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Module Introduction
Purpose:

– This training module provides an overview of the elements used in 
radio circuits.

Objectives:
– Label the components of a generic radio block diagram. 
– Explain the path that an RF signal follows within a system during 

reception and transmission. 
– Explain the function of an oscillator.
– Identify the factors that influence oscillator performance. 
– Identify the three sources of noise that contribute to an oscillator’s 

phase noise curve. 
– Explain the benefits of a phase-locked loop (PLL) stabilized oscillator. 

Content:
– 19 pages
– 3 questions

Learning Time:
– 30 minutes

This training module provides an overview of the elements used in radio 
circuits. 

In this module, we examine a generic radio block diagram. We will look at 
both the reception and transmission of an RF signal and the role that each 
element within the system plays. You will then take a closer look at the role 
of the oscillator within the system, learning about different types of oscillators 
and how you can limit system noise.
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Basic Radio Circuit Elements

Basic elements used in Radio circuits:
• Amplifiers 

- increase the magnitude of signals
• Attenuators 

- decrease the magnitude of signals
• Filters 

- change the frequency response of the system
• Switches

- change the signal path
• Mixers

- combine signals
• Oscillators

- produce signals
• Transmission Lines 

- connect components and limit the parasitics of board layout and
the associated signal impairment

In the modules on digital signal transmission, we mentioned some of the physical elements that 
make up a communications system. Besides the usual resistors, capacitors, and inductors, there 
are specialized RF components. 

Amplifiers can be low power or high power, low frequency or high. Regardless of power or 
frequency specifications, all amplifiers are specified with gain and linearity performance. Much of 
what we learned during our discussion of Linearity and Noise dealt with amplifier performance.

Attenuators decrease signal levels when needed and also provide isolation between components. 

Filters change the frequency response of the system. This can be important in blocking undesired 
signals and limiting bandwidth to reduce noise. Filter networks can also be designed for impedance 
matching. 

Switches redirect signals. 
Mixers combine signals and can function as modulators or frequency translators. 
Oscillators are used to produce signals. 

Transmission lines route signals from component to component. As mentioned before, RF signals 
are analog and are measured in units of power. Transmission lines are structures designed 
specifically to guide electromagnetic energy. They are used extensively in the front end of a radio 
(the circuitry closest to the antenna), to insure maximum power transfer until the signal can be 
amplified above the noise.



3

Generic Radio Block Diagram
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Now that you know the functions of some of the components, let’s look at a generic 
radio block diagram. The one displayed is based on a cellular phone. 

There are four main blocks: the transmit/receive (or “transceiver”) section, …

…the baseband signal processor, …

… the power amplifier,… 

…and the power management subsystem. 

This module will review the transmit/receive block and the power amplifier in detail. 
The baseband signal processor is the signal processing and digital control block of 
the phone. As the cost of computing power drops, more radio functions will be 
performed in this section of the phone. The power management section interfaces 
with the battery or other power source and, under control of the baseband software, 
turns radio blocks on and off as needed. This is very important for long battery life.
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The Transceiver Subsystem
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Beginning at the antenna, the transmit/receive switch directs the signal to the receiver or directs the 
power amplifier output to the antenna. It must be low loss so as not to add to the system noise 
figure or attenuate the transmit signal. 

Following the receive path, the signal is filtered to eliminate out-of-band signals so that they will not 
be amplified or impact the linearity of the Low Noise Amplifier (LNA) or mixer. 

The LNA must have enough gain with low noise figure to set the system noise figure. It must also 
be linear enough to not distort the desired signal in the presence of undesired signals and be able 
to handle high desired signals without distortion. 

In this block diagram, there is a downconvert mixer which translates the desired signal from its 
original RF frequency to an Intermediate Frequency, or IF. In some systems, the RF is fed directly 
to the demodulator. Using an IF has performance advantages but adds to system cost. 

The downconvert mixer is followed by an IF filter. This filter, though it adds cost, limits the system 
bandwidth and reduces undesired signals. 

The demodulator recovers the modulation from the IF and presents it to the analog-to-digital 
converter so that it can be digitized. In other words, the demodulator converts IF to Baseband. For 
complex modulation schemes, the demodulator is usually an I/Q demodulator which splits the 
signal into In-phase and Quadrature components. The actual data recovery is done in DSP.
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Match each RF receiver component with its main function by dragging the 
letters on the left to their corresponding items on the right. Click “Done” 
when you are finished.

Converts RF signal to IF

Let’s review some of the RF receiver components.

