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TUNABLE HIGH QUALITY FACTOR INDUCTOR  

FIELD OF THE INVENTION 

[0001]      The present invention relates to integrated circuits (ICs) and more particularly to high 

quality (Q) factor inductors used in integrated circuits. 

BACKGROUND OF THE INVENTION 

[0002]      Inductors are important components in many of the building blocks in wireless 

communication systems, such as RF bandpass filters, oscillators, impedance matching networks, 

emitter degeneration circuits, and/or baluns.  Wireless communication standards place stringent 

requirements on performance and operating parameters, such as noise interference/immunity and 

power consumption.  To accommodate the stringent requirements, high Q inductors are needed.  

One major obstacle in integrating communication ICs is the lack of high performance passive 

components, such as on-chip inductors. 

[0003]      Ideally, an inductor acts as a purely reactive device.  However, in reality, the 

performance of an inductor is impacted by parasitic losses distributed within the inductor.  Fig. 1 

shows a model of a “real” inductor 100.  The real inductor incurs losses, referred to as a “lossy 

inductor”.  The losses can be due to, for example, built in resistance of the wire.  The built in 

resistance 120 acts as though it were connected in series with the ideal inductor 110.  Other 

losses can also include those due to, for example, skin effect, proximity effect, as well as eddy 

current in the underlying substrate.   The losses incurred by the inductor are represented as Rs or 

effective series resistance.  The total impedance Z of the circuit is defined as: 

   Z = Rs + XL 

The total impedance includes a real component Rs and an imaginary component XL which is the 

effective reactance.  The effective reactance of the inductor XL is equal to Ljω .  As such the total 

impedance Z of the inductor is defined as:  

   LjRZ s ω+=  
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[0004]      The Q factor indicates how close a real inductor is to an ideal inductor.  The higher 

the Q factor, the more pure is the inductor.  Typically, a high Q factor is associated with a low 

signal loss.  The Q factor is defined as follows: 
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In reality, Rs is large due to various parasitic effects, which leads to a low Q.  To increase Q, 

active inductors have been proposed.  However, such active inductors have peak Q at low 

frequencies and only over a narrow bandwidth.  As such, conventional inductors are not 

applicable for high frequency or wide bandwidth applications. 

[0005]      Referring to Fig. 2, performance of a conventional inductor is shown.  Line 210 plots 

the Q factor as a function of frequency while line 220 plots the inductance as a function of 

frequency.  As shown, the conventional inductor has a peak Q 215 of about 6.9 at 8.5 GHz and a 

peak inductance 225 of 6.3 E-10 at about 12.9 GHz.     

[0006]      From the foregoing, it is desirable to provide high Q inductors which can be operated 

at high frequencies and/or over a broad frequency range. 

SUMMARY OF THE INVENTION 

[0007]      The present invention relates to ICs, more particularly relates to high quality 

inductors used in integrated circuits.  An integrated circuit and an inductor circuit are disclosed.  

In one aspect of the invention, the integrated circuit comprises an inductor circuit.  The inductor 

circuit includes a primary inductor and a compensation sub-circuit.  The compensation sub-

circuit is electrically isolated from the primary inductor and is magnetically coupled with the 

primary inductor.  Such arrangement is useful to compensate loss in the primary inductor and Q 

factor of the inductor circuit is enhanced. 

[0008]      A method of increasing Q factor of an inductor is presented in another aspect of the 

invention.  The method includes providing a primary inductor which incurs a loss equal to R1.  

The method further includes generating a negative inductance Rneg by magnetic coupling a 
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feedback loop of a compensation sub-circuit, wherein the Rneg reduces R1 to increase Q factor of 

the inductor. 

[0009]      In another aspect of the invention, an inductor is presented.  The inductor includes a 

substrate having a dielectric layer.  The inductor further includes first, second and third 

inductors.  The first inductor comprises inner and outer continuous concentric loops which are 

separated by a first inductor loop spacing in a first plane.  The second inductor is interleaved 

with the first inductor within the first inductor loop spacing in the first plane.  The third inductor 

is disposed in a second plane of the dielectric layer and stacked with respect to the first inductor 

separated by an interlevel inductor spacing. 

[0010]      These and other objects, along with advantages and features of the present invention 

herein disclosed, will become apparent through reference to the following description and the 

accompanying drawings.  Furthermore, it is to be understood that the features of the various 

embodiments described herein are not mutually exclusive and can exist in various combinations 

and permutations. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011]      Fig. 1 shows a general inductor; 

[0012]      Fig. 2 shows the relationship between loss factor and quality factor; 

[0013]      Fig. 3 shows a high Q factor inductor model in accordance with one embodiment of 

the invention; 

[0014]      Fig. 4 shows a high Q factor inductor circuit in accordance with one embodiment of 

the invention and the AC equivalent of the high Q inductor;  

[0015]      Fig. 5 shows a small signal equivalent of a high Q inductor circuit in accordance with 

one embodiment of the invention; 

[0016]      Figs. 6-7 show the relationship of effective resistance and inductance with frequency 

respectively, of a high Q factor inductor in accordance with one embodiment of the invention. 

These two graphs are generated from equations.  In which, constant pre-compensation effective 
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inductance and resistance are chosen for better visualization on the impacts of the compensation 

circuit. 

[0017]      Figs. 8a-c show various relationship among frequency, Q factor, inductance and bias 

voltage Vbias of a high Q factor inductor circuit in accordance with one embodiment of the 

invention; 

[0018]      Fig. 9 shows a high Q factor circuit in accordance with another embodiment of the 

invention; 

[0019]      Fig. 10 shows the relationship between Q factor and frequency tuner; 

[0020]      Fig. 11 shows the relationship between peak frequency fpeak and capacitance of the 

tuner; 

[0021]      Fig. 12 shows the relationship between inductance and frequency (inductance) tuner 

at 9 GHz; 

[0022]      Fig. 13 shows a layout of a high Q inductor circuit in accordance with one 

embodiment of the invention; 

[0023]      Figs. 14a-c show inductors individually in accordance with one embodiment of the 

invention; 

