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DIRECT DRIVE PROGRAMMABLE HIGH
SPEED POWER DIGITAL-TO-ANALOG
CONVERTER

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates generally to signal process-
ing and signal waveshaping. More particularly, the present
invention relates to signal processing and signal waveshap-
ing of digital-to-analog converters.

BACKGROUND AND RELATED ART

Digital-to-analog conversion mvolves the process of con-
verting digital codes 1nto a continuous range of analog signal

levels (voltage or current), for example, as discussed 1n
Chapter 31, “D/A and A/D Converters” of The FElectrical

Engineering Handbook, ed. Richard C. Dort, CRC Press
1993, the contents of which are hereby incorporated by ret-
erence. A digital-to-analog converter (hereinafter a DAC) 1s
generally an electronic circuit that recerves an n-bit code-
word from an interface and generates an analog voltage or
current that 1s proportional to the codeword.

One example of a DAC 1s discussed in U.S. Pat. No.
5,663,728, entitled A Digital-To-Analog Converter (DAC)
and Method that set Wavelorm Rise and Fall Times to Pro-
duce an Analog Wavelform that Approximates a Piecewise
Linear Waveform to Reduce Spectral Distortion, 1ssued on
Sep. 2, 1997, the contents of which are hereby incorporated
by reference. The DAC of the U.S. Pat. No. 5,663,728 patent
employs a wavetorm shaping circuit to control the rise and
fall times of each component wavelform so that the analog
wavelorm rising and falling edges settle to within a desired
error bound of a linear output ramp.

U.S. Pat. No. 5,936,450, entitled A Waveshaping Circuit
Using Digitally Controlled Weighted Current Summing,
issued on Aug. 10, 1999, the contents of which are hereby
incorporated by reference, discloses a waveshaping circuit.
The waveshaping circuit of the U.S. Pat. No. 5,936,450
patent includes a controller and a current summing circuit
controlled by the controller. The current summing circuitry
selectively sinks combinations of component currents in
response to a sequence of control signal sets to generate an
output current signal having a desired waveform.

Many DACs attempt to generate desired signal wavetform
in response to a digital signal. For the purposes of this
discussion, a signal output may include the output of a DAC
and/or the output of one or more signal components within a
DAC. For example, a signal component may correspond to
an individual bit of a codeword. One conventional method
generates a signal output with a slew rate controlled current
source, as shown 1n FIG. 1. The voltage V measured across a
resistor R 1s shown i FIG. 2. The waveform V includes
sharp transition areas (e.g., corners) 1, 2 and 3, which may
introduce electromagnetic interference. Such interference
may inhibit accurate signal processing.

Another circuit which generates an output signal employs
a current mirror 10 having an RC filter, as 1llustrated 1n FIG.
3. A current source 1 drives the current mirror 10. Current
mirror 10 includes a first transistor 11 and a second transistor
12. Transistors 11 and 12 are preferably CMOS transistors.
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The first transistor 11 includes gate-to-drain feedback, and 1s
coupled to transistors 12 through the RC filter. The RC filter
limaits rise and fall times of the mnput signal I. However, the R
and C components are typically process and/or temperature
dependent. Such dependence causes variation 1n the output
wavelorm as shown in FIG. 4. The dashed lines in FIG. 4
represent arbitrary output responses due to temperature and/
or process variation. A stable output signal 1s difficult to
obtain with such a circuit.

FIG. 5 depicts a D/A circuit employing a DAC32, a low
pass filter 34, a voltage buffer 36, a transistor 38, and a
resistor 39. Each level of a multilevel mput signal i1s pro-
vided to DAC 32 for conversion to an analog signal. The
LLPF34 then determines the rise time of the output of the
DAC 32, and the output 1s passed to voltage butier 36. This
construction presents two problems. First, the R and C val-
ues of LPF34 will vary with temperature and process
variations, and the output signal will have a poor waveshape
where the rise times are not constant. Second, since all input
current 1s passed through the same DAC, and since band-
width 1s a function of current level, each level of the multi-
level signal will present a different rise time.

These signal processing problems are not adequately
addressed 1n the art. Accordingly, there 1s a need for a cur-
rent source to control an output signal which 1s independent
of temperature and process considerations. There 1s also a
need for a DAC to generate a signal having selectable transi-
tion areas (corners). There 1s a further need of a circuit to
generate desirable waveshapes.

SUMMARY OF THE INVENTION

The present invention addresses these signal processing
problems by providing a circuit to generate a desired output
signal. The present mnvention also provides a DAC for con-
verting a digital signal 1nto an analog signal with a desirable
waveshape.

According to a first aspect of the present invention, a cur-
rent source 1ncludes N current sources configured 1n a paral-
lel arrangement, wherein N 1s at least two. Each of the N
current sources includes a respective control input. The cur-
rent source mncludes M delay elements, with an mth one of
the M delay elements including an mput 1n communication
with an m-1th one of the M delay elements. M 1s equal to
N-1, and an output of the mth one of the M delay elements 1s
arranged 1 communication with the control mput of an
m+ 1th one of the N current sources.

