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Abstract:  

A design methodology is proposed to implement an impedance-matching network in 

a high-power underwater acoustic transmitting system to minimize power loss through 

long cables. For this, a Lumped-parameter electrical equivalent circuit model has been 

developed to analyze the transmitting system along with various couplers and de-

couplers introduced for simultaneous transmission of data and DC power along with 

high-power AC. The effects of these couplers on the end performance of the system have 

been studied and compensated for by suitably modifying the impedance matching lines 

(ML). The appropriate impedance matching lines significantly enhance the power by 

about 300 watts and improve the power factor to 100 %. 
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1 Introduction 

Power transfer from an onboard power amplifier unit to a projector located at a remote 
unit through a long, single-core coaxial cable is one of the fundamental issues in de-
signing airborne sonar systems. Power loss occurs mainly due to attenuation in the 
cable, which increases with an increase in the frequency and length of the cable [1, 2]. 
In addition, the electrical impedance mismatch between the cable and the transducer 
and the one between the power amplifier and the cable results in the reflection of elec-
trical energy back into the power amplifier, causing undesirable degradation in system 
performance [3]. The power loss is to be adequately compensated to obtain optimum 
system performance.  
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In the present case, the cable has two interfaces, one with the power amplifier at 
the onboard end and the other with the transducer at the remote end. Impedance 
matching at these interfaces has been accomplished in the present work by implement-
ing a lumped parameter equivalent circuit model. For airborne sonar applications, in 
addition to acoustic signal transmission, high-speed data and high-voltage DC are 
simultaneously transmitted through the same cable. The above scenario can be imple-
mented using a relay-based or passive filter-based coupling scheme [4]. In the relay-
based coupling scheme, frequent switching of cable is required for power transmission 
and DC and data. When the cable is switched for high-power transmission, there 
should be no DC supply at the remote side. For proper transmission of high-speed 
data, continuous power should be available on the remote side. Hence for relay-based 
coupling, a power backup is required at the remote side. In this paper, a passive cou-
pling scheme has been designed and discussed to overcome the relay based coupling 
scheme power backup need. In this scheme, there can be a considerable power loss due 
to impedance mismatch because of the addition of couplers into a long cable. Here we 
introduce a novel approach for reducing the power loss due to long cable, AC coupler, 
DC coupler, and Data coupler by adding a tuning coil and a matching line (ML). 

The above scheme helps to replace the use of a multicore cable with a single-core 
coaxial cable. Here it is essential to isolate the high-power AC signals from the high-
voltage DC and data flowing through the same line. The block diagram describing the 
high-power signal transmission system through AC coupler, DC coupler Data Coupler 
and corresponding de-couplers, single-core coaxial cable, onboard unit, and the remote 
unit is shown in Fig. 1. 

Including reactive components, such as capacitors and inductors of the coupler 
and de-coupler circuits, introduces additional impedance mismatch. The AC signal is 
coupled to the single-core coaxial cable through an AC coupler and decoupled at the 
cable’s other end before feeding to the transducer. Similarly, the DC and Data are 
coupled at the onboard end of the cable through the DC coupler and the Data coupler, 
respectively, and they are decoupled at the remote end of the cable using DC and Data 
de-couplers.  

 

Fig. 1 Block diagram of the underwater acoustic transmitting system 

The present work describes the design, equivalent circuit modeling, MultiSim 
simulation, and experimental validation of an impedance matching scheme to deliver 
maximum power from the power source onboard to the remote underwater transducer 
through a long, single-core coaxial cable. The theoretical analysis results have been 
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verified by Multisim circuit simulation studies and validated by experimental studies. 
The impedance matching technique, theoretical analysis (equivalent circuit analysis 
based on circuit theory), simulation results (refer to Multisim simulation tool analysis), 
and experimental results are presented in this paper. 

2 Electrical Equivalent Circuit Model 

2.1 Underwater Transducer 

An underwater transmitting transducer or projector operating at a frequency close to 
its resonance can be represented as a lumped-parameter electrical equivalent circuit 
[5, 6], as shown in Fig. 2. The components R1, L1 and C1 are the electrical equivalents 
of the modal loss, mass, and compliance, and C0 is the dielectric capacitance of the 
piezoelectric transducer [1, 7-9]. The input electrical impedance of the transducer ZT is 
written in terms of circuit parameters as given by the relation,  

 

Fig. 2 Equivalent circuit of a piezoelectric transducer at resonance 
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The in-water input electrical admittance of the transducer is measured with small 
signals, but the results may slightly differ for a high-power signal. However, all the 
transducer measurements are taken in linear regions with high-power signals, where 
the total harmonic distortion (THD) is less than a few percent. Therefore, small signal 
measurements are not expected to cause a significant error. Hence measurement values 
of admittance with small signals are subsequently used to determine the equivalent 
circuit parameters [9-11], namely R1, L1, C0 and C1. These parameters are refined by 
least-squares fitting to Eq. (1) using the procedure described elsewhere [12].  

