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Introduction to Baseband Modulation and Its Significance

Baseband modulation is a fundamental technique in digital communication
systems, where digital signals are directly transmitted over a communication
channel without modulation onto a higher frequency carrier. It involves
representing digital bits with specific waveforms or pulse shapes that encode
information efficiently. The bit duration, denoted as \( T_b \), plays a
crucial role in shaping the spectral characteristics of the transmitted
signal. In this context, understanding the pulse shape and its power spectral
density (PSD) is essential for system design, interference management, and
optimizing bandwidth utilization.

This article focuses on analyzing the PSDs of various baseband modulation
schemes, specifically the polar and on-off keying (OOK) signals, given a
particular pulse shape. We will examine how the pulse shape influences the
spectral properties, derive the PSD expressions, and interpret their
significance for practical communication systems.

Fundamentals of Baseband Modulation

What Is Baseband Modulation?

Baseband modulation refers to the process of encoding digital information
directly into a waveform at baseband frequencies (near zero frequency).
Unlike passband modulation, which shifts signals to higher frequencies for
transmission over band-limited channels, baseband signals occupy the
frequency spectrum close to DC.

Common Types of Baseband Modulation

— Polar Signaling (Binary Polar): Uses two waveforms with opposite polarities
to represent binary 'l' and '0'.

— On-0ff Keying (OOK): Represents binary 'l' with a pulse and binary '0O' with
the absence of a pulse.

— Manchester Encoding: Combines data and clock signals for synchronization.

— Pulse-Shaping: Uses specific pulse shapes (e.g., rectangular, raised
cosine) to control bandwidth and reduce intersymbol interference.

Importance of Pulse Shape and PSD

The pulse shape determines the time and frequency domain characteristics of
the transmitted signal. The PSD describes how power is distributed across



frequencies, influencing bandwidth requirements, interference susceptibility,
and spectral efficiency.

Setting the Stage: The Given Pulse Shape and Modulation Schemes

Assuming the pulse shape, denoted as \( p(t) \), is defined over the interval
\N( [0, T_b] \), with specific properties relevant to the analysis. For
simplicity, consider the pulse shape \( p(t) \) as a rectangular pulse:

t) = \begin{cases}

, & 0 \leg t \leg T_b \\
, & \text{otherwise}
\end{cases}

\]

\
p
1
0

This is a common pulse shape in digital communications, representing a simple
on-off transmission.

The two modulation schemes under analysis are:

- Polar (Bipolar) Signaling: Uses pulses of opposite polarity to represent
bits.

— On-0ff Keying (OOK): Uses a pulse for 'l' and absence for '0'.

Deriving Power Spectral Densities (PSDs)
Mathematical Background

The PSD of a baseband signal can be derived from the autocorrelation function
or directly from the Fourier transform of the transmitted waveform. For a
random data sequence with equal probability of '0' and '1l', the PSD \( S_x(f)
\) of the transmitted signal \( x(t) \) can be expressed as:
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\frac{1}{T_b} \left| P(f) \right|~"2

where \( P(f) \) is the Fourier transform of the pulse shape \( p(t) \).

1. PSD for Polar Signaling

Signal Model

In polar signaling, each bit is represented as:

x(t) = \sum_{k} a_k p(t - k T_Db)

where \( a_k \in \{+A, -A\} \) with equal probability, and \( T_b \) is the
bit duration.



Autocorrelation and PSD

- Since the data is random with zero mean, the autocorrelation of the
sequence simplifies to:

\ [
R_x(\tau) = E[a_k a_{k+\ell}] \cdot R_p(\tau)
\1]

— Assuming independent bits:

\ [

Ela_k a_{k+\ell}] =
\begin{cases}

A2, & \ell = 0 \\
0, & \ell \neq 0
\end{cases}

\]
— Therefore, the autocorrelation reduces to:

\ [
R_x (\tau) = A"2 R_p(\tau)
\1

where the autocorrelation of the pulse shape is:

\ [
R_p(\tau) = \int_{-\infty}~{\infty} p(t) p(t + \tau) dt
\1]

— Its Fourier transform is:

S_p(f) = |P(f)["2

Thus, the PSD of the polar signal becomes:

\ [

\boxed{

S_{polar} (f) = \frac{A"2}{T_b} |P(f)[|"2
I3

\1

Calculation for Rectangular Pulse
For the rectangular pulse:

\ [
P(f) = T_b \cdot \mathrm{sinc} (f T_b)
\1

where:

\ [
\mathrm{sinc} (x) = \frac{\sin(\pi x)}{\pi x}
\]



Therefore:

