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On the Multiple-Access Capacity of
Multitone-CDMA Communications

Kun-Wah Yip Member, IEEE Xi Zhang, Tung-Sang NgSenior Member, IEEEand
Jiangzhou WangSenior Member, IEEE

Abstract—This letter derives a bit-error-probability expression Il. SYSTEM MODEL AND ERROR PERFORMANCE
for an asynchronous multitone-code-division multiple access . . i
(CDMA) system and shows that the multiple-access (MA) capacity ~ Consider a MT-CDMA system withC users transmitting
of this system is identical to that of a conventional (single-carrier) their signals at equal power and equal bit rate. At the transmitter,
direct-sequence spread-spectrum system under conditions of the incoming bit stream having a rate &f/T;, bits per second
equal bandwidth and equal bit rate. It is also shown that using s first serial-to-parallel converted intd/ lower-rate bit sub-
tmhgr&i‘uggsggﬁf to increase the processing gain does notincreasegy o ams each of which has a bit duratiofpseconds. Assume
that rectangular symbol waveform and binary phase shift keying
Index  Terms—Multiple-access  capacity, multitone-CDMA,  are ysed. Thé/ substreams are, respectively, modulated onto
OFDM. M orthogonal subcarriers that are equally spaceflbiiz. Or-
thogonality among subcarriers is maintained by setfing—

|. INTRODUCTION 1/T;. The data-modulated subcarriers are multiplexed and the

ULTITONE code-division multiple access (MT- resultant multiplexed signal is spread by a spreading sequence

CDMA) technique [1] combines both orthogonafnc length/V. The chip durationl., is given byl = T;/N. The

frequency division multiplexing (OFDM) and direct-se uer]Cspread signal is then transmitted over the channel. Note that in
q Y b 9 d %e special case dff = 1, the MT-CDMA system is essentially

spread-spectrum (DSSS) technique in such a way that, DY o nventional DSSS system
increasing the number of subcarriers used, the processing gall, . eceived signal is the s.umﬁftransmitted signals cor-

of a MT-CDMA syste_,-m can be mad_e substantially greatglrjpted by additive white Gaussian noise (AWGN) having a two-
than that of a conventional (single-carrier) DSSS system unde ; :
. i ided power spectral density, /2. It is assumed that the re-
the same-bandwidth condition. It has been expected that this~ " . .
. . . __celver is intended to detect thigh-user signal. The complex
greater processing gain could lead to a greater reductlone|rr]1veIO e of the received sianal is aiven b
the multiple-access interference (MAI) so that a MT-CDMA P 9 9 y
system could support a larger number of users than a con- K ' oo M-1 ’
ventional DSSS system [2]. However, based on the bit erroft) = n(t) + Z V2P, Z Z bgf“,)neﬂ”mfA(t*”)
probability derived in Section II, we show in Section IlI that, k=1
under equal-bandwidth and equal-bit-rate conditions, the ug(t — 4Ty — 73) (1)
multiple-access (MA) capacity of an asynchronous MT-CDMA ) _ _ _
system is identical to that of a conventional DSSS system ayffieren(?) is the baseband-equivalent AWGH; is the signal
does not increase by an increase of the number of subcarriRf¥/er perbit (so that/ I is the transmitted signal POW?g)J IS
used. Despite the MA capacity is not increased, the great8f random phase introduced by #te-user transmittety; -, €
processing gain of a MT-CDMA signal does have other advah+1, —1} is the:th bit transmitted on the:th subcarrier of the
tages such as more effective suppression of the narrowbafig-user signalr;, is the delay of thésth-user signal relative to
interference. The result of this letter thus indicates that, f§#e Lth-user signal; and
an effectiveutilization of the greater processing gain, system N_1
designers should focus on these advantages rather than on up(t) = Z aﬁl’“)w(t—nTc) 2)

increasing the MA capacity.

1=—o0 m=0

n=0

is the kth-user spectral spreading waveform. In (2()(()’“),
a§k>, ag\’f)_l) is the kth user spreading sequence satisfying
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Assume that coherent detection is used z&ﬁ[d is to be
detected. The desired matched-filter outijt 'is given by

m

1 G+LTy - D fat —j6
Zi o= — r(uy (t—idy )e 7 TIate ™I .
1, M /2PbTb/
@)

The decision variable fch( ) isthe sign of the real part &f:

zrn

Although we use\/ matched filters to processt) for theoret-

- 1
ical modeling, in practical implementations efficient DFT algo var{Ji} =

rithms are often employed [3]. L&, = P,T; denote the bit
energy. Substituting (1) into (3) gives

K
Z J 4)

k=1, kL

—77+b(L) +

1, MM

Z;

wherer is the zero-mean complex Gaussian noise with a var|-

anceE{nn } = (E,/No)~%, and

M—-1
Jk J(@k 6r) Z —j27amfaTy 1277(771 rn)fAzT;,
m=0
(B0 Se = i) ) + 8 Sh n(m = i) f)]

®)
is the MAI due to thekth user. In (5),
Sk, L(p) = chl/ | gt + 1, — i )up (t) dt - (6)
0
and

I
gk, () = Tt / &I E iy, (t — i )ut,(t) dt. @)

