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Two-Dimensional Structures
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Abstract— The two-dimensional (2-D) hybrid dielectric
slab—-beam open and closed waveguide systems are suitable
for the design of planar quasi-optical integrated circuits and
devices. An open system consisting of an active E-plane amplifier g
array consisting of Vivaldi-type antennas with MESFET and
monolithic microwave integrated circuit (MMIC) devices was
investigated. The 4x 1 MESFET amplifier array generated 11
and 4.5 dB of amplifier and system gain, respectively, at 7.12
GHz, and the cascade MMIC Vivaldi-type antenna produced (@)

24 dB of amplifier gain at 8.4 GHz. Also, experiments on a

new 2-D H-plane parallel-plate closed system with a stripline

slot antenna is introduced, and the wavebeam-mode theory is Lo pioitnd place
presented. The new system minimizes scattering and isolation

losses associated with open structures. The amplifier gain of the

closed system based on slot antennas is compared to the open

system based on Vivaldi antennas.
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|. INTRODUCTION Fig. 1. Passive 2-D quasi-optical power combining system with concave
o _lenses. (a) Open structure. (b) Closed structure.
ATIAL power combining has emerged as a promis-

ng technique for power combining at millimeter andiimensional (3-D) space [1], [2]. However, two-dimensional
submillimeter-wave frequencies. One embodiment of spati@-D) technology offers an alternative approach with signif-
power combining is quasi-optical power combining, in whicitant advantages. Mink and Schwering [5] proposed a 2-D
radiation by individual elements of an array of solid-statgybrid dielectric slab—-beam waveguide (HDSBW) which is
active devices is combined utilizing wavebeam principlesaore amenable to photolithographic definition and fabrication,
Optical lenses are utilized to provide periodic refocusing efnd is more compatible with MMIC technology [3], [4]. The
the beam and to combine power in a single paraxial modeD HDSBW has reduced size and weight, and improved
The large transverse and longitudinal dimensions of the quaséat-removal capability, which results in lower costs.
optical structures provide a significant area for the active The 2-D quasi-optical systems we have reported on are open
monolithic microwave integrated circuit (MMIC) devices anglanar structures, which consist of one ground plane and di-
control components to be included within the structure. Theectric slab [see Fig. 1(a)]. Open systems have demonstrated
most mature quasi-optical structures include grid amplifiefse ability to combine power from a source array. In this paper,
and resonant cavities where the power is combined in threge document the lessons learned with the open structure,

_ _ _ _ Oparticularly excessive scattering losses. Here, we report on our
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Fig. 3. Input and output coupling antennas on RT/Duriod substrate. (a)
MESFET Vivaldi amplifier. (b) MMIC stripline slot ampilifier.
placed on top of the dielectric slab and with the array located

under the dielectric slab in the bottom ground plane. The tran

Amplifier Array
Convex/Concave Phase Transformer

or

Fig. 2. The 2-D HDSBW system with convex/concave lenses and %
MESFET amplifier array.

verse electric (TE) modal field solution shows that the electric s Fs
field distribution is high at the air-to-dielectric interface anc i AN
reaches a minimum at the dielectric-to-ground interface. Wit : Bt o il |\ ot {
the antenna located at the top interface, the high field distrib Ein g0 B 1 e Eoutd
tion causes perturbations and variations, which make it difficu Ein Esui
to predict and control the phase distribution of the array. Ac = Eind<Ue R /e Eowa )
ditional problems with the open structure consists of radiatio : P
losses from the dielectric top and sidewalls, beam confineme E""J""=: 5
to within the dielectric slab, and scattering loss of the Vivald
antenna [see Fig. 3(a)]. The losses associated with the of
system can be minimized by using a closed system [si
Fig. 1(b)], by placing the amplifier array under the dielectric NP -
slab in the ground plane, and utilizing a stripline slot antenn: SRS RN

