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The paper describes a novel operational amplifier voltage controlled oscillator circuit which 
can be used in frequency range exceeding unity gain bandwidth. The voltage controlled 
oscillator topology is based on the operational amplifier negative capacitance converter. The 
voltage controlled oscillator architecture, mathematical modeling, ADS simulation results, and 
practical implementation are included. Results of measurements are also presented. 
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Introduction. The voltage-controlled oscillators (VCOs) are widely used in modern 
communication and instrumentation systems. Most of modern LC oscillators use BJTs or MOS 
transistors as active devices [1 – 3]. The operational amplifier (OPA) VCOs offer a practical 
alternative to the transistor VCOs, which require some tuning adjustments during manufacturing 
process.  The use of an OPA as an active device in the VCO circuits has the following advantages: 
it is a complete amplifier with high input impedance and low output impedance; the required 
voltage gain is obtained by using maximum two gain-setting resistors; the positive feedback can 
easily be introduced around the OPA; the VCO design is considerably simplified because of easy 
biasing [4]. However, OPA VCOs of the Colpitts and Hartley topology require a relatively high 
voltage gain to start-up the oscillation [5]. This reduces maximum operating frequency due to the 
limited gain-bandwidth product of used OPA. In this paper new OPA VCO topology is proposed, 
analyzed, and designed. The VCO architecture is based on the OPA circuit with negative input 
capacitance observed at the non-inverting input of the OPA [6]. This negative capacitance 
compensates the losses in the VCO tank circuit connected to the non-inverting input.  

Architecture. The proposed VCO circuit is shown in fig. 1. The tank circuit is represented by 
the inductor L and two contrary connected varactors VD1 and VD2.  

 
Fig. 1. Schematic of the VCO based on negative capacitance converter 

Inductor sL  isolates the dc control line from the VCO tank. Resistors 1R  and 2R  provide a voltage-
series negative feedback. Capacitor C introduces a voltage-shunt positive feedback.  

Assuming the OPA is ideal and cutting wire to the tank circuit, the input impedance at node 2 
is given by                                                                   
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where 211 RRAV  is the non-inverting amplifier voltage gain. 

From (1) follows that  
 1 Vneg ACC .             (2) 

As seen from (2), the value of negative capacitance can be controlled by the voltage gain 
VA of the non-inverting OPA. It should be pointed out that when VA  tends to 1, the negative 

capacitance tends to zero and the input impedance tends to infinity. This negative capacitance is 
connected in parallel to the tank circuit.  

Having a negative input capacitance, the electronic part of the VCO can compensate the 
losses of the tank circuit.  

Assuming the OPA is ideal, the voltage time diagrams at nodes 1 and 2 are shown in fig. 2, a 
and b.  

 
                                                    a                                                                    b 

Fig. 2. VCO waveforms for an ideal OPA: a – at node (1), b – at node (2) 

As seen from fig. 2, a, the OPA output voltage (node 1) is a square waveform with maximum 
amplitude satV , where satV  is the OPA saturation voltage. This voltage is fed back through capacitor 
C  to the tank circuit producing a current, which is rich with harmonics of the fundamental 
frequency, f0. Since the equivalent impedance of the tank circuit has maximum at the resonant 
frequency f0 and decreases very fast to the left and to the right from f0, then only the first harmonic 
of the current flow will create a significant voltage drop across the tank circuit. The other harmonics 
will be filtered out. Thus, the voltage at node 2 is a sinusoidal waveform as shown in fig. 2, b. Since 
for the practical VCOs the slew rate is limited, the voltage at node 1 can be a trapezoidal waveform 
or a triangular waveform as shown in fig. 3, a and b, but the voltage at node 2 remains a sinusoidal 
waveform. The shape of voltage in fig. 3, a corresponds to an OPA with a moderate slew rate. The 
pulses of such voltage have a visible rise and fall time, but the slew rate is still sufficient for 
saturation of the OPA output. The shape of voltage in fig. 3, b corresponds to an OPA with a low 
slew rate, which is not sufficient for saturating its output, therefore z satV V . 

 
a                                                                          b 

Fig. 3. Typical waveforms at the OPA output (node 1): a – trapezoidal, b – triangular 
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Description. The voltage-series feedback presentation of the VCO ac equivalent circuit is 
shown in fig. 4.  

 
a                                                               b 

Fig. 4. AC equivalent circuit of the VCO: a – with real OPA; b – with ideal OPA 

Since the input resistance of the non-inverting OPA circuit ( finR , ) is extremely large and the 
output resistance ( foR , ) is very small due to the advanced characteristics of modern OPAs and 
negative voltage-series feedback through R1 and R2 they can be neglected as shown in fig. 4, b. 

