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Abstract. In this paper, the design of a 2D qussi-

optical power combining structure is presented. Con-

vex and concave phase transformers were used in the

system comparing their scat t ering losses. The amplif-
ier array is placed underneath the dielectric slab to

reduce insertion loss and can also generate beam scan-

ning by tuning the input signal frequency.

1. Introduction

Recent advances in the entirely new technol-

ogy of two-dimensional qussi-optical power combin-

ing promise significant progress in bringing the advan-

tages of solid state monolithic technology to moderate

and high power millimeter-wave applications. A ma-
jor characteristic of the conventional quasi-optical cir-

cuits is the use of three-dimensional free space for the
power combining. We have built on this concept to de-

velop a quasi-optical system which combines power in

two dimensions. In [1,2], we have demonstrated power

combining in a dielectric substrate using amplifier and

oscillator arrays. Furthermore, our experiments indi-

cate that the 2D geometry can lead to circuits which

are less sensitive to instabilities and are easier to opti-

mize for efficiency as well as being smaller and lighter.

A 2D quasi-optical power combining amplifier

stage, shown in Fig. 1, confines a Gaussian beam-
mode within the dielectric where the signal is focused

by a lens (a phase transformer) to produce a Gaus-

sian beam-mode. The signal is amplified by an am-

plifier array that is placed underneath the dielectric

and centered in the Gaussian beam for optimum per-

formance. In our previous work [2] the amplifier array

was located on the top surface of the dielectric where

it suppressed the beam-mode by about 5 dB. III this
paper we present results for the amplifier stage includ-

ing mode coupling, insertion loss of amplifiers with dif-
ferent substrates, passive system gain, amplifier gain,

field profiles, and power in versus power out. For these

results the amplifier stage includes both concave and

convex lenses. Furthermore, the measured field profile

indicates that the beam-mode perturbation reduces to

1.5 dB. Also, concave lenses result in less scattering
loss than convex lenses.
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Figure 1: The DSBW smtem with anwlifiers unldernes.th
the slab. (dI-= 12crn, d2 =-28crn,
D = 12cm)

d3 = 16cm,

m
Figure 2: Energy transmitting from waveguide

DSBW.

2. System and Component Design

to the

The 2D quasi-optical power combining system in

Fig. 1 includes, radiating and receiving horns, a di-

927

0-7803-3246-61961$5.00@ IEEE 1996 IEEE MrT-S Digest



electric slab beam-mode waveguide (DSBW) [3], con-

vex/concave phase transformers, and an amplifier ar-

ray placed under the dielectric slab. In order to launch

more energy into the DSBW system, tapered horns are

added into the system as shown in Fig. 2. The taper

was selected to be 12.5 cm long so that the character-

istic impedance of the TE mode varies slowly, and the

reflection coefficient becomes very small. The reflec-

tion in the feeding neck can be calculated using [4]

J
L

rTE =
1 dpz ~z~-jpzz .—

0 2/3= dz

where /3, is the propagation constant inside the ta-

per with L = 12.5 cm. The /3, can be obtained by

solving the characteristic equation for the partially-

loaded waveguide [5]. The calculated reflection is lower

than 0.007 when the operating frequency is higher than

7 GHz. When only the TEIO mode is excited in the

feeding waveguide, multiple TEo~ modes are coupled

from the horn aperture to the DSBW. The TEIO mode

in the horn aperture is constant in the y-direction, so

TEIO u n (y/b’). Expanding 11(y/b’) into

co

() ()2y
m # =~amHem — e-y=/w:,l

WO,J
m=O

the relative amplitude, am, for each coupled TEom

mode in the slab can be obtained. Hem is the

Gaussian-Hermite function, and Wo,l = 9 cm is the

beam width of all TEo~ modes. The calculated data

shows that only even am exist, and am -+ O when

rn > 4. This means that a single TEIO form input
mainly couples energy into the TEOO, TE02 and TE04

Gaussian-Hermite modes inside the slab. The total

coupled fields in the DSBW are then composed of these

three modes. The theoretical field is calculated with

(ao = 0.736, az = –0.253, and a~ = 0.04). The cal-

culated pattern matches the measured pattern, and is

shown in Fig. 3.

Amplifiers placed on top of the slab highly perturb

and suppress the beam-mode by about 5 dB (see [2]).

