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Abstract. This paper presents the structure and operation principles of low-

frequency power amplifiers using discrete components. Based on the analysis 

of a selected circuit configuration, formulas for the critical electrical parameters 

are derived, and an approach is proposed for determining the total harmonic 

distortion by studying in the time domain the operational principle. The ob-

tained analytical expressions, as well as some additional conditions, are the ba-

sis of the proposed design procedure. The practical efficiency of the proposed 

methodology has been verified by investigating sample electronic circuits of 

power amplifiers at various levels of the input sine-wave signals. 
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tion; THD; circuit design; circuit simulation. 

1. INTRODUCTION 

The analysis of scientific and technical literature shows the presence of various 

circuit configurations of power amplifiers. Moreover, this type of analog circuit is 

widely used, both for audio amplifiers and for the development of output stages for 

industrial controllers, powerful oscillators, and power supplies. Depending on the 

value of the upper 3-dB frequency 𝑓ℎ [5], power amplifiers are divided into low-fre-

quency (with 𝑓ℎ <100 kHz) and high-frequency (with 𝑓ℎ ≥100 kHz). In practice, in 

many cases, low-frequency amplifiers with output power up to about 100 W are used. 

The implementation of this class of analog circuits is carried out with integrated or 

discrete elements. Moreover, electronic circuits with discrete elements provide the 

possibility of implementing electronic devices with arbitrary electrical parameters, 

which is relatively difficult to implement by using IC power amplifiers. During the 

last few years, a large number of papers [1-5] have been published, which consider 

different aspects of analysis and design, and depending on the specific application, 

different recommendations are defined. There are almost no methodologies that cover 
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the entire process of design and analysis in the frequency and time domains of low-

frequency power amplifiers. On the one hand, this is partly due to the difficulty of 

theoretically understanding the problem in such a way as to arrive at useful practical 

formulas. On the other hand, finding practically useful analytical expressions to esti-

mate the value of the total harmonic distortion (THD) at a given level of nonlinear 

distortions in the output stage is a challenge. Based on the analyses presented in [5] 

and [6] of this paper, the authors have attempted to present a procedure for designing 

low-frequency power amplifiers with discrete elements. 

2. ELECTRICAL CIRCUIT AND THEORETICAL ANALYSIS 

2.1 Frequency domain analysis. Energy parameters 

The object of analysis is the practical circuit of a low-frequency power amplifier 

[5-7] with a class AB output stage (Fig. 1). It consists of a driver stage and an output 

stage with a common negative feedback network. A bipolar symmetrical power 

source is used to produce the external supply voltage of the circuit with 𝑉𝐶𝐶 = −𝑉𝐸𝐸. 

The driver stage of the amplifier contains a non-inverting AC amplifier with an op-

amp, a CC–CB configuration of a cascode amplifier (transistors 𝑇7 and 𝑇8) 

(𝐴𝑈,𝑐𝑎𝑠𝑐𝑜𝑑𝑒 ≈ 0.5[𝑔𝑚8 × (𝑔𝑚5
−1 ||𝑅5)]), common-base transistor 𝑇5 with a dynamic 

load, implemented with 𝑇6 (𝐴𝑈5 ≈ 𝑔𝑚5 × [𝑟𝐶𝐸6(1 + 𝑔𝑚6𝑅6)] >> 1). The passive 

components 𝑅𝑁, 𝐶𝑁 and 𝑅𝐹 of the non-inverting amplifier form the circuit of series–

shunt feedback (series connection at the input port and the parallel (or shunt) connec-

tion at the output port). In addition, 𝑅𝑃 и 𝐶𝑃 are included in the input network of the 

amplifier. Before the driver stage, a first-order low-pass filter is included, consisting 

of the resistor 𝑅𝐻 and the capacitor 𝐶𝐻. This filter determines the 𝑓ℎ of the circuit. 

For frequencies where 1/𝜔𝐶𝑁 << 𝑅𝑁 and 1/𝜔𝐶𝑃 >> 𝑅𝑃, the closed-loop midband 

gain is determined by the formula 𝐴𝑈0 ≈ 1 + 𝑅𝐹/𝑅𝑁. 

In a wide frequency range, the closed-loop gain is a complex function of frequency 

, and is given by the expression 

𝐴̇𝑈 =
𝑈̇𝑜

𝑈̇𝑖
=
𝑈𝑜𝑚𝑒

𝑗𝜙𝑜

𝑈𝑖𝑚𝑒
𝑗𝜙𝑖

=
𝑈𝑜𝑚
𝑈𝑖𝑚

𝑒𝑗(𝜙𝑜−𝜙𝑖) = |𝐴̇𝑈|𝑒
𝑗𝜙 (1) 

where 𝜙 = 𝜙𝑜 − 𝜙𝑖 is the phase difference between the input and output voltages (or 

phase-frequency response), and |𝐴̇𝑈| = |𝐴̇𝑈(𝑗𝜔)| is the amplitude-frequency re-

sponse of the amplifier. 

