Module 8: RF Transceiver Architectures and Modulation
Techniques

This module provides a fundamental understanding of how information is
encoded onto radio waves for transmission and subsequently extracted from
them upon reception. We will explore various analog and digital modulation
techniques and then delve into the essential architectures of RF transceivers,
concluding with critical system-level considerations for robust
communication.

8.1 RF Modulation and Demodulation

Modulation is the process of varying one or more properties of a carrier wave
(typically a high-frequency sinusoidal signal) with a modulating signal (the
information signal). This allows the information to be transmitted efficiently
over long distances via radio waves. Demodulation is the inverse process,
recovering the original information signal from the modulated carrier.

Carrier Wave: A high-frequency sinusoidal signal, typically represented as
c(t)=A_ccos(2pif_ct+phi_c), where A_c is amplitude, f_c is carrier frequency,
and phi_c is phase. The information signal m(t) varies one of these
parameters.

Amplitude Modulation (AM):

In Amplitude Modulation, the amplitude of the carrier wave is varied in
proportion to the instantaneous amplitude of the modulating signal. The
carrier frequency and phase remain constant.

e Standard AM:
o Formula: s_AM(t)=A_c[1+k_am(t)]cos(2pif_ct)
Where:
m A_c is the carrier amplitude.
m m(t) is the modulating signal (baseband information).
m f_cis the carrier frequency.
m k_a is the amplitude sensitivity (a constant, typically $0 \<
k\_a m(t) \< 1$ for preventing overmodulation).
m The term 1+k_am(t) ensures the amplitude always remains
positive.

o Bandwidth: BW_AM=2f_m, where f_m is the highest frequency
component in m(t). It consists of the carrier, an Upper Sideband
(USB), and a Lower Sideband (LSB).

o Power Efficiency: Standard AM transmits significant power in the
carrier, which carries no information, making it inefficient.



Advantages: Simple to demodulate using an envelope detector (a
diode and capacitor filter).

Disadvantages: Inefficient power usage, prone to noise.
Demodulation (Envelope Detector): A rectifier (diode) followed by
a low-pass filter (RC circuit) that tracks the envelope of the
modulated signal.

e Double Sideband Suppressed Carrier (DSB-SC):

o

o

Formula: s_DSB-SC(t)=m(t)A_ccos(2pif_ct)

Description: The carrier component is removed (suppressed), so
only the upper and lower sidebands are transmitted.

Bandwidth: BW_DSB-SC=2f_m.

Advantages: More power efficient than standard AM as no power
is wasted on the carrier.

Disadvantages: More complex demodulation (requires a
coherent/synchronous detector, which uses a local carrier
synchronized with the original carrier frequency and phase).
Demodulation (Synchronous Detector): The received DSB-SC
signal is multiplied by a locally generated carrier (A_ccos(2pif_ct))
and then low-pass filtered. This requires precise frequency and
phase synchronization.

e Single Sideband (SSB):

o

O

Description: Only one sideband (either USB or LSB) is
transmitted, and the carrier is suppressed. This saves both
bandwidth and power.

Formula (conceptual): Derived by filtering out one sideband from
a DSB-SC signal.

Bandwidth: BW_SSB=f_m. (Half of DSB-SC and AM).
Advantages: Highly bandwidth efficient and power efficient.
Disadvantages: Most complex to generate and demodulate,
requiring very precise frequency synchronization at the receiver.
Demodulation: Similar to DSB-SC, requires coherent detection.

e Vestigial Sideband (VSB):

o

O

o

Description: A compromise between AM and SSB. One sideband
is fully transmitted, while only a small "vestige" or portion of the
other sideband is transmitted, along with a reduced carrier
component.

Bandwidth: $f\_m \< BW\_{VSB} \< 2 fi_m$. (Typically 1.25f_m to
1.5f_m).

Advantages: Allows for simpler demodulation (like AM envelope
detection to some extent) while retaining some bandwidth
efficiency. Reduces DC offset issues compared to SSB.
Disadvantages: Still requires more complex filtering.



o Applications: Primarily used for analog television broadcasting
(NTSC, PAL, SECAM) due to its ability to handle video signals with
large DC components efficiently.

