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(57) Abstract: In an apparatus, a control signal is generated in response to a comparison between a reference signal REF and a feed-
back signal FB. Then, charge is provided to first and second low pass filters (LPFs 202-1, 202-2). The first and second LPFs have
first and second bandwidths, respectively, and the second bandwidth is greater than the first bandwidth. First and second gains are
then applied by amplifiers 204-1, 204-2 to the outputs from the first and second LPFs, respectively, so as to generate first and second
voltages, respectively. The first gain is also greater than the second gain. The feedback signal is then generated by a summer 206
from the sum of'the first and second voltages.
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PHASE LOCKED LOOP
[0001] This relates generally to a phase locked loop (PLL) and, more particularly, to a
PLL having improved phase noise and jitter.
BACKGROUND
[0002] FIG. 1 shows an example of a conventional PLL 100. In operation, the
phase/frequency detector (PFD) 102 generates up and down control signal for the charge pump
104 in response to the phase error between the reference signal REF and feedback signal FB
from divider 110. The charge pump 104 then applies the appropriate current (charge) to the low
pass filter (LPF) 106 (which is generally comprised of capacitors C1 and C2 and resistor R1).
The LPF 106 then provides a voltage to the control node of voltage controlled oscillator (VCO)
108 (which is an all-CMOS VCO). Because VCO 108 is an all-CMOS VCO, PLL 100 suffers
from excessive phase noise and jitter caused by the LPF 106. This is largely due to very high
VCO gain (Kyco) of CMOS oscillators (within VCO 108), which effectively multiplies the noise
from the filter resistor R1 modulating the control node of the VCO 108. Thus, the noise from
LPF 106 is the dominant noise source, limiting the performance.
[0003] There is a need for an improved PLL.
[0004] Some examples of conventional circuits are given in : U.S. Patent No. 7,167,056;
U.S. Patent No. 7,298,221; and U.S. Patent Application Serial No. 12/726,190.
SUMMARY
[0005] An example embodiment provides an apparatus. The apparatus comprises a
phase/frequency detector (PFD) that receives a reference signal; a charge pump that is coupled to
the PFD; a first gain control circuit that is coupled to the charge pump, wherein the first gain
control circuit has a first gain and a first response; a second gain control circuit that is coupled to
the charge pump, wherein the second gain control circuit has a second gain and a second
response, and wherein the second gain is greater than the first gain, and wherein the first

response is greater than the second response; a summing circuit that is coupled to the first and
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second gain control circuits; and a voltage controlled oscillator (VCO) that is coupled to the
summing circuit and the PFD.

[0006] In an example embodiment, the apparatus further comprises a divider that is
coupled between the VCO and the PFD.

[0007] In an example embodiment, the first gain control circuit further comprises: a low
pass filter (LPF) that is coupled to the charge pump; and a gain circuit that is coupled between
the LPF and the summing circuit.

[0008] In an example embodiment, the LPF further comprises a first LPF having a first
bandwidth that at least in part produces the first response, and wherein the gain circuit further
comprises a first gain circuit having the first gain, and wherein the second gain control circuit
further comprises: a second LPF that is coupled to the charge pump, wherein the second LPF has
a second bandwidth that at least in part produces the second response; and a second gain circuit
that is coupled between the second LPF and summing circuit.

[0009] In an example embodiment, the VCO further comprises a plurality of delay cells
coupled in series together to form a ring, wherein each delay cell is coupled to the summing
circuit.

[0010] In an example embodiment, a method is provided. The method comprises
generating a control signal in response to a comparison between a reference signal and a
feedback signal; providing charge to first and second LPFs having first and second bandwidths,
respectively, wherein the second bandwidth is greater than the first bandwidth; applying first and
second gains to the outputs from the first and second LPFs, respectively, so as to generate first
and second voltages, respectively, wherein the first gain is greater than the second gain; and
generating the feedback signal from the sum of the first and second voltages.

[0011] In an example embodiment, the control signal further comprises a first control
signal and a second control signal, and wherein the step of generating the control signal further
comprises: generating a phase error from a comparison between the reference signal and the
feedback signal; and generating the first and second control signals in response to the phase
error.

[0012] In an example embodiment, step of generating the feedback signal further

comprises: applying the sum to a plurality delay cells of a delay line, wherein each delay cell is
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coupled in series together to form a ring; and generating the feedback signal from a tap on the
delay line.

