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ABSTRACT In this article, the noncoherent detection scheme for the receiver in wireless sensor nodes is

discussed. That is, an implementation-friendly and energy-efficient symbol-by-symbol detection scheme

for IEEE 802.15.4 offset-quadrature phase shift keying (O-QPSK) receivers is investigated under both

pure additive white Gaussian noise (AWGN) channel and fading channel. Specifically, the residual carrier

frequency offset (CFO) of the chip sample is estimated and compensated with the aid of the preamble; then,

the standard noncoherent detection scheme with perfectly known CFO is directly configured. The corre-

sponding simulation results show that only 4 preamble symbols is sufficient for accurate CFO estimation.

Compared with the conventional noncoherent detector, the average running time per data packet of our

enhanced detector is only 0.17 times of the former; meanwhile, at the packet error rate of 1 × 10−3, our

enhanced detector can obtain 2.2 dB gains in the (32, 4) direct sequence spread spectrum system. A more

reasonable trade-off between complexity and reliability is thus achieved for energy-saving and maximum

service life in wireless sensor networks (WSNs).

INDEX TERMS Internet of Things, IEEE 802.15.4 wireless sensor networks, offset QPSK, symbol-

by-symbol detection.

I. INTRODUCTION

Recently, wireless sensor networks (WSNs) has received

a great deal of attention form diverse fields, particularly

because of its important role in the ‘‘edge access’’ of the

The associate editor coordinating the review of this manuscript and

approving it for publication was Yassine Maleh .

5G-enabled ‘‘Internet of Things (IoT)’’ [1]–[3]. Compared

with traditional wireless networks, pervasive WSNs pay

more attention to energy-saving and cost effectiveness. Thus,

the IEEE 802.15.4 standard [4], [5], which is tailored for

low-speed and ubiquitous communication between inexpen-

sive devices, has been widely applied in WSNs and shown

tremendous potential for development of 5G-enabled IoT [6].
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The reliability of WSNs is one of the most important factors,

which may limit the application depth and width [7], [8].

Clearly, the detection performance of the receiver is closely

related to the throughput and energy efficiency of the wireless

sensor node, and even directly affects the transmission effi-

ciency of the whole WSNs [9]–[12]. In this work, we inves-

tigate this issue from the perspective of receiver detection

mechanism, which is extremely significant for academics and

end-users as well.

According to the IEEE 802.15.4 standard, the offset

quadrature phase shift keying (O-QPSK) direct sequence

spread spectrum (DSSS) scheme is required in 780/868/

915/2380/2450 MHz frequency band [4], [5]. The high spec-

tral efficiency as well as constant envelope are attractive

characteristics for O-QPSK modulation, which makes it be

extensively applied in code division multiple access sys-

tems, satellite communications and so on [13]. Generally,

the coherent detection scheme exhibits excellent performance

because the carrier synchronization is considered to be per-

fectly achieved at the receiver. However, it is not suitable for

battery-powered WSNs. This stems from the fact that its per-

formance completely depends on perfect estimation of carrier

phase offset (CPO), which is clearly a high-complexity as

well as energy-intensive process [14]. Therefore, the nonco-

herent detection scheme, wherein the carrier synchronization

is not required at the receiver, is an attractive alternative for

energy-efficient WSNs.

In recent years, a variety of noncoherent detection schemes

for IEEE 802.15.4 O-QPSK receivers have been proposed.

The main related work is as follows. Based on the max-

imum likelihood (ML) criteria, D. Park and S. Park pro-

posed a low-complexity decision-assisted scheme [15], [16],

yet there is an inevitable temporary error propagation. The

work of S. C. Dai et al. introduced a novel scheme uti-

lizing the correlation between adjacent pseudo noise chip

signals [17], which exhibits excellent performance, espe-

cially high robustness to both phase and frequency off-

set. C. Wang et al. considered an additive decision metric

to implement symbol-level differential coherence detection

scheme in [18], which achieved a certain degree of perfor-

mance improvement at the expense of complexity increment.

With the aid of the preamble to deal with unknown carrier

frequency offset (CFO), J. H. Do et al. proposed a coherent

detection-based scheme [19]. Yet, this scheme still has high

complexity, which ismainly because of themultiplication and

trigonometric operations (i.e., sine and cosine). Furthermore,

the receiver was synchronized by using cross-correlation and

auto-correlation operation in [20], which is actually com-

plicated and energy-consuming. Therefore, it is imperative

to develop compatible and low-complexity CFO estimation

schemes for O-QPSK noncoherent detection schemes in

IEEE 802.15.4 WSNs.

Due to Doppler shift and/or the oscillator variation of

the transmitter and receiver, there is an inevitable devia-

tion between the transmitted and received carrier signals.

J. Y. Oh et al. indicated that initial phase mismatch and

the CFO will lead to a significant performance degradation.

Hence, it is necessary to implement CFO estimation and

compensation at the receiver [21]. The related work of CFO

estimation is as follows. Bloch et al. proposed a powerful

full estimation scheme in [22]. Yet, it’s not affordable in

wireless sensor, since the inverse tangent operation is too

complicated to be implemented. Considering the mathemat-

ical approximation tan−1x ≈ 0, Lee et al. firstly simplified

this complete estimation, wherein the CFO was quantified by

four constant phases [23]. Unsurprisingly, Zhang et al. con-

sidered more desirable approximation, i.e., tan−1x ≈ x [24].

