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Abstract—The optimum noncoherent multiuser detector is explicit channel estimation. NMM with noncoherent detection
obtained for generalized diversity symbol-synchronous communi- s, therefore, the modulation detection method of choice for
cation systems that employ nonorthogonal multipulse modulation. communications systems that must be designed to operate

A unified approach is adopted to simultaneously address various . v fadi h | h the ch | ch ¢
forms of diversity such as time, frequency, multipath, and/or re- in"SEverely iading channeis where e channel changes too

ceiver—antenna diversity. Upper and lower bounds on the average quickly to be reliably estimated, and/or in systems where the
bit-error probability of the optimum noncoherent detector are  extra cost and complexity of channel estimation is undesirable.

derived. While these bounds are numerically computable, they  |n this paper, we consider the generalized diversity Rayleigh
are too complicated to give insights about the relative influence of fading (GDRF) channel model (see also [3]). The key feature of

system parameters on the essential behavior of the bit-error rate. . . .
To address this issue, an asymptotic (low noise) analysis of thethe GDRF model s that it provides a common framework under

bit-error probability is undertaken. It is shown that the upper and ~ Which a variety of diversity communication systems that em-
lower bounds are indeed asymptotically convergent. A formula for ploy time, frequency, multipath, and/or receiver antenna diver-

the asymptotic efficiency of the optimum noncoherent detector is sjty can be studied in a unified manner. Additionally, our GDRF

thelr)eby derived. Inée_re;tlnglyathe a?y?pto.“c elf'fICIenCyt:S fO;‘“g model also allows nonidentical diversity branches with inter-

itgter?er?r?slﬂ\slzlr;n independent of the signal strengths of the branch signal and fading correlations. Such correlations arise in
systems that emplayjiversity with disciplinewhere no resource

error analysis. frequency-seleciive Rayleigh fading, multipath (space, time, bandwidth) is used as if it is freely available (cf.

diversity, multiuser detection, noncoherent detection, nonlinear [3])._For example, space I'm.'tat'c,ms preclude a s_uff|C|ent sep-
modulation. aration of the antennas to yield independent fading across the
diversity branches [4].
We consider a multiuser communication system, where
several users transmit information simultaneously using NMM
ONORTHOGONAL multipulse modulation (NMM) is and some form of diversity transmission (wideband signaling
considered for wireless multiuser diversity communior timef/frequency diversity). Each antenna at the receiver
cation systems. In such a scheme, each user tranggits§ observes a symbol-synchronous superposition of all the active
bits of information at a time by sending one 6f possibly users’ transmissions after they have passed through their
nonorthogonal signals. NMM is therefore a generalization ¢g¢spective, and possibly frequency-selective, Rayleigh-fading
orthogonal multipulse modulation (OMM), a common examplehannels. Not only can each user’s signal set be nonorthogonal,
of which is frequency-shift keying (FSK). In contrast to quadrabut we also allow for correlation (intentional or otherwise)
ture amplitude modulation (QAM) and coherent detectiolpetween the signal sets of different users. Interuser correlations
where joint channel estimation and data detection must gxist in code-division multiple-access (CDMA) systems, but
performed (cf. [1], [2]), the problem of signal reception foeven in wireless time-division multiple-access (TDMA) and
NMM can be accomplishedoncoherentlyand hence, without frequency-division multiple-access (FDMA) systems, interuser
interference can arise due to intercell interference caused by
frequency reuse.
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[6]. The same detector is analyzed for the single-path Rayleidh; T+ (L., — 1) /W], thereby causing intersymbol interference
fading channel in [7]. A joint approach to channel estimatio(iSIl). We, however, assume that the multipath spread is small
and optimum multiuser detection can be found in [1]. The ogompared to the symbol duration, so that ISl occurs over a small
timum differentially coherent multiuser detector for differentiafraction of the symbol duration.
phase-shift keying (DPSK) modulation was obtained, and itsIn our generalized diversity model, we allow for the possi-
error rate was characterized in [8]. Finally, the optimum noncbility that the resources of time, space, or bandwidth are not
herent detector for NMM is obtained and analyzed for the nofreely available, and hence, that thg, waveforms in (1) are
diversity Rayleigh-fading channel by the authors of this papaot orthogonal, nor are the fading coefficients associated with
in [9]. them independent. We will, without loss of generality, let each
The rest of this paper is organized as follows. In Section lbf the L, waveforms be normalized to unit energy.
we introduce the system model for generalized diversity In order to give a succinct model for the received signal,
communications that employ NMM over a possibly frequencyve introduce the following notation. L& (¢,47) be a two-di-
selective Rayleigh-fading channel. In Section IlI-A, we obtaimensional (2-D) §-dimensional inS-ary modulation) column
the optimum noncoherent multiuser detector for that modetctor consisting of the two signals of th waveform diver-
when there are multiple receive antennae. In Section I11-B, veity channel of usek, so thatsy (t,7) = (sg1(t,i)sk2(t,1))T,
obtain upper and lower bounds on the error probability of trend form the2 x L matrix Sy (¢) as
optimum detector. Section IV contains an asymptotic error rate

analysis for the case of binary modulation. A formula for the Sk(t) =[sk(t,0)sk(t, 1), ..., sk(t, Ly — 1)]
asymptatic efficiency is also obtained. In Section V, we present _ [s{l(t)} @
examples that illustrate the key results of our analytical work. BENGIE
Section VI concludes the paper.

Let cx(m) = (Cko(m)ckl(m)7~--7ck(Lw—l)(m>)T be a

vector of complex fading coefficients associated with the
waveform diversity channels of usérand themth receiver
antenng1 < m < M). We assume that the fading coefficients
A mathematical model that yields a unified description of ey () are essentially constant over the duration of one symbol
variety of diversity methods was proposed in [3] in the contextterval, but they are allowed to vary arbitrarily from one
of single-user communications and single-pulse modulation.$gmbol interval to another. It is in this sense that we describe
this section, we extend that model to include multiple users atfte channel under consideration as exhibiting severe fading. In
multipulse modulation. The most important feature of suchthis work, we focus on Rayleigh fading so that the fading coeffi-
model is that it allows us to simultaneously study various forn@ents are complex, zero-mean, Gaussian random variables. We
of multiuser diversity communications in a unified frameworkallow the fading coefficient§cy, () }2/_, associated with each
We limit the development of the diversity model to the casaser over all antennas to be mutually correlated (but require that
of binary modulation. The extension t$-ary modulation is the M L,,-dimensional covariance matrix of these coefficients
straightforward. Let the vector of complex baseband signaliig full rank for eachk). However, these fading coefficients
waveforms corresponding to thh symbol of usek inthe L,, are assumed to be mutually statistically independent between
“waveform diversity” channels be defined as different users. Finally, we let the 2-D vectgj, denote the
signal that is transmitted by usewith x;, € {(10)”,(01)7}.
sei(t) = [sr1(2,0)s0(2, 1), ..., spa(t, L — DT, (1) The low-pass representation of the signal parf, (¢) of the
received signal at antenma when uset transmits in isolation
In the case of time diversity, these waveforms are nonzeroGan be written as

