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We present near-field radio holography measurements of the Simons Observatory Large Aperture Tele-
scope Receiver optics. These measurements demonstrate that radio holography of complex millimeter-
wave optical systems comprising cryogenic lenses, filters, and feed horns can provide detailed characteri-
zation of wave propagation before deployment. We used the measured amplitude and phase, at 4 K, of the
receiver near-field beam pattern to predict two key performance parameters: 1) the amount of scattered
light that will spill past the telescope to 300 K and 2) the beam pattern expected from the receiver when
fielded on the telescope. These cryogenic measurements informed the removal of a filter, which led to
improved optical efficiency and reduced side-lobes at the exit of the receiver. Holography measurements
of this system suggest that the spilled power past the telescope mirrors will be less than 1% and the main
beam with its near side-lobes are consistent with the nominal telescope design. This is the first time
such parameters have been confirmed in the lab prior to deployment of a new receiver. This approach is
broadly applicable to millimeter and sub-millimeter instruments.
© 2022 Optical Society of America
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1. INTRODUCTION

Simons Observatory (SO) will observe the cosmic microwave
background (CMB) temperature and polarization signals using
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Fig. 1. The Simons Observatory (SO) Large Aperture Tele-
scope (LAT), featuring a segmented primary and secondary
mirror. The focus of the mirror is hidden inside the conical
baffle near the front of the receiver. The receiver can hold up to
thirteen optics tubes.

multiple millimeter-wave telescopes [1, 2]. One Large Aper-
ture Telescope (LAT) [3–5] and three Small Aperture Telescopes
(SAT) [6] together will measure the CMB anisotropies. SO will
provide new constraints on inflationary signals, neutrino mass,
and particles beyond the standard model while further improv-
ing our understanding of dark energy and galaxy evolution
and the era of cosmic reionization [2]. The LAT is a crossed-
Dragone telescope [3, 7, 8] developed in collaboration with the
Fred Young Sub-millimeter Telescope (FYST) [9, 10] Collabora-
tion. The LAT Receiver (LATR) can hold up to 13 optics tubes,
which can accommodate more than 60,000 detectors distributed
across 39 detector wafers for CMB studies [5, 11, 12]. Each optics
tube holds a set of lenses, filters, and baffles which couple light
from the telescope onto a set of three polarization sensitive detec-
tor arrays. Realizing the SO science goals depends on achieving
stringent sensitivity requirements and controlling systematic
effects to be subdominant to the statistical noise. To achieve this,
the optics tubes must have clean beams with well-controlled
side-lobe power.

Testing these aspects of the optics tube performance in the
lab is challenging. Previously, these parameters were verified
on ground-based CMB radio telescope systems upon deploy-
ment [13, 14]. In this paper, we present a new approach to labo-
ratory testing of these systems using the technique of near-field
radio holography. Holography is an instrumentation technique
used to measure the complex monochromatic electric field wave-
front using the interference between a modulated and reference
signal. Radio holography takes advantage of the antenna theory
relationship: the far-field radiation pattern of a reflector antenna
is the Fourier Transformation of the field distribution in the
aperture plane of the antenna [13].

Within radio beam characterization, several techniques ex-
ist; 1) scalar beam pattern characterization [15], or measuring
only the magnitude of the wavefront, 2) vector beam pattern
characterization [16, 17], or measuring the amplitude and phase
of the wavefront, and 3) holographic beam pattern measure-

ment [17, 18], which we explore here. While scalar beam pattern
characterization requires the beam to be measured at multiple
planes along the propagation axis, and vector beam characteri-
zation records one complex map, holography records two beam
maps (one modulated by the optical element and the other used
as a reference) to reconstruct the complex wavefront [13, 19].
Additional use of radio beam characterization is phase retrieval
holography, with applications in electron microscopy, optical
imaging, and crystallography [20].

Near-field holography allows us to study the wavefront as
it emerges from the optics tube, based on the reciprocal the-
orem, from the cryostat. Using Fresnel diffraction (FD) [21],
these measured fields can be propagated through the optical
system to determine the spilled power past the mirrors of the
telescope and the far-field beam pattern of the telescope fed by
this receiver. Moreover, these beams are useful for the identi-
fication and mitigation of optical problems within the receiver
(i.e. optical aberrations, focus, scattered power, etc.). These mea-
surements enable a detailed verification of system-level optical
performance prior to the deployment of a receiver on a telescope.

