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ABSTRACT 

Measurement of the temperature in an integrated circuit (IC) is essential for evaluating temperature-dependent circuit 
performance. Using off-chip temperature sensors for this purpose has limited accuracy in sensing the on-chip temperature. 
For on-chip integration with ICs, a low-power and compact temperature sensor is required. Therefore, this letter presents a 2- 
Transistor (2T) voltage reference generator (VRG) that overcomes the limited sensitivity of conventional structures through the 
deep-subthreshold operation and achieves high 𝑇–𝑉 sensitivity by employing the narrow-width effect. The proposed 2T VRGs are 
implemented in 28-nm FD-SOI process and demonstrated to operate over a temperature range of 200 to 400 K, achieving a 0.86 
mV/K 𝑇–𝑉 sensitivity with 3.6% relative inaccuracy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

On-chip thermal management is required for readout integrated
circuits (ROICs) that are highly sensitive to thermal noise. In most
cases, the temperature of the ICs is monitored using temperature
sensors mounted on the chamber or PCB [ 1–3 ]. However, the ther-
mal impedance between the external environment and the chip
disrupts the accurate sensing of the on-chip temperature [ 1 ]. To
obtain a true on-chip temperature, the integration of the on-chip
temperature sensors is essential. In CMOS technology, bipolar
junction Transistor (BJT)-based transducers, which convert on-
chip temperature into an analogue signal, are the most widely
used in temperature sensors [ 4–9 ]. However, the large area and
high power consumption restrict the implementation of large-
array temperature sensors for ROIC thermal management [ 10 ]. 

A common approach to designing CMOS-based temperature
transducers for temperature sensors is to exploit the temperature
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dependence of the MOSFET subthreshold current [ 10–13 ]. In
a prior study [ 10 ], the 2-Transistor (2T) proportional to abso-
lute temperature (PTAT) voltage reference generator (VRG) is 
proposed. Owing to its compact size, picowatt-level power con-
sumption and inherent linearity, the 2T PTAT VRG is suitable for
the implementation of an on-chip temperature sensor for ROIC
thermal management. However, the low temperature–voltage ( 𝑇–
𝑉) sensitivity poses a challenge in using the architecture as a
temperature transducer for temperature sensors. 

Several studies have improved the 𝑇–𝑉 sensitivity by reconfigur- 
ing the conventional 2T PTAT VRG. Reference [ 14 ] achieves a 0.27
mV/K 𝑇–𝑉 sensitivity by modifying the conventional structure, 
and reference [ 11 ] proposes the 3-Transistor (3T) PTAT VRG with
a 0.37 mV/K 𝑇–𝑉 sensitivity. In [ 12 ], the 𝑇–𝑉 comparator is
proposed with a 0.48 mV/K 𝑇–𝑉 sensitivity, and [ 13 ] achieves a
0.98 mV/K 𝑇–𝑉 sensitivity by combining the 𝑇–𝑉 comparator 
and the 2T PTAT VRG proposed in [ 14 ]. However, compared
its use, distribution and reproduction in any medium, provided the original work is properly 
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FIGURE 1 (a) Conventional 2T PTAT VRG proposed in [ 14 ]. (b) 
Proposed 2T PTAT VRG and (c) proposed 2T CTAT VRG. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2 (a) Simulation results of VGS − VTH for both the conven- 
tional and proposed 2T PTAT VRGs as a function of size ratio, (b) T-V 

sensitivity for both the conventional and proposed 2T PTAT VRGs as a 
function of size ratio. 

FIGURE 3 Simulation results of the 𝑇–𝑉 sensitivity and V PTAT at 
size ratio of 2048 over the temperature range: (a) conventional 2T PTAT 
VRG and (b) proposed 2T PTAT VRG. 
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to 2T VRG, the 𝑇–𝑉 comparator requires more transistors due
to its differential architecture, which requires more area and
power consumption. Therefore, this letter proposes a 2T VRG
with a high 𝑇–𝑉 sensitivity. The proposed 2T VRG overcomes
the limitation of the conventional structures in achieving high
𝑇–𝑉 sensitivity. Moreover, the PMOS-based 2T complementary
to absolute temperature (CTAT) VRG resolves the fundamental
low sensitivity issue of the conventional NMOS-based 2T VRGs
by employing the narrow-width effect (NWE). The proposed 2T
VRGs are fabricated in 28-nm fully depleted silicon on insulator
(FD-SOI) process and validated by measurement results. 

