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Block Precoding for MUI/ISI-Resilient Generalized
Multicarrier CDMA With Multirate Capabilities
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Abstract—Potential increase in capacity along with the need to CDMA, multirate services may be offered by choosing ap-
provide multimedia services and cope with multiuser interference propriately: chip rate, variable spreading length (vsl), number
(MUI) and intersymbol interference (IS) arising due to wireless ¢ ) jiinle codes (mc), and/or modulation format [19]. As a
multipath propagation, motivate well multirate wideband code- ial f vs-CDMA. th lled Orth | Variabl
division multiple-access (CDMA) systems. Unlike most existing Special _Case ot vsi- , the so calle rt 99°”a _a”a €
continuous-time  symbol-periodic and multipath-free studies, Spreading Factor (OVSF) codes were favored in the third-gen-
the present paper develops an all-digital block-precoded filter- eration (3G) standard, despite their sensitivity to multipath that
bank framework capable of encompassing single- or multirate causes nonnegligible cross-correlations among the received

transceivers for asynchronous or quasi-synchronous CDMA : : )
transmissions through multipath channels. Thanks to symbol coded sequencésAdopting OVSF codes in orthogonal fre

blocking and through appropriate design of user codes, the GUency division multiple access (OFDMA) enables MUI-free
resulting generalized multicarrier (GMC) CDMA system notonly ~ multirate transmissions regardless of multipath channels
subsumes known multicarrier CDMA variants, but also equips [24]. However, user symbol recovery is not guaranteed and
them with flexible multirate capabilities. It is computationally  the system in [24] requires tight quasi-synchronism to offer
simple, and guarantees symbol recovery regardless of the (possibly, . . .- o S )
unknown) FIR multipath channels in both downlink and uplink high bandwidth eff|(3|ency. _In addition, similar to vsl-CDMA
setups. Simulations corroborate that the novel GMC-CDMA scherneg, the users rates in OVSF-OFDMA Can.only be some
system outperforms existing multirate alternatives in the presence special integer divisors (e.g., 1/2, 1/4,) of the highest rate
of asynchronism and multipath, and illustrate the feasibility present in the system.
of recovering blindly multirate transmissions received through At the receiver end, multirate DS-CDMA systems may
unknown frequency-selective channels in the uplink. Performance . . . A

include: maximume-likelihood (ML) decoders [18], conven-

of GMC-CDMA system in UMTS channels is also simulated and ; ) -
Compared with existing multirate schemes. t|0nal matched fl|terS (MF), deCOI’relatIng or Zero-fOI’CIng (ZF)

. - — . multichannel equalizers [15], [22], minimum mean-square
Index Terms—Blind equalization, multicarrier transmission, . .
multicode, multipath fading channels, multirate CDMA, variable error (MMSE) _re_celvers [2], Successwe_lnterference cancellers
spreading length. (SIC), and decision feedback (DF) receivers [1]. In the absence
of multipath, performance of multirate DS-CDMA has been
studied for both synchronous and asynchronous systems [3],
[15]. Much of the existing multipath-free analysis focuses on
ECENTLY there has been an increasing interest in prasymptotic performance measures such as asymptotic multiuser
viding multirate services to wireless communicators. Exefficiency [2], [3]. Other works on multirate CDMA systems
amples of such services include text, images, data, and low rsweude rate-compatible error control (channel) coding [7],
video. These services entail variable rates and may have diétwork layer protocols [20], and QoS issues [13].
ferent Quality of Service (QoS) requirements. Future wirelessMUI and ISl affect critically the capacity and performance
communication systems should thus support flexible QoS aofla CDMA system. MUI gives rise to near—far problems and
rate-scalability. In addition, third generation multirate systenathough receiver designs (ZF, MMSE, or ML) can alleviate
should have low complexity and exhibit resilience to MUI antMUI, they often come at the price of noise enhancement
ISI caused by multipath propagation. and/or high complexity. Even worse, there may be cases where
Multirate services can be provided in many ways. Amonguultiuser symbols are not even recoverable from the received
them code-division multiple-access (CDMA) systems hawgnal when users experience asynchronous and/or (perhaps
attracted much attention thanks to their design flexibility anghknown) multipath channels that cause ISI [30, p. 37]. The
potential for improved capacity. Using direct-sequence (D®cently proposed generalized multicaiegfGMC) CDMA
scheme [10], [30] is a mutually orthogonal usercode-re-
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Fig. 1. Multirate block-precoded CDMA system.
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Fig. 2. Baseband continuous-time model for useisampled at the chip rate*™ (t), p{c™)(t), p{~*)(t) denote, respectively, the transmit-chip waveform, the
mth user’s channel, and the receive-chip waveform.
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this paper, we develop an importantltirate generalization to eralize here the symbol-periodic, single-rate, single-carrier
the AMOUR system, which preserves all its properties whisC) CDMA filterbank of [6], [26], to a block-precoded
being able to accommodate users of different rates. As we willultirate GMC-CDMA system model. It will turn out that our
demonstrate throught simulations, GMC-CDMA outperform&MC-CDMA model encompasses mc/vsl-CDMA, and a host
existing mc and vsl in both time-invariant and time-varying (asf existing CDMA schemes (see also [8], [29]). The model will
those specified by the UMTS standard) multipath channels. also suggest the multirate AMOUR system of Section |11

The novelties and contents of this paper are organized inWe assume that@sl) There aremaximum{ users in the
three stages. First, we develop an all-digital filterbank-basegistem. The chip interval is common to all users; ie,,, =
multirate GMC-CDMA model which can describe botHl., Vu € [0, M — 1], wherey is the generic user index;
mc and vsl schemes in the general asynchronous multipath, all users spread their information symbols over the same
scenario (Section I1). Next, we focus on guasi-synchronobandwidth. We will also focus on a single-cell setup, absorbing
GMC-CDMA transmissions in multipath. Based on thénter-cell interference in the additive background noise.
quasi-synchronous multirate model, we derive and evaluate a
novel MUI/ISI-resilient multirate GMC-CDMA system, which A. Multirate Transmitter Filterbank Design
has onv_ (_:omplexity, fine rate r_esolution, and easy rate switchingUnder asl), the composite received signal from all users can
capabilities (Section IIl). Third, we evaluate performance @fg fiitered and sampled at the same rate, usually at the common
various linear receivers (MF, ZF, or MMSE) for two multirate s rate. If the radio frequency (RF) signal bandwidth is less
CDMA schemes, namely mc and vsl, in the presence gfan or equal td /7, (due to filtering, like in 1S-95), then the
multipath and compare them with that of our proposed systqqyist rate of the received complex signal envelope will be
as well (Section IV). <1/T., and chip-rate sampling will entail no loss of informa-
tion; otherwise, oversampling can be used. Our subsequent de-
velopments will rely upon the discrete-time baseband equiva-
lent chip rate model of Fig. 1 which is reached after baseband

