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Optical microscopic analysis of honey is time consuming due to the period needed to prepare samples. 
Time reduction could be achieved with ultrasound microscopy. This paper investigates the behavior of 
125 MHz signal modulated by 16-bits Golay code spread out through a honey sample containing pollen. 
A bipolar phase shift keying (BPSK) modulation of 125 MHz frequency by 16-bits Golay code was 
implemented in Simulink/Matlab environment. The frequency implemented was set up considering the 
acoustic properties of honey containing pollen, the thickness of the sample and the size of pollen. At 
this frequency, the evaluated attenuation coefficient of honey containing pollen was 0.135 dB/µm/MHZ

(γ 

=1)
; it depends on the power factor γ related to the scattering medium, and the delay induces by the size 

of pollen. The impact of these parameters, added to 5dB White Gaussian Noise on 200 V magnitudes 
BPSK Golay sequences, decreased the autocorrelation function magnitude from 8×10

4
 V to 1.5×10

4
 V. 

The width (Wd) decreases from 4 ns at 0.135 dB/µm/MHz
(γ =1)

 to 3.5 ns at 16.875 dB/µm/MHz
(γ =2)

, when 
the Pulse Side lobe Level (PSL) increases from -22.79 dB at 1.509 dB/µm/MHz

(γ =1)
 to -9.54 dB at 16.875 

dB/µm/MHz
(γ =2)

. 
 
Key words: Ultrasound, honey, attenuation coefficient, Golay code, BPSK modulation, autocorrelation 
function. 

 
 
INTRODUCTION 
 
Rheological analysis of honey is often realized using 
ultrasound at low frequency. It focuses on the 
determination of the speed of ultrasound, the viscoelastic 
moduli and contributes to the control quality of the given 
sample (Awad et al., 2012; Mehryar et al., 2013; 
Chandrapala, 2015). During their propagation in a 
medium, the ultrasound undergoes phenomena such as 
absorption, diffusion and dispersion. These phenomena 
are amplified with the increase of the  frequency  and  the 

nature of the medium. Studies have shown that to size up 
the operational ultrasound frequency, a compromise must 
be made between resolution and penetration, which are 
two important parameters to be considered to ensure the 
quality of the characterization. Indeed, the resolution 
increases as the frequency goes up high; in the same 
time, the penetration decreases as the frequency 
increases (Berson et al., 1994; Clair et al., 2000). 
Characterization  of an environment or a structure can be
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qualitative (imaging of the structure) or quantitative 
(evaluation of the speed of ultrasound in the milieu, also 
the evaluation of the attenuation coefficient, and the 
evaluation of the thickness of the considered structure). 
The Quantitative analysis can be performed without 
introducing any chemical or biological damage in the 
sample and can give the way to appreciate the interfaces 
in the structure under analysis (Berger and Laugier, 
1992; Chandrapala, 2015). 

One of the acoustic parameter that is not well-known, 
but is considered important when carrying quantitative 
characterization of honey is the attenuation coefficient. 
Indeed, Laux et al. (2011) measured the amplitude of the 
first echo in chestnut honey at 15.7% of moisture using 
200 V magnitude ultrasonic signal at 13.5 MHz but they 
could not be able to measure the amplitude of the second 
echo in the same sample. The absorption loss coefficient, 
which is nothing other than the attenuation coefficient 
was not determined (Laux et al., 2011). By developing a 
non-destructive and non-invasive method, using 
ultrasonic spectrometry, Kulmyrzaev and McClements 
(2000) measured the phase and amplitude of the 
reflected signal at the honey surface at various 
concentrations, as well as the viscous dynamic and the 
Elastic dynamic moduli. The operational frequency varied 
between 5 MHz and 10 MHz. Results on rheological 
analysis of honey were produced but did not come to the 
determination of the attenuation coefficient (Kulmyrzaev 
and McClements, 2000). Cereser and Laux (2010a) has 
developed a method based on the measurement of the 
complex reflection coefficient at the interface between an 
elastic material and a viscoelastic material. This method 
has allowed the determination at 10 MHz of the elastic 
dynamic modulus and the viscous dynamic modulus of 
honey, without a determination of the attenuation 
coefficient of that honey (Cereser and Laux, 2010a). 
Nevertheless, the mathematical expression of these two 
module allows the expression of this attenuation, which is 
known to be proportional to the reverse of the deep 
penetration of the ultrasound in the medium as indicated 
in literature (Cereser and Laux, 2010b). The 
measurement of the loss absorption coefficient requires 
the identification of at least two interfaces in a given 
sample and their acoustic parameters known 
(McClements and Fairley, 1992). If honey is considered 
as a medium with more than one interface, it is possible 
to model the amplitude of the signal crossing the 
identified interfaces, and to calculate the attenuation 
coefficient of each of them. This method was 
implemented by McClements and Fairley (1991); 
McClements and Sundaram (1997) with an ultrasonic 
reflectometer to determine the viscosity, the attenuation 
coefficient as well, as the acoustic impedance of some 
food and liquids at the frequency of 2.1 MHz but did not 
carry out the study on honey (McClements and Fairley, 
1991; McClements and Sundaram, 1997). To mark this 
lack  of   information   on   the   value   of  the  attenuation 

