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PLASMA LAMP WITH STABLE FEEDBACK
AMPLIFICATION AND METHOD THEREFOR

CROSS-REFERENCE

This application claims benefit of priority to U.S. Provi-
sional Application Ser. No. 60/730,720 filed on Oct. 27, 2005,
U.S. Provisional Application Ser. No. 60/730,654 filed on
Oct. 27, 2005, U.S. Provisional Application Ser. No. 60/730,
785 filed on Oct. 27, 2005, U.S. Provisional Application Ser.
No. 60/730,950 filed on Oct. 27, 2005, U.S. Provisional
Application Ser. No. 60/730,953 filed on Oct. 27, 2005 and
U.S. Provisional Application Ser. No. 60/730,786 filed on
Oct. 27, 2005, the entire contents of which are herein incor-
porated by reference.

BACKGROUND

1. Field

The field of the present invention relates to systems and
methods for generating light, and more particularly to elec-
trodeless plasma lamps.

2. Background

Electrodeless plasma lamps may be used to provide point-
like, bright, white light sources. Because electrodes are not
used, they may have longer useful lifetimes than other lamps.
Some plasma lamps direct microwave energy into an air
cavity, with the air cavity enclosing a bulb containing a mix-
ture of substances that can ignite, form a plasma, and emit
light. However, for many applications, light sources that are
brighter, smaller, less expensive, more reliable, and have
longer useful lifetimes are desired.

Some plasma lamps use a solid dielectric waveguide body.
An amplifier may be used to provide power to the waveguide
body at a frequency causing it to resonate. A positive-feed-
back loop may be used to maintain resonance during opera-
tion of the lamp. Feedback obviates the need for precise
prediction and implementation of the resonant frequency,
enabling manufacturing tolerances on the body to be relaxed.
Moreover, feedback maintains coupling across resonant fre-
quency changes associated with large temperature swings.
Instead of requiring a precisely tuned microwave source at a
predicted, preselected operating frequency, an amplifier with
a feedback loop can be used to adjust to changing lamp
conditions during operation.

What is desired are improved systems and methods for
providing power to, and obtaining feedback from, a plasma
lamp to maintain a resonant condition. What is also desired
are systems and methods for stable operation of a plasma
lamp using amplifiers that have unstable regions of operation.

SUMMARY

An example embodiment provides a plasma lamp includ-
ing a waveguide body of dielectric material having a dielec-
tric constant greater than about 2, a plasma bulb adjacent to
the body, first and second probes positioned within the body,
and an amplifier coupled to the first and second probes. The
amplifier includes an unstable region of operation. A phase
exists where the load trajectory would cross the unstable
region of the amplifier. The lamp further includes means for
ensuring amplifier stability under all operating conditions.
For example, the transmission lines may be selected to pro-
vide for stable operation or phase shifting may be used to
provide for stable operation.

In an example embodiment, the lamp may include means
for critically coupling the amplifier to the first probe after the
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plasma reaches steady state. For example, phase shifting may
beused to critically couple the amplifier to the first probe after
the plasma reaches steady state.

In a further example embodiment, a method of generating
light is provided. A lamp body and a bulb have a load trajec-
tory from start-up to steady state operation. Power is coupled
to the lamp body from an amplifier using feedback from the
lamp body. A phase exists such that the load trajectory would
cross the unstable region of operation. The phase of the feed-
back is adjusted such that the load trajectory does not cross
the unstable region of the amplifier.

In another example embodiment, a method is provided for
configuring a plasma lamp, powered by an amplifier, with a
positive-loop feedback topology such that the amplifier
remains stable and the loop resonant for all operating condi-
tions. The method may include, for all load conditions, mea-
suring at an amplifier input the magnitude and phase of the
outgoing and reflected electric fields; for each load condition,
determining a load trajectory by plotting the field-ratio on a
complex plane; identifying regions on the complex plane
where the amplifier is stable and unstable; and overlaying the
regions on the load trajectory to predict circuit behavior. The
circuit design may then be selected to operate within the
stable regions by selecting transmission lines that will cause
operation in the stable regions or by using phase shifting to
operate the lamp in the stable regions.

A more complete understanding of the present invention
and other aspects and advantages thereof will be gained from
a consideration of the following description of example
embodiments read in conjunction with the accompanying
drawing figures provided herein. In the figures and descrip-
tion, numerals indicate the various features of example
embodiments, like numerals referring to like features
throughout both the drawings and description.

INCORPORATION BY REFERENCE

All publications and patent applications mentioned in this
specification are herein incorporated by reference to the same
extent as if each individual publication or patent application
was specifically and individually indicated to be incorporated
by reference.

BRIEF DESCRIPTION OF THE DRAWINGS

The novel features of the invention are set forth with par-
ticularity in the appended claims. A better understanding of
the features and advantages of example embodiments will be
obtained by reference to the following detailed description, in
which:

FIG. 1 schematically depicts a cross-sectional view of a
plasma lamp using an amplifier with an unstable region of
operation according to an example embodiment.

FIG. 2 schematically depicts a positive-feedback loop bro-
ken at the amplifier input.

FIG. 3A schematically depicts I', the reflection coefficient.

FIG. 3B illustrates a load trajectory polar-plot where I"
changes in phase but not in magnitude.

FIG. 3C illustrates a load trajectory polar-plot where I"
changes in magnitude but not in phase.

FIG. 4A is a load trajectory polar-plot for an amplifier that
is stable over the entire load trajectory of a lamp for any phase.

FIG. 4B depicts a load trajectory polar-chart for an
example amplifier which has stable and unstable regions of
operation.

