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Abstract

:

This paper discusses the design of a new self-balancing amplifier of an AC component power characterized by a minimal output DC offset. The design of the amplifier is based on semiconductor technology and intended for application in low-frequency analog signal processing paths, particularly in surface-to-air missile system launcher automation circuits. The proposed solution has several design and technical-implementation advantages, whereas the primary novelty compared to the commonly used ones is the ability for self-generating a near-zero DC component value of output signal. The design features and technical parameters of the developed amplifier make it suitable for use in a wide range of devices that must ensure the stable, prolonged operation of a low-frequency power amplifier under variable weather conditions and a minimal DC offset of output signal.
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1. Introduction


Surface-to-air missile systems are specific engineering products. In terms of their design, they are the progenitors of advanced mechatronic systems. They are characterized by the technical diversity of their elements, functional complexity, advanced signal processing from air targets and missiles, and high levels of automation and operating precision, often under unfavorable conditions of enemy counteractions. Their scientific and technical interdisciplinarity, which combines many complex issues in the fields of mechanics, material engineering, chemistry, radio electronics, and information technology as well as the need to adapt to extreme battlefield conditions, makes surface-to-air missile systems extremely expensive to develop and manufacture, and their introduction to armament has repercussions for several dozen years [1]. On the other hand, scientific and technical progress makes it impossible to ensure technical modernity over such a long period.



This mainly applies to medium- and long-range surface-to-air missile systems, which are among the most complex armament types. A systematic increase in the combat capabilities of air attack and changes in air strike tactics has given rise to a need for the continuous adaptation of anti-aircraft systems [1,2,3] and missiles [4,5,6,7] to contemporary air combat requirements. In particular, this applies to older-generation systems designed for different conditions of use [1].



One primary direction of modernization involves projects associated with modernizing electronic systems in the processing paths for analog and digital signals, particularly processing radar signals from air targets and missiles, mapping air situations, generating control signals in missile launch control systems, and generating missile launch commands and transmitting them via the radio channel. This modernization will develop completely new solutions aimed at increasing the fire efficiency of a system and significantly improving its operational and economic properties. This is why it is important for the systems to ensure a generational change in the performance quality of a missile system without disturbing the structure of its instrumentation. For obvious reasons, this paper will address only a narrow aspect of modernizing a surface-to-air missile system. We considered issues related to replacing one of the launcher automation module tube amplifier circuits with a circuit that covers a power amplifier constructed with semiconductor technology.



In general, power amplifiers supply the required output power with minimum distortions within the assumed operating bandwidth [8]. The frequency band of processed signals enables a division into (a) low-frequency (LF) power amplifiers for boosting low-frequency signals; (b) high-frequency (HF) power amplifiers for amplifying radio band signals; and (c) very high-frequency (VHF) power amplifiers used on microwave signal processing paths [9,10,11,12]. Power amplifiers first appeared in the 1910s as a consequence of the invention of triodes [13]. Vacuum tubes had been the basis for amplifier construction until the second half of the previous century. Their widespread use in older-generation missile system instrumentation dated back to the 1950s. The development of transistors in the middle of the 1950s and their popularization prompted the gradual transition from tube systems to ones that used semiconductor technology, including military technology. Metal–oxide–semiconductor field-effect transistors (MOSFETs) are particularly interesting in this context. They are characterized by very high input impedance and low output impedance [14,15]. They can be used autonomously or in pairs with bipolar junction transistors (BJT) within LF and HF amplifier structures [10]. Despite the gradual popularization of systems based on contemporary solutions, e.g., power amplifiers constructed with GaN, GaAs, Ga   2  O   3   or SiC technologies [11,12,16,17,18,19], amplifiers with classic MOSFET transistors are still being developed and widely used in typical applications within civilian and military technology due to their properties, availability, and price [19,20,21,22].



This paper presents a design of a new self-balancing amplifier of an AC component power characterized by a minimum DC offset of output signal. The amplifier is based on a semiconductor technology intended for application in LF analog signal processing paths, especially in anti-aircraft missile system launcher automation circuits. The proposed system has several design and technical-implementation advantages, whereas the primary novelty compared to commonly used solutions is the ability for self-generating a near-zero DC component value of output signal.



The paper is organized as follows. Section 2.1 presents a formal approach to the issue and preliminary power amplifier project assumptions. Section 2.2 and Section 2.3 offer a detailed description of the system’s topology, hardware implementation, and principle of operation. Section 3 discusses the results of simulation and real device tests. Section 4 concludes the paper with a summary and final remarks.




