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Challenges with Large Array Systems

= Design & simulation of multi-stage, multi-channel RF chains

= Large antenna arrays

— Antennas need to be close together to avoid grating lobes
— Digital beamforming can be complex and power hungry (BW x N, many ADCSs)
— Analog beamforming has limited capabilities

= Array structures are complex

« Design & simulation of multi-function, multi-domain systems
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Agenda

RF budget analysis and performance simulation of large arrays
Partition beamforming between the digital and RF domains
Antenna & array design

Integrate antenna and array designs in system level models

Summary



4\ MathWorks

Project Requirements

= Requirements review
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« RF budget analysis and performance simulation

— Gains of TX array and individual channels
— Gain variations and array radiation pattern
— Non-linearity via two-tone test

— Phase noise and other RF impairments



Budget Analysis with RF Budget Analyzer

4\ FF Budget Analyzer - rfbudget_chan

= ¢

S-parameters Generic  Export

M= 1 - -
o O EH T B &

New Open Save Delete Amplifier Modulator

- - - -
FILE DELETE ADD ELEMENTS EXFORT
| rfbudget_chani |
System Parameters
Input frequency: 100 MHz G G G G G G G
NF NF NF NF NF NF NF
Available input power: | 20 dBm P3 P3 P3 P3 P3 P3 P3
Signal bandwidth: 10 MHz Modulator Generic Generic Generic Generic Generic Generic Generic
Element Parameters Stage 1 2 3 4 5 3 3
— Gain& (dB) 0 i 01 02 07 5 5
NF (dB) 0 o 0 i 0 i i
P Generic 0IP3 (dBm) Inf nf Inf Inf Inf 55 &0 50
Available power gain: |6 dB :
- Cascade 1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
. X -
TTERELE 98 || & Fout(MHz) 1100 1100 1100 1100 1100 1100 1100 1100
0IP3: (50 dBm Pout (dBm) 20 14 139 13.7 13 18 24 29
) BainT (dB) 0 I 51 63 J = 4 9
Input impedance: |50 Ohm
NF (dB) 0 o 0 i) 0 i) i)
Output impedance: |50 Ohm OIF3 (dBm) Inf Inf Inf Inf Inf 55 57.46 58.05
SNR (dB) 124 124 124 124 124 124 124 124
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Demo: Build Large Size RF Transmit Array
Programmatically

|

RF Transmit Array

RF Test Bench RF |
Configuration /

T T T T T T T T T T T T T T T 1

20 u “. y »{SL RF| t Connection Port1 out u ‘.‘. y > l:| -
Available fen fen Output power (dBm) i
input power dBm to Linear Inport Thermal Noise TX Array RF Linear to dBm :’: 7
(dBm) = 1
Hi
& =11
) e
Subtract TransgdCer gain (dB) :F -
WWWWWWWWWW o =
1:n split unit =T
[ S e i B e =)
Cascaded RF components I —
[ |
G G G G G G
O>— N NF NF NF NF N —< D
Connt IP3 IP3 IP3 IP3 IP3 IP3 Conn2
A ¥ ¥ ¥ ¥ A
manifold t-line loss manifold divider loss Phaser Front-end Amp Front-end Amp1 Front-end Amp2



Specify the size of the array and click ‘Run’

A Editer - CA\Work\Semunaed\ SenRP\ TX_Arvay_Project\ Warkdlow! buld_main.m

.

1 -

1€ = paths/antenns

17

18

15 % butld_mainm puts the RF networks into 2 subsystem
20 % bulldTTXArray_main.m does not hide the RF networks.
21

22 %% Clean up

23— ciear;

L close all;

= oc;

26 %delete TX Amray*six’

27

28~ load_system{ sinwfV2elements’;

29 — load_system({ simeV2utiil

30— load_system{simefV2sources 'y,

ax= load_system{ riBudgetAnalyzer bk

32

33 S o

34 %%

35
36
k1)
38 - filename = rf_example xisx’;
39 - sheet = RF Component Chain’}
40~ GHz = 1e9;

= opecily the size of the transmitler array
sizeAmray = 64; 5 Has to be > =4 and be 3 power of 2;

3= InputFrequency = GHz * xisread(filenamesheet, 527
[ SignalBandwidth = 10e6;

43—  AvailablelnputPower = 20;

L1

J bolld& | bmu_m-'mm-ﬂmll_m“ x'_ len’hpomq_&dumubn ¥ | GECEmmatorm % | Widebandfodiatorm | +

“rpt iln 2 Co 1
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Workflow (build large size transmit arrays)

