c) +F(h) (79)
or in asymbol-by-symbol form,
0, = VN uCc+ H k=0,1,.N-1 (7b)

where {C,}=F(c) and {H,}=F(h). Equation (7b) implies

an orthogonal property, i.e., there is no cross interference
among carriers for different u,. Clearly, U, can be used to

estimate uy, provided that the fading factor C, is known.

QAM |

. physical
u vi X(t) () A% a
transmi tter v=vAc+h receiver

Figure 1. The OFDM transmission principle. Sequence v
is padded with a cyclic prefix before transmission, which
is stripped off at the receiver.
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2.3 OFDM CARRIERS AND FREQUENCIES

From (4), the transmitter and receiver functions for
OFDM can be aternatively expressed as

(8a)

[o]
v=q ux®

0, =< 9,x® > (8b)

Equations (8a) and (8b) are convenient for interference
analysis (but realization based on figure 1 using FFT is
more efficient). We will refer to ¥ as an OFDM carrier of
frequency index k. Prefix can be represented by extend-
ing X appropriately in (8a).

3 R-OFDM:
PRINCIPLES

INTRA-CELL  TRANSMISSION

In principle, a standard OFDM system can re-use the
same set of orthogonal carriers {*¥"} in a multi-cell envi-
ronment, but the correlation among the re-used carriersis
aserious interference problem. The worst-case MAI (such
as the wanted and interfering signals occupying the same
OFDM carrier) is a limiting factor in this case. The situa-
tionissimilar to ordinary FDMA with frequency re-use.

In the following, we will investigate a randomization
technique to alleviate the cross-cell interference problem
in OFDM system. The basic strategy isto introduce a pair
of scrambling/de-scrambling operations at the transmitter
and receiver respectively. Different scrambling/de-
scrambling pairs are assigned to different cells. For users
in the same cell, the two operations cancel each other. An
important property of this approach is that the intra-cell
orthogonality can be maintained in a multi-path channel,
as shown below.

3.1 SYSTEM MODEL

The R-OFDM transmission principleis shown in figure
2. Compared with the standard OFDM in figure 1(b), the
difference is the convolutions involving p. We impose a
constraint onp,

pAp =d={1,0,0,...0} )

Here for simplicity, we assume that p is real (For complex
P, (9) can be modified to pAp* =d). The construction of p is
discussed in section 5 and the Appendix. According to (5)
and (9),

F(p) OF(p)= F(pAp)/ ~/N =F(d/~/N ={UN, ...UN}

We then have the following property for p.

Remark 1: The DFT of p isabinary sequence of +1/+/N .
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For simplicity we ignore channel noise and concen-
trate on multi-path effect. (It can be shown that the same
principle applies considering channel noise, see [11].) In
figure 2, every length-N v-frame contains L sub-frames to-
gether with their prefixes. Each sub-frameisthe IDFT of M
input symbols, with M < N. If auser delivers less than M
symbols per u-frame, then u can be filled with an appropri-
ate number of zeros. In particular, a u-frame can contain
only one non-zero symbol and after IDFT thereisonly one
active non-zero carrier. This scheme will be detailed in 3.3.

Infigure 2, L sub-frames are convoluted together with
p for good randomization effect (see Section 4). An extra
cyclic prefix is padded to the transmitted sequence w to
convert the multi-path effect into a cyclic convolution
w=cAw. Then, due to the commutative property of
convolutionsand (9),

v = VApAcAp = vAcAd=VAc (10)
SR A
u VoA w L A i

p c p
transmi tter equivalent receiver
channel
(a)
«— N >
4—>
u® u®
u | ] P |
vO=E -l(u(l)) VI=E -l(u(l-))
v | | [ | |
w=vAp ]
W=wAc MmN |
A e Vo
VEWA p m | [ | |

aM =F(y) aD=F (W)
[ ] |

a ]

(b)

