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Abstract—We propose a recursive algorithm to construct tree-structure in [5], [6], the orthogonality between the smaller
ternary two-dimensional orthogonal variable-spreading-factor sjze codes and larger size codes remains fuzzy and, hence,
(2D OVSF) codes with a tree-structure for multirate multichannel additional implementation complexity might be incurred. Here,

DS-UWB system. The proposed ternary 2D OVSF codes, includ- | . lqorithm t truct t
ing binary codes as a special case, have a significantly reducedV€ ProOPOSe a general recursive aigorithm to construct ternary

restriction on code lengths and ensure orthogonality between 2D OVSF codes, including binary codes as a special case,
different code layers. 2D OVSF codes modulated by the same which has a significantly reduced restriction on code lengths
information bit are transmitted over orthogonal channels. We and ensures orthogonality between different code layers.
study the BER performance of 2D OVSF code based UWB system  1hg recursive approach can be initialized using any ternary
in Nakagami fading multipath channels. The results show that, | t ir (TCP) with bit | th
if the orthogonal channels have identical channel coefficients, Co(rlr';p ementary palr ( ),W' an arbitrary seqyence :ang
the system is with zero multiple access interference (MAI). V' [7]. At stepi, we obtain 2D OVSF codes with/ = 2
Furthermore, if the sequence length is larger than the number and N = 2¢-'N() In particular, if we start from binary
of multipath components, there is no multipath interference. complementary pair (Golay pair) [8], binary 2D OVSF codes
Index Terms—ternary sequence, ultra-wide band (UWB), or- as the subset of ternary codes are obtained. The sequence
thogonal variable-spreading-factor (OVSF), complementary sets length in binary 2D OVSF codes is limited byv(!) =
2910267, whereq,3 and~ are non-negative integers. Note
that, the proposed construction includes [4] as a special case
|. INTRODUCTION when Golay lengthV(?) with parameters? = 0 and~ = 0.

Tgus, the construction in this paper improves the flexibility

In an OVSF-CDMA system, each user is assigned a sin hoosing th b f ltich | and th
orthogonal variable-spreading-factor code and a higher d%)e;tﬁssmg € humber of muftichannet an € sequence

rate access is achieved by using a lower spreading fac Pt .
code [1]. These OVSF codes are designed for single carrier O‘Akm to the 1D OVSF code assignment, the 2D OVSF

single channel systems and here classified as one-dimensi(glg?gle (or matrix) is properly selected based on the tree-

(1D) codes. It is impossible to construct a set of 1D spreadi ul\(/:lt:re a?d as;l]gngg o zach userhm thg_ﬁmultlrt:hanneld_DS—
codes with ideal correlation properties (i.e. zero autocorrelg- system. 1he codes may have dilierent spreading

tion sidelobes and zero cross-correlation functions). Thus, ctors (seque.nC(_a length) to achieve different data rate, but
an asynchronous system or a multipath scenario, the ortho ¢ orthogonality is always preserved between any two codes.

nality of 1D OVSF codes is lost. However, as shown in [2]__|tfferentt rows 'tct)f ;he matr|t>;] carry|r|1g r;che s?m%vlnformggon
[4], it is possible to construct a class of two-dimensional (2[5I are transmitled over ortnogonal channels. VVe consider a

spreading codes with such correlation properties, resultingLthhB systlerrf]],. whelre th§ 'C\L/"t'ple lchar:gel;g{e enfabled by
multipath and multiuser interference suppression. orthogonal chip pulses [3]. We analyze the performance

In order to meet the natural tree-structure of OVSEf multirate multichannel UWB system employing ternary 2D

codes [1], we need a recursive algorithm to generate 2D OVQIySF c_odes ina m_ult|p§1th environment and get the numerlca}l
esults in Nakagami fading channels. The results show that, if

codes from smaller size to a larger one. Each 2D OVSF coﬁi o : -
the orthogonal channels are with identical channel coefficients,

is an either binary{+1, -1} or ternary{+1,0, —1} entry M T 1 ;
by N matrix, where the number of row& and the number the system is _W|th zero multiple access interference (MAI).
Eurthermore, if the sequence lengfki is larger than the

of columnsN correspond to the number of multichannel an . . :

the spreading sequence length, respectively. pumber of multipath components, the multipath interference
Former methods which focus on binary OVSF codes desibsnzero'

can be found in [4]-[6]. In [4], the authors generate the 2D 1.

