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1. Introduction

The ALMA (Atacama Large Millimeter Array) is a

radio-astronomy project consisting of an array of 12-metre

telescopes to be located in the high-altitude Atacama desert in

Chile. Each telescope is a symmetric Cassegrain design with 10

receiver front-end systems operating from 30 to 950 GHz.

The purpose of the present study is to provide a more detailed

analysis of the telescope than previously performed, including

support leg blockage effects, detailed reflector geometry, surface

deformations and front-end analyses.

In Chapter 2 the nominal antenna geometry is described with

emphasis on the analysis methods used for support legs and

reflector panels. Hereafter, in Chapter 3 the subreflector is

considered with an analysis of the central scattering cone,

subreflector tilt and nutation and an analysis of the effect of

rounding the subreflector edge. Most of the calculations in

Chapters 2 and 3 are carried out for 230 GHz for illustration of the

procedures. A detailed analysis of the front-end systems is

contained in Chapter 4 using the available geometry data. The

final telescope far-field patterns for all frequencies are presented

in Chapter 5 and include front-end efficiencies, telescope gain and

G/T. It also includes a comprehensive study of surface

deformations and their effects on the far-field patterns. Both

deterministic effects due to gravity and temperature and

stochastic effects such as panel alignment and panel deformations

are considered.

1.1 Acronyms

A limited set of basic acronyms used in this document is given

below.

ALMA Atacama Large Millimetre array

GO Geometrical Optics

GTD Geometrical Theory of Diffraction

MoM Method of Moments

PO Physical Optics

PTD Physical Theory of Diffraction

PTFE Polytetrafluoroethylene

RF Radio Frequency
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2. Nominal antenna geometry

2.1 Nominal antenna geometry including feeds

The ALMA antennas are designed as conventional, rotational

symmetric Cassegrain reflector antennas [1]. The main reflector is

a paraboloid with a diameter of D = 12 m and a focal length

f = 4.8 m. The subreflector is a hyperboloid with diameter

d = 0.75 m and a magnification of M = 20. These four parameters

are sufficient to define the antenna system shown in Figure 2-1.

Figure 2-1 Basic antenna configuration

A number of derived parameters are also useful. The subreflector

eccentricity is

e =
M + 1

M − 1
= 1.105263 . (2.1)

and the interfocal distance is 2c = 6.177 m. The focal length for the

equivalent paraboloid is F = Mf = 96 m.

The antenna is going to operate in 10 different frequency bands

from 30 to 950 GHz. A special front-end design has been carried

out for each frequency band in order to generate a Gaussian Beam

with a given waist diameter, location and orientation as given by

Table 3 in [2]. In Figure 2-2 the 10 beams are illustrated by conical

horns where the horn aperture is located at the beam waist

position. The beams are tilted in the plane containing the antenna
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axis. Each front end is operating at two linear polarizations, one in

the plane containing the antenna axis and the other one

perpendicular to this plane.

Band 1

2

79

10

3

8

6

5

4

Figure 2-2 The ten output beams from the front ends

represented by conical horns with the aperture

at the beam waists.

The fact that the feeds are displaced from the focal point will

generate some scan degradation. The scan performance and the

determination of the optimum position of the subreflector will be

described in the following by an example at 230 GHz.

First, the feed is located at the focus and the radiation pattern is

calculated as shown by the black curve in Figure 2-3. In this and

the following calculations the subreflector is assumed to be a

perfect hyperboloid, i.e. the central cone and the rounded edge are

neglected. The main characteristics of the beam position and level

are indicated in Table 2.1.

Next, the feed is offset laterally 200 mm and repointed towards the

subreflector center. The radiation pattern is shown by the red

curve in Figure 2-3 and Table 2.1 shows that the offset gives rise

to a scan loss of 3%. The term scan loss means the loss in radiated

(or received) power in the direction of the main beam peak. Most

of the scan loss can be recovered by moving the feed in the axial
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direction to the position of the Petzval surface which is given by [1]

∆z =
∆r2

4fpetz

(2.2)

where fpetz = 150 mm for the present configuration. Hence, for

∆r = 20 mm the axial displacement of the feed is ∆z = 66.67 mm.

The calculated radiation pattern for this configuration is shown by

the green curve in Figure 2-3 and Table 2.1 shows that the scan

loss is reduced to 0.4%.

Figure 2-3 The radiation patterns for different positions of

the feed and the subreflector. 230 GHz.

Configuration Peak pos. Peak level Loss

degrees dBi %

Feed at focus 0 88.255 0

Feed offset 200 mm -.1193◦ 88.119 3.0

Feed at Petzval -.1206◦ 88.237 0.4

Subr. tilted -.0.0573◦ 88.163 2.1

Subr. re-pos. -.0573◦ 88.233 0.5

Table 2.1 Beam characteristics for various positions of

the feed and the subreflector. 230 GHz.
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The offset feed is tilted towards the subreflector center. It is

demonstrated in Chapter 3 that the optimum G/T performance is

achieved when the subreflector is tilted half the feed tilt angle and

in the direction towards the feed. With the feed at the Petzval

position the calculation is now repeated with the tilted

subreflector. The pattern is shown by the blue curve in Figure 2-3.

Table 2.1 shows that the subreflector tilt reduces the scan position

to about half that of the un-tilted subreflector and the scan loss

has increased to 2.1%.

Table 2.1 shows that the beam direction is −.0573◦ when the

subreflector is tilted. Figure 2-4 shows the propagation of plane

wave rays coming from this direction. The small coordinate system

illustrates the position of the antenna focal point. Figure 2-5 is a

close-up of the rays near the focal point where also the coordinate

system for the feed at the Petzval point is shown. This figure

clearly illustrates that the rays converge at a point located at a

certain distance below the origin of this coordinate system. The

length of the coordinate axes on this figure is 100 mm and the

distance can be measured to 64.7 mm.

It is shown in [3] that the focal point can be moved axially the

distance δz by moving the subreflector axially the distance δz/M2.

In order to re-focus the rays in Figure 2-5 the subreflector is

therefore moved 64.7/400 = 0.162 mm upwards and the result is

depicted in Figure 2-6. It is seen that the rays now converge

almost exactly at the position of the feed. The radiation pattern is

calculated for this position of the subreflector and the result is

shown by the violet curve in Figure 2-3. Table 2.1 shows that the

scan loss is now only 0.1% lower than for the un-tilted subreflector.

The procedure to determine the subreflector orientation and

position for an offset feed can now be summarized as follows:

1. The angle from the feed to the center of the subreflector is

calculated.

2. The subreflector is tilted half this angle.

3. The beam direction is calculated by means of the equivalent

single reflector system.

4. A ray picture is generated by GRASP9.

5. The subreflector is moved axially until the rays meet at the

feed position.

This procedure is used for the determination of the subreflector

position and orientation for all the ten bands of the telescope.

In the following sections we will describe how the different

elements, such as support legs and panels etc., are included. The
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Figure 2-4 The propagation of rays coming from the

direction −.0573◦ with a tilted subreflector.

Figure 2-5 Close-up of Figure 2-4 near the focal point.

subreflector itself has been subject to some special investigations,

which are described in Chapter 3.
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Figure 2-6 The rays near the focal point after

re-positioning of the subreflector.
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2.2 Influence of support legs

Struts in single and dual reflector antennas are used to support

the feed system and subreflector in rotationally symmetric

systems. These struts may have a serious impact on the antenna

performance. The efficiency and cross-polarization is degraded and

the sidelobe level is increased.

2.2.1 Typical strut contributions

The three most important mechanisms by which the strut

scattering influences the antenna radiation are described below

and shown in Figures 2-7 and 2-8:

1. Illumination of the struts by the reflected field from the main

reflector.

2. Shadowing and changes of the main reflector currents caused

by direct feed illumination of the struts.

3. Reflection in the main reflector of the scattered field from the

struts, where the incident field on the strut comes from the

main reflector.

1'

Figure 2-7 Strut scattering of type 1 and 2.

The degradation of the peak gain (efficiency) is mainly due to the

effects (1) and (2) of which (2) is only important in a system where

the struts are not supported by the outer edge of the main reflector

as in Figure 2-7. The side-lobes will mainly be affected by the strut

scattering (1’) and (3) where (3) is only important in a

configuration as shown in Figure 2-8. Although these scattering

effects are illustrated for a single reflector system they will also be
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3

Figure 2-8 Strut scattering of type 3.

the dominant effects in a dual reflector system where the feed is

replaced by the subreflector.

For the ALMA antenna the AEM struts are of the type shown in

Figure 2-8 whereas the Vertex struts are of the type in Figure 2-7.

The strut scattering effect (3) is very small for both antenna

designs and will be neglected in the following.

2.2.2 AEM support leg design

This section describes how the strut calculations are carried out

for the AEM antenna design. The actual dimensions of the struts

are taken from the drawing ”ANTD-33123103-001-A-DWG .pdf”

and a picture of the main reflector and one of the four struts is

shown in Figure 2-9. The length of the strut is 6.258 m and it is

tilted 28◦ with respect to the main reflector aperture plane. The

strut cross section is elliptical and it is supplied with a cladding to

improve the noise performance.

v

Figure 2-9 The main reflector and one of the four struts.

In the following we will show that Physical Optics (PO) is

sufficiently accurate to determine the scattered field from struts

by comparing the result to a more rigorous solution. We will next

use PO to calculate the field from the elliptical struts and we will

show that the cladding is necessary from a thermal noise point of

view. These investigations will be carried out using only a
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focus-fed single reflector system and only one of the four struts, as

shown in Figure 2-9.

A feed is located at the main reflector focal point and it gives a

−12 dB taper at the reflector edge. The polarization is parallel to

the plane of the strut. Initially it is assumed that the cross section

of the strut is circular with a diameter of 98 mm. The strut is

illuminated by the reflected field from the main reflector

calculated by Geometrical Optics (GO). The induced currents on

the strut will have a phase variation along the strut such that they

add up in the boresight direction of the antenna. This means that

the field from the strut will be concentrated to a cone around the

strut with an apex angle of v = 62◦, as illustrated by the rays in

Figure 2-10, and at each far-field point it will be polarised in the

plane containing the strut.

v

Figure 2-10 Rays indicating the scattered field from the

strut.

The field illuminating the strut is locally a plane wave and for the

circular strut it is therefore possible to express the scattered field

very accurately by an expansion in Hankel functions. This

solution is indicated by the black curve in Figure 2-11.

The circular strut is next modeled as a half cylinder where the

convex side is turning towards the reflector. This structure can be

efficiently calculated by PO and the result is shown by the red

curve in Figure 2-11. It is seen that the PO result is almost

identical to the rigorous solution except in the regions where the

level is extremely low and the peaks agree within 0.13 dB. It

should be pointed out that the ordinate axis is in dBi and the peak
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gain of the antenna is around 88 dBi. This result verifies that PO

is a valid approach for the calculation of the strut scattered field.

Figure 2-11 The field scattered from a circular strut around

the cone shown in Figure 2-10. Rigorous

solution in black, PO in red. 230 GHz.

The real struts are not circular but elliptical in cross section, as

shown in Figure 2-12. The minor axis is 98 mm and the major axis

is 178 mm and also the cladding is shown. The right side of Figure

2-12 shows the GRASP9 model of the strut cross section, both with

and without cladding.

The field scattered from the elliptical strut both with and without

cladding is shown in Figure 2-13. Both versions give the same

shadowing effect near the boresight direction but away from this

direction the elliptical strut gives an almost constant field of

15 dBi. However, the cladding gives rise to two significant effects.

The planar facets of the cladding generates high peaks at 50◦ on

the diffraction cone and above this angle the field is about 10 dB

lower than without cladding. These peaks are located about 43◦

from the antenna boresight direction.

The cladding is undesirable from a mechanical point of view but

the result in Figure 2-13 shows that the cladding reduces the field

scattered towards the main reflector by about 10 dB and it

therefore also reduces the noise temperature of the total antenna.

A special investigation has therefore been carried out in order to

determine whether the improved noise performance is sufficient to

justify the additional mechanical complexity of the cladding.
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Figure 2-12 The cross section of the AEM struts. The figure

to the right shows the GRASP9 models.

Figure 2-13 The field scattered from an elliptical strut

around the cone shown in Figure 2-10. Without

cladding in black, with cladding in red. 230

GHz.
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Assume that the antenna is pointing at Zenith. The field from the

strut will be parallel to the ground when cos(φ) = − cot2(v), where

v = 62◦ and φ is the angle around the scattering cone. This gives

φ = 106.4◦. For larger values of φ the strut field will start

illuminating the ground and pick up noise. For still larger values

of φ the strut field will hit the main reflector which is assumed to

be well reflecting such that no additional noise is created. The

φ-value where the strut field hits the main reflector depends on

the position on the strut but a good average value is found to be

φ = 147.5◦.

The field from the strut is very concentrated to the diffraction

cone. If the field in Figure 2-13 is calculated for θ = 61.9◦ or 62.1◦

the same patterns are obtained, but the level is reduced by 30 dB.

In order to determine the influence from the strut on the noise

temperature it is therefore sufficient to calculate the power of the

strut diffracted field in the region

106.4◦ < φ < 147.5◦ and 61.9◦ < θ < 62.1◦

The calculated relative power is

with cladding: 0.000071

without cladding: 0.000787.

These numbers must be multiplied by two because the strut

radiates to both sides of the symmetry plane, and by four because

there are four struts. This gives the following increase to the

system temperature

with cladding: 0.15◦K

without cladding: 1.72◦K.

This improvement in noise temperature due to the cladding was

considered so significant that it was decided to retain the cladding

although it is mechanically more complicated. The cladding is

therefore included in all the following calculations with the AEM

struts.

The influence of the strut on the actual antenna pattern is

illustrated in Figure 2-14. The figure shows the radiation pattern

in the plane containing the strut and in the orthogonal plane. In

the plane of the strut the strut pattern is very narrow and the

total field is therefore almost unaffected by the presence of the

strut. In the orthogonal plane the pattern cut is parallel to the

scattering cone and, consequently, the strut field is broad and

therefore dominating the field in the side lobe region.

The above described investigations have also been carried out for a

feed polarization orthogonal to the strut and the same results have

been obtained. This is not surprising since the strut cross section
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Figure 2-14 The antenna pattern in the plane of the strut,

φ = 0◦, and in the orthogonal plane, φ = 90◦.
230 GHz.

is large in terms of the wavelength.

2.2.3 Vertex support leg design

2.2.3.1 Introduction.

An analysis of the influence of the Vertex support structure is

carried out in a number of stages. In Figure 2-15 a single support

is shown with the coordinate systems necessary to define all the

components, and in Figure 2-16 a close-up of one section shows the

modelling of the cross section.

In stage one, the influence of the following effects are examined: a)

The shadow cast on the main reflector by the support legs and the

scattering of the field from the main reflector in the inner section

of the support legs (assuming for the moment that the outside

sections of the legs are completely shadowed by the inner section).

In stage two, the influence of the following effect is examined: a)

The stray field scattered from the inner section of the legs,

reflected in the main reflector.

In stage three, the assumption that the outside sections of the legs

are completely shadowed by the inner section is tested.

All calculations are made at 230 GHz, unless otherwise expressly
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Figure 2-15 One support leg.

Figure 2-16 Detail of support leg cross section.

stated.

2.2.3.2 Some simplifications.

Initial calculations showed that a full analysis of the structure

shown in Figure 2-17 is impossible since run-time requirements

are quite unrealistic. It was therefore decided to introduce some

simplications. The first simplification is to replace the dual

reflector system by a single reflector system. The subreflector was

removed and an equivalent feed placed in the focal point of the

main reflector. The equivalent feed is a Gaussian feed with a taper

angle of 71.6◦ and a taper of -12 dB. These values were chosen to
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Figure 2-17 Complete Vertex support leg structure.

obtain an aperure illumination of the main reflector as close to the

correct one as possible as shown in Figure 2-18. Figure 2-19 shows

a comparison of the main beam obtained in the two cases. For the

dual reflector system the peak value is 88.25 dBi and for the

equivalent feed it is 88.00 dBi.

Figure 2-18 Comparison of aperture field from real feed and

from equivalent feed. 230 GHz.

The next simplification was to replace the elements of the support

legs with a simple reflector with a hyperbolic cross-section

identical to the wedge placed on the lower side of the original

elements, cf. Figure 2-17. This was done in recognition of the fact

that the structure is only illuminated from one side, rendering the
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Figure 2-19 Comparison of main beam from real feed and

from equivalent feed. 230 GHz.

back side of the element immaterial. The advantage of the

simplified element, showed in Figure 2-20 is, that it permits the

use of GTD in the analysis, leading to a tremendous reduction in

run-times.

Figure 2-20 Simplified element of support leg structure.

Since multiple scattering effects are extremely time consuming,

only the inner sections of the support legs were included in the

analyses in Sections 2.2.3.3 and 2.2.3.4, leading to the

configuration shown in Figure 2-21. The effects of multiple

scattering are examined in Section 2.2.3.5.

2.2.3.3 Shadowing effects.

To calculate these effects, the main reflector currents are

calculated using GO, taking into account the blockage of the four

support legs. This blockage decreases the aperture efficience
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Figure 2-21 Simplified element of support leg structure.

slightly. Furthermore the currents induced on the four sections of

the inner arcs of the support legs are calculated using GO. Since

the lowest element on each leg is tilted outwards, it would be

illuminated by an area of the main reflector lying in the shadow of

the leg, hence no GO rays would emanate from this area, and no

currents are induced on the lowest elements of the legs. In Figure

2-22 the effect of these effects on the main beam and the first

sidelobe can be seen. The peak gain is 87.85 dBi. to be compared

with the 88.00 dBi found in Section 2.2.3.2.

2.2.3.4 Scattering effects.

The effect on the far field of field components first scattered in the

support legs, and subsequently reflected from the main reflector, is

calculated using only GO. The surface currents generated on the

main reflector by the field scattered from the legs has such a

complex nature, that a PO integration would require an exorbitant

number of integration points, ruling out the use of PO for the

analysis. The complex nature of the scattering also means that the

major part of the field is radiated in directions far from the main

beam. In Figure 2-23 the pattern has therefore been calculated in

a grid, -0.7 ≤ u ≤ 0.7 and -0.7 ≤ v ≤ 0.7, in order that the

structure in the pattern can be appreciated. To understand the

pattern, four structures have been tagged. The tag Sect.121 refers

to the effect of element 1 (the lowest) on leg No.1 along the inner

arc (numbered 2), Sect.122 refers to the second element on the

same arc, Sect.123 to the third element, and Sect.124 to the top
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Figure 2-22 Main beam and first sidelobes, including

shadow of support legs on main reflector and

scattering of main reflector field by support

legs. Both axes extend from -0.00025 to

0.00025.

Figure 2-23 Far field radiation from field from equivalent

feed scattered in the support legs and

subsequently in the main reflector. Both axes

extend from -0.7 to 0.7.
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element. The peak values for the various elements are: Sect.121:

8.89 dBi, Sect.122: 8.72 dBi Sect.123: 1.16 dBi and Sect.124: 3.56

dBi. These values are to be compared with the 88.00 dBi found in

Section 2.2.3.2.

2.2.3.5 Multiple scattering effects.

A full analysis of all multiple scatterings between the 64 elements

which constituting the 4 support legs is completely unrealistic, as

will become apparent below. The basic assumption so far has been,

that 12 of the 16 elements in each leg are shadowed by the last 4,

and therefore have an insignificant influence on the pattern. To

test this hypothesis, a simple experiment was devised, as shown in

Figure 2-24. Here two identical strut elements, each 1000 mm

long, are placed above each other to check, whether the bottom

strut element cast a shadow on the top element deep enough to

justify our assumption. For this experiment it was decided that

round leg elements were more realistic models for the real

Figure 2-24 Geometry used for analysis of multiple

scattering effects.

elements, since better computer models are available for round

elements.

Strut 1, the lower strut element, is placed along the third element

of the inner arc of the real leg (counted from the bottom), inclined

49 deg. with respect to the z-axis, and Strut 2 is displaced laterally

500 mm and 380 mm axially upwards. This gives a displacement

of 626.66 mm along the z-axis and a misalignment of 41.24 mm

along the x-axis. Ideally we would like to have no misalignment,

i.e. perfect shadow on the entire Strut 2, but initial estimates

showed a run-time of 4 days, as opposed to 1 day with the small

misalignment. PO currents were calculated on Strut 1 when

illuminated by a GO ray from the equivalent feed, reflected in the

main reflector. On Strut 2 PO currents were calculated in the

same way, but to these currents were added PO currents excited

by the currents on Strut 1. Finally the radiation from both struts

are calculated in the region -0.00065 ≤ u ≤ 0.00065 and -0.00065

≤ v ≤ 0.00065, approximately to the fifth sidelobe. The slight
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Figure 2-25 Radiation from Strut 1, frequency 230 GHz.

Both axes extend from -0.00065 to 0.00065.

Figure 2-26 Radiation from Strut 2, frequency 230 GHz.

Both axes extend from -0.00065 to 0.00065.

offset noticed in Figure 2-26 must be attributed to the

misalignment. The peak values of the patterns are: 25.23 dBi for

Strut 1 and 10.11 dBi for Strut 2. The shadow effect is therefore

more than 15 dB at 230 GHz. At 50 GHz the effect is calculated to

be 9.7 dB and at 100 GHz 12 dB.
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Repeating the experiment with no misalignment, the run-times

rose to absurd values, but the offset in Figure 2-26 disappeared.

The shadow effects were only slightly higher, though, being 16.5

dB at 230 GHz, 9.8 dB at 50 GHz and 9.8 dB at 100 GHz.

2.2.3.6 Conclusion.

On the basis of the invesigations carried out, it is proposed only to

include the shadowing effects of the inner arc of the support legs

and the scattering of the main reflector field is the same as

described in Section 2.2.3.3. This calculation can be carried out

within a realistic time frame (app. 30 mins.).

