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v Background — Hardware in the Loop

ATLANTIC

V¥ What is Hardware-in-the-loop?

= Testing a system by connecting
physical components to a
simulated environment.
V¥ Cost effective and can enable

faster development.

V¥ Complex DSP requires
rigorous validation to test real
world scenarios.
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V¥ 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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AMD Zyng™ 7020 SoC

V¥ Field Programable Gate Arrays

ARM Processor V¥ FPGAs are chips that can be
' programmed and reprogrammed into
‘1 custom digital circuits.
EPGA = Essentially a “blank circuit” that can
P
Fabric be reprogrammed as needed.

= Enable Hardware acceleration and
deterministic timing.

v ZYNQ SoC (System-on-Chip)
FPGAs combine a FPGA with a dual-
core ARM processor.
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v Background — PYNQ
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V¥ Python Productivity for ZYNQ

V¥ The processor runs Linux (Ubuntu) to
host the Python runtime and manage
hardware.

V¥ Browser-based interactive environment
with access with Jupyter Notebook.

V¥ Abstracts communication between
Processor and FPGA Fabric

el

AMD Zyngq™ 7020 SoC

ARM Processor

PYNQ™

P FPGA
Core Fabric
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Y  Workflow
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V¥ First, prototype logic in Python to ensure a
correct implementation.

V¥ Second, implement logic in Vitis HLS to
generate an FPGA block.

V¥ Third, write driver in Python using PYNQ
to interface with FPGA block. Replace
previous Python logic.

V¥ Fourth, pass real signals to block using
GNU Radio.

Python Prototyping
(PYNQ)

Implement Hardware in C++
(Vitis HLS)

Integrate Hardware in Python
(PYNQ)

Signal I/O to FPGA
(GNU Radio)
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Python Prototyping

Python Prototyping

(PYNQ)

V¥ Generate simulated radar
signals (NumPYy).

V¥ Implement cross-ambiguity
function in Python.

V¥ Visualize range-Doppler map
(Matplotlib).

V Benefits:
= Quick verification

= Creates reference for later FPGA
validation.
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v' Implement Hardware in C++

Vitis HLS Implementation (Vitis HLS)

ATLANTIC

¥ Translate Python logic to C++ e (7« coni (e (-5 )

V¥ Vitis HLS translates high-level C++ X(v):m_ " L; Y
into optimized hardware. 2oz oM M

V¥ Make use of pipelining, and Xilinx's @
pre-made FFT block for Vitis C44
faster computation. e Implementation

V¥ Connect to the PYNQ-Z2's system-on- @

chip using Vivado.

cross_ambiguity 0

=::|+ s_axi_control [ veis™ HLs
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ap_rst_n interrupt
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Y Vivado Bloc
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k Diagram

Integrate Hardware in Python

(2 4\[0)
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Integrate Hardware in Python

(PYNQ)

¥ PYNQ allows hardware
control and interfacing via
Python, from the processing
system.

V¥ Use PYNQ to load our CAF
core onto the FPGA Fabric.

AMD Zyng™ 7020 SoC

ARM Processor

PYNQ™

llf

cross_ambiguity 0

_axi_ Vitis™ HLS
L d m_axi_gmem -|—
ap_rst_n
ross ambiguity (Pre-Production) ) F I rl C
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. Signal I/O to FPGA
Y¥  UDP Server and CAF Client

V¥ UDP server hosted through Server Host 10490201
PYNQ connects CAF block to - aiceeam: o cor. o s
GNU Radio using custom o v sampiecics
client block. Doppter Range: 204
Sample_Rate: 40k
V¥ The client embedded Python Recv_Timeout Ms: 1k AMD Zyng™ 7020 SoC

block initializes the server and
starts communication.

V¥ FPGA block returns the range-

Doppler data and the server
sends it back to GNU Radio.