Then, if 𝐶𝑃𝑅𝑃 = 𝐶𝑁(𝑅𝑁 + 𝑅𝐹) is chosen, the lower 3-dB frequency of the ampli-

fier is determined by the formula 𝑓𝑏 = 1/2𝜋𝑅𝑁𝐶𝑁. Moreover, in the amplitude-fre-

quency characteristic there will be one real zero at frequency 𝑓𝑏. In the high-fre-

quency range, the amplitude-frequency characteristic is also approximated by two 
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real poles with frequencies 𝑓𝑝1 = 1/2𝜋(𝑅𝐻 + 𝑅𝐺)𝐶𝐻 and 𝑓𝑝2 = 𝑓𝑝(1 + 𝛽
−𝐴𝑑0), 

where 𝛽− = 𝑅𝑁/(𝑅𝐹 + 𝑅𝑁) is the transfer function of the feedback network (or feed-

back factor), 𝐴𝑑0 is the open-loop DC voltage gain, and 𝑓𝑝 is the dominant pole fre-

quency of the op-amp. In the design process, from a constructive and circuit engi-

neering point of view, it is recommended to choose 𝑓𝑝1 < 𝑓𝑝2. In this way, the selec-

tion of passive components forming the general negative feedback is simplified. 

 

Fig. 1. Circuit configuration of low-power amplifier with discrete components [5-7]. 

The bandwidth of the amplifier (or 3-dB bandwidth) can be found as the difference 

between the lower and upper or higher 3-dB frequencies: 

𝐵𝑊 = 𝑓ℎ − 𝑓𝑏 (2) 

For low-frequency power amplifiers, since 𝑓ℎ >> 𝑓𝑏, formula (2) is simplified and 

yields the form 𝐵𝑊 ≅ 𝑓ℎ. 

Then, the figure of merit parameter (or gain–bandwidth product) of the amplifier 

is obtained 

𝐺𝐵𝑊𝑃 = |𝐴𝑈0|𝐵𝑊 (3) 

The class AB output stage of the amplifier includes transistors 𝑇1 − 𝑇2 – forming 

an npn Darlington pair and 𝑇3 − 𝑇4 – a pnp Sziklai pair. The circuit operates in a 
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push–pull manner, as 𝑇1 − 𝑇2 sources (or pushes) current into the load 𝑅𝐿 when 

 𝑢𝑖 > 0, and the 𝑇3 − 𝑇4 sinks (or pulls) current from the load when 𝑢𝑖 < 0. The bias 

voltage of the output transistors in the quiescent mode is obtained and set by means 

of the three diodes, designated 𝐷3. The current through the diodes is formed by the 

two current mirrors. To adjust the operating point, resistors 𝑅1 − 𝑅2 are replaced with 

multi-turn potentiometers. 

The output current is limited by the diodes 𝐷4 − 𝐷5 and resistors 𝑅9 − 𝑅10. When 

the voltage 𝑈𝑅9 or 𝑈𝑅10 increases up to 1.8V, diode 𝐷4 or 𝐷5 is turned on and the 

collector current of 𝑇5 or 𝑇6 is reduced. As a result, the base currents of the output 

transistors are reduced, and hence the load current is also limited. 

In the dynamic mode of operation, when connecting an external load 𝑅𝐿, the 

power-conversion efficiency of the output stage can be found by 

𝜂 ≡
𝐿𝑜𝑎𝑑𝑝𝑜𝑤𝑒𝑟(𝑃𝐿)

𝑆𝑢𝑝𝑝𝑙𝑦𝑝𝑜𝑤𝑒𝑟(𝑃𝐶𝐶)
× 100% (4) 

The difference between the load power and the supply power 𝑃𝐶𝐶 = 𝐼𝐶𝐶 × 𝑉𝐶𝐶 de-

termines the power dissipation. The maximum power dissipation for each of the out-

put transistors 𝑇2 − 𝑇4 can be determined by the formula 

𝑃𝐶𝑚𝑎𝑥2(4) = 𝑉𝐶𝐶
2 /(𝜋2𝑅𝐿) + 𝑃𝐷𝑄 (5) 

where the maximum value is obtained at 𝑈𝐿𝑚 = 2𝑉𝐶𝐶/𝜋 and 𝑃𝐷𝑄 = 𝐼𝐶𝑄2(4)𝑉𝐶𝐶 is the 

quiescent power dissipation of each output transistor. 

