Module 6: RF Oscillators and Mixers

This module provides a comprehensive understanding of RF oscillators, the
heart of any radio frequency system generating oscillating signals, and RF
mixers, crucial components for frequency translation. We will explore their
fundamental principles, various types, key performance parameters, and
practical considerations in their design and application. This detailed
explanation aims to provide clear insights with numerical examples to solidify
understanding, avoiding LaTeX for a more accessible reading experience.

6.1 RF Oscillators

An RF oscillator is an electronic circuit that generates a repetitive, oscillating
electronic signal, typically a sine wave or a square wave, at a radio frequency.
Oscillators are fundamental building blocks in almost all wireless
communication systems, found in transmitters (to generate carrier signals),
receivers (for local oscillators in mixers), and frequency synthesizers.

Oscillation Conditions (Barkhausen Criterion)

For a circuit to sustain continuous oscillations, specific conditions, known as
the Barkhausen Criterion, must be rigorously met. These conditions ensure
that the positive feedback loop within the oscillator generates and maintains a
continuous, stable output signal without external input once initiated.

The Barkhausen Criterion states that for sustained, steady-state oscillations:

1. Loop Gain Magnitude Condition: The magnitude of the loop gain (AB)
must be precisely equal to unity.

o Formula: |AB| =1

o Explanation: 'A' represents the voltage gain of the active
amplifying stage (e.g., a transistor amplifier). 'B' represents the
voltage gain (or attenuation, since it's typically less than 1) of the
frequency-selective feedback network. This network feeds a
portion of the ampilifier's output back to its input. For oscillations
to be self-sustaining, the signal fed back must be exactly strong
enough to compensate for any losses (attenuation) encountered
in the feedback path and the ampilifier itself.

m If |AB| is less than 1 (e.g., 0.8), the signal circulating in the
loop will diminish with each cycle, and oscillations will
quickly die out. Imagine whispering into a microphone and
hearing a faint echo - it fades away.

m [If |AB| is greater than 1 (e.g., 1.5), the signal circulating in
the loop will grow in amplitude with each cycle. This growth
will continue until the amplifier's inherent non-linearities



(like saturation or clipping) kick in. These non-linearities
effectively reduce the amplifier's gain at higher amplitudes,
bringing the effective loop gain back down to exactly 1.
This self-limiting action is what allows the oscillator to
settle into a stable, constant-amplitude output. Think of
feedback from a loudspeaker getting louder and louder until
it distorts due to clipping.

o Numerical Example: An amplifier has a gain of 100 (A = 100). For
stable oscillations, the feedback network (8) must have a gain of
1/100 = 0.01. So, AB =100 * 0.01 = 1. If the amplifier's gain
increased momentarily to 110, the loop gain would be 1.1. The
signal would grow until the amplifier's output reaches its limits,
effectively reducing the gain back to 100 for continuous
operation.

2. Loop Phase Condition: The total phase shift around the feedback loop
must be an integer multiple of 360 degrees (or 0 degrees, or multiples of
21 radians).

o Formula: ZAB =n *360° (wheren=0,1, 2, ...)

o Explanation: For the feedback to be "positive feedback," meaning
it reinforces and sustains the oscillation, the signal fed back to
the amplifier's input must arrive in phase with the original signal
at that input. If it were out of phase (negative feedback), it would
cancel the signal, and oscillations would not occur.

m A common-emitter or common-source transistor amplifier
typically provides a 180-degree (1T radians) phase shift
between its input and output. Therefore, the
frequency-selective feedback network must provide the
remaining 180-degree phase shift (or any other multiple of
360 degrees) to ensure the total loop phase shift is 360
degrees (or 0 degrees). The frequency-selective nature of
the feedback network means this condition is typically met
at only one specific frequency, which becomes the
oscillation frequency.

o Numerical Example: An amplifier provides a 180-degree phase
shift. The feedback network, usually composed of inductors and
capacitors, is designed to provide an additional 180-degree phase
shift at the desired oscillation frequency. So, total phase shift =
180° (ampilifier) + 180° (feedback network) = 360°. This ensures the
signal reinforces itself.

Types of RF Oscillators



RF oscillators are primarily differentiated by the type of resonant circuit they
employ to determine and stabilize the oscillation frequency.

e Colpitts Oscillator:

o

Resonant Circuit: Uses a parallel LC tank circuit in the feedback
path, but its capacitive portion is implemented as two capacitors
(C1 and C2) connected in series. Their common connection point
is typically grounded or connected to a low impedance node,
while the inductor (L) is in parallel with this series combination.
This configuration essentially forms a voltage divider using the
capacitors.

Feedback Mechanism: The feedback signal is derived from the
voltage division across these two series capacitors (C1 and C2)
and fed back to the amplifier's input. The amount of feedback is
determined by the ratio of C1 to C2.

Oscillation Frequency Formula: The equivalent capacitance of C1
and C2 in series is Ceq=(C1*C2)/(C1+C2). The oscillation
frequency is then determined by this equivalent capacitance and
the inductor:

fo=1/(2m+sqrt(L*+Ceq))

Explanation: Colpitts oscillators are known for their simplicity and
robustness at higher frequencies, as capacitors are often easier
to manage physically than inductors at very high frequencies.
They are widely used in commercial RF applications.

