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ABSTRACT Piezoelectric transducer is a key component of acoustic well-logging tool. Transducers used
in acoustic well-logging tools usually have limited bandwidth, and their dominant frequencies severely
drift with drastic change of borehole temperature when tools are working downhole. An appropriate
impedance matching is necessary to broaden the operating bandwidth of the transducer and improve the
power output stability of the acoustic emission. In this study, an electrical impedance matching (EIM)
method for piezoelectric transducer is proposed based on Butterworth response and network theory. The
method can broaden the bandwidth of narrowband transducers while ensuring stable transducer power
gain (TPG). A band-pass filtering circuit and its low-pass prototype are constructed on the basis of the
equivalent circuit of the piezoelectric transducer and the external impedance matching circuit. According to
the filtering characteristics of the filter circuit and a target TPG function, we derive the analytical formulas for
calculating power transmission characteristics and electronic component values of arbitrary order matching
network. Using different electronic design automation (EDA) software, we simulated the matching network
of a specific transducer obtained by the theoretical calculations. Then, we built an experimental system to
verify the performance of the matching network. Theoretical calculation, simulation and experimental results
demonstrate that the impedance matching network obtained by the proposed method can effectively broaden
the operating bandwidth of narrowband transducers and provide stable output power.

INDEX TERMS Piezoelectric transducer, Butterworth response, electrical impedance matching, two-port

network, acoustic well-logging.

I. INTRODUCTION

Acoustic well-logging is a commonly used geophysi-
cal method to acquire formation lithology and physical
properties. In engineering, the acoustic emission (AE) sys-
tem of logging tool emits acoustic pulses to the forma-
tion. Then, the acquisition system acquires the acoustic
signals propagated through the formation. Finally, the for-
mation lithology and physical properties are obtained by
inversion calculations according to the acquired acoustic
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signal. To improve the signal-to-noise ratio (SNR) of the
received signals and ensure the accuracy of inversion calcu-
lations, the AE system should have high and stable output
power.

Acoustic transducers with high mechanical quality factor
(Qm) are usually adopted in logging tools to ensure the AE
efficiency. The relation Af = fy / Oy, indicates that the
bandwidth of this type of transducer is narrow. Due to the
influence of geothermal gradient (1-3 °C /100 m), borehole
temperature increases with well depth. Thus, the operating
temperature range of the logging tool is large and may exceed
200 °C [1]-[3].
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The performance (especially impedance characteristics) of
piezoelectric transducers is significantly influenced by ambi-
ent temperature. Through heating experiments, we obtain
the frequency—conductivity curves of a given narrowband
transducer at different ambient temperatures (Fig. 1). The fig-
ure shows that the impedance—admittance characteristics of
transducers are sensitive to temperature variation. The drastic
temperature change leads to the drift of central frequency
(w¢). As aresult, the inconsistency between the frequency of
the excitation signal and the center frequency of a narrowband
transducer causes the decrease in excitation efficiency, which
also weakens the power output stability of AE systems.

The key to solve the problem is to broaden the operating
band of the transducer while ensuring stable output power.
For a given narrowband transducer, the primary method to
achieve this goal is to match the transducer with an external
impedance circuit. The two common impedance matching
methods are: electronic design automation (EDA) method
and analytical method [4]-[11]. EDA methods such as Smith
Chart analysis, real frequency technique, and direct optimiza-
tion are widely used in high frequency applications, such as
RF (300 kHz — 300 GHz) circuits. However, these methods
cannot guarantee that the obtained matching network is opti-
mal. Different from that, the central frequency of piezoelec-
tric transducer adopted in conventional acoustic well-logging
is usually less than 30 kHz, which is much lower than that of
the high frequency applications.
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FIGURE 1. The measured impedance characteristic (admittance) curves of
the given piezoelectric transducer at different temperatures.

In impedance matching, the equivalent electrical model
of a common piezoelectric transducer can be regarded as a
sample RLC load. Then, the mathematical analytic of the
transducer’s matching circuit can be derived based on the
assumption of a target transducer power gain (TPG) func-
tion [12]-[14]. Thus, a general mathematical analytic method
based on the flattest filter response is introduced in the fol-
lowing parts to realize the broadband electrical impedance
matching for low-frequency piezoelectric transducers.

Il. BUTTERWORTH RESPONSE CHARACTERISTICS AND
TWO-PORT MATCHING NETWORK

The matching network proposed according to the design
requirements should not only broaden the bandwidth of the
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transducer, but also improve the in-band flatness of TPG.
Actually, these requirements are consistent with the filtering
characteristics of some common passive filters.

According to the characteristics of common passive fil-
ters, Butterworth filter has the flattest amplitude-frequency
response and most stable TPG under the same filtering order
n and -3-dB (half-power) angular frequency bandwidth BW,,.
Therefore, the filtering response of the ideal band-pass But-
terworth filter is chosen as the target TPG function G(s). In
complex plane, the function G(s) can be expressed as

Ky

=T o

2.1

where s = jw is complex frequency, y = (s + wg / s) / BW,
is the normalized low-pass-to-band-pass conversion, and the
maximum attainable gain constant K,, represents the output
power gain at the frequency w = w,.

