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Wide-band/Multi-band Voltage Controlled Oscillator 

FIELD OF THE INVENTIQN 

This invention relates to the field of voltage controlled oscillator circuits. 

BACKGROUND OF THE INVENTION 

Advances in communications systems have brought on a large increase in 

the demand for communications devices such as mobile/cellular telephones and radios, 

portable digital telecommunications and data devices, and the like. Typically such 

devices operate at a frequency within a band of the electromagnetic spectrum from about 

900 MHz to about 2.5 GHz. For example, a cellular mobile telephone may transmit and 

receive signals at about 1800 MHz, and in order to do so the radio circuitry requires an 

oscillator tuned to that frequency. Other types of devices of course operate at different 

frequencies and therefore require an oscillator circuit tuned to a different frequency. 

Voltage controlled oscillator (VCO) circuits are known which allow the 

oscillation frequency thereof to be controllably tuned through use of a control voltage. 

Known controllable oscillator circuits are useful in devices that operate over a range of 

frequencies or at a plurality of different frequencies, since only a single oscillator circuit 

is necessary. However, the frequency range of current VCO circuits is somewhat limited 

and such circuits are incapable of spanning the entire frequency band used for present and 
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proposed applications such as those mentioned above. Some limitations to the 

controllable frequency range of known VCO circuits are inherent in the circuit structure 

or components and others are imposed by the desired application. For example, many of 

the applications for VCO circuits are in battery powered mobile devices which require 

low power consumption and operate at low supply voltages. This compounds the 

restricted range of known VCO circuits since the available range of control voltages that 

may be applied to the circuit to adjust the frequency is limited. 

It is therefore desirable to proVide a voltage controlled oscillator circuit 

that is capable of operating over a wide band of frequencies, or over a plurality of 

frequency bands, and which may operate using a relatively low supply voltage so as to be 

useful for battery powered applications. 
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SUMMARY OF THE INVENTION 

In accordance with the principles of the present invention. there is 

provided a variable frequency signal generator having a pair of LC oscillator circuits 

interconnected by a transconductance control circuit. The variable frequency signal 

generator has two independently controllable inputs, and the two oscillator circuits 

provide respective quadrature output frequency signals. 

A first control input is coupled to the oscillator circuits, and is preferably 

used to control the capacitance ofvaractors included in the oscillator circuits. In the 

preferred mode of operation, the first control input receives a first input voltage selected 

from first and second voltage levels corresponding to varactor capacitance values toward 

the respective upper and lower extremes of the capacitance range of the varactors. For 

example, the first voltage level applied at the first control input may drive the varactors 

into a strong inversion mode operation, and the second voltage level may correspond to a 

depletion mode operation. 

A second control input is coupled to the transconductance control circuit, 

and is preferably used to control the amount of cross-coupling between the oscillator 

circuits, which varies the output frequency of the oscillator circuits. In the preferred 

mode of operation, the second control input receives a second control voltage that can be 

selected from within a voltage range. In the preferred embodiment, with the first voltage 

level applied at the first control input, the second control voltage can control the 



oscillator output frequency between about 84v MHz and 1.37 GHz. With the second 

voltage level applied at the first control input, the second control voltage can effect 

variation of the oscillator output frequency between about 1.30 GHz and 2.42 GHz. 

In a preferred form of the invention, the variable frequency signal 

generator also includes a control voltage compensation circuit coupled between the first 

and second control inputs. The control voltage compensation circuit is controlled by the 

voltage on the second control input to regulate a bias voltage across the oscillator circuit 

varactors such that, with a constant voltage at the first control input, the bias voltage 

across the varactors is maintained substantially constant. This allows the varactors to 

operate at a fixed bias voltage, and thus maintain a substantially fixed capacitance, 

despite voltage level variations at the second control input. 

In one form of the invention, the variable frequency signal generator may 

be characterized by: 

first and second LC oscillator circuits including v:oltage controlled capacitance 

elements; 

a first control voltage input coupled to the LC oscillator circuits to control the 

capacitance of the voltage controlled capacitance elements; 

a transconductance control circuit cross-coupling the first and second LC 

oscillator circuits; 

a second control voltage input coupled to the transconductance control circuit to 

control transconductance coupling between the first and second oscillator circuits; and 

--5-



a variable frequency signal output coupled to generate an output signal from one 

of the first and second oscillator circuits, wherein the frequency of the output signal is 

controllable by independently controlling the voltages at the first and second control 

voltage inputs. 

Preferably, each of the first and second LC oscillator circuits comprise a 

pair of transistors cross-coupled to first and second common nodes; and a respective LC 

load coupled to each of the first and second common nodes, each LC load comprising an 

inductive element coupled between the common node and a supply voltage and a varactor 

capacitive element coupled between the common node and a controlled voltage node. 

The first and second common nodes provide input/output connections for coupling to the 

transconductance control circuit and the variable frequency signal output. 

Preferably, the transconductance control circuit comprises first and second 

coupling circuits, each coupling circuit having a pair of inputs and a pair of outputs. The 

coupling circuits cross-coupled the oscillator circuits, such that: 

the inputs of the first coupling circuit are coupled to the common nodes of the 

first oscillator circuit, and the outputs of the first coupling.circuit are coupled to the 

common nodes of the second oscillator circuit; and 

the inputs of the second coupling circuit are coupled to the common nodes of the 

second oscillator circuit, and the outputs of the second coupling circuit are coupled to the 

common nodes of the first oscillator circuit. 
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In the preferred form of the invention each of the couplir.g circuits 

comprises a pair of coupling transistors having first conduction nodes forming the 

coupling circuit outputs and second conduction nodes coupled to a supply voltage 

through a control transistor, the coupling transistors having control nodes forming said 

coupling circuit inputs, and the· control transistor having a control node coupled to th~ 

second control voltage input. 

