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Low Power Current-Mode Relaxation Oscillators
for Temperature and Supply Voltage Monitoring

Shanshan Dai!, Caleb R. Tulloss?, Xiaoyu Lian!, Kangping Hu',
Sherief Reda!, and Jacob K. Rosenstein®
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Abstract. This chapter presents a family of current-mode relaxation
oscillators that can be designed either as a compensated digital clock
source, or as an oscillator-based sensor whose frequency reports the tem-
perature or supply voltage. One compensated timer implementation in
0.18 pm CMOS achieves a figure of merit of 120 pW /kHz, making it one
of the most efficient relaxation oscillators reported to date. The oscilla-
tor design is then extended to produce a Vpp-controlled oscillator and a
temperature-controlled oscillator. Finally, we introduce a low-power hy-
brid oscillator sensor, which encodes measurements of both the supply
voltage and temperature into the durations of its two alternating digital
clock phases. The underlying dual-phase current-mode relaxation oscil-
lator and the resulting sensor circuits are easy to implement, are area-
and energy-efficient, and offer straightforward power and speed tradeoffs
for a wide range of applications.

Keywords: relaxation oscillator, low power, temperature sensor, supply
voltage sensor

1 Introduction

Timers, temperature sensors, and supply voltage monitors are fundamental com-
ponents of nearly all microelectronic systems. At the low-power end of the spec-
trum, small embedded sensors are constrained by battery capacity or unpre-
dictable environments, and they must make the most of limited sources of en-
ergy [1,2]. At the high-performance end, servers rely on temperature and voltage
monitors to maximize performance and power efficiency, while balancing com-
putational loads, scaling voltage and frequency, and avoiding overheating.

Some of the constraints in microelectronic devices are fundamentally ther-
mal limits. Implantable medical devices, despite their comparatively low power,
are often constrained to only a few degrees of heating to avoid damaging the
surrounding biological tissue [3]. In higher power CPUs and GPUs, power dissi-
pation is non-uniformly distributed, and localized hot spots can deviate signifi-
cantly in temperature compared to other areas of the chip, exposing some areas
of the device to potential hardware failure and reduced lifespan.
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Other limitations come down to timing. Low-power devices often spend much
of their time in idle modes to conserve energy, and as a result a large fraction
of their total energy consumption may come from circuits like wake-up timers.
There are important tradeoffs between precision, power, and area in low-power
oscillators. Meeting timing specification is also clearly a main design constraint
in high-performance systems, where logic timing is a function of local variations
in process, supply voltage, and temperature, and there is always a tension be-
tween power efficiency and operating margin. Minimizing the area and energy
associated with monitor circuits is key to supporting sensing at high spatial
resolution with minimal cost and interference [4,5].

The architect and designer Frank Lloyd Wright once said, “Simplicity and
repose are the qualities that measure the true value of any work of art.” A
similar philosophy can apply to power optimization in microelectronic circuits.
Simpler circuits often use fewer transistors, reducing power. Keeping circuits
in repose by minimizing their activity also improves efficiency. Although there
are numerous potential strategies for performance improvements, if the aim is
for straightforward design and reliability, beauty can often be found in small,
simple, and low-power circuit solutions.

This chapter begins with a description of a low-power current-mode relax-
ation oscillator [6]. The oscillator is initially introduced with the goal of constant
frequency across temperature and supply voltage. Then, we illustrate how the
oscillator can be modified to use a reference voltage intentionally sensitive to
either temperature or supply voltage [7]. Three sensor designs are proposed: one
dedicated temperature sensor, one dedicated supply voltage sensor, and a hy-
brid sensor that senses both temperature and supply voltage in two alternating
phases of one oscillator.

The circuits proposed here have the benefit of extremely low design complex-
ity. There are only four key parameters (W and L of a key transistor, I,..s, and
() in the sensor design, which can be easily scaled to achieve speed and power
trade-offs for different applications, while maintaining state-of-the-art perfor-
mance. With a temperature sensor core area of 0.003mm? and a supply voltage
sensor core area of 0.005mm?, the two dedicated sensors have conversion ener-
gies of 0.28 and 0.35 nJ/conv respectively, each achieving the lowest conversion
energy in its class.

Section 2 introduces the ultra-low-power and compact relaxation oscillator
topology [6], and in Section 3 we extend the structure to design standard cells for
temperature and supply-voltage monitoring. Section 4 describes two schemes for
converting the analog oscillator period and duty cycle information to a digital
readout. We then discuss suitable reference current generation for the oscilla-
tor, and Section 5 introduces a modified bandgap current reference. Section 6
highlights key design considerations, and analyzes the anticipated performance
limitations. Specifically, we analyze transistor switching delays and sources of
nonlinearity, which are key to building more accurate sensor designs based on
relaxation oscillators. Section 7 presents experimental results from three sen-
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sor designs implemented in a standard 0.18um CMOS process, and Section 8
concludes the chapter.

2 Dual-Phase Current-Mode Relaxation Oscillator

2.1 Operation Description

VDD
IrefGD {D Iret ,l Iref
1 _ slope = ~c1~
SR latch AV,
W . N
I Q
1 | ref
: |

M2 M [ a
o e "i‘k ‘ 5
Rre: E{T; cgz_l_ {Q |_ |_| Q

Fig.1: A dual-phase current-mode relaxation oscillator [6].

Fig. 1 shows a dual-phase current-mode relaxation oscillator described in [6].
In this circuit, M2-M4 are matched transistors. Two identical capacitors C1
and C2 are alternately charged by I,.; and reset to ground as dictated by the
complementary output clocks @ and @, which are generated by a set-reset (SR)
latch.