2.3 Influence of Goretex membrane

In the ALMA telescope it is planned that the hole in the main

reflector is covered by a thin membrane that should protect the

receiver system from rain and dust, while still allowing the RF

signals to pass through with very small losses. Several membrane

materials have been considered [4], but according to [5] it is now

the plan to use Goretex. This material is a form of PTFE (teflon),

but manufactured such that the structure is a nearly random grid

of nodes connected by fibers as shown in Figure 2-27. The material

is porous, but waterproof because the pores are very small (1.4 · 109

pores per cm2). A thickness of 0.5 mm [5] should be sufficient for

the ALMA membrane.

Figure 2-27 Electron microsocpe photo of the Goretex

material

The dielectric constant εr has been meassured [6] from DC to 2000
GHz and the values only vary between 1.21 and 1.295 with a

maximum at approximatly 100 GHz. It is difficult to find values for

the loss tangent, tan δ, in the literature, but in [4] the value

tan δ = 0.0007 is given and in [7] the value tan δ = 0.0005 at 800 GHz

is reported.
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Using these data the power transmission can be computed as

shown in Figure 2-28. The oscillations of the curves are caused by

internal reflections in the material which cancel out if the thicknes

is a multiple of λ/2, where λ is the wavelength in the material. It

is seen that the reflection loss is the dominating effect although

the dielectric loss is also significant, as illustrated by the curves

with different tan δ. In [5] it is observed that the Goretex material

has an anisotropic behaviour that generates cross polarization.

The effect is, however, low (−27 dB) for a thin membrane of

thickness 0.5 mm.

Figure 2-28 Power transmission through Goretex

membrane, normal incidence.

Thickness: 0.5 mm, εr = 1.28
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2.4 Influence of reflector panels

This section describes the influence of the fact that the main

reflector consists of a number of panels separated by a certain gap.

The goal is to quantify the influence of the gaps. It is assumed that

the surface of each panel is identical to that of the parent

paraboloid and the feed is located at the focus of the antenna

system.

2.4.1 AEM panels

The panels for the AEM design of the main reflector are shown in

Figure 2-29. The reflector consists of 120 panels located in 5 rings.

The total length of all gaps, both radial and circumferential, is

215 m. It is required that the gap area must not exceed 0.45% of

the total reflector aperture area and this means that the

acceptable gap width is 2.36 mm. The gaps are designed to be

1.5 mm, so there is plenty of margin.

Figure 2-29 The panels for the AEM reflector.

Figure 2-30 shows the radiation patterns for the solid main

reflector in black and the reflector with panels in red. It is seen

that the two patterns are almost identical and the difference

pattern in green shows that the influence of the panels is around

70 dB below peak everywhere, except in the beam direction where

the panel influence is determined by the gap area, approximately

50 dB below peak. The panel gaps reduce the peak gain by only

0.03 dB.

2.4.2 Vertex panels

The panels for the Vertex design of the main reflector is shown in

Figure 2-31. The reflector consists of 264 panels located in 8 rings.

The total length of all gaps, both radial and circumferential, is

330 m. It is required that the gap area must not exceed 0.45% of
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Figure 2-30 The influence of the panels for the AEM

reflector. 230 GHz.

the total reflector aperture area and this means that the

acceptable gap width is 1.54 mm. The gap width for the Vertex

design is not available to TICRA, but for the following calculations

it is assumed that the gap width is 1.5 mm.

Figure 2-31 The panels for the Vertex reflector.

Figure 2-32 shows the radiation patterns for the solid main

reflector in black and the reflector with panels in red. It is seen

that the two patterns are almost identical and the difference

pattern in green shows that the influence of the panels is around

70 dB below peak everywhere, except in the beam direction where

the panel influence is determined by the gap area, approximately
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47 dB below peak. The panel gaps reduce the peak gain by only

0.04 dB.

Figure 2-32 The influence of the panels for the Vertex

reflector. 230 GHz.

2.4.3 Conclusion on panel effects

The results presented in the two previous sections show that the

influence from the panel gaps is very small. This an important

conclusion because it means that all calculations can be carried

out for a solid main reflector. The only exception is in Section 5.4

where the panel mounting errors are investigated and where it is

obviously necessary to perform the calculations on the individual

panels.
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3. Subreflector

This chapter describes four specific investigations which are

carried out for the subreflector.

The initial design of the subreflector is a hyperboloid. However, in

order to reduce the blockage of the subreflector the central section

is shaped, such that the rays from this part are redirected towards

the main reflector surface. This is described in Section 3.1.

The ten front-end optics are located in the focal plane of the

antenna system and they are necessarily offset from the focal

point. This leads to an asymmetrical illumination of the main

reflector which can be compensated by a tilt of the subreflector

around the secondary focus. This is exemplified for Band 6 in

Section 3.2.

Nutation of the subreflector will be used to rapidly chop the beam

on the sky. Section 3.3 illustrates how the beam quality depends

on the nutation angle and on the selected center of the nutation.

Diffractions in the subreflector edge may radiate into the hole of

the main reflector and, consequently, increase the G/T of the

antenna. It has therefore been proposed to reduce this effect by

rounding the outer subreflector edge. Various investigations and a

final conclusion are presented in Section 3.4.

The Physical Optics (PO) method is used intensively for the

analyses of the ALMA antenna. The fundamental properties of PO

are briefly described in Section 3.5.

3.1 Scattering cone

3.1.1 Initial analysis of cone effect

The baseline geometry in the ALMA is a Cassegrain dual reflector

shown in Figure 3-1. The feed is illuminating a hyperboloidal

subreflector of diameter 750 mm and eccentricity 1.105 (hence, the

magnification is 20) with an edge illumination of 12 dB below peak

(axis-to-edge angle is 3.58◦).

The subreflector illuminates a paraboloidal main reflector of focal

length 4800 mm (hence, equivalent focal length is 96000 mm) and

diameter 12000 mm.

As illustrated in Figure 3-1 a considerable amount of power is

radiated into the central hole of the main reflector if the antenna

is considered a transmitting antenna. In the receiving case (the
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Figure 3-1 Cassegrain geometry with no central

subreflector cone

real function of the antenna) this means that the antenna will

receive noise from the directions to which it radiates in the

transmit case, hence, especially this central hole.

In order to reduce the field radiated into the hole (Tx), hence,

reduce the antenna noise due to the ground temperature in the

hole (Rx) a central cone has been added to the subreflector surface.

The shape of the cone is controlled by 3 parameters, Rc, Q and C
according to the following equation:

∆z = −(Q(
Rc − r

Rc

)2 + C(
Rc − r

Rc

)3), (3.1)

where r is the distance to the axis of rotation. The effect of this

cone is to redirect the rays reflected in the central part of the

subreflector (less than 30 mm from the axis) to the regions on the

main reflector outside the central hole. In Figure 3-2 a sideview of

the geometry shows how the rays are affected by the central cone.

No rays are radiated into the central hole, hence, noise from the

hole will arrive at the feed only by means of diffraction.

The effect of the cone on the field radiated by the subreflector is

illustrated in Figure 3-3.

The composite feed/subreflector field has been calculated which is

necessary to get a realistic field by Physical Optics. The peak at

around 7◦ is the feed/subreflector shadow boundary and the slope

at 120◦ is the reflection boundary. The field is unaffected by the

presence of the cone except at angles above 170◦ corresponding to

the direction to the hole.

To further illustrate the effect of the subreflector cone Figure 3-4

shows the field from the subreflector in a plane through the apex

of the main reflector.

Keeping in mind that the rim of the hole is at 375 mm we see that
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Figure 3-2 Cassegrain geometry with nominal central

subreflector cone

0.0 90.0 180.00.0 30.0 60.0 90.0 120.0 150.0 180.0deg
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Figure 3-3 Subreflector far field. 230 GHz.

Blue curve: without cone.

Red curve: with cone.
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Figure 3-4 Subreflector field in central main reflector

region. 230 GHz.

Blue curve: without cone.

Red curve: with cone.

in most parts of the hole region the subreflector field is reduced by

10 to 20 dB.

The reader will notice that the ordinate values in Figures 3-3 and

3-4 are very different. In Figure 3-3 the maximum field value is

around 20 dBi whereas the field values in Figure 3-4 are around

-100 dB. The reason is that the pattern in Figure 3-3 is a far-field

pattern whereas the pattern in Figure 3-4 is a near field pattern

and the normalisation done in GRASP9 for these two types of field

calculations are different.

In case of a far-field calculation the level is shown in dBi, hence, in

dB relative to the level of an isotropically radiating antenna.

In case of a near field calculation the ordinate shows the electric

field, E (unit
√

Watt), from which Poynting’s vector, P (power flux

per unit area), can be derived as

P = (
2π

λ
)2E2 (3.2)

λ being the wavelength defining the unit.

As an example in Figure 3-4 the ”blue” level (no-cone case) is

around -79 dB. Inserting this value for E together with

λ = 1.304mm (frequency is 230 GHz) results in

P = 0.2921 ∗ 10−6W/mm2. As the radius of the central main
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reflector hole is 375 mm the area of this hole is Ahole = 441786mm2.

As the field is almost constant in the hole, the total power flux in

the hole can be calculated as Phole = P ∗ Ahole = 0.12906. The total

power radiated from the feed is 4π so the percentage of the total

power hitting the hole is 1.03 percent.

3.1.2 Scattering cone parameter variation

This task consists in estimating the system G/T in the presence of

the central subreflector cone. The following temperatures have

been assumed at 230 GHz (band 6):

• The deep space temperature, Tspace = 0K

• Atmospheric physical temperature, Tatm = 263.9K

• Atmospheric optical depth, τ = 0.0598

• Atmospheric noise temperature,

Tatm,n = Tatm ∗ (1 − e−τ ) = 15.3K

• Ground temperature, Tgr = 269K (ground totally absorbing,

hence, ground noise temperature Tgr,n = Tgr)

• Receiver noise temperature, Tgr,n = 55K

As shown in Figure 3-2 the rays radiated from the feed are

reflected in the subreflector and hit the main reflector after which

a parallel ray bundle illuminates the sky.

For the noise temperature calculation it is necessary to estimate

the amount of relative power, Pup, radiated from the

feed/subreflector to the sky, hence, sees a noise temperature, Tatm,n.

For this purpose a far-field calculation of the feed/subreflector field

in the upper half space (towards the atmosphere/space) has been

done in so many points that the radiated power can be found by

pattern integration. The power figure is Pup. The remaining part

of the power, 1 − Pup, is radiated downwards and hits either the

main reflector or the ground, the latter either because it is

radiated outside the main reflector rim or because it is radiated

into the central reflector hole. The part hitting the main reflector,

Pm, is reflected and sees the atmosphere (Tatm,n). The total noise

temperature, Ttot, can now be written as

Ttot = (Pup + Pm)Tatm,n + (1 − (Pup + Pm))Tgr,n + Trec,n (3.3)

With the assumptions mentioned above 9 cases have been

considered: the first case is with no cone at all. The 2nd case is

with the nominal cone parameters

(Rc = 30mm,Q = 0.4284mm,C = 0.5504mm) and in the following 7
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Case ∆Rc(mm) ∆Q(mm) ∆C(mm)
No cone

0 (nominal) 0.00 0.00 0.00

1↑ +5.00 0.00 0.00

2↑ +10.00 0.00 0.00

3↓ -5.00 0.00 0.00

4↑ 0.00 +0.05 0.00

5↓ 0.00 -0.05 0.00

6↑ 0.00 0.00 +0.05

7↓ 0.00 0.00 -0.05

Table 3.1 Cone parameter changes

Case G Pm Pu Pgr Ttot G/T
No cone 88.192 0.9223 0.0632 0.0145 73.979 69.501

0 (nominal) 88.197 0.9324 0.0632 0.0044 71.416 69.659

1↑ 88.186 0.9328 0.0632 0.0040 71.315 69.654

2↑ 88.202 0.9311 0.0632 0.0057 71.746 69.644

3↓ 88.195 0.9325 0.0632 0.0043 71.391 69.659

4↑ 88.199 0.9323 0.0632 0.0045 71.442 69.659

5↓ 88.196 0.9325 0.0632 0.0043 71.391 69.660

6↑ 88.198 0.9324 0.0632 0.0044 71.416 69.660

7↓ 88.143 0.9327 0.0632 0.0041 71.340 69.610

Table 3.2 Impact on G/T of varying cone parameters. 230

GHz.

cases increments are given to each of these 3 parameters

according to Table 3.1.

Applying the data in Table 3.1 for changing the cone profile the

geometry has been analysed and the parameters relevant for the

G/T calculation have been extracted and presented in Table 3.2.

When considering the G/T value it is seen that the nominal

parameter combination is the optimum choice. Only a reduction of

C provides a very small increase in G/T . It is also seen that the

introduction of the cone provides a significant improvement of 0.15

dB in the G/T .

3.2 Subreflector tilt

So far all analyses have been done with the feed located at the

external focus of the hyperboloid. However, in the case of band 6

the interface waist of the front end is located at a distance, ∆r, of

245 mm from the antenna axis of rotation. In order to maintain

the focusing of the, now scanned, beam the displacement of the
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θtilt θsky G Pm Pu Pgr Ttot G/T
Nom cone 0.000◦ 88.197 0.9324 0.0632 0.0044 71.416 69.659

0.0◦ -0.146◦ 88.128 0.9323 0.0580 0.0097 72.761 69.509

0.1◦ -0.142◦ 88.140 0.9330 0.0579 0.0091 72.609 69.530

0.2◦ -0.135◦ 88.150 0.9336 0.0579 0.0085 72.456 69.549

0.3◦ -0.129◦ 88.159 0.9342 0.0579 0.0079 72.304 69.567

0.4◦ -0.122◦ 88.165 0.9347 0.0579 0.0074 72.177 69.581

0.5◦ -0.115◦ 88.169 0.9350 0.0579 0.0071 72.101 69.570

0.6◦ -0.109◦ 88.172 0.9353 0.0579 0.0068 72.025 69.597

0.7◦ -0.102◦ 88.175 0.9354 0.0579 0.0067 72.000 69.602

0.8◦ -0.096◦ 88.176 0.9355 0.0579 0.0066 71.974 69.604

0.9◦ -0.089◦ 88.176 0.9354 0.0579 0.0067 72.000 69.603

1.0◦ -0.082◦ 88.177 0.9353 0.0579 0.0068 72.025 69.602

1.1◦ -0.076◦ 88.177 0.9351 0.0579 0.0070 72.076 69.599

1.2◦ -0.069◦ 88.177 0.9350 0.0578 0.0072 72.127 69.596

1.3◦ -0.063◦ 88.176 0.9345 0.0578 0.0077 72.253 69.587

1.4◦ -0.056◦ 88.176 0.9341 0.0578 0.0081 72.355 69.581

1.5◦ -0.050◦ 88.174 0.9336 0.0578 0.0086 72.482 69.572

1.6◦ -0.043◦ 88.173 0.9330 0.0578 0.0092 72.634 69.562

1.7◦ -0.037◦ 88.170 0.9323 0.0578 0.0099 72.812 69.548

Table 3.3 Impact on G/T of feed displacement and

subreflector tilt. 230 GHz.

feed along the antenna axis, ∆z, should follow the petzval surface

defined as

∆z =
∆r2

4fpetz

(3.4)

Where fpetz = 150mm for the present configuration. Hence, for

∆r = 245mm the axial displacement of the feed is ∆z = 100.04mm.

The two first lines in Table 3.3 describe the effect of scanning the

beam (-0.146◦) by displacing the feed from the antenna axis. The

peak level has dropped and the noise temperature has increased

by around 1.35K. The G/T is reduced by around 0.2 dB. The

reason for the increased noise temperature is shown in Figure 3-5.

Some rays reflected in the subreflector are passing the main

reflector both outside, to the left and through the central hole.

Hence, in the receiving mode the band 6 feed is exposed to the hot

ground instead of the colder atmosphere/space. In order to

eliminate this reduction it is possible to tilt the reflector around

the interior focal point of the subreflector that coincides with the

main reflector focal point.

During this tilt the exterior focal point, hence, also the Petzval

surface is rotated around the interior focal point. This means that
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Figure 3-5 Rays from band 6 feed position

the z-displacement, ∆z, of the optimum feed location is changed as

follows

∆z(θtilt) =
(∆r − fsubsin(θtilt))

2

4fpetz

(3.5)

Where fsub is the distance between the hyperboloid foci (6176.9531

mm) and θtilt is the subreflector tilt (positive when the external

hyperboloid focus is moved towards the feed).

In Table 3.3 the result of gradually increasing the subreflector tilt

is shown. The scan of the far-field beam, θsky, depends on the

subreflector tilt as follows:

θsky

θtilt

= −(
zc

f
+

fsub − zc

F
) (3.6)

Where zc is the distance from the interior hyperboloid focus to the

centre of tilt (0 in this case), f is the main reflector focal length

(4800 mm) and F is the equivalent focal length (96000 mm). The

ratio is calculated to be 0.064 which is confirmed by the data in

column 2 which is the location of the peak in a calculated pattern

cut.

Due to the fact that the feed location along the antenna axis is

modified during the subreflector tilt the peak level is almost

constant.

The power hitting the main reflector (Pm in column 4) shows a

(very flat) maximum at a tilt value of 0.8◦. The amount of power

radiated upwards from feed/subreflector (Pu in column 5) is very

constant around 5.8 percent of total power. In column 6

Pgr(= 1 − (Pm + Pu)) is the amount of power hitting the warm

ground with a minimum at a tilt value of 0.8◦. This gives rise to a

minimum in the incident noise temperature around the same tilt

value (column 7) and a maximum in the final G/T value (column



TICRA 35

8). In Figure 3-6 the optimum subreflector tilt is illustrated by a

ray tracing picture. All rays from the subreflector are now

reflected in the main reflector so that the noise from the central

hole is now reduced to the level found before the feed was scanned

away from the axis.

Figure 3-6 Optimum subreflector tilt

It can be concluded that the optimum subreflector tilt angle is very

close to half the tilt angle of the ray from the feed position to the

centre of the subreflector.

In the results to be presented in Chapter 5 it will be demonstrated

that the four-lobe cross polarization structure, which exists for a

feed at focus, is completely dominated by the two-lobe structure,

when the feed is offset.

In order to understand and verify this behavior a small numerical

experiment at 243 GHz with a simple Cassegrain antenna with

the same dimensions as the ALMA antenna is investigated. First

the feed is located at the focus and one obtains the four-lobe

structure with a maximum cross polarization of about 7 dBi. Next

the feed is offset 200 mm and re-pointed the angle α such that it is

directed towards the external focus. The cross polarization now

changes to the two-lobe structure with a maximum of about 44

dBi. The subreflector is then rotated around the external focus to

two tilted positions, namely α/2 and α. In both cases the two-lobe

structure is retained and the maximum cross polarization changes

no more than 1 dB.

The conclusion is that the cross polarization is generated by the

feed offset and it is almost independent of the subreflector tilt.

3.3 Subreflector nutation

In Section 3.2 the effect of tilting the subreflector around the

internal hyperboloid focus (and main reflector focus) was



36 TICRA

θnut θsky G
-1.5◦ -0.204◦ 85.439

-1.0◦ -0.159◦ 86.902

-0.5◦ -0.114◦ 87.860

+0.0◦ -0.069◦ 88.179

+0.5◦ -0.024◦ 87.921

+1.0◦ +0.021◦ 87.122

+1.5◦ +0.066◦ 85.827

Table 3.4 Results of subreflector nutation assuming

zc = 160 mm. 230 GHz.

investigated. The purpose of this tilt was to minimise the incident

antenna noise for off-axis feeds.

Another purpose of moving the subreflector is the so-called

nutation which is an oscillatory rotation of the subreflector around

a point on the antenna axis. The location of this point has been

determined from mechanical considerations to be 160 mm from

the internal hyperboloid focus towards the reflectors. Hence, in

(3.6) zc = 160 should be used. This results in a ratio of 0.090

between beam scan and nutation angle compared to 0.064 for the

tilt function. In Table 3.4 the characteristics of the main beam of

the antenna (peak level and pointing) are listed. Compared to the

subreflector tilt the nutation operation has a significantly higher

impact on the peak level of the beam. This is partly due to the fact

that a relocation of the feed to the Petzval surface during the

subreflector nutation is not possible but also the change of zc from

0.0 mm to 160.0 mm has an impact. In Figure 3-7 the far-field

pattern from the main reflector has been plotted around the beam

peak. The abscissa angle values are with reference to a coordinate

system that has been repointed according to the beam direction at

each nutation value. It is obvious that a nutation of ±1.0◦ (beam

scan of ±0.090◦ ≈ 5.4 arcmin) generates a significantly higher

sidelobe level, however, there is a main beam so it is still possible

to determine the direction to a target.

The choice of zc = 160 mm has been made from mechanical

considerations. From an RF point-of-view a significant

degradation is found, both in the peak level and in the pattern

shape. For this reason the possibility of reducing the

focus-nutation point distance from 160 mm to 100 mm has been

analysed. 4 nutation angles in the range ±1.0◦ have been included

in the check. In Table 3.5 the pointing of the main beam relative to

the antenna axis and the peak level are indicated. The beam

scan/nutation angle ratio is now 0.081, hence, a little bit smaller

than in the case with zc = 160 mm. On the other hand the scan

loss is smaller, an average of 0.533 dB from 0.0◦ to ±1.0◦ compared
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Figure 3-7 Far-field beam for various nutation values

(zc = 160 mm): 0◦ (blue), -0.5◦ (red), -1.0◦

(green). The values on the abscissa are relative

to the peak direction at each nutation value.

230 GHz.

θnut θsky G
-1.0◦ -0.150◦ 87.557

-0.5◦ -0.110◦ 88.025

+0.0◦ -0.069◦ 88.179

+0.5◦ -0.029◦ 88.072

+1.0◦ +0.011◦ 87.736

Table 3.5 Results of subreflector nutation assuming

zc = 100 mm. 230 GHz.
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to 1.167 dB in the ”zc = 160 mm” case. In Figure 3-8 the far-field
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Figure 3-8 Far-field beam for various nutation values

(zc = 100 mm): 0◦ (blue), -0.5◦ (red), -1.0◦

(green). The values on the abscissa are relative

to the peak direction at each nutation value.