2. Materials and Methods


2.1. Problem Formulation: Initial Design Assumptions


Figure 1 shows a diagram of a tube amplifier intended for replacement. The device is a typical push–pull LF system based on LF triodes, L2 and L3, and LF power tetrodes, L4 and L5. Appendix A includes a tabular list and description of elements comprising the circuit. The system is part of one of the electronic modules within the considered anti-aircraft missile launcher (Figure 2), and its task is to generate a radio fuse trigger angle setting signal depending on the velocity of the missile approaching an air target.



The phase inverter system is crucial for this issue. In general, a phase inverter should be characterized by minimum output signal distortions, a wide frequency bandwidth, and high output signal symmetry, which is required to correctly control the LF power output tubes. In this case, the phase inverter stage is based on two LF triodes, L3A and L3B, placed in a single glass bulb of electron tube L3. Resistors R19–R21 determine the operating conditions of lamp L3 for a DC component stage. Elements R22–R25 and capacitors C6, C7, and C16 affect the system operating conditions for the AC component. Introducing local feedback for the AC component implements an input signal phase inverter system. Output signal symmetry is determined by the value of resistor R22. Elements C6 and C7 separate the phase inverter stage from the power stage of the DC component. The power stage design is based on lamps L4 and L5, resistor R26, and transformer TR1, which adjusts the high output impedance of the lamps to the low load impedance of this stage.



Capacitor C8 limits the amplifier bandwidth. Capacitor C13 is the last anode voltage power supply filter capacitor. Half of electron tube L2, together with auxiliary elements (resistors R14–R17, thermistor R32, and capacitors C4–C5), implements the voltage amplifier stage supplying an adequate level of control voltage to the phase inverter system.



An undoubted advantage of this LF amplifier system is the high amplification of the output signal. Its downside is its high sensitivity to clipping. A significant limitation is the fact that input signal source voltage should not exceed the L2 tube grid polarization voltage, since exceeding this value translates to a significant increase in distortions on the amplifier output. It should be emphasized that triode L3 may age unevenly, which will lead to increased nonlinear distortions (loss of balance) over time. Another significant operational limitation is high heat emission because of the considerable impact of temperature on the operation of other electronic components and adjacent functional blocks, implying a need to use cooling systems. Please also note that tube systems require additional filament circuits for lamps L2–L5. They should be filament voltage power supply systems, which demand more power.



Consequently, we proposed replacing this LF tube amplifier system with an innovative system using semiconductor technology. The main tasks of the newly designed LF power amplifier include (a) generating an LF output signal with specified parameters over the entire range of assumed processing band; (b) generating a minimum signal DC component level at the output (load) regardless of instantaneous unbalanced supply voltage fluctuations; and (c) possibly ensuring the lowest distortion product ratio (DPR) level while maintaining a high signal-to-noise (SNR) ratio. Table 1 lists the assumed structural parameters of the system.



The amplifier must spontaneously balance the output DC component value at a near-zero level during prolonged operation and when controlling through an LF analog signal (i.e., active operation). Furthermore, it is assumed that this functionality will be obtained without applying additional elements within the LF channel, which would separate the DC component from load in the form of LF transformers or blocking capacitors. This is induced by the desire to limit the presence of inductive and capacitive elements that significantly affect harmonic distortions, frequency bandwidth, and output signal phase.



The objective is to ensure stable and continuous system operation, independent of instantaneous fluctuations of unbalanced supply voltage and unfavorable operating conditions (especially in the event of sudden changes in ambient temperature).




2.2. Circuit Design


The proposed device is a symmetric, three-stage LF amplifier system (Figure 3a). A diagram of the designed amplifier is shown in Figure 3b. Appendix A includes a tabular list and description of the elements comprising the circuit.



The first (input) stage consists of operational amplifiers OP1A and OP1B and resistance elements from R3 to R11. The OP1A amplifier is a voltage amplifier. Its voltage gain in the negative feedback loop is determined through resistors R6 to R7. Amplifier OP1B acts as a voltage follower that reduces the first-stage output impedance.



The control voltage from signal source 1/2  D ˙   is directed to the non-inverting input of the amplifier OP1A through the separating capacitor C5. The latter has two functions. First, it protects the OP1A amplifier channel against the unwanted appearance of a DC component, which may appear at the output of source 1/2  D ˙   (by definition, the amplifier is not a DC component amplifier). Second, it separates the source of signal 1/2  D ˙   from the side of amplifier OP1A through the application of a system of resistors R9–R11 and POT1, which compensates for the output DC component of the OP1A and OP1B amplifiers. The ceramic capacitor C6 protects OP1A against excitation, limiting the OP1 bandwidth.



