ECE 811 - SOFTWARE ENGINEERING

FRONT-END SOFTWARE DEVELOPMENT - STUDY GUIDE/REVISION

I. FUNDAMENTAL PRINCIPLES

1. Definition
* RADAR = RAdio Detection And Ranging.

* Principle: Transmit electromagnetic waves, detect energy reflected (echo) from targets.
* Measurements: Range (Time Delay), Direction (Antenna Beam), Velocity (Doppler Shift), Target
Characteristics (RCS).

2. Pulsed Transmission

* Why Pulses? Enables simultaneous transmission and reception (prevents receiver saturation),
simplifies range measurement.

* Pulse Characteristics:

* Pulse Width (t): Duration of the transmitted pulse. Directly affects minimum range and range
resolution.

* Pulse Repetition Interval (PRI): Time between the start of consecutive pulses. PRI =1/ PRF
* Pulse Repetition Frequency (PRF): Number of pulses transmitted per second. PRF =1/ PRI

* Duty Cycle (DC): Fraction of time radar is transmitting. DC =t/ PRI =1 * PRF

Il. THE RADAR RANGE EQUATION (RRE)
1. Purpose:

Quantifies the maximum detectable range (R_max) based on system parameters and target
characteristics.

2. Basic Form (Simplified - Point Target):
R_max*4 =[P_t*G_t*G_r*A"2*co]/[(4)*"3*k*T_s*B*F *(S/N)_min * L]

r - P.G,G.07?
M (AT)3kTeB(S/N)minL

R_max"4 = [P_t * G_t * G_r * A*2 * g] / [(4n)*3 * k * T_s * B * F * (S/N)_min * L]

P;: Peak Transmit Power

G, G,: Transmit & Receive Antenna Gain (G; = G, = G for monostatic radar)
A:Wavelength (A= C /f, C = speed of light, f = frequency)

o: Radar Cross Section (RCS) - Target's "radar reflectivity" (m?)

k: Boltzmann's Constant (1.38e2® J/K)



Ts: System Noise Temperature (K)

B: Receiver Bandwidth (= 1/t for matched filter)

F: Receiver Noise Figure

(S/N)min: Minimum Signal-to-Noise Ratio required for reliable detection

L: System Losses (= 1, represents power loss factors)

3. KEY INSIGHTS FROM RADAR RANGE EQUATION (RRE)

Range depends on Ptl/4 - Doubling power only increases range by ~19%.
* Range depends on 6”*(1/4) - Very small targets are hard to see at long range.

* Range depends on A*(1/2) (or f*(-1/2)). Lower frequencies (longer A) generally have better
propagation but require larger antennas.

* Antenna Gain (G) is critical (R o< G*(1/2)). High gain = narrow beam = better angular resolution &
longer range.

* Noise (T, F, B) is the fundamental limiter. Minimizing noise is crucial.

* Losses (L) significantly degrade performance.

I1l. PULSE RADAR SYSTEM BLOCK DIAGRAM & COMPONENTS

1. Monostatic/Bistatic Configurations
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Figure 1. Monostatatic Radar
2. Key Components:

1. Transmitter: Generates high-power RF pulses (e.g., Magnetron, Klystron, Solid-State
Amplifiers).
a) Waveguide / Transmission Line: Carries RF power to antenna.



b) Duplexer (TR Switch): Critical component. Protects sensitive receiver from high-power
Tx pulses. Routes Tx energy to antenna and Rx energy from antenna to receiver. (Types:
Circulator, Gas Discharge Tubes - T/R Tube, ATR Tube).

c) Antenna: Radiates Tx pulses, collects Rx echoes (e.g., Parabolic Reflector, Phased
Array). Determines beamwidth and gain.

2. Receiver: Amplifies weak echo signals and down-converts them for processing.

a)
b)
c)
d)

Low Noise Amplifier (LNA): First stage, critical for minimizing added noise (F).

Mixer / Local Oscillator (LO): Down-converts RF to Intermediate Frequency (IF).

IF Amplifier: Provides most gain at a fixed frequency. Bandwidth = 1/t.

Detector: Extracts baseband information (Envelope Detector for non-coherent radar,

Phase-Sensitive Detectors for coherent radar).
3. Signal Processor: (Modern Radars) Filters clutter, detects targets, estimates parameters
(Range, Doppler). Includes Matched Filtering, Doppler Processing (FFT), CFAR.
4. Display/ Processor: Presents information to operator (e.g., A-Scope, PPl Scope) or feeds data
to tracking systems.
5. Synchronizer / Timer: Master clock controlling pulse timing (PRF), component coordination.
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Figure 2. Block diagram of bistatic radar (Transmitter & receiver antennas are separate)

IV. PERFORMANCE CHARACTERISTICS & LIMITATIONS

1.

2.

Range Measurement:
Range (R) = (c * At) / 2 where At is the time delay between Tx pulse and received echo.

Minimum Range (R_min): Closest detectable target. Limited by pulse width (t) and recovery time of
the duplexer/receiver. R_min = (¢ * t) / 2 (+ recovery time buffer).

Range Resolution (AR): Ability to distinguish two closely spaced targets at the same

azimuth/elevation.

AR = (c * 1)/ 2. Shorter pulse width = better resolution.



Pulse Compression: Technique using modulated pulses (e.g., Linear FM "Chirp") to achieve good
resolution (AR = c/(2*B)) and good average power (P_avg = P_t * DC), overcoming the t limitation.
Requires matched filter processing.