\ [
|P(f) |72 = T_b"2 \cdot \mathrm{sinc}"2(f T_Db)
\]

And the PSD is:

\ [

S_{polar} (f) = \frac{A"2}{T_b} \cdot T_b"2 \cdot \mathrm{sinc}"*2(f T_b) = A"2
T b \cdot \mathrm{sinc}”"2(f T_b)

\1

2. PSD for On-0Off Keying (OOK)
Signal Model

In OOK, the transmitted signal for bit sequence is:

\ [

x(t) = \sum_{k} b_k p(t - k T_Db)
\1

where:

\ [

b_k = \begin{cases}

A, & \text{if bit is 1} \\
0, & \text{if bit is 0}
\end{cases}

\]

Assuming bits are equally likely 'l1l' or '0', the autocorrelation function
becomes:

\ [
R_x(\tau) = P(b_k, b_{k+\ell}) \cdot R_p(\tau)
\1]

where:

\ [
P(b_k, b_{k+\ell}) = E[b_k b_{k+\ell}]
\]

- For independent bits:

\ [

E[b_k b_{k+\ell}] =

\begin{cases}

A*2/2, & \ell=0 \text{ (since bits are equally likely '1' or '0")} \\
0, & \ell \negq O

\end{cases}

\]

— The autocorrelation simplifies to:



\ [
R_x (\tau) = \frac{A"2}{2} R_p(\tau)

\]

— The PSD then is:

\ [
S_{OOK} (f) = \frac{A"2}{2 T_b} |P(f)]|"2

\]

— With the same pulse shape:

\ [

S_{OOK} (f) = \frac{Aa"2}{2 T_b} \cdot T_b"*2 \cdot \mathrm{sinc}"2(f T_b) =
\frac{A"2 T_b}{2} \cdot \mathrm{sinc}"2(f T_b)

\1

Visualizing the PSDs and Their Implications
Comparing Polar and OOK PSDs

| Modulation Scheme | PSD Expression | Key Characteristics |

| | mm e | mm |
| Polar | \( S_{polar}(f) = A"2 T_b \cdot \mathrm{sinc}"2(f T_b) \) |
Symmetrical spectral shape, energy spread over bandwidth, zero mean signals.

|

| On-Off (OOK) | \( S_{OOK} (f) = \frac{A"2 T_b}{2} \cdot \mathrm{sinc}*2 (f
T_b) \) | Similar spectral shape but with half the spectral magnitude, energy
concentrated near DC. |

Bandwidth Considerations

— The main lobe of the sinc-sgquared function defines the significant

bandwidth of the signals.
— The first nulls occur at frequencies:

f = \pm \frac{1}{T_b}

— To reduce intersymbol interference and spectral leakage, pulse shaping
filters like raised cosine can be employed, modifying the PSD accordingly.

Practical Applications and Design Considerations

Spectral Efficiency

— The choice of pulse shape affects spectral efficiency.

— Rectangular pulses have wide spectral sidelobes, leading to potential
interference.

- Smoother pulse shapes (e.g., raised cosine) improve spectral containment.

Power Spectral Density and Regulatory Limits

— PSD influences compliance with spectral emission limits.



— Proper pulse shaping ensures signals do not interfere with adjacent
channels.

System Design Optimization

— Understanding the PSD allows engineers to optimize bandwidth allocation.
— Modulation schemes are selected based on spectral efficiency and power
constraints.

Advanced Topics: Effect of Pulse Shaping and Filtering
Raised Cosine Pulse

— Used to minimize bandwidth and intersymbol interference.
- Has a controlled roll-off factor \( \beta \), influencing spectral shape.

Frequently Asked Questions

What is the significance of baseband modulation in
digital communication systems?

Baseband modulation involves transmitting digital signals directly over a
communication medium without frequency translation, enabling efficient data
transfer with minimal bandwidth use and simplifying receiver design.

How does pulse shaping affect the spectral
characteristics of polar and on-off keying signals?

Pulse shaping determines the spectral bandwidth and reduces intersymbol
interference; specific shapes like rectangular pulses influence the PSD, with
polar and on-off keying having distinct spectral features based on their
pulse shapes.

What is the impact of each bit duration (Tb) on the
PSD of baseband signals?

The bit duration Tb affects the spectral width of the PSD; shorter Tb results
in wider bandwidth, while longer Tb produces narrower spectral components,
influencing the design of filters and system bandwidth requirements.

How do polar and on-off keying differ in their PSDs
for baseband transmission?

Polar keying uses bipolar signals resulting in symmetric PSDs with zero mean,
while on-off keying employs unipolar signals with non-zero mean, leading to
different spectral shapes and bandwidth efficiencies.