The second stage (LF voltage follower) is based on bipolar transistors T1 and T2. Elements R12, POT2, and R13 form a voltage divider that polarizes the bases of transistors T1 and T2 while simultaneously determining the DC operating conditions. Resistors R14 and R15 separate the low impedance of the polarization divider from bases of transistors T1 and T2 while improving system parameters in terms of low frequencies. Elements C7 and C8 act as capacitors coupling the first amplifier stage with the second one for the AC component while simultaneously separating these stages in terms of their DC component.



The third (end) stage was constructed using T3 and T4 transistors that employ MOSFET technology. Resistor R0 has a load function within the system. The current of collectors T1 and T2 flowing through R16 and R19 polarizes end-stage transistor gates, thus impacting the opening voltage for gates T3 and T4, which leads to determining the operating conditions for this stage of the DC component.



The amplifier’s operation is protected by three independent DC power circuits. The first stage is supplied with stabilized balanced voltage of ±15 V. The second stage is supplied with V1 unbalanced voltage, which, after passing symmetrical low-pass filters of the  π  type (elements R1, C1, C2, and R2, C3, C4), forms a balanced power supply system. Similarly, the third stage is supplied with a balanced system that supplies unbalanced V2 voltage to symmetrical low-pass filters of the  π  type (elements R26, C11, C12, and R27, C9, C10).



The application of independent DC power of the voltage follower stage (T1 and T2) and power followers T3 and T4 (the so-called power output stage) is a particular and crucial solution within the amplifier. Separating the stages due to power supply is necessary to generate and obtain minimum unbalanced voltage of the amplifier at a near-zero level, with load resistance and associated with voltage self-balancing of the amplifier at its output under conditions of continuous and uninterrupted operation. Such a power supply method simultaneously ensures proper DC output power operating conditions and facilitates independent and stable stage operation, which is particularly important for the T3 and T4 transformers. This creates operating conditions for the output voltage DC component, which in turn obtains a minimum offset voltage value and maintains such a state with and without setting the 1/2  D ˙   input signal. In a classic approach, the amplifier is powered by symmetrical voltage; however, this does not give satisfactory results in time-varying conditions. Here, conversely, the application of an unbalanced DC power supply source facilitates maintaining a minimum level of output DC component through a power follower without affecting the preceding stage. Both stages, together with low-pass symmetrical filter assemblies, spontaneously (independently of each other) develop symmetrical DC power supply values that are convenient for the required DC operating conditions.



Covering the second and third amplifier stages with a feedback loop additionally contributes to obtaining the minimum offset voltage value. Furthermore, it impacts the DC operating conditions of the stages covered by the feedback, limiting their gain values by approximately two times (gain is determined with the R20/R21 resistance ratio).




2.3. Hardware Implementation


Due to electro-mechanical functionality, the hardware implementation of this LF amplifier is characterized by modularity and structural symmetry. We paid particular attention to ensuring convenient access to electronic components and to the appropriate assembly of semiconductor elements that are responsible for dissipating excess heat. The device was intentionally built using industrial nonlinear, active components—i.e., components that are not used in commercial, specialized solutions for LF power signal processing. The complete amplifier module (including mounting platform and heat sinks) measures 115 × 210 × 300 mm and weighs just under 2.5 kg (Figure 4). The power consumption of the device is less than 30 W for 10 W of output power at the load resistance.



The PCB of the 1/2  D ˙   input signal system with a two-channel operational amplifier NE5532AP measures 130 × 102 mm (cf. Figure 5a). It is not integrated with the device’s motherboard. It is fixed over a part of the power follower using metal mounting pins. The board has a classic ±15 V power supply based on voltage stabilizers LM317 and LM337. To ensure a high level of stability of the OP1 supply voltage, LM-type voltage stabilizers were used, which were equipped with local heat sinks to remove excess heat from their surfaces. Electronic elements have been arranged to ensure (a) the possibly shortest signal paths for the 1/2  D ˙   signal to the operational amplifier input and output; and (b) routing a processed signal to a subsequent amplifier voltage follower stage, i.e., bases of bipolar transistors T1 and T2 located on the motherboard. At the same time, convenient access to the quiescent current adjustment potentiometer of the MOSFET transformer pair (T3 and T4) was ensured.



