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Abstract

Modern RADAR systems produce a large amount of data that must be processed quickly 
and accurately for reliable target detection. Software-based processing methods often 
struggle to meet real-time requirements due to high latency and computational overhead. 
This work presents a fully streaming, Field Programmable Gate Array (FPGA)-based peak 
detection architecture tightly integrated within the Range–Doppler processing pipeline. 
Continuous magnitude data from the Range and Doppler Fast Fourier Transform (FFT) 
stages is transferred using an Advanced eXtensible Interface (AXI)-Stream interface, 
enabling seamless integration between Xilinx FFT IP cores and a custom peak detection 
accelerator without intermediate memory storage. Unlike conventional radar systems 
that construct a two-dimensional Range–Doppler map followed by explicit scanning, the 
proposed approach performs detection on a linearized data stream. This eliminates the 
need for complex 2D search logic, reduces control overhead, and enables low-latency, 
real-time operation suitable for practical radar deployments. Additionally, index-aware 
detection logic propagates range and Doppler indices alongside magnitude data, enabling 
direct extraction of target coordinates without post-processing. The modular AXI-Stream 
architecture ensures reusability, timing-closed operation, and reduced FPGA resource uti-
lization compared to reference designs. The proposed system emphasizes FPGA-focused 
architectural optimization rather than algorithm-level modification, distinguishing it from 
prior software-oriented or hybrid detection approaches. The complete processing chain 
achieves an end-to-end latency of approximately 1.1 ms for a full frame comprising 64 
chirps, while sustaining a continuous input data rate exceeding 200 MSamples/s. The 
design was synthesized and simulated using the Xilinx Vivado design tool and implemented 
on a Zynq-7000-based ZC702 evaluation board, demonstrating efficient FPGA resource uti-
lization of approximately 35% LUTs, 28% flip-flops, 42% BRAM, and 6 DSP slices. Simulation 
results confirm correct FFT operation, reliable buffering, and accurate peak detection 
across varying signal-to-noise ratios. The proposed architecture offers low latency, high 
throughput, and efficient hardware utilization, making it well-suited for practical real-time 
radar signal processing applications. Overall, the proposed FPGA-based solution demon-
strates low latency, efficient resource usage, and reliable real-time performance, making 
it suitable for practical Frequency Modulated Continuous Wave (FMCW)-RADAR signal pro-
cessing applications.
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enabling efficient and deterministic processing of FFT 
output data.

Methodology

The proposed system implements a complete radar 
signal processing chain in hardware. The stages here 
include range FFT, range FFT buffer, Doppler FFT, mag-
nitude computation, and a custom-built peak detection 
accelerator. The range FFT Buffer exists only for reorga-
nizing the range FFT output bins across the chirps before 
they are sent into the Doppler FFT. The system uses an 
AXI-Stream-based pipeline architecture, meaning that 
one sample is processed per clock, and this ensures 
a continuous flow of data. The system architecture 
enables continuous processing of samples per chirp and 
efficient FPGA resource utilization[3]. The architecture 
avoids constructing and storing the full two-dimensional 
Range–Doppler map in memory by performing peak 
detection directly on streaming FFT magnitude data.

The proposed system implements radar signal process-
ing[4] on an FPGA using a hardware-accelerated and 
streaming-based approach. Time-domain ADC samples 
from each radar chirp are first processed using a 1024-
point Range FFT[7] implemented with the Xilinx FFT IP 
core. The FFT operates in pipelined streaming mode 
using an AXI-Stream interface, which enables continuous 
data transfer with proper frame synchronization using 
the tvalid, tready, and tlast signals. A custom hardware 
peak detection accelerator is developed to process FFT 
magnitude data in real time.

The output of the Range FFT is stored in on-chip mem-
ory using address counters that increment sequentially 
for each valid FFT output. This buffered data is reor-
ganized and provided to a separate Doppler FFT stage, 
which performs a 64-point FFT across multiple chirps for 
each range bin to estimate target velocity. Similar to the 
Range FFT, the Doppler FFT uses an independently con-
figured FFT IP core and streams data efficiently through 
the processing pipeline.

After Doppler processing[5], the FFT magnitude data is 
sent to a custom peak detection accelerator. The accel-
erator uses a programmable threshold register and local 
maximum detection logic to identify significant peaks in 
real time. Detected peaks, along with their range and 
Doppler indices, are stored in an internal FIFO, allowing 
continuous streaming without stalling and enabling effi-
cient downstream processing.

Introduction

Radar systems generate a large volume of signal data, 
which must be processed efficiently to detect targets 
in real time. After the Fast Fourier Transform (FFT) pro-
cess is completed and the FFT outputs are obtained for 
processing the target’s information and parameters, it is 
necessary to use peak detection and choose the outputs 
with a higher value than that of the average threshold 
set, so that the lower value outputs get discarded. To 
overcome these limitations, this work focuses on the 
design and verification of Field Programmable Gate 
Array (FPGA)-based RADAR signal processing system that 
includes a custom streaming peak detection accelerator. 
The proposed system performs both range and Doppler 
processing [1] using Xilinx FFT IP cores configured in pipe-
lined streaming mode. A 1024-point Range FFT is applied 
to convert time-domain ADC samples into frequency-do-
main range information, followed by a 64-point Doppler 
FFT across multiple chirps to estimate target velocity. 
Advanced eXtensible Interface (AXI)-Stream interfaces 
are used throughout the processing chain to maintain 
proper frame synchronization and support continuous, 
deterministic data flow. Intermediate buffering using 
on-chip memory allows smooth data transfer between 
FFT processing stages. 