= Step 1:
— Build basic RF component chain models from an excel sheet

— Introduce frequency dependent parameters, variations
(randomness, e.g. gain), non-linearity, and other RF
Impairments, if desired

— Modify them manually if necessary (‘beautify’ the models), and
form a library of basic RF models (stage units)

= Step 2:
— Build large size transmit array programmatically with basic RF
models in the library and other Simulink and RF Blockset
blocks

= Step 3:

— Build test benches around the transmit array programmatically

)

Perform budget analysis and performance simulation

4 MathWorks



Examples

L LT R e—

O 2o Yew Dugly Diggew  Jewdoos bl Code  Jook  tiele

- D x

Z-=a-9 Ho-S-wdor « [F-u |-G~ j-
AUt
= .
i (2)
ol
- Step 1 example Porz
2 ———1 Connection Port2
|
i Connection Port3 —@
EENICTET N () | comecionon b
3| suactplemes 3 [ SoRmsion YT ITiAyhE e X | GMTOM i % | WA | | o
3 % Buid »a basic ransmit array unit Tor & singié carmier frequency R split2Block
2 % Running tres script wiil produce the following models Allbe e —r—r
3 % 1) rMbsle
: : ' :il :“;,m'::" e ¥4 sphleit_aueey spleZBiock * - Smunk - g X
S » 3 LN _auto sis
3 % He &3t View Onply Olgam  Seultion  Andpss  Code ool Helo
- % Neil Ding, D3/0372016 Copyright MathWaorks, Ine m S B B @« ‘5 ‘ - -y Y y i » w (@~ -
& ey [l.‘-.«« hpnl-vj
] %% Clean up E
10 - dc
3= clear; %
= close alt 3
13~  close_system('sy: 0% RN O 3 < e > @
s - & | Connection Port 2 —J Connaclion Port2
15 %% Spedify top level system paramcters
1§- filename = b example s a — = 3 b_unitt
i 1 T Power - >,
12- sheet = 'RF Component Chain’) %8 RN sutol pii2Block/ it | Divider! =
18- GHreles: L e CoDoscoa P2 —@
19 = freq = GHz * Wsread{filename sheet 527, Br-m-f & : Connection Pod |4~ i ~
0=  systemBW  10e6 § - ™, uni2
2t = inputPwr = 20; Vi s 8
22 8 »
23 %% Create unit object and populate its parameters Rewdy o VerishieSireitn |
24 - {Gaumtxt] = xisteadifilename sheet, A3 B8 @
28 - e = rfintemalapps budget Generic -4 |
26— e = clones{) Jength(Gnum))); -
N= [eName]} = tatl); Sdealinall) &
a o o s o o
2 ) @— n " L L wr N
20 - 9 = num2ceil{Gaum); [ Cancnciun Pont | L ' L] N " Y ” g ™ | Cornecton P
0~ {e.Gain] = gf}; % include gain variations here if necessan| 7] ey ey rrora) ~— Frosedrrg FrsedArg? »;-uukw)
33- b = rf.intemal apps budgetfbudget(€, freq, systemBW.ing
2
r
-/
»
Ready 100% VerableStepAutn
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Examples

= Steps 2 & 3 combined example

|Z Editor - C\World\Seminars\SimRP\TX_Array_Project\Workflow\build_main.m

EDITOR

PUBLISH

49
20
21 —
52 —
S
S

2 | buildSplitUnitsm | build_main.m | buildTXArrayRF.m | bu
34 %% Specify top level system parameters

35 % Specify the size of the transmitter array

36 — sizeArray = 64; % Has to be >=4 and be a power of 2;
37

38 - filename = ‘rfb_examplexlsx;

30 — sheet = 'RF Component Chain’;

40 — GHz = 1e9;

41 — InputfFrequency = GHz * xlsread(filename,sheet,'B2");
42 — SignalBandwidth = 10e6;

43 — AvailablelnputPower = 20;

44

45 %% load the rray model

Step 2

elete "txArrayRF.sh;
d = buildTXArrayFun(sizeArray);
load_system(txArrayRFY;

% Set a starting point in a blank mode RF
x =20,
dx = 4[}; Configuration
dy = 85;
v = 200+dv*sizeArrav/2;
20 u oy pSL RF
Available fon
input power dBm to Linear Inport
(dBm)

Thermal Noise

\\\\\\\\\\\\\\\\\\\L

HENNNN NN NN NN H NN

[’4

Connection Port1 out |—

o o]

TX Array RF

Linear to dBm

Output power (dBm)

T ]

Subtract Transducer gain (dB)

