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Hybrid and Monolithic
Active Quasi-Optical Grids
Abstract

Quasi-optical grids combine the output powers of many solid-state sources in
free space, eliminating the conductor losses associated with traditional waveguide
or transmission-line combiners. This approach shows most promise at millimeter-
wave frequencies, where the outputs of thousands of devices could potentially be
combined through wafer-scale integration. This thesis will detail three separate
active quasi-optical grids. The first grid is a 16-element hybrid tunnel diode
oscillator. This grid achieved a locked output frequency spectrum, with a peak
Effective Radiated Power (ERP) of 1.3mW at 1.9 GHz. This grid is a proto-
type for monolithic Resonant Tunneling Diode (RTD) grid oscillators, designed
to operate from 200 to 500 GHz. The second grid is a 100-element hybrid pseu-
domorphic High Electron Mobility Transistor (pHEMT) amplifier. Modelling
techniques, design procedure, and experimental results will be presented. This
grid has a peak gain of 12dB at 9 GHz, with a 15% 3-dB bandwidth. The output
power, 3.7 W, increases with the number of devices, while the noise figure, 3 dB,
is similar to that of a single device. The third grid is a 36-element monolithic
pHEMT amplifier. This grid has a peak gain of 6.5dB at 44 GHz. By changing
the positions of external polarizers and slabs, the grid can be tuned to operate
up to 60 GHz with 2.5dB gain. In addition, theoretical discussions of two topics
relevant to active grids will be discussed. The first is a technique employing
the method of moments and the induced emf technique to determine the elec-
tromagnetic properties of periodic grating structures. The second explores some

thermal properties of quasi-optical grids.
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Chapter 1

Introduction

Microwaves (1-30 GHz), unlike optical and infrared waves, have the ability
to penetrate fog, dust, and smoke. To a certain extent, millimeter-waves (30—
300 GHz) share this property, but their shorter wavelength allows for greatly
reduced equipment and antenna size. For these reasons, the military has long
been interested in developing these technologies. Much of the pioneering mi-
crowave research was performed while developing radar during World War II. The
Department-of-Defense-sponsored MMIC program has fueled the recent rapid
development of millimeter-wave technology—integrated circuits operating over
94 GHz are readily available today. Applications include passive and active imag-
ing systems, fire-control radar, friend-or-foe identification, and seekers for smart
weapons.

Traditionally, commercial applications have accounted for only a small frac-
tion of the high-frequency market. Over the past few years, however, this
has changed dramatically. The commercial and consumer market has experi-
enced tremendous growth. Avenues being explored include automotive radar
and collision-avoidance systems, wireless local area networks, personal communi-
cation systems, and inclement weather landing and navigational aids for aircraft
and ships [1-3]. No less than six multi-user satellite communication systems
offering voice, data, fax, and video services have been proposed or are being

developed, with a total estimated cost of over 15 billion dollars [4].
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For both military and consumer applications, there is a need for low-cost,
reliable sources with reasonable power-handling capability. Quasi-optics is a

possible way to achieve this goal.

1.1. Quasi-OpPTICAL POWER COMBINING

Fig. 1.1 shows the power-handling capability versus frequency for a number
of solid-state and vacuum-tube sources. Vacuum devices are clearly more pow-
erful, but their bulkiness and expense limit their application. Furthermore, they
often require high-voltage power supplies and large cooling apparatus. Solid-
state sources would be more attractive, but often a single device is incapable
meeting the system power requirements. To overcome this, the outputs of many

devices must be added together.
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Fig. 1.1. Comparison of output power versus frequency for various microwave and millimeter-

wave sources. Data collected from [5-7].
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Power combining is typically done using resonant waveguide cavities or
transmission-line feed networks [8]. These approaches, however, have a number
of shortcomings that become especially apparent at higher frequencies. First,
conductor losses in the waveguide walls or transmission lines tend to increase
with frequency, eventually limiting the combining efficiency. Second, these com-
biners become increasingly difficult to machine as the wavelength gets smaller.
Third, in waveguide systems, each device often must be inserted and tuned man-
ually. This is labor-intensive and only practical for a relatively small number
of devices. In what has become a classic paper, James Mink proposed quasi-
optics as an elegant solution [9]. An array of millimeter-wave sources placed in
a resonator could synchronize to the same frequency and phase, not unlike what
happens in a laser. Their outputs would add in free space, minimizing conductor
losses. Furthermore, a planar array could be fabricated monolithically; at shorter
wavelengths, thousands of devices could be incorporated on a single wafer.

A number of quasi-optical devices have been developed, including detectors
[10], multipliers [11,12], mixers [13], and phase shifters [14,15]. These passive
devices continue to be the subject of ongoing research. Over the past five years,
however, active quasi-optical devices—namely oscillators and amplifiers—have
evolved. Active quasi-optics has attracted considerable attention in a short time,

and the growth of the field has been explosive.

1.2. GRID OSCILLATORS

Grid oscillators developed at Caltech were among the first active quasi-
optical power combiners. A grid oscillator is a planar periodic array of closely-
spaced solid-state sources, as shown in Fig. 1.2. When behaving properly, these
devices will lock together in frequency and phase, producing a well-polarized

beam of coherent radiation. The mirror provides feedback to help synchronize
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Fig. 1.2. A grid oscillator. The grid is a planar periodic array of microwave or millimeter-wave

active devices.

Fig. 1.3. Photograph of the 100-MESFET 10 W X-band oscillator grid developed by J.B. Hacker
at Caltech [19].
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the individual elements and directs the output beam forward. The oscillation
frequency is primarily determined by the spacing between devices, while the
power scales with the total number of devices incorporated.

The first successful grid was a 25-MESFET oscillator, tested by Popovié,
Kim, and Rutledge [16]. This grid radiated 460 mW at 9.7 GHz. Several other
grids soon followed [17,18], with the most recent being a high-power hybrid grid
[19]. This grid, shown in Fig. 1.3, incorporated 100 MESFET’s and produced
10.3W at 9.8 GHz. A tremendous variety of grids as well as other types of quasi-
optical oscillators have been successful, employing a number of different active
devices. Professor R.A. York at the University of California at Santa Barbara

has written an excellent review describing many of these active arrays [20].
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Fig. 1.4. A grid amplifier. Metal strip polarizers independently tune the input and output.



1.3. GRID AMPLIFIERS

Much of today’s quasi-optical research has shifted to the study of amplifiers.
The first quasi-optical amplifier was a grid developed by M. Kim et al. at Caltech
[21]. This grid used 25 MESFET pairs, demonstrating a gain of 11 dB at 3.3 GHz.
A grid amplifier, as shown in Fig. 1.4, is an array of closely-spaced differential
pairs of transistors. A horizontally polarized input beam, incident from the left,
excites rf currents on the horizontal leads of the grid. These currents drive the
inputs of the transistor pair in the differential mode. The output currents are
redirected along the grid’s vertical leads, producing a vertically polarized output
beam to the right. The cross-polarized input and output has two important ad-
vantages. First, it provides good input-output isolation, reducing the potential
for spurious feedback oscillations. Second, the amplifier’s input and output cir-
cuits can be independently tuned using metal-strip polarizers, which also confine

the beam to the forward direction. A 100-element HBT grid soon followed [22].

Fig. 1.5. Photograph of the 100-element HBT grid built and tested by M. Kim [22].



Reference | # of | Devices Type Freq. | Gain |B.W.|N.F. | Power
Cells (GHz) | (dB) | (%) |(dB)| (W)
[21] 25 |MESFET | Hybrid Grid | 3.3 11 2.7 | — —
Diff. Pair
[22] 100 HBT Hybrid Grid 10 10 10 7 0.45
Diff. Pair
[25] 1 |MESFET | Probe-Probe 4 12 35 | — | —
Pair
[34] 16 |MESFET | Folded slot- 4.2 5 8 — —
Folded slot
[24] 1 pHEMT |Back-to-Back | 102 15656 | ~4 |74 —
MMIC Etched Horn
(28] 9 HEMT | Patch-Patch | 10.9 5.5 92 | — | —
[35] 16 HBT Folded Slot- 11 8 4 — | —
MMIC Folded Slot
[30] 9 2-stage | Patch-Patch 10 18 ~3 | — | —
HEMT
[32] 24 | MESFET | Patch-Patch 10 10.4 — — | 0.7
[32] 6 2-stage | Folded Slot- 9.5 9.8 ~4 122 —
pHEMT Slot
[36] 9 MESFET Slot-Slot 29 6 15 | — 1
MMIC
[37] 100 | pHEMT | Hybrid Grid 9 12 15 3 3.7
[Chapter 3] Diff. Pair
[33] 2x9 | HEMT 2 Cascaded 10 13 ~4 1 — | —
Patch-Patch
[39] 28 HBT Monolithic 50 ~1 — — | —
MMIC Slot-Patch
[41] 36 HBT Monolithic 40 5 45 | — | 0.67
Diff. Pair Grid
[42] 36 pHEMT Monolithic | 44-60 [2.5-6.5 | 6 — | —
[Chapter 4] Diff. Pair Grid

Table 1.1. Examples of quasi-optical amplifiers. Tabulated performance characteristics are:

operating frequency, peak gain, percent bandwidth, noise figure, and output power.
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This grid is shown in Fig. 1.5. The gain was 10dB at 10 GHz, with a 10% 3-dB
bandwidth. The noise figure was 7dB, and the output power was 450 mW. Both
gain and noise figure are similar to that of a single device, while the output power
increases with the total number of devices.

Based on the success of these original grids, a number of other types of
quasi-optical amplifiers have been developed. The approaches vary. Amplifiers
using back-to-back integrated horn antennas [23,24], probe antennas [25], patch
antennas [26-33], and slot antennas [34-36] have been successfully demonstrated.
Progress in grid amplifiers has also continued [37,38]. The first monolithic quasi-
optical amplifier has been demonstrated by Rockwell International [39], but the
gain was limited. Very recently, monolithic grid amplifiers have demonstrated
appreciable gain and power at millimeter-wave frequencies [40-42]. The perfor-

mance of some notable quasi-optical amplifiers is summarized in Table 1.1.

1.4. ORGANIZATION OF THE THESIS

The bulk of this thesis details three distinct active grids. The first, described
in Chapter 2, is a 16-element hybrid tunnel diode oscillator grid. Design, exper-
imental results, and motivation will be discussed. A locked frequency spectrum
was achieved, with a peak Effective Radiated Power (ERP) of 1.3 mW at 1.9 GHz.
This is the first grid oscillator using broadband negative differential resistance
devices. This grid is a prototype for future monolithic grids using Resonant Tun-
neling Diodes (RTD’s). Designs of several RTD grids from 200 to 500 GHz will
be presented.

Chapter 3 discusses a 100-element hybrid amplifier grid. The grid uses pseu-
domorphic High Electron Mobility Transistors (PHEMT’s) as the active devices.
The pHEMT differential pair chips were custom fabricated by Lockheed Martin

Laboratories, Baltimore. A simple transmission-line model useful for predicting
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gain will be introduced. This grid achieved a 12-dB gain at 9 GHz with a 15%
bandwidth. The measured noise figure was 3dB and the saturated output power
was 3.7 W. Gain, input and output tuning, and angular dependence will be shown
to be consistent with theoretical predictions.

In Chapter 4, a 36-element monolithic PHEMT grid amplifier will be de-
tailed. These grids were also fabricated by Lockheed Martin Laboratories. First
iteration grids produced limited gain. A second iteration grid was designed, with
greatly reduced parasitic source inductance. These grids demonstrated 6.5dB
of gain at 44 GHz. Simply by changing the positions of external polarizers and
tuning elements, the grid could operate up to 60 GHz with 2.5dB gain.

The subject of Chapter 5 is directions for future research in active quasi-
optical power combining.

Appendix A outlines the technique used throughout the thesis to model the
electromagnetic properties of gratings and periodic structures. This approach
combines the method of moments with the induced emf method.