To design a matching circuit and make the power output
characteristics of transducer meet with (2.1), we first ana-
lyze the impedance characteristics of the transducer. Accord-
ing to Butterworth—Van Dyke (BVD) model [15], [16], the
equivalent circuit of a piezoelectric transducer is shown in
Fig.2, where Ry, C1, L1, and C; represent dynamic resistance
(mechanical loss resistance), dynamic capacitance, dynamic
inductance, and static capacitance, respectively.
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FIGURE 2. BVD equivalent circuit model of piezoelectric transducer.

The BVD model shows that the impedance of the dynamic
branch is Zp = Rp + jXp = Ri + jlwLi — 1/wC)).
Taking no account of the internal resistance of signal
source, to minimize Zp, the excitation signal with frequency
wy = 1 / /L1Cy is used to excite the transducer to make
Xp = 0 and |Zp|] = Rp. In this case, series-resonance
occurs in the dynamic branch, thereby allowing the dynamic
branch to act as a pure resistance [17], [18]. Hence,w; is
called the series resonant angular frequency, and w; of a
narrowband transducer usually approximates the central fre-
quency w.. However, when series-resonance occurs in the
dynamic branch, the impedance of the static branch is Zg =
—j / wsCy, thereby making the entire equivalent circuit still
capacitive.

As shown in Fig. 3, the common matching method at
ws sets an appropriate parallel inductance L, on the static
branch and makes the impedances of C, and L, conjugate
to compensate for the influence of C,, which means that
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FIGURE 3. Equivalent single-freq y-point matching circuit for

piezoelectric transducer.

JjosLy —j / ws;Cy = 0. Further derivation shows that
LG = LiC) = 1/w§. 2.2)

When using a certain excitation source, the single-
frequency-point matching can endow the most effective
power output at = w,;. However, the disadvantages of this
matching method emerge when applied for narrowband trans-
ducers. In particular, the output power of the transducer is
low at non-resonant frequency. When w; drifts with changes
in temperature, the effect of impedance matching and AE
efficiency also worsens.

If the dynamic resistance R; is regarded as a pure resistive
load Ry, then the active power of the transducer Py is actually
the power consumed by R;. When we regard the network
composed of Ci, Ly, Cp, Ly, and other components as an
n-order passive filter, the problem of electrical impedance
matching for piezoelectric transducer becomes a design prob-
lem of the n-order filter. For a specific pure resistive load Ry,
the power output characteristics of the filter meet (2.1).

Let Eg and Ry be the voltage and internal resistance of a
constant voltage signal source, respectively, and introducing
other filtering elements of the mentioned n-order filters into
Fig. 3, then we propose the broadband matching circuit,
as shown in Fig. 4. Similar to (2.2), the impedances of L and
C in the same circuit branch should be conjugated to endow
the most effective power output at w = wy, that is,

LiCi = L C) = 1/w§, (keN*k>2)  (23)

In this circuit, the equivalent component values of the
transducer are certain, while Ry, Ly (k € N*, k > 2), and
Ci(k € N*,k > 3) are unknown. The problem now is to
obtain Rg and the unsolved components of the arbitrary order
filter according to (2.1), (2.3), and the known parameters of
the given transducer (ws, R1, L1, C1, and C»). The equivalent
broadband matching circuit is determined, then BW,, and K,
can be obtained by further derivations.

By removing the inductance of the parallel branch and the
capacitance of the series branch in Fig. 4, we can obtain low-
pass prototype of the equivalent broadband matching circuit
(see Fig. 5).

According to Youla [19], the ladder band-pass structure
composed of Ly and Cy can be regarded as a lossless two-
port network N, then we can redraw Fig. 5 as Fig. 6, where
p =yBW, = s+ wf / s represents the frequency conversion
from a band-pass filter to its low-pass prototype. Z11(p) is the
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FIGURE 4. Equivalent broadband matching circuit for piezoelectric
transducer. (a) n is odd, (b) n is even.
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FIGURE 5. Low-pass prototype of the equivalent broadband matching
circuit for piezoelectric transducer. (a) n is odd, (b) n is even.

input impedance that looks toward the input terminal “11”’,
and it is also known as the driving-point impedance function.

