DADS with short spreading sequences for high selective Rayleigh channels. It is shown that with noise
data rate communications or improved BER reduction by averaging, the BER performance of DADS no
performance Ior!ger degrades as the length (_)f the I?N sequence increases.

It is also shown that the multipath diversity of frequency

selective channels is exploited without any modification in

the receiver structure. Theoretical BER formulas are \gtifi

by simulations in AWGN and frequency selective Rayleigh

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

the performance of the delay and add direct sequence (DADS) . .
modulation scheme. On one hand, the selection of a short psdor The proposed DADS modulation scheme is implemented

noise (PN) sequence is used to improve the data rate performee. USing the CogWave software [4]. CogWave is a free and open-
On the other hand, when high data rates are not required, Ssource software platform aiming at developing cognitivdioa

the same short PN sequence is replicated to form a long PN waveforms. The CogWave software allows the exchange of
sequence. In this case, noise reduction by averaging is uséal video, audio and text between two USRPs through a graph-

improve the bit error rate (BER) for high spreading factors. . . .
Theoretical BER formulas are derived and verified by simulatons ical user interface (GUI) developed in Qt4/Gstreamer. The

in additive white Gaussian noise (AWGN) and frequency seléive USRP hardware driver (UHD) C++ application programming
Rayleigh channels. The proposed DADS modulation scheme isinterface (API) allows to receive and transmit 1Q samples.
implemented using the CogWave software to allow the exchaeg Combining CogWave with USRP gives a rapid prototyping
of video, audio and text between two USRPs through a graphi¢a p|atform for physical layer design and algorithm validatio
user interface (GUI) developed in Qt4. through a real-time video, audio and text transmission.
Index Terms—Spread spectrum modulation scheme, transmit  The remainder of this paper is organized as follows. In
reference, non-coherent detection Section II, we derive the theoretical BER formulas with the
selection of a short PN sequence and the selection of a long
I. INTRODUCTION PN sequence using noise reduction by averaging in AWGN
channels. The theoretical BER formulas are compared with

lati h in which d - PN . léirH:Iations. In Section Ill, we derive the theoretical BER
ation scheme in which a pseudo-noise (PN) sequence is UkGfnulas with the selection of a short PN sequence and

on one hand as an embedded reference signal, and ON ¥ selection of a long PN sequence using noise reduction

other ha_nd for modulating the data informatior_1 [1]. [2]. ghib averaging in frequency selective channels. A comparison
_modqlatlon scheme provides a processing gain and therefBE@ween theoretical and simulated BER performance is also
inherits the advantages of conventional spread-spectom c performed. In section 1V, some details are provided aboeit th
munications such as multipath mitigation, anti-jammingd a implementation of the [:’)roposed DADS modulation scheme
multiple access capabilities. Moreover, the DADS modatati using the CogWave software to allow the exchange of video
scheme has a very simple receiver structure with no cameier Ludio and text between two USRPS through a graphical usér

covery which can exploit the multipath diversity of freqagn interface (GUI) developed in Qt4/Gstreamer. Finally, Rect
selective channels, contrary to conventional spreadtspac V concludes this paper ’

receivers in which several Rake fingers are needed along with
carrier recovery [3]. However, it can be observed that the bi
error rate (BER) performance degrades as the length of tne
PN sequence increases, making DADS less attractive for high
spreading factors.

In this paper, a method is proposed to improve the PeX- salection of a Short Pseudo Noise Sequence for DADS
formance of the DADS modulation scheme. On one hand,
the selection of a short pseudo-noise (PN) sequence is usef@he transmission chain of the DADS modulation scheme
to improve the data rate performance. The use of short Rth the selection of a short PN sequence is shown in Figure 1.
sequences reduces the advantages of DADS for anti-jammgsuming thatk bits have to be transmitted, the PN sequence
and multiple access capabilities but keeps the advantagesdf length M is repeateds times to form the reference signal.
multipath mitigation and receiver simplicity. On the otheThe transmitted signal is the sum of two signals, namely
hand, when high data rates are not required, the same shioet reference signal and its delayed version multiplied by
PN sequence is replicated to form a long PN sequence.the information signal. Considering an AWGN channel, the
this case, noise reduction by averaging is used to imprave teceived signat; can be modeled as
bit error rate (BER). Theoretical BER formulas are derived
for additive white Gaussian noise (AWGN) and frequency r; = dpxi_p + T + n; (1)
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i=D+1 with P, the energy per chip and the variance of the noise
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A PN sequence satisfying this criterion can be easily gen-

