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(54) I/O cell calibration

(57) A method of determining a compensation code
for an Input/Output (IO) cell of an integrated chip (IC) the
method comprising:
- obtaining a first elementary compensation code from a
memory cell associated with the IC based, at least, on
an information representative of Process, Voltage and
Temperature (PVT) operating conditions of the IC;
- measuring an output voltage of the I/O cell under the
PVT operating conditions and determining a second el-

ementary compensation code as a function of at least
the measured output voltage;
- measuring a temperature of the IC under the PVT op-
erating conditions and determining a third elementary
compensation code as a function of at least the measured
temperature; and,
- determining the compensation code as a function of at
least the first elementary compensation code, the second
elementary compensation code and the third elementary
compensation code.
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Description

Technical Field

[0001] The proposed solution relates to the manufacture of Integrated Circuits (IC) such as microprocessors and,
more particularly, to the calibration of input/output (I/O) cells used in such ICs.
[0002] It finds applications, in particular, in ICs for wireless devices such as mobile terminal systems (e.g. cell phones,
smart phones, etc.), digital media players (e.g. MP3 and MP4 players), DVD player, portable PC, tablets, e-book readers,
etc.

Background Art

[0003] The approaches described in this section could be pursued, but are not necessarily approaches that have been
previously conceived or pursued.
[0004] Therefore, unless otherwise indicated herein, the approaches described in this section are not prior art to the
claims in this application and are not admitted to be prior art by inclusion in this section.
[0005] An I/O cell is an IC constituting element adapted to translate the voltage level of signals inputted and/or outputted
by the IC to the voltage levels used in its outside environment within the electronic design.
[0006] An increasing number of ICs are manufactured using nanometers technologies.
[0007] Under this era of technologies, process, voltage and temperature (PVT) variability is becoming significantly
important in affecting operation correctness and performances of the ICs.
[0008] For instance, I/O cells are among the elements of the IC which are most dependent on PVT variations.
[0009] Due to variable PVT operating conditions, the output signal strength and speed at output of the I/O cell of an
IC varies widely, so that it is difficult to achieve best transmission conditions over external transmission lines.
[0010] To limit the resulting performance variation of an I/O cell, one may think of using a dedicated compensation
cell on the IC that provides a code to the I/O cell.
[0011] Responsive to this code, the I/O cell may be configured such that it compensates for the PVT variations.
[0012] Therefore the compensation code may be used to compensate for any performance degradation at I/O cells
of the IC caused by several factors, including but not limited to PVT operating conditions.
[0013] However, the semiconductor area required for such a dedicated compensation cell is not negligible.
[0014] For instance, it can increase the IC area by around 0.05 mm2 in CMOS 40 nm technology, thus leading to
making electronic devices based on such IC more expensive.

