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Optimal Diversity Allocation in Multiuser
Communication Systems—Part |: System Model
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Abstract—A class of multiuser multicarrier communication sys- access for the Global System for Mobile Communications
tems is introduced to study the influence of resource allocation on gnd maximum shared time-bandwidth allocation in the form

the performance of multiuser communication systems operating ¢ giract-sequence code-division multiple access (DS/CDMA)
over fading channels. This class of systems includes both systemsfor the 1S-95 system

that employ exclusive allocation schemes, where users are allotted . ) .
time-bandwidth slots without interference from other users, and Because of the critical nature of this problem, optimal
systems that employ shared allocation schemes, where users aresystem specification for wireless systems has been considered

allotted time-bandwidth slots that are also employed by other n the research community. However, when comparing various

users. The optimal weighting factors used in the combining of the 5,cation schemes, comparisons have generally been done
received signals from the slots of a single user for the conventional

receiver is derived, and the performance of systems in the class dualitatively by comparing attributes of the signals for each
is characterized. For each of a number of popular multiuser Of the types of resource allocation to argue their suitability
architectures, it is shown that there exists a system in the class for a given wireless environment [1], [2]. Quantitative com-
e B e i PEISONS Ve been made between frequency-hopped COMA
allows the study of the merits of ()Jllifferenttypes of time-bandwidth (FH/CDMA) and DS/CD.MA (g, [3]_[51)’ but the conS|d—.
allocation under a single framework. ered systems have not included exclusive resource allocation
schemes and lack the single system hardware architecture as
considered here.

The proposed class of communication systems is developed
from reasonable assumptions on multiuser communication

I. INTRODUCTION systems operating over frequency-selective fading channels

HIS two-part paper is motivated by the desire to find With independently faded users. Choosing a system in the

single framework that encompasses a number of m@lass is a decision on which type of time-bandwidth al-
tiuser wireless communication system architectures; sucHogation is preferable. To make the relation of systems in
framework would conceivably allow an equitable comparisdfie class to commonly implemented systems more concrete,
of the included architectures. the mathematical relation between systems in the class and

Flexible universal communications is the ultimate goal depresentative systems of each type of time-bandwidth allo-
modern communication systems. One of the critical compgation is demonstrated in this paper. The representative of
nents of such a system is a wireless communications comgystems employing exclusive time-bandwidth allocation is an
nent that supports multiple users in a given physical area ovdl/CDMA system with users employing orthogonal hopping
the multipath fading channel. However, a universally agreg@tterns. The representative of the maximum shared resource
upon method of resource allocation for these users remains ahocation systems is DS/CDMA. It will also be demonstrated
decided, as evidenced by the competing methodologies bethgt hybrid systems, systems that are a combination of the
proffered in the cellular telephone market: exclusive timdenets of DS and FH/CDMA, fit under the class as well, as do
bandwidth allocation in the form of time-division multiplethe multicarrier (MC) DS/CDMA (MC/DS/CDMA) systems

proposed in [6] and [7].
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conditions where the maximum resource sharing scheme is ¢
optimal, especially when the probability of a particular time-
bandwidth slot experiencing interference is high. We conclud
that by stripping away many of the implementation issues an
characterizing the performance of a large number of systems
under a single framework with equitable receiver assumption§,
not only can we optimize over a large number of systems bu
also make a comparison that is reasonably fair.

The organization of Part | of this paper is as follows. :
Section Il develops the proposed class of systems by deve(
oping a coded MC system from the characteristics of the
frequency-selective fading channel. Section Ill presents the
conventional receiver for systems in the class and the char- s
acterization of the performance of the conventional receiver.
Section IV demonstrates that the proposed class contains sys- :
tems that are mathematically equivalent to representative sys- 4{ T, }.ﬁ t
tems of various types of time-bandwidth allocation. Finally,
Section V presents the conclusions and continuing work. Fig. 1. Time and frequency slot arrangement from the MC approach.

Il. DEVELOPMENT OF THECLASS OF MC SYSTEMS Uncoded systems employing narrow-band signals do not
perform well in multipath fading, and thus the need for
A. Fading Channel Assumptions coding in MC systems has been widely recognized [15]-[17].