In an effort to reduce this effect the amplifier array

was moved underneath. However in [2], the amplifiers

were built on substrate RT/Duroid 5870 (low dielec-

tric constant e, = 2.33), and caused about 5 dB in-
sertion loss when they were located underneath (see

Fig.4). Alternatively, building the amplifier unit on
RT/Duroid 6010 (high dielectric constant c, = 10.5)
reduced the discontinuity between the amplifier sub-
strate and ground plane, and the loss became only

1.5 dB as shown in Fig. 4. When the guided waves

travel through the amplifiers, part of the waves are

amplified by the amplifiers, and the rest travel through

the waveguide as shown in Fig. 5. These two waves

E. and Etk combine to produce the output wave EOUt.
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Figure 3: Calculated and measured coupling mode in the

DSBW.

5, I I 1

o

-5

1-lo -——-–-——---; - -+--– - --–-- +----

1~~

! ,

I

-15 1
I !

1:I 1

~ I I I

-20 I I , , I

6 7 6 9 10 11 12

Frequency (G Hz)

Figure 4: Insertion loss for an amplifier underneath the

slab (c. = 2.33 for Duroid 587o; e, = 10.5 for

Duroid 6010).

3. System and Component Performance

In this system design, convex/concave-lens phase

transformers are applied to reiterate beam-modes

through the DSBW. The convex lenses are made of

Macor (q. = 5.9) while the concave lenses are made us-

ing an air gap between in the DSB W. Fig. 6 shows the

passive system gains for the system without the am-

plifier array. This passive gain indicates the concave

lenses cause less scattering loss than the convex lenses

when the beam-modes pass through them. Another

advantage of using a concave-lens phase transformer

is that it is more appropriate to the design of the 2D
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Ec)ut= Eth& + Ea&

Figure 5: Wave model for amplifier array underneath the

slab.
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Figure 6: Passive system gain for convex/concave-lens

system.

power-combining system in MMIC. Fig. 7 shows Pin

and Pou$ for the system operating at 7.24 G,Hz. The

active system gain, Pin – POut, k about 11 dB when

Pin < – 15 dBm. Note that the active system gain

becomes smaller when Pin > – 15 dBm. Tlhis is be-
cause the amplifiers are working in the saturation re-
gion, and the amplified waves Ea are weaker than the

through waves &. Therefore, the through vvaves &

dominate the output waves Eoui at high input power

levels.
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Figure 7: Pin and Pwt of the convex/concave slab sys-

tem.

The insertion loss and gain of the amplifier array

underneath the slab are shown in Fig,, 8. ThLe highest

gain is 19.5 dB at 7.228 GHz and the insertion loss

is about 3.5 dB. The array insertion loss here is still

less than the insertion loss for one amplifier built on

a low-dielectric-constant substrate (see Fig. 4). This

is important information for determining which ampli-

fiers to use. Moreover, there is a zero gain at 7.182 GHz

in Fig. 8, and this is because of beam-mods splitting

as shown in Fig. 9.

When the input wave operates at 7.182 GHz and
7.228 GHz , the ]EY I patterns measured at the position

D =12 cm (see Fig. 1) are shown in Fig. 9 and Fig. 10.

In Fig. 10, the field pattern jumps up 15 dB and still

keeps the TEIO Gaussian-Hermite beam-mode. In Fig.

9, the field pattern splits and almost changes to the

TE20 Gaussian-Hermite beam-mode. l[n Lin and Itoh’s

work [6, 7] , they tune the bias to switch modes. In our

work, these two figures show that this 2D pc~wer com-

bining system can also generate beam scanning into

free space by only tuning the input signal freq<ency.
From these two figures, one can find that the input

beam-mode is suppressed by 1.5 dB by the amplifier
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stage at IY I < 5 cm range, and is less than our previ-

ous work [2] in which the field is suppressed by 5 d13.
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Figure 8: Insertion loss and gain of the amplifier array

underneath the slab.
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Figure 9: Measured [Ey I at 7.182GHz.

4. Conclusion

In this paper, we presented the design consideration

for wave launching, mode coupling between horn and

DSBW, and amplifier substrate in a 2D quasi-optical

power combining system. Measured data shows that

the concave lenses cause less loss and are more appro-

priate for the MMIC fabrication of the 2D quasi-optical

power combining system. An amplifier array located

underneath the slab significantly reduces the beam per-

turbation.
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Figure 10: Measured llZy I at 7.228GHz.
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