In Section 2 we describe the optical design and components
of the SO optics tube. In Section 3 we describe the measurement
approach including the cryogenic receiver (3.A) and hologra-
phy hardware (3.B) required for measuring beam maps (full
details can be found in Appendix A). In Section 4 we present the
measured beam maps. Section B discusses analysis methods to
propagate the measured beams into the far-field using FD. We
present characterization of the optics tube with and without an
infrared-blocking filter in Section 5. Section 6 details the pub-
licly available code. We conclude with a discussion of future
applications of this approach in Section 7.

Alumina IR
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Fig. 2. The Simons Observatory LATR optics tube. Light
enters the optics tube from the right through an ultra-high-
molecular-weight polyethylene (UHMWPE) window, and
travels through a series of Infrared-Blocking filters (IR), includ-
ing one alumina IR filter, and passes through the 4 K Low-Pass
Edge mesh filter (LPE). The light is focused on the detector
arrays on the left by the three lenses, with two additional LPE
filters near the 1 K and 100 mK stages. The components within
the optics tube are further described in [22].

2. SO LARGE APERTURE TELESCOPE OPTICS TUBES
DESIGN

The LAT is a crossed-Dragone telescope with a 6 m pupil diam-
eter (Fig. 1). The LAT Receiver is designed to house thirteen
optics tubes, which guide photons onto cryogenic detectors.
These optics tubes must maintain excellent beam quality while
also limiting the wide-angle scattering. The scattering is critical
to the ultimate sensitivity of the SO LAT since every percent that
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Fig. 3. Schematic of holography setup. Two local oscillators
(LOs) supply frequencies (LO1 and LO2 = LO1 + foff), one of
which is multiplied by the active multiplier factor M , while
the other serves to down convert the reference and modulated
signals into the intermediate frequency.

is scattered leads to 3 K of extra noise and a 15(10) % reduction
in mapping speed in the 90(150) GHz bands which are critical
for the SO science.

Figure 2 shows the LATR optics tube [22]. Light enters
through a 3 mm thick ultra-high molecular weight polyethylene
hexagonal window with an anti-reflection coating [23]. Three
anti-reflection coated silicon lenses [24, 25] control the beam
size and shape, which re-images from the focal plane onto three
hexagonal detector wafers. Each lens is accompanied by a low-
pass edge filter (LPE) [26]. The light is coupled onto the detec-
tor wafers using arrays of drilled spline profile feed horns and
the polarization is coupled onto the wafer with an orthomode
transducer [27, 28]. Along this path, the light passes through a
succession of band-defining and infra-red blocking filters [26].
From the sky side these are a 300 K IR blocking filter, an 80 K IR
blocking filter, an 80 K IR rejecting metamaterial anti-reflection
coated alumina filter [25, 29], and a 40 K IR blocking filter [30]
prior to entering the optics tube. The filter configuration is
described in [23]. Between lenses 1 and 2, the walls of the op-
tics tube are coated with baffling metamaterial tiles, described
in [31], which control scattering. The full cold-optical design
is described in [32]. All optical elements in the optics tube are
between 4 K and 100 mK.

3. MEASUREMENT APPROACH

Here, we describe the hardware and software used in these
holography measurements. Further details can be found in
Appendix A. For this discussion we divide the system into a
cryogenic system mounted in the optics tube and a holography

Fig. 4. Near-field band-averaged MF1 and MF2 beams, sim-
ulated and measured with radio holography. Left panel: Ra-
dially binned. Right panel: 2D simulated and measured near-
field beams.

system comprised of a source, correlation receiver, and motion
system.

A. Cryogenic System
The optics tube is housed in a test cryostat called the LATR
tester [33]. The cryostat holds and cools a single optics tube
and provides support for detector readout. This setup supports
up to three detector arrays. In the test configuration, two are
bolometric arrays [28] and the third is used for the holography
measurements.