: DESIGN oF2D OVSFCODES
OVSF codes with// = 27 and N = 2!, where bothi and! are , , . .
positive integers withi < [, and show that these codes have In this sgcﬂon, the correlation proper_tles Of.ZD OVSF code
less restrictions on M and N than codes in [5], [6]. HoweverEts are given, followed by the comparison with that of mutu-
' llly orthogonal (MO) complementary sets. We prove that MO

approaches in [4]-[6] have a significant number of spreadi | . Il th lati i f
sequence length constraints. In addition, because of a lackCBfnplementary sets satisfy all the correlation requirements o

2D OVSF code sets. Thus, the construction of 2D OVSF codes
This work was supported by the NSF Grant 0434854. converts to the design of MO complementary sets.



A. Definition of 2D OVSF codes between periodic/aperiodic correlations and odd/even

Spreading sequence skt a collection ofM by N matrices, correlations [9], the MO complementary sets satisfy the odd
is said to be a 2D OVSF code set, if and even correlation properties of 2D OVSF codes.
a) For any matri>C§\})‘N € T and an integef € (0, N), the

out-off phase values of the 2D even and odd autocorrelation’ he following lemmas are used in the construction of MO
of CS»?N are zeros complementary sets in next section. We list them here,

Lemma t Let {a;,b;} be a complementary pair, then

M-IN-] @ o {by,—&;} is its mate, whereb; denotes the reverse of the
Z Z CntnCmnat = 0 sequencéd; and—&; denotes the sequence whatieelement
m=0 n=0 is the negation of théth element in sequencs.
M-1N-1-1 W ) M-1 N-1 @ ) Lemma 2 Let {a;,a;} be a complementary set, then
Z CmnCmomal — Z CrnCmmaet = 0 {a1ay, @@, ai(—a1),a(—az)} and {ai(—a1),ax(—aq),
m=0 n=0 m=0 n=N-I a;a;, axax} are mates of each other, where; denotes the

sequence whosgh element is the negation of thith element
of &; anda; (—a; ) denotes the concatenation of two sequences
a; and —ay.

Lemma 3 Let {a;,a;} be a complementary set and
{by,b>} be its mate, theha, a;, axaq, a1 (—a;), az(—az) } and

respectively, whereb” denotes a modulo-N addition ara:é{?m
is the entry inmth row andnth column of matrixCE\})’N .

b) For any two distinct matrice@%l}’N and CS&)’N within
setT and an integet € [0, N), the values of the 2D even and

odd cross-correlation functions are zeros, {b1by, bsba, by (—by),ba(—bs)} are also mates.
M—-1N-1 0 ) .
mz::O 7; “munCmono! C. Design Algorithm
M—1N—-1-1 4 M-1 N-1 , We illustrate the algorithm with the design of ternary 2D
SN D =S S D =0 OVSF codes. The construction of binary 2D OVSF codes is
m=0 n=0 m=0 n=N—I straightforward by using binary seed in stead of ternary one.

Step 1 Start from any seed TCRc,;,c.} with sequence
length N and present them in matrix form

respectively, where aga'rrﬁﬁ),,I is the entry of matri>C§C}’ N N

mth row andnth column. N
cv { C1 }
B. Complementary Sets 2,N(1) C |y v
A set of M sequencegag,ai,---,ay—1} is said to be a 00 Coi -t Cont 1
set of complementary sequences, if the sum of the aperiodic = { 01’0 6171 01’N<1>71 } 1)
autocorrelation functions (ACF) of th&/ sequences vanishes ’ ’ ’
for any integer shift (0, N), From Lemmal, we obtain its mat€'’), .,
M—1 M—-1N-1-1 &
- R 2 2
> taal)= Y > anaiu=0 o = | %]
=0 =0 n=0 2x N1
wherefg, a, denotes the aperiodic ACF of sequenegsvith _ [ CL,Nm—1 €11 C1p ] @)
length N and a; , denotes thenth element in the sequence —CyNH—1 " —C1 —Co,0

a;. When M = 2, {ay,a,} are called complementary pair.
Particularly, we calfay, a; } binary complementary pair (a.k.a

Then, C{"),, and C\),,, are the first layer 2D OVSF
Golay pair) if a;,, € {+1,—1} and ternary complementaryc0des.

