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Description

FIELD OF THE INVENTION

[0001] The present invention relates to voltage-controlled oscillators (VCO) of the type used in radio frequency (RF)
transceivers and, in particular, to an improved inductor design in a VCO.

BACKGROUND OF THE INVENTION

[0002] Recent advances in wireless communication technology have allowed an entire RF transceiver to be imple-
mented on a single semiconductor die or chip. However, integrating a complete RF transceiver on a single chip presents
a number of challenges. For example, in wideband code division multiple access (WCDMA) transceivers, a single-chip
solution requires two RF VCOs to be running on the chip at the same time. Such an arrangement may produce undesired
interaction between the two VCOs due to various types of mutual coupling mechanisms, which may result in spurious
receiver responses and unwanted frequencies in the transmit spectrum. The primary mutual coupling mechanism is
usually the fundamental electromagnetic (EM) coupling between the resonators, i.e., the large inductor structures in the
VCOs.
[0003] A number of techniques exist for reducing the mutual EM coupling between the VCOs due to the inductors.
One technique involves reduction of EM coupling by careful design of the inductors to provide maximum isolation of the
inductors. WO 2004/012213 discloses a planar inductance according to the preamble of claim 1 with planar spiral
windings in the form of an "eight" with three cross-conductors. To compensate the magnetic field of the supply lines,
two eyes of the winding are arranged to have different sizes which limits the resulting magnetic field reduction. Another
technique calls for frequency separation by operating the two VCOs at different even harmonics of the desired frequency.
Still another technique involves frequency separation by using a regenerative VCO concept. The frequency separation
methods exploit the filtering properties of the resonator to reduce interference. However, these solutions require additional
circuitry (dividers, mixers, etc.) that may increase current consumption, making them less attractive than other mutual
EM coupling reduction alternatives.

SUMMARY OF THE INVENTION

[0004] An inductor design for reducing mutual EM coupling between VCO resonators and a method of implementing
the same on a single semiconductor chip. A method and system involve using inductors that are substantially symmetrical
about their horizontal and/or their vertical axes and providing current to the inductors in a way so that the resulting
magnetic field components tend to cancel each other by virtue of the symmetry. In addition, two such inductors may be
placed near each other and oriented in a way so that the induced current in the second inductor due to the magnetic
field originating from first inductor is significantly reduced. The inductors may be 8-shaped, four-leaf clover-shaped,
single-turn, multi-turn, rotated relative to one another, and/or vertically offset relative to one another.
[0005] In general, in one aspect, an inductor having a reduced far field comprises a first loop having a shape that is
substantially symmetrical about a first predefined axis, and a second loop having a size and shape substantially identical
to a size and shape of the first loop. The second loop is arranged such that a magnetic field emanating therefrom tends
to cancel a magnetic field emanating from the first loop and two closely spaced terminals connected to the first loop for
supplying electrical current to the first and second loops while minimizing magnetic field contributions from the terminals.
[0006] In general, in another aspect, a method of reducing mutual electromagnetic coupling between two inductors
on a semiconductor die comprises the step of forming a first inductor on the semiconductor die having a shape that is
substantially symmetrical about a first predefined axis, the shape causing the first inductor to have a reduced far field,
at least in some directions. The method further comprises the step of forming a second inductor on the semiconductor
die at a predetermined distance from the first inductor, wherein a mutual electromagnetic coupling between the first
inductor and the second inductor is reduced as a result of the first inductor having a reduced far field.
[0007] In general, in another aspect, an inductor layout having reduced mutual electromagnetic coupling comprises
a first inductor having a shape that is substantially symmetrical about a first predefined axis, the shape causing the first
inductor to have a reduced electromagnetic field at a certain distance from the first inductor, at least in some directions.
The inductor layout further comprises a second inductor positioned at a predetermined distance from the first inductor,
wherein a mutual electromagnetic coupling between the first inductor and the second inductor is reduced as a result of
the first inductor having a reduced electromagnetic field.
[0008] It should be emphasized that the term comprises/comprising, when used in this specification, is taken to specify
the presence of stated features, integers, steps, or components, but does not preclude the presence or addition of one
or more other features, integers, steps, components, or groups thereof.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The foregoing and other advantages of the invention will become apparent from the following detailed description
and upon reference to the drawings, wherein:

FIGURE 1 illustrates a prior art O-shaped inductor;
FIGURE 2 illustrates an 8-shaped inductor;
FIGURE 3 illustrates a prior art O-shaped inductor arrangement;
FIGURE 4 illustrates an 8-shaped inductor arrangement;
FIGURE 5 illustrates an 8-shaped inductor arrangement wherein one inductor is rotated;
FIGURE 6 illustrates the impact of distance on EM coupling using the 8-shaped inductor arrangement;
FIGURE 7 illustrates an 8-shaped inductor arrangement wherein one inductor is offset from the other inductor;
FIGURE 8 illustrates the impact of distance on decoupling coefficient using the inductor arrangements;
FIGURE 9 illustrates a VCO layout wherein symmetry is retained;
FIGURE 10 illustrates a four-leaf clover shaped inductor;
FIGURE 11 illustrates a four-leaf clover shaped inductor arrangement;
FIGURE 12 illustrates the impact of distance on EM coupling using the four-leaf clover shaped inductor arrangement;
and
FIGURE 13 illustrates a two-turn 8-shaped inductor.

DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS OF THE INVENTION

[0010] As mentioned above, various embodiments of the invention provide an inductor design and method of imple-
menting the same where mutual EM coupling is reduced. The inductor design and method serve to reduce the EM field
at a certain distance from the inductor (i.e., the far field), at least in some directions, by using inductor shapes that are
substantially symmetrical. As used herein, the term "symmetrical" refers to symmetry relative to at least one axis. This
reduced far field may then be used to reduce the mutual coupling between two inductors. The inductor design and
method may also be used to reduce the coupling between an inductor and another on-chip or external structure (e.g.,
an external power amplifier). This helps to reduce the sensitivity of the VCO to interfering signals from other than a
second on-chip VCO.
[0011] Choosing a substantially symmetrical shape (e.g., a figure-8 or a four-leaf clover shape) for the first inductor
helps to reduce the EM field at far distances. This will, in turn, reduce mutual EM coupling to the second inductor,
regardless of its shape. If the second inductor also has a similar or substantially identical shape, the tendency of the
second inductor to pick up the EM field from the first inductor is also reduced via the same mechanisms. Thus, the overall
isolation between the two inductors is further improved. Note, however, that the two inductors need not have the same
size or the same shape as long as they have a substantially symmetrical shape. To the extent identical inductor layouts
are shown in the figures, it is for illustrative purposes only.
[0012] Further, although various embodiments of the invention are described herein mainly with respect to VCO-
related isolation issues, RF amplifiers and mixers with tuned LC loads or inductive degeneration may also couple to
each other or to a VCO and create interference problems. Thus, a person having ordinary skill in the art will appreciate
that the inductor design and method may be used to reduce coupling between two functional blocks of any type so long
as each contains one or more inductors.
[0013] In order to reduce EM coupling between two inductors, it is typically necessary to reduce the far field generated
by the inductor coils. Unfortunately, this is not a simple task because there are many topological constraints on a planar
integrated inductor. For example, a typical inductor design uses two or more stacked metal layers. Normally the top
layer is much thicker (i.e., has lower resistance) than the other layers. It is therefore desirable to mainly use this layer
in order to achieve a maximum Q-factor. Where the wires are crossing, thinner metal layers are usually used and careful
design of the crossings is needed to combine high Q-factor with minimum coupling. Further, negative electromagnetic
coupling between parallel wire segments close to each other should be avoided so that the inductance per wire length
unit is maximized. However, by exploiting the symmetry of the inductor in one or more dimensions together with controlling
the EM field components emanating from different parts of the inductor coil, the far field may be reduced in some directions
due to canceling effects.
[0014] Existing VCO inductor designs are optimized for maximum Q-factor given the constraints regarding silicon area,
wire width, and the like. FIGURE 1 shows an example of an existing inductor 100 commonly used in RF VCOs. The
inductor 100 is a differential 1.25 nH inductor with an inductor coil 102 having two terminals 104. As can be seen, the
positions of the terminals 104a and 104b have been optimized for connection to the rest of the VCO, including any
varactors and MOS switches (not shown) that may be present, but little attention was paid to mutual EM coupling apart
from keeping a certain minimum distance from other metal wires in the vicinity.
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[0015] FIGURE 2 shows an example of an inductor 200. The inductor 200 has an inductor coil 202 and terminals 204a
and 204b, and has been designed so that it is substantially symmetrical about a horizontal axis X. In the present example,
the inductor coil 202 is in the form of a single-turn 8-shaped structure with an upper loop 206a and a lower loop 206b.
By virtue of the figure-8 shape, current in the upper loop 206a travels in a direction (e.g., counterclockwise, see arrows)
that is opposite to current in the lower loop 206b (e.g., clockwise). As a result, the EM field components emanating at
a certain distance from the two substantially symmetrical loops 206a and 206b also have opposite directions and tend
to counteract each other. The directions of the EM field components are indicated by conventional notation in the middle
of each loop 206a and 206b. Consequently, the inductor 200 has been found to have a significantly reduced far field at
a certain distance from the inductor coil 202. Thus, by making the two loops 206a and 206b substantially symmetrical,
cancellation of a significant amount of far field on either side of the horizontal symmetry axis X may be achieved. It
should be noted, however, that perfect symmetry between the two loops 206a and 206b may be difficult to achieve given
the presence of the terminals 204a and 204b.
[0016] In addition, the positioning of the terminals 204a and 204b may help minimize the far field. For example,
positioning the two terminals 204a and 204b as close to each other as possible helps make the field contributions from
the two parts of the inductor 200 identical. It is also desirable to minimize the additional loop external to the inductor 200
created by the connections to the varactors and switches. This extra loop may compromise the symmetry of the inductor
itself to some extent and may reduce the canceling effect. In theory, it should be possible to modify the geometry of the
inductor (e.g., make the upper loop slightly larger) to compensate for this effect. The symmetry of the inductor 200 with
respect to a center vertical axis is also important for minimizing the generation of common-mode signal components.
[0017] Other considerations may include basic layout parameters, such as the width and height of the inductor coil
202 together with the width and spacing of the surrounding metal wires. These parameters, however, are mainly deter-
mined by requirements on inductance, Q-factor, chip area, and process layout rules and have only minor influence on
mutual coupling characteristics as long as symmetry of the inductor coil is maintained. FIGURE 3 illustrates a prior art
inductor arrangement of two O-shaped inductors 300 and 302. The two inductors 300 and 302 are placed side-by-side
and have O-shaped inductor coils 304 and 306. The inductors coils 304 and 306 in this embodiment are substantially
the same size as the 8-shaped inductor coil (e.g., 350 x 350 mm) of FIGURE 2 and are symmetrical relative to their
vertical axes Y. The terminals for the two inductor coils 304 and 306 are labeled as 308a & 308b and 310a & 310b,
respectively. Because each O-shaped inductor 300 and 302 provides little or no EM reduction individually, the arrange-
ment as a whole provides little or no mutual EM coupling reduction.
[0018] On the other hand, an inductor arrangement involving two 8-shaped inductors like the one in FIGURE 2 may
provide further reduced mutual EM coupling. This is illustrated in FIGURE 4, where an inductor arrangement similar to
the arrangement in FIGURE 3 is shown, except the two inductors 400 and 402 have 8-shaped inductor coils 404 and
406 instead of O-shaped inductor coils. The terminals for the inductor coils 404 and 406 are labeled as 408a & 408b
and 410a & 410b, respectively. Each individual inductor 400 and 402 has a reduced far field by virtue of the 8-shaped
inductor coil 404 and 406, as explained above with respect to FIGURE 2. In addition, there is also a reduction in the
mutual coupling between the two inductors 400 and 402. This is because the same mechanism that causes the radiated
EM field from the first inductor to be reduced also causes the "EM field receive sensitivity" of the second inductor to be
reduced. Thus, the combined effect of the two inductors upon each other provides the desired coupling reduction.
[0019] Note that it is not necessary for the two inductors 400 and 402 to have the same size. All that is needed for
mutual EM coupling reduction is for them to have similar, EM reducing shapes. Further, a combination of an O-shaped
inductor and an 8-shaped inductor may still result in mutual coupling reduction. However, since such an arrangement
only uses the EM canceling effect of one inductor (the O-shaped inductor has little or no EM cancellation), the total
isolation between the two inductors is less.
In some embodiments, it has been found that even greater isolation may be achieved by rotating one of the inductor
coils, as shown in FIGURE 5. Here, two inductors 500 and 502 having nearly identical 8-shaped inductor coils 504 and
506 have again been placed side-by-side. Theirterminals are again labeled as 508a & 508b and 510a & 510b, respectively.
However, one of the inductor coils, say, the inductor coil 504 on the left, has been rotated by 90 degrees to further reduce
mutual EM coupling.
[0020] In addition to the above designs, other more complex inductor designs that are symmetrical in more than one
dimension, for example, a four-leaf clover shape, may also be used. These complex inductor designs are useful because
higher inductance values typically need to have more than one turn in order not to consume too much chip area. In
addition, such complex inductor designs are often less sensitive to sub-optimal placement and orientation.
[0021] To determine the effectiveness of the above inductor designs in reducing mutual EM coupling, simulations were
performed using the Momentum 2D EM Simulator™ from Agilent Technologies, with some simulations also repeated
in FastHenry™ from the Computational Prototyping Group to verify the results. The simulations used a simple semicon-
ductor substrate model that described the metal and dielectric layers on top of a typical semiconductor substrate. The
four terminals of the two mutually coupled inductors were defined as the ports of a linear 4-port network (see FIGURE
4). The interaction between the inductors in such a network may often be expressed using an s-parameter matrix. Those
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having ordinary skill in the art understand that s-parameter theory is a general technique used to describe how signals
are reflected and transmitted in a network. The below s-parameter matrix S gives a substantially complete description
of the network’s behavior when it is connected to the surrounding components. 