Since B <« (Af),., adjacent slots in frequency will exhibit

In this work, a zero-mean frequency-selective time- lated fadi Th it th q bols of d d
nonselective fading channel is assumed that fits the Gausgigfyc'ated fading. Thus, It Iné code Symbols ot a codewor
placed across adjacent slots, the effective channel that

wide-sense stationary uncorrelated scattering model prese £ der—decod X ¢ Il exhibit
in [9]. It will be assumed that the receiver is unable to resol\} € encoder—decoder pair operates over will exhibit memory.

specific paths of the channel, thus making the chan Ilthough channels with memory have capacity at least as
responsehy(r) of user k a zer’o—mean Gaussian randonaf9e as their memoryless counterparts [18], most error control
process V\zth autocorrelation functiol [y, (r)hi(r;)] — codesaredesignedfor_channelswith indeper_1de_ntfading on the
. (:)5(rs —7;), whereg, (), the multipath intensity profile, is channel symbols of a given codeword. Thus, it will be assumed

the expected power dfy (1), §(z) is the Dirac delta function, that each user interleaves the transmitted symbols to a depth

X : : which achieves independent fading on the code symbols of a
andz* denotes the complex conjugatesofit will be assumed iven codeword. The ratio of the total bandwidi of the

:Pa:d)é(?o) ITS th? same for all users and is nonzero if and Ongystem and frequency coherenef). of the channel yields

The communications link in a cellular system from the use Qe T;]a]f(mllﬁm amfou?lt (_)ftd'\llers't%f’ Wg'Ch |sdthfe m"?‘x'm‘am
to the base station is generally considered the limiting link [1 ngth for the perlectly interleaved codeword ot a given user.
Since the possibility of shared slots will be allowed, some

and will be the link that is addressed here. For the reverse - ol tion | Thus. it will b
link, the fading processes of different users can be model§d " ©' SIMPIE USET separation IS necessary. 11us, It Wil be
umed that each user employs repetition coding ofilrdte

as independent. Although coherent communication prese ?ﬁg db doml ted but k bi bli
a challenging implementation on the reverse link due to t @'owed by randomly generated but Known pinary scrambling.

need for phase acquisition, coherent communication is not orglkgtthheerh\;]v?;dfi’cg Sni[létli bliitegfbuserwgl tt))i?a:fplrgséidnf \tianr]izzle
plausible [10, p. 86] but preferable [11]-[13]. P P Yokt y

that is equally likely to bet1 or —1. Each of thel. resulting
symbols is transmitted on an independent slot; thus, each user
achievesLth-order diversity to mitigate the multipath fading.
For a signal bandwidth sufficiently smaller than the coFhis yields an equivalent lowpass transmitted waveform of
herence frequencyAf). 2 (1/7max) [14, p. 708] of the s(t) = SEilsi(t) = SEon(t)v2Pearc, where
channel, the Fourier transform &fi.(7) can be modeled as by (t) = 52 __ bip(t —iT;) for a synchronous systerh; €
approximately constant across the signaling band, and tHusl,+1} corresponds to théth data bit of userk, w; is
only gain equalization is required. Define a subchannel #® frequency of théth subchannelP, is the power of each
a communications channel with bandwidf over which user per subchannel, ap(t) is an arbitrary unit-energy pulse
the frequency response of the channel can be modeledshape. Thus, the transmitter is sending the wavefgrgit) =
approximately constant. The bandwidthand the pulse shapebs(t)/2P.ax,; on the subchannel corresponding to frequency
p(t) employed fix a maximum rate/7; at which symbols can w;. By the definition of the subchannel bandwidth, each
be sent on each subchannel. The aggregate of the large number
of subchannels in the total system bandwidith defines an _ *“For clarity of exposition, the channel is assumed to be time-nonselective.
. . _For a channel exhibiting time-selectivity, the maximum amount of diversity
MC system. Thus, the MC system breaks the available t'mﬁﬂ be a function of the coherence time of the channel and the allowable
frequency plane into a number of slots, as shown on Fig. ldelay as well.

