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A Wide Scan Quasi-Optical Frequency
Diplexer

JOHN J. FRATAMICO, JR., MICHAEL J. GANS, AND GERALD J. OWENS

Abstract —A wide scan quasi-optical frequency diplexer is required for

certain antenna applications. A wavegnide array is a structure which can fill

this requirement and also discriminate proximal frequencies. The wide scan

characteristics are enhanced by tilting the wavegnide axes with respect to

the wavegnide-free-space interface. A variational analysis of this structure

is presented, as well as experimental verification using a Ku-band model.

I. INTRODUCTION

I N STEERABLE imaging antennas, there is need for a

quasi-optical frequency diplexer which can operate

over wide angles of incidence [1]. An example of such a

scanning spot beam antenna is shown in Fig. 1. Reflectors

are used to produce a large image of a small phased array

feed. As a result, the small feed array must have an angular

field of view M times larger than that required of the

overall antenna (where M is the magnification of the

reflector arrangement). By placing a quasi-optical frequency

diplexer in front of the feed array at an oblique angle to

the center ray, it is possible to separate the transmit and

receive bands into two separate feed arrays. This allows the

feed array designs to be optimized for each frequency band

and, compared to diplexer filters in the feed network, the

quasi-optical diplexer has lower reflection ripple and trans-

mitter to receiver leakage because reflections from the

diplexer and leakage through the diplexer are radiated out

into space. However, because of the magnification, the

quasi-optical diplexer must operate over a wide range of

angles of incidence.

In this paper we describe a waveguide array diplexer

which can discriminate proximal frequencies with low

sensitivity to incident scan angle. In the process, we solve

the problem of scattering from a tilted periodic structure.

The particular diplexer described here will pass 14.0-14.5

GHz and reflect 11.7– 12.2 GHz with incident scan angles

of 40° –60° into the E-plane, and —20° – + 20° into the

H-plane.

Traditional FabW–Perot diplexers are unable to operate

over such wide scans and still maintain good frequency
discrimination. In addition, they exhibit walkoff at large
incident angles [2]. This problem is aggravated by using

multilayers.
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Fig 1. Imaging satellite antenna with 12/ 14-GHz frequency dlplexmg

and overall magnification of 7.

Resonant grids have also been used as diplexers. It is

possible to design a resonant grid which will behave as a

four-pole filter, e.g., the gridded Jerusalem cross [3]. With

this arrangement, a single grid may be used to separate

frequencies as close as 1.5:1.

To separate closer frequencies, there is strong motivation

to using a structure with a well-defined cutoff. In this way,
arbitrarily large attenuation of the stopband may be ob-

tained by making the structure longer. A periodic array of

waveguides is a structure fitting this requirement [4]. The

dimensions of the guides and the periodicity of the lattice

are parameters with which the filtering properties of the

0018 -9480/82,/0100-0020$00.75 01982 IEEE



FRATAMICO et (2[. : QUASI-OPTICAL FREQUENCY DIPLEXSR 21

diplexer may be adjusted. If necessary, iris and dielectric

loading can be employed [5].

In fabricating a waveguide array, it is possible to tilt the

waveguide axis with respect to the waveguide–free-space

interface. It will be shown that significant improvement

can be obtained by tilting the axes in the direction of the

large angle scan. Motivation for this procedure is derived

from analysis of thin, tilted, parallel plates. If the plates are

tilted to an angle of 0, then they provide unity transmission

to E-plane scans of &8. (The minus sign follows from

reciprocity.) Therefore, we expect that a large E-plane tilt

will improve diplexer performance by providing less inser-

tion loss throughout the passband over a wider range of

incidence angles.

