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                    Abstract
A new oscillator suitable for quadrature and multiphase signal generation is introduced in this contribution. A novel active element, called the controlled gain-buffered current and voltage amplifier (CG-BCVA) with electronic possibilities for current and voltage gain adjustment is implemented together with a controlled gain-current follower differential output buffered amplifier (CG-CFDOBA) for linear adjustment of the oscillation frequency and precise control of the oscillation condition in order to ensure a stable level of generated voltages and sufficient total harmonic distortion. The parameters of the oscillator are directly controllable electronically. Simultaneous changes of two current gains allow linear adjusting of the oscillation frequency, and a controllable voltage gain is intended to control the oscillation condition. A detailed comparison of the proposed circuits with recently developed and discovered solutions employing the same type of electronic control is provided and shows the useful features of the proposed oscillator and utilized methods of electronic control. Behavioral models based on commercially available ICs have been used for experimental purposes. CMOS implementation of active elements was introduced and utilized for additional simulations and studies. Non-ideal analysis, Monte Carlo statistical evaluations of simulated models, and further analyses were performed for the exact determination of the expected results. Laboratory experiments confirmed the workability and estimated behavior of the proposed circuit as well.
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                                    1 Introduction
Electronic control in modern applications for signal processing in inter-frequency bands is a topic of many research works today. Development in this field started with the discovery and development of current conveyors (CCs) by Smith and Sedra [67, 68], Fabre [21], and Svoboda et al. [82]. Many other active elements with possibilities for electronic adjustability were introduced, innovated, and frequently utilized for circuit synthesis and design in the past, for example, operational transconductance amplifiers (OTAs) [23] and current feedback amplifiers (CFAs) [12, 56, 62], etc. A comprehensive review of old as well as recent discoveries in the field of active elements is summarized in Biolek et al. [12]. Extensive descriptions of many modifications and novel approaches are given in [12] and in references cited therein.
1.1 Methods of Electronic Control in Applications of Modern Active Elements
A basic way to control parameters in applications is by a manual change of values of passive elements—floating or grounded resistors in most cases (see [24, 25, 32, 48, 51, 71], for example). Electronic control requires additional elements (e.g., the FET transistor [24]), and the final solution is generally more complicated. A better way is to use what are called bias currents for direct electronic control of parameters of active elements (OTAs, CCs, etc.). Adjusting the intrinsic resistance (R
                  X) by the bias current (I
                  bias) is a very common solution for controlling parameters in many applications employing CCs [9, 18, 20, 34, 60] or adjustable CFAs [66, 73, 76]. Similarly, adjusting the transconductance value of an OTA [23] also requires bias current control [10, 15, 22, 41, 43, 46, 59, 65, 69, 72, 85]. Another method which is used is the current gain adjustment. The development of this method started along with the development of current followers (CFs) [12] and their derivatives [1, 13, 26, 27, 35, 50, 70]. Applications of adjustable current followers and amplifiers (used to control current gain) were reported in [58, 61, 84], for example. Many authors have also implemented current gain controlling mechanisms with current conveyors and amplifiers [19, 31, 39, 40, 49, 54, 63, 78, 81, 83]. Several conceptions also utilize a combination of two methods of adjustment (using two parameters) [40, 49, 54]. Minaei et al. [54], Kumngern et al. [40], and Sotner et al. [73, 76] presented several different design methods for current conveyors with the possibility of intrinsic resistance and current gain control; Marcellis et al. [49] designed a conveyor with simultaneous adjustment of current and voltage gain. Digital control of current gain has achieved increasing attention in recent years. El-Adawy et al. [17] and Alzaher et al. [4–6] introduced digitally programmable CFs, current amplifiers, and CCs, respectively.
1.2 Comparison of Oscillator Solutions Employing Controllable Current Gain
A short comparison of several previous results is now given. The following conceptions that use the possibility to control the current gain of active elements have been introduced.
Sotner et al. [76] engaged three double current-controlled current feedback amplifiers (DCC-CFAs) in a quadrature oscillator solution. This circuit has the advantages of noninteractive electronic controllability of the condition of oscillation (CO) and the oscillation frequency (f
                  0, FO) without an impact on the changes of output amplitudes during the tuning process. All parameters of the oscillator are controllable electronically by bias currents (current gains), and additional extension of the tunability range is possible via adjustable intrinsic resistances (R
                  X).
Three electronically controllable dual output current amplifier-based integrators were utilized by Souliotis et al. [78] in an arbitrary-multiphase (in this particular case, three-phase) current-mode oscillator as an example of a directly electronically tunable oscillator. The CO and FO are tunable via the control current I
                  bias.
Current conveyor-based integrators for a generalized multiphase oscillator design were used by Kumngern et al. [39]. They also designed an internal structure of the current conveyor with an adjustable current gain between the X and Z terminals. Matching of the time constant of each integrator section is ensured by bias control of the current gains. Unfortunately, these results are not focused on electronic adjustment of the oscillation frequency.
Kumngern et al. [40] also proposed a simple oscillator where the intrinsic input resistance was used for f
                  0 and the current gain for CO control (noninteractive). Only two active elements and two grounded capacitors are necessary in their solution. However, amplitude dependence and nonlinear control of f
                  0 occurs.
An interesting solution which implements three programmable current amplifiers (PCAs), two resistors, and two capacitors was proposed by Herencsar et al. [31]. The dependence of FO on the current gain is not linear, but FO and CO are controllable by current gains.
Alzaher proposed a very useful oscillator employing digitally adjustable active elements [4]. His oscillator allows operation in both voltage and current modes. Control of f
                  0 is linear, and the CO is also adjustable via the current gain. Alzaher’s solution requires three adjustable elements and six passive elements.
Souliotis et al. [79] also presented two simple solutions for a quadrature oscillator, where two active elements employing current gain adjustment and two grounded capacitors were used.
The current gain type of f
                  0 control was also used in oscillators employing the Z-copy controlled-gain current differencing buffered amplifier (ZC-CG-CDBA) introduced by Biolek et al. in [8] and [11]. The solution in [8] requires two ZC-CG-CDBAs and six passive elements. CO is controllable by a floating resistor, but f
                  0 is adjustable digitally (the dependence of f
                  0 on the current gain is linear). The solutions discussed in [11] engage two ZC-CG-CDBAs and five passive elements, and f
                  0 is controllable linearly. The output amplitudes are not dependent on the tuning process; however, CO is controllable using floating resistors only.
Electronic control of f
                  0 in [75] is possible via adjustable current gain, but CO is only available by controllable replacement of a grounded resistor. Our oscillator in [75] employs only one active element, but its disadvantage is the dependence of one of the produced amplitudes on the tuning process and nonlinear control of f
                  0.
The lack of electronic controllability of CO in [75] was improved in [77], where an additional active element with controllable gain was used. Two similar solutions, where active elements with low-impedance voltage outputs were utilized in the oscillator design, are discussed in [74]. Table 1 provides a detailed comparison of the aforementioned solutions. 
Table 1 Comparison of important controllable oscillators employing current gain controlFull size table


