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Abstract—The coherent direct-sequence spread spectrum
(DSSS) modulation is a very attractive modulation technique for
military communication systems, mainly due to its resistance to
interference and low probability of detection (LPD). However,
the synchronisation to the spreading code phase in the receiver
takes time, which makes this technique less interesting for sending
very short messages or to combine this technique with frequency
hopping. Recently, a new non-coherent DSSS modulation scheme,
called the delay and add direct sequence (DADS) modulation
scheme, based on the transmit reference (TR) principle has been
introduced. DADS has demonstrated to be particularly suited
for short burst transmissions and can be combined with a fast
frequency hopping scheme. In this paper, the performance of the
DADS modulation scheme in combination with fast frequency
hopping in frequency selective Rayleigh channels is studied.
Theoretical analysis and simulation results show that the BER
performance of DADS is improved drastically in frequency
selective Rayleigh channels although keeping the same non-
coherent receiver. Moreover, the BER performance of DADS is
also enhanced with fast frequency hopping due to an increase in
the diversity order of the frequency selective Rayleigh channels
and provides LPD/LPI to the modulation scheme.

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

I. INTRODUCTION

The direct-sequence spread spectrum (DSSS) modulation is

a very attractive modulation technique for military commu-

nication systems, mainly due to its resistance to interference

and low probability of detection (LPD). The main drawback of

DSSS lies in the complexity of the receiver. Indeed, along with

the usual carrier tracking as in a traditional digital receiver,

a code alignment is needed for a correct despreading. The

carrier and code tracking are respectively done by a phase-

locked loop (PLL) and a delay-locked loop (DLL). The DLL is

normally based on an early-late-prompt sampler. For the PLL,

a Costas loop can be used. The particularity of the two loops

however is that they are entwined, meaning that the output of

one loop serves as input of the other and vice-versa. A second

drawback, which is directly connected to the first, is the time

needed to synchronise on the spreading code. In fact, to bring

the DLL in its domain of operation, a first rough code phase

estimation is needed. This coarse estimation is performed by

an acquisition block, and is based on the evaluation of an

ambiguity function. As a consequence, a long preamble is

advisable, which makes the DSSS modulation less suitable for
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transmission of short messages or to combine this technique

with frequency hopping.

Correlation delay shift keying (CDSK) has been introduced

by Sushchik in 2000 [1] and extended to the generalized

CDSK (GCDSK) by Tam in 2006 [2]. CDSK or GCDSK is a

transmit reference (TR) modulation scheme primarily designed

for non-coherent detection in which a chaotic signal is used on

one hand as an embedded reference signal, and on the other

hand for modulating the data information. This modulation

scheme provides a processing gain and therefore inherits the

advantage of conventional spread-spectrum communications

such as LPD, multipath mitigation, anti-jamming and multiple

access capabilities. Moreover, contrary to coherent detection,

non-coherent detection does not require the phase synchroni-

sation of the spreading code at the receiver, resulting in a very

simple receiver structure.

Recently, a new modulation scheme utilising pseudo-

random binary sequences (PRBS) instead of chaotic refer-

ence signals has been defined as the delay and add direct

sequence (DADS) modulation scheme [3]. The DADS modu-

lation scheme has lower complexity than the DSSS modulation

scheme and is particularly suited for short burst transmissions.

The transmitted signal is composed of an DSSS modulated

signal added together with a delayed version of the spreading

code, as in traditional TR methods such as CDSK. This

delayed version is exploited for the despreading in the non-

coherent receiver. In this way, there is no more need for code

and carrier synchronisation at the receiver side, which makes

it possible to combine the DADS modulation efficiently with

a fast frequency hopping scheme. As an additional advantage,

a fast frequency hopping scheme will reduce the probability

of interception (LPI).

