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Abstract: The research on new sets of sequences that can ¢@n make spreading codes more robust to the effefcts
applied as spreading codes in multiple user comeations is still - multipath propagation. In fact, a delay spregg within the
an active area, even if this topic has been extelysinvestigated 77 interval may be tolerated, assuming that dlamser's

since long time. In fact, new communication paratigike dense oo - affected by a relative path delay satisfies the
and decentralized wireless networks, where there@oiscentral condition:

controller to assign the resources to the nodesrearamping the
interest on finding large sets of sequences progidadequate |ri|s Tmax = Zo U (1)
correlation  properties to support a big number oies, in whereTc is the chip period, and, is the ZCZ width. When

potentially hostile channels. This paper focuses tha Zero .
Correlation Zone (ZCZ) property exhibited by a famif non- the ZCZ property holds, generalized orthogonal (GO)

linear binary sequences featuring a great cardjnafitheir set, and Sequences may be defined, alternative to normabganal
good security-related features, and provides ewdeenf their (NO) ones. In fact, a set &f sequences of lengihis said to

suitability to multiuser communications, in chamaelffected by pe normal orthogonal if the periodic correlatiomdtion

Itipath.
multipa among two sequences andg;, C,, F’[k], for 0 <k <N-1,

Keywords: Zero Correlation Zone, non-linear binary sequences, j D{l..., M} satisfies the conditions:
CDMA, Gold codes, bound . K=0i=i
, for k=0,i=]
. C P k| = 2
1. Introduction a3, [k] {0, for k=0,i # | (2)
Despite the idea of Spread Spectrum (SS) commumnsat
dates back more than one century, this technolsggtiil The sequence set is said to be generalized ortabgbthe

applied in a wide set of different fields, rangingm satellite  periodic correlation functionceﬁavp[k], for 0 < k < N-1,
positioning, to multiuser mobile communicationswiveless :

local and personal area networks. SS communicatiane I+ ] D{1....,m} satisfies the condition:
been recently revisited, in the framework of deradized N, for k=0,i=]
wireless networks [1] comprising several separat%&ajp[k]: 0, for k=0,i#] 3)

transmitter-receiver pairs, where users treat eatbler as
noise, and there is no central controller, as ppeas in 0, for O<|k|sZO

traditional uplink/downlink multiuser systems, tesiyn the being Z, the width of the ZCZ. The definition of GO
resources to them. New Medium Access Control (MAC3equences implies that the greater the ZCZ wigihthe
protocols are also being investigated [2], to suppmerging better the sequence set, i.e. the system will bastoagainst
communication technologies and paradigms, suchhas t greater delay spread. For a shiftalue outside the range
Internet of Things (IoT). (~Z,Z0).C44 " [K] can take any value: the periodic cross-
The different SS techniques available, such as cbDire i ! .

Sequence (DS), Frequency Hopping (FH), Time Hoppin rrelation cannot be controlled outside the ZCZ.

(TH), and Hybrid (H) [3]-[5] feature different pregies, I- Wogld bg .desirable to get both a wide ZCz an(!w-no
limitations, and advantages, that are stronglyteeido the lInearity, within the same set of sequences usespesading

inherent nature of the sequences selected and asedCCdes assigned to multiple users, in order to geermobust

spreading codes [6]. Modern communication systetss a 2Nd Secure communications. _
require the capability to support increasing numtfensers, Baséd on the above premises, this paper analyses th
which relies on the selection of sets of spreadioges perf(_)rmance obtainable in a Direct Sequence Codes@_m
featuring large cardinality, i.e. a large amountsefjuences Muliiple - Access (DS.'CDMA.‘) system, on a m_u_ltlpath
belonging to the same family [7] channel, where non-linear binary sequences exhipithe

To reduce the Multiple Acces.s Interference (MAtpao- ZCZ property are chosen as spreading codes. Thityfaf
channel uinterfere:cép in SS systems and multiusnon-linear binary sequences selected for evaluatidine set

