[EEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 44, NO. 5, MAY 1996 701

Full-Wave Analysis of Quasi-Optical Structures

Todd W. Nuteson, Student Member, IEEE, Gregory P. Monahan, Member, IEEE,
Michael B. Steer, Senior Member, IEEE, Krishna Naishadham, Member, IEEE,
James W. Mink, Fellow, IEEE, Konstantin K. Kojucharow, and James Harvey, Member, IEEE

Abstract—A full-wave moment method implementation, using a
combination of spatial and spectral domains, is developed for the
analysis of quasi-optical systems. An electric field dyadic Green’s
function, including resonant and nonresonant terms correspond-
ing to coupling from modal and nonmodal fields, is employed
in a Galerkin routine. The dyadic Green’s function is derived
by separately considering paraxial and nonparaxial fields and is
much easier to develop than a mixed, scalar and vector, potential
Green’s function. The driving point impedance of several antenna
elements in a quasi-optical open cavity resonator and a 3 x 3 grid
in free space are computed and compared with measurements.

I. INTRODUCTION

UASI-OPTICAL power combining techniques provide a
Qmeans for combining power from numerous solid-state

millimeter-wave sources attached to radiating elements
such as antenna arrays or grids, as shown in Figs. 1 and 2.
The power from the radiating elements is combined in free-
space over a distance of many wavelengths to channel power
predominately into a single paraxial mode. The complex de-
vice field interactions render it difficult to optimize efficiencies
and ensure stable operation. However, computer aided analysis
techniques are evolving to aid in design. The strategy is to
develop, using numerical field analysis, a multiport impedance
model of the linear part of the quasi-optical system. This
can then be interfaced with commercial microwave circuit
simulators. Efficiency requires that volumetric discretization
must be avoided. By utilizing Green’s functions appropriate
to the physical structure, discretization can be limited to
sutfaces. In [1]-[4] a series of developments culminated in
a straight forward methodology for developing the dyadic
Green’s function of a quasi-optical structure. The dyadic
Green’s function is derived by separately considering paraxial
and nonparaxial fields. It is not feasible to derive a mixed,
scalar and vector, potential Green’s function, as required in
conventional space domain moment method techniques. As an
alternative, we have adapted an efficient moment method field
solver [5], [6] to use dyadic Green’s functions.
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Fig. 1.. A quasi-optical power combiner configuration for an open cavity
resonator.

The modeling of quasi-optical systems has generally been
based on the unit cell approach [7], [8] where the minimum
three dimensional cell of an array, generally containing a single
active device, is modeled using symmetry of the structure
to establish electrical and magnetic side-walls for the cell.
A moment method or finite element program is then used
to electrically characterize the cell and obtain the impedance
presented to a single device. The unit cell approach assumes
an infinitely periodic structure with no mutual coupling. In
order to obtain accurate modeling, structures of finite extent
must be considered along with mutual coupling. In this paper
we introduce a moment method technique [9] using a dyadic
Green’s function which describes all of the electric fields, in-
cluding paraxial and nonparaxial fields, for radiating elements
of finite size in an open cavity resonator and for a 3 x 3 grid
in free space. Mutual coupling from all of the elements in the
quasi-optical systems are considered.

II. OPEN CAvVITY RESONATOR DYADIC GREEN’S FUNCTION

A. General Description

A dyadic Green’s function for the plano-concave quasi-
optical open cavity resonator was developed by Heron et al.
[2]-[4]. The cavity resonator, shown in Fig. 1, consists of a
planar reflector at z = 0 and a partially transmitting spherical
reflector with its center located at z = D. The planar reflector
is assumed to be perfectly conducting with infinite dimensions
in the transverse direction and the spherical reflector is of finite
dimension with focal length with respect to the = and y axis,
F, and F, respectively. The medium in the cavity is free
space. The electric field dyadic Green’s function of the open
cavity resonator is derived in two parts [3], [4]

Gg = Ggn +Gg, ¢))

0018-9480/96$05.00 © 1996 IEEE



702 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 44, NO. 5, MAY 1996

ACTIVE GRID SURFACE

NN

\\E
INPUT
BEAM

INPUT POLARIZER
Fig. 2. A grid amplifier on a dielectric slab with X and Y polarizers.

