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Abstract—The recently developed blind techniques for mul- multiuser detection in non-Gaussian ambient noise channels
tiuser detection in code division multiple access (CDMA) systems [27].
lead to several near—far resistant adaptive receivers for demod- These blind multiuser detection techniques are especially
ulating a given user’s data with the prior knowledge of only the ful for i f S de divisi ltiol
spreading sequence of that user. In the CDMA uplink, however, USeful for interference suppression in code division multiple
typically the base station receiver has the knowledge of the access (CDMA) downlinks, where a mobile receiver knows
spreading sequences of all the users within the cell, but not that of only its own spreading sequence. In CDMA uplinks, however,
the users fro”; (f)ther Cle,"s- '“éh's paper, grouﬁ'b““d te,Ch”'qulf]es typically the base station receiver has the knowledge of the
are developed for multiuser detection in such scenarios. These ; s
new techniques make use of the spreading sequences and thgpreadlng sequences of a group of users, e.g., the users W_Ithm
estimated multipath channels of all known users to suppress ItS cell, but not that of the users from cher cells. |t_'5
the intracell interference, while blindly suppressing the intercell natural to expect that some performance gains can be achieved
interference. Several forms of group-blind linear detectors are ogver the blind methods (which exploits only the spreading
developed based on different criteria. Moreover, group-blind gaqyence of the given user) in detecting each individual user’s
multiuser detection in the presence of correlated noise is also data if the inf " bout th di f th
considered. In this case, two receiving antennas are needed ata I the intorma '9” abou e-sprea Ing seq.uences 0 . €
for channel estimation and signal separation. Simulation results Other known users is also exploited. Such an idea was first
demonstrate that the proposed group-blind linear multiuser de- explored in [8]-[10], where a number of linear and nonlinear
tection techniques offer substantial performance gains over the detectors were developed for synchronous CDMA systems,
glr:?/?rolrllr;?:;tmultluser detection methods in a CDMA uplink \nich improved the subspace blind method in [25] by taking
' into account the knowledge of the spreading sequences of other
Index Terms—Correlated noise, code division multiple access \;sers within the same cell. In this paper, we generalize the
(COMA) uplink, group-blind multiuser detection, multipath. idea in [9] and [10] and develop linear group-blind multiuser
detection techniques that suppress the intracell interference,
I. INTRODUCTION using the knowledge of the spreading sequences and the

ONSIDERABLE recent research in the field of multiusefStimated multipath channels of a group of known users,
detection [21] has been focused on adaptive multiuswhile suppressing the .|ntercell interference blindly. Several
detection [7]. In particular, a blind adaptive multiuser dgoms of such group-blind detectors are developed based on

tection method has been proposed in [6], which allows oifferent criteria. IF is shovyn throggh _simulations that the
to use a multiuser detector [i.e., the linear minimum meaR[OPOSed group-blind techniques significantly outperform the
square error (MMSE) detector] for a given user with no prid?lind methods in a CDMA uplink environment.
knowledge beyond that required for implementation of the Another issue addressed in this paper is blind and group-
conventional detector for that user. This method has beBlnd multiuser detection in the presence of correlated ambient
extended to address a number of other channel impairmen@ﬁ?n”d noise. Although it is usually assumed that the ambient
such as narrowband interference [15], [16], channel dispersia@ise is temporally white, in practice, such an assumption may
[19], [20], fading channels [2], [11], [22], [29], and Syn_be violated, due to the interference from some narrowband
chronization [13], [14]. More recently, a subspace approa§RUrces, for instance. We extend the ideas of blind and
to blind adaptive multiuser detection has been proposed grPup-blind multiuser detection to the case where the noise
[25]. This new technique exhibits some advantages over tisecorrelated. In this case, it is assumed that the signal is
method in [6]. Moreover, within the subspace frameworkeceived by two antennas well separated so that the output
extensions have been made to fading channels [17], [2BRise is spatially uncorrelated. Blind and group-blind multiuser
dispersive channels [24], and antenna array spatial procesgiggectors based on the canonical correlation decomposition
[25] for blind adaptive joint channel/array response estimatiot;CD) method is developed. Simulation results show again
multiuser detection, and equalization. Another salient featufeat the group-blind detector offers substantial performance
of the subspace approach is that it can be combined wihins over the blind detector in correlated ambient noise.
M-regression techniques to achieve blind adaptive robustThe rest of the paper is organized as follows. In Section I,
the multipath CDMA signal model is presented. In Section I,
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expressions are derived for both white and correlated noiseIin(5), g,(¢) is the composite channel response, taking into
Section VI, simulation examples are provided to demonstraecount the effects of transmitter power, chip pulse waveform,
the performance of the various algorithms developed in théeid the multipath channel, given by

paper. Section VIl contains the conclusions.
L

g(t) = Ay op(t — die — Tha). (6)
[I. SIGNAL MODEL ;

Consider ak-user binary communication system, employ- ) ) ) )
ing normalized modulation wavefornss, s, . .., s and sig- SiNCe(t) is zero outside the intervgD, Tc], g,(t) is zero
naling through their respective multipath channels with addputside the intervaldy + 71, dx + 7z + Te]. Hence, the
tive Gaussian noise. The transmitted signal due tcktheuser COMPosite signature waveforf,(¢) of the kth user, defined
is given by in (5), is zero outside the intervédy, + 741, di + 7z, + 1.

The total received signal at the base station receiver is the

ML . superposition of the signals of th& users, plus additive
z(t) = A Z bi[t]si(t — iT — dy) (1) Gaussian noise, given by
=0

where M denotes the length of the data framledenotes the K

information symbol interval andi, {bx(4)}, andd; (0 < r(t) = Z uk(t) +v(®) 0

dir < T) denote the amplitude, symbol stream, and delay =t

of the kth user’s signal, respectively. It is assumed that f%herev(t) is a zero mean complex Gaussian noise process.
eachk, {bx (i)} is a collection of independent equiprobabiie At the receiver, the received signalt) is sampled at a

random variables, and the symbol streams of different usergtiple (p) of the chip-rate, i.e., the sampling time interval is
are independent. For the direct sequence-spread spectrum (RS—

ss i ¢ t th nali ¢ = (I./p) = (T/P), whereP 2 pN is the total number of
) multiple access format, the user signaling waveforms %%?mples per symbol interval. Thah received signal sample

