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Background – Hardware in the Loop

▼ What is Hardware-in-the-loop?

▪ Testing a system by connecting 
physical components to a 

simulated environment.

▼ Cost effective and can enable 

faster development.

▼ Complex DSP requires 

rigorous validation to test real 

world scenarios.
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Background - Cross Ambiguity Function

▼ Cross-Ambiguity Function (CAF): 

▪ Used to estimate the time delay and Doppler shift between two signals.

▪ FFTs are commonly used to compute the CAF to speed up processing, 

especially in radar applications. 
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Background – FPGAs

▼ Field Programable Gate Arrays

▼ FPGAs are chips that can be 

programmed and reprogrammed into 

custom digital circuits.

▪ Essentially a “blank circuit” that can 

be reprogrammed as needed.

▪ Enable Hardware acceleration and 

deterministic timing.

▼ ZYNQ SoC (System-on-Chip) 

FPGAs combine a FPGA with a dual-

core ARM processor.
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Background – PYNQ

▼ Python Productivity for ZYNQ

▼ The processor runs Linux (Ubuntu) to 

host the Python runtime and manage 

hardware.

▼ Browser-based interactive environment 

with access with Jupyter Notebook.

▼ Abstracts communication between 

Processor and FPGA Fabric
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Workflow

▼ First, prototype logic in Python to ensure a 

correct implementation.

▼ Second, implement logic in Vitis HLS to 

generate an FPGA block.

▼ Third, write driver in Python using PYNQ 

to interface with FPGA block. Replace 

previous Python logic.

▼ Fourth, pass real signals to block using 

GNU Radio.
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Python Prototyping

▼ Generate simulated radar 

signals (NumPy).

▼ Implement cross-ambiguity 

function in Python.

▼ Visualize range-Doppler map 

(Matplotlib).

▼ Benefits:

▪ Quick verification

▪ Creates reference for later FPGA 

validation.
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Vitis HLS Implementation

▼ Translate Python logic to C++

▼ Vitis HLS translates high-level C++ 

into optimized hardware.

▼ Make use of pipelining, and Xilinx's 

pre-made FFT block for 

faster computation.

▼ Connect to the PYNQ-Z2's system-on-

chip using Vivado.
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Vivado Block Diagram
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FPGA Integration

▼ PYNQ allows hardware 

control and interfacing via 

Python, from the processing 

system.

▼ Use PYNQ to load our CAF 

core onto the FPGA Fabric.
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Validate FPGA Output

Python Output FPGA Output
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UDP Server and CAF Client

▼ UDP server hosted through 

PYNQ connects CAF block to 

GNU Radio using custom 

client block.

▼ The client embedded Python 

block initializes the server and 

starts communication.

▼ FPGA block returns the range-

Doppler data and the server 

sends it back to GNU Radio.
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Cross Ambiguity Flowchart
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Transmit Signal
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Receive Signal – Read Signal
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Receive Signal – Target and Clutter

Target: Apply "Swerling Model" and "Delay and Frequency Shift" to signal to 

simulate a target

Clutter: Reuse Delay & Freq Shift block to add stationary reflections
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Receive Signal – Add Signals
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GNU Radio Output

Range-Doppler MapTransmit and Receive Signals
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Hardware Comparison

PYNQ-Z2Developer Laptop
(Dell Latitude-7400)

ZCU102

▼ Intel i7-8665U

▼ 8 Cores @ 4.8GHz

▼ 16 GB Memory

▼ Hobbyist FPGA

▼ ZYNQ 7020 Chip

▼ High-End FPGA

▼ Zynq 

UltraScale+  MPSoC 

Chip
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Cross Ambiguity Testing – FPGA Boards

PYNQ-Z2ZCU102
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Cross Ambiguity Testing – Developer Laptop



23

Cross Ambiguity Times
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FPGA Board Latency Times
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Conclusions

▼ Developed a basic hardware-in-the-loop radar simulation using 

GNU Radio and PYNQ for rapid DSP algorithm testing.

▼ FPGA implementations on both FPGA boards consistently 

demonstrated speedups compared to Python-based CAF 

implementation

▼ Data transfer overhead represented a key factor limiting the 

overall performance.

▼ Future extensions could focus on:

▪ Implementing lower latency data transfers

▪ Offloading more of the DSP chain to the FPGA fabric

▪ Investigating performance with a higher number of range-Doppler bins
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