II. ANALYSIS

Since the diplexer is a periodic structure, the tangential

components of the scattered fields may be decomposed

into Floquet modes [6]. The modes, orthonormalized over a

period, are given by

T
,ddy y (t+?)exp(–j(kXx+k y)) k

lpq =

@2pq =

,;;)1/2 (if+) ‘1)

exp(– j(kXx+kyy)) k

where ~lpq is the (p, q ) TE Floquet mode and ~2Pq is the

(P, q) TM mode. If (lX, tY) are the incident direction
cosines, then

kr=(k:+k; )l’2 (2)

where dX, dy, and a are lattice constants, as shown in Fig.

2. The propagation coefficient 17is given by

r2=k:–k:. (3)

Inside the guides, it is most convenient to use the TE

and TM waveguide modes, as these individually satisfy the

wall boundary conditions. The tangential components of

the electric and magnetic fields for the reference waveguide

are given by

Fig. 2.
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where

kc=?

kv=~
a Cos T

The modes in the other waveguides are phase shifted in

such a way as to be consistent with the excitation. Note

that the waveguide modes are not orthogonal over the

aperture surface. It is not possible in general to choose a

set of modes for which both orthogonalization conditions

ckIH =exp(yysin~)[ -k~coskfxsin (k~ycos~)2 +ktsinkExcos(kny cos~)cos~j]

[

k2

1
‘kqcoskgxsin (kqycos~)cos~+ %cosktxcos (kqycos~)sin~ f2 x ~,m. =exp(yysin~) ~upo

[ [

k2
‘2mn 11=exp(yysin~) —kgcoskixsin (kvycosr)i — kqsinkgxcos (kqycos~)cos~+ ~ sink$xsin( kqycos~)sin~ $

– jticO
— [kgcoskgxsin(kqy cos~)cos~i + kqsinkfxcos(k,y cos~)$] (4)Ex ~2mH =exp(yysin~) y
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hold, that is to have simultaneously r
<e

‘2e

‘J

d2r2,m~.tZ~Pq K 8rmn, r’pq
A 1

/
d2rF ,m..i X @8pqa 8,m. ,,pq. (6)

A

We first determine the scattering matrix for a semi-

infinite diplexer. Suppose the incident field is from free

space (z> O). Then, replacing triple subscripts by single rim
subscripts rzm

E= Fnc+’ ~ @L=~arE, R(c) (7) ,

2X~=2X~”:-~~;~1=~aL2X~L R(A) (8)
1 z

where (~) is the modal admittance of the i th Floquet

mode

Exploiting the orthonormality of ~, we obtain

z;~~~=~,r[~TTt(r)~T(r)][~a,~,(r)]

J

Fig. 3. Inserted currents. Negative mode reflector is an electric current

wall; positive mode reflector is a magnetic current wall.

(9)

incident mode. Direct solution is complicated by the non-

orthogonalit y of the waveguide modes, and fails to achieve

the variational and power conserving properties listed

above. An indirect solution is obtained by resolving the

free-space incidence problem in the presence of a wave-

guide scatterer. (Fig. 3.) The scatterer may be chosen in

such a way that it supports those currents, electric or

(10) magnetic, which will reflect only one waveguide mode. The

reflection coefficient will be chosen either plus or minus

one for that particular mode, but will be zero for all other

modes. Therefore we calculate the scattered fields twice,

once in the presence of a positive waveguide mode reflec-

tor, and once with a negative reflector. By combining the

results of these calculations, the relevant scattering coeffi-

(1 ~) cients for a given waveguide mode maybe determined.

The presence of these single mode scatterers affects the

analysis in a trivial way. For instance, suppose we are

interested in scattering from the TE,0 mode. Then the

dominant mode fields at the aperture become

(12)

()

Tx
Z1lO=~sin ~

This equation is solved for the a, by means of a matrix

inversion. The ~ are determined by continuity of electric

field

(13)

Thus we have determined the scattered field for arbitrary

free-space excitation. It can be shown that this analysis is

variational in the assumed aperture field [7]. It also has the

desirable property of conserving complex Poynting power

across the aperture.

