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Abstract
We describe the optical design to date for the Canadian
Galactic Emission Mapper radio telescope, which will con-
duct an 8-10 GHz Northern sky polarization survey. The
optical design is a hat feed, ring focus design that exhibits
high polarization purity. We present an optimization frame-
work that can directly minimize our most important polar-
ization systematic, which is the leakage of intensity to po-
larized intensity (T → P leakage), in addition to other mea-
sures of the instrumental performance. Compared to the
initial design, the optimized design exhibits higher forward
gain, T → P leakage that is reduced by several orders of
magnitude, and the return loss is better than −20dB over
most of the band.

1 Introduction
The Canadian Galactic Emission Mapper (CGEM) radio
telescope will conduct a Northern sky polarization survey
between 8 and 10 GHz to aid in the search for a signature of
primordial gravitational waves (PGWs) in the polarization
of the Cosmic Microwave Background (CMB). If detected,
this signature would allow us to probe some of the highest
energy physics in the known universe [1]. Unfortunately,
the PGW signature is constrained to be extremely faint and
are dominated in brightness by polarized foreground emis-
sion from our own galaxy that lies between us and the CMB
[1]. It is therefore essential to map polarized foreground
emission in detail in order for foreground emission to be
accurately modelled in CMB data [1]. CGEM will make
precise large-area polarization maps of synchrotron emis-
sion, an important polarized foreground component, and
these maps will be used to improve foreground models to
aid in the search for the PGW signature. CGEM must
make high-sensitivity polarization measurements with min-
imal systematics in order to be an aid to CMB experiments,
and this principle is central to every design decision that we
make as we design the experiment. Accordingly, we have
chosen to use a Gregorian, ring-focus, “hat feed” [2], opti-
cal design for CGEM. This design inherently offers unpar-
alleled polarization purity, and we’ve further optimized the
polarization purity of the design. In this paper, we describe
the design process to date of our hat feed design and show-
case the simulated performance of the design. In Section 2,
we describe the starting point hat feed system. In Section
3, we describe our optical design optimization procedure.
In Section 4, we compare the simulated performance of the

starting point design with the performance of the optimized
design. We give concluding remarks in Section 5. We note
that we use TICRA Tools [3] for all electromagnetic analy-
ses in this paper.

2 The Hat Feed Optical Design
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Figure 1. A cross-section of the CGEM starting-point hat
feed optical design. The system is a body of revolution. The
solid lines represent reflecting surfaces. The grey shaded
region denotes the feed column, which contains a feed horn
and 1 m of circular waveguide. The dashed lines show typ-
ical ray paths.

The Gregorian hat feed system that was the starting point
for the CGEM optical design is shown schematically in Fig-
ure 1 and is based off of the geometry defined in the TICRA
Tools CHAMP3D Ring Focus Wizard [3]. The system is a
body of revolution. In the receiving mode, the primary mir-
ror directs signals onto the secondary mirror, which directs
them into a feed horn followed by a 1m circular waveguide
(shown as the grey region in Figure 1) that carries the sig-
nals to our receiver. The primary mirror shape is obtained
by offsetting half of a parabola radially from the optic axis
and revolving it about the optic axis. The primary mirror
thus has a ring focus, which is denoted by the two red dots
in Figure 1. The secondary mirror shape is obtained by re-
volving a section of an ellipse about the optic axis. The
geometry of the ellipse is chosen so that one focus overlaps
with the focus of the primary and the other focus overlaps
with the centre of the feed aperture (black dot in Figure 1).
In a geometric optics treatment, plane waves from the sky
are thus focused to a ring by the primary mirror and are re-
focused by the elliptical secondary to the centre of the feed
aperture. The secondary mirror will be supported by a ra-
dio transparent material (not shown in Figure 1) that will be
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attached to the outside of the waveguide. Such a ring-focus
design can be parameterized with just four parameters: the
diameter of the primary (Dp), the diameter of the secondary
(Ds), the focal length of the primary ( f ), and the angle sub-
tended by the secondary when viewed from the centre of the
feed (α). As our starting point design, we chose Dp = 4m,
f = 1m, Ds = 0.3m, and α = 60◦. This selection of param-
eters gives us satisfactory angular resolution for the PGW
search (∼0.5◦), tolerable aperture blockage, minimal cou-
pling between the feed aperture and stray radiation, and a
secondary mirror geometry that is easy to support mecani-
cally. The diameter of the circular waveguide after the feed
is 22.82 mm so that the CGEM operating band of 8-10GHz
corresponds to 1.039 fcutoff−1.299 fcutoff. This ensures that
the guide only supports the fundamental TE11 mode over
the operating band while operating as far from cutoff as
possible to improve the return loss of the feed. The details
of the feed are described in Section 3.2.