Numerical Example: Consider a Colpitts oscillator designed for a
frequency of approximately 100 MHz. Let the inductor L =1
microHenry (1 uH). If we choose C1 = 200 picofarads (200 pF) and
C2 = 2000 picofarads (2000 pF).

m First, calculate the equivalent capacitance:

Ceq=(200 pF+*2000 pF)/(200 pF+2000 pF)
Ceq=(200+2000)/2200 pF=400000/2200 pF=181.82 pF.

m Now, calculate the oscillation frequency:
fo=1/(2mr*sqrt(1+10-6 H*<181.82%x10-12 F))
fo=1/(2mr+sqrt(181.82:x10-18))
fo=1/(21+13.484%10-10)=1/(84.72%10-10)=1.179+108
Hz=117.9 MHz.

e Hartley Oscillator:

o

Resonant Circuit: Similar to the Colpitts, it uses a parallel LC tank
circuit. However, in the Hartley, the inductive part is implemented
as two inductors (L1 and L2) connected in series (or a single
tapped inductor). Their common connection point is typically
grounded, and the capacitor (C) is in parallel with this series
inductor combination.



o Feedback Mechanism: Feedback is derived from the voltage
division across the two series inductors (L1 and L2). The tap point
on the inductor provides the feedback signal.

o Oscillation Frequency Formula: The equivalent inductance of L1
and L2 in series, considering mutual inductance (M) if present (for
a single tapped coil), is Leq=L1+L2+2M. If there's no mutual
inductance or it's negligible, Leq=L1+L2. The oscillation
frequency is:
fo=1/(2m+sqrt(Leq*C))

o Explanation: Hartley oscillators are often preferred for lower RF
frequencies due to the relative ease of tapping an inductor
compared to precisely sizing two capacitors for high-frequency
applications. They can provide a wide tuning range by varying the
capacitor C.

o Numerical Example: A Hartley oscillator is designed with L1 =5
microHenries (5 uH), L2 = 5 microHenries (5 uH), and a capacitor C
=100 picofarads (100 pF). Assume negligible mutual inductance.

m Equivalent inductance: Leq=L1+L2=5 uH+5 uH=10 uH.
m Oscillation frequency:
fo=1/(2mr*sqrt(10+10-6 H*<100%10-12 F))
fo=1/(2mr*sqrt(1000:10-18))
fo=1/(21*31.62%10-9)=1/(198.7*%10-9)=5.03%106 Hz=5.03
MHz.
e Clapp Oscillator:

o Resonant Circuit: This is a refinement of the Colpitts oscillator. It
adds an additional capacitor (C3) in series with the main inductor
(L) of the Colpitts tank circuit. The other two capacitors (C1 and
C2) remain in their shunt positions.

o Oscillation Frequency Formula: The effective capacitance in the
tank circuit now considers C1, C2, and C3 all in series with
respect to the inductor. The total capacitance is:
Ctotal=1/(1/C1+1/C2+1/C3). The oscillation frequency is then:
fo=1/(2mxsqrt(L*Ctotal))

o Explanation: The primary advantage of the Clapp oscillator is its
improved frequency stability. By placing C3 in series with L, the
impact of the transistor's parasitic junction capacitances (which
vary with temperature and bias voltage) on the oscillation
frequency is significantly reduced. This makes the oscillation
frequency almost entirely dependent on the fixed, external
components, leading to much better stability.

o Numerical Example: Using the previous Colpitts values: L =1 uH,
C1 =200 pF, C2 = 2000 pF. Now, add C3 = 50 pF in series with L.

m Calculate total capacitance:
1/Ctotal=1/200 pF+1/2000 pF+1/50 pF



1/Ctotal=0.005+0.0005+0.02=0.0255 pF-1
Ctotal=1/0.0255 pF=39.22 pF.

m Calculate oscillation frequency:
fo=1/(2mr*sqrt(1+10-6 H*39.22%x10-12 F))
fo=1/(2mr*sqrt(39.22:10-18))
fo=1/(21+6.262%10-9)=1/(39.35%10-9)=25.41%+106 Hz=25.41
MHz.

m Notice how the frequency is now lower due to the smaller
effective series capacitance, and it's less sensitive to C1
and C2 compared to the basic Colpitts if C3 is much
smaller.

e Pierce Oscillator:

o

Resonant Circuit: The Pierce oscillator is distinct because its
primary frequency-determining element is a quartz crystal. A
quartz crystal acts like a highly stable series RLC circuit with an
extremely high quality factor (Q).

Feedback Mechanism: Typically employs a common-source (FET)
or common-emitter (BJT) amplifier. The crystal is usually placed
between the output and input of the amplifier, often with two
capacitors providing the necessary phase shift to achieve positive
feedback.

Oscillation Frequency Formula: The oscillation frequency is
extremely close to the fundamental series or parallel resonant
frequency of the quartz crystal itself. The exact frequency can be
slightly pulled by the external capacitors, but it remains
dominated by the crystal's precise mechanical resonance.
Explanation: Quartz crystals exhibit the piezoelectric effect,
converting electrical energy into mechanical vibrations and
vice-versa. This mechanical resonance is incredibly stable with
temperature and time, making Pierce oscillators the go-to choice
for applications requiring very high frequency accuracy and
stability, such as clock generators in microcontrollers, frequency
references in communication systems, and precision timing
applications.