Numerical Example: AM Bandwidth and Power

An audio signal with a maximum frequency of 5 kHz (e.g., voice) is used to
modulate a 1 MHz carrier.

For Standard AM:
Bandwidth = 2times5textkHz=10textkHz.

The spectrum would range from (1000-5)textkHz to (1000+5)textkHz, i.e., 995
kHz to 1005 kHz.

For DSB-SC:

Bandwidth = 2times5textkHz=10textkHz.

Spectrum is 995 kHz to 1005 kHz, but without the carrier.

For SSB:

Bandwidth = 5textkHz.

Spectrum could be 1000 kHz to 1005 kHz (USB) or 995 kHz to 1000 kHz (LSB).
Frequency Modulation (FM):

In Frequency Modulation, the frequency of the carrier wave is varied in
proportion to the instantaneous amplitude of the modulating signal. The
amplitude and phase remain constant.

e Formula: s_FM(t)=A_ccos(2pif_ct+2pik_fintm(tau)dtau)

Where:
o k_fis the frequency sensitivity (Hz/Volt).
o The instantaneous frequency is f_i(t)=f_c+k_fm(t).

e Frequency Deviation (Deltaf): The maximum change in carrier frequency
from its center frequency, caused by the peak amplitude of m(t).
Deltaf=k_fA_m,max.

e Modulation Index (beta): beta=Deltaf/f_m (for sinusoidal m(t)).

o Narrowband FM (NBFM): $\\beta \<\< 1 \\text{ rad}$ (e.g., $\\beta \<
0.2$). Bandwidth similar to AM (2f_m).



o Wideband FM (WBFM): betage1textrad. Bandwidth is much larger
and is approximated by Carson's Rule:
BW_FMapprox2(Deltaf+f_m)=2f_m(beta+1).

e Advantages:

o Improved Noise Immunity: FM signals are less susceptible to
amplitude-related noise (e.g., atmospheric noise, impulse noise)
because information is encoded in frequency variations, not
amplitude. Limiters in the receiver can remove amplitude
variations.

o Constant power transmission.

e Disadvantages: Requires larger bandwidth than AM for the same
information content (especially WBFM). More complex circuitry for
modulation and demodulation.

e Demodulation (Discriminator/Phase-Locked Loop): Circuits that convert
frequency variations into voltage variations. A frequency discriminator
converts frequency deviation to voltage, while a Phase-Locked Loop
(PLL) tracks the input frequency and outputs a voltage proportional to
the frequency error.

Numerical Example: FM Bandwidth

An FM signal has a peak frequency deviation Deltaf=75textkHz and a
modulating signal bandwidth f_m=15textkHz (e.g., for high-fidelity audio
broadcasting).

Modulation Index beta=Deltaf/f m=75textkHz/15textkHz=5.
Bandwidth using Carson's Rule:

BW_FMapprox2(Deltaf+f _m)=2(75textkHz+15textkHz)=2(90textkHz)=180textkHz

This is significantly wider than the 30 kHz required for an AM signal carrying
the same audio.

Phase Modulation (PM):

In Phase Modulation, the phase of the carrier wave is varied in proportion to
the instantaneous amplitude of the modulating signal. The amplitude and
frequency (average) remain constant.

e Formula: s_PM(t)=A_ccos(2pif_ct+k_pm(t))
Where k_p is the phase sensitivity (radians/Volt).

e Relationship to FM: PM is very similar to FM. If you integrate the
modulating signal m(t) before applying it to a PM modulator, the output



is an FM signal. Conversely, if you differentiate m(t) before applying it to
an FM modulator, the output is a PM signal.

e Bandwidth: Similar to FM, the bandwidth is generally determined by
Carson's Rule.

e Advantages/Disadvantages: Similar to FM regarding noise immunity and
bandwidth.

e Applications: Less common for analog broadcasting but often used in
digital modulation schemes.

