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Abstract—Inheriting the properties of the frequency-domain
approach [1] to avoid MAI in the asynchronous multiuser com-
munications and sharing the rationale behind OFDM systems to
mitigate ISI, we propose the asynchronous multiuser communica-
tions systems over frequency-selective slowly fading channels such
that the optimal demodulation with similar complexity to point-
to-point communications is possible. In addition, by spreading
the symbol energies to the whole transmission frequency band,
we introduce another asynchronous multiuser communications
systems to utilize the frequency diversity gain. These proposed
systems not only mitigate MAI and ISI efficiently with simple
complexity but also are flexible for variable rates transmission
to suggest their applications to practical multimedia services.

1. INTRODUCTION

One of the most challenging issues in the wireless commu-
nications systems is the mitigation of interference to improve
the communications performance. In the direct sequence code
division multiple access (DS-CDMA) multinser communica-
tions systems, all users transmit information spread by their
assigned different signature waveforms in the same frequency
band simultaneously, and users are interfered by the other users
known as the multiple access interference (MAI). Starting
from Verdu's pioneer work [2], a great amount of researchers
have been working on the multiuser detection to minimize
the impact of MAI to DS-CDMA multiuser communications.
By taking the feasible implementation into consideration,
however, these approaches are of suboptimal performance
and are prevailed by conventional detection employing time-
domain orthogonal signature sequences (such as the Walsh-
Hadamard sequences).

It is required to maintain synchronous channels perfectly
such that the conventional and simple demodulation approach
is possible by employing the time-domain orthogonal signa-
ture sequences. The communications channels are said to be
synchronous when the received timings from all users are the
same and the demodulation performance degrades severely
whenever the received timings are not perfectly aligned [3].
In the reverse link (also known as the up-link) transmission
wherein the stations simultanecusly transmit their signals to
the base station, the maintenance of synchronous channel is
not an easy task.

To solve this problem, we proposed the frequency-domain
approach to DS-CDMA multiuser communications systems
over additive white Gaussian noise (AWGN) channels [1].
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By employing the novel but equivalent spreading approach
and by utilizing the frequency-domain orthogonal signature
sequences, the signature sequences are orthogonal even in the
asynchronous channels such that the simple decoding approach
is realized with optimal performance. The rationale behind this
approach is to maintain signature sequences orthogonal cver
frequency domain instead of time domain, because the timing
shift commesponds to the scaler multiplication over frequency
domain. And therefore the signature sequences remain orthog-
onal in the asynchronous channels.

By extending this frequency-domain approach to frequency-
selective slowly fading channels [4], this frequency-domain
approach is interfered by inter-symbel interference (ISI) in-
troduced by frequency-selective channels. The frequency-
selective slowly fading channels can be modelled as a tapped
delay line [5] and therefore the received signal is interféred by
its delayed copies, known as 1SI. On the other hand, unlike the
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Fig. 1. Novel signal spreading in frequency-domain approaches.
conventional direct sequence spreading approach, each symbol
in the frequency-domain orthogonal spreading is first spread
by the signature sequence and then uniformly interleaved into
the whole frame as shown in Figure 1. This feature makes
the frequency-domain approach more vuinerable to ISI as
the effective symbol length is reduced from T to T, where
T = N,T.. Fortunately, this frequency-domain approach is
still not interfered by MAIL

In this paper, sharing the similar rationale behind the orthog-
onal frequency division multiplexing (OFDM) technologies to
mitigate [SI, we shall introduce a family of frequency-domain
orthogonal multiuser communications systems to combat the
ISI with simple complexity.
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II. FREQUENCY-DOMAIN ORTHOGONAL MULTIUSER

COMMUNICATIONS WITH INVERSE TRANSFORMATION

(FDOMC-IT) OVER FREQUENCY-SELECTIVE SLOWLY
FADING CHANNELS

A. Signal Models and Assumptions

We consider the asynchronous muitiuser communications
systems with K users over frequency-selective slowly fading
channels such that the channel impulse responses of all users
are time-invariant within a couple of frames. In addition,
assuming that the null-to-null bandwidth of the transmitted
signal is ¥, the frequency-selective slowly fading channel for
user & can be modelled as the tapped delay line having Ly
taps with tap spacing 1/W [5]. :