Figure 2. (a) Overview of R-OFDM transmission between
a pair of designated users. Channel noiseisignored. Due
to the commutative property and (9), the two convolu-
tions shown cancel each other. (b) Signal structure of R-
OFDM. The black signals represent prefixes. Notice that
v consists of L sub-frames, each individually generated
from the IDFT of M input symbols and padded with a
prefix. An extra prefix is padded to w before transmission
to ensure w=wAc. The prefixes are successively
stripped off at the receiver.
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Equation (10) indicates that the two convolutions in
figure 2(a) cancel each other. In other words, they are
transparent to IDFT and DFT at the two ends. As shown
infigure 2(b), every sub-frame Vv inv is padded with a ¢y-
clic prefix. After stripping off the prefixes at the receiver,
we have,

v =vO Ac (118)
With the DFT operation, we again have
49 = N u? °F(c) (11b)

Comparing this with (7) and ignoring the additive noise, it
is seen that the systems in figures 1 and 2 are equivalent,
provided that the transmitter and receiver are based on the
same p.

3.2 A DFT DOMAIN VIEW

A DFT domain view can provide more insight. From
Remark 1, the convolution w=vAp at the transmitter only
introduces a sign change in the DFT spectrum of v with-
out affecting its power spectrum. Thus we can regard
w=vAp as introducing a binary phase randomization. At
the receiver end, another matching sign change, realized
by the second convolution with the same p, clearly can-
celsthefirst one.

3.3 MULTIPLE ACCESSWITHIN A CELL

L sub-frames

discrete
frequencyA

Figure 3. A multiple access scheme for R-OFDM. Each v-
frame has the same structure as shown in figure 2. A user
occupies all L sub-frames of the same frequency index in
a v-frame, as indicated by the black frames. This fre-
quency hops for different v-frames to average out fading
effect.

We consider the multiple access within a cell where all
the users are using the same p-sequence. A straightfor-
ward approach is the scheme in figure 3. The v-frame for a
particular user hasthe form

\ :{ Ul,k)ék), Uzvk)ék), U3vk)ék), UJ’k)ék) } (12)

where {u,,} are the information symbols and X is a
length-M OFDM carrier defined in (3) with frequency index
k. Inthisway, a user occupies all L sub-frames with fre-
guency index k within a v-frame. It isimportant to keep in
mind that each sub-frame u; X" in (12) should have a pre-
fix that is not explicitly shown only for simplicity.

Within a cell, different users are distinguished by dif-
ferent k values (frequency indexes). Coherent detection
can be accomplished by using one sub-framein v as refer-
ence (pilot), with the rest L-1 frames carrying information.
This can support at most M users with orthogonal fre-
guency separation. We can also adopt a time domain mul-
tiplexing technique with discontinuous transmission mode
to support more users. For different v-frames, the fre-
guency index assigned to a user can vary (in afrequency-
hopping manner) so as to average out fading effect.

In principle, the above approach is very similar to a
common FDMA with frequency-hopping. Each sub-frame
at a particular discrete frequency is equivalent to a modu-
lated pulse. (A difference here isthat carriers are discrete.)
Consequently, R-OFDM shares many advantages of
FDMA, such as intra-cell orthogonality and simple e-
celver complexity. However, R-OFDM has improved per-
formance when cross-cell interference is considered, as
shown below.

34 CORRELATOR TRANSCEIVER MODELS

A length-N R-OFDM carrier is obtained by padding a
length-M OFDM carrier with annrgpriate zeros, define by,

«— N —

Z9={0 .. 0 x¥ o0 . 0}
- \ /
zero frames zero frames

(13)

where X isalength-M OFDM carrier defined in (3). Simi-
lar to (8), the transmitter and receiver functionsin figure 2
can also be expressed as,

transmitter: (143)

w=§ u,z"Ap

receiver: G, =<W, pAzU» > (14b)
which is convenient for interference analysis. Synchroni-
zation issue

A key requirement for OFDM and R-OFDM s that all
the frames should be approximately aligned. For up-link
applications, the situation is more complicated since now
it is necessary to consider frame alignment error among
same-cell-users. Certain tolerance of alignment error can
be allowed due to the use of prefixes. Such error has es-
sentially the same effect as multi-path delay. Provided that
prefix length covers the combined duration of alignment
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error and multi-path delay, orthogonality among al the us-
ers can be maintained.

