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This technology report validates the application of radio frequency (RF)

coefficient of reflection (Γ) measurement as a viable and accurate means to

estimate the starch content of fresh cassava roots. A clear relationship between

cassava dry matter as an indicator of starch content and the Γ is experimentally

verified both from the measurement of cassava flour in water at different

concentrations and by direct probing of cassava root samples at a specific

frequency of 30 MHz. A prototype test instrument designed with goals of

portability, low cost and ease of use is also reported. The test instrument

displays estimated starch content in five categories, from “low” to “high”,

using an array of five LEDs. The performance of the test instrument is

experimentally verified in the field, and a reliable correlation between

cassava dry matter content and LED indication is demonstrated.
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1 Introduction

The United Nations has projected that by 2050, the world population will hit

9.8 billion (United Nations, 2019), with a commensurate increase in pressure on

global food systems. To meet this challenge within the framework of the UN SDG to

“End hunger, achieve food security and improved nutrition and promote sustainable

agriculture” (Mollier et al., 2017; Cheo and Tapiwa, 2021) will require a combination of

increased global agriculture output; improved food distribution systems and reduced food

waste. Information and Communication Technology (ICT), especially the application of

the Internet of Things (IoT), is already playing a critical role and is projected to have an

even more significant impact on the food systems of the future. However, there are critical

gaps in the application of technology to monitoring food quality and safety from farm to

fork, especially with crops that have primary importance in developing economies.

Applied to agriculture, IoT and connected systems especially, have great potential to

transform how we produce, process and access food. However, at the core of these

systems, portable sensors and devices that can measure and monitor key quality metrics

are required.
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Lab-based spectrometric methods of food characterization

are often highly specialized and impractical to deploy either at

scale or in the field. More practical solutions are linked to the

study of the interactions between electromagnetic fields of

different wavelengths and food materials. These methods,

which include electrical impedance spectroscopy (EIS)

(Nernst, 1894), near-infrared (NIR) spectroscopy (Williams

and Norris, 1987) and nuclear magnetic resonance (NMR)

spectroscopy (Marcone et al., 2013), provide simple and non-

destructive means to characterize food and other biological

materials. EIS and NIR spectroscopes have been designed and

incorporated in handheld units, making them applicable in

different environments. Both methods have generated

significant interest in the food industry, where attempts have

been made to identify different quality indices of crops and food

substances (Grossi and Riccò, 2017; Ozaki et al., 2006).

EIS, a method of characterizing biological materials based on

their interaction with electrical energy in the Radio Frequency

(RF) and microwave range dates back to 1894, when Nernst

demonstrated the possibility of differentiating between different

fluids based on their dielectric constants (Nernst, 1894). The

technique provides a versatile and comparatively low-cost

method for spectrometry due to the relative ease of generating

signals in this wavelength. A prominent area of application is the

characterization of the physiological state of fruits (Harker and

Maindonald, 1994; Bauchot et al., 2000; Nelson, 2005; Lizhi et al.,

2008). Such techniques have also been applied to the

characterization of vegetable oils [Lizhi et al. (2008)] and

dairy products (Mabrook and Petty, 2003) and in measuring

the concentration of pathogens in food samples such as milk,

spinach and ground beef (Yang et al., 2004).

In the starch sub-industry, where new applications such as

the production of bioenergy and biodegradable plastic

alternatives are driving increasing global demand (Prakash,

2008), the availability of a rapid, non-destructive method for

estimating the starch content of fresh roots and tubers in the field

is highly desirable (Wholey and Booth, 1979; Teye et al., 2011;

Ikeogu et al., 2017). In this regard, particular focus has been on

the estimation of the starch content in cassava (Manihot

esculenta), a tropical root crop, which is one of the most

important starch crops globally (Van Alfen, 2014; Figueiredo

et al., 2013). Cassava provides staple food to nearly 800 million

people globally, most of which are in sub-Saharan Africa

(Howeler et al., 2013). The crop is highly valued because of its

peculiar climate resilience, drought tolerance and relative

resistance to weeds and insect pests (Ajibola, 1985). The bulk

of the dried cassava root consists of carbohydrates, over 80% of

which is pure starch (Figueiredo et al., 2013; Wholey and Booth,

1979). Cassava starch is typically constituted of 16–18% of

amylose and 82–84% amylopectin (Wheatley et al., 2003).