In this context, the observation interval is subdivided into

four equiangular regions, and an adaptive offset adjustment

term is designed to compensate the estimation error in [23].

However, the non-linear operation is still inevitable. [25]

introduce a simplified estimation scheme with only linear

operation, which adopts the approximation sin−1x ≈ x [22].

In this work, we propose an implementation-friendly

and energy-efficient symbol-by-symbol detection scheme for

IEEE 802.15.4 O-QPSK receivers. Unlike the conventional

receiver, where complexity-intensive detector and/or esti-

mator are equipped, we turn our main attention towards

the simple design of detection and estimation schemes to

achieve further balance between implementation complex-

ity and detection reliability. The main contributions are as

follows:
• Previous studies have assumed that the amplitude of the

signal is not affected by the channel, that is, fading is not

considered. In this work, we consider the more general

case and study the receiver under both slow fading and

pure additive white Gaussian noise (AWGN) channels.

• A new detection scheme is proposed, where the

complexity-intensive and time-consuming chip-delay

operation is not involved. Preamble-assisted and

implementation-friendly estimator is also given to fur-

ther reduce the complexity, where however the perfor-

mance requirements of the IEEE 802.15.4 protocol is

still satisfied.

• The detection characteristic of the receiver is investi-

gated from numerous aspects through comprehensive

simulation. Specially, in order to verify the robustness of

our receiver to the CPO, the detection results in presence

of random varying CPO are studied.

The remaining structures of this article are as fol-

lows. In Section II, we introduce the signal model.

Section III briefly goes over the conventional noncoherent

and coherent-based detection schemes. Section IV concen-

trates on our proposed enhanced detection scheme in detail.

In Section V, the numerical results and discussion are pre-

sented. Finally, in Section VI, some conclusions and future

work are offered.

II. SIGNAL MODEL

According to IEEE 802.15.4 standard [4], the O-QPSK phys-

ical layer (PHY) uses hexadecimal quasi-orthogonal modu-

lation. The specific data process is shown in Fig. 1. Here
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FIGURE 1. The physical layer data transmission process in the IEEE 802.15.4 WSNs.

4-bit data is employed to choose one of 16 quasi-orthogonal

pseudo-noise (PN) sequences. In particular, the analysis in

this work are all based on the (32, 4)-DSSS system, wherein

each symbol is spread into 32 chips. For more details of

the mapping rule, the readers can refer to Table 2 in [19].

Note that, (16, 4)-DSSS and (8, 4)-DSSS schemes are also

provided in [4]. All of the results achieved in this work can be

easily tailored to the systemwith these twomapping schemes,

which however is not given here except for detection perfor-

mance analysis in Section V-B and V-C.

Considering ideal carrier synchronization at the receiver,

we select a more general signal model. For the mth symbol

E [m], its complex base-band received chip sequence is as

follows:

rm,k=hm,ksm,ke
j(ωm,kkTc+θm,k)+ηm,k , 1≤ k≤K/2. (1)

Here, hm,k denotes the multiplicative fading. sm,k is the

kth transmitted bipolar O-QPSK modulation chip in the mth

symbol interval. ωm,k = 2π fm,k and θm,k are the CFO and

CPO in radian, respectively. Tc is the chip period. ηm,k is a

complex AWGN with zero-mean and known variance N0/2.

K is the length of PN sequence, K = 32 in (32, 4)-DSSS

system and K = 16 in (16, 4)-DSSS system.

In order to describe the estimation and detection scheme

in a more general form, this work considers the slow fading

channel, which is characterized by a random variable hm,k

with Rayleigh distribution. We assume that the hm,k , CFO

ωm,k , CPO θm,k are unknown and random but constant across

a packet transmission, that is hm,k = h, ωm,k = ω, θm,k = θ

and ηm,k = η.

III. THE CONVENTIONAL NONCOHERENT AND

COHERENT-BASED DETECTION SCHEMES

According to the IEEE 802.15.4 standard, in 2.4GHz fre-

quency band, the maximum carrier frequency is 2.48GHz and

the transmitted CFO shall be up to is±40 ppm (‘‘ppm’’means

parts per million, i.e., ±99.2KHz). Then, the worst-case

CFO is ±80 ppm (i.e., ±198.4KHz), corresponding to

+40ppm CFO in the transmitter and −40ppm CFO in the

receiver.

In order to achieve the required reliability in a high-

frequency-variant environment, various schemes have been

proposed. The two representative ones are the conventional

noncoherent detection scheme and its improved strategy

(i.e., the coherent detection-based scheme) [19]. The former

uses chip-level differential filter, while the latter is with the

aid of frequency offset estimator.

A. THE CONVENTIONAL NONCOHERENT DETECTION

SCHEME

As shown in [19], in conventional detection-based scheme,

carrier frequency offset effect (CFOE) is eliminated by the

square operation. The specific implementation process for

this scheme are as follows.

First, the received chip sample sequence after the matched

filter is respectively subjected to 1Tc, 2Tc, and 3Tc chip delay

differential filter. The filter output Am,k−N is

Am,k−N = rm,kr
∗
m,k−N

= |h|2sm,ks
∗
m,k−N e

jωNTc + η (0) ,

N + 1 ≤ k ≤ L1. (2)

Here, N is the number of the delayed chip sample, and N ∈

{1, 2, 3}. L1 is referred to as the sample number for each

symbol, and N + 1 ≤ L1 ≤ K/2. η (0) is the integrated noise

term. We can see that the time-varying CFOE component

ωkTc embedded in the chip sample rm,k is now converted

into a constant value ωNTc in Am,k−N . The 16 differential

PN sequences are expressed as

Bn,k−N =sn,ks
∗
n,k−N , 0≤n≤15, N+1≤k≤L1. (3)

where the superscript ∗ represents a complex conjugate

operation.