 
 
 
 
coefficient of honey, Szabo (2014) has presented a table 
of the acoustic parameters of parts of the human body 
and some liquids including honey without indicating the 
value of its attenuation coefficient (Szabo, 2014). This 
work considers a sample of honey containing pollen and 
evaluates the acoustics parameters of honey and pollen. 
Those parameters lead to the dimension of 350 MHz 
frequency for the qualitative characterization of honey. 
One problem faced was the transmission of this 
frequency considering the power law of the attenuation. 
Indeed, high frequency induced better resolution of the 
imaging, but at the same time, attenuation increases and 
the penetration of the characteristic signal in the sample 
is poor. To overcome this difficulty, the frequency was 
reduced to 125 MHz and has considered the coded signal 
for the quantitative characterization of honey containing 
pollen. In literature, Golay code presents good 
characteristics in the transmission of signal, such as the 
improvement of signal-to-noise ratio, the reduction of side 
lobes in the autocorrelation function and also the 
elongation of Golay code can improved the penetration of 
encoded signal in the sample (Nowicki et al., 2007; 
Alvaro et al., 2007; Trots et al., 2008). The encoded 
signals using complementary Golay code are more 
developed for RADAR and biomedical imaging process 
(Nowicki et al., 2003; Vijay, 2011). In those files, the 
transmission of encoded signal is usually made 
simultaneously in the medium for it characterization using 
a transducer having more than one piezoelectric element. 
In this case, any sequence of encoded signal will arrive at 
the same time on the medium (Shin et al., 2008). For this 
study the transducer has one piezoelectric element and 
the expectation is to obtain comparative results. 
 
 
MATERIALS AND METHODS 
 
This study is based on honey containing pollen since the natural 
presence of pollen in honey can give information on its 
geographical origins. Also, the dimension of the pollen cannot be 
negligible if the thickness of the sample to be analyzed is 
considered. So, modeling the attenuation coefficient of honey 
containing the pollen is the first stage to be carried out. After this, 
the algorithm of Golay code just as evaluation parameters will be 
presented, and the mathematical equations of BPSK modulation of 
a high frequency by the 16 bits Golay code and its propagation in 
an impulse response medium, will be established. These equations 
will be implemented in the Simulink/matlab environment and the 
results of the simulations of the disturbances of the attenuation 
coefficient of honey containing pollen that were found on the 
propagation of Golay code sequences, will be analyzed. 

 
 
Modeling of the attenuation coefficient of honey containing 
pollen 
 
Considering D(μm) as the thickness of honey sample containing 
pollen and knowing that the largest pollen size has a diameter of 
250 μm (Dahdouh, 2011; Ferrus, 2012), it is agreed that the 
honey/pollen interface has a minimum thickness of (D-250) μm, if 
pollen  is  found  at the bottom of the container. Assuming that there 



 
 
 
 

 
 

Figure 1. Illustration of principle for the evaluation of 
attention coefficient of honey containing pollen. 

 
 
 
is one pollen in the ultrasonic propagation field, in the focal area of 
the transducer, the magnitudes would be modeled across these 
different interfaces during the propagation of emitted signal. The 
principle is depicted in Figure 1. From this illustration one can 
identify the following interfaces: 
 
(i) The honey/pollen (upper side) interface, designated by MPs; 
(ii) The pollen (lower side)/honey interface, designated by PiM; 
(iii) The honey/container interface, designated by MB. 
 