                The digital adjustment of current and voltage gains is very useful for FO control (see [4, 8, 11], for example). However, discontinuous adjustment of CO can be insufficient for satisfactory stability of output amplitudes and low total harmonic distortion (THD) in some cases. Sufficient bit resolution of digital control is critical. An analog-to-digital converter is essential if digital control (derived from the output amplitude) of CO is intended for automatic amplitude gain control (an AGC circuit), which causes additional complications and increased power consumption. Therefore, continuous control seems to be better for adjusting CO in order to ensure stable output amplitudes and low THD.
1.3 Comparison of Important Oscillators Based on Other Active Elements
Important solutions reported in the past employing different types of active elements are compared in Table 2, excluding circuits that employed current gain control discussed in Table 1 and the corresponding text. The most important problems concerning these previously published oscillators are: (1) four-phase or differential quadrature signal generation is not easily possible [4, 24–29, 32, 34, 36–38, 41–48, 50, 51, 57, 59, 65, 66, 70–72, 85]; (2) additional modification is necessary (current/voltage transformation and/or voltage buffering) for differential quadrature signal generation [10, 22, 27, 32–34, 36–38, 41–43, 45–48, 57, 59, 65, 72, 85]; (3) some are controllable by passive elements only [13, 25–29, 32, 37, 38, 42, 44, 47, 48, 50, 51, 70]; (4) there are too many passive elements [24, 37, 85]; (5) floating capacitors are required [25, 26, 33, 37, 38, 65, 70]; (6) there are too many active elements [22, 27, 41, 46, 50, 53, 59]. More detailed information is given in Table 2 and the comments below. None of the listed solutions employs current and voltage gain control for adjustment of FO and CO. Most of the discussed solutions are based on the state variable approach [25, 27–29], loop and multi-loop integrator (lossy and lossless) feedbacks [10, 39, 76, 78], all-pass sections [33, 37, 38, 53] (an active element-based solution only, without external components was reported in [53]), resonator equivalents [4], autonomous admittance networks [70], or more complicated synthesis approaches [85], which unfortunately do not always provide solutions which are suitable for our requirements. 
Table 2 Comparison of oscillator solutions based on two active elements and selected types employing one, three, and more active elements (excluding solutions compared in Table 1)Full size table


                Our main required features are: (1) independent CO and FO control, (2) differential quadrature outputs (four-phase) for voltage-mode implementation (buffered for low impedance load), (3) linear control of FO, (4) equal and unchangeable amplitudes during the FO tuning process, (5) no additional matching condition required for linear control of FO, and (6) easily adjustable CO by circuit for amplitude stabilization and simple implementation of AGC.
Several oscillator solutions are compared in the following text. Many of them do not allow quadrature outputs [24–26, 34, 47, 50, 51, 65, 66, 70, 72, 85] or only allow quadrature operation after fulfilling some matching condition [27, 29]. The main problem of the reported solutions is to achieve all the required features simultaneously. If the above-mentioned problems are fulfilled, there are also other drawbacks (additional current-to-voltage (I/V) conversion of output signals [10, 27, 36, 38, 41–43, 45, 48, 53, 57, 70, 72], buffering [22, 27, 32–34, 37, 43, 45–47, 59, 65, 70–72, 85] etc.; see the comments following Table 2). The most similar or the same features and parameters compared with our solution (number of active and passive elements) are offered by the circuits in [22] and [13], as is clear from Table 2. However, the solution discussed in [22] allows differential quadrature generation but requires four active elements and additional buffering of outputs (high impedance nodes). The situation is similar for the oscillator reported in [13], where almost all the discussed problems were solved. However, no type of electronic control is discussed in [13] (simultaneous change of two resistors for linear control of FO is required), and CO is controllable only by the replacement of the floating resistor with an opto-coupler. None of the discussed two active element-based solutions allows similar features to those of our proposed circuit. The situation is simpler in our case. CO is controllable by an adjustable voltage gain in the frame of the CG-BCVA element.
Some simple one- or two-active element-based solutions require special matching conditions (equality of two resistors or parameters of active elements) for linear adjustment of FO and fulfillment of CO (marked by c in Table 1, and by i in Table 2). A typical example in the case of Ref. [57] has the following form (for transconductance control): CO: C
                  1
                  g
                  m1=C
                  2
                  g
                  m2; FO: \(\omega_{0} = \sqrt{\frac{g_{m1}g_{m2}}{C_{1}C_{2}}}\) (adjustable parameters g
                  m1=g
                  m2 for fulfilled CO and for linear FO tuning simultaneously). One transconductance is determined for CO control and the other one for FO adjusting. However, both adjustable parameters (two resistors, two transconductances, etc.) have to be matched if linear control of FO is required; moreover, the CO is given by equality of capacitance values [57, 70, 79]. This is the main drawback of some previously published circuits, because only capacitor values are suitable for the startup of oscillation (implementing an AGC circuit for wideband FO adjustment without fluctuation of the output amplitude is not easy task). Therefore, we used two adjustable current gains for independent linear FO control and one voltage gain for CO control without matching constraints between them in our work.
In this work, we introduce a new type of oscillator utilizing a current follower differential output buffered amplifier (CFDOBA) and a novel modification of the active element, called the controlled gain-buffered current and voltage amplifier (CG-BCVA). We introduced several remarks and possible applications in [74] without deep analysis and evaluation. In comparison to the conception of the current conveyor presented by Marcellis et al. [49], where the voltage gain was adjusted between the Y and X terminals and the current gain was adjusted between the X and Z ports of the current conveyor, our solution utilizes a different approach. This approach includes separate adjustable current and voltage amplifiers in the frame of the BCVA element. Some similarity to the well-known CFAs [24, 25, 28, 29, 44, 62] exists. However, the CFDOBA and BCVA do not require a current conveyor part [67, 68, 82], unlike the CFA [24, 25, 28, 29, 44, 62]. The CFDOBA, BCVA, and CFA have current-mode and voltage-mode parts, i.e., a current conveyor (voltage and current input terminals) and simple voltage buffer in the case of the CFA, an adjustable current amplifier (only a current input terminal) and a voltage buffer/inverter in the case of the CFDOBA, and an adjustable voltage amplifier in the case of the BCVA. Nevertheless, the standard CFA contains an input voltage terminal Y (this terminal is required in circuit synthesis [24, 25, 28, 29, 44] based on the CFA and its applications), and does not allow buffered direct and inverted voltage outputs simultaneously or any kind of direct electronic control in application. To the best of the authors’ knowledge, no similar active element (CG-BCVA) or its application in oscillators with controllable features has been reported in the open literature so far.