Digital Modulation Techniques (Conceptual Overview):

Digital modulation involves converting digital data (bits) into analog
waveforms suitable for RF transmission. The information is encoded by
varying a specific property of the carrier wave in discrete steps corresponding
to binary (or multi-level) data.

e Amplitude Shift Keying (ASK):

o

Concept: The amplitude of the carrier is switched between a few
discrete levels (e.g., ON/OFF for binary 1/0).

Example (Binary ASK or OOK - On-Off Keying): Carrier present for
1", no carrier for '0".

Advantages: Simple to implement.

Disadvantages: Highly susceptible to noise and fading, as
information is in amplitude. Inefficient use of power.

Applications: RFID, garage door openers, simple short-range
wireless.

e Frequency Shift Keying (FSK):
o Concept: The frequency of the carrier is shifted between a few

discrete values based on the input data.

Example (Binary FSK): One frequency (f_1) for '0’, another
frequency (f_2) for '1".

Advantages: More robust to noise than ASK as information is in
frequency. Constant envelope, so power amplifiers can be more
efficient (e.g., Class C).

Disadvantages: Requires more bandwidth than ASK or PSK for
the same data rate.

Applications: Cordless phones, some older modems, telemetry,
Bluetooth (Gaussian FSK - GFSK).

e Phase Shift Keying (PSK):
o Concept: The phase of the carrier is shifted to represent different

data symbols.

o Example (Binary PSK - BPSK): Phase $0*\\circ$ for '0', phase

$180”\\circ$ for '1'.



o

Example (Quadrature PSK - QPSK): Four phase states ($0*\\circ,
90”\\circ, 180" \\circ, 270*\\circ$), each representing two bits
(dibits).

Advantages: Very bandwidth efficient. Good noise immunity.
Constant envelope.

Disadvantages: Requires coherent detection (receiver needs to
know the carrier's phase reference). More complex circuitry than
ASKI/FSK.

Applications: Wi-Fi, satellite communication, cellular (e.g., early
generations), digital television.

e Quadrature Amplitude Modulation (QAM):

o

Concept: Combines both amplitude and phase modulation to
encode multiple bits per symbol, maximizing spectral efficiency.
The signal can be thought of as a combination of two
amplitude-modulated carriers that are 90 degrees out of phase (in
quadrature).

Constellation Diagram: QAM signals are best visualized on a
constellation diagram, where each point represents a unique
combination of amplitude and phase, corresponding to a specific
data symbol.

Examples: 16-QAM (16 points, 4 bits/symbol), 64-QAM (64 points,
6 bits/symbol), 256-QAM (256 points, 8 bits/symbol). Higher-order
QAM allows more bits/symbol.

Advantages: Highly bandwidth efficient (can transmit many bits
per Hertz of bandwidth).

Disadvantages: Very sensitive to noise and non-linearity
(especially amplitude variations). Requires highly linear
amplifiers.

Applications: Modern high-speed wireless communication (Wi-Fi,
4G LTE, 5G NR), digital cable TV, DSL.

8.2 Receiver Architectures

A receiver's job is to capture the weak RF signal, filter out unwanted
interference, amplify the desired signal, and finally demodulate it to recover
the original information.

Superheterodyne Receiver:

The superheterodyne (or "superhet") receiver architecture, invented by Edwin
Howard Armstrong, has been the dominant receiver design for nearly a
century due to its excellent performance and flexibility.

e Block Diagram:



Antenna -> RF Filter -> LNA -> Mixer -> IF Filter -> IF Amplifier -> Demodulator ->
Baseband Processing

A

I
Local Oscillator (LO)

e Working Principle:

(¢]

O

Antenna: Captures the incoming RF signal.

RF Filter: A band-pass filter that selects the desired frequency
band and rejects strong out-of-band signals and image
frequencies. This is crucial for preventing interference.

Low Noise Amplifier (LNA): Amplifies the very weak RF signal
while adding minimal noise. This sets the receiver's overall noise
figure.