For industrial supply chains, the price paid for fresh cassava

roots is often dependent on the estimated starch content, rather

than the bulk weight (Wholey and Booth, 1979). The most

accurate method of starch determination currently available is

a qualitative laboratory analysis, which is beyond the reach of

small and medium-scale starch processors and the vast majority

of sub-Saharan African farmers, as it requires specialised

laboratory facilities (Wholey and Booth, 1979). A commonly

adopted substitute is complete oven-drying, which leaves a dry-

matter residue (Figueiredo et al., 2013). This Oven Dry Matter

(ODM) technique is, however, mainly applicable in a laboratory/

research context as the process requires oven-drying at 105°C for

at least 24 h to reach a steady dry weight (Teye et al., 2011; Ikeogu

et al., 2017; Haase, 2003). From the dry weight, the starch content

can be derived, as both quantities are closely correlated (Teye

et al., 2011; Fukuda et al., 2010). A quicker, non-destructive but

less accurate method of starch estimation is to determine the

Root Specific Gravity (RSG) by measuring the weight of the roots

in air and then in water (Wholey and Booth, 1979). The RSG is

then used to estimate dry-matter and starch content using

empirical formulae such as those reported by Teye et al.

(2011), Fukuda et al. (2010). The RSG method is the one

most often used at starch production plants. Whilst being

quicker and simpler to implement, it can, however, be prone

to significant measurement errors and requires trained personnel

to yield reliable results (Ajibola, 1985).

The application of rapid non-destructive measurement of starch

content is highly valuable in high-throughput phenotyping (HTP)

studies of cassava. This approach can be used for rapid screening of

breeding plots as well as in grower fields. Currently,

spectrophotometric methods that use near-infrared regions of the

electromagnetic spectrum have been used to estimate dry matter

content rapidly (Hershberger et al., 2022). The near-infrared

technology could replace the laborious and time-consuming lab-

based starch content quantification. Still, the available NIR

technologies are expensive, lab-based, and not deployable at scale,

for example, to be used by growers. The NIR spectrophotometers

also require an internet connection and proprietary software that is

out of reach of ordinary farmers.

Studies have shown a link between the electrical properties,

such as conductivity and dielectric constant, of fresh cassava root

and its dry matter and starch content (Harnsoongnoen and

Siritaratiwat, 2015; Bergo et al., 2012; Ajibola, 1985). In this

paper, we describe work done to explore the link between starch

content and the reflection coefficient magnitude (|Γ|) for cassava
root samples at a range of radio frequencies. This work resulted

in the discovery of an optimum measurement frequency where

the difference in |Γ| between different starch content samples is

most pronounced. We also describe the design and fabrication of

a simple, low-cost, hand-held test instrument that could

potentially enable farmers to test the starch content of cassava

roots quickly and non-destructively in the field using the

coefficient of reflection measurement method.

An early report of this work was presented at the 2020 IEEE

International Symposium on Circuits and Systems (ISCAS) the

flagship conference on Circuits and Systems held in Seville, Spain
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and published as a conference proceeding in Odedeyi et al.

(2020). This paper expands substantially on the conference

proceeding by providing the broader context of the research;

additional results; and a more extensive discussion. This report

also provides protocols to obtain rapid and accurate

measurements using the developed method.

2 Experimental investigations

In the field of electrical engineering and telecommunications,

|Γ| is a coefficient used to describe the proportion of a signal that

is reflected as a result of an impedance mismatch between the

source or generator of the signal and the destination (often

described as the load) (Pozar, 2011; Poole and Darwazeh,

2015). In a perfectly matched system, there will be no

reflection of the signal, hence |Γ| = 0, while in a system with a

perfect mismatch, the whole signal will be reflected to the source;

hence a |Γ| of 1. |Γ| is typically measured at a reference impedance

level of 50Ω, with a network analyzer—a device that generates an

RF signal across a defined range of frequencies and measures the

magnitude of the signal reflected, effectively measuring

impedance at different frequencies Moura and Darwazeh, (2005).

