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Spectral Efficiency of CDMA Systems with
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Abstract—Code-division multiple-access is a promising tech- is able to achieve almost the same performance as a single-
nique for communication systems. Recently, many demodulation yser transmission scheme (without MAI). An alternative with
schemes have been proposed which take account of inherenty,, omplexity is the linear equalizer which has been derived
multiple-access interference. In this paper, linear interference di h forci ZE) [3 d th -
suppression as proposed in, e.g., [1], is compared with con- &ccording to the zero- orcing ( .) [_] and the minimum mean-
ventional demodulation based on power-bandwidth plane. This squared error (MMSE) [4], [5] criterion. An exchange between
approach is much more general than the comparison of error the good performance of the optimum detector and the low
rates for specific scenarios as used to be done before. In casgomplexity of the linear receiver is possible using decision-

of interference suppression, spectral efficiency is calculated by a e qhack or reduced-state multiuser detection as addressed in
combination of analysis and simulation.

The coding and modulation scheme used is characterized [61-[8]. respectively. A survey of recent literature about these
within power-bandwidth plane for a single-cell scenario as well and other interference suppression techniques has been given
as for a cellular system. In the latter case, some statements whichin [9].
are valid for the single-cell scenario have to be revised. The disadvantage of all these joint-detectors is the ne-

Index Terms—Cellular systems, code-division multiple access, cessity of matched filters and synchronization units for the
linear interference suppression, minimum mean-squared error, waveforms of all users. Although the signals from the other

multiuser communication, spectral efficiency. users may not be of interest, they have to be taken into
account in the receiver. Another approach to suppression
I. INTRODUCTION of MAI in CDMA systems is a receiver which does not

i . exploit explicit information about the signature sequences of
N CODE-DIVISION multiple access (CDMA) channels,the other users. This demodulator introduced in [1], [10],

many users share a common channel using spread spectru : - L .
. . . . . and [11] consists of a band-limiting receiver input filter and
(SS) signals with different signature (spreading) sequences. . . : . . .
a discrete-time adaptive filter for interference suppression.

In general, the signature sequences, and therefore the users, . ; . )
n this context, such a receiver will be called scalar linear

waveforms, are not orthogonal, and multiple-access interfer- . ; o
' gonal, uttipie-acc interference suppression equalizer (SLISE). Like in [1], [10],
ence (MAI) occurs. In conventional receivers, this interference

is modeled as white noise, and demodulation is performa d [11] the equalizer is assumed to be adjusted according

by matched filters. Since the near—far problem has an impg?:t the MMSE criterion. It should be mentioned that for

on the uplink of cellular radio applications, stringent poweransml.SSIOn over d|'sper5|ve channels, Fhls scheme can be
control is inevitable generalized to a decision-feedback equalizer (DFE), cf. [12],

The performance of CDMA systems can be improved Hg;]. But we do not address intersymbol interference channels

receivers which take account of the statistical properties _trr;]er in this paper. to imol t SLISEs. Obvious|

MAI. The output samples of a bank of matched filters for the etre are Xﬁ”k?usdv}l.wf do 'mp ?men the i S'l vuzutg Y
waveforms of all users form a set of sufficient statistics [2'.1 systems With band-iimited wavetorms, he impiementation
Therefore, joint detectors are able to make use of all inform f the discrete-time interference suppression filter of infinite

tion on MAI. The optimum maximum-likelihood detector [2] ength with oversampling leads to the same performance as the