3 Optical Design Optimization

3.1 Simulating T → P Leakage

For the CMB PGW search, we’re interested in mapping the
sky in Stokes Q and U . Stokes I (referred to as Stokes T
in cosmology) on the sky near 9 GHz is expected to be ∼1
order of magnitude larger than Stokes Q and U . There are
no significant sources of Stokes V in galactic foreground
emission and the CMB. Stokes parameters on the sky can be
extracted from the auto and cross correlations of orthogonal
polarizations measured with an antenna surveying the sky.
CGEM will measure polarization in the circular basis so
that we obtain Stokes Q and U from cross correlations only,
which are uncontaminated by noise bias. If we denote the
radiation pattern for port p ∈ {l,r} on the instrument as
Ap(n̂) = Arc

p (n̂) êrc +Alc
p (n̂) êlc, then the radiation patterns

for an antenna with continuous azimuthal symmetry can be
written as

Alc
l = Aco(θ), Arc

l = Acx(θ)e2iφ

Alc
r =−Acx(θ)e−2iφ , Arc

r =−Aco(θ) (1)

where θ and φ are spherical coordinate angles in the tele-
scope frame (with the boresight direction being at θ = 0),
and Aco(θ) and Acx(θ) are complex functions that only
depend on the angle from boresight and whose functional
form is determined by the detailed geometry of the antenna.
|Aco|2 is the co-polar beam of the antenna and |Acx|2 is the
cross-polar beam, i.e. the response of port p to the orthogo-
nal polarization q, with q 6= p. We’ve verified with TICRA
Tools that our radiation patterns take the form given in
Equation 1. With these radiation patterns, the off-diagonal

correlation products take the form

〈Vr(t)V ∗l (t)〉 ≡Wrl(t)'−Q̃(t)− iŨ(t)

+
1

Ωrl

∫
d2n̂

[
−2Re(AcoA∗cx)e−2iϕ T (n̂, t)

]
〈Vl(t)V ∗r (t)〉 ≡Wlr(t)'−Q̃(t)+ iŨ(t)

+
1

Ωlr

∫
d2n̂

[
−2Re(AcoA∗cx)e2iϕ T (n̂, t)

]
(2)

where Vr and Vl denote the signals measured by antenna
ports r and l at time t, n̂ denotes the radial unit vector in
the telescope coordinate frame, T (n̂, t), denotes the true
Stokes T signal, Ωpq ≡

√
ΩpΩq is a normalization factor

with Ωp =
∫

d2n̂ |Ap(n̂)|2, and Q̃, Ũ denote the true Stokes
parameters on the sky convolved with the azimuthally sym-
metric main beam (1/Ω{rl,lr})|Aco|2. Here we’ve assumed
that Stokes V = 0 and we’ve dropped terms with integrands
∝ |Acx|2{Q,U} because T �{Q,U} on the sky near 9GHz
and 2Re(AcoA∗cx) � |Acx|2 (verified with TICRA Tools).
Notice that, due to the motion of the telescope as it scans
the sky, the Stokes terms depend on time in the telescope
frame. In the absence of the terms

∆Wrl(t)≡
1

Ωrl

∫
d2n̂

[
−2Re(AcoA∗cx)e−2iϕ T (n̂, t)

]
(3)

∆Wlr(t)≡
1

Ωlr

∫
d2n̂

[
−2Re(AcoA∗cx)e2iϕ T (n̂, t)

]
(4)

in Equation 2, we could take linear combinations of Wrl and
Wlr to recover Q̃(t) and Ũ(t). Equations 3 and 4 describe
our most important systematic for measuring polariation,
which is the leakage of Stokes T into the off-diagonal cor-
relation products from which we measure Stokes Q and U .
We call this T → P leakage and minimizing this system-
atic is a central goal in the CGEM optical design. To mini-
mize T → P leakage, we have to compute Equations 3 and
4 by simulating observations of the sky with CGEM. This
is computationally challenging because of the time depen-
dence of T (n̂, t). However, we can evaluate T → P leak-
age rapidly by taking the spherical harmonic transform of
Equations 3 and 4 and simplifying. The result is

∆Wrl(t) = ∑
`

b`,2t`,2(t), ∆Wlr(t)= ∑
`

b`,2t∗`,2(t) (5)

where

b`,2 =−
4π

Ωrl

√
2l +1

4π

(l−2)!
(l +2)!

