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Background & Motivation
• Various medical applications to benefit from internal tissue temperature

Cardiac surgery[1] Hyperthermia treatment[2] Sleep disorder[3]

… and many others
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• Invasive methods 
• Needle probes and radio pills

• MRI
• High-cost and non-wearable

• Heat-flux device
• Sub-cm measurement depth

Microwave radiometer is a non-invasive and compact device that 
measures thermal noise power emitted from a stack of tissues.

[4]

[5]

Current Methods
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Black Body Radiation
• Black body radiation: all materials at 

non-zero temperature emit 
electromagnetic energy across the 
entire spectrum

• The power spectral density (W/Hz) is:

• For a human, the black-body curve 
(red) peaks in the infrared 
(penetration into tissues: ~1mm)

IR image shows 
only skin

temperature

Infrared

Microwave

𝑝𝑝 =
ℎ𝑓𝑓

𝑒𝑒ℎ𝑓𝑓/𝑘𝑘𝑘𝑘 − 1
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Passive Microwave Thermometry

“Quiet” radio astronomy band: 1.4-1.427GHz (2% BW)
Compromise between sensing depth, low RF interference and size

• At lower microwave frequencies, 
sensing depth is a few cm

• Near-field antenna attached on  
skin to receive thermal noise

𝑝𝑝 =
ℎ𝑓𝑓

𝑒𝑒ℎ𝑓𝑓/𝑘𝑘𝑘𝑘 − 1
≈ 𝑘𝑘𝑘𝑘
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Radiometer Overview
Correlation RadiometerDicke Radiometer

• Continuous measurement of 
both input

• Lower sensitivity to impedance 
mismatch 

• Sensitive to gain fluctuation of 
detector

• Less number of components
• Allows calibration for gain 

fluctuation
• Time on-target limited
• Switch is lossy

∆ 𝑇𝑇 = 2 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠
Δ𝑓𝑓 𝜏𝜏 ∆ 𝑇𝑇 = 2 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠

Δ𝑓𝑓 𝜏𝜏
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Temperature Measurement

𝑊𝑊 : Weight of layer 
𝑇𝑇 : Temperature of layer

𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
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Temperature Measurement

 Dicke radiometer connected 
to a phantom tissue stack of 
skin and muscle

 Switch and LNA 
implemented on a GaAs 
MMIC

 Output digitized and 
processed

1.4 ~ 1.427 GHz : 𝑘𝑘𝑘𝑘𝑘𝑘 = −99.5 𝑑𝑑𝑑𝑑𝑑𝑑
@ 27°C B= 27 𝑀𝑀𝑀𝑀𝑀𝑀
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Near-field Antenna Design
Cross-section Reflection coefficient magnitudeTop view

• Designed to match the tissue layers
• Rectangular patch topology
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SPDT Switch Design

• Shunt-series topology
• Inductor(Lres) to resonate the “OFF” capacitors of the transistors
• Insertion loss: 0.29 dB / Isolation: 30.8 dB @1.4 GHz

Schematic

• Solid : measurement
• Dashed: simulation
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LNA Design
Schematic

• 3-stage common source amplifier
• Distributed filters for stability improvement
• Performance at 1.4 GHz: Gain: 45.2 dB/Noise figure: 0.52 dB

Measurement
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MMIC Implementation

• Performance at 1.4 GHz
• Gain: 45.1 dB / 41.9 dB w/ filters
• Noise figure: 0.88 dB

3.75 mm

1.
7 

m
m
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Measurement Test Setup

• Two muscle phantoms alternated 
on skin phantom

Phantom Thickness 
(mm) 𝜀𝜀𝑟𝑟 𝛿𝛿 (S/m)

Skin 2 28 0.82
Muscle 15 77.7 1.26
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Temperature Measurement

• Two muscle phantoms alternated every 20 seconds
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Temperature Measurement

𝑊𝑊𝑖𝑖 =
∫𝑣𝑣𝑖𝑖 𝜌𝜌𝐽𝐽

∫𝑣𝑣𝑡𝑡𝑜𝑜𝑜𝑜 𝜌𝜌𝐽𝐽

Weights from Joule loss

Volume Joule loss of tissue phantom

𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 : 0.593
𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 : 0.261
𝑊𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 : 0.03

𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
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Temperature Estimation

• Skin temperature is calibrated to estimate muscle temperature
• Average error of 0.77 °C

𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
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Temperature Estimation

• Skin temperature is calibrated to estimate muscle temperature
• Average error of 0.77 °C

𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑊𝑊𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
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Conclusion
• Non-invasive internal body temperature measurement 

• 45 dB stable gain, 0.88 dB noise figure for Dicke MMIC
• About 80 mW power consumption
• Temperature measurement and estimation using 2-layer 

phantom stack
• Average estimation error of 0.77 °C

• Future work
• Further implementation to MMIC
• Temperature measurement of 

multi-stack tissue layers
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Thank you       
Questions?
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