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ture signals of a local oscillator.
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DIGITALLY PROGRAMMABLE 1/Q PHASE OFFSET COMPENSATION

BACKGROUND

ooo1] Field of the invention

ooo21 Embodiments of the invention relate to frequency synthesizer
circuits, and more particularly to adjustment of the phases of | and Q signals
produced by frequency synthesizer circuits.

tooo31 Related technology

toooa1 Frequency synthesizer circuits are widely used to generate local
oscillator signals in radio frequency (RF) transmitter and receiver devices.
Frequency synthesizers are typically implemented as phase locked loops. Figure
1 shows an examplé of a conventional phase locked loop frequency synthesizer.
The primary frequency generating element of the phase locked loop is a voltage
controlled oscillator 10 that produces an output frequency corresponding to a
charge stored in a low pass filter 12. The charge in the low pass filter 12 is
controlled by a charge pump 14 that drives current into or out of the low pass
filter 12 in response to a control signal provided by a phase frequency detector
16. The phase frequency detector 16 produces the control signal based on
comparison of a signal representing the frequency of the voltage controlied
oscillator to a signal representing a reference frequency. The signal representing
the reference frequency is generated by dividing the signal from a reference
frequency generator 18 such as a crystal oscillator using a frequency divider 20.
The signal representing the freéquency of the voltage controlled oscillator 10 is
also divided by a frequency divider 22 so that the frequencies compared by the
phase frequency detector 16 are approximately the same when the voltage
controlled oscillator 10 is producing the desired frequency.

ooos1 |t is often necessary for the frequency synthesizer to generate both
in-phase (I) and quadrature (Q) signals. To do so, the frequency synthesizer

typically employs a frequency divider 24 that divides the output of the voltage
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controlled oscillator 10 by a factor of four. This produces a O degree output
signal having a frequency that is one-quarter the frequency of the VCO 10, and
additional signals at the same frequency with edges at 90 degrees, 180 degrees,
and 270 degrees with respect to the O degree output signal. The O degree and
180 degrees signals constitute a differential in-phase signal pair, and the 90
degree and 270 degree signals constitute a differential quadrature signal pair.

0006] Present generation RF devices such as wireless LAN transceivers
operate at a very high frequencies and require very high local oscillator
frequencies. For example, wireless LAN transceivers that support the 801.11
b/g standards must be capable of modulating and demodulating signals in the
range of 2.412 GHz to 2.84 GHz, and transceivers that support the 802.11a/j
standards must be capable of modulating and demodulating signals in the range
of 4.912 GHz to 5.8056 GHz. At these frequencies, propagation delays and
component mismatches within the transceiver circuit can introduce significant
phaée offsets between the in-phase and quadrature signals of the local oscillator
when measured at a component such as a mixer that receives those signals.
Figure 2 shows an example of in-phase and quadrature signals in which a phase
offset has delayed the quadrature signal with respect to the in-phase signal.
This is a significant problem for local oscillator signals since a phase offset
between the in-phase and quadrature inputs of a mixer will degrade the accuracy
of modulation or demodulation performed by the mixer.

00071 A common way of addressing the phase offset problem is to
selectively increase the lengths of the transmission lines that carry the local
oscillator signals so that phase offsets are compensated by additional path-
related delays, and to space out nearby devices. However this increases the
routing area of the device, which is contrary to the typical objective of reducing
circuit size, and increases power consumption because more power is required
for the frequency synthesizer to drive the lengthened transmission lines at high

frequencies. Therefore this approach is particularly undesirable in circuits
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intended for small, portable devices such as wireless LAN transceivers, cell
phones, GPS receivers and other similar devices. This approach is also
undesirable because the phase shift adjustment is hard wired, and therefore may
not provide appropriate compensation for phase offsets that are not predicted
during the design stage, such as offsets introduced during layout or fabrication,
or offsets that are influenced by the environment in which the circuit is used.

