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1. Introduction

1.1 Research Background

Small satellite missions play a key and attractive role in various scientific
and engineering programs. They have been responsible for greatly reducing
the time to obtain science and technology results. Small satellite missions
tend to be flexible and can thereby be extremely responsive to new
opportunities or technological needs. The shorter development periods for
small missions can reduce overall costs and can thus provide welcome
budgetary options for highly constrained space programs. Recently the
technology for small satellites has been developed rapidly and many earth
observation missions are proposed [1]. Fig.1.1 shows the 50kg small
scientific satellite “INDEX” (REIMEI) for aurora observations and
demonstrations of advanced satellite technologies launched in 2005. Fig. 1.2
shows the 260kg light weight Synthetic Aperture Radar (SAR) satellite
TecSAR launched in 2008.

High-bit-rate communication system is needed due to large quantities of
data generated by high-resolution sensors and has to be transmitted quickly
to ground station. Compared to large satellites, downlink capability is one of
the main limitations of small satellites due to their limited mass requirement
and power resources. Onboard instruments must be light-weighted and low-

power consumed but with high performance.



Fig.1.1 REIMEI Satellite

Fig.1.2 TecSAR Satellite



1.2 Research Purpose

Small satellite downlink communication speed has been increased in the
past years. Small earth observation satellite, Skysat has achieved 303 Mbps
downlink by 8PSK modulation [2]. Our lab achieved 505 Mbps downlink on
66kg satellite Hodoyoshi 4 by right-hand circular polarization (RHCP)
operation [3]. We plan to realize a 2Gbps class ultrahigh speed data
communication in X band (8025MHz-8400MHz) on a 100kg small satellite
by using both RHCP and left-hand circular polarization (LHCP) channels
simultaneously. Communication systems operating with circular polarization
(CP) have intrinsic advantages in comparison with that using linear
polarization (LP). In comparison to LP, CP eliminates Faraday rotation effect
during signal propagation, and also avoids the need of alignment between
satellite and ground station terminal antennas [4]. Utilizing two orthogonal
channels allows a more efficient utilization of the electromagnetic spectrum
and increases the link capacity. The communication speed becomes double
compared to present system using only one channel. An important
requirement in such a system is the high cross-polarization discrimination
(XPD) to prevent interference between signals carried by orthogonal circular
polarization carriers.

Many researches have been focused on high XPD antenna design
including microstrip antenna, multimode horn, etc. Some satellite onboard

antenna system design methodology for dual circular polarization
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communication has been introduced by researchers [5][6]. Antenna systems
include a septum polarizer and a corrugated horn seems the best choice due
to its great on-axis XPD performance. However, it still shows relatively not
good XPD performance off-axis due to the narrow angle cross-polarization
pattern characteristic of the conventional conical corrugated horn antenna.
Sum of the desired polarization and cross polarization is an elliptic
polarization. In practical, on-board antenna has limited adjustment ability
and it cannot be guaranteed pointing to the ground antenna exactly, thus the
ground antenna receives elliptical polarized wave which has high level cross-
polarization components. This means there will be high level cross-talk
between two orthogonal channels.

We focus on onboard system contain a polarizer and a horn antenna. This
research derives the appropriate horn antenna aperture field distribution from
desirable radiation pattern. General electromagnetic analysis of hybrid mode
waveguide (horn) are given to achieve desired aperture field pattern, which
could give a guidance to antenna design. The final goal is to design an

onboard antenna system with improved off-axis XPD performance.



1.3 Paper Organization

This paper has six chapters:

Chapter 1 introduces the research background and research purposes of this
paper;

Chapter 2 introduces the most important concept XPD and shows the
importance of the research. Outline of the antenna system is given in this
chapter;

Chapter 3 is the core of this paper. The appropriate antenna aperture field
distribution is desired from desirable radiation pattern. Then general modal
analysis of circular waveguide with constant impedance anisotropic
boundary which could support hybrid mode wave are given. It shows under
balanced hybrid boundary condition, the aperture transverse E field of
fundamental HE;; mode can achieve desired linear shape and circularly
symmetrical pattern for high XPD communication.

Chapter 4 introduces corrugated surface as a realization of desired boundary
stated in Chapter 3. A design methodology of corrugated conical horn
antenna and simulation results are also given.

Chapter 5 introduces corrugated gaussian profiled horn antenna which aim
to further improve XPD performance of conventional corrugated horn.
Design and simulation results are also given.

Chapter 6 is summary of the research.



