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Abstract

Internet-of-Things (IoT) applications require nanowatt (nW) power references that are robust
to process, voltage, and temperature (PVT) variations. This thesis presents the design of ultra-
low-power (ULP) sub-10nW always-on blocks in GlobalFoundries 22nm (GF22nm) technology,
including a Proportional to Absolute Temperature (PTAT) current reference, a bandgap ref-
erence, and a Low Dropout Regulator (LDO). These references are optimized to operate over
the full automotive temperature range while consuming only 1nA of current per branch.

Given the high cost of GF22nm technology, achieving area efficiency is a critical aspect of this
research. To address this, the design incorporates area-efficient components such as switched
capacitors and duty-cycled resistors. The PTAT block achieves a line sensitivity of 2%/V
and 5% spread (s/m ) at 27°C consuming 4nW by utilizing MOSFETs in weak inversion and
operates with an 800mV supply voltage while occupying a silicon area of 0.00lmm?2. The
bandgap reference is supplied from a battery with an end-of-life (EOL) voltage of 900mV.
It achieves a maximum temperature coefficient (TC) of 140.6ppm/°C and a line sensitivity
of 0.56%/V at 27°C with a supply range from 900mV to 1.98V. Without any trimming, the
reference voltage spread due to process and mismatch variations is reduced to 2.9% (s/m)
by using BJTs. The bandgap reference occupies a silicon area of 0.021mm? using duty-cycled
resistors and has a nominal power consumption of 7.6nW. This voltage is used as the reference
voltage for an LDO with unity-gain feedback to prevent multiplication of the reference voltage
noise. The LDO maintains an output voltage line sensitivity of less than 1%/V with battery
voltage variations from 900mV to 1.98V and load currents ranging from 100nA to 1pA.
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1 Introduction

The advance of the Internet of Things (loT) has greatly increased the number of connected
devices, many of which operate in energy-constrained environments such as wearable tech-
nology, remote sensors, and mobile devices. These devices often require ultra-low power
(ULP) integrated circuits that can function reliably for extended periods without recharging.
Among these circuits, always-on components—such as real-time clocks (RTC), temperature
sensors, and power management systems—are essential for maintaining continuous opera-
tion and system stability, even during deep sleep states where most of the system is powered
down.

As these always-on components must remain active to support basic functions like timing,
sensing, and low-power wake-up, they demand robust and energy-ef cient voltage and cur-
rent references. This is particularly challenging in advanced semiconductor processes such as
GlobalFoundries 22nm Fully-Depleted Silicon-on-Insulator (FDSOI) technology. The primary
goal of this thesis is to explore and develop ultra-low power, sub-10nW always-on blocks in
GF22nm technology, focusing on Proportional to Absolute Temperature (PTAT) current refer-
ences, bandgap (BG) references, and low-dropout (LDO) regulators.

In designing these ULP blocks, several challenges arise. The GF22nm technology presents
unique advantages, such as reduced leakage currents, reduced parasitic capacitors, and wide
body bias range, which help achieve the desired power ef ciency. However, it also imposes
constraints on area ef ciency and component reliability, particularly in the face of temperature
extremes common in automotive applications.

This research addresses these challenges through design strategies, including the use of switched-
capacitor (SC) networks and duty-cycled resistors to replace traditional high-value resistors,
which are typically area-inef cient at nA current levels.

The thesis provides a comprehensive exploration of design choices tailored to the constraints
and opportunities of the GF22nm FDSOI technology, offering insights that can guide future
developments in this and similar process nodes. Second, it demonstrates the feasibility of
achieving sub-10 nW level power consumption in critical always-on blocks, such as PTAT and
BG references and LDOs. The PTAT current reference and the bandgap reference designed in
this work consume less than 4 nW and 12 nW respectively.

In conclusion, this research explores various solutions with a focus on BJTs for VREF gener-
ation and MOSFETSs in subthreshold region for IREF generation. The results are expected to
accelerate the design of ULP circuits in advanced process nodes, providing a robust founda-
tion for the next generation of energy-ef cient electronics.
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2.1 Ultra-low-power (nW) references

2.1.1 BJT based references

Conventionally, the design of bandgap references were limited to bandgap voltage (BG) refer-
ences generated by adding the base-emitter voltage (Vgg) of a BJT to a resistor voltage with a
PTAT current. This method produces the BG voltage of silicon (1.2V) with a zero temperature
coef cient. Hence, the supply voltage should be higher than this voltage. In [15], an addi-
tional resistor was introduced, as shown in Figure 2.1, allowing for the generation of lower
reference voltages. However, this approach has the disadvantage of adding another branch
with a BJT and a third resistor, which is not area-ef cient.