According to another aspect of the present invention, an
apparatus includes N current sources configured 1n a parallel
arrangement, wherein N 1s at least two. Each of the N current
sources 1mcludes a respective control input and a respective
biasing 1iput. The apparatus also includes a biasing genera-
tor 1n communication with each of the biasing inputs of the
N current sources, an apparatus input 1n communication
with the control mnput of a first one of the N current sources,
and M delay elements, with an mth one of the M delay
clements including an input 1n communication with an
m-—1th one of the M delay elements. M 1s equal to N-1, and
an output of the mth one of the M delay elements 1s arranged
in communication with the control mnput of an m+1th one of
the N current sources. The first one of the M delay elements
1s 1n communication with the apparatus input.

A method of supplying current 1s provided according to
still another aspect of the present mvention. The method
includes the steps of: (1) arranging first through n current
sources 1n a parallel arrangement, where n comprises the
total number of current sources, and wherein the first current
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source supplies a first current and the second through n cur-
rent source respectively supplies second through n currents;
and (1) delaying the second through n currents each with
respect the first current.

These and other objects, features and advantages will be
apparent from the following description of the preferred
embodiments of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be more readily understood
from a detailed description of the preferred embodiments
taken 1n conjunction with the following figures.

FIG. 1 1s a diagram of a conventional circuit, which
includes a slew rate controlled current source.

FIG. 2 1s a graphical depiction of a waveshape corre-
sponding to an output of the FIG. 1 circuat.

FIG. 3 1s a view of a conventional circuit including a
current mirror having an RC filter.

FIG. 4 1s a graphical depiction of a waveshape corre-
sponding to an output of the FIG. 3 circuit.

FIG. 5 1s a schematic block diagram of a D/A circuit.

FIG. 6 1s a graphical depiction of a waveshape having
smooth transition areas.

FI1G. 7 1s a circuit diagram of a current source according to
the present invention.

FIG. 8 1s a graphical depiction of current components of
the current source 1llustrated in FIG. 6.

FI1G. 9 15 a graphical depiction of a resultant output wave-
shape from the current source illustrated in FIGS. 6 and 7.

FIG. 10 1s a graphical depiction of a wavelform template,
and a waveshape that fits within the template.

FIG. 11 1s a circuit diagram of a current source according
to the present invention.

FIGS. 12a—12c are graphical depictions of waveshapes
generated by the current source of FIG. 10.

FIG. 13 1s a circuit diagram of a current source according,
to the present invention.

FIG. 14 1s a circuit diagram of a current source having
variable delay elements according to the present invention.

FIG. 15a 1s a graphical depiction of a wavetorm generated
with uniform delay element.

FIG. 15b 1s a graphical depiction of a wavetorm generated
with non-uniform delay element.

FI1G. 16 1s a circuit diagram of a current source including a
plurality of differential transistor pairs according to the
present invention.

FI1G. 17 1s a circuit diagram of an alternative embodiment
according to the present invention.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention will be described with respect to
circuits and methods for shaping waveforms, and in
particular, to a digital-to-analog converter (DAC) employing
such a waveshaping circuit. However, as will be appreciated
by those skilled 1n the art, the present invention 1s not limited
to applications mvolving DACs, but also may be applied to
other applications, such as signal processing, systems to
control signal rise/fall time, signal storage, communications,
etc. Moreover, while the present invention is particularly
suited to applications in the read channel of a hard disk
drive, many other applications will suggest themselves to
persons ol skill 1n the electrical engineering arts.
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Furthermore, the present invention 1s particularly suitable
for use with the structure described 1n U.S. patent applica-
tion Ser. No. 09/737743, entitled “Active Replica Trans-
former Hybnid”, filed concurrently herewith, the contents of
which are imncorporated herein by reference.

FIG. 6 illustrates a desired signal output 20. The output
wavetorm 20 includes smooth transition areas, which reduce

noise such as electromagnetic interference. A preferred rise
time (*“I',”) for a DAC 1s 3—5 nanoseconds (ns).

The present mvention generates a signal to approximate
the desired signal output 20 with a current source 30. As
shown 1n FIG. 7, current source 30 includes a plurality of
current sources. For example, current source 30 may include
current sources I,, 1,, I and 1. Current sources 1, I, I; and
[, each preferably generate a respective current I, where n 1s
1, 2, 3 or so forth. The signals 1 are preferably equal 1n
magnitude and form, and may include a signal delay. In the
FIG. 7 example, current sources I, each generate a linear
ramp. For example, consider a signal 11, which includes a
linearly rising edge starting at time t0. Current 12 mirrors
current I1, except that 12 includes a linearly rising edge start-
ing at time t0+At. The variable At represents an amount of
delay time. Current I3 mirrors currents I1 and 12, except that
current I3 includes a linearly rising edge starting at time
t0+2At. Similarly, current 14 mirrors currents 11, 12, and 13,
except that 1ts linearly rising edge starts at time t0+3At. The
relative wavetorm components for currents I,, I, I and I,
are shown 1n FIG. 8.

