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Abstract Hadamard block code that can be decoded efficiently by the
Fast Hadamard transformation (FHT). Hence, we get a seri-
This paper concerns the application of subtractive intefily concatenated coding scheme (SCCS) that is iteratively
ference cancellation for an asynchronous uplink transmigecoded [10, 11].
sion in a DS-CDMA system employing different FEC cod- Besides the task of finding strong codes of very low rate
ing strategies. Due to the inherent bandwidth expansigie question arises how the coding schemes behave in the
in CDMA systems, powerful low rate coding is possiblesresence of a multi-user detection (MUD) scheme. In con-
Therefore, the combination of convolutional and repetitiofast to a synchronous downlink transmission where orthog-
codes (CCRPC) as well as a serial concatenation of a cgral spreading sequences suppress multi-user interference
volutional code, a Walsh code and a repetition code (SCG®UI) efficiently, pseudo-noise (PN) sequences are used for
are considered. Besides a comparison of the different cegrasynchronous uplink transmission. Therefore, multi-user
ing approaches, parallel interference cancellation (PIC)iiierference is the limiting factor concerning system capac-
applied to overcome the tremendous effect of multi-user ifty. In this paper, we apply parallel interference cancellation
terference (MUI) limiting the capacity of CDMA systems(PIC) assuming perfectly known channel impulse responses
In this context, different combinations of PIC and iterativand identical average receive power for each user. The latter
SCCS decoding are examined. assumption is valid for systems with perfect power control
Assuming perfectly known channelimpulse responses f§4 that no near-far problems occur.
each user it turns out that the CCRPC scheme achieve nedhe application of parallel interference cancellation leads
single user performance even in the case of high syst@gelf to an iterative process including the FEC decoder and
loads. High interference levels degrade the performanceté interference canceller. Concerning the SCCS, it turns
the SCCS considerably even when PIC is applied. Ondyt that the receiver contains two nested loops allowing sev-
for low system loads SCCS outperforms the other codirgal realizations.
schemes. The paper is structured as follows: Section 2 describes
the DS-CDMA transmission scheme and the different cod-
. ing scenarios. Furthermore, simulation results for a single-
1 Introduction user system and multi-user systems are presented. Next,

Code Division Multiole A CDMA) has b h the parallel interference cancellation scheme with the corre-
~ode 'V'S'0nd ultiple ccgss_( ) asl ezeg C4 o:e onding simulation results are discussed in sections 3 and
in various modern communication systems [1, 2, 3, 4, 5, §] Finally, section 5 concludes the paper.

as multiple access technique. One popular realization is the
well-known single-carrier Direct-Sequence CDMA system
(DS-CDMA,) already embedded in the IS-95 standard [1R ~ System Description
Due to the inherent spreading, each user occupies a large
bandwidth offering FEC coding with very low code rate9 1 DS-CDMA
and, therefore, high coding gains.

Up to now, a lot of work has been carried out Concerﬂfjgure lillustrates the structure Ofatypical DS-CDMA Sys-
ing the trade-off between spreading and channel codit®jn for a single usef, 1 < j < J. The remaining/ — 1
[7, 8]. Recently, it was pointed out by Frenger et al. [9] thafterfering users are summed up to the signaThe data
spreading can be interpreted as simple repetition codiggeamd?) consists of binary information bits'¥) (k) each
i.e. spreading is nothing else than channel coding. HengédurationT; and is encoded by one of the coding schemes
the question arises if we can rep|ace the weak repetitigﬂscribed in section 2.2. All COding schemes have the same

code by a stronger FEC code. overall code rate
Specifically, we analyze the performance of two cod- 1 1
ing schemes for an uplink transmission over a frequency- R. = Gr ~ 61" (1)

selective Rayleigh fading channel. First, we consider a

coding scenario consisting of a convolutional code andTaerefore, the channel encoder performs the entire spread-
simple repetition code (CCRPC). Second, the poor repetig with a total processing gain ¢f p = 64. After encod-

tion code is mainly replaced by a more powerful Walshing, the resulting sequen&g’) with T, = T; - R, is scram-
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Figure 1: Typical structure of a DS-CDMA system with single-user detection

bled by a user-specific codg’) possessing the same chip I cc | WH | RPC |
durationT, = T,. Due to an asynchronous transmissiqnCCRPC R =1/2 - R =1/32
in the uplink, we use simple pseudo-noise (PN) sequences, — 7 R =1/8 - R =1/8
for spreading. The scrambled signals of different users ar§ccs R =12 R" = 6/64 R =1/3
transmitted over individual mobile radio channels. L,=3 | Re=1/2 | N =600,6000
According to Figure 1, a symbel k) within the received
sequence can be expressed by Table 1: Coding parameters
L-1 )
r(k) =3 N B (k) s (k- 1) +nk) () _ _
=1 1=0 low decoding complexity by the Fast Hadamard transform.

