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Abstract—We construct a ternary zero correlation zone (ZCZ) the length of the sequencé/ is the family size (namely, the
sequence set with both periodic and aperiodic ZCZ based on mu- number of sequences in the set) aig. is the length of the
tually orthogonal complementary sets. A multicode UWB system a0 ZCZ. Corresponding constructed sequences allow for
based on ternary ZCZ sequence sets can adapt its data rate by . ) ,
changing the size of the code set to satisfy different data rate re- an improved SySIem_performance re!at'\_/e to Fan S_Se,ts due to
quirements without Compromising its BER performance_ Multi- the faCt that the ZCZ IS bOth n the perIOdIC and apeI’IOdIC sense.
code systems based on constructed ZCZ sequences can have a no- Multicode approach [10] suggests splitting high data rate
tably improved performance over a single code system employing streams into several low rate data substreams. Each data sub-
m-sequences and over multicode systems based on comparable b"stream is spread by a sequence and all the substreams are trans-

nary and ternary ZCZ sequences. We argue that the improvement . . . . .
over comparable binary and ternary ZCZ sequences is due to the mitted in parallel using synchronous multicode channels. Since

unique periodic and aperiodic ZCZ property of the proposed se- @ higher data rate is achieved by increasing the number of par-

guence sets. allel code channels, the processing gain can be kept sufficiently
Index Terms— Ternary sequence, zero correlation zone (zCz), large to alleviate the ISI for any particular sequence. Differ-
ultra-wideband (UWB) , complementary sets ent data rates can be supported by changing the size of the se-

guence set assigned to a user. Instead of being limited by single
sequence ISI, the data rate is limited by the sequence set corre-

. INTRODUCTION ) k
. . . lation properties.
In this paper, we focus on signal designs based on ternary We study the BER performance of a multicode TS-UWB sys-
rgct sequence UWB (TS-UWB) Wh'c.h mcluqies epoc_hs of 2848m employing the proposed ternary ZCZ set and experiencing
signal amplitude as a natural extension of binary antipodal si dense multipath [11]. A comparison is given with the perfor-
naling [1, 2]. Ternary signaling is suitable for impulse base

> hance of a single spreading sequence (with a reduced process-

; . . : . 'ﬁé‘bain per sequence), and with comparable examples employ-
improvement in the signal correlation properties. ing Fan's [6] and Cha’s [8] ZCZ sets
A zero colrrellation zone (2CZ) sequence set has the peri_ocﬂgl.he paper is organized as follows. In Section Il, we describe
and/ortagzmljdm cct)rrﬁlatlonﬂ\]/ alu_es ?q(l;all 0 ﬁ%ro fqtr a Cor.]t'gtlﬁe recursive approach to construction of ternary ZCZ sequence
ous set ot delays starting with a single detay. Thus, 1t can SIgngia, o i, periodic and aperiodic ZCZ. In Section lll, the single

!Cantly alleviate the multipath interference anq mult|ple_ acceﬁ er multicode UWB system and the UWB channel models are
interference. Recently, there has been a considerable interestin

; . . {fbduced. Simulation results are presented in Section IV. In

applying the ZCZ sequences in the quasi-synchronous CD ection V, we draw the concluding remarks
type systems. ' '

ZCZ sequence set design was first studied by Suehiro in [3].
Fanet al. proposed binary, quadriphase and polyphase se- Il. TERNARY ZCZ SEQUENCESET DESIGN
quence sets derived from complementary sets [4-6], Torii and gasic Concepts and Notations
Nakamura proposed ZCZ set construction based on perfect se- o ,
quences and unitary matrices [7]. Gétzal. proposed a ternary 'Before de;cnbmg the.ternary ZCZ set co.nstructlon, we
ZCZ sequence set constructed by cyclically shifting preferr&ﬁ'eﬂy describe a few basic CF’”C_ePtS and notat_|ons. )
ternary pairs [8]. Let g, a, dengte the aperiodic autocorrelation func]'f/llon of