linear equalizer based on a matched filter bank as in [3] and
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Bandwidth is a resource limited by nature. Therefore, cormncorrelatedness of the amplitude coefficients is fulfilled by
munications engineering has to take care to not waste bandual channel codes.
width unnecessarily. From this point of view the fundamental The symbol waveform of useir e {1,---,K} is denoted
limit on spectral (bandwidth) efficiency of CDMA systems idy s;(¢). Its energy isE, f |s;(t)|? dt. 7, and 6; are the
an important topic. delay and the carrier phase of the signal transmitted by user
It has been a celebrated result of information theory thate {1,..., K'}. Without loss of generality, we assume =
spectral efficiency can only be obtained by the cost of powgy = 0. Ther; € [0; T,) and6; € [0; 27), i € {2,---, K}
efficiency [17]. This tradeoff is a characteristic of digitahre assumed as independent and uniformly distributed random
transmission schemes and is often illustrated by the positivariables. The modulation interval is denoted #y. The
in the power-bandwidth plane [18], [19]. Spectral efficiencyl, € IR are the amplitudes (square-root of average power)
of CDMA systems based on conventional demodulation &f the received signal from userc {1, -, K'}. Without loss
discussed in [20] and [21]. These considerations, which took generality, we definel; = 1. All signals are given in their
place for single-cell systems, are generalized to cellular sysguivalent complex baseband representation (normalization for
tems in [21] and [22]. equal energy in passband and baseband representation applied,
For CDMA systems with interference suppression, spectrefl [19]). Then,n(¢) is complex-valued white Gaussian noise
efficiency has not been addressed yet. Therefore, in this papéth double-sidedpower spectral density,. It corresponds
we calculate spectral efficiency, which represents the mastreal-valued white Gaussian noise witngle-sidedpower
important criterion for the selection of transmission schemespectral densityVg.
Here, we focus on SLISEs, which have the advantage ofThe symbol waveform of useris given by
low complexity. It should be noted that this receiver provides N1
suppression of other-cell interference without modification. In e ‘
contrast, joint detectors based on matched filter bank demod- t= Z bilrlp (e = wT)
ulation could defeat other-cell interference only if complexity
is increased. whereN, b;[~], and(t) are the spreading factor, the signature
The considerations in this paper are restricted to trarfigquence of uset, and the chip waveform, respectively.
mission over nondispersive additive white Gaussian noid&€e chips of the signature sequences are assumed to be
(AWGN) channels. The signals of the users are assumiédependent and identically distributed random variables with
to be asynchronous. We discuss and compare various linéatbi[«][*} = 1/N and&{b;[x]} = 0. Since the chip sequence
modulation schemes liké/-ary phase-shift keying (PSK) oris normahzed to energy 1 per modulation interval, we have
M-ary quadrature amplitude modulation (QAM). In order to = [#:()]> = E,. The chip interval, which is denoted by
derive the information theoretical limits, transmission witd. = 7/N, is real-valued and square-root Nyquist (e.g.,
Gaussian distributed amplitude coefficients is considered, tégluare-root cosine). In practical applications, band-limited
The organization of the paper is as follows. The commuvaveforms are used.
nication model is introduced in Section II. In Section Ill, Demodulation is performed by a continuous-time chip
the implications of chip-synchronous and chip-asynchronotigtched filter with impulse resporsey*(—¢)/E, and
transmission and the impact of filter length on system pe®- subsequent discrete-time adaptive linear interference
formance are discussed. Spectral efficiency of single-cell agidppression filter. The chip-matched filter output signal is
cellular CDMA systems is calculated in Sections |V angampled at instants = ~7.. As already stated in Section I,

V, respectively. The paper is finished with some concludirig the general case of chip-asynchronous transmission, some
remarks in Section VI. information is lost, so that this kind of demodulation is a

heuristic and suboptimum approach. The signal at the output

of the chip-matched filter sampled at instarts= «7, is
II. COMMUNICATIONS MODEL given by

k=0

Asynchronous CDMA communication over the nondisper- 1
sive AWGN channel is consideredd users transmit SS rlk] = 7'(¢) * E—z/;*(—t)

signals over a common channel. Without loss of generality, t=rT,
we consider the detection of the signal of user 1. The signals L i, I
of user 2 up taK are treated as interference. The signal at the = ZAiC ! Z ai[v]
receiver site of user 1 is =1 y=—00
N—-1
K . fo . bi[ Nl (5 — A= vN)YT. — ;) + nls] (1)
= ZAiejef Z a;[V]s;(t — vTs — 1) + n(t). )Z::O v
i=1 v=—00

where ¢/, (t) = (t) x ¢*(—t)/E, denotes the normalized

a;[v] is the (generally complex-valued) amplitude coefficierutocorrelation function of the chip wavefora{x| is discrete-
of useri € {1,---,K} in the modulation intervaly ¢ time, complex-valued, white Gaussian noise with zero mean

Z. We assume that the;[] are uncorrelated and identi-and variances;, = No/E;.

cally distributed random variables wit{]a;[v]|} = 1 a}nd 1The impulse response of the chip matched filter is normalized to obtain
&E{a;[v]} = 0. It should be noted that the assumption odn amplification factor for the information-bearing signal equal to one.
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We define the signal part at chip intervalwhich is caused The maximum signal-to-interference ratio (MSIR) for an op-
by the signal of usef transmitted in modulation interval as timally adjusted equalizer filter has been calculated in, e.g.,

N-1 [1], yielding
o] = A Y T L (k= A= vN)T, — 7). (2 _
Therefore, (1) is given by The decision variablei[-] is directly fed into the channel
K 4oo decoder. Thus, no reliability information is lost by detection.
r[k] = Z Z a; [V]pi »[K] + n[x]. (3) Moreover, the transmission system of each user from the SS
i=1 r=—o00 modulator input to the SLISE output can be well modeled as

