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Orthogonal Multiple Access Over Time- and
Frequency-Selective Channels

Geert LeusMember, IEEEShengli ZhouMember, IEEEand Georgios B. GiannakiBellow, IEEE

Abstract—Suppression of multiuser interference (MUI) and detection. All these transceivers, however, are based on the key
mitigation of time- and frequency-selective (doubly selective) assumption that the underlying channels are time invariant over
channel effects constitute major challenges in the design of yhe transmitted block. In practical scenarios, this assumption

third-generation wireless mobile systems. Relying on a basisd t hold t h h | ti At - due t
expansion model (BEM) for doubly selective channels, we develop OES ot Nold wue wnen chnannel time-variation arnses aue 1o

a channel-independent block spreading scheme that preserveshigh mobility, carrier frequency offsets, and phase drifts.
mutual orthogonality among single-cell users at the receiver.  In this paper, we deal with doubly selective (time- and fre-
This alleviates 'ghe need for .complex multiuger detection, and guency-selective) channels. We rely on a basis expansion model
enables separation of the desired user by a simple code—matched(BEM) for doubly-selective channels, which incorporates time-
channel-independent block despreading scheme that is max-'_ . . ' }
imum-likelihood (ML) optimal under the BEM plus white variation explicitly. The BEM has previously bee_n useq in _[15],
Gaussian noise assumption on the channel. In addition, each userand has been extended to include the space dimension in [13].
achieves the maximum delay-Doppler diversity for Gaussian dis- Note that the models in [15], [13] fit within the framework of the
tributed BEM coefficients. Issues like links with existing multiuser more general BEM introduced in [22], [6]. Relying on this BEM
transceivers, existence, user efficiency, special cases, backwarqor doubly selective channels, we then develop a channel-in-
compatibility with direct-sequence code-division multiple access . ’
(DS-CDMA), and error control coding, are briefly discussed. depende_nt block spreading scheme_ that Preserves mu_tual or-
thogonality among users at the receiver. This orthogonality en-
ables separation of the desired user by a simple code-matched
channel-independent block despreading scheme that is ML op-
timal under the BEM plus white Gaussian noise assumption on
|. INTRODUCTION the channel. Moreover, each user achieves the maximum delay-

ELYING on a finite impulse response (FIR) model fc)IDoppIer diversity for Gaussian distributed BEM coefficients.
R frequency-selective channels, several channel—indepérrj?—is transceiver serves as an attractive alternative to the mul-

dent block spreading schemes have recently been develo&g&ertime-frequency RAKE receivers for DS-CDMA proposed

that preserve mutual orthogonality among users at the recei G]’ Wh_iCh does noF achieve the maximum delay—DoppIer di-
[7], [10], [24], [27]. This orthogonality enables separation oYersity gain, and requires the knowledge of the spreading codes

the desired user by a simple code-matched channel-indepen&’é | active users for detection.

block despreading scheme that is maximum-likelihood (MLg e also briefly discuss some interesting issues related to the

optimal under the FIR plus white Gaussian noise assumpti foposed transceiver, such as links with existing multiuser trans-

on the channel. Moreover. each user achieves the maxim& ivers, existence, user efficiency, special cases, backward com-
' : atibility with DS-CDMA, and error control coding.

delay diversity for Gaussian distributed FIR model coeffi® h t of thi . ized as foll In Section Il
cients. These transceivers serve as attractive alternatives to thB € rest o this paper 1S organized as follows. In section 1,

. . . o discuss the wireless doubly selective channel and introduce
multiuser RAKE receiver for direct-sequence code-divisiof® )
multiple access (DS-CDMA) proposed in [28] (see also [23] t‘e BEM for S.UCh a (;hannel. Based on this BEM, gdata model
which does not achieve the maximum delay diversity gain, a described in Section Ill. The proposed transceiver is devel-

requires knowledge of the spreading codes of all active users d In dgtall in Section IV. In Section V, we dIS.CUSS Some in-
teresting issues related to the proposed transceiver. Conclusions

are finally presented in Section VI.
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and theN x N unitary fast Fourier transform (FFT) matrix ashe channeh,[n; v] can be accurately described by the fol-
F . We defineiy [n] as the(n + 1)th column ofl i, andf ;[n] lowing BEM for doubly selective channels:
as the(n + 1)th column of F' . Furthermore, we define

