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OVER-VOLTAGE TOLERANT PASS-GATE

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to MOSFET devices and particularly to

MOSFET devices used as low on-impedance switches.

Background Information

MOSFET switches are found in many applications and have become common
in high frequency, pass-gate switch applications. As technology progressed, such
transistor switches became smaller, féster and more power efficient. Often these low
on-impedance switches are used to transfer logic data between systems using different
power sources, say a 5V system sending and/or receiving logic signals from a 3V sys-
tem. Typically the power sources determine the high logic levels. Such switches may

couple logic systems powered from 5V, 3.3V and/or 1.8V to each other.

Operation at the lower power supply levels, however, encounters issues with
respect to threshold requirements inherent in MOSFET transistors. For example, in
systems with differing power sources, trouble might be encountered where a logic
signal sent from a system is higher than the power supply of the receiving system.

Over/under-voltage effects are known to cause catastrophic MOSFET failures.

Known approaches that protect pass-gate switch transistors from over/under-
voltages come at a price. For example, using two FETs in series will increase channel
resistance, or use increased chip area if the FETs are made larger to reduce channel
resistance. Other approaches, as in the above reference patent application, may not
provide full over/under-voltage protection during power up and/or power down opera-

tions.

Another approach to over/under-voltage protection is discussed in U.S. patent
no. 6,163,199 (’199), entitled: “Overvoltage/Undervoltage Tolerant Transfer Gate.”
The *199 patent is owned in common with the present application and patent is hereby
incorporated herein by reference. The *199 patent provides a more detailed discus-

sion of the limitations of the prior art along with an advance using parallel transistors
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arranged for over under/under-voltage protection by driving the back gates (bulk con-

tacts) of the transfer transistors involved.

Other known designs focus on lowering insertion loss and increasing the band-
width by minimizing the “body effect” that is inherent in MOSFET structures. Inser-
tion loss can be described, generally, as the loss of signal power delivered to a load
due to the addition of a less than perfect switch compared to that if the switch were

perfect.

A representative prior art design focused on reducing the body effect and in-
sertion loss is found in U.S. patent, no. 5,818,099 (’099) to Burghartz. The 099 pat-
ent describes an n-type MOSFET structure with a p-well that is isolated from the p-
type substrate using n-type well as shown in FIG. 6A of the *099 patent. The 099 low
insertion loss circuit embodiment, however, may have larger leakage when there is a
signal voltage present and the supply voltage to the transfer switch is turned off, e.g.,
when power is turned off first to the transfer switch before it is turned off at the send-
ing or receiving systems. Moreover, the switch may become turned on when it should

be off during power down.

For example, in FIG. 1 of the 099, a p-type MOSFET is shown with typical
biasing of the well to +V. This ensures that the drain/source to well pn junction diode
does not become forward biased. However, if the +V supply is at ground (by the sup-
ply being turned off) while there is a high logic level, say +5V, at terminal A, the pn
drain-well diode in the MOSFET switch is forward biased creating a potentially harm-
ful current path that charges the output capacitor of the +V supply. So the well of the
p-type MOSFET will be charged and, thus, the switch is powered when it should be

unpowered.

Well current to the Vdd power supply rail may be termed well leakage and
remains an issue in some prior art circuits. One bias condition exists where the poten-
tia] differences among the drain, source and Vdd may be too small for known cir-
cuitry to correctly resolve. The present invention addresses this prior art limitation as

well as others.

There remain, in prior art MOSFET pass-gate switches, limitations in provid-
ing over-voltage tolerance and protection for all values of supply power (Vdd) as may

be encountered during normal operations and/or during power up and power down
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operations. Prior art circuits are especially vulnerable during power up operations,
where, for example, an off pass-gate may not remain off during such operations and

where excessive leakage currents may occur.

The present invention is directed, inter alia, towards these limitations.

SUMMARY OF THE INVENTION

The limitations and issues in the prior art addressed by the present invention
that provides a pass-gate of a single or, or as in some applications, parallel primary
switch FETs. The primary switch FETs, for example, would be M1 and M2 of FIG. 1
The parallel switch arrangement is described herein, but, those skilled in the art, will

understand the present invention using a single primary switch FET.