2. Onboard Antenna System

2.1 Definition of XPD

2.1.1 Polarization

Consider a wave traveling in z direction which both £, and E, exist,
E =(uA+uB)e” 2.1)

where 4 and B are amplitudes of the electric field in x and y direction,
respectively. u, and u, are unit vectors. Wave number is defined ask =27/ 4.
If B=0, the wave is LP wave in the x direction. If 4 = 0, the wave 1s LP wave
in the y direction. If 4 and B are both real (or complex with equal phases),
we again have a LP wave, with the axis of polarization inclined at an angle
arctan(B/A) with respect to the x axis. If 4 and B are complex with different

phase angles, E (instantaneous electric intensity) will no longer point in a
single spatial direction. Letting A=|Ae’* and B=|Ble”, then we have

E, =2|A cos(at —kz +a)
(2.2)

E, =+/2|B|cos(at —kz +b)

if |A=|B|, a-b =90, then |E[ =2|A] =const. It can be easily seen that the

tip of electric field vector traces out a circular locus in x-y plane, and the

vector has a clockwise sense of rotation when it is viewed along z axis. Then

this wave is said to have RHCP (Fig.2.1b). If we change 8- =-90", the

electric field vector will have a counterclockwise sense of rotation and the

polarization is designated as LHCP (Fig.2.1a). So circular polarized wave
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can be achieved by two orthogonal LP wave have equal amplitudes anda 90
phase difference of one relative to another. This is the principle of polarizer
to obtain CP wave. When W = ‘B‘ buta-h #90°, the tip of vector traces out

an ellipse and the field is said to be elliptically polarized. LP and CP are both
special cases of elliptical polarization. Axial ratio (AR), which is the ratio of
the magnitudes of the major and minor axis defined by the electric field
vector, 1s an important parameter to judge the circularity of CP.

X
A

(a) LHCP wave (b) RHCP wave

Fig.2.1. CP polarization wave

2.1.2 Cross Polarization and XPD

An elliptical polarized wave can be decomposed into x and y direction
linearly polarized waves. In general, any two orthogonal waves can be used
as basis to represent an arbitrarily polarized wave. Thus, theoretically we
could use any two orthogonal channels to transmit signals. In our case we
use RHCP and LHCP channels.

While propagating from satellite to an earth station, a main polarization
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wave may be converted to another polarization as shown in Fig.2.2. For
example, assume pure RHCP signal is transmitted, but antenna at the
receiving terminal still would receive some undesired LHCP signal. The
desired and undesired field components are called as co-polarized and cross-
polarized field, respectively. XPD is an important parameter to describe this
cross-talk effect. It i1s defined as ratio of the co-polarized component of the

specified polarization compared to the orthogonal cross-polar component.

RHCP N RHCP

& ¢ " ANAe

LHCP () Z—2 795 1 Hep

Fig.2.2 Cross-talk effect in two orthogonal channels

2.2 Onboard Antenna System

We use 64APSK modulation scheme in our communication system. For
achieving low bit rate error communication, the XPD requirement for
antenna system is stringent: XPD>40dB [3]. In our design, we focus on
antenna system contains a septum polarizer and a horn antenna, as illustrated
in Fig.2.3. TE;p mode linearly polarized signals (dominant mode in
rectangular waveguide) propagate into the polarizer from two ports and
generate high purity RHCP and LHCP signals at output simultaneously.
Signals transmit into the corrugated horn antenna and radiate to free space.
On-axis XPD is mainly dependent on the polarizer while off-axis XPD
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performance is mainly dependent on horn antenna.

TE 10 mode LP signal

|

horn
LHCP
[ 7™
O % W
RHCP

Fig.2.3 Onboard antenna system

2.3 Stepped-septum Polarizer

2.3.1 Principle of Polarizer

Stepped-septum polarizer shown in Fig.2.4, which can be modeled as several short-
length ridged waveguide with different ridge height cascade progressively, was proposed
by M.H. Chen and G.N. Tsandoulasp [7]. The basic principle can be explained by even
and odd mode excitation illustrated in Fig.2.4 (a) (b). Even mode excitation wave (equally
amplitudes with same direction TE1o modes excitation of two input ports) remains TE10
mode in the output square waveguide. However, even mode (equally amplitudes with
opposite direction TEjo modes excitation of two input ports) excitation will cause mode

coupling, reflection and phase change. With proper septum design, even mode waves will
mostly converted to TE1o mode in the output and achieve desired 90° phase change. From

Fig.2.4 (c) (d), it shows the excitation of each port is a superposition even and odd

excitation, thus RHCP and LHCP waves generates in the output.



TE ;0 mode.

E vector .
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o

__LHCP

i TEm mode

TE D mode

(d)
Fig.2.4. Septum polarizer (a) Even mode (b) Odd mode (c) RHCP excitation

(d) LHCP excitation

2.3.2 Design and Simulation of Polarizer

Polarizer is operating in X-band so standard WR90 input waveguide is
chosen. Phase change is mainly determined by septum partition length while
reflection is suppressed by choosing septum partition height properly. We
first choose initial septum size by considering dominant mode wave’s
propagation and using transvers resonant method. It shows good agreement
with sizes obtained by CHEN’s strategy [7]. Then we use finite-element
method HFSS to optimize XPD.