Currents 11, 12, 13 and 14 are summed (or mixed) to pro-
duce a resultant wavetform 10 as shown 1n FIG. 9. Wavetform
10 approximates the desired output signal shown in FIG. 6.
Like the desired output signal of FIG. 6, waveform 10 has
many desirable properties. For example, 10 has selectable
transition areas (corners). The transition areas can be
smooth, or sharp, by selectively adjusting the length of At.
Also, wavetorm 10 accommodates arbitrary rise/fall times.

The wavetorm 10 can also be adjusted by varying At to fit
within specified requirements. For example, with reference
to FIG. 10, wavetform 10 can be adjusted to {it within a tem-
plate 40, for example, as provided by the IEEE standard
wavelorm shape. In this example, 10 has been optimized to
produce low electromagnetic interference and to fit within

the IEEE template 40.

The delay vanable At 1s preferably controlled using a
delayed-lock loop or 1s controlled by reference to an external
clock. As such, At can be precisely regulated. A wavetform
which 1s independent of temperature and/or process consid-
erations can then be generated.

The generation of a linear ramp 1s explained with refer-
ence to FIGS. 11-13. A signal 1s produced from current
source 50, which includes a plurality of current sources 11
through In. Each of the plurality of current sources generates
a replica signal 1. In this example, input signal I 1s preferably
a square wavelorm. The signal I 1s delayed by At from each
subsequent current source, aiter the imitial current source I1.
For example, 12 1s delayed by At, and In 1s delayed by n—At.
The currents are summed (or mixed) 1n a known manner to
produce an output which approximates a linear ramp.

With reference to FIG. 12a, the signal components of the
individual current sources are relatively illustrated. FIG. 12b
1llustrates the resultant waveshape 10, which includes a stair-
step pattern. A linear ramp, as shown 1n FIG. 12c, 1s approxi-
mated as the length of the delay variable At 1s decreased.

A circuit diagram of the current source 50 1s shown 1n
FIG. 13. Current source 30 includes a plurality of transistor
pairs 52-56, where pair 56 represents the nth transistor pair.
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With reference to FIG. 13, a current source 51 drives transis-
tor pair 52. Transistor pair 52 includes a transistor 52a com-
municating with a transistor 52b. Transistor 52a 1s preferably
configured with gate-to-drain feedback. The gate of transis-
tor 52b 1s biased so as to operate 1n an “on” state. The gate/
drain of transistor 52a communicates with the gates of tran-
sistors 53a, 54a, 55a and 56a. The drains of transistors
53a-56a each communicates with an output Io. The gates of
transistors 33b—56b cach communicates with an mnput wave-
form I (e.g., a square signal), some through delay ele-
ments. For example, the gate of transistor 34b communicates
with wavetform Iin through delay element d1. The gate of
transistor 353b communicates with wavelorm Iin through
delay element d2 and delay element d1. Similarly, the gate of
transistor 56b communicates with waveiorm Iin through
cach of the delay elements d1 through dn. In the preferred
embodiment, each of delay elements d1-dn delays the signal
by A. Delay elements can be realized via known delay

locked loops.

The operational aspects of FIG. 13 are now even further
explained. Initially, waveform Iin 1s communicated to the
gate of transistor 33b, which turns on the transistor pair 53.
A signal 11, which 1s proportional to the wavetorm Iin, 1s
output at Io. Wavetorm Iin 1s also commumnicated to delay
clement d1, which delays the waveform by A seconds. After
A seconds, delay element d1 communicates the delayed
wavelorm to the gate of 54b, which turns on the transistor
pair 54. A signal 12, which 1s proportional to lin, 1s output at
Io. The resultant wavetform Io includes the sum (or mixture)
of signals 11 and 12. The mput waveform Iin 1s respectively
delayed before communicating with the gates of transistors
55b and 56b. Transistor pairs 55 and 356 are activated (e.g.,
turned on) and respectively supply current 13 and In, which
are added to the resultant wavetorm I. The current source 50,
as shown 1n FIG. 11, 1s therefore realized.

There are many advantages of the configurations shown in
FIGS. 11 and 13. For example, individual current sources
(e.g., In) can be turned on/off on demand, particularly since
Vgs 1s large and constant. Also, the current source 50 will
generally consume less power than the current mirror shown
in FIG. 3, particularly since a current mirror typically
employs a DC bias. An additional advantage 1s that with a
small Iin, the VGS voltage 1s also small (e.g., close to the
threshold voltage VT). In such a case, VGS-VT-VDS equals

a small number of current sources with negative VDS.

