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DIODE DRIVER FOR BATTERY-OPERATED LASER SYSTEMS

BACKGROUND

1. Technical Field

This disclosure relates to battery powered electronics such as laser diode

driving systems, and, more particularly, to systems and methods for controlling

current drawn from a battery by pulsed load electronics, such as laser systems.

2. Discussion of Related Art

Diode pumping has become the technique of choice for use as pump sources

employed in solid-state laser systems due to their relatively high electrical-to-optical

efficiency. Prior to the use of diode pumping, flashlamps were used as pump sources.

Typical system efficiencies were in the 1% to 2% range. The low efficiency was due

mainly to the low electrical-to-optical efficiency. The use of diode pumping, with its

higher electrical-to-optical efficiency, can result in a laser system efficiency of 10%,

to 15%. Thus, a tenfold reduction in required input power can be achieved.

As space requirements become more and more the norm, a current source that

can drive multiple loads is advantageous. The applicant of the present application has

previously developed a current source capable of driving multiple loads that is

disclosed in United States Patent. No. 5,736,881, entitled "Diode Drive Current

Source", the entirety is herein incorporated by reference, that utilizes a regulated

constant power source to supply current to drive a load, and the load current is

controlled by shunt switches. However, in this configuration, the current source can

only drive one load at a time and does not combine the functions of multiple diode

drivers into a single diode driver.

Power scaling of a laser refers to increasing a laser's output power without

substantially changing the geometry, shape, or principle of operation. Power

scalability is considered an important advantage in a laser design. Usually, power

scaling requires a more powerful pump source, stronger cooling, and an increase in

size. It may also require reduction of the background loss in the laser resonator and,

in particular, in the gain medium. One such approach for achieving power scalability

is referred to as a master oscillator/power amplifier (MOPA) circuit configuration.



A MOPA includes a master oscillator (MO), which is typically a stable, low-

power laser source producing a highly coherent beam, which provides an input, or

seed to an optical power amplifier (PA). The optical PA increases the power of the

"seed" beam, while generally preserving its main properties. It is generally not

required that the MO be high-power, since the PA provides power amplification based

on the seed signal from the MO. The MO also need not operate at high efficiency,

because the efficiency of the MOPA is determined largely by the PA.

The MO is typically not used as a standalone entity, because of its low output.

However, by series-connecting multiple laser diodes in a light emitting array, i.e., 5,

10, or more diodes, to pump a single gain medium, a power oscillator (PO) is created.

The PO is conceptually the same as a MO, but with significantly more laser light

output power. The PO is essentially a high-power MO that is suitable for medium

power applications like near earth range finding. The PO typically has a smaller

output than a MOPA. A MOPAPA can be created in which a first PA creates seed

light for a second PA. By repeatedly adding more and larger PAs to the chain,

kilowatt or even megawatt laser outputs are possible.

Generally, optical PAs include a gain medium. The gain medium includes a

host material which contains a particular concentration of dopant ions. An optical

pumping source, e.g., a laser diode array, excites dopant ions of the gain medium to a

higher energy state from which they can decay, via emission of a photon at the signal

wavelength back to a lower energy level. Photonic emission may be spontaneous or

stimulated, in which such transition of a dopant ion is induced by another photon.

Preferably, pumping of the gain medium is sufficient to achieve a population

inversion, in which more ions exist in an excited state than a lower energy state.

Stimulated emission is induced within the gain medium by incoming light introduced

in the form of a seed beam. Exemplary structures include doped optical fiber

waveguides, rods, slabs, and planar waveguides.

Pumping such optical systems generally requires a substantial amount of

energy. For example, when such pumping is accomplished using laser diodes, the

diodes are driven at current levels that can reach into the hundreds of Amperes. Laser

drive currents for pumping a gain medium can be both single-pulse and periodic in

nature. Typically, the pulses are provided periodically, for short durations, followed

by an off or no-current period. Suitable laser diode currents for pumping MOs and



PAs can be provided by laser diode driver circuits. Traditionally, in such MOPA

configurations, two fully independent current driver circuits are generally provided,

one for the PA laser diode array and another for the MO laser diode array. Each

current driver circuit generally contains its own separate charge source, such as a

storage capacitor. In operation, such current driver circuits are configured to provide

rectangular current pulses, i.e., on/off, current/no current.

Each gain stage of a conventional multiple-stage diode-pumped solid state

laser generally requires its own independently-controlled diode pump current to its

pump diodes. As a result, each gain stage of a multiple-stage diode-pumped solid

state laser requires its own diode driver, resulting in multiple diode drivers for a laser

system. For example, some diode-pumped solid state lasers of the MOPA

configuration utilize a MO stage and a preamplifier gain stage, as well as a PA stage.

Each gain stage (master oscillator, preamplifier, power amplifier) generally requires a

pump diode, or plurality of pump diodes. The use of a separate diode driver for each

gain stage adds volume, mass, complexity and cost to the laser system.

In some diode driver systems, "low-side-drive" current sink regulators are

used to drive the diodes. In such systems, all of the current control is in the low-side-

drive current regulators. A drawback of these systems is that a short circuit from a

diode cathode to ground will cause unlimited current to flow in the diodes until an

energy storage capacitor discharges, which results in damage to the pump diodes. In

addition, in these systems, the input current is not well controlled.

Batteries used in battery-powered electronics are limited in energy storage

capability. In addition, all battery cells have some internal impedance that reduces the

amount of energy available at high discharge rates. At a high enough discharge rate,

the total energy available from a battery can be reduced by a factor of two (or more)

due to voltage drop across the internal impedance of the battery and the resulting

energy loss internal to the battery. Pulsed loads drawn by pulsed load electronics,

e.g., radar, high power pulsed lasers, electromagnetic forming devices, are especially

severe on battery life due to the high pulsed load currents, which result in high voltage

drop across the internal impedance of the battery and accordingly, high energy loss

internal to the battery. For example, a #123 (2/3 AA) cell with a continuous 4 Watt

load will deliver approximately 1.7 Watt-hour of energy to a cutoff voltage of 2.2 V.

That same cell with a continuous 2 W load will deliver approx 2.8 Wh of energy to a



cutoff voltage of 2.2 V. Therefore, the total energy available from the cell at a 4 W

load discharge rate is approx 60% of the energy available from the cell at a 2 W load

discharge rate. This difference in delivered energy is due to energy loss dissipated in

the internal impedance of the battery. Many battery-powered laser systems utilize

pulsed pump currents which, when allowed to reflect back to the battery, reduce

battery life significantly.

A need therefore exists for methods and systems for controlling the current

drawn from a battery by pulsed load electronics, such as laser diode driver systems. It

would be desirable to provide such methods and systems having the capability to

deliver high pulsed load currents to pulsed load electronics while drawing a lower

current from the battery. Such methods and systems can provide maximized battery

life in battery-powered electronics.

SUMMARY

According to some exemplary embodiments, a diode driver system is

provided. The diode driver system includes an input power source and an active line

filter receiving input power from the input power source and providing a filter output

power form. A current driver receives input power form and generates a driving

output current for driving at least one diode. A capacitive energy storage device is

coupled between the active line filter and the current driver, the capacitive energy

storage device receiving the filter output power form from the active line filter and

providing the input power to the current driver.

In some exemplary embodiments, the driving output current generated by the

current driver comprises a pulsed current to the diode, and the active line filter

controls and regulates an input current received from the input power source so the

pulsed current to the diode is not reflected back to the input power source.

In some exemplary embodiments, the input power source comprises a battery.

In some exemplary embodiments, the active line filter regulates input current

utilizing an input voltage feed-forward signal to compensate for an input voltage drop

due to discharge of the input power source.



In some exemplary embodiments, the active line filter regulates input current

utilizing an output load feed-forward signal to compensate for changes in output

power drawn from the current driver.

In some exemplary embodiments, the active line filter comprises a high-side

drive with high-side current sense to protect against output current shorts.

In some exemplary embodiments, the current driver utilizes a high-side drive

with high-side current sense to protect against output current shorts.

In some exemplary embodiments, the active line filter comprises a low-side

drive.

In some exemplary embodiments, the current driver utilizes a low-side drive.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other features and advantages will be apparent from the

following more particular description of preferred embodiments, as illustrated in the

accompanying drawings, in which like reference characters refer to the same parts

throughout the different views. The drawings are not necessarily to scale, emphasis

instead being placed upon illustrating the principles of the disclosure.

FIG. 1 includes a schematic block diagram of an embodiment of a multi-stage

laser diode driver driving a single light emitting diode array with two paralleled

current sinks.

FIG. 2 includes a schematic block diagram of another multi-stage laser diode

driver similar to that illustrated in FIG. 1, providing more detail as to how the diode

driver is powered and controlled.

FIG. 3 includes a schematic block diagram of yet another multi-stage laser

diode driver, illustrating how a MO diode array and a PA diode array are driven in

tandem from a common potential source, as an example of the master oscillator/power

amplifier (MOPA) topology.

FIG. 4 includes a schematic block diagram of a current sink (source) circuit

portion of a multi-stage laser diode driver with the current sense feedback included.

FIG. 5 includes a schematic block diagram of a charge storage circuit portion

of a multi-stage laser diode driver with digital control of the output voltage.



FIG. 6 includes a schematic block diagram of a modularized multi-stage laser

diode driver for driving the MO and PA light-emitting diode arrays for a planar

waveguide laser.

FIG. 7 includes a schematic timing diagram of a series of traces of

representative current sink driver pulses aligned with an optical output pulse from the

PA gain medium.

FIG. 8 includes a schematic timing diagram which illustrates an example of a

non-rectangular current driver pulse and corresponding storage capacitor voltage

obtainable by the types of multi-stage laser diode drivers described herein.

FIG. 9 includes a schematic timing diagram which illustrates another example

of non-rectangular current driver pulses and corresponding storage capacitor voltage

obtainable by the types of multi-stage laser diode drivers described herein.

FIG. 10 includes a schematic logical flow diagram which illustrates the logical

flow of a process for driving a first light-emitting array.

FIG. 11 includes a schematic block diagram which illustrates a multiple-

output diode driver that drives two loads at the same DC drive current.

FIG. 1 includes a schematic block diagram which illustrates a multiple-

output diode driver that drives two loads but at a different DC drive current.

FIG. 13 includes a schematic block diagram which illustrates a variation of the

multiple-output diode driver of FIG. 12, in which the shunt current can be switched on

or off as a function of time.

FIG. 14 includes a schematic block diagram which illustrates another variation

of the multiple-output diode driver of FIG. 12, in which the value of the shunt current

can be changed by switching shunt resistors in or out, changing the net value of the

shunt resistance.

FIG. 15 includes a schematic block diagram which illustrates another variation

of the multiple-output diode driver of FIG. 12, in which the shunt current is sensed

and regulated to a value determined by a command variable.

FIG. 16 includes a schematic block diagram which illustrates a variation of the

multiple-output diode driver of FIG. 15, in which the pump diode current is sensed

and regulated to a value determined by a command variable.

FIG. 17 includes a schematic block diagram which illustrates a variation of the

multiple-output diode driver of FIG. 12, in which the same DC drive current is used



for a time t for both diodes and the drive current to one of the diodes is shunted for the

reminder of the time period.

FIG. 18 includes a schematic block diagram which illustrates a variation of the

multiple-output diode driver of FIG. 13, in which the same DC drive current is used

for a time t for both diodes and then switches the drive current from one of the diodes

to a dummy load for the reminder of the time period.

FIG. 19 includes a schematic block diagram which illustrates a variation of the

multiple-output diode driver of FIG. 18.

FIG. 20 includes a schematic block diagram which illustrates a variation of the

multiple-output diode driver of FIG. 13, in which the top load is shunted.

FIG. 1 includes a schematic block diagram which illustrates a variation of the

multiple-output diode driver of FIG. 13, in which either load can be shunted.

FIG. 22 includes a schematic block diagram which illustrates a variation of the

multiple-output diode driver of FIG. 17, in which either load can be shorted.

FIG. 23 includes a schematic block diagram of a laser diode driver system

which includes laser control electronics separate from a system module, according to

some exemplary embodiments.

FIG. 24 includes a schematic block diagram of a laser diode driver system

which includes laser control electronics integral with a system module, according to

some exemplary embodiments.

FIG. 25 includes a schematic block diagram of a laser diode driver system

which includes an active line filter for controlling input current and laser control

electronics separate from a system module, according to some exemplary

embodiments.

FIG. 26 includes a schematic block diagram of a laser diode driver system

which includes an active line filter for controlling input current and laser control

electronics integral with a system module, according to some exemplary

embodiments.

FIG. 27 includes a schematic block diagram of another laser diode driver

system which includes laser control electronics separate from a system module,

according to some exemplary embodiments.



FIG. 28 includes a schematic block diagram of another laser diode driver

system which includes laser control electronics integral with a system module,

according to some exemplary embodiments.

FIG. 29 includes a schematic block diagram of another laser diode driver

system which includes an active line filter for controlling input current and laser

control electronics separate from a system module, according to some exemplary

embodiments.

FIG. 30 includes a schematic block diagram of another laser diode driver

system which includes an active line filter for controlling input current and laser

control electronics integral with a system module, according to some exemplary

embodiments.

FIG. 31 includes a schematic block diagram of another laser diode driver

system which includes laser control electronics integral with a system module,

according to some exemplary embodiments.

FIG. 32 includes a schematic block diagram of another laser diode driver

system which includes laser control electronics integral with a system module,

according to some exemplary embodiments.