Figure 2.1: Conventional and low supply voltage bandgap circuits [15]

In [23], a 32 nW bandgap reference is introduced using charge pumps, BJTs, and most impor-
tantly, a switched capacitor network (SCN) to generate constants for scaling Vegg and DVgE.
As shown in Figure 2.2, Vi, is 0.5V and the charge pump is required to generate a voltage
above Vgg. Hence, with a 2x charge pump, the minimum required Vi, is Veg/2. Capacitor Ci;
can be charged to 2 VN but Q; clamps it to Vgg. The difference between Veg; and Veg; is
then stored on Cp. The SCN generates constants for scalingVgg and DVgg using a two-phase
non-overlapping clock and the reference voltage Vger is described as:

Ca

Vrer = 3DV + V —
REF BE BEL Ca+ Co
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The capacitor values are selected to generate a temperature-independent constantVggr of 500
mV at this work. The total power consumption is 32 nW and the area is 0.0264 mm 2.

Figure 2.2: Bandgap reference circuit using charge pumps and a switched capacitor network
[23].

This innovative approach reduced the supply voltage by half compared to other works utiliz-
ing BJTs and MOS current mirrors, by employing charge pumps. However, the nonlinearity
of the BJT biasing and the leakage current in the proposed SCN limited the operating tem-
perature range. This issue was addressed in [5] by implementing SCNs with low-leakage
considerations. However, increasing the operating temperature range and lowering line sen-
sitivity in [5] led to an area of 0.0522 mm 2.

In [3], a novel method is introduced that generates the reference current by combining proportional-
to-absolute-temperature (PTAT) and complementary-to-absolute-temperature (CTAT) currents
instead of voltages as shown in Figure 2.3. This current can then be distributed within the sys-
tem to generate tunable sub-1V reference voltages. A primary advantage of this approach is

its suitability for low supply voltages. Additionally, since the generation of voltage references
depends on the ratio of resistors, process variations are effectively canceled out. However,
the main disadvantages include the presence of more than two steady states due to parallel
resistors R1 and R2 that shunt the diodes. Moreover, generating nA-range currents with this
method requires a signi cantly large area due to large resistors.
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Figure 2.3: Schematic of the current and voltage reference with PTAT and CTAT currents [3]

In this work, the same topology is employed to generate CWT voltage and current reference.
Instead of diodes, BJTs are used due to their improved matching and thermal stability. Ad-
ditionally, the issues of unwanted steady states are mitigated and resistors are replaced with
area-ef cient components.

In [8], an innovative bandgap reference is proposed using capacitive bias applied to a pn-
junction. Its work principle is based on the fact that when a pre-charged capacitor is dis-
charged through a diode (shown in Figure 2.4) the resulting voltage over time can be obtained
as:

Vdd Is
Vp(t)= nVyr In 1 1 e e t 2.1
p(t) T X0 X v 2.1)

Figure 2.4: Capacitive bias of PN-junctions [8]

With a medium value of t, the above equation can be approximated as below, which varies
with the natural log of time and does not depend on Vdd.

— IS
VD(t)— mVr In C mvs t (2.2)

By precisely controlling the amount of time that the capacitor is discharged, a large dynamic
range between the current densities of Equation 2.2 can be achieved, leading to a large current
density ratio. This can be used to generate current ratios and a large PTAT voltage. The nal
Vref is achieved by switching capacitors in four phases (shown in Figure 2.5 ) with different
sampling timings. The resulting Vref equation is derived as:

Co C

Vi = ——————  V, — V 2.3
o= g, Ve g, Va (2.3)
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Figure 2.5: Capacitive switching phases to generate Vref [8]

This work operates with Vdd ranging from 0.85 V to 1 V and consumes 0.0022 mm ? area.

Last but not least, a recent ultra-low-power voltage reference is presented in [7], fabricated
using 22nm FDSOI technology. The proposed architecture, illustrated in Figure 2.6, bears
similarities to the design in [16]. The operation principle relies on compensating the negative
temperature coef cient of Vcrar with a PTAT voltage generator. The PTAT voltage is generated
using a resistor-less topology involving a differential pair with MOSFETs operating in the
weak inversion region. To achieve voltage references lower than the silicon bandgap voltage
(1.2 V), a voltage divider circuit is employed. Additionally, self-cascoded composites are
used in the current mirrors to enhance the power supply rejection ratio (PSRR). Total power
consumption is 45.6 nW with a 1.2V supply voltage and 0.0104 mm ? active area.