Then, for the second pair of transistors 𝑇2 and 𝑇4, the maximum power dissipation 

is found by 𝑃𝐶𝑚𝑎𝑥1 ≈ 𝑃𝐶𝑚𝑎𝑥 3 > (𝑃𝐶2𝑚𝑎𝑥/𝛽2) + 𝑃𝐷𝑄1, where 𝑃𝐷𝑄1 ≈ 𝑉𝐶𝐶𝐼𝐶𝑄1 ≈ 

≈ 𝑉𝐶𝐶(𝐼𝐶𝑄2/𝛽2 + 𝐼𝑅7), and 𝛽2 is the current gain of 𝑇2. For 𝑢𝑜 = 0 the required volt-

age value on the three diodes 𝑈𝐷3 will be 

𝑈𝐷3 = 𝑢𝐵𝐸𝑁 + 𝑢𝐵𝐸𝑃 = 3𝜙𝑇 𝑙𝑛[ 𝐼𝐵𝐼𝐴𝑆 − (𝐼𝐶𝑄2/𝛽1𝛽2)]/𝐼𝑆 (6) 

where 𝐼𝐵𝐼𝐴𝑆 = |𝐼𝐶𝑄5| ≈ 𝐼𝐶𝑄6 > 𝐼𝐵1𝑚𝑎𝑥 + 𝐼𝐷3, as 𝐼𝐵1𝑚𝑎𝑥 = 𝐼𝐿𝑚/𝛽2𝛽1 and 𝐼𝑆 =

10−13𝐴 is the saturation current. 

The quiescent current for transistors 𝑇2 and 𝑇4 is determined by the formula 

𝐼𝐶𝑄2(4) = 𝑛𝐼𝐵𝐼𝐴𝑆, where the coefficient 𝑛 = 310 is defined as a ratio of the emitter–

junction area of the output devices to the junction area of the biasing diodes [5]. 

2.2 Time domain analysis - total harmonic distortion 

An important parameter of the output stages in power amplifiers is to have a low 

output impedance, since in most cases the external loads have a small ohmic re-

sistance. In this case, the output signal can be applied to the load without loss of 
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amplification. Also, often the output signals have a large amplitude, so in the process 

of analysis and design, approximate models for small signals are either not applicable 

or must be used very carefully, taking into account the entry into the nonlinear regions 

of operation. In fact, a measure of the efficiency of the output stages is the evaluation 

of the THD. It is defined as the ratio of the RMS value of the amplitudes of the higher 

harmonics (2nd, 3rd,…) of the output signal to the amplitude of the fundamental har-

monic 𝐼𝑒𝑚𝑎𝑥,1  𝐼𝐿𝑚, expressed as a percentage [7]. To determine and estimate the 

THD coefficient, an approach is proposed that analyzes the nonlinearities in the char-

acteristics of bipolar transistors when a sinusoidal signal with a relatively large am-

plitude is applied to the output stage of the amplifier. A similar method is used in the 

analysis of the self-oscillation conditions of oscillatory circuits [8,9]. 

When a voltage is applied between the base and the emitter of a bipolar transistor 

𝑢𝐵𝐸(𝑡) = 𝑈𝐵𝐸𝑄 + 𝑈𝑏𝑒,𝑚𝑎𝑥 𝑐𝑜𝑠𝜔𝑡  (7) 

the collector current is obtained as a periodic series of pulses whose amplitudes de-

pend on the nonlinear nature of the volt-ampere characteristic, approximated by the 

following analytical formula 

𝑖𝐸(𝑡) = 𝐼𝑆𝑒
𝑢𝐵𝐸(𝑡)
𝜙𝑇 = 𝐼𝑆𝑒

𝑈𝐵𝐸𝑄
𝜙𝑇 𝑒𝑥 𝑐𝑜𝑠𝜔𝑡  (8) 

where 𝜙𝑇 = 𝑘𝑇/𝑞 ≈ 26𝑚𝑉 – thermal voltage at 300K and 𝑥 = 𝑈𝑇𝑏𝑒𝑚𝑎𝑥/𝜙𝑇 is the 

parameter of the drive level. 

