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Summary. A silicon soil moisture sensor, based in the dual-probe heat-pulse (DPHP) method, was
modeled and simulated for achieving, with low cost, accurate and reliable measurements. This method is
based on the application of a heat pulse during a fixed interval of time. The maximum rise in temperature
(4Tm) is monitored by the measurement probe, placed at a certain distance of the heater source. A low-
cost high-performance and small temperature sensor (a dynamicVPTAT generator) is required to be
placed into the probe which have 0.912 mm in diameter and 20 mm long. If one considers the range of
water contents, ratio of water mass to dry soil mass, in a typical agricultural soil (0.05 to 0.35m3 m−3),
the average sensitivity of the dual probe is about1.95◦C per unit change (m3 m−3) in water content for
q = 400 Jm−1.
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1 Introduction

Efficient short and long-term management of irrigation
systems requires the use of reliable and accurate soil
moisture sensors. Today, a large number of sensors,
based on nuclear, electromagnetic, tensiometric, capac-
itance, among others, techniques are available for mea-
suring soil moisture. Generally, these methods have
several limitations that restrict their integration in the
management of irrigation systems. The main disadvan-
tages are: soil dependency, inaccuracy and high-cost
sensors.

Time domain reflectometer (TDR) sensors [1, 2],
which are based on the influence of soil water content
over the propagation of electromagnetic waves, are in-
dependent of soil texture, temperature and salt content,
but its high cost restricts the applicability to these sys-
tems.

Therefore, the development of a low-cost miniatur-
ized system with electronics, network solution, and
external communications that could be implemented
next to the plant roots will be a breakthrough. The
same basic fabrication concepts and materials, which
have made microelectronics successful, are now being
adapted to making low-cost, small, high-performance
sensor systems devices, e.g. a silicon soil moisture sen-
sor.

The dual-probe heat capacity sensor has been devel-
oped to provide small scale, frequent measurements of
soil thermal properties: volumetric heat capacity (ρcp),
thermal conductivity, and thermal diffusivity. The heat
capacity of soil influences both the storage and trans-
fer of heat, so it is a necessary parameter in models of

soil temperature and heat flow. In a nonswelling soil,
changes inρcp are due primarily to changes in soil wa-
ter content; hence, an application of the dual-probe is
to allow determination of volumetric soil water content
(θv) [3, 4].

The dual-probe heat-pulse (DPHP) sensor is about
30mm long ×6mm wide ×0.8mm in height; the
probe pitch is3mm for allowing small-scale spatial
measurements of soil moisture, which can be made
near the soil surface where large root densities are
found.

2 Theory

The heat capacity of soil,ρcp, is evaluated by adding
the volumetric heat capacities of soil constituents:

ρcp = 1.92Xm + 2.51Xo + 4.18θv (1)

where Xm, Xo, and θv are the mineral, organic,
and water fractions of the soil, respectively. The lead-
ing coefficients represent the volumetric heat capacity
(MJm−3◦C−1) of each soil constituent. When a pulse
of heat is applied during a fixed interval of time to the
heater probe, the maximum rise in temperature (4Tm)
at some distance from the heater is measured. As men-
tioned by Campbellet al. [5] the relationship between
theρcp and4Tm is,

ρcp =
q

eπr24Tm
(2)

where,q (Jm−1) is the heat applied per unit length
of the heater,e is the base of natural logarithms, and564



r(m) is the distance between the heat and temperature
probes. Substituting Eq. 1 into Eq. 2 and rearrang-
ing yields an expression that shows the relationship be-
tweenθv and4Tm,

4Tm =
q

eπr2(1.92Xm + 2.50Xo + 4.18θv)
(3)

or,

θv =
q

eπr24Tm
− (1.92Xm + 2.50Xo)

4.18
(4)

Although4Tm varies withρcp andθv, q can be se-
lected to produce an adequate temperature signal for
the expected range ofθv for a typical agricultural soil
(0.05 to 0.35m3m−3).

From a oven–dry to saturated soil,4Tm varies by
only about1.2◦C; therefore, accurate measurements of
4Tm are required to correctly estimateθv. Taking the
partial derivative of4Tm with respect toθv yields the
sensitivity of temperature rise to the change in soil wa-
ter content:

∂4Tm

∂θv
=

−4.18q

eπr2(1.92Xm + 2.50Xo + 4.18θv)
(5)

If one considers the range of water contents in a typi-
cal agricultural soil, the average sensitivity of the dual-
probe is about2.5◦C per unit change (m3m−3) in wa-
ter content; that is, a1% change inθv cause a0.025◦C
change in4Tm.

3 Projected system

The system consists of two needle probes mounted
in parallel to provide a heater and a sensor probe.
The needles will be made from stainless steel tubing,
0.912mm in diameter, which will protrude20mm be-
yond the edge of the acrylic mounting [6].

The heater will be made from Stablohm 800A wire
and placed in the middle of ’heater’ needle. A high-
accuracy CMOS temperature sensor with amplifier will
be placed in the center of the ’probe’ needle. The
needles will be filled with high-thermal-conductivity
epoxy glue to provide water-resistant, electrically in-
sulated probes. The complete projected system is illus-
trated schematically in Fig. 1.

