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DADS with short spreading sequences for high
data rate communications or improved BER

performance

Vincent Le Nir and Bart Scheers

Abstract—In this paper, a method is 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 is used to improve the data rate performance.
On the other hand, when high data rates are not required,
the same short PN sequence is replicated to form a long PN
sequence. In this case, noise reduction by averaging is usedto
improve the bit error rate (BER) for high spreading factors.
Theoretical BER formulas are derived and verified by simulations
in additive white Gaussian noise (AWGN) and frequency selective
Rayleigh channels. The proposed DADS modulation scheme is
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.

Index Terms—Spread spectrum modulation scheme, transmit
reference, non-coherent detection

I. I NTRODUCTION

Delay and add direct sequence (DADS) is a digital modu-
lation scheme in which a pseudo-noise (PN) sequence is used
on one hand as an embedded reference signal, and on the
other hand for modulating the data information [1], [2]. This
modulation scheme provides a processing gain and therefore
inherits the advantages of conventional spread-spectrum com-
munications such as multipath mitigation, anti-jamming, and
multiple access capabilities. Moreover, the DADS modulation
scheme has a very simple receiver structure with no carrier re-
covery which can exploit the multipath diversity of frequency
selective channels, contrary to conventional spread-spectrum
receivers in which several Rake fingers are needed along with
carrier recovery [3]. However, it can be observed that the bit
error rate (BER) performance degrades as the length of the
PN sequence increases, making DADS less attractive for high
spreading factors.

In this paper, a method is proposed to improve the per-
formance of the DADS modulation scheme. On one hand,
the selection of a short pseudo-noise (PN) sequence is used
to improve the data rate performance. The use of short PN
sequences reduces the advantages of DADS for anti-jamming
and multiple access capabilities but keeps the advantages for
multipath mitigation and receiver simplicity. On the other
hand, when high data rates are not required, the same short
PN sequence is replicated to form a long PN sequence. In
this case, noise reduction by averaging is used to improve the
bit error rate (BER). Theoretical BER formulas are derived
for additive white Gaussian noise (AWGN) and frequency
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selective Rayleigh channels. It is shown that with noise
reduction by averaging, the BER performance of DADS no
longer degrades as the length of the PN 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 verified
by simulations in AWGN and frequency selective Rayleigh
channels.

The proposed DADS modulation scheme is implemented
using the CogWave software [4]. CogWave is a free and open-
source software platform aiming at developing cognitive radio
waveforms. The CogWave software allows the exchange of
video, audio and text between two USRPs through a graph-
ical user interface (GUI) developed in Qt4/Gstreamer. The
USRP hardware driver (UHD) C++ application programming
interface (API) allows to receive and transmit IQ samples.
Combining CogWave with USRP gives a rapid prototyping
platform for physical layer design and algorithm validation
through a real-time video, audio and text transmission.

The remainder of this paper is organized as follows. In
Section II, we derive the theoretical BER formulas with the
selection of a short PN sequence and the selection of a long
PN sequence using noise reduction by averaging in AWGN
channels. The theoretical BER formulas are compared with
simulations. In Section III, we derive the theoretical BER
formulas with the selection of a short PN sequence and
the selection of a long PN sequence using noise reduction
by averaging in frequency selective channels. A comparison
between theoretical and simulated BER performance is also
performed. In section IV, some details are provided about the
implementation of the proposed DADS modulation scheme
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/Gstreamer. Finally, Section
V concludes this paper.

II. T HEORETICAL VS SIMULATED BER PERFORMANCE OF

DADS IN AWGN CHANNELS

A. Selection of a Short Pseudo Noise Sequence for DADS

The transmission chain of the DADS modulation scheme
with the selection of a short PN sequence is shown in Figure 1.
Assuming thatK bits have to be transmitted, the PN sequence
of lengthM is repeatedK times to form the reference signal.
The transmitted signal is the sum of two signals, namely
the reference signal and its delayed version multiplied by
the information signal. Considering an AWGN channel, the
received signalri can be modeled as

ri = dkxi−D + xi + ni (1)

with D the delay (in chips),dk the information bits taking
values in{-1,1} with data rate1/M , xi the transmitted chip
of the PN sequence andni the AWGN with varianceN0/2
per dimension. The selection of a short PN sequence whose
lengthM is twice the delayD used in the modulation scheme
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Fig. 1. Transmission chain of the DADS modulation scheme with the
selection of a short PN sequence
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(M = 2D) is given by [2]

select{xi} =







xi = xi−2D ∀i
M∑

i=D+1

xixi−D = 0
. (2)

