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In this work, we have designed and investigated three & five elements based two different types 
of broadband networks for matching the output impedance of power amplifier (50�) with the 
input impedance of underwater spherical transducer having usable frequency band of 5kHz to 
30kHz with resonant frequency of 17kHzin order to enhance the transmit sensitivity of 
transducer over its entire frequency. Steps followed in sequence involve: 1)In water 
measurement of Transducer's Impedance Parameters as a function of frequency using 
Impedance Analyzer, 2) Transducer's modeling using Van Dyke Model, 3) Designing of three & 
five elements based broadband matching networks using smith chart, 4) Transducer's simulation 
with and without matching networks, 5) Fabrication of matching networks and its 
characterization. Results evidenced that impedance of the transducer with both types of 
broadband matching networks becomes nearly equal to 50� which significantly enhanced 
Transmit Power Gain (TPG), reflection coefficient, -3dB bandwidth and TVR of the system 
over the entire frequency band of the transducer. -3dB bandwidth of the transducer was 
enhanced from 4.5kHz to 12kHz with matching networks. Maximum enhancement in the TVR 
level was observed to be equal to 12 dB re 1ˇPa/V at 1 m. 
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1. Introduction 
An underwater surveillance system generally consists of piezoelectric transducers, 

amplifier, pre-amplifier and data acquisition circuits. Piezoelectric transducers have 

applications in various fields including non-destructive testing (NDT), underwater 

communication and noise generation, mapping of ocean floor, structural health monitoring, 

ultrasonic cleaning, welding and energy harvesting [1-6] etc. Sensitivity and bandwidth of 

the piezoelectric transducers are function of its electrical impedance which can be altered 

by connecting a two port LC network or transformer at its input [7, 8]. Piezoelectric 

transducers are also termed as electro-acoustic or ultrasonic transducers in some literature. 

Optimal performance of the surveillance system’s transducers can be achieved through 

impedance matching, i.e. by inserting a suitable impedance matching networks between the 

transducers and its driving circuitry.  The source part of Underwater Surveillance Systems 

generally comprises of linear power amplifiers having fixed output impedances. Whereas 

transmitter part of the system is based on piezoelectric transducers which vary its 

impedances as function of frequency, making it challenging to achieve good matching 

performance over wide frequency range. 

Most of the reported impedance matching circuits which were based on simple LC 

Networks and Two Port Transformers provide matching at some fixed frequency i.e. 

resonant frequency [7, 9-11]. These simple matching circuits, however, may not be an 
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appropriate choice for the broad band transducers.  In recent years, designing and 

development of impedance matching circuits for broadband piezoelectric transducers has 

been widely investigated using different techniques, so as to enhance the transmitting 

performance of the transducers over its entire frequency range. Carlin[12] realized two port 

lossless matching network using Real Frequency Technique (RFT) for the first time. 

Yarman et. al [13]  introduced Simplified Real Frequency Technique (SRFT) in 1982 with 

no compulsion of Hilbert Transform which is required in RFT. Dedbeu et al. [14] used 

Recursive Stochastic Equalization method (RSE) for solving of broadband impedance 

matching problem. Yongheng et. al [15] employed Real Frequency Direct computational 

Technique (RFDT) to develop broadband matching circuit for underwater communication. 

Compared to RFT, SRFT, RSE and RFDT techniques, et al. [16] recently developed 

broadband impedance network by employing  a well-known Genetic Algorithm (GA). 

In this work, which is the continuation of our ongoing efforts [17], we have applied a 

relatively simple technique in which broadband impedance matching network development 

is undertaken following a systematic approach, assuming bandwidth, being function of the 

Q factor of matching network as already known[18], in order to match the impedances of 

piezoelectric transducer and linear amplifier (having an output impedance of 50 Ω) of 

Underwater Surveillance System. Matching networks based on three and five branches 

which termed as 3 and 5 elements matching networks, respectively, throughout the 

manuscript, were developed following 1) In water measurement of Transducer's Impedance 

