Improved DADS Performance with Noise is used on one hand as an embedded reference signal, and

Reduction by Averaging on the other hand for modulating the data information. This
modulation scheme provides a processing gain and therefore
Vincent Le Nir and Bart Scheers inherits the advantage of conventional spread-spectrum co

munications such as multipath mitigation, anti-jammingd a

multiple access capabilities. DADS is inspired on the CDSK
noise performance of the delay and add direct sequence (DADS ;chemde, |fn WhICT.Ia PIN Eeqqence is used for thf? spreading
modulation scheme by modifying the structure of the referexe !nStea _O a mu t'_eve chaotic source. DADS o er_s some
signal and the demodulation algorithm. It is shown that noig interesting properties compared to the CDSK, mainly the
reduction by averaging can enhance the bit error rate (BER) possibility to select some PN sequence which improves the
performance of DADS considerably. As the number of noisy cfis  BER performance without any additional complexity at the
exploited at the receiver increases, the signal to noise iat(SNR) o caiver. Indeed, theoretical analysis and simulationltes
gap between the BER performance of the proposed modulation h h h ,h f f - bl
scheme and the binary phase-shift keying (BPSK) modulation aves ownt atthe BER performance of CDSK is comparable
scheme approaches 3 dB. The theoretical results derived fahe t0 DADS with an arbitrary PN sequence, however the DADS
BER are verified by simulations in additive white Gaussian nise  performance can be improved by 3 dB with PN sequence

Abstract—In this paper, a method is proposed to improve the

(AWGN) and frequency selective Rayleigh channels. selection [7]. Moreover, the DADS modulation scheme has
Index Terms—Spread spectrum modulation scheme, transmit @ very simple receiver structure and is particularly sufiad
reference, noncoherent detection short burst transmissions. However, it can be observed that

the bit error rate (BER) performance degrades as the length
of the PN sequence increases. This effect can also be oldserve
for CDSK and DCSK systems. Enhanced versions of the
Impulse radio ultrawideband (IR-UWB) systems uses VE[YCSK systems have been proposed by transmitting several
short pulses of less than a nanosecond in conjunction eithigformation-modulated signals after the reference sigmal
with time-hopping (TH) or direct sequence (DS) for multiby performing noise reduction by averaging and non-redonda
ple access, and either pulse position modulation (PPM) @fror correction techniques [8].
pulse amplitude modulation (PAM) for data transmission. In |n this paper, a method is proposed to improve the noise
transmit-reference (TR) systems, a reference signal isded performance of the DADS modulation scheme for arbitrary PN
in the transmitted signal and can be separated either séquence and PN sequence selection. For PN sequence selec-
time/frequency as long as the time/frequency separationtiign, the structure of the reference signal is modified adicor
less than the coherence time/bandwidth. The receiver ae criterion developed in [7]. The reference signal is getesl
simply be an autocorrelation receiver and exploits thereile from the cyclic repetition of the same PN sequence. This
multipath diversity with a low complexity receiver [1]. ASPN sequence has two properties. First, the length of the PN
a full digital implementation is extremely power consumingequence is twice the delay (in chips) used in the modulation
since GHz Analog to Digital (A/D) converters are needegcheme. Second, the correlation between the PN sequence and
wideband analog delay lines are preferred for an integratgs shifted version by the delay used in the modulation sehem
receiver design despite their inherent difficulties [2]. is zero. The demodulation algorithm exploits the redunglanc
In chaotic-based systems, a chaotic sequence is used af the PN sequence by averaging the received noisy chips in
reference signal instead of very short pulses. For instan@ge same bit and/or between multiple bits. Since the receive
in the differential chaos shift keying (DCSK) introduced bys fully implemented in digital, it does not require mulgpl
Kolumban et al., the chaotic sequence is used to modulate {fideband analog delay lines. It is shown that noise rednctio
data signal. Then, the reference signal is transmittedesequpy averaging can enhance the bit error rate (BER) performanc
tially with the data-modulated signal [3]. In the corretati of DADS considerably. As the number of noisy chips exploited
delay sift keying (CDSK) introduced by Sushchik et al. imt the receive side increases, the signal to noise ratio JSNR
2000, the reference and the data-modulated signals are §&b between the BER performance of the proposed modulation
transmitted sequentially, but added together with a predéfi scheme and the binary phase-shift keying (BPSK) modulation
delay [4], [5]. scheme approaches 3 dB. The theoretical results derived for
Recently, delay and add direct sequence (DADS) has befi BER are verified by simulations in additive white Gaussia
introduced by Scheers and Le Nir [6]. DADS is proposefloise (AWGN) and frequency selective Rayleigh channels.
as a full digital modulation scheme and does not require The remainder of this paper is organized as follows. In Sec-
wideband analog delay lines, thus it is more suited to spreaibn II, we recall the system model for arbitrary PN sequence
spectrum (SS) than UWB applications. DADS is a digitadnd PN sequence selection. In Section III, the noise reatucti
modulation scheme in which a pseudo-noise (PN) sequense averaging with PN sequence selection and arbitrary PN
V. Le Nir and B. Scheers are with the Royal Military AcademyedD Sequence. s pre_senfced in AWGN Channels' In. sec_tion V.
Communication, Information System& Sensors (CISS), 30, Avenue deMathematical derivations are also derived for noise reolict
la Renaissance B-1000 Brussels BELGIUM. E-mail: barteg@rma.ac.be by averaging with PN sequence selection and arbitrary PN