Il. GENERALIZED DIVERSITY COMMUNICATION
SYSTEM MODEL

nonoverlapping time intervals, which in turn are usually chosen Lu—1

to be sufficiently separated, so that the different waveforms ex- B (t) =/ Ere Z cri(m)sT (. 1)Kk

perience independent fading. In frequency diversity, they are ’ =

transmitted simultaneously in time @enotes the time in the :\/E»k [Sf(t)nk]T cx(m). 3)

interval [0, T'] for the zeroth symbol interval), but are separated

sufficiently in frequency for the same reason. In multipath divefs - ysers transmit information simultaneously, the received
sity, & single wideband wavefor.m of bandwidth (w@eband signal at antennan, which now consists o signal compo-
relative to the coherence bandwidly. of the channel) is trans- nants each having,, waveform diversity signals, and the ad-

mitted, and in this case, the channel is frequency selective, jif,e white Gaussian noise (AWGM), (1) (with variancer?)
admits an equivalent tapped delay line model [10]. The receivel, e succinctly written as ’

effectively observes a linear combinationlof, time-translates

of the signal, translated by integer multiplesi@g#¥’, and where () = ,gTEl/?CT(m)S(t) + Zm () (4)
L,, is the integer part of the ratiV’/A f.. Hence,sy(t) =

[sk1(t)sra(t—1/W), ..., s1(t — (L, —1)/W)]T. Inthis form wherex is the2 K x 1-dimensional vector obtained by stacking
of diversity, it is commonly assumed that the transmitted signile K 2-D vectorss;, fork = 1, ..., K inthat order, an®!/? is

is of sufficient bandwidth so that its time translates are orthog2K x 2K -dimensional diagonal matrix containing the square
onal [10]. Note also that the signals are nonzero over the intervabts of the energies of thE users (each repeated twice along
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the diagonal). TheL,, K x 2K-dimensional block diagonal Each of thel,, x L,, submatrices are defined for,n € {1, 2}

matrix C(m) is defined as andk,l € {1,2,..., K} through
C1 (m) 0 0 0 R2k—2+m,21—2+n = / Szm(t)sﬁ(t)dt. (8)
0 ci(m) 0 0 N . T .
C(m) & 0 0 co(m) ... 0 ) The additive noise vectat, is Gaussian with zero-mean and

covariance matriR.
It remains to normalize the received signal in (3) so that the
0 0 0 . cx(m) sum of the energies of the signalg ,,,(¢) over theM receiver

) , i . antennas is equal #B;. Hence, the total average energy of user
where the 0's are L,-dimensional column vectors. F"k is defined as

nally, the 2L, K-dimensional column vectos(t) is ob- My

tained by stacking the2K, L,-length signal vectors A ' 2
s11(t),s12(t),...,sx1(t),sx2(t). The AWGN processes B2} E [/T [ ()] dt] ' ©)
{zm(t)}M_, are assumed to be mutually independent. m=t _ o _

Next, we obtain an equivalent discrete-time model for the df- dénotes the symbol duratign 77 in time or frequency diver-
versity channel. In describing the signaling scheme of this papefy: and the interval(L,, — 1)/W, T} in the case of multipath
we assumed that each waveform is confined to a time interval@yersity. The normalization in (9) imposes a constraint on the
length 7. If the channel is frequency selective, however, thef@Variance matrices af,(m) and on the correlation matrix of
is a time overlap of adjacent symbol intervals. In single-usE}€ Signals of usek. After substituting (3) into (9), and manipu-
spread-spectrum communications, this ISI is usually neglecﬂé‘H”g the resulting terms, we arrive at the following constraint:
[10], because the symbol duration is much longer than the mul- ;| m
tipath spread. In multiuser communications, however, the fre- = Z tr (Rag—1,2k—1 + Rok 2k)Xgx(m,m)) =1 (10)
guency selectivity not only results in ISI but also in interuser < m=1
intersymbol interference (IU-ISI). The latter effect cquld lea@|heretr stands for the trace of a matrix, aBth; (m, m) is the
toa severe deterioration of the system per_formance in nea_r_jfar—dimensional covariance matrix of (m) of userk.
conditions. Hence, we proceed by masking out the receivedygte that the special case of the model in (6) for a single

signal over time intervals with IU-ISI, as proposed in [11]. Thggceive antenn@/ = 1) is a generalization of the nondiversity
masking of the time intervalg1’,i1" + (L., — 1/W)] can be model considered in 9.

easily accomplished by multiplying the received signal by a pe-
riodic binary waveform which is zero for the above-mentioned . N ONCOHERENT MULTIUSER DETECTION AND
time intervals, and one everywhere else. MINIMUM ERROR PROBABILITY

After passing the received signal through this 1U-ISI mask, ) ) )
an obvious way to obtain the sufficient statistics at each We derive the optimum noncoherent multiuser detector and

receive antenna would be to employ a bank of matched filte?&0vide upper and lower bounds on its bit-error probability. In
matched to each of theK signaling waveforms and thelr,, S° doing, it is not assumed that the channel fading parameters
time translates, which would requirf.,, K matched filters &r€ available at the receiver. The much milder assumption is

and samplers. In the case of frequency-selective fadingM@de, however, that the per-symbol statistics, i.e., the covari-
more efficient method requires only one matched filter p&@nce matrices of the per-symbol fading parameters of each user

signaling waveform (cf. [11]) per receive antenna. The outpu&€ known.
corresponding to théth signal of userk are stored in the
L,,-dimensional vectoyy;.

This kind of processing is performed for @K signaling We derive the noncoherent multiuser detector that minimizes

whose dependence on the transmitted symbols can be writteR@dn error. The emphasis in this section is on obtaining a de-
scription of the optimum detectofor the generalized diversity

. . 12 model, that parallels, to the extent possible, that of the optimum
Ym =0 /Trm(t)s (t)dt = RC(m)Q "k +mn,,  (6) detector for the nondiversity channel obtained in [9]. Not only
does such a description show precisely how transmitter and re-
whereQ = o 2E, and where the L, K x 2L,, K -dimensional ceiver diversity expand the nondiversity model, but it also en-

signal correlation matri®. is defined as ables an asymptotic analysis of the error probability by appro-
priately extending the analytical methods of [9].

