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Agenda

• Typical Design + Testbench Setup

• Co-Simulation concept

• Open-Source tools used

• Real world benchmarks

• Applications and Limitations
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Typical FPGA Design

4

• In my experience:
• Lots of data moving/processing

• Some configuration interface with 
low activity after the initial setup

• Input/Output often uses finished 
IP components (DMA, RFDC, 
Ethernet MAC, …)

• Main implementation effort put 
into the processing part



Typical Testbench

• Testbench for each part of the design

• For signal processing applications:
• Complete bit-accurate implementation of the design in a high-level language

• Verification of the HDL design against the golden model
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Simulation Cycle

• VHDL-Analog of the C abstract machine
specified in VHDL LRM (IEEE 1076)

• Defines what the simulator should do

• For RTL: can be summarized as
1. Execution of all active processes

2. Determine next time a signal driver becomes 
active

3. Update driving values of signals
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Co-Simulation Concept

• Offload the complete design under test 
to an FPGA accelerator

• Every clock cycle:
• Read inputs of the DUT in the simulation

• Apply them to the design inputs in the FPGA

• Perform a single clock cycle

• Read outputs from FPGA accelerator and 
update the output signals in the simulation
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Co-Simulation Concept

• Simulation of any DUT is performed in the same time – independent 
of the design size

• Transfer of port values is main contribution of the 
co-simulation system to the simulation time

• Existing testbenches can be reused – drop-in replacement

• Simulating the design in a cycle-based flow
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Simulation Extension Interfaces

• VHDL, Verilog and SystemVerilog define interfaces for extending the 
simulator at runtime by loading a dynamic library

• By using these interfaces, the user can
• Explore the structure of the currently simulated design,

• Attach callbacks on certain events,

• Read and update the value of signals in the design
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CocoTB

• Co-Simulation framework for writing testbenches in Python

• Launches the Python interpreter in the context of the simulator

• Supports lots of simulators

• Abstraction layer for a unified simulator interface - GPI

https://www.cocotb.org/
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CocoTB - GPI

• Provides a common interface for
• VHPI (VHDL)
• VPI (Verilog and SystemVerilog)
• FLI (Modelsim/Questasim interface)

• CocoTB-specific: starts the Python interpreter by default

• This work extracts the GPI-layer from CocoTB to be usable in 
standalone applications

https://github.com/cocotb/cocotb/tree/master/src/cocotb/share/lib/gpi
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Coyote

• Framework for OS-like abstractions in an 
FPGA

• Developed by the Institute for Computing 
Platforms – Systems Group at ETH Zürich

• Partitions FPGA into one or more vFPGAs
• Each vFPGA can house a different sub-design

• Coyote handles communication from the 
Linux system to the FPGA accelerator

https://github.com/fpgasystems/Coyote
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Implementation
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Implementation

• Co-Simulation Library:
• Setup Coyote

• Get handles to all ports

• Attach callback to rising edge of clock

• Perform the data exchange with the FPGA accelerator

• FPGA:
• Only allow one clock pulse for every data received

• Keep design synchronized to the simulator

• Apply inputs and return outputs
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Benchmarks

• FMCW signal generator
• amplitude and phase correction for the DAC output

• monitor output for mixing of the returned signal

• UVVM verification components for DUT interfaces

• 2 Test cases
• "Low-Overhead": Visual inspection of the resulting Signals in the Waveform 

Viewer for first inspection

• "High-Overhead": Verification of the resulting output values by comparing to 
the outputs of the bit-accurate python module
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Benchmarks - Results
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Benchmarks – Low-Overhead Results (NVC)
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Benchmarks – High-Overhead Results (NVC)
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Applications

• Simulation speedup for large designs

• Verification of the synthesized design

• Simulation of encrypted IP with open-source simulators

• Integration of physical hardware into the simulation
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Limitations

• Only synthesizeable designs

• No metavalues – only '0' and '1'

• Only a single clock domain

• Limited debuggability, no access to internal signals

• No combinatorial dependencies from output ports to input ports –
new value is seen only after the next clock cycle
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What's next?

• Currently just a proof of concept

• Automatic generation of the co-simulation library and the simulation 
adapter from the DUT

• Testing/benchmarking with more/larger designs

• Extend system to use multiple partitions of the FPGA
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