The signalr[] is the input sequence of the interference suf" equivalent AWVGN channel with signal-to-noise ratio equal
pression filter with impulse respongé|x]. For convenience, to MSIR [23]. Then, the maximum signal-to-interference ratio

we define the vectors of length can be denoted bMSIR = E, /I, with I as the (constant)
oA spectral density of total interference. With this assumption,
v [y = [r[pN +w], o [N, [N + 0] (4) the result in (7) can be used for the analysis of systems
n'[y] £ [p[uN +w], -, n[uN], - 0[N + 0] (5) with channel coding, too. It is the basis for the numerical
PZT,,,[M] A PinluN +wl - pinluN], - pin N + ] evaluations in Sections IV and V.
(6)
hH 2 [h*[=w], -, h*[0], - -, h*[~]] [ll. 1 MPACT OF CHIP-ASYNCHRONISM
with The SLISE introduced in [1] and [10] is a heuristic approach

to suppression of MAI in asynchronous CDMA systems. In the
wh [N +L w b2 [N - Lw general case of chip-asynchronous transmission, this receiver
’ 2 degrades compared to the matched filter bank demodulator

where we assume that the signature sequéricé of the user with Succeeding ””e"?“ equal?zation [5]’. becau_se the_ SLISE
of interest is centered within the filter vector. The time indefOes not exploit any information about time shifts which are

i in (4) to (6) is according to the symbol interval, i.e., tim rag_nons r?f tr;? chip ”f“e“’?'- N h
instantst = uT; are represented:| denotes the operator for Ince the chip waveform Is square-root Nyquist, each trans-

rounding the argument to the nearest integer toward infinityiited chip pulse causes a signal at exclusiweg filter tap
and (-)" is the conjugate transpose operator. The position 11he S|gn§1ls of all users are chlp-synchronpus. In the general
the window of the vector representation is chosen to simpliﬂﬁ%‘;e of chip-asynchronous signals, each chip sent by yser

the further computations. Since signature sequences do y cause interference at all taps of the discrete-time equalizer
change in time, we havé ilter. If this interference is generated by a chip located outside

of the processing window of lengtlh (equal to the filter
Piv[i] = Pi,v—p[0]- length), its statistical properties cannot be exploited efficiently
to increase signal-to-interference ratio at demodulator output.
It representaunprocessedviAl.
K o= In literature, the effects of chip-asynchronism on the system
rlp] = Z Z ailpe + v]pi o [0] +nfpu]. performance have not been addressed if the SLISE is used
=l v=—co without oversampling. In this section, the problem is discussed
p10[0] is the desired signal vector, apd .. [0], (¢,7) # (1,0) inorder to show that chip-asynchronism has only minor impact
are theinterference vectorsSince the chip waveform is aon the performance of SLISEs.
square-root Nyquist pulse, the number of interference vectordnserting (2) into (6) leads to the following representation
is equal toK — 1 if transmission of the signals of alt’ users of the interference vector due to the symbol with indegent
is symbol-synchronous. by useri and received at time O:
The discrete-time interference suppression filter, which is
used to generate the decision variable (demodulator output

signal) N—1 :
d[u] = h"r[y] Pi[0] = A;e’® ; LA @y ((=A = vN)T. - 7)

is adjusted according to the MMSE criterion by

b= (P +p1ol0]po[0]) " po0]

. . ) _ ) The interference energt the input of the discrete-time equal-
with P denoting the covariance matrix of total noise at thge; fiiter caused by the symbol sent in modulation interval
output of the sampling unit. Following [1], it is given by by useri for a given signature sequence [jp;., [0]|2/L.

K 400 Since we are interested in the average system performance,
P= Z Z i, [0]p},, [0] — p1,o[0]pY o [0] + E{n[un"[1]}. we model the chips in the signature sequences as independent
i=1y=-00 random variables as stated in Section Il. Then, the average

Then, (3) leads to

ol ((w =X —vN)T, — ;)

o ((v—A —II/N)Tc - 7)
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interference energy due tme symbol is -8 , , : , ; ‘ ‘ ‘
{ } zw: 1\2—:1 ol = ‘ . Eiﬂi?s il
_8 lPi. 011} = @ —vNYT. — 1) +  K=N=32
LN K=v A=0 T —-12 o K=N=64 B
D K=N=128
® = . 5 K=N=256
3, —14 i
where we used {|b;[x]|*} = 1 and assumed that the chip ™= | x ‘ - |
waveform is real-valued. By B )
We define PGl Boowox o |
N 2 8 ¥ * : * x
7 =0T, +7; g 2 . é T t o
° "3
where; € {0,---,N — 1} and7; € [0;7,) are the delay of T2y &
user: in multiples of the chip interval, and the portion of delay o ‘ ‘ . ; ; ‘ ‘ ‘ ‘
which is smaller than the chip interval, respectively. Both 62 4 8 B AL 12 14 18 18 20
random variables are assumed to be uniformly distributed.
Thus, (8) yields Fig. 1. Upper bound on additional interference energy due to

chip-asynchronism (averaged over the users’ signal delays) versus

1 y filter length normalized to spreading factor.
—f{llpi,u[O]ll f
w N1 is the sum of the interference energy from previous and
Z @ —vN =) —7). (9 following symbols Ey. and Ey.,, respectively. With (9), the
K= A=0 interference power caused by following symbols reads

In the following, we focus on the impact of chip- 1
asynchronism on performance. At first glance, one may expectE;,; = — Z A?
that the interference from symbols outside the finite impulse N <

response (FIR) filter window causes a significant degradation. +oo  w—1N-1
This interference, which vanishes in the chip-synchronous case . Z Z Z OF((k = A=vN)T, — 7).
(7: = 0), consists of terms as given in (9) if the condition v=(A+3)/26=v A=0
K=A—UN—£; #0; re{v,---,w}; Several substitutions of the summation indexes lead to
A4 edo,--- N—1} (10) Y "
_ _ Ei = LNZA > Z G2((k = N — 7).
is fulfilled. r=1 A=L+2N+1

