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Presentation Goals

1. Gain an understanding of phased - ‘ 7 é@
array and beamforming concepts — ¢ -

sssssss

2. Learn how simulation models can = =l e
be used to predict array and e
beam behavior for system design Aimuth Cut (elovation ngle = 0.0)
and test Calculated Array Factor

Measured Array Factor - Calibrated

7N
3. Validate simulation models using g™ —
prototype hardware v f,;-/\ .;:?’ thl'l I :fr \h ./,/a .
{EIE o
\ E

4. Learn about practical
applications for phased array
systems
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Agenda

Phased Array Systems Overview
— Basics of Phased Arrays

— Antenna arrays and models

— Calibration

Impairments
— Beam Tapering
— Grating Lobes

Application Examples
— Null Steering

Summary and Topics for Further Study
- Q&A
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Phased Array Systems Overview
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Sharing Spectrum
= FDD: Frequency Division Duplex - TDD: Time Division Duplex

— frequency bands are paired — frequency bands are unpaired

— simultaneous transmission on two — uplink and downlink transmissions
frequencies (one for downlink and the share the same channel an carrier
other for uplink) frequency

— The transmissions in uplink and
downlink directions are time-

multiplexed
H(f) !
i ' ,
FC‘(UL) FC‘(DL) F o0
©00) L — ——
| Uplink (UL) | Downlink (DL} (0.0) ;Don'g::gt EBLg&

Operating band Operating band ! Operating band
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Sharing Spectrum

= Spatial separation :

— arrays of transmit/receive antennas
are employed to transmit or receive a
signal towards a certain direction in
space through beamforming
techniques

- Combine Time, Frequency and
Space for max spectrum efficiency
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What is Phased Array Beamforming?

= The ability to “steer” multiple antennas without mechanical movement
— Moving mass around is relatively slow and mechanical systems need maintenance
— Electronic control allows movement of beams in a fraction of a second
— Steer beams and nulls

= Using multiple, smaller antennas also allows for multiple, independently
controlled beams to be generated
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Where are Phased Array Systems Used?
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Multifunction
Radars

Wireless
Communications

Satellite
Communications
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Beamforming Architectures

Beam formed by weighting RF paths

Single set of data converters
Low power/complexity
Good for coverage

Single narrow beam

ing
Digital combining of multiple analog
beams
1 < m < n sets of data converters
Moderate power/complexity
Compromise between analog and digital

Often the best choice with existing
technology
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Analog World |

Digital World [Z%;
~

al (sum) beam

Digital Beamforming

Beam formed by weighting digital paths

Separate data converters for each element
Highest power / complexity
Highest capacity / flexibility

Wide analog beamwidth, narrow digital
beams
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Hardware Platform — CN0566 Phased Array (Phaser) s
Development Platform
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Figure 33. Single Ramp Burst
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Figure 34. Single Triangular Burst

Figure 35. Single Sawtooth Burst
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Pluto Rev C/D — 1 SMA channel, 1 internal u.FL Channel e

g ANALOG Rev ]
AHEAD OF WHAT'S POSSIBLE™ A/B 1 channel
Kerisl Number . 1044739659930 C/D 2 channel

006f0ff09003fdc2708a7

PCB : Rev.B
Device MAC : 00:05:F7:10:1F:E3
Host MAC : 00:E0:22:6A:6A:3C

5 g ISB UART

B 5| «—s USBE OTG

Tx 2

CLKOUT CLKIN

https://www.analog.com/en/design-center/evaluation-hardware-and-software/evaluation-boards-kits/ADALM-PLUTO.html
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HB100 — 10.525 GHZz?
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Phased Array Design Challenges

Mutual ‘

Coupling * :
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Phased Array Design Skillset Requirements

Mutual
Coupling « RF and Antenna Design

« System Engineering

Signal Interference ‘ * Digital Hardware Design
GICEESSING Rllfigfeeln » Signal Processing Algorithm

Development

Waveform  Software, Firmware, and HDL
Design design

Calibration
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Goal: Establish a Common Design Language and Development

Framework

= Create algorithm and device models
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22 %% Array Model and Steering Vector

23 ¢ = physconst{ LightSpeed’);

24 lambda = c/fc_hblae;

25 phaserModel = phased.ULA( 'MumElements’,8,...

