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ABSTRACT

This paper presents a nano-power cascoded B-multiplier
CMOS Voltage Reference without the use of passive
filters. The circuit includes a start-up, output stage, p-
multiplier circuit, bias current generator, and operational
amplifier to achieve a high-power supply rejection ratio
and low line sensitivity. The cascoded B-multiplier CMOS
Voltage Reference is implemented on 180 nm of
technology. The reference voltage is 430.23 mV operating
from a wide supply range of 0.9 V to 3.0 V. The Power
Supply Rejection Ratio is -90.86 dB at 1 kHz, and the line
Sensitivity is 0.0008 %/V. Furthermore, the design
achieves an ultra-diminished power consumption of only
379.16 nW, with a total output noise of 27.17 nV/\Hz and
draws a mere 421.29nA of supply current at 0.9V. The
measured TC was found to be 58.2 ppm/°C.

Keywords: Beta-Multiplier, Power Supply Rejection
Ratio, Line Sensitivity, ultra-low power consumption,
Temperature Coefficient

I. INTRODUCTION

Voltage references are crucial components in integrated
circuits (ICs), providing stable voltage levels essential for
the precise operation of analogue and mixed-signal
systems. These systems require consistent performance
despite varying environmental conditions, power supply
fluctuations, and semiconductor process deviations. This
demanding requirement for consistency is particularly
critical in power-sensitive domains like IoT devices,
medical implants, and portable electronics, where both
reliability and efficiency are essential [ | |. Most references
achieve this temperature-invariance by combining two
types of currents: Proportional to Absolute Temperature
(PTAT) and Complementary to Absolute Temperature
(CTAT) [2]. In most System-on-a-Chip (SoC) designs,
achieving an immunity to temperature changes, supply
voltage, process, and mismatch variations is a main
requirement, which makes the voltage reference an ideal
fit [3]. Consequently, they are essential components in
multiple analogue circuit applications, including Analog-
to-Digital Converter (ADCs), power management
systems, linear regulators, sensors, IoT, and wearable
devices [4]. Numerous CMOS voltage reference designs
in recent years are targeting low power and improved
output stability, [5]- [16] have achieved either low power
or good output stability. In [5], the proposed design is
optimised for low-voltage mixed-signal applications,
offering improved line sensitivity and moderate
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temperature stability. However, its ability to drive heavy
loads comes at the expense of significantly elevated-
power consumption, low PSRR and degraded
performance. Another beta-multiplier-based reference is
introduced in [6], a CMOS voltage reference is presented
that utilises a hybrid combination of both 1.2 V and 3.3 V
NMOS transistor to achieve temperature compensation
via threshold voltage subtraction. The design incorporates
a Beta-multiplier and an active operational amplifier to
obtain a high PSRR and a low mean temperature
coefficient. However, the inclusion of an active
operational amplifier and multiple high-voltage
transistors increase the power consumption. In [7], a
subthreshold CMOS voltage reference is presented that
utilises a piecewise curvature compensation technique to
achieve an ultra-diminished power consumption and
diminished temperature coefficient (TC). However, this
design relies on the use of high-threshold transistors,
which complicates the fabrication process and requires
specific CMOS nodes. In [8], a self-biased current source
with a stacked diode-connected MOS structure is
introduced, yielding 15.4 nW consumption and low
process sensitivity. However, this emphasis on process
compensation comes at the cost of line sensitivity and
noise performance with a modest PSSR. A PTAT-
embedded amplifier is employed in [9], which combines
the gate-source voltage of different-threshold NMOS
pairs with a resistor-scale PTAT voltage to maintain low
power consumption and high PSRR, but the circuit relies
on large passive resistors, which consume significant
silicon area and increase noise. In [10], a threshold-
difference-based reference achieves the lowest power
consumption among the compared literature without
using resistors or amplifiers. However, this extreme
reduction in power and complexity results in a poor
PSRR. A multi-output stacked architecture is proposed in
[11], generating three simultaneous voltages, using a
triple-stage stacked diode-connected load, with ultra-low
power, but requires at least 1.2V of supply voltage and
exhibits a poor line sensitivity. In [12], a compact dual-
output reference with cascode current mirrors achieves a
strong PSRR, but a higher power consumption compared
to simpler single-output subthreshold designs.