B. MC Modulation and Coding Framework
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. . 1 A 00
Users 0,..., K — 1 each Users K, ..., 2K — 1 cach 1
using L order diversity using L order diversity N
| Group 1 [ Group 2 | Fig. 4. Interpretation of the class of systems.
tee — see(Df . . .
0 : S L i I i groups ask'(N/L) = AN, where the user density is defined

A .
| Slots as A = (K/L) users/slot. The total number of users in the
Fig. 3. Distribution of users over independently faded slots. Note that thé/Stem is proportlonal to the user densﬂy yleldlng the
horizontal axis isnot frequency. interpretation shown in Fig. 4. The curve in the lower left-hand
corner indicates the exclusive allocation systems that occur

en K = AL = 1. Moving upward in the plane increases

isubchanrtlel IS f_";‘tded ndonﬁelectllvely, snd thus thte dequwar:ﬁpé diversity that each user is employing, but since the system
owpass transmitier and channel can be represented, as Shgud) density is fixed, this implies that each slot is shared with

n Flg.b2. Thejef'j‘dm% of thelt_h EUbCIh.aT]ng! ffbutsedk IS d an increasing number of users. Moving right on the plane keeps
glvep y.?"“’lel d twbe:edak;i_lhls Av%ﬁg dls nlt'u Ie » N0 e diversity that each user employs constant, but the system
k¢ 1S uniormly distriouted. The and mulliple-access,qq, density increases, thereby increasing the number of users

interference that _usdf sees on su_bchannélls contained in in the system but reducing the performance of each user.
I, 1(t), andry ;(t) is the received signal on tHé subchannel

of userk.
The L independent slots a given user occupies will be
denoted a group. In a multiuser system, however, it is notAlthough joint decoding of other users’ signals can provide
clear that theL slots of a single group should be dedicatedmproved performance for systems in this MC framework
exclusively to one user. For this reason, each group wifi0], attention is restricted here to the conventional receiver.
contain K > 1 users,each signaling over allL slots in The conventional receiver will be defined as implementing
the group Fig. 3 displays a picture of the division of userghe optimal decision on the matched filter output of a given
across slots. The proposed class of MC systems consists/8@r without knowledge of the other users’ data bits, matched
all systems described above such tdae {1,---,N} and filter outputs, timing, or spreading waveforms. It will be
K e {1, -, 00} established that maximum-ratio combining of the matched
As noted above, it will be assumed that the system is usififjer outputs results in the optimal conventional receiver for
random scrambling sequences. Although better performark@h synchronous and asynchronous systems. Following the
can be obtained in a multiuser environment where the usélgivation of the optimal combining factors, the performance
are equally faded by using sequences that are orthogonaPfothe conventional receiver for systems within the class
those of other users [19], the work here will be concerned with characterized. Throughout this paper, perfect fading es-
the mobile-to-base link where the independent Rayleigh fadifighation, timing estimation, and carrier acquisition will be
between users randomly changes the phase of the spreadigggmed.
sequences on each slot. However, the systems introduced here
enjoy the same eigenfunction interpretation that is exploitéd Receiver

I1l. PERFORMANCE

directly by the simple gain equalization in [19]. Recall that perfect interleaving and independent fading be-
o _ tween users is assumed; in other words, ;, k = 0,---, K —
C. Qualitative Interpretation 1,l=0,---,L—1} is a set of mutually independent Rayleigh
The total number of users pe¥ slots is given as the random variables, an® 2 {bsi:k=1,---,K—-1,1 =0,

product of the number of users per group and the number-of , L — 1} is a set of mutually independent random variables
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b— w7, — r9 with knowledge only of the statistics of the fading of the
other users and that the fading of the other users is independent

Fig. 5. Asynchronous system bit timings. of his/her fading. Becauggr)|b3 = +1, T,) is not the density

function of a vector of jointly Gaussian random variables in
that are uniformly distributed of0, 27]. In general, the re- the general asynchronous case, the optimal combining factors
ceived signal is given by(t) = Ei}’:fol EIL:BI g ¥y (b—  are not obvious. Assume temporarily that user 0 also has
uTy) + S5 mi(t), wheren() is the lowpass equivalent of knowledge of7 and B = {780 : k = 1,---, K — 1};
a white Gaussian noise process with two-sided power spectia optimal decision is then based on the likelihood ratio [21]
density Ny/2, andu,T; is the time between the start of a data

bit of user 0 (the desired user) and that of ukeper Fig. 5. o _ p(0lb) = +1,70,7,B)