Let S11(p) and S21(p) be the input reflection coefficient of
port 1 and the forward transmission coefficient of port 1 to
port 2, respectively. Then,

S1u@) = [Zu(p) — Rs1/[Z11(p) + Rsl,  (2.4)
ISUE)? = 1 — (S ()% 2.5)

The relation |S>1(p)|*> = G(s) is established because net-
work N has the same power output characteristics as the n-
order Butterworth filter. By substituting (2.1) into (2.5) and
performing analytic continuation yield, we can obtain that

SuESi(=p) =1 = 1S21@)* =1~ G)
1 — K+ (="
= . 2.
L4 (=2 20
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Lets = (1 — K,)'/" and x = y/8, then the minimum-
phase solution of (2.6) [20] is as follows:

Si(p) =+8" - qx)/q(y), 2.7

where Hurwitz polynomial

g =Y a0 <k=<n 2.8)

k=0

Leta =nm / 2n, then the coefficients of this polynomial have
the following features and recursive relation

ap =1,
ap = Ap—k,
Qg+1 = axcos k(x/sin(k + e,
any1 = 0. 2.9)
The following formula can be obtained by transforming (2.4)
1+S11(p)
Z11(p) = Rg———. (2.10)
1 =S

Then, Z11(p) can be obtained by substituting (2.7) into (2.10).
However, the sign of S1(p) must be first determined.

Consider the first order of the matching network in
Fig. 5 must be the inductance L in series with Ry. Then,
according to the series—parallel connections among the circuit
components, we can conclude that

Z11(p)
1
an + 1 }

Cn—lp + Ly—2p+ 1

n is odd

TR S
T IprRL

(2.11)
nis even

- 1
Cup +
Ly—1p+

1 El
Cn—2p+ —

IR

The reactance characteristics of inductance and capacitance
indicates that the sign of reflection coefficient S11(p) depends
on the parity of matching network order n. When # is odd,
the sign is positive; otherwise, it is negative. Z11(p) can be
expressed with Hurwitz polynomial g(y) by substituting (2.7)
into (2.10). To simplify expressions and facilitate subsequent
discussions, (2.10) is rewritten as follows:

n
3 a(1 + 8Kk

Rs - kjo . nisodd
> ap(1 — skyyn—k

Zu@p) = Kl (2.12)

> ap(l — sk =k
k=1 .

Rg - ~ , niseven
> ar(l+ skyyn—k
k=0

The Hurwitz polynomial coefficients features in (2.9)
and the transformation k = n — k' are utilized in the
derivation of (2.12).
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FIGURE 6. Schematic of the lossless two-port matching network.

To study the correspondence between the two expression
forms of Zij(p) in (2.11) and (2.12), we transform (2.12)
into the following continued fraction. According to recursion
algorithm and Euclidean algorithm,

Z11(p) 1
=gny+
RS 8n—1Y +

- . (2.13)
gn—Z)"“%

. '
“Teeo

where g (k € N*,0 < k < n) is the impedance constant
associated with the components of respective circuit branch,
and its value is related to the parity of n. Based on (2.11) and
(2.13), the correspondences between gx and Ly, or correspon-
dences between g; and Cy are

Ry =Ry =go - Rs,

Lip = g1y - Rs,
Cop = 2y/Rs,

Lyp = -Rg, k> 2, kisodd
kP = 8kY - ks > 1S O (2.14)

Cp = gky/Rs, k > 3, kis even

(2.14) indicates that if go, g1, g2, - - . , §» are determined by
the known transducer parameters, then other unknown com-
ponents in the EIM circuit can be obtained. The detailed
derivations and calculations will be presented in Section III.

1ll. DERIVATION AND CALCULATION

The expression of g; should be first obtained to determine
the unknown components in the matching circuit. We define
a polynomial function serial A,,(y)(m € N*,0 < m < n)
and let the order of A,,+1(y) be lower than that of A,,(y) by
one. Replacing A,,(y) with A,, in the following discussions to
simplify expression, then the following relations among the
items in the polynomial function series are obtained:

Am—l/Am _Am+l/Am = &n-m+1Y; O<m<n
Ap—1 [An — Ang1 Ay = g1y + g0 (3.1

Let

n
Ao =Y ar(1+ 85y,
k=0

n
Ap =) a1 =85k (3.2)
k=1

VOLUME 10, 2022
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Substituting (3.2) into (2.12), then using Euclidean algo-
rithm, mathematical induction, and (3.1), we can obtain the
expressions of any polynomial function A, and constant
8gn—m+1 as follows:

n
Am =B Y akCpiDpiy" ™", (33)

k=m

Sn—m+1 = 2sin2m — 1)« ~Bm_1/Bm, O<m<n (34

where
1, m=0 m=1
Cpk = 1 7= sin(k — p)ar (3.5)
?, m> 1
i sin(k + p)a
1+ 8%,
m=20
k—1
>
p=0
Dy = (3.6)
m =
ki’f”ﬁ sin(p + @)a  sintk —p — @) 5
70 4= sin g sin(k — q)x
m>1
By = [62 —28cos(2m — 2)a + 1] - By, m>2
1, m=0
136, m=1
mf2
[] (6% — 28 cos(4p — 2)a + 1], m>2,
==t (3.7)
m 1S even
(m=1)/2
(1-=68) I [8%>—28cosdpa+ 1],
p=1
m >3, mis odd
1-68", nisodd
Bn = .
1+68", niseven
1+8%/(1+8), nisodd
R (3.8)
(1-8"/(1+8). niseven

To simplify the discussion, the detailed proofs of (3.3) to
(3.8) are presented in APPENDIX 1.