In the preferred embodiment, the control voltage compensation circuit 

includes a resistive element that provides a controlled voltage drop between the first 

control voltage input and the controlled voltage node so as to maintain the potential 

difference between the common nodes of said oscillator circuits and the controlled 

voltage node substantially constant with respect to changes in voltage at the second 

control voltage input. 

In accordance with the present invention, there is also provided a method 

of operating a variable frequency sign~ generator having a pair of LC oscillator circuits 

interconnected by a transconductance control circuit, the oscillator circuits having outputs 

that in use provide respective quadrature frequency output signals, the oscillator circuits 

having a first control voltage input and the transconductance control circuit having a 

second control voltage input. The method c~mprises: applying a first control voltage to 

the oscillator circuits through said first control voltage input, the first control voltage 

being selected from first and second predetermined voltage levels corresponding to first 

and second output signal frequency bands; and applying a second control voltage to the 
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transconductance control circuit through said second voltage input, the second control 

voltage being within a predetermined voltage range corresponding to an output signal 

frequencies within the first and second frequency bands. Preferably the oscillator circuits 

include MOSFET varactors, wherein the first and second predetermined voltage levels 

correspond to the MOSFET varactors operating in respective strong inversion and 

depletion modes. 
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.BRIEF DESCRIPTION OF THE ORA WINGS 

The invention is described in greater detail hereinafter, by way of example 

only, through description of a preferred embodiment thereof and with reference to the 

accompanying drawings in which: 

Figure 1 is a schematic circuit diagram of a first prior art voltage 

controlled oscillator (VCO) circuit; 

Figure 2 is a schematic circuit diagram of a second prior art voltage 

controlled oscillator (VCO) circuit; 

Figure 3 is a block diagram of a variable frequency signal generator 

according to an embodiment of the present invention; 

Figure 4 is a schematic circuit diagram of an LC oscillator circuit suitable 

for use in the variable frequency signal generator of Figure 3; 

Figure 5 is a schematic circuit diagram of a transconductance control 

coupling circuit suitable for use in the variable frequency signal generator of Figure 3; 

Figure 6 is a schematic circuit diagram of a voltage controlled oscillator 

circuit according to a preferred embodiment of the present invention; 

Figure 7 is a graph illustrating capacitance variation with applied voltage 

for a varactor of the type employed in the circuit of the preferred embodiment; 

Figure 8 is a graph illustrating oscillator frequency output variation with 

applied control voltages for the circuit of the preferred embodiment; 

Figures 9 and 10 are graphs illustrating harmonic output content for the 

circuit of the preferred embodiment; and 
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Figures 11 and 12 are graphs illustrating output phase noise for the circuit 

of the preferred embodiment. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

The structure and operation of a voltage controlled oscillator circuit is 

disclosed herein. In the following description, for purposes of explanation, specific 

nomenclature and specific implementation details are set forth to provide a thorough 

understanding. of the present invention. However, it will be apparent to one skilled in the 

art that these specific details are not required in order to practice the present invention. 

For example, the preferred embodiment is described in the context of a CMOS integrated 

circuit technology, but the voltage controlled oscillator circuit structure of the invention 

is equally applicable to other integrated circuit fabrication technologies. 

Before considering the structure and operation of the voltage controlled 

oscillator circuit of the present invention, it is useful to refer to two forms of prior art 

voltage controlled oscillator circuits, which are shown respectively in Figures 1 and 2. 

A first prior art VCO circuit 100 is shown in schematic circuit diagram 

form in Figure 1. The circuit 100 comprises two tuned circuits 130, 140 coupled 

together to fo!lll a resonant circuit. The first tuned circuit 130 has a node A to which is 

coupled the gate of a transistor 103 constructed in the form of a voltage controlled 

capacitor (varactor) CAI· The other side of the varactor CA1 is coupled to the positive 

side of a controlled voltage source 106 that provides a voltage Vcap· An inductive 

element LAJ is coupled between the first tuned circuit node A and a fixed supply voltage 

V dd· The first tuned circuit also includes a cross-coupling transistor 102 having its drain 
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coupled to the node A and source coupled to a common node X. The common node X is 

coupled to ground through a current mirror transistor 110. 

The second tuned circuit 140 is constructed similarly to the first tuned 

circuit 130 as described above. The second tuned circuit 140 has a node B to which a 

. transistor 105 in the form of a varactor Cea and an inductive element Let are connected. 

The varactor and inductor Cea and Let are coupled generally in parallel to the controlled 

and fixed voltage sources V cap and V dd. respectively. A cross-coupling transistor 104 is 

coupled between the node B and the common node X. 

The first and second tuned circuits 130 and 140 are coupled together 

through cross-coupling transistors 102, 104.to form a resonant circuit. This is achieved 

by coupling the gate of cross-coupling transistor 102 from the first tuned circuit 130 to 

the node B of the second tuned circuit 140. Similarly the gate of transistor 104 is cross­

coupled to the first tuned circuit 130 at node A. 

Current through the common node X is maintained constant by a current 

mirror circuit that includes the aforementioned transistor 110. The current mirror circuit 

also includes a current control transistor 108 and a resistive element 112 that are 

connected in series between the fixed voltage source V dd and ground. The gate of 

transistors 108 and 110 are coupled together and also coupled to the drain junction of 

transistor-108 and resistor 112. The current mirror circuit operates in conventional 

manner, maintaining a substantially constant current through node X. 
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The VCO circuit 100 as above described and illustrated in Figure 1 

provides an oscillating output voltage at node· A or node B, and the frequency of the 

output is determined by the resonant frequency of the cross-coupled first and second 

tuned circuits 130, 140. The resonant frequency of the two tuned circuits is controlled by 

the voltages across the varactors CAt and C11 (nominally the same). Mathematically, the 

resonant frequency Ires can be determined according to: 

where L represents the inductance of LA1 and L11t and Cvar represents the capacitance of 

the varactors CA1 and Cai· 

The circuit is operated such that as the control voltage V cap increases. the 

capacitances of the varactors decrease, thus increasing the resonant frequency of the 

circuit. Typically the capacitance of the varactors CA1 and C11 can be varied, through use 

of the control voltage Vc1 p. by about 50% of their nominal value, which allows an 

increase in resonant frequency of the circuit of about 40%. This places an inherent 

limitation on the frequency range available through this form of circuit. 

