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Abstract—\We report a simple theory for the reduction of sub- TM Modes  TM Modes
strate modes in quasi-optical power-combining arrays. This quali-
tative theory predicts that detrimental substrate-mode effects can E-plane
be greatly reduced through a judicious choice of the array unit cell

size. Experimental evidence from quasi-optical tripler grids is pre-

sented to confirm the theory. Measured results show a dramatic
improvement in the radiation pattern and effective radiated power

of arrays with both grounded and ungrounded substrates.

Index Terms—Power combining, quasi-optics, substrate modes. TE Modes o

TE Modes
I. INTRODUCTION H-plane H-plane
:} TE Modes

outputs of many solid state-devices in free space
Some grid oscillators [1] have been quite successful
A 100-MESFET oscillator radiated 10 W at 10 GHz [2]. o
Other grid oscillators, on the other hand, have suffered fror / S
low-output powers and poor radiation patterns. The measure / LA e
radiation pattern from a 36-MESFET grid revealed 4-dB TaperedEdge/ l E-plane l

QUASI—OPTICAL grids are intended to combine the TElModes
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sidelobes [3]. A 35-GHz monolithic oscillator had sidelobes
only 2 dB less than the main beam [4]. Griffin [5] pointed out
that these poor patterns are due to substrate modes that radia.c
through the edges of the array. Substrate-mode excitation could @

also be the cause of poor performance in other quasi-optical o a .
devices, including amplifiers and multipliers. r -

TM Modes TM Modes

Substrate-mode power in grids can be reduced by choosing '
electrically thin substrates [6]. Monolithic grids, however, : ,
would be constructed on electrically thick high-dielectric-con- , E
stant substrates. In this paper, we present a simple qualitative = :
approach to minimize the effect of substrate modes through a : / Strip D‘P""’E a
careful choice of unit cell size. We confirm our theory with * Anti-Parallel '
measurements from quasi-optical tripler arrays built on high- : Diode Pair !
substrates. : ,

' v

Il. THEORY (b)

Our theory is based on the work of Rutledgfeal. [7], Pre- Fig. 1. (a) Square dipole array layout. The element spacing is in both

ventza [8], and Pozar [9], [101‘ We begin by Considering a qua%i;zr)%(;tgons. (b) Unit cell detail. We have used packaged Metelics MS30-346-E20

Manuscript received July 25, 2000. This work was supported by the U.§ptical grid as an array of short dipoles on a substrate, as shown
Army Research Office Quasi-Optic Multidisciplinary University Research Ini-

tiative Program through the California Institute of Technology under a grant." Fig. 1(a). _FOI‘.SII‘_nphCIty, We assume a square array, where the
A. Al-Zayed is with the Department of Electrical Engineering, North Carolinglipole spacing is in both directions and there aré elements

State University, Raleigh, NC 27695 USA. _ on each side. For a given substrate thickness and dielectric con-
R. R. Swisher is with the RF Sensor Division, Naval Air Warfare Centegt t the effective dielectri t d th fi
Barking Sands Pacific Missile Range Facility, Kauai, Hl 96752 USA. ant, the effective dielectric constasff' and the propagation

F. Lécuyer is with Radio Frequency Systems Inc., Meriden, CT 06450 Usgonstant3 of the various dielectric slab waveguide modes can

_A. C. Guyette and M. P. De Lisio are with the Department of Electrical Erreadily be determined [11]. The orientation of the dipoles is such
gineering, University of Hawaii at Manoa, Manoa, HI 96822 USA.

Q. Sun is with Space System/Loral, Palo Alto, CA 94303 USA. tha}t TE slab modes will propagate perpeqdicular to the dipole
Publisher Item Identifier S 0018-9480(01)04001-7. axis; these TE modes will degrade the gridisplane pattern

0018-9480/01$10.00 ©2001 IEEE



1068 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 6, JUNE 2001

0 IllllllllllllllllIIIIIIIIIIIIIIIIIIIllIIIIIIII 1] I l 1 1 I 1 1 I 1 T I T Ll I 1 1]
TEO Mode & Total Power 0
N - === TMO Mode
-10 31mm