A. Optimum Noncoherent Multiuser Detector

R = * T(£)d Iwhen there is frequency-selective fading, the optimal detector for the contin-
= [ s*(t)s" (t)dt ; : : o
Jr uous-time model would require sequence detection. We mean optimality for the
R R R discrete-time observatiody , } that are obtained after the near-optimal IU-ISI
11 2 .- 12K mask at a front end. Of course, in the case of single-shot transmission, there

R Ra2 ... Raox would be no need for the [U-ISI mask, and the discrete-time model obtained
. . (7)  without masking would be a sufficient statistic with the same structure, so that
the optimum detector we consider would, in fact, be optimal for the contin-

Rorx1 Rogo ... Rogoax uous-time model as well.
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The problem of interest here is to obtain the optimum detectorlt remains to compute the covariance matrix of the noise
that observes the sufficient statistigs,, }2._,, and determines vectorn. Using the assumption that the additive noise processes
which one of two signals was sent by each of faisers. in the different antennas are mutually independent, we have

The key to exposing the similarity of the transmit-receive di- o " ¥
versity model to that of the transmit-diversity model in (6) is to _
rearrange the elements of taé, 2L, K-dimensional vectors E[nn'] =E <Z_1nm © em) (z_:l p © ep)

{ym } into one largeM L,, K vector according to "= "

M M
M =FE Z Z (nmnj,) ® (eme;)
Y=Y ¥Ym®en (11) o o
m=1 M
. , o =) R®eyel, =ReIy=R. 15
wheree,, is themth column of thel/ -dimensional identity ma- mz_l @ emen @ Lo (15)

trix, and wherer denotes the Kronecker product operation of
two matrices [12]. Note that thieth 2L, M elements ofy, de-
notedy,, correspond to outputs of matched filters associat
with the signals of usek, of which the first (secondM ele-

The special case of no diversity at the transmitter but with
éﬁlultiple receiver antennas correspondd.tp = 1. Here, each
user transmits over a frequency-nonselective channel, and our

ments now correspond to the matched filter outputs across {HSde' provides another generalization of the single-antenna

different antennas associated with the first (second) wavefom%)dr?]l oft[9] t?] trr1e| Cgif/ € rOfi tmurlrt]lptlﬁ rscewe aT:egngs. tch)f cchnurzei
diversity signal of the first signal of user 1, etc. € most genera ersity method supported by the mode

Similarly, letn 2 Ef\;le n,. e, . Letus also define the in (14) includes a combination of transmitter and receiver

L = M L-dimensional vector of fading coefficients of user dlv'l?rzzlty'roblem of analyzing the optimum detector is easier to
asc, 2 Y M cp(m)® e, for eachk = 1,...,K. It can P yzing P

describe if we perform the linear transformatiBn* = R~' ®
, the I, on the vectowy first. Since the fading correlation matrices
correlation matrix ofcy, is for each user are full rank, and since we assumefhé in-
MM vertible, or equivalently, thaR is invertible, we expect that at
Py Tl = T least for single-user transmission, the total order of diversity is
ik = E [ckck] Z Z Bir(m.p) © emp - (12) L = ML,,. We will see later that this indeed is the total order
of diversity even in the multiuser channel, i.e, the presence of
We define the multiantenna version of the fading coefficiemterferers does not change the order of diversity relative to the
matrix in (5) as the M L,, K x 2K -dimensional block diagonal single-user case. The resulting veato= R ™'y is zero-mean

be easily shown that, Witk (m, p) 2 E [ck(m)cz(p)]

m=1 p=1

matrix C as Gaussian, with covariance matrix
¢t 0 0 ... 0 K., =vD" +Q (16)
0 ¢cg 0 ... O N _
c2l0 0 ¢ ... 0 (13) wherey = FE;/o? is the average SNR of user 1, and we de-
[ . fine @ = R~'. The superscripfl; denotes thath hypoth-
: esis (there being® hypotheses) and encodes the dependence
0 0 0 ... cx of the matrixD": on the particular signals transmitted by the
K users. Furthermore, we define thedimensional vectob,

where the0’s are M L,,-dimensional column vectors. More-"*,
over, we will see that the multiantenna version of the signal cdfith 0x € {1, —1}, whereb; = 1 (b = —1) means that théth
relation matrix in (7) iSR 2 R @ I, wherel,, is the iden- USe€r employs its first (second) signal. Specific realizatioris of
tity matrix of dimensionM. Let y;, denote the SNRE /o of (there are2X of them) are denoted through the indesf H;,
userk. ' ' theith hypothesis. We also use the notati(t#/; ) to express the
The dependence of on the transmitted signals can pdealization ofb corresponding td7;. This dual representation

written, using elementary properties of the Kronecker produ® @nd ;) is convenient to charact_eriée the problem at hand.
- e X -dimensional matrix>”: is block diagonal,
operation [12], as The2LK x 2LK-d I trixD block diag I

with each of itsL, x L-dimensional matrix entries given by

M M
y= Z RC(m)Ql/Z’g Qem + Z n, Qe Dgcifl 2k—1 :%Tk (1 + bk(Hv)) Xk (17)
m=1 m=1
M Dyl —1, (1 = bi(Hi)) Tk (18)
:(R@IA[) Z (C(m)ﬂl/2n®em> +n 2 N
m—1 whereX; is defined in (12), and, = Ej/E; is the ratio of
VIIEL ® €1 ® ey, signal energies of usérand the reference user 1. This notation
V2k2 @ €2 @ ey, is convenient to obtain an error rate analysis of user 1 as a func-
= . +n tion of v and the energy ratiog-} for k € {2,..., K}.
: When there ard( active users, each employing two signals,
VIKEK @ CK @ en, the optimum decision rule, with optimality defined as the min-

=RCO'*k +n. (14) imum probability of erronous joint decisions, will be2& hy-
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potheses testing problem. Assuming equiprobable input signafser an inverse Laplace transform to obtain the pdf, and inte-
for each user, the maximueposteriorirule is the maximum- grating over appropriate ranges, we obtaindgr > 0 (using
likelihood rule. Consequently, for a given vectothe optimum the convention thad! = 1)

multiuser detectop°P* selects the hypothesis: according to

i=arg min {277, 240 (det (Kyym,)) | (19) Pr—ny = 3 ) Aw
1<i<2K v xkk>o v=1
where } denotes the complex-conjugate transpose operation. ' v—1 1
The extension of (19) td/-ary nonorthogonal modulation is % (,\fj)" — Z - -
straightforward, as is the extension to the case where the matrix m—0 (v—=1-m)!

R is not invertible (cf. [9]).

Am+1l y_(m Cij
x (A" e exp (—/\—kjﬂ
ij

B. Bounds on Error Probability

_Wlthout !oss of generah?y, the performance analysis in n Z ZAku()\fj)" (25)
this paper is done for the first user. An upper bound on the it
conditional error probability giverf{; results from invoking A <0

a union bound, and a lower bound from considering, just that . . N
H; which differs only inb;, or equivalently, thek-dimen- andsimilarly, ifc;; < 0, the corresponding probability becomes
sional error vectoe’ = (£1 0 0, ..., 0)T, with e’/ defined

element-wise as;’ = 27! (b (H;) — bi(H,)). Error vectors _ -
which have onlykone nonz(er(g en)try at(p()Js)i)tion one will be of #*7# ~ Z Z;Ak” xp
special importance in the asymptotic analysis. We refer to them Ak <o =
as unity-weight error vectors. N\ vl 1
Let us consider the evaluation of the conditional pair-wise x <— Cf) > — (/\i-“j)"“rl =M (26)
error probability thatH; gets chosen ovell; when H; is true Nj ) (v —1-m)!