4\ MathWorks

11



4\ MathWorks

RF Budget Analysis and Performance Simulation

= Examine Gain/Power Levels

Gven - Semusied - =) X

7;.‘ T8 by A _Gon - Smudink

e 0 Vew Dupwy Degom  Seabeasn Awyss Coce Rch  telp

R-=-N ﬂﬂ-ﬁ-r—us&yw . wo 13 | e @itk

TR Mirw 4 Gy

-

“ »> __J

a e E —

e Subtract! Single Channel
™ Transducer Gain (dB)
E

. T g I N

fon

Output power (dBm)2

RF = Linear to dBm1
Configuration oul L by 20%0g10(4) = 12 ¢B
outt >
20 u‘y SL RF—?—@-—CotmcnmPom u‘y l—J
fi oz $ fon
Avalable L Qutput power (d8m)
nput power dBm 1o Linear Inport_pwr  Thermal Noig Linear to dBm
(dBm) out3d A
TX Array RF Add

N |

Subtract  Transducer Gain (dB)

RF SLADD-—Du P N

fcn
Linear to dBm2

Output power (dBm)1

Qutport_vol Gain

vy ¥

Varabie StrpAun
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RF Budget Analysis and Performance Simulation

= Introduce gain variation & examine array radiation pattern

T Ty e PR —, -'.':;.l;f -
,A. B Vew  Daplyy  Oopen  Sendekn  Medph D Bl ol
'(, 'I'BGI a ﬂvl.‘ LR S | O B Q’-
R [ e
[ B B Yew Dol Dagran  Seesinn  aadpes  Cooe o ool 2l r
[%-= -1 #8-E-wqwp - 0 — T
12 Mrwy 4 Vaastum AvmPuiiens
=
” ] manfvid bino loss  mandokd dvider loos Front-end Amp Frontend Ampt Froct.ond Ao
o Budget & Performance Analysis of I.J »
5 | Motk cotameter. coble ne length Use 5 paramener DOCk 10 nohuoe 2hase shif\effects
=]
.}
5 -
L vider lows Is relsled o roquency Block Pyrameters: Front-end Amp X
K
|seasy Generic RF Block (mask) (link)
'. :; o[ amay_ou
o P ud
RF = Yo Worksy
| it Gain (dB): |5+(rand-0.5)*0.1 |
Con n o e ¢ o A
fgurato I 20°10g10{4) = 12 dB Noise Figure (dB): |0 |
outt |-+ 0IP3 (dBm): [ Inf |
0 u 4y SL RF --o-@—wmnﬁm' —lu Ay [«
outd * fon
Available Qutput power
Irput power dBm to Linear Inport Thermal No Lingar to dBm Input Impedance (Ohm): | 50 |
(dBm) out3 .
T Output Impedance (Ohm): |50 |
TX Array RF d + %
: - 21
-
. Subtract Transmit A | OK | | Cancel | | Help | Apply
B Transducer GirrosT
Rty '7".\ lﬂ‘t'l‘!-l-;aluij‘_
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RF Budget Analysis and Performance Simulation

= Array radiation pattern and gain variation

. . . {4 Figure 2 - m} X
y File Edit View |nsert Tools Desktop Window Help N
SEE IR A E )
@ Editor - C:\Worl\Seminars\SimRF\TX_Array_Project\ Workflow'\draw_pattern.m
3D Directivity Pattern 5
PUBLISH VIEW z
|. draw_patternm 20 | + | Az0 0
I % Stop callback function o
2 %
3 - mean_gain = mean{array_out); -10
4 - mean_value = mean{mean_gain); =
5 - w = (mean_gain/mean_value)." 15 =
5 -20 g
7= size_array = length(mean_gain); S
8 — fc = 1e9; % carrier frequency 25 O
9 - C = physconst(lightspeed?); % speed of light (m;’s)|
10 -  lambda = C/fg % Wave length -30
H -35
12 %% Configure an array
13 - hULA = phased.ULA(size_array, lambda/2); % The elements are lined on the Y-a -40
14 % by default hULA.Element = phased.IsotropicAntennaElement;
15 % POS = getElementPosition{hULA);
16 — figure(1);
17 - viewArray(hULA);
18 — view(140,10);
19
20 %% Plot the 3D array response
21 - AZ = -180:180; v
script Ln 9 Col 55

14



RF Budget Analysis and Performance Simulation

- Examine non-linearity impact and introduce phase noise

Budget Analysis & Performance Simulation of Large Size Transmit Array

o] | -

Spectrum
Analyzer

RF —

Configuration out g

In_Pwr —lu @\ y|plu+ik—

Available fen Real-lmag to outt "
input power  dBm to Linear Complex > —»|SL  RF Connection Port1 —> \_
(dBm) o

out2 ——P{ +
Switch
||"_‘PSF > Inport Thermal Noig
| LLFI L Spectrum
out3 >+ Analyzer1
Sine Wave Sum of
Elements TX Array RF Add
Each tone : 20dBm/2 Use what signals to push through? Depand on applications; non-single tone
10*Iog1 O(A"2/2)=1 0-30: What to observe? Spectrum contents, directivity(?) dynamic range, phase noise

Use spectrum scope?
Phase shift of components?