In fig. 4, the capacitance Ct and resistance tr  represent the total tank circuit capacitance and ac 
resistance 

0,5t V parC C C  ; 

VLt rrr 2 , 

where VC is the capacitance of a varactor, parC is the total parasitic capacitance of the VCO, Lr  is 
the ac resistance of the coil, and Vr is the ac resistance of a varactor. The current  tiF  represents the 
ac current through the positive feedback capacitorC .  

A simplified ac equivalent circuit of the VCO is shown in fig. 5, where a series to parallel 
transformation of the ac loss resistance is performed. The capacitanceC in the positive feedback 
path is reflected by the Miller theorem to the non-inverting input as a negative capacitance negC and 
to the output of OPA as a capacitance  VM ACC 11 . The negative Miller capacitance, negC , 
compensates the losses in the tank circuit represented by the loss resistance pR .  

 
Fig. 5. Simplified ac equivalent circuit of the VCO 

As seen from fig. 4, b, the capacitor C provides a voltage-shunt feedback and can be modeled 
by the y-parameters as shown in fig. 6, a. 
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a                                                              b 

Fig. 6. VCO ac models: a – y-parameter model of feedback voltage-shunt circuit; 
b – unilateral ac model of the VCO with positive feedback incorporated as fy11  and fy22  loading 

and  tiF generator 

The y-parameters are defined as follows: 

11 22 0f fy y j C   ;  

12 21 0f fy y j C    . 

The feedback current generator is given by 

12 1 0 1( ) ( ) ( )f Fy t j C t i t       .                                                  (3) 

The y-parameter model of the feedback network can be simplified because under normal 
feedback network operation we expect the y-parameter fy21  is negligibly small. This is indeed true 
because the feedback network is used for transmitting the signal from node 1 to node 2 but not vice 
versa. 

Assuming 021 fy , the unilateral ac model of the VCO is shown in fig. 6, b, where the 
admittances fy11   and fy22  are, respectively, incorporated into the left and right part of the circuit.  

As seen, the oscillation will start if the ac current source )(tiF compensates the energy losses 
in the VCO tank circuit. As it follows from (3), the amplitude of the feedback current )(tiF  is 
directly proportional to the value of C and the phase of )(tiF  leads the phase of )(1 t by 90º. By 
choosing the value of C two conditions must be satisfied: the value of C  must not be too small, 
otherwise the energy generated by the incorporated ac current source will not be sufficient for 
compensating the energy losses in the VCO tank circuit; the value of C  must not be too large, 
otherwise this capacitor will shunt the controlled voltage source )(1 t . 

From the circuit of fig. 6, b the oscillation frequency is found as 

  0 1 2 t Ff L C C   . 

To find the amplitude of the VCO output voltage oV , the periodic voltage  tv1  can be 
approximated by the complex exponential Fourier series 

   *
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where *

1, 1, exp( )m m mV V j   is the complex amplitude of the  m-th harmonic of the voltage at node 1, 

mV ,1   and m  are, respectively, the amplitude and the initial phase of the m-th harmonic. 
Consider, for example, the triangular waveform shown in fig. 3, b. For this waveform the 

complex amplitude of the m-th voltage harmonic is determined as follows: 

 *
1, 2 2

8 sin exp , 1,3,...
2

z
m m

V mV j m
m


  


.         (4) 

The feedback current )(tiF  is also represented by the complex exponential Fourier series    

   *
, 0

1 exp
2F F m

m
i t I jm t





  , 

where  *
, , expF m F m mI I j   is the complex amplitude of the m-th current harmonic, mFI ,  and m  

are, respectively, the amplitude and the initial phase of the m-th harmonic of )(tiF . Taking into 
account (3) and (4), we obtain 
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j z
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As seen from (5), the m-th harmonic of )(tiF leads the m-th harmonic of )(1 t  by 
2
 , i. e. 

2m m


    .  

