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An On-Chip PVT Compensation Technique with Current
Monitoring Circuit for Low-Voltage CMOS Digital LSIs

Yusuke TSUGITA ™, Ken UENOY, Student Members, Tetsuya HIROSE'", Tetsuya ASAI',

SUMMARY  An on-chip process, supply voltage, and temperature
(PVT) compensation technique for low-voltage CMOS digital circuits was
proposed. Because the degradation of circuit performance originates from
the variation of the saturation current in transistors, we developed a com-
pensation circuit consisting of a reference current that is independent of
PVT variations. The circuit is operated so that the saturation current in dig-
ital circuits is equal to the reference current. The operations of the circuit
were confirmed by SPICE simulation with a set of 0.35-um standard CMOS
parameters. Monte Carlo simulations showed that the proposed technique
effectively improves circuit performance by 71%. The circuit is useful for
on-chip compensation to mitigate the degradation of circuit performance
with PVT variation in low-voltage digital circuits.

key words: digital circuits, threshold voltage variation, compensation cir-
cuit, PVT variation

1. Introduction

The power dissipation in LSIs is an important matter in
battery-powered electronic devices such as cellular phones,
laptops, and portable gadgets because these devices have to
operate for a long lifetime with limited energy sources. Var-
ious techniques for low-power digital circuits have been in-
vestigated [1]. Among such techniques, reduction of power
supply voltage Vpp is the most effective and direct way be-
cause power dissipation has a quadratic dependence on sup-
ply voltage. Moreover, with recent progress in device tech-
nology, the high V; MOSFET-which can further reduce
power dissipation with reducing a leakage current-has be-
come available. However, when the values of supply volt-
age Vpp and threshold voltage Vy;, of MOSFETSs come close,
the variation of threshold voltage has a significant impact
on circuit performance. This is because the saturation cur-
rent of a MOSFET depends on both supply voltage Vpp and
threshold voltage Vy;,, and the variation of the current is pro-
portional to the expression of a/(Vpp — Vi), where « is a
carrier mobility degradation factor [2], [3]. 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
+0.1V in a worst process variation and 0.1 V in a tempera-
ture range of —20 to 100°C. The variation degrades circuit
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performance; accordingly, LSI designers should pay close
attention to the variations. Several compensation techniques
have been reported [4]-[8]. In [4] and [5], a reference clock
was used to compensate for the variations, and in [6]—[8],
a substrate biasing or supply voltage control, or both, were
used. However, these techniques involve the use of several
circuit blocks and thus result in a complex and large-scale
circuit configuration.

To solve these problems, we developed an on-chip pro-
cess, supply voltage, and temperature (PVT) compensation
technique by using a variation-tolerant reference current for
low-voltage CMOS digital circuits. Because the degrada-
tion 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 us-
ing a reference current that is independent of PVT varia-
tions was developed [9]. The circuit has a compact con-
figuration and is useful for low-voltage CMOS digital LSI
systems. In the following, Sect. 2 describes the effect of the
process and temperature variations on digital circuit perfor-
mances. Section 3 shows the compensation architecture and
the configuration of the compensation circuit we propose.
Section 4 demonstrates the operation of the proposed circuit
with simulation results for various variations. Note that, all
the simulations in this work were performed using a SPICE,
SPECTRE-level 53 model, and the parameter set of a 0.35-
pum 2P4AM-standard CMOS process.

2. Effect of Process and Temperature Variations on
Digital Circuit Performances

The process variations cause degradation of circuit perfor-
mance and low fabrication yield in low-voltage circuits. In
CMOS process parameters, variation of threshold voltage of
a MOSFET is one of the serious problems because threshold
voltage has a significant impact on its drain current.

