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Abstract—A robust digital modulation scheme, called differ-
ential on-on keying (DOOK), is presented in this paper which
outperforms the conventional on-off keying (OOK). In this
scheme, a sinusoidal signal is transmitted during the first half
of the bit duration while a replica or an inverted version of the
sinusoidal signal is transmitted during the second half for logic
one or logic zero, respectively. Non-coherent receiver correlates
the two halves of the received signal over half bit duration to
construct a decision variable. Bit error performance is analyzed
over AWGN and Rayleigh fading channels and compared to the
conventional OOK.

Index Terms—DOOK, WSNs, Robust non-coherent modula-
tion, Performance analysis.

I. INTRODUCTION

In recent years, wireless communications are being increas-

ingly used for power-constrained applications like wireless

sensor networks (WSNs). As a result, energy-efficiency be-

came as important as spectral efficiency and bit error rate

(BER) in designing wireless transmission schemes. Specifi-

cally, modulation techniques with low energy consumption are

considered for such scenarios even at the expense of subop-

timal spectral efficiency and BER performance. For instance,

on-off keying (OOK) modulation has gained some attention

lately in WSNs [1]. While other modulation techniques can

achieve better BER performance than OOK [2], the energy

efficient and low-complexity non-coherent detectors of the

OOK make it attractive for low power scenarios. In the OOK

scheme, a sinusoidal signal is transmitted to represent logic

one and no signal is transmitted to represent logic zero. For

equiprobable bit stream, the transmitter consumes only half

of the energy as compared to phase shift keying (PSK) or

frequency shift keying (FSK). A coherent receiver is not

commonly used for OOK because it requires channel estima-

tion and carrier synchronization which add complexity to the

system. On the other hand, non-coherent receivers employing

envelop detector [1], [2] or energy detector [3] have low

complexity and thus are used for OOK. While it avoids syn-

chronization requirements, the non-coherent detection adopted

in OOK has a different challenge, namely, finding the optimal

threshold for decision making that minimizes the BER. An

approximate average BER expression is developed in [4] for

multi-user scenario with direct sequence code division multi

access (DS-CDMA) and a numerical algorithm is proposed

to compute the optimal threshold. The decision threshold in

this case depends on the average channel coefficient of the

desired signal and both the average and variance of the sum

of all interfering signals. In [5], different iterative numerical

algorithms are proposed to compute the decision threshold for

the same scenario under Rayleigh fading conditions. Alter-

natively, different schemes are proposed to avoid threshold

estimation like block-coded OOK [3] and soft decision based

OOK detection [6].In this paper, we propose differential on-

on keying (DOOK) as a low power modulation scheme with

energy detection that uses fixed zero threshold. This simplifies

the system implementation since no threshold optimization

is needed. In this scheme, a sinusoidal signal is transmitted

during the first half of the bit duration for both logic zero and

logic one. During the second half of the bit duration, a replica

of the sinusoidal signal is transmitted for logic one, while an

inverted version of the signal is transmitted for logic zero.

The receiver correlates both the first and second halves of the

received signal over half bit duration to generate a decision

variable and retrieve the transmitted bit. This non-coherent

DOOK receiver avoids the need for channel gain or noise

power estimators. A BER expression is derived for the DOOK

over additive white Gaussian noise (AWGN) and Rayleigh

fading channel which is then compared to the conventional

OOK with envelop and energy detectors.

II. SYSTEM MODEL

In this section, we briefly present the OOK scheme then

introduce the DOOK scheme.