Numerical Example: A typical quartz crystal used in a Pierce
oscillator might have a nominal frequency of 16 MHz. The
oscillator circuit will then output a frequency very close to 16
MHz, perhaps 15.999998 MHz or 16.000002 MHz, depending on
component tolerances and temperature. The Q-factor of such a
crystal can be extremely high, easily reaching 10,000 to over
100,000, far exceeding the Q of typical LC tank circuits (which are
usually in the tens or hundreds).

e Crystal Oscillators (General Category):



o This is a broader classification for any oscillator that uses a
quartz crystal as its primary resonant element.
o Advantages:

m Excellent Frequency Stability: Quartz crystals are renowned
for their stability against temperature changes, aging, and
supply voltage variations. A typical commercial crystal
oscillator might drift only a few parts per million (ppm) per
year.

m High Q-factor: As mentioned, Q factors can be tens of
thousands or even hundreds of thousands, leading to very
sharp resonance curves and low phase noise.

m High Accuracy: The manufacturing process for crystals
ensures very precise fundamental frequencies.

o Disadvantages:

m Fixed Frequency: Most crystal oscillators are
fixed-frequency devices. While a small amount of "pulling"
(slight frequency adjustment) is possible using external
capacitors (as in a VCXO - Voltage Controlled Crystal
Oscillator), their tuning range is very limited compared to
LC oscillators.

m Cost: Generally more expensive than basic LC oscillators.

o Types: Beyond Pierce, there are variations like Colpitts
(crystal-controlled), Butler, and specialized types like OCXOs
(Oven Controlled Crystal Oscillators) for extremely high stability
(by keeping the crystal in a temperature-controlled oven) and
TCXOs (Temperature Compensated Crystal Oscillators) which use
temperature sensing and compensation circuits.

Phase Noise and Frequency Stability

These are crucial performance parameters that quantify the quality and purity
of an oscillator's output signal. They are especially critical in advanced
communication, radar, and navigation systems.

e Frequency Stability:

o Explanation: Refers to how well an oscillator maintains its
nominal output frequency over prolonged periods and under
varying operational or environmental conditions. It's a measure of
long-term frequency drift.

o Factors affecting stability:

m Temperature Variations: Changes in ambient temperature
can cause components (inductors, capacitors, transistor
junctions) to expand/contract or change their electrical



properties (e.g., capacitance, inductance, resistance),
altering the resonant frequency.

m Power Supply Fluctuations: Variations in the DC voltage
supplying the oscillator can shift the operating point of
active devices, affecting their internal capacitances and
resistances, and thus the oscillation frequency.

m Aging of Components: Over time, the physical and
chemical properties of electronic components slowly
change, leading to gradual frequency drift. Crystal aging is
a common factor.

m Mechanical Vibrations and Shock: Physical disturbances
can temporarily or permanently alter the resonant elements.

m Load Changes: Variations in the impedance connected to
the oscillator's output can "pull” the frequency slightly.

o Units: Frequency stability is commonly expressed in:

m Parts per million (ppm): A relative measure of frequency
deviation. For example, 1 ppm means a change of 1 Hz for
every 1 MHz of nominal frequency.

m Parts per billion (ppb): A more precise relative measure, 1
ppb means 1 Hz per 1 GHz.

m Fractional Frequency Deviation (Af/f): The change in
frequency (Af) divided by the nominal frequency (f).

o Numerical Example:

m An oscillator with a nominal frequency of 100 MHz has a
temperature stability of £5 ppm over an operating
temperature range. This means its frequency can deviate
by:

100 MHz*(5/1,000,000)=100%*5%*10-6 MHz=500 Hz.
So, the output frequency could range from 99,999,500 Hz to
100,000,500 Hz.

m A high-precision GPS disciplined oscillator (OCXO based)
might boast a stability of +0.05 ppb per day due to aging.
For a 10 MHz reference, this translates to:

10 MHzx*(0.05/1,000,000,000)=100.05*10-9 MHz=0.0005 Hz
per day. This is an extremely small drift.
e Phase Noise:

o Explanation: Phase noise is a measure of the short-term, random
fluctuations in the phase of an oscillator's output signal. It
manifests as a spreading of the oscillator's spectral line,
appearing as "skirts" around the main carrier frequency when
viewed on a spectrum analyzer. It's essentially noise in the
frequency domain, primarily caused by random thermal noise,
flicker noise, and shot noise within the active and passive



components of the oscillator, which get translated into phase
fluctuations.

o Impact:

m In Communication Systems: High phase noise can severely
degrade performance. In digital modulation schemes (like
QAM or PSK), phase noise causes random shifts in the
constellation points, leading to increased bit error rates
(BER). In analog systems, it degrades the signal-to-noise
ratio (SNR) and can make signals sound "fuzzy."

m In Radar Systems: Phase noise limits the ability to detect
small targets in the presence of strong clutter, as it
obscures the Doppler shift of the target.

m Spectral Spreading: Phase noise causes the energy of the
carrier to spread into adjacent frequency channels, leading
to interference with other communication signals.

o Units: Phase noise is typically measured in dBc/Hz (decibels
relative to the carrier per Hertz) at a specific frequency offset from
the carrier. A lower (more negative) dBc/Hz value indicates better
phase noise performance (less noise).

