Amplitude prediction.
For some oscillator topologies, it is easy to predict the amplitude of the oscillator output.
For example, the differential oscillator described in the first note set is biased by a current
source, so the maximum current into the tank is known. If the RP is also well controlled
(not necessarily easy to do), then Vtank = IC RP.
Other topologies like the Colpitts are not so easy. In Lee’s book, he presents a describing
function method for predicting oscillator amplitude. It works for the common base/gate
Colpitts pretty well, but seems to fail completely when trying to predict amplitude of
even the common collector/drain version.
In general, simulation provides your best chance of getting an estimate of the limiting
behavior and thereby the amplitude of your oscillator under consideration.
What we can glean from Lee’s work, however, is that a well designed LC oscillator like
the Colpitts must be current limited: that is, we allow the active device to go into cutoff
for part of the period of oscillation. This reduces the effective gm of the device, averaged
over the period, and thus gives the needed gain compression. It also benefits phase noise
as we will later see. The simulated drain current for a common collector Colpitts
oscillator below illustrates that the device can be in cutoff for much of the period.

The opposite of current limiting is called voltage limiting. In that case, clipping limits
the amplitude of oscillation. This is undesirable because it generates a lot of harmonic
distortion plus the low impedance state when the device is driven into saturation or the
ohmic region kills the tank Q for part of the cycle and is bad for FM or phase noise.
We can look at Vcb or Vdg to verify the limiting condition. In the case of the bipolar
transistor, if Vcb = 0 or negative, the base collector junction is forward biased – a low
impedance at the collector will be experienced.

The above simulated voltage plot confirms that the circuit is current limiting:
1. VBE < 0.7V for much of the period. Thus, the device is strongly in cutoff for
much of the cycle.
2. VCB > 0 for all of the period.

Biasing option for Common Collector Colpitts Oscillator
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Note: The buffer amplifier is untuned. Thus, we need to avoid reduced conduction angle
modes such as Class AB or Class B. There is no low impedance termination for evenorder harmonic frequencies. Harmonic termination is needed to form the half sine wave
current waveform for Class B. A push-pull design with appropriate transformer could be
used if Class B is desired.
We must work within the limitations of the device chosen for the buffer.
IC,max
BV,CEO
Tmax
These can typically be found on the data sheet. A safe design does not run all the way to
the limits of the device, so a reasonable margin needs to be provided. It may not be wise
to exceed 75% of the recommended maximum values.
For the Class A buffer amplifier, the peak values of voltage and current are:

VCE, max = VCC + ICQ RL
IC, max = 2 ICQ
Let’s design a buffer.
Specs: 7 dBm output power (5 mW; 0.71V in 50 ohms); Source impedance = 100 ohms.
Voltage output from oscillator = 0.5V.
The device has: BVCEO = 12V; IC, max = 100 mA
1. Determine ICQ.
We start with RL = 50 ohms.

Po = ICQ2 RL/2 = 0.005 W

ICQ = 14.2 mA.

This gives us a maximum current of 28.4 mA, well within the limits of the device.
2. Determine RE.
This will be determined by the gain required.

Av = 0.71/0.5 = 1.42= − g m RL =

− RL
re + RE

gm = 0.55; re = 1.8 ohms. So, RE = (RL/Av) – re = 33 ohms.
Check the input resistance: RB||RE (β+1) >> RS. Make sure the bias resistors (RB) don’t
load down the oscillator or reduce the input amplitude significantly.
3. Determine VCC,min, VCC,max. This is the range of acceptable power supply voltages
which avoid clipping and breakdown.

VCC, min = VCE,sat + ICQ (RL + 2RE) = 2.1 V
VCC, max = 0.75 BV,CEO – ICQ RL = 8.3 V
4. Check for temperature rise
Worst-case Power Dissipation = PD = VCC ICQ for Class A
Choose VCC = 5V. PD = 71 mW. (This will drop to approximately 66 mW at full
output, but you must design for the worst case where the oscillator may fail to produce an
output.)
Tmax = RTH PD + Tambient
where RTH is the Thermal Resistance (degree C/Watt)
Maximum temperature is usually 150 C. If you exceed this, then you must reduce VCC or
ICQ.
5. Stability. Finally, you must check for stability over a wide range of frequencies. Use
the S parameter simulation mode in ADS and plot k and mag delta vs frequency. If there
are potential instabilities, you must deal with them using techniques that were employed
with the power amplifier designs last quarter.

How do you reduce power dissipation in a LO buffer amplifier?
The bias current of the amplifier is directly related to the output voltage swing and RL. If
the supply voltage is fixed, then you can reduce current to save power.
1. Increase RL. This may be practical in situations where the frequency is relatively low
and interconnection lengths short. This is quite practical for on-chip implementations.
But, if the oscillator and mixer are separated on different boards or distant from one
another then a transmission line must be used to interconnect them. This requires Zo
typically in the 50 to 75 ohm range.
2. Use a transformer to step up impedance at the drain or collector node. This is
feasible if there is sufficient supply voltage to handle the extra voltage swing at the drain
or collector and if the device is not close to breakdown.
Here is an example of a wideband transformer that is used from HF through VHF
frequencies:
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The circuit above provides a 4:1 transformation between two unbalanced impedances. It
works by bootstrapping the voltage from v at the left to 2v at the right. The transformer
windings are connected in series. The current at the input is 2i, split two ways. So the
output current is just i. So, we get twice the voltage and half the current at the output.
Of course, it can be used the other way to transform a lower RL into 4RL at the collector.
The voltage at the high impedance end is twice that at the low impedance end, so if used
at the drain of an amplifier, VCC and breakdown voltage must be adequate.
The transformer is generally implemented using transmission lines, either coax or twisted
wires. These are wrapped around a ferrite core to increase the common mode inductance
and extend the bandwidth to lower frequencies.
For more information, see the note on RF transformer design on the course web pages.
3. Tapped capacitor tuned amplifier. If a narrowband buffer is adequate, then the
tapped capacitor impedance transformer can be applied to the amplifier output. The

