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Abstract. This paper presents a fully MOSFET DC voltage
limiter with low current consumption. In the proposed
voltage reference structure to reduce power consumption,
transistors are biased in the sub-threshold region. To generate complementary to absolute temperature (CTAT)
voltage in the voltage reference circuit, only a PMOS transistor is used, in which its drain, gate, and source terminals
are connected together and acts as a diode that reduces the
layout area occupation. To further reduce power consumption, a part of the rectifier output voltage is compared with
the reference voltage by the sampling circuit. Also, four
stage inverters are used as buffers to provide the I-V limiting characteristic closer to the ideal situation. The use of
series pass-gate transistors in the first inverter also reduces power consumption as much as possible.
The results of post-layout simulation based on 0.18μm
CMOS technology depict that the suggested voltage reference circuit has a reference voltage equivalent to 0.579 V
with a TC of 37.2 ppm/°C in the temperature range of
–50°C to 50°C. LR and PSRR attained 0.008%/V and
45 dB, respectively. The output voltage and current consumption of the limiter circuit are 2 V and 32.13 nA, respectively. The total layout area of the proposed limiter is
3249 μm2.

tion of the circuits in the tag chip. Therefore, using a limiter circuit to protect the tag chip is inevitable. To reduce
power consumption, the limiter deviation current should be
low when the tag and the reader are spaced apart [3], [5]. In
[6], [7], used limiters are based on the voltage division
structure, where large changes in the limiter voltage can be
observed with variations in temperature and fabrication
process, and the current consumption in the range of microampere has caused these structures to be used rarely.
In the limiter configuration typically the voltage reference block can be utilized for the comparison, to create
a stable voltage. Voltage references over the past decade
have been designed to generate voltage with a temperature
coefficient (TC) of almost zero from the sum of the effects
of positive and negative temperature coefficient signals
using MOS transistors that operate in the weak or strong
inversion region. The desire to reduce construction costs
also encouraged designers to develop fully MOSFET voltage references [8–11].

1. Introduction

In recent papers, the reference voltage is derived from
the unequal threshold voltage of different NMOS or PMOS
transistors [12], [13]. Therefore, it should be noted that
using this technique increases the cost of bandgap reference
(BGR) fabrication and the amount of power consumption is
undesirable. To be able to attain a reduction in the temperature coefficient of the reference voltage, in [14], [15], the
thermal voltage is introduced to generate the proportional
to absolute temperature (PTAT) voltage and the complementary to absolute temperature (CTAT) property of the
threshold voltage coefficients. However, due to existence
of the resistors in these circuits, the design in the nanoampere current range is problematic, since in this regard,
a voltage drop of several hundred millivolts and large resistors are required.

Nowadays low voltage and low power consumption
concepts are the most significant procedures in the design
of electronic circuits and peripheral systems. Radio Frequency Identification (RFID) as an innovative technology
in the management of existing systems, use a passive
structure to minimize the power consumption and costs of
tag creation [1], [2]. In fact, a passive RFID tag receives its
energy from electromagnetic waves transmitted from the
reader. At close distances, the power received by the tag
from the reader increases and can interfere with the opera-

The proposed DC voltage limiter uses OPA, voltage
reference, voltage sampler and buffer blocks. Diverse
blocks used in the proposed circuit are designed with
MOSFET transistors only. In the voltage reference part,
a MOSFET transistor in which source, drain and gate
terminals are connected together is used as a PN junction to
provide the CTAT voltage. To achieve the desired reference voltage, two identical MOSFET transistors are used to
reduce the CTAT voltage level. The PTAT voltage is provided by a cascade circuit stage and a differential stage
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circuit. The proposed voltage reference has a small layout
area, low power consumption and high power supply rejection ratio (PSRR). Very low power consumption is
achievable by considering that all transistors operate in
sub-threshold region. The use of inverters in four stages at
the OPA output helps to divert the current as much as possible and limiting the output voltage as soon as the input
voltage increases.
The general architecture and structure of the DC voltage limiter along with the proposed voltage reference are
investigated comprehensively in Sec. 2. Section 3 represents the post-layout simulation outcomes by the proposed
voltage reference and voltage limiter. Finally, the paper is
concluded in Sec. 4.