FIG. 5A schematically depicts an example plasma lamp
circuit using an amplifier in an unstable configuration.
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FIG. 5B schematically depicts the FIG. SA lamp circuit
with the cable connecting the amplifier output and drive probe
altered in length to provide for stable operation of the ampli-
fier.

FIG. 5C is a polar-chart overlaying the regions of stability
and instability on the load trajectories of the FIGS. 5A and 5B
lamp circuits.

FIG. 6A schematically depicts an example plasma lamp
circuit using an amplifier in an unstable configuration.

FIG. 6B schematically depicts the FIG. 6 A lamp circuit
modified by inserting a phase-shifter between the amplifier
output and drive probe to provide for stable operation of the
amplifier.

FIG. 6C schematically depicts the FIG. 6 A lamp circuit
modified by inserting a phase-shifter and an attenuator
between the amplifier output and drive probe to provide for
stable operation of the amplifier.

FIG. 6D is a polar-chart overlaying regions of stability and
instability on the load trajectories ofthe FIGS. 6A, 6B and 6C
lamp circuits.

FIG. 7A schematically depicts an example plasma lamp
having a cylindrical waveguide body and a drive probe, feed-
back probe, and start probe. The feedback probe is connected
to the drive probe by an amplifier and a splitter, and connected
to the start probe by the amplifier, splitter, and a phase-shifter.

FIG. 7B schematically depicts an example plasma lamp
having a cylindrical body and a drive probe, feedback probe,
and start probe. The feedback probe is connected to the drive
probe and start probe by an amplifier and a circulator.

FIG. 8A schematically depicts an example plasma lamp
having a cylindrical body and a drive probe and feedback
probe connected by an amplifier. A start resonant mode is
used before plasma formation, and a drive resonant mode is
used to power the plasma to steady state.

FIG. 8B schematically depicts an example plasma lamp
having a cylindrical body and a drive probe and feedback
probe connected by first and second amplifiers and first and
second diplexers.

FIG. 9A schematically depicts an example plasma lamp
having a cylindrical body and a drive probe, feedback probe,
and start probe. The feedback probe is connected to the drive
probe and start probe by an amplifier and a diplexer.

FIG. 9B schematically depicts an example plasma lamp
having a cylindrical body and a drive probe, feedback probe,
and start probe. The feedback probe is connected to the drive
probe by a diplexer and a first amplifier, and to the start probe
by the diplexer and a second amplifier.

FIG. 10A is a side view of a lamp according to an example
embodiment with a connector to a drive probe and a connec-
tor to a feedback probe according to an example embodiment.

FIG. 10B is a chart illustrating coupling between a port for
a drive probe and a port for a feedback probe for the lamp of
FIG. 10A as a function of frequency during periods of lamp
operation from ignition to steady state.

FIG. 10C is a flow chart of a method for operating a lamp
according to an example embodiment.

FIG. 10D is a flow chart of a method for brightness adjust-
ment according to an example embodiment.

DETAILED DESCRIPTION

While the present invention is open to various modifica-
tions and alternative constructions, the example embodi-
ments shown in the drawings will be described herein in
detail. It is to be understood, however, there is no intention to
limit the invention to the particular forms disclosed. On the
contrary, it is intended that the invention cover all modifica-
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tions, equivalences and alternative constructions falling
within the spirit and scope of the invention as expressed in the
appended claims.

As shown in FIG. 1, an example embodiment provides a
plasma lamp 20 with a waveguide body 22 comprising a
dielectric material. In an example embodiment, the
waveguide body 22 may have a dielectric constant greater
than 2. For example, the body 22 may be solid and comprise
alumina or other dielectric material. A power source, such as
an amplifier 24, may be coupled to the waveguide body 22 to
provide power to the waveguide at a frequency in the range of
50 MHz to 30 GHz or any range subsumed therein. The
amplifier 24 may be coupled to a drive probe 26 to provide
power to the waveguide body 22. The drive probe 26 may be
inserted into an opening formed in the waveguide body and
may be in direct contact with the waveguide body 22 to
effectively couple power into the waveguide body. A feed-
back probe 28 may be coupled to the waveguide body 22 and
the amplifier 24 to obtain feedback from the waveguide body
22 and provide it to the amplifier 24. The feedback probe 28
may be inserted into an opening formed in the waveguide
body 22 and may be in direct contact with the waveguide body
22 to effectively obtain feedback from the waveguide body
22. A bulb 25 may be positioned to receive power from the
waveguide body 22. The bulb 25 may contain a gas-fill that
forms a plasma and emits light when power is provided from
the waveguide body 22 to the bulb 25. In some embodiments,
the bulb 25 may be positioned in an opening formed in the
waveguide body 22.

Inthe example embodiment of FIG. 1, the waveguide body
22 is configured to resonate when power is provided by the
amplifier 24 to the drive probe 26 at a particular frequency.
However, the ignition of the plasma in the bulb 25 and heating
of'the bulb 25 and the waveguide body 22 may cause resonant
conditions to change (for example, due to changes in the load
characteristics and thermal expansion of the bulb 25 and
waveguide body 22). The feedback adjusts to changing lamp
conditions to sustain oscillation.

In the example embodiment of FIG. 1, the amplifier 24 is
unstable in regions of its operation. An unstable amplifier
may have higher performance than an amplifier that is stable
throughout the full range of operating conditions and load
trajectories that can be used by the lamp. While it may be
desirable to use amplifiers with some unstable regions, this
may cause failure during operation and, in some cases, may
cause the amplifier to explode. As described above, the load
characteristics of the lamp 20 may change during operation
due to ignition of the plasma, thermal expansion and adjust-
ments to the feedback loop. As a result, the amplifier 24 is
required to operate across a range of operating conditions and
may fail if the operating conditions fall within an unstable
region of the amplifier 24. Accordingly, example embodi-
ments provide systems and methods for using amplifiers with
unstable regions of operation, while providing for stable
operation of an electrodeless plasma lamp.