[0013] In an example embodiment, an apparatus is provided. The apparatus comprises a
PFD that receives a reference signal; a charge pump that is coupled to the PFD; a first resistor-
capacitor (RC) filter that is coupled to the charge pump having a first bandwidth; a second RC
filter that is coupled to the charge pump having a second bandwidth, wherein the second
bandwidth is greater than the first bandwidth; a first gain circuit that is coupled to the first RC
filter, wherein the first gain circuit has a first gain; a second gain circuit that is coupled to the
second RC filter, wherein the second gain circuit has a second gain, and wherein the first gain is
greater than the second gain; a summing circuit that is coupled to the first and second gain
circuits; and a voltage controlled oscillator (VCO) that is coupled to the summing circuit and the
PFD.

[0014] In an example embodiment, the apparatus further comprises first and second
supply rails, and wherein first RC filter further comprises: a resistor that is coupled between the
charge pump and the first gain circuit; and a capacitor that is coupled between the first supply
rail and the first gain circuit.

[0015] In an example embodiment, the resistor further comprises a first resistor, and
wherein the capacitor further comprises a first capacitor, and wherein the second RC filter
further comprises: a second capacitor that is coupled to the first supply rail; a second resistor that
is coupled to the second gain circuit, the second capacitor, and the charge pump; and a third
capacitor that is coupled between the first supply rail and the second gain circuit.

[0016] In an example embodiment, the first gain circuit further comprises a MOS
transistor that is coupled to the first supply rail at its source, the summing circuit at its drain, and
the first resistor and first capacitor at its gate.

[0017] In an example embodiment, the MOS transistor further comprises a first MOS
transistor, and wherein the second gain circuit further comprises a second that is coupled MOS
capacitor that is coupled to the first supply rail at its source, the summing circuit at its drain, and
the second resistor, third capacitor, and charge pump at its gate.

[0018] In an example embodiment, the summing circuit further comprises a node.

[0019] In an example embodiment, the first and second MOS transistors further comprise

first and second PMOS transistors, respectively.
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[0020] In an example embodiment, the VCO further comprises a plurality of delay cells
coupled in series together to form a ring, wherein each delay cell is coupled to the summing
circuit.

[0021] In an example embodiment, each delay cell further comprises: a first inverter
having an input terminal, an output terminal, a first power terminal, and a second power
terminal, wherein the first power terminal of the first inverter is coupled to the summing circuit,
and wherein the second power terminal of the first inverter is coupled to the second supply rail; a
second inverter having an input terminal, an output terminal, a first power terminal, and a second
power terminal, wherein the first power terminal of the second inverter is coupled to the
summing circuit, and wherein the second power terminal of the second inverter is coupled to the
second supply rail; a third inverter having an input terminal, an output terminal, a first power
terminal, and a second power terminal, wherein the first power terminal of the third inverter is
coupled to the summing circuit, and wherein the second power terminal of the third inverter is
coupled to the second supply rail, and wherein the input terminal of the third inverter is coupled
to the output terminal of the second inverter, and wherein the output terminal of the third inverter
is coupled to the output terminal of the first inverter; and a first inverter having an input terminal,
an output terminal, a first power terminal, and a second power terminal, wherein the first power
terminal of the first inverter is coupled to the summing circuit, and wherein the second power
terminal of the first inverter is coupled to the second supply rail, and wherein the input terminal
of the fourth inverter is coupled to the output terminal of the first inverter, and wherein the
output terminal of the fourth inverter is coupled to the output terminal of the second inverter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] Example embodiments are described with reference to accompanying drawings,
in which:

[0023] FIG. 1 is a diagram of an example of a conventional PLL;

[0024] FIG. 2 is a diagram of an example of a PLL In an example embodiment;

[0025] FIG. 3 is a diagram of an example of the LPFs and VCO of the PLL of FIG. 2;
and

[0026] FIG. 4 is a diagram of an example of a delay cell of the VCO of FIG. 3.
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DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0027] FIG. 2 shows an example of a phase locked loop PLL 200. PLL 200 is generally
configured to have the same loop bandwidth and phase margin as PLL 100. In contrast to PLL
100 however, LPF 106 has been replaced by several gain control circuits and a summing circuit
206. The number of gain control circuits can vary depending on the application, but, as an
example and for the sake of simplicity of illustration, two gain control circuits are shown. These
gain control circuits are generally comprised of LPFs 202-1 and 202-2 and gain circuits 204-1
and 204-2. The responses or speeds (i.e., being fast or slow) and gains for these gain control
loops can be varied with respect to one another so as to dampen noise from the one or more of
the LPFs 202-1 and 202-2. As an example, the gain control circuit having LPF 202-1 and gain
circuit 204-1 can have a lower response (slower) and a higher gain (higher Ky o) than the gain
control circuit having LPF 202-2 and gain circuit 204-2.