[0022] However, the mutual coupling between the two inductors is often difficult to extract directly from the s-parameters
where, as here, the network has four single-ended ports. For this type of analysis, it is sometimes more convenient to
treat the two inductors as a differential 2-port network by transforming the single-ended s-parameter matrix into a mixed-
mode s-parameter matrix Smm: 

where M is the transformation of voltages and currents at the four single-ended ports to differential and common-mode
voltages and currents at the two differential ports, and is given by: 

and MT is the transposed version of the original matrix M (i.e., with the rows and columns exchanged). For more
information regarding this transformation, the reader is referred to David E Bockelman et al., Combined Differential and
Common-Mode Scattering Parameters: Theory and Simulation, IEEE Trans. on Microwave Theory and Techniques,
vol. MTT-43, pp. 1530-1539, July 1995. The results of the transformation is:

[0023] As can be seen, the upper left 2-by-2 sub-matrix contains the purely differential 2-port s-parameters, while the
other sub-matrices contain the common-mode behavior. The voltage transfer gain Gvdd was then calculated using
standard 2-port s-parameter formulas, for example: 

[0024] This theoretical gain parameter Gvdd extracted from the 4-port s-parameter simulation results was then used
to compare the mutual coupling between different combinations of inductor layouts.
[0025] Using the above mixed-mode s-parameters, the differential voltage gain Gvdd from the ports of the first inductor
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to the ports of the second inductor was calculated at 3.7 GHz. The corresponding coupling coefficient was then estimated
based on s-parameter simulations on a test circuit with two coupled inductors. Table 1 shows a summary of the simulation
results for the mutual coupling between different coil shapes and orientations for two inductors at a center distance of
1 mm. In Table 1, the "notation 8_shape_90" represents a figure-8 shaped inductor that has been rotated 90 degrees
and the notation "8_shape_-90" represents a figure-8 shaped inductor that has been rotated by -90 degrees, "Q1" is the
Q-factor for the Inductor 1, "Att" is the attenuation of the mutual EM coupling between the two inductors, and k is the
estimated coupling coefficient.