The variation of threshold voltage can be classified
broadly into two categories [10], [11]: within-die (WID), or
intra-die, variation and die-to-die (D2D), or inter-die, vari-
ation. The former affects the relative accuracy of transis-
tors placed closely within a chip and depends on the tran-
sistor sizes [12]. The latter affects the absolute accuracy of
the chip and degrades the performance between chips. Be-
cause digital circuits consist of minimum-sized transistors,
the performance of digital circuits is affected by both WID
and D2D variations. However, according to the central limit
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theorem, the effect of WID variations is statistically aver-
aged out to the value defined by the D2D variations [11].
Because the critical path of digital circuits consists of a cas-
cade chain comprising a number of basic gates, 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
and temperature variations in digital circuits, a delay vari-
ation of a CMOS inverter chain was analyzed. We per-
formed Monte Carlo simulations assuming both D2D varia-
tion (e.g., Vi, O, 0Tz, 0L, W) and WID variation (e.g.,
Ov,,0u,07,,0L,0W) in transistor parameters. For D2D
variation, we assumed a uniform distribution (e.g., —0.1V
< 0V, <0.1 V), which shows worst case corners indepen-
dent of device area [10]-[12]. For WID variation, we as-
sumed that every parameter shows a Gaussian distribution
that depends on device area (e.g., oy, = Ay, / VLW) [11],
[12].

2.1 Delay Analysis of Digital Circuits

The delay 7 of an inverter can be expressed by

Cload VDD
T= ——

bl 1
I()il ( )

where Cj,,4 1s load capacitance, Vpp is supply voltage, and
1,, is saturation current. Saturation current /,,, is given by

w
Ion ~ Zﬂcox (VDD - Vth)a 5 (2)

where L is channel length, W is channel width, u is carrier
mobility, C,, is gate oxide capacitance, and « is a carrier
mobility degradation factor [3]. Load capacitance Cj,,y can
be approximated by the gate capacitance of the next inverter
stage and is given by

Cload ~ C()XLW (3)

Therefore, from Eqgs. (1), (2), and (3), the delay 7 as shown
in Eq. (1) can be rewritten as

L*Vpp
T~ —
“(Vpp = Vi )®

Note that the delay 7 is independent of the channel width W.
Under the assumption that each parameter in Eq. (4) varies
+6 from the typical value, the delay variation 67/7 is ex-
pressed as

“4)

oT 1{or or or
— = —|=—=6L+ —0u+ —346Vy
T 7 \OL ou a oV "

k@ sy 5)

L u Vpp—Va
Delay variation 67/ depends on the terms of channel length
variation 6L/L, carrier mobility variation 6u/u, and thresh-
old voltage variation 6Vy,/(Vpp — Vi), which depends on
supply voltage. In general, the degradation in performance
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Table 1  Standard value (typical), its variability value (6) and its degree
of variability (6/typical or 6/(Vpp-typical)) of each parameters with a set of
0.35-um standard CMOS parameter we used.

parameter typical 0 o/(Vpo~typical) (%)
Vpp=2V  Vpp=1V
Vit (V) 0.52 +0.1 6.8 20.9
Virp (V) 0.72 +0.1 7.8 35.8
o/typical (%)
L (um) 0.35 +0.05 14.3
W (um) 0.4 +0.075 18.8
1y (cm?/V-s) 370 +16.5 45
up (cm?/V:s) 126 +13.5 10.7
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Fig.1 Delay variation of an inverter chain circuit as a function of the
number of inverter stages from 100-runs Monte Carlo simulations assuming
WID variations. Supply voltage: 1 V.

of a digital circuit is dominated by the channel length varia-
tion. In low-voltage digital circuits, however, threshold volt-
age variation becomes a key factor in the delay variation
o1/t instead of the channel length variation.

Table 1 shows examples of device parameter values
(threshold voltage V,;,, channel length L, channel width W,
and carrier mobility u) provided by the manufacture; stan-
dard value (typical), its variability value (6) and its degree of
variability (d/typical or 6/(Vpp-typical)) of each parameters
with a set of 0.35-um standard CMOS parameter we used.
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, the variation of threshold voltage of the pMOSFET
has a significant impact on circuit performance than that of
nMOSFET.