Figure 2.6: Proposed ultra-low-power voltage reference architecture in [7]

2.1.2 MOSFET based references

In [22], a native device with near-zero threshold voltage ( Vi) and a thick oxide device with
high Vi, are used for transistors M; and M, respectively as shown in Figure 2.7. In practice,
any combination of two devices with a signi cant difference in Vi, can be used. The well-
known subthreshold current is described by Equation 2.4, where mrepresents mobility, Cox is
the oxide capacitance, andn is the subthreshold slope factor. By equating the currents through
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M, and My, assuming both devices operate in weak inversion, the reference voltage V¢ can be
derived, as shown in Equation 2.5. Since the MOSFET threshold voltage V;, is complementary
to temperature, selecting appropriate transistor sizes can effectively cancel out the temperature
dependence of the two terms. This design achieves pW-level power consumption with Vdd
ranging from 0.5 V to 3 V over a narrow temperature range due to leakage currents. The area
consumed in different processes is reported to be lower than 0.01 mm?2. To address process
variations, a trimmable version is also proposed with 0.0093 mm ? area.

Figure 2.7: Two transistor (2T) voltage reference [22].

W V Vin V,
lsup = MCox (1 1)V2exp g:TTt 1 exp T:S (2.4)

ninNa niny M CoxiW1l2
(Vtha Vi) + e

V. =
T niton, ni+ny ' mMCooWals

(2.5)

On the other hand, when a current reference is required, the voltage reference must be con-
verted to a current through a voltage-to-current converter and an op-amp-based feedback loop
[13], as shown in Figure 2.8. Gate leakage transistors are used for generating picoampere (pA)
current levels [25], and resistors are used for microampere (mA) current levels. However, for
nanoampere (nA) current levels, as targeted in this project, using these components would
consume a large chip area.
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Figure 2.8: Current reference generation [13]

To achieve nA-range currents, self-cascoded MOSFETs are utilized in [13]. The design con-
sumes an area of 0.0132 mm and is fabricated in 22nm FDSOI technology. The authors pro-
pose a nanoampere-range constant-with-temperature (CWT) current reference that employs a
self-cascoded MOSFET (SCM). The SCM is biased by a proportional-to-absolute-temperature
(PTAT) voltage with a critical modi cation which is adding a CWT offset voltage to the PTAT
bias obtaining Vx = nUrlog(Kptat) + DVt shown in Figure 2.9. This offset is derived from
the threshold voltage difference between two transistors of the same type, with one being for-
ward body-biased to reduce its threshold voltage. The current-voltage relationship of a SCM
can be described as follows [6]:

Ip=1Is (it i) S

where |g represents the specic sheet current, S = % is the transistor aspect ratio, and i;
and i, are the forward and reverse inversion levels, respectively. By applying a constant-
with-temperature (CWT) offset to the bias voltage of the SCM, i; becomes complementary-to-
absolute-temperature (CTAT). After tuning the offset, it effectively cancels out the proportional-
to-absolute-temperature (PTAT) term in |s. Lastly, to generate the offset based on the thresh-
old voltage (Vi) difference between transistors Mg and My, the body bias of Mg is generated
using a two-transistor (2T) voltage reference [22].
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Figure 2.9: Self-cascoded MOSFETs used for nA-range reference current generation [13]

There are several limitations to the topology of Figure 2.9. First, the reference current | is
adversely affected by leakage currents, especially from the body parasitic p-well/n-well diode
of M,. Second, a temperature coef cient (TC) calibration circuit is necessary to ensure an
acceptable TC across all process corners. Lastly, the value of the CWT offset depends only
on technological parameters, offering no exibility to tune Vg through transistor sizing. To
address these issues, the topology shown in Figure 2.10 is proposed [12]. In this improved
design, the body connection of M, is tied to ground to mitigate its leakage current, calibration
is simpli ed by adjusting the width of either M7 or Mg, and by using a four-transistor (4T)
voltage reference, the offset voltage can be tuned by changing the ratio of S;/ Ss. The chip
is fabricated in 0.11-nm bulk and 22-nm FDSOI technology and achieves a silicon area of
0.0106 mn? and 0.0026 mn¥ respectively.

