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Summary 
- 

T h e  feasibility of an impulse radar system for agricultural 
inspection is investigated. This system would be able to 
quickly determine the quality of foodstuffs that are passed 
through the system. A prototype was designed at the 
Lawrence Livermore National Laboratory and this report 
discusses it’s evaluation. A variety of apples were used to 
test the system and preliminary data suggests that this 
technology holds promise for successful application on a 
large scale in food processing plants. 

1 .O Introduction 

A large portion of the cost of foodstuffs is a result of qual- 
ity control performed at food processing plants. The qual- 
ity of fruits and vegetables, for instance, is determined by 
visual inspection of the produce which is a time-consum- 
ing, tedious and subjective approach. This method is exac- 
erbated by the fact that some defects take time to form and 
thus might not be visible during inspection but could 
develop fully whilst the fruit is in storage. Therefore a 
radar system might offer the possibility to detect defects in 
their early stages and thus offer a “golno-go” analysis. 

number of known defects were introduced to some apples. 
These apples were compared to a batch of control apples 
that were maintained for that purpose. Signal processing 
and statistical analysis were used to generate variance 
measurements of various features in the frequency spec- 
trum of the apples. These results were used as the basis of 
the decision to either channel more resources to investi- 
gate this technology or to discontinue further research. 

This report describes the experimental methodology that 
was used to determine the feasibility of a microwave radar 
based approach for quality control of fruits. Section 2 
details some of the goals for the feasibility study. Section 3 
explains the instrumentation and the experimental method- 
ology used to accomplish the goals of the project. The 
results are listed in Section 4 and some problems to be 
wary of, in the event of more research, are examined in 
Section 5. The conclusion and suggestions for follow-on 
work are discussed in Section 6. Also included is a selec- 
tion of many of the key graphs generated during the 
project. 

2.0 Proiect Obiectives 
It is in this context that the Lawrence Livermore National 
Laboratory conducted an evaluation on the possible use of 
microwave radar technology to quickly qualify foodstuffs. 
The proof-of-concept system developed for this study was 
used to examine apples. The radar system launched a 
broadband pulse through the h i t  and the resulting wave- 
forms were digitized. As part of the analysis process a 

The primary goal of this study was to determine if a 
microwave radar system could be used to distinguish 
desirable from undesirable apples. Undesirable apples 
were those affected by known and common defects (See 
Section 3.2). Secondary objectives were to obtain esti- 
mates for the dielectric constant (for “firmness”) and the 



. Experimental Setup 

0.06 

loss tangent (for moisture content) of the apples. Knowl- 
edge of the ideal geometry for the setup of the antenna 
system was also an important goal. 

...... .... ~.(-  ............. .i. ............................................................ 

3.0 Experimental Setup 

3.1 Laboratory Equipment 
A pulser was used to generate a 400 ps FWHM gaussian- 
like pulse. This broadband pulse was used because the 
bandwidth of it's frequency spectrum extended from DC 
to the gigahertz ( lo9 Hz) range. The hope of the study was 
that over tIiis range there would be detectable changes in 
an apple's system response that could be attributed to a 
defect. The electromagnetic energy was launched through 
the fruit by a broadband dual ridged conical horn antenna. 
An identical receiver antenna was located across from the 
transmitting antenna with the polarizations aligned. The 
broadband dual ridged conical horn antennas were used in 
order to maintain pulse fidelity. Unfortunately, they acted 
as a high pass filter (with a cutoff frequency of about 1.5 
GHZ) to the waveforms'. The receiver antenna was con- 
nected to a Tektronix@ CSA803 sampling oscilloscope 
that digitized the transmitted waveform. The waveforms 
thus obtained were transferred via a PC to a workstation 
for storage and processing. 

Figure 1 illustrates the fast leading pulse of the signal 
received at the oscilloscope. The latter time ringing is due 
to the conical cutoff and the antenna-antenna interaction. 

3.2 Defect Simulation 
Twenty of each of the following types of apples were 
examined as part of the measurement series: 

Red Delicious 
Golden Delicious 
GrannySmith 
Fuji 

Figure 1. lime domain waveform of the digitized pulse. 

1. Time domain and frequency domain plots of the gaussian sig- 
nal generated by the pulser as well as the frequency response of 
the horn antennas are in the Appendix. 

