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The Effect of Quasi—Optics Errors on Reflector
Antenna Performance

Patricia R. Foster, Member, IEEE, and Richard J. Wylde

Abstract—The use of quasi-optics feed systems with a reflec-
tor antenna allows multiple frequency operation over a very
wide bandwidth for remote sensing of the earth and atmo-
sphere from space. The errors in such a multichannel quasi-
optical feed system must be controlled in order to limit the deg-
radation of system performance. These errors can be attrib-
uted to the presence of higher order Gaussian modes but the
errors can be minimised if the quasi-optical system can be made
independent of frequency. If volume limitations preclude a fre-
quency-independent design, the amplitude of the higher order
Gaussian modes must be controlled.

I. INTRODUCTION

HE DEVELOPMENT of multichannel systems at

millimetre wavelengths for remote sensing of the earth
and atmosphere from space is leading to the increased use
of quasi-optics feed systems for reflector antennas. The
limits on allowable variations in the antenna beam effi-
ciency will impose tight limits on how far the perform-
ance of the quasi-optics system can stray from the ideal.
For example, for METEOSAT MWS [1] and AMSU-B
[2], the antenna beam efficiency must be greater than 95%
at frequencies between 89 and 192 GHz while the foot-
prints on the earth must be matched to within 10% over
the same frequency range. For SEASAT [3], the required
beam efficiency was greater than 87 % over the frequency
range 6.633 to 37.0 GHz. Over such a broad frequency
range, no attempt was made to keep the footprint con-
stant.

A system is described as ‘quasi-optical’ if its cross-sec-
tion'is limited in terms of wavelengths. Any beam passing
through the quasi-optics system undergoes diffractive
spreading of the beam which must be controlled [4]. In
each frequency chain, a multichannel quasi-optical sys-
tem will contain several optical components which may
be mirrors, lenses and dichroic plates. The geometrical
arrangement of these may be limited by available space
and an ideal optical chain may not be possible.

As far as the reflector antenna is concerned, the quasi-
optics output at the focus (primary or secondary) of the
reflector is just an input feed pattern and the problem ad-
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dressed in this paper is to determine how well the quasi-
optics output matches the focal field of the reflector.

This reduces to studying two aspects of quasi-optics
performance, which are the position of the final beam
waist and the shape of the output radiation pattern from
the quasi-optics system. The influence of these parame-
ters on the final performance of the associated reflector
system and their variation with frequency is discussed in
this paper.

II. PARAMETRIC DESCRIPTION OF ANTENNA
PERFORMANCE

The parameters describing antenna performance for a
remote sensing system are not those of a communications
or radar antenna. In remote sensing, the two parameters
of prime interest are antenna beam efficiency and beam
width. Peak gain and sidelobes are only important in that
they affect the antenna beam efficiency (1).

For a power radiation pattern defined as P(8, ¢), the
antenna beam efficiency, 53, is defined as the power con-
tained within in a cone of semiangle, §,, about the antenna
boresight:

2n pbo
So So PO, ¢) sin 6 df do

0B 2 pmw . (1)
SO SO P, ¢) sin § df do

The limit of integration, 6y, may be defined in various
ways, such as the first null of the radiation pattern or the
angle at which the gain is —20.0 dB with respect to the
peak gain. A third common definition, that 6, is 1.25 times
the footprint which is the beamwidth to halfpower, is
adopted in this paper [1], [2]. If the first sidelobe is below
—20.0 dB, these three different method of defining the
angular limit will provide beam efficiencies within 1% of
each other.

The antenna beam efficiency must be as high as possi-
ble to avoid using the compléx algorithms to remove the
effects of adjacent pixels. This implies that the sidelobes
must be as low as possible which leads to a large edge
taper in the aperture illumination. The requirement for
footprint (or beamwidth) equality across a wide band-
width leads to the use of ‘‘under-illumination.’’ If the feed
illumination was fundamental mode Gaussian, the output
radiation pattern from the reflector would also be Gaus-
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sian in shape. Holding the output beam waist of the quasi-
optics system constant in linear dimensions at all frequen-
cies would result in a constant footprint with frequency.
This holds for 100% of the power in the fundamental
mode. Any. admlxture of hlgher order modes will degrade
* this.

For a multlchannel system the Gauss1an source at the

focal point is the final beamwaist of a quasi-optics sys-
- tem. However, the output at each frequency will be sub-
ject to degradation and the illumination of the reflector is
only an approximation to the required Gaussian. Sections
III to 'V consider the results of typical errors in a quasi-
optics system on the final parameters of a remote sensing
reflector system '

1. GAUSSIAN BEAM- MODE ANALYSIS

Gaussian beam-mode analysis is well-known [4], [5]
and is an appropriate tool to examine these two aspects to
first order. The output radiation pattern of any quasi-op-
‘tical system is determined by the amplitude and relative
_ phase of the Gaussian beam modes present. Associated

with each propagating Gaussian beam mode is an on-axis
phase slippage relative to a plane wave. Unlike the beam-
waist, W, and curvature, R, of the orthonormal set of
propagating modes, this on-axis slippage is mode-number
dependent. The slippage is caused by the finite width of
the propagating beam and is a characteristic of quasi-op-
tical systems. It is analogous to the wavelength in a wave-
guide exceeding the free space value. The existence of
this slippage results in a changing output field even if the
amplitude coefficients of the various modes remain un-
changed.

