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CUTPUT SIGNAL GENERATION CIRCUITRY FOR COMNVERTING AN INPUT
SIGNAL FROM A SOURCE VOLTAGE DOMAIN INTO AN OUTPUT SIGNAL
FOR A DESTINATIOM VOLTAGE BDOMAIN

FIELD OF THE INVENTION

The present invention is concemned with output signal generation circuitry,

particularly such circuitry that comprises level shifting circuitry.

BACKGROUND OF THE INVENTION

In a circuit, 1t 18 often necessary to conwvert a signal originating in one voltage
domain into a form suitable for another voltage domain. For example, if the circuit contains
different components that operate 1 different voltage domains then it may be necessary for
part of the circuit that operates 1 one voltage domain to interact with another part of the
circutt that operates in a second voltage domain. In order to achieve this, it 1s possible to use
a “level shifter”, which may take a signal in one voltage domam as an input and generate a

corresponding signal n the second voltage domain as an cutput.

The voltage drop across any ternunals of the components that make up the level
shifter must be lower than a particular “technology limut value” (also referred to herein as a
“native voltage” of those components) in order to prevent damage to the components due to
overstress, which may in turn lead to reduced relability.  Consequently, it 1s difficolt to
generate a signal at a voltage that is higher than the technology limit value of the
components that make up the level shifter. For example, if the level shifter 1s made up from
CMOS components having a technology limit value of 1.8V, then 1t 15 difficult to generate a

signal at a voltage of 3.3V.

A further consideration is that the level shifter may lie on the critical path of a
circutt.  Consequently, it is desirable for a level shifter to not mtroduce significant timing

delays, which may cause the performance of the circuit to be adversely affected.
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A problem to be solved over the prior art, therefore, 15 to provide an improved level

shifter that takes these limitations into account.

SUMMARY OF THE INVENTION

In accordance with one aspect, there is provided output signal generation circuitry
for converting an input signal from a source voltage domain to an output signal for a
destination voltage domain, the destination voltage domamn operating from a supply voltage
that exceeds a stressing threshold of components within the output signal generation
circuitry, the output signal generation circuitry comprising: level shifting circuitry operating
from the supply voltage, configured to generate at an output node the output signal for the
destination voltage domain in dependence on the mput signal; tracking circuitry associated
with at least one component of the level shifting circuitry to ensure that a voltage drop
across the at least one component is less than or equal to (i.e. does not exceed) the stressing
threshold, wherein the tracking circuitry additionally introduces a delay in a change in the
output signal in response to a change n the mput signal; and timing compensation circuitry
configured to control the voltage on the output node 1n a manner to compensate for the delay

introduced by the tracking circutry.

The mventors of the present mvention have reahised that tracking circuitry can be
used to help protect components from damage by preventing a voltage drop exceeding a
stressing threshold from being applied across termunals of the components mvolved mn the
level shifting. The siressing threshold may, for example, correspond to the native voltage of
the components. Accordingly, it 18 possible to provide output signal generation circuitry
that converts an mput signal from a source voltage domain to an output signal for a
destination voltage domain using level shifting circuitry in which the supply voltage of the
destination voliage domain exceeds the stressing threshold of components in the level
shifting circuitry by including tracking circuitry in the output signal generation circuitry.
The use of tracking circuitry on its own would, ordinanly, miroduce a timing delay. Since
the output signal generation circuitry may He on the critical path, such a timing delay may
not be acceptable. Accordingly, in order to counteract the timing delay introduced by the

tracking circuitry, the inventors of the present invention have added compensation circuttry



to the output signal generation circuitry. Overall, therefore, a level shift can be performed
where the supply voltage of the destination voltage domain exceeds the stressing threshold
of components mn the level shifing circuitry, even if the level shifting circuitry lies on a

critical path.

The at least one component of the tracking circuitry may take a number of forms.
However, m one embodiment, the at least one component may comprise at least one
transistor.  In such an embodiment, for each such transistor, the tracking circuitry may
comprise at least two additional transistors thereby formung a transistor stack with the
associated transistor {(for example, by placing the transistors in series). The tracking
circuitry may therefore be configured such that as the voltage at a gate of the associated
transistor varies, the voltage drop across the transistors within the transistor stack 1s less than
or equal to the stressing threshold. However, as a result of the multiple transistors in each
stack, a timing delay may be introduced between one end of the tracking circuitry and the
other. For example, it may take a period of time for a change i the signal at one end of the
tracking circuitry to produce a corresponding change i the signal at the other end of the
tracking circuitry. By mtroducing the aforementioned timing compensation circuitry, such a

delay can be counteracted or at least partly compensated for.

The output signal generation circuitry may comprise an mtermediate node between
two transistors of the tracking circuitry and the timing compensation circuitry may be
configured to operate inn dependence on the voltage of the intermediate node. The timing
compensation circuitry may be able to compensate for the timing delay by considering the
voltage at the mtermediate node. Since the intermediate node is located between two
transistors of the tracking circuitry, the timing compensation circuitry may not be subject to
the full tming delay that would be experienced as a result of a current flowing through all
the transistors of the tracking circuitry. Consequently, the timing compensation circuitry
may be able to react after only a small delay has been experienced  In one example, the
tracking circuitry may comprise first and second transistor stacks arranged in series between
the supply voltage and a reference voltage and the intermediate node may be between the

first and second transistor stacks. For example, the intermediate node may lie between a



series of PMOS transistors (referred to later herein as a PGT circuit) and a series of NMOS

transistors {referred to later herein as an NGT circuit) of the tracking circuitry.