The present invention provides for the well or wells of the primary switch
FETs to be driven so that the inherent pn junctions and the parasitic transistors do not
become forward biased by the various power supply voltage and signal level voltages
that may be found in pass-gate operations. That is, a +1.8 voltage signal being trans-
ferred via electronics powered from +5V to another +5V logic system will not suffer

high leakage, breakdowns or other malfunctions.

For a primary switch PMOS FET, the well is functionally coupled to the
higher of the local power supply or the higher input signal voltage, whichever is
higher; and for an NMOS the lower of ground or the input signal voltages.

Herein “functionally connected” is defined as connected directly or having in-

tervening components that substantially do not interfere with the operations.

The present invention also provides a low forward voltage drop diode, pref-
erably a Schottky diode, located across pn junctions, wherein the diode low forward
drop prevents the pn junction in the pass transistor from turning on. In an embodi-
ment, the Schottky is placed from +Vdd (diode anode) to the well (diode cathode) of
the switch transistor. For example, the pn junction of drain or source to the well of a
primary switch PMOS, with +Vdd at the well, will be limited to the forward diode
drop. The diode drop is low enough so that the pn junction is not turned on.

The present invention provides a mechanism to reduce leakage at the wells

and the gates of the primary switches, and to ensure proper enablement of the
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switches under the various signal and power levels encountered by a pass-gate. In

this regard the power supply for the circuit that is meant to turn on and off the pass-
gate (the enabling circuit) has a circuit, in one embodiment, that is identical to that
connected to the well of a PMOS primary switch transistor. The separate circuit used
to drive the enabling circuit, even though it may be identical to the circuit connected
to the well of the PMOS primary switch, has the beneficial effect of reducing any gate

leakage without negatively affecting the reduction of larger well leakage.

The circuit functionally powering the enable circuit also has the Schottky di-

odes as described above. Here the voltage level powering the enabling circuit will be

- the higher of one of the input signal levels, +Vdd, but that voltage level will be at

minimum a Schottky diode drop lower than +Vdd. A benefit is that the off state of
the pass switches will remain off regardless of the signal levels and +Vdd power sup-

ply and during power down.

It will be appreciated by those skilled in the art that although the following
Detailed Description will proceed with reference being made to illustrative embodi-
ments, the drawings, and methods of use, the present invention is not intended to be
limited to these embodiments and methods of use. Rather, the present invention is of
broad scope and is intended to be defined as only set forth in the accompanying

claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention description below refers to the accompanying drawings, of
which:

FIG. 1 is a block diagram schematic illustrating the present invention;

FIG. 2 is a schematic of an enabling circuit;

FIG. 3A and 3B are cross sections views of PMOS and an NMOS examples of
primary transistors;

FIG. 4 is a schematic of a circuit used to power the PMOS primary transistor
and a duplicate circuit used to power the enabling circuit;

FIG. 5 is a graph illustrating excessive leakage of currents found in prior art

pass-gates; and
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FIG. 6 is a block diagram illustrating use of the present invention for a PMOS
switch and a parallel NMOS switch.

DETAILED DESCRIPTION OF AN ILLUSTRATIVE
EMBODIMENT

FIG. 1 has a PMOS, M1, and an NMOS, M2, in parallel, joining point A to
point B. These two MOS transistors are the primary parallel transistor switches that
comprise a pass-gate. The substrate contacts, SUB, of each of the transistor switches
are functionally connected to ground. The WELL of PMOS M1 is tied to CKT A, its
gate G to an enable signal, en-, its drain to external contact A and its source to exter-
nal contact B. In normal operation the pass-gate transfers signals from A to B or vice

versa.

The drain of the parallel NMOS, M2, is functionally connected to external
contact A, and its source to external contact B. As known to those skilled in the art,
the drain and source of these transistors often may be reversed with no effect. The
gate G of M2 is connected to a positive true enable signal, en+, and to the sources of
M2 and M3, as discussed below. The PW (P Well) is connected to a positive true en-
able signal, enl+, and the NW (N-Well) of the M2 is connected to +Vdd.