In order to simplify the following considerations, we assume
that the length of the discrete-time filter is an odd multiple
the spreading factor and define

Now, we assume thdp’, (¢)| is upper bounded b¥ /|nt|.
0fEh|s is valid for, e.g., square root cosme pulses with zero
roll-off. Furthermore,ZA:Al (A < Al_lf( «) dee holding

A L obviously for all decreasing functions leads to an upper bound
AZ L e{1,3,57 ) (11
K L+N

I —do
The restriction to odd numbers is introduced to avoid the 1< LN TIN2 Z Z Lian ((k— Q)T — ;)2
discussion of two cases. Furthermore, the other case would

K L+N
lead to a more complex notation and thus reduce readability. Z Z
By inserting (11), (10) can be given equivalently by LN7r2 —L—- 2N) -7
veE{—o0, -, =(A+3)/2} U{(A+3)/2,-- -, +oc}. Applying 372, f(r) < J5% f(e) dov, which is obviously

The interference energy appearing for chip-asynchrono\tlj%“d for all mcreasmg funct|ons yields

transmission and vanishing in the chip-synchronous case L+N+1 —da
Eto1 <
K —(A+3)/2 1 fol = LN LN~#2 Z / (o« — L —2N)T.
(‘a‘i Z Z Lg{thl/[O]H } 1 ZA21 (L+2N_1)Tc+7_z L—)ooO
v=—0ox R — < —
< —~ LN#? £ TN ST 1

- = i i L—oo . .
1 Equivalently, it can be shown thd,,;; — 0 yieldin
+y > oy 9 y past yielding

i=2v=(A+3)/2 lim F.s =0.

Efo
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TABLE | convolutional codes with various ratds., and (M > 8)-
REQUIRED SIGNAL-TO-INTERFERENCERATIO (Es/In)r IN ORDER TO ary Ungerboeck coded modulation [26] based on QAM or
AcHIEVE BIT ERROR RATE BER,. = 10~3 FOR 4PSKwITH PSK. | h h d uti | de h .
CONVOLUTIONAL CODING AND SEVERAL TRELLIS-CODED - In each case, the use ponvo Ut_lona code has _constralnt
MODULATION SCHEMES (EACH WITH CONSTRAINT LENGTH SEVEN) length seven. In Table I, the signal-to-interference ratios at the
[ Re [ B bitisym) | (Bo/o), | (Bs/To)r b_it error rate ofl(_)*?’, which were dete_rmined by means of
APSK 1/3 2/3 2.30 dB | —2.47 dB simulation of a single-user link, are given. Furthermore, the
4PSK |1 2/3 4/3 320dB | 144dB equivalent ratios of energy per binary information symbol-to-
16QAM || 3/4 3 6.31dB | 11.08dB interference power density, denoted (¥, /1), are shown.
32QAM || 4/5 4 870dB | 14.72 dB H
64QAM || 5/6 5 10.71dB | 17.70 dB ere, we use

E, = RF,. (12)
This means that for a sufficiently long equalizer filter,
chip-asynchronism does not lead to a significant degradati

compared to chip-synchronous transmission. Fig. 1 illustrat€s MA communication with SLISE if transmission at the

. . capacity of the equivalent AWGN channel is assumed.
that a filter three to seven times as long as the spreadLPlng hypothetical system is called transmission scheme with
factor is sufficient for the modulation schemes which are yp 4

discussed later, cf. Table I. In the limit of infinite filter IengthOpt'W|um channel coding the following. Channel capacity

the degradation vanishes. This fact is the reason whyc|j pends on the used signal set. The maximum transmission

the following exclusively chip-synchronous transmission irsate (with respect t¢omplex-valuedsymbols)

considered. E, bit
R = log, <1 4 I_O) [—SymbOJ

dditionally, we are interested in the performance of

IV. SPECTRAL EFFICIENCY OF SINGLE-CELL SYSTEMS ) ) ] o ) o
is attainable for Gaussian distributed amplitude coefficients

The position within the power-bandwidth plane is one %hile for the signal sets oM-ary PSK and QAM, channel

thg mqst important charqcter.istics of transmissiop SChem@ﬁpacity can be calculated by numerical integration, e.g., [27].
This kind of representation is well known for single-usef, "5 cases, the maximum transmission rate is given as a
communication. For multiuser systems based on CDMA Witﬁ}nction of signal-to-interference ratio

conventional demodulation, spectral efficiency is computed in

[20] and [21]. In the following, we present the calculation of R=g(E;/I). (13)
spectral efficiency of CDMA systems with demodulation b ) o

SLISEs and consider single-cell systems first in this sectioﬁ?e inverse function is denoted Wl()