[ooos] One alternative way of correcting phase offset is through
manipulation of the current sources in the frequency divider that produces the
signals to adjust the edges of the output signals. While this can improve phase
offset, it prevents the use of a resynchronization element at the output of the
frequency divider to reduce phase noise generated by the frequency divider.

ool Another alternative way of addressing the phase offset problem is
to use metal-insulator-metal (MiM) capacitors to produce delays in the leading
and trailing edges of differential signals.

o101 A first conventional phase offset compensation circuit using MiM
capacitors is shown in Figure 3. In this circuit, each of the differential signal
lines 100, 102 may be connected to a voltage source and to ground through
MiM capacitors 104, 106, 108, 110. The connections to the voltage source are
switched by PMOS transistors 112, 114, and the connections to ground are
switched by NMOS capacitors 116, 118. During operation, the PMOS and
NMOS transistors are switched at the frequency of the differential signals to
shift the positions of the signal transitions. However this circuit has several
disadvantages. Signal power is lost because the circuit couples the signal lines
to a voltage source or to ground. Also, the effect of coupling the signal lines to
the voltage source is not symmetrical with the effect of coupling the signal lines
to ground, which distorts the signal waveform and limits the effectiveness of the
phase compensation. The switches in the circuit also generate significant

switching noise at the power supply.



WO 2005/119909 PCT/US2005/018435

o111 A second conventional phase offset compensation circuit using MiM
capacitors is shown in Figure 4. In this circuit, a switchable capacitance
provided by MiM capacitors 120, 122 and an n-type or p-type MOS transistor
124 is coupled between the differential signal lines 100, 102. The capacitance
may be switched into the circuit to create a delay in the differential signals. As
shown in Figure 5, delaying one of the signal pairs produces an offset between
the signals that can compensate a pre-existing offset in the signals. However,
because MiM capacitors are relatively large, their minimum capacitance is
limited, which in turn limits the phase resolution provided by this circuit. Also,
the impedance of the transistor 124 may be significantly larger than that of the
capacitors 120, 122, and its on resistance is at a maximum during the middle of
the transition of the signals. This limits the frequency at which this circuit is

effective for providing useful phase offset compensation.

SUMMARY

100121  Embodiments of the invention produce delays in differential signals
using a variable capacitance provided by MOS varactors coupled between the
differential signals. The capacitance of the MOS varactors is controlled by a bias
voltage applied to the bodies of the varactors. Selective application of bias
voltages to the MOS varactors may be employed to selectively delay one pair of
differential signals with respect to another pair of differential signals so as to
change the relative phases of the signals. A logic circuit may be used to control
the application. of bias voltage to the MOS varactors so that signal phases may
be adjusted in a manner that is predictable and programmable. Embodiments of
the invention may be implemented to compensate for phase offsets between in-

phase and quadrature signals of a local oscillator.
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DESCRIPTION OF THE DRAWINGS

00131 Figure 1 shows a conventional phase locked loop circuit.

o141 Figure 2 shows an example of a phase offset between an in-phase
signal and a quadrature signal. ‘

o151 Figure 3 shows a first example of a conventional phase offset
compensation circuit.

joo161 Figure 4 shows a second example of a conventional phase offset
compensation circuit.

00171 Figure 5 shows an example of phase offset compensation provided
by a delay produced by a capacitance coupled between signals of a differential
signal pair.

00181 Figure 6 shows a high level diagram of a programmable phase
offset compensation circuit using programmable MOS varactor arrays in
accordance with one embodiment of the invention.

o191 Figure 7 shows a cross section of a pair of MOS varactors of the
programmable MOS varactor array for one embodiment of the invention.

oo20) Figure 8 shows a graph relating the capacitance of the MOS
varactors of Figure 5 to a bias voltage applied to the bodies of the varactors.

o021 Figure 9 shows details of a section of a programmable MOS
varactor array for one embodiment of the invention.

o221 Figure 10 shows a table of varactor array states and phase
compensation values for one embodiment of the invention.

00231 Figure 11 shows a phase offset compensation circuit in accordance
with a preferred embodiment.

00241 Figure 12 shows an implementation of a phase offset compensation
circuit in circuit for modulating or demodulating a signal.

1oo251 Figures 13a and 13b shows symbol constellations of a quadrature
amplitude modulation circuit without phase offset compensation and with phase

offset compensation.
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DETAILED DESCRIPTION

o261 Figure 6 shows a high level diagram of a programmable phase
offset compensation circuit in accordance with one embodiment of the invention.
In this embodiment, programmable MOS varactor arrays 30, 32 are coupled
between the differential signal pairs of the in-phase and quadrature signals
produced by a frequency synthesizer circuit such as the circuit of Figure 1. Each
of the MOS varactor arrays 30, 32 provides a capacitance having a variable
value that may be programmed to a specific value as described herein. Different
values may selected for each array so that each array creates a different amount
of delay in its corresponding signals. A phase offset may be compensated by
selecting appropriate values for each array. For example, a phase offset
between in-phase and quadrature signals may be measured at the input of a
mixer that receives those signals, and the capacitance values of the varactor
arrays 30, 32 may then be set to produce delays in their corresponding signals in
amounts that compensate the measured phase offset.