A corrugated horn is well descrlbed by 10 Gaussian
“beam-modes with azimuthal symmetry [6]. Given an ap-

propriate choice of beamwidth to aperture radius (W =
0.6435 of the aperture radius), some 98 % of the power is

in the fundamental mode. Fig. 1 shows the field distri-

bution for the fundamental Gaussian mode and three
~ higher order modes. If such a horn is used as a source
radiator in a quasi-optical system, the relative phases of
the modes will be altered as the beam passes through the
various components of the optical chain. In addition, as
the components will be of finite size, some of the higher
order modes will suffer truncation and there will be an
interchange of modal content which will alter the relative
amplitudes of the modes.

Calculations using Wolfram’s MATHEMATICA pro-
gram to test the effect of truncation have been carried out,
based upon a corrugated horn mode set suffering a « /2
fundamental phase shift followed by truncation at some
distance off the axis. This phase slippage would be pro-
duced at the output focal plane of, say, a mirror illumi-
nated by a corrugated horn of zero flare angle with its
aperture (or farfield phase centre) placed at the input focal
plane of the mirror.- The extent of cross-coupling at a trun-
cating element can be determined from the cross-coupling
integrals which include the relative phase of the incoming
modes. ‘
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Fig. 1. Farfield radiation patterns for a single Gaussian mode with a beam-
waist of 1.91 wavelengths.

The power, 7,, coupled into mode number p, can be

expressed in terms of the modal amplitude, 4,, and the

Atruncated field, ET(r), by way of the Laguerre functions,

L.
4

aW?

S ET( L3272 /W e /" 2ar dr  (2)
0 : ) :

2

S A, AFLO2r? /WY T M 2y dr

) A
M = — P S ©)
' S 2xr|ET(n)|* dr

0 .

Equation (3) may be rewritten as
W2A2/4 :
= : )
S 2wr|ET(D|? dr
0

In the above equations, a is the radius of the mirror and -
W is the arbitrary beam width parameter common to the
modes. The truncation is equivalent to a circular aperture .
whose surface is totally absorbing and whose edge is non-
diffracting. The field is first truncated and then decom-
posed to find the new modal coeflicients. The choice of
W is controlled by the need to maximise the power in the
fundamental mode. In the general case, this choice of op-
timisation will result in the output beamwidth, W, being
different from the input beamwidth, W;,.

A single truncation with an aperture radius of 1.8 W,
of a corrugated horn' mode set at the output focal plane of
a mirror increases the power in the fundamental from 98 %
to 99.3% when W_,, = 1.01 W,,. However truncation at
1.2 W,, reduces the power in the fundamental to 93.8%
(Table I)



1320

TABLE I
MODAL AMPLITUDE FOR A CORRUGATED HORN TRUNCATED AT 1.8 W;, AND
1.2 W;, wiTH THE OUTPUT WAIST W, = 1.01
TiMES THE INPUT WAIST, W,

Truncated Aperture
Mode No. Hom 1.8 W, 1.2 W,

Fundamental 0.980700 0.993300 0.938127
1 <0.000001 0.000016 0.019639

2 0.014500 0.005860 0.010455

3 0.001850 0.000112 0.010880

4 0.000385 0.000336 0.001506

5 0.001160 0.000156 0.000392

6 0.000399 0.000050 0.002389

7 <0.000001 0.000049 0.002509

8 0.000150 0.000028 0.001140

9 0.000230 <0.000001 0.000120

Truncation is not necessarily detrimental to the form of
a propagating beam and could be used to “‘clean up”’ the
form of the beam by reducing the amplitudes of higher
order modes. Adding additional baffles will cease to have
value when the power removed from the second higher
order mode (which is dominant) balances the power added
to that mode from the fundamental mode. The phase of
the modes is important. For a narrow band system with
short path lengths, baffles could be added to introduce
some-power from the fundamental mode into a higher or-
der mode with the correct phase to cancel the existing
higher order mode power. In broadband systems, such a
solution is not possible because of the difficulty of sus-
taining the correct modal phasing over a large bandwidth.