of the form during theith symbol is given by
N-—-1
se(t) = > alilP(t—iT.), 0<t<T (2 r[in] 2 H((GP + n)A) = r(iT + nA)
J=0 K
where N is the processing gainjc,[j]};," is a signature - Z g’“(in ”A)Jri}(in”A)' (8)
sequence oft1l s assigned to thé&th user, andy is a chip b=t yn[in] v[i,n]

waveform of durationT. = (7/N). The kth user’s signal

x(t) propagates through a multipath channel whose impulpenote.,, 2 [dy + 7r + T./T7]. Then using (4), we have

response is given by
M-1

. A . . . .
yplt,n] = y (0T + nd) = b7 ha (2T 4+ nA — 3T
0= aublt - ) 3) [é, 7] ( ) ; [7] e ( )
=1 .
where L is the total number of paths in the channel, and = Y bl (T +nA - 4T)
ap; and 7y, are the complex path gain and the delay of the Jj=i—u hk[ijj’n]

kth user’sith path, respectively. Throughout this paper, it is e

assumed that the channel is slowly time varying, such that the = Z hi[j,n] bei — J] )
path gains and delays remain constant over the duration of —0

one signal framéMT'). Using (1) and (3), the received signal

component due to th&th user is then given by where (9) follows from the fact that(¢) is zero outside the
interval [0, (¢x + 1)77]. Hence, for thekth user, (8) can be
yr(t) =i (t) * gr(?) written as
M-1
= bi[d] [Arsr (t — T — d) * gr(t 4 <
; il s (6 T~ du) 8l () r[i, n] = haf0, nlbwfi] + > haj, nlbili — ]
hk(tfiT) j=1
wherex denotes convolution, and where using (2) 18T
/ + yw [8,n] +uli,n]. (10)
hi(t) 2 Awsi(t — di) * gi(t) kz#:k
N—-1 L ——
= Z cxli] | Ax Z app(t — JTe — dp — h2) | - MAT
=0 < =t g In (10), the first term contains thih bit of the kth user; the
gy (t—iTe) second term contains the intersymbol interference (I1SI) from

(5) the previous bits of théth user; the third term contains the
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multiple access interference (MAI) from other users, and the the presence of white and correlated ambient noise are

last term is the ambient channel noise. Denote discussed in Sections IlI-B and 1lI-C, respectively.
ror[¢,0] 7
r[i] EN : A. Discrete-Time Channel Model
el Lrfi, P —1] | From (5) and (9), we have
r 4,01 7 . . .
A U[L.v ] hk[j,n] é hk(JT—i-TLA)
oli] = : N-1
Px1 _U[i,P— 1]_ = ck[l]yk(jT—i-TLA— ch),
_bl [L] =0 )
Q[L] é J:07 ) Uks3 7120, 7P_1 (13)
kx1  Lbgli] Decimateh,[j,»] into p sub-sequences as
h1l4,0] o hi[4,0] N . . . .
H[j] & : : : hiqld; il = hald, g+ pil = b (T + (¢ + pi)A)
: : : N
¢ Lhi[j, P—1] -+ hg[j,P-1 . .
pxic thili P 1] b P = > allg T + (g +p)A~IT.)
7=0,1,..., . =0
Then from (8) and (9), we have i B , ,
=) alll GuleAd+ (N +i—1DpA)
rli] = H[i] = bfi] + v[i]. (11) 1=0 MR
R Gl N+i=Dp+q] = g o (GN+i=0)
Define « = maxi<x<x {tx}. By stackingm successive N-1
received sample vectors, we further define the following = cklllgy (GN +i—1),
quantities =0
~ 7_['1'] - j: P 7 7 L—O,...,.Z\f_].7
~~ .
Pmx1 Lr[i +m — 1] where the fourth equality follows from the fact thHat= N7,
r wfd] T andT. = pA. The sequencég, [¢]} is obtained by sampling
wli] 2 : the composite channel respongg(t) given in (6), at rate
Pl Lui +m — 1] (1/A) = (p/T)
robli—e] 7 N L
Bi] 2 : Tili] 2 F1(8) = A Y anp(id — dy — i),
~— o =1
rxt o Lbfi+m — 1] ] i=0,... g —1. (15)
[Hi] - HO] o0
H 2 ‘ . . . : The length(pus) of the sequencég, [¢]} is determined by the
Paef Lo ... H[] --- H[0| !ength of support ofj,(t). Sinceg,(t) is nonzero only on the
interval [dy, + 731, di + i, + 1], we have
wherer 2 K(m + ¢). We can then write (11) in a matrix [dk T +Tﬂ
forms as pp = | ———=<
pA
rli] = H B[] + ofi]. (12) = [765’“ * T’“T‘L t1e Tzw < N (16)

As will be discussed in Section 11I-B, the smoothing factor
m is chosen according ton = [(P + K)/(P — K)].. The sequencefy,, [i]} in (14) is obtained by down sampling
Note that for suchm, the matrixH is a “tall” matrix, i.e., the sequencdg,[i|} by a factor ofp, i.e
A % P, 1L.E.,
Pm > r = K(m+4).
§k7(1[5] :gk[Lp—i_Q]v LIOvak_L
Ill. BLIND CHANNEL ESTIMATION q=0,...,p—1. a7

In this section, we consider the problem of estimating tr]._er

physical channel of a given user from the received signal,Om (14), we have

based on the_z knowledge of the spreading sequence of ﬂ_{%yq[0,0],m,hm[O,N— 1,...... P qln 0],
user. The estimated user channels are used to form linear blind b ofi, N — 1]}

and group-blind multiuser detectors, as will be discussed in e Mgl 3 3

Sections IV and V. The discrete-time channel model is pre- = {ex[0], -, ex[N = 1]} {Gy 4[0], ..., G o[ — 1]}-

sented in Section IlI-A. Blind channel estimation techniques (18)
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Denote
hkﬂ[o, 0] T
hi ¢[0, N — 1]
LY 2
(41N x1 P gl 0]
—hk,q[l'k7 N — 1] d
§k7(1[0]
— A .
kg = :
X1 | Tr gl — 1]
Ck [0] ]
cx[1]
: cx[0]
A
S = all]
(e +LIN X pge ex[N — 1] :
L cx[V — 1]

Then (18) can be written in a matrix form as

hk,q = Ck gk,’]' (19)
Finally, denote
h;, = [h[0,0]---he[O0, P —1]--- hg[er,0
k [74.[0,0] K[ | k[tx, 0]
(Lk+1)P><l
i hk[tk,P — 1]]T
9, = [3,00] - Gelppr — 1017
~—
ppr X1
Then we have
hi = Ci. 3, (20)

where C}, is an (1 + 1)P x puy] matrix formed from the
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the page. For other values of the matrixC), is similarly
constructed. Suppose that ugdeiis the user of interest and
its spreading sequenge[0], .. ., cx[IN — 1]} is known to the
receiver (and therefor€, is known). We next consider the
problem of estimating the channel vecrin (20) based on
the received signat[] in (12).