2. Proposed DC Voltage Limiter
The main designers’ concerns for wireless and portable applications such as the Internet of Things (IoT) and
RFID systems is providing the supply for the receiver. One
of the most important parts of providing proper power
supply for the circuits is the power management unit
(PMU). Figure 1 indicates the various sections of the PMU.
According to Fig. 1, first RF waves are received by the
antenna, these waves are converted to electrical signal by
the antenna and then to DC voltage by the rectifier. In some
cases, voltage multiplier circuits are used as rectifiers to
provide the voltage level with the suitable value [16]. Since
this voltage level depends on the input power, which is
itself a function of the distance from the transmitter, as the
distance decreases, the power attained by the receiver increases significantly. Therefore, to prevent damage to the
circuit, a DC voltage limiter and an RF clamp are essential
to be settled in the power supply circuit. The limiter block
prevents voltage increments and possible damage to the
circuit when the transmitter and receiver are near to each
other. In the next step, the voltage regulator also eliminates
the ripples of the rectifier output signal and the voltage

obtained with DC to DC converter is changed to different
voltage level to supply other circuit blocks [17].
In this paper, a complete structure of a low power DC
voltage limiter circuit will be presented. In the proposed
DC limiter circuit, the voltage sampled from the rectifier
output (Vsamp) by OPA is compared to the reference voltage
(Vref). If the rectifier output voltage (Vrec) is greater than
VLim, then Vsamp > Vref and the OPA output becomes high. In
this case, after passing through the buffer, the gate of MPass
transistor becomes high and prevents the increment of Vrec
voltage by providing a deflection path for the current.

2.1 Proposed Voltage Reference Circuit
The proposed voltage reference is observable according to Fig. 2. In this circuit, a PMOS transistor in which its
three terminals, gate, source, and drain terminals are connected together and which performs as a diode is used as
the CTAT voltage generator. In such a structure, due to the
connection of the body to ground and the connection of
source, drain and gate to non-zero and positive voltage, the
resulting diodes are in direct bias state. In case of providing
a sufficient voltage difference, a diode voltage drop will be
obtained from this connection. VD is the CTAT voltage
generated by MC1, which is equal to the gate-source voltage
of two NMOS transistors, Mc2 and Mp1. Since Mc2 and Mp1
have the identical current in the same dimensions, the
VCTAT created on the Mc2 diode junction transistor is VD /2.
The PTAT voltage is obtained by a self-cascade stage and
a stage of a differential circuit, which is added to the VCTAT
to produce a reference voltage with a low temperature
coefficient. Since PTAT and CTAT voltage generator
transistors operate in sub-threshold region, low power consumption can be seen.
If |VDS| of a MOSFET is larger than 4VT, the subthreshold ID current is almost independent of VDS and can
be obtained as (1):

Fig. 1. Block diagram of PMU and the proposed DC voltage limiter.

RADIOENGINEERING, VOL. 31, NO. 3, SEPTEMBER 2022

325

Fig. 2. Schematic of the proposed voltage reference.

I D  K COXVT2   1 exp   VGS  VTH  / VT 

(1)

where K is the dimensional ratio (K = W/L) of a MOSFET,
μ carrier mobility, COX gate oxide capacitance, η the slope
factor in sub-threshold, VT (= kBT/q) is the thermal voltage,
kB is the Boltzmann constant, T is the absolute temperature,
and q is the electron charge.
In the structure of cascaded PTAT voltage generator,
the PTAT voltage is obtained from the voltage difference
of gate-source of Mp1 and Mp2, which is proportional to the
thermal voltage.
By adjusting the current and width ratios of the transistors (IMp1KMp2 > IMp2KMp1), the first stage PTAT voltage
can be obtained using (1) as (2):