230 GHz.

pattern from the main reflector has been plotted around the beam

peak. The beam degradation looks similar to the one seen in

Figure 3-7.

3.4 Rounded subreflector edge

3.4.1 Introduction.

An analysis of the subreflector/feed combination described in [1]

has been carried out with various modifications to the edge of the

subreflector (’rounding’ the edge). The basic parameters for the

subreflector are: Rotationally symmetric hyperboloid with

distance between foci equal to 6176.9531 mm and distance

between apices equal to 5588.6716 mm, and radius equal to 375

mm. The feed, placed in the outer focus, is assumed to emit a

Gaussian beam with a 12 dB taper at the edge of the subreflector.

The purpose is to analyze the possibility of reducing the mutual

coupling between feeds lying in a plane through the outer focus,

perpendicular to the axis. These feeds all lie within a radius of 375

mm from the axis. To grade the effectiveness of various rounded

edges, the field from the central feed will be calculated in the focal
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plane. Since edge effects will mainly appear in the E plane,

emphasis will be on this plane.

3.4.2 Method of moments versus PO+PTD.

Since the subreflector is much too large to be analyzed by the

Method of Moments (MoM), and the use of PO+PTD was

considered questionnable, since emphasis is on very small

modifications along the edge of the subreflector, a different

structure, containing the essential properties under examination,

was examined instead. This is a metallic plate with a size of 30 ×
30 wavelength, illuminated by a horn, with and without a rounded

edge.

The geometry is shown in Figure 3-9. The plate is 60 × 60 cm, the

horn is placed with a vertical axis 60 cm from the upper edge of

the plate, the plate is inclined 60o with respect to the vertical, the

frequency is 15 GHz, and the horn emits a Gaussian beam with a

-16 dB taper at 15o. The far field is calculated in the plane

orthogonal to the upper edge, first with a sharp edge and

subsequently with an edge with a circular profile. The radius of

curvature of the edge is 2 cm, it is fitted such that the first

derivative is continuous at the junction, and the size is such that

the tangent is 80o at the upper edge. This ensures that the edge is

visible from the horn, a condition for the validity of PO+PTD, with

a margin of 10o. In Figure 3-10 the E-plane pattern is shown, both

for a PO+PTD calculation and a MoM calculation. The former

shows the contributions from the upper edge only, since the lower

edge is in deep shadow. The MoM calculation incudes standing

waves excited on the plate, and therefore shows some ripples due

to inerference between contributions from the upper and lower

edges. Figure 3-11 shows a comparison for a plate with a rounded

edge. It is evident that in the region from -60o to -10o PO+PTD is

inaccurate. In this region the observation point is not visible from

the edge rendering PO+PTD invalid here. It is concluded that,

with the exception of a small region around 250o, the agreement is

good in the regions where PO+PTD is valid.
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Figure 3-9 Plate with or without rounded edge (here with)

for comparison between PO+PTD and MoM

analyses.
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Figure 3-10 E-plane patterns for plate with sharp edge at

15 GHz, comparing PO+PTD with MoM.
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Figure 3-11 E-plane patterns for plate with rounded edge

at 15 GHz, comparing PO+PTD with MoM.
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3.4.3 Method of Moments on modified model.

At the progress meeting on December 20, 2006, it was decided to

modify the model used for the Method of Moments analysis

slightly. The model is largely identical to Figure 3-9, but a vertical

section of height H is added to simulate the thick edge of the

subreflector. The curved part of the edge follows a circle with

radius R, tangent to the subreflector at one end and tangent to the

vertical section at the other end. A close-up of the edge is shown in

Figure 3-12 The model is analyzed in a plane perpendicular to the

Figure 3-12 New edge with added vertical section.

edge for both E-polarization and H-polarization. The analysis is

carried out at 15GHz, but with 3 different curvatures of the edge,

viz. for R = H = 1λ, R = H = 1.5λ, and R = H = 2λ. The results

are compared to the result obtained with a sharp edge in Figures

3-13 through 3-18.
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Figure 3-13 R=H=1 λ, E-plane. Comparison with (-) and

without (- -) rounded edge.

Figure 3-14 R=H=1 λ, H-plane. Comparison with (-) and

without (- -) rounded edge.
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Figure 3-15 R=H=1.5 λ, E-plane. Comparison with (-) and

without (- -) rounded edge.

Figure 3-16 R=H=1.5 λ, H-plane. Comparison with (-) and

without (- -) rounded edge.
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Figure 3-17 R=H=2 λ, E-plane. Comparison with (-) and

without (- -) rounded edge.

Figure 3-18 R=H=2 λ, H-plane. Comparison with (-) and

without (- -) rounded edge.
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3.4.4 Analytical analysis of rounded edge.

During the analysis of the influence of rounding the edge of the

subreflector on the ALMA antenna the question was raised,

whether the results found in [8] could hold the key to the

understanding of the considerable improvement in suppression of

backscatter from the subreflector obtainable with a relatively

modest rounding of e.g. 1.5λ.

Initial attemps to reproduce the results in [8] gave rise to

speculations about possible printing errors, since the matrix

elements calculated for the truncated equation system, apparently

did not exhibit the expected convergence properties.

The following sections first show a check for printing errors, then

checks some of the results shown in [8] and finally attemps to use

the theory on the ALMA geometry, an exercise which is found to

require a modification of the original equations.

3.4.4.1 Review of formulas and results.

A close scrutiny of the formulas in [8] reveal a number of printing

errors. These are:

In equations (20), (22) and (33) the following change should be

made:
∞

∑

p=0

∞
∑

q=−∞

=⇒
∞

∑

p=0

ejp π

2

∞
∑

q=−∞

(3.7)

In equation (30):

∞
∑

p=0

Hp(kρ0)
∞

∑

q=−∞

=⇒
∞

∑

p=0

ejp π

2

∞
∑

q=−∞

(3.8)

In equation (31) line 3:

sin 2q

2q
=⇒ sin 2qα

2q
(3.9)

With these corrections, the formulas have been programmed, and

some of the results in [8] verified, viz. results for the 90o wedge in

Fig. 3 in [8]. It is noticed, rather unexpectedly, that the coefficients

in the truncated equation system increase considerably with

increasing values of m. Nevertheless, taking M = 10 and Q = 70,

the equation system is still able to be solved by simple Gauss

elimination, and the results are shown in Figures 3-19 and 3-20

for ka=0, 1, 2, and 3, where k is the propagation constant and a is

the radius of curvature of the edge of the wedge, for the amplitude

and in Figures 3-21 and 3-22 for the phase. These results are in

excellent agreement with those shown in [8].
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Figure 3-19 Monostatic backscattering from a 90o wedge

with ka=0 (-), 1 (- -), 2 (-.-), 3 (– - –). TM

polarization, amplitude.

Figure 3-20 Monostatic backscattering from a 90o wedge

with ka=0 (-), 1 (- -), 2 (-.-), 3 (– - –). TE

polarization, amplitude.
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Figure 3-21 Monostatic backscattering from a 90o wedge

with ka=0 (-), 1 (- -), 2 (-.-), 3 (– - –). TM

polarization, phase.

Figure 3-22 Monostatic backscattering from a 90o wedge

with ka=0 (-), 1 (- -), 2 (-.-), 3 (– - –). TE

polarization, phase.
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3.4.4.2 Improved formulation, ALMA results.

The largest value of a appearing in [8] corresponds to a little less

than 0.5λ, but for the present purpose we are interested in values

of a in the region from 1.5 to 2.0λ. To obtain convergence, the value

of M must be increased considerably. For a = 1.5λ M = 90 appears

sufficient with Q = 190. With this value of M the coefficients in the

truncated equation system increase dramatically with increasing

values of m, and a normalization of the equation system is

required. An inspection of equations (20) and (30) in [8] reveals

that the problem lies with the Hankel functions in the first line.

Since these functions are independant of p and q, it is permissible

to divide both sides of the equations by H ′

m/γ(kR) to obtain a better

normalization of the equation system.

Figure 3-23 Monostatic backscattering from a 120o wedge

with ka=0 (-), 3π original equations (- -) and 3π
normalized equations (–.–). TE polarization,

amplitude.

In Figure 3-23 is shown the results for a 120o wedge (corresponding

to the edge of the ALMA subreflector) with a equal to 0 and to 1.5λ,

both using the original equations and the above normalization.

Other possible simplifications were considered: 1) Replacing

Hp(kρ) and Hp(ka) in equation (5) (and many following equations)

of [8] with Yp(kρ) and Yp(ka) to avoid function values with

extremely large difference in size between real and imaginary

parts. Since the region in question only contains standing waves,

this would be logical. 2) Replacing the unknowns dp and fp in
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equation (5) (and many following equations) by Jp(ka)dp and

Jp(ka)fp to obtain more symmetry in the equations. (Similarly Dp

and Fp in (25) and following should be replaced by J ′

p(ka)Dp and

J ′

p(ka)Fp). These two changes were found to be of little significance,

however. Results with these extra modifications corresponded to

the result in Figure 3-23 using normalized equations. In the

remainder of the calculations all 3 modifications were included.

Figure 3-24 Monostatic backscattering from a 120o wedge

with ka=0 (-), π (- -), 2π (– –), 3π (–.–), and 4π
(— - —). TM polarization, amplitude.

Finally a series of calculations were made for a equal to λ
2
, λ, 3λ

2
,

and 2λ. Only amplitude results are shown in Figures 3-24 and

3-25. In Figure 3-25 the convergence seems a little doubtful for ka
equal to 3π and 4π, but increasing M is not possible with the

standard computer word length (the actual values used were

M = 30, 80, 90, 120 and Q = 130, 180, 190, 180). The region of interest

is from 113o to 120o, which corresponds to the angular region under

which the ALMA feeds may observe the edge of the subreflector.

Comparing the results for a equal to 0 and 3λ
2

we find a

suppression of the backscattering of approximately 16-18 dB in

the E-plane and 10-13 dB in the H-plane. Since the H-plane

pattern is generally lower than the E-plane pattern, the actually

backscattered field is approximately the same in both cases.

3.4.4.3 Impact on G/T for ALMA results.

An inevitable consequence of lowering the backscatter from the

edge of the reflector is that the power must be redirected in
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Figure 3-25 Monostatic backscattering from a 120o wedge

with ka=0 (-), π (- -), 2π (– –), 3π (–.–), and 4π
(— - —). TE polarization, amplitude.

another direction, possibly in a direction harmful to the noise level

of the antenna. To check this, a bistatic scattering calculation was

carried out for the structure considered in Section 3.4.4.2. The

incident field is assumed to come from the angle φ0 = 116.5o,

corresponding to a feed in the centre of the aperture plane, and the

scattered field is calculated for 600 < φ < 300o in the coordinates

used in [8]. In ALMA terms, φ = 60o corresponds to a ray tangent

to the hyperboloid surface, and φ = 300o corresponds to a ray

tangent to the vertical edge of the subreflector, while φ = 116.5o is

the direction towards the feed, i.e. the monostatic result from

Section 3.4.4.2. The angular range of interest for the noise

calculation is 1800 < φ < 210o, corresponding to the field scattered

towards the ground between the main reflector edge and the

horizon. It is found from Figures 3-26 and 3-27 that the increase

in field level in this sector is in the range -0.86 dB to 5.67 dB for

TE polarization and -0.6 dB to 3.5 dB for TM polarization. The

numbers close to φ = 180o cannot be read from the figures, only

from the underlying data file. The reason is, that the diffraction

coefficient derived in [8] is non-uniform (of Keller type), and

therefore exhibits a singularity at the reflection and shadow

boundaries. The terms that define the difference between the

results for the sharp edge and the rounded edge, however, are

completely smooth in these regions. Converting the numbers to

absolute values and taking an average leads to an increase of

approximately a factor 2 for TE polarization and 1.5 for TM
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Figure 3-26 Bistatic backscattering from a 120o wedge with

ka=0 (-) and 3π (- -). incident angle 116.5o, TE

polarization, amplitude.

Figure 3-27 Bistatic backscattering from a 120o wedge with

ka=0 (-) and 3π (- -). incident angle 116.5o, TM

polarization, amplitude.
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polarization.

To estimate the increase in noise figure, it only remains to

calculate the contribution to the noise figure from the spill-over at

the main reflector directed towards the ground. A calculation of

the spill-over directed towards the ground only, leads to a value of

0.001684 relative to the total power, and multiplying with 269o

leads to an increase in noise level of 0.45oK. Since the main part

of the spill-over is in the E-plane, a conservative estimate of the

extra spill-over caused by the rounded edge is alse 0.45oK. This

leads to a G/T value at 230 GHz of 70.7010 dB, i.e. a decrease of

0.035 dB caused by the curved edge.

For frequencies below 230 GHz the noise from the ground will

increase, due to the nature of diffraction processes, but the extra

noise, due to the rounding of the edge, will diminish, since the

radius of curvature, measured in wavelengths, will decrease.

For frequencies above 230 GHz the noise from the ground will

decrease, for the above reason, but it is not immidiately evident,

though, how the rounding of the edge will influence the total noise

figure in this case. To investigate this we perform an evaluation at

the double frequency, 460 GHz. At this frequency the theory in [8]

is not applicable. It is, however assumed, that at this frequency

PO and PTD will be applicable, and the calculation is based on

this assumption. First the power from the subreflector towards the

ground in the sector between the main reflector edge and the

horizon is calculated as above. The result is 1.0565335E-03

relative to the total power, giving a noise figure of 0.28oK. Since we

are not able to calculate the PO currents on sections of the

subreflector not visible from the feed, we shall use the edge model

shown in Figure 3-28 and compare to the exact hyperboloid edge.

Since PO contributions from the rest of the subreflector are

unchanged by a change in the edge, it is sufficient to calculate the

scattering from the two edges and subtract them, and then

calculate how much of the difference field lies in the sector

between the main reflector edge and the horizon. The result is

1.7488479E-04 relative to the total power, giving an increase in

noise figure of 0.048oK.

Finally the exercise is repeated at 950GHz. Here the power from

the subreflector towards the ground in the sector between the

main reflector edge and the horizon is calculated as 5.8218593E-04

relative to the total power, giving a noise figure of 0.16oK. In this

case the extra power, due to the rounded edge, is 4.2205872E-04

relative to the total power, giving an increase in noise figure of

0.11oK.

The above results show that for frequencies above 230 GHz the

increase in noise temperature due to the rounding of the

subreflector edge is not monotonically decreasing as the frequency
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Figure 3-28 Edge of the ALMA subreflector, from 373 to 375

mm, showing the two models applied.

increases. The reason to this is that the rounding will introduce a

contribution both from the front edge and the back edge. These

contributions will interfere and thus create a more complicated

variation with frequency.
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3.4.5 Conclusion.

The overall conclusion is, that it can be recommended to

implement a rounded edge with a radius of curvature of 1.5

wavelength in band 6. The reduction in monostatic backscattering

from a 120o wedge with rounded edge (radius of curvature a) has

been analyzed with PO+PTD, Method of Moments (MoM) and the

theory from [8], and a suppression of approximately 17 dB was

found in the H-plane, where the field is highest, in the directions

of interest for the ALMA design. This may be compared to the

suppression of approximately 12 dB found using the Method of

Moments on a model resembling the geometry close to the edge of

the subreflector. Since the model is only 30λ square, the latter

calculation will inevitable include multiple diffractions which

slightly obscures the result, whereas the analytical results are for

an idealized geometry. It is found that the price of obtaining the

reduction in backscattering is an increase in spill-over at the main

reflector, effectively doubling the noise figure for this particular

contribution at 230 GHz. No adverse effects are found at other

frequencies.

3.5 Basics of Physical Optics (PO)

In this study the calculations of the field scattered by the reflectors

are done using the Physical Optics theory (PO). At each point on

the scatterer the PO current is calculated from the incident field

(from the feed or from another scatterer). This is done in a number

of points on the scatterer and these currents are then integrated to

obtain the field values in the requested field points (in the far field

or on the next scatterer).

A special problem occurs when PO is used to calculate the field at

points where the source (feed) is shadowed by the scatterer, hence,

there is no direct ray from the feed to the field point. This is the

case if we want to calculate the field from the subreflector on the

axis of the antenna. The way to get the correct field in the shadow

region is illustrated by the simple example in Figure 3-29.

By using PO in GRASP9 the field is now calculated in the far field

on a full circle around the structure: The currents on the plate are

calculated from the feed field on the plate and these currents are

integrated to get the far field from the plate. Intuitively, one

should expect a very low field under the plate. However, the field

calculated from the currents looks as shown in Figure 3-30.

At θ = 0◦ (upwards direction in Figure 3-29) the peak is obviously

created by the feed field reflected in the plate but the field is also

high at θ = 180◦ where no field (or very low field) is expected.

Apparently, a component in the PO calculation is missing. In

Figure 3-31 the direct field from the feed is plotted.
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Figure 3-29 Feed close to a planar scatterer
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Figure 3-30 Field from plate currents
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Figure 3-31 Direct field from the feed

As it is directed along the negative z-axis the peak is at θ = 180◦

and in the angular section the amplitude is almost identical to the

amplitude of the pattern in Figure 3-30. Furthermore, if the phase

curves of the fields in Figure 3-30 and Figure 3-31 are plotted, it is

seen that the two field contributions are in counterphase. The

effect of this is seen in Figure 3-32.

In this figure the two field contributions are added resulting in a

low field level in the downwards direction in Figure 3-29. This is

the realistic field calculated from the geometry in Figure 3-29.
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Figure 3-32 Total field from feed and plate
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4. Set-up of front ends

This section describes the set up of the ALMA front-end systems in

GRASP. The geometry for each of the 10 bands is converted to

GRASP format in order to enable a detailed analysis by Physical

Optics. This work was facilitated by the QUAST software which is

a quasioptical add-on package to GRASP by which the geometry

can be specified in terms of the Gaussian-beam data used in the

ALMA project. The input data has been found in the Front-end

Optics report [2] and in the appendices [9] [10] [11] [12] [13] [14]

[15]. It has been checked that the data in these reports are

consistent, which they are, except some minor differences.

In the following analysis the corrugated horns are modelled by

means of a hybrid mode model. An exception is band 3 where a

detailed mode-matching analysis of the horn is performed. The

mirrors are considered ideal without any ohmic losses and the

cryostat window and thermal filters are treated as apertures

without dielectric material inserted in the apertures. This means

that only beam truncation is analysed and losses and

birefringence effects must be added separately. A table with

measured window and filter losses is included in Section 4.11.

4.1 Band 1

The Band 1 front-end system consists of a corrugated horn with a

focusing dielectric lens mounted some distance in front of the horn

aperture. A schematic drawing is shown in Figure 4-1 and a

3D-drwaing in Figure 4-2.

In this figure the lens has a diameter of 5w as specified as a goal in

[2], Section 2.2. This gives, at the centre frequency, a lens

diameter of 5w = 271mm which is larger than the specified

diameter of 186mm. In the drawing above, the lens is bi-hyperbolic

with curvatures that perfectly matches the wavefront curvatures

at the centre frequency. The index of refraction is n = 1.5.

In [9] the corrugated horn and the lens are specified, but more

details and information about the position of the horn and lens is

neccesary for a complete GRASP analysis. Consequently, the front

end will be represented by a simple Gaussian beam model in the

GRASP analysis.
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Figure 4-1 Schematic drawing of Band 1. A beam of width

5w is shown, corresponding to −54.3dB. Grid

spacing = 50mm

Figure 4-2 3D drawing of Band 1 38 GHz. A beam of

radius w is shown, corresponding to −8.68dB.
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4.2 Band 2

The Band 2 front-end system is similar to Band 1 and consists of a

corrugated horn and a focusing dielectric lens. A schematic

drawing is shown in Figure 4-3 and a 3D-drwaing in Figure 4-4,

where the lens diameter is 5w.

Figure 4-3 Schematic drawing of Band 2. A beam of width

5w is shown, corresponding to −54.3dB. Grid

spacing = 50mm

Figure 4-4 3D drawing of Band 2 at 78 GHz. A beam of

radius w is shown, corresponding to −8.68dB.

In the drawing above, the lens is assumed to be bi-hyperbolic with

curvatures that perfectly matches the wavefront curvatures at the

centre frequency. The index of refraction is 1.5.

In [10] the corrugated horn and the lens are specified, but more

details and information about the position of the horn and lens is
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neccesary for a complete GRASP analysis. Consequently, the front

end will be represented by a simple Gaussian beam model in the

GRASP analysis.
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4.3 Band 3

Band 3 consists of a corrugated horn and two mirrors. The first

mirror (seen from the feed) is ellipsoidal and the second is planar.

The system is redefined in [2] compared to previous reports in the

way that there is now a lens mounted in the aperture of the horn,

designed such that a waist is generated just in front of the lens.

A schematic drawing of the Band 3 front-end system is shown in

Figure 4-5 and a 3D-drwaing in Figure 4-6. The mirrors in 4-5 are

just symbolic, whereas the mirror diameters in 4-6 correspond to

5w.

Figure 4-5 Schematic drawing of Band 3. A beam of width

5w is shown, corresponding to −54.3dB. Grid

spacing = 50mm

4.3.1 Feed geometry and analysis

The feed is defined in the drawing shown in Figure 4-7.

It is found:

Axial length: 40.9000 + 3.0/(2 · tan 18.0◦) = 45.5165 mm

Aperture diameter: D =Axial length·2 tan 18.0◦ = 29.5784 mm

Slant Length: Axial length/ cos 18.0◦ = 47.8589 mm

where it has been used that the waveguide diameter according to

the drawing is 3.00 mm.

A simple hybrid-mode model for the horn radiation has been

compared to Ticra’s mode-matching software CHAMP as shown in

Figure 4-8. Only the horn itself and not the transition from the
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Figure 4-6 3D drawing of Band 3 at 100 GHz. A beam of

radius 5w is shown, corresponding to −54.3dB.