[0026] As can be seen, making one of the inductors 8-shaped was shown to reduce the mutual coupling by up to 20
dB. Making both of them 8-shaped was shown to improve the isolation by up to 30 dB. Making both connectors 8-shaped
and rotating them by 90 degrees in opposite directions was shown to improve the isolation nearly 40 dB.
[0027] A second series of simulations was performed where the center distance between the coils was varied from
0.5 mm up to 2.0 mm for two 8-shaped inductors compared to two O-shaped inductors. The results are plotted in FIGURE
6, where the vertical axis represents the differential transfer gain Gvdd and the horizontal axis represents the distance
between the centers of the two inductors in millimeters (mm). As can be seen, the 8-shaped inductors (plot 600) resulted
in much lower mutual coupling relative to the O-shaped inductors (plot 602). In addition, the 8-shaped inductors show
a degree of resonant behavior where the mutual coupling is very low at a certain distance (depending on the frequency).
The "average" isolation improvement for the second series (ignoring the sharp minima near 2.0 mm) is between 30 and
40 dB.
[0028] Positioning of the inductors relative to each other may also affect the amount of mutual coupling. In order to
get an understanding of how much the positioning of the inductors affects mutual coupling, additional simulations were
done where one of the inductors coils was offset from the ideal symmetry axis by a varying amount. This is illustrated
in FIGURE 7, where two inductors 700 and 702 having nearly identical 8-shaped inductor coils 704 and 706 are shown.
As can be seen, however, the connector coil 704 on the left has been offset vertically from the ideal symmetry axis X
by a certain distance Z to a new axis X’. The details of the simulation are shown in Table 2 below, where Deg is the
degradation in dB. With this arrangement, some degradation of the inductor isolation was observed, but even at a 1 mm
offset, which corresponds to an orientation of 45 degrees, an improvement of about 30 dB in mutual coupling reduction
is achieved for the 8-shaped inductor.

[0029] To investigate the relationship between differential voltage gain Gvdd and coupling coefficient k, s-parameter
simulations of the two inductors were performed in Spectre™. Thereafter, an estimated coupling coefficient k was able

Table 1

Inductor 1 Inductor 2 L1 [nH] Q1 Gvdd [dB] Att [dB] K

O-shape O-shape 0.841 16.93 -54.0 reference 0.002077

8-shape O-shape 1.216 15.20 -75.6 21.6 0.000173

8-shape_90 O-shape 1.218 15.63 -74.9 20.9 0.000187

8-shape 8-shape 1.216 15.84 -86.5 32.5 0.000049

8-shape_90 8-shape 1.216 15.19 -89.7 35.7 0.000034

8-shape_90 8-shape_-90 1.217 15.69 -92.8 38.8 0.000024

Table 2

Offset [mm] L1 [nH] Q1 Gvdd [dB] Att [dB] Deg [dB] k estim

0.0 1.216 15.19 -89.7 35.7 reference 0.000034

0.1 1.216 15.19 -85.3 31.3 4.4 0.000057

0.2 1.216 15.19 -82.5 28.5 7.2 0.000078

0.3 1.216 15.19 -81.0 27.0 8.7 0.000093

0.5 1.216 15.19 -81.8 27.8 7.9 0.000085

0.7 1.216 15.19 -85.8 31.8 3.9 0.000053

1.0 1.216 15.19 -103.4 49.4 -13.7 0.000007
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to be calculated from Momentum 2D EM Simulator™ results and included in Table 1 and Table 2.
[0030] To verify the results of the coupling coefficient estimation, an alternative tool FastHenry™ was used to calculate
k. The simulated results are plotted in FIGURE 8. In FIGURE 8 the horizontal axis again represents the distance between
the centers of the inductors in mm, but the vertical axis now represents the coupling coefficient k, the bottom plot 800
represents the FastHenry™ results, and the top plot 802 represents the Momentum 2D EM Simulator™ results. The
agreement between the two sets of results appears quite good for distances up to 1.5 mm, but some discrepancy may
be noted at 2 mm. The most likely explanation for the discrepancy is that the Momentum 2D EM Simulator™ results are
more reliable.
[0031] From the foregoing, it can be clearly seen that mutual coupling reduction is closely related to the symmetry of
the inductor. Therefore, the layout of the rest of the VCO should be designed to minimize any additional inductor loops
that may be created when the inductor is connected to the VCO components (e.g., varicaps and capacitive switches),
since the magnetic field from this additional loop will affect the balance between the up field components of opposite
signs and reduce any canceling effect.
[0032] FIGURE 9 shows an exemplary layout for a typical 4 GHz VCO 900 with an 8-shaped inductor 902 that may
be used to minimize any additional inductor loops. As can be seen, the layout for the resonator (e.g., switches, varactor)
and active parts is substantially symmetrical around the vertical axis Y. The supply voltage (e.g., bias and decoupling)
is also applied symmetrically, with the wires routed on top of each other so that they will not create an additional loop.
Preferably, all capacitive resonator components are fully differential and have a symmetrical layout.
[0033] As alluded to above, more complex inductor designs that are symmetrical in morse than one dimension, for
example, a four-leaf clover shape design, may also be used. In general, by increasing the number of loops from two to
four, the canceling effect may be improved further in some directions and for some distances. This is because, in general
(and at least for the 8-shaped inductors), the isolation between inductors is dependent on the relative placement of the
coils. FIGURE 10 illustrates an example of a four-leaf clover-shaped inductor 1000. The four loops 1002, 1004, 1006,
and 1008 of the inductor 1000 are connected in such a way that the magnetic field emanating from any two adjacent
loops have opposite directions and tend to cancel one another. Thus, the cancellation of the different magnetic field
components is less dependent, for example, on the direction of the second inductor coil where two four-leaf clover-
shaped inductors are present on the same chip.
[0034] Furthermore, as shown in FIGURE 11, a configuration where one of the inductors (e.g., inductor 1100) is rotated
45 degrees relative to the other inductor (e.g., inductor 1102) has been observed to have even lower EM coupling
between the two inductors 1100 and 1102:
[0035] The differential transfer gain Gvdd is plotted in FIGURE 12 for two four-leaf clover shaped inductor arrangement
(plot 1200) as a function of center distance together with the performance of two 8-shaped inductors (plot 1202) and
two O-shaped inductors (plot 1204). One of the four-leaf clover shaped inductors has been rotated by about 45 degrees
(indicated by the "r") and likewise one of the 8-shaped inductors has been rotated by about 90 degrees (again indicated
by the "r"). The vertical axis of the chart represents the differential transfer gain Gvdd and the horizontal axis represents
the center distance. As can be seen, the isolation for the two four-leaf clover shaped inductor arrangement is nearly 10
dB better than the 8-shaped inductor arrangement for distances below 1 mm and show no resonant behavior at larger
distances.
[0036] The improvement in the directional behavior of the four-leaf clover shaped inductor arrangement is shown in
Table 3. As can be seen, there is no degradation in isolation when moving away from the symmetry axis, only a smaller
improvement due to the increasing distance. However, due to the more complex wire layout, resulting in less inductance
per length of wire, the Q-factor is slightly lower compared to the 8-shaped inductor arrangement.