Correct. The Low Noise Amplifier (LNA) determines system gain and noise 
figure; the RF filter blocks undesired signals out-of-band while the IF filter 
sets the IF bandwidth close to the channel bandwidth and blocks unwanted 
channels; the Downconvert Mixer converts the RF signal to IF; the 
Demodulator converts IF to Baseband and may be a Quadrature Demod 
producing I and Q outputs; finally, the analog to digital converter converts the 
analog RF signal into a digital signal for output. 
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The Transceiver Subsystem
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Here is the same diagram we looked at before, only now let’s look at the transmit 
blocks. On the transmit side, the process is reversed. The data is converted from 
digital into analog in the D/A converter. This Baseband signal then modulates an 
Intermediate Frequency signal from the Frequency Source. In an FM system, the 
Frequency Source may be modulated directly. As in the receiver path, the IF is 
often bypassed with direct RF modulation. 

Next, the signal is filtered and then upconverted from the IF frequency to the RF 
frequency.

The Power Amplifier amplifies the transmit signal to the appropriate level. In cellular 
systems, the power level ranges from about 0.5W to 3W. Depending on the 
modulation scheme chosen, the PA may have to be linear. For FM systems, the PA 
can be class C where efficiency can be quite good. For QPSK schemes, the 
amplifier must be class AB and operated a few dB below gain compression.
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Frequency Source Block

• A communications system needs a stable but agile frequency 
source.

• Options are:
– Voltage controlled oscillator
– Frequency Synthesizer 

Frequency 
Source

A/D

D/A

The key to both the receive and transmit sections is the Frequency Generation 
block labeled Frequency Source. In order to faithfully downconvert and demodulate 
the receive signal and to generate a clean transmit signal, communications systems 
need a stable frequency source. For channelized systems, this source must also be 
frequency agile. For simple systems, a well-designed Voltage Controlled Oscillator, 
or VCO, will do. For most systems, however, a PLL-stabilized frequency synthesizer 
is required.
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Hartley Oscillator

Colpitts Oscillator

Basic Oscillator Circuits

Can be a 
Varactor Diode

to allow 
Voltage Tuning

The heart of any frequency generation subsystem is the Oscillator. There are many 
transistor oscillator circuits documented. The Colpitts and Hartley configurations are 
shown. In each, the variable capacitor can be replaced with a varactor diode to 
allow voltage tuning.
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How an Oscillator Works

Startup Oscillation

Stability

Oscillators are regenerative circuits. This means that they have positive feedback. 
Thus, the gain and feedback are designed so that the oscillator will actually amplify 
and feed back noise.

The LC circuit enhances the circuit’s amplification of noise at its resonant frequency 
and oscillation begins. 

After stabilization, the signal produced by the oscillator exceeds the noise and a 
stable sinusoid results.
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Vcc
The VCO frequency is sensitive
to frequency PUSHING from the 
supply Voltage.

ZloadThe VCO frequency is 
sensitive to frequency 
PULLING from the Load 
Impedance.

Oscillator Performance

Quantifying the performance of an oscillator is complex. Frequency stability is 
important. Aside from the oscillator’s own frequency stability, the circuit can be 
susceptible to frequency pushing from power supply (VCC) variation and to 
frequency pulling from load (Zload) variation. These undesirable characteristics must 
be considered in the oscillator and system design.
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Question

Startup Oscillation Stability

Label each diagram below to show that you recognize what is happening 
within an oscillator as it turns on and stabilizes. Drag the labels from the 
top to the corresponding diagrams below. Click “Done” when you are 
finished.

Stability StartupOscillation

Let’s review how an oscillator works.

Correct. Noise is present in the system at Startup. During the Oscillation phase, 
amplification of the noise is enhanced by the resonant LC circuit and oscillation 
begins. Finally, after stabilization, the output exceeds the noise and a stable 
sinusoid results.
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VCO Performance – Phase Noise
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One of the most important performance characteristics of an oscillator is phase 
noise. As with thermal noise, it limits the system performance. This curve shows 
normalized sideband phase noise at increasing offset from the carrier. For a free-
running oscillator, there are three sources of noise that create the phase noise 
curve. 

Low frequency device noise decreases at a 9 dB per octave rate. This noise is often 
called “1 over f” noise, or flicker noise. 

The normal oscillator noise decreases at 6 dB per octave. Leeson’s equation 
describes the 6 dB per octave phase noise that can be optimized during oscillator 
design. The quality of the resonant circuit is very important in optimizing this noise. 