(3.3) to (3.8) are the bases of subsequent derivation of
network parameters and components. (3.4) indicates that con-
stant g,_,,+1 18 associated with the division By,_1 / B,,. To
obtain the general expression of gi, we derive go, g1, and g2
at first.

According to (3.4) and (3.8), we can obtain

g1 = 2sin(2n — -Bn_l/B,,,

200 46" sina/[(1 4+ 6)(1 — M), nisodd
] 201 = 8" sin oz/[(l +8)(1+48")]. niseven
(3.9)

VOLUME 10, 2022

Substituting (3.9) into (3.1) yields

80 = (1+8)'Bn—l/Bn

_Ja+em/a—s", nisodd (3.10)
Sl a =M/ +8". niseven ’
(3.4), (3.7), and (3.8) demonstrate that
g2 = 2sin(2n — 3)ar - By_z /By_i

— [2sin 3a/(52 +28cos 2a + 1)] - By /By

2(1 + 8)(1 — 8") sin 3« < odd
, ni
_ ) (A +6M)(62 4 28cos2a + 1) 3.11)
= 2(1 4 8)(1 + 8") sin 3« , :
n1s even

(1 —8m) (82 428 cos2a + 1)’

Next, we derive the recursive formula of g, when k > 2.
According to (3.4),

gn—m—1 = 2sin 2m +3) & - Byy1 /By (3.12)

Letk =n—(m+1), then g,—n—1 = gr and gn—m+1 = gk—2.
After the calculation (3.12) + (3.4), the recursive relation
between g and gr_» when k > 2 can be obtained:

8k = Ak - 8k—2,
: 2
e = s%n(Zk — Do . 0 +28cos2(k —2)a + 1. (3.13)
sin2k — S)a 82 + 28 cos2(k — Do + 1

With the derivations of (3.9), (3.10), (3.11), and (3.13),
we can obtain any gx (0 < k < n). The conclusions
of Section I show that connections exist between g; and
the impedance of the corresponding components (Lg or Cy).
In the following parts, we deduce passband parameters and all
unknown component values of the matching network accord-
ing to (3.9), (3.10), (3.11), (3.13), (2.14), and the known
parameters of the given transducer.

Firstly, by substituting (3.9), (3.10), and (3.11) into (2.14),
through elimination method, we can obtain the following
equation regardless of the parity of n:

14+ (2 —0)cos2«

8242 +1=0,
1—0 +2cos2ux

(3.14)

where o = R% (&) / L, is the electrical property constant of the
given transducer. The expression § = (1 — K,,)"/?" and the
power output characteristics of Butterworth filter indicates
that the maximum attainable gain constant K,, = 1 — §>" and
0 < K, <1, then |§] < 1. Considering that, (3.14) has only
one specific root:

5 — 14 (2 —0)cos2a 2 |
- 1 — o +2cos2a

To a specific transducer, Ry, L1, C1, C2, «, and § are deter-
mined constants in the case of certain matching network order
n. All unknown component values and passband characteris-
tics of the matching network can be figured out and expressed
with these constants (see Table 1).

14+ (2 —o0)cos2a
l1—0+2cos2a
(3.15)
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TABLE 1. Calculation formulas of the matching network parameters and
electronic component values.

TABLE 3. Theoretical parameters and electronic component values of the
EIM network.

Symbol  Derivation basis Calculation formula

K, S= (1 _ K,,)l/z” 1-052".

BW, (2.14), 3.9), y=p/BW, 2R sina/[L(1+5)].

R-(1=6")/(1+6"), nis odd

R (2.14), (3.10) {Rl -(1+6")/(1=6"). nis even
ALy, k=3, kisodd

L (2.14).3.13).23) {L,CI/C,_ k22, k is even
LC/L, k>3, k is odd

G (2.14), 3.13), 2:3) {ﬂ.,l(Clk/,z.k k>4, k is even

TABLE 2. Major performance indicators and equivalent electrical
parameters of the given transducer.

fi/xHz O, Ky R/Q L/mH C/nF  C/nF
20.2 12.7  0.254 493 49.5 1.27 24.9
According to Table 1, L3, C4, Ls, ..., Ck—1, Ly, Ck11, - - -

of the low-pass prototype structure shown in Fig. 5 can
be derived from (2.14) and (3.13). The component val-
ues represent the impedance of each circuit branch.
In addition, it is necessary to use (2.3) to calcu-
late the corresponding values of their conjugate com-
ponents C3z, L4,Cs, ..., Li—1, Ck, Lgy1, ... for extending
the EIM method into the band-pass circuit shown
in Fig. 4.