vincent lenir@rma.ac.be . . sequence in frequency selective channels. Finally, sitioala
This research work was carried out in the frame of the Beldiafiense | . in AWGN df lective Ravleiah
Scientific Researct&: Technology Study C4/19 funded by the Ministry of '€SUItS are given in and frequency selective Rayleig
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error rate (BER) performance can be expressed analytically
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with erfc(.) the complementary error function. Becauses
statistically independent from; or n; for any i # j, and
Il. SYSTEM MODEL n; is statistically independent from; for any i # j, the
A. Arbitrary Pseudo Noise Sequence for DADS cross-correlations between the useful, interference amskn
. . . arts are zero. Therefore, the correlator output appreaehe
_The tran_sm|33|on chain of t_he DADS quulatlon SChe'T%aussian distribution a&/ increases with
with an arbitrary PN sequence is shown on Figure 1. Assuming
that K bits have to be transmitted, the PN sequence of E[Sk] = E[Ax] + E[Bi] + E[Ci] )
length M is repeatedk times to form the reference signal. var[Sy] = var[Ay] + var[Bg| 4+ var[Cy]
The transmitted signal is the sum of two signals, namejq
the reference signal and its delayed version multiplied by

Fig. 2. Reception chain of the DADS modulation scheme

. . B . . kM+D
the information signal. Considering an AWGN channel, the B
received signat; can be modeled as {4k, By, Cr} = Re Z {ai, bi, ci} 6)
i=(k—1)M+D+1

ri = dkTip + T+ @ The integrated useful pattl;, interference part3; and
with D the delay (in chips)d;. the information bits taking noise partCy approach Gaussian distributions aSincreases
values in{-1,1} with data ratel /M, x; the transmitted chip with the following means
of the PN sequence ang, the AWGN with varianceN,/2

per dimension. The reception chain of the DADS modulation ElAy] = dxM P,

scheme is shown on Figure 2. The correlator output is given E[By] =0 @)
by E[Cy] =0
M+ D with P, the energy per chip and variances
Sy =Re > T p 2)
i=(k—1)M+D+1 var[Ag] =0
with var[By] = 3M P? . (8)
var[Cy] =AM P22 + M =2
riri p = dpa?_p Knowing that a transmitted data bit is the sum of two
m sequences of lengthd, the energy per bif, can be written

as B, = 2M P, the derivation of the BER formula leads to

+d TiTi— . .
g b the following expression [6]

+Zi%i—p + Ti—DTi—2D

®3)

interference parb;
+(dkwi—p + xi)ni_p
+ni(dkxi—op + Ti—p) +in}_p E,

1
BER = - erfc 9
2 3E, MNO>

noise partc;

The first line of the equation corresponds to the useful part 4M N, + 2E}
a;. The second and third lines corresponds to the interference _ _
part b;, which has3 terms due to the cross-correlation be- As the length of the spreading codé increases, the BER

tween two delayed time intervals of the reference signaé TRonverges towards the formula