As illustrated by the timing diagram in Fig. 1, when Q = 1 and Q = 0,
Voo and node S at the drain of M4 are reset to ground. The voltage on C1 is
charged up with a slope of (I.f/C1). Meanwhile, biased with I,..y, M3 compares
Vo1 with the reference voltage (Vref = Iey - Rref) and provides an amplified
difference to the R node. Once the voltage on the R node reaches the latch’s
threshold voltage, the SR latch changes its state to Q@ = 0 and Q = 1. In this
state, there is no current flowing through M3 and C1, and I,..; biases M4 while
charging C2. The oscillation period can be expressed as:

eref

T=2 tow
< Tef/c - - TSR)

=2(Trc + tsw + TSR) , (1)

where C1 = C2 = C, Tre = RyeyC. Tsr stands for the digital delay of SR

latch. In low-power applications, current starving can be employed to reduce the
dynamic power consumption of the SR latch.
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Power and design notes: Since the same devices and current are reused for both
the comparator bias and capacitor charging, source-coupled comparators such as
this one can be highly power and area efficient [8]. To adjust the power, area, and
accuracy for different applications and/or clock speeds, one can simply modify
I,er, C, and the dimensions of M2-M4.

Oscillator period components: The first component 7rc and the third component
Tsr are straightforward to interpret: Tgrc is the time required for C1 or C2 to
reach V,..¢ from ground, and 7gg is the digital delay of the SR latch after node
S or R reaches the switching/triggering point of the SR latch.

The second component tg,, is relatively more complicated. In general, when
the current charges the capacitor to V,..¢, the voltage on node S or R is not high
enough to switch the SR latch. Therefore t,, is the delay between the capacitor
voltage reaching V,..; and node S/R reaching the switching point of the SR
latch. t4, is affected by the finite comparator transistor gain and the parasitic
capacitance at node S or R, so we call t4, the comparator delay. Due to the
second component tg,, and the third component 7gg, the final voltage on the
capacitor ends up being higher than the reference voltage V,.f.

In Section 6, the oscillation period is analyzed using the current-split model.
The idea is that a portion of I,..s is used to charge up the capacitor C while the
rest is charging up the parasitic capacitance on node S or R, until node S or R
switches the SR latch. For more technique details for more accurate oscillator
design, we refer the reader to Section 6.

2.2 Oscillator Variations and Extensions

In Fig. 1, the resistor R,.s creates a reference voltage that is approximately
constant. For other applications, it is possible to replace this fixed reference
voltage with a voltage corresponding to a measurement quantity of interest,
creating a voltage-controlled oscillator.

However, one obstacle to the extension of this structure is the finite input
impedance at the node V,.f, looking into the source of M2. Supposing that there
is a voltage sampled at a capacitor, we would like to generate a voltage-controlled
frequency by connecting this sampling capacitor to the source node of M2. But
this voltage will be quickly corrupted by the bias current flowing into M2 due
to the resistive path at its source node. Instead, we want a constant voltage at
the source node of M2, regardless of the loading effect.

Fig. 2 addresses this limitation by adding a high-impedance unity-gain buffer
which replicates Vin at V,er, in an arrangement which also reuses M2’s bias
current. It can be viewed as an amplifier whose inputs are at the gates of M5-
M6, and whose output is the drain node of M6. This amplifier is connected as
a voltage follower, so that its output is regulated to be approximately equal to
Vin, assuming a reasonable loop gain. The open-loop gain Ag of the amplifier
made by M5-M6, M1-M2 and M7-MS8 is:

Ao = Gmss6lrase || (1/gmz + rass)], (2)
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Fig. 2: Proposed voltage-controlled oscillator. V;y is buffered and replicated in
place of V,..r, producing an oscillation period proportional to V.

where g2 and gp,5/6 are the transconductances of M2 and M5/M6, and 7456
and rgeg are the drain-to-source resistances of M6 and MS, respectively. The
static current consumption of the voltage sensor in Fig. 2 is 3xI,.y. Thanks
to the current reuse, the current addition is only one I,..; compared with the
current-mode relaxation oscillator shown in Fig. 1.

The period of this voltage-controlled oscillator can be expressed as:

v
TViy =2 (Irej“])lc +tsw + TSR) (3)
If ¢y, and 7gg are small, the period in (3) becomes linearly proportional to the
in voltage, providing a time-encoded measurement of V.

Now that V7 is buffered, we can connect it to an arbitary sampled voltage,
either from a resistive voltage divider or a sampling capacitor. Section 3 details
three possible extentions realizing temperature and/or supply voltage sensing.

3 Temperature and Supply Voltage Sensing

3.1 Supply Voltage Sensing

As shown Fig. 3, a natural step towards a supply-voltage-controlled oscillator
would be to create Viy by a simple voltage division from Vpp, employing the
configuration described in Fig. 2. The period of the supply-voltage-controlled
oscillator is:

2/5Vpp
=2 —— + tsw 4
TVin ( Iref/C + + TS’R) (4)



6 Dai, Tulloss, Lian, Hu, Reda, Rosenstein
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Voltage div‘ider
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Fig. 3: Proposed voltage sensor.

The first term in (4) dominates the oscillation period because the comparator
delay ts,, and the digital delay 7sg are much faster than charging C to Vpp/5.
The period in (4) becomes linearly proportional to the supply voltage, providing
a time-encoded measurement of Vpp.

Design notes and example: To trade off between power, area, and accuracy, the
circuit designer can tune the three key parameters in this supply voltage sensor,
Ircf, C, and the dimensions of M1-M4, to meet different specifications. Taking a
uW supply-voltage sensor operating around 10MHz for example, I ¢ is 2.1 pA
and C is 50 fF. Transistors M2-M4 have W/L=3um/lpum, operating in the
subthreshold region for high g,,/Ip (transconductance efficiency). For the other
design parameters, M5-M6 have W/L=5um/1um, and operate in subthreshold,
while M7-M8 have W/L=2pm/4pm and operate in strong inversion.

3.2 Temperature Sensing

Biased with a constant current I,..y, a forward-biased diode has a voltage Viiode
with a complementary to absolute temperature (CTAT) coefficient, due to the
exponential temperature dependence of its reverse saturation current I:

Vdiode (T) == k?T In (Ii??)) ) (5)

where T is the absolute temperature, k is Boltzmann’s constant, and Vyjoqe i
on the order of several hundred millivolts.

