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Abstract

This thesis presents the design of a low-power, sub-1V, BJT-based temperature sensor. It is based on a
capacitively-biased (CB) BJT front-end, in which capacitors are discharged across diode-connected BJTs to
obtain proportional-to-temperature (PTAT) and complementary-to-temperature (CTAT) voltages. These
voltages are then digitised by a switched-capacitor Delta-Sigma Modulator (DSM), which employs energy-
efficient inverter-based amplifiers that can operate from a sub-1V supply. To mitigate the effects of
component mismatch and 1/f noise, dynamic error-cancellation techniques such as chopping, auto-
zeroing and dynamic element matching are used in both the front-end and the DSM. After a 1-point
temperature calibration, the sensor achieves a simulated inaccuracy of +0.20°C (30) over temperatures
ranging from -55°C to 125°C. From simulations, it does this while operating from a 0.9V supply and
dissipating only 270nW. It occupies an estimated area of 0.066mm? in a 180nm CMOS process. Compared
to previous CB temperature sensors, this design occupies 3.8x smaller area and dissipates 3x less power.
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1 Introduction

1.1 Motivation

Temperature is one of the most extensively measured environmental parameters due to its influence on
the behaviour of nearly all physical, chemical, mechanical, and biological systems. Therefore, temperature
sensors find broad application in various fields, including healthcare and the automotive industry,
particularly for the purpose of correcting temperature-induced inaccuracies in analog circuits. Given the
accuracy, low cost and digital output capabilities of temperature sensors in modern CMOS technologies,
significant research effort has been dedicated to their design. Recently, the advent of the Internet of Things
(loT) has heightened the interest in ultra-low power sensors that can maintain good accuracy across a wide
temperature range. Hence, the primary focus of this thesis is the design of such sensors in CMOS
technology.

1.2 Types of CMOS temperature sensors

Within CMOS technology, many circuit elements are available for temperature sensing. The selection of a
sensing element then depends on the specific requirements dictated by the intended application,
encompassing factors such as accuracy, resolution, power consumption and cost.

For decades, bipolar junction transistors (BJTs) have been extensively used as temperature sensors and
bandgap voltage references. When a BIT is biased at a fixed current, its base-emitter voltage (Vee)
demonstrates complementary-to-absolute temperature (CTAT) behaviour. By biasing two BJTs at different
current densities, the difference between their base-emitter voltages, denoted as AVee = Veer — Veez,
exhibits proportional-to-absolute temperature (PTAT) behaviour. Due to the exponential relationship
between the BJT’s collector current Ic and Vg, this approach also cancels the effect of current variations,
rendering AVge relatively insensitive to process variations. As it turns out, the spread in Vg can be
effectively corrected through a low-cost, one-point PTAT trim [4], resulting in inaccuracies as low as 0.06°C
(30) from -55°C to 125°C. Using the box method, i.e. by dividing the peak-to-peak inaccuracy (30) by the
temperature range, this translates into a relative inaccuracy (RIA) of 0.06% [9].

When biased in the sub-threshold region, a MOSFET's drain current (Ip) is a temperature-dependent
exponential function of its gate-source voltage (Vss). Typically, Ves < Vg, enabling MOSFET-based
temperature sensors to function at lower supply voltages than their BJT-based counterparts. However, Ip
is determined by the oxide capacitance (Cox) and the threshold voltage (Vru), both of which are spread
with process. Consequently, MOSFET-based sensors usually require a two-point temperature calibration
to achieve low inaccuracies, such as 0.1% [12].

In recent studies [10], it has been demonstrated that resistor-based temperature sensors can achieve
higher resolution and energy efficiency than either BJT or MOSFET-based sensors. They can also operate
from sub-1V supplies. Nevertheless, to achieve competitive accuracy, they require at least two-point
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trimming due to the sensitivity of resistors to process spread. After a two-point trim, relative inaccuracies
as low as 0.03% can be achieved [10], whereas a single-point trim results in only 0.56% [10].

Thermal diffusivity (TD) sensors measure the delay of heat pulses propagating through a silicon substrate.
This delay is a function of the thermal diffusivity of silicon, a well-defined parameter that exhibits a
significant dependence on temperature. TD sensors use heating elements to generate heat pulses, which
then diffuse through the silicon substrate and are detected by a temperature sensor, usually a thermopile.
A major drawback of TD sensors is their power consumption, typically a few milliwatts, which renders
them unsuitable for low-power applications [4]. Nevertheless, they can achieve relative inaccuracies of
0.2% without trimming [11].

Of the four types of sensors, BJT-based temperature sensors are the most widely used because they can
achieve excellent accuracy after a low-cost, one-point calibration with a relatively low power consumption.

1.2.1 Operating principle of BJT-based temperature sensors

The base-emitter voltage (Vge) of a BJT, where Ic >> I, can be expressed as:
kT /I
VBE = nT]n( C) (11)

where n is the diode non-ideality factor (for an ideal diode n=1), k is the Boltzmann constant (1.38x102
J/K), T is the absolute temperature in Kelvin, q is the electron charge (1.6x10*° C), Is is the saturation
current, and Ic is the collector current of the BIT. Due to the strong temperature-dependence of Is (~ T4),
Ve exhibits a temperature coefficient of approximately -2 mV/°C, leading to its CTAT characteristic.

When two BIJTs are biased at different current densities (Figure 1.1), the difference in their base-emitter
voltages, AVse, demonstrates PTAT behaviour as:

kT /I
AVgp = " in (ﬂ) (1.2)
q Iz
It can be seen that AVge only depends on the ratio of the biasing currents, p = jc—l, which can be accurately
Cc2

defined by good layout, as well as circuit techniques such as dynamic-element matching.

Ic1=plc2 lc2 l

PTAT

ADC |
VRer

+ AVge

\

Y-
1

Figure 1.1 Working principle of a BIT-based temperature sensor.
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In general, the front-end of a BJT-based temperature sensor employs two diode-connected BJTs, as shown
in Figure 1.1. With Vge and AVge established, a temperature-independent reference voltage (Vrer) (Figure
1.2) can be generated as:

Veer = Vpg + aAVpg

VRrReF=VBe+a-AVpe
] [E—i .
T VBE™. - T
3.
2 L2
= ©
VP’TAT‘=(X‘AVBE . ) g
Ve T
0 T — T . N 0
-273 -55 125 330

temperature (°C) —

Figure 1.2 CTAT and PTAT behaviour of VBE and AVBE [4].

Using the PTAT voltage AVge as the input and Vger as the reference for an analog-to-digital converter (ADC),
its digital output can be expressed as:

_ Vprar _ alVpg (1.3)
Veer  Vpe + alVpg
A final digital output, Doy, in degrees Celsius can be acquired through linear scaling:
Doye = Au+ B (1.4)

Where A~600K, B~-273K and the value of a typically ranges between 8 and 20 [4].

1.3 Capacitive Biasing

In conventional BJT- or diode-based temperature sensors, the BJTs (or diodes) are biased by current
sources (Figure 1.3a). In addition to Vg, the headroom they require increases the sensor’s minimum
supply voltage to approximately 1.2V. Alternatively, the BJT (or diode) can be biased by a capacitor pre-
charged to Vop, as depicted in Figure 1.3b. In this setup, the capacitor functions as a dynamic current
source devoid of 1/f noise and requires little headroom.
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Vb

Headroom > 0.4V

Vb

Figure 1.3 a) Static-biased diode; b) Capacitively-biased diode.

The working principle of a temperature sensor based on the capacitively-biased diode (CBD) technique is
illustrated in Figure 1.4. In an initial phase (rst), a capacitor (C) is pre-charged to Vop. In a second phase,
the capacitor is connected across the diode. After a brief period (tens of nanoseconds), the voltage across
the capacitor (Vp) will be a logarithmic function of time. This relationship can be expressed as [2]:

IS
~ 1 ( ) 1.5
Vp(t) nVrln t (1.5)

where n is the diode ideality factor (1 for an ideal diode, ~2 for silicon diodes with small currents), Vr is
the thermal voltage and Is is the diode saturation current. Likewise, the diode current (lp) is well-defined
and proportional to 1/t [2].

Ip(t) = (1.6)

V 14
DD " ———125°C |

T B B B R A At B R 270C
rst 1 ———.55°C

rst — 0.8 \ .

Vo a N T : :

= 08 \""\ Vi €%, 5

L i Vol
ICS o T—io b
- = 0.2 t1§ {'2‘5\\

rst | | 0 . .
10710 107 10°® 107

rst | I time [s]

Figure 1.4 Working principle of a capacitively-biased diode [1].

A notable feature of the CBD technique is that, following the initial settling period, Vp becomes
independent of the initial voltage (Vop). The exact expression for the voltage across the diode is [3]:

Page 14 of 75



Sanja Kastratovié¢

_ _ _ _ _Vop _Is 1
Vp(t) = —nVrln [1 (1 exp ( nVT)) exp ( Cnv t)] [2] (1.7)
As depicted in Figure 1.4, we can identify two primary regions in the discharging process. Firstly, when
Is Vbp
-tk -2 12 18
v vy 2] (1.8)

the voltage on the diode is approximately Vpp. Secondly, when

Is Vbp
_ t>——= [2 1.9
v vy 2] (1.9)

the exponential term containing Vpop becomes insignificant, and Vp undergoes a logarithmic decay
independent of the initial voltage. This implies that sampling Vp in this region yields a voltage that is
insensitive to supply voltage noise.

Additionally, the minimum supply voltage is only slightly higher than the diode's forward voltage drop,
which is approximately 0.8V at cold temperatures. No additional headroom is necessary for other
components, such as current sources. Moreover, in comparison to current source biasing, a CBD-based
front-end requires fewer components, potentially enhancing accuracy.