To completely specify the scattering matrix, we must

also consider the problem of scattering from a waveguide

.cos~[exp (ylOysin ~)~exp( –ylOd–ylOysin~)]j

-. 7i21

() (-)

TX
2X II,10=2 — —

b ja~O Cos b

. sinr[exp (y10ysin~)7exp(– y,Od – ylOysinr)]

Ylo g sing
+j—

jupo b b

. [exp(y,,ysin~)~ exp(-y,,d-y,oysin r)] (14)

where the lower signs indicate positive reflection, and the

upper signs indicate negative reflection. We can then com-

bine the solutions to obtain the scattered fields from free

space or waveguide incidence (Figs. 4 and 5).
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Under this condition, we have

‘w%~
2wewm

Fig. 4. Free-space incidence. No reflected wave inside the guide.

Fig. 5. Waveguide incidence. No reflected wave in free space.

Since a magnetic wall will produce a positive reflection,

and an electric wall will produce a negative reflection, we

denote by subscript m the fields scattered with a positive

reflector, and by e the fields scattered with a negative

reflector, as indicated in Fig. 3. Letting sub w represent the

waveguide mode of interest, and subs 1 and 2 the

copolarized and cross-polarized free-space modes, respec-

tively, we obtain the scattering coefficients

~1, = ‘tnrle + ‘erlm

Wm+ we

~2, = ‘mr2e + ‘er2m

Wm+ we

2wmwe
SW,=

Wm+ we

SWW=~~~exp(–ylOd)
me

C7w = ‘lm – ‘1.
w +W exp(–ylOd)

me

S2W= $~$ exp(–ylOd).
me

(15)

T=
S~lS~Wexp ( – ylOl,)

c“po[ 1– S~WS~Wexp(–2y101e)

S~lS{wSJwexp(–2 Y10Z,)
R COpol= S[l +

1– S; WS~Wexp(–2ylole)

T=
S~,S~WexP ( – y~O/e)

“01 1 – S& S~Wexp ( –2Y101,)

R ,Po, = s;, +
S~lS~WS~Wexp (–2y011,)

1– S~WS~Wexp(–2y011e)
(16)

where superscript 1 indicates the scattering coefficient from

the aperture on the incident side of the diplexer, and

superscript r indicates the scattering coefficient from the

opposite side. The length between reference planes 1, is

given by

Ie=l–asinr. (17)

III. ACCURACY OF ANALYSIS

The accuracy of this calculation is greatly supported by

the variational nature of the analysis; i.e., the scattering

coefficients are stationary in the assumed aperture fields.

Since the aperture electric field is approximated by a sum

over the waveguide modes, we require only a small number

of waveguide modes to yield accurate scattering parame-

ters. This is fortunate, as the size of the matrix to be

inverted is equal to the number of such modes used.

Satisfactory convergence was obtained using 10 waveguide

modes and 98 Floquet modes (all Floquet modes with

indices <3). Note that the Floquet modes affect a summa-

tion rather than an inversion.

It is useful to check the numerical accuracy of the

program, in particular the matrix inversion. This may be

done by calculating the approximate complex Poynting

power on either side of an aperture. The analysis guaran-

tees that this quantity should be continuous, even when the

number of modes is truncated. An advantage was found in

using a double precision inversion routine, as the matrix

was not always well tempered.

In addition, there exist sets of conditions under which

the structure becomes an analytically solvable scattering

problem. When the diplexer is a block array of infinitesi-

mally thin walls, and the excitation is from the H- or

quasi-E-planes, the scattering problem becomes scalar, and

can be solved by the Wiener–Hopf technique [8]. Such an

analysis was performed, and there was found to be excel-

lent agreement.