Appendix B investigates some thermal properties of active arrays, which will

become important for future applications.
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Chapter 2

Tunnel Diode Oscillator Grid

This chapter details the design, construction, and performance of a tunnel
diode oscillator grid. Intended to serve as a prototype for future monolithic grids
using Resonant Tunneling Diodes (RTD’s), this grid is a hybrid construction of
sixteen germanium tunnel diodes. The grid was designed to operate at 2.3 GHz.
A locked output frequency spectrum was achieved, with a peak Effective Radi-
ated Power (ERP) of 1.3mW at 1.9 GHz. Spurious bias line oscillations were
suppressed using ferrite material. The average Single-Sideband (SSB) noise level
was —76 dBc/Hz at an offset of 100kHz. The radiation patterns were measured
and will be presented. In addition, frequency components were observed at mul-
tiples of one-third of the main frequency, but at power levels at least 16 dB lower.
This is the first oscillator grid using broadband negative differential resistance

devices.

2.1. MOTIVATION AND DESIGN GOALS

For several years, NASA and other space agencies have been developing sen-
sitive submillimeter and Terahertz receivers, operating from 300 GHz to 3 THz.
These instruments are necessary for the study of astrophysical phenomena, such
as star and galaxy formation, as well as for the study of our Earth’s atmosphere
and the depletion of the ozone layer [1-6]. An integral component of these re-
ceivers is the local oscillator. This oscillator pumps the mixer in a heterodyne

system, and it must provide a clean, stable signal if the system is to perform
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optimally. Furthermore, for many of the proposed missions, the local oscillator

must be capable of providing milliwatt-level power as high as 3 THz.

Generation of power at these frequencies is difficult. A conventional ap-
proach is to use a series of Schottky diode multipliers to upconvert the output
of a Gunn diode oscillator [7]. If a single multiplier diode is unable to provide
enough power, a quasi-optical multiplier array can combine the powers of many
devices—a 36-element doubler grid has demonstrated 330 pW at 1 THz [8]. This
is the highest reported output power for a solid-state multiplier at 1 THz. Un-
fortunately, the multiplier chains necessary in this approach can become quite
complicated. Vacuum tubes and free-electron lasers can directly generate power
at these frequencies, but suffer from serious drawbacks. Vacuum devices are
capable of providing substantial power, but their size, weight, and need for high-
voltage power supplies limit their utility, especially for spaceborne applications.
Similarly, the cost and complexity of free—eléctron lasers are severely prohibitive,
limiting their use to large research institutions. An alternative approach is to
use a photo-mixer to heterodyne the dptical or infrared outputs of two lasers,
generating a THz-level beat frequency. This technique has been demonstrated
up to 3.8THz [9]. The approach shows great promise, but so far the output
powers have been low—on the order of 0.1 uW at 1 THz—and it is unclear if the

available lasers are suitable for spacecraft operation.

The lack of a solid-state device capable of directly generating useful power
at these frequencies has been problematic. The development of the Resonant
Tunneling Diode (RTD) may offer a solution. The RTD is a quantum-well het-
erostructure that exhibits negative differential resistance, which enables it to
generate rf power. E.R. Brown and co-workers have observed oscillations up to
420 GHz in GaAs/AlAs RTD’s [10], and up to 712 GHz in InAs/AlISb devices
[11], making the RTD the world’s fastest room temperature solid-state electronic

device. Fig. 2.1 illustrates the performance of these RTD’s. Even higher oscil-
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lation frequencies have been projected [12,13] by replacing the ohmic contact at
the collector of a conventional RTD with a Schottky contact. Preliminary dc
and microwave measurements of a Schottky-collector AlAs/InGaAs/InP RTD
indicate a maximum frequency of oscillation, fqe, of 2.2 THz [14].
Unfortunately, the output powers of RTD’s are quite low, as seen in Fig. 2.1.
In order to make a submillimeter or Terahertz source with RTD’s, the outputs
of many devices must be combined. A two-element RTD resonant waveguide
combiner has been demonstrated at 75 GHz [15]. For reasons discussed in the
first chapter, however, this approach has a number of limitations, especially at
higher frequencies. Another approach involves connecting several devices in series
[16,17]. This approach has potential, but requires an rf drive signal to initiate

the oscillation. Quasi-optical power combining is an attractive alternative.
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Fig. 2.1. State of the art RTD performance. The GaAs/AlAs diode has a 4-pm diameter [8].
The InAs/AISb device has a diameter of 1.8 um [9].
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Low output power is one of the limitations of the the RTD. Another, pos-
sibly more serious one, is the broadband nature of the device’s Negative Dif-
ferential Resistance (NDR). An RTD circuit is capable of oscillating anywhere
from dc up to the maximum oscillation frequency, fra,. The designer of an
RTD oscillator has to be extremely vigilant that the circuit is only unstable
where intended. Often, the design will be plagued by low-frequency oscillations
in the bias circuitry. These spurious bias-circuit instabilities are notorious and
well-documented [18,19].

The goal of this project was to design and build a grid oscillator of broad-
band NDR devices. Testing of this grid would determine whether submillimeter
or Terahertz RTD grids are feasible. Due to the lack of readily-available RTD’s,
germanium tunnel diodes were used as the active devices. Tunnel diodes, like
RTD’s, are broadband NDR devices, but their operating frequencies are much
lower—their fy,.,, is typically less than 100 GHz. These devices were invented in
1957 by Leo Esaki [20,21], for which he shared the 1973 Nobel Prize for Physics.
Tunnel diodes have been widely used for a number of applications, although to-
day, the development of Gunn and IMPATT diodes and, more recently, GaAs
transistors has made them almost obsolete. Qﬁasi—optical power combiners have
been successful using other NDR devices such as Gunn diodes [22,23] and IM-
PATT diodes [24]. These devices, however, are primarily transit-time devices,

where a lower bound for the oscillation frequency can be given by [25,26]:

Foso > =22, 2.1)

In this expression, v,,; is the saturation velocity of an electron in the semicon-
ductor (around 6 x 10° cm/s in GaAs) and W,y is the effective length of the drift
region (typically on the order of a micron). Unlike these transit-time devices,
tunnel diodes are extremely susceptible to low-frequency bias-line oscillations,

and therefore share many of the difficulties associated with creating a monolithic

RTD grid oscillator.
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2.2. MODELLING AND DESIGN

Fig. 2.2 shows the measured dc current-voltage relation for a germanium
tunnel diode. The tunnel diodes used in this experiment were Germanium Power
Devices TD272A diodes. A tunnel diode consists of a degenerately-doped p-n
junction [25,26]. With small applied forward bias voltage, the current increases
rapidly as electrons tunnel from the n-side to the p-side. As the voltage increases,
the current increases to a maximum, and then begins to decrease due to fewer
states available for the tunneling electrons on the p-side. In this part of the
curve, the current decreases with increasing voltage, corresponding to a region
of negative differential resistance. The device is unstable in the NDR region,

and the parameter analyzer is unable to measure a meaningful trace. Finally,
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Fig. 2.2. Measured dc IV curve for a Germanium Power Devices TD272A tunnel diode. The

vertical scale is 0.5 mA /division and the horizontal scale is 60 mV /division.
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Fig. 2.3. Small-signal equivalent circuit for the GPD TD272A tunnel diode when biased in the

NDR region. Component values obtained from the manufacturer’s’s data sheet [27].

Impedance, Ohms

——— Real (R)

- - = = Imaginary (X) -

0 5 10 15
Frequency, GHz

Fig. 2.4. Input impedance of the circuit in Fig. 2.3. The diode is potentially unstable from dc
to 11.3 GHz.
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as the bias voltage continues to increase, the current will eventually begin to
exponentially grow, as in a familiar p-n junction.

- Fig. 2.3 shows the small-signal equivalent circuit for the tunnel diode when
biased in the NDR region. This circuit is very similar to the circuit for a normal
diode, with parasitic series resistance R,, series inductance L,, and junction
capacitance C'. The unusual property of the tunnel diode is that the junction
resistance, R, is negative. The diode will be potentially unstable when the real
part of its input impedance is negative. Examination of the circuit in Fig. 2.3

gives an analytical expression for the maximum oscillation frequency firas:

1 |R,| — R,

Fmaz = 27|R.|C R,

(2.2)

It has been assumed that R, < 0 and |R,| > Rs. For the component values
given in Fig. 2.3, fr.. = 11.32 GHz. Fig. 2.4 shows the input impedance of this
circuit as a function of frequency. As predicted by (2.2), the real part of the
input impedance R is negative from dc up to 11.3 GHz. This implies that the
device can oscillate anywhere from dc to fqe.

The grid oscillator is analyzed by considering an infinite periodic array of
identical devices, all locked to the same frequency and phase. These assumptions
allow one to exploit the symmetry of the structure, and simplify the analysis by
examining a single device in an equivalent waveguide unit cell [28]. The unit cell,
shown in Fig. 2.5, consists of electric walls on the top and bottom, and magnetic
walls on the sides. The size of the unit cell is chosen so that the TEM mode of
the equivalent waveguide is the only propagating mode.

Next, the driving-point impedance seen from the device terminals is calcu-
lated. First, the surface current density on the vertical strip is determined using
the method of moments. Once an estimate for the surface current has been ob-

tained, the impedance can be computed using the induced emf technique. This
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Fig. 2.5. The equivalent waveguide unit cell. The dimension of the cell is the same as the

spacing between devices.

approach is a refinement of the elegant method developed by R.M. Weikle at
Caltech [29]. Further details can be found in Appendix A.

Finally, we can construct a rather intuitive transmission-line equivalent cir-
cuit for the tunnel diode oscillator grid. The oscillator’s physical configuration
is shown in Fig. 2.6(a). The grid is constructed on a Duroid substrate with a
relative dielectric constant of 10.8. The equivalent circuit is shown in Fig. 2.6(b).
Free space is represented by the 377-§ resistor, and the mirror behind the grid is
represented by the short-circuited transmission line. The Duroid substrate also
appears as a transmission line of appropriate electrical length and characteris-
tic impedance. The inductance of the vertical strip represents coupling to the

evanescent TE modes of the equivalent waveguide.

There are several ways to analyze the circuit of Fig. 2.6(b). We have found
the approach suggested by Martinez and Compton [30] to be useful. A circulator
is inserted at a node, as shown in Fig. 2.7. The reflection coefficient from the

circulator is defined as the circular function, C. The circular function can be
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Fig. 2.6. Physical configuration (a) and transmission-line equivalent circuit (b) of the grid
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Fig. 2.7. Insertion of the circulator to measure the circular function.
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Fig. 2.8. Saturated circular function. The circuit should oscillate at 2.3 GHz.
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thought of as a measure of the open loop gain of the circuit. Stability theory
indicates that the circuit will be unstable when the loop gain equals unity. Fig. 2.8
shows the saturated circular function of the grid. Saturation in the diode was
modelled by reducing the magnitude of the negative conductance (Gn =1/R,)
from -22mS to -6mS. At this point, C is unity at 2.3 GHz, implying that the
grid should oscillate at this frequency.

To validate this design procedure, a microstrip oscillator was built using a
single GPD TD272A tunnel diode. The oscillator was designed to operate at
2.3GHz using the above technique. A spectrum analyzer plot of the output
spectrum is shown in Fig. 2.9. The circuit oscillates at 2.29 GHz, in excellent
agreement with the model. The oscillator power was 180 uW with an overall

dc-to-rf conversion efficiency of 40%.
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Fig. 2.9. Measured output spectrum of a microstrip tunnel diode oscillator. The center frequency

is 2.29 GHz. The vertical scale is 10 dB/division and the horizontal scale is 500 kHz/division.
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2.3. GRID CONSTRUCTION

The completed grid is shown in Fig. 2.10. The grid is a 4x4 array of GPD
TD272A tunnel diodes, spaced 18 mm apart. A monolithic RTD grid would be
fabricated on a GaAs wafer, which has a relative dielectric constant of 13. In an
attempt to better simulate this situation with the tunnel diode grid, the devices
were soldered onto an etched 2.5-mm thick Duroid substrate with €, = 10.8.
The diodes are arranged such that adjacent rows share bias lines. In order to
preserve the symmetry of the grid, we would like to present a low rf impedance
to the topmost and bottommost rows, as dictated by the electric wall boundary

condition. To help achieve this, the stubs along the upper and lower rows are

43-Q Tnel Dlde
Bias Resistor |
i =
A\
v
\"A
Ferrite Beads
\ 2.5-mm-thick
Duroid Substrate
er =10.8

Fig. 2.10. The assembled oscillator grid. The devices are spaced 18 mm apart.
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Fig. 2.11. Photograph of the 16-element tunnel diode grid oscillator. The entire array is 7.2 cm
on a side.

an effective quarter-wavelength. Ferrite beads were used extensively to suppress
bias-line oscillations. A photograph of the oscillator is shown in Fig. 2.11.