This method has been verified by plotting the theoretical conductance G, admit-
tance B and the measured data, as shown in Fig. 3. The close agreement validates the 
model and the method used in this analysis. Therefore, the transducer can be fully 
represented by the equivalent circuit shown in Fig. 2. Tab. 1 shows the parameters of 
the transducer equivalent circuit.  

2.2 Tuning Coil 

As seen in Fig. 2, the input impedance of the transducer is reactive and has a signifi-
cant contribution from the imaginary part. This results in loss of power and reduction 
in Power Factor (PF) given by, 
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where � is the phase angle in radians. The capacitive reactance of a piezo ceramic 
transducer can be tuned out by connecting a shunt inductor LTC [1], whose value is 
determined from  
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Tab. 1 Equivalent circuit parameter of the transducer 

Parameters Values 

C0 [nF] 54.6 

R1 [k�] 1.552 

L1 [H] 0.385 

C1 [nF] 2.9 

 

Fig. 3 Theoretical and measured spectra of conductance (G) and susceptance (B)  

of the bare transducer 

The tuned transducer presents a purely resistive load to the driving power ampli-
fier so that ZT = RT at resonance. The equivalent circuit of the transducer connected 
with a tuning coil LTC [13] is shown in Fig. 4. The power amplifier is represented by 
a voltage source Vin in series with internal resistance Rint. The input impedance of the 
tuned transducer ZTT, as seen by the power amplifier, is 

 

Fig. 4 Equivalent circuit of the transducer with inductive shunt tuning 
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where 
TC

jL TCZ Lω=  and ZT is as given in Eq. (1). 

2.3 Long Cable 

In underwater acoustic systems, transducers are often connected to the power amplifier 
through long cables, which significantly affect the system’s performance. The electri-
cal resistance and the capacitance become significant for long cables [14]. The long 
cable is treated as a Transmission Line (TL) and is represented by the equivalent cir-
cuit shown in Fig. 5. 

 

Fig. 5 Equivalent circuit of a cable 

The cable parameters are determined by measuring the impedance spectra at one 
end of the cable by keeping the other end open and short conditions successively. The 
corresponding impedances are Z1 and Z2, respectively. The characteristics impedance 
ZC and the propagation constant �C of the cable are determined using the relations 

C 2 1Z Z Z=  and 1 2C Z Zγ = [15, 16]. The cable parameters per meter, as shown in 

Fig. 5, are determined from the relations, where l is the length of the cable. 
These values determined for 200 m long JDR make single core coaxial cable are 

given in Tab. 2. The characteristic impedance ZC and phase velocity vp of the cable are 
determined from, Eqs (5a-d) 
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and are found to be 57 Ω and 1.78 × 108 m/s for the cable used in the present study. 

Tab. 2 Equivalent circuit parameter of the Cable 

Length 

l 

Resistance 

RC 

Inductance 

LC 

Capacitance 

CC  
Conductance 

GC 

1 m 0.107 � 0.321 µH 98.7 pF 12.8 nS 

3 Design of Impedance Matching Network 

The introduction of a long cable between the power amplifier and the tuned transducer 
eventually leads to impedance mismatch and power loss [17]. In addition to high pow-
er AC, high-speed data and high-voltage DC are also simultaneously transmitted 
through the same cable. The high power AC, high-speed data and high-voltage DC are 
coupled and decoupled to and from the single-core coaxial cable using a set of cou-
plers and de-couplers shown in Fig. 1. The inclusion of reactive components, such as 
capacitors and inductors of the coupler and de-coupler circuits, introduces additional 
impedance mismatch in the network. Therefore, it is essential to compensate for the 
imbalances caused by (i) the long cable, (ii) the AC coupler, (iii) the DC coupler, and 
(iv) the data coupler by designing a suitable impedance-matching network [18, 19]. 