[0028] In FIG. 3, these gain control circuits and VCO 108 can be seen in greater detail.
As shown in this example, each of LPFs 202-1 and 202-2 are coupled to the charge pump 104 so
as to receive signal CPOUT. LPF 202-2 has a similar configuration LPF 106 in that it includes
two capacitors (i.e., capacitors C3 and C4) and a resistor (i.c., resistor R2), while LPF 202-1
includes resistor R3 and capacitor C5. The inclusion of resistor R3 and capacitor C5 introduces
an additional zero and an additional pole, but the stability and dynamic performance should not
be affected because resistor R3 and capacitor C5 can be chosen such that the additional pole and
zero are at relatively low frequencies. In operation, the gain control circuit having LPF 202-2
and gain circuit 204-2 has a high bandwidth and a high response (i.¢., fast), but the gain circuit
204-2 (which can be an NMOS transistor Q2 that is coupled to supply rail VDD) has a low gain.
This means that that the noise from resistor R2 modulates delay elements 302-1 to 302-N of
VCO 108 through summing circuit 206 (which can, for example, be node N1) at a low gain so as
to reduce the impact of the noise from resistor R2. In contrast, the gain control circuit having
LPF 202-1 and gain circuit 204-1 (which can, for example, be a PMOS transistor Q1), has a low
bandwidth and a low response (i.e., slow). Because the pole introduced by resistor R3 and
capacitor R5 is at a relatively low frequency, the high gain for gain circuit 204-1 will result in
resistor R3 (which is coupled between charge pump 104 and gain control circuit 204-1) having

virtually no impact on noise performance.
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[0029] As shown in FIG. 3, delay elements 302-1 to 302-N of VCO 108 are coupled
together with one another to form a ring such that an output signal can be derived from at least
one of the taps. An example of each of the delay elements 302-1 to 302-N (hereinafter 302) is
shown in greater detail in FIG. 4. Each inverter 402-1 to 402-4 is coupled at its power terminals
to the summing circuit 206 and a supply rail (i.e., ground). Inverters 402-1 and 402-2 invert the
differential input signal INM and INP, and inverters 402-3 and 402-4 hold the values at the out
terminals of inverters 402-1 and 402-2 (namely, the differential output signal OUTP and
OUTM).

[0030] Those skilled in the art will appreciate that modifications may be made to the

described embodiments, and also that many other embodiments are possible, within the scope of

the claimed invention.
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CLAIMS

What is claimed is:

1. An apparatus comprising:

a phase/frequency detector (PFD) that receives a reference signal;

a charge pump that is coupled to the PFD;

a first gain control circuit that is coupled to the charge pump, wherein the first gain
control circuit has a first gain and a first response;

a second gain control circuit that is coupled to the charge pump, wherein the second gain
control circuit has a second gain and a second response, and wherein the second gain is greater
than the first gain, and wherein the first response is greater than the second response;

a summing circuit that is coupled to the first and second gain control circuits; and

a voltage controlled oscillator (VCO) that is coupled to the summing circuit and the PFD.

2. The apparatus of Claim 1, wherein the apparatus further comprises a divider that

is coupled between the VCO and the PFD.

3. The apparatus of Claim 2, wherein the first gain control circuit further comprises
a low pass filter (LPF) that is coupled to the charge pump; and a gain circuit that is coupled

between the LPF and the summing circuit.

4. The apparatus of Claim 3, wherein the LPF further comprises a first LPF having a
first bandwidth that at least in part produces the first response, and wherein the gain circuit
further comprises a first gain circuit having the first gain, and wherein the second gain control
circuit further comprises:

a second LPF that is coupled to the charge pump, wherein the second LPF has a second
bandwidth that at least in part produces the second response; and

a second gain circuit that is coupled between the second LPF and summing circuit.
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5. The apparatus of Claim 4, wherein the VCO further comprises a plurality of delay
cells coupled in series together to form a ring, wherein each delay cell is coupled to the summing

circuit.

