NRC-CNRC

Metrology Plan and Quality Engineering for
Canadian Hydrogen Observatory for Radio-
transient Detector (CHORD) Antennas

Mohammad Islam, PhD
Lead Antenna Systems Engineer, CHORD

3DMC, Bilbao, Spain
28 Sept, 2023

| L

Bl doionfomer  Someenavenaice Canada

Council Canada



Topics

CHORD description

Top level requirements §
Antenna errors/ Telescope errors CHIRD
Antenna verification plan

Antenna alignment plan P N
FMGIll g o @ ® CATERRY

e

*
PERIMETER West inia mEm  Massachusetts
Pl Unnery . DIT 5 @ e

e National Radio

Al Astronomy

FE[ER| YN I VERSITY OF Ni%Ye] Observatory
|||||||

W COLUMBI




CHORD Project

CHORD Site CHORD Antennas

* Prototype antennas were built
* Two 3m D3A antennas
* Three 6m D3A6 antennas

6m composite reflectors, stainless steel
base — total 512 (core) + 140 (outrigger)

Production process is tested

Currently setting up production factory
Currently finalizing the verification plan
Need feedback on the metrology plan

EEEEE

220 m N-S Looking south

160 m E-W
512 antennas



CHORD Antenna Prototype
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CHORD Prototype - D3A6


Presenter Notes
Presentation Notes
CHORD prototype model in the left, In the right, we have the CHORD prototype antennas installed on the foundation. The CHORD foundation is decided to be different. The new foundation is based on three screw piles. For digging restrictions, we could not use concrete pads.


Top level Antenna Requirements

F/D ratio: 0.21

Elevation range : +30°

Local drive system, inclinometer will be used to get the pointing
Meet DRAO environmental conditions

Array pointing accuracy: 13.5 arc min (mean)
« Array pointing precision: 1 arc min RMS (standard deviation)

 Frequecny range : 300 MHz to 1500 MHz
« Antenna surface error < 1.2 mm RMS under normal conditions

« Feed movement, elevation center error, elevation axis placement error
etc.



Surface Requirements

Antenna surfaces — 512 antennas :
+ Accuracy < 0.8 mm RMS (mean)
* Precision < 0.2 mm (definition: TBD)

Surface z-values

Mold surfaces — 4 molds
e Accuracy < 0.5 mm RMS (mean) =3
* Precision < 0.1 mm (definition : TBD) N e

Plug surface
« Accuracy < 0.300 mm RMS



Pointing Error Contributions
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Presenter Notes
Presentation Notes
It is presented how pointing errors are decomposed into lower system level errors.


What are the Antenna Errors?

Receiver Back Plane

BFP : Best Fit Paraboloid normal vector
EAX : Elevation Axis
FLF Plane: A best fit plane obtained from the centers of the feedleg locating features
DNPY  : Dish Nominal Pointing Vector L FLF Plane and EAX
MPY : Measured Pointing Vector, connecting Vertex and Receiver center \‘_‘ e
BV : Boresight Vector, connecting Veertex and BFP Focus
BV* DNPV MPV*

/

BFP Focus
[.'\J—. VM ZF *

Receiver center
(g, Ve g)*

DNPV L FLF PLane

* function of

elevation angle, B
EAX center

and Origin

MPV*

Definitions

a. The Elevation Axis (EAX) points, P_E and P_W constructs
the EAX as well as the y-axis in the dish coordinate system.
The (+ve) y-axis direction lies from P_E to P_W. The EAX
center is defined as the midpoint of the EAX and also the
origin of the Antenna CS.

b. The +ve z-axis is perpendicular to the elevation axis
when the dish is pointing at zenith. The z-axis also
coincides with the Dish Nominal Pointing Vector (DNPV).
The Dish NPV passes through the elevation axis center and
is perpendicular to the Feedleg Locating Feature (FLF)
Plane. The FLF Plane is a best fit plane through the FLF
cross centers.

c. In the dish coordinate system, the BFP vertex is
presented as (x_V,y_V,z_V). The BFP focus and receiver
center are presented as (x_Fy_Fz_F) and (x_R,y_R,z_R)
respectively.

d. The Boresight Vector (BV) is defined as the vector
connecting the Best-fit-Paraboloid (BFP) vertex to the BFP
focus of the dish. The BV will be oriented with the elevation
angle.

e. The Measured Pointing Vector (MPV) is defined as the
vector connecting the BFP vertex to the measured receiver
center. The MPV will be oriented with the elevation angle.