The plasma lamp 20 of FIG. 1 is an example only and other
lamp embodiments may also be utilized, such as those dis-
closed in co-pending U.S. applications: provisional applica-
tion Ser. No. 60/730,654, titled “Plasma Lamp Using a
Shaped Waveguide Body”; provisional application Ser. No.
60/730,785, titled “Plasma Lamp and Methods Using a
Waveguide Body and Protruding Bulb” filed Oct. 27, 2005;
provisional application Ser. No. 60/730,950, titled “Plasma
Lamp with Compact Waveguide” filed Oct. 27, 2005; provi-
sional application Ser. No. 60/730,953, titled “High Bright-
ness Plasma Lamp” filed Oct. 27, 2005; and provisional appli-
cation Ser. No. 60/730,786, titled “Plasma Lamp with Phase
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Control” filed Oct. 27, 2005, each of which is incorporated
herein by reference in its entirety.

The topology of FIG. 1 is a positive-feedback loop. Posi-
tive feedback loops can be used to sustain oscillations at
frequencies satisfying two basic conditions. First, the loop’s
gain, provided by an amplifier, is greater than the total loss in
the loop. Secondly, the total phase shift of an electromagnetic
wave traversing the loop is such that the wave reproduces
itself, and thus, undergoes some N-multiple of 2m in phase
change, so as to constructively form a stationary wave. This
concept is illustrated in F1G. 2 which shows the “open-loop”
system associated with the “closed-loop” system of FIG. 1.
The “feedback loop” 30F is “broken™ at an arbitrary point,
here amplifier input port 24 A. Defining the input of the open-
loop system as Port-1 and its output as Port-2, a complex
multiplier S,, takes a wave from Port-1 to Port-2. S, typi-
cally varies as a function of frequency; at any given fre-
quency, the required conditions for resonance are: IS,,/>1;
and angle (S,,)=2nN. These two conditions select for a series
of possible frequencies. From the loop’s perspective, the
waveguide body behaves as a lossy narrow band-pass filter;
any element in the loop having a band-pass spectral charac-
teristic serves to select a single preferred frequency of oscil-
lation. The cavity selects its resonant frequency to pass from
the feedback probe to the drive probe. This signal is then
amplified and delivered back into the cavity via the drive
probe. Oscillation persists when the net phase shift of the total
loop, consisting of feedback loop 30F and “drive loop™” 30D,
is such that a frequency preferred by the body is also one
which constructively forms stationary waves in feedback
loop 30F.

FIG. 3A illustrates the definition of a parameter I', the
“reflection coefficient,” a measure of the changing load con-
dition over the various phases of lamp operation, particularly
the transition from cold gas at start-up to hot plasma at steady
state. I, defined with respect to a reference plane “RP” at the
amplifier output, is the ratio of the “reflected” electric field E,,
heading into the amplifier, to the “outgoing” electric fieldE_,,,
traveling out. Being a ratio of fields, I' is a complex number
with a magnitude and phase. A useful way to depict changing
conditions in a system is to use a “polar-chart” plot of I"s
behavior (termed a “load trajectory”) on the complex plane.
Because I' is generally dispersive, and thus frequency depen-
dent, a polar-plot depicts 1" at a particular frequency. As
depicted in FIG. 3B, if I" changes in phase but not in magni-
tude the load trajectory(ies) will be circular. Circuit alter-
ations leading to a circular load trajectory include altering the
lengths (and therefore the phase of propagation) of one or
both transmission lines (here, cables), and/or altering the
reactance (capacitance and/or inductance) of circuit compo-
nents. Such compensation may be useful for adjusting the
starting angle of I'. As depicted in FIG. 3C, if I changes in
magnitude but not in phase the load trajectory(ies) will be
radial. The magnitude of E,, is inversely related to the power
coupled from the amplifier to its load. Thus, the lower the
magnitude of I" and thus the closer to the origin, the better the
load absorbs power from the amplifier. We have observed that
the effect of lamp start-up and plasma formation is to trace out
mainly radial I"’s.

I" may be used to determine amplifier stability. We define
two categories of stability behavior: “S”—stable for a I’
crossing that region on the polar-chart; and “U”—unstable so
that for a I" crossing that region, the amplifier exhibits failure
conditions such oscillation and/or catastrophic failure. The
stable region of some amplifiers depends upon the bias volt-
age applied to the amplifier. The regions that require a par-
ticular bias voltage in order to be stable are sometimes
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referred to as “conditionally stable.”” In example embodi-
ments, these regions are considered stable if the required bias
voltage is applied, and unstable if the bias voltage is not
applied. In designing an amplifier circuit for a lamp, regions
of'S and U may first be identified on a polar-chart, overlaying
them on the load trajectory to predict circuit behavior.

FIG. 4A is a polar-plot for an amplifier that is stable over
load trajectories I'T1 and LT2 for any phase. This amplifier
would be stable even if connected so that the load trajectories
had a different phase. As a result, this amplifier is considered
stable across the load trajectories L'T1 and LT2 for a lamp,
regardless of phase-shifting caused by the feedback circuit or
transmission lines connecting the amplifier to the waveguide
body. As described above, it may be desirable to use an
amplifier that has unstable regions that could be traversed by
the load trajectory of a lamp for at least some phases and
magnitudes; however, the phase and/or magnitude may be
constrained by the design of the feedback circuit in accor-
dance with example embodiments so that, in operation, the
load trajectory avoids the unstable regions of the amplifier.
FIG. 4B is a polar-plot for an amplifier with limited regions of
stability. Load trajectory LT3 would result in acceptable sys-
tem behavior, while load trajectory LT4 (the same load tra-
jectory at a different phase) would result in system failure.