100271 Figure 7 shows a cross section of a pair of MOS varactors that may
be utilized to produce a variable capacitance in a programmable MOS varactor
array. The MOS varactors are implemented as MOS devices 34, 36 having n-
type source and drain regions 38 formed in an n-well body 40. The gates 42 of
the MOS varactors are connected to respective signals of a differential signal
pair. A bias voltage Vuias is applied to the n-well body 40 through the source and
drain regions 38. Each MOS varactor provides a capacitance between the gate
42 and the n-well body 40, and thus the two MOS varactors behave as a pair of
series-connected capacitors coupled between the differential signals.

10028] The capacitance of each MOS varactor is determined by the voltage
applied to the gate and the bias voltage Vbias applied to the body. Because the
signals applied to the gates are periodic signals with essentially constant peak to
peak amplitudes, the contribution of the gate signals to the varactor capacitance

is effectively determined by the average values of the gate signals and may be
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treated as a constant. Thus the capacitance of the varactors may be predictably
controlled by varying the bias voltage Vuias. As shown in Figure 8, an increase in
the bias voltage Vuias decreases the capacitance of the varactor. In one
embodiment, Vbuiss is set to either a supply voltage Voo or ground, thus allowing
the capacitance to be switched between two essentially fixed values.

00291 Programmable arrays of MOS varactors may be implemented in a
variety of manners. A section of a programmable MOS varactor array of one
embodiment is shown in Figure 9. The array is comprised of sets 40, 42, 44 of
MOS varactor pairs such as those shown in Figure 7. The MOS varactors are
implemented as matched devices so that their parameters are as identical as
possible within typical processing tolerances, and the number of MOS varactor
pairs in each set increases in a binary fashion. For example, the array of Figure
9 includes a set of one MOS varactor pair 40, a set of two MOS varactor pairs
42, and a set of four MOS varactor pairs 44. Although not shown in Figure 9, it
is preferred that the array also includes additional sets of 8 MOS varactor pairs
and 16 MOS varactor pairs, and corresponding bias voltage controllers. Each set
of MOS varactor pairs is coupled to a respective bias voltage controller 46 that
applies a bias voltage Vvias to the bodies of the varactors to set the capacitance
value provided by each set. In this embodiment, the bias voltage controllers
switch the bias voltage Vbiss between predetermined high and low voltages so as
to switch the capacitance provided by each varactor pair between predetermined
low and high capacitance values. Thus the array allows the value of the
capacitance coupled between the signal lines to be adjusted in predetermined
increments in a binary fashion, with the number of increments being determined
by the number of sets of varactor pairs in the array, and the specific capacitance
values provided by each varactor pair being determined by the size and doping
properties of the individual matched varactors and the values of the
predetermined high and low voltages applied to each varactor pair. In the

embodiment of Figure 9, with sets of 8 and 16 MOS varactor pairs additionally
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provided, the array enables the selection of any of 32 distinct and approximately
equally spaced capacitance values.

00301 The operation of the bias voltage controllers 46 is controlled by
phase offset compensation logic 48 that receives a phclnse offset compensation
value indicating an amount of delay to be produced in the | and Q signals. In
one embodiment, the phase offset compensation value is a six bit data word,
and the phase offset compensation logic is comprised of logic for translating the
phase offset compensation value into bits representing states of each of the bias
voltage controllers of the programmable MOS varactor arrays, and a register for
storing those bits. Figure 10 shows a table of phase offset compensation values
and corresponding bias voltage controller states for this embodiment of the
invention. In this embodiment, the most significant bit of the phase offset
compensation value indicates which of the | and Q signals is to be delayed, and
the remaining bits represent the states of the bias voltage controllers
corresponding to that signal. As seen at the top of the table, for the phase
offset compensation value 000000, the most significant bit O indicates that the
Q signal is to be delayed. The remaining bits 00000 represent the states of the
Q signal bias voltage controllers. The values 00000 cause all of the bias voltage
controllers for the Q signal to be set to 1, indicating that Vuiss is low and all of
the Q varactor pair sets are set to a high capacitance value. The states of all of
the bias voltage controllers for the | signal are set to 1, indicating that Vs is
high and all of the | varactor pair sets are set to a low capacitance value. These
states produce the maximum delay in the Q signal. As seen at the bottom of the
table, for the phase offset compensation value 111111, the most significant bit
1 indicates that the | signal is to be delayed. The remaining bits 11111 cause all
of the bias voltage controllers for the | signal to be set to 1, indicating that Vbias
is low and all | varactor pair sets are set to a high capacitance value. The states
of all of the bias voltage controllers for the Q signal are set to 1, indicating that