The device’s motherboard (Figure 5b) measures 130 × 211 mm. The motherboard covers the voltage follower system, power follower system, and supply voltage filtering elements of these stages. It is fixed using metal assembly pins to a chassis between radiators that dissipate heat from active elements. The motherboard path mosaic has been designed so the 1/2  D ˙   signal ground of the preamplifier stage is connected at one point with the ground of the motherboard power supply system and the grounds of the power supplies for the operational amplifier, voltage follower, and power follower. A common ground point is connected to the mechanical structure chassis.





3. Results and Discussion


This section presents the results of simulation (Section 3.1) and real-world (Section 3.2) tests of the LF amplifier circuit as designed. In addition, these sections include observations and comments relating directly to the results of the tests.



3.1. Numerical Simulation Issues: Simulation Results


As a result of formal limitations, an analytical solution to nonlinear state equations is not generally possible, so system operation was analyzed using numerical methods. Conservative elements making up the system were replaced with associated models, which enabled transforming dynamic systems in corresponding DC systems for a single sampling step. Equations formulated using a modified balance nodal method, given in general form


  GV = I  



(1)




where   G ∈  R  n × n     is the system conductance matrix,   V ∈  R  n × 1     is the sought nodal potential vector, and   I ∈  R  n × 1     is the excitation (current) vector, were solved by combining the lower–upper decomposition (LU) method with the sparse matrix technique, which avoided the consideration of trivial cases [23].



Selected results from the computer simulation are shown in Figure 6, Figure 7 and Figure 8. Figure 6 and Figure 7 show the amplitude-phase characteristics of the amplifier for the four configurations of the transistor pairs used: IRFP140/IRFP9140 and IRFP240/IRFP9240. These four transistor pairs were used to show that the DC level value at output does not depend on used semiconductor active elements. Figure 6 illustrates the results obtained from the simulation for the designed circuit with an OP1A preamplifier attached, while Figure 7 depicts it without the preamplifier. In both cases, the amplifier is designed to have a uniform signal gain in the frequency band in question (up to 10   4   Hz): approximately 28 dB for the system with the pre-processing stage attached (Figure 6a) and approximately 5 dB for the system without the OP1A amplifier (Figure 7a). The circuit inverts the phase of the input signal (Figure 6b and Figure 7b) and has favorable phase characteristics (no undesirable shifts). Since the OP1A preamplifier does not cause any significant changes in the circuit’s operation (apart from the gain value), it was excluded from further considerations. Figure 8 shows the results of the simulation for the DC component voltage   U  D C    on the system load for the tested pairs of transistors, with input capacitors C7 and C8 shorted to ground. The voltage   U  D C    measured at the output of the system was very low (on the order of tens of pV) and did not undergo rapid changes over time. The mean values of these voltages and their standard deviations for each transistor pair are shown in Table 2.




3.2. Real-World Device Tests


The physically constructed LF amplifier was tested under laboratory conditions. The tests were carried out using an AudioPrecision AP x525 multifunctional measuring and testing system, which is designed to assess the operation of signal processing equipment in the LF domain.



Figure 9 and Figure 10 present the measurements of basic device parameters. The results are presented for individual pairs of power transistors, which allows us to demonstrate the universality of the solution and its resistance to changing operating or production conditions.



Figure 9 shows the amplitude–phase characteristics of the amplifier for the four configurations of transistor pairs used—IRFP140/IRFP9140 and IRFP240/IRFP9240—for an actual circuit with the preamplifier stage omitted. The circuit shows minimal gain differences (approximately 0.15 dB) for individual pairs of power transistors (Figure 9a). This is due to their non-uniform internal resistances, which translates directly into differences in the resting currents of the MOSFETs (in the case of components from different manufacturers or production batches, the matched pairs may show statistically insignificant gain differences). The circuit inverts the phase of the input signal (Figure 9b) and exhibits favorable phase characteristics, while in the case in question, an influence of internal parasitic capacitances of BJT and MOSFET transistors was observed. This becomes apparent in the faster phase drops for the extreme upper frequencies of the frequency response. Figure 10 shows the following: the frequency response of the amplifier for an output power of 1 W at load resistance R0 (Figure 10a) and the distortion contributed by the amplifier for all harmonic frequencies (Figure 10b). The lowest values of the DPR coefficient (below 0.1% in the whole passband under study) were recorded for the pairs 240/9140 and 240/9240.



