Office de la Proprieté Canadian CA 2496526 C 2013/08/06

Intellectuelle Intellectual Property

du Canada Office (11)(21) 2 496 526
Un organisme An agency of

d'Industrie Canada Industry Canada (12) BREVET CANADIEN

CANADIAN PATENT
13) C

(86) Date de depot PCT/PCT Filing Date: 2003/08/28 (51) Cl.Int./Int.Cl. HO3C 3/09(2006.01)
(87) Date publication PCT/PCT Publication Date: 2004/03/11 (72) Inventeur/Inventor:
(45) Date de délivrance/lssue Date: 2013/08/06 BALLANTYNE, GARY J., US

; : : . 73) Proprietaire/Owner:
(85) Entree phase nationale/National Entry: 2005/02/21 ( )QUE\LCOMM INCORPORATED US
(86) N° demande PCT/PCT Application No.: US 2003/027022

o o (74) Agent: SMART & BIGGAR

(87) N° publication PCT/PCT Publication No.: 2004/021559

(30) Priorntes/Priorities: 2002/08/28 (US60/406,435);
2003/05/20 (US10/442,340)

(54) Titre : PROCEDE ET APPAREIL DE BOUCLE A PHASE ASSERVIE
54) Title: PHASE LOCKED LOOP HAVING A FORWARD GAIN ADAPTATION MODULE

b 250
200 v

HIGH-PASS

<« MODULATION

PATH
106
100 ,t/ 108 102
..[..
Urs MASTER - LOOP + e | SLAVE
‘ T OSCILLATOR . FILTER
LOw-PASs ~ “m HzZ/VOLT
MODULATION
PATH
TWO POINT MODULATION

(57) Abrégée/Abstract:

A communications system using a phase locked loop employing two-point modulation Is disclosed. The phase locked loop further
Includes a master oscillator having an output operably coupled to a first input of the phase detector; a slave oscillator having an
output operably coupled to a second input of the phase detector, and a forward-gain-adaptation module having a first input
operably coupled to the raw-error terminal of the phase detector.

,
L
X
e
e . ViNENEE
L S S \
ity K
.' : - h.l‘s_‘.}:{\: .&. - A L~
.
A

A7 /7]
o~

» . _
‘ l an a dH http:/opic.ge.ca + Ottawa/Gatineau K1A 0C9 - hmp./cipo.ge.ca o p1C
OPIC - CIPO 191




20047021559 A1 U5 AV ORI 0D A 000 RV 0 0RO A 0

=

CA 02496526 2005-02-21

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

CORRECTED VERSION

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date

11 March 2004 (11.03.2004) PCT
(51) International Patent Classification’: HO03C 3/09
(21) International Application Number:
PCT/US2003/027022

(22) International Filing Date: 28 August 2003 (28.08.2003)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:
60/406,435 28 August 2002 (28.08.2002) US
10/442,340 20 May 2003 (20.05.2003) US

(71) Applicant: QUALCOMM INCORPORATED [US/US];
5775 Morehouse Drive, San Diego, CA 92121 (US).

(72) Inventor: BALLANTYNE, Gary, J.; 9505 Genesee Av-
enue, #5323, San Diego, CA 92121 (US).

(74) Agents: MINHAS, Sandip S. et al.; Qualcomm Incorpo-
rated, 5775 Morehouse Drive, San Diego, CA 92121 (US).

(81) Designated States (national): AE, AG, AL, AM, AT, AU,
A7, BA, BB, BG,BR, BY, BZ, CA, CH, CN, CO, CR, CU,

(10) International Publication Number

WO 2004/021559 Al

CZ, DE, DK, DM, DZ, EC, EE, ES, F1, GB, GD, GE, GH,
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NI, NO, NZ, OM, PG, PH, PL, PT, RO, RU, SC,
SD, SE, SG, SK, SL, SY, TJ, TM, TN, TR, TT, TZ, UA,
UG, UZ, VC, VN, YU, ZA, ZM, ZW.

(84) Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European patent (Al, BE, BG, CH, CY, CZ, DE, DK, EL,
ES, FI, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, RO,
SE, SI, SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM,

GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
with international search report

(48) Date of publication of this corrected version:
29 April 2004

(15) Information about Correction:
see PCT Gazette No. 18/2004 of 29 April 2004, Section 11

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gagzette.

(54) Title: PHASE LOCKED LOOP METHOD AND APPARATUS

HIGH-PASS 200

~— MODULATION

PATH 106

100 /
Uy MASTER + e
T OSCILLATOR

LOW-PASS Ky Hz/VOLT

MODULATION
PATH

/250
108 102
+ -
LOOP - e SLAVE
FILTER (VCO)
/f Ky Hz/VOLT

TWO POINT MODULATION

(57) Abstract: A communications system using a phase locked loop employing two-point modulation is disclosed. The phase locked
o loop further includes a master oscillator having an output operably coupled to a first input of the phase detector; a slave oscillator
having an output operably coupled to a second input of the phase detector, and a forward-gain-adaptation module having a first input

operably coupled to the raw-error terminal of the phase detector.



CA 02496526 2012-10-15

74769-1041

PHASE LOCKED LOOP HAVING A FORWARD GAIN ADAPTATION
MODULE

[0001] This application claims the benefit of U.S. Provisional Patent Application
No. 60/406,435 filed August 28, 2002, entitled “Phase Locked Loop Method and

Apparatus”, naming Gary Ballantyne as inventor.

'BACKGROUND

Technical Field

[0002] The present application relates, in general, 1o phase locked loops.

Description of the Related Art

{0003] Phase locked loops are electrical circuits which provide relatively stable output

waveforms of varying frequencies by use of a master oscillating circuit that has arelatively

fixed frequency.

[‘0004] Figure 1 shows a block diagram representation of a phase locked loop 150. The
master oscillator 100 has a voltage input labeled Uy. The maSter oscillator 100 produces
highly stable oscillation about some defined center frequency of the oscillator. The
frequency of oscillation can be varied slightly by varying the value of voltage input Up.
The master oscillator 100 has a sensitivity rating of Ky Hertz per volt (Hz/Volt) which
indicates the proportionality between the input voltage and the frequency of oscillation of
the output voltage of the master oscillator 100.

[0005] A slave VCO 102 produces an oscillatory output signal whose frequency 1s
dependent upon the value of a voltage input Vo of the slave VCO 102. The slave VCO

102 generally has a sensitivity rating of Ky Hertz per volt (Hz/Volt) which indicates the
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proportionality between the input voltage and the frequency of oscillation of the output
voltage of the slave VCO 102.

[0006] The master oscillator 100 typically oscillates in a highly stable manner, but i1s

relatively limited with respect to the frequencies at which it may oscillate. In contrast, the

slave VCO 102 is typically highly flexible with respect to the frequencies at which it may
oscillate, but oscillates in a highly unstable manner. The phase locked loop 150 1s a circuit

which attempts to take advantage of the best properties of the master oscillator 100 and the

slave VCO 102, while avoiding the limitations of both. ‘

[0007] The output of the phase locked loop 150, which 1s also the output of the slave VCO

102, 1s fed to a “divide by N’ (1/N) frequency divider 104. The “divide by N” frequency
divider 104 accepts as input a voltage waveform having a frequency of {; and transmits as

output a “divided by N” frequency version of the f; frequency waveform. The output of the

1/N frequency divider 104 1s fed into one 1mnput of a differential frequency/phase voltage

controller 106. The output of master oscillator 100 1s fed into another mput of the

differential frequency/phase voltage controller 106.

[0008] Differential frequency/phase voltage controller 106 is shown as a summing junction
in negative feedback configuration. This configuration indicates that the differential

frequency/phase voltage controller 106 will produce substantially constant output (e.g.,

zero) if its two 1nputs are the same, but will produce some change in its output if its two

inputs are different. For example, in the situation where the differential frequency/phase

voltage controller 106 detects that the voltage waveform emerging from the 1/N frequency

divider 104 is “lagging” the voltage waveform emerging from the master oscillator 100, the

differential frequency/phase voltage controller 106 would slightly increase its output

voltage to cause a corresponding increase of the output frequency of the wavetorm
produced by the slave VCO 102. Conversely, in the situation where the differential

frequency/phase voltage controller 106 deteqts that the voltage waveform emerging from

the 1/N frequency divider 104 1s “leading” the voltage waveform emerging from master

oscillator 100, in one implementation the differential frequency/phase voltage controller



CA 02496526 2012-10-15

74769-1041

106 would shghtly decrease 1ts output voltage to cause a correspondent decrease of the
output frequency of the waveform produced by the slave VCO 102.