These three interfaces allow the writing of the ultrasound 
attenuation relationships in the medium as follows: 
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Where Ai is the initial amplitude emitted by the transducer, AMPs is 
the amplitude at honey/pollen (upper side) interface, APiM is the 
amplitude at the pollen (lower side)/honey interface, RMPs is the 
reflection coefficient at the honey/pollen (upper side) interface; RPiM 
is the reflection coefficient at the pollen (lower side)/honey 
interface; αm is the attenuation coefficient of honey; αp is the 
attenuation coefficient of pollen; d (D-250) µm is the thickness of 
honey interface; D is the thickness of the honey sample containing 
pollen. The attenuation coefficient of honey αm is obtained from 
Equations 1 and 2: 
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Where, C1, ρ1 and C2, ρ2 are respectively the speed of ultrasound 
and density for honey and pollen. For honey, C1 equals to 2030 m/s 
and, ρ1 equals to 1420 kg/m

3
 (Szabo, 2014). The density ρ2 of the 

pollen of “Amaranthus Palmeri” is equal to1218 kg/m
3
 (Sosnoskie et 

al., 2009) and the evaluated velocity C2 of ultrasound in the pollen is 
equal to 1570 m/s (Aouzale et al., 2010; Duclos et al., 2009; Duclos 
et al., 2010). The attenuation coefficient of pollen is obtained from 
equations 2 and 3, and leads to the following relation: 
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Considering that the density of pollen is identical for all the pollen 
sizes, the reflection coefficient will be determined and will proceed 
to the determination of the attenuation coefficient of the honey and 
the pollen. This hypothesis is justified if there is only one type of 

pollen in the considering sample of honey. Laux et al.  (2011) has 

realized an experiment that permitted to measure the amplitude of 
the first echo in a given sample of monofloral chestnut honey, (Laux 
et al., 2011). They emitted an ultrasound of 13.5 MHz with 200 V 
Amplitude in the sample haven 400 µm thickness, at different 
temperatures and they measured the amplitude of echo. The value 
of 150 mV was measured at 23.5°C (Laux et al., 2011). Attenuation 
coefficient is given in Np/µm and Knowing that α(dB)=8,6886α(Np), 
at the operational frequency, the result is in dB/µm/MHZ

γ
 (Szabo, 

2014). The relationship between attenuation coefficient and 
frequency is given by the following equation: 
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Algorithm of generating Golay code  
 
Golay code is a pair of binary code, belonging to the large family of 
complementary codes. It consists of two sequences with the same 
length L, whose autocorrelations have identical side lobes in 
absolute value but opposite signs. The autocorrelation function 
obtained by summing up the two previous sequences has a main 
lobe with amplitude equal to 2L, and the secondary lobes with 
amplitude equal to zero (Edgar et al., 2008). Sequences a(n) and 
b(n) are Golay codes of length L if and only if the following 
autocorrelation function is checked (Shin et al., 2008; Edgar et al., 
2008). 
 

a(n)⁕a(-n)+ b(n)⁕b(-n)=2Lδ(n)                                                        (8) 
 

(⁕) is the convolution operator and δ (n) is the Kroneker of the Delta 

function. 
If aL(n) and bL(n) are Golay codes, a2L(n) and b2L(n) are also Golay 
codes obtained by concatenation. 
 

                                                                  (9) 
 
Therefore, sequences of Golay codes can be built recursively 
knowing the initial values. For example a2(n) = [1 1] and b2(n) = [1 -
1]. For a length L = 16 = 2

4
 these sets are as follow (Nowicki et al., 

2007). 

 
a2L(n) = [aL(n)  bL(n)]     
b2L(n)= [aL(n)  -bL(n)]                                                                      (9) 
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According to Trots et al. (2008), the comparison of results obtained 
for different lengths of Golay coded (8 bits; 16 bits; 32 bits and 64 
bits), 16 bits Golay codes seems to be a good compromise 
because using longer coded sequences leads to increase the blain 
area in front of the transducer and consequently, the dead zone in 
the final signal. In the other hand, a short sequence does not 
assure sufficient Signal to noise ratio (SNR) (Trots et al., 2008). In 
RADAR and clinical applications, the general definitions of the 
following quality factors are used to evaluate Golay code 
application: Peak Side lobe Level (PSL), Integrated Side lobe Level 
(ISL) and the pulse width (Wd) of the autocorrelation function. 
These quality factors are often used in order to analyze the volume 
of the signal side lobes at the filter output (Misaridis et al., 2000; 
Vijay, 2011; Alejos et al., 2008). The PSL and the Wd parameters 
only will be evaluated in this work. 