Presenter Notes
Presentation Notes
Antenna Error definitions are presented in this figure. There are specified requirements set from the science team. From engineering team, we are trying to adhere to the requirements. All these errors will be verified in the production factory.


What are the Alignment errors?

East-west (EW) line definition

- Two screw piles will define the
astronomical east-west line as
reference

// to EWL =

Array
NPV

Primary goal

- Align each antenna to the EW line

- Meeting antenna elevation axis
alignment precision < 0.5 arc minute

- Meeting antenna elevation axis
alignment accuracy < 2.5 arc minute

(Xeq, Yeci, Zea) :1'

Aoty 25,

Array CS Yisp, )



Presenter Notes
Presentation Notes
Array Error definitions are presented in this figure. The main objective in the array integration is to make sure that the antenna elevation axes are aligned to the EW line. The rest of the other errors will be verified in the factory.



CHORD antenna anatomy - revisit
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Presenter Notes
Presentation Notes
Antenna anatomy and how they are sourced? NRC will manufacture the composite dish. Rest of the parts will be contracted out and assembled in-house to the specification.


Production System Block Diagram
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Presenter Notes
Presentation Notes
Major stations in the production system block diagram.


Antenna Quality, Requirements and Verification
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Presenter Notes
Presentation Notes
Antenna quality is divided into 4 main categories, this figure shows how different requirements and verification are connected. The attributes are:
Surface quality error – this is the surface related qualitative errors
Surface shape error – this is the error which is quantifiable using metrology, the surface accuracy, precision etc.
Functional performance – this attribute makes sure that the antenna meets all the functional acpects
Assembly of the components – the attribute will ensure that all the parts are assembled correctly to construct the telescope within the specifications

Among different the verification techniques, only Metrology is highlighted.



Verification (Metrology setup)

* FARO tracker (indoor)
» Accuracy - 20 micron + 5 micron/m
* Over 5m, measurement uncertainty is 45 micron

SMR

Image credit: Leica

Image credit: Brunson

Laser Tracker
Image credit: FARO

BuildIT Photogrammetry


Presenter Notes
Presentation Notes
Our main tool for metrology is the laser tracker. However, we are also planning to do photogrammetry for off-zenith (other than 90°) angle. On the right, we are showing our steps to improve the mold shape of the CHORD prototype mold. First, the mold is scanned, then high and low areas in the mold are contoured. Once the spots are contoured, they are sanded and filled. It is an iterative process. Finally, the desired shape is obtained. 


Surface verification — CHORD prototype

« CHORD prototype (3 antennas)
results from a cheap mold

¢ ~0.675 mm RMS (mean of 3
antenna surface errors)

[0,

Antenna1 ®

Antenna 2



Presenter Notes
Presentation Notes
Surface verification is completed for the first 3 prototype antenna surface and compared with mold. There is slight discrepancy between the antennas. However, all of them are with in the spec.


Antenna Assembly Verification

» Ring defines the elevation axis points

* Ring to Dish assembly
» Use a jig for repeatability
 Jig will be adjusted using a laser
tracker

* Related errors: EAX 1 to BV, EAC  Feed support assembly
from vertex, inclinometer plane

Feed Support Assembly
» Feed support structure to the lig
Reflector

» Use a jig for repeatability

 Jig will be adjusted using a laser

Composite dish

Composite Ring

tracker (target 3D error < 0.5 mm) —

 Related errors: receiver center from Elevation bracket
focus, receiver orientation Drive arc

Dish-Ring Jig



Presenter Notes
Presentation Notes
Jigs will be used to assemble different components for repeatability. The jigs will be adjusted using Laser tracker guidance. There are a few jigs we are planning to use
Dish-Ring Jig to assembly the Ring to the Dish
Ring assembly will also be completed using a jig where the elevation components (bearing, brackets etc.) will be aligned to the drive arc support
Feed support assembly will be constructed using the feed support assembly jig
There will be locating features to assemble the Feed support assembly to the reflector




Requirement Verification Traceability Matrix for CHORD prototype

# Requirement description Symbols Status Requirement values Dish 1 Dish 2 Dish 3
| (Measured) | (Measured) | (Measured)
Accuracy Precision

1 |Mold surface error Resolved M 0.55 0.53 0.55 0.55

2 | Dish surface error (unpainted) Resolved - 1.2 0.2 0.611 0.643 0.7775

3 |f/D ratio Resolved - 0.25

4 |EAX error in the Array a Needs Verification -~ 2.5 0.5 0.006 0.2 0.5

BFP Vertex and EAX center error, mag
5 |(Ax, Ay and Az are added by quadrature Needs Verification - 3 0.5 1.2 1 0.8
sum)