N

pair (TCP) ifa;., € {+1,0,—1}. Step 2 From ngvm and C(Q?;V(l), the recursive procedure
The complementary sequence $ét,by,---,by—1} IS @ generates second layer 2D OVSF co@%)N@), C;?Nm,
mate of complementary sdigy,a;,---,ay—1} if the length c® and Céi)sz with aid of two 2 by 2 orthogonal

. . 22 N(2) R
pf b; is equal to the length of;, 0 <7 < M — 1, and for matricesH; andHs below,
integer shiftl € [0, N),

M-1 M—-1N-1-I H, = [ + + }
Z Gai)bi (l) = Z Z ai,,nbi,n-i-l =0 t -
1=0 i=0  n=0 and
Mutually orthogonal (MO) complementary set is a collec- Lo
tion of complementary sets in which any two of them are Hy = [ Lo }

mates to each other.
Theorem 1 MO complementary sets satisfy the definitionwhere ™" denotes+1 and ™" denotes—1. Then,

of 2D OVSF codes. c) c)
MO complementary sets are mutually orthogonal in bothc(}z) o =Hi ® c® o = %iz)vm 2(%(1) 3)
periodic and aperiodic sense. Based on the relationship > " »N Convn —Conm



[cy —c2 ] +0+ +0+
2 1
Conm =H2®Che = | WY Y | @ e W to— -
7 / CQ,N(l) CQ,N(I) ] C22’2N(1) =H; ® CQ,N(l) = 404+ —0-— (13)
+-—- —++
3) o _[CShe Cha ] ] S e
2, N(1 2,N(1
C227N(2) =H; ® CQ,N(U = C(g) _C(g) (5)
2, N 2,N() o 0
- +-—- —++
c® _c® c® —H,oc®  _ (14)
4 2
Céz)mfz) =H® Célz)vm = é})\m) (225N(1) (6) 22N 2N +0+ +0+
’ ’ C C
2, N 2,ND | L= =

where® denotes Kronecker product of two matrices and the
second layer 2D OVSF codes with dimensiznby N2 and We can go further to generate tBed layer 2D OVSF codes
N@ = oNO), using general formulg7) and(8).

Step 3 We numerate2’ 2D OVSF codes aith layer by  The tree structure of the first 3 layer 2D OVSF codes is
indexk, thusk € [1,2¢]. Then,(i+1)th layer 2D OVSF codes iIIustratled in Figure 1. From Theorem 2, any two 2D OVSF
can be constructed frorith layer 2D OVSF codes using thecodes in the same layer are orthogonal. Furthermore, any two

following general formula, codes of different layers are also orthogonal except for the
(2b—1) *) case that one of the two codes is a mother code of the other.
C2i+17Nu+1> = Hi® Cy,Nu) The mother codes are defined as all high layer codes linking
c® c® this particular code to the first layer code [1]. For example,
_ 2i N () 28 N() (@) both V) dc® th des af®
(k) c®) othC, vy anacly () are mother codes abg -
Cove —Colnw ’ ' '
and
2k k
Céi+17N(i+l) = H® Céq‘l17N(7:—1)
(k) (k)
C2i N (@) *C2i7N(i) (8)
c®) ck)
2¢ N9 2i, N (9)

where NG+ = 2N () = 2t y(1),

Theorem 2 At any stepi, the constructed matricésg’f)N(,.),

k € [1,21], are MO complementary set. Thus, they are 2D
OVSF codes atth layer of code tree.