For the synchronous case, each of thek =1,---, K — 1 Ao = p (96 = —1,Y0,7,8B)"
will be assumed to be equal to zero. For the asynchronous
case,J = {uy :k=1,---, K — 1} will be assumed to be an Observe thap (rj[b§ = +1,Y,7,8) and p(rf[b§ = —1,
independently, identically distributed set of uniform randor¥o, 7, 8) are the probability density functions of Gaussian
variables on [0, 1]. random vectors with independent components and parameters
Without loss of generality, consider the decoding of bit 0 of
user 0. Assuming both that the pulse shafg is chosen such E[7’871|b0 =+1,70,7,B] =/ Ecaoy
that it hgs n_egligik_JIe energy outsifie 7] and that perfect slot_ E[nglbo - 1,70, 7, B] _ _ \/E_caoz
separation is achieved, the lowpass equivalent of the received ’ ’
signal from thelth subchannel fot € (0,75) is given by and
K—-1
7)0,l(t) — /2Pc Z CLkJOék’le(““l(t_“'kTS)—i_ek’l) var [7)8,l|b8 =+1, ’I‘07T7 B]
o k=0 L = var [7’871|b8 =—-1,79,7, B]
(bpp(t — i T,) + b p(t+ T, — wi L)) + mi(t). 0 K—1 w
. . _ f -1 A A
For the conventional receiver, user 0 performs downconver- —Ec7 Z <bk /0 p(1 —ux + 5)p(s) ds

sion and matched filtering on th¢h slot, as shown in Fig. 6, k=1 )
to obtainry = [r,79,--- 79, _,], where ! N

ro = [ro0701 " T0,0-1] + bg/ P(s — ue)p(s) ds) + 70

wn

0
7071 =Re

T 5
s 2 .
/ aot TGJ(wlt+60’1)p(t)7’071(t) dt] (1) , ,
0 s where 7 = Elaj . Let

K—-1

0 -
= v Ebgao + V E. E 0,10k, 10k, 1 2 K1
k=1

-

AT, B) 2 E% > <bk1/ (L — up + 5)p(s) ds

U g k=1 0

. <b,:1 / P(1 — up + )p(s) ds
0

w0 [ ot - upoys)

Ul

1 2 N
+b2/ B(s — up)p(s) ds) +7°.

Note thato?(7, B) is independent of. Thus,

-cos(wiurTs + 0o — Or.1) +m (2
Re(-) denotes the real part of a complex argum@té P.T, o = 0
is the transmitted energy per user per slot per symbol pefjod, ¢ 2_: 0,10
is a Gaussian random variable with mean 0 and variaage, InAS = =0

andj(x) = p(«T) is a normalized version of the pulse shape. 20°(T, B)
A sufficient statistic for the decision obf) is L' 75 cro,r.
Since this combining is optimal with the extra knowledge of

In the conventional receiver, user 0 seeks to make a decisipnand 5 and does not depend dh and B, it must also be
on the value ofby based on the (perfect) fading estimategptimal when the receiver only knows the fading variables of
To 2 {wo1,1=0,1,---,L—1} and the vector of observationsthe desired user.

B. Combining Factors
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C. Receiver Performance f
The derivation in this section is similar to the derivation .
found in [14, p. 723] for the single-user case. Using maximum- o 4
ratio combining, the decision variable for bit O of user 0 i
given by B c A o
L—1
8= Y oo T
=0
L—-1 L—-1
=V Ec Z CY(2)7158 + Z LRISIRAY; Ec
=0 =0
K—-1
LN
. kz_l ag gox, cos (wiugTs + 6o — O11) c A o 4

wn
. <bk1 / P(1 —up + s)p(s) ds — T — ¢
0
1 L—-1 Fig. 7. Allocation of subchannels in an FH/CDMA system to users “A” and
+ bg/ B(s — ug)p(s) ds) + Z a3 ©
Uk 1=0

tgyms, which is useful for numerical evaluation. However,
the result is not amenable to analytic optimization in the

