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Abstract: This paper examines the suitability of selected configurations of ultra-low voltage (ULV)
oscillators as starters for a voltage boost converter to harvest energy from a thermoelectric generator
(TEG). Important properties of particularly promising configurations, suitable for on-chip imple-
mentation are compared. On this basis, an improved oscillator with a low startup voltage and a
high output voltage swing is proposed. The applicability of n-channel native MOS transistors with
negative or near-zero threshold voltage in ULV oscillators is analyzed. The results demonstrate that a
near-zero threshold voltage transistor operating in the weak inversion region is most advantageous
for the considered application. The obtained results were used as a reference for design of a boost
converter starter intended for integration in 180-nm CMOS X-FAB technology. In the selected technol-
ogy, the most suitable transistor available with a negative threshold voltage was used. Despite using
a transistor with a negative threshold voltage, a low startup voltage of 29 mV, a power consumption
of 70 uW, and power conversion efficiency of about 1.5% were achieved. A great advantage of the
proposed starter is that it eliminates a multistage charge pump necessary to obtain a voltage of
sufficient value to supply the boost converter control circuit.

Keywords: CMOS; low voltage; low power; starter; boost DC-DC converter; energy harvesting;
Colpitts oscillator

1. Introduction

Rapid development of body-worn sensors systems integrated on a chip imposes a
significant demand on small and efficient power supply circuits. Batteries are avoided
in these types of applications because of their relatively large size and limited life span.
Among alternative energy sources such as photovoltaic cells [1], vibration transducers [2],
or the thermoelectric generators (TEGs) [3-5], the latter ones are widely used due to their
small size, portability and suitability for on-body applications. TEGs exploit temperature
gradient between the human skin and the ambient environment in practical situations.
Small TEG size and low temperature difference (typically 1-2 °C) limit the upper voltage
bound below 100 mV. Such a low voltage can be applied to slow circuits based on MOS
transistors operating in the subthreshold region. However, many systems-on-chip imple-
menting sophisticated functions require MOS transistors operating in the strong inversion
region, which involves the use of supply voltages of around 1 V. Although boost converters
can be used to raise voltages as low as 2040 mV [6-11] to the required supply level, they
also need a voltage within 1 V for efficient energy conversion. For this reason, an additional
starter is used to allow “cold start” of the converter at low voltages. Such a circuit is turned
on for a short time needed to start the converter, and then turned off once the converter
supplies sufficient voltage to its own control circuits. In practical implementations of ULV
boost converters, very significant difficulties are associated with realization of their starters.

Starter solutions designed to initialize the operation of on-chip boost converters are
described in the literature [7-10,12-17]. The solutions can be classified into two major
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groups: starters based on classic ring oscillators using only transistors [12,16,17], and
starters based on oscillators with inductors or transformers [7,9,10,12-14]. In ring oscillators,
each stage must have a gain greater than one in order to start and sustain oscillations.
Satisfying this condition at very low supply voltages is very difficult, where all transistors
have relatively low transconductance and drain-source resistance [18-21]. The lowest
supply voltage reported for this type of starter is 60 mV [13]. This level was achieved by
applying a mechanism for technology corner detection and automatic reconfiguration of
the ring oscillator to achieve almost optimal operating conditions. The ring oscillator using
only transistors generates output voltages that are limited by the supply voltage, therefore,
they need an additional multistage (in some solutions up to 40 stages [13]) charge pump
to obtain a sufficiently high voltage. As a result, ring-oscillator-based starters are fairly
complicated and have a relatively low efficiency. On the other hand, they can be fully
integrated on a chip.

Inductor or transformer-based starters support much lower supply voltages. In these
circuits, a transformer or inductor acts as a load for a MOS transistor, allowing for voltage
swing greater than the supply voltage and eliminating the inevitable voltage drop across the
active load as in the case of a transistor-only ring oscillator. Consequently, they are capable
of self-starting at supply voltages as low as 25-40 mV [7,9]. Moreover, an output voltage
within 1 V can be achieved without additional charge-pump-based voltage multipliers
owing to boosting voltage in a transformer or a LC resonant tank. In this regard, such
starters are preferable over ones based on ring oscillators owing to their reliability, even
with the supply voltages of only 25-40 mV. The disadvantage of these solutions is the need
for inductors, which often have to be implemented as off-chip components to meet the
high quality factor requirement.

