On-Chip PVT Compensation Techniques for
Low-Voltage CMOS Digital LSIs

Yusuke Tsugita, Ken Ueno,

Tetsuya Asai and Yoshihito Amemiya
Department of Electrical Engineering,
Hokkaido University
Kita 14, Nishi 9, Kita-ku, Sapporo 060-0814, Japan
Email: tsugita@]alsie.ist.hokudai.ac.jp

Abstract— An on-chip process, supply voltage, and temper-
ature (PVT) compensation technique for a low-voltage CMOS
digital circuit is proposed. Because the degradation of circuit
performance originates from the variation of the saturation cur-
rent, a compensation technique that uses a reference current that
is independent of PVT variations was developed. The operations
of the circuit were confirmed by SPICE simulation with a set of
0.35-ym standard CMOS parameters. Moreover, Monte Carlo
simulations assuming process spread and device mismatch in all
MOSFETs showed the effectiveness of the proposed technique
and achieved performance improvement of 74%. The circuit is
useful for on-chip compensation to mitigate the degradation of
circuit performance with PVT variation in low-voltage digital
circuits.

I. INTRODUCTION

The power dissipation in LSIs has been an important
matter in battery-powered electronic devices such as cellular
phones, laptops, and portable gadgets. Several techniques
to achieve low-power LSI systems have been investigated.
Among such techniques, reduction of power supply voltage
Vpp is the most effective and direct way because power
dissipation has a quadratic dependence on supply voltage.
Moreover, with recent progress in device technology, the high
Vi MOSFET-which can further reduce power dissipation—has
become available. However, when the values of supply voltage
Vpp and threshold voltage Vi, of MOSFETs come close,
the variation of threshold voltage has a significant impact on
circuit performance. This is because the saturation current of a
MOSFET depends on both supply voltage Vpp and threshold
voltage V;,, and the variation of the current can be modeled as
a/(Vpp —Vir) [1]. Both low supply voltage operation and the
use of high V};, MOSFET therefore tend to increase variation
in circuit performance.

The variation of threshold voltage in a MOSFET is due to
process and temperature variations, namely, about £0.1 V and
0.1 V (in a temperature range of —20°C to 100°C), respectively.
The variation degrades circuit performance; accordingly, LSI
designers should pay much attention to the variations. Several
compensation techniques have been reported [2]-[6]. In [2] and
[3], a reference clock was used to compensate the variation,
and in [4]-[6], a substrate biasing or supply voltage control,
or both, were used. However, these techniques consist of
several circuit blocks and then become a complex circuit
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configuration. Moreover, the accuracy of the compensation
techniques becomes worse at higher temperature.

To solve these problems, in this study, we developed an
on-chip process, supply voltage, and temperature (PVT) com-
pensation techniques for low-voltage CMOS digital circuits.
Because the degradation in performance of the circuit comes
from the variation of saturation current due to variation of
threshold voltage under low-voltage operation, a compensation
technique using a reference current that is independent of
PVT variations was developed. The circuit has a compact
configuration and is useful for low-voltage CMOS digital LSI
systems.

II. EFFECT OF PROCESS VARIATIONS IN LSIs

The variation of threshold voltage can be classified broadly
into two categories [7], [8]: within-die (WID), or intra-die,
variation and die-to-die (D2D), or inter-die, variation. The for-
mer affects the relative accuracy of transistors placed closely
within a chip and depends on the transistor sizes [9]. The
latter affects the absolute accuracy of the chip and degrades
the performance between chips. Because digital circuits con-
sist of minimum-sized transistors, the performance of digital
circuits is affected by both WID and D2D variations. However,
according to central limit theorem, the effect of WID variations
is statistically averaged out to the value defined by the D2D
variations [8]. Because digital circuits are used in a cascade,
the effect of WID variations will be small. However, the D2D
variations cannot be ignored.

In the present study, to evaluate the effects of process
variations in digital circuits, a delay variation of a CMOS in-
verter chain was analyzed. Monte Carlo simulations assuming
D2D variations (the parameters were varied with a uniform
distribution, e.g., -0.1 V < §V;;, < 0.1 V) and WID mismatch
variations (the parameters were varied a Gaussian distribution,
e.g., oy, = Ay, /VLW) in all MOSFETs were performed
by using the parameters provided by the manufacturer.