FIG. 33 includes a schematic block diagram of another laser diode driver

system which includes laser control electronics integral with a system module,

according to some exemplary embodiments.

FIG. 34 includes a schematic block diagram of another laser diode driver

system which includes laser control electronics integral with a system module,

according to some exemplary embodiments.

FIG. 35 includes a schematic block diagram of another laser diode driver

system which includes laser control electronics integral with a system module,

according to some exemplary embodiments.

FIG. 36 includes a schematic block diagram of another laser diode driver

system which includes laser control electronics integral with a system module,

according to some exemplary embodiments.

FIG. 37 includes a schematic block diagram of another laser diode driver

system which includes laser control electronics integral with a system module,

according to some exemplary embodiments.



FIG. 38 includes a schematic block diagram of another laser diode driver

system which includes laser control electronics integral with a system module,

according to some exemplary embodiments.

FIG. 39 includes a schematic block diagram of another laser diode driver

system which includes laser control electronics integral with a system module,

according to some exemplary embodiments.

FIG. 40 includes a schematic block diagram of another laser diode driver

system which includes laser control electronics integral with a system module,

according to some exemplary embodiments.

FIG. 4 1 includes a schematic block diagram of another laser diode driver

system which includes laser control electronics integral with a system module,

according to some exemplary embodiments.

FIG. 42 includes a schematic block diagram of a laser diode driver system

which uses low-side current sinks.

FIG. 43 includes a schematic block diagram of a laser diode driver system

which uses high-side current sources, according to some exemplary embodiments.

FIG. 44 includes a schematic block diagram of another laser diode driver

system which uses high-side current sources, according to some exemplary

embodiments.

FIG. 45 includes a schematic block diagram of another laser diode driver

system which uses high-side current sources, according to some exemplary

embodiments.

FIG. 46 includes a schematic block diagram of another laser diode driver

system which uses high-side current sources, according to some exemplary

embodiments.

FIG. 47 includes a schematic block diagram illustrating a circuit for

controlling the current drawn from a battery by pulsed load electronics (a diode driver

as shown), according to some exemplary embodiments.

FIG. 48 includes a schematic block diagram illustrating an active filter boost

converter implemented in a diode driver, according to some exemplary embodiments.

FIG. 49 is a graphical illustration of an output load feedforward signal,

according to some exemplary embodiments.



FIG. 50 includes a schematic block diagram illustrating an active filter control,

according to some exemplary embodiments.

FIG. 51 includes a schematic block diagram illustrating an implemented active

line filter control, according to some exemplary embodiments.

FIG. 52 includes a schematic block diagram illustrating an implementation of

an active line filter using current mode control, according to some exemplary

embodiments.

FIG. 53 includes a schematic block diagram illustrating implementation of an

active line filter using voltage mode control, according to some exemplary

embodiments.

DETAILED DESCRIPTION

Described herein are embodiments of systems and techniques for activating

light emitting devices, such as laser diodes, as may be used in connection with an

optical PA or MO or PO. Multiple PAs can be used with a single MO to further

enhance the output energy of a MOPA system. The light emitting devices referred to

herein may be configured as a single optical emitter or an array of optical emitters

arranged in a series, parallel, or parallel sets of series connected optical emitters. For

the purpose of simplicity, these light emitting devices will be referred to as light

emitting arrays but could, in practice, be in any of the afore mentioned arrangements.

A laser diode driver, in the most ideal form, is a constant current source,

linear, noiseless, and accurate, that delivers exactly the current to the laser diode that

it needs to operate for a particular application. In this configuration, one laser diode

driver is used per load, such as a laser diode array that includes a varying number of

light emitting diodes. However, as laser technology progresses to smaller and smaller

footprints, a premium is placed on space, volume, and mass requirements for all laser

components, including the laser diode driver. The present technology addresses these

needs by providing a multiple output diode driver that in some configurations

combines the functionality of multiple diode drivers, thereby eliminating the need for

a one-to-one laser diode driver per load.

In one aspect, at least one embodiment described herein provides a multi-stage

laser drive circuit configured to draw current from a common potential source. The



drive circuit includes a current node (a current node is defined here to be a particular

voltage node through which current flows) and a first light-emitting array in electrical

communication between the common potential input source and the current node.

The drive circuit also includes first and second current sinks in electrical

communication with the current node and in a parallel arrangement with respect to

each other. The first current sink has a first control terminal and is configured to draw

a first current from the common potential source, through the current node, in

response to a respective current control output signal received at the first control

terminal. Likewise, the second current sink has a second control terminal and is

configured to draw a second current from the common potential source, through the

current node, in response to a respective current control output signal received at the

second control terminal. An aggregate current drawn through the first light-emitting

array is determined substantially by a combination of the first and second currents.

The first light-emitting array is further configured to emit light in response to current

drawn therethrough.

As described in detail herein, the first and second current sinks can be replaced

by first and second current sources, wherein the current sources are located between

the common potential input source and the light-emitting arrays, in which

configuration, over-current conditions in the diodes is prevented, as described below

in detail. It is noted that any descriptions herein of a system configuration using

current sinks is applicable to current sources of the present disclosure, as described

herein in detail.

In another aspect, at least one embodiment described herein relates to a

process for driving a first light-emitting array. The process includes receiving first

and second current control signals. A first current is drawn from a common potential

source through a current node in response to the received first current control signal.

A second current is drawn from the common potential source through the current

node in response to the received second current control signal. The first and second

currents are in parallel with respect to each other. An aggregate current is drawn

through a first light-emitting array. The aggregate current is determined substantially

by a combination of the first and second currents IMO + IPA), wherein the light-

emitting array emits light in response to the aggregate current drawn therethrough.



In some embodiments, the process further includes receiving a current-enable

signal into the current-drive circuit. The current-enable signal includes at least two

states, corresponding to "active" (i.e., drawing current) and "standby" (i.e., not

drawing current). A current-level setting signal is also received, and at least one of

the first and second current control output signals is determined in response to the

received current-enable and current-level setting signals. In some embodiments, the

received current-level setting signal varies while the current-enable signal is in the

active state. This allows for Arbitrary Waveform Generation (AWG) of each current

sink pulse. The respective one of the first and second currents is selectively drawn

responsive to the current-enable signal being in the active state.

In some embodiments, the process further includes emitting light from a

second light-emitting array in response to the first current.

In some embodiments, the process can include pumping a laser gain medium

by light emitted from at least one said light-emitting arrays.

In some embodiments, the current-level setting signal for the current-drive

circuit includes a momentary peak configured to induce a momentary peak output

current for at least one said light-emitting arrays. Such a momentary peak is adapted

to optically excite the gain medium being pumped, thereby providing synchronization

of the optical excitation with respect to the laser output.

In yet another aspect, at least one embodiment described herein provides a

MOPA laser optical pumping system, including means for receiving first and second

current control signals. Means for drawing a first current from a common potential

source through a current node in response to the received first current control signal

and means for drawing a second current from the common potential source through

the current node in response to the received second current control signal, are also

provided. The first and second currents are in parallel with respect to each other. The

MOPA current source also includes means for drawing an aggregate current through a

first light-emitting array, means for emitting first pump light in response to the

aggregate current (IMo + IPA), a n d means for communicating first pump light into a

power amplifier (PA) gain medium. The aggregate current is determined substantially

by a combination of the first and second currents, wherein the light-emitting device

emits light in response to the aggregate current drawn therethrough.



In some embodiments, the MOPA laser optical pumping system further

includes means for drawing the second current through a second light-emitting array,

wherein the light emitting array emits light in response to the current drawn

therethrough (IMO). Means for emitting second pump light in response to the second

current (IMO) and means for communicating second pump light into a MO gain

medium are also provided.

The number of current sinks (sources) and control terminals for said current

sinks (sources) can be three, four, five, or more current sinks (sources) in parallel to

increase aggregate current capacity and to improve overall aggregate reliability. For

ease of description, only two current sinks (sources) are described in detail herein, by

way of exemplary illustration. Additionally, as noted above, the current sinks could

be implemented as current sources located between the common potential source and

the top first and second light-emitting arrays.

According to this disclosure, a laser diode drive circuit is provided with at

least two controllable low-side current sinks (or two high-side current sources).

Unless specifically noted otherwise, the detailed description herein of the system

using current sinks is equally applicable to the system using the current sinks as

current sources. Each current sink can be operated to control current drawn from a

common shared source, such as a storage capacitor, through pumping laser diodes. In

some embodiments, each of the two current sinks draws a respective portion (e.g.,

half) of the total laser diode drive current, thereby reducing the current load of either

current sink. Operating components, such as the current sinks, at reduced current

levels allows for lower temperature operation thereby improving device and overall

system reliability.

In other embodiments, one of the current sinks is operated to draw a relatively

high, first current through a first laser diode array configured to pump an optical gain

medium. Another of the current sinks is operated to draw a relatively lower current

through a second laser diode array to pump a laser MO which in turn provides an

optical seed signal. Such a seed output is applied to and amplified by the optical gain

medium, suitably pumped by the first laser diode array. In particular, both laser diode

arrays are operated in a series arrangement. Such an arrangement allows for sharing a

common storage capacitor. Such sharing results in less components (i.e., one storage



capacitor and charging circuit) thereby offering improved efficiency over prior

arrangements using independent storage capacitors.

A block diagram overview of an embodiment of a multi-stage laser diode

driver 100 (PO) is shown in FIG. 1. The laser diode driver 100 includes a first light-

emitting array 102. In the illustrative embodiment, the light-emitting array 102 is

series-coupled, including three semiconductor devices, such as laser diodes 104a,

104b, 104c (generally 104), arranged in series with respect to each other. One end of

the laser diodes 104 is in electrical communication with a first terminal of a common

potential source 106. The common potential source 106 can be any suitable source

providing sufficient electrical charge to support an electrical current of a sufficient

magnitude through a circuit including the laser diodes 104. Some examples include a

battery, a storage capacitor, and a power supply. The opposite end of the series-

coupled laser diodes 104 is in electrical communication with a current node 108.

A first current sink 110 is in electrical communication between the current

node 108 and an opposite (negative) terminal of the common potential source 106,

thereby completing a circuit. The first current sink 110 is arranged to draw a first

current I j from the common potential source 106 through the current node 108. In the

illustrative embodiment, the first current sink 110 has a first control terminal 112

adapted to receive a respective current control output signal. A second current sink

120 is in electrical communication between the current node 108 and an opposite

(negative) terminal of the common potential source 106. The second current sink 120

is also arranged to draw a second current I2 from the common potential source 106

through the current node 108. In the illustrative embodiment, the second current sink

120 has a first control terminal 122 also adapted to receive a respective current control

output signal. The first and second current sinks 110, 120 are arranged in parallel

with respect to each other. Being positioned in a third independent circuit leg to the

current node, a current drawn through the light-emitting array 102 is a sum of the

currents drawn by each of the current sinks 110, 120 (i.e., I1+I2 . The series-coupled

laser diodes 104 preferably emit light 105 in response to the aggregate current +

drawn therethrough.

Each of the current sinks 110, 120 draws a respective contribution of electrical

current through the node 108 in response to stimulus at its respective control terminal

112, 122. Even though the term current "sink" is used in the illustrative examples



described herein, it can be replaced or otherwise referred to as a current "source."

The designation sink or source depends upon perspective. In the case of a high-side

current source implementation, the dual current source is moved in between the

common potential source 106 and the light-emitting array 102. The bottom of the

light-emitting array is then tied to the negative terminal of the common potential

source 106. At least one advantage offered by using high-side current sources

(instead of low-side current sinks) is improved diode array protection, for example,

from short circuits to ground, however, at the cost of greater circuit complexity. In a

simplistic embodiment, each of the current sinks 110, 120 can be provided by a series

combination of a resistor and a single-pole/single-throw (SPST) analog, or

mechanical switch. Operation of such a switch can be accomplished by stimulus

received at the respective control terminal 112, 122, for example by operation of a

solenoid or other suitable actuator. It is contemplated that in some embodiments

electronic switches, such as transistors can be used in place of the analog switch.

Control of such electronic switches can be accomplished by stimulus received at the

respective control terminal (e.g., a gate voltage). When the switch is open, no current

is drawn by the respective current sink 110, 120. When either switch is closed, a

respective current is drawn through the respective resistor. The magnitude of current

drawn would be determined at least in part according to the electrical circuit traced

through the common potential source and laser diodes 104 and the value of the

resistor. In such configurations, the control terminal stimulus operates the current

sink in a binary fashion, the current being either on or off according to the stimulus.

In at least some embodiments, the circuit design is not a simple switch but rather a

linear, closed-loop servo system, as shown in FIG. 4.