This paper extensively documents the Vivaldi antenna-bas [ astren
system and presents mode theory for the closed system & Ein Tl WWAVES | o Eout=EN®i 4 £afy
initial results for the preferred closed system with stripline - b ——
slot-coupled antennas. A closed system employing two grout . | THERysH i

planes, a parallel-plate system, is used to minimize the loss
associated with the open systems. The waveguide confines
transverse magnetic (TM) modal wavebeam, which provide .
maximum coupling to the source array located in the bottoRw. 4. Electric-field wave model for 2-D power-combining system.
ground plane. The system performance is also enhanced by
replacing the Vivaldi antenna with a stripline slot antenna. Thiistribution in they-direction is that of a wavebeam mode
Vivaldi has greater bandwidth than the slot antenna; howevéguass—Hermite), which is guided by the lenses through pe-
the Vivaldi has a larger metallic surface area that produceedic reconstitution of the cross-sectional phase distribution.
scatter. Also, the Vivaldi has poor isolation between thEhe guided modes are either TE or TM polarized with respect
input and output antennas because the antennas and amplidighe direction of propagation. The theory for the 2-D open
are on the same plane and the input and output are HDSBW was developed by Mink and Schwering [4].
close proximity. The stripline slot antenna can be used in aThe 2-D HDSBW principle is used to obtain signal ampli-
multilayer configuration, with the slots and amplifier locatefication similar to that of a traveling-wave amplifier. An array
in different planes, thereby improving isolation between thef active elements located underneath the dielectric slab is
input and output slots, and minimizing scattering loss. placed in the path of the wavebeam, as shown in Fig. 4. Each
Both open and closed HDSBW systems utilize two distinetctive element consists of a pair of back-to-back Vivaldi or
waveguiding principles to guide the electromagnetic wawdot antennas with an amplifier or MMIC inserted between the
[5], [7]. For the open system, the field distribution in théwo antennas. Part of the incident signal, the through wave,
z-direction is that of a surface-wave mode of the groundemhsses through the dielectric slab undisturbed.
dielectric slab; the wave is guided by total reflection at the The remaining signal is amplified by the array. The first
air-to-dielectric interface, and parameters are adjusted sudkialdi or slot antenna couples energy from the incident travel-
that energy is transmitted primarily within the dielectric. Inng wavebeam, and the second antenna reinserts the amplified
the closed system, the field distribution in thedirection is signal back into the traveling wavebeam. Maximum coupling
that of a parallel-plate waveguide. In both systems, the fiedd the array occurs when the energy from the first lens focuses

Elh |+ i
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energy to the input of the antennas. The signal is amplifiechere A4,,, and B,,, are the electric- and magnetic-field
by the MESFET’s and is coupled by the output antennas moermalization factors, respectively, which are yet to be de-
the traveling wavebeam, where it combines in phase with ttermined. Utilizing the boundary conditions (5), tB€,,(x)
through signal. Consequently, a growing traveling wavebednmction is expressed in terms of orthogonal sine and cosine
mode is established within the guiding structure resulting fanctions in thez-direction for ¢,,,, and h,.,,, while the

increased output power. Qr(z, y) function describes the slow variation in the
direction. It is defined as [1]
1
[ll. BEAM-MODE THEORY IN A Qnly, 2) = ———e (1+,/37m)1/4
CLOSED SLAB—BEAM WAVEGUIDE VYnly/m
The closed 2-D power-combining systems consist of two . He V2y oxp | [ Y 2
parallel conducting planes separated by a dielectric slab with "\ Yzmun P Yzmn

relative permittivity ¢, of thicknessd. The fields in the

2
waveguide are found from Helmholtz equations and the proper +exp j an< ) —(n+1) tan™ (V)
boundary conditions. This leads to solutions for the scalar axial zmn
fields in the waveguide. Once the axial components are found, (7)

the transverse fields are derived from Maxwell's equations. B
applying orthogonality conditions, the fields are normalize
and the normalized power in the parallel-plate waveguide Vmn =
can be computed. The general solution of the transverse aq
longitudinal fields for the guiding structure is obtained from

Helmholtz equations [8] vz _ [\/(2 - D/F)YFD

here
4

ﬁ—HYQ Yzmn :YQ(]' +V72nn)