Wideband multicarrier transmissions have received cofiltering and chip rate sampling (see also Fig. 2). Generalization
siderable attention recently, particularly for high data rate oversampling receiversis possible butwill not be pursued due
applications, thanks to their robustness in the presencetoflack of space.
frequency-selective fading channels [4], [6], [11]. Although Fig. 1 is a discrete-time filterbank multiple access block-
many existing works adopt continuous-time models to descritbbansmission model, which generalizes the single rate filterbank
multicarrier transmissions in multipath, generalizing [26inodel proposed in [10]. Note that as in [10] and [26] the FIR
and [6, pp. 3—-12] (which considered single-rate symbol-levehannels include both multipath and asynchronism among
spreading only), we will develop an all-digital basebandsers. Each usei groups the information symbols, (%) in
equivalentblock-spreadingmodel and illustrate its unifying blocks of lengthk,,, and then spreads each of thg symbols
merits and practical implications. Specifically, we shall gerusing a distinct code of length), implemented in Fig. 1 by

Il. THE GMC-CDMA MULTIRATE MODEL
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the FIR filterse,, »(n), k=0, 1, ..., K, — 1,to produce the P = lem(F,, ..., Py—1), one can view the vsl-CDMA
transmitted signal (chip rat&) (option ii) and the multirate option iii) as special cases of the
mc-CDMA scheme, where each user spreads information sym-
, ) bols using multiple codes, which are time-shifted versions of a
up(n) = Z > suliBy +R)eui(n =iB). (1) common shorter code. Lettirig= ¢Q,, +r with Q,, := P/P,
=ree k=0 andr € [0, Q,, — 1], we can re-write (1) as
Note thatk, in (1) determines not only the number of sym-

o K.—1

bols per information block, but also the number of codes uti- oo Qu—l Ku—l

lized by usey:. Hence, the spreading factor for ugeis P, /K, wu(m) = > > > 5.(qQuKu+ 7K, +k)

chips per symbol. The sequeneg(n) goes through the Linear g=—o0 =0 k=0

Time Invariant (LTI) channel represented in Fig. 1 by its im- cur(n—qQuP, —rP,). (4)

pulse responsk, (n), assumed to be FIR of ordér,. Channels

{hu(n)},Zo" are assumed to vary slow enough so that duringwe change variables t6 = k&, + k, K, = Q,K,, and

one observation interval they remain ess_entia]ly unchanged Wect the me codes:(m?)(n) = cux(n — rP,) for B oe
therefore they can be modeled as time-invariant. Allowing fogr]n - ok S in ( oo
user-dependent channels covers the general uplink setup p — 1], we can write u,(n) in (4) as Z(I:—C’O

subsumes the downlink scenario where each user receivesZE#ée":*‘o_1 s (iK, + ];)CLW;EC) (n — ¢P), which establishes
superimposed transmissions through its own (but yet a singleht vsl-CDMA (option i) and the general multirate (option
channelh,(n) = h(n),V p € [0, M — 1]. With n(n) denoting iii) are special cases of mc-CDMA (option i). Bearing in mind

the filtered/sampled noise, the composite received signal frahe practical differences between options i—iii in terms of
all M users is demodulation delay and implementation complexity, which
M—1 have been treated in e.g., [19], [22], the unifying viewpoint
z(n) = Z z,(n) + n(n) offers us important mathematical and _conceptual convc_eniences
=0 and a general framework for studying and comparing the
different multirate schemes. To illustrate this viewpoint, we
= depict in Fig. 3(b) a vsl user witk(,, = 1 possessing spreading
- Z up(n) = hyu(n) + nn) codesc,, o(n) of length P, = 4, viewed as an equivalent
#=0 mc user possessing,, = 4 codes each of lengtl® = 16,
M—-1 oo Ru—l with the 4 codes being,, o(n), ¢, 1(n) = cuo(n — 4),
= Z Z Z s (iK, + k)é, 1(n —iP,) 4+ n(n) cu,2(n) = ¢, 0(n—8), ¢y, 3(n) = ¢, o(n —12), each of which
p=0 i=—oo k=0 is zero-padded to have lengith= 16 [cf. Fig. 3(a)].

(2)  We can now summarize our first result as follows.

B w“n Result 1: The all-digital, block-precoded, multirate CDMA
whereé,, 1(n) := (cu,x * hy,)(n), and % stands for CONVO- 4 nsmission model of (1) includes as special cases: 1) the con-
lution. The symbo_l—spread, smgle—r_ate filterbank model of [Z@entional symbol-periodic, single-rate filterbank CDMA model
follows as a special case of (2) witl, = 1andpP, = P, of [26]; 2) the existing symbol-periodic mc and vsl multirate

V.u € [0, M._l]' Model (2) aI;o encompasses the block-spre@DMA models of [7], [15], [18], [22], [28]; and 3) the recent
single-rate filterbank transmitter of [10] which corresponds t8|ock-precoded single-rate AMOUR system of [10]
choosingK,, = K > 1andP, = P,V € [0, M —1].

For useryu, a block of K, symbols is transmitted using,

Notice that in contrast to the general model in Fig. 1, multi-
, , : ) rate models in e.g., [22] restrict the code length in the mc system
chips. We thus define the information rate of ug€o be to be an integer multiple of the vsl system; hence, users are only

K, 3 allowed to have rates that are integer divisors of the highest
- P,T, @) rate present. Furthermore, [22] deals wiynchronous multi-
path-freeCDMA only.

which has units of symbols/second. In order to incorporate vari-Although the scalar model is already complete in describing
able rate services, we have three options: )fjx= P, ¥V, our multirate transmission system, we introduce the vector
and varyK,,; i) fix K, = K,V u, and varyP,; iii) vary both  counterpart of (2) to facilitate the receiver design. We group
K, andP,. In an mc-CDMA system (see, e.g., [18]), high ratéhe input sequences, (n) into blocks of lengthk,, (* stands
users are allocated a large number of codes (l&fgeand each for transpose},, (i) := [s,(iK,), ..., s,(iK, + K, — 1)]7,
high rate symbol is spread by a different code but of the samfd the transmitted sequences(n) into blocks of length
code length?. This follows as a special case of our model corp, : 4, (i) := [u,(iP,),. .. ,u.(iP, + P, — 1)]*. By setting
responding to option i). n=1iP, +p,0<p< P, —1in (1) and taking into account