o Measurement: It's plotted as a curve on a log-log scale. For
example, -100 dBc/Hz at 10 kHz offset means that the noise power
contained within a 1 Hz bandwidth, measured 10 kHz away from
the carrier frequency, is 100 dB below the carrier power.

o Numerical Example:

m A typical wireless base station requires its local oscillator
to have a phase noise of at least -110 dBc/Hz at a 10 kHz
offset from the carrier frequency. This means that if the
carrier power is 0 dBm (1 mW), the noise power density at
10 kHz away is -110 dBm/Hz.

m A very high-performance laboratory oscillator might have
phase noise better than -140 dBc/Hz at a 10 kHz offset, and
even -170 dBc/Hz at 1 MHz offset, indicating an extremely
"clean" signal.

m Consider an RF signal at 1 GHz with a carrier power of 10
dBm. If its phase noise at 10 kHz offset is -90 dBc/Hz. This
means the noise power density at that offset is 10 dBm - 90
dBc/Hz = -80 dBm/Hz. This value will be compared against
receiver sensitivity to calculate potential interference or
degradation.

Voltage Controlled Oscillators (VCOs) and their Characteristics



A Voltage Controlled Oscillator (VCO) is a special type of oscillator whose
output frequency can be precisely varied by applying a control voltage to its
input. VCOs are indispensable components in modern communication
systems, particularly in Phase-Locked Loops (PLLs) for frequency synthesis,
frequency modulation (FM), and demodulation.

e Principle of Operation: The core of most RF VCOs is an LC
(inductor-capacitor) resonant circuit, similar to Colpitts or Hartley
oscillators. However, one of the reactive components (most commonly a
capacitor) is replaced by a varactor diode (variable capacitance diode).
A varactor diode is a semiconductor diode specifically designed to
exhibit a voltage-dependent capacitance when operated under reverse
bias. As the reverse bias voltage applied across the varactor changes,
its depletion region width changes, which in turn varies its capacitance.
By controlling this DC tuning voltage, the resonant frequency of the tank
circuit is directly varied, thereby changing the VCO's output frequency.

e Key Characteristics:

1. Tuning Range: The total span of output frequencies that the VCO
can generate from its minimum to maximum tuning voltage.

m Explanation: This is a crucial specification for determining
the flexibility of the VCO. A wider tuning range allows the
VCO to cover a broader band of frequencies, suitable for
multi-band radios or wider frequency synthesis
applications.

m Numerical Example: A common cellular phone VCO might
have a tuning range of 1.8 GHz to 2.2 GHz (a span of 400
MHz) when its tuning voltage varies from 0.5V to 4.5 V.

2. Tuning Sensitivity (Kvco): Quantifies how much the output
frequency changes for a given change in the tuning voltage.

m Formula: Kvco=Af/AVtune (expressed typically in MHz/V).

m Explanation: A higher Kvco means a small change in tuning
voltage results in a large frequency change. This can be
desirable for wide tuning ranges, but it can also make the
VCO more sensitive to noise on the tuning voltage,
potentially increasing phase noise and making it harder to
stabilize in a PLL. Conversely, a lower Kvco leads to a more
stable frequency but requires a larger tuning voltage swing
to cover a given frequency range.

m  Numerical Example: Using the previous VCO example (1.8
GHz to 2.2 GHz over 0.5 V to 4.5 V tuning voltage):

m Af=2.2 GHz-1.8 GHz=0.4 GHz=400 MHz.
m AVtune=4.5V-0.5V=4.0 V.
m Average Kvco=400 MHz/4.0 V=100 MHz/V.



m This means for every 1-Volt change in tuning voltage,
the frequency shifts by 100 MHz.

3. Phase Noise: As with any oscillator, phase noise is a critical
parameter for VCOs. It directly impacts the quality of the
generated signal and the overall system performance, especially
in communication links. Low phase noise is paramount for
high-data-rate digital modulation schemes.

m Influence: VCO phase noise is heavily influenced by the
Q-factor of its resonant tank circuit (higher Q generally
means lower phase noise), the noise characteristics of its
active components (transistors), and any noise present on
the tuning voltage itself. A noisy tuning voltage will directly
translate into frequency fluctuations.

4. Output Power: The power level of the RF signal produced by the
VCO, usually measured in dBm.

m Explanation: Adequate output power is required to drive
subsequent stages, such as mixer LO inputs or power
amplifiers.

m  Numerical Example: A typical VCO for a portable device
might have an output power ranging from -5 dBm to +5
dBm. If it's +3 dBm, this equates to 10(3/10) mW =2 mW.

5. Spurious Emissions (Spurs): These are unwanted discrete
frequency components in the output spectrum of the VCO that are
not harmonics of the fundamental oscillation frequency.

m Cause: They can arise from non-linearities within the VCO
circuit, external interference, or imperfections in the
varactor tuning characteristic.

m Impact: Spurs can cause interference with desired signals,
degrade system performance, and violate regulatory
emission limits. VCOs used in PLLs often have their spurs
specified relative to the carrier (e.g., -60 dBc).

6. Pushing: The change in the VCO's output frequency for a given
change in its DC power supply voltage.

m Explanation: A lower pushing value indicates a more stable
VCO that is less sensitive to power supply ripple or
variations. Good power supply filtering is essential to
minimize frequency variations due to pushing.

m Units: Typically expressed in MHz/V or kHz/V.

m Numerical Example: A VCO with a pushing specification of
5 MHz/V means that if the power supply voltage varies by
0.1V, the output frequency could change by 5 MHz/V0.1
V=0.5 MHz.