1) OOK scheme: The carrier in the OOK transmitter is

modulated by the transmitted bits. For logic one, the modulator

is enabled and a sinusoidal signal with energy Eb is transmitted

during the bit duration Tb, otherwise, the modulator is disabled

for logic zero and no signal is transmitted. For the ith bit, the

kth sample of the transmitted OOK signal, k = 1, . . . , N , is

given by

uk,i = bi

√

2Eb

Tb

sin(2πfc
k

N
Tb), (1)

where bi = {0, 1} is the information bit, fc is the carrier

frequency, and N is the number of samples per bit. The bit

duration is found as Tb = N/fs where fs is the sampling
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frequency. Assume a fading channel, the kth sample of the

received signal is given by

vk,i = hi uk,i + nk, (2)

where nk is complex AWGN with zero mean and variance N0

and hi is the channel coefficient during the ith bit. The channel

coefficient can follow any wireless channel fading model like

Rayleigh or Rician and it is assumed to be constant during

bit duration Tb. At the receiver, either envelope or energy

detection can be used. An envelope detector samples the

absolute value (i.e. the envelope) of the received signal once

per bit [2] and the envelope sample is then used as a decision

variable Denv,i. For an ideal channel, i.e. no AWGN or fading,

the decision variable takes on the values {0,
√

2Eb/Tb} for

bi = {0, 1}, respectively. However, it is actually a random

variable in the presence of the AWGN and channel fading

which can be expressed as [2]

Denv,i =

√

|hi bi
√

2Eb/Tb + nR|2 + |nI |2. (3)

where nR and nI are the real and imaginary parts of nk. The

decision variable is compared to a predefined threshold βenv

and the ith bit is detected as

b̂i =

{

0, Denv,i ≤ βenv,

1, Denv,i > βenv,
(4)

where βenv =
√

N0(2 + Eb/(2TbN0)) [2]. Alternatively,

when an energy detector is used, the received signal passes

through a squaring device and the output is integrated over

the bit duration Tb to obtain the decision variable which is

expressed as

Deng,i = R







N
∑

k=1

(

hi bi

√

2Eb

Tb

sin(2πfc
k

N
Tb) + nk

)2






= |hi|2 b2i Eb +
N
∑

k=1

n2
k

+

N
∑

k=1

2 nk hi bi

√

2Eb

Tb

sin(2πfc
k

N
Tb), (5)

where R{·} is the real part of complex number. The values of

the decision variable in an ideal channel would be {0, Eb} for

bi = {0, 1}, respectively. However, in the presence of AWGN

and fading channel, the threshold is function of the noise

variance and the channel fading. In this paper, the threshold

is approximated as βeng = N0 + 0.5 |hi|2 Eb [7].

2) DOOK scheme: The DOOK system model is shown in

Fig. 1. In this scheme, each bit bi = {−1, +1} is represented

by two sinusoidal signals during the bit duration Tb. The first

sinusoidal signal occupies the first half of the bit duration, i.e.

the kth samples for 0 ≤ k ≤ N/2, and represents the reference

signal, while the second sinusoidal signal occupies the second

half, i.e. the kth samples for N/2 < k ≤ N , and carries the

information bit (hereafter it will be referred to as the data-

bearing signal). If bi = 1, the data-bearing signal is the same
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Fig. 1. (a) DOOK modulator, (b) DOOK frame, (c) DOOK receiver

as the reference signal, and if bi = −1, the data-bearing signal

is an inverted version of the reference signal. Thus, during the

ith bit, the kth sample of the transmitted signal is given by

xk,i =







√

Eb

Tb

sin(2πfc
k
N
Tb), for 1 < k ≤ N/2,

√

Eb

Tb

bi sin(2πfc
k
N
Tb), for N/2 < k ≤ N.

(6)

For fair comparison, the carrier energy over Tb is set to Eb/2 to

make the DOOK transmitter consume the same energy as the

OOK scheme. At the receiver, the kth sample of the received

signal is given by

rk,i = hi xk,i + nk. (7)

As shown in Fig. 1, the received signal is delayed by half

bit duration Tb/2 and both the received and delayed versions

of the signal are used to construct the decision variable Di.