In response to a transition of the input signal causing a voltage at the intermediate
node to be driven to a predetermined local value, the timing compensation circuitry may be
configured to drive the output node to a voltage indicative of the transition of the input
signal. By considering the voltage change on the intermediate node, which may only be
partly affected by the tuming delay in the tracking circuttry, the timing compensation
circuitry can help to drive the output node to a particular voliage, as determivned by the
transition of the input signal {e.g logical high to logical low or vice-versa). Hence, the
signal change at the output is only partly atfected by the timing delay in the tracking

CIFCUItry.

The destimation voltage domain may have multiple operating modes, each with an
associated supply voltage, and at least one of the supply voltages may exceed the stressing
threshold of components within the output signal generation circuitry.  Additionally, for a
current operating mode, the output signal generation circuitry may be configured to operate
from the associated supply voltage of the destination voltage domain n that current
operating mode. Consequently, the output signal generation circuitry can perform a level
shift for a destination voltage domain where the supply voltage of that destination voltage
domamn 15 1n excess of the stressing threshold of the components n the output signal

generation Circuitry.

Cne such operating mode may have an associated supply voltage that 15 equal to the
stressing threshold of the components n the output signal generation circuitry.  Bypass
circutiry may be provided, which is in parallel with the tracking circuitry, so that the
tracking circuitry can be bypassed if the supply voltage associated with the current operating
mode is equal to the stressing threshold. If the voltage drop across the components of the
output signal generation circuitry 15 equal to (or less) than the stressing threshold of those
components, the risk of the components being overstressed is reduced. Consequently, there

is no need for the tracking circuitry to be used, particularly since the tracking circuitry



introduces a delay in the change in the output signal in response to a change in the input
signal. The bypass circuitry therefore allows the tracking circuitry to be bypassed and so the
delay caused by the tracking circuitry may be avoided. For example, for CMOS
components with a stressing threshold (e.g. a native voltage) of 1.8V, the bypass circuttry
may be configured to allow the tracking circuitry to be bypassed if the supply voltage is

equal to 1.8V,

In one particular embodiment, the operating modes may include associated supply

voltages of 1.8V, 2.5V, and/or 3.3V,

The level shifting circuitry may be configured to generate a first intermediate signal
in a first internal voltage domain and a second intermediate signal in a second internal
voltage domain, wherein the first nternal voltage domain operates between the supply
voltage of the destination voltage domain and a first reference voltage and wheren the
second internal voltage domain operates between a supply voltage equal to the stressing
threshold and a second reference voltage. For example, the first mternal voltage domam
may operate between the supply voltage of the destination voltage domamn (BVDD} and a
first reference voltage (REFP = DVDD — REFN) and the second mtemal voltage domain
may operate between the supply vohliage equal to the stressing threshold (REFN =
DVDDLO) and the second reference voltage (GND).

There are a vanety of different configurations 1 which the two mtermediate signals
may be used to generate a signal for the destination voltage domain. In one such
configuration, a logical value of the first intermediate signal may be equal to a logical value
of the second itermediate signal. The output signal generation circuitry may also comprise
driver circuitry that comprises a PMOS driver coupled between the voltage supply of the
destination voltage domain and the output node, controllable by the first intermediate signal;
and an NMOS driver coupled between the output node and a reference voliage, controliable
by the second intermediate signal. The level shifting circuitry may, for example, produce
two different outputs that control the NMOS driver and the PMOS driver. Since the NMOS
driver and PMOS driver are coupled between the voltage supply of the destination voliage

domain and the reference voltage, and since the output node 1s between the NMOS driver
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and PMOS driver, it 15 possible to control a voltage of a signal at the output node by
switching which of the PMOS and NMOS drivers are currently active, using the first and

second intermediate signals, respectively.

The driver circuitry may comprise first output tracking circuttry associated with the

PMOS driver and second output tracking circuitry associated with the NMOS driver.

The delay ntroduced by the tracking circuitry may cause a delay between a
transition of the first intermediate signal and the second intermediate signal n response to a
transition of the input signal.  Furthermore, which of the first and second intermediate
signals 1s delaved with respect to the other may be dependent on the direction of the
transition of the input signal. For example, the delay introduced by the tracking circuitry
may be such that only one of the PMOS and NMOS driver are enabled at any time. This is
advantageous because if both the PMOS and NMOS driver are temporarily both enabled for
a short period of time during the signal transition, and if the PMOS and NMOS driver are
both connected between the supply of the destination voltage domain and the reference
voltage {e.g. ground), then a current may freely flow from the supply of the destination
voltage to the source of the reference voltage {e.g. to ground) durmg that period. This
causes a potentially damaging spike in current and wastes power consumption.
Accordingly, the delay caused by the tracking circuttry after being compensated for by the
timing compensation circuitry may be such that only one of the NMOS and PMOS driver
are active at any one time, thereby connecting the sutput node either to the reference voltage
source {e.g ground} or to the supply voltage source, respectively. Hence, the timing
circutiry may be such that a large delay on the critical path is avoided while reducing
unnecessary power consumption on the device by avoiding a situation where both the
NMOK driver and PMOS driver are simultaneously enabled so as to provide a path between

the destination voltage domain supply and the reference voltage supply {e.g. ground).