Then, the cross-correlation operation is performed between

the the multi-delay differential filter output {Am,k−N } and the

differential PN sequence {Bn,k−N }. After envelope detection

and accumulation, we arrive at the decision metric

Vm,n =

∣∣∣∣∣∣

3∑

N=1

L1∑

k=N+1

Am,k−NB
∗
n,k−N

∣∣∣∣∣∣

2

. (4)

Finally, by demapping Vm, the bit information E [m] is

obtained. Here, the final decision metric Vm is given by

Vm = argmax
0≤n≤15

{
Vm,n

}
. (5)

This detection scheme directly borrows the idea in [6].

Note however that the CFO and spectrum spread are not

involved in [6]. Its main advantage is that the receiver avoids

the estimation operation. It is just for this reason that it

has significantly performance degradation. There is a slight

difference between the schemes given in [19] and this work.

Here, the CPO as well as fading is further considered, while

it is not the case in [19]. Thus, we summarize the detailed

process of our conventional noncoherent detection scheme in

Algorithm 1.
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Algorithm 1: The Conventional Noncoherent Detec-

tion Algorithm

Input: rm,k : baseband samples of the mth symbol

period E [m];

L: payload length of the physical layer protocol data

unit (PPDU) (here, L = 176 bits, i.e. 44 symbols);

L1: sample number for each symbol of the actual

data, and N + 1 ≤ L1 ≤ K/2;

K : chip length of the pseudo-random sequence (PN),

and K = 32;

N : the number of differential chip, and N ∈ {1, 2, 3}.

Output:
{
Ê [m]

}
: the actual bit data.

1 Initialize L = 176,K = 32, and Vm = 0;

2 for N = 1; 1 ≤ N ≤ 3; N ++ do

3 for m = 1; m ≤ L/4; m++ do

4 for k = N + 1; k ≤ L1; k ++ do

5 Am,k−N ← rm,kr
∗
m,k−N ;

6 end

7 end

8 for n = 0; n ≤ 15; n++ do

9 for k = N + 1; k ≤ L1; k ++ do

10 Bn,k−N ← sn,ks
∗
n,k−N ;

11 end

12 end

13 end

14 for m = 1; m ≤ L/4; m++ do

15 for n = 0; n ≤ 15; n++ do

16 for N = 1; N ≤ 3; n++ do

17 for k = N + 1; k ≤ L1; k ++ do

18 Vm,n← Vm,n + Am,k−NB
∗
n,k−N ;

19 end

20 end

21 Vm,n←
∣∣Vm,n

∣∣2;
22 if Vm ≤ Vm,n then

23 Vm← Vm,n

24 end

25 end

26 end

27 Obtain the bit detection information
{
Ê [m]

}
by

demapping the output value of the comparator {Vm}

;

28 return
{
Ê [m]

}
.

B. THE COHERENT DETECTION-BASED SCHEME

To reducing the performance degradation, J. H. Do et al.

proposed a coherent detection-based scheme, which only

considers CFO as shown in (2) of [19]. However, we consid-

ers both CFO and CPO as shown in (1). Algorithm 2 shows

the implementation process, and the detailed steps are as

follows.

First, similar to the conventional noncoherent detection

scheme, the differential signals Am,k−N and differential PN

sequences Bn,k−N shown in (2) and (3) can be obtained.

Algorithm 2: The Coherent Detection-Based Algo-

rithm

Input: rm,k : baseband samples of the mth symbol

period E [m];

L: payload length of the PPDU (here, L = 176 bits,

i.e. 44 symbols);

L1: sample number for each symbol, and

N + 1 ≤ L1 ≤ K/2;

L2: sample number for the mth symbol of the

preamble, and N + 1 ≤ L2 ≤ K/2;

K : chip length of the pseudo-random sequence (PN),

and K = 32;

N : the number of differential chip, and N ∈ {1, 2, 3};

J1: the length of preamble, and 1 ≤ J1 ≤ J , where

J = 8 is the maximum length.

Output:
{
Ê [m]

}
: the actual bit data.

1 Initialize L = 176,K = 32, and Zm = 0;

2 for N = 1; 1 ≤ N ≤ 3; N ++ do

3 for k = N + 1; k ≤ L2; k ++ do

4 B0,k−N ← s0,ks
∗
0,k−N ;

5 end

6 for m = 1; m ≤ J1; m++ do

7 for k = N + 1; k ≤ L2; k ++ do

8 Am,k−N ← rm,kr
∗
m,k−N ;

9 fest ← fest + Am,k−NB
∗
0,k−N ;

10 end

11 end

12 fest ← fest/J1 (L2 − N );

13 end

14 for m = J1 + 1; m ≤ J1 + L/4; m++ do

15 for n = 0; n ≤ 15; n++ do

16 for N = 1; N ≤ 3; n++ do

17 for k = N + 1; k ≤ L1; k ++ do

18 Zm,n← Zm,n + Am,k−NB
∗
n,k−N f

∗
est ;

19 end

20 end

21 Zm,n← Re
(
Zm,n

)
;

22 if Zm ≤ Zm,n then

23 Zm← Zm,n

24 end

25 end

26 end

27 Obtain the bit detection information
{
Ê [m]

}
by

demapping the output value of the comparator {Vm}

;

28 return
{
Ê [m]

}
.

