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ABSTRACT

Frequency Modulated Continuous Wave (FMCW) radar technology has emerged as a cornerstone solution
for miniature radar systems in aerospace and avionics applications. This paper presents a comprehensive
analysis of FMCW miniature radar systems, covering fundamental operating principles, architectural design,
implementation challenges, and diverse applications. The FMCW technique offers significant advantages
including high range resolution, low peak power requirements, and compact form factor, making it ideal for
space-constrained platforms such as CubeSats, unmanned aerial vehicles (UAVs), and small aircraft. We
examine the mathematical foundations of chirp signal generation, range-Doppler processing, and resolution
limits. Key architectural components including RF front-end design, antenna configurations, and digital signal
processing are analyzed. Critical challenges such as phase noise, nonlinearity, and thermal management are
discussed with practical mitigation strategies. A comparative analysis with pulsed radar systems highlights the
trade offs and advantages of FMCW technology. Applications spanning satellite remote sensing, collision
avoidance, terrain mapping, and autonomous navigation are explored. This work provides aerospace
engineers and researchers with a thorough understanding of FMCW miniature radar technology and its
implementation considerations.
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1. INTRODUCTION

Radar systems have been fundamental to aerospace operations since their inception in the early 20th
century. Traditional radar architectures, predominantly based on pulsed transmission, have served military
and civilian aviation well but often require substantial size, weight, and power (SWAP) resources [1]. The
advent of miniaturization in electronics and the proliferation of small satellite platforms (e.g., CubeSats) and
unmanned aerial vehicles (UAVs) have created demand for compact, lightweight, and power-efficient radar
solutions.

Frequency-Modulated Continuous-Wave (FMCW) radar technology addresses these requirements by
transmitting a continuous signal whose frequency varies linearly with time, typically in a sawtooth or
triangular pattern [2]. Unlike pulsed radar, which transmits high-power short-duration pulses, FMCW radar
operates with continuous low-power transmission, enabling significant reductions in peak power requirements
and thermal dissipation. This characteristic makes FMCW particularly suitable for miniature implementations
where power budgets and thermal management are critical constraints.

The miniaturization of FMCW radar systems has been facilitated by advances in monolithic microwave
integrated circuits (MMICs), low-noise amplifiers (LNAs), voltage-controlled oscillators (VCOs), and digital
signal processing (DSP) capabilities [3]. Modern FMCW miniature radars can achieve centimeter-level range
resolution while occupying volumes of only a few cubic centimeters and consuming milliwatts to a few watts
of power.

This paper provides a comprehensive examination of FMCW miniature radar technology tailored for
aerospace and avionics applications. We begin with fundamental operating principles and mathematical
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foundations, proceed through architectural considerations and implementation challenges, and conclude with
applications and comparative analysis against alternative radar technologies.

2. FUNDAMENTAL PRINCIPLES OF FMCW RADAR

2.1. Basic Operating Principle

FMCW radar operates by transmitting a continuous wave signal whose frequency is modulated over time.
The most common modulation pattern is a linear frequency sweep, or “chirp,” where the transmitted frequency
increases (up-chirp) or decreases (down-chirp) linearly over a defined time period called the sweep time TTT
[4].

When the transmitted signal reflects off a target at range RRR, it returns to the radar receiver after a time
delay Equation(1):

2R
1= (1)

Where c is the speed of light (3x10° m/s). The received signal is mixed with a portion of the transmitted
signal in a process called “dechirping” or “stretch processing.” This mixing operation produces a beat
frequency f, that is directly proportional to the target range.

2.2. Chirp Signal Characteristics
The transmitted chirp signal can be mathematically expressed a Equation(2):

S2(8) = Apecos(2n(f0! + 1)) s @)
Arx is the amplitude
fo is the start frequency
1=B/T is the chirp rate (Hz/s)
B is the bandwidth
T is the sweep time

The instantaneous frequency is Equation(3):
f@) = fo+nut 3)
For a triangular modulation (up-chirp followed by down-chirp), both range and velocity information can
be extracted simultaneously, enabling unambiguous measurement of both parameters [5]. Figure 1

FMCW Radar Chirp Signal: Frequency vs. Time (Triangular Sweep)
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Fig.1 FMCW Radar Chirp Signal
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2.3. Advantages of FMCW Over Pulsed Radar
FMCW radar offers several advantages for miniature implementations.

1. Low Peak Power: Continuous transmission eliminates the need for high-power pulsed amplifiers,
reducing thermal load and power supply requirements.

2. High Range Resolution: Resolution is determined by bandwidth rather than pulse width, enabling
excellent resolution with modest instantaneous power.

3. Simultaneous Range and Velocity: Triangular chirp modulation allows concurrent measurement of
both parameters.

4.  Reduced Electromagnetic Interference (EMI): Lower peak power reduces interference with other
systems.

5. Compact Form Factor: Simplified RF architecture enables miniaturization.

3. MATHEMATICAL FOUNDATIONS

3.1. Range Measurement
The received signal, delayed by 7, is Equation(4):

ut — )
Spx(t) = Agy cos| 2m| fo(t —T) + — 4)
After mixing with the transmitted signal and low-pass filtering, the beat frequency is Equation(5):
2Ru  2RB )
fo=nr= c T
Solving for range Equation(6):
fbc
R = =2 6
2B ufbc (6)

The beat frequency is typically in the kilohertz to megahertz range, making it suitable for analog-to-digital
conversion and digital signal processing [6].