26 'ElementSpacing’,bf.ElementSpacing);

27 steeringVec = phased.SteeringVector{"Sensordrray”,phaserModel,

28 "MumPhaseshifterBits',7, "PropagationsSpeed’,c);

29 %% Load Analog Calibration and Perform Digital Calibration

3@ load('16-Mar-2023_15-42 CzlibrationData.mat’);

31 % Turn on all the channels and apply the analog calibration phase. Collect

32 % one set of data from both channels on Pluto.

33 bf.RxPowerDown{:) = @;

34 bf.RxPhase(:) = PhaseCal;

35 bf.RxGain(:) = calibGainCode;

36 bf.LatchRxSettings();

37 rx();

33 receivedSig HW = rx();

39 receivedfFFT = fft{receivedSig HW);

a8 PlutocGainDifference = mag2db(max(abs(receivedfFT(:,1)))./ ...

41 max{abs{receivedFFT(:,2))));

42 rx.GainChannell = rx.GainChannell + round({PlutcGainDifference);

43

a4 ¥ Find the digital calibration phase

45 phase = deg2rad(-180 : 18@);

46 st_vec = [ones(size{phase)); exp(li*phase)];

47 sig = receivedSig HW*conj(st_wvec);

43 sigfft = fft(sig);
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Beam Pattern (dB)

Goal: Establish a Common Design Language and Development
Framework

-T0

Simulate

ANALYZER

STEERING 3D PATTERN
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Goal: Establish a Common Design Language and Development e
Framework

Azimuth Cut (elevation angle = 0.0°)
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A
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= Validate with hardware

Calculated Array Factor
Measured Array Factor - Calibrated | |
l
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Model-Based Design

Understand what you want to do

RESEARCH

System Specification

- Models are developed early in the
design process to understand

Wh at iS pOSSi b I e Make if form factor Understand what is possible

DEPLOYMENT MODELING

Package, Form Facto Simulatio
- Test cases are developed up- —1h" S
front, and the design is verified at o a—— A ki
every step Valdele Sysem T

/ Add Failing Tests \

= Aka Test Driven Development at N, okl
the SyStem |eve| INTEGRATION IMPLEMENTATION

Afmq’rd nd
uval Coding

System Level Validation ' { Augmentation

Eliminate manu

and reduc hmnrrr

System (HW/SW) Prototype

e system operation
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Challenge:

Show how phase array improves performance in a real
communications example

20



Existing examples

« LTE Receiver Using Software
Defined Radio

RF Signal Capture Baseband Waveform
Analysis
il
Cver-the=-Air
.‘Mﬁrl AR
&
LTE Toolbox™

SDR platform

openExample ('lte/LTEReceiverUsingSDRExample')
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« Image Transmission and
Reception Using LTE Waveform
and SDR

Baseband Waveform RF Transmit & Receive
Genera tion & Decoding

HW Support j
Package
MATLAB
du «— A
LTE Toolbox™

openExample ('lte/SDRImageTransmissionReceptionUsingLTEWaveformExample')

21
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Image Transmission and Reception Using LTE Waveform and SDR

ECTRAL MASK  CHANNEL MEASUREMENTS

Transmitted Image

Stopped VBW = 265.258 Hz RBW = 15.0000 kHz Sample Rate = 15.3600 MHz Frames =1 T = 0.0499999

Received Image: 1x1 Antenna Configuration

22
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Simulation, no impairments Pluto SDR, Wire ANALOG
Exa m p | e p rog reSS : 4\ Constellation Diagram - O X 4\ Constellation Diagram — ] X DF WHAT'S POSSIBLE™

MEASUREMENTS MEASUREMENTS

Equalized PDSCH Symbols Equalized PDSCH Symbols

== B A
4. Image Plot — O X

File Edit View Insert Tools Desktop Window Help il
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Bit Error Rate (BER) = 0.00000. Bit Error Rate (BER) = 0.00000.
Number of bit errors = 0. Number of bit errors = 0.

