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ECE342 Electromagnetic Compatibility Lab Project #2
Spectrum of Ring Oscillator and the
Benefits of AC Bypassing the DC Power Distribution Bus
Updated September 19, 2009 (KEH)
Lab Equipment:


Agilent 54624A Digital Oscilloscope (0 – 100 MHz)

Agilent E4402B Spectrum Analyzer (100 Hz – 3 GHz)

Agilent E3631AVariable Triple Output DC Power Supply

Parts to be brought (or bought from supply room) by each team of students:

Breadboard

Wire Stripper

Assorted capacitors with short leads (10 µF, 0.1 µF, 0.001 µF (1 nF), 100 pF)

74HC04 High Speed CMOS Hex Inverter
Laptop PC
1. Construct the “ring oscillator” on your breadboard as shown in Fig. 1.  Keep all leads as short and as direct as possible, as shown in the breadboard layout photograph in Fig. 2.  Connect the +5 V dc power supply lines (Vcc and GND) to the 74HC04 hex inverter integrated circuit using two power distribution rails on your breadboard, Vcc = +5V at the top, and GND = 0V at the bottom, as shown in the photograph of Fig. 2.  Note from this photograph how the dc power bus “ac bypass” capacitor (Cbypass = 1 nF) is connected as close as physically possible to the Vcc and GND pins of the 74HC04.  Note that the capacitor should have its leads cut as short as possible to minimize lead inductance. This 1 nF capacitor may very likely be marked, in rather cryptic fashion, as “102”.  The first two digits are significant digits, while the 3rd digit indicates the number of zeros that follow the two significant digits.  The resulting value, 1000, is in pF.


    Figure 1.  High Frequency Ring Oscillator (U1A-U1C) with Output Buffer (U1D)
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2. To understand how this surprisingly simple ring oscillator works, imagine that upon power-up (t = 0), the output of U1C, is low.  Then one propagation delay (Tpd) later, at t = Tpd, this low level propagates through U1A, making its output turn high.  One propagation delay after this, at t = 2Tpd, this high level propagates through U1B, making its output turn low.  At t = 3Tpd, the output of U1C turns high.  At t = 4Tpd the output of U1A turns low.  At t = 5Tpd, the output of U1B turns high.  Finally, at t = 6Tpd, the output of U1C turns back low.  This completes one complete cycle of the signal at the output of U1C.  This process repeats forever.  Note that the ring oscillator output (the output of U1C) remains low for a period of 3Tpd seconds, and then it remains high for 3Tpd.  Thus the voltage at the output of U3C (or any of the inverters in the ring) oscillates with a period of 6Tpd.  The 4th inverter, U1D, is not part of the oscillator ring, but rather it serves as an isolating buffer, so that variable load capacitances at the output of the buffer inverter (U1D) do not slow down (capacitively load) the U1C inverter, thereby changing its Tpd.  
          Figure 2.  Layout of Breadboard using Vcc and Ground distribution buses 
                           (Note that all wires are kept short!)
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Part A.  After you build this circuit, connect the oscilloscope probe to the output of U1D, with the oscilloscope’s ground clip connected to the GND power distribution bus at the bottom of the breadboard.  Then press the auto-scale button in order to observe the Vout(t) waveform, which should look like a distorted square wave that oscillates approximately between 0 and 5 V dc supply rail levels with a frequency in the range of 20 MHz – 40 MHz.  Use the Quick Measure button to display the frequency, maximum voltage, and minimum voltage on the oscilloscope.  Record a picture of the oscilloscope display, and attach this to your lab notebook.  {Record in your lab book as Exhibit A}.  Record the frequency, maximum voltage, and minimum voltage in your lab book.  {RECORD}  Your time domain plot should look something like Fig. 3.
        Figure 3.  Sample Vout(t) plot for the 74HC04 ring oscillator (Vcc = 5Vdc)




Part B.  From your measured frequency of oscillation, calculate the period of oscillation, and from this value, calculate the individual propagation delay through each inverter gate (Tpd).  Recall from the discussion above that Tosc = 6Tpd.  {RECORD}

Part C.  What is interesting about the maximum and minimum gate output voltage values that you measured, when compared to the 0V and 5V dc power supply rails?  Can you explain these values?  It is no fair to simply say “RF is magic!”, though this saying is indeed true, due to all the unwanted (parasitic) inductances and capacitances present in an RF circuit that are hard to take into account.  For example, we have already discussed in class the self-resonant frequency inside the bypass capacitor itself.  

You might recall that voltage excursions across either the L or the C element in a series resonant circuit can indeed exceed the voltage excursions of the exciting source when it is driving the circuit at its resonant frequency!  To help you answer this question, study the PSPICE simulation shown in Appendix A, where the interconnecting wire between the output of one gate and the input of the next gate is modeled as a 10 µH inductor (lead inductance), and the input impedance of a gate is modeled as a 10 kΩ resistor in parallel with a small (15 pF) capacitance. Note the rather surprising result that the voltage at the input to the driven gate is indeed larger than the 5 V voltage at the output of the driving gate!  We shall soon learn much more about how reflections from waves on transmission lines can result in this effect.  {RECORD}

Part D.  One requirement for the ring oscillator circuit to oscillate is that the rise time (Tr) and fall time (Tf) of each inverters must be less than the total signal propagation time through the inverter ring (3Tpd), since the output of each inverter must be given enough time to finish rising, or falling, before that inverter is required to change states once again (after 3Tpd)!  The rise time is typically measured between 10% and 90% of the complete voltage change range.  From your recorded oscilloscope waveform, determine, as accurately as possible, the observed rise time (Tr) and fall time (Tf). (You can also use Quick Measure to automatically display the rise and fall times!)  {RECORD}