A further current source 60 1s shown in FIG. 14. The
current source 60 1s configured in the same manner as the
current source 50 shown in FIG. 13, except that the delay
clements may include variable delays. The same compo-
nents with respect to FIG. 13 are labeled with theirr same
reference numerals 1n FIG. 13. In the FIG. 14 embodiment,
delay elements A are non-uniform throughout the circuit. For
example, A may involve a longer delay than An-1, and so
forth. Non-umiform delays may be employed to generate a
smooth waveform. Multiple delay-locked-loops are prefer-

ably used to achieve different delay times.

To illustrate, an output wavelorm processed with uniform
delay elements 1s shown 1n FIG. 15a. Here a stair step wave-
form 1s produced, which may approximate a linear ramp,
particularly as the variable A 1s decreased 1n length (e.g.,
time). In contrast, the amount of delay 1s varied with respect
to mdividual delay elements as shown in FIG. 15b. The
approximated waveshape of FIG. 15b 1s smooth (e.g.,
includes smooth transition areas) in comparison to the
approximated linear waveshape of FIG. 15b. Seven steps (or
corresponding current sources) are employed in a preferred
embodiment for a Gigabit channel. Of course, the number of
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levels may be varied according to need or design without
deviating from the scope of the present invention.

A Turther embodiment of a current source 1s 1llustrated 1n
FIG. 16. The 1illustrated current source 70 includes a plural-
ity of differential transistor pairs 72—74, where 74 represents
the nth differential transistor pair. A bias current I, 1s sup-
plied to the gate of transistors 72c¢, 73¢ and 74c¢. An input
wavelorm Iin 1s commumnicated to the gates of 72a, 72b, 73a,
73b, 74a and 74b. In the case of transistor pair 73 and 74, the
input waveform Iin 1s delayed through delay elements dl
and dl+dn, respectively. Bulfers B1-BN are optionally
included 1n the circuit 70 to buller the mput signal Iin. A
differential output (Io+, Io-) 1s accordingly produced.

The advantages of the FIG. 16 current source include con-
stant power dissipation. Also, the circuit provides matching
capabilities, for example, for use 1n an Ethernet channel.

One drawback of the differential amplifier in FIG. 16 1s
that the differential amplifier 1s a Class A circuit which con-
sumes unnecessary power even when no output 1s being
transmitted. Moreover, a significant number of transistors 1s
required to provide an adequately smoothed output current,
thus requiring a large chip area. FIG. 17 depicts a schematic
diagram of another embodiment according to the present
invention which operates in Class B wherein one DAC 1s
provided for each level of the multilevel 1nput signal. DACs
42,44, . . . 46 may be provided with corresponding LPFs 43,
45, 4m. Preferably, a circuit according to FIG. 13 supplies
cach DAC with a control current to provide a stair step out-
put which defines the rise time. In such an embodiment,
since each DAC recerves control current, and not input
current, the transistors which supply each DAC may be
smaller than those used i1n the FIG. 13 embodiment.
Additionally, since the control signal determines the rise
time of the output of each DAC, the LPFs merely produce a
smoother output.

In FIG. 17, multilevel mput signal D0, D1, . . . Dn 1s
provided to the parallel DACs 42, 44, . . . 46. The number of
DACs may be varied depending on the application. This
embodiment solves two problems. First, by providing the
FIG. 17 circuit with a staircase wavelorm , for example,
from FIG. 14, an LPF34 merely smoothes the staircase
wavelorm rather than define rise time. Second, since the
DACSs are disposed 1n parallel, there will be no variations 1n
rise time because each DAC has substantially the same cur-
rent passing therethrough; that 1s there will be no bandwidth
variation with resultant differences in rise time. The DACs
may also be controlled by any appropnate circuitry, such as a
decoder disposed prior to the DACs which would, in effect,
select which DACs are activated by proper application of the

input signals.

Thus, what has been described are circuits and methods to
cifectively shape a wavelorm. Furthermore, digital-to-
analog conversion circuits employing such waveshaping
circuits, which enhance signal conversion, have been

described.

The individual components shown in outline or desig-
nated by blocks 1n the attached drawings are all well-known
in the arts, and their specific construction and operation are
not critical to the operation or best mode for carrying out the
invention.