Then, the delay differential operation is carried out on the

bipolar PN sequence and the received chip sequence for the

preamble symbol. We can obtain the complex expressions

Am,k−N and B0,k−N as follows.

Am,k−N = rm,kr
∗
m,k−N

= |h|2sm,ks
∗
m,k−N e

jωNTc + η (1) ,

VOLUME 8, 2020 158405



G. Zhang et al.: Implementation-Friendly and Energy-Efficient Symbol-by-Symbol Detection Scheme

FIGURE 2. The structure of frequency offset measurement Y .

1 ≤ m ≤ J1, N + 1 ≤ k ≤ L2. (6)

B0,k−N = s0,ks
∗
0,k−N , N + 1 ≤ k ≤ L2. (7)

Here, J1 is the observation length of the preamble symbol, and

1 ≤ J1 ≤ J , where J = 8 is the maximum preamble length.

L2 is the sample number for the mth symbol of the preamble,

and N + 1 ≤ L2 ≤ K/2.
{
s0,k

}
is the first bipolar spreading

sequence. η (1) represents an integrated noise component.

Note that, unless otherwise specified, the maximum preamble

length is considered in this work, which is J1 = 8.

Further, the frequency offset estimator is obtained by using

the correlation between the preamble symbol and the PN

sequence as

fest =
1

J1 (L2 − N )

J1∑

m=1

L2∑

k=N+1

Am,k−NB
∗
0,k−N

= |h|2ejωNTc + v

= |fest |
[
cos

(
ω̂NTc

)
+ jsin

(
ω̂NTc

)]
, (8)

where v is set as an integrated noise term.

Next, a post-compensation operation is performed, and the

combiner output of this detection scheme can be obtained as

follows.

Zm,n = Re




3∑

N=1

L1∑

k=N+1

Am,k−NB
∗
n,k−N f

∗
est


 , (9)

where Re {x} represents the real part of x. L1 is the sample

number for each symbol, and N + 1 ≤ L1 ≤ K/2.

Finally, the maximum of 16 symbols is selected as the

output of maximum value selector.

Zm = argmax
0≤n≤15

{
Zm,n

}
. (10)

After demapping, the final data E [m] can be obtained.

Yet, the receiver is still high-complexity receiver, which is

mainly due to the complicated delay difference operation and

correlation operation of the estimator fest . For more details

of the receiver structure, please refer to Figs. 4 and 5 in

reference [19].

IV. THE PROPOSED NONCOHERENT DETECTION SCHEME

In view of the high implementation complexity and the draw-

back of post-compensation of these existing schemes, based

on a heuristic idea, this work introduces an implementation-

friendly and energy-efficient symbol-by-symbol detection

scheme for IEEE 802.15.4 O-QPSK receivers. Specifically,

there is no need to acquire the prior knowledge of the ini-

tial phase and CFO. The specific implementation process is

detailed below.

Firstly, as shown in Fig. 2, the correlation and accumula-

tion operation between the complex baseband received signal

of the preamble and the PN sequence is performed, and the

measurement Y can be acquired by

Y =
1

J1 (L2−1)

J1∑

m=1

L2∑

k=2

Drm,k−1Ds
∗
0,k−1

= |h|2ejωTc + λ. (11)

Here, J1 represents the preamble length, and 1 ≤ J1 ≤ J ,

wherein J = 8 is the maximum length of preamble. L2
is the sample number for the mth symbol of the preamble,

and 2 ≤ L2 ≤ K/2. λ is an integrated noise term. Note

that, for simplifying the detection process, only the 1Tc chip

delay difference is considered here, i.e., N = 1. The com-

plex baseband received signal Drm,k−1 corresponding to the

preamble and Ds0,k−1 corresponding to the PN sequence are

respectively expressed as follows:

Drm,k−1 = rm,kr
∗
m,k−1

= |h|2sm,ks
∗
m,k−1e

jωTc + Nm,k ,

1 ≤ m ≤ J1, 2 ≤ k ≤ L2. (12)
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Ds0,k−1 = s0,ks
∗
0,k−1, 1 ≤ k ≤ L2. (13)

In the 2.4 GHz PHY of the IEEE 802.15.4 O-QPSK

receiver, the preamble ‘‘0000’’ is mapped into the first

of 16 PN sequences. Nm,k is an integrated noise compo-

nent. The structural diagram of measurement Y is exhibited

in Fig. 2.

Next, utilizing the measurement Y shown in (11), we can

acquire a quantization function g(Y ) representing an estima-

tor of the frequency. Hence, the CFOE can be intuitively

estimated.

ϕ̂
1
= ωTc = g (Y ) . (14)

Due to different estimation algorithms, the estimator ϕ̂

have different representation forms.

A. FULL ESTIMATOR

We first introduce the full estimator in (15).

ϕ̂ = 6 Y =





tan−1
(
Im (Y )

Re (Y )

)
,

if Re (Y ) > 0
π

2
,

if Re (Y ) = 0 and Im (Y ) ≥ 0

−π − tan−1
(
Im (Y )

Re (Y )

)
,

if Re (Y ) < 0

−
π

2
,

if Re (Y ) = 0 and Im (Y ) < 0.

(15)

Here, the constant term, i.e., 0, π/2,−π , and−π/2, is called

as the coarse estimation, and Re (Y ) and Im (Y ) represent the

real and imaginary part of Y respectively.

