
3. Determination of electrical impedance  

In this study, the driving piezoelectric vibrator 
and the piezoelectric backing layer are the thickness 
of 1.0 mm and 0.5 mm, respectively. The matching 
layer of the thickness 0.3 mm and the impedance 4.5 
Mralys is placed in front surface of the driving 
piezoelectric vibrator so that the sound waves 
generated from the vibrator are easily transmitted to 
the medium. The composite backing layer with a 
thickness of 1.0 mm is placed on the rear surface of 
the piezoelectric backing layer to provide more 
effective absorption and the waterproof effect. The 
total thickness of the designed transducer is within 
2.8 mm and it corresponds to about 2.8-fold 
thickness of the driving piezoelectric vibrator. The 
transfer function for the designed transducer was 
calculated under the condition that the inductor as 
electrical impedance is connected to the 
piezoelectric backing layer, as shown in Fig. 1. 
Figure 3 shows the change of the transfer function 
with the inductance. The transfer function shows the 
maximum bandwidth when the inductance is about 
0.21 μH. 

 
Fig. 3 Transfer function change with electrical 
inductance. 
 

Figure 4 shows the change of the calculation result 
of the transfer function with different resistance 
values when an inductor of 0.21 µH and a resistor are 
connected to the electrical terminals. In this case, the 
maximum bandwidth appears in the resistance of 3 
Ω. 

 
Fig. 4 Transfer function change with resistance 
when inductance is 0.21 µH. 

4. Transfer function 

The transfer functions of the transducer for 
different states of the backing layer are shown in Fig. 
5. The -6 dB bandwidth of the transducer is 114.80% 
when the resistance and the inductance are 3 Ω and 
0.21 μH, respectively (solid line). The bandwidth 
decreases to 28.57% when the electrical terminals 
are open circuit (dash line). For comparison, the 
bandwidth is also calculated when an alumina-epoxy 
composite backing layer is used instead of the 
piezoelectric backing layer (dot line). The result 
shows that the -6 dB bandwidth is 64.91%. 
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Fig. 5 Bandwidth of transducers for different 
backing layer states. 

 
5. Summary 

To minimize the thickness of transducer, a 
piezoelectric backing layer was adopted which an 
electrical impedance was connected. When the 
electrical impedance consists of the inductance of 
0.21 µH and the resistance of 3 Ω, the maximum 
bandwidth of the ultrasonic transducer was 114.80%. 
When the thickness of the piezoelectric backing 
layer is 0.5-fold of the driving piezoelectric vibrator, 
the maximum bandwidth was calculated. It was 
confirmed that broadband ultrasonic transducer with 
thin thickness can be designed by using the proposed 
piezoelectric backing layer. 
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Issue in adoption of lumped-parameter circuit
for electromechanical coupling phenomenon

and its improvement --- Modifying circuit structure
電気機械結合集中定数回路の問題点と改善策 ～回路構成の修正～

Michio Ohki (National Defense Academy, Japan)
大木道生（防大）

1. Introduction
The characteristics of electromechanical coupling
transducer can be represented using lumped param-
eters, in which a pair of positive and negative ca-
pacitance of the dielectric component, ±C0, appears.
However, some problems occur in the conventional
framework of the circuit, as discussed later. Although
a fundamental solution is to discard the lumped-
parameter elements, 1) in this study, another solu-
tion is proposed within the framework of lumped-
parameter circuit by modifying the circuit structure.

2. Summary of conventional equivalent circuit and its
defects
Figure 1 shows the essential framework of the con-
ventional equivalent circuit for the electromechani-
cal transducer at the low frequency limit, ω → 0. In
Fig. 1 (a), SE and ZM indicate the electrical source and
the mechanical load, respectively, while in Fig. 1 (b),
SM and ZE indicate the mechanical source and the
electrical load, respectively. C is the elastic com-
ponent, and all the vibration modes n contribute to
C, as in C =