Figure 4-7 Band 3 feed geometry, from [11], p.69

rectangular waveguide has been modelled by CHAMP. The

hybrid-mode model is not able to predict cross polarization, but the

agreement in the co-polar field at 100 GHz is very good. At 115
GHz the mode-matching calculations give a high cross-polar field

and different co-polar patterns in the E- and H-planes. This does

not agree well with the hybrid-mode model and indicates that the

corrugated horn is not well designed for this frequency as

confirmed by the meassurements in [11], p.9 and also shown in

Figure 4-9. Analysis at other frequencies show an excellent

agreement between the mode-matching and hybrid-mode models

and also good agreement with the measurements (except at 92
GHz, at which there seems to be an error in the measurements).
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Because of the horn problem at 115 GHz the CHAMP data has

been used for the final antenna analysis which shows that the

cross-polar level is relatively high, but the total efficiency is not

significantly affected (see Sections 5.1.1 and 5.2). Finally, in

Figure 4-10 a mode-matching calculation at 82 GHz is included in

order to investigate how the horn works below the required

frequency band. It is seen that both return loss and the cross-polar

level become relatively high.

deg.

d
B

-50 -40 -30 -20 -10 0 10 20 30 40 50

-60

-50

-40

-30

-20

-10

0
D-mode-match = 22.592 dBi

D-hybrid-mode = 22.604 dBi

RTL = -33.1 dB

Peak X-Pol : -39.6 dB

E-Plane

H-PLane

45° Plane - Co-pol

45° Plane - X-pol

Hybrid-mode model

deg.

d
B

-50 -40 -30 -20 -10 0 10 20 30 40 50

-60

-50

-40

-30

-20

-10

0
D-mode-match = 21.757 dBi

D-hybrid-mode = 22.083 dBi

RTL = -36.8 dB

Peak X-Pol : -23.5 dB

E-Plane

H-Plane

45° Plane - Co-pol

45° Plane - X-pol

Hybrid-mode model

Figure 4-8 Band 3 feed patterns. Comparison between

mode-matching and hybrid-mode model.

Left figure: 100 GHz. Right figure: 115 GHz.

Figure 4-9 Band 3 feed pattern measurements.

Left figure: 100 GHz. Right figure: 115 GHz.
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Figure 4-10 Band 3 feed pattern mode-matching calculation

at 82 GHz.

4.3.2 Lens geometry and analysis

The lens is plano-convex with geometry shown in Figure 4-11,

from [11], p.70. On this page the shape of the curved face of the

lens is defined by an analytic expression and it is noted that the

lens material is PTFE with a refractive index of n = 1.469.

Figure 4-11 Band 3 lens geometry.

The lens has been analysed by 3 methods: Geometrical Optics

(GO), Physical Optics (PO) and the Method of Moments (MoM). PO

and MoM are in excellent agreement, whereas GO deviates with

respect to max. directivity and sidelobe-level (see Figure 4-12).

This can probably be attributed to the small size of the lens (10λ).

The MoM analysis is time consuming, but in principle exact

(except for the coupling with the horn and the grooves in the lens

surface) and since it agrees well with the much faster PO, the PO

method will be used in the following analysis.

In order to compare the analysis with the measurements in [11], p.

20, a PO lens analysis is shown in Figure 4-13, where the incident
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Figure 4-12 Band 3 lens analysis. Comparison of GO, PO

and MoM.

E-plane cuts. Frequency: 100 GHz

field from the feed is computed with both the hybrid mode model

and CHAMP mode matching. It is seen that the mode matching

predicts cx pol. level approximately -40 dB below peak, whereas

the cx pol. level in the measurements is -30 dB below peak. An

investigation of this requires a detailed modelling of the effects of

the grooves in the lens which have not been taken into account in

the present analysis, but will be treated in Section 4.3.7.
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Figure 4-13 Band 3 lens analysis. Comparison of hybrid

mode model and mode matching, 100 GHz.

Co pol. in E-plane and cx pol. for φ = 45◦ deg.

It is noted that the analytical expression given in [11], p. 70 is not

identical to the expression in the handbook [16], p. 16-4, in which

an additional term is included. This has the consequence that,

according to Gaussian beam analysis, the waist of the beam that

comes out of the lens is located 37.9mm above the lens instead of

just on the upper lens surface as specified in [2] in Table 10, p. 33.
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The difference between the two lens shapes is, however, small as

shown in Figure 4-14.

Figure 4-14 Comparison between actual lens design and

handbook design.

Figure 4-15 Phase of horn+lens in E-plane cut at 100 GHz,

just above the upper lens surface.

Gausian beam analysis and PO is compared.

In order to compare the electrical performance of the actual lens to

the handbook design the phase of the field on a plane just above

the upper lens surface is calculated as shown in Figure 4-15.

According to Gaussian beam analysis the phase of the handbook

design is constant (as it should be), whereas the actual design has

a non-constant phase. The difference is, however, less pronounced

when the field is calculated by PO which also agrees well with the

measurements in [17], p. 19 (see Figure 4-16). The efficiency and

antenna gain calculated in Sections 5.1.1 and 5.2, respectively, are

not significantly affected by the non-constant phase.
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Figure 4-16 Measured phase of horn+lens in two orthogonal

cuts at 100 GHz, just above the upper lens

surface.

From [17], p. 19.

4.3.3 Mirror 1 geometry

Mirror 1 is an ellipsoid defined by the drawings in Figure 4-17.

Figure 4-17 Mirror 1 drawing. From [11], p. 74.

If the definition data of the ellipsoid is taken as the half axes a and

b from Figure 4-17 and the angle of incidence θin = 25◦ it is possible

to derive the other ellipsoid parameters and the focal length which

becomes f = 203.0000 mm in agreement with Table 10 in [2], p. 33.

The rim is also defined in Figure 4-17 where it is indicated that

the plane of the rim is parallel to the surface tangent plane in the
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centre reflection point, and that the distance from this point to the

rim plane is 7.0000 mm. From this definition the rim curve

becomes a planar ellipse, but with cut-offs as defined on the

drawing. It has been checked that these data are consistent and

that they agree with the other data on the drawing.

4.3.4 Mirror 2 geometry

Mirror 2 is planar with dimensions shown in Figure 4-18.

According to [11], p. 71 it is located in the distance 160.000 mm

from mirror 1 which is sligthly different from the value

160.025 mm given in Table 10 in [2], p. 33. The tilt angle of mirror

2 given in [11], p. 71, results in a beam tilt of 1.8087◦ which is

different from the tilt angle 1.84◦ in [2], p. 20.

Figure 4-18 Mirror 2 drawing. From [11], p. 75.

4.3.5 Cryostat window and filter geometry

According to [11], p. 71, the cryostat window is located 145.2 mm

below the centre reflection point on mirror 1. The information in

[18] (as summarized below in Table 4.1) then defines the positions

and diameters of the window and filters.

The complete set-up of mirrors and windows is shown in Figure

4-19.
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Cryostat window 110K filter 15K filter

z-coordinate 0 44 57
diameter 70 61 60

Table 4.1 Band 3 cryostat window and filters.

z-coordinate and diameter (in mm).

Mirror 1

Mirror 2

Figure 4-19 Band 3 geometry with mirrors, filters and

cryostat window

4.3.6 GRASP analysis results

GRASP analysis of the front end system is presented below. In

Figure 4-20 the far field from the mirror system is computed

without taking into account the filter and window apertures and

the results are compared to an ideal Gaussian beam. For the Band

3 front-end system the ideal output beam has a waist radius of

w0 = 18.6147 mm at 100 GHz.

It is seen in Table 4.2 that there is a significant loss in peak gain

which is mainly due to reflection in the lens. The grooves in the

lens have not been included in the analysis, but will significantly

reduce the reflection as shown in Section 4.3.7.
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Figure 4-20 Far-field beams for mirror system with hybrid

mode feed (blue curves) and ideal Gaussian

output beam (red curves). Polarization along x,

i.e. in the plane of symmetry.

Left figure: φ = 0◦. Right figure: φ = 90◦.
Frequency: 100 GHz

Frequency/GHz 84 100 115 116
Polarization x y x y x y x y

15K filter 0.9278 0.9278 0.9285 0.9285 0.9291 0.9291 0.9288 0.9288
110K filter 0.9277 0.9277 0.9283 0.9283 0.9289 0.9289 0.9286 0.9286

Cryostat window 0.9260 0.9260 0.9272 0.9272 0.9266 0.9266 0.9263 0.9263
M1 0.9249 0.9250 0.9263 0.9262 0.9263 0.9264 0.9260 0.9261
M2 0.9245 0.9246 0.9260 0.9260 0.9263 0.9264 0.9260 0.9261

Subreflector 0.9062 0.9062 0.9084 0.9084 0.8997 0.8998 0.8995 0.8997

Table 4.2 Band 3 relative incident power.

CHAMP feed analysis.

Smooth lens without grooves.

Dielectric reflection loss included for lens, but

not for apertures.

Far-field cuts with and without filter and cryostat apertures are

shown in Figure 4-21. The effect of the apertures (without

dielectrics) is only significant at levels -40 dB below peak.

A number of scattering effects have been investigated e.g., the

direct radiation from the cryostat window and mirror 1 into the far

field and the scattering of the output beam from mirror 2 onto

mirror 1. Of these effects only the radiation of mirror 2 onto

mirror 1 has some significance and is most pronounced at the

lower end of the frequency band. A result is shown in Figure 4-22,

but the effect is only significant at levels 30 dB below peak.
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Figure 4-21 Far-field beams for mirror system without

apertures (blue curves) and with apertures (red

curves). Polarization along x, i.e. in the plane

of symmetry.

Left figure: φ = 0◦. Right figure: φ = 90◦.
Frequency: 100 GHz
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Figure 4-22 Far-field beams for mirror system with

apertures (blue curve) and with scattering from

mirror 2 onto mirror 1 (red curve). Polarization

along x, i.e. in the plane of symmetry. Cuts for

φ = 0◦

Frequency: 84 GHz

The largest discrepancy between the design values in [2], Table 10,

p. 33, and the actual design is the position of the output beam

waist. According to the Gaussian beam analysis in [2] the output

waist should be located 64.7678 mm above mirror 2, but with the

actual lens design the waist is located app. 65.7 mm below mirror

2. As discussed above, the effect is less pronounced when the field
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is calculated by PO and the efficiency and antenna gain calculated

in Sections 5.1.1 and 5.2, respectively, are not significantly

affected.
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4.3.7 Accurate Analysis of Grooved Lens

The study of the ALMA front end performance was initially

performed with a relatively simple model of the horn-feed

combination as described in Section 4.3.2. The horn was modelled

with a dedicated corrugated horn software, the horn field was then

expanded in terms of plane waves, and the lens was approximated

by a smooth lens (without grooves) and analysed by Physical

Optics (PO). The accuracy of the PO approximation was checked

by running a full Method of Moments (MoM) simulation on a

smooth lens and the results showed that PO is sufficiently

accurate, even in Band 3, which is the worst case due to the small

electrical size of the lens in this band. However, comparisons with

the measurements [11] performed on the horn-lens combination

revealed that the simple smooth lens model predicted a

cross-polarization approximately 10 dB lower than the actual

measured level and it was estimated by IRAM that the grooves

improves the peak gain by approximately 0.15 dB. The wrong

cross-polar level can be clearly seen in Figure 4-23 that shows the

simulated pattern of the smooth lens along with the measured

pattern. Due to these differences, it was decided to perform a more

accurate study of the effects of the grooves.
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Figure 4-23 Simulated radiation pattern of the smooth lens

(left) and measured radiation pattern of the

grooved lens (right, reproduced from [11]).

Frequency: 100 GHz

The cross-section of the grooved lens for Band 3 is shown in Figure

4-24. The diameter of the lens is 10.0λ0, the groove depth is 0.21λ0,

the groove width and the spacing between the grooves are 0.13λ0,

and the relative permittivity is 2.158.

The performance of this grooved lens was investigated using the

higher-order MoM that has been integrated in GRASP. GRASP

was used to compute the radiation patterns of the lens both with
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Figure 4-24 Cross-section of grooved plano-convex lens

(reproduced from [11]).

and without the grooves. The mesh of the smooth lens employs

348 4th-order quads which were approximately 2 by 2 wavelengths

in the dielectric (see Figure 4-25). The large smooth patches calls

for a high polynomial order and the maximum polynomial order

used in this example is 8 resulting in 24320 unknowns. The mesh

of the grooved lens employs 2800 quads and is shown in figure

4-26. The length of the patch edges is anywhere between 0 and 2

wavelengths in the dielectric. The total number of unknowns is

56320 which requires 23 GigaByte of computer memory.

Figure 4-25 Mesh of the smooth lens.

Figure 4-26 Mesh of the grooved lens (one quarter has been

removed to show the grooves on the bottom.

The radiation pattern of the horn-lens combination is shown in

Figure 4-27. The simulated pattern on the left has improved

significantly when compared to the pattern of the smooth lens

which was shown in Figure 4-23. The cross-polar level has

improved by 10 dB and the side-lobe structure appears to be closer

to the measured pattern. A comparison to the measurements is

somewhat difficult because the cross-polarization is not measured
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in the φ = 45◦ planes, but in horizontal and vertical cuts, where

the vertical cut is offset from the co-polar peak, but seems to be

close to the cross-polar peaks.
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Figure 4-27 Simulated radiation pattern of the grooved lens

(left) and measured radiation pattern of the

grooved lens (right, reproduced from [11]).

Frequency: 100 GHz

Table 4.3 summarizes various parameters for the lens analyses.

The power lost by reflection is reduced from 0.32 dB (7 percent) to

almost nothing when the grooves are introduced. However, the

peak co-pol increases only 0.18 dB whereas the remaining power

goes into the cross-pol and side lobes. This can be clearly seen in

the polar radiation patterns of the horn-lens combination which

are shown in Figure 4-28. The smooth lens (blue curve) has a large

co-polar back-lobe to the left in Figure 4-28(a) but this lobe is

dramatically reduced when the grooves are introduced (red curve).

For the cross-pol in Figure 4-28(b), the grooves also reduce the

back-radiation but the peak in the front hemisphere is increased

by 10.6 dB.

To ensure the highest possible accuracy of the simulations, the

grooved lens model described here should be included in the

GRASP computations of the front end and antenna performances.

However, due to time limitations this has not been possible and all

calculations in Chapter 5.2 have been carried out with PO analysis

on the smooth lens model.
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Table 4.3 Comparison of various parameters for the

smooth and grooved lenses.

Patches Unknowns Reflection Peak co-pol Peak cross-pol

Smooth 348 24320 0.32 dB 28.27 dB -13.6 dB

Grooved 2800 56320 0.03 dB 28.45 dB -3.0 dB
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Figure 4-28 Radiation patterns of the lens with grooves

(red curve) and without grooves (blue curve).

The E-plane co-polar component is shown in (a)

and the cross-polar in (b). Frequency: 100 GHz

A power calculation through the front end can now be carried out

(see Table 4.4). These values are more realistic than those of Table

4.2 because the effect of the grooves is included.

Relative incident power

15K filter 0.9918
110K filter 0.9917

Cryostat Window 0.9905
Mirror 1 0.9889
Mirror 2 0.9885

Subreflector 0.9701

Table 4.4 Power loss through lens, apertures and mirrors.

Dielectric reflection loss and grooves included

for lens, but not for apertures.

Frequency: 100 GHz
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4.3.8 Front end without warm optics

The following figures show far-field radiation patterns for the band

3 front end including only the feed, lens and apertures for filters

and cryostat window. The warm optics (the mirrors M1 and M2)

are not inlcuded. The purpose is to use these patterns as

acceptance criteria for the band 3 cartridge.

In the analysis the feed is modelled by the CHAMP

mode-matching software and the lens is treated as a smooth lens

without grooves.
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Figure 4-29 Far-field beam at 84 GHz

Figure 4-30 Far-field co-polar beam at 84 GHz
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Figure 4-31 Far-field cross-polar beam at 84 GHz
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Figure 4-32 Far-field beam at 100 GHz
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Figure 4-33 Far-field co-polar beam at 100 GHz

Figure 4-34 Far-field cross-polar beam at 100 GHz
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Figure 4-35 Far-field beam at 115 GHz

Figure 4-36 Far-field co-polar beam at 115 GHz
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Figure 4-37 Far-field cross-polar beam at 115 GHz
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Figure 4-38 Far-field beam at 116 GHz
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Figure 4-39 Far-field co-polar beam at 116 GHz

Figure 4-40 Far-field cross-polar beam at 116 GHz
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4.3.9 Band 3 summary

• The corrugated horn is not well designed at the upper end of

the frequency band and the cross-polar level is relatively

high. The total antenna efficiency and gain is not

significantly affected.

• Lens surface differs from handbook design, but the

calculated efficiency is ok.

• Minor discrepancies between the location and tilt angle of

mirror 2 between the specifications in [2] and the drawings in

[11].

• The lens grooves can be accurately analysed by the Method of

Moments in GRASP which shows that the gooves improve

the peak gain by 0.18 dB and increase the cross-polar by

approximately 10 dB.
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4.4 Band 4

Band 4 is very similar to Band 3, except that there is no lens in

the horn aperture. As in Band 3 the system consists of a

corrugated horn and two mirrors, where the first mirror (seen

from the feed) is ellipsoidal and the second is planar.

A schematic drawing is shown in Figure 4-41 and a 3D-drwaing in

Figure 4-42. The mirrors in 4-41 are just symbolic, whereas the

mirror diameters in Figure 4-42 correspond to 5w.

Figure 4-41 Schematic drawing of Band 4. A beam of width

5w is shown, corresponding to −54.3dB. Grid

spacing = 50mm

4.4.1 Feed geometry

The feed is defined in the drawing shown in Figure 4-43 which can

be compared to the following values from Table 11 in [2], p. 37.

Axial length: 100.04 mm

Aperture diameter: D = 24.00 mm

The aperture diameter agrees with the drawing and the axial

length looks correct although it is not directly indicated on the

drawing. In Table 11 in [2], p. 37 a Gaussian beam model of the

feed is used with the input parameters:

Beam radius: w = (D/2) · 0.6435 mm = 7.722 mm

Radius of curvature: R = 100.04 mm
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Mirror 1

Mirror 2

Figure 4-42 3D drawing of Band 4 at 144 GHz. A beam of

radius 5w is shown, corresponding to −54.3dB.

It has also been checked that the other data in the table agree

with the drawings in [12].

In the following GRASP analysis a hybrid-mode feed model is used

which is a good approximation to the actual corrugated horn with

the given aperture diameter and axial length.

Figure 4-43 Band 4 horn geometry, from [12], p.36

4.4.2 Mirror 1 geometry

Mirror 1 is an ellipsoid defined by the drawings in Figure 4-44.

If the definition data of the ellipsoid is chosen as the half axes a
and b from Figure 4-44 and the angle of incidence θin = 30◦ it is

possible to derive the other ellipsoid parameters. The focal length
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Figure 4-44 Mirror 1 drawing. From [12], p. 44.

becomes f = 150.4740 mm in agreement with Table 11 in [2], p. 34.

The rim is also defined in Figure 4-44 where it is indicated that

the plane of the rim is parallel to the surface tangent plane in the

centre reflection point, and that the distance from this point to the

rim plane is 10.500 mm. From this definition the rim curve

becomes a planar ellipse, but with cut-offs as defined on the

drawing. It has been checked that these data are consistent and

that they agree with the other data on the drawing.

4.4.3 Mirror 2 geometry

Mirror 2 is planar with dimensions shown in Figure 4-45 and

according to [12], p. 45 it is located in the distance 131.392 mm

from mirror 1. The tilt angle of mirror 2 results in a beam tilt of

1.8929◦ according to [12], p. 41,which is different from the tilt

angle 1.92◦ in [2], p. 18. (redefined 2007-04-10).
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Figure 4-45 Mirror 2 drawing. From [12], p. 45.

4.4.4 Cryostat window and filter geometry

According to [12], p. 41, the cryostat window is located 49.500 mm

above the feed aperture. The information in [18] (as summarized

below in Table 4.5) then defines the positions and diameters of the

window and filters.

Cryostat window 110K filter 15K filter

z-coordinate 0 27 38
diameter 66 58 40

Table 4.5 Band 4 cryostat window and filters.

z-coordinate and diameter (in mm).

The complete set-up of mirrors and windows is shown in Figure

4-46.
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Mirror 1
Mirror 2

Figure 4-46 Band 4 geometry with mirrors, filters and

cryostat window

4.4.5 GRASP analysis results

GRASP analysis of the front end system is presented below. In

Figure 4-47 the far field from the mirror system is computed

without taking into account the filter and window apertures and

the results are compared to an ideal Gaussian beam. For the Band

4 front-end system the ideal output beam has a waist radius of

w0 = 12.4534 mm at 144 GHz.
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Figure 4-47 Far-field beams for mirror system with hybrid

mode feed (blue curves) and ideal Gaussian

output beam (red curves). Polarization along x,

i.e. in the plane of symmetry.

Left figure: φ = 0◦. Right figure: φ = 90◦.
Frequency: 144 GHz

It is seen that there is a significant loss in peak gain which is due

to a different beam shape and due to power in the sidelobes. The

power loss due to truncation is low and shown below in Table 4.6.

Frequency/GHz 128 144 163
Polarization x y x y x y

15K filter 0.9992 0.9992 0.9993 0.9993 0.9994 0.9994
110K filter 0.9992 0.9992 0.9993 0.9993 0.9994 0.9994

Cryostat window 0.9985 0.9985 0.9988 0.9988 0.9991 0.9991
M1 0.9980 0.9980 0.9985 0.9985 0.9989 0.9989
M2 0.9978 0.9978 0.9984 0.9984 0.9988 0.9988

Subreflector 0.9649 0.9649 0.9666 0.9666 0.9671 0.9672

Table 4.6 Band 4 relative incident power.

Hybrid-mode feed.

Dielectric reflection loss is not included for the

apertures.