Mixer: This is the heart of the superhet. It takes two input signals:
the amplified RF signal and a locally generated signal from the
Local Oscillator (LO). The mixer's non-linear behavior produces
sum and difference frequencies of its inputs.

m f RFpmf_LO

m The mixer is designed such that one of these difference
frequencies, typically f_IF=|f_RF-f_LO|, is the desired
Intermediate Frequency (IF).

m The LO frequency is usually tunable so that different RF
channels can be downconverted to the same fixed IF
frequency.

IF Filter: A very selective band-pass filter tuned to the fixed IF
frequency. This filter provides most of the receiver's selectivity,
rejecting adjacent channels and further suppressing image
frequencies. Because the IF is fixed, this filter can be highly
optimized for narrow bandwidth and steep skirts.

IF Amplifier: Amplifies the signal at the fixed IF frequency. Since
the IF is lower than RF, amplifiers at this stage are typically easier
to design for high gain and stability. Many IF stages may be used.
Demodulator: Recovers the original baseband information signal
from the IF modulated carrier (e.g., an AM envelope detector, an
FM discriminator, or digital demodulators).

Baseband Processing: Further processing of the recovered
information (e.g., audio amplification, digital signal processing).

e Advantages:

o

Excellent Selectivity: The fixed, relatively low IF allows for the
design of highly selective filters with narrow bandwidths and
steep roll-offs, effectively isolating the desired channel from
strong adjacent channels.



o

High Gain: Most of the receiver's gain can be applied at the fixed
IF, where amplifiers are more stable and easier to design.

Image Rejection: The RF filter and the selectivity of the IF filter
help reject the "image frequency” (an unwanted RF signal that,
when mixed with the LO, also produces a signal at the IF).
Flexibility: Easily tunable across a wide range of RF frequencies
by simply changing the LO frequency.

e Disadvantages:

o

Image Frequency Issue: Requires an RF filter to reject the image
frequency. If the image is not sufficiently suppressed, it can be
downconverted to the IF and interfere with the desired signal. The
image frequency is f_image=f_RFpm2f_IF (depending on whether
LO is above or below RF).

Spurious Responses: Mixers can generate various unwanted
mixing products (spurs) from strong input signals, which might
fall into the IF band.

Multiple Stages: Requires more components (RF filter, LNA, mixer,
LO, IF filter, IF amp), leading to higher cost, size, and power
consumption compared to simpler architectures.

Local Oscillator Radiation: The LO signal can leak back to the
antenna and radiate, potentially causing interference to other
receivers or being detectable.

Direct Conversion Receiver (Homodyne/Zero-IF Receiver):

The direct conversion receiver, also known as a homodyne or zero-IF receiver,
has gained popularity in modern integrated circuits due to its simplicity and
suitability for monolithic integration.

e Block Diagram:

Antenna -> RF Filter -> LNA -> Quadrature Mixer (I/Q) -> Low-Pass Filters (1/Q) ->
Baseband Ampilifiers (I/Q) -> Analog-to-Digital Converters (1/Q) -> Digital Signal
Processing

A

|
Local Oscillator (LO) (at $f_{RF}$)

e (Note: The LO is at the same frequency as the incoming RF signal,
f_LO=f_RF)
e Working Principle:

o

Antenna, RF Filter, LNA: Similar to superheterodyne, these
capture and amplify the RF signal.



o Quadrature Mixer: The key difference. The LO frequency is exactly
the same as the desired RF carrier frequency (f_LO=f_RF). The
mixer directly downconverts the RF signal to a baseband (or
zero-IF) signal. To preserve phase information (critical for digital
modulation like QAM), a quadrature mixer is used, which splits
the LO into two paths, one in-phase ($0*\\circ$) and one
quadrature ($90”\\circ$). This produces two baseband signals:
In-phase (I) and Quadrature (Q).

m f_IF=|f_RF-f_LO|=0textHz.

o Low-Pass Filters (1/Q): These filter out unwanted mixer products
(like 2f_RF) and high-frequency noise, retaining the baseband
signal.

o Baseband Amplifiers (1/Q): Amplifiers operating at baseband
frequencies (from DC up to f_m) amplify the | and Q signals.

o Analog-to-Digital Converters (1/Q): Convert the analog baseband
signals into digital data for further processing.