The measurements of voltage   U  D C    on a load resistance of 8  Ω  for the tested pairs of IRFP transistors are presented in Figure 11, Figure 12, Figure 13, Figure 14 and Figure 15. To allow these results to be correlated to other publications, we selected a typical value for load resistance R0, which is commonly used in analogue audio applications. It should be noted that for the intended application of the circuit, the value of R0 is different, but for obvious reasons, it will not be disclosed here. The tests were designed to verify (a) the ability of the amplifier to achieve the assumed values of the signal parameters (cf. Table 1) and (b) the amplifier’s self-balancing capability.



The measurement of   U  D C    was first performed with input capacitors C7 and C8 shorted to ground, i.e., with no 1/2  D ˙   signal on the BJT transistors. Figure 11 presents sample 100 s waveforms of the voltage measured at R0—for each pair, its values are within ±100  μ V. The mean values of the voltages and their standard deviations for each transistor pair are shown in Table 3.



Figure 12, Figure 13 and Figure 14 show the measurements of   U  D C    at R0 during active operation of the amplifier for an input signal frequency of 1 kHz—for the output power at an R0 of 1, 10, and 15 W, respectively. The mean values of the voltages and their standard deviations for these cases are shown in Table 4.



The higher values of   U  D C    in comparison with those from the simulation studies can be explained, among other things, by the IRFP transistors not being paired in terms of electrical parameters but only being matched in physical complementary pairs. IRFP transistors are voltage-controlled transistors. The different gate opening voltages of IRFP transistors translate directly into differences in the pair’s resting currents. Consequently, the complementary pair is unable to develop the ideal symmetrical voltage to power itself. In the case in question, the two resistances controlled by the gate-opening voltage cyclically seek to deposit exactly half of the asymmetrical voltage on each other, which is only possible in an ideal scenario. Furthermore, the processing path is affected by interference and component noise, which further increases the value of   U  D C    at R0. However, it should be noted that in none of the cases tested did the modulus of voltage   U  D C    exceed 2.5 mV.



An important assumed property of the LF amplifier being tested is its self-balancing capability, which is defined as the ability to (a) bring the value of   U  D C    at R0 to a minimum and to (b) maintain the minimum value of   U  D C    during changes in the DC operating conditions of the system caused by changes in supply voltage. Sudden changes in supply voltage result in changes in the resting currents of the BJT and MOSFET transistors within the circuit. In turn, shifts in operating points lead to significant temperature gradients within the structures of nonlinear components.



The self-balancing capability of the low-frequency amplifier was verified according to the following procedure. A sinusoidal signal with a frequency of 1 kHz was applied to the input of the system under test loads with a resistance of 8  Ω . At time t = 0, the system was supplied with a nominal voltage of 70 V. The supply voltage was increased in increments of 1 V at 50 s intervals until 80 V was reached, which occurred around 550 s into the test. Then, also at 50 s intervals, the voltage was stepped down by 1 V until a nominal value of 70 V was reached, which occurred at 1000 s. The supply voltage spikes affected both the circuit with BJT transistors and the power follower with MOSFET transistors.



A diagram of the test is shown in Figure 15. The system shows a tendency toward a minimum value of   U  D C    (and therefore, the desirable self-balancing capability) for all IRFP transistor pairs tested. In particular, regardless of the configuration, the system in question maintained   U  D C    as low as possible despite sudden changes in the supply voltage. No undesirable increases in the value of   U  D C    associated with temperature changes in the internal structures of the active elements were observed. Abrupt changes of the supply voltage were accompanied by momentary changes in the value of   U  D C    at load resistances in the range of ±1.4 mV, which is easily noticeable on the waveforms over time presented in Figure 15. However, it should be emphasized that between the successive step changes for all the IRFP transistor pairs tested, in the range of supply voltage changes from 70 to 80 V (and consequently for resting current changes ranging from 0.33 to 1 A) and with an increase in operating temperature in the range of 38 to 65    ∘  C, the circuit spontaneously brought the value of   U  D C    to within ±200  μ V. After the cessation of the step changes of supply voltage (at around 1100 s into the test), the value of   U  D C    reached that recorded at the beginning of the test—for all pairs of IRFP transistors tested and at an operating temperature of approximately 38    ∘  C.





4. Conclusions


This paper presented a design of a new self-balancing AC component power amplifier with a minimum output DC component level (during operation both under and without load), which was intended for application in the launcher automation control circuit of a surface-to-air missile system. The amplifier has been designed using semiconductor technology based on a complementary MOSFET transistor pair. The system has been constructed and tested under laboratory conditions.