(henceforth denoted a8, . 5, ). It follows from (19) that we

must evaluate the probability of the event that the Hermitiafyith this result for each individual conditional error probability,
quadratic formj;; A i ’C;ﬁq _x-1 g is less than or the above-mentioned upper and lower bounds on the overall bit-
J

a|H, error probability become

equal to the real-valued threshalg defined as
det (K, m,) 1 & 2"
A z|H; A
= In [ ——r ). 20 < L =Py
G = <det(lCZ|H_7)> (20) P = 9K ; ; Pu,—u; = Py (27)
s.t.by (H)#by (Hj)
Therefore, we obtain the characteristic function [Laplace trans- ;K '
form of the probability density function (pdf)] of the Hermitian 1
the p y density functic (paf)] of 1 P>— 3 Py, ., 2 Py. (28)
quadratic formf;; = z' (ICZ‘H_ — ’CZ|H-) z as being (cf. [13]) 2 —
J £ el =(by(H;),00,....00T
N 1\ - .
[T (,\—k]) These bounds on error probability can be easily extended to
Gy, (s) = N L\ (21)  the more general case &f-ary modulation and/or to the case
| P (ﬁ + 3) whereR is not invertible. While the bounds in (28) can be

L ) ) o numerically computed, the expressions for the pair-wise error
where\j; is thekth eigenvalue with multiplicityn;, from the 5 opapilities are complicated and reveal no insight into the es-
set of V distinct nonzero eigenvalues of the matrix sential behavior of the error rate. This motivates the study of the

-1 asymptotic error rate as> — 0 in the rest of this paper. We
Corat, = Koy Koy, =1 (22) resﬁric?t attention to the case of binary modulation.IO i
whereZ is an identity matrix of dimensiodL K . A partial frac-
tion expansion of the characteristic function in (21) yields IV. ASYMPTOTIC BEHAVIOR OF ERROR

~ PROBABILITY AS 02 — 0
ng

Gy, (s) = Z Z Lﬂ (23) Notice that the pair-wise error rates depend on the values of
k=1v=1 (S + ;x) Cij and)\{-"j. In Sections IV-A-D, we obtain the asymptotic low
) b noise characterization of these quantities. Following that, we
where eachl, can be determined from show that the error probability is asymptotically dominated by
N (1 \™ the unity-weight error vectors, which allows us to show tHat
A — 1 dm—v =1 (ﬁ) and Py, are asymptotically coincident. This also yields an exact
kv = (g, — v)l ds™—v ]'[sz—l (L N s) ™ ’ formula for asymptotic efficiency. In the rest of this paper, we
e\ s=—1/Ak will write the limit 2 — 0 equivalently asy — oo with the

(24) energies of all users (and hence, the energy ratios) fixed.
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A. Asymptotics of;; Notice thatz;; is independent of the energy ratips, } for any

We first obtain the limit ofc;; defined in (20) asy — occ. Pair of hypotheses.

Note that for any hypothesi#;, det(K, g,) is a polynomial
of degreeLK in ~. The threshold:;; is the ratio of two such B. Asymptotics of Eigenvalues

determinants. Hence, the limit of; asy — oo is obtained as In this section, we study the asymptotic behavior of the eigen-

arx (det(Kypp,)) values of the matrixCy, i, that was defined in (22). We will
( 2 ) (29) first show that some of these eigenvalues are equal to zero for
arx (det(Kym,)) any SNR. To characterize the rest, we must consider the limiting
behavior for high SNR.
For any two hypothese#l/; and H;, the covariance ma-

— A .
Ci; = lim ¢;; =1n
y—00

where apx(det(K,x,)) is the coefficient of v%¥ in

Z1Hi . _ ) . trices Ky, and K, i, can be permuted in a way that the
i .A c;:ose;j-lflorm e&(p;estalotﬁff%j defmnid "‘1 (,{29% can tile ob- elements corresponding to users indexed by all sudor
ained as follows. Note that if we assufef;) to have all en- whichb,(H;) # br(H;) are in the upper left corner, so that the

';ges e?]:zl ':r(:eu?:ryﬁﬂ;isssr/wmr?t(gg: 12%0;('&?:;%1 g‘; ttr;]e;m:trl ermuted matrices (with a slight abuse of notation, we denote
z|H; wn in (30) Pa%%hem by the same symbols)

whereQy,; is the(k, [)th submatrix (of dimensiod x L) in a
2K x 2K equiblock partition of the matrix2. Note thatQy; cHo K P
has a striped structure in th@, = Qu ® Is, whereQu is Kz, < i 12) ol H, < i 12) (35)
the (k, 1)th submatrix (of dimensiod.,, x L,,) in a2K x 2K Kz Ko Kis Ko
equiblock partition of the matriQ = R~1.

In general (for any hypothesis), one can identify the blodkor an error vector with weight, the matrixiC{} will be 2Le x
permutation matrix that will rearrange the elements of thele. Using the fact that the second block row of the matrix

asymptotic approximation d€,, z, into K, HZ,ICZ_I}{J is equal to the second block row of the matrix
ICZ|HJ.ICZ_|}{J_ (which in turn is the identity matrix), it follows
| S S that the matrixCy, zr, with the same partitioning as in (35)
i o D) €Cum,),, (Crm,)
I Ir takes on the for 0 1 o 12 ), where the0’s

where the block diagonal elements/Gf.: are linearly propor- are all-zero matrices of appropriate dimensions. Thus, for an
tional to v [each of the submatrices in (31) is of dimensioMTor vector of weight, 2L(K — ¢) eigenvalues are equal to 0
LK x LK]. Consequently, it can be shown, with some algebr@nd the nonzero eigenvalues coincide with thosgCef. ;)

that The key problem then is to analyze the asymptotic behavior of
(Cr,m,)11. A crucial step in this regard is to determine the in-
aric (det(Kym,)) versek, 5, for high SNR.

_1 The inverse of anyN x N invertible matrix M can
=det (’Cf) aLK (det (’Cﬁ - KH x (lef) Kﬁ)) be computed adM~! = (det(M))~*AT, with elements
(32) A = (=1 det(My,) whereMy,; is a matrix that results
K by striking out thekth row andith column of M. Ay, is
H, called thecofactor of the matrix elementM};. The matrix
= det (’C“ )[[ldet(mz“’) (33) AT with entriesA;; as defined is called thadjugateof M
= [14]. Whenever it is not clear from which matrix a cofactor is
so that computed, we add it as an argument, agjn(M).
We introduce the notatiofiV, X}, which means that each
det (IC{?) element in the., x L polynomial matrixX is of degreeN. By
—= (34) applying the formula for the inverse to the matrix given in (30),

det (’Cm ) and using the notation just described, we have (36), as shown at

Y11 Q2 Qi3 Qs Q15 ... Qux
o Qa2 Qa3 Qu Qs ... Qug
Qi Q53 oYY Qs Q35 ... Qs
Ko m, ~ 14 : : Quy : oo Quk (30)

15 : : : r3yXs3 ... Qsox

QT?K ) : ) : s Q2K2K



1834 |

the bottom of the page, where thex L block entry(1, 3), for
example, of the transpose of the adjugat&gfy;, takes on the
form

Apry1 Ararye A3
1 A22L+1 A22L+2 A23L
LK -2, — _ : . (37)
T2 : :
Aror+1 Arar+2 Arsr

where each entryA4,, in (37) is defined asAy =

(—1)%+ det ((zc;qu)M). Ky,

variance matrix ofz|H;

i.e., askC, g, with r, = 1 for all k. This notation is useful, A
because it enables us to explicitly recognize the dependeﬁ&é) =

of the asymptotic form of the inverse of the mati, 5, on
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where we usedoR to denote a logic-exclusiver.