Parameters as a function of frequency using Impedance Analyzer, 2) Transducer's modeling 

using Van Dyke Model, 3) Designing of three & five elements based broadband matching 

networks using smith chart, 4) Transducer's simulation with and without matching 

networks, 5) Fabrication of matching networks and its characterization. Impedance, 

reflection coefficient, power gain, -3dB bandwidth and TVR (Transmit Voltage Response) 

parameters of the transducer were analysed with and without developed broadband 

matching networks, as a function of frequency, in order to characterize the developed 

matching networks. Results evidenced that impedance of the transducer with both types of 

broadband matching networks becomes nearly equal to 50Ω which significantly enhanced 

Transmit Power Gain (TPG), reflection coefficient, -3dB bandwidth and TVR of the system 

over the entire frequency band of the transducer. -3dB bandwidth of the transducer was 

enhanced from 4.5kHz to 12kHz with matching networks. TVR level was also enhanced 

due to matching networks, over the entire frequency range with a maximum enhancement 

up to 12 dB re 1µPa/V at 1 m. Detailed investigation of Matching Networks (which were 

designed by selection of the components having low Q values using Smith Chart) in order 

to enhance the broadband performance of piezoelectric transducers being used in 

underwater surveillance systems and many other industrial applications, has been 

undertaken with promising outcomes which is not completely covered before to the best of 

our knowledge. 

2. Design and Development of Broadband Impedance Matching Networks 

2.1. Transducer Modeling 

There are three most commonly used equivalent circuit model for a piezoelectric 

transducers: KLM model [19, 20], Network model [21] and Butterworth Van Dyke (BVD) 

model [11, 22]. The BVD model is the most commonly employed for transducer modeling. 

The main advantages of BVD equivalent circuit model are: (a) It represents transducer with 

lumped element components and is thus, easier to simulate, (b) It can be determined using 

measured impedance and admittance parameters, (c) This model requires minimal 

knowledge of transducer’s physical parameters. Both electrical and mechanical properties 

of a transducer are demonstrated using equivalent electrical components in BVD model as 
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demonstrated in Fig.1. Co represents the equivalent electric capacitance which is also 

termed as clamped capacitance. The series electrical components (Rs, Cs and Ls) in model 

describe mechanical properties of the transducer. More specifically, the resistance Rs 

represents acoustic emission whereas; Series Capacitance Cs and Inductance Ls model 

transducer’s resonant performance. In this model, the acoustic power emitted is 

approximately equal to power supplied to series resistance Rs [9, 23]. 

Ls

R1

Rs  
Fig.1: Butterworth Van Dyke (BVD) Lumped Equivalent Model of Transducer 

 

In order to determine BVD circuit for the system’s transducer being investigated, 

transducer’s in water impedance measurements were undertaken as a function of frequency  

using Impedance Analyzer [24, 25]. Then following relations were used to compute 

transducer’s equivalent BVD model [26]: 

�� =
��

�����
                          (1) 

	
 =
�

��
                           (2) 


 =
��

��∙��
                          (3) 

�
 =
��

��∙��
                          (4) 

�� =
��

��
                           (5) 

Where Qm is mechanical quality factor, Fr is series resonance frequency, ωr is angular 

resonance frequency, F1 & F2 are half conductance frequencies. Gr and Br are the 

conductance and the susceptance of the transducer at resonance, respectively. The BVD 

Model of transducer under investigation was determinedusing measured admittance 

parameters. Measured conductance (G) and susceptance (B) plots of the transducer are 

presented inFig.2. Using these plots, we determined resonance parameters of transducer.  
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Fig.2: Admittance (G & B) plot and measurement of Transducer 

Resultantly, a Butterworth Van Dyke Model of transducer was computed using equation  

(1-5) andis described inFig.3. 

5.68 mH

R1

152.91 Ω  
Fig.3:  Equivalent BVD Model of the Transducer 

2.2. Designing of Broadband Matching Networks using Smith Chart 

Maximum power is delivered to the load from source only if load impedance is a complex 

conjugate of source impedance. If there is impedance mismatch between source and load, a 

matching network is required to maximize power transfer from source to load. The 

investigated method utilizes passive components to match load impedance to that of source 

keeping constraint/ control on Quality Factor, Q. The main aim of this method is to keep 

Matching Network’s Quality Factor, Q, as low as possible to achieve highest possible 

bandwidth once it is interfaced with transducer [18]. Impedance matching generally 

performs two major functions: cancellation of load reactance and transforming load 

resistance. The employed method successfully achieves both of these functions, whereby 

inductors act as tunings element to cancel the load reactance whereas, capacitors act as 

transforming element to change the load resistance. 