6. A method comprising:

generating a control signal in response to a comparison between a reference signal and a
feedback signal;

providing charge to first and second LPFs having first and second bandwidths,
respectively, wherein the second bandwidth is greater than the first bandwidth;

applying first and second gains to the outputs from the first and second LPFs,
respectively, so as to generate first and second voltages, respectively, wherein the first gain is
greater than the second gain; and

generating the feedback signal from the sum of the first and second voltages.

7. The method of Claim 6, wherein the control signal further comprises a first
control signal and a second control signal, and wherein the step of generating the control signal
further comprises:

generating a phase error from a comparison between the reference signal and the
feedback signal; and

generating the first and second control signals in response to the phase error.

8. The method of Claim 7, wherein step of generating the feedback signal further
comprises:

applying the sum to a plurality delay cells of a delay line, wherein each delay cell is
coupled in series together to form a ring; and

generating the feedback signal from a tap on the delay line.

9. An apparatus comprising:
a PFD that receives a reference signal;

a charge pump that is coupled to the PFD;
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a first resistor-capacitor (RC) filter that is coupled to the charge pump having a first
bandwidth;

a second RC filter that is coupled to the charge pump having a second bandwidth,
wherein the second bandwidth is greater than the first bandwidth;

a first gain circuit that is coupled to the first RC filter, wherein the first gain circuit has a
first gain;

a second gain circuit that is coupled to the second RC filter, wherein the second gain
circuit has a second gain, and wherein the first gain is greater than the second gain;

a summing circuit that is coupled to the first and second gain circuits; and

a VCO that is coupled to the summing circuit and the PFD.

10.  The apparatus of Claim 9, wherein the apparatus further comprises a divider that

is coupled between the VCO and the PFD.

11.  The apparatus of Claim 10, wherein the apparatus further comprises first and
second supply rails, and wherein first RC filter further comprises:
a resistor that is coupled between the charge pump and the first gain circuit; and

a capacitor that is coupled between the first supply rail and the first gain circuit.

12.  The apparatus of Claim 11, wherein the resistor further comprises a first resistor,
and wherein the capacitor further comprises a first capacitor, and wherein the second RC filter
further comprises:

a second capacitor that is coupled to the first supply rail;

a second resistor that is coupled to the second gain circuit, the second capacitor, and the
charge pump; and

a third capacitor that is coupled between the first supply rail and the second gain circuit.

13.  The apparatus of Claim 12, wherein the first gain circuit further comprises a MOS
transistor that is coupled to the first supply rail at its source, the summing circuit at its drain, and

the first resistor and first capacitor at its gate.
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14.  The apparatus of Claim 13, wherein the MOS transistor further comprises a first
MOS transistor, and wherein the second gain circuit further comprises a second that is coupled
MOS capacitor that is coupled to the first supply rail at its source, the summing circuit at its

drain, and the second resistor, third capacitor, and charge pump at its gate.

15.  The apparatus of Claim 14, wherein the summing circuit further comprises a

node.

16.  The apparatus of Claim 15, wherein the first and second MOS transistors further

comprise first and second PMOS transistors, respectively.

17.  The apparatus of Claim 16, wherein the VCO further comprises a plurality of
delay cells coupled in series together to form a ring, wherein each delay cell is coupled to the

summing circuit.

18.  The apparatus of Claim 17, wherein each delay cell further comprises:

a first inverter having an input terminal, an output terminal, a first power terminal, and a
second power terminal, wherein the first power terminal of the first inverter is coupled to the
summing circuit, and wherein the second power terminal of the first inverter is coupled to the
second supply rail;

a second inverter having an input terminal, an output terminal, a first power terminal, and
a second power terminal, wherein the first power terminal of the second inverter is coupled to the
summing circuit, and wherein the second power terminal of the second inverter is coupled to the
second supply rail;

a third inverter having an input terminal, an output terminal, a first power terminal, and a
second power terminal, wherein the first power terminal of the third inverter is coupled to the
summing circuit, and wherein the second power terminal of the third inverter is coupled to the
second supply rail, and wherein the input terminal of the third inverter is coupled to the output
terminal of the second inverter, and wherein the output terminal of the third inverter is coupled to

the output terminal of the first inverter; and

10
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a first inverter having an input terminal, an output terminal, a first power terminal, and a
second power terminal, wherein the first power terminal of the first inverter is coupled to the
summing circuit, and wherein the second power terminal of the first inverter is coupled to the
second supply rail, and wherein the input terminal of the fourth inverter is coupled to the output
terminal of the first inverter, and wherein the output terminal of the fourth inverter is coupled to

the output terminal of the second inverter.

11
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