Unless a suitable amplifier with unconditional stability is
used, simultaneously ensuring amplifier stability and feed-
back loop resonance in a plasma lamp utilizing positive-
feedback may require compensation. Example techniques for
compensation to provide for stable lamp operation are dis-
closed herein. These example techniques allow amplifiers
with unstable regions of operation to be used with a plasma
lamp. In some embodiments, the load trajectory and reso-
nance condition may be independently tuned. This takes
advantage of the fact that while I" depends on the character-
istics of transmission between the amplifier output and the
load (lamp), loop resonance depends on the transmission of
the entire loop.

One example compensation technique, generically
referred to herein as the “loop-tuning length” method, is to
choose the length L, of transmission line L1 connecting the
amplifier to the drive probe to tune the phase shift from the
amplifier to the drive probe for operation in a stable region of
the amplifier. Propagation in a transmission line of an elec-
tromagnetic wave with wavelength A over a distance L. intro-
duces a phase shift ®=2n(I./A); and while in general the wave
amplitude is decreased by conductive loss in the transmission
line (typically expressed in units of decibels per meter (dB/
m)), for the short length involved in coupling the amplifier to
the drive probe, this loss is negligible in example embodi-
ments. Thus, the primary effect of adjusting [, in example
embodiments is to rotate the starting point of the load trajec-
tory along a circle of nearly constant radius on the I'-plane. In
example embodiments, it has been observed that the primary
effect ofalamp starting from a cold state with high reflectivity
to a hot state with low reflectivity is to move radially inward
on the I"-plane, with relatively little phase change. Therefore,
once the regions of amplifier stability are known, length L,
can be adjusted to ensure that the I'-trace passes only through
those regions. This is illustrated by way of example in FIGS.
5A, 5B and 5C. The FIG. 5A system has a load trajectory LT5
(FI1G. 5C) causing amplifier instability as the lamp transitions
from cold to hot. The compensation technique (FIG. 5B) is to
change the length of connecting cable L1 from L1 to L, +AL, .
This rotates the starting point P6 (FIG. 5C) of load trajectory
LT6 such that the cold-to-hot load trajectory remains within
the stable region S. In example embodiments, the load trajec-
tory is rotated to be well within the stable region. In the event



US 7,638,951 B2

7

of any deviations during operation, the amplifier will remain
stable. For instance, in FIG. 5C the load trajectory L'T6 is at
least 45° from any unstable region. Thus, for the same mag-
nitudes, the phase could shift by 45° and still remain within a
stable region. In other embodiments, the angular distance
between the typical load trajectory for the lamp and the
unstable region of the amplifier in either direction may be
selected to be in the range of 5°-90°, or any range subsumed
therein. In some examples, the angular distance may be at
least 15°, 30°, 45° or 60° in one direction from the load
trajectory to the boundary of the unstable region and may be
atleast 15°,30°, 45° or 60° in the other direction. The angular
distance in one direction may not be the same as the angular
distance in the other direction, and any combination of the
above distances may be used in example embodiments. In
some example embodiments, the angular distance in each
direction for the load trajectory to the unstable region may be
the same (essentially centering the load trajectory in the
stable region) or be substantially the same (for example, +5°
or £10° in one direction vis-a-vis the other).

In example embodiments, resonance conditions for the
feedback loop are satisfied in the presence of phase shifts
associated with tuning for amplifier stability. As the reso-
nance condition depends on the total loop phase shift, the
technique is to first adjust length L, to satisfy amplifier sta-
bility, and then adjust the length L, of transmission line 1.2
such that the total loop phase shift is a multiple of 2x. In
practice, the latter step may be performed by trial and error
until good loop resonance is achieved.

A second example compensation technique, generically
referred to herein as the “tunable phase-shifter” method is to
adjust the phase and/or magnitude using circuit elements. In
an example embodiment, an adjustable phase-shifter is used
between the amplifier and waveguide body. One example
embodiment of a phase-shifter is a passive LC-circuit that is
reactive at frequencies of interest. This permits manual tuning
of the loop phase. Another example embodiment is an
“active” phase-shifter controlled by a controller such as a
microprocessor, microcontroller or other control circuit. In
some example embodiments, the controller may be external
to the phase-shifter. In other example embodiments, the con-
troller may be integrated with the phase-shifter. Active design
permits optimization of the loop phase both at lamp start-up
and after the lamp reaches steady state. For example, the
PS214-315 voltage-controlled phase-shifter commercially
available from Skyworks Solutions, Inc. of Woburn, Mass.
may be used in some embodiments.

An adjustable attenuator, when placed in series with the
phase-shifter, permits simultaneous adjustment of the mag-
nitude and phase of the load trajectory’s starting point. The
latter arrangement is shown in FIG. 6C where a phase-shifter
40 and attenuator 42 are connected between amplifier output
port 24B and drive probe 26. As in FIG. 5A, the load trajec-
tory LT7 (FIG. 6D) of the FIG. 6A lamp circuit is almost
entirely in the unstable region U. FIG. 6B shows the FIG. 6A
lamp circuit modified by inserting a phase-shifter 44 between
the amplifier output and drive probe. Phase-shifter 44 is used
to rotate the starting point P8 of I" such that load trajectory
LT8 remains within the stable region S through lamp start-up.
In this example, a variable attenuator is not used, as indicated
by the magnitude (radial distance from the origin) of I’
remaining unchanged in the load trajectory. FIG. 6D depicts
a scenario where phase-shifter 40 or 44 has been adjusted to
match the phase shift caused by length AL1 (see FIG. 5B) so
that the FIGS. 5C and 6D polar-charts match. This is an
example only, and other approaches may also be used. Once
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phase-shifter 40 or 44 is adjusted for amplifier stability,
length L, is adjusted for loop resonance.