Summary of invention

[0015] This drawback may be overcome by compensating for I/O cell PVT variations without any dedicated compen-
sation cell at all.
[0016] Indeed, the compensation code may be calculated without a dedicated compensation cell by using means of
determining PVT variations which, as a matter of fact, are already available on the IC.
[0017] According to a first aspect there is proposed a method of determining a compensation code for an Input/Output,
I/O, cell of an Integrated circuit, IC, the method comprising: obtaining a first elementary compensation code from a
memory associated with the IC based on an information representative of Process, Voltage and Temperature, PVT,
operating conditions of the IC; measuring an output voltage of the I/O cell under the PVT operating conditions and
determining a second elementary compensation code as a function of at least the measured output voltage; measuring
a temperature of the IC under the PVT operating conditions and determining a third elementary compensation code as
a function of at least the measured temperature. The determining of the compensation code comprises determining the
compensation code as a function of at least the first elementary compensation code, the second elementary compensation
code and the third elementary compensation code.
[0018] A second aspect relates to an apparatus for determining a compensation code for an IO (Input/Output) cell
located on an integrated chip (IC), the processor comprising a unit for obtaining a first elementary compensation code
from a memory cell on the IC under a process, voltage and temperature (PVT) operating condition; a unit for determining
a second elementary compensation code as a function of at least a measured input voltage for the I/O cell under the
PVT operating condition. The processor further comprising a unit for determining a third elementary compensation code
as a function of at least a measured temperature of the IC under the PVT operating condition; a unit for determining the
compensation code as a function of at least the first elementary compensation code, the second elementary compensation
code and the third elementary compensation code.
[0019] Thus, in an integrated circuit embodying the principles of such mechanism, no important semiconductor area
is required for the use of a dedicated compensation cell. PVT variation compensation is achieved by doing away with
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the dedicated compensation cell and thus using some means already available on the IC to perform the same task.
[0020] This helps reducing the cost of an IC using such mechanism.
[0021] Furthermore, this mechanism also brings flexibility since an optimisation of the tuning of the compensation
code calculation could be done by just implementing a new formula for combining the elementary compensation codes.
[0022] In one embodiment, the first elementary compensation code may be determined as a function of previously
measured process dependent currents at the output of the I/O cell.
[0023] This could be easily performed at the end of IC manufacturing process, for instance by using an adequately
programmed ATE (Automatic Test Equipment).
[0024] In accordance with the proposed solution, the measurement of the voltage at the output of the I/O cell is triggered
by a first predefined timer or after a voltage change from a nominal voltage has been detected.
[0025] Thus both static and dynamic behaviour of the IC is accounted for, which may be required in some applications.
[0026] Similarly, the measurement of the temperature of the IC may be triggered by a second predefined timer or after
a temperature change from a nominal temperature has been detected.
[0027] In another embodiment, the compensation code may be equal to the sum of the first elementary compensation
code, the second elementary compensation code and the third elementary compensation code.
[0028] This simple calculation is easy to implement and provides satisfying results when it can be assumed that PVT
variation factors are independent one from each other, which is usually the case in practise. Some weighting factors,
respectively associated with the elementary compensation codes, may also be used to refine the overall I/O cell com-
pensation.
[0029] If necessary, the measurement of the voltage at the output of the I/O cell can be performed by using an ADC
(Analog-to-Digital Converter).
[0030] ADC is often available at the baseband domain of the IC, such that it can be used to measure I/O cell power
supply voltage, for instance.
[0031] In accordance with an embodiment of the proposed solution, the measurement of the temperature of the IC
may be performed by a temperature sensor. The temperature sensor might be connected to an ADC.
[0032] Such embodiment relies on the capability of an ADC of converting the output voltage of a temperature sensor.

Brief description of drawings

[0033] A more complete understanding of the proposed solution may be obtained from a consideration of the following
description in conjunction with the appended drawings, in which:
[0034] FIG. 1 is a circuit block diagram illustrating an example of implementation of the proposed solution.
[0035] FIG. 2 is a circuit block diagram illustrating an exemplary implementation of the proposed solution.
[0036] FIG. 3 is a block diagram illustrating an example of implementation of an output I/O cell.
[0037] FIG. 4 is a flow diagram illustrating embodiments of the proposed method.

