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Phased array systems are used in many applications

Multifunction 
Radars

Wireless 
Communications

Satellite 
Communications

Acoustics
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Key Takeaways

Beamforming for interference mitigation

HDL Code Generation for Beamforming 
algorithms

Integrated Verification of HDL Code
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Model interference between airport surveillance radar and 5G
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Total array pattern can be computed from pattern multiplication

× =
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There are many parameters needed to model an array

Element position and normal Element taper Subarray architecture
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There are multiple mathematical patterns to get started with

No Polarization Polarized

Isotropic

Cosine

Gaussian

Cardioid

Sinc

Short dipole

Crossed dipole
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▪ Dipole and bowtie antennas 

▪ Monopole antennas 

▪ Patch antennas

▪ Spiral and loop antennas

▪ Slot antennas

▪ Helix antennas

▪ Fractal antennas

▪ Waveguide antennas

▪ Horn and cone antennas

▪ Other common antennas

▪ Backing structures

▪ Import custom antenna pattern

Antenna Toolbox provides many additional antenna elements  
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Null out the interference with beamforming

Interference
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Reduce the interference by nulling the base station beam pattern 

toward the radar
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Beamformers can be categorized in many ways

Phase Shift

MVDR

LCMV

Time Delay

Time Domain LCMV

Frost

Subband Phase Shift

Subband MVDR

GSC

Adaptive

Data Independent
Time 

Domain

Frequency 

Domain

Narrowband

Wideband

MVDR: minimum variance distortionless response 

LCMV: linear constraint minimum variance     

GSC: generalized sidelobe canceller
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There are many beamforming options with phased arrays

Digital Beamforming

Baseband

RF

RF

RF

RF

H Baseband

RF Beamforming 

Hybrid Beamforming
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MMRFIC Implements a 5G Massive MIMO Array with 

Hybrid Beamforming

“Hybrid beamforming system design for 5G massive 

MIMO arrays using MATLAB, Phased Array System 

Toolbox, and 5G Toolbox helped us in evaluating 

various hardware options as well as their 

performance in realistic 5G scenarios.”

- Ganesan Thiagarajan, C.T.O., MMRFIC Technology 

Private Limited, India

Hybrid beamforming system structure: transmitter, channel, 

and receiver.
Link to case study

https://www.mathworks.com/company/user_stories/case-studies/mmrfic-implements-a-5g-massive-mimo-array-with-hybrid-beamforming.html


1515

Generate HDL for Beamforming Algorithms

HDL Workflow ▪ Workflow illustration
• Algorithm modeling 

• HDL code generation

• Testing and verification
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Key Takeaways

Beamforming for interference mitigation

HDL Code Generation for Beamforming 
algorithms

Integrated Verification of HDL Code
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Adaptive Beamforming (Minimum Variance Distortionless Response!)

• Algorithm chooses optimal weights 

based on receive data statistics

• Improve SNR by automatically 

placing nulls at interference angles

+

Adaptive 

Algorithm

w1

w2

w3

w4Interferer

Signal of 

interest
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Beamforming Demonstration
Test Setup

MATLAB

Signal of 

Interest

Interference

MVDR 

AlgorithmSignal of interest

Steering Angle

Apply

Beam Steer

Weights

Apply

Beam Steer

Weights

4 ADC and DAC 

SMA loopback

+

Signal of interest

Steering Angle

Interference

Steering Angle

ZU49DR RFSoC

MVDR

Data Capture

T
C

P
/IP

:

F
P

G
A

 IO

Emulate 4-element ULA
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Live Demo available at our Technology Showcase booth 

Implementing Adaptive Beamformer 

on RFSoC

• RFSoC Adaptive Beamformer with 4 

channels

• Places nulls in interference locations and 

maximizes beam pattern for steering 

direction

• Interactively steer angles for interference and 

beam pattern at run time
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Beamforming… Glance into Theory!
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MVDR Beamformer Solution Steps

1) Form Covariance Matrix

2) Compute Weight Vector, Solve for ‘x’

3) Normalize Response

4) Form Output Beam

in MATLAB
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How to Go from MATLAB Algorithm to HDL Implementation?

?
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FPGA Implementation Challenges

▪ Fixed-Point Math

▪ Performance vs Area tradeoffs

▪ Data Rate vs Clock Rate

▪ Project Timeline
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HDL Implementation Workflow

MATLAB 

Reference

Hardware 

Architecture

Fixed-point 

Implementation

HDL Code Generation 

and Optimization

Simulink

HDL Coder

Fixed Point 

Designer

HDL Verification 

and Targeting 

MATLAB

Integrated Verification
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MATLAB MVDR reference code

function Y = mvdr_beamform(X, sv)

% form covariance matrix
Ecx = X.'*conj(X);

% compute weight vector
wp = Ecx\sv;

% normalize response
w = wp/(sv'*wp);

% form output beam
Y = X*conj(w);

end

100+ hours of 

design time saved!
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HDL Implementation of MVDR Beamforming 



2828



2929

HDL Implementation of MVDR Beamforming 

Fixed-Point Conversion using Fixed-Point Tool:

PREPARE COLLECT RANGES CONVERT DATA TYPES VERIFY
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Form Covariance Matrix 

▪ For Each subsystem 

– Process elements independently 

– Concatenate results into outputs

% form covariance matrix
Ecx = X.'*conj(X);
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Moving Average 

▪ Use HDL Implementation properties 

to map large delays to Block RAM
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Compute Weight Vector 

▪ Use Complex Matrix Solve block from 

Fixed-Point Matrix Linear Algebra Library % compute weight vector
wp = Ecx\sv;