Figure 2.10: Schematic of the current reference with SCM and 4T voltage reference [12]

Both topologies for generating nA-range current references using SCMs [13] [12] are highly
sensitive to leakage currents. Their performance has been reported to be reliable up to 85 C.
However, beyond this range, particularly over the automotive temperature range, performance
degrades signi cantly due to the increase in leakage currents.
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2.1.3 Performance summary of the state of the art ULP references

23] 6] [13] [12] [5] [22] [7]
Technology 130nm 16nm FinFet | 22nm FDSOI | 22nm FDSOI 65nm 130nm | 22nm FDSOI
Type BJT+MOS | Diode+MOS MOS MOS BJT+MOS MOS BJT+MOS
vdd [V] 05-15 0.85-1 09-1.8 1-18 0.5 05-3 12-18
Vref [mV] 500 235 - - 495 174.9 598
Iref [nA] - - 1.25 25 - - -
Power [nW] 32 40 7.8 155 38 0.022 45.6
Temp. Range [°C] 0- 100 0- 100 -40 - 85 -40 - 85 -40-120 | -20-80 -40 - 120
TC [ppm/°C] 75 85 203 101 42 16.9 - 231 61
Line Sensitivity [%/V] 2 1.9 0.23 0.26 0.64 0.033 0.12
Area [mm 2] 0.0264 0.0022 0.0132 0.0025 0.0532 0.0013 0.0104
Spread (s/ m) [%)] 0.67 0.82 6.66 4.7 1.03 0.85 0.37

Table 2.1: Performance summary of ULP reference designs

Among the prior art, the lowest area is achieved by the 2T voltage references in [22]. However,
this design is limited by a narrow temperature range and a relatively high average tempera-
ture coef cient (TC). The current references presented in [13] and [12] are designed in 22nm
FDSOI technology and manage to achieve low area and power consumption, though they ex-
hibit a higher spread. In the category of BJT-based references, the design in [7] is notable for
its implementation in 22nm FDSOI technology and operating over a wide temperature range.
However, it requires a minimum Vdd of 1.2V. It is also shown that while BJT-based designs
generally consume more area than MOSFET-only designs, they offer the advantage of operat-
ing over a broader temperature range. The performance analysis of this design with BJTs and
area-ef cient components instead of resistors will be shown in Table 6.1.



3 Proportional to absolute temperature
(PTAT) current reference

The PTAT (Proportional To Absolute Temperature) current reference is a fundamental build-
ing block in analog and mixed-signal integrated circuits. PTAT current references are widely
utilized in various applications, such as biasing ampli ers to achieve constant transconduc-
tance (gm) and maintaining constant gain across temperature variations.

In this work, the goal is to design a ULP PTAT current reference that consumes a nominal
current of 1 nA per branch. Achieving such a low current level per branch is challenging due
to the leakage currents and area ef ciency.

The following sections will brie y explain the design methodology, circuit implementation,
and simulation results of the PTAT current reference.

3.1 Design methodology

3.1.1 Speci cations

The design speci cations are summarized in the Table 3.1:

Parameter Speci cation
Supply Voltage 800 mV
Current per Branch 1nA
Reference current 1nA

Core Power Consumption < 4 nW
Temperature Range -40°C to 125°C
Area 1200mm?

Table 3.1: PTAT Current Reference Design Speci cations

The area is constrained to be less than 1200rm?, which is the area of the previous PTAT
reference designed at CSEM in GF22nm technology generating a nominal current of 1 mA.
Consequently, the goal of this project is to reduce the current consumption by a factor of 1000,
while not exceeding the area of the previous design. This presents a challenge due to the
signi cantly larger resistors required for this current scaling.

10



3 Proportional to absolute temperature (PTAT) current reference

3.1.2 Design choices

The main decision in the PTAT reference involves selecting the appropriate MOSFETS. We
have the option to choose between thin oxide and thick oxide transistors. Thin oxide transis-
tors present a challenge due to gate and channel leakage currents, which can exceed 100 pA at
high temperatures. An example of this is illustrated in Figure 3.1, which shows the exponen-
tial increase of channel leakage currents for temperatures above 85°C. Given our target output
current of 1 nA, leakage currents exceeding 100 pA represent more than 10% of this, leading
to temperature-related degradation in the core current.