In [13], curvature correction currents derived from
subthreshold leakage are combined with PTAT and
CTAT voltages to generate a stable reference with robust
PSRR with low-voltage threshold (LVT) transistors, but
the design consumes significantly higher power, and LS
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remains sensitive to process variations. [14] is a resistor-
less MOSFET-based reference integrated with current-
subtraction compensation to extend operation up to
200°C, achieving low TC. While the elimination of
resistors significantly reduces the active area, it results in
very high-power consumption with poor PSRR. In [15],
nanowatt bandgap and sub-bandgap references eliminate
passive resistors through cascaded MOS differential pairs,
reducing power and area but suffering from high
temperature coefficients and increased complexity. In
[16], an ultra-compact all-MOS reference design achieves
remarkable precision through high-order temperature
compensation without resistors or amplifiers, resulting in
small area consumption. However, it struggles with poor
line sensitivity and poor load driving capability. Refer
Table 2. For Comparison of current state of the art.

Hence, with respect to the suggested literature, it is
observed that the trade-off between the power
consumption and line sensitivity, PSRR and noise is hard
to achieve. It was also noted that the use of cascode
current mirrors improves the PSRR significantly. Thus,
while keeping the above literature in consideration, this
paper presents a nano-power cascoded [-multiplier

CMOS voltage reference (CBCVR) designed to address
the trade-off between low-power efficiency and stability,
i.e., with regards to good line sensitivity, low noise and
high PSRR. The proposed circuit is mostly related to [5]
and [6]. To overcome the limitations in previous works,
stabilisation by cascading the PMOS current mirrors and
amplifier-feedback techniques is introduced.
Additionally, the proposed CBCVR design aims to
enhance the noise performance without using any passive
R-C filters and intends to utilise only standard, typical
MOSFETs instead of using MOSFETs with a different
threshold value to avoid complicating the fabrication
process

The work is divided into four sections. Section II provides
a detailed analysis of the proposed design and
architecture, outlining the circuit’s working principles and
stabilisation mechanisms. Section III discusses the post-
simulation results and performance metrics, including
reference voltage stability, line sensitivity, noise
performance, PSRR, power consumption, and
temperature compensation. Finally, Section IV concludes
the paper and summarises the primary contributions of
this work.

| '
1 ! 1
i Voo i
| | | I
1 ! I

I
i Mea |"1| Voz |I'J Mes |I‘J Mo |I‘J Mes |7J Mez LI| Meo MDF’NJ MQD.J i
' I 1 N 1 1= 1 r 1| 1 :
: | '
: : Vea!
1 ! ]
1 ! I
i ! 1
! Mezlyy Vo A Mas e M1 o Mot !
M. ' " 1 T L = - '

= ]
I I
] i Veer Vor,
]

e o vl b :
[ Ms1 ! j | Mep |
' Mag Mei | |
' — M5 !
Mo = ! Mey_J— Mop i
R ! '
| 2 m !
1 ! 1
= 0 = = ! = = = '
| |
I '
Start-up Beta-multiplier circuit : Output stage Bias current generator Operational amplifier :
I '

Fig. 1 Circuit of the Proposed CBCVR

II. DISCUSSION OF THE PROPOSED CBCVR

The suggested CBCVR's primary architecture is depicted
in Fig. 1. The startup circuit, the operational amplifier, the
output stage, the bias current generator, and the beta-
multiplier circuit are the components that comprise the
high PSRR voltage reference circuit. This circuit is
designed for low-power operation.

A. Start-up circuit

The general idea of the start-up circuit was referenced by
[7]. The implementation of the start-up circuit comprises
transistors Mg, Ms1 and Mc, where Mc is utilised as the
MOS capacitance, ensuring that the main circuit doesn’t
get stuck in a zero current state. The transistors My and
M;; act as the NMOS switch, while the Mc acts as a storing
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element, ensuring the effective switching function. The
drain potential of My or the source of M, is initially low.
As the gate of My is high, Myo is ON and pulls the source
of My, towards the ground. As long as the gate potential
of the Mps and Mgs remains high, the PMOS current
mirrors are OFF. Hence, a low voltage is sensed at the
source of Mg, which then turns On and starts pulling the
gate potentials of Mps & Mps towards the ground, creating
a pull-down effect. This results in activation of the PMOS
current mirrors (Mgs, Mgs, Mg, Mg3), drawing current
into the reference core. The main reference loop then
backs up the pulled-down voltage to the correct bias
voltage for normal operation. The start-up then
deactivates as the source-gate voltage of M drops,
turning M1 OFF. The aspect ratios of all transistors
utilised are summarised in Table 1.
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TABLE 2