100+ hours of 

design time saved!
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Normalize Response 

▪ Perform divide using reciprocal and multiply

▪ Fixed-point CORDIC reciprocal “just works” % normalize response
w = wp/(sv'*wp);
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Form Output Beam

% form output beam
Y = X*conj(w);▪ Use HDL Block properties to set 

Architecture to Tree
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Pre-verified, hardware-ready Simulink blocks and subsystems
Matrix solve, GSPS signal processing, Wireless, Vision & More..
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Check, Generate and Synthesize HDL using

▪ Check model for HDL compatibility

▪ Generate HDL code and design 

summary

▪ Trace between HDL code and model

▪ Run synthesis and review results
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Readable, Traceable RTL Code

Trace between generated RTL to 
model and requirements
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Code Generation Report

▪ Resource Utilization 

Report

▪ Critical Path 

Estimation Report



3939

Implementation Results

▪ Device: xczu49dr (ZCU216)

▪ Maximum frequency: 370 MHz

▪ Resource utilization: Resource Utilization (%)

LUT 46K 10.9

LUTRAM 1.5K 0.7

FF 37K 4.3

BRAM 18 1.7

DSP 94 2.2

Xilinx ZCU216 RFSoC Eval Board

MATLAB

Simulink Ethernet

Leaving you still 

a lot of room for 

integration!
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RF Pixels Verifies Millimeter Wave RF Electronics on a Zynq 

RFSoC Based Digital Baseband

Challenge
Test and demonstrate radio front-end designs that 

incorporate specialized RF electronics hardware and 

millimeter wave spectrum technology

Solution
Use MATLAB and Simulink to implement a digital 

baseband and deploy it to a Zynq RFSoC board for 

over-the-air testing

Results
▪ Engineering effort reduced by one year or more

▪ Digital baseband implementation completed by a 

single engineer

▪ Design iterations reduced from weeks to days

“By adapting the LTE golden reference model from Wireless 

HDL Toolbox and deploying it to a Zynq UltraScale+ RFSoC

board using HDL Coder, we saved us at least a year of 

engineering effort—and this approach enabled me to 

complete the implementation myself, without having to hire 

an additional digital engineer.”

- Matthew Weiner, RF Pixels

Digital baseband implemented in HDL, used to verify the RF Pixels radio 

front end.

Link to technical article

https://www.mathworks.com/company/newsletters/articles/verifying-millimeter-wave-rf-electronics-on-a-zynq-rfsoc-based-digital-baseband.html
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Key Takeaways

Beamforming for interference mitigation

HDL Code Generation for Beamforming 
algorithms

Integrated Verification of HDL Code
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Automated HDL Test Bench

▪ Generate HDL test bench with test 

vectors captured from Simulink model

▪ Run HDL simulation (using Vivado

Simulator, Questa, etc) to verify 

correctness of generated RTL 

Synthesizable 

RTL

0110 1100

1001 0010

=?

1001 0010

== passed

Test bench

Verify



4343

HDL
Verifier

Algorithm Verification

HDL Cosimulation

FPGA-in-the-Loop
FPGA Debug

AXI Manager

Data Capture
Verification IP Export

SystemVerilog
Generation

UVM Generation

HDL Verifier
Test and verify Verilog and VHDL using HDL simulators and FPGA boards
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HDL Verifier
Test and verify Verilog and VHDL using HDL simulators and FPGA boards

FPGA Debugging (Data Capture and AXI 

Manager)

UVM Testbench / SystemVerilog DPI-C 

Test Components Generation

HDL Co-simulation FPGA-in-the-loop

System-C TLM 2.0 Components 

Generation

MATLAB Simulink

DPI-C
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HDL Cosimulation Setup Creation
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Execute simulation, 

equivalence and baseline tests

Combining with power of Simulink Test Manager
Develop, manage, and execute simulation-based tests

Author, manage, 

organize tests

Test Browser Test Results Reports

Review, export and 

report
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Summary and Resources
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Key Takeaways

Beamforming for interference mitigation

HDL Code Generation for Beamforming 
algorithms

Integrated Verification of HDL Code
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Beamforming Demonstration

▪ ZCU111 RFSoC Adaptive Beamformer demo for 4x4 matrix solve for 4 channel ADC/DAC

▪ Places nulls in interference locations and maximizes beam pattern for steering direction

▪ Interactively steer angles for interference and beam pattern at run-time

Download from

File Exchange

https://www.mathworks.com/matlabcentral/fileexchange/89619-fpga-adaptive-beamforming-and-radar-examples
https://www.mathworks.com/matlabcentral/fileexchange/89619-fpga-adaptive-beamforming-and-radar-examples
https://www.mathworks.com/matlabcentral/fileexchange/89619-fpga-adaptive-beamforming-and-radar-examples


5151

Learn more about Phased Arrays and Beamforming basics

Understanding Phased Array Systems and Beamforming

https://www.mathworks.com/videos/series/understanding-phased-array-systems-and-beamforming.html
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Learn More 

▪ Visit MATLAB for FPGA, ASIC, and SoC Development solution page

▪ Learn more about FPGA Design with MATLAB

– HDL Coder Self-Guided Tutorial

– HDL Coder Evaluation Reference Guide

https://www.mathworks.com/solutions/fpga-asic-soc-development.html
https://www.mathworks.com/matlabcentral/fileexchange/69651-hdl-coder-self-guided-tutorial?s_tid=srchtitle
https://www.mathworks.com/matlabcentral/fileexchange/58941-hdl-coder-evaluation-reference-guide?s_tid=srchtitle
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