-5

lllllllllllllllllllllF

Measured

0
-
(34
wrvrrigvrrrprrrep vy
| 1 | | |

Relative Substrate Power, dB
b
Relative Power, dB

i ]
2N 3 -10 ! b oo Theory ]
a0fF 3 | i ; R
E 3 L nol PN .
asf 3 [ AR ]
- \ 3 Py 1]
= \ — -15 — [ oy . —
-40 \ 3 - AT i A -
C 3 \ \
F B 3 - Py A .
45 [~ Voo -3 - N [ Y A "
- oL - BRI KN oy by pd
_501|n|||||‘]’|||||||\1|||.f|n\||||||1Tn||||||u||l|||i' 20 VT ST S N1 AT B B R YA A
0 5 10 15 20 25 30 35 40 45 50 -80 -60 -30 0 30 60 90
Unit Cell Size, mm Angle, degrees
Fig. 2. Relative substrate-mode power as a function of unit cell gize @)
for a 36-element array at 5.2 GHz on an ungrounded substrate. The guidec LN RN N N B B N MM B N B B B
wavelength of the TE mode is 31 mm. o -
. —— Measured o
[ ———— Theory 7
51— =
m = .
T
‘c-; - -
3, L 5t
Notch 2 10— ]
Filter s : :
& ]
Sweep - \ i V!
Oscillator 15 \ ! = !
- V! Ly
Analyzer - ! : ! !
I V) Ly
Fig. 3. Schematic of the far-field measurement setup. Measurements on -20 11 1!
grounded arrays are performed in reflection. -90 -60 -30 0 30 60 90
Angle, degrees
by radiating from the edges of the array. TM slab modes, on the (b)
other hand, will propagate parallel to the dipole axis and theg. 4. H-plane radiation patterns at an output frequency of 5.2 GHz on
cause poot- plane patterns. ungrounded substrate. (a) Larger (31 mm) unit cell. (b) Smaller (25.6 mm) unit

ceII The theoretical patterns were generated assuming a uniform array of short

We next assume that each dipole in the array is excited witf§g;es.

uniform amplitude and phase. This is a clear over5|mpl|f|cat|on

especially for oscillator arrays where the phase between ele-

ments may be determined by the dynamics of the locking med@gveloped by Rutledget al.[7]. The first two terms in the in-
anism. Our uniform assumption is more valid for quasi-optic#drand are familiar from antenna array theory. The function
amplifiers and mixers, where the illumination can control the eEF (¢) is the element factor for the short dipoles anchis’ 6 for
ement excitation to a great extent. Nevertheless, the slab-mddemodes anein® 6 for TM modes, with¥ defined in Fig. 1(a).
power that the entire array excites can be calculated by intd?€ mode power in (1) is a function of the element spaairige

grating in the plane of the substrate. The power in a single-sigigb mode power will be large for certain spacings (e.g., spac-
mode P will be given by the expression ings near a full guided wavelength) and will be small for other

spacings.

27
P K/ sin? N/3ac059/2) sin (N/3a51n9/2)

sin*(facos0/2)  sin’®(fasind/2) [l. M EASUREMENTS—UNGROUNDED SUBSTRATE
xEF(6)dg8. (1) ) _ o )
To test this approach, we fabricated quasi-optical tripler ar-
The coefficientX is used to relate the power levels in differentays using antiparallel diode pairs in each unit cell, as shown in

slab modes and can be calculated using the reciprocity appro&a 1(b). The arrays were constructed on an ungrounded Rogers



AL-ZAYED et al. REDUCTION OF SUBSTRATE-MODE EFFECTS IN POWER-COMBINING ARRAYS 1069

Relative Power, dB
Relative Power, dB

30

90 -60 -30 o] 30 60 90 -30 0 60 90
Angle, degrees Angle, degrees
a
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g - 3 Fig. 7. H-plane radiation patterns at an output frequency of 6.0 GHz on
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_g C 3 cell. The theoretical patterns were generated assuming a uniform array of short
® 35 3 dipoles.
[} = =
o = i /3
-40 - Voo t 3 . )
= I ] 3 agate in the substrate: th&, andTM, modes. Fig. 2 shows
-45 ooy Fa A the relative substrate-mode power as a function of unit cell size
- 4 ! 7 . . . .
so bbb b b/ B i b for these modes. A single dipole will excite 26 dB more power
0 5 10 15 20 25 30 35 40 45 50 into the TE mode than into the TM mode, which means the TE

Unit Cell Size, mm mode dominates the total substrate power. Furthermore, the TE

Ei . ) . .__mode power excited by a lone dipole is about 12 dB greater
ig. 6. Relative substrate-mode power as a function of unit cell gize . . . . . .
for a 36-element array at 6.0 GHz on an ungrounded substrate. The guidd@n the power that dipole will radiate into the air. We fabri-
wavelength of the TE mode is 25 mm. cated two arrays with unit cell sizes of 25.6 and 31 mm. The
larger grid should excite over 20 dB more substrate power than
RT/Duroid 6010 substrate with a nominal relative dielectric cothe smaller array. These substrate effects should be evident in
stant of 10.5. For our calculations, we use a higher dielecttlee grid’s H-plane radiation pattern.
constant to account for the anisotropy of the substrate [12]. TheWe measured the radiation patterns by illuminating the grids
edges of the arrays were tapered to reduce standing waves intfth power at one-third of the 5.2-GHz output frequency. The
slab. At an output frequency of 5.2 GHz, two modes can projftuminating source’s third harmonic was removed with a notch
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Fig. 10. E-plane radiation patterns at an output frequency of 4.9 GHz on
grounded substrate. (a) Larger (31 mm) unit cell. (b) Smaller (25.6 mm) unit
cell. The theoretical patterns were generated assuming a uniform array of short
dipoles.
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-40 rays. The larger array has very high sidelobes, which are indica-