2 Active Elements with Gain Control Features
The principle of the active elements used is described in the following text. The current follower differential output buffered amplifier (CFDOBA) was introduced in [12], a similar type, called the current inverter buffered amplifier (CIBA) was introduced in [13], and its controllable derivative was presented in [74] (controlled gain CIBA: CG-CIBA). It seems to be a very suitable active element for electronically adjustable applications in signal processing. We used a modified version of the CFDOBA, called the controlled gain-current follower differential output buffered amplifier (CG-CFDOBA), where current gain (B) adjusting is allowed. The symbol, behavioral model, and a possible construction based on commercially available ICs are depicted in Fig. 1. This active element has the following terminals: a low impedance current input terminal p, an auxiliary high impedance current output terminal z, and two low impedance voltage outputs w (noninverting and inverting). An additional auxiliary terminal allows control of the current gain between terminals p and z. This terminal is called \(V_{\mathrm{SET\_B}}\) in our case, because it provides gain control via DC voltage [74]. The following matrix equations describe the ideal behavior: 

$$ \left [ \begin{array}{c} I_{z} \\ V_{w +} \\ V_{w -} \\ V_{p} \end{array} \right ] = \left [ \begin{array}{c@{\quad}c@{\quad}c@{\quad}c} 0 & 0 & 0 & B \\ 1 & 0 & 0 & 0 \\ - 1 & 0 & 0 & 0\\ 0 & 0 & 0 & 0 \end{array} \right ].\left [ \begin{array}{c} V_{z} \\ I_{w +} \\ I_{w -} \\ I_{p} \end{array} \right ]. $$

                    (1)
                


                Fig. 1[image: figure 1]
Controlled gain-current follower differential output buffered amplifier (CG-CFDOBA): (a) symbol, (b) behavioral model, (c) possible implementation using commercially available ICs


Full size image


              An improved conception of the CFDOBA allows controllability of both current and voltage gains simultaneously in the frame of one active element, and it is a useful approach for the design of controllable applications. We called this modification the controlled gain-buffered current and voltage amplifier (CG-BCVA). A detailed explanation is provided in Fig. 2, where the symbol, behavioral models, and a possible practical implementation employing readily available ICs are shown. The terminals of the presented active element provide more possibilities than CG-CFDOBA; however, many of them have the same purpose. Low impedance current input terminal p, auxiliary high impedance terminal z, and low impedance voltage output terminals w± have the same meanings as for the CG-CFDOBA (see Fig. 1). The CG-BCVA has additional dispositions. This active element was first used in [74] only theoretically in the controlled gain-current and voltage amplifier (CG-CVA) and the controlled gain-inverted current and voltage amplifier (CG-ICVA). The CG-CVA and CG-ICVA use a voltage amplifier with adjustable voltage gain (A), unlike the CG-CFDOBA, where only a voltage buffer/inverter is used. Control of current and voltage gains is separated into two auxiliary terminals (two controlling DC voltages, \(V_{\mathrm{SET\_B}}\) and \(V_{\mathrm{SET\_A}}\), respectively). Terminal w is a low impedance voltage output of the voltage amplifier for the CG-CVA or CG-BCVA. The additional voltage buffer, which can also be used as an inverter (see Fig. 2c), gives an interesting advantage in multi-loop circuit synthesis. The output(s) of the voltage buffer is (are) marked by b. 
Fig. 2[image: figure 2]
Controlled gain-buffered current and voltage amplifier (CG-BCVA): (a) symbol, (b) behavioral model, (c) behavioral model with additional inverting buffer output, (d) possible implementation using commercially available ICs (version without additional inverting output)


Full size image


              The ideal behavior of the CG-BCVA is defined by the following matrix equations: 

 $$\begin{aligned} \left [ \begin{array}{c} I_{z} \\ V_{w} \\ V_{b} \\ V_{p} \end{array} \right ] =& \left [ \begin{array}{c@{\quad}c@{\quad}c@{\quad}c} 0 & 0 & 0 & B \\ A & 0 & 0 & 0 \\ 1 & 0 & 0 & 0 \\ 0 & 0 & 0 & 0 \end{array} \right ].\left [ \begin{array}{c} V_{z} \\ I_{w} \\ I_{b} \\ I_{p} \end{array} \right ], \end{aligned}$$ 

                    (2)
                


                 $$\begin{aligned} \left [ \begin{array}{c} I_{z} \\ V_{w} \\ V_{b +} \\ V_{b -} \\ V_{p} \end{array} \right ] =& \left [ \begin{array}{c@{\quad}c@{\quad}c@{\quad}c@{\quad}c@{\quad}c} 0 & 0 & 0 & 0 & B \\ A & 0 & 0 & 0 & 0 \\ 1 & 0 & 0 & 0 & 0 \\ - 1 & 0 & 0 & 0 & 0 \\ 0 & 0 & 0 & 0 & 0 \end{array} \right ] \cdot \left [ \begin{array}{c} V_{z} \\ I_{w} \\ I_{b +} \\ I_{b -} \\ I_{p} \end{array} \right ], \end{aligned}$$ 

                    (3)
                

 where Eq. (2) represents the model of the CG-BCVA in Fig. 2b and Eq. (3) the model in Fig. 2c, respectively. Adjustable gains are very useful for oscillator design, as is obvious from the designed solution that will be presented.


