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LEVEL SHIFTING CIRCUIT HAVING JUNCTION FIELD EFFECT
TRANSISTORS

TECHNICAL FIELD

The present invention relates generally to level
shifting circuits, and more particularly to level
shifting circuits that include Jjunction field effect

transistors (JFETs).

BACKGROUND

Level shifting circuits can translate an input
signal that varies within one voltage range, to an output
signal that wvaries within another, different voltage
range. Typically, level shifting circuits can be
utilized to translate between logic signals operating at
different signal voltage levels (e.g., TTL to CMOS).
Level shifting circuits for metal-oxide-semiconductor
(MOS) type technologies, particularly CMOS type
technology are well known.

In addition, “back biasing” MOS circuits are known
that bias well or substrate regions of an integrated
circuit to voltage levels less than ground. Such a back
biasing of n-channel MOS transistors can reduce leakage
in dynamic random access memory (DRAM) memory cell
arrays, for example.

Circuits that include junction field effect
transistors (JFETs) can operate at relatively low voltage
levels (e.g., 0 to +0.5 volts). Such circuits can form
integrated circuits that include few, or preferably no
MOS type transistors. Accordingly, CMOS type level

shifting circuits are of no benefit in shifting a low
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voltage internal signal (e.g., 0 to +0.5 volts) to some

low output signal level (e.g., some negative voltage).

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1is a block schematic diagram of a level
shifting circuit according to a first embodiment.

FIG. 2 is a schematic diagram illustrating a charge
pump circuit that can be included in the embodiments.

FIG. 3 1is a block schematic diagram of a level
shifting circuit according to a second embodiment.

FIG. 4 1is a schematic diagram of a level shifting
circuit according to a third embodiment.

FIG. 5 is a timing diagram showing the operation of
the level shifting circuit of FIG. 4.

FIGS. ©0A and 6B are schematic diagrams of delay
circuits that can be included in the embodiments.

FIG. 7 1s a block schematic diagram of a level
shifting circuit according to a fourth embodiment.

FIG. 8 is a boosted voltage generator stage
according to an embodiment.

FIG. 9 1is a block schematic diagram of a negative
voltage generator according to an embodiment.

FIG. 10 is a diagram showing the operation of the

circuit of FIG. 9 and variations thereof.

DETAILED DESCRIPTION

Various embodiments of the present invention will
now be described in detail with reference to a number of
drawings. The embodiments show level shifting circuits
and methods <constructed with Jjunction field effect
transistors (JFETs), for example four terminal JFETs of

complementary conductivity types (n-channel and p-channel
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types) . Four terminal JFETs can include two control
terminals on different sides of a channel region.

The disclosed embodiments are in contrast to
conventional level shifting circuits formed from
complementary metal-oxide-semiconductor (CMOS) type
technologies, constructed with MOS type transistors that
operate at supply voltage levels substantially greater
than about + 0.5 volts.

Referring now to FIG. 1, a level shifting circuit
according to a first embodiment is shown in a Dblock
schematic diagram, and designated by the general
reference character 100. A level shifting circuit 100
can receive an input signal IN having a first voltage
swing, and generate an output signal OUTN having a second
voltage swing, different from the first voltage swing.

In the particular example of FIG. 1, input signal IN
and output signal OUTN can have an inverse relationship
with one another. That is, when input signal 1IN
transitions from high-to-low, output signal OUTN can
transition from low-to-high, and vice versa. In
addition, in the example shown, input signal IN can swing
between a reference supply voltage VSS, and a high power
supply voltage VDD. At the same time, output signal OUTN
can swing between the reference supply voltage VSS and a
boosted 1low supply voltage VBB that is less than
reference supply voltage VSS. For example, power supply
voltage VDD can be a positive voltage, reference voltage
VSS can be zero volts, and boosted supply voltage VBB can
be a negative voltage.

In the embodiment of FIG. 1, level shifting circuit
100 can include an input driver section 102, a first

pump circuit 104, a second pump circuit 106, and an
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output driver section 108. An input driver section 102
can include a first logic section 102-0 and a second
logic section 102-1. A first logic section 102-0 can be
coupled between a first power supply node 112 and a
reference supply node 114. In response to an input
signal IN, first logic section 102-0 can drive a first
pump input node 116 between a reference potential VSS and
a power supply potential VDD. Similarly, in response to
input signal IN, second logic section 102-0 can drive a
second pump input node 118 between a reference potential
VSS and a power supply potential VDD. In the particular
example shown, first logic section 102-0 outputs a signal
INB” that is the inverse of signal IN’ output from second
logic section 102-1.

A first pump section 104 can include a charge pump
circuit that generates a voltage less than reference
voltage VSS by a charge pump action. That is, a first
pump section can generate a voltage less than VSS by
utilizing a voltage VDD that is greater than VSS. In
this way, a first pump section 104 can drive a first
driver control node 120 below a reference potential VSS.
In one particular example, a first pump section 104 can
include a charge pump circuit that operates according to
FIG. 2.