To extract temperature information, the temperature-dependent voltage is sampled on the capacitor. At
a specific time, t, the diode is disconnected from the capacitor, sampling Vo on C. When the diode is
replaced by a diode-connected BJT, the voltage Vp = Vgt is shown by Equation (7.7). By sampling the
voltage at two different time instances, t1 and t;, and taking their difference, a PTAT voltage, AVge can be
obtained.

Ay =i (IC_1> LI (t_Z) (1.10)
q Ico q t

Here, it is evident that the PTAT voltage (AVge) is dependent on the time ratio, to/t;, rather than on the

absolute discharge time. As explained in the previous subsection, the sampled voltages Vge and AVge can

then be used to obtain the temperature in degrees Celsius.

A drawback of the CBD technique is the kT/C noise associated with sampling Vg on a capacitor.
Additionally, it is sensitive to variations in the master clock period, since the bias current in the diode is
set by the discharge time of the capacitor. However, it is worth noting that such errors will only impact Vee
and not AVge, which is defined by a time ratio. The clock sensitivity of CBD-based temperature sensors is
~0.13 °C/% of clock variation, which is not a major source of error considering that on-chip clocks with
inaccuracies below 0.1% can be achieved.

1.4 CBD-based temperature sensors

The first CBD-based temperature sensor was presented in [2]. As shown in Figure 1.5, its temperature
sensing element is a bulk diode. During a reset phase, switches M1, M2, M5 and M6 are closed, leading
to the charging of capacitors C; and C,. Afterwards, C1 and C; are discharged by closing switches M3 and
M4 during the time intervals ts; and ts,, respectively. At the end of ts;, the sampled voltage V(C;) is scaled
by a capacitive DAC and transferred to C,,, while the comparator is auto-zeroed. At the end of ts2, the
sampled voltage V(C;) is compared with the result, during the comparison step (tc). Using an 8-step SAR
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algorithm, the setting of the capacitor DAC is adjusted until V(C;) ~ V(C;). The required DAC setting is then
a digital representation of temperature.

Operating from supply voltages as low as 0.85V, the sensor achieves a relative inaccuracy of 2.8%. It is also
quite compact, occupying an area of only 0.0025 mm?, partially due to its implementation in a 16-nm
FinFET technology. However, its power supply sensitivity (PSS) is on the high side at 1.5°C/V and it
dissipates 18uW [2].

VDD Autozero

_./
_ ts2
tr M6
Caz
= Tr
X tc_— Out
Cp2
_|—v|= M4 }» ts2
C2 =1pF
LS(ts1) N
M1 ZS 1 L M2 LS(ts2)
D1 —l_ —!_ D2 Reset =fier ]}
,l o Discharge C1 ts1 -

= Discharge C2 S— ts2 ” L.
vss %7 Compare el

Figure 1.5 Switch-capacitor CBD-based sensor circuit [2].

Capacitive biasing can be applied to diodes, BJTs and MOSFETs. The design illustrated in Figure 1.6 is based
on a DTMOST, enabling operation at a supply voltage of 0.85V and achieving a supply sensitivity of
0.27°C/V. It operates by discharging the capacitor C across the diode-connected DTMOSTs and sampling
the temperature-dependent voltage Vc (Figure 1.6b). This voltage is then compared to a reference voltage
Vcrar provided by a conventional CTAT generator circuit (Figure 1.6a). Lastly, the comparator detects when
Vc reaches Vcrar and generates the output clock signals (Figure 1.6¢), that control the charge and discharge
times of the sensing core.

However, the design achieves a poor relative inaccuracy of 1.8% with one-point trim, mainly due to the
spread in the DTMOSTs present in both the sensing core and in the Vcar generator. Furthermore, at cold
temperatures, the slowly-decaying CBD-voltage fails to reach the reference voltage. This limits its
temperature range to -10°C to 90°C. It is compact, occupying 0.017 mm? in a 28nm process, but it
dissipates a relatively large power of 33.75 uW [7].
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Figure 1.6 CBD-based temperature sensor with DTMOST as sensing element: a) VCTAT generator; b)
DTMOST sensing code; c) relaxation oscillator [7].

A sensor that achieves better relative inaccuracy (0.67%) is depicted in Figure 1.7. In this design, the
sampling capacitors of a delta-sigma modulator are also used to generate two temperature-dependent
voltages, Vb1 and Vp,, across two P+/Nwell diodes. A CB pair consists of two such circuits that differentially
transfer the charge sampled on two Cs to the integrator. The second Cs can sample Vp, by discharging

across an identical diode for a duration t, that sets the current ratiop = Z—Z This way, AVp is differentially
1

transferred to the integrator. Alternatively, the second Cs can remain discharged, and the CBD pair in the
front-end transfers only one Vp to the integrator.

The sensor operates from a 1V supply voltage, which is primarily limited by the amplifiers used in the
modulator. Additionally, it covers the military temperature range: from -55°C to 125°C. With a power
consumption of 2.2uW, it occupies a chip area of 0.021mm? [13].

st C. P2 Cin
VDD '—O"D—<L—| l——(o—-—l |—

H—*
Dy & @ + an- + bS
NP f
D, 2 . 2 stage

Qo
. :t' Cs ¢2 cint
0-

Figure 1.7 Block diagram of a CBD-based temperature sensor [13].

1.4.1 State-of-the-art CBD-based temperature sensor

A state-of-the-art CBD-based temperature sensor, which is an improved version of the design in [13], is
shown in Figure 1.8. Based on diode-connected PNPs, it attains an impressive relative inaccuracy of 0.17%
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after a one-point trim. The discharging currents through the PNPs are turned off by switching their bases,
thus avoiding errors in the sampled Vge due to the PVT-dependent voltage drop across a switch in series
with the BJT. Furthermore, the modulator employs inverter-based pseudo-differential amplifiers, allowing
the sensor to operate from a 0.95V supply voltage [1].

Figure 1.8 shows the detailed single-sided operation of the CBD front-end along with the first integrator.
The sampling phase (®1) can be divided into two parts: the precharge phase (rst) and the discharge phase
(®s). During the rst phase, the sampling capacitor Cs is precharged to Vpp (Figure 1.8.1). When Qs is high
(Figure 1.8.2), Cs is disconnected from the supply voltage and the PNP is turned on by connecting its base
to the ground. Cs discharges through the diode-connected PNP for a duration of t, controlled by the ®;
and @3 switches. The BJT is turned on through its base and not through other connections (e.g. the emitter
side) to minimise the voltage drop across the switch. Additionally, switch @3 opens shortly after @, to
prevent charge injection from sampling onto Cs. The voltage Vee is sampled on the capacitor Cs during this
process (Figure 1.8.3). During the same phase (D), the integrator is autozeroed to mitigate its offset and
1/f noise and is biased in the correct operating region.

In @,, the PNP is turned off in a supply-independent manner by connecting its base to a voltage Vg ~ V.
This Vg is generated by an auxiliary CB PNP. Finally, the front-end is connected to the integrator, facilitating
the transfer of charge from Cs to Cinr for integration.

Vop (1) Reset & Auto-zere [2,': Discharging & Aute-zero
rst Cs
@tm ?1 i g Eq’i
[3) Sampling [4 Integration ¢1 ‘_L—
® G szL_Ji
}—‘ Ca ‘ rst f 5
'il>l> Hj« ot —
Ve

Figure 1.8 Single-sided switched-capacitor (SC) integrator with embedded CB PNP front-end [1].

The block-level architecture of the design proposed in [1] is depicted in Figure 1.9. This design incorporates
three differential CB pairs to drive a second-order single-bit delta-sigma modulator (DSM). The clock
signals of each CB pair are controlled by the bitstream (BS) output. In this way, a differential charge
proportional to either Vge or AVge can be transferred to the modulator, as follows:

BS=0: e = kAVBE
BS=1: e = (k - 1)AVBE - VBEZ
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Where k is the number of CB pairs in the front-end, which is 3 here. This gives a bitstream average, \:

(1 — WkAVgg + pu((k — 1)AVgg — Vggz) = 0 (1.11)
. KAVpy _ 30Vgp 1
VBE1 VBE1

The resulting 1 makes good use of the modulator’s dynamic range, as shown in Figure 1.10. The decimated
output can be linearised as follows:

a 3aAV,
foin = —F = BE (1.13)
ap+1 3alAVgg + Vggq
which can be further digitally processed and converted into temperature:
T = A + B (1.14)

where a, A and B are fitting coefficients.

CB pair
e BS=0: e=34Vse

e BS=1:e= 3AVBE -ng = MVBE -Vesz

AVie J ;VBEz

2 CB pairs ZMEE_,QG_, Loop |, :|: BS Y- 3 AVie
Filter Vaer

Figure 1.9 Block level architecture of the CBD sensor proposed in [1].
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Figure 1.10 Measured bitstream average over temperature of chip [1].

Page 19 of 75



Sanja Kastratovié¢

As an experiment, a version of the sensor with smaller sampling capacitors Cs = 800fF was taped out to
investigate whether the design could be scaled down further. However, measurements on 10 chips showed
that this version only achieves an inaccuracy of +0.31°C (30), after a PTAT trim at room temperature.

. 3AV . L . .
The measured bitstream average u = V—E’E for two different sampling time ratios (ti1/t; = 32 and 64) is
BE

shown in Figure 1.11. It can be seen that for large time ratios, the ADC clips at high temperatures. This is
because from Equation (7.6), reducing Creduces the bias current, which, in turn, reduces Vge, while AVge
increases with larger time ratios. To avoid this, the charge-balancing scheme must be modified, as will be
discussed in the following chapter. However, these results show that the area and power dissipation of
this design can be further optimised, while maintaining good accuracy over the military temperature
range.

1
-60 -40 -20 0 20 40 60 80 100 120 140

Temperature (°C)

AVBE

Figure 1.11 Measured bitstream average u = & across temperature for a time ratio p=32 and p=64.