[0024]      Figs. 15a-b show layout of first and second inductors and fist and third inductors 

respectively in accordance with one embodiment of the invention; and 

[0025]      Figs. 16a-d show various views of a layout of a high Q inductor in accordance with 

one embodiment of the invention;  

[0026]      Fig. 17 shows a layout for forming a high Q inductor in accordance with yet another 

embodiment of the invention; 

[0027]      Fig. 18 shows a tape out image of a high Q inductor in accordance with one 

embodiment of the invention; 

[0028]      Fig. 19 compares Q enhancement of a high Q inductor and conventional inductor; 

[0029]      Fig. 20 shows a VCO in accordance with one embodiment of the invention; 
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[0030]      Figs. 21a-b plot phase noise as a function of noise frequency of a conventional VCO 

and high Q VCO in accordance with one embodiment of the invention;  

[0031]      Fig. 22 shows a filter in accordance with one embodiment of the invention; 

[0032]      Fig. 23 compares the performance of a conventional filter with a high Q filter in 

accordance with one embodiment of the invention; 

[0033]      Fig. 24 shows an image rejection notch filter in accordance with one embodiment of 

the invention; and  

[0034]      Fig. 25 compares the performance of a conventional notch filter with a high Q notch 

filter in accordance with one embodiment of the invention. 

DESCRIPTION OF THE INVENTION 

[0035]      The present invention relates generally to ICs.  More particularly, the present 

invention relates to high Q inductor designs.  In one embodiment, the high Q inductors are used 

in various types of circuits, such as voltage controlled oscillators (VCOs), bandpass filters, low 

noise amplifiers (LNAs) or LC circuits.  Such high Q inductors can also be incorporated in other 

types of circuits.  The high Q inductor designs are particularly useful for on-chip applications, 

facilitating integration of, for example, wireless communication ICs.  The inductors can also be 

incorporated into other types of ICs.  Providing the inductors as discrete components is also 

useful.  The ICs, for example, are incorporated into wireless communication products.  

Incorporating the ICs into other types of products is also useful.      

[0036]      Fig. 3 shows a high Q inductor model 300 in accordance with one embodiment of the 

invention.  The high Q inductor model comprises a primary or target inductor 320.  The inductor 

model includes first and second terminals 310 and 315.  For example, when an input voltage Vin 

is applied across the terminals of the primary inductor, a current Iin is generated.  As discussed, 

the primary inductor incurs a loss caused by RT.  To compensate for the loss, a compensation 

circuit 340 is provided.  The compensation circuit provides a feedback loop 320 to the primary 

inductor which reduces the loss incurred by the target inductor.   
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[0037]      When considered alone, the target inductor’s impedance Z is equal to:  

   ZLT = RT + XT    

          = RT + jωLT 

 As discussed, the target inductor incurs a loss which negatively impacts the Q factor.  The 

quality factor QLT of the target inductor can be represented by the following equation:  

    
T

T
LT

R

L
Q

ω
=  

where LT is inductance of the target inductor and RT is parasitic resistance.  The compensation 

circuit increases the QLT by compensating for the loss incurred due to RT.  In one embodiment, 

the QLT is increased by reducing RT.  To reduce RT, the compensation circuit generates a 

negative resistance RC to reduce RT.  In a preferred embodiment, |RC| is substantially equal to RT.  

For example, |RC| is equal to at least about 90 – 95% of RT.  Other values of |RC| can also be 

useful to tailor the inductor with the desired quality factor.   

[0038]      The amount of negative resistance required, which is RC, depends on frequency, 

amount of loss RT to compensate and the quality factor desired Qdesired, as illustrated by the 

following:  

  
eff

T
desired

R

L
Q

ω
= , and 

  || CTeff RRR −=  

Substituting Reff into the equation for Qdesired gives rise to the following: 
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Solving for |RC| results in: 

  
desired

T
TC

Q

L
RR

ω
−=|| . 

For example, at f =10 GHz, LT = 3 nH, RT = 10 Ohm and Qdesired = 500, the above equation 

indicates that the |RC| or negative resistance is 9.62 Ohm. 
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[0039]      In accordance with embodiment of the invention, the compensation circuit provides 

the feedback by magnetic coupling, as indicated by dotted line of the feedback path.  The 

compensation, in one embodiment, comprises first compensation inductor (LC1) 350 and second 

compensation inductor (LC2) 360 coupled by a variable gain amplifier (VGA) 370 which 

produces a transconductance gm.  Mutual coupling between the compensation inductors should 

be as small as possible to minimize the power consumption.  As mutual coupling between the 

compensation inductors increase, power consumption increases.  The first and second 

compensation inductors form first and second compensation transformers via mutual inductance 

with the target inductor.   

[0040]      For purposes of simplifying the initial analysis, the model assumes that all 

components except for the target inductor are ideal, for example, compensation inductors incur 

no energy loss, the compensation inductors are perfectly decoupled, and the transconductance gm 

is constant over the entire frequency range. 

[0041]      In operation, the first compensation inductor serves as a sensing inductor.  The 

sensing inductor samples a signal from the target inductor.  Preferably, the signal sensed is a 

small signal.  The small signal comprises, for example, AC signal such as an AC current or AC 

voltage.  In one embodiment, the small signal comprises an AC current signal.  Typically, the 

AC current signal is ≤ 1 mA.  Other values or types of signals are also useful.  VGA amplifies 

the sampled small signal and converts the sampled AC voltage.  The amplified signal is fed into 

the feedback inductor.  Through mutual inductance between the feedback inductor and primary 

inductor, energy is fed back to the main circuit to compensate for the energy loss by the primary 

inductor.   

[0042]      With the compensation sub-circuit, the effective impedance of target-inductor L1 

becomes: 

   Zeff = )*( 21

2

mTCTCTT gMMRLj ωω −+ .                                                                                                                            
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The effective series resistance Reff, inductance Leff and Quality factor Qeff seen from the 

terminals of inductor L1 can be written as: 

   Reff = mTCTCT gMMR *21

2ω− ;                                                                                                                                   

   Leff  = LT; and                                                                                                                        

   Qeff = 
eff

eff

R

Lω
=

mTCTCT

T

gMMR

L

21

2ω

ω

−
.                                                                                                        

From Qeff, a lossless inductor can be easily obtained while mutual inductances and 

transconductance are properly chosen to result in Reff = 0.  For example, the compensation sub-

circuit compensates for energy loss by generating a negative resistance having a value which is 

equal to about RT.  As discussed, the negative resistance is generated using first and second 

compensation inductors.  Providing a compensation sub-circuit with other number of inductors 

which generate a negative resistance is also useful. 