Here, we propose ternary ZCZ sequence set constructfflf Seauence; with length V. A set of M sequencesa; };=;
based on mutually orthogonal (MO) complementary sets [3§ said to be.a compl_ementary set, |f the sum of their aperiodic
Compared with earlier work on ZCZ sets, constructed sets haygocorrelation functions vanishes, i.e.,
both periodic and aperiodic zero correlation zone. For exam- M N—1_i
ple, a binary periodic ZCZ sequence set Wit, M, L...) = A () = o — .
(32,4,4) can be generated by Fan's method [6], whéfds ;Ga,,,@ ® ; nz::o Gindin+t =0,V £ 0



whereq, , denotes thexith element in the sequenag Example 2 Based on the seed matix(®)
A set of complementary sequencdd;}, is a mate

of the set{a;}}, if their sequence length is equal, and AO) — { + -+ }

Zf\il 0a, b, (1) = 0 for anyl. Complementary sets of se- T ==

quences are mutually orthogonal if all pairs are mates. we use the recursive procedure (2) to construct larger MO com-
We denote the ternary ZCZ sequence set C?T’ementary set matria (D).

T...(N,M,L...), where N is the sequence length an

M is the family size and.,... is the minimum auto and cross

A(O)(X)A(O) ++++ —+& -+
zero correlation zone over the sgt.. in both periodic and

+-®+- ——®——

aperiodic sense. The new ternary ZCZ sequences sets are con- o
. . _ [+t ++
structed based on either binary or ternary MO complementary = NI o 3)
sequence sets.
and
B. Ternary ZCZ Set Construction Algorithm ORI { R4+ -0 —+ ]
Step 1 Construct the seed matrix(®). - +®+—- ++®——
Starting with either a binary or ternary complementary pair — -
I(TCP){cl, C2} [12], the seed matri\ () is constructed as fol- = { e ] 4)
ows,
(0) a G From (2), we obtain the mutually orthogonal complementary
A = 1)
c; —Cr sets
where€; denotes the reverse of the sequeocand —€; de- [+ = - -+ =+
notes the sequence whogk element is the negation ah el- 1) _ ++— ——— —++—- +—+-
ement in sequence;. Note thatA(®) can be partitioned into N -—+—+ +-——+ ++++ ——++
two MO complementary sefs,, ¢, } and{¢;, —C; }. | -+ += -t ++—— ===
Example T Let {c;,c3} = {++,+—}. Based on (1), the AL A AW AW
seed matrix is given by RO NG
A A A A
= | Al Al AL AD )
e ey M S Qo o
= - L A4,1 A4,2 A4,3 A4,4
where’+’ denotesl and’—’ denotes-1. Therefore,
Note thatA(®) is comprised of two mutually orthogonal .
complementary sequence s(etéf_r ) and( :J_r ). ZGA@ An()=0 VI#£0, k=1,2,34. (6)
. ik’ ik
Step 2 Recursively construct larger MO complementary sets =t
based on the seed mateX? [9]. and
Let A®) be a matrix of sequences wiftf () rows, each row A
containsM (?) sequences with equal lengh?). The recursive B o
procedure constructs a larger matrix of sequensés ) with ‘ 121;76‘94};,4}; (1)=0 ¥, k,j=1,2,3,4. (7)
1=LKrkZ)

2M () rows, each row containirgM/ *) sequences with length
2N @), Thatis, Step 3 Construct a ternary ZCZ sequence set by reorganiz-

A®) @ AD) A®) @ AD) ing the MO complementary set matrix(®) as
& - ®

AP @ AD A @ AD) (2) ” OAG-D o A=) _AG-1) g A-D)
A - —AP-D g A=) A1) g AlP—1)

AP+ —

where—A(®) denotes the matrix whoséth entry is the nega-
tion of theijth entry of A(®) and’®’ denotes interleaving. Two A&”{ Ag”% e Agf’])w
sequencesa = {ay, az, as, ...} andb = {by, by, b3,...} are in- Aépi A®P) Aépj)w
terleaved as. @ b = {ay, b1, a2,bs,...}. The two matrices of = ?

sequences are interleaved by interleaving their corresponding : : :
sequences as described in Example 2. L AS@; AE\Z)Q e AE{,}{M

(8)