A PN sequence satisfying this criterion can be easily gen-
erated from the2M possible codes. The ratio between the
number of codes satisfying the auto-correlation criterionand
the total number of codes2M for delaysD = 2, 4, 6, 8 are 0.5,
0.375, 0.3125, and 0.2734 respectively. The reception chain
of the DADS modulation scheme is shown in Figure 2. The
correlator output is given by

Sk = Re

(
kM∑

i=(k−1)M+D+1

rir
∗
i−D

)

(3)

with

rir
∗
i−D = dk(x2

i−D + x2
i )

︸ ︷︷ ︸

useful partai

+ 2xixi−D
︸ ︷︷ ︸

interference partbi

+(dkxi−D + xi)n
∗
i−D

+ni(dkxi + xi−D) + nin
∗
i−D

︸ ︷︷ ︸

noise partci

. (4)

The correlator output can be divided into a useful, interfer-
ence and noise parts

{Ak, Bk, Ck} = Re





kM∑

i=(k−1)M+D+1

{ai, bi, ci}



 . (5)

Assuming that the correlator output approaches a Gaussian
distribution, the bit error rate (BER) performance can be
expressed analytically as [5]

BER =
1

2

[

Prob(Sk < 0|dk = +1)

+Prob(Sk ≥ 0|dk = −1)

]

=
1

4
erfc

(

E[Sk|dk = +1]
√

2(var[Sk|dk = +1])

)

+
1

4
erfc

(

− E[Sk|dk = −1]
√

2(var[Sk|dk = −1])

)

(6)

with erfc(.) the complementary error function.Ak and Bk

are deterministic values. For largeM , the correlator output
approaches a Gaussian distribution with mean and variance

E[Sk] = Ak + Bk + E[Ck]
var[Sk] = var[Ck]

. (7)

The integrated useful partAk, interference partBk and the
mean of the noise partCk are given by

Ak = 2dk(M − D)Ps

Bk = 0
E[Ck] = 0

(8)

with Ps the energy per chip and the variance of the noise
part Ck is given by

var[Ck ] = 4(M − D)Ps
N0

2 + (M − D)
N2

0

2
. (9)

Knowing that a transmitted data bit is the sum of two
sequences of lengthM , the energy per bitEb can be written
as Eb = 2MPs, the derivation of the BER formula leads to
the following expression [2]

BER =
1

2
erfc









√
√
√
√
√
√

M−D
M

Eb

2N0

(

1 +
MN0

2Eb

)









. (10)

Figure 3 shows the BER performance of the DADS modu-
lation scheme with the selection of a short PN sequence for
different values ofM in AWGN channels. For small values
of M (4 and 16), theoretical and simulated curves do not
match since the Gaussian approximation is not satisfied. In this
case, simulated curves perform better than theoretical ones.
For large values ofM (64 and 256), theoretical and simulated
curves are similar.

B. Selection of a Long Pseudo Noise Sequence for DADS and
noise reduction by averaging

The transmission chain of the DADS modulation scheme
with selection of a long PN sequence is shown in Figure 4.
The selection of a long PN sequence can be easily generated
from the repetition of the short PN sequence selected with
criterion (2) whose lengthN is twice the delayD used in
the modulation scheme (N = 2D). The selected short PN
sequence is repeatedT times to form the long PN sequence
of lengthM .
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Fig. 3. Comparison between theoretical and simulated DADS modulation
scheme with the selection of a short PN sequence in AWGN channels
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Fig. 4. Transmission chain of the DADS modulation scheme with selection
of a long PN sequence

The demodulation algorithm can exploit the redundancy of
the PN sequence by averaging the received noisy chips in the
same bit as shown in Figure 5. The idea is then to correlate
the delayed version of the received signal with its enhanced
version. Assuming that the PN sequence of lengthN has
been repeatedT times, the enhanced received signal can be
generated by averaging theT chips

r̂i =
1

T

T∑

t=1
rj+(t−1)N

r̂i =
1

T

T∑

t=1
(dkxj+(t−1)N−D + xj+(t−1)N + nj+(t−1)N )

(11)
with j = i mod N . Knowing thatxi = xi−2D andN = 2D,
this can be rewritten as

r̂i = dkxi−D + xi +
1

T

T∑

t=1
nj+(t−1)N . (12)

The correlator output becomes

Sk = Re





kM∑

i=(k−1)M+D+1

r̂ir
∗
i−D



 (13)

with

r̂ir
∗
i−D = dk(x2

i−D + x2
i )

︸ ︷︷ ︸

useful partai

+ 2xixi−D
︸ ︷︷ ︸

interference partbi

+dkxi−Dn∗
i−D + xin

∗
i−D

+
1

T

T∑

t=1
nj+(t−1)N (dkxi + xi−D)

+
1

T

T∑

t=1

nj+(t−1)Nn∗
i−D

︸ ︷︷ ︸

noise partci

. (14)