B. SIMPLIFIED ESTIMATOR WITH tan−1
x FORM

Further, Zhang et al. [24] subdivide the complex observation

space into four equiangular sectors as shown in (16), which

are same as the four regions shown in Table 1 of [23]. They

can be distinguished from each other by only simply compar-

ing measurement magnitudes and signs of Y .

ϕ̂=





tan−1
(
Im (Y )

Re (Y )

)
,

if Re (Y ) > 0 and |Re (Y )|≥|Im (Y )|

π

2
− tan−1

(
Re (Y )

Im (Y )

)
,

if Im (Y ) > 0 and |Re (Y )|< |Im (Y )|

−π + tan−1
(
Im (Y )

Re (Y )

)
,

if Re (Y ) < 0 and |Re (Y )|≥|Im (Y )|

−
π

2
− tan−1

(
Re (Y )

Im (Y )

)

if Im (Y ) < 0 and |Re (Y )|< |Im (Y )| .

(16)

TABLE 1. Parameters used in simulations.

We observe immediately from (15) and (16) that the

arctan operation is inevitable. High computational com-

plexity and are unreasonable in the IEEE 802.15.4 wire-

less sensor network receiver, where low power and low

cost are the most important design indicators. Considering

that |Re (Y )/Im (Y )| or |Im (Y )/Re (Y )| is not more than

1 and is independent in CFO estimation and signal-to-noise

ratio (SNR) condition, we can directly adopt the mathemati-

cal approximation tan−1x ≈ x for (17) without unnecessary

calculation errors. That is, (16) can be expressed as

ϕ̂ ≈





Im (Y )

Re (Y )
,

if Re (Y ) > 0 and |Re (Y )| ≥ |Im (Y )|
π

2
−
Re (Y )

Im (Y )
,

if Im (Y ) > 0 and |Re (Y )| < |Im (Y )|

−π +
Im (Y )

Re (Y )
,

if Re (Y ) < 0 and |Re (Y )| ≥ |Im (Y )|

−
π

2
−
Re (Y )

Im (Y )
,

if Im (Y ) < 0 and |Re (Y )| < |Im (Y )| .

(17)

Obviously, comparedwith the CFO estimation scheme in (15)

and the space subdivision method, our adaptive CFO estima-

tion scheme in (17) possesses simple rules for space division

and friendly uses the triangular approximation tan−1 (x) ≈ x

and sin−1 (x) ≈ x without undesired error.

C. SIMPLIFIED ESTIMATOR WITH sin−1
x FORM

Similarly, combining the observation interval division rules

in [24], ϕ̂ can also be expressed by the sin−1x form as shown
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FIGURE 3. The structure of the proposed receiver.

in (18).

ϕ̂ =





sin−1

(
Im (Y )√

Re2 (Y )+ Im2 (Y )

)
,

if Re (Y ) > 0 and |Re (Y )| ≥ |Im (Y )|

π

2
− sin−1

(
Re (Y )√

Re2 (Y )+ Im2 (Y )

)
,

if Im (Y ) > 0 and |Re (Y )| < |Im (Y )|

−π − sin−1

(
Im (Y )√

Re2 (Y )+ Im2 (Y )

)
,

if Re (Y ) < 0 and |Re (Y )| ≥ |Im (Y )|

π

2
+ sin−1

(
Re (Y )√

Re2 (Y )+ Im2 (Y )

)
,

if Im (Y ) < 0 and |Re (Y )| < |Im (Y )| .

(18)

Assuming a high SNR over the AWGN with perfect CSI,

and the non-Gaussian noise term in (11) is small enough,

we get
√
Re2 (Y )+ Im2 (Y ) = |Y | =

∣∣∣|h|2ejωTc + λ

∣∣∣
≈ |h|2 = 1. (19)

Then, with trigonometric approximation sin−1x ≈ x and

substituting (19) into (18), another simplified estimator ϕ̂ can

be obtained as given by (20).

ϕ̂ ≈





Im (Y ) ,

if Re (Y ) > 0 and |Re (Y )| ≥ |Im (Y )|
π

2
−Re (Y ) ,

if Im (Y ) > 0 and |Re (Y )| < |Im (Y )|

−π−Im (Y ) ,

if Re (Y ) < 0 and |Re (Y )| ≥ |Im (Y )|

−
π

2
+ Re (Y ) ,

if Im (Y ) < 0 and |Re (Y )| < |Im (Y )| .

(20)

Furthermore, for slow fading channel, we have
√
Re2 (Y )+ Im2 (Y ) = |Y | =

∣∣∣|h|2ejωTc + λ

∣∣∣
≈ |h|2. (21)

Similarly to (20), in the slow fading channel, (18) can be

further simplified as

ϕ̂ ≈





Im (Y )

|h|2
,

if Re (Y ) > 0 and |Re (Y )| ≥ |Im (Y )|
π

2
−
Re (Y )

|h|2
,

if Im (Y ) > 0 and |Re (Y )| < |Im (Y )|

−π −
Im (Y )

|h|2
,

if Re (Y ) < 0 and |Re (Y )| ≥ |Im (Y )|

−
π

2
+
Re (Y )

|h|2
,

if Im (Y ) < 0 and |Re (Y )| < |Im (Y )| .