In terms of the feasibility of reducing the startup voltage, the starters based on the
Colpitts oscillator are particularly promising [12,14,18,19]. The paper [19] gives an example
implementation of a low-voltage Colpitts oscillator that operates even at 3.5 mV supply
voltage. This circuit has indeed a very low inrush voltage but reveals a limitation of the
output voltage swing. As a result, the circuit requires an additional multi-stage voltage
multiplier to achieve a voltage close to 1 V.

This paper describes a low voltage starter based on an improved Colpitts oscilla-
tor featuring a high output voltage swing, which allows using only a few stages of a
charge pump.

2. Ultra-Low-Voltage Oscillators

Three configurations of ULV oscillator potentially suitable as a boost converter starter
are depicted in Figure 1.

(b) ()

Figure 1. Ultra-low-voltage oscillators: (a) ESCO; (b) ESILRO; (c) proposed HSCO.

The oscillators in Figure 1a,b are ULV solutions discussed in [18,19], referred to
as enhanced swing Colpitts oscillator (ESCO) and inductive-load enhanced swing ring
oscillator (ESILRO). The circuit in Figure 1c is a proposed high swing Colpitts oscillator
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(HSCO). The common feature of all the ULV circuits is the application of the full supply
voltage (Vpp) to bias the transistor gate and drain. In this way, a sufficiently high intrinsic
gain of the transistor can be achieved at a relatively low supply voltage. For this reason,
two inductors are necessary to avoid voltage drop between the Vpp rail, drain and gate
of the transistor. An unavoidable disadvantage of ESCO and ESILRO is limited voltage
swing at the drains of the transistors. The reason for this effect is the pn junction between
the drain and the substrate, which is forward biased during the negative halves of the
generated periodic voltage waveform.

This undesirable effect is avoided in HSCO by connecting the resonant tank with
the inductor L; to the transistor gate and design the feedback loop (C;, C;) so that the
voltage scaling factor v /vs is much larger than unity. Under such conditions, the voltage
swing on the resonant tank is virtually unlimited. At the same time, voltage across the pn
junction formed between the source and the substrate is highly reduced, which prevents it
from forward bias. In the small-signal model of the circuit, shown in Figure 2, the biasing
inductor L, is represented by its dynamic resistance Ry, at oscillation frequency wy.

Py
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Figure 2. Small-signal model of HSCO shown in Figure 1c.

In Figure 2, the transistor Mj, represented by g;1 and g4s1, together with the capacitors
C'1, C’'5 and the dynamic resistance R}, form a circuit that implements the admittance Y;
with negative real part (conductance). The negative conductance allows compensation
for the losses of inductor L1, represented by Ry ;. The real and imaginary parts of the
admittance Y;(w) seen from the gate of M; are

2 /
w*C'1Rg [1 - gmlRO%f]

Re{Y;(w)} =
i) (1+ gmRo)* +w?(C'1 + C'2)’R3

)

wC'y [1 + g1 Ro + w?R3C', (C’l + c/z)}
(1+ guiRo)* + w?(C'y +C,)°R3

where: C'y = Cy + Cgs1, C'p = Co + Cyp1 — 1/(w?Ly), Ry = 1/(g451 + 1/R15). The negative
real part of the admittance Y;(«w) can be obtained when the following condition is satisfied

2

Im{Y;(w)} = wCoiy +

C'y 1
7/ >
C'v " Rogmi

®)

For a transistor operating at low supply voltage, this condition also means that
C’'y >> (', due to the fact that 1/Ry >> gyu1. Therefore, further considerations are restricted
to such a case. The L; inductor losses will be compensated and oscillations with frequency
wq will start if the following conditions are met

Re{Yi(wo)} < —1/RL1 (4)