Figure 3.1: Channel leakage current as a function of temperature for unit transistors ( % = i—ﬂ)

Therefore, thick oxide transistors must be used to mitigate leakage issues. Among the avail-
able options, super low Vt (EGSLVT) transistors were excluded due to their high leakage
currents shown in Figure 3.1. Consequently, for all MOSFETs used in this design, thick oxide
low Vt (EGLVT) transistors were selected to ensure robust performance.

3.1.3 Design steps

The topology of a simple beta-multiplier circuit is shown in Figure 3.2 [2]. MOSFETSs in weak

inversion (M1 and M2) are used instead of BJTs due to the low supply voltage of 800 mV to
have more headroom for M3 and M4. If all the transistors are in weak inversion, the drain

current given in Equation 2.4 is obtained as below in saturation [24]:

W V, V,
b= lse o (3.1)

11



3 Proportional to absolute temperature (PTAT) current reference

Voltage drop (VR) on Rptat is given by Vgg Vo, hence it can be written as [20]:

(i)

L
Ip2

IS(%)Z

VR = nUrIn UTIn(k) (3.2)

where K is the ratio between the sizes of M; and M,. This voltage is a PTAT voltage and
generates a PTAT current equal to R;/TRAT. After determining k, the value of Rptar can be
obtained.

Figure 3.2: PTAT Current Reference Schematic

For the ratio between the sizes of M; and My, there is a logarithmic relation between k and
IptaT. As k increases, its mismatch will cause lower variations in the PTAT current. However,
increasing k also consumes more area. We can achieve highek values by using different series
and parallel topologies of unit transistors with W/ L = 1u/1 u for M, and M, while maintain-
ing the same area. Iterative simulations show the lowest spread of current was achieved with
k = 64, using 8 series unit transistors W/ L = 1u/l1 u) for M and 8 in parallel for M. Hence,
we can calculate Rptat as follows:

Utin(k 26mV In(64
g = — n(k) _ 26mVv In(64) _ 1nA =) Rprar 110MW
RptaT Rptat

This resistor is very large, hence it should be replaced by an area-ef cient component such as
a switched capacitor resistor, which will be explained later.

12



3 Proportional to absolute temperature (PTAT) current reference

For the sizing of the PMOS mirror, minimizing mismatch is crucial. It is preferable to use large
transistors in strong inversion, but with a 1 nA current, very long transistors are required.
This will increase both the threshold voltage ( Vy,) and the required gate-source voltage (Vgs),
limiting the available headroom. Therefore, the worst-case scenario should be considered,
which occurs in SSSS-40, whereVy, is at its maximum. Considering the DC operating points
we have:

Vigg = VR + Vdsatyz + Vsgus

Keeping M2 in saturation leaves nearly 580 mV for Vsg, which translates to an IC factor equal
to 0.24. The best matching is achieved with long transistors and a (W/ L) of 0.25mm/10 nm
for the PMOS mirror. Due to the GF22nm technology limitation that restricts the area of
the transistors to 2nm? per nger, M3 and M4 are implemented with series composite of
transistors.

Replacing Resistor with Switched Capacitor Resistor

The resistor required to generate a 1 nA current is 110 MW, which would cover a very large

chip area. Therefore, it is necessary to replace this resistor with more area-ef cient compo-
nents, such as switched capacitor resistors. The resulting schematic is shown in Figure 3.3.
The equivalent resistance of a switched capacitor is obtained as [26]:

R.. = Vaverage 1
sc =
laverage Cstu

(3.3)

Assuming a 32kHz clock frequency available in the system from the crystal oscillator, the
required capacitance is 280 fF.

In order to reduce the area, two branches with two-phase non-overlapping clocks are used.
This setup effectively doubles the charge transfer and ripple voltage frequency which means
that only half the capacitor value (140fF) is needed to achieve the same equivalent resis-
tance.

To dampen ripples, a large damping capacitor Cq is used in parallel with the switched capac-
itor. The ripple amplitude is roughly given by:

Ripple Amplitude = Vg % (3.4)
d

Since the effective capacitanceCs is halved due to the doubled clock frequency, the ripple
amplitude is also reduced by half. Consequently, we only need half the damping capacitance
Cq4 to achieve the same level of ripple reduction. Aiming for less than 1% ripple in lgyt
nominal value (1nA) at TT27 results in a minimum Cy equal to 2.8 pF.