[0037] In applications where higher inductance values are needed, it is possible to use inductor coils with more than

Table 3

Offset [mm] L1 [nH] Q1 Gvdd [dB] Att [dB] Deg [dB] k estim

0.0 1.300 13.09 -92.5 38.5 reference 0.000025

0.1 1.300 13.09 -92.9 38.9 -0.4 0.000024

0.2 1.300 13.09 -92.9 38.9 -0.4 0.000024

0.3 1.300 13.09 -93.4 39.4 -0.9 0.000022

0.5 1.300 13.09 -94.1 40.1 -1.6 0.000021

0.7 1.300 13.09 -94.9 40.9 -2.4 0.000019

1.0 1.300 13.09 -97.1 43.1 -4.6 0.000015
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one turn, since single turn designs tend to take up too much chip area. An example of a two-turn 8-shaped inductor
1300 is shown in FIGURE 13. As can be seen, the two-turn 8-shaped inductor 1300 is essentially similar to the 8-shaped
inductor 200 of FIGURE 2, except that the two outer loops 1302 and 1304 of the inductor 1300 each turn into an inner
loop 1306 and 1308, respectively. The terminals 1310a and 1310b of the inductor 1300 are then connected to the lower
inner loop 1308. Such a two-turn inductor 1300 may provide a higher inductance value without taking up too much chip
area, while also reducing the Q-factor. In the embodiment shown here, the Q-factor maybe reduced from approximately
15 to 12.5 at 4 GHz.
[0038] Although a two-turn 8-shaped inductor has been shown, those of ordinary skill and they are will understand
that other configurations may also be used, such as a two-turn four-leaf clover shaped inductor, provided that near
symmetry can be maintained given the crossing of the inner and outer loops and positioning requirements of the terminals.
Other symmetrical shapes besides those described thus far may also show the same or even better coupling reduction
if a satisfactory balance between parameters such as Q-factor, coil size, and coupling coefficient can be reached.
[0039] While the present invention has been described with reference to one or more particular ilustrative embodiments,
those skilled in the art will recognize that many changes may be made thereto without departing from the spirit and
scope of the present invention. For example, although only reduction in electro-magnetic coupling has been described
in the foregoing, other coupling mechanisms via the substrate or supply lines as well as the effects of components placed
between the two VCOs can have an important influence on the maximum achievable isolation. Therefore, each of the
foregoing embodiments and variations thereof is contemplated as falling within the scope of the claimed invention, which
is set forth in the following claims.

Claims

1. An inductor (200; 900; 1000; 1300) having a reduced far field, the inductor being formed on a semiconductor die,
comprising:

a first loop (206b; 1008; 1304) having a shape that is substantially symmetrical about a first predefined axis; and
a second loop (206a; 1006; 1302) having a size and shape substantially identical to the first loop,
said second loop arranged such that a magnetic field emanating therefrom tends to cancel a magnetic field
emanating from the first loop;
characterized in that it also comprises two closely spaced terminals (204a, 204b; 1310a, 1310b) connected
to the first loop for supplying electrical current to the first and second loops while minimizing magnetic field
contributions from the terminals.

2. The inductor according to claim 1, wherein the first and second loops are substantially symmetrical about a second
predefined axis.

3. The inductor according to claim 2, wherein the inductor is substantially 8-shaped.

4. The inductor according to claim 1, wherein the first and second loops each comprising an inner loop (1308; 1306)
within each of the two loops.

5. The inductor according to claim 1, further comprising a third loop (1004) and a fourth loop (1002), wherein the third
and fourth loops are electrically connected to the first (1008) and second (1006) loops, the four loops are symmetrically
arranged in a cloverleaf formation around a common central axis, each of said loops having substantially the same
size and shape; and wherein the four loops (1002, 1004, 1006, 1008) are arranged such that the magnetic field
emanating from any two adjacent loops have opposite directions and tend to cancel one another.

6. An inductor layout having reduced mutual electromagnetic coupling comprising a first inductor (400, 500, 700, 1100)
according to any of claims 1-5 and a second inductor (402, 502, 702, 1102) positioned at a predetermined distance
from the first inductor, wherein a mutual electromagnetic coupling between the first inductor and the second inductor
is reduced as a result of the first inductor having a reduced electromagnetic field, wherein the first inductor and the
second inductor are formed on a single semiconductor die.

7. The inductor layout according to claim 6, wherein the first inductor and the second inductor are oriented in a same
direction.

8. The inductor layout according to claim 6, wherein the first inductor and the second inductor are oriented in different
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directions.