o Digital Signal Processing (DSP): Performs demodulation,
equalization, error correction, etc., in the digital domain.

e Advantages:

o No Image Frequency: Since the IF is zero, there's no image
frequency to worry about. This simplifies the RF filter design.

o No IF Filters: Eliminates bulky and expensive IF filters, making it
highly suitable for integration into single chips (System-on-Chip,
SoC).

o Simpler Frequency Planning: Only one LO is needed, and it's at
the carrier frequency.

o Reduced Power Consumption: Fewer stages, leading to lower
power.

e Disadvantages:

o DC Offset: The biggest challenge. Any self-mixing of the LO signal
(leakage from LO to input) or large interfering signals can
generate a DC offset at the output of the mixer. This DC
component can saturate subsequent baseband amplifiers,
causing severe distortion or completely blocking the desired
signal (especially if the information signal itself has a DC
component or very low frequencies). Solutions involve DC
blocking capacitors or digital DC offset cancellation.

o LO Leakage/Radiation: The LO is at the carrier frequency, making
its leakage back to the antenna a more significant problem than in
superheterodyne.

o 1/f Noise (Flicker Noise): Baseband amplifiers are susceptible to
1/f noise, which is dominant at low frequencies, potentially
degrading the SNR of the downconverted signal.



o 1/Q Mismatch: Any gain or phase mismatch between the | and Q
paths can lead to signal distortion and degrade performance,
requiring careful calibration.

Low-IF Receiver:

The low-IF receiver is a hybrid architecture that attempts to combine the
advantages of both superheterodyne and direct conversion receivers while
mitigating their disadvantages.

e Block Diagram: Similar to direct conversion, but the LO is slightly offset
from the RF carrier:

Antenna -> RF Filter -> LNA -> Quadrature Mixer (I/Q) -> Low-Pass Filters (1/Q) ->
Baseband Amplifiers (1/Q) -> ADC -> DSP

A

I
Local Oscillator (LO) (at $f_{RF} \pm f_{IF, low}$)

[

e (Note: The LO is offset by a small, non-zero IF frequency, e.qg.,
f_IF,low=1textMHz or 2textMHz)

e Working Principle:

o Downconverts the RF signal to a low, but non-zero, Intermediate
Frequency (IF). This IF is typically much smaller than the RF
frequency but large enough to shift the desired baseband signal
away from DC.

o Uses quadrature mixing (like direct conversion) to produce | and
Q signals at this low IF.

o Subsequent amplification and filtering occur at this low IF before
digitization.

e Advantages:

o Mitigates DC Offset: By shifting the signal away from DC, the DC
offset problem is greatly reduced as the desired signal is no
longer at 0 Hz.

o Reduced 1/f Noise: The signal is no longer at DC, so it avoids the
highest region of 1/f noise from baseband amplifiers.

o No Image Filter Needed: Like direct conversion, the small IF often
means the image frequency is very close to the desired RF, so a
separate RF image reject filter is often not needed. Instead, image
rejection is achieved using digital processing on the 1/Q signals
after ADC.

o Good for Integration: Still highly suitable for integration on a
single chip, as it avoids bulky IF SAW filters.



e Disadvantages:

o 1/Q Mismatch Still a Concern: Similar to direct conversion, gain
and phase mismatch between | and Q paths can still degrade
image rejection performance, requiring calibration.

o LO Leakage: Still susceptible to LO leakage and radiation, though
perhaps slightly less critical than pure zero-IF if the LO is not
exactly at the carrier frequency.

o Need for Quadrature LO and Mixers: Adds complexity compared
to a single-branch superhet.

8.3 Transmitter Architectures

Transmitter architectures are responsible for taking the baseband information
signal, modulating it onto an RF carrier, amplifying it, and delivering it to the
antenna.