For our experiments, we connected a 50Ω-matched open-

ended coaxial probe to the network analyzer to directly probe the

samples to be tested (Figure 1). An open-ended coaxial probe was

used since such probes have been the most commonly used

method of determining the dielectric properties of semi-solid

foods such as fresh fruits and vegetables as in Guo et al. (2007)

and Nelson and Bartley, (2000). This probe also presents a

practical method for testing root crops in the field using a

hand-held device. One consequence of taking spot

measurements with a coaxial probe is that there will be

marked variations in results depending on the location of the

probe insertion point, and care needs to be taken to control for

sample slice position and probe insertion point. The coaxial

probe used in this work consisted of a semi-rigid solid copper-

jacketed coaxial cable with one end stripped to expose a 3 mm

section of the centre conductor. To ensure consistent depth of

insertion, a band of insulating material made from heat-shrink

tubing was placed around the copper jacket at 5 mm from the tip

of the probe, as shown in Figure 2.

Two sets of experiments were conducted using the

measurement setup described in Figure 1: first to investigate

the possibility of characterizing the concentration of cassava flour

in a suspension and afterwards to test if this relationship could be

observed by direct probing of a fresh cassava root. These

experiments are subsequently described.

2.1 Measurement of cassava flour
concentration

This initial set of experiments aimed to observe if different

concentrations of cassava dry matter and starch could be

determined by measuring the value of the |Γ|. Cassava flour

was dissolved in water as shown in Figure 3 at concentration

levels of 10% (10 g of starch in 90 g of water), 20% (20 g of starch

in 80 g of water), 30% (30 g of starch in 70 g of water) and 40%

(40 g of starch in 60 g of water). The maximum concentration

FIGURE 1
Block diagram of measurement setup. One port (S11)
measurements of samples were taken from “Port 1” of the VNA.

FIGURE 2
Open-ended coaxial probe.
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level of 40% was chosen for this experiment, as this is the typical

high-end in dry matter content for cassava roots, with values

above 30% considered as high (Teye et al., 2011). As a control

experiment, the return loss of water used as solvent was also

measured. The return loss measurements were carried out using a

Keysight FieldFox Microwave Analyzer N9917A (a vector

network analyzer) and the purpose-made coaxial probe to

measure the one-port reflection coefficient from 10 kHz to

5 GHz. All the samples were thoroughly stirred before each

measurement was taken. Figure 4 shows the |Γ| measurement

from 10 kHz to 5 GHz.

It may be observed from Figure 4 that the low-frequency

range up to 0.5 GHz provides the clearest differentiation

between Γ for the measured samples. Furthermore, it is

observed that |Γ| reduces with respect to the percentage

concentration of cassava flour. This experiment was

repeated with similar results, demonstrating the possibility

of characterizing the dry-matter and starch concentration of

cassava using this technique.

2.2 Measurement of dry matter in cassava
root sections

Following the initial experiments with cassava flour

suspensions, a series of experiments were conducted at the

International Institute of Tropical Agriculture (IITA) in

Nigeria on fresh cassava roots (harvested and tested within

a 12-h period). These experiments aimed to provide a proof-

of-concept validation of the relationship between cassava dry

matter content and |Γ| across a range of radio frequencies up

to 900 MHz when measurement is performed by directly

probing the root. Three cultivars of cassava, the IITA-TMS-

IBA000070, IITA-TMS-IBA980505 and TMEB419, were

obtained from the IITA research farms. For this

preliminary proof-of-concept study, a large number of

roots per cultivar were sampled, at different stages of

maturity and thus varying levels of dry matter content.

FIGURE 3
Measurement setup for testing different concentration levels
of cassava flour. Suspension of cassava flour in water at 0; 10; 20;
30 and 40% concentration levels were tested.

