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Motivations (1/2) 

• Health Care wireless assistance 
– It is expected to be one of the most important contributions of ICT to reduce 

the cost of the medical service and contrasting the risks of social exclusions the cost of the medical service and contrasting the risks of social exclusions 
(i.e. aging and chronic diseases)

– What does “wireless” mean in this context?

• Wireless Body Area Network
– Sensors platform
– Body area wireless connectivity (i.e. data communication)

• More than this?
– Wireless for contact-less sensing
– Wireless as enabling technology for wearable (portable) electronicsWireless as enabling technology for wearable (portable) electronics
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Motivations (2/2) 

• Needs of contact-less sensing
F    b   l (  l d )   l d   i– Free on any encumbrance: no gel (e.g. ultrasounds), no electrodes, no wires

– No (or extremely reduced) artefacts of movement

• RF sensors can be exploited for contact-less detection of vital signs• RF sensors can be exploited for contact less detection of vital signs
– Microwaves are capable of penetrating dielectric layers
– Traditional Microwave Integrated Circuits (MICs) make use of hybrid 

technologies NOT suitable for size and cost reasons
– System-on-Chip (SoC) approach is required for implementing a new 

generation of low-cost wearable contact-less sensors for dealing with present 
and future challenges in modern monitoring of human physiology
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Research objectives

• UWB Radar for cardio-pulmonary monitoring
– Feasibility study of a SoC UWB Radar on silicon for contactless detection of heart and 

breath rates
– SoC implementation
– Functional test-chip verification through lab-test

• Microwave Radiometer for temperature monitoring
– Feasibility study of a SoC 13-GHz Radiometer on silicon for remote temperature 

sensing
– Building-blocks implementationBuilding blocks implementation
– Verification through equivalent-like discrete-components system

• EU Project PROeTEX (FP6-2004-IST-4-026987)
– Wearable sensor platform for emergency operators (fire fighters, rescuers, etc).
– Four-year integrated project
– Additional applications: telemedicine, sport, etc.

www.tyndall.ie
© Domenico Zito, 2010



SoC RF CMOS Sensors 

• Objectives at first glance
– Wireless (i.e. contactless) sensor
– Low-power data processing (local/remote) and communication (wired/wireless link)Low power data processing (local/remote) and communication (wired/wireless link)
– Nano-scale CMOS SoC implementation (analog and digital sections)
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SoC RF CMOS Sensors 

• Future perspective for both sensors
– Autonomous fully wireless sensor (i.e. sensing and data communication*)
– WBAN/WLAN/GSM/EDGE/UMTS communication scenarioWBAN/WLAN/GSM/EDGE/UMTS communication scenario

www.tyndall.ie
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UWB Radar for cardiopulmonary monitoring: intro (1/4)  

• Heart rate (HR) and HR variability (HRV)
– They allow understanding cardiovascular regulation in a range of conditions (heart 

failure, diabetes, hypertension, and sleep apnea), , yp , p p )

• State of the art for cardiac monitoring
– Electrocardiography (ECG)

Portable ECG: Holter (since 1960s) [1] (up to 72 hours monitoring)
Cardiac Event Monitor [2] (longer time of observation)

– Echocardiography
Ultrasounds (not reported)Ultrasounds (not reported)

– Pulse oximetry [3]
– These systems require wires and a direct contact between the sensor and the body

commercial versions available today

www.tyndall.ie
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UWB Radar for cardiopulmonary monitoring: intro (2/4)  

• Radars for contactless cardiac monitoring: needs and solutions
– Radars sense the mechanical activity instead of the electrical activity of the heart 

(i.e. need of detecting arrhythmias)
– Radar as enabling technology for contact-less cardio-pulmonary monitoring

McEwan(1994) / Immoreev(2002) (range-gated topologies in hybrid technology)
- NOT suitable for portable/wearable applications (lack of miniaturization)

NOT l- NOT low-cost
Droitcour et al. (CW Doppler on silicon in 2004)