With this insight, we investigate the asymptotic behavior of
the matrix(Cp, 1, ), in whose eigenvalues we are interested.
It can be shown that for the general case of an error weight
with e € {1,2,..., K}, the asymptotic approximation of the
matrix (Cu,m,),, is given by (38) at the bottom of the page,
where a matrix entry) implies that the matrix in its place has
polynomial elements whose highest exponentafe no greater
than—1. We also assumed that alhonzero elements @f are

is defined as the co- equal to—1. The matriceC,,,, withm,n € {1,2,... e} are
for equal energies among all usersconstants that are all independentyof

We are interested in the characteristic polynomial
det(AI — (Cm,m,),,)- We use Laplace’s expan-

sion and retain only terms which will give coefficients that

the energy ratios,. The common denominator polynom|al'”V°|Ve ~*¢, since only such terms matter in the asymptotic

denoted a§ LK, D;} in (36) is, of coursedet ’CZ]IHi .

In general, the order of the polynomial elements ofar L
block entry(k, ) of the adjugate olCZ‘lle is as follows.

» LK if (Kify,)  #7Swand(Kify ) # 9%

e LK —1, If (K:;]IHl)kk # YX gk XOr (’CZ]IHi)” #v3%.

e LK — 2, if (K;qu)kk = ’szk and(lCZ‘llHi)” = ’}/2”

analysis. Thus, we obtain the characteristic polynomial shown
in (39) at the bottom of the page, where the matfxis
implicitly defined. From (39), it is easily seen thatl is an
eigenvalue with multiplicityLe. The otherLe eigenvalues are
positive, which follows from viewing thée x Le matrix P, as

the product of the diagonal matridag(1 s, ..., r.) ® I, the
block diagonal matrixdiag[¥11, X0, ..., X..], and a prin-
cipal submatrix of the asymptotic form of the positive definite

1
Kl omr
2H (LK, D;}
T
(LK —1,An}  {LK —1,Ap) {LK _2, %Alg} (LK — 1,A1) (LK — 1, Ao}
{LK —1,A} {LK, As} {LK -1, %A23} {LK,Aay} {LK, Ak}
_9 1 1 L 1 L 1 L B .
§ {LK 2, L A31} {LK 1,1 Agg} {LK 1,1 A33} {LK 1,1 A34} {LK 1L Aggk} -
(LK —1,A4) (LK, A} {LK _1, %A43} (LK, A} (LK, A}
{LK —1,Azk1} {LK, Aska} {LK -1, %AH(S} {LK, Aska} {LK, Aok}
. | Cll 0 012 0 Cls
arLK 22 arLK 42 a A(20)2
Ca 7211#(%].)) Ca2 7211#3‘71.)) Cas 7211%
(Crm,)y, = 0 Cs I Cs2 Cse (38)
’ “rI:J( As(ae : Gil( Ao : GLI:< A2e)(2e
C(Qe)l TS’YESS a[4$<(gj))) C(QR)Q Te’yzee. al,E( (45?))) C(2e)3 Teryzee al(,l(((Dl()z ))
AL — 3 —(ZL,i((%?)) -1 %L,f((gf)) -2 = [;l’i E:&((lgj-);)
_ » arx(Az4) Al — » arx(Agq) _ » ark(A2e)a)
e(A) m(A+ 1)Le det T2V &22% (D)) T2 227, (D)) "2 =220 (D)
G.LK(A‘( ) a:1,K(A (2¢)) :al,K(A( ) (2¢))
—Te’YEeeT(E) —Te’YEee?(}ljj) AL - Te’YEeeT(ZDj)Q
2N+ 1)l det(N\T - P) (39)
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-1 which is, thus, also positive definite. TheWhere the second equality results from a partial fraction expan-
sion assuming that the positive eigenvalues are distinct. The co-
efficients A;,; andB;,; can be expressed as

matrix (ICZ‘I’H

J

positivity of the eigenvalues dP follow from Sylvester’s law
of inertia [14]. As every element dP is proportional toy, all
eigenvalues are, hence, also proportionaj.tMoreover, these (—1)¢L deL—1

eigenvalues depend on the energy ratins. . , r.. lij = oL eL—1

. (eL — D)yl [T, o, s
In general, then, we conclude that for any arbitrary error =17

vector of weight (by appropriately renumbering the users and 1

their signals, and following the above argument for the partic- X 7 ; (42)
ular case of the error vector with all nonzero elements equal k=1 (S + m)

to —1), the eigenvalues @@y, 5, always have the following SL_Jl o=t

structure for high SNR: there arle: eigenvalues equal te 1, By, = ZL . (43)
Le eigenvalues positive and proportionaktpand2L(K — ¢) o, (7 + L ) ZL;} (1 _ Zi_ﬂ)

eigenvalues equal to 0. Moreover, the positive eigenvalues are

a function of the energy ratios of the interfering users who$gom (42), it can be seen that al,,’s are proportional tey L
indices are the same as those of the nonzero elements offtirehigh ~.

error vector. We begin by noting that if the asymptotic threshald is
Consider the important example of a unity-weight errafonnegative, ther;; is negative, and vice versa [see (34)].
vector e/ = (—10---0)". For the asymptotic form of Hence, we will, without loss of generality, consider pairs of

(Cu,m,)11, we obtain (40), as shown at the bottom of the pagrypotheses for which;; > 0. Computing the inverse Laplace
where the submatricesS;, C, do not depend on. In (40), we transform of (41), and integrating the resulting pdf over appro-
assumed that user 1 sends signal 1 and that it is erroneoysigte ranges, we obtain for the pair-wise error probabilities
detected as signal 2. From (40), we see that for a unity-weight; _, ;. and Py, . g,

error vector,L, of the asymptotic eigenvalues arel, and L

are positive and linear in,.. Note also that the asymptotic ok .