3.2. Velocity Measurement (Doppler Effect)
For a target moving with radial velocity v,, the Doppler frequency shift is Equation(7):
2v,f,
fa = : : ™)
In a triangular chirp FMCW system, the beat frequencies during up-chirp (fp.p) Equation(8) and down-
chirp (fu aown) differ due to the Doppler shift Equation(9): Figure.2
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Fig.2 FMCW Radar Beat Frequency
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Range and velocity can be decoupled Equation(10,11):

fb — fb,up +2fb,down (10)
fD — fb,up _Zfb,dawn (1 1)

3.3. Range Resolution
Range resolution AR\Delta RAR is the minimum separation between two targets that can be distinguished
Equation(12):

c
AR = — 12
2B (12)

This equation shows that range resolution depends solely on bandwidth B. For example, a bandwidth of 1
GHz yields a range resolution of 15 cm, suitable for high-precision applications [7]. Figure.3
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Fig.3 Range Resolution Diagram

3.4. Maximum Unambiguous Range
The maximum unambiguous range R, ., is limited by the sweep time and sampling rate Equation(13):

cT
max = Js (13)
4B
Where f; is the sampling frequency of the analog-to-digital converter (ADC). Proper selection of sweep
time and sampling rate is critical to avoid range ambiguities.

4. SYSTEM ARCHITECTURE

4.1. System Block Diagram
A typical FMCW miniature radar system comprises the following key components [2]: Figure.4

FMCW RADAR SYSTEM BLOCK DIAGRAM (AIRCRAFT APPLICATIONS)
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Fig.4 FMCW Radar Block Diagram
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1. Chirp Generator: Produces the linear frequency sweep, typically using a voltage-controlled oscillator
(VCO) with a phase-locked loop (PLL).

RF Front-End: Includes power amplifier (PA), low-noise amplifier (LNA), mixer, and filters.
Antenna Subsystem: Transmit and receive antennas, often integrated on a single substrate.
Analog-to-Digital Converter (ADC): Digitizes the beat frequency signal.

Digital Signal Processor (DSP): Performs FFT, target detection, and tracking algorithms.

LR

4.2. RF Front-End Design
The RF front-end is critical for system performance. Key considerations include:

e  Frequency Band Selection: Common bands for miniature radar include X-band (8-12 GHz), Ku-band
(12-18 GHz), and Ka-band (26.5-40 GHz). Higher frequencies enable smaller antennas but face
greater atmospheric attenuation [8].

o  Transmit Power: Typically ranges from 10 mW to 1 W for miniature systems, balancing detection
range and power consumption.

e  Receiver Sensitivity: Determined by noise figure (NF) of the LNA, typically 2-4 dB for modern
MMICs.

o Isolation: Adequate isolation (>60 dB) between transmit and receive paths is essential to prevent
saturation and leakage.

4.3. Antenna Subsystem
Antenna design significantly impacts system size and performance:

e  Patch Antennas: Planar microstrip patch antennas are popular for miniature systems due to low
profile and ease of integration.

e Beamwidth: Determines angular resolution and field of view. Typical beamwidths range from 10° to
60°.

e  Gain: Higher gain increases detection range but narrows beamwidth. Typical gains are 10-20 dBi.

e Polarization: Linear or circular polarization can be selected based on application requirements.

4.4. Digital Signal Processing
The DSP subsystem performs several critical functions:
1. Fast Fourier Transform (FFT): Converts time-domain beat signal to frequency domain, revealing
target range bins.
2. Window Functions: Applied to reduce spectral leakage (e.g., Hamming, Hann, Blackman windows).
3. Constant False Alarm Rate (CFAR) Detection: Adaptive thresholding to maintain consistent false
alarm rates in varying noise environments.
4.  Target Tracking: Kalman filters or particle filters for multi-target tracking and trajectory prediction.
Modern miniature radar systems employ embedded processors or FPGAs (Field-Programmable Gate
Arrays) to implement these algorithms in real-time with minimal power consumption [9]. Figure.5
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Fig.5 Signal Processing Techniques
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5. IMPLEMENTATION CHALLENGES

5.1. Phase Noise and Frequency Stability

Phase noise in the VCO degrades range resolution and increases noise floor. The phase noise power
spectral density should be minimized, particularly at offset frequencies corresponding to expected beat
frequencies. High-quality PLLs and temperature-compensated crystal oscillators (TCXOs) are essential for
maintaining frequency stability [10].