 
(i) Peak Side lobe Level (PSL) is the ratio of the maximum of the 
side lobe amplitude to main lobe amplitude; 
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(ii) The width of the autocorrelation function (Wd) is the band pass 
of the main lobe. 

 
 
Mathematical expression of the characterization of a medium 
using Golay encoded signal and the application of an adapted 
filter 

 
G1 (g1(n), n = 1,2, ..., N)) and G2 (g2(n), n = 1,2, ..., N)) being 
complementary sequences of Golay, G'1 (g1(-n), n = 1,2, ..., N)) and 
G'2 (g2(-n), n = 1,2, ..., N)) are the corresponding replicas, and they 
all represented the temporal expressions of Golay code. The 
modulations of these sequences with a high frequency are given as 
follows: 
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The equation that constitutes the excitation signal of a transducer is 
given as follows: 
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It comes down to the exploitation of Equation 12a and b. If the 
medium of thickness d is characterized by a  pulse  response  M  (t, 

 
 
 
 
d), that means reflectors in this medium are aligned in the 
propagation axis of the ultrasonic beam then, the impulse response 
of a reflector situated at a distance di is a Delta function as shown 
by the following Equation 14. 
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Here K is a function of the depth considering the acoustic diffraction 
and the attenuation of the medium, and C is the ultrasound speed. 
Considering that impulse responses are short, the reflection 
function of the medium will be the sum of impulse responses for all 
depths. The echo signal Rx (t) will then be the sum of the 
convolution of the reflection function with the excitation signal. 
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Equation 15 is nothing other than the time shift of the transmitted 
signal. 
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τ0 = di/C is a one way time of fly, corresponding to the beginning of 
the reception of the echo (Misaridis and Jongen, 2005; Jin et al., 
2010). Since the simulation is at fixed frequency, there is no 
frequency dependency, and that is why after this step, the adapted 
filtering will be performed directly. 

Adapted filtering is a process that allows the optimal detection of 
a signal present in an observation. Practically it is to get the signal 
out of the noise. To do so, it is necessary to know a minimum of 
information on the properties of the disturbing noise (Daffala et al., 
2018) To perform the adapted filtering, the echo of the relation (16) 
was convolved with the expressions (12c) and (12d) and obtain the 
following relations S1(t) and S2(t): 
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Equation 19 is the sum of Equations 17 and 18 and it is the 
autocorrelation function, after realizing the adapted filter of the 
echoes. 
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According to the literature (Jin et al., 2010), G'1(t) * G2 (t-τ0) + G'2 (t) 
* G1 (t-τ0) = 0.  

Equation 19 then becomes: 

a2(4) = [1 1 1 -1 1 1 -1 1 1 1 1 -1 -1 -1 1 -1]  
b2(4) = [1 1 1 -1 1 1 -1 1 -1 -1 -1 1 1 1 -1 1]             (10) 
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Equation (20) is the simplified autocorrelation function and it 
representation will concerned only the real part as presented in 

Equation 21: 
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RESULTS AND DISCUSSION 
 
Bloc diagram of the characterization 
 
To generate the two sequences of the 16 bits of the 
Golay code named Golay A and Golay B, two S-function 
was used and a program in the corresponding subsystem 
(subsystem sequence Golay A in addition to subsystem 
sequence Golay B respectively) put any bit at the same 
frequency as the nominal frequency and proceed to the 
BPSK modulation. It has been selected in these 
experiments, one cycle of the nominal frequency per bit 
of the Golay code. The pulse width of any bit is equal to 
one period of the high frequency, and that is the reason 
the phase changing at different bits in the graphs bellow 
can be observed. The simulation duration in 
Simulink/Matlab environment is 16 times the duration of 
125 MHz frequency. Using the mathematical expression 
of Equations 19 and 20, the match filtering were 
performed after acquiring the reflected signals. To do so, 
the temporal returns of any previous signal were realized 
as follows. The phase of the high frequency was shifted 
from zero to 180° and flip different sequences of Golay 
code. As previously, the BPSK modulation of these new 
sequences is performing in subsystem sequence Inv 
Golay A, and subsystem sequence Inv Golay B. After the 
interaction with the medium model by attenuation 
coefficient of Honey containing pollen, the delay due to 
pollen size and a White Gaussian Noise with SNR equal 
to 5dB, the match filter is realized by the convolution of 
each reflected signal and the corresponding temporal 
return. The addition of the two match filtered signals 
gives the autocorrelation function. 
 