IV. SIMULATION AND EXPERIMENT

Based on the derivations in Section III, we can calculate an
arbitrary order matching network that helps the power output
characteristics of a given transducer meet Butterworth band-
pass response. In this section, we perform the impedance
matching for a given transducer according to (3.15) and
Table 1. The matching effect is then analyzed through sim-
ulation and experiment.

A typical narrowband three laminated piezoelectric trans-
ducer for acoustic logging is selected for analysis, and
its major performance indicators and equivalent electrical
parameters (measured by HP 4294A) at room temperature
(25 °C) are shown in Table 2. Where f; is the series resonant
frequency and f; = wy / 21, Oy, is the mechanical quality
factor, and K,y is the effective electro-mechanical coupling
coefficient. Besides, Ry, L1, C1, and C; represent the equiv-
alent electronic component values of the transducer BVD
model.

By substituting the parameters in Table 2 into the calcula-
tion formulas in Table 1, we can obtain the -3-dB (half-power)
bandwidth bw, =  BW, / 27, the maximum attainable
gain constant K;,, and the other unknown components in the
matching network (see Table 3 ).

63572

n K, bw, /kHz Rs/Q Ly/mH Cy/nF
2 0876 5.51 1029 L, =2.50
=250 G =3.64
300783 7.06 1354 L,=172
L=250 G=173
4 0756 7.50 1454 L;=363 Ci=6.07
L,=103
=250 =137
L=458  C,=132
50745 7.67 1499 L—470 Geélo
Ls=103

Taking the center frequency w. = w; and rewriting (2.1),
we can express the TPG function as

K
LI W S — O

where f is excitation frequency. According to (4.1), a group of
theoretical curves of G (f) that vary with the matching order
n are obtained, as shown in Fig. 7.

Fig. 7 shows that the TPG curves of the transducer are flat
in the passband. The larger the matching order is, the better
the flatness will be. In theory, the maximum TPG is obtained
at the series resonant frequency of the transducer, and the
maximum value equals to K, at the corresponding matching
order. Compared with the case without any matching circuit,
bw,, is increased by 217%, 306%, 331%, and 341% when the
matching order n varies, and K,, is increased by 167%, 139%,
130%, and 127%, respectively.

To verify the theoretical results, we performed software
simulation and experiment. Firstly, according to the circuit
structure in Fig. 4 and the calculated component values in
Table 3, we use an EDA software (NI multisim 14.0) to con-
struct the transducer matching circuits with different orders.
Based on BVD model, the active power is only consumed by
Rr (Ry), then

G(f) “4.1

G(f) = P/ Pa, 4.2)

where P4 is the available power of the signal source, which is
equal to half of the total power of the signal source according
to maximum power transfer theorem, that is

Pa= (Es| [V27 [4Rs = EsP [sRs.  43)
Let the peak—peak voltage on Ry be V., then

PL=(Vel [VD? [Re = VP 2R, 44

and (4.2) can be rewritten as
G(f) = 4(Rs /RL)(VL [ Es)*. 4.5)

In simulation,Rg, R;, and Eg are all constants, and (4.5)
indicates that the simulation results of TPG can be obtained

VOLUME 10, 2022
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FIGURE 7. Theoretical TPG curves of the given transducer at different
matching orders.

1.0
0.8 E
1 20.2 kHz
0.6- I
<
K> =0.879, by=5.50
0.4+ Ky=0.793, by=6.99
Ky=0.770, by="7.46
0.2+ Ks=0.765, bs="7.63
0.0

5 16 17 18 19 20 21 22 23 24 25
)

FIGURE 8. Simulated TPG curves of the given transducer at different
matching orders.

by detecting V. Fig. 8 shows that the shapes of the simulation
curves are similar to those of Fig. 7, and K, and bw,, are close
to the theoretical results in Table 3.

We then investigate the transmission characteristics of the
matching network N. The circuit system in Fig. 5 is viewed
as a combination of two terminals and a lossless two-port
network. According to the theoretical component values in
Table 3, we construct the testing circuits with an EDA soft-
ware (ADS 2019) and obtain the simulated S-parameters of
the matching network (see Fig. 9).

The theoretical calculations and simulation results (TPG
curves and S-parameters) show that the bandwidth bw,
increases and the TPG curves become flat with the increase
of matching order n. However, the maximum attainable gain
constant K,, decreases. When n > 3, the changes in bw,, and
K, are no longer significant, and the complexity of the match-
ing circuit increases. Considering the frequency drift of the
given transducer is 2.8 kHz within the temperature range of
25—-175°C, while the theoretical calculations and simulation
results show that bw, is larger than the drift value regardless
of the matching order. Thus, the proposed matching network
of arbitrary matching order can meet the broadband matching
requirements of the given transducer. Here, we only per-
form the verification experiments on a third-order matching
network.