For convenience, it is assumed that the signals of all userdn order to calculate spectral efficiency of the CDMA
at demodulator input have the same power. In the upIinﬁY?tem' first we have Fo determme the signal-to-interference
this assumption is equivalent to perfect power control. [f@tio as a function of signal-to-noise ratfd, /No
order to simplify the simulation procedurehip-synchronous E, E,
transmission is assumed. Since we have shown in Section I T = fK,N <No>
that the degradation by chip-asynchronism is low if sufficiently

long equalizer filters are applied, this is a reasonable approathe parameters are the number of uskraind the spreading

In Sections 1l and lll, no restrictions have been introfactor N. For each combination df and NV, a function results
duced with respect to the chip waveform. In the followingwhose inverse is denoted bz’ ().
we assume that its spectrum is constant within the intervalln the case of conventional demodulation, it can be given
[-1/(2T),1/(2T.)] and zero outside, which is equivalent t@nalytically by
the assumption of a square-root cosine pulse with zero roll-off. E E 1
In [24] and [25], it is shown that this choice of chip waveform I—S = kN <FS> =1 (15)
leads to maximum spectral efficiency of CDMA systems based 0 0 -+
on conventional demodulation. N Es

The discrete-time channel from modulator input to dee.g., [21] and [28]. This equation is valid for chip-synchronous
modulator output is well modeled as an equivalent AWGMKansmission if the chip waveform is square-root Nyquist, and
channel with a signal-to-interference ratio which depends éor chip-asynchronous transmission with the chip waveform
the channel situation and the demodulation scheme. assumed here.

Each user applies a transmission scheme which is charactetn contrast to the decorrelating detector analyzed in [29], the
ized by the transmission rafe [bit/symbol]. Depending on the averagesignal-to-interference ratio of SLISE is estimated by
selected transmission scheme, different signal-to-interferemeans of simulation as in [7, Fig. 6]. For each measurement,
ratios (E,/I,), are required to achieve a given bit error ratd096 scenarios of sequences and time offsets are selected
BER.,.. For the numerical evaluations in this paper, we assurmendomly as stated in Section Il. The signature sequences
BER, = 103, are generated by pseudorandom binary chips. It should be

We will discuss the spectral efficiency of various transmistoted that the distribution of the chips has negligible effect on
sion schemes. The considered modulation schemes are 4p8Kormance. For signal sets with complex amplitude coeffi-
with Gray mapping, either without channel coding or witltients [e.g(M > 4)-ary QAM], complex-valued chips lead to

(14)
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similar results. For each scenario, signal-to-interference ratioFor the calculation of spectral efficiency, we have to dis-
is computed applying (7). The average signal-to-interferentieguish between the use of standard channel coding with
ratios calculated as the harmonic means of these signalfized transmission rate and optimum channel coding where
interference ratios and are used as lookup tables representiagsmission rate is a parameter which can be optimized.
the functionsfx n(-) defined in (14). Here, we neglect theFirst, the previous case is considered. We assumeBE&t,
variance of signal-to-interference ratio, which tends towaid specified, and the respective signal-to-interference ratio
zero for high spreading facto®¥ [29], [30]. (Es/Ip), is given in Table I. In the case of conventional

The definitions of( £, /Iy),, R, ¢(-), and fx ~(-) as given demodulation, spectral efficiency is calculated by (17). If
previously provide computation of the spectral efficiency alemodulation is performed by SLISE, spectral efficiency is
CDMA systems. determined as follows. The number of users is varied as

For single-user systems, spectral efficiency is defined &s= 1,2, 3,---. For eachl, spectral efficiencyy = RK/N
1/B = 1/(B,T;), the inverse of the bandwidth normalizedand E, /Ny = f;'v((Es/Io)-)/R are calculated. Each pair
to the equivalent period; of binary information symbolsB, represents one p7oint in the power-bandwidth plane.
is the physical bandwidth. Since we assume chip waveformsSecond, the case of optimum channel coding is considered.
with roll-off zero, B, = 1/T, = N/T, = N/(RT,) and the Here, the number of use® and the transmission ratg <
spectral efficiency isl/B = R/N. N/R is often termed as [0;c0) are free parameters. For each pair ffand R, the
bandwidth expansionr processing gain spectral efficiencyy = RK/N and the corresponding; /Ng

In the case of multiuser communication, where several usen® calculated. The latter is obtained by use of (13) and (14),
share a common frequency band, the definition of spectsétlding
efficiency is generalized to

K K bit

=B~ vF [s- Hz}

Ey/No = fiin (97 (R)) /R

(16)  For each K, the point with minimumE, /N, is selected.

o ] It represents the transmission scheme with the transmission

cf. [20], where spectral efficiency is calledtal transmission rate which is optimized to attain the highest power efficiency

rate efﬁqency The .number of userg( which are po§5|ble for the spectral efficiency given by each choice of parameter

at BER, is a function of £, /Ny and E;/No, respectively. g The optimum transmission rat,,; is of interest and is

Therefore, spectral efficiency = v(E),/No) is a function of gnsidered, too.