Far-field cuts with and without filter and cryostat apertures are

shown in Figure 4-48. The effect of the apertures (without

dielectrics) is only significant at levels -40 dB below peak.
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Figure 4-48 Far-field beams for mirror system without

apertures (blue curves) and with apertures (red

curves). Polarization along x, i.e. in the plane

of symmetry.

Left figure: φ = 0◦. Right figure: φ = 90◦.
Frequency: 144 GHz

4.4.6 Band 4 summary

• Minor discrepancy in the tilt angle of mirror 2 between the

specifications in [2] and the drawings in [12].
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4.5 Band 5

The Band 5 sub-system consists of a corrugated horn and two

ellisoidal mirrors. A schematic drawing is shown in Figure 4-49

and a 3D-drwaing in Figure 4-50. The reflector diameters

correspond to 5w. It is seen that the Gaussian beam has a waist

located between the two mirrors.

Figure 4-49 Schematic drawing of Band 5. A beam of width

5w is shown, corresponding to −54.3dB. Grid

spacing = 50mm

Figure 4-50 3D drawing of Band 5 at 187 GHz. A beam of

radius 5w is shown, corresponding to −54.3dB.

A detailed analysis would need the feed pattern and the shape and

position of the reflector rim curves and information about the
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IR-filters and cryostat windows.

As an experiment, until the correct data become available, a

simple model of the cryostat window is constructed as shown in

Figure 4-51. The window is circular with diamater d = 60mm and

loacted in an infinite conducting screen through the output waist.

It is assumed that the dielectric constant of the window material

is εr = 2.1 and thickness h = 2.77mm. The thickness is equal to

5λm/2, where λm = 1.106mm is the wavelength at 187GHz in the

dielectric material. This statisfies the condition for minimum

reflection, which states that the thickness must be an integer

multiple of λm/2.

Figure 4-51 3D drawing of Band 5 with cryostat window

The far-field radiation with and without the cryostat window is

shown in Figure 4-52. It is seen that the window has very little

effect on the beam shape, but the diffraction effects are reduced. A

closer examination of the data shows that the window reduces the

peak directivity by app. 0.01dB, whereas a non-ideal thickness

such as 4.5λm/2 reduces the directivity by 0.6dB.
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Figure 4-52 Far-field radiation of Band 5 with and without

cryostat window.

Co-pol. φ = 0◦ and cx-pol. φ = 90◦.
Red curve: without cryostat window.

Blue curve: with cryostat window.

4.6 Band 6

The band 6 sub-system is very similar to band 5 and consists of a

corrugated horn and two ellipsoidal mirrors. A schematic drawing

is shown in Figure 4-53 and a 3D-drawing in Figure 4-54. The

mirrors in Figure 4-53 are just symbolic, but the mirror diameters

in Figure 4-54 correspond to 5w. It is seen that the Gaussian beam

has a waist located between the two mirrors.
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Figure 4-53 Schematic drawing of band 6. A beam of width

5w is shown, corresponding to −54.3dB. Grid

spacing = 50mm

Mirror 2

Mirror 1

Figure 4-54 3D drawing of band 6 at 243 GHz. A beam of

radius 5w is shown, corresponding to −54.3dB.

The front-end model in GRASP for band 6 is described in the

following subsections. The required data is found in the reports [2]

and [13].

4.6.1 Feed geometry

The feed is defined by the drawing shown in Figure 4-55.
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Figure 4-55 Band 6 feed geometry, from [13], p.54

From this it is computed:

Aperture diameter: D = (38.1238 · tan 4.35◦) · 2 + 1.28 = 7.0800 mm

Axial length: 38.1238 + 1.28/(2 · tan 4.35◦) = 46.5375 mm

Slant Length: Axial length/ cos 4.35◦ = 46.6718 mm

These numbers are in agreement with Table 13, p.38 in [2]. The

radiation from the horn can be approximated by a Gaussian beam

with the following parameters at the horn aperture:

Beam radius: w = (D/2) · 0.6435 = 2.2780 mm

Radius of curvature: R = 46.6718 mm

In order to have agreement with the Gaussian beam parameters

given in Table 13, p.38 [2] it is necessary to use the number 0.6435
(see [19]) for the ratio between beam radius and aperture radius.

It is also necessary to use the slant length of the horn as the

radius of curvature and not the axial length. Perfect agreement

with the beam parameters in Table 13 is then obtained.

The aperture diameter calculated above and the given flare angle

is used as input for the hybrid mode feed model in Grasp.

4.6.2 Mirror 1 geometry

Mirror 1 is defined by the drawing in Figure 4-56.
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Figure 4-56 Band 6 Mirror 1 geometry, from [13], p.54

The data on the figure overspecify the ellipsoidal surface so we

have chosen to use the following as input and derive all other

quantities needed for the Grasp analysis:

Half major axis: a = 59.5850 mm

Half minor axis: b = 57.1450 mm

Offset angle: φ = 81.0380◦

From this it is calculated:

Half foci distance: c =
√

a2 − b2 = 16.8766 mm

Eccentricity: e = c/a = 0.2832
Input focal distance: rin = b2/(a · (1 + e cos φ)) = 52.4890 mm

Output focal distance: rout = 2a − rin = 66.6810 mm

Focal length: f = 1/(1/rin + 1/rout) = 29.3700 mm

Angle of incidence: θin = arccos((r2

in + r2

out − (2c)2)/(2rinrout))/2
= 15.0004◦

Next, the rim of the mirror is determined. The rim is a planar

ellipse of which the coordinates of the major axis is given in

Figure 4-56. As input we use only the z-coordinates and derive the

other data.

z-coordinates of rim: z1 = −50.5040 mm

z2 = 7.8320 mm

The equation z2/a2 + (x2 + y2)/b2 = 1 of the ellipsoid then gives:
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x-coordinates of rim: x1 = 30.3236 mm

x2 = 56.6492 mm

Distances to rim ℓ1 = 45.2804 mm

ℓ2 = 61.8033 mm

Half major axis of rim: ael = 1

2
|P1P2| = 32.0005 mm

Half minor axis of rim: bel = 1

2

√

(2ael)2 − (ℓ1 − ℓ2)2 = 30.9157 mm

Tilt angle of surface normal with respect to rim normal:

α = arctan((x2 − x1)/(z2 − z1)) + φ − θin − 90◦

= 0.3262◦

where ℓ1 and ℓ2 are shown in the following figure.

1l

2l

el
2a

P
1

P
2

Figure 4-57 Band 6 Mirror 1 rim geometry

The calculations show that the derived data are consistent with

the data on the figure, but it is noted that the tangent plane of the

surface in the centre point deviates 0.3262◦ from the plane of the

rim.

4.6.3 Mirror 2 geometry

Mirror 2 is defined by the drawing in Figure 4-58.
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Figure 4-58 Band 6 Mirror 2 geometry, from [13], p.56,

updated 2007-03-16

The data on the figure overspecify the ellipsoidal surface, so the

following data is chosen as input from which the other ellipsoidal

parameters are derived.

Input data:

Half minor axis: a = 171.8160 mm

Half foci distance: c = 118.8490 mm

Offset angle: φ = 45.5460◦

From this it is calculated:

Half major axis: a =
√

b2 + c2 = 208.9158 mm

Eccentricity: e = c/a = 0.5689
Input focal distance: rin = b2/(a · (1 + e cos φ)) = 101.0465 mm

Output focal distance: rout = 2a − rin = 316.7852 mm

Focal length: f = 1/(1/rin + 1/rout) = 76.6099 mm

Angle of incidence: θin = arccos((r2

in + r2

out − (2c)2)/(2rinrout))/2
= 16.1925◦

Next, the rim of the mirror is determined. The rim is a planar

ellipse of which the coordinates of the major axis is given in

Figure 4-58. As input only the z-coordinates are used.
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z-coordinates of rim: z1 = −205.2260 mm

z2 = −163.6660 mm

The equation z2/a2 + (x2 + y2)/b2 = 1 of the ellipsoid then gives:

x-coordinates of rim: x1 = 32.1492 mm

x2 = 106.7853 mm

Distances to rim ℓ1 = 92.1659 mm

ℓ2 = 115.8088 mm

Half major axis of rim: ael = 1

2
|P1P2| = 42.7135 mm

Half minor axis of rim: bel = 1

2

√

(2ael)2 − (ℓ1 − ℓ2)2 = 41.0451 mm

Tilt angle of surface normal with respect to rim normal:

α = arctan((x2 − x1)/(z2 − z1)) + φ − θin − 90◦

= 0.2429◦

where ℓ1 and ℓ2 are shown in the following figure.

1l

2lel
2a

P
1

P
2

Figure 4-59 Band 6 Mirror 2 rim geometry

It is seen that the derived data deviates a little from the numbers

on the drawing, e.g, the coordinates of the upper edge of the rim

(x2, z2) = (106.467, 163.666) given on the drawing do not fit in the

equation of the ellipsoid and the mirror size 2ael = 85.4270 mm is

half a millimetre larger than indicated in the figure. These

inconsistencies are, however, so small that they should not have

any significant effect on the electrical performance.

The angle of the output beam with respect to the subreflector axis

can now be calculated as 2 · 16.1925◦ − 2 · 15.0004◦ = 2.3842◦ which is

in agreement with table 13, p.38 [2], but not with Table 3, p.18 [2],

where this angle is given as 2.34◦.
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4.6.4 Cryostat window and filter geometry

The position of the cryostat window is determined from Table 3,

p.18 in [2] where it is specified that it should be located 15 mm

above the output beam waist (at 243 GHz). Furthermore, the

output waist is located in the distance 229.996 mm from Mirror 2

measured along the beam according to Table 13, p.38 in [2] and in

agreement with our calculations. The relative positions and the

diameters of the window and filters are then given in [18], as

summarized below in Table 4.7.

Cryostat window 110K filter 15K filter

z-coordinate 0 49 81
diameter 50 61 65

Table 4.7 Band 6 cryostat window and filters.

z-coordinate and diameter (in mm).

From these data it is possible to set-up the mirror and window

geometry in GRASP as shown in Figure 4-60.

Figure 4-60 Band 6 geometry with mirrors, filters and

cryostat window. The mirrors are drawn to

their actual size and beam of diameter 5w is

shown.
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4.6.5 GRASP analysis results

GRASP analysis of the mirror system including the filters and

cryostat window is presented in this section. In the first results in

Figure 4-61 the far field from the mirror system is computed

without taking into account the filter and window apertures. The

results are compared to the ideal output of the band 6 front-end

system, which should be a Gaussian beam with waist

w0 = 7.4490 mm.
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Figure 4-61 Far-field beams for mirror system with hybrid

mode feed (blue curves) and ideal Gaussian

output beam (red curves). Polarization along x,

i.e. in the plane of symmetry.

Left figure: φ = 0◦. Right figure: φ = 90◦.
Frequency: 243 GHz

The next results in Figure 4-62 includes the filters and window,

but treated as apertures in infinite conducting screens, with no

dielectric material inserted in the apertures. It is seen that the

effect of the apertures is only significant 40 dB below peak.
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Figure 4-62 Far-field beams for mirror system without

apertures (blue curves) and with apertures (red

curves). Polarization along x, i.e. in the plane

of symmetry.

Left figure: φ = 0◦. Right figure: φ = 90◦.
Frequency: 243 GHz

The power loss through the system is illustrated in Table 4.8.

Frequency/GHz 211 243 275
Polarization x y x y x y

M1 0.9976 0.9976 0.9983 0.9983 0.9985 0.9985
M2 0.9972 0.9972 0.9981 0.9981 0.9984 0.9984

15K filter 0.9971 0.9971 0.9979 0.9979 0.9983 0.9983
110K filter 0.9970 0.9971 0.9979 0.9979 0.9983 0.9983

Cryostat window 0.9964 0.9964 0.9973 0.9973 0.9980 0.9980
Subreflector 0.9520 0.9520 0.9522 0.9522 0.9542 0.9542

Table 4.8 Band 6 relative incident power.

Hybrid-mode feed.

Dielectric reflection loss is not included for the

apertures.

To estimate the importance of multiple interactions between the

apertures a calculation with double diffractions between the

cryostat window aperture and the 110K-filter aperture is shown in

Figure 4-63. This means that the field incident of the cryostat

aperture is diffracted back to the 115K-filter aperture and then

forward again to the cryostat aperture. It is seen that the

diffraction effects are very small.

In the next calculation the apertures are replaced by dielectric

material. This means that the windows are not treated as
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Figure 4-63 Far-field beams for mirror system without

apertures (blue curves). Double diffractions

included (red curves). Polarization along x, i.e.

in the plane of symmetry.

Left figure: φ = 0◦. Right figure: φ = 90◦.
Frequency: 243 GHz

apertures, but as dielectric disks with diameters equal to those of

the apertures. In this way edge diffractions from the apertures are

neglected, but transmission loss and double reflections are

included. In the present calculation only the cryostat window and

the 115K filter is considered. The dielectric material for the

cryostat window is quartz with a thickness of 5 mm for which the

worst-case reflection loss is measured to app. −17 dB ([2], p.254).

This corresponds to a reflection coefficient of 0.14 and a power

reflection of 2.0%. In the GRASP model we use this value for the

reflection coefficient which is in agreement with the SIS

measurements on page 256 of [2], where the absortion loss is 1-2%.

It is not in agreement with the transmission measurements on

page 255, where the transmission coefficient is app. −0.4 dB,

corresponding to a power transmission of 91%. On page 252 it is,

however, mentioned that these measurements are less accurate

than the SIS measurements.

In the GRASP model the desired reflection coefficient R = 0.14 at

243 GHz is obtained using a dielectric material of thickness

4.83 mm and dielectric constant εr = 4.2. This material is also used

for the 115K-filter which according to the measurements has a

similar reflection coefficient. The results are shown in Figure 4-64

and it is seen that the dielectrics only has small effects.

Finally the GRASP calculations with apertures, but without

dielectric materials, is compared to a measurement by IRAM [13]

p.31. Although we do not know if the orientation of the axes are
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Figure 4-64 Far-field beams for mirror system without

apertures (blue curves) and with double

reflections included in dielectric windows (red

curves). Polarization along x, i.e. in the plane

of symmetry.

Left figure: φ = 0◦. Right figure: φ = 90◦.
Frequency: 243 GHz

the same on the two plots it is clear that the isolated side lobes of

-33 dB in the measurements cannot be reproduced by the GRASP

computations. It is not clear if it is caused by some structures not

modelled in GRASP or a problem with the near-field to far-field

transformation of the IRAM data.

The units on the axes of the GRASP data is uv which means:

u = sin θ cos φ, v = sin θ sin φ.

In [13] it is mentioned that measurements by NRAO have shown

that a high side lobe appears only 16 dB below the peak (see

Figure 42 [13] p.47). The side lobe does not look like a diffraction

effect due to e.g. beam truncation, but could be caused by a change

in shape of the mirrors. Since the side lobe only appears on one

side of the beam it has some similarity with coma distortion as

shown in Figure 4-66. Here a Zernike coma-mode distortion is

added to mirror 2 in order to investigate the effect. It is seen that

a rather large distortion must be added before a significant side

lobe appears and that the level is much lower than −16 dB even

for a distortion of 0.3 mm. A further increase of the surface

distortion also distorts the main beam such that the side lobe is

absorbed and does not appear as a distinct lobe.

At the CDR-meeting at IRAM in May 2007 the solution to the

side-lobe problem was presented. It is caused by reflection in the

cryostat window at certain frequencies and the reflected beam is

focused at the feed and reflected back again in the thick flange of
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Figure 4-65 Far-field contour plots normalised to 0 dB.

Frequency: 246 GHz.

Left figure: IRAM data. Right figure: GRASP

analysis of mirrors + apertures.

the feed. When the flange of the feed was cut down to a cone-like

structure the high side lobe disappeared.
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Figure 4-66 Near-field cuts through output waist.

Frequency: 243 GHz.

Coma distortion added to mirror 2.

4.6.6 Band 6 summary

• Minor inconsistencies in the data in [13] for definition of the

mirrors.

• Specifications in [2] do not fully agree with the drawings in

[13].
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4.7 Band 7

The Band 7 sub-system is more complicated than the preceding

systems. As in Band 5 and 6 it consists of a corrugated horn and

two ellisoidal mirrors, but it also have a polarization beam-splitter

located in the beam waist between the two mirrors. A schematic

drawing is shown in Figure 4-67. As shown in the 3D-drawaing in

Figure 4-68 the beam reflected at the beam splitter is directed

towards another ellipsoidal mirror and feed.

The geometry is defined in [14] and some additional geometric

information was given to TICRA at the CDR-meeting in Grenoble

in May 2007. The two feeds are parallel and also parallel to the

directions of the strips in the grid. Seen from a plane orthogonal to

the feed directions the two polarization branches are rotated an

angle of 90◦ corresponding to a rotation of the grid surface of 45◦.
Otherwise, the two branches are identical with respect to feed

geometries and the ellipsoidal surface parameters.

Figure 4-67 Schematic drawing of Band 7. A beam of width

5w is shown, corresponding to −54.3dB. Grid

spacing = 50mm
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M1 M1R

M2

Figure 4-68 3D drawing of Band 7 at 323 GHz. A beam of

radius w is shown, corresponding to −8.69dB.

4.7.1 Feed geometry

The feed is defined in the drawing shown in Figure 4-69 which can

be compared to the following data from Table 14, p. 45 in [2].

Axial length: 45.6832 mm

Aperture diameter: D = 6.0045 mm

The aperture diameter agrees with the drawing and the axial

length seems also correct because the flare angle that can be

computed from the drawing and agrees with the table. In Table 14,

p. 45 [2] a Gaussian beam model of the feed is used with the

following beam parameters:

Beam radius: w = (D/2) · 0.6435 mm = 1.932 mm

Radius of curvature: R = 45.7817 mm

The other data in the table have also been compared to the

information in [14] and they agree. In the following GRASP

analysis a hybrid-mode feed model is used which is a good

approximation to the actual corrugated horn with the given

aperture diameter and axial length.
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Figure 4-69 Band 7 horn geometry, from [14], p.6

4.7.2 Geometry of the mirrors M1 and M1R

The mirrors M1 and M1R are ellipsoidal and defined by the focal

distances and angle of incidence given in Table 1, p. 7 in [14]. Both

mirrors are located on the same mechanical structure (see Figure

4-70) and the rim shape is found by measuring a number of data

points on the drawing. In order to relate the data points to the

mirror surfaces it is necessary to know where the centre ray of the

beam hits at least one of the surfaces. This information was

supplied at the CDR-meeting at IRAM where it was also explained

that the distance from the axis of the cartridge to the beam

intersection point on M2 is 46.4 mm.

M1

M1R

M1

M1R

Figure 4-70 Band 7, M1 and M1R geometry.

4.7.3 Geometry of mirror M2

M2 is an ellipsoidal mirror with a surface defined by the data in

Table 1, p. 7 in [14]. The tilt angle of the final beam is given as
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0.955◦ which deviates a little from the value 0.97◦ given in [2],

Table 3, p. 20. The rim of M1 is found from the drawing in Figure

4-71 and from the distance 46.4 mm (mentioned above) from the

center ray intersection point on M1 to the axis of the cartridge.

M2

M2

Figure 4-71 Band 7, M2 geometry.

4.7.4 Polarization grid

A polarization grid is located on the beam path from M1 to M2 in

the distance 63.785 mm from M1. According to a drawing supplied

by IRAM the diameter of the grid is 55.85 mm, and it will be

assumed that the strip parameters are the same as for band 9, i.e.

[15], p. 46,

Grid width: 10µm
Grid spacing: 20µm
Grid foil: Mylar 1.5µm thick, εr = 2.8

A drawing of the grid is shown in Figure 4-72.

Figure 4-72 Band 7, polarization grid.
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4.7.5 Cryostat window and filter geometry

According to Table 3, p. 20 in [2] the cryostat window is located

67 mm above the nominal output waist position of the front-end

system at 323 GHz. The information in Table 2 [2] (as summarized

below in Table 4.9 then defines the position and diameters of the

window and filters. In the GRASP analysis the filters and window

are treated as apertures without any dielectric material.

Cryostat window 110K filter 15K filter

z-coordinate 0 49 81
diameter 40 41 50

Table 4.9 Band 7 cryostat window and filters.

z-coordinate and diameter (in mm).

The complete set-up of mirrors and windows is showin in Figure

4-73.

M1
M1R

M2

Figure 4-73 Band 7 geometry with mirrors, filters and

cryostat window

4.7.6 GRASP analysis results

In Figure 4-74 the far field from the front end is computed without

taking into account the filter and window apertures. Beams for the

branch transmitted through the grid is compared to the ideal

Gaussian beam which has a waist radius of w0 = 5.59 mm at

324 GHz.
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As for the other bands there is a loss in peak gain due to a

different beam shape and due to sidelobes and power loss through

the system, see Table 4.10 below.

Frequency/GHz 275 323 370
Polarization x y x y x y

M1 0.9968 0.9979 0.9978 0.9984 0.9983 0.9988
Grid 0.9966 0.9978 0.9977 0.9983 0.9983 0.9987
M2 0.9785 0.9794 0.9825 0.9830 0.9851 0.9952

15K filter 0.9783 0.9791 0.9824 0.9829 0.9951 0.9951
110K filter 0.9782 0.9786 0.9821 0.9826 0.9850 0.9849

Cryostat window 0.9773 0.9779 0.9816 0.9820 0.9846 0.9847
Subreflector 0.9274 0.9294 0.9335 0.9344 0.9378 0.9384

Table 4.10 Band 7 relative incident power.

Hybrid-mode feeds.

Dielectric reflection loss is not included for the

apertures.

It is seen that the major part of the loss, app. 1.5%, occurs at M2,

but a further investigation has shown that this loss is not due to

spill-over on M2. It is caused by the cross-polar field from M1 that

is transmitted (for the reflected branch) or reflected (for the

transmitted branch) in the grid and therefore does not arrive at

M2.