FIG. 2 is a schematic diagram showing a charge pump
circuit 200. A charge pump circuit 200 can include a
capacitor C, and a switch 202. 1In a first pump action, a
first capacitor node 204-0 can receive a pump input
signal INP at a high supply voltage VDD, while a second
capacitor node 204-1 can be connected to a reference
voltage VSS by switch 202. In a second pump action, a

first capacitor node 204~0 can be connected to reference
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supply voltage VSS, while a second capacitor node 204-1
is allowed to float, at least temporarily. Such an
action can drive a pump output signal OUTP below a
reference voltage VSS.

A second pump section 106 can also include a charge
pump cilrcuit that generates a voltage less than reference
voltage VSS. Such a voltage can be used to drive a
second driver control signal PD to a reference potential
VSS. More particularly, second pump 106 can generate a
voltage below VSS in order to enable a signal path
between reference voltage VSS and second driver control
node 122. In one particular example, a second pump
section 106 can include a charge pump circuit 1like that
of FIG. 2.

Referring still to FIG. 1, a driver section 100 can
include a first driver JFET Pll, a second driver JFET N11
and a third driver JFET N12. A first driver JFET P11 can
provide a controllable impedance path between a reference
supply node 114 and an output node 124. ~In the
particular example of FIG. 1, JFET Pll can have a source-
drain path connected between reference supply node 114
and output node 124, and a gate connected to a first
driver control node 120. A third driver JFET N12 can
provide a controllable impedance path between output node
124 and second dﬁiver JFET N11. In the particular
example of FIG. 1, JFET N12 can have a source-drain path
connected to output node 124 and a gate connected to a
first driver control node 120. A second driver JFET N11
can provide a controllable impedance path between a
source of JFET N12 and a boosted supply node 126, which
can receive a negative boosted voltage VBB. In the

particular example of FIG. 1, JFET N1l can have a source-
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drain path connected between a source of JFET N12 and
boosted supply node 126 and a gate connected to a second
driver control node 122.

In the example of FIG. 1, JFETs P11, N11 and N12 can
be four terminal JFETs, having a first control gate and
second control gate separated from one another by a
channel region. First gate connections for such
transistors have been described above. In addition, JFET
P11l can have a second gate connected to a reference power
supply node 114, JFETs N1l and N12 can have second gates
connected to a boosted supply nocde 126.

In such a configuration, when an input signal 1IN
transitions to a low level (e.g., VSS) from a high level
(e.g., VDD), a first driver control signal PUB at first
driver control node 120 can be driven below reference
voltage VSS by more than a threshold voltage of JFET P11.
In addition, a second driver control signal PD can also
be driven to below reference voltage VSS. As a result,
JFETs N11 and N12 can be turned off and JFET P11l can be
turned on, connecting output node 124 +to reference
voltage VSS.

When an input signal IN transitions to a high level
(e.g., VDD) from a low level (e.g., VSS), a first driver
control signal PUB and second driver control signal PD
can be driven to voltage VSS. As a result, JFET P11l can
be turned off, and transistors N1l and N12 can be turned
on, connecting output node 124 to a boosted voltage VBB.

In this way, a level shifting circuit can shift a
first voltage, varying between VDD and VSS to a second
voltage varying between VSS and VBB, where voltage VSS
can be between voltages VDD and VBB.
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Referring now to FIG. 3, a level shifting circuit
according to a second embodiment is shown in a block
schematic diagram, and designated by the general
reference character 300. The embodiment of FIG. 3 can
provide the same level shifting operation as that of FIG.
1, shifting an input signal 1IN that wvaries between a
reference voltage VSS and a high supply voltage VDD to an
output signal OUTN that varies between reference voltage
VSS and a boosted voltage VBB. Reference voltage VSS can
be a potential between VDD and VBB.

A level shifting circuit 300 can include an input
driver section 302, a first pump circuit 304, a second
pump circuit 306, an output driver section 308, and a
feedback section 350. An input driver section 302 can
have the same general construction as input driver
section 102 of FIG. 1.

A first pump circuit 304 can include a capacitor C30
and a JFET N30. A capacitor C30 can have one terminal
connected to a first pump input node 316 and a second
terminal connected to a first driver control node 320.
JFET N30 can be an n-channel JFET with a source connected
to a reference power supply node 314, a gate connected to
first pump input node 316, and a drain connected first
driver control node 320. In such an arrangement, when an
input signal INB’ is high (e.g., at VDD), JFET N30 can
turn on, connecting node 320 to a reference voltage VSS,
and capacitor C30 can be charged by a VDD potential at
node 316, with respect to reference voltage VSS. When
input signal INB’ transitions low (e.g., to VSS), JFET
N30 can be turned off, and the VSS potential at node 316
can force node 320 to a potential that is negative with

respect to VSS.
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In this way, first charge pump circuit 304 can drive
first driver control signal PUB between a reference
potential VSS, and a potential that 1is negative with
respect to VSS.