eigenvalues for error-weight one are independent of the energy Pr—n; & Z(_l) A,

levels of the interferers. =1

N ki )
+ 1)
C. Asymptotic Error Probability - (1+ 1 )“L eL (1 B am)
XY [y Xy j
In this section, we obtain high SNR approximations for épH,—»Hj (44)
pair-wise error probabilities. Subsequently, we obtain an ' oL )
approximation of the overall error probability that is asymptot-  p r~ — exp(Ess
. . j—H ™ % P Cji
ically tight. =i (@ ); (=1
Consider hypothesd$; andH ; for which the error vectoe; ; -1 (1— 1)15171,,,1
has weight. Let {o,;v}¢Z, denote the L asymptotic positive x Ay, Z (—)m
eigenvalues of the matr@y, , - m=0 (I=1-m)!
Given the form of the asymptotic eigenvalues that were =P, —m,- (45)
deduced in Section IV-B, we obtain from (21) the following
asymptotic characteristic function of the Hermitian fofp: ~~ One should note that the SNR enters (44) and (45) also through
the coefficients4;,,, which are, as we have already mentioned,
(—y) L Hfﬁl(alij)A prc.)portional toy—°" for high~. Thus, the pair-w?se error prob-
Gy, (s)~ P ; ability in (44) and (45) would also decrease like®“L, if the
(s =D IL5 (5 + a,a,ij) second sum in (44) is also proportional4o¢”. That this is

indeed true is shown in Appendices A and B. Hence, the con-

el el
= Z Au -+ Z B’if‘l (41) ditional error probability corresponding to a unity weight error
o D s yai,; vector decreases as “, whereas for > 1 it decreases with a
-1 C,
ark(Ar+1o4+1) 0rx(ATy1p42) -0 ark(A7i10r)
Cam,)n ~ c, arg(Aryir+2) arx(Aryory2) - arx(ALyior) (40)

;
v311 oLk (det (’C;\qu ))

ark(Aryi2r)  arkx(Ary20n) ... apk(Aarorn)
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y~¢L dependence. Consequently, we have the important resuttere P, () is the error probability of user 1 for any detector

that in the multiuser channel, anB®(6+) is the minimum achiev-
able error probability in a single-user channel where only user 1
lim Pa—ny. _ 0 (46) is active with SNR6~. The single-user scheme uses the two
v=oo P~ H,), nonorthogonal signals of user 1 together with the noncoherent

) ) - detector that is optimal for that single-user channel. An exact
which establishes that eadfl,, the error probability con- o4 for the asymptotic efficiency of user 1 for the optimum
ditioned on hypothesid/; being true, is dominated by the iyser detector can be obtained by replacingy) in (49)
Py,—p; where H; is the hypothesis that differs fromtl; i the asymptotically tight approximatiaf () of its error
only for user 1. As a result, we have the asymptotically t'g'btrobability as obtained in Section IV-C.
approximation of overall error probability To arrive at a closed-form expression for asymptotic effi-
ciency, we have to compute the limit

2K
1
Pi(v) =3K Z Py,
i=1

lim 1(7)
1 v P5(5)
NoK Z (Pa,—u, + Pu,—m,) (47) Pi(v)
€e lim psl(g )
1 ~ ~ A~ y—00 ry
N Py, g, + Pu,—u, ) = Pi(y) (48) N N
2K ZGZE ( ) 2% Z (PHiHH] + PHj—)H{)
b ieg. T
with j s.t.e;; = (b1(H;),0,...,0)T and where the setof in- = lim i O)S
dices€ {1 <i < 2%;¢;; > 0}. The asymptotic expressions for e P=(67)
Py, g, and Py, .y, are given in (44) and (45). Note that (50)

the resulting approximation is asymptotically tight for both the _ .
union upper bound as well as the lower bound, based on unityT0M (50), we see that we have to obtain an asymptotic ex-
weight error vectors. Hence, the above approximaﬁ’@@) is Pressionforthe error probability forthe single-user case. Thls_ls,
asymptotically tight. of course, gspemal case of the multiuser problem. Th(_e receiver
As a consequence of the fact that the asymptotic threshoffiServed. time translates of one of the two correlated signals of
and eigenvalues are independent of the energy ratios for uniye" 1. The signal correl_at|on matrlx in th_e smgle-use_r scenario
weight error vectors, we have the result that the asymptotic 4p{ne Upper lefeL x 2L-dimensional principal submatrix @,
proximation for the bit-error probability is independent of thesgefined in (7). All the arguments that we used to arrive at asymp-
quantities also. This result is significant in that the asymptoff@lic expressions for the error probability of the joint optimum
performance of the optimum detector is invariant to changd§tector apply for the single-user case as well. So, the asymp-
in the energy levels of interfering users, and hence, there is {9§C €xpressions for error probability of the single-user case can

near—far problem. formall_y be written as the ones fo_r the optimum detector (with
e = 1)in (44) and (45). To distinguish the parameters character-
D. Asymptotic Efficiency izing the error probabilities of the two detectors, we will denote

] ) ) the ones for the single-user detector with the superssript
In this section, we consider the problem of_exactly_ quanti- From (42), it can be seen that eadh, is proportional not
fying the performance degradation due to the interfering used'ﬁly toy~—", but also tOHIL:1 1/eu,, for high~. The remaining

rather than the background noise. A performance measytey,ionality constant is independent of the error event, and
which captures this idea is tresymptotic efficiencyct. [6], | il be denoted witha;. Thus, 4, can be written asl, =

[7], [11]), which for user 1, is defined as ary~" 1, 1/eu,,. With this notation, the limit in (50) be-
comes (51), as shown at the bottom of the page, where the

_ . Pi(v)
= Sup {0 o< 1'/71320 st (49)  outer suminthe numerator represents the averaging afthé

PS(6v) ~

L
. 121(_1)1(” . L p(—z )L—l . l (e
—T — +liIIL\_>OO |: 57__:| + CXpl—Cij) La —1)™ : _fj
> L%:S HIL:I Alij ' ! lgl . HzL:1 XL lz:o pirH mZ:O( ) (I—m)!
P,
lim 51(7) = - (51)
o0 PE(8y) S (=1)'ay

=1 li LXL: S eXp(_nl) Lill ZI:( 1)m+1“(_a§1)lim
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error-weight one conditional error probabilitizs! (Po,—m,+ 10
Py, .m,), and

_ _ Gy
! exp( a,i].’y)
81, — -1

i L 10+
1 L LY -
(1 + 0‘11,7"7) Hll‘;} (1 Xy ) 9)}
1 g5, 2
s R >
Sl = I B . (52) :'_:110_2_
1 L _ Ykgy 3
(14 e M (15 :
Q
It remains to evaluate the Ilimits of the form 2
w

limy o0 ~L Zle s;| in the numerator and denominator.