FIGURE 4
Coefficient of reflection |Γ| for cassava flour suspensions at 0; 10; 20; 30 and 40% concentration.
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Through the course of these experiments, over 250 roots were

harvested in the field and immediately transported to the

laboratory, where they were cleaned and each cassava root

divided into six sections: two sections each from the distal,

mid and proximal regions. The extremities of the roots were

cut off so that each section presented a viable test surface on

both sides. One section each from the distal, mid and proximal

regions was selected for return loss measurements, while the

remaining portions were reserved for ODM processing. These

sample portions were grated and homogenized by thorough

mixing. 100 g portions of these gratings were then placed in

the oven at 70°C for more than 48 h to ensure complete drying.

The dried samples were then weighed to determine the dry

matter content. These ODM results were used to calibrate the

return loss measurements against root sample starch content.

The return loss measurements were carried out using a

PicoVNA-106 vector network analyzer and the purpose-made

coaxial probe to measure the |Γ|. Figure 5 shows the complete

measurement setup, with an inset showing the oven drying

setup. In all cases, the insertion point of the probe was the

location of the central xylem bundle, which is within the region in

which the starch molecules are concentrated (Onwueme (1978),

as shown in Figure 5. The observable marking at the central

xylem bundle of the cassava section was chosen as the probing

point to ensure the experiments could be easily repeatable.

3 Data analysis

The plot of |Γ| versus frequency for 46 cassava samples is

shown in Figure 6, with measurements taken from the proximal,

mid and distal portion of the roots. Each coloured trace

represents an individual sample, with the graphs showing a

general trend of the observed response. A general upward

trend in the value of |Γ| with frequency can be observed, with

a pronounced minimum value of |Γ| at around 30 MHz. This

characteristic shape was observed for all sample sets. The

frequency of minimum |Γ| is also the frequency at which the

divergence in |Γ| values for samples of differing dry-matter

content are most pronounced.

It is also observed from Figure 6 that compared to

measurements taken from the proximal section (Figure 6A)

FIGURE 5
Reflection measurements (S11) setup (Inset: Oven drying
setup for dry matter and starch content estimation).

FIGURE 6
Coefficient of reflection (|Γ|) plots for cassava samples from
the (A) proximal section (B)mid-section and (C) distal section. The
vertical dashed black line indicates the 30 MHz frequency which is
in the region of the frequency of minimum |Γ| and maximum
divergence for all measured samples.
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and distal section (Figure 6C), |Γ| measurements taken from the

mid-section of each cassava root (Figure 6B tend to be higher,

indicating a higher starch concentration in the mid portion. This

is consistent with the current understanding of moisture and

starch distribution within cassava roots (Figueiredo et al., 2013;

Mehdi et al., 2019).

A related phenomenon was observed for probe placement

within the sample cross-section, with measurements taken

from the xylem bundle tending to have a higher magnitude

compared to the measurements taken towards the cortex of

the sample slice. Taken together, these observations provide

significant evidence that a spot frequency measurement of

return loss at 30 MHz is sufficient to classify cassava samples

into “low”, “medium” and “high” starch content, but that root

slice selection and probe insertion point within the slice are

important considerations in maintaining consistency of

measurement results.

4 Test instrument design

Having established |Γ| as a viable index for estimating the

starch content of cassava roots, the goal was then to design a low-

cost, portable test instrument that could give an immediate,

approximate indication of starch content in the field.

A simple test instrument was designed that generates a low-

power RF signal, at a single fixed frequency of 30 MHz, to be

injected into the sample under test (SUT) via a coaxial probe. The

test instrument then determines the amount of RF power

reflected from the sample via the probe. In this way, the test

instrument can be said to resemble a simple one-port scalar

network analyzer. As defined in Poole and Darwazeh, (2015), the

instrument calculates the return loss (RLSUT) in dB as follows

RLSUT � −20 log10 |ΓSUT|( ) (1)

where ΓSUT is the coefficient of reflection of the SUT, defined by

ΓSUT � V−

V+ (2)

where V+ is the incident voltage wave being injected into the

SUT and V+ is the reflected voltage wave coming back from

the SUT.