where G g, describes the effect of the resonator (cavity)
modal fields and Gp, describes the nonresonator fields.
The nonresonator fields are found by removing the paraxial
component G g, from the half-space Green’s function, G g,
to give

Gg = Ggn — Gpy + Gar. @
The Green’s function is evaluated in two parts
Gg = G+ Gan ©)

where G g, = G Br—G Bp Tepresents the cavity contribution
of the open cavity resonator and G gy, represents the half-space
(direct radiation) contribution. However G gy, as presented in
[3], is not suitable for inclusion in a moment method field
solver because of numerical problems. We develop here a half-
space dyadic Green’s function in the spectral domain which
has both the required numerical stability and compatibility
with the cavity dyadic Green’s function. The development of
G g, is based on that described in [2].

B. Cavity Contribution

The cavity resonant dyadic Green’s function G g, describes
the coupling between an electric current source, located on
the plane z = d, and the cavity modal fields in the cavity
whereas the paraxial dyadic Green’s function G, describes
the paraxial propagation due to the traveling wave-beams in
the absence of the spherical reflector. With the subiraction of
the paraxial components from the resonator components, the
dyadic Green’s function, for the range 0 < z < D, is given
by 3]

Rmnwmn
(1 + Rmn 1/’mn)

b o) (B — BT (4)
where N,,, and N, represent the number of transverse modes
and I = 4,4, + 4,4, is the unit transverse dyad. Primed co-
ordinates denote the source location and unprimed coordinates
denote the test location. The terms R,,,,, and 1,,,, represent the
reflection coefficient and phase, respectively, of the traveling
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wave-beam modes. The scalar electric modal field E,,, is
given by the Hermite-Gaussian traveling wave-beam as [10] -

Ef, (z,y,2)

[ 4o 1/4 2\—1/4
7rXYm" +u (142%)”

. Hem(\/_-'ﬂ/mz)Hen \/_y/yZ)
- exp {—%[(w/mz)Z + (y/yz)2]
Fj [koz + = (u(w/mz) + v(y/yz) )

- (m + 5) tant ()

- (n + %) tan™! (v)] } (5

= hoX2’ N2
3=X2(1+u2), yE:Y2(1+v2)

where

e

with the Gaussian mode parameters defined as [10]
D
F;

, 1 D
2———- — —
V= o FyD(z = )

Y

X2 = ki FxD<2 (6)
0

N

The Gaussian mode parameters X and Y determine the rate
at which the field strength decays in the 4, and &, directions
respectively. In the above expressions Z, and k¢ represent the
free space impedance and wavenumber, respectively, given by

Z(]: @, ko—w

Ho€o-
€0

The Hermite polynomials, defined in [11]
dan
= (=1)" exp(2?/2) — a?/2)]  (®

are orthogonal functions. The EX_ fields represent the desired
wave-beam modes with the beam waist at z = 0. E}

He,(z) [exp (



NUTESON e al.: FULL-WAVE ANALYSIS OF QUASI-OPTICAL STRUCTURES

refers to propagation in the positive a, direction and E_,
in the negative &, direction. An assumption is made that
the electric field has only transverse components and no a,
component (quasi-TEM modes). This assumption is valid since
the spherical reflector has a radius of curvature much greater
than the wavelength of operation. This approximation holds
true especially near z = 0 where the phase front is flat and the
fields are purely transverse. The antennas are sufficiently close
to z = 0 (d < D) that the fields are approximately TEM.

The phase term ), is the ratio, for the mnth mode, of
the intensity for each mode of the outgoing wave-beam to
the incoming wave-beam evaluated at the spherical reflector
surface, z = D, given as

- E}. (z,y,D)
mn

= ——_Evin(:v, WD)’ &)

A good approximation for ,,, can be found by evaluating
(9) at z = y = 0. At resonance, the phase of the traveling
wave-beam should remain unchanged after one complete pass
through the resonator so that the resonant frequency for each
cavity mode occurs when the product R, %, in the cavity
Green’s function (4) approaches —1. For an mn transverse
family there is an infinite number of resonant frequencies
which we will index by g where ¢ is the number of half
wavelengths along the cavity axis. Thus the field structure
in the cavity can be designated fully as TEM,, 5 4.