Since only the first harmonic of )(tiF  having complex amplitude 

* * 0
,1 0 1,1 12
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creates a significant voltage drop across the tank circuit at resonance, then the voltage complex 
amplitude across the tank is given by  

* * 0
0 ,1 12

8
exp

2
z P

F P
V CRV I R j            

.         (6) 

It follows easily from (6) that the amplitude of the sinusoidal voltage across the tank is 

0 02

8
z PV V CR 


                                                             (7) 

and the initial phase of this voltage leads the initial phase of the first harmonic of )(1 t  by 90 . 
It can be shown that the oscillation amplitude across the tank for the square wave (fig. 2, a) 

and trapezoidal (fig. 3, a) waveforms at node 1 (see fig. 1) are, respectively, represented by the 
following equations: 

0 0
4

sat PV V CR 


;                                                            (8) 

0
0

4 sinsat PV CRV  



,                                                       (9) 

where τ is the rise time for the trapezoidal waveform.                                       
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As seen from (7) – (9), the amplitude of the generated sinusoidal voltage is directly 
proportional to C and PR . As it also follows from (8) and (9), the oscillation amplitude can exceed 
the voltage level of 4 satV  , that cannot be exceeded neither by the Colpitts, nor the Hartley OPA 
oscillator [4]. 

Simulation. The proposed VCO circuit was simulated by ADS software. The simulations 
were performed with an ultra low noise wideband OPA LMH6624 (National Semiconductor). It has 
the gain-bandwidth of 1.5GHz and slew rate of μsV400 . The input referred voltage and current 

noise at f = 1 kHz are, respectively, HznV2  and HzpA3 . Two Panasonic voltage gain 
setting resistors kΩ1221  RR  (ERJ1GEJ123) were selected resulting in AV = 2. Murata RF 
capacitor ERF22X6C2H1R5CD01 of 1,5pF was selected as the positive feedback capacitor C.  Two 
varactors BB215 (Philips) were used to change the VCO frequency. The selected Panasonic 
inductor ELJQF1N8 had value of 1,8 nH. The OPA power supply voltage is 2,5V . 

The simulated VCO characteristics are shown in fig. 7. As seen from fig. 7, a, the VCO 
frequency is changed from 2,447 GHz to 2,901 GHz when the dc control voltage, dcV , applied 
through an LS = 2,2 µH inductor to the varactor cathodes, is changed from 0 V to 20 V. 

 
a                                                                          b 

 
c                                                                     d        

Fig. 7. Simulation results: a – VCO tuning characteristic; b – output power versus control voltage; 
c – OPA output waveform as a function of control voltage with dcV step of 5 V; d – output waveform 

as function of control voltage with dcV step of 5 V  

Thus, the proposed VCO can work in the frequency range which exceeds the OPA unity gain 
bandwidth. This is possible because the VCO output is not at the OPA output but at the OPA non-
inverting input where the amplitude of voltage is not so strictly limited by the OPA performance 
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characteristics as at the output.  It should be pointed out that the tuning characteristic is almost 
linear with sensitivity of 22,7 MHz/V. The output power is changed from 11 dBm at V0dcV  to 
11,3 dBm at V20dcV . Thus, in the tuning frequency range the VCO output power is almost 
constant. The simulated voltage waveforms at nodes 1 and 2 are shown in fig. 7, c and d. As seen 
from fig. 7, c, the amplitude of the triangular voltage is maximum 35 mV but at the same time the 
amplitude of the sinusoidal voltage is greater than 1,1 V. Thus, a small amplitude triangular voltage 
at the OPA output results in relatively large amplitude of sinusoidal voltage at the OPA non-
inverting input. 

The dependence of phase noise versus control voltage at 1 MHz offset from carrier is shown 
in fig. 8, a. As seen, the phase noise is changed from -148,9 dBc at V0dcV to -155,1 dBc at 

V20dcV . Thus, the proposed VCO has very low phase noise. The VCO phase noise versus offset 
frequency with dcV step of 5 V is shown in fig. 8, b. 

 
a                                                                          b 

Fig. 8. Simulated VCO phase noise: a – phase noise at 1 MHz offset versus control voltage; b – phase noise 
versus offset frequency with dcV step of 5 V 

In Table 1 are shown the voltage amplitudes and initial phases of the first ten harmonics of 
the output signal when 10 Vdc tuneV V  . The total harmonic distortion, calculated by using the 
amplitudes of harmonics, is only 0,52 %. This means that the proposed VCO is a low distortion 
oscillator.   
                                                                                                                                Table 1 

Simulated voltage spectrum 
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In Table 2, the phase noise of the designed VCO is compared with recently published CMOS 
VCOs. As can be seen in Table 2, the designed VCO has excellent phase-noise performance. 