The broadband matching method being reported, utilizes smith chart to design broadband 

matching networks. Both source and transducer impedance are measured and marked on 

smith chart. Consequently, the matching network is designed to match load impedance to 

source impedance by adding inductors or capacitors in either series or parallel. An inductor 

added in series moves impedance along constant resistance curves on Smith Chart [27] 

which leads to cancellation of load's reactive part. Whereas, when a capacitor is placed in 

parallel, it leads to movement along constant conductance curves on Smith Chart and thus 

load resistance is transformed to that of source. This unique method to achieve broadband 
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impedance match allows for bandwidth control by varying component values and number 

of elements to approach the desired source impedance. The inductor and capacitor should 

be kept under certain values so that matching network is constrained with a certain quality 

factor value. The quality factor is commonly employed in RF tuned circuits or elements to 

indicate their bandwidth performance and is expressed as [28]: 

� =
��

����
                          (6) 

 

Lower quality factor (Q) results in larger bandwidth whereas higher Q value leads to a 

narrow band response. The purpose of employed impedance matching method is to 

minimize quality factor of matched transducer to achieve a greater functional bandwidth of 

transducer. Achieving lower Q value requires shorter path on smith chart and therefore, 

requires additional components to perform desired impedance transformation. This work 

proposes two different matching topologies for broadband impedance matching namely 3 

Element (two inductors, one capacitor) and 5 Element (three inductors, two capacitor) 

Matching Networks as schematically presented inFig.4. The matching topology and quality 

factor Q selection reflects a tradeoff between desired bandwidth of matched transducer and 

matching network complexity. 

 
Fig.4: Broadband Matching Network Topologies (a) 3 Element(b) 5 Element 

The impedance as well as resonance parameters of transducer and source to be used in 

smith chart design are summarized inTable 1.  Smith Chart based matching network 

designs based on 3 and 5 elements were undertaken. Designed matching networks along 

with step wise impedance transformation for each are elaborated inFig.5. Maximum Q 

factor values for 3 and 5 elements based matching networks were equal to 1.157 and 

0.734, respectively. So, additional elements therefore resulted in lower Q factor. 

Table 1: Input Parameters to Smith Chart 

Parameter Symbol Value 

Source Impedance ZS 50 Ω 

Load Impedance  ZL 116.893 – j64.881 Ω 

Resonance Frequency Fr 17.61 kHz 
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Fig.5: Smith Chart based Impedance Matching Design(a) 3 Element (b) 5 Element 

2.3. Fabrication of Broadband Matching Networks using Smith Chart 

Both 3 and 5 Elements based matching networks were implemented using axial inductors 

and ceramic capacitors. The design schematics and photographs of the developed 3 and 5 

Elements based matching networks are presented in Fig.6andFig.7, respectively. This 

impedance matching design requires the use of precise component values. The designed 

matching networks require non-standard inductor and capacitor values; the precise value of 

each branch is thus attained by employing series and parallel combination of multiple 

components. Furthermore, it is observed that the inductor’s series resistance seriously 

affects the matching performance of implemented matching networks since inductors are 

added in series to source and transducer in these matching designs. Each of these series 

resistance would add an offset to the ideal impedance matching response. Therefore, 

inductors with minimum series resistance were selected in order to achieve better 

broadband performance of the impedance matching networks. 
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Fig.6: 3 Element based Design (a) Schematic (b) Developed Prototype 

 

Fig.7: 5 Element based Design (a) Schematic (b) Developed Prototype 

3. Results and Discussion 

3.1 Impedance Analysis 

Impedance results of unmatched (only transducer) and matched (transducer interfaced with 

matching networks) transducer are shown in Fig.8. Simulations were carried out using ADS 

(Advanced Design Systems) software, commonly used for RF applications. Impedance 

measurements of the developed prototypes were conducted using Impedance Analyzer. It 

was observed that measured impedance results closely follow the simulation results with 

minimum deviation between measured and simulated results. Impedance of the transducer 

with both types of matching networks was observed to become almost to the desired source 

impedance of i.e. 50Ω over a wide frequency band as evident in Fig.8. 
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Fig.8: Impedance of the Transducer as a function of frequency (a) without matching 

network (b) 3 element matching network (c) 5 element matching network (d) 

comparison of the measured results  

3.2 Reflection Coefficient Results 

The Reflection Coefficient, S11 measures impedance mismatch between load and source. It 

is defined as [26]: 

��� =  
��� ��

��� ��
                         (7) 

Where ZLis the load impedance and ZSis source impedance. 