If the expression 𝑒𝑥 𝑐𝑜𝑠𝜔𝑡 is presented in a Fourier series, it is found 

𝑖𝐸(𝑡) = 𝐼𝑆𝑒
𝑈𝐵𝐸𝑄
𝜙𝑇 [𝛼0(𝑥) + 2∑𝛼𝑛(𝑥) 𝑐𝑜𝑠( 𝑛𝜔𝑡)

∞

𝑛=1

] = 𝐼𝑒,𝐷𝐶 +∑2𝐼𝑒,𝐷𝐶
𝛼𝑛(𝑥)

𝛼0(𝑥)⏟        
𝐼𝑒𝑚𝑎𝑥, 𝑛

𝑐𝑜𝑠( 𝑛𝜔𝑡)

∞

𝑛=1

 (9) 

where 𝐼𝑒,𝐷𝐶 = 𝐼𝑆𝑒
𝑈𝐵𝐸𝑄/𝜙𝑇𝛼0(𝑥) is the DC value of the emitter current, and 𝐼𝑒𝑚𝑎𝑥,𝑛 

is the amplitude of the nth harmonic (n = 1, 2, …). 

The coefficients 𝛼0 and 𝛼𝑛 in the Fourier series can be determined by the following 

analytical expressions 

𝛼0(𝑥)|𝑛=0 =
1

2𝜋
∫ 𝑒𝑥 𝑐𝑜𝑠𝜔𝑡𝑑

2𝜋

0

𝜔𝑡 and  

𝛼𝑛(𝑥)|𝑛>0 =
1

2𝜋
∫ 𝑒𝑥 𝑐𝑜𝑠𝜔𝑡 𝑐𝑜𝑠 𝑛𝜔𝑡𝑑

2𝜋

0

𝜔𝑡  

(10) 
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The determination of the numerical values of the 0 and 𝛼𝑛 can be carried out by 

expanding the integral functions in a Maclaurin series [10], in which case we obtain 

the following Bessel functions with integrated Gamma function: 

𝛼𝑛(𝑥) = ∑
(−1)𝑘

𝑘! × Γ(𝑘 + 𝑛 + 1)

∞

𝑘=0

× (
𝑥

2
)
2𝑘+𝑛

 (11) 

Then, for the total harmonic distortion, it is obtained 

𝑇𝐻𝐷 =
√𝐼𝑒𝑚𝑎𝑥, 2

2 + 𝐼𝑒𝑚𝑎𝑥, 3
2 +. . .

𝐼𝑒𝑚𝑎𝑥, 1
× 100% 

(12) 

In the process of designing the electronic circuit, initially from the datasheet of the 

chosen output transistors, the voltage 𝑈𝑏𝑒,𝑚𝑎𝑥 for the maximum output current 𝐼𝐿𝑚  

is determined. Then, the value of the parameter 𝑥 is calculated. For the values thus 

obtained, the 𝐼𝑒,𝐷𝐶 = 𝐼𝐿𝑚 [2𝛼1(𝑥)/𝛼0(𝑥)]⁄  value of the emitter current is deter-

mined. Finally, the amplitudes of the higher harmonics are sequentially calculated, 

as follows 𝐼𝑒𝑚𝑎𝑥, 2 = 2𝐼𝑒,𝐷𝐶[𝛼2(𝑥)/𝛼1(𝑥)] , 𝐼𝑒𝑚𝑎𝑥, 3 = 2𝐼𝑒,𝐷𝐶[𝛼3(𝑥)/𝛼2(𝑥)]… . 

3. DESIGN PROCEDURE 

Based on the theoretical analysis presented above, performed in the frequency and 

time domains, a design procedure for the circuit in Fig. 1 is proposed in this section. 

Moreover, this methodology, with some modifications, can be used as a basis for 

designing other circuit configurations of low-frequency power amplifiers. The pro-

posed procedure combines manual calculations of the parameters for passive compo-

nents with computer simulations, so as to reach a working prototype of the electronic 

circuit in a shorter time. More specifically, the design of the electronic circuit is car-

ried out in the following sequence: 

Step 1: Technical requirements. The following parameters are specified: input 

voltage amplitude 𝑈𝑖𝑚 or source voltage 𝑒𝐺 and internal resistance 𝑅𝐺; input re-

sistance 𝑟𝑖𝐴; output power 𝑃𝐿𝑚𝑎𝑥 (sinus) and external load resistance 𝑅𝐿; maximum 

ambient temperature 𝑇𝑎; output resistance 𝑟𝑜𝐴; low cut-off frequency 𝑓𝑏 and 𝑀𝑏 [dB]; 

high cut-off frequency 𝑓ℎ and 𝑀ℎ [dB]; THD [% or dB] ; output offset voltage 𝑈𝑜,𝑒𝑟𝑟; 

Step 2: Determining the voltage amplitude on the load. 𝑈𝐿𝑚 = √2𝑃𝐿𝑅𝐿; 

Step 3: Calculating the amplitude of the current through the load. 