Symmetrical NMOS transistors M3 and M4 provide a signal path from point
A to the PW connection of M2 and then to point B. This has the beneficial affect of
enhancing bandwidth and lowering insertion loss. When M2 is turned on, an AC sig-
nal on point A appears at point B or at both the source and drain of M2. Even with
minimal drop across M1, some of that AC signal would be siphoned off through ca-
pacitors from both the source and the drain to the well, Csw and Cdw, of M2. How-
ever, in the present invention, when M3 and M4 are on, their low on resistances will
tend to maintain a substantially constant AC voltage across both Csw and Cdw and
thereby limit AC signal loss with frequency through these capacitors. This reduces
the insertion loss with frequency and increases the bandwidth of the switch. M3 and
M4 are of the same size to that any voltage drop from A to B is shared equally. This
symmetry enhances the operation of the circuit with M2.

The enable signals are generated by a circuit 10 shown in FIG. 2. The usual

power source, +Vdd, for the enable circuit is replaced in an embodiment of the pre-
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sent invention by CKT A’, a duplicate of CKT A, see FIG. 4. In FIG. 2, M5 and M6

form a typical inverter, as do M7 and M8, and M9 and M10. The inverter M9 and
M10 outputs en- that drives the gate of M1. The inverter M11 and M12 outputs en+
that drives the gates of M2, M3 and M4. The resistor R1 slows the turn on signal for
M1 and the resistor R2 slows the turn on of M2. The slower signals smooth the turn
on of the pass-gate switches. M13 outputs enl+ that drives the PW of NMOS M2.

Point 12 typically is connected to +Vdd, but in this embodiment, point 12 is
connected to CKT A’ as described below. The connection to CKT A’ combined with
the CKT A, as discussed below, to reduce total leakage from the gate (CKT A’) of M1
and from the WELL of M1 (CKT A).

FIG.s 3A and 3B illustrate cross section views of PMOS M1 and an isolated
NMOS M2, respectively. The pn junctions indicate diodes and parasitic transistors
that may affect operations of the switches under the various circumstances of power
supply potentials, input/output signal potentials and sequencing of power supplies and
signals during power up and power down of the circuits involved. For example, the
PMOS M1 of FIG. 3A forms a parasitic pnp transistor from the p-type drain or source
to the n-type well to the p-type substrate (SUB). Moreover, any of the pn junctions
form parasitic diodes that may produce problems when or if forward biased. There
are similar diodes and transistors in the NMOS, but with an additional layer, the NI
(N ISOLATION), there are even more parasitics to contend with. As mentioned
above, one goal is to maintain isolation during the power up/down sequencing while

nullifying leakage back to the power supply.

FIG. 4 is a schematic for CKT A and A’. All the transistors are PMOS and all

their substrate connections (not shown) are tied to ground.

The initial discussion relates to the circuit comprising M14, M15(cross cou-
pled transistors) and M18 that drives the WELL of the PMOS M1 via the prail 14.
This circuit illustrates circuitry that provides over-voltage protection for the PMOS
M1. When the en is false, the signal, en-, at the gate of M1 is high and M1 is off
(the pass-gate or switch is off). There is a high impedance connection between A and
B (because M2 is also off). If A is low, M18 is on, and if B is low, +Vdd appears at
the prail 14. If B is high and +Vdd is low, B will appear at the prail 14. The higher of
+Vdd or B will be fed to the prail 14. Similarly, M16 and M17 (cross coupled tran-
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sistors), and M19 will drive the prail 14 to the higher of +Vdd or A, whichever is

higher, when B is low. If +Vdd, A and B were all low and the circuit is benign —
nothing happens.

In prior art circuits, the WELL is often connected to +Vdd, and the pn junction
of the source or drain to the WELL of M1 may become forward biased if +Vdd was
low. The circuit CKT A prevents that.

When M1 is biased on via en- (and M2 will be on via en+), CKT A will pre-
vent leakage to the +Vdd. In this case, if +Vdd goes to low while A and B are high,
CKT A disconnects the WELL of M1 from the +Vdd, preventing leakage. If +Vdd, A
and B are all low (A and B must be equal if the pass-gate is on), the pn junction still
will not be forward biased and there will be no leakage. Moreover within thresholds,
if either A or B or +Vdd goes below ground the WELL will be maintained at the
higher of A, B or +Vdd by CKT A.