There have been many software approaches for this 
application, but none of them could come up with a 
cost-effective and efficient solution due to the follow-
ing reasons. Software running on a CPU processes data 
sequentially, which adds a significant delay in the pro-
cessing of target detection and other parameters. The 
second reason is that the FFT output bins are checked 
one after another, and so the identification of the bin 
with the highest value will take longer. The final reason 
is that software can be used for small FFT-sized bins,[1,2] 
but when it comes to the large-scale bins, that is, in 
hundreds or thousands, then the delay is significant. 
Latency[4] is also one of the main factors when it comes 
to radar signal processing; as we know that to reduce 
the chance of error as much as possible, the decisions 
need to be taken on real, but if we use a software in 
this place, it may cause a variable or low latency due 
to one of these reasons: OS scheduling, Interrupts, and 
Memory access delays.

For all the reasons specified above, the use of soft-
ware-based processing is not suitable for real-time radar 
applications. Hence, the design approach was shifted 
toward a custom hardware accelerator implemented 
on an FPGA[2] using an AXI-based streaming interface, 
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The above equation describes the FFT magnitude for a 
specific range index k and Doppler index m, and T in 
the equation represents the predefined threshold. Peak 
detection identifies significant targets by comparing the 
magnitude of the FFT output with a predefined thresh-
old. Only bins whose magnitude exceeds the threshold 
are considered valid detections, while lower-magnitude 
bins are treated as noise.

System Overview

The Accelerator comes mainly into play after the FFT 
processes are completed and is typically located at the 
end stages of the Radar signal processing[7] unit. Since 
the FFT magnitude data is available once the input data 
is transformed from the time domain to the frequency 
domain, the accelerator then processes this FFT output. 
Once in the accelerator processes, the peak detection 
stage begins, and the highest output from the surround-
ing FFT bins is chosen, and then the values, such as 
the location, range index, and Doppler information, are 
directly stored in a FIFO register.

FFT output data is provided to the Accelerator through 
an AXI-Stream interface. Although the data is sent 
sequentially to the accelerator, the internal architecture 
employs a pipeline parallelism allowing multiple stages 
of the detection logic to operate concurrently on suc-
cessive samples. The accelerator also has a Threshold 
register so that it can filter out the input with lower 
FFT magnitudes, and also a local maximum detection, 
which identifies the significant FFT peaks in real time. 
After these processes, the detected Peaks are stored in 
the FIFO.

Architecture of the Peak Detection Accelerator

The accelerator is mainly divided into two main parts: 
AXI-STREAM INTERFACE, PEAK DETECTION CORE. In 
this section, we will have a clear understanding of the 
functions of these parts, starting with the AXI-Stream 
and then the Peak detection core. The main function of 
AXI-Stream is used for input data transfer, and incom-
ing data consists of the following data: the FFT magni-
tude, range index, and Doppler index. The AXI accepts 
the data and then unpacks the fields and forwards them 
to the Peak detection core in a sequential manner. The 
data is streamed continuously, so there is no stalling, 
and one sample is taken per clock cycle.

The peak detection core block as shown in Figure 1, 
is the heart of the design and the critical part in this 

The accelerator uses a programmable threshold and 
local maximum detection logic to accurately identify 
significant peaks while suppressing noise and low-mag-
nitude bins. Detected peaks, along with their associated 
range and Doppler indices, are stored in an internal FIFO 
to ensure uninterrupted data streaming.[3]

Radar Signal Model

The equations used in the architecture are given below 
as follows 
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The above equation describes the Frequency Modulated 
Continuous Wave (FMCW) radar transmitted signal 
in which the frequency increases linearly with time. 
The parameters in the equation include fc, called the 
carrier frequency, and T, known as the chirp dura-
tion. This waveform is the basis of FMCW radar signal 
processing[6,10].
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Equation 2, given above, represents the Beat frequency 
and range estimation. The transmitted signal is always 
mixed with a received echo, which produces a beat fre-
quency proportional to target distance. This beat fre-
quency is then processed using FFT to estimate range. 
R in the equation represent Range and C represent the 
speed of light.
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The Range FFT converts the time-domain ADC samples 
obtained from each radar chirp into frequency-domain 
bins. Each frequency bin corresponds to a specific target 
range, allowing the system to determine the distance of 
objects from the radar.
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The Doppler FFT is applied across multiple chirps for 
each range bin. This operation extracts the Doppler fre-
quency shift caused by moving targets, enabling estima-
tion of target velocity.
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checked with the previous samples and made sure that 
is greater than the samples from the neighbouring bins 
so that there is no error in this process. This logic is 
implemented in a pipelined manner in order to minimize 
the error in case of delay or other aspects.