Thus, the entire coding scenario describes a serial concate-
whereL describes the number of transmission paths of th@tion of a convolutional code, a Walsh code and a repeti-
mobile radio channel and(k) the background noise. Al- tion code as depicted in Figure 2. At the receiver, the repeti-
though each user is assigned to an individual charn@, tion code is decoded first. Then, an iterative decoding pro-
assumed to be the same for all users. Presupposing perfegélys starts consisting of an inner symbol-by-symbol Max-
known channel coefficiemlsl(” (k) that remain unchangedLog-MAP-decoder [14, 15] for the Walsh code and an outer
during a time interval 4, the corresponding symbol for useMax-Log-MAP decoder for the convolutional code (refer
j = 1 at the input of the channel decoder can be devidénl Figure 3). The extrinsic information of each decoder is
into four parts extracted and fed to the successive decoder improving the

_ performance compared with a single decoding iteration.
bV (k) = a(k) + (k) + (k) +u(k) . ()
b
_>

» I, u‘ Walsh w‘ Rep.

" code ”| Code

conv.

First, a(k) represents the desired coded information ob-d_, code

tained by maximum ratio combining different taps yield-
ing a diversity gain and therefore enhancing the average ) .
signal-to-noise ratio at the input of the channel decod&glj.gure 2: Encoder of serial concatenated coding scheme (SCCS)

Next, 3(k) describes the path cross talk within the Rake . . :
receiver andy(k) the multiple access interference. Finally, Analyzing the SCCS it trns out that a convolutional code

the contribution of the background noise is denoteg(&y . with L. = 3 andEC - 1/2.yields th? best results in t.he
These four parts build the input signal of the channel d(é(—_)nteXt of suboptimal iterative decoding. It was comblne_d
coder. Note that the de-spreading, i.e. integrating the dé':‘h arate6/64 WH code so that the code rate of the repeti-

scrambled signal over a durati@h, is not performed in the t(':og COSWT%UMR%C =1/3. Th; mtlerlehavem b.etzkt]vxée.zf?n i
Rake receiver but in the channel decoder. and Walsh encoder was randomly chosen with difieren

lengths N. Table 1 depicts the parameters of the coding
schemes under investigation.

2.2 Coding scenarios

The aim of this paper is to shed some light on the mutual in- i A

fluence of channel coding and multi-user detection. There- \

fore, we consider two different coding scenari_os.. They areé>C |, W-Max| | Y- _— o conv. [
introduced only briefly, a more detailed description can be OIT.™> (DHT) t "l decoder >
found in [10, 11, 12]. 'y L(W)

The conventional coding system (CCRPC) employs a
simple convolutional code (CC) of constraint lendith= 7  Figure 3: Decoder of serial concatenated coding scheme (SCCS)
and code rat&®:® = 1/n followed by a repetition encoder
(RPC). The latter one has the code r&¥° = 1/Np en-
suring a constant entire processing gairtigf = 1/(RS° -
R’?¢) = 64. Therefore, the whole bandwidth expansion is’
already implemented in the channel encoder. Among a ladgethis subsection, we first present simulation results for
variety of combinations betweeR$¢ and R.P“ we have single-user systems (SUS). A fully symbol-interleaved 4-
chosen two parameter configurations listed in Table 1. Dgath Rayleigh fading channel was used, i.e. the channel is
coding is simply performed by means of a correlator (RP@ssumed to remain unchanged for the durdfign= Gp- T,
and a Viterbi decoder (CC). of one information bit. In the average, the transmitted sig-

In order to improve the performance of the codingal’s energy is spread equally over the 4 taps of the channel.
scheme, we replace the RPC by an interleaver and a Wdlsltcessive channel coefficients are assumed to be statisti-
code [13] performing the inner spreading and providingally independent.