The device operates steadily and continuously throughout the entire range of the assumed signal processing band, with a sufficiently broad reserve of the frequency bandwidth. The topology of the system ensures very good phase characteristics of the amplifier over a broad band of processed LF signals and low DPRs at a high signal-to-noise ratio.



The proposed amplifier correctly maintains a minimum DC component output level regardless of (a) temporal and temperature-related load resistance changes; (b) changes in the load resistance character in terms of process LF signals; (c) changes to the LF control signal; and (d) idle current fluctuations resulting from supply voltage changes over time.



The system’s design does not include any additional modules interfering with the LF circuit of the amplifier, such as, e.g., external comparators correcting the output offset voltage level. Moreover, unlike typical design solutions, system fine-tuning takes place without the need to determine the minimum offset voltage level using an additional compensating potentiometer. DC operating conditions for nonlinear output elements are determined by setting the required DC biasing voltage value for the base of the transistors controlling the voltage stage.



The advantages of the proposed system include the following:




	
Eliminating tube technology, which is subject to relatively rapid aging;



	
Reduced power consumption owing to a significant reduction in supply voltage;



	
Eliminating power supply filter chokes and thus simplifying the power supply system;



	
Improved stability of electrical parameters by eliminating transformers that adapt the tube system to load or the next stage of the analog signal processing channel;



	
Reducing heat emission, thus limiting the impact of high temperatures on the operation of other electronic components and adjacent function blocks;



	
Significant simplification of system topology through improved operational indicators; and



	
Significant reduction of the geometric and mass parameters of the device relative to the original tube system.








In the longer term, the development of the proposed device into a dedicated integrated ASIC module is being considered. In civilian solutions, the application of such an amplifier would be possible, e.g., in robotic and automated systems in Manufacture 4.0, where due to higher system requirements and the use of increasingly complex communication protocols, stringent signal processing conditions are required [24,25].



It is worth noting that preliminary tests of the LF amplifier circuit presented herein coupled with other types of transistors indicated a possibility to further reduce the voltage of the output DC component while increasing the power in new versions of devices based on the application scheme. These considerations will be the subject of a subsequent publication.
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Table A1. Component list of a proposed LF semiconductor amplifier.






Table A1. Component list of a proposed LF semiconductor amplifier.