I
K 
VCascode PTAT  VDS,Mp1  VT ln  Mp1  Mp2  .
 I Mp2 K Mp1 

(2)

A differential PTAT circuit stage is also used to increase the PTAT voltage gradient, to eliminate the negative
temperature dependence of VD. The differential PTAT
voltage is shown in (3):
I
K 
VDiff. Pair PTAT  VGS,Mp3  VGS,Mp4 VT ln  Mp3  Mp4  . (3)
 I Mp4 K Mp3 

Conforming to (3), the differential PTAT voltage can also
be investigated based on the difference between the gatesource voltages of the Mp3 and Mp4 transistors. It shall continually be noted that the value in front of Ln must be
greater than unit to produce a PTAT voltage. Therefore, the
voltage reference output is calculated as (4) according to
the sum of the cascaded and differential PTAT voltage and
half of the diode voltage:
Vref 

I
I
K
K 
VD
 VT ln  Mp1  Mp3  Mp2  Mp4  .


2
 I Mp2 I Mp4 K Mp1 K Mp3 

(4)

As a result, by properly adjusting the dimensions of
the transistors and the bias current, the PTAT voltage gen-

erator can neutralize the negative temperature coefficient of
the CTAT voltage and produce a temperature-independent
reference voltage.

2.2 The Structure of the Proposed DC Voltage
Limiter and Its Sub-blocks
Figure 3 indicates the proposed limiter circuit. In this
circuit, a part of the rectifier output voltage (Vrec) is sampled by the voltage sampling block. Six NMOS transistors
(MS1 to MS6) are used in the voltage sampling structure as
a diode connection. Using voltage sampling block reduces
the voltage level (Vsamp < Vref) which in other words also
decreases the power consumption.
In the limiter structure, the sampled voltage (Vsamp) is
compared with the output voltage of voltage reference (Vref)
by the OPA block. In the design of OPA block, a differential pair circuit and a cascode current mirror as an active
load are utilized. Assuming the value of Vrec is greater than
VLim, the sampled voltage (Vsamp) is higher than Vref, so the
MO2 gate voltage will be higher than the MO1 gate voltage.
Since both transistors are PMOS and their source terminals
are equipotential, the current through the MO1 transistor
will be increased and consequently the voltage drop across
the MO3 and MO5 transistors as active loads increases. As
a result, the input of the first NOT is high, and finally the
output of the fourth NOT, which is connected to the gate of
the MPass transistor, also shows a high voltage, which
causes the MPass transistor to be ON.
In this way, a large current flow can be observed in
this branch, which prevents the rectifier voltage from
increasing and limits it to a limited voltage. Now if the
sampled voltage is lower than Vref, with a similar analysis
the voltage of the MPass gate will be logically low and the
MPass transistor will not turn ON. In other words, it can be
inferred that due to the low power consumption that
reaches the receiver, the Vrec voltage level is not high and
there is no need to activate the voltage limiter.
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Fig. 3. General schematic of the proposed voltage limiter.

Ideally, when the limiter operates, the current drawn
to protect the receiver from Vrec is infinite. For the proper
operation of the limiter and approaching the ideal state,
four inverters in a row are used at the OPA output to create
the appropriate voltage level at the output of the fourth
inverter. As the number of inverters increases, the I-V
characteristic curve of the limiter becomes more ideal, but
the circuit will consume more power. Therefore, four inverters are used to establish a proper trade-off power consumption and an almost ideal characteristic curve.
Four series inverters (MN1 to MN10) are supplied by
a 1 Volt regulator. The first inverter uses the series passgate transistors structure, which significantly reduces the
power consumption of this block.
The DC limiting voltage equal to 2 V is obtained by
the proposed circuit. Due to the fact that the required power
of the receiver is provided by the transmitter waves, increasing the distance between the transmitter and the receiver reduces the received power. Therefore, less power
dissipation of the receiver sub-blocks will increase the
range of information exchange.