• Why UWB Pulse Radar?• Why UWB Pulse Radar?
– Benefits of pulse radar technology

FCC/ETSI international standard compliance 
Extremely-low power spectral density (-41.3 dBm/MHz in 3.1-10.6 GHz)
Robustness against interference
Low-complexity transceiver architecture
Very low energy consumption (switched-on in 2% of monitoring time)

D b k
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– Drawbacks
Lack of circuit solutions for UWB ICs
Time-domain tests



UWB Radar for cardiopulmonary monitoring: intro (3/4)  

• SoC UWB (3.1-10.6 GHz) Radar
– Cross-correlation receiver architecture (best performance against range-gated)

Th  t t i l i  d l t d b  th  h t ll t– The output signal is modulated by the heart wall movement
– Pulse repetition frequency (1-10MHz)

(no movement)
(with movement)
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UWB Radar for cardiopulmonary monitoring: intro (4/4)  

• Three main steps (stages) of this research
– Feasibility study including intra-body channel loss characterization (2006)
– Design and experimental characterization of the building-blocks in 90nm CMOS 

technology by ST-Microelectronics (2007-2008)
– Re-design of building-blocks and SoC integration of the overall radar (2009)

• Experimental verifications started in Q4/2009
– Functional lab-tests on test-chips completed in Q1/2010

• Field operational tests started in Q3/2010
– Experimental setup and design fine tuning of radiant elements

www.tyndall.ie
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UWB Radar: major achievements (1/14)  

• System-level feasibility study: heart and chest physiology
– Max heart displacement (EDV/ESV) about 1.5 cm (typical, i.e. 400ps)

Chest tissues (air  skin  fat  muscle  cartilage  lung  heart  blood) (2cm  2ns t o f)– Chest tissues (air, skin, fat, muscle, cartilage, lung, heart, blood) (2cm, 2ns t-o-f)
– Electromagnetic properties of the tissue layers (Gabriel et al. USAF)

Harrison's Principles of Internal Medicine Visible Human Body ModelHeart Phisiology Kit

www.tyndall.ie
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UWB Radar: major achievements (2/14)

• System-level feasibility study: theory and CAD simulation results
– Specifications of the building blocks have been derived for 90nm CMOS by STM

LNA input and Integrator output signals– LNA input and Integrator output signals
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UWB Radar: major achievements (3/14)

• Intra-body channel loss: theoretical modelling by near-field equations (not 
reported) and experimental verification
– 80dB average loss in 3.1-10.6 GHz
– 10 couples of antennas have been realized
– Confirmation of the theoretical model
– Invariance up to 5mm from the skin
– Results confirmed by other parallel researches– Results confirmed by other parallel researches
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UWB Radar: major achievements (4/14)

• UWB Antenna has been realized and measured
– S11 < -10 dB in 4-15 GHz band

Large bandwidth for microstrip Helm antennas– Large bandwidth for microstrip Helm antennas
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UWB Radar: major achievements (5/14)

• Low Noise Amplifier (LNA)
– S21=22.7 dB
– ICP1dB=-19dBm
– NF=5dB
– B3dB=4.9 GHz
– PC=34.8mW

Area 0 685mm2– Area=0.685mm2

– Max Delay Group variations=41ps
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UWB Radar: major achievements (6/14)

• Pulse Generator
– Large-signals approach
– Scheme of principle

– Triangular Pulse Generator (TPG) (based on [4]) and Shaping Network

www.tyndall.ie

[4] J. Ryckaert et al., “Ultra-wideband transmitter for low-power wireless 
body area networks: Design and evaluation,” IEEE Trans. Circuits Syst. I, 
Reg. Papers, vol. 52, no. 12, pp. 2515–2525, Dec. 2005.