[0043]      Fig. 4 shows a high Q inductor circuit 400 in accordance with one embodiment of the 

invention.  The high Q inductor circuit comprises a primary inductor 420.  The primary inductor 

is represented by parasitic resistance (R1) 422 and a primary inductor (L1) 424.  The primary 

inductor circuit includes first and second terminals 410 and 415 between which an input voltage 

Vin is applied.  Typically, the terminals are coupled to other circuit elements (not shown).  The 

other circuit elements can be collectively referred to as the main circuit.  The input voltage 

generates an input current Iin which flows through the primary inductor.  The primary inductor 

comprises an impedance Zin which is equal to R1 + jωL1.     

[0044]      The high Q inductor circuit also includes a compensation sub-circuit 440.  In one 

embodiment, the compensation circuit is magnetically coupled to the primary inductor.  The 

compensation circuit creates a magnetically coupled feedback to compensate for loss in the 

primary inductor, which results in increasing the Q factor.  In one embodiment, the 

compensation circuit produces a negative resistance to compensate for loss in the primary 

inductor. 
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[0045]      The compensation sub-circuit comprises a first compensation inductor 450 having 

first and second terminals 452a-b.  The compensation sub-circuit further comprises a second 

compensation inductor 460 with first and second terminals 462a-b.  Like the primary inductor, 

the second inductors are represented by resistances (R2 and R3) 452 and 462 and inductors (L2 

and L3) 454 and 464.  In one embodiment, the first compensation inductor serves as a sensing 

inductor and the second compensation inductor serves as a feedback inductor.  Providing other 

number of inductors in the compensation sub-circuit to generate the negative resistance is also 

useful. 

[0046]      A VGA 470 having a transconductance gm is provided, coupling the first and second 

compensation inductors.  In one embodiment, the VGA comprises a transistor having first and 

second terminals 472a-b and a control terminal 474.  In one embodiment, the transistor 

comprises, for example, a metal oxide semiconductor (MOS).  In one embodiment, the VGA 

comprises a n-type MOS (nMOS) transistor.  The body of the nMOS transistor is grounded. 

Providing the VGA with other types of transistors may also be useful.  For example, the VGA 

can be a bipolar junction transistor (BJT).  Other types of VGAs are also useful.  For example, 

programmable digital amplifiers can also be used.   

[0047]      In one embodiment, the second terminal of the first compensation inductor is coupled 

to the control terminal of the VGA.   Preferably, the second terminal of the first compensation 

inductor is directly connected to the control terminal of the VGA.  The control terminal, for 

example, is the gate terminal of the transistor.  The first terminal of the second compensation 

inductor is coupled to an operating voltage (Vdd) 424 of the compensation sub-circuit while the 

second terminal is coupled to a second terminal of the VGA.  The first terminal of the VGA is 

coupled to ground. 

[0048]      The primary inductor and first compensation inductor forms a first transformer with 

mutual inductance M12.  Likewise, the primary inductor and second compensation inductor form 

a second transformer with mutual inductance M31.   
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[0049]      When Vin is applied between the terminals of the primary inductor, an AC current Iin 

is generated.  This current is sensed by sensing inductor due to the mutual inductance M12 with 

the primary inductor.  This sampled signal is amplified by the VGA and fed to the feedback 

inductor.  The mutual inductance M31 between the feedback inductor and primary inductor 

creates a feedback.  In one embodiment, the feedback generates a negative resistance (RC) to 

compensate for the energy loss in the primary inductor.  The negative resistance is: 

  RC =  mgMM *3112

2ω−  

[0050]      Coupling the first and second compensation inductors in a different configuration can 

also be useful to provide loss compensation to the primary inductor.  In another embodiment, the 

VGA comprises a p-type transistor.  For p-type transistor applications, the functions of the first 

and second compensation inductors are reversed.  That is, the second compensation inductor 

serves as the sensing inductor and the first compensation inductor provides the feedback for 

compensating the loss of the primary inductor. 

[0051]      In one embodiment, gm of the VGA can be electrically varied or tuned to the desired 

value.  By having the ability to vary gm, the negative resistance of the compensation sub-circuit 

|RC| can be tuned to the desired value.  This in turn, enables the tuning of the amount of Q 

enhancement or amount of compensation to control the Q factor of the inductor.  The gm can be 

tuned, in one embodiment, by varying the gate to source voltage Vgs of the VGA transistor.  The 

gate to source voltage Vgs is equal to Vg - Vs.  To change Vgs, either Vg or Vs or both can be 

changed.  In one embodiment, a bias voltage 428 is employed to change Vgs.  Other techniques 

of changing Vgs are also useful.  The bias voltage typically comprises a DC voltage.  For 

example, the bias voltage is about 0.6 V.  Other values can also be useful, depending on 

parameters such as transistor size and desired gm.  An automatic gain control loop can be used to 

control the bias voltage.  In one embodiment, the Vbias is indirectly coupled to the control 

terminal of the VGA via the first terminal of the sensing inductor.  
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[0052]      As described, the compensation sub-circuit is electrically isolated from primary 

inductor.   For example, the biasing of the main circuit to which the primary inductor is 

connected and the biasing of the compensation sub-circuit are independent.  As such, there is no 

constraints on circuit topography of the main circuit, which facilitate greater design flexibility.     

[0053]      Fig. 5 shows a small signal equivalent of the high Q inductor circuit of Fig. 4.  The 

high Q inductor can be represented by individual inductor blocks 401 a-c corresponding to the 

primary inductor (L1), first compensation inductor (L2) and second compensation inductor (L3).  

The loss factors associated with the inductors are modeled as a first resistor (R1) 422, a second 

resistor (R2) 452 and a third resistor (R3) 462.  The primary and compensation inductors have 

inherent impedances XL1, XL2 and XL3.   

[0054]      Table 1 explains the symbols of the small signal circuit in Fig. 5.   