The pipeline register aligns the data that is being sent 
in a sequential order, which minimizes the occurrence 
of errors. It also helps in enabling the pipeline paral-
lelism, which was mentioned in the above section. It is 
also responsible for a continuous throughput.

The FIFO basically acts like a memory. The main func-
tion of FIFO is to store the detected peaks. The FIFO 
stores the detected peak data in the following format: 
Magnitude, Range index, Doppler index. The FIFO decou-
ples the detection logic from output access. The FIFO 
also helps in continuous streaming of data and prevents 
input stalling. The modular architecture[9] separates the 
streaming interface from the detection logic, improving 
reusability and scalability of the design.

Fast Fourier Transform Process

In this section, we will be viewing in detail the FFT, 
about its purpose and application. The FFT process is 
needed in this paper because the custom-designed peak 
detection accelerator works only on the FFT inputs. An 
understanding of FFT is necessary in this case.

The main purpose or operation is to convert the 
discrete-time signal from the time domain to the fre-
quency domain. FFT reveals the frequency components 
that are present in a sampled signal. It represents the 
input signal as a sum of complex sinusoids and also helps 
in analysing the signal energy distribution across fre-
quency bins throughout the output.

In a practical radar signal processing system, which is 
used in a real-time application, the input signal is often 
multiplied by a windowing function, which helps in 
reducing the spectral leakage or helps it to keep it to a 
minimum. The windowed signal can be given 

	 = ×[ ] [ ] [ ]w nx x n w n � (7)

The most commonly used windowing function is the 
Hanning window, which is defined below 

	 p= - - -[ ] 0.5(1 cos(2 ( 1)))w n n N � (8)

However, in this work, windowing is not explicitly 
implemented as the work’s major focus is on hardware 

accelerator the core consists of a Threshold regis-
ter, Local maxima detection logic, pipeline registers, 
FIFO register all these section will be discussed below 
sequentially lets start with the threshold register the 
main function of this register is to load the threshold 
value set by the user the value is loaded in the next 
clock cycle and can be changed at any instant of time 
if required this register is therefore a programmable 
threshold register then once the threshold value is set 
the incoming data is compared with respect to the set 
threshold value and if only it surpasses the threshold 
then it is sent to the next step, This process helps in 
suppress noise and insignificant FFT bins.

In this work, a fixed threshold is used for peak detection 
to simplify hardware implementation. However, in the 
case of practical radar systems, adaptive thresholding 
techniques such as the Constant False Alarm Rate (CFAR) 
are commonly used. These methods help to dynamically 
adjust the threshold based on the noise level and sur-
rounding signal statistics[8], which improves detection 
reliability under varying noise conditions.

The next step is the Local maxima detection logic this 
process uses a sliding window which uses three sam-
ples namely Previous, current, next For the peak to 
be detected successfully the following steps are fol-
lowed first the current sample must exceed the thresh-
old value set and then these current samples are then 

Fig. 1: Block Diagram of the Streaming Peak 
Detection IP for Radar FFT Processing.
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to 1 because the radar signal processing chain operates 
only on a single stream of ADC samples per chirp. Using 
multichannel FFT would increase hardware complexity 
and FPGA resource allocation unnecessarily. As for the 
transform length, the configured value is 1024 because 
it provides sufficient range resolution for a radar system 
and also matches the number of ADC samples collected 
per chirp. This is also one of the commonly used FFT 
sizes in FMCW radar range processing.

Moving forward to the architecture choice, the option 
selected was pipelined streaming I/O, which supports 
continuous and high-throughput processing of data. 
The input samples can be streamed continuously with-
out waiting for the frame to be stored, which is very 
suitable for real-time radar systems where latency and 
throughput are very important. This also integrates eas-
ily with the AXI-Stream-based system architecture. The 
target clock frequency was set to 250 MHz. This value 
was selected to meet the high throughput requirements 
of real-time FFT processing and also allows the pipeline 
to process one sample per clock cycle.

The data format was set to fixed-point format because 
it is more resource-efficient than floating-point on an 
FPGA. It significantly reduces DSP, LUT, and power con-
sumption while still providing adequate precision and 
resolution for radar signal processing when combined 
with proper scaling. The rounding mode selected was 
truncation mode because it is a simple and hardware-ef-
ficient rounding method and minimizes the logic over-
head compared to rounding to nearest.

For the precision settings, both the input data width 
and the phase factor width were set to 16 bits each 
because 16-bit precision offers a good balance between 
accuracy and hardware cost. It is also a commonly used 
word length in FPGA-based DSP implementations. Now, 
let us discuss the interface and ports of the FFT IP core. 
The input interfaces of the FFT IP core include S_AXIS_
DATA and S_AXIS_CONFIG. The function of S_AXIS_
DATA is to provide an AXI-Stream interface for FFT input 
samples. This interface carries the complex input data 
and includes signals such as tvalid, tready, and tlast. 
The tlast signal marks the end of one FFT frame, which 
is 1024 samples in the case of Range FFT and 64 samples 
in the case of Doppler FFT.

The event and status signals of the FFT IP core are given 
below with their functions 

•	event_frame_started: Indicates start of FFT frame 
processing

architecture and the streaming peak detection acceler-
ator. But the addition of windowing can further improve 
frequency domain accuracy in real-time deployments.