1

Im{Y;(wo)} = ~wols

©)
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With the condition C'; >> C’y, the Equation (1) can be simplified to

2 ~r2 c’
wW?CRy (1 — ngoC—,f)
1+ w2C’3R3

Re{Yj(w)} = (6)

The simplified Equation (6) was derived under assumption that g;51 >> g1 which
is satisfied when M; operates at very low supply voltages. To satisfy the Equation (4),
transconductance of M; must fulfill

>(C/1>1+<C/2>1+1 (7)
§m =\, )Ro " \C1 )R wBCHC2R2R Y,
The absolute minimum transconductance g,;1 can be achieved when both inductors

are lossless (Ry1, Ry » — 00). In such a case, oscillations will start when the transconductance
of M; meets the condition

C"h\ 1 gw>1/Rp (Cy
— | = — 8
Sm1 > (C’2> Ry — 7, ) Sist 8)
It is worth noting that in theory by minimization of C'1/C’; ratio an arbitrarily small
value of g1 can be achieved, and thus an arbitrarily low supply voltage can be obtained.
In practice the inductors are lossy, therefore g;,;1 can be reduced by minimizing the last com-

ponent of Equation (7) and by selecting the optimal value of the C’, /C’; ratio. Reduction
of the last component in Equation (7) requires that

201 1
R2 Sa /R WgC1Ch
2Ky B E—

wjChC! 2
dsl

>>1 ©)
Under the assumption that Equation (9) is fulfilled, the optimal value of the capacitance
ratio is given as

c’ Rr1 gasi>1/R
Fj = RiLol M Veua R (10)

and the minimum transconductance required to start the oscillations is

2 1+ guas1Ri2 gas1>1/R12 \/gdj
in > > 2 = 2, /845 11
Smmin > " TRERs \/E R, a1

Note that according to Equation (9), it is advantageous to choose the highest possible
oscillation frequency (wy) and the largest capacitances C'1, C';. Thus, in order to minimize
the transconductance required to start oscillations in Equation (7), small inductances L,
and L, and large capacitances C'1, C'; are advantageous, which is also very beneficial for
integration of the oscillator.

3. Minimum Supply Voltage Required to Start ULV Oscillators

Low supply voltage and high output swing are important criteria for choosing an
oscillator as a starter for ULV boost converter. To identify which of the configurations
shown in Figure 1 is best suited as a starter, the minimum supply voltages of these circuits
were determined and compared. In further considerations ESILRO is omitted due to the
need for four inductors, which is difficult to integrate. N-channel MOS transistors with
near-zero threshold voltage as well as negative threshold voltage are good candidates for
implementing ULV oscillators because they provide relatively high drain current at supply
voltages below a few tens of mV [18,19,21]. Therefore, the minimum supply voltages of
ESCO and HSCO were determined for the transistor operating in the weak and strong
inversion regions.
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For the sake of simplicity, in the compared oscillators it was assumed that both
inductances as well as their losses are identical (L1 = Ly, G = Gr2). According to the
analysis presented in [19], oscillations will start in ESCO if the following condition holds

Smsl >a+612+1 G
8md1l a—1 Smd1

[ 2Gr1/ §mar
a=1+4/ ——F+—>"— 13
Gr1/gma1 +1 13)

where gys1 and g,,,41 are the source and drain transconductances [19,20]. The ratio of these
conductances for strong and weak inversion regions can be approximated [19,20] by

(12)

where

Smsl Vs Vro
= 14
Smar  Vps(1—n)— Vo (14)
sl Vbs >
== =exp| — 15
Smdl p< Ur (15)

where V7 is the threshold voltage, 7 is the slope factor of the current-voltage characteristic
in the weak inversion region, Ut is the thermal voltage, and Vpg is the drain-source voltage.