Table 2 
Phase noise comparison with recently published VCOs  

Design 
Center 

Frequency 
(GHz) 

Phase noise ( MHz1f ) 

(dBc/Hz) 

Phase noise ( MHz3f ) 

(dBc/Hz) 
[7] 4,04 – -144,1 
[8] 5,0 -120,2 -132,0 
[9] 2,594 – -119,0 

[10] 3,1 -119,0 – 
[11] 1,752 -127,1 – 
[12] 2,44 -134,3 -143,8 

This work 
(simulated) 

2,65 -151,7 -161,2 

 
Experimental results. A simplified version of the proposed oscillator was implemented with 

an ultra low noise wideband OPA LMH6624. The component values were selected as follows: 
R1 = 0 Ω, R2 = ∞, L = 47 nH, and C = 1,2 pF. The voltage gain was equal to unity. Additional unity 
gain buffer was connected to the oscillator output for isolating the tank circuit from the measuring 
equipment. The supply dc voltage was ± 5 V. The photograph of the oscillator printed circuit board 
(PCB) is shown in fig. 9, a. The oscillation frequency and output power spectrum was measured by 
using a spectrum analyzer R4131C (Advantest). The photograph of the power spectrum is shown in 
fig. 9, b. The measured oscillation frequency is 203,65 MHz.  

The measured output power is -23,8 dBm with 20 dB probe attenuation and 12,8 dB buffer 
insertion loss. 

 
        a                                                                      b                                                    

Fig. 9. Implemented oscillator: a – PCB photograph; b – output power spectrum over 10 MHz span 
and RBW = 100 kHz 

It should be pointed out that a unity gain buffer in the implemented oscillator used only for 
isolation of the oscillator circuit from the spectrum analyzer input. This buffer significantly 
degraded oscillator performance characteristics. 
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Conclusions. In this paper a VCO based on the operational amplifier capacitive converter has 
been proposed. An accurate ac equivalent circuit of the VCO has been developed, providing a 
practical insight into the negative impedance generation mechanism. The analytical equations have 
been derived for computing the VCO output voltage amplitudes.   

The proposed VCO has a number of unique properties. Firstly, the tank circuit is connected at 
the non-inverting input of the operational amplifier which has extremely high input resistance. 
Therefore, the tank circuit is not shunted by the active element as in the Colpitts and Hartley VCOs. 
Secondly, the VCO comprises small number of circuit components and by using a low-noise 
operational amplifier can provide the level of internal phase noise approaching to the tank circuit 
phase noise which is the minimum. Thirdly, the proposed VCO can work in frequency range which 
exceeds the unity gain bandwidth of the selected operational amplifier. Fourthly, the oscillation 
amplitude of the proposed VCO can exceed the operational amplifier saturation voltage that cannot 
provide any other known operational amplifier oscillator circuit.  
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В. В. Уланский  
Генератор, управляемый напряжением на основе преобразователя с отрицательной 
емкостью 
Описан новый генератор, управляемый напряжением на операционном усилителе, который 
может быть использован в диапазоне частот, превышающих полосу единичного усиления. 
Топология генератора, управляемого напряжением, основана на преобразователе с 
отрицательной емкостью, использующем операционный усилитель. Описана архитектура 
генератора, приведено математическое моделирование, моделирование в среде ADS и 
практическая схема. Представлены результаты измерений. 

В. В. Уланський 
Генератор, керований напругою на основі перетворювача з негативною ємністю 
Описано новий генератор, керований напругою на операційному підсилювачі, який може 
бути використаний в діапазоні частот, що перевищують смугу одиничного посилення. 
Топологія генератора, керованого напругою, ґрунтується на перетворювачі з від’ємною 
ємністю, що використовує операційний підсилювач. Описано архітектуру генератора, 
наведено математичне моделювання, моделювання в середовищі ADS та практичну схему. 
Подано результати вимірювань. 
 