Suppose that each user transmits ﬂ/[-’jn_fo information sym-

bols in a frame. For example, {B(m Ym)m = 0,1,---,
Mijo—1} fork=10,1,-- Ix —1 are the Min o mformanon
symbols of user k in the m 'th frame, where m € Z and
Z denotes the field of integers. We assume that the Ath user
employs the binary phase shift keying (BPSK) modulation (i.e.
E,ﬁm )(m) € 1) though the results in the sequel are equally
applicable to other linear modulated signals. It is remarkable
to note that different users could use different modulation
schemes without affecting the receiving performance of other
users such that the data rates could be variable for users.

Before transmission, we first take Ad;,, fo-point inverse dis-
crete Fourier transform (IDFT) on the mformatlon symbols
and have b( )( )= A'Iitjg "‘:I;réjo—l B(m )(n)eJmnm’
formz(),l,---,]\'l’z-nfowl andkﬂD,l, K — 1. In
addition, for each user, we insert M, guard symbols before
spreading, where these A, symbols are the cyclic prefix of
the information symbols after performing IDFT and M, is a
non-negative integer such that M,T. > max;—¢1,... x—1 %},
wherein T, is the chip time of the signature sequences. In order
to simplify the illustrations, we assume Mz, > M, for the
rest of this paper. For the special case that My > My 5., we
only need to pretend that the number of information symbols
is M, by padding "0"s after M;ns, information symbols. By
employmg the frequency-domain orthogonal spreading in [1],
the m'th transmltted frame from user & with M = Mm fot+ M,
symbols is s(’" (1) = Theg? pr(n) Mo B ) (m)II(s —
mT,—nTyy), where pr(n) = AV forp = 0,1,--- ,N.—1
is the signature sequence of user &; N, is the number of chips
within a signature sequence such that N, > K; Ty = MT,;
I(#) is the indicator function with support [0, 7,); and

B Mm — M)

if 0<m< M,
if M, <m < M,

form=0,1,--- ,AM — 1 is the transmitted sequence of user
& after guard symbols insertion.

Let T4y be the maximal difference between the received
timings of users. That is, Tyipr = max; s .. e [Tk —
7|, where 7y is the received timing of user k. And define
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Te = Tyipr + maxg—g.1,.. . K-1 %, which is the maxi-
mal possible distance in time between users considering the
frequency-selective channels. In order to avoid the inter-frame

’
interference, before transmitting .§me )(#), we further insert
another guard time before each frame, which is the cyclic

prefix of & '(m )(t) with duration T¢;. To ease the development,
we tempora.rlly assume that T; is smaller than MT. Therefore,
the mth frame of user k with cyclic prefix between frames
can be written as

) Efcm,)(t+AJT—TG) 0<t<Tg

S /W =19 {1y Te<t<MT+T,
E G ¢ = G
0 otherwise.

The frame structure and transmitter of this approach are plotted
in Figure 2 and Figure 3(a).
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Fig. 2. Frame structure of frequency-domain orthogonal multiuser commu-
nications systems.

As the frames can be independently demodulated with
guard intervals between frames, we demodulate frame 0 in
the sequel as an example. The received low-pass equivalent
signal 77, p(#) with K users in the frequency-selective slowly
fadmg channels is rpp(t) = ,CK_OI 11:0—1 pk,,.'s',(co)(t - T —
W’) + Z[,P(t), for t € [TG + mmk=0,1<...,K_1 T, MT +
T + ming—g,1,... .k —1 Tk)» Where py; is the complex-valued
random variable whose magnitude (resp. phase) stands for
the received amplitude (resp. phase) of user k at the Ith tap;
and zyp(t) is the low-pass equivalent additive white Gaussian
noise whose two-sided power spectral density is Ny/2.