3 Multiphase Oscillator with Linear Control of Oscillation Frequency and Automatic Control of Oscillation Condition
We used the above discussed active elements to design a precise adjustable oscillator with multiphase output properties. The proposed circuit and its modification are shown in Fig. 3. The theory of the synthesis principle is the following. We put two integrators (lossy and lossless) in a closed loop, where one integrator was complemented by a negative resistance. We created this part by using an adjustable voltage amplifier in the frame of the CG-BCVA and resistor R
                3. The characteristic equation (CE) has the following form: 

$$ \mathrm{CE}{:}\quad s^{2} + \frac{R_{1} + R_{3} - R_{1}A_{2}}{R_{1}R_{3}C_{2}}s + \frac{B_{1}B_{2}}{R_{1}R_{2}C_{1}C_{2}} = 0. $$

                    (4)
                

 The condition of oscillation (CO) and frequency of oscillation (FO, ω
                0, f
                0) are: 

 $$\begin{aligned} \mathrm{CO}{:}\quad A_{2} \ge1 + \frac{R_{3}}{R_{1}}, \end{aligned}$$ 

                    (5)
                


                 $$\begin{aligned} \mathrm{FO}{:}\quad \omega_{0} = \sqrt{\frac{B_{1}B_{2}}{R_{1}R_{2}C_{1}C_{2}}}. \end{aligned}$$ 

                    (6)
                

 The relative sensitivities of oscillation frequency (6) on the values of the passive elements and current gains are theoretically equal to ± 0.5. An analysis of the relations between generated signals (high impedance nodes, voltage across capacitors) is provided as follows: 

$$ \frac{V_{C1}}{V_{C2}} = \frac{B_{1}}{sR_{1}C_{1}} = \frac {B_{1}}{j\omega R_{1}C_{1}} = - j\sqrt{ \frac{R_{2}C_{2}B_{1}}{R_{1}C_{1}B_{2}}}. $$

                    (7)
                


                Fig. 3[image: figure 3]
Tunable multiphase oscillator employing two active elements based on controlled gains: (a) basic solution, (b) modification for differential quadrature signal generation


Full size image


              Considering the equality of both current gains (B
                1=B
                2=B
                1,2), Eq. (7) is simplified as 

$$ \frac{V_{C1}}{V_{C2}} = - j\sqrt{\frac{R_{2}C_{2}}{R_{1}C_{1}}}. $$

                    (8)
                

 A simultaneous change of the current gains of both active elements, i.e., B
                1=B
                2=B
                1,2 (\(V_{\mathrm{SET\_B1}} = V_{\mathrm{SET\_B2}}\)) ensures linear control of FO, and voltage gain A
                2 (\(V_{\mathrm{SET\_A2}}\)) allows control of CO and amplitude stability from an external precise (automatic) amplitude gain control circuit (AGC). In the basic variant (Fig. 3a), four low impedance voltage outputs are available. Output voltages V
                OUT1 (terminal w+ of CG-CFDOBA) and V
                OUT2 (b terminal of CG-BCVA) have a quadrature phase shift, which is a consequence of (8). Output voltage V
                OUT1i is available at terminal w− of CG-CFDOBA, and represents inversion of V
                OUT1. The generated voltage at the w of CG-BCVA has same phase as V
                OUT2; the only difference is caused by amplification between w and b of CG-BCVA. The solution in Fig. 3a produces three signals with phase shifts of 90 and 180 degrees. The oscillator introduced in Fig. 3b is suitable for four-phase generation or differential quadrature signal generation because terminals (outputs of CG-BCVA) b+ (V
                OUT2) and b−(V
                OUT2i) are not influenced by gain A
                2 (V
                OUT3), which sets CO during the tuning process. Differential quadrature signals are available at OUT1, OUT1i and OUT2, OUT2i in the case of Fig. 3b. The solution from Fig. 3a is analyzed in detail in the following sections.
The state variable method of synthesis ([28, 29], for example) could also be used to obtain this oscillator. However, such sophisticated methods are not necessary for this quite simple circuit; cascading integrators and negative resistance are sufficient to complete the proposed oscillator. Examples of circuits derived by state variable methods were reported in the impressive works written by Gupta and Senani [28, 29]. Many oscillator structures, including current feedback amplifier (CFA)-based integrators (in fact) in loops constructed by the state variable methods were introduced in the works [28, 29]. The oscillators in [29] utilize simpler active elements (a lower number of outputs) than the solution described in our contribution. Unfortunately, the solutions reported in [28, 29] belong to the family of single resistance controllable types (electronic control is more complicated), and also utilize high impedance voltage inputs (Y terminal of CFA), and relations between amplitudes exist in the case of tuning. Requirements to have both stable quadrature amplitudes while the oscillator is tuned are demanded in many communication systems [11], and our solution fulfills these specifications.


4 Real Behavior and Experimental Results
Knowledge of the expected behavior and influences of real active elements is necessary for practical utilization of the proposed circuit in complex communication systems. Non-ideal models of the active elements are shown in Fig. 4. We can neglect some parameters (for example, the output resistances of w and b—these are very low values below 1 Ω) because their effect on function is insignificant. However, the influences of real parameters of the p and z terminals are very important and they affect at least FO (small or large shift) and CO. 
Fig. 4[image: figure 4]
The most important non-idealities of real active elements: (a) CG-CFDOBA, (b) CG-BCVA


Full size image


              We built a behavioral model of both active elements for real laboratory experiments from commercially available ICs in order to verify the functionality (fabrication of one’s own IC structures is very time-consuming and expensive). In our opinion, if the circuit built from discrete commercially available elements works well, then the appropriate IC version consisting of current amplifiers, voltage amplifiers, and buffers (designed via actual IC technology) will work even better. A model of the oscillator, where important influences are highlighted by hatched and small elements, is shown in Fig. 5. 
Fig. 5[image: figure 5]
Model of proposed oscillator for non-ideal analysis


Full size image


              We established a behavioral model of the CG-CFDOBA using current-mode multiplier EL2082 [16] and differential voltage amplifier AD8138 [2] as voltage buffer/inverter (full negative feedback). The parameters of the CG-CFDOBA are as follows: intrinsic resistance of current input terminal of current-mode multiplier p is R
                
                  p1≈95 Ω (EL2082 [16]), resistance of auxiliary high impedance terminal z is R
                
                  z1≈860 kΩ (output impedance of current-mode multiplier and input impedance of voltage buffer: 1 MΩ∥6 MΩ in parallel [2, 16]), and capacitance of high-impedance terminal z is C
                
                  z1≈6 pF (capacitance of current output of EL2082 and input capacitance of AD8138 in parallel: 5+1 pF [2, 16]).
The real parameters of the CG-BCVA, namely R
                
                  p2, are similar (R
                
                  p2≈95 Ω) to those for the CG-CFDOBA (the real behavioral model also utilizes EL2082). We expect the main difference to be at terminal z, where three instead of two partial blocks (current amplifier, voltage amplifier, and buffer) are interconnected. The estimated value of the impedance of terminal z is R
                