Although numerous different types of device may be used for the components of the
output signal generation unit, in one embodiment, the components are Complementary

Metal Oxide Semiconductor (CMOS) devices.



According to a second aspect, there is provided a method of using output signal
generation circuitry to convert an input signal from a source voltage domain to an output
signal for a destination voltage domain, the destination voltage domain operating from a
supply voltage that exceeds a stressing threshold of components within the output signal
generation circuitry, the method comprising the steps: generating, at an output node, the
output signal for the destination voltage domain in dependence on the input signal;
perfornming a tracking process to ensure that a voltage drop across components within the
output signal generation circuitry 1s less than or equal to the stressing threshold of those
components, wherein the tracking process additionally mtroduces a delay in a change n the
output signal in response to a change in the input signal; and controlling the voltage on the

output node 1n a manuner to compensate for the delay introduced by the tracking step.

According to a third aspect, there 1s provided output signal generation circuitry
configured to convert an mput signal from a source voltage domain to an output signal fora
destination voltage domain, the destination voltage domain operating from a supply voltage
that exceeds a stressing threshold of components within the ocutput signal generation
cucuitry, the output signal generation circwitry comprising level shifting means for
generating at an output node means the output signal for the destination voltage domam n
dependence on the mnput signal, wheremn the level shifting means operates from the supply
voltage, tracking means associated with at least one component means of the level shifting
circutiry for ensuring that a voltage drop across the at least one component means is less
than or equal to the stressing threshold, wherein the tracking means additionally introduces a
delay in a change in the output signal in response to a change in the nput signal; and timing
compensation means for controlling the voltage on the output node means in a manner to

compensate for the delay introduced by the tracking means.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be described further, by wayv of example only, with

reference to embodiments thereof as illustrated in the accompanying drawings, in which:



Figure 1 shows the use of the output signal generation circuitry to convert a signal
in one source voltage domain to a corresponding signal for a destination voltage domain
in accordance with one embodiment;

Figure 2 shows the output signal generation circuitry in accordance with one
embodiment;

Figure 3A shows an example of gate tracking circuitry for an NMOS transistor in
aceordance with one embodiument;

Figure 3B shows an example of gate tracking circuitry for a PMOS transistor in
accordance with one embodiment;

Figure 4 shows a circuit level diagram for a part of the output signal generation
circuttry in accordance with one embodiment;

Figure S shows a circutt level diagram of driver cucuitry in accordance with one
embodiment;

Figure 6 shows a timing diagram for the circut diagram of Figure 4 1n accordance
with one embodiment; and

Figure 7 shows, in flowchart form, a method of operating output signal generation

circuttry in accordance with one embodiment.

DESCRIPTION OF EMBODIMENTS

Figure 1 shows the use of output signal generation circuitry 100, The output
signal generation circuitry 100 takes, as an wput, a signal 110 from components in a
source voltage domain 120, The components in the source voltage domain 120 may
operate between a supply voltage (VDD of, for example, 1.0V and ground. The output
signal generation circuitry 100 may then generate an output signal 130 for components in
a destination voltage domain 140. The components in the destination voltage domain 140
may operate between a different supply voltage (BVDD) and ground. For example, the
components inn the destination voltage domain 140 may operate with a supply voltage of
3.3V, 2.5V or 1.8V, depending on the operating mode of those components. In this
example, the output signal generation circuttry 100 operates using the supply voltage of
the destination voltage domain. In other words, the output signal generation circuitry 100

operates between a supply voltage DVDD and ground. The output signal generation
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circuitry 100 must therefore be capable of translating or converting a signal at VDD to
DVDD. In the embodiment shown in Figure 1 the output signal generation circuitry 100
15 able to perform the conversion even if the voltage DVDD is greater than the stressing
threshold (for the purposes of the embodiment description it will be assumed that the
stressing threshold corresponds to the native voltage of the components) of the
components within the output signal generation circuitry 100, For example, if DVDD s
3.3V then the output signal generation circuitry may be able to perform this conversion
even 1if the components within the output signal generation circuitry 100 only have a
native voltage of 1.8V, In addition to the signal 110 from the components in the source
voltage domain 120, the output signal generation circuitry 100 also takes a control signal
or signals 150 as an input (e.g. REFN/REFP). The purpose of these control signals will
be discussed below. The control signals 150 are generated by control signal generation
circuttry 170, with the control signals being generated dependent on the current DVDD
level being used by the destination voltage domain and a specified DVDDLO value (in
the embodiments described herein, BVDDLO being 1.8V} All of the components shown
m the embodiment of Figure 1 are connected to ground. However, it will be appreciated

that 1n other embodiments, a different voltage may be used other than ground..

Figure 2 15 a block based diagram showing the output signal generation circutry
m accordance with one embodiment. Said curcuitry comprises a level shifter 160 that
incorporates tracking circuitry.  As previously discussed, the level shifter operates from
the supply voltage (DVDD) of the destination voltage domain. The tracking circuitry 13
used to ensure that a voltage drop across the components within the level shifter do not
exceed the native voltage of those components. The operation of the tracking circuitry
will be discussed with reference to Figures 3A and 3B. The tracking circuitry also has
the side effect of introducing a delay in a change in the output signal 130 in response to a
change in the mput signal 110, Timing compensation circuitry 180 compensates for this

delay.