B. Channel Estimation in White Noise

When the ambient noise is white, i.eE{v[ilv[]]?} =
0%l p,, [here Ip,, denotes a Pm x Pm) identity matrix],
the autocorrelation matrix of the received signg] in (12) is

R 2 E{r[iJr[i]} = HHY + oI p,,
=U.AUY 452U, U

(21)
(22)

where (22) is the eigendecomposition Bf Since the matrix
H has full column rank- £ K(m + &), the matrix(HH™)
in (21) has rankr. Therefore, in (224, = diag A1,. .., A»)
contains ther largest eigenvalues ok in descending order
(i€, A\t > X > o> A >0%); Uy = [ug --+ u,] cOn-
tains the corresponding orthonormal eigenvectors; @nd=
[t;41 - - - wpm] CONtains the Pm — r) orthonormal eigenvec-
tors that correspond to the eigenvalife It is easy to see that
rangéH) = rang€l/,). The column space ol/, is called

the signal subspace and its orthogonal complement, the noise

subspace, is spanned by the columnd/gf
Denotel, as a[K (m+)]-vector with all-zero entries except

for the Ith entry, which is one. Definfy 2 H1g, 4. Then
by (20) we have

The channel respongp, can be estimated by exploiting the

:| N |:0(rnbkl)P><puk

-

9- (23)

O(rnfbfl)PXl

-~

Ci

orthogonality between the signal subspace and the noise sub-

space [3], [12], [18], [24]. Specifically, sindé,, is orthogonal
to the column space aoff, andhy is in the column space of
H, we have

spreading code ofth user. For instance, when the oversam-

pling factorp = 2, we haveCy, as shown at the bottom of

Ul'hy, = U} Crgy, = 0. (24)

I Ck[O]
0 Cl [0]
Ck[].] 0
0 Ck [1]
& = Ck[N — 1]
2(un+1)N X2 ex[N — 1]

cx[0]
0 Ck [0]
e cx[0]
0 ex[1] 0
0 Ck[].]
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Hence, an estimate of the channel respogisecan be ob- Partition the matrixL’ as

tained by computing the minimum eigenvector of the matrix ; P 12575 p—1/2y7

- - o L=, L] =[R,*U’, R.}*U’ 32

(CfUnUka). A necessary condition for such a channel (L In] = By, B 2 (32)
estimate to be unique is that the mé}t'ﬁanCk has rank whereL’ andL/, are the first columns and the lagtPm —r)

(pp — 1), which necessitates this matrix be tall, i.f%m —  columns of L/, respectively.” is similarly partitioned into
K(m +1)] > ppx. Sincepy < 1N [cf. (16)], we therefore {7 and U7. We then have [28]

choosem to satisfy T N o
null(H’)* =rangéL’),j =1,2. (33)

Pm—K(m+1)> 1P >uNp> pu. 25 ; _ )
" (mt0) 2 0P 2 ulp 2 pru (25) However, note thatl,; does not necessarily span the signal

That is, the smoothing factor is chosen to t.e= [(P + subspace rang#”) [28]. Finally, the kth user's channek

K)/(P — K)]t. can be estimated from the orthogonality relationship
Remark 1: Note that the estimated channel vecircon- T T
tains the information about both the timings and the complex L7 ly, = L7 Crg, = 0. (34)

gains of the multipath channel of thh user. Hence, this |t hag peen shown that the CCD has the optimality of
channel estimation method does not need the timing informagyimizing the correlation between the two sets of linearly
tion {rx }{, of the multipath channel of the given user. Thganstormed data [1]. Maximizing the correlation of the two
only prior knowledge it requires is the spreading waveforia, sets can yield the best estimate of the correlated (i.e.,
and the delay spread (in terms of number of symbol interval§yna)) part of the data. CCD makes use of the information of
_of that user. (For practi_cal CDMA systems, the delay spregdih R, , andR,, together withR, , and creates the maximum
is usually one symbol interval.) correlation between the two data sets. On the other hand, the
noise subspace n@H’)? can also be estimated based on
C. Channel Estimation in Correlated Noise the singular value decomposition (SVD) of the matiy..

We next consider channel estimation in the presence ldewever, since the SVD uses only the informatiflp, and
correlated ambient noise. The key assumption here is ti@es not create the maximum correlation between the two data
the signal is received by two antennas well separated so tRats, it yields inferior performance to that of the CCD. Indeed,
the noise is spatially uncorrelated. Then the two augment#d26], two blind multiuser detectors in correlated noise, based
received signal vectors at the two antennas can be writteh the SVD method and the CCD method, respectively, are

respectively as compared in terms of bit error rate (BER). It is seen there
L Lir . that the CCD-based detector has much superior performance
r i =H"b[i] +v'[:] and (26) to the SVD-based detector.
72[i] = H? bli] + v°[4] (27)

L ) ] ) ) IV. BLIND LINEAR MULTIUSER DETECTORS
where H* and H® contain the channel information corre-

sponding to the respective antennas. It is assumed that thé linéar detector for usek can be represented by a vector

two antennas are well separated so that the ambient ndfée € C" which is applied to the received signa] in
is spatially uncorrelated, i.e B{v*[i]v?[i]’} = 0. Denote (12), to compute théth bit of the kth user, according to the

X = B{v/[iw’[i]"},j = 1,2. Denote further following rule:
bili] = sen{R(wi! rli])}. (35)

R;; = B{rifiri "y = HVHY + 57
j=1,2 (28) Due to the structure of the received sigrgl given by (12),
any reasonable linear detector should satisfyec rangéH ).
This is because any component of, outside rangeH)
will not affect the signal component in the detector output