2 Proposed 2T PTAT VRG 

Figure 1a,b illustrates the conventional and proposed 2T PTAT
VRGs. For the drain-to-source voltage above 5𝑉 T , the output
voltage of both the conventional and proposed structures, derived
from the subthreshold current [ 15, 16 ] including the body and
DIBL effect, is given as follows: 

𝑉 PTAT =
1 

1 + 𝜂T + 𝜂B + 𝛾T 

⋅

{ 

𝑚𝑉 T ⋅ ln 
𝑊T 𝐿B 
𝐿T 𝑊B 

+ 𝜂T 𝑉 DD + (𝑉 TH.B − 𝑉 TH.T )

} 

. 

(1)

As shown in Equation ( 1 ), 2T VRG can obtain a high 𝑇–𝑉 sen-
sitivity by adjusting the stacked-MOSFETs size ratio. However,
a higher sensitivity results in a higher V PTAT , which derives the
MNB in the conventional structure into the saturation region
where the temperature-linear analytic solution is no longer valid.
In contrast, the proposed structure connects the transistor gates
to ground, and thus the analytical solution remains valid even at
large size ratios. 

Figures 2 and 3 show the simulation results of the conventional
and proposed 2T PTAT VRGs using 28-nm FD-SOI process.
Figure 2a illustrates V GS − V TH as a function of size ratio, and
Figure 2b presents 𝑇–𝑉 sensitivity as a function of size ratio. In
small size ratios, both the conventional and proposed structures
follow the subthreshold current-based analytical solution. How-
ever, when the size ratio exceeds 256, MNB in the conventional
structure enters the saturation region. In the case of proposed
2 of 6
2T PTAT VRG, the analytical model remains valid at large size
ratios because MNT operates in the deep-subthreshold region 
[ 17 ], allowing for a linear conversion of temperature-to-voltage
with high 𝑇–𝑉 sensitivity. Figure 3 shows the 𝑇–𝑉 sensitivity
and V PTAT at a high size ratio over the temperature range for the
conventional and proposed structures. 

3 Proposed 2T CTAT VRG 

The proposed subthreshold region NMOS-based 2T PTAT VRG 

can achieve high 𝑇–𝑉 sensitivity at high size ratios due to
its operation in the deep-subthreshold region. However, the 
logarithmic increase in sensitivity with the size ratio leads to
a significant area overhead for achieving high 𝑇–𝑉 sensitivity.
The simulation results (Figure 2b ) indicate that a size ratio
greater than 10,000 is required to obtain a 𝑇–𝑉 sensitivity higher
than 1 mV/K. This substantial area consumption restricts the
implementation of an on-chip temperature sensors for the ROIC
thermal management. Therefore, this letter proposes a PMOS- 
based 2T CTAT VRG with enhanced sensitivity leveraging the
NWE of the 28-nm FD-SOI process. 

Figure 1c illustrates the proposed PMOS-based 2T CTAT VRG.
In the same manner as the analytical solution of the output
voltage of the NMOS-based 2T PTAT VRG, the analytical solution
for proposed PMOS-based 2T CTAT VRG is derived by equating
the subthreshold currents of MPT and MPB . The output voltage
Electronics Letters, 2026

 C
om

m
ons L

icense



FIGURE 4 (a) Measurement results of Δ𝑉TH ( 𝑉TH (PMOS ( 𝑊 = 

80 nm )) − 𝑉TH (PMOS ( 𝑊 = 35 μm))) . (b) Configuration of wide and 
narrow width transistors for inducing the NWE in 2T CTAT VRG. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 5 The measurement setup and layout of 2T VRGs test 
pattern. 

FIGURE 6 Measurement results of the output voltage over the 
temperature range of 200 to 400 K: (a) 2T CTAT VRG and (b) 2T PTAT 
VRG. 

FIGURE 7 Measurement results of the DIBL and subthreshold 
slope factor: (a) DIBL as a function of length at 300 K, (b) temperature 
dependency of subthreshold slope factor of 60 nm MOSFETs. 
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( V CTAT ) of the proposed 2T CTAT VRG is derived as follows: 

V CTAT =
1 

1 + 𝜂T + 𝜂B + 𝛾T 

⋅

{ 

𝑚V 𝑇 ⋅ ln 
𝑊T 𝐿B 
𝐿T 𝑊B 

+ (1 + 𝜂T + 𝛾B )V DD − ( |𝑉 TH.T | − |𝑉 TH.B |)
} 

. 