The holography array consists of a feedhorn array identical to
that used for the bolometric detectors, but with standard wave
guide flanges at the outputs. A receiver consisting of a round
to rectangular wave guide transition and a harmonic mixer is
attached to this feed array. The mixer was designed to operate
from 70-110 GHz, but was found to operate satisfactorily up to
170 GHz. For operational simplicity, we used this mixer over
our full frequency range from 80-170 GHz. A second identical
receiver was also connected for redundancy, but not used in the
measurements described here. Two 0-18 GHz coaxial connec-
tions were made from the receiver to connectors at the cryostat
wall. There are heat sinks spaced along the coaxial cables be-
tween the focal plane, which was operated at 4 K while doing
holography, and the 300 K cryostat wall. A separate cool down
was used to measure the loss along these coaxial feed lines. The
loss was found to be 23 dB at the LO frequency (10-13 GHz).
Accurate knowledge of the loss along the feed lines is critical for
providing the correct amount of power to the mixers in the focal
plane. The loss at the intermediate frequencies (IF) (100 MHz) is
significantly lower and not critical to the function of this system.

B. Holography System
Figure 3 shows a schematic overview of the LATR tester (LATRt)
holography hardware. Two millimeter-wave sources are used to
measure the full SO Mid-Frequency (MF) band: F90 (80-120 GHz)
and F150 (130-170 GHz). Only one is mounted at a given time
(one of which has a multiplication factor of 8, and the other
with 12). These sources are broadcast into the receiver using
standard gain feed horns held close to the window (4.5 cm in F90
and 11.5 cm in F150 due to the different attenuator waveguide
lengths). We therefore expect different measured beam sizes
between the two sets of frequencies, since the beam expands as
it leaves the optics tube.
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Fig. 5. Holography beam map measurements in the mid-frequency band. Top: Power at each measured frequency (peak-
normalized in each map). The hexagonal side-lobes in the power beam maps are higher in power than the signal-to-noise of the
system (45 dB). Bottom: Wrapped phase at each measured frequency.

A motorized two-dimensional stage holds the source and is
mounted on a support structure above the LATRt. During a
measurement, the source (frequency is fixed) is moved over a
50 × 50 cm range with 0.25 cm steps (black arrows in Figure 3).
One map takes roughly 12 hours to complete.

A common local oscillator (LO2 in Figure 3) is fed to two har-
monic mixers: 1) picked off from the source and 2) at the output
of the cryogenic receiver. The IF signal from both mixers in the
0-125 MHz band is amplified and passed to a digital correlator
(Casper ROACH2 [34]) which computes the complex correlation
between the two signals [35]. The FPGA on the ROACH2 board
outputs the amplitude and the phase of the correlated output,
subdivided into a number of 100 kHz wide bins. Only the bin
associated with the IF frequency is used in subsequent analysis.
The software to program and analyze output from the FPGA is
made public on the McMahonCosmologyGroup GitHub page in
a package called holog-exp [36]. Appendix A provides further
details to the hardware of the holography setup.

4. RESULTS AND INTERPRETATION

A. Near-Field Beam Maps

Figure 5 shows the power and phase of the beam maps at each
frequency for which the measurement was carried out. A vari-
able attenuator at the output of the source was used to optimize
the amount of signal entering the optics tube, to ensure power
was not too high such that the measurement was saturated, but
to also ensure the signal was high enough for signal-to-noise
greater than 45 dB. As stated in Section 3.B, the F90 source hangs
closer to the window than the F150 source (due to different at-
tenuator lengths), and for this reason, we expect the F90 beams
to be smaller than the F150 beams.

The shape of the main beam was found to be in good agree-
ment with simulations at all frequencies. The asymmetric feature
seen in the main beam at 160 GHz is believed to be associated
with an extra mode in the round wave-guide of the receiver 1.

1Impedance of the relevant mode is changing rapidly above its cutoff frequency,
leading to a high coupling at 160GHz that falls off as you go higher. Modeling
this n detail requires knowledge of exact mixer coupling geometry, among other
experiment details which are not fully known. We have seen similar behavior in
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Fig. 6. All beam maps propagated at the secondary illumination of the Large Aperture Telescope. The spilled power to 300 K is
calculated by integrating power outside the boundary of the secondary (red line) with respect to total integrated power of the map.

Even with this feature, the radial profile is in very good agree-
ment with the theoretical prediction (within 10% at the -20dB
level). The hexagonal side-lobe seen in each beam map are as-
sociated with scattering from within the optics tube and out
the hexagonal window. The phase indicates the direction of
propagation of the beam in space. This suggests that the field of
the near-field side-lobes is diverging (or propagating away from
the center of the optical path) less quickly than that of the main
beam.

