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Wireless Sensor NetworksWireless Sensor Networks
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Key requirements:

Low Data Rate
Simple Architecture
Low Power Radio

Long battery life
Small form factor Low Power Radio
1-to-100m range



Architectural Considerations
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Pulsed-UWB signaling inherently duty-cycled

F t (2 ) t tiTX d RX l h Fast (2ns) turn-on timeTX and RX on only when a
pulse is present



Scalable Signaling

PPM signaling with non-coherent receiver
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Receiver ArchitectureReceiver Architecture
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N RF PLL l 30MH l k Receiver• No RF PLL; only 30MHz clock



Receiver Operation
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Receiver Operation
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Bit Error Rate
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Frequency TolerancesFrequency Tolerances

Wideband, non-coherent 
signaling relaxes frequency 
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Transmitter Block Diagram

32 stages,
digital delay

PRF

Edge SelectionPRBS
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RF Calibration

Calibrate delay in ring
3-Channel Spectrum
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Chip Results

1mmTransmitter Receiver 90nm CMOSTransmitter Receiver
Die area 0.2x0.4mm2 1.0x2.2mm2

VDD 1.0V 0.5-0.65V

90nm CMOS
[F. Lee, ISSCC2007]

RX
TX

DD

Leakage 96μW 3.5μW
Power 0.72mW 41.8mW
Energy/bit 
(16.7Mb/s) 43pJ/bit 2.5nJ/bit

[D. Wentzloff, ISSCC2007]

Di it l TX h t RX ► RF ill tDigital TX, non-coherent RX ► no RF oscillators

Receiver actually dominates energy budget



Wireless DemonstrationWireless Demonstration



Receiver Figure of Merit
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Maximizing Range of LowMaximizing Range of Low--Rate Systems Rate Systems 
Low-data rate systems are peak-power limited 
E.g. 10kbps system:

19.3V
1st Goal: Maximize average power:

100m Channel

19.3V

1.4mVPavg = -41.3dBm/Mhz
Ppk ≈ 16dBm/50MHz

(83dB loss)peak power violation!

3V 212μV

2nd Goal: Maximize peak power:

100m Channel
(83dB loss)

212μV
Pavg = -57.4dBm/Mhz
Ppk ≈ 0dBm/50MHz

16dB l t t l16dB less total 
power at receiver!

3Vpk-pk difficult to 
achieve in 1V CMOS



Maximizing Range of LowMaximizing Range of Low--Rate Systems Rate Systems 

Instead, maximize voltage swings under 
process and FCC limits and increase theprocess and FCC limits and increase the 
spreading factor (multiple pulses per bit)

Pulse Rep Period = 1/PRFPulse Rep. Period  1/PRF

Pulse bursting also 
reduces startup/

Equivalent total power
reduces startup/ 
shutdown energy 

overhead

Burst Rep. Period = 1/BRF
Npτp

τp



Increasing Range Under FCC LimitsIncreasing Range Under FCC Limits

Pulse bursts must be BPSK-scrambled to 
t i PSD tiretain average PSD properties
Long runs with no phase inversions produces large 
peak-power content when spectrum analyzer is inpeak-power content when spectrum analyzer is in 
peak-hold mode

1 11 1 11 11+1 +1+1 +1 +1+1 +1+1

No RLL

Run-length limits can 
reduce peak-power by 
up to 3dB for bursts+1 1 1+1+1+1+1 +1 up to 3dB for bursts 

with 4 or more pulses
+1 –1 –1+1+1+1+1 +1

RLL = 3



Run Length LimitingRun Length Limiting

Simple to add state logic to output of an LFSR

Id ll d ’t ff t PSDIdeally doesn’t affect average PSD

E.g. simulations of spectrum analyzer in peak-
hold mode:

Peak power reduced by 3dB
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ResultsResults

Adding RLL can increase voltage swings by 3dB
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2x reduction in 
spreading factor and 
receiver observations
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Spread 
Factor

5280 
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2720 
pulses/bit

RLL decreases system energy consumption by 1.9x



ConclusionsConclusions

Energy-detecting receiver
Simple architecture 2.5nJ/bit

All-digital transmitter
Only CV2 switching power and subthreshold leakage 
power 43pJ/bit

Non-coherent system does not require high 
speed synchronization or PLLs

Run-length limits in transmitter phase scrambler 
can increase low-rate system energy efficiency 
when maximizing communication distance 
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Measurement Results

RF Gain Performance in interference
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Delay-Based BPSK Scrambling

Architecture enables new signaling schemeg g
Data n pulse Data n+1 pulse 

Emulates BPSK
with minimal

overhead
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