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Preface

The Second International Symposium on Space Terahertz Technology was held at
the Jet Propulsion laboratory, California Institute of Technology, Pasadena,
California, on February 26-28, 1991. The Symposium, which was attended by
approximately 150 scientists and engineers from the U.S., Europe, and Japan,
featured papers relevant to the generation, detection, and use of the terahertz
spectral region for space astronomy and remote sensing of the Earth's upper
atmosphere. The program included ten sessions covering a wide variety of topics
including solid-state oscillators, power-combining techniques, mixers, harmonic
multipliers, antennas and antenna arrays, submillimeter receivers, and
measurement techniques.

The Symposium was sponsored by the University Space Engineering Research
Centers Program of NASA's Office of Aeronautics, Exploration, and Technology
(OAET), and by the Strategic Defense Initiative Organization, Innovative Science
and Technology Office (SDIO/IST). The Microwave Theory and Techniques Society
of IEEE served as a cooperative sponsor of the Symposium, as well as a medium for
publication of some of the papers that were presented at the Symposium in the form
of a mini-special issue (March 1992) of the IEEE-MTT Transactions.

The Third International Symposium on Space Terahertz Technology will be held at
the University of Michigan in Ann Arbor, Michigan, on March 24-26, 1992.

Fawwaz T. Ulaby
Carl A. Kukkonen
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Figure 5. EOS-A and EOS-B Platforms
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INTEGRATED TERAHERTZ CORNER-CUBE ANTENNAS
AND RECEIVERS

Steven S. Gearhart, Curtis C. Ling and Gabriel M. Rebeiz

NASA/Center for Space Terahertz Technology
Electrical Engineering and Computer Science Department
University of Michigan
Ann Arbor, MI 48109-2122

Gordon Chin and Hemant Davé

Planetary Systems Branch
NASA/Goddard Space Flight Center
Greenbelt, MD 20771

SUMMARY

This paper summarizes work completed and under progress on integrated corner-cube an-
tennas and receivers at the University of Michigan. An integrated corner-cube antenna has
been developed for use at millimeter-wave and terahertz frequencies. The antenna is high
gain and has low cross-polarization levels (<-17dB at 222GHz and <-15dB at 119xm) in the
principal planes. The monolithic approach allows the integration of a matching network and
a Schottky diode at the base of the antenna to yield a low-noise monolithic 600GHz receiver.

The standard corner-cube antenna, which consists of a traveling-wave antenna backed by a
90° corner reflector, has been a favorite antenna for submillimeter-wave receivers. The stan-
dard design is a 4)A-long traveling-wave antenna placed 1.2) from the apex of the machined
corner reflector. The antenna also acts as a whisker contact to a Schottky diode mounted at
its base.

The integrated corner-cube antenna consists of a traveling-wave antenna suspended on a 1um
dielectric membrane in a longitudinal pyramidal cavity (Fig. 1). The membrane electrical
thickness is 0.02) at 3THz, so the traveling-wave antenna effectively radiates in free space
at 119um. The cavity is etched in silicon wafers, and the reflector flare angle is fixed by
the orientation of the crystal planes at 70.6° [4]. The integrated antenna has a number of
advantages over the standard machined corner-cube antenna. The integrated antenna is fully
monolithic and easily reproducible for array applications. An RF matching network can be
included between the antenna and Schottky diode, thus increasing coupling efficiency and
reducing the receiver noise temperature. Also, the integrated antenna is fabricated using
standard photolithographic processes, so the antenna can be produced with great precision.
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A millimeter-wave linear corner-cube array was fabricated for use at 222GHz. The traveling-
wave antenna is 1560m long (1.15) at 222GHz) and is 60pm wide with a 20um bend portion.
These dimensions were optimized using microwave scale model measurements. A 6um-square
microbolometer was integrated at the bottom tip of the traveling-wave antenna. This is the
same position that one would integrate a matching network and a Schottky diode or SIS
detector in a receiver application. The far-field patterns were measured at from 180GHz to
270GHz using millimeter-wave doublers and triplers fed by appropriate Gunn sources. Over
the 180-270GHz bandwidth, the patterns are well-behaved with a narrow mainbeam and no
off-axis sidelobes. At 222GHz, an increase in the extention of the ground planes was shown
to narrow the quasi-H plane resulting in a rotationally symmetric mainbeam with a 10dB
beamwidth of approximately 40° (Fig. 2) and cross-polarization levels of less than -17dB
in the E and quasi-H planes. A co-polarized directivity of 19dB at 222GHz was calculated
from the full two-dimensional patterns [1,2].

A 16-element 119um array was built at the University of Michigan and tested at NASA
Goddard. The traveling-wave antenna is 137um long (1.15A at 119um), and is 8um wide
with a 5um bend portion. A 4pm-square microbolometer was integrated at the bottom
tip of the traveling-wave antenna. The far-field patterns of a single integrated corner-cube
antenna in a linear array were measured using a far-infrared laser tuned at 119um (Fig 2).
The mainbeam is circularly symmetric with a 10dB beamwidth of approximately 40°. The
higher sidelobes in the E-plane may be due to scattering from the test mount. This will be
examined in detail later. A directivity of 18+0.5dB was calculated from measured 119um
E- and quasi-H plane patterns, and the cross-polarization in the E- and quasi-H planes was
lower than the noise level of -15dB [3].

600GHz INTEGRATED CORNER-CUBE RECEIVER DESIGN

A 600GHz integrated corner-cube receiver is currently under development at the University
of Michigan (Fig. 3). A University of Virginia membrane-type diode with a 1um anode diam-
eter will be mounted in hybrid fashion to the silicon wafer containing the antenna, RF match-
ing network, and low-pass IF filter. The estimated diode parameters are R,=208,C;,=1{F,
Cp=2fF, n=1.2, and ¢,;=0.8V. These parameters yield a figure of merit cutoff frequency of
fr=1/(2xCrR,)=2.7THz. The RF and LO signals will be injected quasi-optically through
the antenna which is matched to the diode through a simple RF matching network. The
RF matching newtork is a single 0.38) length of 402 CPW transmission yielding an RF
imbedding impedance of 52+j29Q at the diode. Using the harmonic balance technique of
Held and Kerr [5] with the above diode and RF matching network, the RF diode impedance
is 51-j53Q, and the conversion loss is 7.6dB.
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Figure 1: A monolithic corner-reflector imaging array: (a) perspective view. (b) the coordi-

nate system used.
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Figure 2: Measured patterns with (L,d)=(1.151,0.92)): (a) 222GHz. (b) 119um.
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Figure 3: 600GHz integrated corner-cube recejver: (a) back of membrane wafer. (b) side

view.
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ABSTRACT

This paper reports on investigations of two antenna types which
are suitable for implementation at sub-millimetre wavelengths;
the diagonal horn and the sandwiched tapered slot antenna.

The diagonal horn is studied theoretically by expanding the
aperture electric fleld into Gauss-Hermite modes. A few of these
modes are then used to model the radiation pattern. The results
indicate that the fraction of the power radiated into the funda-
mental Gaussian mode is about 84 %. About 10 % of the power is
radiated in the cross-polarised component. Radiation patterns for
a 4 x 4 diagonal horn array, measured at 100 GHz, show good
agreement with the theoretical predictions.

The sandwiched tapered slot antenna consists of a slotline an-
tenna which is sandwiched between thick quartz super- and sub-
strates. An elliptical lens is used to collimate the beam. Model ex-
periments have been performed at 30 and 350 GHz. The radiation
patterns are worse at the higher frequency, probably due to
alignment problems.
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1. INTRODUCTION

Commonly used millimetre wave feed antennas, e.g. corrugated horns, be-
come very difficult to realize at sub-millimetre wavelengths. The corrugated
horns radiate an almost perfect Gaussian beam [1], but the tolerances needed are
at the limit of what can be achieved using normal fabrication methods. Some
feed types are easier to make, but, as always, there is no such thing as a free
lunch. Pyramidal and conical horns exhibit a lack of symmetry in the cardinal
planes of the radiation pattern which makes them unsuitable for launching
Gaussian beams. The pyramidal horn has the added inconvenience of astigma-
tism, ie. the phase centres for the E- and H-planes do not generally coincide (cf.
[2]). The need for an alternative to these horns at sub-millimetre wavelengths is
evident.

We have investigated the so-called diagonal horn (¢f. [2,3]), and it seems to be
an interesting candidate for sub-millimetre feeds. The diagonal horn antenna is
shown in the following sections to be quite an efficient Gaussian beam launcher.
One marked advantage with this horn type is the ease with which it can be ma-
chined. When using waveguide technology at millimetre and sub-millimetre
wavelengths it is quite common that the mixer is made in the so-called split-
block technique. The component is machined in two halves, and when joined
together the extra losses are relatively small. The diagonal horn lends itself to
this technique (see Figure 0).

Flgure 0. A diagonal horm made in the split-block technique.

The tapered slot antenna is an open structure antenna which radiates a beam
in the endfire direction (along the substrate). Classical tapered slot antennas re-

quire thin substrates (of the order of <= 10 um at 350 GHz).

One way to solve the substrate problem is to sandwich the antenna between a
thick substrate and superstrate, and then use an elliptical lens to decrease the
beamwidth. Results from model experiments at 30 and 350 GHz are presented
in the third section of this paper. The results show that it is difficult to achieve
good agreement between these two experiments, which is probably due to the
stringent tolerance requirements at the sub-millimetre frequency.
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2. THE DIAGONAL HORN

The diagonal horn has the following electrical field distribution in the aper-
ture [2, 3] (see Fig. 1 for reference):

Eg = E,|% cos +7 cos ZX| gjks |x|<a |y|<a
P 2a 2a 1)
‘5 = 2_7:{2‘,2_352_},2}
A 2L

This means that the field consists of two orthogonal TE) o modes, the power
evenly distributed between them. This set of modes must be excited somehow.,
Love [3] used a circular transition from TE;q, but the transition seems rather
uncritical, and a direct transition from the rectangular waveguide is good enough
for most purposes. The aperture equi-phase surface can be assumed o be a
sphere centred at the horn apex, and is here approximated by a paraboloid.
These assumptions are probably not too wrong, at least not for long horns.

n

\ — S
/

q,‘b

Fgure 1. The geometry of the diagonal horn.

The aperture fleld is seen to have the desired symmetry properties by intro-
ducing the following auxiliary coordinate system:

=Xy =X*y 2
éﬂ n )
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Combining Eqns. 1 and 2 yields the following:

~ b4 . :
Eq = NMEg = Y2 E,cos 5 \(’f’a cos Zga ek = %[cos%+cos%] efké ;
. p 3)
Ef = EEg = V2 E, sinzj/rz,a sini-:f_g—aef"‘s = %[cos%—cos%] ejkd

The co-polarised aperture field (n-directed) is thus symmetric with respect to

the £n coordinate system. The cross-polarised aperture field component (&-di-
rected) is anti-symmetric, and the feed thus has no boresight cross-polarisation
(note that we here use the so-called Ludwig's 1St definition [4] for the polarisa-
tion). The aperture fleld components are shown in Fig. 2.

Flgure 2. The magnitude of the co- (left) and cross-polarised
(right) electric field at the aperture of the horn.

The fraction of the power in the respective components can be found by
solving the integrals

P, = f f |EnP dxdy P, = i fa |Eef dxdy @)

-a -a -a -a

where the electric fleld components are given by Eqn. 3. The numerical results
are given by

P 1+&
o - __% - (9052847
. ®)
1-=
Pe  _ __ . 00947153

Po+Py, 2
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It is seen that the cross-polarised part is quite large (= 10 %), and this might be
excessive for some applications. However, in many cases, this cross-polarised
components could be dumped in a termination through the use of a polarising
grid. The loss one would encounter by dropping the cross-polarised part is then
= 0,43 dB.

2.1. GAUSSIAN MODE EXPANSION

A powerful technique to study the radiation pattern of an aperture antenna is
to expand the aperture field into Gauss-Hermite or Gauss-Laguerre functions (cf.
(1, 5., 6]).

The electric fleld for a well-collimated beam can be written as

E(x,y,2) = —“%A)-e-jk [2-2a] gi [@@-a] o 7% Z 2T )
wi(zZ

(6)
Y Y Kemeimmleo-ol B[ 2L A f_fz_}
w(z)] w(2)
m= -0 n=-—oco
where a modified Hermite function, defined by
A & 228 ) @
SR T R
is used to get a compact notation.
The beam parameters in Eqn. 6 are given by (cf. [6])
w(z) = woy1+[7; P
2
RG) = z[1+(%}F] 2 = 22 ®)
@(z) = arctan 4
Zc

where w denotes the beam waist radius, R the phase radius of curvature, z, the
confocal distance, and & the so-called phase slip. Returning to Eqn. 6, one ob-

serves that w and R are common to all modes, whereas the phase slip @ gets
progressively multiplied for higher order modes.

If one now has an aperture field E, where most of the phase variation can be
contained in a spherical phase factor, viz.

Eary) = EGoyza) = g(xy) e X Yhp, )

then Eqn. 6 collapses into a very convenient form.
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Using the orthogonality properties of Hermite polynomials [7], and some alge-
braic manipulations, the coefficients X,, are given by

Komn = ;WZ—%- f f g(x.y) ﬁ”{%ﬂ ﬁ{”—f{-] dxdy (10)

If now the g(x,y) function is real-valued, one avoids all numerical problems due to
rapid phase variations in the integrand.

The diagonal horn has no phase variation over the aperture except for the
spherical part. It thus lends itself to this Gauss-Hermite analysis. The g(x,y)
functions for the co- and cross-pol parts are given by Eqn. 3.

The mode power content is given by

Pmn = ﬂ-'W% |5CmJ2

P tot 2 oo
f f lg(x,y)? dxdy

-0

(11)

and the results for the diagonal horn are the following expressions

1 lu 2
ngl - &_Gz_ cosﬂcos&fi k—u]i{v -ZE-V] dudv Even m,n (123)
Piot T w? 2 2 wa wa

0 0

1 1lu 2
(+4 ~ ~

P7n _ 64 g% sinZ sinm-H,,,[Z‘l u] H,{Za v] dudv| Oddm,n (12b)
Pior r W% 2 2 he wa

0 0

The expressions in Eqns. 12a and 12b can be simplified for a few simple cases
by breaking down the double integrals into single integrals. The result for the
fundamental Gaussian is

1 1
Poo . l;_i.a& f coggle-["‘/m]zdt f e[’ dr (13)
0 0
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The choice of the ratio wy/a is in principle arbitrary, but Occam’s Razor# tells
us that the most natural choice is to maximise the fundamental mode coupling
(8], i.e.

) [ng}
20 =9 14
aﬂad- Pior (14)

The coupling has a maximum at wy/a = 0,.86. An optimisation program gave the
following results (correct to six decimal places):

Aw
[rc = Xl = 0863191

P&
Piot

(15)
= 0,843025

opt

The diagonal horn thus has quite a high fundamental Gaussian mode content.
The mode content for the higher order co-polar and cross-polar components is
shown in Table 1.

3655108 | 0,005405 | 0,0009189 | 5.110.10°°
m=2 “ & 0,01620 0,003339 6,859.10° | 0,0003185
m=4 u o % 1.562.10° | 0,001012 0,0009922
m=6 || a % * 0,001356 | 0,0005954
m=8 “ tr o tr % 7,36410°

0007725 Lo | |
m=3 I e 6,037.10° | 0,001545 0,001380 0,0006026
m=S5 l o & 0,002060 | 0,0008870 | 0,0001456
m=7 I & a & ~ 0,0001112 2.909+107
m=9 a o & av 0,0002786
Table I The power fraction for the mnth co- (top) and cross-pol
modes (bottom). The stars denote redundant informa-

tion.

¥ “Entia non sunt multiplicanda przeter necessitatem” — A philosophical principle
devised by William of Occam (c. 1290 - 1349)
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Now when we know the optimum waist radius, it is easy to find the equivalent
Gaussian beam parameters. If one assumes the following (see Figure 3 for refer-

ence)

wa = weyl +[Z‘/zc]2 = Kka
2
Ra = ZA[]. +[ZC/ZA]2] =L Zc = 7!‘;1:0
@4 = arctan 4 = arctan ZXG
[+4
then some algebraic manipulations will yield the results
Wo = Ka = Ka
/\/ 1 +{g K'zaZ]2 V1 + tan?®,
AL
74 = L = L
1+ AL 2 1+cottd,
n k2a?

(16)

17)

The phase slip @, is again seen to be an important parameter in this analysis.

< .

Flgure 3. The geometry of the equivalent Gaussian beam

R(z,) , w(z,)
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Table I showed that there are just a few terms that contain a significant part
of the power, namely the 00, 11, and 22 terms. It is hence possible to devise a
simple model for the radiation pattern of the diagonal horn. The far-field radia-
tion pattern is given by (except for an unimportant constant):

F.o(0,0) = €-2°*|K oo +% K22 e~4Pa [4pzcosz(p— 1] [4pzsin2(p—- 1} |2

Fe8,0) = e=20°|K 1, 4pZsing cosof’ (18)

W,

p= tan

The coefficients for the optimum waist size (Eqn. 15) are found by numerically
evaluating the integral in Eqn. 10, and the coefficients for the model in Eqn. 18
are

'

22 = - (,138628

19

XKoo
Xu - 0239816
X o0

Combining Eqns. 18 and 19 one can draw the conclusion that the far-field radia-
tion pattern is quite rotationally symmetric. The cross-pol level is approximately

225 -15,1dB (20)
| Kool

If the phase slip factor is zero, the radiation pattern will exhibit deep nulls,
whereas a non-zero value will ylield a more ‘smeared’ pattern.

It will be shown in the following section that this simplified model is quite
accurate.

2.2. MEASUREMENTS

In order to test the theoretical predictions, an array of diagonal horns was
manufactured and the radiation patterns were measured. The array is shown in
Figure 4. The respective horns are fed by standard waveguide (IEC R-900) and
the back side hole patterns match “standard” flanges. A waveguide detector is
bolted to the back side. The patterns were measured in an anechoic chamber
using a computerised antenna measurement system.
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Figure 4 The diagonal hom array.