erated from the2™ possible codes. The ratio between the Ol — 4(M — DVP. Mo 4 (A — D\N2 )
number of codes satisfying the auto-correlation criteroal var(Cp] = 4(M — D)P 75> + (M = D)5 -

the total number of codex" for delaysD = 2, 4,6, 8 are 0.5, Knowing that a transmitted data bit is the sum of two
0.375, 0.3125, and 0.2734 respectively. The receptionnchaequences of length/, the energy per bif, can be written
of the DADS modulation scheme is shown in Figure 2. Thas £, = 2M P,, the derivation of the BER formula leads to

correlator output is given by the following expression [2]
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Figure 3 shows the BER performance of the DADS modu-
lation scheme with the selection of a short PN sequence for

riri_p = di(zip+af) 4+ 2wip different values ofM in AWGN channels. For small values
useful parta; interference parb; of M (4 and 16), theoretical and simulated curves do not

+(dpzi_p + zi)n_p . @) match since the Gaussian approximation is not satisfiethidn t
+ni(dpxs + 2ip) + mint_p case, simulated curves perform better than theoreticas.one

For large values of/ (64 and 256), theoretical and simulated

noise partc; curves are similar.

The correlator output can be divided into a useful, interfeB_ Selection of a Long Pseudo Noise Sequence for DADS and
ence and noise parts noise reduction by averaging

The transmission chain of the DADS modulation scheme
M with selection of a long PN sequence is shown in Figure 4.
Z {aisbiseit |- () The selection of a long PN sequence can be easily generated
from the repetition of the short PN sequence selected with
criterion (2) whose lengthV is twice the delayD used in
Assuming that the correlator output approaches a Gaussiha modulation schemeM = 2D). The selected short PN
distribution, the bit error rate (BER) performance can bs&equence is repeatdd times to form the long PN sequence
expressed analytically as [5] of length M.

{Ak, Bk, Ck} = Re
i=(k—1)M+D+1
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. . . Figure 6 shows the BER performance of the DADS mod-
The demodulation algorithm can exploit the redundancy 0‘ation scheme with the selection of a long PN sequence for
the PN sequence by averaging the received noisy chips ina};?/e

; A . : = 4096 and different values ofV in AWGN channels.
same bit as shown in Figure 5. The idea is then to correl . . .
. . X e e difference between theoretical and simulated BER aurve
the delayed version of the received signal with its enhance

: ; IS"very small. Simulations show that the same performance is
version. Assuming that the PN sequence of lenf§thhas obtained for any value off = NT. With noise averaging,

been repeated timeg, the enhanced received signal can qge BER performance no longer degradesiasncreases. As
generated by averaging tffe chips the BER performance still degrades isincreases, the delay
D should be kept as small as possible.
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R 17T I1l. THEORETICAL VS SIMULATED BER PERFORMANCE OF
i = th_:l(dkijr(tfl)NfD + Zjt(-1)N + j-1)N) DADS IN FREQUENCY SELECTIVE RAYLEIGH CHANNELS
- (11) .
with j =i mod N. Knowing thatz; = z;_op andN = 2D, Short Pseudo Noise Sequence for DADS
this can be rewritten as We consider a frequency selective channel with AWGN. The
A 1T received signat; can be modeled as
7i = dgTip + T + T > Mjt(—1)N - (12)
t=1 L—-1
The correlator output becomes ri=Y_ hi(dpmiiop +xig) +n (18)
=0
kM
Sk = Re Z FiTi_p (13) with L the number of taps ank} the complex-valued channel

i=(k—1)M+D+1 attenuation for thé" tap. (4) can be re-written as



Delay+N TitN,

Threshold Recovered
detector bits dj,

.