Direct Conversion Transmitter:

Also known as a Zero-IF or Homodyne Transmitter. It is the direct counterpart
to the direct conversion receiver.

e Block Diagram:

Digital Baseband -> Digital-to-Analog Converters (1/Q) -> Low-Pass Filters (1/Q) ->
Quadrature Modulator -> Power Amplifier (PA) -> RF Filter -> Antenna

A

|
Local Oscillator (LO) (at $f_{RF}$)

[ ]
[
e Working Principle:

o Digital Baseband Processing: The digital information (e.g., | and Q
data for QAM) is prepared.

o Digital-to-Analog Converters (DACs): Convert the digital | and Q
baseband signals into analog waveforms.

o Low-Pass Filters: Smooth the DAC outputs and remove unwanted
aliases.

o Quadrature Modulator: This is the core. It takes the analog | and Q
baseband signals and two LO signals (one in-phase, one 90
degrees out of phase, both at the desired RF carrier frequency
f_RF). It combines them to directly produce the modulated RF
signal at the carrier frequency.

m s_RF(t)=I(t)cos(2pif_RFt)-Q(t)sin(2pif_RFt)



o

o

Power Amplifier (PA): Amplifies the low-power RF signal to the
desired transmit power level. (This is where linearity vs. efficiency
trade-offs are crucial, especially for complex modulation like
QAM).

RF Filter (Bandpass): Filters out unwanted harmonics generated
by the PA and mixer, ensuring the transmitted signal meets
spectral emission masks.

Antenna: Radiates the amplified RF signal.

e Advantages:

o

Simplicity and Integration: No intermediate frequency stages,
making it highly suitable for integration on a single chip.
Flexible Frequency Control: Easy to change the transmit
frequency by simply tuning the LO.

No Image Frequency Issue: Since there's no IF, there's no image
frequency to worry about.

e Disadvantages:

o

LO Leakage/Carrier Leakage: A significant challenge. If the LO
signal is not perfectly balanced in the mixer, some of the LO
signal can leak directly to the output. This results in an
unmodulated carrier component being transmitted, which wastes
power and can cause interference. DC offset in the baseband
signals can also contribute to carrier leakage.

I/Q Mismatch: Gain and phase mismatch between the | and Q
paths can lead to "image sideband" generation (unwanted mirror
image of the signal in the spectrum), distorting the transmitted
signal and violating spectral mask requirements.

1/f Noise in Baseband: Noise from baseband components can
upconvert to the RF signal.

Up-Conversion Transmitter:

Similar in concept to the superheterodyne receiver, the up-conversion
transmitter uses one or more intermediate frequencies (IFs) to reach the final
RF transmission frequency.

e Block Diagram (Single Up-Conversion):

Digital Baseband -> DACs (I/Q) -> Low-Pass Filters (1/Q) -> Quadrature Modulator -> IF
Filter -> IF Amplifier -> Mixer -> Power Amplifier (PA) -> RF Filter -> Antenna

A

I
Local Oscillator (LO)



o (Note: The Quadrature Modulator operates at a fixed IF, and the Mixer
converts IF to RF)
e Working Principle:

o Digital Baseband, DACs, Low-Pass Filters: Similar to direct
conversion, preparing analog 1/Q baseband signals.

o Quadrature Modulator: Modulates the baseband 1/Q signals onto a
fixed Intermediate Frequency (IF) carrier. This produces a
modulated IF signal.

o IF Filter/Amplifier: Filters and amplifies the modulated IF signal.
This stage can provide good spectral shaping.

o Mixer: Takes the modulated IF signal and a tunable Local
Oscillator (LO) signal, mixing them to produce the final desired RF
frequency (f_RF=f_IF+f_LO).

Power Amplifier (PA): Amplifies the RF signal.
RF Filter: Filters unwanted mixer products and harmonics before
transmission.

o Antenna: Radiates the signal.

e Advantages:

o Reduced Carrier Leakage: The LO for the final up-conversion
mixer is not at the exact carrier frequency of the transmitted
signal, reducing the problem of direct LO leakage.

o Improved Image Rejection (transmitter-side image): The IF filter
can reject the unwanted image sideband produced by the mixer.

o Better Spectral Purity: Easier to achieve clean output spectrum
due to the use of fixed-frequency IF filtering and LO mixing.

o Flexible Architecture: Can use multiple up-conversion stages for
very high frequencies or complex frequency plans.

e Disadvantages:

o More Complex and Costly: Requires more components (two LOs
for two-stage, IF stages, multiple mixers).

o Requires Image Reject Filters: Even in the transmit path, images
created by mixing need to be filtered.

o Higher Power Consumption: More active stages can lead to higher
power drain.

o Frequency Planning Complexity: Requires careful selection of IF
and LO frequencies to avoid spurious emissions.