                  z2≈470 kΩ (current output resistance of EL2082, input resistance of adjustable voltage amplifier VCA810 [86], and input resistance of voltage buffer BUF634 [14]: 1 MΩ∥1 MΩ∥8 MΩ), C
                
                  z2≈14 pF (output capacitance of EL2082, input capacitance of VCA810, and input capacitance of BUF634: 5+1+8 pF).
We selected the external passive elements as R
                1=R
                2=910 Ω, R
                3=1 kΩ, and C
                1=C
                2=47 pF. The elements highlighted in Fig. 5 have the following estimated values: \(R _{1} ' = R _{2} ' \approx R _{1} + R_{p1} \approx R _{2} + R_{p2} \approx1005~\Omega\) [16], R
                
                  z1≈860 kΩ, C
                
                  z1≈6 pF, and R
                
                  z2≈470 kΩ, C
                
                  z2≈14 pF. We included the values of C
                
                  z1 and C
                
                  z2 to obtain \(C _{1} ' \approx C _{1} + C_{z1} \approx 53~\mathrm{pF}\) and \(C _{2} ' \approx C _{2} + C_{z2} \approx 61~\mathrm{pF}\). The influence of the printed circuit board was not estimated. A careful routine analysis provides the following results in the form of more accurate design equations (CO and frequency) considering important non-idealities: 

 $$\begin{aligned} & \mathrm{CO}{:}\quad A_{2}' \ge\frac{R_{2}'R_{z1}R_{z2}C_{1}' ( R_{1}' + R_{3} ) + R_{1}'R_{2}'R_{3} ( R_{z1}C_{1}' + R_{z2}C_{2}' )}{R_{1}'R_{2}'R_{z1}R_{z2}C_{1}'}, \end{aligned}$$ 

                    (9)
                


                 $$\begin{aligned} &\mathrm{FO}{:}\quad \omega_{0}' = \sqrt{\frac{B_{1}B_{2}R_{3}R_{z1}R_{z2}\alpha _{1} + [ R_{1}'R_{2}'R_{z2} ( A_{2} - 1 ) - R_{2}'R_{3} ( R_{1}' + R_{z2} ) ]}{R_{1}'R_{2}'R_{3}R_{z1}R_{z2}C_{1}'C_{2}'}}, \end{aligned}$$ 

                    (10)
                

 where α
                1 represents the non-ideal voltage gain (transfer) of the voltage buffer (in the frame of the CG-CFDOBA). The expected and measured oscillation frequency achieves a value f
                0=3 MHz for selected parameters (R
                1=R
                2=910 Ω, R
                3=1 kΩ, C
                1=C
                2=47 pF), and B
                1=B
                2=B
                1,2=1.1 (\(V_{\mathrm{SET\_B1}} = V_{\mathrm{SET\_B2}} = V_{\mathrm{f0\_control}} = 1.15~\mathrm{V}\)). Paper [16] explains the relation between the current gain B and control DC voltage (B≈V
                SET, exactly valid for V
                SET<2 V). The impact of an inaccurate buffer gain (α
                1) on the deviation Δf
                0 (worst case) based on (9) and for above discussed setting (f
                0=3 MHz) was analyzed, and the results are given in Table 3. 
Table 3 Impact of inaccurate voltage buffering on f
                        0=3 MHz (B
                        1,2=1.1)Full size table


              The second term in the numerator of (9) has minimal impact on the overall value of f
                0 if B
                1,2>0.1 (A
                2=2), because it has a lower value (more than 100 times for real parameters, see Table 4) in comparison to the first term (α
                1 supposes equality to 1 in this calculation). 
Table 4 Approximate magnitude difference of terms of (9)Full size table


              The circuit in Fig. 3 requires an amplitude gain control circuit (AGC). We used one of the more suitable solutions, as shown in Fig. 6. Classical low-cost and low-frequency operational amplifiers and diode doublers are sufficient for these purposes. Resistor R
                f sets the slope of the input-output characteristic of the AGC circuit (integrator), which ensures smaller or more extensive reactions to amplitude changes (R
                f achieves values from ∞ to hundreds of kΩ). Because VCA810 requires a negative and decreasing DC control voltage to increase the output signal level, a voltage inverter is necessary. The outputs of the multiphase oscillator can be available as the input of the AGC circuit (except for OUT3), and the output of the AGC is connected to \(V_{\mathrm{SET\_A2}}\). 
Fig. 6[image: figure 6]
Amplitude-automatic gain control circuit for wideband amplitude stabilization


Full size image


              Laboratory measurements of the circuit in Fig. 3a showed the following results. We used a RIGOL DS1204B oscilloscope and an HP4395A network vector/spectrum analyzer (50 Ω matching of the oscillator outputs) for the experimental tests. The transient responses at all available outputs are depicted in Fig. 7. Detailed measurements for the quadrature signals across the working capacitors (buffered, of course) are shown in Fig. 8 for the highest measured f
                0=8 MHz (B
                1,2=2.9; \(V_{\mathrm{f0\_control}} = 3.17\mathrm{~V}\)). The related frequency spectra are shown in Fig. 9. 
Fig. 7[image: figure 7]
Transient responses at all available outputs (V
                        OUT1 - blue, V
                        OUT1i - green, V
                        OUT2 - red, V
                        OUT3 - orange) for B
                        1,2=1.1 (\(V_{\mathrm{f0\_control}} = 1.15\mathrm{~V}\))


Full size image


                Fig. 8[image: figure 8]
Transient responses at V
                        OUT1 and V
                        OUT2 for B
                        1,2=2.9 (\(V_{\mathrm{f0\_control}} = 3.17\mathrm{~V}\))


Full size image


                Fig. 9[image: figure 9]
Measured frequency spectra (B
                        1,2=2.9): (a) for V
                        OUT1, (b) for V
                        OUT2
                      


Full size image


              Figure 10 shows the dependence of f
                0 on B
                1,2 (B
                1,2 was adjusted between 0.1–2.9). The ideal trace was calculated from Eq. (6). The ideal range of the f
                0 adjustment was calculated as 0.337 to 9.776 MHz. The expected estimation based on the more accurate Eq. (10) provides a range from 0.279 to 8.077 MHz, and a range from 0.250 to 8 MHz was gained and verified by laboratory tests. We also tested the stability of the output level during the tuning process and the total harmonic distortion (THD); see Fig. 11. The stability of the output level during the tuning process changed slightly, and the output voltage of both observed outputs was close to 200 mVP-P (Fig. 11a). The measured THD reached values lower than 0.5 % for f
                0 above 2 MHz for both observed output responses (Fig. 11b). 
Fig. 10[image: figure 10]
Dependence of f
                        0 on: (a) adjustable current gains B
                        1,2, (b) control voltage which is setting B
                        1,2 (\(V_{\mathrm{f0\_control}}\))