[0009] Note that even though the differential frequency/phase voltage controller 106 is
actually detecting a frequency differential, if the depicted frequency differential is viewed
as being “relative to” the 100 kHz reference frequency produced by the master oscillator
100, from the standpoint of the differential frequency/phase voltage controller 106 it
appears “asif”’ the Output voltage of the 1/10 frequency divider 104 is “out of phase” (e.g.,
either “lagging” or “leading” in time) with the 100 kHz reference frequency waveform.
Consequently, those having ordinary skill in the art often refer to the differential
frequency/phase detector portion (e.g., see Figure 3) of the diﬂ‘erential. frequency/phase
voltage controller 106 solely as a “phase detector.”

[0010] The one block which has not yet been discussed is a loop filter 108 block. As
noted, the differential frequency/phase voltage controller 106 determines the difference in
frequency/phase between 1ts mputs, and outputs a voltage s enal corresponding to the
difference in more-of-less real time. As also noted, this output signal of the differential

frequency/phase voltage controller 106 is ultimately used to drive the slave VCO 102. If

the slave VCO 102 is allowed to respond to every real time voltage fluctuation of the
differential frequency/phase voltage controller 106, the slave VCO 102 will often
“overreact” and produce a relatively unstable output voltage waveform. Better stability is
achieved by making the slave VCO 102 “less sensitive” to the more quickly varymng
changes of the voltage output of the differential frequency/phase voltage controller 106.
This is achieved by placing the loop filter 108 between the differential frequency/phase

| volfage controller 106 and the- voltage input V., of the slave VCO 102, where a loop filter
108 screens, or “ﬁlters out,” any rapid changes in the output voltage of the differential
frequency/phase voltage controller 106 which tend to make the output of the slave VCO
102 (and hence the output of the phase locked loop 150) behave erratically.

[0011] The inventor has recognmzed needs related to stability of related art phase locked

loops, and has devised methods and systems to satisfy those needs. Because the inventor’s
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recognition of such needs constitutes a part of the inventive content herein, such recognized

needs are discussed in the following detailed description.
BRIEF SUMMARY

[0012] In one embodiment, a communications system is characterized by: a master oscillator
having an output operably coupled to a first input of a phase detector; a slave oscillator having
an output operably coupled to a second input of the phase detector; and a forward-gain-
adaptation module having a first input operably coupled to a raw-error terminal of the phase

detector.

[0013] In another embodiment, a method for controlling a communications system includes:
adjusting a feed-forward gain of a phase locked loop in response to a raw-error signal of the
phase locked loop; and adjusting a slave oscillator of the phase locked loop in response to the

feed-forward gain.

[0014] In another embodiment, a communications system includes: a master oscillator having
an output operably coupled to a first input of a phase detector; a slave oscillator having an
output operably coupled to a second input of the phase detector; and a forward-gain-
adaptation module having a first input operably coupled to a filtered-error terminal of the

phase detector.

[0015] In another embodiment, a method for controlling a communications system includes:
adjusting a teed-forward gain of a phase locked loop in response to a filtered-error signal of a
phase locked loop; creating a disturbance-cancelled filtered-error signal; and adjusting a slave

oscillator of the phase locked loop in response to the feed-forward gain and the disturbance-

cancelled filtered-error signal.

[0015a] According to one aspect of the present invention, there is provided a communications
system comprising: a master oscillator having an output operably coupled to a first input of a
phase detector; a slave oscillator having an output operably coupled to a second input of the

phase detector; and a forward-gain-adaptation module having a first input operably coupled to
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a raw-error terminal of the phase detector; wherein said forward-gain-adaptation module
having a first input operably coupled to a raw-error terminal of the phase detector comprises:
a forward-gain-adaptation module variable gain amplifier operably coupled with the raw-error
terminal of the phase detector; and a forward-gain-adaptation module integrator operably
coupled with said forward-gain-adaptation module variable gain amplifier and said slave

oscillator.

[0015b] According to another aspect of the present invention, there is provided a
communications system comprising: a master oscillator having an output operably coupled to
a first input of a phase detector; a slave oscillator having an output operably coupled to a
second input of the phase detector; and a forward-gain-adaptation module having a first input
operably coupled to a raw-error terminal of the phase detector; wherein said slave oscillator
having an output operably coupled to a second input of the phase detector further comprises a
A-modulator operably coupled between the output of the slave oscillator and the second

input of the phase detector.

[0015¢] According to still another aspect of the present invention, there is provided a method
for controlling a communications system, said method comprising: adjusting a feed-forward
gain of a phase locked loop in response to a raw-error signal of the phase locked loop; and
adjusting a slave oscillator of the phase locked loop in response to the feed-tforward gain;
wherein said adjusting a feed-forward gain of a phase locked loop in response to a raw-error
signal of the phase locked loop comprises: controlling a time rate of change of the feed-
forward gain proportional to a time history of the raw-error signal; wherein said controlling
the time rate of change of the feed-forward gain proportional to a time history of the raw-error
signal comprises: creating a product of an input of a master oscillator of the phase locked
loop and the raw-error signal; integrating the product; and adjusting the feed-forward gain in

response to said integrating the product.

[0015d] According to yet another aspect of the present invention, there is provided a

communications system comprising: a master oscillator having an output operably coupled to

a first input of a phase detector; a slave oscillator having an output operably coupled to a
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second input of the phase detector; and a forward-gain-adaptation module having a first input
operably coupled to a filtered-error terminal of the phase detector; wherein said forward-gain-
adaptation module having a first input operably coupled to a filtered-error terminal of the
phase detector comprises: a forward-gain-adaptation module variable gain amplifier operably
coupled with the filtered-error terminal of the phase detector; and a forward-gain-adaptation
module integrator operably coupled with said forward-gain-adaptation module variable gain

amplifier and said slave oscillator.

[0015¢] According to a further aspect of the present invention, there is provided a
communications system comprising: a master oscillator having an output operably coupled to
a first input of a phase detector; a slave Oscillator having an output operably coupled to a
second input of the phase detector; and a forward-gain-adaptation module having a first input
operably coupled to a filtered-error terminal of the phase detector; further comprising a
disturbance-cancellation module having a first input operably coupled to a filtered-error

terminal of the phase detector and a first output operably coupled to said slave oscillator.

[0015f] According to yet a further aspect of the present invention, there is provided a
communications system comprising: a master oscillator having an output operably coupled to
a first input of a phase detector; a slave oscillator having an output operably coupled to a
second input of the phase detector; and a forward-gain-adaptation module having a first input
operably coupled to a filtered-error terminal of the phase detector; wherein said slave
oscillator having an output operably coupled to a second input of the phase detector further

comprises a 2A-modulator operably coupled between the output of the slave oscillator and the

second input of the phase detector.

[0015g] According to still a further aspect of the present invention, there 1s provided a
method for controlling a communications system, said method comprising: adjusting a feed-
forward gain of a phase locked loop in response to a filtered-error signal of a phase locked

loop; creating a disturbance-cancelled filtered-error signal; and adjusting a slave oscillator of

the phase locked loop 1n response to the feed-forward gain and the disturbance-cancelled

filtered-error signal.
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[0016] The foregoing is a summary and thus contains, by necessity, simplifications,

generalizations and omissions of detail; consequently, those skilled in the art will appreciate
that the summary is illustrative only and is NOT intended to be in any way limiting. Other

aspects, inventive features, and advantages of the devices and/or processes
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described herein, as defined solely by the claims, will become apparent in the non-limiting

detailed description set forth herein.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS
OF THE DRAWINGS

[0017] Figure 1 shows a block diagram representation of a phase locked loop.

[0018] Figure 2 shows a high-level block diagram of a phase locked loop wherein two-
point modulation 1s utilized.

[0019] Figure 3 shows a block diagram of a phase locked loop which is represented in
Laplace transformed format.

[0020] Figure 4 shows a schematic diagram of one implementation of the loop filter.
[0021] Figure SA depicts an alternative system version of the system depicted in Figures 2-
4, where the alternative version is substantially the system of Figure 3 augmented by two
extra signals: a first signal, &, to indicate some uncontrollable and unexpected external
influence to the system (e.g., noise), and an internal canceling signal, D, which 1s intended
to cancel the residual influence of § which 1s not counteracted by the loop filter.