While the present invention has been described with
respect to what 1s presently considered to be the preferred
embodiments, 1t will be understood that the invention 1s not
limited to the disclosed embodiments. To the contrary, the
invention covers various modifications and equivalent
arrangements 1ncluded within the spirit and scope of the
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appended claims. The scope of the following claims 1s to be
accorded the broadest mterpretation so as to encompass all
such modifications and equivalent structures and functions.
For example, the mput signals for FIGS. 7, 11, , 13, 14 and
16 may be varied to produce different output waveiorms.
Also, the linear ramp produced by the current source of
FIGS. 11 and 13, may be even further processed by the
current source of FIG. 7, to produce smooth transition areas.
Such modifications are within the scope of the present inven-
tion. Also, whereas the illustrated transistors are preferably
CMOS ftransistor, n-type or p-type transistors may also be
employed with the present invention.
What 1s claimed 1s:

[1. A current source comprising:

N current sources configured 1n a parallel arrangement,
wherein N 1s at least two, and wherein each of the N
current sources includes a respective control input; and

M delay elements, an mth one of the M delay elements
including an mmput 1 communication with an m-1th
one of the M delay elements, wherein M 1s equal to
N-1, and wherein an output of the mth one of the M
delay elements 1s arranged in communication with the
control input of an m+1th one of the N current sources,

wherein the M delay elements comprise at least one delay

lock loop.]

[2. A current source according to claim 1, wherein the mth
one of the M delay elements comprises a proportional delay
with respect to the m-1th one of the M delay elements.}

[3. A current source according to claim 1, wherein the M
delay elements are controlled with reference to at least one
external signal.}

[4. A current source according to claim 1, wherein a sum
of the N current sources provides a linear ramp waveform.}

[S. A current source according to claim 1, wherein the N
current sources each provide a square waveform.}

[6. A current source according to claim 1, wherein current
provided by said current source comprises smooth transition
areas.]

[7. A current source according to claim 1, wherein the mth
one of the M delaying means comprises a proportional delay
with respect to the m—-1th one of the M delaying means.}

[8. A current source comprising:

N means for providing current configured in a parallel
arrangement, wherein N 1s at least two, and wherein
cach of the N current providing means includes a
respective means for inputting; and

M means for delaying, an mth one of the M delaying
means including means for inputting 1n communication
with an

m-1th one of the M delaying means, wherein M 1s equal
to N-1, and wherein means for outputting of the mth
one of the M delaying means 1s arranged 1in communi-
cation with the mputting means of an m+1th one of the
N current providing means,

wherein the M delaying means comprise at least one delay

lock loop.}

[9. A current source according to claim 8, wherein the M
delaying means are controlled with reference to at least one
external signal.}

[10. A current source according to claim 8, wherein a sum
of the N current providing means provides a linear ramp
waveform.}

[11. A current source according to claim 8, wherein the N
current providing means each provide a square waveform.]

[12. A current source according to claim 8, wherein cur-
rent provided by said current source comprises smooth tran-
sition areas. ]
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[13. An apparatus comprising:

N current sources configured 1n a parallel arrangement,
wherein N 1s at least two, and wherein each of the N
current sources mncludes a respective control input and a
respective biasing mput; and

a biasing generator in communication with each of said
biasing inputs of the N current sources;

an apparatus input in communication with the control
input of a first one of the N current sources; and

M delay elements, an mth one of the M delay elements
including an input in communication with an m-1th
one of the M delay elements, wherein M 1s equal to
N-1, and wherein an output of the mth one of the M
delay elements 1s arranged 1in communication with the
control mnput of an m+1th one of the N current sources,
and wherein the first one of the M delay elements 1s 1n
communication with the apparatus mput,

wherein the M delay elements comprise at least one delay
lock loop.]

[14. An apparatus according to claim 13, wherein the mth
one of the M delay elements comprises a proportional delay
with respect to the m-1th one of the M delay elements.}

[15. An apparatus according to claim 13, wherein the
apparatus input 1s 1n delayed communication, with respect to
a first one of the N current sources, with a second one
through the m+1 one of the N current sources.}

[16. An apparatus according to claim 13, wherein the M
delay elements are controlled with at least one external sig-
nal.}

[17. An apparatus according to claim 13, wherein the M
delay elements comprise a uniform delay with respect to one
another.]

18. [An apparatus according to claim 13,] A»n apparatus
COmprising.

N current sources configured in a parallel arrangement,
wherein N is at least two, and wherein each of the N
current sources includes a vespective control input and
a respective biasing input; and

a biasing generator in communication with each of said
biasing inputs of the N currvent sources;

an apparatus input in communication with the control
input of a first one of the N current sources; and

M delay elements, an mth one of the M delay elements
including an input in communication with an m-1Ith
one of the M delay elements, wherein M is equal to
N-1, and wherein an output of the mth one of the M
delay elements is arranged in communication with the
control input of an m+1th one of the N current sources,
and wherein the first one of the M delay elements is in
communication with the apparatus input,

wherein each of the M delay elements [comprise at least
one delay element comprising] provides a [non-
uniform] different delay than others of said M delay
elements.

[19. An apparatus according to claim 13, wherein the N
current sources each comprises a transistor pair including at
least a first transistor 1n communication with a second tran-
sistor.]