ARM Processor

PYNQ™

P UDP Server

CAF Output

Receive Signal

Transmit Signal

13
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A / Signal I/O to FPGA

Cross Ambiguity Flowchart (GNU Radio)

ATLANTIC
Options . . . .
Title: Cross Ambitguity PYNQ Variable Variable Variable . Variable
e e T ID: dec_samp_rate ID: num_of samples ID: num_of freq_bins ID: doppler_range
- : Value: 40k Value: 64 Value: 64 Value: 20k
Generate Options: QT GUI

QT GUI Time Sink
Name: Receive Signal
Number of Points: 1.024k
Sample Rate: 40k

Cross Ambiguity Function - Python

in| N Oof S les: 64
File Source Autoscale: No in] Rum_Of_Samp ‘_:S
) ) Num_Of _Freq_Bins: 64 0ut|
File: receive_signal.txt .
Repeat: No Throttle in| Doppler_Range: 20k
Ad: be-gin tag: () Sample Rate: 40k Stream to Vector Sample_Rate: 40k
’ Limit: N ot
Offset: 0 m one QT GUI Matrix Sink
Length: 1.2M Name: Range-Doppler Map
20 Logl0 Vector Size: 4.096k
: H Numb f Col : 64
File Source k: 0 C:rr:os: :Io:l::l‘::s
File: transmit_signal.txt Throttle Cross Ambiguity Client Vector Length: 4.096k Color Map: R;SB
Repeat: No Server_Host: 10.42.0.241 .
P Sample Rate: 40k Stream to Vector - Interpolation: Nearest Neighbour
Add begin tag: () Limit: None Server_Port: 9k
Offset: 0 : Bitstream: z2_caf...db_v1.bit
Length: 1.2M QT GUI Time Sink Mode: fpga

Num_Samples: 64
Num_Freq_Bins: 64
Doppler_Range: 20k
Sample_Rate: 40k
Recv_Timeout_Ms: 1k

Name: Transmit Signal
Number of Points: 1.024k
Sample Rate: 40k
Autoscale: No

AMD Zynq™ 7020 SoC
* CAF Output g## N
ARM Processor

Receive Signal : FPYNQ‘M

Transmit Signal
M~

crass_ambiguity 0
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Signal I/O to FPGA

u u
Transmit Signal (GNU Radio)
ATLANTIC
Options Variable Variable QT GUI Range QT GUI Range
Title: SDR_Collector ID: original_samp_rate ID: dec_samp_rate ID: tune ID: gain
Output Language: Python Value: 2.4M Value: 40k Label: tune Label: gain
Generate Options: QT GUI Default Value: 100 Default Value: 256
Start: 87.9 Start: 0
Stop: 107.9 Stop: 500
Step: 200m Step: 1
RTL-SDR Source
Sync: Unknown PPS
Number Channels: 1 Low Pass Filter
Sample Rate (sps): 2.4M Decimation: 60
ChO: Frequency (Hz): 100M Gain: 256 File Sink
ChO: Frequency Correction (ppm): 0 - . Sample Rate: 2.4M File: transmit_signal.txt
‘@ ChO: DC Offset Mode: 0 Cutoff Freq: 100k r >. Unbuffered: Off
ChoO: 1Q Balance Mode: 0 Transition Width: 50k Append file: Overwrite
ChO: Gain Mode: False Window: Blackman
ChO: RF Gain (dB): 10 Beta: 6.76
ChoO: IF Gain (dB): 20 QT GUI Sink
ChoO: BB Gain (dB): 20 Name:

FFT Size: 1024

Center Frequency (Hz): 0
Bandwidth (Hz): 40k
Update Rate: 10

15
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¥  Receive Signal — Read Signal (GNU Radio)
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File Source

File: transmit signal Throttle

R t: N Virtual Sink

epeat- No lout-»{in| Sample Rate: 40k Stream to Vector o
Add begin tag: () Limit: None Stream ID: transmit_signal