FIG. 5 is a representative graph of leakage current versus DC voltages (over-
volages) that may occur in some prior art circuits when the +Vdd is at +3.6V. The
graph represents a combination of possible leakage paths. Leakage currents may flow
through many paths that may occur from the switch transistor M1 to ground, to +Vdd,
to A, to B or between points A and B. For example, inspection of the circuit of FIG. 4
illustrates that when the DC levels of +Vdd, B and A are nearer to each other than the
thresholds of the PMOS transistors M14, M15, M16, M17, M18 and M19, the prail 14
(and 12) may be effectively floating. In this situation, the voltage of the WELL of M1
may begin to droop and turn on the parasitic pnp transistor composed of the drain or
source of M1 to the substrate of M1. In practice, the voltages where this may happen
often are around +5V when +Vdd is at +3.6V. This is demonstrated by the rising cur-
rent around +4.5V in FIG. 5.

The Schottky diode D1 is provided to reduce the prior art leakage due to this
droop in and thereby prevent the parasitic pnp from turning on.

Schottky diodes are semiconductor/metal structures with small forward volt-
age dropé. In this application D1 is arranged to prevent the drain or source to WELL
pn junction, and thus the parasitic pnp transistor of M1, from turning on. As known
to those skilled in the art, smaller multiple Schottky diodes may be used replacing D1.
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Such diodes would be in parallel with each other to further minimize the forward

voltage drop.

Referring back to FIG. 1 and FIG. 2, the enable circuit 10 derives power from
CKT A’ which is an identical circuit to CKT A as described above. In this instance
the voltage at the sources of M5, M7 and M9 will be the higher of +Vdd, B or A, as
described above. If these three signals are low, neither M10 nor M11 nor M1 nor M2
will turn on regardless of the input en signal. If any one of these signals are high, the
proper enable signal will reach the gates of M1 and M2. As described above, if these
three signals are close to each other in magnitude, the PMOS circuitry of CKT A’
may not function. As before, the Schottky diode D1 found in CKT A’ will keep the
point 12 close to the potential of +Vdd (within the forward Schottky diode drop).

With respect to CKT a and CKT A’, the transistor implementation shown
herein may be replaced by other circuitry known in the art that will perform the same
logic function of selecting the higher of A, B or +Vdd and presenting it to points 12
and 14.

FIG. 6 illustrates in block form, the PMOS CKT A as described above operat-
ing on M1. As would be known to those skilled in the art, there may be a correspond-
ing circuit, CKT B, operating on M2 as CKT A does with M1. Moreover, CKT C’
comprising M3 and M4, operates on M2 to enhance bandwidth, may have a corre-
sponding circuit, CKT C, with transistors, similarly positioned as are M3 and M4, that
enhance the bandwidth of M1.

In each case, the WELL of M1 will not be biased lower than its drain/source

and so the drain/source to well pn junction of M1 will not be forward biased.

It should be understood that above-described embodiments are being pre-
sented herein as examples and that many variations and alternatives thereof are possi-
ble. Accordingly, the present invention should be viewed broadly as being defined

only as set forth in the hereinafter appended claims.

What is claimed is:
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CLAIMS

1. A pass-gate comprising:

a field effect first pass transistor having at least a gate, source, drain, well and
substrate, wherein an input signal is received at the drain or source and an output sig-
nal is presented at the source or drain, respectively; and

a first bias circuit defining an output connected to the well of the first pass
transistor, the first bias circuit defining a first contact functionally connected to the
input signal, a second contact functionally connected to the output signal and a third
contact functionally connected to a power supply, wherein the higher voltage selected
from among the input signal, the output signal and the power supply is presented to

the well of the first pass transistor.

2. The pass-gate of claim 1 wherein the first bias circuit comprises:

second and third transistors having their respective drains functionally con-
nected to the well of the first pass transistor, the gate of the second transistor func-
tionally connected to the source of the first transistor, and the gate of the third transis-
tor functionally connected to the drain of the first pass transistor;

the source of the second transistor functionally connected to first cross cou-
pled transistors, the first cross coupled transistors arranged to present to the source of
the second transistor the higher of a power supply voltage or the signal voltage on the
drain of the first pass transistor; and

the source of the third transistor functionally connected to second cross cou-

pled

transistors, the second cross coupled transistors arranged to present to the source of
the third transistor the higher of the power supply voltage or the signal voltage on the

source of the first pass transistor.