A second charge pump circuit 306 can include a
capacitor C31, a JFET N31, and a JFET P30. A capacitor
C31 can have one terminal connected to a second pump
input node 318. JFET N31 can be an n-channel JFET with a
source connected to a reference power supply node 314, a
gate connected to second pump input node 318, and a drain
connected a gate of JFET P30. JEFET P30 can be a p-
channel JFET having a source-drain path connected between
a reference supply node 314 and a second driver control
node 322. In such an arrangement, when an input signal
IN is high (e.g., at VDD), JFET ©N31 can turn on,
connecting a gate of JFET P30 to a reference voltage VSS,
and capacitor C31 can be charged by a VDD potential at
node 318. JFET P30 can be turned off, as both its gate
and source can be at the reference voltage VSS. When
input signal IN’ transitions low (e.g., to VSS), JFET N31
can be turned off, and the potential at the gate of JFET
P30 can be forced to a potential that is negative with
respect to VSS, by more than a threshold voltage of JFET
P30. JFET P30 can thus be turned on, connecting second
driver control node 322 to a reference voltage VSS.

In this way, first charge pump circuit 304 can drive
first driver control signal PUB to a reference potential
VSS.

In the example of FIG. 3, JFETs N30, N31 and P30 can
be four terminal JFETs, having a first control gate and
second control gate separated from one another by a

channel region. First gate <connections for such
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transistors have been described above. In addition, JFET
N30 can have a second gate connected to first driver
control node 320, JFET N31 can have a second gate
connected to a gate of JFET P30, and JFET P30 can have a
second gate connected to a reference supply node 314.

An output driver section 308 can include a pull-up
section 308-0 and a pull-down section 308-1. A pull-up
section 308-0 can connect or disconnect an output node
324 to a reference supply node 314. In particular, when
first driver control node PUB is driven to a
predetermined amount below VSS, pull-up section 308-0 can
provide a low impedance. When first driver control node
PUB is at a reference voltage VSS, pull-up section 308-0
can provide a high impedance. In a similar fashion, a
pull-down section 308-1 can connect or disconnect an
output node 324 to a boosted supply node 326. In
particular, when a first driver control signal PUB and
second driver control signal PD are driven a
predetermined amount below VSS, a pull-down section 308-1
can provide a high impedance. However, when a first
driver control signal PUB and second driver control
signal PD are driven to a reference voltage VSS, pull-
down section 308-1 can provide a low impedance path.

A feedback section 350 can be formed between a
second driver control node 322 and boosted supply node
326 . A feedback section 350 help ensure that a second
driver control signal PD remains sufficiently low to
maintain pull-down section 308-1 in a high impedance
state, when pull-up section 308-0 1is providing a low
impedance. In particular, when an output node 324 is at
a reference voltage VSS, feedback section 350 can provide

a low impedance, and when an output node 324 is at a
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boosted voltage VBB, feedback section 350 can provide a
high impedance.

In this way, a level shifting circuit can utilize
JFET devices, preferably four terminal JFET devices in
charge pump circuits to produce voltage levels below a
reference voltage VSS.

Referring now to FIG. 4, a level shifting circuit
according to a third embodiment is shown in a detailed
schematic diagram, and designated by the general
reference character 400. In the particular example of
FIG. 4, an input signal IN that varies between a high
supply voltage VDD and a reference voltage VSS, can be
shifted to generate first and second output signals OUTN
and OUT that vary between reference voltage VSS and a
boosted voltage VBB. Output signal OUTN can vary in an
inverse fashion to input signal IN, and output signal OUT
can follow signal IN at the shifted voltage level. In
one particular embodiment, a high supply voltage VDD can
be about + 0.5 volts, which is substantially smaller than
conventional CMOS voltage levels, reference voltage VSS
can be zero volts, or ground, and a boosted voltage VBB
can be about - 0.5 volts.

Referring to FIG. 4, a level shifting circuit 400
can include an input driver section 402, a first pump
circuit 404, a second pump circuit 406, a first output
driver section 408, a feedback section 450, a first
clamping section 460, a second clamping section 462 , and
a second output driver section 464. An input driver
section 402 can include a first logic section 402-0 and a
second input logic section 402-1. A first logic section
402-0 can be an inverter circuit formed by complementary

conductivity JFETs P40 and N40. In particular, JFET P40
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can be a p-channel JFET having a source connected to a
high power supply node 412, a drain connected to a first
pump input node 416, and a gate connected to an input
node 410. JFET N40 can be an n-channel JFET having a
source connected to a reference supply node 414, a drain
connected to a first pump input node 416, and a gate
connected to input node 410.