(2)

In previous studies [ 12–14 ], the temperature dependence of the
threshold voltage difference between stacked-MOSFETs is not
considered in the analytical solution. This assumption is valid at
small transistor width ratios but becomes inaccurate as the width
ratio increases to obtain a high 𝑇–𝑉 sensitivity. Figure 4a shows
the measurement results of the threshold voltage difference
( ΔV TH ) over the temperature between narrow and wide width
PMOSs in the 28-nm FD-SOI process. The threshold voltage is
extracted using the constant-current method. In the temperature
range above 200 K, the ΔV TH (V TH (narrow width MOSFET ) −
V TH (wide width MOSFET )) of PMOS shows PTAT behaviour,
which is induced from the NWE [ 18 ]. From Equation ( 2 ), the
proposed PMOS-based 2T VRG enhances its 𝑇–𝑉 sensitivity by
employing a narrow width MPT and a wide width MPB , utilizing
the temperature dependence of ΔV TH . 

In this work, the narrow and wide width transistors of the 2T
VRG are designed as 80 nm and 10 μ m to induce the NWE
[ 18 ]. Figure 4b shows the schematic of the 2T CTAT VRG imple-
mented in the 28-nm FD-SOI process, indicating the positions
of the narrow and wide width transistors. In addition, stacked-
MOSFETs with channel length combinations of 30, 60 and 100
nm are implemented to observe the impact of the DIBL effect
on the 𝑇–𝑉 sensitivity and output voltage. The MOSFET SPICE
model has limited accuracy in modelling subthreshold transistor
behaviour over a wide temperature range. Therefore, this work
experimentally demonstrates a PMOS-based 2T CTAT VRG with
enhanced 𝑇–𝑉 sensitivity from the measurement results. 

4 Measurement Results 

Figure 5 shows the measurement setup and layout of 2T VRGs
test patterns. To demonstrate the wide-range operation of the
proposed 2T VRG, DUTs are measured from 200 to 400 K. Six
DUTs are implemented with channel-length combinations of 30,
60 and 100 nm in a 28-nm FD-SOI process. The narrow and wide
width transistors of 2T VRGs are fixed at 80 nm and 10 μ m. The
Electronics Letters, 2026
channel-length information of the implemented 2T VRGs is listed
in Table 1 . 

The measured output voltage of the 2T VRGs is shown in Figure 6
and the 𝑇–𝑉 sensitivities of the DUTs are listed in Table 1 . Except
for the DUTs with a 30 nm channel-length, the PMOS-based 2T
CTAT VRG shows noticeably higher 𝑇–𝑉 sensitivity than the 
NMOS-based 2T PTAT VRG, which aligns with the theoretical
analysis. The sensitivity enhancement of PMOS-based 2T CTAT 
VRG induced by NWE is hardly observed in the 30 nm channel-
length MOSFET because of the high DIBL effect. Figure 7a shows
the measurement results of DIBL as a function of channel-length.

For the PMOS-based 2T CTAT VRG, the DUT 3 exhibits the
highest 𝑇–𝑉 sensitivity, and for the NMOS-based 2T PTAT 
3 of 6
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TABLE 1 Channel-length and 𝑇–𝑉 sensitivities of fabricated 2T VRGs. 

PMOS-based 2T VRG NMOS-based 2T VRG 

DUT 1 DUT 2 DUT 3 DUT 4 DUT 5 DUT 6 

𝐿MNT (nm) 30 60 60 30 60 100 
𝐿MNB (nm) 30 60 100 30 60 60 
𝑇 − 𝑉 sensitivity (mV/K ) 0.15 0.69 1.09 0.19 0.23 0.17 

FIGURE 8 Multi-chip measurement results over the temperature 
range: (a) output voltages of DUT 3, (b) inaccuracy of DUT 3, (c) output 
voltages of DUT 5, and (d) inaccuracy of DUT 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 9 (a) Measurement results of PSRR for DUT 3 and DUT 5 
and (b) MOSFETs leakage current at 300 K. 
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VRG, the DUT 5 shows the highest sensitivity. This result
arises because the T-V sensitivity of the PMOS-based 2T VRG
is strongly influenced by the temperature dependence of the
threshold voltage difference induced by the NWE. As a result,
smaller DIBL of the stacked-MOSFETs leads to higher 𝑇–𝑉
sensitivity. In contrast, the sensitivity of the NMOS-based 2T
VRG is mainly dominated by the size ratio of the stacked-
MOSFETs. Therefore, among the 30 and 60 nm channel-length
devices, which have the highest size ratios among the DUTs,
the 60 nm device with smaller DIBL shows higher 𝑇–𝑉
sensitivity. 