Vbies is high and all of the Q varactor pair sets are set to low capacitance value.
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These states produce the maximum delay in the | signal.y Values between
000000 and 111111 produce intermediate delays in the | or Q signals. Values
of 011111 and 100000 produce minimum capacitance for both the | and Q
varactor pair sets and produce no delay between the | and Q signals. This
setting is advantageous because both the | and Q signals see the minimum
capacitance with minimum noise added to the signals.

00311 The embodiment represented by the table of Figure 10 is designed
to provide phase offset compensation for a local oscillator signal centered at
approximately 800 MHz, and the parameters of the varactor pairs are selected
such that the varactor pairs provide a capacitance of approximately 2
femtofarads when Vuies is set to Voo and a capacitance of approximately 3
femtofarads when Vsiss is set to ground. Consequently the programmable MOS
varactor array provides a variable capacitance that is programmable to values
from 62 femtofarads to 93 femtofarads in increments of 1 femtofarad. As
shown in the right-hand column of the truth table, this translates to a phase
resolution of .21875 degrees and a maximum delay of 6.78125 degrees that
may be applied to either the | or Q signal. Those having ordinary skill in the art
will be capable of implementing circuits providing different phase resolutions and
phase adjustment ranges through selection of the parameters of the individual
varactors and the sets of varactor pairs, and the voltages applied to the
varactors.

[0o321 Figure 11 shows features of one implementation of a phase offset
compensation circuit in accordance with the invention. In this implementation,
differential in-phase and quadrature signals are generated by a frequency divider
50. The signals are supplied to a resynchronization block 52 that removes delay
mismatch and noise produced by the divider 50, and provides a small load which
improves the speed of the divider 50. The divider 50 and the resynchronization
block 52 are driven by a voltage controlled oscillator 54 of a phase locked loop

such as the one illustrated in Figure 1. The differential signals supplied by the



WO 2005/119909 PCT/US2005/018435

resynchronization block 52 are received by level shifters 56 that convert the
input signals to rail-to-rail voltages. The signals from the level shifters 56 are
supplied to inverters 58 and then to the respective MOS varactor arrays 30, 32
where the signals are selectively delayed in accordance with the capacitance
values set by the phase offset compensation logic 48. Output signals are
supplied by an additional set of level shifters 60. This implementation is
advantageous in that it allows resynchronization to be performed on the
differential signal pairs before phase offset compensation is applied, and provides
level shifting before and after the phase offset compensation so that phase noise
and signal loss due to the programmable MOS varactor arrays are minimal.

00331 An implementation of a phase offset compensation circuit in a
circuit for modulating or demodulating signal in accordance with one
embodiment of the invention is shown in Figure 12. In this circuit, a frequency
synthesizer 62 such as the phase locked loop of Figure 1 generates differential
in-phase and quadrature local oscillator signals, which are supplied to respective
mixers 64, 66. The mixers 64, 66 are also coupled to differential in-phase and
quadrature data signals 68 and to differential modulated signals 70.
Programmable MOS varactor arrays 30, 32 are coupled between the respective
local oscillator differential signal pairs to provide any necessary phase offset
compensation so that the phase offset of the in-phase and quadrature local
oscillator signals at the respective mixers is as close as possible to ninety
degrees. Depending on the configuration of the mixer, the data signals may be
mixed with the local oscillator signals to produce the modulated signals, or the
modulated signals may be mixed with the local oscillator sighals to produce the
data signals. The illustrated circuit may be implemented as a mixing stage of a
direct conversion transmitter or receiver for converting between RF and
baseband signals, or may be implemented as a mixing stage in a multistage

transmitter or receiver.