A second input logic section 402-1 can include two
inverters, like that of the first logic section 402-1,
arranged 1in series with one another between input node
410 and a second pump input node 418. A first of these
inverters can be formed by JFETs P41/N41, and a second of
these inverters can be formed by JFETs P42/N42.

Optionally, an input driver section 402 can include
a first delay circuit 402-2 and/or a second delay circuit
402-3. Such delay circuits (402-2 and/or 402-3) can help
ensure that within first output driver section 408, a
pull-up path 408-0 is disabled before a pull-down path
408-1 1is enabled, and vice versa. In the particular
example shown, a first delay circuit 402-2 can be an edge
delay circuit that introduces a greater delay into a low-
to-high transition than a high-to-low transition. A
second delay circuit 402-3 can be an edge delay circuit
that introduces a greater delay into a high-to-low
transition than a low-to-high transition.

A first pump circuit 404 can include a first
capacitor C40 and an n-channel JFET N43, and can have the
same general construction and operation as first pump
circuit 304 of FIG. 3. Similarly, second pump circuit
406 can include a second capacitor C41, an n-channel JFET
N44, and a p-channel JFET P43, and have the same general

construction and operation as second pump circuit 306 of
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FIG. 3. The node connecting a gate of JFET P43, a second
terminal of capacitor C41, and a gate/drain of JFET N44
will be referred to herein as a control node 407.

A first output driver section 408 can include a p-
channel JFET P44 and n-channel JFETs N45 and N46, and can
have the same general construction and operation as
output driver section 108 of FIG. 1.

A feedback section 450 can include an n-channel JFET
N47 having a source~drain path connected between a second
driver control node 422 and a boosted voltage supply node
426, and a gate connected to a first output node 424. In
such an arrangement, when a first output signal OUTN 1is
driven to a reference voltage VSS, JFET N47 can be turned
on, thus connecting second driver control node 422 to a
boosted supply voltage VBB. This can turn off transistor
N46 within first output driver section 408.

While first and second charge pump circuits (404 and
406) can drive first and second driver control nodes (420
and 422) with a <charge pumping action, it may be
desirable to clamp such nodes at particular potentials
less than VSS after such an initial charge pump action.
To accomplish such an operation, a level shifting circuit
400 can include a first clamping section 460 and a
second clamping section 462.

A first clamping section 460 can help maintain a
first driver control node 420 at a low potential with
respect to reference voltage VSS. First clamping section
460 can include n-channel JFETs N47 and N48. JFET N47
can have a gate and drain connected to a first driver
control node 420 and JFET N48 can have a gate and drain
connected to a source of NFET N47, and a source connected

to second driver control node 422 . In such an
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arrangement, first driver control node 420 can be clamped
at a potential of about VBB - 2*Vthn, where Vthn 1is a
threshold voltage of JFETs N47 and N48.

A second clamping section 462 can help maintain
control node 407 at a predetermined low potential (with
respect to reference voltage VSS). Second clamping
section 460 can include n-channel JFETs N49 and N50.
JFET N49 can have a gate and drain connected to a control
node 407 and JFET N50 can have a gate and drain connected
to a source of NFET N49, and a source connected to first
output node 424. In such an arrangement, control node
407 can be clamped at a potential of about - VBB -
2*Vthn, where Vthn is a threshold voltage of JFETs N49
and N50.

A second output driver section 464 can include a p-
channel JFET P45 and n-channel JFET Nb51. JFET P45 can
have a source connected to a reference supply node 414, a
gate connected to output node 424, and a drain connected
to second output node 466. JFET N51 can have a source
connected to a boosted supply node 426, a gate connected
to output node 424, and a drain connected to second
output node 466. In such an arrangement, second output
driver section 464 can operate as an inverter with
respect to signal OUTN, to generate second output signal
OUT that swings between the reference voltage VSS and
boosted voltage VBB levels.

Referring still to FIG. 4, it is noted that
preferably, JFET P43 is sized to be larger than JFET N47,
This can enable JFET P43 to rapidly pull-up second driver
control node 422 when enabled. Similarly, transistor P44
can be sized larger than JFETs N45 and N46, to enable

first output node 424 to be pulled rapidly to a reference
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voltage VSS when enabled. Still further, JFETs P45 and
N51 can be larger sized JFETs with respect to all other
JFETs shown in FIG. 4, to provide greater charging and
discharging capabilities at second output node 466.

Having described the general construction of the
embodiment shown in FIG. 4, the operation of the level
shifting circuit 400 will now be described with reference
to FIG. 5. FIG. 5 1is a timing diagram showing the
response of an input signal IN received at input node
410, a first output signal OUTN generated at first output
node 424, a second output signal OUT generated at second
output node 466, a potential at second driver control
node 422, first driver control node 420, and a control
node 407 within second charge pump circuit 406. In the
particular example shown by FIG. 5, a power supply
voltage VDD can be about + 0.5 volts, a reference voltage
VSS can be about 0 volts, and a boosted voltage can be
about - 0.5 volts.