1 H ] =7 _
és_b»eff)ri in-order to estimate tii¢h user's channels;, = (wir[i]), but it will enhance the output noise level. Two forms
Cig.,J = 1,2, we need to first estimate the noise sub:

AT : of linear detectors are the linear zero-forcing detector and the
space n/u(IH ) V\_’h'Ch IS orthogona_l to the signal S,UbSpaCﬁnear minimum mean-square error (MMSE) detector, which
rang€ H”). Following [28], such a noise subspace estimate Cals described next

be obtained by using the canonical correlation decomposition
(CCD) of the matrixR; .
Assume that the matriceR;; and R.» are both positive

1173

RY = E{r'[ir?[i]¥) = H H*Y. (29)

A. Subspace Blind Linear Detectors in White Noise

definite. The CCD of the matrif;» is given by [1] The linear zero-forcing detector for theth user has the
form of (35) with the weight vectotw;, = dj, such that both
R R, R =U0'rv?? or (30) the MAI and the ISI are completely eliminated at the detector
R} R Ry} = R1—11/2Ul r U2HR2—21/2_ (31) output, i.e..dy H = 1%, Itis given by
N—_—— N——
P e di = H" 1= HHTH) 140, (36)

The (Pm x Pm) matrix I' has the form I = where’ denotes the pseudo-inverse. The linear MMSE detec-
diagvi,...,¥%,0,...,0), with o1 > .-~ > 5. > 0. torforthekth user has the form of (35) with the weight vector
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wy, = my, Wheremy, € CT™ is chosen to minimize the output
mean-square error (MSE), i.e.,

my =arg min - B{|by[i] - e[’} = R T (37)
wE m

TABLE |

SUMMARY OF SUBSPACE BLIND LINEAR MMSE MULTIUSER
DETECTION ALGORITHMS IN WHITE AND CORRELATED NOISE

Detector in white noisc:
A

where R 2 E{r[ilrli]1} = HHY + E{v[ilu[i]"}. As dis- X = [0l - rM -1
cussed in Section I1I-B, when the ambient noise is white, i.e., Compute sample autocorrelation
E{v[ilv[i]} = 021 p,,, through an eigendecomposition Bf R = 5XX*
[cf. (22)], the signal and noise subspaces can be identified. Compute eigendecomposition
The two linear detectors (36) and (37) can be, respectively, R = UAU!+ U U]
expressed in terms of these signal subspace components, as Estimate channel
[24], [25] gr = min—eigenvector (ékT_U,LUka>

d, =U,(A, — o1,) U Iy, (38) he = Gt

- Form detector
my, =U,A;"U_ hy. (39) my = U,A7'UPh,

Since the signal subspace compone(i#s,A,, and o?), as
well as the composite signature waveform of the given user

Detector in correlated noise:
A

e : i ) - _ X; = o] - M 1], =12
h;, can be estimated from the received signal, with the prior Compute QR and SVD
knowledge of only the spreading sequence of the given user, XU = QY =12
. ‘M~ - VWA s
the detectors (38) and (39) are hence termed blind. Q'Q, — Vvl
. . . . Compute noise subspaces
B. Subspace Blind Linear Detectors in Correlated Noise L o= YV, = [LiLi, =12
As discussed in Section IlI-C, when the ambient noise is Estimate channels
correlated, two antennas are needed at the receiver in order to g = min-cigenvector (CZ'LzLLg”ék)
estimate the channels. The linear MMSE detector for éser hi = Tgl, j=12
at antenngj is given by Form detectors
mi =R} 'E, =L LR, =L LIk,  (40) mp = LLThi, j=1.2

where R;; and L’ are defined in (28) and (31), respectively.

The second equality in (40) follows from the fact thdf  section, we develop such techniques. In what follows it is
in (31) is a unitary matrix; the third equality follows from theassumed that the receiver has the knowledge of the first

partitioningZ’ = [L? L] in (32), and the fact that/" k), =

f((f( < K) users’ spreading sequences, whereas the spreading

Since the blind estimate of;, discussed in Sectlon i sequences of the re¢f — K) users are unknown to the
always has an arbitrary phase ambiguity, the data bits must'Béeiver. DenoteHl as the (Pm x 7) matrix consisting of
dlfferentlally encoded and decoded, i.e., the receiver detettte first# columns ofH, wheres = K(m + ¢) denotes the
Bili] = bk[L]bk[L — 1]. In order to make use of the receivedlimension of the subspace of the known users. It is assumed
signal at both antennas, we use the following equal gaﬁnatH has full column rank:. [Recall that it is also assumed

differential combining rule for detecting [¢]

Pili] = sgn{R[(mi v [i]) (mi "ot [i — 1))
+ (m [ (mi 2 [ - 1)) (41)

that H has full column rank: = K(m + ).

A. Group-Blind Linear Detectors in White Noise

The basic idea behind the group-blind detectors is to sup-

Finally, the blind linear MMSE multiuser detection algorithmsyress the interference from the known users based on the
in white and correlated noise are summarized in Table dpreading sequences of these users and to suppress the inter-
The CCD-based method is based on the fast algorithm fiefence from other unknown users using subspace-based blind
computing CCD in [28]. Min-eigenvectora(denotes the methods. We first consider the zero-forcing detedipiven
eigenvector corresponding to the minimum eigenvalue of tly (36), which eliminates MAI and ISI completely, at the
matrix A. expense of enhancing the noise level. In order to facilitate
the derivation of its group-blind form, we need the following
alternative definition of this detector.