 
Evaluation of attenuation coefficient of honey and 
pollen 
 
The application of the experiment realized by Laux et al. 
(2011) in Equations 4, 5 and 6 gives the attenuation 
coefficient of honey and pollen in the considering 
thickness of honey as reported in the following Table 1. 
At 13.5 MHz, the attenuation coefficient of honey 
containing pollen (αmp) is the sum of two attenuations 
coefficients and it is equal to 1.463*10

-2
 dB/µm/MHz

(γ=1)
. 

The attenuation coefficient of honey containing pollen at 
125 Mhz is calculated in agreement with the  Equation  7. 

The result of the calculation of this parameter equal to 
0.135 dB/µm/MHz

(γ=1)
, considering that α1 is equal to 

1.083*10
-3 

dB/µm/MHz
2
. This 125 MHz frequency is the 

one sized up at the beginning of this study when taking 
the option of encode signal for the characterization of 
honey containing pollen. As reported in Table 2, the 
attenuation coefficient of honey containing pollen for 
different values of power factor. 
 
 
Signals obtain at different stages of the simulation 
 
According to the simulation bloc diagram of Figure 2, the 
first interesting graphs are the BPSK modulation of 125 
MHz with 16 bits Golay code and the temporal return of 
each of them. After the interaction of the signals in Figure 
3 with the medium, the following Figure 5 is obtained. 
Figure 5 is the echoes signals obtained after applying the 
attenuation coefficient, the 400 µm delay, and a White 

Gaussian Noise with SNR equals to 5 dB. The 

autocorrelation function is obtained by convolution of 
each echo with the corresponding temporal return in 
Figure 4. Results are as follow in Figure 6. 

The work proceed, in the same way, for different values 
of attenuation coefficient  and considering the sample 
size (delay) as it is shown on the obtained results in 
Figure 7. As indicated in Table 2, the greater the power-
factor, the greater the attenuation coefficient. In Figures 
7d, e and f, the impact is more significant. To evaluate 
PSL and Wd, we get very close to the interesting portion 
as presented in Figure 7 (all the right figures). All the 
parameters are summarized in Table 3. 
 
 
DISCUSSION 
 
In Figure 3 the changing of phase depends on the bits 
applied. There is exactly 16 phases corresponding to 16 
bits of the choosing Golay code. These signals are the 
same obtained by Nowicki et al. (2007) and Trots et al. 
(2011). Figure 4 is the reverse of Figure 3 and it is in 
accordance with the previous authors. However, one can 
observe a delay of about 4 µm due to the temporal return 
of Golay sequences. This undesirable delay will appear in 
autocorrelation function and can contribute to increase 
the dead zone that naturally exist in front of the 
transducer during it operation.  According  to  Trots  et  al.
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Table 1. Summary of acoustics parameters of the honey and the pollen and the evaluation of attenuation 
coefficient, αm or αp (dB/µm/MHz

(γ=1)
), at 13.5 MHz.  

 

For honey 

C1(m/s) ρ1 (kg/m
3
) RMPs Ai (V) AMPs (mV) D (µm) αm (dB/µm/MHz) 

2030 1420 0.0409 200 150 150 8.579*10
-3

 

For pollen 

C2(m/s) ρ2 (kg/m
3
) RPiM AMPs (mV) APiM (µV) D (µm) αP (dB/µm/MHz) 

1570 1218 0.0409 150 75 400 6.047*10
-3

 

 
 
 

Table 2. Attenuation coefficient of honey containing pollen at 125 MHz for different values of power factor γ. 
 