Eb/NO, too. It characteri_zes the pelrformance o_f the transmis- | the following, we present some numerical examples for

sion scheme used and is derived in the following. the spectral efficiency of CDMA systems with SLISE and
For CDMA communication based on conventional demodignyentional demodulation. The spreading factor is given by

lation, spectral efficiency can be given analytically using (12)y _ g4. Spectral efficiency is computed fBER,. = 103,

v

(15), and (16) by In the case of optimum channel coding, transmission takes
B\ EN"' R place at channel capacity without any errors. Furthermore, we
Y= <I_0> - <Fo> + N (17)  assume perfect power control. The results are shown in Figs. 2
T to 5.
where we again assume th@dt /o), is required to achieve  First, we consider symbol-synchronous transmission. The
the specified bit error ratBER,.. length of the equalizer filter is equal to the spreading factor.

We interpret (17) for the case of large numbers of useThien, the number of interference vectors is equakte- 1.
K > 1 or large spreading factol¥ >> 1, respectively. Then, Conventional demodulation leads to the best performance if a

the last summand diminishes, hence yielding low-rate code is used. Increasing code rate causes decreasing
B\ spectral efficiency for all values oF, /Ny [20], [21]. This
lim = <—> (18) fact is true for signal sets witl/ > 4, too. Therefore,
Fu/No—eo o/, exclusively convolutional coding with rate 1/3 is used if

which has already been stated in [20]. I.e., spectral efficiencgnventional demodulation is considered. As shown in (18),
is limited by (E,/lo),.. For single-user systems, error-freespectral efficiency saturates at the inverse of the required
transmission is possible /I, > In(2) = 1/log,(e) signal-to-interference ratio.
[18]. Therefore, in the case of optimum channel coding, the In comparison to conventional demodulation, SLISEs pro-
maximum spectral efficiency is given blpg,(e) ~ 1.44 vide a significant gain. The optimum choice of the transmission
bit/(sHz) and will be achieved at transmission rdte— 0. scheme depends on the signal-to-noise ratid: [fNVy is high,

For systems with SLISEs, spectral efficiency is calculatébe transmission rate should be high as well.
as follows. We assume the spreading factérto be fixed. An important difference between SLISE and conventional
It should be noted that the performance of CDMA systentemodulation is that the level of saturation is not exclu-
both with conventional demodulation and SLISE is determinesively determined by(E,/I), but also by the rateR of
approximately by the ratid{/N only, see also [14]. Since the single-user transmission system. This is the motivation for
spectral efficiency is a function dk/N, cf. (16), it changes considering larger signal sets in the following.
only slightly if &V is varied. This fact has been proved by In Fig. 2, spectral efficiency alf-ary QAM with M = 4,
numerical evaluations of spectral efficiency for various valuds$, 32, 64 is shown. Different transmission schemes with dif-
of N. ferent ratesi? lead to maximum spectral efficiency depending
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5 — TABLE 1l
symbol— / . SIGNAL-TO-INTERFERENCERATIO MEASURED FOR ACDMA SysTEM WITH SLISE;
T synchr. | /_// G°PSS‘°” SPREADING FACTOR NV = 10, K = 8 Users AND 101log,4(Es/No) = 7 dB;

SIMULATION OF 108 SCENARIOS (“SYNC.” M EANS SYMBOL -SYNCHRONOUS

A 1 2 3 4 | 5to8 | sync.
Eq/ly [dB] || 2.28 | 3.26 | 3.47 | 3.52 | 3.63 | 3.37

i — 4

0 5 10 15 20 25 30
10 logyo(Ey/No) [dB] —»

Fig. 2. Spectral efficiency of symbol-synchronous CDMA systems (sin-
gle-cell) with SLISE (—) and conventional demodulation-); M -ary
PSK/QAM with convolutional code (constraint length seven), and Gaussian Ty _ s
distributed amplitude coefficients with optimum channel coding, spreading 7 2T R T
factor N = 64, symbol-synchronous transmission; for comparison: spectral / ‘ :
efficiency for orthogonal waveforms and Gaussian distributed amplitude 0
coefficients ¢ - —).

E‘) 5 16 15 Zb 25 30
10 logyo(E,/No) [dB] —»

on the signal-to-noise ratio. If the number of levels is not ré:i9~ci-”) ﬁg]c‘gllgfgczen)cyagg Sg&ggﬁﬁzﬁgfhégrxﬁsuggoﬂi )Sys,ﬁfﬁf (sin-
stricted, spgc_tral eﬁ'c"?”cy can be mcreased arbitrarily aF ¢ /QAM with convolutional code (constraint length seven), and Gaﬁssian
of power efficiency. This fact stands in contrast to conventiongktributed amplitude coefficients with optimum channel coding, spreading
CDMA and is similar to single-user communication. factor N = 64, A = 1_; for _comparison: spectral effi(_:i(_ency for orthogonal