Figure 4-74 Far-field beams for mirror system with hybrid

mode feed (blue curves) and ideal Gaussian

output beam (red curves). Beam transmitted

through the grid.

Left figure: φ = 0◦. Right figure: φ = 90◦.
Frequency: 324 GHz
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Far-field cuts with and without filter and cryostat apertures are

shown in Figure 4-75, and a comparison between the branch

transmitted through the grid and the branch reflected in the grid

is shown in Figure 4-76. It is seen that the apertures and cryostat

windows have very little effect and that both branches have a

relative high cross polar field at a level app. 21 dB below the

copolar peak. In the analysis it is important to use a plane-wave

expansion of the incident field on the grid since the grid is located

close to a waist, where the field has a significant radial component.

A local plane wave assumption is not sufficiently accurate and

instead the equivalent currents on the grid must be computed

separately for each of the plane waves in the expansion.

The cross-polar field generated by the offset mirrors M1 and M2

cannot be compensated because of the grid. This was anticipated

in the design of M2 as described in [14], p. 11. Furthermore, the

strips in the grid are not orthogonal to the beam direction which

significantly contributes to the cross polar field. A comparison of

the system with the actual grid to a hypothetic system with a grid

orthogonal to the beam and without a grid is shown on Figure

4-77. It is seen that the actual grid increases the cross polar peak

by app. 8.5 dB and that it increases the cross polar by app. 13 dB

compared to a grid where the strips are orthogonal to the beam

direction. A preliminary investigation has been carried out to test

if a Dragone grid with slightly curved strips could be designed to

reduce the cross polar level, but it seems not possible. The reason

is that the Gaussian beam modes that represent the cross polar

field are 90◦ out of phase with the co-polar mode so that the

currents required on the grid for compensation of cross

polarization should have some amount of elliptical polarization,

which is not possible for a grid.
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Figure 4-75 Far-field beams for mirror system without

apertures (blue curves) and with apertures (red

curves). Beam transmitted through the grid.

Left figure: φ = 0◦. Right figure: φ = 90◦.
Frequency: 324 GHz

Figure 4-76 Far-field beams for the two polarization

branches, apertures included.

Left figure: Beam transmitted through grid.

Right figure: Beam reflected in grid.

Blue curves: φ = 0◦. Red curves: φ = 90◦.
Frequency: 324 GHz
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Figure 4-77 Far-field beams for the transmitted branch.

Blue curves: with actual grid.

Red curves: without grid.

Green curves: with grid strips orthogonal to

the beam direction.

φ = 90◦ for all curves.

Frequency: 324 GHz
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4.7.7 Band 7 summary

• The data in [14] do not fully define the geometry. Additional

data was supplied by IRAM.

• The spacing and width of the strips in the polarization grid

are assumed to be identical to the grid in Band 9.

• A loss of power of app. 1.5% occurs at M2.

• Relatively high cross polar field.
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4.8 Band 8

The Band 8 sub-system has a beam-splitter as in Band 7, but all

components are contained in the same plane. After the

beam-splitter each branch is reflected in an ellipsoidal mirror. A

schematic drawing is shown in Figure 4-78 and a 3D-drwaing in

Figure 4-79.

Figure 4-78 Schematic drawing of Band 8. A beam of width

5w is shown, corresponding to −54.3dB. Grid

spacing = 50mm

Figure 4-79 3D drawing of Band 8 at 442 GHz. A beam of

radius w is shown, corresponding to −8.69dB.
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A detailed analysis would require feed patterns, the shape and

position of the reflector rim curves, polarization grid data and

information about IR-filters and cryostat windows. Consequently,

the front end will be represented by a simple Gaussian beam

model in the GRASP analysis.



TICRA 121

4.9 Band 9

The Band 9 sub-system is very similar to Band 7. It consists of a

corrugated horn and two ellisoidal mirrors, and it also have a

polarization beam-splitter located in the beam waist between the

two mirrors. A schematic drawing is shown in Figure 4-80 and a

3D-drawing is shown in Figure 4-81.

The geometry is defined in [15] where it is explained that the two

polarization branches are identical, but the reflected branch is

rotated 125◦ around an axis through the centre of the grid. The

rotation axis is parallel to the axis of the cartridge and alos

parallel to the strips on the grid and to the axes of the two horns.

Besides the polarization beam-splitter each branch also has a

power beam-splitter through which a local oscillator signal is

coupled.

Figure 4-80 Schematic drawing of Band 9. A beam of width

5w is shown, corresponding to −54.3dB. Grid

spacing = 50mm



122 TICRA

M4

M4’

M3

Figure 4-81 3D drawing of Band 9 at 661 GHz. A beam of

radius w is shown, corresponding to −8.69dB.

4.9.1 Feed geometry

The feed is defined in the drawing shown in Figure 4-82 which can

be compared to the following data from Table 16, p. 51 in [2].

Axial length: ℓ = 15.52 mm

Aperture diameter: D = 5.07 mm

Flare angle: arctan(D/(2ℓ)) = 9.28◦

In the following calculations a hybrid-mode feed model is used

based on the values from the drawing. This is a good

approximation to the actual corrugated horn.

Figure 4-82 Band 9 feed geometry, from [15], p. 62
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4.9.2 Geometry of the mirrors M4 and M4’

The mirrors M4 and M4’ are ellipsoidal and defined by the

drawings in Figure 4-83, from [15], p. 31.

M4 surface

M4
M4’

Figure 4-83 Band 9, M4 and M4’ geometry

The values for the half axes a and b in Table 4-2, p. 14 in [15] are

not fully in agreement with the drawing,

adrawing = 51.432 mm

atable = 51.2266 mm

bdrawing = 45.924 mm

btable = 45.7411 mm

but it was assumed that the numbers on the drawing were the

most accurate and they have thus been used in the GRASP

analysis. Later TICRA was informed that the data actually agree

because the drawing refers to the warm structure (room

temperature) whereas the table refers to the cold structure (4K).

The rim shapes are found numerically by measuring data points

on the drawing.

4.9.3 Geometry of mirror M3

M3 is an ellipsoidal mirror defined by the drawings in Figure 4-84,

from [15], p. 33.
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Figure 4-84 Band 9, M3 geometry

The values for the half axes a and b in Table 4-2, p. 14 in [15] and

some other distances are not fully in agreement with the drawing.

In the GRASP analysis the values on the drawings are used

because it was assumed that they are the most accurate.

adrawing = 102.134 mm

atable = 101.727 mm

bdrawing = 81.164 mm

btable = 80.8407 mm

As for M4, TICRA was later informed that the apparet discrepancy

is due to temperature difference. The drawing refers to room

temperature whereas the table refers to 4K.

The rim shapes are found numerically by measuring data points

on the drawing.

4.9.4 Polarization grid

A polarization grid is located on the beam path between M4 and

M3 in the distance 50.00 mm from M3 according to Table 4-1, p. 13

in [15]. In the same report on p. 46 a drawing gives the

dimensions and grid parameters, see Figure 4-85
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Figure 4-85 Band 9, polarization grid.

4.9.5 Beam splitters

A beam splitter is located in front of each of the feeds to allow

coupling of a LO-signal into the beam. The dimensions are given

in Figure 4-86, from [15], p. 43 and the position is defined in [15],

Table 4-4, p. 15 as 28 mm above the apex of the horn. In the

GRASP analysis the beam splitters are treated as apertures

without any dielectric material so that only the truncation effect is

calculated.

Figure 4-86 Band 9, beam splitter.

4.9.6 Cryostat window and filter geometry

According to Table 3, p. 20 in [2] the cryostat window is located

44 mm above the nominal output waist position of the front-end

system at 661 GHz. The information in Table 2 [2] (as summarized

below in Table 4.11 then defines the position and diameters of the

window and filters. In the GRASP analysis the filters and window

are treated as apertures without any dielectric material.
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Cryostat window 110K filter 15K filter

z-coordinate 0 49 81
diameter 20 25 30

Table 4.11 Band 9 cryostat window and filters.

z-coordinate and diameter (in mm).

The complete set-up of mirrors and windows is showin in Figure

4-87.

Figure 4-87 Band 9 geometry with mirrors, filters and

cryostat window

4.9.7 GRASP analysis results

In Figure 4-88 the far field from the front end is computed without

taking into account the filter and window apertures. Beams for the

branch transmitted through the grid is compared to the ideal

Gaussian beam which has a waist radius of w0 = 2.73 mm at

661 GHz.

As for the other bands there is a loss in peak gain due to a

different beam shape and due to sidelobes and power loss through

the system, see Table 4.12 below.
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Frequency/GHz 602 661 720
Polarization x y x y x y

Beam splitter 0.9985 0.9985 0.9988 0.9988 0.9990 0.9990
M4 0.9980 0.9983 0.9984 0.9987 0.9987 0.9989

Grid 0.9979 0.9982 0.9983 0.9986 0.9986 0.9988
M3 0.9764 0.9757 0.9777 0.9768 0.9786 0.9775

15K filter 0.9763 0.9755 0.9777 0.9767 0.9786 0.9774
110K filter 0.9761 0.9753 0.9775 0.9766 0.9785 0.9773

Cryostat window 0.9750 0.9742 0.9767 0.9757 0.9778 0.9766
Subreflector 0.9293 0.9284 0.9329 0.9318 0.9350 0.9336

Table 4.12 Band 9 relative incident power.

Hybrid-mode feeds.

Dielectric reflection loss is not included for the

apertures.

It is seen that the major part of the loss, app. 2%, occurs at M3,

but a further investigation has shown that this loss is not due to

spill-over on M3. It is caused by the cross-polar field from M4 that

is transmitted (for the reflected branch) or reflected (for the

transmitted branch) in the grid and therefore does not arrive at

M3.
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Figure 4-88 Far-field beams for mirror system with hybrid

mode feed (blue curves) and ideal Gaussian

output beam (red curves). Beam transmitted

through the grid.

Left figure: φ = 0◦. Right figure: φ = 90◦.
Frequency: 661 GHz
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Far-field cuts with and without filter and cryostat apertures are

shown in Figure 4-89, and a comparison between the branch

transmitted through the grid and the branch reflected in the grid

is shown in Figure 4-90. It is seen that the apertures and cryostat

windows have very little effect and that both branches have a

relativ high cross polar field at a level app. 18 dB below the

copolar peak. In the analysis it is important to use a plane-wave

expansion of the incident field on the grid since the grid is located

close to a waist, where the field has a significant radial component.

A local plane wave assumption is not sufficiently accurate and

instead the equivalent currents on the grid must be computed

separately for each of the plane waves in the expansion.

In Figure 4-90 it is seen that there is a small on-axis cross-polar

componet about 30 dB below the co-polar peak. This may seem

strange because of the apperent symmetry of the system, but the

symmetry is broken by the asymetric placement of the grid which

generates an on-axis cross-polar field. The cross-polar field in the

φ = 90◦ cuts is relatively high and mainly generated by the offset

of mirror M3. Because of the grid it is not possible to compensate

cross polarization by means of M4. The problem is that the grid

removes the cross polar field generated by M4 which could have

been used to compensate the cross polar field generated by M3. A

preliminary investigation has been carried out to test if a Dragone

grid with slightly curved strips could be designed to reduce the

cross polar level, but it seems not possible. The reason is that the

Gaussian beam modes that represent the cross polar field are 90◦

out of phase with the co-polar mode so that the currents required

on the grid for compensation of cross polarization should have

some amount of elliptical polarization, which is not possible for a

grid. A comparison of the system with and without the grid is

shown on Figure 4-91 and it is seen that the grid increases the

cross polar peak by app. 14 dB.
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Figure 4-89 Far-field beams for mirror system without

apertures (blue curves) and with apertures (red

curves). Beam transmitted through the grid.

Left figure: φ = 0◦. Right figure: φ = 90◦.
Frequency: 661 GHz
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Figure 4-90 Far-field beams for the two polarization

branches, apertures included.

Left figure: Beam transmitted through grid.

Right figure: Beam reflected in grid.

Blue curves: φ = 0◦. Red curves: φ = 90◦.
Frequency: 661 GHz
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Figure 4-91 Far-field beams for mirror system with grid

(blue curves) and without grid (red curves).

φ = 90◦ for all curves.

Frequency: 661 GHz

4.9.8 Band 9 summary

• A loss of power of app. 2% occurs at M3 due to cross-polar

power lost on the grid.

• High cross polar field due to the polarization grid.
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4.10 Band 10

The design of the Band 10 sub-system is is described in [20], and

the basic components are a corrugated horn and an ellipsoidal

mirror. In addition, the system includes a polarization

beam-splitter and local oscillator couplers. A schematic drawing is

shown in Figure 4-92 and a 3D-drwaing in Figure 4-93.

Figure 4-92 Schematic drawing of Band 10. A beam of

width 5w is shown, corresponding to −54.3dB.

Grid spacing = 50mm

Figure 4-93 3D drawing of Band 10 at 868 GHz. A beam of

radius 5w is shown, corresponding to −54.3dB.
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A detailed analysis would require information about the mirror

shape and rim and the polarization beam splitter. Due to lack of

information, band 10 will not be treated further in this report.



TICRA 133

4.11 Windows and filters

In Table 4.13 below, a summary is given for the cryostat window

and filter transmission losses. The data are measurement results

taken from [21] for all avialable bands.

Frequency Band Window 110K filter 15K filter Report reference

84 GHz 3 0.2% 0.1% 0.1% Figure 1, p.5

100 GHz 3 0.7% 2.2% 2.2% Figure 1, p.5

116 GHz 3 1.2% 0.7% 0.7% Figure 1, p.5

125 GHz 4 ≤ 0.3% ≤ 1% ≤ 1% p.7

144 GHz 4 ≤ 0.3% ≤ 1% ≤ 1% p.7

163 GHz 4 ≤ 0.3% ≤ 1% ≤ 1% p.7

211 GHz 6 1.4% 1.4% 1.4% p.13

243 GHz 6 1.2% 1.6% 1.6% p.13

275 GHz 6 1.6% 2.5% 2.5% p.13

275 GHz 7 2% Figure 5, p.24

324 GHz 7 1% Figure 5, p.24

373 GHz 7 2% Figure 5, p.24

385 GHz 8 2.5% 4% Figure 7, p.27

442 GHz 8 1% 3% Figure 7, p.27

500 GHz 8 0.5% 2% Figure 7, p.27

602 GHz 9 3% Figure 9, p.29

661 GHz 9 3% Figure 9, p.29

720 GHz 9 3% Figure 9, p.29

Table 4.13 Transmission loss for windows and filters, from

[21]

As indicated in the table, no data is available for the filters in band

7 and 9 and for the windows in band 8.
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5. Detailed calculations

5.1 Calculation of front end efficiencies

5.1.1 Introduction.

The aperture efficiency of a reflector antenna (η) is linked to the

directivity of the antenna through the equation

D =
4πA

λ2
η (5.1)

where D is the directivity and A is the area of the aperture. An

efficiency of unity corresponds to the case, where the aperture

ilumination is constant in both amplitude and phase. Since many

factors contribute to the actual illumination of the aperture, e.g.

multiple scattering from the subreflector and the support

structure, it is not in general possible to associate the efficiency

with the front-end design alone. To do so requires that certain

simplifications are introduced. More precisely, in the following the

efficiencies of the front-ends will be calculated based on the

assumption that they are illuminating an equivalent paraboloid

with the equivalent focal length (f0) of 96000mm, and diameter

equal to the real main reflector. The front-end is assumed to be

placed in the focal point of the equivalent paraboloid. Furthermore

we shall consider the gain of the antenna to include the effect of

power loss due to spill-over and cross-polarization. The equation

we consider is therefore

Gco =
4πA

λ2
ηspill−over ηpolarization ηamplitude ηphase. (5.2)

where the efficiency for the co-polar gain (Gco) has been divided

into explicit values for spill-over loss, polarization loss, loss due to

amplitude variations and loss due to phase variations over the

aperture of the equivalent paraboloid.

5.1.2 Front-efficiency versus system efficiency.

To understand how the approximations introduced in Section 5.1.1

influence the relationship between the front-end efficiencies and

the aperture efficiency of the entire ALMA antenna, a small

experiment will be introduced, using 230 GHz as a representative

frequency. Consider first the nominal ALMA design, a feed in the

external focus illuminating the subreflector through a hole with

radius 375mm, and a centre cone on the subreflector to redirect

the radiation of the main reflector. The feed is assumed to emit a
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Gaussian beam with a 12 dB taper at the edge of the subreflector

(3.58o). Ignoring the support structure, the maximum gain is 88.20

dBi. Consider next a geometry where there is no hole in the main

reflector (ignoring the problem of blocking) and no centre cone on

the subreflector. The maximum gain would be 88.26 dBi. Consider

finally the equivalent paraboloid with the same feed at the focus.

The maximum gain is 88.32 dBi. The total spill-over in the three

cases vary with only 0.1 dB, so the difference in gain must be

ascribed to variations in the illumination of the aperture. In

particular, the difference between the two latter cases show, that

the scattering from the subreflector occurs in a region where the

field from the feed still retains Gaussian properties, so a not

insignificant phase variation occurs in the aperture, whereas for

the equivalent paraboloid the phase in the aperture is almost

exactly constant. With this caveat we proceed to define the

formulas for each of the four efficiencies of the front-ends.

5.1.3 Efficiency formulas.

The efficiency of the equivalent paraboloid illuminated by a

particular front-end is calculated as the ratio of certain integrals

over the aperture. Since the subtended angle of the aperture seen

from the feed is small, we shall replace the aperture integrals with

integrals over the solid angle Ω, defined through

Ω =

∫

Ω

dω =

∫

2π

0

∫ θm

0

sin θdθdφ = 2π(1 − cos(θm)). (5.3)

with θm = 3.58o. Thus the aperture, A, and the equivalent focal

length, f0, are connected through the approximate formula:

A = f 2

0
Ω. The effects on the efficiencies of transmission losses in

filters and windows cannot be included exactly, but estimates are

given in Section 4.11.

We shall calculate the following four integrals:

1) I1: integral of total power over Ω
2) I2: integral of co-polar power over Ω
3) I3: integral of co-polar amplitude over Ω
4) I4: absolute value of integral of co-polar (complex) field over Ω,

where it is assumed that all fields are normalized such that the

total power emitted by the feed is 4π.

I1 =

∫

Ω

|Etot|2dω. (5.4)

I2 =

∫

Ω

|Eco|2dω. (5.5)

I3 =

∫

Ω

|Eco|dω. (5.6)
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I4 = |
∫

Ω

Ecodω|. (5.7)

The four efficiencies introduced in (5.2) are now defined through:

ηspill−over =
I1

4π
. (5.8)

ηpolarization =
I2

I1

. (5.9)

ηamplitude =
I2

3

ΩI2

. (5.10)

ηphase =
I2

4

I2
3

. (5.11)

Gco in (5.2) then becomes

Gco =
f 2

0

λ2
I2

4
. (5.12)

When data from the example in Section 5.1.2 are entered, the gain

calculated is within 0.01 dB of the result for the equivalent

paraboloid.

5.1.4 Efficiency results.

The formulas from Section 5.1.3 will now be used to calculate the

efficiencies of the front-ends, for which data are available, at the

centre frequency of the relevant band, and the results will be

compared to efficiencies of an exact Gaussian beam feed at the

same frequency. The data for the Gaussian feeds are listed in

Table 5.1.
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Band Phase front radius [mm] Beam radius [mm]

Band 1, 31.3 GHz ∞ 57.32

Band 2, 78 GHz ∞ 22.29

Band 3, 100 GHz ∞ 18.61

Band 3, 116 GHz ∞ 16.05

Band 4, 144 GHz ∞ 12.45

Band 5, 187 GHz ∞ 9.599

Band 6, 243 GHz ∞ 7.449

Band 7, 324 GHz ∞ 5.588

Band 8, 442 GHz ∞ 4.095

Band 9, 661 GHz ∞ 2.729

Table 5.1 Gaussian beam parameters.
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(a) Band 3, 100 GHz (b) Band 3, 116 GHz

Figure 5-1 Radiation patterns for front-end (full curve)

and Gaussian beam feed (dotted curve).

(a) Band 4 (b) Band 6

Figure 5-2 Radiation patterns for front-end (full curve)

and Gaussian beam feed (dotted curve).

In Figures 5-1 through 5-3 the patterns of the pertinent front-end

are shown (x and y cuts) and compared to the pattern of the

corresponding Gaussian feed (x cut only, since x and y cuts are

identical).

Finally Table 5.2 lists all the calculated efficiencies.
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Band ηsp−over ηpol ηamp ηphase ηtot

Band 1, 31.3 GHz

Gauss beam 0.9363 1. 0.8671 0.9996 0.8116

Band 2, 78 GHz

Gauss beam 0.9252 1. 0.8800 1. 0.8142

Band 3, 100 GHz

x-polarization 0.9015 0.9993 0.8614 0.9934 0.7709

y-polarization 0.9015 0.9993 0.8614 0.9934 0.7709

Gauss beam 0.9488 1. 0.8492 1. 0.8057

Band 3, 116 GHz

x-polarization 0.8895 0.9938 0.9208 0.9824 0.7997

y-polarization 0.8897 0.9937 0.9209 0.9827 0.8000

Gauss beam 0.9489 1. 0.8490 1. 0.8056

Band 4, 144 GHz

x-polarization 0.9500 0.9983 0.9151 0.9995 0.8674

y-polarization 0.9500 0.9983 0.9151 0.9995 0.8674

Gauss beam 0.9366 1. 0.8668 1. 0.8118

Band 5, 187 GHz

Gauss beam 0.9369 1. 0.8663 1. 0.8117

Band 6, 243 GHz

x-polarization 0.9538 0.9996 0.9049 0.9996 0.8625

y-polarization 0.9538 0.9996 0.9049 0.9996 0.8625

Gauss beam 0.9398 1. 0.8625 1. 0.8106

Band 7, 324 GHz

x-polarization 0.9370 0.9932 0.9018 0.9996 0.8389

y-polarization 0.9377 0.9932 0.9033 0.9995 0.8409

Gauss beam 0.9399 1. 0.8624 1. 0.8106

Band 8, 442 GHz

Gauss beam 0.9398 1. 0.8626 1. 0.8106

Band 9, 661 GHz

x-polarization 0.9332 0.9878 0.8959 0.9976 0.8239

y-polarization 0.9320 0.9878 0.8961 0.9975 0.8229

Gauss beam 0.9386 1. 0.8641 1. 0.8111

Table 5.2 Efficiencies for front-ends.