L - X Bf De Bruijn (DB) sequences [9]. With respect te thork
apphcau_on_s, s_uch as radars,_ position detectiond apresented in [10], the sequences assigned to lmers
ultrasonic imaging, Zero Correlation Zone (ZCZ) euces  gejected according to their ZCZ properties. As dtenaf
may be applied, i.e. sequences whereby the oubaée

auto-correlation function is equal to zero, in adfied zone
of phase shift [8]. In SS communications, the ZG@perty

fact, the great cardinality of the set, given lly= 22" "™

wheren is the span of the sequences, allows to applglseit
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strategies to select the spreading codes provithegbest 3. Non-linear Binary De Bruijn Sequences
performance in terms of minimal error probability the _ ) )

receiver. The results herein presented also iniegthe Non-linear feedback shift registers (NLFSRs) are a
preliminary analysis developed in [11], where anditide generallzanon_ of linear _feedback §h|ft reglstemswhlch a
White Gaussian Noise (AWGN) channel was assumes. Tﬁurr_ent state is a non-llnegr function of the poesi state.
paper is organized as follows: Section 2 discusstzted While the structur_e of f_;ln-blt_ LFSR can be easily de(_juced
work, whereas Section 3 presents the main progeofighe from 2n consecutive bit (_)f its sequences,_by applying the
binary DB sequences investigated by the paper. TiRerlekamp-Massey algorithm, up ©(2n) bits would be
sequence selection strategy is detailed in SedtioThe Needed to determine the structure of nebit NLFSR
results obtained from simulations are presenteSeiction 5, 9enerating a given sequence [12], thus denotingaager
whereas Section 6 draws the main conclusion ofptqger 'esistance to attacks aimed at breaking the seguenc

and highlights future research directions. generation algorithm. Non-linearity brings bettecurity to
spreading codes, as they become more difficultusg by
2. Related Work unauthorized users.

It is known that am-stage LFSR has a maximum period of
All SS systems make use of code generators, usualéy. . o . o
-1, if and only if its characteristic polynomial is

designed as pseuqorandom, or pseudonoise (PN)agerser primitive. Sequences generated by full-period NLES$Rve
Each code in a given family is used to set the ueegy n .
a length equal t8", and they are also known as De Bruijn

spectrum that the output signal will occupy. It cals
P . P gnal Py . sequences. In a DB sequence of order (or spa@)l the
determines and controls the spreading patterneokyistem: . . )
possible2" different binaryn-tuples appear exactly once.

by using a carefully designed and selected seprdasling
sequences, which benefits from good correlatiomp@ries, The periodic auto-correlation functio@aap[k] of any DB
it is possible to implement multiple access techgies, and sequencea of spann, for a given shiftk, exhibits the
multi user transmission at the same time, in theesa following properties:

frequency band. 2" for k=0

Several families of spreading codes have been pempin PIT_

the literature, either binary (two-valued), andypblase ones Caa [k] =10 for 1S|k| sn-1 “)
(i.e. multi-valued). Codes may be even specificdigigned #0, for k[ =n

to saftisfy one or more requirements related fo S\7§hich means thaany binary De Bruijn sequence of span

comr_nu_nications. Unfortunately, some rquirementy P& o hibits a ZCZ of lengtt(n-1) chips in its periodic auto-
conflicting. As an example, sets of spreading catl@s areé  crrejation function. For an arbitrary pair of Derun
optimal to reduce the MAI term, often result in ewf sequencesy and a, i # j , of spann and periodN, the

spreading codes that may not suffice to suppomasy Users fo|lowing bound on the periodic cross-correlatiamdtion
as requested. Comparing different sets of spreadougs c P[k] holds:
aa, olds:

may be not a straightforward process, due to theuainof
different codes-related parameters that shall lentanto —2"< Caa P[k] <2"—4for 0O<k<N-1 (5)
account, and to the inherent differences in the ecod ! . . .
. By adopting suitable strategies, and exploiting tireat
generation process. ot e . "
. . cardinality of the set, it is possible to selecéafic subsets
Asynchronous systems, or frequency selective praipay . . i
. ) of DB sequences featuring the desired periodic -aatul
channels, may destroy or severely impact the oahality of

