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Abstract 

Small Synthetic Aperture Radar (SAR) technology based on 

frequency-modulated continuous wave (FMCW) processing is 

drawing a growing interest for both business and military 

applications. FMCW-based radar systems have lower power 

consumption compared to coherent-pulse SAR while digital 

signal processing performed on field-programmable gate arrays 

(FPGA) allows to develop efficient and compact radar hardware. 

The paper concerns itself with the principles of hardware 

development for small low-power X-band ranging radar for 

subsequent synthesis of radar images. 
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INTRODUCTION 

Frequency-modulated continuous wave (FMCW) radars are 

widely used for all-weather remote sensing, urban infrastructure 

monitoring and reconnaissance tasks [1, 2]. Comparing with 

traditional coherent-pulse radars, FMCW-based systems have 

better signal-to-noise ratio and lower peak radiation power [3]. 

Additional advantage of FMCW radars is easy analog processing 

and demodulation of received signals, which is virtually reduced 

to mixing of the transmitted and received signals. The mixer 

output frequency value is correspondent to the slant range 

distance to target, as demodulated FMCW signal is a compressed 

frequency-domain representation of a radar image. 

This paper concerns itself with the principles of hardware 

development for the small low-power X-band ranging radar and 

of subsequent synthesis of radar images. In recent years, an 

increasing role of digital techniques in signal processing as well 

as the overwhelming replacement of analog components and 

circuits by digital signal processing (DSP) systems have become a 

commonplace in radar hardware development. Direct digital 

synthesis of FMCW signals is available today not only with 

digital synthesizers but also with generators based on field-

programmable gate arrays (FPGA) [4,5]. Direct digital synthesis 

based on the system of frequency-dependent sequence generation 

allows for the required accuracy and a low noise, while the use of 

modern FPGA allows, within a single chip, to place a generator 

and filters, and apply algorithms of digital processing and 

synthesis of radar imagery. At the same time, the analog part of 

modern radar is reduced to the shift of the synthesized FMCW 

signal to higher frequencies with further extraction of an 

intermediate-frequency signal proportional to the slant 

distance. 

A general approach to building radar digital signal 

processing subsystems involves the soonest-possible 

digitization of the signal with the analog-digital converter 

(ADC) and its processing in digital computers such as signal 

processors in FPGA. For the synthesis of ranging signal, a 

reverse operation has to be performed – a generated binary 

code is converted back to the analog domain using digital-

analog converters (DAC). 

In this paper, a combination of FPGA, DAC and 

ADC is described, which forms a unified system for radar 

digital signal processing and can be used as a basis for X-

band FMCW radar hardware. 

 

 

FMCW Radar Operation Principles 

In a typical FMCW radar, a ranging signal frequency 

increases from the initial frequency ω0 to ωbw and decreases 

back to ω0 at a time T with the repeat rate of 

12r bwk T    (see Fig.1). Using FPGA and DAC, the 

radar hardware generates a ranging FMCW signal with the 

frequency from ω0 to ω0+ωbw and the initial phase φ, which 

is converted to a high-frequency band with heterodyning, and 

then divided, amplified and radiated by the transmit radar 

antenna to propagate at a time t. Ranging signal can be 

described as follows: 
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The signal reflected from the target at a range R is registered 

by the receiving antenna in a time τ and then amplified with 

the low-noise amplifier. It can be described as follows: 
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Figure 1. FMCW transmit-receive model. 

 

To form a radar image, the signal registered by the receive 

antenna, is demodulated by mixing the ranging signal with the 

signal reflected from the target, which mathematically means the 

multiplication of the ranging signal by the complex-conjugate 

reflected signal. The mixer output signal is described by 
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The second term of the equation (3) is solved in the frequency 

domain with Fast Fourier Transform (FFT) as it carries the 

information about the distance to the target. The last term of the 

equation (3) includes phase errors and must be compensated. 

 

 

IMPLEMENTATION OF RADAR DIGITAL SIGNAL 

PROCESSING SYSTEM 

The key components of radar DSP system are FPGA, ADC and 

DAC that provide full advantages of a compact and 

reconfigurable architecture. 

 

DAC is used in the transmit channel to generate complex 

waveforms that are calculated in the FPGA core. Depending on 

the flight altitude and the required ranging distance, the signal 

form and duration can be configured. FPGA firmware is a 

combination of configurable logic blocks, similar to the switches 

for complex combination functions (calculator, multiplexor and 

decoder, memory). In digital circuits, such switches implement 

basic binary operations such as AND, OR, NOT. 

 

A popular architecture to build a digital FMCW generator is the 

direct digital synthesis architecture. This approach is based on the 

generation of the digital code that is changed over time with the 

subsequent conversion into the analog signal using DAC. The 

generator performs a short switching between the output 

frequencies, allowing for a high resolution and a wide bandwidth. 

A simplest example of a digital generator of this kind, that can be 

implemented on FPGA, will consist of the frequency reference 

source, multibit adder, a memory block and a DAC [6]. Digital 

information on the amplitude of the full cycle sinusoid is stored 

into the memory block. The adder goes through each memory 

element and extracts the required value, which is transferred 

to DAC. 