We head-to-head concatenate two polarizers to from a 4-port network for
calculating S parameters. As stated before, XPD requirement for the
polarizer is XPD>40dB. For port 1 excitation, these S parameters have the

following physical meaning [8] and are used to evaluate performance of
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polarizer: S;;—reflection (S;;<-40 dB required); S,;—isolation (S,;<-30 dB
required); Ss;—insertion (S3;>-0.1 dB required); Si—-cross polarization
(S41<-30 dB required). Simulation model and results are shown in Fig.2.5,
2.6, respectively. It shows that polarizer meets the requirement in 8.0-
8.4GHz. Especially it shows S4; achieves -50dB at center frequency which
indicate good XPD performance.

The rest part of this paper will handle horn antenna which highly

influence off-axis XPD performance.

Fig.2.7. Simulation model for calculating S parameters

— Sl1
— S21
— 831

S41

5

" 30 //
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S parameters. dB.
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1 60 \ V| |
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Frequency, GHz,

7.8 8.

Fig.2.8. S parameters versus frequency in model
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3. Theory of Hybrid Mode Waveguide

Aperture antenna (waveguide or horn) is essential for radiating low cross-
polarization waves. It is reasonable that specific aperture field pattern is
necessary to fulfill this goal. In Part 3.1, CP problem is converted to LP
problem. It will be shown that the requirement to produce a low crosspolar
level radiated field can only be met by a circular aperture with linearly and
circular symmetric distributed aperture electric field under LP operation.

Conventional circular isotropic smooth metallic waveguide can only
support pure transverse electric (TE) or transverse magnetic (TM) modes
where their aperture transverse field lines are curved. Waveguides or horns
with anisotropic walls which have appropriate surface impedances could
excite hybrid modes which is the combination of TE and TM modes. These
hybrid modes give a possibility to produce desired linear and rotational
symmetric aperture field in Part 3.2. Various artificial anisotropic walls are
investigated and already used in waveguides or horns in different
applications: transversely corrugated surfaces [9], longitudinal corrugated
surfaces [10], strip-loaded surfaces [11] and metamaterial surfaces [12] [13].
Hence, we give a general modal analysis of circular waveguide with constant
anisotropic surface in Part 3.3. Surface impedances on waveguide boundary
are defined as boundary conditions. Hybrid HE and EH modes are then
expanded analytically in this hybrid mode circular waveguide by solving the

boundary-value problem. Dispersion equation and exact expressions of
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electric and magnetic fields are derived. It will be shown that when surface
impedances satisfy specific condition known as balanced hybrid condition
[14], fundamental HE;; mode can achieve desired aperture pattern for high

XPD communication.

3.1 Conditions for Aperture Field Distribution to
Achieve High XPD Dual CP Communication

3.1.1 Principle of High XPD Aperture Radiation

Our attention is focused on uniform circular waveguides and conical horns
with circular aperture. w is supposed to be the wave angular temporal
frequency. When antenna operates under LP operation, the transverse electric

field in the aperture is assumed, such as that of Fig.3.1(a). The radiated field
in the far field region from aperture has only 6 and ¢ components.

Without loss of generality, antenna under LHCP operation is considered.
The LP aperture field distribution would rotate clockwise with angular
frequency w around central axis as shown in Fig.3.1(b), which causes LP
radiation field distribution rotates with same angular frequency. Fig.3.2 gives

how radiated field behaves under LHCP operation. Consider arbitrary chosen
Pand P’on ¢=0and ¢&=¢, planes with same polar angle 6, respectively.

Assume radiated fields on P and P’ at =0 are

E,(t=0)=E, cosqe, +E,sinae, (3.1)

E,(t=0)=E, cosae, +E,sinae, (3.2)

-14 -



where «; (i=0,1) are inclination angles, £, and E,-are amplitudes. After time
interval f= ®¢/w, LP field distribution rotates around z axis wty= @
clockwise, which means &= @ plane field pattern at =0 rotates ¢, and
coincide with ¢ =0 plane field pattern at /=t,. Therefore, the electric field
of P at t=t; has the same orientation on # @-plane and amplitude as that of
P’ at =0,

E,(t=t,)=E, cosae, +E.sinae, (3.3)

In high XPD communication, it is expected that radiated field is purely

LHCP if antenna is under LHCP operation, i.e. field vector rotates clockwise

on 0 ¢-plane with constant amplitude and angular frequency w. Therefore,

E,(t=t)) = E, cos(a, — at))e, + E; sin(e, —aty)e,
= E, cos(a, — ¢, )e, + Ep sin(a, —g))e, (3.4)
From (3.2)-(3.4),
E,.(t=0) = E; cos(¢, —a,)e, — E sin(g, — e, (3.5)
which means Ep and Ep-have identical amplitude. Due to the arbitrariness of
P and P’, the necessary and sufficient condition for zero cross polarization

CP communication is deduced: under LP operation, radiated field

components have the form
E,(0.¢) = E(0)cos(p—a)e, —E(O)(d—a)e,  (3.6)

where o is an arbitrary angle. Therefore, an antenna under LP operation
satisfies conditions:

(1) have identical ¢-plane amplitude and phase patterns;

(i1) oriented along the unit vector i=cos( ¢-a)es - sin( ¢-a)e, ,
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would have zero cross polarization under CP operation. In the follow part of

this chapter, it is enough to focus our attention on LP operation.