1/2

V2H + k*H =0 (1a) Brnn
V2E + k°E =0. (1b) where D is the distance between the reflecting surfaces, and
The fields in the waveguide are classified as TE and TKj iS the focal length of the lenses. The tef is composed
waves with transverse and axial components of Hermite polynomials, which is a complete set of orthogonal
+ N T Bnn functions. Similarly 2,, also forms a complete set of orthonor-
Him = (+hmn +hzmnaz)‘; o (28) mal functions. By substituting the axial equations into the
EL, = (hun + e, )eTom? (2b) scalar-wave equations, it is found that the propagation constant
where e, and h,,,,, are transverse vector functions, whileﬁgm is restricted ajﬁm = /263 — kZ wher2e k§ = wpoco,
Cpmn aNd A, are axial scalar functions. The terfy,, is the &z = mn/d, and k] = —[0°Qn(y, 2)/0y°]/Qu(y, ). By

propagation constant ang andn are the mode indexes for substituting the axial fields (6) into (3) and (4), the transverse
the z- and y-directions, respectively. The TE-mode solutiorields for the TM mode are

is obtained wherh,,., = 0, while the TM-mode solution is ¢, = A, sin (W)Qn(y, 2) (8a)
obtained whene,,,, = 0. All the transverse fields can be ] d

expressed in terms of the axial components. Substituting ()., ~— — A <J_/3> (ﬂ) cos (%)Qn(y, Z)  (8b)

into (1) results in TE modes with ke d
J jrnn z —_ j/j : mnr aQn (y7 Z)
hmn = — J/k'—g Vthzmne:':’am”é (3a) Cymn = — Amn <k_c> s ( d ) dy (8¢c)
emn = Zpbz X hmn (3b) and the magnetic fields are
and TM modes with Pamn = YeCymn (8d)
Comn = — J/Z;n Vtezmne:F'@m”Z (4a) hyrnn = = Y.Comn. (Be)
J——r ; o (4b) The fields for the TE case are
mmnx
whereY, = jkoYy/fBmn is the scalar-wave admittance and ’zmn = Bmn cos (TW)Qn(% z) (9a)
Zy, = jkoZo/Bmn is the scalar-wave impedance whefg = i8N fm e
(1/Yp) and Y, are the intrinsic impedance and admittance haomn = — Bmn| 5— (—) sin (—)Qn(y, z) (9b)
e k. d d
of free space. The boundary conditions for the parallel-plate )
mode structures are Rymn = — an<ﬁ ) cos (mm:) IQn(y, 2) (9c)
™ eymn =0atz=0andz =d (5a) ke d dy
TE  Ohymn/0y =0aty = —oo andy = +oo. (5b) and the electric fields are
Through separation of variables, the axial components for Comm = ZnToumm (9d)
the parallel-plate guiding structure take the following form: LZy b (%)
Cymn = — Lhllazmn
™ Czmn = Anlanl(x)Qn(yv Z) (63.) Y ’

where (8) and (9) represent the transverse fields in the parallel-
TE Pamn = Bnlanl(x)Qn(yv Z) (6b) p|a’[e HDSBW.
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A. Orthogonality of Fields The total electric and magnetic fields propagating in the
After the fields for the parallel-plate waveguide have beeh?-direction are then expressed as
determined, the fields can be normalized to satisfy the orthog- Et = Z G EL (16a)
onality relationship. The TM and TE orthogonality relation- mn
ships, respectively, are given as H = Z ap HT (16b)
d 'S} mn
/ / Cmn * Cpyryy AT AY = 8101, (10a) and in the—z-direction, the total fields are
0 —o0
d poo E" =) bunEnnm (17a)
/ / hnm ’ h:l’n’ dx dy = 6;717716;Ln' (10b) mn
0 e _ H = bunHp, (17b)
The normalization factor needed to satisfy the TE and TM oo

orthogonality relations are obtained from the orthogonal equgnere amn and b,,, are expansion coefficients which can

tion (11a)-(11c), shown at the bottom of the page. Nowe determined from the excitation fields and the Lorentz
the transverse fields (8) and (9), and the orthogonal equati@iprocity theorem.
(11a)—(11c) are substituted into (10). The result becomes

d oo d oo
/ / Conn * €y A dy = / / Pomn - R0 dzdy — B. Power Normalization
0 Jmeo 0 —eo Mode orthogonality between the fields means that each