C. Cavity Losses

For the open cavity resonator two types of losses are
considered, conductor and diffraction losses which are due
to the finite conductivity and aperture size of the spherical
reflector, respectively. With the combination of these losses,
the modal value for R,,, can be found as

Rmn = _lrlad,mn (10)

where T' represents conductor losses and o ., represents
diffraction losses and power extracted from the cavity. The
reader is referred to [2] for techniques for the evaluation of
(10).

D. Half-Space Green’s Function

The half-space is defined to be the region, z > 0, with the
absence of the spherical reflector. A dyadic Green’s function
in the spatial domain for this geometry is given in [12] as

V.V,
kg

éEh(r | t') = jwpo (it -

(Go(r | 1) = Go(rs [x})) (1D
whcfe Go(r | r') is the free space Green’s function
e—jko|r—r'| ,
Go(r |v) = P (12)
with the distance between source and test locations
e —r| = \/(;— )+ (y—y)° (13)
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and the distance between source and test locations due to the
image of the ground plane

-t =@ — o+ (y—y)’ +42. (14
When the test location equals the source location, = z’ and
y = y', the Green’s function exhibits a strong singularity. A
singularity of this order can cause severe numerical error when
trying to numerically integrate such a function. For this reason
it is desirable to work in the spectral domain. The spectral
domain Green’s functions are [13]

~ —Zy (k2 — k2 ;

R ~Zy (K — k2 :
G (kzy k) = __ZO( 0 y)(1—e-ﬂdkz) (16)

2ko k,
and
~§yh(kwa ky) = é?)lzmh(k:ca k'y)
_ 2o (kaoky __—jodk,
= Zk()( T )(1 e ) 17)
where

k2 =ki—kZ-k, Im(k.)<O. (18)

III. METHOD OF MOMENTS

A. General Formulation

The boundary value problem for the current distribution on
the planar radiating elements in the quasi-optical system is
formulated as an electric field integral equation (EFIE). From
the boundary condition stating that the total tangential electric
field on the antenna surface is zero

~-Ei*(z,y) = E*(w,y) (19)

where subscript ¢ denotes the tangential components of the
electric fields. Ei" is the incident electric field and Ej* is
the scattered electric field. The incident field is the electric
field produced by the source that is used to excite the antenna
surface. The incident field Ei* produces a surface current
density Jg on the patch surface which in turn produces a
scattered field E3° where some of the field is coupled into
the quasi-optical system and the rest of the field is radiated
out of the system. The scattered field can be written in terms:
of a dyadic Green’s function

Ei(z,y) = / / G- Js(ay)do'dy.
yl xl

In order to solve for E®* in (20) an approximation for the
unknown surface current density is needed. The unknown
surface current density can be expanded in a set of N basis
functions

(20)

N
Is(@'y) =) LWi(a',y) @1)

i=1
where W, is the ith basis function and I; is its unknown
complex amplitude. The basis functions W; can represent
currents in the z and y directions

Wi(a',y) = W2 + WY (y)a,. (22)
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Fig. 3. An z-directed sinusoidal basis function.
Substituting (21) into (20) and testing (19) with the same set
of basis functions, known as the Galerkin method, yields a
set of linear algebraic equations to be solved for the unknown —1 = e
currents I + * * * +
[Z][T] = [V] (23) 1 | | | |
where the elements of the Z matrix are e e e e
Zi==[ [ [ [ Wi ) A ! A A
o Wi | | | | |
-Gg - W (2',y) dz'dy dx dy (24)
and the elements of V are * N * N e * I e * N +
= / / Wi(z,y) - Ef(e,y)dedy.  (25) | | | | |
yJz

B. Open Cavity Resonator

With the dyadic Green’s function for the open cavity res-
onator being comprised of cavity and half-space contributions,
it is best to work with the moment matrix elements in the
same manner