Description of embodiments

[0038] FIG. 1 is a circuit block diagram which schematically illustrates an example of implementation of the proposed
solution.
[0039] Referring to FIG. 1, there is shown therein an integrated circuit (IC) 300 comprising two parts, a core part 100
and a periphery part 200.
[0040] In the shown example, the core part 100 comprises a temperature sensor 110, an Analog-to-Digital converter
(ADC) 120, a processor 130, and a memory cell 140.
[0041] The temperature sensor may be configured to sense the IC temperature and to provide a corresponding tem-
perature sensing signal to the input of the ADC 120.
[0042] The ADC 120 may be configured to convert the output voltage of the temperature sensor 110 into a digital
code, referred to as an elementary compensation code herein, and it is also configured to provide that digital code to
the processor 130 for further processing.
[0043] The processor 130 is also configured to read or write the memory cell 140. The memory cell 140 may be an
on-chip memory register such as an EPROM or the like.
[0044] The periphery part 200 of the IC 300 comprises a power supply cell 210 and a plurality of I/O cells, for instance
220, 230, 240 or 250.
[0045] The power supply cell 210 is configured to supply the I/O cells in power.
[0046] The plurality of I/O cells aim at providing for signal transmission between the core 100 of the IC 300 and its
external environment, namely the circuit board package where the IC 300 is secured onto or the System-on-Chip (Soc)
containing the IC.
[0047] Providing for high speed of data transmission at the output of I/O cell 220, 230, 240 or 250 level requires
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providing a minimum variation of transition time (i.e. rise and fall times) over PVT operating conditions.
[0048] Indeed, any decrease in transition time variation depending on PVT variations can usually be translated into
better timing budgets and signal integrity, resulting in the increase of the operating speed of the I/O cell.
[0049] To achieve good signal integrity, the transition time must be kept constant over a wide range of PVT variations.
[0050] One method to improve I/O cell speed is to provide for a compensation of such PVT variations.
[0051] Such compensation effect is achieved by a code that is applied at the input of one or more of the I/O cells 220,
230, 240 and/or 250 such that the slower I/O cell can be speeded up or the faster I/O cell can be slowed down to match
a nominal or typical performance.
[0052] The nominal performance may correspond to a set of characteristics, such as voltage or temperature, which
are defined at the design of an I/O cell in order to obtain particular overall performance of the entire IC.
[0053] The proposed method of determining the compensation code to be applied at the input of an I/O cell such as
cells 220, 230, 240, and 250 relies on the usage of block components commonly present in, for instance, mobile com-
munication circuits.
[0054] With reference to Figure 1, these components include, for instance, an ADC 120, a temperature sensor 110,
a memory cell 140 and a processor 130.
[0055] Therefore, it is proposed to do away with an alternative practice consisting in using a dedicated compensation
cell (not shown), thus sparing some semiconductor area on the IC 300.
[0056] A first elementary compensation code may account for process variations. It may be stored in a memory
associated with the IC 300 such as an on-chip memory cell 140.
[0057] Such memory may also be external to the IC. In both case, one and the same memory may be used for storing
one elementary compensation code for all I/O cells.
[0058] This is suitable for application where only one type of I/O cell is used, namely I/O cells of same technology and
design.
[0059] However, a configuration where such memory cell 140 is dedicated for storing respective first elementary
compensation codes for each I/O cell such as 220, 230, 240 and 250 cells can also be considered.
[0060] The compensation code may have been previously determined either by simulation or by silicon measurement.
[0061] For instance, if the IC 300 is based on CMOS technology having PMOS and NMOS elements, the Precision
Measurement Unit (PMU) existing within an Automatic Test Equipment (ATE) may be used to measure PMOS and
NMOS currents at the output of the various I/O cells.
[0062] The compensation code at the input of the I/O cell would then be varied until the measured PMOS and NMOS
match the required nominal currents for the I/O cell under a nominal or typical PVT condition.
[0063] Finally, the resulting value of the first elementary compensation code can be stored in the memory cell 140.
[0064] For all further embodiments, it will be assumed that CMOS technology is used. However, the proposed solution
may be embodied using other fabrication processes, for instance bipolar or bi-CMOS technology.
[0065] A second elementary compensation code for voltage variations may be further determined based, for instance,
on a previously determined function and on at least one measured voltage such as the output voltage of an I/O cell
among cells 220, 230, 240 and 250.
[0066] The ADC 120 available on the IC 300 may be selectively connected to the node VDD of the power supply cell
210, for instance by means of switches.
[0067] The ADC 120 may thus receive an analog voltage from the power supply cell 210 and convert the analog
voltage value corresponding to the measured voltage, to a digital voltage value (i.e. a bit code).
[0068] The digital voltage value may then be transmitted to the processor 130.
[0069] The aforementioned previously determined function may be a linear function or a non-linear function, depending
on the trade-off between accuracy and complexity required by the application.
[0070] A third elementary compensation code for temperature variations may finally be determined based on a pre-
viously determined function and at least a measured temperature of the IC 300.
[0071] The ADC 120 available on the IC 300 may be connected to the temperature sensor 110.
[0072] The temperature 110 may be configured to sense the IC 300 temperature and also to provide a signal repre-
sentative of the sensed temperature in the form of an analog voltage, to the ADC 120.
[0073] The ADC 120 may thus receive the analog voltage from the temperature sensor 110 and convert the analog
temperature value, corresponding to the sensed temperature, to a digital temperature value (i.e. a bit code).
[0074] The digital temperature value may then be transmitted to the processor 130.
[0075] The aforementioned previously determined function may be a linear function or a non-linear function, depending
on the trade-off between accuracy and complexity required by the application.
[0076] Knowing the elementary compensation codes for process variations, voltage variations and temperature vari-
ations, respectively, there can be determined an overall compensation code that can be applied at input of at least some
of the I/O cells 220, 230, 240 and 250.
[0077] It will be appreciated that process variations, voltage variations and temperature variations mainly occur at
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different moments in time.
[0078] This means that they are independent one form the others.
[0079] Thus, it is possible to determine the overall compensation by simply summing all foregoing compensation codes.
[0080] For instance, overall compensation code may be obtained from the following formula (1):