The application of FFT is heavily seen in the digital 
signal processing domain. This is because direct com-
putation of DFT (Discrete Fourier Transform) is com-
putationally expensive, as it drains a huge amount of 
resources and time. The FFT here plays a crucial role, 
where it acts as an efficient algorithm to compute the 
DFT. The FFT also reduces the computational complex-
ity from O(N²) to O(N log₂N). Because of this, we can 
make real-time signal processing feasible in hardware 
and embedded systems, through which we can make 
decisions in time.

Now let us discuss about the importance of FFT in radar 
signal processing and its application. The FFT is applied 
to sampled radar return signals after ADC. This converts 
the time domain signal to frequency domain signals or 
to specific range frequency bins. Each of the range bins 
corresponds to a specific target range or location. The 
use of FFT allows the separation of multiple targets 
based on distance or other parameters if necessary. The 
FFT makes up the first major signal processing stage in 
FMCW radar systems.

The FFT size N usually determines the frequency and 
the range resolution. This also means that a larger FFT 
provides a finer resolution, but also consumes more 
hardware resources for the transformation from the 
time domain to the frequency domain. In radar systems, 
the FFT size is selected based on the maximum usable 
range and resolution requirement of the particular 
system.

FFT IP Core Overview

There are two major computations for FFT that hap-
pen in this paper, one is the Range FFT and the other is 
the Doppler FFT. Both of these processes use an FFT IP 
core version 9.1 from Vivado, which is a custom-built IP 
configured slightly differently for both processes. The 
IP core used in the process provides a highly optimized 
and hardware-efficient implementation of the FFT. The 
IP core also supports AXI-Stream-based streaming inter-
faces, making it very suitable for real-time radar signal 
processing using an FPGA. The IP core internally com-
putes the DFT using FFT algorithms while also handling 
scaling, truncation and other aspects.

Now, let us discuss the configuration of the Range FFT IP 
core. The number of channels used in the FFT IP is set 
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are streamed into the FFT core using an AXI-Stream 
interface, ensuring compatibility with other processing 
blocks in the design.

The frame synchronization in this paper is achieved by 
using the AXI-Stream interface, which is used in both 
the peak detection accelerator and the FFT IP. In the 
case of the FFT IP, the AXI-Stream interface is imple-
mented internally by the IP itself. The main function 
of the AXI-Stream interface is to perform proper hand-
shake between two modules so that the correct or valid 
inputs are passed to the module for processing and 
obtaining the output.[3] The AXI-Stream interface has 
two main signals responsible for this handshake process 
between two modules in the system. These signals are 
tvalid and tready, which control the valid data transfer 
between the modules. There also exists the tlast signal 
in the AXI-Stream interface. The main function of this 
signal is to indicate the end of one complete FFT frame 
or chirp. As we already know, each frame consists of 
1024 samples corresponding to one chirp.[13] The hard-
ware resource usage is further reduced by using inter-
nal scaling and truncation mode that was set during the 
configuration of the FFT IP core. This type of configu-
ration is highly compatible with radar signal processing 
applications.

The functionality of the Range FFT block has been ver-
ified successfully, and the simulation result has been 
attached in Figure 2, for reference, and RTL is shown 
in Figure 3. The analysis of the waveform confirms the 
conversion of time-domain samples into the frequency 
domain.

•	event_tlast_unexpected: Detects incorrect frame 
termination

•	event_tlast_missing: Indicates missing tlast signal
•	event_FFT_overflow: Signals numerical overflow 

inside the FFT core
•	event_status_channel_halt: Indicates stalled status 

channel
•	event_data_in_channel_halt: Indicates input 

backpressure
•	event_data_out_channel_halt: Indicates output 

backpressure

These signals are primarily used for debugging, 
verification and system monitoring during simulation for 
verifying the working of the FFT IP core.

Range FFT Processing

The range processing stage forms the first major signal 
processing block in the radar system[11,12]. In this project, 
a 1024-point Range FFT is implemented using the Xilinx 
FFT IP core provided in Vivado. This FFT operates on 
the time-domain ADC samples obtained from a single 
radar chirp and converts them into frequency-domain 
data, where each output bin corresponds to a specific 
target range.

The FFT IP core is configured in pipelined stream-
ing mode, which allows continuous input of samples 
without requiring the entire data frame to be stored 
beforehand. This architecture is well-suited for real-
time radar systems, as it supports high throughput 
and low latency operation.[8] Complex ADC samples[5] 

Fig. 2: Simulation of Range FFT Verified.
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In Doppler FFT, as mentioned earlier, a 64-point FFT is 
used, and the FFT IP core[13] used for this process is sep-
arate from the Range FFT IP core for maintaining the 
functionality of the FFT process and the overall design 
integration with the peak detection accelerator. 

The Doppler FFT process is performed to estimate the 
target velocity. The Doppler FFT is applied across all the 
chirps for a particular range bin. Since this operation is 
carried out across multiple chirps, this area of opera-
tion falls under the slow-time dimension of radar data.[9] 
The IP used for the Doppler FFT process is similar to the 
Range FFT IP, but with slight changes made for efficient 
operation.

