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(57) Abstract: A phase locked loop (200, 700, 800) with a phase detector (210, 710, 730) whose output signal varies between max -
imum and minimum points with the phase difference between input signals. A VCO (220, 720, 740) receives the output signal from
the phase detector (210, 710, 730) as tuning signal. A first part of the output signal of the VCO (220, 720, 740) is an input signal to
the phase detector (210, 710, 730) and a second part is the output signal of the phase locked loop. There is a DC voltage shifter (215,
715, 735) between the phase detector and the VCO, which shifts the DC voltage level of the output signal from the phase detector
(210, 710, 730) so that a point at a distance from a centre point between said maximum and minimum points is shifted to zero volts
(DC). The phase detector (210, 710, 730) is tunable.
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A PHASE LOCKED LOOP WITH TUNABLE PHASE

TECHNICAL FIELD

The present invention discloses a phase locked loop with tunable phase.

BACKGROUND

Signal sources with tunable phase are used in many applications, for
example in providing multiphase local oscillator, LO, signals for up-/down-
conversion mixers in RF or microwave transceivers, for driving electric beam
steering antenna array in radar systems, etc. The tuneability of the phase of
a signal from a signal source with tunable phase is often achieved by means

of a phase shifter.

There are many known kinds of phase shifters, and these can be divided into
two groups, passive and active phase shifters. The first group, i.e. the
passive phase shifters, often exhibit losses, and the second group, i.e. the
active phase shifters, inherently have a consumption of DC power, in

addition to which they generate noise and nonlinear inter-modulation.

Phase locked loops, PLLs, are a common component in, for example,
transceivers and radar systems, where they are used for “locking” the phase
of the output signal from the PLL to the phase of an input signal to the PLL.
A traditional PLL comprises a phase detector which produces an output
signal which is proportional in amplitude to the phase difference between two
input signals to the phase detector. The output signal from the phase
detector is used as tuning signal to a VCO, and the output from the VCO is
used as one of the input signals to the phase detector, as well as being the
output signal from the PLL. Sometimes, a low-pass filter is arranged between
the phase detector and the VCO.

PCT/EP2011/057669
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SUMMARY
It is an object of the present invention to provide a signal source which has a
tunable phase and which overcomes the drawbacks of circuits which

incorporate known phase shifters.

This object is addressed by the present invention in that it discloses a phase
locked loop which comprises a phase detector with a first and a second input
port for a first and a second input signal, respectively. The phase detector
also comprises an output port, and the phase detector is arranged to deliver
a signal at its output port which is proportional to the phase difference
between the first and the second input signals and which varies between
maximum and minimum points with variations in the phase difference

between the first and the second input signals.

The phase locked loop also comprises a Voltage Controlled Oscillator, a
VCO, which receives the output signal from the phase detector as a tuning
signal. A first part of the output signal of the VCO is arranged to be one of
the input signals to the phase detector and a second part of output signal of
the VCO is arranged to be the output signal of the phase locked loop.

The phase locked loop also comprises a DC voltage shifter which is
arranged between the phase detector and the VCO. The DC voltage shifter
is arranged to shift the DC voltage level of the output signal from the phase
detector so that a point at a predefined distance from a centre point between

said maximum and minimum points is shifted to zero volts DC.

In addition, the phase detector is tunable with respect to the phase of its

output signal.

PCT/EP2011/057669



10

15

20

25

30

WO 2012/152331

As will be shown in the detailed description below, the phase locked loop of
the invention can be used as a signal source which can be tuned in phase by

means of the tunable phase detector.

In embodiments, the predefined distance from a centre point between the
maximum and minimum points which is shifted to zero volts DC is zero, i.e.

in embodiments, the “moved” point is the centre point.

In embodiments, the phase locked loop additionally comprises a frequency

divider which is arranged between the VCO and the phase detector.

In embodiments of the phase locked loop, the phase detector comprises a T-
network with a first and a second capacitance, each of which has a first and
a second connection port and which are serially connected to each other via
their second connection ports. At least one of the capacitances is tunable,
and an inductance connects a point between the capacitances, i.e. between
their second connection ports, to ground. The first connection port of the first
and second capacitance, respectively, are arranged to be used as the first
and second input port of the phase locked loop. The first of the capacitances
also has its first connection point connected to the input port of a power
detector. In the phase detector, the output port of the power detector is
arranged to be output port of the phase detector.