BE

1.5 Project goals

The performance of state-of-the-art CBD-based temperature sensors with low supply voltages and low
power characteristics are summarised in Table 1.1.
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2019 [2] 2020 [7] 2021 [13] 2023 [1] Design goals
Technology 16nm FinFET 28nm 55nm 180nm 180nm
Type Bulk diode DTMOST P+/Nwell DT PNP PNP
SAR 0sC 2A DT zA DT 2A
Area [mm?] 0.0025 0.017 0.021 0.25 <0.125
Supply [V] 0.85-1 0.85-1.15 1-1.2 0.95-1.4 <0.9
T. Range [°C] -15-105 -10-90 -55-125 -55-125 -55-125
30 Error [°C] +1.5/-2.0 (0) +2.0 (0) +1.4 (0) +0.45 (0) < +0.20 (1)
(Trim point) 0.9 (1) +0.6** (1) +0.15 (1)
R.LA. [%] 2.9 (0) 4 (0) 1.6 (0) 0.5 (0) <0.22 (1)
(Trim point) 1.8 (1) 0.67 (1) 0.17 (1)
Power [uW] 18 33.75 2.2 0.81 <0.30
Tconv [ms] 0.013 0.1 6.4 128 128
Res. [mK] 300 10.2 15 1.8 <20
PSS [°C/V] 1.5 0.27 3.7 0.2 ~0.2
Res. FoM 21 0.36* 3.1 0.34 <0.34
[pIK?]

* Needs an additional frequency-to-digital converter ** With systematic error correction

Note that the resolution FoM, a metric of their energy efficiency, is calculated as:

Energy

LA (1.15)
Conversion

Res.FoM = X Resolution?

From this table, it is evident that the design in [1] achieves the best relative inaccuracy of 0.17%, after a
one-point trim. However, despite its low power dissipation (810nW) and excellent performance in other
respects, it occupies more area (0.25 mm?in 180nm CMOS) than the other designs. As we will see in the
following chapter, most of this area is occupied by capacitors. By reducing their size, both the area and the
power consumption of the sensor could be further minimised.

With this objective in mind, the goal of this project is to design a sub-1V CBD-based temperature sensor
in the same 180nm technology with less area (<0.125 mmz2) and lower power dissipation (<300 nW). The
sensor should also maintain a competitive inaccuracy of <0.2°C over the military temperature range, -55°C
to 125°C, after a one-point trim.

1.6 Organisation of the thesis

The remaining chapters of the thesis are organised as follows.

Chapter 2 introduces the proposed architecture. System-level techniques are described to reduce
capacitor size and obtain a compact, low-power CBD temperature sensor.
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Chapter 3 explores the circuit-level implementation of the sensor. Two subsections are discussed here: the
implementation of the CBD front-end and the realisation of the delta-sigma modulator (DSM).

Chapter 4 presents the simulated results of the sensor design, encompassing accuracy, resolution,
estimated area, and power consumption.

Lastly, Chapter 5 concludes the project with a discussion on future improvements.
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2 System level design

To design a compact, low-power, yet high-accuracy sub-1V temperature sensor, this project builds upon
the existing state-of-the-art CBD sensor described in [1]. This chapter elaborates on the chosen
architecture and discusses the design choices made to improve the previous work.

2.1 Reducing the area of the CBD SC temperature sensor

Figure 2.1 shows the die micrograph of the existing CBD temperature sensor [1], while Figure 2.2 shows
how much area is occupied by each circuit block. As can be seen, the area is dominated by the CBD front-
end and the autozero capacitors of the first integrator. The area of the digital part is dominated by the
clock booster capacitors. In the following, different ways of reducing the size of these capacitors will be
discussed. As will be seen, this also improves other aspects, such as power consumption, while maintaining
the good accuracy and energy efficiency of the original design.

e T e e ettt it S st it te et e et sttt attitstterssisssisises: Trereew
EE R S R N T i T rt e sesasesesy

Figure 2.1 Die micrograph of chip in [1].
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Figure 2.2 Area distribution of the chip in [1] in mm?.

2.2 Scaling the front-end

The sampling capacitors (Cs) dominate the front-end area. Decreasing it, both the front-end area and
dynamic power will be reduced, as given by:

PFE == Csxfsxng (21)
where fs is the sampling frequency of the front-end (and DSM in this case).

By reducing their size, the current through the BJT and the sampled voltage are also affected. For a given
discharge time, t, the BJT’s emitter current as a function of Cs is given by:

CsV.
I:(t) = St L (2.2)
Figure 2.3 shows this relationship for different values of Cs. It can be seen that I decreases as Cs decreases.

For the design in [1], Ie is as low as 3.7nA at the end of the discharge. Reducing this further reduces front-
end’s accuracy due to the following reasons.
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Figure 2.3 Current through a diode (ID) versus discharge time (t) for different CS sizes from 500fF to 16pF.

First, the BJT’s current gain, B, decreases rapidly for small values of I¢, as shown in Figure 2.4. Since the
PNPs are biased via their emitters, variations in B will affect their collector currents and thus, their ratios.

The resulting the error in AV is given by:
kT AS
AV, =— (2.3)
BEETOT T g B+ D(B, + 1)

where B; and B, are the current gains of the two BITs, and AP is their difference.

To reduce AB, Ie should be chosen such that the BJTs are operated in a region where B is relatively constant.
In Figure 2.4, we see that this occurs when [ is greater than ~100 pA.
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Figure 2.4 BJT’s B variation with respect to emitter current IE.

Second, as the collector current reduces, the non-linear error due to the BJT’s finite saturation current
(Is) increases, affecting the accuracy as follows:

KT /pl + I
AV _ (_> 2.4
BE,error q Ic + 15 ( )

To reduce the effect of Is non-linearity, le should be chosen such that Ic>>ls.

Considering these BJT non-idealities, an estimation of the minimum I¢ and with that smallest Cs can be
made, using the temperature sensitivity of the readout:

Dout Aiulln +B (2-5)
to AVge and Vg, as well as the gain a, as derived in [4], where y;, = V“:% .
BE BE
T
Dout
T) ~ — 2.6
Ve () VREF o
T
D ut ~
Savs (1) VREF (2.7)
T T
sDout (y ~ _(1 _ _) (2.8)
o (T) a A

From these equations, it can be seen that the sensitivity of Dout to errors in AVge is the most significant.
Figure 2.5a shows the temperature error in AVge for 25um? PNPs biased at different I with a current ratio
of p =32, using the testbench shown in Figure 2.5b. This is the same as the current ratio used in [1], which
achieved state-of-the-art accuracy. As It decreases, the temperature errors due to Is and B increase, setting
400pA as a lower limit for achieving the target inaccuracy of 0.18°C over the military temperature range.
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This leaves enough margin for additional sources of error, e.g. amplifier non-idealities, so that an
inaccuracy of 0.20°C can be achieved for the whole design. As in [1], the discharge times are, t1 =32ps and
t; = 1us, which result in a minimum sampling capacitor of 490fF.

0,
_‘WHE arror ['C)

L 1 | L | | L 1
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Figure 2.5 a) Temperature error in AVBE at different Ibias currents; b) Static biasing of two BJTs.

Besides the accuracy, another thing to consider when decreasing the size of Cs is the increase in the
sampled noise (kT/C). For an inaccuracy of 0.18°C, it would be reasonable to design a sensor with ~10
times better resolution, meaning 18mK at most. In the original SC CBD-based front-end design in [1], Cs of
4pF results in a resolution of 1.7mK. This means that for a resolution limit of 18K, Cs can be reduced by
a factor of 10% to a minimum value of 40fF. This is much smaller than the limit on Cs set by the accuracy
requirements, and so, resolution will not be a limiting factor.

In conclusion, Cs can be chosen as 490fF to reduce the front-end’s area and power as well as the following
stages of the modulator while maintaining good accuracy.
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2.3 Charge balancing readout scheme

The last thing to be considered is the effect of reducing le on the charge balancing scheme. This decreases
the sampled Vgg, which may cause the ADC to clip, as shown in Chapter 1. This can be prevented by scaling
W appropriately, as will be discussed in the following section.

For Cs = 490fF at 125°C, simulations show that:

BE1

~0.35

so a gain of k=3 will make the ADC clip. To prevent this, k=2 was chosen in this design, as shown in Figure
2.6. The new charge balancing scheme with two front-ends is shown in Figure 2.7.

T T
— 3AVBENBE
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Figure 2.6 Simulated value of u = —2£ and u = V BE across temperature, for p = 32.
BE
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Differential Loop » BSA
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Figure 2.7 Proposed charge balancing scheme.
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2.4 Scaling the autozero capacitors Cy,;

From the die micrograph shown in Figure 2.1 and Figure 2.2, the second largest elements are the autozero
capacitors, Caz, of the first integrator; therefore, they are the next candidate for area reduction.

Figure 2.8 shows the front-end and the first integrator of the modulator. An inverter-based amplifier is
used because it can operate from a sub-1V supply. The capacitors Caz work as level shifters, enabling the
amplifier’s virtual ground (VirtP and VirtN) to be set at a 0V input common mode (Vcwm). They also act as
autozero capacitors, sampling the offset from the output during one phase and subtracting it during the
integration phase.
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Figure 2.8 a) Front-end and the inverter-based integrator and b) their timing diagram.

The single-sided operation of the autozeroed inverter-based amplifier is shown in more detail in Figure
2.9. During the autozero (also biasing) phase (Figure 2.9a), the front-end is disconnected, and the PHAZ
switches are closed. The OTA’s bias current (originally 160nA) is set by the NMOS current mirror, and a
voltage Vbnl is stored on the Cazn capacitor. The bias current is generated using a constant-gm circuit.
Similarly, the PMOS input transistor's biasing voltage is set on the Cazp capacitor. Since the amplifier is
connected in unity gain, along with the bias voltage, the offset voltage is also stored on Caz.