Another problem of the circuit 100 arises through distortion effects. It is 

found that the output waveform suffers from an unavoidable effect of harmonic 

distortion. This is because the variations of the time-variant voltage of the oscillation at 

nodes A and B in Figure 1 vary the effectiv~ bias voltages across the varactors. This will, 

in turn, vary the capacitance of varactors within each period. Further, if quadrature 
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outputs ".re required, 90 degree phase-shifter circuits are employed, and it is also found 

that problems can arise due to errors in the phase-shifters with respect to changes in the 

output frequency. Finally, all parasitic capacitances which are in parallel with the 

capacitances of the varactors further limit the frequency range of the circuit, through 

lowering the contribution of the varactors to the total capacitance of the LC resonator. 

Another form ofVCO circuit 200 is shown schematically in Figure 2. 

The VCO circuit 200 includes two basic oscillators cross-coupled to generate quadrature 

outputs. The oscillator circuits 210, 250 each comprise cross-coupled LC resonant 

circuits similar in sn:ucture to the VCO circuit 100 except with fixed capacitances in 

place of the varactor diodes. 

The first oscillator circuit 210 has nodes A' and B', to which are coupled 

respective inductors and capacitors~ and a common node X'. In particular, an inductor 

212 is coupled from node A' to supply voltage V dd, and a capacitor 213 is coupled from 

node A' to ground. Similarly, an inductor 214 is coupled from node B' to supply Vdd and 

capacitor 215 is coupled between node B' and ground. A transistor 220 is connected 

between node A' and common node X', and another transistor 222 between nodes B' and 

X'. The transistors 220 and 222 provide cross-coupling between the nodes A' and B', 

whereby the gate of transistor 220 is coupled to node B' and the gate of transistor 222 is 

coupled to node A'. The common node X' is connected to ground through a current 

mirror transistor 225. Electrical current that flows through the current mirror transistor 

225 is maintained substantially constant during operation by a reference current circuit 
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comprising resistor 2~2 and transistor 230 which are coupled to the transistor 225 in a 

conventional current mirror arrangement. 

The second oscillator circuit 250 is constructed similarly to the first 

oscillator circuit 210, having nodes C' and D' and a common node Y'. Inductors 252 and 

254 are connected between Vdd and nodes C' and D', respectively. Capacitors 253 and 

255 are coupled from ground to nodes C' and D', respectively. Transistor 260 connects 

node C' to node Y' and is controlled from node D', whilst transistor 262 connects nodes 

D' and Y' and is controlled from node C'. Current through common node Y' is 

controlled through current mirror transistor 265, which is regulated by the 

·aforementioned reference current circuit comprising transistor 230 and resistor 232. 

In the VCO circuit 200, the frequency of oscillation of the oscillator 

circuits 210 and 250 can be varied through the use of current injection circuits 240, 280. 

The current injection circuits also interconnect the first and second oscillator circuits such 

that quadrature outputs are generated. In particular, exact 90 degree shifted quadrature 

outputs are obtainable between the outputs at nodes A' and C', or at nodes B' and D'. 

The first current injection circuit 240 includes transistors 242 and 243 

having their source tenninals connected in common to a node P'. The node P' is coupled 

to. ground through a current control transistor 244 having its gate controlled by a voltage 

source 205 that provides a control voltage Vcon· Transistor 242 has its drain tenninal 

coupled to node A' of oscillator circuit 210 and gate terminal coupled to node C' of 
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oscillator circuit 250. Transistor .143 has its drain terminal coupled to node B' of 

oscillator circuit 210 and gate terminal coupled to node D' of oscillator circuit 250. 

The second current injection circuit 280 has transistors 282 and 283 

coupled to a common node Q', and the node Q' is coupled to ground through current 

control transistor 284. The gate of transistor 284 is controlled by the voltage V con from 

voltage source 205. Transistor 282 has its drain terminal coupled to node D' of oscillator 

circuit 250 and gate terminal coupled to node A' of oscillator circuit 210. Transistor 283 

has its drain terminal coupled to node C' of oscillator circuit 250 and gate terminal 

coupled to node B' of oscillator circuit 210. 

The operation and characteristics of the VCO circuit 200 is described in 

Ting-Ping Liu, "A 6.SGHz Monolithic CMOS Voltage-Controlled Oscillator", ISSCC 

Digest of Technical Papers, pp404-405, February 1999. Controlling the voltage Vcon 

controls the currents through transistors 242, 243, 282 and 284, which injects currents 

into the resonant circuits at nodes A', B', D' and C', respectively. These additional 

currents increase the output frequency of the VCO to a higher value than the natural 

resonant frequency dictated by the fixed inductance and capacitance values. The 

mathematical relationship determining the output frequency of the VCO 200 can be 

expressed as: 

In this case Z(j(J)) is the impedance of the resonant circuit determined by the inductance 

and capacitance values. The symbol m represents the ratio of transconductances of 
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transistors in the resonant circuits and the curre:it injection circuits, i.e.: 

m = gmi42'gm220 = gmi43/gm222 = &n2si/gm262 = gm2s3/gmi60 

where gmi42 is the transconductance of transistor 242, and so on. Therefore, it can be 

seen that by controlling the voltage V con it is possible to control the injected currents 

through transistors 242, 243, 282, 283, thereby controlling the transconductances of those 

transistors and thus the oscillator frequency. 