In a vsl-CDMA system, t_he spreading code lengtAs the fact thatcmk(n)’ = 0forn ¢ [0, P, — 1], we obtain
for different rate users are different, bit, is kept the same w, (iP, + p) = Ei:(;l s,(iK,, + k)¢, 1(p). Therefore, the

(K, = 1, Ypu), which corresponds to option ii). We will pock-spreading operation of usgrcan be described by the
show that withicm denoting least common multiple andjinear mapping

Ry,

3Throughout this paper, arguments &, : will denote, respectively, chip,
symbol, block-of-symbols indexes. u, (1) = Cus,(i), (5)
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) 11 11 11 11 where I,y denotes an identity matrix of dimension

- il il J i in Q.N x Q,N, and in deriving (6) we used (5) and the def-
inition of the Kronecker product.” The received block
Zy = [2(0)---z(NP — 1)]* consists ofV P chips and can

¢, 1(m) 11 1111 11 be written as [cf. (5)]
, Lol il n M-1
=Y H, NIo.n@Cu)8u N +iln )

n=0

o 101 1 11 11

I1 T 1 Il I n where H, x is an NP x NP channel-induced lower
triangular Toeplitz convolution matrix with first column
[hu(0), ..., Ru(Ly), 0, ..., 0], andfy is an NP x 1 vector
denoting additive Gaussian noise. To avoid Inter-Block In-
c”’3(n) 1 1 ! I 1t I 1T t ! terference (IBI), we discard chips afté¥ P, because their
ol impact is negligible if one collects sufficient blocks to assure
@ that NP > L,,V p. Notice that the multipath model (7) does
not bound asynchronism among the users. If user (quasi--)
synchronism [17] can be assumed, IBI can be removed either
by appending trailing zeros at end of the codgs.(n), or,
by employing receivers with leading zeros (as in OFDM) to
discard the cyclic prefix appended per transmitted block (see
also [10], [23], [24], [30] for detailed derivations).
LettingC,,, n := H,, n(I,~n©C,)andsy := [5] y, ...,
53_1, n)", We can also write (7) as

=

C“,O(n)

Cu,l(n)

gy = [Con - Cy_1,n]| 38 +7ny :=Cnsn +7n. (8)
Cu,z(’l)
Based on the vector model (8), a general linear FIR re-
ceiver can be described by the matn¥, of dimension
(N - Eﬁi‘ol Q,.K,) x NP as follows:

c 3(71) o . S
e sy = GnEy = GNOnNSNy + Gy ()]

]

®) where sy is the estimated ~symbol vector defined similar to
sn . Note that all elements afy are not equally reliable; those
Fig. 3. Multirate schemes. (a) mc and (b) vsl. on either end ofsy, may not be as accurately estimated as
those in the middle, because the symbols in the middle part
whereCy, = [cu 0 ¢y i,—1] aNde, o = [cu, x(0) ---  are more correlated with the remaining symbols in e
cu, k(P — DY block due to the channel memory. In practice, we may use
Having established our block-precoded multirate transmittgrsiiding window of length\' Eﬁi‘ol Q. K, to processky.
vector model and its relationships with existing single- and mubut instead of estimating allV blocks of symbols jointly,
tirate CDMA transmissions, we now move on to the design @fe can only estimate the middle block, which amounts to
our multirate receiver. choosing the middg 3" " Q. K, rows of G . After sliding

the window by~ """ Q, K., we estimate the next block of

_ o , , Iengthzl’yz_o1 Q,.K,, and so on.
With z(n) of (2) as their input, several receiver options are Depending on how we sele@y in (9), we obtain different

possible (see e.g., [28]): i) ML; ii) MF; iii) ZF; iv) MMSE ; linear receivers. Possible choices are the MF and ZF receivers

V) variations of the above (e.g., adaptive and DF receivers). dﬂ/en by [ stands for Hermitian transpose afgi denotes
this paper, we will focus on the low-complexity linear recewerﬁseudoinverse]G”"f — " @ — & - and withR. =
ey s N - N N N CE
ii)-iv) only. , . Elsn ()&% ()] andR, := Elqx (4)i7(i)], the MMSE receiver

To allow for asynchronous multirate transmissions throu mmae’ _ g oM (R, + CnR C’H)—l

. . . . 7 — L4y F LU N .

multipath F:hannel_s, we will consideV consecutive blogks We have seen in (5) that our filterbank transmitter performs
of P received chips, whereV corresponds to the receiver

X . a linear mapping from théS,, x 1 block of information sym-
memory expressed iff-long blocks. OverV P ChIpS_, theuth bols s,,(i) to the P, x 1 transmitted sequenae,(i). Such a
user sendsVP/P,, = Q,N blocks of K,, symbols:s, x :=

g p s : 3 linear mapping model is quite general and encompasses many
[5,(0) -5, (QuN — 1", which are spread first to produce ¢, isting CDMA schemes by specializing,,. Those include

single-carrier (SC) DS-CDMA [28], multicarrier (MC) CDMA
[11], MC-DS-CDMA [16], and MT-CDMA [27] (see [8] and
=g, N2CL)5, N (6) references therein).

B. Asynchronous Multirate Receiver Design

B, = [l (0) -l (QuN — DI
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[ll. MUI/ISI-F REE MULTIRATE TRANSMISSIONS ment. Typical delay spread values for various environments are
ﬂlso well documented (see e.qg., [21]). With these notional pre-

Our derivation of the ZF (a.k.a decorrelating) receivers i
( 9) re requisites, we summarize the basic result from [10] in the fol-

the previous section assumed that the matrix invérseex- gwmg
ists. Unlike CDMA systems that rely on symbol-spread code ]

the AMOUR system proposed in [10] guarantees (even blind yTheorem 1 (single-rate AMOUR [10]) ) Unc_jer
recovery of the user symbols regardless of the (possibly 1),as2)and for a givenL, choose user codes, (n) W_'th
known) Lth-order multipath channels, by specially designin ngthf’ ~ M‘] + L, where/ = K + L. For a prescnb_ed
long spreading sequences ;(n). Unlike long random codes andwidth efficiencye € (0, 1), select symbol blocking
that rely on power control to suppress MUI statistically, MUI u?f size K = L(1 + 1/M)E/(1 — £). Mutually orthogonal
block-spread CDMA (like AMOUR) is eliminated deterministi- code matnces’) [ct. (5)] having corresponding polynomials

cally by applying a simple linear transformation on the recelve%“ k(%) obeymg (10) with appropriately chosefy, x, ;, and
seqﬁezceppy g P zero-forcing recelverﬁ“f [cf. (9)] then exist that eliminate