B. Propagation of Fields
The performance of the LAT optical system is assessed in detail
by using the amplitude and phase of the measured beams to
calculate the fields as they propagate through a virtual telescope.
This enables calculation of the far-field beam of the telescope,
and the amount of signal "spilled", or lost, at the LAT secondary
mirror. This represents a unique capability of holography mea-
surements which is critical in assessing the overall performance
of this system.

B.1. Fields at Secondary Illumination

To determine the amount of power spilled to 300 K, we prop-
agate the measured fields forward and onto the plane of the
secondary mirror (approximately 12 m away from the measure-
ment plane. This is carried out by using the Fourier relation-
ship between the near-field E(x, y) and far-field B(θx, θy) beams
[13, 37]:

B(θx, θy) =
∫

aperture
E(x, y)ei 2π

λ (θx x+θyy)dxdy (1)

where the complex electric field E(x, y) is integrated over the
area of the aperture, and λ is the wavelength.

Figure 6 shows beam maps propagated to the secondary mir-
ror of the LAT, with the boundary of the secondary mirror in
red. To quantify the spilled power, we integrate the power out-
side the boundary, and then normalize to the total integrated
power of the beam map. We find the average spilled power

other systems. Therefor, assertion of higher modes explaining 160GHz is based on
behavior of similar systems and empirically driven by what we see in the data.
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Fig. 7. Top row: Using FD, the LATRt measurements are
propagated through the LAT from the near-focal plane,
to the far-field. Bottom row: Radial profile of the mea-
sured(simulated) far-field beams in the F90 and F150 bands,
plotted in red(black). The lack of diffraction rings in the ra-
dial average is explained by the convolution of the measure-
ment(simulation) due to the rectangular source aperture physi-
cally in the setup (artificially in the model, see Appendix C).

in the F90(150) detector band is 0.65 (0.68)% with no signifi-
cant frequency dependence. This is below the design target of
1% and indicates the sensitivity of SO should not be compro-
mised by spilled power to 300 K. This estimate excludes the
LATR forecone, a reflective cone of 31.5◦ in front of the LATR
focal plane, which reflects spilled power onto the secondary
mirror [8]. Therefor, this method over-estimates the amount of
spilled power to 300 K [4].
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Fig. 8. A) Time-reversed ray-trace of the SO LAT Optics Tube (OT) with one filter (orange), near the second lens. With 0% on-axis re-
flectivity of the filter, rays(blue) emerge from the focal plane and exit the OT window. With an on-axis reflectivity of 5.64 % (average
LPE filter reflectivity in the full band), rays reflected off of the filter(red) go back to the reflective focal plane (copper and reflective),
and then propagate out the front of the window. This is verified in the simulation, as the main beam in front of the OT shows the
shape of the focal plane at -25 dB. B) In orange is the measured reflectivity (1-transmission) of the 6.8 cm−1 LPE filter, which is
placed at the 1-K stage in the optics tube. The red(blue) line shows the measured integrated fractional power outside the main beam
at each frequency with(without) the filter in the optics tube. C) Band-averaged near-field beam maps with and without the filter
in the optics tube. With the filter, beam maps show extra scattering in the top parts of the map, through the upper portion of the
LATRt hexagonal window (hexagonal power around the main beam at roughly -20 dB due to reflection).

B.2. Far-Fields

To propagate the measured near-fields into the far-field, we use
a virtual telescope to produce the fields from a distant (100 km)
point source on the measurement plane. We then multiply this
field with the measured near-field beam in the corresponding
plane. Integrating the resulting field over the area of the focal
plane produces the amplitude and phase of the far-field at that
point. We then rotate the telescope in azimuth and elevation and
repeat this process to produce a full beam map in the sky.

The holography source emits its signal out of a rectangular
feedhorn with a finite size. The resulting near-field beam is
convolved by this rectangular aperture [21]. This method of
convolution is commonly used when analyzing fields measured
with rectangular horn faces [38, 39]. Interpreting this measure-
ment requires accounting for this effect, which amounts to a
convolution of the electromagnetic field from the optics tube
with the field pattern on the aperture of the feedhorn. The im-
pact of this convolution is to broaden the F90(150) far-field beam
by 12.2(4.7)% and to create square diffraction spikes in the raw
far-field calculation [21].