We assume thatD ≪ M . The integrated useful partAk,
interference partBk and the mean of the noise partCk are
given by

Ak = 2dkMPs

Bk = 0
E[Ck] = 0

(15)

with Ps the energy per chip and the variance of the noise
part Ck given by

var[Ck] = 4MPs
N0

2 + 2N
N2

0

2
(16)

leading to the following BER

BER =
1

2
erfc










√
√
√
√
√
√

Eb

2N0

(

1 +
NN0

Eb

)










. (17)

Figure 6 shows the BER performance of the DADS mod-
ulation scheme with the selection of a long PN sequence for
M = 4096 and different values ofN in AWGN channels.
The difference between theoretical and simulated BER curves
is very small. Simulations show that the same performance is
obtained for any value ofM = NT . With noise averaging,
the BER performance no longer degrades asM increases. As
the BER performance still degrades asN increases, the delay
D should be kept as small as possible.

III. T HEORETICAL VS SIMULATED BER PERFORMANCE OF

DADS IN FREQUENCY SELECTIVE RAYLEIGH CHANNELS

A. Short Pseudo Noise Sequence for DADS

We consider a frequency selective channel with AWGN. The
received signalri can be modeled as

ri =

L−1∑

l=0

hl (dkxi−l−D + xi−l) + ni (18)

with L the number of taps andhl the complex-valued channel
attenuation for thelth tap. (4) can be re-written as
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Fig. 6. Comparison between theoretical and simulated DADS modulation
scheme with the selection of a long PN sequence in AWGN channels

rir
∗
i−D = dk

L−1
P

l=0

|hl|
2(x2

i−l−D + x2
i−l)

| {z }

useful partai

+2
L−1
P

l=0

|hl|
2xi−lxi−l−D

+
L−1
P

l=0

P

l′ 6=l

hlh
∗
l′

(dkxi−l−D + xi−l)(dkxi−l′ + xi−l′−D)

| {z }

interference partbi

+
L−1
P

l=0

hln
∗
i−D(dkxi−l−D + xi−l)

+
L−1
P

l=0

h∗
l ni(dkxi−l + xi−l−D) + nin

∗
i−D

| {z }

noise partci

.

(19)
Ak is a deterministic value. We assume that the cross-

correlation between the interference partBk and the noise
part Ck is zero and we assume thatτmax ≤ D with τmax

the maximum delay spread. The correlator output approaches
a Gaussian distribution for largeM with mean and variance

E[Sk] = Ak + E[Bk] + E[Ck]
var[Sk] = var[Bk] + var[Ck]

(20)

The integrated useful partAk, the mean of the interference
part Bk and the mean of the noise partCk are given by

Ak = 2dk

L−1∑

l=0

|hl|
2(M − D)Ps

E[Bk] = 0
E[Ck] = 0

(21)

with Ps the energy per chip and the variance of the
interference partBk and the variance of the noise partCk

are given by

var[Bk] = 4
L−1∑

l=0

|hl|
4(M − D)P 2

s

+4
L−1∑

l=0

∑

l′ 6=l

|hl|
2|hl′ |

2(M − D)P 2
s

var[Ck] = 4
L−1∑

l=0

|hl|
2(M − D)Ps

N0

2 + (M − D)
N2

0

2

.

(22)
The derivations of the BER formula give the following

expression

BER =
1

2
Ehl

[

erfc

(

√
√
√
√
√

M−D
M

L−1∑

l=0

|hl|
2Eb

2N0Γ

)]

(23)

with

Γ = 1+

L−1∑

l=0

|hl|
4Eb

L−1∑

l=0

|hl|2MN0

+
MN0

2
L−1∑

l=0

|hl|2Eb

+

L−1∑

l=0

∑

l′ 6=l

|hl|
2|hl′ |

2Eb

L−1∑

l=0

|hl|2MN0

.

(24)
Figure 7 shows the BER performance of the DADS modula-

tion scheme with the selection of a short PN sequenceM = 64
for different values ofL in frequency selective Rayleigh chan-
nels. The maximum delay spreadτmax is set to the number of
tapsL. Theoretical and simulated curves are very similar. One
can observe that the DADS modulation scheme can exploit the
multipath diversity of frequency selective channels without any
modification in the receiver structure. The performance of the
DADS modulation scheme with the selection of a short PN
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Fig. 7. Comparison between theoretical and simulated DADS modulation
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sequence in frequency selective Rayleigh channels approaches
the AWGN performance asL increases.