. ) 2 cross-correlation properties. About the aperiodictoa
the NO spreading codes used, thus causing an 8i6Gea ., e|ation (AAC) of the sequences, Table 1 compdhe
interference, being both Inter Symbol Interfere(i&) and

) k maximum and average AAC values of different farsilie
MAI generated by random time offsets among the afgn namely DB sequences of length 32 bits, Gold, amd

orthogonal. Well-known families of linear spreading . .
sequences, such assequences, Kasami, Gold, and WaIshTablel' Compgnson of maximum and average AAC values
of different spreading codes families

codes, traditionally employed as channelization espd

exhibit non-zero and sometime non negligible awaad DB (32) Gold (31) M (31)
cross-correlation out-of-phase values, which lintle
achievable performance, in asynchronous or in guaf Maximum 0.625 0.4194 0.1935

synchronous scenarios [11].

On the other hand, full length sequences obtaihedugh
non-linear generation, such as binary De Bruijn YDBDespite the apparently worse behavior of DB secge®rfic
sequences [12], [13], provide attractive featuesvell, such terms of maximum AAC value, their greater cardityali
as long periods and large complexities, great nafity of allows for the minimum average AAC value, with respto
the set [14], and good randomness propertiesl dhatbe the other sets considered. The mentioned maximuuoe \Gf

fruitfully exploited in communication systems, cogitheory, AAC is not frequently occurred for the DB sequences
and cryptography [15]. further, DB sequences having the maximum AAC may be

removed from the selected subset, to improve the
performance attainable.

Average 0.0193 0.1109 0.0774
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Another interesting parameter is the number of Z&A&C  sequences to be used as spreading codes. On thargofor
values at each shift index, that can impact théopmance of bigger values of the span, the exhaustive generaticthe
the codes in synchronous systems, and controldleet®on sequences becomes extremely resource-consumingyréynd
of the proper codes to use. Figure 1 illustrates ghrcent partial subsets could be considered, thus gettingula:
number of sequences with null AAC values at eadhtian  optimal selection only.

for DB, Gold andm-sequences. Considering the number of he algorithm designed to extract the span 5 sespseftom
distinct sequences of each sequence family, it agpthat their full set looks for clusters of at least 5 seces, which

DB sequences may be chosen as the best set.

have to show a ZCZ in their cross-correlation, onaimum

70— ; ; ! . . ; out-of-phase value of the cross-correlation eqaad tor 8.
A B ¢ DB (z048) The full set of 2048 De Bruijn sequences providestal
o) S S Sonsmones) » Gold (33) | 227103 periodic cross-correlation functions thahileix a
§ : : : 4 h(E) ZCZ of variable length. According to the constrairget
_50f , ............... W ,?.;P. ............... SR — ._ above, up to 30515 clusters of at Ieast 5 sequemegsbe
2 > : : ; : : * found from the original family of 2048 binary DBeences;
g 40_. ......... ...... .. ...... L fe . ..... 4 among them, 708 clusters include up to 6 different
B SR : : § iy sequences.
o SR , ........... ........... ........... ........... ,_ . .
€ BN w5 A% 5. Simulation Results
Eagil TN o TR SO SO 5 SO SO — S
TR e w - PR SO S In order to gather significant results that canassumed as
ee ll : . . -
ST eSS, R - I S —— representative of a general behavior, due to thadsiount of
: different clusters possible, the simulations haveerb
I ) 4 performed by randomly selecting the clusters of DB
0 L —stexe: g S & ; i
-30 -20 -10 0 10 20 30 sequences to test, and comparing them against ésé b
Shift index clusters ofmsequences and Gold codes possible. In fact, for

a spann = 5, only 6 msequences exist, and only 33 Gold

Figure 1. Percent amount of null AAC values for each shift codes so it is easy to find the clusters of 5 eages that

index, for the different sets of spreading codessitered

(DB, Gold andmsequences)

provide the best performance for these familiespating to
the selection rules stated above.