4\ MathWorks:
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RF Budget Analysis and Performance Simulation

= Two-tone test (Non-Linearity Analysis) and phase noise

Block Parameters: Front-end Amp x
Generic RF Block (mask) (link)
"i TX_Array_4_2Tone_PhaseNoise_UpConv/TX Array RF/TX Split4 Stage101 - Simulink Model a generic RF block.
File Edit View Display Diagram Simulation Analysis Code Tools Help ErerrEs
@ s il <« Q EE % x E@ <& @ > (= ﬁ X |1 | Normal | Gain (dB): |5+(rand-0.5)*0.1 |
TX Split4 Stage101 |
@ |
add a mixer block Input Impedance (Chm): | 50 |
@ Insert phase noiseto the LO port
Output Impedance (Ohm): |50
= {power leakage) 1 utpu ped (l )] | |
3-port s-parameter block 2 Conn1
E resisttance between ports to model 3
coupling and power leaking Wilkinson | oK | | Cancel | | Help Apply
@ Divider TIOOTT
O
<1 In
Conn2 ® Out 1, 8 2 1 Connt

= S-parameters 3 .
SsL RF | Mixer | Wilkinson ribUnit1

Divider2 ]
Inport2 I B3 T0 Anny € nmien Arw/Peteny . TH S0 Sogu 1AM * - Sewint o
Manual " I v Dvpe Beper  Ymaeen A (o6 D ey
bk Bra-le s ¢ OB EOb - B
— | -
.
1. < {3
Phase e D -
Noise | Coent Cavad
3
g Teandon) W s TONVOA) BN e Frase Frosend Avo Frontess Avoy o Ao
= X
[h‘ Smye Constant 1 Mk pawwrets cabbe b gt Uss s-pacaewter bock ¥ ke phass st sfscn
.5 Tone| € i PN
-
» '~ P e —— p——
-
Ready | sey o vy mare ey |
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RF Budget Analysis and Performance Simulation

= Two-tone test and phase noise

4\ MathWorks:

17



Project Requirements- Workflow Solution

Export the basic RF channel built from an
Excel spreadsheet in RF Budget Analyzer
into Simulink/RF Blockset; Introduce the
desired RF impairments into the model

Build a library of basic RF units from the
single RF channel Simulink/RF Blockset
model; Form multiple staged large size
arrays from basic RF units programmatically

Further requirements

» Add power saturation for amplifiers
» Add power efficiency metric
» Add frequency dependency to the arrays

4\ MathWorks:
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RF Budget Analyzer vs. RF Blockset

Analytical calculation vs. numerical simulation

Cascaded configuration vs. arbitrary topology

Formulas vs. dynamic multi-domain simulation
(circuit simulator using circuit envelope
technology)

(quantization noise, non-linearity, thermal and phase noise, and other RF
impairments)

4\ MathWorks:
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Partition beamforming between
the digital and RF domains

4\ MathWorks:
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Challenges Designing Massive MIMO Arrays for Systems

= Higher frequencies enable more antennas
— mmWave band (28 GHz, 37 GHz, etc...)
— Large number of antennas, 32, 64, ....

- Large antenna arrays

— Needed to provide more beamforming gain to overcome the path loss
— T/R module is needed behind each element
— Architecture is difficult to build due to cost, space, and power limitations

4\ MathWorks:
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What is Hybrid Beamforming?

