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Background: microwave power detection
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Power/Peak Detector 1
A simple case: square-wave

Steady-state analysis
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Power/Peak Detector 2
A simple case: square-wave input
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Results for sine input are similar.
> Difference is a “form factor”
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Half-wave rectifier circuit 1
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C Q Steady-state analysis (similar to peak detector)
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Half-wave rectifier circuit 2
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MOSFETs as diodes
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Channel and extrisinc
diode are in anti-parallel

Channel and extrisinc
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Weak inversion MOSFET model
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W, L  width, length of the channel
p mobility,  C’,, gate capacitance per unit area, n slope factor (n = 1.2-1.6)

V> pinchoff voltage , V;, threshold voltage

q’s and q’p are the normalized carrier densities (to the thermal charge -nC’ ¢ ) at
source and drain.

ls and /g, are the normalization (specific) and “sheet” normalization currents.



DTMOS diode in WI

for the DTMOS connection V5= V=0,V =-Vg
Yo v
I,,=1,-1,=2I.e " {e@ —1}

the DTMOS diode behaves as a diode with ideality factor n = 1 for low
voltage (weak inversion) operation.
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Current /, of the DTMOS diode can be determined as the saturated drain

current of the (conventionally connected) transistor with Vg = Vg5 = 0.
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Standard, low-VT and zero-VT
MOSFETs ina 130 nm technology
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Rectifier summary

Analytical model of the rectifier circuit in which the
nonlinear device follows the diode Shockley
(exponential) equation.

The model is correct for input voltages down to
below the thermal voltage.

The main design parameter is the diode saturation
current /,.

_VTO
For a DTMOS (WI) diode W "

we can take advantage of aspect ratio and of
different V;'s
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Oscillator outline

=Background: minimum supply voltage for FET
circuits
=>MOSFET charge based model
= ow voltage operation of the (C)MOS inverter
= Ring oscillator
— =(Colpitts oscillator
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Background 1: minimum supply
voltage for the CMOS inverter
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CMOS inverter transfer characteristics
( Swanson and Meindl, IEEE JSSC 1972)

Prof. James Meindl:
Theoretically, the minimum
supply voltage for a CMOS
iInverter is

2 (In2) (kT/q) = 36 mV

at room temperature

(IEEE JSSC, 2000)
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Background 2: oscillators with super

low supply voltag

reT | Supply Supply
voltage current
type
2x ]
310 19 mV 1.04 mA
3x J
310 17 mV 1.40 mA

e Dick Kleijer, available at

http://www.dicks-
website.eu/fetosc/enindex.htm

Oscillator with very high
impedance winding (4 MQ)
transformer running on 5.5

mV supply voltage
Horizontal: 1 ms /div.
Vertical: 200 mV /div.
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MOSFET charge-based model 1
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W, L  width, length of the channel

p mobility,  C’,, gate capacitance per unit area, n slope factor (n = 1.2-1.6)

q’s and q’;p are the normalized carrier densities (to the thermal charge —nC; ¢, )
at source and drain.

ls and /5, are the normalization (specific) and “sheet” normalization currents. "



MOSFET charge-based model 2 : LF small
sighal model in the triode region
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MOSFET charge-based model 3:the
unified charge control model (UCCM)

Vs is the pinch-off voltage
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Low-voltage operation of the MOS
inverter (WI / triode region)

Vpp Intrinsic gain stage
s (] ) ( 15 ideal current source) weak inversion operation
v l
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Low-voltage operation of the (C)MOS
inverter (WI / triode region)
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Vin

Ring oscillator 1
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Ring oscillator 2

Minimum gain for oscillation
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Colpitts oscillator 1

For high @ inductor (G, y,.0<< )
% L1 and WI operation

\ —r T VDszgptln(HnQ]

1

E

: = “RFPC
25 |
- —
—n —
et W

23



Colpitts oscillator 2

TRANSISTOR CHARACTERISTICS MEASURED FOR Vpp = 20 mV AT

T =23°C.
Parameter Value
I (Specific Current) 11.18 pA
VT (Threshold Voltage) 59 mV
Oms (Source Transconductance) | 520 pA/V
Jmd (Drain Transconductance) | 325 pA/V
1. (Slope factor) 1.6

Photograph of the oscillator working from a
thermoelectric generator at T=24 °C.
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Oscillator summary

There is no hard low voltage limit for analog MOS
circuits (oscillators can operate with supply
voltage under kT/q)

The ideal active device for low voltage operation
is a MOSFET with threshold voltage near zero

( for WI operation at low supply voltage)

The charge based MOSFET model is very
convenient for the design of ultra-low-voltage
circuits (operation in triode region/ WI)
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