It will be appreciated that, in the VCO circuit 200, the nominal values of 

the capacitors 213, 215, 253, 255 are all the same, as are the nominal values of the 

inductors 212, 214, 252, 254. The transistors 220, 222, 260, 262 are designed with like 

characteristics, and transistors 242, 243, 282, 283 are also of the same structure as each 

other. 

The frequency of the VCO circuit 200 is determined by the 

transconductance ratios of coupling transistors, as described above, which allows a 

greater controllable frequency range as compared to the VCO circuit 100 which utilizes 

MOSFET varactors. Also, the VCO circuit 200 provides an output signal with generally 

lower harmonic distortion than the circuit 100. However, the tuning range of the circuit 

200 is less than one octave, which is still insufficient for many desired applications. The 

limitation on frequency range comes into effect in the circuit 200 due to saturation of the 

transistor transconductances oc_curring above a certain applied control voltage. 

A block diagram of a variable frequency signal generator circuit 10 
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according to an embodiment of the present invention is illus~rated in Figure 3. The 

variable frequency signal generator 10 includes two control voltage inputs V cl and V c2. 

and has quadrature voltage signal outputs V 0uu. and V outl· The variable frequency signal 

generator 10 comprises two LC oscillators 20 which are cross-coupled by way of 

transconductance control circuits 30. The first control voltage input Vc1 is supplied to the 

LC oscillators 20 and the second control voltage input V cl controls the transconductance 

control circuits 30. 

An example of an LC oscillator circuit 20 suitable for use in the variable 

frequency signal generator architecture 10 is illustrated in schematic diagram fonn in 

Figure 4. The LC oscillator 20 comprises a pair of transistors 21, 22 that are supplied by 

a common current source 23, and are cross-coupled to nodes 20A and 208. Each of the 

nodes 20A and 208 are loaded by respective inductors 24, 25, and voltage-controlled 

variable capacitance elements in the form ofvaractor diodes 26, 27. The inductors are 

coupled between the nodes 20A, 208 and supply voltage V dd. whilst the varactor diodes 

are supplied from the first control voltage Vc1. The nodes 20A, 208 provide output to 

and input from the transconductance control circuits 30 (Figure 3), and also provide the 

output signals for the variable frequency sigrull generator 10. 

An example of a transconductance control circuit 30 suitable for use in the 

variable frequency signal generator architecture 10 is illustrated in schematic diagram 

fonn in Figure S. The transconductance control circuit 30 comprises two input/output 

transistors 31, 32 which have their source terminals coupled to ground through a control 
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transistor 33. The gate tenninals of the 1/0 transistors 31, 32 provide inp:it (Vi) to the 

circuit 30 from one of the LC oscillators 20, and the drain tenninals of the 110 transistors 

provide output (V0 ) to the other one of the LC oscillators. The second control voltage Vc2 

is supplied at the gate of the control transistor 33. 

In operation of the variable frequency signal generator 10, variation of 

either of the first and second control voltages V c1 and Va effects a change in· frequency 

of the quadrature output signals by means of the mechanisms described hereinabove in 

relation to circuits 100 and 200, respectively. In particular, varying_ the first control 

voltage changes the capacitance of the varactors in the LC oscillators, whilst varying the 

second control voltage alters the transconductance coupling between the two LC 

oscillators. Using the two independently ·controllable inputs V c1 and Va allows the · 

variable frequency signal generator according to embodiments of the invention to achieve 

wide-band and multi-band output frequency operation under low voltage, low power 

conditions, with favorable output sigrial characteristics. Details of the signal generator 

operation are described hereinbelow in connection with a preferred embodiment thereof 

in the fonn of a voltage controlled oscillator circuit 300 illustrated in Figure 6. 

A wide-band/multi-band voltage controlled oscillator circuit 300 constructed according to 

a preferred embodiment of the present invention is illustrated in schematic diagram fonn 

in Figure 6. The VCO circuit 300 has some structural similarities to the circuit 200 

described hereinabove, having first and second oscillator circuits (310, 350) 

interconnected with first and second current injection circuits (340, 380). The VCO 
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circuit 300 includes two control voltage inputs, namely a first control voltage V cap 

supplied to the first and second oscillator circuits, and a second control voltage Vcon 

supplied to the first and second current injection circuits. The circuit 300 as shown in 

Figure 6 also includes buffer amplifier output stages 302, 304, that are included to 

provide 50 Ohm output impedance for the quadrature outputs. 

. The first oscillator circuit 310 has nodes A" and B" that are coupled 

through respective transisto!S Mo and M1 to a common node X". Inductors Lo and L1 

are coupled between the respective nodes A" and B" and the supply voltage V dd· 

MOSFET varactors M13 and M14 are coupled between the respective nodes A" and B" 

and a voltage control node Z". The transistors Mo and M1 provide cross-coupling 

between the nodes A" and B" in the oscillator circuit, wherein the gate of transistor Mo 

is coupled to node B" and the gate of transistor M1 is coupled to node A". The common 

node X" which interconnects the source terminals of transistors Mo, M1 is coupled to 

ground through a current mirror transistor M5• Electrical current that flows through the 

current mirror transistor Ms is maintained substantially constant during operation by a 

reference current circuit comprising resistor Rb1u and transistor ~ which are coupled to 

the transistor Ms in a conventional current mirror arrangement. 

The second oscillator circuit 350 is constructed similarly to the first 

oscillator circuit 310, having nodes C" and D" and a common node Y". Inductors Li 

and LJ are connected -between supply voltage V dd and nodes C" and D", respectively. 