The entire grid can be biased with a single dc supply. This dc supply must
have a low source resistance in order to bias the devices into the NDR, region.
When biasing a single device, the source resistance must be lower than the magni-
tude of the diode’s negative junction resistance. Biasing an entire row in parallel
compounds this requirement. If a single supply is used to bias the whole grid,
this requirement is even more stringent—the entire array is essentially in parallel.
The dc source’s resistance must be less than one-sixteenth of a tunnel diode’s
negative resistance, which corresponds to less than 3. To insure that we do
present a low source resistance, 4.3-§ carbon resistors were placed at the ends
of each row. These resistors will severely reduce the overall de-to-rf efficiency of

the grid, but were found to be necessary.
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2.4. MEASUREMENTS

A necessary component for measuring the oscillator grid is a well-
characterized antenna near 2 GHz. A number of simple coaxial probe antennas
were built and tested, none of which gave satisfactory results over a sufficient
bandwidth. The discone antenna is noted for its wide bandwidth [31]. Two
identical discones were designed and built by John Davis at Caltech. Fig. 2.12
shows the antenna characterization setup. The two antennas are separated by a

distance R. Because this is a far-field measurement, R must satisfy [32]:

2D?
R> -—/\_, (23)

E
(N
™~ Discone Antenna /

Antenna Gain = G
Effective Area = A

-O O

Port 1 Port 2

HP8510 Network Analyzer

Fig. 2.12. The discone antenna far-field measurement setup.
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where A is the shortest free-space wavelength and D is the longest antenna di-
mension. Assuming each discone has an effective area A, 71, the ratio of received

power to transmitted power is given by Friis transmission formula [32]:

Po o2 Al
B = ISl = T (2.4)

The network analyzer directly measures |S21], and we compute the effective area:
Aeff - IS21')\R (25)

Fig. 2.13 shows the effective area of the antenna as a function of frequency. The
discone is reasonably well behaved from 500 MHz to 3.8 GHz. There seems to
be a resonance near 2.2 GHz; oscillator measurements taken near this frequency

may be suspect.
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Fig. 2.13. The effective area of the discone as a function of frequency. The discone is well-

behaved from 500 MHz to 3.8 GHz.
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The setup used to measure the oscillator grid is illustrated in Fig. 2.14. The
entire array was biased with a single dc supply. A discone antenna and spectrum
analyzer were used to receive the power radiated from the grid. The grid was
placed in the far-field of the receiving antenna. A double-slab tuner was used
to maximize the grid’s output power. This tuner consists of two 6.4-mm-thick
Stycast slabs with ¢, = 12 placed in front of the grid. This is the quasi-optical
analog of the double-slug tuner used in coaxial systems. By varying the spacing
between slabs and the distance between the grid and tuner, the impedance seen

at the output surface of the oscillator grid can be changed dramatically.

Initially, the grid suffered from low-frequency bias-line oscillations. These

oscillations were suppressed by placing ferrite beads on the bias wires and on the

Mirror Active Grid D".}‘E}f;‘ab 0.54 GHz
Discone Antenna

e

Output Beam

] I

6.4-mm Stycast slabs
g = 12

DC Supply HP8569B Spectrum Analyzer

Fig. 2.14. The grid oscillator measurement setup.
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Fig. 2.15. Microwave measurement of a ferrite bead (a) and equivalent circuit model (b) valid

between 200 MHz and 10 GHz.

leads of the 4.3-Q bias resistors. In previous oscillator grids, ferrite beads have
been used to eliminate spurious bias-line oscillations. Although it is not well un-
derstood why ferrites are so successful in killing these oscillations, measurements
indicate that the ferrite material is quite lossy. A microstrip measurement of a
piece of 30-gauge wire-wrap wire through a Lodestone Pacific #2643000101 fer-
rite bead is illustrated in Fig. 2.15(a). This measurement reveals the equivalent
circuit model for the ferrite shown in Fig. 2.15(b). This simple circuit models the
behavior of the ferrite reasonably well between 200 MHz and 10 GHaz. The con-
siderable series resistance may account for the suppression of spurious bias-line

oscillations.
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Fig. 2.16 shows the output frequency spectrum of the tunnel diode grid oscil-
lator. Peak power was measured at 1.86 GHz. The relatively clean, narrowband
peak in the spectrum indicates that the devices are properly locked. The mea-
sured frequency is about 20% lower than the design frequency, 2.3 GHz. This
may be attributed to the fact that the grid is so small. The unit cell approach
used in the design assumes an infinite, unterminated array. Elements on the
periphery of the grid clearly violate this assumption. In a 4x4 array, 75% of the
elements are on an edge. In this light, the frequency shift is not surprising.

An often-quoted and conveniently-measured figure of merit for quasi-optical
sources is the Effective Radiated Power (ERP) [28]. The ERP is the power an
isotropic source would have to radiate to give the same power density. This figure

is related to the power measured in a quasi-optical test system, P, by:

2
ERP = P,.., ‘Z’R , (2.6)
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Fig. 2.16. Measured output spectrum the tunnel diode grid oscillator. The center frequency is

1.86 GHz. The vertical scale is 10 dB/division and the horizontal scale is 500 kHz/division.
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where Ay is the effective area of the receiving antenna and R is the distance
separating the antenna and the grid. The tunnel diode grid had a peak ERP of
1.3mW at 1.86 GHz using the double-slab tuner. Without the tuner, the peak
ERP was 5dB lower. The total dc bias was 480mA at 280mV. It is estimated
that only about 50mA of the bias current flows through the diodes, while the
remainder is lost in the bias resistors.

Unless a full two-dimensional radiation pattern is measured, determining
the total power radiated by the grid is difficult. M. Gouker has suggested the
Effective Transmitter Power (ETP) to estimate this quantity [33]. The ETP

assumes the array acts like a uniformly-illuminated aperture, and is related to

ERP by:

ERPA\?
ETP = —— " 2.7
47rAarray ( )

where Agyrqy is the physical area of the grid and X is the free-space wavelength.
For our case, Asrrqy = 164,y = 51.8cm?. This grid has an ETP of 500 uW,
or 31 uW per device. Compared to the results from the single-diode microstrip
oscillator, this power seems rather low, suggesting a poor power—combining ef-
ficiency. Furthermore, radiation pattern measurements indicate that the ETP
may actually overestimate the total radiated power.

The Single-Sideband (SSB) noise performance was measured using a
computer-controlled technique developed by Shi-Jie Li at Caltech. With the
output tuner, the average SSB noise level was ~76dBc/Hz at a 100kHz offset
from the carrier. The double-slab tuner increases the quality factor, or Q, of
the oscillator circuit. As a result, the noise level is 3dB worse with the tuner
removed. An advantage of quasi-optical oscillators is that the noise performance
improves as the array size increases because the noise from each individual ele-
ment adds incoherently. This has been experimentally demonstrated in a MES-
FET grid oscillator built by Jon Hacker [34]. It is also possible to improve the

noise performance of grid oscillators via injection locking [28].
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Fig. 2.17 shows the grid’s measured far-field H-plane radiation pattern with-
out the double-slab output tuner. Also plotted is a theoretical pattern, generated
assuming a uniform array of 16 elementary dipoles in front of a mirror. For sim-

plicity, the Duroid substrate is neglected. This provides a theoretical pattern

given by:
» 2(4ma .
P(8) S N (2T cos ) 2.8)
o 0s ). .
sin? %sine) st A €08

The first term represents the H-plane array factor, where a is the element spacing,.
The second term accounts for the mirror, with m being the distance from the
grid to the mirror. In this case, @ = 18 mm and m = 33 mm. Aside from a slight

offset, the measured pattern agrees well with the theoretical one. The on-axis

cross-polarization ratio was —23 dB.
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Fig. 2.17. Measured and theoretical H-plane radiation pattern at 1.86 GHz with the tuner

removed.
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Fig. 2.18 shows the measured far-field E-plane radiation pattern without the
output tuner. The theoretical pattern was generated using (2.8), multiplied by an
additional cos® § term to account for the element pattern of the dipole. This re-
sults in a slightly narrower E-plane pattern. Again, the theory and measurement
agree well.

Fig. 2.19 shows the E- and H-plane radiation patterns with the double-slab
output tuner in place. The patterns of the tuned grid are considerably narrower
than those of the untuned grid. This may be due to the impedance of the tuner
varying rapidly with angle. The sharper radiation patterns give us cause to

believe that the ETP, quoted above, may overpredict the total radiated power.
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Fig. 2.18. Measured and theoretical E-plane radiation pattern at 1.86 GHz with the tuner

removed.
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Fig. 2.19. Measured E and H-plane radiation patterns at 1.86 GHz with the double-slab tuner

in place and adjusted for maximum ERP. The on-axis cross polarization ratio was —20 dB.

Subharmonic oscillations were observed in the frequency spectrum at mul-
tiples of one-third of the main frequency. The measured power in these com-
ponents, however, was very small when compared to the main component at
1.86 GHz, as shown in Fig. 2.20. The highest level was 16 dB below the main

component. The power level at 620 MHz, one-third of the main frequency, was

46 dB below the main signal.

When these subharmonics were first observed, it was suspected that the grid
may be operating in the wrong mode. Many attempts were made at suppressing
the subharmonic components, including the addition of various lumped elements

into the grid oscillator structure, none of which were successful. The low power
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Fig. 2.20. The subharmonic components of the oscillator spectrum. The highest component is

16 dB below the main signal at 1.86 GHz.

associated with the subharmonics, the reasonable radiation patterns, and the low
cross-polarization levels led to the conclusion that the grid was, in fact, operating
in the correct mode. In addition, the bias lines were directly probed, and the
measured power on the lines was less than —50 dBm, which further supports this
conclusion.

We may be seeing evidence of period tripling, a type of bifurcation that can
arise in nonlinear oscillators [35]. This behavior is not uncommon in NDR os-
cillator circuits—similar results have been observed in single-element oscillators
using RTD’s [36], as well as IMPATT and Gunn diode oscillators [37]. A system
of two coupled tunnel diode oscillators has produced subharmonic components
at multiples of one-eleventh of the main frequency [38]. In this grid, more bifur-
cations could be observed, depending on the mirror position and bias level, as
well as the broadly-distributed spectra indicative of chaotic behavior. Fig. 2.21

shows an example of a chaotic spectrum.
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Fig. 2.21. Broadly-distributed output spectrum indicative of chaotic behavior in the grid os-
cillator. The vertical scale is 5 dB/division. The horizontal scale runs from 0 to 2.9 GHz, with

290 MHz/division.

Another possibility is that the some part of the grid structure is resonant at
the one-third frequency, 620 MHz. It has been pointed out that grid oscillators
may be particularly susceptible to substrate-mode oscillations [39]. One-half of
an effective wavelength at 620 MHz is about 10 cm, where the effective dielectric
constant was chosen to be 5.9, the mean between the substrate and air. This
distance roughly corresponds to the spacing of the columns of bias resistors or
the distance between the ends of the vertical stubs on the top and bottom rows
of the grid. It is unlikely that this theory explains the subharmonic oscillations,
however, because changing the position of the bias resistors or cutting gaps in

the vertical stubs did not significantly change the oscillation frequency.
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This oscillator is the first quasi-optical grid using broadband NDR devices.
A locked output spectrum was achieved, with a peak ERP near the design fre-
quency. The results were not as successful as hoped, namely the rather poor
apparent combining efficiency and the subharmonic components in the spectrum.
Nevertheless, the results were encouraging enough to warrant an attempt at a

monolithic RTD oscillator grid.

2.5. RTD GRID DESIGN

Based on the success of the hybrid tunnel diode oscillator grid, several
designs for monolithic RTD grid oscillators have been completed. This is a
collaborative project between Caltech, Dr. R.P. Smith’s group at JPL, and
Prof. M.J.W. Rodwell’s group at the University of California at Santa Bar-
bara. The active devices are Schottky-Collector Resonant Tunneling Diodes
(SCRTD’s), developed at UCSB and JPL [12-14]. Traditional high frequency

diodes are rather large-area dots that are then contacted with whiskers [7,10,11].