The scattering matrix for the apertures on the other side

of the diplexer are found in the same way. Note that IV. RESULTS

symmetry requires that conjugate excitation be considered An important consideration in periodic scattering is the

on the opposite side. Once the scattering matrices for the elimination of grating lobes. The incipience of grating lobe

apertures are calculated, it is a straightforward procedure propagation is marked by a discontinuity in the first de-

to calculate overall transmission. In a practical design, only rivative of the transmission coefficient, and a significant

the dominant mode appreciably couples the apertures. misdirection of power.
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From (2), (3), the conditions for grating lobe elimination

are apparent. The (p, q) mode will be evanescent when

(k:+k;)p,q> k;. (18)

For a block array (a = 900), grating lobes will be eliminated

if

max(tY)<~–l (19a)

2f/r
max(tt)<~ -l. (19b)

Condition (19a) is easily satisfied, as (kOdY) maybe made

arbitrarily small. However, condition ( 19b) is an important

constraint, as ( kOdX ) must be greater than r at the low end

of the passband. This suggests the inappropriateness of

placing the large angle scan in the H-plane.

The situation is improved by using a brick structure

(a=arctan(2dY/dx)). If (T/2kOdY) is made larger than
unit y, the only constraint becomes

4T
max(tX)<~–l. (20)

This condition is easily satisfied for all incident scans.

The higher order modes, even when evanescent, repre-

sent a reactive load of the scatterer. Their dependence on

frequency and incidence angle is minimized by making

(k,) as large as possible. This is motivation for choosing a

brick array with high aspect ratio waveguides.

The various parameters of the diplexer were varied so as

to provide, for a range of scan angles from 37.5 ”–62.5°

into the E-plane and – 22.5–22.50 into the H-plane, the

least insertion loss over the receive frequency band (pass-

band) while maintaining no more than 0.2 dB return loss in

the transmit frequency band (stopband). Results were rela-

tively insensitive to H-plane wall thickness, so it was

chosen thick enough for strength. The E-plane waveguide

height was chosen as large as possible, without significant

reduction in diplexer performance, to reduce fabrication

cost. In this way an optimum design was determined with

computed results. The results indicated the following opti-

mum diplexer properties: the width of the waveguides is

determined by cutoff frequency, which must lie between

the two bands. The length of the guides corresponds to

approximately one half of a guide wavelength in the pass-

band. Best wide scan performance is obtained when the tilt

angle is chosen close to the larger E-plane scan. The

E-plane wall thickness cannot be too thick or too thin

without degrading the electrical properties.

For application to the scanning spot beam

optimal design was numerically found to be

b=l.16 cm, brick array

a =().22

dX = 1.26

d, =0.32

1=2.40
and

~=0.95 rad.
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Fig. 6. Optimal diplexer tra.nsmissnuty. This diplexer employs a brick

array, tan a =2 dY/dx.

As shown in Fig. (6), the diplexer produces a coupling

loss of less than 0.3 dB in the passband, and a return loss

of no more than 0.2 dB in the stopband. The phase of the

transmitted field is nearly flat across the passband.

For comparison, the dashed curve in Fig. 6 shows the

transmission at 62.5° E-plane scan of an optimized di-

plexer with zero waveguide tilt (whose dimensions were

found to be identical to the tilted guide diplexer, except

~ = O). Note that the passband is much narrower.

V. EXPERIMENT

An experiment was performed to further verif y the anal-

ysis presented in this paper. The diplexer which was built is

described by the following parameters (see Fig. 7)

b=l.168 cm, block structure

a =0.509

dX = 1.270

dY =0.686

1=2.388
~=().96rad.

This suboptimal design (block rather than brick and re-

duced aspect ratio) was chosen to expedite fabrication. The

overall dimensions of the diplexer are 79 cm (E-plane) by

38 cm (H-plane). The dimensions were chosen so that the

projection would be approximately square when viewed
from a 60° E-plane scan.
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Fig. 7. Experimental diplexer using egg-crate block construction.
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Fig. 8. Gaussian beam design for measuring the diplexer.