Full size image


                Fig. 11[image: figure 11]
Additional characteristics: (a) output levels (V
                        OUT1, V
                        OUT2) versus f
                        0, (b) THD versus f
                        0
                      


Full size image


              The phase error between available quadrature outputs was measured, and the results are shown in Fig. 12. Maximal deviation from −90∘ was up to ±3∘ (error ± 2.8 % from the nominal value). 
Fig. 12[image: figure 12]
Study of quadrature outputs: (a) phase shift dependence on f
                        0, (b) phase error dependence on f
                        0
                      


Full size image


              

5 CMOS Structures of Proposed Active Elements and Simulation Results
In this chapter we will present proposed CMOS implementations of the introduced active elements based on their behavioral descriptions shown in Fig. 1 and Fig. 2. We will also provide simulation results of their main features. The TSMC LO EPI 0.18 μm CMOS technology transistor models [55] were used in the simulations.
5.1 Controlled Gain-Current Follower Differential Output Buffered Amplifier (CG-CFDOBA)
The proposed CMOS implementation of the CG-CFDOBA is depicted in Fig. 13. The model consists of three important blocks in accordance with Fig. 1. The first part is the adjustable current amplifier. The input stage of this amplifier is solved as the input section of a classical current conveyor [20, 67, 68, 82]. The presented solution of the gain-controllable part is based on principles presented in [80], where bias current \(I_{\mathrm{SET\_B}}\) controls the current gain (N=2, see Fig. 13): 

$$ B = \frac{NI_{\mathrm{b}2}}{2I_{\mathrm{set\_B}}} \cong\frac{I_{\mathrm{b}2}}{I_{\mathrm{set\_B}}}. $$

                    (11)
                

 The voltage buffer and inverter sub-blocks complete the whole active element. The buffer employs a simple transconductance amplifier [23] (a special type presented in [7, 89]) and a high-gain complementary MOS inverter in full negative feedback, which is beneficial due to its low output resistance. The voltage inverter utilizes the same structure, but the input signal of this section is inverted by a simple common-emitter follower. It is not favorable to use this common-emitter follower as is, because it has a quite high output impedance, and increasing the W/L ratio causes a higher drain current with resulting higher power consumption. Therefore, additional buffering is more suitable than using M33 and M40 transistors only at the location of the voltage inverter. Capacitors (0.2 pF) have frequency compensation purposes (high-frequency resonant peak of transfer characteristics). 
Fig. 13[image: figure 13]
Proposed CMOS model of the CG-CFDOBA


Full size image


                5.2 Controlled Gain-Buffered Current and Voltage Amplifier (CG-BCVA)
The proposed CMOS implementation of the CG-BCVA shown in Fig. 14 employs the same sub-blocks as we discussed in the previous section and an additional voltage gain controllable section. The adjustable voltage amplifier utilizes a transconductance section and the electronic equivalent of a resistor [3, 87, 90] (a simple modification of the solution presented in [87]) at the current output terminal of the OTA; i.e., the voltage gain A of this section is given as: A=g
                  mC.R
                  eq. The high impedance output (OTA) is buffered. The overall transconductance g
                  mC can be calculated as g
                  mC=(g
                  mP+g
                  mN)/2, where \(g_{\mathrm{mN},\mathrm{P}} = \sqrt{2I_{\mathrm{drain}}K_{\mathrm{pN},\mathrm{P}}W/L}\) (K
                  pN,P is a fabrication constant given by the mobility of carriers and the gate oxide capacitance of the P or N MOS, and I
                  drain is derived from the bias current: \(I_{\mathrm{drain}} = 1/2 I_{\mathrm{SET\_A}}\)). The P and N MOS are supposed to have identical features in most cases; therefore, the W/L ratios (shown in blue in the figures) have to be matched to obtain almost identical P and N types (the P type has a more than four times longer W in comparison to the N type in many cases). An equivalent electronic resistor (R
                  eq) is given by g
                  m and g
                  ds for both the P and N types (M34, M42) and is controlled by a fixed bias current (small-signal R
                  eq=1/(g
                  mM34+g
                  dsM34+g
                  mM42+g
                  dsM42)). 
Fig. 14[image: figure 14]
Proposed CMOS model of the CG-BCVA


Full size image


                5.3 Main Features of Sub-Blocks Used for Construction of CMOS Models
We have provided PSpice simulations of the presented CMOS models. The main features in the DC and AC domains of the voltage follower (buffer)/inverter sections are presented in Fig. 15. 
Fig. 15[image: figure 15]
Transfer characteristics of the voltage buffer/inverter part: (a) DC domain, (b) AC domain


Full size image


                The simulation results of the adjustable current amplifier are depicted in Fig. 16 for selected gains (B). The current gain adjustment was verified from 3.0 to 0.5 by a change of \(I_{\mathrm{SET\_A}}\) from 37 μA to 93 μA, respectively. The adjustable voltage amplifier was also tested for several selected values of voltage gain A, and the results are given in Fig. 17. The voltage gain was adjusted (in Fig. 17) from 0.5 to 2.5 by changing \(I_{\mathrm{SET\_A}}\) from 10 μA to 100 μA. 
Fig. 16[image: figure 16]
Transfer characteristics of the adjustable current amplifier: (a) DC domain, (b) AC domain


Full size image


                  Fig. 17[image: figure 17]
Transfer characteristics of the adjustable voltage amplifier: (a) DC domain, (b) AC domain


Full size image


                Replacement of the bias current by voltage is possible by an interchange of the appropriate illuminating current sources (I
                  b3, I
                  b4 in Fig. 13, for example) by current mirrors (this modification was not provided in Figs. 13 and 14 because of their expected complexity and hard readability) and conversion of the bias voltage through a resistor connected to the current input of the mirrors. All the important and some additional (small-signal) parameters are summarized in Table 5 (for both active elements). 
Table 5 Achieved important parameters of sub-blocks of CG-CFDOBA and CG-BCVAFull size table