Fig. 2.22. SEM micrograph of a completed 0.1x2 um SCRTD. Figure courtesy of R.P. Smith
at JPL.
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These SCRTD’s, however, are planar and therefore better suited to monolithic
fabrication. They include a low-parasitic air-bridged connection to the collector.
Fig. 2.22 shows a completed SCRTD.

Like tunnel diodes, SCRTD’s have a negative-sloping section in their dc
current-voltage curve where they are potentially unstable. Fig. 2.23 shows the
small-signal equivalent circuit for the SCRTD when biased in the NDR region. As
was the case for the tunnel diode, the circuit includes a parasitic series resistance
R;, a junction capacitance C, and a negative resistance R,. Also included is a
negative inductor Lg,, which represents the transit time through the quantum
well. Fig. 2.24 shows the input impedance of this device as a function of fre-
quency. The resistive part of this impedance is negative from dc up to 920 GHz.
This implies that the device is capable of oscillating up to 920 GHz, the f,,,; of
the diode.

The oscillators were designed using the same procedure used for the tun-
nel diode grid. The physical configuration of the grid is shown in Fig. 2.25(a).
The grid is monolithically fabricated on a GaAs substrate. The oscillator chip is
mounted onto a hyper-hemispherical antireflection-coated silicon lens. This lens
will collimate the radiated beam as well as help prevent the excitation of sub-
strate modes. The transmission-line equivalent circuit is shown in Fig. 2.25(b).
Free space is represented by the 377-2 resistor, and the mirror behind the grid is
represented by the short-circuited transmission line. The dielectric lens is mod-
elled by the transformer, and the inductor represents the coupling to the device
via the short vertical lead. The X marks the node where the circulator is inserted
to determine the oscillation frequency of the circuit. Fig. 2.26 is a plot of the
saturated circular function, C. As before, saturation in the device is modelled
by reducing the magnitude of the diode’s negative conductance. This particular

circuit should oscillate at 500 GHz.
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Fig. 2.23. Small-signal equivalent circuit for a 1-um? SCRTD when biased in the NDR region.
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Fig. 2.24. Input impedance of the circuit in Fig. 2.23. The diode is potentially unstable from
dc to 920 GHz.
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Adjustable Mirror Grid Oscillator ~ AR-coated Silicon Lens
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Fig. 2.25. Physical configuration (a) and transmission-line equivalent circuit (b) of the mono-

lithic SCRTD grid oscillator. The x marks the spot where the circulator is inserted to measure

the circular function.
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A variety of designs from 200 GHz to 500 GHz have been completed and are
summarized in Table 2.1. Arrays of two sizes are to be fabricated: 6x6 and
10x10. Fig. 2.27 shows a 100-element oscillator designed for 300 GHz. The unit
cell size is 107 um. Included at both ends of each row are monolithically inte-
grated Schottky diodes to be used in the bias circuitry. These diodes perform a
similar function as the bias resistors did in the tunnel diode grid. In addition,
they have been found to be helpful in preventing low-frequency bias-line oscil-
lations [40]. Fig. 2.28 shows a 36-element grid designed to oscillate at 500 GHz,
with a 47 ym unit cell. The mask set for these grids has been completed, and

the arrays are awaiting fabrication.

200 GHz

e

Unit Circle

—&— Saturated (G=-1.4mS)

Fig. 2.26. Saturated circular function. The circuit should oscillate at 500 GHz
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Design Frequency | Unit Cell Size
200 GHz 185 um
300 GHz 130 um
300 GHz 107 pm
400 GHz 85 pm
400/500 GHz 65 pm
500 GHz 47 pm

Table 2.1. Summary of monolithic SCRTD grid oscillator designs.

10-300CB

4 ﬂg’ﬁmmgwm‘ L

miﬁﬂg

Fig. 2.27. A 100-element 300 GHz monolithic SCRTD grid oscillator. The unit cell size is
107 pm.



45

Measurements at frequencies this high are difficult to perform. Fig. 2.29
shows a setup that could be used to test the SCRTD grids. A Fabry-Perot in-
terferometer is used to determine the oscillation frequency. The radiated power
is detected by a thin-film bolometric detector, which consists of a film of bis-
muth evaporated onto a thin mylar membrane. Millimeter-wave power density
measurements have been reported with this type of detector, with an estimated

accuracy of 5% [41].

Fig. 2.28. A 36-element 500 GHz monolithic SCRTD grid oscillator. The unit cell size is 47 pm.
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Fig. 2.29. Proposed measurement setup for testing the SCRTD grid oscillators.

2.6. ASIDE—A BRIEF INVESTIGATION OF TRANSISTOR OSCILLATOR GRIDS

Over the years, a number of successful transistor grid oscillators have been
demonstrated. Commercially-available packaged devices are most easily inserted
into the source-feedback configuration [28,42], as shown in Fig. 2.30(a). Another
configuration, gate feedback, can be used with devices in chip form [34,43]. The
equivalent circuits for these two configurations differ only in the way the device
terminals are attached. Fig. 2.31 shows the equivalent circuits for both, using
the numerical values derived in [28]. Notice that to the right of the transformer,
these circuits are identical to the one used for the tunnel diode grid. Everything
to the left of and including the center-tapped transformer can be thought of as
a two-terminal active device.

Fig. 2.32 plots the resistance seen looking into the transformer as a function
of frequency. The device S-parameters are those of a Fujitsu FSC11-series MES-
FET [44]). While it is true that the simple circuits in Fig. 2.31 are probably not
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(a) (b)

Fig. 2.30. Transistor oscillator grid unit cells: source feedback configuration (a) and gate

feedback configuration (b).
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Fig. 2.31. Equivalent circuit for the oscillator grid using the numerical values in [28]. Source

feedback configuration (a) and gate feedback configuration (b).
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valid over the entire 12-GHz frequency range plotted, the result is nonetheless
interesting. In the source-feedback configuration, the active device resistance is
negative for almost the entire range. While negative resistance is not a nec-
essary condition for instability, it is sufficient. This means that, as modelled,
the source-feedback circuit is capable of oscillating from dc up to above 12 GHz,
except possibly near 9.5 GHz. On the other hand, in the gate-feedback configura-
tion the opposite is true. The device is most likely to oscillate when the resistance
is negative, near 9.5 GHz. In both cases, the resistance changes sign near the res-
onant frequency of the L-C circuit in the center tap of the transformer, 8.9 GHz.
This simple exercise shows that one can think of a source-feedback transistor
grid as similar to a broadband NDR grid, while a gate-feedback grid is more like

a narrowband, or tuned, NDR oscillator.
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Fig. 2.32. Resistive part of the input impedance of the circuits of Fig. 2.31. The transistor is a
Fujitsu FSC11-series MESFET.
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Chapter 3

Hybrid X-Band pHEMT Amplifier Grid

In this chapter, a 100-element hybrid X-band amplifier grid is discussed. The
active devices are custom-made pseudomorphic High Electron Mobility Transis-
tor (pHEMT) differential-pair chips fabricated by Lockheed Martin Laboratories.
A model useful for gain analysis and design will be presented. Chip resistors were
used in the gate leads to suppress common-mode oscillations. The measured gain
was 10dB at 10 GHz. When tuned to operate at 9 GHz, the peak gain was 12 dB
with a 15% 3-dB bandwidth. The grid can accept beams with incidence angles
up to 25° with less than a 3-dB gain reduction. The minimum noise figure was
3dB at 10 GHz. The saturated output power was 3.7W at 9 GHz, with a peak
power-added efficiency of 12%. These results are a significant improvement over

previous amplifier grids using Heterojunction Bipolar Transistors (HBT’s).

3.1. INTRODUCTION

Quasi-optical amplifiers combine the output powers of many solid-state de-
vices in free space, eliminating the conductor losses associated with traﬁsmission—
line or waveguide combiners. The first successful quasi-optical amplifier was a
25-element grid of MESFET pairs developed by Moonil Kim at Caltech [1]. A
grid amplifier is an array of closely spaced differential pairs of transistors. Fig. 3.1

shows the approach. A horizontally polarized beam excites rf currents on the
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input leads of the grid. This drives the transistor pair in the differential mode.
Currents on the output leads produce a vertically polarized output beam. Metal-
strip polarizers provide independent tuning of the amplifier’s input and output
circuits. Following this MESFET grid amplifier was a 100-element HBT grid
amplifier, also developed by Moonil Kim [2]. Unlike the MESFET grid, this
grid had a completely planar structure, making it more suitable for monolithic
fabrication. This grid had a gain of 10dB at 10 GHz, as shown in Fig. 3.2. The

noise figure was 7 dB and the saturated output power was 450 mW. As discussed

Input . .y Output
Polarizer Active Grid PolatrIi)zer
E
Input Beam T
/ 4 [Output Beam
E
Differential
Transistor

Pair

Fig. 3.1 A grid amplifier. A horizontally polarized input beam is incident from the left. The
output beam is vertically polarized and is radiated to the right. The polarizers independently

tune the input and output circuits.
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Fig. 3.2. Gain versus frequency for the 100-element HBT grid amplifier [2).

in the first chapter, many other types of quasi-optical amplifiers have been de-
veloped using back-to-back integrated horn antennas [3,4], probe antennas [5],
patch antennas [6-13], and slot antennas [14-16], leading to a rapid development
of quasi-optical technology.

PHEMT technology has also developed rapidly. Millimeter-wave pHEMT’s
are capable of high gain, high output power, high efficiency, and low noise figure,
making them the device of choice for many high-frequency applications [17-20].
The first successful pHEMT grid amplifiers were 16-element arrays reported in
[21]. This chapter will discuss the modelling and performance of a full-size 100-
element pHEMT grid amplifier.
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3.2. AMPLIFIER GRID MODELLING

An interesting property of grid amplifiers is that, to first order, the unit
cell determines the driving-point impedances seen by the device, while the power
scales with the grid area. This allows one to optimize for gain and noise figure by
the choice of the unit cell, and to independently select the total grid size to meet
the power requirement. The design of previous grid amplifiers has primarily been
empirical [1,2]. For the 100-element HBT grid amplifier, a number of prototype
16-element grids were built and tested [22]. The unit cell used for the final full-
size grid was the one that gave the best results. If grid amplifiers are ever to be
confidently designed, a reliable model must be developed.

Consider the grid amplifier configuration shown in Fig. 3.3(a). The grid is
constructed on a substrate with a relative dielectric constant ¢ and a thickness
ts. The input and output polarizers are located a distance t; and ¢, from the
grid. To simplify this example, the polarizers are metallic gratings suspended in
free space. A sample unit cell is shown in Fig. 3.3(b). This is a less complicated
version of the cell presented in [2]. The transistors are assumed to be FET’s.
Horizontal leads are connected to the gates of the transistor pair and vertical
leads are connected to the drains. Bias to the source and drain is provided along
the thin lines.

A rather intuitive transmission-line equivalent circuit for this configuration
is proposed in Fig. 3.4(a). Free space is represented by the resistors, with char-
acteristic impedance 7,. For a square unit cell, 5, = 377 Q. The air gaps between
the polarizers and the grid are represented by transmission lines with charac-
teristic impedance 7, and appropriate electrical length. The substrate is also
represented by a transmission line. The effect of the dielectric is to reduce the
characteristic impedance by a factor of 1/, the index of refraction of the mate-
rial, and to increase the electrical length by this same factor. The polarizers are

assumed to be perfect—they present a short circuit to a wave polarized along
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Fig. 3.3. Simplified assembled grid amplifier configuration (a) and unit cell (b).
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Fig. 3.4. Transmission-line equivalent circuit for the amplifier configuration shown in Fig. 3.3.
The symmetry of the circuit allows one to simplify the full-cell model (a) to the half-cell model

(b), where the transmission-line impedances are half their usual values.
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the direction of the metal strips and they are invisible to a wave polarized or-
thogonal to the strips. The size and structure of the unit cell will determine the
values of the remaining inductive elements. Coupling to the gates of the devices
through the short horizontal leads is represented by the inductance L;. The ver-
tical output leads attached to the drains are modeled by the inductors labelled
L,. The thin bias lines are primarily horizontally directed. Therefore, they will
appear at the input, and are represented by the shunt inductance L,. It is clear
that these lines should be made highly reactive to avoid shorting out the input
of the grid. Numerical values for these reactive elements can be computed using
any number of methods—from very simple quasi-static models to complicated
moment method or finite-element techniques.