2.2 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 (o-/u) of the delay per inverter
stage was evaluated. Figure 1 plots the coefficient of vari-
ation in delay time as a function of the number of inverter



TSUGITA et al.: AN ON-CHIP PVT COMPENSATION TECHNIQUE

ot/ 7’-typical (%)

Fig.2  Calculated delay variation of an inverter chain circuit as a function of pMOSFET threshold
voltage variation 6 Vy;, and channel length variation 6L. (a) Supply voltage: 1V; (b) supply voltage: 2

V.

stages. Clearly, (o/u) decreases as the number of inverter
stages increases. This is because WID variations of an
inverter are averaged as the number of inverter stages in-
creases. In most digital circuits, the number of stages is
high enough, so the effect of WID variations is small enough
compared to the D2D variations. For example, the critical
path of 16- and 32-bit carry-look-ahead adders consist of
48- and 96-stages, and 16- and 32-bit pipelined multipliers
consist of 81- and 161-stages.

2.3 Impact of D2D Variations

To verify the effect of the D2D process variations at low-
and high-supply-voltages, Eq.(5) was evaluated numeri-
cally with parameters for a 0.35-um CMOS. Because the
threshold voltage of a pMOSFET is 1.4 times larger than
that of an nMOSFET in the process as shown in Table 1, the
variation of threshold voltage of the pMOSFET has a sig-
nificant impact on circuit performance. Figure 2 plots the
calculated delay variation (67/7) of an inverter chain circuit
as a function of D2D pMOSFET threshold voltage variation
0Vimp and D2D channel length variation §L. For a supply
voltage of 2V (Fig. 2(b)), the impacts of pMOSFET thresh-
old voltage variation and channel length variation are com-
parable. However, at a lower voltage of 1V (Fig.2(a)), the
delay variation with pMOSFET threshold voltage variation
6 Vi increases drastically.

The delay variations of the circuit were analyzed by
SPICE simulation with Monte Carlo analysis assuming D2D
variations. Figure 3 shows the simulated delay variation of
an inverter chain circuit as a function of supply voltage. The
results in the case in which parameters (Vip,, Vi, L, W,
H, and u,) were varied individually are also plotted to sep-
arate the effects of each parameter on the delay variation.
At higher supply voltage (Vpp > 1.2V), the delay varia-
tion was dominated by the channel length variation. On
the other hand, at lower voltage (Vpp < 1.2V), the effect
of the pMOSFET threshold voltage variation became worse
than that of channel length variation and became a key fac-
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Fig.3  Delay variation of inverter chain circuit 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.

tor in the delay variation. The variations in the mobility
and the channel width are small enough compared to that of
the threshold voltage and the channel length variations at a
wide range of supply voltages. Therefore, the variation of
threshold voltage has a significant impact on digital circuit
performances at a low-voltage operation.

2.4 Temperature Variation

Temperature variation also causes performance degradation
in CMOS digital LSIs because parameters such as thresh-
old voltage Vy, and mobility u depend on temperature. In
this section, the temperature dependence of the low-voltage
digital circuit is discussed.

The temperature dependence of threshold voltage Vi,
and mobility y is given by

T()+6T) ’ (6)

ﬂZﬂo( T
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Fig.4  Simulated normalized temperature coefficient of inverter chain
delay as a function of supply voltage.

Vin = Vino — k (To +6T) , (N

where (i is carrier mobility at room temperature, m is the
mobility temperature exponent, T is room temperature, 67
is the temperature change from 7, Vy; is the threshold volt-
age at absolute zero temperature, and « is the temperature
coeflicient of the threshold voltage [13].

The delay variation 07/t in Eq. (4) with temperature is
given by

or _ l(ﬂ(gT)
.

7\0T

1 {0t du ot dVy,

= - ([E%sr oT
T (aﬂ ar°" " av, or )

- (ﬁ . L) 5T, ®
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As with the process variation discussed in the previous sec-
tion, the variation of delay with temperature depends on sup-
ply voltage, as shown in the second term of Eq. (8).