It is practically important to carry these desirable muinsiMU! agld ISI lijetermmlsulcallyhbyhde5|gr‘1 and re%gardless of the
elimination features over to our multirate GMC-CDMA systen‘poss' y unknown) multipath channelg,(n). r_ans_m|t re-
described in Section II-A. In view of Result 1 and the unifym%ummncy enables (even.bllnd) channel estlmatlpn independent
merits of our model [8], [29], [30], derivation of a rate-scalabl f the symbol constellation used and the location of channel

GMC-CDMA system equips all-digital multicarrier CDMA ?

transceivers with multirate capabilities. Actually, due toas2)the channels are of the form

. . . . L L
A. Quasi-Synchronous Multirate Transceiver Design Ho(z) = Z h dZ Wl + d) (11)
The basic idea behind GMC-CDMA is to build user code =0

polynomials specified by distinct sets of what we tesigmature

pointson the complex plane. Users’ codes are constructed swehere0 < d < D. Therefore, they can have at mdsffinite
that theirZ-transforms are zero at other users’ signature pointsots per channel. As a result, the conditiba= K+ I > L in
and nonzero at each user's own signature points. SpecificaJlyQ] for guaranteeing blind channel identifiability and symbol
define the code ponnomiatDu k(z) = :‘Ocu x(n)z~" recovery can be relaxed th = K + L > L. Note that in
and let each user be given distinct signature pojpis ; J,(}, this latter case, each user can transkijf = K = J — L

where.J is a design parameter. It is then possible to construsymbols perP, = P chips; therefore, thetth user has rate

codes such thatk, v 7, [10] R, = R = K/(PT.),V ;. The total rately is thus
0, if 1 #m M-—1 7
Crk(pm,j) = { , (10) B M(J - L)
! ! Apfu kg T p=m Ry = Z RH_ TP T T.(MJ+ L) 12

wheref,, 1, ; are nonzero constants up to the designer’s choice
and A,, controls theuth user’s transmitted power. The min-which can be made as close 197, as one chooses by suffi-
imum-length codes;,, 1 (n) come from polynomials”, »(z) ciently increasing/.
that have degre#&/.J — 1 [10]. With L denoting an upper bound In the derivation of the single-rate AMOUR system, the
on all channel orderd(> L,V 1), we append. trailing zeros quasi-synchronous assumpti@s2) has been adopted. Al-
(guard chips) at the end of those codgs;(n) thereby aug- though more restrictive than full asynchronism, quasi-synchro-
menting their length t&”> = M.J 4+ L. Because each of the  nism (or bounded asynchronism) is more relaxed than the syn-
users in the single-rate system of [10] transnift$nformation chronous case and can indeed be satisfied easily in practice.
symbols with codes of lengtP, the system’s bandwidth effi- Furthermore, thanks to block-spreading, the amount of asyn-
ciency is€ := MK/P and approaches 1, provided that onehronism that can be tolerated can be as much as a few sym-
selects/ = K + L and block lengthdd > L. In addition to bols. This is quite feasible even with existing systems such as
asl), we now also assume the following. IS-95. For example, consider a cell of radius 5 km and chip
as2) The system is quasi-synchronous, and the underlyingte 1.2288 mega chips per second with spreading gain 64. The
FIR channels have maximum order= L + D which incorpo- maximum relative delay between the base station and the mo-
rates the maximum ordérof the chip-sampled multipath chan-biles is about 33:s or 40 chips. Considering multipath delay
nels and the maximum deldy « P = M J+ L that arises due spread of 2Qus (worst channel in a UMTS vehicular environ-
to relative asynchronism among users. Our user cogegn) ment [5, p. 43]), amounts to about 25 chips. Thus, the total
have length? and includel trailing zeros; i.e.¢,, »(n) = 0for amount of asynchronism (relative delay plus multipath) can be
n &[0, MJ —1]. 65 chips or about one symbol. Among users, the asynchronism
With 7, denoting the chip/sampling-periot,,.x s denoting can be at most twice as much, i.e., 2 symbols. Besides, if the
the maximum delay spread amgl.., ¢ denoting the maximum system can afford a little extra bandwidth, or, if the system is
relative delay among the usets,in as2)is found asL = not fully loaded as in a number of applications, the subcarriers
[(Timax, s T Tmax, ¢)/T:], Where[-] stands for integer-ceiling; in GMC-CDMA can be sufficiently separated so that they re-
Tmax, < CaN be computed from the cell-size whilg., ; can be main (even approximately) orthogonal in an FDMA-like sense,
obtained from field measurements of the operational enviroand then additional (or even full) asynchronism is allowed.
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Having clarified the practical merits of quasi-synchronous S4) Design the receiver using any of the structures in Sec-
GMC-CDMA for single-rate users, we now return to the multi- tion II-B with N = 1. O
rate scenario. To accommodate different rates, a multicode (mcYhanks to thel. guard chips that we appended in our user
approach is possible. Specifically, one can split each high raiedes [as peas2], there is no IBI between successively re-
user’s symbol stream into several low rate substreams, so tbaitved”-long blocks. With white AGN and independent trans-
each spread substream is treated as if it corresponded to awiitted blocks, the received blocks are independent, which ex-
tual user. But in this way, the available rates can take only mydlains why designing a receiver with memaky= 1 incurs no
tiple values of a minimum rat&® = K/(P1.), i.e., one of loss of optimality in S4).
{R, 2R, ..., M R}. We say that the rate resolution in this case We now proceed to show that the so designed multirate
is R. system inherits the MUI/ISI-free properties of [10], [30] and

To achieve finer resolution, we can allocate different nunguarantees multipath-irrespective recovery of the user symbols.
bersJ, of signature points to different users instead of the sarincel’, = P, ¥V 1, (8) simplifies to
number.J used in [10]. Suppose there aréotal numberof Jr
signature points, wherér is a design parameter. We can allo- i =[HoCo- -Hy_1Cn_1]5+17 (16)
cateJ,, signature points to user, subject to the constraints: i)
Ju > Lyi) Y02t J, = Jr. From Theorem 1 and the discus-
sion foIIowmg it, we know that constraint i) guarantees symbo
recovery even in the presence of frequency-selective multipat
channels.