The minimum supply voltage necessary to start oscillations in ESCO can be deter-
mined from Equations (12)—(15) for the strong and weak inversion regions, respectively [19]

V (1 _ %)VTO (16)
DD,min > =&
1= -mgy
211G
Vppmin > UrIn( a+ Zrlon (17)
a—1 Smd1

In HSCO, oscillations start when Equation (11) is satisfied. Based on this equation, the
minimum ratio of the gate transconductance (g;,1) to the output conductance (g451) of the
transistor can be determined as

mlmin o G (18)
8ds1 8ds1

where G11/44s1 represents the ratio of L losses, modeled by Gr1 = 1/R 1, to the transistor
output conductance. The ratio of the transistor transconductance to its output conductance
for the strong and weak inversion regions can be defined [19,20] as

gml nVps
= 19
Sas1 Vps(1—mn)—Vrg 19)
(1)
e = —lexp|l—) -1 20
8ds1 n P Ur (20)

The minimum supply voltage for HSCO, Vpp i, determined based on Equations
(18)—(20), is for the strong and weak inversion regions, respectively

Vopm > —2V10v/GL1/ 8as1 1)
M = 2(1=n)\/Gr1/gaa

VoD,min > Ur 1n(1 +n+/Gr1 /gdsl) (22)
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Voo, min (MV)

The comparison of the minimum supply voltage, Vpp i, defined by Equations (16),
(17), (21) and (22), for ESCO and HSCO is plotted in Figure 3a,b, for the strong and weak
inversion regions, respectively. The calculations for the strong inversion region are based
on extracted values of V7o and n for particular Vs = Vps = Vpp voltage values for a native
n-channel MOS transistor (W /L = 2500 um/1 um) in X-FAB 180-nm CMOS technology.
The plots for the weak inversion were made for Ur = 26 mV and similar values of the
parameter n.

20
225
18
200+
161
1754 "
ESCO
1504 —
12
ESCO z ™
1254 N =
1001 T £ o
g s
/ >
754 6
\ '\HSCO
50 HSCO 4
254 24
0 ; r . ; ; r . ; :
0 . . . . . . . . .
0 001 002 003 004 005 006 007 008 009 0.1 0 001 002 003 004 005 006 007 008 003 0.1
GLi/Gmar (CL/Ger) Gy /G a1 (GrLi/Gas1)

(a) (b)

Figure 3. The minimum supply voltage, Vpp ,,i,, required to start oscillations in ESCO and HSCO as a function of Gr,1 /41

(GL1/84s1), for the transistor operating in: (a) the strong inversion region; (b) the weak inversion region.

The results in Figure 3a,b show that HSCO requires significantly lower supply voltage
compared to ESCO. This feature is particularly evident for high values of Gy 1/g4s1, which
corresponds to use of low quality factor inductors. The general Equations (16), (17), (21)
and (22), defining the minimum startup voltage, were derived based on a simplified linear
model. To provide more in-depth investigation of the considered oscillators properties,
number of HSCO and ESCO oscillator designs using native n-channel MOS transistors
with negative threshold voltage were prepared for a 180-nm X-FAB technology. For each
oscillator design, the component parameters were optimized to obtain the minimum
startup voltage, Vpp i, for selected values of: Gr1/g,41 (Gr1/84s1), inductances Ly = Ly,
and inductor quality factors Q. A summary of the oscillators parameters is shown in
Table 1.

Table 1. Summary of parameters of ULV oscillators.

GrL1/84s1 VDD, min G C Ly L, QL fo=wo/2m

HSCO

0.001 10 mV 3.8 nF 120 nF 10 uH 10 uH 255 820 kHz

0.005 24 mV 4 nF 60 nF 10 uH 10 uH 51 826 kHz

0.01 37 mV 4.2 nF 50 nF 10 uH 10 uH 26 806 kHz
ESCO

0.001 20 mV 73 nF 9nF 10 uH 10 uH 275 770 kHz

0.005 37 mV 45 nF 9 nF 10 uH 10 uH 55 758 kHz

0.01 54 mV 45 nF 11 nF 10 uH 10 uH 29 715 kHz

Based on the data from Table 1, one can see that HSCO oscillator, compared to the
ESCO, exhibits lower inrush voltage for similar values of Gr1/g4s1 and inductor quality
factor Q;. For the variants Gy1/g41 = 0.001, Qp =255, and Gr1/g4s1 = 0.005, QL =51 a
series of simulations for HSCO and ESCO were performed showing the peak-to-peak value
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of the output voltage, voyr.pp, as a function of the supply voltage Vpp (Figure 4). For the
high inductor quality factor case, a noticeable limitation of the output voltage is observed
as the ESCO supply voltage increases. This effect is caused by forward biasing of the pn
junction between the transistor drain and substrate.