	No.
	Label
	Description
	Parameters





	1.
	R0
	load
	n/a (8  Ω  for test purposes)



	2.
	R1
	metallized resistor
	10  Ω /3 W/5%



	3.
	R2
	metallized resistor
	10  Ω /3 W/5%



	4.
	R3
	metallized resistor
	100 k Ω /0.6 W/1%



	5.
	R4
	metallized resistor
	100 k Ω /0.6 W/1%



	6.
	R5
	metallized resistor
	100  Ω /0.6 W/1%



	7.
	R6
	metallized resistor
	3.3 k Ω /0.6 W/1%



	8.
	R7
	metallized resistor
	260  Ω /0.6 W/1%



	9.
	R8
	metallized resistor
	100 k Ω /0.6 W/1%



	10.
	R9
	metallized resistor
	510 k Ω /0.6 W/1%



	11.
	R10
	metallized resistor
	5 k Ω /0.6 W/1%



	12.
	R11
	metallized resistor
	5 k Ω /0.6 W/1%



	13.
	R12
	metallized resistor
	1.5 k Ω /1 W/5%



	14.
	R13
	metallized resistor
	1.5 k Ω /1 W/5%



	15.
	R14
	metallized resistor
	100 k Ω /0.6 W/1%



	16.
	R15
	metallized resistor
	100 k Ω /0.6 W/1%



	17.
	R16
	metallized resistor
	270  Ω /1 W/5%



	18.
	R17
	metallized resistor
	100  Ω /0.6 W/1%



	19.
	R18
	metallized resistor
	100  Ω /0.6 W/1%



	20.
	R19
	metallized resistor
	270  Ω /1 W/5%



	21.
	R20
	ceramic resistor
	100  Ω /5 W/5%



	22.
	R21
	ceramic resistor
	100  Ω /5 W/5%



	23.
	R22
	metallized resistor
	330  Ω /1 W/5%



	24.
	R23
	metallized resistor
	330  Ω /1 W/5%



	25.
	R24
	ceramic resistor
	330 m Ω /5 W/5%



	26.
	R25
	ceramic resistor
	330 m Ω /5 W/5%



	27.
	R26
	ceramic resistor
	1  Ω /10 W/5%



	28.
	R27
	ceramic resistor
	1  Ω /10 W/5%



	29.
	POT1
	multi-turn assembly potentiometer
	10 k Ω /0.5 W/10%



	30.
	POT2
	multi-turn assembly potentiometer
	5 k Ω /0.5 W/10%



	31.
	C1
	electrolytic capacitor
	10,000  μ F/50 V



	32.
	C2
	electrolytic capacitor
	10,000  μ F/50 V



	33.
	C3
	electrolytic capacitor
	10,000  μ F/50 V



	34.
	C4
	electrolytic capacitor
	10,000  μ F/50 V



	35.
	C5
	polypropylene capacitor
	4.7  μ F/63 V/10%



	36.
	C6
	ceramic capacitor
	33 pF/100 V/10%



	37.
	C7
	polypropylene capacitor
	4.7  μ F/63 V/10%



	38.
	C8
	polypropylene capacitor
	4.7  μ F/63 V/10%



	39.
	C9
	electrolytic capacitor
	22,000  μ F/50 V



	40.
	C10
	electrolytic capacitor
	22,000  μ F/50 V



	41.
	C11
	electrolytic capacitor
	22,000  μ F/50 V



	42.
	C12
	electrolytic capacitor
	22,000  μ F/50 V



	43.
	OP1
	two-channel operational amplifier
	NE5532AP



	44.
	T1
	bipolar NPN transistor
	BD139-16



	45.
	T2
	bipolar PNP transistor
	BD140-16



	46.
	T3
	P-MOSFET transistor
	IRFP9240 or IRFP9140



	47.
	T4
	N-MOSFET transistor
	IRFP240 or IRFP140
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Table A2. Component list of a LF tube amplifier.






Table A2. Component list of a LF tube amplifier.