Table 1 

L1, L2 and L3 inductance of inductor 1, inductor 2 and inductor 3 respectively 

R1, R2 and R3 parasitic resistance of inductor 1, inductor 2 and inductor 3 

*M12=M21 mutual inductance between inductor 1 and inductor 2   

*M32=M23 mutual inductance between inductor 2 and inductor 3  

*M31=M13 mutual inductance between inductor 1 and inductor 3 

gm transconductance of the amplification transistor 

i1, i2, i3  Inductors’ currents 

 

[0055]      Although our analysis assumes that the transformer have symmetric properties to 

simplify the analysis, it is also applicable for asymmetric transformers.  To simplify the analysis, 

the effect of gate to drain capacitance Cgd of the amplification transistor is ignored.  Since there 

are three inductors in the circuit, 3 transformers are formed by their mutual inductances.  The 

coupling effects can be represented by controlled voltage sources.  In one embodiment, a first 

voltage source 588 is produced by sM31*i3 in the primary inductor block.  Second and third 
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voltage sources 458 and 459 are produced by sM12*i1 and sM32*i3 in the second inductor block.  

A fourth voltage source 468 is produced by sM13*i1 in the third inductor block.  As a note, since 

i2 is negligible compared to i1 and i3, the voltage sources induced by i2 (e.g., sM21*i2 and 

sM32*i2) are ignored.  In the second inductor block, there is a voltage drop Vgs across the gate to 

source capacitance Cgs 478 corresponding to the transistor of VGA.  Also, in the third inductor 

block, a current source 469 is produced by gm*Vgs.  

[0056]      In analyzing the circuit, Vgs can be derived as follows:  

 ( ) ( )332112332112

22

**** isMisMWisMisM
RXX

X
V

LCgs

Cgs

gs −=+∗×
++

=                
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22 RXX

X
W
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++
= . 

The effective impedance of the high Q inductor can be derived as follows: 
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From the effective impedance, the effective resistance and effective inductance can be derived as 

follows: 
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[0057]      In an ideal case, the gate capacitance of the amplification transistor Cgs is small 

enough such that XCgs>>XL2, which completely decouples L2 from L3 (i.e., M32=0).  In doing so, 

the following occurs: 

  gsCL2

2ω =
Cgs

L

X

X 2 ≈ 0 and 32Mgm =0  

 

This would result in: 

 

   Reff= mgMMR *3112

2

1 ω− ;                                                                                                                                   

   Leff =L1; and                                                                                                                                                  

   Qeff=
eff

eff

R

Lω
=

mTCTC

T

gMMR

L

21

2

1 ω

ω

−
.                                                                                                                                

In practice, completely decoupling L2 and L3 is virtually impossible.  Typically, L2 and L3 can be 

configured to have a weak coupling.  For example, the coupling factor of L2 and L3 can be 

configured to be about 0.2.  Although not completely decoupled, such a weak coupling can 

achieve the benefits of the invention, incurring a slight increase in power consumption and slight 

change in effective inductance.  Furthermore, changing of the effective inductance can be 

advantageous, for example, for designing inductors with high inductance per unit area or to 

precisely control inductance to compensate the deviation from the desired value due to process 

tolerance. 

[0058]      Fig. 6 shows the theoretical effective resistance of the high Q inductor in accordance 

with one embodiment of the invention.  Line 586 plots the effective resistance as a function of 

frequency.  The effective resistance at 1 GHz is about 4 and decreases to about 0 at about 8 GHz.  

Beyond 8 GHz, the effective resistance increases.  The effective resistance at 9 GHz is equal to 

about the effective resistance at 1 GHz.  Low effective resistance corresponds to a high Q factor.  

The frequency at which the lowest effective resistance value occurs corresponds to the peak Q 

frequency.  The effective resistance plot of Fig. 6 evidences that the Q enhancement of the 

present invention can be effective over a broad frequency range.   
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[0059]      Fig. 7 shows the theoretical effective inductance of the high Q inductor in accordance 

with one embodiment of the invention.  Line 587 plots the effective inductance as a function of 

frequency.  The inductance increases with increasing frequency.  By increasing the effective 

inductance, the Q factor can also be increased.   

[0060]      The bias voltage can impact the effective inductance of the high Q inductor circuit.  A 

simulation is performed with the primary inductor having an inductance 0.51 nH.  The 

simulation varies the bias voltage of the inductor from about 0.27 V to 0.66 V at a frequency of 7 

GHz.  The result of the simulation is plotted as line 585 in Fig. 8a.  As shown, the effective 

inductance decreases as Vbias is increased.   For example, the effective inductance is equal to 

about 1.03 x 10
-9 

H at a bias voltage of 0.27V and decreases to about 6.05x 10
-9 

H at a bias 

voltage of about 0.645 V.  The inductance tunability can be determined using the following 

equation:  

 

 

where  Leff is the highest effective inductance; and 

 L1 is the inductance of the primary inductor. 

From the above equation, the effective inductance of the high Q inductor can be tuned to about 

102% of the inductance of the primary inductor.  As such, the bias voltage can be used to 

effectively control the inductance of the inductor circuit.  For example, a change of biasing 

voltage of 1 mV can result in approximately 1 pH change. 

[0061]      Fig. 8b shows the effective inductance of the high Q inductor circuit as a function of 

frequency at different values of Vbias.  As shown, the effective inductance varies with frequency.  

However, within a specific frequency, the effective inductance can be tuned by adjusting Vbias.  

With increasing Vbias, the effective inductance decreases.    

[0062]      The Q factor can be varied at the frequency response of the inductor by adjusting bias 

voltage of the compensation circuit.  Fig. 8c shows a graph of a high Q inductor which has its Q 
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factor varied by adjusting the bias voltage (Vbias).  The high Q inductor has a peak Q value at a 

frequency of 12.45 GHz, referred to as the peak frequency (fpeak).  By changing Vbias, the Q value 

can be adjusted to the desired level.  For example, increasing Vbias increases Q of the inductor.  

Based on Fig. 8c, the high Q inductor of the present invention has a high bandwidth.  For 

example, for Q > 100, the bandwidth is > 1.5 GHz and is > 400 MHz for Q > 1000. 