                5.4 Performances and Verifications of the Proposed Oscillator
The oscillator from Fig. 3b employing the above-discussed CMOS models of the CG-CFDOBA and CG-BCVA was analyzed in detail. The parameters of the circuit elements were selected as R
                  1,2=1 kΩ (R
                  p=533 Ω+external 467 Ω), C
                  1,2=47 pF. The initial PSpice results (the transient responses and spectra are shown in Fig. 18 for all available outputs) are provided for f
                  0=3 MHz, where the controllable parameters of the active elements had values B
                  1,2=1.1 ([image: ]). The calculated THD was 0.7 % (V
                  OUT1, V
                  OUT1i) and 1.1 % (V
                  OUT2, V
                  OUT2i), respectively. Inverting the outputs of both quadrature responses (V
                  OUT1i and V
                  OUT2i) allows differential-mode operation (more resistant to common-mode distortion and noise than single-ended solutions), and it offers the generation of two differential quadrature signals with a two times higher output level (Fig. 19a). Figure 19b shows an example of the initial startup of the oscillations. In the given results (Fig. 18, Fig. 19) the THD is at a sufficient level, but the generated amplitudes reached tens of millivolts only. We note that it is possible to operate with amplitudes of several hundreds of millivolts, but simultaneously the THD increases rapidly due to nonlinearities of the DC transfer characteristics of the active elements (given by the low supply voltage). 
Fig. 18[image: figure 18]
Simulated responses of the CMOS model-based oscillator from Fig. 3b: (a) transient responses at all available outputs, (b) FFT spectrum for selected outputs


Full size image


                  Fig. 19[image: figure 19]
Additional simulated characteristics: (a) differential-mode operation, (b) initial startup of the oscillation


Full size image


                

6 Performances of the Oscillator Dependent on Important Mismatches and Temperature
The proposed oscillator was statistically evaluated using a Monte Carlo PSpice analysis. Our main object of interest was the fluctuation of f
                0 changes caused by deviations of the control parameters (B
                1,2). A Monte Carlo analysis was provided for the CMOS model-based oscillator as well as for the behavioral model (the same as the one we used for experimental purposes), because commercially available devices are easily accessible as macromodels for PSpice libraries. The influences of temperature change on the whole circuit with these macromodels were also studied.
6.1 Analysis of CMOS Model-Based Simulation Results
A Monte Carlo simulation (Gaussian distribution, 500 runs) was provided for 5, 10, and 20 % tolerances (dispersion of their values) of bias currents \(I_{\mathrm{SET\_B1}}\) and \(I_{\mathrm{SET\_B2}}\). The obtained standard deviation of the oscillation frequency (FO) from the nominal value was Δf
                  0=±37 kHz (f
                  0 can be found between the minimal and maximal values, i.e., 2.915 MHz and 3.117 MHz—the worst case) for 5 % dispersion of bias currents (Fig. 20). Standard deviations of Δf
                  0=±72 kHz and ±132 kHz were gained for 10 and 20 % tolerances, respectively. 
Fig. 20[image: figure 20]
Histogram of 500 simulation runs for 5 % value dispersion of bias control currents


Full size image


                6.2 Analysis of Commercially Available Macromodel-Based Simulation Results
An analysis of behavioral representation, where B
                  1,2 gains were controlled by DC voltages (\(V_{\mathrm{SET\_B}}\)), achieved results similar to those presented in the previous section. A standard deviation (for 5 % dispersion of \(V_{\mathrm{SET\_B1},2}\) values) of Δf
                  0=±35 kHz (min.–max.: 2.887 MHz and 3.060 MHz) was obtained (Fig. 21). The number of runs is lower (only 100) due to the complexity of the simulated circuit (including sufficient time for the amplitude stabilization response of the AGC), and the analyses are very time-consuming (one Monte Carlo analysis set takes about 50 min). Standard deviations Δf
                  0=±70 kHz and ±140 kHz were gained for 10 and 20 % dispersions of the \(V_{\mathrm{SET\_B}1,2}\) values, respectively. Note that we also assume independent (not simultaneous) fluctuations of \(V_{\mathrm{SET\_B1}}\) and \(V_{\mathrm{SET\_B2}}\), and hence also B
                  1 and B
                  2. Influencing elements are also the working capacitors and their tolerances. Considering their impact, we find that Δf
                  0=±44 kHz (for 5 % tolerances of \(V_{\mathrm{SET\_B}1,2}\), 5 % tolerances of working capacitors, and 1 % tolerances of working resistors). 
Fig. 21[image: figure 21]
Histogram of 100 simulation runs for 5 % value dispersion of control voltages


Full size image


                6.3 Temperature Impact on Oscillator Performance
Temperature effects on the overall function (FO and CO) were also studied, and the analysis of the simulated behavioral model provided interesting results. We tried to analyze temperature fluctuations about 30 % from the nominal value θ=27 ∘C (it is approximately 20 ∘C to 35∘C). The results are given in Fig. 22. The amplitude of the generated signal changed very slightly (the AGC system compensates these variations very well). The most important impact of temperature change was on f
                  0. The obtained change of f
                  0 comes to 140 kHz, see Fig. 22b. The influence of temperature effect on AGC (fulfillment of CO) does not cause important problems (discontinuation of oscillations) in the observed range. The AGC system reacts to changes (the main consequence of temperature effects is fluctuation of f
                  0) by automatic driving of \(V_{\mathrm{SET\_A}2}\) (gain A approximately between 1.4 and 3.2, recalculated from \(V_{\mathrm{SET\_A}2}\)); see Fig. 23. 
Fig. 22[image: figure 22]
Temperature effects on oscillation frequency: (a) detail in spectrum, (b) simulated dependence


Full size image


                  Fig. 23[image: figure 23]
Temperature effect on produced DC control voltage \(V_{\mathrm{SET\_A}}\) driving condition of oscillation


Full size image


                

7 Investigation of the Oscillation Condition by Open-Loop Gain Analysis
This analysis is given to explain the behavior and necessity of the automatic AGC system. Many researchers suppose that just reaching A
                2=2 (and keeping it fixed all the time, as was determined from Eq. (5) or (9)), is sufficient for wideband tuning of f
                0. However, this is not entirely true in the detailed view. Let us break the loop between V
                OUT1i and the terminal of R
                2 (see Fig. 24) and investigate fulfillment of the loop Barkhausen oscillation criterion [30, 52, 64, 88] (gain and phase shift in the loop) in the ideal case and in the case of simulating the AC model of the proposed oscillator. In the ideal case, CO is fulfilled for the situation shown in Fig. 25a only (for the exact value A
                2=1+R
                3/R
                1=2) and for all values of B
                1,2. This means that the gain in the loop reaches 1 (0 dB) and phase shift 0∘ (between V
                OUT1i and V
                INP). Both corresponding outputs in the direction of the loop (V
                OUT2 and V
                OUT1) are also shown in Fig. 25 and confirm the achieved phase shifts of the generated signals. CO is not fulfilled for different values of A
                2 (see Fig. 25b, c) for any value of B
                1,2. 
Fig. 24[image: figure 24]
Investigation of the oscillation condition in the oscillator by open-loop gain analysis