TABLE |
N AND L., OF CONSTRUCTED TERNARYZCZ SEQUENCE SETS WITH
FAMILY SIZE M=2,4,8

whereM = 2Pt is the number of complementary sets in the
MO complementary set matria () andAl(f’j), i=1,2,..M,
j = 1,2,...M are the complementary sequences with equal

sequence length. M=2
By reorganizing the MO complementary set matfix?), I..l2] 31456 7] 8
we construct the ternary ZCZ sequence 35 containing N 811211612024 281 32
M = 2P*! ternary ZCZ sequences and with the following ma-
trix form: M=4
L..| 4] 6[8[10[12] 14 | 16
AP oZyo AP 0Zy -0 A) 0 Zy N |[32]48 64|80 96 112 | 128
T0) _ Ag{)Q)OZMoAéIEOZM---oAgfj)7202M M—38
: L.|| 8 [ 12 ] 16 ] 20 ] 24 | 48 | 32
Agpgw 0Zy o Ag% 0Zp--- 0 A%M o0Zs N 128 | 192 | 256 | 320 | 384 | 448 | 512

whereZ ,,; denotes sequence wifti zero elements, i.&Z,; =

(00---0). The notatiora o b denotes the concatenation of WO, 148 The sequence length of Cha's ternary ZCZ sequence is

sequencea andb. o) of the form4 x 2™, n = 1,2, 3... [8] which is a subset of lengths
Thus, thejth row of the matrixT%:c is a ternary ZCZ se- described by (9). Thus, proposed construction approach is more

quencely, j = 1,2,...M, with sequence length flexible in terms of spreading sequence length selection.

Two of the proposed sets will be employed for the design of

(p) — gp+1p7(0) . . ; .
NP = 4PN (9)  the multicode UWB system described in the next section.

whereN(© is the sequence length of the seed complementen-

Ternary ZCZ Sequence 1 Ternary ZCZ Sequence 3

pair in Step 1. The resulting both periodic and aperiodic ZC * s
length of sequenceg; is given b
g q 7 g y 0III,,,,II“,,,,IIII,,,,IIII,,, 0III,,,,IIII,,,,IIII,,,,II”,,,
] p A7(0
L), = 22N (10)
- bt o 18 20 25 30 - ol l0 15 20 25 30
eriodic auto—correlation of sequence eriodic auto—correlation of sequence
Example 3 For p = 1, the ternary ZCZ seff{t) = = : 20, i
(N,M,L,..) = (32,4,4) with 4 ternary ZCZ sequences (i.e. ,, "
Ty,T5,T3,Ty) can be constructed by reorganizing (5), I I | I
o [ I IR [
[ T -10 -10
T Periodic crolsosfcor%eslanor??)f senffence310&3 Apenusd\c crggsfcoir?e\anoioof seiiences(l)&?,
Tz(i.z — 2 (11) 20 20
gg 10 10
- 7 Jaxa oot - AU | TR
AP oZyo AR 0Z40 AP 0240 AP 02,

Af% 0Z40 Ag% 0Z40 Agfg 0Z40 Az(f% 0Z4 5 10 15 20 25 30 5 10 15 20 25 30
A§2§ 0Zyo0 Ag% 0Zy0 Agfg 0Zy0 Af% 0Z4 Fig. 1. ZCZ sequence, T3 and their correlation properties
Af}l oZyo0 Aéﬂ oZ40 Ag?i oZ4o0 Af}l 0Z4

where, e.g.1; = - — -+ —

+Oeo‘3’oe? 5_114_ _((;FOJ&(;; IJ; gfolgr?g:;];\rf(l) :ngqrolN(oT _ [1l. MuLTIcODE UWB SIGNAL MODEL

4% .2 = 32. A set of spreading sequena@s= {c,, }*._, of M sequences
Figure 1 depicts ZCZ sequencs, T3 in Example 3 and with length NV is assigned to a single user. For simplicity

their periodic and aperiodic auto and cross correlation propgfe assume uncoded transmission. In this cddeconsecu-

ties. From (6) and (7), we can derigg.., the length of ZCZ in tive information symbols{b,, bs,...bs;} are transmitted over

both periodic and aperiodic sense. FSE we havelL.., =4. M parallel code channels simultaneously. Thus, the symbol
Table 1 lists the sequence lengtNsand ZCZ lengthd.... rateR; = M /T, whereT} is the symbol period containinyy

for constructed ternary sequence sets with family sizes M=2ghips of duratiorl.. By increasing the number of code chan-



nels from 1 toM, we can adapt the system data rate frofl;, homes. In [14], it is observed that the line of sight compo-
to M/Ts. nent and the first 10 multipath bins account for 33% and 75%
The transmitted baseband signal is given by of the total power, respectively. The sign of the reflected path
. Noi coefficient is modeled as a uniformly distributed random vari-
: — able [15]. The path power is quantized into 0.4 nanosecond bins
S(t) = Z Z b, r Z cmnt(t —nTe —rTs) (12 corresponding to a chip duratidf.. We assume that each bin
rom=1 n=0 contains exactly one multipath component (emulating a dense