(22)

After that, with the simplified estimator in (17), (20)

and (22), the CFO of the chip sampling value rm,k in (1) can

be compensated by

r ′m,k = rm,ke
−jkϕ̂ . (23)

Finally, the detection operation is performed by

Â [m] = argmax
0≤n≤15

{
Am,n

}
, (24)

where the metric Am,n given by

Am,n =

∣∣∣∣∣

L1∑

k=1

r ′m,ks
∗
n,k

∣∣∣∣∣

2

, 0 ≤ n ≤ 15. (25)

Here, L1 is the number of sample for each symbol in actual

data, and 2 ≤ L1 ≤ K/2. The final bit output data E [m]

can be obtained by symbol demapper. Fig. 3 is the detailed

structure of our proposed detector, which processes the output

sequence rm,k in Fig. 1.

In this work, a heuristic approach is adopted. First,

the CFOE is estimated and compensated under the data-aided

configuration. With the compensated signal in (23), the con-

ventional noncoherent detection scheme is followed and

extended under spread spectrum. The proposed scheme

greatly reduces the complexity and packet error rate due

to the simplified but reliable estimator and not performing
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TABLE 2. Comparison of hardware complexity.

chip-level delay operation. The Algorithm 3 summarizes the

specific process of our proposed detection scheme.

algorithm 3

V. NUMERICAL RESULTS AND DISCUSSION

In this section, we evaluate the packet error rate (PER) per-

formance of various detection schemes over the pure AWGN

channel and the slow Rayleigh fading channel, which is

the common performance index to measure the quality of

physical layer data communication. Note that, the physical

layer protocol data unit (PPDU) is set to 22 bytes in sim-

ulation. For different detectors, the transmitter will repeat

sending random packets to the detector for detection until

enough error packets are collected. We choose the 2.45 GHz

band maximum as the carrier frequency, that is 2.48 GHz.

The detailed simulation parameters in this work are shown

in Table 2.

A. PERFORMANCE EFFECT OF THE PREAMBLE

NUMBER J1

Increasing the number of preamble can effectively impr-

ove the O-QPSK receiver performance. As shown in

Fig. 4 (a)-(c), under different number of preambles, we com-

pare the PER performance of our proposed full estimator

and two simplified estimators in (32, 4)-DSSS system. The

CFO f is considered to rang from −80 to 80 ppm with

symmetric triangular distribution, and the CPO θ follows the

uniform distribution in (−π, π). J1 is the preamble number.

We observe from Fig. 4 that PER performance improves as

J1 increases from 1 to 8, but this performance improvement

degrades rapidly. Specifically, as shown in Fig. 4 (a), for the

PER performance at 1×10−3, as the number of the preamble

symbol J1 increases from 1 to 2, the gain of the SNR is about

1.5 dB; as J1 increases from 2 to 4, the SNR gain is 1.2 dB;

when J1 is further increased from 4 to 5, the SNR gain is

only reduced by 0.2 dB. Further, it can be concluded that

the 4 preambles are enough to meet the receiver performance

requirement.

In order to observe the performance comparison more

clearly, we give performance curves of different estimation

algorithms when J1 = 1, 4, 8 in Fig. 5. We can observe from

Fig. 5 that the performances of the simplified estimator in (17)

and (20) are comparable to that of the full estimator. Actually,

according to the performance requirements in different appli-

cation, we can set appropriate number of the preamble, which

provides much higher degree of freedom. Yet, for acquiring

Algorithm 3: The Proposed Detection Algorithm

Input: rm,k : baseband samples of the mth symbol

period E [m];

L: payload length of the PPDU (here, L = 176 bits,

i.e. 44 symbols);

L1: sample number for each symbol of the actual

data, and 2 ≤ L1 ≤ K/2;

L2: sample number for the mth symbol of the

preamble, and 2 ≤ L2 ≤ K/2;

K : chip length of the pseudo-random sequence (PN),

and K = 32;

N : the number of differential chip, and N ∈ {1, 2, 3};

J1: the length of preamble, and 1 ≤ J1 ≤ J , where

J = 8 is the maximum length.

Output:
{
Ê [m]

}
: the actual bit data.

1 Initialize L = 176,K = 32, and N = 1;

2 for k = 2; k ≤ L2; k ++ do

3 Ds0,k−1← s0,ks
∗
0,k−1;

4 end

5 for m = 1; m ≤ J1; m++ do

6 for k = 2; k ≤ L2; k ++ do

7 Drm,k−1← rm,kr
∗
m,k−1;

8 Y ← Y + Drm,k−1Ds
∗
0,k−1;

9 end

10 end

11 Y ← Y/J1 (L2 − 1);

12 Calculate quantization function g (Y ), and

ϕ̂
1
= ωTc = g (Y );

13 for m = J1 + 1; m ≤ J1 + L/4; m++ do

14 for n = 0; n ≤ 15; n++ do

15 for k = 1; k ≤ L1; k ++ do

16 r ′m,k ← rm,ke
−jkϕ̂ ;

17 Am,n← Am,n + r
′
m,ks
∗
n,k ;

18 end

19 Am,n←
∣∣Am,n

∣∣2;
20 end

21 end

22 for n = 0; n ≤ 15; n++ do

23 Â [m]← argmax
0≤n≤15

{
Am,n

}
;

24 end

25 Obtain the bit detection information
{
Ê [m]

}
by

demapping the output value of the comparator {Vm}

;

26 return
{
Ê [m]

}
.
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FIGURE 4. Detection performance impact of parameter J1 under the
proposed scheme with different estimators in (32, 4)-DSSS system over
pure AWGN channel. (a) PER performance with full estimator in (15); (b)
PER performance with simplified estimator in (17); (c) PER performance
with simplified estimator in (20).

optimum performance, we consider the maximum truncation

factor, i.e., J1 = 8.