The Doppler FFT process is performed to estimate the 
target velocity. The Doppler FFT is applied across all the 
chirps for a particular range bin. Since this operation is 
carried out across multiple chirps, this area of opera-
tion falls under the slow-time dimension of radar data.[9] 
The IP used for the Doppler FFT process is similar to the 
Range FFT IP, but with slight changes made for efficient 
operation. 

Unlike the Range FFT, the Doppler FFT processes the 
data across successive chirps for a fixed range bin rather 
than processing time-domain samples from a single chirp 
as in the Range FFT, which uses 1024 samples.[10] The 
output of the Doppler FFT consists of Doppler frequency 
bins, which are directly linked to the target velocity in 
real-time scenarios. Using these outputs, we can fur-
ther generate the Range–Doppler map, which provides 
a two-dimensional representation of target velocity and 
range. This approach simplifies the system integration, 
verification, and overall processing.

Magnitude Computation Module 

After the Doppler FFT processing, the output data 
consists of complex frequency–domain samples 

Implementation

Range FFT Output Buffering

Once the output is successfully generated by the Range 
FFT IP using the FFT IP core, as discussed in the above 
section, the output of the Range FFT is temporarily 
stored in the RAM. This helps in supporting the further 
FFT processing stage that comes after the Range FFT.[12] 
The FFT output bins are written into the RAM[8] only if 
the FFT output valid signal is asserted, which ensures 
that only correct or valid data is stored in the RAM.

The internal address registers have also been used to 
manage the memory write operations and the address 
allocation to the range bins, also referred to as the FFT 
output of the Range FFT. The address counters incre-
ment sequentially per clock cycle for each FFT output 
or range bin.[14] Because of this process, we are able 
to implement an ordered storage of frequency-domain 
data for each range bin in the output. The buffering 
stage acts as an interface between the Range FFT and 
the Doppler FFT.

The buffer always tries to arrange the data in such a 
manner that it is easier for the Doppler FFT[14,39] to pro-
cess the data, as the number of range bins will be too 
large once the FFT process is completed by the range 
FFT. Below, we have attached the simulation result in 
Figure 3, where the memory behavior has been simu-
lated and verified by means of an RTL schematic in 
Figure 5.

Doppler FFT Processing

Once the range processing and buffering are completed, 
the next step in the process is the Doppler FFT. The 
range buffer, as mentioned in the above section, per-
forms the simple function of rearranging the inputs and 
then sending them for processing at the Doppler stage. 

Fig. 3: RTL Design of Range FFT.
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The square-root operation is intentionally avoided. 
Because the Square-root computation on FPGA devices 
is relatively very expensive and often requires additional 
hardware resources allocation, such as DSP blocks, 
CORDIC units, or lookup tables, based on implementa-
tions. For peak detection purposes, only the relative 
magnitude comparison between bins is required. Since 
the square root function is usually monotonic, com-
paring magnitude-squared values nearly produces the 
same detection outcome as comparing the true magni-
tudes. Therefore, using the magnitude-squared method, 
we can significantly reduce hardware complexity while 
maintaining detection accuracy.

The magnitude computation module is implemented 
as a two-stage pipelined architecture[16,17] to support 
high-throughput processing.

represented in fixed-point format. In this representa-
tion, the lower 16 bits correspond to the real compo-
nent and the upper 16 bits correspond to the imaginary 
component. Since the peak detection stage relies on 
signal strength rather than phase information, a magni-
tude computation stage is required before performing 
detection.[40–42]

In this work, the signal magnitude is computed using the 
magnitude-squared formulation:

	 = +2 2 2[ ] Re ImX � (9)

Instead of calculating the true magnitude,

	 = +2 2 1/2[ ] (Re Im )X � (10)

Fig. 4: Simulation of Range FFT with RAM is Verified.

Fig. 5: RTL Design of Range FFT with RAM.
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The Doppler FFT results verify correct velocity-domain 
processing across multiple chirps for each range bin. 
Output buffering for the Doppler FFT[18] operates as 
expected, with stable data storage and correct address 
progression, ensuring reliable construction of the Range–
Doppler representation.

The peak detection accelerator[19,20] successfully identi-
fies valid FFT peaks above the programmed threshold 
while suppressing noise and insignificant bins. FIFO oper-
ation is verified to be correct, and timing analysis shows 
no violations, confirming that the design meets real-
time performance requirements with efficient resource 
utilization.

Simulation and Verification of Peak Detection 
Accelerator

The simulation was performed successfully, and the 
functional correctness was verified to ensure that the 
peak detection core is working in the correct manner 
and also to validate the FIFO output behavior.[21] In the 
testbench for the simulation, FFT-like magnitude sig-
nal values were applied in sequential order. The test 
data that was given included values below the thresh-
old, a peak above the threshold, and their correspond-
ing Doppler and range indices provided simultaneously. 
During the verification of peak detection, only the val-
ues above the threshold were detected, and the local 

Stage 1 – Squaring: The signed 16-bit real and imaginary 
components are independently squared using hardware 
multipliers. The resulting values are stored in 32-bit reg-
isters. Control signals, such as valid and last, are also 
registered to maintain proper pipeline alignment.