L Q
hyln; v] = oy —1 hu,q[[n/N|; 1 e/?man/N (3
Fax(v) =1, exp(527v), ..., exp(j2r(N — 1)v)]T n: v lz:% [ ]qzz_:Q /NS &

andAy(v) as theN x N diagonal matrix with main diagonal where L represents the (discrete) delay spread (i.e., the delay

fn(v). Finally, we defind 4], ,, asthe(m+ 1, n+ 1)thentry spread in multiples of the time-domain resoluti@f, and

of the matrixA4, and|a],, as the(n + 1)th entry of the vectoa. () represents the (discrete) Doppler spread (i.e., the Doppler

spread expressed in multiples of the frequency-domain resolu-

tion 1/(NT)). Notice that in every block ofV chip periods,

a new realization of the BEM is considered, with new BEM
Suppose theith user's(u € {0, ..., U — 1}) symbol se- coefficients{{%,, q[i; l]}fzo}fz_

quences, [m] is somehow converted into a chip sequeng| The BEM of (3) is not new. It has previously been used in

that is to be transmitted with chip peridd For the proposed [15], and has been extended to include the space dimension in

design, this will be discussed in Section Ill. Focusing on a badé3]. Further note that the BEM of (3) fits within the framework

band description, this chip stream|n] is filtered at the trans- of the more general BEM introduced in [22], [6]. In addition, a

mitter by h'*(t), distorted by the physical channkf"(¢; 7), BEM using wavelet basis functions has been studied in [12].

corrupted by the additive noisgt), and finally filtered at the

receiver byh™°(t). The aggregate received signét) from all IIl. DATA MODEL

users can then be written as We start from the design of a quadruglE, N, L, Q) that
satisfies conditions C1) and C2). Similar to multicode CDMA,

Il. WIRELESSDOUBLY SELECTIVE CHANNEL

_ = i ot £ — nT)aa[n] + n(t) we useblock spreadindo convert thesth user’s symbol stream
N — £ nl)zuln] + 1 su[m] into a chip streanx, [n]. The symbol sequence,[m)]
T is first serial-to-parallel converted into a sequenceldfx 1
wheren(t) := g™°(t) (), and [5, Ch. 1] symbol blocks
suli] == [su[iM], ..., su[(i + )M —1]]".

. . rec tr _n_ chryp .
hu(t;7) '_/700 [mh ()R (T =0 —s)hy (=53 O) dsdf. g0y symbol blocks,[i] is then spread by anV x M
(1) spreading matrix', to obtain a sequence &f x 1 chip blocks
With chip rate sampling, the received sequenpg := y(n1") z,[i] :== C\,s,[i]. This sequence of chip blocls,[:] is finally

can now be written as parallel-to-serial converted into a chip sequenggn]. With
chip rate sampling, the received sequen¢e] can then be
U-1 oo written as (2), wheré, [n; v] is given by (3). The use of the
yn] =" > hulns vjzu[n — v] + nln] (2) BEM of (3) is justified because the quadruplg, N, L, Q) is
u=0 v=—o0 chosen to satisfy conditions C1) and C2).
At the receiver, we serial-to-parallel convert the received se-
wheren[n] := n(nT), andhy[n; v] := hu(nT; vT). Note quencey[n] into a sequence of received blocks
that whenh™°(t) has square-root Nyquist characteristics, the
whiteness of the noise is preserved after chip rate sampling. yli] == [[iN], ..., y[(i + YN = 1]

General models to descrilig,[»; v] usually contain many _
parameters [8, Ch. 1], [3, Ch. 3], [4], [5, Ch. 1]. That is whyvhich can be written as

we want to use a simpler model to describgn; v] with less U—1[L/N] ©
parameters. Let gs first introduce the foIIOW|r_1g assumptions: Z Z Z AN( )HSQ”U Ji1C .8, li—a]+n[i]
Al) the maximum lag offset ohi"(¢; 7) is bounded by u=0 a=0 g=—
Tmax; (4)
A2) the maximum absolute frequency offsetuf (¢; 7) is (@)
bounded byf;nax; wheren[i] := [7[iN], ..., n((i + )N — 1]]" andH, ,[i]

Wherer,ay and fuay are referred to as the delay and DoppleiEPresents thé/ x N Toeplltz matrix W'th

spread, respectively. Both A1) and A2) can be satisfied in prac-
tice, in both uplink and downlink operations, without the need

for stringenttiming and carrier frequency synchronization. If wekemember thak y () has been defined as thex N diagonal

then design a quadrup(é’ N, L, Q)with T € R*, N € 7%,  matrix with main diagonaf y (). Note thatf L /N + 1 symbol

andL, Q € Z;, that satisfies the following conditions: blocks s, [i] contribute to each received blogki]; the terms
Cl) LT > Thax; with a > 1 represent the so-called interblock interference (IBI).
C2) Q/(NT) > fuax; This IBI can be avoided by designiig, to haveN > L, while

