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Applications of Near Zero Power Sensors
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Applications: Emergency Response
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Applications: Smart Homes
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Applications: Community Resource and Personal 
Health  Management
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Applications: Inventory Tracking
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Applications: Smart Agriculture
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Applications: Autonomous Vehicles
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Smart sensor node lifetime

• When considering a sensor node utilizing ~10mW on power life time 
can be extended by years utilizing nanowatt level WuRx’s
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Event-driven smart sensor nodes

• Ubiquitous, persistent real time environmental monitoring

• Operation over extreme time scales and environmental 

conditions
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WuRx front-end architectures
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· Lowest DC Power consumption

· Moderate sensitivity

· No gain required at RF frequencies

· Input LNA for increased sensitivity

· High sensitivity

· RF LNA required

· Unlocked oscillator into wideband IF

· High sensitivity

· RF Oscillator required, IF gain 

stages required

· Traditional radio reciever architecture

· Highest sensitivity

· Highest power



System Architecture
This work: Detector First RX
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Envelope Detector comparison

• Optimal RX sensitivity requires:

1. High OCVS (VDC/PRF)

2. Low output noise levels

3. Low bandwidth reception
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Matching-network ED codesign

• For optimal output SNR:

• RRect ≈ RQ

• Two independent design variables 

available

• RD ~ DC channel impedance of  diode

• N ~ Number of  diodes

• Output SNR is a monotonically 

increasing function of  RQ

• Increase Q factor

• Decrease capacitance

𝑆𝑁𝑅𝑂𝑢𝑡 =
𝑁𝜇𝐷𝑃𝑖𝑛𝑅𝐷𝑅𝑝

(𝑅𝐷+𝑁𝑅𝑝) 4𝑘𝑇𝑁𝑅𝐷𝐵

𝑆𝑁𝑅𝑂𝑝𝑡 ∝ 𝑘 𝑅𝑝 𝑁𝑜𝑝𝑡 =
𝑅𝐷
𝑅𝑝

ED on 130nm 

CMOS Chip

Matching-network 

on Rogers 4350 PCB

Crect ≈ CS.S.N 
RQ ≈ Qω0L//RSub Rrect ≈ RD/N



Baseband/Dickson envelope detector codesign

• In order to overcome input 

referred baseband noise:

• VnDet>VNAmp

• For detector output 

impedance we find that:

• RORect ≈ NRD

• Or that: RORect ≈ N2RQ

• Where RQ is the shunt 

resistance of  RF resonator

VnDET∝ 𝑵𝑹𝑫

VnAmp∝ ൗ𝟏 𝑰𝑫
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Baseband Amplifier Design

• Introduction of  low frequency transmission 

zero rejects interferers

• DC power level set by output noise of  rectifier
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Comparator design

• Current reused between latching stage and preamplifier

• 9 bits of  offset control allowing for ultra wide trip voltage range
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Clock source

• External bias sets device bias and operation frequency

• Operates from 50 Hz to 10 kHz

Unit gain unit cell5 Stage current starved ring 
oscillator
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Digital backend

• Asymmetric error tolerance increases robustness without 

degrading false alarm rate

• <1 nW DC power consumption
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Comparator Output False Positive 

Rate with Automatic Offset Control

Desired False Positive 

Rate at 1.5%
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Automatic offset control algorithm

• Rejects fluctuations due to PVT variation 

dynamically

• No input RF signal required for calibration
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Measurement setup for power and sensitivity

• Chip fabricated in 130nm RF CMOS process



Sensitivity measurement results
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Automatic offset compensation and interferer 
rejection measurement results



Comparison to the state of the art
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Roberts 
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65 nm
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2
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2
 *
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45.5 μW

2-Step 

Wakeup

2-Step 

Wakeup

910 pJ

1.27 mm
2
 *

-84 dBm 
6

Pletcher 

ISSCC’08

90 nm

2 GHz

100 kbps

-72 dBm 
2

52 μW

N/A

MEMS 

Filter

520 pJ

0.1 mm
2
 *

N/A

Sadagopan 

RFIC’17 [3]