7. Pulling: The change in the VCO's output frequency due to
variations in the impedance of the load connected to its output.



m Explanation: Pulling is often specified for a specific VSWR
(Voltage Standing Wave Ratio) at the output port, over all
phases (e.g., 12 dB pulling with a 1.5:1 VSWR). A lower
pulling value indicates a more robust VCO that is less
susceptible to changes in the subsequent circuitry.

m Units: Typically expressed in MHz.

m  Numerical Example: A VCO might specify 5 MHz pulling for
a load VSWR of 1.5:1. This means the frequency can shift
by up to 5 MHz depending on the phase of the 1.5:1
mismatch.

6.2 RF Mixers

An RF mixer is a non-linear electronic circuit that takes two input signals of
different frequencies and produces an output signal containing new
frequencies, which are typically the sum and difference of the input
frequencies. Mixers are essential for frequency translation in both transmitters
and receivers, forming the core of superheterodyne architectures.

Principle of Frequency Mixing

The fundamental principle of frequency mixing relies on the non-linear
behavior of a circuit element. When two sinusoidal signals are applied to a
device that exhibits a non-linear current-voltage (I-V) characteristic (meaning
its output is not directly proportional to its input), their interaction causes
"intermodulation,"” producing new frequency components. Diodes and
transistors are common non-linear devices used in mixers.

Let the two input sinusoidal signals be:

e Radio Frequency (RF) Signal: This is the high-frequency signal we want
to translate. Let its amplitude be ARF and its angular frequency be wRF.
VRF=ARFcos(wRFt)

e Local Oscillator (LO) Signal: This is the internally generated stable
signal that determines the frequency shift. Let its amplitude be ALO and
its angular frequency be wLO.

VLO=ALOcos(wLOt)

When these two signals are applied to a non-linear device, the output current
or voltage will contain terms that are proportional to the products of these
input signals. For a simple non-linear characteristic (e.g., a square-law device
where output is proportional to input squared), the output will have terms like:



Voute<c (VRF+VLO)2<VRF2+VLO2+2VRFVLO

The critical term for mixing is the product term: 2VRFVLO. Substituting the
sinusoidal forms:

2VRFVLOo<2[ARFcos(wRFt)][ALOcos(wLOt)]

Using the trigonometric identity: cos(A)cos(B)=(1/2)[cos(A-B)+cos(A+B)]
The product term transforms into:

Vout_productoc ARFALO[cos((wWRF-wLO)t)+cos((wRF+wLO)t)]

Thus, the mixer output will contain these desired new frequencies:

e Difference Frequency: |fRF-fLO| (also known as the Intermediate
Frequency, IF, in down-conversion).

e Sum Frequency: fRF+fLO (also used as the IF in up-conversion, or an
image frequency in down-conversion).

In addition to these desired sum and difference frequencies, the output will
also contain the original RF and LO frequencies, their harmonics (e.g.,
2fRF,3fLO), and various other unwanted intermodulation products (e.g.,
2fRF*fLO, fRF*2fLO, etc.). Filters (bandpass filters) are then used at the
mixer's output to select only the desired sum or difference frequency and
reject all other unwanted frequency components.

Up-conversion and Down-conversion

Mixers are employed in two fundamental modes for frequency translation in
communication systems:

e Up-conversion (Primarily in Transmitters):

o Purpose: To translate a lower-frequency signal (often an
Intermediate Frequency, IF, or a baseband signal directly from a
modulator) to a much higher RF frequency suitable for efficient
transmission over the air. Lower frequencies are easier to process
and generate with high quality, but cannot propagate effectively
over long distances.

o Process: The lower frequency input signal (e.g., fIF) is mixed with
a higher frequency LO signal (fLO). The mixer produces both the
sum and difference frequencies. For up-conversion, the sum
frequency (fRF=fIF+fLO) is typically selected by a bandpass filter
as the final RF output frequency for transmission.

o Numerical Example:



Imagine a Wi-Fi transmitter that processes data at an IF of
300 MHz. To transmit this signal over the air in the 2.4 GHz
ISM band, it needs to be up-converted.
An LO signal of 2.1 GHz is generated.
The mixer's output will contain:

m Difference frequency: 2.4 GHz-2.1 GHz|=0.3

GHz(300 MHz)

m Sum frequency: 2.4 GHz+2.1 GHz=4.5 GHz
In this case, the 2.4 GHz signal from the LO and the 300
MHz IF signal would be mixed to produce the 2.4 GHz signal
for transmission if the LO was 2.1 GHz and the IF was 300
MHz. A mistake in example logic.
Let's rephrase: We want to transmit at fRF=2.4 GHz. Our IF
signal is fIF=300 MHz. We need an LO frequency fLO such
that fRF=fIF+fLO.
Therefore, fLO=fRF-flIF=2.4 GHz-0.3 GHz=2.1 GHz.
So, a 300 MHz IF signal mixed with a 2.1 GHz LO signal
would produce sum frequency of 2.4 GHz and difference
frequency of 1.8 GHz. A bandpass filter would then select
the 2.4 GHz signal for amplification and transmission.