Referring now to FIG. 4 in conjunction with FIG. 5,
at about time t0, input signal IN can transition from a
low level (e.g., VSS) to a high level (e.g. VDD). Along
a “pull-up” path, signal IN can be inverted by first
logic section 402-0 to drive first charge pump input node
416 from a high level (e.g., VDD) to a low level (e.g.,
VSS) . As a result, a potential at first driver control
node 420 can be driven to a negative potential, with
respect to VSS. JFET P44 within first output driver
section 408 can be turned on and JFET N45 can be turned
off, driving first output signal OUTN from a VBB level to
a VSS level. With first output signal OUTN at a VSS
level, feedback section 450 can provide a low impedance,

driving second driver control node 422 to a boosted
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potential VBB. Signal OUTN can be inverted by second
output driver section 464 to drive second output signal
OUT from a VSS level to a VBB level.

Along a “pull-down” path, signal IN can be buffered
by a second logic section 402-1 to drive second charge
pump input node 418 from a low level (e.g., VSS) to a
high level (e.g., VDD). As a result, second capacitor
C41 can be charged, and a second control node 407 can be
driven to a reference potential VSS. This can turn off
JFET P43, isolating second driver control node 422 from a
reference potential VSS. This can enable JFET N47,
turned on by first output signal OUTN, to pull second
driver control node to the boosted voltage VBB, and turn
off JFET N46 within first output section 408.

In this way, in response to an input signal 1IN
switching from VSS to VDD, first output signal OUTN can
transition from VBB to VSS, and second output signal OUT
can transition from VSS to VBB.

Referring still to FIG. 4 in conjunction with FIG.
S5, at about time tl, input signal IN can transition from
a high level (e.g., VDD) to a low level (e.g. VSS).
Along a “pull-up” path, signal IN can be inverted by
first logic section 402-0 to drive first charge pump
input node 416 from a low level (e.g., VSS) to a high
level (e.g., VDD). As a result, a potential at first
driver control node 420 <can be driven to reference
voltage VSS. JFET P44 within first output driver section
408 can be turned off and JFET N45 can be turned on.
Capacitor C40 can be charged to a VDD level with respect
to a VSS level.

Along a “pull-down” path, signal IN can be buffered

by a second logic.section 402-1 to drive second charge
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pump input node 418 from a high level (e.g., VDD) to a
low level (e.g., VSS). As a result, control node 407 can
be driven to a negative potential, with respect to VSS.
JFET P43 within second charge pump circuit 406 can be
turned on and thus over power JFET N47, and second driver
node 422 can be driven to reference potential VSS.

Within first output driver circuit 408, JFET N46 can
be turned on and thus drive output signal OUTN from a VSS
level to a VBB level. With first output signal OUTN at a
VBB level, feedback section 450 can be switched to a high
impedance state. In response to the transition in first
output signal OUTN, second driver output section 464 can
drive second output signal OUT from VBB level to a VSS
level.

In the example of FIG. 4, all JFETs can be four
terminal JFETs, having a first control gate and second
control gate separated from one another by a channel
region. First gate connections for such transistors have
been described above. In addition, JFETs P40, N40, P41,
N41, P42, N42, N43, N44, P44, N46, P45 and N51 can have
their second gates connected to their respective sources.
JFETs N47, N48, N49, N50, and N45 can have their second
gates connected to boosted supply node 426. Thus, in the
particular embodiment of FIG. 4, a level shifting circuit
can be composed of active devices, all of which are four
terminal JFETs.

In this way, 1in response to an input signal 1IN
switching from VDD to VSS, first output signal OUTN can
transition from VSS to VBB, and second output signal OUT
can transition from VBB to VSS.

Referring now to FIG. 6A, one example of a delay

circuit that can be included in the embodiments is shown
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in a schematic diagram and designated by the general
reference character 600. Delay circuit 600 can include
an AND gate 602 having a delay element 604 connected to
one input. Such a configuration can introduce a delay
into a low-to-high transition of an input signal. Thus,
delay circuit 600 could be one example of a circuit used
like that shown as 402-2 in FIG. 4.

Referring now to FIG. 6B, an example of another
delay circuit 1s shown and designated by the general
reference character 650. Delay circuit 650 can include
an OR gate 652 having a delay element 654 connected to
one 1input. Such a configuration can introduce a delay
into a high-to-low transition of an input signal. Thus,
delay circuit 650 could be one example of a circult used
like that shown as 402-3 in FIG. 4.

Of course, FIGS. 6A and 6B are but two of the many
possible delay circuits than could be used to delay one
particular type of signal transition.