345

2,95+

2.45- HSCO, Q =255

1.954
ESCO, Q,=275

VOU T-PP (V)

1.454
HSCO, Q=51

0.954 ESCO, QL=55

0.45 T T T T T T
25 30 35 40 45 50 55 60
Vpp (V)

Figure 4. Peak-to-peak values of the output voltage, voyr-pp, as a function of the supply voltage,
Vpp, for HSCO and ESCO.

For all the considered ULV oscillators, the main factor limiting amplitude of the output
voltage is a relatively large drain to source conductance of a transistor. Due to this fact, the
transistor internal gain is relatively small, especially in HSCO. The gain in this configuration
can be increased by increasing the supply voltage Vpp, but this is unfavorable because
ULV oscillators should operate for the lowest possible supply voltage. To overcome this
limitation, an improved version of HSCO was developed, as shown in Figure 5.

M, - negative V,,
M, -low V,

Figure 5. Improved version of HSCO.

In this oscillator, two transistors connected in parallel are used. M; is a transistor with
negative or near-zero threshold voltage, whereas My, is a low-threshold-voltage transistor.
The transistor M; plays the same role as in the circuit of Figure 1c and serves mainly to
initiate the oscillation, while M, acts as an additional booster which is activated when
the output voltage voyT reaches a sufficient amplitude. Notice that introduction of M,
does not lead to noticeable increase of the output conductance of the composite transistor
(M1 + Mj,), because it is switched off for most of the time of the periodic waveform. This
transistor is only turned on for short periods of time when the voltage at its gate exceeds a
threshold value. Time waveforms illustrating operation of the circuit are shown in Figure 6.
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Figure 6. Time waveforms of the signals in the improved HSCO.

igp isy, (MA)

To demonstrate the advantage of the improved oscillator, the peak-to-peak values of
the output voltage as a function of the supply voltage for ESCO, HSCO and improved

HSCO are plotted in Figure 7.

3.10 ‘
2.60
> 2.10 Improved HSCO
: > ]
3 1.60- '
3 HS(iCA)
1101 ESCS‘
0.60

15 17 19 21 23

Voo (MV)

25

27

29

35

Figure 7. Peak-to-peak values of the output voltage, voyr.pp, as a function of the supply voltage,

VDD/ for ESCO, HSCO and improved HSCO (GLl /gdsl = GLl /gdml =0.0025, QL = 100).

4. Starter Based on the Improved HSCO

The key component of the proposed starter is the improved HSCO oscillator (Figure 5)
which is capable of generating the highest output voltage at low supply voltages (Figure 7).
As the plots in Figure 3 show, the most advantageous is to use a transistor with a near-zero
threshold voltage that operates in the weak inversion region. In the chosen X-FAB 180 nm
CMOS technology a zero-threshold-voltage transistor is not available. Thus, the most
suitable transistor available was used, namely a n-channel native MOS transistor with a
negative threshold voltage of approximately —180 mV. The starter consists of the improved

HSCO and a 3-stage voltage multiplier, as shown in Figure 8.
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Figure 8. Starter based on the improved HSCO.

This solution is additionally equipped with a shutdown circuit which allows its
disabling when the main boost converter starts running. The shutdown circuit, consisting
of My, M3, My, and Cy is placed in the main current path and allows for complete cutoff of
the supplying current. With this solution, when the main boost converter is running, the
starter does not increase power consumed from the supply source. M, in the shutdown
circuit requires a negative voltage to be turned off. This voltage is obtained through
rectification (by means of M3, My, and C4) the square wave voltage applied to control the
boost converter switches. The parameters of the starter components are given in Table 2.

Table 2. Parameters of the starter components.