The performance of the DADS modulation scheme has been

studied in additive white Gaussian noise (AWGN) and flat

Rayleigh channels [3], [4]. In this paper, the performance

of the DADS modulation scheme is studied with fast fre-

quency hopping in frequency selective Rayleigh channels. The

remainder of this paper is organised as follows. In Section

II, a theoretical analysis of the BER performance of the

DADS modulation scheme in frequency selective Rayleigh

channels is presented. In section III, a theoretical analysis

of the BER performance of the DADS modulation scheme

with fast frequency hopping in frequency selective Rayleigh

channels is presented. In section IV, simulation results are

given with and without fast frequency hopping in frequency

selective Rayleigh channels.

II. THEORETICAL ANALYSIS OF THE BER PERFORMANCE

OF THE DADS MODULATION SCHEME IN FREQUENCY

SELECTIVE RAYLEIGH CHANNELS

The DADS transmission chain is shown on Figure 1.

The transmitted signal is the sum of two signals, namely a

reference signal and its delayed version multiplied by the

information signal. Then it passes through a propagation

channel. At the receiver side, the signal is correlated with

its delayed conjugate version. Let us derive the mathematics

behind Figure 1. We consider a frequency selective Rayleigh
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Fig. 1. Transmission chain of the DADS modulation scheme

channel with additive white Gaussian noise (AWGN). The

received signal {ri} can be modeled as

ri =

L−1
∑

l=0

hl(dkxi−l−D + xi−l) + ni (1)

with L the number of taps, D the delay (in chips), hl the

complex-valued channel attenuation for the lth tap, dk the

information bits taking values in {-1,1} with data rate 1/M , xi

the generated bipolar PRBS of length M and ni the AWGN

with variance N0/2 per dimension. The correlator output is

given by

Sk = Re
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
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(3)

The first line of the equation corresponds to the useful

part ai. The second, third and fourth lines corresponds to the

interference part bi, which has 3L + 4L(L − 1) terms due

to the cross-correlation between two delayed time intervals

of the reference signal. The remaining lines correspond to

the noise part ci, which has 4L + 1 terms due to the cross-

correlation between the reference signal and the noise (the

last component being the cross-correlation of the noise with

its delayed version).

Let us define the output of the correlator corresponding to

the useful part Ak, interference part Bk and noise part Ck

{Ak, Bk, Ck} = Re





kM
∑

i=(k−1)M+1

{ai, bi, ci}



 . (4)

A. Arbitrary Pseudo Random Binary Sequence for DADS

Considering an arbitrary PRBS for the DADS modulation

scheme and assuming that the delay D < τmax, some of

the components in (3) become correlated. This motivates the

choice of D larger than the maximum delay spread τmax (in

chips), but significantly lower than the length of the spreading

code M (τmax ≤ D ≪ M ). Because xi is statistically inde-

pendent from xj for any i 6= j, xi is statistically independent

from nj for any (i, j), and ni is statistically independent from

nj for any i 6= j, the useful part Ak, the interference part

Bk and the noise part Ck can be approximated as Gaussian

variables as M increases having the following means

E[Ak] = dk

L−1
∑

l=0

|hl|2MPs

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

(5)

with Ps the energy per chip and variances

var[Ak] = 0

var[Bk] = 3
L−1
∑

l=0

|hl|4MP 2
s

+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 + M
N2

0

2

. (6)

A semi-analytical approach to evaluate the bit error rate

(BER) performance is to average the conditional BER over

the channel realisations hl [5]. The BER formula [6] is then

given by

BER =
1

2
Ehl

[

Prob(Sk < 0|dk = +1)

+Prob(Sk ≥ 0|dk = −1)

]

=
1

4
Ehl

[

erfc

(

E[Sk|dk = +1]
√

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

)

+erfc

(

− E[Sk|dk = −1]
√

2(var[Sk|dk = −1])

)]

(7)

with Ehl
[.] the expected value over the channel realisations

and erfc(.) the complementary error function. Knowing that

a transmitted data bit is the sum of two sequences of length

M , the energy per bit Eb can be written as Eb = 2MPs,



the derivation of the BER formula leads to the following

expression

BER =
1

2
Ehl

[

erfc
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√

√

√

√

√
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with

Γ = 1+
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In the case of a flat Rayleigh channel (L = 1), (8) and (9)

reduces to

BER =
1

2
Ehl

[

erfc

(

√

√

√

√

|hl|2Eb

8N0(1 + 3|hl|2Eb

4MN0

+ MN0

2|hl|2Eb

)

)]

(10)

which is consistent with the formula derived in [4].