With .J,, signature points, theth user can transmik,,
Ju - L symbols withP = .Jr + L chips; therefore, the rate of
usery: now becomest,, = (J, — L)/(PT,), and as before, the Gua = [or(poo)---vr(po.ss) -

total rate vp(pvi—1,0) - vp(pv—1,0_ )" (A7)

here we have omitted the subscriptfor simplicity. Note that
nIy the symbols in the first:(= 0) block are involved irs.

et G, denote the/; x P Vandermonde matrix constructed
from all signature points

Jr— ML  Jpr— ML (13) L, - _
PT, (JT YLV, y\_/herevp(pm k_) = (1o, % Pk I*. It can be readily ver-
ified that multiplying G, with a vector is equivalent to eval-
can be made as closeltdI,. as one wishes by simply increasingJating the vector'sZ-transform at the users’ signature points.
Jr. There are tradeoffs in selectink though: largerJ im-  In particular, becauser. (o, k) Hp = Hu(pp, 1)VD(0p, &), it
plies higher total rate but also longer decoding delay and if¢llows from (16) and (17) that
creased susceptibility to Doppler effects and/or carrier offsets,
as there will be morefr) subcarriers within a fixed bandwidth  § := G 4% = G4 [HoCo - -- Ha—1Crr—1] 3 + Gafy
(=1/T.). Other tradeoffs such as peak-to-average power ratio — — ~ ~
and system loading that were discussed in [10] and [9] for the = [HoG.aCo -+ Hy—1GuaCri—1] 8+ Guait - (18)
single-rate {,, = J) AMOUR system apply here as well.
In summary, to equip our GMC-CDMA system with multiratevhere we used thd.,, H,, = ﬁqu with H,, asin (7), and
capabilities, we follow these design steps:
S1) Choosely > L so thaty" ' R, comes close to H,, := diag[H,(p0,0):-- -+ Hu(po,7,-1);- - -
the available bandW|dtlh/T(,, Whl|e respecting a pre-

Ry =

scribed decoding delay. Hyu(prr-1,0); -y Hulprr—1,55_,-1)]-
S2) Foreach user, allocateJ,, of the J signature points
so thatR,, is close to the:th user’s desired rate. Taking into account the code design step S3), we further ob-

S3) Design user codes, x(n) so that their polynomials tain
C,,, x(#) satisfy [cf. (10)]
G,qC,
_ —k

Cp, k(prn,j) - Aupmjé(u - m) (14) r CH, 0(p07 0) . CH: K, _1(p07 0)
where the choicg,, ; » = p;’fj in (10) will be appre-
ciated in the next subsection and is further motivated
in [10], [30]. Specifically, we start with pointg,,,_ ;
on the complex plane, and using Lagrange interpola- —
tion [25, pp. 329-332], we obtain the user code poly-
nomials that satisfy (14) as Cuolprr-10), v Cux,—1(pPm-1,0)

Ch,0(po, 7o—1) - Cu kx, -1(po, 7, -1)

Ju—1 M-1 J,—1

. : : :
Pm,j%
u k AH Z p H H 71- (15) _CM,O(pM—l,JM,l—l) CM, I(H—l(pM—l,JM,l—l)_

prn,jp )\
m=0 j=0 5 T
(m, 3)# (1, A) =A,[0u F;:I; 0,.2] (19)




2022 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 49, NO. 11, NOVEMBER 2001

where spreading approach were carried in [9]. Thorough analysis and
0,. all zero matrix of size>"* J,,) x K optimum combination of block spreading with error-control
0,. all zero matrix of size{zf‘f:_/;l Im) X K, coding is a deep subject and goes beyond the scope of this
F, J,xK,Vandermonde matrixwithyj, k)thentryo~* . Paper (see [31] for preliminary results). ' .
Equation (19) confirms that the transmit- and receive-fildfs ~ Going back to (20) and using the same technique as in
and G, are designednutually orthogonalfor channel-trans- [10] one can apply further linear transformations gnto

parent MUI elimination and explains the name AMOUR of ougstablish that the multirate users can be isolated not only at

system. their signature points but also on the entEeplane, implying
Defining S, (z) := foio_l s,(n)z™, the matrix equation that our code design in (15) allows multiple users to transmit
(18) is simplified to [cf. (1_9)] through their own single user equivalent channels. Specifically,

by applying the inverse of thd,, x .J, Vandermonde matrix
_ Ho(po 0)S0(p0.0) ) V,.,, whose (i, j)th entry is p;fi, on the MUI-free vector
0 pO’O_ 010, 0 Yp = [HM(PM,O)Su(pu,O) "'HM(PM,JH—I)S/L(P/L, Jﬂ—l)]Tr

one obtains from (20) thé,, x 1 time-domain block

Ho(po, 55-1)S0(po, 1y—1) L . I
§=A, : Y, =V, ¥, =A4H,s,+V,  Gun (22)

Har-1(par-1,0)5m-1(pr1-1,0) where H, is a J, x K, Toeplitz convolution ma-
: trix with first row [h,(0)0---0] and first column

LHM—1(pri=1, Jay 1 =1)SM—1(pPM—1, Jay_1—1) [ (0) -~ hu( Ly = 1)_0"'0]T' Base?' ony,,, the channel
N tapsh,(n) can be estimated even blindly (up to a scalar) by
+Gualp (20) applying signal/noise subspace decomposition techniques on

the autocorrelation matrix of,, after prewhittening it. Single

which proves that our multirate GMC-CDMA code design hadser equalizer¥’,, of size K, x J,, can then be applied once
achieved user separation at the signature points. Fattheser, the channel has been estimated (see [10] for details).