The circuit in Fig. 3.4(a) represents the full cell and therefore contains two
transistors. The symmetry of this circuit allows one to bisect it along the hori-
zontal symmetry plane with a virtual ground, resulting in the circuit shown in
Fig. 3.4(b). This new circuit represents a half cell, containing only a single tran-
sistor. This simplifies the analysis because, often, it is the transistor model itself
that is the most complicated part of the circuit. Bisecting the circuit results in
the characteristic impedances of free space and all transmission lines becoming
half of their usual values, while the effective lengths remain the same.

The model presented here is by no means intended to be complete. Rather,
it is meant to provide a basis for understanding the more complicated equivalent
circuit models which will be presented later. These circuits will include the
effects of imperfect polarizers, dielectric tuning slabs, and other elements. In
addition, the rather simple inductor network representing the coupling between
the radiated waves and the device via the unit cell structure could be replaced
with a more extensive one. Nevertheless, despite its apparent simplicity, this
equivalent circuit has been used to design and model the behavior of a number

of different amplifier grids with reasonable success [23-26].
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3.3. GRID DESIGN AND CONSTRUCTION

The differential-pair chips used in this project were fabricated by Lock-
heed Martin Laboratories in Baltimore. The active devices are 0.1-ym AlGaAs /
InGaAs/GaAs pHEMT’s. The epitaxy employs a double-doped heterostructure
optimized for high power. Fig. 3.5 shows a 0.1-um T-gate. The gates were de-
fined using an electron beam direct write system and a bi-level resist. The total
gate width per transistor is 100 ym distributed among four fingers. The devices
were passivated with SiN, using Plasma-Enhanced Chemical Vapor Deposition
(PECVD). Air-bridges and top-layer metallization were formed with several mi-
crons of electroplated gold. Further details regarding the device can be found in
[17].

The differential-pair chip layout is shown in Fig. 3.6. The sources of two

PHEMT’s are tied together to form a differential pair. Unlike the HBT’s in other

Fig. 3.5. SEM micrograph of a 0.1-um mushroom gate [17].
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grids, which were self-biased [2,24,25], the control terminal can be externally
biased. The 1-k{2 resistor allows this gate control bias voltage to pass from cell
to cell. This is possible because the gate draws very little bias current. The
gate bias resistor passes under the air-bridged source connection. These devices
are designed to be used as high as 100 GHz [17]. The 2-kQ) resistor and 0.5-pF
capacitor are feedback elements to help stabilize the amplifier at X-band. The
two 100-2 source resistors are intended to reduce the common-mode gain. These
resistors should not effect the differential-mode performance, but will reduce the

overall efficiency of the amplifier. A photograph of the chip is shown in Fig. 3.7.

100pm

-

Fig. 3.6. The differential-pair chip layout.
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Fig. 3.7. Microscope photograph of the differential-pair chip. The chip is roughly 0.5 mm by

0.7 mm.
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Fig. 3.8 shows the unit cell. The cell is 7.3 mm on a side. The input beam is
coupled to the gates of the pHEMT’s through the horizontal input leads, which
also supply the gate bias. The output beam is radiated from the vertical drain
leads. Both input and output leads are 0.4-mm wide. Bias to the drain and
source is provided by the meandering lines, which are 0.2-mm wide. The bias
lines are intended to present a rather high impedance to the input wave. The
resistors in the gate leads suppress spurious common-mode oscillations and will

be discussed later.

50Q
Stabilizing
Resistor

7.3 mm

Fig. 3.8. The grid amplifier unit cell. Arrows indicate the direction of rf currents.
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Based on the modelling discussions from the previous section, an equivalent
circuit for this unit cell can be constructed. Fig. 3.9 shows the half-cell equivalent
circuit. The circuit contains a single pHEMT, including the gate bias resistor
Ry, and the gate-drain feedback network R; and C;. Inductors L; and L,
represent coupling through the input and output leads, and L, models the effect
of the bias lines. The oscillation-suppression resistor R,; in the gate lead appears
in series with the input lead inductance L;. Numerical values for L; and L,
are computed by first using the method of moments to approximate the surface
current distribution on the input and output leads. Once an estimate for the
current distribution has been obtained, the driving-point impedance is calculated
using the induced emf technique. More details regarding this method may be
found in Appendix A. The numerical value for the shunt bias-line inductance
L, is empirically determined with the aid of Hewlett-Packard’s High Frequency
Structure Simulator (HFSS) [27].

An often-quoted figure of merit for potentially-unstable high-frequency tran-

sistors is the Maximum Stable Gain (MSG) [28,29]. The MSG is given by:

MSG =

. (3.1)

Fig. 3.10 plots the MSG for the pHEMT alone, using the equivalent circuit model
for the device supplied by Lockheed Martin Laboratories. The MSG is over 18 dB
at 10 GHz. The addition of resistors R,; and Ry, and feedback elements Ry and
Cy will tend to reduce the gain available from the transistor, but they do stabilize
the device. For a stable transistor, one can quote the Maximum Available Gain
(MAG):

MAG = :gﬂl (K —VEK? 1), (3.2)
12

where K is the Rollett stability factor given by:

= 1+ [511522 — S21512]% — |S1a|? — |S22|?

K
2[S21]|S12]

(3.3)
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Fig. 3.9. Half-cell equivalent circuit model for the grid amplifier.
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Fig. 3.10. Maximum stable gain of the pHEMT with and without the external bias, feedback,

and stabilization elements.
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For a stable device, K > 1. The MAG for the device including the bias, feedback,
and stabilization elements is also plotted in Fig. 10. These elements reduce the

gain available from the pHEMT by over 4.5dB at 10 GHz.

A 10x10 array of these cells was etched onto a 15-mil Duroid substrate with
a relative dielectric constant of 2.2. This thin board can then be attached to a
second substrate, with a dielectric constant and thickness chosen to maximize the
amplifier’s electrical performance and mechanical integrity. The etched substrate

was gold plated to facilitate wire bonding. The active chips were dc probed, and

Fig. 3.11. Photograph of an active chip attached to the etched substrate.
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Fig. 3.13. The 100-element pHEMT grid amplifier. The active area is 7.3 cm on a side.
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affixed to the grid with epoxy. The necessary electrical connections were made
with wire bonds. Figs. 3.11 and 3.12 show the chips attached to the substrate in
detail. Fig. 3.13 shows the entire 100-element pHEMT grid amplifier.

Initially, the grid suffered from 8-9 GHz oscillations, depending on the bias
level. The onset of these oscillations was at a drain bias current of 9mA per
transistor—well below the device’s usual operating point. The gain of the ampli-
fier at the onset of oscillation was less than 4 dB. These oscillations were insen-
sitive to the polarizer position and substrate thickness. This property, coupled
with the measured radiation pattern, led to the conclusion that the instability
was a common-mode oscillation like the one described in [24]. A model for these
oscillations has been developed by Cheh-Ming Liu at Caltech. This model as-
sumes that the transistor is operating in the common mode, which allows one to
define a unit cell like the quarter cell in Fig. 3.14. A transmission-line equivalent

circuit for the oscillation mode is shown in Fig. 3.15. Following the approach of

Electric

wall N\

\

Drain

Location of
Stabilizing Resistor

_
— Magnetic
Wall

Fig. 3.14. Quarter cell. The boundary conditions are imposed by the grid symmetry.
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Fig. 3.15. Equivalent circuit model for the common-mode oscillation [24].

Unit Circle

8.9 GHz

———— Without resistor

- = -  Withresistor

Fig. 3.16. Circular function of the amplifier grid. Without the gate resistors, the grid is unstable
at 8.9 GHz. The stabilized amplifier has a gain margin of 3 dB.
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Martinez and Compton [30], a circulator is inserted at the node marked with an
x and the circular function is measured. The circular function, C, is plotted in
Fig. 3.16. The circuit is theoretically unstable at 8.9 GHz because the magnitude
of C' is greater than unity and its phase is zero. This is close to where the actual
oscillations occurred.

To suppress these oscillations, 50-Q chip resistors were placed in the radi-
ating gate lead, midway between transistor pairs. These resistors can be seen
clearly in Fig. 3.12. With the resistors in place, the magnitude of C is less than
unity, so the grid should be stable. After adding the resistors, the grid could be
biased to a current of over 15mA per transistor without oscillations. Unfortu-
nately, these gate resistors will degrade the gain and noise figure of the amplifier.
Theory indicates that the 100-Q source resistors originally thought necessary to
prevent common-mode oscillations may actually be contributing to the instabil-
ity. Removal of the source resistors may result in a more stable amplifier, as well
as a more efficient grid. Experiments investigating this are being performed by

Alina Moussessian at Caltech.

3.4. GAIN AND TUNING

Two different techniques have been used to measure the gain of quasi-optical
grid amplifiers. The first is a far-field approach shown in Fig. 3.17 [1,2]. The
first step is to calibrate the system. This is done with the two horn antennas
co-polarized, as shown in Fig. 3.17(a). Then, the amplifier gain is measured
using the setup shown in Fig. 3.17(b). The amplifier gain G is related to the
calibration power P, and the power received with the grid in place P, by:

P. /AR
G=% (53): (3.4)
where ) is the free-space wavelength, R is the spacing between the horn and the

grid, and A is the physical area of the grid.
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Fig. 3.17. Far-field setup used for gain measurement. The calibration step (a) is performed with

the horns co-polarized. The measurement step (b) is performed with the horns cross-polarized.
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Fig. 3.18. Lens-focused setup used for gain measurement. The calibration step (a) is performed
with co-polarized horns and an aperture in an absorbing screen. The measurement step (b) is

performed with the horns cross-polarized.
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The other method is the lens-focused approach shown in Fig. 3.18 [2]. This
is a modified version of the quasi-optical reflectometer reported by D.R. Gagnon
[31]. The system is calibrated by placing an absorbing screen at the focal plane,
as shown in Fig. 3.18(a). The screen has an aperture cut in it, matching the
physical area A of the amplifier grid. The gain is measured in the cross-polarized
setup shown in Fig. 3.18(b). In this case, the amplifier gain is simply the ratio

of the power received from the grid P, to the calibration power P..

The lens-focused approach has the advantage of being more straightforward,
eliminating much of the path loss associated with the far-field method. On the
other hand, the far-field method is much simpler to set up, as there are no lenses
to focus or align. The gain of the 100-element HBT grid amplifier was measured
using both approaches, with nearly identical results [2]. For simplicity, the far-

field method was used to measure the gain of the 100-element pHEMT grid.

Fig. 3.19 shows the setup used to measure the gain. The transmitting and
receiving antennas were AEL H-1498 wideband horns. An HP8350B sweep oscil-
lator was used as the microwave source, and an HP8592A spectrum analyzer was
the receiver. The entire grid was biased with two dc supplies—a high-current
supply for the drain and a low-current one for the gate. The setup was computer-

controlled, using software written by Cheh-Ming Liu, to facilitate data collection.

The assembled grid amplifier tuned for 10 GHz is shown in Fig. 3.20(a). The
grid and polarizers are fabricated on Duroid boards with a relative dielectric con-
stant of 2.2. A Duroid slab with €, = 10.5 was used as an output tuner to increase
the gain. The transmission-line equivalent circuit is shown in Fig. 3.20(b). This
is a half-cell model, so free space is represented by the 189-Q resistors. The air
gaps and substrates appear as transmission lines. The model representing the
unit cell is the same as the one presented earlier. The polarizers are not assumed

to be perfect. For a wave polarized along the direction of the metal strips, the

polarizer is modeled by a low-impedance inductor. For a wave polarized orthogo-
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Fig. 3.19. Setup used to measure gain.

nal to the strips, the polarizer appears as a high-impedance capacitor. Numerical
values for these elements were determined using the method of moment approach

discussed in Appendix A.