= DnnOmm o (12) mode is independent of the other modes, it carries its own
where D,,,,, is a constant, which is defined as power, and there is no power coupled between modes. The
general expression for the power propagating inside a wave-
B 2\ d 1/2 guide in the+z-direction is
Dnln:<22 )5 %‘i‘n‘i‘% (13) d oo
‘ Yamn T 4 P = %Re / / E+ X H+¢ . &z dx dy (18)
zmn 0 o

Now, this constant is used to determine the electric argince the fields are orthogonal, the normalized power in the
magnetic normalization factors. From (12), it is seen thalaveguide can be found from the TM and TE orthogonal
the normalization factors are equal when they are redefingflationships (10). The normalized power propagating in the
as Amn = Bmn = 1/v/Dmn. By using this relation, the +:-direction is found to be

transverse fields will be normalized and the TM and TE
orthogonality relations (10) will be satisfied. From here, it
will be assumed that all the transverse fields are normalizé¥€re€ pmn = 2PmnY. for the TE modes and,. =
The mnth-mode electric and magnetic fields propagating i mn/Zn for the TM modes.

the +2z-direction are represented as

Ef, = (emm + egmn)e P ? (14a) C. Verification

H, =, + hzmn)e_'@mﬂz (14b) The theory of the closed system was verified by testing a
confocal parallel-plate cavity system. The geometry for the
parallel-plate resonator is shown in Fig. 5. The width and

*
Pmn = Cmn Gy 6rnrn’ 6nn’ (19)

the mnth-mode fields propagating in thez-direction are

given as length are denoted by = 30.48 cm andb = 30 cm, the
En = (Cmn — €mn)e™™” (15a) radius of curvature is denoted by= 60.96 cm. The upper
He, = (—hum + hzmn)e'ﬁm”z (15b) and lower ground planes are separated by a dielectric (Rexolite

€ = 2.57) with thicknessd = 1.27 cm. An L-shaped coaxial
where E}f , Hf , and E; , H  are the forward and probe normal to the ground plane was used to excite the

backward traveling electric and magnetic fields, respectivelyavity. The resonate frequencies for the parallel-plate cavity

d !
/ cos T oo T B m=m (11a)
; d d

Il
——
Swvla
3
th
s,

d mne m'Tx d St m=m'
/ sin wE - sin 7 dex =< g 'mmy - (11b)
0 0, m#m
0 n + 1/2 Vmn o
/ aQn (y7 Z) aQn (y7 Z) dy = " + Z2Hln + y;LHln 6””” men (110)
oo Ay dy

0, n#n'
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z
r'd e \ ¢ Fig. 6. Resonant frequencies for a confocal 2-D parallel-plate resonator
system.
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Fig. 5. Test configuration for the confocal parallel-plate resonator system. _ BN Run#l e
= 0.8 \ - Run#2 -
3 AN
are calculated from 2 0.7 b
Bmz — (n+ %) tan™! vy = gmr. (20) é’ 0.6 - \, -
Solving the above equation for the resonance frequencies of 0.5 A

the parallel-plate cavity structure gives :3 04 - \ .
C [3] \
= a4 <

fmn 27T\/6_r = 0.3 \
) 2 @ 02 r \ , -
gr+(n+3) tan [z/\/(Q—D/F)FD} (mW)Q 01 R Soe e L
z + 7 0 L L L ° L B Y L
0 20 40 60 80 100 120 140
(21) Distance (mm)

where m, n, and q are the mode indexes for the-, Y-, f':c)gél7;sys$(|e?r(1:tric-field mode profile at 6.898 GHz for the parallel-plate con-