The horns in the array had the following dimensions:

Q 2a
Q L

14,0 mm
55,0 mm

The horns were measured at 99 GHz (A4 = 3,03 mm) and the Gaussian parame-
ters are thus given by (see Eqns. 15, 16, and 17)

Q w, = 4,98 mm
Q 2z, = 17,7 mm
Q xa = 6,04 mm
Q o, = 34,54°

The E-, H-, and D-plane co-pol patterns, as well as the D-plane cross-pol
patterns were measured for four of the sixteen horns in the array (see Fig. 5 for
reference)

Figure 5. The enumeration of the array elements and the plane
definitions. The measured horns are shaded.
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Figure 6 shows that the measured radiation pattern is rotationally symmetric
down to about -17 dB. The D-plane pattern has a ‘shoulder’, but except for that
the pattern looks nice. The E- and H-plane sidelobes are probably hidden by
noise below the -30 dB region. The D-plane cross-pol component is shown in
Figure 7. The pattern is a little bit asymmetrical, end shows on-axis cross-polari-
sation. The reasons for these non-idealities are probably found in the difficulty to
accurately set up the antennas at 100 GHz. A small error in feed angle will ‘leak’
co-pol power into the cross-pol measurement. Any lack of polarisation purity of
the transmitting horn might influence the accuracy as well.

The horns do not seem to be especially influenced by being embedded in an
array. Figure 8 shows a comparison between four H-plane element patterns. The
uniformity is excellent, and one can thus safely use the horns in such an array,
without deteriorating the radiation patterns.

0
m
- -10
=]
)
o -20
Q.
-30 .

Figure 6. Measured radiation patterns for the H- (solid), E-
(dashed), and D-planes (dotted) of a diagonal horn in
the array (#33 in Fig. 5).
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Power [dB]

0 30 60

Figure 7. Measured radiation patterns for the D-plane co-pol
(solid) and cross-pol (dotted) components of a diagonal
hom in the array (#33 in Fig. 5).

Power [dB]

Figure 8. Comparison between measured H-plane radiation pat-
terns for four different diagonal horn array elements
(#11, #33, #43, and #44 tn Fig. 5).
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It is quite interesting to compare the measured patterns with the ones pre-
dicted by the theoretical model, introduced in Eqn. 18. Figures 9 through 11
show this comparison. The H-plane pattern shows excellent agreement, whereas
the theoretical model fails to show the characteristic shoulders in the D-plane
(Fig. 10). The cross-pol level (Fig. 11) is predicted to within 1 dB, and the pat-
tern form is qualitatively correct. The simplistic model can hence yield quite a
good agreement with measurements.

-10

-20

Power [dB]

-
el i3 3_”-»-«.-'--."

Figure 9. Comparison between measured (dotted) and theoreti-
cal (solid) H-plane radiation patterns.

-10

-20

Power [dB]

60

Figure 10. Comparison between measured (dotted) and theoreti-
cal (solid) co-pol D-plane radiation patterns.
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0
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3
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-60 60

Figure 11. Comparison between measured (dotted) and theoreti-
cal (solid) cross-pol D-plane radiation patterns.

3. SANDWICHED TAPERED SLOT ANTENNAS

Various forms of slotline components are attractive, topologically and electri-
cally, for integration with e.g. sub-millimetre wave SIS mixers. The thickness of
the slotline substrate should be small, so that no surface waves are excited. For a
slotline antenna the requirement is even more stringent, and the thickness

should, as a rule of thumb, be less than ~ 0.03 A/ ('\/e—,.- 1) (¢f. [9]). Hence, the
required thickness of a quartz substrate at 350 GHz is of the order of < 20 um.
Such thin substrates are difficult to handle as well as to fabricate. In order to
avoid these problems, we developed a sandwiched slotline antenna, ie. a slotline
antenna sandwiched between two thick dielectric sub-/superstrates. The sur-
rounding of the antenna will then have the same dielectric constant, which is
equivalent to a free antenna without any supporting substrate, see Figure 12. It

should be noted that sandwich type antennas have also been developed else-
where (see e.g. [10, 11]).



Second International Symposium on Space Terahertz Technology Page 77

Elliptical lens
(LDPE)

Contact

. —  Slot-line Antenna

Figure 12. “Artist’s view” of the sandwiched slotline antenna,
including a beamshaping lens. (side view)

Several 30 GHz scale models were built to evaluate the sandwich concept, see
Figure 13. The best antenna found was a slotline antenna of the BLTSA (Broken
Linearly Tapered Slotline Antenna) type [12], with an elliptical lens made of low
density polyethylene (g.= 2,3), mounted in front of the sandwich. The sidelobe
level is typically below -20 dB, and the cross-polarisation in the D-plane is less
than -10 dB. Representative E-, H-, and D-plane patterns of this scale model
antenna are shown in Figure 14. This scale model antenna was chosen to empir-
ically find suitable dimensions for the sandwiched BLTSA antennas for integra-
tion with SIS mixers at 350 GHz.

Fin-
line

Slot-line
antenna

50 mm

Dielectric, £, =4
(Quartz or Stycast™)

i

50 mm

52 pm

45 mm Metallized
Kapton foil

Figure 13. Dimensions of the 30 GHz scale model. Lens not
shown.
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Flgure 14. Antenna diagrams measured at 30 GHz (scale model).
The panels show the radiation patterns in the E- (top),
H- (middle), and D-plane (bottom), respectively. The D-
plane plot shows both co- (solid line) and cross-pol
(dashed line) data.
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In order to test the antenna properties at 350 GHz, a slotline antenna and a
bismuth bolometer detector (see Figure 15) were integrated on a 0,5 mm thick
crystalline quartz substrate and sandwiched between two ~2 mm thick pieces of
crystalline quartz.

Bi bolometer

BLTSA antenna Contact pads
e e P .{

Figure 15. Schematic of a slotline antenna for 350 GHz with an
integrated bismuth bolometer. The resistance of the
bolometer should match the impedance of the slot-
line, ~ 50 Q.

The fabrication of the antenna and the bolometer is straightforward; The an-
tenna (Cr/Au) and the bismuth bolometer are both manufactured by lift-off. The
lift-off process gives a smooth gold edge, which is essential for good electrical
contact between the bolometer and the antenna. To obtain a uniform bismuth
layer the substrate is cooled to approximately —-60 °C during the evaporation. The
resistance of the bolometer is continuously monitored during evaporation. The
evaporation of bismuth is stopped when the bolometer has reached the desired
resistance to match the impedance of the antenna.

The measured E- and H- plane antenna patterns for the sandwich slotline an-
tenna at 350 GHz are shown in Figure 16.
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Figure 16a. = Measured E- plane antenna pattern for a sandwiched
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Figure 16b. Measured H- plane antenna pattern for a sandwiched
BLTSA antenna at 350 GHz.

At 350 GHz, the sidelobe level in the E-plane is almost 10 dB higher com-
pared to the 30 GHz scale model measurements. In the H-plane the pattern
shows more asymmetries, in addition to a 5 dB increase in sidelobe level.

The deteriorated quality of the antenna patterns recorded at 350 GHz, par-
ticularly in the H-plane, is most probably due to alignment problems. For in-
stance, the lens has to be accurately aligned (within 50 um), and it is essential
to avoid any air gaps between the quartz pieces.

4. CONCLUSIONS

The diagonal horn antenna has been theoretically investigated. The model
using the Gauss-Hermite expansion yields an agreement with measured data
which ranges from good to excellent. The horn has a high fundamental Gaussian
mode content (= 84 %). The design lends itself to conventional millimetre and
sub-millimetre construction methods, such as the split-block technique. The
small interactions that were seen in the array measurements indicate that the
diagonal horn antenna is a strong candidate for focal plane imaging arrays.

The sandwiched tapered slot antenna is a planar feed which can be easily in-
tegrated with e.g. SIS mixers. The model experiments made at 30 GHz show
discrepancies with 350 GHz measurements. The stringent tolerance require-
ments at sub-millimetre frequencies could at least partly explain these discrep-
ancies.
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Integrated Horn Antennas for Terahertz Applications

George V. Eleftheriades, Walid Y. Ali-Ahmad,
Linda P. Katehi and Gabriel M. Rebeiz

NASA/Center for Space Terahertz Technology
Electrical Engineering and Computer Science Department
University of Michigan
Ann Arbor, MI 48109-2122

SUMMARY

We are developing integrated and receivers antennas for terahertz applications. As the
remote-sensing/radio-astronomical frequencies are pushed higher into the millimeter and
submillimeter- wave regions, integrated antennas and receivers become competitive with
standard waveguide receivers. The integrated receivers consist of an antenna integrated
directly with a matching network/mixer. Integrated antennas and receivers are easier
to manufacture, more reliable and much less expensive than waveguide receivers. The
integration also allows the use of linear or two-dimensional arrays without a dramatic
increase in cost.

The heart of an integrated receiver is the planar antenna and the antenna/mixer match-
ing network. We have concentrated our efforts into the development and optimization of
the high-efficiency integrated horn antenna (Fig. 1). The antenna consists of a dipole sus-
pended in a pyramidal cavity etched in Silicon.The horn antennas are typically between 1A
and 1.5\A-square, and show excellent patterns at 93 GHz with a directivity around 10-12 dB.
In the past year, we have achieved significant advance in the analysis and optimization of
integrated horn antennas and the projects are summarized below:

1- Full-Wave Analysis of Dipole-Fed Horn Antennas. A rigorous procedure for
evaluating the Green'’s function and input impedance of a dipole-fed horn antenna has been
recently developed at the University of Michigan. The geometry of the horn structure is
approximated by a cascade of rectangular waveguide sections, and the boundary conditions
are matched at each of the waveguide sections and at the aperture of the horn. For the
case of a single horn surrounded by an infinite metallic wall, the fields in space are given
by a continuous spectrum of plane waves. The input impedance is calculated by solving
the Pocklington’s integral equation using the method of moments on the source interface.

The patterns for a 1.35A-square horn in a ground-plane, and in a two-dimensional array
are shown in Figure 2. The theoretical patterns agree very well with measured patterns at
92 GHz, and on microwave scale models at 3 GHz. The H-planes are smooth and similar
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in both cases, due to the TE;q tapering of the electric field across the aperture. The E-
plane patterns are much more interesting. The dipole couples to the TM;; and the TE;;
waveguide modes, and their effect is to increase the vertical component at the center and
to reduce it at the E-plane edges. The resultant pattern shows a near H- plane behavior
near broadside, and levels off at -11dB for larger angles. In the case of the E-plane in a
two-dimensional array, the horn sees the array and the spikes and nulls in the patterns
are due to specific Floquet- modes. Impedance measurements were done on a microwave
scale model at 1-2 GHz for a 1.35) dipole-fed horn. The input impedance and resonant
length are a strong function of the dipole position inside the cavity (Fig. 3), and vary from
4082 to 17082 and 0.37) to 0.45), respectively. The dipole impedance for a feed position of
0.39) is quite suitable for Schottky-diode receivers (Fig. 4). The horn has about 8% and
20% bandwidth for feed positions of 0.39A and 0.6\ respectively. These bandwidths are
adequate for most millimeter-wave applications.

2- Double-Polarized Antennas. A two-dimensional dual-polarized monolithic horn-
antenna array has been designed for 92 GHz (Fig. 5). The antenna consists of two
perpendicular dipoles suspended on the same membrane inside the horn cavity. The dipoles
couple to an orthogonal set of waveguide modes, and therefore are effectively isolated from
each other. The measured mutual coupling between the antennas on a microwave scale
model was less than -30 dB. A design with an aperture of 1.35A-square, and a feed position
of 0.39A was fabricated. The antennas are linearly polarized and a polarization isolation
better than -23 dB was measured at 92 GHz (Fig. 6). The measured E & H-plane patterns
agree well with theory and are virtually identical for both polarizations. Detailed analysis
and experimental results are presented in the references.

3- 802 GHz Imaging Array. A 256-element imaging array has been fabricated and
tested at 802 GHz (Fig. 7). The patterns agree very well with theory (Fig. 8), and the
associated directivity for a 1.4\ horn aperture calculated from the measured E and H-
plane patterns is 12.3 £ 0.2dB. The patterns show a main-beam efficiency of 88% in a
100°- beamwidth and are suitable for /0.9 reflector systems. We would like to note that
this result presents one of the best patterns measured on a planar antenna at frequencies
higher than 500 GHz.

4- Step-Profiled Diagonal Horn Antennas. The main limitations of integrated horn
antenna stem from their large flare angle of 70.6° which does not allow us to fabricate
apertures greater than 1.5\ before the phase-errors becomes too large. This results in
gains around 13 dB and 10-dB beamwidth of 90 — 95°. We have investigated a new step-
profiled horn which reduces the effective flare-angle of the horn to 30 —40° and allows us to
achieve gains between 17 and 20 dB (Fig. 9). The circular symmetry is also enhanced by
positioning the exciting dipole along the diagonal of the horn. A specific step-profiled horn
has been designed for millimeter-wave applications. The horn geometry has an effective
flare-angle of 30° and an aperture size of 2.92\. It is synthesized using 12 wafers each
of thickness of 0.4X. The step-size for each wafer discontinuity is 0.17A. The calculated
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E and H-plane patterns show a 10-dB beamwidth of 40° and a side-lobe level of -17 dB,
with a directivity of 17.5 dB (Fig. 10). The 45° plane is effectively wider than either the
E and H-planes, but matches them quite well up to the -10 dB points (Fig. 11). The
step-profiled horn was also compared to a horn with a cavity defined by its smooth outer
envelope and has the same aperture size. It is seen that the patterns match well up to
-17 dB but then the step-profiled horn widens and develops a side-lobe (Fig. 12). Similar
effects have been observed at the 45° planes. The measured patterns on a 12 GHz model of
the smooth dipole-fed horn agree very well with theory. The calculated coupling efficiency
of the step-profiled horn to a gaussian beam is around 75% and is approximately the same
as a waveguide-fed pyramidal horn antenna.

We are now designing a hybrid Potter horn with a dipole-fed integrated horn cavity and a
long machined phasing section. Preliminary results show a 20 dB gain hybrid-horn with
a gaussian-beam coupling efficiency of 94%. Additional results and measurements will be
presented in the coming CSTT symposium.

For additional information, the reader is referred to the following articles:

[1] G.M. Rebeiz, D P. Kasilingam, P.A. Stimson, Y. Guo and D.B. Rutledge, “Monolithic
millimeter-wave two-dimensional horn imaging arrays,” IEEE Trans. Antennas Propag.,
vol. AP-28, Sept 1990.

[2] Y. Guo, K. Lee, P.A. Stimson, K. Potter and D.B. Rutledge, “Aperture Efficiency of
Integrated-Circuit Horn antennas,” JEEE AP-S Intl. Symp., Dallas, Texas, May 7- 11,
1990.

[3] W.Y. Ali-Ahmad and G.M.Rebeiz, “92 GHz dual-polarized integrated horn antennas,”
To appear in the June 1991 Issue of the IJEEE Trans. Antennas Propag..

[4] W.Y. Ali-Ahmad and G.M. Rebeiz, H. Davee and G. Chin, “802 GHz integrated horn
antennas imaging array,” To appear in the May 1991 Issue of the Intl. Journal Infrared
and Millimeter Waves.

[5] G.V. Eleftheriades, L.P. Katehi and G.M. Rebeiz, “ High-gain step-profiled integrated
horn antennas,” To be presented at the JEEE AP-S Symp., Ontario, Canada, June 24-27,
1991.
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Figure 1: An integrated horn antenna with single polarization.
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Figure 2: The E- and H-plane patterns of a 1.35A horn antenna in a ground-plane and in a
two-dimensional array. The theoretical agree very well with experiments at 3 GHz and 92 GHz.
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Figure 5: Monolithic dual-polarized horn antenna element with a novel bias and feeding structure.
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Figure 7: A 256-element two-dimensional horn imaging array at 802 GHz. The period of the array
is 525um and the horn aperture is 1.40A.
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Figure 9: The step-profiled horn geometry (see text).
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Figure 10: The calculated E and H-plane patterns for a step-profiled horn with an effective flare-
angle of 30° and an aperture size of 2.92\. The feeding dipole is positioned along the diagonal of
the horn antenna.
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Figure 11: The calculated 45°-plane pattern for a step-profiled horn of figure 10.
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Imaging Arrays for the Millimeter-
and Submillimeter-Wave Region

K. Uehara, K. Miyashita, K. Natsume, K. Hatakeyama, and K. Mizuno

Research Institute of Electrical Communication, Tohoku University
2-1-1 Katahira, Aoba-ku, Sendai, 980 Japan

Abstract—We have been developing sev-
eral kinds of lens-coupled antenna imag-
ing arrays for operation at millimeter- and
submillimeter-wave frequencies. The compar-
ison of dipoles, Yagi-Uda’s, trap-loaded anten-
nas, and microstrip patches will be discussed
from the viewpoint of the matching with de-
tectors and optics. The radiation patterns and
input impedance of each antenna have been
calculated and measured at the model exper-
iment. The arrays have been successfully ap-
plied to plasma diagnostics at the Tsukuba
GAMMA 10 plasma machine.

[. INTRODUCTION

Millimeter and submillimeter wavelength imaging
has recently become increasingly important in plasma
diagnostics, remote sensing, and environmental mea-
surements. Accordingly the high-performance multi-
element quasi-optical imaging systems have been de-
veloping. Those systems require sensitive antennas
and detectors, and high resolution optical systems.
Planar antenna arrays with integrated detectors have
led to improved sensitivity and scanning speed. We
have been currently investigating several kinds of
printed antennas [1,2,3], which are integrated with
detectors and are combined with a low-loss dielectric
substrate lens (4], which structure can eliminate RF
feed cable-losses or substrate modes and can also offer
mechanical stability and facility for cooling. On the
other hand, those antennas require careful matching
to the detectors and optics. In this paper, we will
discuss the comparison of the lens-coupled printed
antennas: dipoles, Yagi-Uda’s, trap-loaded antennas
and microstrip patches, all of which are integrated
with beam-lead schottky diodes. Also the measure-
ment of plasma density profile with an imaging array
at the Tsukuba GAMMA 10 plasma machine will be
shown as a practical application.

/ IF lead

[ncident radiation

_//“/"‘{%7/ Detector

——— Radiator
|~ Director

Substrate

Hemispherical lens

Fig. 1. Yagi-Uda antenna imaging array.

II. YAGI-UAD ANTENNA IMAGING ARRAYS

The fundamental array consists of half-wave
dipoles integrated with diodes on a dielectric-air in-
terface [1]. The input impedance of the dipole is gen-
erally much larger than that of diodes or SIS junc-
tions, which causes large mismatch loss, because of
difficulty to fabricate small-size matching circuits on
the each array element. In addition, the dipole ra-
diation pattern shows big sidelobes and large cen-
tral dip in the H-plane (Fig. 2 (a)). To improve
these disadvantages, we have proposed and fabri-
cated Yagi-Uda antenna configuration [3] shown in
Fig. 1. The radiator elements are photolithograph-
ically fabricated half-wave dipoles on a substrate of
glass/PTFE (¢,=2.17), and the SBD’s are integrated
at the feed point of each radiator. The director ele-
ments are on the other side of the substrate to which
a hyperhemispherical lens of 60mm diameter made
of TPX (e,=2.13) is attached. The spacing between
the radiator and the director can be controlled by
choosing the substrate with proper thickness. For
optimization of the antenna, the element dimensions



Page 92

are determined by two conditions: one is impedance
matching with the detectors, and the other is beam
pattern matching with the optics. The radiation pat-
tern can be adjusted by changing the director length
and the element spacing.