During the integration phase (Figure 2.9b), the PHAZ switches are open: the biasing circuit is disconnected,
and the front-end and integration capacitor Cnr are connected for integration, while the autozero
capacitors are connected in series with the input to remove offset and provide the bias voltage to the input
pairs. The cascode transistors ensure a large gain >80dB across PVT. Here, it can be seen that the minimum
supply voltage for the OTA is V5 + 2V 354, thus permitting sub-1V operation.
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Figure 2.9 Single-sided inverter-based amplifier in a) autozero phase; b) integration phase.

The size of the autozero capacitors impacts the amplifier’s noise and bias stability as will be discussed in
the following.

Due to the sampling nature of the autozeroing, some of the amplifier’s noise will be under-sampled and
folded back to low frequencies (Figure 2.10). The magnitude of the folded-back noise is proportional to
the bandwidth of the amplifier during the autozero phase (fsw) and inversely proportional to the
autozeroing frequency (faz), and the noise amplification factor at low frequencies is given by [14]:
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2
N = few (2.9)
faz
Furthermore, few directly depends on the size of the autozero capacitor as follows:
1 Gm
= 2.10

This means that the smaller the Caz, the more noise falls in the band due to autozeroing. To ensure that
the front-end sensor dominates the noise, the autozero capacitors in [1] were made 4x larger than the
sampling capacitors.

Noise
PSD

faz few f

Figure 2.10 Noise folding due to autozeroing.

The size of Caz also determines how long it can hold the bias voltage in the presence of the leakage currents
flowing through the open switches at the gates of the input transistors. The smaller the capacitors, the
shorter the duration. Two types of drift are possible: differential drift and common mode drift. Differential
drift unequally changes the voltage at the inputs of the differential amplifier’s positive and negative sides
and causes offset. This is due to the mismatch between the differential half circuits. Common mode drift
causes the bias gate voltages of the input pair to change in the same direction, taking the input transistors
out of their desired operating region and potentially turning them off. This problem can be resolved either
by choosing a large enough Caz, optimising the autozero switches for low leakage or reducing the duration
for which Caz has to hold its charge.

Lastly, the PHAZ switches will inject charge onto the Caz capacitors when they open. The smaller the Cpz,
the larger the resulting voltage error. Similar to the leakage of the bias voltage from Ca; described above,
charge injection can lead to a differential drift, resulting in an offset, or a common mode drift. Since charge
injection is dependent on the size of the switches, as well as the size of parasitic capacitors at the gate of
the amplifier’s input pair, Caz scaling is a matter of circuit implementation and will be discussed in Chapter
3. However, the issues of noise down-sampling and the offset due to differential drift and charge injection
can be resolved by chopping, as will be explained below.
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2.3.1 Amplifier choppers

To enable the use of smaller autozero capacitors, the main amplifier can be chopped, as shown in Figure
2.11.

RST RST RST RST
Crwr 13T

RST Paz RST

Cpz Paz
Cs Cuz Cs

>0 >0

To the other branch Onz To the other branch AZ
or ground or ground

Figure 2.11 Chopper added to the first integrator: a) autozero phase; b) integration phase.

The choppers will upmodulate the offset and noise sampled on Caz to the chopping frequency fcy, as shown
in Figure 2.12. The chopping frequency should be at least as high as the autozero frequency. If the autozero
frequency is larger than fcy, then as shown in Figure 2.12b, some noise will fall in band (around DC). By
choosing the chopping and autozeroing frequencies to be at least the same, Figure 2.12c shows how the
sampled noise on Caz is upmodulated out of band.

Figure 2.13 shows in the time domain how the choppers eliminate the noise and offset sampled on Caz for
a frequency fcq = faz. Here, during one integration cycle, choppers are in positive polarity, and the noise
sampled on Ca; is positive. During the next integration cycle, the choppers change their polarity, and so
does the noise on Caz. On average, the noise cancels out across one chopping period (which is two
integration cycles). In the next cycle, the amplifier is autozeroing again, and new kT/C noise is sampled on
Caz, which is once again cancelled out at the end of one whole chopping period.

Nolse Noise
psp A PSD

—

faz Few ’| Jen Jen+ faz

y

Y
A 4

fon—faz  fa fon+ faz f

Figure 2.12 Noise power spectral density (PSD) versus frequency with a) autozero; b) autozero and
chopping for fCH < fAZ ; c) autozero and chopping for fCH > fAZ.
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Figure 2.13 Chopping sampled noise on CAZ in the time domain.

One additional benefit of the choppers is that they can remove the amplifier’s flicker noise. By reducing
the sampling and integration capacitors, the amplifier’s bandwidth increases, or for the same bandwidth
requires less current. To reduce the inverter-based amplifier’s current, while keeping the same gm/Id, the
transconductance (gm) decreases as well. To reduce gm, the input pair’s size decreases, increasing the

ﬁ, the inverse of the MOSFET area. The flicker noise corner sets
the lower boundary on fcy (and with that faz).

flicker noise since it is proportional to

The integrator operates once during each state of the choppers, setting the chopping frequency to be at
most fs/2. Consequently, the modulator’s behaviour can be depicted in Figure 2.14, as explained below.

Here we see that during ®1 (Figure 2.14(1,2)) the front-end is sampling the temperature-dependent
voltage by precharging the sampling capacitor to supply voltage Vop and then discharging it across the
diode-connected PNP for a specific time. In the meantime, the integrator that is disconnected from the
front-end and is autozeroing. Its offset and biasing voltage are stored on the Caz capacitor. Then, during ©,
(Figure 2.14(3)) the sampling capacitor is connected to the integrator and the charge is transferred for
integration.

In the next @1 (Figure 2.14(4,5)), the choppers change their polarity, and once again, the front-end samples
the temperature-dependent voltage. This time, the integrator is not autozeroing. Instead, it is set in a “do
nothing” mode where the charge on the integration capacitors is stored, and no events are happening
with the amplifier. Then, once again, in @©, (Figure 2.14(6)), the charge from Cs is integrated in an
incremental mode. After this, the choppers’ polarity is reversed to its original values, and the offset, flicker
and thermal noise sampled on the Ca; are chopped. Afterwards, the amplifier can be autozeroed again.
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Figure 2.14 a) Integrator behaviour; b) Timing diagram.

2.5 Summary

This chapter discussed the system-level design of the proposed temperature sensor built upon the CB
temperature sensor given in [1]. In addition to the advantages of the proposed changes, drawbacks were
also discussed with proposed methods to mitigate them. These will be taken into consideration when
designing the circuit in the following chapter.
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3 Circuit implementation

In this chapter, the circuit implementation of two main blocks is discussed: the CBD front-end and the
delta-sigma modulator readout. After this, the clock control logic is described.

3.1 CBD Front-end

Most of the front-end area is occupied by the six sampling capacitors; therefore, as discussed in Chapter
2, they should be made as small as possible (estimated Cs = 490fF) while maintaining good accuracy.
However, the choice of BJT also affects the accuracy so this must be decided first.

3.1.1 Scaling down the PNP

The original design employed 5x5um? PNPs [1]. Implementing the CB front-end shown in Figure 2.8 with
Cs = 490fF, a 5x5 pm? PNP and an ideal readout results in a 3o inaccuracy of 0.15°C across the temperature
range of -55°C to 125°C for a time ratio 32 (t1=32us, t2=1ps), as seen in Figure 3.1. This is in excellent
agreement with the measurement results, indicating that the BJTs in this process are well-modelled.

5 [ T
R —
5 o=k = = ————
L= — ——— =
Llj _ﬁ"—7R_ﬁ;;§'_;11'_’;:,:;;;€-.

5

0 0 50 100
0.2

Error (°C)

Temperature (°C)

Figure 3.1 Monte Carlo (20 points, mismatch and process spread) SC CBD inaccuracy with ideal switches
and Cs = 490fF, VDD=0.9V and p = 32 without (top) and with a 1-point PTAT trim at 25°C (bottom).

Using a smaller PNP (2x2um?) increases the emitter current density, and thus increases Vg, as shown in
Figure 3.2. Compared to the 5x5um? device, the accuracy is quite similar (30 = 0.16°Figure 3.3%8q), but
the ADC range is reduced, resulting in a longer conversion time for equal resolutionFigure 3.4:85),
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A larger BJT, such as a 10x10 um? PNP, would be expected to spread less, and thus achieve better accuracy
at the cost of area. Additionally, Vee will be smaller (Figure 3.2) resulting in larger ADC range and shorter
conversion time (Figure 3.4). However, a larger BJT will have larger parasitic capacitors, C,, between
emitter and ground, which will decrease the initial voltage across Cs. If this drops below Vg, which is
highest at low temperatures, it will result in significant errors, as shown in Figure 3.3b. To avoid this, the
supply voltage needs to be increased above 1V to compensate for the initial voltage drop.

—10x10PNP
r —5x5PNP |
——2ePNe |3
CH |
-4 L
10 :
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107 *§E 7
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Figure 3.2 a) Ie and b) Ve versus time for PNPs of different areas with Cs = 490fF and VDD=0.9V across
temperature.
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Figure 3.3 Monte Carlo (20 points, mismatch and process spread) SC CBD inaccuracy with real switches
and Cs = 490fF, VDD=0.9V and p = 32 without (top) and with a 1-point PTAT trim at 25°C (bottom) for
a) 2x2 PNP; b) 10x10 PNP.
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Figure 3.4 Decimated output over temperature for a 2x2, 5x5 and 10x10 PNP device with Cs = 490fF and
p =32 fora) VDD = 0.9V and b) VDD = 0.95V.

Alternatively, an NPN can be used to generate the temperature-dependent voltages Vge and AVgeg, as shown
in Figure 3.5. This was tried in an earlier tape-out, but as can be seen from the measurements shown in
Figure 3.6, the resulting sensor exhibits significant non-linearity at high temperatures due to the leakage
through the parasitic diode between the deep-n-well collector and the p-substrate. Considering that the

area of this diode was minimized by using a custom device with a 1x1 mm? emitter area, it was decided
not to use NPNs in this design.

