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The landscape of automotive safety and autonomous navigation has undergone a paradigm shift with the
introduction of millimeter-wave (mmWave) radar technology. Among the various frequency allocations, the 79 GHz-
bandhas emerged as the definitive standard for high-resolution sensing. This frequency range offers significant
advantages over its predecessors, particularly the 24 GHz and 77 GHz bands, by providing the bandwidth
necessary for ultra-fine object discrimination and pedestrian detection. As the automotive industry moves toward
Level 4 and Level 5 autonomy, understanding the technical nuances, mathematical foundations, and
implementation strategies of 79 GHz radar is essential for engineers and system architects.

The Evolution of Millimeter-Wave Radar: From 24 GHz to 79 GHz

Historically, automotive radar systems utilized the 24 GHz Industrial, Scientific, and Medical (ISM) band and the 77
GHz Long-Range Radar (LRR) band. While 24 GHz systems provided basic functions like Blind Spot Detection
(BSD), they suffered from limited bandwidth (typically 250 MHz), which restricted their range resolution to
approximately 60 centimeters. The transition to the 77 GHz band improved this, but the industry soon realized that
for complex urban environments, even 1 GHz of bandwidth was insufficient.

The 79 GHz band (spanning 77 GHz to 81 GHz) provides a continuous 4 GHz of sweep bandwidth. This wide-band
capability is the cornerstone of High-Resolution Millimeter-Wave Radar. By utilizing a wider bandwidth, radar
systems can achieve a range resolution of under 4 centimeters, allowing the system to distinguish between two
closely spaced objects, such as a pedestrian standing next to a parked car or a cyclist riding alongside a truck.

Technical Advantages of the 79 GHz Band

* Enhanced Range Resolution: The ability to separate targets in the radial direction is directly proportional to
the signal bandwidth.

¢ Smaller Form Factor: Higher frequencies have shorter wavelengths (approx. 3.8 mm at 79 GHz). This allows
for smaller antenna elements and more compact sensor packaging.

¢ High Doppler Sensitivity: Higher frequencies result in a greater phase shift for the same relative velocity,
enabling the detection of micro-motions, such as a pedestrian's limb movements.

¢ Reduced Interference: Moving to the 79 GHz band reduces the congestion found in lower frequency bands
and benefits from global regulatory alignment.

Core Mechanics: FMCW Signal Processing and Range Resolution

Most modern 79 GHz radar systems employ Frequency Modulated Continuous Wave (FMCW)modulation. In an
FMCW system, the radar transmits a "chirp"—a signal whose frequency increases linearly over time. The reflected
signal is then received and mixed with the transmitted signal to produce a beat frequency.

The Mathematics of Range Resolution

The fundamental limit of a radar's range resolution (\(\Delta R\)) is defined by the formula:

\(\Delta R =c /(2 \cdot B)\)



Where: ¢ ¢ is the speed of light (approx. 3 x 10"8 m/s).s B is the sweep bandwidth of the chirp.

Using this formula, we can compare the theoretical resolution of different radar bands:



Frequency Band Typical Bandwidth (B) Theoretical Range Resolution

(\(\Delta RY))
24 GHz (Narrowband) 250 MHz 60 cm
77 GHz (Standard) 1 GHz 15cm
79 GHz (Ultra-Wideband) 4 GHz 3.75¢cm

This four-fold improvement in resolution is what allows 79 GHz-band high-resolution radar to identify complex
contours of objects, effectively moving radar from a simple ranging tool to an imaging sensor.

Doppler Velocity Decomposition and Micro-Doppler Signatures

One of the most significant breakthroughs in 79 GHz radar is Doppler velocity decompaosition. This technique
allows the radar to measure the relative velocity of multiple points on a single object. For example, when a
pedestrian walks, their torso, arms, and legs move at different velocities relative to the radar. A 79 GHz system,
with its high Doppler resolution, can capture these "micro-Doppler" signatures.

The Role of Coherent Processing Interval (CPI)

The Coherent Processing Interval (CPI) is the duration over which the radar maintains phase coherence for

signal processing. Even with a short CPI, the 79 GHz band provides a definitive advantage for higher Doppler
velocity resolution. This is critical for Vulnerable Road User (VRU)detection. By analyzing the  velocity
decomposition, the radar's perception algorithm can distinguish a human being from a static object like a pole or a
mailbox based on the characteristic movement patterns of human gait.

MIMO Radar and Angular Resolution

High-resolution sensing is not limited to range and velocity; Angular Resolution is equally vital. Traditional radar
systems use mechanical scanning or simple phase comparisons, which offer limited spatial accuracy. Modern 79
GHz systems utilize Multiple-Input Multiple-Output (MIMO) antenna configurations.

Virtual Array Concept

By using M transmit (Tx) antennas and N receive (Rx) antennas, a MIMO radar can create a virtual array of M x N
elements. This effectively increases the aperture of the radar without increasing the physical size of the sensor. A
larger virtual aperture leads to a narrower beamwidth, which translates to superior angular resolution. This allows
the radar to determine the exact azimuth and elevation of a target, enabling 3D (and when including velocity, 4D)
point-cloud generation.