Generally speaking, frame alignment error is related to
theround trip delay 2r/c, wherer iscell sizeandc is speed
of light [10]. For example, for r=500 meters, 2/c»3.33ns.
Since prefix constitutes an overhead, R-OFDM is most
suitable for systems with small cell-size, such as indoor
systems. For such systems, the delay spread caused by
multiple reflection isaso relatively small, (such as ~1ns for
indoor and ~3rs for out-door systems[14]).

4 CROSS-CELL INTERFERENCE

In amulti-cell system, re-using the same set of carriers
in different cell will cause cross-cell interference problem.
R-OFDM provides a remedy to the interference problem.
The basic principle is to reduce correlation among the sig-
nals from different cells. Idedly, it is preferred to minimiz-
ing peak correlation but thisis generally a complicated is-
sue [15]. A practical technique is to make interference
Gaussian-noise-like. Then correlation is more evenly dis-
tributed and peak values have very small probability of
occurrence. CDMA actualy employs a similar principle
but it is difficult to maintain intra-cell orthogonality in
multi-path environments for common CDMA.

4.1 INTERFERENCE CHARACTERIZATION FOR THE
STANDARD OFDM

We now present some detailed analysis of interference
characteristics. For comparison, first consider the standard
OFDM scheme in figure 1. We only discuss the transmi s-
sion of one nonzero information symbol u. Results are
similar if more information symbols are transmitted. From
(8), the transmitted signal is v=uxwhere X is an OFDM
carrier defined in (3). Let v'=u'X beaninterfering sgnd.

For simplicity, ignore any other channel distortions and let
the received signal be V=u x+u’ X.Let u and u’ have
unit amplitude and let xand X be normalized to

< x)?>:< x,)?'>:1

For the synchronous transmission, (The asynchronous
case will be discussed using simulation results later.), the
signal-to-interference power ratio in the decision variable
G foruis,
— 2
S

15
—|<X',)?>| |<X',)?>|2 (15)

Based on the normalization assumption and Parsevd’s
Theorem [13], the correlation power can be expressed as,

L
[ex XA =

2

N1
XX | 1 (16)
k=0
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with {X,}=F({ and {>4’}=F(X). For xand X both de-
fined in (3), their DFTs are shifted delta sequences. Con-
sequently, the outcome of (16) isbinary, i.e.,

if x =x'
70 otherwise

The correlation value of one implies a serious interference
problem.

4.2 INTERFERENCE CHARACTERIZATION OF R-OFDM

For R-OFDM, let zand z ' befrom the R-OFDM carrier
set defined in (13). They are convoluted by different p
and p’ respectively before transmission. With smilar a s-
sumption as for the standard OFDM above,

1 (178

SR= — — >
<z A p,zAp>|

Based on Parsevd’s Theorem [13] and (5), the corrdlation
power in (17a) can be expressed as (with Z=F (2, Z =F(Z),
P=F(p) and P'=F(p’))

2

. — . 2 N
kz’Ap.zApy =|Naz.,RZR| £1 (7))
k=0

From Remark 1, PkP'kz +1/N. We assume the following
two conditions.

Sequences p and p’ are gpproximately random to
each other so their combined effect in (17b) is ran-
dom phase shifts.

The amplitudes of {Z} and {Z’} have (approx i-
mately) identical distributions.

Then using the law of large numbers, the summation in
(17b) is approximately a Gaussian random variable for suf-
ficiently large N. Large values are statistically rarer for
(17b) (compared with (16) without randomization). Interfer-
ence power is now more evenly distributed among carrier
pairs. Such effect isreferred to asinterference mitigation.