The level shifter 160 receives an input signal 110 made up from inputs IN, which

corresponds to a particular value, and INB, which corresponds to the inverse of that
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value. The level shifter 160 converts the input signal 110 into a first intermediate signal
(OUTP) and a second intermediate signal (OUTN) which are recetved by driver circuitry
200. The driver circuttry 200 takes the two intermediate signals as an input and produces

the output signal 130,

Before discussing in detail the construction of the output signal generation
circuttry, the earlier-mentioned tracking circuits will first be discussed with reference to
Figures 3A and 3B. In particular, the tracking circuits emaployed are gate tracking circuits
used 1n association with NMOS and PMOS transistors, the function of these gate tracking
circuits being to ensure that, irrespective of the voltage logic level (0 or 1)applied to the
gate of those NMOS or PMOS transistors, the voltage drop between the drain and source
of those transistors does not exceed the native voltage, in this exarple it being assumed
that the native voltage i1s 1.8V, Considering first Figure 3A, an NMOS transistor 300 1s
provided for which the gate tracking functionality 1s required. This NMOS transistor 300
recetves an input signal that can vary between 0 and 1.8V, However, 1t 15 coupled to a
connection 330 whose voltage can vary between DVDD and 0V, Accordingly, a gate
tracking circuit {denoted schematically by element 335 in the right hand side of Figure
3A) 1s used to ensure that, irrespective of the voltage level at the connection 330, the
voltage drop between the drain and source of the transistor 300 will not exceed the native

voltage of that transistor, in this example 1.8V,

As shown in more detail in the left hand side of Figure 3A, the gate tracking
circutt 335 {also referred to heren as the NGT circuit) actually consists of a pair of
NMOS transistors 305, 310 placed in serigs with the NMOS transistor 300 to form a
transistor stack between the connection point 330 and the ground connection. In
addition, a number of further transistors 3135, 320, 325 are used to control the operation of

the transistor 310 dependent on the voltage level at the connection 330

When the input signal at the gate of the transistor 300 transitions to the logic high
level (1.8V m this case), this turns on the transistor 300, and causes the connection point

330 to discharge to a logic zero level through the other transistors 303, 310, When the
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mput signal to the gate of the transistor 300 returns to a logic zero level, other
components within the system will cause the voltage at the connection point 330 to rise
back to the DVDD voltage level. In one particular embodiment, it is often the case that
the NGT circuit of Figure 3A 1s coupled to the PGT circuit of Figure 3B, and 1t 1s the
operation of the PGT circuit that causes the connection 130 to transition back to the

DVIDD level in these circumstances.

When the DVDD voltage level s 1 8V, the control signal wddgb _p 15 set equal to
zero, turning on the transistor 325, and causing the gates of both of the transistors 305,
310 to be turned on. This effectively bypasses the protection functionality of the NGT
circutt, since when the DVDD level 1s 1.8V, there 15 no risk of overstressing the NMOS
component 300, However, when the DVDD level 15 higher, for example 2.5V or 3.3V,
the control signal iddgb p 1s set to the DVDD level, turning off the transistor 325, In this
mstance, the voltage provided to the gate of the transistor 310 is then dependent on the
operation of the transistors 315, 320 In particular, it will be appreciated that if the
connection point 330 15 at 3.3 or 2.5V this will cause the transistor 315 to turn on the and
the transistor 320 to turn off. Conversely, if the connection point 330 1s at a zero volt
level, this will cause the transistor 320 to furn on and the transistor 315 to turn off. This
will hence control the voltage drop across the mdividual transistors 300, 305, 310 in the
transistor stack to ensure that no one transistor is exposed to a voltage drop that exceeds
the native voltage of those transistors, irrespective of whether the connection point 330 i3

at the DVDD voltage level or the OV level.

Figure 3B shows the equivalent gate tracking circuitry 39C for the PMOS
transistor 360. In this instance, the nput signal to the PMOS transistor 360 varies
between the REFP lgvel and the DVDD level The PGT gate tracking device 390
consists of an additional two PMOS transistors 350, 355 placed in sertes with the PMOS
transistor 360 to form a transistor stack between the DVDD level and the connection
point 380, In addition, transistors 365, 370 and 375 provide control functionality for the
input to the gate of the transistor 350, When the DVDD voltage 1s set to 1.8V, the iddg n

signal s set to 1.8V, turning on the transistor 375 and providing a logic zero input to the
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gate of the PMOS transistor 350, turning that transistor on. In that mstance, REFP will
also be at a logic zero level, turning on the PMOS transistor 355, and accordingly the
protection functionality of the PGT device will be bypassed in that situation, as it is not
required. Otherwise, the transistor 375 will be turned off, and the gate voltages provided
to the PMOS transistor 350 will depend on the operation of the PMOS transistors 3685,
370. The NMOS transistors 3635, 370 operate in essentially the same way as described
earhier for the control transistors 315, 320 of the NGT device, with one of the NMQOS
transistors 365, 370 being turned on whilst the other 15 turned off, thus ensuring that at
any point in time the voltage drop across any of the PMOS transistors 350, 355, 360 in

the transistor stack does not exceed the native voltage of those transistors.