B. Long Pseudo Noise Sequence for DADS

The enhanced received signal can be generated by averaging
the T chips leading to the following formula

r̂i =
L−1∑

l=0

hl(dkxi−l−D + xi−l) +
1

T

T∑

t=1
nj+(t−1)N (25)

The enhanced received signal multiplied by the conjugate
delayed version of the received signal gives

r̂ir
∗
i−D = dk

L−1
P

l=0

|hl|
2(x2

i−l + x2
i−l−D)

| {z }

useful partai

+2
L−1
P

l=0

|hl|
2xi−lxi−l−D

+
L−1
P

l=0

P

l′ 6=l

hlh
∗
l′

(dkxi−l−D + xi−l)(dkxi−l′ + xi−l′−D)

| {z }

interference partbi

+
L−1
P

l=0

hl(dkxi−l−D + xi−l)n
∗
i−D

+
1

T

T
P

t=1

L−1
P

l=0

h∗
l nj+(t−1)N (dkxi−l + xi−l−D)

+
1

T

T
P

t=1
nj+(t−1)N n∗

i−D

| {z }

noise partci

(26)

We assume that the cross-correlation between the interfer-
ence partBk and the noise partCk is zero and we assume that
τmax ≤ D ≪ M . The integrated useful partAk, the mean of
the interference partBk and the mean of the noise partCk

are given by

Ak = 2dk

L−1∑

l=0

|hl|
2MPs

E[Bk] = 0
E[Ck] = 0

(27)

with Ps the energy per chip and the variance of the
interference partBk and the mean of the noise partCk are
given by

var[Bk] = 4
L−1∑

l=0

∑

l′ 6=l

|hl|
2|hl′ |

2MP 2
s

var[Ck] = 4
L−1∑

l=0

|hl|
2MPs

N0

2 + 2N
N2

0

2

(28)

leading to the following BER

BER =
1

2
E
hl



 erfc





√

Eb

2N0Γ







 (29)

with

Γ = 1 +

L−1∑

l=0

∑

l′ 6=l

|hl|
2|hl′ |

2Eb

L−1∑

l=0

|hl|2MN0

+
NN0

L−1∑

l=0

|hl|2Eb

(30)

Figure 8 shows the BER performance of the DADS mod-
ulation scheme with the selection of a long PN sequence
with N = 64 and M = 4096 for different values ofL
in frequency selective Rayleigh channels. Theoretical and
simulated BER curves are very similar. Simulations show that
the same performance is obtained for any value ofM = NT .
The multipath diversity of frequency selective channels isalso
exploited without any modification in the receiver structure.
Moreover, with noise averaging, the BER performance no
longer degrades asM increases. As the BER performance
still degrades asN increases, the delayD should be kept as
small as possible but larger than the maximum delay spread
τmax. The performance of the DADS modulation scheme with
the selection of a long PN sequence in frequency selective
Rayleigh channels approaches the AWGN performance asL
increases.

IV. I MPLEMENTATION OF THE PROPOSEDDADS
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 cognitive radio
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 cognitive
radio waveforms developed in IT++. The USRP hardware
driver (UHD) C++ application programming interface (API)
allows to receive and transmit IQ samples. Combining Cog-
Wave with USRP gives a rapid prototyping platform for
physical layer design and algorithm validation through a real-
time video, audio and text transmission.

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 lengthM = 4 is chosen. At the
transmitter, the CogWave software takes some text, audio or
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Fig. 8. Comparison between theoretical and simulated DADS modulation
scheme with the selection of a long PN sequence in frequency selective
Rayleigh channels (N = 64)

Fig. 9. Demonstrator setup and CogWave software using the DADS
modulation scheme

video from keyboard, microphone or web-cam input sources.
Cyclic redundancy check (CRC) and forward error correction
(FEC) are used to detect and to correct errors between a
frame’s preamble and postamble. Each bit is multiplied witha
delayed version of the PN sequence and added to the same PN
sequence. The resulting data is passed to the USRP via UHD
for continuous transmission at the selected carrier frequency,
sampling rate and transmit gain. At the receiver, the received
samples are captured by the USRP via UHD in continuous
mode at the selected carrier frequency, sampling rate and
receive gain. The received buffer is set to the number of
samples in a frame. The demodulation multiplies the received
samples by their conjugate delayed version. Noise reduction by

averaging is used in the case of long PN sequences. A time
offset correction is then performed by estimating the offset
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 start of
frame is also the start of received buffer. Finally, the CogWave
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 multipath
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. Theoretical
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 with noise
reduction by averaging, the BER performance of DADS no
longer degrades as the length of the PN sequence increases. It
has also been shown that the multipath diversity of frequency
selective channels is exploited without any modification inthe
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 featuresto
the DADS modulation scheme, such as the capability to adjusts
dynamically the spreading factorM for more robustness or
the central frequency used for transmission by sensing its
operational electromagnetic environment.
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