8.4 System-Level Considerations

Designing a complete RF communication system involves more than just
individual component selection. It requires a holistic view, considering how
each part interacts and contributes to the overall performance.

Link Budget Analysis:



e Definition: A link budget is a comprehensive calculation that accounts
for all gains and losses from the transmitter output, through the
antenna, propagation channel, and receiver front-end, all the way to the
receiver's baseband input. It's used to determine whether sufficient
signal power will reach the receiver to achieve a desired bit error rate
(BER) or signal-to-noise ratio (SNR).

e Formula (Simplified Power Form in dBm/dB):
P_RX=P_TX+G_TX-L_TX_cable-L_free_space-L_misc+G_RX-L_RX_ca

ble

Where:

o

o O O O

O

o

P_RX: Received power at the receiver input (dBm).

P_TX: Transmitted power from the power amplifier output (dBm).
G_TX: Transmitting antenna gain (dBi).

L_TX cable: Transmit cable losses (dB).

L_free_space: Free Space Path Loss (FSPL) (dB). This is the
dominant loss term in wireless links.
FSPL(textdB)=20log_10(d)+20log_10(f)+20log_10(frac4pic) (where
d is distance in meters, f is frequency in Hz, c is speed of light in
m/s).

Alternatively:
FSPL(textdB)=32.45+20log_10(d_km)+20log_10(f_MHz)

L_misc: Miscellaneous losses (e.g., fading margin, atmospheric
absorption, connector losses) (dB).

G_RX: Receiving antenna gain (dBi).

L_RX_cable: Receive cable losses (dB).

e Purpose:

o

Feasibility Check: Determine if a communication link is possible
given power limits, distances, and antenna types.

Component Specification: Specify the required gain of amplifiers,
noise figure of LNAs, and output power of PAs.

Performance Prediction: Estimate the expected SNR at the
receiver, which directly impacts the achievable data rate and BER.
Troubleshooting: Identify potential bottlenecks or weakest links in
a system.

Numerical Example: Link Budget Calculation

Consider a Wi-Fi link at 2.4 GHz.

P_TX=20textdBm (100 mW)

G_TX=3textdBi (standard dipole)

L_TX_ cable=1textdB (short cable)



Distance d=100textm

f=2400textMHz

L_misc=5textdB (fading margin, minor losses)

G_RX=3textdBi

L_RX_cable=1textdB

First, calculate Free Space Path Loss (FSPL):
FSPL(textdB)=32.45+20log_10(0.1textkm)+20log_10(2400textMHz)
FSPL(textdB)=32.45+20(-1)+20(3.38)=32.45-20+67.6=80.05textdB
Now, calculate P_RX:
P_RX=P_TX+G_TX-L_TX_cable-FSPL-L_misc+G_RX-L_RX_cable
P_RX=20textdBm+3textdBi-1textdB-80.05textdB-5textdB+3textdBi-1textdB
P_RX=23-1-80.05-5+3-1=-61.05textdBm

This received power must be compared against the receiver's sensitivity
(minimum detectable signal) for a given data rate and SNR.