The gate tracking circuits described 1n Figures 3A and 3B are sumilar to those
described n the article “5.5-V /O 1n a 2.5-V 0.25 — um CMOS Technology” by A J
Annema et al, IEEE Journal of Solid State Circuits, 2001, which describes in general
terms using gate tracking technology in association with transistors to improve hifetime of

those components.

Figure 4 shows an example circunt diagram illustrating an example embodiment
of the cutput signal generation circuitry 100, The curcuitry 100 recetves an input signal
(IN_ 1V} and its complement (INB_1V} 110, Thus results in a pair of mtermediate signals
OUTP and OUTN being generated and delivered to the driver circwtry 200, which in turn
produces the output signal 130, As shown in the figure, the first mtermediate signal
QUTP 15 in the voltage domain having a supply voltage of DVDD and a reference
voltage of REFP. Similarly, the second mtermediate signal OUTN is in the voltage

domain having a source voltage of REFN (DVDDLO) and a reference voltage of ground.

The circuitry 100 comprises a number of tracking circuits 280A, 2808, 280,
280D indicated as PGT {for PMOS based gate tracking circuits) and NGT (for NMOS
based gate tracking circuits). The PMOS based gate tracking circuits receive a reference
signal of REFP and the NMOS based gate tracking circuits receive a reference signal of

REFN. The circuttry 100 further comprises timing compensation circuitry 180, In this
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embodiment, the tracking circuitry 180 1s made up of two separate parts 180A, 180B.
The embodiment shown i Figure 4 also comprises bypass circuitry 210. The bypass
circuitry comprises a transistor M11, a second transistor M12 and two corresponding
NMOS based gate tracking circuits. The bypass circuitry is controlled via control signal
iddg and may be used to bypass the gate tracking circuitry elsewhere in the circuitry 100
in the event that the supply voltage of the destination voltage domain 15 less than or equal
to the native voltage of the components making up the level shifing circuttry 160, In
other words, if there is no need to protect the components of the level shifter 160 from a
voltage drop that is larger than the native voltage of those components, then the bypass
circuitry makes 1t possible to bypass the gate tracking circuttry, therefore limiting the

time delay caused by tracking circutiry.

Consider the example i which nput signal 110 1s hugh. Consequently, NMOS
M2 1s active. In this example, the control signal SNS may be considered to always be
high, and therefore transistor MO may be considered to always be active. Accordingly,
the activation of NMOS M2 causes node A to dran towards ground. Node A therefore
assumes a low state. This state s mverted by the mverter at 220, which therefore
produces a value of DVDDLO (equivalent to logical high) at OUTN.  This value 1s
transmutted to the driver circuttry 200, Note however, that the use of transistor MO,
together with the SNS signal 15 entirely optional.  In an alternative embodiment, for

example, M0 may be replaced with a direct connection to ground.

A short period of time after node A assumes a logical low value, the value of node
Y will also fall towards logical low. The delay is caused by the NGT tracking circuit
2800 between node A and node Y. Similarly, a short period of time after node Y drops
to logical low, the value of node C will also drop to logical low. This second delay is due
to the second gate tracking circuit 280C, which lies between node Y and node C. Under
normal circumstances, it would therefore take a relatively long period of time for the
value of node C to change in response to the value of IN 1V changing. In order to
reduce the delay caused by this second gate tracking circuit 2Z80C, timing compensation

circuitry 180A is used.



As can be seen from the embodiment shown in Figure 4, the logical value of node
Y is also used to control transistor M9, In this example, node Y 15 at a logical low value
and so transistor M9 s activated. Accordingly, the reference voltage REFP (which 15
equivalent to a logical low value} is made to flow to the gate of transistor MS, causing
that transistor to be activated. MS therefore connects DVDD to node D Node D 15
connected to PMOS transistor M4, and consequently transistor M4 1s deactivated, thereby
disconnecting node C from DVDD. Further node D 15 connected to the transistor M4,

causing NMOS transistor M14 to be activated.

Node C is therefore connected to REFP (which 1s equivalent to logical low) and
50 node C assumes a value of logical low. Note that this route from node Y does not
mvolve the use of any gate tracking circuits. Consequently, timing compensation circuit
180 will cause node C to be driven to a logical fow value more quickly than f node Y
caused node C to assume a logical fow value directly {1.e. via gate tracking circuitry
280C). Hence, the delay caused by PMOS based gate tracking circuit 280C between
node Y and node C 1s compensated for by timing compensation circust 180A. The logical
low value at node C 15 mnverted at inverter 230, thereby producing an QOUTP value equal
to BVDD (logical high). Hence, for an mput value that 15 logical high, intermediate
signals of BDVDD and DVDDLO {(both logical high} will be output for intermediate
signals QUTP and OUTN respectively.

Returning to discussion of the timing compensation circuitry, in situations where
node Y is at a logic high state, transistor M9 will turn off, but transistor M7 will turn on,

turning off transistor M35, and disabling the above functionality.

It will be appreciated that in the alternative case, in which a logical low value s
given as the input signal 110, transistor M2 will not be activated. However, by virtue of
an inverted value being sent at input signal 110 via INB 1V, gate M1 will be activated.
In such an example, the timing compensation circuit at 180B 1s used to produce the

relative timing between the values of intermediate signals OUTP and OUTN via
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intermediate node X. In such an example, OUTP would acquire a value of REFP
{corresponding to a logical low value} by node € being pulled towards DVDD by the
timing compensation circuitry 1808, and OUTN would acquire a value of ground (also
corresponding to a logical low value) a short tuime later. Hence, in these two examples,

the logical value of GUTP and QUTN is the same.