3. Range Ambiguity:
* Occurs when echoes from a previous pulse (n * PRI) arrive after the next Tx pulse has started.
* Maximum Unambiguous Range (R_unamb): R_unamb =(c *PRI)/2=c/ (2 * PRF)

* Trade-off: High PRF improves Doppler performance but reduces R_unamb. Low PRF increases
R_unamb but worsens Doppler performance. Medium PRF is often a compromise with ambiguities in
both range and Doppler that must be resolved.

4. Doppler Effect & Velocity Measurement:

Frequency shift ¢ = Zv?rft

where v, is radial velocity relative to radar, f; is transmit frequency.

a) Pulse-Doppler Radar: Uses coherent processing (stable oscillator) over multiple pulses
(Pulse Train) to measure f,; via spectral analysis (FFT). Enables clutter rejection (MTI filters) and
velocity measurement.

b) Doppler Ambiguity (Blind Speeds): Occurs when f_d = n * PRF. Velocities causing f_d equal to
multiples of the PRF cannot be distinguished from stationary clutter or each other. v_blind = (n
*A*PRF)/ 2.

5. Clutter: Unwanted echoes from ground, sea, weather, birds, etc. Masks targets. Addressed by:

a) Moving Target Indication (MTI): Subtracts consecutive pulses to cancel stationary clutter
(uses Delay-Line Cancellers).

b) Pulse-Doppler Processing: Uses Doppler filtering to separate moving targets from clutter
based on velocity.

c) Constant False Alarm Rate (CFAR) Processing: Dynamically adjusts detection threshold to
maintain constant false alarm probability amidst varying clutter/noise.

V. KEY CHALLENGES & CONSIDERATIONS

1. Sensitivity: Detecting very weak signals against noise (drives P_t, G, L, T_s requirements).

2. Dynamic Range: Handling very strong clutter (e.g., ground) and very weak targets
simultaneously.

3. Resolution: Trade-offs between range resolution (t or B), angular resolution (beamwidth), and
velocity resolution (Coherent Processing Interval - CPI).

4. Ambiguities: Managing range and Doppler ambiguities through PRF selection and processing.

5. Clutter Rejection: Critical for detecting targets in challenging environments.

Propagation Effects: Atmospheric attenuation, refraction, diffraction, multipath.

VI. APPLICATIONS OF RADAR

1. Air Traffic Control (ATC) Radars
Weather Radar (Precipitation measurement)
2. Military Surveillance & Tracking (Air, Ground, Sea)
Navigation (Ship, Aircraft)
4. Altimeters
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5. Speed Detection (Police Radar - though often CW Doppler)

VIl. PUTTING IT TOGETHER: THE PULSE RADAR TIMELINE

1. Transmit Pulse: High-power RF pulse of width tis sent.

2. Dead Time: Receiver is blanked/protected (Duplexer switches). Rmin constraint.
3. Listening Period: Receiver is active. Echoes arrive at At = 2R/c after pulse start.

4. Processing: Received signal amplified, down-converted, detected, filtered (Matched Filter),
digitized.

5. Detection Decision: Is the signal at time At (corresponding to range R) above threshold?
(Considering noise/clutter).

6. Parameter Estimation: For detections, estimate range (At), Doppler (across pulses), angle (beam
position).

7. Repeat: Next pulse is transmitted at t = PRI.

VIll. STUDY RESOURCES & PRACTICE

e Core Textbooks:
o Skolnik, M. . Introduction to Radar Systems (The "Bible" - comprehensive reference).

o Richards, M. A. Fundamentals of Radar Signal Processing (Focus on modern
processing).

o Brooker, G. M. Introduction to Sensors for Ranging and Imaging (Very accessible
undergraduate level).

e Online Resources: MIT OpenCourseWare (Radar Systems Courses), |IEEE Explore papers
(search "pulse radar tutorial").

e Practice Problems:
1. Calculate R_max for given radar parameters using the RRE.
2. Calculate R_min, AR, R_unamb for given t and PRF.
3. Calculate f_d and v_r for given radar frequency and target speed.
4. Explain the trade-off between R_unamb and v_blind.
5. Sketch a block diagram of a pulse radar and explain each component.
6. Describe how a duplexer works and why it's needed.
7. Explain the principle of pulse compression and its benefits.
8. Describe how MTI or pulse-Doppler processing rejects clutter.

9. What happens to the RRE if the antenna gain is doubled? If the wavelength is halved? If
the system losses increase by 3 dB?

10. Why is receiver noise temperature (T_s) a critical parameter?

IX. Key Equations Summary



Range (R)=(c* At)/2

Range Resolution (AR) = (c * 1) / 2 (Uncompressed Pulse)
Minimum Range (R_min)=(c *1)/2

Maximum Unambiguous Range (R_unamb) =c /(2 * PRF)
Pulse Repetition Frequency (PRF) =1/ PRI

Duty Cycle (DC) =1 * PRF =1/ PRI

Doppler Frequency (f_d)=(2*v_r*f_t)/c

Radar Range Equation (R_max"4)=[P_t*G_t*G_r*A"2*o]/[(4m)"3*k*T_s*B *F* (S/N)_min
* L]

Blind Speed (v_blind) = (n * A * PRF) / 2

Tips for Success:

Master the Range Equation: Understand the impact of each parameter.

Visualize the Timeline: Understand the sequence of events during and after a pulse
transmission.

Grasp the Trade-offs: Range vs. Resolution, PRF vs. Ambiguity, Power vs. Cost/Complexity.
Focus on Block Diagram: Know what each component does and why it's needed.
Practice Calculations: Range, Resolution, PRF, Doppler, RRE.

Connect Theory to Practice: Think about real-world applications and limitations.