Figure 4 shows the simulated temperature coefficient of
the delay in an inverter chain circuit as a function of supply
voltage. The temperature coefficient is derived from the sim-
ulated delay time. In the figure, positive (or negative) values
mean a delay increase (or decrease) with temperature. At a
higher supply voltage, temperature coefficient of the delay is
positive. This is because on-current of MOSFET decreases
with temperature due to mobility degradation and delay time
increases with temperature. As shown in Eq. (8), the second
term, which depends on both supply voltage and threshold
voltage, has much less temperature dependence on the delay
variation at the higher voltage region compared to the first
term in Eq. (8). It is thus concluded that the temperature de-
pendence of carrier mobility is a key factor in the variation
of delay at a higher voltage. However, at lower voltage, the
temperature coefficient gradually decreases with decreasing
supply voltage as a result of the second term in Eq. (8). At
a supply voltage of 1.1V, the temperature coefficient of the
delay becomes zero. This result means that the first and
second terms in Eq.(8) became comparable at the supply
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voltage. At a supply voltage below 1.1V, the temperature
coeflicient becomes negative, and the second term in Eq. (8)
becomes a key factor in the variation of delay.

3. Compensation Technique with Monitoring the On-
Current Variations

As explained in the previous sections, the delay variation of
the circuit depends on both supply voltage Vpp and thresh-
old voltage V;;, when the circuit operates at low supply volt-
age. Operating the circuit at low supply voltage while suffi-
cient performance is maintained, a PVT compensation tech-
nique is required. Because the critical path of digital circuits
consists of a cascade chain comprising several basic gates,
the effect of WID variations will be small. However, the
D2D variations cannot be ignored. Therefore, our circuit
compensates for the D2D process variations in digital cir-
cuit performances. Accordingly, as explained in this section,
we derived an on-chip process compensation technique for
low-voltage digital circuits. The technique uses a reference
current that is tolerant to PVT variations.

Figure 5 shows the entire compensation circuit. The
circuit consists of a current monitoring circuit which has a
current reference circuit and replica transistors, a switching
DC/DC converter, a buffer circuit and a CMOS digital cir-
cuit. In this compensation, supply voltage and body-bias
voltage in the digital circuits are controlled so that the on-
current of the digital circuits is equal to the reference cur-
rent. Because reference current is tolerant to PVT varia-
tions, delay variation of the digital circuit can be compen-
sated. The details of the circuit operation are as follows.

3.1 Current Reference Circuit

The developed compensation technique uses a reference
current /,.¢ that is independent of PVT variations. The ref-
erence current /. is generated by a threshold voltage mon-
itoring circuit [14], a non-inverting amplifier, and an out-
put transistor Myo. (The circuit configuration is shown on
the left hand side of Fig.5.) The threshold voltage moni-
toring circuit generates a voltage V0, that is based on the
threshold voltage of a MOSFET at absolute zero tempera-
ture [14]. Output voltage V0, 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 thresh-
old voltage in an LSI chip. However, although the variation
of threshold voltage can be canceled by the monitoring cir-
cuit, temperature dependence on 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 am-
plifies voltage V0, to a higher voltage, Vs, by setting the
appropriate ratio of resistors so that the temperature coeffi-
cient of the current becomes zero. Transistor My, accepts
the voltage Vs and generates a process and temperature
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compensated reference current /.. 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
[15].

3.2 Compensation Circuit

To generate appropriate supply voltage and body-bias volt-
age, a current monitoring circuit and a buffer circuit are used
in our compensation. Transistors M, and M, are the replica
transistors of a digital circuit for monitoring and controlling
the process and the temperature variation. These transistors
consist of series-connected transistors and generate an ap-
propriate voltage V,.r, that is used as a reference voltage for
a switching DC/DC converter.