We account for this effect with forward modeling, which is
described in Appendix C. To fully simulate the far-field beam of
the LAT including the optics tube, we first simulate the optics
tube using solat-optics as described in [40]. This produces
the near-field beam at the front of the optics tube, which is then
propagated into the far-field the same way the measured near-
field beams are propagated through the virtual telescope. The
resulting far-fields after diffraction spike removal are shown in

Figure 7. These plots are band averaged, including data from
80-110 GHz in the F90 band and 130-170 GHz in the F150 band.
The radial binned far-field holography data are compared to
simulations. These comparisons show that the holography data
are consistent with the predicted F90(150) FWHM is 2.18(1.38)
arcmin and with low ellipticity with no unexpected features such
as the "little-buddies" seen in the ACTPol experiment [4, 41].

5. FILTER REMOVAL

We have described the holography results from the final instru-
ment configuration. However, in the initial SO configuration,
which contained an additional filter (1K Low-Pass Edge (LPE)
filter in Figure 2), we found extra signal outside the main beam
from the window (hexagon at -20dB) at all frequencies. While
these side-lobes did not significantly change the spilled power
to 300 K, they would have reduced optical efficiency and led to
an enhancement of near side-lobes of the on-sky beam.

To study the frequency dependence of side-lobe power, we
computed the integrated fractional power outside the main
beam. We define the main beam radius as 13.5 cm, where the
beam drops below -20 dB. Figure 8B shows the integrated frac-
tional power outside the main beam as a function of frequency,
and also the measured reflectivity of the 1 K 6.8 cm−1 LPE fil-
ter [26].

Comparing the side-lobe power to the reflectivity measure-
ments of all filters in the optics tube, we noticed the closest
resemblance to the 1 K LPE filter. To investigate the effect of
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Fig. 9. Forward modelling method with the F150 band-averaged holography data. Column 1: Near-field holography data(top) and
convolved simulation with a scattering term(bottom). Square is 12 × 12 cm. Column 2: Far-field holography data(top) and convolved
simulation with a scattering term(bottom). Diffraction spikes consistent with a convolution from a square aperture are present
in both the measured far-fields and the simulated far-fields, due to the source horn having a rectangular aperture face. Square is
20 × 20 arcmin. Column 3: Far-field holography data with diffraction model removal(top) and convolved simulation with a scattering
term with diffraction model removal(bottom). Square is 20 × 20 arcmin.

a reflective 1 K LPE filter, a simulation in Zemax [42] shows
the expected measured signal due to reflectivity of a filter (Fig.
8A). The simulation predicts that rays are reflected off the filter
and end up outside the main beam as the rays exit the LATRt
window.

After removing the LPE filter from the optics tube and re-
peating the holography measurements, we measured a decrease
in side-lobe power. Figure 8C shows the reduced near-field
side-lobe power following the removal of the filter, and the com-
parison of the side-lobe power with the filter in place. With the
filter removed, the new side-lobe fractional power across the
band is 1.9%, a factor of 3 lower. The tests presented above do
not include this filter. This provides a concrete example of how
holography measurements can be used to optimize cryogenic
optical systems.

6. PUBLIC CODE

Here, we describe the software used for the holography data
acquisition and analysis, all of which are made public. The soft-
ware is two-fold; 1) the solat-optics module for simulating the
near- and far-fields of the LAT telescope from the LATRt hologra-
phy measurements and 2) Open Source Holography: a website
detailing software and hardware to replicate the holography
measurements.

A. Optics Simulation
The solat-optics code includes several modules: beam simula-
tion of the LATR optics tube, propagation of measured fields to
the secondary mirror, and to the far-field (dependencies: [43–48]).
This beam simulation includes the lens geometry and computes
the beam in the near-field. The code can be adapted to produce

the beam as a function of angle, as was used in this paper, or as
a function of position in the measurement plane.

The propagation analysis code inverts complex beams ei-
ther from simulations or holography data, corrects for near-field
aberrations using ray tracing and returns the complex fields
propagated to a desired plane, either near- or far-field. Note-
books are provided to show how to compute a beam simulation,
how to analyze a LATRt holography measurement, and how to
propagate a measurement to a desired region. We invite users
to adapt this code to any applications they see fit, but ask that
publications using this code cite this paper and that code derived
from this work remain public.

B. Open Source Holography

We also provide an open-source holography GitHub website:
holog-exp [36]. The repository provides both hardware and
software details for recreating the holography measurements
in this paper, and details on how to adapt the setup for future
experiments. The scripts demonstrate how to correlate signals
with the FPGA, program the synthesizers, and program the XY
stages to produce a holography beam map. Further details can
be found in Appendix A.