[0081] It will be noted by the one with ordinary skills in the art that in above formula (1) the operator "INT" is used for
rounding its parameter to the nearest integer. In fact, parameters used in the different previously determined function
such as temperature or voltage may be signed values, and may be non integer. Therefore, operator "INT" may be used
to ensure that OverallCompensationCode is an integer, thus enabling easier calculation. However, such rounding is not
compulsory.
[0082] It is also noteworthy that OverallCompensationCode may not be applied directly at the input of an I/O cell 220,
230, 240 or 250 all the time.
[0083] In fact, OverallCompensationCode corresponds to the compensation code that is applied at the input of at least
one of these I/O cells in case of PVT variations only.
[0084] However, even when there are no PVT variations, a nominal compensation code may be applied on the input
of an I/O cell 220, 230, 240 or 250.
[0085] For instance, such nominal compensation code might correspond to the compensation code that is applied at
all time at the input of an I/O cell such that best performance is experienced under a nominal or typical PVT condition.
[0086] In this case, when PVT variations are experienced on the IC 300 the nominal compensation code of the typical
PVT condition might not perform well on the I/O cell since the current PVT condition might differ from the nominal or
typical PVT condition.
[0087] Based on this assertion, it is meant that OverallCompensationCode is a "delta" code to the nominal compensation
code used to adjust the nominal compensation code such that best performance is experienced by an I/O cell 220, 230,
240, 250 in case of any PVT variations.
[0088] To summarize, the composite compensation code that is applied at the input of an I/O cell 220, 230, 240 or
250 may be obtained from the following formula (2):