It is also contemplated that any of the current sources or sinks described

herein, such as the two current sinks 110, 120 of the illustrative example, can include

a controllable current source, in which a current magnitude drawn by the current sink

110, 120 is determined by a voltage and/or current stimulus provided at the respective

control terminal 112, 122. Such controllable current sinks 110, 120 can include one

or more active elements, such as transistor devices. In a particular embodiment, at

least one of the current sinks 110, 120 includes a power metal oxide semiconductor

field effect transistor (MOSFET), such as part no. IRFP4368PbF, HEXFET® power

MOSFET, commercially available from International Rectifier of El Segundo, CA. In



such a device, the drain-to-source current IDS is controllable by the gate-to-source

voltage VGS, the device being capable of sinking a drain-to-source current I D S of over

250 Amperes at a gate-to-source voltage VGS of 10 Volts.

In laser power scaling applications, light 105 emitted by the laser diodes 104

can be coupled into an optical gain medium 140. Preferably, wavelength of light 105

emitted from the laser diodes 104 resides within a suitable band and has sufficient

amplitude to "pump" ions of the gain medium 140 to an elevated energy state. Such

pumping can be accomplished with one or more pulses of radiant energy from the

laser diodes 104. Under such a pumping mode, the electrical current drawn through

the diodes 104 corresponding to a pumping current IP = + h - Typically, IP is an

appreciable current (e.g., one hundred Amperes or more) being sufficient to cause

laser diodes 104 to emit optical energy sufficient to pump the optical gain medium

140 and emit laser light 142. Since the first and second currents are additive,

each can be less than the power amplifier current. For example, each current can be

substantially equal, being one-half of the power amplifier current. At least some

benefits realizable with such power sharing is reduced operating temperature and

more generally, reduced stress on electronic components, such as the first and second

current sinks 110, 120. Reduced electronic component stress translates to improved

system reliability. Other embodiments are possible having more than two current

sinks arranged in parallel to further share the total laser current load on each of the

current sink modules. Although only two current sinks are shown in FIG. 1, it is

contemplated that more than two can be used, particularly in view of constant current

sinks/sources being high-impedance entities that are well suited to sharing current. In

this case each current sink/source added contributes to the overall aggregate current

through the light-emitting diode array at 102.

A block diagram overview of another embodiment of a multi-stage laser diode

driver is shown in FIG. 2. Once again, the laser diode driver 200 includes a first light-

emitting array 102. In the illustrative embodiment, the light-emitting array 102 is

series coupled, including three semiconductor devices, such as laser diodes 104a,

104b, 104c (generally 104), arranged in series with respect to each other. One end of

the series-coupled laser diodes 104 is in electrical communication with a first terminal

of a common potential source 206. The common potential source 206 in this example

is provided by a storage capacitor 206. A capacitor charging circuit 207 is in



electronic communication with the storage capacitor 206 and configured to charge the

capacitor to a preferred voltage level VCAP at least during periods of charging. The

capacitor charging circuit 207 is generally powered by another source, such as a

power supply VSUPPLY {e.g., an alternating or direct current power supply or facility

power).

A first current sink 110 is in electrical communication between the current

node 108 and an opposite (negative) terminal of the storage capacitor 206. The first

current sink 110 is arranged to draw a first current I j from the storage capacitor 206

through the current node 108. Once again, the first current sink 110 also has a first

control terminal 212 adapted to receive a respective current control output signal. A

second current sink 120 is in electrical communication between the current node 108

and an opposite (negative) terminal of the storage capacitor 206. The second current

sink 120 is arranged to draw a second current from the storage capacitor 206

through the current node 108. In the illustrative embodiment, the second current sink

120 has a first control terminal 222 also adapted to receive a respective current control

output signal. The first and second current sinks 110, 120 are arranged in parallel

with respect to each other. Each of the current sinks 110, 120 operates as described

above in relation to FIG. 1, e.g., drawing a current in response to a respective control

stimulus (e.g., a control voltage).

In some embodiments, one or more of the current sinks 110, 120 include a

respective second control terminal 213, 223. Each of the second control terminals

213, 223 is configured to receive a current-level control signal corresponding to a

preferred current level to be drawn by the respective current sink 110, 120. More

generally, in at least some embodiments, a current-level control signal also controls a

pulse shape of current to be drawn through the respective current sink 110, 120. In

such embodiments, each of the current sinks 110, 120 is configured to draw a current

during periods of stimulus at its respective first control terminal 212, 222, such that

the magnitude of current drawn (constant or time-varying) corresponds to the

respective current-level control signal received at its respective second control

terminal 213, 223. In particular, variation of either current-level control signal during

periods in which a current is being drawn results in the value of drawn current varying

with respect to time. It is contemplated that, in general, any arbitrary pulse shape to

current drawn through either current sink 110, 120 may be obtained. Examples



include rectangular pulses, ramp pulses, triangular pulses, stepped pulses,

combinations of such pulses, and the like.

The laser diodes 104 emit light 105 in response to an electrical current drawn

thereto. In the exemplary embodiment, the current value is the combination Ι τ = +

. As described above, pumping an optical amplifier requires appreciable power,

such that the total current may be 100 Amperes or more. Beneficially, either

current sink 110, 120 need only draw a portion of the total current (e.g., I 2),

allowing the devices 110, 120 to run at lower currents, also generating less heat.

Consequently, overall reliability of the laser diode driver 200 can be improved.

Emitted light 105 can be used to pump an optical gain medium 140, such that an

amplified optical output 142 is produced through stimulated emission.

In at least some embodiments, the laser diode driver 200 includes a controller

230. The controller 230 is in electrical communication with at least the first control

terminal 212, 222 of each current sink 110, 120. The controller 230 is adapted to

provide a stimulus (e.g., a voltage) to each of the current sinks 110, 120 causing each

current sink to draw a respective electrical current to achieve desired operation of the

laser diodes 104. Such stimulus may include, for example, a rectangular pulse

distinguishing between current and no current states. Such stimulus may be pre

programmed, or otherwise configured to provide desired pulse durations at a desired

duty cycle.

For embodiments in which either of the current sinks 110, 120 includes a

second control terminal 213, 223, the controller can also be in electrical

communication therewith and configured to provide the respective current-level

control signal. Once again, such stimulus may be pre-programmed or otherwise

configured to provide for the desired current pulse shape. In at least some

embodiments, the controller 230 provides a numeric (e.g., digital) stimulus. For

embodiments in which either current sink 110, 120 is configured to receive an analog

current-level signal, a respective digital-to-analog converter (DAC) 214, 224 is

provided (shown in phantom) to convert a digital control signal to an analog signal,

such as a voltage or a current.

In some embodiments, the laser diode driver 200 includes one or more current

sensors 215, 225. In the illustrative embodiments, a respective current sensor 215,

225 is provided in each leg of the circuit including a respective current sink 110, 120.



In such a configuration, each current sensor 215, 225 is configured to sense a

respective current drawn from the node 108. For example, the current sensor may be

an inductive current sensor measuring current through an inductive field, or a

precision resistor (e.g., 2.2 milliohms) shunted with a voltage sensor measuring a

voltage across the precision resistor indicative of the current. A respective output

216, 226 of each sensor 215, 225 can be coupled to the controller 230. For

embodiments in which the sensor output is an analog signal and the controller 230 is

adapted to process digital values, a respective analog-to-digital (ADC) converter 217,

227 can be provided (shown in phantom) between a respective current sensor 215,

225 and the controller 230. In some embodiments, the sensed current can be used by

the controller 230 in a feedback loop configuration with the current-level control

signals 213, 223 to more precisely control the value of current drawn by each current

sink 110, 120.

It is contemplated that in at least some embodiments, the controller 230 is in

further communication with the capacitor charging circuit 207. For example, the

controller 230 can provide a charge control signal 232 (shown in phantom) to the

charger 207 for controlling charging of the storage capacitor 206. Such signal may

control a rate of charging, or a voltage applied to the charge capacitor 206.

Alternatively or in addition, the controller 230 can receive a charge status signal 234

(shown in phantom) from the charger 207, for example, indicative of a state of the

storage capacitor 206 (e.g., fully charged, or a voltage level). The controller can be

implemented on or otherwise configured for operation with a computer adapted to

execute a set of pre-programmed instructions. Alternatively or in addition, the

controller can be implemented in whole or in part by a field programmable gate array

(FPGA).

A block diagram overview of yet another embodiment of a multi-stage laser

diode driver 300 is shown in FIG. 3. The driver 300 is similar in all respects to the

driver 200 described above in FIG. 2, except for a second laser diode array 304 (MO

diode array) coupled in series with one of the current sinks (MO current sink 220). In

particular, in such an embodiment, the first current sink (PA current sink 210) and the

second current sink (MO current sink 220), can be arranged to draw a power amplifier

(PA) pumping current IP + IMO from the storage capacitor 206 through the PA light-

emitting array 202 and into the current node 208. The resulting diode laser light 205



pumps the PA gain medium 240 until laser light is emitted 242. The second current

sink 220 (MO current sink), can be referred to as a master oscillator (MO) current

sink 220, because it creates the current through the MO diode array that emits the

diode laser light 305 that pumps up the MO gain medium 241. The resulting seed

light 243 from the MO gain medium 24 1 is the optical drive frequency for the PA

gain medium 240. An example would be if it was desired to set the PA diode array

current to 200 amps and the MO diode array current to 150 amps (considering that in

a planar waveguide the MO current is generally equal to or less than the PA current).

Thus, the MO current sink is commanded to 150 amps by inputs 222 and 223 and the

PA current sink is commanded to 50 amps by inputs 212 and 213. An advantage of

this approach is that both laser diode arrays are series-connected and powered from a

single common potential source. In at least some embodiments, the MO diode array

304 is capable of producing an amplified pulse through stimulated emission of

suitably pumped ions in the MO gain medium 24 1. In this instance, the seed light

pulse is the pulse that comes out of the MO gain medium 243 and drives the PA gain

medium 240.

Although a single laser diode 304 is illustrated, it can be replaced by an array

of one or more laser diodes 304 arranged in series. Preferably, all of the diodes 204,

304 are arranged to emit light in response to electrical currents having common

direction. In particular, such an arrangement provides for a greater number of laser

diodes 204, 304 being arranged in series with a common storage capacitor 206,

thereby providing an improved efficiency over traditional MOPA laser diode drivers

in which PA and MO laser diodes are driven independently.

With the various techniques and circuit topologies described herein, it is

possible to command current from a first controllable current sink (e.g., PA current

sink 210) around the second laser diode array (e.g., the MO laser diode array 304),

which is configured in series with a second current sink (e.g., MO current sink 220).

This enables operation of both the first and second laser diode arrays 202, 304, while

simultaneously drawing different current amplitudes through each diode array from a

common potential source. In the example illustrated in FIG. 3, a first current of IpA +

IMO is drawn through the PA laser diode array 202, while a different current of Imo is

drawn through the MO laser diode array 304, despite both diode arrays 202, 304 being

series coupled.



A more detailed schematic diagram of an embodiment of the MO current sink

220 is shown in FIG. 4. The MO current sink topology 220 and the PA current sink

topology 210 can be identical. Thus, a single schematic is shown for the MO current

sink. The circuit 220 includes a controllable current sinking device Q4 in electrical

communication with the master oscillator diode array 304 (FIG. 3), and configured to

draw or otherwise "sink" a controllable current IMO therethrough. In the illustrative

embodiment, the current sinking device Q4 is a power MOSFET, such as device

model no. IRFP4368PbF, commercially available from International Rectifier, of El

Segundo, CA. The example current sinking device Q4 can sink up to 350 Amperes of

drain-to-source current IDS under the control of a gate-to-source voltage VGS- For

example, at a junction temperature of 25°C, IDS is about 100 Amperes for VGS of about

4.6 Volts and about 200 Amperes for VGS of about 4.9 Volts.

The current sink 220 includes a gate driving circuit in electrical

communication with a gate terminal (G) of the current sinking device Q4. The gate

driving circuit includes an integrator at U3B and a current sense differential amplifier

at U5A connected to produce a closed loop, low-side current sink (the implementation

can be either low-side or high-side). In a high-side configuration, the current sink

would be arranged at the anode of MO diode 304. Once again, at least one advantage

of high-side current drive is if the MO or PA laser diode array 202, 304 is

inadvertently shorted to ground, the expensive laser diodes are protected. The cost of

high-side drive is additional complexity, when compared to the low-side current sink

approach.

In the example embodiments, the integrator U3B is model no. LM6172,

commercially available from National Semiconductor Corp. of Santa Clara, CA. A

non-inverting input (+) of the integrator at U3B is in electrical communication with a

controllable SPST switch U8. In the example embodiment, the switch U8 is an

iCMOS SPST switch model no. ADG1401, commercially available from Analog

Devices, Inc. of Norwood, MA. In the example embodiment, the switch U8 is

normally closed (e.g., D D FIRE2 being a logical 1), which connects the non-

inverting input to a low voltage level (e.g., -0.6 Volts or N_0.6V2) and turns the

current sink off. The control input of the controllable switch U8 is in electrical

communication with a first signal input 222 (e.g., D D FIRE2). In response to a

suitable control (e.g., D D FIRE2 being a logical 0), the switch U8 is opened,



removing the low voltage reference of -0.6 Volts from the non-inverting input and

allowing the input signal 223 (e.g., I_SET2) to control the amount of current delivered

by the current sink servo loop (e.g., 50 amps per volt in this particular example shown

in FIG. 4).

The non-inverting input (+) of the amplifier U3B is in further electrical

communication with a second signal input 223 through a resistive divider network

including two resistors R44, R45. It is worth noting here that any device values, such

as the resistance of R44 and R45, included herein are provided by way of illustrative

example only and are not meant to otherwise limit the selection of other values,

ranges, and devices. When this input is varied and the input signal 222 to U8 is a

logic zero, the output of the closed loop current sink circuit generates a current that is

proportional to the current sense resistor (R53); the gain of the differential amplifier at

U5A (determined at least in part according to the values of R49 and R52), the voltage

divider network (R44 and R45), and the magnitude of the voltage. In the illustrative

example, the formula in amps-per-volt is: V in amps/volt =

[(R52)x(R45)]/[(R49)x(R53)x(R45+R44)]. Where the "V" input is the I_SET2

voltage 223.