9. The inductor layout according to claim 6, wherein the first inductor and the second inductor share a common axis.

10. The inductor layout according to claim 6, wherein the first inductor and the second inductor share no common axis.

11. The inductor layout according to claim 6, wherein the first inductor and the second inductor are symmetrical about
a second predefined axis.

12. The inductor layout according to claim 6, wherein the second inductor is also an inductor according to any of claims 1-5.

13. A method of reducing far magnetic field emanating from an inductor, the inductor being formed on a semiconductor
die, comprising:

forming a first loop (206b; 1008; 1304) having a shape that is substantially symmetrical about a first predefined
axis;
forming a second loop (206a; 1006; 1302), to have a size and shape substantially identical to the first loop;
orienting the second loop in relation to the first loop such that a magnetic field emanating from the second loop
tends to cancel a magnetic field emanating from the first loop;
characterized in that it also comprises the step of connecting two closely spaced terminals (204a, 204b; 1310a,
1310b) to the first loop for supplying electrical current to the first and second loops while minimizing magnetic
field contributions from the terminals.

14. The method according to claim 13, wherein the step of orienting the second loop in relation to the first loop includes
placing the first and second loops in a substantially 8-shape.

15. The method according to claim 13, wherein the method further comprising: forming a third loop having a size and
shape substantially identical to the first and second loops; forming a fourth loop having a size and shape substantially
identical to the first, second, and third loops; and orienting the first, second, third, and fourth loops to form a sub-
stantially four-leaf clover-shape.

16. A method of reducing mutual electromagnetic coupling between a first inductor and a second inductor on a single
semiconductor die, comprising: forming the first inductor according to the method of any of claims 13-15 and posi-
tioning the second inductor at a predetermined distance from the first inductor, wherein the mutual electromagnetic
coupling between the first inductor and the second inductor is reduced as a result of the first inductor having a
reduced electromagnetic field.

17. The method according to claim 16, wherein the step of positioning the second inductor includes orienting the first
and second inductors in a same direction.

18. The method according to claim 16, wherein the step of positioning the second inductor includes orienting the first
and second inductors in different directions.

19. The method according to claim 16, wherein the step of positioning the second inductor includes placing the first and
second inductors on a common axis that is shared by the first and second inductors.

20. The method according to claim 16, wherein the step of positioning the second inductor includes placing the first and
second inductors so that they share no common axis.

21. The method according to claim 16, wherein the step of positioning the second inductor includes placing the first and
second inductors so that they are symmetrical about a second predefined axis.

22. The method according to claim 16, wherein the second inductor is formed according to the method of any of claims
13-15.
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Patentansprüche

1. Induktor (200; 900; 1000; 1300) mit einem reduzierten Fernfeld, wobei der Induktor auf einem Halbleiterchip aus-
gebildet ist, umfassend:

eine erste Schleife (206b; 1008; 1304) mit einer Form, die im Wesentlichen symmetrisch um eine erste vorde-
finierte Achse ist; und
eine zweite Schleife (206a; 1006; 1302) mit einer Größe und einer Form, die mit der ersten Schleife im We-
sentlichen identisch sind, wobei die zweite Schleife so angeordnet ist, dass ein Magnetfeld, das daraus her-
vorgeht, dazu neigt, ein Magnetfeld aufzuheben, das aus der ersten Schleife hervorgeht;
dadurch gekennzeichnet, dass er außerdem zwei eng aneinander liegende Anschlüsse (204a, 204b; 1310a,
1310b) umfasst, die mit der ersten Schleife zum Versorgen der ersten und zweiten Schleifen mit elektrischen
Strom bei gleichzeitigem Minimieren von Magnetfeldbeiträgen von den Anschlüssen verbunden sind.

2. Induktor nach Anspruch 1, wobei die ersten und zweiten Schleifen im Wesentlichen symmetrisch um eine zweite
vordefinierte Achse sind.

3. Verfahren nach Anspruch 2, wobei der Induktor im Wesentlichen die Form einer 8 aufweist.

4. Induktor nach Anspruch 1, wobei die ersten und zweiten Schleifen jeweils eine innere Schleife (1308; 1306) innerhalb
jeder der zwei Schleifen umfassen.

5. Induktor nach Anspruch 1, ferner umfassend eine dritte Schleife (1004) und eine vierte Schleife (1002), wobei die
dritten und vierten Schleifen mit den ersten (1008) und zweiten (1006) Schleifen elektrisch verbunden sind, die vier
Schleifen in einer Kleeblattformation symmetrisch um eine gemeinsame Mittelachse angeordnet sind, jede der
Schleifen im Wesentlichen die gleiche Größe und Form aufweist; und wobei die vier Schleifen (1002, 1004, 1006,
1008) derart angeordnet sind, dass das Magnetfeld, das aus beliebigen zwei benachbarten Schleifen hervorgeht,
entgegengesetzte Richtungen aufweisen und dazu neigen, einander aufzuheben.

6. Induktor-Layout mit reduzierter gegenseitiger elektromagnetischer Kopplung, umfassend einen ersten Induktor (400,
500, 700, 1100) nach einem der Ansprüche 1 bis 5 und einen zweiten Induktor (402, 502, 702, 1102), der in einem
vorbestimmten Abstand vom ersten Induktor angeordnet ist, wobei eine gegenseitige elektromagnetische Kopplung
zwischen dem ersten Induktor und dem zweiten Induktor infolge dessen, dass der erste Induktor ein reduziertes
elektromagnetisches Feld aufweist, reduziert ist, wobei der erste Induktor und der zweite Induktor auf einem einzigen
Halbleiterchip ausgebildet sind.

7. Induktor-Layout nach Anspruch 6, wobei der erste Induktor und der zweite Induktor in einer gleichen Richtung
ausgerichtet sind.

