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ABSTRACT In this paper, we generalize MC-CDMA and FH-

: . . . OFDMA, and propose a generalized MC-CDMA (GMC-
Generalized multi-carrier (GMC) CDMA transceiver DMA) system. By judicious transceiver design, MUI is

equipped with frequency hopping are developed in this Pdiminated deterministically. Use of redundant subcarriers

per. Throu_gh'judicious codg 'de'sign, multiuser interferenr?%aramees recovery of the symbols, regardless of the loca-
(MUI) is eliminated deterministically and symbol recover ons of the zeros of the multipath channel. Further, GMC-

is guaranteed, relying on a minimum number of redund MA permits blind estimation of the channel, without

sgbcarriers: This, together with subcarri_er frequency ho;?— posing any restrictions on the zeros. Resistance to both
ping (FH), IMproves BER performance in the presence Rarrow-band interference (NBI) and PBI is guaranteed.
frequency-selective multipath fading channels and enhance§ection Il provides a general model, with Section Ili

resistance to narrow-band interference. Blind channel eg- cializing it to existing MC-CDMA and FH-OFDMA.
timation methods are developed with guaranteed chan

identifiability, regardless of the locations of the zeros girequency-hopped GMC-CDMA wransceivers are devel-

the FIR channel. Performance analysis and simulation rgped in Section IV and simulation results are provided in

sults illustrate the merits of the proposed FH-GMC-CDM ection V.
transceivers relative to competing OFDMA and multicar-

fier CDMA alternatives. II. DISCRETE TIME SYSTEM MODEL

. INTRODUCTION O ik wrr Lo
' N ) Co™ oyalic Prefix ""' fim (1) 9(n)
A variant of spread-spectrum (SS) signaling, called K P P MU D)
frequency-diversity spread spectrum (FD-SS) was recently . (n) Sm(1) __y(i)— —x(0) o) n(n)
proposed and shown to be more resistant than direct-d'mdp'd'x
sequence SS (DS-SS) to partial-band interference (PBI) [3]. K pL_FFT |p

FD-SS, with disjoint frequency support for each subcarrier,
is in fact the analog counterpart of the OFDM spread spec-
trum (OFDM-SS) proposed in [6] and the underlying multi- The baseband discrete-time equivalent transmitter and re-
carrier spread spectrum (MC-SS) for MC-CDMA [8] sysceiver model for thenth user is depicted in Fig. 1, where
tems with overlapping subcarriers. Assuming digital implez € [0, M —1] andM is the number of users. The informa-
mentations via DFTs, both OFDM-SS and MC-SS systerii@n streams,,,(n), at symbol ratel /T, is first parsed into
can be seen as special cases of a unifying framework [2].K-long blocks,sp, (i) := [s(iK),s(iK +1),...,s(iK +

In MC-CDMA, users transmit simultaneously using th& — 1)]” spread by thé> x K code matrixC,,, and then
entire system bandwidth; in the down-link, user separatiff T Processed to obtain the x 1 vector F*Cpsy (i).
is achieved by use of orthogonal spreading codes. Hoere,F is the block spreading length, aitlis the P x P
ever, in the up-link orthogonality is lost due to multipathFFT matrix with (m, n) entry (1/v/P) exp(—j2rmn/ P).
resulting in MUI and performance degradation as the sys-To avoid channel-induced inter symbol (block) interfer-
tem load increases. In [5], FH-OFDMA was proposed f@nce, we use a cyclic prefix (CP) (as in conventional OFDM
uplink CATV transmission, and was shown to achieve MWlystems, e.g., [1]). The received signal, after conversion to
elimination. However, it suffers from frequency-selectivbaseband and receive filtering, is sampled at the chip rate,
fading and requires extra diversity to ameliorate the effedtsyield
of channel nulls.