As described above, the feedback circuit may be adjusted
to position the load trajectory within a stable region of opera-
tion for the amplifier. The position may be well within the
stable region with angular distance in the range of 5°-90°; or
any range subsumed therein, between the load trajectory and
the boundary of the unstable region. The feedback circuit may
be tuned in example embodiments to position the load trajec-
tory so that the angular distance between the load trajectory
and the unstable region is within any of the ranges described
above in connection with FIG. 5C.

FIGS. 7A and 7B schematically depict example three-
probe plasma lamps 50, 70, respectively, having the common
feature of a start probe 52, 72, respectively, and a drive probe
54, 74, respectively, differing in their degree of coupling to
the single resonant mode used in lamp operation. The start
probe may be positioned such that it couples efficiently while
the bulb gas-fill is cold, and the drive probe may be positioned
such that it couples efficiently when the plasma is at its steady
state operating temperature. Lamp 50 includes a splitter 56
and phase-shifter 58; as the temperature changes, power is
delivered to the probe offering the lower impedance. Lamp 70
includes an RF circulator 76 such that power reflected from
start probe 72 is shunted to drive probe 74 during steady state
operation. In order to discuss the appropriateness and effec-
tiveness of the two compensation methods and their several
techniques disclosed above, lamps 50 and 70 are assumed to
have identical transmission lines: [.1a, which in lamp 50
connects splitter 56 to drive probe 54, and in lamp 70 connects
circulator 76 to drive probe 74; .15, which in lamp 50 con-
nects phase-shifter 58 to start probe 52, and in lamp 70 con-
nects circulator 76 to start probe 72; and [.2, which in lamp 50
connects input port 60A of amplifier 60 to feedback probe 62,
and in lamp 70 connects input port 80A of amplifier 80 to
feedback probe 82. In this example, amplifier 80 has unstable
regions of operation.

For both lamps, I, calculated at the amplifier’s output port,
depends in a reactive way (the load trajectory is a circular
trace on the polar-plot) although, unlike the FIGS. 5A-C and
FIGS. 6A-C lamps there are now two degrees of freedom
because the length of .1a and/or 115 can be changed. Given
the amplifier’s stability map, either or both lengths [.1a, [.156
can be adjusted so as to rotate the starting point of I" such that
a cold-to-hot load trajectory remains within the stable region.
The feedback circuit may be tuned in example embodiments
to position the load trajectory so the angular distance between
the load trajectory and the unstable region is within any of the
ranges described above in connection with FIG. 5C.

The tunable phase-shifter method is applicable to the
FIGS. 7A and 7B lamps. A phase-shifter, or a phase-shifter
and an attenuator, can be inserted into either line L1a or L15;
a phase-shifter is not required to be inserted in both lines in
this embodiment. In the FIG. 7A lamp, a phase-shifter and
attenuator are already present. Finally, transmission line [.2
may be independently tuned so as to achieve a resonance
condition in the feedback loop. The feedback circuit may be
tuned in example embodiments to position the load trajectory
so the angular distance between the load trajectory and the
unstable region is within any of the ranges described above in
connection with FIG. 5C.

FIGS. 8A and 8B schematically depict two-probe plasma
lamps 90, 100, respectively, having the common feature of
utilizing two resonant modes: a “drive” mode M1 at the
frequency of the cavity fundamental mode; and a “start”
mode M2 at the frequency of a cavity higher order mode.
Using two cavity modes, it is possible to design a drive probe
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that is critically coupled both before plasma formation and
after the plasma reaches steady state. Drive probe 92, 102,
respectively, and feedback probe 94, 104, respectively, are
positioned so as to couple to both modes. Lamp 100 includes
two amplifiers 106, 108, either or both of which may have
unstable regions of operation in example embodiments. The
two amplifiers independently power, respectively, the drive
and start modes. Diplexer D1 combines the two frequencies
going into drive probe 102, and a second diplexer D2 sepa-
rates the two frequencies coming out of feedback probe 104.

Because the reflection coefficient I is frequency dependent
and orthogonality is a fundamental property of the resonant
modes, I'; calculated for the drive mode is independent of ',
calculated for the start mode. All of the techniques of the
loop-tuning length and tunable phase-shifter methods are
potentially applicable, but in this example are implemented
one frequency at a time. In this example, the general method
is to first map the S and U regions for the amplifier(s) at both
the start and drive frequencies, and then separately apply a
compensation technique tailored to each frequency. While the
techniques apply separately to each frequency, they do not
necessarily apply independently. For example, in lamp 90 the
single amplifier 96 needs to be configures such that it is stable
for both frequencies. If the .1 compensation technique is
used, L, is adjusted such that the load trajectory traverses the
S region for both frequencies. If a phase-shifter is used, it may
operate at both frequencies in example embodiments, and the
phase shift is adjusted so that the load trajectory only
traverses S regions for both frequencies. The presence of two
loops, the L.2-amplifier 106-L1-probes/bulb loop for I'; and
the [.2-amplifier 108-L.1-probes/bulb loop for I',, means that
the loop phase shifts can be adjusted independently. The
feedback circuit may be tuned in example embodiments to
position the load trajectory so the angular distance between
the load trajectory and the unstable region is within any of the
ranges described above in connection with FIG. 5C.