The room temperature spoilage was modelled simply by 
allowing the apples to spoil at room temperature. Bruises 
were simulated by dropping the apples from predeter- 
mined heights onto a hard surface (a concrete floor) and 
were limited to one per apple. Care was taken not to break 
the skin of the apples. All the Number 1 bruise apples 
were dropped from a height of 10 cm. The Number 2 
bruise apples were dropped from 20 cm and so on for the 
others. Excess moisture pockets were simulated by inject- 
ing water with a syringe into the core or periphery of the 
apples. The bottoms of all Number 1 apples were injected 
with 0.5 cc of water. The sides of apples Number 2 and 
Number 3 were mashed with the thumb to produce a 
bruise. Water was injected under the skin of these apples 
into the bruise (0.3 cc in Number 2 apples and 0.5 cc in 
Number 3 apples). The tops of Number 4 apples were also 

Tme (set) x to" 
The following types of defects were introduced to the 
fruit: 

Room temperature spoilage 
Bruises 
Excess moisture pockets 
Worm hole cores 

The apples were divided into sample sizes of four such 
that all types were represented equally in all defect simula- 
tions. The result of this distribution was that sixteen apples 
were subjected to each of the four defects and the remain- 
ing sixteen served as a control group. In each defect group 
of sixteen apples there were four Red Delicious, four 
Golden Delicious, four Granny Smith and four Fuji. The 
sample sizes in each group were made up of apples of the 
same type and were numbered 1 through 4. 
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mashed with the thumb and 1 .O cc of water was injected 
into the resulting bruises. The worm holes were modelled 
by coring out small sections of apples using different size 
cores. A small core (1 mm diameter) and a large core (3  
mm diameter) were used. The bottoms of Number 1 apples 
and the sides of Number 2 apples we;e cored out with the 
small core. The large core was used on the bottoms of 
Number 3 apples and the sides of the Number 4 apples. 

Y 

The apples, with exception of the room temperature spoil- 
age group, were kept in a refrigerator when not being mea- 
sured. All the apples were measured on a daily basis 
(Monday-Friday ). 

3.3 Orientation of Apples During Measurement 
The apples measured from Day 1 to Day 5 (Monday-Fri- 
day) were radiated with a horizontally polarized pulse and 
the horizontally polarized component of the corresponding 
transmitted wave was recorded (labelled “a” in the stored 
data set). The apples were radiated with the same side fac- 
ing the horn then rotated 90 degrees about the axis of the 
stem for a new measurement (labelled “b”). A third mea- 
surement was made with the apples on their side such that 
the wave “sliced” them from top to bottom (labelled “c”). 

In subsequent measurements (Day 9 through Day 15) the 
first recording was labelled “x” and the apples were no 
longer rotated during the second recording. Also in the 
second measurement the vertical component of the trans- 
mitted wave was recorded instead of the horizontal (it was 
labeled “y”). The third orientation was abandoned alto- 
gether. 

4.0 Results 

4.1 Optimal Antenna Separation 
As too close an antenna-to-antenna spacing would result in 
pulse ringing and an unnecessarily large separation would 
result in poor coupling, the first task of the experiment was 
to determine the optimal spacing for good results. 

This was accomplished by recording and comparing the 
signals obtained when the two antennas were separated by 
a distance varying from 16 cm to 26 cm, measured in 2 cm 
increments. Another set of data was obtained from 25 cm 
to 50 cm measured in 5 cm increments. The results 

obtained revealed that ringing was not a significant issue 
with an antenna separation of about 20 cm or greater’. 

Based on the findings above, the apples during all experi- 
ments were measured with an antenna separation of 30 cm 
and the center of the apples were halfway between the 
edges of each antenna. This separation was chosen to 
allow for a comfortable distance between the apple and the 
horns. 

4.2 Frequency Response Analysis 
Signal and systems theory was invoked in this study by 
designating the signal obtained with no apple between the 
horns as the input signal x(t) and the signal obtained with 
an apple in between the horns as the output signal y(t). 
Thus the apples were the “system” to be examined (see 
figure 2 below). 

Figure 2. Apple as system H(o) 

The system response of the apples was obtained by divid- 
ing the Fast Fourier Transform (F‘FT) of the output signal 
by the corresponding FlT of the input signal (Equation 1). 

The effective bandwidth of the frequency response of the 
apples extended from about 2 GHz to 10 GHz. Frequen- 
cies above 10 GHz were discarded as the signal fell below 
noise levels whilst frequencies below 2 GHz were ignored 
since they had been corrupted by the filtering effect of the 
antennas*. Figure 3 illustrates the typical spectrum of an 
apple’s frequency response. 