45 tive of substrate-mode excitation. The smaller grid has a much
better radiation pattern, with a 9-dB sidelobe level. We con-

50 clude that the substrate moding effects are greatly reduced. The

0 5 10 15 20 25 30 35 40 45 50

Unit Cell Size, mm E-plane pattern of the smaller array was good and showed no

evidence of substrate modes, as shown in Fig. 5. A nonuniform
Fig. 9. Relative substrate-mode power as a function of unit cellsite a  current distribution may be the cause of the beam broadening.
36-element array at 4.9 GHz on a grounded substrate. The guided waveledptaddition, the peak effective radiated power (ERP) measured
for the TM mode is 30.5 mm. by our receiving antenna was 13 dB higher for the smaller grid.

Our measurements are summarized in Table |. These results in-
filter to eliminate confounding effects. Fig. 3 illustrates the mealicate that a small change in cell size can have a dramatic effect.
surement setup. The radiated power from the tripler grids couldTo further validate our theory, we tested the same grids at an
then be separated from the input power with a spectrum amatput frequency of 6.0 GHz. In this case, we predict the smaller
lyzer. Fig. 4 shows théf-plane radiation patterns for both ar-(25.6 mm) grid will excite more substrate-mode power than the
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radiation patterns for both arrays. The larger array has high side-
lobes—only 3 dB below the peak—which indicate significant
substrate-mode excitation. The smaller grid had a much better
radiation pattern, with a 12-dB sidelobe level. THieplane pat-

tern of the smaller array showed no evidence of substrate modes,
as shown in Fig. 11. In addition, the peak ERP measured by our
receiving antenna was 16 dB higher for the smaller grid. Our
measurements are summarized in Table Ill. Again, these results
confirm our predictions.

V. CONCLUSION

In this paper, we have presented a simple qualitative theory
for predicting the substrate-mode power in grid arrays. This
theory predicts that the deleterious effects of substrate modes
can be greatly reduced through a careful choice of the grid’s
unit cell size. We verified these predictions with experimental
results from multiplier grids on both grounded and ungrounded
substrates. We found that small changes in the unit cell size can

Fig. 11. H-plane radiation patterns for the smaller (25.6 mm) array at ddave a dramatic effect on the grid’s radiation patterns and ERP.

output frequency of 4.9 GHz on grounded substrate.

TABLE Il
SUMMARY OF MEASURED RESULTS—4.9-GHz ARRAY ON GROUNDED
SUBSTRATE

This technique may be useful in the design of monolithic
quasi-optical components constructed on electrically thick sub-
strates. This approach is most applicable to amplifiers, mixers,
and other arrays with a quasi-optical input, as the incident beam
will largely control the amplitude and phase distribution of the
elements.

Cell Size | E-plane Sidelobe Level | Relative Peak ERP
(mm) (dB) (dB)
25.6 -12 0
31 -3 -16
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radiation pattern is poor, resembling a monopulse pattern, with
no main beam at all. The larger grid has a much better pattern,
with 8-dB sidelobes. The larger grids-plane pattern is very

. ) . I Y
good, with no evidence of substrate moding, as shown in Fig. 8.
The peak ERP radiated from the smaller grid was 11 dB lower
than the power from the larger grid. These results are summal?
rized in Table Il. Again, we see the unit cell size can greatly
affect the grid’s performance. [3]
IV. M EASUREMENTS—GROUNDED SUBSTRATE [4]

To further validate our theory, we tested the performance of

our arrays when placed on a thicker grounded substrate. Two
slab modes can propagate in the substrate at a frequency d¥%!
4.9 GHz: theTM, and TE; modes. A single short dipole on
this grounded substrate will excite 5 dB more power into the TM [6]
mode than into the TE mode. Furthermore, the TM mode power
excited by a single dipole will be about 6 dB greater than them
power this dipole will radiate into the air. Fig. 9 shows the pre-
dicted substrate power as a function of unit cell size. At larger
cell sizes, the TM power dominates. We would, therefore, ex-
pect a degradation in the arrayfs-plane pattern. We predict
that the larger (31 mm) grid will excite 16 dB more substrate [°]
power than the smaller (25.6 mm) grid. We measured the radiqm]
tion patterns reflected from the array. Fig. 10 showsHhglane

(8]
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