[20. An apparatus according to claim 13, wherein the N
current sources each comprises a differential transistor pair
including at least a first transistor in communication with a
second transistor, and wherein said apparatus further com-
prises an output to provide a differential current.]

[21. An apparatus according to claim 13, wherein the
apparatus input communicates with a square waveform.]
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[22. An apparatus comprising:

N means for providing current configured in a parallel
arrangement, wherein N 1s at least two, and wherein
cach of the N current providing means includes respec-
tive means for inputting control signals and respective
means for inputting biasing signals;

means for biasing in commumication with each of said
biasing inputting means of the N current providing
means;

apparatus means for mputting signals 1n communication
with the means for mputting control signals of a first
one of the N current providing means; and

M means for delaying, an mth one of the M delaying
means including an mmput 1in communication with an
m—1th one of the M delaying means, wherein M 1s
equal to N-1, and wherein an output of the mth one of
the M delaying means 1s arranged 1n commumnication
with the control mnput of an m+1th one of the N current
providing means, and wherein a first one of the M
delaying means 1s in communication with the apparatus
means for iputting signals,

wherein the M delaying means comprises at least one
delay lock loop.]

[23. An apparatus according to claim 22, wherein the mth
one of the M delaying means comprises a proportional delay
with respect to the m—-1th one of the M delaying means.}

[24. An apparatus according to claim 22, wherein the
apparatus means for i1nputting signals 1s in delayed
communication, with respect to the first one of the N current
providing means, with a second one through the m+1 one of
the N current providing means.]

[25. An apparatus according to claim 22, wherein the M
delaying means are controlled with at least one external sig-
nal.}

[26. An apparatus according to claim 22, wherein the M
delaying means comprise a uniform delay with respect to
one another.}

27. [An apparatus according to claim 22.] An apparatus
COmprising:

N means for providing curvent configured in a parallel
arrangement, wherein N is at least two, and wherein
each of the N current providing means includes a first
transistor with respective means for inputting control
signals and a second transistor with respective means
for inputting biasing signals;

means for biasing in communication with each of said
biasing inputting means of the N current providing
means,

apparatus means for inputting signals in communication
with the means for inputting control signals of a first
one of the N current providing means; and

M means for delaving, an mth one of the M delayving
means including an input in communication with an
m—1th one of the M delayving means, whevein M is equal
to N-1, and wherein an output of the mth one of the M
delaying means is arvanged in communication with the
control input of an m+I1th one of the N current provid-
ing means, and wherein a first one of the M delaving
means is in communication with the apparatus means
for inputting signals,

wherein each of the M delaying means [comprise at least
one delay means comprising a non-uniform delay] pro-
vides a different delay than others of said M delay ele-
Ments.

[28. An apparatus according to claim 22, wherein the N

current providing means each comprises a transistor pair

10

15

20

25

30

35

40

45

50

55

60

65

10

including at least a first transistor in communication with a
second transistor. ]

[29. An apparatus according to claim 22, wherein the N
current providing means each comprises a differential tran-
sistor pair including at least a first transistor 1n communica-
tion with a second transistor, and wherein said apparatus
further comprises an output to provide a differential current.}

[30. An apparatus according to claim 22, wherein the
apparatus means for mputting signals communicates with a
square waveform.]

[31. An electrical circuit comprising:

N transistor pairs configured in a parallel arrangement,
where N comprises the total number of transistor pairs,
wherein each of the transistor pairs comprises a first
transistor in communication with a second transistor;

a biasing transistor 1n communication with each of the
first transistors of the N transistor pairs;

a circuit mnput in communication with the second transis-
tor of a first one of the N transistor pairs;

an output 1n communication with each of the first transis-
tors of the N transistor pairs; and

M delay elements, an mth one of the M delay elements
including an input 1n communication with an m-1th
one of the M delay elements, wherein M 1s equal to
N-1, and wherein an output of the mth one of the M
delay elements 1s arranged 1n communication with an
m+1th one of the N transistor pairs, and wherein a first
one of the M delay elements 1s in communication with
the circuit input,

wherein the M delay elements comprise at least one delay
lock loop.]

[32. An electrical circuit according to claim 31, wherein
each of the M delay elements provides a uniform delay.}

[33. An electrical circuit according to claim 31, wherein at
least one of the M delay elements comprises a non-uniform
delay with respect to the first one of the M delay elements.]

[34. An electrical circuit according to claim 31, wherein
the M delay elements are controlled with at least one exter-
nal signal.]

[35. An electrical circuit according to claim 31, wherein
the circuit input communicates with a square waveform.]