Number of transmitted bits = 1179648. Number of transmitted bits = 1179648. 23
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Phaser Rx Path
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Calibration

= Measure in free space
— Be aware of reflections

= Compare to theory, see if things
correlate
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4\ Figure 2: Array Factor - Model vs Calibrated vs Uncalibrated

File Edit View Insert Tools Deskiop Window Help

Dcdde @ 0E8E E
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Antenna Array Design and Analysis

= Derive the array pattern from array factor and element pattern

Array Element Array
Factor Pattern Pattern

Array Geometry

s s 0o e e @
T E Y EEE N

o oo e e o @

s s 0o e e @

s 20 e o8 O @

o oo e e o @

o o8 0® o8 @ @ X
s e 88 0808 @ Az 0

L Aperiure Size: El u
¥ (axis = 4m
s=4m
cing:
T
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Model arrays with predefined or custom geometries

Uniform Linear Array (ULA)

Uniform Linear
Array

Uniform Rectangular Array (URA)

Element Spacing
=500 mm
Az =500 mm

Array
Factor

Uniform
Rectangular Array

Circular Planar Array

sy Span:
0.0

X
Ya
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Circular Planar
Array

Hexagonal Subarrays on a Sphere

Custom Array
Geometry

29



4\ MathWorks

ANALOG
DEVICES

Measure Array Pattern

Azimuth Cut (elevation angle = 0.0°)

10
Calculated Array Factor
Measured Array Factor - Calibrated
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~—~ 10 i \ )
a I
= A .'lf
g 20 1 i } r‘/ 3 f J||||| VRN i
g W\ | . Y1\
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rray ol / |/ II l I|| || lll A
Factor N 30} | l ) AN
[} \ | |
= | I lﬁ
= g (I |
-40 + \ '. i
50 F . i
-60 | ' ul
-100 -50 0 50 100

Azimuth Angle (degrees)
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Sidelobes

With all elements at the same gain, we effectively have a box car window.
— This is analogous to rectangular window FFT
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v(t)

0.8

0.6

0.4

0.2

-0.2

Time Domain

FFT

1.0

-0.25

-0.5

Frequency Domain

20 LOG

"N

dB

-20
-30 , \
-40
-50

-60

Frequency Domain

-10

Time domain pulse — frequency domain sin(x)/x — first sidelobe -13dBc, etc.

As pulse becomes wider...
Main lobe narrows
Sidelobes move in
Sidelobe levels remain unchanged

https://www.analog.com/en/analog-dialogue/articles/phased-array-antenna-patterns-part3.html
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Understanding Beam Taperlng Window Functions

o L e = ..J[-r- Bt oy Do e |7

I l Boxcar — 15t sidelobe @ -13dBc
mr\m mnm Narrowest main lobe

o | R

B

)

Hanning — 15t sidelobe < -30dBc

= ({ ‘P Main lobe broadens
m‘[mf_ E W\Wn

-' Ll ]

S 0d OF O DF 04 O OB 1

Blackman — Lowest sidelobes
Broadest main lobe

Note: windowing losses not shown in these examples
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Sidelobe Control: Beam Tapering
Field Domain
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Figure from “Phased Array Antenna Patterns—Part 3: Sidelobes and
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Tapering Example

7l %% Add taper and calibration gain to find new gain control codes

72 taper_dB = mag2db{taper);

73

74 subarrayl_TaperGainCal = subarrayl_CalibGaindB + taper_dB(1:4);

75 subarray2_TaperGainCal = subarray2_CalibGaindB + taper_dB(5:8);