and z-directions, respectively. Measurements were obtaine

by using a Hewlett-Packard 8510C Vector Network Analyzer TABLE |
to measureS;; of the resonator. An L-shaped coaxial probeSELECTED RESONATE FREQUENCIES OF THEPARALLEL -PLATE CAVITY SYSTEM
normal to the ground plane was used to excited the TM modes Measured || Calculated || Error || n || g
inside the cavity. Thé['My, ., , modes was selected because Fr(egllfzn)cy Fr(eg}x{ezn)cy {(GHz)
m = O_S|gn|f|_es the dominate mode inside a parallt_al—plate 6.860 6368 5 Ry
waveguide. Fig. 6 shows,; versus resonant frequencies. A 6.719 6.715 0.004 321
1/2-in dielectric slab has a cutoff frequency of 7.367 GHz 6.558 6.561 0003 [[121
for the TM; ¢ o mode, which was predicted and measured. 6.408 6.408 0 3420
- 6.254 6.254 0 120

Above the cutoff frequency, high order modes appeared. The

plot shows that the signal increases as frequency increases gthments. Two sets of measurements or runs were performed.
peaks at 6.869 GHz, which is identified as Wiklo, o, 2> M0de. e piot of the measured data and the ideal data, shown in

This mode and other frequencies have also been predicﬁg%_ 7 and Table I, indicate that the theory and measurements
The theory was also used to predict the frequency spacigg, good agreement.

b = 307 MHz between two adjacent TM modes. Errors of the system are due to the finite length of the

) vertical probe, which resulted in small errors due to the
D. Mode Profile estimation of the focal length, metallic losses of the upper
The profile of the electric-field distribution was measurednd lower ground planes, and reflector, dielectric losses, and
by inserting a small vertical coaxial probe in the top grouniéakage from the sidewalls of the resonator. In order to
plane 15 cm from the planar reflector in thalirection. Mea- minimize reflections from the sides of the dielectric, the
surements were conducted at 6.898 GHa ;. 2o resonant dielectric was tapered at the edges. The total error associated
frequency) by sliding the probe in thedirection in 5-mm with this measurement is 5%-10%.
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Fig. 8. Input and output power of the concave-lens 4 MESFET array. Fig. 10. Amplifier gain for a unit-cell amplifier with MMIC chips. (a)
Vivaldi cascade MMIC's. (b) Slot single MMIC.

o 2em Fig. 8 shows the total system performance of the TE
== MESFET amplifier array at 7.12 GHz using concave lenses.
A plot of P, versusP,, is indicated by AMP OFF and
pout AMP ON, respectively. The input powdt,, varied from—45
;lj dBm to +10 dBm in +5-dBm increments. The power ratio
betweenF,,; and P,, was relatively constant faP,, less than
—15 dBm; however,FP,,; reached the saturation condition
55cm » with P, greater than-15 dBm. The maximum system gain
\<—>{ C?’E\‘SQVE of 4.5 dB occurred at’,,, = —15 dBm, while the amplifier
9-7em gain on to off measured was 11 dB.

Fig. 9. The concave-lens system configuration for a unit-cell amplifier.

B. Vivaldi Unit Cell

The second open TE system test was performed with a
cascaded pair of MMIC amplifiers in order to achieve higher
) . power levels. In Fig. 9, the amplifier gain of the Vivaldi
A. Open System Configuration amplifier was determined by placing a metal screen transverse

