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Example:  Inside a Cell Phone
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Non-Linear and Time Varying Circuits

¥EECS 142 pre-requisites: EECS 105, 120, 140.  EECS 126 
(226) is optional but it gives you insight into the 
mathematical details of random (ÒnoisyÓ) signals.

¥From 140 you should review feedback ampliÞers and 
frequency response.  From EECS 120 you should review 
linear system theory, Fourier series and transforms.

¥In 142 we build on EECS 140 to build wideband, tuned, 
linear, and high dynamic range ampliÞers.  We'll spend a great 
deal of time analyzing the frequency performance, the noise, 
and the linearity of ampliÞers.

¥Much of this course is fundamentally about non-linear and 
time-varying circuits.  While in some circuits we'll strive to 
eliminate sources of non-linearity (ampliÞers), in other 
circuits we'll embrace the non-linearity and exploit it to 
realize new functionality (oscillators, mixers).
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Block Diagram of Communication System

¥A typical communication system can be partitioned 
into a transmitter, a channel, and a receiver.

¥In this course we will study the circuits that interface 
from the channel to the receiver/transmitter.  These 
circuits are at the Òfront-end'Ó of the transceiver and 
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Source Data
¥Most information sources are baseband (BB) in 

nature, where we arbitrarily deÞne the bandwidth 
BW as the highest frequency of interest. This usually 
means that beyond the BW the integrated energy is 
negligible compared to the energy in the bandwidth.

¥The bandwidth of some common signals:
¥High Þdelity audio: 20 kHz

¥Telephone:  5 kHz

¥Uncompressed analog video: !  10 MHz

¥802.11 b/g WLAN: 22 MHz

¥HD Video (HDMI 1.3+) ~ 340 MHz

¥ The source is often compressed to conserve bandwidth.  Lossless 
compression (LZW like Zip Þles) or lossy (like MP3, JPEG, or MPEG 
video) can be used depending on the application.
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Example:  Telephone Communication

6

¥ Telephone communication occurs over Òtwisted pairÓ (TP) wiring, usually 
unshielded (UTP).  Twisted pairs have better noise immunity when signals 
are transmitted differentially (and lower radiation). 

¥ Category 3 cables have 18pF/ft of capacitance!  How do you drive such a 
cable?  (How much inductance does it have?) 

¥ When cables are long (relative to the wavelength of the highest 
frequency), then they behave in a distributed manner (transmission line 
theory).  This occurs because signals travel at the speed of light (about 300 
meters in a microsecond in air).  If we drive and terminate the cables in 
the characteristic impedance (100ohms for UTP), then the cables behave 
properly (like simple circuits) and only introduce a delay (and attenuation).  
Otherwise there are multiple reßections on the line at each interface 
between impedances.

¥ A signal at 10 MHz experiences about 30dB of attenuation when traveling 
1000 ft / 305 m in UTP.  This sets the limit to how far we can send signals 
before requiring gain.  The attenuation increases sharply with frequency.  
Coaxial cables are much better, and Þber optic cables are orders of 
magnitude better!
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Data Communication (LAN)
¥ Twisting the line decreases coupling but 

reduces the bandwidth (itÕs an artiÞcial 
transmission line).

¥ When sending high speed data through a 
cable, we have to deal with several non-
idealities:

¥Attenuation, Dispersion, Reßections !  
Inter Symbol Interference

¥ Attenuation is frequency dependent and 
causes dispersion, especially at higher 
frequencies.  The phase response of the line 
is also not perfectly linear (constant group 
delay), and this causes more dispersion.

¥ Equalization is used at the source and 
receiver to compensate for the non-ideality 
of the line.  But the ÒchannelÓ has to be 
characterized Þrst.
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Wireless Propagation
¥ Wireless links use antennas to convert wave energy on 

a transmission line to free-space propagating waveform 
(377 ohms in free-space).  

¥ Think of an antenna as a transducer with a given input 
impedance, efÞciency, gain/directivity.  The more gain, 
the more directive the antenna.  EfÞcient antennas are 
~ "  (free space propagation wavelength).

¥ Since many users are sharing the same channel, we 
must contend with interference and come up with a 
good mechanism to share spectrum (FDMA, TDMA, 
CDMA).

¥ There are multiple paths from source to receiver, and 
some objects reßect the signal (ground) while others 
scatter the signal (trees).  Also signals creep around 
obstacles (diffraction) and hence we have to deal with 
multi-path propagation.  