Proof: Lemma 2 andLemma 3 guarantee that constructed
matricesCé’f?N(i), k € [1,2¢] are MO complementary sets.
Thus, they meet the autocorrelation and cross-correlation re-
quirements of 2D OVSF codes.

Example 1 Based onLemmal, from seed TCP
(1) . G| _ | + + -
we obtain its matec’) ),
S I Y R
’ st + - - 2%3 Fig. 1. The tree structure of 2D OVSF codes with first 3 layers

Then, we use recursive procedure to generate second layer

(1) (2) (3) (4) The parameters of proposed 2D OVSF codes are listed in
2D OVSF codeCy; vz Coz v Coz vw AMACy: o Table 1. The most left column indicates the total number of
_ _ layers in a multirate system. For example, if the total number
L s of layers is 3, then the number of orthogonal channels used
cl) . =Hecl) = +0+ +0+ (11) in the system is 16, as well as the maximum number of users
22N N - =+ that the system can support. If we assume the lowest data rate
L +0+ =0 |, R..in is R, the highest data rate in the system couldlb&.
) _ For total number of layers 3, the corresponding maximum
++- ——+ spreading sequence length 4&v("). For binary 2D OVSF
c® —H,oc) +0+ —0-— (12) codes, NV = 22107267, wherea, and~ are non-negative
22,2NM 2% e, N +4+ - +4+- integers. For ternary 2D OVSF codeg(!) can be any positive
| +0+ +0+ |, integers.




TABLE |

THE RELATIONSHIP OF PARAMETERS IN PROPOSERD OVSFCODES IV. INTERFERENCEANALYSIS

Total || Number of | Sequence| Maximum | Rmaz The receiver employ3/ correlators with corresponding or-
La{ers Chaznnels L;??;h Uszers R”{“" thogonal chip pulses to separate parallel chanfgloutputs
> 2 SN D 2 2 are then summed and help to make statistic decision.
3 8 AIND 8 16 Let us assume user 1 is the desired user and allihe
- orthogonal channels behave the same fading with channel
U z 27N z a7 coefficients{c; }=;'. As we defined beforer, ™ is the delay
of ith path of uselk, andT, is the chip duration. Let\fk) =
LTl(k)/TCJ, andél('“) = Tl(k) - /\l(k)Tc, then the MAI from user
Il. SYSTEM MODEL k is given by,
We transmit the same information bit ove¥/ parallel | Lt
channels. Each bit is modulated by the channel pulse train. MAL = — > > A AW ( ) (19)
The corresponding transmitted signal for ugeis given by T 1=0 m=1
M
R (t) = Z Z b0 P8 (4 — ) (15) We expressAf,’j)l as
rom=t ) A e pR) _ (k)
where the pulse train for usérand code channeh is A,S’i’l { *) ék) .Zf ?;Z) bT@% (20)
b A ’Lf br = _br—l
N-1
p(k) Z ) ) Y (t — nT,) (16) where

T _ 0 (g (s 4 3k (A (R) (k)
r is the index of the information symbols aid is the length A = 00 W)@ (077) + 60" (N + 1)@ (6,7 (21)

of spreading sequences. The spreadlng sequgniethemth N
row in the 2D OVSF code matrik’y;) ., thus the spreading AR, =0 @, (6) + 0 N + 1)@, (517 (22)
sequence sefic,, }M_, for each user is a 2D OVSF code set.
b, are binary antlpodal symbols transmitted ovdr parallel 0% andoty) respectively denote the even and odd correlation
channels T, is the chip duration time and,, = NT. is the of spreading sequences fromth channel of user 1 and user
symbol periods),, (t) is the unit energy signaling pulse chosert. ®;, and®,, are partial autocorrelation functions of the chip
from the orthogonal set of pulses and assumed known to thaveform and given by,
receiver.