As shown in Fig. 10 and Fig. 11, the experimental system
mainly consists of a waveform generator (output impedance
is 50 €2), an oscilloscope, a piezoelectric transducer, and the
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FIGURE 9. S-parameter simulation results of the lossless two-port

matching network. (a) S11, (b) S21.
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FIGURE 10. Structure of the TPG experimental system.

matching circuit. The transducer adopted in the experiment
is the same as that used in the above simulation. Thus, the
main performance indicators and impedance curve are also
presented in Table 2 and Fig. 7, respectively.

The voltage and current probes measure the voltage Vr
on the transducer and the current I7 flowing through the
transducer, respectively. The oscilloscope records the real
time output voltage Es’, values of V7 and I, and the phase
angle ¢ between V7 and I7. Then, the experimental results of
TPG can be obtained with

G(f) = 4RsVr Iy cos ¢ / (Es')2, (4.6)

where f is evaluated at discrete points between 15 and 25 kHz,
with 1 kHz step. The signal source is used to generate
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FIGURE 11. Picture of the experimental setup and the EIM circuit board.
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FIGURE 12. Comparison of theoretical calculation, simulation, and
experimental results.

continuous sinusoidal signals at various frequencies to excite
the transducer. Es’, Vr, It, and ¢ are measured, and the TPG
curves of the transducer are then obtained.

The comparison of theoretical calculation, simulation, and
experimental results are shown in Fig. 12. It can be seen that
both the simulation results of TPG and S-parameters are close
to the theoretical calculations. The curves of G(f) and |S»;|?
are almost coincident, which conforms to the theoretical
derivation of (2.6). Compared with theoretical calculations,
the experimental errors of bw,, and K}, are —8.6% and —10.7%,
respectively.

The measured G(f) curve takes maximum at 19.0 kHz
instead of the series resonant frequency (20.2 kHz) of the
transducer. Besides, a significant fluctuation is observed in
the passband.

The main reasons for deviation between the experimen-
tal and theoretical results are as follows: 1. The curves in
Fig. 1 are measured with an impedance analyzer (Agilent
4294 A), and based on that, the parameters of the given trans-
ducer in Table 2 are calculated with computing formulas.
Therefore, errors are introduced in both processes of curve
measurement and parameter calculation. 2. The actual sig-
nal generator is non-ideal, its internal resistance cannot be
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TABLE 4. Component Value error of the matching circuit.

Rs/Q L,/mH L;/mH Cs/nF
Theoretical value 1352 2.50 17.2 3.64
Nominal value 1350 2.52 17.2 3.63
Measured value 1350 2.37 16.8 3.75
Error 0.1% -52% -2.3% 3.0%

ignored, and the existence of internal resistance will affect the
actual output voltage. 3. Since the value of electronic compo-
nents used for EIM is not nominal, we need to combine the
conventional components in series and/or parallel to produce
the matching components that required for the experiment.
Thus, there are errors between the combined components and
the theoretical ones. Table 4 presents the error between the
measured value and the theoretical value. 4. For the limitation
of measuring accuracy, the measurement errors introduced
by probes, especially the current probe, are inevitable. 5.
The resistance and stray inductance on connection wires also
affect the experimental results.

V. CONCLUSION

The dominant frequency drift of piezoelectric transducer is
unfavorable to the excitation efficiency and the stability of
AE system. This condition also limits the application of
piezoelectric transducer in specific areas, such as acoustic
well-logging, where the ambient temperature dramatically
changes. To broaden the operating bandwidth of the nar-
rowband transducers, we propose a broadband impedance
matching method based on Butterworth filtering response.
According to BVD model and measured impedance param-
eters, the transducer can be viewed as a simple RLC load,
then the AE system becomes a circuit combination of two
terminals and a lossless two-port network.
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Under these conditions, reference [15] use a computerized
Smith chart to establish the parameters of the EIM network,
while references [16] and [18] use the analytical methods
to calculate the value of electronic components and give a
transducer EIM of third-order filter form.

Deferent from the above methods, we give an analytical
method for EIM of arbitrary order n, instead of just get-
ting a typical third-order matching network. In this way, the
complex broadband matching becomes a relatively simple
mathematical problem. Compared with the situation without
impedance matching, this method can theoretically broaden
the bandwidth of the given transducer by at least 217% and
increase the maximum attainable gain by at most 167% (when
n = 2). As a result, the broadened bandwidth can cover the
frequency drift range of the given transducer. It should be
noted that the complexity of the matching circuit increases,
but the changes in EIM performance are no longer significant
when n > 3.

To verify the method, we adopt different EDA methods to
simulate the TPG characteristics of the matched transducer
and the S-parameters of the matching network. The simula-
tion results show that the curves of G(f) and |S2; |2 obtained
by the two different simulation methods are almost coinci-
dent, and both of them are close to the theoretical results.
An experimental system is then established to measure the
performance of TPG. The results show that the bandwidth
and the maximum attainable gain are improved by 271%
and 112%, respectively, owing to this third-order matching
circuit. Although errors between experimental results and
theoretical calculations are detected, the measured TPG curve
is similar to the theoretical one and keeps a good flatness in
the passband.