5.2. Nonlinearity in Chirp Generation
Deviations from ideal linear frequency sweep introduce range errors and spurious peaks in the FFT
spectrum. Nonlinearity can be characterized by the deviation from linearity (DFL) Equation(14):

DFL =max | f(t) — (f0 + ut) | (14)

Calibration techniques and predistortion can mitigate nonlinearity effects. Modern FMCW Radars achieve
DFL below 0.1% of bandwidth [11]. Figure.6

FMCW RADAR FFT SPECTRUM - TARGET DETECTION
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Fig.6 FMCW Radar FFT Spectrum

5.3. Leakage and Isolation

In compact systems, electromagnetic leakage between transmit and receive paths can saturate the receiver
or create false targets. Mitigation strategies include:
e Physical separation of antennas
Shielding and grounding
Circulator or directional coupler with high isolation
Digital cancellation techniques

5.4. Thermal Management
Continuous operation generates heat, particularly in the PA and VCO. Miniature systems have limited
thermal mass and surface area for heat dissipation. Thermal management solutions include:
e  Heat sinks and thermal vias
e Low-power components
e Duty cycling (intermittent operation)
o Thermal simulation during design phase

5.5. Size, Weight, and Power (SWaP) Constraints

Aerospace applications impose strict SWaP limits. Design strategies include:
System-on-Chip (SoC) integration combining RF and digital functions
Multi-function antennas (shared transmit/receive)
Power-efficient algorithms and adaptive duty cycling
Lightweight materials (e.g., Rogers substrates, aluminum alloys)
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6. APPLICATIONS OF MINIATURE FMCW RADAR
6.1. CubeSat and Space Applications

CubeSats (standardized small satellites) benefit from miniature FMCW radar for:
o Earth Observation: Surface topography, ice sheet monitoring, vegetation mapping
e  Rendezvous and Docking: Relative navigation for autonomous spacecraft operations

e  Space Debris Detection: Tracking and characterizing orbital debris
Conceptual Picture The RainCube mission demonstrated Ka-band FMCW radar in a 6U CubeSat for
precipitation measurement [12]. Figure.7

Fig.7 Conceptual Picture

6.2. UAYV and Drone Systems
UAVs employ miniature FMCW radar for:
e Collision Avoidance: Detecting obstacles in flight path
o  Terrain Following: Maintaining constant altitude above ground
o Sense-and-Avoid: Autonomous navigation in GPS-denied environments
e Payload Delivery: Precision landing and obstacle detection

6.3. Aircraft Collision Avoidance
General aviation and commercial aircraft use FMCW radar for:
e Traffic Alert and Collision Avoidance System (TCAS) Enhancement: Supplementing ADS-B with
direct detection
e Ground Proximity Warning: Detecting terrain and obstacles during approach
o Weather Radar: Detecting precipitation and turbulence
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7. Comparison of FMCW Miniature Radar and Pulse Radar.

7.1. Differences between FMCW Miniature Radar and Pulse Radar:

FMCW miniature radar is ideal for short-to-medium range, low power, compact applications (automotive,
drones, 10T). Pulsed radar dominates in long range, high power scenarios (air defense, weather monitoring,
space surveillance). Table. 1

Table 1. Comparison of FMCW Radar and Pulse Radar

Parameter FMCW Radar Pulsed Radar

Peak Power Low (mW to W) High (kW to MW)

Average Power Moderate Low (due to duty cycle)

Range Resolution Excellent (c/2Bc/2Bc/2B) Good (depends on pulse width)
Velocity Measurement Simultaneous with range Requires pulse-Doppler processing
Complexity Moderate (chirp linearity critical) Moderate to high (timing critical)
Size/Weight Compact Larger (high-power components)
Thermal Management Easier (continuous low power) Challenging (high peak power)
Maximum Range Limited by sweep time and SNR Excellent (high peak power)
Minimum Range Very short (no blind zone) Limited by pulse width

Cost Lower (COTS components) Higher (specialized components)

FMCW radar excels in miniature, power-constrained applications requiring high resolution at short to
medium ranges, while pulsed radar remains superior for long-range detection where peak power is available

[1].
Conclusion

FMCW miniature radar technology has matured into a viable solution for aerospace and avionics
applications where size, weight, power, and cost constraints are paramount. The fundamental advantages of
continuous-wave operation low peak power, high resolution, and compact implementation align well with the
requirements of modern small satellite platforms, UAVs, and general aviation systems.

Key technical challenges including phase noise, chirp nonlinearity, and thermal management have been
addressed through advances in MMIC technology, digital signal processing, and system-level design
optimization. The mathematical foundations presented in this paper provide aerospace engineers with the tools
to design and analyze FMCW radar systems for specific mission requirements.

Future developments in FMCW miniature radar technology are likely to focus on:

1. Multi-Mode Operation: Combining radar with communication or navigation functions in a single
aperture
Cognitive Radar: Adaptive waveform selection and resource management using artificial intelligence
MIMO Configurations: Multiple-input multiple-output architectures for enhanced angular resolution
Terahertz Frequencies: Exploiting sub-millimeter wavelengths for ultra-high resolution
Quantum Radar: Leveraging quantum entanglement for improved sensitivity and stealth

As aerospace systems continue to miniaturize and proliferate, FMCW radar will play an increasingly
critical role in enabling safe, autonomous, and efficient operations across the full spectrum of air and space
platforms.

LR
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