4.3 WHENWILL RANDOMIZATION WORK?

Condition (ii) for Gaussian assumption above may not
be valid for some specia cases. For example, when M=N in
figure 2, 2% = x® in (13) (i.e., no zero padding). Since an
N-point DFT of alength-N x® is a delta sequence, (17b)
has the same binary behavior as (16). Clearly, in this case
the convolution operation by p cannot provide any bene-
fit.

On the other hand, when M<<N, the power spectrum
of an R-OFDM carrier defined in (13) is more evenly dis-
tributed. This actually introduces a spreading effect. In
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particular, if M=1, every carrier z in (13) contains only
one non-zero symbol and its DFT spectrum has a constant
amplitude over the whole frequency span of length N.
Between the two extremes, the Gaussian assumption is
reasonable for (17b) for sufficiently large N/M ratio (say,
N/M>8). We will see this more clearly in the examples be-
low. Also notice that the relative overhead due to the use
of prefix is D/M where D is the prefix length. To achieve
good efficiency, we should have D << M. Combining the
above discussion, we have the following requirement,

D<<M<<N (18)

We conclude that to achieve effective randomization, v
should contain a sufficient number of sub-frames. Also
notice that (18) implies that the channel delay spread (in-
cluding synchronization error) should be much smaller
than the channel coherent time. These conditions may re-
strict the application of R-OFDM to small cell-size sys-
tems.

4.4 ASYNCHRONOUSINTERFERENCE

For asynchronous situations where interfering signals
from other cells are not necessarily aligned, analysis is
more complicated and we will only use simulation results
to show the advantage of R-OFDM. Figure 4 is the histo-
gram of pair-wise correlation power distribution, in the
form of

|<x',Y>|2

for length 63 sequences. The R-OFDM sequences are
generated by two different length-63 p-sequences ac-
cording to the method discussed in Section 5. Every v-
frame contains 9 sub-frames of length-7 each (i.e., L=9,
M=7 and N=63). No prefix is used for simplicity (We will
discuss a more sophisticated model later). The standard
OFDM sequences are generated from a 63-point IDFT.
Thislength is not convenient for FFT implementation but
it serves the purpose of comparison. The result for CODMA
is also included in figure 4 for comparison, based on the
correlation power between two length-63 random binary
sequences.

For all the sequence pairs compared, the wanted and
interfering signals have a random offset in frame align-
ment. The interfering signal X’ iscongructed using two
consecutive frames carrying random binary data. Notice
that in this case, even two different OFDM carriers may no
longer be orthogonal.

Sequences x and x’ above can be regarded astwo
carriers used in neighboring cells. If they are ideal random
binary sequences, their correlation power should follow an
exponential distribution. The probabilities of high
correlation values reduce exponentially. This can be
clearly seen from the result for the random waveform
CDMA in figure 4. For the standard OFDM, there is a
serious correlation problem between two carriers with the

samefrequency (“hit”). Thisis represented by thelarge

correlation values for the standard OFDM near nhormalized
correlation power = 1, which indicates its worst case MAI
problem. For R-OFDM, correlation powers are mostly
distributed in lower levels since the carriers are
approximately random to each other. Overal, the
correlation behavior of R-OFDM is similar to that of
CDMA, athough the former is somewhat irregular.

1.00E+00
° ROFDM
% 100E-01 X random waveform CDMA
= = gandard OFDM
8 100E-02 -
° [0}
S & °
2 100E-03 X 00
= --x—-—
§ @)_"2"6""""""'
S 100E04 X
o
1.00E-05 — } } } } }
0 0.2 04 0.6 0.8 1
normlized corrdation power

Figure 4. The distribution of correlation power for vari-
ous systems with asynchronous transmission.

45 A MORE SOPHISTICATED SYSTEM MODEL

We now introduce a more sophisticated R-OFDM
system model. The parameters are. p sequences length N =
511 (based on length-511 m-sequences), prefix length D =
11, number of sub-framesinv L = 11 (carrying 10 informa-
tion bits), sub-frame length M = 32, chip duration = Ins,
bandwidth = 1 MHz and carrier frequency = 1GHz.

referenceframe 10 information frames

Y Yy D
| I I I  — |
@ 511 \

»
»

Figure 5. Structure of v. A user occupies all eleven sub-
frames of a unique OFDM frequency index in a v-frame.
The reference frame has a power level of 5dB above the
signal frames. Black segments represent pr efixes.