MOSFET varactors Mis and M1, are coupled from the respective nodes C" and D" to . . 
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the voltage control node Z". Transistor M1 connects node C" to node Y" and is 

controlled from node D", whilst transistor MJ interconnects nodes D" and Y" and is 

controlled from node C". Current through common node Y" is controlled through 

current mirror transistor M6, which is regulated by the aforementioned reference current 

circuit comprising transistor Mc and resistor Rbias· 

The fi.-st current injection circuit 340 includes transistors M1 and Ms that 

have their source tenninals connected in common to a node P". The node P" is coupled 

to ground through a current control transistor Mu having its gate controlled by a voltage 

source 306 that provides a control voltage Vcoa· Transistor M1 has its drain tenninal 

coupled to node A" of the first oscillator circuit 310 and gate terminal coupled to node 

C" of the second oscillator circuit 350. Transistor Ms has its drain terminal coupled to . 

node B" of first oscillator circuit 310 and gate tenninal coupled to node D" of oscillato,r 

circuit 350. 

The second current injection circuit 380 has transistors M, and M10 

coupled to a common node Q", and the node Q" is coupled to ground through current 

control transistor Mu. The gate of transistor M12 is controlled by the voltage Vcon from 

voltage source 306. Transistor M, has its drain tenninal coupled to node D" of second 

oscillator circuit 350 and gate terminal coupled to node A" of first oscillator circuit 310. 

Transistor M10 has its drain terminal coupled to node C" of second oscillator circuit 350 

and gate terminal coupled to node B" of first oscillator circuit 310. 
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Each of the first and second oscillator circuits 310, 350 of the VCO circuit 

300 have similar structure to the VCO circuit 100 illustrated in Figure 1 and described 

hereinabove. In this case, however, the MOSFET. varactors (M13, M14, M1s, M16) of the 

oscillator circuits are controlled from the voltage control node Z", as described in greater 

detail hereinbelow. Varactor voltage control node Z" is supplied from a controllable 

voltage source 308, which provides a controlled voltage V cap. through a resistor Reap· 

The node Z" is also coupled to ground through a transistor M11 controlled by the voltage 

V con from source 306, and a load transistor Mia. 

The VCO circuit 300 of the preferred embodiment employs two separate 

control voltages in order to obtain a wide tuning range. In particular, the control voltage 

Vcoa from voltage source 306 is coupled to control the current injection circuits 340, 380 

in a similar manner to the tuning arrangement utilized in the VCO circuit 200 of Figure 

2. Varying the control voltage Vcoa alters the transconductance of the current injection 

circuit transistors, which allows tuning of the oscillator circuits' resonant frequency as 

described above. Furthei-, the control voltageVcap can be used to vary the potential at 

. voltage control node Z", to thereby adjust the capacitance of the MOSFET varactors of 

· the oscillator circuits. This also changes the oscillator circuit resonant frequency. By 

varying the two control voltages V con and Vcap in concert, as described in detail below, it 

is possible to obtain wide-band and/or multi-band frequency tuning of the VCO circuit. 

By having two independently controllable voltage input-sources the VCO 

circuit 300 of the preferred embodiment is able to provide wideband or multi-band 
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oscillator frequency operation. For example, one voltage input can be used as for 

frequency band selection, and the other voltage input to select the frequency within the 

band. If the frequency bands overlap one another· then a wide band of oscillator output 

frequencies is available. Otherwise, separate non-overlapping frequency bands can be 

selected, enabling multi-band operation. 

It is useful to examine the way in which the first described VCO circuit 

100 is typically operated in order to provide background into the operation of the circuit 

300 of the preferred embodiment. Figure 7 is a graph illustrating the variation of 

capacitance with voltage (V 11) in a MOSFET varactor of the kind employed in VCO 

circuit 100. In order to provide continuously variable frequency tuning over a selected 

frequency range, the VCO circuit 100 is operated by controlling the voltage applied to the 

varactors 103, 105 so as to operate in the region indicated at 402 in Figure 7. This region 

of the varactor voltage-capacitance characteristic is generally linear and permits the 

varactor to operate over substantially its full range of capacitance with by application of a 

relatively small variation in applied voltage. 

In the preferred form of the present invention, the varactors M13, M14, 

M15, M16 of the oscillator circuits 310 and 350 are operated in a different manner to those 

of the VCO circuit 100. Referring again to Figure 7, the circuit 300 is _preferably 

controlled so that the MOSFET varactors operate at a selected one of the regions 

indicated at 404 and 406 on the characteristic graph. The regions 404 and 406 are at the 

extremes of the possible capacitance levels for the varactors, giving the greatest 
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difference in oscillator frequencies in the VCO circuit. The varactor control voltage can 

therefore be used for frequency band selection. For example, the control voltage Ycap can 

be applied to hold the varactor V gs voltage at the region 404 to obtain relatively low 

frequency output from the VCO. Alternatively the control voltage Vcap can be applied to 

hold the varactor voltage V 11 in the region 406 to obtain frequency outputs from the VCO 

in a relatively high frequency band. In this form of operation it is desirable to maintain 

the varactor voltage at a fixed level to maintain_ a particular frequency band of operation. 

Therefore the operating regions 404 and 406, as well as being at opposite ends of the 

capacitance range for the varactor, are chosen to be in the areas of the varactor 

capacitance characteristic at which the rate of change of capacitance with voltage is 

minimum (i.e. the slope of the capacitance curve is minimal). 

With the varactor control voltage held constant to maintain a given 

frequency band, the cross-coupling control voltage Vcon from voltage source 306 (Figure 

6) can be adjusted to obtain the desired output frequency signal from the VCO circuit. 