T —1)7]
Delay+(T' — 1)N TN,

ri
Delay—D 0* =D

Fig. 5. Generic receiver exploiting noise reduction by agérg in DADS

10° The integrated useful par;, the mean of the interference
‘ ‘ ‘ part B, and the mean of the noise par, are given by
L-1
10t Apg =2d;, > |m|*(M — D)P;
=0 (21)
E[By] =0
E =
x || ——AWGN BPSK [Ck] 0
W 10 ") - +-Theo. N=4 with P, the energy per chip and the variance of the
';'1260- m=éi interference partB, and the variance of the noise par
-©-1heo. N=

are given b
- B-Theo. N=256 9 y

10 H ——Simu. N=4
—— Simu. N=16

L—-1
—6—Simu. N=64 var[By] =4 ;0 \h|*(M — D)P?

» —8— Simu. N=256 L1
10, 5 10 15 20 +4 37 3 [l [*(M — D) P?
Eb/NO lL:() I'#1
71 9
varlCy] =4 Y [m[> (M — D)P,%e + (M — D)5
Fig. 6. Comparison between theoretical and simulated DADSutation 1=0 (22)

scheme with the selection of a long PN sequence in AWGN chsanne . . . .
9 a The derivations of the BER formula give the following

expression
o _ = 2,2 2 L-1
riti_p = di ZZO [hil(z5_—p +27_y) M-—D Z |hl|2Eb
_ 1 Mo (23)
useful parta ; BER = —E erfC =0
PR 2 M < 2N,
+2 ¥ |hPxiizici—p
=0 .
L1 with
+ LZO > hihj(dpzi—i—p + @) (drz; _yr + 2,y _p) L1 1
=0 1/ #1 . — —
interference parb; Z |hl|4Eb Z |hl|2|hl,|2Eb
parb; fr M Ny 1=0 I'#1
=, I'=1+ + +
+ > hmni_p(dkzici—p +2i-1) L—1 L—1 L—1
= STMIPMNg 2> |h|PE S|P M Ny
+ 3 hini(demii + Ti—i—p) + nini_p =0 =0 1=0
=0 (24)
noise parte; Figure 7 shows the BER performance of the DADS modula-

. o (19) " tion scheme with the selection of a short PN sequevice 64
Ay is a deterministic value. We assume that the Crosgy gitterent values of. in frequency selective Rayleigh chan-
correlatl(_)n between the interference pd@t and Fhe NOise als. The maximum delay spreagl., is set to the number of
part Cj, is zero and we assume thaha., < D With 7maz  tapsy,. Theoretical and simulated curves are very similar. One
the maximum delay spread. The correlator output approachgs, gpserve that the DADS modulation scheme can exploit the
a Gaussian distribution for largel with mean and variance multipath diversity of frequency selective channels withany
E[Si] = Ay + E[By] + E[Cy] modification in the receiver structure. The performancehef t

var[Sk] = var[Bg] + var[Cy] (20) DADS modulation scheme with the selection of a short PN
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with P, the energy per chip and the variance of the
interference parB;, and the mean of the noise pary, are
given by
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Figure 8 shows the BER performance of the DADS mod-
ulation scheme with the selection of a long PN sequence

sequence in frequency selective Rayleigh channels apmpesaovith N = 64 and M = 4096 for different values ofL

the AWGN performance ag increases.

B. Long Pseudo Noise Sequence for DADS

The enhanced received signal can be generated by averaJiH

the T' chips leading to the following formula

L—1 1z
fi = > hl(dkzi—i-p +xi—1) + T 2 ipe-yn (25)
t=1

=0

in frequency selective Rayleigh channels. Theoretical and
simulated BER curves are very similar. Simulations show tha
the same performance is obtained for any valuédfof= NT'.