Optional bypass circuttry 210 may be controlled by control signal wddgq. In
particular, the value of control signal 1ddq may be used to indicate whether the voltage of
DVDD corresponds with the native voltage of the components in the level shifting
circuitry 160, In this example, if DVDD 15 higher than the native voltage of the
components in the level shifting circutry 160, iddq may have a logical value of zero.
Consequently, transistors M11 and M12 may be mactive and consequently bypass circuit
210 has no effect. Accordingly, the level shifting process must use the gate tracking

circuitry and timing compensation circuitry 1n order to provide the level shuft.

Alternatively, if the voltage of DVDD corresponds with or 15 lower than the
native voltage of the components found n the level shifting circuitry 160, then 1ddg may
have a logical value of one. This causes transistors M1l and MI12 to be active.
Consequently, only a single gate tracking circuit 290A, 290B must be passed through
between nodes B and D or nodes A and €. Hence, the mcreased delay caused by using
multiple gate tracking circaits (280A and 2808, or 280C and 280D} can be avoided, and
the need for timing compensation circuitry 180 to be used can be mitigated. This is
advantageous in situations in which it 1s desirable to reduce power consumption. In an
alternative embodiment, the gate tracking circuits 290A and 290B in the tracking
circuttry may be replaced by NMOS transistors having a 1.8V supply on their gates. This

may be appropriate where 1ddg does not change frequently.

Figure 5 shows an example of driver circuitry 200 in accordance with one
embodiment. Here it can be seen how the intermediate signals (QUTP and QUTN) can
be used to provide an output signal 130. The output signal 130 s in a destination voltage

domain having a supply voltage DVDD and a reference voltage of ground.
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The example of Figure 5 continues the example started m Figure 4 in which an
input signal corresponding to logical high was provided and intermediate signals OUTP
and OUTN were generated each having a logical high value. In the example of Figure 5
then, after passing through mverters 240 and 250, the adjusted values of QUTP and
OUTN will each be a logical low value. Accordingly, the NMOS transistor 270 will be
deactivated and the PMOS transistor 260 will be activated. Hence, the output will be
connected to DVDD and will be disconnected from ground causing the output signal to
be equal to DVDD, which also corresponds to a logical high value. Conversely, if the
mput signal corresponds to a logical low value then, after passing through wnverters 240
and 250, the adjusted values of QOUTP and OUTN will each be a logical high value.
Accordingly, the NMOS 270 will be activated and the PMOS 260 will be deactivated.
Hence, the output will be connected to ground and will be disconnected from DVDD,
causing the output to be a logical low value. Note that tracking circuitry 2954, 295B 1s
used to protect PMOS transistor 260 and NMOS transistor 270 from a voltage drop in

excess of the native voltage of those transistors (1.e. due to DVDD and ground).

As discussed with reference to Figure 4, in the example of a logic low to logic
high transition 1n the nput signal, even with the timing compensation circuitry 180A,
node A will drop to a logical low value before node €. In other words, the value of
OUTN will transition before the value of QUTP. Consequently, the NMOS transistor
270 will deactivate prior to the PMOS 260 activating. In other words, whichever of the
transistors PMOS 260 and NMOS 270 1s active s deactivated before the other transistor
is activated.. This process is known as break-before-make and means that the NMOS 270
and PMOS 260 are not active simultaneously. This 1s advantageous since otherwise
DVDD would be connected directly to ground for a brief period of time, which would

cause a current spike and waste power consumption.

In the inverse situation in which PMOS 260 is already active and NMOS 270 is
mactive, and a logic high to logic low transition occurs in the input signal, node C will

transition to a logic high state before node A, Consequently, OUTP will transition before



OUTN and hence PMOS transistor 260 will switch and deactivate (disconnecting DVDD
from the output} before NMOS transistor 270 swiiches and activates {connecting the
output to ground). Again, in other words, the active transistor (PMOS 260} 15 swiiched
off before the other transistor (NMOS 270) 1s activated. Hence, NMOS 270 and PMOS
260 are not active simultaneously and the power supply DVDD is not connected directly

to ground, which would cause a current spike and waste power.

This break-before-make behaviour and other timing characteristics of the

transistors can be seen with reference to Figure 6.

A first observation is that the logical values of OUTP and OUTN are the same.
Consequently, only one of the PMOS 260 and NMOS 270 are active at a time and so the
value of the output signal 130 either corresponds to, in the example of Figure S, a logical

high value of DVDD or a logical low value corresponding to ground.

A further observation 13 that when the nput signal 110 transitions from a value of
logical high to logical low (for example at 80 nanoseconds), node A transitions from zero
to one much more slowly than node C transitions from zero to one. This can also be seen
in that QUTP transitions shghtly before OUTN.  Consequently, PMOS 260 will
deactivate before NMOS 270 activates, thereby avoiding the earlier mentioned current
spike. In the reverse situation {for example as shown at 90 nanoseconds) node A
transttions extremely quickly whilst node C transitions more slowly. This 15 also shown
by the fact that the transition of QUTN occurs slightly before the transition of QUTP.
Hence, NMOS 270 13 deactivated slightly before PMOS 260 is activated. In other words,
as demonstrated with reference to Figure 5, the active one of PMOS 260 and NMOS 270
is deactivated before the other transistor is activated. Consequently, PMOS 260 and
NMOS 270 are not active simultaneously and hence DVDD 1s not connected straight to

ground.