=  Beamforming implemented part in the digital and part in the RF domain
— Trade-off performance, power dissipation, implementation complexity

= Subarrays contain RF channels with phase shifter

= Digital beamforming performed on signals outside subarrays

Baseband RF RF Baseband

precoding precoding combining combining

22
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Example: System Architecture for Hybrid Beamforming

« The transmitter uses a larger array to perform beamforming towards the receiver

= The receiver estimates the direction of arrival with small orthogonal arrays and
communicates it to the transmitter

Transmitter and receiver relative position

" Angle RXf——P
Angle [2x1] [2x1]

In Out ——p{ In Out ——»{In Estimated DOA p=—
Eeamforming
RF Front End Chairnel

Receive Array

L Baseband receiver

RF transmitter

RF receiver
- Antenna array 8x4 SISO channel
Baseband transmitter Digital + RF beamforming AWGN noise 2x Antenna arrays 1x3
Path loss Estimation of direction of arrival

23
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Example: Hybrid Beamforming Transmitter Array

= 4 subarrays of 8 patch antennas operating at 66 GHz - 8x4 = 32 antennas
= Digital beamforming applied to the 4 subarrays (azimuth steering)
« RF beamforming (phase shifters) applied to the 8 antennas (elevation steering)

€

7

A |

I

L] [ (] L] ® L] [ ®
& o w . o @ ~ @

(] (] (<] L] ® L] ® =]
B 3 = & o % & 5

o (=] o (o] (e] o] e] =]
B ® @ -] 2 B ®

K B

[ ] (] ® o L] L] L] [ ]
. i .

® ] B B 8 @ B

B

Beamformers (array and subarray)

4 subarrays

_— Bx1)
_..)'_T'l ki Wl +fp
an s i
Az%0
PraseShit EID
rAI:ln 1
-+l
(2D o= '__: v
Subarray weights e
Array pattern
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RF Front End Modelling using Circuit Envelope

= Direct conversion to IF (5GHz) and superhet up-conversion to mmWave (66GHz)
= Non-linearity (e.g. IP2, IP3, P1dB)
- Power dividers (e.g. S-parameters) e~ ==
= Variable phase-shifters — ‘ Lm

t
- esistive __J
| Main = Nordncarty
—t2 Phase
Configuration Horfinear polynuimis! type: |Udd crder i
i

Intercept poirds comention: | Cutpet

RF P 2 R esistive -
L Phase
1-d3 gan cor % war: 33 o) 2%
GAN COMPressian poar: R i i - 5
Qutput saturahon power: inf o J in
esistive

Gem compres=on al saturstion: il
SL RF N\ —2 Lp| Phase
FParameters r out RF SL
e \ B iy

R
Gain (dB) 3 Hin_| A -
.—-P.Z Resistive |
- = Nes: g L %n_Q Out In ®) t ' & 3 In\ J : - ® oo T{E@
o) u —{in [>0 u
SL RF 4 Lo <| - out RF  SLE—»
LO Leakage (dB) MM odulator : in
a0 foIF = SGHz RF Mxer A poe A Resistive ||
o 2< " Phase
Image Level (dBc) LO LO '_1 I ocut RF  SL >
-60 SGH: 61GHz = | m
OIP3 (dBm) L 2:% P Phas=
— out RF SL P>
21 im
i

esistive A
0IP2 9dBm) /
30 e Y P Phase
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Antenna and Array Design

4\ MathWorks'
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Easier Antenna Design with Antenna Toolbox

= Design is easy and natural
— Library of parameterized antenna elements

— Functionality for the design of antenna arrays
— CAD description streamlined

. &l

4\ MathWorks:

= Rapid simulation setup

— Full Methods of Moments solver employed for ports, fields and
surface analysis

— No need to be an EM expert
=  Seamless integration

— Model the antenna together with signal processing algorithms [P

— Rapid iteration of different antenna scenarios for radar and
communication systems design

27



Building your First Antenna and Antenna Array

p = patchMicrostrip
p.Height = 0.01;
impedance (p, (500e6
current (p, 1.7e9);

pattern(p, 1.7e9);

:10e6:2e9));

= ==T—rrwe (GRTTTT
<P T = 1 O
fle  fdr  Yww et Tocol  Depug Dwsktcp  Window telp > o x v-t«»v-n-xmnmu.;.g%
- -- ~ WS RINKOPWL | =3
Ndde NS 2BeL-A 08 =0 HOE &0
Figeew 1 0 ¢ s
[y
. ok oolat 20 —
a
5
= § 1001
3 [__-_—: 25 ‘;::iiJ Ly
— ) _ e "2 OO
o ."’\A . = o’ — = :g 031 X 07
00 T : R S Y. 0 0s
R T ] 0
o8
y om) xim) .-;a/
.
0%
Click and drag b move the Sccument tabi. Froquency (GHz)

= linearArray

a
a.BElement = p;
a.ElementSpacing
a

.NumElements =

show (a) ;

patternElevation (a,

1.7¢9,0);

4\ MathWorks

DV Dé Yew et Isew Quitep fdes by
LHASDEEAL-QA DB D
L2 ?SDE»O
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What if my Antenna is not in the Library?