e Down-conversion (Primarily in Receivers):

o Purpose: To translate a high-frequency RF signal received from an
antenna to a lower, more manageable Intermediate Frequency (IF).
Processing signals at lower frequencies is generally easier,
cheaper, and offers better performance in terms of amplification,
filtering, and demodulation due to lower component parasitics
and higher available gain from amplifiers. This is the cornerstone
of the superheterodyne receiver architecture.

o Process: The received high-frequency RF signal (fRF) is mixed
with a carefully chosen LO signal (fLO). For down-conversion, the
difference frequency (flIF=|fRF-fLO| ) is typically selected by a
bandpass filter as the desired IF output.

o Numerical Example:

Consider a receiver designed to receive a signal at fRF=900
MHz. Let the LO generate a frequency of fLO=800 MHz.
The mixer's output will contain:
m Difference frequency: /900 MHz-800 MHz|=100 MHz
m  Sum frequency: 900 MHz+800 MHz=1700 MHz (1.7
GHz)
A bandpass filter at the mixer's output would be designed
to select only the 100 MHz signal as the IF. This IF signal is
then amplified, filtered further, and eventually demodulated.
Alternatively, the LO could be at 1000 MHz (1 GHz). Then the
difference frequency would also be 900 MHz-1000



MHz =100 MHz. This demonstrates the concept of an
"image frequency" where another RF frequency (1100 MHz
in this case, fLO+flF) would also produce the same IF,
requiring pre-mixer filtering.

Types of Mixers

Mixers can be broadly classified based on whether they provide gain (active)
or cause attenuation (passive), and by their internal balancing structure.

e Passive Mixers:

o Components: Typically constructed using non-linear passive
devices like diodes (e.g., Schottky diodes, which have fast
switching speeds and low forward voltage drop). They do not use
active amplifying devices and thus do not require external DC
power to operate.

o Advantages:

m Low Noise Figure: Since they don't have active components
that generate significant internal noise, passive mixers tend
to have very low noise figures, which is a major benefit in
sensitive receiver front-ends. Typical NF can be around 6-8
dB.

m Good Linearity: They generally exhibit better linearity (less
distortion, higher IP3) compared to active mixers, as they
operate solely on the non-linear voltage-current
characteristics of the diodes without additional active
device non-linearities.

m High Dynamic Range: Can handle a wider range of input
power levels without significant distortion.

m No DC Power Consumption: Simplifies circuit design and is
ideal for low-power applications.

o Disadvantages:

m Inherent Conversion Loss: Passive mixers always attenuate
the signal. They cannot provide gain. Typical conversion
loss ranges from 5 dB to 8 dB. This means the IF output
power is always lower than the RF input power.

m High LO Power Requirement: To effectively switch the
diodes and achieve good conversion efficiency, passive
mixers often require relatively high LO power levels (e.g., +7
dBm to +17 dBm or more).

o Example: Diode ring mixers are a very common type of passive,
double-balanced mixer.

e Active Mixers:
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Components: Utilize active amplifying devices like transistors
(BJTs - Bipolar Junction Transistors, FETs - Field-Effect
Transistors) as their non-linear elements. They require external
DC power to bias these active devices.

Advantages:

m Conversion Gain: The most significant advantage is that
active mixers can provide conversion gain, meaning the IF
output power can be higher than the RF input power.
Typical conversion gain can be from 5 dB to 20 dB. This
reduces the need for subsequent amplifier stages.

m Lower LO Power Requirement: Active mixers often require
significantly less LO power compared to passive mixers
(e.g., 0 dBm to +5 dBm).

m Better Isolation: Can often be designed to provide better
isolation between input ports than some simpler passive
mixers.

Disadvantages:

m Higher Noise Figure: Active devices inherently generate
more noise than passive ones, leading to a higher noise
figure (e.g., 8 dB to 15 dB or more) compared to passive
mixers.

m Poorer Linearity: Active mixers generally exhibit poorer
linearity (lower IP3) due to the non-linear characteristics of
the transistors themselves, especially when driven close to
their saturation limits.

m DC Power Consumption: They require a DC power supply,
increasing overall system power consumption.

Example: The Gilbert cell mixer is a very popular active mixer
architecture widely used in integrated circuits due to its excellent
balance, gain, and compact size.

e Single-Balanced Mixers:

o

o

Principle: Use two non-linear elements (e.g., two diodes or two
transistors) arranged in a balanced configuration for one of the
input signals (either the RF or the LO), while the other input signal
is applied in a single-ended (unbalanced) fashion.

Advantages: Provide good suppression (rejection) of either the
RF signal or the LO signal (and their associated even-order
harmonics) at the IF output port. This simplifies filtering
requirements at the output by reducing the strength of one of the
unwanted input signals. Also provides improved isolation
between two of the three ports (e.g., RF-LO isolation might be
good, but RF-IF isolation less so).