[0089] FIG. 2 is a circuit block diagram which schematically illustrates an exemplary implementation of the proposed
solution.
[0090] Referring to FIG. 2, there is shown therein the IC 300 of FIG. 1 with the same components as already described
above, with the addition of a second memory cell 160 and a multiplexer 150.
[0091] The memory cell 140 and the second memory cell 160 are both connected to the input of the multiplexer 150.
[0092] The output of the multiplexer 150 is connected to the input of an I/O cell 220, 230, 240 and/or 250.
[0093] In the shown embodiment, the second memory cell 160 might be a one-time programmable (OTP) memory.
[0094] The usage of an OTP 160 could be considered to store the first elementary compensation code corresponding
to compensation of process variations, since it may have been previously calculated and given that no recalculation
should be required during the lifetime of the IC.
[0095] Thus, compensation code for process variations can be stored on an OTP 160 for easier access.
[0096] This configuration could also be interesting for certain application that could take advantage of the access
speed of an OTP 160 over a memory cell140.
[0097] In fact, an OTP 160 can be accessible to an I/O cell 220, 230, 240 and250 even before the device containing
the IC 300 has completely started, such that compensation code contained in the OTP 160 may be applied to the I/O
cell 220, 230, 240 and250 right at the start of the device, thus enabling the best performance from the start.
[0098] This would not be the case for a memory cell140 since it requires the processor 130 to be up and running prior
its usage.
[0099] Therefore, with the embodiment of FIG. 2, applications that need to benefit from best I/O cell 220, 230, 240
and250 performance from the start can be supported.
[0100] FIG. 3 is a block diagram which schematically illustrates an example of implementation of an output I/O cell
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220, 230, 240 or 250.
[0101] Referring to FIG. 3, there is shown therein the I/O cells of FIGs. 1 and 2 comprising, for instance, a buffer 241,
two diodes 242 and 243 and a pad 244.
[0102] The buffer 241 is configure to amplify the signal receive from the core of the IC 300.
[0103] For instance, referring to FIG. 1, the signal is received from the memory cell 140 while in FIG. 2, the signal is
received from the multiplexer 150.
[0104] In the proposed solution, the received signal corresponds to the CompositeCode as defined earlier.
[0105] Then, the signal is driven thanks to the power supply characterised by VSS and VDD through the two diodes
242 and 243.
[0106] It will be noted that VSS and VDD are sometimes called VSSIO and VDDIO in the literature, when the power
supply is providing for an I/O cell 220, 230, 240 or 250in order to distinguish it from the power supply providing for the IC 300.
[0107] In one embodiment of the proposed solution, the compensation code for process variations is calculated by
the processor 130.
[0108] In fact, process dependent currents previously measured by the PMU inside the ATE can be correlated to on
chip process monitor blocks.
[0109] Therefore, the compensation code for process variations can be determined by a previously determined function
based on previously measured process dependent currents.
[0110] It will be noted by the one with ordinary skills in the art, that measurements of positive and negative currents
are made at the output of the buffer 241 of an I/O cell 220, 230, 240 or 250.
[0111] The previously determined function may be a linear function or not, depending on the trade-off between accuracy
and complexity required by the application.
[0112] In another embodiment, the measurement of an output voltage of an I/O cell 220, 230, 240 or 250 is triggered
at fixed period based on predetermined timer.
[0113] Alternatively, the measurement might be dynamic by being triggered only when a voltage change from a nominal
voltage has been detected, for instance by the processor 130.
[0114] It will be noted by the one with ordinary skills in the art, that nominal voltage value might be located on the
processor 130 or elsewhere on the IC 300.
[0115] In yet another embodiment, the measurement of the temperature of the IC 300 may be triggered at fixed period
based on predetermined timer.
[0116] Alternatively, the measurement might be dynamic by being triggered only when a temperature change from a
nominal temperature has been detected, for instance by the processor 130.
[0117] It will be noted by the one with ordinary skills in the art, that nominal temperature value might be located on
the processor 130 or elsewhere on the IC 300.
[0118] FIG. 4 is a flow diagram illustrating embodiments of the proposed method consistent with the embodiment of
the proposed solution already described above with FIGs. 1 and 2.
[0119] Depending on the embodiment, additional steps may be added, others removed, and the ordering of the steps
rearranged.
[0120] Referring to FIG. 4, in step S200, the first elementary compensation code is determined as previously explained
for compensation of process variations.
[0121] In step S210, it is tested whether IC 300 temperature has changed.
[0122] As explained earlier as well, this test could be performed at predefined moment in time or dynamically at the
reception of an event change corresponding to a temperature change from a nominal temperature of the I/O cell 220,
230, 240 or 250.
[0123] If, the temperature of the IC has changed, in step 220 a second elementary compensation code is determined
for compensation of temperature variations.
[0124] After, step S210 and step S220, in step S230 it is tested whether I/O cell 220, 230, 240 or 250 output voltage
has changed.
[0125] As explained earlier as well, this test could be performed at predefined moment in time or dynamically at the
reception of an event change corresponding to a voltage change from a nominal voltage of the I/O cell 220, 230, 240 or 250.
[0126] If, the voltage of the I/O cell 220, 230, 240 or 250 has changed, in step 240 a third elementary compensation
code is determined for compensation of voltage variations.
[0127] After step S230 and step S240 a compensation code corresponding to the OverallCompensationCode as
already explained above is determined in step S250.
[0128] After that, the algorithm would stop.
[0129] In another aspect of the proposed solution, a processor 130 for determining the compensation code to be
applied at the input of an I/O cell 220, 230, 240 or 250 is proposed.
[0130] The processor 130 may implement features such as those already described in FIGs. 1 and 2.
[0131] Namely, the processor 130 is configured to compute the OverallCompensationCode based on, at least, input
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information gathered from the ADC 120, the temperature sensor 110 and/or process related information.
[0132] In the claims, the word "comprising" does not exclude other elements or steps, and the indefinite article "a" or
"an" does not exclude a plurality. A single unit may fulfil the functions of several items recited in the claims. The mere
fact that different features are recited in mutually different dependent claims does not indicate that a combination of
these features cannot be advantageously used. Any reference signs in the claims should not be construed as limiting
the scope of the proposed solution.