The |mpu_lse response of the UWB channel witlresolv- o' / Do (U)o (£ — 8)dt (23)
able paths is

- 28(t — 17
Zal (t—m) (17) 5) /05 (Ot + T — 3)dt (24)

whereq; andr; denote the channel gain and the propagation

delay of thel,, path, respectively. If ©7,(6) and @,,(5) are the same for alM pulsesy,
When sufficient multipath resolution is available, sma@Ver any delay valué or we synchronize the system in chip,

changes in the propagation time only affect the path delgf;lsed on cross -correlation properties of 2D OVSF codes, the

and path component distortion can be neglected. Under thé@l MAI = Yoieo MAIL is zero.

assumptions, path coefficienis can be modelled as indepen- The multipath interference fromith path denotes by

dent real valued random variables whose sign is a function fPI(l). From autocorrelation properties of 2D OVSF codes,

the material properties and, generally, depends on the wai&ng the similar arguments as above, the total multipath

polarization, angle of incidence, and the frequency of tHBterference is given by,

propagating wave [10].

: LL/N]
For an gsynchrqnous' uwB system Wit users, the MPI — Z MPI(kN +1) (25)
corresponding received signal model is: Pt
K L-1 . . .
r(t) = Z Z als(k)(t _ 7_l(k)) +n(t) (18) If N > L, the system is multipath mterfgrence free.
i1 =0 If N < L, the BER performance is degraded due to

the multipath interference caused by bit modulation. Also, if
WhEI'ETl(k) accounts for the propagation delay lpf path of the M orthogonal channels suffer different fading (i.e. with
userk and lack of synchronism between transmitter§;,) is different channel coefficient§a.,, ;} ), the complementarity
a white Gaussian noise with zero mean and two-sided powdr2D OVSF codes is lost and MAI is no longer zero. These
spectral density‘%. scenarios are simulated and discussed in the next section.



V. NUMERICAL RESULTS single user scenarios. When 16 parallel channels are identical,

We study correlator and RAKE receiver performance of offere is no BER (_1|fference observed in t_WO Scenarios. When
OVSF codes in both single and multiple user system. We eittfgt2nnels suffer independent Nakagami fading with shape
assume the channel coefficients are identical dverhannels, 'actorm =1 or 2, due to the loss of complimentary of 2D
or they are independent/ Nakagami fading channels. TheQVSF codes, the MAI is not longer zero. The smaller the
mean power of multipath components are chosen to be eqffat"® more penalty upon the BER.
to average value given in [11], which is based on the in-door
line of sight (LOS) measurements performed in 23 homes. The
sign of the reflected path coefficient is modelled as a uniformly
distributed random variable [12]. The path power is quantized
into 0.4 nanosecond bins corresponding to a chip duration
T.. We assume that each bin contains exactly one multipath
component (emulating a dense multipath environment) and the
delay spread was restricted to be 4 nanosecond. The effects of &
interchip interference has been assumed negligible. 10°

In Fig. 2, we compare the BER performances of 2D OVSF
codes with different sequence lengthin a multipath single

o

107

user scenarioN = 6,12 and 24 correspond to 2D OVSF w B S e et e

codesC{),ct),, and C{}),, constructed in Example 1. We %EQ'BUL?:«{‘L

assume) orthogonal channels either with identical channel o| L0 Four Users. Diferent m=2

coefficients or suffer independent Nakagami fading, and mark ’ * swremsmo)

them as "identical” or "different” respectively. Note that the 6)

Fig. 3. Comparison on the BER performances of 2D OVSF ol

in
124
single user and four users systems

multipath numberZ = 10, so the multipath interference is
free as long asN > L in the identical parallel channel
case. ThusC{, and C{{,, with MRC receiver have the
identical performance which achieves the BER lower bound of
antipodal signaling in AWGN channel. Due to the interference , _ . _
from paths, O} J with MRC receiver has arourets penalty ) CiCos ) Greaaing codes with it fengihe or fonard Ik of |
at BER = 10~°. With chip-matched filter which only extracts DS-CDMA mobile radio,’Electronics Lettersvol. 33, pp. 27 —28, Jan.
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and Cfé?ﬂ

Based on the tree-structure of 2D OVSF codes, we assign
c®, cll,, ¢, and C}°), to four users. Non of them is
mother code of other codes, thus they are mutually orthogonal.
Fig. 3 compares BER performancesz@ﬁmf’g4 in four users and