Further, delay circuits like those of FIGS. 6A and
6B can be included in the embodiments of FIG. 1 and/or 2
in order ensure pull-up paths are disabled prior to pull-
down paths being enabled, and vice versa.

Referring now to FIG. 7, a level shifting circuit
according to a fourth embodiment is shown in a block
schematic diagram and designated by the general reference
character 700. A level shifting circuit 700 can include
a level shifting section 702, one or more buffer circuits
704, and a wvariable threshold section 706. A level
shifting section 702 can include a level shifting circuit
like any of the those described above, and can shift an
input signal IN varying between levels VDD and VSS, to an
output signal OUT that can vary between VSS and VBB,
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where VSS 1s between VDD and VBB. Preferably, VDD is
positive with respect to VSS and VBB is negative with
respect to VSS.

A buffer circuit 704 can buffer a signal OUT to
provide more current drive capability, if necessary, to
achieve a desired response. Buffer circuit 704 can drive
a threshold control signal Vt CTRL between levels VSS and
VBB at a gate drive node 708.

A variable threshold section 706 can include a
number of JFET devices, represented by JFETs N70, N71 and
N72, each having one gate connected to gate drive node
708. The other gate of such devices can receive logic
signals for executing a particular function. In one
particular example, variable threshold section 706 can be
a logic circuit operating between a power supply voltage
VDD and a reference voltage VSS. Even more particularly,
JFETs N70, N71 and N72 can be n-channel JFETs having two
modes of operation. 1In a first mode, gate drive node 708
can be driven to a boosted voltage VBB, and JFETs N70,
N71 and N72 can operate at a certain speed and with a
certain current consumption. In a second mode, gate
drive node 708 can be driven to a reference voltage VSS,
and JFETs N70, N71 and N72 can operate at a faster speed
than the first mode, but with greater current consumption
than the first mode.

In this way, a level shifting circuit can be used to
drive one gate of one or more four terminal JFETs, and
thus provide two modes of operation for such JFETs.

Referring now to FIG. 8, an example of a boosted
voltage generator stage according to an embodiment is
shown 1in a schematic diagram and designated by the

general reference character 800. A boosted generator
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stage 800 can be used to generate a boosted voltage, like
VBB shown in the above embodiments. The particular
boosted voltage stage 800 can include a first stage 802,
a second stage 804, and capacitors C80 and C81. First
stage 802 can include an n-channel JFET N80 having a
source-drain path connected between a low boost node 806
and a first charge node 808, and a p-channel JFET P80
having a source-drain path connected between first charge
node 808 and a high reference node 810. Gates of JFETs
P80 and N80 can be connected to second charge node 812.

A second stage 804 can include an n-channel JFET N81
having a source-drain path connected between low boost
node 806 and a second charge node 812, and a p-channel
JFET P81 having a source-drain path connected between
second charge node 812 and a high reference node 810.
Gates of JFETs P81 and N81 can be connected to first
charge node 808.

Capacitor C80 can have one terminal connected to
first charge node 808 and another terminal that receives
a periodic clock signal CLK1l. Capacitor C81 can have one
terminal connected to second charge node 812 and another
terminal that receives a periodic clock signal CLK2,
which can be essentially the inverse of c¢lock signal
CLK1.

In operation, when signal CLKl is low and signal
CLK2 1is high, previously charged capacitor C80 can drive
first charge node 808 below the potential at high
reference node 810. JFET P80 can be turned off, and JFET
N80 can be turned on, thus driving low boost node 806 to
a lower potential than high reference node 810. At the
same time, JFET P81 can be turned on, connecting second

charge node 812 to high reference node 810. Signal CLK2
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can charge capacitor C81 to a potential higher than high
reference node 810.

When signal CLKl1 is high and signal CLK2 is low,
previously charged capacitor C81 can drive second charge
node 812 below the potential at high reference node 810.
JFET P81 can be turned off, and JFET N81 can be turned
on, thus driving low boost node 806 to a lower potential
than high reference node 810. At the same time, JFET
P80 can be turned on, connecting first charge node 808 to
high reference node 810. Signal CLK1 can charge
capacitor C80 to a potential higher than high reference
node 810.

In the example of FIG. 8, all JFETs can be four
terminal JFETs, having a first control gate and second
control gate separated from one another by a channel
region. First gate connections for such transistors have
been described above. In addition, second gates of JFETs
N80 and N81 can be commonly connected to low boost node
806, while second gates of JFETs P80 and P81 can be
commonly connected to a high reference node 810.

In this way, a boosted voltage generator stage can
generate a boost voltage utilizing JFETs, preferably
complementary four terminal JFETs.

While a single boosted voltage generator stage, like
that of FIG. 8, can provide a given boosted voltage. It
may be desirable to provide boosted voltages of even
greater magnitude. In such a case, several generator
stages like that of FIG. 8 can be connected in series to
form a voltage generator circuit. One example of such an
arrangement is shown in FIG. 9.