Fig. 1. Discrete time system model
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where h,,, (¢) is the overall channel (transmit and receive [Il. SPECIAL CASES
filters, and propagation channel) encountered byrtitk In this section, we discuss two special cases of our gen-

user’s signalg(n) is the filtered PBIpn(n) is the filtered | I : idd — 1 | blocking):
additive Gaussian noise (AGN), ardis the maximum or- ﬂg-ggﬂfﬁgi'gﬁgﬁﬁfﬁ (no symbol blocking):

der of FIR channels for all users, i.é,,(l) = 0,VI &
[0, L],Ym. Additive noisen(t) is assumed to have flata, MC-CDMA

ower spectral densi 2 over the system bandwidtf. . . :
FFJ>BI (¢ )pis assumed ttpgoéccupyB ban?:l/width 0<e<1) The block spreading matri&,,, reduces to a spreading
with large power densitgy /2. vectorcm, and the receiver matri&,, reduces to a vector

In order to avoid inter-block interference (IBI), we asgm Therefore, (3) reduces to

sume that the prefix length is longer than the maximum M—1
channel order for all users: y(3) = Dy (H)ems(i) + Z D, (H)c,s,(i) + w(i).
(@0)P —P > L. =0t

To cast (1) into a convenient matrix-vector form, we
define theP x 1 vector x,,,(i) := [z;,(iP),z,(iP + Togaininsight into how MC-CDMA copes with frequency-
1),...,z,(iP + P — 1)]7, and similarly9(i) andn(i); selective channels, we focus on the single user case, i.e.,

define theP x P Toeplitz channel matriceH,,,, H'Y) with M = 1, and assume that (i) is white (no MUI and no
(k, )th entrieShu, (k — ) andh, (k — | + P), respectively. PBl)- The Maximum Ratio Combiner is known to achieve

Because of (a0), we can write (1) as the maximum output SNR:

HIVH () — BHDH
x(i) = Xon=g Hunttn () + H (i — 1) +9(0) + (i), G =& = cnDp(H) =B"Dp(c), )
where the second term represents IBI. For convenience, {féere D (¢) = diag(cm(O),cn%(l),...',cm(P - 1),
definew(i) := 9(i) + n(i) as the equivalent (colored) adhm = [Hm(po).- .., Hu(pp 1)]". Define the Vander-
ditive noise vector. monde matrixV’ with ({ + Lk+ Dthentry[V]i 51 =
At the receiver, the CP is removed by dropping the firskp(—;j2lk/P); henceh,, = Vh,,, and the output SNR
P — P elements ofk(i), thus eliminating IBI. After FFT is given by
processing, we have
SNR =h*V*D(c)D,,(c)Vh,,02/02 = h’h,,02/02,
M—1
FH,,FC,,s,(i) + W(i), (2) Which reveals that frequency diversity due to transmitting
replicas throughP subcarriers comes only from the+ 1
channel taps. Wit > L + 1, the vectorh,, is corre-
wherew (i) is the filtered interference and noise vector, arléted and it does not provide more diversity than the original
H,, is the resulting channel matrif,,, is aP x P circulant (L + 1) channel taps. More explicitly, for single user MC-
matrix with its (%, 1)th entry given byh,, ((k — 1) mod P) SS, we do not need to exploit all te subcarriers. It suf-

(see also [7]). Sinc&l,, is circulant,D,,(H) := FH,,F ficesto choosé”, > L + 1;if P/P, is an integer, we select
is a diagonal matrix; the diagonal element,,(p,) Py equispaced subcarriers out of tResubcarriers; vector

m=0

are values of the channel frequency respofg(z) = ¢m Will have P non-zero entries with amplitudgy/ /P, .