[H, [illn, 0t = hu,glis n =1’ + aN].
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selecting itd. last rows to be zero. We then obtain the followindBlI is avoided. It is further clear that th@,, in (6) is indepen-

IBI-free model: dent of the BEM realization, and possesses mutual orthogonality
U-1 Q among users, i.erCu, = 0w, Vu # . The latter is due

ylil=> > Ax (%) HY, [C.s.[i] +nli]. (5) tothe factthatthe code vectofs,}"_ are selected to be mu-

u=0 ¢=—Q tually orthogonal, and can easily be proven using the rule for

Defining theuth user’s equivalent x M spreading matrix seen the product of Kronecker products of matrices with matching
at the receiver as dimensions [2]

_ Q q ©) . (A1 & AQ)(A?, ® A4) = (A1A3) & (A2A4)

Culil = Z Ay (N) Hy, “»‘I[Z]C“ and the corresponding Hermitian property of Kronecker prod-

=-Q ucts [2]
this channel input—output relationship can be expressed as
U-1 (A1 ® A)" = A @ A
ylil = Z Culilsuli] + nli] These two rules are used repeatedly throughout this paper. What

u=0

remains to be shown is that the equivalent spreading matrix
seen at the receiveE],, [i], also possesses mutual orthogonality
among users, i.eG Z[i]C./[i] = Onrxar, Vu # o, regardless
The goal of this paper is to design a channel-independaitthe BEM realization. This is shown in the next proposition.
block spreading scheme that preserves mutual orthogonalit
among userseven after propagation through any doublyIe
selective BEM channel. In other words, we want to des'gntﬂal orthogonality among users, . & [i|Cu[i] = Orrxar,

;preadlng matrbC.. that is independent Qf the BEM reallzajvu # ', regardless of the BEM realization. More specifically,
tion, and possesses mutual orthogonality among users; i.e

) ' - (a) .
CC, = 0nrxar, Vu# 4/, such that the equivalent spreading'zntmdlfcmg th? no.tat|ogI)N7 ¢ 0 representl theV' x N shift
matrix seen at the receivét, [i] also possesses mutual orthoglT0€Plitz) matrix With[J iy I, = 6[n — n’ — ¢ + aN], and
onality among users; i.6G #[i|C.w[i] = Onrxar, Yu # v/, defining the matrices

IV. ORTHOGONAL MULTIPLE ACCESS

3f°roposition 1: WhenC,, is designed as in (6), the equiva-
nt spreading matrix seen at the recei@y{:] possesses mu-

regardless of the BEM realization. This alleviates the need for H, ] 5=H§8)+L u. LT
complex multiuser detection, and enables separation of the g
desired user by a simple code-matched channel-independent Ay =Akqir (N)
block despreading scheme that is ML optimal under the BEM (0)

; - . . J,=J T
plus white Gaussian noise assumption on the channel. On the 1 P+2Q,4" 2

single-user output obtained after block despreading, one d8g equivalent spreading matrix seen at the receiver can be
then apply any single-user equalizer to mitigate intersymb@ritten as
interference (I1SI). _ Q q © ‘
In addition to preserving mutual orthogonality among users Culil = Y Ay (N) HYy , JidCu=D/H.]  (7)
after propagation through any doubly selective BEM channel, =-Q
we wish our spreading matrices to enable the maximuwhereD, istheN x (P + 2Q)(K + L) matrix given by
delay-Doppler diversity per user, when the BEM coefficients
are éausZ?an distribut)édr.) D, := [Fg(PHQ)(c" ® IP+2Q>] @ Ixtr, (8)

andH,[i] isthe(P + 2Q)(K + L) x M matrix given b
A. Block Spreading Design ] ( Q) ) g Y

Q
Suppose the quadrupld’, N, L, Q) was designed in such M. [i] = Z J, @ (AH, 4[i])

a way that we can find two new parametdis P € Z* that =—0Q
satisfy the following condition: A_oH, _gli]
C3) N =U(P+2Q)(K +L). : y
As symbol block length we then takel = PK. We further _ AQH.U olil A_oH, _olil|. (9

assign to each usera distinctU x 1 code vectoe,. We select
the code vector$cu}f{:‘01 to be mutually orthogonal with unit : :
norm, i.e.cfe, = 6[u—']. TheN x M spreading matri€', AqH, ¢li]

is then designed as Proof: We first prove that (7) holds true. In Appendixes A
c. — Fg peson(en @ T © T ©) and B, we prove the following equalities:
e HY, JiC
. 1|0y
whereT, is the(K + L) x K zero-padding matrix defined as~ "¢ o
T, := [Ix, Oxxz]T, andTy is the(P + 2Q) x P two-sided = { [FU(P+2Q)(CU ® T2)} ® IK+L} (Ip @ H.,4[1]) (10)
zero-inserting matrix defined &, = [0pxq, Ip, Opxg]”.