The oscillator noise floor is set by thermal noise.
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Leeson’s Equation

SSB Phase Noise = 10log[FkT
A

1
8Q2 ( f0

fm
)]

Where:
F = device noise factor
k = Blotzmann’s Constant, 1.38 x 10-23 J/°K
T = Temperature, °K
A = Oscillator output power, W
Q = Loaded Q
f0 = Oscillator carrier frequency, Hz
fm = Offset from f0, Hz

Applies to region between f1 and f2:

Reference page for the previous page
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Improving Phase Noise

• Use a device with low noise figure
• Use L and C with high Q
• Use a device with low 1/f noise

– A result of semiconductor action
– Generally proportional to fmax, the maximum 

frequency of oscillation
– Bipolar transistors preferred over GaAs FETs

The phase noise of an oscillator can be improved by focusing on several factors. 

In Leeson’s equation, we see that high Q, or quality of the resonant circuit, and a 
low noise device are essential.

The device should also have low 1/f noise. This source is difficult to deal with as 
devices with high gain and high maximum frequency of oscillation, both desirable 
qualities, tend to have the highest 1/f noise. In general, bipolar devices have lower 
1/f noise than FETs, particularly MESFETs.
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Crystal Oscillators

-V

+ VBenefits:
• Crystal Q can be 10,000
• Significantly better frequency 

stability and lower phase 
noise

Disadvantages:
• Low operating frequencies 

(MHz)
• Low output power

Colpitts
Crystal Oscillator

Crystal

The ultimate in resonant circuit Q can be had with a quartz crystal.  The circuit 
shown is a Colpitts crystal oscillator.  While Crystal oscillators have the best phase 
noise performance, they are limited in frequency to a few hundred MHz and tend to 
have low available output power.
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Basic PLL Frequency Synthesizer
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The phase-locked loop (PLL) stabilized oscillator represents an excellent 
compromise. By using a PLL, a voltage controlled oscillator can be locked to a 
stable crystal oscillator reference. The PLL compares the frequency of the oscillator 
to a crystal oscillator reference and adjusts the frequency through a “steering 
voltage.” The PLL combines the agility and high frequency capability and output 
power of an LC oscillator with the stability of a crystal oscillator.

This simplified PLL synthesizer shows the basic blocks of the system. A reference 
frequency from a crystal oscillator is compared by a phase detector to the oscillator 
frequency which has been divided down, or pre-scaled, to the reference frequency. 
The resulting error voltage is filtered by the loop filter and tunes the oscillator.



17

Phase Noise with PLL
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Here is the oscillator phase noise curve with the PLL response added. Inside the 
loop bandwidth, defined by the loop filter and the response of the other 
components, the phase noise is limited by the reference oscillator performance and 
the noise of the loop itself. 

Outside the loop bandwidth, the oscillator’s performance takes over.
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PLL Gain Model
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Loop gain must be considered in PLL design. The loop gain sets the time domain 
response, that is, how quickly the loop locks. The equations shown describe the 
loop gain.  Open loop gain describes the system before it is locked, that is, before 
the divided oscillator frequency equals the reference.  Once the loop is locked, the 
closed loop gain equation describes the system.

The loop filter primarily sets the frequency response. The loop filter, of course, 
affects the gain so it cannot be designed independently. 

The choice of reference frequency and divide ratio affect the channel spacing or 
tuning resolution. The reference may have a prescaler to add flexibility. 

The main divider ratio, N, is usually programmable.

rΘ
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Among the options below, which are used as frequency 
sources in a system? Select the correct answer and then 
click Done. 

Voltage controlled oscillators

Varactor diodes

Frequency synthesizers

RF transceivers 

Question

Let’s review the components that provide frequency generation in a system.

Correct! Both Voltage controller oscillators (VCOs) and Frequency 
synthesizers can be used as frequency sources. For simple systems, a well-
designed VCO will do. For most systems, however, PLL-stabilized frequency 
synthesizers is required.
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Module Summary

• Tx/Rx Switch
• Amplifiers 

– Low Noise Amp
– Power Amp

• Filters 
– RF Filter
– IF Filter
– Baseband Filter

• Mixers
– Downconvert Mixer
– Upconvert Mixer

• Demodulators/Modulators
• Converters

– Analog to Digital
– Digital to Analog

• Frequency Generators
– Oscillators
– PLL Frequency Synthesizers

This module has covered the following elements used in Radio circuits:

In this module, you learned about the various elements of a radio circuit in general, 
and about the transceiver subsystem block specifically. You learned about options 
for frequency sources and their importance to the system performance. 