[0022] Figure 5B shows the system of Figure SA represented in what those skilled 1n the
art will recognize as somewhat analogous to a Laplace-transformed second order system
“standard equation,” or “canonical” form.

[0023] Figure 6A shows the system of Figure 5B having an additional forward-gam-
adaptation module.

[0024] Figure 6B illustrates the system depicted in Figure 6A, shown with additional
augmentation components in the forward-gain-adaptation module.

[0025] Figure 7A illustrates a system somewhat similar to the system depicted in Figure
6A, but with different connections and the addition of a disturbance-cancellation module.
[0026] Figure 7B 1illustrates a system somewhat similar to the system depicted in Figure

7A, but with additional components.
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[0027] Figure 8A shows a system which tt”avors mainly digital implementation.
[0028] Figure 8B depicts a system which favors mainly analog implementation.
[0029] Figure 9A shows a system having a phase locked loop, somewhat analogous to the
phase locked loop shown and discussed in relation to Figure 3, but augmented with a linear
model of a XA modulator.
[0030] Figure 9B shows a system having a phase locked loop, which is substantially
mathematically equivalent to phase locked loop of Figure 9A, but which has been
manipulated such that the phase locked loop appearing 1 Figure 9B has a substantially
similar topology to the phase locked loop of Figure SA.
[0031] Figure 10A shows a system having the XA Fractional-/N phase locked loop of Figure
OB, but with an additional forward-gain-adaptation module which implements the above-
described raw-error adapted system rule as despribed 1n relation to Figure 6B.
[0032] Figure 10B depicts the system of Figure 10A having additional augmentation
components 1n the forward-gain-adaptation module.
[0033] Figure 11A shows a system having the 2A Fractional-N phase locked loop of Figure
OB, but with additional modules which help implement the above-described filtered-error
adapted system rules as described 1n relation to Figure 7A.
[0034] Figure 11B 1illustrates a representation of a system somewhat similar to the system
depicted in Figure 11A, but with additional components.
[0035] The use of the same symbols in different drawings typically indicates similar or

1dentical items.

DETAILED DESCRIPTION

L. Unadapted System

[0036] Figure 2 shows a high-level block diagram of a phase locked loop 250 employing
two-point modulation. A voltage input Uy, of a master oscillator 100 feeds a variable gain

amplifier 200, where the variable gain amplifier 200 has a feed-forward gain K. An output
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of the variable gain amplifier 200 feeds a summation junction 202, which i1s shown
interposed between a loop filter 108 and a slave VCO 102. The remaining components of
the phase locked loop 250 function in a similar fashion as described 1n relation to Figure 1.
[0037] The variable gain amplifier 200 enhances the overall operational bandwidth (i.e., a
band of frequencies within which the phase locked loop 250 1s viable) of the phase locked
loop 250 beyond that associated with the phase locked loop 150 of Figure 1, if the feed-
forward gain K, is set to a correct value. Several different techniques exist for determining
the substantially optimal value for the feed-forward gain K. For example, measurement
devices (such as an oscilloscope, or a spectral density meter) may be used to monitor
signals, and the feed-forward gain K, manually adjusted (e.g., via use of a screwdriver), to
substantially maximize the overall operational bandwidth of the phase locked loop 250.
However, technicians generally implement these techniques in an ad-hoc fashion, rather
than in conformance with any defined engineering rules.

[0038] The inventor of the subject matter disclosed herein (the mventor) has devised
processes and related devices to substantially maximize the overall operational bandwidth
of a phase locked loop according to defined rules. These devices and processes will now be
described.

[0039] Figure 3 shows a block diagram of a phase locked loop 350 which 1s represented 1n
a Laplace transformed format. In circuit analysis, the Laplace transform 1s used to
transform a set of integrodifferential equations from the time domain to a set of algfebraic
equations in the frequency domain. The solution for an unknown quantity 1s therefore
reduced to the manipulation of algebraic equations. Once the frequency domain expression
for the unknown 1s obtained, it cén be inverse-transformed back to the time domain using
known techniques. The Laplace transformed format block diagram circuits and devices
described herein are representative of their time domain representations, and vice versa.
[0040] With respect to Figure 3, in one implementation a master oscillator 300
conjunction with a 1/M frequency divider 302 forms the master oscillator 100. In general,

the 1/M frequency divider 302 adds stability to the master oscillator 100. The master
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oscillator 300 feeds an input of the “divide by M”” (1/M) frequency divider 302. An output
of the 1/M frequency divider 302 is coupled to an input of the differential phase/frequency
voltage controller 106.

[0041] In one implementation, the differential phase/frequency voltage controller 106 is
composed of a differential phase/frequency detector 304 which feeds a charge pump 306.
The output of the charge pump 306 is coupled to an input of the loop filter 108 (shown as
being represented in the Laplace transformed s-domain). An output of the loop filter 108 is
coupled to an mput of the summing junction 202.

[0042] An output of the variable gain amplifier 200 is coupled to an input of the summing
junction 202, while an input of the variable gain amplifier 200 is coupled to the input Uy of
the master oscillator 300. An output of the summing junction 202 is coupled to an input of
a slave VCO 102. An output of the slave VCO 102 is coupled to an input Qf a “divide by
N” (1/N) frequency divider 104. An output of the “divide by N (1/N) frequency divider
104 1s coupled to an input of the differential phase/frequency detector 304.

[0043] Figure 4 shows a schematic diagram of one implementation of the loop filter 108.
Those having ordinary skill in the art will appreciate that with respect to the electrical
circuit components shown, resistance R, and capacitance C, control the loop dynamics.
Consequently, the following discussion herein mainly takes into account only the effects of
-resistance R, and capacitance C,. However, the remaining components shown in Figure 4
can be taken into consideration, especially if numerical simulation of the processes and
devices shown and described herein is performed.

[0044] Figure 5A depicts an alternative system 550. Alternative system 550 is
substantially stmilar to the system of Figure 3, augmented by two extra signals: a first
signal, &, to indicate some uncontrollable and unexpected external influence to the system
(e.g., noise), and an internal canceling signal, D, which is intended to cancel the residual
influence of ¢ which 1s not counteracted by the loop filter 108. Internal canceling signal, D,

is explained in more detail in relation to Figures 7A and 7B, below.
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[0045] Figure 5B shows the system of Figure SA represented in what those skilled in the
art will recognize as somewhat analogous to a Laplace-transformed second order system
“standard equation,” or “canonical” form. The standard equation, or canonical,
representation of Figure 5B is equivalent to that of Figure 5A, but 1s easier to manipulate
and compare than a system not which is not written 1n canonical form, because many
system manipulation techniques use nomenclature similar to that of Figure 5B. The
representation of Figure 5B 1s the result of mathematical substitutions and algebraic
manipulations whose details need not be discussed here. In addition, as will be shown
below, representing the system as shown in Figure 5B allows certain state equations to be
written by inspection, which in one implementation proves advantageous. Eventhough the
following quantities are described in canonical form, they are substantially equivalent to
their non-canonical forms, and such non-canonical equivalents can be deteﬁnined via
standard transformation methods. The canonical forms are utilized as a courtesy herein for
ease of understanding and manipulation.

[0046] The representation of Figure 5B can be equated to that of Figure 5SA wvia the

following relationships:

R, =—ukrM (1)
Ky N
KK
0)3 — " ? V*a (2)
C,N
R, Ky K
20w, =- N -9-.5 3)

[0047] Those having ordinary skill in the art will appreciate that with D =&, the system of

Figure 5B can be analyzed to derive the following transfer function:

(4)

Yo 1f N ~{ﬁ'ﬁrU.srz+2(;cons+oo,?;
s +20@, 5+ 0>

[0048] Note from the transfer function that if the canonical feed-forward gain K =1, the

transfer function of the system will reduce to (KyIN/M) Hz/Volt) * 1/s, which is the
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Laplace-transformed representation of a voltage controlled oscillator having a sensitivity of
(KMN/M) Hz/Volt. The inventor has determined that it would be advantageous to have the
transfer function of the system of Figure 5B reduce to that of a near-1deal oscillator.
‘Consequently, the inventor has hypothesized that an advantageous form of adaptation
would be that which substantially maintained K y at or near a value of unity or one (1), in
that such a value would tend to make the behavior of the system of Figures SA-B approach

that of a near-ideal oscillator.