The square of S11 can be regarded as fraction of power reflected back to the source as a 

result of mismatch. The value of reflection coefficient is between zero and unity. Thus, a 

good impedance matching will try to reduce S11 value close to zero and vice versa. The 

objective of broadband matching is to achieve S11 close to zero in a wide frequency band, 

so that reflected power is reduced. This reduction in reflection will result in more power 

flow for acoustic emission. The Reflection Coefficient S11 is evaluated by driving 

equivalent circuit of transducer by a 50Ω source. This 50Ω sinusoidal source replicates the 

output drive of power amplifier. This is particularly useful when computing the power 

reflected by means of S11. It allows for validation of designed impedance matching 

networks. So, reflection coefficient analysis must be undertaken to substantiate impedance 

matching performance in frequency band of interest. 

The simulated reflection coefficient results of unmatched, 3 Elements matched and 5 

Elements matched transducer are demonstrated inFig.9. Significant reduction in 

transducer’s reflection coefficient was observed due to matching networks. The interfacing 

of matching networks with transducer reduced reflected power over its entire frequency 

span, evidencing the broadband nature of designed impedance matching networks thereby. 

Fig.9 shows that, the minimum S11 value for unmatched transducer is 0.52 which is 

significantly reduced to 0.05 and 0.04 for 3 and 5 Elements based matching networks, 
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respectively. The reduction in reflection coefficient value validates broadband impedance 

matching performance of both matching networks. 

 

 
Fig.9: Reflection coefficient results (simulated) 

3.3 Transducer Power Gain (TPG) Analysis 

Transducer Power Gain is a key parameter in performance assessment of impedance 

matching networks. Similar toreflectioncoefficient, it examines power flow from source to 

load by analyzing impedance mismatch. The TPG is defined as follows: [15, 16]: 

�� =  
! "� "# 

("��"#)��(&��&#)�
                    (8) 

Where, ZQ is the impedance seen from ZL to matching network and ZL is load impedance 

of Transducer. The purpose of matching circuit is to maximize TPG in a broad frequency 

span so that maximum power transfer can be achieved over the entire band of interest. TPG 

like S11 measures this power transfer by means of impedance match between load and 

source. TPG value reaches unity when the load impedance is a complex conjugate of source 

impedance or vice versa. The simulated and measured TPG results of unmatched, 3 

Element Matched and 5 Element Matched Transducer as a function of frequency is shown 

in Fig.10. Both simulated and measured results showed similar pattern. As can be seen, 

interfacing of matching networks with transducer greatly enhances TPG over its entire 

frequency span, evidencing the broadband nature of designed impedance matching 

networks. Table 2is presenting maximum TPG values for un-matched and matched 

transducer. Enhancement in the TPG results of the transducer over the entire frequency 

band of the transducer validates the effectiveness of both matching designs.  
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Fig.10: Transmit Power Gain results of transducer (a) Simulated  

(b) Measured 

Table 2: Maximum TPG Values for Transducer 

Parameter Unmatched 
3 Element 

Matched 

5 Element 

Matched 

Maximum TPG 

Measured 
0.71 0.989 0.997 

 

3.4 Transmit Voltage Response (TVR) Analysis 

Transmit Voltage Response (TVR) is a standard parameter to describe acoustic output of 

an electro-acoustic Transducer in underwater environment. It basically evaluates the 

acoustic output produced by a projector over a frequency band. All commercially available 

transducers are characterized by their TVR responses. For a better transmit voltage 

response, TPG must be close to unity along with low reflection coefficient in desired 

frequency range. Transmitting Voltage Response (TVR) is defined as the output sound 

intensity level generated at 1m range by the transducer per 1 V of input voltage as a 

function of frequency [26]. It is expressed in decibels dBs referred to standard (1uPa/V at 

1m). TVR measurement is therefore necessary to ascertain improvement in acoustic output 

due to interfacing of matching circuits/ networks to the transducer. In order to measure 

TVR as a function of frequency, a well-established acoustic testing procedure was followed 

using state of the Acoustic Test Facility [29]. Fig.11schematically describes testing setup 

for TVR measurement. 