B. DETECTION PERFORMANCE ANALYSIS OVER PURE

AWGN CHANNEL

Fig. 6 is the PER performance comparison of our proposed

scheme with the conventional noncoherent scheme and the

FIGURE 5. Detection performance impact of parameter J1 under the
proposed scheme with different estimators in (32, 4)-DSSS system over
pure AWGN channel.

FIGURE 6. Detection performance comparisons of various detection
schemes over pure AWGN channel. (a) (32, 4)-DSSS system; (b) (16,
4)-DSSS system.

3-chip delay coherent-based scheme [19]. As observed from

Fig. 6 (a) and (b), in contrast with the conventional noncoher-

ent scheme, the PER performance of our proposed scheme

has been significantly improved. At the PER of 1 × 10−3

in Fig. 6 (a), compared with the conventional noncoherent

detection scheme, our proposed full detector acquires almost
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2.2 dB gains. Moreover, the performance loss of our pro-

posed simplified detector is also smaller than that of the

full estimator, meanwhile it also possesses lower complexity.

In addition, we can also observe from Fig. 6 (a) that in the

(32, 4)-DSSS system, the PER performance of our proposed

simplified detector is close to the coherent-based scheme

in [19], and yet our detector provide a lower complexity.

According to the IEEE 802.15.4 WSNs standard, the mod-

ulation method using O-QPSK DSSS has three different

spreading modes, including (32, 4)-DSSS, (16, 4)-DSSS

and (8, 4)-DSSS. This section also verifies the PER perfor-

mance of (16, 4)-DSSS system, and we can observe form

Fig. 6 (b) that the proposed scheme shows well perfor-

mance in (16, 4)-DSSS system. Particularly, at the PER of

1× 10−3, in contrast with the conventional noncoherent

detection scheme, the proposed simplified estimation scheme

achieves 5.6 dB gain, which shows a higher gain than the

(32, 4)-DSSS system. Furthermore, the performance of the

two simplified estimators and full estimator implemented in

(16, 4)-DSSS system is similar to that in (32, 4)-DSSS sys-

tem. Therefore, the proposed detection scheme is also appli-

cable to the (16, 4)-DSSS system and has better performance

than the (32, 4)-DSSS system. Keep these discussions in

mind, we conclude boldly that the detection scheme proposed

in this work is also applicable in (8, 4)-DSSS system, but

detailed verification is not performed here.

C. DETECTION PERFORMANCE ANALYSIS OVER SLOW

FADING CHANNEL

Fig. 7 is the detection performance comparisons of var-

ious schemes in (32,4)-DSSS and (16,4)-DSSS systems,

respectively. As shown in Fig. 7, under the slow Rayleigh

fading channel with normalized average power, the perfor-

mance of our proposed receiver has been investigated in

the (32,4)-DSSS and (16,4)-DSSS systems. We can observe

from Fig. 7 that there is a small performance degradation

between the full estimation and simplified estimator. That

is to say, in the normalized slow fading channel, the com-

plexity of our detector is reduced, but no large performance

degradation is observed. In particular, as shown in Fig. 7 (a),

at PER of 1× 10−2, compared with the conventional non-

coherent scheme in [19], our proposed simplified scheme

achieves 2.5 dB and 4.5 dB gains in (32,4)-DSSS system and

(16,4)-DSSS system, respectively. Further, the performance

of our detector is close to the coherent scheme in [19], which

is also observed under the AWGN channel as shown in Fig. 6.

D. ROBUSTNESS OF THE RECEIVER

The PER performance of our proposed scheme under various

dynamic CFO in the (32, 4)−DSSS system is shown in Fig. 8.

It is considered that CPO θ follows the uniform distribution

from −π to π . The horizontal black dashed line represents

the proposed full estimator given in (15), which provides

a baseline for comparison. Moreover, the blue solid line

describes proposed simplified estimator performance given

in (17), where involves tan−1 (x) ≈ x; the green solid line

FIGURE 7. Detection performance comparisons of various detection
schemes under the normalized slow Rayleigh fading channel. (a) (32,
4)-DSSS system; (b) (16, 4)-DSSS system.

depicts the performance of proposed simplified estimator

given in (21), where sin−1 (x) ≈ x and |Y | ≈ 1 are involved.

We can observe from Fig. 8 that, when the CFOE is

between +20 and −20 ppm, the PER performance is well;

when the CFOE is greater than +20 ppm or less than

−20 ppm, the PER performance is severely impaired. In par-

ticular, from Fig. 8 (a), we can see that when SNR= −6,

the performance of the three algorithms almost overlap; when

SNR= −4, the performance of the three algorithms we

propose is comparable Close. As shown in in Fig. 8 (b),

as the SNR increases, the PER performance suffers more

severely. This is mainly because, the absolute estimation error

is gradually approaching its maximum value. Yet, when our

detection scheme only considers CPO (i.e., without CFO),

it offers much less gain than our detector for all CFOs.

Hence, the augmented detector in this work is not sensitive

to frequency offset.