IV. PosIiTION OF THE FINAL BEAM WAIST

If the final beam waist of the quasi-optics system is
constant in dimensions and position and is aligned at all
frequencies, then it is an easy matter to ensure that this
point is co-located with the input focal plane of the re-
flector system. Assuming constancy in the beamwaist, the
reflector system will Fourier transform the-aperture field
at the input focal plane into an aperture field at the output
focal plane. The distribution at this output focal plane will
be frequency dependent but the antenna farfield radiation
pattern is the Fourier transform of this aperture distribu-
tion. The farfield angular antenna pattern is independent
* of frequency. The desired result of constancy in the out-
put farfield radiation pattern from the reflector has there-

fore been obtained by a double Fourier transform of the

input from the quasi-optics because a double Fourier
transform is not frequency dependent. This approach to
the. analysis of the entire antenna system is a first order
alternative to a more complex approach using amplitude
distributions and phase centres throughout the analysis.
However, if the quasi-optics output beam waist varies in
position, then the reflector system will behave as though
the focal feed moves. This will result in degraded farfield
patterns. The movement can be in two directions, axially
along the reflector center ray and at right angles to this.
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The axial movement is more important as it controls the
design of the optical chain.

A. Axial Movement

Under normal circumstances, defocussing a reflector by
a small amount is not regarded as important [7]. The gain
decreases slightly and the beam widens, resulting in little
change in beam efficiency as defined in (1). This assumes
that the increase in footprint size is acceptable. On the
other hand, for the multi-channel systems considered here,
there are generally stringent requirements on the footprint
match between frequency channels. The result is an un-
usually tight specification on the final beam waist position
at all frequencies in all channels. This would not be so if
higher order modes were absent. It is the relative slippage
of the higher order modes at the true focus as the fre-
quency changes which causes degradation.

B. Transverse Movement

Transverse motion tilts the final output beam direction
through an angle which is dependent on the geometry of .
the reflector and the direction of the motion. On the whole,
translational movements are likely to be small and a mat-
ter of mechanical adjustment of all the optical compo-
nents.

C. Aberrations

A detailed knowledge of the complex field (amplitude
and phase) which falls on the various components of the
reflector system may be necessary in studying all possible
system abberations. A phase center based on Gaussian
beam mode analysis has been found [8] to be preferable
for this purpose to the use of standard definitions of
‘‘phase center’” which depend on the angular extent of the
beam intercepted by the elements of the reflector system
and on the distance of interception.

V. SHAPE OF THE OUTPUT RADIATION PATTERN

When the phase slippage between the modes from a
corrugated horn is changed systematically, the output ra-
diation patterns of the horn are also changed. Fig. 2 shows
samples with a beam waist of 3.05 wavelengths. Clearly
this will have an effect on the farfield radiation pattern of
the associated reflector system. This will lead to changes
in farfield beamwidth and beam efficiency since the taper
at the edge of the reflector is varying. Such changes in
effective feed radiation pattern will alter the beamwidth
and the beam efficiency. Figs. 3 and 4 are for a Gaussian
mode set illuminating a reflector of output aperture 220.0
mm with an offset angle of 90.0 degrees and a focal length

- of 135.0 mm at a frequency of 89 GHz. The resulting

beam efficiency will not be acceptable for a specified
lower limit of 95% since no allowance has been included
for misalignments, system losses and stray radiation in
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Fig. 3. Effect of fundamental mode slippage on beamwidth at 89 GHz.

the form of diffracted energy. These computations were
carried out using a Gaussian beam-mode feed package in-
tegrated with GRASP [9].

To avoid the variations due to relative phase slippage
within a frequency band, a quasi-optics system must have
optics independent of frequency. This is achieved by us-
ing a zero-flare angle horn or, more usefully, a profiled
homn Wwith a zero flare angle at the aperture, and putting
optical components, such as mirrors and lenses, at dis-
tances apart equal to the sum of their focal lengths. This
ensures that there are no relative mode slippages between
alternate beamwaists within the quasi-optic chain. The
relative slippage from one mode to the next between suc-
cessive beam waists is 7 radians and two such changes
return the set of modes to its original condition.
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Fig. 4. Effect of fundamental mode slippage on antenna beam efficiency
at 89 GHz.

VI. CONCLUSION

There are two possibilities for maintaining constant
performance over a wide frequency range from a reflector
antenna fed from a quasi-optical feed.

One possibility (the preferred route) requires that the
quasi-optics system itself be frequency independent. Then
the presence of higher order modes in the field will not
alter the output feed radiation pattern at the reflector focus
because there will be no inter-modal phase shifts.

If this is not feasible, the power in the higher order
modes must be reduced as much as possible and consid-

- eration should be given to careful truncation of the beam

to reduce the amplitude of contaminating higher order
modes. It must be accepted that these can not be fully
removed and will generate changes which will be appar-
ent as footprint changes across the band as the modes slip
relative to one another. The aim must be make the beams
through the quasi-optics system as pure as possible.
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