The blind linear detectors discussed in the Section IV ar%zeg?(i)ttij%nbﬁn(dGIri?]L(jaz_rB;ig:jo %;?g;;zde;g;%rﬂ;? E;;ECLOW

based on the assumption that the receiver knows only tg< ”Yis ai by th luti he followi ined
spreading sequence of the given user. In the CDMA uplin ) is given by the solution to the following constraine

however, the receiver typically knows the spreading sequen@ég'm'za“on problem:
of a group of users, e.g., users within the same cell. It is
natural to expect that some performance gains can be achieved
if the knowledge of other users’ spreading sequences can
be exploited in detecting each individual user’'s data. In this

V. GROURBLIND LINEAR MULTIUSER DETECTORS

dy=arg min _ |d¥H?
derange(H)

subject tod" H = 1% _,. (42)
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In the Appendix, it is shown thaél; = dj. The second Proposition 1 (Group-Blind Linear Zero-Forcing Detec-
group-blind detector considered is a hybrid detector whi¢gbr—Form I): The group-blind linear zero-forcing detector
zero-forces the interference caused by Bi&nown users and for the kth user is given by

suppresses the interference from unknown users according to

the MMSE criterion. dy =[Ipm — U, (A, — o1, " U RIHH" H)™

I vtk

Definition 2 (Group-Blind Linear Hybrid Detector)The k=1 i S(;8)
group-blind linear hybrid detector for uséfl < k£ < K) is oo
given by the solution to the following constrained optimization . ) ) )
problem: Proposition 2 (Group-Blind Linear Hybrid Detector—Form

I): The group-blind linear hybrid detector for tigh user is
W, =arg min _ E{|b[i] — wir[i]]*}, given by
wErange(H)
H H 13 T o u—1.u o~ ~
subject tow" H = 1% ;. (43) Wy = (Ipn, — U A, UPR)EE"H) 1,

Define the projection matrices k=1,... K. (49)

b A prorrH i —1 g H H A _
P=HH"H)"H", and P=lIpy,—P. (44) Proposition 3 (Group-Blind Linear MMSE Detector—Form

Hence, P projects any signal onto the subspace rdifje !): '_I'he group-blind linear MMSE detector for thgh user
whereasP projects any signal onto the subspace (#ff). 'S 9'Ven by
It is then easily seen that the matrflRP) has an eigen-

structure of the form My = (Ipm — U,A, UPR)HH"H + o) Mg
A, 0 0 k=1,...,K. (50)
PRP=[U, U, U,]|0 o2Ip, . O
0 0 0 In the above results, the group-blind detectors are expressed
U in terms of the known-user signal subspace componﬂgts
(“]jfj (45) and U, defined in (45). Alternatively, they can be expressed
f]g’ in terms of the signal subspace componetisand U, of all

users defined in (22), as given by the following three results.
whereA, = diag(j\l, .- -,5\,,_,:), with \; > 02 i=1,---,r— Their proofs are also given in the Appendix.
7, and the columns of/, form an orthonormal basis of Proposition 4 (Group-Blind Linear Zero-Forcing Detec-
the subspace rangH) N null(H”). We next define a group- tor—Form I1): The group-blind linear zero-forcing detector
blind MMSE detector. As noted in Section IV, any lineafor the kth user is given by
detector must lie in rangél) = rangé H) + rangéU,). The

group-blind MMSE detector has the for, = my. + 7, d, =U,(A, — o*1,) ‘U H

whererm,. € rangéH) andm; € rangdlU,), such thatm, HPUL(A, — o1 U H] 1 ;

suppresses the interference from the known users in the MMSE ) . Kotk

sense, andn;, suppresses the interference from the unknown k=1,... K. (51)

users in the MMSE sense. Formally, we have the following
definition. Denoteb[i] as the vector consisting of the firsf ~ Proposition 5 (Group-Blind Linear Hybrid Detector—Form
elements ofb|i]. II): The group-blind linear hybrid detector for thgh user
Definition 3 (Group-Blind Linear MMSE Detector).et is given by
#[¢] = Hb[] + v[i] be the components of the received signal
r[i] in (12) consisting of the signals from the known users wy, =U AT UVHH"U AU H 1
plus the noise. The group-blind linear MMSE detector for user k=1,.. K. (52)
E1<k< K) is given bym;, = riy. + 1y, Wherem, € H

and 77 U,, such that . . .
e € U In order to form the group-blind linear MMSE detector in

my, = arg  min _ E{|by[i] — m"F[i]]*} (46) terms of the subspack,, we need to first find a basis for
mcrange(H) the subspace ran@é,). Clearly, rangePU ) = ranggU,).
Ty, = arg min _ E{|b[i] — (m +my)?7[i]|?}. (47) Consider the (rank-deficient) QR factorization of tHm x )
merange(Us) matrix (PU,)
Note that in generaln; is different from the linear MMSE
detectorm;, defined in (37). Q. Q] {R R, }II (53)
The following results give expressions for the three group- 0

blind linear detectors defined above in terms of the known

users’ channel matril and the known-user signal subspacwhere@, is a (Pm x #) matrix, R, is a (7 x #) nonsingular
componentsA, and U, defined in (45). The proofs of theseupper triangular matrix, andl is a permutation matrix. Then
results are found in the Appendix. the columns oiQ, forms an orthonormal basis of rar(gvés).
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Proposition 6 (Group-Blind Linear MMSE Detector—Form TABLE I
||): The group—blind linear MMSE detector for thgh user SUMMARY OF SUBSPACE GROUP-BLIND LINEAR HYBRID MULTIUSER
. . DETECTION ALGORITHMS (FORM-II) IN WHITE AND CORRELATED NOISE
is given by
Detector in white noisc:
_ _ _ _ X £ [r0)ef1] - r[M -1
my = [IPrn - (QSRS H)(HASHT) l(QsRs H)HR] [ [ ] [ ] r[. H
ey 9 1 1. Compute sample autocorrelation
H(H H+o I,:) 1I§’L+k7 R = LXX4
k=1,..., K. (54) 2. Compute eigendecomposition
R = UAUY o0, U4
It is seen that the form-I group-blind detectors are based  * ES“”‘f‘te Cha””e.'s . o
on the estimate of the signal subspace of the mafRP), 8 = min cigenvector <(fk~U"Un C:)
whereas the form-Il group-blind detectors are based on the he = Cegp, k=1, K
estimate of the signal subspace of the matlx Since the form H using (hlv"*hk)
signal subspace dimensidén — 7) of (PRP) is less than that 4. Form detector o .
of R, which isr, the form-1 implementations in general give wi = UAJUTH[HIUAUPH] 14,
a more accurate estimation of the group-blind detectors. On k=1, K
the other hand, as discussed in Section Ill, the estimation of Detector in correlated noise:
the given users’ channels (in order to foHh) is based on X, & o el] - P -1, j=1,2
the eigendecompositiqn_ at. _Hence, the_ form-II grou_p-blinq 1. Compute QR and SVD
detectors are more efficient in terms of implementations, since A xH _ ¢ g
. . . . . \/MX] QY j=12
they do not require the eigendecomposition (45), which is "Q, — VIVl

required by the form-1 group-blind detectors. If, however, the

: . - 2. Compute noise subspaces
user channels are estimated by some other means not involving

