A Hybrid Thermal-Diffusivity/Resistor-Based
Temperature Sensor with a Self-Calibrated
Inaccuracy of 0.25°C (3o) from =55°C to 125°C
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Ongoing Research Topics

Thermal management of hot chips

Accuracy Compactness
Low supply Less
sensitivity Trimming
: Advanced
Resolution
Technology
A Sampling

[Courtesy: S.Rusu, Intel]

Low power
rate P

7 of36



Ongoing Research Topics

Temperature compensation of TCXOs
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Ongoing Research Topics

loT sensors, e.g., RFID tags
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CMOS Temperature Sensor Types
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CMOS Temperature Sensor Types
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ldea: a Hybrid Sensor

Resistor-based sensor
Energy-efficient ©
Requires trimming ®

TD-based sensor
Energy-inefficient ®
No trimming ©

—

Hybrid sensor
Energy-efficient ©
Self-trimming ©

m Use a TD sensor to trim a resistor-based sensor!
m Then turn TD sensor off during normal operation.
m Promising in advanced technologies and IoT applications.
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TD Sensor: Prior-art

Thermopile ETF

Heater Thermopile
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[van Vroonhoven, ISSCC’10]

m Weak ETF signal amplified by an OTA
m Phase-domain A2M, chopper output &« cOS(@err — @4 o)
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Resistor-based Sensor: Prior-art
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[Pan, JSSC’18]

m Wien-bridge (WB) sensor also uses a phase-domain A2M.

m Readout circuit can be reused to save chip area!
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Sensor Integration

Wien-bridge m
Select ———AMWWv— | |_(%n
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fdrive =
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B

Heater Thermopile

m Multiplexers = enable a sensor and select its output.
m Reset = switching between modes w/o noise penalty.
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WB Sensor Readout e ——

Wien-bridge

| A
Select Ru C\INB 1 Wy
| T
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sSc 2

stage |

m 2"9 order PDAXM = high resolution with short T,

m SC 2" stage = small chip area

m Chopped 15t stage = 1/f noise suppression

conv
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WB Sensor Readout oo |

Wien-bridge
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m System-level chopping (CHL)

— Improved offset and 1/f noise suppression
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m Original design. R,,: Z,,: Ryg= 1:5:1300.

u Zin (~

) IS a significant error contributor!

[Pan, ISSCC’19]
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Opamp Speed and Load

Cint Cint
I I C|oad:Cd+Cint1par I I Cload1:Cd+Cint,par
_ +Ccmra*+Cond _
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I

CMFB CMFB Cioad2=Ccmra+Cond

m Use a buffer (source follower) to reduce C,__4
= <10% more power, but 2% larger GBW
= 2% lower Z;, = better WB sensor inaccuracy
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TD Sensor: Better Resolution

p+/metal
thermopiles

p+/metal
uthermopiles

7" n+ heater ™

|:> 1:drive HE VETF
| [van Vroonhoven, [Sonrr’\ez,
ISSCC’10] JSSC'17]

m Octagonal thermopile layout = lower thermopile resistance
— Better resolution for fast self-calibration.

m s=24um, f . =31.25kHz.

drive
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TD Sensor: OTA Offset

Thermopile ETF
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m OTA offset = large ripple at
Integrator output = overload!
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TD Sensor: AZed OTA

Vip1 ﬂq
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m Telescopic structure

= High speed
(BW=600MH2z)

m PMOS input &
degenerated NMOS

= low 1/f noise corner
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D Sensor:

Vip1 —|

AZed OTA
prHJ

VDD
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VDD
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|
out,n f
AZ
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i

m Auto-zeroed OTA

m Offset Is stored on
large hold capacitors
(C=7pF)

m AZ only need to be
performed at the start of
conversions
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Die Micrograph

Driver

m 0.18um CMOS
m 4 sensors/chip

m Sensor area: 0.2mm?
(WB sensor: 0.12mm?)

m D sensor: 5.1mW
m \WB sensor: 66uW
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Output Characteristics