For one user, the input information is encoded by a
ratezconvolutiona code (1S-95 condraint length 9 co n-
volutional code) with 392 bits in a frame, producing a
length 800 binary sequence (including 16 tailing bits), from
which alength-400 complex sequence is formed in a QPSK
manner. It is interleaved to generate the input information
sequence (the u-sequence in figure 2). A user only occu-
pies one frequency. Thus the IDFT in figure 2 is actualy
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not necessary. We can simply modulate a complex symbol
by adiscrete carrier defined in (3). Each of such modulated
signal form asub-framesinv. Ten of such sub-frames plus
a reference sub-frame are padded with respective prefixes
to produce av-framein figure 5.

In fading environments, information is decodable us-
ing the phase differences between the information and the
reference frames. A higher power level of the reference
frame can reduce detection error. We observed that the
best trade-off between system performance and transmi s-
sion power is achieved by setting the reference power to
about 5dB above the information frames. Thisisused in all
the results presented below.

The length of a sub-frame together with its prefix is
32+11=43. The eleven information and reference frames
together with their prefixes occupy atotal of 473 positions
in v, leaving 38 positions unused. Each v-frame is then
convoluted with a p-sequence to generate a w-frame. An
extraprefix is padded at this point, seefigure 2.

For convenience, we adopt the COST-207 TU (Typical
Urbane) propagation models[16].

Different same-cell users are assigned with different
discrete frequency indexes, see figures 3 and 4. The fre-
guency assigned to each user changes for different v-
frames to average out fading effect in a frequency-
hopping manner.

4.6 SYSTEM PERFORMANCE IN THE PRESENCE OF
INTERFERENCE

We now show some experimental results about the in+
pact of cross-cell interference. Limited by computing
power, we will not deal with a full cellular system (such a
19 cdl system). Instead, we will use a very simplified
model, with only two cells. We will only consider up-link.
The multi-path and fading effect is included but path loss
is ignored first. All the signals (including interfering sig-
nals) have the same arriving power levels. It can be -
garded as a worst-case interference situation®. This sys-
tem model is extremely simplified, but the result can be
generalized to include more cells and path loss, as dis-
cussedin4.7.

In figure 6, we compare the interference behaviors of
different systems, namely, R-OFDM, standard OFDM and
CDMA. The result for the standard OFDM is obtained by
removing the convolutions with p. Theresult for CDMA is
IS-95-like, with a non-coherent four-finger rake receiver
(bandwidth adjusted to IMHZz). The abscissais hormalized

4 Suppose that perfect power control is used. All the same-cell
user signals will have the same power level. We also assume that
every user is allocated to the cell that results in minimum power
transmission. Consequently, the maximum arriving power (aver-
aged over fast fading) of an other-cell-user signal cannot exceed
that of a same-cell-user signal (otherwise the former should not be
assigned to its current cell).

Submission

to information rate per cell since it is not convenient to
match user rate for different systems.

It is seen that error rate increases with information rate
due to interference increase. For the same information rate,
R-OFDM can achieve most reliable transmission. The in-
tra-cell orthogonality of R-OFDM gives it an advantage
over CDMA. The performance of standard OFDM is seri-
oudy limited by the correlation problem (the“hit” effect
seen in figure 4). Notice that although orthogonal CDMA
(such as the down-link of 1S-95) can also achieve intra-cell
orthogonality, it is difficulty to maintain such orthogonal-
ity in the multi-path environments (such as the channel
model used here).

1.000
% 0.100 +
S
o —— standard OFDM
5 0.010 +
—<— random waveform
CDMA
—&— R-OFDM
0.001 ++4 pt—d } } }

0.E+00 1.E+05 2.E+05 3.E+05 4.E+05 5.E+05
information rate per cell (bit/second/cell)

Figure 6. Smulated interference effects using a simplified
two-cell model. All the signals have the same mean arriv-
ing power. Channel model: COST-207 TU (Typical U-
bane) [16]. Speed = 50km/h. Chip duration = 1ns.
Bandwidth=1 MHz. Carrier frequency =1GHz. Dual re-
ceiving antenna with equal gain combining.