×
∫

π

0
dθ sinθ Re(Aco(θ)A∗cx(θ))P2

` (cosθ), (6)

t`,2(t) =
∫

d2n̂T (n̂, t)Y ∗`2(n̂). (7)

The leakage into Q is given by ∆Q(t) = −0.5(∆Wrl(t) +
∆Wlr(t)) and the leakage into U is given by ∆U(t) =
−0.5i(∆Wlr(t)−∆Wrl(t)), respectively. The T → P leak-
age can be written as ∆P(t) =

√
∆Q(t)2 +∆U(t)2, which

can be simplified to arrive at

∆P(t) = |∆Wrl(t)|= |∆Wlr(t)| . (8)
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Therefore, an ideal optimization goal is to directly mini-
mize T → P leakage by minimizing ∆P(t) = |∑` b`,2t`,2(t)|.
We compute the time-dependent t`,2(t) as follows. Given
the scan strategy for CGEM and a model for the sky near
9GHz, we compute the t`,2 from the model sky in the ce-
lestial frame and rotate the t`,2 at each time-step into the
telescope frame using HEALPix [4]. The time resolution
is chosen so that every pixel in the HEALPix map that is
observed in the CGEM scan strategy is sampled by the tele-
scope boresight. This means that we compute one set of
t`,2 for every pointing needed to observe the Northern sky.
This is a highly parallelizable computation that only needs
to be done once for a fixed scan strategy and model sky.
We use a scaled version of the Haslam 408MHz map [5] as
our model sky. Using the precomputed set of t`,2(t), we can
easily compute ∆P(t) = |∑l b`,2t`,2(t)| over the full North-
ern sky as follows:

• Given an optical design geometry, evaluate the radia-
tion patterns in TICRA Tools to obtain Aco(θ), Acx(θ)

• Compute b`,2 from Aco, Acx using Equation 6.

• Using the set of precomputed t`,2(t) and b`,2, compute
∆P(t) = |∑l b`,2t`,2(t)| to get the T → P leakage at
each time (i.e. each telescope pointing).

This allows us to compute our most important polarization
systematic in simulated CGEM Northern sky maps for a
given optical design in a matter of seconds. We can thus
optimize our optical design to minimize T → P leakage.

3.2 Optimization Procedure

We have three optimization goals: a) maximize the forward
gain of our antenna, b) minimize ∆P(t), and c) minimize
the return loss of our antenna. Explicitly, the loss function
that we minimize is

f = wG ∑
ν

G2
ν +wS ∑

ν

S2
ν +wP ∑

t,ν
∆Pt,ν . (9)

Gν = Gain(ν)− 50dBi if Gain(ν) < 50dBi and Gν =
0 otherwise. Sν = Return Loss(ν) − (−20dB) if
Return Loss(ν) > −20dB and Sν = 0 otherwise. ∆Pt,ν is
the leakage at each time sample and frequency. wG, wS,
and wF are weight factors that are fixed at the start of the
optimization so that each of the three goals contributes to
the loss an equal amount. We use the hat feed optical de-
sign described in Section 2 as the initial optical design in
the optimization. The feed we use is a corrugated horn with
an asymmetric sine square profile and a variable-depth-
slot mode converter, created following the design procedure
outlined in [6] for the narrowband case. The primary and
secondary mirror surfaces are defined with 10 and 20 evenly
spaced points, respectively, which are interpolated with cu-
bic splines. We allow the following parameters (36 in total)
to vary in the optical design optimization:

• Ds and α , which are described in Section 2. The ratio
f/Dp is held fixed at 0.25 and Dp is fixed to 4m.

• The 10 nodes defining the primary mirror and the 20
nodes defining secondary mirror. These are only al-
lowed to float in position parallel to the optic axis.
The radial positions of the secondary mirror nodes are
scaled in proportion to Ds.

• The width-to-pitch ratio of the corrugated horn corru-
gations, the aperture radius of the corrugated horn, the
length of the corrugated horn, and the length ratio of
the asymmetric sine-squared profile, as defined in [6].

We use SciPy’s L-BFGS-B routine [7] to minimize the loss
function in Equation 9. One evaluation of the loss function
proceeds as follows:

• Given a set of optical design parameters, call TICRA
Tools from Python to evaluate the radiation patterns
and return loss for the corresponding optical design.

• Extract the forward gain in dBi from the radiation pat-
terns and evaluate Gν . Then use the return loss to eval-
uate Sν .