FIGS. 9A and 9B schematically depict example three-
probe lamps 120, 130, respectively, which use a cavity higher
order mode M4 before plasma formation, and the cavity fun-
damental mode M3 to power the plasma to reach and maintain
a steady state. Lamp 120 has drive, feedback and start probes
122, 124, 126, respectively, and a single amplifier A1 con-
nected to a diplexer D3, which may have unstable regions of
operation in this example embodiment. Lamp 130 has drive,
feedback and start probes 132, 134, 136, respectively, and
separate amplifiers A2, A3, either or both of which may have
unstable regions of operation in this example embodiment,
connected in parallel to a diplexer D4, which power, respec-
tively, the drive and start modes. The configurations of lamps
120, 130 are “cleaner” than those of lamps 90, 100 because
compensation techniques can be applied both separately and
independently for each frequency. For lamp 120, I, corre-
sponds to the loop [.2-A1-L.1a-drive probe 122-bulb B1-1.2
feedback at the drive mode frequency, and may be adjusted by
independently varying L1a or inserting a phase-shifter, or a
phase-shifter and attenuator, in line L1a. I', corresponds to
the loop [.2-A1-L1b-start probe 126-1.2 feedback at the start
mode frequency, and may be independently adjusted by vary-
ing L.,, or inserting a phase-shifter, or a phase-shifter and
attenuator, in line [.15. For lamp 130, I'; corresponds to the
loop L.2-A2-[.1a-drive probe 132-bulb B2-1.2 feedback at the
drive mode frequency, and may be adjusted by independently
varying L, , or inserting a phase-shifter, or a phase-shifter and
attenuator, in line Lla. I', corresponds to the loop [.2-A3-
L1b-start probe 136-1.2 feedback at the start mode frequency,
and is independently adjusted by varying L, 5, or inserting a
phase-shifter, or a phase-shifter and attenuator, in line L15. In
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this example, the general method may be to map the S and U
regions for the amplifier(s) at the drive and start frequencies,
and then separately apply a compensation technique to each
frequency to ensure that the I'l and I'2 load trajectories
traverse S regions. The feedback circuit may be tuned in
example embodiments to position the load trajectory so the
angular distance between the load trajectory and the unstable
region is within any of the ranges described above in connec-
tion with FIG. 5C.

FIG. 10A is a side view of a lamp 1000 according to an
example embodiment. The lamp 1000 may be connected to a
control and feedback circuit of the type shown in FIG. 6B or
6C. The amplifier may have unstable regions of operation, but
the phase and magnitude are selected so that the amplifier
remains in a stable region during operation of the lamp. The
lamp has a connector 1002A to the drive probe that may be
connected to the output of the amplifier and a connector
1002B to the feedback probe that may be connected to the
input of the amplifier through the active phase shifter (or the
phase shifter may be located at the output of the amplifier).
Power is coupled into the waveguide body 1004 to ignite a
plasma in the bulb 1006. As shown in FIG. 10A, the bulb 1006
may protrude from the front surface 1008 of the waveguide
1004 which reduces the electric field intensity at the end of the
bulb.

An example ignition and startup sequence for lamp 1000
will now be described. FIG. 10B is a chart showing power
coupling from input connector 1002A to feedback connector
1002B as a function of frequency. The curve 1040 is an
approximation of the frequency response for the lamp 1000 in
its cold state when the plasma in the bulb 1006 is not ignited.
However, as the plasma ignites, the center frequency, peak
amplitude, and width of the resonance all shift due to chang-
ing impedance of the plasma. The positive feedback loop
automatically oscillates at a frequency based on the load
conditions and phase of the feedback signal. If the phase is
such that constructive interference occurs for waves of a
particular frequency circulating through the loop, and if the
total response of the loop (including the amplifier, the lamp,
and all connecting elements) at that frequency is such that the
wave is amplified rather than attenuated in a loop-traversal,
then the loop will oscillate that frequency. Because, in the
absence of a phase-shifter, the phase of a wave circulating
back to the same point in a loop depends on the ratio of its
wavelength (frequency) to the physical length of the loop (as
well as the dielectric constants of all intervening material),
whether a particular setting of the phase shifter induces con-
structive or destructive feedback is itself a function of fre-
quency. In this way, the phase shifter is used to finely-tune the
actual frequency of oscillation within the range supported by
the lamp’s resonant frequency response. In doing so, it also in
effect tunes how well power is coupled into the lamp, whose
absorption of the incoming RF power is itself a function of
frequency. Thus the phase shifter provides a control with
which the startup sequence may be optimized, as will be
described.

FIG. 10C is a flow chart of a method for operating a lamp
1000 according to an example embodiment. Referring to FIG.
10C, the lamp may be turned on at step 1010. At step 1010, the
lamp is in a cold state and the plasma is not ignited. Oscilla-
tion begins at the frequency shown at 1050 in FIG. 10B. As
the load conditions of the lamp change, the feedback loop
automatically adjusts the frequency and selects a frequency of
oscillation based on the resonant frequency for the load con-
ditions and the phase of the feedback signal. In order to spike
the power to expedite initial ignition of the plasma in the bulb,
the microcontroller causes the phase shifter to adjust the
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phase to over couple the power as shown at step 1012 in FIG.
10C. This forces oscillation at 1052, although this is not the
resonant frequency during ignition of the plasma. The “natu-
ral” oscillation would occur at the resonant frequency 1054
during ignition, but the selected phase causes destructive
interference at 1054 and constructive interference at 1052.
While reference is made to phases selected to cause oscilla-
tion at particular frequencies, it will be understood that the
microcontroller and phase shifter control the phase in this
example embodiment and not specific frequencies. The feed-
back loop automatically selects a frequency based on load
conditions and phase. The feedback loop may dynamically
adjust frequency throughout the ignition/startup process
based on these conditions, although the selected phase can
shift oscillation relative to the frequencies that would other-
wise occur as the load conditions change during ignition.