Ohmic losses in the mirrors and dielectric

losses in the cryostat window and thermal

filters are not included.
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(a) Band 7 (b) Band 9

Figure 5-3 Radiation patterns for front-end (full curve)

and Gaussian beam feed (dotted curve).

5.1.5 Conclusion.

When the results in Section 5.1.4 are compared to the

requirements, it can be concluded that, at the centre frequencies of

the bands, ηspill−over exceeds 80% as required in all bands. Also

ηtaper = ηamplitudeηphase exceeds the required 80% in all bands.

However, ηpolarization does not exceed 99.5% in Bands 7 and 9, but

does so in all other bands. The total efficiency exceeds 80% as

required in all bands, except Band 3. For this band the efficiency

calculation has not included the grooves in the feed lens and, as

described in Section 4.3.7, this will improve the efficiency by

approximately 0.18 dB corresponding to a factor of 1.04. If this is

multiplied on ηtot for band 3 the total efficiency becomes better

than 80%. Finally, it should be noted that the mirrors are

considered ideal without ohmic losses and the cryostat window

and thermal filters are treated as apertures without losses in the

dielectric material. A table with measured window and filter

losses is included in Section 4.11.

5.2 Calculation of entire optical system beams

5.2.1 Definition of the output coordinate system

The far field from the entire optical system is calculated in the

output coordinate system, xo, yo, zo, illustrated in Figure 5-4. The

output coordinate system is collinear with the reflector coordinate

system and the focal plane coordinate system but the origin is

moved to coincide with the vertex of the main reflector paraboloid.
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xo

yo

zo

Figure 5-4 Output coordinate system shown in red.
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The far field is calculated in a uv-grid in a square region centered

around the main beam peak, as illustrated in Figure 5-5. The

width of the square region is around ±5 times the 3-dB beamwidth

at the centre frequency of each band. The output coordinate

system is the same for all beams but the reference polarization is

specific for each band: the co-polar component is the polarization

in the plane containing the antenna axis and the cross-polar

component is the orthogonal polarization.

co

cross

beam
direction

v

u

Figure 5-5 The uv-grid is centered around the main beam

peak.

5.2.2 Summary of calculated far-field results

For each band the front-end beams presented in Chapter 4 and

gaussian beams have been used as source and located in the

positions summarised in Table 5.3.

Band (ρ,z) Azimuth Tilt Along axis

1 (255 mm, 0 mm) 135◦ 2.480◦ 270.253 mm

2 (255 mm, 0 mm) -135◦ 2.480◦ 70.066 mm

3 (188 mm, 39 mm) -80◦ 1.809◦ 64.77 mm

4 (196 mm, 39 mm) 80◦ 1.893◦ 245.11 mm

5 (245 mm, 0 mm) -45◦ 2.38◦ -15.013 mm

6 (245 mm, 0 mm) 45◦ 2.385◦ -15.00 mm

7 (100 mm, 0 mm) 0◦ 0.970◦ -50.01 mm

8 (100 mm, 0 mm) -90◦ 1.010◦ -50.008 mm

9 (100 mm, 0 mm) 90◦ 0.940◦ -27.00 mm

Table 5.3 Reference positions for front-end patterns

As a comparison the fundamental mode Gaussian beam has been

extracted from the result of the gaussian mode analysis of the

front-end optics and this gaussian beam has been used as a source
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for comparison. The data for these Gaussian beams are given in

Table 5.4.

Band Frequency Beam radius Phase front radius

GHz mm m

1 31.3 57.32 ∞
2 78 22.29 ∞
3 84 22.47 -2.598

3 100 18.91 -2.101

3 116 16.34 -1.718

4 125 19.50 -0.5408

4 144 18.15 -0.4689

4 163 16.98 -0.4191

5 187 9.599 ∞
6 211 8.579 ∞
6 243 7.449 ∞
6 275 6.582 ∞
7 275 6.584 ∞
7 324 5.588 ∞
7 373 4.854 ∞
8 385 4.701 ∞
8 442 4.095 ∞
8 500 3.620 ∞
9 602 2.996 ∞
9 661 2.729 ∞
9 720 2.505 ∞

Table 5.4 Gaussian pattern parameters. For band 3 and

4 the Gaussian beam parameters refer to the

centre of mirror 2

In all bands the pattern reference points are the same as the ones

for the front-end patterns except for bands 3 and 4 where the axial

movement (”Along axis in Table 5.3) has not been done for the

gaussian beams.

Prior to the calculations the position of the subreflector has been

optimised by

• adjusting the subreflector tilt in the antenna axis-source plane

so that the rays reflected in the subreflector hit the main reflector

symmetrically around the central hole and

• moving the subreflector along the antenna axis so that the focus

of an incoming plane wave reflected in the main and sub falls at

the position of the source (Table 5.3). The tilt/movement data for

each band are listed in Table 5.5.



144 TICRA

Band Subreflector tilt Subreflector axial shift

1 1.4◦ 0.85 mm

2 1.2◦ 0.26 mm

3 0.9◦ 0.32 mm

4 1.0◦ 0.90 mm

5 1.2◦ -0.08 mm

6 1.2◦ -0.06 mm

7 0.6◦ -0.15 mm

8 0.5◦ -0.20 mm

9 0.5◦ -0.09 mm

Table 5.5 Subreflector position correction for each band -

positive axial shift is away from main reflector

Calculation have been done assuming two polarizations: linear

polarization in the plane containing the source and the antenna

axis (px) and linear polarization perpendicular to this plane (py).

In the calculations linear components in the same two planes have

been retrieved.

The analysis has been done assuming 3 geometries:

• No struts

• AEM struts

• Vertex struts

In Table 5.6 the peak directivity values in band 1 are listed.

Frequency Pol. Source No struts AEM struts Vertex struts No struts, cross

31.3 GHz px Gauss 70.74 dBi 70.53 dBi 70.58 dBi 27.92 dBi

Average level of strut cases

rel. to ”no strut” cases
-0.20 dB -0.16 dB

Table 5.6 Peak directivity values for the band 1 frequency

In Table 5.7 the peak directivity values in band 3 in each of the

cases are listed.
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Frequency Pol. Source No struts AEM struts Vertex struts No struts, cross

84 GHz px front-end 79.20 dBi 78.99 dBi 79.03 dBi 45.80 dBi

84 GHz py front-end 79.20 dBi 78.99 dBi 79.04 dBi 46.01 dBi

84 GHz px Gauss 79.38 dBi 79.17 dBi 79.22 dBi 33.80 dBi

100 GHz px front-end 80.76 dBi 80.56 dBi 80.60 dBi 45.69 dBi

100 GHz py front-end 80.77 dBi 80.57 dBi 80.61 dBi 45.76 dBi

100 GHz px Gauss 80.89 dBi 80.68 dBi 80.73 dBi 35.40 dBi

116 GHz px front-end 82.24 dBi 82.05 dBi 82.10 dBi 55.52 dBi

116 GHz py front-end 82.27 dBi 82.08 dBi 82.13 dBi 55.64 dBi

116 GHz px Gauss 82.19 dBi 81.98 dBi 82.04 dBi 36.67 dBi

Average level of strut cases

rel. to ”no strut” cases
-0.20 dB -0.15 dB

Table 5.7 Peak directivity values for band 3 frequencies

In Table 5.8 the peak directivity values in band 4 in each of the

cases are listed.

Frequency Pol. Source No struts AEM struts Vertex struts No struts, cross

125 GHz px front-end 83.15 dBi 82.95 dBi 82.99 dBi 52.66 dBi

125 GHz py front-end 83.15 dBi 82.95 dBi 82.99 dBi 52.66 dBi

125 GHz px Gauss 82.87 dBi 82.65 dBi 82.70 dBi 37.72 dBi

144 GHz px front-end 84.40 dBi 84.20 dBi 84.23 dBi 53.45 dBi

144 GHz py front-end 84.40 dBi 84.20 dBi 84.23 dBi 53.44 dBi

144 GHz px Gauss 84.10 dBi 83.89 dBi 83.92 dBi 38.94 dBi

163 GHz px front-end 85.48 dBi 85.28 dBi 85.32 dBi 54.19 dBi

163 GHz py front-end 85.49 dBi 85.28 dBi 85.32 dBi 54.18 dBi

163 GHz px Gauss 85.17 dBi 84.96 dBi 85.00 dBi 40.02 dBi

Average level of strut cases

rel. to ”no strut” cases
-0.20 dB -0.17 dB

Table 5.8 Peak directivity values for band 4 frequencies

In Table 5.9 the peak directivity values in band 5 in each of the

cases are listed.

Frequency Pol. Source No struts AEM struts Vertex struts No struts, cross

187 GHz px Gauss 86.38 dBi 86.17 dBi 86.21 dBi 43.26 dBi

Average level of strut cases

rel. to ”no strut” cases
-0.21 dB -0.17 dB

Table 5.9 Peak directivity values for band 5 frequency

In Table 5.10 the peak directivity values in band 6 in each of the

cases are listed.
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Frequency Pol. Source No struts AEM struts Vertex struts No struts, cross

211 GHz px front-end 87.66 dBi 87.47 dBi 87.52 dBi 53.15 dBi

211 GHz py front-end 87.67 dBi 87.47 dBi 87.52 dBi 53.18 dBi

211 GHz px Gauss 87.40 dBi 87.19 dBi 87.26 dBi 44.30 dBi

243 GHz px front-end 88.91 dBi 88.71 dBi 88.74 dBi 53.32 dBi

243 GHz py front-end 88.91 dBi 88.71 dBi 88.74 dBi 53.35 dBi

243 GHz px Gauss 88.63 dBi 88.42 dBi 88.45 dBi 45.48 dBi

275 GHz px front-end 90.00 dBi 89.80 dBi 89.83 dBi 53.54 dBi

275 GHz py front-end 90.00 dBi 89.80 dBi 89.83 dBi 53.57 dBi

275 GHz px Gauss 89.69 dBi 89.48 dBi 89.51 dBi 46.52 dBi

Average level of strut cases

rel. to ”no strut” cases
-0.20 dB -0.16 dB

Table 5.10 Peak directivity values for band 6 frequencies

In Table 5.11 the peak directivity values in band 7 in each of the

cases are listed.

Frequency Pol. Source No struts AEM struts Vertex struts No struts, cross

275 GHz px front-end 89.83 dBi 89.63 dBi 89.67 dBi 66.63 dBi

275 GHz py front-end 89.85 dBi 89.65 dBi 89.69 dBi 66.69 dBi

275 GHz px Gauss 89.74 dBi 89.54 dBi 89.58 dBi 38.96 dBi

324 GHz px front-end 91.32 dBi 91.12 dBi 91.17 dBi 67.72 dBi

324 GHz py front-end 91.33 dBi 91.13 dBi 91.18 dBi 67.77 dBi

324 GHz px Gauss 91.17 dBi 90.96 dBi 91.02 dBi 40.41 dBi

373 GHz px front-end 92.59 dBi 92.39 dBi 92.43 dBi 68.75 dBi

373 GHz py front-end 92.59 dBi 92.39 dBi 92.44 dBi 68.77 dBi

373 GHz px Gauss 92.39 dBi 92.19 dBi 92.23 dBi 41.43 dBi

Average level of strut cases

rel. to ”no strut” cases
-0.20 dB -0.15 dB

Table 5.11 Peak directivity values for band 7 frequencies

In Table 5.12 the peak directivity values in band 8 in each of the

cases (only Gaussian beams) are listed.

Frequency Pol. Source No struts AEM struts Vertex struts No struts, cross

385 GHz px Gauss 92.67 dBi 92.47 dBi 92.51 dBi 41.78 dBi

442 GHz px Gauss 93.87 dBi 93.67 dBi 93.71 dBi 43.02 dBi

500 GHz px Gauss 94.94 dBi 94.74 dBi 94.78 dBi 44.01 dBi

Average level of strut cases

rel. to ”no strut” cases
-0.20 dB -0.16 dB

Table 5.12 Peak directivity values for band 8 frequencies
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In Table 5.13 the peak directivity values in band 9 in each of the

cases are listed.

Frequency Pol. Source No struts AEM struts Vertex struts No struts, cross

602 GHz px front-end 96.60 dBi 96.40 dBi 96.45 dBi 75.31 dBi

602 GHz py front-end 96.60 dBi 96.39 dBi 96.44 dBi 75.34 dBi

602 GHz px Gauss 96.56 dBi 96.35 dBi 96.39 dBi 45.72 dBi

661 GHz px front-end 97.45 dBi 97.25 dBi 97.27 dBi 76.09 dBi

661 GHz py front-end 97.44 dBi 97.24 dBi 97.26 dBi 76.12 dBi

661 GHz px Gauss 97.36 dBi 97.16 dBi 97.18 dBi 46.57 dBi

720 GHz px front-end 98.21 dBi 98.01 dBi 98.02 dBi 76.82 dBi

720 GHz py front-end 98.20 dBi 98.00 dBi 98.02 dBi 76.83 dBi

720 GHz px Gauss 98.11 dBi 97.90 dBi 97.91 dBi 47.26 dBi

Average level of strut cases

rel. to ”no strut” cases
-0.20 dB -0.17 dB

Table 5.13 Peak directivity values for band 9 frequencies

The results in the preceding tables show that the cross

polarization is significantly higher when the front-ends are used to

generate the beam instead of the Gaussian beam. The reason to

this is simply that the cross polarization inherent in the front-ends

is transformed to the far field with almost the same relative level

to the co-polar component.

The tables only show the cross polarization for the case with no

struts. The reason is that the strut impact on the cross-polar

performance is found to be negligible in all cases. This is not

surprising since the strut cross section is large in terms of the

wavelength. An example of this is demonstrated by comparing

Figure 5-17 with no struts to Figures 5-19 and 5-21 with AEM and

Vertex struts, respectively.

In Table 5.14 a comparison between the Gaussian

(fundamental-mode) beam and the beam coming out of the

analysis of the front-end is done by comparing the peak levels of

the far field from the complete antenna.
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Band Frequency Gauss rel. to front-end

3 84 GHz +0.18 dB

3 100 GHz +0.13 dB

3 116 GHz -0.06 dB

4 125 GHz -0.29 dB

4 144 GHz -0.31 dB

4 163 GHz -0.32 dB

6 211 GHz -0.27 dB

6 243 GHz -0.29 dB

6 275 GHz -0.32 dB

7 275 GHz -0.09 dB

7 324 GHz -0.15 dB

7 373 GHz -0.20 dB

9 602 GHz -0.05 dB

9 661 GHz -0.09 dB

9 720 GHz -0.11 dB

Table 5.14 Level of far field beam peak when using

Gaussian feed as source relative to level when

using calculated front-end beams (positive

values mean ”Gaussian is better”) - average for

”no struts”, ”AEM struts” and ”Vertex struts”

It is seen that in most of the cases the peak level obtained using

the Gaussian beam as the source is lower that the peak level

obtained by using the front-end pattern as source. To illustrate the

reason for this the far field pattern of the Gaussian beam has been

compared to the far field pattern of the analysed front-end design.

Furthermore, the field distribution on the surface of the

subreflector using these two source models has been compared in

the following graphs by means of a surface cut through the

telescope axis.

5.2.3 Front-end fields and subreflector illumination

In Figures 5-6 and 5-7 this comparison has been done at 100 GHz.

In Figure 5-6 the black curve indicates the Gaussian beam

(rotationally symmetric), the full red curve indicates the front-end

field in the plane containing the source and the telescope axis

(positive angles away from axis) and the dashed red curve

indicates the field in the plane perpendicular to that.
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Figure 5-6 Farfield from Gaussian fundamental mode and

from associated front-end at 100 GHz

In Figure 5-7 the black curves indicate the subreflector surface

field coming from the Gaussian beam and the red curves the

subreflector surface field from the front-end beam. The full curves

are in the plane containing the source and the dashed curves are

in the perpendicular plane where the Gaussian pattern will be

symmetric.
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Figure 5-7 Subreflector aperture field from Gaussian

fundamental mode and from associated

front-end at 100 GHz

The general trend is that the peak of the Gaussian pattern is

higher than that of the front-end beam, however, the front-end

beam is wider so that a greater percentage of the power is hitting

the subreflector which will give rise to a higher peak of the far
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field beam from the telescope. In the ”100 GHz” case the Gaussian

beam is ”a little bit better” according to Table 5.14. This is in

agreement with the pattern in Figure 5-7 where the ”front-end”

field is only slightly higher than the ”Gaussian” field in the zone

around 250 mm from the telescope axis. In Figures 5-9, 5-11, 5-13

and 5-15 the ”front-end” field is considerably higher than the

”Gaussian” field in this region, hence, more power is incident on

the subreflector and the telescope far field beam is higher.

In Figures 5-8 and 5-9 the same comparison has been made at 144

GHz.
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Figure 5-8 Farfield from Gaussian fundamental mode and

from associated front-end at 144 GHz
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Figure 5-9 Subreflector aperture field from Gaussian

fundamental mode and from associated

front-end at 144 GHz
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In Figures 5-10 and 5-11 the same comparison has been made at

243 GHz.
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Figure 5-10 Farfield from Gaussian fundamental mode and

from associated front-end at 243 GHz

-300 -200 -100 0 100 200 300 mm

-70

-60

-50

-70

-65

-60

-55

-50

dB

f = 243 GHz

Figure 5-11 Subreflector aperture field from Gaussian

fundamental mode and from associated

front-end at 243 GHz
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In Figures 5-12 and 5-13 the same comparison has been made at

324 GHz.
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Figure 5-12 Farfield from Gaussian fundamental mode and

from associated front-end at 324 GHz
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Figure 5-13 Subreflector aperture field from Gaussian

fundamental mode and from associated

front-end at 324 GHz
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In Figures 5-14 and 5-15 the same comparison has been made at

661 GHz.
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Figure 5-14 Farfield from Gaussian fundamental mode and

from associated front-end at 661 GHz
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Figure 5-15 Subreflector aperture field from Gaussian

fundamental mode and from associated

front-end at 661 GHz

5.2.4 Examples of calculated patterns at 243 GHz

The field from the entire optics has been calculated as described in

the beginning of this section and a contour plot of the copolar

component is shown in Figure 5-16 in the case of f = 243 GHz and

assuming no struts.
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Figure 5-16 Copolar farfield from entire optical system

assuming no struts at 243 GHz, px

polarization, front-end data - maximum

directivity 88.91 dBi

The cross polar component looks as shown in Figure 5-17.

Figure 5-17 Cross polar farfield from entire optical system

assuming no struts at 243 GHz, px

polarization, front-end data - maximum

directivity 53.32 dBi

The calculation has been repeated with the AEM struts included
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in the analysis. The result is shown in Figures 5-18 (copolar) and

5-19 (cross polar).

Figure 5-18 Copolar farfield from entire optical system

assuming AEM struts at 243 GHz, px

polarization, front-end data - maximum

directivity 88.71 dBi

Figure 5-19 Cross polar farfield from entire optical system

assuming AEM struts at 243 GHz, px

polarization, front-end data - maximum

directivity 53.16 dBi

Finally, the calculation has been done with the Vertex struts

included in the analysis. The result is shown in Figures 5-20

(copolar) and 5-21 (cross polar).
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Figure 5-20 Copolar farfield from entire optical system

assuming Vertex struts at 243 GHz, px

polarization, front-end data - maximum

directivity 88.74 dBi

Figure 5-21 Cross polar farfield from entire optical system

assuming Vertex struts at 243 GHz, px

polarization, front-end data - maximum

directivity 53.21 dBi

For information, the following six plots, Figures 5-22 to 5-27, show

the same plots as Figures 5-16 to 5-21, but using the Gauss beam

instead of the front-end data as input. One will notice that the

co-polar patterns are almost unchanged whereas the cross-polar

patterns are significantly reduced due to the better performance of

the Gaussian beam.
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Figure 5-22 Copolar farfield from entire optical system

assuming no struts at 243 GHz, px

polarization, Gauss beam data

Figure 5-23 Cross polar farfield from entire optical system

assuming no struts at 243 GHz, px

polarization, Gauss beam data
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Figure 5-24 Copolar farfield from entire optical system

assuming AEM struts at 243 GHz, px

polarization, Gauss beam data

Figure 5-25 Cross polar farfield from entire optical system

assuming AEM struts at 243 GHz, px

polarization, Gauss beam data
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Figure 5-26 Copolar farfield from entire optical system

assuming Vertex struts at 243 GHz, px

polarization, Gauss beam data

Figure 5-27 Cross polar farfield from entire optical system

assuming Vertex struts at 243 GHz, px

polarization, Gauss beam data

Presented as pattern cuts a comparison has now been made

between the farfield assuming no struts, AEM struts and Vertex

struts. The result is shown in Figure 5-28 as regards the φ = 0.0◦

plane (containing two Vertex struts). Due to the fact that this

plane contains two Vertex struts the Vertex strut field is

significantly different from the ”no struts” field whereas the ”AEM

struts” pattern is closer to the ”no struts” pattern.
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Figure 5-28 Copolar farfield from entire optical system

assuming No struts (black), AEM struts (red)

and Vertex struts (green) at 243 GHz, px

polarization, front-end data - phi = 0 degrees

(Vertex strut plane)

In Figure 5-29 the same comparison is done in the φ = 45.0◦ plane

(containing two AEM struts). For the same reason as above the

AEM pattern is now most different from the ”no struts” pattern.
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Figure 5-29 Copolar farfield from entire optical system

assuming No struts (black), AEM struts (red)

and Vertex struts (green) at 243 GHz, px

polarization, front-end data - phi = 45 degrees

(AEM strut plane and source plane)

In Figure 5-30 the comparison is done in the φ = 90.0◦ plane

(containing two Vertex struts). Again the Vertex pattern is most
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different from the ”no struts” pattern.
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Figure 5-30 Copolar farfield from entire optical system

assuming No struts (black), AEM struts (red)

and Vertex struts (green) at 243 GHz, px

polarization, front-end data - phi = 90 degrees

(Vertex strut plane)

Finally, in Figure 5-31 the comparison is done in the φ = 135.0◦

plane (containing two AEM struts) showing the same situation as

in Figure 5-29.