Considering the fact that both the diode and M2 can be biased by the same
reference current, a low-power temperature sensor can be readily implemented
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Fig.4: Proposed temperature sensor. By replacing V,.r with Vgoqe, a
temperature-dependent oscillation is obtained.

by replacing R,.s with a forward-biased diode from Fig. 1, as redrawn in Fig. 4.
Now the period of this relaxation oscillator becomes:

Vdiode
emp = 2 tsw 6
Ttemp (Iref/c + +TSR> (6)

Since the first term in (6) dominates the oscillation period, the oscillation period
will reflect the diode’s sensitivity to temperature. Excluding bias generation, the
static current consumption of this temperature sensor is 2/y.f.

Design example: To implement a uW temperature sensor operating at a speed
around 10 MHz, I,.¢, C, and the M2-M4 dimensions can be assigned the same
values as those in the supply-voltage sensor design.

3.3 Hybrid Oscillator Sensing both Temperature and Supply
Voltage

For ultra-low power applications like radio-frequency identification (RFID) tags
which need both temperature and supply voltage monitoring, we can save power
by combining the two sensors into one.

Fig. 5 (a) presents a conceptual diagram, containing two halves: the left half
has an input of 1/4Vpp generated from a voltage divider, and the input to the
right half comes from the complementary-to-absolute-temperature (CTAT) volt-
age of a forward-biased diode. As a result, the digital output @ will be modulated
by both the temperature and the supply voltage. The detailed transistor-level
schematic is drawn in Fig. 5 (b). Four identical PMOS transistors in series from
Vbp to ground form a supply voltage divider. To minimize power, a small W /L
ratio is chosen for these four devices, which ensures that the current of the volt-
age divider is much less than I,..r; additionally, the high impedance combined
with the gate capacitance of M5 helps to filter out high-frequency supply noise.
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Fig. 5: Proposed structure for a hybrid oscillator which senses both supply volt-
age and temperature (a) conceptual and its timing diagram, (b) transistor-level
schematic.

Compared with two separate temperature and Vpp sensors, this hybrid oscilla-
tor saves half of the dynamic power and reduces static current consumption by
Ley.

The logic “high” and “low” durations of the digital output @) are linearly
proportional to Vpp and temperature, respectively. If ¢4, and 7sr are negligible,
then

1/4 VDD
Thish = 10 @
Ve 1ode
Tlow =~ diod (8)

Iref/c
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Design notes: Some very careful readers may ask: why is the gate voltage of
M5 1/4Vpp in Fig. 5 but 2/5Vpp in Fig. 37 In order to make the unity-gain
operational amplifier work, the gate voltage of M5 has to provide a gate-to-source
voltage drop for M5, plus enough headroom for the 27,5 current source beneath
M35, which operates in the saturation region. We apply the circuit described in
Fig. 5 to the ultra-low power domain. With I,.; on the nA level, the gate-to-
source voltage of M5 is lower than with a pA level bias current, so the required
M5 gate voltage is lower.

As a parameter example for a nanowatt hybrid sensor operating at several
tens of kHz and nanowatts, I,..s is set to be 6 nA and C to be 50 fF. Transistors
M2-M4 have a dimension of W/L=1pum/3pm.

4 Readout Circuit

When integrating the sensors in a System-on-Chip (SoC), a readout circuit is
required to digitize the analog time information using a reference clock. There are
two approaches to the frequency-to-digital conversion, depending on the relative
reference clock speed.

With a reference clock faster than the sensor clock, the first approach is
to count the fast reference clock cycles during N slow sensor cycles (N=256).
As depicted in Fig. 6, after N slow sensor cycles, the time-to-digital converter
sends a DONE signal to latch the reference clock counting for DATA readout.
Meanwhile, it clears the reference clock counter for the next round of conversion.
This approach has a quick conversion time at the expense of high dynamic power
due to the fast reference clock.

Fastreference clock [ 15bt 77777777777777777777777777
-bi
* | Latch = Data
Counter >
Clear A\

* Ag

—»>State Machine| |2

y 2

@

<

Done
w > Counter=N

Sensor clock output
Time to digital converter in verilog

Fig. 6: Frequency-to-digital conversion scheme used to digitize the sensor out-

puts, when the reference clock is much faster than the sensor clock.

The second approach is to count the sensor cycles during a fixed number (N)
of reference clock cycles, when the reference clock is slower than the sensor clock.
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To implement this method, we can just swap the connections of the reference
and sensor clock in Fig. 6. This approach is generally applied to ultra low power
systems, where the reference clock is typically slow to reduce the power budget.

One similarity shared by the two approaches is that between the sensor clock
and reference clock, a faster clock is counted during a fixed number (N) of the
slower clock cycles. For the dedicated supply voltage and temperature sensors
in Fig. 3 and Fig. 4, we can use either fast or slow reference clocks, depending
on the data-conversion speed requirement.

N cycles of Q (Q)

< »
¢ !

Fast reference clock

N \ 15-bit
‘\—,—\—,7_4._ / Counter 7 Latch Data

_ Clear /A

Duty-cycle modulated Q (Q) A%
[e)

L——»|> State Machine é

2

@

<

Done
> Counter=N

Time to digital converter in verilog

Fig. 7: Modification of the frequency-to-digital conversion scheme to digitize the
hybrid sensor output.

For the hybrid sensor in Fig. 5, we have to measure the logic high and logic
low duration separately with a fast reference clock, in order to obtain the temper-
ature or supply voltage information, respectively. Fig. 7 illustrates measurement
of the sensor clock’s logic phase. An AND gate enables the fast reference clock
counting only during sensor logic high. Similarly, to measure the logic low dura-
tion, we can replace the AND gate with an OR gate.

5 Reference Current Generation

In Fig. 1-Fig. 5, does I,.s have to be a bandgap reference current insensitive
to supply voltage and temperature (PVT)? Let us only consider the dominant
term in each oscillation period, with the assumption that the comparator delay
tsw and the SR latch delay 7gr are much smaller.