Assume that the multiuser timing recovery (such as the one

" in [6]) and channel estimation schemes are available to the re-

ceiver such that 7 and p,; are known for all £ and {. Without
loss of generality, by letting 0 = 79 = ming—g,1,... k-1 Tk <
maxg=g1,.. K-17Tk = Tx—1 and defining t = t-— Ta.
we have, for t € g(].MT) er(t) = rp(t +Tg) =

s e B — e — ur) + zp(t + Tg),
where (Yarr = (-) mod MT. This novel approach, like
the OFDM system, transmits the inverse Fourier transformed
information symbols to the channels such that the ISI could

be perfectly avoided with simple complexity.
B. Maximum A Posteriori Probability (MAP) Demodulation

Sampling the received low-pass equivalent signal rzp(t} at
rate W = 2/T, = 1/T; according to the Nyquist criterion,
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we have, for k = 0,1,--- , K -1, n = 0,1,---,N. — 1,

m=0,1,--- A/ —1,and ¢ = 0,1, rk(n m q):er(TG+
(WTar+mTo+qTo+m)ar) = Cpoe ke o app (-
O tmg) V) B (= By g)ar) + ze(n,m, q), where
zk(n m,q) = ZI_P(TG + (nThs + mT, + qT, + Tk)MT) are
independent and identically distributed (i.i.d.) complex-valued
Gaussian random variables with zero mean; (-); = (-) mod I
for any positive integer T; o dmg =@ € Zif —aly <
Tl +qTs+71— T =T, < (C\r 1)Tps; and ﬂk Kig = =g€
Zif 0T, < [¢Ts =T + 7 — 7013, < —(8— )T, where
)3, - o =@ — Tar[ ], and {z] returns the nearest integer of
z toward zero for any real number z. Taking N_-point discrete
Fourier transform (DFT) over r.(n, m,q) on n gives

Ne—1
Rik,m,q) = Y re(n,m,qle /¥emk
n=>0
Ll ks o (1)
= Z P Nee P RHGma bt ((m — 5y Yar)
=0
+Zk(k5 m’ q),

where Zi{i,m,q) and Pi(:} are the N,-point DFT of
zi(n, m, q) and py (n) respectively over 15 &y m.q = 00,0,1,m.0
and ,é,,q = Op,04,4 (1) is the consequence of employing
the frequency-domain orthogonal signature sequence py(n) =
e/ M2 whose N, -point DFT is Pe(i) = évc O‘;:rwi:e

In (1), it can be seen that R(k,m,¢q) is interfered by
ISI introduced by frequency-selective channels instead of the
MAL However, this ISI can be avoided by taking M, 7,-point
DFT on (1) over m provided &, 4 is irrelevant to m for
me{Mg,M—1,t=0,1,--- ,Ly—1,and ¢ = 0, 1.

Proposition 1: ¥ m € [M, M — 1}, we have dymq =0
and My > 31, >0,%0{=0,1,--- ,Ly—1, and g =0, 1.

Proof Because m € [M,, M — 1] and by the definition
of & mg 0 < MJT, +qT, — IT, < mT, + 4T, - IT, <
(M —-1Te+ qT, — T, < MT, = Ty, as g € {0,1}, [ €
{0,1,--- ,Ly — 1}, and M, > MaXg=0,1,... K1 Li/2. Thus
&i,m,q = 0. Similar calcutation gives 0 < 5; 4 < M,. Q.E.D.
By taking A, s,-poini DFT over R(k,m,q) for m ¢
[AMy, M — 1], we have

M-1

» —§ =2 i
R(k,i,q)= Y R(k,m,q)e Tinfz
m=, @
=B (i) Hli, ) + Z(k,4,9),
where Z(k,i,q) = z“_;, Z(k,m, @)e” I ™ e
complex-valued i.i.d. Gaussian random vanab]es with
—iE— ﬂlg

zero mean; and Hi(i,q) N, Zfz’“.;l Prie info

The optimal decoding according to the maximum a
posteriori  probability (MAP) criterion  is B(O) (m) =
argmaxbe{ 1,1} Re{bS} -oR (k,m,q}H} (m, q)} for k =
0,1,- Ix’»—landm—l)l »Minfro — 1, where the
superscript * Tepresents the complex-conjugate operation. Fig-
ure 3(b) plots the optimal receiver of this approach.
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Fig. 3. Transceiver of frequency-domain orthogonal multiuser communica-
tions systems with inverse transformation for user k.