4.7 CAPACITY COMPARISON BETWEEN R-OFDM AND
CDMA

Based on figure 6, at BER=10", the spectrum efficien-
cies for CDMA and R-OFDM are about 107 kbps/cell and
141 kbps/cell respectively.

Good performance of R-OFDM in the presence of inter-
ference shown in figure 6 implies good spectrum effi-
ciency. Furthermore, we now show that the advantage of
R-OFDM becomes more noticeable in a practical scenario
(considering multi-cell and path loss), since it avoids the
burden of same-cell interference. A full simulation is diffi-
cult due to computing power limitation. We will proceed
employing the well-known resultsin [17].

A basic assumption is that average interference power
determines system capacity. This assumption is widely
accepted for random waveform CDMA systems (see [17]).
For R-OFDM, it is approximately valid since the interfer-
ence power distribution in R-OFDM is quite similar to that
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in CDMA (see figure 4) without large correlation peaks for
R-OFDM.

In figure 6, path loss isignored and there are only two
cells. Therefore

total arriving same - cdl - user Sgnd  power 51 (193)
total arriving other - cdl - user Sgnd power

However, according to the study in [17,18] for the up-link
of agenera CDMA cellular system, (assuming multi-cells,
homogeneous user distribution and pass loss exponent of
4),

total arriving same - cdl - user Sgnd  power
total arriving other -cdl - user signd power

»2 (19b)

Notice that same-cell-user interference is not affected
by path loss due to power control. Thus other-cell user
interference power in (19b) isonly half of that in (19a). We
now use this to estimate the capacity of general CDMA
and R-OFDM.

For CDMA, areduction of half of other-cell-user inter-
ference implied a factor of 1.5/2»0.75 for the total interfer-
ence from the level in figure 6. This increases the capacity
of CDMA by 1/0.75=1.33 times, i.e., from 107kbps/cell to
about 143kbps/cell at BER = 10°°,

For R-OFDM, a reduction of half of other-cell-user in-
terference implied a factor of 2 for the total interference
from the level in figure 6 (since there is no same-cell-user
interference). This increases the capacity of R-OFDM by 2
times, i.e., from 141kbps/cell to 282kbps/cell at BER = 107
It represents about 2 times (3dB) of capacity advantage of
R-OFDM over CDMA. This clearly demonstrates the al-
vantage of R-OFDM.

Based on the study in [17,18], eiminating same-cell
MAI can lead to about 3 times (5dB) of capacity gain for
CDMA. It indicates the potential for further improvement.
We have observed that the fading effect has a strong im-
pact on the single frequency carrier R-OFDM scheme in
figure 3 (despite hopping on discrete frequency). Such
problem can be improved by combining R-OFDM ap-
proach with other multi-carrier techniques [3-10]. This is-
sueisstill under investigation.

4.8 PEAK TO AVERAGE POWER RATIO AND CLIPPING
EFFECT

An inherent problem of OFDM is RF amplifier effi-
ciency due to the multi-level modulation involved. Thisis
also the case for R-OFDM. Clipping can be applied to treat
the problem [19,20]. Here we consider clipping w={w;} in
R-OFDM. System performance is determined by the ratio
A?IB?, where A is the clipping amplitude and B*=E{|wi|?} is
the mean power of the un-clipped signal (assuming unit
loading resistance). Clipping may cause considerable per-
formance degradation in a standard OFDM. However, we
will demonstrate that the signal scheme in figure 3 is not

sensitive to the clipping effect. A key assumption here is
that the orthogonal carriers are shared by a sufficiently
large number of up-link users. We will only consider the
up-link. In this case, clipping is applied individually for
each user to a signal consisting of only a small subset of
carriers.