For a Resistor-Capacitor (RC') relaxation oscillator, its linear component is:



Current-Mode Relaxation Oscillators for Temp / Supply Voltage Monitoring 11

eref Iref ‘R
Tre z-osc,linear = 2 X =2 X
l 7l IT(if/C Iref/c

=2x RC 9)

We can see that the reference current I,..; is cancelled out, leaving only RC.
In other words, I,.; does not have to be a PVT insensitive current to keep the
linear dominant period components constant. In fact, a proportional-to-absolute-
temperature (PTAT) current can bias the RC relaxation oscillator, while keeping
a constant oscillation frequency over temperature and supply voltage, as in [6].

When it comes to the supply voltage and temperature sensor, equation (7)
and (8) tell us that a constant reference current I,y is required in order to make
the period component linear with Vpp or Viode-

—f MP1 | |——{[ MP2

. MP3 I——‘—| MP4 | Low threshold
"_”t N IR S— I transistors

IBGR¢ 7i7’ﬂiGR
MN1 |—l—‘ [, MN2

Va‘ Vd L

XN

>
Ry Ry
AV, 2R,
v

JI |

Fig. 8: A compact and easy-to-design bandgap current reference modified from [9]
with removal of the operational amplifier. Copies of the reference current are
created with mirrors from MP2.

Fig. 8 depicts a compact and easy-to-design bandgap current reference cir-
cuit. This circuit is modified from [9] with removal of the operational amplifier.
It places a resistor R; in parallel with the diodes in order to reduce the mini-
mum supply voltage compared to a classical bandgap configuration. The identical
NMOS pair MN1-MN2 will regulate their source voltages to be equal. By select-
ing a proper ratio of Ry to Re and a diode area ratio of IV, one can generate a
temperature-independent current Igapg,

\% AV, 1 Ry KT
Ipar = — + d—(Vd+1lnN>7

_—_ ¢ _ 10
Ry Ro Ry Ry ¢q ( )
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where Vj is the voltage across the P+ /N-well junction diodes, and AV is the
difference between the two diodes’ forward voltages, which appears across Rs.
V4 has a CTAT coefficient, while the second term is PTAT. Similar to other
bandgap circuits, the basic principle is to compensate a CTAT coefficient with
a weighted PTAT coefficient, by choosing the correct value of (R;/R x In N) in
(10).

It is worth noting that the resistor temperature coeflicient can affect the
temperature variation of Ipgr. This could be addressed by implementing R;
and Rg with two series resistors having opposite temperature coefficients.

6 Design Considerations

The dominant linear component in the oscillation period represents the ideal
oscillation behavior. To design an accurate sensor, we have to suppress the non-
linear components in the oscillation period as much as possible. This section
takes a detailed look at these nonidealities, using the current-split model. The
expressions and delay model in this section apply to both constant frequency
oscillators and extended voltage or voltage sensors.

6.1 Delay Model of the Amplifying Transistor

VDD
|ref GD Iref {D

lref - Ich/'g
—»

lerg |

M2 ’]|__”3 M3 _l_
Vin Ve

jiC

Fig.9: Current splitting when both the drain and source of M3 are ramping up.

Cint

As illustrated in Fig. 9, I,y splits into two branches. One branch I.p,, flows
into M3 to charge up the capacitor C while the remainder charges the parasitic
capacitance at the drain node of M3. The voltage change at the drain node of
M3, A(Vy,m3), can be written in terms of its charging current (I,e; — Ichrg) and
the internal parasitic capacitance Cjp;:

IT'ef - Ic

A(Viuaz) = == At (11)
int
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If M3 has a gain of A3, the voltage change at the drain node of M3, A(Vy a3),
also equals the ramping rate on C amplified with Ajys,

IC T
AV msz) = Ams % % At, (12)
we can use (11) and (12) to solve for Iop,g:
Iref

Ichrg = (13)

1+ AM3Cimg/C
Equation (13) tells us that the gain of M3 affects the current splitting. When
M3 works in the linear region, A3 i, is small, and the denominator is approx-
imately 1. Thus almost all the I,.; flows into M3 to charge up C (Iyes = Icnrg)-
As M3 enters the saturation region, or Anrs sqt is large, Az sqtCint becomes
comparable to C', and a fraction of I,y begins to charge up Cj,;. At this phase,
we could also say that C;,; requires more current than C, since M3 is amplifying
the changes in V. From the small-signal perspective, dV/dt at the output of
M3 could approach (A3 sat X Ires/C) only if M3 had infinite bandwidth (no
Cint, and thus no current splitting). But in practice, Cjp¢ limits the bandwidth.

Y
20 Voltage
A

Tres Gb MO, Vew oo
VlN"'Vgs'MQ Iﬂiﬁrg VC,saI + Vdsat :

Ichrgi 777777777777777777777

Cmt
lej H—[ ms £ I Vasar
Vin ¢ Ve

Fig.10: The delay model and illustrated transition of the source-coupled ampli-
fier transistors (M3 and M4).

As shown in Fig. 10, the source voltage of M3 ramps up from zero until
its drain voltage reaches Vgy, the switching threshold of the SR latch. We
divide the total period into two phases 71 and 75 based on the operation of
M3 (linear and saturation). We use the capacitor ramping voltage Vo and M3
drain voltage V ars, to calculate 71 and 1 respectively, as illustrated by the two
yellow segments in Fig. 10. We use Vg a3 rather than Vo to derive 72, because
it is simpler to obtain the initial and final voltages of Vg »s3 during .

During 71, M3 is in the linear region, with its drain-to-source voltage below
Visat- Here M3 operates as a resistor, and initially the drain of M3 (Vg ar3)
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directly follows the capacitor voltage V. The gain Aps3 tineqr 1S small, and the
voltage is charging at a rate of I,..;/C based on (13).

This first phase ends when the drain-to-source voltage of M3 equals Vysaq,
which corresponds to a capacitor voltage V¢ sq¢. The duration of the first phase
71 can be derived as:

VC,sat

T = I’r‘ef/c (14)

In order to derive 71, we need to find Vi 54+, the capacitor voltage at which M3
enters saturation.