4\ MathWorks:

201/

= Define the boundary of your custom planar (2D) structure
— Basic shapes: rectangle, circle, polygon le Edt Viw Insen Tooks Dekiop Window Hel

NEHL | MIALOPDEL- 2| 0E e
— Operations: intersection, union, difference
= Define the feeding point (inset or probe)

= Integrate your custom antenna
— Define a backing structure

— Define a dielectric structure
— Build an array with custom elements

customAntennaGeometry antenna element

plate = antenna.Rectangle('Length',0.16, 'Width',0.16);
notchl = antenna.Circle('Center', [0,0.006], 'Radius', .00);
notch?2 = antenna.Rectangle('Length',0.15, '"Wwidth', .005);

b = plate-notchl-notch2;

29



What if | Need to Customize my Array?

= Build regular arrays where you can change the properties of
Individual elements (rotation, size, tapering)

— Linear, Rectangular, Circular array

= Describe conformal (heterogeneous) arrays in terms of
element type and arbitrary position

— Conformal array (both balanced and unbalanced)
= Arbitrary shape designed with custom geometry or mesh

arr = conformalArray;

d = dipole;

b = bowtieTriangular;

arr.Element = {d, b};
arr.ElementPosition(l,:) = [0 O O0];
arr.ElementPosition(2,:) = [0 0.5 07];

4\ MathWorks
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What if my Array is Really Large?

= Infinite Array Analysis
— Repeat unit cell (Same Element) infinitely

— Impedance and pattern become function of frequency and scan angle

— Ignore edge effects
— Captures mutual coupling
= Validate with full wave simulation on smaller arrays

Scan Impedance @10GHz
Odeg Azimuth  45deg Azimuth 90deg Azimuth

Ve et Tk Dettse  Sede oy - e m See bt D Dusny  Soaes g - T Ve et T Deite Selon
o 6" PeL-0 08InD jddda N ° BEL-Q D T a5 Ve L-0 AN a0
Scan ingedance n a3 * 0 Seg plane Scan Arpecance in a3 = 45 deg plane Scan I pedance in xa = M deg plane

b oo
— s I pu—— —t———
/ /
/ g 4
| / g o3
/ / oo

e / et

Scan Impedance
Odeg Azimuth

~45deg Elevation:

e e e et T Dmbep S ey

rpeder

4\ MathWorks:
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Increasing the Efficiency of the Antenna Design Workflow

Modelling the dielectric substrate can slow down analysis time:

= Use antennas in free space for first-cut design
— Combine with optimization routines to rapidly find out a suitable starting point

= Use parallel computing to speed up design space exploration

3%
patternoptions = psoptimset (@patternsearch);

patternoptions.PlotFcns = @psplotbestf;
patternoptions.MaxIter = 25;

optimdesign = patternsearch (@ (x) yagi_objective_function(yag’idesign,)x, freqg,elang), ... -
parasitic values, [1,[1,[1,[]1,LB,UB, []1,patternoptions); - parfor m = l . numel (freq)
T — ~roe| [T T RLparfor (m) = returnlLoss(sp, freq(m)):
) da b PINL'Q D 2
-end
time numklorkers
Without Parallel Computing 113.3 1
With Parallel Computing 23.597 12
o Speed-up due to parallel computing = 4.88134

Poor directivity

A
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Array Synthesis from a Desired Pattern

Mainbeam ”'\ o

{ direction \ | ..~ Phase front
' . E = -
1] : -
.
i Antenna element
'
| ]
= - X
z O
Tunable

_~* power
“ amplifier

<. Phase
shifter

Switch

Power distributor

S
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Array Synthesis from a Desired Pattern

Desired Beam Develop Cost

Pattern

Function to

Minimize the
‘ Difference

Initial Beam
Pattern

Between the
Desired and the
Resulting

Patterns

t% Optimize pattern using only weights

N = 8;
azimuth = -90:90;

welghts d = hamming (N);
weights d = weights d/norm(weights d);
stvmat = steervec((0:N-1)/2,azimuth);

Beam d abS{weights_d‘*Stvmat};

‘ Run Through ‘

= =]

Optimization

8 elements in a linear array
Define azimuth field of view

Create welghts for desired pattern
Normailze weights for pattern

Generate a pattern for this example
Apply weights to desired pattern

4\ MathWorks

Generate Weights
(and optionally
element
positions) to
produce the
pattern
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Results After Optimi

%% Set up optimization

objfun = @(w)norm(abs (w'*stvmat) —Beam d

welghts 1 ones (N, 1) ;

weights o = fmincon(objfun,weights 1, [],

50

I
m desired

m synthesized

=100
-100

-80

-60

-40

=20 0 20 40 &0 80
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0.0478 0.1514 0.3843 0.5714 0.5718 0.3851 0.151S9 0.0480