TRANSISTOR SIZING UTILISED IN THE ARCHITECTURE

Transistor W/L(pny | Transistor W/L(pnv
pm) pm)

M1, MO 8/1 M4 0.97/0/.18

M2 1.05/1 M3 0.85/0.18

MBI 1.5/1 Mc2 0.5/1

MB3,MB2, | 2/1 M4p,M5p, 111

MBS, MB4, Mc3,MBO0,

Mc, M2p, Msl, Ms0

M3p, Mlp,

MS8p,Mcl,

Mc4,Mc6,

MOp,M9p,

Mc0,Mc5,

Mc7,M6p,

M7p

B. Beta Multiplier Circuit

The function of a Beta Multiplier in this circuitry is to
establish a stable, well-defined current, i.e. Irgr, which is
independent of power supply variation due to the cascode
current mirror. And to establish this non-zero, stable
current, the core circuit comprises transistors Mgy, Mg3,
Mgs and Mgs that form a cascode current mirror pair.
Where the Mg, and Mgs form the basic PMOS current
mirror pair with the same aspect ratio and also the same
gate-source voltage, which enforces In, = Ips, i.e. is the
current flowing through Mg, and M3, respectively. These
NMOS transistors would be operating in the subthreshold
region in the case when gate to source potential is lower
than threshold voltage and Ips, i.e. the applied drain to
source conduction current, is really low but not zero. The
current in the subthreshold region [14] would be
expressed as:

Ips = uCox = (1 — 1)V exp exp (<511 (1)

nvr

Where the Cox stands for oxide capacitance, p denote
carrier mobility, W represents the channel width, L
represents channel length, and the 1 is a non-ideality
factor. The above expression (1) can also be simplified as

w Vgs -V
I = Ips = ?10 exp exp (%) 2

where Iy = puCox (n — DVF

The output of the high-gain amplifier drives the gate of
the PMOS current mirror pair that acts as a control voltage
V1. Then there are transistors Mps and Mgs that form the
cascode stage, and their gates are connected to V», which
is another bias voltage provided by the amplifier. The
transistors Mp4 and Mgs increase the output impedance of
current mirror, causing the currents Ip; and Ips to be way
less sensitive to the variations in their drain voltages, i.e.
node Vyand Vp, respectively. This helps in significantly
improving the PSRR. Hence, the result of cascode mirror
ensures that the current flowing down Mg/ Ry branch
(In1) and the current flowing down the Mgy branch (Ipo)
are identical, i.e. Ipp = Ipi. Followed by the cascode
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current mirrors, the NMOS transistors Mgo and Mg;, with
their grounded sources and their gates are connected to Vn
and Vp, respectively. The gate to source potential of
transistors Mgo and Mg can be stated by using (2) as Vgsi
and Vgso, respectively.

i
Veso = Ve + nVp Inlin (m) 3

) o

Where Sgp and Sg; denote its aspect ratios, i.c. W/L ratios
of transistors Mo & Mg, respectively. The voltage across
Ro of value 440kQ i.e. Vgo, is typically set by their
difference in Vgs to create a PTAT current which can be
equated as

Vro = Vso = Vs (5)
By using (3) & (4), the above equation can be stated as

Vro = nVr [Inn (10 ;BO) ~inin (10 :‘131)]

Veo =nVy In In (jﬁ) (6)

I
VGSl = VTH + TIVT ln ln (10 Sp

The voltage drop across Ry is established by the difference
in gate source voltages of the main mirror transistors. For
the voltage reference to be stable, Vp must be equal to Vy,
i.e. Vp = Vy, which is held true by the NMOS devices by
enforcing Vas1 = Vaso. The stable reference current is then
established when the currents Ipy and Ip; satisfy the
voltage feedback constraint Vp = Vy, setting the current I
flowing through the entire structure, which is evaluated
through the resistor R as

[= 21T 1mn (?) 7)