3.1 Case I: Circuit with Cable, Tuning Coil, and Transducer 

In this case, the power amplifier is connected to the tuned transducer through a long 
cable, which is shown in Fig. 6. The power amplifier is represented by a voltage 
source Vin in series with internal resistance Rint. The input impedance of the tuned 
transducer I

inZ  with the cable for Case 1 is written as 

 I C
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where 
C

1
j CC CZ ω=  and 

C
jL CZ Lω= . 

3.2 Case II: Circuit with Cable, ML, Tuning Coil, and Transducer 

Here the impedance mismatch in the circuit caused by the long cable has been com-
pensated for by the addition of a suitable matching line, as shown in Fig. 7. The 
impedance of the tuned transducer (ZTT), given in Eq. (4), is matched with the charac-
teristic impedance of the cable (ZC) given by 
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Fig. 6 Circuit with a long cable, tuning coil, and transducer (Case I) 

ZC is calculated based on an assumption that Rint is much lower that RC. In this 
paper Rint is taken as 2.2 �, which is the internal resistance of the power amplifier. The 
characteristic impedance of the matching line is determined by applying the principles 
of a quarter-wavelength transmission line [1]. Therefore,  

 II
ML C TTZ Z Z= +  (10) 

The superscript ‘II’ refers to Case II. The quarter wavelength Matching Line 
(ML) length corresponding to the phase velocity of 1.78 × 108 m/s and 5 kHz is about 9 
km, which is impossible to implement in practice. Therefore, an equivalent matching 
line is synthesized using a T-network with approximately similar characteristics. The 
symmetric T-network is constituted by two inductors II

MLL  and a capacitor II
MLC , as 

shown in Fig. 7. The values of inductor and capacitor per meter length for Case II are 
determined from 

 

Fig. 7 Circuit with a long cable, matching line, tuning coil, and transducer (Case II) 
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The net impedance of the circuit shown in Fig. 7 for Case II is determined by ap-
propriately combining the impedances of all the individual branches. Therefore, input 
impedance II

inZ of the circuit, as seen by the power amplifier for Case II, is  
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3.3 Case III: Circuit with Cable, AC Coupler, ML, Tuning Coil, and Transducer 

An AC coupler is included with Case II circuit to couple high power AC signal 
through the long cable. The modified circuit is shown in Fig. 8 and the configuration is 
referred to as Case III. The AC coupler and de-coupler consist of two capacitors each 
on input and output sections of the long cable, respectively, as shown in Fig. 8. The 
introduction of coupling and decoupling capacitors in the circuit modifies the imped-
ance and causes an imbalance in the impedance matching scheme. Therefore, the 
matching line (ML) is to be modified accordingly. The impedance of the long cable 
along with the AC coupler III

CZ  at the input section of the matching line, for Case III, 

at Node 2 in Fig. 8 is written as 
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where 1
jC Cij ij

C CZ ω= , i = 1 to N and j = ’o’ or ‘r’, we will use this parameter in the 

subsequent analysis. Where ‘o’ is the onboard side and ‘r’ is the remote side. 
The characteristic impedance III

CZ of the quarter wavelength matching line for 

Case III is determined from Eq. (14). 

 III III

ML C TTZZ Z=  (14) 

For Case III, values III
MLL  and III

MLC  in the matching line are determined by substi-

tuting III
MLZ  from Eq. (14) for II

MLZ  in Eqs 11(a) and 11(b). The input impedance III
inZ  

of the circuit shown in Fig. 8 for Case III, as seen by the power amplifier, is deter-
mined by the Eq. (15). 
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Fig. 8 The circuit with cable, AC coupler, matching line, tuning coil, 
 and transducer (Case III) 

3.4 Case IV: Circuit with Cable, AC Coupler DC Coupler Data Coupler, ML,  
Tuning Coil, and Transducer 

In order to simultaneously transmit AC, DC, and data through the single core coaxial 
cable, AC coupler, DC coupler, and Data Coupler are added to the circuit of Case III. 
The modified circuit of Case IV is shown in Fig. 9. The couplers and de-couplers con-
sist of a set of LC components connected in a specific configuration on either side of 
the long cable. The components on the onboard and remote sides are identified as ‘o’ 
and ‘r’ in their respective notations, as shown in Fig. 9. 

Additional components in the circuit modify the impedance and offset the match-
ing scheme. Therefore, the matching line has to be modified accordingly. The net 
impedance of the long cable along with the AC coupler, DC coupler, and Data Coupler 

IV
CZ  at the input section of the matching line at Node 2 in Fig. 9 is given in Eq. (16) 
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where Ze, Za, Zb, Zc and Zd are defined as 
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