—
-
/ e L
l‘/ / ’ /{/
[
E-plane H-plane
(a) Dipole

H-plane
(b) Yagi-Uda

E-plane

Fig. 2. The calculated and measured radiation
patterns of an antenna on a dielectric hemisphere
(€-=2.13) of 100mm diameter. (a) Dipole, (b) Yagi-
Uda (2¢,=0.5\,, 2{,=0.462)\4, d=0.093)\4). The
scale is linear in power; —theory, - - -experiment at
50GHz.

Fig. 2 shows optimized Yagi-Uda patterns, compar-
ing with the dipole’s. The radiator length 2¢, is 0.5\,
the director length 2¢, is 0.462A4, and the spacing d
is 0.093)4. A, and Aq4 are the effective wavelength at
the air-dielectric interface and the wavelength in the
dielectric, respectively, being defined by

Ao

—— 1
V(1+¢€)/2), M

Ae
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Ao
Ve -
The improved pattern is almost symmetrical and the

directivity G4 becomes 5.5dB. The directivity is de-
fined by

Ad = (2

_ DO
*T & 1D@.9)d

(3

where D(6,¢) is the directivity function. Because
the diameter of the hyperhemispherical lens is elec-
trically enough large and the surface-wave mode can
be neglected, we have applied the moment method tc
the dielectric half spaces to calculate current distribu-
tions on the radiator and the director. The theoreti-
cal patterns have been calculated from these current
distributions. The experimental patterns were mea-
sured in a shield room at 50GHz band with a TPX
hemispherical lens of 100mm diameter, being fed by
the horn located at the focal point of the lens. The
results agree well with the theory although many rip-
ples are obtained in the H-planes. These ripples will
be due to the effects of the radiation from the orthog-
onal low-frequency leads.

Also the input impedance can be tuned over a
broad range by adjusting the element dimensions
(Fig. 3). This method allows improved matching to
low impedance detectors.

Director
length( im\d)

Element spacing

o d=0.093,
o 0.124a,
A

0.191a,

Fig. 3. The calculated input impedance of a Yagi-
Uda antenna on a dielectric hemisphere (e,=2.13).
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Consequently good matching conditions are available
without complex matching circuits. As detectors,
we are using the beam-lead Schottky diode (Sanyo
Electric Co. Ltd. , SBL-221) with typical R, of 5%,
C;(0) of 0.02pF and C, of 0.05pF, whose cutoff fre-
quency runs into 400GHz. With an RF equivalent
circuit, we have calculated the 50GHz small signal
impedance of 3-j30Q2 at the condition of 50uA bias
current. The SBD’s are useful for imaging applica-
tions because they can be applicable for both video
detectors and heterodyne mixers at room tempera-
ture. Fig. 4 shows calculated directivity and mis-
match loss versus the director length. Considering
both the impedance mismatch and directivity, we can
estimate total efficiency of the individual receptor.
Fig. 5 shows calculated and measured total sensitiv-
ity of the receptor. For the optimized Yagi-Uda, the
receiving power from a incident plane wave is theoret-
ically 8dB improved in comparison with the dipole,
and experimentally the 6dB increased power has been
measured . In the collinear Yagi-Uda array, crosstalk
levels of less than 30dB down between adjacent an-
tennas have been measured when the element interval
is 0.7)4 in 5GHz model experiments.
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1 - 2 A i " 1 L el 1

0.4 0.5
Director length, 21, (in Ag)

I B S AR S aT T |

Fig. 4. The calculated directivity and mismatch loss
of a Yagi-Uda antenna (2¢,=0.5)\., d=0.093)4) ver-
sus director length 2¢2. The diode impedance is 3-
j30Q.
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Fig. 5. Total sensitivity of a Yagi-Uda receptor versus
director length 2¢;. The 0dB line shows the sensitiv-
ity of the dipole; —theory, e experiment at 53GHz.
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Fig. 6. The configuration of a trap-loaded dipole
imaging array.



Page 94

III. TRAP-LOADED ANTENNA IMAGIGN ARRAYS

The dipole configuration shown in Fig. 1 offers
some difficulties to fabricate parallel array because of
the obstruction of the bias and low-frequency leads.
In order to avoid any complex circuit designs which
may degrade radiation patterns or crosstalks, we have
designed trap-loaded antenna configuration (5] shown
in Fig. 6. In this structure, the leads are taken from
the edges of the dipole through high impedance traps.
Each trap consists of a quarter-wavelength long short-
stub which offers high Q-value.

Fig. 7 shows measured radiation patterns for the
trap-loaded dipole (a) and the Yagi-Uda configura-
tion (b) with 2¢; of 0.418A4 and d of 0.124);. Fig.
7 (a) also shows dipole patterns calculated by as-
suming sinusoidal standing waves which have large
amplitude on the dipole, and small one on the 3A,
long outer sections. Undesirable radiations from the
waves on the outer sections degrade radiation pat-
terns and cause larger sidelobes in the E-plane. The
directivity of 3.7dB for the dipole and 5.9dB for the
optimized Yagi-Uda have been measured at 50GHz
experiment. The cross polarization level of the trap-
loaded dipole have been measured less than 20dB
down at ¢=45°, which indicates the troublesome radi-
ation from the traps can be neglected. The antenna
input impedances become higher than those in the
previous structure due to effects of the outer sections.
The impedance of the dipole with 2, long traps have
been measured about 200Q in the 5GHz model ex-
periment. Hence these antennas may be useful for
heterodyne detection because the RF impedance of
the pumped diode is much larger than the small sig-
nal impedance. The total receptor 3dB bandwidth
of 10% for the dipole and 8% for the Yagi-Uda have
been measured at 50GHz band. The results show
narrower bandwidths than the previous structure be-
cause of the additional of the high Q-value traps.

IV. MONOLITHIC PATCH ANTENNA IMAGING ARRAYS

Although the Yagi-Uda configurations have offered
good performance and simple structure to fabricate,
lack of efficient space is one of the disadvantage
for constructing additional integrated circuits. This
disturbs particularly fabricating two-dimensional ar-
ray. Then we have proposed the lens-coupled patch
antenna imaging array configuration which is very
suitable for fabricating two-dimensional arrays using
MMIC technique (Fig. 8).
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Fig. 7. The calculated and measured radiation pat-
terns of a trap-loaded antenna on a dielectric hemi-
sphere (€,=2.13) of 100mm diameter. (a) Dipole,
(b) Ya.gi-Uda. (2£1=0.5/\e, 2[2:0.418/\4, d=0.124/\d).
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at 50GHz.
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Fig. 8. The configuration of a two-dimensional mi-
crostrip patch antenna imaging array.

This array consists of two individual microstrip
substrates separated by a common metal ground
plane. The antennas are printed on the first sub-
strate (€,2) covered with the low-loss dielectric lens
(€r1). Each antenna is fed with a via-hole or cou-
pling slot from the MMIC constructed on the second
substrate (¢,s). This second substrate offers the ef-
ficient space for fabricating additional integrated cir-
cuits: such as matching circuits, mixers, amplifiers,
and leads. The antennas are ideally isolated from
these circuits by the ground plane. Both the patch
length @ and patch width 4 are 0.5\4, and the feed
point (z1,y1) is (0.25a,0.5b).

Fig. 9 (a) shows calculated radiation patterns of
the individual antenna versus ¢, which is defined by
the ratio of the effective dielectric constant of the first
substrate to the dielectric constant of the lens,

Page 95

6 = 22 (4)
€py .
If ¢,y equals €,2 then the ratio ¢, becomes one, and
then an ideal radiation pattern can be realized. This
pattern is almost symmetrical and has neither any
sidelobes nor troublesome radiations at the horizon-
tal directions, which may offer low crosstalk and high
beam coupling efficiencies to the incident beam. We
have measured the radiation patterns at 50GHz band
(Fig. 9 (b)). The results agree well with the theory:
the calculated directivity is 9.8dB and the 3dB beam
widths are 60° in the E-plane and 71° in the H-plane.

.
)
=1 |i !
{ )
\ /
0345 =60° \ f345=T71°
E-plane H-plane

(b)

Fig. 9. The calculated and measured radiation pat-
terns of a microstrip patch antenna on a dielectric
hemisphere (€,1=2.13) of 100mm diameter. (a) The-
ory for various €., where ¢, is the ratio of the effective
dielectric constant of the substrate (¢,2.g) to the lens
(er1). (b) e-=1; —theory, - - -experiment at 50GHz.
The scale is linear in power.

The antenna input impedance of 85+j25Q has been
calculated with a magnetic-wall model. The crosstalk
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level of less than 20dB down in both E and H-plane
when the element spacing is 0.7A; has been mea-
sured at the 6GHz model experiment. Fig. 10 shows
the configuration of 3x3 element integrated patch ar-
ray. The squares of dot-line show the patch antennas
arrayed by the spacing of 0.7A4. Matching circuits
and low-pass filters are successfully constructed in
each resolution unit. Since we can construct match-
ing circuits in the second microstrip substrate, the
mismatch loss between the antenna and a detector
can be eliminated. Consequently this configuration
is suitable for various kinds of detectors. The total
3dB bandwidth of 6% have been measured at 50GHz
band experiment.

T
T

l<—IF and

: +  bias lead
Matching circuit
Feed point Diode Patch antenna

Fig. 10. The configuration of 3x3 monolithic mi-
crostrip patch antenna imaging array (bottom view).

V. APPLICATIONS

As a practical application, we have applied the 10
element trap-loaded parallel Yagi-Uda array to the
Tsukuba GAMMA 10 plasma machine in order to
measure the plasma density profile [5], for which we
have constructed a 70GHz heterodyne phase imaging
system. The IF frequency is 2MHz, the diode bias
current is 400uA, and the substrate lens is made of
fused quartz (¢.=4) with a magnification of 4.0, and
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other lenses are made with low-density polyethylene
(e,=2.28), giving a total magnification of 4.3. The
system f-number of 1.0 determines the diffraction-
limited sampling interval of 2.14mm (1.0A4) and cut-
off frequency of 233m™!, corresponding to a plasma
dimension of 37mm. Fig. 11 shows the time evolu-
tions of the line-density (a) and line-density profile
(b) at the plug cell. The initial plasma produced by
a plasma gun cannot be measured since the density
is above the cut-off. The results are very close to
those obtained by a millimeter-wave interferometer
with scanning horn antennas, which is used for the
cross-calibration.

x10'%em-2)
4

(2)

2

Fig. 11. The measurement of the time evolutions of
the line-density (a) and line-density profile (b) at the
plug cell in the Tsukuba GAMMA 10 plasma with
a 10 element trap-loaded Yagi-Uda antenna imaging
array at 70GHz. The time sequence is as follows:
following the gun-produced plasma injection (PG),
the plasma is heated with ion cyclotron range of fre-
quency (ICRF) powers and electron cyclotron heating
(ECH) powers.

VI. CONCLUSION

We have designed and investigated several kinds of
lens-coupled antennas for operation at millimeter and
submillimeter wavelength. The Yagi-Uda antennas
have been successfully improved radiation patterns as
well as impedance mismatch loss for small impedance
detectors. Trap-loaded antennas have been designed
in parallel arrays and successfully applied for plasma
diagnostics. The lens-coupled patch antennas have
been shown ideal radiation patterns and the stacked
microstrip configuration has made possible to fabri-
cate multi function arrays monolithically.
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Abstract

An Ensemble Monte Carlo model capable of predicting the high frequency perfor-
mance of Gunn devices has been developed. Conventional structures (ohmic cathode)
with a linearly graded doping in the active region are predicted to generate rf power at
frequencies up to 220 GHz. We have also compared Gunn devices with three types of
heterojunction injectors at the cathode : a forward biased triangular barrier, a reverse
biased triangular barrier, and a rectangular barrier. In general the optimum frequency for
power generation decreases as the injector becomes more efficient in reducing the dead
zone. InP Gunn devices resulted in a slightly higher oscillation frequency and output
power, however the temperature increase is much larger than GaAs devices.

I INTRODUCTION

The high frequency limit of GaAs Gunn devices in the fundamental mode is generally
estimated to be less than 100GHz [1]. This limit is due to intrinsic and extrinsic sources.
The intrinsic limitations are related to the physics of the semiconductor and the processes
responsible for the Gunn effect. The dominant aspect of Gunn operation at very high
frequencies is the fact that the transit time becomes comparable to the nucleation time
or the collection time of the accumulation layer. Eventually as the frequency increases,
the oscillation period becomes less than the time necessary to nucleate and collect an
accumulation layer and the Gunn effect disappears. The short transit time requires a
short transit region. At frequencies above 100GHz, the device length should be in the
submicron range assuming transit time mode of operation. The susceptance of the Gunn
diode increases as the transit region becomes shorter and the frequency is higher. As a

1This work was supported by the Center for Space Terahertz Technology under Contract No. NAGW-
1334
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result, the area required to match to a given load becomes smaller and the output power
decreases. A smaller area will also result in a higher series resistance which reduces the
circuit efficiency and the power delivered to the load. Independent of the frequency of
oscillation, an inactive region required by cold electrons streaming from the cathode to
gain enough energy and transfer to the upper valleys exists. As the frequency increases,
this inactive region represents a larger fraction of the total transit region. For example
in a 1 micron device, the inactive region occupies more than half of the device length.
Another important aspect of Gunn device operation is the heat dissipation since most of
the input power is not converted to rf power. As the operating temperature increases, the
average velocity and the differential negative resistance decrease. This results in a lower
oscillation frequency and less output power.

The extrinsic limitations are related to the material growth, fabrication process, mount-
ing and packaging of the device, and the design of a resonant circuit. In order to reduce
the series resistance, we need to remove the substrate and optimize the specific contact
resistance of the cathode and anode contacts. The mounting and packaging of the Gunn
diode are very critical steps because they introduce parasitic resistors, stray capacitors,
and lead inductors that can reduce the negative resistance and the output power. The
design of a resonant waveguide cavity is difficult at high frequencies because the dimen-
sions of the waveguide are very small. The waveguide is also required to present the
diode with a low impedance in order to get useful power.

In this paper, we investigate in more detail the high frequency limitations of GaAs
and InP Gunn devices operating in the fundamental mode. We present simulation results
using a self consistent Ensemble Monte Carlo model on 1 um devices with n* ohmic
contacts as well as heterostructure injectors at the cathode. We consider the effects of
the series resistance and the temperature rise on the output power and efficiency versus
frequency. We also present simulations on InP devices with n* contacts having the same
structure as GaAs devices.

I GUNN STRUCTURE

The simulated Gunn structure is shown in Fig. 1. It consists of a 0.1um cathode region
doped at 2 x 10'cm™~3, a 0.1um heterostructure injector, a 1um active region with
a linearly graded doping increasing from the cathode toward the anode, and finally a
0.2um anode region doped at 2 x 10'7cm=3. In the case of GaAs diodes, the injector
region consists of an AlGaAs layer with an aluminum composition varying from x =
T, to X = z,. Three types of injectors are considered: the first ’forward injector’ has
z;-= 0 and 2z, = 0.05, the second.’reverse injector’ has z; = 0.05 and z; = 0, and the
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Nt Injector Linearly graded N*
2% 10" em™? Ns 1x 10" -3 x 10%cm™2 2% 10" cm™?
GaAs Al;Ga1-sAs GaAs GaAs
T =2 T2=22
0.1um 0.1pm lpm 0.2um

Figure 1: Doping profile of the simulated Gunn structure.

third ’rectangular injector’ has z; = 0.05 and z; = 0.05. Only n* ohmic contacts are
considered for the case of InP devices.

III SIMULATION MODEL

The results described in this paper are obtained by using an Ensemble Monte Carlo model
which includes three nonparabolic valleys I, L, and X. The following scattering mech-
anisms are included: acoustic, ionized impurity, polar optical phonon, alloy, intervalley,
and intravalley scattering. The material parameters are very critical, however values
found in the literature vary among different sources. In our simulations, most of the
parameters are taken from(2], and [3]. In the case of the heterostructure barrier injector
in the cathode region, the material parameters and the effective mass have values that
vary with position.

Since the electric field in Gunn structures is nonuniform, the model should be self
consistent. In order to update the electric field along the structure, Poisson’s equation
is solved every 10fs. A more detailed description of the model can be found elsewhere
[4]. The device response to an applied voltage is obtained through simulation over many
periods (about ten). The resulting particle current density is Fourier analyzed and the
fundamental component is used to determine the conductance and susceptance per unit
area which are averaged over the last eight r.f. periods. The dc current density is given
by:

Jie = % / " J(wt)d(wt) (1)
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The fundamental component of the current density is expressed as:

JFrun = (a1)cos(wt) + (by)sin(wt) (2)
where,
a = 2 /T J(t)cos(wt)dt (3)
T Jo
b 2 " J(t)st d
1=7 . (t)sin(wt)dt (4)
The applied voltage consists of a dc and rf components:
V(t) = Vi + Vipsin(wt) (5)
The device admittance per unit area is :
Yp = Jrua(t)/V(t) = —=Gp + jBp (6)
where, ;
—u
Gp= v, (7)
N
Bp = V., + W (8)

In the expression for Bp, the cold capacitance has been added since the displacement
current was not taken into account in J(wt). The generated rf power is given by:

1
P,.,(Gen.) = §V,3,AGD, (9)
where A is the device area. The rf power across the load Ry, is :

R
Puy(Re) = Poy(Gen) ot (10)

where R, is the series resistance and is expressed as : [5]

pc + PeLc

b by A
~ T M[o.sln(d)+ ; +0.5] (11)

R,(f) =

where,
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p. = specific contact resistance Q.cm? (1 x 107),

pe = epilayer resistivity in Q.cm (p, = 3.7 x10™%),

ps = heat sink resistivity in Q.cm (for Gold p, = 2.35 x1079),
L. = Ilength of the contact regions,

o = skin depth in cm given by : \/E % ,

b = heat sink diameter (0.02 cm),

h = height of the heat sink (0.005 cm),

d = diode diameter in cm.