To conclude, a 5x5um? PNP will still be used as the sensing device in the SC front-end.
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Figure 3.5 CBD Front-end with NPN device.
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Figure 3.6 Measured inaccuracy of a 1x1 NPN-based CBD front end without (top) and with a 1-point PTAT
trim at 25°C (bottom).

3.1.2 Scaling down the front-end sampling capacitor, Cs

Besides the BJT non-idealities discussed in Chapter 2, the minimum size of Cs is also limited by switch
leakage. A version of the SC CBD-based temperature sensor given in [1] with 0.8pF Cs was taped out,
resulting in an inaccuracy of 0.31°C (3c) with VDD = 0.95V (Figure 3.7). Apart from the poor performance
of two chips at low temperatures, the sensor’s accuracy was limited by leakage at high temperatures,
mainly through SW4 and SW5 (Figure 3.8), which will be optimized in this design.
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Figure 3.7 Measured inaccuracy of a 5x5 PNP-based CBD front end with Cs = 0.8pF without (top) and with
a 1-point PTAT trim at 250C (bottom).

There are two types of leakage: subthreshold leakage from the drain to the source of the switches and
leakage through the source/substrate and drain/substrate PN junctions, which become exponentially
worse at higher temperatures. To reduce their leakage, the switches were implemented with long NMOS
transistors of size W/L = 220nm/700nm. Since Vg is larger at lower temperatures, an additional PMOS
switch of the same size is added in parallel to take over the switch’s function at colder temperatures.
Additionally, SW5 is implemented with a high-threshold voltage (HVT) NMOS device driven by a boosted
2Vpp clock signal. This way, over PVT, the largest leakage current is 1.12pA through SW4 and 4.5pA through
SWS5. They are much smaller than the minimum Ie of 880pA at 125°C.

The reset switch SW1 also shows high leakage and is implemented with a minimum-size PMOS T-switch,
resulting in a leakage current of maximum 1.8pA across PVT.

The SW3 switch was implemented with an NMOS switch of size W/L = 4um/350nm, with a boosted clock
signal of 2Vpp for low on-resistance of 270Q to minimise the voltage drop due to the base current.
Additionally, SW3 is surrounded by half-sized dummy switches for low charge-injection.

Lastly, switches SW2 and SW6 are implemented with simple NMOS devices of sizes W/L = 500nm/180nm
and W/L = 220nm/180nm, respectively. SW2 was made wider to reduce its on-resistance and the
associated voltage drop across it when Cs is discharging through the BJT.

Page 40 of 75



Sanja Kastratovié¢

Vbp
SW1\1: C;S
|
sws\: L§ by S > INT1
f YW4 iswz

second FE
branch

A
] INT1

4

1

1

* SW6

A - SwW3 - ’
second FE SW2
branch
Ve

Figure 3.8 Single-sided front-end with switches a) representation; b) real implementation.

Despite optimising the switch leakage, simulations showed that the bias current had to be increased to
650pA to achieve the target inaccuracy. This choice results in Cs = 800fF, and a front-end inaccuracy of
0.18°C after a single-point PTAT trim at a supply voltage of 0.9V, (Figure 3.9a). Similarly, the inaccuracy at
a supply voltage of 0.95V is 0.19°C (Figure 3.9b).

For the case of shorter discharge times of t; = 16us and t, = 0.5us, the inaccuracy plots are shown in Figure
3.10 and result in a 30 inaccuracy of 0.17°C at a supply voltage of 0.9V.

As a result, the front-end area is approximately five times less than that in [1].
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Figure 3.9 Monte Carlo (20 points, mismatch and process spread) SC CBD inaccuracy with real switches
and Cs = 800fF and p = 32 without (top) and with a 1-point PTAT trim at 25°C (bottom) for a) VDD = 0.9V
and b) VDD = 0.95V.
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Figure 3.10 Monte Carlo (20 points, mismatch and process spread) SC CBD inaccuracy with real switches
and CS = 800fF and p = 32, for halved discharge time t1 and t2 without (top) and with a 1-point PTAT trim
at 250C (bottom) for VDD = 0.9V.

3.1.3. Front-end biasing voltage generator

To turn off the PNP during @,, its base is connected to a biasing voltage, Vs, (Figure 2.8). This voltage is
generated by a simplified replica of the front-end, as shown in Figure 3.11 [1]. The biasing circuit is shared
by both CBD front-ends. Since Vs does not need to be accurate, the switches’ requirements are relaxed.
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Figure 3.11 Front-end biasing circuit and its timing diagram.
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3.2 Delta-sigma modulator readout

3.2.1 DSM topology

As in [1], a 2" order delta-sigma ADC, as depicted in Figure 3.12, is used to balance the PTAT and CTAT
voltages from the front-end and digitise their ratio. A feed-forward topology was employed to ensure a
small swing at the output of the 1 integrator and, with that, better circuit linearity. The modulator’s
coefficients were scaled such that a swing of £200mV is kept at the output of each integrator. This swing
requirements are further discussed in the following sections. The coefficients are shown in Table 3.1.

With fs; = 15.625kHz, a target conversion period of 128ms, and an OSR of 1000, given the thermal noise is
limited by Cs=800fF, the modulator provides an SNR = 96dB. This is equivalent to a resolution of 2.8mK,
determined by the front-end capacitors, over a temperature range of -55°C to 125°C, as given by:

Temp range) 3.1)

NR =201 (
S Olog resolution

:I}
| =

28V ) 271 e 271 O :F BS
AVpg — Vpg = 1-21 1-21

Y

Figure 3.12 DSM Block architecture.

Table 3.1 Coefficients for the implemented DSM.

DSM Coefficient Value
by 0.6
b, 0.4
C1 2
G 2.5

3.2.3 Amplifier design

As explained in Chapter 2, the first integrator is built around a pseudo-differential inverter-based amplifier.
The single-sided operation of the amplifier during autozero and integration phase is shown in Figure 3.14.
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The required amplifier’s open-loop gain is determined by the required DSM open-loop gain. To achieve an
SNR = 96dB and, with that, a resolution of ~2.8mK, the DSM open-loop gain (Apsm) should be [15]:

Apsy ~ 10 X SNR = 116dB (3.2)

Since it is a 2"Y order modulator, the open-loop gain of one amplifier should be >58dB across temperature
and corner. To suppress any amplifier non-linearities, the amplifier was designed for a higher gain of 80dB,
with a minimum value of 65dB across PVT, as seen in Figure 3.15a.

The amplifier’s gain-bandwidth (GBW) is set at 137.5kHz with a load capacitance of 1.9pF, constituting of
the sampling capacitors of the first and second integrator, first integration capacitor, feed-forward
capacitors and the common-mode feedback capacitors, as shown in Figure 3.13. This bandwidth ensures
that the output settles within 5t resulting in an inaccuracy error of less than 6mK (5t), which is equivalent
to 25V settling error in Vge.

RST RST
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| Crr
| —_ Il D
2 RST “ Adder
2
D1
Cs Caz N Cso
Virt ]
FE BJT " " nd
1 o2 I/- o2 " E 2% Integrator
02 o1 @1 Cem J_

Virt
Other branch

Figure 3.13 Switch-capacitor implementation of first integrator.

The transistors are set in saturation with a minimum saturation margin, Vpsar, of 30mV across PVT. This
allows for a sub-1V operation of the amplifier. The input pair is biased in weak inversion for high current
efficiency with a gm/Id value of 20. Since Cs is 5x smaller than in [1], the amplifier is operating at a current
of 32nA (per OTA branch), which is also 5x smaller than the current used in the previous design [1].

To reduce the inverter-based amplifier’s current, for the same gm/Id = 20, the size of the input pair has to
be scaled down as well, resulting in a smaller transconductance. This increases the 1/f and thermal noise
of the amplifier. The thermal noise voltage will be v5x larger than the previous design, at 0.16uV/VHz.
Despite this, the kT/C noise of the front-end still dominates the noise floor. As for the flicker noise, with its
corner set at 1.1kHz (Figure 3.15b), it can be removed by chopping the amplifier, as discussed in the
following subsections.

The biasing voltages for the gates of the NMOS input transistor as well as the cascodes are provided by a
replica biasing circuit shown in Figure 3.16. Here, the current of 6nA is copied to the main amplifier via a
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current mirror. The same biasing is reused in the 2" integrator. The current through the biasing circuit is

provided by a constant-gm circuit [1].
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Figure 3.14 Single-sided inverter-based amplifier in a) autozero phase; b) integration phase.
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Figure 3.16 OTA Biasing circuit.

3.2.3.1 Reducing the autozero capacitors

To reduce Caz, we look at the error in accuracy caused by decreasing its value. Firstly, to achieve a 3o
inaccuracy of 0.20°C, with the front-end designed above of an inaccuracy of ~0.18°C, the DSM should
contribute an error no larger than:

eamp < /0.22 —0.182 ~ 0.09°C (3.3)

To be on the safe side, the amplifier error budget is set to 0.06°C. With this, the error the amplifier can
make on AVg is then:
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0.06

Dout

Verroravgs = (3.4)
where Sf{}g; is the sensitivity of the decimated output to AVege given by Equation (Z2.7) and which has a
value of approximately 526. With this, the differential error in AVge is 114uV. Assuming a 10% mismatch
between the transistors in the two OTA branches, this results in an allowable error of 1.2mV in the sampled
voltage on Caz.

There are three error sources to be considered here: the effect of sampled noise on Caz on the accuracy,
the charge injection and drift due to leakage.

Assuming these error sources are maximum, each error source has a budget of 1.31_:1/ ~690uV. Therefore,
the sampled kT/C noise for 50 is given by:
kT
5 x oo < 690uV (3.5)

AZ
From this, we get that Caz > 260fF at 125°C.