100
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Integration of Antenna Array with
Spatial Signal Processing Algorithms

4\ MathWorks:
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Combine Antenna Design and Phased Array Algorithms

= You can integrate your antenna in Phased Array System Toolbox array objects
— Use the accurate far field (complex) radiation pattern of the antenna

= Phased Array System Toolbox provides algorithms and tools to design, simulate, and analyze
phased array signal processing systems

— Beamforming, Estimation of Direction of Arrival

= Uses pattern superposition to compute the array pattern

% Import antenna element in Phased Array

myantenna = dipole;ﬁ-________-‘-‘§

myURA = phased.URA;\ Antenna element

myURA.Element = myantenna;-\ Phased Array System Toolbox array
Complex radiation pattern

37



Accelerate Algorithm Execution

= Use Best Practices in Programming

— Vectorization
— Pre-allocation

= Parallel Computing
— High level parallel constructs (e.g. parfor)

— Utilize cluster, clouds, and grids User’s Code
- MATLABto C T
- GPUs ;T Zoviog

4\ MathWorks:

Better MATLAB
code

System objects

MATLAB to C

Parallel
Computing

GPU
processing
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4\ MathWorks'
MATLAB & Simulink: Unified Design Platform

for baseband, RF, and antenna modeling and simulation

Algorithms, Waveforms, Measurements RF Front End Antennas, Antenna Arrays
« Communications System Toolbox * RF Toolbox « Antenna Toolbox
« Phased Array System Toolbox * RF Blockset « Phased Array System Toolbox

 LTE System Toolbox
WLAN System Toolbox

seseband [ 201,
Channel
Digital PHY

Baseband = Frl?)ir?titng]d Antenna
« Simulink « Communications System Toolbox
 DSP System Toolbox * Phased Array System Toolbox
» Control System Toolbox  LTE System Toolbox

Mixed-signal +  WLAN System Toolbox

Channel Modeling 39



What's new In R20] 70 ?

4\ MathWorks:



Antenna Design — Where To Start?

Antenna Designer App
= Select an antenna based on the desired specifications

= Design the antenna at the operating frequency

= Visualize results and iterate on antenna geometrical properties
= Generates MATLAB scripts for automation

4\ MathWorks
201/
EEJ

Antenna
Designer

=g

PATCH FAMILY

e, - - -
> | S5 I <> | |
v L

l.ncrostrp Pifa inveried nverted

Fcoplanar  Lcopianar
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4\ Antenna Desigrer

DESIGN
g
Eu—l Freauency Range Frequency E= ¥,
New | |IMHz +| Impedance S Parameter | |IMHz | Current 3DPattern AZPattern ELPattern  Tie Undock Export
hd
NEW VEGTOR FREQUENCY ANALYSIS SCALAR FREGUENGY ANALYSIS VIEW EXPORT

¥
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2017/

Coverage and Field Strength Visualization on Map

- Compute antenna pattern and visualize = Visualize antenna coverage on flat earth map
field strength prolected on flat earth map and communication links
- o x| — Define transmitter and receiver

ﬂd:lhp&:pu = B0E0 |

— Antenna design, frequency, power, and sensitivity
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What's new in Phased Array System Toolbox R2017a

Azimuth Cut (elevation angle = 0.0 )

—— Data fidd weights 3.5 = 10-8‘ T T T
——— TRN-SF1 waghts
TRN-SF2 weights
—— TRN-SF3 waights 7 _ 3
— TRN-SF$ weights 2% Z
— R0 v SrRCaOn /F / 25¢ :
- 1
S 1
] oocﬂ( Passive Array - s 2 |
= ] 1
s o
= —— —— = {**‘f’ a 1.5 i | B Detections
g Jﬁ. IL 1 = Quadratic Fit Points
Beacon 1} : - = Range Estimate
1
” ) : L
1
O I | !
135 140 145 150 155 160 165
Range (m)
Directivity (dBi), Broadside at 0.00 degrees
5G Beamforming and Scatterer MIMO Channel Active and Passive Sonar Range and Doppler Estimation

vR2017a

New Features, Compatibility Considerations

*» Scattering MIMO Channel: Model multipath signal propagation through spatially spread scatterers
» Sonar Systems: Model hydrophones, projectors, underwater propagation, and targets

» Range and Doppler Estimation: Measure target range and speed
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5G Beamforming and Spatial MIMO Channel 201/
Scatterer MIMO Channel Model liscatterer
= Generic model, applicable to all 5G bands and array sizes i—p:ane Wave