In order to obtain the output rf power we need to evaluate the device area. The area
is determined by satisfying the oscillation condition which is expressed as:

Xqa+Xr =0 (12)
Ry+R,+R, = 0 (13)

where, Z4 = Rq + j X is the total device impedance which can be expressed as :

1 _1_ -Gp . Bp

Zy= —= - 14
and Zp, = R + j X is the load impedance.
From equations (13), (11), and (14), the area can be expressed as:
= [G + B2 = Pc— peLe]/[Rhs + RL] (15)

Since the area has to be larger than zero, the specific contact resistance p. has to satisfy
the following condition :

Gp
< ——— —pcL. 16
Substituting the expression for the area in (10), we obtain the rf power delivered to the
load Ry, :

_,L [GD = (pc + p.L. )(G 2D)]2 Ry,
G% + B% (Rhs + RL)?

Py(Rp) = (17)

where,

iy by h
Ry, = g [0.5In( d) +5+ 0.5] (18)
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III-A THERMAL EFFECTS

Gunn devices at millimeter wave frequencies have very low efficiencies and most of the

input power is dissipated as heat. As the device temperature increases, the following
may occur [6] :

-

T

Heat Sink

Figure 2: Gunn device mesa structure mounted on a heat sink

e The Arsenic starts to evaporate at 620 °C),
e The material becomes intrinsic around 450 °C,
e The alloy contacts melt at 350 °C,

e The average electron velocity decreases.

From the above considerations it is important to provide a suitable heat sink which
should be placed near the anode region where the electric field is highest. The maximum
tolerable temperature increase is set to 225 °C.

Assuming the heat flows toward the heat sink, the maximum temperature occurs at the
top of the active region (Fig. 2). In order to determine the maximum temperature in the
device, the heat flow equation in each region has to be solved.

2 () = ~(2) (19)
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where,

q = heat generated per unit volume,

& = thermal conductivity.
Taking into account the temperature dependence of the thermal conductivity, the maxi-
mum temperature is expressed.as:[7]

Tmaz = ]e p[ (— + - )] (20)

where,

T4 = ambient temperature

P = total dissipated power

A = device area

kess = effective thermal conductivity of the contact

kps = heat sink thermal conductivity (3.8 —= for copper)

W = active area thickness

thickness of the n* region
a;, az defined as :

ai 9
e = T 21
Ko =7 (21)
Rt = (22)
where,
ks = active region thermal conductivity (150 —= K in GaAs),
kn+ = n7T region thermal conductivity (120 —% in GaAs).
dc = dni + dge + d gy + dri (23)
dy; = thickness of Nickel layer (250 4),
dge = thickness of germanium layer (325 4),
daw = thickness of Gold layers (2650 A),
dr; = thickness of Titanium layer (100 A4),
d.
Ke 24
"= Tt far 4 L ) (24)
kn; = Nickel thermal conductivity ( 0.9 m°C at 300 °K),
kge = Germanium thermal conductivity ( O 6 %= at 300 °K),
Kae = Gold thermal conducnvny ( 3.18 55 c at 300 °KX),
KT = c at 300 °K).

The total thermal resistance is defined as:
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Tma:r: - T
Rrn = ——'ch—é' (25)

IV SIMULATION RESULTS

All the results presented below correspond to a Gunn device operated at 300 °K. The
power is obtained by matching the device to a 10 2 load.

IV-A GAAS DEVICES
IV-A.1 OHMIC INJECTOR CATHODE

In this structure, the cathode region consists of an n* layer and no heterojunction barrier
is present. Fig. 3a shows the output power and efficiency as a function of frequency
for Vdc = 2V and Vrf = 0.4V. The oscillations occur over a wide range of frequencies
from 120 to 240 GHz. The efficiency has a peak of 1.5 % at 220 GHz and the power
reaches a maximum of 5.3 mW at 180 GHz. The power peaks at a lower frequency
than the efficiency because the power is proportional to the efficiency and the area which
decreases with frequency.

The maximum power possible at 180 GHz is obtained by varying the rf voltage.
Fig. 3b shows the efficiency and power as a function of the rf voltage for Vdc = 2V. A
maximum power of 10.5 mW occurs when Vif = 0.7V with an efficiency of 2.77 % and
temperature rise of 68 °K. A higher output power may be obtained by matching to a
smaller load which results in a larger device area and requires more dc power. However
the much higher operating temperature results in a lower oscillation frequency and smaller
output power because the the dead zone’ and the carrier velocity are reduced.

The evolution of an accumulation layer is conveyed by plotting the electric field (Fig.
4) across the device at equally spaced time intervals of £, where T is the period. The
variation of the electric field is small in a region near the cathode and is larger toward
the anode. Nearly half of the transit region corresponds to a ’dead zone’ where most of
the electrons did not gain enough energy to transfer to the upper valleys.

The oscillation frequency is frequently estimated from the transit time requirements
assuming a drift velocity between 8 x 10° and 1 x 1079?. For devices in the micron
range this is not valid because the transit time is no longer the dominant process in a
given cycle. The accumulation layer formation and collection times are comparable to
the transit ime. A 1 pm device is expected to generate fundamental oscillation at a
frequency between 80 GHz and 100 GHz. However, taking into account the overlap in
time between the three phases of an accumulation layer (or dipole domain): nucleation,
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Figure 3: Output power and efficiency for a GaAs diode with ohmic injection, Vdc =
2.0 V: a) versus frequency for Vif = 0.4 V. b) versus rf voltage for f = 180 GHz.
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Figure 4: Electric field across the ohmic injector GaAs diode.
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Figure 5: Output power and efficiency for a GaAs diode with a 'forward barrier’ injector,
Vdc = 2.0 V: a) versus frequency for Vif = 0.4 V. b) versus rf voltage for f = 150 GHz.

transit, collection and the reduction of the effective transit length due to the dead zone
explains the oscillations at frequencies around 180 GHz.

At 180 GHz a 20 ym diameter diode is needed in order to be matched to 10 Q
load. At higher frequencies smaller diodes are required which complicates the bonding
process. Increasing the area results in a higher output power but requires matching to a
smaller load and mounting the device on a better heat sink.

IV-A2 °FORWARD INJECTOR’ HETEROJUNCTION CATHODE

This structure is similar to the previous one, except a heterojunction triangular barrier
injector is added at the end of the n* cathode region. Fig. 5a shows the efficiency
and output power as a function of frequency for a 50 meV barrier, 0.1 um wide. The
efficiency has a maximum of 1.6 % which occurs at 180 GHz and the power reaches a
maximum of 5.5 mW at 160 GHz. In fig. 5b, the effect of changing the rf voltage on
the efficiency and power is shown for a frequency of 150 GHz and Vdc = 2 V. When
Vif = 0.8 V, the power reaches a maximum of 11.3 mW with an efficiency of 2.75
%, a temperature rise of 57 °I(, and a diode diameter of 23 um. The lower oscillation
frequency compared with the previous structure is a result of the *dead zone’ reduction as
can be seen in fig. 6 which shows the electric field along the structure. The electric field
has a maximum of 45 £% compared with 70 £% in the conventional structure. The lower
peak electric field is due to the voltage drop inside the injector region. The addition of
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Figure 6: Electric field across the 'forward’ barrier injector GaAs diode.

the 'forward injector’ has resulted in a shorter dead zone’ region, smaller temperature
rise, lower oscillation frequency, and more power at this frequency.

IV-A.3 ’REVERSE INJECTOR’ HETEROJUNCTION CATHODE

The barrier injector is similar to the 'forward injector’ except that the abrupt side is
toward the cathode. Fig. 7a shows the efficiency and output power as a function of
frequency. The maximum power is 4 mW and occurs at 150 GHz while the maximum
efficiency is 1.2 % at 160 GHz. At 150 GHz and Vdc =2 V, the maximum power is 5.3
mW when Vif = 0.6 V (fig. 7b). At this operating point the temperature rise is 41 °K.

The further reduction in the oscillation frequency compared with the ’forward injector’
suggests that the 'reverse barrier’ is more effective in reducing the ’dead zone’. This is
confirmed by observing the electric field across the structure (fig. 8) which shows clearly
a smaller inactive region. We notice also that a domain is formed instead of accumulation
layer.

IV-A4 ’RECTANGULAR INJECTOR’ HETEROJUNCTION CATHODE

The last cathode injector considered for GaAs Gunn devices is a rectangular barrier 50
meV high. The efficiency and output power as a function of frequency are shown in
fig. 9a. The maximum output power is 3 mW at 140 GHz and the maximum efficiency
is 0.9 % at 160 GHz. At 140 GHz, the maximum output power possible is 6.7 mW
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Figure 7: Output power and efficiency for a GaAs diode with a ’reverse’ barrier injector,
Vdc = 2.0 V: a) versus frequency for Vrf = 0.4 V. b) versus rf voltage for f = 150 GHz.
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Figure 8: Electric field across the 'reverse’ barrier injector GaAs diode.
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Figure 9: Output power and efficiency for a GaAs diode with a ’rectangular’ barrier
injector, Vdc = 2.0 V: a) versus frequency for Vrf = 0.4 V. b) versus rf voltage for f =
150 GHz.

for Vif = 0.8 V with an efficiency of 2.6 %, a temperature rise of 40 °K, and a diode
diameter of 21 um (fig. 9b). The electric field is not shown since it is similar to the
previous structure except that the variation in the field near the cathode is smaller in the
‘rectangular barrier’ case.

IV-B InP Gunn DEVICES

InP Gunn devices with a similar structure and doping profile to the ohmic injector GaAs
devices are also simulated. Compared with GaAs, InP has a higher energy separation
between the I' and L valley, stronger intervalley scattering mechanisms, and higher
electron velocity. As a result a higher dc voltage is needed to observe the Gunn effect.
A dc voltage of 6 V is found to result in the best performance. Fig. 10a plots the
efficiency and output power as a function of frequency for Vrf = 1.2 . We notice that
oscillations extend from 120 GHz to 270 GHz which is slightly higher than in GaAs
devices. The maximum efficiency is 1.2 % which occurs at 220 GHz and the maximum
output power is 11.2 mW at 200 GHz. Fig. 10b is a plot of the efficiency and power as a
function of the rf voltage at 200 GHz. The maximum output power is 15.2 mW at Vif =
1.5V. At this operating point the diode diameter is 18 um, the efficiency is 1.35 %, and
the temperature rises by 200 °K. The electric field is plotted in fig. 11 which shows a
smaller ’dead zone’ region compared with the similar GaAs structure. The peak electric
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field of 170 £¥ near the anode is much larger than inside the GaAs device which may
lead to electronic failures.

It has been reported [8] that InP devices with a current limiting contact such as a
Schottky barrier result in a better performance than n* ohmic cathode devices. This can
be explained by the fact that a current limiting contact will result in a smaller dc power,
peak electric field, and maximum temperature rise. Although the dc power is reduced,
the actual output rf power is increased because Gunn devices operate much better at low
temperatures.

V CONCLUSIONS

We have performed computer simulations on GaAs and InP Gunn devices. Structures with
the conventional n* ohmic injector resulted in the highest oscillation frequency. Three
types of injectors in the cathode region have been considered. The ’reverse barrier’ and
the ’rectangular barrier’ are more effective in reducing the dead zone than the ’forward
injector’ but generate less power. Itis possible to decrease the *dead zone’ even further by
increasing the barrier height. However a point is reached where the fraction of electrons
in the upper valleys is large in most of the device. This results in a smaller variation of
the current density during one cycle and degrades the performance.

The ’dead zone’ is considered to be a parasitic positive series resistance and as such its
reduction is advantageous. However according to the results presented in this paper this
inactive region is not necessarily undesirable. In order to reduce the dead zone, we need
to use a cathode injector different from the ohmic injector. This non-ohmic injector, while
reducing the ’dead zone’, introduces itself an additional series resistance. Furthermore if
we assume that the dead zone can be eliminated, then to achieve oscillations around 200
GHz requires a half micron device which has a larger cold capacitance than the 1um
structure considered above.

InP devices are capable of generating more power and oscillating at higher frequen-
cies than GaAs devices. However as a result of the larger dc power requirements, the
temperature rise is much larger than inside GaAs devices. This requires the use of better
heat sinks such as diamond or reducing the device area wich results in smaller output
power.
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Figure 10: Output power and efficiency for an InP diode with ohmic cathode, Vdc = 6.0
V: a) versus frequency for Vif = 1.2 V. b) versus rf voltage for f = 200 GHz.

S0 T T

=50

=100

electric field [KV/cm]

-180 |

-200 L L
0.0 5.0 10.0 15.0
position [pm] 107

Figure 11: Electric field across the InP Gunn diode.
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Abstract

Preliminary estimates of the power generation capability of Tunnel Transit Time
(TUNNETT) devices in the 100-1000 GHz range are promising. A straight forward
TUNNETT design procedure based on experimental characterization of the tunnel
injector is outlined. A GaAs tunnel injector has been characterized and a nominal
100 GHz design is given. Preliminary results for tunnel injectors using InGaAs lattice
matched to InP are described. The Gilden and Hines small signal analysis of transit time
devices is modified and applied to TUNNETT devices. The RC time constant of the

tunnel injector is shown to be an important figure of merit.

1This work was supported by the Center for Space Terahertz Technology under contract No.
NAGW-1334
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1. Introduction

Two terminal transit time devices are strong candidates for high frequency power
generation. IMPATT devices have demonstrated high power capabilities for frequencies
up to 100 GHz. The technology at higher frequencies is not as mature, but preliminary
work is promising [1-4]. At very high frequencies IMPATTTSs are expected to give way
to MITATTs and TUNNETTSs as fundamental sources. Transit time devices are also
attractive due to their relatively simple biasing requirements. Since they do not have
intrinsic negative resistance at low frequencies it is relatively simple to suppress bias
circuit oscillations.

While IMPATTs are useful devices, they do have limitations. Due to the avalanche
multiplication, shot noise in IMPATTs may be relatively high. Devices based on
the avalanche process also suffer a significant decrease in efficiency at extremely high
frequencies. IMPATTSs are also limited because at higher frequencies the narrow active
region and high doping level required lead to tunneling mechanisms becoming dominant.

TUNNETTs and MITATTs take advantage of the very fast and relatively quiet
tunneling process. These devices are expected to produce significant power at extremely
high frequencies. Such devices have been considered previously [5-8] and preliminary
experimental results have been obtained in the 100-300 GHz range. Recent advances
in material growth and processing technology will greatly improve the performance
attainable from these devices.

This paper discusses the basic design and evaluation of TUNNETT devices. First
order estimates of the power generation capabilities of TUNNETTSs are presented using
simple large signal techniques. We then discuss a procedure for designing TUNNETT
structures. The design is based on the experimental characterization of the tunnel
injector. Characteristics of GaAs and InGaAs injectors are presented and a 94 GHz
TUNNETT design based on the GaAs injector is presented. A small signal analysis
of TUNNETT structures is carried out by modifying the analysis Gilden and Hines
performed on IMPATT diodes [9]. Simple expressions for the real and imaginary parts of
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the device impedance are derived. The small signal results show the importance of the

tunneling injector in the device operation.

2. Estimation of Expected Power Output From Conventional
Single-Drift TUNNETT Devices

The TUNNETT structure we consider is shown schematically in Fig. 1. The devices
of interest here will be punched through at the bias voltage and the device is designed
to maintain a high field in the drift region. Under these conditions we can assume that
the length of the depletion region, zp is constant and the injected charge travels at v,,
where v, = the saturated velocity.

The analysis is a simplified first order theory meant to give order of magnitude
estimates. Details of the analysis are given in [10]. The effects of the series resistance
associated with a realistic device were included and limitations due to power dissipation
were also considered. The results of the analysis are given in Tables I-III for 100 GHz,
500 GHz and 1000 GHz, respectively. The analysis predicts useful power can be generated
using TUNNETT devices. It can be seen from these tables that for all the cases considered
except for one, the temperature rise does not exceed 225 K and therefore CW operation

is feasible for these cases.

3. Design of Single-Drift TUNNETT Devices

We have developed a first order TUNNETT design prodedure which will result in a
working device so that experimental studies may be carried out. The design is based on
an experimental characterization of the tunnel injector. The design procedure ignores
some second order effects which will be important for more optimal designs. We conclude
the section with the design of a nominal 100 GHz TUNNETT using MBE grown GaAs
layers.

For TUNNETT devices the optimum transit angle is wrp = %7-"- and thus the drift
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region length (see Fig. 1) is

:I:D=§-U—’ . (1)

4f

It is important to keep carrier generation in the drift region low. Since the drift region is
relatively long carrier generation through impact ionization can be significant. We will

therefore require that
/ P ads =01 )
0

where o = ionization rate = Ae~(®/E)™, A and b are material parameters.
For a given frequency of operation zp is known. The magnitude of the electric field at zp
for dc bias is chosen to give saturated velocity and to keep the diffusion coefficient low.
The ionization multiplication factor is found numerically for different doping levels in the
drift region given an assumed E(zp). Values for a 100 GHz GaAs design are presented
later.

It is difficult to accurately characterize the tunnel injector from simple theory. The
basic form of the current generation as a function of the electric field is well known [11]

and is expressed as

Gr (E) = ApE® exp (:.5’1) . (3)
The constants can be found using a highly idealized analysis to be
1 1E[4] [2M,"Eg]1/2
AT =50 [%h] [Eg] X )

and

_n[E, 21»1;.5’9]1/2
Br=1 [%ﬁ] [ X )
where E, is the semiconductor bandgap energy and M is the effective tunneling mass

given by
MIM;
M- = c v
TOM:+M; (6)
In eq. 6 M is the conduction band effective mass and M is the valance band effective

mass. For accurate characterization of a real semiconductor material, however, the

parameters Ar and Bt will require measurements.
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For a first order design of a GaAs TUNNETT injector accurate knowledge of Ar
and Br is not required. In GaAs the bandgap energy is large enough that for the
desired tunnel current the highest doping levels available are required. With current
MBE technology this results in a one sided p*n junction: N4 = 5.0 x 10'®/cm® and
Np = 5.0 x 10'®/cm3. The only parameter to be calculated is the width of the highly
doped n-type region, z4. The desired dc current density is known from the large signal
analysis. By measuring the zero bias capacitance and the bias required to give the correct
current density in a p*'n junction without the drift region the magnitude of the field at

the p™n junction necessary to produce this current density is calculated using

N,
lanaz = q/qz>(70 [

Loty ™
where Np is the doping concentration, Vj; is the built in voltage (estimated from the
forward biased IV characteristic), V4 is the applied voltage, A is the area of the diode
and Cj is the zero bias capacitance of the diode. The magnitude of the electric field at

the beginning of the drift region is determined from the doping level and the length of
the drift region. Thus the length of the highly doped n-type region is

€€

N (8)

z4 = (Emaz — Eirigt)

For an InGaAs injector the situation is more complex. Due to the smaller bandgap
energy the tunnel breakdown voltage of the injector can be made extremely small
with doping levels using current MBE technology. In order to determine the optimum
doping level available InGaAs (lattice matched to InP) p*n* junctions with various
nominal n* doping levels are being studied using MBE and gas source MBE grown
material. Both growth technologies are available at our laboratory. MBE grown
material with nominal doping levels of p* : Ny = 1 x 109/ cm® and n* : Np =
{3 x 10®¥/cm3,1 x 10*¥/cm3,3 x 10'"/cm3,1 x 10'7/cm®} have been processed into
diodes. The IV curves of 90um diameter diodes are given in Fig. 2. Higher doping
levels are available with this system than those used for this study. The IV curve of a

gas source MBE grown sample with nominal doping levels of Ny = 1 x 10'?/cm® and
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Np = 1x10'®/cm? is shown in Fig. 3. The InGaAs samples will require careful evaluation
in order to give accurate estimates of the tunneling parameters Ar and Br. A comparison
of the growth techniques is under way to determine which technique is more suitable for
growing TUNNETT structures.