The inverting input (-) of the integrator U3B is in electrical communication

with an output of a current monitoring circuit 225, and a positive supply voltage (e.g.,

+15 Volts), connected through a suitable pull-up resistor R42. An output of the

integrator U3B is coupled to the inverting input through an R-C circuit including

feedback resistor R43 in series with capacitor C29. The capacitor C29, at least in

part, configures the device U3B as an integrator, while R43 in combination with C29,

at least in part, creates a "Laplace zero" for servo-loop compensation of the current

sink. The R-C combination R43, C29 is shunted by a diode CR2 arranged with its

cathode coupled to the amplifier output. The shunting diode CR2 in combination with

pull-up resistor R42 form a negative clamp that guarantees that Q4 comes up in the

"off state. The shunting diode CR2 clamps the integrator U3B output and thus the

current sinking device's Q4 gate to about -0.7V. With the particular arrangement, an

output of the amplifier U3B, when "fired" (e.g., when the switch U8 is open circuit)

follows the integrated difference between one half of the second input signal 223

(IJSET2) and an output of the current sensing circuit 225 or the IJSENSE2 signal 228.

The amplifier output voltage is coupled to the gate terminal (G) of the current sinking



device Q4 through a series resistor R48. The series resistor R48 isolates the integrator

U3B from the high capacitance of Q4's gate and prevents unwanted ringing of the

current sink servo loop.

In this arrangement, the current sinking device Q4 will sink or otherwise

conduct a controllable current when the first signal input 222 (DD_FIRE2) is a logic

input of 0. A value of gate driving voltage is determined by the integrated difference

between the current sense output 228 (I_SENSE2) and one half the second input

signal 223 (IJSET2). The second input signal 223 (IJSET2) can be substantially

constant, such that the Drain-to-Source current through the current sinking device Q4

is a pulse output corresponding to the first signal input 222 (DD_FIRE2).

Alternatively or in addition, the Drain-to-Source current through the current sinking

device Q4 follows one half of the second input signal 223 (I_SET2), while the first

signal input is active. When the second signal varies during time periods when the

first input signal 222 (DD_FIRE2) is active, the output gate voltage will vary in a

corresponding manner, such that the current sink current IDS will also vary in a like

manner. In at least some embodiments, a similar circuit can be provided for the first

current sink 210 (PA current sink).

In the illustrative example, the voltage monitoring circuit 225 includes a

precision high-current sensing resistor R53 connected in series with a source terminal

(S) of the current sink Q4. In the example embodiments, the sensing resistor R53 has

a value of 0.0022 Ohms, with a tolerance of 1%, provided by model no. SMV-R0022-

1.0, commercially available from ISOTEK Corp. of Swansea, MA. A current IMO

drawn through the sensing resistor R53 will give rise to a corresponding voltage drop.

The voltage drop is applied to input terminals of a second, precision differential

amplifier U5A. In the illustrative embodiment, the second amplifier U5A is model

no. OP467GS, commercially available from Analog Devices Inc., of Norwood, MA.

The inputs to the current sense differential amplifier U5A are coupled through

a resistor network as shown. Namely, a first side of the sensing resistor R53 is

coupled to a non-inverting input (+) of the differential amplifier U5A through a series

resistor R51 and a shunt resistor R50. An opposite side of the sensing resistor R53 is

coupled to the inverting input (-) through a series resistor R52. A feedback resistor

R49 is coupled between an output of the amplifier U5A and the inverting input.

Resistors R49 through R52 form a differential amplifier topology with op-amp U5A.



The current to voltage gain in the illustrative example is = (R52)/[(R49) x (R53)]

amps/volt. Thus, for every 100 amps of current flowing through the sensing resistor

R53, the current sense output 228 (I_SENSE2) will be 1.0V for the particular

embodiment shown in FIG. 4. Accordingly, an amplifier output voltage follows a

voltage drop across the precision resistor. In at least some embodiments, the output

voltage indicative of the drain-to-source current IDs is provided as an analog current

sense signal 228 (I_SENSE2). Further signal conditioning (e.g., amplification or

buffering) can be applied to the amplifier output as necessary.

A schematic diagram of an embodiment of a storage capacitor charging circuit

207 of a multi-stage laser diode driver is shown in FIG. 5. The circuit includes a

power module PSl coupled between an external power supply VSUPPLY and the storage

capacitor 206 VCAP (FIGS . 2, 3). In the illustrative example, the power module PSl is

a DC-DC converter, model no. V28C36T100BL, commercially available from Vicor

Corp. of Andover, MA. In this example, the power module PSl is operable for an

input voltage ranging from 9 to 36 Volts. A positive output voltage is coupled to a

positive side of the storage capacitor 206 through a relatively high-power series

resistor R5. In the illustrative example, the series resistor R5 has a value of 20.0

Ohms and is rated for power dissipation of about 100 Watts. A charging time

constant τ of the storage capacitor is determined at least in part by the capacitor value

(e.g., 30,000 µFarads) and the series resistor R5. Here, τ = RC, or about 0.6 sec.

After initial turn on and full charge of VCAP,' R5 is shunted by a much smaller resistor

(e.g., 1.00 ohm - not shown), so that VCAP can be much more quickly charged to its

full voltage. This allows for operation up to a pulse repetition frequency (PRF) of

30Hz.

An adaptive resistive network is coupled to a secondary control terminal S C of

the power module PSl. In particular, a voltage at the secondary control terminal S C

can be varied to "trim" or otherwise adjust the value of the output voltage of the

supply module PSl up or down, as may be necessary. In the illustrative embodiment,

a first resistor R6 is coupled between a positive (+OUT) output terminal of the power

module PSl and the secondary control terminal SC. R6 can be installed, for example,

when it is desired to trim up from the nominal output of PSl. If it is not required to

trim up, R6 need not be installed. A second resistor R7 is coupled between the

secondary control terminal and the negative (-OUT) output terminal of the power



module PSl. R7 can be installed, for example, when it is desired to trim down from

the nominal output of PSl. If it is not required to trim down, R7 need not be installed.

Two shunt resistors R76, R77 are provided in parallel with the second resistor R7. In

particular, the shunt resistors R76, R77 can be selectively shunted individually or

collectively with the second resistor R7 in order to vary the resistance value between

the secondary control terminal SC and the negative output terminal.

Application of either shunt resistor R76, R77 is obtained by selective control

of SPST switches U9 and UIO. Each switch U9, UIO is independently controllable by

a respective input signal Vo, Vi. In the example embodiment, switches U9, UIO are

also model no. ADG1401. The switches U9, UIO are closed for a logic input of 1 and

opened for a logic input of 0. In at least some embodiments, an output monitor

terminal 234 is provided for monitoring an output voltage of the power module PSl.

The voltage at the output monitor terminal 234 can be provided as an input to the

controller 230 (FIG. 2, 3) as an indication of the power module output voltage level.

If the output voltage is determined to be too low or too high, suitable adjustment can

be made by way of TTL control terminals Vo, Vi, for example, from Controller 230.

It should be noted that the coarse adjustment provided by U9 and U10 in the

embodiment shown in FIG. 5, could easily be replaced by a "digital potentiometer"

controlled, for example, by a FPGA contained in Controller 230. This would in turn

give a much finer adjustment of the capacitor voltage (V CAP) from the power module

PSl. The VCAP voltage is adjusted for the purpose of minimizing the voltage drop

across the current sink MOSFETs Q4 (FIG. 4), while simultaneously keeping these

same MOSFETs Q4 in their linear region. Efficiency is maximized by minimizing

the power consumed by the current sink pass element (power = (Vds)x(Ids)). This

concept can be enhanced by monitoring the temperature of both the Laser Diodes

(204 and 304 in FIG. 3) and the temperature of the circuit board near the storage

capacitor. By monitoring these two temperatures PSl can be adjusted to compensate

for variations in the equivalent series resistance (ESR) of the storage capacitor and

variations in the voltage drop of the Laser pump diodes at 204 and 304. By keeping

the drain-to-source voltage Vds of the MOSFET Q4 close to about +0.7V, maximum

efficiency can be achieved.

A block diagram overview of an embodiment of a modularized multi-stage

laser diode driver is shown in FIG. 6. The illustrative embodiment includes three



modules: a control logic module 450; a diode drive module 460; and an optical

module 470. A separate power source 409 is illustrated as not being included in any

of the driver modules. The power source 409 can be any suitable power source

capable of sourcing sufficient current and voltage to charge a supply capacitor 406.

Examples include batteries, facility power, other ac and/or dc power supplies. The

power may be alternating current, direct current, or a combination of alternating and

direct currents.

The particular arrangement and number of modules 450, 460, 470, as well as

the division of circuits and/or functions among the modules is provided by way of

example. It is contemplated that other modular arrangements are possible. The

modules can be separate and interconnected. For example, each of the three modules

450, 460, 470 can be provided in a separate chassis and/or housing, One or more

interconnects, such as cables, can be provided between the modules. In some

embodiments two or more of the modules 450, 460, 470 may be included in a

common housing or chassis. Interconnection between modules can also be

accomplished by interconnects configured on the modules themselves, for example,

along a common backplane, or as a motherboard-daughterboard arrangement.

The optical module 470 includes a first array of one or more pump diodes 404,

configured to receive a first pump or drive current, e.g., IpA + IMO- The first array of

pump diodes 404 is configured to emit pump light 474 in response to the drive

current. The pump light 474 is directed toward the Power Amplifier (PA) optical gain

medium (not shown) and configured to pump ions of the gain medium to a

predetermined elevated energy state through well known techniques. A second array

of one or more master oscillator diodes 405 is configured to receive a second drive

current, e.g., IMO, having a magnitude that is at least nominally equal to or less than

the first drive current. The second array of master oscillator diodes 405 is also

configured to emit light 475 in response to the drive current. The master oscillator

light 475 is also directed toward a completely separate Master Oscillator optical gain

medium (not shown) and configured to stimulate emission of gain medium ions

pumped to the elevated energy state. The output light energy from the Master

Oscillator (MO) gain medium is used to drive the Power Amplifier (PA) gain

medium, which amplifies the light from the MO gain medium. Effectively, the master

oscillator seed light (not shown) is amplified by the PA optical gain medium.



The diode drive module 460 includes a storage capacitor 406, a capacitor

charger 407, and first and second current sinks 410, 420. The capacitor charger 407 is

in electrical communication between the external power source 409 and the storage

capacitor 406, converting or otherwise conditioning electrical power from the power

source to charge the storage capacitor 406. The storage capacitor 406 is in further

communication with a series combination of the first and second arrays of diodes 404,

405. The first current sink 410 is coupled to a circuit node 408 disposed between the

first and second arrays of diodes 404, 405. The node 408 can be provided in one of

the modules (e.g., the diode drive module 460, the optical module 470), or along an

interconnecting cable or trace interconnecting both modules 460, 470. The first

current sink 410 is in communication between the circuit node 408 and a return of the

storage capacitor 406 (e.g., ground). The second array of diodes 405 is positioned

between node 408 and the second current sink 420. The second current sink 420 is

also in electrical communication with the return of the storage capacitor 406 (e.g.,

ground).

One or more of the first and second current sinks 410, 420 can include or

otherwise be in electrical communication with a respective current monitor circuit

415, 425. The current monitor circuits are configured to provide an indication of the

current level being drawn through a respective current sink 410, 420. In at least some

embodiments of the diode drive module 460, additional circuits can be provided, such

as a capacitor charge indication circuit 434a, providing an indication whether the

storage capacitor is charged 406, for example, to a predetermined charge value.

Alternatively or in addition, the diode drive module 460 can include a storage

capacitor voltage monitoring circuit 434b.

In the illustrative example, the control logic module 450 includes a controller

circuit or module 430. The controller 430 can include or otherwise be implemented

by programmable semiconductor devices that are based around a matrix of

configurable logic blocks connected via programmable interconnects, generally

referred to as field programmable gate arrays (FPGAs). Such devices are

commercially available, for example, from XILINX, Inc. of San Jose, CA, for

example, the Virtex-6Q family of devices. Such devices can be configured through

known techniques to implement control and monitoring of various functions, such as

those described herein in relation to operation of the laser diode drivers 400. Also



shown in phantom is a separate or auxiliary controller 43 1, such as a computer that

can be included in at least some embodiments.

In some embodiments, as shown, the control logic module 450 includes one or

more ADCs (Analog to Digital Converters). In the illustrative embodiment, ADCs

417, 427 are provided to convert a respective sensed analog current value to a digital

value for further processing by the controller module 430. Another ADC 457 can be

provided to convert an analog value of the sensed storage capacitor voltage to a digital

value. Likewise, any other sensors providing analog output signals, such as a

temperature sensor 458, can be coupled to the controller module 430 through a

respective ADC 459. Some temperature sensors have a serial digital output without a

need for the ADC 459.

Similarly, control logic module 450 can include one or more digital-to-analog

converters (DACs) to convert any digital outputs provided by the controller module

430 to analog values, when appropriate. Examples include the DACs 414, 424

provided to convert respective current sink drive signal from digital value to an

analog voltage level suitable for controlling the respective current sink 410, 420 with

analog control signals 413, 423 respectively.

A series of traces of representative current driver pulses aligned with an

optical output pulse is shown in FIG. 7. A first waveform is illustrated, indicative of a

current pulse IPA+IMO as may be applied to the PA laser diode array of a MOPA

configuration (e.g., FIG. 3). The example pulse has a leading edge at a reference time

ef d lasts for a pulse duration time PULSE- The amplitude of the pulse can be

adjusted according to values of one or more of the individual currents IpA, IMO- In at

least some embodiments, the pulse amplitude is set to a level to yield a preferred

output pulse energy of an optical amplifier pumped by laser diode array driven by an

electrical current corresponding to the first waveform.