A’/B?*=2 (3dB)

0.100

0.010

—*—C=320
—2—C=10 N

bit error rate

"""" no clipping X
0.000
0 2 4 6 )
Eb/No(dB)
(@)
A’IB’ =1 (0dB)
0.100
Ny,
* K.
0.010 \4\\
(] : LS -
5 S
S RN
e ~~~~~~~
(5] v
£ 0.001 4= C=320 :\
| —A—C =10 O
| —+—nodipping
0.000 !
0 2 4 6 :
Eb/No(dB)
(b)

Figure 7. Clipping effect on R-OFDM in AWGN channel.
No prefixisused. E, is calculated according to the signal
energy after clipping).

Let the signal obtained after clipping w be w+a, where
a={a} is an eguivalent noise sequence representing clip-
ping error. We assume that the elements in w are Gaus-
sian, which is reasonable due to the randomization effect
w=vAp. With this assumption, we have the mean clipping
noise power,

E(iaf) =b B* (208)

where b is a constant determined by A%/B% Assume that w
is normalized to B? = C/N, where C is the number of carri-
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ers used by a user (C=L for the scheme in figure 3 but in
general C can be arbitrary). Substituting this into (20a), we
have

E(laP) = bCIN (20b)

For N samples, the total clipping noise power is
N” var(a) = bC. Assume that this noise is evenly distrib-
uted in the N-dimensional complex space Z". The average
clipping noise power per dimension is bC/N, which is also
the clipping noise power affecting the decision variable of
a symbol. Therefore the clipping effect is proportiona to
ratio C/N and its impact reduces for small C. Notice that
the above analysis based on additive noise is only @-
proximate since clipping is essential anon-linear problem.

The simulated results are shown in figure 7. When
A?’/B? is limited to 3dB, the performance loss for C=10 is
negligible. Even when A%B? is limited to 0dB, the perform-
ance loss for C=10isonly about 0.8dB at BER=10",

Notice that the same principle applies to the standard
OFDM with asmall number of active subset of carriers.

Sophisticated treatments such as special coding [21]
and pre-distortion [22] have been proposed to reduce peak
to average power ratio. For R-OFDM, simple clipping -
pears sufficient for the up-link based on the discussion
above.

5 TRANSCEIVER COMPLEXITY

This section is concerned with the design of p to meet
constraint (9) and efficient techniques to implement the
convolution withp. Let s be alength-N m-sequence over
{+1, -1}. It iswell known [23] that SAs={N,-1,-1,...,-1} . Let

a=1//[N+land b =(1J/N+1)/N

and e be an all-1 sequence. Then it can be verified that
p=a(st+be)] satisfies (9) [23]. For such p, vAp can be im-
plemented as the follows. Since vAp=a(vAs+ lvAe) and
vAeistrivial, we only need to concentrate onvAs. In matrix
form,

(21)

€ § SN-1U
é U
VAs=|w ... vN_l]‘f"sN'l SO ) U=ys (22)
¢ R
é U
ER SN S0

The columns of S are the cyclic shifts of a length-N m-
sequence. Augment S by an al-1 row and an all-1 column
to

ad 10

= - 23

TS =
Then

[vAe, vAs|=[0, v]P (24)
Submission

Let N'=N+1. It can be shown (Appendix) that there ex
ist permutation matrixes A and B such that P = AHB,
whereH isaN'~ N’ Hadamard matrix, i.e,

[VAe vAsl=[o v]AHB (25

Different m-sequences result from different selection of
the permutation matrixes A and B. Such m-sequences are
approximately random to each other. The corresponding
transmitter and receiver structures are shown in figure 8,
where F* and F can be redlized by FFT (Fast Fourier
Transforms). At the transmitter, an FFT if not be neces-
sary if a user may only occupy a few carriers. At the re-
ceiver, afull DFT is necessary to separate all the users so
an FFT can bring cost down. The multiplication by H can
be implemented by an FHT (Fast Hadamard Transform).
Both FFT and FHT are well known for their efficiency (an
FHT costs only N'log,N’ additions). The complexity n-
volved in figure 8 is only marginally higher than an ordi-
nary OFDM transmitter and receiver pair.