Disadvantages: One of the input signals (and its harmonics) will
still appear strongly at the output IF port, requiring filtering.



o Numerical Example: A single-balanced mixer designed for a 900
MHz RF input and 800 MHz LO might offer 25 dB of LO-IF
isolation. This means if the LO power is +7 dBm, the LO leakage at
the IF port will be +7 dBm-25 dB=-18 dBm.

e Double-Balanced Mixers (DBM):

o Principle: Employ four non-linear elements (e.g., a "quad" of
diodes in a ring configuration, or a sophisticated transistor
arrangement like the Gilbert cell). Both the RF and LO signals are
applied in a balanced (differential) fashion to the mixer's core.

o Advantages:

m Excellent Port Isolation: Provides high isolation between all
three ports (RF, LO, IF). This means minimal leakage of the
RF signal to the LO port, LO to RF, and significantly
reduced RF and LO feedthrough to the IF port. Typical
isolation values can range from 30 dB to 50 dB or more.

m Suppression of Unwanted Products: Crucially,
double-balanced mixers inherently suppress (cancel out)
both the RF and LO signals themselves, as well as their
even-order harmonics (2fRF, 2fLO, 4fRF, etc.) at the IF
output port. This greatly simplifies the design of the
post-mixer IF filter, as fewer strong, unwanted signals need
to be attenuated.

m Improved Linearity: Generally offer better linearity
compared to single-ended or single-balanced mixers,
contributing to a higher IP3.

o Disadvantages:

m More Complex Design: More components and intricate
circuit layouts are required.

m Higher LO Drive (for Passive DBMs): Passive DBMs
typically require the highest LO power levels among mixer
types to fully switch the four diodes for optimal
performance.

o Numerical Example: A double-balanced mixer with a +7 dBm LO
input and 40 dB LO-IF isolation would only leak -33 dBm of LO
power to the IF output. Similarly, 35 dB RF-IF isolation for a -10
dBm RF input would result in only —45 dBm of RF leakage at the IF
port. These low leakage levels significantly reduce interference.

Mixer Performance Parameters

The quality and suitability of an RF mixer for a particular application are
characterized by several key performance parameters.



1. Conversion Gain (for Active Mixers) / Conversion Loss (for Passive
Mixers):

o Explanation: This parameter quantifies the efficiency with which
the mixer translates input power at the RF frequency to output
power at the desired IF frequency. It essentially tells you how
much the signal is amplified or attenuated by the mixing process
itself.

o Formula (Conversion Gain, CG): For active mixers, it's the ratio of
IF output power to RF input power, typically expressed in decibels
(dB).

CG=PIF (dBm)-PRF (dBm)

o Formula (Conversion Loss, CL): For passive mixers, it's the ratio
of RF input power to IF output power, also in dB.
CL=PRF (dBm)-PIF (dBm)

o Numerical Example:

m Active Mixer: An RF signal of -30 dBm is applied to an
active mixer, and the desired IF output power is -20 dBm.
Conversion Gain = =20 dBm-(-30 dBm)=+10 dB. (The signal
is amplified by 10 dB).

m Passive Mixer: An RF signal of -20 dBm is applied to a
passive mixer, and the desired IF output power is -27 dBm.
Conversion Loss = =20 dBm—(-27 dBm)=+7 dB. (The signal
is attenuated by 7 dB).

o Importance: Lower conversion loss (for passive) or higher
conversion gain (for active) is generally desirable as it directly
impacts the overall gain budget of the receiver or transmitter
chain.

2. Noise Figure (NF):

o Explanation: The Noise Figure is a critical metric that quantifies
how much additional noise the mixer itself contributes to the
signal. It's defined as the ratio of the signal-to-noise ratio (SNR) at
the mixer's input to the SNR at its output.

Formula: NF=10*log10(SNRinput/SNRoutput) in dB.

Explanation: A theoretically perfect, noiseless mixer would have
an NF of 0 dB. However, all real-world mixers generate some
internal noise due to thermal effects, shot noise, and flicker noise
in their components. Therefore, the output SNR will always be
worse than the input SNR, meaning the NF is always greater than
0 dB.

o Importance: In a receiver, the mixer is often an early stage in the
signal chain. Any noise introduced by the mixer is then amplified
by all subsequent stages. A high noise figure in the mixer can
significantly degrade the overall receiver's sensitivity, making it



o

difficult to detect weak signals. A lower noise figure is always
preferable.
Numerical Example:

m A mixer with an NF of 8 dB means that the output SNR is 8
dB worse (lower) than the input SNR. If the input SNR was
25 dB, the output SNR would be 25 dB-8 dB=17 dB.

m For a high-performance cellular base station receiver, the
noise figure of the first mixer (after the Low Noise Ampilifier)
might need to be in the range of 6-8 dB to meet overall
system sensitivity requirements.

3. Linearity (IP3 - Third-Order Intercept Point):

o

Explanation: Linearity is a crucial parameter indicating how well a
mixer processes multiple input signals without introducing
significant distortion. When two or more signals are applied to a
non-linear device like a mixer, they generate unwanted
intermodulation products (IMPs). The third-order intermodulation
products (IM3) are particularly problematic because they can fall
very close to, or even within, the desired signal band, causing
interference and degrading signal quality. The Third-Order
Intercept Point (IP3) is a theoretical point (extrapolated) where the
power of the desired fundamental output signal would become
equal to the power of the third-order intermodulation products if
the mixer remained perfectly linear (which it doesn't; it
compresses before reaching this point).

Measurement: IP3 is typically measured by applying two closely
spaced input tones (f1 and f2) to the mixer. The desired IF output
is at |fRF£fLO|. The most problematic IM3 products are at 2f1-2
and 2f2-f1 (for input IP3 calculation, or 2fIF1-fIF2 for output IP3
calculation).