[0063]      Fig. 9 shows a high Q inductor circuit 500 in accordance with one embodiment of the 

invention.  The high Q inductor circuit, except for a tuner 530, is similar to that described in Fig. 

4.  In one embodiment, the tuner enables the frequency response or fpeak to be adjusted or tuned 

to the desired frequency (fdes), which is the circuit’s operating frequency.   The frequency tuner, 

as shown, is incorporated into the compensation sub-circuit.   

[0064]      In one embodiment, the tuner is coupled to the VGA.  The tuner, for example, 

changes the frequency response of gm which, in turn, controls the frequency at which the 

negative resistance generated by the compensation circuit is maximized.  A maximum negative 

resistance corresponds to minimum effective resistance which leads to maximum Q.  As such, 

the frequency at which the peak Q occurs (fpeak) can be adjusted to the desired frequency by the 

tuner.   

[0065]      The tuner, for example, comprises a capacitor (Ctune).  The capacitance is selected to 

produce the desired frequency response of the VGA.  Other types of tuning components or tuners 

which can provide the desired capacitance to change the gm of the VGA are also useful.   For 

example, the frequency tuner can comprise a varactor.  The capacitance of the varactor can be 

changed by adjusting its bias voltage.  The tuner comprises first and second terminals 532a-b.  

One terminal is coupled to the control terminal of the VGA and the other is coupled to the 

second terminal of the VGA.  The tuner comprises an inherent impedance Xct. 

[0066]      By including the tuner, the effective impedance (Zeff 2) of the circuit is defined as 

follows: 
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The desired frequency response can be obtained from:  

 s = jω where ω = 2πf, and 

 fdes = ω / (2π) in Zeff 2;   

The peak Q frequency can be tuned to match the fdes or the circuit’s operating frequency.  The 

peak Q frequency can be determined from the effective impedance Zeff 2 as follows: 
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This assumes that no over compensation occurs, that is R1 > RC, and frequency is below self 

resonant frequency of the inductor. 

[0067]      Fig. 10 shows the shifting of fpeak based on the frequency tuner.  A simulation is 

performed on the high Q inductor circuit.  The simulation measures the Q factor as a function of 

frequency at a given tuning capacitance.  Twelve simulations were performed with the tuner 

having different capacitances.  Six simulations were performed starting with a tuner capacitance 

at 0 fF with 50 fF increments.  These results are plotted as lines 590a-f.  Six additional 

simulations were performed stating a tuner capacitance at 400 fF with 100 fF increments.  These 

results are plotted as lines 590g-l.  As shown, fpeak is indirectly related to the capacitance of the 

tuner.  That is, with increasing capacitance, fpeak decreases.  The maximum frequency at which 
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fpeak occurs is when no tuner circuit is used.  This is confirmed by Fig. 11, which plots fpeak as a 

function of capacitance of the tuner shown as line 592.  With increasing capacitance, fpeak 

decreases. 

[0068]      The capacitance of the tuner can also affect the inductance of the high Q inductor 

circuit.  Fig. 12 plots the effective inductance of the circuit as a function of capacitance shown as 

line 594, with the inductance of the primary inductor being 0.51 nH.  From Fig. 12, the effective 

inductance increases with increasing capacitance of the tuner.  The inductance tunability can be 

determined using the following equation:  

 

 

 

where  Leff is the highest effective inductance; and 

 L1 is the inductance of the primary inductor. 

From the above equation, the effective inductance of the high Q inductor can be tuned to about 

800% of the inductance of the primary inductor.   

[0069]      The ability to significantly increase the effective inductance can provide numerous 

advantages.  For example, high inductance can be achieved using smaller inductors, which 

reduces over-all chip size and costs.  In addition, the ability to precisely control the inductance of 

the inductor, inductance compensation can be performed to accommodate deviations due to 

process variations.  This is particularly useful for applications requiring high frequency 

selectivity.  Furthermore, tunable inductors can be used along with tunable capacitors to improve 

the tuning range of LC circuits.  Such inductors can also be employed in, for example, LC 

circuits.   

[0070]      Fig. 13 shows an on-chip high Q inductor circuit layout 700 in accordance with one 

embodiment of the invention.  The inductor circuit comprises first (primary), second (sensing) 

and third (feedback) inductors 720, 750 and 760, corresponding to the primary, first and second 
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compensation inductors of Fig. 4 or 5.  Preferably, the inductor circuit comprises an octagonal 

shape.  Other geometric shapes are also useful.  The inductor circuit is typically formed on a 

dielectric layer over a substrate, such as a silicon substrate (not shown).  Other types of 

substrates are also useful.  The dielectric layer, for example, can be metal layers in an IC.  The 

dielectric can be any metal layers in the IC.   

[0071]      In one embodiment, the first and second inductors are interleaved while the third 

inductor is stacked with the first inductor.  Interleaving the first and second inductors produces a 

moderate coupling factor k12, for example, about 0.6 – 0.8.  Stacking the first and third inductors 

produces a high coupling factor k13, for example, > 0.9.  Furthermore, the second and third 

inductors have a low coupling factor k23, for example, < 0.2.  The moderate mutual coupling 

between the first and second inductors and low mutual coupling between the second and third 

inductors improve the linearity or dynamic range of the high Q inductor.  The high coupling 

factor between the first and third inductors facilitates lower power consumption for generating 

the negative resistance for compensation.   

[0072]      Figs. 14a-c shows first, second and third inductors in accordance with one 

embodiment of invention.  Referring to Fig. 14a, a first or primary inductor 720.  The primary 

inductor is formed on a primary plane of a dielectric layer.  The first inductor comprises metal 

trace forming first and second continuous concentric loops 723 and 725.  The loops comprise the 

geometric shape of the inductor circuit.  The loops are separated by an interloop spacing 728.  

Preferably, the spacing is constant in width.   

[0073]      In one embodiment, the outer loop comprises first and second segments 723a-b.  The 

first and second segments are preferably about the same length.  Forming first and second 

segments having unequal lengths are also useful.  The inner loop comprises first and second end, 

forming an open loop.  First and second terminals 722a-b of the first inductor are coupled to first 

ends of the outer segments  The second ends of the outer inductor segments are coupled to first 

and second ends of the inner loop via a cross-over coupling 721.  The first ends are located on a 
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first portion of the inductor circuit while the second ends are located on a second portion.  