In embodiments of the phase locked loop, the phase detector comprises a 11-
network with a first and a second capacitance, each of which capacitance
has a first and a second connection port. At least one of the capacitances is
variable, and the capacitances are connected via an inductance at their first
connection ports and have their second connection port connected to
ground. The first connection port of the first and second capacitance,

respectively, are arranged to be used as the first and second input port of the

PCT/EP2011/057669
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phase locked loop. The first of the capacitances also has its first connection
port connected to the input port of a power detector. In the phase detector,
the output port of the power detector is arranged to be output port of the
phase detector. In addition, it should be pointed out that in both the versions
with T and 1 networks, the inductors can be exchanged for capacitors if the

capacitors are exchanged for inductors.

BRIEF DESCRIPTION OF THE DRAWINGS
The invention will be described in more detail in the following, with reference

to the appended drawings, in which

Fig 1 shows a prior art Phase Locked Loop, and

Fig 2 shows a basic embodiment of a signal source of the invention, and
Fig 3 shows a characteristic of a phase detector, and

Fig 4 shows a first tunable phase detector, and

Fig 5 shows a second tunable phase detector, and

Fig 6 shows a characteristic of the phase detector of fig 5, and

Figs 7 and 8 show further embodiments of signal sources.

DETAILED DESCRIPTION

Embodiments of the present invention will be described more fully hereinafter
with reference to the accompanying drawings, in which embodiments of the
invention are shown. The invention may, however, be embodied in many
different forms and should not be construed as being limited to the
embodiments set forth herein. Like numbers in the drawings refer to like

elements throughout.

The terminology used herein is for the purpose of describing particular
embodiments only, and is not intended to limit the invention.

PCT/EP2011/057669
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As reference, fig 1 shows a block diagram of a prior art Phase Locked Loop
110, commonly abbreviated as PLL. As shown in fig 1, the PLL 110 has as a
first input signal a reference signal which has a certain phase ¢4. The first
input signal with the phase ¢4 is received by a phase detector in the PLL
110, and the phase detector also receives a second input signal which has
the phase @..

The phase detector produces an output signal, an “error signal”, denoted as
A, which is proportional in amplitude to the difference between the phases of

the input signals, i.e. ¢ and @,.

The error signal from the phase detector is passed through a low pass filter,
LPF, and is then used as the tuning signal to a VCO, thereby “driving” the
VCO, and creating an output signal from the VCO with a certain phase. The
output signal from the VCO is either used “straight off” as the second input
signal to the phase detector, or, as shown in fig 1, the output signal from the
VCO is passed through a frequency divider before being used as input signal
to the phase detector. If a frequency divider is used, the phase of the signal
from the VCO will be divided by the division factor n of the divider, i.e. if the
phase from the VCO is ¢, then the phase ¢, from the frequency divider will
be @/n.

The output signal from the VCO is also used as the output signal from the
PLL 110 and from the signal source 100. In total, this design serves to create
a control loop in which the phase of the output signal from the signal source

100 is “locked” to the phase of the reference signal, i.e. locked to @1.

Fig 2 shows an embodiment of a phase locked loop 200 of the invention, and
also shows a source 205 for a reference signal: the phase locked loop 200

has a first input port 206 for a first input signal and a second input port 207

PCT/EP2011/057669
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for a second input signal. The first and second input ports are used as input
ports to a phase detector 210. As described above in connection with the
PLL 110, the phase detector 210 produces an output signal Pgs at an output
port 208, which is proportional in amplitude to the phase difference between
the input signals at the first and second input ports 206, 207. The reference
signal from the source 205 is used as the first input signal at the first input
port 206.

In the phase locked loop 200, the phase detector 210 is tunable, i.e. the
amplitude of the output signal from the phase detector 210 for one and the
same phase difference between the input signals to the phase detector 210
is tunable by means of a tuning signal shown as Vrune in fig 2. The tuning
signal Vrune is used to tune the capacitance of the varactors in the T or 1
network, consequently, to tune the phase of the output signal from the PLL
200 in a manner which will be described in more detail later in this text.

As shown in fig 2, the phase locked loop 200 also comprises a DC voltage
shifter 215 connected to the output of the tunable phase detector 215. The
output signal from the phase detector 210 is used as input signal to a DC
voltage shifter 215. The role of the DC voltage shifter 215 will be described in
more detail later in this text, but, as the name implies, a basic function of the
DC voltage shifter 215 is to shift the DC level of the output signal from the

phase detector 210 and to deliver the “DC-shifted” signal as its out signal.