C. Numerical Analysis

Fig. 4. Performance evaluation for FDOMC-IT systems.

We adopt the channel model extensively applied in wireless
local area network (WLAN) [7] to justify our proposed system
as we consider the slowly fading channels, In this model, the
frequency-selective slowly fading channel is modelled as the
tapped delay line with tap spacing Ts, where T, is the sampling
period. The number of taps is [10 —m'i] where Trasg is the
root-mean-square (RMS) value of the channel delay spread
and [z} is the operator to choose the smallest integer larger
than z. In addition, the tap coefficients are i.id. complex-
valued Gaussian random variables with exponentially decayed
variance and zero mean.

We use the quadrature phase shift keying (QPSK) modula-
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tion as an example to verify the performance of our proposed
system. T, is set to be 0.1 psec and N, = 16. Therefore,
this system supports up to 16 users with symbol duration
T = N.T. = 1.6 psec and null-to-null bandwidth W = 20
MHz. By setting M, = 10, the receiver is not interfered by
ISI for channels with RMS delay spread smaller than 100
nsec. As can be seen in Figure 4, wherein E, stands for the
bit energy, the receiver’s performance is not degraded by 1SI
introduced by frequency-selective channels.

Nevertheless, the possible frequency diversity inherited from
wide-band systems is lost. By concentrating the energy of a
symbol into some small portion of the frequency band, each
symbol experiences the independent and identical flat fading
channel when the coherent bandwidth of channel is not very
small. Therefore, this kind of wide-band systems does not
enjoy the frequency diversity inherited by wide-band systems.

A therapy to eam the frequency diversity back is to es-
tablish the correlations between symbols by employing chan-
nel coding and interleaving as IEEE 802.11a [8]. With the
establishment of correlations between symbols, those deeply
faded symbols may be possibly recovered by the other symbols
experiencing independent and identical fading effects. Another
approach to utilize the frequency diversity is to spread the
symbol energy to the whole frequency band as the direct
sequence spread spectrum (DSSS) communications systems.
With this approach, each symbol could be recovered by
the portion of the frequency band which does not deeply
fade and therefore the frequency diversity is earned. In the
sequel, we shall propose another frequency-domain orthogonal
multiuser communications system with direct spreading to
earn frequency diversity gain.

111. FREQUENCY-DOMAIN ORTHOGONAL MULTIUSER

COMMUNICATIONS WITH DIRECT SPREADING
(FDOMC-DS) OVER FREQUENCY-SELECTIVE SLOWLY
FADING CHANNELS

A. Signal Models and Assumptions

The signal models and assumptions iz FDOMC-DS are
exactly the same as FDOMC-IT in Section II—A’ except
that the information symbols for user % in the m frame

are {Efcm)(m)|m = 0,1,---,Mins — 1} instead of
{BI Ym)lm = 0,1,--+, Mingo — 1}. That is, before the
signal transmission, as shown in Figure 5(a), we do not
perform IDFT on information symbols.

B. Linear-Complexity Demodulation

With the identical procedures in Section 1I-B, we obtain
Rik,m,q) = (0)('m)Hk(m q) + Z{k,m,q), for k =
0,1,--- K -1 m = 0,1, ,Mypgo — 1, and ¢ =
0,1 as in (2). Deﬁmng three J\[mfo x 1 column vectors
R, @ by, and Zk over CMinio*! with the nth entries be-
ing R(k,n,q), b g(n) and Z(k,n,q) respectively, we have
Rk o= Hyg qGDFTbk —E&Z,,c .¢» Where C is the field of complex
nambers; Hy , is the diagonal matrix with Hy(r, ¢) being its
entry in the nth row and the nth column; and Gppr is the

0-7803-8255-2/04/$20.00 ©2004 IEEE.
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Fig. 5. Transceiver of frequency-domain orthogonal multiuser communica-
tions systems with direct spreading for user &.