 𝐼𝐿𝑚 = √2𝑃𝐿𝑚𝑎𝑥/𝑅𝐿; 

Step 4: The supply voltage 𝑉𝐶𝐶 = −𝑉𝐸𝐸 of the final stage is determined: 𝑉𝐶𝐶 ≥
𝑈𝐿𝑚 + 𝑈𝐶𝐸𝑅 + 𝑈𝑎𝑢𝑥, where 𝑈𝐶𝐸𝑅 is the minimum voltage between the collector and 

emitter of the transistors Т1 and Т2 (or Т3 and Т4), for which they operate in normal 
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mode of operation and 𝑈𝑎𝑢𝑥 = 𝑈𝐶𝐸5(6) + 𝑈𝑅5(6) + 𝑈ос𝑚, where the voltages 𝑈𝐶𝐸5 =

𝑈𝐶𝐸6 ≈ 1. . .2𝑉, 𝑈𝑅5 = 𝑈𝑅6 ≈ 1𝑉 and ballast (residual) voltage 𝑈ост (between no-

load mode of operation and full load of the output) with values not greater than (

2.01.0 − ) 𝑈𝐿𝑚. 

Step 5: Selecting the quiescent current of the output transistors. 𝐼𝐶𝑄2 ≈ 𝐼𝐶𝑄4 for 

the class of operation AB. The quiescent current is usually much smaller than the 

𝐼𝐿𝑚(<10%). 𝑃𝐷𝑄 = 𝐼𝐶𝑄2(4)𝑉𝐶𝐶; 

Step 6: The maximum power dissipation of the output transistors is calculated: 

𝑃𝐶𝑚𝑎𝑥 = (𝑉𝐶𝐶
2 /𝜋2𝑅𝐿) + 𝑃𝐷𝑄2(4), where the power is obtained for 𝑈𝐿𝑚 = 2𝑉𝐶𝐶/𝜋. 

Step 7: Selecting the output transistors Т2 and Т4, which should have 𝐼𝐶𝑚𝑎𝑥 ≥
𝐼𝐿𝑚, 𝑈𝐶𝐸𝑚𝑎𝑥 ≥ 𝑉𝐶𝐶 + 𝑈𝐿𝑚, 𝑃𝑡𝑜𝑡 ≥ 𝑃𝐶𝑚𝑎𝑥, and the current amplification factor 𝛽 

with a large value if possible. 

Step 8: Calculation of the thermal resistance 𝑅𝑡ℎ 𝑟−𝑎 and area of the heat-sink: 

𝑅𝑡ℎ 𝑟−𝑎 ≤ [(𝑇𝑐 − 𝑇𝑎)]/𝑃𝑡𝑜𝑡 − 𝑅𝑡ℎ 𝑐−𝑟 [C/W], where for the selected transistor, the 

case temperature 𝑇𝑐 is determined based on the power 𝑃𝑡𝑜𝑡, and the thermal resistance 

𝑅𝑡ℎ 𝑐−𝑟 is determined by the type of material, for example, for thermal contact, sili-

cone paste𝑅𝑡ℎ 𝑐−𝑟 ≤ 0,8°𝐶/𝑊. The surface area 𝑆𝐻𝑆, representing an aluminum plate 

with a thickness of about 3𝑚𝑚, is calculated by the formula 𝑆𝐻𝑆 = 1/𝛼𝑡ℎ𝑅𝑡ℎ𝑟−𝑎, 

where 𝛼𝑡ℎ ≈ 1 ÷ 2[𝑚𝑊/𝑐𝑚
2°𝐶] [6]. 

Step 9: Calculation of resistances 𝑅9 and 𝑅10. 𝐷4 and 𝐷5 are selected: The limit 

value of the output current 𝐼𝐿 ≤ 𝐼𝐿𝑚; 𝑅9 = 𝑅10 = 1.8𝑉/𝐼𝐿𝑚; 𝑃𝑅 = 0.5(1.8𝑉 × 𝐼𝐿𝑚) 
– for each half-wave of the output current. In the output current limiting mode of 

operation, a differential current of several 𝑚𝐴 flows through the diodes 𝐷4 and 𝐷5 . 
Usually, 𝐷4 and 𝐷5 are implemented with low-power diodes. 

Step 10: The resistances 𝑅11 and 𝑅12 are calculated. The diodes 𝐷6 and 𝐷7 are 

selected: 

– The resistances 𝑅11 and 𝑅12, forming the negative feedback, are calculated: At 

𝑢𝑖 = 0, the voltage drops 𝑈𝑅11 = 𝑈𝑅12 ≈ 0.1. . .0.2𝑉 are selected. In this case, the 

diodes 𝐷6 and 𝐷7 they are turned off, and no current flows through them.  