Let the total fading of the first user be given by, — general case, and thus much of the optimization work in
w1 a2, and the received signal-to-background noise rat}] and [22] is based directly on (4). Finally, an explicit

- ’ A ) relation between the approximation to the bit-error probability
be denoted by’ = (E,/No)u; whereE; = LE.. The proba- ¢ iha conventional receiver for the asynchronous system and

bility of error will be found by approximatingg as Gaussian he pit-error probability of the conventional receiver for the
when conditioned of(, and#Y; the resulting expression will synchronous system is given by

be exact in the synchronous case but only an approximation in .

and the optimal receiver performs a zero-threshold decisi
on 3.

the general asynchronous case. Realizing #ais chi-square PHK,L)=P(yK+1—,L,1I).
with 2L degrees of freedom, the bit-error probability for the
conventional receiver is approximated as IV. EQUIVALENCES

PYK,LT)~P*K,L,T)
- / Q(V27,(K.L.T)])

A. Exclusive Allocation Schemes

L-1
S e~ df A fast frequency-hopping system sends a data bit by divid-
(L - 1) ing the energy acrosk different hops, as shown in Fig. 7. If

@) the hopping patterns of all users are coordinated so that users
where Q(z) A i (1/V3m)e 1D dy 5.(K,L,T) = do not hop onto the same subchannel at the same time, this

(C/(I(K — 1) ¥ L)), and ¢ depends on the shape of_thés denoted “orthogonal hopping” and is a means of exclusive

signaling waveform as multiple access. If the amount of frequency diversity available
in the system is high (i.e., the number of slots available
U g 2
o =B ([ 30w+ 4+
0 U
* (5) and each user achievdgh-order diversity. This system is
mathematically equivalent to a system in the class introduced

v R 2 for hopping is large and the coherence bandwidth is not
/p(s_“’“)p(s) 5] |- |arge), it can be assumed that hops are faded independently,

For the synchronous system, the exact error probability i¢re with X' = 1 and the same diversity per user
given as

FL-to—f B. Maximum Resource Sharing Schemes

P(K,LT) = /0 Q(V27,(K,L,I')f) = df (8)  In this section, the performance of schemes in the proposed

) ) class that employ maximum resource sharing is compared to
where the average signal-to-interference (SIR) per subchangg;cpma systems.

7, (K, L, ) is defined as 1) MC Systemsin this section, the performance of
E, , maximum resource sharingl, = N) systems in the
F(K,L,T) = T M _ r ) proposed class is considered. Per Section lll, the probability
s\ s E T IK-1)+ L~ of error of such a system is given bP(K,N,I') =
(K-nTp N, TED

Ep [Q(/27, (K, N.[)NEy)], where Fy 2 (Fy/Ny2).
The integral of (4) can be evaluated similarly to the singlédn general, a multiuser communication system has a large
user case of [14, p. 723] to yield a finite series with positivietal bandwidthiW available to it, and thugv is large. Thus,
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it is of interest to examine the performance of maximurprocessing gain, anfi. = (7, /N.) is the chip period. Let(t)
resource sharing systems whahis large. To do this, the userbe the Nyquist pulse shapéc(t/7.) so that the DS/ICDMA
density A is fixed, andL is allowed to tend to infinity. The system can be compared to the MC system described above,
following proposition can be established. under the same pulse-shape assumption.

Proposition 1: Consider a binary coherent MC system as Next, consider the performance of the DS/ICDMA system
described in Section Il with asynchronous and independentlyer the frequency-selective fading channel when each user
faded users and parameterderived from the pulse shape.is employing random spreading sequences and the optimal
Then, for anyI’ € (0, o0), A >0, consider the following. single-user RAKE receiver [14]. Since this performance as

1) derived in [22] was derived independently for a similar system

and appeared in [7], the derivation is omitted. If the multipath

. [ 2r delay spread is; which will be assumed to be less than
| PY(AL,L.T) = — . 8 max»
fieny e (AL, L,T) Q( YA+ 1) ®) T,, the bit-error probability of the RAKE receiver under the
conditional Gaussian assumption is given by

2) Letzd 2 (y9/v/Luys) be the normalized decision statis-
tic, and assumé? = +1. Then, asL — oo,