7. CONCLUSION

Refractive holography enables the testing of optical performance
prior to deployment, and propagating the measurements into
the far-field to predict the beam of the telescope. We have pre-
sented holography measurements of the SO LAT optics tube
and analysis methods determining its optical performance, in-
cluding open-source holography for repeating and adapting the
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Fig. 10. Simulated scattering term (power) in the near-field(left), at the secondary illumination(middle) and propagated to the
far-field(right). Each subplot is the band-averaged simulation over all F150 frequencies.

Fig. 11. The Simons Observatory Large Aperture Telescope
optics tube focal plane readout, which is cooled to 4 K during
measurements. The holography receivers (two receivers for
redundancy) are approximately 7.4 cm from the center of the
focal plane.

experiment. We further provide an open-source package for sim-
ulating near-field holography measurements and propagating
the measurements into the far-field using FD.

From these data, we characterize the optical performance of
the LATR optics tube. We compare near- and far-field measure-
ments to simulations. After propagating the beams to the plane
of the LAT secondary mirror, we find sub-percent power spilled
to 300 K. We further find the far-field measured beams to be
2.18(1.38) arcmin FWHM in the F90(F150) band.

We provide three open-source software packages. The first
developed for this work, (solat-optics [40]), models the LA-
TRt holography measurements and is customizable to include
arbitrary optics and adaptable for other optics experiments. The
second, (holog-exp [36]), details the hardware and data acquisi-
tion software required in this experiment. And lastly, we publish
the data and Python scripts for recreating all figures in this pa-
per [49].

The approach demonstrated here is broadly applicable to
the characterization of millimeter-wave optical systems. The
ability to characterize the optical performance and systematics
of the optics tube allowed us to determine one source of spurious

reflections, and avoid systematics during future observations.
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A. OPEN-SOURCE HOLOGRAPHY

Figure 3 shows a schematic of the RF electronics. Two local
oscillators (LOs) produce signals between 10 and 13 GHz. The
LO1 synthesizer produces a signal between 10 and 13 GHz, while
LO2 produces the same frequency with some offset foffset (this
offset is chosen to be 10 MHz). The offset frequency is what
will eventually produce an intermediate frequency exiting the
mixer diplexers. The purpose of the mixer diplexers is to ensure
the signal from the first LO travels to the two mixers, and then
ensures that the IF output of the mixers travels in the opposing
direction down the RF chain to the FPGA.

The LO1 signal goes to the active multiplying chain, where
it is multiplied by 8(12), obtaining frequencies in the F90(150)-
band. Prior to leaving the source horn, -10dB of the signal splits
off, and mixes with LO2 in the harmonic mixer, producing an
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intermediate frequency IF1 which then goes through one of the
mixer diplexers and to the FPGA. The rest of the signal leaves
the source horn, through the components of the LATR optics,
and the signal reaching the back of the optics tube mixes with
LO2 in a GaAs harmonic mixer, and the subsequent intermediate
frequency, IF2, which also travels to the FPGA. The FPGA used
for these measurements is the Re-configurable Open Architec-
ture Computing Hardware (ROACH-2) board, which correlates
the reference and modulated signals [34].

The signal from the source(receiver) needs to be amplified
due to high loss levels in the coax path from the harmonic mixer
on the source to the reference mixer-diplexer (LATRt readout
chain). To overcome this loss, amplifiers with attenuators in-
crease the signal in the RF chain prior to entering the mixer
diplexer. The setup uses low phase variation coaxial cables left-
over from the DASI experiment [50]. The phase repeatability
of the holography setup is within ≈ 3◦. We further note that
any drift in the map would present itself in the phase map. This
phase drift would be removed during the propagation into the
far-field when we optimize the position of the beam map in the
LAT focal plane.

The source moves in a 2-D grid above the LATRt with motor-
ized XY stages [51]. The source mounts to the stages such that
the signal points downwards towards the LATRt window. The
laboratory is over 7.5 m tall, and therefore we expect reflection
from the walls to be diffuse. Therefore, the reflected signal is
diluted before reflecting into the testing system. The dominant
reflections are from reflections within the optics tube, as the
hexagon side-lobe is the dominant side-lobe feature in the beam
maps (Figure 5).

