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Abstract—The family of operational CDMA systems is inter- More explicitly, the achievable system capacity might be
ference-limited owing to the Inter Symbol Interference (ISI) and  dramatically improved even with the aid of a limited-duration
the Multiple Access Interference (MAI) encountered. They are IFW, where the off-peak aperiodic auto-correlations and

interference-limited, because the orthogonality of the spreading |ati b 31 Th ttracti
codes is typically destroyed by the frequency-selective fading cross-correlations,, become zero [3]. ese auractive cor-

channel and hence complex multiuser detectors have to be usedrelation properties assist us in eliminating the effects of both
for mitigating these impairments. By contrast, the family of Large ISI and MAI. The family of LAS [4] codes exhibits the

Area Synchronous (LAS) codes exhibits an Interference Free ahove-mentioned favourable properties, which renders them
Window (IFW), which renders them affractive for employment 5 homising design alternative to traditional spreading codes.

in cost-efficient quasi-synchronous ad hoc networks dispensing, .. . . .
with power control. In this contribution we investigate the Initial comparative studies between LAS-CDMA and tradi-

performance of LAS DS-CDMA assisted ad hoc networks in the tional CDMA were presented for example in [4].

context of a simple infinite mesh of rectilinear node topology =~ LAS codes are generated by combining Large Area (LA)

and benchmark it against classic DS-CDMA using both random [5] codes and Loosely Synchronous (LS) [6] codes. Li [5]

spreading sequences as well as Walsh-Hadamard and Orthogonalproposed various construction schemes for LA codes and

Gold codes. It is demonstrated that LAS DS-CDMA exhibits . .
a significantly better performance than the family of classic analyzed the performance of LA-CDMA, which exhibited

DS-CDMA systems operating in a quasi-synchronous scenario higher spectral efficiency than traditional CDMA. Stanczak
associated with a high node density, a low number of resolvable et al. [6] focussed their attention on contriving systematic
paths and a sufficiently high number of RAKE receiver branches. methods for the construction of LS codes. Choi and Hanzo
[7] investigated the design of efficient and flexible LAS codes

I. INTRODUCTION having an increased duty ratio, which resulted in a higher

- . number of codes and hence a higher number of supported
Code _D|V|5|on , Multiple Access (CDMA) sy_stems .havqlg]sers than previous designs. An entire LAS-CDMA network
substantial benefits and hence have found their way into

; enetit . WW8s studied in [8].
thwd—generquon wireless systems. A set of ideal spread!ngAgain, as a benefit of having an IFW, LAS codes have the
sequences is expected to have zero off-peak auto—correlatlg ﬁity to support asynchronous operation in ad hoc networks.

and cross-correlations, which would eliminate both ISI and ihis paper we will focus our attention on a comparative
MAI imposed, regardless whether they operate in synchronogﬁ

. . dy of LAS codes and traditional spreading sequences in
or asynchronous scenarios. Unfortunately, such ideal sprea .CDMA ad hoc networks. For the detailed construction
sequences do not exist. But nonetheless, it is possible to de%hods of LA LS and LAS .codes please refer to [5], [6]
sequences, Which exhibit an .”:W over a ]imited duration The outline é)f this paper is as follows. An infinite ,mesh
[1. A fgrther design-trade-off 1S that m.alntalnmg low aUtO'of rectilinear node topology is introduced in Section Il for the
correlations and cross-correlations outside the IFW contradé%{ke of evaluating the achievable BER performance. In Section
to each other [1] and these correlation side-lobes in fact q :

) . . . [She system model of LAS DS-CDMA is also described. The
typically higher than those of classic spreading sequenc

: . . R perf f classi di loyed i
Despite these trade-offs, spreading codes having an IFW a performance ot classic spreading sequences emproyed in

ttracti . the ISI and MAI iated with the famil h a system is investigated in Section Ill. Our comparative
attractive, since the an associated wi € faml tde between LAS codes and traditional spreading sequences
of classic spreading sequences, such as orthogonal Walsh-