S h(l)z ! evaluated at: = p, = exp(j2rp/P), Weverify thathiV* Dy, (¢)Dp (¢) Vhy, = hilh,,, which

p=0,1,...,P— 1. Therefore, we can rewrite (2) as indicates that choosmg < P, < P subcarriers results in
the same performance as choosiPgubcarriers. Since an

—1 L + 1 tap FIR channel can have a maximumiohulls, we
y(i) = Z ﬁm(H)Cmsm(i) + W (i). (3) note that the symbol recovery is not guaranteed if we choose
m—0 fewer thanL + 1 subcarriers. We summarize this discussion

below:

Subsequently, for thexth user, multiplication by the equal-Result 1 If the FIR channel has ordef, and the addi-
ization matrixG.,, yields symbol block estimates, (i) as tive noise is white, full diversity gain is achieved by MC-SS
by using more that. equispaced subcarriers. Using fewer
$m (i) = Gy (4). (4) subcarriers leads to loss of diversity gain; using more sub-
carriers does not improve performance.
Instead of adding a CP to avoid IBI, we can add trailing Thus, MC-SS exploits the full frequency diversity of the

zeros as in [7]. multipath channel, as long & > L + 1. However, for
Equation (3) generalizes both conventional MC-CDMMultiple access, each user utilizes all available subcarriers
and coherent FH-OFDMA. and MUI occurs as soon &4 > 2. The separation between
2
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users relies on having a distinft x 1 spreading code,, Result 1, we would like to choose equispaced subcarriers for

(e.g., Walsh-Hadamard code) for each user. Then choosgagh user such thé®,, ), 11441 =1if p=m +qM,q =

P > L + 1 serves to suppress the MUI by decreasing tiel,... , P — 1. Thanks to the non-overlapping frequency

MUI level or possible NBI (colored noise). allocation, the corresponding subcarrier selector matrices
Because of MUI, MC-CDMA suffers from the near-®,, are mutually orthogonal by construction. Sindg,

far problem and thus degraded performance in comparidwas a single non-zero (unity) entry per column, it can be

with the single-user case. This motivates our MUI-resilien¢adily verified thatD,,,(H)®,, = ®,,D,,(H), where

GMC-CDMA system in Section IV. D, (H) := diagH,(pm.0,--- » Hm(pm,7-1)]. This fact,
together with the orthogonality &b, allows us to simplify
B. FH-OFDMA (4) for userm to [7]:
For OFDMA, we setK = 1; ¢,, = e, is themth 1
Euclidean basis vector and has onIy one non-zero element T . T~
Thus,g,,, = e, and the equivalent model is m(i) =@y, ZO 2D, (H)©,8,(i) + L@y, W(0)
w
Ym(1) == grj;}’(i) = H(pm)sm (i) +wm(i) , (6) = Fm[Dm(H)(amsm(i)"i_q’%w(i)] =Tnym(i) (8)
which reveals that MUI is eliminated. wherey,, (i) is theJ x 1 MUI-free vector corresponding to

However, FH-OFDMA suffers from frequency-selectiveiserm. Equation (8) reveals that MUI is eliminated deter-
fading. Specifically, when the channel has zeros closerunistically regardless of the multipath channels.
pm, the symbol will suffer from severe fading. To avoid To guarantee recovery of th& symbols ins,, (i) re-
consistent fading, frequency hopping is proposed (codiggrdless of the signal constellation, the maldy,(H)®,,
or fast hopping is beyond the scope of this paper). Spedii-(8) must have full rank, regardless of theth chan-
ically, c,, is changed frequently (and thus depends upomal. Hence, we require rat,,(H)®,,) = K, Vm €
time index:) according to some prescribed hopping patterfd, M — 1], so that zero forcing (ZF) equalization based

Multiple users are allowed to transmit information simulteen T',, = (D,,(H)®,,)" will recover §,,(i). If the
neously using different hopping sequences, and MUI canh@se covariance matri®R ;5 is known, we can ap-
avoided if no frequencies are employed by two users at thlg the MMSE receiverl’,, = O7DX(H)[Rys

same time. For example, we can 8g(i) = €(,, 1) modp- D,,(H)®,,07 D% (H)]~'. For smallK, the ML solution
However, symbol recovery is not guaranteed and frg; (i) = argminy ;) [lym (i) — Dy (H)® s (i)||* is af-

quency diversity is not exploited in FH-OFDMA becauséyrdable.

it uses only a single subcarrier. We saw in Result 1 thatSince each user’s channel can have at niosteros,