) 0 MEEq) N,
L8 %W BNl [pe L
\/Z/Jf 2 2

where the symbolD over a relation will imply the whereL = [y W + 1]

PY(K N, 6()) = Ey, |Q FZL (13)
) 9) FL(K—1)+1

C

relation holds in distribution. = : 5
The proof of Proposition 1 is contained in Appendix A. Note Fr 2 — Z ho <—TS> (14)
that convergence for the general asynchronous system is shown Lity 1 =0 Ne
without invoking the conditional Gaussian approximation. A 1 L=t I 2
. o . . -9 A
special case of the proposition yields convergence in the Fro =7 Z E||ho <F TS>
synchronous case ¢

. . or _ 1 b
Jim PI(AL, L.T) :Q(,/FAH). (10) "I </>C<Nc TS) (15)

Equations (8) and (10) show convergence of the MC system as . . = A .

the bandwidth becomes large to the Gaussian approximat d Fhe_ rece|v_ed SNR is given fiy, = (ES’J?‘:’//NO)' .
to the bit-error probability of the conventional receiver in an tis |nstrqqtlve 0 compare the above resu!t to the bit-
unfaded DS/CDMA system with the same user density error probability of the maximum resource sharifig = N).

In the next section, maximum resource sharing syste stem from the MC framework _W'th the same bandwidth
in the proposed class will be compared to DS/ICDMA. Tg' — (N./T,) and same user densityon the fading Cha”r?e'-
perform this comparison for finitéV requires the definition ' O the MC systemL = (W/(Af)e) = Wiax, and is
of a pulse shape so that the bandwidths of the two syste rommate]y the same as for the DS/CDMA system._ Thus,
can be compared exactly. Thus, assume a finite bandwi comparison can be done by comparing (11) with the
W and that the MC system employs the Nyquist pulse shaf)
sine(t/T,). Although this is impractical, this gives an exact
bandwidth definition that will be useful for the comparisorli
below. The number of users per second per hertz is given %&
A, and the bit-error probability of the conventional receiver i S
a synchronous system is given by

yostitutionA = (K/N.) to (13).

The performance of the two systems (for lalg@ is iden-

ical except that the MC system bit-error probability depends
the normalized fading variablEL, while the DS/CDMA

tem bit-error probability depends on the normalized fading
variable F,.2 Thus, the desired equivalence of a system in the
proposed class to a DS/CDMA system has not been established
because identical fading variables comprfglg while Fy, is

P*(\N,N,T) = E4_|Q 2L Py CEN composed of fading variables with unequal second moments
¢ T Fx rf_ 1 11 unless the multipath intensity profile is rectangular. This
N appears to give the MC system slightly better performance, but

2) DSICDMA: The representative of the maximum rethis conclusion must be taken with caution. For the case that

source sharing systems considered here will be DS/CDMA. ﬁrﬁe multipath intensity profile is not rectangular, an MC system

DS/CDMA, each of the users occupies the entire bandwid?il’jl"mOt FCT?{V_@ perfegtly indiﬁendent at’?d ider;)tica:zllly_:;?ged
all of the time by forming the wideband signal channeis It 1t 1S operating on the sarmentiguousoandwl

as the DS/CDMA system; it can only do this by employing
< 4 ) noncontiguous bandwidth. Thus, the goal of this section is not
i (t) = Z by Z aj,nc(t = 1. —iT}) (12) o establish the exact relation between a standard MC system
f=—oo m=0 and a DS/CDMA system, but instead to demonstrate that a

where c(t) is the Chip pu'Ise Shap@:ﬁe,n is the nth Chip of 2This observation is noted independently in [7] for similar systems when
the 4th bit of the spreading sequence of ugderN, is the comparing MC/DS/CDMA and DS/CDMA systems.