Part E.  From the 74HC04 datasheet (available in this lab’s class folder) find the typical rise and fall times as well as propagation delay times for this part.  (Use the 4.5 V power supply value, since this is closest to the 5 V dc power supply level we are using.)  Compare these (find the percent deviation) of the observed values with the published values.  {RECORD}

Part F.  Now connect five inverters in a ring, using the sixth inverter as an isolating buffer to reduce capacitive loading on one of the oscillating inverters in the ring, and thereby alter the speed of oscillation.  This time you need not capture the scope screen display.   Working as you did in Part B, record the observed oscillation frequency and calculate Tpd, where now Tosc = 10Tpd.  Compare the value of Tpd measured from the 5-inverter ring oscillator with the value of Tpd measured earlier with the 3-inverter ring oscillator (they should be similar).  Which value do you suspect is more accurate? {RECORD}

Please reconnect the 3-ring oscillator before proceeding to Part 3.

3. Connect a 12” – 24” antenna wire (alligator clip cable clipped to the center conductor of a bnc cable) to the Agilent E4402B oscilloscope, as you did in the last lab.  Keep this antenna undisturbed in a fixed reference position, and locate it about 2 feet away from your breadboard.  Set the analyzer’s span to 300 MHz, its center frequency to 150 MHz, and its amplitude reference level to -20 dBm.  You should see the oscillator’s fundamental frequency blip plus the first 9 or 10 harmonics, and your display should resemble that of Figure 4.  

Figure 4.  Sample Spectrum of 74HC04 ring oscillator.  Note the 30 MHz fundamental frequency is not as strong as its harmonics.  Also note the presence of the interfering 99.9 MHz WTHI FM radio station.








Note that some of the harmonics may be received more strongly than the fundamental frequency.  This is because they are of higher frequency, and hence they may radiate more efficiently through the “electrically short” wiring, and also be received more efficiently through the short wire antenna connected to the spectrum analyzer.  Use the Peak Search button to locate the frequency and amplitude level (in dBm) of the fundamental and the first 8 harmonics.  Enter these, along with the rise time measured from your oscilloscope and the self-resonant frequency (measured from the spectrum analyzer, as you did in Lab 1) in a table like that shown below (but add appropriate units to each column).{RECORD}
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4. Now remove (unplug) the bypass capacitor from the breadboard.  Notice that the time domain plot on the oscilloscope becomes less square, and the radiated spectrum displayed on the spectrum analyzer exhibits a general rise in the radiated higher frequency harmonics.  Record the resulting oscilloscope waveform as Exhibit B.  Use the Peak Search button on the spectrum analyzer to locate the frequency and amplitude levels and record these as the second entry in the table, labeling it as “Spectrum with no bypass capacitor.”  Add additional table entries for a 100 pF bypass capacitor, a 0.1 microFarad bypass capacitor, and a 10 microFarad bypass capacitor.  Explain which value of capacitor is the best choice of bypass capacitor from the standpoint of overall lowering of spectral emissions?  Repeat from the standpoint of overall squareness of your waveform (shortness of rise time) in the time domain?  {RECORD} 

5. Now move your scope probe from the output of U1D to the Vcc power distribution rail.  Press Autoscale.  Use Quick Measure to display the maximum and minimum excursions of the “5 V dc” power rail voltage, which is clearly NOT dc after all!  Show in tabular form the observed minimum and maximum dc power supply bus voltages for different values of bypass capacitors (use 10 microFarad, 0.1 microFarad, 1 nF, and 100 pF).   Can the dc power bus voltage excursions be reduced any further by using parallel combinations of two of these capacitors at once?  What choice of Vcc-to-ground bypass capacitor (or capacitors) appears to minimize the ac noise (excursions from 5V dc) on the power bus?  {RECORD}   

6. Explain why, from the standpoint of bypassing Vcc power supply bus noise, the choice of a larger value capacitor (say 10 microFarad or 0.1 microFarad) is not always the best choice for a dc power bus bypass capacitor.  (Recall our class discussion of how the self-resonant frequency of a capacitor varies with its size.)  

7. Explain why, from the standpoint of radiated emissions, the choice of a larger bypass capacitor that does not minimize Vcc power supply bus noise, but rather slows down the output signal rise time is more desirable.  (Recall our class discussion of rise-time control.)
Appendix A.  Why the Oscillator Square Wave Exceeded +5 V and 0 V DC Power Rails

Let us model the wire that interconnects output of one gate to input of another gate as an inductor, where “Lwire = 10 uH”, and model the input of the driven gate as Rgate = 10 k resistor in parallel with Cgate = 15 pF capacitor.  From ECE200, you should be able to recognize that the resulting circuit is an underdamped L-C lowpass filter.  The frequency response of resulting circuit has been simulated in PSPICE.  Note this frequency response, or ac voltage gain, is unity at low frequencies, as ezpected; but (because this circuit is underdamped) the voltage gain is much greater than unity at the resonant “break” frequency!  At higher frequencies, the ac voltage gain rapidly falls off toward zero, as expected.
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Here is the PSPICE simulated response of this circuit to 5 MHz, 0V-5V square wave:
Vcc = +5Vdc





GND = 0Vdc





Scope Ground  Clip





Cbypass connected as close as possible 


between Vcc and GND pins!