3. The pass-gate of claim 1 further comprising a diode with its anode connected
to the power supply voltage and its cathode connected to the well of the first pass
transistor, wherein the forward voltage drop of the diode is low enough to prevent the
pn junction of the drain or source to the well of the first pass transistor from turning

on.
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1 4 The pass-gate of claim 3 wherein the diode is a Schottky diode.

1 5. The pass-gate of claim 3 wherein the diode comprises two or more Schottky

2 diodes in parallel.

1 6. The pass-gate of claim 1 further comprising an enable circuit defining a power
2 contact for providing power to the enable circuit, an enable input and an enable out-

3 put, the enable output functionally connected to the gate of the first pass transistor.

1 7. The pass-gate of claim 6 further comprising a second bias circuit defining an
2 output functionally connected to the power contact of the enable circuit, the second

3 bias circuit defining a fourth contact functionally connected to the input signal, a fifth
4  contact functionally connected to the output and a sixth contact functionally con-

s nected to a power supply, wherein the higher voltage selected from among the input

6  signal, the output signal and thé power supply is presented to the power contact of the

7 enable circuit.

1 8. The pass-gate of claim 7 further comprising a diode with its anode connected
2 to the power supply voltage and its cathode connected to the power contact for pro-

3 viding power to the enable circuit.
1 9. The pass-gate of claim 8 wherein the diode comprises Schottky diode.

1 10.  The pass-gate of claim 9 wherein the diode comprises two or more Schottky

2 diodes in parallel.

1 11. A method for connecting an input to and disconnecting the input from an out-
2 put, respectively, the method comprising the steps of:

3 turning on a field effect first pass transistor having at least a gate, source,

4 drain, well and substrate, wherein an input signal is received at the drain or source and
5 an output signal is presented at the source or drain, respectively; and

6 biasing the well of the first pass transistor to the higher voltage selected from

7 among the input signal, the output signal and a power supply.
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12. The method of claim 11 wherein the biasing of the well of the first pass tran-

sistor comprising the steps of:

functionally connecting the drains of the second and third transistors to the
well of the first pass transistor;

functionally connecting the gate of the second transistor to the source of the
first transistor and the gate of the third transistor to the drain of the first pass transis-
tor;

functionally connecting the source of the second transistor to first cross cou-
pled transistors, the first cross coupled transistors arranged to present to the source of
the second transistor the higher of a power supply voltage or the signal voltage on the
drain of the first pass transistor; and

functionally connecting the source of the third transistor to second cross cou-

pled

transistors, the second cross coupled transistors arranged to present to the source of
the third transistor the higher of the power supply voltage or the signal voltage on the

source of the first pass transistor.

13. The method of claim 11 further comprising the step of functionally connecting
a first diode anode to the power supply voltage and its cathode to the well of the first
pass transistor, wherein the forward voltage drop of the diode is low enough to pre-
vent the pn junction of the drain or source to the well of the first pass transistor from

turning on.

14. The method of claim 13 further comprising the step of functionally connecting

one or more diodes in parallel with the first diode.
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15.  The method of claim 11 further comprising the steps of:
generating an enable signal from an enable circuit and connecting the enable

signal to the gate of the first pass transistor.

16.  The method of claim 15 wherein the step of generating an enable signal com-
prises the step of powering the enable circuit from the higher voltage selected from

among the input signal, the output signal and a power supply.

17.  The method of claim 16 wherein the step of powering the enable circuit com-
prises the steps of:

functionally connecting a second bias circuit defining an output that powers
the enable circuit;

functionally connecting the input signal, the output and a power supply to the
second bias circuit; and

selecting the higher voltage selected from among the input signal, the output

signal and the power supply to power the enable circuit.

18.  The method of claim 17 further comprising the step of connecting the anode of
a diode to the power supply voltage and its cathode to the enable circuit for providing
power to the enable circuit.

19.  The method claim 18 wherein the diode comprises a Schottky diode.

20.  The method of claim 18 further comprising the step of functionally connecting

one or more diodes in parallel with the first diode.
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