4 Heat-pulse simulations

Experimentally, it is not possible to heat the line source
instantaneously, so a short-duration heat pulse is used.
Fig. 2 shows the calculated temperatures at a distancer
following application of equivalents amounts of energy
via instantaneous and short-duration heat pulses. The
short-duration heat pulse causes a significant delay in

Fig. 1: The complete soil moisture sensor system.

time at which the maximum temperature change is ob-
tained, but has very little effect on4Tm. Because of
this minimal effect on4Tm, it is possible to use the
instantaneous theory with short-duration heat pulses to
obtain accurate heat capacities, and hence soil mois-
ture.
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Fig. 2: Simulated temperature for instantaneous and
pulsed line source models.

For a givenθv, the sensitivity of4Tm increases
as more energy is applied to the probe (q), but de-
creases with larger probe spacing and higher bulk den-
sities. The4Tm distribution were simulated, using
FEMLAB, and the Fig. 3 shows these results.

Fig. 3: Simulated4Tm distribution at35s.
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5 Temperature sensor simulations

A low-cost, small and high-performance temperature
sensor is required to be placed in a stainless steel nee-
dle with0.912mm in diameter and20mm long. A pro-
portional to absolute temperature (PTAT) circuit with
bipolar devices fabricated in the CMOS process meet
these criteria. Meijeret al. [7] showed that the appli-
cation of dynamic voltage processing, using dynamic
element matching (DEM) and dynamic amplification,
will enable to get a very high performance temperature
sensor.

The high-performance CMOS temperature sensor is
composed of a dynamicVPTAT generator with thirty
two switching stages. This technique is depicted in
Fig. 4 were transistorsM1 − M16 represent sixteen
current mirrors. One of these transistors supplies cur-
rent to the bipolar transistorQ1 while the other fifteen
supply current toQ2, so that the current (Ic2) passing
throughQ2 is fifteen times the current (Ic1) passing
throughQ1.

The difference between the base-emitter voltages
VBE2 andVBE1 represents the PTAT voltage. Next,
using switches, the positions ofM1 − M16 are cycli-
cally interchanged. After a complete cycle the averaged
results represent a PTAT voltage in which the effect
of any mismatch in the characteristic of the transistors
M1−M16 is strongly reduced. In order to eliminate the
mismatch in the transistorsQ1 andQ2 their relative po-
sitions are interchanged as well. So, a complete cycle
consists of thirty two sub-cycle states producing an av-
erage value ofVPTAT over these states almost equal to
(nkT/q) ln 15 (Fig. 5).

0 5 10 15 20 25 30 35 40 45 50
0.062

0.064

0.066

0.068

0.07

0.072

0.074

0.076
Vptat

ºC

V
ol

ta
ge

Fig. 5: Simulated PTAT voltage.

The PTAT voltage over a sub-cycle is amplified us-
ing a dynamic switched capacitor amplifier with a DC
gain of fifteen. The Fig. 6 shows half of the DEM am-
plifier. The DEM technique is realized by sequentially
changing the relative positions of the capacitors each
clock cycle. In each clock cycle, one of the identical
capacitorsC1 − C16 is in the feedback position(CF )
and all the others are in the input position (CI ). The

average value of the amplification factor in a complete
cycle is equal toG = CI

CF
= 15 where the effect of

capacitor mismatching is almost eliminated.

f
1

f
1

f
2

f
2

S1

f
1

f
1

f
2

f
2

f
1

f
1

f
2

f
2

S2

+

+

-

-

OTA

f
2

V
CM

V +
in

S16

C
16

C
2

C
1

Fig. 6: Half schematic of the DEM amplifier.

The average of the gain in a complete cycle equals to

G =
1

G + 1

G+1∑

i=1

∑G+1
j=1 Ci − Cj

Ci
= G +4G. (6)

Where4G represents the residual second order er-
ror of the mismatching.

Using dynamic PTAT generator and dynamic
switched capacitor amplifier will enable to get a very
high performance temperature sensor. Using these
techniques, even without trimming or adjustment and
even when using low-cost inaccurate components, a
high precision of an amplifier-gain factor is obtained.

The fig. 7 shows the layout of the CMOS tem-
perature sensor. Simulations performed using values
from this layout indicates a sensor sensitivity of about
3.5mV ◦C−1 or 6.825mV per unit change (m3m−3) in
water content for a heat strength of400Jm−1.

Fig. 7: Temperature sensor layout.
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Fig. 4: Generation ofVPTAT using DEM, according to [7]

6 Conclusions

The modeling and simulation of a soil moisture sensor
using the dual-probe heat-pulse method were achieved.
Simulations shown that an accurate PTAT voltage can
be generated with the implementation of dynamic ele-
ment matching techniques. With the application of the
same concept to the amplifier, the effect of the compo-
nent mismatching has been eliminated significantly.

It is also shown that the sensitivity of the dual probe
is about1.95◦C per unit change (m3 m−3) in water
content for a heat strength ofq of 400Jm−1.
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