Offset: 0
Length: 1.2M

QT GUI Time Sink
Number of Points: 1.024k
Sample Rate: 40k
Autoscale: No

16
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Receive Signal — Target and Clutter (GNU Radio)
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Target: Apply "Swerling Model" and "Delay and Frequency Shift" to signal to
simulate a target

Swerling Model Delay & Freq Shift

. N Of S les: 8 Fast Multiply Const . .
Virtual Source Avg _Rcs: 300m - . S::-IG-R::;_F;ZSK - . E— 2p y Virtual Sink
Stream ID: transmit signal Update Rate: 21 - - ) ) Stream ID: target reflect

- - Freq_ Shift: 0 Vector Length: 8 -
Vector Length: 8 -
- Delay: 4

Clutter: Reuse Delay & Freq Shift block to add stationary reflections

Delay & Freq Shift

Num_Of Samples: 8 Fast Multiply Const = =
Sample_Rate: 40k H Constant: 400m ﬂ Strear:::'u::tf;:‘tb'ect 1
Freq_Shift: 0 Vector Length: 8 ’ -onlect.
Delay: 2

Virtual Source
Stream ID: transmit_signal

Delay & Freq Shift

Num_Of Samples: 8 Fast Multiply Const : .
sample_Rate: 40k  [§ll—»Jifll Constant: 400m Vitkun' sk

= Stream ID: clutter object 2
Freq_Shift: 0 Vector Length: 8 - a=
Delay: 5

17
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¥  Receive Signal — Add Signals
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Signal I/O to FPGA

(GNU Radio)

Virtual Source
Stream ID: target_reflect

Virtual Source
Stream ID: clutter object 1

Virtual Source
Stream ID: clutter object 2

Add
Vector Length: 8

Fast Multiply Const

H Constant: 1.4

Vector Length: 8

“ Vector to Stream _—b.

File Sink
File: receive_signal.txt
Unbuffered: Off
Append file: Overwrite

18
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GNU Radio Output (GNU Radio)

ATLANTIC
Transmit and Receive Signals Range-Doppler Map
Transmit Signal i
1 c = Real ?:tl:aiionary " /Ta rget
os = Imag utter ?
§ 0 1] 14
1!
E | |
0.5 ! E 13 5
i, . . . . . & z
0 5 10 15 20 25 8 .
Time (ms)
Receive Signal I
g m Real LL
e = Imag
§ 10
g o
<
0 5 10 Tina (ms) 15 20 25
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¢  Hardware Comparison
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Developer Laptop PYNQ-Z2 ZCU102
(Dell Latitude-7400) '

(T

o

w CC .
& o) = LRE dd =

¥ Intel i7-8665U ¥ Hobbyist FPGA V¥ High-End FPGA
Vv 8 Cores @ 4.8GHz V¥ ZYNQ 7020 Chip Y Zyng

UltraScale+ MPSoC

v 16 GB Memory ch
P
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Cross Ambiguity Testing — FPGA Boards

Options
P o Variable Variable Variable Variable

Title: Cross_Ambitguity_PYNQ X

ID: dec_samp_rate ID: num_of _samples ID: num_of _freg_bins ID: doppler_range
Output Language: Python

Value: 40k Value: 64 Value: 64 Value: 20k
Generate Options: QT GUI

QT GUI Time Sink

Name: Receive Signal
Number of Points: 1.024k
Sample Rate: 40k

Cross Ambiguity Function - Python

in| Num_Of_Samples: 64
File Source Autoscale: No [m - P ) —
) _ Num_Of Freq_Bins: 64 out|
File: receive_signal.txt - - 7
Repeat: No Throttle [in| poppler_Range: 20k
L2zl - Sample Rate: 40k Stream to Vector Sample_Rate: 40k