Preferably, the first and second portions are opposite portions of the inductor circuit.     

[0074]      The cross-over coupling for example, is provided on a different plane of the dielectric 

layer than loops of primary inductor.  For example, the cross-over coupling is provided on a 

plane below the primary inductor.  Forming the cross-over coupling in a plane above the primary 

inductor is also useful.   

[0075]      Referring to Fig. 14b, a second inductor 750 is shown.  The second inductor 

comprises an open loop having first and second ends.  First and second terminals 752a and 752b 

of the second inductor are coupled to first and second ends of the second inductor. The first and 

second ends are located on a second portion of the loop.  In one embodiment, the second 

inductor is disposed within the same plane as the first inductor.  In one embodiment, the second 

inductor is configured to fit within the spacing between the outer and inner loops and in the same 

plane of the first inductor, as shown in Fig. 15a.  Preferably, the terminals of the second inductor 

are located at a portion of the inductor circuit which corresponds to the cross-over coupling of 

the first inductor.  The second inductor is inductively coupled to the inner and outer loops of the 

first inductor in the same plane. 

[0076]      Fig. 14c shows a third inductor 760.  In one embodiment, the third inductor is 

essentially the same as the first inductor.  The first and third inductors are stacked on different 

planes, with cross-over couplings 761 and terminals 762a and 762b at opposite portions of the 

inductor circuit, as shown in Fig. 15b.    The third inductor, similar to the first inductor, also 

comprises metal trace forming first and second continuous concentric loops 763 and 765.  The 

first and third inductors have mutual coupling on different planes.   

[0077]      Figs. 16a-d show various views of a high Q inductor circuit layout in accordance with 

one embodiment, of the invention.  The first and second inductors 720 and 750 are interleaved 

on the same plane while the first and third inductors are stacked on different planes.  This 

configuration produces a moderate coupling between the first and second inductors, a high 
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coupling between the first and third inductors and a low coupling between the second and third 

inductors, which reduces power consumption and improves linearity or the dynamic range of the 

high Q inductor. 

[0078]      Fig. 17 shows a high Q inductor layout 700 with connections to form the inductor 

circuit.  In one embodiment, a bias voltage 428 is coupled to a first terminal of the second or 

sensing inductor 750.  The second terminal 752b is coupled to control terminal of the transistor 

which forms the VGA 470.  A first terminal of the transistor is coupled to ground while the 

second terminal is coupled to a first terminal of the third or feed back inductor 760.  The second 

terminal of the third inductor is coupled to an operating voltage (Vdd) 424.  A tuner 430 is 

coupled between the control and second terminals of the VGA. 

[0079]      Fig. 18 shows a screenshot of a high Q inductor structure in accordance with one 

embodiment of the invention.  As shown, the high Q inductor comprises first (primary), second 

(sensing) and third (feedback) inductors interleaved and stacked on a substrate.  A second 

terminal of the feedback inductor is coupled to a first pad which is coupled to Vdd.  A first 

terminal of the sensing inductor is coupled to a second pad which is coupled to Vbias.  A 

transistor which forms the VGA includes control, first and second terminals.  The control 

terminal is coupled to the second terminal of the sensing inductor.  The first terminal is coupled 

to a third pad which is coupled to ground.  The second terminal is coupled to the first terminal of 

the feedback inductor.  A tuning capacitor is provided between the control and second terminals 

of the VGA.   

[0080]      A simulation was conducted to compare the Q factors of a conventional inductor with 

that of a high Q inductor in accordance with one embodiment of the invention as a function of 

frequency.  Fig. 19 plots the simulation results.  Line 698 represents data corresponding to the 

high Q inductor and line 697 represents data corresponding to the conventional inductor.  As for 

the conventional inductor, the Q factor is relatively constant at about 9 from about 7 – 13.5 GHz.  

At a frequency of 12.84 GHz (m1), Q is about 8.4.  However, the high Q inductor has a change 
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in Q factor over the frequency range.  At a frequency of 11.28 GHz (m2), the high Q inductor 

has a Q factor of 20.  As the frequency increases to 12.33 GHz (m3), the Q factor is about 50.  At 

a frequency of 13.14 (m4), the Q factor is about 48.4.  This illustrates that the high Q inductor 

has tunable Q factor with a wide bandwidth.  Higher Q factors and wider bandwidth can also be 

achieved with additional tuning. 

[0081]      Fig. 20 shows a voltage controlled oscillator (VCO) circuit 800 in accordance with 

one embodiment of the invention.  The VCO, as shown, comprises first and second transistor 

pairs 810 and 820 coupled in series to form two parallel circuit paths 804 and 806.  Transistors 

812 and 814 of the first transistor pair are cross-coupled; transistors 822 and 824 of the second 

transistor pair are cross-coupled.  Located between the transistor pairs and coupled to the first 

and second circuit paths are a capacitor 842 and an inductor 870.  First ends of the circuit path 

are coupled to voltage source Vdd.  Second ends are coupled to ground via a transistor 835.  In 

one embodiment, the inductor comprises a high Q inductor as described in Fig. 4 or 9.  The high 

Q inductor can also be incorporated into other types of VCOs.  

[0082]      A performance analysis of the high Q inductor VCO and conventional VCO was 

conducted.  The simulation parameters are as follows: 

  frequency = 5 GHz; 

  Vdd = 1.8V; and 

  Vswing = 1.8 V 

Results of the simulations are plotted in Figs. 21a-b, with Fig. 21a corresponding to the high Q 

inductor VCO and Fig. 21b corresponding to the conventional VCO.  From Fig. 21a, the high Q 

inductor VCO has a phase noise (PN) at 1 MHz equal to -145 dBc.  The total current itotal of the 

circuit is about 0.9 mA and a total power Ptotal consumed by the circuit is of about 0.9 mW.  As 

shown from Fig. 21b, the conventional VCO has a PN at 1 MHz equal to -108.8 dBc.  The total 

current itotal of the circuit is about 3.5 mA and a total power Ptotal consumed by the circuit is of 
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about 6.3 mW.  From the simulation results, the high Q inductor VCO has over 85% power 

savings and 36.2 dBc PN improvement over the conventional VCO.   