TD sensor WB sensor
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m TD sensors are much more accurate than WB sensors
(20 samples, no trimming).
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No-trim Inaccuracy
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m Fixed 5"-order nonlinearity correction
m TD sensor = < 0.3°C (30) no-trim inaccuracy!
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WB Sensor: Temperature Calibration

WB sensor WB sensor
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m 2-pt trim + systematic error removal
— Residual T. error of 0.03°C (cold & hot) or 0.05°C (RT & hot).
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WB Sensor: Assisted Calibration
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m Trimmed at ~25°C and 85°C
= Slightly degraded temperature inaccuracy of ~0.25°C.
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Temperature Resolution

107! m ETF sensor:
< ~15mK with T_,,,=1s
S 1072
= R
S ——\WB, with CHL -
% ——WB. wthout CHL j m \WB sensor:
S5 a3 "
g1 ~0.45mK with T_,,,,=10ms
]
" 10 ¢

1072 102 10” 10°

Conversion time (s)

29 of36



Benchmarking

van Vroonhoven Souri Yousefzadeh Pan Pan This work
ISSCC10[1] |JSSC13[6][ISSCC’17 [5]] JSSC'18[2] [ISSCC’19 [3]
Thermal Resistor Resistor Thermal Resistor
Sensor type diffusion BJT BJT WB WB diffusion WB
Technology 0.18um 0.16um 0.16um 0.18um 0.18um 0.18um
Area [mm?] 0.18 0.08 0.17 0.72 0.12 0.20
Temp. range -55°C to -55°C to -55°C to -40°C to -40°C to -15°C to -55°C to
' 125°C 125°C 125°C 85°C 180°C 105°C 125°C
3o inaccuracy [°C] 0.03 0.1 0.03
(Temp. trimming points 2) 0.2 015° 03" (2) (2) 0.2 0.25 (2)
1/f noise corner [HZ] -- -- -- <1 ~1 -- <0.01
Power [mW] 3 0.005 0.007 0.16 0.052 5.1 0.066
Conv. time [ms] 6250 5.3 5 5 10 1000 10
Resolution [mK] 20 20 15 0.41 0.46 15 0.45
Resolution FoM [pJ-K?] 7.5M 11 7.8 0.13 0.11 1.2M 0.13

2 Trimming points that require accurate temperature information.
b Requires a voltage reference ¢ FoM = Energy / Conversion x (Resolution)?.
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Benchmarking

van Vroonhoven Souri Yousefzadeh Pan Pan This work
ISSCC10[1] |JSSC13[6][ISSCC’17 [5]] JSSC'18[2] [ISSCC’19 [3]
Thermal Resistor Resistor Thermal Resistor
ST diffusion 2l sl WB WB diffusion WB
Technology 0.18um 0.16um 0.16um 0.18um 0.18um 0.18um
Area [mm?] 0.18 0.08 0.17 0.72 0.12 0.20
Temp. range -55°C to -55°C to -55°C to -40°C to -40°C to -15°C to -55°C to
' 125°C 125°C 125°C 85°C 180°C 105°C 125°C
3o inaccuracy [°C] 0.03 0.1 0.03
(Temp. trimming points 2) 0.2 015° 03" (2) (2) 0.2 0.25 (2)
1/f noise corner [HZ] -- -- -- <1 ~1 -- <0.01
Power [mW] 3 0.005 0.007 0.16 0.052 5.1 0.066
Conv. time [ms] 6250 5.3 5 5 10 1000 10
Resolution [mK] 20 20 15 0.41 0.46 15 0.45
Resolution FoM [pJ-K?] 7.5M 11 7.8 0.13 0.11 1.2M 0.13