10
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oo34; Figures 13a and 13b show scatter plots of quadrature amplitude
modulation (QAM) symbol constellations without phase offset compensation and
with phase offset compensation. The symbol constellation of Figure 13a is
produced by a transmitter circuit that modulates a carrier in the range of 5 GHz
and that has a phase offset of approximately 2 degrees between the | and Q
local oscillator signals that are received by a mixer in the transmitter. The
scatter plot of this symbol constellation shows that the symbols are subjected to
a rotational bias, sometimes referred to as “phase jitter,” that increases the
chance of erroneous decisions regarding the symbol values during receiver °
baseband processing. The symbol constellation of Figure 13b is produced by the
same receiver after application of phase compensation by a circuit such as the
circuit of Figure 9 to compensate for the 2 degree phase offset of the original
circuit. As seen in Figure 13b, the phase offset compensation substantially
minimizes the phase jitter of Figure 13a, resuiting in greater accuracy of symbol
transmission.

oss] The phase offset compensation circuits described herein may be
controlled in a variety of manners. In some embodiments the phase offset of a
local oscillator signal may measured after fabrication of the circuit and a phase
offset compensation value for correcting any detected phase offset may be
established once for the circuit. This phase offset compensation value may be
supplied to the phase offset compensation logic by a software process of a
device in which the circuit is implemented, or may be stored in a non-volatile
memory element within the device in which the circuit is implemented. In some
alternative embodiments, the phase offset of a local oscillator may be actively
measured during device operation, and the device may recalibrate the phase
offset compensation value in accordance with any detected change in offset. In
other alternative embodiments, the phase offset compensation value may be
changed upon a change in the frequency of the local oscillator. For example, in

a transceiver device having a variable quadrature local oscillator that operates at

11
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high frequencies, the sweep range of the local oscillator may be large enough
that the offset between the in-phase and quadrature signals is different at the
extremes of the sweep range. In this case, different phase offset compensation
values may be associated with different oscillator frequencies, and the value
supplied to the programmable MOS varactor arrays may be changed in
accordance with changes in the oscillator frequency.

o036l While various embodiments have been described herein, a variety of
alternatives may be implemented. For example, in the various embodiments
described herein, the bias voltage controllers switch the bias voltage Vuies applied
to the varactor bodies between a supply voltage Voo and ground. However in
alternative embodiments the range of the capacitance values may be extended
by generating voltages that exceed the supply voltage or that are lower than the
ground voltage and applying those voltages to the varactor bodies.

00371 The phase offset compensation circuits disclosed herein may be
employed in any device in which it is desired to effect a phase change between
two pairs of differential signals. Typically the phase offset compensation circuit
will be implemented to provide phase compensation for the | and Q signals of
local oscillator circuits. The phase compensation circuit may be implemented in
a variety of devices that employ local oscillators of this type, such as wireless
networking devices, cellular phones, personal digital assistants with wireless
communication capabilities, GPS receivers, and other devices in which RF signals
are modulated or demodulated.

003g) The phase offset compensation circuits disclosed herein may
provide a number of advantages over conventional phase offset compensation
technologies. The MOS varactors occupy very little space and provide phase
compensation with essentially no power loss. They are extremely quiet and
contribute very little noise to the oscillator signals. Further, the capacitance
values provided by the MOS varactors may be very small and are limited only by

the processing technology that is used to produce them. Therefore, by

12
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employing a very small design rule, a fine phase resolution may be obtained,
even for very high frequency signals. The number of varactor pairs may also be
scaled up to provide any desired range of phase offset compensation.

o391 The circuits, devices, features and processes described herein are
not exclusive of other circuits, devices, features and processes, and variations
and additions may be implemented in accordance with the particular objectives
to be achieved. For example, circuits as described herein may be integrated with
other circuits not described herein to provide further combinations of features, to
operate concurrently within the same devices, or to serve other purposes. Thus
it should be understood that the embodiments illustrated in the figures and
described above are offered by way of example only. The invention is not
limited to a particular embodiment, but extends to various modifications,
combinations, and permutations that fall within the scope of the claims and their

equivalents.
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What is claimed is:

1. A circuit for producing a delay in a differential signal pair, comprising:

a pair of series connected MOS varactors coupled between transmission
lines of the differential signal pair; and

a bias voltage controller coupled to bodies of said MOS varactors for
applying a bias voltage to the bodies of the MOS varactors to set a capacitance
value of the MOS varactors, the capacitance producing a delay in the signals of

the differential signal pair, the delay varying with the value of the capacitance.