[0083]      Fig. 22 shows a channel selection filter (CSF) or a bandpass filter circuit 802 in 

accordance with one embodiment of the invention.  The CSF, as shown, comprises a filter sub-

circuit 850.  The filter sub-circuit includes first and second terminals with a high Q inductor 870 

and capacitor 842 coupled in parallel.  One terminal of the filter sub-circuit is coupled to a DC 

voltage source 886.  The other terminal of the filter sub-circuit is coupled to ground via a 

transistor 839.  The gate of the transistor is coupled to AC voltage source 888.  In one 

embodiment, the high Q inductor can be those described in Fig. 4 or 9.  The high Q inductor can 

also be incorporated into other types of CSFs.  

[0084]      A simulation was conducted to compare the performance of a CSF with high Q 

inductor against that of a conventional CSF.  Fig. 23 plots the noise performance as a function of 

frequency.  Line 672 corresponds the data of the conventional CSF while line 674 corresponds to 

the data of the CSF with a high Q inductor.  Table 2 compares the frequency tunability 

selectivity of CSF with and without the high Q inductor. 

Table 2 

 3-dB bandwidth Selectivity 

Normal Inductor 647 MHz 8.5 

High-Q Inductor 8 MHz 687.5 

 

Clearly, by providing a CSF with a high Q inductor, improved frequency tunability is achieved.  

[0085]      Fig. 24 shows an image rejection notch (IRN) filter circuit 808 in accordance with 

one embodiment of the invention.  The IRN filter, as shown, comprises a filter sub-circuit 851.  

The filter sub-circuit includes first and second terminals with a high Q inductor 870 and 

capacitor 834 coupled in series.  One terminal of the filter sub-circuit is coupled to ground.  First 

and second resistors 831 and 832 are coupled in parallel to the other terminal of the filter circuit 
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and to ground.  In one embodiment, the high Q inductor can be those described in Fig. 4 or 9.  

The high Q inductor can also be incorporated into other types of notch filters.  

[0086]      Fig. 25 compares the performance of IRN filter with a high Q inductor versus a 

convention IRN filter.  Line 893 corresponds to the conventional IRN filter while line 897 

corresponds to the IRN filter with a high Q inductor.  As illustrated by the plot, providing a high 

Q inductor improves image attenuation by about 40 dB.    

[0087]      It is understood that in the various embodiments or applications of the inductor 

circuit, additional elements or circuitry can be added.   For example, input and output matching 

circuitry and buffers can be included as desired for specific applications.    

[0088]      Furthermore, the invention may be embodied in other specific forms without 

departing from the spirit or essential characteristics thereof.  The foregoing embodiments, 

therefore, are to be considered in all respects illustrative rather than limiting the invention 

described herein.  Scope of the invention is thus indicated by the appended claims, rather than by 

the foregoing description, and all changes that come with the meaning and range of equivalency 

of the claims are intended to be embraced therein. 
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What is claimed is: 

CLAIM 

1. An inductor circuit comprising: 

 a primary inductor sub-circuit having a primary inductor (L1); and 

 a compensation sub-circuit having a secondary inductor (LS), the compensation sub-

circuit is electrically isolated from the primary inductor, the compensation sub-circuit is 

magnetically coupled with the primary inductor sub-circuit to provide an inductive feedback 

loop for compensating loss in the primary inductor to enhance Q factor of the inductor circuit, 

wherein the primary inductor comprises a loss corresponding to series resistance R1 and the 

compensation sub-circuit generates a negative resistance Rneg to compensate for the loss R1, 

wherein the magnitude of Rneg is at least within 90-95% of R1 to enhance the Q factor of the 

inductor circuit. 

 

2. The inductor circuit of claim 1 wherein the magnitude of Rneg is about equal to R1 to 

enhance the Q factor of the inductor circuit.   

 

3. The inductor circuit of claim 1 wherein: 

LS comprises first and second compensation inductors; and 

the magnitude of Rneg is equal to mgMM *3112

2 , wherein M12 is the mutual inductance 

between the primary inductor and the first compensation inductor, M31 is the mutual inductance 

between the second compensation inductor and the primary inductor, and gm is the 

transconductance of an amplifier in the compensation sub-circuit.   

 

4. The inductor circuit of claim 1 wherein the compensation sub-circuit comprises a bias 

voltage for biasing the compensation sub-circuit to adjust the amount of loss compensation, 

wherein the biasing of the compensation sub-circuit is independent of the primary inductor. 
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5. The inductor circuit of claim 1 wherein the compensation sub-circuit comprises: 

 LS including a first compensation inductor (L2) having first and second terminals and a 

second compensation inductor (L3) having first and second terminals;  

 an amplifier having a transconductance gm, the amplifier includes a control terminal and 

first and second terminals, wherein the control terminal of the amplifier is coupled to the second 

L1 terminal and the first terminal of the amplifier is coupled to the second L2 terminal; 

 a bias voltage coupled to the first L1 terminal; 

 an operating voltage source coupled to the first L2 terminal of the second compensation 

inductor; and  

 a ground coupled to the second terminal of the amplifier. 

 

6. The inductor circuit of claim 5 wherein a magnitude of gm is tuned by adjusting the bias 

voltage to adjust the amount of loss compensation. 

 

7. The inductor circuit of claim 5 wherein the amplifier comprises a variable gain amplifier 

comprising a transistor with a gate and first and second terminals, the gate is coupled to the 

control terminal of the amplifier and first and second diffusion regions are coupled to the first 

and second terminals of the amplifier, wherein the magnitude of gm is tuned by adjusting the bias 

voltage to adjust the amount of loss compensation. 

 

8. The inductor circuit of claim 1 wherein the compensation circuit comprises a tuner to 

tune the frequency response of gm of an amplifier. 

  

9. The inductor circuit of claim 1 wherein the compensation circuit comprises a tuner 

having first and second tuner terminals, the first tuner terminal is coupled to a control terminal of 
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an amplifier and the second tuner terminal is coupled to a first terminal of the amplifier, the tuner 

comprises a capacitor to tune the frequency response of gm of the amplifier. 