2bresented in Section IV. Finally, Section V provides our
Hadamard (WH) codes, Pseudo Noise (PN) sequences, G é‘ffclusions Y P

codes and Kasami codes [2], significantly impair the attainable
capacity of traditional CDMA systems. Il. SYSTEM MODEL
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wireless networks, we consider an infinite mesh of rectilinetmransmitting nodek, €2; is the second moment @f;;, which

topology having infinite nodes. Its regular topology exactlgorresponds to the average path loss onithepath of the

enables us to examine the system performance [9]-[11]. ftansmitting node: [12], andT'(-) is the gamma function. We

infinite structure results in a scenario having the higheassume a negative exponentially decaying Multipath Intensity

possible interference and conveniently eliminates any effdetofile (MIP) given by [13], [14]:

the size of the node-grid would impose on the validity of the B _nl _ B

results. We uséud, vd) for denoting the location of nodes on B Q’“Oi T k=L kandi=1,. Ly = 1,0)

the two-dimensional plane, wheteandv are integers and Qo = E{higt =7, (4)

is the minimum distance between any two adjacent nodes.where , > 0 is the rate of average power decay, which
Every node in the network has four neighbours, connectgd 35sumed to be identical for all nodes, is the distance

by the edges. We assume that the maximum affordable traggnyeen the reference receiving node and the transmitting node

mit power only supports communications between neighboufs. gnd o > 2 is the path loss exponent [12], which is also
If a packet has to be sent from a source node to a desfksymed to be identical for all nodes.

nation node that is not an immediate neighbour, it has t0The signalz(¢) transmitted by nodé is given by:

be relayed by the intermediate nodes. Each node is assigned .

a spreading sequence for transmitting such that the shortest i (t) = 2Pk (t)by (1)U (t)e? (5)
distance between any two nodes using the same spreaqifires, is the carrier phase of the transmitting nddavhich
sequence is maximized. Each node is assumed to have {f\gssumed to be uniformly distributed i 2). The spread-
equal probability to transmit or receive signals to or from ONAg codeay, (t) is defined asi () = S2°° ___ aseor, (t—5T%),

of its neighbours. Under uniform traffic generation conditiongvhereakj € {~1,1} is a binary spreéding sequence having a
the network is homogeneous and hence it is possible for usgi&viod L and o (t) = 1 if ¢ € [0,7') or 0 otherwise. The data
study a single receiving reference node, rather than considerg@hm be(t) is defined asy(t) = Z?i—oo bejor, (t — 5T5),

kl

all nodes. . o whereb,; € {—1,1} is the binary data sequence afid is
We will focus our attention on the system’s single-hop pefne symbol duration, which satisfiéE, = LT.. The chip
formance under the above assumptions, rather than COﬂSidemeform\p(t) is defined asv(t) = 32°°___4r, (t — jT0)
J=—00 c c/y

a pa_rt_icular routing strategy. Without loss of generality, th&here Yr.(t) is an arbitrary time-limited function, which
receiving reference node is assumed to be locatdd,a) in satisfiesyr, (t) = 0 for ¢ ¢ [0,7,] and is normalized to have
the two-dimensional plane and receives from the transmitting, energy équal 1. i.e. we havefTC ¥2. (t)dt = T,. For a
node located af0,d). Then all the other nodes are regardeﬂectangular chip waf\’/eform we havé)ef (SC: or (t)_c

as interferers with the probabilify.5. , The signaly(t) received by the reference node is given by:
ConsiderK simultaneously transmitting nodes in the con-

text of wireless ad hoc networks, where each transmitting node K Tpl

transmits at the same constant power lef) since cost- y(t) = Z Z V2Biak(t = 1Te = 1:)by(t = ITe. — 7)

efficient ad hoc networks routinely dispense with power con- k=1 1=0

trol. The multipath channel has the channel impulse response i

(CIR) of [12]: X \I’(t —1IT. — Tk)hkle + n(t), (6)
hio(t) = Lil hiad(t — IT,)e= 0% 1 whereTy, is the propagation delay of the transmitting ndde