8. Induktor-Layout nach Anspruch 6, wobei der erste Induktor und der zweite Induktor in verschiedenen Richtungen
ausgerichtet sind.

9. Induktor-Layout nach Anspruch 6, wobei der erste Induktor und der zweite Induktor sich eine gemeinsame Achse
teilen.

10. Induktor-Layout nach Anspruch 6, wobei der erste Induktor und der zweite Induktor sich keine gemeinsame Achse
teilen.

11. Induktor-Layout nach Anspruch 6, wobei der erste Induktor und der zweite Induktor symmetrisch um eine zweite
vordefinierte Achse sind.

12. Induktor-Layout nach Anspruch 6, wobei der zweite Induktor ebenfalls ein Induktor nach einem der Ansprüche 1
bis 5 ist.

13. Verfahren zum Reduzieren eines magnetischen Fernfeldes, das aus einem Induktor hervorgeht, wobei der Induktor
auf einem Halbleiterchip ausgebildet ist, umfassend:

Bilden einer ersten Schleife (206b; 1008; 1304) mit einer Form, die im Wesentlichen symmetrisch um eine erste
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vordefinierte Achse ist;
Bilden einer zweiten Schleife (206a; 1006; 1302), die eine Größe und eine Form aufweist, die im Wesentlichen
mit der ersten Schleife identisch sind;
derartiges Ausrichten der zweiten Schleife in Bezug auf die erste Schleife, dass ein Magnetfeld, das aus der
zweiten Schleife hervorgeht, dazu neigt, ein Magnetfeld aufzuheben, das aus der ersten Schleife hervorgeht;
dadurch gekennzeichnet, dass es außerdem den folgenden Schritt umfasst:
Verbinden von zwei eng aneinander liegenden Anschlüssen (204a, 204b; 1310a, 1310b) mit der ersten Schleife
zum Versorgen der ersten und zweiten Schleifen mit elektrischem Strom bei gleichzeitigem Minimieren von
Magnetfeldbeiträgen von den Anschlüssen.

14. Verfahren nach Anspruch 13, wobei der Schritt des Ausrichtens der zweiten Schleife in Bezug auf die erste Schleife
ein Platzieren der ersten und zweiten Schleifen im Wesentlichen in Form einer 8 umfasst.

15. Verfahren nach Anspruch 13, wobei das Verfahren ferner umfasst:

Bilden einer dritten Schleife mit einer Größe und einer Form, die mit den ersten und zweiten Schleifen im
Wesentlichen identisch sind;
Bilden einer vierten Schleife mit einer Größe und einer Form, die mit den ersten, zweiten und dritten Schleifen
im Wesentlichen identisch sind; und
Ausrichten der ersten, zweiten, dritten und vierten Schleifen, um im Wesentlichen die Form eines vierblättrigen
Kleeblatts zu bilden.

16. Verfahren zum Reduzieren von gegenseitiger elektromagnetischer Kopplung zwischen einem ersten Induktor und
einem zweiten Induktor auf einem einzigen Halbleiterchip, umfassend:

Bilden des ersten Induktors gemäß dem Verfahren nach einem der Ansprüche 13 bis 15 und
Positionieren des zweiten Induktors in einem vorbestimmten Abstand vom ersten Induktor, wobei die gegen-
seitige elektromagnetische Kopplung zwischen dem ersten Induktor und dem zweiten Induktor infolge dessen,
dass der erste Induktor ein reduziertes elektromagnetisches Feld aufweist, reduziert ist.

17. Verfahren nach Anspruch 16, wobei der Schritt des Positionierens des zweiten Induktors ein Ausrichten der ersten
und zweiten Induktoren in einer gleichen Richtung umfasst.

18. Verfahren nach Anspruch 16, wobei der Schritt des Positionierens des zweiten Induktors ein Ausrichten der ersten
und zweiten Induktoren in verschiedenen Richtungen umfasst.

19. Verfahren nach Anspruch 16, wobei der Schritt des Positionierens des zweiten Induktors ein Platzieren der ersten
und zweiten Induktoren auf einer gemeinsamen Achse umfasst, die sich die ersten und zweiten Induktoren teilen.

20. Verfahren nach Anspruch 16, wobei der Schritt des Positionierens des zweiten Induktors ein derartiges Platzieren
der ersten und zweiten Induktoren umfasst, dass sie sich keine gemeinsame Achse teilen.

21. Verfahren nach Anspruch 16, wobei der Schritt des Positionierens des zweiten Induktors ein derartiges Platzieren
der ersten und zweiten Induktoren umfasst, dass sie symmetrisch um eine zweite vordefinierte Achse sind.

22. Verfahren nach Anspruch 16, wobei der zweite Induktor gemäß dem Verfahren nach einem der Ansprüche 13 bis
15 gebildet wird.

Revendications

1. Inducteur (200; 900; 1000; 1300) ayant un champ lointain réduit, où le inducteur est formée sur une puce semi-
conductrice, comprenant:

une première boucle (206b; 1008; 1304) ayant une forme qui est substantiellement symétrique autour d’un
premier axe prédéfini; et
une seconde boucle (206a; 1006; 1302) ayant une taille et une forme substantiellement identique à la première
boucle, ladite seconde boucle étant agencée de telle sorte qu’un champ magnétique émanant de celle-ci tende
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à annuler un champ magnétique émanant de la première boucle;
caractérisé en ce qu’il comprend aussi deux bornes étroitement espacées (204a, 204b; 1310a, 1310b) con-
nectées à la première boucle pour alimenter un courant électrique dans la première et la seconde boucle tout
en minimisant les contributions de champ magnétique provenant des bornes.