8Ny (1 +

remaining lines correspond to the noise partwhich has5
terms due t_o the cross-correlation betvyeen the referegoalsi _ BER — 1 erfc By (10)
and the noise (the last component being the cross-coomlati M2 2Nov M

of the noise with its delayed version). As the correlatoipotit
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Therefore, a 3 dB gain on the useful part is achieved while
i e by nulling the interference part. The derivations of the BER
Sep 0T formula give the following expression

Fig. 3.  Transmission chain of the DADS modulation schemeh viRIN 1 I3
sequence selection BER = — erfc b (15)
2

M Ny
2N | 1+ 55
. . b
B. Pseudo Noise Sequence Selection for DADS

The transmission chain of the DADS modulation scheme As the length of the spreading codé¢ increases, the BER
with PN sequence selection is shown on Figure 3. The strumnverges towards the formula
ture of the reference signal is modified according the daiter

introduced in [7] for PN sequence selection 1 E,
BER — -—erfc| —— (16)
T = Ti—2D Vi M2 N()\/ M
O M+D
select{;} = > wziwi—p=0 (11) confirming the3 dB gain with formula (10).
i=D+1

As shown on Figure 3, a PN sequence SatISfylng thIS|||. N OISE REDUCTION BY AVERAGING INDADS WITH

criterion can be easily generated from t_he repetition of the PSEUDONOISE SEQUENCE SELECTION IN ADDITIVE
same PN sequence whose lengthis twice the delayD WHITE GAUSSIAN NOISE CHANNELS

used in the modulation schemé&/ (= 2D). Moreover, the

autocorrelation between the PN sequence and its shiffad Averaging in the same bit and between multiple bits

version by the delayD should be zero. Therefore, a PN . . .

sequence satisfying this condition has to be selected fham t The demodulation algorlth_m can explc_nt the r_edund_angy of
2N possible codes. The ratio between the number of codbg PN sequence by averaging t_he received noisy chips in the
satisfying this autocorrelation property and the total bem Same bit and between multiple bits as shown on Figure 4. The
of codes2" for delaysD = 2,4, 6,8 are 0.5, 0.375, 0‘3125,|d_ea is then_to correlate the dglayed version of the received
and 0.2734 respectively. The reception chain of the papagnal _W'th its enhanced version. Considerigy bits and
modulation scheme shown on Figure 2 can also be used witFpuming Lhat thﬁ PN zequen_cedof I_eng’}ﬂnas bgen repeateg b
PN sequence selection [7]. The received signal multipligd times, t r? en hgnce rect()a_lve signal can be generated by
its delayed conjugate version is given by averaging thel’ chips andQ bits

* _ 2 2 1 @ T
ririp = &@ipte) + 2wwip Fi = oT 2 2 Tit(t-1)N+(g—1)M
useful parta; interference parb; 1 qgl t;I (17)
Hdk@ip + zi)ni_p (12) i = o 20 2, (dgji(t-1)N4(g-1)M—D
+n;(dix; + zi—p) +nin}_p QT =1 =1

: FTj 1 (t—1)N+(g—1)M T Nyt (t—1)N+(g—1)M )
noise partc;

Because the cross-correlations between the useful,émtenég:g]é - %J\I;IOd N. Knowing thatz; = &;—2p, N = 2D,

ence and noise parts are zero, the correlator output agpsac

a Gaussian distribution a/ increases according to the for- 1 1 Q& T
mulas (5) and (6). The integrated useful pat, interference i = (5 21 dg)Ti-p + @i + QT 21 ;1 PN+ M
part B;, and noise par€Cj approach Gaussian distributions as - == (18)
M increases with means The correlator output becomes
E[Ag] = 2dy M P; kM+D
E[By] =0 (13) Sp =Re > FrE (19)
E[Cy] =0 i=(k—1)M+D+1