	No.
	Label
	Description
	Parameters





	1.
	R14
	OMLT resistor
	750 k Ω  (750–820)/0.5 W/5%



	2.
	R15
	OMLT resistor
	470 k Ω /0.5 W/5%



	3.
	R16
	OMLT resistor
	1.3 k Ω /0.5 W/5%



	4.
	R17
	OMLT resistor
	30 k Ω /0.5 W/5%



	5.
	R18
	linear potentiometer
	470 k Ω /A/30%



	6.
	R19
	OMLT resistor
	120 k Ω /0.5 W/5%



	7.
	R20
	OMLT resistor
	120 k Ω /0.5 W/5%



	8.
	R21
	OMLT resistor
	620  Ω /0.5 W/5%



	9.
	R22
	OMLT resistor
	15 k Ω  (12–20)/0.5 W/5%



	10.
	R23
	OMLT resistor
	430 k Ω /0.5 W/5%



	11.
	R24
	OMLT resistor
	220 k Ω /0.5 W/5%



	12.
	R25
	OMLT resistor
	470 k Ω /0.5 W/5%



	13.
	R26
	OMLT resistor
	200 Ω/2 W/5%



	14.
	R32
	MMT thermal resistor
	3 k Ω /20%



	15.
	C4
	MGBT capacitor
	47 nF/200 V/10%



	16.
	C5
	MGBT capacitor
	47 nF/200 V/10%



	17.
	C6
	MGBT capacitor
	47 nF/200 V/10%



	18.
	C7
	MGBT capacitor
	47 nF/200 V/10%



	19.
	C8
	MGBT capacitor
	2  μ F/160 V/10%



	20.
	C13
	MGBT capacitor
	4  μ F/160 V/10%



	21.
	C16
	KCOT capacitor
	360 pF (300–430)/250 V/5%



	22.
	L2
	electron lamp
	6N2P-EW



	23.
	L3
	electron lamp
	6N2P-EW



	24.
	L4
	electron lamp
	6P1P-EW



	25.
	L5
	electron lamp
	6P1P-EW



	26.
	TR1
	transformer
	n/a
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Figure 1. Diagram of the LF tube amplifier. 
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Figure 2. Side view of an anti-aircraft missile launcher. 
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Figure 3. (a) Block scheme and (b) diagram of the designed LF semiconductor amplifier. 
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Figure 4. Sample views of the LF power amplifier module. 
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Figure 5. PCB layout design: (a) board with a preliminary amplifier system; and (b) LF amplifier motherboard. 
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Figure 6. Numerically simulated: (a) amplitude; and (b) phase characteristic of the LF amplifier (including the pre-processing stage). 
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Figure 7. Numerically simulated: (a) amplitude; and (b) phase characteristic of the LF amplifier (without the pre-processing stage). 
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Figure 8. Voltage   U  D C    determined by simulation at load R0 with input capacitors C7 and C8 shorted to ground for: (a) 140/9140; (b) 140/9240; (c) 240/9140; and (d) 240/9240 transistor pair. 
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Figure 9. Measured: (a) amplitude and (b) phase characteristic of the LF amplifier. 
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Figure 10. Measured: (a) RMS and (b) DPR of the LF amplifier. 
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Figure 11. Voltage   U  D C    measured at load R0 with input capacitors C7 and C8 shorted to ground for: (a) 140/9140; (b) 140/9240; (c) 240/9140; and (d) 240/9240 transistor pairs. 
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Figure 12. Voltage   U  D C    measured for 1 W of output power at load R0: (a) 140/9140; (b) 140/9240; (c) 240/9140; and (d) 240/9240 transistor pair. 
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Figure 13. Voltage   U  D C    measured for 10 W of output power at load R0: (a) 140/9140; (b) 140/9240; (c) 240/9140; and (d) 240/9240 transistor pair. 
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Figure 14. Voltage   U  D C    measured for 15 W of output power at load R0: (a) 140/9140; (b) 140/9240; (c) 240/9140; and (d) 240/9240 transistor pair. 
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Figure 15. System response to supply voltage spikes for: (a) 140/9140; (b) 140/9240; (c) 240/9140; and (d) 240/9240 transistor pair. 
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Table 1. Assumed parameter values for the LF amplifier under design.
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	Parameter
	Value





	amplifier bandwidth
	from 20 Hz to 20 kHz



	output signal power
	≥10 W



	distortion product ratio
	<1%



	DC level of output signal
	<2.5 mV



	height × length × width (incl. mounting platform)
	120 × 210 × 300 mm



	mass of the amplifier module (incl. frames and covers)
	<5 kg
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Table 2. Numerical data for Figure 8.
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	Parameter of    U DC   
	140/9140
	140/9240
	240/9140
	240/9240





	mean value (V)
	   1.50 ×  10  − 11     
	   3.06 ×  10  − 12     
	   1.62 ×  10  − 11     
	   7.80 ×  10  − 12     



	standard deviation (V)
	   9.74 ×  10  − 12     
	   6.55 ×  10  − 12     
	   6.98 ×  10  − 12     
	   6.57 ×  10  − 12     
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Table 3. Numerical data for Figure 11.






Table 3. Numerical data for Figure 11.





	Parameter of    U  D C    
	140/9140
	140/9240
	240/9140
	240/9240





	mean value (V)
	   − 9.04 ×  10  − 6     
	   − 6.15 ×  10  − 8     
	   9.04 ×  10  − 6     
	   8.68 ×  10  − 6     



	standard deviation (V)
	   2.64 ×  10  − 5     
	   2.33 ×  10  − 5     
	   2.26 ×  10  − 5     
	   3.21 ×  10  − 5     
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Table 4. Numerical data for Figure 12, Figure 13 and Figure 14.
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	Working Conditions
	Parameter of    U DC   
	140/9140
	140/9240
	240/9140
	240/9240





	1.6 V/1 kHz/1 W
	mean value (V)
	   2.14 ×  10  − 4     
	   1.92 ×  10  − 4     
	   2.05 ×  10  − 4     
	   2.66 ×  10  − 4     



	
	standard deviation (V)
	   2.26 ×  10  − 5     
	   2.59 ×  10  − 5     
	   2.67 ×  10  − 5     
	   2.47 ×  10  − 5     



	5.0 V/1 kHz/10 W
	mean value (V)
	   7.33 ×  10  − 4     
	   8.60 ×  10  − 4     
	   7.55 ×  10  − 4     
	   8.62 ×  10  − 4     



	
	standard deviation (V)
	   2.76 ×  10  − 5     
	   5.78 ×  10  − 5     
	   2.61 ×  10  − 5     
	   2.61 ×  10  − 5     



	6.3 V/1 kHz/15 W
	mean value (V)
	   1.79 ×  10  − 3     
	   2.23 ×  10  − 3     
	   1.91 ×  10  − 3     
	   2.36 ×  10  − 3     



	
	standard deviation (V)
	   3.21 ×  10  − 5     
	   5.07 ×  10  − 5     
	   2.97 ×  10  − 5     
	   3.63 ×  10  − 5     
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