B. Pseudo Random Binary Sequence Selection for DADS

The DADS modulation offers the possibility to select some

PRBS which improves the BER performance. Indeed, theo-

retical analysis and simulation results have shown that the bit

error rate (BER) performance of DADS with arbitrary PRBS

is comparable to CDSK, however the DADS performance can

be improved by 3 dB with PRBS selection [4]. In this Section,

we recall the criterion proposed for PRBS selection. The idea

is to select the sequence {xi} such that the first term of

the interference part bi in (3) moves to the useful part ai

while keeping the same properties of the other components

in the interference part. This can be done under the following

conditions

select {xi} =

{

xi = xi−2D ∀i
E[xixi−D] = 0

(11)

Using this criterion and considering frequency selective

Rayleigh channels, (3) can be re-written as
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(12)

Therefore, by selecting a spreading code according to (11),

a 3 dB gain on the useful part is achieved while reducing the

interference part by one component. Considering a PRBS for

the DADS modulation scheme and assuming that the delay

τmax ≤ D ≪ M , the useful part Ak, the interference part

Bk and the noise part Ck can be approximated as Gaussian

variables as M increases with means

E[Ak] = 2dk

L−1
∑

l=0

|hl|2MPs

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

(13)

and variances

var[Ak] = 0
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∑

l=0
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s

+4
L−1
∑
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∑
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s
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∑
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0

2

. (14)

The derivations of the BER formula give the following

expression

BER =
1

2
Ehl

[
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(

√
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√

√
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with

Γ = 1+
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C. Practical implementation issues

Let us now consider some practical implementation issues

on the structure of the transmitter and the receiver as presented

in Figure 1. First of all, it has to be noted that in this

paper we consider a digital implementation of the receiver,

based on software defined radio (SDR) technology. Hence the

received baseband signal is a digitised signal with a given

oversampling rate. In a classical digital receiver, the received

signal will be down converted to baseband using an in-phase

quadrature (IQ)-demodulator. In this case, the baseband signal

will be a complex signal modulated with a very low frequency

component equal to the frequency shift between the received

carrier and the local carrier. If the phase drift ∆φD over the

delay period D between the two carriers due to this frequency

offset is small, the useful signal will slightly degrade by a

factor cos(∆φD). In practice, the condition that the phase drift

is very small over the delay period D is not too hard to satisfy.

For instance, for a chip rate of 2 Mchips/s and D = 2 chips,

a frequency offset of 10 kHz between the received carrier

and the local carrier, will degrade the useful signal only by a

factor cos(∆φD) = 0.998. As a consequence, we do not have

to implement a frequency and phase recovery circuit in the

receiver.



A second practical consideration is on the delay D. In

a digital implementation, the delay line implementation is

straight forward using a shift register. The only concern could

be the stability of the clocks yielding to slightly different

delays in transmitter and receiver. To evaluate the influence of

this difference between the two delays, some simulations were

performed in Matlab. With a clock stability of 10−6 at both

transmitter and receiver side, which is not too hard to meet,

the simulation results revealed no significant degradation of

the BER performance.

As a conclusion we can say that the structure of the DADS

receiver can be kept very simple. First of all, there is no more

need for spreading code alignment, as the reference signal is

integrated in the received signal. Further, it is shown that under

certain conditions there is no more need for a carrier recovery

circuit.