A. Delay Analysis
The delay 7 of an inverter can be expressed by
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Fig. 1. Delay variation of an inverter as a function of the number

of inverter stages from 100-runs Monte Carlo simulations assuming

WID variations. Supply voltage: 1 V.

where Cjoqq 1s load capacitance, Vpp is supply voltage, and
I, is saturation current. Saturation current I,,, is given by

w
Ion ~ f,ucox (VDD - ‘/th)a , 2)

where L is channel length, W is channel width, p is carrier
mobility, C,, is gate oxide capacitance, and « is a carrier
mobility degradation factor [10]. Load capacitance Cj,qq can
be approximated by the gate capacitance of the next inverter
stage and is given by Cjoqq ~ Cor LW . Under the assumption
that each parameter in Egs. (1) and (2) varies +§ from the
typical value, the delay variation 7 /7 is expressed as

or Nf(gf% o O‘avm>,

T L p Vpp—Va
where f is the characteristic function derived from Egs. (1)
and (2). Delay variation 07/7 depends on terms of channel
length variation §L/L, carrier mobility variation du/p, and
threshold voltage variation 6V;y, /(Vpp — Vi), which depends
on supply voltage. In general, the degradation in performance
of a digital circuit is dominated by the channel length variation.
However, in low-voltage digital circuits, threshold voltage
variation becomes a key factor in the delay variation o7/7
instead of the channel length variation.

3)

B. Impact of WID Variations

To study the effect of WID variation on circuit performance,
an inverter chain circuit was analyzed by Monte Carlo sim-
ulation considering WID variations. Because the delay has a
Gaussian distribution (o: standard deviation, u: average), the
coefficient of variation (0/u) of the delay per inverter stage
was evaluated. Figure 1 plots the coefficient of variation as
a function of the number of inverter stages. Clearly, (o/p)
decreases as the number of inverter stages increases. This is
because WID variations of an inverter are averaged as the
number of inverter stages increases. In most digital circuits,
the number of stages is high enough, so the effect of WID
variations is small compared to the D2D variations.

C. Impact of D2D Variations

To verify the effect of the D2D process variations, Eq. (3)
was solved numerically with parameters for a 0.35-pm CMOS.
Because the threshold voltage of a pMOSFET (0.72 V) is
1.4 times larger than that of an nMOSFET (0.52 V) in the
process we used, the variation of threshold voltage of the

Fig. 2.

Calculated delay variation of an inverter as a function of
PMOSFET threshold voltage variation §Vip, and channel length
variation d L. (a) Supply voltage: 1 V; (b) supply voltage: 2 V.
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Fig. 3. Delay variation of inverter as a function of the supply voltage
from 100-runs Monte Carlo simulations assuming D2D variations.
The results that parameters varied individually are also plotted.

pMOSFET has a significant impact on circuit performance.
Figure 2 plots the calculated delay variation (§7/7) of an
inverter as a function of D2D pMOSFET threshold voltage
variation 6V, and D2D channel length variation L. For a
supply voltage of 2 V (Fig. 2(b)), the impacts of pMOSFET
threshold voltage variation and channel length variation are
comparable. However, at a lower voltage of 1 V (Fig. 2(a)),
the delay variation with pMOSFET threshold voltage variation
0Vinp increases drastically. The delay variations of the circuit
were analyzed by SPICE simulation with Monte Carlo analysis
assuming D2D variations. Figure 3 shows simulated delay
variation of an inverter as a function of supply voltage. The
results in the case that parameters Vi, Vinp, and L were
varied individually are also plotted in order to separate the
effect of each parameter on the delay variation. At higher
voltage (Vpp > 1.2 V), the delay variation was dominated
by the channel length variation. On the other hand, at lower
voltage (Vpp < 1.2 V), the effect of the pMOSFET threshold
voltage variation got worse than that of channel length varia-
tion and became a key factor of the delay variation. Therefore,
the variation of threshold voltage has a significant impact on
digital circuit performances at a low voltage operation.