Zji = Ze,ji + Zn i (26)
where Z. and Z; represent the cavity and half-space contri-
butions respectively, with elements given by

Zeji = — //z/y/W(a«’ y) - Gpe(e,y;7,y)

(z',y')dz'dy dz dy
an

Zngi = - ////W(a: v Gon(z [ ¥)

W (2',y) dz'dy' dx dy. (28)
it is important to note that G e in (27) is not a function of
the distance between the source and test location whereas G gy,
in (28) is a function of this distance. The final set of linear
equations when solving for the z and y currents becomes

@7

2] |73}] ([m) ([V-f])

i ik J 29
([Z;’f] HHPACVARNGG >
where 73" = Z7%, + Z7%,;, Zmy = Z}fzk’ zZi" = Zytis
Z%Vy_Zy?l/k'l_Zhlk?J’Z_l N, and I,k = N, +

1,N, + 2,. Nw1thN N+N. N and N, are the
number of z- and y-directed basis functions, respectively. The

Fig. 4. Locations of z- and y-directed currents on a rectangular grid.

submatrix [Z}*] denotes the contribution of v-directed testing
of the field produced by u-directed current basis elements and
the subscripts ¢ and s refer to the individual test and source
basis elements, respectively. The voltage vectors [VF] and
[V}Y], of length N, and N,, respectively, correspond to z-
and y-directed testing of the incident field. Similarly, [I?] and
[I7] refer to the current expansion coefficients associated with
each source basis function. The moment matrix [Z] is a square
matrix of order N which is symmetrical (due to the Galerkin
method) and diagonally strong.

Sinusoidal basis functions are used for the current expansion
and testing functions. An z-directed sinusoidal basis function

centered at (z;,y;) is shown in Fig. 3 for a cell size of a X b’

and is given by

(sinfko(o—lz=z])] |z — @ < a
VVf(.’L‘) = bsin (koa) ’ |y y1| <b/2 (30)
0, otherwise
and for a y-directed sinusoidal basis function
sinfko(b—ly—ys)] |y — %l <b
WH(y) = asin(hod) 7|z — ;] < a2 (31)
: , otherwise. A

A basis function is spanned over two rectangular cells and the
current amplitudes I; are computed at the peak of each basis
function as shown in Fig. 4.



NUTESON et al.: FULL-WAVE ANALYSIS OF QUASI-OPTICAL STRUCTURES

ALUMINUM
RESONATOR
BACKPLANE

/

! RG-141/U
SEMI-RIGID
COAXIAL CABLE

MEASUREMENT

705

L SIMULATION

[ REFERENCE PLANE
/
'/CO;ER

FERRULE

SMA
‘_S— CONNECTOR

REFERENCE PLANE

Fig. 5. A coaxial fed inverted L antenna.

For a grid divided into equal size rectangular cells of
dimension a X b, the moment matrix elements for the cavity
contribution are found by substituting the Green’s function
given in (4) into (27) yielding

mn¢mn
>J1 - Z Z 2(1 +Rmn¢mn)

m=0n=0

/yt+2
yvi—-% Jai-a

: [E;m(zlvyl d) -

/y1+2 /Q’J +a
Yj —% zj—a

x;+a

Wi (z")

Et («,y,d)] dr'dy’

(Bl y,d) - L (2,9, d)] dzdy  (32)
and
7YY _ z"f i Ronmn
@ k™ m=0n=0 2(]‘ + Rmn¢mn)
Yi+b zk+“
L
Yr k'_
' E n 1y ad) mn(xlv yla d)] dz’dy,
yi+b x4
- / / W (y)
y—-b Jr,—-% .
. [Emn('z‘$ Y, d) - mn($7 Y, d)] dz dy (33)

The elements are calculated on the plane z = d and contain
no cross-terms. Since the Green’s function given in (4) is a
function of the source and test location and not the distance
between the two, the four dimensional integration can be
divided into two separate double integrations over the source
and test fields. The double integration can be computed
very efficiently and has no convergence problems. Since the
clements are a sum of all the modes being considered, it is
most efficient to combine separate computations of the double
integration for each mode.