M; Mi, M, M;, My M;5-Mjo
1500 um/1 pm 75 mm/0.22 um 30 mm/1 um 0.22 um/0.22 pm 50 um/0.22 pm
C1 Cy Cs Cy C5—Co
2.9 nF 100 nF 10 uF 0.5 pF 15 pF
CL R Ly, Ly Qr1, QL2 Rpp
25 pF 1 MO 10 uH 100 50

The HSCO startup process is illustrated in Figure 9 showing the oscillator output
voltage, voy T, waveform. Two phases of startup can be clearly observed in this plot. The
first one, covering the time interval up to about 1.4 ms, is mainly related to operation of the
transistor M. The second phase begins when the voltage amplitude exceeds the threshold
voltage of Mj,. During this time interval, additional current pulses are generated to further
increase the amplitude of voyr. The plot also illustrates the shutdown moment, which
occurs at 2 ms.

The voltage waveform at the output of the starter, vgsr, is shown in Figure 10. It can
be seen that obtaining vst above 1 V became possible only after boosting the oscillator by
the transistor M1,. The effectiveness of the shutdown circuit can be determined based on
the waveform of the current igy;p sourced from the supply Vpp. In shutdown state, isyp
decreases to a few tens of nA.
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Figure 9. The output voltage, voyr, waveform in HSCO illustrating the startup process.
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Figure 10. Waveforms of the output voltage (vsT) and current (i ;p) sourced from supply in the starter.

Voo, min (MV)

The effect of temperature changes and variations of technology parameters, repre-
sented by corners, on the startup voltage is shown in Figure 11. The worst case startup
voltage is 29 mV at 50 °C under worst-speed (WS—slow NMOS, slow PMOS) and worst-
zero (WZ—slow PMOS, fast PMOS) corners. Therefore, the proposed starter enables
reliable start at supply voltages greater than 29 mV.

29

28 4

27 1

26

25+

WP

24
0

10

15

20 25 30

Temperature (°C)

35

40

45 50

Figure 11. Minimal startup voltage, Vpp in, as a function of temperature and variations of technol-

ogy parameters, represented by corners.
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A comparison of the main features of the developed starter with solutions reported
in the literature is given in Table 3. The developed starter has a startup voltage which
is within the lower range of voltages generated by TEGs. It should be emphasized that
the startup voltage can be further reduced for CMOS technologies where zero threshold
voltage transistors are available. The developed starter needs two external inductors (Lj,
L), where L can be of low quality, and two external capacitors (Cy, Cp). In the presented
solution, the oscillation frequency is about 1 MHz, but can be increased to more than 10
MHz, allowing further reduction of external inductors and capacitors leading to a higher
degree of miniaturization. The power efficiency of the proposed starter is approximately
1.5%. However, it should be emphasized that such low efficiency is not important since the
starter operates only in the initial phase of the converter start-up and then is immediately
turned off.

Table 3. Comparison of starters.

Parameters [71 [9] [10] [12] This Work 1
CMOS technology 130 nm 130 nm 65 nm 130 nm 180 nm
Minimal startup voltage 21 mV 40 mV 50 mV 11 mV 29 mV
Output voltage 1V 2V 12V 1V >1V
Power consumption/conversion efficienc N/A N/A N/A N/A 70 uW
P Y N/A N/A N/A N/A 1.5%
Transfo%"mer Transfo?mer 2 inductors 4 inductors 2 inductors
External components 2 capacitors 3 capacitors 2 capacitors 4 capacitors 3 capacitors
1 diode 1 diode p P p

References

1 Results of simulations.

5. Conclusions

A comparison of ULV oscillators, suitable for on-chip implementation, in terms of
critical features for their use as starters in boost converters was presented. Based on the
analysis, the improved oscillator configuration featuring a small startup voltage and a large
output voltage swing was proposed. These features allow for simplification of the starter
design. With the developed oscillator, a starter for on-chip implementation was designed
that meets the requirements for using TEG as a power source. Compared to known
solutions, the proposed starter offers greater miniaturization owing to the possibility of
using smaller inductors with lower quality.
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