q H .
First, note that the”,, of (6) is designed to hav& > L, as Ay (ﬁ) { [FU(P+2Q)(C'“ ® TQ)] ®IK+L}_D“(J'I®A‘1)
per C3), while itsL last rows are selected to be zero, and thus (1D
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with C,, andD,, defined in (6) and (8), respectively. From (10) ol1]
and (11), we then obtain
Q . _
— S
Culil = Y Av (%) BV, liC. ol Fold
=-Q Holi] + ) >
Q
=D, Z (Jq®Aq>(IP®HU,q[i]) _ )
=-Q Ny (il
Q ) )
=D, Z J,® (A(IHU-,(I['L.]) sy_1] Yu-1[t]
=—Q :
— DM, [i]. (12) L Mol +
From the fact thaD, possesses mutual orthogonality amonIgig. 1. Set of equivalent single-user equalization problems.
users, i.e.,
DfDU’ = 0(P120Q)(K+L)x (P+2Q)(K+L)» Vu # uf plied, but are beyond the scope of this paper. The block diagram

and C,[i] falls in the column space aD,, it follows that Of the proposed transceiver is depicted in Fig. 2.
CH[Cu[i] = Onxar, Vu # 4, regardless of the BEM _ _ o
realization. This concludes the proof. o C. Enabling Maximum Delay-Doppler Diversity
) ) We will establish here that on top of preserving mutual or-
B. Block Despreading Design thogonality among users after propagation through any doubly
Thanks to our special block spreading design that presengsdective BEM channel, our spreading matrices are special in
mutual orthogonality among users after propagation througjie sense that they enable the maximum delay-Doppler diversity
any doubly selective BEM channel, the desired user can per user, when the BEM coefficients are Gaussian distributed.
separated using a code-matched channel-independent bbbk maximum delay-Doppler diversity for Gaussian distributed
despreading scheme that is ML optimal under the BEM pIlBEM coefficients is defined in [11] a8, , := rank{R, 1},
white Gaussian noise assumption on the channel. Indeedyifere
we d_esprea@[z] by the N x (P + 2Q)(K + L_) despreading R 1 := E{h,[(R7[i]}
matrix D,,, we can extract theth user, to obtain holi] = BT ] BT i
. . . . o uwlt] = [y _olt]s -5 Ny, 7
yu [Z] = ny[’t] = H“ [IL]B“ [Z] + "u [Z] (13) e @
wheret, [i] :== DZq[i]. Notice thatD,, is independent of the b o[i] = [ o[l 0] ho[iz L))
BEM realization. More specifically, it only depends on the code w1 = s g0 T e P, g 15 )
vectore, assigned to theth user, and thus performs a codewhenR,, ; has full rank, the maximum delay-Doppler diversity
matched filtering. Moreover, sinc€',[i] falls in the column is given byr, n max = (2Q + 1)(L + 1), which is the number
space ofD,,, andD,, is a tall unitary matrix, i.e.D” D, = of degrees of freedom in the BEM.
I(p12q)(c+1), Which means it does not coleyli], the block Proposition 2: The block spreading in the single-user model
despreading is ML optimal under the BEM plus white Gaussi n . . g )
; . : g) enables the maximum delay-Doppler diversity for Gaussian
noise assumption on the channel. Hence, in the presence of'ad- . -
o . ) o ; ; IStributed BEM coefficients.
ditive white Gaussian noisgfi], a multiuser detection problem . . ; _ Jrs
. RSP Proof: Denotinge,[7] := 8,[¢] — 8,[¢] as the error vector
has been converted without loss of ML optimality into a set %‘ ; Lo
. N . . etween the symbol blocks,[i] and s/ [i], we can express the
single-user equalization problems, as depicted in Fig. 1. . . : o o
. . Euclidean distance between[:] := H,[i]s,[:] and 2, [i] :=
On the single-user outpwj,[:], we can then apply any [ils' [i] as u
single-user equalizer to mitigate the ISI. We can, e.g., adopt t'ﬁ‘é‘ Hsulr