-0.04 -0.03 -0.02 -0.01 0.00 0.01 0.02 0.03 0.04deg

40

50

60

70

80

90

40

45

50

55

60

65

70

75

80

85

90

dBi

Phi 135 = degrees - AEM strut plane

Figure 5-31 Copolar farfield from entire optical system

assuming No struts (black), AEM struts (red)

and Vertex struts (green) at 243 GHz, px

polarization, front-end data - phi = 135 degrees

(AEM strut plane)
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5.2.5 Principal pattern cuts for Band 3, 4, 6, 7 and 9

In this section we present the far-field pattern cuts through the

beam peak at the center frequencies for the bands 3, 4, 6, 7 and 9

using the front ends as the feed. Since the two linear polarizations

give almost the same result only the polarization parallel to the

plane containing the axis of the antenna is used. The main goal

here is to show both the co-polar and the cross-polar components

and since the struts have only very little influence on the

cross-polar performance the struts have not been included in the

calculations.

The result obtained for band 3 is shown in Figure 5-32. The band 3

front end is located at φ = −80◦ according to Table 5.3. The

polarization of the front end is also in the φ = −80◦-direction. The

principal cuts are therefore obtained for φ = −80◦ and φ = 10◦ and

the diagonal cut for φ = −35◦. In the φ = −80◦-cut the cross

polarization is very low because the antenna including the front

end is almost ideally symmetric about this plane. The cross

polarization in the two other planes comes almost entirely from

the front end.

The results for band 4 and band 6 are similar to band 3. The

results for band 7 and 9 are different in the sense that here also

the first cut containing the symmetry plane of the antenna

exhibits cross polarization which is generated by the front end.

This is particularly the case for band 9 where the cross

polarization in the φ = 90◦-cut is 45 dB below the co-polar peak. By

comparing to Figure 4-90 it is seen that this cross polarization is

coming from the front-end.
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Figure 5-32 Antenna far-field principal pattern cuts for

band 3.

Figure 5-33 Antenna far-field principal pattern cuts for

band 4.
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Figure 5-34 Antenna far-field principal pattern cuts for

band 6.

Figure 5-35 Antenna far-field principal pattern cuts for

band 7.
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Figure 5-36 Antenna far-field principal pattern cuts for

band 9.

5.2.6 File name convention

For all the cases presented in the tables above field data for

generating contour plots are provided in files. The name of the

files describe the content in the following way:

band{integer1} f{integer2} p{string1} {string2}Struts {string3} uv.grd

where

integer1 indicates the band number (1 through 10)

integer2 indicates the frequency in GHz

string1 is ”x” if polarization is in the plane containing telescope

axis and source and it is ”y” if it is perpendicular to that plane

string2 is ”No” if struts are not included in the analysis, it is

”AEM” if it is AEM struts and it is ”Vertex” if it is Vertex struts

string3 is ”Gauss” if theoretical Gauss parameters are used for

the source and it is ”FrEnd” if the result of front end analysis is

used for the source.

5.3 Calculation of G/T with feed depointing

Following the procedure in Section 3.1.2 the G/T calculation has

been done at one frequency in 5 bands for a realistic pointing error

of the source. Common to all cases is that the selected source
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f=144 GHz (band 4) τ=0.0438; Tatm,n=11.3K; Trec=51K

Feed dep. G Pm Pu Pgr Ttot G/T
0.0 mrad 84.10 0.9472 0.0483 0.0045 63.460 66.075

1.0 mrad 84.10 0.9474 0.0482 0.0044 63.434 66.077

1.5 mrad 84.10 0.9475 0.0483 0.0042 63.382 66.080

Table 5.16 Impact on G/T of source depointing

f=243 GHz (band 6) τ=0.0598; Tatm,n=15.3K; Trec=55K

Feed dep. G Pm Pu Pgr Ttot G/T
0.0 mrad 88.63 0.9354 0.0617 0.0029 71.036 70.115

1.0 mrad 88.63 0.9349 0.0622 0.0029 71.036 70.115

1.5 mrad 88.63 0.9346 0.0625 0.0029 71.036 70.115

5.0 mrad 88.58 0.9306 0.0667 0.0027 70.985 70.068

10.0 mrad 88.45 0.9191 0.0780 0.0029 71.036 69.935

20.0 mrad 87.96 0.8749 0.1215 0.0036 71.213 69.434

Table 5.17 Impact on G/T of source depointing

pointing error gives rise to almost no change in the G/T . In order

to investigate how much source pointing error is ”needed” in order

to give rise to serious G/T degradation, larger source depointing

values have been included in the analysis in Band 6 Table 5.17. It

shows that depointing values up to 5 mrad can be tolerated.

The small influence of the feed depointing is not surprising. The

depointing does not change the location of the phase center, it only

changes the amplitude illumination of the subreflector. The size of

the subreflector seen from the feed is around 125 mrad and a

depointing of even 20 mrad therefore corresponds to an offset of

the illumination by only one third of the subreflector radius.

f=100 GHz (band 3) τ=0.0375; Tatm,n=9.7K; Trec=32K

Feed dep. G Pm Pu Pgr Ttot G/T
0.0 mrad 80.89 0.9473 0.0468 0.0059 43.230 64.532

1.0 mrad 80.89 0.9473 0.0468 0.0059 43.230 64.532

1.5 mrad 80.89 0.9473 0.0469 0.0059 43.204 64.535

Table 5.15 Impact on G/T of source depointing
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f=324 GHz (band 7) τ=0.1239; Tatm,n=30.8K; Trec=75K

Feed dep. G Pm Pu Pgr Ttot G/T
0.0 mrad 91.17 0.9346 0.0631 0.0023 106.348 70.903

1.0 mrad 91.17 0.9346 0.0631 0.0023 106.348 70.903

1.5 mrad 91.17 0.9345 0.0631 0.0024 106.372 70.902

Table 5.18 Impact on G/T of source depointing

f=442 GHz (band 8) τ=0.5350; Tatm,n=109.3K; Trec=196K

Feed dep. G Pm Pu Pgr Ttot G/T
0.0 mrad 93.87 0.9349 0.0633 0.0018 305.587 69.019

Table 5.19 G/T figure at one frequency in band 8

f=661 GHz (band 9) τ=1.3203; Tatm,n=193.4K; Trec=140K

Feed dep. G Pm Pu Pgr Ttot G/T
0.0 mrad 97.36 0.9355 0.0630 0.0015 333.513 72.129

Table 5.20 G/T figure at 661 GHz in band 9

f=720 GHz (band 9) τ=1.3334; Tatm,n=194.3K; Trec=140K

Feed dep. G Pm Pu Pgr Ttot G/T
0.0 mrad 98.11 0.9358 0.0630 0.0012 334.390 72.867

Table 5.21 G/T figure at 720 GHz in band 9
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5.4 Reflector deformations and beam

performance

5.4.1 Presentation of the geometrical surface deformations

The main reflector surface will deform due to gravitation, wind

and thermal gradients. Examples of all three types of distortions

have been provided to TICRA. In each case the deformation is

defined by means of two files. In the first file the nominal position

in x, y and z of a number of points on the reflector are listed. In the

second file the deformation is given by the deviation of the same

points in x, y and z. This is sufficient to define the reflector surface

shape.

It should be noted that the deformations provided are related to

the support structure, but it assumed that they will be directly

transferred to the reflector surface.

5.4.1.1 Deformations for the AEM antenna

First the deformations due to gravitation for 0◦ elevation is

considered. Figure 5-37 shows the deformed surface relative to the

nominal paraboloid. The unit on the z-axis is mm. It is seen that

there is significant difference, in the order of 0.5 mm at the edge.

From the deformed surface it is possible to find a best fit

paraboloid. It has six degrees of freedom: the vertex position in

x, y and z, the focal length and the axis direction. TICRA uses an

iterative method to determine the best fit paraboloid whereas

AEM uses a deterministic approach. It has been checked that the

two methods give exactly the same result.

Figure 5-38 shows the best fit paraboloid relative to the nominal

paraboloid and it is seen that most of the deviations in Figure 5-37

are very well represented by the best fit paraboloid. In other

words, the reflector deformations change the nominal paraboloid

into another paraboloid. Figure 5-39 shows the remaining surface

errors as the difference between the real deformed surface and the

best fit paraboloid. The maximum deviation is here only about

50µm and the rms error has been calculated to 12µm.



TICRA 169

-6-5-4-3-2-1012345X6

-6

-4

-2

0

2

4
Y

6

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

Z

0.3

Figure 5-37 The deviation between the nominal paraboloid

and the deformed reflector, 0◦ elevation.
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Figure 5-38 The deviation between the nominal and the

best fit paraboloid, 0◦ elevation.
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Figure 5-39 The deviation between the deformed reflector

and the best fit paraboloid, 0◦ elevation.

Figures 5-40 and 5-41 show the deviation between the deformed

reflector and the best fit paraboloid for the elevation angles

15◦, 30◦, 45◦, 60◦, 75◦ and 90◦. It is clearly seen that there is a very

gradual change from 0◦ elevation to 90◦ elevation.

Figure 5-42 shows three additional cases:

top: a temperature variation of 10◦C in the y-direction (this case

is abbreviated “gy”)

middle: a temperature change of 20◦C of the complete antenna

(this case is abbreviated “t20”)

bottom: a wind load case (this case is abbreviated “w06”)

The results in Figure 5-42 show that the temperature gradient

and the wind case have very small influence on the reflector shape

whereas the uniform temperature change, “t20”, has a noticeable

influence.

The results for the best fit paraboloid are summarized in Figure

5-43, indicating the focal length, the vertex position and the

direction of the best fit paraboloid axis. The right column in the

table shows the rms value of the ray path length error due to the

reflector deformations. This number is approximately twice the

rms error of the reflector surface shape.

For the RF calculations for the AEM antenna to be presented in

Section 5.4.3 the four most interesting cases have been selected:

gravitation for the elevation angles 0◦, 45◦ and 90◦ and the uniform

temperature case, “t20”.
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Figure 5-40 The deviation between the deformed reflector

and the best fit paraboloid.
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Figure 5-41 The deviation between the deformed reflector

and the best fit paraboloid.
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Figure 5-42 The deviation between the deformed reflector

and the best fit paraboloid.

Top: gy

Middle: t20

Bottom: w06
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Figure 5-43 The parameters for the best fit paraboloid.

5.4.1.2 Deformations for the Vertex antenna

The information about the surface deformations for the Vertex

antenna has been provided to TICRA in almost the same format as

for the AEM antenna and the determination of the best fit

paraboloid has been carried out in the same way. A total of 14

cases have been provided and the best fit paraboloid parameters

are summarised in the table in Figure 5-47. The nine most

interesting cases are illustrated in the following plots.

Figure 5-44 shows the deviation between the gravity deformed

reflector and the best fit paraboloid for the elevation angles 0◦, 50◦

and 90◦.

Figure 5-45 shows three wind cases. The influence from the wind

is seen to be quite small.

Figure 5-46 shows three temperature cases. The plots show that

the most serious impact happens for a uniform change of the

temperature of 20◦.

For the RF calculations for the Vertex antenna to be presented in

Section 5.4.4 the five most interesting cases have been selected:

gravitation for the elevation angles 0◦, 50◦ and 90◦, the side wind

from 50◦ for 0◦ elevation (the lower plot in Figure 5-45) and the

uniform temperature case (the lower plot in Figure 5-46).
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Figure 5-44 The deviation between the deformed reflector

and the best fit paraboloid.
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Figure 5-45 The deviation between the deformed reflector

and the best fit paraboloid.
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Figure 5-46 The deviation between the deformed reflector

and the best fit paraboloid.
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Figure 5-47 The parameters for the best fit paraboloid.
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5.4.2 Overview of RF calculations

The surface distortions presented in the previous sections will

influence the radiated beam. The beams will be calculated for two

frequencies, 243 and 720 GHz, and for the two principal

polarizations of the feed.

The calculated beams will be stored on files and delivered to ESO.

The table in Figure 5-48 shows all the files for surface distortion

calculations. For all these calculations it is assumed that the

subreflector position and tilt relative to the best fit paraboloid are

unchanged compared to the un-deformed case.

Similarly, the table in Figure 5-49 shows the files for the panel

distortion calculations. It should be mentioned here that, whereas

the surface distortions are deterministic, the panel distortions are

random with a given rms value. The panel distortions are

therefore modeled by a random number generator, and in this case

it is not meaningful to investigate both polarizations.

Consequently, only the x-polarization is calculated for the panel

distortions. For the same reason the feed is located at the antenna

focal point for all the panel distortion calculations.
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Figure 5-48 The file names for the different surface

deformation calculations.
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Figure 5-49 The file names for the different panel distortion

calculations.



182 TICRA

5.4.3 RF calculations for the AEM antenna

5.4.3.1 Surface deformations

This section contains the results for the surface deformations and

they are summarised in the tables in Figure 5-50 and 5-51 for the

frequencies 243 and 720 GHz, respectively. The tables give the

results both for the nominal antenna with and without struts as

well as for the selected deformation cases with struts. The tables

show the direction of the beam maximum, the change in direction

due to deformation and the beam peak level in dBi. The column

shows the rms error calculated from the peak gain decrease.

In order to illustrate the influence of the surface deformations

Figures 5-52 to 5-59 show, as an example, the contour plots and

three pattern cuts both for the nominal antenna and for

gravitation deformation at 0◦ elevation and at both frequencies. It

is clearly seen that the surface deformations are much more

critical at the highest frequency.
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Figure 5-50 Table showing the results at 243 GHz for the

AEM antenna.

Figure 5-51 Table showing the results at 720 GHz for the

AEM antenna.



184 TICRA

Figure 5-52 Contour plot of the nominal beam at 243 GHz

for the AEM antenna with struts.

Figure 5-53 Pattern cuts through the maximum of the

nominal beam at 243 GHz for the AEM antenna

with struts.
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Figure 5-54 Contour plot of the beam at 243 GHz for the

AEM antenna with struts. Surface

deformation: gravitation at 0◦ elevation

Figure 5-55 Pattern cuts through the maximum of the beam

at 243 GHz for the AEM antenna with struts.

Surface deformation: gravitation at 0◦ elevation
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Figure 5-56 Contour plot of the nominal beam at 720 GHz

for the AEM antenna with struts.

Figure 5-57 Pattern cuts through the maximum of the

nominal beam at 720 GHz for the AEM antenna

with struts.
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Figure 5-58 Contour plot of the beam at 720 GHz for the

AEM antenna with struts. Surface

deformation: gravitation at 0◦ elevation

Figure 5-59 Pattern cuts through the maximum of the beam

at 720 GHz for the AEM antenna with struts.

Surface deformation: gravitation at 0◦ elevation
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5.4.3.2 Panel alignment and deformations

The influence of the panel gaps was investigated in Section 2.4,

and it was found that this effect is very small when the surface

shape and alignment of the panels is ideal.

In this section both panel deformation and panel alignment will be

investigated. The table in Figure 5-60 is from the document

”ANTD-3300000-3-049-REP.pdf” and it shows the different

contributions to the total surface errors. The table is divided in

four groups where the first is related to the shape of the panels

and the third is related to the mounting accuracy of the panels.

Based on the numbers in this table it was decided to model the

panel shape error as a smooth random distortion all over the

reflector with an rms error of 8 µm and a correlation distance

approximately equal to the panel size, in this case 1.09 m. The

shape of these distortions are illustrated in Figure 5-61.

Figure 5-60 Table showing the various sources of reflector

surface errors

Each panel is attached at five attachment points and the accuracy

at these points is assumed to be 5 µm. A random number

generator is used to model the errors in the z-value of the

attachment point positions. The mounting errors are modeled by

tilting each panel individually, without changing its shape, such

that it passes through the five points in the best possible way. The

principle is illustrated in Figure 5-62 where the errors are

increased by a factor 10000.
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Figure 5-61 Surface shape illustrating the panel

manufacturing errors

Figure 5-62 Main reflector illustrating the panel alignment

errors. The realistic errors are multiplied by

10,000 in this figure
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The calculation of the influence of the panel errors including the

struts is very complicated and time consuming. Since the impact

from the panel errors is small it is calculated for the antenna

without struts and then the panel error field is added to the

nominal pattern with struts.

The following Figures 5-63 to 5-70 show contour plots and pattern

cuts for the two types of panel errors separately: the

manufacturing errors affecting the shape of the panels and the

alignment errors affecting the orientation of the panels. The

pattern cuts show the nominal pattern without panel errors in

black, the pattern with errors in red and the difference field in

green.

The reduction in gain at 243 GHz is 0.02 dB and 0.00 dB for

manufacturing and alignment errors, respectively. The

corresponding numbers at 720 GHz are 0.18 and 0.03 dB.
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Figure 5-63 Contour plot of the beam at 243 GHz for the

AEM antenna with panel manufacturing errors

Figure 5-64 Pattern cuts at 243 GHz for the AEM antenna

with panel manufacturing errors
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Figure 5-65 Contour plot of the beam at 243 GHz for the

AEM antenna with panel alignment errors

Figure 5-66 Pattern cuts at 243 GHz for the AEM antenna

with panel alignment errors
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Figure 5-67 Contour plot of the beam at 720 GHz for the

AEM antenna with panel manufacturing errors

Figure 5-68 Pattern cuts at 720 GHz for the AEM antenna

with panel manufacturing errors
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Figure 5-69 Contour plot of the beam at 720 GHz for the

AEM antenna with panel alignment errors

Figure 5-70 Pattern cuts at 720 GHz for the AEM antenna

with panel alignment errors
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5.4.4 RF calculations for the Vertex antenna

5.4.4.1 Surface deformations

This section contains the results for the surface deformations and

they are summarised in the tables in Figure 5-71 and 5-72 for the

frequencies 243 and 720 GHz, respectively. The tables give the

results both for the nominal antenna with and without struts as

well as for the selected deformation cases with struts. The tables

show the direction of the beam maximum, the change in direction

due to deformation and the beam peak level in dBi. The column

shows the rms error calculated from the peak gain decrease.

In order to illustrate the influence of the surface deformations

Figures 5-73 to 5-80 show, as an example, the contour plots and

three pattern cuts both for the nominal antenna and for

gravitation deformation at 0◦ elevation and at both frequencies. It

is clearly seen that the surface deformations are much more

critical at the highest frequency.
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Figure 5-71 Table showing the results at 243 GHz for the

Vertex antenna.

Figure 5-72 Table showing the results at 720 GHz for the

Vertex antenna.
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Figure 5-73 Contour plot of the nominal beam at 243 GHz

for the Vertex antenna with struts.

Figure 5-74 Pattern cuts through the maximum of the

nominal beam at 243 GHz for the Vertex

antenna with struts.
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Figure 5-75 Contour plot of the beam at 243 GHz for the

Vertex antenna with struts. Surface

deformation: gravitation at 0◦ elevation

Figure 5-76 Pattern cuts through the maximum of the beam

at 243 GHz for the Vertex antenna with struts.

Surface deformation: gravitation at 0◦ elevation
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Figure 5-77 Contour plot of the nominal beam at 720 GHz

for the Vertex antenna with struts.

Figure 5-78 Pattern cuts through the maximum of the

nominal beam at 720 GHz for the Vertex

antenna with struts.
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Figure 5-79 Contour plot of the beam at 720 GHz for the

Vertex antenna with struts. Surface

deformation: gravitation at 0◦ elevation

Figure 5-80 Pattern cuts through the maximum of the beam

at 720 GHz for the Vertex antenna with struts.

Surface deformation: gravitation at 0◦ elevation
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5.4.4.2 Panel alignment and deformations

The details about the panel errors for the Vertex antenna design

have not been provided to TICRA. In the following it is therefore

assumed that the errors are the same as for the AEM antenna.

The panel shape error will be modeled as a smooth random

distortion all over the reflector with an rms error of 8 µm and a

correlation distance approximately equal to the panel size, in this

case 0.57 m. The shape of these distortions are illustrated in

Figure 5-81.
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Figure 5-81 Surface shape illustrating the panel

manufacturing errors

The following Figures 5-82 to 5-89 show contour plots and pattern

cuts for the two types of panel errors separately: the

manufacturing errors affecting the shape of the panels and the

alignment errors affecting the orientation of the panels. The

pattern cuts show the nominal pattern without panel errors in

black, the pattern with errors in red and the difference field in

green.

The reduction in gain at 243 GHz is 0.02 dB and 0.00 dB for

manufacturing and alignment errors, respectively. The

corresponding numbers at 720 GHz are 0.17 and 0.02 dB.
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Figure 5-82 Contour plot of the beam at 243 GHz for the

Vertex antenna with panel manufacturing

errors

Figure 5-83 Pattern cuts at 243 GHz for the Vertex antenna

with panel manufacturing errors
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Figure 5-84 Contour plot of the beam at 243 GHz for the

Vertex antenna with panel alignment errors

Figure 5-85 Pattern cuts at 243 GHz for the Vertex antenna

with panel alignment errors



204 TICRA

Figure 5-86 Contour plot of the beam at 720 GHz for the

Vertex antenna with panel manufacturing

errors

Figure 5-87 Pattern cuts at 720 GHz for the Vertex antenna

with panel manufacturing errors
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Figure 5-88 Contour plot of the beam at 720 GHz for the

Vertex antenna with panel alignment errors

Figure 5-89 Pattern cuts at 720 GHz for the Vertex antenna

with panel alignment errors
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