Full size image


                Fig. 25[image: figure 25]
Ideal behavior of open-loop gain of the oscillator: (a) CO fulfilled A
                        2=2, (b) A
                        2<2, (c) A
                        2>2


Full size image


              Figure 26 offers more substantial information. To obtain the following results, PSpice simulations of the oscillator were performed with the behavioral model employing macromodels of the active elements. The behavioral model used respects input and output impedances and frequency limitations of the active devices (see the comments in Sect. 4 concerning Fig. 5). In Fig. 26, three scenarios are given for various A
                2, and from the results we can see that CO is fulfilled only for the frequency (module crossing 0 dB), where the phase of V
                OUT1i crosses 0∘ and simultaneously A
                2 is fixed. From Fig. 26 it is clearly shown that a smaller or larger change of A
                2 is necessary to follow the current amplitude condition (crossing 0 dB) and therefore the actual setting of f
                0. Tuning of f
                0 by B
                1,2 without AGC causes two consequences: (1) oscillations may drop down (discontinue operation) in the first case (the phase and amplitude conditions are not fulfilled simultaneously) or (2) amplitudes reach the saturation limits of the DC transfer characteristic of the active elements and the THD is terrible (higher gain than 1 in closed loop—the amplitude condition is not fulfilled for stable sinusoidal oscillations/ limit of stability). 
Fig. 26[image: figure 26]
Open-loop gain of the simulated behavioral model: (a) CO fulfilled for f
                        0=5.36 MHz, (b) CO fulfilled for f
                        0=3.08 MHz, (c) CO fulfilled for f
                        0=1.39 MHz


Full size image


              Figure 27 gives the best explanation of the behavior of the circuit. In Fig. 27a the changes of A
                2 (driving of \(V_{\mathrm{SET\_A2}}\) manually) are shown. CO (amplitude and phase condition) is only fulfilled for A
                2=1.84 (at B
                1,2=1.1). A higher gain A
                2 than nominal (A
                2=1.84) causes an increase of the output amplitudes and also THD (because the loop gain is higher than 1 at f
                0, the limit of stability is exceeded), and a lower gain than nominal (at f
                0=3.08 MHz for B
                1,2=1.1 only) causes discontinuation of oscillations (Fig. 27a). Similarly, the phase condition fulfillment can also be studied. From Fig. 27b it can be seen that CO is not fulfilled for different A
                2 than the nominal value (the phase shift in the closed loop is different from 0∘). 
Fig. 27[image: figure 27]
Investigation of amplitude and phase condition of oscillation in simulated behavioral model (open-loop gain): (a) observation of amplitude condition fulfillment for different values of A
                        2 and fixed value of B
                        1,2, (b) observation of phase condition fulfillment for different values of A
                        2 and fixed value of B
                        1,2, (c) observation of phase condition fulfillment for different values of B
                        1,2 and fixed value of A
                        2, (d) observation of amplitude condition fulfillment for different values of B
                        1,2 and fixed value of A
                        2
                      


Full size image


              In Fig. 27c, during the tuning of f
                0 by B
                1,2, we suppose that A
                2 has a fixed value. CO is not fulfilled for different than nominal values of B
                1,2=1.1, because the phase shift in the loop is always different from 0∘. Similarly, CO at f
                0=3.08 MHz (A
                2=1.84) is not fulfilled for B
                1,2=0.5 (the gain in the loop is too low and <1). On the other hand, a high value of B
                1,2 means high gain at f
                0=3.08 MHz and increasing THD or limitation of amplitudes (Fig. 27d).
The reasons for the necessity of the AGC system seem to be clear. Adjusting B
                1,2 in order to control f
                0 causes changes in the gain in the closed loop (decreasing or increasing), and the AGC has to compensate these fluctuations (decreasing or increasing) in the gain by automatic driving of A
                2 (through \(V_{\mathrm{SET\_A2}}\)). Therefore, the symbolic CO (5) or (9) does not tell us the complete information and is valid in the ideal case only. This problem is typical for many previously published circuits (compensation of the loop gain by a directly electronically adjustable parameter of an active element or by a value of the passive element is necessary), but in the past it was not explained in detail.
Figure 28 shows measurement results for a real oscillator (including the response of the AGC circuit in Fig. 6), where the DC voltage driving of gain A
                2 in dependence on the current setting of f
                0(B
                1,2) is presented. 
Fig. 28[image: figure 28]
Dependence of automatically adjusted A
                        2 and \(V_{\mathrm{SET\_A2}}\) on f
                        0 (B
                        1,2)


Full size image


              

8 Conclusion
We have presented an interesting oscillator which is suitable for multiphase or differential quadrature signal generation. A very recently defined active element, i.e., the controlled gain-current follower differential output buffered amplifier (CG-CFDOBA) [12, 13], and a newly introduced element, the controlled gain-buffered current and voltage amplifier (CG-BCVA) were used for purposes of oscillator synthesis. Electronic control of two parameters in the frame of one active element is an attractive method which is very useful in particular applications. The proposed methods of gain control allow the synthesis and design of electronically controllable applications (an oscillator in our case) easily and with very favorable features. The main highlighted benefits can be found in the electronic linear control of the oscillation frequency (tested from 0.25 MHz to 8 MHz) and electronic control of the oscillation condition. The output levels were almost constant during the tuning process and reached about 200 mVP-P. THD below 0.5 % in a range above 2 MHz was achieved. In comparison to some previously reported types [40, 74, 75, 77], the dependence of the output amplitudes on the tuning process was eliminated by simultaneous adjustment of both time constants of the integrators [11]. Grounded capacitors are a common requirement in similar types of circuits. A precise analysis of the real parameters and non-idealities of active elements allows the determination of more accurate descriptions and simulations. Laboratory measurements confirmed the validity and workability as well. Four-phase oscillators are useful for some types of modulations (multiples of 90 degrees phase shift are required). An important advantage is also the possibility to generate differential quadrature outputs. This is very important for low-voltage CMOS solutions, where produced amplitudes reach several tens or hundreds of millivolts only—the differential mode means that one can achieve two times higher output levels than those obtained in single-ended solutions.
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