S,(z) is of degreek, — 1 unlessS, (z) = 0; therefore S ,(z) Notice that the Toeplitz matriHl,, is always full rank (un-
has at mosK,, — 1 finite roots. We know from (11) thald,, (=) less the channel taps are all zero, which is impossible). That

can have at modi finite roots. ThereforeH ()5, (z) canhave Means a ZF equalizel'{, = A, 'HJ) based ory, always ex- _
at mostK,, — 1+ L := J, — 1 roots. It follows that ifS,, () # IStS and symbol recovery can therefore be guaranteed. Equation

0, at least one oH,,(p,.. ;)S,(p,.. ;) Must be nonzero fof = (21) also establishes that after MUI elimination, the multiple ac-
0,1,...,J,—1.To establish identifiability of users’ symbolsceSs channel has been converted to parallel single user channels.

from § (and hence fronx) in the absence of noise, we arguéince matrixV —* is always nonsingular, applying it as in (21)

by contradiction supposing that there exist two distinct symb8P€S not entail any loss of information. Becadée' is gen-
setss® 2 32 that yieldg® = §@. But (20) implies that erally nonunitary, noise enhancement will result. However, it

H,(p ,»)[S(Ll)(p ) - S(?)(p N =0Vuelo,M—1 Ccan be alleviated if one employs a single user (such as MMSE)
arfdj ”E’J[O f] _Ml’]J Whicﬁ is irﬁrqu;ossiblebecause t’b‘g(z) .— equalizer to account for the noise color. It is also possible to
Sfbl)(z) _ ’Sfbg)(z) 5_& 0. apply the matrix equalizer directly on the received veat@s

As with sing| FDM, (20) shows that GMC-CDMAWE mentioned in S4). .
S With single user O , (20) shows that GMC-C After applying the single user equalizer (e.g., MMJE) to

converts a frequency selective channel to a set of flat-fadi MUIF ¢ i (21 ite th bol esti
subchannels. But unlike OFDM, where the user's symbols afe, MUl-free vectory,, in (21), we can write the symbol esti-

directly put on different subcarriers, we place linearly precodé'aates as

(combined) symbolsS,,(p,, ;) on the subcarriers. That way, .

each symbol is spread on multiple subcarriers and frequendy. = A, LW H,s, + TV, Guaiy := G, 15, + G, 27 (22)
diversity is therefore accomplished (see also [31]). The distinct

advantage of our system compared to mc/vsl systems thaif the entries ofs,, are binary 1) i.i.d., the average bit error

exploit multipath diversity (the time-domain counterpart ofate (BER) after hard decision @p can be found to be (see the
frequency diversity), comes from the block-spreading us@ghpendix):

in GMC-CDMA to enable MUI and ISI elimination by de-

sign (recall that MUI and ISI are two major performance- K,—1 et joo

limiting factors of mc/vsl systems). The performance edge w= 1 Z i / ,/—1Tsy1£(y)

of GMC-CDMA over mc and vsl systems will be further = Ku 1= 277 Joojoo o

verified by the simulations of Section IV. In addition to the ST ()T dy (23)
linear precoding (over the complex field) that is offered by o o
block-spreading, finite-field channel coding can also be used t svm

improve performance with the corresponding increase in baﬁ’éﬂ%ere c > 0, TL() = exp(=[Guilrn - ),

is1 K, -1 noise
width and/or complexity. Preliminary comparisons of block i x(») = Tl ith cosh([G, 1]k,s - v) and T3°8(v)

1=0,
coding for error control with GMC-CDMA's block-precoding/:= exp((c?1%/2) sz_ol Gy, 2]k, p|*); [1a,v Stands for the
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(a, b)th entry of a matrix. The integrals in (23) can be evaluateddMC-CDMA, such unit-modulus signature points not only en-
efficiently using numerical methods along a path of steepestle low-complexity FFT-based processing [10], but as we will
descent (by choosing) in the integrand (see [12] for detailedsee next, they bear direct correspondence to physical frequen-
derivations). A closed-form BER expression is possible and haiss.
been derived in [10] when the ZF equalizer is adopted insteadTaking into account the fact that the lakttaps (chips) of
of the MMSE. ¢, 1k(n) are zero as peaas2) the rightP x L submatrix ofG 4
We summarize our results on multirate MUI/ISI-resilienin (17) is zero, while its left part with the signature points in (24)
GMC-CDMA transceiver design in the following theorem.  becomes equivalent to/a x P FFT matrix. From (19), we see
Theorem 2 (multirate GMC-CDMA) : Given that
channel parameterd, D, and users of prescribed rates

Ry, ..., Ry_1 that satisfyRy = Zﬁi‘ol R, < 1/T., choose 0y

7 g - G,iCusu(i) = | F, | su(?) (25)
Jr > (LT.Rp+ML)/(1-T.Rr) suchthatdy = 37101 T, vdCpuSyp | Sk
(J, — L)/PT. > R, and selecP’ = J; + L. Under asl) and 0.2

as2) MUI/ISI-resilient transmissions at or above the SpECIer\(IjV ereF’,, performs FFT on the information symbol block and

rates are then possible _regardless of FIR mult_ipath chann ?3) indicates that the Fourier transform of fia# user’s trans-
up to orderL = L + D with guaranteed (even blind) Charmemitted sequence,, (i) = C,s, will be zero at the other users’

identifiability and symbol recovery. signature points and,,(p,. ;) # 0 at its own signature points
BecauseP’, = P, Vu, we note thatk, = K/(P1,) in o P j) 7 . .
(3), and from Theorem 1 we infer that in order to guarantefﬁ"]’ J = 01 J.” — 1. This offers an eqU|vaIent_|mpIe-
MLJI/ISI-resiIient symbol recovery, we must have € [K,, + e.ntayon of the mul'urate AMOUR system as shown in Fig. 4,
' " which in the special case dé,, = 1 reduces to an MC-CDMA

L, Ip);ie., sincek,, > 1, a specific user can be allocated from ; ; :
L . : m, [4 11], with th readin Vi rin th
1+ L to Jp signature points. Therefore, each user’s rate can stem, [4], [6], [11], with the spreading code vecto the

any one of quency domain being, := [¢,(0), ..., &u(Jr — 1_)]T.
Specifically, if we view the different signature points as
1 9 Je— I sub-carriers, this equivalent implementation shows that our
{—, —_— ., } multirate GMC-CDMA system with signature points selected
PT. PT. PT. as in (24) reduces to a multirate multicarrier CDMA system,

o ) o . where theuth user's code vectog,, in the frequency domain
The rate resolution in this case i§(11.), which is K times | 4< entries satisfying

finer than the virtual user approach discussed after Theorem 1
and can be made small if we chodBdarge, or equivalently

large. eull) = {17 if ej(Qﬂ'(JT)l €F,
As far as complexity is concerned, GMC-CDMA in its full 0, otherwise
generality requires multiplication by the MUI-eliminating x Vi=01,... Jp—1. (26)