The diode-connected transistor M, accepts /. through
a pMOS current mirror and generates gate-source volt-
age V,.r, which is used as supply voltage Vpp for a dig-
ital circuit through the switching DC/DC converter shown
in Fig.6 [16]. The switching DC/DC converter can step
down battery voltage to supply voltage of digital circuit
with high-efficiency and high-driving. The circuit oper-
ates with PWM (pulse-width-modulation) control and PI
(proportional-integral) feedback operation [16]. Because

INV %% NAND |
«———CMOS Digital LSI———

l«—Buffer Circuit—>]

Schematic of proposed compensation circuit.

the supply voltage of nMOSFETs in digital circuits is the
same as the replica transistor M,,, the saturation current of
nMOSFETs in digital circuits is controlled so as to be the
same current with the reference current I,.;. To control the
saturation current of the pMOSFET, a diode-connected tran-
sistor My, and operational amplifier are used. The opera-
tional amplifier monitors the gate-source voltages of transis-
tors M;, and M,, through the bulk terminal of transistor M,,.
The operational amplifier controls the voltage of the bulk
terminal of transistor M;, so that the current of pMOSFET
in digital circuits is equal to the reference current /.. The
buffer circuit accepts the generated bulk voltage and applies
it to the bulk terminals of the pMOSFETs in digital circuits
in order to control the saturation current in the pMOSFETsS.
This way the saturation current in both the nMOSFETSs and
PMOSFETs in the digital circuits are kept to reference cur-
rent I,.r. Because reference current /,. is independent from
D2D process and temperature variation, PVT variations of
the digital circuits can be compensated.

4. Simulation Results

The operations of the circuit were confirmed by Monte
Carlo simulations assuming both D2D and WID variations.
Voltage Vianery Was set to 3.3 V (under the assumption that
a lithium-ion rechargeable battery is used). The delay vari-
ation of 8-bit carry-look-ahead adder was studied by setting
supply voltage Vpp at 1 V.

Figure 7 shows the delay variation (o-/u) as a function
of the supply voltage. Although the delay variation without
the compensation circuit increased at low voltage operation,
the delay variations with compensation were able to be dras-
tically suppressed at a supply voltage below 1.2 V. Figure 8
shows the distribution of the propagation delay variation of
the circuit. The process sensitivities (o-/u) in the case with
and without the compensation technique were 10.3% and
36.1%, respectively, and can be improved to about 71% by
using the proposed compensation technique. Figure 9 shows
the simulated propagation delay of a critical path of 8-bit
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Fig.9  Simulated propagation delay in critical path of 8-bit carry-look-
ahead adder as a function of power supply Vpaser, With compensation cir-
cuit. Line regulation was 0.9%/V.

carry-look-ahead adder with the compensation circuit as a
function of voltage Vjuer,. The line regulation of the prop-
agation delay is 0.9%/V. Figure 10 shows the simulated de-
lay as a function of temperature from —20 to 80°C. In the
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Fig.10  Simulated propagation delay in critical path of 8-bit carry-look-
ahead adder as a function of temperature in case with or without compen-
sation circuit.

Table 2  Performance summary of our circuit.
Process 0.35 yum CMOS
Temperature rang -20°C - 100°C
Vbuttery 2.6 V-3.6 V
Vbp 1V (TYP)
Power 141 uW (3.3V)
w/ comp. w/o comp.
Process sensitivity (o-/u) 10.3% 36.1%
Temperature dependence | 0.055%/°C | 0.574%/°C
Line regulation 0.9%/V —

with-compensation case, delay is almost constant with little
temperature dependence. The temperature dependence was
0.055%/°C. The temperature variation can be improved to
about 91% by the compensation technique. Therefore, our
circuit can compensate for PVT variation of digital circuit
performance drastically.

Table 2 summarizes the characteristics of our circuit.
The power dissipation of the circuit with a 3.3 V power sup-
ply was 141 uW at room temperature.

5. Conclusion

We developed a compensation circuit for low-voltage
CMOS digital LSIs. At low-voltage operation, digital cir-
cuit performances vary significantly because of the thresh-
old voltage variation. Our circuit can dynamically monitor
and compensate for the variation of digital circuit perfor-
mances. Its operation principle was confirmed with SPICE
simulations. Process and temperature variations of digital
circuits can be improved to about 71% and 91% respec-
tively. Therefore, the proposed technique is useful for on-
chip process, supply voltage, and temperature compensation
of low-voltage digital circuits.
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