¥ When source/receiver moves, we have a Dopper shift. 
8
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Spectrum Regulation

¥ Since efÞcient transmission and signal propagation requires an antenna 
with physical dimension of ~"  (wavelength), higher frequencies are 
favorable for portable applications.  For instance, at 3GHz, the free-space 
wavelength is 10cm ("  = c/f)

¥Reason:  Physically small antennas have small radiation resistance, 
which translates into low efÞciency (since the physical resistance can 
be smaller or comparable to the radiation resistance)

¥ In the U.S., the FCC regulates spectrum usage [AM band ~ 1000 kHz, FM 
band ~ 100 MHz, UHF ~ 500 MHz, Cell phones 800 MHz - 1.9 GHz, WiFi 
2.4 GHz (ISM band)].  Emerging bands: 3-10 GHz UWB, 60 GHz.

¥ Typically each band is further divided into several channels so that 
spectrum can be shared.  Channel spacing is set by the signal bandwidth.

¥ While spectrum was traditionally highly regulated and licensed, in the 
past two decades we have witnessed an explosion in wireless 
communication (cordless phones, Bluetooth, WiFi) using unlicensed 
bands (such as the ISM -- Industrial, ScientiÞc, and Medical -- in the 900 
MHz and 2.4 GHz)
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DonÕt throw out the Baby with the bathwater! 

¥Near/Far Problem:  Nearby jammer makes it difÞcult 
to listen to a far away desired signal.
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Interference
¥ In order to detect a signal in the presence of noise, the 

signal must meet a certain SNR (signal-noise-ratio) 
requirement.  Typically this is 10dB for many simple 
modulation schemes.  For an analog signal, the ear/eyes 
can also tolerate a certain amount of noise (try it!). 

¥ Note that the desired signal is often much weaker than 
other signals. In addition to out of band interfering 
signals, which can be easily Þltered out, we also must 
contend with strong in-band interferers. These nearby 
signals are often other channels in the spectrum, or 
other users of the spectrum. 

¥ The dynamic range of a wireless signal is VERY large, on 
the order of 80 dB. The signal strength varies a great 
deal as the user moves closer or further from a base-
station (access point). 

¥ Due to multi-path propagation and shadowing, the 
signal strength varies in a time varying fashion. 
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Multi-Path Propagation
¥In addition to contending 

with interfering signals 
and noise, wireless 
propagation is marred by 
multi-path propagation 
and fading

¥There are multiple paths 
from source to 
destination (LOS and 
NLOS) 

¥The delay spread is a 
measure of the amount of 
time we must wait after 
the Þrst RX signal to 
process most of the 
energy of the signal
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Multi-Path Fading

¥In the frequency domain, the multi-path propagation can 
result in deep fades in the channel response.

¥At particular frequencies, the direct path and alternative 
paths can be 180û out of phase, producing a null in the RX 
signal

¥Consider that the signal phase changes as it propagates:

¥If two paths differ in length by an odd multiple of a half-
wavelength, destructive interference takes place.

¥Since the wavelength is centimers in the gigahertz 
regime, motion changes the multi-path fade (time-varying) 
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Modulation

¥The information content (analog waveform or digital bits) 
are mapped onto the carrier wave using different 
modulation schemes

¥Classic analog techniques:  Amplitude Modulation (AM), 
Frequency Modulation (FM), Phase Modulation (PM)

¥Simple digital modulation:  On/Off Keying (OOK), 
Amplitude Shift Keying (ASK), Frequency Shift Keying 
(FSK), Phase Shift Keying (BPSK), Quadrature Amplitude 
Modulation (QAM)

¥Sophisticated digital modulation:  Minimum Shift Keying 
(MSK), Pulse-Position Modulation (PPM), Orthogonal 
Frequency-Division Multiplexing (OFDM), Discrete 
Multi-Tone (DMT)
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OOK Modulation
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BPSK Modulation
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FSK Modulation
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AM/FM Modulation
¥In general, a modulated waveform can be written as

¥The frequency     is the Òcarrier frequencyÓ since the 
modulation rides on top of this signal.  The term  
represents the amplitude modulation, or AM.  The 
term       is the phase modulation (PM).  Frequency 
modulation, or FM, can also be achieved through

¥where         is the normalized modulation waveform 
and      is the maximum frequency deviation.