UWB Radar: major achievements (7/14)

• Pulse Generator
– Vpp=660mV (900mV on-chip)
– Td=380psp
– Energy consumption: 8pJ/per pulse
– Area=0.25mm2
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UWB Radar: major achievements (8/14)

• Delay Generator (based on [5])
– 5-bit programmable delay from 1 to 3ns (typical time-of-flight is 2ns)
– Measured up to 6ns due to the input capacitance of the oscilloscope
– Large monotonic delay range
– Area=0.2mm2

[5] M M di N j d d M S hd[5] M. Maymandi-Nejad and M. Sachdev, 
“A digitally programmable delay element: 
Design and analysis,” IEEE Trans. Very 
Large Scale Integration (VLSI) Syst., vol. 
11, no. 5, pp. 871–878, Oct. 2003.
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UWB Radar: major achievements (9/14)

• UWB Multiplier
– Fully differential topology based on Gilbert’s multiplier 

Common-gate differential pair input stage for a low-complexity input 
impedance matching to the low noise amplifier (LNA) output impedanceimpedance matching to the low noise amplifier (LNA) output impedance
Paper currently under review

– PC=0.9mW 
– Area=0.3mm2

– Experimental testsExperimental tests
Inputs
– LO: Vpp=800mV
– RF: Vpp=160mV
OutputOutput
– Vmax=40mV

www.tyndall.ie
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UWB Radar: major achievements (10/14)

• UWB Multiplier
– Set of experimental results (correlation/no correlation)

www.tyndall.ie
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UWB Radar: major achievements (11/14)

• SoC UWB Radar sensor
– Three-stage integrator (not reported) based on gm-C cell with output buffer stage

Voltage gain=58dB, cut-off frequency=145Hz, PC=1.1mW
– Overall radar integration (chip area approx 2 mm2)
– Test by means of microprobes (LNA input – Attenuation – Pulse Generator output)

www.tyndall.ie
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UWB Radar: major achievements (12/14)

• SoR UWB Radar sensor
– Complete experimental setup

www.tyndall.ie
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UWB Radar: major achievements (13/14)

• SoC UWB Radar sensor
– 1-Hz periodic delay (i.e. close to the heart beat frequency)

• Ramp (50% duty cycle)
• Sine (very similar to the heart movement)
• Observation windows of about two periods (2.4s) 

– Overall energy consumption: 180 pJ/pulse

www.tyndall.ie
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UWB Radar: major achievements (14/14)

• SoC UWB Radar sensor
– LNA input and Integrator output signals (measured)

• 1 Hz periodic square delay (on off correlation)• 1-Hz periodic square delay (on-off correlation)
– Note the agreement with the results of the CAD system analyses (2006)
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Microwave Radiometer: intro (1/3)

• Radiometer for temperature remote sensing: needs and solutions
– Radiometer senses the black-body radiation of a remote warm (with respect to 0K) 

surface
– Microwave radiometers can be exploited for contact-less detecting the temperature 

of internal organs, fire beyond a wall, etc.
– State of the art for microwave radiometers

• Hybrid technology (waveguide, MICs, Peltier’s cells)
– Geo- and Bio-Sciences 
– NOT portable/wearable applications
– NOT low-cost

• Why SoC 13-GHz Radiometer?
– Benefits

• Translating calibration in digital domain  (impressive miniaturization)
“T i i f ” b d i  d  i h i i l d d

http://www.radiometrics.com

• “Transmission-free” band in accordance with international standards
• Trade-off between penetrating capability and spatial resolution

– Drawbacks
• Size of the patch antenna array (about 8x8cm2)

www.tyndall.ie
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Microwave Radiometer: intro (2/3)

• 13-GHz SoC Radiometer
– Ultra-low noise receiver with an internal noise reference
– Two applicative scenarios

˚• Internal temperature (35-50 ˚C, 5cm)
• Fire beyond walls/doors/etc. (0-850 ˚C, 200m)

– Direct-Conversion and Direct Detections architectures
• Direct Detection (DD)• Direct Detection (DD)

– No Mixer, No Oscillators (benefits)
– High-Gain LNA (drawback)

www.tyndall.ie
© Domenico Zito, 2010



Microwave Radiometer: intro (3/3)