Figure 7 1s a flowchart that illustrates a method of operating output signal

generation circuitry. In the embodiment shown in Figure 7, the flow begins at step S100
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where it 15 determined whether or not a potential voltage drop across the components of
the level shifter, as a result of performing the level shift, would exceed the native voltage
of those components. For example, if the native voltage of the components in the level
shifting circuttry is 1.8V then such a situation could arise if the destination voltage
domain was 3.3V, since this could result in a potential voltage drop of 3.3V across one or

More components.

If such a potential voltage drop is detected bhased on the supply voltage of the
destination voltage domain, the flow continues to step 5110 where the level shifting 1s
performing using a gate tracking process. This may be performed, for example, using the
gate tracking cuircuitry as previously dlustrated n Figures 3A and 3B. As a consequence
of using the gate tracking curcuitry, a delay in the change in output signal in response to a
change in the input signal may be produced. To compensate for this delay, at step 8120,
compensation for the delay 1s carried out. This may occur, for example, by usimg the
timing compensation circuitry 180 illustrated in Figure 2, for example. Finally, the

output signal 1s cutput in the destination voltage domain at step S140.

If, however, at step SI100 1t 15 deternuned that the voltage drop across the
components 11 the level shifting circuitry would not exceed the native voltage of those
components, then flow may proceed to step 8130 where level shifting 15 performed
without using a tracking process. For example, the level shifting may be performed using
bypass circuitry 210 as shown in Figure 4. In this example, since the tracking process is
not used, there 1s also no need to perform a time compensation process and consequently,

the output signal can be produced in the destination voliage domain at step 8140,

Note that steps S130 and S100 are optional. I the voltage drop across
components of the level shifter 15 less than or equal to the native voltage of those
components, the level shifting can still be performed using, for example, tracking
circuitry and time compensation circutiry. The difference 1s that in providing the bypass

circuttry to allow the gate tracking circuitry to be bypassed where it 15 not strictly
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necessary, the energy expended as a result of performing the level shift can be reduced as

a consequence of using less circuitry.

Although illustrative embodiments of the imvention have been described in detail
herein with reference to the accompanying drawings, it is to be understood that the
invention 15 not limited to those precise embodiments, and that various changes, additions
and modifications can be effected therein by one skilled in the art without departing from
the scope and spirit of the mvention as defined by the appended claims. For example,
various combinations of the features of the dependent claims could be made with the
features of the ndependent claims without departing from the scope of the present

mveniion.
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CLAIMS

Output signal generation circuitry for converting an nput signal from a source
voltage domain to an ouiput signal for a destination voltage domain, the
destination voltage domain operating from a supply voltage that exceeds a
stressing threshold of components within the output signal generation circuitry,
the output signal generation circuitry comprising

level shifting circuitry operating from the supply voltage, configured to
generate at an output node the output signal for the destination voltage domain in
dependence on the input signal;

tracking circuntry associated with at least one component of the level shifting
circuitry to ensure that a voltage drop across the at least one component is less
than or equal to the stressing threshold, wherein the tracking circuitry additionally
mtroduces a delay in a change in the output signal in response to a change 1 the
mput signal; and

timing compensation circuitry configured to control the voliage on the output

node 1 a manner to compensate for the delay miroduced by the tracking circustry.

Cutput signal generation circuttry as claimed m Claim 1,

wherein the at least one component comprises at least one transistor, and for
each such transistor the tracking circuitry comprises at least two additional
transistors forming a transistor stack with the associated transistor, the tracking
circuitry being configured such that as the voltage at a gate of the associated
transistor varies, the voltage drop across the transistors within the transistor stack

is less than or equal to the stressing threshold.

QGutput signal generation circuitry as claimed in claim 2,

wherein the output signal generation circuitry comprises an intermediate
node, between two transistors of the tracking circuitry; and

wherein the timing compensation circuitry 1s configured to operate n

dependence on the voltage of the intermediate node.
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Output signal generation circuitry as claimed in claim 3,
wherein the tracking circuitry comprises first and second transistor stacks
arranged in series between the supply voltage and a reference voltage; and
wherein the mtermediate node 1s between the first and second transistor

stacks.

Output signal generation circuitry as claimed m any one of claims 3-4,

wherein, in response to a transition of the input signal causing a voltage at the
ntermediate node to be driven to a predeternuned logical value, the tinung
compensation circuitry s configured to drive the output node to a voliage

mdicative of the transition of the mput signal.

Cutput signal generation circutry as claimed m any preceding claim,

wherein the destination voltage domain has multiple operating modes, each
with an associated supply voltage, and at least one of the supply voltages exceeds
the stressing threshold of components within the output signal generation
circuitry; and

for a current operating mode, the output signal generation curcuitry 1s
configured to operate from the associated supply voltage of the destination voltage

domain in that corrent operating mode.

QGutput signal generation circuitry as claimed in claim 6,
wherein the supply voltage associated with one of the operating modes 1is

equal to the stressing threshold.