and variances with
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Fig. 4. Generic receiver exploiting noise reduction by agérg in DADS
leading to the following BER
’I%?“;—';D = dklﬂf 2
N . 1 1 o
useful parta; BER = - erfc Ey| 1+—=+—= 3 dg /2NUF
18 @@
+(5 2 do)xi_p
Q qg=1 2
dk Q 1 1 Q
+(—= Z dq)Ti—pTi + T Ti—p +- erfc By —1—§+§ qgl dq | /2N
q=1 a#k
interference parb; (23)
18 with
+(§ > dg)zi-pni_p +xin_p 0
e x Po 1 (53 dg)? 4+ 2 4 o (24)
- ) q
+@ 21 tZI Nt (t—1)N+(g—1)M (drZi + ;D) Q= Q QB
q: =
1 @z . , ,
+@ > D Mjr(t—1)N+(g—1)M"i_p One can notice that (23)(24) are semi-analytical formulas,
g=1t=1

noise partc;

(20)

since they depend on the data bits which are concerned
for noise averaging. In the simulation results, Monte Carlo
methods will be used to generate the theoretical average BER

Because the cross-correlations between the useful, énterperformance [10]. The same approach will be used through the
ence and noise parts are zero, the correlator output agmsagaper whenever noise averaging involves several dataAsts.
a Gaussian distribution a&f/ increases according to the for-the number of bits) increases, the BER converges towards
mulas (5) and (6). The integrated useful payt, interference the BER of the BPSK system in AWGN channels shifted by
part B, and noise par€}, approach Gaussian distributions a8 dB

M increases with means

E[Ay] = deMP,

1 @
E[By] = (=Y. dj)MP, (21)
g=1
E[Cy] =0
and variances
var[Ag] =0
var[Bg] =0
1@ M N 2
var[Cy] = 1+ (= 3. dg))MPNe 4 o—_p No | 9~ N
Gl = (4 (5 X dIMP Y + 2P 5 + 2503
(22)

(25)

BER = L erfc —Eb
T2 2N,

B. Averaging in the same bit only

As a special case, the demodulation algorithm can exploit
the redundancy of the PN sequence by averaging the received
noisy chips in the same bit only & k). Following the same
derivations, the averaged received signal (17) can be ttewri
as

1T
7y = diZi-p + i + 75 30 Mt -nN
t

=1

(26)



and (19) can be rewritten as The correlator output can be rewritten as

Nri_p = dk(:c,?_D + 3512) + 2zzi-p it p = dkmz{D
——
useful parta; interference parb; useful parta;
+dkxi,pnf_D +xn_p 1 @
1T +(5 22 dg)wizi—2p
7 > jr—1)n(dxTi +2i-p) (27) 1 =1
t=1

Q
1 & J’_( Z dq)dkmi—Dxi—QD + TiTi—D
g=1

+§t; Mjt+(t-1)N"_p @
_ interference part;
noise partc; 1 Q (32)
+(= X dg)niri—2p +nixip
. . q=1

Because the cross-correlations between the useful, énterf 1 Q
ence and noise parts are zero, the correlator output agpsac +(dpzi-p + Ii)(é ; nj—DJr(qfl)I\/I)
a Gaussian distribution a&/ increases according to the for- 1 Q =

mulas (5) and (6). The integrated useful pdjt, interference

. . A +nl(§ " Di(g-1)M)
part B;, and noise parC}, approach Gaussian distributions as a=1

M increases with means noise partc;
E[A] = 2dy M P, Because the cross-correlations between the useful, énterf
E[By] =0 (28) ence and noise parts are zero, the correlator output agpeac
E[Cy] =0 a Gaussian distribution a%/ increases according to the for-

mulas (5) and (6). The integrated useful pdjt, interference
part B, and noise parC} approach Gaussian distributions as