Power factor (γ) 0.5 1 1.25 1.5 1.75 2 

Αmp(dB/µm/MHz
γ
) 0.012 0.135 0.451 1.509 5.047 16.875 

 
 
 

 
 

Figure 2. Block diagram for the evaluation of the impact of attenuation coefficient of honey containing pollen on BPSK signals at 125 MHz 
and realization of adapter filter. 

 
 
 

(2008), the dead zone is due to the elongation of Golay 
code (Trots et al., 2008). It appears in this study that this 
elongation is not the only reason. 

The width of the autocorrelation function decreases 
with the attenuation coefficient. This value specifies the 
range resolution of the signal. The PSL increases with 
the rising of attenuation coefficient. In literature, the side 
lobe-main  lobe ratio of 16 bits Golay code is -21.0721 dB 

(Kabakchiev et al., 2010) and -24.08 dB (Sethi, 2013). 
The values obtained show losses of bits in the 
application. These losses increase with the attenuation 
coefficient of honey containing pollen and the application 
of AWGN. 

In Figure 7, the power factor has a considerable impact 
on the determination of attenuation coefficient so is the 
transmission of  characteristic  signal.  This  power  factor
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Figure 3. Encoded of 125 MHz signal with 16 bits Golay code A (up) and 
Golay code B (down) at 200V magnitudes. 

 
 
 

 
 

Figure 4. Temporal return of encoded signals at 125MHz with 16-bits Golay code A (up) 
and Golay code B (down). 

 

 
 

 

 

Figure 3: Encoded 
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Figure 4: Temporal return 
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Figure 5. Echoes signals after undergoing the delay (400 m) due to the pollen interface 

and the attenuation coefficient (16.875 dB/m/MHz) of honey containing pollen. 
 
 
 

 
 

Figure 6. Autocorrelation function obtained after adapted filter realized with echoes signals and the corresponding temporal return 

(=16.875 dB/m/MHz, d=400 m). 

 

 

 

Figure 5: Echoes signals  
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Figure 7. The autocorrelation functions at different values of attenuation coefficient and the delay (all columns in the left) the 
zoom in an interesting portion (all columns in the right). 

 Time (s) 

 

Time (s) 
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Table 3. Summary of the evaluated parameters in the autocorrelation functions of the selected figures. 
 

Α (dB/µm/MHz) 
Highest sidelobe 

amplitude (V) 
Mainlobe 

amplitude (V) 
PSL (dB) Wd(ns) 

Figure 7d: 1.509 (γ=1.5) 5*10
3
 69*10

3
 - 22.79 Rise time 68; Fail time 72; Wd =    4 

Figure 7e: 5.047 (γ=1.75) 5*10
3
 48*10

3
 - 19.45 Rise time 68.2; Fail time 72;  d=     3.8 

Figure 7f: 16.875 (γ=2) 5*10
3
 15*10

3
 - 9.54 Rise time 68.3; Fail time 71.8; d=     3.5 

 
 
 
reveals the dispersion of the given honey. If the 
dispersion is high, attenuation coefficient of honey is high 
also. Cereser and Laux (2010b) found at 5 MHz that the 
attenuation coefficient of honey is around 30 µm (Cereser 
and Laux, 2010b). This result does not give any idea 
about the dimension of the attenuation coefficient of 
honey as was done in this work. Moreover, the 
operational frequency is 25 times theirs. 
 
 
CONCLUSION AND RECOMMENDATIONS 
 
This work valuated the attenuation coefficient of honey 
containing pollen and the work proceeded to the 
characterization of BPSK modulation of 16 bits Golay 
code at 125 MHz in Simulink/Matlab environment. The 
results have shown that the impact of attenuation 
coefficient of honey containing pollen on characteristics 
signals depended on the power factor that reveal the 
dispersion of the structure. The magnitude of the 
autocorrelation function is noticeable and can help to 

predict the behavior of BPSK signal in honey structure. 
The interest of this work is a contribution to recognise 
natural honey, doing so by the interpretation of a 
quantitative analysis of a sample. The lack of the 
consideration of the natural presence of the pollen inside 
of the honey, make us miss to study rightfully honey as a 
complex that possesses various interfaces. In future 
works, it would be interesting to study the effect of the 
composition of honey and moisture content on the 
attenuation coefficient. The implementation of this 
method of characterization will be carried out to construct 
a prototype and therefore to contribute to the rightful 
labeling of honey, taking into consideration the presence 
of pollen in it. 
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