76 subarrayl_TaperGainCal = subarrayl_TaperGainCal - max{subarrayl_TaperGainCal);
77 subarray2_TaperGainCal = subarray2?_TaperGainCal - max{subarray2_TaperGainCal);
78 load('16-Mar-2022 15-31 GainProfile.mat');

79

8a calibGainCode = zeros(1,8);

81 [] fornch =1: 4

82

83 xp = subarrayl_TaperGainCal{nch);

84 calibGainCode({nch) = round{interpl{subirrayl_NormalizedGainProfile(:,nch),gaincode,xp));
&85

86 xp = subarray2_TaperGainCal(nch);

87 calibGainCode{nch+4) = round{interpl{subfrray2_ NormalizedGainProfile(:,nch),gaincode,xp)
88

89 - end

1] calibGainCode(calibGainCode>127) = 127;

91

92 %% Collect data

93 bf.RxGain(:) = calibGainCode;

94 bf.RxAttn(:) = &;

95 bf.RxPhase(:) = @;

96 bf.RxLNAEnable{:) = true;

a7 bf.RxPowerDown{:)} = @;

Normalized Power (dB)
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Moving the beam?

= \When the main beam moves,
everything moves.
— All sidelobes
— All nulls

= Since we have an interferer, how
do we move the beam, while still
ignoring the interferer
— Keep a null in a constant place

Normalized Power (dB)
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Null Steering

% Calculate the steering vector for null directions
wn = steervec(getElementPosition{ula)/lambda,thetaan);

View

Insert  Tools

Desktop

Window  Help
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% Calculate the steering wvectors for lookout directions Dede 20| KE

wd = steervec(getElementPosition({ula)/lambda,thetaad);

% Compute the response of desired steering at null directic
rn = wn' Fwd/ {wn ' Fwn);

# Sidelobe canceler - remove the response at null directior
w = wd-wn*rn;

% Plot the patternm

pattern{ula,fc,-1808:180,8, 'PropagationSpeed”,c, " Type", 'pow:
"CoordinateSystem’, "rectangular’, "Weights',w);

hold on; legend off;

plot{[4e 4@],[-1e@ @], 'r--', LineWidth',2)

text(48.5,-5, "\leftarrow Interference Direction’, 'Interpred
"Color','r', "FontSize",1@)
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Why do we want to Steer Nulls???
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Nulling in action
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EVM

= No Null Steering

EVM peak =316.112%

EVM RMS = 40.873%

Bit Error Rate (BER) = 0.00136.
Number of bit errors = 1605.

Number of transmitted bits = 1179648.
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Null Steering On

Equalized PDSCH Symbols

EVM peak =30.191%

EVM RMS =5.187%

Bit Error Rate (BER) = 0.00000.
Number of bit errors = 0.

Number of transmitted bits = 1179648.
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Conclusion

= |t works = Code:
— https://github.com/mathworks

=  Simulation matches with real

world — https://wiki.analog.com/resources/eva

l/user-quides/circuits-from-the-
lab/cn0566/matlab

= Jested over the air
— https://github.com/analogdevicesinc/
RFMicrowaveToolbox
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For more information

= Understanding Phased Array
Systems and Beamforming

Brian Douglas

This video series provides an overview of the W&
concepts related to phased array systems. A
The series covers the basics of sensor arrays
and shows how manipulating the signal to
each array element independently can allow
for complex beamforming. Throughout the
series, see how beamforming is important for
many applications, such as multifunction
radars and wireless communications.

sATcOM  UHEAMFORMING

WAVEFORM
BASICS

(E) 15:52
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What Are Phased Arrays?

An introduction to Beamforming

Why multichannel beamforming is
useful for wireless communication

Why Digital Beamforming Is Useful
for Radar

Visualizing Radar Performance with
the Ambiguity Function

https://www.mathworks.com/videos/series/understanding-phased-array-systems-and-beamforming.html 43
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