The fact that the receiver structure is simple can also

be considered as a drawback. Although DADS is a LPD

modulation, it is very easy to demodulate the transmitted signal

once it is detected, as the spreading code does not have to be

known at the receiver side. The only parameter needed for

the demodulation is the delay D, which is easy to extract

from the captured signal by performing an autocorrelation.

This motivates the use of fast frequency hopping to have a

LPI modulation.

III. THEORETICAL ANALYSIS OF THE BER PERFORMANCE

OF THE DADS MODULATION SCHEME WITH FAST

FREQUENCY HOPPING IN FREQUENCY SELECTIVE

RAYLEIGH CHANNELS

Fast frequency hopping is defined as a hopping scheme in

which the hop rate is higher than the symbol rate. In this

paper, the frequency changes at a rate K/M compared to the

information rate 1/M , with K the number of frequency hops

necessary to span a data bit. Since the transmission of a data

bit utilises more than one frequency hop, frequency diversity is

obtained with fast frequency hopping signaling. For the DADS

modulation scheme with an arbitrary PRBS, assuming that the

delay D is larger than the maximum delay spread τmax, but

significantly lower than the duration of a frequency hop M/K
(τmax ≤ D ≪ M/K), the BER becomes
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1
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Ehk
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with Ehk

l

[.] the expected value over the channel realisations

and frequency hops, hk
l the complex-valued channel attenua-

tion for the lth tap and the kth hop and

Γ = 1 +
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For the DADS modulation scheme with PRBS selection

according to II-B, and assuming that the delay D is larger than

the maximum delay spread τmax, but significantly lower than

the length of a frequency hop M/K (τmax ≤ D ≪ M/K),

the BER becomes
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1
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with
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IV. SIMULATION RESULTS

In order to evaluate the theoretical formulas given in Section

II, we have simulated the baseband transmission chain given

in Figure 1. Note that the performance results are presented

for a spreading code M = 2048 and delay D = 32, but all the

conclusions made for these specific values are also valid for

any M and D assuming that D is larger than the maximum

delay spread τmax, but significantly lower than the length of

a spreading code M or a frequency hop M/K .

A. DADS in AWGN and frequency selective Rayleigh channels

Figure 2 shows the theoretical and simulated BER per-

formance of the DADS modulation scheme using arbitrary

PRBS in AWGN and frequency selective Rayleigh channels

for a spreading code M = 2048, delay D = 32, maximum

delay spread τmax = 16, and various numbers of taps L =
2, 4, 8, 16 which are zero-mean complex Gaussian variables

independent and identically distributed (i.i.d.) with equal gains

1/
√

L. Simulations reveal that for BER values higher than

10−4, the BER curves for DADS modulation coincide for all

frequency selective Rayleigh channels. Moreover, the more the

number of taps L, the better the BER performance owing to

the exploitation of the diversity order. Therefore, the DADS

receiver can exploit the full diversity offered by the channel
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Fig. 2. Simulation results of the DADS modulation scheme using arbitrary
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0 10 20 30 40
10

−4

10
−3

10
−2

10
−1

10
0

Eb/N0 (dB)

B
E

R

 

 

AWGN

L=1 theo

L=2 theo

L=4 theo

L=8 theo

L=16 theo

L=1 simu

L=2 simu

L=4 simu

L=8 simu

L=16 simu

Fig. 3. Simulation results of the DADS modulation scheme using PRBS
selection in AWGN and frequency selective Rayleigh channels for M =2048
and D =32

without adding complexity in the receiver, contrary to coherent

DSSS modulations in which a large number of Rake fingers

would be needed.