AXFi 2 0 10.5 8.06

7 |Collinearity of the Foci in the Array AYFi Needs Verification ~ 2 -1.11 -1.08 3
AZFi 3 (from BF plane) 3.3 0.57 -0.0428

8 |Receiver Back Plane normal offset % 5 1.3 37.35 4.29 8.78

9 |Receiver Back Plane Clocking error o Needs Verification - 7.5 2.5 25.8 64.2 64.8

. X r 0.25 2.4 0.36 -6.3

10 g‘;‘;e;“'oi[];e"ter error, Measured from 7 Needs Verification ~ 0.25 0.26 -0.68 1.3
zZr 0.25 1.6 0.11 0.2
AX(EAC) 3 1 0.0806 0.1331 0.1421

11 |EAX Center in the Arrav. EC AYTEAC) Needs Verification = 3 1 -2.414 -5.6939 -1.3236



Presenter Notes
Presentation Notes
This is a key matrix to represent what was the requirement and what has been achieved. We have done this for all the prototype antennas, however, for production phase, we will do some sampling. The plan is the initial antennas will be measured more frequently than the antennas produced in the later stage. Some quality assurance/ control tools such as pareto chart, control chart etc. will be implemented. 


Alignment process of the Antennas

« The antennas will be fabricated over a period [ == North
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Presenter Notes
Presentation Notes
The line in the middle of the array is the EAST-WEST line. This line will be established on screw piles by a surveyor. The area at the lower right corner is the pathfinder array. We will use a LEICA AT500 to align the elevation axes. The allowable adjustment error is about 0.25 mm. We are planning to place the tracker at 25m (3 rows) to adjust 5 of the antennas. �Elevation axes of the antennas needed to be aligned with the east-west line but do not need to be colinear.


Foundation and pile caps
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Presenter Notes
Presentation Notes
This slide presents the major components involved in alignment. The 3-point foundation will be interfaced to the base of the antenna. Mounting studs are welded on top of the pile cap. The pile cap is interfaced to the screw pile. There are metrology piles to align the tracker every time we need to align the antennas. Remember that the alignment process will happen over 4 years time as the antennas will be fabricated.


Step by step antenna alignment strategy

Array Coordinate
system

Nominal EWL
Nominal EAX

Alignment
9 Best fit plane 1

error | I
< 0.1 mm
Best fit plane 1
No

Metrology Model
Preperation

EAX alignment error

from EWL
Align the tracker to AdJL.JSt SAK ﬁnd IChec_k Obtain a best fit plane Obtai
the model using the pointstothe = elevation 5 haced on the added —— OpLain array
trol I ' \ modeled points range using EAX center points related errors
Tlsreiagl alies within +/- 0.2 mm inclinometer P

Array Coordinate EAX center error
system from Best fit
Alignment Yes plane 2
error —_—
EAX : Elevation Axis

< 0.1 mm
EWL : East West Line

Antenna alignment steps



Presenter Notes
Presentation Notes
First we need to create a model of the array. This model will be developed once the metrology piles and the foundation piles are installed. We will have a best-fit plane from the foundation. We will then create an array coordinate system. After that we will create some elevation axis model points. We are expecting that the foundation piles will be installed within +/- 1”. Once we have a model, we will start the main alignment of the array. This alignment is going to be interesting. Since, there are only two points, one might think that this is not constrained. This is actually true. That’s why we have added another step to make sure that we have the whole elevation range available after the adjustment. That means, we can have two antenna-base planes are not parallel and yet the elevation axes are parallel. This is acceptable as long as we have the full elevation range available.  


Possible challenges

Temperature variation and effect on the nominal points — seasonal variation

Wind effect on the measurements can be critical, we have a consistent DRAO wind
profile, we might have to pick a window to align antennas.

Foundation movement during season change — this can be critical, we will monitor
over the winter for the pathfinder array. Ground is fairly stable.

Snow thawing will affect the ground for operations for a few weeks in the year




Summary

Pathfinder array will be installed in October 2023

Antenna verification using metrology has been discussed, Jigs will be used to align and
assemble components. We have gained confidence from the CHORD prototype antennas

Antenna alignment strategy and steps are presented. This is going to be challenging and
interesting. We will test our equipment this fall once the pathfinder array is installed.

Possible challenges in the alignment has been discussed
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