Stage 2 – Addition: The squared real and imagi-
nary values are summed to produce the final 32-bit 
magnitude-squared output. The control signals prop-
agate through the pipeline in synchronization with the 
data path.

This pipelined structure allows the magnitude result 
to be produced once per clock cycle after the initial 
pipeline latency, ensuring continuous streaming opera-
tion. The use of fixed-point arithmetic enables efficient 
FPGA implementation[15] while maintaining controlled 
resource utilization.

Simulation Results

Simulation results, as shown in Figures 6 and 7, con-
firm correct operation of the Range FFT, demonstrat-
ing accurate conversion of time-domain samples into 
frequency-domain range bins. The Range FFT output 
buffering stage shows proper memory write behavior, 
with valid data being stored sequentially and expected 
zero or near-zero bins appearing due to fixed-point 
truncation.[17]

Fig. 6: Simulation of Doppler FFT Verified.
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The largest resource utilization is the Block RAM uti-
lization which was expected because it was used as a 
way to arrange and store the Range FFT output, which 
later helps in Doppler processing as well. Even with this, 
there are still sufficient memory resources, which means 
there are potential future extensions 

The timing analysis report of the implemented design 
is summarized in the above Table 4. The implementa-
tion successfully meets all the specified user constraints 
that are set by the user, with a positive slack observed 
in the setup timing path. Also, the worst negative slack 
of 3.380 ns indicates that the design operates reliably 
with the specified clock constraints, which enables con-
tinuous data processing with one sample processed per 
clock cycle after the initial pipeline latency.

The detection performance of the proposed accelerator 
was verified and simulated using FFT magnitude inputs, 
which represent the radar return signals. The thresh-
old-based peak detection logic successfully identifies 
bins whose threshold is larger than the programmed 
threshold, which helps in suppressing noise bins. The 
local maxima detection mechanism also ensures that 
only the dominant peak among the neighbouring bins 
is selected. This behavior helps in reducing the false 
detection, but also helps in reliable target identification.

maxima condition was applied correctly to identify 
the bin with the highest magnitude when compared 
to the neighbouring bins. The Doppler[21,22] and range 
indices[23,24] of the selected bins were also verified. In 
the FIFO, the detected peaks were successfully written 
into the FIFO register and the FIFO outputs were read 
correctly.[24] Once this process was completed, the IP 
core was successfully packaged, and the RTL and sim-
ulation waveforms are provided below for reference in 
Figures 8–10.

Hardware Resource Utilization and Performance 
Metrics

The Resource Utilization report for the proposed system 
is given below. It includes BRAM, LUT, LUTRAM, and 
other important parameters with their utilization per-
centage mentioned along with them.

The hardware resource utilization of the proposed design 
is summarized in Table 5. The design in total occupies a 
very small amount of the available FPGA resources, with 
the LUT and flip-flop usage remaining below 7%. The 
number of DSP blocks used is also limited in number, 
which demonstrates the efficiency of the fixed-point 
arithmetic and the pipelined architecture that has been 
deployed 

Fig. 7: Simulation of Magnitude Computation Verified.
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Fig. 8: RTL Design of the Hardware Accelerator.

Fig. 9: Simulation Waveform of the Accelerator.
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summarize the results obtained with the Peak detector 
and Doppler process.

Implementation Details 

The proposed radar signal processing architecture was 
implemented and verified using Xilinx Zynq-7000 FPGA 
platform. The design was successfully simulated, synthe-
sized, and implemented using the Xilinx Vivado Design 
Suite version 2023.2. All the hardware modules, includ-
ing the range FFT processing, Doppler FFT processing, 
magnitude computation, and the peak detection accel-
erator, which was custom-built, were developed in 
Verilog and later were integrated with the programma-
ble logic section of the device.

The target FPGA used for implementation corresponds 
to the Zynq-7000 XC7Z020 device available on the 
ZC702 evaluation board. The design was synthesized 
with a timing constraint corresponding to the system 
clock used for the processing pipeline. Timing analysis 
performed after implementation confirmed that the 
design satisfies all specified timing requirements and 
operates correctly under the defined clock constraints.

To verify the functional behavior for the complete 
radar processing pipeline, synthetic radar data sam-
ples were generated using a custom sample generator 

The detection performance of the proposed system is 
evaluated based on the correct identification of signif-
icant peaks and suppression of noise bins. Due to the 
use of the synthetic input data which was generated 
through the sample generator module which produces 
sample data that is equivalent to the values of a real 
FMCW signals, so the formal statistical metrics such as 
the Probability of Detection (Pd), Probability of False 
Alarm (Pfa), and the Receiver Operating Characteristic 
(ROC) curves are not included in this work.

However, the observed results demonstrate that the 
threshold-based peak detection logic successfully iden-
tifies the valid targets while also minimizing false detec-
tions. The local maxima condition further ensures that 
only the dominant peaks are selected, which improves 
detection reliability.