III. TEMPERATURE VARIATION
Temperature variation also causes performance degradation
in CMOS digital LSIs because parameters such as threshold
voltage V}; and mobility p depend on temperature. In this
section, the temperature dependence of the low-voltage digital
circuit is discussed.
The temperature dependence of threshold voltage V;; and
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Fig. 4. Simulated normalized temperature coefficient of inverter delay
as a function of supply voltage.

mobility p is given by

N:/m(TO;O(;T) v Vi =Vino — & (To +6T), 4
where po is carrier mobility at room temperature, m is the
mobility temperature exponent, Tj is room temperature, §7°
is the temperature change from Ty, Vipo is the threshold
voltage at absolute zero temperature, and « is the temperature
coefficient of the threshold voltage [11].

From Egs. (1), (2), and (4), the delay variation d7/7 with
temperature is given by

0T m ak
— ~ = - oT. 5
T (To Vbop — Vino + HTO) ®)

As with the process variation discussed in the previous section,
the variation of delay with temperature depends on supply
voltage, as shown in the second term of Eq. (5).

Figure 4 shows the simulated temperature coefficient of
the delay in an inverter as a function of supply voltage. The
temperature coefficient is positive at a higher supply voltage
because the second term in Eq. (5), which depends on supply
voltage and threshold voltage, has quite little dependence on
the delay variation at the voltage region. It is thus concluded
that the temperature dependence of carrier mobility is a key
factor in the variation of delay. However, at lower voltage, the
temperature coefficient gradually decreases with decreasing
supply voltage as a result of the second term in Eq. (5).
At a supply voltage of 1.1 V, the temperature coefficient of
the circuit becomes zero. This result means that the first and
second terms in Eq. (5) became comparable at supply voltage.
At a supply voltage below 1.1 V, the temperature coefficient
becomes negative, and the second term in Eq. (5) becomes a
key factor in the variation of delay.

IV. COMPENSATION TECHNIQUE

As explained in previous sections, the delay variation of
the circuit depends on both supply voltage Vpp and threshold
voltage V;;, when the circuit operates at low supply voltage. To
operate the circuit at low supply voltage while sufficient per-
formance is maintained, a compensation technique is required.
Accordingly, as explained in this section, an on-chip process
compensation technique for low-voltage digital circuits—which
uses a reference current that is tolerant to PVT variations—was
devised.
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Fig. 5. Schematic of proposed compensation circuit.
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Fig. 6. Schematic of DC/DC converter based on PWM control [14].

A. Circuit Configuration & Operation Principle

The developed compensation technique uses a reference
current I..¢ that is independent of PVT variations. The
reference current I,.; is generated by a threshold voltage
monitoring circuit [12], a non-inverting amplifier, and an
output transistor M. (The circuit configuration is shown on
the left hand side of Fig. 5.) The threshold voltage monitoring
circuit generates a voltage Vo, that is based on the threshold
voltage of a MOSFET at absolute zero temperature [12].
Output voltage V;p0, has linear dependence on D2D threshold
voltage variation. Therefore, by making use of the voltage
as a bias voltage for a transistor, a reference current that is
independent of threshold voltage variation can be obtained
because the output voltage monitors the threshold voltage in
an LSI chip. However, although the variation of threshold
voltage can be canceled by the monitoring circuit, temperature
dependence of the mobility still exists. To compensate for
the temperature dependence of the current, a non-inverting
amplifier is used to cancel the temperature dependence of the
mobility. The amplifier accepts and amplifies voltage Vipon
to a higher voltage, Vrpr, by setting the appropriate ratio
of resistors so that the temperature coefficient of the current
becomes zero. Transistor Mo accepts the voltage Vpppr and
generates a process and temperature compensated reference
current I,.r. In this way, a reference current that is tolerant
to PVT variations can be obtained. The details of the current
reference circuit are presented in [13].