E. PERFORMANCE UNDER UNDER DYNAMIC

PHASE CHANNEL

In this subsection, we investigate the detection effect of

our proposed receiver when the carrier phase changes from
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FIGURE 8. Detection performance comparisons of our proposed scheme
under various estimators versus CFO in (32, 4)-DSSS system over pure
AWGN channel. (a) SNR= −6, −4, −2; (b) SNR=−1, 0, 0.5.

symbol to symbol. Fig. 9 (a)-(c) respectively shows the rela-

tionship between PER performance and dynamic CPO of

the proposed detection scheme under different estimation

algorithms. The phase θ is modeled as the Wiener process

θm+1 = θm + 1m, where 1m is a zero-mean Gaussian

random variable independent of the known variance σ 2
m at

each symbol interval. The initial phase θ1 follows a uniform

distribution in (−π, π). As shown in Fig. 9 (a), it is clear

that our noncoherent detection scheme is robust to phase

jitter, and increasing the standard deviation of the jitter to

5 degrees will not significantly reduce the performance of our

proposed receiver. Moreover, it can also be observed that as

the SNR increases, different estimation algorithms all show

an irreducible level of error.

We further compare the performance of our proposed

scheme with different estimation algorithms under dynamic

phase channel in Fig. 10. As shown in Fig. 10, our proposed

scheme with the full estimator can provides more robustness

to the CPO, and the simplified estimators in (17) and (20)

greatly reduces the complexity of implementation but with a

FIGURE 9. Detection performance comparison of our proposed scheme
versus dynamic CPO in (32, 4)-DSSS system over pure AWGN channel.
(a) PER performance with full estimator in (15); (b) PER performance with
simplified estimator in (17); (c) PER performance with simplified
estimator in (20).

small performance cost. In particular, as the standard devia-

tion reduces, the influence of the phasor ej1m on the correlator

output A[m] will be lesser and lesser. This is mainly because

the random phase increment ej1m produces a phasor in the

correlator output A[m].

F. COMPUTATIONAL COMPLEXITY

Finally, the hardware complexity of various detection

schemes are investigated from the perspective of the number

158412 VOLUME 8, 2020



G. Zhang et al.: Implementation-Friendly and Energy-Efficient Symbol-by-Symbol Detection Scheme

FIGURE 10. Detection performance comparison of our proposed scheme
with different estimators versus dynamic CPO in (32, 4)-DSSS system over
pure AWGN channel.

FIGURE 11. Comparisons of average running time per data packet under
various detection schemes in (32, 4)-DSSS system over pure AWGN
channel.

of adders and multipliers. Table 2 shows the complexity com-

parison of our proposed scheme and the existing detection

schemes. Note that, as shown in Fig. 2, we record the process

of multiplying two complex conjugates as two adders and

four multipliers. As shown in Table 2, our proposed detector

consumes only 40 adders and 80 multipliers. The 3-chip

delay coherent-based detector in [19] contains 60 adders

and 120 multipliers, which is 1.5 times the scheme we pro-

posed; the conventional noncoherent detector in [19] contains

144 adders and 288 multipliers, this is 3.6 times that of our

proposed scheme. Obviously, the hardware complexity of our

proposed scheme has been significantly reduced compared to

the other two.

Furthermore, our proposed detection scheme also possess

lower computational complexity, which will be analyzed

from the perspective of average running time. Specifically,

we simulated the running time of the same number of trans-

mission packets under different detection schemes. Note that,

we run 105 data packets under different detection schemes,

and then calculate their average running time of each data

packet. We can observe from Fig. 11 that the packet running

time of our proposed scheme in this work is significantly

lower than that of other schemes. As the SNR increases,

the data packet running time of each scheme decreases,

which is mainly due to the reduction of the packet error rate

and the improvement of detection performance. Specifically

speaking, as illustrated in Fig. 11, for the SNR of 0.5 dB,

the average running time per packet under our proposed full

estimation scheme is 0.59 × 10−2 s, while the conventional

noncoherent scheme in [19] is 0.28 × 10−1 s, which is

4.7 times of our proposed scheme; and the coherent-based

scheme in [19] is 0.34 × 10−1 s, which is 5.8 times of

our proposed scheme. Obviously, the average running time

per packet in our proposed scheme has been significantly

reduced, which is expected by low-power and low-costWSNs

nodes.

VI. CONCLUSION AND FUTURE WORK

We have put forward an implementation-friendly and

energy-efficient noncoherent detection scheme for IEEE

802.15.4 O-QPSK receivers. In this configuration, the CFO

is estimated and compensated. Experimental results show

that, with the assist of only four preambles, our detection

performance meets the requirements of IEEE WSNs. Also,

when the standard deviation of phase jitter is up to 5 degrees,

it will not significantly reduce receiver performance. Finally,

compared to conventional noncoherent scheme in [19], our

enhanced scheme perform more attractive in terms of com-

plexity and reliability. Hence, the proposed detection strategy

is more reasonable for O-QPSK receivers, whose representa-

tive application fields are wireless body area networks, smart

grids and home automation.

Furthermore, there are some future investigate directions.

The first is that the full multi-symbol detection scheme can

be easily inferred based on the existing framework, wherein

the observation interval is allowed to be two symbols or

more [26]. The application of this detection scheme can

further narrow the performance gap between ideal coherent

detection and optimal noncoherent detection [27]. Second,

technologies with reduced complexity can be developed for

the full multi-symbol detection [28], [29]. Low-complexity

algorithms benefit less energy consumption, which is obvi-

ously desirable in the design of battery-powered receivers.

Finally, combining O-QPSK with channel coding is expected

to provide higher reliability, and iterative noncoherent detec-

tion is desired [30]. These work will be reported by the author

in an upcoming paper.
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