Ro  Ro BO
C. Output Stage

This stage uses a combination of PMOS and NMOS
transistors to generate a stable bias voltage, i.e. Vrer. The
PMOS transistors My and M, with their gates connected
to the bias voltages Vo2 and Vo, respectively, form a
cascoded current mirror load for the NMOS stack. And
since the Vo and Vi1 are common to the other current
mirrors, ensure that the current flowing through output
branch (Irgr) is mirrored to main current reference
circuitry. This cascode configuration of My and M;
provides a high output impedance, making the output
current highly stable and less susceptible to variations in
the voltage at the drain of My or at the drain of M;. Then
there are three series-connected, i.e. with their gate
connected to drain NMOS transistors M,, M3 and My,
which serve as a high impedance load and voltage setting
stack. The total voltage drops across this stack determines
the voltage at the output node, Vrer. By stacking multiple
gate-source voltages, the voltage reference circuit can
generate a voltage, Vrer and thus can have a predictable
TC, which can be stated as:

VRrer= Vbs2 + Vbs3 + Vpsa 3

Where Vpsz, Vbss and Vpss represent the respective drain
to source potential of the transistors Mz, M3 & Ma. Vpsz
can be expressed as
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I
Ves2 = Vpsz = Ve + nVr Inlin (E) )

Where the gate to the source potential of M» is denoted by
Vis2 and Sy denotes the respective aspect ratio of
transistor M,. Similarly, the gate to source potential Vgs3
and Vgss of transistors M3 & My, respectively, can be
equated as

(10)

Considering equations (8) and (10), V;s3 could be
modified as

Vess = Vrer — Vpsa Vesa = Veer

an

The expression of Vps3 can be equated using (9) and (11)
as

Vess = Vpsz + Vpszs = Vergr — Vpsa

Vbss = Vis3 — Vbsz (12)
Vpss = Ve + nVr Inin (ﬁ) = Vbs2
Substitute the value of Vj, from (9)

Voss = nVy Inln () (13)

Where S; signifies the aspect ratio of transistor Msj
Similarly, the expression of Vpss can be stated using (10)
as

Vpsa = Vgsa — Viss (14)
I
VDS4 = [VTH + UVT ln ln < )]
I
- [VTH + T]VT ln ln <[0 83)]
S.
Vpsa = NV Inin (é) (15)

Where Sy signifies the aspect ratio of My transistor. Now
equating values of Vpsz, Vpsz and Vps4 from (9), (13) and
(15) respectively in equation (8), the output Vger is
expressed as

! S
Vrer= [Vry + nVp Inlin (E)] +[nVy Inln (é)] +

[Vr Inln ()]

I

Vrer=Vey + 1V Inln (10—54) (16)

Now substitute the value of I from (7) and Iy from (2) in
(16)

nvr (531)
—Linin (2L
Ro SBo

Vrer=Vry + nVr Inln (m) 17

Upon simplifying, the output voltage reference turns out

to be
ninin (%) >

uCox Ro(m —1)V Sy

Vegr=Vru + nVr Inln ( (18)
This Vrer is then used to bias the gates of all PMOS
current mirrors, which establishes the required stable
current I for the given circuit. As illustrated in the above
equation (18), the term V;y represents the negative TC,
and the term V1 symbolises a positive TC. Hence, it’s
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apparent from (18) that the aspect ratios of transistor My,
Mg and Mg; have a positive impact on the temperature
coefficient.

D. Bias Current Generator

The bias section could also be termed the second stage of
the op-amp. It focuses on the active regulation of the
reference current. As the transistors Mgy and Mg, along
with R of the beta-multiplier, generate an error signal Vn
— Vp, the op-amp then amplifies this error and produces
DC output voltages which act as Control voltage at the
gates of nearly every PMOS current mirror to set a precise
and stable operating current throughout all branches. This
bias current generator comprises two PMOS transistors,
Mcs and Mg, with their gates connected to Vo1 and Mcy,
with their gate and drain terminals shorted. Then the
cascaded transistors Mcs and Mc7 are connected to Voo,
and along with that, My is connected in the same manner
with its shorted gate-drain terminal and are cascoded to
Mcs, Mcg and Mci. The two NMOS transistors Mc; and
Mc;, are present with their source grounded and drain
connected to Mcs and Mc, respectively, and the drain and
gate terminals of Mcs are shorted.