The charge injection and leakage are determined by both Caz and the type and size of the autozero switch.
Therefore, we can first choose a large enough Ca; that satisfies the noise and area requirements and
determine the AZ switch topology and size based on the leakage and charge injection requirements. In
addition to the noise requirement, Caz must be ~10x larger than the gate parasitic capacitance of the
amplifier’s input pair (~38fF) to avoid any charge sharing. Therefore, Caz of 400fF is chosen.

For this Caz value, the allowed leakage current through the AZ switches is given by:

3
Lieak X 7 taz (3.6)

< 690uV

Caz
where ty; is the autozero period of 1/faz = 133us, and AZ has a duty cycle of 25%. From this, we get that
leak < 2.7pA across temperature. To minimise the leakage, the autozero switches were implemented with
minimum-size HYT NMOS devices. The largest leakage current is then 1.4pA across PVT, and so the voltage

across Cpz drifts by 320V at most over one autozero period across PVT.

Lastly, charge injection due to these AZ switches results in an amplifier output common mode voltage
(Vewm) difference of 625uV, which is tolerable, considering that the output Vem is at Vop/2 ~ 450mV. With a
10% mismatch between the two branches of the amplifier, the charge injection will cause only a small
offset of 6.25uV after chopping, fitting within the accuracy budget for the amplifier.

However, the smaller Caz results in larger sampled noise, which will affect the resolution. To mitigate that,
choppers are added around the amplifier, as discussed in the following section.

3.2.3.2 Choppers

The choppers are added to the amplifier as shown in Figure 3.17. Input choppers are implemented using
minimum-size NMOS switches for small charge injection. For the output choppers, there are two options:
either implementing them between the cascodes and the input pair or at the output. Here, they were
implemented in cascode to ensure fast settling. The drawback is that at this position, they cannot remove
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the 1/f noise of the cascode transistors. However, they contribute smaller noise in comparison to the input
pair. In addition, they use minimume-size switches for small charge injection. Because of the voltage level
across the choppers, the choppers on the PMOS side were implemented using PMOS devices, while on
the NMOS side, they used NMOS devices.

The frequency at which the choppers operate should be larger than the corner frequency of the amplifier’s
flicker noise, which is at 1.1kHz. The chopping frequency is set at fs/2 = 7.5kHz, which allows for two
conversion cycles per chopping period.
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Figure 3.17 First integrator with choppers.

3.2.3.3 CMFB
The common-mode feedback circuit (CMFB) is shown in Figure 3.18 [17].

During ®,, the common-mode feedback capacitors, Ccm, are connected to the ground, Vss, and the supply
voltage, Vop. Looking at a single side, the charge on the two capacitors is:

chl = Ccm X0+ Ccm X VDD = Ccm X VDD (3'7)

During ®,, Ccm is connected between the virtual ground at the input of the amplifier (VirtP and VirtN) and
the output of the amplifier (VOP and VON). Looking at a single side, the charge on the two capacitors is:

Qo2 = Com X (Vop — Virtp) + Com X (Von — VirtP) (3.8)
Qo2 = Cem X (Vop + Von — 2Virtp) (39)

Through conservation of charge, we have that the voltage at the input of the amplifier, VirtP, is regulated
as:
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Vop +V, V
Virtp = % _ % (3.10)

This way, the output Vewm is regulated back to Vpp/2 by correcting the charge at the virtual node of the

amplifier.
VDD
VSS
®1 ®2 ®1 &2 @1
@1
Cem Cem Cem
T - T T =
VirtP
01’

1 )
VirtN O—0 —i VirtN
@1 Cem J— Cem
@1 ’
Vi

Vss

1

—i VirtP

1

vss P2 1 P2 1

] VoP VDD VON VSS VOP VDD

Figure 3.18 CMFB circuit during a) ®1 and b) @2.

The advantage of the switch-capacitor CMFB at the virtual ground of the amplifier is the correction of the
Vem of the front-end, shown in Figure 3.19. During the sampling phase, @1, the CTAT voltage Ve is sampled
across both the Cs and the BJT parasitic capacitor Cpe. Then, during @,, when the charge is transferred to
the integrator, it is transferred with respect to the front-end Vem,in. Ideally, this voltage is:

Vep1 +V,
Vemin = _BE1 ' "BE2 (3.11)
’ 2
However, due to the presence of the BJT parasitic capacitors, it is:
Vg1 + Ve Che
Viry i = + v 3.12
CM,in 2 CS + Cbe B ( )

In this implementation, Vg ~ Vge = 600mV, while Cs = 0.8pF. For a 5x5 PNP, the parasitic capacitor Cye = 32fF,
resulting in a shift in the front-end Vcm,in of 23mV.
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Figure 3.19 a) Front-end VCM shift circuit diagram; b) Voltage across CS and parasitic capacitors during
sampling and integration phase.

To fix this shift in the input Vcm,in, we need to choose carefully the common-mode capacitor values, Cem,
from Figure 3.18. On the one hand, these capacitors should be large to compensate for the input Vcwm,in
shift as follows:

2Cs X AVCM,in = 2Ccm X AVCM,oulf (3'13)
On the other hand, Ccm should be as small as possible to reduce their noise contribution.

With a 900mV supply voltage, 100mV Vps across each transistor in the amplifier and a £200mV output
swing, the amplifier can tolerate a common-mode shift of +40mV at the output. This results in a Ccm size
of 0.4pF, which is two times smaller than in the previous design, reducing both the area as well as the
noise contribution of the CMFB.

To conclude on the first integrator, through added chopping as well as switch optimisation, without
compromising the accuracy, the amplifier area was significantly reduced. The area-dominating autozero
capacitors were scaled down by a factor of 42.5 in comparison to [1].

3.2.3 Implementation of the 2" integrator

The second stage of the modulator is a scaled version of the first integrator with smaller capacitors (Cs; =
0.1pF, Cint2 = 0.25pF) and smaller power consumption of the OTA (6.2nA per branch) (Figure 3.20). The
noise of the second stage is suppressed by the first stage, meaning there is no requirement for choppers.
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Figure 3.20 Second integrator.

The outputs of the first and second stages are added using a switch-capacitor adder with small capacitors
of 0.1pF and 0.125pF, respectively.

3.3 Timing control

The clock signals for the front-end and the DSM are generated from an external clock of 1MHz via digital
logic. Flexibility for the time ratio p = 8,16,32,64 is programmed on the chip. Furthermore, to reduce the
mismatch between the BJTs and small Cs in the front-end, system-level chopping and dynamic element
matching (DEM) were used.

System-level chopping is shown in Figure 3.21. One conversion of 64ms is conducted with Vge generated
from the BJT in the positive half of the differential front-end, and in the second conversion of 64ms, Vg is
generated by the BJT in the negative half of the differential front-end.

The timing diagram for a bitstream-controlled DEM is shown in Figure 3.22. The comparator makes a
decision just before the end of ®,, and the available bitstream determines whether in the next cycle (in
@1) 2AVge or AVge — Ve are sampled. When the bitstream output is 1, in one cycle, the -Vge voltage is
generated from front-end FE1; in the other cycle, it is generated from front-end FE2.

Both chopping and DEM ensure that all four BJTs in the front-end generate VBE, minimising mismatch
errors and improving accuracy.
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Figure 3.21 System-level chopping.
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Figure 3.22 Dynamic element matching (DEM) timing diagram.

3.3.1 Clock boosters

Lastly, some of the switches in the sensor require clock signals boosted beyond rail to 2Vpp due to their
leakage and settling requirements. The advantages of the conventional clock boosters used in [1] are their
fast start-up and single-clock phase. However, they occupy a large area (as seen in Figure 2.1 and Figure
2.2 ) using two capacitors. Therefore, a new clock booster circuit [16] is used in this design, as shown in
Figure 3.23.

The main advantage of these clock boosters in comparison to the original design is that they use only one
capacitor, reducing the total capacitance and area, in addition to using a smaller number of transistors.
With a Cg = 0.4pF, the voltage is boosted from 0.9V (Vpp) to 1.72V (2Vop) across PVT with a turn-on time of
15ps.
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This way, the total capacitance of the clock boosters has been reduced by 3.2x compared to the original
design (Figure 3.24), resulting in an area and power reduction, with no cost to the clock boosters'

performance.

CLKB [D—

—
"

V_DD

0.5um/0.18um

37
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T

— Voo

1
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Figure 3.23 Circuit schematic of the implemented single-capacitor clock booster [16].
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Figure 3.24 Circuit schematic of the clock boosters in [1].
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3.3 Area estimation

After going through different techniques to reduce the area of the chip, a summary of the area reduction
of each block is shown in Figure 3.25. As seen, the total block area (without top-level wiring) is estimated
to be reduced by a factor of 3.9, from 0.17mm? to 0.044mm?. With the top-level wiring, the total block
area is estimated to increase 1.5 times, resulting in an estimated total area of 0.066mm?, which meets the

design goal. Additionally, the total capacitance was reduced by a factor of 8.6, from 69pF to 8pF, as seen
in Table 3.2.

0.0095 0.004013

333
6% 0.0301 0.001171

[v)
0.0095 9% 429

2% V 3%
12258
61

8%

0.0021

1%\
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0.0492 19%

0.01165 29%
7%
0.000788 _/ 0.002425
0.02658 889 0.00544 688
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m CBD FE m Cazl m CBD FE m Cazl
= INT1 INT2 m INT1 INT2
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m Clock boosters m Digital block m Clock boosters m Digital block

Figure 3.25 Area distribution in mm? of each block in a) design in [1]; b) this design.
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Table 3.2 Dominant capacitor values in the original [1] and this design.