What is the mathematical method to derive the Power



Spectral Density (PSD) for a given pulse shape?

The PSD is obtained by taking the Fourier transform of the autocorrelation
function of the transmitted signal or directly computing the magnitude
squared of the Fourier transform of the pulse shape, scaled appropriately.

Why is pulse shaping important in minimizing
intersymbol interference in baseband modulation?

Proper pulse shaping limits spectral bandwidth and controls the pulse's time-
domain spread, reducing overlap between adjacent pulses and thus minimizing
intersymbol interference.

How does the choice of pulse shape influence the
bandwidth efficiency of polar and on-off baseband
modulation?

Certain pulse shapes, such as raised cosine, improve bandwidth efficiency by
reducing side lobes in the PSD, which is crucial for maximizing data rates
within a given bandwidth in polar and on-off schemes.

In the context of the problem, how is the PSD
calculated for each pulse shape when each bit
duration is Tb?

The PSD is calculated by taking the Fourier transform of the pulse shape used
for each bit, then computing its magnitude squared, scaled by the symbol rate
and the pulse energy, to analyze the spectral distribution for polar and on-—
off signals.

Additional Resources

Or Baseband Modulation: An In-Depth Analysis of Pulse Shapes and Power
Spectral Densities (PSDs) for Polar and On-0Off Keying

Introduction

In the realm of digital communications, baseband modulation plays a pivotal
role in transmitting binary information over physical media. It involves
varying a signal's properties—such as amplitude, phase, or fregquency—to
encode data bits. Among the various schemes, pulse modulation stands out for
its simplicity and efficiency, especially when considering bit duration \ (
T_b \).

This article explores a specific aspect of baseband modulation: the impact of
pulse shape design on the Power Spectral Density (PSD), focusing on two
prominent modulation schemes—polar (BPSK-like) and On-0Off Keying (OOK) . We
analyze the scenario where each bit is represented by a pulse of duration \(
T_b \), delving into how different pulse shapes influence spectral
characteristics and system performance.



Understanding Baseband Modulation and Pulse Shapes

Before examining the spectral properties, it’s essential to understand the
fundamentals of baseband pulse modulation.

What is Baseband Modulation?

Baseband modulation involves directly encoding data onto a signal that
occupies the frequency spectrum starting from zero Hz (DC). Unlike passband
modulation, which shifts the spectrum to higher frequencies, baseband schemes
are often used in wired communications, optical fibers, or as initial steps
in more complex systems.

The Significance of Pulse Shaping

The pulse shape determines how each bit's energy is distributed over time.
Its design affects:

- Bandwidth efficiency: How tightly the signal's spectral energy is confined.
- Inter-symbol interference (ISI): Overlap between pulses, which can cause
errors.

— Spectral characteristics: Including the shape and extent of the PSD.

Common pulse shapes include rectangular, raised cosine, sinc, Gaussian, and

others. Each offers a different trade-off between spectral efficiency and
implementation complexity.

The Scenario: Each Bit Duration Is \( T_b \)

In the context of this analysis:

- Bit duration \( T_b \): The time interval representing a single data bit.
— Pulse shape \( p(t) \): The waveform used to modulate each bit.

— Pulse shape is specified: We analyze the PSDs for polar and on-off schemes,
assuming a specific pulse shape \( p(t) \).

Pulse Shapes in Focus: Polar and On-0Off Keying
1. Polar (BPSK-1like) Modulation
Polar modulation encodes bits as positive or negative pulses:

- Bit '1' -
- Bit '0' -

( +A \cdot p(t) \)

\
\( —A \cdot p(t) \)

This scheme maintains constant amplitude but varies phase (sign), making it
robust against certain types of noise. The key features include:

— Symmetry: The pulse shape is symmetric around zero.

— Zero DC component: Because the pulses are balanced in positive and
negative, the average value over long sequences tends to zero.

2. On-0ff Keying (OOK)

On-0ff Keying represents bits as either the presence or absence of a pulse:



- Bit '"1'" - \( A
\N( O

\cdot p(t) \)
- Bit '0' - ( \)

This scheme is simpler but less power—-efficient, as the 'off' state conveys
no enerqgy. The spectral characteristics are influenced heavily by the pulse
shape and the duty cycle.

Mathematical Representation of the Signal

Assuming independent, equally likely bits, the baseband transmitted signal \ (
s(t) \) can be expressed as:

s(t) = \sum_{n=-\infty}*{\infty} a_n p(t - nT_b)

\( a_n \) 1is the data-dependent amplitude (e.g., \( \pm A \) for polar, \(
\) or 0 for OQOK),

- \( p(t) \) is the pulse shape,
\( T_ b \) is the bit duration.