and variances M increases with means

var[Ak] =0 E[Ak] =dy M P,
var(By] =0 . (29) E[B] =0 (33)
var[Cy] =AM P52 + 2N =2 E[Ci] =0
leading to the following BER with P the energy per chip and variances
Al =
BER — ~ erfc Bt (30) bl = 18
T2 NN, var[Be] = (1+2(35 3. dg)*)MP?
2NQ 1+ q=1
Eb _ L& ey ey oMp vy Mg
var[Cr] = (14 (5 > dg)? )M P2 +2—=Ps =2 + —=
Qq:l Q
(34)
C. Remark leading to the following BER
With an arbitrary PN sequence, there is no redundancy 1 £
to be exploited in the same bit. However, the demodulation BER = - erfc b (35)
algorithm can exploit the redundancy of the PN sequence by 2Nol'
averaging the received noisy chips between multiple bitss T
is also a special case of the generic reception chain ShOWQ/vith
in Figure 4 withN = M andT = 1, except that the noise
averaging has to be done on the delayed version of the receive e ) SN
signal. Considering) bits, the enhanced received signal cap _ 1. (N )24 2 b 149(=N g2 0
be generated by averaging thebits Jr(QqZ::l 2) +Q+MN0( + (Q; a))+ QE,
(36)
As the number of bitg) and the length of the PN sequence
- 1@ 1 e M increases with a ratid//Q << 1, the BER converges
"i-D = (@q; da)Ti-2p +@i-p + éq; "j=D+(e-1)M  towards the BER of the BPSK system in AWGN channels

(31) shifted by3 dB (25).



IV. NOISE REDUCTION BY AVERAGING INDADS WITH
PSEUDONOISE SEQUENCESELECTION IN FREQUENCY var[Ax] =0
2

SELECTIVE CHANNELS 1 Q
var[By] =2(1+ (5 > dg)?) Z Z \ha|*| e |* M P
A. Averaging in the same bit and between multiple bits 1%:1 Ll =0 I'#
We consider a frequency selective channel with AWGN. The var[Cy] = (1 + (@ > dg)?) Y [mPMPAe
received signat; can be modeled as Ny Lo =0
- 2p No Ny
L g g M g
Ty = Z hi (dgzi—i—p + xi—g) + 1y (37) (41)

=0 leading to the following BER

with L the number of taps ankl, the complex-valued channel 1 L ( 11 4 )2
attenuation for thé™ tap. Considering? bits and assuming BER——E erfc > [mlPEy | 1+—= > dq | /2Nor
that the PN sequence of length has been repeatef times, dn = Q Q. Gk

the enhanced received signal can be generated by averaging

2
the T' chips and@ bits 1 1 1 1 o
+Z E erfc EO [hi|? By 717§+6 (é::’dq /2NoT
Z (( Zd)ﬂfz I-D + ®i—y) (42)
1 =602 s ! (38) with B the expected value over the channel realizations
'
@ ; ; Njy(t—1)N+(q—1)M [10] and
1Q ., 2
The enhanced received signal multiplied by the delayeg =1+ (éq; dq)” + Q
version of the received signal gives 1 Q kel )
204 (5 22 dg)?) 22 X [alF|he[PEy
Q=1 5 I'#£1 4N Ny
; e + L—1 L-1
Prio =d g Pl X My Q X ml*Ey
~— =0 =0
useful parta ; (43)

1 Q L—1
+(6 2::1 dq) 120 [hal?a?_,_p
L B. Averaging in the same bit only

di Q. L—-1 L—1
+Hg D d) & |hm2zi+w4+ S |ml?zi@ioiop _ _ _
= 1=0 The enhanced received signal can be generated by averaging

+ ZZO L’Z;;L hlhl/(( 21 dy)xi—i1—p +xi—1)(dxx;_p + Ty _p) theT ChipS
interference parb; R L*lh d
= Ti—l—D + XT;i—
+E}Ll((_zd)$LlD+$L Oni_p ZZ:O l(k i—l—D i l)
@ S | T (44)
+ﬁq21 t21 LZ hinjy—1yN+@q—1)m(drTici +2i_1_D) Jr?t; Nj(t—1)N
1
+ﬁq§ 2 M (= DN+ (=DM =D The enhanced received signal multiplied by the conjugate

delayed version of the received signal gives

noise partc ;
o (39)
Assuming that the delay,,.. < D <« M, the cross-
correlations between the useful, interference and noises pa
are zero. The correlator output approaches a Gaussiair distr - useful parta ;
bution asM increases according to the formulas (5) and (6). +2 > |nl|*zi—izi—i—p
The useful partd;, the interference paiB; and the noise part e

L1

A — 2.2 -2

firi_p = dg ZZ [hi]*(zi_; + =i__p)
=0

L—1
+ > > mhj(dkzici—p i) (dkz_p T _p)