Minfo % Minzo square matnx whose entry in the mth row

and nth column is e ”‘Tfomn

Because Z(k,m,q) are iid. complex-valued zero-
mean  Gaussian random  variables, the maximum
likelihood (ML) estimation of b, is by, =

arg ma.xbecmm,oxx P"(Rk,o,Ek.liE’_k = b) =
1m0 GoprHi M Ry = by + 3 T GobrHi Zn s
which is the transmitted information &, contaminated
by Gaussian noise. Therefore, this ML estimator is the
"zero-forcing™ equalizer to have zero ISI.

Due to the frequency selectivity of fading channels,
the zero-forcing equalizer suffers the noise enhancement
problem to degrade its performance. To solve this problem,
we propose the linear minimum mean square error
(LMMSE) estimation by designing the M.z, X My,
square mattix C, € CMinsoxMinso whose entry in mth
row and nth column is Cy{m — 1,n — 1) & C such
that Yoo Soms ™ Bl ey Colmym)Rikn,q) ~
b(o)(m)|2 is minimized. According to the orthogonality
principle [9], we have

Hy(n, ) EBO(0) 2 Tora ™"
Mingo BB (0)2| He(n, )2 + E| Z(k,n, )2

Cy(m,n) =

These proposed ML and LMMSE estimators are simpler
than the linear-complexity estimators proposed in [4] due to
the introduction of M, guard symbols. In addition, as G jb
is the M, ,-point IDFT of b for b € CMinse X1, the FDOMC-
DS gystem with ML estimation has the same complexity as
the FDOMC-IT one by shifting the Ay, f,-point IDFT from
the receiver to the transmitter shown in Figure 5.
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C. Numerical Analysis
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Fig. 6. Performance evalnation for FDOMC-DS systems over frequency-
selective slowly fading channels.

We employ the identical simulation parameters as in Sec-
tion II-C. As shown in Figure 6, both receiving structures
earns frequency diversity to combat channel fading impairment
and therefore are superior to the FDOMC-IT system. In
addition, the diversity gain introduced by frequency-selective
fading channels is much more efficiently utilized for LMMSE
equalization than the zero-forcing estimation. This is . the
consequence of avoiding the noise enhancement soffered by
the ML estimation.

IV. CONCLUSIONS

We proposed two frequency-domain orthogonal mul-
tiuser communications (FDOMC) systems: FDOMC-IT and
FDOMC-DS over frequency-selective slowly fading channels
which are not interfered by MAI even in the asynchronous
channels. In addition, the FDOMC-IT system is further not
interfered by ISI introduced by frequency-selective channels
and can be optimally demodulated with low complexity. This
is the consequence of concentrating the energies of inde-
pendent information symbols into different sub-bards such
that each sub-band experiences frequency-nonselective fading.
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This approach does not eam the frequency diversity gain
inherited from frequency-selective channels without efficiently
establishing the correlation between information symbols.

By spreading the energies of independent information sym-
bols iato the whole frequency band, the FDOMC-DS system
utilizes the frequency diversity to combat channel fading
impairment such that it outperforms the FDOMC-IT one with
similar complexity. Moreover, it was verified by the numerical
analysis that the LMMSE estimation is much more efficient
than the ML estimation to utilize the frequency diversity by
taking the noise enhancement effects into consideration.

These two systems represent different transmission policies
over frequency-selective slowly fading channels. When the
channel impulse response (CIR) is available to the transmitter,
the optimal power allocation follows the water-pouring policy
[10] to maximize the channel capacity. In this case, the
FDOMC-IT system which concentrates the symbol energies
toc some frequency sub-bands is easier to adopt its power
allocation, signai constellations, and modulation types over
different sub-bands according to the CIR to appreach capacity.
When the CIR is unknown to the transmitter, the FDOMC-DS
system earns the frequency diversity in its best possibilities.

Both systems efficiently mitigate the ISI and MAIT with com-
plexity stmilar to the conventional approaches and are flexible
to accommodate variable rates services. Each user can either
change the modulation schemes, signal consiellations, and so
on or employ multiple signature sequences to fulfill high rate
services without affecting the performance of the other users’.
These valuable properties of the frequency-domain orthogonal
muttiuser communications systems suggest the applications to
practical, multimedia, and advanced wireless communications
systems.
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