Power Spectral Density (PSD): Significance and Calculation

The Power Spectral Density (PSD) describes how the power of a signal is
distributed over frequency. For communication systems, understanding the PSD
helps in:

— Designing filters to confine spectral energy.

— Avoiding interference with adjacent channels.

— Assessing spectral efficiency.

General Expression of PSD for Baseband Signals

The PSD of \( s(t) \) can be derived as:

\
S_{s}(f) = \frac{1}{T_b} \left| P(f) \right|"2 \cdot S_{a} (f)
\]

where:

\( P(f) \) is the Fourier transform of \( p(t) \),
- \( S_{a}(f) \) is the spectral density of the data sequence \( a_n \).

In many cases, especially for large sequences, the data sequence's spectral

density tends to a delta function at zero frequency for random data, but the
autocorrelation of the data sequence influences the overall PSD.

Analyzing the PSDs for Polar and On-0Off Schemes

1. PSD for Polar Signaling



In polar signaling, the data sequence \( a_n \) takes values \( \pm A \) with
equal probability.

- Autocorrelation of \( a_n \): For independent, equally likely bits,

_{a}t (k) = E[a_n a_{n+k}] = \begin{cases}
A2, & k=0 \\

, & k \neqg 0

\end{cases}

\1]

— Spectral density \( S_{a}(f) \): The Fourier transform of the
autocorrelation yields a flat spectrum (white noise), indicating that the
data sequence is spectrally white.

- Resulting PSD:

\ [
S_{s}(f) = \frac{A"2}{T_b} |P(f)]|"2
\]

This indicates that the overall spectral shape is determined primarily by the
pulse shape \( p(t) \).

2. PSD for On-Off Keying

In OOK, \( a_n = A \) with probability 0.5 and 0 with probability 0.5:

- Autocorrelation:

\ [

R_{a}l(k) = E[a_n a_{n+k}] = 0.25 \times A"2 + 0.25 \times 0 +
\text{correlations for same bits}

\1

But because the data is independent:

\ [

R_{a} (k) = \begin{cases}
0.25 A"2, & k=0 \\

0, & k \neq O
\end{cases}

\1]
— Spectral density:

\ [
S_{al(f) = 0.25 A*2 T_b
\1

which is constant over frequency, again indicating spectral white noise.
- Overall PSD:

\ [
S_{s}(f) = 0.25 A2 |P(f)|"2
\]



Thus, the PSD for OOK is directly proportional to the pulse shape's PSD.

Impact of Pulse Shape on PSD: Specific Examples

The pulse shape \( p(t) \) determines key spectral features. Let's examine
common pulse shapes:

1. Rectangular Pulse

— Definition: \( p(t) =1 \) for \( 0 \leg t \leq T_b \), 0 otherwise.
— Fourier Transform:

\ [

P(f) = T_b \cdot \operatorname{sinc} (f T_Db)

\]

— PSD shape:

\ [

IP(f) "2 = T_b"2 \cdot \operatorname{sinc}”*2(f T_b)
\]

— Implication: The PSD exhibits a main lobe centered at zero with sinc-shaped
sidelobes, extending infinitely but with diminishing amplitude.

2. Raised Cosine Pulse

— Design goal: Reduce bandwidth while controlling IST.
— Spectral shape: Exhibits a smoother roll-off, confining spectral energy.

3. Gaussian Pulse

- Fourier transform: Also Gaussian, leading to a very confined spectral
energy distribution, ideal for minimizing interference.

Practical Considerations and Trade—-offs
Spectrum Efficiency vs. Implementation

— Rectangular pulses are simple but produce sinc-shaped spectra with
significant sidelobes, leading to potential interference.

— Shaped pulses like raised cosine or Gaussian reduce sidelobes, confining
spectral energy but at the expense of more complex transmitter design.

Power Efficiency

— Polar schemes tend to be more power-efficient than OOK because they utilize
both positive and negative amplitudes, maintaining constant average power.

— OOK's energy is only present during the 'on' pulses, leading to potentially
higher power requirements for the same data rate.

Bandwidth Constraints

Designing \( p(t) \) to optimize spectral properties is vital in bandwidth-
limited systems. For instance, using a raised cosine pulse with a specific



roll-off factor allows precise control over bandwidth occupancy.

Conclusion: The Interplay Between Pulse Shape and Spectral Characteristics

In the analysis of Or Baseband Modulation, the choice of pulse shape \( p(t)
\) fundamentally influences the spectral behavior of the transmitted signal.
Both polar and on-off schemes, despite differences in data encoding, have
PSDs
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