Quadrature outputs are available between the nodes A" and C", or at B" and D", as for 

the VCO circuit 200 described above. The VCO circuit 300, however, also includes 

output buffer stages 302 and 304, coupled to the oscillator circuits at nodes A.", B" and 

C", D" respectively. The output amplifiers 302, 304 are included to provide SO Ohm 

output impedance for the quadrature outputs. 

The first output amplifier 302 comprises transistors M12 and M21 driven 

from nodes A" and B" respectively. The drain terminals of transistors M11 and M12 are 
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coupled to supply voltage V dd through respective resistors Rs and ~. and the source 

terminals are both coupled to ground through a resistor R.. A first output V ouca is 

provided at the drain of transistor M11 and a second output Voutl at the drain of transistor 

M12. The second output amplifier is similarly constructed with transistors M10 and M19 

driven from oscillator nodes C" and D", respectively. Resistors R2 and R3 couple the 

respective drains of M19 and M10 to supply voltage V dd, and resistor Ra couples the 

source terminals to ground. The third and fourth outputs (V outJ and Vour4) for the VCO 

circuit 300 are provided at the source terminals of transistors M10 and M19). In order to 

provide SO Ohm output impedance, the resistors R1 - ~ are all of nominal SO Ohm 

· resistance. 

As discussed above, the preferred mode of operation of the VCO circuit 

300 involves setting the varactor control voltage at a selected one of a number of discrete 

voltage levels (thereby selecting a frequency range), and setting the cross-coupling 

control voltage to select a particular desired frequency within the selected frequency 

range. In order to facilitate enhanced operation-in that manner, .s~me additional.circuitry 

is included in the VCO circuit 300 to minimize interactive effects of the two control 

voltage inputs.- In particular, a control voltage compensation circuit is provided 

comprising transistors M11 and M11, and resistor Reap· Resistor Rea,, as mentioned, is 

coupled between control voltage source 308, which provides control voltage V cap. and the 

voltage control node Z". The transistor M11 has its drain terminal coupled to the node 

Z" and gate terminal controlled by the voltage Vcon· The source terminal ofM11 is 

coupled to ground through transistor M18 which is arranged in the form of a load, with its 
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drain and gate terminals coupled to the source of M11 and its source coupled to ground. 

The control voltage compensation circuit is provided to avoid changes in 

the control voltage Vcon from undesirably effecting changes in the control voltage at node 

Z". When the voltage Vcon is altered to adjust the frequency output of the VCO circuit, 

this has the effect of changing the voltage present at nodes A", B", C" and D" of the 

oscillator circuits. If the voltage at node Z" is kept constant then the voltage change at 

the nodes A'' - D" will also have the effect of changing the voltage across the MOSFET 

varactors, which may cause the varactors to move out of the preferred operating region. 

In other words, without the compensation circuitry, changes in the control voltage V con 

intended to alter the oscillator output frequency by changing the cross-coupling 

transconductance ratios whilst the varactor capacitance remain constant can have the 

undesired effect of also changing the varactor capacitance. This can drive the varactors 

out of the intended operational regions (e.g. those regions identified at 404 and 406_on 

the varactor characteristic graph of Figure 7), thereby altering the oscillator output 

frequency in an unintended way. 

In view of the foregoing effects, the control voltage compensation 

circuitry provides voltage compensation for the varactors, to allow the voltage across the 

varactors to remain substantially constant when changes occur in the control voltage V con· 

This is achieved by using the circuit path formed by transistors M11 and Mis to mirror 

changes in voltage which occur at nodes A" - D" at node Z" also. For example, an 

increase in the control voltage V con which will cause a decrease in the voltage levels at 
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nodes A" - D" will a!so increase current through transistor M11, thereby effecting a 

voltage drop across resistor Reap and a corresponding decrease in the voltage level at 

node Z". Thus, the voltage across varactors Mu, M14, M1s, M16 can be maintained 

substantially constant with varying control voltage Vcon· 

Figure 8 is a graph of the input/output characteristics of the VCO circuit 

300 of the preferred embo"diment. The graph 500 plots control voltage v con (horizontal 

axis) against frequency of the oscillator outputs in GHz (vertical axis) for two values of 

control voltage input V cap· The two lines in operating graph 500 correspond to the two 

V cap control voltage input levels, and represent two separate frequency bands over which 

the VCO can be tuned using the Vcon control voltage input. The first frequency band 503 

corresponds to a Vcap input voltage of 1.0 volts, which drives the varactors to operate in 

the region indicated at 404 in Figure 7. The second frequency band 504 corresponds to a 

V cap input voltage of 1. 7 volts, which drives the varactors to operate in the region 

indicated at 406 in Figure 7. 

With the VCO circuit operating in the fust frequency band (503), the 

output frequency of the cirCuit 300 can be varied from 836 MHz to 1.3 7 GHz by varying 

the Vcon control voltage between 0.8 volts and 1.8 volts. Similarly, with the VCO circuit 

operating in the second frequency band (504), output frequencies of between 1.30 GHz 

and 2.42 GHz can be achieved with Vcon voltages between 0.8 volts and 1.8 volts. Since 

the first and second frequency bands overlap one another, the VCO 300 operating 

according to the characteristics of Figure 8 perfonns as a wide-band voltage controlled 
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oscillator. allowing generation of ail output frequency any\vhere between 836 MHz and 

2.42 GHz with the appropriat~ application of input control voltages Vcap and Vcon· The 

VCO circuit 300 can also be operated in a multi-band mode. where the first and second 

frequency bands are discrete and non-overlapping by adjusting the nominal capacitance 

value of the MOSFET varactors and nominal inductance values of the inductors Lo, L1, 

L2, LJ. 