and

linear zero-forcing (ZF) equalizer given by d{z.[i], z,[1]} = | Hu[ieu2]]| = || Eulihu[i]]] (14)
Uo[i] = (MR, ML) "1 IR, whereg, [i] is some( P +2Q) (K + L) x (2Q +1)(L+1) matrix

or the linear minimum mean-squared error (MMSE) equalizéat depends om,[i] (the exact form is not important). Com-

given by puting the eigenvalue decomposition Bf, ;, yields R, , =

mmser1  ayHip—1 ay 0 1 H 1 V.2.VZ whereV, isa(2Q + 1)(I.+ 1) x 7, unitary ma-
L7 = (M TR, 5Hl + Ry )™ H TR, 5, trix satisfyingV?v, = I, andX, isanr, ; X r,, diag-
where onal matrix. From [11], we know that the block spreading in the
R, . :=F{s, [i]sH[i]} single-user model (13) enables the maximum delay-Doppler di-
versity for Gaussian distributed BEM coefficients, if and only if
e ther, n X 7.5 Matrix A, = (V,E/2)Hed g, [V, 2L/
R, 5 = E{n,[in, [i]}- has full rankr,,, , for all e[i] # 0. This is satisfied i€ [i]€,,[i]
Nonlinear approaches including decision feedback equalizatioas full rank2Q+1)(L+1) for all e[i] # 0. Since€Z[i]€,,[i] is
and near-ML equalization using sphere decoding can also be sgmmetric, having full rank is equivalent to being positive defi-

and
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nln]

su[m] Suli] xul1] zu[n) y[n] yli] Yuld] Suli]

— = SP :> C. :> P/S = hufn; V] S/P D >Fu[i] >

ece

interfering users

Fig. 2. Block diagram of the proposed transceiver (onlykie user shown).

nite. Hence, we requitg€,, [i]h, [i]|| > 0 for all e[i] #0,and for 10 — e

all h,[i] # 0. From (14), this corresponds 6, [ile,[i]]| > 0 T ol ueer TF RAKE:2 users (1 bt/ 63 chips)
for all e[:] £ 0, and for allh,, [:] £ 0. This is satisfied wheft,,[4] P e mﬁ::::ﬂzg: E Eﬁﬁgf ;ﬂzgz 8 ES: ; gg g::gz;
has full rank/ for all b, [i] # 0. The latter is proven next. 10°F <> :

Due to the tall upper triangular Toeplitz structureldf, ,[:],
with h,, 4[7; [] on thelth diagonal, it is clear thaH,, ,[i] has
full column rankK for all h,, ,[i] # 0. Hence A H,, ,[i]also 10 ¢
has full column ranlk for all h,, ,[7] # 0. If h,[i] # 0, then ﬁ
at least one vectak,, ,[i] # 0, and thus at least one matrix
A H, ,[i] has full column ranks. Due to the tall upper trian-
gular Toeplitz block structure &%, [i], with A, H,, ,[¢] on the
¢gth block diagonal, it is then clear that,[:] has full column
rank M for all h,[i] # 0. This statement concludes the proaf.

Note thatH,,[i] having full rankM for all h,[i] # 0 means
that the symbols are guaranteed to be detectable in the abse 10'50 5 10 15 20
of noise, regardless of the BEM realization. This is in contras SNR (dB)
with DS-CDMA, where the signature sequences from different .
users may become finearly dependent afer propagation throh’ Averade BERversus SN per ser compariso vetneen he proposed
a nonflat channel (see [5, Ch. 6] for an illustrative example).

This is also the reason why multiuser detection methods for

DS-CDMA over nonflat channels do not ensure the maximulﬂtter performan_ce Co”eSpP”dS“? the one shown in [1.6’ F'g.' 3.
diversity. Note that the signal-to-noise ratio (SNR) per user is defined

as the ensemble average received bit energy per user over the
noise variance. From Fig. 3, we observe that the performance

] ) of the proposed transceiver accommodating seven users (that
To illustrate the performance of the proposed transceiver, {insmit 2 bits/63 chips) is comparable to the performance of

us consider a small numerical example. We consider the safjg multiuser time—frequency RAKE receiver for DS-CDMA
fading scenario as in [16], and compare the proposed traggtommodating only two users (that transmit 1 bit/63 chips),
ceiver with the multiuser time—frequency RAKE receiver fopnd much better than the performance of the multiuser time—fre-
DS-CDMA proposed in [16]. As in [16], we tak8/ = 63, quency RAKE receiver for DS-CDMA accommodating seven
L =1,@Q =1, and generate a set of independent Cha”n‘%]§ers (that transmit 1 bit/63 chips). More specifically, with seven