loaded Q of the resonator must be small enough to provide the required bandwidth for the
application.
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applies to voltage and current and impedance as follows:
The ratio n = 1
C1

VC = nVO
IL =

VO
nRL

ZC =

VC
= n 2 RL
IL

The collector voltage, VC, will be scaled up by a factor of n, so one must have sufficient
VCC and breakdown voltage to scale by a large factor.
You can see though that bias current can be reduced by the factor 1/n when this is
applied. If VCC is fixed in the design, a net power savings is obtained.

Emitter Follower Buffer Amplifier

•

Simple design but less isolation than common emitter/source due to base-emitter
capacitance.

•

Bias current can be determined as with common emitter by the amplitude Vload
and load resistance RL.

Biasing the varactor diodes
Here is an example from a CB Colpitts oscillator:
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•

You must isolate the tuning port from the resonator. The RF choke is intended to
present a high impedance to the node between the two back-to-back varactor
diodes so that the oscillator signal does not leak out the tuning port.

•

Rs is needed to de-Q the RFC in case it resonates with a diode.

•

Two varactor diodes, back-to-back, are used to make the C – V characteristic
symmetric and to avoid the possibility of forward bias.

•

CB is a bypass cap needed for isolation from outside. If the oscillator is used in a
PLL, one must take care that the extra pole that CB produces does not affect the
loop phase margin.

•

The tank inductor L keeps both ends of the varactor diode pair at ground DC
potential so that each diode receives the same tuning voltage.

•

The DC blocking capacitor C3 at the collector is needed to .

Tuning range of oscillator.
The minimum (Cmin) and maximum (Cmax) diode capacitance, L and the series
combination of C1 and C2 will determine the tuning frequency range of the oscillator.
Call the series capacitance CT.

CT =

C1C2
C1 + C2

Then

ωmin =
ωmax =

1
L ( CT + Cmax )
1
L ( CT + Cmin )

Two equations determine L and CT for a given frequency range.
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Crystal Oscillator Design
The Pierce circuit below is a common one used when a quartz crystal oscillator is needed
for an IC such as a PLL or microprocessor. A simple CMOS inverter, an inverting single
transistor CE or CS amplifier can be used as the gain element needed for oscillation.

*
(*From Freescale data sheet for MC145151-2 Frequency Synthesizer)
Rf is a feedback biasing resistor, often on-chip.
R1 is used to limit the current through the crystal to prevent heating and consequent
frequency vs temperature drift.
C1 and C2 are external capacitors needed to obtain the correct oscillation frequency. All
parallel resonant fundamental mode crystals are specified for a certain load capacitance
CL.

*

Cin, Cout, Ca are parasitic capacitances of the amplifier (usually given on data sheet or
can be calculated for a known discrete transistor amplifier). Cin and Cout may also
include PC board capacitances.

*
CS and LS are the motional capacitance and inductance respectively and RS is the internal
series resistance. RS is usually specified and can be used to calculate the power
dissipation P = I2RS/2.
Co is the crystal holder capacitance – usually given by the vendor data sheet. Typically
in the range of 2 to 10 pF.
To obtain the correct frequency:

CL =

C C
C1C2
+ Ca + Co + in out
C1 + C2
Cin + Cout

C1 can be a variable capacitor so that the frequency can be adjusted if necessary.

Ring Oscillators
An oscillator can be made by connecting an odd number of inverting gain stages in a ring. In order to start,
the total loop gain must be greater than 1.

Ring Oscillator
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Period of oscillation:

Where n = number of stages

T=

1
nτ D

C

Implementation of Ring Oscillators:
CMOS Inverter

The CMOS inverter is a simple way of implementing a ring oscillator. We must have an
odd number of stages. Otherwise, it forms a latch that hangs at either high or low.
Because ring oscillators are mainly used in mixed signal ICs where baseband digital and
analog RF share the same die, a differential implementation is much more frequently
utilized.
•

Common mode rejection of substrate coupled noise

•

Easy to control the delay

•

Can use an odd or even number of stages

“Twisted Ring” Differential Ring Oscillator
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Implementation of Differential Delay Cell:

1

ISS is used to control the time delay through the cell. Noise sources are shown. The
noise adds to the timing jitter produced by oscillator phase noise. The jitter occurs
because of random phase variations that are converted to time delays at the crossover
point as shown below.

1

T. Weigandt, et al, Analysis of Timing Jitter in CMOS Ring Oscillators, IEEE Int. Symp. On Circuits and
Systems, Paper 4.27, June 1994.

When located in a phase locked loop, the oscillator frequency and phase are controlled by
a filtered output from the phase detector. This output is proportional to the difference
between the reference phase and the VCO phase and sets the delay of the oscillator loop.