[36. An electrical circuit according to claim 31, wherein
the electrical circuit provides a current comprising smooth
transition areas.}

[37. An electrical circuit comprising:

N means for providing current configured in a parallel
arrangement, where N comprises the total number of
current providing means, wherein each of the current
providing means comprises first means for supplying
current 1n communication with second means for sup-
plying current;

means for biasing 1n communication with each of the first

means for supplying current of the N current providing
means;

circuit means for mputting signals in communication with
the second means for supplying current of a first one of
the N current providing means;

means for outputting signals 1n communication with each
of the first means for supplying current of the N current
providing means; and

M means for delaying, an mth one of the M delaying

means including means for inputting 1n communication
with an

m—1th one of the M delaying means, wherein M 1s equal
to N-1, and wherein outputting means of the mth one
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of the M delaying means 1s arranged 1in communication
with an m+1th one of the N current providing means,
and wherein a first one of the M delaying means 1s 1n
communication with the circuit inputting means,

wherein the M delaying means comprise at least one delay

lock loop.]

[38. An electrical circuit according to claim 37, wherein
each of the M delaying means provides a uniform delay.]

[39. An electrical circuit according to claim 37, wherein at
least one of the M delaying means comprises a non-uniform
delay with respect to the first one of the M delaying means.}

[40. An electrical circuit according to claim 37, wherein
the M delaying means are controlled with at least one exter-
nal signal.]

[41. An electrical circuit according to claim 37, wherein
the circuit mnputting means communicates with a square
waveform.]

[42. An electrical circuit according to claim 37, wherein
the electrical circuit provides a current comprising smooth
transition areas.}

[43. A method comprising the steps of:

providing N transistor pairs configured in a parallel
arrangement, where N comprises the total number of
transistor pairs, wherein each of the transistor pairs
comprises a first transistor in communication with a
second transistor;

biasing each of the first transistors of the N transistor
pairs;

inputting a signal to the second transistor of a first one of
the N transistor pairs;

outputting signals from each of the first transistors of the
N transistor pairs; and

providing M delay elements, an mth one of the M delay
clements including an mput 1n communication with an
m-—1th one of the M delay elements, wherein M 1s equal
to N-1, and arranging an output of the mth one of the M
delay elements 1n communication with an m+1th one of
the N transistor pairs, and wherein a first one of the M
delay elements 1s 1n communication with the input
signal,

wherein the M delay elements comprise at least one delay

lock loop.]

[44. A method according to claim 43, wherein each of the
M delay elements provides a uniform delay.]

[45. A method according to claim 43, wherein at least one
of the M delay elements comprises a non-uniform delay with
respect to the first one of the M delay elements.]

[46. A method according to claim 43, further comprising
the step of controlling the M delay elements with at least one
external signal.]

[47. A method according to claim 43, wherein the input
signal comprises a square waveform.]

[48. A method according to claim 43, wherein the electri-
cal circuit provides a current comprising smooth transition
areas.]

49. Digital-to-analog conversion apparatus, comprising:

structure providing a multilevel digital control signal so
that each level has a substantially similar bandwidth;

a plurality of parallel digital-to-analog converters, each
receiving a level of the provided multilevel digital con-
trol signal, each digital-to-analog converter converting
the received level of the digital control signal into an
analog signal; and

structure combining outputs of said plurality of parallel
digital-to-analog converters,
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further comprising a plurality of low pass filter respec-
tively coupled to outputs of said plurality of parallel
digital-to-analog converters.

50. Apparatus according to claim 49, further comprising a
plurality of transistors supplying the multilevel digital con-
trol signal to said structure providing.

51. Apparatus according to claim 49, further comprising a
resistor ladder supplying the multilevel control signal to said
structure providing.

52. Apparatus according to claim 49, further comprising a
voltage buller connected to said structure combining.

53. Apparatus for converting a multilevel digital control
signal into an analog signal, comprising:

means for providing the multilevel digital control signal

where each level has a substantially similar bandwidth;

a plurality of digital-to-analog conversion means, coupled
to said means for providing such that each digital-to-
analog conversion means receives a different level of
the multilevel digital control signal, each of said plural-
ity of digital-to-analog conversion means converting
the recerved level ito an analog signal;

means for combining the converted analog signals from
said plurality of digital-to-analog conversion means, to
form an analog output signal; and

a plurality of low pass filter means respectively coupled to
outputs of said plurality of digital-to-analog conversion
means.

54. Apparatus according to claim 33, wherein said means

for providing comprises a transistor array.

55. Apparatus according to claim 33, wherein said means

for providing comprises a resistor ladder.

56. A direct drive programmable high speed power

digital-to-analog converter comprising:

a first digital to analog converter responsive to a first con-
trol signal;

a second digital to analog converter response to a second
control signal;

a voltage buller responsive to said first and second digital
to analog converters to provide an analog output;

a decoder to provide the first control signal to said first
digital to analog converter and the second control signal
to the second analog to digital converter,

wherein the first digital to analog converter 1s activated 1n
response to the first control signal,

wherein the second digital to analog converter 1s activated
in response to the second control signal,

wherein said first and second control signals determine a

slew rate of the analog output.

57. A converter of claim 56, wherein to said first and
second digital to analog converters provide substantially the
same output level.