This state causes a high power level to be applied to the
bulb for a short period of time. The phase may be maintained
for a first period of time. In an example embodiment, the first
period is predetermined and controlled by the microprocessor
and may be in the range of, for example, 50 ms to 1 second or
any range subsumed therein. In an example embodiment, the
first period may be 100 ms. In some embodiments, this state
may cause the power level of the amplifier to exceed the
continuous wave (CW) power rating of the amplifier for a
short period of time. For example, an amplifier with a CW
power rating of 75 watts, 100 watts or 150 watts may be used
in various embodiments and the power provided by the ampli-
fier may exceed this level during step 1012 (by up to, for
example 10%-80% more than the CW power rating, or any
range subsumed therein). The power may then be lowered to
apower level at or below the CW power rating in step 1014 as
described below. The load impedance of the lamp in this state
is not well matched to the ideal load specified for the amplifier
(which may be, for example, 50 ohms in some example
embodiments). This state may be stressful on the amplifier in
some example embodiments and may be maintained for a
short period of time. In some example embodiments, the first
period of time may be selected to be less than the time speci-
fied for the pulsed power rating of the amplifier. This con-
figuration is an example only and other configurations may be
used to provide power during step 1012.

After the power is spiked during the first period of time, the
microcontroller causes the phase shifter to adjust the phase
for a second period of time as shown at step 1014. This causes
oscillation at the frequency shown at 1054 in FIG. 10C which
is at or near the resonant frequency during ignition. As
described above, while reference is made to particular fre-
quencies, it will be understood that the feedback loop may
dynamically adjust frequency throughout this process. The
impedance matching between the lamp and the amplifier is
better than during step 1012, but still may not be very good.
As the plasma becomes fully vaporized, the resonant fre-
quency may shift to 1056 in FIG. 10B, but the phase is not
adjusted for oscillation at this frequency. The second period
of time may be predetermined by the microcontroller and, in
example embodiments, may be between 5 and 20 seconds or
any range subsumed therein. In a particular example, the
second period of time is 9.9 seconds (e.g., 10 seconds less the
amount of time used for step 1012).

After the second period of time, the plasma may be fully
ionized as shown at step 1016 and the resonant frequency for
steady state operation of the lamp may be at or near 1056. As
shown at step 1018, the microcontroller may cause the phase
shifter to shift the phase to oscillate at the resonant frequency
1056 to maximize light output.
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The above method is an example only and other variations
may be used in some example embodiments. For example,
instead of'using predetermined periods of time set by a micro-
controller or other control circuit, lamp conditions (such as
brightness from sensor S in FIG. 26, the signal from the
feedback probe, a measurement of reflected power at the drive
probe or other operating condition of the lamp) may be used
to determine when and how to shift the phase in some
example embodiments. In other example embodiments, the
microcontroller may step through less than four phases (for
example two phases—an ignition phase and a phase for
steady state operation when the plasma is ionized) or more
than four phases (for example a range of phases at various
frequencies as the resonant frequency changes during igni-
tion and startup). The phase used to achieve desired lamp
operating conditions during initial ignition, startup and
steady state operation may be determined empirically in
example embodiments and/or through simulation/modeling
and/or by signals derived from lamp operating conditions
monitored by the microprocessor. In other example embodi-
ments, the phase selected for steady state operation may be
slightly out of resonance, so maximum brightness is not
achieved. This may be used to leave room for the brightness to
be increased and/or decreased in response to brightness con-
trol signals.

FIG. 10D is a flow chart of a method for brightness adjust-
ment according to an example embodiment. This example
method may be used in connection with a control and feed-
back circuit of the type shown in FIG. 26. As shown at 1020,
the microprocessor may receive a signal indicating the bright-
ness of the lamp should be adjusted. This signal may be
generated by a sensor S that samples the light from the bulb B.
The signal may also be provided by a brightness control or
based on timers or other triggers in the lamp. As shown at
1022, the microcontroller then causes the phase shifter PS4 to
adjust the phase. In an example embodiment, phase shifting
may be used to increase or decrease the brightness.

With either the ignition sequences or brightness adjust-
ments described above, the load trajectory is modified. For
example, the phase shifts used to spike power for ignition
cause the load trajectory to have more circular and radial
motion on the polar chart. If the phase is not controlled
correctly, this may cause the load trajectory to cross an
unstable region of the amplifier. For instance, the phase shifts
used for ignition or brightness adjustment may cause a circu-
lar movement of from 0 to 180 degrees or any range subsumed
therein. The load trajectory may otherwise be a large angular
distance from any unstable region (e.g., from 10 to 180
degrees or any range subsumed therein). The phase shift for
ignition or brightness adjustment may cause the load trajec-
tory to come much closer to the unstable region (e.g., from O
to 180 degrees closer or any range subsumed therein). In
example embodiments, the position of the load trajectory on
the polar chart relative to the unstable region and the amount
of phase shifting used for ignition and brightness adjustment
are selected so that the load trajectory remains in the stable
region for the amplifier. The use of unstable amplifiers in
combination with active phase shifting for ignition, transition
to steady state and brightness adjustment may require careful
adjustment of the transmission line length, phase adjustment
and/or attenuation as described above to ensure stable opera-
tion of the amplifier during operation of the lamp.