L + 1 subcarriers are needed to fully exploit the frequengy,, (H) can have at mosL zero diagonal entries. The

diversity of the orded. FIR channel. ~above rank condition will be satisfied if anjy— L = K
~ GMC-CDMA system considered next overcomes the limows of ®,, are linearly independent. To meet this rank re-
itations due to MUI, NBI, PBI, and multipath effects. quirement, each column @,,, should have at leadt + 1

non-zero entries, i.e., each symbol is transmitted dverl
IV. GMC-CDMA TRANSCEIVER DESIGN or more subcarriers, so that the frequency diversity of the
We will transmit K symbols per block, using < P— L multipath channel is fully exploited.
subcarriers such that:= P/M is an integer. Thus, each of Notice that this rank condition is not a condition on the
the M users can be assigned a distinct sef gubcarriers. channels; instead, it is a guideline for designi®g,. For
We denote by, ,,0 < ¢ < J—1, theJ distinct subcarriers example, we can choo€®,,, with entries:
assigned to then!" user.

To unravel the attractive features of MUI resilience pro- Omlis1ks1 = (1/\/7)%]3- 9)
gressively, we factor our spreading and despreading matri-
ces{Cyn, G } Lin the following forms: Since the signature frequencies are distinct, Engows of
ms m

the matrix will yield a full rank matrix.

B B T How do we choose the symbol block siZ&? If N :=
Cm =2nOm, Gm=Tn®y,, @) T, /T, denotes the spreading gain, then we need
with each matrix factor playing a different rol@®,, is a KN — L L(M +1)
J x K matrix that linearly maps th& information symbols J=—p—2K+Ll=K>——7r (10

of the sth block s, (i) to J (J > K) symbols®,,s,(7);

these in turn are mapped to the usel’signature subcarri- to achieve MUI elimination and guarantee symbol recovery
ers via theP x .J selector matrix®,,,, to yield®,,®,,s,,(i). in the presence of unknown multipath. Recall thatis the
We have[®,,],+1,9+1 = 1 if pmg = exp(j27p/P), and 0 number of users)N the spreading gain, the FIR channel
otherwise; note that we will havé non-zero entries. Perlength, and/ the number of subcarriers?(= KN here).
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IncreasingK increases the value of — K = [K(N — B. NBI suppression
M) — L]/M, which indicates more freedom in choosing the o<\, me that the PBI has bandwidtg — eN/Ts. If we

redunqlant mapping matr®n,. design our system as in (11), each subcarrier has bandwidth
We illustrate the advantages of GMC-CDMA over MCy /(pr,,), and the distance between two consecutive subcar-
CDMA, via a simple example. riersisP/.J/(PT.) = N/(JTs). So the number of subcar-
Example 1: Suppose we design an under-loaded systeisrs that will be hit by PBIisV; = [eN/T,]/[N/(JTs)] =
with spreading gainV = 67 for M = 16 users, and ¢J. We can treat the subcarriers hit by the strong PBI as
channel order, = 3. The system load is approximatelyhaving encountered a deep fade; thus symbol recovery is
16/67 ~ 25%. Even in AWGN channel, MC-CDMA will guaranteed iff > K + L + Ny, regardless of the power of
exhibit BER larger thar)(1/1/.25) due to MUI [4]. For the PBI. GMC-CDMA gains resistance to PBI jamming, by
GMC-CDMA, we haveK > 1 from (10). If we choose the narrowing the bandwidth of each subcarrier (fraf?’; to
minimum K = 1, so that/ = 4 > L + 1, then MUl is N/(PT,)) and increasing the spacing between the subcar-
eliminated; further, each user fully exploits the frequenayers; for a jammer to be effective, it must know the user’s
diversity of the channel (see Result 1), and obtains the besgbcarrier set. In the case of NBI (e.g., single tone jammer),
performance that can be achieved by MC-SS with a singlemost one of thd (J > 1) subcarriers will be hit, and the
user. Therefore, GMC-CDMA considerably outperformsymbols can be recovered from the otlier 1 interference-
MC-CDMA in this setting. free subcarriers.