As shown in fig 2, the output signal from the DC voltage shifter 215 is used
as the input signal or tuning signal to a Voltage Controlled Oscillator, a VCO
220. The tuning signal to the VCO 220 controls the frequency of the VCQO’s
220 output signal. Since frequency is the derivative of phase, the tuning
signal to the VCO can also be seen as controlling the phase of the output
signal from the VCO 220. The output signal from the VCO 220 is used in one

PCT/EP2011/057669
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part as the output signal from the entire PLL 200, and in another part as the
second input signal to the phase detector 210 at the second input port 207.

In fig 2, the PLL 200 is shown as comprising a frequency divider 225
between the output of the VCO 220 and the phase detector 210. The
frequency divider is however optional, i.e. it is used in some embodiments
and not in some other embodiments, depending on the frequency of VCO

and the frequency of reference source.

Fig 3 shows the amplitude of the output signal from the tunable phase
detector 210 as a function of the phase difference ® between the input
signals to the tunable phase detector 210. Three different curves are shown,
numbered as 1, 2 and 3, one for each of three different values of the tuning
signal Vrune, i.e., different capacitances of the varactors of the tunable phase
detector 210. The curves numbered 1, 2 and 3 correspond, respectively, to
the varactors 315, 320 being tuned to a capacitance of 3, 4 and 5 pF.

As can be seen, the amplitude shown in fig 3 varies between maximum and
minimum values, in this example as a sine/cosine-function. The role of the
DC voltage shifter 215 is to shift the DC-level of the output of the tunable
phase detector so that a certain point on the amplitude curve is shifted to
zero V DC. The point which is moved to zero V DC is a point between the
maximum and the minimum point on the curve, i.e. a point on the
‘downward” (negative) slop of the curve; it should be stressed that such a
point is not to be confused with a point between the minimum and the

maximum point on the curve, i.e. a point on the “upward” slope of the curve.

Suitably, the point which is moved to zero V DC is a point in the middle of the
maximum and minimum points of the curve, i.e. a centre point between the

maximum and minimum points of the curve, although other points at a

PCT/EP2011/057669
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certain distance from the centre point can also be used, in order to create
other effects.

The point which is moved to zero V DC is here referred to as the “zero gain
point”’, and is the point whose output phase the PLL will be “locked” to.
However, since the phase detector 210 is tunable, the phase of the output
signal from the VCO 220 can also be altered, thereby altering the phase
difference ® between the two input signals to the tunable phase detector
210.

Denote the frequency of the signal from the VCO 220 as fy and the signal
from the frequency divider 225 as fo/n, where n is the division factor of the
divider. If the phase of the reference signal, i.e. the input signal at the input
port 206, remains constant, then, when the phase difference ® changes by
an amount here denoted as A®, the phase of the signal fo/n will change by
A® as well, while the phase of the signal from the VCO 220, i.e. fy, will
change by A®*n.

As an example, assume a VCO 220 with an output signal at a frequency of 7
GHz, so that fo=7 GHz, and assume further a division factor in the frequency
divider 225 of 8, i.e. n=8. In such an example, the frequency of the signal
from the frequency divider 225 will be /8, i.e. 875 MHz. If, as is preferable,
the reference signal is at the same frequency as the signal from the
frequency divider 225, the frequency of the reference signal will also be 875
MHz.

If, by tuning of the tunable phase detector 210, the phase difference ®
shown in fig 3 is altered from curve 1 to curve 3, the “zero gain point” will
move from 284° to 329°. Hence, the variation of ¢, “A¢”, is 45°, and as

explained above, the phase of the VCO’s signal will change 45°x8=360°. If,

PCT/EP2011/057669
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instead, we move from curve 1 to curve 2, i.e. to the curve which represents
4 pF, then the change in phase difference ® will be from 284 degrees to 305
degrees, and the phase of the output signal from the VCO change by
8*21=168 degrees.

Fig 4 shows an embodiment of a tunable phase detector 410 for use in the
PLL 200 in fig 2: as shown in fig 4, the tunable phase detector 410
comprises a so called “T-network” 310 with an inductor 325 connect to
ground at one end, and at its other end connected to a point in between two
capacitors 320, 315, which are serially connected to each other. At least one
of the capacitors, and suitably both of them, are varactors, i.e. tunable
capacitances, which are tuned by means of a tuning voltage shown in fig 4,

and which is the tuning voltage Vryne from fig 2.