Dynamic Range, Linearity, Noise Performance of Complete Systems:

These characteristics are interconnected and determine the overall quality and
robustness of a communication system.

e Dynamic Range:

o Definition: The range between the smallest detectable signal and
the largest signal that can be handled without unacceptable
distortion or saturation.

o Lower Bound: Set by the receiver's noise floor. A signal below the
noise floor cannot be reliably detected.

o Upper Bound: Set by the amplifier's compression point (P1dB) or
intermodulation distortion products (IP3). A signal above this
level will cause significant distortion.

o Importance: A wide dynamic range is desirable to handle both
very weak signals (e.g., from distant transmitters) and very strong
signals (e.g., from nearby interferers) without losing information.

e Linearity:

o System-Level Impact: As discussed, linearity is critical to prevent

distortion products and spectral regrowth. In a complete system,



non-linearity in any stage (especially the PA in the transmitter and
LNA/mixer in the receiver) can degrade overall performance.

o IP3 as a System Metric: The IP3 of a system is a crucial metric. A
higher system IP3 means better linearity and less susceptibility to
intermodulation interference from multiple signals. For cascaded
stages, the overall IP3 is primarily limited by the IP3 of the stages
with highest gain or highest power levels.

o Formula (Simplified Output IP3 for two cascaded stages, IP3out in
Watts):

IP3_out,total-1approxIP3_out,1-1+fraclP3_out,2-1G_1

(Where IP3_out,n and G_n are in linear units, not dB). This shows
that the IP3 of the first stage (e.g., LNA and mixer in receiver, or
driver PA in transmitter) has a dominant effect.

Numerical Example: Cascaded IP3

A receiver has an LNA followed by a mixer.

LNA: G_1=20textdBm, IIP3_1=-5textdBm

Mixer: G_2=-6textdBm, IIP3_2=+10textdBm

First, convert gains and IIP3 to linear values (milliWatts for IIP3, ratio for gain).
G_1=100

IIP3_1,mW=10(-5/10)=0.316textmW

G_2=0.251

IIP3_2,mW=10(10/10)=10textmW

Calculate output IP3 for LNA:
OIP3_1=IIP3_1+G_1(textdB)=—5textdBm+20textdB=15textdBm

OIP3_1,mW=10(15/10)=31.62textmW

Now, use the cascaded IP3 formula (output-referred)
OIP3_total,mW-1approxOIP3_1,mW-1+fracllP3_2,mW-1G_1
OIP3_total,mW-1approx(31.62textmW)-1+frac(10textmW)-1100
OIP3_total,mMW-1approx0.0316+frac0.1100=0.0316+0.001=0.0326textmW-1

OIP3_total,mW=1/0.0326approx30.67textmW



OIP3_total,dBm=10log_10(30.67)approx14.87textdBm

This example shows that the overall output IP3 is strongly influenced by the
LNA's OIP3 (15 dBm), indicating that the LNA is the primary limiting factor for
linearity in this chain.

e Noise Performance:

o System-Level Impact: The overall noise figure of the receiver
(calculated using Friis' formula) determines the minimum signal
strength that can be reliably detected. This directly impacts the
receiver's sensitivity and thus the communication range.

o Noise Floor: N_floor(textdBm)=10log_10(kTB)+NF(textdB)
Where:

m k: Boltzmann's constant (1.38times10-23textJ/K)

m T: Absolute temperature (Kelvin, e.g., 290textK for room
temperature)

m B: Receiver bandwidth (Hz)

m NF(textdB): Overall noise figure of the receiver.

o This formula indicates that for a given bandwidth, a lower system
noise figure directly translates to a lower noise floor, improving
sensitivity.

Numerical Example: Receiver Noise Floor

A receiver operates at T=290textK (room temperature) with an overall noise
figure NF_total=1.83textdB (from previous LNA example) and a bandwidth
B=10textMHz.

Thermal noise power
N=kTB=(1.38times10-23textJ/K)(290textK)(10times106textHz)

N=4times10-14textW

In dBm:
10log_10(4times10-14textW/10-3textW/mW)=10log_10(4times10-11textmW)ap
prox—-104textdBm

(This is the thermal noise floor for an ideal receiver at this temperature and
bandwidth).

Now, factor in the receiver's noise figure:
N_floor(textdBm)=-104textdBm+NF_total(textdB)

N_floor(textdBm)=-104textdBm+1.83textdB=-102.17textdBm



This means any signal below approximately -102.17 dBm will be buried in the
receiver's noise and likely undetectable.

In summary, system-level design is about balancing these inter-related
parameters to meet specific communication requirements, whether it's long
range, high data rate, low power consumption, or robustness against
interference.
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