¥E.g. in broadcast television we use AM for the video 
and FM for audio.  
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Pulsed Based Communication (UWB)

¥Instead of modulating a Þxed carrier frequency, short 
pulses can also ÒcarryÓ the information.

¥Pulse position modulation (PPM) or pulse polarity can 
be used to encode digital information.

¥If the pulse is very narrow (short in time), itÕs 
spectrum is very wideband (e.g. ultrawideband).  This 
is the dual of a narrowband system.

¥Early spark-gap generators generated wideband 
pulses and historically these were the Þrst kind of 
radios.  Why did they go away?
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Simple AM Transmitters (TX)

¥ Need an oscillator (carrier frequency) and a mechanism to vary 
amplitude of a sinusoidal signal (a multiplier works).  

¥ For digital OOK, this seems trivial (MOS switch for instance), but 
there are important issues (such as feedthrough, matching, loss).

¥ A multiplier, or ÒmixerÓ, can also accomplish this task by multiplying 
the amplitude signal with a carrier signal. 

¥ For long range transmission, a Power AmpliÞer (PA) is needed to 
boost the signal power.

¥ In order to provide a stable and precise frequency, a crystal 
resonator is used in a phased-locked loop.  
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Simple AM Receivers (RX)

¥A Þlter is used to ÒtuneÓ the receiver to the desired band.  An 
ampliÞer is needed since the signal is too weak to be detected.  

¥Detection occurs in analog or digital domain (an analog-to-digital 
(ADC) converter is needed).  

¥A mixer can be used to ``down-convertÕÕ the signal or to 
directly demodulate the signal:

¥How do we match the frequency and phase of the RX and TX?
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Simple FM Transmitter/Receiver

¥ A voltage controlled oscillator (VCO) is an oscillator that uses a varactor 
(variable capacitor) to adjust the oscillation frequency.  A ring oscillator can also 
perform this task (vary delay per stage by adjusting the current or voltage in the 
inverter stages)

¥ A differentiator converts ÒFMÓ into ÒAMÓ.  In a narrowband of frequencies, a 
circuit with a linear frequency response (the skirt of an LC tank) can be used to 
perform this task.

¥  A Limiting AmpliÞer can be used to remove any residual AM before conversion.
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A Modern Receiver

¥This is a generic super-heterodyne receiver.  There 
are several important active and passive blocks in this 
system.  Passive blocks include the antenna, switches, 
and Þlters.  Active building blocks include:
¥ LNA:  Low noise ampliÞer 

¥ LO:  ÒLocalÓ Oscillator

¥ VGA:  Variable Gain AmpliÞer (or PGA for programmable gain ampliÞer)

¥ ADC:  Analog to Digital Converter

¥ DSP:  Digital Signal Processor
23
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A Superheterodyne Transmitter

¥ This is a generic heterodyne transmitter.  In addition 
to passive antenna (often shared with receiver 
through a switch or duplexer) and Þlters, we have the 
following important active building blocks:
¥ DAC:  Digital to Analog Converter

¥ Mixer:  Up-conversion mixer

¥ VGA:  To select desired output power (not shown)

¥ LO:  Local Oscillator (Generated by a frequency synthesizer)

¥ PA:  Power AmpliÞer
24
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Received Signal Strength

¥ The power in communication systems is often measured in the dBm scale, or the 
log power measured relative to a 1 mW reference. E.g. a power level of 10 mW 
can be expressed as 10 dBm.

¥ On your laptop or cellular phone, you can often see the signal strength 
expressed in dBm units. 

¥ AmpliÞcation of weak signals is a major goal of a communication system.  
AmpliÞcation is not easy since the signals are often only marginally larger than 
the intrinsic noise.  Additionally, high gain for the interference signals can easily 
ÒrailÓ our ampliÞers unless we carefully Þlter them out. 

¥ Say your WLAN on your laptop is receiving a signal with strength !70 dBm. This 
corresponds to a power of P = 1E-7 mW = 1E-10 W=100pW.   The voltage on 
the antenna can be approximated by

¥ where,                      is the antenna impedance.
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Receiver Selectivity:  Filtering

¥A cell phone can work with very smaller signals.  For 
instance for P = -100 dBm, or P = 1E-13 W, we have

¥This is indeed a tiny signal. We need a voltage gain of 
about 100dBV to bring this signal into the range for 
baseband processing.