This design procedure has been used to specify a 100 GHz (nominal) TUNNETT
structure in GaAs. The electrons travel at the saturated velocity of v, = 107 cm/s in the
drift region so

3v,

Tp = Y = 0.75pm . (9)

The desired field strength at the end of the drift region (E(zp)) is estimated to be
100kV/cm from large signal analysis and experience with similar devices. The doping
level in the drift region should be as large as possible to minimize distortions of the
field profile due to the injected charge. The upper limit to the doping level is the level
determined by imposing an upper limit on the impact ionization multiplication factor.
For GaAs A; = 3.85 x 10°/cm, b = 6.85 x 10° V/cm and m = 2 was used. Numerically
integrating eq. 2 gives a maximum doping of Np = 3.0x10'®/cm?®. Since the magnitude of
the field at the end of the drift region (100 kV/cm), the length of the drift region (0.75um),
and the charge density in the drift region (¢/Np) are known, Poisson’s equation can be
used to estimate the magnitude of the electric field at the beginning of the drift region
to be E(0)=400k V/cm. The required current density is known from the large signal
analysis to be 30 kA/cm?. We estimate that the maximum field at the junction to be
3.23 MV /cm by characterizing the tunnel injector without a drift region and using eq. 7.
The desired width of the n* side of the tunnel injector is calculated to be 403A using
eq. 8. If the doping level in the injector is lower than the nominal the field in the drift
region will cause excessive impact ionization. To avoid this we specified the injector to
be slightly longer; 420A. This structure was grown by a source outside the University of
Michigan. The doping levels of the resulting structure measured using SIMS are shown in
Fig. 4. Note the Si (n-type) doping profile, particularly in the injector region, is excellent.
The cause of the failure of the Be (p-type) doping is thought to be understood. A new

sample has been grown and is currently being tested using SIMS analysis.
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4. Small Signal Analysis of TUNNETTSs

The small signal analysis of the TUNNETT follows the analysis performed by Gilden
and Hines for IMPATT devices. The most important difference is that the tunnel injector
is modeled as a parallel R-C circuit rather than a parallel L-C circuit, see Fig. 5. The

impedance of the tunnel injector is (compare to eq. (14) in [9])

R

Ze=17 jwRC,

(10)
while the impedance of the drift region is (compare with eq. (18) in [9])

1 1 sin® .1 —cos®
Zd—ijd{1—1+ijC¢( o ‘7 o )} ' (11)

Where R = 1/G = dc small signal resistance (AV/AI) of the tunnel injector. C, =

junction capacitance of the injector ( €A/z4). Cyq = drift region capacitance ( €A/zp).
© = transit angle of the drift region (wzp/v,). Following the analysis through for the
TUNNETT case results in the small signal impedance of the device being (Zr=Rr+jXr)

R = wRC,sin® +1—cos® +wC;0R
= OwCy(1 + w?R2C?)

(12)

_ sin® — © — RwC,y(1 — cos ©) — Ow?R*C,(C, + Ca)
= | @OCa(1 + 2 RECY)

The denominator of both terms contains the term 1 + w?R2C? which implies that the

Xr (13)

RC time constant of the tunnel injector is an important figure of merit when considering
a design for high frequency oscillations.
For a TUNNETT device operating at its optimum frequency (@ = %r),the equation

for the real part of the impedance becomes

_ —wRC, +1+wC;RO
br =t rwrcy (14)
For very high frequencies
. 1
Jim (Fr) = T @?CLRC. (15)

Note that since Cy is proportional to the desired operating frequency the negative

resistance will drop off as the cube of the frequency. The resistance of the diode is positive
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for w < 1/RC,, so a TUNNETT will not begin oscillations below the cutoff frequency
of the injector. Fortunately, the small signal resistance of the injector increases as the
current density is decreased. So injectors with very high cutoff frequencies can be made
to operate simply by reducing the current density.

There is some ambiguity to the separate values of R and C, since the length of the
tunnel injection region is not well defined. The RC product, however, is easily obtained
from low frequency measurements performed on a simple pn junction. The rate of tunnel
injection varies exponentially with the electric field so it is a very close approximation to
assume that the tunnel injection region is very short. Also, if space charge effects in the
injector are ignored the small signal electric field is constant across the injector region.
Then the small signal voltage across the injector is directly proportional to the assumed
length of the injector region. Thus if the assumed length of the injector is longer than
the real length of the injector (so that the current density appears independent of the
length of the injector) the small signal resistance (4%) is directly proportional to the
assumed length. Since the capacitance is inversely proportional to the length, the RC
time constant is independent of the assumed length of the injection region. So the small
signal RC time constant measured using the pn junction alone is the same as that of the
injector. The ambiguity in the value of R will have little effect since the wC; RO term
is small compared to the other terms for the frequencies considered here.

For the GaAs tunnel injector studied biased to give a current density of 30 kA/cm? the
measured values were R = 1.5, C, = 5.0 pF', RC, = 7.67 pS. Since the resistance value
is small and had to be measured at a high current value it could not be measured precisely.
The measured value includes a series resistance associated with the measurement system
which is of the order of half an ohm. It also includes the contact resistance, which is
small, since the diodes are large. The above value is in the range expected from the
standard tunneling theory. The measured value is thought to overestimate the RC time
constant and should only be considered as a first order estimate. The measured value
implies the 3 dB frequency for this injector is 21 GHz. The small signal impedance of the
nominal 100 GHz GaAs TUNNETT design given in section 3 as a function of frequency
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is shown in Fig. 6. The small signal impedance of a TUNNETT structure designed for
500 GHz is given in Fig. T.

5. Conclusions

Preliminary estimates of the power generation capability of TUNNETT devices in
the 100-1000 GHz range are promising. A straight forward TUNNETT design procedure
based on experimental characterization of the tunnel injector has been outlined. A GaAs
tunnel injector has been characterized and a nominal 100 GHz design has been given.
Preliminary results for tunnel injectors using InGaAs lattice matched to InP has been
carried out and the results are promising. The Gilden and Hines small signal analysis of
transit time devices has been modified for TUNNETT devices. The RC time constant of
the tunnel injector was shown to be an important figure of merit, though the injector is
useful far above its cutoff frequency. It is believed that useful power at one terahertz is
feasible using TUNNETT structures.
Acknowledgments The authors are grateful to Dr. W. Q. Li and Prof. P. Bhattacharya
of the University of Michigan for providing the MBE InGaAs material. They are also
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Table I. Estimated Power Output Including R,
f =100 GHz
Jie =31 x10* A/Jem? V. =232V

Diode Prr | Prr

Diam. (Gen.) | (RL)

(pm) | Area (cm™?) | R,(Q) | —R4(®Q) | RL(Q) | VRr(V) | lag(mA) | Pee(W) | (mW) | (mW) | n(%)
20 3.1 x 10~8 0.63 2.84 2.21 21.6 96 2.23 440 342 15
25 4.9 x 10~¢ 0.58 1.82 1.24 21.6 150 3.48 688 468 13
30 7.1 x 10 0.55 1.55 1.0 18.1 216 5.01 830 538 10.7
30 7.1 x 10~¢ 1 2 1 14.6 216 5.01 667 333 6.7

Table II. Estimated Power Output Including R,
f =500 GHz
Jie =18 x 10° A/em?; Vo, =6.7V

Diode Prr | Prr
Diam. Iie | Pic | (Gen.)| (Rr)

(um) | Area (cm~2) | Ry(Q) | RL(Q) | =R4(Q) | VRr(V) | (mA) | (mW) | (mW) | (mW) | n(%)
4 1.26 x 10~7 | 2.94 2.9 5.9 3.03 22.7 150 14.6 7.3 4.8
5 1.96 x 10~7 2.5 2.5 5.0 2.44 35.5 240 18.3 9.2 3.9
7 3.85 x 10~7 2.0 2.0 4.1 1.71 69.5 470 25.2 12.6 2.7
10 7.85 x 10~7 1.7 1.7 3.5 1.15 141.9 | 950 34.6 17.3 1.8
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Table III. Estimated Power Output Including R,
f = 1000 GHz
Jie=4%x10°A/cm? V4. =44V

Diode Pgrp Prr

Diam. Iy Pi. | (Gen.) | (Rr)
(pm) | Area (cm~?) | Ry(Q) | Re(Q) | =Ry(Q) | Ver(V) | (mA) | (mW) | (mW) | (mW) | n(%)
2 0.31 x 107 | 7.24 7.24 14.48 0.930 | 12.47 50 2.5 1.2 2.2
3 0.71 x 10-7 | 4.68 4.68 9.36 0.712 | 28.05 | 120 4.2 2.1 1.7
4 1.26 x 10~7 3.7 3.7 7.4 0.556 49.9 220 5.9 2.9 1.3
5 1.96 x 107 | 3.2 3.2 6.4 0431 | 77.9 | 340 7.1 3.6 | 1.0
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Figure 1. TUNNETT Device Structure and Electric Field Profile.
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Figure 2. IV Characteristics of MBE Grown p*n* Junctions under Tunnel Breakdown.
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Figure 3. IV Characteristics of Gas Source MBE Grown p*n* Junctions. pT: N, =

1 x 10¥%/an? n* : Np =1 x 10Y9/cm3.
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Figure 4. Doping Profile of Nominal TUNNETT Structure Measured using SIMS
Analysis (note the excellent Si (n-type) doping profile).
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Figure 5. Small Signal Equivalent Circuit of (a) TUNNETT and (b) IMPATT diodes.
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Figure 6. Small Signal Admittance per Square centimeter for a Nominal 100 GHz
GaAs TUNNETT Diode using the Injector Described in the Paper (Jpc=30kA/cm?).
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GaAs TUNNETT Diode using the Injector Described in the Paper (Jpc=30kA /cm?).
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Abstract

Oscillation frequencies between 100 and 712 GHz have been obtained in InAs/AlSb double-
barrier resonant-tunneling diodes (RTDs). The power density obtained at 360 GHz was 90
W cm™2, which is 50 times that obtained from GaAs/AlAs diodes at essentially the same fre-
quency. Oscillation at 712 GHz with a power of 0.3 UW was observed, representing the
highest oscillation frequency reported to date from a solid-state electronic oscillator at room
temperature. A high-Q semiconfocal resonator has been used to lock a waveguide-resonator-
based RTD oscillator operating at a frequency of 103 GHz. The locked-oscillator linewidth
was 40 kHz, which is about 250 times narrower than the linewidth of the oscillator without
the high-Q resonator.

Introduction

The double-barrier resonant-tunneling diode (RTD) has demonstrated promising high-
speed characteristics as an oscillator and a switch. Until recently, most of the high-speed
experiments have been conducted with RTDs made from the GaAs/AlAs material system
(GaAs quantum well and cladding layers, AlAs barriers). Oscillators made from such diodes
have operated at room temperature up to 420 GHz.! It has been shown that the maximum
oscillation frequency of GaAs/AlAs RTDs, f,,,, is limited by a high series resistance Rg and
a low magnitude of differential conductance G in the negative differential conductance (NDC)
region.

These shortcomings are alleviated in RTDs made from the indium-bearing material sys-
tems, Ings3Gag 47As/AlAs? and InAs/AISb.3 The indium-bearing RTDs provide a lower Rg
primarily because ohmic contacts on Ing53Gag 47As and InAs have lower resistance than on
GaAs. In addition, indium-bearing RTDs provide a higher magnitude of G because of the
larger available current density AJ in the NDC region, where AJ = Jp — Jy, and Jp and Jy are
the peak and valley current densities, respectively. The indium-bearing materials also increase

fmax by reducing the transit-time delay per unit depletion length on the anode side of the
double-barrier structure.
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Our indium-bearing RTDs are all grown by molecular-beam epitaxy. The
Ing 53Gag 47As/AlAs RTDs were grown on InP substrates, and the InAs/AISb RTDs were
grown on GaAs and InAs substrates. The current-voltage (I-V) curve of our fastest
InAs/AlSb RTD tested to date is shown in Fig. 1. It has a peak-to-valley current ratio of
about 3.4 at room temperature, and a peak current density of 2.8x10° A cm™2, corresponding
to AJ = 2.0x10° A cm™2. It consists of two 1.5-nm-thick undoped AISb barriers separated by
a 6.4-nm-thick undoped InAs quantum well. Below the double-barrier structure are a 75-nm-
thick InAs layer doped to Np= 2x10'7 cm™, a 02-um InAs layer doped to
Np = 2x10'8 ¢cm™3, and a 0.5-um layer doped to Np =5x10'8 cm™. The former layer is
designed to be fully depleted under bias. Above the double-barrier structure is a 10-nm-thick
undoped InAs buffer layer, a 100-nm-thick InAs layer doped to Np =2x10'¥ cm™,a

100-nm-thick InAs layer doped to Np = 5x10'® cm™, and a 20-nm-thick indium layer. The
indium layer forms an in siru nonalloyed ohmic contact, as shown in the cross-sectional view
in Fig. 2. The procedures used to fabricate the diode mesas are described in Ref. 3.

High-frequency chips

With RTDs intended for high-frequency oscillators, it is important to achieve a low-
resistance current path from the active region of the device to the ground plane. For diodes to
be tested in waveguide circuits, the low resistance is achieved in the manner shown in Fig. 2.
The diode mesas are isolated by chemically etching to the top of an n* epilayer that is doped
to a concentration of Np > 5x10'® cm™. The wafer is then diced into small (100 x 100 pwm)
chips, and the sidewalls are metallized with a thin layer of electroless palladium and a thicker
layer of electroplated gold. This yields a typical series resistance from the double-barrier
structure to the bottom of the chip of 0.5 Q at dc, increasing to about 1.0 Q at 600 GHz.

It is also important with high-frequency chips to make low-resistance and stable whisker
contacts. This was accomplished by fabricating the surface of the wafer into a honeycomb
structure, as shown in Fig. 3. The honeycomb topology is produced by first plasma deposit-
ing approximately 1 um of SizN, at a temperature of 200 °C. The Si3N, is patterned with
photoresist, and via holes extending down to the top of the mesas are opened by reactive-ion
etching. In addition, the Si3N, is a passivation layer for InGaAs alloys,* so the RTDs should
operate under a number of adverse conditions.

Oscillator measurements

After fabrication the chips are mounted in one of four full-height rectangular waveguide
resonators operating in frequency bands around 100, 200, 400, and 650 GHz, respectively.
The design of these resonators is shown in Fig. 4. In each case, the RTD chip is mounted
below a post that extends roughly halfway into the waveguide. The combination of the capa-
citance of the gap below the post and the inductance of the whisker create an LC resonance
that is the basis for the oscillation in these waveguide structures. The highest frequency reso-
nator constructed to date consists of a 0.015x0.030-cm (WR-1) full-height rectangular
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waveguide with a contacting backshort.

Up to 400 GHz, the power of the oscillations is measured by waveguide-mounted
Schottky-diode detectors. The frequency is measured by wavemeters or by down-conversion
techniques. Above 600 GHz, the power is measured by coupling the radiation out of the
waveguide with a pyramidal feedhon and focusing it onto a composite bolometer. This
bolometer consists of a silicon thermistor element bonded to a 377-QM0 absorber. The
absorber is mounted in a hemispherical integrating cavity. The oscillation frequency is meas-
ured by placing a scanning Fabry-Perot spectrometer into the path between the waveguide
oscillator and the bolometer. By varying the separation of mirrors of the spectrometer over a
distance of about 5 cm, we were able to determine the wavelength to an accuracy of about
0.1%.

The highest power density obtained with GaAs/AlAs and InAs/AlSb RTDs in each of
these resonators is shown in Fig. 5. At 360 GHz, the InAs/AISb RTD produced a power den-
sity of about 90 W cm™ and an absolute power of 3 pW. This is 50 times the power density
obtained from GaAs/AlAs diodes at 370 GHz. In the WR-1 resonator, the highest power was
0.3 uW, which was obtained from a 1.8x1.8-um InAs/AlSb RTD oscillating at 712 GHz.
This corresponds to a power density of 15 W cm™2. Our uncertainty in these values is about
75%, reflecting the great difficulty in calibrating power measurements in this frequency
region. To determine whether the 712-GHz signal resulted from a fundamental oscillation or
a harmonic of a lower frequency oscillation, we used the Fabry-Perot spectrometer to look for
changes in the oscillation frequency with variations in position of the backshort. We found
that the backshort tuned the output frequency by about 2 GHz. This tuning would probably
not be observed if the oscillation were a harmonic, since propagation at the fundamental fre-
quency could not occur in the waveguide, and thus the oscillation frequency would not
depend on the backshort position. However, harmonic-tuning effects cannot be completely
ruled out, and better techniques are needed for this determination.

Quasioptical resonator performance

A major challenge in operating solid-state oscillators at frequencies above 100 GHz is
the design of the resonator. Conventional resonators, such as those based on closed cavities
or radial transmission lines, exhibit an unloaded quality factor Q, that decreases with increas-
ing frequency because of increases in the ohmic and scattering losses of metallic surfaces.
Open resonators, such as those used in lasers, provide a much higher Q, but are difficult to
integrate with lumped-element, solid-state oscillators. We have combined a waveguide RTD
oscillator and a high-Q, semiconfocal cavity to form a quasioptical oscillator operating at fre-
quencies near 100 GHz. With no electromagnetic coupling between the waveguide and the
semiconfocal cavity, the oscillator power was approximately 10 pW and the 10-dB-down
linewidth was 10 MHz. With coupling to the cavity, the oscillator power decreased by about
3 dB and the linewidth decreased to roughly 40 kHz. Accompanying this reduction in
linewidth was a locking of the oscillator output onto a semiconfocal-cavity mode. Our
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technique provides a sufficiently narrow linewidth for local-oscillator applications in radiome-
ters.