(a) LP operation (b) CP operation

Fig.3.1. Illustration of aperture transverse electric field
configuration of waveguides (horn)
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waveguide

waveguide

(b) =to

Fig.3.2. lllustration of aperture field radiation under LHCP operation
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3.1.2 Aperture Field Pattern Condition

Assume E, and H, are tangential aperture fields on aperture 4. The Fourier

transforms of aperture fields are defined as
n A jkor! 1
P=|[ E(r)e"¥ds'=Pe, +Pge,
N A Jkor' 1 3.7
Q= H,(r)e*ds'=Qe, +Qp, G.7)

where k is the wavenumber vector. According to field equivalence principle,

the radiated field is related to the Fourier transforms of aperture fields [15]

by
K, .
E, = I g-iker (1+cos)[P, cos ¢+ P, sin g]
Ary
jko — jkor . (38)
E, = 4—e (1+cosd)[P, cos¢— P, sin g]
zr
when the transverse aperture fields satisfy Huygens source condition
e, xE, =nH, (3.9)

ko and 7o represent wavenumber and wave impedance in free space,
respectively.

From (3.7)-(3.8), condition (i) (i1) in Part 3.1.1 is satisfied with =0 when
aperture field satisfies:

(1') aperture field is purely linear, 1.e. £,=0;
(i1") aperture field is circular symmetric distributed, i.e. £, is @independent.

(111") transverse aperture fields satisfy Huygens source condition
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3.2 Hybrid Mode Waveguide

Hybrid mode waveguide with anisotropic wall in cylindrical system

oriented in z direction is shown in Fig.3.3.

Ay
Anisotropic wall z

V<

Fig.3.3. Hybrid mode waveguide with anisotropic wall

3.2.1 Surface Impedance Definition and Boundary
Condition

Surface impedances at boundary wall (p=a) are defined as

pea (3.10)

Waveguides considered in the following is assumed to have constant surface
impedances for all plane waves with different incident angles or transverse
wavenumbers. Hence (3.10) can also treated as boundary condition
expression.

3.2.2 Electromagnetic Fields Expression for Hybrid Modes

All fields considered later are:

(1) time harmonic with factor &“;
-19 -



(2) propagate in z direction and have z-dependence factor e7,
where £ is the propagation wavenumber along z axis. These two factors will
be further omitted.

Assume waveguide supports hybrid mode which is combination of TM
and TE modes. Longitudinal fields E. and H. satisty Helmholtz equation and
has expressions,

cos(meg)
sin(mg) }
sin(mg) } (3.11)

—cos(mg)

E,= %Jm(kcp){

770Hz = Bm‘]m(kcp){

)12 is the free space wave

where k. is the cutoff wavenumber, #7o=(uo/€o
impedance, ¢y and o are the permittivity and permeability of vacuum, J,,(*)
is the Bessel function of the first kind and order m, m is positive constant

number, 4,, and B,, are amplitudes. Then transverse fields components can

be deduced by E. and H. [15],

E, =1%o v By
K

t k2
— joe 15 (3.12)
Ht: k2 Oeszt Z_FVIHZ

where v, 1s transverse gradient operator, &y and x are the permittivity and
permeability of vacuum, respectively. From (3.11)-(3.12), Transverse field

components in cylindrical coordinate system are,
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_—J—{Amm (k.0)+B, EQJ (, )HC?S("‘@}

¢ sin(mg)
ool 20
__.i sin(meg)
H =-] k. {An kaJ 2 (k) + B, BI (k.p) { Cos(m@} (3.13)

s | pm cos(mg)
H¢ =) Uokc |:A“k0Jm(k°p)+ Bm kC,O ‘]m(kcp)_{sin(m¢)}

Boundary conditions (3.10) are then imposed to (3.13) and obtain,

2a( Z
a_}/:jkca ¢_770
« mg\n, Z

z

(3.14)

where a=A4,/B, 1s defined as a coupling coefficient connect £, and H.. Two
solutions of (3.14) corresponds to hybrid modes HE (Re(a)>0) and EH
(Re(2)<0), respectively. These are generalization of hybrid mode definition
in corrugated waveguide [16]. Then dispersion relationship is deduced and

can determine eigenvalue f and mode order n,

3ka) Zok [dnka) mk ] ((mp Y
J,(k.a) Jﬂo J_(k.a) JZZ | "\ kka (3.15)

Field components are then transformed into Cartesian coordinate system as

follows:

=21 -



E - B, —ap {cos(mgzﬁ) COS ¢} ik {—sin ¢sin(m¢)H T (kp)

k. | sin(mg) cos ¢ sin ¢ cos(mg)
N j%_ ?_ﬂ{_-sm ¢sin(m¢)}_k0_m{c?s(m¢) cos¢HJm(ka)
oL L | singcos(mg) k.p | sin(mg)cos ¢
£ jﬁ{—aﬂ{ﬁ_n ¢c?s(m¢)}+k0{ sin(mg) cos ¢ HJQ(ch)
K. sin gsin(mg) —C0s(mg) cos ¢
. jﬁ{_ko_m{si_n ¢c?s(m¢)}+ﬂ{ sin(mg) cos ¢ HJm(ch)
k.| k.o (singsin(mg)| k.p |—cos(mg)cosg¢

(3.16)

When m=1, o=1 and use =k, approximation for large aperture, E\ or E,
vanishes and the linear aperture field is ¢-independent, which satisfy

conditions (i) and (i1') in last part. From (3.14), when a=1, balanced hybrid
boundary condition [12] holds

Z,2,=n, (3.17)
Therefore, a circular waveguide anisotropic surface satisfy (3.17) would
support hybrid HE}, that radiate low level crosspolar field theoretically.
However, it is noticeable that EH, (o=-1) could also propagate in waveguide,
which have equally E, and E, components and radiated high level crosspolar
field. Fig. 3.4 illustrate dispersion curves for several cases under balance
hybrid condition from (3.15). It shows in Fig. 3.4 (b), EH modes could be

excited along with HE modes which is not desirable in high XPD

communication application. From Fig. 3.4 (c¢), when Z,=0 and Z.=o0,
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waveguide could support single HE mode in a large bandwidth. This
boundary condition can be realized by circumferentially corrugated wall

with resonant slots which and will be stated in detail in next chapter. From
Fig. 3.4 (b), surface with Z.= Z,=jn, is another possible choice for achieving
the single balanced HE mode propagation over a large range of ka
(bandwidth). In addition, cut-off for this mode is much lower than Z,=0
Z.=o0o0 case. This gives a potential that antenna with smaller aperture
diameter could be used onboard for high XPD application. Z.= Z,=jn, may

be can realized by artificial metamaterial technology.

EH,

blko

08+
06 L

041

00+

0 2 4 6 g

() Z:= Z y=jno
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0.8
0.6 |

0.4

0.0 kna

(b) Z:= Z,=jno

EH,,

Blkq //

0.6 |

04t

ko2

[

(¢) Z,=0, Z.=0

Fig.3.4. Dispersion curves under balance hybrid condition
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4. Conical Corrugated Horn Antenna

Corrugated horn was first proposed for achieving symmetrical radiation
patterns as feeds of reflector antenna. It was later realized that corrugated
horns also radiate low-crosspolarization field and suitable for high XPD dual
polarization application. It is nowadays widely used in various high
restrictive applications [17] due to their good radiation performance, in

particular their pattern symmetry and low crosspolarization.

4.1 Corrugated Surface and Waveguide

Corrugated waveguide is a special class of hybrid mode waveguide
proposed in last chapter and the desired Z ;=0 Z,=oo surface can be
approximately realized by corrugated surface. The structure of corrugated
waveguide is shown in Fig. 4.1. According to [16], if there are enough
corrugations per wavelength, the azimuthal electric field E , will be equal to
zero at corrugation boundary p = a and hence Z,= 0. On the other hand, if
the corrugation ridges are narrow and quarter wavelength deep (d =10/4),
they will act as short transmission lines where the short circuit at the end (p
= rp) is transferred to an open circuit at p = a . This makes that there will not
be axial currents generated by H 4, so H ,=0 and then Z, = oo. Therefore,
balanced hybrid condition is satisfied by quarter wavelength deep surface.
Since Z,= oo condition is wavelength dependent, balanced hybrid condition

can only be fulfilled at a specific frequency.
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‘ i
d
T 4
— > ! r '\
slot - O ridge

Fig. 4.1 Corrugated waveguide structure

When operating frequency deviate this specific frequency, Z ,= 0 but Z, will

be finite. From (3.14)-(3.16), aperture field of HE;, modes is,

E, = Cly(k,p)+ D23,k p)cos2y

z 0

7 1 .
E =D2—J (k. p)sin2

z 0

(4.2)

(4.12) explains why maximum cross polarization level appears in #=+45

planes under LP operation.
Only m=1 modes are of interested as stated in last chapter. Under balanced

hybrid condition with g =k, approximation, dispersion equation (3.15)

hka) (1
J,(ka) |ka (4.1)
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Two sets of solutions of (4.1) are then obtained as
(1) kea = zeros of Jo(+) = 2.405, 5.520, ...correspond for HE, modes;

(2) kea = zeros of Jo(+) = 5.136, ...correspond for EH;, modes

where HE;, modes are linearly polarized and EH;, modes have a high level
crosspolar component. From Fig. 3.4 (c), in order not to excite EH modes
waveguide, we hope waveguide support single-mode and excite purely

dominant HE;; mode.