As the system load increased] — M decreases and _ L
K > 1is needed [c.f. (10)]. ASS increases, the redun-C- Blind channel estimation
dancyJ — K increases, and we have more flexibility in our GMC-CDMA system design facilitates blind channel es-
design. For example, with = K +2L, instead of using the timation at the receiver, obviating the need for bandwidth-
linear precode®,,,, we can use a nonlinear precoder (e.gconsuming training sequences. Especially if we select the
a block channel encoder) to correctfaded symbols. We mapping matrix®,, to satisfyJ > K + L, and any
summarize our observations as follows: K rows of ®,, span theCX row vector space, e.g., as
Result 2: Since the block siz& can be varied, GMC- in (9), then we can use the subspace-based blind chan-
CDMA can improve its performance depending on systefl estimation algorithm of [2]. If we choos®,, :=
load. When the system load A < P/(L+1), by set- [IK,Vﬂx(JfK)]T, whereV ;_g)xk is the Vandermonde
ting K = 1 andJ = [P/M], each GMC-CDMA user matrix constructed through — K distinct points other than
achieves performance equivalent to a single-user MC'?&p(j%k/K)},f:l, then anyK rows of ®,, are linearly
system. WheR/ increases K" and J must increase accord- ingependent, and we can estimate the channel blindly along
ing to(10)in order to maintain MUl elimination and symboline Jines of the finite alphabet (FA) based approach of [9].
recovery guarantees. Increasittgincreases/ — K, which
in turn allows channel encoding (over the GF) to be used in- V. SIMULATIONS
stead of (or joint with) the®,,,-spreading (over the complex

field) Because of space limitations, we do not present the re-

sults of our theoretical performance analysis; instead, we
_ N show several numerical results.
A. Frequency-hopping capability Test Case 1 (multipath effects): Here,N = 18 andL = 2

, : . (3-ray channels), so that the maximum number of users in
To randomize channel effects and avoid consistent fad'égl-OFDMA is N — I = 16. We compare MC-CDMA,

on subcarriers, each user can be assigned different SUbCT}rﬂ:OFDMA and GMC-CDMA under four different loads:

ers at different time intervals. Thus, our GMC-CDMA sys- =~ ~ 0 0
tem has frequency-hopping capabilities. In such a syste% = 2,4,8,16 (12.5% to 75%). Each MC-CDMA user

the frequency selector matrig,, (i), varies with the block picks up one Walsh-Hadamard sequence of length 16. For

. . ) . . . . GMC-CDMA, we use the minimund according to (10),
(time) index:i. We consider a simple example for |IIustra'uveSO that the M, J. K) triplets are(2, 8, 1, (4,4, 1), (8,5, 2),

PUTPOSES. , , (12,7,5). Fig. 2 shows that GMC-CDMA outperforms
Example 2: The (p + 1,¢ + 1) entries of®,, (i) are non- \ c_cpmA and FH-OFDMA considerably. As long as the
zero, and equal to unity, if number of userd/ < 5 andK = 1, each user of GMC-
_ CDMA achieves the best performance that MC-CDMA can
p=(m+i+qM)modP, Vg€ [0,J —1]. (11) achieve in a single-user setting. Because of MUI, MC-

CDMA suffers from near-far effects, and the BER curve
Hopping the frequency selector matudx,, prevents a user levels off at high SNR (the floor effect). With MUI free
from being consistently hit by channel nulls; by varying theeception, FH-OFDMA has constant performance regard-
precoding matriX®,,, from block symbol to symbol, we in- less of system load. However, it suffers from deep channel
crease system security by providing additional coding. fading due to the lack of frequency diversity.
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Test Case 2 (PBI suppression): Assume that MC-CDMA "
is on the down-link, where all users experience the same
channel so that MUI can be eliminated by the orthogonality

of spreading codes after channel equalization. Here, we se * ¢

N = 18,L = 2,M = 8(50% load). For GMC-CDMA,

we setK = 4,J = §, so that/ — K — L = 2, indicating ol

that we can afford to have at most two subcarriers hit by the &
PBI. In Fig. 3, we show the performance of the two systems
as the relative bandwidth of the strong PBE$Ny) is var-

ied: e = 0/16 (no interferency 2/16, 4/16, 6/16, 8/16.