2. Inducteur selon la revendication 1, dans lequel la première et la seconde boucles sont substantiellement symétriques
autour d’un second axe prédéfini.

3. Inducteur selon la revendication 2, dans lequel l’inducteur est substantiellement en forme de 8.

4. Inducteur selon la revendication 1, dans lequel la première et la seconde boucles comprennent chacune une boucle
intérieure (1308; 1306) à l’intérieur de chacune des deux boucles.

5. Inducteur selon la revendication 1, comprenant en outre une troisième boucle (1004) et une quatrième boucle (1002),
dans lequel la troisième et quatrième boucles sont connectées électriquement à la première (1008) et la seconde
(1006) boucle, les quatre boucles sont agencées simultanément en une formation en feuille de trèfle autour d’un
axe central commun, chacune desdites boucles ayant substantiellement la même forme et taille; et dans lequel les
quatre boucles (1002, 1004, 1006, 1008) sont agencées de sorte que les champs magnétiques émanant de n’importe
laquelle des deux boucles adjacentes ont des directions opposées et tendent à s’annuler l’un l’autre.

6. Topologie d’inducteur ayant un couplage électromagnétique mutuel réduit comprenant un premier inducteur (400,
500, 700, 1100) selon une quelconque des revendications 1-5 et un second inducteur (402, 502, 702, 1102) positionné
à une distance prédéterminée du premier inducteur, dans lequel un couplage électromagnétique mutuel entre le
premier inducteur et le second inducteur est réduit en conséquence du premier inducteur ayant un champ électro-
magnétique réduit, dans lequel le premier inducteur et le second inducteur sont formés sur une puce semi-conductrice
individuelle.

7. Topologie d’inducteur selon la revendication 6, dans lequel le premier inducteur et le second inducteur sont orientés
dans une même direction.

8. Topologie d’inducteur selon la revendication 6, dans lequel le premier inducteur et le second inducteur sont orientés
dans des directions différentes.

9. Topologie d’inducteur selon la revendication 6, dans lequel le premier inducteur et le second inducteur partagent
un axe commun.

10. Topologie d’inducteur selon la revendication 6, dans lequel le premier inducteur et le second inducteur ne partagent
pas d’axe commun.

11. Topologie d’inducteur selon la revendication 6, dans lequel le premier inducteur et le second inducteur sont symé-
triques autour d’un second axe prédéfini.

12. Topologie d’inducteur selon la revendication 6, dans lequel le second inducteur est aussi un inducteur selon une
quelconque des revendications 1-5.

13. Procédé de réduction d’un champ magnétique lointain émanant d’un inducteur, où le inducteur est formée sur une
puce semi-conductrice, comprenant les étapes consistant à:

former une première boucle (206b; 1008; 1304) ayant une forme qui est substantiellement symétrique autour
d’un premier axe prédéfini;
former une seconde boucle (206a; 1006; 1302), ayant une taille et forme substantiellement identique à la
première boucle;
orienter la seconde boucle relativement à la première boucle de sorte qu’un champ magnétique émanant de
la seconde boucle tende à annuler un champ magnétique émanant de la première boucle;
caractérisé en ce qu’il comprend en outre l’étape consistant à:
connecter deux bornes étroitement espacées (204a, 204b; 1310a, 1310b) à la première boucle pour alimenter
un courant électrique dans la première et la seconde boucle tout en minimisant les contributions de champ
magnétique provenant des bornes.
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14. Procédé selon la revendication 13, dans lequel l’étape d’orientation de la seconde boucle relativement à la première
boucle inclut de placer la première et seconde boucle dans une forme substantiellement de 8.

15. Procédé selon la revendication 13, dans lequel le procédé comprend en outre les étapes consistant à:

former une troisième boucle ayant une taille et une forme substantiellement identique à la première et la seconde
boucle;
former une quatrième boucle ayant une taille et une forme substantiellement identique à la première, seconde
et troisième boucle; et
orienter la première, seconde, troisième et quatrième boucles afin de former une forme de trèfle substantielle-
ment à quatre feuilles.

16. Procédé de réduction d’un couplage électromagnétique mutuel entre un premier inducteur et un second inducteur
sur une puce semi-conductrice individuelle, comprenant de:

former le premier inducteur selon le procédé d’une quelconque des revendications 13-15 et
positionner le second inducteur à une distance prédéterminée du premier inducteur, dans lequel le couplage
électromagnétique mutuel entre le premier inducteur et le second inducteur est réduit en conséquence du
premier inducteur ayant un champ électromagnétique réduit.

17. Procédé selon la revendication 16, dans lequel l’étape de positionnement du second inducteur inclut d’orienter le
premier et le second inducteurs dans une même direction.

18. Procédé selon la revendication 16, dans lequel l’étape de positionnement du second inducteur inclut d’orienter le
premier et le second inducteurs dans des directions différentes.

19. Procédé selon la revendication 16, dans lequel l’étape de positionnement du second inducteur inclut de placer le
premier et le second inducteurs sur un axe commun qui est partagé par le premier et second inducteurs.

20. Procédé selon la revendication 16, dans lequel l’étape de positionnement du second inducteur inclut de placer le
premier et second inducteur de sorte qu’ils ne partagent pas un axe commun.

21. Procédé selon la revendication 16, dans lequel l’étape de positionnement du second inducteur inclut de placer le
premier et second inducteurs de sorte qu’ils soient symétriques autour d’un second axe prédéfini.

22. Procédé selon la revendication 16, dans lequel le second inducteur est formé selon le procédé d’une quelconque
des revendications 13-15.
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