F* Lybuffer L | A Ly FHT |5 B

(a) —*
u

=t

(b) «— F le]buffer e—{A* led FHT kBt fe—
a v W

Figure 8. Transceiver structure for R-OFDM: (a) trans-
mitter and (b) receiver. Blocks labeled by A, A%, B and
B lare interleavings related to A and B defined in (23).
The buffers are used to handle the sub-frames in a w
frame. In this structure, different same-cell-users are
separated by the discrete frequencies. Different other-
cell-users are separated by different interleaving A-B
pairs.

6 CONCLUSIONS

In this paper, we have demonstrated a number of a-
vantages for R-OFDM. The followings can be drawn from
the analytical and simulation studies presented above.

R-OFDM can achieve intra-cell orthogonality and
cross-cell MAI mitigation simultaneously in multi-
path environments.

Provided that a sufficient number of sub-frames are
involved, convolutional scrambling can achieve good
randomi zation effect.

When a user only occupies a small subset of carriers
and clipping is individually applied for each user, R-
OFDM is not sensitive to the clipping effect. Thisim-
pliesrelaxed requirement on RF amplifier.

R-OFDM transmitter and receiver can be implemented
with relatively low complexity.
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APPENDIX. TRANSFORMATION BETWEEN M-
SEQUENCESAND HADAMARD SEQUENCES

In the following we will discuss binary codes over
GF[2]. The required m-sequences discussed in section VI
can be obtained using the standard mapping

{0®1, 1®-1} (26)
A 2"-th order Hardmard matrix H in GF[2] is defined by
its(i, j)-th entry as[17]

1 .

H, =88], 2mod 2 (27)
€k=0 %]

wherei, and j, are the kth bit of the binary expression

of i and j respectively, i.e.,

i=qi. 2« ad j=§ 2k (29)
k k

Every row of the following matrix is a length 2"-1 m
sequence (also called maximum length code [24]) aug-
mented with azero at the front,

a8 0 0o .. 0 o

P.=
i 10

gO tr(ao) tr(al) tr(azﬂ'z)_
P:go @21y w@®) @23 (29)
c
S w@h) w@) .. w&@) g
or
}tr(aj'i) forijt 0 (30)

forij=0

where ais a primitive root in GF[2" and tr(&l) is the trace
of a. Clearly, ignore the first column, P are formed by all
the cyclic-shifts of an m-sequence (It is the mapping on
GF(2) of the matrix in (22) bearing the same name). Our aim
below is to find row and column permutations (the inter-
leaving schemesin figure (8) which transform H into P.
Any element a' of GF[2" can be expressed as,
al= ”l'lhkak (3D
k=0
where b, I GF[2]. Based on this we define an one to
one mapping f(i) from (0,1, ... 2™2) to (1, ... 2™ 1)

f()= §b2¢ 0 (32)
k=0

whereb;, is used as an ordinary integer. From (27) and
(31)1
-1, m-1
at W= &ijak
k=0

(33

10

Define another one to one mapping di) from (0,1,..2™-
2)to(1,..2™1),

m-1
g() =4 tr(a’™*)2* (34
k=0
so that,
tr(a’ 0%)=j,  forjt0 (35)

From (29), forijt O

= g0)-1710)
Pf‘1<i)+1,g'1(j)+1 =tr(a )

SR
=tr(gia® %)

using (33)
k=0
gl -,
= 8 i tr(as 0%)
k=0
T ,
=aQ ik =H;; using (35)
k=0

Therefore the required permutations are
Row permutation: 0o®0
i® fii)+1 forit0
Column permutation: 0 ® 0
i® g()+1 forjro
Finally, different selections of the primitive element a
result in different m-sequences in (29) as well as different
mappings defined in (32) and (34). In practice, it is more
efficient to interleave a reference m-sequence to obtain all
the m-sequences, see [15] for details.
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