Also in Fig. 2, the absolute limit of spectral efficiency 01Waveforms and Gaussian distributed amplitude coefficients-{).
both CDMA with SLISE and conventional demodulation is
shown for optimum channel coding and Gaussian distributed
amplitude coefficients. Furthermore, the information theo-
retical limit (optimum channel coding, Gaussian distributed
amplitude coefficients) for single-user transmission is pre- v
sented. This is achieved by multiuser systems if the waveforms 3L
of the users are orthogonal [27]. As already discussed, spectral
efficiency of conventional CDMA saturates at approximately
1.44 bit/(s Hz). In contrast, spectral efficiency of CDMA with L
SLISE is not bounded. For lows, /Ny, it is equal to that - I o i
of conventional CDMA. With increasing spectral efficiency, Y ' '
power efficiency severely decreases compared to the case of /
orthogonal waveforms. The reason is the suboptimality of oL : :
linear equalization. By using more efficient multiuser demod- 0 > 10 15 20 2 30
ulation schemes like DFE, reduced-state sequence estimation 10 log1o(E/No) [dB] —>
or maximum-likelihood sequence estimation, this degradati@ry. 4. spectral efficiency of symbol-asynchronous CDMA systems (sin-
could be reduced [31]. gle-cell) with SLISE (—) and conventional demodulatior-); M-ary

For demodulation by SLISE, the number of interferenc('%SK./QAM with gonvolution_al_ code (_constr_aint length seven),_and Gauss_ian

. . L . istributed amplitude coefficients with optimum channel coding, spreading

vectors is greater thaK — 1 if transmission is asynchronouStactor N = 64, A = 3.
and filter length is finite, cf. [1]. Then, a degradation is

caused compared to the symbol-synchronous case. The number .
of interference vectors decreases Ab— 1 if filter length ~ Previously, we already discussed performance of CDMA

grows toward infinity. Noticeably, signal-to-interference rati§YStems with optimum channel coding and Gaussian dis-
is higher than for symbol-synchronous transmission in thtdbuted amplitude coefficients. In this context, signal sets like
case. This fact is pointed out in Table Il by exemplarW'PSK andM-QAM are also of interest. Spectral efficiency
simulation results. of several transmission schemes with optimum channel coding
In order to show the improvement by increasing filter lengtfs shown in Fig. 5. Like in the case of single-user transmission,
simulations forA = 1 andA = 3 were performed. The resultslarge signal sets lead to superior spectral efficiency for all
are presented in Figs. 3 and 4, respectively. Since filter lengths/ No. The reason is that transmission rate is a free parameter.
of two or three times the spreading factor seem to be a gobdr low E;/Ny, the gain by using more modulation levels
compromise between performance and receiver complexity,small. Remarkably, spectral efficiency of 4PSK modula-
the caseA = 3 is exclusively considered further. tion with optimum channel coding may be greater than 2

]

o~
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/

— / :
T A=3 s/ Gaussian
4 LTt

Gaussian

o 5 _ 15 p~ P 0 0 5 10 15 20 25 30
10 logsq(Ey/No) [dB] —> 10 logyo(Ep/No) [dB] —

Fig. 5. Spectral efficiency of symbol-asynchronous CDMA systems (SilE—ig' 6. Optimum transmission rate for symbol-asynchronous CDMA systems

glecell) with SLISE (—) and conventional demodulation€); M-ary single-cell) with SLISE; M -ary PSK/QAM with optimum channel coding,

PSK/QAM and Gaussian distributed amplitude coefficients with optimuﬁpreading factory’ = 64, A = 3.
channel coding, spreading factdf = 64, A = 3; for comparison: spectral
efficiency for orthogonal waveforms and Gaussian distributed amplitu

coeficients £ - —). @l is uniform. For simplified analysis, we neglect the interfer-

ence caused by cells which are not neighbors of the considered

cell. Only the uplink is addressed because it limits user
bit/(s- Hz), which is the maximum spectral efficiency of singlecapacity of the total system. In each cell, perfect power control
user transmission systems. This is not a contradiction, buisgassumed. The analysis is further simplified by not taking into
well-known result of multiuser information theory, e.g., [27] account slow or fast fading. Exclusively, the attenuation due

With growing signal-to-noise ratio, signals sets comprising power loss is considered. Following [33], it is given by
discrete points with equal probability have an increasing loss in

power efficiency against signal sets with Gaussian distributed a(r) = <L> v (19)

amplitude coefficients. This difference is thleaping gair{32]. To

Its maximum value is equal thlog,o(7e/6) = 1.53 dB, and wherer, 7y, and D are the distance from the base station,

will be achieved for an infinite number of signal points.  an arbitrary constant for normalization, and the attenuation
It is important to note that forl0log,,(Ey/No) < 2 coefficient, respectively. Here, we assue= 4, which is a

dB both conventional demodulation and SLISE lead to th9p|ca| value for urban environments [33]

same spectral efficiency. In this context, the optimum trans-As a consequence of the cellular environment, the definition

mission rateRp, corresponding to the results in Fig. 5, if spectral efficiency has to be generalized again. NAwis

of interest and shown in Fig. 6. The optimum rate is zeigefined as the number of users per cell. Then, (16) can be

for 10log,o(E,/No) < 2 dB and increases with growingysed to calculate spectral efficiengy [bit/(s- Hz - cell)], cf.