For the resistances 𝑅11 and 𝑅12, is obtained: 𝑅11 = 𝑅12 = 𝑈𝑅11/𝐼𝐶𝑄2; 

– The diodes 𝐷6 and 𝐷7 are selected. In the dynamic mode of operation, the diodes 

𝐷6 and 𝐷7 will conduct one half-wave of the output current, with the maximum value 

of the current being 𝐼𝐿𝑚: 𝐼𝐷𝑚𝑎𝑥 > 𝐼𝐿𝑚 →. 

Step 11: The resistances 𝑅7 and 𝑅8 are calculated: 𝑅7 = 𝑈𝐵𝐸2/𝐼𝑅7, as 𝑅7 = 𝑅8 

and 𝑈𝐵𝐸2 ≈ 𝑈𝐵𝐸4 ≈ 0,6𝑉. 

Step 12: Transistors 𝑇1 and 𝑇3 are selected, according to the conditions: 𝐼𝐶𝑄1 ≈

𝐼𝐶𝑄3 ≈ 𝐼𝐵𝑄2 + 𝐼𝑅7, where 𝐼𝐵𝑄2 = 𝐼𝐶𝑄2/𝛽2; 𝑈𝐶𝐸1𝑚𝑎𝑥 ≈ 𝑈𝐶𝐸3𝑚𝑎𝑥 ≈ 𝑈𝐶𝐸2𝑚𝑎𝑥; 

𝐼𝐶1𝑚𝑎𝑥 ≈ 𝐼𝐶3𝑚𝑎𝑥 ≈ 𝐼𝐵2𝑚𝑎𝑥 + 𝐼𝑅7, where 𝐼𝐵2𝑚𝑎𝑥 = 𝐼𝐿𝑚/𝛽2; 
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Step 13: For the current mirrors are obtained:|𝐼𝐶𝑄5| ≈ 𝐼𝐶𝑄6 > 𝐼𝐵1𝑚𝑎𝑥 + 𝐼𝐷3, where 

𝐼𝐵1𝑚𝑎𝑥 = 𝐼𝐿𝑚/𝛽2𝛽1; 𝑅5(6) ≈ (𝑈𝐷1(2) −𝑈𝐵𝐸5(6))/𝐼𝐸𝑄5(6), where 𝑈𝐷1 ≈ 𝑈𝐷2 ≈ 3 ×

0,6𝑉 = 1,8𝑉; 𝑅1 = 𝑅2 ≈ (𝑉𝐶𝐶 − 𝑈𝐷1)/𝐼𝐷1. In addition, the potentiometers 𝑃1 and 

𝑃2 can be used for the adjustment of the operating point of the output stage. 

The resistances 𝑅3 and 𝑅4are chosen to be equal to a few kΩ. They limit the base 

currents of 𝑇5 and 𝑇6  in the short-circuit mode at the output of the amplifier. 

Step 14: The transistors 𝑇7 and 𝑇8   are selected. They are low-power BJTs with a 

sufficiently high transition frequency (for example, at least ten times higher than the 

frequency 𝑓ℎ). They are selected mainly based on the voltages between C–E, which 

are determined by the expression 𝑈𝐶𝐸7𝑚𝑎𝑥 ≈ 𝑈𝐶𝐸8𝑚𝑎𝑥 ≈ 𝑈𝐶𝐸2𝑚𝑎𝑥; 

Step 15: The total harmonic distortion 'THD  is determined. Nonlinear distortions 

are caused mainly by the output stage (𝑇2 – 𝑇4  and 𝑇1 – 𝑇3 ): 𝑇𝐻𝐷′ ≈ 𝑇𝐻𝐷2,4 +
𝑇𝐻𝐷1,2 at a midband frequency 𝑓𝑏 < 𝑓𝑀 < 𝑓ℎ; 

Step 16: The required depth of the total negative feedback is determined:  

𝐹 = 𝑚(𝑇𝐻𝐷′/𝑇𝐻𝐷), where the parameter 𝑚 for large values of the 𝑈𝐿𝑚 is chosen 

in the range from 1.5 to 2. In addition, the 𝑃3 potentiometer can be used to adjust the 

𝐹; 

Step 17: The input voltage amplitude for the resulting feedback depth is deter-

mined: 𝑈𝑖𝑚,𝑟𝑒𝑞 = 𝑈𝑜𝑚/𝐴𝑈0
′ , where 𝐴𝑈0

′ = (|𝐴𝑑(𝑓𝑀)| × 𝐴𝑈,𝑐𝑎𝑠𝑐𝑜𝑑𝑒 × 𝐴𝑈5)/𝐹; 

Step 18: The passive components in the negative feedback loop are selected: 