C}, can be approximated as Gaussian variable®/dacreases =0 112
with means ertronee by (45)
L +::h (drzici-p +zi1)n}_p
E[Ag] = dg l;) |hi|2M P, %i Z S e tyn (deim + @i D)
BB = (5 5 d) 'S ImfMP, e
= =0

E[Ck] — 0 noise partc;
Assuming that the delay,,.. < D <« M, the cross-
and variances correlations between the useful, interference and noises pa



are zero. The correlator output approaches a Gaussiait distrBecause the cross-correlations between the useful, énterf

bution asM increases according to the formulas (5) and (6&nce and noise parts are zero, the correlator output agmrsac

The useful partd;, the interference pat; and the noise part a Gaussian distribution a%f increases according to the for-

C}, can be approximated as Gaussian variable/dacreases mulas (5) and (6). The integrated useful pag, interference

with means part B, and noise parC} approach Gaussian distributions as
M increases with means

ElA =24y S |2 MP,

L—-1
=0 (46) E[Ay] =dy 3o [P MP;
E[Bk] = =0 (52)
E[Cy] = E[Bx] =0
and variances E[Cy] =0
and variances
var[Ag] =0
’U(l?”[ ] 4 Z Z |hl|2|hl/|2MP52 va?“[Ak] =0
l= (47) 1 Q L—1
L— _ - 2 4 2
var[Ck] —4 Z |hl|2MP No +2N— 'U‘W[Bk] = (1 +2(Qq§1 dq) ) l;() |hl| MPs
=
1 @ L-1
leading to the foIIowmg BER 2014 (52 dg)?) X X [l [P M P?
Q4= =0 I'Z1
BER= + | erf b 48 var[Cy] = (1+ (i % d )Q)LflthQMP h
= — - S
2 n eric QNQF ( ) Qq:l ! =0 2
M L=1 M N
with +25 % PP+
L—1 Q =0 Q
> 2 [Pl PEy _ _ (53)
1=0 I'#l leading to the following BER
I'=14+—77
hi|2M N,
l§:0| l| 0 (49) 1 L—1 )
NNy BER = - FE| erfc EU [hal* s /2 T (54)
A m— 2 )
> 2By with
=0
1@ A
C. Remark 2 Q (1+2( Zldq ) % [l *
With an arbitrary PN sequence and considerindits, the =1+ Q + (é ;
enhanced received signal can be generated by averaging the Z |ha|> M No
Q bits 0 o1 =0
— hi|?|hy |2E
+< (Qg ) Z 2 ullh o,
Zh*(( Zd)ﬂfzzzDJrICle) L1 L1
g=1 50 > [h|*M Ny Q X |M|*Ey
1 ( ) =0 =0 (55)
+=> ni_ _
Qq; J-Dg-1)M
The received signal multiplied by the conjugate delayed V. SIMULATION RESULTS
version of the enhanced received signal gives In this Section, simulation results are given to verify the f
it = a, Sy 2a2 mulas of Sections Il, Ill and IV for arbitrary PN sequence and
T = TP PN sequence selection with/without noise averaging within
e e single bit and between multiple bits in AWGN and frequency
g Xyt I Ml eioimioi—2p selective Rayleigh channels.
Mk% gldq)j;’:ml‘zwi,L,DMHDﬁ;’:‘h”z%l%lw Figure 5 shows the BER performance of arbitrary PN
L—1 ""] ]*’d 19 d’ sequence and PN sequence selection with/without noise av-
T iZg 2y s D 0l ey d0Tio—ap T 7i--D) araging within a single bit and between multiple bilsdelay
interference parb; D = 2, and length of the spreading codd = 4096 in
ST gl dg)wi 1 oD + i1 D) AWGN channels. The difference between the theoretical and
+Lil;: . T_Q(F . )(i Q . ) simulated BER performance is very close, thus proving the
iZo HETTITR T E  g g= TP relevance of the Gaussian approximation for all the progose

ni(= 21 - Dt (g—1)M) transmitter and receiver schemes. As indicated by the flasnu
(10) and (16), a gain of aboutdB at 10~3 can be obtained
(51) by PN selection without noise averaging compared to aritra