APPENDIX I

The proving process of (3.3) to (3.8) is divided into three
stages: I. Decomposing the expressions of Ag and A1, using
Euclidean algorithm to obtain A, A3, andA4, then verifying
(3.3) to (3.7) when m = 1, 2, 3.II. Using the mathematical
induction to verify that for any m(m > 3), (3.3) to (3.7) are
still valid. III. Using the proven conclusions of (3.7) and root-
finding algorithm to obtain the expressions of B,, and B,_1,
for verifying (3.8).

A. STAGE |
Step 1. According to the format of (3.3) and the geometric
progression summation equation

k—1

1—sf=1-8) o,

p=0

Ajcan be expressed as

n
AL =B1) arCiiDi ", (APX.1)

k=1
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where
k—1
Bi=1-6Cix=1,D1x = Z(Sp.
p=0

(APX.2)

By extracting the first two terms of Ag and Ay, (3.2) can be
rewritten as the following forms:

n
Ao =So+ Y ar(1+ 85y,

(APX.3)
k=2
n
Al =814 a1 =85y Tk, (APX.4)
k=3
where
146
So =2 (y+ i )y"—l, (APX.5)
2sin«

By
S1 = — y+
Sin o

1456
=aBiCr(y+ 2sina

1 + § n—2
2sino

) Y72, (APX.6)

(APX.5) and (APX.6) show the existence of a common factor
y+(1+8)/2sina in Sp and S;. Thus, the equation Ag /A| —
Aj / A1 = gy exhibits that the order of A, is one lower than
that of Ay, and

gn = 2sina - B (APX.7)

1
Ay = Ap — ghAry

n n
=Y a1+ 8" — g, Y ar(l — sy

k=2 k=3
(APX.8)

Step 2. According to (APX.7), polynomial coefficients
features in (2.9), transformation k = k’ + 1, and equation

k
L= =(1—-8)) s,
p=0
(APX.8) can be rewritten as

n
Ay =B Z ayCox Dy iy" ™,

(APX.9)
k=2
where
By = 8% — 28cos2a + 1,
Cou — sin(k — D«
2k = sin(k + Do’
k=2 . .
sin(p + Do sintk —p — N
Dy = . -8P. (APX.10
2k [;) sin sin(k — Da ( )

The sum of the first two terms of A; is
sin o 1+56 _
S» = axBr— <y+ - )y”3
2sina

sin 3o
8
> Y73, (APX.11)

= aB:Ca <y + 2sina
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(APX.6) and (APX.11) show the existence of a common
factor y + (1 + 8)/2 sine in S and S>. Thus, the equation
Al /A2 — A3/A2 = g,—1y exhibits that the order of A3 is one
lower than that of A,, and

a Ci1 B

9 g G B

Az = A — gn-1A2y

B
—2sin3a- —, (APX.12)
B;

n
=B1 Y _ aCriDiy" ™"
k=3

n
—gn-1B2 ) _arCagDagy" "t (APX.13)
k=4

Step 3. In the same way as step 2, (APX.13) is rewritten as

n
A3 =B3 ) arCsxDs3 " "

(APX.14)
k=3
where
B3 = (8> — 25 cosda + 1) - By,
Cror — sin(fk — Do sin(k — 2)«a
7 Sink + Da  sin(k + 2)a”
k—=3 2 . .
sin(p + g)a  sink — p — q)«
D3’k = Zl_[ ([? 4 . - (kf )Q) . 8P,
70 g=1 sin go sin q)x
(APX.15)

The sum of the first two terms of A3 is

sin2e  sino ( 1+5> nd
+ — y
2sina

83 = a3B3

sin4a sinSa
146
= a3B3C33 (y + + )y’“‘. (APX.16)
2sin«

(APX.11) and (APX.16) show the existence of a common
factor y + (1 + 8)/2 sina in S and S3. Thus, the equation
A2 /A3 — Ay [A3 = gn_sy exhibits that the order of A4 is one
lower than that of A3, and

C B B
enn = 222222 _oGinSe .22, (APX.17)
a3 C33 B3 B3
Ay = Ay — gn2A3y
n
=By Y ayCoxDypy" ™
k=3
n
—gn—2B3 Y axC34D3py" !
k=5
(APX.18)

According to the above derivations and conclusions, A,
and g,—mr1(m = 1,2, 3) can be obtained, (3.3) to (3.7) are
then verified in the case of m = 1, 2, 3.