P matrix G4, followed by M single-user equalizerE,, (of
size K, x J, for the uth user) applied, respectively, @y, o ) ) )
=0, ..., M—1.Compared to an mc- or avsl-CDMA system! e users’ frequency domain signatures in this special form

of spreading gait, which in the presence of multipath would®f GMC-CDMA do not overlap, and are orthogonal in a

complexity. volutive multipath channels are multiplicative in the frequency
Having presented our general rate-scalable MUI/ISI-resiliedPmain, this orthogonality will be preserved at the receiver no

GMC-CDMA system design along with its fine rate resolutiofhatter what the channels’ impulse responses are, as long as
capabilities, we now consider a low-complexity special case #fey aré FIR of ordex L. This is precisely what guarantees

it. channel-irrespective MUI elimination in our code design.
Moreover, by allocating. additional subcarriers per user, the
B. Multirate AMOUR—A Special Case users’ symbols are guaranteed to be recoverable (identifiable),

. . because the channel’'s transfer function can at most have
We consider here a special case of the proposed SySt%nfinite nulls. As the signature points in our GMC-CDMA

where the users’ signature points are chosen equispaced ons%qem can be any complex number and the users’ frequency

unit circle. Let us define the set of FFT frequencies domain signatures may in general overlap, the low-complexity
(FFT-based) AMOUR system of [10] is indeed a special case
F={JC I 1 =0,1,..., Jp—1} (24) of our GMC-CDMA system herein.
Notice that once/; points are selected as in (24), the sig-
o ) ) ~natures of the users can be efficiently represented By-it
and let{F,},L;' be a partitioning ofF into nonintersecting frequency domain signature vectgy, with J,, entries equal to
subsets, with each subs}, containing J,, distinct complex 1 and.j; — J, entries equal to zero. Frequency (or subcarrier)
exponentials; i.elJy_o' Fu = F, Fu N Fn = 0,V # m  allocation therefore amounts to partitioning tie signature
and ZM_I J. = Jp. The subsetF,, contains usey:’s sig- pointsF and distributing the distinct frequency domain signa-

=0
nature points. Unlike the complex signature points allowed féure vectorc,, to different users. The users will then need to
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) zero zero add L )
s,(k) s,(i) | padding padding u, (i) u,(n)
SIP =71 Jr-point [ Jr-point [T Zer0S = P/S
“ | FFT T b IFFT T | suffix
frequency domain
signature &,

Fig. 4. Equivalent transmitter in the special case of (24).

adjust their signaturé,, accordingly (see Fig. 4). Thanks to the 10 T
block precoding structure, subcarrier frequencies can be re- SRS
located even from block to block, which may be particularhy
attractive for data or video transmission with bursty characte

istics. Frequency re-allocation should only affect rate-changir

users—the remaining users (majority) can transmit with their 107
ready allocated codes. Such dynamic frequency allocation ¥ , S N
the potential of maximizing the system throughput and Consi =L, v O\ , 4
tutes an interesting future research direction. Also in our futu : o MVSE R B
research plans is the resource (code) assignment problemw : :
intra-cell interference is taken into account (instead of beir ™ Fiiiiii i
treated as background noise). “|*——+  VSL high rate users
v—~  VSL low rate users

107k %= — % MC high rate users
s w==-v  MC low rate users

\ Maitched filter
:Decorrelator

IV. PERFORMANCE COMPARISONS S o

In this section, we test mc and vs| schemes for different i~ ° ® e e % 25

ceivers in the presence of asynchronism and multipath. We also

compare their performance with that of the proposed multirgfig. 5. Performance of mc and vsl.

GMC-CDMA system of Section lll. Per channel realization, we

will calculate BER based on (23), relying on the numerical irebservations were drawn in [15] in the absence of multipath,

tegration method developed in [12]. Only in the Test Case 5 vaad our simulation corroborates [15] even in the presence of

will count the number of errors. asynchronous multipath fading. One can thus conclude that on
Test Case 1(mc Versus vsl Comparisons) . We the average (depending on the code used), mc- and vsl-CDMA

use random spreading codes to remove code-dependent effetisnot differ from each other in the presence of multipath

The spreading length is chosen to be 16, and the simulatiorfading channels whether or not the transmission is synchronous

includesM = P/2 = 8 users, four of which are single rateor asynchronous. We may prefer one over the other considering

users withR;, = 1/(167.) symbols/second, and the other fouadditional factors such as decoding delay, peak-to-average

users are double rate users with; = 2R;. The system is power ratio, and design flexibility.

assumed to be asynchronous, and therefore the maximum delaljest Case 2 (Performance of the Multirate

can be as large a8 — 1. The channels we adopt are of ordeAMOUR) To allow for maximum asynchronism between

L = 5 with uncorrelated taps of equal variance zero-mea@&MOUR users we choos® = 15, andL = 5, the same

complex Gaussian random variables (Rayleigh fading). BPSI§ in the previous simulation. To maintain the same band-

symbol modulation is used, and the performance measurenisith occupied by AMOUR and mc/vsl-CDMA, we select

BER versust, /Ny, whereE, denotes energy per bit (assumed® = 240 in the AMOUR system, which offers a total of

to be the same for all users). The BERs are averaged over 500= P — D — L = 220 signature points. These signature

channel realizations and also across the users of the same pafats are chosen equispaced around the unit circle as in (24).

that results in BER for: mc high rate users, mc low rate useSlow users of ratd?;, are allocated/;, = 20 signature points

vsl high rate users, and vsl low rate users. We focus on thach, while fast (high rate) users are givep = 35 signature

multichannel FIR receivers of Section 1I-B. It is shown in [14points. These choices make the bandwidth efficiency, defined

that with moderate memory-lengttv( = 11 here), the FIR asé = RgT. (the total rate divided by the bandwidth), the

decorrelator (ZF) provides the performance of an IIR decosame for AMOUR and mc/vsl-CDMA.

relator. Since at high SNR, the MMSE equalizer approachesFig. 6 shows the averaged BER for a multirate AMOUR

a decorrelating equalizer, the argument holds true for tkgstem withM = & users (4 users with ratB; and 4 users

MMSE at least for high SNR values, and our simulation alseith double rateRy = 2R;). We observe that similar to

suggests that using longer memory does not lead to significamt/vsl-CDMA, the MMSE equalizers outperform ZF equal-

performance improvement even when multipath is present. izers, while the MF equalizers suffer from the near—far problem
From Fig. 5, we can see that mc- and vsl-CDMA perforras expected. But in the multirate AMOUR, the low rate users

similarly for all three equalizers. For the MF receivers, there exhibit better performance than that of high rate users, because

a near—far problem (BER error floor), which does not appeaach low rate user is allocated more bandwidth per symbol

in the ZF and the MMSE receivers. Interestingly, similasince.J;/(J; — L) > Jyu/(Jg — L). This implies that the



WANG AND GIANNAKIS: BLOCK PRECODING FOR MUI/ISI-RESILIENT GENERALIZED MULTICARRIER CDMA 2025

low rate users
high rate users

10" 1 I 1
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E/N, (@B)

Fig. 6. Performance of multirate AMOUR.
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Fig. 7. AMOUR versus mc/vsl-CDMAL = 1.