At the end of 7, M2 and M3 form a differential amplifier, whose input
voltage is the difference between the two source voltages and whose output is the
difference between the two drain voltages. Their source and drain node voltages
at the end of 71 are described in Table 1.

Table 1: Node voltages at the end of 7.
Transistor | Source Drain
M2 Vin | Vin + Vys, a2
M3 Ve,sat | Vo,sat + Visat

Given that the gain of M3 is Ans3.sat, Vo,sat can be obtained from:
AM37sat(VIN - VC7sat) = VIN + %S,M2 - VC,sat - Vdsat; (15)

where (Vin — Ve sar) on the left is the source voltage difference between M2 and
M3, and the expression on the right is the drain voltage difference of M2 and
M3, the amplifier’s output. We can use equation (15) to solve for Vi sqt, and
from there solve for 7 using equation (14).

During 75, M3 operates in the saturation region, amplifying the voltage differ-
ence between the two source voltages Viy and Vi, and current splitting occurs.
The drain voltage of M3, Vy ar3, i8 (Visat + Vo sat) at the start of 7 and slews to
Vsw, at a rate of (Aars,satlcnrg/C), to trigger the SR latch, as illustrated by the
second yellow segment line in Fig. 10. From (13), the total time of the second
phase 15 is:

- Vsw — (Vasat + Vo sat)
Ans,satlenrg/C
B Vsw — (Vasat + Vo sat)
Az satlres/(C + Az satCint)
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Substituting the expression of Vi sq¢ obtained from (15) into 7 and 7 in
(14) and (16), we can reach to the overall oscillation half-period:

Vin Vsw — Vasat — Vin

7'1+T2:

Iref/c I’ref/cint
+ VSW - Vqs,M2 - ‘/IN Vqs,MQ - Vdsat (17)
AM3,satIref/C (AIMS,sat - ]-)Iref/cint

The last term in (17) is negligible, because its ratio to the first term is on the
order of (AM;M . Cg”) assuming Viny and (Vs amr2 — Viser) have the same order
of magnitude. In a sensor design example at the 0.18um CMOS process node,
Aprs,sat is about 100, C'is 50 fF and Cjy,y is <5 fF. Thus, the last term contributes
less than 0.1% to the overall conversion time. Similarly, the contributions of the
second and third terms can be justified numerically by substituting Aas3 sq: and
Ciint into their ratios to the first term. Moreover, the contribution of the second
term can be further reduced by decreasing |Vsw — Visar — Vin|. We can achieve
this reduction by adjusting the transistor dimensions of NOR gates in the SR
latch (Vsw adjustment).

6.2 Curvature Error/Nonlinearity

In (17), the first term describes the ideal behavior, in which the oscillation period
T + 7 is linear with Vjx, and Vi can represent a resistor voltage, temperature
or supply voltage. The second and third terms highlight important sources of
nonlinearity.

In this subsection, we can begin to understand the nonlinearity of the oscilla-
tion period by building an expression for errors in (17) in terms of several partial
derivatives, and then considering the magnitude and temperature dependence of
each term, assuming that Vi is ideal:

—Vin
Alr] + 1) = - Al
(11 4+ 72) ,/C f
1
A — Vieat —
+ Toer/Com (Vsw — Vasat — Vin)
1 Vsw — Vys,m2 — Vin
+ A : 18
Iref/C AJWS,sat ( )

The first term in this expansion approximates the sensitivity to errors in I,..¢.
When analyzing the other terms in (18), I,.s is assumed constant.

Since C;pt has minimal temperature and voltage dependences [8], the second
error term will vary primarily with the switching threshold Vgsy . For the SR
latch design, we suggest adding current sources (ml,.s) on top of the PMOS
devices in series with Vpp to limit the peak dynamic current, which is also
called current starvation. Using this technique will make Vgyr more robust to the
supply voltage variation. Assuming subthreshold operation near the switching
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Fig. 11: Simulated switching threshold of the SR latch versus temperature.

threshold, Vg can thus be formulated as:

mIref
V'Jg Hcoz(W/L)n,SR

This expression predicts that Vgy will be complementary to absolute tempera-
ture, as plotted in Fig. 11. Assuming M2 and M3 are also subthreshold, Vs ar2
follows (19) and the gain of M3 is:

Vew = 7]VT In ( ) + VTH,n (19)

Va

e 20
nVr (20)

AM3,sat = Im3Tds,m3 =
where V4 is the early voltage (which has minimal temperature dependence), 7
is the subthreshold slope factor, and Vi = kT'/q is the thermal voltage.

Substituting (19) and (20) into (18), one can observe that the second term
scales linearly with temperature. The third term introduces second-order tem-
perature curvature error.

Based on this analysis, we can recognize the importance of minimizing C;,+ to
reduce the second term in (18), and maximizing Aprs sq¢ to reduce the third term.
Therefore, in our designs, we increased the lengths of the amplifying transistors,
and minimized the sizes of the transistors in the SR latch. The importance of
minimizing C;,; indicates that the proposed circuit can continue to benefit from
CMOS technology scaling.

7 Measured Performance

Sensing circuits based on relaxation oscillators can be applied across a wide
range of applications, from low-power sensor nodes to high-performance thermal
monitors on multicore processors.

This section gives three oscillator-based sensor examples: one nW hybrid
oscillator (Fig. 5), one uW Vpp sensor (Fig. 3), and one pW temperature sensor
(Fig. 4), in a standard 0.18um CMOS process. A micrograph of the fabricated
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Fig. 12: Die photo of the proposed temperature and voltage sensors, fabricated
in 0.18um CMOS.

chip is shown in Fig. 12. One bandgap reference circuit based on Fig. 8 is also
included. The bandgap draws 2.0 pA and occupies 0.0156 mm?, including several
current mirrors to distribute I,.y to multiple sensors.