{huln; v} (cf. (3)) with Ay, 4[i; I] complex Gaussian dis- ysers we gain about 4 dB for a bit-error rate (BER) @f>.
tributed with varianc®.9 if ¢ = 0, and0.05 if ¢ = +1. We as-

sume here that the receive_r knows the chanfiel$n; v]}Y=). V. FURTHER DISCUSSIONS

For the proposed transceiveY, corresponds to the length of ] ) ] . . o

the transmitted chip block, while for the multiuser time—fre- In this section, we briefly discuss some interesting issues
guency RAKE receiver for DS-CDMAN corresponds to the related to the proposed transceiver, such as links with existing
spreading gain. In order to satisfy condition C3), the proposg@yltiuser transceivers, existence, user efficiency, special cases,
phase-shift keying (BPSK) modulation, note that in ie= 63 coding. o _ _ o

chip periods, the proposed transceiver can handle 2 bits per usdrinks With Existing Multiuser Transceiverd€xisting mul-

(M = PK = 2), while the multiuser time—frequency RAKE tiuser transceivers for doubly selective channels also make use
receiver for DS-CDMA can only handle 1 bit per user. Keepingf the BEM of (3), but either rely on spatial-division multiple
this important rate difference in mind, Fig. 3 depicts a compafccess (SDMA) [20], [21], or, on DS-CDMA combined
ison between the performance of the proposed transceiver withh multiuser detection [16] to separate the userss our
Imegr ZF ?qual'zat'on' and the perfo_rmance of the linear ZFlSpread-signature DS-CDMA [25], [26] over doubly selective channels has
multiuser time—frequency RAKE receiver for DS-CDMA (theveen discussed in [1].

D. Numerical Example
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scheme, all these schemes start from the design of a quadruple polr-l

(T, N, L, Q) that satisfies conditions C1) and C2). However,F'NZuli] = Z Z @,k (Frcyr ]

they only use(T, N) at the transmitter (certainly they all use p=0 k=0

(T, N, L, Q) at the receiver), and do not enable the maximum ® tu(p2)[u(P +2Q) + p+ Q]) [8ulillpx+x
delay-Doppler diversity provided by the doubly selective

channel. Note that for time-flat frequency-selective channel¥here

our transceiver specializes to the transceiver of [27], whereas ]

for time-selective frequency-flat channels our transceiver — “wr.q = exp(=j2r[u(P +2Q) +p + Qlk/N)

specializes to the transceiver of [14]. The work presented ﬁn hich it is clear that th b [i _ dulated
[19], finally, uses the BEM of (3) to develop channel estimatioffC Which 1L1S ciear that ineé sym ®u[il]prc+1 is modulate
on a waveform that occupie§ & + L) x U (P +2Q) lattice in

d equalization algorithms forsingle- tem. ) .
and equaization aigoritims forsngle-usepystem time—frequency plane, as depicted in Fig. 4 (frequency-di-

Existence: The proposed transceiver is based on the desigin. . : 2
of a sextupld?, N, L, Q, K, P) that satisfies the conditions ision multiple access (FDMA)-like transmission). When=
A kﬁé( [¢], it can be shown that

C1)-C3). Such a sextuple will be referred to as an admissi
sextuple. Rewriting condition C3) as _1 P_1

UP(KT + LT)Q/(NT) z,[i] = Bu,p (Fpi20lp + Q)]

=
v

@=1- 2U(KT + LT)Q/(NT) k=0 p=0 ,
and observing thatin{LT} = 7. andmin{Q/(NT)} = ? "'IUI(DK—:L) [w(K + L) + k]) [8u[i]lp k+&
fmax, itis clear that a necessary condition for the existence of alg, o —~ 3 i K+L)+k
admissible sextupIéI’./ N./ L, Q, K7 P) is1> ZUTmaxfmax- ]\fzu[ ] - ~ . ['u,PWU,]),k ( U(K+L) ['LL( + ) + ]
—0 p=

We callS := 2U mnax fmax themultiuser channel spread factor
which is a generalization of the well-known single-user channel ®ipiag[p + Q]) [8uli]lpr 1k
spread factor (product of delay and Doppler spread) [9]. Hence,