25

multicode and VSL

BER

107 I I I I I
15 20 25 30
Eb/N0 (dB)

Fig. 8. Performance in UMTS channels.

that multirate AMOUR is more robust to multipath fading than
mc/vsl-CDMA (8 dB gain in SNR aBER. = 1073).

Test Case 4 (Performance in Time-Varying
Channels) : Throughout our derivation of GMC-CDMA,
we dealt with LTI multipath, which is valid when the channel
varies slowly over the duration of one block. To test the robust-
ness of the GMC-CDMA against Doppler effects (or possible
carrier offsets), we test its performance using the UMTS
channel model specified in [5, sec. B.1.4.2]. The channel has 6
time-varying taps corresponding to paths with relative delays
of 0, 300, 8900, 12900, 17100, 20000 nano-seconds, and
relative average power2.5, 0,—12.8,—-10.0,—-25.2,—-16.0
dB, respectively. The Doppler spectrum of each tap is assumed
to obey the CLASSIC Clarke—Jakes model [5, sec. B.1.8.2].
Perfect channel information is available to all receivers. Fig. 8
depicts BER curves for the GMC-CDMA and the mc/vsl
systems. There are 8 users in the system, 4 high rate users of
rate 144 Kbps, and 4 low rate users of rate 72 Kbps. High (low)
rate users are allocated 35 (20) subcarriers. Multicode and vsl

lower rate users can transmit at a lower power level, or alterrgystems are simulated with random codes of length 240. The
tively, that the high rate users have to transmit at higher powearrier frequency is 2 GHz and the speed of the eight users is
level to achieve the same performance. As we will illustrate thosen uniformly distributed between 30 mi/h and 80 mi/h.
the next test case, the multirate AMOUR system outperforrMSE receivers are used for all three systems. As we can see,
mc and vsl CDMA. Therefore, on the average, users in tladthough GMC-CDMA still outperforms the mc/vsl systems,
multirate AMOUR system require less power to achieve ththe difference is not as pronounced as in the time-invariant
same performance. case, which can be explained by the sensitivity to time-selective
Test Case 3 (Multirate GMC-CDMA Versus effects that is common to all multicarrier systems. Detailed
mc/vsl-CDMA Comparisons) : In this test, we com- study of the performance evaluation of GMC-CDMA through
pare the GMC system of Test Case 2 w#ynchronouanc time-varying channels and/or in the presence of carrier offsets
and vsl systems that have spreading gain 256. Random aederves further analysis and results will be reported elsewhere.
Walsh—Hadamard spreading sequences for mc and vsl ard@est Case YMultirate AMOUR Performance in
simulated and compared with GMC-CDMA codes (we chodénknown Multipath) : To test the multirate AMOUR
spreadin@256 > 240 = P becauséV-H sequences of length performance in unknown multipath, we use the indirect
256 are easy to generate). Fig. 7 reports MMSE equalizatisacond-order blind equalization method detailed in [10]. The
performance for the three systems over 500 random RayleighlOUR system setup is the same as that of Test Case 2. The
channels of ordei. = 1. The BER for each system is alsousers are separated first using #g, matrix [cf. (17)], and
averaged over high rate users and low rate users. We obseswbsequently each user performs blind channel estimation as
that for all SNR values, the AMOUR system is consistentlyn [10]. Once individual channels are estimated (up to a scalar
better than the averaged mc/vsl-CDMA systems, which testifiambiguity), a single-user MMSE equalizer is applied. The
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SRR, T SRR simulation the feasibility of blind equalization with multirate

: : AMOUR transceivers. Surprisingly, although we derived our
GMC-CDMA under LTI channel assumptions, the system
performs better than existing mc and vsl CDMA systems even
in time-varying channels such as those specified by the UMTS
standard. For performance comparisons of GMC-CDMA with
existing single- and multicarrier CDMA approaches under
variable number of active users, the interested reader is referred
to [10], [29] and [9], respectively.

.. .Blind single yser MMSE equalization

Single user MMSE . .

107°E SR equalizat_ion'with known:channel

average BER

APPENDIX

L e e RTTRTITTIOTINy 3 | T n , ] Supposing that in (22) the symbols©f are binary 1) and
R N iid, we derive here the BER formula (23). L, denote the
kth entry of a generic vectar. Thekth entry ofs,, can then be

1075 L - L e Wwritten as [cf. (22)]
ES/N0
Fig. 9. Blind multirate AMOUR. 8.k =[G, 1]k, k[splx
K, —1 P-1
single user MMSE equalizer with perfect channel information + Z (G 1]k, ilsu)i + Z (G, 2]k, o0, (27)
is used as a reference for comparison. For each user (high or =0, ik p=0

low rate), 100 blocks of symbols are processed by the receiver

to estimate the user's channel of order= 5. One hundred Where[G]y, ; denotes thék, i)th entry of a generic matrik
Monte Carlo simulations are conducted and their performanaed the three terms on the right-hand side of (27) correspond,
is averaged. We observe from Fig. 9 that AMOUR with blinéespectively, to the symbol of interest, the ISI and the noise. The
channel estimation performs 2—4 dB below the ideal equalizBER of thekth symbol[s,]; can then be expressed as anintegral
As the number of blocks used for blind channel estimation ifl2]:

creases, consistency of the blind channel estimation algorithm

guarantees that blind-AMOUR will approach its theoretical 1 etjoo . .
P, = v 1Tsym(l/) TR () dr
performance bound [10]. e, k 215 Jor oo .k i, k u k
(28)
V. CONCLUSIONS AND DISCUSSION where ¢ > 00 T)(v) = exp(—[Guilnn - V),
isi () .— K,—-1 o noise(,,
In this paper, we introduced a general all-digital multiratd o) = TLiZo sa cosh((Gpali - v) and Tope(v)

P—1
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