The multi-chip measurement results of DUT 3 and DUT 5
are shown in Figure 8 , which exhibit the highest 𝑇–𝑉 sensi-
tivity among the implemented 2T VRGs. The 𝑇–𝑉 sensitivity
and inaccuracy are extracted after a first-order two-point cal-
ibration at 300 and 400 K. The proposed PMOS-based 2T
CTAT VRG (DUT 3) shows the minimum and maximum 𝑇–
𝑉 sensitivities of 0.72 and 1.09 mV/K, with a peak-to-peak
inaccuracy of − 4 . 44 K∕ + 2 . 88 K , and the proposed NMOS-
based 2T PTAT VRG (DUT 5) shows the minimum and
maximum 𝑇–𝑉 sensitivities of 0.16 and 0.23 mV/K with a
peak-to-peak inaccuracy of − 11 . 49 K∕ + 1 . 79 K . The increased
inaccuracy at low temperatures is attributed to the tem-
perature dependence of the subthreshold slope factor ( 𝑚).
Figure 7b shows the temperature dependence of the subthresh-
4 of 6
old slope factor ( 𝑚). Table 2 summarizes the performance of
the proposed PMOS-based 2T CTAT VRG and state-of-the-art
CMOS-based temperature-to-voltage transducers. The compar- 
ison table uses the average 𝑇–𝑉 sensitivity of the 2T CTAT 
VRG. 

The 2T VRGs are sensitive to supply voltage variation, as shown
in Equations ( 1 ) and ( 2 ). Figure 9a shows the measured power
supply rejection ratio (PSRR) of the 2T CTAT VRG (DUT 3)
and the 2T PTAT VRG (DUT 5). In the 2T PTAT VRG, the
NMOS connected to the supply voltage is designed to have lower
impedance than NMOS connected to ground to achieve high 𝑇–
𝑉 sensitivity, making V PTAT sensitive to supply voltage variation. 
In contrast, in the 2T CTAT VRG, the PMOS connected to the
supply voltage has higher impedance, making V CTAT relatively 
less sensitive. 

The power consumption of the 2T VRGs is determined by
the MOSFET carrying the larger current among the stacked-
MOSFETs. Figure 9b shows the measurement results of the
leakage current for the minimum length with a low W ∕L ratio
and 200 nm length with a high W ∕L ratio MOSFETs. The
measurement results indicate that the power consumption of the
2T PTAT VRG is determined by the minimum length MOSFET,
whereas in the 2T CTAT VRG, the MOSFET determining the
power consumption can shift depending on the temperature, 
and the increased drain voltage of the wide width PMOS at low
temperatures results in relatively higher power consumption than
the 2T PTAT VRG. 

5 Conclusion 

The proposed 2T VRG follows a subthreshold-current-based 
analytical model even at high size ratios of the stacked-
MOSFETs, enabling high 𝑇–𝑉 sensitivity. Moreover, the proposed 
Electronics Letters, 2026
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TABLE 2 Performance comparison with state-of-the-art CMOS-based temperature-to-voltage transducers. 

This work [ 13 ] [ 12 ] [ 11 ] 

Sensor type CMOS CMOS CMOS CMOS 
Technology 28 nm FD-SOI 28 nm 180 nm 65 nm 

Number of Transistors 2 11 14 3 
Calibration 2-point 2-point 2-point 1-point 
Temperature range (K) 200 to 400 273 to 373 223 to 403 273 to 373 
Sensitivity (mV/K) 0.8a 0.98b 0.49a 0.37a 

Inaccuracy (K) − 4 . 44∕ + 2 . 88 d N.A. − 0 . 12∕ + 3 . 74 c − 1 . 53∕ + 1 . 61 d 

Relative inaccuracy (%) 3.6 2.2 2.61 3.1 
Supply (V) 1 0.6 1.2 0.5 

a Measurement results. 
b Simulation results. 
c 3-sigma inaccuracy. 
d Peak-to-peak inaccuracy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 1350911x, 2026, 1, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/ell2.70544 by E

w
ha W

om
ans U

niversity L
ibrary, W

iley O
nline L

ibrary on [20/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reativ
PMOS-based 2T CTAT VRG leverages the NWE to obtain high 𝑇–
𝑉 sensitivity while overcoming the low sensitivity of conventional
NMOS-based 2T VRGs. These advantages make the proposed 2T
VRG suitable for the large-array temperature-sensor integration
for the ROIC thermal management, where low power consump-
tion and compact area are required. Compared with prior works,
the proposed 2T VRG exhibits wide operating temperature range
and high 𝑇–𝑉 sensitivity with the fewest transistors. Although
the relatively high inaccuracy and low DC voltage level of the 2T
PTAT VRGs may limit their applicability to thermal management
of ROICs or analogue front-end circuits, the proposed 2T VRGs
offer design flexibility, allowing the high size ratio for the
system requirements. 
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