Fig. 3.21 shows the measured small-signal gain of the amplifier. The peak
gainis 10dB at 10 GHz. The 3-dB gain bandwidth is 700 MHz, which corresponds
to 7%. The modelled gain is also plotted, and it agrees well with the measured
results. The grid was biased at a drain voltage of 3V and a total drain current of
2.5 A. Without bias, the gain of the grid is below =12 dB over the entire frequency

range. At peak gain, the difference between the biased and unbiased gain is over
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Fig. 3.20. The assembled amplifier grid (a), and the transmission-line equivalent circuit model
(b) for the grid at 10 GHz.
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30dB. An on-off ratio this high is a good indication that the grid is operating
correctly. Fig. 3.22 shows the gain with the output tuner removed. The positions
of the polarizers were unchanged. The peak gain is 1dB less, but the bandwidth

is increased to 1.3 GHz (13%). Again, theory and experiment compare well.

Fig. 3.23 shows the gain at 10 GHz with the output tuner removed as a
function of drain bias current for three different drain bias voltages. The current
was varied under constant drain voltage by changing the gate bias. The drain
current was increased until the common-mode oscillations reappeared. The gain
is a monotonically increasing function of drain current, levelling off at higher
current levels. These results show that further increases in drain current are

unlikely to significantly increase the amplifier gain.

10 |- —

Amplifier Gain, dB
o
|
|

-10 i1 1.1 l i1 11 l i 1 1 i | | I T | [
5.0 7.5 10.0 12.5 15.0
Current per Transistor, mA

Fig. 3.23. Amplifier gain at 10 GHz as a function of drain bias current. The output tuner was

not used.
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Fig. 3.25. Amplifier gain at 10 GHz as a function of output polarizer position.
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To further validate the model, the gain was measured as a function of polar-
izer position. Fig. 3.24 shows the gain at 10 GHz as a function of input polarizer
position. As seen in Fig. 2.20(b), the position of the input polarizer actually
tunes the grid’s output circuit. Fig. 3.25 shows the gain as a function of output
polarizer position, with the output tuner removed for convenience. The tun-
ing curves agree quite well with the theoretical predictions, which gives more

credibility to the transmission-line model.

The grid can be tuned to operate at other frequencies simply by changing
the positions of the external polarizers and tuners. Fig. 3.26 shows the gain
with the grid tuned for 9 GHz. The peak gain is 12dB with a 3-dB bandwidth
of 1.3 GHz. This corresponds to a 15% bandwidth—the highest reported for a

quasi-optical amplifier. Theory and experiment compare quite favorably, and
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Fig. 3.26. Amplifier gain versus frequency. The grid is tuned for peak gain at 9 GHz.
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Fig. 3.27. The assembled amplifier grid (a), and the transmission-line equivalent circuit model

(b) for the amplifier at 9 GHz.
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the zero-bias gain is below -12dB. The physical configuration and equivalent
circuit at 9 GHz are shown in Fig. 3.27. In this case, the gain was maximized
using a low-dielectric Duroid slab as an output tuner. The low-dielectric tuner
has a lower quality factor () than the high-dielectric tuner used in the 10 GHz
configuration, which probably accounts for the higher percentage bandwidth.

3.5. ANGULAR DEPENDENCE

The grid amplifier is also an antenna, and therefore has a radiation pattern.
Fig. 3.28 shows the output H-plane radiation pattern at 10 GHz. This measure-
ment was done by fixing the position of the amplifier and the input horn, and
sampling the output pattern, as indicated in the figure. Both horns were in
the far-field. Limitations in the measurement setup prevented measuring angles
grater than 75°. Also plotted is a theoretical pattern generated assuming a uni-
form array of ten equally-spaced elementary dipoles. This will generate a pattern
given by:

sin? (10& sin 9)

A

sin? (M sin 9) ’

A

P(6) x

(3.5)

where ) is the free-space wavelength and a is the element spacing. In this case,
a is the unit cell size, 7.3mm. The main beam of the measured pattern agrees
very well with the theory. This indicates that the radiation pattern is diffraction-
limited.

The grid is a multi-mode device, and should therefore be capable of ampli-
fying beams at different incidence angles. The angular dependence of the gain
is measured by rotating the grid between two fixed cross-polarized horns. The
output tuner was not used. Fig. 3.29 shows the result at 10 GHz for input TM
polarization, output TE. Fig. 3.30 shows the result for input TE polarization,

output TM. For both orientations, the grid will amplify beams with incidence
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Fig. 3.29. Relative gain as a function of angle. Input TM polarization, output TE.
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angles up to 25° with less than a 3-dB gain reduction. The theoretical curves
were generated by scaling the lengths of each of the transmission lines in the
gain equivalent circuit model by cos 6;, where 6; is the angle of incidence in the
material, given by Snell’s law. In addition, the characteristic impedance of each
transmission line was multiplied by cos §; for TM waves or sec§; for TE waves.
The pattern was then scaled by a cos? €6 obliquity factor. The theory predicts
the patterns well for small angles, but fails at larger angles where the finite size
of the grid causes the simple transmission-line model to break down.

The theory for the angular dependence can be better understood by inves-
tigating a simplified example. Consider a “ideal” grid amplifier. This device is
a two-dimensional active sheet, without polarizers or tuning slabs. It accepts a
linearly polarized input wave, and re-radiates an orthogonally polarized output
wave with unit gain. Both input and output are perfectly matched at normal
incidence. A transmission-line equivalent circuit valid for oblique incidence is
shown in Fig. 3.31(a). This model assumes the input polarization is TE and the
output is TM. The gain of the circuit model |S3:(6)|? is given by:

16 cos? 0
2 _

An identical result is obtained using opposite polarizations for input and output.
The gain of the idealized amplifier is obtained from this quantity by multiplying
by a cos?® 8 obliquity factor. This factor accounts for the foreshortening of the
grid’s area for the input and output. Therefore, the gain as a function of angle

for the ideal grid T'(6) is then:

16 cos?d

— 2 29 _
T(6) = |S21(0)|" cos” 0 = At cos 0"

(3.6)

The functions T'(#), |S21(6)|?, and cos®@ are plotted in Fig. 3.31(b). Since
[S21(0)|? is so flat at near-normal incidence angles, T(6) is almost identical to
the cos?(8) obliquity factor. This simple example is the basis for the theoretical

gain versus angle patterns shown earlier.
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The nulls in the patters of Figs. 3.29 and 3.30 near £50° are caused by the
input polarizer being farther than a half wavelength from the active surface of
the grid. The nulls disappear when the polarizer is moved closer to the grid by
a half wavelength. This is shown in Fig. 3.32. Theoretically, moving a polarizer
a half wavelength should not affect the gain at that frequency. The gain with
the closer polarizer spacing, however, was 3dB less. This can also be seen in the
tuning curve, Fig. 3.24. This may be evidence of evanescent-wave coupling, a
phenomena that occurs in closely spaced quasi-optical systems [32]. Nevertheless,
in this configuration, the grid will amplify beams with incident angles up to 30°

with less than a 3-dB gain reduction. The patterns approach the cos? 8 obliquity

limit.
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3.6. NOISE FIGURE

Because the noise from the individual elements are uncorreleated, the noise
figure of a grid amplifier should be no worse than that of a single device. The
noise figure was measured using the far-field approach detailed in [2]. Fig. 3.33
shows the measurement setup. An HP8970A noise figure meter was used to char-
acterize the grid. The HP8350B sweep oscillator and Watkins-Johnson WIM17C
mixer were used to upconvert the frequency range of the noise figure meter to X-
band. To increase the accuracy of the measurement, a Noise Com NC3206 noise
source with a high excess noise ratio (36 dB) was used. In addition, a low-noise
preamplifier was added to further increase the sensitivity. This preamplifier was

Transmitting Amplifi Receiving
Antenna Gprid < Antenna

o> — D]—

Gate dc Supply Drain dc Supply

Sweep Oscillator

e @

High-ENR Noise Figure Meter Mixer Low-Noise
Noise Source Preamp

Fig. 3.33. The quasi-optical noise figure measurement setup.
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made using a Fujitsu FHX35LG HEMT in a microstrip circuit. The gain of the
preamplifier was 12dB at 10 GHz, with a 2.5-dB noise figure.

Fig. 3.34 shows the measured result. The grid was tuned for 10 GHz, and
the output tuner was included. The minimum noise figure is 3dB for the 3V
bias. This is a 4-dB improvement over the HBT grid [2]. The predicted minimum

noise figure F,;, is given by Fukui’s equation [33]:

RS + Rg + Rst

. (3.7)

Fin = 1421 chgs\/

where the device source resistance R, is 4.7§), the device gate resistance R, is
2.4Q, the device transconductance g, is 98mS, the device gate-source capaci-
tance Cy, is T6{F, and the material parameter K is assumed to be 5. With the
gate stabilization resistance R,; included, the predicted F,;, is 1.6 dB at 10 GHz.
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Fig. 3.34. Measured noise figure at two different bias points.
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The gate stabilizing resistor R,; degrades Fj,;, by 0.8dB. The measured noise
figure of 3dB is only about 1.4 dB higher than the predicted minimum noise fig-
ure. It should be noted that no attempt was made to noise match the amplifier.
This result shows that the noise figure of the grid amplifier is not considerably
worse than that of a single pHEMT, as expected.

The gain of the amplifier can be determined from the noise figure measure-
ment. Fig. 3.35 compares the amplifier gain measured from the noise figure mea-
surement to the gain measured in the conventional way, as plotted in Fig. 3.21.
The close agreement adds credibility to the noise measurement. In addition, one
can extract the background temperature of the area surrounding the experimen-

tal setup from the noise measurement. Unlike the result in [2], the background
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Fig. 3.35. Comparison of the amplifier gain extracted from the noise measurement to the gain

in Fig. 3.21.
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temperature did not vary strongly with frequency. The average temperature
was 298K, with a standard deviation of only 2.5K, further validating the noise

measurement.

3.7. POWER

The grid’s power saturation was also measured in the far-field [2]. The
setup is shown in Fig. 3.36. A high-power Hughes 1277H02 Travelling-Wave
Tube Amplifier (TWTA) was used as the source. An HP435B power meter and
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Fig. 3.36. The quasi-optical power saturation measurement setup.
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Fig. 3.37. Output power at 9 GHz for three bias points.

an HP8481A sensor were used to detect the output. The grid was tuned to 9 GHz
to match the TWTA’s output frequency. Fig. 3.37 shows the result. The highest
output power is 3.7 W at the 7V bias. This is an 8-dB improvement over the HBT
grid amplifier [2], and is the highest recorded output power for a quasi-optical
amplifier to date. Each pHEMT is providing about 18.5mW, which corresponds
to 185 mW per millimeter of gate length. Although output power densities higher
than 800mW /mm have been reported for X-band pHEMT’s [19], this result is
quite good for these particular devices. The total dc power supplied to the grid
was 24.5W. To avoid overheating, the grid was only biased for several seconds

at a time.
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Fig. 3.38. Power-added efficiency at 9 GHz versus input power (a) and output power (b). The
solid circles are the efficiency for the pHEMT alone, discounting the dc power dissipated in the

source resistors.
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Fig. 3.38 shows the power-added efficiency for the 3V and 7V bias. Effi-
ciency is plotted as a function of input power in Fig. 3.38(a) and output power
in Fig. 3.38(b). The peak efficiency is 12%. This is more than a factor of two
higher than the HBT grid [2]. The efficiency for the pHEMT alone can be cal-
culated by discounting the dc power lost in the 100-Q source resistors. The peak
device efficiency is 20% for the 3 V bias at an output power of 1 W. The amplifier
is operating in the class-A mode, which has a maximum efficiency of 50%. It
may be possible to achieve higher efficiencies by operating the grid in another
mode. Power-added efficiencies over 70% have been reported in X-band pHEMT
amplifiers [17]. Furthermore, highly efficient class-E switched-mode MESFET
amplifiers have demonstrated power-added efficiencies of over 70% [34]. A quasi-
optical amplifier employing one of these modes would be an efficient way to
generate substantial power at microwave or millimeter-wave frequencies.

Fig. 3.39 shows the gain of the amplifier as a function of power for the
two bias points. Gain is plotted as a function of input power in Fig. 3.39(a) and
output power in Fig. 3.39(b). A figure of merit for amplifiers that is often quoted
is the 1-dB gain compression point. This is the output power at which the gain is
1dB lower than the small-signal gain. Judging from Fig. 3.39(b), the amplifier’s
1-dB gain compression point is 680 mW for the 3V bias, and 2.3 W for the 7V
bias.