FIG. 9 shows a voltage generator 900 that can

include a number of generator stages 902-1 to 902-N, each
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of which can take the form of generator stage 800 shown
in FIG. 8. A first generator stage 902-1 can have a low
boost node connected to a boosted supply node 906. A
capacitor C90 can be connected between boosted supply
node 906 and a reference supply node 904. A next
generator stage 902-2 can have a low boost node (VLO)
connected to a high reference node (VHI) of a previous
stage. Each generator stage can be connected to the next
stage in this fashion, ending with a last generator stage
902-N, which can have a high reference node VHI connected
to a reference supply node 908. Clock signals CLK1 and
CLKZ2 can be connected to generator stages (902-1 to 902-
N) in an alternating fashion with respect to a first
clock inputs CLKI1 and a second clock inputs CLKIZ2.

In this way, a series of generator stages can be
connected together to generate boosted voltage levels of
greater magnitude.

Referring now to FIG. 10, a timing diagram shows the
response of a voltage generator, like that shown in FIG.
9/ having six stages (e.g., N = 6). FIG. 10 includes six
waveforms, each of which shows a potential at a low boost
node (VLO) of each stage over time. Waveforms 1000,
1002, 1004, 1006, 1008 and 1010 show the responses of
generator stages 902-6 to 902-1, respectively.

It is understood that reference in the description
to “one embodiment” or “an embodiment” means that a
particular feature, structure, or characteristic
described in connection with the embodiment is included
in at least one embodiment of the invention. The
appearance of the phrase “in one embodiment” in wvarious
places in the specification do not necessarily all refer

to the same embodiment. The term “to couple” or
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“electrically connect” as used herein may include both to
directly and to indirectly connect through one or more
intervening components.

Further it 1s understood that the embodiments of the
invention may be practiced in the absence of an element
or step not specifically disclosed. That is an inventive
feature of the invention may include an elimination of an
element.

While wvarious particular embodiments set forth
herein have been described in detail, the present
invention could be subject to various changes,
substitutions, and alterations without departing from the
spirit and scope of the invention. Accordingly, the
present invention 1is intended to be 1limited only as

defined by the appended claims.
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WHAT IS CLAIMED IS:

1. A level shifting circuit, comprising:

a first driver junction field effect transistor
(JFET) of a first conductivity type having a source
coupled to a reference supply node, a drain coupled to an
output node, and a gate coupled to a first driver control
node;

a second driver JFET of a second conductivity type
having a source coupled to a boosted supply node and a
drain coupled to the output node; and

a first charge pump circuit coupled between the
first driver control node and an input node coupled to
receive an input signal, the first charge pump circuit
coupling a first terminal of a first capacitor between
the reference supply node and a power supply node in
response to an input signal;

wherein the power supply node is coupled to receive
a power supply potential, the reference supply node 1is
coupled to receive a reference potential, the boosted
power supply node is coupled to receive a boosted
potential, the reference potential being between the

power supply potential and the boosted potential.

2. The level shifting circuit of claim 1, wherein:

the first driver JFET is a p-channel JFET;

the second driver JFET is an n-channel JFET; and

the power supply potential is positive with respect
to the reference potential, and the boosted potential 1s

negative with respect to the reference potential.
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3. The level shifting circuit of claim 1, wherein:
the first driver JFET and second driver JFET are
both four terminal JFETs having a first control gate

separated from a second control gate by a channel region.

4. The level shifting circuit of claim 1, further
including:

the second driver JFET includes a gate coupled to a
second driver control node; and

a second charge pump circuit coupled to the input
node that couples a first terminal of a second capacitor
between the reference supply node and a power supply node

in response to the input signal.

5. The level shifting circuit of claim 4, wherein:
the second charge pump circuit includes:
a pump JFET having a gate coupled to the first
terminal of the second capacitor, a drain coupled to a
second terminal of the second capacitor, and a source
coupled to the reference supply node, and
a control JFET having a source coupled to the
reference supply node, a drain coupled to the second
driver control node, and a gate coupled to the second

terminal of the second capacitor.

6. The level shifting circuit of claim 4, further
including:

a logic circuit coupled between the input node and
the second charge pump circuit that inverts the input
signal with respect to the input signal received by the

first charge pump circuit.
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7. The level shifting circuit of claim 4, further
including:

a second driver clamp circuit coupled between the
output node and the second charge pump circuit that
clamps a second terminal of the second capacitor to a
predetermined level below the reference potential when
the second driver JFET provides a 1low impedance path
between the boosted power supply node and the output

node.

8. The level shifting circuit of claim 1, wherein:
the first charge pump circuit further includes a
pump JFET having a gate coupled to the first terminal of
the first capacitor, a drain coupled to a second terminal
of the first capacitor and to the first driver control

node, and a source coupled to the reference supply node.