Comparison of Radar Technologies

The following table provides a comprehensive technical comparison between traditional 77 GHz radar and the
emerging 79 GHz high-resolution systems.



Feature 77 GHz Standard Radar 79 GHz High-Resolution Radar

Bandwidth Upto 1 GHz Up to 4 GHz

Range Resolution Moderate (~15 cm) Excellent (

Object Classification Basic (Vehicle vs. Wall) Advanced (Pedestrian, Cyclist,
Animal)

Angular Accuracy Low to Moderate High (MIMO-enabled)

Near-Field Performance Limited Optimized for Short-Range High-
Precision

Primary Application Adaptive Cruise Control (ACC) Autonomous Emergency Braking

(AEB), Urban Navigation

Practical Implementation: Integration into Automotive Systems

Implementing 79 GHz radar requires a multi-layered engineering approach, focusing on hardware layout, signal
processing pipelines, and data fusion. The integration process generally follows these steps:

1. Antenna Design and PCB Material Selection

At 79 GHz, signal loss is a major concern. Engineers must use high-frequency laminates (e.g., Rogers or PTFE-
based materials) to minimize dielectric loss. The antenna array layout must be meticulously calculated to avoid
grating lobes while maximizing the virtual aperture for MIMO processing.

2.The FMCW Signal Chain

The signal chain consists of a high-speed Voltage Controlled Oscillator (VCO), Power Amplifiers (PA), and Low
Noise Amplifiers (LNA). The Analog-to-Digital Converter (ADC) must have a high sampling rate to capture the wide-
band beat frequencies generated by the 4 GHz sweep.

3. Digital Signal Processing (DSP) Pipeline

The raw ADC data undergoes a series of transformations:» Range FFT: Converts time-domain samples into range
bins.e Doppler FFT: Analyzes phase shifts across multiple chirps to determine velocity.e Angle Estimation: Uses
algorithms like MUSIC (Multiple Signal Classification) or ESPRIT to determine the spatial coordinates.e CFAR
(Constant False Alarm Rate):A thresholding technique used to distinguish valid targets from background noise
and clutter.

Case Study: Pedestrian Detection in Urban Environments

In a real-world scenario, a vehicle equipped with 77 GHz radar might struggle to detect a pedestrian standing
between two parked cars because the reflections from the cars (large Radar Cross Section) overwhelm the small
reflection from the pedestrian. This is known as the "shadowing" or "clutter" effect.

With 79 GHz High-Resolution Radar, the 4 cm range resolution allows the system to clearly see the gap between
the cars. The high-resolution point cloud can identify the specific reflection point of the pedestrian's legs. Combined
with Doppler velocity decomposition, the system recognizes the rhythmic movement of the pedestrian, triggering

the Autonomous Emergency Braking (AEB)system even if the driver's view is obstructed. This capability is a



cornerstone of the Vision Zero initiative, which aims to eliminate traffic fatalities.

Operational Challenges and Solutions

Despite its advantages, 79 GHz radar faces specific technical challenges that require sophisticated engineering
solutions.

¢ Atmospheric Attenuation: Higher frequencies are more susceptible to absorption by water vapor and oxygen.
Solution: Use high-gain antenna designs and sensitive LNAs to maintain an adequate link budget for short and
medium-range detection.

e Mutual Interference: As more vehicles are equipped with 79 GHz radar, the risk of sensors interfering with
each other increases. Solution: Implement Interference Mitigation Techniques, such as randomizing chirp
parameters (slope and start time) or using Orthogonal Frequency Division Multiplexing (OFDM) radar.

¢ Thermal Management: Processing 4 GHz of bandwidth in real-time generates significant heat in the DSP/
SoC. Solution: Advanced thermal packaging and the use of dedicated hardware accelerators (e.g., FFT engines) to
improve power efficiency.

Broad Implications for the Future of Sensing

The transition to the 79 GHz band represents more than just an incremental update; it is a fundamental shift toward

Radar Imaging. By providing high-resolution data that rivals LIDAR in certain conditions—while maintaining the
ability to see through fog, rain, and snow—79 GHz radar is cementing its role as the primary sensor for safety-
critical automotive applications.

Furthermore, the high angular and range resolution of these systems opens the door for Occupancy Grid Mapping
and simultaneous localization and mapping (SLAM) using radar alone. This redundancy is vital for the safety of
autonomous vehicles. As semiconductor manufacturers like Texas Instruments and Fujitsu continue to refine 79
GHz CMOS processes, we can expect these sensors to become more affordable, leading to widespread adoption
across all vehicle segments, not just luxury models.

In the coming years, the integration of 79 GHz radar with Artificial Intelligence (Al) and Machine Learning (ML) will
further enhance object classification. Deep learning models can be trained on high-resolution radar point clouds to
recognize complex behaviors and predict the intent of road users, moving us one step closer to a truly autonomous
and accident-free future.
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