N.—1
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107 . . e . . S data rate were kept constant, but since it is assumed that the
5 (. ” s bandwidth B over which the channel can be assumed to be
nonselectively faded is fixed, the spreading must necessarily
mean that each user reduces his/her transmission rate by a
factor equal to the time-domain spreading within a slot. Thus,
assuming a spreading factor &f., each user must seni.
data streams (and thus appear/és users) to keep his/her
data rate the same. If it is assumed that a given user employs
orthogonal signals for thesd,. streams on a given slot, the
SIR on each slot for a synchronous system when theré<are
users sharing. slots is

r r
= 18
: ST TS S T (KN, — N.) MK -1)+L (18)
o r——=+1L
107 s 5 6 7 e 9 10 12 13 N
Average Received SIR and thus it is equivalent (in an SIR and diversity sense) to

. . . . a system in the proposed class. Furthermore, the spreading
Fig. 8. Comparison of average probability of err@P.) expressions for . - L .
systems operating with instantaneous SIR%; and SF;,, whereS is the within a slot of _the MC syste_m of [6] W'_th mdependept fading
average received SIR. In each of the three groups, the top curve correspdb@tween slots is mathematically identical to a hybrid DS/FH

to the average DS/CDMA system error probability, which operates Wi%:ystem with independent hOpS.
instantaneous SIR'F,, and the lower curve corresponds to the average erro

probability of the proposed MC system, which operates with instantaneous

SIR SFy,. For the curves corresponding to instantaneous SIR;, an V. CONCLUSIONS

exponentially decaying multipath intensity profile is considered. It is evident

that for largeL, the curves are nearly identical, particularly for large error In this paper, a class of systems has been introduced that

probabilities. can be used to compare the performance of different types of
bandwidth allocation in coherent multiuser systems operating

DS/CDMA system fits into theViC frameworkpresented in over fading channels. The class was motivated by the MC tenet
this paper. Toward this end, Fig. 8 shows the convergence@¥favoiding complex equalization by transmitting on narrow-
a DS/CDMA system to the MC framework presented in thigand subchannels. The desire for simple user separation at the
paper. Note that as the bandwidth of the DS/ICDMA systefficeiver motivates the use of soft-decision repetition coding
increases, the bit-error probability of the DS/CDMA systerfif independent subchannels. These two assumptions define
converges to that of the MC system; this observation is mate class of systems. It is clear from the introduction of the
rigorous by the following proposition. class of systems that it contains systems which employ both
Proposition 2: Consider a synchronous DS/CDMA systengxclusive time-bandwidth allocation and completely shared
as described above with Spreading facm([ and indepen_ time-bandwidth allocation. However, the main result of this
dently faded users operating over a frequency-selective fadP@Per is that a number of practically considered methods of
channel with additive white Gaussian background noise aR#ltiple access fall under this framework, thus supporting the

bounded continuous multipath delay profile(-), such that assumptions used in its derivation. This framework can be used
Jmx () dr >0 and ¢e(r) = 0, for 7> 7ax. Then, to optimize between exclusive allocation systems (FH/CDMA

with orthogonal hopping patterns), hybrid allocation systems
lim P¥(AN,, N.,¢.(-) =Q 2l (16) (hybrid FH/DS/CDMA or MC/DS/CDMA), and shared allo-
N—oo = FA+1 cation schemes (DS/CDMA), as shown in the sequel [8].

where A = (K/N.) and

A By [Tmex APPENDIX A
'=% /0 $e(T) dr. 17 PROOF OF PROPOSITION 1

The proof of Proposition 2 is contained in Appendix B. It is sufficient to prove the second item. Recall
Note that the convergence in the above proposition can be T 1
shgwn without the unssmn assumption on thg mterference. 20 = /Esufc o7 Z a371b8 + 1/E5ufc 7
This can be accomplished with a technique similar to that Hrt 130 Ky
used in the proof of Proposition 1. The proposition establishes L-1 AL-1
the performance equality of systems in the proposed class to : Z 40,100, Z Ok 1k,

DS/CDMA systems as the bandwidth becomes large. 1=0 k=1
- COS (9071 — 9k71 + wlukTS)