11. Adapted Systems

[0049] As noted, if the canonical feed-forward gain K y 1s maintained at approximately one

(1), the behavior of the system of Figures 5A-B approaches that of a near-ideal voltage
controlled oscillator having a sensitivity of KyyN/M Hz/Volt. The inventor has devised two
main adaptation schemes which tend to make the system of Figures 5SA-B behave as anear-

ideal system: araw-error based adaptation scheme, and a filtered-error adaptation scheme.

Raw-Error Adapted System

[0050] As noted, the inventor has determined that it is desirable that the canonical feed-
forward gain RU be such that the transfer function of the system shown in Figure 5B
preferably reduce to that of a near-ideal oscillator. The inventor has devised a rule which
can be utilized to maintain the canonical feed-forward gain K so that the transfer function

approaches that of an ideal oscillator. This rule 1s as follows:

dKy
e = U : 5
— = nVun (5)

[0051] The adaptation equations are derived under the condition that the rate of change of
energy of the error (either raw or filtered) is always negative. That 1s, over time, the error
tends to zero.

[0052] Figure 6A shows the system of Figure 5B having an additional forward-gain-

adaptation module 600 which implements the foregoing rule. In words, the raw-error rule

states, that in one implementation, the canonical feed-forward gain, KU , which will tend to
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make the system behave as a near-ideal oscillator, can be found by integrating vy, times the
product of the canonical input, 0 M and the raw-error signal, y;. In the raw-error rule, y; 1s
a positive constant that helps determine the rapidity of the adaptation. The raw-error rule 1s
based on stability arguments, and 1s intended to make it likely that the entire Phase Locked
Loop/Adaptation system is stable for all values of y;. With respect to Figure 6A, the
components which substantially implement the raw-error adaptation rule are leading
multiplier 606, forward-gain-adaptation module variable gain amplhifier 602, having a gain
of v1, and forward-gain-adaptation module integrator 604.

[0053] Continuing to refer to Figure 6A, the canonical mput DM 1s coupled to an mput of
the leading mqltiplier 606. A raw-error y; terminal (carrying raw-error signal ypy1s coupled
to an mnput of the leading multiphier 606. The output of leading multiplier 606 1s coupled to
an mput of a forward-gain-adaptation module variable gain amplifier 602 having a gain of
v1. The output of the forward-gain-adaptation module variable gain amplifier 602 is
coupled to the mput of the forward-gain-adaptation module mtegrator 604. Connected to
an mput of a trailing multiplier 616 are both the output of the forward-gain-adaptation
module mtegrator 604 and a canonical version of the mput signal, UM . The output of the
trailing multiplier 616 1s operably coupled with an mput of the summing junction 202.
With respect to the remaining system components, the system functions as has been shown
and described herein.

[0054] Although not explicitly shown in the figures, in other implementations, there is a
filter, substantially similar to loop filter 108, interposed between leading multiplier 606 and
forward-gain-adaptation module variable gain amplifier 602. Consequently, wherever
leading multiplier 606 and forward-gain-adaptation module variable gain amplifier 602
appear 1n the figures or are discussed herein, 1t 1s to be understood that in alternate
implementations there 1s a filter, substantially stmilar to loop filter 108, interposed between
Jeading multiplier 606 and forward-gain-adaptation module variable gain amplifier 602.
[0055] Although proportional-contribution variable gain amplifiers are described herein

(e.g., proportional-contribution variable gain amplifier 610, described below, and
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proportional-contribution variable gain amplifier 710, described below), those having
ordinary skill 1n the art will recognize that such proportional-contribution variable gain
amplifiers appearing and described herein are to be representative of controllers such as
proportional-integral (PI) controllers and proportional-integral-derivative (PID) controllers.
[0056] Although voltage controlled oscillators are actually non-linear, there exists
recognized ranges of operations of voltage controlled oscillators, which, for engineering
purposes, can be treated as substantially linear. Consequently, the discussion herein treats
voltage controlled oscillators as substantially linear, as 1s often done in engineering
applications. Although the use of “divide by N” circuits are described herein, in other
implementations the voltage controlled oscillators are down converted with mixers, rather
than with “divide by N” circuits.
[0057] The inventor has found that, in practice, the slave VCO 102 may have a response
that is not completely modeled by an 1deal oscillator (such as is shown in Figure 6A), or
that there may be other un-modeled dynamics, such as additional components 1n the loop
filter of Figure 6 A, and that these differences between practical systems and the modeled
systems limit the maximum magnitude of y; over which the phase locked loop of Figure 6A
will remain viable. In such real world situations, the inventor has found it advantageous to
augment the raw-error rule with a proportional contribution (y,), and a “leakage’ factor (01).
The inventor points out that, heuristically, the proportional control can be conceived of as
being used to accelerate the adaptation, while the leakage factor can be conceived of as
being one of several methods available to make the adaptive system robust with respect to
disturbances and un-modeled dynamics. An alternative system implementing the
proportional contribution and the leakage factor augmentation of the basic foregoing-
described raw-error rule 1s shown following in Figure 6B.

[0058] Figure 6B 1illustrates the system depicted in Figure 6A, shown with addi]:ional
“ augmentation components in the forward-gain-adaptation module 600. As can be seen
from Figure 6B, 1n this implementation forward-gain-adaptation module 600 is driven, at

least in part, with what can be characterized as the “raw-error’” signal y;. The signal y; is
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referred to herein as the “raw-error” signal to distinguish it from what 1s referred to herein
as the “filtered-error” signal ys».
[0059] Continuing to refer to Figure 6B, the canonical input {7 ,, 18 coupled to an input of
the leading multiplier 606. The raw-error y; is coupled to an input of the leading multiplier
606. The output of leading multiplier 606 is coupled to an input of a forward-gain-
adaptation module variable gain amplifier 602 having a gain of y;. The output of the
forward-gain-adaptation module variable gain amplifier 602 is coupled to the input of a
summing junction 608. The output of the summing junction 608 1s coupled to the input of a
forward-gain-adaptation module integrator 604. The output of the forward-gam-adaptation
module integrator 604 is connected in negative feedback fashion to an mput of the
summing junction 608, where the negative feedback is provided by leakage-factor variable
gain amplifier 612 having a gain of 6;.
[0060] The output of the forward-gain-adaptation module mtegrator 604 1s coupled to an
input of a summing junction 614. Also connected to an input of the summing junction 614
is an output of the proportional-contribution variable gain amplifier 610 having a gain of ;.
The input the proportional-contribution variable gain amplifier 610 is coupled to the output
of the leading multiplier 606.
[0061] An output of the summing junction 614 1s coupled to the input of the trailing
multiplier 616. Connected to an input of the trailing multiplier 616 is a canonical version
of the input signal, UM . The output of the trailing multiplier 616 is operably coupled with
an input of the summing junction 202. With respect to the remaining system components,

the system functions as shown and has been described herein.

B. Filtered-Error Adapted System

[0062] Intuitively, 1t would seem that adaptation using the filtered-error signal y, would be
preferable to using the raw-error signal y; to adapt the system. However, when the inventor
attempted to use the filtered-error signal y, to perform the adaptation, the inventor

unexpectedly discovered that the adaptation became extremely sensitive to a first signal, G,
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which is used herein to indicate some uncontrollable and unexpected external influence to
the system (e.g., noise). Accordingly, the inventor devised an internal canceling signal, D,
which is intended to cancel the residual influence of € which is not counteracted by the loop
filter 108.
[0063] In light of the foregoing, the inventor has devised two rules which can be utilized to
create a system whose transfer function approaches that of an ideal oscillator. These two

rules are as follows:

dIE'u .

— = : 6

= YiUnm ¥ (6)
dD
vy, 7
o Y32 (7)

[0064] The adaptation equations are derived under the condition that the rate of change of
energy of the error (either raw or filtered) 1s always negative. That 1s, over tirhe, the error
tends to zero.