Or; = ¢ — V4 IS the phase-shift of th&h path of the trans-
itting nodek at the receiving reference node anft) is the
omplex-valued low-pass equivalent AWGN having a double-
fded spectral density aWVy. Generallyfy; is independently

and uniformly distributed in0, 27) and 7, is assumed to be

1=0
where hy(t) is the complex-valued low-pass equivalent ClI
of the multipath channel experienced by the transmitting no
k. Furthermore,L,, is the total number of resolvable paths

which is assumed to be identical for all nodéds, is the uniformly distributed in the range dfxo, 7o + Tmaz], Where

fading envelope of théth path of the transmitting nodk, _ Th - T e
5(t) is the Dirac delta function7. is the chip duration and “°___ light speed 's the shortest delay or Light-Of-Sight

Jy; is the phase-shift of thdth path of the transmitting (LOS) de ay between t.he transmitting.nddend the reference
node k. In general, the phase anglé®,;} are deemed to node, 7, IS the maximum propagation delay relative to the

be independently and uniformly distributed @ 27), while LOS delay, which is assumed to be identical for all nodes.
the fading amplitudes{hy;} are independent Nakagami- I11. BER ANALYSIS
distributed random variables having a Probability Distribution | ot ;s assume that the reference node is receiving signals
Function (PDF) ofp(h) expressed as [12]: from the transmitting node using maximal ratio combining
2mykhy ! _marp2 (MRC) and the RAKE receiver combines a total @f.
p(hit) = We e () branches. Then the output,; of its correlation receiver at
M the ith branch is given by:

In Equation 2my, is the Nakagamin fading parameter, which
characterizes the severity of the fading on itte path of the Zgi = Dgi + I(5yqs + L(0r)qi T Nais @)



whereD,; is the required signal,s),; is the self-interference  The variancer?N)qi of the Gaussian noise,; is given by:
incurred by the other paths of node I(,,),; is the multiple .2 )
access interference incurred by other nodes apdis the o()qi = hgiNoTs. (14)

noise. Following the procedure in [14]-[17], we can derive Consequently, the SINR encountered on ithepath of the
Dy; and the associated variancesipf);, I(ar)qi andng;. transmitting node; at the receiving reference node is denoted

The required signaD,; can be expressed as: by 2+;, where~, is given by:
Dyi = v 2Pthbq0h’3i' (8) v = Dgl (15)
) 2 2 2
The variances?,, ; of the multipath interferencés),; is 2 |9(s)qi T ()i +‘7(N)qz}
given by: Therefore the Bit Error Probability (BEP), a term which we
L,—1 will use interchangeably with the BER, |, (), is conditioned

2. =l [p2 (¢ _ 2 on the fading envelope vectdr and when using BPSK for
sy = DTNy ; Qe legq(€ = 1) g (O] ©) transmitting from node: to the reference receiving node, the
17 BEP is given by [17]:
where we havé =1 — i, andcg, () is the discrete aperiodic
cross-correlation function of the spreading sequeragsj =
0,.,L — 1} and {ay;|j = 0,...,L — 1}, which is defined as
Equation 5 in [16].
When a rectangular chip waveform is used, the variangéere h and ~ are the vectors constituted bfh,,} and
oty Of the multiple access interferendgy),; becomes: {~i}, respectively,L, is the total number of RAKE receiver
branches and)(z) is the Gaussia®)-function. For the sake