Specifically, for the ith bit, the first half of the received signal

rk,i, 1 ≤ k ≤ N/2, is correlated with the complex conjugate

of the second half of the received signal r∗k,i, N/2 < k ≤ N
and the result is summed over half bit duration Tb/2. Hence,

the decision variable for the ith bit is given by

Di = R







N

2
∑

k=1

(

hi

√

Eb

Tb

sin(2πfc
k

N
Tb) + nk

)

×
(

hi

√

Eb

Tb

bi sin(2πfc
k + N

2

N
Tb) + nk+N

2

)∗}

.(8)

It is clear from (8) that the decision variable Di takes the

values {−Eb/4, Eb/4} for bi = {−1, 1}, respectively, for the

ideal channel. Therefore, the received bits are estimated by

comparing the decision variable Di to zero, which is a fixed

threshold, as

b̂i = sign (Di) , (9)

where sign(·) is the sign function.



III. DOOK SYSTEM ANALYSIS

In this section, we first show the benefit of using differential

scheme for data transmission and explain the advantage of

employing DOOK rather than OOK. Next, we derive the BER

performance of the DOOK over AWGN and fading channels.

1) DOOK versus OOK: In the conventional OOK, energy

detection is equivalent to correlating the received signal with

itself over the bit duration Tb. Assume the simple case of

AWGN channel. For logic zero, only the noise is available

at the receiver input. The detector correlates this noise with

itself producing a non-negative decision variable, corresponds

to the noise energy, which increases as the signal-to-noise ratio

(SNR) decreases. For logic one, the decision variable contains

both the carrier and noise energies. Therefore, the optimum

threshold is function of the SNR and, accordingly, requires to

be optimized for each SNR to obtain the best performance.

On the contrary, DOOK scheme uses a fixed zero threshold

because the decision variable is constructed in a differential

fashion by correlating the two halves of the received signal

over Tb/2 period. Expanding (8), we have

Di = R







N

2
∑

k=1

(

|hi|2
Eb

Tb

bi sin2(2πfc
k

N
Tb) + nkn

∗
k+N

2

+ hi

√

Eb

Tb

sin(2πfc
k

N
Tb) n

∗
k+N

2

+ h∗
i

√

Eb

Tb

bi sin(2πfc
k + N

2

N
Tb) nk

)}

= |hi|2 bi
Eb

4
+ R







N

2
∑

k=1

nkn
∗
k+N

2







+

N

2
∑

k=1

(

hi

√

Eb

Tb

sin(2πfc
k

N
Tb) n

∗
k+N

2

+ h∗
i

√

Eb

Tb

bi sin(2πfc
k + N

2

N
Tb) nk

)

. (10)

Note that the last three terms in the latter equation have

zero mean because of the independent zero mean noise.

Also, the last two terms in (10) corresponds to the last

term in (5). The multiplied independent noise samples, i.e.

R

{

∑
N

2

k=1 nkn
∗
k+N

2

}

, can be positive, negative, or zero with

a smaller or equal value to the corresponding term in the OOK

case given in (5), i.e.

R







N

2
∑

k=1

nkn
∗
k+N

2







≤ R

{

N
∑

k=1

n2
k

}

, (11)

which results in lower noise contribution in the received

DOOK signal. Additionally, the decision variable in the

DOOK is symmetric around zero for any SNR value and

channel fading and, consequently, no adaptive threshold is

required. However, the Euclidean distance between the two

values of the decision variable in the ideal channel for the

DOOK scheme, Eb/2, is smaller than the OOK one, Eb. We

show in the simulation section that the lower noise energy

contribution in the DOOK decision variable according to (11)

compensates this Euclidean distance reduction.

While the performance of the OOK improves with in-

creasing the SNR in the AWGN channel because the noise

component in (5) reduces, the situation is completely different

for fading channels. At the receiver, the squaring operation

results in a squared channel coefficient as shown in (5).

Therefore, squared Rayleigh fading, for example, has an ex-

ponential distribution with most of its values are concentrated

near zero. Hence, even without AWGN, the values of the

decision variable corresponding to logic one are scaled to

values towards zero. Since the threshold is a finite positive

value in the OOK scheme, the channel scaling degrades the

error performance for any SNR which leads to BER flooring.