[0065] Figure 7A shows modules 600 and 700 which implement the foregoing rules. In
words, the filtered-error rule states that, in one implementation, the system of Figure 7A

can be made to approach the behavior of an 1deal oscillator provided that the canonical

feed-forward gain, K ;- 18 found by integrating y; times the product of the canonical input,

U v > and the filtered-error, y;, and further provided that a disturbance-cancellation factor,

D, which 1s found by integrating ys times the filtered-error, y,, be injected into the system.
In the filtered-error rule, v, and y3 are positive constants that help determine the rapidity of
the adaptation. The components which substantially implement the filtered-error
adaptation rule are the forward-gain-adaptation module 600 components of the leading
multiplier 606, forward-gain-adaptation module variable gain amplifier 602, having a gain
ofy,, and forward-gain-adaptation module integrator 604, and the disturbance-cancellation
module 700 components of a disturbance-cancellation-module variable gain amplifier 702,
having a gain of s, and an disturbance-cancellation-module integrator 704.

[0066] The system shown in Figure 7A 1s similar to the system depicted in Figure 6A, but

with different connections and the addition of a disturbance-cancellation module 700. As
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can be seen from Figure 6A, the forward-gain-adaptation module 600 1s driven, at least in
part, with what those skilled in the art will appreciate can be the filtered-error signal y».
That is, whereas in Figure 6A one input to the leading multiplier 606 was the raw-error
signal y1, in Figure 7A that same input 1s now shown as the filtered-error signal yx.
Otherwise, the connections are as shown and described 1n relation to Figure 6A, and
consequently the discussion of those components common with Figure 6 A will not be
repeated here.
[0067] Continuing to refer to Figure 7A, with respect to disturbance-cancellation module
700, the filtered-error signal y; is coupled to an input of the disturbance-cancellation-
module variable gain amplifier 702 having a gain of y3. The output of the disturbance-
cancellation-module vanable gain amplifier 702 having a gain of y; 1s coupled to the mput
of the disturbance-cancellation-module integrator 704. The output of the disturbance-
cancellation-module integrator 704 1s coupled to an mput of a summing junction 720.
[0068] An input of a summing junction 720 is coupled with the filtered-error signal y,. An
output of the summing junction 720 is coupled with an mput of the summing junction 202.
With respect to the remaining system components, the system functions as shown and has
been described herein.
[0069] Just as with the raw-error rule, the inventor has found that, in practice, the plant
(slave VCO) 102 may have a response that 1s not completely modeled by a pure integrator
(such as 1s shown in Figure 7A), or that there may be other un-modeled dynamics, such as
additional components in the loop filter 108, and that these differences between practical
systems and the modeled lsystems limit the maximum magnitude of y3 over which the
system shown 1n Figure 7A is viable. In such real world situations, the inventor has found
it advantageous to augment the filtered-error rule with the proportional contribution factors
Y2, Y4, and the leakage factors 61, 62. An alternative system implementing the proportional
contribution and the leakage augmentations of the basic foregoing-described filtered-error

rule 1s shown following in Figure 7B.
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[0070] Figure 7B illustrates a system somewhat similar to the system depicted in Figure
7TA, but with additional components in modules 600 and 700. As can be seen from Figure
7B, in this implementation forward-gaim-adaptation module 600 is similar to forward-gain-
adaptation module 600 of Figure 6B, but 1s driven, at least in part, with what those skilled
in the art will appreciate can be characterized as the filtered-error signal y,. That 1s,
whereas 1n Figure 6B one imnput to the leading multiplier 606 was the raw-error signal y;, in
Figure 7B that same mput 1s now shown as the filtered-error signal y;. Otherwise, the
connections are as shown and described 1n relation to Figure 6B, and consequently the
discussion of those components common with Figure 6B will not be repeated here.

[0071] Continuing to refer to Figure 7B, with respect to disturbance-cancellation module
700, the filtered-error signal vy, is coupled to an input of the disturbance-cancellation-
module vanable gain amplifier 702 having a gain of y;3. The output of the disturbance-
cancellation-module variable gain amplifier 702 having a gain of y; 1s coupled to an input
of a summing junction 708. The output of the summing junction 708 is coupled to an input
of a disturbance-cancellation-module mntegrator 704. The output of the disturbance-
cancellation-module integrator 704 is coupled in negative feedback fashion to an input of
the summing junction 708, where the negative feedback is provided by disturbance-
cancellation-module leakage-factor variable gain amplifier 712 having a gain of o,.

[0072] The output of the disturbance-cancellation-module integrator 704 is coupled to the
input of the summing junction 714. Coupled to the input of the summing junction 714 is
the output of the disturbance-cancellation-module proportional-contribution variable gain
amplifier 710 having a gain of y4, An input of the disturbance-cancellation-module
proportional-contribution variable gain amplifier 710 is coupled to the “filtered-error” y».
[0073] The output of the summing junction 714 1s coupled to an input of the summing
junction 720. An input of a summing junction 720 is coupled with the filtered-error signal
y,. An output of the summing junction 720 1s coupled with an input of the summing
junction 202. With respect to the remaining system components, the system functions has

been as shown and described herein.
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[0074] Those having ordinary skill in the art will recognize that the state of the art has
progressed to the point where there is little distinction left between hardware and software
implementations of aspects of systems; the use of hardware or software 1s generally (but not
always, in that in certain contexts the choice between hardware and software can become
significant) a design choice representing cost vs. efficiency tradeoffs. Those having
ordinary skill in the art will appreciate that there are various vehicles by which aspects of
processes and/or systems described herein can be effected (e.g., hardware, software, and/or
firmware), and that the preferred vehicle will vary with the context in which the processes
and/or systems are deployed. For example, if an implementer determines that speed and
accuracy are paramount, the implementer may opt for a hardware and/or firmware vehicle;
alternatively, if flexibility is paramount, the implementer may opt for a solely software
implementation; or, yet again alteﬁatively, the implementer may opt for some combination
of hardware, software, and/or firmware. Hence, there are several possible vehicles by
which aspects of the processes described herein may be effected, none of which 1s
inherently superior to the other in that any vehicle to be utilized is a choice dependent upon
the context in which the vehicle will be deployed and the specific concerns (e.g., speed,
flexibility, or predictability) of the implementer, any of which may vary.

[0075] The foregoing detailed description has set forth various embodiments of the devices
and/or processes via the use of block diagrams, flowcharts, and examples. Insofar as such
block diagrams, flowcharts, and examples contain one or more functions and/or operations,
it will be understood as notorious by those within the art that each function and/or operation
within such block diagrams, flowcharts, or examples can be implemented, imndividually
and/or collectively, by a wide range of hardware, software, ﬁrmwaré, or virtually any
combination thereof. In one embodiment, the present invention may be implemented via
Application Specific Integrated Circuits (ASICs). However, those skilled in the art will
recognize that the embodiments disclosed herein, in whole or in part, can be equivalently
implemented 1n standard Integrated Circuits, as one or more computer programs running on

one or more computers (e.g., as one or more programs running on one or more computer
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systems), as one oOr more programs running on one or more controllers (e.g.,
microcontrollers) as one or more programs running on one or more processors (e.g.,
microprocessors, or digital signal processors), as firmware, or as virtually any combination
thereof, and that designing the circuitry and/or writing the code for the software and or
firmware would be well within the skill of one of ordinary skill in the art in light of this
disclosure. In addition, those skilled in the art will appreciate that the mechanisms of the
present invention are capable of being distributed as a program product in a variety of
forms, and that an illustrative embodiment of the present invention applies equally
regardless of the particular type of signal bearing media used to actually carry out the
distribution. Examples of signal bearing media include, but are not limited to, the
following: recordable type media such as floppy disks, hard disk drives, CD ROMs, digital
tape, and computer memory; and transmission type media such as digital and analog
communication links using TDM or IP based communication links (e.g., packet links).

[0076] In a general sense, those skilled in the art will recognize that the various
embodiments described herein which can be implemented, individually and/or collectively,
by a wide range of hardware, software, firmware, or any combination thereof can be viewed
as being composed of various types of “electrical circuitry.” Consequently, as used herein
“electrical circuitry” includes, but is not limited to, electrical circuitry having at least one
discrete electrical circuit, electrical circuitry having at least one mtegrated circuit, electrical
circuitry having at least one application specific integrated circuit, electrical circuitry
forming a general purpose computing device configured by a computer program (e.g., a
general purpose computer conﬁgﬁred by a computer program which at least partially carries
out processes and/or devices described herein, or a microprocessor configured by a
computer program which at least partially carries out processes and/or devices described
herein), electrical circuitry forming a memory device (e.g., forms of random access
memory), and electrical circuitry forming a communications device (e.g., a modem,

communications switch, or optical-electrical equipment).
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[0077] Those skilled in the art will recognize that it is common within the art to describe
devices and/or processes in the fashion set forth herein, and thereafter use standard
engineering practices to integrate such described devices and/or processes mto systems
which are typically partly analog and partly digital. That is, the devices and/or processes
described herein can be integrated into analog and partly digital systems via a reasonable
amount of experimentation well within the ambit of those having an ordinary amount of
skill in the art. Figures 8A and 8B show examples of systems into which at least a part of
the herein described devices and/or processes may be integrated with a reasonable amount
of experimentation.