Single-sided capacitors

Original design [pF]

Scaling down factor

Sanja Kastratovié¢

This design [pF]

Cs1 3x4 7.5 2x0.8
Cint1 12 4.3 2.6
Cs2 0.45 4.5 0.1
Cint2 1.8 7.2 0.25
Crr1 0.2 2 0.1
Crr2 0.4 3.2 0.125
Cem1 2x0.8 2 2x0.4
Ccm2 2x0.05 1 2x0.05
Cann 2x16.8 42 2x0.4
Cazz 2x1.6 4 2x0.4
Cs,bias 4 5 0.8
Total capacitance 69.35 8.6 8.075

3.4 Summary

In this chapter, the circuit implementation of the main blocks of the sensor was discussed, mainly the
CBD front-end and the DSM. They were designed to reduce the total area of the chip, as shown above.

The next chapter will discuss the simulation results of the chip in Cadence Virtuoso.
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4 Simulation results

This chapter shows the simulated results of the CBD-based temperature sensor described in the previous
chapter.

4.1 Modulator behaviour

The output swings of the first and second integrator and the adder across temperature and corner are
shown in Figure 4.1 and Figure 4.2, separately. They vary across temperature since the sampled input
voltages AVge and Vg also vary with temperature, with Vge being largest at cold temperatures. Over the
military temperature range, both integrators were designed to have output swings of £200mV, which is
within the given headroom of the sub-1V OTAs. The output swing results across temperature and corner
are shown in Table 4.1.

1600 -
1200 7 .
80.0

INTL Vout | w0 3y
TT 27°C ;ga.o

INT]. Vout
$S -55°C

INTl Vout 0.0
FF 125°C

-160.0 1 2
28.0 28,6 29.2 29.8 30.4 31.0 316 322 328 334 34.0
time (ms)

Figure 4.1 Output swing of the first integrator across corner and temperature.

Page 57 of 75



INT2 Vout
TT 27°C

INT2 Vour
§S -55°C

INT2 Vout
FF 125°C

V{(mv)

V(mv)

V(mv)

Adder
cht
£ TT27°C

Adder
: cht
SS -55°C

. Adder
0 Vou
© FF125°C

Sanja Kastratovi¢

140.0
%0 7
60.0 E
400 4
s20 3
Eoo
200 ]
w00 4

600
00 4

Figure 4.2 Output swings of the a) 2nd integrator; and b) the SC adder across corners and temperature.

Table 4.1 Output swings of the a) 1st integrator; b) 2nd integrator; and c) the SC adder across corners

and temperature.

Max swing [mV] | Min swing [mV]
TT 27°C INT1 142.8 -145.7
INT2 27.0 -96.7
Adder 41.1 -62.9
SS-55°C | INT1 186.7 -187.0
INT2 16.0 -208.5
Adder 435 -119.7
FF 125°C INT1 58.5 -79.3
INT2 36.5 -14.2
Adder 30.1 -19.2

The output common mode voltage (Vcm) of the first and second integrator across temperature and corner
is shown in Figure 4.3. The output Vem of the first integrator shifts by ~30mV at most in the SS corner at
cold temperatures. This corresponds to the input Vcm shift of the front-end (described in Chapter 3), as
seen in Figure 4.4. The front-end input Vem shifts by 17.7mV at SS -550C at most, which causes the 30mV
shift in the Vcm at the output of the first integrator. The second integrator’s output Vem shifts by 35mV at
most. The large fluctuations in the Vcwm present at FF 125°C in both integrators are due to the effect of
leakage on the biasing voltage stored on the autozero capacitors, Caz. Considering the Vcu drift over
temperature and corner, as well as the output swing, the amplifier can work well at a supply as low as

0.9V.
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Figure 4.3 Output VCM of the a) 1st integrator and b) 2nd integrator across temperature and corner.
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Figure 4.4 Input VCM of the front-end across temperature and corner.

4.2 Accuracy

In Chapter 3, the front-end was designed to achieve an inaccuracy of 30 = 0.18°C after one-point trim with
an ideal readout circuit. The readout circuit should not worsen this result to an inaccuracy larger than
0.2°C. Due to the high gain of each stage of the DSM, the first integrator will be the most dominant error
source in the readout circuit. The transient Monte Carlo accuracy results of the SC front-end and the
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implemented first integrator with and without a one-point trim at room temperature are shown in Figure
4.5. The inaccuracy goes up to 0.20°C after a one-point trim at a supply voltage of 0.9V. The inaccuracy
does not worsen further after adding choppers to the amplifier in the first integrator, as can be seen in
Figure 4.6. Similarly, at a supply of 0.95V, the inaccuracy is 0.19°C, as seen in Figure 4.7.

The fitting coefficients for converting the decimated output u into temperature are:

au 3.8u
1 B =566.5 38 1 281.8 (4.1)

T=A

Lastly, the decimated output obtained with an ideal second stage and quantiser and real ones is compared,

resulting in a temperature error of less than 0.1°C across corner and temperature. Finally, the entire sensor
has a 3o inaccuracy of 0.2°C.

Error (°C)
o

'
(6]

o
(N

Error (°C)

Temperature (°C)

Figure 4.5 Monte Carlo (20 points, mismatch and process spread) inaccuracy of the front-end and first
integrator (without OTA choppers) with Cs = 800fF, Vpp=0.9V and p = 32 without trimming (top) and with
a 1-point PTAT trim at 25°C (bottom).
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Figure 4.6 Monte Carlo (20 points, mismatch and process spread) inaccuracy of the front-end and first
integrator with OTA choppers with Cs = 800fF, Vpp=0.95V and p = 32 without (top) and with a 1-point
PTAT trim at 25°C (bottom).
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Figure 4.7 Monte Carlo (20 points, mismatch and process spread) inaccuracy of the front-end and first
integrator with OTA choppers with CS = 800fF, VDD=0.95V and p = 32 without (top) and with a 1-point
PTAT trim at 250C (bottom).
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4.2.1 Power supply sensitivity of the front-end

Monte Carlo simulations were done at three temperatures (-55°C, 27°C, 125°C) with supply voltages from
0.9 Vto 1.4 V. The sensor achieves a power-supply sensitivity (PSS) of 0.08°C/V at room temperature and
0.24°C/V across temperatures (Figure 4.8), which align with the measured PSS in [1]. The large spread at
125°C is due to the leakage of the front-end switches.

For a shorter discharge time of t; = 16us and t, = 0.5us, the PSS from 0.9 V to 1.4 V is 0.44°C/V, shown in
Figure 4.9. However, accepting the fact that the sensor no longer works well at 0.9V, the PSS from 0.95 to
1.4V is at most 0.11°C/V across temperatures (0.03°C/V at room temperature), compared to 0.10°C/V
(0.07°C/V at room temperature) with the longer discharge time.
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O—. . — — o N —_— e — = e
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Error [°C]
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Figure 4.8 Monte Carlo (20 points, process spread) simulation of power-supply sensitivity (PSS) at a) SS -
55C; b) TT 270C; c) FF 1250C.
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Figure 4.9 Monte Carlo (20 points, process spread) simulation of power-supply sensitivity (PSS) with
halved discharge time at a) SS -55C; b) TT 270C; c) FF 1250C.

4.3 Layout and area estimation

One of the main goals of this design was to reduce the chip area. Originally, the area was 0.25mm? in a
standard 180nm CMOS process [1], and the objective was to halve it at least. Since most of the area is
occupied by large capacitors such as the sampling capacitors, Cs, and the autozero capacitors in the
amplifier, Caz, the main task was reducing the total capacitance of the circuit. This was reduced by a factor
of 8.6, from 69pF to 8pF. The area without top wiring is estimated to be reduced by a factor of 3.8 to
0.044mm?. The estimated layout of the design in comparison to the chip in [1] is shown in Figure 4.10.
With wiring, this ultimately results in a total area estimation of 0.066mm? and an area improvement by
3.8x, as per the specifications.
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Figure 4.10 Area comparison of design in [1] (top) and estimated layout of this design (bottom).

4.4 Power dissipation

By reducing the design's total capacitance, the circuit's dynamic power decreases as well. Since this
dominates, a reduction of the analogue power by a factor of two is expected. Figure 4.11 and Figure 4.12
show the simulated power breakdown for a supply voltage of 0.9V, which is the minimum supply voltage.
As seen from Figure 4.12, the digital circuitry now consumes most of the power (52%). Compared to the
original design [1], the digital power was reduced from 225nW to 176nW (at 1V supply, Table 4.2), mainly
because the number of CBD FEs, and hence the required clock signals, was reduced from three to two. As
for the analogue sub-blocks, the total power was reduced by a factor of 4.3, from 685nW to 159nW (at 1V
supply, Table 4.2). Most of the analogue power is consumed by the first integrator (Figure 4.11), the clock
boosters and the CBD front-end.

Since the design operates at 0.9V supply voltage, the total simulated power here is 275.7nW, with the
analogue part consuming only 132.7 nW. With this, the total power has been reduced from 810nW [1] by
a factor of 3.
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Figure 4.11 Simulated analogue power consumption breakdown per block at 0.9V supply.
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Figure 4.12 Simulated total power consumption breakdown per block at 0.9V supply.
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Table 4.2 Comparison of power consumption between the original [1] and this design at VDD = 1V.

Vpp =1V Original design [1] This design
Analog power [nW] 685 159
Digital power [nW] 225 176

Total power [nW] 890 335

4.5 Resolution

The FFT of the modulator’s bitstream output at room temperature is shown in Figure 4.13. Clear second-
order noise-shaping in addition to the input signal at DC can be observed. Additionally, Figure 4.13
compares the effect of the chopping of the first amplifier on the folded-back noise due to the small Caz
size. An improvement of ~5dB in the noise floor can be seen.

-20 -
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Figure 4.13 Modulator's frequency response with and without chopping.

The simulated resolution versus conversion time plot at room temperature is shown in Figure 4.14. The

plot shows that for short conversion periods < 60ms, the resolution is limited by the quantisation noise,

following a slope of T21 . After ~60ms, the resolution becomes thermal noise limited, with a slope of

Conv

—L_ At a conversion time of 128ms, the design achieves a resolution of 2.9mK. This corresponds to an
Y, Tconv
SNR of:
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Figure 4.14 Resolution versus conversion time.