Performance without PIC
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Figure 4 depicts the corresponding simulation results.
Please note that, denotes the energy per information bit
d9) (k) and not the energy of a coded bif) (k). Obviously, Figure 5 shows the performance of the considered coding
at medium and high signal-to-noise ratios, the Walsh-codéghemes forJ = 32 active users. Simulation results are
SCCS outperforms the conventional schemes by 2 dB figpicted as symbols whereas lines represent the applica-
an interleaver size aV = 600 and by 3 dB forN = 6000. tion of (6). Obviously, a tight conformance can be ob-
At low signal-to-noise ratios, the conventional schemes p&erved. A comparison with Figure 4 visualizes the per-
form better. Moreover, the CCRPC scheme witff = 1/2 formance degradation due to MUI. The CCRPC schemes
loses nearly 0.5 dB compared wit® = 1/8. Further re- Possess a high error floor caused by severe multiple access
ductions ofR<¢ lead only to minor additional gains. interference so that an error rate Bf = 10~* cannot be

reached. However, the SCCS especially with the larger in-

P=Y(SN R (Ey /Ny, J, L)) . (6)

. Simulation results for different coding scenarios terleaver is able to achieve error rated%f= 10~° in range
10 ‘ < ‘ : ‘ dB < E,/Ny < 11 dB. Therefore, the SCCS provides
—=— CCRPC,R=1/2 7dB < Ep/No < . provi
gl ' o CCRPCR=1/8 acceptable performance even in the absence of multi-user
100 -v- SCCS,N=600 ||  detection schemes. As expected, the points of intersection
Lo ~»- SCCSN=6000 || between SCCS and CCRPC moved toward highgfNy
LN but they still lie in the rangé0—! < P, < 1072,
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Figure 4: Simulation results for different coding schemes ar

J = 1 active user | — CCRPC, Re=1/2 N
1074 - - - CCRPC, Rc=1/8 |- S
The results discussed above represent the performanc o gggg “22880 Teel
a single-user system. However, expanding our conside 1¢7° = ‘ -
tions to J active users does not require additional simul: 0 5 10 15
tions. We can tightly approximate the results fbactive Ey/NoindB —

users by calculating an equivaleht,/No and exploit the gigres: performance of coding schemes for= 32 active users
results of the single-user system already depicted in Fig-

ure 4. Regarding d-path Rayleigh fading channel with

equal power distribution and a chip-synchronous transm3-  Parallel | nterference Cancelation
sion, the average signal-to-noise ratio on each channel tap

IS R.E /N Multi-user detection (MUD) schemes can be mainly dev-
£ /No . (4) ided into two groups, linear and nonlinear techniques [16].
L+ (JL—-1)R.Ey/Ny

Linear MUD schemes invert the correlation matix of
Equation (4) takes into account the effects of multi-user ithe used spreading sequences according to the zero-forcing

terference and path cross talk. The Rake receiver perforarshe MMSE solution. The latter one supplies a compro-
the maximum ratio combining of statistically indepen- mise between sufficiently decorrelating the interfering sig-
dent taps. For a fixed channel, the signal-to-noise ratiorials and noise suppression. Due to the inversidR.othe
increased by a factak. Furthermore, considering also theabove mentioned methods presuppose a repetition code for
processing gairG p that affects the suppression of interspreading. Otherwise, the correlation matrix would be in-
fering users as well as the path cross talk, we receive fiuenced by the coded data bits and calculating the inverse
equivalent measure @&, /Ny of R would require an estimation of the coded bits itself.
o LE,/N, Thus, to our knqwledge, a joint impl_ementation of linear
SNR*"™(Ey/No, J,L) = LT (JL— )R.E, Ny " (5) MUD and decoding without a repetition code has not yet

been realized and linear MUD cannot be applied for the
Now, we can approximate the performance of multi-us&CCS.

systems in the absence of MUD techniques. From (5) withTherefore, we consider nonlinear multi-user detection op-
J = 1 and the simulation results shown in Figure 4 werating behind the FEC decoder. Generally, successive
know the functionPb(J:l)(SNReq“(Eb/NO,1,L)). Re- and parallel interference cancellation schemes are distin-
placingS N R¢4%(E, /Ny, 1, L) by SN R¢4%(E} /Ny, J, L), guished. The former technique is suitable forsystem§ with-
we get the relationship out power control where the power of the received signals

vary in a wide range. This scenario is predestinated for the
Pb(J) (SNR*"(Ey/No,1,L)) = successive detection of all signals starting with the highest