This is performed in Appendix A. With the result obtained —— Qptimum det, upper bnd. '
there, the final expression for the asymptotic efficiengy* ||~ Optrum de, simul. Y
becomes as shown in (53) at the bottom of the page, with ~~ ||===~ Optimum det, lower bnd. Y
= === Single-user channel '
L (al_ ] )—L 10‘4 1 1 1 1 1 | A
L, bl 0 3 6 9 2 15 182
i= Hizl( - kw) SNR ofusr 1indB
pis = k£l 1
" (—I)LL! Fig. 1. Upper and lower bounds and simulations of error probability of the
L (as)—L optimum detector for a four-path channel.
DY s
=1 [Tz (1—Q—*S')
p° = ( f;Ll I l (54) In this section, we illustrate these results for multipath diver-

where C;, (C7) is a polynomial in¢;; (c;) and is speci-

sity by considering a three-user channel, with the six signaling
waveforms being Gold sequences of length 31. After the ISI
mask, their effective length 82 — L. As the signal correlation

fied in Appendix A. In specifying the asymptotic efficiency,
we assumed th&gl > 0. The corresponding expression Whe?o invertible correlation matrices, we take< 4. Not only do

5 X : -
Cor < 01s obtamed similarly. . - . we study the performance of the optimum detector as a function
In the expression for the asymptotic efficiency of the joint i diversity orderl, but also as a function of the covariance ma-
timum detector, only error probabilities corresponding to errogn ’

matrix R becomes singular fat > 4, and we limit our analysis

. ) ) rices of the fading coefficients. In particular, two extreme cases
weight one vectors are considered. As these are indepen considered: one in which tlefading coefficients of each
©er are statistically independent, and the other in which they

fully correlated, i.e., each user’s fading covariance matrix

A28 entries that are all equal. The latter case effectively must re-
sult in a single-path performance (with diversity order 1), as the
different paths contain the same information. In our examples,
we also plot the error probability of the optimum detector of a

The central result of this paper was the convergence of thimgle-user channel as a generally unachievable lower bound on
upper and lower bounds on the error probability of the optimusgrror rate performance in a multiuser channel.
detector for high SNR and the invariance of the high SNR error In Fig. 1, we depict the error probability of the joint optimum
rate asymptote to the relative signal strengths of interferimigtector and the single-user channel optimum detector for four
users. paths with equal strength and independent fading. Note that the

does not depend on the energies of the interfering users. T
(53) is also the near—far resistance (defined as the worst-c
asymptotic efficiency ovefr; } £ ,).

V. NUMERICAL RESULTS

1/L
>
(=1 sy L=1 ! s \i=m
— 1(—z
S o SR G 3 )
?Pt _ =1 L101 1=1"119 1=0 m=0 (53)
L E<—1)lal exp( - ) L—1 ) l'( c‘] )l—m
1=1 i ij
= + pii + j Lo _p)ym+1 E
2 1€E HlL:l Ay N H1L:1 X 1=0 . mZ:O( ) (t=m)!
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I = : === Independ.fadingpahs K
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SNR of user 1in dB SNR of user 1in dB

Fig. 2. Error probability of optimum multiuser detector (upper bound) ankiig- 3. Performance comparison of independently fading with fully correlated
single-user detector (in a single-user channel) for different diversity orders @#ths for optimum single and multiuser detectors (upper bound in the latter
multipath spreads). case), including simulated error rates for the multiuser case.

TABLE | 10
ASYMPTOTIC EFFICIENCY OF JOINT OPTIMUM DETECTOR
FOR DIFFERENT MULTIPATH SPREADS

L n’

1| 0.901 o'
2 |l 0.839

3 0.712

4 1 0.567 t

upper and lower bounds on error probability are asymptotically
coincident, as they should be. The gap between single-user and
multiuser performances implies here that the asymptotic effi-
ciency of the optimum multiuser detector is strictly less than
unity.

In Fig. 2, we plot the error rate of the joint optimum de-
tector (upper bound) and the single-user channel optimum de- 10 . » . s
tector for the four cases = 1,2,3,4 corresponding to dif- ¢ 3 6 8 %2
ferent multipath spreads. The greater the multipath spread, the SRofuer 1n B
higher the order of diversity. Notice that the gap between thgy. 4. Lower bound on and simulated error probability of optimum detector
single-user detector and the multiuser detector increasés afor various interferer energies.
increases. This is because the correlations betweesvtisig-
nals increases with, since the spread factor is kept nearly coreachX ;. has all entries that are identical. Notice that the diver-
stant (the effective spread factor is ju&t — L because of the sity order drops from four to one, as expected. The two cases
ISI mask). This is reflected in the values for the asymptotic eéf L. = 1 which are depicted in Fig. 2, and the fully correlated
ficiency, depicted in Table I. example of Fig. 3, are effectively the same and lead to almost

In Fig. 3, the error rates of the joint optimum detector (uppehe same performance. The slight performance difference is due
bound) and the single-user channel optimum detector are plottedhe 1SI mask for thd. = 4 case.
for two cases. The first case corresponds to independent fadinginally, we depict the interesting result that the high SNR
coefficients on the multiple paths of the same user’s signals, i.error probability of the optimum detector for a particular user is
eachX, is diagonal. The second case is one where the fadiaffectively independent of the energies of the interfering users.
coefficients for the same user’s signals are fully correlated, i.@his is illustrated in Fig. 4, where the error rate (lower bound)

Error probability of user 1
=)

=)
o

L I
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is plotted for three cases where the ratio of interfering usersriamerator will be proportional te=2, as both the derivative
desired user signal strengths are equal to 1, 10, and 100, respéd- + 1/«a,z andexp(—c/arxz) lead to such a dependence.
tively. Notice that as the interfering signal strengths increase, thierefore, the:—2 in the numerator cancels with (¢+1 of the
error rate bound decreases. This may seem contrary to what daeominator, and the order in the exponent in the denominator
might initially expect. However, such a result should not be sureduces by one té. — 1. It is shown in Appendix B that the
prising because with high interfering signal strengths, therensmerator in (57) is identically equal to zero for = 1 so

less uncertainty about those signals, which, in turn, implies thtagat (57) is indeterminate. Taking the second derivatives of the
such signals are more effectively subtracted from the receivedmerator and the denominator of (56) yields (57) (with=

signal by the optimum detector. 2), and again the numerator in (57) is identically equal to zero
(for m = 2), resulting in another indeterminate form for
VI. CONCLUSION In fact, this continues until we take th{&. — 1)th derivative,

Optimum noncoherent multiuser detection for eneralizescijnce terms in the numerator of (57) are equal to zero for each
P 9 € {1,2,...,L—1}, as shown in Appendix B. Taking tHeh

multiuser diversity communications is studied. Upper and - -. . ; :
. erivative of the numerator and denominator in (56) and taking
lower bounds on average error rate are obtained. The main,. . ' . : o
. L (s limit asx — oo finally yields the desired limit
focus of this paper was on deriving formulas for the asymptotic

(high SNR) average bit-error probability of the optimum

detector. It is shown that this asymptotic error rate for each Cr XL: _ at _
user decays as the inverse of thih power of the user's SNR, i=1 H;‘_;}, (1—0—1)
where L is the total diversity order (equal to the product of p= (—1)LL! : (58)

number of receive antennas and the order of transmit diversity).
The single-user special case generalizes a result that is V\i.%|
known for an idealized single-user channel with independent
and identical fading across diversity branches. Moreover, in
the multiuser channel, it is shown that the asymptotic error rate
is independent of the interfering signal strengths, and henceln this appendix, we prove that, given a setlogpositive and
that the optimum multiuser detector is near—far resistant. TH&tinct numbergx;}%_,, itis true that

performance of the optimum detector is also quantified in terms

||s limit is shown to be nonzero in Appendix B.