The schematic diagram of our quasioptical oscillator designed for the 100-GHz region is
shown in Fig. 6. The RTD is mounted in a standard-height rectangular waveguide in the
manner used in all of our waveguide RTD oscillators operating above 100 GHz. The diode is
dc biased by a coaxial circuit that suppresses spurious oscillations by means of a very lossy
section of transmission line placed in close proximity to the top wall of the waveguide. The
waveguide section opens abruptly within the middle of a flat metallic wall that forms one
reflector of a semiconfocal open resonator. The TEMygy modes of this resonator are assumed
to have a Gaussian transverse intensity profile with 1/e-point loci as shown in Fig. 6. The
spot diameter of these modes at the flat reflector are designed to be about 10 times the height
of the rectangular waveguide. This large spot diameter (the radiation pattern from the end of
the wavéguide is actually more divergent than a Gaussian mode) makes the coupling between
the waveguide and the open cavity fairly weak. Weak coupling is necessary to realize a large
Q, for the open resonator. The output radiation of the oscillator is taken from the opposite
end of the waveguide section. The power of the oscillator is measured by a Schottky-diode
detector and the spectrum is resolved by down-converting the oscillator output to the fre-
quency range of a microwave spectrum analyzer.

Experimental power spectra of the RTD oscillator are shown in Fig. 7. The broad spec-
trum in Fig. 7(a) results from the insertion of an absorbing element into the open resonator
that spoils the Q,. In this case, the oscillation is based on the waveguide LC resonance dis-
cussed previously. The width of the spectrum is roughly 10 MHz, which is unsuitable for
local-oscillator applications. Upon removing the absorber, the spectrum shifts and becomes
much narrower. The expansion of this spectrum, shown in Fig. 7(b), yields a linewidth of
about 40 kHz. The shift in frequency is a result of the RTD oscillation being locked onto the
open-cavity resonance. The narrowing is a further indication that locking has occurred and is
consistent with the high Q, of the open resonator compared to that of the waveguide reso-
nance. The center frequency of the cavity resonance is determined, as in all Fabry-Perot reso-
nators, by the spatial separation of the reflectors. By varying this separation, we were able to
tune the locked power spectrum over a range of about 0.3 GHz at a fixed RTD bias voltage.
We are presently determining the effect of the open cavity for different RTD bias voltages.
For the waveguide oscillator, the center frequency could be tuned by roughly 10 GHz with
variation of RTD bias voltage.

The power of the cavity-locked oscillation in Fig. 7(a) (the integral under the power
spectrum) was found to be about 3 dB less than the unlocked power of approximately 10 uW.
One could obtain significantly more power and maintain the advantage of quasioptical locking
by implementing an array of RTD oscillators rather than the single-element oscillation demon-
strated here. In principle, such an array could consist of a parallel combination of
waveguide-mounted RTD structures like that shown in Fig. 6. However, a more practical
approach for very high frequencies is a planar RTD array based on microstrip-circuit
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techniques. The key point in either approach is that the oscillators all lie in an equiphase
plane of the open-cavity mode and are thus synchronized by the high-Q, resonance. This
method of power combination has been used to obtain cw power levels up to 20 W from both
planar-MESFET oscillator arrays and Gunn-diode oscillator arrays operating near 10 GHz. It
should be a useful technique for obtaining milliwatt levels of power from RTD oscillators in
the submillimeter-wave region.

Summary

InAs/AISb RTDs have oscillated up to 712 GHz at room temperature. The power den-
sity generated at lower frequencies is 50 times that obtained from the best GaAs/AlAs RTD at
the same frequency. The superiority of the InAs/AISb RTD stems from its superior ohmic
contact and from its higher available current density. A semiconfocal resonator has been used
to lock a waveguide-based RTD oscillator at a frequency of 103 GHz. The locked oscillator
linewidth was 40 kHz, which is about 250 times narrower than the linewidth of the waveguide
oscillator alone. The quasioptical RTD oscillator should be suitable as a local oscillator for
superconducting tunnel-junction mixers up to frequencies of at least 400 GHz.
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Fig. 1.  I-V characteristics of a 1.8-um-diameter InAs/AlSb RTD at room temperature.
The step structure spanning the NDC region is caused by self-rectification of the
oscillations.
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Abstract:

Recent experimental results have demonstrated good performance of GaAs IMPATT diodes around
94 GHz for both output power and noise measure. In this paper the first experimental results and some
preliminary theoretical aspects for operation at higher frequencies are given together with an overview of
the present status of the device technology. An improved small signal model and especially device simu-
lations clearly depict that the device performance of GaAs IMPATT diodes is strongly limited by the
contact resistance at frequencies above 100 GHz. These results agree well with experimental data
obtained from W-band (75 - 110 GHz) IMPATT diodes operated at frequencies above their optimum fre-
quency. A maximum output power of 30 mW with an efficiency of 0.73 % was obtained at 105.05 GHz
in a W-band cavity. The highest oscillation frequency was 110.2 GHz with 8 mW and 0.2 % efficiency in
a D-band cavity. Material parameters of electrons in GaAs for electric fields up to 900 kVcm-! allow a
more accurate design of IMPATT diodes for D-band (110 - 170 GHz) operation. Preliminary tests on
these IMPATT diodes show pure avalanche breakdown and prove that tunneling is significant only for
electric fields above 1.0 MVcm-l,
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1. Introduction

It has recently been shown that GaAs IMPATT diodes are well suited for W-band operation [1] and
exhibit excellent noise performance around 94 GHz [2]. GaAs single-drift flat-profile diodes show a
clearly lower noise measure than Si single-drift flat-profile diodes operated in the same type of cavity and
tested in the same measurement set up. Compared to Gunn devices these diodes offer better power capa-
bilities, i. e. up to 320 mW, with nearly the same noise measure of 20 dB measured at 10 mW. To date
only little is known about the CW performance at frequencies above 100 GHz [3,4].

Therefore, GaAs IMPATT diodes made from a material that was originally designed for 85 to 95 GHz
were tested for CW operation at higher frequencies.

2. Design of single-drift flat-profile IMPATT diodes

As pointed out in References S and 6 the first derivative of the ionization rates of electrons and holes with
respect to the electric field saturates around 500 KVcem-l. Together with dead space effects in the
avalanche zone [7] this saturation phenomenon favors a flat-profile structure for frequencies above V-
band (50 - 75 GHz). The design of the single-drift structure is based on the assumption that the center of
the avalanche region occurs where the electron concentration equals the hole concentration [8] for the
applied bias voltage and that such a defined avalanche region is electrically equivalent to an avalanche
region of the same width /, but constant electric field and ionization rates [6]. Fig. 1 shows the electric
field profile and the carrier concentration calculated for a doping concentration Np - Ny = 2.4 X 1017 cm-3
in the active region at a current density J,,, = 50 kAcm-2 and a junction temperature T; =500 K. The drift
region - where ionization is to be neglected - is defined in its length /; by the maximum in the well known
transit-time function [9]

3 v,

, (D

Id—

T

where v, is the average saturated drift velocity (4.5 x 106 cms-! for T; = 500 K) and f, the operating fre-
quency.
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3. Device technology

A selective etching technology for substrateless diodes on diamond heat sinks has successfully been
established giving up to 600 diodes per cm2 wafer area with high uniformity [9]. It implements an
AlGaAs etch-stop layer between the substrate and the epitaxial layers for the device. In order to get the
steep transitions for doping profiles in the submicron range, all wafers are grown by MBE [1]. Fig. 2
shows the flow chart of this technology process. The epitaxial side of the wafer is metallized with
Ti/Pt/Au for a standard p*-ohmic contact, then selectively plated with gold to form a grating for mechani-
cal support and glued on a ceramic carrier. In the next step the substrate is removed by selective wet
chemical etch and subsequently the etch-stop layer in a second selective wet chemical etch. A standard
Ni/Ge/Au contact is evaporated on top of the n*-contact layer and plated with gold. Contact patterns and
diode mesas are defined by standard positive photoresist technology and wet chemical etching.

The diodes outside the supporting grating are tested and selected for good d.c. characteristics and exclu-
sively thermocompression bonded on diamond heat sinks for optimum thermal resistance. The diamond
heat sinks can be either in the form of copper blocks or similar to the standard ODS 138 packages. Elec-
trical contact to the diode is basically provided by metallized quartz stand-offs thermocompression
bonded onto the heat sink and tapered gold ribbons bonded on the diode and the stand-offs. For some
diodes metallized quartz rings were very successfully used.

4. Experimental results

RF testing is performed in full height waveguide cavities with a resonant cap on top of the diode both in
W-band (WR-10 waveguide) and D-band (WR-6 waveguide).

An output power of 17 mW at 103.8 GHz with an efficiency of 0.54 % and 30 mW at 105.05 GHz with
an efficiency of 0.73 % were obtained in a WR-10 waveguide cavity. The highest oscillation frequency of
110.2 GHz could be observed in a WR-6 waveguide cavity. At this frequency the output power was
8 mW and the efficiency 0.2 %.

Table 1 summarizes the experimental results obtained from these diodes. The operating junction temper-
ature was limited up to 7; = 550 K in order to ensure reliable long-term operation. As can be seen in Fig. 3
only the efficiency saturates at 6.0 % for 95.4 GHz while the output power monotonically increases up to
the maximum bias current. This is also the case for the other results in Table 1 at higher frequencies and it
means that the devices are thermally rather than electronically limited.
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Table 1: Experimental results in W-band and D-band

Frequency [GHz] 934 94.7 954 103.8 105.0 110.2
Output power [mW] 140 217 320 17 30 8
Efficiency [ % ] 42 4.5 6.0 0.54 0.73 0.2
Cavity (W/D) w w w w w D

Fig. 4. shows the threshold current density J,;, as a function of the operating frequency together with the
values calculated by means of an IMPATT simulation program based on the drift-diffusion model [11].
Experiment and calculations are in good agreement and will be discussed in the next section.

Using the above discussed design rules, single-drift flat-profile structures for D-band operation were
designed and the epitaxial layers grown in an MBE system. Processed devices were tested for d.c. char-
acteristic and doping profile. As depicted in Fig. 5 the breakdown voltages of these IMPATT diodes are
in good agreement with the breakdown voltages calculated from ionization rates evaluated in Refer-
ence 10. The I-V curve shown in Fig. 6. shows pure avalanche breakdown with a positive temperature
coefficient. At present it cannot be determined whether the small leakage current just below breakdown is
due to tunneling or surface effects.

5. Device simulation

In order to check the validity of the design at D-band frequencies device structures were simulated in a
few preliminary runs using two IMPATT diode simulation programs, a drift-diffusion (DD) model [11]
and an energy-momentum (EM) model [12]. Full details of the programs and the material parameters
used in these programs will be given elsewhere. In contrast to the experimental results given in [10],
slightly higher drift velocities for 7; = 500 K are used and the ionization rates are set equal for electrons
and holes. However, the applied ionization rates give nearly the same breakdown voltages as shown in
Fig. 5 and additionally, they take the temperature dependence of the breakdown voltages into account that
were measured on IMPATT diodes for frequencies from Q-band up to W-band.

As previously mentioned, Fig. 4 shows the calculated J, as a function of the oscillation frequency. As
pointed out in [6,13], the oscillation starts at J;, when the real part -Rp of the diode impedance Zp, just
overcomes the series resistance. (R << R, R, << R; in the inset of Fig. 4). In this case the series
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resistance times unit area R, X Ap is assumed to 2 X 10-6 Qcm? as an upper limit and mainly due to the
contact resistances in the diode [6]. The improved small signal model in Reference 6 gives similar results.
At 140 GHz Jy, is clearly above the thermal limit of 50 kAcm2 for the W-band diode (Np - N, =
2.4 x 1017 cm-3 in the active region) and below the expected thermal limit of 60 kAcm-2 for one of the D-
band diodes (Np - Ny = 3.2 x 1017 cm-3).

Table 2 shows calculated output power and efficiency at f = 95 GHz as preliminary results for both pro-
grams. The data for the device area Ap and current density Jy are taken from Reference 1. The energy-
momentum program shows slightly higher breakdown voltages and overestimates efficiency and output
power. If a series resistance R, = 0.18 Q is taken into account for this diode, the calculated output power
and efficiency agrees very well with the measured values. This series resistance is comparable to the
value obtained from small signal impedance measurements in forward direction at 32 MHz [6]. In Table 2
the prediction for one of the D-band structures is included. A smaller R, X Ap (1 X 106 Qcm?) is assumed
and demands significantly better technology for contacts on both p*- and n*-type GaAs.

Table 2: Calculated results
Area Ap: 8 x 106 cm? Current density: 50 kAcm-2

Model Voltage Frequency Power(R,=0Q) Efficiency Power(R,=0.18 Q) Efficiency

[Vl [GHz] [mW] (%] [(mW] (%]
DD 12.2 95.0 550 11.3 320 6.5
EM 12.5 95.0 700 14.0 510 10.2
Area Ap: 5 x 106 cm? Current density: 60 kAcm-2

Model Voltage Frequency Power(R,=0Q) Efficiency Power(R,=0.20Q) Efficiency
[Vl [GHz] [mW] (%] [mW] (%]

DD 10.4 140.0 120 3.8 35 1.1
EM 10.9 140.0 215 6.5 80 24
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6. Conclusion

The above discussed experimental results prove that GaAs IMPATT diodes are powerful devices not only
for frequencies below 60 GHz, but also above 100 GHz. Together with device simulation high output
power can be expected for D-band operation. The simulation also reveals that the contact technology is
very crucial for high output power and efficiency and must considerably be improved for GaAs D-band
IMPATT diodes.
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FLOW DIAGRAM FOR ETCH-STOP GaAs IMPATT DIODE FABRICATION PROCESS
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Fig. 2: Flow chart for IMPATT diodes device fabrication.
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Fig. 3: Performance of a GaAs W-band single-

drift flat-profile IMPATT diode.
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ABSTRACT: Diodes that show negative differential resistance from DC up to 700 GHz
are now available. To exploit these devices, a submillimeter-wave oscil-
lator circuit must encourage oscillation near the upper frequency limit
while discouraging oscillation at all lower frequencies. This is not easy. In
this paper we describe a tool in the circuit designer’s kit which may prove
useful in the development of integrated-circuit submillimeter-wave oscilla-
tors using resonant-tunneling diodes or other negative-resistance devices.
A lossy transmission line of sufficient length presents a nearly constant
impedance to its load while furnishing a convenient pathway for DC bias.
Following a Smith-chart presentation of the stabilization problem, we de-
scribe two microwave oscillator circuits that use lossy transmission lines
for diode stabilization. One used a conventional tunnel diode in a qua-
sioptical 2-GHz oscillator, and the other employed a resonant tunneling
diode in a quasioptical-cavity-stabilized circuit at 9 GHz.

The Stabilization Problem

The designer of a submillimeter-wave oscillator using a negative-resistance device such
as a resonant tunneling diode (RTD) faces a formidable engineering challenge. The need
to increase the device’s peak current for higher output power leads to difficulties in biasing
and bypassing the device so that it will not oscillate at frequencies below the desired output
frequency. This problem has been discussed extensively in a paper by Kidner et al. [1],

who use a lumped-element circuit analysis to conclude that these stability problems pose a
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grave difficulty in obtaining useful levels of output power from RTDs. While these cautions
should be taken seriously, in this paper we will describe an idea that may alleviate some
of the stability problems that circuit designers face in constructing RTD oscillators.

In Fig. 1 we show the equivalent circuit of a submillimeter-wave RTD whose maximum

frequency of oscillation, given by

1 R4

AR S . S}
, 2rR4C3 V Rs (2)

is 689 GHz. The differential negative resistance —R4 = —20 ohms is obtained by biasing
the device in its negative-resistance region, typically 0.2-0.3 V at a few mA. The device
capacitance Cq = 20 fF and series resistance Rs = 5 ohms are similar to devices reported
by Brown et al. [2].

The oscillation design problem can be described by means of an oscillation criterion
due to Esdale and Howes [3]. If T is the reflection coeficient of the one-port active device
and I'; is that of its load, then Esdale and Howes showed that steady-state oscillation is

possible only if
1
I'e= T (2)
This implies the two conditions
1
ITe| = lI‘—a|

and

L(Te) = ¢ (1‘%) .

The normalizing impedance used to define the reflection coefficients is completely ar-
bitrary, and we have found it convenient to plot I'; and 1/T'y on a Smith chart whose
normalizing impedance Z, is equal to the absolute value of the device’s net negative resis-
tance at DC:

Zo =Ry~ Rs =20—5 =15 ohms (3)

The advantage of this normalization is that the locus of the device’s 1/T'4 line as a function
of frequency always starts at the center of the Smith chart and crosses the unit circle at

the cutoff frequency f,., as Fig. 2 shows.
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Although Esdale and Howes do not address the issue of non-steady-state oscillation,

it seems reasonable to assume that exponentially growing oscillations will occur at a given

frequency if the following two conditions are satisfied:

1
ITel > |5 (4)

UTe) = ¢ (Pid) 5)

The region of the Smith chart which satisfies these conditions is shaded in Fig. 2. If the
load’s reflection-coefficient locus I'¢( f) strays into this area, growing sinusoidal oscillations
are possible. This portrayal shows why even extremely small values of inductance in
series with the load can cause stability difficulties. For example, an inductance of only 25
picohenries has a reactance of 15 ohms at 100 GHz, which would place I'; near the top
of the Smith chart in Fig. 2, leading to possible problems with spurious “low-frequency”
millimeter-wave oscillation in a submillimeter-wave circuit. Such parasitic inductance is
difficult to avoid in lumped-element or waveguide circuits. However, integrated-circuit

techniques may furnish a way around this problem.

Lossy Integrated-Circuit Transmission Lines

The ideal bias circuit for a submillimeter-wave RTD oscillator would be a voltage
source with essentially zero internal impedance from DC up to the diode cutoff frequency
fr. No passive or active circuit achieves this ideal, but it is clear that a very broadband
bias circuit design is called for, one whose impedance on the Smith chart of Fig. 2 would
stay in the low-impedance left-hand side over the entire frequency range. Standard radio-
frequency bypassing techniques can deal with this problem from DC up to the low GHz
range, but above that it becomes very difficult to devise a low-loss filter structure whose
input impedance never strays into the danger zone of Fig. 2 from, say, 10 GHz up to 700
GHz.