S < 1 basically means that the multiuser channel has torbe where

derspread which intuitively speaking ensures that the number

of equations is greater than the number of unknowns, when Bu,p = exp(i2mu(p + Q)/[U(P + 2Q)])
we want to estimate the doubly selective multiuser channel \dad

training (see also [9]). , — —i2nluw(K + L)+ kl(p + Q)/N
User Efficiency: We define the user efficiency as the ratio of Yook 1= exp(= 2l )+ K+ Q)/N)
the number of user§’ over the spreading gai = N/M from which it is clear that the symb4,, []],,x +  is modulated
U PK on a waveform that occupiest& K + L) x (P + 2Q) lattice
€= g - (P+2Q)(K+1L) in the time—frequency plane, as depicted in Fig. 4 (time-divi-

sion multiple access (TDMA)-like transmission). In the above

Rewriting the user efficiency as FDMA-like and TDMA-like transmissions, the set of lattices

£— KT 2UKTQ/(NT) corresponding to a single user forms a set of bands in the fre-
KT+ LT quency or time dimension, respectively. But every symbol in
and observing thahin{LT} = 7., andmin{Q/(NT)} = €ach user's block,|[i] “rides on” a lattice thatis presentin mul-
fmax, it caN be shown that the maximum user efficiency of thigPle time—frequency boxes in Fig. 4. Other sets of orthogonal
proposed transceiver is given by code vectors, e.g., the set of Walsh—Hadamard code vectors,
) ) lead to CDMA-like transmissions, which have the potential to
Emax = (1 — 4 /QUTmaxfmax) = (1 — \/§) . be more robust against noise/interference that is narrow in time

and/or frequency. In this case, the symql[é]], &+« is modu-
Remarkably, while in purely time- or frequency-selective changted on a waveform that occupiedak + L) x U(P+2Q) lat-
nels the proposed transceiver can reach a maximum spectrafig in the time—frequency plane. The sympal[i]], x 1« is now
ﬁCiency arbitral‘ily Close tQ]., thIS iS not pOSSible anymore in present in every time_frequency box depicted in F|g 4 (|n con-
doubly selective channels. However, for underspread channglt to the FDMA-like and TDMA-like transmissions). Hence,
with S < 1, which does not necessarily mean that we can ngre set ofK P lattices corresponding to a single user covers the
glect the time and/or frequency selectivity, the proposed trangatire time—frequency plane (up to the guard bands in time and
ceiver can still accommodate closedaisers. frequency). This means that the sets of lattices corresponding to
Special Casesin order to better understand what kind ofjifferent users completely overlap in time and frequency, yet the
signals are transmitted, let us focus on two special cases: mutual orthogonality among users is preserved at the receiver
iy[u] ande, = fy[u]. Whene, = iy[u], it can be shown that qye to the orthogonality of the sét, }V_ .
L K1 Backward Compatibility V\gh DS-CDMALIt can be shown
* that the block spreading b@'.,, and the block despreading
- kz:;) (fU(P“Q)[u(P +2Q)+p+ 0] by D, can be implemented based on conventional symbol
spreading and despreading combined with (I)FFT operations
® iK+L[k]) [8u[il]p s+ and interleaving, as depicted in Fig. 6 (the interleaver model is

M"U

z,[i] =

]
I
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8 (K + L) x U(P+2Q) lattice for the symbol [s,[i]],x+x (case ¢, = iy[u])

E ® U(K + L) x (P +2Q) lattice for the symbol [s,[i]],x+x (case ¢, = fy[u])
’ K+L
a [::] a a [::] [m]
e oo o . .o e
. || ] .
P
~
+
[\ . . . . . .
) : : : : : :
= - ;
+ |
s [T SR . Y ] I P
-] ............
~ 0 = N
+| & av] .o .o -i;
[N}
O R foeeeemeees
I ] B
o oo K oo oo cee X
i !
0 U U-1 0 U U-1 time
UK +1L)
UK+ L)(P+2Q)

Fig. 4. Lattice structure for the symbf,, [i]], x ++ (cases:, = iy [u] ande, = f [u]).

Fig. 5. Interleaver model.

guard chips

write in

INTERLEAVER

guard chips

O{U?*(P + 2Q)*(K + L)} per block, respectively. However,
implementing the block spreading and despreading at the base
station as in Fig. 6, the (inverse) FFT ((I)FFT) operation can
be shared among all users to save computations. The base
station’s spreading and despreading complexities then reduce
to O{U(P + 2Q)log,(U(P + 2Q))K} + O{U?PK} and
O{U(P + 2Q)logs(U(P + 2Q))(K + L)} + O{U*(P +
2Q)(K + L)} per block, respectively. Note that the terms
O{U?PK} andO{U?(P + 2Q)(K + L)}, which correspond
to the conventional symbol spreading and despreading, vanish
Whencu = ‘iLr[u].