A second waveform is illustrated, indicative of a current pulse I M o as may be

applied to the MO laser diode array of a MOPA configuration (e.g., FIG. 3). The

example pulse has a coincident leading edge at re and lasts for a pulse duration time

PULSE- The amplitude of the pulse can be adjusted according to the value of IMO- In

at least some embodiments, the pulse amplitude is set to a level to yield a preferred

output pulse at a fire time Tf ir , measured relative to TREF- A third waveform is

indicative of an optical output of a MOPA gain medium excited by laser diodes driven



by electrical currents of the first and second traces. In the illustrative embodiment,

the fire time is approximately 240 µ . In at least some embodiments, there can be a

jitter associated with the fire time, such that the pulse is not consistently reproduced at

fi r with respect to TREF, but rather to a value differing by a jitter time.

An example non-rectangular current driver pulse 520 and corresponding

storage capacitor voltage 510 obtainable by the types of multi-stage laser diode

drivers described herein is shown in FIG. 8. The current driver pulse 520 has a base

width of 3500 µ , a peak amplitude of 200 Amps, and varies by 50 Amps steps, each

500 µ wide, providing a generally step-wise triangular shape. The storage capacitor

voltage starts out at a maximum value, then decreases linearly with each step in which

current is drawn, to a lower value. The storage capacitor voltage is charged once

again to the maximum value for subsequent pulses. Such a drive current pulse can be

obtained for example, by varying a current-level control signal, during an active pulse

period.

Another example of non-rectangular current driver pulses and corresponding

storage capacitor voltage obtainable by the types of multi-stage laser diode drivers

described herein is shown in FIG. 9. More particularly, a first waveform 550, 560 is

indicative of a PA laser diode current pulse (e.g. , IMo + IPA)- The pulse rises sharply

at about 151 ms to a value of about 200 Amps. The pulse remains substantially level

over the remaining pulse width, except for a brief period at the end of the pulse,

during which the pulse amplitude rises substantially. In the illustrative example, the

total pulse width is about 255 µ , having an initial amplitude of 200 Amps for

approximately the first 200 µ , then rising to about 300 Amps for approximately the

final 15 µ . A second waveform 540 is indicative of a master oscillator laser diode

driving pulse (e.g. , IMO)- The pulse rises sharply coincident with the first pulse, to a

slightly lesser value of about 150 Amps. The pulse remains substantially level over

the remaining pulse width of 255 us. Also shown is a representative waveform 530 of

a storage capacitor voltage during discharge producing the first (IMo + IPA) current

pulse and the second (IMO) current pulse.

The complex shape of the first pulse can be produced by the arbitrary

waveform generation capabilities of the laser driver circuits described herein.

Beneficially, such a current spike 560 can be used to induce an optical pulse output

from the gain medium at a more precise time corresponding to the current peak (e.g.,



at 240 µ ) (thus reducing pulse to pulse jitter). This method of Q-switching is called a

"Pump-triggered (composite pulse) Saturable Absorber". Such a sudden increase in

laser diode drive current produces a corresponding increase in laser diode output

toward the gain medium of a MOPA configuration, inducing an optical pulse. Such a

pulsing scheme can be used to simplify circuitry, for example, by eliminating a

bleaching diode and bleaching diode driver circuitry.

FIG. 10 illustrates a process 600 for driving a first light-emitting array. The

process includes receiving first and second current control signals at 610. A first

current is drawn from a common potential source through a current node at 620. The

first current is drawn in response to the received first current control signal. A second

current is drawn from the common potential source through the current node at 630.

The second current is drawn in response to the received second current control signal.

In particular, the first and second currents are arranged in parallel with respect to each

other. An aggregate current is drawn through a first light-emitting array at 640. The

aggregate current is determined substantially by a combination of the first and second

currents. The light-emitting array emits light in response to the aggregate current

drawn therethrough.

[0001] Although the first and second currents are described as being drawn from a

common potential source, the particular direction of the current is determined by one

or more of the light-emitting array and the common potential polarity. For example,

current can be "drawn" from a positively biased common potential source through a

forward biased junction of a semiconductor light-emitting array. Likewise, current

can be "pushed" to a negatively biased common potential source through a forward-

biased junction of a semiconductor light-emitting array.

In some embodiments, the process further includes receiving a current-enable

signal, for example, having at least two states corresponding to active and standby,

and receiving a current-level setting signal. The current-level setting signal

determines at least one of the first and second current control signals in response to

the received current-enable and current-level setting signals. The respective one of

the first and second currents is selectively drawn responsive to the current-enable

signal being in the active state.

In some embodiments, the process further includes emitting light from a

second light-emitting array in response to the first current. For example, in a circuit



arrangement, such as the embodiment shown in FIG. 3, the second light-emitting

array (e.g., at least one laser diode) will emit light when a first current IMO of an

appropriate magnitude is drawn through the forward-biased junction of the laser

diode.

In some embodiments, the process further includes receiving a current-enable

signal comprising at least two states corresponding to active and standby; receiving a

current-level setting signal; determining at least one of the first and second current

control signals in response to the received current-enable and current-level setting

signals, the respective one of the first and second currents being selectively drawn

responsive to the current-enable signal being in the active state.

In some embodiments, the process further includes pumping a laser gain

medium by light emitted from at least one said light-emitting arrays.

In some embodiments, the received current-level setting signal varies while

the current-enable signal is in the active state.

In some embodiments, the current-level setting signal comprises a momentary

peak configured to induce a momentary peak output of at least one said series

connected, light-emitting arrays adapted to optically excite the gain medium being

pumped, thereby providing synchronization in the optical excitation with respect to

the laser output.

Any of the light-emitting devices described herein can be any suitable light

source for pumping or seeding an optical power amplifier. Such devices include

semiconductor laser diodes, flash lamps, light emitting diodes and the like.

The number of current sinks and control terminals for said current sinks can be

three, four, five, or more current sinks in parallel to increase aggregate current

capacity and to improve overall aggregate reliability. Only two current sinks will be

discussed in the remainder of this document for simplicity. Additionally, as noted

herein, the current sinks could be implemented as current sources located between the

common potential source and the top first light-emitting array.

FIG. 11 shows a multiple output diode driver that drives two loads at the same

DC drive current. In one embodiment, the diode driver 700 includes a high-side

current source 710 to drive two series-connected loads 730a, 730b at the same DC

drive current. The loads 730a and 730b can be, for example, a laser diode, multiple

laser diodes, or laser diode arrays that have a varying number of light emitting diodes



therein. For example, loads 730a and 730b can be any of the light-emitting array

and/or pump diode configurations 102, 104, 202, 204, 304, 404, 405 described in

detail above. In exemplary embodiments, the single diode driver 700 can drive the

pump diodes 730a for a preamplifier gain stage or a power amplifier gain stage as

well as drive the pump diodes 730b for a master oscillator gain stage at the same time.

In this configuration, the efficiency is improved since diode driver parasitic voltage

losses are a smaller percentage of the output voltage, and diode driver parasitic power

losses are a smaller percentage of the output power.

The high-side-drive current source 710 provides regulated output current, in

contrast with low-side drive current sinks described in detail above, thereby protecting

the pump diodes 730a, 730b against over-current conditions. However, it is noted that

the foregoing detailed description of low-side-drive current sinks 110, 120, 210, 220,

410, 420, is applicable to the high-side-drive current source 710. That is, the high-

side-drive current source 710 can be any of the low-side-drive current sinks 110,120,

210, 220, 410, 420 described above in detail, appropriately modified and connected as

described above, as would be understood by one of skill in the art. Utilizing high-

side-drive current source 710, the pump diodes 730a, 730b can be directly shorted

(shunted) to ground anywhere in the diode string with no uncontrolled diode current

passing through the pump diodes. In contrast, utilizing a low-side-drive current sink

110,120, 210, 220, 410, 420 as described above in detail, a short from the diode

cathode to ground will cause unlimited current to flow in the diodes until the capacitor

discharges and will damage the pump diodes 730a, 730b.

It should be noted that, although the disclosure describes two series-connected

loads 730a, 730b, it will be understood that the disclosure is not limited in this regard,

but can be any of a plurality of series-connected loads. It should also be noted that the

pump current is not limited to DC current, but can be pulsed current, or any other

current capable of driving two series-coupled loads.

In some exemplary embodiments, the current source 710 can be a zero-

current-switched quasi-resonant buck converter to improve overall diode driver

efficiency. However, it should be understood that any linear current source diode

driver, hard-switched converter current source, or a soft-switched converter current

source, irrespective of topology, can be used within the scope of the present

disclosure. A detailed description of the quasi-resonant current source is provided in



U.S. Patent number 5,287,372; entitled "Quasi-Resonant Diode Drive Current

Source," the entire contents of which are incorporated herein by reference.

FIGs. 12-19 show a multiple-output diode driver that drives two loads, but at a

different DC drive current. In these embodiments, the multiple output diode driver

800 includes a current source 810 and a shunt device 820. The shunt device 820 is

coupled in parallel with the pump diode 830b of gain stage 2 to reduce the pump

diode current and provide two different drive currents for laser optimization.

However, it should be understood that the reduced pump diode current can be

supplied to either of the pump diode 830b of gain stage 2 or the pump diode 830a of

gain stage 1, singularly or in combination.

As shown in FIG. 12, the shunt device 820 is fixed resistor 822. In this

embodiment, the shunt current is a fixed current set by the forward voltage (VF) drop

across the pump diode 830b and the resistance of the resistor 822. It should be

understood that in this embodiment the shunt current cannot be changed once set.

FIG. 13 shows a variation of the multiple-output diode driver of FIG. 12,

where the shunt current can be switched on or off as a function of time or operating

condition. In this embodiment, the shunt device 820 includes a resistor 822 coupled

in series with a switching device 824. Similar to the embodiment of FIG. 12, the shunt

current is a fixed current set by the forward voltage (VF) drop across the pump diode

830b and the resistance of the resistor 822, but can be switched on and off as a

function of time or operating condition. In this embodiment, the switching device 824

is a transistor, but it should be understood that the switching device can be any device

known that can switch the shunt current on and off as a function of time or operating

condition.

FIG. 14 shows another variation of the multiple-output diode driver of FIG.

12, where the value of the shunt current can be changed by changing the value of the

resistance across the load. In this embodiment, the shunt device includes multiple

switched shunting devices 822a/824a, 822b/824b, 822c/824c that are coupled in

parallel with the with the pump diode 830b of gain stage 2 to reduce the pump diode

current and provide two different drive currents for laser optimization. In this

embodiment, the shunt current is a variable current set by the forward voltage (VF)

drop across the pump diode 830b and the resistance of the enabled multiple switched

shunting devices 822a/824a, 822b/824b, 822c/824c. In this configuration, the value



of the resistance of the parallel resistors can be changed, which in turn changes the

shunt current. It should be understood that the resistors in this configuration can have

the same or different values.

FIG. 15 shows another variation of the multiple-output diode driver of FIG.

12. In this embodiment, the shunt device 820 is a controlled current sink where the

shunt current is sensed and regulated to a value determined by a command variable

(VCMD) coupled to the laser control electronics (not shown), and the shunt current

may be independent of the forward voltage (VF) drop across the pump diode 830b. In

this configuration, the shunt current can be set to any value within a given range. It

should be understood that the circuit shown for the shunt device 820 is representative

of a current sink regulator; the disclosure is not limited in this respect.

FIG. 16 shows a variation of the multiple-output diode driver of FIG. 15. In

this embodiment, the shunt device 820 is a controlled current sink where the pump

diode current is sensed and regulated to a value determined by a command variable

(VCMD) coupled to the laser control electronics (not shown), and the pump current

may be independent of the forward voltage (VF) drop across the pump diode 830b. In

this configuration, the shunt current can be set to any value within a given range.

FIG. 17 shows a variation of the multiple output diode driver of FIG. 12,

where the same DC drive current is used for a time t for both pump diodes, and the

drive current to one of the diodes is shunted for the reminder of the time period. In

one embodiment, the shunt device 820 is a switching device 824, such as a transistor,

coupled in parallel with the pump diode 830b of gain stage 2 that essentially duty-

cycle modulates the shunt current of the pump diode 830b for laser optimization. In

operation, the shunt device 820 switches off the drive current by shunting the current

from the pump diode 830b and the power dissipated in the shunt device 820

approaches zero since the voltage across the shunt device 820 is close to zero volts.

During the time both pump diodes 830a, 830b are driven, the output power is

2*VF*IF, where VF is the forward voltage of the pump diodes, IF is the pump

current, and the input power is (2*VF*iF)/efficiency. In this embodiment, the two

pumped diodes 830a, 830b are matched, but it should be understood that matching is

not required. During the time the pump diode 830b is shunted, the output power is

VF*IF, where VF is the forward voltage of the pump diode 830a, IF is the pump

current, and the input power is (VF*IF)/efficiency. Is should be noted that, in this



mode of operation, the input power changes from (2*VF*IF)/efficiency to

(VF*iF)/efficiency, a change of 2 :1. Thus, there is virtually no penalty in power

dissipated with this diode driver configuration.