’y:
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Figure 6: Principle structure of the parallel interference cancellation scheme

power signal and proceeding till the weakest signal has bezry out a loop consisting of Walsh decoding and subtrac-
detected. After each detection, the re-constructed versiotivg interference cancellation several times before running
subtracted from the channel output reducing the interfehe decoding loop. This would save some computational ef-
ence and allowing a more reliable detection of the remaifort because the convolutional soft-in/soft-out decoder does
ing signals. not run so often. However, the second approach suffers

In this paper, we apply parallel interference cancellatidfPm the inaccuracy of the reconstructed signal and per-
(PIC) where all incoming signals are detected simultan®ms much worse than the first one. Therefore, the next
ously. In contrast to the scheme described above, the F€gtion presents only the results for the first PIC realization.
scheme requires a strong power control ensuring the same
receive power for all incoming signals. The structure of
the whole PIC system_ls deplcted_ln Flgqre 6. A Sof_t4 Simulation Results
In/Soft-Out decoder delivers the estimated information bits
4 -likeli io& (b
d. as well as log-likelihood ratio (b') of the coded Aa mentioned above, we used a fully symbol-interleaved 4-
bits. Then, the expected values of the LLRs are calculate . . . : :

. . ath Rayleigh fading channel in our simulations. Due to the
by thetanh-function. Afterwards, the received sequencé)s ltiolicity of binati ot th
are re-constructed by scrambling and re-transmitting ovneﬂru t|p_|C|ty ° parame_ter combinations, we restrict the pre-
Sentation on the coding schemes CCRPC wRffi = 1/8

the |r]<(11|;/|dual 4_—path Rayle_lgh fading chgnnels.. F_mall_y, thaend SCCS withV = 600. The results for these schemes
sum#'t) of all interferingsignals regarding user= 1 is

subtracted from the received sigmalin the absence of de_and different number of active users are shown in Figures 7

coding errors, this difference is an estimate of the receivggd 8, respectively. 1t can be observed that the CCRPC

sianal of user — 1 without multi-user interference There-SCheme reaches the single user performance (SUS) even in
9 b= ) the case of/ = 48. Note thatJ = 32 active users lead to

fore, passing this signal through the Rake and the channe ull loaded system’ when compared with half rate coded
decoder a second time should yield the performance of %BMA or FDMA systems. Contrarily, the SCCS scheme
single-user case. Due to decoding errors, the procedure\(ljvﬁh N = 600 only reachés SUS pen,‘ormance Br— 8
scribed above has to be repeated several times. andJ = 16. Increasing the number of users fo= 32

Concerning the SCCS, it has to be mentioned that thegayditect lossiparisne tfaBARBRRAASCCS is shown in
exist several possibilities to calculate the LLR& ). In- Figure 9. At a bit error rate oP, = 10~° the SCCS out-
stead of using the output of the convolutional decoder, WRrforms the conventional scheme fbe= 16 andJ = 32
have exploited.(w) at the output of the Walsh decoder. Agsers. However, the gain fdr= 32 is rather small and the
depicted in Figure 3, it delivers not only soft estimates fgfoint of intersection between CCRPC and SCCS is reached
the input bitsu of the Walsh encoder but also a LLR forptp, — 6.10-5. These relationships can be explained by re-
each coded symbol in a WH codeword. The expected Vghrding once again Figure 4. As already mentioned in sec-
ues of these LLRs have to be repeatégtimes, scrambled tjon 2.3, the point of intersection is moving towards higher
and retransmitted over the multi-path channel. signal-to-noise ratios whehincreases. Therefore, for large

The structure described above incorporates two nestédhe PIC scheme is working at SNRs where the CCRPC
loops so that two possible realizations exist. First, we canheme outperforms the SCCS. It is expectedffas 32
perform the iterative decoding for each user before carryitigat the SCCS performs worse. Concerning the computa-
out the subtractive interference cancellation. This woutibnal costs it has to be mentioned that due to the small con-
guaranty a certain reliability of the reconstructed signatraint length of the convolutional code in the SCCS it needs
used for interference cancellation. Alternatively, we firdéss computational power than the CCRPC scheme.
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Different number of users, CCRPC, RC=1/8
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0 0
10 T 10 . :

— SUS L Sgso e e —— CCRPC, J=16
-~ J=8 == = -=- SCCS, J=16
-s- J=16 —— CCRPC, J=32 ||
- J=32 i -¢- SCCS, J=32
- % - J=48

o4 x

i i

6 8

Eb/NO indB —

Figure 7: Performance of PIC for CCRPC and different number
of users
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Figure9: Comparison of CCRPC and SCCS with PIC
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