The following results are obtained through simulation of the circuit 300 

based ori a 0.25 µm CMOS process with inductors of Q = 4. The VCO 300 is operated at 

a supply voltage ofVdd = 2 Volts and the total ctirrent consumption varies from 42.6 mA 

at 846 MHz to 96.8 mA at 2.42 GHz. Without the buffer amplifiers 302, 304 the current -

consumption can be reduced by 26.8 mA over the entire frequency range. As illustrated 

in Figure 8, the VCO circuit 300 can be tuned over an extremely wide range of 

frequencies, from 846 MHz to 2.~2 GHz, obtained by varying V con from 0.8 V to 1.8 V 

and Vc'Af' from 1.0 V to 1.7 V. 

Figures 9 and 10 are graphs that represent the simulated harmonic . 

contents of o~tput signals generated by the VCO circuit 300 of the preferred embodiment. 

The graph of Figure 9 illustrates the bannonic contents of the output Voutl with the 

circuit 300 operating at a fundamental frequency of 846 MHz. In that case the Largest 

harmonic component is the second harmonic, and the second harmonic minus the 

fundamental amounts to-4ldB. The graph of Figure 10 illustrates the harmonic contents 

of the output Voutl with the circuit operating at a fundamental frequency of2.42 GHz, and 
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in this case the second harmonic component mi1ms the fundamental is -33.3 dB. 

Table 1, below, shows the minimum and maximum simulated phase noise 

of the VCO 300 at the two extreme frequencies, 846 MHz and 2.42 GHz, for inductors of 

Q = 4 and Q = S. The phase noise is estimated at offset frequencies of200 kHz, 400 kHz. 

1 MHz and 2 MHz. As the operating bandwidth of the GSM (Global System for Mobile 

Communication) system is 200 kHz, and estimate of phase noise at 400 kHz offset is 

commonly used as an indicator of VCO performance. Estimates of phase noise at larger 

offsets apply to wider band systems. In general the phase noise decrease~ linearly with 

respect to the offset frequency, as illustrated in the graphs of Figures 11and12 which 

indicate phase noise for oscillator frequencies of 846 MHz and 2.42 GHz respectively · 

over a range of offset frequencies (represented on a logarithmic horizontal axis). The 

phase noise performance for the VCO circuit of the preferred embodiment matches or 

exceeds the performance of known prior art circuits. 

Q=4 Q=S 
.. 

Output 846MHz 2.42GHz 846MHz 2.42 GHz 
freauencv 
200kHz -110.0 dBc/Hz -91.0 dBc/Hz -113.9 dBc/Hz -91.3 dBc/Hz 

offset 
400kHz -117.0 dBc/Hz -97.0 dBc/Hz -120.0 dBc/Hz -97.3 dBc/Hz 

offset 
lMHz -125.6 dBc/Hz -105.0 dBc/Hz -127.9 dBc/Hz -105.3 dBc/Hz 
offset 

2MHz -131.0 dBc/Hz -111.0 dBc/Hz -134.0 dBc/Hz -111.3 dBc/Hz 
offset 

Table 1: Phase noise performance 
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The 90 degree phase shifted quadrature outputs are obtainable over the 

entire frequency range to an accuracy of at least 0.006 degrees under simulation 

conditions. The starting time of the VCO circuit is 70 ns at 846 MHz and 25 ns at 2.42 

GHz. The single-ended peak-to-peak output increases from 413 mV at 846 MHz to 658 

m V at 2.42 GHz. 

The described VCO circuit is intended for fabrication in an integrated 

circuit, and has thus been described in the context of a 0.25 µm CMOS process. It will be 

appreciated by those of ordinary skill in the art, however, that the principles of the 

present invention are not restricted to a particular fabrication process, and circuits within 

the scope of the invention can be manufactured by means of any suitable fabrication 

technology. Preferably all of the components of the VCO circuit are formed on a single 

substrate, and the inductors (Lo, Li. L2, L3), for example, may be formed from spiral 

structures etched in one or more metal layer of the integrated circuit, as is known in the 

art. 

In view of the very Wide tuning frequency range ofVCO circuits 

according to embodiments of the present invention, many applications are possible in 

communication circuits and systems operating in the 900 MHz - 2.5 GHz range. 

Software radio, for example, has ~een recognized as a major leap forward in mobile 

communications, to unite many existing worldwide air interface standards in the 

proposals for the future Universal Mobile Telecommunications systems (UMTS) 
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operating over the 1800 - 2200 MHz range .. The 2.4 GHz Industrial Scientific Medical 

(ISM) band also has numerous applications. The 846 MHz to 2.42 GHz bandwidth of the 

preferred embodiment VCO circuit is more than sufficient for the GSM systems and 3rd 

generation UMTS, or the UMTS and ISM band systems .. Furthermore, circuits according 

to the present invention are suitable for low voltage and low power applications, and the 

dual control voltages allow the circuits to operate as a wide-band or multi-band VCO. 

The accurate quadrature outputs are particularly useful in modem transceiver 

architectures using quadrature modulation. 

The foregoing detailed description of the present invention has been 

presented by way of example only, and it is contemplated that changes and modifications 

may be made by one of ordin8ry skill in the art, to the materials and arrangements of 

elements of the present invention without departing from the scope of the invention. For 

example, various specific circuitry components, arrangements, fabrication techniques and 

modes of operation are described in connection with the preferred embodiment of the 

invention, but of course other components, arrangements, fabrication techniques and 

modes of operation may equally be used whilst remaining within the scope of the present 

invention. 
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CLAIMS 

We claim: 

1. A variable frequency signal generator, comprising: 

first and second LC oscillator circuits including voltage controlled capacitance 

elements; 

a first control voltage input coupled to the LC oscillator circuits to control the 

capacitance of said voltage controlled capacitance elements; 

a transconductance control circuit cross-coupling said first and second LC 

oscillator circuits; 

a second control voltage input coupled to the transconductance control circuit to 

control transconductance coupling between the first and second oscillator circuits; and 

a variable frequency signal output coupled to generate an output signal from one 

of the first and second oscillator circuits; wherein the frequency of the output signal is · 

controllable by independently controlling the voltages at the first and second control 

voltage inputs. 

l. .A variable frequency signal generator as claimed in claim 1, 

including a control voltage compensation circuit coupled between the first and second 

control voltage inputs, the control voltage compensation circuit substantially eliminating 

control signals applied at said second control voltage inpu~ from affecting the capacitance 

of said voltage controlled capacitance elements. 