 𝑅𝑁 = 𝑅𝐹/(𝐴𝑈0
′ − 1); 𝑅𝑃 = 𝑅𝐹 + 𝑅𝑁; 𝐶𝑁 = 𝐶𝑃 ≥ (2𝜋𝑓𝑏𝑅𝑁√𝑀𝐶𝑁(𝑃)

2 − 1)−1. More-

over, for the non-inverting amplifier is obtained: 𝐶𝑃𝑅𝑃 = 𝐶𝑁(𝑅𝑁 + 𝑅𝐹). 
Step 19: The op-amps  𝑈1 and 𝑈2 are selected, according to the conditions: 

𝑓𝑝𝐴𝑈0,ОУ
′ > 𝑓ℎ

′, where 𝑓ℎ
′ = 𝑓ℎ/√𝑀ℎ

2 − 1 and 𝑓𝑝𝐴𝑈0,ОУ
′  is the high cut-off frequency 

obtained as the intersection point of the straight line 𝐴𝑈0 = 𝑈𝐿𝑚/𝑈𝑖𝑚 and the fre-

quency response of the open-loop gain of the op-amp; 𝑆𝑅𝑂𝐴 > 2𝜋𝑓ℎ
′𝑈𝐿𝑚 [V/s]; 

Step 20: The error voltage is calculated:𝑈𝑜,𝑒𝑟𝑟 = 𝑈𝑖𝑜 − 𝑅𝑃𝐼𝐵
+ + 𝑅𝐹𝐼𝐵

− at 

𝑇𝑛𝑜𝑚 ≈ 25°𝐶. 

4. DESIGN EXAMPLE 

The object of the design process is a low-frequency power amplifier intended to 

transmit to a certain load 𝑅𝐿 = 4Ω electrical power 𝑃𝐿𝑚𝑎𝑥 = 30𝑊 (sinus) at maxi-

mum nonlinear distortions of the amplified signal with a value of THD  0.5% and 

an offset of the output voltage not greater than ±20mV. The operating frequency range 

is from 𝑓𝑏 = 20𝐻𝑧 to 𝑓ℎ = 20𝑘𝐻𝑧, with a coefficient of linear distortions not greater 

than 3dB. The maximum ambient temperature is up to 45C. The parameters of the 

input circuit are: input voltage with amplitude 𝑈𝑖𝑚 = 1𝑉, input resistance 
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 𝑟𝑖𝐴 ≥ 10𝑘Ω and internal resistance 𝑅𝐺 = 50Ω of the source 𝑒𝐺. Moreover, in this 

case, the input signal source can be an electronic module for reproducing sound from 

a personal computer with a typical value of the output signal level up to about 1V, 

and the load can be a loudspeaker or speaker with an internal ohmic resistance 4Ω 

and maximum sound power up to about 40𝑊. A suitable value of the supply voltage 

can be determined based on the output power and the load, namely 

 𝑈𝐿𝑚 = √2𝑃𝐿𝑅𝐿 = 15.49𝑉. Depending on the selected electronic circuit, the supply 

voltage 𝑉𝐶𝐶 = −𝑉𝐸𝐸 should be from 10 to 30% greater than 𝑈𝐿𝑚 or from 18 V to 

21V, and in some cases a greater value (for the example 25V is chosen). The average 

power extracted from each of the two supplies 𝑃𝐶𝐶
+ = 𝑃𝐸𝐸

− = 𝑈𝑜𝑚𝑉𝐶𝐶/𝜋𝑅𝐿 ≈
22. . .26𝑊, then for the full power consumed by the power source 𝑃𝐶𝐶 ≈ 44. . .52𝑊. 

Based on the proposed procedure in Section 3, Table 1 presents the values of the 

passive components and the type of the selected active elements. 

Figure 2 shows the simulation characteristics of the designed amplifier in the fre-

quency and time domains at maximum output current. As can be seen, the GBWP is 

achieved, and the nonlinear distortion coefficient is below 0.5%. 

Table 1. Active and passive components 

Component Value 

Input low-pass filter (RH and CH) 10k and 820pF 

CP and CN 10F 

Feedback resistors (RF and RN) 12k (120k) and 690 

Op-amps (U1 and U2) TL082CDR 

NPN transistors (T6 and T7) BC546A 

PNP transistors (T5 and T8) BC556A 

R13 and C13 1k and 1nF 

Diodes (D4 …D8, D11, D12, D13, D21, 

D22, D23, D31, D32 and D33) 
1N4148 

R1 and R2 3.9k 

R3 and R4 1.5k 

R5 and R6 120 and 240 

R7 and R8 300 

R9 and R10 0.5 

NPN transistor T1 BD135 [11] 

PNP transistor T3 BD136 

Diodes (D6 and D7) 6А10 

NPN output transistors (T2 and T4) TIP41C [12] 

R11 and R12 7.5 
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a) b) 

Fig. 2. The simulated responses at 𝐼𝐿𝑚3.87𝐴: a) AC transfer characteristics; b) input and 

output signals (V(input), V(output), I(RL), and THD=0.22%). 