2. The circuit claimed in claim 1, further comprising a logic circuit

controlling the voltage applied by the bias voltage controller.

3. The circuit claimed in claim 1, wherein the bias voltage controller
switches the bias applied to the bodies of the MOS varactors between

predetermined high and low voltages.

4. The circuit claimed in claim 1, wherein said MOS varactors are coupled
between said transmission lines at their respective gates, and
wherein said bias voltage is applied to said bodies of said MOS varactors

through source and drain regions of said MOS varactors.

5. A phase offset compensation circuit for compensating a phase offset
between first and second pairs of differential signals, comprising:

first pairs of series connected MOS varactors, each pair coupled between
transmission lines of a first of said pairs of differential signals;

a first group of bias voltage controllers, each of said bias voltage
controllers applying respective bias voltages to bodies of respective sets of said

first pairs of MOS varactors;

14
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second pairs of series connected MOS varactors, each pair coupled
between transmission lines of a second of said pairs of differential signals;

a second group of bias voltage controllers, each of said bias voltage
controllers applying respective bias voltages to bodies of respective sets of said
second pairs of MOS varactors; and

a phase offset compensation logic circuit controlling the bias voltage
controllers of the first and second groups in response to a phase offset

compensation value received by the logic circuit.

6. The circuit claimed in claim 5, wherein the sets of said first pairs of
MOS varactors contain respective numbers of pairs of MOS varactors that
increase in a binary fashion, and

wherein the sets of said second pairs of MOS varactors contain respective

numbers of pairs of MOS varactors that increase in a binary fashion.

7. The circuit claimed in claim 5, wherein said bias voltage controllers
switch the bias applied to the bodies of the varactors between a first voltage
producing a first capacitance and a second voltage producing a second

capacitance that is higher than the first capacitance.

8. The circuit claimed in claim 7, wherein said first voltage is a supply

voltage and said second voltage is a ground voltage.

9. The circuit claimed in claim 7, wherein said first voltage is a voltage

that is higher than a supply voltage.

10. The circuit claimed in claim 7, wherein said second voltage is a

voltage that is lower than a ground voltage.

15
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11. The circuit claimed in claim 5, wherein said MOS varactors are
coupled between said transmission lines at their respective gates, and
wherein said respective bias voltages are applied to said bodies of said

MOS varactors through source and drain regions of said MOS varactors.

12. A frequency synthesizer circuit comprising:

a phase locked loop having a voltage controlled oscillator producing an
output frequency;

a frequency divider receiving the output frequency of the voltage
controlied oscillator and producing differential in-phase and quadrature signals;
and

a phase offset compensation circuit for compensating a phase offset
between the in-phase and quadrature signals, the phase offset compensation
circuit comprising:

first pairs of series connected MOS varactors, each pair coupled
between transmission lines of said in-phase differential signals;

a first group of bias voltage controllers, each of said bias voltage
controllers applying respective bias voltages to bodies of respective sets
of said first pairs of MOS varactors;

second pairs of series connected MOS varactors, each pair coupled
between transmission lines of said quadrature differential signals;

a second group of bias voltage controllers, each of said bias voltage
controllers applying respective bias voltages to bodies of respective sets
of said second pairs of MOS varactors; and

a phase offset compensation logic circuit controlling the bias
voltage controllers of the first and second groups in response to a phase
offset compensation value received by the logic circuit to adjust the

relative phases of the in-phase and quadrature signals.

16
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13. The circuit claimed in claim 12, wherein the sets of said first pairs of
MOS varactors contain respective numbers of pairs of MQS varactors that
increase in a binary fashion, and

wherein the sets of said second pairs of MOS varactors contain respective

numbers of pairs of MOS varactors that increase in a binary fashion.

14. The circuit claimed in claim 12, wherein said bias voltage controllers
switch the bias voltages applied to the bodies of the MOS varactors between a
first voltage producing a first capacitance and a second voltage producing a

second capacitance that is higher than the first capacitance.

15. The circuit claimed in claim 14, wherein said first voltage is a supply

voltage and said second voltage is a ground voltage.