• Evaluate ∆Pt,ν using the procedure described at the
end of Section 3.1 at each frequency. Then with all
necessary quantities computed, evaluate Equation 9.

It is important to note that this procedure was built incre-
mentally while designing the CGEM optics. This means
that the actual design didn’t proceed from the starting point
design to the optimized design (discussed in the next sec-
tion) in a single optimization using the above framework.
Instead, several preliminary stages of the design were done
without a direct leakage computation by instead imposing
minimization goals on Acx (which indirectly, and less ef-
fectively, reduces the leakage). We also changed the feed
multiple times throughout the design process, and in fact
the starting point design showcased in the next section used
a stepped circular waveguide as a feed rather than a corru-
gated horn. That said, there is no reason that, with the cor-
rect parameterization, the design couldn’t have proceeded
from the initial design to the optimized design in a single
optimization with the above framework. This is how we
would have designed the optics in an ideal scenario.

4 Performance

The secondary mirror and feed geometry of the optimized
design are shown in Figure 2. The primary mirror is not
shown in Figure 2 because the optimized shape only dif-
fers from the initial shape by at most 2cm and is hence
hardly noticeable. The small change in the primary mirror
shape may be attributable to the fact that the primary mirror
was designed before we fully developed the ∆P framework,
and so its shape was selected from an optimization with a
goal involving Acx. The underlying shape of the secondary
mirror deviates significantly from the initial elliptical shape
and there are now small-scale ripples in the surface. The
parameters defining the corrugated horn hardly changed in
the optimization. We note that the forward gain is∼0.25 dB
higher across the band and that the return loss is below the
goal value of -20 dB at almost all frequencies in the band.

This paper’s copyright is held by the author(s). It is published in these proceedings and included in any archive such as IEEE
Xplore under the license granted by the “Agreement Granting URSI and IEICE Rights Related to Publication of Scholarly
Work.”



0.20 0.15 0.10 0.05 0.00 0.05 0.10 0.15 0.20
Distance from Optic Axis [m]

0.20

0.15

0.10

0.05

0.00

0.05

0.10

0.15
Di

st
an

ce
 fr

om
 Fe

ed
 A

pe
rtu

re
 [m

]

Figure 2. The geometry for the optimized hat feed design,
obtained by applying the optimization procedure in Section
3 to the starting point design described in Section 2.

PGWs in the CMB will be detected in spherical har-
monic space near ∼100 GHz, and so the most impor-
tant measure of performance is the angular power spec-
trum of the ∆P leakage, scaled to 100GHz. The scal-
ing relation for foreground synchrotron emission is Tν '
T9GHz(ν GHz/9GHz)−2.7 [8]. The angular power spectra
of Northern sky ∆P maps, computed through the proce-
dure in Section 3.1 and scaled from the representative fre-
quency of 8GHz to 100GHz, for the starting point and op-
timized designs are shown in Figure 3. The Galactic plane
is masked in the power spectrum computation, as is com-
monly done in a cosmological analysis. The improvement
in the leakage power spectrum is∼2 orders of magnitude or
more for scales larger than∼1◦ on the sky (` < 180), which
are the most important scales for the PGW search [1].
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Figure 3. Angular power spectra of simulated 8 GHz
Northern sky ∆P maps for the starting point and optimized
designs, scaled to 100 GHz. We can see that the leakage
power spectrum is greatly reduced for the optimized design,
as desired.

5 Conclusion
We have described the CGEM optical design to date and
presented an optimization framework that minimizes our
most important polarization systematic. The final opti-
mized design greatly outperforms the starting point design
in our simulations, with a higher forward gain and an im-

provement in ∆P leakage (measured in power spectrum
space) of several orders of magnitude. The return loss is be-
low the target value of -20 dB over most of the band. We be-
lieve that our design demonstrates the power of the hat feed,
ring-focus optical design for radio astronomy, and we feel
that this design will be useful to other radio astronomers as
is, or perhaps even scaled to operate in a different frequency
range. We note that we anticipate additional small improve-
ments to the design in the coming months. The optimiza-
tion procedure that we’ve outlined here is geared towards
CMB foreground measurements. However, the model of
our correlation products in Section 3.1 applies to any an-
tenna with continuous azimuthal symmetry, and we believe
that the Python/TICRA framework that we’ve described in
Section 3.2 could be adjusted to minimize any systematic
that the antenna designer chooses, as long as a reasonable
model of the sky can be made. This procedure could thus
be particularly useful in other areas of radio astronomy, and
perhaps even communications.
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