Figure 3 shows the theoretical and simulated BER perfor-

mance of the DADS modulation scheme using PRBS selection

in AWGN and frequency selective Rayleigh channels for a

spreading code M = 2048, delay D = 32, maximum delay

spread τmax = 16, and various numbers of taps L = 2, 4,

8, 16 which are zero-mean complex Gaussian variables i.i.d.

with equal gains 1/
√

L. To generate the PRBS satisfying (11),

we choose a pseudo code of length N = 64 chips satisfying

E[xixi−D] = 0 which repeats itself to generate the spreading

code for length M . The simulations show that the theoret-

ical and simulated BER curves satisfying the criterion (11)

coincide for frequency selective Rayleigh channels. A gain

in performance of about 3 dB appears in frequency selective

Rayleigh channel compared to arbitrary PRBS. Similar results

are obtained for different values of D as long as (11) is

satisfied. Therefore, the DADS receiver with PRBS selection

can also exploit the full diversity offered by the channel
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Fig. 4. Simulation results of the DADS modulation scheme using arbi-
trary PRBS with fast frequency hopping in AWGN and frequency selective
Rayleigh channels for M =2048 and D =32
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Fig. 5. Simulation results of the DADS modulation scheme using PRBS
selection with fast frequency hopping in AWGN and frequency selective
Rayleigh channels for M =2048 and D =32

without adding complexity in the receiver.

B. DADS with Fast frequency hopping in AWGN and fre-

quency selective Rayleigh channels

Figure 4 shows the theoretical and simulated BER per-

formance of the DADS modulation scheme using arbitrary

PRBS with fast frequency hopping in AWGN and frequency

selective Rayleigh channels for a spreading code M = 2048,

delay D = 32, maximum delay spread τmax = 16, various

numbers of taps L = 2, 4 and various numbers of frequency

hops K = 2, 4 with L i.i.d. zero-mean complex Gaussian

taps having equal gains 1/
√

L for each frequency hop. The

BER curves coincide for all numbers of taps and numbers

of frequency hops. Therefore, the addition of fast frequency

hopping signaling exploits the full diversity offered by the

channel while providing LPD/LPI to the modulation scheme.

Figure 5 shows the theoretical and simulated BER perfor-

mance of the DADS modulation scheme using PRBS selection

with fast frequency hopping in AWGN and frequency selective



Rayleigh channels for a spreading code M = 2048, delay D =
32, maximum delay spread τmax = 16, various numbers of

taps L = 2, 4 and various numbers of frequency hops K =
2, 4 with L i.i.d. zero-mean complex Gaussian taps having

equal gains 1/
√

L for each frequency hop. The same PRBS as

Figure 3 is used for the simulations. One can observe that the

theoretical and simulated BER curves satisfying the criterion

(11) coincide for all numbers of taps and numbers of frequency

hops. The gain in performance of about 3 dB is still conserved

with fast frequency hopping signaling, while exploiting the full

diversity offered by the channel with LPD/LPI.

V. CONCLUSION

In DADS, a copy of the spreading code, delayed by D,

is embedded in the transmitted signal. At the receiver, the

signal is again delayed by D and multiplied with the non-

delayed signal for despreading, without the need for code syn-

chronisation. This results in a very simple receiver structure,

without loosing the benefits of a spread spectrum modulation,

like e.g. the processing gain, LPD and interference resistance.

Although DADS is a LPD modulation, it is very easy to

demodulate the transmitted signal once it is detected, as the

spreading code does not have to be known at the receiver

side. The only parameter needed for the demodulation is the

delay D, which is easy to extract from the captured signal by

performing an autocorrelation. This motivates the use of fast

frequency hopping to have a LPI modulation. In this paper,

the performance of the DADS modulation scheme has been

studied with fast frequency hopping in frequency selective

Rayleigh channels. Theoretical analysis and simulation results

have shown that the BER performance of DADS is improved

drastically in frequency selective Rayleigh channels although

keeping the same non-coherent receiver. Therefore, the DADS

receiver can exploit the full diversity offered by the channel

without adding complexity in the receiver, contrary to coherent

DSSS modulations in which a large number of Rake fingers

would be needed. Moreover, the BER performance of DADS is

also enhanced with fast frequency hopping due to an increase

in the diversity order of the frequency selective Rayleigh

channels and provides LPD/LPI to the modulation scheme.
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