The transmissivity of the diplexer was determined by an The data was taken by sweeping in frequency. It was

insertion loss measurement. Two launchers were used to therefore important that the location of the beam waist be

form a symmetric focused Gaussian system. The reduction frequency independent. A single reflector launcher cannot

in coupling caused by placing the diplexer at the beam achieve this property. However, it is easily shown that a

waist provided a measure of transmission loss. The beam dual reflector confocal launcher does transform a source to

size was chosen such that the – 20-dB part of the beam an image, independent of frequency. To minimize bloc-

was near the perimeter of the diplexer. At 14 GHz, the kage, an offset confocal arrangement was used, as shown in

Gaussian beam had an angle spread of approximately Fig. 8. Only one of the two beam launchers is shown. An

*2.5 0 to the —20-dB points. identical launcher is placed on the far side of the diplexer
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Fig. 10. Measured transmission corresponding to calculated curves of
Fig. 9.

for transmission measurements and in the specular reflec-

tion direction for reflection measurements. Reflection mea-

surements were compared to a flat conducting plate.

The feeds selected were dual mode horns 191. These. .

conical horns combine the TE~i and TM~l modes in such a

way as to obtain a nearly symmetric radiation pattern,

coincident phase centers in the principal planes, and well

suppressed side lobes.

The theoretical and experimental results are shown in

Figs. 9 and 10. We note that the frequency behavior of the

two plots are in close agreement. Also, the measured

transmissivity was insensitive to small H-plane scans, as

predicted (result not shown). However, the experimental

curve shows an additional 2-dB insertion loss. Further

experiments indicate that the reflected power could account

for no more than 0.5 dB of this loss. Therefore, we con-

clude that most of the disparity is due to ohmic dissipation.

This is probably due to the method of diplexer fabrication,

an “egg crate” technique. Slits were made in the horizontal

and vertical vanes in such a way that they could slide

together. This unfortunately leaves gaps in the corners of

the waveguides, where dominant mode current is at a

maximum. To overcome this problem, the diplexer was

coated with a silver conducting paint several skin depths in

thickness. Since the paint resistivity is much greater than

that of metal, we experience absorption loss. It is expected

that this loss could be significantly reduced by dipping the

diplexer into a metal bath.

By rotating the diplexer during reflection, negligible

beam broadening was observed relative to the flat plate

and side lobe variations relative to the flat plate indicate

scattering in directions other than specular were at least 40

dB lower than in the specular direction.

VI. CONCLUSION

It is demonstrated in this paper that a waveguide array

diplexer can meet the severe specifications imposed by a

steerable imaging antenna. Its frequency dependence is

largely geometric, and therefore it is relatively insensitive

to incident scanning angle. It does not rely on exciting a

resonance to reflect the stopband, and therefore its return

loss is not as sensitive to ohmic dissipation as a resonant

grid.

The analysis of this structure takes into account wave-

guide dimensions, lattice dimensions, tilt angle, and inci-

dent scan angle. It does not consider the effects of loss,

although a perturbative modification would not be dif-

ficult. An interesting feature of the analysis is that it

provides variational, power conserving expressions for

scattering from a tilted interface. Waveguide mode ortho-

gonalization was not required to produce these properties.
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Numerical Evaluation of
Inductance Influences of Superconducting

Lumped

Circuit Interconnections on Ultrafast
Switch@g Signal Propagation Characteristics

JIRO TEMMYO AND HARUO YOSHIKIYO

Ahtract —The lumped inductance influences of superconducting circuit

interconnections on rdtrafast switching (-10 ps) signal propagation char-

acteristics, such as propagation delay, degradad syiteking time, reflections,

amplitude distortions, and crosstafk, were for the first time quantitavely
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oricho, Musashino-sbi, 180 Tokyo; Japan.

evafuated by using the LNAP computer simulation, includlng the influences

of matching capacitors and terminated resistor value.

I. INTRODUCTION

J OSEPHSON LOGIC and memory chips are being

investigated to evaluate its potential for high perfor-

mance computers [1]. The very 10VVpower dissipation of

Josephson chips permits its high circuit density per unit
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