noise partc;
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Fig. 5. Simulation results for arbitrary PN sequence and Nuence Fig. 7. Simulation results for arbitrary PN sequence wittifaut noise
selection with/without noise averaging within a single lihd between averaging between multiple bitg, delay D = 2, and length of the spreading
multiple bits @, delay D = 2, and length of the spreading codé = 4096 code M = 4096 in AWGN channels

in AWGN channels

Figure 6 shows the BER performance of PN sequence

10 — selgction with noise averaging within a.single ot = 1,
- + - Theo. D=32 various delayd), and length of the spreading codé = 4096
T Thea b in AWGN channels. The difference between the theoretical
T e ] and simulated BER performance is also very close. With
T Smu. D82 noise averaging, it can be observed that the BER performance
8~ Smup=e no longer degrades all increases, but still degrades a5
—#— Simu. D=2 increasesN being the length of the pseudo code of length

N = 2D which is repeated’ times to form the spreading
sequence of length/. Indeed, a loss of aboutdB at 103
occurs when the delay doubles (when the length of the
pseudo codeN doubles as well). Therefore, the deldy
should be kept as small as possible when considering PN
sequence selection with noise averaging within a single bit
Figure 7 shows the BER performance of arbitrary PN se-
20 guence with/without noise averaging between multiple Qits
delay D = 2, and length of the spreading codé = 4096 in
AWGN channels. The Gaussian approximated BER formulas
Fig. 6. Simulation results for PN sequence selection witlseaveraging (35) and (36) match well the ,SImUIated BER performance.
within a single bitQ = 1, various delaysD, and length of the spreading It can be observed that a gain of abdutdB, 9 dB, 13
code M = 4096 in AWGN channels dB and 14 dB can be obtained at0—3 for arbitrary PN
sequence with noise averaging between respectiely 10,
Q = 100, @ = 1000, and @ = 10000 bits compared to
PN sequence without noise averaging. When noise averagaritrary PN sequence without noise averaging. As indicate
within a single bitQ) = 1 is performed at the receive side withby the formulas (35) and (36), the BER performance also
PN selection, a gain of abou® dB at 103 can be obtained converges towards the BER performance of the BPSK AWGN
compared to PN selection without noise averaging. The BERRrformance shifted b$ dB as( increases, but also requires
performance can further be improved if a sufficient numbemnore bits than PN sequence selection with noise averaging
of bits @ > 1 is used for PN selection with noise averagingvithin a single bit and between multiple bits.
within a single bit and between multiple bits. Indeed, theRBE Figure 8 shows the BER performance of PN sequence se-
performance degrades when only few bits are used for nolsetion with noise averaging within a single I6jt= 1, various
averaging (loss of aboitdB at10~2 with Q = 10). However, number of tapd., delay D = 32, and length of the spreading
a further gain of about dB can be observed whep = 100. code M = 4096 in frequency selective Rayleigh channels.
As @ increases, the BER performance converges towards ffiee maximum delay spread,,,., < D and the channel
BER performance of the BPSK AWGN performance shiftethps are modeled as independent and identically distdbute
by 3 dB as indicated by formulas (25). (i.i.d.) zero-mean complex Gaussian variables normallzaed
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Fig. 8. Simulation results for PN sequence selection witlseaveraging Fig. 9. Simulation results for PN sequence selection witlsen@averaging
within a single bitQ = 1, various number of tapg, delay D = 32, and within a single bit and between multiple bitg, delay D = 32, and length of
length of the spreading cod® = 4096 in frequency selective Rayleigh the spreading cod@/ = 4096 in AWGN and frequency selective Rayleigh
channels channels with number of taps = 16

the square root of the number of tapg\/L. The channel 10°
taps are assumed to be constant within the duration of
single bit. The theoretical formulas (48) and (49) for freqay
selective Rayleigh channels coincide with the simulatedRBE a
performance. A loss of abouf.5 dB at10~2 can be observed A
between the BER performance in AWGN and singlefag 1
Rayleigh channels. This loss is reduced to a value of abc
9 dB, 4 dB, and1 dB at 10~3 in respectively two taps w 10}
L = 2, four tapsL = 4, and sixteen tapg = 16 Rayleigh
channels. Therefore, the diversity order offered by freqye
selective Rayleigh channels is exploited without addingeo 3|
extra complexity to the receiver, which is a huge advanta
compared to coherent DSSS modulations in which a lar
number of Rake fingers would be needed.