X " L/ = Y7'V, = [LJLi], j=1,2
the eigendecomposition d&, then the form-I detectors can 3. Estimate channels
be computationally less complex than the form-Il detectors, ' ; - S
. K . . K g, = min-eigenvector (Ck L)L Ck)
since the dimension of the estimated signal subspace of the b sl - 19
P K8k J = L,

former is less than that of the latter. (That is, of course, if
the computationally efficient subspace tracking algorithms [4],
instead of the conventional eigendecomposition, are used.) Ly
The performance of the above detectors is assessed through wi = LILTH (TLLYTHY)  tgy,
simulations in Section VI. j=L% k=1 K

Remark 2:In both the group-blind zero-forcing detector

and the group-blind hybrid detector, the interfering signals . ) )
from known users are nulled out by a projection of the receivedProPosition 7 (Group-Blind Hybrid Detector for Correlated

signal onto the orthogonal subspace of these users’ Sighlgise—Form I1): The hybrid detector for théth user at the

subspace. The unknown interfering users’ signals are th&f @ntenna in correlated noise is given by
suppressed by identifying the subspace spanned by these users,

form HY using (H{ e BJA)

4. Form detectors

followed by a linear transformation in_ this subspace base_d on mi :LngHHj(ﬂjHLngHHj)fllk .
the zero-forcing or the MMSE criterion. In the group-blind ) Lo
MMSE detector, the interfering users from the known and the J=12 k=1..K (55)

unknown users are suppressed separately under the MMSE
criterion. The suppression of the unknown users again reIieji

o= e . ere L’ is defined in (32).
Eggrnsthe identification of the signal subspace spanned by the gain, the equal gain differential combining rule (41) (with

m], replaced byw),) is employed to detect the differential bit
Bx[¢]. Finally, the form-1I group-blind linear hybrid detectors
B. Group-Blind Linear Detectors in Correlated Noise in both white and correlated noise are summarized in Table II.

We next consider the group-blind linear detector in corre- Rémark 3: Comparing Tables | and I, it is seen that the
lated ambient noise based on the CCD method discussediiigt three steps involved in computing the blind detector and
Section 11I-C. Similar to the case of white noise, Ht, j = the group-blind detectors are exactly the same. (Note that
1,2 be the channel matrix of the known users at antejina here a CDMA uplink scenario is considered and the detectors
Since the signal subspace cannot be directly identified in tfg all the K users in the cell are computed.) In the fourth
CCD, we will not consider the group-blind linear zero-forcingtep. however, the group-blind detector involves computing
or MMSE detectors, which require the identification of som@n €xtra matrix inversion (cf. Step 4 in Fig. 2). Since the
signal subspace. Nevertheless, the form-Il group-blind line@@minant computation in both the blind detector and the group-
hybrid detector can be easily constructed for correlated noi§éind detector is the eigendecomposition in Steps 2 and 3,

as given by the following result. The proof is found in thdhe group-blind detector introduces little attendant increase in
Appendix. computational complexity.



WANG AND H@ZST-MADSEN: GROUP-BLIND MULTIUSER DETECTION FOR UPLINK CDMA 1979

10 T T T T T T T T T

Zero—forcing

group-blind hybrid
group-blind MMSE
MMSE

00 x %

BER

%
\
\ i
‘\
\
\ \
MaXimum BER
10 AN
0 2 4 6 8 10 12 14 16 18 20
Eb/NO (dB)
Fig. 1. Comparision of the performance of four exact linear detectors in white nkise: 10, K = 7.
VI. SIMULATION EXAMPLES A. Receiver Performance in White Noise

In this section, we provide computer simulation results to We first compare the performance of four exact detectors
demonstrate the performance of the proposed blind and grogipe., assuming thaH ando? are known), namely:
blind linear multiuser detectors under a number of channely) the linear MMSE detectom,, in (37);
conditions. The simulated system is an asynchronous CDMA2) the linear zero-forcing detectat, in (36) [or equiva-

system with proces.sing.gaiN = 15. The m-sequences of lently, the group-blind linear zero-forcing detecty in
length 15 and their shifted versions are employed as the (42), sinced;, = dy;

user spreading sequences. The chip pulse is a raised cosing the group-blind linear hybrid detectar; in (43);

pulse_ with. roll-off factor 0.5. The ini’tial delayi;, of each 4) the group-blind linear MMSE detecta; in (46) and
user is uniform on0,47.]. Each user's channel has = 3 (47)

Ejor each of these detectors and for each valu¢mf/N., ),
ie,. = 1 The fading gain of each path in each user’g{e minimum and the maximum BER among the seven known

channel is generated from a complex Gaussian distributigiers i plotted in Fig. 1. It is seen from this figure that, as
and fixed for all simulations. The path gains in each user@Pected, the closer the detector is to the true linear MMSE
channel are normalized so that each user's signal arrivesdgtector, the better its performance is.
the receiver with the same power. The over sampling factorNext the performance of the various estimated group-blind
is p = 2. The smoothing factor i = 2. Hence, this system detectors (i.e., the detectors are estimated based orthe
can accommodate up {¢m+:)/(m—.)-P] = 10 users. The received signal vectors) is shown in Fig. 2. Itis seen that at low
number of users in the simulation is ten, with seven knowi#/N.), the group-blind MMSE detectors perform the best;
users, i.e,K = 10 and K = 7. The length of each userswhereas at high{£,/N,), the group-blind hybrid detectors
signal frame isM = 200. perform the best. This is because the hybrid detector zero-
In each simulation, an eigendecomposition is performed éorces the known users’ signals and it enhances the noise level,
the sample autocorrelation matrix of the received signals. ThWaereas the group-blind linear MMSE detector suppresses
signal subspace consists of the eigenvectors correspondingpath the interference and the noise. At high;,/N,), the
the r largest eigenvalues. (Recall that2 K (m + 1) is the group-blind hybrid and group-blind MMSE detectors tend to
dimension of the signal subspace.) The rest eigenvectors cbacome the same. However, the implementation of the latter
stitute the noise subspace. An estimate of the noise varighcgequires the estimate of the noise level. When the noise level is
is given by the average of tHé®m — ) smallest eigenvalues. low, the estimate is noisy, which consequently deteriorates the
For algorithmic details of the matrix operations involved iperformance of the group-blind MMSE detector. It is also seen
computing the various detectors, see [5]. that the performance of the form-I detectors is only slightly
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Fig. 2. Comparison of the performance of vari@stimatedgroup-blind detectors in white nois& = 10, K = 7. (a) Minimun BER. (b) Maximum BER.

