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Need Simple Model for Analysis



Simplest VCO Model



Waveforms for Simplest Model
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Improved Model of CMOS Switches



Better VCO Model

q Diodes from nMOS
transistors included.

q Diodes from pMOS
transitors not needed since 
they do not turn on in 
normal operation.

q nMOS on resistances are 
modeled (Ron-n-chan from 
bottom of switches to gnd).

q pMOS on resitances have 
no effect since in series 
with I3 source.



Better VCO Model – Summary of Operation 
Starting from Capacitor Uncharged and Q = 0

1. Cap charges up until node 6 voltage 
reaches VH > 0 threshold. Node 7 
voltage small positive constant. 

2. FF changes to Q = 1 causing 
switches to reverse. Node 7 is 
clamped to -0.7 V partially 
discharging cap.

3. Clamping diode turns off and cap 
continues to discharge (i.e., charge 
in opposite polarity) until node 7 
voltage reaches VH > 0. Node 6 
voltage small positive constant.

4. FF changes to Q = 0 causing 
switches to reverse. Node 6 is 
clamped to -0.7 V partially 
discharging cap.

5. Clamping diode turns off. GOTO 
step 1.



Better VCO Model – Charging Nodes 6 à 7

1. Cap charges up until node 6 voltage 
reaches VH > 0 threshold. Node 7 
voltage small positive constant. 

2. FF changes to Q = 1 causing 
switches to reverse. Node 7 is 
clamped to -0.7 V partially 
discharging cap.

3. Clamping diode turns off and cap 
continues to discharge (i.e., charge 
in opposite polarity) until node 7 
voltage reaches VH > 0. Node 6 
voltage small positive constant.

4. FF changes to Q = 0 causing 
switches to reverse. Node 6 is 
clamped to -0.7 V partially 
discharging cap.

5. Clamping diode turns off. GOTO 
step 1.



Better VCO Model – Charging Nodes 6 à 7 to 
Discharging Nodes 6 à 7

1. Cap charges up until node 6 voltage 
reaches VH > 0 threshold. Node 7 
voltage small positive constant. 

2. FF changes to Q = 1 causing 
switches to reverse. Node 7 is 
clamped to -0.7 V partially 
discharging cap.

3. Clamping diode turns off and cap 
continues to discharge (i.e., charge 
in opposite polarity) until node 7 
voltage reaches VH > 0. Node 6 
voltage small positive constant.

4. FF changes to Q = 0 causing 
switches to reverse. Node 6 is 
clamped to -0.7 V partially 
discharging cap.

5. Clamping diode turns off. GOTO 
step 1.



Better VCO Model – Discharging Nodes 6 à 7

1. Cap charges up until node 6 voltage 
reaches VH > 0 threshold. Node 7 
voltage small positive constant. 

2. FF changes to Q = 1 causing 
switches to reverse. Node 7 is 
clamped to -0.7 V partially 
discharging cap.

3. Clamping diode turns off and cap 
continues to discharge (i.e., charge 
in opposite polarity) until node 7 
voltage reaches VH > 0. Node 6 
voltage small positive constant.

4. FF changes to Q = 0 causing 
switches to reverse. Node 6 is 
clamped to -0.7 V partially 
discharging cap.

5. Clamping diode turns off. GOTO 
step 1.



Better VCO Model – Discharging Nodes 6 à 7 
to Charging Nodes 6 à 7

1. Cap charges up until node 6 voltage 
reaches VH > 0 threshold. Node 7 
voltage small positive constant. 

2. FF changes to Q = 1 causing 
switches to reverse. Node 7 is 
clamped to -0.7 V partially 
discharging cap.

3. Clamping diode turns off and cap 
continues to discharge (i.e., charge 
in opposite polarity) until node 7 
voltage reaches VH > 0. Node 6 
voltage small positive constant.

4. FF changes to Q = 0 causing 
switches to reverse. Node 6 is 
clamped to -0.7 V partially 
discharging cap.

5. Clamping diode turns off. GOTO 
step 1.



VCO Frequency 
Calculation
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Estimation of 2nd Order Refinements

q For this it is easiest to use some reasonable numbers 
from the datasheets:
• Tpd = 10 to 14 ns.
• Vcc = 5 V.
• R1 = R2 = 10 kW.
• VCOin = 3 V à I1 = 0.3 mA
• Vref = Vcc- 0.6 V = 4.4 V à I2 = 0.44 mA
• M1 = M2 = 7 à I3 = 5.2 mA
• Voltage drop due to nMOS on resistance about 0.15 V à Ron-n-

chan = 30 W
• VH = 1.1 V

q Then can use simple model for clamping diode to 
calculate TRC.



Calculation of TRC



Calculation of TRC (cont’d.)



Calculation of TRC (cont’d.)



VCO Frequency Characteristic