• 13-GHz SoC Radiometer
– Feasibility study by means of radiation theory and CAD system-level simulations (2006)

E i t l t i l  th h i l t lik  “l t” h b id t t  (2007 2009)– Experimental trials through equivalent-like “low-cost” hybrid prototype (2007-2009)
• Implementation by using components on the shelf (DVB-S receiver, readout and 

calibration circuitry)
– Design and experimental verification of the most critical building-blocks in 90nm g p g

CMOS technology by ST-Microelectronics (2007-2009)
• RF Switch, Low Noise Amplifier (LNA), Voltage Controlled Oscillator (VCO), Power 

Detector
• High-Gain LNA and  Mixer  have been designed successfully• High-Gain LNA and  Mixer  have been designed successfully

– Satisfactory performance (not fabricated)

www.tyndall.ie
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Microwave Radiometer: major achievements (1/6)

• System-level feasibility study: theory and CAD simulation results
– SoC feasibility demonstrated in 90nm CMOS process
– Both scenarios: internal temperature and fire detections (sensitivity 0.1K)

www.tyndall.ie
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Microwave Radiometer: major achievements (2/6)  

• Equivalent-like “low-cost” hybrid prototype (in cooperation with the University of Perugia)
– Summary of the experimental results

• Inter-wall (12.5 cm) detection (3K accuracy)
• Detection demonstrated even against infrared (IR) technology

www.tyndall.ie
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Microwave Radiometer: major achievements (3/6)

• Active microwave inductors (e.g. RF switch, LC-active VCO)
– Q-factor > 300
– D-BSI and CCD-BSI

www.tyndall.ie
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Microwave Radiometer: major achievements (4/6)

• Dual-Input Pseudo-Switch RF LNA (for Direct-Conversion Detection)
– S21 =19dB

ICP1dB = 18dBm– ICP1dB = -18dBm
– NF= 1.6dB
– S11<-20dB
– PC=17mW
– Area=0.51mm2

www.tyndall.ie
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Microwave Radiometer: major achievements (5/6)

• High-Gain Dual-Input Pseudo-Switch RF LNA (for Direct Detection)
– Two additional common-source stages (4 stages in total)

S21=50dB– S21=50dB
– NF=1.5dB
– S11<-30dB
– PC=32mW
– Area=1mm2

www.tyndall.ie
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Microwave Radiometer: major achievements (6/6)

• Voltage Controlled Oscillator (VC0)
– Tuning Range=250 MHz (12.50–12.75 GHz)
– Phase Noise= -110 dBc/Hz @ 1 MHz
– Low Phase Noise with 37% SoA PC
– It is being submitted to IEEE journal

• Power Detector (in cooperation with University of Perugia)Power Detector (in cooperation with University of Perugia)
– Sensitivity=3mV/nW
– Linearity range up to -45dBm
– PC=2.2mW
– Area=0.15mm2
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Summary and conclusions

• SoC RF CMOS sensors have strategic relevance for the implementation of next-
generation contacless sensors for  health monitoring and other emerging wireless 
applications (e.g. civil and environmental safety, security)pp ( g y, y)

• An innovative SoC UWB (3.1-10.6GHz) Radar for cardio-pulmonary monitoring has been 
proposed, designed, implemented and characterized experimentally through on-chip 
measurements for the 1st time in the literature

• An innovative SoC Radiometer for temperature remote sensing has been proposed and • An innovative SoC Radiometer for temperature remote sensing has been proposed and 
its most critical building blocks have been implemented on standard CMOS technology 
for the 1st time in the literature

• The proof-of-the-concept for inter-wall detection of temperature through 13-GHz 
R di t  h  b  id d b   i l t lik  h b id t t  h  i t l Radiometer has been provided by an equivalent-like hybrid prototype, whereas internal 
temperature detection has been proved by means of simulations

• Several novel IC solutions with the highest figures of merit have been proposed for the 
implementation of both SoC RF CMOS sensors

• All the circuits have been tested successfully and most of them have been already 
published in IEEE Journals

www.tyndall.ie
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