[0078] Figure 8A shows a system particularly suited to digital implementation. The
partition between the digital and analog portions is marked on Figure 8A. The system may
optionally include a mixer to down-convert the output. The master oscillator, loop filter
and adaptation circuitry are digital. The output of the VCO enters a 2A down-converter to
form an error with a digital oscillator. The output of the loop filter and adaptation circuits
is converted to an analog signal and applied to the input of the VCO.

[0079] Figure 8B depicts a system particularly suited to analog implementation. The
partition between the digital and analog portions is marked on Figure 8B. The system of
Figure 8B is an alternative approach to that of Figure 8A, in that the partition of Figure 8B
favors analog circuitry. This approach is suitable for adaptation algorithms such as have

been described herein.

A Fractional N Phase Locked Loop Embodiment

[0080] Rather than directly modulating an oscillator as discussed above, a phase locked
loop may be modulated by dynamically changing the loop divider ratio, N. In particular, N
can be controlled with a ZA-modulator to-allow a fractional rather than integer value. Just
as with the phase locked loop considered previously, two-point modulation can be applied

to such 2A fractional-N loops, as will now be shown.
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[0081] Figure 9A shows a system having a phase locked loop 900, somewhat analogous to
the phase locked loop 350 (Figure 3), but augmented with a linear model of a 2A
modulator. (Although the XA modulator typically acts to alter the division ratio of the loop,
Figure 9A shows a linearized version of a A modulator, in which (constant) N represents
the nominal division ratio. The small changes in division ratio are represented by the
injected phase modulation, Gyop. )
[0082] Although a linearized version of a A modulator is shown and described herein for
sake of clarity and ease of illustration, an actual £A modulator (as opposed to the linear
mode] used in analysis) typically generates a high resolution signal using only a few levels.
Specifically, a £A modulator generally achieves the foregoing by dithering the output
between levels such that, when filtered, the output has the desired value. In the context
considered herein, the XA modulator is typically implemented in digital circuitry. Then, the
division ratio N is dithered between several discrete values, such that the required value 1s
generated when filtered by the low-pass filtering action of the phase locked loop.
Accordingly, when linearized XA modulators, in part or in whole, are shown, described,
and/or referenced herein, such partial or whole linearized ZA modulators are meant to be
representative of partial or whole linearized analytic versions of XA modulators, as well as
substantially all the partial or whole physical ciomponent implementations of XA
modulators.
[0083] The phase locked loop 900 has two inputs: an upper input Ry, and a lower input
Rup. The upper input Ry is constant and sets the frequency of the channel. (That 1s, the
frequency about which the modulated spectrum is centered.) The lower input Ryp varies
with time and causes a frequency modulation of VCO 902. This frequency modulation is
converted to phase modulation fyop and injected into the phase locked loop 900.

[0084] Scaled versions of upper input R~y and lower input Ryp, where such scaling 1s

‘respectively controlled by the gain K7 of the variable gain amplifier 908 and the gain

K" of the variable gain amplifier 904, are injected at the summing junction 202 input of

the VCO 102 to allow two-poiﬁt modulation. Comparison of the phase locked loop 900 of
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Figure 9A with the phase locked loop 350 shows that such phase locked loops appear to be
substantially different. Hence 1t 1s not readily apparent how the processes and devices
previously described herein could be applied to the phase locked loop 900.

[0085] In order to overcome the foregoing difficulty, the inventor has discovered that the
2A fractional-N phase locked loop 900 can be transformed such that the processes and
devices described previously can be applied to the phase locked loop 900. This
transformation can be understood as follows.

[0086] Continuing to refer to Figure 9A, let

K K7 M

K CH :—I{CH- N (8)
U M
KU :KSH (9)
Ky =Ky ’ (10)

[0087] In light of the foregoing, using mathematical manipulation (analogous to the
mathematical manipulations described in relation to Figures 5A and 5B, above) the system
of Figure 9A can be transformed into the substantially mathematically equivalent system
shown in Figure 9B.

[0088] Figure 9B shows a system having a phase locked loop 950, which is substantially
mathematically equivalent to the phase locked loop 900, but which has been manipulated
such that the phase locked loop 950 appearing 1in Figure 9B has a topology substantially
similar to the phase locked loop 550 of Figure SA (note that oscillator 300 is represented in
its Laplace transform version of K;/s), except that the phase locked loop 950 1s shown

having reference input which can be equated with the following expression:

MD
S M (1)

R=R_4 +KﬁH o

[0089] As can be seen by comparison of the phase locked loop 950 with the phase locked
loop 550, apart from the difference in imputs of the phase locked loop 950 and the phase
locked loop 550, the phase locked loop 950 and the phase locked loop 550 are topologically

substantially 1dentical.
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[0090] With the aid of the fact that the phase locked loop 950 of Figure 9B, arising from
the above-described mathematical transformations, 1s substantially similar to the phase
locked loop 550, the inventor has created XA fractional-N phase locked loops which
incorporate the foregoing described processes and devices. These XA fractional-/NV phase
locked loops will now be described.

10091] Figure 10A shows a system having the 2A fractional-N phase locked loop 950 of
Figure 9B, but with an additional forward-gain-adaptation module 600 which implements
the above-described raw-error adapted system rule as described in relation to Figure 6B.

As noted above, this rule 1s as follows:

dK ]
- dt” =7Uyu» (12)

[0092] Asnoted, Figure 10A is substantially similar to Figure 6A, except that, with respect
to Figure 10A

U, =US *KX -%- + UM =« KIP (13)

where Ry has been recast as US? and Ryp been recast as Uj,~ for sake of notational
simplicity.

[0093] Aside from the foregoing difference, the phase locked loop 950 of Figure 10A
functions substantially similarly to the phase locked loop 550 of Figure 6A, and a
description of such functioning will not explicitly be set forth here for sake of brevity.
[0094] Figure 10B depicts the system of Figure 10A having additional augmentation
components in the forward-gain-adaptation module 600. As can be seen by comparison,

Figure 10B is substantially similar to Figure 6B, except that, with respect to Figure 10B

U, =UTF *K;/ %-{-Uﬁ” * K10 (14)

where Rcy has been recast as UL and Ryp been recast as Uy, for sake of notational

simplicity.
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[0095] Aside from the foregoing difference, the phase locked loop 950 of Figure 10B
functions substantially similarly to the phase locked loop 550 of Figure 6B, and hence a
description of such functioning will not explicitly be set forth here for sake of brevity.

[0096] Figure 11A shows a system having the XA Fractional-N phase locked loop 950 of
Figure 9B, but with additional modules 600 and 700 which help mmplement the above-

described filtered-error adapted system rules as described 1n

relation to Figure 7A. These two rules are as follows:

d[%u h
A T , 15
i YiUmya (15)
adD
b _ 16
= Y3 (16)

[0097] Figure 11A is substantially similar to Figure 7A, except that, with respect to Figure
11A

O, =UF +K&# -MAL+ UMD KD (17)

where Rey has been recast as U,," and Ryp been recast as U for sake of notational
simplicity.

[0098] Aside from the foregoing difference, the phase locked loop 950 of Figure 11A
functions substantially stmilarly to the phase locked loop 550 of Figure 7A, and hence a
description of such functioning will not explicitly be set forth here for sake of brevity.
[0099] Figure 11B illustrates a system somewhat similar to the system depicted in Figure
11A, but with additional components in moduleé 600 and 700. As can be seen by
comparison, Figure 11B is substantially similar to Figure 7B, except that, with respect to

Figure 11B

Oy =Ug + K 4 U <K (18)

where Rcy has been recast as US” and Ryp been recast as U,,~ for sake of notational

simplicity.
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[0100] Aside from the foregoing difference, the phase locked loop 950 of Figure 11B
functions substantially similarly to the phase locked loop 550 of Figure 7B, and hence a
description of such functiohing will not explicitly be set forth here for sake of brevity.
[0101] As described previously in relation to Figures 8A and 8B, various actual
implementations of the loops and/or systems shown heremn may be partitioned between
digital and analog 'domains in many different ways.