Fortunately, there are microelectronic components whose impedance can be made low
and fairly constant over a wide frequency range. If a microstrip line is laid out on a highly-

doped semiconductor substrate as shown in Fig. 3, it forms a slow-wave transmission
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line under certain conditions. Such transmission lines have been investigated for possible
signal-processing applications, but their very high attenuation values (up to 24 dB at 18
GHz in a 1.6 mm-long line reported by Krowne and Neidert [4]) have discouraged this
application. However, one man’s poison is another man’s meat, and the very high loss
factors which are such a disadvantage in signal processing turn out to be ideal for RTD
biasing.

If these lines are made sufficiently wide, their characteristic impedance can fall below
ten ohms. Moreover, the very high loss factors mean that a line a few millimeters long will
present an essentially constant impedance to the oscillator circuit, regardless of how the
bias-supply end of the line is terminated. This will not be the case at lower frequencies
where the loss is not as great, but fortunately the conventional lumped-element circuit

techniques can take over at that point.

Oscillators Using Lossy Lines

In some very preliminary experiments, we have used this biasing approach to stabilize
negative-resistance devices in quasioptical oscillator circuits. One circuit is shown in Fig. 4.
A thin slot antenna measuring 4.5 cm by 1 mm was fabricated on a single-clad microwave
circuit substrate 0.508 mm thick, with a relative dielectric constant of 2.2. The low-
impedance lossy transmission line, 2.8 mm wide and approximately 2.5 cm long, was
fabricated on a 0.38 mm thick silicon wafer with a 7000 A layer of silicon dioxide (Si0;)
grown on its top surface. The silicon was highly doped with a resistivity of less than
0.01 ohm-cm.

The microstrip line was mounted perpendicular to the slot. A packaged microstrip
type tunnel diode was then mounted across the slot with its anode connected to one end
of the microstrip line and its cathode to the ground across the slot. Tuning to the desired
oscillation frequency was achieved by moving the location of the diode (and the microstrip

line) along the slot. An oscillation frequency of 2.4 GHz was achieved by placing the diode

2-3 mm away from one end.
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Another circuit in Fig. 5, described in more detail elsewhere [6], used a packaged
RTD in a similar slot-antenna oscillator. In this case, the bias was fed through a 6.3-mm-
wide parallel-plate transmission line made from 0.25-mm thick fiberglass circuit board
material. Its 27-cm length and the lossy nature of its dielectric meant that, at least at
high frequencies, its impedance at the diode end was independent of how the far end was
terminated. The oscillator ran at 8.9 GHz, and demonstrated that an RTD oscillator’s

spectrum can be significantly improved if it is coupled to a high-Q cavity.

Conclusions

Despite the difficulties of designing oscillator circuits with submillimeter-wave negative-
resistance devices, their promise as a useful source of power at those wavelengths has cre-
ated a need for innovative oscillator circuit techniques. We hope that the notion of using
integrated lossy transmission lines will encourage more efforts to exploit the great potential

of resonant tunneling diodes to serve as a useful source of submillimeter-wave energy.
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Abstract

We have studied the stability and coherence of distributed Josephson junction array oscillators both
theoretically, and experimentally. Distributed Josephson oscillator arrays successfully operate above 300
GHz with microwatt power levels.! The use of wavelength-long transmission lines between Josephson
elements has overcome lithographic and stability difficulties plaguing earlier compact designs. In this

paper, we study the dynamic stability and phase coherence of Josephson arrays.

We have extended lumped array stability analysis? both for more realistic embedding environments and to
distributed arrays including element to element time delays. Stable oscillator operation in lumped arrays
depends on both junction and drive parameters. Wide ranges of embedding impedances provide coherent
output oscillations. For distributed arrays, the available oscillator output power increases with the total

array size. These results are in good agreement with experimental observations. !

Experimentally, we have fabricated and operated a distributed array oscillator and observed at least 50 nW

of power at 125 GHz using an on-chip detection circuitry.

Introduction

There is an increasing need for sub-millimeter wave sources for a wide range of applications ranging from
astronomy to communications. Single Josephson junction oscillators have been successfully operated at
frequencies up to hundreds of GHz, but these single junctions do not produce adequate power and have
very low output impedance. Both of these limitations can be overcome by placing many junctions in a

series array.

Early work in Josephson oscillator arrays concentrated on tightly spaced series arrays of junctions3.

Workers quickly discovered successful high power operation of these arrays centered around obtaining
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coherent, in-phase operation of the individual oscillator elements. Although the series array geometry
imposes a uniform current requirement on the junctions, the oscillation voltages of the Josephson elements

tend to destructively interfere unless specific feedback conditions are maintained.

load

|
@

Figure 1. Lumped element Josephson array. Each cross represents an ideal Josephson
element, shunt resistor, and shunt capacitance.

Hadley? and Jain et al3 have studied electrically short, Josephson series arrays. (See Fig. 1). Coherent
operation depends on the external load element(s), which provide feedback to the individual array
elements. Hadley found separate parameter ranges leading to chaotic or very stable, coherent array

operation, depending upon junction capacitance, critical current, bias current, and load.

These models, however, have their limitations. They neglect the parasitic inductance between junctions,
as well as capacitance to ground of interconnecting lines. At low frequencies and for array lengths much
shorter than a wavelength, these effects should be minimal. For sub-millimeter, microwatt oscillators

these additional elements dominate the circuit dynamics.

In experimental work at Stony Brook, Wan, et al.! cleverly side-stepped the issue of long-array parasitics.
Since interconnection wiring is unavoidable between Josephson elements, the Stony Brook design
chooses the transmission line interconnection length to be precisely one oscillation wavelength long. (See
Fig. 1.) Electrically, the transmission line appears identical to a zero-length interconnect for all frequencies
which are multiples of the fundamental. Thus for any multiple of the fundamental frequency, solutions of

the tightly-spaced array oscillator should also apply to the Stony Brook design array.

In this theoretical study we have extended the analyses for the lumped element array to include the
reactance of the load. This analysis only applies to long arrays when the interconnects between the

junctions are one wavelength long. We also consider more general distributed arrays. Here we find a
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picture significantly more complex than simple wavelength arguments would predict. Some coherent
solutions appear for operating frequencies which are a fraction of the junction spacing. In addition, some
parameter choices which give stable short array solutions lead to out-of-phase solutions in Stony Brook

array geometries.

Stability Theory for Oscillators

In-phase solution, where all of the junctions oscillate with the same frequency and phase, is an exact
solution to the lumped element model for the arrays. Unless certain device parameter requirements are
met, the in-phase solution is unstable and the oscillator will quickly decay into out-of-phase or aperiodic
solutions. Previously simulations have been performed for junction arrays have been performed with a
variety of B, current biases, and loads.2 They show that the phase locking was strongest when B8 = 1
independent of the load. We were able to reproduce the earlier work and have extended it by calculating
stability exponents for 8¢ as a function of load impedance. The equations of motion for the oscillator array

are given by the conservation of current,

Be@x(t) + @y + sin (@ (t)) + I () = I

and the voltage across the array,

N
Vi)=Y, ¢ut) = HIr(Y)
k=1

using the usual reduced units: measuring current in units of L; (critical current), voltage in units of IcRN
(normal state resistance), resistance in units of Ry;, capacitance in units of fi/(2eI.RN2), inductance in units

of i/(2¢el¢), and time in units of fi/2e[.RN.

The stability of the in-phase solution, ¢, may be determined by considering small perturbations about that

solution. Linearizing the previous equation around the in-phase solution we have
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Bett(t) + Nudt) + sin (o{thic +i(t) = Ip
N
kZ n(t) = F(IL(O)(t)
=1

After transforming to natural coordinates, we can simplify

BeCidt) + L) + sin (@o)ix =0 k=1,2,---, N
BeBw(t) + Bilt) + sin (9ot +i(t) = 0
NX(t) = F'(Lo(e))i(t)

The first equation arises frequently in physical problems and can be analyzed using Floquet theory. There
are two independent solutions to the equation for { which have the form exp(pt)x(t) where x(t) is a
periodic function with the same period as @, and p is called the stability exponent The two solutions to the
equation for { form a basis from which we can form any other solution. We can choose two independent
solutions {, and £, which have the corresponding initial conditions

Ca(0)=1, éa(0)=0, Cv(0)=0, and éb(0)=1. Since cos(Qo) is a periodic function, {(t+T) and {p(t+T) are

also solutions of the equation. We can express this as

=( G4 L) )( ) )

( L{t+T)
Co(T) Co(T) /\ Cult)

Cb(t-f-T)

The eigenvectors of this equation are called Floquet solutions. The corresponding stability exponents
determine the stability of the perturbations. They are related to the eigenvalues, Aj, of the matrix, by pj =
In(A))/T. If both Re(p1) and Re(p2) are less than 0 then the perturbation decays and the solution is stable.
When Re(p1) = Re(p2) = 0 then the solution is neutrally stable and the perturbation neither grows nor
decays. In this case second order terms control the stability. If either real part is greater than zero then the

solution is unstable.
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Lumped-Element Simulation

Our numerical studies began with a version of SPICE# developed at UC Berkeley we simulated a single
junction voltage controlled oscillator. We were able to relate the results of this simulation to previous
experimental work done by Smith, et al>. Once this was successful the design was extended to multi-

junction arrays. The results indicated that both the array impedance and the array voltage increased as N.

Lood Stability Map
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Figure 2. Floquet exponent stability plot at 8= 1.0.
In a practical experiment, the circuit designer has good knowledge and control over internal circuit

parameters of the oscillator: the critical current, shunting resistor, and junction capacitance. As a result,
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tradeoffs are made to choose an appropriate B¢ for stable, high power oscillation. Often it is the external
load which is less well known. The oscillator design should either be unconditionally stable, or at least

stable for a wide range of load impedances.

In our simulations we have chosen B¢= 1.0 in order to produce highly stable oscillations for a resistive

load according to the Hadley calculations. We have then explored the dependence upon load impedance by

running the simulation varying load impedance according to the following formula, parameterized by 6.
0>0 series combination of a resistor and inductor
6=0 a1 ohm resistor

6<0 parallel combination of a resistor and capacitor

In each case, the magnitude of the impedance at the signal frequency was held fixed.

The contour plot in figure 2 shows a typical Floquet exponent map with 8¢ = 1.0. The more negative the
exponent the greater the stability when the array is phase-locked. The results show that both resistive and
partially inductive loads have wide current ranges of stable in-phase oscillation. Capacitive loads also

produce stable in-phase oscillation, although over a more limited range of bias current.

The lumped element, series array has several limitations. The simple model ignores series inductance and
shunting capacitance which are unavoidably present between junctions. To more realistically model
circuits, a transmission line was placed between Josephson elements in our SPICE simulations. Computer
runs using this model showed that the physical spacing between the elements would play a major role in
the array's ability to phase-lock. Unfortunately these simulations tended to exceed certain internal time-

step memory requirements of this version of SPICE.
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The dynamics of widely spaced junction arrays

The distributed array oscillator of Wan, et al.! consists of a large number of Josephson junction
oscillators, separated by transmission line, as shown in Fig. 3. Each of the Josephson junctions is
separated from its neighbors by a length of transmission line. DC bias current is supplied either along the

array, as shown, or in parallel to each junction.

| )] ] ] ) )

Figure 3. Distributed Josephson junction oscillator array. Identical transmission lines
separate each Josephson junction.

The dynamics of the Stony Brook distributed array differs significantly from those of more tightly spaced
oscillators. In the latter case, identical current passes through each oscillator element at every instant in
time. Interaction between elements is rapid and quite strong. In contrast, coupling between elements of
the array is moderated by the transmission lines. Each tunnel junction oscillator interacts with its nearest

neighbors only after a time-of-propagation delay, t.

In the absence of propagation losses, action of the transmission lines is straight forward to calculate. Each
ransmission line supports two travelling modes: right-going waves and left-going waves. (See Fig. 4.)
Since action of the Josephson junction is most readily expressed in terms of a phase parameter, ¢(t), we
define analogous phase quantities o(t) and B(t) to describe the waveforms of the left-going and right-going
waves. The time derivatives of o(t) and P(t) gives the voltage waveforms at the ends of the transmission

lines.
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Figure 4. Detailed view of the distributed Josephson junction oscillator array. Each
transmission line supports two travelling modes: a left-going wave with amplitude B(t),
and a right-going wave with amplitude o(t).

The equations of motion of the large array are set by current continuity conditions, voltage consistency,
Josephson dynamics, and external element boundary conditions. The condition that current through each
junction must simultaneously equal the current through the ends of attached transmission lines gives rise to

the first set of propagation equations:
Due to the propagation delay, a waveform which begins at time t -t at junction j-1 appears at junction j at
time t.
Ij(t) =® 21Z [Bj(t-t)’ - aj(t)'] €))
Ij(t) =@ /27Z [Bj_l(t)' - aj_ 1 (0] (2)
where Z is the transmission line characteristic impedance. Similarly the voltage at the transmission line

ends depend in part on earlier generated waveforms. The voltage across each junction can be expressed as

the difference in voltage between adjacent transmission lines:

' = [0 + By(tD)T - [oy ; (t-1)' + By, (V] 3)
In addition, the current through each junction must satisfy the Josephson equations:

Ij(t) =1 c sin (pj +O 0/211:Rj (pj' +® 0C/21t (pj" 4)

for the RSJ model. Finally, the total current and voltage across the array must satisfy the boundary

condition imposed by the external load.
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Viotal = @ /2% (g + otp_; (D) + By 1 O] )

Itotal = IN

for an N junction array. For the special case of a resistive load, Rext, this requirement becomes:

IN = @ /2nRext [Py + 01 (D) + By (D] (6)

Numerical results

We have numerically solved the dynamical equations describing oscillator junctions separated by lossless
transmission lines. For a system of N identical junctions with N-1 transmission lines, the equations
readily reduce to a system of N second order differential equations. We computed solutions to these
equations using standard Runge-Kutta integration. In all cases we chose junction parameters and the load
to produce a stable, coherent oscillation according to lumped element calculations. Results of the
calculations are in qualitative agreement with Stony Brook experimental results!, and provide interesting

insight into oscillator operation.
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Figure 5. Numerical solution to 3 junction widely spaced junction. Fractions indicate the
number of wavelengths between each junction.

Fig. 5 shows the results of a 3-junction simulation, the simplest non-trivial array. Taking account of time-

of-propagation delay between junctions, we have tabulated a phase coherence parameter defined by:
E=<[Zsin ((pj+j1:)]2 + [Zcos ((pj+jr)]2 >/N2 ©)
where the average is taken over several oscillation cycles. This measure of phase should be one if the

junctions waveforms add constructively, or less if cancellation reduces the total voltage output to a lower

value.

Portions of the simulation data follow the predictions of theory. For frequencies which put precisely one

oscillation wavelength between elements, the junction voltages add coherently and & approaches one. In
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addition, the coherence parameter also is large at third sub-harmonics, where integer wavelengths fit in the
entire array. This numerical prediction agrees with experimental observations of Wan, et al, who noted a

large number of discrete frequencies of high output power.

Some aspects of the numerical simulations remain unexplained. Full phase coherence is not observed,
despite the correspondence to in-phase stability in the equivalent lumped model. The reason for sub-

harmonic response is yet unexplained.
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Experimental Results
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Fig. 7: A schematic diagram of the oscillator array and detection circuitry. The characteristic impedance of
the line connected to the top of the array is matched to the output impedance of the array. Not shown are
the damping resistors across each oscillator junction. The array is shunted by these resistors so that it can
be voltage biased to produce a fixed frequency of RF.

We have fabricated and tested oscillator arrays of the general design suggested by LukensS. In our tests,
on-chip detection circuitry measures the RF power produced by the array. The detection circuitry consists

of a Josephson junction and passive microstrip components designed to match the overall impedance of the
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detector to the output impedance of the array (see Fig. 7). This method of power measurement is a

realistic test of the power an array can deliver to an integrated superconducting microwave circuit.

The output of the array is fed through a DC block and an impedance matching network into a microwave
detector consisting of a Josephson junction and a tuning stub. The effective conductance to the ground
plane of the tuning stub cancels the shunting conductance of the junction capacitance at the operating
frequency. Tuning the detector junction in this way increases its sensitivity. This kind of detector has

been used successfully in the frequency range of 100 GHz.”

The circuit, shown in Fig. 7, is fabricated within TRW's standard Nb process based on Nb/Al,O,/Nb
junctions defined by selective anodization.8 All the transmission lines are superconducting microstrip.
The junction sizes and critical currents are within the standard range for the process used. The unshunted
detector junction I-V characteristic is sharp. (See Figure 8) The oscillator junctions are 4 x 4 um and the
critical current is 1500 A/cm2. We used these values, which are typical for our standard process, to

facilitate incorporating this array design into integrated superconducting microwave circuits.

We fabricated and tested approximately 60 arrays, each with an on-chip power detection circuit as shown
in Fig. 7. With the correct bias current flowing through the array, the array junctions oscillate coherently
and RF induced steps in the quasi-particle portion of the detector junction I-V characteristic appear.

Figure 8 shows the I-V characteristic of a detector junction with and without the array bias current on.

The steps in the quasi-particle portion of the I-V characteristic indicate power detection of approximately
100 GHz RF. We can easily estimate the minimum RF power required at the junction to produce the
observed steps in the I-V curve such as those in Fig. 8 using Tucker's analysis®. The height of a small
current step is given by Al = R n P, where R is the responsivity of the junction which is at best equal to
e/hf (R = 2400 A/W at 100 GHz), n is the impedance matching efficiency which is at best equal to
unity, and P is the RF power incident on the junction. The RF power resulting in the step of 0.12 mA

shown in Fig. 8 must be at least 0.05 pW.
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Fig. 8: The detector junction current-voltage curve with no array bias current (solid line), and with the array

bias current set for maximum observed power (dashed line).
The distributed arrays produced detectable power when tested. The DC voltage across an array biased to
produce power accurately determines the frequency of the oscillations. The voltage measurements were
made using the four probe technique across the array while it is oscillating. All of the arrays oscillated at
frequencies somewhat higher than the designed frequency of 100 GHz. Figure 9 shows a histogram of
the arrays tested sorted by the frequency range of their oscillations. The size of the frequency error seems
to be larger than one would expect to be due to miscalculation of the electrical length of the transmission

line connecting the oscillator junctions in series. We believe this observation of power at a higher

frequency than the nominal design value is consistent with that observed by Lukens and coworkers.5
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in the Indicated Frequency Range
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Fig. 9: The number of arrays tested which produced RF power in a given frequency range. All arrays were
designed to oscillate at 100 GHz.

Conclusions

We have extended the lumped element analysis of Hadley, et al., to cover a particular case of practical

importance: an oscillator array with optimum ¢ feeding a complex load impedance. We find wide

parameter ranges of stable, in-phase operation of oscillator elements.