16. The circuit claimed in claim 14, wherein said first voltage is a voltage

that is higher than a supply volitage.

17. The circuit claimed in claim 14, wherein said second voltage is a

voltage that is lower than a ground voltage.

18. The circuit claimed in claim 12, wherein said MOS varactors are
coupled between said transmission lines at their respective gates, and
wherein said respective bias voltages are applied to said bodies of said

MOS varactors through source and drain regions of said MOS varactors.
19. A circuit for modulating or demodulating a signal, comprising:

a frequency synthesizer circuit producing differential in-phase and

quadrature signals;
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a first mixer receiving the differential in-phase signals and first differential
input signals and producing first differential output signals;

a second mixer receiving the differential quadrature signals and second
differential input signals and producing second differential output signals; and

a phase offset compensation circuit for compensating a phase offset
between the in-phase and quadrature signals, the phase offset compensation
circuit comprising:

first pairs of series connected MOS varactors, each pair coupled
between transmission lines of said in-phase differential signals;

a first group of bias voltage controllers, each of said bias voltage

- controllers applying respective bias voltages to bodies of respective sets
of said first pairs of MOS varactors;

second pairs of series connected MOS varactors, each pair coupled
between transmission lines of said quadrature differential signals;

a second group of bias voltage controllers, each of said bias voltage
controllers applying respective bias voltages to bodies of respective sets
of said second pairs of MOS varactors; and

a phase offset compensation logic circuit controlling the bias
voltage controllers of the first and second groups in response to a phase
offset compensation value received by the logic circuit to adjust the

relative phases of the in-phase and quadrature signals.

20. The circuit claimed in claim 19, wherein the sets of said first pairs of
MOS varactors contain numbers of pairs of MOS varactors that increase in a
binary fashion, and

wherein the sets of said second pairs of MOS varactors contain numbers

of pairs of MOS varactors that increase in a binary fashion.
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21. The circuit claimed in claim 19, wherein said bias voltage controllers
switch the bias voltages applied to the bodies of the varactors between a first
voltage producing a first capacitance and a second voltage producing a second

capacitance that is higher than the first capacitance.

22. The circuit claimed in claim 21, wherein said first voltage is a supply

voltage and said second voltage is a ground voltage.

23. The circuit claimed in claim 21, wherein said first voltage is a voltage

that is higher than a supply voltage.

24. The circuit claimed in claim 21, wherein said second voltage is a

voltage that is lower than a ground voltage.

25. The circuit claimed in claim 19, wherein said MOS varactors are
coupled between said differential signals at their respective gates, and
wherein said respective bias voltages are applied to said bodies of said

MOS varactors through source and drain regions of said MOS varactors.

26. A method for compensating phase offset between differential in-
phase and quadrature signals of a frequency synthesizer, comprising:

measuring a phase offset between the differential in-phase and quadrature
signals; and

selectively applying bias voltages to bodies of MOS varactors coupled
between the transmission lines of respective pairs of the differential in-phase
signals and the differential quadrature signals to produce a delay in one of said
pair of differential in-phase signals and said pair of differential quadrature signals

to compensate said measured phase offset.
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.27. The method claimed in claim 26, wherein said bias voltages are
applied by bias voltage controllers under the control of a phase offset

compensation logic circuit.

28. The method claimed in claim 26, wherein said phase offset
compensation logic circuit controls said bias voltage controllers in accordance
with a binary phase offset compensation value received by the logic circuit

representing a phase offset compensation to be produced.

29. The method claimed in claim 26, wherein said method of
compensating phase offset is performed at startup of a device incorporating the
frequency synthesizer using a fixed compensation value determined in advance

for the frequency synthesizer.

30. A method for producing a delay in a differential signal pair,
comprising applying a bias voltage to bodies of a pair of series connected MOS
varactors coupled at their respective gates between transmission lines of the
differential signal pair to set a capacitance value of the MOS varactors, the
capacitance producing a delay in the signals of the differential signal pair, the