13



3 Proportional to absolute temperature (PTAT) current reference

Figure 3.3: Schematic of PTAT current reference with switched capacitor resistor

The two-phase non-overlapping clocks required for the switches are generated using a cross-
coupled RS ip- op, as shown in Figure 3.4.

Figure 3.4: Schematic of the cross-coupled RS ip- op

In the design of switched capacitor resistors, NMOS switches were selected due to the low
input voltage (Vr = 110 mV). The W/ L) ratio of the NMOS transistors was chosen to be
0.5 mMmm/4 mm. This sizing ensures that the on-resistance (Ron) remains below 40 kW and
the off-resistance (R,sf) exceeds 80 GV across all process corners. This maintains a leakage
current of less than 10 pA and limits the degradation in the PTAT current over the automotive
temperature range.

Loop stability after adding the switched capacitor resistor

The loop containing M1, M, M3, and My in Figure 3.2 forms a positive feedback loop. This
loop remains stable as long as the loop gain is less than 1. The DC closed-loop gain is given

by:

14



3 Proportional to absolute temperature (PTAT) current reference

Om2 1 1
—= —kr rg kK — 3.5
1+ ngR Oma 02 Gm * Om1 ( )

Ay =
After adding the switched capacitor ( Cs) and the damping capacitor ( Cy), R in the equation

above changes to WRqs' This introduces a pole and a zero in the closed-loop frequency

response. The pole is located atwp; = 1+Rggd2R, while the zero is at a lower frequency, located

at wy, = ﬁ. The zero causes an increase in the loop gain and pushes it above 1, causing
instability. In general, in this beta multiplier topology, the capacitor on the source of M,
should be taken care of because it can lead to instability if it becomes too large [2].

To ensure stability, a capacitor (C) is added from Vg, to ground as shown in Figure 3.3. This
changesrg in the Equation 3.5 to rez k é k g—:ﬂ adding another pole to counteract the zero
introduced by Cg4. The pole is located at %7”‘5!"3 A C. value of 2 pF is suf cient to ensure the

loop gain remains below 0 dB and the circuit maintains stability across all process corners. .

3.2 Simulation results

3.2.1 DC Analysis

The output current over the temperature range is shown in Figure 3.5 for different process
corners. The spread of the PTAT current over process corners is 13%. This spread over
process corners due to the switched capacitor resistor, PMOS mirror and NMOS transistors is
about 10%, 3%, and 7% respectively.

Figure 3.5: Output current over the temperature range for different process corners

The output current versus supply voltage at TTTT27 is shown in Figure 3.6. The line sensitivity
is 2%/V calculated using the BOX method.
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3 Proportional to absolute temperature (PTAT) current reference

Figure 3.6: Average output current versus supply voltage

3.2.2 AC Analysis

The Power Supply Rejection Ratio (PSRR) is calculated as:

Dlout VoD

PSRR(dB)= 20log Voo lour
u

The curves for different process corners are shown in Figure 3.7.

Figure 3.7: PSRR curves of output current
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3 Proportional to absolute temperature (PTAT) current reference

3.2.3 Stability Analysis
The frequency response of the PTAT closed loop is shown in Figure 3.8. The loop gain is

always lower than 0 dB, ensuring that the positive feedback loop remains stable across process
and temperature variations.

Figure 3.8: Frequency response of the PTAT closed loop.

3.2.4 Noise Analysis

The noise analysis of the PTAT output current is shown in Figure 3.10 for different process
corners which are FFFF125, TTTT27, and SSSS-40. The maximum integrated output noise from
0.1 Hz to 100 kHz is simulated to be 7 pArms. The main noise contributors to the integrated
output noise in Figure 3.2 are shown in the pie chart of Figure 3.9.
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3 Proportional to absolute temperature (PTAT) current reference

Figure 3.9: Pie chart of the main noise contributors to the PTAT current

Figure 3.10: Output current noise density of PTAT reference

3.2.5 Monte Carlo Analysis

The Monte Carlo analysis was performed with 200 points at 27 degree, considering both
mismatch and process variations. The histogram result for the average output current is
shown in Figure 3.11. As illustrated, the s/ mratio is 5% for the output current. Output

current spread over the temperature range is also shown in Figure 3.12. The spread (s/ n) due
to the PMOS mirror, switched capacitor resistor and NMOS transistors is about 3%, 4.3%, and
0.5% respectively.
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