E. Operational Amplifier

The output of the operational amplifier serves as the bias
for all current mirrors in the high PSRR voltage reference
circuit. Where V, drives the gates of Mgz, Mp3, M1, M4
and Mcs and V,, drives the gates of the cascode current
mirrors (Mgs, Mgs, Mo, Mcs and Mc7). This feedback
mechanism forces the differential current across Rg to
settle to the exact value needed for the CMOS Voltage
reference; this guarantees a stable yet accurate reference
current, i.e. Irer, despite the fluctuations or variations in
supply voltage or temperature. The Operational Amplifier
in the given circuit is a Two-Stage Op-amp, which aims
to enforce the balance condition of Vp = Vy in the given
circuit. The first stage comprises a Differential Amplifier,
which senses the error voltage, and that is Vn— Vpand is
responsible for providing high gain. The two NMOS
transistors Ma, and M5, serve as the input pair, operating
in the Subthreshold region. This input pair aims to sense
the difference in the input voltages. Then there are two
PMOS transistors, M, and M3, as the active load. Mz, and
M3, forms the current mirror load which converts the
differential current output of My, & Ms, into a single-
ended voltage signal. The additional two NMOS
transistors Mep and M7, provide the constant bias current
for the differential pair. Hence, the Op-amp operates in a
quiescent balanced state, i.e. the tail current of these two
transistors is near zero. The second stage of the op-amp
then further amplifies the signal and aims to generate the
required control voltages for the suggested reference
circuit. The PMOS transistor M, serves as the load/gain
element for the second stage by driving the Vo1 node. It’s
the only device in strong inversion linear, hence
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suggesting that it behaves as a low impedance driver to
rapidly set the control voltage. Another diode-connected
PMOS transistor Mg, performs as a load for the Vo output
voltage. Then, these two transistors are cascoded with Mo,
and Mo, to drive the final control voltages Vo and Voo,
which ensures a higher PSRR.

III. SIMULATION RESULTS AND DISCUSSION

Utilising 180 nm CMOS technology, simulations for the
proposed CBCVR have been carried out using a 0.9 V
supply voltage at room temperature. This design delivers
a stable and well-regulated output.

A. Reference Voltage and Line Sensitivity

The Proposed CBCVR circuit operates from a wide
supply range from 0.9 V to 3.0 V, as illustrated in the Fig
2, giving the precise output voltage of 430.23 mV and its
magnified view is shown in the Fig 3. The line sensitivity
quantifies the variation in the output voltage
corresponding to the variations in the supply voltage;
thus, the calculated value is 0.00085 %/V as shown in the
Fig 3.
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Fig. 2- Reference Voltage of the proposed CBCVR Circuit
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Fig. 3 Line sensitivity of the proposed CBCVR
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B. Output Noise and Power Supply Rejection Ratio
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Fig. 4- Output Noise of the CBCVR
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Fig. 6- Impact of different Supply Voltages on Output Noise

To access noise performance, the voltage noise spectral
density was analyzed under three operating conditions:
frequency variation, temperature dependence, and supply
voltage fluctuation. Frequency Response of the output
noise, as shown in Fig. 4, the reference exhibited a typical
1/f noise profile, with increased noise levels at low
frequencies and a gradual decline as frequency increased.
Exhibiting the total output noise to be 27.17 nV/VHz, 9.31
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nV/VHz and 3.31 nV/VHz at 1Hz, 10Hz and 100Hz,
respectively.

Output Noise under Temperature Variations, as shown in
Fig. 5, was conducted at —40°C, 25°C, and 80°C. The
noise magnitude increased subsequently with the increase
in temperature, as seen in the Fig 5. At a frequency 1Hz,
the measured output noise turns out to 21.54 nV/\Hz,
27.17 nV/NHz and 31.63 nV/VHz at -40°C, 25°C & 80°C,
respectively. The impact of different Supply Voltages on
Output Noise is illustrated in the Fig. 6. The output noise
was evaluated at various supply level voltages, i.e. VDD
of 0.9V, 1.5V, 2V, and 3V, which are of value 27.17
nVAHz, 27.03 nV/\NHz, 26.93 nV/NHz and 26.83
nV/\Hz, respectively at a frequency of 1Hz. All curves
demonstrated consistent noise behaviour across the
frequency spectrum, with negligible deviation between
supply voltages.
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Fig. 7- PSRR