Considering the number of sequences featuring Hmees .
amount of null AAC values, Figure 2 shows how DB
sequences incredibly outperform the other sets.
350 5 , ;
; : _ © | * DB(2048) 5
SDD""""""';". ......... . g *  Gold(33) H g
. % 5 o I A ) =
@ B0 e e e e b d e | E
a ® : z
= ; e =
w i =
gZDD. ............................ - g
g B0 Fg ............ ............ g ............ ................
2 : : : : _
£ i :
¥n) 2 A
bl [ | SRR SO L AR TRPTPLERT Freris el N :
; ; 4 1 | | | 1 1 |
. : g 1 2 3 4 5 B 7 B
SD‘; ........................ ,\ ......................... _ Eb"rNg (dB)
gL el ,, o (TN R Figure 3. Probability of Symbol Err9r provided by a
0 5 10 15 >0 oc 30 randomly selected cluster of 5 De Bruijn sequemtésngth

Mumber of zero AAC

32, compared to ideal curve (dashed line)

Figure 2. Amount of sequences with the same number of Figure — shows the performance of a DS-CDMA system
zero AAC values (DB, Gold ant-sequences) employing a randomly chosen cluster of 5 DBs secegms

4. Sequences Selection Strategy

spreading codes (i.e. 5 users), assuming a prapagat
channel affected by multipath, with a multipathayeprofile
given by [0,3,4]T¢, and a Ricean factdt = 0.2. The Ricean

The evaluation of full-length non-linear binary 8eqces facior may take different valuet: = 100 for a channel with

with ZCZ property, to be used as spreading codes Df5-

no multipath;K > 1 for a channel affected by Rice fading;

CDMA system, requires to design a proper sequenggqk < 1 for a channel affected by Rayleigh fading. Each
selection strategy, in order to optimize the exeeCt ¢ e corresponds to a different user; the dasimedgives

performance. Due to the great cardinality featdmgdamilies

the ideal behavior. Comparison among different gafts

of DB sequences, the analysis herein presentedideiss gequences is given in Table 2, that provides tmémeim and

only the full set of span 5 sequences, i.e. a tatabunt of
2048 sequences of length 32. This way, it is ptssdapply  janoted ash
an optimal selection strategy to select so catlesters of

maximum difference of the Probability of Symbol &rr
ps » between the spreading codes in the cluster
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and the ideal curve, a, /N =4 dB, for DB, msequences affected by possibly severe multipath, as in vehicu

and Gold codes, in the same channel conditionsdsttiove. COMMunications.

DB sequences provide the less scattered behavidr w < ! S g =
respect to the ideal one, better than the optirhadters of - ——Upper bound on BEP Gold
Gold andm-sequences e et om BEp DB

—==Lower bound on BEP DBs

a10”
. . w
Table 2. Spreading codes performance, with respect to the T
ideal behavior, in terms of minimum and maximum =
difference of the Probability of Symbol Errof g ) for e’
E,/N,=4dB £
£ 10"k
Cluster Code L ength min A pee max A o
DeBruijn 32 210° 6.910° P
M-sequence 31 4.510° 1.410? 5 © 7 &® o (02
Gold 31 3.510° 1.110°

) Figure 4. Improved RS-coded BEP provided by DB
Randomly chosen clusters of DB sequences rematerbet sequences with respect to Gold codes, in a 4 B®rs

than msequences and Gold codes, compared to the ideal CDMA system with RS(31,23) coding
curve, even when 6 users are considered. Table&m® a '

multipath delay profile of [0,3,6]c , and a Ricean factd¢ 7, Acknowledgement

= 0.7. Again, DB sequences outperform other clusterenev

in a propagation channel affected by a strongetipath. The authors acknowledge the support provided byalbDt
Cesare in designing part of the simulations ne¢ddithd the

Table 3. Spreading codes performance, with respect to thesequence subsets

ideal behavior, in terms of minimum and maximum
difference of the Probability of Symbol Errof\fg ) for References
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