In addition, Table 2 presents 

simulation and experimental results 

at different output voltage (or out-

put power) values, and the study 

was performed for two frequencies, 

1𝑘𝐻𝑧 and 10𝑘𝐻𝑧. To calculate the 

𝑇𝐻𝐷, the parameters of the transis-

tors in the output stage BD135 [11] 

and TIP41C [12] were used. Also, 

the parameters of the selected op-

amp TL082CDR were also used to 

determine 𝑈𝑖𝑚,𝑟𝑒𝑞. and 𝐴𝑈0. Based 

on an analysis of the frequency re-

sponse, |𝐴𝑑(1𝑘𝐻𝑧)|  72𝑑𝐵 and 

|𝐴𝑑(10𝑘𝐻𝑧)|  52𝑑𝐵 were determined. As can be seen in Table 2, when 𝑈𝑜𝑚 is 

reduced, the 𝑇𝐻𝐷 decreases, and at < 5𝑉, the value is below 0.1%. For 𝑈𝑜𝑚 > 5𝑉, 

the 𝑇𝐻𝐷 increases to about 0.6%, which confirms the theoretical hypotheses pre-

sented in sections 2 and 3. For a frequency of 10𝑘𝐻𝑧, the 𝑇𝐻𝐷 has a higher value, 

since |𝐴𝑑| is smaller. The experimental results were obtained using a sample elec-

tronic circuit implemented on a PCB with a combination of through-hole and surface 

mount components (Fig. 3). The surface mount components are located on the bottom 

side of the printed circuit board. 

 

 

 

 
Fig. 3. Top view of the PCB for the test cir-

cuit configuration of Fig. 1. 
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Table 2. Simulation and experimental results 

Parameter 

𝒇𝑴 = 1kHz, RN=690, and RL = 4 𝒇𝑴 = 10kHz, RN=690, and RL = 4 

1 2 3 4 5 1 2 3 4 5 

𝑈𝑜𝑚,𝑠𝑝𝑒𝑐 , 𝑉 2.5 5 10 12 15 2.5 5 10 12 15 

𝐼𝐿𝑚, 𝐴 0.625 1.25 2.5 3 3.75 0.625 1.25 2.5 3 3.75 

𝑈𝑏𝑒,𝑚𝑎𝑥, 𝑉 0.64 0.65 0.66 0.68 0.7 0.64 0.65 0.66 0.68 0.7 

𝑥 24.6 25 25.4 26.2 27 24.6 25 25.4 26.2 27 

𝑅𝐹 , 𝑘 127.3 126.8 125 62.55 62.3 12 12 12 12 12 

𝑈𝑖,𝑟𝑒𝑞 , 𝑚𝑉 15 30 54 130 165 135 270 540 650 820 

𝑇𝐻𝐷, %  0.5  0.5  0.5  0.5  0.5  0.5  0.5  0.5  0.5  0.5 

𝑇𝐻𝐷𝑠𝑖𝑚, % < 0.1 < 0.1 0.1 0.155 0.22 < 0.1 < 0.1 0.19 0.24 0.45 

𝑇𝐻𝐷𝑚𝑒𝑎𝑠, 
% 

0.055 0.088 0.12 0.17 0.19 0.05 0.086 0.14 0.23 0.59 

𝐼𝐶𝐶 , 𝐴 0.238 0.430 0.835 0.992 1.28 0.214 0.436 0.862 0.980 1.24 

 

5. CONCLUSION 

In this article, a solution to several problems in analog circuitry is presented:  

(1) A theoretical analysis is presented, clarifying the processes developing in low-

frequency power amplifiers at a frequency and time domain of operation.  

(2) Based on the time-domain analysis, an approach for theoretical determination 

of the total harmonic distortion based on the study of the nonlinear volt-ampere char-

acteristics of bipolar transistors and their analytical expressions for approximation is 

proposed. 

(3) As a result of the analyses and basic theoretical predictions for selected circuit 

configurations with discrete components, a design methodology is proposed; 

(4) An approach is proposed for selecting the passive components and the operat-

ing points of the output transistors within the feedback network at a given level of the 

output signal's amplitude to obtain a small value of the total harmonic distortion and 

the desired value of the gain–bandwidth product. 

All of the above-presented conclusions allow designers to improve the efficiency 

of the developed analog circuits and to significantly reduce the process of experi-

mental work on the developed prototypes. 
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