APPENDIX B

of an exact formula for its asymptotic efficiency, which is also L 1
equal to its near—far resistance. Z sz— S Z B, =0 (59)
1=1 JJ;: (xl - x.}) 1=1
APPENDIX A
In this first appendix, we determine the limit foralll € {2,3,...,L}, whereas, it is nonzero fér= L + 1.
Let us define the functiop(z)
L c
1 —exp(—
pé lim J,’LZ o aiz) - (55) (2) A zL-t (60)
Z—00 prt 5: (1_ﬁ)) (1 1 ) g(r) 2 ——
(M (1-2)) (1+ & (o - 1)
Let us rewrite (55) in the following form: and perform a partial fraction expansion to get the equivalent
expression
L 1—exp(— a”_z)
& (11 (1_2))1(1+ L)* A, b
_ 1 i i x) = L whered, = ——2% (61
P mlglgo L] (56) g( ) Lz_; Tr —X; H?:l (.II'L — iﬂj) ( )
zl = i

We now apply 'Hospital’s rule. After having computed theh  Note thatd; = B;. If we now reconsider (61), and write it again

derivative, withm < L — 1, of both the numerator and denomith a common denominator, we obtain a third form §o)
inator, we obtain the following indeterminate expressiongfor

L
L —m AL ?:1 r—x;
Con > oSy , izt
= = (-2) 9(z) = L 4
i7 - (57) [Loi(z — i)

(_1)m (Lfin)' hlnz—n)o oy

(62)

p:

The coefficient ofz“~! in the numerator in (62), which is
whereC,, is a polynomial inc and is independent eaf;. equal tto:1 A;, must be equal to zero because the coeffi-
A sketch of the proof is as follows. The first derivative of theient of zZ~! in the numerator of (60) is zero for arly €
denominator of (56) gives-Lz—(L*+1. The derivative of the {2,3,...,L}. This completes the proof.



1840 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 50, NO. 11, NOVEMBER 2002

To show that (59) is nonzero fér= L + 1, we proceed in  [8] M. K. Varanasi and M. Brehler, “A systematic approach to noncoherent
an analogous way. The partlal fraction expans|0@( now detection for DPSK modulation in multiuser correlated diversity
Rayleigh-fading channels,” iProc. Conf. Information Sciences and
takes on the form SystemsPrinceton, NJ, Mar. 1998, pp. 236-241.
[9] A.Russand M. K. Varanasi, “Noncoherent multiuser detection for non-
L linear modulation over the Rayleigh-fading channéEEE Trans. In-
A; C form. Theoryvol. 47, pp. 295-307, Jan. 2001.
9(37) = Z +— (63) [10] J. G. ProakispPigital Communication3rd ed. New York: McGraw-
Hill, 1995.
[11] M. K. Varanasi, “Parallel group detection for synchronous CDMA com-
. munication over frequency-selective Rayleigh-fading chann&&5E
with Trans. Inform. Theoryol. 42, pp. 116-128, Jan. 1996.
[12] R.Hornand C. Johnsoiippics in Matrix Analysis Cambridge, U.K.:
Cambridge Univ. Press, 1991.

A = dC = (—1)L 64 [13] M. Schwartz, W. Bennett, and S. Stel@pmmunication Systems and
L HL_ ( o ) an - L N ( ) Techniques New York: IEEE Press, 1996.
Zi ;;1 Ti— Xy i=1 i [14] R. Horn and C. JohnsomMatrix Analysis Cambridge, U.K.: Cam-

bridge Univ. Press, 1985.

Now, writing (63) again with a common denominator, and using
the property that the coefficient ef* equals zero, results in the
Conditionzp_ A; + C = 0, which implies that Artur Russ received the M.S. degree in electrical en-
=1 gineering from the University of Colorado, Boulder,
in 1996, and the Dipl. Ing. degree in electrical engi-

L 1 neering from the University of Erlangen-Nuremberg,
&€, - Erlangen, Germany, in 1997.
Z HL_ (z; — ;) =-C#0 (65) He was a Research Associate at the University of
i=1 11i=1\Ti — T Colorado until 1997, where his research activities

7 were in the area of multiuser detection. In 1997, he
joined Siemens Semiconductors, and later moved to
Infineon Technologies, both in Munich, Germany.
From 1999 to 2002 he was managing 2.5G/3G
mixed-signal baseband chip development projects both in Munich and in
REFERENCES Sophia-Antipolis, France. In 2002 he joined the BMW Group in Munich, and

[1] S.Vasudevanand M. K. Varanasi, “Achieving near-optimum asymptotlié currently involved in the development of driver assistance systems.

efficiency and fading resistance over the time-varying Rayleigh-faded
CDMA channel,”IEEE Trans. Communvol. 44, pp. 1130-1143, Sept.
1996.

[2] X.Wangand H. V. Poor, “Adaptive joint multiuser detection and channg
estimation for multipath fading CDMA channeldfireless Networks
vol. 4, no. 6, pp. 453—-470, Nov. 1998.

[3] M. K. Varanasi, “A systematic approach to the design and analyg
of optimum DPSK receivers for generalized divesity communicatio
over Rayleigh-fading channels|EEE Trans. Communvol. 47, pp.
1365-1375, Sept. 1999.

[4] W. C. JakesMicrowave Mobile Communications New York: IEEE

and proves the second part of our claim.

Mahesh K. Varanasi(S'87-M’'89-SM’'95) received
the B.E. degree in electronics and communications
engineering from Osmania University, Hyderabad,
India in 1984, and the M.S. and Ph.D. degrees
in electrical engineering from Rice University,
Houston, TX, in 1987 and 1989, respectively.

In 1989, he joined the faculty of College of
Engineering and Applied Sciences at the University

Press, 1993. of Colorado at Boulder, where he is currently
[5] S. Verdd, “Minimum probability of error for asynchronous Gaussia Professor of Electrical and Computer Engineering.
multiple-access channeldEEE Trans. Inform. Theorwol. IT-32, pp. His teaching and research interests are in the areas
85-96, Jan. 1986. of communication theory, information theory and signal processing. His
[6] S. Verdu, “Optimum multiuser asymptotic efficiencyEEE Trans. In- research has been in multiuser detection, signal design and power control for
form. Theoryvol. IT-32, pp. 890-897, Sept. 1986. multiple access, fading channels and diversity systems, blind receivers, and

[7] Z.Zvonarand D. Brady, “Multiuser detection in single-path fading chanpower and bandwidth-efficient multiuser communications and space-time
nels,”[EEE Trans. Communvol. 42, pp. 1729-1739, Feb.-Apr. 1994. communications.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 
	Intentional blank: This page is intentionally blank