58. A converter of claim 56, further comprising first and
second control signal generators to generate the first and
second control signals, respectively.

59. A converter of claim 58, wherein the first and second
control signals have a stair step shape.

60. A converter of claim 58, wherein said first and second
control signal generators each comprise:

N current sources configured 1n a parallel arrangement,
wherein N 1s at least two, and wherein each of the N
current sources includes a respective control input; and
M delay elements, an mth one of the M delay elements
including an input in communication with an m-1th
one of the M delay elements, wherein M 1s equal to
N-1, and wherein an output of the mth one of the M
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delay elements 1s arranged in communication with the
control input of an m+1th one of the N current sources.
61. A direct drive programmable high speed power
digital-to-analog converter comprising;:
a first digital to analog converter responsive to a first con-
trol signal;

a second digital to analog converter response to a second
control signal;

a voltage buller responsive to said first and second digital
to analog converters to provide an analog output;

a decoder to select any combination of said first and sec-
ond digital to analog converters,

wherein said first and second control signals determine a
slew rate of the analog output,

turther comprising first and second low pass filters,
wherein said first low pass filter 1s responsive to said
first digital to analog converter and said voltage butifer
1s responsive to said first low pass filter, and wherein
said second low pass filter 1s responsive to said second
digital to analog converter and said voltage butler 1s
responsive to said second low pass filter.

62. A direct drive programmable high speed power

digital-to-analog converter comprising:

first digital to analog converter means responsive to a first
control signal for generating a first signal having a first
output level;

second digital to analog converter means responsive to a
second control signal for generating a second signal
having a second output level;

a voltage bulfer responsive to said first and second signals
for providing an analog output;

decoding means for providing the first control signal to
said first digital to analog converter means and the sec-
ond control signal to the second analog to digital con-
verter means,

wherein the first digital to analog converter means 1s acti-
vated 1n response to the first control signal,

wherein the second digital to analog converter means 1s
activated 1n response to the second control signal,

wherein said first and second control signals determine a

slew rate of the analog output.

63. A converter of claim 62, wherein the first and second
output levels are substantially equal.

64. A converter of claim 62, further comprising first and
second control signal generator means for generating the
first and second control signals, respectively.

65. A converter of claim 64, wherein the first and second
control signals have a stair step shape.

66. A converter of claim 64, wherein said first and second
control signal generator means each comprise:

N current sources means each for generating a current and
configured 1n a parallel arrangement, wherein N 1s at
least two, and wherein each of the N current sources
includes a respective control mput; and

M delay means, an mth one of the M delay means 1nclud-
ing an mput in communication with an m-1th one of
the M delay means, wherein M 1s equal to N-1, and
wherein an output of the mth one of the M delay means
1s arranged 1n communication with the control input of

an m+1th one of the N current sources.
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67. A direct drive programmable high speed power
digital-to-analog converter comprising;:
first digital to analog converter means responsive to a first

control signal for generating a first signal having a first
output level;

second digital to analog converter means responsive to a
second control signal for generating a second signal
having a second output level;

a voltage builer responsive to said first and second signals
for providing an analog output;

decoding means for selecting any combination of said first
and second digital to analog converter means,

wherein said first and second control signals determine a
slew rate of the analog output,

turther comprising first and second low pass filter means
for low pass filtering said first and second digital to
analog converter means, and wherein said voltage
buffer 1s responsive to said first and second low pass
filter means.
68. A method for converting a digital signal to an analog
signal comprising the steps of:

(a) converting a digital signal to a first analog signal in
response to a first control signal, the first analog signal
having a first output level;

(b) converting a digital signal to a second analog signal in
response to a second control signal, the second analog
signal having a second output level;

(¢) summing the first and second analog signals for pro-
viding an analog output;

(¢) decoding an input to generate the first and second con-
trol signals;

[(e)] (/) activating step (a) in response to the first control
signal; [and]

[(D)] (2) activating step (b) in response to the second con-
trol signal;

(1) filtering the analog output to provide a filtered output,
and

(i) voltage buffering the filteved output,
wherein said first and second control signals determine
a slew rate of the analog output.
69. A method of claim 68, further comprising the step of

[(e)] (i) low pass filtering the first and second analog
signals, wherein step (c) is responsive step [(e)] (7).

70. The method of claim 68, wherein the first and second
output levels are substantially equal.

71. A method of claim 68, further comprising the step of
[(D] (i) generating the first and second control signals.

72. A method of claam 71, wherein the first and second
control signals have a stair step shape.

73. A [converter] method of claim 71, wherein step [(D)] (i)
comprises the steps of:

supplying N sources of current, wherein N 1s at least two;

controlling the supply of current [from ach] from each of
the N sources of current:

delaying current from M of the N sources of current,
where M 1s equal to N-1; and

summing the current supplied from the N source of cur-
rent.
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