 
Fig.11: Schematic description of testing setup for Transmit Voltage Response (TVR) 

analysis of transducer with and without matching networks 
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Following mathematical relations were employed to determine TVR at any given frequency 

[30, 31]: 

� = 20 log ,- . /012 3 20 log 	                 (9) 

�,	 = � . 20 log ,45                      (10) 

TVR measurements for unmatched, 3 Element matched, and 5 Element matched transducer 

were carried out as a function frequency. Fig.12(a) describes TVR results of each matching 

scenario individually. As can be seen, TVR as well as bandwidth has been greatly enhanced 

due to both types of matching networks. Comparatively, 3 element based matching network 

showed higher TVR values in (5-7)kHz, (15-18)kHz and (21-27)kHz bands, whereas 5 

element based matching network showed better performance in (8-14) kHz,(19-20) kHz 

and (28-30) kHz frequency bands.Fig.12(b) is presenting TVR results of the transducer as 

function of frequency with optimally switched matching network (either 3 element or 5 

element) in comparison with transducer TVR results without matching networks. -3dB 

bandwidth of the transducer was observed to enhance from 4.5kHz to 12kHz with matching 

networks. Further, maximum enhancement in the TVR level was observed to be equal to 12 

dB re 1µPa/V at 1 m. As both matching networks have closely matched Q factor values, 

therefore no significant effect of the network variation was observed on the performance 

parameters of the system.  

Objective of the work was to design and develop impedance matching networks (having 

low Q factor values) to enhance the transmitting efficiency and bandwidth of the 

underwater surveillance system by matching the output impedance of its source with the 

input impedance of its electro-acoustic transducer over its entire frequency band. The 

promising results compared to literature [15, 32], following simulations supported 

systematic approach highlight the effectiveness and industrial utilization of the investigated 

methodology for realization of broadband impedance matching circuits. Detailed analysis in 

order to investigate the influence of matching circuit's Q factor values on its broadband 

performance is in progress and published once culminated. 

 

 
Fig.12: TVR results of transducer as a function of frequency (a) without optimal 

switching between matching networks (b) with optimal switching, inset schematically 

describing frequency based optimal switching scenario 

4. Conclusions 

In this work, an attempt has been made to design and develop impedance matching 

networks for enhancing the transmit response (sensitivity) of underwater surveillance 
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system over its entire frequency range i.e. 5kHz to 30kHz. Three and Five elements based 

two different types of broadband impedance matching networks were designed at the 

resonant frequency (17 kHz) of the transducer using smith chart. To validate the 

effectiveness of designed matching networks, simulations were carried out using BVD 

Model of the transducer along with 50 Ω source. Results revealed that, due to matching 

networks, impedance of the transducer becomes almost equal to 50 Ω which consequently 

leads to reduction of Reflections Coefficients and enhancement of Transmit Power Gain 

(TPG) of the system over its entire frequency range. Prototypes were fabricated using 

commercially available LC components and investigated. Measured results followed 

simulation outcomes by showing significant reduction in system’s reflection coefficient and 

enhancement in TPG, -3dB bandwidth as well as Transmit Voltage Response (TVR). -3dB 

bandwidth of the transducer was observed to enhance from 4.5 kHz to 12 kHz with 

matching networks. Furthermore, transducer’s TVR level which was computed using state 

of the art underwater acoustic test facility, was also observed to enhance over the entire 

frequency range with a maximum enhancement upto 12 dB re 1µPa/V at 1 m due to 

matching networks.  As both matching networks have closely matched Q factor values, 

therefore no significant effect of the network variation was observed on the performance 

parameters of the system. Results of the work are promising, and we presume that the 

employed strategy for the realization of Broadband Impedance Networks would be of great 

use for industry being simple, systematic, straightforward and productive. 
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