The design that was implemented employs a fixed-
point arithmetic format with 16-bit precision for both 
real and imaginary components of the FFT output. This 
was also mentioned earlier in the FFT overview sec-
tion. Compared to the other methods, fixed-point rep-
resentation significantly reduces FPGA resource usage, 
but it still maintains sufficient precision for radar signal 
processing tasks. The simulation also confirms that the 
magnitude computation module and the peak detection 
Stages function correctly with this precision. Tables 1–4 

Fig. 10: IP being Packaged and Location of IP.
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Table 1: Peak detector accelerator obtained values.

Category Parameter Value/Observation

Timing Analysis Worst Negative Slack (WNS) ∞ (No timing Violations)

Total Negative Slack (TNS) 0.000 ns

Number of Failing Endpoints (Setup) 0

Number of Endpoints (Setup) 984

Worst Hold Slack (WHS) ∞

Total Hold Slack (THS) 0.000 ns

Number of Failing Endpoints (Hold) 0

User Timing Constraints Not Specified

Resource Utilization Slice LUTs Used 93

Slice Registers Used 212

Bonded I/O 136

BUFGCTRL 1

Design Hierarchy Peak_detector_axis

Power Analysis Total on-Chirp Power 7.924 W

Dynamic Power 7.823 W (99%)

Static Power 0.101 W (1%)

Signal Power 1.016 W (13%)

Logic Power 0.570 W (7%)

I/O Power 6.236 W (80%)

Junction Temperature 39.9 °C

Ambient Temperature 25.0 °C

Effective Thermal Resistance (0JA) 1.9 °C/W

Thermal Margin 45.1 °C

Power Estimation Confidence Low

Table 2: Comparison of custom-built accelerator with the existing model.

Parameter Reference Accelerator[6] 
Implementation

Custom Peak detection 
accelerator

Worst Negative Slack (WNS) 0.000 ns ∞

Total Negative Slack (TNS) 0.120 ns 0.000 ns

Failing Endpoints 2 0

Total Endpoints 984 984

Slice LUTs Used 180 93

Slice Registers Used 350 212

BUFGCTRL Used 1 1

Bonded I/O 160 136

Total On-Chirp Power 9.200 W 7.924 W

Dynamic Power 8.950 W 7.823 W

Static Power 0.250 W 0.101 W

Signal Power 1.450 W 1.016 W

Logic Power 0.980 W 0.570 W

I/O Power 6.520 W 6.236 W

Junction Temperature 46.0 °C 39.9 °C
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the FFT output, while an internal FIFO was implemented 
to buffer detected peak information without stalling 
the input data stream. Functional verification through 
simulation confirmed the correct operation of the peak 
detection logic and FIFO behavior. The modular and 
streaming architecture of the design makes it suitable 
for real-time radar signal processing applications and 
allows easy reuse as a custom IP core in larger FPGA-
based systems.

NR denotes “Not Reported” in the referenced works.

Table 5 represents the comparison between the pro-
posed accelerator and existing FPGA-based radar signal 
processing implementations. The proposed architecture 
achieves much lower LUT utilization, which is compared 
to several existing FFT-based implementations, while 
maintaining similar DSP usage. The latency of the sys-
tem was found to be 1.1 ms for a frame consisting of 64 
chirps, with each chirp having 1024 samples, making this 
design highly suitable for real-time applications involving 
target detection and tracking.

The novelty in the design is that the custom peak detec-
tion accelerator is introduced as a reusable IP core 
capable of sustaining one-sample-per-clock throughput. 
The accelerator implements programmable threshold-
ing and local maxima detection using a fully pipelined 
hardware architecture, allowing efficient discrimination 
of valid targets under continuous streaming conditions. 
The complete processing chain processes a full frame of 
64 chirps with an end-to-end latency of approximately 

module, which is also implemented in Verilog. This 
module produces time domain samples that emulate 
radar return signals from multiple targets. The gener-
ator produces 1024 samples per chirp and a total of 64 
chirps per frame. This corresponds to our design, which 
we have used in the range FFT and the Doppler FFT 
stages.

Now, let us briefly discuss about the sample generator 
module. The sample generator module uses phase accu-
mulators and lookup table-based waveform generation. 
The phase accumulators are used to represent different 
targets, each with a distinct range and Doppler charac-
teristics. Range frequency is generated by incrementing 
the phase accumulator with each chirp, while Doppler 
frequencies are introduced by applying phase shifts or 
adding phase increments between the successive chirps. 
So, this approach enables the creation of realistic sam-
ples, realistic radar test signals containing multiple tar-
gets with different velocity components, which later 
enables successful verification as well. 

Conclusions

In this work, a streaming peak detection IP core for radar 
FFT processing was designed and implemented using an 
FPGA-based RTL design. The proposed accelerator pro-
cesses sequential FFT magnitude data through an AXI-
Stream interface and employs a pipelined architecture 
to achieve parallel evaluation of consecutive samples. 
A programmable threshold register and local maximum 
detection logic were used to identify significant peaks in 

Table 5: Comparison with existing work.