As depicted in Fig. 6 and Fig. 7, the experimental sensor readout is performed
using a time-to-digital converter (TDC) implemented on an FPGA module (Opal
Kelly XEM6310). The TDC counts reference clock cycles during N sensor cycles
(N=256 in the yW sensors and N=10 in the nW hybrid sensor), which is the
equivalent conversion time.

7.1 State of the Art

Before we introduce the current-mode relaxation oscillator-based supply voltage
and temperature sensors, let us first briefly review the state-of-the-art in each
category.

There are several options for producing digital outputs that represent the
supply voltage. One of the simplest arrangements is a voltage-controlled oscil-
lator, which is often used for supply monitoring [10, 11]. Digital critical path
monitors (CPMs) [12,13] have very low latency and can be used to respond to
power supply transients, but they are less precise for continuous monitoring, and
CPMs are often combined with other complementary sensors.

Temperature sensors use a wider variety of approaches. Resistive [15-17] and
thermal-diffusivity [18] temperature sensors are able to achieve high resolution
(often < 0.1 °C), but demand sophisticated frequency-locked loops or X A-ADCs
to digitize the temperature-dependent information. Their area, power consump-
tion, and design complexity increase accordingly. Oscillator-based temperature
sensors, which employ frequency [4,19-21] or duty cycle modulation [22], are
appealing for thermal monitoring as they are straightforward to implement.

Low-latency temperature measurements are important to track thermal tran-
sients, which can swing 10-20 °C within 2-3 ms in smartphone SoCs [23]. Ulti-
mately, a monitor circuit must be evaluated by a combination of factors [14]
including its area, power, resolution, conversion time, and accuracy. Some of
these metrics are quantified for a survey of temperature sensors in Fig. 13.
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Fig. 13: CMOS smart temperature sensors [14] are compared by plotting (a) en-
ergy per conversion versus temperature resolution, and (b) an energy-resolution
figure-of-merit (FoM, with unit of nJ-K?) versus normalized circuit area.

7.2 Hybrid nW Temperature/Vpp Sensor

The hybrid nW oscillator has an active area of 46 pm x 68 pum in a standard
0.18 um CMOS process. At room temperature, with a supply voltage of 1.3 V,
the circuit oscillates at 35.7 kHz while consuming 40 nA. The duration of the
temperature phase (770, is 16.0 ps, and the Vpp sensing phase (Thigh) is 12.0 ps.

The time-to-digital converter (TDC) described in Fig. 7 is also simulated
in 0.18 um CMOS. Its simulated power is 1.2 uW for the temperature phase
data readout, and is 0.9 uW for the Vpp phase data readout, under a 0.8 V
digital supply. Its estimated area is 3000 um?, using low-power D-flip-flops based
on [24]. In more advanced process nodes, the TDC power and area would decrease
further.

20
w18 Ty
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& s o
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20 0 20 40 60 80 100 20 0 20 40 60 80 100 12 13 14 15 16 1.7 1.8
Temperature (°C) Temperature (°C) Supply (V)
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Fig. 14: Measurements of the temperature-sensitive phase of five hybrid sensor
samples, showing (a) pulse width versus temperature, (b) nonlinearity error after
2-point trimming, and (c) supply sensitivity.



Current-Mode Relaxation Oscillators for Temp / Supply Voltage Monitoring 19

Fig. 14 (a) shows a temperature sweep of the hybrid sensor measured across
five chips when Vpp is 1.3 V. The duration of the temperature phase is linear
with temperature, while the Vpp phase has minimal temperature dependence.
The peak-to-peak temperature nonlinearity error is 4+0.68/-0.51°C after two-
point linear calibration, as plotted in Fig. 14 (b). In Fig. 14 (c¢), measured on
five chips, the mean voltage sensitivity of the temperature phase is 2.03 °C/V
without calibration when Vpp varies from 1.2 V to 1.8 V. Based on the time-
to-digital converter described in Fig. 7, each reading was conducted by counting
a 100MHz reference clock only during the temperature sensitive phase for 10
sensor cycles, yielding a conversion time of 280 ps. The corresponding root-
mean-squared (RMS) temperature resolution is 0.17 °C.

Pulse width (us)
Vpp error (mV)

10 15 E
12 13 14 15 16 1.7 18 12 13 14 15 16 17 1.8 20 0 20 40 60 80 100
Supply (V) Supply (V) Temperature (°C)

(a) (b) (c)

Fig. 15: Measurements of the Vp p-sensitive phase of five hybrid sensor samples,
showing (a) pulse width versus Vpp, (b) nonlinearity error after 2-point trim-
ming, and (c) temperature sensitivity.

Fig. 15 (a) shows a supply voltage sweep for the hybrid sensor from 1.2 V
to 1.8 V at room temperature. The duration of the Vpp phase has a peak-
to-peak nonlinearity error of 49.73/-13.98 mV after two-point calibration. In
Fig. 15 (c), from —15 °C to 100 °C, the duration of the Vpp phase shows an
average temperature dependence of 0.54 mV/°C without any calibration. The
RMS Vpp resolution is 1.8 mV via 100 consecutive Vpp readings at 1.3 V Vpp.
Each reading was conducted by counting a 100MHz reference clock only during
the Vpp sensitive phase for 10 sensor cycles, corresponding to a conversion time
of 280 ps.

7.3 Dedicated ptW Temperature Sensor

The uW temperature sensor has an active area of 60um x 55um. It consumes
6.57 wA and operates at 12.0 MHz with Vpp = 1.3 V at room temperature.
Fig. 16 (a) shows a temperature sweep of the temperature sensor measured across
15 sample test chips when Vpp is 1.3 V, in which the periods are linear with tem-
perature. The peak-to-peak temperature nonlinearity error is +0.85/-0.94°C af-
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Fig. 16: Measurements of the pyW temperature sensor, illustrating (a) oscillation
period versus temperature, (b) temperature nonlinearity error after two-point
calibration with 15 samples, (c) oscillation period versus Vpp, and (d) supply
sensitivity without calibration (upper) and supply sensitivity after curvature
correction (lower).

ter two-point linear calibration, as plotted in the upper panel of Fig. 16 (b).
In the lower panel of Fig. 16 (b), measured on 15 samples, the mean voltage
sensitivity is 2.28°C/V after the removal of the systematic non-linearity when
Vpp varies from 1.2 V to 1.8 V. The RMS temperature resolution is 210 mK
via 1000 consecutive temperature readings at room temperature. Each reading
was conducted by counting a 100 MHz reference clock for 256 sensor cycles as
shown in Fig. 6, yielding a conversion time of 21.4 ps. The simulated power of
the time-to-digital converter described by Fig. 6 is 2.1 uW in 0.18 um CMOS.