better than the corresponding form-Il detectors, at the expenbat of the corresponding exact detectors, for the block size
of higher computational complexity. considered here (i.eM = 200). It is known that the

Comparing Figs. 1 and 2, it is seen that the performansabspace detectors converge to the exact detectors at a rate
of the estimated detectors is of substantial distance frash O(\/log log M /M) [25]. It is also seen from Fig. 2 that
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Fig. 3. Comparison of the performance of the blind and the group-blind linear detectors in white Jioisel0, K = 7.

the form-1l hybrid detector performs very well compared witlyenerated according to

other forms of group-blind detectors, even though it has the. L L .

lowest computational complexity. Hence, in the subsequeft [l = a1v’[n— 1]+ a3v/[n — 2]+ w’[n], j = 1,2 (56)
simulation studies, we will compare the performance of the

Prop . .
form-1l hybrid detector with some previously proposed muIWherev [7] is the noise sample at antengiaand samplen

i . : :
tiuser detectors. and w’[n] is a complex white Gaussian noise sample. The

L. 11
We next compare the performance of the group-blind hybrﬁ2 coogmue(r;ts 2at t2he iwo 1a2nter(1)n§15 ‘:"rf chos;e fugssy] = ¢
detector with that of the blind detector for the same systery’ | and [af,a5] = [1.2,—0.3]. The performance o

The result is shown in Fig. 3, where the BER curves for thtge group-blind linear hybrid detector given in Table Il is

o ; compared with that of the blind linear MMSE detector given
blind linear MMSE detector given by (39), the form-1l group- Tgblel The result is shown in Fig. 4. It is seengthat

blind linear hybrid detector given by (52), and a partial MMSE!

detector are plotted. The partial MMSE detector ignores try llar o the white noise case, the proposed group-blind linear
unknown users and forms the linear MMSE detector for t etector offers substantial performance gain over the blind

- . ; - . detector.

K known users using the estimated matHx It is seen that inear ) . :

the group-blind detector significantly outperforms the blind Remark 4: Theoretically, both the blind d.etector and the

MMSE detector and the partial MMSE detector. Indeed, tr%oup-bllnd_dete_ctor converge to_ the true Im_ear MMSE d_e—
blind MMSE detector exhibits an error floor at higk;, /N, ) tector (at high signal-to-noise rat_|0) as the signal frame size
values. This is due to the finite length of received signal frame, oo._Hence, the asym_ptotu:_ performa_nce Of. the two

based on which the detector is estimated. The group-bli tectors is the same at high signal-to-noise ratio (SNR).
hybrid MMSE detector does not show an error floor in thig OWEVer, for a finite frame lengtht, the group-blind detector

BER range considered here. Of course, due to the finite sigRglrforms significantly better than the blind detector, as seen

frame length, the group-blind detector also has an error ﬂo{)rr(.)m the earlier simulation results. An intuitive explanation

But such a floor is much lower than that of the blind linea" such performance improvement is that more information
MMSE detector about the multiuser environment is incorporated in forming the

group-blind detector. For example, consider the two detectors
in white noise summarized in Tables | and Il. The computation
for subspace decomposition and channel estimation involved
in the two detectors is exactly the same (cf. Steps 1-3 in
Next, we consider the performance of the blind and thEables | and II). However, the blind detector is formed based
group-blind linear detectors in correlated noise. The noise sdlely on the composite channel of the desired user (cf. Step 4
each antenng is modeled by an second order autoregressiute Table I); where as the group-blind detector is formed based
(AR) model with coefficientdaq, a}], i.e., the noise field is on the composite channels of all known users (cf. Step 4

b. Receiver Performance in Correlated Noise



1982 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 17, NO. 11, NOVEMBER 1999

10 T T T T T T T Y T

Blind MMSE, max
Blind MMSE, min
Group-blind hybrid, max
Group-blind hybrid, min

OO0 x %

10°F N AN .
N N
N N
\ Q
5 Q N
m \ N
N N
N N
10 N N ]
3] [oN
N ~
~ N
N N
N N
NS
\\ N
107 EEN AN .
N ~
o O
N ~
~ ~_0
~ ~
N~ O >~ o
< ~ .
10°° L 1 L 1 I 1 1L L 1 )
0 2 4 6 8 10 12 14 16 18 20
Eb/NO (dB)

Fig. 4. Comparison of the performance of the blind and group-blind linear detectors in correlatedocisel0, K = 7.

in Table Il). By incorporating more information about thepath channels of all known users to suppress the interference
multiuser channel, the estimated group-blind detector is maraused by users within the group and blindly suppress the
accurate than the estimated blind detector, i.e., the formerinserference caused by other unknown users. Several forms of
“closer” to the exact detector than the latter. Of course, @moup-blind linear detectors are defined based on different cri-
analytical performance comparison between the group-blitetia, and their expressions are derived. Moreover, group-blind
detector and the blind detector under finite sample size ismiiltiuser detection techniques in the presence of correlated
particular interest and will be investigated in the future.  noise have also been developed. It is seen that the form-II

Remark 5: 1t is seen from Fig. 1 that when the spreadingroup-blind linear hybrid multiuser detectors (cf. Table II) in
waveforms and the channels of all users are known, all thrieeth white and correlated noise have low computational com-
forms of the exact group-blind detectors perform worse thatexities and very good performance, making them the ideal
the linear MMSE detector, which is the exact blind detectocandidates for implementation in practical systems. Simulation
This is because the zero-forcing and the hybrid group-blindsults have demonstrated that the proposed group-blind linear
detectors zero-force all or some users’ signals and enhancerthdtiuser detection methods offer substantial performance
noise level, whereas the group-blind MMSE detector is defingains over the blind linear multiuser detection techniques in
in terms of a specific constrained form (cf. Definition 3), whicla CDMA uplink environment, with little attendant increase in
in general is different from the true MMSE detector. Howevegomputational complexity. Some possible future directions of
with imperfect channel information, the roles are reversedsearch on group-blind multiuser detection include analytical
and the group-blind detectors outperform the blind detectqgrerformance comparisons between the group-blind detectors
Of course, both the blind and the group-blind detectors aaad the blind detectors and sensitivity analysis of subspace
developed based on the assumption that the multiuser chamaek mismatch on the detector performance.
is not perfectly known, and the study of the performance of the
exact detectors is only of theoretical interest. Nevertheless, itis APPENDIX
int'eresting to observe that by changing the a:.;sumption onthe proof ofdy, = dj: We show that the group-blind linear
prior knowledge about the channel, the relative performangg,q forcing detector defined in (42) is the same as the zero-
of two detectors can be different. forcing detectord;. defined in (36). First, because rdik) =