[0102] The foregoing described embodiments depict different components contained
within, or connected with, different other components. It is to be understood that such
depicted architectures are merely exemplary, and that in fact many other architectures can
be 1mplemented which achieve the same functionality. In a conceptual sense, any
arrangement of components to achieve the same functionality is effectively “associated”™
such that the desired functionality 1s achieved. Hence, any two components herein
combined to achieve a particular functionality can be seen as “associated with” each other
such that the desired functionality 1s achieved, irrespective of architectures or intermedial
components. Likewise, any two components so associated can also be viewed as being

“operably connected”, or “operably coupled”, to each other to achieve the desired

functionality.

[0103] While particular embodiments of the present invention have been shown and
described, 1t will be apparent to those skilled in the art that, based upoh the teachings
herein, changes and modifications may be made without departing from this invention and
its broader aspects and, therefore, the 'appended claims are to encompass within their scope
all such changes and modifications as are within the true scope of this invention.

Furthermore, it is to be understood that the invention is solely defined by the appended

claims. It will be understood by those within the art that, in general, terms used herein, and

especially in the appended claims (e.g., bodies of the appended claims) are generally
intended as “open” terms (e.g., the term “including” should be interpreted as “including but
not limited to,” the term “having” should be interpreted as “having at least,” the term

“mcludes” should be interpreted as “includes but is not limited to.” etc.). It will be further
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understood by those within the art that if a specific number of an introduced claim
recitation is intended, such an intent will be explicitly recited in the claim, and in the
absence of such recitation no such intent is present. For example, as an aid to
understanding, the following appended claims may contain usage of the introductory
phrases “at least one” and “one or more” to introduce claim recitations. However, the use
of such phrases should not be construed to imply that the introduction of a claim recitation
by the indefinite articles “a” or “an’ limits any particular claim containing such introduced
claim recitation fo inventions containing only one such recitation, even when the same
claim includes the introductory phrases “one or more” or “at least one” and indefinite
articles such as “a” or “an” (e.g., “a” and/or “an” should typically be interpreted to mean “at
least one” or “one or more”); the same holds true for the use of definite articles used to
introduce claim recitations. In addition, even if a specific number of an introduced claim
recitation is explicitly recited, those skilled in the art will recognize that such recitation
should typically be interpreted to mean at least the recited number (e.g., the bare recitation
of “two recitations,” without other modifiers, typically means ar least two recitations, or

two or more recitations).
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CLAIMS:
1. A communications system comprising:
a master oscillator having an output operably coupled to a first input of a phase
detector;

a slave oscillator having an output operably coupled to a second input of the

phase detector; and

a forward-gain-adaptation module having a first input operably coupled to a

raw-error terminal of the phase detector;

wherein said forward-gain-adaptation module having a first input operably

coupled to a raw-error terminal of the phase detector comprises:

a forward-gain-adaptation module variable gain amplifier operably coupled

with the raw-error terminal of the phase detector; and

a forward-gain-adaptation module integrator operably coupled with said

forward-gain-adaptation module variable gain amplifier and said slave oscillator.

2. The communications system of Claim 1, wherein said forward-gain- adaptation

module variable gain amplifier operably coupled with the raw-error terminal of the phase

detector comprises:

a leading multiplier having a first input operably coupled to the raw-error

terminal of the phase detector and a second input operably coupled to an input of said master

oscillator; and

said forward-gain-adaptation module variable gain amplifier having an input

operably coupled with an output of said leading multiplier.
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3. The communications system of Claim 1, wherein said forward-gain- adaptation

module integrator operably coupled with said forward-gain-adaptation module variable gain

amplitfier and said slave oscillator comprises:

said forward-gain-adaptation module integrator having an input operably

coupled with an output of said forward-gain-adaptation module variable gain amplifier; and

a trailing multiplier having a first input operably coupled to an output of said
forward-gain-adaptation module integrator, a second input operably coupled to the input of

said master oscillator, and an output operably coupled to an input of said slave oscillator.

4, The communications system of Claim 3, wherein said forward-gain- adaptation
module integrator having an input operably coupled with an output of said forward-gain-

adaptation module variable gain amplifier comprises:

a leakage-factor variable gain amplifier having an input operably coupled with

the output of said forward-gain-adaptation module integrator and an output operably coupled

with the input of said forward-gain-adaptation module integrator.

. The communications system of Claim 3, wherein said trailing multiplier having
a first input operably coupled to an output of said forward-gain-adaptation module integrator,
a second input operably coupled to the input of said master oscillator, and an output operably

coupled to an input of said slave oscillator comprises:

a proportional-contribution variable gain amplifier having an input operably
coupled with the output of a leading multiplier and an output operably coupled with the

second 1nput of said trailing multiplier.

6. The communications system of Claim 1, wherein said communications system

comprises a hand-held phone or a communications base station.
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7. A communications system comprising:
a master oscillator having an output operably coupled to a first input of a phase
detector;

a slave oscillator having an output operably coupled to a second input of the

phase detector; and

a forward-gain-adaptation module having a first input operably coupled to a

raw-error terminal of the phase detector;

wherein said slave oscillator having an output operably coupled to a second
input of the phase detector further comprises a XA-modulator operably coupled between the

output of the slave oscillator and the second input of the phase detector.

8. The communications system of Claim 7, wherein said 2A-modulator comprises

at least one of a voltage controlled oscillator and a summing junction.
9. A method for controlling a communications system, said method comprising:

adjusting a feed-forward gain of a phase locked loop in response to a raw-error

signal of the phase locked loop; and

adjusting a slave oscillator of the phase locked loop in response to the feed-

forward gain;

wherein said adjusting a feed-forward gain of a phase locked loop in response

to a raw-error signal of the phase locked loop comprises:

controlling a time rate of change of the feed-forward gain proportional to a

time history of the raw-error signal,

wherein said controlling the time rate of change of the feed-forward gain

proportional to a time history of the raw-error signal comprises:
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creating a product of an input of a master oscillator of the phase locked loop

and the raw-error signal;
integrating the product; and
adjusting the feed-forward gain in response to said integrating the product.
5 10. The method of Claim 9, wherein said integrating the product comprises:

multiplying the product by an adaptation-module gain to produce an

adaptation-module scaled product.
11. The method of Claim 9, wherein said integrating the product comprises:

multiplying the product by an adaptation-module gain to produce an

10 adaptation-module scaled product;

summing the adaptation-module scaled product with a leakage-factor scaled

feedback integration result; and

integrating a result of said summing the adaptation-module scaled product with

the leakage-factor scaled feedback integration result.

15 12. The method of Claim 9, wherein said adjusting the feed-forward gain in

response to said integrating the product comprises:

summing a result of said integrating the product with a proportional-

contribution scaled version of the product.

13. The method of Claim 9, wherein said adjusting a slave oscillator of the phase

20  locked loop in response to the feed-forward gain comprises:

adjusting an input of the slave oscillator of the phase locked loop in response to

a product of the feed-forward gain with an input of the phase locked loop.
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14, A communications system comprising:
a master oscillator having an output operably coupled to a first input of a phase
detector;

a slave oscillator having an output operably coupled to a second input of the

phase detector; and

a forward-gain-adaptation module having a first input operably coupled to a

filtered-error terminal of the phase detector;

wherein saild forward-gain-adaptation module having a first input operably

coupled to a filtered-error terminal of the phase detector comprises:

a forward-gain-adaptation module variable gain amplifier operably coupled

with the filtered-error terminal of the phase detector; and

a forward-gain-adaptation module integrator operably coupled with said

forward-gain-adaptation module variable gain amplifier and said slave oscillator.

13. The communications system of Claim 14, wherein said forward-gain-

adaptation module variable gain amplifier operably coupled with the filtered-error terminal of

the phase detector comprises:

a leading multiplier having a first input operably coupled to the filtered-error
terminal of the phase detector and a second input operably coupled to an input of said master

oscillator; and

said forward-gain-adaptation module variable gain amplifier having an input

operably coupled with an output of said leading multiplier.