Figure 9 shows the comparison between the BER perfc 10 10 S0 30 20
mance of PN sequence selection with noise averaging witt Eb/NO
a single bit and between multiple bitg, delay D = 32,

and Iength of the spreadlng codé = 4096 in AWGN and gﬁ 10. Simulation results for arbitrary PN sequence wiitiout noise
"

frequency selective Rayleigh channels with number of taggeraging between multiple bie, delay D = 32, and length of the spreading
L = 16. The theoretical formulas (42) and (43) for frequencgode M = 4096 in AWGN and frequency selective Rayleigh channels with

selective Rayleigh channels coincide with the simulatedRBE"MPer of tapsl = 16

performance. As observed previously, a loss of aklogitdB

at 10~3 can be observed between the BER performance in

AWGN and sixteen tapl, = 16 Rayleigh channels for PN dB as predicted by the formulas (42) and (43).

sequence selection with noise averaging within a single bitFigure 10 shows the comparison between the BER perfor-
@ = 1. The BER performance can further be improved ifnance of arbitrary PN sequence with/without noise averagin
a sufficient number of bit§) > 1 is used for PN selection between multiple bitx), delay D = 32, and length of the
with noise averaging within a single bit and between mudtiplspreading codé/ = 4096 in AWGN and frequency selective
bits. Indeed, a further gain of abouit dB can be observed in Rayleigh channels with number of tajis= 16. The theoret-
AWGN channels whe®) = 100. Moreover, a loss of abo0t8 ical formulas (54) and (55) for frequency selective Rayteig
dB can be observed between the BER performance in AWGIHannels coincide with the simulated BER performance. A
and sixteen tag. = 16 Rayleigh channels for PN sequencdoss of aboutl.7 dB at 10~2 can be observed between the
selection with noise averaging within a single bit and npldti BER performance in AWGN and sixteen tap= 16 Rayleigh
bits @ = 100. Therefore, the BER performance of this schemehannels for arbitrary PN sequence without noise averaging
is very close to the BPSK AWGN performance shifted by The BER performance can be improved if a sufficient number

——— AWGN BPSK

- 4+ = Theo. L=16 Q=1

= ® = Theo. AWGN Q=1
= © = Theo. L=16 Q=100
= © = Theo. AWGN Q=100
—— Simu. L=16 Q=1
—— Simu. AWGN Q=1
—O— Simu. L=16 Q=100
—©— Simu. L=16 Q=100
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of bits Q > 1 is used for arbitrary PN sequence with noise
averaging between multiple bits. Indeed, a gain of alsoit

dB can be observed in AWGN channels wh@n= 100. In

this case, the loss between the BER performance in AWGN
and sixteen ta, = 16 Rayleigh channels is reducedts dB
at10~3. However, in order to improve the BER performance,
one has to consider even more bits for noise averaging egntra
to PN sequence selection with noise averaging within a sing|
bit in which @ = 100 is sufficient to obtain the best BER
performance represented by the BPSK AWGN performance
shifted by3 dB.

VI. CONCLUSION

In this paper, a method has been proposed to improve
the noise performance of the DADS modulation scheme by
modifying the structure of the reference signal and the de-
modulation algorithm. It has been shown that noise rednctio
by averaging can enhance the bit error rate (BER) performanc
of DADS considerably. The theoretical results derived for t
BER were verified by simulations in AWGN and frequency
selective Rayleigh channels. When noise averaging within a
single bit and between multiple bits is performed at the ivece
side, gains in the order of tens of dB can be achieved. As the
number of noisy chips exploited at the receive side increase
the SNR gap between the BER performance of the proposed
modulation scheme and the binary phase-shift keying (BPSK)
modulation scheme approaches 3 dB. Moreover, the diversity
order offered by frequency selective Rayleigh channelsis e
ploited without adding some extra complexity to the receive
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