9. The level shifting circuit of c¢laim 1, further
including:

an enable JFET of the second conductivity type
having a source coupled to the drain of the second driver
JFET, a gate coupled to the first driver control node,

and a drain coupled to the output node.

10. The 1level shifting circuit of claim 1, further
including:

a first driver clamp circuit coupled between the
boosted power supply node and the first charge pump
circuit that clamps a second terminal of the first
capacitor to a predetermined level below the boosted

potential when first driver JFET provides a low impedance
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path between the reference power supply node and the

output node.

11. A level shifting circuit, comprising:

a first charge pump circuit comprising at least a
first pump junction field effect transistor (JFET) having
a source-drain path coupled between a reference supply
node and a first driver control node and a first
capacitor coupled to the first driver control node;

a second charge pump circuit comprising at least a
second pump JFET having a source-drain path coupled
between the reference supply node and a second driver
control node, and a second capacitor coupled to the gate
of the second pump JFET; and

a driver section that selectively couples an output
node between the reference supply node and a boosted
supply node 1in response to the potential at the first

driver control node and second driver control node.

12. The 1level shifting circuit of «claim. 11,
wherein:
the first pump JFET comprises an n-channel JFET; and

the second pump JFET comprises a p-channel JFET.

13. The level shifting circuit of c¢laim 11,
wherein:

the second charge pump circuit further includes a
third pump JFET having a source-drain path coupled
between the gate of the second pump JFET and the

reference supply node.
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14. The level shifting circuit of claim 11, further
including:

a feedback path coupled between the second driver
control node and the boosted supply node that provides a
low or high impedance path according to the potential at

the output node.

15. The level shifting circuit of claim 11, further
including:

the first capacitor has a first terminal coupled to
a first charge pump input node and a second terminal
coupled to the first driver control node;

the second capacitor has a first terminal coupled to
a second charge pump input node and a second terminal
coupled to the second driver control node; and

an input driver circuit that selectively couples the
first charge pump input node and second charge pump input
nodes Dbetween the reference supply node and a power
supply node; '

wherein the power supply node is coupled to receive
a power supply voltage having a first polarity with
respect to the reference supply node, and the boosted
supply node 1is coupled to receive a boosted supply
voltage having a second polarity with respect to the

reference supply node.
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16. The level shifting circuit of claim 11, wherein
the driver section comprises:
at least a first driver JFET of a first conductivity
type having a source-drain path coupled between the
5 reference supply node and the output node and a gate
coupled to the first driver control node, and
at least a second driver JFET of a second
conductivity type having a source-drain path coupled
between the output node and the boosted supply node, and

10 a gate coupled to the second driver control node.

17. A level shifting.circuit, comprising:
a driver section that includes:
a first driver junction field effect transistor
15 (JFET) having a source-drain path coupled between a
reference supply node and an output node, and
a second driver JFET having a source-drain path
coupled between the output node and a boosted supply
node; and
20 a variable threshold JFET circuit comprising a
plurality of variable threshold JFETs, each variable
threshold JFET having two control gates with at least one

control gate being coupled to the output node.
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18. The level shifting circuit of «c¢laim 17,
wherein:

the wvariable threshold JFET circuit 1is coupled
between the reference supply node and a power supply
node; and

the power supply node 1is coupled to receive a power
supply voltage that has a first polarity with respect to
the reference voltage, and the boosted supply node is
coupled to receive a boosted supply voltage that has a

second polarity with respect to the reference voltage.

19. The level shifting circuit of claim 17, further
including:

a first <charge pump <circuit comprising a first
capacitor coupled between the first driver control node
and a first charge pump input node;

a second charge pump circuit comprising a second
capacitor coupled to a second charge pump input node; and
an input circuit coupled between a power supply node and
the reference supply node that selectively couples the
first and second charge pump input nodes to either the
power supply node or the reference supply node according
to an input signal;

wherein the power supply node is coupled to receive
a power supply voltage that has a first polarity with
respect to the reference voltage, and the boosted supply
node 1is coupled to receive a boosted supply voltage that
has a second polarity with respect to the reference

voltage.
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20. The level shifting circuit of claim 19, wherein
the input circuit comprises:

at least a first input JFET of a first conductivity
type having a source-drain path coupled between the power
supply node and the first charge pump input node and a
gate coupled to an input node,

at least a second input JFET of a second
conductivity type having a source-drain path coupled
between the reference supply node and the first charge
pump input node and a gate coupled to the input node,

at least a third input JFET of the first
conductivity type having a source-drain path coupled
between the power supply node and the second charge pump
input node and a gate coupled to the input node,

at least a fourth input JFET of +the second
conductivity type having a source-drain path coupled
between the reference supply node and the second charge

pump input node and a gate coupled to the input node.
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