L.—1
Pyn(y) =Q Z 2vi |, (16)
=0

K Lp—1 T2 of conveniently evaluating the average BER, we will use
otaryg = BiTEhY; Z Z Quoe ™™ 7_26 an alternative definite integral form af(z) , which was
Ny =0 maw formulated in Equation 2 of [17].
A\ Finally, the average BER at the reference node receiving
Ao min {ro—7,1} B min {74 —j,1} A : : .
Z S(.l)(t) 0T Z S(.Q)(t) b from the transmitting node is given by [17]:
= J max {7_—3,0} = J max {10—3,0} 1 T L,.—1 e Sin2 9 m;
Py(y) == —) b, 17
(10) 5 () 7r/O 11) (%—kmisinzf)) (17)

where we have = (I—i+j) mod L and the partial integral yhere 2y, is the average SINR of the transmitting nogat
SO )’ =S (ty) — 88(t1), and 81" (t) is given by: the receiving reference node, and the SINR-related tgrin
b Equation 17 is given by:

i 1 1 . . . -
S = GOt + 5 Wi —7) + 2wa(Q)] £ s Yu@ 1
4 3 5 = > -+ e, (18)
+ 3 20O~ 7) + @l Q]2 T e
= 2w —Ti) + w:
g 172 ' J 8 whereYg (i) and Y, (7) are the multipath interference (MPI)
+ws(Q)(J — m)t, (11) and the MAI related terms, respectively, angyr is the
o T, ifi=1, (12) received per-bit signal-to-interference ration (SNR), which
iz T4, fi=2. does not take into account the received interference power.

- . ) They are formulated as:
The coefficientsv; (¢), w2(¢) and w3 (¢) in Equation 11 are

iven by: Lp—1
- Ys(i) = Y e Meg (€ — L)+, (), (19)
wi(€) = Jerg(C+1=L)—crg(¢— L) ;;?
+ [eng(C+1) = erg (O
WQ(C) = qu(( L) [qu(c +1-— L) - qu(C - L)] T]VI Z Z Qko e~ 0
+Ck¢Z( )[qu ¢+ )_CkQ(C)L k=1 [—0 m x
wa(Q) = (€= L)+ ey (€). (13) . A
0 min {79—j,1 + min {7y —j,1
The parameters._, o, 7, defining the integral area and theirx | St { j}} -y St e ] !
integer parts\_, Ao, A, are given by: J=A max {r_—j,0} = max {To—4,0}
ThoO—Tqo—T. (20)
To= s, A=, PLT.Q
Tp = TRO_Ta0, Xo = |70], YSNR = Ty (21)

c
Tk0—Tq0+Tmaz

Tpo= e A = [T



Chip duration [iS) Te=1.0
Minimum distance ( light speed T.) | d = 0.1 0
Maximum propagation delay/t) Trmaz = 2 10
Total number of resolvable paths Ly, =4
Total number of RAKE branches Lr=3 10— o .
IFW width t=3
Path loss exponent a=40 1
Rate of average power decay n =02 10
Nakagami-m fading parameter m = 1.0
TABLE | iy
THE SYSTEM PARAMETERS USED o
10"
= —— Quasi-Synchronous LAS
. Asynchronous LAS A
X —— Quasi-Synchronous OG 256
]_0'5 A —— Quasi-Synchronous OG 128
IV. PERFORMANCE OFLAS DS-CDMA o o ot 2o
A. Benchmark Systems 10—6 O Asynchronous Random Sequence
0 2 4 6 8 10 12 6 18 20
In this section we will compare the achievable performance SNR (dB)

of a number of systems, namely that of quasi-synchronous
LAS DS-CDMA and quasi-synchronous DS-CDMA usinggig. 1. BER versus the received per-bit SNRyr. These results were
WH codes and Orthogonal Gold (OG) codes, as well agaluated from Equation 17.
asynchronous LAS DS-CDMA and asynchronous DS-CDMA
using random signature sequences. BPSK modulation is used
in all of the above systems. Figure 1 shows that the BERs of all the systems considered