3. Post-layout Performance
Evaluations
Regarding the design of the proposed voltage limiter,
in the first step, with the help of equations (1), (2), and (3),
a voltage reference circuit is designed to obtain a voltage,

independent of temperature and supply. Then, using
a comparator, a sample of the output is compared with the
reference voltage. To reduce power consumption, instead
of resistor voltage dividers, a fully MOSFET sampling
circuit has been used, which can be achieved by using
diode-connected transistors. Finally the buffer is used to
provide the I-V limiting characteristic closer to the ideal
situation. In the buffer structure, by using the series passgate transistors structure in the first inverter, the power
consumption has been significantly reduced. The simulations are carried out by Cadence simulator using 0.18μm
CMOS technology. In the design process, using the Global
Optimization Cadence, the sizes of the transistors have
reached the optimum possible state to reduce the layout
area and power consumption and achieve the best answer.
Figure 4 clearly shows the results of the voltage reference output in terms of temperature variations in the range
of –50°C to 50°C with Vrec = 2 V for the simulations in
schematic and post-layout circumstances. Considering the
voltage reference output equal to 0.579 V, the temperature
coefficient based on [19] in schematic and post-layout
simulations has been obtained 31.7 ppm/°C and
37.2 ppm/°C, respectively.
The output voltage characteristic in the schematic and
post-layout simulations in terms of supply voltage variations from 0 V to 4 V is shown in Fig. 5. As can be seen,
the results of the post-layout simulation are almost identical
to the schematic simulation results. For the supply voltage
variation from 0.7 V to 4 V and according to [19], the line
regulation (LR) has been calculated equal to 0.008%/V.
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The voltage reference output in terms of power supply
variations at –20°C, 0°C, 27°C (room temperature), and
40°C temperatures is illustrated in Fig. 8. Accordingly, the
dependence of the reference voltage under the various
intended temperatures for supply voltages higher than
0.7 V is low and the reference voltage operates near
0.59 V.
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Fig. 6. Monte Carlo analysis results for Vref versus 100 run.
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Figure 9 represents the measured output voltage versus temperature between –50°C to 50°C under different
values of power supply (1 V, 1.2 V, 1.5 V, 1.8 V and 2 V).
According to Fig. 9, for diverse power supply voltages, the
temperature coefficient is acceptable and achieved as
42.5 ppm/°C, 32.7 ppm/°C, 26.4 ppm/°C, 29.8 ppm/°C and
37.2 ppm/°C, respectively.
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The reference voltage variation attained by the corner
analysis for the considered temperature range equal to
–50°C to 50°C can be seen in Fig. 7. In this design, three
processes including tt, fs and sf are evaluated for the corner
analysis. The simulation results regarding the corner analysis for Vref in three different considered circumstances versus supply voltage of 2 V demonstrate that Vref varies at
27°C from 0.56 V to 0.59 V.
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The influence of the fabrication process on the performance of the voltage reference circuit is simulated using
Monte Carlo, taking into account process variations and
mismatch for 100 run, is shown in Fig. 6. The mean value
(μ) and standard deviation (σ) of the reference voltage Vref
are 0.579 V and 0.019 V, respectively, and the value of the
variation coefficient (σ / μ) is about 0.03.
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Fig. 5. Characteristics of the reference voltage in terms of
power supply.
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Fig. 8. Reference voltage variations based on power supply
under four different temperatures.