Figure 11 shows the holography receiver readout at the back
of the optics tube focal plane. An SO MF feedhorn array is
adapted for the holography experiment. On the readout side of
the array, attachment screws are added for attaching a circular
to rectangular transition waveguide. The transition waveguide
connects the back of the focal plane (circular) to the GaAs W-
band harmonic mixer (rectangular). Though the design of the
W-band harmonic mixer is optimized for F90 frequency readout,
the W-band harmonic mixer is used for both F90 and F150 mea-
surements (the entire SO MF band), allowing for a wider band
of measurements without separate LATRt cool-downs

F [GHz] S/N [dB]

NF Sec. FF

90 20 21.7 40.0

40 37.0 43.9

60 45.4 43.9

150 20 18.0 39.3

40 35.5 43.8

60 46.0 43.8

Table 1. Near-field simulated measurement signal-to-noise
and resulting simulated side-lobe power (at the secondary illu-
mination and into the far-field). Signal-to-noise is calculated as
the standard deviation of the signal outside an 8.5 cm radius of
the peak-normalized beam (same resolution as Table 2).

B. MEASUREMENT REQUIREMENTS

Here, we discuss the measurement requirements to meet specific
far-field grid resolution and range from near-field data. Near-
field beams with three signal-to-noise levels are propagated into
the far-field (for 90 and 150 GHz near-field beams); we simulate
the near-fields to have 20, 40, and 60 dB signal-to-noise. The
signal-to-noise propagated to the secondary illumination and
far-field is listed in Table 1.

When planning the near-field scan, we consider the resolution
and how the near-field grid propagates into the plane of the
secondary, due to the Fourier relationship between near- and
far-fields (Eq. 1), and into the telescope’s far-field through the
modeling described in Section B. Table 2 summarizes the scan
size and resolutions and resulting far-field size and resolution
grids used in the holography measurements presented here.

F [GHz] NF [cm] Sec. [m] FF [arcmin]

Size Res. Size Res. Size Res.

90 50 0.25 9.52 0.13 119.72 0.60

150 50 0.20 6.66 0.06 128.40 0.52

Table 2. Near-field scan size and resolution, and resulting scan
size and resolution at the secondary illumination and in the
far-field.

C. FORWARD MODELLING

As introduced in Section 4. B, the holography source emits from
a rectangular feedhorn, and therefore result in a convolution
of the electromagnetic field from the optics tube with the field
pattern on the feedhorn aperture. Convolving the simulated
fields increases the F90(150) far-field beam by 12.2(4.7)% and
results in horizontal and vertical diffraction spikes in the raw
far-field calculation [21].

We carry out the forward modelling by building a simulation
of the optics tube beam pattern at the measurement plane. This
model includes an empirical model of the scattering of the optics
tube with the hexagonal outline to model the boundary of the
optics tube window, and a similar amplitude and phase to what
is measured. The resulting simulated F90(150) beam matched
the measured FWHP beam width within in 1.73(0.7)%. The
simulation also had the horizontal and vertical diffraction spikes
in the far-field due to the impact of the convolution with the
holography source feed pattern [21]. The full forward modelling
process is shown in Figure 9.

For visualization purposes, these spikes are removed by sub-
tracting a model D(θx, θy) (amplitude of the electric field) con-
sisting of a sinc function with a Gaussian width along its narrow
direction equal to the beam width (Eq. 2), where θx and θy are
elevation and azimuth, and we fit the 2 parameters σθx and σθy .
This model is based on the predicted Fraunhofer diffraction pat-
tern from a rectangular aperture [21] (e.g., the feed) and was
shown to match the simulations.

D(θx, θy) = exp−(θ2
x/4σ2

θx+θ2
y/4σ2

θy ) sinc θx sinc θy (2)

The holography measurements showed scattering from within
the optics tube (hexagonal shape at -20 dB in Figure 5). To un-
derstand how this scattering propagates through the telescope,
we add a scattering term (with both amplitude and phase) to
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the simulated beam, and then propagate this beam into the
far-field. We also investigate how the side-lobes measured out-
side the main beam (Fig. 5) propagate into the far-field (Fig. 10).
Reflections are known to be a problem in near-field beam map-
ping [16–18]. However, the inferred amplitude of the probe
is small, and we do not correct for reflections. The side-lobe
spreads out and is localized to 2 meters from the center of the
primary and secondary mirrors, and then leads to a 0.85◦ diffuse
structure on the sky that is at the ≈ −15 dBi level.
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