In general, a return loss of 20 dB (or higher) means that the

percentage of the power reflected by the SUT is 1% (or less) of the

incident power. On the other hand, if the return loss is between 0

and 3 dB, then this means that the SUT is reflecting 50% or more

of the incident power.

A block diagram of the test instrument is shown in Figure 7.

It consists of a signal source, a receiver for detecting the signal,

some simple data processing and an array of five LEDs to indicate

a range of return loss values.

The components and basic description of the operation of the

device is as follows:

• The signal source employs the AD9850 Direct Digital

Synthesizer (DDS) device from Analog Devices Inc.

(Analog Devices, 1999). For simplicity, a DDS module

containing the AD9850 device plus an external clock

oscillator was used.

• The system controller is an Arduino Nano microcontroller
module (ATmega328p). At system power-up, the
microcontroller provides signal to the DDS module that
sets the frequency of operation, which is 30 MHz, as this
was established as the optimal test frequency in the
previous experiments.

• The output of the DDS is buffered using an Analog Devices

AD8307 logarithmic amplifier, to prevent excessive loading

of the DDS output by the widely varying impedances that

will be presented by the SUT.

• The analogue inputs on the ATmega328p have 10-bit
resolution with a full-scale voltage range of 5 V. Since
the output voltage of the AD8307 covers the range from
0.31 V an additional voltage gain stage is required between
the AD8307 output and the analogue input of the
microcontroller to make use of the full dynamic range
of the microcontroller ADC.

• The buffered output from the DDS is injected into the SUT
via the coaxial probe. The signal measured at the probe
input is then the sum of both incident voltage waves
injected into the line plus the reflected voltage wave
being reflected from the load. The signal presented
across AD8307 in such a bridge configuration will
therefore represent only the reflected voltage wave
coming back from the SUT.

A more detailed description of the device operation can be

obtained in Odedeyi et al. (2020).

FIGURE 7
Test instrument block diagram.
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A photograph of the completed prototype test instrument

is shown in Figure 8, which shows the DDS module (top

right) the Arduino Nano (ATmega323p) module (centre) the

probe SMA connector, RF bridge and

AD8307 detector circuit (centre left) and the LED array

(bottom right).

5 Test instrument validation

Four identical prototype test instruments were constructed

and tested at IITA using 60 root samples taken from four

different cultivars of Cassava with starch content ranging

between 6 and 22%. The roots were cut into proximal, mid

and distal sections and the starch content of each section was

determined using the ODM method and the empirical formulae

presented inTeye et al. (2011). The prototype test instrument was

used to test each sample using a coaxial probe and the readings

generated by the ATmega323p internal ADC, representing the

measured return loss, were recorded. Figure 9 shows average

ADC readings against ODM measured starch content for the

sample set together with the specific LED thresholds that were set

during this test. A maximum ADC reading of 1,024 represents a

return loss of less than 3 dB, i.e. more than half the incident RF

power is being reflected from the SUT. This corresponds to high

starch content and will be indicated by the green LED being

activated. An ADC reading below about 100 corresponds to a

return loss of over 20 dB which will indicate that over 99% of

incident RF power is being absorbed by the SUT. This

corresponds to low starch content and will be indicated by the

FIGURE 8
Photograph of the prototype test instrument.

FIGURE 9
Experimental results for the prototype test instrument, with LED thresholds set using the measurement from distal sections.
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red LED being activated. For this early prototype, the use of LED

indicators was adopted for ease of use and design simplicity.

However, future iterations of the device will feature a digital

readout along with the LED indicator and will be calibrated to

higher margins of accuracy, with data obtained from ongoing

experiments.

Figure 9 reveals a clear correlation between ADC output

and ODM measured starch content, although the readings for

mid slices were noticeably lower than those for proximal and

distal slices, particularly at high starch levels. This is

consistent with our understanding of moisture distribution

within the cassava root and our earlier results shown in

Figure 6. From Figure 9 it may be observed that the LED

thresholds need to be set differently for different slice

locations, but that the distal slice would give the highest

measurement resolution. Whilst starch content values

above 25% are obtainable in high starch content cassava

varieties at full maturation and peak season, such samples

were not available during this project and the highest starch-

content band used in calibrating the device was therefore

20–25% (Figure 9). The test instrument is, however, capable of

measuring much higher starch contents and the LED

thresholds can be easily reset in software to allow for

measurement of higher or lower starch content varieties.