FIG. 18 shows a variation of the multiple-output diode driver of FIG. 13,

where the same DC drive current is used for a time t for both pump diodes and the

drive current is switched from one of the pump diodes to a dummy load for the

reminder of the time period. In this embodiment, the shunt device 820 includes a

resistor 822 (dummy load) coupled in series with a switching device 824, where the

value of the resistor 822 is selected such that all the current is shunted away from the

pump diode 830b. It should be noted that, if the power dissipated in the resistor 822

(dummy load) matches the power dissipated in the pump diode 830b, the output

power of the diode driver 800 does not change, and thus the input power to the diode

driver 800 does not change. Thus, the modulation of the pump current is not reflected

back to the power source as conducted emissions.

FIG. 19 shows a variation of the multiple-output diode driver of FIG. 18. In

this embodiment, the shunt device 820 includes an additional transistor 826 to ensure

the pump diode current is switched to zero at the time the shunt switch 824 is turned

on.

FIG. 20 shows a variation of the multiple-output diode driver of FIG. 13. In

this embodiment, the shunt device 800 includes a resistor 822 coupled in series with a

switching device 824. However the shunt device 820 is coupled in parallel with the

pump diode 830a of gain stage 1 to reduce the pump diode current and provide two

different drive currents for laser optimization. The shunt current is a fixed current set

by the forward voltage (VF) drop across the pump diode 830a and the resistance of

the resistor 822, but can be switched on and off as a function of time or operating

condition.

FIG. 2 1 shows a variation of the multiple-output diode driver of FIG. 13. In

this embodiment, a first shunt device 820a is coupled in parallel with the pump diode

830a of gain stage 1 and a second shunt device 820b is coupled in parallel with the

pump diode 830b of gain stage 2. In this configuration, the shunt current can be

switched across gain stage 1, gain stage 2, or a combination thereof.

FIG. 22 shows a variation of the multiple-output diode driver of FIG. 17. In

this embodiment, a first shunt device 820a includes a switch 824a, such as a



transistor, that is coupled in parallel with the pump diode 830a of gain stage 1 and a

second shunt device 820b includes a switch 824b, such as a transistor, that is coupled

in parallel with the pump diode 830b of gain stage 2. In this configuration, the pump

current can be shunted across pump diode 830a, pump diode 830b, or a combination

thereof.

In the exemplary embodiments described in detail herein, resistors are used as

the shunt elements. However, the disclosure is not limited to the use of resistors as

shunt elements. According to the exemplary embodiments, any sort of passive or

active load elements can be used. Also NPN bipolar transistors and simplified

regulation circuits are illustrated and described in connection with the exemplary

embodiments. However, the exemplary embodiments can be implemented using any

of many different semiconductors, ICs, and regulation circuits.

As described in detail above, there are several possible variations of the

exemplary embodiments. In some laser configurations, equal current to multiple gain

stages is acceptable, and no additional current control may be required. In other laser

configurations, pump diode drive current requirements for one gain stage may be

different than those for another gain stage. In other laser configurations, pump diode

drive current may be duty-cycle modulated. For these last two configurations,

additional current control is added to the diode driver. However, this additional

current control requires significantly less circuitry than another whole diode driver. It

should be understood that any of the above-described embodiments can be combined

into one driver. Further, it should be understood that any other known driver

configuration not described herein can be adapeted to the current exemplary

embodiments. In some embodiments, the technology utilizes an active line filter to

charge the energy storage capacitor to regulate and minimize input current and reduce

component stress.

In the Assignee's prior patent applications, U.S. Application No. 13/764,409,

attorney docket number RAY- 157 ("the '409 application" hereinafter), and U.S.

Application No. 13/215,873, attorney docket number RAY-053 ("the '873

application" hereinafter), incorporated herein in their entirety by reference, diode

drivers are described. U.S. Patent numbers 5,287,372 ("the '372 patent" hereinafter);

5,736,881 ("the '881 patent" hereinafter); 7,019,503 ("the '503 patent" hereinafter);

7,038,435 ("the '435 patent" hereinafter); and 7,041,940 ("the '940 patent"



hereinafter) also describe circuitry related to diode drivers. The '372 patent, the '881

patent, the '503 patent, the '435 patent, and the '940 patent are all incorporated herein

in their entirety by reference.

In the '873 application, the diode driver uses low-side-drive current sink

regulators as described above in detail. In these devices, all of the current control is in

the low-side-drive sink regulators. As a result, in this configuration, a short circuit

from a diode cathode to ground will cause unlimited current to flow in the diodes until

the capacitor discharges and, therefore, will damage the pump diodes.

The following describes in detail certain novel and nonobvious modifications

and improvements with respect to the disclosures of the '409 application and the '873

application. For example, according to the present disclosure, high-side-drive current

sources are used to provide regulated output current, rather than low-side-drive

current sinks. As a result, according to the present disclosure, the pump diodes are

always protected against over-current conditions. That is, the pump diodes can be

directly shorted (shunted) to ground anywhere in the diode string without

uncontrolled diode current to the pump diodes. The pump diodes are always

protected regardless of where a short occurs.

Also, according to the present disclosure, input current to the diode drive

current source, or diode driver, is controlled. According to the exemplary

embodiments, the diode driver includes a capacitive energy storage device such as an

energy storage capacitor, from which the controlled drive current is drawn, and which

moderates the peak current draw. A capacitor charger circuit or device charges the

capacitive energy storage. The diode driver of the present disclosure also includes

laser control electronics and a drive current source. In some exemplary embodiments

as described below in detail, the circuit or device for charging the capacitive energy

storage is an active line filter. The active line filter front end charges the storage

capacitor to control, regulate and minimize input current draw from the power source

and eliminates the series resistor, thus reducing power loss, increasing efficiency and

reducing component stress.

FIGs. 23-41 are modified versions of FIGs. 11-22 described above in detail,

illustrating the novel and nonobvious modifications and improvements according to

the exemplary embodiments of the present disclosure.



Specifically, FIG. 23 includes a schematic block diagram of laser diode driver

system 900A, according to some exemplary embodiments. Referring to FIG. 23,

system 900A includes an energy storage capacitor 902 coupled to the output of a

capacitor charger circuit 904 and the input of a high-side drive current source 906.

Input current to the high-side drive current source 906 is drawn from energy storage

capacitor 902, which is charged by capacitor charger circuit 904. The driver system

900A operates under the control of laser control electronics 908. Referring to FIGs.

2, 3, 5 and 6, and their corresponding detailed descriptions herein, energy storage

capacitor 902 can be the same as, or of the type of, capacitor 206 or 406, described

above in detail. Similarly, capacitor charger 904 can be the same as, or of the type of,

capacitor chargers 207 or 407, described above in detail. Laser control electronics

908 can be the same as, or of the type of, control circuitry illustrated in and described

in detail in connection with FIGs. 2, 3 and 6. The laser control circuitry 908 can

include, for example, one or more of controllers 230 or 430, ADCs 217, 227, 417,

427, 459, 457, DACs 214, 224, 414, 424, and temperature sensor 458, as described

above in detail. In some exemplary embodiments, as described above in detail, the

controller can include or can be implemented as, for example, a field programmable

gate array (FPGA).

In the various exemplary embodiments, high-side drive current sources 906

are of the type illustrated in and described in detail above in connection with FIGs. 1-

3 and 6, with the exception that, in the exemplary embodiments, high-side drive

current sources are used instead of low-side drive current sinksl 10, 120, 410 and 420.

Otherwise, the current sources of the embodiments of FIGs. 23-41 are the same as

those illustrated in FIGs. 1-3 and 6.

In some exemplary embodiments, an active line filter (ALF) 910 is used as the

input to charge the energy storage capacitor 902, instead of capacitor charger 904.

The exemplary embodiments which use an ALF 910 instead of a capacitor charger

904 are illustrated in FIGs. 25, 26, 29 and 30. ALF 910 front end controls, regulates

and minimizes current draw from the power source (not shown). It reduces power

loss, thus increasing efficiency. Active line filter 910 operates to eliminate transients,

spikes and noise in the input electric power. As a result, the input current is

controlled, regulated and minimized.



Laser diode driver systems 900 illustrated in FIGs. 23-41 can include a

module 901, which can be, for example, a printed circuit board (PCB), or any kind of

module on or in which electronic circuitry can be mounted. In accordance with the

exemplary embodiments, active line filters 910, capacitor chargers 904, energy

storage capacitors 902 and high-side drive current sources 906 can be included in or

on modules 901. In some exemplary embodiments, such as those illustrated in FIGs.

24, 26, 28 and 30-41, laser control electronics 908 are also included in or on module

901. In other exemplary embodiments, such as those illustrated in FIGs. 23, 25, 27

and 29, laser control electronics 908 are not included in or on module 901.

FIGs. 23-26 illustrate multiple-output diode drivers that drive two loads at the

same DC drive current. In some embodiments, the diode drivers 900A, 900B, 900C

and 900D include a high-side current source 906 to drive two series-connected loads

730a, 730b at the same DC drive current. The loads 730a and 730b can be, for

example, a laser diode, multiple laser diodes, or laser diode arrays that have a varying

number of light emitting diodes therein. For example, loads 730a and 730b can be

any of the light-emitting array and/or pump diode configurations 102, 104, 202, 204,

304, 404, 405 described in detail above. In exemplary embodiments, the single diode

drivers 900A, 900B, 900C and 900D can drive the pump diodes 730a for a

preamplifier gain stage or a power amplifier gain stage as well as drive the pump

diodes 730b for a master oscillator gain stage at the same time. In this configuration,

the efficiency is improved since diode driver parasitic voltage losses are a smaller

percentage of the output voltage, and diode driver parasitic power losses are a smaller

percentage of the output power.

The high-side-drive current source 906 provides regulated output current, in

contrast with low-side drive current sinks described in detail above, thereby protecting

the pump diodes 730a, 730b against over-current conditions. However, it is noted that

the foregoing detailed description of low-side-drive current sinks 110, 120, 210, 220,

410, 420, is applicable to the high-side-drive current source 906. That is, the high-

side-drive current source 906 can be any of the low-side-drive current sinks 110,120,

210, 220, 410, 420 described above in detail, appropriately modified and connected as

described above, as would be understood by one of skill in the art. Utilizing high-

side-drive current source 906, the pump diodes 730a, 730b can be directly shorted

(shunted) to ground anywhere in the diode string with no uncontrolled diode current



passing through the pump diodes. In contrast, utilizing a low-side-drive current sink

110,120, 210, 220, 410, 420 as described above in detail, a short from the diode

cathode to ground will cause unlimited current to flow in the diodes until the capacitor

902 discharges and will damage the pump diodes 730a, 730b.

It should be noted that, although the disclosure describes two series-connected

loads 730a, 730b, it will be understood that the disclosure is not limited in this regard,

but can be any of a plurality of series-connected loads. It should also be noted that the

pump current is not limited to DC current, but can be pulsed current, or any other

current capable of driving two series-coupled loads.

In some exemplary embodiments, the current source 906 can be a zero-

current-switched quasi-resonant buck converter to improve overall diode driver

efficiency. However, it should be understood that any linear current source diode

driver, hard-switched converter current source, or a soft-switched converter current

source, irrespective of topology, can be used within the scope of the present

disclosure. A detailed description of the quasi-resonant current source is provided in

U.S. Patent number 5,287,372; entitled "Quasi-Resonant Diode Drive Current

Source," the entire contents of which are incorporated herein by reference.

FIGs. 27-30 are the same as FIGs. 23-26, respectively, with the exception that

laser diode driver systems 900E, 900F, 900G and 900H of FIGs. 27-30, respectively,

each include two high-side-drive current sources 906a, 906b, instead of a single

source 906. Each source 906a and 906b is the same as source 906, described herein in

detail. The use of multiple sources 906a, 906b provides for the ability drive

additional pump diode gain stages. Specifically, as illustrated in FIGs. 27-30, source

906a can drive pump diode gain stages 1 and 2, i.e., pump diodes 730a and 730b, and

source 906b can drive pump diode gain stages 3 and 4, i.e., pump diodes 730c and

730d.

FIGs. 31-41 each show a diode driver 9001, 900J, 900K, 900L, 900M, 900N,

900P, 900Q, 900R, 900S, 900T, respectively, that drives two loads, but at a different

DC drive current. In these embodiments, each diode driver 900 includes a current

source 906 and a shunt device 920. The shunt device 920 is coupled in parallel with

the pump diode 830b of gain stage 2 to reduce the pump diode current and provide

two different drive currents for laser optimization. However, it should be understood



that the reduced pump diode current can be supplied to either of the pump diode 830b

of gain stage 2 or the pump diode 830a of gain stage 1, singularly or in combination.

In FIG. 3 1, the shunt device 920 is a fixed resistor 922. In this embodiment,

the shunt current is a fixed current set by the forward voltage (VF) drop across the

pump diode 830b and the resistance of the resistor 922. It should be understood that

in this embodiment the shunt current cannot be changed once set.

FIG. 32 shows a diode driver 900J, which is a variation of the diode driver

9001 of FIG. 31, where the shunt current can be switched on or off as a function of

time or operating condition. In this embodiment, the shunt device 920 includes a

resistor 922 coupled in series with a switching device 924. Similar to the embodiment

of FIG.3 1, the shunt current is a fixed current set by the forward voltage (VF) drop

across the pump diode 830b and the resistance of the resistor 922, but can be switched

on and off as a function of time or operating condition. In this embodiment, the

switching device 924 is a transistor, but it should be understood that the switching

device can be any device known that can switch the shunt current on and off as a

function of time or operating condition.