The two capacitors 320, 315, are connected to each other at one of their
respective ends. As is also shown in fig 4, the capacitor 320 has its other
end connected to the input port of a power detector 305, where the output
port of the power detector 305 is arranged to be output port of the phase
detector, shown as 208 in figs 2 and 4. The same end of the capacitor 320
that is connected to the input port of the power detector 305 is also arranged
to be one of the input ports to the phase detector 410, in this case the input
port which is numbered as 206 in fig 2 as well as in fig 4. The other input port
of the phase detector, i.e. the input port shown as 207 in fig 2 is the end of
the capacitor 315 which is not connected to the capacitor 320. This end is
also shown as 207 in fig 4.

In order to facilitate recognition between the tunable phase detector 410 of
fig 4 and the tunable phase detector 210 of fig 2, fig 4 also shows the
reference signal source 205, connected to the input port 206 via a resistor

335, and the frequency divider 225, connected to the input port 207 via a
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resistor 330. The resistor 335 represents the output impedance of the
reference signal source 205, and the resistor 330 represents the output

impedance of the frequency divider.

As shown in fig 4, both of the capacitors 315, 320 are tunable, i.e. they are
so called varactors. With reference to the three curves shown in fig 3, the
curves numbered 1, 2 and 3 correspond, respectively, to the varactors 315,

320 being tuned to a capacitance of 3, 4 and 5 pF.

Fig 5 shows a second embodiment 510 of a tunable phase detector for use
as the tunable phase detector 210 of fig 2. In the embodiment 510, the
tunable phase detector comprises a m-network 511 with a first 520 and a
second 515 capacitor, connected an inductor 525 between them at one a
first connection point or input port, the inductors 520, 525, being grounded at
their second connection point or input port. As with the tunable phase
detector 410 of fig 4, at least one of the capacitors 515, 520 is a varactor,

and suitably, this is the case for both of the capacitors 520, 515.

The first connection port 206, 207 of the first 520 and second 515 capacitor,
respectively, are arranged to be used as the first and second input ports,
shown as 206 and 207 in fig 2, of the tunable phase detector, and the first
capacitor also has its first connection port connected to the input port of a
power detector 505. The output port 205 of the power detector 505 is

arranged to be output port of the tunable phase detector 510.

Fig 6 shows three curves similar to those shown in fig 3, numbered 1°, 2" and
3’, respectively. It can be seen that the amplitude of the output signal from
the tunable phase detector 510 varies from 0.48 to 0.04 V DC along curve 1’,
which represents a setting of the varactors 520, 515 to a capacitance of 3

pF. The curve 2’ represents a setting of the varactors 520, 515 to a
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capacitance of 4.5 pF, and the curve 3’ represents a setting of the varactors
520, 515 to a capacitance of 6 pF. The shift from the DC voltage shifter 215
is here chosen to be 0.27 V, or rather -0.27 V, since the shift is negative. It
can be seen that the zero gain points vary from 70° to 120°, which, in this
example will lead to a phase variation in the output signal from the VCO 220
of 400°.

Fig 7 shows a further embodiment 700, which is a so called two-tunable
phase signal source, and which comprises two PLLs 701 and 702, where the
PLL 701 is a PLL which comprises a tunable phase detector 771 with a T-
network, as shown in fig 4 and explained in connection with that figure, and
the PLL 702 is a PLL which comprises a tunable phase detector 730 with a

m-network, as shown in fig 5 and explained in connection with that figure.

One and the same tuning signal Vrune is used for both of the phase
detectors 710, 730, which leads to a phase difference between the output
signals from the two PLLs 701, 702, of approximately 11 radians, since stable
zero gain points for a T-network is in the region of between 31/2 and 2m
radians, and for a m-network is between 0 and 1 radians. In an alternative
embodiment, different tuning signals VTUNE are used for the two phase
detectors 710, 730, and also, it is possible to use similar T or T networks,
depending on the desired range of phase differences for the PLLs 701, 702.

As shown in fig 7, the PLLs 701, 702 do not comprise a frequency divider
between the VCO 720, 740, and the tunable phased detector 710, 730.