Add begin tag: () - =
Offset: 0 . QT GUI Matrix Sink
Length: 1.2M Name: Range-Doppler Ma

g Log10 ge-Dopp! P

R Vector Size: 4.096k
) Number of Columns: 64
File Source k: 0 Contour Plot: False
File: transmit_signal.txt Cross Ambiguity Client Vector Length: 4.096k ’
Repeat: No Throttle Server_Host: 10.42.0.241 Color Map: RGB
pe " Sample Rate: 40k Stream to Vector - T Interpolation: Nearest Neighbour

Add begin tag: () I — Server_Port: 9k
Offset: 0 . Bitstream: z2_caf...db_v1.bit
Length: 1.2M Mode: fpga

9 QT GUI Time Sink L

Num_Samples: 64
Num_Freq_Bins: 64
Doppler_Range: 20k
Sample_Rate: 40k
Recv_Timeout_Ms: 1k

Name: Transmit Signal
Number of Points: 1.024k
Sample Rate: 40k
Autoscale: No

AMD Zynq™ 7020 SoC
* CAF Qutput g~ N
ARM Processor

Receive Signal : PYNQT

P UDP Server
;

Transmit Signal

cross_ambiguity, 0

ZCU102 PYNQ-Z2
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Cross Ambiguity Testing — Developer Laptop

Options
pt N Variable Variable Variable Variable
Title: Cross_Ambitguity PYNQ )
- - ID: dec_samp_rate ID: num_of samples ID: num_of freq_bins ID: doppler_range
Output Language: Fython - - - - - -
Value: 40k Value: 64 Value: 64 Value: 20k
Generate Options: QT GUI

QT GUI Time Sink
Name: Receive Signal
Number of Points: 1.024k
Sample Rate: 40k

Cross Ambiguity Function - Python

Num_of_Samples: 64
File Source Autoscale: No - -
i R Num_Of_Freq_Bins: 64
File: receive_signal.txt -
e Throttle Doppler_Range: 20k
o Sample Rate: 40k Stream to Vector Ssample_Rate: 40k
Add begin tag: () Limit: None
Offset: 0 : QT GUI Matrix Sink
Length: 1.2M Log10 Name: Range-Doppler Map
0 Vector Size: 4.096k
n:
N ber of Col : 64
File Source kiD umber of olumns
File: transmit_signal.txt Cross Ambiguity Client Vector Length: 4.096k Contour Plot: False
) =t Throttle c Color Map: RGB
Repeat: No Server_Host: 10.42.0.241 .
Sample Rate: 40k Stream to Vector Interpolation: Nearest Neighbour
Add begin tag: () Server_Port: 9k
Limit: None ) _
Offset: 0 - | Bitstream: 22 _caf..db_v1.bit
in
L h: 1.2Mm : Mode: fi "
Snot QT GUI Time Sink oce: thga il

o Num_Samples: 64
Name: Transmit Signal _in| .

Number of Points: 1.024k
Sample Rate: 40k
Autoscale: No

Num_Freq_Bins: 64
Doppler_Range: 20k
Sample_Rate: 40k
Recv_Timeout_Ms: 1k
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Cross Ambiguity Times

14
12
10

Time (ms)

L L =L I = =

el I.l

8x8 bins

CAF Processing Times

16x16 bins 32x%32 bins B4xB4 bins 128x128 bins 256x256 bins

# of Bins (Range-Doppler)

W Developer Laptop B PYNQ-Z2

ZCU102
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FPGA Board Latency Times

Time (ms)

35

25

15
10

8x8 bins

16x16 bins

Latency Times

32x%32 bins

64x64 bins

# of Bins (Range-Doppler)

B PYNQ-Z2

ZCU102

128x128 bins 256x256 bins
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(4 Conclusions
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V¥ 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

V¥ Data transfer overhead represented a key factor limiting the
overall performance.
V¥ Future extensions could focus on:
* |[mplementing lower latency data transfers
» Offloading more of the DSP chain to the FPGA fabric
= |nvestigating performance with a higher number of range-Doppler bins

25
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