FIG. 33 shows a diode driver 900K, which is another variation of the diode

driver 9001 of FIG. 31, where the value of the shunt current can be changed by

changing the value of the resistance across the load. In this embodiment, the shunt

device 920 includes multiple switched shunting devices 922a/924a, 922b/924b,

922c/924c that are coupled in parallel with the with the pump diode 830b of gain

stage 2 to reduce the pump diode current and provide two different drive currents for

laser optimization. In this embodiment, the shunt current is a variable current set by

the forward voltage (VF) drop across the pump diode 830b and the resistance of the

enabled multiple switched shunting devices 922a/924a, 922b/924b, 922c/924c. In this

configuration, the value of the resistance of the parallel resistors can be changed,

which in turn changes the shunt current. It should be understood that the resistors in

this configuration can have the same or different values.

FIG. 34 shows a diode driver 900L, which is another variation of the diode

driver 9001 of FIG. 31. In this embodiment, the shunt device 920 is a controlled

current sink where the shunt current is sensed and regulated to a value determined by

a command variable (VCMD) coupled to the laser control electronics (not shown),

and the shunt current may be independent of the forward voltage (VF) drop across the



pump diode 830b. In this configuration, the shunt current can be set to any value

within a given range. It should be understood that the circuit shown for the shunt

device 920 is representative of a current sink regulator; the disclosure is not limited in

this respect.

FIG. 35 shows a diode driver 900M, which is a variation of the diode driver

900L of FIG. 34. In this embodiment, the shunt device 920 is a controlled current

sink where the pump diode current is sensed and regulated to a value determined by a

command variable (VCMD) coupled to the laser control electronics (not shown), and

the pump current may be independent of the forward voltage (VF) drop across the

pump diode 830b. In this configuration, the shunt current can be set to any value

within a given range.

FIG. 36 shows a diode driver 900N, which is another variation of the diode

driver 9001 of FIG. 3 1, where the same DC drive current is used for a time t for both

pump diodes, and the drive current to one of the diodes is shunted for the reminder of

the time period. In one embodiment, the shunt device 920 is a switching device 924,

such as a transistor, coupled in parallel with the pump diode 830b of gain stage 2 that

essentially duty-cycle modulates the shunt current of the pump diode 830b for laser

optimization. In operation, the shunt device 920 switches off the drive current by

shunting the current from the pump diode 830b and the power dissipated in the shunt

device 920 approaches zero since the voltage across the shunt device 920 is close to

zero volts. During the time both pump diodes 830a, 830b are driven, the output

power is 2*VF*IF, where VF is the forward voltage of the pump diodes, IF is the

pump current, and the input power is (2*VF*IF)/efficiency. In this embodiment, the

two pumped diodes 830a, 830b are matched, but it should be understood that

matching is not required. During the time the pump diode 830b is shunted, the output

power is VF*IF, where VF is the forward voltage of the pump diode 830a, IF is the

pump current, and the input power is (VF*IF)/efficiency. Is should be noted that, in

this mode of operation, the input power changes from (2*VF*IF)/efficiency to

(VF*IF)/efficiency, a change of 2 :1. Thus, there is virtually no penalty in power

dissipated with this diode driver configuration.

FIG. 37 shows a diode driver 900P, which is a variation of the diode driver

900J of FIG. 32, where the same DC drive current is used for a time t for both pump

diodes and the drive current is switched from one of the pump diodes to a dummy



load for the reminder of the time period. In this embodiment, the shunt device 920

includes a resistor 922 (dummy load) coupled in series with a switching device 924,

where the value of the resistor 922 is selected such that all the current is shunted away

from the pump diode 830b. It should be noted that, if the power dissipated in the

resistor 922 (dummy load) matches the power dissipated in the pump diode 830b, the

output power of the diode driver 900P does not change, and thus the input power to

the diode driver 900P does not change. Thus, the modulation of the pump current is

not reflected back to the power source as conducted emissions.

FIG. 38 shows a diode driver 900Q, which is a variation of the diode driver

900P of FIG. 37. In this embodiment, the shunt device 920 includes an additional

transistor 926 to ensure the pump diode current is switched to zero at the time the

shunt switch 924 is turned on.

FIG. 39 shows a diode driver 900R, which is a variation of the diode driver

900J of FIG. 32. In this embodiment, the shunt device 920 includes a resistor 922

coupled in series with a switching device 924. However the shunt device 920 is

coupled in parallel with the pump diode 830a of gain stage 1 to reduce the pump

diode current and provide two different drive currents for laser optimization. The

shunt current is a fixed current set by the forward voltage (VF) drop across the pump

diode 830a and the resistance of the resistor 922, but can be switched on and off as a

function of time or operating condition.

FIG. 40 shows a diode driver 900S, which is a variation of the diode driver

900J of FIG. 32. In this embodiment, a first shunt device 920a is coupled in parallel

with the pump diode 830a of gain stage 1 and a second shunt device 920b is coupled

in parallel with the pump diode 830b of gain stage 2. In this configuration, the shunt

current can be switched across gain stage 1, gain stage 2, or a combination thereof.

FIG. 4 1 shows a diode driver 900T, which is a variation of the diode driver

900N of FIG. 36. In this embodiment, a first shunt device 920a includes a switch

924a, such as a transistor, that is coupled in parallel with the pump diode 830a of gain

stage 1 and a second shunt device 920b includes a switch 924b, such as a transistor,

that is coupled in parallel with the pump diode 830b of gain stage 2. In this

configuration, the pump current can be shunted across pump diode 830a, pump diode

830b, or a combination thereof.



FIGs. 42-46 include schematic block diagrams which illustrate five different

diode driver systems to illustrate differences between prior art diode driver systems

and diode driver systems of the exemplary embodiments. Referring to FIG. 42, the

diode driver system 300, illustrated in and described in detail above in connection

with FIG. 3, is illustrated. Capacitor charger 207 receives power input and charges

capacitor 902. PA current I PA and MO current I MO flow through current node

208. MO current sink 220 sinks the MO current I_MO through MO diode(s) 304,

and PA current sink 210 sinks the PA current I PA from current node 208 to ground,

such that the total diode current I_PA + I_MO flows through PA light-emitting array

202, including diodes 204. System 300 also includes a controller 230, which controls

current sinks 210 and 220 via control/interface circuitry such as high-speed DACs 214

and 224, respectively.

FIGs. 43-46 illustrate diode driver systems in which current sinks 210 and 220

of system 300 of FIG. 42 are connected as current sources 210a and 220b, such that

the issue of over-current in diodes 204a and 304a is eliminated, as described above in

detail. In the systems of FIGs. 43-46, the total diode current I_PA + I_MO flows to

current node 208a. PA current source 210a sources the PA current I PA from current

node 208a through PA light-emitting array 202a, including diodes 204, to ground. In

the systems of FIGs. 45 and 46, MO current I_MO is added to the current I_PA from

PA current source 210a at node 209a, and total current I MO + I PA flows out of

node 209a through PA light emitting array 202a, including diodes 204a, to ground. In

contrast, in the systems of FIGs. 43 and 44, MO current source 220a sources MO

current I_MO from current node 208a through MO diode(s) 304a to ground.

Controller 230a, controls current sources 210 and 220 via control/interface circuitry

such as high-speed DACs 214 and 224, respectively.

In FIGs. 43 and 45, capacitor charger 207 receives power input and charges

capacitor 902. Accordingly, the system illustrated in FIGs . 43 and 45 can be the

same as, or of the type of, any of systems 900A, 900B, 900E, 900F, 9001, 900J, 900K,

900L, 900M, 900N, 900P, 900Q, 900R, 900S, and 900T, illustrated in FIGs. 23, 24,

27, 28, and 31-41, respectively. In FIGs. 44 and 46, active line filter 910 receives

power input and charges capacitor 902. Accordingly, the system illustrated in FIGs.

44 and 46 can be the same as, or of the type of, any of systems 900C, 900D, 900G,

and 900H, illustrated in FIGs. 25, 26, 29, and 30, respectively.



It should be noted that, throughout the foregoing Detailed Description, diode

driving systems according to the exemplary embodiments are described as having two

current sources, driving two respective sets of output diodes. Specifically, in some of

the exemplary embodiments described in detail herein, diode driving systems can be

of the master oscillator/power amplifier (MOPA) type, in which one current source

drives a set of master oscillator (MO) diodes and another current source drives a set of

power amplifier (PA) diodes. It will be understood that this disclosure is applicable to

any number of current sources driving any number of sets of diodes. For example, the

present disclosure is also applicable to a master oscillator/preamplifier/power

amplifier (MOPAPA) diode driver system in which a first current source drives a set

of master oscillator (MO) diodes, a second current source drives a set of preamplifier

diodes, and a third current source drives a set of power amplifier (PA) diodes.

The following detailed description in connection with FIGs. 47-53 is directed

to exemplary embodiments of devices and techniques for a diode driver for battery

operated laser systems. The diode driver systems described below minimize input

current draw to maximize battery life. The following detailed description in

connection with FIGs. 47-53 is applicable to any of the exemplary embodiments

described herein related to diode driver systems.

The methods and systems for controlling the current drawn from a battery by

pulsed load electronics described in detail hereinafter can provide one or more of the

following advantages. One advantage is that high pulsed load currents can be

delivered to pulsed load electronics while drawing a substantially constant, relatively

low current from the battery. The lower current draw from the battery advantageously

maximizes the useful energy available from the battery. The lower current draw also

advantageously allows for an improved battery life. The technology also

advantageously prevents reflection of the pulsed currents used by the pulsed load

electronics.

With reference to FIG. 47, diode driver system 1000 includes an active line

filter front end including a line filter the same as or of the type of line filter 910

described above in detail. System 1000 also includes capacitive energy storage such

as capacitor 902, the same as or of the type of capacitor 902 described above in detail.

System 1000 also includes a current driver or drive current source 906, the same as or

of the type of drive current sources 906 described above in detail. A non-isolated



diode driver system 1000 is illustrated in FIG. 47. The present disclosure is also

applicable to an isolated diode driver system, including either an isolated active line

filter or an isolated current driver or drive current source 906. System 1000 is

illustrated as including four pump diodes 104. Although the pump diodes are labeled

using reference numeral 104, as used to identify pump diodes in FIG. 1, it will be

understood that output load or pump diodes to which this description is applicable

include any quantity and/or configuration of the load or pump diodes 104, 204, 304,

404, 405, 730a, 730b, 830a, 830b included in the detailed description herein.

Circuit topology for active line filter 910 and current driver or drive current

source 906 are not illustrated in FIG. 47. It will be understood that the present

disclosure is not limited in topology of either active line filter 910 or current driver or

drive current source 906. Either active line filter 910 or current driver or drive current

source 906 can have a "step-up" or "step-down" topology. In some exemplary

embodiments, the output pump current to pump diodes 104 is pulsed. In such

embodiments, use of active line filter 910 in diode driver system 1000 controls and

regulates the input current drawn from battery power source 1002 such that pulsed

load currents are not reflected back to battery power source 1002, thereby maximizing

battery life. In addition, the input current drawn from battery power source 1002 is

minimized for the operating condition in effect at any time (battery voltage, laser

pump current, etc.). In this context, the terminology "active line filter" refers to a

circuit/system function, not to a specific topology or control scheme. However, some

exemplary control schemes for implementing active line filter 910 are described

herein.

In the diode driver system shown in FIG. 47, in some exemplary

embodiments, current driver or drive current source 906 delivers pulsed current to

pump diodes 104. The energy to drive the pulsed current is drawn from storage

capacitor 902, which is partially discharged during the output current pulse. Active

line filter 910 in diode driver system 1000 controls and regulates the input current

drawn from battery power source 1002, such that the input current drawn from battery

power source 1002 is minimized, yet still sufficient to recharge storage capacitance

902 in time for the next output current pulse (sometimes referred to as a "shot").

For a given power draw, input current changes as a function of input voltage.

Driver system 1000 shown in FIG. 47 uses input voltage feedforward to set input



current to compensate for input voltage drop due to battery discharge. As a result,

input current is minimized. Active line filter 910 can be implemented without input

voltage feedforward.

For a given input voltage, input current changes as a function of output load.

Driver system 1000 uses output load feedforward to set input current to compensate

for changes in output power drawn by the current driver or drive current source 906.

As a result, input current is minimized. Active line filter 910 can be implemented

without output load feedforward.

Diode driver system 1000 of the present disclosure uses active line filter 910

to minimize the load currents drawn from battery power source 1002 to maximize

battery life. Specifically, according to some exemplary embodiments, an apparatus

and method are provided for a diode driver system 1000 that utilizes active line filter

910 to control and regulate the input current drawn from battery power source 1002

such that pulsed load currents are not reflected back to battery power source 1002,

thereby maximizing battery life. In some embodiments, active line filter 910 utilizes

a switch-mode power converter with a very low bandwidth output voltage regulation

control loop, with input voltage feedforward and output load feedforward, to provide

a regulated input current. The filter is contrasted with a conventional switch-mode

DC power supply, wherein the typical DC power supply provides a regulated output

(normally regulated DC voltage), but active line filter 910 provides a regulated input

(DC input current), while also delivering a regulated DC output voltage.

In some exemplary embodiments, active line filter 910 can be configured to

regulate output current. In some exemplary embodiments, active line filter 910 can be

configured to regulate output voltage with a high control loop bandwidth and to limit

the input current draw to a desired level with a pulse-by -pulse current limit function.

In some embodiments, active line filter 910 can be configured to regulate output

voltage with a high control loop bandwidth, with a "slow" current limit function

limiting the output current to a desired level. These alternate embodiments for

implementing the function of active line filter 910 are described in further detail

below.