-32-



~---__..!..----------====="""==~~=======~---- - .. 

111111111111111111111111111111 
* C L M S * 

3. A variable frequency signal generator as claimed in claim 1, 

wherein each of said first and second LC oscillator circuits comprise: 

a pair of transistors cross-coupled to first and second common nodes; and 

a respective LC load coupled to each of the first and second common nodes, each 

LC load comprising an inductive element coupled between the common node and a 

supply voltage and a varactor capacitive element coupled between the common node and 

a controlled voltage node; 

wherein the first and second common nodes provide input/output connections for 

coupling to said transcondtictance control circuit and said variable frequency signal 

output. 

4. A variable frequency signal generator as claimed in claim 3, 

wherein the transconductance control circuit comprises first and second coupling circuits, 

each coupling circuit having a pair of inputs and a pair of outputs. and wherein: 

the inputs of the first coupling circuit are coupled to the common noc:les of the 

first oscillator circuit; 

the outputs of the first coupling circuit are coupled to the common nodes of the 

second oscillator circuit; 

the inputs of the second coupling circuit are coupled to the common nodes of the 

second oscillator circuit; and 

the outputs of the second coupling circuit are coupled to the common nodes of the 

first oscillator circuit. 
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wherein each of the coupling circuits comprises a pair of coupling transistors having first · 

conduction nodes forming said coupling circuit outputs and second conduction nodes 

coupled to a supply voltage through a control transistor, the coupling transistors having 

control nodes forming said coupli~g circuit inputs, and said control transistor having a 

control node coupled to said second control voltage input. 

6. A variable frequency signal generator as claimed in claim 5, 

wherein said control voltage compensation circuit includes a resistive element that 

provides a controlled voltage drop between said first control voltage input and said 

controlled voltage node so as to.maintain the potential difference between the common 

nodes of said oscillator circuits and the controlled voltage node substantially constant 

with respect to changes in voltage at said second control voltage input. 

7. A variable frequency signal generator as claimed in claim 1 which 

acts as a wide-band voltage controlled oscillator which is tunable to obtain output signals 

at said variable frequency signal output through at least the range of 900 MHz to 2200 

MHz by application of control voltages at said first and second control voltage inputs. 

8. A variable frequency signal generator comprising a pair of LC 

oscillator circuits interconnected by a transconductance control circuit, the oscillator 

circuits having outputs that in use provide respective quadrature frequency output signals, 

the transconductance control circuit having a second control voltage input effective in use. 
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to change the frequency of output signals from said oscillator circuits within a selected 

frequency band, and the oscillator circuits having a first control voltage input effective to 

change said selected frequency band. 

9. A variable frequency signal generator as claimed in claim 8, 

wherein said transconductance control circuit controls transconductance coupling 

between the LC oscillator circuits in accordance with the second control voltage input. 

10. A variable frequency signal generator as claimed in claim 9, 

wherein said LC oscillator circuits include varactors coupled to vary in capacitance 

according to said first control voltage input. 

11. A variable frequency signal generator as claimed in claim 10, 

further comprising a control voltage compensation circuit coupled between the first and 

second control voltage inputs, the control voltage compensation circuit being controlled 

by said second control voltage input to regulate a bias voltage across said varactors 

wherein, with a constant voltage at said first control voltage input the bias voltage across 

said varacto~. is maintained substantially constant. 

12.. A. variable frequency signal generator as claimed in claim 10, 

wherein each said LC oscillator circuit includes two varactors coupled b~tween a control 

voltage node and respective oscillator output nodes, wherein said first control voltage 

input is applied to the oscillator circuits through said control voltage node. 
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13. A variable frequency signal generator as claimed in claim 12. 

wherein said transconductance control circuit is coupled to said oscillator output nodes. 

14. A variable frequency signal generator as claimed in claim 11, 

further comprising a control voltage compensation circuit coupled between the. second 

control voltage input and the control voltage node, the control voltage compensation 

circuit being controlled by said second control voltage input to regulate changes in 

voltage at said control voltage node in accordance with changes in voltage at said 

oscillator output nodes applied by said transconductance control circuit. 

15. A method of operating a variable frequency signal generator 

having a pair of LC oscillator circuits interconnected by a transconductance control 

circuit, the oscillator circuits having outputs that in use provide respective quadrature 

frequency output signals, the oscillator circuits having a first control voltage input and the 

transconductance control circuit having a second control voltage input, the method 

comprising: 

applying a first control voltage to the oscillator circuits through said first control 

voltage input, the first control voltage being selected from first and second predetermined 

voltage levels corresponding to first and second output signal frequency bands; and 

applying a second control voltage to the transconductance control circuit through 

~aid second voltage input, the second control voltage being within a predetermined 
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voltage range corresponding to an output signal frequenCies within the first and second 

frequency bands. 

16. A method of operating a variable frequency signal generator as 

claimed in claim 15, wherein said oscillator circuits include MOSFET varactors, and 

wherein said first and second predetermined voltage levels correspond to said MOSFET 

varactors operating. in respective inversion and depletion modes. 

17. A method of operating a variable frequency signal generator as 

claimed in claim 15, wherein said first output signal frequency band substantially 

includes the range of900 MHz to 1.3 GHz, and said second output signal frequency band 

substantially includes the range of 1.3 GHz to 2.4 GHz. 
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