What is claimed is:

1. A plasma lamp comprising:

a lamp body and a bulb;

an amplifier having an output coupled to the lamp body to

provide power to the lamp body;
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the lamp body and the bulb having a load trajectory from

start-up to steady state operation;

the amplifier having an unstable region of operation,

wherein a phase exists such that the load trajectory
would cross the unstable region of operation; and

at least one transmission line between the amplifier and the

lamp body, wherein the transmission line is selected
such that the load trajectory does not cross the unstable
region of the amplifier.

2. The lamp body of claim 1, wherein the transmission line
is selected such that the load trajectory is at least thirty
degrees from the unstable region of operation of the amplifier
in each direction.

3. The lamp body of claim 1, wherein the transmission line
is selected such that the load trajectory is at least ninety
degrees from the unstable region of operation of the amplifier
in each direction.

4. The lamp body of claim 1 further comprising an input of
the amplifier coupled to the lamp body for obtaining feedback
from the lamp body and a phase shifter coupled to the ampli-
fier, wherein the phase shifter is configured to adjust the phase
of the feedback during ignition of the lamp.

5. The lamp of claim 4, wherein the transmission line is
selected such that the portions of the load trajectory other than
the adjustment of phase during ignition are at least thirty
degrees from the unstable region of operation of the amplifier
in each direction.

6. The lamp of claim 5, wherein the load trajectory during
the adjustment of phase during ignition is at least 15 degrees
closer to the unstable region than the load trajectory during
steady state operation.

7. The lamp of claim 5, wherein the load trajectory during
the adjustment of phase during ignition is at least 30 degrees
closer to the unstable region than the load trajectory during
steady state operation.

8. The lamp of claim 4, wherein the load trajectory during
the adjustment of phase during ignition is at least 15 degrees
closer to the unstable region than the load trajectory during
steady state operation.

9. The lamp of claim 4, wherein the load trajectory during
the adjustment of phase during ignition is at least 30 degrees
closer to the unstable region than the load trajectory during
steady state operation.

10. The lamp of claim 4, wherein the phase shifter is
configured to adjust brightness during steady state operation
by adjusting the phase, and wherein the adjustment of the
phase is selected such that the load trajectory remains in the
stable region of operation of the amplifier.

11. A plasma lamp comprising:

a lamp body and a bulb;

an amplifier having an output coupled to the lamp body to

provide power to the lamp body;

the lamp body and the bulb having a load trajectory from

start-up to steady state operation;

the amplifier having an unstable region of operation,

wherein a phase exists such that the load trajectory
would cross the unstable region of operation; and

at least one phase-shifter between the amplifier and the

lamp body, wherein the phase-shifter is configured such
that the load trajectory does not cross the unstable region
of the amplifier.

12. The lamp of claim 11, wherein the phase shifter is
configured to maintain the load trajectory at least thirty
degrees away from the unstable region of operation of the
amplifier in each direction.
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13. The lamp of claim 11, wherein the phase shifter is
configured to maintain the load trajectory at least forty five
degrees away from the unstable region of operation of the
amplifier in each direction.

14. The lamp of claim 11, wherein the phase shifter is
configured to adjust the phase during ignition, wherein the
load trajectory during the adjustment of the phase during
ignition is at least thirty degrees closer to the unstable region
than the load trajectory during steady state operation.

15. The lamp of claim 11, wherein the phase shifter is
configured to adjust the phase during ignition, wherein the
load trajectory during the adjustment of the phase during
ignition is at least fifteen degrees closer to the unstable region
than the load trajectory during steady state operation.

16. The lamp of claim 11, wherein the phase shifter is
configured to adjust brightness during steady state operation
by adjusting the phase, and wherein the adjustment of the
phase is selected such that the load trajectory remains in the
stable region of operation of the amplifier.

17. A plasma lamp comprising:

a waveguide body comprising dielectric material having a

dielectric constant greater than about 2;

a bulb adjacent to the body;

first and second probes positioned within the body;

an amplifier having an input port and an output port, the

output port connected by a first transmission line to the
first probe, the input port connected by a second trans-
mission line to the second probe;

the amplifier having at least one unstable region of opera-

tion; and

means for ensuring amplifier stability under all operating

conditions of the lamp.

18. The plasma lamp of claim 17 further comprising means
for critically coupling the amplifier to the first probe after the
plasma reaches steady state operation.

19. The plasma lamp of claim 18, wherein the means for
critically coupling the amplifier to the first probe comprises a
phase shifter.

20. The plasma lamp of claim 19, wherein the means for
ensuring amplifier stability comprises the phase shifter.

21. The plasma lamp of claim 17, wherein the means for
ensuring amplifier stability comprises a phase shifter.

22. The plasma lamp of claim 17, wherein the means for
ensuring amplifier stability comprises the first transmission
line and the second transmission line.

23. The plasma lamp of claim 17, wherein the waveguide
body is configured to resonate at a first frequency during
ignition and a second frequency during steady state operation.

24. A method of generating light comprising:

providing a lamp body and a bulb, wherein the lamp body

and the bulb having a load trajectory from start-up to
steady state operation;

coupling power to the lamp body from an amplifier using

feedback from the lamp body, wherein a phase exists
such that the load trajectory would cross the unstable
region of operation; and

adjusting the phase of the feedback such that the load

trajectory does not cross the unstable region of the
amplifier.

25. The method of claim 24, wherein the lamp body pro-
vides a waveguide for coupling the power to the bulb and the
waveguide has an effective dielectric constant greater than 2.

#* #* #* #* #*