The moment matrix elements for the half-space having equal
size cells of dimension a x b are found from (28) as

y,+2 z;+a yz+2 ita
Zh’],,/ / / / /
—— zr;—a yl—— Ti—a

W7 w)W“(m ) dx’dy’ dx dy

nlz |25yl y)

(34)

z yi+% pxjte pyetb T+ 5
[ e
Yi—3 zj Yr— Tp— G
W)W (y') do'dy' dz dy (39)
- n+d pm+% pyitd prita - , ,
zi=- [ [ eseluly)
y—b Jx—% i~% Jzi—a
W ()W (o) da' dy do dy. 36)
and
n+b pm:+§ pyrtd pzetg - , ,
Zg?lkz /b/ / / Gan(z |25y | Y)
Y= Jil“_ Yi $k__

WY (WE(Y') da' dy' dz dy. (37
As mentioned earlier direct evaluation of (34) and (37) would
be very difficult due to the singularity that occurs when the
source and test location are at the same point (self-term). The
self-terms are the dominate terms in the moment matrix and
inaccurate evaluation of these terms will result in unreliable
solutions. For the cross terms (35) and (36) no singularity
occurs because the source and test fields are never at the same
location, but direct evaluation is still difficult due to the four
integrations required. With these problems it is best to work
in the spectral domain.

The dyadic Green’s function for the half-space can be
written as the inverse Fourier transform of

o0 o0 A

= , 1 =
Gonlo o5 1v) =55 [ [ Gonlharhy)

— 00 —00

. e]’km(z—x’)ejky(y—y’) dk, dk,.  (38)
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Fig. 6. Driving point impedance of the inverted L antenna for the
TEMg 0,35 mode. (a) Magnitude. (b) Phase. Solid line, simulation; dashed
line, measurement.
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Applying (38) to (34)-(37) and using the even and odd
properties of the integrands along with a transformation to
polar coordinates, k, = ﬁcosa and k, = [sin«, results in

the following
/2
Zh,]z = / / G%ﬁb(kﬁ’ ky)

«Fm kg, ky) BdBda 39
w/2
Z= [ [ )
-Flky(k@,k BdBda (40)
w/2
Z’f,yjk = Zgjcil = _/ / G%h(kkay)
-ny(km,k ) Bdp da 41)

106 .
105 |

104 |

v -
102 [ omemirmmnee, [

MAGNITUDE (Ohms)

8.5505
FREQUENCY (GHz)

@)

98
8.548 8.553

-84.5 |- -

PHASE (Degrees)
8
(4]
1

Pl

-86.5 .
A d
i\ A
i pnynsby ot SN S Aby oty P A2 AV AA P
-87.5 1 .
8.548 8.5505 8.553
FREQUENCY (GHz)
(b)

Fig. 7. Driving point impedance of the inverted 'L antenna for the
TEMo,1,35 and TEMj 0,35 modes: (a) magnitude; (b) phase. Solid line,
simulation; dashed line, measurement.

where

Fi(kz, ky) = cos [k (5 — 24)] cos [ky (y; — )]

() 2 ] 2

: 2
. (cos (kxaz) : Z(gs (koa)> “@)
By (kay ky) = cos [ka (21 — 1)) cos [y (yi — yx)]
. ( 2ko - )2 [sin (kza/z)} ?
sin (kob) (kza/2) |
cos — cos 2
(gt o
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F (ko ky) = sin [k (@5 — zx)] sin [ky (y; — yi)]

_ [sin (kza/Z)] [sin(kyb/Z)]

(hoa/2) || (kyb/2)
cos (kya) — cos (koa)
(=)
cos (kyb) — cos (kob)
. ( R k% ) (44)

The expressions in (42)—(44) are the results of the Fourier
transforms of the basis functions evaluated in closed form.
Techniques for efficient evaluation of the integrals in (39)—(41)
can be found in [14], [15].

The excitation vector used for (25) is a delta-gap voltage
generator given as ‘

(45)

V. = 1 for p equal to feed point
P 10 otherwise.

REFERENCE PLANE

The driving point impedance at the location of the delta-gap
voltage generator is computed as

Yo

Zin =7

(46)
where I, is the current at the delta-gap computed by the
method of moments.