¥Now imagine an interference signal of strength 
-40dBm, or about 3mV.  This may seem like a small 
signal, but it effectively limits the gain of our system to 
about 1000!  Unless we employ a very high resolution 
ADC (expensive, bulky, power hungry), we must Þlter 
out this interference.
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Filtering in Receivers
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Transmitter Spectrum

¥The transmitter must amplify the modulated signal and 
deliver it to the antenna (or cable, Þber, etc) for transmission 
over the communication medium.

¥Generating sufÞcient power in an efÞcient manner for 
transmission is a challenging task and requires a carefully 
designed power ampliÞer.  Even the best RF power ampliÞers 
do this with only about 60% efÞciency at RF frequencies.

¥The transmitted spectrum is also corrupted by phase noise 
and distortion.  Distortion products corrupt the spectrum for 
other users and must be Þltered out.
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Frequency Synthesis
¥Since carrier frequencies are used for RF modulation, a 

transmitter and receiver need to synthesize a precise and stable 
reference frequency.  Since the reference frequency changes 
based on which ÒchannelÓ is employed, the synthesizer must be 
tunable.  Think of the tuning ÒknobÓ on an radio receiver.

¥The reference signal is generated by a voltage-controlled 
oscillator (VCO) and ÒlockedÓ to a much more stable reference 
signal, usually provided by a precision quartz crystal resonator 
(XTAL).

¥A phase-locked loop (PLL) synthesizer is a feedback system 
employed to provide the locking and tuning. 
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Wideband and High-Frequency AmpliÞers:
Linear Time-Invariant Circuits (LTI)

¥Review of frequency response (140)
¥ Gain bandwidth product

¥ Feedback ampliÞers 

¥Applications:
¥ Fiber optic front-end, Instrumentation, IF gain stages, UWB

¥Tuned ampliÞers and matching networks
¥ Review of RLC networks and resonance, Tuned ampliÞers, Matching 

networks, Capacitive and inductor transformers, Magnetic transformers

¥Optimal ampliÞer design (maximum gain, stability, 
matching, noise, linearity)

¥Technology:  CMOS, BJT, SiGe HBT (MESFET, JFET)
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Noise in Electronic Systems
¥Source of noise

¥System Noise calculations
¥ Input/output referred noise

¥ Noise Þgure of an ampliÞer

¥ Low noise ampliÞer design (LNA)

¥ Noise Þgure of a cascade of ampliÞers (or blocks)

¥ Link budgets

¥Applications:
¥ LNA for receiver

¥ Instrumentation

¥ IF ampliÞers
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Distortion in Circuits:
Memoryless Non-Linearity

¥Source of distortion in electronic circuits

¥Device characteristics and large signal models

¥Distortion reduction techniques

¥Measurement of distortion (harmonic, inter-
modulation, cross-modulation)

¥Effect of feedback on distortion

¥System distortion speciÞcations
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Commutating Circuits:
Linear Time-Varying Circuits (LTV)

¥Frequency translation/conversion in LTV circuits

¥Voltage-switching mixers

¥Current commutating mixers 

¥Balanced mixers

¥Conversion gain, terminal impedances

¥System speciÞcations and transceiver architectures
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Autonomous Circuits:  Oscillators

¥Start-Up and Steady-State Analysis

¥Amplitude and frequency stability

¥Concept of negative resistance

¥Oscillator topologies (Colpitts, Hartley, Clapp, Cross-
coupled,...)

¥Waveform distortion

¥Ring and relaxation oscillators

¥Voltage Controlled Oscillators (VCOs)

¥Introduction to Frequency Synthesis (PLLs)
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Power AmpliÞers

¥Output power capability

¥Power gain , efÞciency

¥Different classes of operation 

¥ÒLinearÓ AmpliÞers: Class A, B, C 

¥Switching mode ampliÞers:  Class D
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Labs

¥All students are required to complete several hands-
on laboratory assignments:
¥ Do pre-lab and background reading before attending lab

¥ Pre-lab invovles doing some calculations and simulations

¥Labs are designed to reinforce abstract concepts from 
class with real world examples

¥You will design and build your own Þlters, ampliÞers, 
mixers, and oscillators using SMT (surface mount 
tech) components on a PCB

¥The Þrst few labs will take much longer ... donÕt 
despair!
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