whereb,,, ,. is ther-th binary antipodal symbol transmitted usMultipath environment) and that the delay spread is restricted to
ing them-th multicode sequence)(t) is the unit energy chip be 4 nanoseconds. The effect of interchip interference has been

pulse with duratiorf, and assumed known to the receiver. Th@SSumed negligible. , _
spreading sequence g, }/_, is suggested to be the ternary In Elgure 2, the average BER is plotted against the SNR
ZCZ sequence set introduced in the preceding section. per bit. For a multicode system, we employ the ternary
The UWB channel with. resolvable paths is modeled as ZCZ sequence set constructed in the Section Il with parameter
(N, M, L...) = (128,8,8) and (N, M, L...) = (32,4,4) for
L-1 Rate A and B respectively. For single code scheme, we employ
h(t) = Z ad(t — 1) (13) m-sequence with ending zefe- ——+——++—+—++++0}
1=0 and{+++—+——0} for Rate A and Rate B respectively. BER
, . performance improvement can be observed for both Rate A and
wherea; and, denote the channel gain and the propagatiqface g, £.g., larger thatiB and1dB gain can be achieved by
delay of thel-th path, respectively. _ using ternary ZCZ set based multicode scheme over single code

When sufficient multipath resolution is available, small.neme when the target BERIiG 2.
changes in the propagation time only affect the path delay andjgyre 3 demonstrates that when employing ternary ZCZ set,
path component distortion can be neglected. Under these @g BER performance does not change when we the data rate is
sumptions, path coefficients can be modelled as independeniaried by increasing the number of code channels. The ternary
real valued random variables whose sign is a function of the mge-7 sequence set parameters @& M, L...) = (128,8,8),
terial properties and, generally, depends on the wave polariggs number of code channels varies frarto 8. The three al-
tion, angle of incidence, and the frequency of the propagatifgyst flat BER performance curves lie BER = 102,103
wave [13]. and10~* for SN R = 8, 10 and12dB respectively.

For SlmpIICIty, we quantize the multlpath delay into binS, i.e. In Figure 4, we compare the BER performance of the
n = IT,. Inthis case, for a single user multicode UWB systempqylticode UWB system employing Cha’s ternary ZCZ set
the corresponding received signal model is: (N,M,L...) = (32,4,5) [8], Fan's binary ZCZ set
(N,M,L,..) = (32,4,4) [6] and the ternary ZCZ set with
paramete(N, M, L,..) = (32,4, 4) constructed in this paper.

At BER = 10~%, the system employing constructed ternary
ZCZ set can achieved B and4d B gains over the system using
wheren(t) is a white Gaussian noise process with power spelcan’s binary ZCZ set and Cha’s ternary ZCZ set, respectively.
tral densityN, /2. This is due to the fact that the proposed ternary sets have a ZCZ
in both periodic and aperiodic sense. Note that, the sequences
from the constructed ternary set have the same peak to average
power ratio (PAR) as that ones proposed by Cha.

We first compare the single user correlator receiver BER per-
formance for multiple and single code systems employing a V. CONCLUSION
ternary ZCZ set and an m-sequence, respectively. Two datBased on either binary or ternary mutually orthogonal com-
rates, i.e., Rate A and Rate B are assumed. For Rad A,16  plementary sets, the ternary ZCZ sequence set with both pe-
for single code scheme employing an m-sequence of lergthriodic and aperiodic zero correlation duration is constructed.
padded with a zero and/ = 128 for the multicode scheme Multicode systems employing the constructed ZCZ sequence
with A/ = 8. For Rate BN = 8 for a single code scheme em-set can have a notably improved performance over a single
ploying an m-sequence of length 7 padded with one zero acmde system using m-sequences and over multicode systems
N = 32 for the multicode scheme with/ = 4. based on comparable earlier binary and ternary periodic ZCZ

The mean power of the multipath component is selectegdquences. We argue that the improvement over comparable
equal to the average value given in [14], which is based @mary and ternary ZCZ sequences is due to the unique periodic
the indoor line of sight (LOS) measurements performed in 28d aperiodic ZCZ property of the proposed sequence set.

L-1

r(t) = > oSt —1T.) + n(t) (14)

=0

IV. NUMERICAL RESULTS
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Fig. 4. BER performance comparison for multicode UWB system for different
ZCZ sets