= Multipath due to single reflection from multiple scatterers

Y %

Receiver

4

Transmitter

Diagonalization Beamformer
= Precoding and combining weights
= Power distribution using water-filling algorithm
= Subchannel gains and channel capacity estimation

Examples
» Antenna Arrays in MIMO Communications
= MIMO-OFDM Precoding with Phased Arrays with csT)
» 802.11ad Waveform Generation with Beamforming with wsT)
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Active and Passive Sonar Systems

.ii!‘i.
- . . »
® 2e® & %
=5 5 B g
P o% e S 8
,ooioo‘ &

Sonar Arrays and Targets
= Hydrophones

= Projectors

= Backscatter sonar target

-100

Underwater Paths

-10

201

30

40 +

-70

> g0l

M Source

® Targen
2 Target2

Underwater Channel Model

Isospeed

400

600
Range (m)

800

1000
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R201/7a

" Munk Profile
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. Receiver
Wi

5000

40 60
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1510 1530 1550 0
Sound speed (m/s)

Examples

80 100

» Locating an Acoustic Beacon with a Passive Sonar
= Underwater Target Detection with an Active Sonar !

Lincl. integration with BELLHOP from
HLS Research’s Acoustic Toolbox
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http://www.hlsresearch.com/

4\ MathWorks:

Summary:

Trusted, diverse set of libraries and algorithms

= Fast simulations with scalable computing across CPU, GPU, and Clusters

= Unified modelling and simulation of digital, RF, and antenna systems

= Integrated platform for mathematical analysis, and algorithm, software, &
hardware development
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Call to Action

« Download whitepapers, technical articles and watch recorded webinars

— Webinar: Design of wireless MIMO systems: from RF specifications to architecture
exploration

— Design and Verify RF Transceivers for Radar Systems

— Wideband Radar System Design

— Designing Antennas and Antenna Arrays with MATLAB and Antenna Toolbox
— Hybrid Beamforming for Massive MIMO Phased Array Systems

— Synthesizing an Array from a Specified Pattern: An Optimization Workflow

48


https://www.mathworks.com/videos/design-of-wireless-mimo-systems-from-rf-specifications-to-architecture-exploration-120559.html
https://in.mathworks.com/videos/design-and-verify-rf-transceivers-for-radar-systems-81990.html
https://in.mathworks.com/videos/wideband-radar-system-design-116208.html
https://in.mathworks.com/videos/designing-antennas-and-antenna-arrays-with-matlab-and-antenna-toolbox-106306.html
https://in.mathworks.com/campaigns/products/offer/hybrid-beamforming-white-paper.html
http://in.mathworks.com/company/newsletters/articles/synthesizing-an-array-from-a-specified-pattern-an-optimization-workflow.html

Do You Want To Learn More?

4\ MathWorks:
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&\ MathWorks' | Training Services

Phased Array System Toolbox Fundamentals

This one-day course provides a comprehensive introduction to the
Phased Array System Toolbox™. Themes including radar
characterization and analysis, radar design and modeling and radar

signal processing are explored throughout the course.

Waveforms:
Pulse, LFM, FMCW, etc.

Topics include: e
- Review of a Monostatic End-to-End Radar Model ;
= Characterize and analyze radar components and systems
= Design and model components of a radar system
= Implement a range of radar signal processing algorithms

4\ MathWorks:

Transmitter:
Monostatic and

Bistatic Tx Antenna Arrays:

ULA, URA, UCA, etc.

A Channel:

Environmental

"
“‘ .'-':“ s effects, target

) |
Beamforming, Matched F ‘Rx Antenna Arrays: im?aci):in?esr’lts
Filtering, Detection, CFAR, Receiver: ULA, URA, UCA, etc interferences
STAP, etc. Monostatic and Bistatic ' ’ ' '
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|
4\ MathWorks | Training Services

Modeling RF Systems with RF Blockset

Topics include:
Introduction to RF simulation using MathWorks tools
How do | model my RF system with RF Blockset?
Importing S-Parameters and modeling linear operation
Fundamentals of noise simulation

&l

Modeling non-linear devices e e —

Developing custom models

4\ MathWorks:
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4\ MathWorks

Accelerating the pace of engineering and science

~ Speaker Detalls | Contact MathWorks India
Email: tabrez.khan@mathworks.in

Products/Training Enquiry Booth
Call: 080-6632-6000

Email: info@mathworks.in

Your feedback is valued.
Please complete the feedback form provided to you.
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Thanks for your attention

Questions?

4\ MathWorks:
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