8 multipath diversity of frequency selective channells®
exploited without any modification in the receiver struetur
Moreover, with noise averaging, the BER performance no
longer degrades a8/ increases. As the BER performance
still degrades asv increases, the dela® should be kept as
small as possible but larger than the maximum delay spread

The enhanced received signal multiplied by the conjugatg.... The performance of the DADS modulation scheme with

delayed version of the received signal gives
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the selection of a long PN sequence in frequency selective
Rayleigh channels approaches the AWGN performancé as
increases.

IV. IMPLEMENTATION OF THE PROPOSEIDADS
MODULATION SCHEME USING THECOGWAVE SOFTWARE

The proposed DADS modulation scheme is implemented
using the CogWave software [4]. CogWave is a free and open-
source software platform aiming at developing cognitidioa
waveforms. The CogWave application allows the exchange of
video, audio and text between two USRPs through a graphical
user interface (GUI) developed in Qt4/Gstreamer and civgnit
radio waveforms developed in IT++. The USRP hardware
driver (UHD) C++ application programming interface (API)
allows to receive and transmit IQ samples. Combining Cog-

We assume that the cross-correlation between the interféfave with USRP gives a rapid prototyping platform for
ence parB;, and the noise par. is zero and we assume thaPhysical layer design and algorithm validation througha-re
Tmaz < D < M. The integrated useful part;, the mean of time video, audio and text transmission.

the interference parB; and the mean of the noise par
are given by

L—1
A =2 S |WPMPs

1=0
BBy =0 27)
ECy] =0

Figure 9 shows the demonstrator setup of 2 host PCs con-
nected to 2 USRPs and the exchange of data with the CogWave
software using the DADS modulation scheme in FDD mode.
The sampling rates for both USRPs are 1 Msps. The carrier
frequencies are 433.92 MHz and 443.92 MHz respectively.
A short PN sequence of lengthf = 4 is chosen. At the
transmitter, the CogWave software takes some text, audio or
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averaging is used in the case of long PN sequences. A time
offset correction is then performed by estimating the doffse
corresponding to the maximum energy of the soft bit sequence
The hard bit sequence is then used to detect the frame’s
preamble and postamble, and within the frame to detect and
to correct errors by CRC and FEC. Once the start of frame is
detected, the received buffer is adjusted such that the atar
frame is also the start of received buffer. Finally, the Cag&/
software puts some text, audio or video to the display or
speaker output sinks. The same operation is done in opposite
direction on a different carrier frequency for a FDD mode.

V. CONCLUSION

In this paper, a method has been proposed to improve the
performance of the delay and add direct sequence (DADS)
modulation scheme. On one hand, the selection of a short
pseudo-noise (PN) sequence has been used to improve the
data rate performance. The use of short PN sequences has re-
duced the advantages of DADS for anti-jamming and multiple
access capabilities but has kept the advantages for mhltipa
mitigation and receiver simplicity. On the other hand, when
high data rates are not required, the same short PN sequence
has been replicated to form a long PN sequence. In this case,
noise reduction by averaging has been used to improve the
bit error rate (BER) for higher spreading factors. Theaagti
BER formulas have been derived and verified by simulations
in additive white Gaussian noise (AWGN) and frequency
selective Rayleigh channels. It has been shown that witkenoi
reduction by averaging, the BER performance of DADS no
longer degrades as the length of the PN sequence incretises. |
has also been shown that the multipath diversity of frequenc
selective channels is exploited without any modificatiothia
receiver structure. The proposed DADS modulation scheme
has been implemented using the CogWave software to allow
the exchange of video, audio and text between two USRPs
through a graphical user interface (GUI) developed in Qt4.
Future work will focus on the addition of cognitive featutes
the DADS modulation scheme, such as the capability to asljust
dynamically the spreading factav/ for more robustness or
the central frequency used for transmission by sensing its
operational electromagnetic environment.
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