FIG. 48 illustrates a high-switching-frequency continuous current boost

converter 1006 with a very low bandwidth control loop, with input voltage

feedforward and output load feedforward, used as an implementation of active line



filter 910 in diode driver system 1000 to provide a regulated input current, according

to some exemplary embodiments. It should be noted that the present disclosure is not

limited in this regard. For example, a voltage-mode converter can also be used, and

any of several other converter topologies, either isolated or non-isolated, can be used.

In some exemplary embodiments, a silicon carbide output rectifier 1008 in the form of

a SiC Schottky diode, is used to maintain high efficiency at the high switching

frequency, but the present disclosure is not limited to this configuration. In some

exemplary embodiments, synchronous rectification can be used to improve active line

filter efficiency; the present disclosure is not limited to this configuration.

Referring to FIG. 48, the continuous current boost converter circuit 1006

operation will be described. The pulse width modulator (PWM) controls a switch Ql.

During the switch-on time, the input voltage is impressed across an inductor LI.

Current in the inductor L I ramps up according to the equation

1 L

During the switch-off time, inductor LI flies back to flow current into

capacitor 902. The difference between the output voltage and the input voltage is

impressed across inductor LI. Current in inductor L I ramps down according to the

equation

_ (Vin - Vout - Vf) *toff
1 L

Under steady state conditions, di(on) + di(off) = 0. Solving these

simultaneous equations yields the following equation

Vin Vce rVout = Vf
1 _ ) (i - )

where D is the duty cycle of switch Ql, D = ton/(ton+toff). Vout is a function of the

input voltage and the switch duty cycle, and the transistor losses and the diode

forward voltage. Thus, D, the duty cycle of switch Ql controls the output voltage.

In a current mode control converter, the switch current is compared to the

error amplifier output to control the switch on time. Thus, the switch current is

regulated on a cycle-by-cycle basis. A current mode control boost can be used to

regulate input current. Current mode control converters, boost converters, and current

mode control boost converters are well described in the literature. In various

embodiments, diode driver 1000 utilizing active line filter 910, with input voltage



feedforward and output load feedforward, provides a controlled and regulated input

current, minimizing input current drawn from battery 1002. However, the present

disclosure is not limited in this regard. In some exemplary embodiments, active line

filter 910 can be implemented without input voltage feedforward, or without output

load feedforward, or without both input voltage feedforward and output load

feedforward .

In some exemplary embodiments, it can be advantageous to use a current

mode control continuous boost converter to provide input current regulation.

However, according to exempalry embodiments, it is possible to provide input current

regulation by other means. For example, it is possible to directly regulate input

current, and use the output of a voltage regulating error amplifier to set the reference

voltage of the current error amp. This scheme still requires a very slow voltage

regulation bandwidth loop, with input voltage feedforward and output load

feedforward. For another example, it is possible to directly regulate input current, and

use the output of a voltage comparator to shut off the input current once energy

storage capacitor 902 is recharged.

As defined herein, active line filter 910 provides a regulated DC input current

with very low ripple. The output current drawn has an average DC component, but

also has a significant AC component. The difference between the diode current and

output load current is provided by output filter energy storage capacitance 902,

resulting in a significant ripple current in energy storage capacitor 902. For a given

ripple current and a given capacitance, an AC ripple voltage results across capacitor

902. The very low bandwidth voltage regulation control loop is can be used, in

various embodiments, to prevent this capacitor ripple voltage from modulating the

input current. In some particular exemplary embodiments, a loop bandwidth of < 2Hz

is used, but the present disclosure is not limited in this regard. Additional output

capacitors 902 can be used in parallel to reduce the ripple voltage, but additional

output capacitors 902 result in increased size, weight, and cost.

Use of a very slow voltage regulation loop, described above, to provide

regulation of the output voltage, input voltage transients and output load transients

will cause poor output voltage regulation, due to the inability of the very slow control

loop to compensate for the transients. Input voltage feedforward and output load

feedforward can thus be added, in various embodiments, to provide a very fast



response to input voltage transients and output load changes to maintain output

voltage regulation.

Output load feedforward will modulate input current, thus defeating the

purpose of active line filter 910, if implemented incorrectly. However, in various

exemplary embodiments, the diode pump current amplitude and diode pump current

duty cycle are commanded by laser electronics 908. Therefore, laser electronics 908

can provide a feedforward signal proportional to the commanded current amplitude

and commanded duty cycle of the pump current. In some exemplary embodiments,

this signal can be proportional to the average pump current, for example. This signal

can be fed to active line filter 910 as OLFF. The output load feedforward signal is

analogous to the modulation envelope used in AM radio transmission, as illustrated in

FIG. 49, with a step function load change for clarity. It is the modulation envelope

(shown as a dashed line in FIG. 49), not the carrier frequency, that is suitably used to

provide output load feedforward. The modulation envelope has no carrier frequency

information. Thus, the output load feedforward does not modulate the input current,

and does not defeat the purpose of active line filter 910.

FIG. 50 includes a schematic diagram of a control section 1012 of active line

filter 910. Referring to FIG. 50, a very slow voltage regulation error amplifier

provides regulation of the output voltage. A very slow error amplifier is used in order

to avoid modulating input current as a function of output voltage ripple, thus VA does

not change very rapidly. Input voltage feedforward (VFV) and output load

feedforward (VFC) are added to provide very fast response to input voltage transients

and output load transients to maintain output voltage regulation. VTN is scaled

appropriately to form the input voltage feedforward, VFV. The output load

feedforward signal VOLFF is scaled appropriately to form the output load

feedforward, VFC. These two signals are summed with the error amplifier SA output

to make VE. VE is fed to the pulse width modulator (PWM) to control the input

current. Since VFV and VFC are not integrated or filtered, they can change as

rapidly as the input voltage or output load can change. VE can therefore change as

rapidly as as the input voltage or output load, and can provide the control necessary to

provide a regulated output voltage.



FIG. 51 includes a schematic diagram of an implementation of active line

filter 910 control section 1014, according to some exemplary embodiments. For this

implementation,

VE = VA - K l *VIN + K2 *VOLFF+ K3

where K l provides the scaling factor for Vin, K2 provides the scaling factor for

VOLFF, and K3 provides a DC offset. Kl, K2, and K3 are optimized for the

application. When optimized, there is little or no change in output voltage with a step

function input voltage change or step function output load change. As can be seen, if

input voltage VIN rises, VE drops, reducing input current to compensate; if VOLFF

increases, VE increases, increasing input current to compensate. The amplifier

labeled EA is the slow error amplifier, the amplifier labeled SA is the fast summing

amplifier. If desired, the PWM error amplifier of the PWM used to implement active

line filter 910 can be used to implement the summing amplifier SA.

In various embodiments, circuits can include a current mode control

continuous current boost converter with a very low bandwidth control loop, having

input voltage feedforward and output load feedforward, to provide a regulated input

current and a regulated output voltage. Such circuits can provide input ripple current

attenuation of >30dB (due to the input current regulation and slow voltage loop),

maintain excellent output voltage regulation over line and load transients (due to the

input voltage feedforward and output load feedforward), achieve > 90% efficiency

(silicon carbide rectifiers or synchronous rectification can be used to achieve > 93%

efficiency), and can be small and light weight. Although the use of active line filter

910 reduces the efficiency of the diode driver (by approximately 7%), the loss in

efficiency is exceeded by the gains in battery efficiency. Diode drivers, in accordance

with various embodiments, can more than double battery life. Depending on the

application, net battery life can be increased by a factor of 1.8 to 1.9.

An output voltage feedforward loop can be added to active line filter 910 to

provide improved ripple rejection of active line filter 910, as described in U.S. Patent

number 7,019,503, incorporated herein in its entirety by reference. Average current

mode control or modified average curent mode control can be used in active line filter

910 to provide improved ripple rejection of active line filter 910, as described in U.S.

Patent number 7,141,940, incorporated herein in its entirety by reference.



In some exemplary embodiments, active line filter 910 can be configured to

regulate output current. Input current to a power converter or regulator is proportional

to the output current. Therefore, according to some exemplary embodiments, control

of the output current provides an indirect control of the input current, and the function

of active line filter 910 is realized.

In some exemplary embodiments, active line filter 910 can be configured to

regulate output voltage with a high control loop bandwidth, with a current limit

function limiting the input current draw to a desired level. The present disclosure is

not limited in this regard. For example, active fine filter 910 function can be

implemented as shown in FIG. 52. Referring to FIG. 52, a boost converter 1106 is

configured to regulate output voltage using a high-bandwidth voltage control loop

using current mode control. Control of input current is provided by means of the fast

pulse-by-pulse current limit function of the PWM. In operation, after energy storage

capacitance 902 is partially discharged by current driver 906, the PWM error

amplifier demands maximum switch current, but the current limit function of the

PWM limits the input current to a desired level while energy storage capacitance 902

is being re-charged. Once energy storage capacitance 902 is charged to the proper

voltage, the PWM error amplifier demands less current, and thus regulates the output

voltage to the desired voltage. Input voltage feedforward and output load feedforward

(shown in dashed lines) can be added to improve performance.

In other exemplary embodiments, a boost converter can be configured to

regulate output voltage using a high-bandwidth voltage control loop using current

mode control. However, control of input current is provided by scaling the converter

gain K to limit switch current (and therefore input current) to a desired level when the

PWM error amplifier is at maximum output voltage. In operation, after energy

storage capacitance 902 is partially discharged by current driver 906, the PWM error

amplifier demands maximum switch current, but the switch current is limited by gain

K to a desired level while energy storage capacitance 902 is being re-charged. Once

energy storage capacitance 902 is charged to the proper voltage, the PWM error

amplifier demands less current, and thus regulates the output voltage to the desired

voltage. Input voltage feedforward and output load feedforward can be added to

improve performance.



In other exemplary embodiments, as illustrated in FIG. 53, a boost converter

1206 can be configured to regulate output voltage using a high-bandwidth voltage

control loop using voltage mode control. Control of input current is provided by

means of a fast pulse-by -pulse current limit circuit either internal or external to the

PWM. In operation, after energy storage capacitance 902 is partially discharged by

current driver 906, the PWM error amplifier demands maximum duty cycle, but the

current limit circuit overrides the PWM, and limits the input current to a desired level

while energy storage capacitance 902 is being re-charged. Once energy storage

capacitance 902 is charged to the proper voltage, the PWM error amplifier demands

less duty cycle, and thus regulates the output voltage to the desired voltage. Input

voltage feedforward and output load feedforward (shown in dashed lines) can be

added to improve performance.

In other exemplary embodiments, a boost converter can be configured to

regulate output voltage using a high-bandwidth voltage control loop using voltage

mode control. Control of input current is provided by means of a 'slow' or 'averaging'

current limit circuit either internal or external to the PWM, as shown in FIG. 53. In

operation, after energy storage capacitance 902 is partially discharged by current

driver 906, the PWM error amplifier demands maximum duty cycle, but the current

limit circuit overrides the PWM, and limits the input current to a desired level while

energy storage capacitance 902 is being re-charged. Once energy storage capacitance

902 is charged to the proper voltage, the PWM error amplifier demands less duty

cycle, and thus regulates the output voltage to the desired voltage. Input voltage

feedforward and output load feedforward can be added to improve performance.

In some exemplary embodiments, the control functions for active line filter

910 and/or diode driver 906 can be implemented by means of digital control.

However, the present disclosure is not limited in this regard.

Current driver 906 can be any of several configurations of linear current

driver, any of several configurations of switching power converter, a simple resistor

and switch, or any of the exemplary current drivers illustrated and described in detail

herein. Ideally, current driver 906 is a high-output-impedance current source that

regulates constant current during the pulse interval, but the present disclosure is not

limited in this regard. A non-isolated current driver is shown, but the present

disclosure is not limited in this regard; an isolated current driver can be used.



One skilled in the art will understand that the invention described herein may

be embodied in other specific forms without departing from the spirit or essential

characteristics thereof. The foregoing embodiments are therefore to be considered in

all respects illustrative rather than limiting of the invention described herein. The

scope of the invention is thus indicated by the following claims, rather than by the

foregoing description, and all changes that come within the meaning and range of

equivalency of the claims are therefore intended to be embraced therein.



CLAIMS

1. A diode driver system, comprising:

an input power source;

an active line filter receiving input power from the input power source

and providing a filter output power form;

a current driver for receiving an input power form and generating a

driving output current for driving at least one diode; and

a capacitive energy storage device coupled between the active line

filter and the current driver, the capacitive energy storage device receiving the

filter output power form from the active line filter and providing the input

power form to the current driver.

2. The diode driver of Claim 1, wherein the driving output current generated by

the current driver comprises a pulsed current to the diode, and the active line

filter controls and regulates an input current received from the input power

source so the pulsed current to the diode is not reflected back to the input

power source.

3. The diode driver of Claim 1, wherein the input power source comprises a

battery.

4. The diode driver of Claim 1, wherein the active line filter regulates input

current utilizing an input voltage feed-forward signal to compensate for an

input voltage drop due to discharge of the input power source.

5. The diode driver of Claim 1, wherein the active line filter regulates input

current utilizing an output load feed-forward signal to compensate for changes

in output power drawn from the current driver.

6. The diode driver of Claim 1, wherein the active line filter comprises a high-

side drive with high-side current sense to protect against output current shorts.



7. The diode driver of Claim , wherein the current driver utilizes a high-side

drive with high-side current sense to protect against output current shorts.

8. The diode driver of Claim , wherein the active line filter comprises a low-

side drive.

9. The diode driver of Claim 1, wherein the current driver utilizes a low-side

drive.
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