For GMC-CDMA, Ny = 0, 1, 2, 3, 4 subcarriers are

hit by the strong PBI. For both MC-CDMA and GMC-
CDMA, we assume that the receiver can detect the presence

Bit Error R,

=
O‘

of strong interference and remove the contaminated subcar- *;

riers. As shown in Fig. 3, GMC-CDMA outperforms MC-
CDMA whene < 6/16. When the PBI occupies half the
system bandwidth, GMC-CDMA becomes worse because
now J — K < L + Ny, so that symbol recovery is no
longer guaranteed. However, even whea 1/2 (J/2 sub-
carriers will be hit by the PBI), we can increasg J so

that symbol recovery can be guaranteed, e.g., with the pair

(K,J) = (17,38). 0

Test Case 3 (Blind channel estimation): The test system
has spreading gaiv = 16, M = 12 users, and chan-
nel order = 2. We design GMC-CDMA withJ = 10,

K =38, 0, = [Ix, VL., ", where the last two
rows are Vandermonde vectors constructed from the roots

Bit Error Rate

exp(j2m/2K) andexp(j2n(K+1)/2K). BPSK signals are w0

used, and the channel is estimated from 20 symbol blocks,
using the subspace-based and FA-based blind channel est

4

mators. Fig. 4 shows the BER curves corresponding to these

O

PBI bandwidth percentage

+

<o P> o

0/16
2/16
4/16
6/16
8/16

GMC-CDMA
MC-CDMA

Comparisons under partial band interference

o — -0
G- - -0

Subspace based
FA based
known channel

estimators; we note that the performance is close totheidea s 0 15 20 2
BER, corresponding to known channel.
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=
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T
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10°

Fig. 2.

[1] J. A.C. Bingham, “Multicarrier modulation for data transmission:

25

Comparisons under multipath channels

REFERENCES

Eb/NO

Fig. 4. Blind channel estimation

An idea whose time has comdEEE Communications Magazine
pp. 5-14, May 1990.

[2] G. B. Giannakis, P. Anghel, and Z. Wang, “All-digital unification
and equalization of generalized multi-carrier transmissions through
frequency-selective uplink channeldEEE Transactions on Com-
munications submitted Mar. 2000.

[8] G. K. Kaleh, “Frequency-diversity spread-spectrum communica-
tion system to counter bandlimited Gaussian interferentEEE
Transactions on Communicatignsol. 44, pp. 886—893, July 1996.

[4] J. Proakis,Digital CommunicationsMcGraw-Hill, 1996.

[5] H.Sariand G. Karam, “Orthogonal frequency-division multiple ac-
cess and its application to CATV networl&uropean Transactions
on Telecommunications (ET,B07-516, Nov./Dec. 1998.

[6] G. J. Saulnier, M. Mettke, and M. J. Medley, “Performance of
an OFDM spread spectrum communication system using lapped
transforms,” inMilitary Communications Conferenc&997.

[71 Z.Wang and G. B. Giannakis, “Wireless multicarrier communi-
cations: Where Fourier meets ShannotEEE Signal Processing
Magazine May 2000 (to appear).

[8] N. Yee, J-P. Linnartz, and G. Fettweis, “Multicarrier CDMA in
indoor wireless radio networks,” iRroc. of IEEE PIMRC '93
109-113, Sept. 1993

[9] S.Zhou and G. B. Giannakis, “Finite-Alphabet based Channel Es-

timation for OFDM and related Multi-Carrier Systems,”Rmoc. of

34th Conf. on Info. Sciences and Systems (CISS\@&). 2000.

5

0-7803-6521-6/00/$10.00 (c) IEEE