We investigate the attainable performance of the LASlecrease, as the SNR increases. This can be readily seen
CDMA 2000 system’s physical layer [18], which was origifrom Equation 18, wheré,(+y) is a monotonically decreasing
nally conceived for base-station-aided communications, rathienction of ysyr. However, it may also be concluded from
than for ad hoc networks. In the LAS-CDMA 2000 systercquation 18 that increasing the transmitted power is only
modified versions of the LAL 4, M4, K4) and LN, P,W,) capable of mitigating the effects of the background noise, but
codes are combined for the sake of generating the LA®t of the MPI or MAI. This is the reason that increasing
codes [7], [18], where the length of the LA code becomdbe transmitted power substantially improves the achievable
L4 = 2552 chips. The minimum spacing between non-zerBER performance for the quasi-synchronous LAS DS-CDMA
spreading code pulses of the LA code becomés = 136 system. The quasi-synchronous DS-CDMA systems using both
chip durations, which is equal to the length of the constitue@b6-chip and 128-chip WH codes exhibit a poor performance
LS code based on Equation 10 in [7]. The number of nowwing to their high auto-correlation function side-lobes. The
zero pulses i<, = 17 based on Figure 1 in [5], the lengthquasi-synchronous DS-CDMA systems using 256-chip and
of the complementary code used in the generation of the 188-chip Orthogonal Gold (OG) codes exhibit a moderate
code isN = 4 [7], the dimension of the WH matrix used forperformance owing to their good correlation properties. Since
generating the LS code B = 32 [7] and the number of zeros the performance of quasi-synchronous DS-CDMA systems
at the beginning and in the center of the complementary codemainly determined by the correlation values néax 0
pair is Wy = 4 [7]. Hence such a LAS code exhibits an IFWbetween the spreading sequences used by the desired node
length of[—, ], where we have = min Wy, N — 1 = 3. The and interferers, and there are several cross-correlation values at
corresponding spreading gain becondés- f(—ﬁ = 151. & =01in OG codes, which are in proportion to their spreading

For the sake of a fair comparison we would need both Weghin. This is the reason that the quasi-synchronous DS-CDMA
and OG codes having a length bf= 151 chips. However, no systems using 256-chip and 128-chip OG codes exhibit almost
such codes exist, and the most similar ones are those hawing same performance. The asynchronous LAS DS-CDMA
a length of L = 128 and L = 256 chips. For the sake system performs slightly better than the asynchronous DS-
of fair comparability, when considering asynchronous DS:DMA system using random sequences, as a consequence of
CDMA using random sequences, we assume that the spreadiadower MPI resulting from its IFW, given the parameters of
gain of the random signature sequences is the same as thal,of= 4 and. = 3. The quasi-synchronous LAS DS-CDMA
the LAS-CDMA 2000 codes, namel§ = 151, which is also system performs best, since its IFW cancels most of the MPI,
equal to the length. of the random signature sequences. given the parameters df, = 4 and. = 3. Hence the quasi-

) synchronous LAS DS-CDMA system becomes essentially

B. Numerical Results noise-limited, rather than interference-limited, which is also

The system parameters used in our investigations are listbe reason that it benefits most from increasing the transmitted
in Table I, unless otherwise stated. The effects of the receiveawer.
per-bit SNR~snr and the maximum propagation delay, .. In order to demonstrate the capability of LAS codes for
are characterized in Figures 1 and 2, respectively. mitigating MPI and MAI, we letysyg — oo in Figure 2.



non-selective fading that would result in having no multipath
10° ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ diversity. If a high bit rate is required, multicarrier LAS DS-
CDMA might be invoked for the sake of providing low-
chip-rate parallel transmissions mapped to several parallel
subcarriers, which has however the following disadvantage.
10° The number of resolvable multipath components is reduced
proportionately to the number of subcarriers used, which

51"' reduces the achievable diversity gain. Investigation of these
@ s /S design trade-offs constitutes our future research.
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