4.2 Conical Corrugated Horn Antenna as TE; to
HE11 Mode Converter

4.2.1 Principle of Conical Corrugated Horn

It has been stated from last chapter that the fundamental hybrid HE;; mode
IS approximately a combination of TEj; and TMj1 modes in smooth circular
waveguide modes with an appropriate relative phasing between them. The
input aperture field distribution is usually the TE;; mode of a circular
waveguide under single mode operation. Therefore, a TE;; to HE;; mode
converter is necessary to generate desired HE;; mode in the output aperture.
We use the normal conical corrugated horn antenna as a TEj; to HEj;
converter. In a conventional smooth circular waveguide, the surface
impedance is zero, i.e. Z, =0. In a corrugated circular waveguide, Z, is

generally finite and has the value [18]

Z; = no tan(kod) (1-t/p) (4.2)

From (4.2) it can be seen that slot depth d=/¢/2 will lead to Z, =0. Then
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surface impedance in both smooth-walled and corrugated waveguides are
matched. If d=//4 then balanced hybrid condition satisfied and thus Z, =co.

Hence if we change the depth of the slots from 10/2 to Jo/4 smoothly over
several periods, it gives possibility to excite a purely balanced HE;; mode

and achieve impedance matching between smooth and corrugated structure.

HEiimode
\4

Fig.4.2 Conical Corrugated Horn Antenna with Design Parameter

4.2.2 Design Methodology and Simulation of Conical
Corrugated Horn Antenna

Conical corrugated horn antenna with the design parameters are illustrated
in Fig.4.2. Length of circular waveguide is chosen to > 10/2 to avoid mutual
coupling between circular waveguide and polarizer. Design requirements are

XPD>30dB and Gain>17dBi in operation X band (8.0GHz-8.4Ghz). All
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parameters then will be designed at the center frequency 8.2GHz. Main

parameters are considered by surface impedance model as follows:
(1) Input radius R;

Ideally the input smooth circular waveguide should operate in single
dominant TEi; mode over 8.0-8.4GHz. TE;1 mode has the cutoff
wavenumber k.=21/1.=1.841/R;. Therefore, Ri must satisfy the inequality 2x
Rifmin/C>1.841, where ¢=3x108 m/s is the speed of light. R; is then chosen to
be 13.6mm which makes circular matches septum polarizer output aperture

well.
(2) Output radius R,

According to relationship between directivity and aperture size for conical
horn antenna, 4rn (n R?%)/ 42-2.91(dBi) = Gain (dBi), R, is chosen to be
57.6mm

(3) Period p and ridge width t

Period p is usually chosen to be satisfy 4. /10 <p <A1 /5, we choose p=6.0mm.
From (4.2) it is shown ideally t/p should be as small as possible to achieve
Z, =0 over a larger bandwidth but this will cause difficulty in manufacturing.

We choose t=1.0mm and t/p=0.83.
(4) Flare angle ¢ and horn length L

For onboard satellite application, antenna should be as compact as possible

with larger 8 when R, is fixed. However, when & become larger than 25
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degree, surface impedance model become not accurate for perpendicular
slots. We choose 6=25 ", and L= (Ro- R;) cot 0
(5) Corrugation depth d

Corrugation depths are chosen to be changing from from A¢/2 to io/4

smoothly. Antenna HFSS Simulation model are illustrated in Fig.4.3(a).

(a) Corrugated conical horn antenna (b) Complete antenna system

Fig.4.3. Simulation model
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Fig.4.4 $=0° ,90° plane co-and cross-polarization gain

Fig. 4.3 (b) shows the whole antenna system simulation model, we excite
dominant mode in LHCP port of polarizer and get RHCP and LHCP radiation
pattern at center frequency. XPD is then equal to Gpucp[dBi]-Grucp[dBi].

Simulation results are given in Fig. 4.4-4.6 while Table. I show some

representative values. It shows similar co-polarization ¢=0°,90° plane pattern

and good XPD performance near boresight (6=0° ). We could obtain

maximum XPD of 44dB and 17.6dBi co-polarization gain near the boresight
over 400MHz bandwidth in X band (8-8.4GHz).
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Fig.4.6 On-axis XPD versus frequency
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Frequency [GHz] | Co-polarization  gain| XPD [dB]
[dBi]
8.0 17.20 43.23
8.2 17.30 40.30
8.4 17.60 38.92

TABLE.IL. Representative value along boresight
However, it can also be observed from Fig.4.4-4.5 that off-axis XPD

performance relatively not good. XPD>40dB can be achieved only in -10°

<0<10° region.
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5. Gaussian Corrugated Horn Antenna

5.1 Conceptual Idea

Although dominant HE;; mode propagate in hybrid waveguide (horn
antenna) shows good linearity and circular symmetric, it is not stringent
satisfies Huygens source condition and match the free space. It is well known
in optic laser theory that gaussian beam modes are a solution of the paraxial
wave equation in the free space and they form a basis of free space
propagation. They are TEM mode, so Huygens source condition should be
automatically satisfied. Some details about gaussian beam mode are stated
in appendix.