Tk

Let
R(ri ) =24 [ et ®)
0
~ TC .
R(7; 1) =Tc_1/ A2 9)
and T
Ck,(g; &)
( N—1—q
Z a(k) (L)*CJQﬂ—(H—q)f 0< g < N—1
2=0
=4 = o (10)
S e (v s<0
i=—q
L0, la| = N.
Letw, € {0,1, ---, N — 1} and7, € [0, T..) be the quotient

and remainder, respectively, whenis divided by7’.. Note that

whereQ(x)
tion, and

41

We apply the Gaussian approximation on the MAl in the com-
putation of the bit error probability?’.. This approximation is

justified for a moderate value df. It follows from (4) that

—1/2
K /

Z var{Jy }

k=1, k#L

2B,\7" 1
r=e|i(%) *a
, (13)
e~t"/2 dt is the standard) func-

= (20)72 [

M—-1
S [ViVa+ Vo) + Va(vs + 7)

m=0

N2

+2Re(VaVs + V:»,Vg)} . s

In (14)
E{|R Ty W }

b {0

Vs = E{R(1; p) - R* (A3 10)},
Vi =B {|Ch,r(~(N —wp — 1); u)*}
Vs = E {|Cp,L(—(N — wp); puTe)|*}
Vs = E {|Ckr(wi + 1; uT2) |}
Ve = E{|Cy .(wi; p 1)}
Vs = E{Cp,L(=(N —wy — 1);pL2)Cr (= (N —wp); pd2)}
Vo = E{Cy,r.(wr + L pTe) - O p (wis pTe) }
wherep = (m — ) fa and E{-} is the expectation taken over

random variable$;, andwy. Notice thatP, is dependent on the
choice ofm.

Ve =

I1l. ANALYSIS OF THE MA CAPACITY

The MA capacity may be defined as the number of users that
can be supported at a given error performance. We are inter-
ested in comparing the MA capacity of a MT-CDMA system
and that of a conventional DSSS system under conditions of
equal bit transmission rate and equal bandwidth. This compar-
ison is made easy since a MT-CDMA system reduces to a con-
ventional DSSS system in the special casédbf= 1. We are
also interested in comparing MA capacities for MT-CDMA sys-
tems using different values @f/. We want to find out whether
the MA capacity could be increased by an increase in the pro-
cessing gain through the use of more subcarriers.

We assume that the MT-CDMA system and the corre-
sponding conventional DSSS system have the same chip
durationT.. As a result, the bandwidth of a MT-CDMA signal
is slightly greater than the signal bandwidth required for a
conventional DSSS system. The difference in their bandwidths

7 = wyde + 7. Substituting (2) into (6) and (7) followed by s small (see [1]) so that the equal-bandwidth condition can

some algebraic manipulations, we get
Sk, () = R(7; p) - Cr, L(—=(N — wp — 1); pT)

+R(F; 1) - Cr, L(—(N — wy); pT) (11)
Si, (1) = R(74; 1) - Co, 1.(wy, + 15 pT)
+R(T; p) - C, p(wi; ). (12)

be considered satisfied. A&/ subcarriers are used in the
MT-CDMA system, under equal-bit-rate condition the bit
duration7; of the MT-CDMA system is required to bé/
times of that of the conventional DSSS system. Hence, the
spreading-code lengt of the MT-CDMA system should also
be M times of that of the corresponding conventional DSSS
system. The increase in the spreading-code length constitutes
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TABLE | It follows thatvar{./;,} = I/N,, where
MAXIMUM AND MINIMUM VALUES OF I FOR VARIOUS COMBINATIONS 1 M—1
OF M AND N UNDER THE CONDITION OF SAME N/ M . -
L= 3 [E{IRG: (m =) fa))
I m=0

N/M min. max. 5/ ~

16/1 06667  0.6667 + B {|R(Tk% (m — m)fA)PH . (18)
32/2 0.6660  0.6660

64/4 0.6655  0.6662 _ _ o _

128/8 0.6653  0.6662 Table | lists the maximum and minimum valuesiobbtained
256/16 0.6651  0.6662 overm € {0, 1, ---, M — 1} for various combinations ai/
15012%4//3624 8'2228 g'gggg and N under the condition of sam,, . It is apparent thaf ~
128/1 06667 06667 2/3 for all combinations. Therefore?. in (13) can be closely
256/2 0.6667  0.6667 approximated by

512/4 0.6667  0.6667

1024/8 0.6667  0.6667 N —-1/2

P, =~ - — . 19
e {<N0> +3Nba} )
an increase in the processing gain of a MT-CDMA system.
Define thebasic processing gaitVi, by Equation (19) is identical to the one obtained by Pursley [4] for
N, = E (15 computing the error probability of a conventional DSSS system.
M It follows that the MA capacity of a MT-CDMA system is the

which is a constant invariant to the choice &f. Note that same as that of a conventional DSSS system when asynchronous
Nyq is also the spreading-code length of the conventional DS§@nal transmission and random sequences are used. Also no-
system. Sincel/ bits are transmitted concurrently, the powefice thatP, for a MT-CDMA system depends only on the basic
per bit P, for a MT-CDMA system is required to b/ times  processing gain. Thus, using a larger number of subcarriers to

of that of the conventional DSSS SyStem. The net result of fHtrease the processing gain of the system does not rdduce
M-fold increase in the bit duration and &#-fold reduction in - and hence does not increase the MA capacity.

the power per bit is that the bit energy values are the same for
both MT-CDMA and conventional DSSS systems. Thus, we can
compare the two systems at the samgN, value. REFERENCES
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