C. Hybrid Schemes P .
. <bk / (1 — wn + Dp(E) dt
0

Although the framework presented here does not explicitly
consider DS spreading within a slot, spreading can easily be L L-1
incorporated as in the MC/DS/CDMA of [6] and [23]. This + 62/ Pt — ur)p(t) dt) + Z 0,17 -
spreading would expand the bandwidth of each slot if the k =0
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2 is Gaussian when conditioned @, B, and7 . Thus, see that is, Ve >0
the defined equation, shown at the bottom of the page. By

the strong law of large numbers [24, p. 26@]; — 1 with y 1 L_l/
HH m = —
probability 1 N, oo L—1 =y Bl n ]2 eV/SE T varl X ]
1 AL—1 wg ZV’LI X]\ rn]
YA Z <b,:1/ P(1 — up + )p(s) ds m=0
k=1 0 , (v — E[Xn.a1)?pxy, () dy = 0.
1
+bo/ P(s — up)p(s )d3> — 1% Note that var[Xy, 1 = (¢((I/N)T:))%2. Now consider
ur
with probability 1, and any > 0. Since \/E _ovar[Xn, m] — o0 as N, — oo,
and 3C such thatvVN,, VI, E[Xn, ] < C (since ¢.(-) is
x—\/Esp} bounded), it must be true thatV, such thaty N, > No, VI,

Gr(z|Fp, B, T . .
(@, B,T) = Q Edh ly— E[Xx. | = ey/SEL var[ X, o] only if y — E[Xx, (] >

2 2 e/ SE var[X . i]. Thus, convergence to zero must be
with probability 1. Thus, by the bounded convergence theoresRown for
[25, p. 214]

o L1 ,

E (Gr(x|Fp, B,T)) — Q vy Bty a7 2 Z/> ST, varlXn, ]
R x|, 5, — . ° m 1=0 HZEV Fmmg VAILA NG
Fr B, P LAEILL AE. 3 No Z <¢c<ﬁc TS))

5 + 7 m=0

2
_ Y ~/EXN.D g 20
c € .
E[Xn, ] (20)
APPENDIX B

Furthermore, since E[Xn, ;] <C,VYN,, VI, Jug such
PROOF OF PROPOSITION 2

8 that VN, VI, Yu>wy, (1/E[Xy. ])e”@W/EX~D <
First, consider the convergenceldf as defined in (14). Un- (1/2C)e(~%/2¢), Thus, the right-hand side of (20) can be
like the fading variables for the MC system, the distributiongpper bounded by (21), shown at the top of the next page.

of the fading variables change & is incremented becauseRecognizinglimy, .. (1/L) St (¢.((I/N.)T:))? as the
the sampling times change. A limiting result for triangulaRiemann integral of a bounded continuous function on a
arrays will be required. Lef y_ ; 2 |ho((I/N.)T,)|?. Then, closed interval, the integral exists [27, p. 193], is finite and
F; can be written as is nonzero by the assumptioff** ¢.(7) dr >0, and thus
(21) goes to zero as required. Thus, the central limit theorem
holds for the triangular array X, ;}. The term in front of

the triangular array in (19) can be written as
Z ar[XN l]
~ =0 1
Fpr=1+—— = / 2
E[XNC l] = T Z <¢c<_TS>>
1=0 VINL i Ne
1 L—1 d) I -
(Xneg— E[Xn D). (19) L AN

If the 1/+/L in the numerator is ignored, both the numerator
The central limit theorem can be applied to the triangular arrayd denominator converge to finite constants as the Riemann
{Xn,:} if it satisfies the Lindeberg condition [26, p. 326];integrals of bounded continuous functions, and the denomina-

L — \/ES/J?FL
=Q -

B2y (AL-1) 1 ALty o A T —
J 2L AL—1 Z <bk /0 P(1—us+1)p(t) dt+bk/ plt—up)p ()dt> 05

k=1 Uk
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IL—1

))2 =0 ue EL L var[XN ) 20

¢ o (e/20)
2

Ean;B var[X v, m]

c o= (/20) g,

L-1 L-1
2 Z var[X n, m] +4Ce Z var[ Xy, ] +8C2
m=0 m=0

(21)

tor limit is nonzero. Thus, the factar/v/L drives the entire
second term of (19) to converge in distribution to zero, aer]

Fr . Also, I';, — I. Thus,

o Fy p 20 13l
I T+l
L

Fc(K -1 +1 [14]
[15]

and by the special mapping theorem [28, p. 3&}*(AN..,
Ney¢e() = Q(v/(2U/(TA+1)). [16]
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