We have also derived the equations of motion for the distributed array, and numerically solved the
equations for several particular instances of interest. We find a significant deviation from simple
extrapolations of lumped element analysis. Coherence in lumped element oscillator arrays does not

guarantee stable coherent operation of distributed oscillators.

We have reported the fabrication and testing of several oscillator arrays. The on-chip detection circuitry
provided a realistic test of the arrays operation in an integrated superconducting circuit. We observed at

least 50 nW of 125 GHz power.
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Abstract — A quasi-optical method for solid-state power-combining is discussed, with
application to high-power millimeter-wave generation. The approach uses two-dimensional
planar arrays of coupled oscillators. These arrays are distinguished by the strength of the
coupling, which is limited to weak interactions. This simplifies both the analysis and design
of the arrays. A theoretical description of the coupled-oscillator arrays is briefly discussed,
along with experimental results for two prototype arrays using Gunn and MESFET devices
at X-band. Experiments indicate that mutual synchronization of the elements is facilitated
by using a quasi-optical reflector to control the inter-element coupling.

Introduction

Devices such as resonant tunneling diodes and Josephson junctions have demonstrated
modest power levels in oscillator circuits in the millimeter/sub-millimeter range. However,
applications such as space communications or remote sensing and imaging will require much
higher power levels than could be obtained from a single millimeter-wave device. A solid-
state source for these applications must combine the output powers of thousands of devices.
Clearly the traditional power-combining methods used for lower frequencies [1] are not fea-
sible. For high efficiency and high power levels, a quasi-optical approach has been proposed

in which the power-combining takes place in free-space [2].

This paper discusses one type of quasi-optical array, which incorporates many single-
device oscillator elements in a classical antenna array. Weak mutual coupling synchronizes
the array elements, enabling coherent summation of individual power outputs. This approach
is not to be confused with another reported technique [10], using a distributed oscillator
approach where the devices are mounted in a periodic grid structure and placed in an open
quasi-optical cavity. The primary difference between the two methods is the amount of
coupling between the elements. It is too early yet to articulate the relative merits of the two

systems.
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In the present approach, the strength of the coupling between elements is limited to
ensure that each element operates close to its free-running state. In this configuration, the
operating frequency is set by the design of the individual oscillator elements and biasing
considerations. This technique is modular, as more elements can be added to increase the
power without altering the operating frequency. Thus the important components in our

power-combining arrays are the individual oscillator elements themselves.

The active radiating elements consist of a suitable device integrated into a printed ra-
diating structure. The choice of device and radiating structure depends on many factors,
such as operating frequency, power dissipation requirements, and substrate considerations.
Several novel architectures have appeared in the literature [3-5] which creatively incorporate
an active device in a planar microstrip antenna. The experimental arrays described later
were constructed using two different active microstrip patch antenna designs, one with a
Gunn diode [3] and the other with a MESFET [5]. The device is located at the point where
it’s impedance is matched to that of the antenna. Small signal device models, and simple

analytical models for the antenna structures are usually sufficient for design purposes.

Coupled Oscillator Theory

The description of coupled oscillators is greatly simplified by the assumption of weak
coupling between the elements. In this case, the individual oscillators are only slightly.
perturbed from their free-running state by the presence of the neighboring oscillators. It can
then be argued that the steady-state behaviour is governed by the phase dynamics alone [7].
Similar arguments were put forth by Adler in connection with his famous injection-locking
equation [6], which describes the phase dynamics of an oscillator under the influence of a
weak injection signal. By suitably modifying Adler’s equation, we can arrive at a dynamical

equation for the coupled oscillator system.

Adler’s equation for injection locking is

d Ain' .
—;%2 = —74;)“;% sin(¢o — Yinj) + (Wo — Win;) (1)
where ¢o = phase of oscillator, ¥m; = phase of injected signal, wy = free-running frequency of

oscillator, wij = frequency of injected signal from an external or neighboring oscillator, Ag =

free-running amplitude of oscillator (voltage), Ainj = amplitude of injected signal (voltage),
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and Q = the external @ of the oscillator circuit. The oscillator phase is defined relative to
the injected signal, so that w = win; + d@o/dt is the instantaneous frequency of the oscillator.
Generalizing (1) to the case of several simultaneously injected signals, and describing the

mutual coupling by a complex coupling coefficient, A;; exp(3®;;), gives the set of equations

N
Xij A; . .
W= wj 1—2—1—1-31n(¢,-—¢,-+®;j) 1=1,2,...,N (2)
e 20Q; A;
J#i
where N is the number of oscillators in the system. Note that the instantaneous frequency
w is the same for all oscillators in the system at synchronization. Equation (2) describes a

set of equations which can be used to determine the steady-state of the system.

Some simple analytical results can be derived from (2) by considering a linear chain of
oscillators with only nearest neighbor interactions. Assuming that the coupling is the same
between adjacent elements in the array, A;; = A and ®;; = ®. Furthermore, let Q = Q;,

N =)4/2Q, p;i = Ai-1/A;i, and Ad; = ¢; — i—1. The set of governing equations becomes
w=w;[l = Xp;sin(® + Ad;) — N sin(® — Adiy1)/piva] n=12,....,.N (3)

Note that p; = 1/pn4+1 = 0. Despite the simplification, this is still a set of coupled nonlinear
equations. In general there are many possible phase distributions which satisfy (3), but not
all are stable solutions. Stability of these modes can be investigated using a perturbation

analysis. Recalling that w = wip; + d¢;/dt, gives

d

d—tAqS; =w; [l = Np;sin(® + A¢;) — N sin(® — A1)/ piv1)

- Wi-1 [1 - /\’/),'_.1 sin(<I> + A(}S,‘-l) -\ sin(@ - A(b,')/pi]

(4)

The phase is then perturbed by a small amount by letting A¢; — A¢g; + ;. After some
algebra this leads to

%5{ = a;6;—1 + b;6; + 6;5;.‘.1 1=2,3,...,N
where a; = N p;_jw;—cos(® + Ag;_;)
b = —Nw;p; cos(® + Ag;) — Nw;_q cos(® — Aés)/pi

¢ = Nw;cos(® — Adiy1)/pin
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This is of the form of a matrix equation, d§/dt = A§, where A is a tridiagonal matrix, and
8 is a column vector with elements ;. A stable solution for the phase distribution requires §

to decay with time. This is satisfied when all the eigenvalues of A have negative real parts.

For power combining applications, we desire a mode of operation where all elements are
in phase (A¢ = 0). Substituting this into (3) for a chain of identical oscillators, we find
that the allowed values of coupling phase are determined by the boundary elements, and are
given by ® = nw, where n = 0,1,2.... Note that for an infinite chain, any value of coupling
phase would satisfy (3). From the stability analysis (5), we find that the eigenvalues of the
matrix can have negative real parts only if cos® > 0, so a stable, in-phase mode is only
possible if ® = 0,2, ....

There are several ways of accomplishing the desired inter-element coupling. Simple
proximty-coupling, through free-space and surface waves, could be used, but this means
that the elements must be spaced at multiples of one wavelength. Such spacing is generally
unacceptable because of grating lobes in the antenna patterns. Another possibility is to
use a quasi-optical reflector element (such as a dielectric slab) over the array. This is an
attractive alternative since the coupling can be varied by moving this reflector element above
the array, thus introducing additional flexibility into the design. Consistent with the weak-
coupling assumption, the reflectivity of this element must be small. Another alternative is
to use a microstrip coupling circuit to provide a weak coupling signal at the required phase

angle.

Since we have chosen to characterize our arrays by this complex coupling parameter,
some mention should be made regarding its measurement. Recently a technique has been
described [8] for the measurement of mutual coupling between two oscillators. Using this

technique, it is possible to determine the complex coupling coefficient directly.

Experimental Array Resuits

The first experimental array of weakly coupled oscillators was a 16-element array using
packaged Gunn diodes, shown in figure 1 [9]. This array design uses individual bias to each
device, which was required due to device non-uniformities. Elements of the array are spaced

a half free space wavelength apart, a distance which was initially selected based on curves
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e

Figure 1 — Diagram of Gunn diodes mounted into a 4x4 array of microstrip patches. The brass
block serves as a groundplane, heatsink, and DC bias return. Individual bias to each element is
applied at an RF null.

in [2]. Thus a reflector proved necessary for proper operation. The array was designed on a
60 mil substrate with ¢, = 4.1.

Each diode was first biased, one at a time, to establish a common operating frequency.
These individual biases were then applied simultaneously. Single frequency operation was
verified with a spectrum analyzer, as shown in figure 2b. Spectra resembling figure 2a result
when the elements are not all in synchronization. Radiation pattern measurements were
made at the final oscillation frequency of 9.6 GHz. The total radiated power was estimated
from these patterns to be 415 mW, giving an effective radiated power (ERP) of 22 Watts.

The overall DC to RF conversion efficiency was low, typical of Gunn diodes, around 1%.

A second array was constructed with MESFET devices. Much higher efficiency, larger
tuning range, and better noise properties can be obtained using FET devices. The exper-
imental MESFET array is depicted in figure 3. The individual element design [5] uses a
general purpose Fujitsu device (FSX02). Half as many bias lines were used in this array de-
sign, with bias isolation between the elements provided using a 6-turn coil. The gate resistor
was used to supress bias circuit oscillations. Again, the spacing was chosen to be less than
one wavelength to avoid grating lobes, which meant that a reflector element was required for

in-phase operation. The array was fabricated on a 93 mil Duroid 5870 substrate (&, = 2.33).
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Figure 2 — (a) Spectrum of the Gunn array on the threshold of synchronization, and (b) at full
synchronization. These measurements were made with the dielectric reflector in place.

As with the Gunn array, the power-on sequence was to tune each group of elements
individually to set a common operating frequency, and then apply DC power to all elements
at once. Varying the reflector element spacing is then usually sufficient to enforce mutual
synchronization. With single frequency operation verified at 8.27 GHz , the patterns of
figure 4 were measured. These patterns closely correspond to the expected pattern when the
elements are all in phase. A total radiated power of 184 mW was estimated from the pattern
measurements, giving a 10 Watt ERP and 11.5 mW per device at 26% efficiency. The results
of the MESFET array are seen to be similar to that of the Gunn array, but with a much

higher DC-to-RF efliciency, which makes it a more attractive design.

BEHE -
resistor FET with

grounded

N source leads

(via holes)

" E’ HD; ; Bias isolation
inductor

to other devices
D T —

Figure 3 — Sketch of the array which uses Fujitsu fsx02 MESFETs, showing bias arrangement
and individual element design. Elements measure 11 mm by 15mm and the spacing of the elements
is 0.67 Ag between centers. The bias inductor reduces element interactions along the bias line.

Drain bias

23
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Figure 4 — (a) E-plane and (b) H-plane patterns for the 4x4 MESFET array. The measurements
were made at 8.27 GHz, using a flat, 2.5 cm thick dielectric reflector with a dielectric constant of 4.
The good patterns indicate in-phase operation.

Conclusion

An architecture for quasi-optical power combining has been discussed, which involves
mutually synchronized arrays of single-device oscillators. The oscillators are allowed to
interact weakly in order to synchronize the frequency and phase relationships. A quasi-
optical reflector element was found to aid in establishing a desired phase relationship. A
simple theory based on Adler’s equation has also been presented, which establishs certain

design guidelines for these types of arrays.

The proposed concepts have been verified using two 16-element X-band arrays. Both of
the arrays were constructed using hybrid assembly techniques. For large arrays, biasing will
be an important issue. Individual bias to each element also allows the system to degrade
gracefully—for multiple devices on a single bias, failure of one device often leads to failure
of all of the devices. However, individual bias to all the elements of a large array containing
several hundred devices is impractical. Proper operation of the array requires that the
elements have nearly identical characteristics, which would allow them to be biased from a
common source. Monolithically fabricated arrays could yield the required uniformity between
elements to make this technique possible, and are expected to be the best test of theory and

design concepts presented here.
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ABSTRACT

Multi-elements oscillators with a quasi-optical res-
onator are reported. The resonator consists of a
Fabry-Perot cavity with a grooved mirror and con-
cave mirror. The oscillator has capability for power-
combing of solid-state sources in the millimeter and
submillimeter wave region. X-band models con-
sisting of Gunn diodes or GaAs MESFET’s have
been demonstrated. Coherent power combining and
frequency-locking of 18 diodes (6x3 grid) and 6 FET’s
(3x2 grid) have been successfully observed at X-band.
We have also succeeded frequency-locking of 3 Gunn
diodes at U-band. A W-band InP Gunn diode oscil-
lator using a same configration is also reported.

INTRODUCTION

Recently, many kinds of oscillators have been devel-
oped for use of millimeter and submillimeter wave fre-
quencies. Solid-state devices have many advantages:
small size, light weight, and low-voltage power sup-
plies. As frequency increases, however, output power
becomes small. In addition, the dimensions of con-
ventional waveguide cavities become very small and
ohmic losses in the metal wall increase. Therefore, co-
herent power combining of a large number of devices
using quasi-optical resonators is attractive. A wide
variety of quasi-optical power-combining method us-
ing Gunn diodes and MESFET’s have been demon-
strated [1],(2]. We have proposed a Fabry-Perot res-
onator with a grooved mirror for solid-state oscilla-
tors (3],(4]. In this paper, we report the results of ex-
periments with an X-band model consisting of Gunn
diodes and GaAs MESFET’s and the results of a U-
band Gunn diodes oscillator.

Waveguide Devices

spherical mirror

grooved mirror

Fig. 1 Resonator configuration.

CONFIGURATION

The configuration of the resonator is shown in Fig-
ure 1. It consists of a grooved mirror and a concave
spherical mirror facing each other. Figure 2 shows the
structure of the grooved mirror. The groove pitch
D must be less than oscillator wavelength to avoid
diffraction losses. The Gunn diodes are mounted in
grooves and biased by the top and the bottom plates
of each groove (Fig.2a). These plates are insulated
by thin (80um)teflon tape. Similarly, FET’s(Fujitsu
FSX52-LF) are mounted on the surface of the groove.
Gate and drain ribbons are connected to adjacent in-
sulated plates. The spherical mirror’s radius of curve-
ture is 200mm or 400mm. The groove depth ¢ could
be continuously changed to adjust the impedance of
the groove. Output power is taken out by a waveg-
uide at the center of the spherical mirror.
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The U-band and W-band resonators consist of
spherical mirror which radius of curveture are 100mm
and 60mm respectively.

The resonator proposed here has the following ad-
vantages: it has a large heat dissipation capacity, can
mount large number of devices, is lager enough than
wave length, and has simple bias circuit.

—>| ¢ |e—
——| l t'
Teflon

insulator

D=0.47) d=0.20A
s=0.5) t£=0.5)
t'=0.25) at 10GHz

Gunn diode

Fig. 2a Grooved mirror for diodes.

—
T
-
T

i

D=0.48) d=0.24X Gate

FET
s=0.51 t=0.25)
at 12GHz

Fig. 2b Grooved mirror for FET’s.

X-band Gunn diode oscillator

Figure 3 shows the spectra for the Gunn diode(JRC
NJX4410) oscillators. We have succeeded in fre-
quency locking and power combining. Furthermore,
it is seen that the spectrum for nine diodes is much
narrower than that for a single diode. The optimum
depth of each groove was about A/2. The optimum
spacing between elements in a groove has been cho-
sen experimentally. Good results were obtained with
spacing of A/2. At present, we have succeeded in
frequency locking and power combining for up to 18
diodes ( 6x3 grid), obtaining an output power of

Oscillation frequency , GHz
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Fig. 3 Spectra of Gunn diode oscillators.

(a) Single diode. (L=107.2mm,fc=10.0336GHz)

(b) Nine (3x 3 grid) diodes.
(L=104.2mm,{c=10.2293GHz)
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Fig. 4 Oscillation frequency and output power of
6(6x1grid) diodes oscillator versus resonator length.
Calculated line shows resonance frequency of TEMqo
mode.
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123mW at 8.3GHz. This is roughly 18 times the
power from a single diode oscillator with a waveg-
uide cavity. The C-N ratio is 83dB/Hz at a 12.5kHz
offset.

Figure 4 shows how the oscillation frequency varies
with the length of the resonator with 6 Gunn diodes.
The mechanical tuning range is about 11%. Oscilla-
tion frequency agrees with theoretical resonant fre-
quency of the fundamental (TEMqoo) mode of the
Fabry-Perot resonator. Resonant modes were identi-
fied by measuring the field distribution in the cavity.
This was measured by moving a small ( < A/10) piece
of absorber through the cavity.

12GHz FET oscillator

We have succeeded in frequency locking and power
combining 6 FET’s in a 3 x 2 grid at 12GHz. Noise
reduction was observed just as in the case of the Gunn
diode oscillator. We had 6dB more power with locked
BFET’s than single FET. As the resonator length
varies, the oscillator frequency shifts over 600MHz.
The oscillation frequency agree with the calculated
resonant frequency of fundamental mode(TEMgp).

U-band Gunn diode oscillator

We have succeeded frequency locking and power
combining with U-band Gunn diodes. Figure 5 shows
the spectra for U-band Gunn diode oscillator. The
spectrum for three diodes is narrower than that for
single diode. The 3dB more output power have been
obtained with three diodes. The Gunn diodes(Alpha
DGBB8266) are mounted in the same groove. The
spacing of the diodes s and groove depth ¢ are same
as X-band model experiments.

W-band Gunn diode oscillator

We have constracted W-band InP Gunn diode os-
cillator with same resonator configration. Figure 6
shows how oscillation frequency varies with the res-
onator length. The mecanical tuning range is 2.6%.
The maximum output power is 4dBm. The InP Gunn
diode (Acrotec NT-W50) is mounted at the center of
grooved mirror.

Power

Power
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Frequency

Resolution B/W 30kHz
Fig. 5 Spectra of U-band diodes oscillators.
(a) Single diode.

(b) Locked 3 diodes.

CONCLUSION

We have demonstrated the utility of a quasi-optical
oscillator with muliti-elements. The resonator consists
of Fabry-Perot cavity with a grooved mirror. It has
the capability of power combining many solid-state
sources at millimeter and submillimeter wave regions.
Frequency-locking and coherent power combining of
18 Gunn diodes and 6 GaAs FET’s have been success-
fully observed at X-band. The oscillation mode is the
fundamental mode (TEMgg) of the Fabry-Perot res-
onator. We have also reported U-band 3 Gunn diodes
oscillator and a W-band Gunn diode oscillator with
the same configuration.
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Fig. 6 Oscillation frequency W-band diode oscillator

versus resonator length. Broken line shows resonance
frequency of TEMgg mode.
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