The dynamic range of a amplifier is determined on the high end by the
device’s power-handling capability. The low end is determined by the amplifier’s
noise performance. These results have shown that the dynamic range can be

greatly increased through quasi-optical power combining.
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Chapter 4

Monolithic U-Band pHEMT Amplifier Grid

In this chapter, a 36-element monolithic U-band amplifier grid is presented.
The active devices are pHEMT differential-pairs, monolithically fabricated by
Lockheed Martin Laboratories. A first iteration design produced limited gain.
A second iteration was fabricated, with the grids redesigned to reduce parasitic
source inductance. In addition, the second fabrication produced pHEMT’s with
markedly improved performance characteristics. These second-iteration grids
were successful, producing 6.5 dB gain at 44 GHz. Simply by changing the po-
sitions of external polarizers and tuning slabs, the amplifier could be tuned to
operate as high as 60 GHz, with 2.5dB gain. The highest measured 3-dB band-
width was 6% with the grid tuned for 54 GHz. The measured gain and tun-
ing curves are consistent with modelled predictions. This is the first successful

millimeter-wave monolithic grid amplifier using pHEMTs.

4.1. INTRODUCTION

The advantages of quasi-optical power combining become apparent at
millimeter-wave frequencies. Traditional power combining—namely resonant
waveguide and transmission-line combiners—perform very well at microwave fre-
quencies. As the frequency increases, however, the traditional approaches begin
to suffer from serious limitations. Conductor losses in the waveguide walls or
transmission lines become greater, ultimately limiting the combining efficiency.

By combining the power in free space, quasi-optics minimizes these losses.
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Furthermore, the resonant cavities in waveguide combiners become increas-
ingly difficult to machine as the wavelength becomes shorter. Moreover, the indi-
vidual devices must often be painstakingly inserted and tuned by hand, making
this approach practical for a only a relatively small number of elements. On the
other hand, the planar nature of quasi-optical devices makes monolithic wafer-
scale integration possible. The spacing between individual elements tends to scale
with the wavelength; thus at higher frequencies, more devices can be incorpo-
rated into a chip of a given area. These increasing numbers tend to compensate
for the natural power rolloff for the device, which is usually proportional with

the inverse-square of the frequency.

To illustrate this point, consider the following hypothetical example. At
10 GHz, say a l-inch square GaAs chip will accommodate a grid of 16 devices.
If each device can produce 100mW, the 16-element quasi-optical source will
produce 1.6 W of power. At 100 GHz, these sources will only generate about
1mW each. The same l-inch chip, however, will now hold 1,600 devices. The

total source power is still 1.6 W.

A number of passive monolithic diode grid arrays have been successful at
millimeter-wave frequencies. These include multiplier arrays [1,2] which have
been demonstrated as high as 1 THz [3], as well as phase shifters [4], and arrays
for beam control [5]. However, until recently, the most successful active grid
oscillators [6-8] and amplifiers [9-11] have all been hybrid constructions operating

at microwave frequencies. Monolithic active grids have been more elusive.

This has not been due to lack of effort. In collaboration with Lockheed Mar-
tin Laboratories, an attempt was made at monolithic pHEMT grid oscillators.
Grids designed to operate at 60 GHz and 94 GHz were fabricated and tested.
Fig. 4.1 shows a portion of a monolithic grid designed for 94 GHz. The results
were disappointing. On a positive note, the arrays did oscillate with single-

frequency locked output spectra, as illustrated in Fig. 4.2. The grids designed
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Fig. 4.1. Microscope photograph of a monolithic pHEMT grid oscillator designed for 94 GHz.
The unit cell size is 440 pm.

cL. 74.3ds VAVG © MKR .S0dBm
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Fig. 4.2. Output spectrum of a monolithic grid designed to oscillate at 60 GHz. The center fre-
quency is 44.2 GHz. The vertical scale is 5 dB/division, and the horizontal scale is 2 MHz/division.
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for 60 GHz tended to oscillate at 44 GHz, while the grids designed for 94 GHz
operated near 65 GHz. The low output power, poor radiation patterns, and high
cross-polarization levels, however, led to the conclusion that the grids were dom-
inated by substrate-mode oscillations, like the ones described in [12]. Much time
was spent and a variety of methods were attempted—including using a laser to
trim parts of the grid—to suppress these undesirable oscillations. Unfortunately,
none of these attempts were successful. Although these substrate modes are not
completely understood, it is suspected that the rather high dielectric constant of
the GaAs substrate is the likely suspect. All previous hybrid grid oscillators were
built on low-dielectric Duroid. In the monolithic arrays, the devices were proba-
bly spaced too far apart relative to a dielectric wavelength, and substrate modes
dominated. Experiments with hybrid grids on high-dielectric substrates support
this conclusion. Somewhat better results have been measured from monolithic
HBT oscillator grids [13], but again the radiation patterns show stong evidence of
the existence of substrate modes. More detailed studies of substrate modes and
their suppression are currently being performed by Polly Preventza at Caltech.
Very recently, however, successful monolithic quasi-optical amplifiers have
been demonstrated at millimeter-wave frequencies. Researchers at Rockwell
International have reported gain from slot-patch arrays using HBT [14] and
pHEMT [15] devices. Furthermore, a 36-element monolithic HBT grid ampli-
fier has produced 5dB gain at 40 GHz, with 670 mW of saturated output power
[16]. The remainder of this chapter will discuss the design and performance of a

44-60 GHz pHEMT grid amplifier [17].
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4.2. FIRST ITERATION GRID

Based on the success of early hybrid grid amplifiers [9,10], an attempt was
made at a monolithic millimeter-wave grid amplifier. This project was a collabo-
rative effort between Caltech and Lockheed Martin Laboratories. The grids were
fabricated using the 0.1-pm pHEMT technology developed by Lockheed Martin.
The devices are similar to the ones used for the hybrid 100-element amplifier dis-
cussed in the previous chapter. Amplifiers using these pHEMT’s have produced
gain at frequencies as high as 100 GHz [18].

Drain Bias Line

&

520 pm

r |

Fig. 4.3. The grid amplifier unit cell. Arrows indicate the directions of rf currents.
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Fig. 4.3 shows the unit cell layout. Each cell contains twlo 0.1-pm pHEMT’s,
with the sources tied together to form a differential pair. Each transistor has a
gate width totalling 50 ym, distributed among four fingers. The 1-k2 resistor
allows the gate bias to pass from cell to cell. This is possible because the gate
draws very little bias current. The gate bias resistor passes under the air-bridged
source connection. The two 50-Q source resistors are intended to reduce the
common-mode gain. The unit cell is 520 ym on a side, intentionally kept small
in an attempt to avoid exciting substrate modes, as discussed earlier. The input
beam is coupled to the gates of the transistor pair through the horizontal input
leads. These leads also supply bias to the gates. The output beam is radiated
from the vertical drain leads. The small resistors in the drain leads are used for
probing and diagnostics. The thin meandering lines supply bias to the drain and
source. The entire array is fabricated on a 15-mil GaAs substrate. Figs. 4.4 and

4.5 are photographs of the monolithic grids.

Fig. 4.4. Microscope photograph of a unit cell. The cell size is 520 um.
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Fig. 4.5. Several unit cells. The cell size is 520 um.

4.2.1. MEASUREMENTS

The 36-element grids were dc probed to screen out chips with poor device
yields. The rf gain was measured using the far-field approach [9,10], as illustrated
in Fig. 4.6. The grid is placed in between two cross-polarized horn antennas,
each with an effective area A,. The active area of the grid is 4,. The power

intercepted by the grid P, is then given by Friis transmission formula [19]:

P,  AyA,

P~ (AR )? (+1)

where P; is the transmitted power and A is the wavelength. The grid-horn spacing
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. Ry Re
Input Horn - - Output Horn
Effective Area = Ay Amplifier Grid Effective Area = Ay
Physical Area = A,
Fig. 4.6. Far-field setup used to measure the monolithic amplifier grids.
Ry is set at the far-field distance [19]:
2D? 24n/X Ap> A4,
Rf ;= -—/\— ~ (4.2)
24,/ A, > A
This gives a grid power given by:
P, Ag/(44r) An > A (4.3)
P, Ah/(4AQ) Ag > Ay, ‘

This function is plotted in Fig. 4.7. In order to maximize the power intercepted
by the grid, the area of the horns should be roughly equal to the active area
of the array. Originally, the gain measurements were performed using standard-
gain pyramidal horn antennas with effective areas much greater than that of
the grid. This results in a vanishingly small fraction of the transmitted power
actually incident of the array. Not surprisingly, very little difference between the

response with the grid biased and unbiased could be measured.
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Fig. 4.7. Power intercepted by the grid as a function of the effective area of the input and
output horns. The power is maximum when the horn area is the same as the active area of the

grid.

Better results were obtained using open-ended waveguide as the input and
output antennas. The waveguide apertures had an area comparable to that of
the grid. This allowed the antennas to be placed much closer to the amplifier,
resulting in a higher power incident on the array. Fig. 4.8 shows the measured
gain versus frequency. The on-off ratio at 48 GHz is 15dB. The peak gain of the
grid, however, is only slightly greater than 0dB.

Row-by-row measurements of the pHEMT’s dc characteristics give an in-
dication as to why the gain of the grid is so low. Perhaps the most important

parameter of any FET is the transconductance, g,,. This quantity relates the
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Fig. 4.8. Measured gain versus frequency for the first iteration monolithic grid amplifier. The

peak gain is 0dB.

O

Fig. 4.9. FET equivalent circuit model used to relate the intrinsic transconductance g,, to the

external transconductance g&%t. In the dc measurement, g¢%* = Ai,/Av;.
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output drain current to the input gate voltage. If there is any resistance in the
source of the device R,, the extrinsic transconductance g¢** that one measures
from the accessible device terminals will be lower than the intrinsic transconduc-
tance g, of the device itself. Fig. 4.9 shows the device equivalent circuit model
used to relate g, and ¢=**. The extrinsic transconductance is measured directly:

ext __ AZO

gm - A'Ui b (4.4)

where i, is the output drain current and v; is the input gate voltage. The intrinsic

gm is related to this measurement through the relation:

1 1
gext = g— + Rs. (45)

For these grids, the average measured ¢°** was 11.1mS per transistor. The total
source resistance, including the 50-Q common-mode gain reduction resistor, is
about 58(). This yields an intrinsic transconductance of 31 mS. The amplifier
grids were designed assuming a g,,, of 54 mS. This difference could account for as
much as 5dB of gain reduction.

The designer of a monolithic circuit often has very little control over the
fabricated device performance. A flaw in the design of these first iteration grids
that can be corrected, however, is evident in the unit cell layout of Fig. 4. The
connection between the sources is a rather long, thin metal trace. Associated
with this trace will be a considerable inductance. Excess source inductance is
notorious for reducing the gain of high-frequency amplifiers. Quasi-static mod-
elling indicates that this excess parasitic source inductance may be as high as
33pH per transistor. This inductance was not accounted for in the original grid
design. A second iteration design would have to greatly reduce the inductance

of this source connection.
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4.3. SECOND ITERATION GRID

"The unit cell layout for the second iteration grids is shown in Fig. 4.10. The
devices are rearranged so that the sources are much closer together, resulting
in a greatly reduced source inductance. Quasi-static analysis indicates that the
parasitic source inductance in the new design is 7 pH per transistor, as opposed to

33 pH for the original design. The cell is otherwise identical to the first iteration

design.

Drain
Output Lead

Gate

t

Fig. 4.10. The grid amplifier unit cell. Arrows indicate the directions of rf currents.
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Fig. 4.11 plots the maximum gain for the pHEMT’s for the two designs. The
first iteration includes an additional parasitic source inductance of 33 pH. In this
case, the device is unconditionally stable, so we plot the Maximum Available Gain
(MAG). In the second iteration, the parasitic source inductance is reduced to
7pH. The device is potentially unstable below 58 GHz, so we plot the Maximum
Stable Gain (MSG). Above this frequency, we plot the MAG. At 50 GHz, the
new design has about 3 dB higher gain.

dc measurements also indicate that the device performance was much im-
proved in the second iteration. The average extracted intrinsic transconductance
was 43 mS. This is still lower than the design value of 54 mS, but is considerably
better than the value of 31 mS for the first iteration grids. This improvement in

the devices should account for a gain improvement of about 3 dB.