Figure 5 shows the entire compensation circuit. The circuit
consists of the threshold voltage monitoring circuit, a non-
inverting amplifier, a process monitoring circuit, a DC/DC
converter, and a buffer circuit. Transistors M,, and M,, are the
replica transistors of a digital circuit for monitoring and con-
trolling the process variation. The diode-connected transistor
M,, accepts I,y through a pMOS current mirror and generates
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without a compensation circuit calculated from 200-run Monte Carlo
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gate-source voltage Vpp .y, which is used as supply voltage
Vpp for a digital circuit through the DC/DC converter shown
in Fig. 6 [14]. Because the supply voltage of nMOSFETSs in
digital circuits is the same as the replica transistor My, the
saturation current of nMOSFETs in digital circuits is main-
tained at the reference current I,..;. To control the saturation
current of the pMOSFET, a diode-connected transistor My,
and operational amplifier are used. The operational amplifier
monitors the gate-source voltages of transistors M, and M,
through the bulk terminal of transistor M. The operational
amplifier operates so that the gate-source voltage of M, is
equal to that of M;,. And the voltage of the bulk terminal of
transistor My, is controlled so that the current of pMOSFET in
digital circuits is equal to the reference current I.. s. The buffer
circuit accepts the generated bulk voltage and applies it to the
bulk terminals of the pMOSFET: in digital circuits in order to
control the saturation current in the pMOSFETSs. This way the
saturation current in both the nMOSFETs and pMOSFETs in
the digital circuits are kept to reference current I,..r. Because
reference current I,y is independent from D2D process and
temperature variation, PVT variations of the digital circuits
can be compensated.

B. Simulation Results

The operations of the circuit were confirmed by Monte
Carlo simulations assuming both D2D and WID variations.
Voltage Vigitery Was set to 3.3 V (under the assumption
that a lithium-ion rechargeable battery is used). The delay
variation of a 100-stage inverter chain was studied by setting
supply voltage Vpp at 1 V. Figure 7 shows the distribution
of the delay variation of the circuit. The process sensitivities
(o/w) in the case with or without the compensation technique
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Fig. 9. Simulated delay in 100-stage inverter chain as a function of
temperature in case with or without compensation circuit.
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Fig. 10. Layout pattern of proposed circuit. Its area is 0.023 mm?

were 9.4% and 35.7%, respectively, and can be improved to
about 74% by using the proposed compensation technique.
Figure 8 shows the simulated delay of a 100-stage inverter
chain with the compensation circuit as a function of voltage
Vbattery. The dependence of Vigitery is quite small (i.e., within
1.0%). The line regulation of the delay is 1.3%/V. Figure 9
shows the simulated delay as a function of temperature from
—20°C to 80°C. In the with-compensation case, delay is almost
constant with little temperature dependence. The temperature
dependence was 0.07%/°C. Figure 10 shows a layout pattern
of the proposed circuit. The area including DC/DC converter
is 0.023 mm?.

In a battery-powered system, a DC/DC converter is required
to convert a battery voltage to a lower voltage for LSIs.
The proposed technique is useful for on-chip process, supply
voltage, and temperature compensation of digital circuits in
combination with a DC/DC converter.

REFERENCES

[1] T. Kuroda, et al., IEEE JSSC, pp. 1770-1779, 1996.

[2] P. Macken, et al, IEEE ISSCC, Dig. Tech. Papers, pp. 238-238, 1990.

[3] V. V. Kaenel, et al, IEEE JSSC, pp. 1136-1140, 1990.

[4] M. Nomura, et al, Symp. VLSI Circuits Dig, pp. 308-311, June 2005.

[S] M. Sumita, er al, IEEE JSSC, pp. 60-66, 2005.

[6] M. Miyazaki, et al, IEEE JSSC, pp. 210-217, 2002.

[7]1 K. A. Bowman, et al., IEEE JSSC, pp. 183-190, 2002.

[8] H. Onodera, IEICE Trans. Electron., Vol.E89-C, pp.342-348, 2006.

[9] M. J. M. Pelgrom, et al., IEEE JSSC, pp. 1433-1439, 1989.

[10] T. Sakurai, A. R. Newton, IEEE JSSC, pp.584-594, 1990.

[11] Y. Taur and T.H. Ning, Fundamentals of Modern VLSI Devices, Cam-
bridge University Press, 2002.

[12] K. Ueno, et al., Proc. of the ESSCIRC, pp. 398-401, 2008.

[13] K. Ueno, et al., Proc. of the ASSCC, pp. 161-164, 2008.

[14] Edgar Sanchez-Sinencio and Andreas G. Andreou, Low-Voltage/Low-
Power Integrated Circuits and Systems: Low-Voltage Mixed-Signal Cir-
cuits, IEEE Press Series on Microelectronic Systems.

1568