signal-to-noise ratio but does not reach the maximum rgte1 ch. 6], [22].

of the signal set. This means that uncoded transmission issor conventional CDMA systems, spectral efficiency is

not optimum even for very high signal-to-noise ratios. I@alculated by numerical integration [21, Ch. 6], [22]. By the

the case of conventional CDMA, the optimum rate is zergse of the ratio¢ of other-cell interference (at base station

for all signal-to-noise ratios. It is remarkable that for thgor given cell) to intracell interference introduced in [34], it is
signal-to-noise ratios which correspond to an optimum rate giyen, in equivalence to (17), by

zero, SLISE and conventional demodulation lead to the same 1 1
spectral efficiency. The value &,/N, where R, becomes 1 E _ ﬂ
I/, No

Taking into account six neighbored cells and assuning 4,

greater than zero first, seems to be the break-even point of 7T +¢
¢ = 0.38 yields. If an infinite number of cells were assumed,
V. SPECTRAL EFFICIENCY OF CELLULAR SYSTEMS ¢ would be equal to 0.44, cf. [21, Ch. 6], [22].

R

N

interference suppression.

In cellular environments, SLISE is advantageous comparedNo analytical expression of spectral efficiency has been
to joint demodulation because in the latter case, interfererfoeind for CDMA systems with SLISE. Therefore, it is de-
from other cells could be coped with only by increasettrmined by means of simulations equivalently to Section IV.
receiver complexity. In contrast, receivers with SLISE ne€the simulation has been extended by taking into account users
not be changed compared to the single-cell case since thaix neighboring cells, which apply perfect power control by
equalizer filter is adjusted to estimated statistical propertidee corresponding base station. The distances of the users from
of the interference and does not need any information abdheé corresponding base station and from the base station where
signature sequences of other users. signal-to-interference ratio is calculated are taken into account

For convenience, we assume a simplified scenario of cdllg (19). The computation of the signal-to-interference ratio
with hexagonal shape. The distribution of users within ea@mnd spectral efficiency is as described in Section IV.
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0 5 10 15 20 25 30
10 log10(E/Np) [dB] —>

Fig. 7. Spectral efficiency of cellular CDMA systems with SLISE (—) a
conventional demodulation{—); M -ary PSK/QAM with convolutional code
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for Gaussian distributed amplitude coefficients shows that in
cellular environments, spectral efficiency of CDMA systems
with SLISE seems to saturate.

VI. SUMMARY

In this paper, CDMA communication with scalar linear
MMSE interference suppression is investigated. After the
introduction of the communication system, it was first shown
that chip-asynchronism has a minor impact on performance
if the length of the equalizer filter is equal to several times
the spreading factor. Restricted to chip-synchronous transmis-
sion, spectral efficiency is determined for CDMA systems
with both linear interference suppression and conventional
éjemodulation.

n . . . .
It is shown that linear interference suppression outperforms

(constraint length seven), spreading factér = 64, symbol-asynchronous conventional demodulation significantly. The gain, which is

transmissionA = 3; D = 4.

enormous in single-cell systems, is reduced in cellular envi-
ronments. It is demonstrated that different modulation schemes
are optimum depending on signal-to-noise ratio. In cellular
environments with standard parameters, signal sets with more

(1]

(lJ 5 TIO 15 20 25 30
10 logso(Ey/No) [dB] —» [2l

Fig. 8. Spectral efficiency of cellular CDMA systemswith SLISE (—) and 3
conventional demodulation—(—); M-ary PSK/QAM and Gaussian dis- (3]
tributed amplitude coefficients with optimum channel coding, spreading factor

N = 64, symbol-asynchronous transmissioh= 3; D = 4. 4]

Numerical examples for spectral efficiency are presented i)
Figs. 7 and 8 for an equalizer filter with length equal to three
times the spreading factor. They correspond to Figs. 4 and 6]
for the single-cell case.

It turns out that the increase of MAI by the interferers in ]
neighboring cells leads to a reduction of spectral efficiency,
which is more severe if spectral efficiency is high for the
single-cell scenario. The values of saturation for conventionaf)
CDMA are reduced by a factor of 1.3 and 1.16 for optimum
channel coding and for convolutional coding with ratgs,  [©]
respectively. The degradation of CDMA with SLISE is morg,g;
severe. As shown in Fig. 7, signal sets with more than 16
points do not lead to a significant increase of spectral efficiency
for high signal-to-noise ratios, which is in contrast to the
corresponding single-cell scenario.

In Fig. 8, spectral efficiency is depicted for optimum chany ,
nel coding and various signal sets. Like in Fig. 5, large
signal sets lead to the best performance. But the choice
M > 16 seems to be unreasonable for practical applicatiohlsg]
because of the little additional gain. Especially, the result

than 16 points are not useful.
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