B. STAGE Il
By mathematical induction, assuming that (3.3) to (3.7) are
tenable for any m (m > 3), then the equations are valid if
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we verify that they are still tenable for m 4 1. Hence, first we
need to obtain the expression of A, 1.
In the same way as Stage I, by extracting the first two terms
of A,_1 and A,,, the polynomials can be rewritten as
n

Ap—1 = Sm—1+ B Z aka—l,kDm—l,kyn_ka

k=m—1+2
n
An=Sn+Bn Y aCutDuiy" ™",  (APX.19)
k=m+2
where
146 P
Sn—1 = am-1Bm-1Cn—1,m—1 <y+ - )y” (m=D—1
2sina
1+6
Sm = amBmCmm (y + + ) n—m=1 (APX.20)
2sin«

(APX.20) shows that the factor y + (1 + §) / 2sina also
exists in expressions ofS,,—1 and S;,. Thus, the equation
Am_l/Am — Am+1/Am = gu—m+1y exhibits that the order
of Aj,+1 is one lower than that of A, and

am—1 Cm—im—1 Bm-1
am Cm,m By,

By
m-l (APX.21)
B

m

Am—H =Ap-1— gn—m+1Amy

n

—k
= By Z aka—l,kDm—l,kyn
k=m+1

En—m+1 =

= 2sin(2m — 1« -

n
—8n—m+1Bm Z ag Cm,kDm,kyn_IH—1 .
k=m-+2
(APX.22)

According to (APX.21), polynomial coefficients feature in
(2.9), and transformation k = k' + 1,(APX.22) is rewritten
as:

n
Awi1 =Bu-t ) akEnm1i" ™. (APX.23)
k=m+1

where
Em+l,k = Cm—l,kDm—l,k
cos ka

—2sinCm — oo - ————
sin(k + Do

. Cm,k+le,k+l-
(APX.24)
Cn—1.k>Dim—1.k> Cm k+1, and Dy, x4 are obtained on the
basis of (3.5), (3.6), and (3.7). By substituting these equations
into (APX.23) and (APX.24), then simplifying the equations

with trigonometric functions, the expression of A, is then
obtained:

n
Amt1 =Bui1 Y aCur1iDmi1 sy, (APX.25)
k=m+1

where

Byt = (8% — 28 cos 2ma + 1)By_1,
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(m—1)+1

Cm—H,k = 1_[

p=1

k—(m+1) (m—1)+1 sin(p+q)a sin(k —p— q)a )

Dui= 3 1 . F
p=0

sin(k — p)a
sin(k + p)a’

sin g sin(k — @)
(APX.26)

(APX.21), (APX.25), and (APX.26) show that (3.3) to
(3.7) are still tenable for m+ 1, indicating that these equations
are valid for any m (m > 3).

g=1

C. STAGE 1li
(3.8) is a special case of (3.7) when m = n, and the values of
B, and B,,_1 depend on the parity of matching order n. When
nis even, let n = 2m and @ = 7 /4m. Then, (3.7) can be
rewritten as:

B, = Bay, = ﬁ {82 — 28 cos[(2k — ) /2m] + 1}

~
—_

m—

= [T {8*— 28 cosl@k — 1y /2m1 + 1.
k=0
(APX.27)
Let 8 = exp (jn/2m), Xy = §2—25 cos[(2k + D)rr /2m]+
1,andY; =6 — 52 +1. Then for any k (k < m), the equation
as follows is obtained:
=Y - Yom—1-k. (APX.28)
Substituting (APX.28) into (APX.27), then (APX.27) can be
rewritten as

m—1 m—1 2m—1
B, = HXk = H Yie - Yom—1-k = l_[ Yi
k=0 k=0 k=0
2m—1
= ]‘[ {6 — explj(2k + Dmr /2m]}.  (APX.29)
k=0

According to root-finding algorithm, Y} is a characteristic
root of equation f(8) = 82m 4 1, that is

2m—1
8241 = ]_[ {8 — explj(2k + D /2m]}.  (APX.30)
k=0
B,=8"+1=6"+1. (APX.31)
Then, according to (3.7),
m—1
Byt =Bym—1 = (1=8) [ | 18> — 26 cos(kr /m) + 1].
k=1
(APX.32)

Multiply both sides of the equal sign of (APX.32) by a
constant —(§ + 1), then

m—1

~@+ DB =G -DE+D ][]
k=1
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—28 cos(km [m) + 1].
(APX.33)

Let X; = 6> — 28 cos(km /m) + 1 and Yy = 8 — p?*. Then
for any k (k < m), the equation as follows is obtained:
X =0 —p%) 18— B P =Y Yok, (APX34)

Substituting (APX.34) into (APX.33), then (APX.33) can be
rewritten as

m—1
~@+ DBy = = D[] %
k=1
=YY Y1"Yomuot1-... YiYom—i...
2m—1 2m—1
=[] ¥ =[] 18— expGkr/m)].
k=0 k=0

(APX.35)

Root-finding algorithm indicates that Y} is a characteristic
root of equation f(8) = 82" — 1, that is

2m—1
82" —1 =[] 18 —exp(i2km /2m)] (APX.36)
k=0

By = (1=8"/(1+36). (APX.37)

In conclusion, (3.8) is valid when n is even. When 7 is an
odd number, the proof is similar to the above process and no
elaboration will be provided here.
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