The PSRR of the CBCVR was evaluated across a
frequency range of 1-10 kHz. As shown in Fig. 7, the
PSRR remains consistently high throughout the spectrum,
with a slight upward trend at higher frequencies. At 1 kHz,
the circuit achieves a PSRR of —90.86 dB.
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Fig. 8- Current drawn from the source

Under a nominal supply voltage of 0.9V, the CBCVR draws
421.29nA current from the source as shown in Fig.8.
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C. Temperature Coefficient
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Fig. 9- Impact of Temperature on VRgr

The TC of the Proposed CBCVR was evaluated over a
range of —40 °C till 80°C. As depicted in Fig. 9, the
observed output voltage exhibits a parabolic trend,
reaching its minimum near room temperature (25 °C) and
increasing symmetrically at both lower and higher
temperatures. The measured TC was found to be 58.2
ppm/°C.

IV. CONCLUSIONS

The Proposed CBCVR shows an effective balance among
the energy efficiency and the output accuracy, enabling its
application for next-generation low-power systems.
Through the use of cascode biasing and a dedicated
amplifier stage, the design achieves good regulation
against supply variations, evident in its PSRR of
—90.86 dB and line sensitivity of just 0.0008 %/V. Despite
its minimal power footprint of 379.16 nW, the circuit
maintains consistent behaviour across temperature
extremes, i.e. with a coefficient of 58.2 ppm/°C & low
output noise that is of 27.17nV/VHz. These results
confirm the circuit’s suitability for integration into mixed-
signal platforms where power and accuracy are critical.

A comparative analysis of the suggested CBCVR's
performance against other published voltage references is
provided in Table 2. Table 2 illustrates that the proposed
work achieves a remarkably low Line Sensitivity of
0.00085 %/V, which is significantly superior to the values
reported in [5], [6], [13], [14], [15], [16], [17], [18].
Furthermore, the suggested design exhibits a PSRR of -
90.86 dB at 1 kHz, outperforming all other compared
references, which range from -35.77 dB to -84 dB.
Notably, the proposed CBCVR demonstrates exceptional
noise performance with an output noise of only 27.17
nV/VHz at 1 Hz, which is several orders of magnitude
lower than [5, 14]. While the voltage references cited in
[6], [13], [14], [18] are also operational with supply
voltages below 1V, the proposed design maintains an
ultra-low power consumption of 379.16 nW across a
broad supply range of 0.9 V to 3.0 V. Moreover, the
proposed CBCVR  demonstrates better power
consumption than [5], [13], [14], [16], [17]. Future Work
will focus on post layout wvalidation and silicon
fabrication. The primary scope of this paper is to
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introduce the architecture & wvalidate its theoretical
framework through simulation. Some analysis would
require rigorous derivation, thus plan to present the Monte

Carlo & Small signal analysis in our extended journal
version of this work.

TABLE 2.
COMPARISON OF CURRENT STATE OF THE ART

Parameter This work 5] 6] [13] [14] [15] [16] 17 [18]
Technology 180 180 90 90 180 180 180 180 180
(nm)
Supply voltage 09to3 1.8t03.5 [0.8t01.32| 0.5t03.3 09to3 1.2t01.8 1t02.5 3t05 09-2
(W)
Power(nW) 379.16 35,050 347 670 5,600 100 700 45,000 70
Line sensitivity 0.00085 0.16 0.057 1.65 0.14 6.47 0.35 0.08 0.1
(%/V)
PSRR (dB) |90.86 @ 1Hz| -42.1@ -84 50 |-3577@IKHz| 62 -5381@ | —-76@ | -54@100Hz
to 1IKHz 100Hz @100Hz | @10KHz @100Hz 1 Hz to 10Hz -37@10KHz
10 kHz -44@1MHz
Temperature -40 to 80 -40to 85 |[-40to 125 | -40to 130 -40 to 200 -40t0 120 | —40to 140 |—55to 125| -40to 125
range(°C)
Mean TC 58.2 42.5 12.58 16.28 14.5 147 7.5 25 58.3
(ppm/°C)
Output noise 27.17 @1Hz 19,730 - - 320 @100KHz -
("VAHz) 931 @l0Hz | @0.1Hz 200 @1MHz
3.31 @100Hz
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