The system configuration for the open TE HDSBW, showto the Vivaldi structure. The Vivaldi amplifier and the metal
in Fig. 2, consists of a rectangular dielectric slab made wfall were placed 5.5 and 9.7 cm, respectively, from the input
Rexolite ¢ = 2.57, tan 6 = 0.0006) placed on a conducting horn. A concave lens was placed in the middle of a 40-cm
ground plane. Two concave cylindrical lenses made of Macdielectric slab. The slit in the metal wall allowed for only input
(r = 5.9, tan 6 = 0.0006) with focal lengths equal to power of the amplifier and the amplified energy to go through
28.54 cm were inserted into the dielectric slab. The dielectiiice system so that the amplifier gain could be measured. The
slab dimensions lengtll{+d2+d3), width (w), and thickness amplifier gain was determined by switching the bias voltage
(d) were 62, 27.94, and 1.27 cm, respectively. The Vivaldin and off, while measuring the power difference detected
antenna MESFET amplifiers were located underneath the the receiving horn. The amplifier gain indicates that more
dielectric slab in the ground plane. Each Vivaldi antenna w#san 20 dB of gain was produced from 7 to 10.5 GHz with
fabricated using RT/Duroid 6010 as the substrate= 10.2, a maximum gain of 24 dB at 8.4 GHz. The gain from 9.5 to
tan & = 0.0028) with the dimensions 6.5 cm 1.5 cm. Two E- 10.5 GHz is shown in Fig. 10.
plane horns were designed and fabricated to efficiently launch
and receive the required wavebeam. Two tests were perfornfedUnit-Cell Slot Antenna
on the open system, the first utilized a<41 MESFET Vivaldi As a means of comparison, a TM unit-cell slot antenna was
amplifier array and the second employed a single MMI@sted and compared to the TE Vivaldi unit-cell antenna. The
Vivaldi amplifier located under the dielectric slab. A measurgot antenna had only one MMIC during this test and the lens
of the relative energy coupled to the amplifier array wasas not utilized. The TM unit cell was placed in a parallel-
obtained by switching the amplifier bias levels off and on whilplate configuration and located in the bottom ground plane
measuring the output powef,... The system performanceunder a 1/8-in Rexolite dielectric slab. In a similar manner,
for the active Vivaldi amplifier array was determined by tha metal wall was placed 8 mm from the middle of the input
system and amplifier gains. This provided an indication @hd output slot antenna where the MMIC was located. Two
the incident signal that passes through the dielectric as ldrplane horns were designed to transmit and receive power,
undisturbed traveling wave. and to vertically polarize the electric field so that maximum

IV. EXPERIMENTAL RESULTS



790 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 6, JUNE 1998

coupling occurs in the slots. The slots were locakg¢d apart Huan-Sheng Hwang (S'94-M'98) received
and the slot width and length wedg/10 and\ /2, respectively. the B.S.EEE. degree from Tutung Institute of
. . . - Technology, Taipei, Taiwan, R.O.C., in 1984,
Fig. 10 compares the unit cell Vivaldi and slot amplifie and the M.S.E.E. and Ph.D. degrees from North
gain. The nominal gain of the MMIC at 10 GHz is 10 dB Carolina State University, Raleigh, in 1993 and
Different gains were achieved because the Vivaldi was us 1997, respectively. _
i d figuration, while the slot used only one MM« He is currently with Raychem Corporation,
In & cascade configu , =he y _ Fuquay-Varina, NC. He has coauthored a book
Another difference is that the Vivaldi was tested over a widt chapter, “Dielectric Slab Combiners,” idctive
range than the slot. The Vivaldi reached 20 dB of gain, where
the gain of the slot antenna with one MMIC reached 10 dB

and Quasi-Optical Arrays(New York: Wiley,
1997). His research interests include quasi-optical
and spatial power-combining system, antennas, electromagnetics, RF and
microwave/millimeter-wave components and circuits, and optics.

Dr. Hwang received the Prestigious Bronze Medallion for Outstanding
V. CONCLUSIONS Scientific Achievement presented at the 20th U.S. Army Science Conference,

. . . which is the second highest award for research throughout the Army.
A 2-D HDSBW spatial power-combining system suitable

for planar integrated circuits and devices has been presented.
A system using concave lenses and TE Vivaldi-type antennas
with MESFET and MMIC devices has been demonstrated. The
system with a Vivaldi antenna-based unit cell was shown to
have reasonable gain, but to have excessive scattering loss.
Initial results for a TM closed system with stripline coupled
slots was presented as a refinement. The beam-mode theory
for this new system was developed and verified.
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