OGutput signal generation circutry as claimed m claim 7, further comprising;
bypass circuitry in parallel with the tracking circuitry and configured to
allow the tracking circuitry to be bypassed if the supply voltage associated with

the current operating mode 1s equal to the stressing threshold.
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9. Cutput signal generation circuttry as claimed in claim 8,
wherein the bypass circuitry s configured to allow the tracking circuitry to

be bypassed if the supply voltage is equal to 1.8V,

10. Output signal generation circuttry as claimed m any one of claims 6-9,
wherein the operating modes include associated supply voltages at 1.8V,

2.5V, and 3.3V,

it Output signal generation cucuttry as claimed m any preceding claim,
wheremn the level shifung circuitry 1s configured to generate a first
mtermediate signal i a first internal voltage domain and a second intermediate
signal i a second mternal voltage domain;
wherein the first internal voltage domain operates between the supply
voltage of the destination voltage domam and a first reference voltage; and
wherein the second mternal voltage domain operates between a supply

voltage equal to the stressing threshold and a second reference voltage.

12, Cutput signal generation circuitry as claimed m claim 11,
wherein a logical value of the first intermediate signal i1s equal to a logical
value of the second mtermediate signal; and
wherein the output signal generation circurtry comprises driver circuitry
comprising;

a PMOS driver coupled between the voltage supply of the destination
voltage domain and the output node, controllable by the first intermediate
signal; and

an NMOS dniver coupled between the output node and a reference

voltage, controliable by the second intermediate signal.

13. QGutput signal generation circuitry as claimed m claim 12,
wherein the driver circuitry comprises first output tracking circuitry

associated with the PMOS driver; and
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wherein the driver circuitry comprises second output tracking circuitry

associated with the NMOS driver.

Output signal generation circuitry as claimed in any one of claims 12-13,

wherein the delay introduced by the tracking circuitry causes a delay
between a transition of the first intermediate signal and the second mtermediate
signal in response to a transition of the input signal, and wherein which one of the
first and second intermediate signals 15 delaved with respect to the other 1s

dependent on the direction of the transition of the mput signal.

Cutput signal generation circutiry as claimed m any one of claims 12-14,
wherein the delay introduced by the tracking circuitry 15 such that only one

of the PMOS driver and NMOS driver are enabled at any time.

Cutput signal generation circuttry as claimed i any preceding claims,
wherein the components within the output signal generation cirawtry consist

of CMOS devices.

A method of using output signal generation cireuttry to convert an input signal
from a source voltage domamn to an output signal for a destination voltage domain,
the destination voltage domain operating from a supply voltage that exceeds a
stressing threshold of components within the output signal generation circuitry,
the method comprising the steps:

generating, at an output node, the output signal for the destination voltage
domain in dependence on the mput signal;

performing a tracking process to ensure that a voltage drop across
components within the output signal generation circuitry 1s less than or equal to
the stressing threshold of those components, wherein the tracking process
additionally mtroduces a delay in a change in the output signal in response to a

change in the input signal; and
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controlling the voltage on the output node in a manner to compensate for the

delay mtroduced by the tracking step.

Output signal generation circuitry configured to convert an input signal from a
source voltage domain to an output signal for a destination voltage domain, the
destination voltage domain operating from a supply voltage that exceeds a
stressing threshold of components within the output signal generation circuitry,
the output signal generation circuiiry comprising:

level shifting means for generating at an output node means the output signal
for the destination voltage domain i dependence on the input signal, wherein the
level shifting means operates from the supply voliage;

tracking means associated with at least one component means of the level
shifting circuitry for ensuring that a voltage drop across the at least one component
means 15 less than or equal to the stressing threshold, wherein the tracking means
additionally mtroduces a delay in a change 1n the output signal in response to a
change m the input signal; and

timing compensation means for controlling the voltage on the output node

means i a manner to compensate for the delay introduced by the tracking means.

Crutput signal generation circuitry substantially as described herem with reference

to the accompanying drawings.

A method of using output signal generation circuitry to convert an input signal
from a source voltage domain to an output signal for a destination voltage domain,

substantially as described herein with reference to the accompanymng drawings.



) n
7, A
az) R

Intellectual 25
Property
Office

Application No: GB1413492.8 Examiner: Mr K Sylvan
Claims searched: 1-20 Date of search: 12 January 2015

Patents Act 1977: Search Report under Section 17

Documents considered to be relevant:

Category |Relevant | Identity of document and passage or figure of particular relevance
to claims
X 1,2,6- | EP2680441 A2
13,16-18 | Samsung. See tracking circuit 180 and speedup circuit 160 in figure 6,
and paragraph 0078
A - US8598936 B2
Kuge. See bypass circuit 13 in figure 1.
Categories:
X Document indicating lack of novelty or inventive =~ A Document indicating technological background and/or state
step of the art.
Y Document indicating lack of inventive step if P Document published on or after the declared priority date but
combined with one or more other documents of before the filing date of this invention.
same category.
&  Member of the same patent tamily E  Patent document published on or after, but with priority date
earlier than, the filing date of this application.

Field of Search:
Search of GB, EP, WO & US patent documents classified in the following areas of the UKCX :

Worldwide search of patent documents classified in the following areas of the IPC

| HO3K |
The following online and other databases have been used in the preparation of this search report
| WPLEPODOC,TXTE |
International Classification:
Subclass Subgroup Valid From
HO3K 0019/0185 01/01/2006

Intellectual Property Office is an operating name of the Patent Office www.ipo.gov.uk



	Front Page
	Drawings
	Description
	Claims
	Search Report