The same situation occurs for the Rician or any other fading

distribution. On the other hand, the decision variable for

the DOOK is symmetrically distributed around zero and the

channel scaling affects both the negative and positive values in

the same way. Thus, while channel fading degrades the BER

performance for the DOOK, it does not result in error flooring.

2) BER performance analysis: According to the central

limit theorem, the decision variable Di, given a transmitted

bit bi, is Gaussian distributed. Gaussian approximation of the

decision variable is commonly used in the analysis of the OOK

with energy detection [8], [9]. Therefore, the total BER can

be expressed as

BER = 1
2
Pr (Di < 0| bi = +1) + 1

2
Pr (Di > 0| bi = −1)

= 1
2

erfc

(

E{Di|bi=+1}√
2 Var{Di|bi=+1}

)

,

where erfc(x) is the complementary error function defined

as erfc(x) ≡ 2√
π

∫∞
x

e−t2dt. The later expression requires

computing the mean and variance of the decision variable Di.

For a given bit bi, the mean E {Di} of the decision variable

can be found as

E {Di} = bi |hi|2
Eb

4
. (12)

Also, the variance Var {Di} of the decision variable can be

written as

Var {Di} = E
{

D2
i

}

− E {Di}
2

= E













R







N

2
∑

k=1

nk n∗
k+N

2











2










+ E













R







N

2
∑

k=1

hi

√

Eb

Tb

sin(2πfc
k

N
Tb) n

∗
k+N

2











2










+ E













R







N

2
∑

k=1

h∗
i

√

Eb

Tb

bi sin(2πfc
k + N

2

N
Tb) nk











2










= Tb

N2
0

8
+ |hi|2 Eb

N0

4
, (13)
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Fig. 2. BER for DOOK and OOK over AWGN: N = 100.

where the last equality is obtained after performing some

straightforward manipulations. Substituting (12) and (13) in

(12), the BER for a given channel coefficient hi can be

expressed as

BER =
1

2
erfc





|hi|2 Eb

2
√

TbN2
0 + 2 |hi|2 EbN0





=
1

2
erfc

(

(

4Tb

γ2
i

+
8

γi

)− 1

2

)

(14)

where γi =
|hi|2Eb

N0

is the instantaneous received SNR. Finally,

the average BER is

BER =
1

2

∫ ∞

0

erfc

(

(

4Tb

γ2
i

+
8

γi

)− 1

2

)

dγi, (15)

which can be evaluated by numerical integration.

IV. SIMULATION RESULTS

Fig. 2 shows the DOOK system performance under AWGN

channel (i.e substituting hi = 1 in (14)) for N = 100 and

the corresponding performance of the conventional OOK for

both envelope detection [2] and energy detection [7]. The

theoretical expressions are plotted with solid lines and the

simulations are plotted with dashed lines and marks. The

results show that the DOOK outperforms the OOK with both

detection methods. This is mainly due to the reduced noise

effects as shown in (11). Fig. 3 shows the simulations and

theoretical BER expressions given in (15) under Rayleigh

channel and compare it to the OOK scheme. As expected, the

proposed DOOK scheme outperforms the conventional non-

coherent OOK without any need of channel gain or noise

power estimation. Another important advantage shown in this

figure is the robustness of the DOOK system against channel

fading. We can clearly see that the BER of the OOK has an

error floor for high SNR. This happens because the threshold

is positive and the channel gain scales the decision variable to

values smaller than the predefined threshold.
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Fig. 3. BER for DOOK and OOK over Rayleigh channels: N = 100.

V. CONCLUSION

A new robust non-coherent DOOK scheme was presented in

this paper. The analysis showed that this scheme outperforms

the conventional OOK over AWGN and fading channels with

the same transmitted bit energy and without the need for

channel gain or noise power estimation. The DOOK scheme is

robust against channel fading since it has a decision variable

which is symmetrically distributed around zero and uses fixed

zero threshold.
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