Error Control Coding: Outer error control coding is cer-
tainly applicable prior to spreading, and willimprove the overall

depicted in Fig. 5). Hence, the proposed transceiver is bagystem performance in practice, at the expense of information
ward compatible with DS-CDMA. Note that for time-flat fre-rate loss that can be afforded by the underlying application. As
guency-selective channels this structure specializes to the onfininformation rate limits, neither the (non)coherent capacity
[27, Fig. 4]. The above implementation can save computatio(e/erage or outage) of doubly selective channels, nor the
at the base station, where all users are processed jointly. Imgtansmit-waveforms approaching capacity are available. Albeit
menting the block spreading and despreading at the base staiiioportant and challenging, their investigation goes well beyond
as matrix—vector multiplications, the base station’s spreaditige scope of this paper. For related issues, the reader is referred
and despreading complexities af§U?(P + 2Q)PK} and to [17], [18].



LEUS et al: ORTHOGONAL MULTIPLE ACCESS OVER TIME- AND FREQUENCY-SELECTIVE CHANNELS 1949

block spreading:
: U :
e =
spreading U(P +2Q)- 5 =
by c, point IFFT :
=~
P+2Q
s 0000 o
S
~ U(P +2Q)- despreading =
;t., point FFT by c, ;
)

Fig. 6.

VI. CONCLUSION

Implementation of the block spreading®y, (upper part) and the block despreadingy (lower part) based on interleaving.

= {[F'g(PHQ)(cu ®T2)} ®IK+L} (Ip @ Hy, qli]).

Relying on a BEM for doubly selective channels, we have
developed a channel-independent block spreading scheme ¢ concludes the proof of (10).
preserves mutual orthogonality among single-cell users at the

receiver. This alleviates the need for complex multiuser detec-
tion, and enables separation of the desired user by a simple

APPENDIX B
PROOF OF(11)

code-matched channel-independent block despreading schengrst, let us introduce the notatidf ,, which represents the
that is ML optimal under the BEM plus white Gaussian noisg « N circulant matrix with
assumption on the channel. In addition, our block spreading en-

ables the maximum delay-Doppler diversity per user, when the

[ZN,gln,n =08[(n —n' — ¢q) mod N]

BEM coefficients are Gaussian distributed. Issues like links with
existing multiuser transceivers, existence, user efficiency, speean then be shown that

cial cases, backward compatibility with DS-CDMA, and error

control coding, have been briefly discussed.

APPENDIX A
PROOF OF(10)

First, H 53)11 q[i] can be expressed as [27]

HY, il = Tupsag) ® Hid, 1 ol
(0) 1) .
+ JU(P+2Q), 1@ HK+L, w, q[l]~ (15)

Using (15) and the fact thdl Y, ;. [i1T1 = Oy 1y, We
then obtain

HY, liC.
= HSVO,)u,q[i] { [Fg(PwQ)(Cu ® T2)} ® T1}
= (IU(P+2Q) ® H&?LL, u, q[’L]

(0) o
+ Juiprog)1 @ Hiyp q[L])
A [Fup+20)(cu @ T2)] @ T1 }
= |:FIU{(P+2Q) (cu ® TQ)] & H'u,q[i] + ONX]\,[

e (1) oteso ] o 1)

= (Aversaor (g ) )

' { [FIFJI(PHQ) (cu ® Tz)} ® IK+L}
= [AU(PJrZQ) (ﬁ) Fii(piag)(€u ® T2):| ® A,
= [Fg(P+2Q)ZU(P+2Q), Jen® Tz)} R4, (16)

where the last equality comes from the fact that

A q
e ()

cyclically shifts the columns oFg(p+2Q) with ¢ positions to
the left. Next,.Zy (p420), ; Can be expressed as

-1 0
Zupi2q).q = Zu 1@ T35 00, + Tu @ T8, ,
+Zy1® JgizQ,q~ (17)
Using (17) and the fact that

~1 1
420,472 = Tikag. T2 = Opaaycr
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we then obtain

Zy(P12qQ), q(€u @ To)
—1 0
= (Zval ®J;+%Q,q +IU ®J5312Q,q
+ Zu1 @ T30, (0 T2)

= 0p(py2@)xp +€u ® Jg + Opy(pragyxp-  (18)

Using (18), we can simplify (16) as
i () ([Pl saten o] o T
= [Flirp e d)| @A,
= [Fll pragy(eu @ Tpia0) T, | © A,

= {[Flrra (e ®Iri)| @ Icis} (1,0 A,)
= Du(Jq ® Aq)-

This concludes the proof of (11).
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