7.4 Dedicated W Vpp Sensor

The Vpp sensor core occupies an area of 60pm x 86um. Its current consumption
is 8.34 pA, measured with Vpp = 1.3 V at room temperature. Fig. 17 (a)
shows a supply voltage sweep for the Vpp sensor from 1.2 V to 1.8 V at room
temperature. As shown in the lower panel of Fig. 17 (b), the period has a peak-
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Fig. 17: Measurements of the yW Vpp sensor, showing (a) oscillation period
versus Vpp, (b) Vpp nonlinearity error, (c) oscillation period versus tempera-
ture, (d) temperature sensitivity before (upper) and after curvature correction
(lower).

to-peak nonlinearity error of +28.7/-30.0 mV after two-point calibration. Based
on 1000 consecutive Vpp readings at 1.3 V Vpp, with a conversion time of 256
sensor cycles (22.4 us), the corresponding RMS Vpp resolution is 0.94 mV.

7.5 Performance Summary

Table 2 summarizes the nW and uW temperature sensor performance, and Ta-
ble 3 summarizes the performance of the two Vpp sensors. When we evaluate
the energy per conversion, the power consumption of the bandgap reference and
the time-to-digital converter are also taken into account. In particular, the time-
to-digital converter consumes more power than the nW sensor itself, due to the
fast reference clock.



22

Dai, Tulloss, Lian, Hu, Reda, Rosenstein

Table 2: Temperature sensor specifications

Temperature sensor nW sensor / uW sensor
Technology node 0.18 pum
Supply voltage range(V) 1.2—-1.8
Temp. range (°C) -15—100
Sensor core area (mm?) 0.0031 / 0.0033
Frequency at room temp. (MHz) 0.0357 / 12.0
Power (LW) 0.052 / 8.54
Supply sensitivity (°C/V) 2.03 / 2.28
Peak-to-peak error (°C) (4+0.68/-0.51) /(+0.85/-0.94)
Calibration 2-point
Resolution (mK) 168 / 210
Conv. time (ps) 280 / 21.4
Simulated TDC power (uW) 1.2 /21
Energy/Conversion (nJ) 1.08 / 0.35

Table 3: Supply voltage

sensor specifications

Vbp sensor nW sensor / pW sensor
Technology node 0.18 pm
Supply voltage range(V) 1.2—-1.8
Temp. range (°C) -15—100
Sensor core area (mm?) 0.0031 / 0.0052
Frequency at room temp. (MHz) 0.0357 / 11.3
Power (LW) 0.052 / 10.84
Temp. sensitivity (mV/°C) 0.54 / 0.79
Peak-to-peak error (mV) (+9.73/-13.98) / (+28.7/-30.0)
Calibration 2-point
Resolution (mV) 1.8 /21
Conv. time (us) 280 / 22.4
Simulated TDC power (LW) 09 /21
Energy/Conversion (nJ) 0.99 / 0.28

8 Conclusion

Before we conclude, perhaps we can take a broader perspective, and ask what
the current-mode relaxation oscillator and the bandgap circuit structure have
in common, which enables their power efficiency. One feature they share is that
they save power by obviating the operational amplifiers used in the conventional
oscillator and bandgap. In most operational amplifiers, signal amplification is
obtained by sharing a common source node and comparing the differential gate
voltages between two transistors. In the oscillator and proposed bandgap, the
amplifying transistors share a common gate voltage but compare their source
nodes, allowing current reuse in the capacitor charging or bias branches. Recog-
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nizing that voltage amplification is not constrained to gate comparison is essen-
tial to understanding the performance of the designs in this chapter.

9 Acknowledgements

This work was funded in part by grant FA8650-18-2-7851 from the Defense
Advanced Research Projects Agency (DARPA). C. R. Tulloss is also grateful for
support from the Jayakumar Undergraduate Summer Research Fellowship.

References

. Ferro, E., Brea, V.M., Lépez, P. and Cabello, D., “ Micro-Energy Harvesting System
Including a PMU and a Solar Cell on the Same Substrate With Cold Startup From
2.38 nW and Input Power Range up to 100 W Using Continuous MPPT. IEEE
Transactions on Power Electronics, 34(6), pp.5105-5116, 2018.

. Sadagopan, Kamala Raghavan, Jian Kang, Yogesh Ramadass, and Arun Natarajan.
“A cm-scale 2.4-GHz wireless energy harvester with nanowatt boost converter and
antenna-rectifier resonance for WiFi powering of sensor nodes.” IEEE Journal of
Solid-State Circuits 53, no. 12, 3396-3406, 2018.

. Jia, Yaoyao, Wasif Khan, Byunghun Lee, Bin Fan, Fatma Madi, Arthur Weber,
Wen Li, and Maysam Ghovanloo. ”Wireless opto-electro neural interface for exper-
iments with small freely behaving animals.” Journal of neural engineering 15, no. 4,
p-046032, 2018.

. Anand, T., Makinwa, K.A. and Hanumolu, P.K., “A VCO based highly digital
temperature sensor with 0.034°C/mV supply sensitivity”, IEEE Journal of Solid-
State Circuits, 51(11), pp. 2651-2663, 2016.

. Mordakhay, A. and Shor, J., “Miniaturized, 0.01 mm?, Resistor-Based Thermal
Sensor With an Energy Consumption of 0.9 nJ and a Conversion Time of 80 us for
Processor Applications”, IEEE Journal of Solid-State Circuits, 53(10), 2958-2969,
2018.