 

In the receive channel, ADC is used to digitize the input 

signals for their further processing in FPGA. Therefore, in 

order to build a radar DSP system, DAC, ADC and FPGA 

should be viewed as a basis for the uniform digital kernel for 

signal processing. 

 

In order to verify the proposed architecture and solutions a 

compact X-band FMCW radar prototype has been developed 

and manufactured. The prototype is based on an FPGA 

evaluation board and custom-developed DAC and ADC 

boards. Additional analog parts of the radar include an 

FMCW to X-band converter (evaluation board 

HMC924LC5), power divider, power amplifier, low-noise 

amplifier, transmit and receive antennae and double-balanced 

mixer (PE8653). 

 

As a main calculation unit, the system uses FPGA Altera 

Stratix IV EP4SGX230KF40C2N. The developed DAC 

(based on AD9129) and ADC (based on ADC12D500RF) 

blocks are implemented as separate PCBs and have their own 

feeding and clock circuits as well as corresponding input-

output ports for mutual connection and connection to 

peripheral equipment. Apart from the transmission of radar 

signals, FPGA sends control signals to ADC and DAC and to 

the corresponding frequency clock synthesizers ADF4351 by 

Analog Devices. 

 

The ADC12D500RF evaluation board is able to operate in 

multiple modes that can be switched with a 30-pin plug 

placed on the board. A bridge wire between the central and 

the outer row of the plug closes ADC pins either to ground or 

to power thus allowing to choose the required ADC mode. 

 

However, apart from the mechanically installed bridge wires, 

the ADC can be controlled with electronic signals from 

FPGA via SPI interface using an additional 26-bit GPIO 

connector.  Balanced transformers placed between the 

input SMA ports and the input ADC pins allow to receive 

both symmetric and asymmetric signals. 

 

To interconnect the ADC, DAC and FPGA, each board has its 

own RF HSMC connectors. Radar data are transmitted 

through HSMC connectors from ADC to FPGA and from 

FPGA to DAC, as well as accompanying clock signals, 

information about the excess of ADC dynamic range, DAC 

parity bits and SPI-signals to control ADC, DAC and 

frequency synthesizers. 

 

ADC and DAC boards are fed from DС power source, and 

the power supply circuits contain only DС-DС PWM 

inverters with fixed levels of output voltages. 

 

According to IPC-2221A requirements, the topology of ADC 

and DAC boards is designed in such a way that low 

frequency, high frequency and super-high frequency 

components are separated on different parts of the boards 

(see Fig. 2 and 3). 



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 12, Number 2 (2017) pp. 212-215 

© Research India Publications.  http://www.ripublication.com 

214 

 
 

Figure 2. LF, HF and SHF zones on the ADC board. 

 

 
 

Figure 3. LF, HF and SHF zones on the DAC board. 

 

Key specifications of the components of the proposed radar DSP 

system are shown in Table 1. 

 

Table 1. Specifications of radar DSP system components 

 

DAC ADC FPGA 

Bandwidth 1.425 

GHz 

Bandwidth 500 

MHz 

Logic 

elements 

228 K 

Bits 14 Bits 12 Memory 

blocks 

17’133 

Channels 2 Channels 2 Internal 

multipliers 

1’288 

(18x18 

bits) 

Interface LVDS Interface LVDS I/O blocks 744 

Input 

power 

1.3 W Input 

power 

3.5 W PLL 8 

 

 

RESULTS 

The prototype of a compact X-band FMCW radar based on the 

developed DAC and ADC boards controlled by FPGA is shown 

on Fig. 4. Real time spectrum analyzer Tektronix RSA6100A has 

been used to measure the main radar characteristics. 

 

Fig. 5 shows the signal spectrum with 300 MHz band which has 

been generated using FPGA and DAC. The up converter output 

signal spectrum is shown on Fig. 6. The mixer used to up-convert 

the LF signal has a local oscillator frequency of 10.2 GHz. The 

quadrature mixer output signal digitized with the developed 

ADC evaluation board is shown on Fig. 7. The mixer output 

frequency value is expressly correspondent to the range 

distance to target, as demodulated FMCW signal is a 

compressed frequency-domain representation of a radar 

image. 

 
 

Figure 4. X-band FMCW radar prototype. 

 

 

 
 

Figure 5. FPGA based DDS generated LFM chirp bandwidth 

of 300 MHz. 
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Figure 6. LO frequency of mixer at 10.2GHz. 

 

 

 
 

Figure 7. Up-converted upper side band chirp spectrum output of 

mixer. 

 

CONCLUSION 

In this paper, the principles of building a hardware part of a 

compact X-band FMCW ranging radar for SAR imaging have 

been presented. 

ADC and DAC evaluation boards have been developed which, 

along with FPGA, form a basis for a digital part of a modern radar 

with 300 MHz bandwidth allowing for remote sensing with high 

resolution. 
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