Claims

1. A method of determining a compensation code for an Input/Output, IO, cell (220, 230, 240, 250) of an integrated
chip, IC, (300) the method comprising:

- obtaining a first elementary compensation code from a memory cell (140) associated with the IC based, at
least, on an information representative of Process, Voltage and Temperature, PVT, operating conditions of the IC;
- measuring an output voltage of the I/O cell under the PVT operating conditions and determining a second
elementary compensation code as a function of at least the measured output voltage;
- measuring a temperature of the IC under the PVT operating conditions and determining a third elementary
compensation code as a function of at least the measured temperature; and,
- determining the compensation code as a function of at least the first elementary compensation code, the
second elementary compensation code and the third elementary compensation code.

2. The method of claim 1, wherein the first elementary compensation code is determined as a function of previously
measured process dependent currents at the output of the I/O cell.

3. The method of any one of claims 1 to 2, wherein measuring an output voltage of the I/O cell is triggered by a first
predefined timer or after a voltage change from a nominal voltage has been detected.

4. The method of any one of claims 1 to 3, wherein measuring a temperature of the IC is triggered by a second
predefined timer or after a temperature change from a nominal temperature has been detected.

5. The method of claims 2 to 4, wherein the compensation code is equal to the sum of the first elementary compensation
code, the second elementary compensation code and the third elementary compensation code.

6. The method of any one of claims 1 to 5, wherein measuring an output voltage of the I/O cell is performed by an
ADC (Analog-to-Digital Converter) (120).

7. The method of any one of claims 1 to 6, wherein measuring a temperature of the IC is performed by a temperature
sensor (110).

8. A processor (130) for determining a compensation code for an Input/Output, IO, cell (220, 230, 240, 250) of an
integrated chip, IC, (300) the processor comprising:

- a unit for obtaining a first elementary compensation code from a memory cell (140) associated with the IC
based, at least, on an information representative of Process, Voltage and Temperature, PVT, operating condi-
tions of the IC;
- a unit for measuring an output voltage of the I/O cell under the PVT operating conditions and determining a
second elementary compensation code as a function of at least the measured output voltage;
- a unit for measuring a temperature of the IC under the PVT operating conditions and determining a third
elementary compensation code as a function of at least the measured temperature; and,
- a unit for determining the compensation code as a function of at least the first elementary compensation code,
the second elementary compensation code and the third elementary compensation code.

9. The processor of claim 8, wherein the first elementary compensation code is determined as a function of previously
measured process dependent currents at the output of the I/O cell.

10. The processor of any one of claims 8 to 9, wherein measuring an output voltage of the I/O cell is triggered by a first
predefined timer or after a voltage change from a nominal voltage has been detected.
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11. The processor of any one of claims 8 to 10, wherein measuring a temperature of the IC is triggered by a second
predefined timer or after a temperature change from a nominal temperature has been detected.

12. The processor of claims 9 to 11, wherein the compensation code is equal to the sum of the first elementary com-
pensation code, the second elementary compensation code and the third elementary compensation code.

13. The processor of any one of claims 8 to 12, wherein measuring an input voltage for the IO is performed by an ADC
(Analog-to-Digital Converter) (120).

14. The processor of any one of claims 8 to 13, wherein measuring a temperature of the IC is performed by a temperature
sensor (110).
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