IV. COMPARISON OF COMPUTED
AND EXPERIMENTAL RESULTS

A. Inverted L Antenna

Comparisons of measured and simulated results were made
for the open cavity structure shown in Fig. 1 with an electri-
cally short inverted L antenna, shown in Fig. 5. The radii of
focal lengths of the spherical reflector are F,, = 0.894 308 m,
F, = 0.953839 m and D = 0.620494 m as determined in [2]
and for the antenna the wire diameter is 0.9 mm and length L
is 2.6 mm located at the planar reflector. The simulated results
are virtually identical to those in [2]. Note that the previous
work [2] is restricted to short wire antennas. For the simulation
the L antenna was divided into 10 cells with a delta-gap source
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Fig. 9. Impedance Smith chart showing the driving point impedance of
the patch antenna without the reflector: solid line, simulation; dashed line,
measurement.

placed between the first and second cells. The location of the
antenna in the cavity was at (—=90.6 mm, 15 mm) withd = 1.9
mm. The magnitude and phase of the driving point impedance
are shown in Fig. 6 for the TEMj ¢ 35 mode and in Fig. 7 for
the TEMp 1,35 and TEM; o 35 modes (the TEMj 1 35 mode
occurs first in frequency and then the TEM; g 35 mode.)

B. Rectangular Patch Antenna

A measurement of a coaxial center fed rectangular patch
antenna, shown in Fig. 8 with dimension L = 15 mm, W =5
mm, and d = 1 mm, was taken without the reflector. The
driving point impedance is shown in Fig. 9. Here the patch
was divided into 16 cells with a delta-gap source placed in
the center.

C. 3 x 3 Grid in Free Space

Measurements and simulations were performed in free space
for the 3 x 3 grid shown in Fig. 10. The grid consists of 9 unit
cells where each unit cell is of dimension 51.8 mm x 51.8
mm with the metallic grid lines having a length of L = 42
mm and a width of W = 6.35 mm. The gap spacing where
the active device would be was 9.8 mm. Fig. 11 shows the
driving point reflection coefficient magnitude for an extended
unit cell (93.8 mm x 93.8 mm) with the same grid line
width and gap spacing. Next the whole 3 x 3 grid structure
was considered. Fig. 12 shows the driving point reflection
coefficient magnitude in the center gap for the entire grid.
From these results we can observe that there is significant
mutual coupling between the grid elements. Measurements
and simulations were also performed for the other gaps in
the grid. The results indicate that the impedance for edge and
corner gaps differs from that of the middle gap due to the finite
extent of the grid. The technique presented here can calculate
coupling parameters and location specific impedances which
cannot be obtained using a unit cell approach.

EXTENDED
UNIT CELL

UNIT CELL

w

Fig. 10. A 3 x 3 grid in free space with the driving point impedance being
measured in the middle gap.

o o
[ o

MAgNlTUDE S11
»

0.2

2 3 4
FREQUENCY (GHz)

Fig. 11. Driving point reflection coefficient magnitude of the unit cell: solid
line, simulation; dashed line, measurement.

V. CONCLUSION

A full-wave moment method implementation has been de-
veloped for the analysis of quasi-optical systems. This tech-
nique uses a dyadic Green’s function which is derived by
separately considering the paraxial and nonparaxial fields.
This form of the dyadic Green’s function is particularly
convenient for quasi-optical systems because of its relative
ease of development. This leads to computation of the moment
matrix elements using a combination of spatial and spectral
domains. Two types of quasi-optical systems were analyzed:
the open cavity resonator, free space patch antenna resonator,
and the grid radiator, where the radiating elements in each
system were of finite size making no unit cell approximations.
As a verification of the moment method, simulated results have
been shown to compare favorably with measurements. The
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Fig. 12. Driving point reflection coefficient magnitude of the 3 x 3 grid:
solid line, simulation; dashed line, measurement.

technique presented here will aid in the design of quasi-optical
systems by accurately predicting the driving point impedances
of the radiating elements.
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