16. The communications system of Claim 14, wherein said forward-gain-

adaptation module integrator operably coupled with said forward-gain-adaptation module

variable gain amplifier and said slave oscillator comprises:
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said forward-gain-adaptation module integrator having an input operably

Coupled with an output of said forward-gain-adaptation module variable gain amplifier; and

a trailing multiplier having a first input operably coupled to an output of said
forward-gain-adaptation module integrator, a second input operably coupled to the input of

said master oscillator, and an output operably coupled to an input of said slave oscillator.

17. The communications system of Claim 16, wherein said forward-gain-
adaptation module integrator having an input operably coupled with an output of said

forward-gain-adaptation module variable gain amplifier comprises:

a leakage-factor variable gain amplifier having an input operably coupled with
the output of said forward-gain-adaptation module integrator and an output operably coupled

with the input of said forward-gain-adaptation module integrator.

18. The communications system of Claim 16, wherein said forward-gain-
adaptation module variable gain amplifier operably coupled with the filtered-error terminal of

the phase detector comprises:

a leading multiplier having a first input operably coupled to the filtered-error
terminal of the phase detector and a second input operably coupled to an input of said master

oscillator; and

said forward-gain-adaptation module variable gain amplifier having an input

operably coupled with an output of said leading multiplier;

wherein said trailing multiplier having a first input operably coupled to an
output of said forward-gain-adaptation module integrator, a second input operably coupled to
the 1nput of said master oscillator, and an output operably coupled to an input of said slave

oscillator comprises:

a proportional-contribution variable gain amplifier having an input operably

coupled with the output of said leading multiplier and an output operably coupled with the

second input of said trailing multiplier.
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19. A communications system comprising:
a master oscillator having an output operably coupled to a first input of a phase
detector;

a slave oscillator having an output operably coupled to a second input of the

phase detector; and

a forward-gain-adaptation module having a first input operably coupled to a

filtered-error terminal of the phase detector; further comprising

a disturbance-cancellation module having a first input operably coupled to a
filtered-error terminal of the phase detector and a first output operably coupled to said slave

oscillator.

20. The communications system of Claim 19, wherein said disturbance-
cancellation module having a first input operably coupled to a filtered-error terminal of the

phase detector and a first output operably coupled to said slave oscillator comprises:

a first summing junction, having a first input operably coupled with the first
output of the disturbance-cancellation module, and a second input operably coupled with the

filtered-error terminal; and

sald slave oscillator operably coupled with an output of said first summing

junction.

21. The communications system of Claim 20, wherein said slave oscillator

operably coupled with an output of said first summing junction comprises:

a second summing junction, having a first input operably coupled with the
output of said first summing junction, a second input operably coupled with an output of said

forward-gain adaptation-module, and an output operably coupled with said slave oscillator.
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22. The communications system of Claim 19, wherein said disturbance-
cancellation module having a first input operably coupled to a filtered-error terminal of the

phase detector and a first output operably coupled to said slave oscillator comprises:

a disturbance-cancellation-module variable gain amplifier operably coupled

with the filtered-error terminal of the phase detector; and

a disturbance-cancellation-module integrator operably coupled with said

disturbance-cancellation-module variable gain amplifier and said slave oscillator.

23. The communications system of Claim 22, wherein said disturbance-
cancellation-module integrator operably coupled with said disturbance-cancellation-module

variable gain amplifier and said slave oscillator comprises:

said disturbance-cancellation-module integrator having an input operably

coupled with an output of said disturbance-cancellation-module variable gain amplifier.

24, The communications system of Claim 23, wherein said disturbance-
cancellation-module integrator having an input operably coupled with an output of said

disturbance-cancellation-module variable gain amplifier comprises:

a disturbance-cancellation-module leakage-factor variable gain amplifier
having an input operably coupled with the output of said disturbance-cancellation-module

integrator and an output operably coupled with the input of said disturbance-cancellation-

module integrator.

25. The communications system of Claim 22, wherein said disturbance-
cancellation-module integrator operably coupled with said disturbance-cancellation-module

variable gain amplifier and said slave oscillator comprises:

a disturbance-cancellation-module proportional-contribution variable gain
amplifier having an input operably coupled with the filtered-error terminal of the phase

detector and an output operably coupled with said slave oscillator.
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26. The communications system of Claim 14, wherein said communications

system comprises a hand-held phone or a communications base station.

27. A communications system comprising:

a master oscillator having an output operably coupled to a first input of a phase

detector;

a slave oscillator having an output operably coupled to a second input of the

phase detector; and

a forward-gain-adaptation module having a first input operably coupled to a

filtered-error terminal of the phase detector;

wherein said slave oscillator having an output operably coupled to a second
input of the phase detector further comprises a XA-modulator operably coupled between the

output of the slave oscillator and the second input of the phase detector.

28. The communications system of Claim 27, wherein said XA-modulator

comprises at least one of a voltage controlled oscillator and a summing junction.
29. A method for controlling a communications system, said method comprising:

adjusting a feed-forward gain of a phase locked loop in response to a filtered-

error signal of a phase locked loop;
creating a disturbance-cancelled filtered-error signal; and

adjusting a slave oscillator of the phase locked loop in response to the teed-

forward gain and the disturbance-cancelled filtered-error signal.

30. The method of Claim 29, wherein said adjusting a feed-forward gain of a phase

locked loop in response to a filtered-error signal of a phase locked loop comprises:



10

15

20

CA 02496526 2012-10-15
74769-1041

35

controlling a time rate of change of the feed-forward gain proportional to a

time history of the filtered-error signal.

31. The method of Claim 30, wherein said controlling the time rate of change of

the feed-forward gain proportional to a time history of the filtered-error signal comprises:

creating a product of an input of a master oscillator of the phase locked loop

and the filtered-error signal;

integrating the product; and

adjusting the feed-forward gain in response to said integrating the product.
32. The method of Claim 31, wherein said integrating the product comprises:

multiplying the product by a forward-gain-adaptation module gain to produce a

forward-gain-adaptation module scaled product.
33. The method of Claim 31, wherein said integrating the product comprises:

multiplying the product by a forward-gain-adaptation module gain to produce a

forward-gain-adaptation module scaled product;

summing the forward-gain-adaptation module scaled product with a leakage-

tactor scaled feedback integration result; and

integrating a result of said summing the forward-gain-adaptation module scaled

product with the leakage-factor scaled feedback integration result.

34, The method of Claim 31, wherein said adjusting the feed-forward gain in

response to said integrating the product comprises:

summing a result of said integrating the product with a proportional-

contribution scaled version of the product.
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35. The method of Claim 29, wherein said creating a disturbance-cancelled

filtered-error signal comprises:
integrating the filtered-error signal; and

summing the filtered-error signal with a result of said integrating.

36. The method of Claim 35, wherein said integrating the filtered-error signal

comprises:

multiplying the filtered-error signal by a disturbance-cancellation-module gain

to produce a disturbance-cancellation-module scaled filtered-error signal.

37. The method of Claim 35, wherein said integrating the filtered-error signal

COMprises:

multiplying the filtered-error signal by a disturbance-cancellation-module gain

to produce a disturbance-cancellation-module scaled filtered-error signal;

summing the disturbance-cancellation-module scaled filtered-error signal with

a disturbance-cancellation-module leakage-factor scaled feedback integration result; and

integrating a result of said summing the disturbance-cancellation-module

scaled filtered-error signal with the disturbance-cancellation-module leakage-factor scaled

feedback integration result.

38. The method of Claim 29, wherein said creating a disturbance-cancelled

filtered-error signal comprises:

integrating the filtered-error signal;

summing a result of said integrating the filtered-error signal with a

proportional-contribution scaled version of the filtered-error signal; and



CA 02496526 2012-10-15

74769-1041

37

summing the filtered-error signal with a result of said summing the result of
said integrating the filtered-error signal with the proportional-contribution scaled version of

the filtered-error signal.

39. The method of Claim 29, wherein said adjusting a slave oscillator of the phase

locked loop in response to the feed-forward gain and the disturbance-cancelled filtered-error

signal comprises:

adjusting an input of the slave oscillator of the phase locked loop in response to
a summation of a product, between the feed-forward gain and an input of the phase locked

loop, with the disturbance-cancelled filtered-error signall.
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