∑
n Cn, at ω → 0. With regard to

−C0/α, α = 1 in the piezoelectric longitudinal (L-)
effect, while α → 0 (shorted out) in the piezoelectric
transverse (T-) effect.
For the later discussion, the energy conversion effi-

ciency and the resonance frequency shift in the elec-
tromechanical coupling is summarized.
The electromechanical coupling coefficient k2 is

calculated with the ratio of the stored elastic en-
ergy to the input electrical energy at the situation
of impedance ZM → 0 (no-load) in Fig. 1 (a), or
the ratio of the stored dielectrical energy to the in-
put mechanical energy at the situation of impedance
ZE → ∞ (no-load) in Fig. 1 (b). The former is given
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Fig. 1: Conventional equivalent circuit. (ω → 0)

by k2 = Ceff/(Ceff+C0) with Ceff = 1/(−α/C0+1/C),
which leads to

k2 = C/C0 for L-effect (1)

k2/(1− k2) = C/C0 for T-effect (2)

The latter is given by k2 = (1/C0)/(1/Ceff + 1/C0),
leading to the same result as the former.
The acoustic velocity is affected by the impedance

of the electrical source or load. When the load
impedance ZE → 0 in Fig. 1 (b), the inverse of the
total capacitance of the resonance system, 1/Ctotal, is
estimated as

3P3-6



(i) 1/Ctotal = 1/C − 1/C0 for L-effect,

(ii) 1/Ctotal = 1/C for T-effect,

while when ZE → ∞,

(iii) 1/Ctotal = 1/C for L-effect,

(iv) 1/Ctotal = 1/C + 1/C0 for T-effect.

The state (i) is the electromechanical coupled state for
L-effect, while the state (iii) is the “intrinsic” state for
L-effect. The acoustic velocity at state (i) is smaller
than at state (iii), each corresponding to a resonance
and an antiresonance, respectively, observed electri-
cally in the circuit in Fig. 1 (a). On the other hand,
the state (iv) is the electromechanical coupled state
for T-effect, while the state (ii) is the intrinsic state for
T-effect. The acoustic velocity at state (iv) is larger
than at state (ii), each corresponding to the electrical
antiresonance and resonance, respectively.
The conventional equivalent circuit has the follow-

ing disadvantages:
(I) The admittance observed in the circuit of Fig. 1

(a) is reduced near the electrical antiresonance, and
skews. However, the mechanical vibration level ac-
tually does not indicate such a dip at all near the
antiresonance, and neither does the input power
level. Therefore, the inverse Fourier transform of the
skewed admittance does not provide the correct im-
pulse response of the system.
(II) Since k2 < 1 and Ctotal > 0 are required, the

value of C/C0 is restricted to C/C0 < 1 in the case of
L-effect, while no such restriction is imposed on the
case of T-effect. This unnatural asymmetry suggests
that the circuit structure shown in Fig. 1 for L-effect
becomes incorrect as C/C0 → 1.

3. Modification to equivalent circuit
For the purpose of removing the defects mentioned
above, the modified circuit model shown in Fig. 2 is
proposed. The circuit is composed of two parts (cir-
cuits A and B) connected through an energy trans-
fer element labeled TR in the figure. The function
of source is considered in two steps. The energy
from the 1st source is transferred via TR into the 2nd
source. In Fig. 2 (a), the voltage at C0 on the circuit
A is transferred to C0 on the circuit B which func-
tions as a voltage source with “internal capacitance”
C0. In Fig. 2 (b), the charge at C0 on the circuit B is
transferred to C0 on the circuit A which functions as
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Fig. 2: Modified equivalent circuit.

a charge source (similar to the current source) with
internal capacitance C0. Another negative capaci-
tance −C0/β is newly introduced, which reflects the
impedance of electrical source or load:

β → 0 for electrical open state, (3)

β → 1 for electrical short state. (4)

By introducing the two-step sources, the mechanical
vibration and input power level can be grasped prop-
erly.
Moreover, −C0/α in Fig. 1 is replaced with −Ĉ0/α

in Fig. 2, where

−1/Ĉ0 = −1/C0 + 1/C∆, (5)

1/C∆ → 0 for C/C0 → 0. (6)

Then, k2 is recalculated as

k2 =
C

C0
× C∆

C + C∆
, (7)

which lifts the restriction of C < C0.
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