2 Trimming points that require accurate temperature information.
b Requires a voltage reference ¢ FoM = Energy / Conversion x (Resolution)?.
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Benchmarking

van Vroonhoven Souri Yousefzadeh Pan Pan This work
ISSCC10[1] |JSSC13[6][ISSCC’17 [5]] JSSC'18[2] [ISSCC’19 [3]
Thermal Resistor Resistor Thermal Resistor
Sensor type diffusion BJT BJT WB WB diffusion WB
Technology 0.18um 0.16um 0.16um 0.18um 0.18um 0.18um
Area [mm?] 0.18 0.08 0.17 0.72 0.12 0.20
Temp. range -55°C to -55°C to -55°C to -40°C to -40°C to -15°C to -55°C to
' 125°C 125°C 125°C 85°C 180°C 105°C 125°C
3o inaccuracy [°C] 0.03 0.1 0.03
(Temp. trimming points 2) 0.2 015° 03" (2) (2) 0.2 0.25 (2)
1/f noise corner [HZ] -- -- -- <1 ~1 -- <0.01
Power [mW] 3 0.005 0.007 0.16 0.052 5.1 0.066
Conv. time [ms] 6250 5.3 5 5 10 1000 10
Resolution [mK] 20 20 15 0.41 0.46 15 0.45
Resolution FoM [pJ-K?] © 7.5M 11 7.8 0.13 0.11 1.2M 0.13

2 Trimming points that require accurate temperature information.
b Requires a voltage reference ¢ FoM = Energy / Conversion x (Resolution)?.

32 0f36



Benchmarking

van Vroonhoven Souri Yousefzadeh Pan Pan This work
ISSCC10[1] |JSSC13[6][ISSCC’17 [5]] JSSC'18[2] [ISSCC’19 [3]
Thermal Resistor Resistor Thermal Resistor
Sensor type diffusion BJT BJT WB WB diffusion WB
Technology 0.18um 0.16um 0.16um 0.18um 0.18um 0.18um
Area [mm?] 0.18 0.08 0.17 0.72 0.12 0.20
Temp. range -55°C to -55°C to -55°C to -40°C to -40°C to -15°C to -55°C to
' 125°C 125°C 125°C 85°C 180°C 105°C 125°C
3o inaccuracy [°C] 0.03 0.1 0.03
(Temp. trimming points 2) 2 0.15° 03° (2) (2) U2 U2 (2)
1/f noise corner [HZ] -- -- -- <1 ~1 -- <0.01
Power [mW] 3 0.005 0.007 0.16 0.052 5.1 0.066
Conv. time [ms] 6250 5.3 5 5 10 1000 10
Resolution [mK] 20 20 15 0.41 0.46 15 0.45
Resolution FoM [pJ-K?] 7.5M 11 7.8 0.13 0.11 1.2M 0.13

2 Trimming points that require accurate temperature information.
b Requires a voltage reference ¢ FoM = Energy / Conversion x (Resolution)?.
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Benchmarking

van Vroonhoven Souri Yousefzadeh Pan Pan This work
ISSCC10[1] |JSSC13[6][ISSCC’17 [5]] JSSC'18[2] [ISSCC’19 [3]
Thermal Resistor Resistor Thermal Resistor
Sensor type diffusion BJT BJT WB WB diffusion WB
Technology 0.18um 0.16um 0.16um 0.18um 0.18um 0.18um
Area [mm?] 0.18 0.08 0.17 0.72 0.12 0.20
Temp. range -55°C to -55°C to -55°C to -40°C to -40°C to -15°C to -55°C to
' 125°C 125°C 125°C 85°C 180°C 105°C 125°C
3o inaccuracy [°C] 0.03 0.1 0.03
(Temp. trimming points 2) 0.2 015° 03" (2) (2) 0.2 0.25 (2)
1/f noise corner [HZ] -- -- -- <1 ~1 -- <0.01
Power [mW] 3 0.005 0.007 0.16 0.052 5.1 0.066
Conv. time [ms] 6250 5.3 5 5 10 1000 10
Resolution [mK] 20 20 15 0.41 0.46 15 0.45
Resolution FoM [pJ-K?] 7.5M 11 7.8 0.13 0.11 1.2M 0.13

2 Trimming points that require accurate temperature information.
b Requires a voltage reference ¢ FoM = Energy / Conversion x (Resolution)?.
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Conclusions

m A hybrid temperature sensor with
v High temperature-calibrated inaccuracy (0.03°C, 3o, 2-pt).
v' Good self-calibrated inaccuracy (0.25°C, 30)
v" Good resolution FoM (0.13pJ-K?)

m [Thanksto
v TD/resistor sensor combination
v Buffered opamp & system-level chopping
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