4.5.1 Figure of merit
The figure of merit (FoM) for a temperature sensor is calculated as:

FoM = Resolution? X T,,,, X Power (4.3)

For this temperature sensor with a total power dissipation of 276nW, the FoM versus conversion time is
shown in Figure 4.15. For a conversion time of 128ms and a resolution of 2.9mK obtained, the FoM is
310fK2J, in the same order as the FoM of the original design (340fK2J) [1].

10° 10" 102
Conversion time (ms)

Figure 4.15 Figure of Merit versus conversion time.
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4.6 Summary

Simulated results of the CBD-based BJT temperature sensor are shown here. The design achieves a
simulated accuracy of 0.2°C over the temperature range of -55°C to 125°C, occupying an area of 0.066mm?
and consuming a total power of 270nW, while operating at a supply voltage of 0.9V (Table 4.3). Although
not based on measurement results, these results indicate that the design should consume lower power

than previously reported CBD-based temperature sensors, as well as being the smallest realization in a
180nm process.

Table 4.3 Performance summary and comparison to the state-of-the-art.

2019 [2] 2020 [7] 2021 [13] 2023 [1] This work
Technology 16nm FinFET 28nm 55nm 180nm 180nm
Type Bulk diode DTMOST P+/Nwell DT A PNP PNP DT
SAR 0sC DT zA 2A
Area [mm?] 0.0025 0.017 0.021 0.25 0.066
Supply [V] 0.85-1 0.85-1.15 1-1.2 0.95-1.4 09-1.4
T. Range [°C] -15-105 -10—-90 -55-125 -55-125 -55-125
30 Error [°C] +1.5/-2.0 (0) +2.0(0) +1.4 (0) 10.45 (0) 10.2 (1)
(Trim point) +0.9 (1) 0.6 (1) +0.15 (1)
R.LA. [%] 2.9 (0) 4 (0) 1.6 (0) 0.5 (0) 0.22 (1)
(Trim point) 1.8 (1) 0.67 (1) 0.17 (1)
Power [uW] 18 33.75 2.2 0.81 0.27
Tconv [ms] 0.013 0.1 6.4 128 128
Res. [mK] 300 10.2 15 1.8 2.9
PSS [°C/V] 1.5 0.27 3.7 0.2 0.2
Res. FoM [pJK?] 21 0.36 3.1 0.34 0.31
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5 Conclusion and future work

5.1 Conclusion

A capacitively-biased BJT-based temperature sensor operating at a 0.9V supply and a power consumption
of 270nW has been designed. It is an improved and scaled version of the temperature sensor described in
[1], in which the total capacitance has been reduced by 8.6x and the estimated area 3.8x. The design
achieves a competitive inaccuracy of £0.2°C (30) with one-point trim over a temperature range from -55°C
to 125°C. It also achieves a resolution of 2.9mK with a conversion time of 128ms. This was enabled through
dynamic error suppression techniques such as chopping, in addition to careful sizing and optimisation.
These were necessary because the currents in the sensor were reduced 5x in comparison to [1] resulting
in more significant leakage effects. The resulting sensor can be used for loT applications due to its compact
size and low power consumption while maintaining good accuracy and resolution.

5.2 Future work

5.2.1 Reducing the conversion period

In comparison to the other CBD-based temperature sensors included in Table 4.3, this design has a
relatively large conversion time, Teony, 0f 128ms. Future work should be done to reduce this.

One potential approach is reducing the discharge time of the front-end BJTs. Care must be taken to not
reduce the discharge time to an extent where it reaches the supply-dependent CBD operating region.

Another way the conversion period can be reduced is by utilising all the integrator’s phases for integration,
as described in the sections below.

5.2.2 Reducing digital power

The focus of this design was to reduce the power consumption of the analog front-end and the ZA
modulator. As a result, most of the power (52%) is dissipated by the digital circuits — mainly the clock signal
generators' static power. This can be reduced by implementing the circuit in a more advanced technology
node. This way, the total power consumption would be dominated by the analog power and could be
reduced below 200nW.

5.2.3 Reducing analog power

The first integrator dissipates most of the analog power. However, the integrator does not use the entire
conversion cycle to integrate the sampled charge. Instead, the integrator switches between autozero,
integration, do nothing, and integration phases over two conversion cycles.
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During the “do nothing” phase, the front-end is disconnected and samples the temperature-dependent
voltage. The integrator is disconnected from both the front-end and the further stages and stands idle in
a closed-loop configuration, holding the previously integrated charge on the integration capacitor. The
amplifier is still dissipating energy, and wasting potential integration time. Below two proposals to improve
the integrator’s energy efficiency are presented.

5.2.3.1 First integrator in off-mode

The first proposal is to turn off the amplifier during the “do nothing” phase. One readily available way of
doing this method would be to turn off the output chopper switches (Figure 5.1a). The chopper’s
operating behaviour is shown in Figure 5.1b. During autozeroing, the choppers are in the positive
configuration, as well as during the first integration cycle. Then, they open during the “do nothing” phase,
stopping current flow through the OTA. Then, in the second integration cycle, the chopping switches close
in the negative configuration, completing one chopping cycle.

Choppers open

f or [ L o — in
caz= : s ¥ : ¥
cﬁ* VIP ¢2 E E 1
Il H ! :
OAZ :
cry o= : K ¥ : ¥
f ®chop _f n il : g
—‘ CTRLchop ¢ n : ¥

Figure 5.1 a) Schematic of the first amplifier and b) choppers timing signal.

Some essential things need to be taken into consideration with this implementation.

Firstly, one must ensure that the charge on the integration capacitors (Civt) does not leak during this period
and is not affected by the common-mode charge injection of the chopper’s switches. This can be achieved
by disconnecting Cinr from the amplifier.

Secondly, since the output node is floating, the output common mode voltage, Vcm,out Mmay drift to VDD or
GND. To prevent this, the output nodes could be connected to a fixed voltage during this phase. However,
this would require additional switches, which would introduce leakage current and settling considerations.

Thirdly, the amplifier needs to be properly biased before the integration phase starts. This means that it
cannot be turned off during the entire “do nothing” phase. However, depending on the settling speed of
the chopping switches, this will take only a minor part near the end of the “do nothing” phase (~1us).

Alternatively, the amplifier can be turned off by biasing the input pair’s gate with a voltage that ensures
that they will be turned off, such as ground for the NMOS input transistor and Vpp for the PMOS input
transistor. But in order not to negate the benefits of chopping, this will have to be done without disturbing
the voltage across the autozero caps.
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5.2.3.2 Ping-pong front-end

Alternatively, energy efficiency can be improved by using both the autozero phase and the “do nothing”
phase for integration. In this way, the amplifier is used continuously. However, since the front-end still
requires a discrete-time operation, which samples the Vg voltage in one phase and integrates it in the
other, a ping-pong operating mode based on two front-ends is proposed.

Figure 5.2 shows the single-sided connection of the two front-ends to the first integrator. During @1, FE1
is sampling -Vge or AVge while FE2 is connected to the integrator and the temperature-dependent charge
is being integrated. Similarly, during @,, FE2 is sampling while FE1 is connected to the integrator. This way,
half of the charge is transferred in each phase. At the end of @, the integrator has integrated 2AVge or AV
- Ve depending on the bitstream. The rest of the modulator loop further integrates this charge.

The advantages of the ping-pong mechanism are that during each phase, only one front-end Cs is
connected to the integrator, loading the amplifier lightly and increasing its bandwidth:

Cioaa = Csp + Cem + Cff + CintlCs1

where Cs;, Ccm and C are the sampling capacitors of the second stage, the common-mode feedback
capacitors, and feed-forward capacitors respectively, not shown in the previous figure. Less capacitance
will allow for a smaller amplifier transconductance to achieve similar bandwidth, so that less current is
required.

However, the ping-pong brings some disadvantages as well.

Firstly, by transferring a portion of the charge in one phase and another portion in the other, the largest
input is now Vg for the ping-pong architecture in comparison to Vge - AVge for the standard architecture.
This will require a slightly (~¥10%) larger integration capacitor to keep the output of the amplifier from
clipping.

Secondly, sampling in both phases requires a greater complexity in clock generation.

Thirdly, whether AVge - Veeor 2AVee is sampled depends on the bitstream output, which is available at the
end of @,. To reduce the mismatch between the BJTs and the small Cs in the front-ends, the Vge generation
should be alternated between the two front-ends. However, since one of the front-ends should already
have finished sampling VBE before the bitstream result is available, this requires a more complicated
sampling technique, where not the entire sampling period is utilised but only a fraction once the bitstream
result is known.

Lastly, multiplexing between the two front-ends, while the integrator is always on, may result in cross-talk
between the front-ends, which in turn may cause errors. This requires extra complexity in the design of
the multiplexer that switches between the two front-ends, as this must provide good isolation as well as
low leakage.
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Figure 5.2 Opreation of the proposed ping-pong front-end with its timing diagram.
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5.2.3.3 Implementing the second integrator in continuous-time

Building upon the ping-pong strategy, the second integrator can also be used in both ®; and ®,. This will
increase the energy efficiency of the second integrator as well. This way, the bitstream output is available
twice within a sampling period: at the end of ®; and ©,, allowing the overall conversion time to be halved,
while still maintaining the sampling frequency of the front-end. This would further improve the energy
efficiency of the sensor.

Another significant disadvantage of using both phases for integration is that the amplifier can only be
biased at the start of a conversion. This means that the charge on Caz must be held throughout the
conversion period, and so the leakage of the autozero switches must be further reduced.

5.2.2.4 Conclusion

The proposed modifications would improve the design's energy efficiency, power consumption and
conversion time while maintaining good accuracy and area at the cost of slightly more complex clock signal
generation and switch optimisation for low leakage.
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