. Dai, S. and Rosenstein, J.K., “A 14.4 nW 122kHz dual-phase current-mode relax-
ation oscillator for near-zero-power sensors”, in IEEE Custom Integrated Clircuits
Conference (CICC), 2015.

. Dai, S., Tulloss, C.R., Lian, X., Hu, K., Reda, S., and Rosenstein, J.K., “Temper-
ature and Supply Voltage Monitoring with Current-mode Relaxation Oscillators,”
IFIP/IEEE International Conference on Very Large Scale Integration (VLSI-SoC),
2020.

. Jiang, H., Wang, P.H.P., Mercier, P.P. and Hall, D.A., “A 0.4-V 0.93-nW /kHz Relax-
ation Oscillator Exploiting Comparator Temperature-Dependent Delay to Achieve
94-ppm /°C Stability”, IEEE Journal of Solid-State Circuits, 53(10), pp. 3004-3011,
2018.

. Banba, H., Shiga, H., Umezawa, A., Miyaba, T., Tanzawa, T., Atsumi, S. and Sakui,
K., “A CMOS bandgap reference circuit with sub-1-V operation”, IEEE Journal of
Solid-State Circuits, 34(5), pp. 670-674, 1999.

10. Chen, S.W., Chang, M.H., Hsieh, W.C. and Hwang, W., “Fully on-chip tempera-

ture, process, and voltage sensors”, in IFEE International Symposium on Circuits
and Systems (ISCAS), 2010.



24 Dai, Tulloss, Lian, Hu, Reda, Rosenstein

11. Kobayashi, A., Hayashi, K., Arata, S., Murakami, S., Xu, G., Niitsu, K., “A 65-
nm CMOS 1.4-nW self-controlled dual-oscillator-based supply voltage monitor for
biofuel-cell-combined biosensing systems”, in IEEE International Symposium on
Circuits and Systems (ISCAS), pp. 1-5, 2019.

12. Vezyrtzis, C., Strach, T., Pierce, 1., Chuang, J., Lobo, P., Rizzolo, R., Webel, T.,
Owczarczyk, P., Buyuktosunoglu, A., Bertran, R. and Hui, D., “Droop mitigation
using critical-path sensors and an on-chip distributed power supply estimation en-
gine in the z147™ enterprise processor”, in IEEE International Solid-State Circuits
Conference (ISSCC), 2018.

13. Hsu, C.-H., Huang, S.-Y., Kwai, D.-M., Chou, Y.-F., “Worst-case IR-drop mon-
itoring with 1GHz sampling rate”, in International Symposium on VLSI Design,
Automation, and Test, VLSI-DAT, pp. 1-4, 2013.

14. K. A. A. Makinwa, Smart Temperature Sensor Survey, [Online]. Available:
http://ei.ewi.tudelft.nl/docs/TSensor_survey.xls

15. Pan, S., Luo, Y., Shalmany, S.H. and Makinwa, K.A.,“A Resistor-Based Temper-
ature Sensor With a 0.13 pJ - K? Resolution FoM”, IEEE Journal of Solid-State
Circuits, 53(1), pp. 164-173, 2018.

16. Park, H. and Kim, J., “A 0.8-V Resistor-Based Temperature Sensor in 65-nm
CMOS With Supply Sensitivity of 0.28°C/V”, IEEE Journal of Solid-State Circuits,
53(3), pp. 906-912, 2018.

17. Choi, W., Lee, Y., Kim, S., Lee, S., Jang, J., Chun, J., Makinwa, K.A. and Chae,
Y., “A Compact Resistor-Based CMOS Temperature Sensor With an Inaccuracy of
0.12°C (30) and a Resolution FoM of 0.43 pJ - K? in 65-nm CMOS”, IEEE Journal
of Solid-State Circuits, 2018.

18. Sonmez, U., Sebastiano, F. and Makinwa, K.A., “Compact thermal-diffusivity-
based temperature sensors in 40nm CMOS for SoC thermal monitoring”, IFEE
Journal of Solid-State Circuits, 52(3), pp.834-843, 2017.

19. Yang, K., Dong, Q., Jung, W., Zhang, Y., Choi, M., Blaauw, D. and Sylvester,
D., “A 0.6 nJ —0.22/40.19°C inaccuracy temperature sensor using exponential
subthreshold oscillation dependence”, in IEEE International Solid-State Circuits
Conference (ISSCC), pp. 160-161, 2017.

20. Wang, X., Wang, P.H.P., Cao, Y. and Mercier, P.P.;, “A 0.6 V 75nW All-CMOS
Temperature Sensor With 1.67m°C/mV Supply Sensitivity”, IEEE Transactions on
Ciircuits and Systems I: Regular Papers (TCASi), 64(9), pp. 2274-2283, 2017.

21. Someya, Teruki, AKM Mahfuzul Islam, Takayasu Sakurai, and Makoto Takamiya,
“An 11-nW CMOS Temperature-to-Digital Converter Utilizing Sub-Threshold Cur-
rent at Sub-Thermal Drain Voltage”, IEEE Journal of Solid-State Clircuits, 54(3),
pp. 613-622, 2019.

22. Wang, B., Law, M.K., Tsui, C.Y. and Bermak, A., “A 10.6 pJ-K? Resolution FoM
Temperature Sensor Using Astable Multivibrator”, IEEE Transactions on Circuits
and Systems II: Express Briefs (TCASii) , 65(7), pp. 869-873, 2018.

23. Said, M., Chetoui, S., Belouchrani, A. and Reda, S., “Understanding the Sources
of Power Consumption in Mobile SoCs”, in IEEE Ninth International Green and
Sustainable Computing Conference (IGSC), 2018.

24. Piguet, C., “Logic synthesis of race-free asynchronous CMOS circuits”, IEEE Jour-
nal of Solid-State Circuits, 26(3), pp. 371-380, 1991.