6 Measurement protocols

We propose three measurement protocols for starch

estimation using the |Γ| property of cassava roots, as

measured with the new test instrument.

6.1 Measurement of the return loss of the
distal section

From our experiments, it was determined that the distal

section offers the highest degree of variation. Hence, for a quick

and easy starch content estimation, the threshold for classification

may be assigned using measurements from this section, as shown

in Figure 9. However, to standardize this measurement protocol,

more research is needed to determine a fixed reference for the

proximal, mid and distal sections. This problem is complicated by

the high degree of variability in the morphology of roots, such that

tubers maybe 20–100 cm long and 5–10 cm in diameter, with

average tuber weight between 4 and 7 kg and specimens up to

40 kg having been reported by Heuzé et al. (2016).

6.2 Measurement of the average of the
proximal, mid and distal section

While the distal section gives the highest measurement

resolution, this value is not indicative of the average dry-

matter content across all sections of the cassava root. Hence,

it is possible to have two cassava roots with similar distal-dry-

matter but different dry matter distribution across other sections.

A measurement protocol that eliminates this potential error may

be implemented, whereby, in software, the device is programmed

to capture three measurements per root - from the proximal, mid

and distal sections. An average of the three ADC readings is

computed and the output is fed via the parallel output to light the

LED array, as shown in Figure 10. To improve accuracy, an

average of measurement from six sections or more per root may

FIGURE 10
Experimental results for the prototype test instrument, with LED thresholds set using the average ofmeasurement from proximal, mid and distal
sections.
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be taken. In effect, this protocol also eliminates the need for a

standard proximal-mid-distal reference, although it increases the

time required to arrive at a starch content estimate.

6.3 Measurement of the average starch
content from a large batch of samples

In an industrial or commercial context, it is very important to

be able to estimate, rapidly, the average starch content of a large

batch of cassava. To get such an estimate, the test instrument may

be programmed to log measurements from a selection that is

considered representative of the entire batch, and thereafter

report an average. The selection of a representative set of

roots for estimation of the overall batch is also in agreement

with the current industry standard which is widely based on RSG

measurements, and may therefore be considered adequate. An

alternative protocol is to test a compacted, homogenized sample

of the roots selected for testing. The homogenized test sample

may be prepared by peeling, grating, mixing and compacting,

before probing. The pre-test processing to achieve

homogenization will lead to some loss of moisture, and this

must be taken into account in standardizing this protocol.

7 Conclusion

A clear relationship between the starch content of cassava roots

and themeasured return loss of root samples at a specific frequency of

30MHz has been demonstrated. A simple, low-cost, test instrument

was designed to allow themeasurement of cassava root sample return

loss in thefield using a coaxial probe. For simple classification, the test

instrument displays starch content in five categories, from “low” to

“high” using an array of five LEDs. The performance of the test

instrument was experimentally verified and a reliable correlation

between root starch content of between 0 and 25% and LED

indication was demonstrated. The root slice position and location

of the probe insertion point within the slice were shown to be

important considerations in obtaining consistent measurements. The

low cost, portability and simplicity of use of the instrument make it

highly suitable for use by farmers in developing countries to

determine the quality of cassava crops in the field. The device can

be readily provisioned as an IoT device by adding low-power

wireless-connection peripherals to transmit measurements

captured from the device directly to a cloud platform enabling a

real-time connection between key stakeholders in the cassava value

chain. Furthermore, the starch measurement device is expected to

deliver a major impact in cassava HTP studies. Coupling the non-

destructive starch estimation method in this report with non-

destructive ground-penetrating radar (GPR), currently being tested

to monitor biomass of root crops such as cassava during the crop

growing season (Agbona et al., 2021) will be a game-changer in terms

of predicting dry-root yield at scale.
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