delay varying with the value of the capacitance.
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WO 2005/119909
5/7
Phase Phase
Error | signal varactor array states Q signal varactor array states adjustment
Correction (degrees)
Value
Set 5 Set4 Set3 Set2 Set1 Set 5 Set4 Set 3 Set2 et
000000 1 1 1 1 1 0 0 0 0 0 6.78125
000001 1 1 1 1 1 0 0 0 0 1 6.56250
000010 1 1 1 1 1 0 0 0 1 0 6.34375
000011 1 1 1 1 1 0 0 0 1 1 6.125
000100 1 1 1 1 1 0 0 1 0 0 5.90625
000101 1 1 1 1 1 0 0 1 0 1 5.6875
000110 1 1 1 1 1 0 0 1 1 0 5.46875
000111 1 1 1 1 1 0 0 1 1 1 5.25
001000 1 1 1 1 1 0 1 0 0 0 5.03125
001001 1 1 1 1 1 0 1 0 0 1 4.8125
001010 1 1 1 1 1 0 1 0 1 0 4.59375
001011 1 1 1 1 1 0 1 0 1 1 4.375
001100 1 1 1 1 1 0 1 1 0 0 4.15625
001101 1 1 1 1 1 0 1 1 0 1 3.9375
001110 1 1 1 1 1 0 1 1 1 0 3.71875
001111 1 1 1 1 1 0 1 1 1 1 3.5
010000 1 1 1 1 1 1 0 0 0 0 3.28125
010001 1 1 1 1 1 1 0 0 0 1 3.0625
010010 1 1 1 1 1 1 0 0 1 0 2.84375
010011 1 1 1 1 1 1 0 0 1 1 2.625
010100 1 1 1 1 1 1 0 1 0 0 2.40625
010101 1 1 1 1 1 1 0 1 0 1 2.1875
010110 1 1 1 1 1 1 0 1 1 0 1.96875
010111 1 1 1 1 1 1 0 1 1 1 1.75
011000 1 1 1 1 1 1 1 0 0 0 1.53125
011001 1 1 1 1 1 1 1 0 0 1 1.3125
011010 1 1 1 1 1 1 1 0 1 0 1.09375
011011 1 1 1 1 1 1 1 0 1 1 0.876
011100 1 1 1 1 1 1 1 1 0 0 0.65625
011101 1 1 1 1 1 1 1 1 0 1 0.4375
011110 1 1 1 1 1 1 1 1 1 0 0.21875
011111 1 1 1 1 1 1 1 1 1 1 0.0
100000 1 1 1 1 1 1 1 1 1 1 0.0
100001 1 1 1 1 0 1 1 1 1 1 0.21875
100010 1 1 1 0 1 1 1 1 1 1 0.4375
100011 1 1 1 0 0 1 1 1 1 1 0.65625
100100 1 1 0 1 1 1 1 1 1 1 0.875
100101 1 1 0 1 0 1 1 1 1 1 1.09375
100110 1 1 0 0 1 1 1 1 1 1 1.3126
100111 1 1 0 0 0 1 1 1 1 1 1.53125
101000 1 0 1 1 1 1 1 1 1 1 1.75
101001 1 0 1 1 0 1 1 1 1 1 1.96875
101010 1 0 1 0 1 1 1 1 1 1 2.1875
101011 1 0 1 0 0 1 1 1 1 1 2.40625
101100 1 0 0 1 1 1 1 1 1 1 2.625
101101 1 0 0 1 0 1 1 1 1 1 2.84375
101110 1 0 0 0 1 1 1 1 1 1 3.0625
101111 1 0 0 0 0 1 1 1 1 1 3.28125
110000 0 1 1 1 1 1 1 1 1 1 35
110001 0 1 1 1 0 1 1 1 1 1 3.71875
110010 0 1 1 0 1 1 1 1 1 1 3.9375
110011 0 1 1 4] 0 1 1 1 1 1 4.15625
110100 0 1 Y] 1 1 1 1 1 1 1 4.375
110101 0 1 0 1 0 1 1 1 1 1 4.59375
110110 0 1 0 0 1 1 1 1 1 1 4.8125
110111 0 1 0 0 0 1 1 1 1 1 5.03125
111000 0 0 1 1 1 1 1 1 1 1 5.25
111001 0 0 1 1 0 1 1 1 1 1 5.46875
111010 0 0 1 0 1 1 1 1 1 1 5.6875
111011 0 0 1 1] 0 1 1 1 1 1 5.80625
111100 0 0 0 1 1 1 1 1 1 1 6.125
111101 0 0 0 1 0 1 1 1 1 1 6.34375
111110 0 0 0 0 1 1 1 1 1 1 6.56250
111111 0 0 0 0 0 1 1 1 1 1 6.78125
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