r, the zero-forcing detectod;, in (36) is the unique signal

VII. CONCLUSIONS d € rangéH), such thatd”"H = 1% _,. Since H contains
In this paper, we have developed group-blind linear muibe first7 columns ofH, then
tiuser detection techniques for demodulating a group of given - - Pm -
users in the uplink of a CDMA network. These new techniques d"H]? = |d"H[> + > |d"H[, 1] (57)

make use of the spreading sequences and the estimated multi- I=i+1
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whereH[:,!] denotes théth column ofH, it then follows that —A_ UHRmk Therefore, we have
for d € rangéH),|d” H|? is minimized subject tal’ H =

1% o ifandonly if d”H[ ) = 0, for l =7+ 1,....Pm. g —U,& + 1y = (Ipm U A UM R) He,
That is,d” H = 1% ,,. Therefore,d;, = dy. ~ — (Ipm — U A U RYH(EY H + 0207)~ '
_ Proof of Proposition 1: Decompose d;. into dp, = m+k6l
di + di, where d,, € rang€H) and d,, € rangél,). (61)
Substituting this into the constraint in (42), we have . .
do — H(I?HH) Hence, thed has( th)e form of Proof of Proposition 4: Using the method of Lagrange
dk o I f Liesn: olr—7 Skb N his | multiplier to solve the constrained optimization problem (42),
r = Uscx + di, for somegy, € ). Substituting this into we obtain
the minimization problem in (42) we get
: y 8 dy, = arg in  d"HH"d
cp = arg min E{|(U,c+wp)? H?} BT g dEriElgl;(H)
. . o - HiggHgy 1.
—arg min (User + d) " (B — 02 Lpn) (Ui + di) +RAT(H 1 g, )}
cccrm o . = (HH")"H). (62)
= — [0 (R -0’ Lpn)U,] U (R~ 0° L py)d
= [UHP( — 02 p)PUYUH (R — 021, )ds, Substituting (62) into the constraint that”dy, = 1, we
= — (A — 2L )T (R — 0L py)de obtainA = [H¥(HH")TH]| 1, _,. Hence
= — (A, — 02I,_;) *U" R4, 58 _ N
ez tles) U A %) 4, = (HB" Y A" (A" H)
where the second equality foll~owsv from (22); Vthe~ fourth =U.(A, —0°L,)" vl
equality follows from the facts tha@@+P = I p,,, andU” P = JHRU (A, — o21,) " U H]~ 11m+k (63)

0, the fifth equality follows from (45), and the Iast equality
H 5
follows from the fact thal/['d), = 0. Hence,dx = Uscx + \yhere the second equality follows from (22) and the fact that

dy. = [Tpm — (A, —021,_,) WWYRIHHEYH) 1, UTH — 0.

_ Proof of Proposition 2: Decomposep;, into w, = wj. + Proof of Proposition 5: Using the method of Lagrange
wy, where w;, ¢ rangdH) and @, € rang&lU,). Sub- myitiplier to solve the relaxed optimization problem (43) over
stituting th|s into the constraint in (43), we hav#. = ,, o ¢Pm we obtain

HH"H) 14, .,. Hence,w;, = = U,c, + wy, for some
c, € CU"). Substituting this into the minimization problem %, = arg min  E{|b[i] — w[i]|?}
in (43), we get "’ECP”
N, "

cr = arg min_ E{|bp[]] — (Usc+ i) r[i]*} + R (@ - L)}

ecClr=m =arg min w’Rw— §R{2hk w}
= arg min_ (lvfsc—i—@k)HR(lvfsc—i—qbk) wCC "
ecerm +§R{)\ (H w_ll(l-q-k)}

- i,
2?{6 f s h"% _ = arg min w Rw + R (H w — 10,00}
— (UPRU ) 'U" Ry, = —A, U” Riv;,  (59) weer

R 'H) (64)

Whereﬁfﬁk = 0, and the fourth equality follows from (45).

Hence,w, = Uscp + wr = (I pm — ﬁsjglﬁfR)@k — where) 2 X — 1,4 Substituting (E:>4) into the constraint

(Lo — ﬁsjls_lﬁfR)fI(fIHﬂ)_lll}ﬁk- that H"w,, = 1,“+k, we obtainA = (HY R H) 1, ;.
Proof of Proposition 3: We first solve formy in (46). Hence

Sincem;. € H, and H has full column rank:, we can write

s . — 1 1 1
my, = Hé, for someé, € C”. Substituting this into (46), W, =R H[H R H] 1w
we have =UA'UYHIH"U A 'UFH] 1, (65)
¢, = arg ITCHCH E{[bk[i] — " H#]3]*} where the second equality follows from (22) and the fact that
¢ S . UYH = 0. It is seen that from (65) thap, € rangéU,) =
H H H 2 n s
= arg min ¢ [H™(HH™ + 0”1 py,)Hle rangéH); therefore, it is the solution to the constrained
—9R{1% HHHC} optimization problem (43).
" Ke o D e Proof of Proposition 6: Since the columns @, form an
=[(H"H)H"H) + AHTH] T (H H)1 5, orthonormal basis of rang#, ), following the same derivation

=(H"H+ 0 I:) 1z, (60) as (61), we have
v Trow s v N ma. =T _ HR —1 HR

Next, we solveri, = U,é, in (59) for someég, € C—P. my = Pm - Qf(Qs Q,) "Q; R

Following the same derivation as (59), we obtaip = "HH"H +0°I;) 1, . (66)
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where the second equallty follows froUthQ = 0, the third
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obtain (54).

Proof of Proposition 7: Following the same derivation as
in (64), we have
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where the second equality follows from the definition in (317

and the last equality follows from (32) and the fact tha[t

L'PH = o.
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