 

10. The inductor circuit of claim 1 wherein the compensation circuit comprises a tuner 

having first and second tuner terminals, the first tuner terminal is coupled to a control terminal of 

an amplifier and the second tuner terminal is coupled to a first terminal of the amplifier, the tuner 

comprises a varactor having a bias voltage to adjust the capacitance to tune the frequency 

response of gm of the amplifier. 

 

11. The inductor circuit of claim 1 wherein the compensation circuit comprises a tuner 

having first and second tuner terminals, the first tuner terminal is coupled to a control terminal of 

an amplifier and the second tuner terminal is coupled to an first terminal of the amplifier, the 

tuner comprises a capacitor to tune an effective inductance of the inductor circuit. 

 

12. The inductor circuit of claim 1 wherein the compensation circuit comprises a tuner 

having first and second tuner terminals, the first tuner terminal is coupled to a control terminal of 

an amplifier and the second tuner terminal is coupled to a first terminal of the amplifier, the tuner 

comprises a varactor having a bias voltage to adjust the capacitance to tune an effective 

inductance of the inductor circuit. 

 

13. An inductor comprising: 

 a substrate having a dielectric layer, the dielectric layer comprising 

a first inductor track defined in a first plane of the dielectric layer, the first 

inductor track having at least inner and outer concentric first inductor sub-tracks, 

a second inductor track defined in the first plane of the dielectric layer 

between the inner and outer first inductor sub-tracks, and 
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a third inductor track defined in a second plane of the dielectric layer; 

 a first inductor comprising having first and second first inductor terminals at first and 

second ends of the first inductor, the first inductor is disposed in the first inductor track, the first 

inductor forms continuous concentric loops in the first inductor track between the first and 

second first inductor terminals, wherein the continuous loops are facilitated by first inductor 

cross-over connectors; 

 a second inductor having first and second second inductor terminals, the second inductor 

is disposed in the second inductor track to form a loop between the first and second second 

inductor terminals;  

 a third inductor having first and second third inductor terminals, the third inductor is 

disposed in the third inductor track in the second plane; and 

wherein the second and third inductors are electrically isolated from the first inductor, the 

second and third inductors are magnetically coupled to provide an inductive feed back loop for 

compensating loss in the first inductor.  

 

14. The inductor of claim 13 wherein the loops of the inductors comprise an octagonal shape. 

 

15. The inductor of claim 13 wherein the outer loop of the first inductor comprises first and 

second portions having first and second ends and the inner loop of the first inductor comprises an 

open loop having first and second ends, wherein the second end of the first outer loop portion is 

coupled to the second end of the inner loop in the first plane and the second end of the second 

outer loop portion is coupled to the first end of the inner loop in a plane different from the first 

plane to form a cross-over coupling. 

 

16. A method of increasing Q factor of an inductor comprising: 

 providing a primary inductor (L1) which incurs a loss equal to series resistance (R1); and
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 generating a negative inductance Rneg from a compensation sub-circuit having a 

secondary inductor to compensate for the loss R1, the compensation sub-circuit is electrically 

isolated from L1 and magnetically coupled to L1 to form an inductive feed back loop, wherein 

Rneg reduces R1 to increase Q factor of the primary inductor, wherein the primary inductor 

comprises a loss corresponding to R1, wherein the magnitude of Rneg is at least within 90-95% of 

R1 to enhance the Q factor of the primary inductor. 

 

17. An integrated circuit comprising: 

an inductor circuit, wherein the inductor circuit comprises 

  a primary inductor (L1), and 

 a compensation sub-circuit having a secondary inductor LS, the compensation 

sub-circuit is electrically isolated from the primary inductor, the compensation sub-circuit 

is magnetically coupled with the primary inductor to provide an inductive feedback loop 

for compensating loss in the primary inductor to enhance Q factor of the inductor circuit, 

wherein the primary inductor comprises a loss corresponding to series resistance R1 and 

the compensation sub-circuit generates a negative resistance Rneg to compensate for the 

loss R1, wherein the magnitude of Rneg is at least within 90-95% of R1 to enhance the Q 

factor of the primary inductor. 

 

18. The integrated circuit of claim 17 wherein LS comprises first and second secondary 

inductors for compensating loss in the primary inductor to enhance the Q factor of the inductor 

circuit. 

 

19. The integrated circuit of claim 17 wherein the compensation sub-circuit comprises an 

amplifier having a transconductance gm, the amplifier includes a control terminal and first and 
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second terminals, wherein the control terminal of the amplifier is coupled to a first terminal of LS 

and the first terminal of the amplifier is coupled to a second terminal of LS. 

 

20. The inductor of claim 13 wherein the second and third inductors form part of a 

compensation sub-circuit which is electrically isolated from the first inductor, the compensation 

sub-circuit is configured to generate a negative resistance Rneg to compensate for a loss R1 of the 

first inductor.    

 

21. The inductor of claim 20 wherein the magnitude of Rneg is at least within 90 – 95% of R1 

to enhance the Q factor of the inductor circuit.   

 

22. The inductor of claim 20 wherein the compensation sub-circuit is magnetically coupled 

with the first inductor for compensating loss in the primary inductor to enhance Q factor of the 

inductor circuit. 

 

23. A method of forming an inductor comprising: 

 providing a substrate; 

providing a primary inductor (L1) which incurs a loss equal to series resistance (R1) on 

the substrate; and 

 providing a compensation sub-circuit having a secondary inductor on the substrate, the 

compensation sub-circuit is electrically isolated from the primary inductor, the compensation 

sub-circuit generates a negative inductance Rneg by magnetically coupling to the primary 

inductor to form an inductive feed back loop, wherein Rneg reduces R1 to increase Q factor of the 

inductor, wherein the magnitude of Rneg is at least within 90-95% of R1 to enhance the Q factor 

of the primary inductor. 
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24. The method of claim 23 wherein the secondary inductor comprises first and second 

secondary inductors for compensating loss in the primary inductor to enhance the Q factor of the 

inductor. 

 

25. The method of claim 24 wherein the negative resistance Rneg is configured to compensate 

for the loss R1. 

 

 

 