Gaussian Profiled Horn Antennas (GPHA) were proposed to generate any
kind of transverse field distribution with gaussian distributed features.
Balanced HE;; mode has gaussian-like distribution. Hence if a GPHA is fed
by HE1; mode wave, it is possible to excite high purity linearly distributed
gaussian beam mode. Then it will naturally match waveguide and free space.
This offer a possible method to obtain better XPD performance rather than
HE;» mode. As in convention waveguide theory, usually only the
fundamental gaussian TEMgy, mode is of interest. Corrugated GPHA is
proposed to obtain high purity TEMg, mode at output horn aperture [19]. If
we could obtain horn aperture field distribution that is nearly the transverse
field distribution of a fundamental TEMg, mode, its radiation pattern would

be also nearly a fundamental gaussian beam propagation.
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5.2 Design and Simulation Result

From Appendix A, w(z) is the beam radius which is the value of the
radius at which the field decays 1/ e relative to its z-axis value, where wy=w(0)

Is beam waist. w(z) can be given by,

w(z) =w, - 1+[kzzzj (5.1)

0" Wo
The profile 1s designed to be same from as (5.1) to simulate gaussian beam
broadening and propagation. Hence the corresponding inner corrugation

profile would follows the curve is given by similar form:

R(z)=r,- 1+( 2z ZJZ (5.2)
Ky - W
where r¢ 1s the input radius of the profile antenna. Assume ry=a-wy_ it is
clear that this factor a would influence the flare angle of the horn antenna.
If a high purity HE;; mode feed the GPHA, after broaden, it should be
expected that output is high purity gaussian beam mode due to the

similarity between HE,; and TEM, mode.

A conical corrugated horn excite high purity balanced HE,; is designed in
last chapter and now used as a feed to corrugated GPHA. Thus ry is fixed as
57.6mm which is the radius of output conical antenna aperture. We choose
a=0.65 for a compact structure. Corrugation size is designed same as conical
horn. Simulation result shows that when gaussion profile length L >84mm it
would not affect XPD performance much, so for compactness reason we
choose L=84mm. Final GPHA system simulation model is shown in Fig.5.1.

Simulation results are given in Fig. 5.2-5.3. It shows better XPD
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performance near boresight (6=0° ) then conical corrugated horn antenna.
We could obtain maximum XPD of 60dB and 20dBi co-polarization gain
near the boresight at 8. 2GHz. XPD>40dB can be achieved in-17° <6<17°

region which better than conical corrugated antenna.

Fig.5.1. Gaussian Corrugated Horn Antenna with polarizer
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6. Summary

High XPD performance of small satellite is important for achieving
reliable high speed dual polarization communication. It is hard to improve
off-axis XPD performance.

Aperture field conditions for high XPD dual CP is communication is
derived by field equivalence principle. Hybrid mode circular waveguide with
anisotropic surface impedance are analyzed in detail. Dispersion equation
and electromagnetic field expressions are given analytically. It shows that
HE;, mode supported by waveguide satisfies balanced hybrid condition
1ideally radiate zero crosspolar field.

Corrugated surface with appropriate slot depth could satisfy balanced
hybrid condition and achieve high XPD performance. Gaussian profiled
technology combined with conventional corrugated horn technology shows

possibility to further improve off-axis XPD performance.
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Appendix A Fundamental Gaussian
Beam Mode

Gaussian beams have been widely used and extensively analyzed in
optic and laser theory. We are interested in gaussian beam modes in this
thesis because gaussian modes are one of the commonly used mode family
to describe free space radiation and satisfy Huygens source condition in
Chapter 3. Paraxial approximation is needed for solving Maxwell equations
to obtain the gaussian modes. This approximation is valid for horn antennas
with moderate flare profiles. The paraxial approximation is shown as: The
wave propagation or radiation can be expressed as a spatially concentrated
beam (without much divergence, the angular divergence is less than about
30 degrees). This paraxial wave will be proved satisfying the paraxial
Helmholtz equation. Gaussian beam modes will then be obtained as a
complete set of solutions of paraxial Helmholtz equation. Detail derivations
and expressions of gaussian beam mode in either rectangular or cylindrical

coordinates could be found in reference [20]

A.1 Paraxial Wave Equation for Gaussian Beam

Assume angular temporal frequency is @ and time harmonic factor is
&', y represents any component of electric field E, of a wave propagating
in free space. From electromagnetic wave theory, it is well known that
satisfies scalar Helmholtz equation:
2 2
Viy +ky =0 (1.1)
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ko is free space wavenumber. For a plane wave, orientations of electric and

magnetic fields are mutually perpendicular, and they both perpendicular to
the propagation direction. Similar to the plane wave, for beam propagation
it 1s still assumed that the electric field, magnetic field and propagation
vector satisfy perpendicular condition. Assume wave propagates in z
direction and have z-dependence factor e7*#. Hence electric field scalars can

be written as:

E(x,y,2)=u(x y,2)e ™ (1.2)
where u is a complex function represents the non-plane wave part of the

beam. Substitute (1.2) to (1.1),

o°u .. ou
v+ Y ok M=o ,
Ut JK, P (1.3)

The paraxial approximation consists of:

(1) the variation along the direction of propagation of u is small over a

. . A ou
distance comparable to a wavelength, i.e. =, << kog;

(2) the z-direction variation of u is small compared to the variation in

. .o
transverse direction (xy-plane), i.e. = << Vi,

Therefore, the second term in (1.3) could be dropped and reduce to,
. Ou
Viu-2ijk,—=0
t JKo P (1.4)

which is the paraxial wave equation. Solutions to (1.4) are the Gaussian beam

modes.
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A.2 Fundamental Gaussian Beam Mode
A.2.1 Field Expression

The Gaussian beam modes are transverse electromagnetic (TEM) mode.
The solution of paraxial Helmholtz equation (1.4) for the fundamental mode
TEMoo (or HGgo, LGgp) can be expressed in cylindrical coordinate as:

-p? ko P’

Wo w2 (@) 4 2R a-ilkez-¢(2)
u(p,d,2) = eV (@ g e ik
(0,9,2) W(z) (1.5)

where normalization constant is neglected because it will not affect the mode
shape. The free space propagation of the TEMg, mode is depicted in Figure

Al

Fig A.1 Fundamental gaussian beam mode TEMgq

From (1.5), it can be observed that the fundamental TEMy mode is ¢
- 44 -


https://en.wikipedia.org/wiki/Transverse_electromagnetic_mode

independent and circular symmetrical. The terms in (1.5) are explained as

follows:

(1) p=yx'+y’
(2) w(z) is the beam radius which is the value of the radius at which the field

decays 1/ e relative to its z-axis value. wo=w(0) is beam waist. w(z) can be

given by,

K, - W,

w(z) =w, - 1+[ ZZZJ (1.6)

Define another constant called the Rayleigh range zr as zr= ko wo*/ 2, which

is the distance from the waist where the beamwidth is exactly w(z) = V2wo.

Then (1.6) can be rewritten as,

2
w(z) =w, - 1+(ij (1.7)
From (1.6), when z>>zp the beam radius expands linearly as w(z)=wy z/zz.
The divergence angle of the TEMy mode is defined as,

6, = arctan(w, / z,) (1.8)

A reduction in either beam waist wy or frequency will cause an increase of
beam divergence.
(3) R(2) is the radius of curvature of the beam’s wavefront at z, and it is

defined by,

R(z)=z-l:1+£Z?Rj } (1.9)

The variation of R(z) versus z is depicted in Fig A.2. It is shown that R(z)
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decreases from planar wave fronts at the beam waist (R(z)=) to its

minimum value at z,.

10/
8 /
R(G)zx 6\ /’

-

o 1 2 4 & 8 10

z/zy

Fig A.2 Wavefront radius of curvature R(z) versus z

(4) &(2) is called the Gouy phase of the beam and expressed by
&(z)=arctan(z/ z,)

Assume that electric field is linearly polarized in x direction. From (1.2) and

(1.5), electric field is given by:

2

- VA
E(p,4,7)=e E, —2 g¥@®.g 2R g ilkz£()
7 w(2) (1.10)

Then associated magnetic field oriented in y direction and can be calculated

by

H(p,¢,2)=eyiEx(P,¢,Z) (1.11)

o
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A.2.2 Intensity and Power

The intensity distribution can then be found by evaluating the Poynting

vector from (1.10) and (1.11),

* 2 - i
_Re(ExH") _ E(p,z)[ [ ewffz)
2 21, L w(z)

1 (0,2)

(1.12)

where |l = |E0|2 /2770 Is the intensity at the center of beam waist. The
TEMqo field intensity distribution at any fixed z position is illustrated in Fig
A.3. Fig A.4 depicts normalized intensity at different z position. It can be
observed how the beam intensity shape diminishes and broadens while
propagating in z axis. It can be observed the intensity decays half of its value
at the beam waist a z=z.

The total power carried by a TEMg, mode beam can be derived by,

27w poo © 1
P=["[ 1(p.2)pd pdg =27 (o, 2)pdp=Z1o(m-w5)  (1.13)

The power P carried within the circle of radius rg in the transverse plane at a

certain z position is,

2
213

P=27"1(p.2)pdp =P, (1-€"?) (1.14)

Therefore, the power transmits in a circular aperture of radius ro=w(z) is

about 1-e2=86.5% of the total power Po. Similarly, within radius of

ro=1.5w(z) approximately 98.9% of the total power P, is concentrated.
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Fig A.3 3D distribution of TEMg, mode intensity at a fixed z
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