1. Plots illustrating this conclusion are in the Appendix 
2. The Appendix contains the 
clearly illustrates these facts. 

of the signal x(t) which 

~ 
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Figure 3. Typical apple's frequency response. 
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The first signals studied were those of the magnitude of 
the system response of the apples. Days 1 through 15 of 
apples Number 4 of the control group and apples Number 
3 of the room temperature group were plotted. Trends in 
the data were sought that could serve as an aging metric. 
The plots suggested that the magnitude of the frequency 
response of the apples was not of significant usefulness in 
differentiating between apples. 

As a result of this conclusion the phase response and the 
power spectrum of the apples was investigated. There was 
more variation in the phases of the apples but, as with the 
magnitude, there was no artifact observable that could 
serve to identify desirable from undesirable apples. The 
power spectrum was equally uninformative. 

4.3 Improved Data Set 
Due to the inconsistencies with the data recorded thus far 
(See Section 5.0) a new data set was created. Granny 
Smith apples were used (as control and bruise test apples). 
The apples were stored at room temperature and measure- 
ments were made on a MWF schedule for two weeks (this 
data was also stored according to the day of measure- 
ment). The first orientation of the apples used with the pre- 
vious data set was chosen (horizontal to horizontal 
polarization). 

The frequency spectrum (magnitude and phase) of these 
apples was scrutinized for differences between control and 
bruised apples. The results obtained with the previous data 

set were confirmed with this batch. Figures 4(a) and 4(b) 
below illustrate the lack of any clear data. 

Figure 4(a) Phases of Control Apple 

; y  .la\ .......... i .......... .- ........... ....... .. ; .... .... .~ ....................... ......... 

A new set of six recordings was made of the apples. They 
had always been measured with the same side facing the 
transmitting antenna. This orientation was labelled 0 
degrees and was used as the first of the new set. The fol- 
lowing five recordings were made by rotating the apples 
by 45 degrees (about the axis of the stem) before each 
measurement. The variance of the magnitude of the phase 
response of this data was calculated and plotted as a func- 
tion of frequency. A first order approximation of the vari- 
ance was also computed and displayed on the same graphs 
and served as the metric for distinguishing between the 
apples. 
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Sources of Experimental Error 

Figure 4(b) Phases of Bruise Apple 
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This information provided a definitive tool to differentiate 
the bruise apples from the control apples (see Figure 5). 
Some defective apples from the previous data set were 
tested as well as a bruised and unbruised pear and this 
method proved consistent in identifying the undesirable 
fruit. This measurement technique was an attempt to simu- 
late a scanning array system that could be placed around 
the circumference of the test h i t .  

In the figure below, the control apple is shown by the solid 
lines and the bruise apple is represented by the dashed 
line. 

Figure 5. Variances of the Control and Bruise Apples 
and Their First Order Approximations. 

5.0 Sources of Experimental Error 

5.1 inconsistent Recording 
Due to negligence, the measurements made from Day 1 to 
Day 5 were not recorded in the same manner as subse- 
quent data’. This produced a greater resolution for later 
data and might have compromised the ability to accurately 
compare the differing data sets. 

The most significant source of inconsistent data was that 
the separation between the horns was not fixed. The proto- 
type system was simply a pulser connected to antennas 
which were placed on a non-conducting surface. This lack 
of accurate and consistent positioning of the antennas 
introduced phase shifts in the frequency domain of the 
data. This spacing and orientation issue still needs to be 
addressed for an optimized system. 

5.2 ineffective Bruise Simulation 
Some of the apples used during the initial experiment (Day 
1 through Day 15) had unmatured bruises which devel- 
oped over time. In most cases these bruises were larger 
than the ones introduced into the apples as part of the 
study. Therefore the “bruise apple” set was not necessarily 
the only group of apples with bruises or even the most sig- 
nificant bruises. 

6.0 Conclusion 

It has been demonstrated that a microwave radar system 
can be used to distinguish desirable from undesirable 
apples in a fast and consistent manner. This was accom- 
plished by calculating the first order approximation of the 
variance of the phase of the freqeuncy response of the 
apples. The defective apples (bruised in this case) seemed 
to display less variance which might have beeen due to 
fluids collecting in the bruise thus decreasing the disper- 
sion of the wave propagating through the apple. More sig- 
nal processing is still required to obtain a finer level of 
detail. 