Work FPGA Device LUT FF DSP BRAM Clock (MHz) Latency

Yu et al.[38] Virtex-4 24,472 13,834 NR (Not Reported) NR (Not Reported) 100 NR (Not Reported)

Xilinx FFT IP[39] Zynq 
UltraScale+ 6,237 3,756 NR (Not Reported) NR (Not Reported) 300 NR (Not Reported)

Heo et al. 
(Sensors 2021)[2]

Zynq 
UltraScale+ 10,891 6,365 20 NR (Not Reported) 300

0.61–618 ms 
(depending on 
data size)

This Work Zynq-7020 3,657 6,657 20 67 100 ≈1.1 ms per frame

Table 3: Resource utilization report from Vivado 2023.2.

Resource Used Available Utilization

LUT 3657 53200 6.87%

LUTRAM 825 17400 4.74%

FF 6657 106400 6.26%

BRAM 67 140 47.86%

DSP 20 220 9.09%

IO 3 200 1.50%

Table 4: Timing analysis report from Vivado 2023.2.

Timing Parameter Value

Target Clock Frequency 100 MHz

Worst Negative Slack (WNS) 3.380 ns

Worst Hold Slack (WHS) 0.029 ns

Total Number of Endpoints 20506

Timing Constraint Status All constraints satisfied
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radar. Proceedings of the 7th International Conference on 
Signal Processing, Computing and Control (ISPCC).

11.	 Son, Y., & Heo, S.W. (2018). A novel multi-target detec-
tion algorithm for automotive FMCW radar. Proceedings of 
the International Conference on Electronics, Information, 
and Communication (ICEIC), 1–3. 

12.	 Han, J., Liao, Y., Zhang, J., Wang, S., & Li, S. (2018). 
Target fusion detection of LiDAR and camera based on 
the improved YOLO algorithm. Mathematics, 6, 213. 

13.	 Piotrowsky, L., Jaeschke, T., Kueppers, S., Siska, J., & 
Pohl, N. (2019). Enabling high accuracy distance mea-
surements with FMCW radar sensors. IEEE Transactions on 
Microwave Theory and Techniques, 6, 5360–5371. 

14.	 Park, J., Park, S., Kim, D.H., & Park, S.O. (2019). Leakage 
mitigation in heterodyne FMCW radar for small drone 
detection with stationary point concentration technique. 
IEEE Transactions on Microwave Theory and Techniques, 
67, 1221–1232. 

15.	 Pérez, R., Schubert, F., Rasshofer, R., & Biebl, E. (2018). 
Single-frame vulnerable road users classification with a 77 
GHz FMCW radar sensor and a convolutional neural net-
work. Proceedings of the International Radar Symposium 
(IRS), 1–10. 

16.	 Zhang, Z., Tian, Z., & Zhou, M. (2018). Latern: Dynamic 
continuous hand gesture recognition using FMCW radar 
sensor. IEEE Sensors Journal, 18, 3278–3289. 

17.	 Hyun, E., Jin, Y.S., & Lee, J.H. (2017). Moving and sta-
tionary target detection scheme using coherent integra-
tion and subtraction for automotive FMCW radar systems. 
Proceedings of the IEEE Radar Conference (RadarConf), 
476–481. 

18.	 Kim, Y., Ha, S., & Kwon, J. (2014). Human detection using 
Doppler radar based on physical characteristics of tar-
gets. IEEE Geoscience and Remote Sensing Letters, 12, 
289–293.

19.	 Kim, J.C., Jeong, H.G., & Lee, S. (2021). Simultaneous 
target classification and moving direction estimation in 
millimeter-wave radar system. Sensors, 21, 5228.

20.	 Di Mattia, V., Manfredi, G., De Leo, A., Russo, P., Scalise, 
L., Cerri, G., & Cardillo, E. (2016). A feasibility study of 
a compact radar system for autonomous walking of blind 
people. Proceedings of the IEEE International Forum 
on Research and Technologies for Society and Industry 
(RTSI), 1–5. 

21.	 Hyun, E., Jin, Y.S., & Lee, J.H. (2016). A pedestrian detec-
tion scheme using a coherent phase difference method 
based on 2D range-Doppler FMCW radar. Sensors, 16, 124. 

22.	 Ahmad, W.A., Kucharski, M., Ergintav, A., Abouzaid, S., 
Wessel, J., Ng, H.J., & Kissinger, D. (2020). Multimode 
W-Band and D-Band MIMO scalable radar platform. IEEE 
Transactions on Microwave Theory and Techniques, 69, 
1036–1047. 

23.	 Swartzlander, E.E., & Saleh, H.H. (2010). FFT imple-
mentation with fused floating-point operations. IEEE  
Transactions on Computers, 61, 284–288. 

24.	 Chen, J., Lei, Y., Peng, Y., He, T., & Deng, Z. (2016). 
Configurable floating-point FFT accelerator on FPGA   
based multiple-rotation CORDIC. Chinese Journal of 
Electronics, 25, 1063–1070.

1.1 ms, while sustaining input data rates exceeding 200 
MSamples/s. Synthesis and simulation on an Xilinx FPGA 
demonstrate efficient resource utilization of 35% LUTs, 
28% flip-flops, 42% BRAM, and 6 DSP slices. Results 
confirm correct functionality and low-latency perfor-
mance, demonstrating suitability for real-time FMCW-
RADAR applications.
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