65 nm

2.4GHz

2.5 kbps

-61.5 dBm 
2

365 nW

N/A

High-Q FE 

Co-Design

146 pJ

1.1 mm
2
 *

-58.5 dBm 
4

Jiang 

ISSCC’17 [1]

180 nm

113.5MHz

300 bps

-69 dBm 
1
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* Comparison made at initial publication of this work in February 2018



Comparison to the state of the art (cont.)
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Conclusions

• Demonstration of  -76 dBm sensitivity with 7.4 nW DC power 

consumption

• Utilizing novel offset compensation algorithms calibration 

can occur without power hungry RF test circuit

• Suppresses non-envelope interference

• Front end detector choice is a critical design parameter for 

development of  ULP WuRx

• Achieved 15.8mV/nW OCVS at 151.8MHz and 6.3mV/nW at 433MHz

• Total analog DC power <5 nW.

• > 30dB envelope interference rejection
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Front-end RF modeling

• Parallelization of  single stage diode detector

• Utilize lumped linear network theory to find Zin and VM

𝒀𝑺𝑺 ≈ 𝒋𝝎 𝑪𝑷𝒂𝒓 + 𝟐𝑪𝑫 + ൗ𝟐 𝑹𝑫
= ൗ𝟐𝒀𝒊𝒏
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Detector baseband response modeling

• Utilizing diode voltage found from RF models we apply a current 

source in parallel with each diode to find output

• Detector noise sources appear in parallel with signal sources

𝑉𝑂𝑆𝑖𝑔𝐵.𝐵 ≈ 𝑁𝜇𝐷
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Measurement setup for interference
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Measurement results for RF-FE

• 45 Stage Low VT Dickson 

rectifier utilized:

• Utilized RSCE to decrease 

RD to ideal value

• ~ 15mV/nW sensitivity

• ~ 45kΩ shunt impedance

• ~ 650fF input capacitance

Response to -77 dBm input RF signal
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Simplified sensitivity analysis

• Under the condition 𝐶𝑝𝑎𝑟 ≫ 𝑁𝐶𝐷

• 𝑉𝑂𝐷𝐶 = 𝑁𝑉𝑖
2𝜇𝐷 =

𝑁𝜇𝐷𝑅𝐷𝑅𝑝𝑃𝑅𝐹

𝑅𝐷+𝑁𝑅𝑃
𝑤ℎ𝑒𝑟𝑒 𝑅𝑝 ≡ 𝑄𝐿𝐿𝑅𝑒𝑠𝜔0

• 𝑆𝑁𝑅𝑂𝑢𝑡 =
𝑁𝜇𝐷𝑅𝐷𝑅𝑝𝑃𝑅𝐹

(𝑅𝐷+𝑁𝑅𝑃) 4𝑘𝑇𝑁𝑅𝐷𝐵
where optimizing w.r.t N gives:

• 𝑁𝑂𝑝𝑡 =
𝑅𝐷

𝑅𝑃
and 𝑆𝑁𝑅𝑂𝑝𝑡 ∝ 𝜇𝐷𝑃𝑖𝑛 𝑅𝑝 and SNROPT is independent of RD at 

NOPT



Full sensitivity expressions

• Assumption: QL is independent of Lres

• Ci=NCD+CP

• 𝑆𝑁𝑅𝑂𝑝𝑡 =
𝜇𝐷𝑃𝑖𝑛𝑅𝐷𝑄𝐼𝑛𝑑

2 (𝑄𝐼𝑛𝑑+𝑄𝐷)𝑣𝑛
2𝑄𝑃

; 𝑛𝑜𝑝𝑡 =
𝑄𝑃

𝑄𝐼𝑛𝑑+𝑄𝐷
where 

𝑄𝑃= 𝜔0𝐶𝑃𝑅𝐷; 𝑄𝐷 = 𝜔0𝐶𝐷𝑅𝐷; 𝑄𝐷 = 𝜔0𝐶𝐷𝑅𝐷