. 

1. Section 7.1 contains plots illustrating the difference. 

~ ~~ 
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6.1 Suggestion For Follow-on Work 
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A measurement system that can operate when the fruits are 
immersed in water should be investigated. This more 
closely resembles the type of transportation that the food 
processing industry currently employs and thus would 
require fewer modifications of their ftandling hardware. 
Follow-on work with other foodstuffs such as pears, 
peaches, kiwis, pomegranates or tomatoes is suggested. 
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7.0 Appendix 

7.1 Selected Plots 
A number of figures illustrating various key plots are com- 
piled in this section. There is no precise meaning attached 
to the vertical axis in any of the plots. Although it is a 
measure of voltage its exact value was not carried through 
in the study. Therefore it was used as an indication of 
“amplitude” to compare between similar plots. 

Figure 6 illustrates the experimental setup from a systems 
theory perspective. The signal g(t) is the gaussian pulse 
generated by the pulser which is then filtered by the horn 
antennas, A(o). The next system, H(o), and its corre- 
sponding input and output signals have been discussed in 
Section 4.2 

Figure 6. System Representation of Experiment. 

Antennas Apple 

Figure 7 is a graph of the gaussian wave g(t) generated by 
the pulse generator. 

Figures 8(a) and 8(b) illustrate the magnitude and phase 
respectively of the frequency components of the gaussian 
wave G(w) generated by the pulser. 

Figure 7. Time domain plot of gaussian pulse g(t). 

I 

x loB 
4.01; 1 2 3 4 5 6 

T t e  (sec) 

Figure 8(a) Magnitude of the FFT of the gaussian pulse. 
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Figure 8(b) Phase of the FFT of the gaussian pulse. Figure 9(b) Phase response of horn antenna A@). 

Figure 10 shows the the frequency components of the sig- 
nal at the input of the system H(o). It illustrates the attenu- 
ating effect of the horns on frequencies below 2 GHz, cf 
Figure 8(a). Notice that the signal amplitude above 10 
GHz drops to a level that is comparable to the magnitude 
of the noise level in the DC region of the spectrum. 

Figures 9(a) and 9(b) are the magnitude and phase respec- 
tively of the system response of the horn antennas A(w). 

Figure 9(a) Magnitude response of horn antennas A(@). Figure 10. Magnitude of the FFT of the input Signal x(t) 

, 

'0 2 4 6 8 10 12 14 
Freguency (Hz) x log 

The following plots illustrate the effect of horn separation 
on the input signal. With 16 cm between the antennas the 
main pulse is located between 2 ns and 6 ns. A small pulse 
is visible between 6 ns and 8 ns. It is due to the antenna- 
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antenna interaction, ie, the wave reflected from the receiv- 
ing horn to the transmitting horn and back. 

Figure ll(a) Input Signal with 16 cm Horn Separation 

x 10" Tme (sec) 

Figure ll(b) Input Signal with 20 cm Hom Separation 

0 02 0.4 0.6 0.8 1 12 
Tine (sec) x 10" 

As the horn to horn distance is increased the the onset of 
the pulse is also shifted in time (hence the phase change in 
the frequency domain). The reflected pulse is moved far- 
ther away from the main pulse thus reducing ringing 

Figure ll(c) Input Signal with 30 crn Horn Separation 

02 0.4 0.6 0.8 1 12 -0.m0 
x lod Tina (sec) 

The plot above is similar to the data recorded from Day 1 
to Day 5. The vertical lines indicate the portions of the sig- 
nal that were exaacted (see Section 7.3) to obtain a signal 
that more closely resembled the data recorded from Day 9 
to Day 15. 

The plot below further illustrates the time delay produced 
by a greater separation. In this figure the reflected pulse 
has moved completely off the digitized portion of the sig- 
nal. ., 
Figure l l(d) Input Signal with 50 crn Horn Separation 

I ,  I 
1 12 

-0.041 
0 02 0.4 0.6 0.6 

x rod r i e  (SKI 

Figure 12(a) and 12(b) are the plots generated to confirm 
the validity of the variance method to distinguish the 
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fruits. The first order approximation of the desirable fruit 
is shown as a solid line whilst the undesirable fruit is the 
dashed line. 

Figure 12(a) Variance for Old Data Set 

0.31 

2 3 4 5 6 7 6 9 10 0.1' 

Frequency W) 10' 

Figure 12(b) Variance for Pear 
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