In addition, as is also shown in fig 7, the two PLLs 701, 702, share the same
reference signal source 705, and thereby also share the same reference
signal.

PCT/EP2011/057669
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Fig 8 shows an embodiment 800 which illustrates how a Phase Locked Loop
of the invention can be used to generate multi-phase signals, in a manner
which is similar to the embodiment which is shown in fig 7: As shown in fig 8,
in the embodiment 800, there is comprised N PLL of the invention, which all
share the same reference signal source 805. Three PLLs 801-803 are shown
explicitly in fig 8, with respective output signals Out4, Out, and Outs, and the
use of N PLLs is indicated by means of a dotted line and an output signal
shown as Outn. The output signals from the PLLs in the embodiment 800
can be given different phases by means of applying a different tuning signal,
show as Vrunet, Vrunez and Vrunes, to the tuneable phase detector in each of
the PLLs 801-803.

Embodiments of the invention are described with reference to the drawings,

such as block diagrams.

In the drawings and specification, there have been disclosed exemplary
embodiments of the invention. However, many variations and modifications
can be made to these embodiments without substantially departing from the
principles of the present invention. Accordingly, although specific terms are
employed, they are used in a generic and descriptive sense only and not for

purposes of limitation.

The invention is not limited to the examples of embodiments described
above and shown in the drawings, but may be freely varied within the scope

of the appended claims.
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CLAIMS

1. A phase locked loop (200, 700, 800) comprising a phase detector (210,
710, 730) with a first (206, 713, 716) and a second (207, 715, 714) input port
for a first and a second input signal, respectively, the phase detector (210,
710, 730) also comprising an output port (208, 711, 712), the phase detector
(210, 710, 730) being arranged to deliver a signal at its output port (208, 711,
712) which is proportional to the phase difference between the first and the
second input signals and which varies between maximum and minimum
points with variations in said phase difference, the phase locked loop (200,
700, 800) also comprising a Voltage Controlled Oscillator, a VCO (220, 720,
740), which receives the output signal from the phase detector (210, 710,
730) as a tuning signal, a first part of the output signal of the VCO (220, 720,
740) being arranged to be one of the input signals to the phase detector
(210, 710, 730) and a second part of output signal of the VCO being
arranged to be the output signal of the phase locked loop, the phase locked
loop (200, 700, 800) being characterized in that it also comprises a DC
voltage shifter (215, 715, 735) arranged between the phase detector and the
VCO, the DC voltage shifter (215, 715, 735) being arranged to shift the DC
voltage level of the output signal from the phase detector (210, 710, 730) so
that a point at a predefined distance from a centre point between said
maximum and minimum points is shifted to zero volts (DC), the phase locked
loop also being characterized in that the phase detector (210, 710, 730) is

tunable with respect to the phase of its output signal.

2. The phase locked loop (200, 700, 800) of claim 1, in which the predefined

distance is zero.
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3. The phase locked loop (200, 800) of claim 1 or 2, additionally comprising a
frequency divider (225) arranged between the VCO and the phase detector
(210).

4. The phase locked loop (200, 700, 800) of any of claims 1-3, in which the
phase detector (210, 710, 730) comprises a T-network (310) with a first (320)
and a second (315) capacitance, each of which capacitance has a first and a
second connection port and which are serially connected to each other via
their second connection ports, with at least one of said capacitances being
tunable, with an inductance (325) connecting a point between said
capacitances to ground, the first connection port of the first and second
capacitance, respectively, being arranged to be used as the first and second
input port (206, 207) of the phase locked loop, with the first (320) of said
capacitances also having its first connection point connected to the input port
of a power detector (305), in which phase detector (210, 710, 730) the output
port of the power detector (305) is arranged to be output port of the phase

detector.

5. The phase locked loop (200, 700, 800) of any of claims 1-3, in which the
phase detector (210, 710, 730) comprises a T-network (510) with a first
(520) and a second (515) capacitance, each of which capacitance has a first
and a second connection port, at least one of said capacitances (515, 520)
being variable, the capacitances being connected via an inductance (525) at
their first connection ports and having their second connection port
connected to ground, the first connection port of the first and second
capacitance, respectively, being arranged to be used as the first and second
input port (206, 207) of the phase locked loop, with the first (520) of said
capacitances also having its first connection port connected to the input port
of a power detector (505), in which phase detector (210) the output port of

the power detector is arranged to be output port of the phase detector.
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