Formula (Output IP3, OIP3): This is the IP3 referenced to the
output port of the mixer.

OIP3=Pout+(Pout-PIM3)/2 (all values in dBm).

Here, Pout is the power of one of the desired output tones, and
PIM3 is the power of the corresponding third-order
intermodulation product at the output.

Formula (Input IP3, lIP3): This is the IP3 referenced to the input
port of the mixer. It's often more useful for system-level
calculations.

lIP3=0IP3-CG (in dBm, where CG is the mixer's conversion gain
in dB). If it's a passive mixer, use IIP3=0IP3+CL.

Explanation: A higher IP3 value signifies better linearity. For every
1 dB increase in the input power of the two tones, the desired
output signal power increases by 1 dB. However, due to the
third-order non-linearity, the IM3 product power increases by 3 dB.



This means the power difference between the desired signal and
the IM3 product shrinks by 2 dB for every 1 dB increase in input
power.

o Importance: High linearity (high IP3) is absolutely crucial in
multi-carrier communication systems (like cellular networks,
Wi-Fi, cable modems) where many signals coexist. If the mixer's
IP3 is too low, the IM3 products generated by strong interfering
signals can fall into the band of a weak desired signal, effectively
drowning it out and causing severe performance degradation.

o Numerical Example:

m An active mixer has a conversion gain of 8 dB. When two
input tones are applied such that the desired output power
(Pout) is -10 dBm, the third-order intermodulation product
power (PIM3) at the output is -50 dBm.

m Calculate the difference between desired output and IM3:
AP=Pout-PIM3=-10 dBm-(-50 dBm)=40 dB.

m Calculate Output IP3 (OIP3):

OIP3=Pout+AP/2=-10 dBm+40 dB/2=-10 dBm+20 dB=+10
dBm.

m Calculate Input IP3 (lIP3):

IP3=0IP3-CG=+10 dBm-8 dB=+2 dBm.

m This means the mixer performs linearly up to a theoretical
input power of +2 dBm before third-order distortion
becomes dominant. A typical IP3 for high-performance
mixers might be in the range of +10 dBm to +30 dBm.

4. Isolation (RF-LO, RF-IF, LO-IF):

o Explanation: Isolation measures how well the mixer's various
ports (RF input, LO input, IF output) are separated from each
other. It quantifies the amount of signal leakage between ports.

m RF-LO Isolation: How much of the RF input signal leaks to
the LO port, and vice-versa.

m RF-IF Isolation: How much of the RF input signal leaks
directly to the IF output port (without undergoing frequency
translation).

m LO-IF Isolation: How much of the LO input signal leaks
directly to the IF output port.

o Units: Measured in decibels (dB). A higher dB value indicates
better isolation (less leakage).

o Importance: Good isolation is crucial for several reasons:

m Prevents Interference: Reduces unwanted signals from
appearing at the wrong ports, which could interfere with
other parts of the system (e.g., LO leakage out the antenna,
or LO signal interfering with sensitive RF pre-amplifiers).
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m Simplifies Filtering: Higher isolation at the IF port means
less strong RF and LO signals need to be filtered out,
simplifying the design of the IF filter.

m Ensures Stable LO Operation: Prevents the RF signal from
"pulling” the LO frequency, ensuring stable LO operation.

Numerical Example:

m If the LO input power to a mixer is +10 dBm, and the
measured LO power at the RF input port is -25 dBm, then
the LO-RF isolation is 10 dBm—(-25 dBm)=35 dB.

m A typical double-balanced mixer might offer LO-IF isolation
of 30-40 dB. If the LO power is +7 dBm, the LO leakage at
the IF output would be =23 dBm to -33 dBm, which is much
easier to filter out than the full +7 dBm.

5. 1 dB Compression Point (P1dB):

O

Explanation: The 1 dB Compression Point (P1dB) is a
fundamental measure of an amplifier's or mixer's non-linear
behavior. It is defined as the input power level (IP1dB) at which
the output power of the device is 1 dB lower than what would be
expected from a perfectly linear response. Alternatively, the
Output P1dB (OP1dB) is the output power level at this point.
Importance: P1dB indicates the onset of significant gain
compression and non-linearity. It defines the practical upper limit
of the input power that can be applied to a mixer before its
performance degrades noticeably. Operating a mixer significantly
above its P1dB point will lead to severe signal distortion, a
decrease in desired signal strength relative to input, and a
proliferation of unwanted intermodulation products.
Units: Measured in dBm (Input P1dB, or IP1dB) or dBm (Output
P1dB, or OP1dB).
Relationship: OP1dB=IP1dB+CG (where CG is conversion gain in
dB). If there is conversion loss, OP1dB=IP1dB-CL.
Numerical Example:
m Consider a mixer with a conversion gain of 7 dB. If its input
P1dB (IP1dB) is +5 dBm.
This means that if you apply an RF input power of +5 dBm,
the actual IF output power will be 1 dB less than the ideal
linear output (+5 dBm+7 dB-1 dB=+11 dBm). The theoretical
linear output would have been +12 dBm.
The output P1dB (OP1dB) for this mixer would be +5 dBm+7
dB=+12 dBm. This is the output power level at which 1 dB
of compression is observed.
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