The temperature coefficient characteristic in terms of
supply voltage is shown in Fig. 10 .This parameter is optimized for the voltage of the power supply 2 V, which in
this case reaches 37.2 ppm/°C, according to the figure, the
temperature coefficient with the power supply voltage of
1 V will also reach 42.5 ppm/°C. This increase is mainly
due to the output resistance of the transistors, which unbalances the current relations and changes the CTAT and
PTAT voltage values.
The simulated PSRR of the proposed voltage reference at room temperature is indicated in Fig. 11. The obtained PSRR –45 dB is under the consideration of supply
voltage of 2 V at 100 Hz. Also, the results of corner analysis in PSRR measurement for five processes tt, ff, ss, fs and
sf are evaluated in Fig. 12. Table 1 provides the specifica-
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tions of the proposed voltage reference circuit in comparison with the recently reported reference circuits which are
without resistor and low-power.
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Figure 13 shows the I-V characteristic of limiter in the
range of 1 V to 3 V rectifier for both schematic and postlayout modes. Also, the power consumption curve of the
proposed limiter circuit in terms of Vrec is shown in Fig. 14.
The total current consumption in the limited voltage is
equal to 32.13 nA.
Figure 15 provides information regarding the temperature variations in the range –15°C to 35°C for the limited
voltage. In addition, the results of the Monte Carlo analysis
of the limited voltage with respect to process variations and
mismatch versus 100 run are presented in Fig. 16. The
mean value (μ) and standard deviation (σ) of the limited
voltage (VLim) are 2 V and 0.31 V, respectively, and the
value of the coefficient of variation (σ/μ) is about 0.155 V.

Fig. 9. Changes in the reference voltage with respect to
temperature versus different supply voltages.
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Fig. 11. Simulated PSRR for voltage reference.
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This Work
0.18 μm
CMOS

[10]
0.18 μm
CMOS

[12]
0.18 μm
BiCMOS

[14]
0.18 μm
CMOS

[15]
0.18 μm
Digital CMOS

Temperature range (°C)

–50 50

–40 125

–40 125

–40 125

–40 120

0 80

Supply voltage (V)
Line regulation (%/V)
Vref (V)
Temperature Coefficient
(ppm/°C)

0.7 4
0.008
0.579

0.9 2
0.06
0.411

0.7 2
0.027
0.368

0.6 2
0.4
0.218

0.7 2
0.031
147

0.5 1.5

37.2

33.7

43.1

23.5

66.38

75

–45
@ 100 Hz
21.3
0.002

–44
@ 100 Hz
85
0.11

–39
@ 1 kHz
28
0.055

–42.4
@ 1 kHz
30.5
0.075

–64
@ 1 MHz
21
0.005

32
0.0264

Technology

PSRR (dB)
Power consumption (nW)
Area (mm2)

[18]
0.13 μm
CMOS

0.498

Tab. 1. Different parameters comparison of the proposed voltage reference and the other circuits.

Figure 17 indicates the proposed limiter voltage layout with a total area of 3249 µm2. Table 2 shows the specifications of the proposed limiter circuit compared to other
circuits. The results show that this circuit has achieved
a small area consumption and lower current consumption.

4. Conclusion

Fig. 16. Monte Carlo simulation of the limited voltage for 100
runs.

This paper presents a low current DC voltage limiter.
To generate the reference voltage, a MOSFET transistor in
which its body is connected to ground, while the gate, drain
and source terminals are connected to a non-zero positive
voltage and has a function similar to a diode, has been used
as a CTAT voltage generator. Also, in the proposed circuit,
two cascaded and differential stages are used as PTAT
voltage generators. The used sampling circuit is completely
MOSFET and four inverter stages are used as buffer to
achieve the ideal I-V characteristic for the limiter. The
blocks utilized in this circuit are designed with MOSFET
transistors which operate in the sub-threshold region.
The proposed circuit in 0.18 µm CMOS technology
generates the reference voltage 0.579 V with a temperature
coefficient of 37.2 ppm/°C in the range of –50°C to 50°C.
In this circuit, the limited voltage is about 2 V while
the current consumption is attained 32.13 nA. The output
voltage changes of the limiter are insignificant versus the
temperature variations. In addition, the proposed limiter
layout obtained with 3249 µm2.

Fig. 17. The proposed circuit layout.
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