13Illllllll]lllllllllllllf

MAG

K>1
12

Second
lteration

-
-
-

11

10

Maximum Gain, dB

First
Iteration

MAG

lllllllllllllllllllllll

7llll|llll'llllllllll|ll

40 45 50 55 60 65
Frequency, GHz

Fig. 4.11. Maximum gain of the pHEMT’s for the two iterations. The first iteration includes a

parasitic source inductance of 33 pH; for the second iteration this inductance is reduced to 7 pH.



Fig. 4.12.
grids.

Fig. 4.13. Several unit cells of the second iteration grids. The cell size is 520 ym.
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Fig. 4.14. Photograph of the 36-clement grid compared with a penny. The active area of the

grid is 3.1 mm on a side.

Figs. 4.12 and 4.13 are photographs of the fabricated arrays. A photograph
of an entire 6x6 array is shown in Fig. 4.14. Larger 18x18 arrays were also
fabricated. dc probing of the larger arrays, however, revealed that these grids

were unusable due to poor device yields.
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4.3.1. GAIN MEASUREMENTS

Fig. 4.15 shows the setup used to measure the gain. To increase the power
incident on the grid, the input and output antennas were open-ended WR-22 or
WR-15 waveguide with the flanges sawed off. An HP83620A synthesizer fed an
HP8355-series mﬁltiplier to generate the millimeter-wave power. An HP8563A

Amplifier
Multiplied Grid
mm-Wave Source E E Preselected Mixer
Open-Ended O‘Een-En%ed
Waveguide aveguide
E . ] L
. 'YX
eo0e
Synthesized Source \__ _\ Relay Spectrum Analyzer
r— I
] [ (] HENN
Gate dc Supply Drain dc Supply
( ) | ]
T 1100
dc Supply

(Relay Control)

==

PC Controller

Fig. 4.15. Setup used to measure the millimeter-wave gain



118

spectrum analyzer with an HP11974-series preselected mixer was used to receive
the amplifier output. The gate and drain bias were each supplied by a single dc
source. To avoid overheating, the grid was only biased for a second at a time.
The entire setup was computer-controlled, using software written by Cheh-Ming

Liu, to facilitate data collection.

The assembled amplifier is shown in Fig. 4.16(a). The grid is fabricated on
a 15-mil GaAs substrate and then mounted on a Duroid board with a relative
dielectric constant of 2.33. The polarizers are also fabricated on low-dielectric
Duroid. The corresponding transmission-line equivalent circuit is shown in
Fig. 4.16(b). This is a half-cell model, so free space is represented by the 189-Q
resistors. The air gaps and substrates appear as transmission lines. The gate and
drain leads are modelled as inductors. The polarizers appear as low-impedance
inductors or high-impedance capacitors, depending on the polarization. Nu-
merical values for these reactive elements were computed using the method of
moments to estimate the surface current distribution, and then using the induced
emf method to calculate the impedance. The meandering bias lines appear as
a shunt inductance at the input surface of the grid. Numerical values for this
element were determined empirically, with the aid of Hewlett-Packard’s High Fre-
quency Structure Simulator (HFSS) [20]. Further details regarding the modelling
can be found in Chapter 3 and Appendix A of this thesis.

Fig. 4.17 shows the measured small-signal gain of the amplifier. The grid
is completely stable; no spurious oscillations were observed. The peak gain is
6dB at 48 GHz. The 3-dB gain bandwidth is 1.7 GHz, which corresponds to
3.5%. Without bias, the gain is below ~5dB over the entire frequency range.
At peak gain, the on-off ratio is over 30 dB. An on-off ratio this high is a good
indication that the amplifier is operating correctly. The gain modelled from the
equivalent circuit shown in Fig. 4.16(b) is also plotted. The agreement is quite

good, although the model overpredicts the gain by about 3dB. It should be
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Fig. 4.16. The assembled amplifier grid (a), and the transmission-line equivalent circuit model

(b) for the grid at 48 GHz.
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noted that the theoretical curve was generated assuming the transconductance
of the pHEMT was 43 mS, as indicated by dc row-by-row measurements. Gain
at 48 GHz as a function of bias current is shown in Fig. 4.18. The current was

varied under a constant drain bias of 3V by changing the gate bias. The amplifier
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Fig. 4.18. Amplifier gain at 48 GHz as a function of bias current. Further increases in the

current are unlikely to increase the gain significantly.

To further validate the modelling, the gain was measured as a function of
polarizer position. Fig. 4.19 shows the gain at 48 GHz versus input polarizer po-
sition. The input polarizer actually tunes the output circuit of the grid. Fig. 4.20
shows the gain as a function of output polarizer position. Again, aside from a

gain overprediction, the model agrees quite well with the measured results.
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4.3.2. TUNING RANGE

Simply by changing the positions of the input and output polarizers, the
amplifier can be tuned to operate at other frequencies. Figs. 4.21 through 4.23
show the amplifier configurations and equivalent circuit models for the amplifier
tuned for 44, 54, and 60 GHz. The measured gain curves are shown in Figs. 4.24
through 4.26. The peak gain when tuned for 44 GHz is 6.5dB, with a 3-dB
bandwidth of 2.0 GHz (4.5%). The peak gain when tuned for 54 GHz is 4dB,
with a 3.2 GHz (6%) bandwidth. The highest frequency the amplifier was tuned
to was 60 GHz. The peak gain is 2.5dB, with a bandwidth of 2.0 GHz (3.3%).
This is the highest operating frequency for a quasi-optical amplifier to date. It
should be noted that in the 60 GHz measurement, a high-dielectric Duroid slab
was used as an output tuner to increase the gain. In addition, the noise floor
of the spectrum analyzer prevented measuring gain below —~15dB for the 54 and
60 GHz measurements. All four gain curves are plotted in Fig. 4.27, along with
the maximum gain of the device for comparison. The performance characteristics

are sumimarized in Table 4.1.

Frequency |Gain | On-Off Ratio |Bandwidth | Bandwidth
GHz dB dB GHz %
44 6.5 30 2.0 4.5
48 6.0 30 1.7 3.5
54 4.0 > 20 3.2 6.0
60 2.5 > 15 2.0 3.3

Table 4.1. Summary of the grid’s performance when tuned for various U-band frequencies.
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Chapter 5

Discussion and Suggestions for Future Work

The past five years have been an exciting time for quasi-optical power com-
bining. In the past, only a handful of academic groups were investigating quasi-
optics. At the 1991 IEEE International Microwave Symposium, a few papers
dealing with this new field were given in a session primarily reserved for tradi-
tional phased array antennas [1]. Today, many groups at research institutions
around the world are actively pursuing various quasi-optical projects. In ad-
dition, major government and industrial efforts are underway. The past two
Microwave Symposia have each had two full sessions dedicated to quasi-optics
[2,3], as well as several workshops. A special issue of the IEEE Transactions
on Microwave Theory and Techniques was devoted to quasi-optical techniques
in 1993 [4]. A 100-MESFET oscillator grid [5] won the 1993 Microwave Prize,
awarded by the IEEE Microwaves Society to the paper “judged to be the most
significant contribution in the field.” Chapters on grid arrays have been pub-
lished in a book [6]; another text solely dedicated to quasi-optics is currently
being planned. Five years ago, most quasi-optical power combiners were low-
power proof-of-concept experiments. Quasi-optical amplifiers had not yet been
demonstrated. Since then, Watt-level quasi-optical power combining has been
demonstrated {7,8,11]. The first quasi-optical amplifier grids have been devel-
oped [9,10], ultimately leading to several millimeter-wave monolithic amplifier

arrays [12-15], with many more being planned.
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Fig. 5.1. Proposed 50-W quasi-optical TWT replacement using six amplifier arrays.

The promise of quasi-optics has always been large-scale power combining of
solid-state millimeter-wave sources. The goal would be a long-awaited Travelling
Wave Tube (TWT) replacement, like the one shown in Fig. 5.1. Many pieces
of the puzzle have already been found. Large-scale power combining has been
demonstrated in hybrid arrays [7,8,11]. Monolithic amplifier arrays have demon-
strated gain at millimeter-wave frequencies [12-15]. A hard-horn feed system has
been developed and shown to effectively confine the radiated beam, resulting in
a system with real flange-to-flange power gain [16].

Many questions remain unanswered. In order to be able to confidently design
grids, more extensive electromagnetic modelling is required. Thermal modelling
is also a huge concern. Multiple-element quasi-optical systems are just now
being explored. Predicting future trends is never easy. At this point, however,
it seems safe to say that with the level of academic, industrial, and government

involvement, the potential of quasi-optics may soon be fulfilled.
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Appendix A

Modelling of Periodic Structures

This appendix discusses the technique used throughout this thesis to model
the two-dimensional periodic grid structure. This method is a refinement of
the very elegant technique developed by Robert Weikle at Caltech [1]. Weikle’s
method begins by assuming a simple, yet plausible, surface current distribution
on the conducting surfaces of the array. Next, the induced emf technique is
used to determine the driving-point impedance of the structure. The approach
presented here uses the method of moments to better approximate the surface
current distribution, resulting in a more accurate solution for the impedance.

This approach is by no means original. Periodic structures, and the inti-
mately related problem of obstacles in metal waveguides, have been extensively
studied since the 1940’s [2,3]. In 1967, Harrington developed the modern method
of moments, a powerful matrix technique useful for solving a variety of electro-
magnetic problems on a digital computer [4,5]. This method was soon applied
to the study of periodic structures and waveguide obstacles [6-10]. Even today,
with the advent of extremely fast computers, these problems remain to be the

subjects of active ongoing research [11-16].

A.1. DISCUSSION OF THE METHOD

Many of the grids analyzed in this thesis are quite similar to the grating
structure shown in Fig. A.1. The grating is a two-dimensional infinite array of

thin metallic strips of width 2w and spaced a uniform distance 2a apart. This
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2w

Fig. A.1. The metal-strip grating. A unit cell for the array can be defined, exploiting the

symmetry of the structure.

structure is illuminated by a normally incident plane wave, with the electric
field polarized along the direction of the strips. The goal of the problem is to

determine the impedance this grating presents to the incident wave.

The problem can be simplified by taking advantage of the symmetry of the
structure. Following the approach in {1}, we define certain symmetry planes where
the tangential electric and magnetic fields will vanish. This reduces the problem
of the infinite grating to an obstacle in an equivalent waveguide, as shown in
Fig. A.2. The waveguide consists of electric walls on the top and bottom, and
magnetic walls on the sides. The waveguide extends in the +z-direction, with
the metal strip located at z = 0. We assume that only the TEM waveguide
mode propagates. The only other modes this structure will excite are TE,q
modes; these higher-order modes are assumed to be evanescent. The incident
field excites a y-directed surface current in the strip. We are interested in finding

this surface current and the resulting scattered field.
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Electric Wall

a

v A

Fig. A.2. The unit cell for the inductive grating. The cell is bounded by electric walls on the

top and bottom, and magnetic walls on the sides.

At z = 0, we can express the surface current K,(z) and scattered E-field

E;(z) in terms of the waveguide modes:

AN nmT

K,(z) =K, + ngzl K, cos (T> | (A.1)
s s . s nrx

E}(z)=E; + ngzl E; cos <—a ) . (A.2)

The symmetry of the problem demands that there be no y-variation in the fields.
For a given surface current distribution K, (), the coefficients K,, can be deter-

mined using the orthogonal property of the cosine function:

K =2 / K,(z)dz (4.3)
0

a



140

2 [, nwx
K, = E/o K, (z) cos( - ) dz. (A.4)

The electric field E, must be continuous. The magnetic field H,, however, will
be discontinuous at z = 0 due to the surface current K,. This can be written

using Maxwell’s boundary conditions:
K,(2) = Hf (z) - H; (2), (4.5)

where the + and — superscripts denote the H-field at z = 0t and z = 0~. The
H-fields are related to the E-field through the modal impedances:

FE: = s nwT
+ 0 n
H = ~ TEAT E_ ZTET cos( - > (A.6)
_ E? nTL
HS = FTEN= + g ZTE cos( ” ), (A.7)

where ZTEM* is the impedance of the TEM mode looking in the 4z or
—z-direction. Similarly, ZI” represents the impedance of the TE,, mode, looking
in the appropriate direction. This keeps the problem fairly general; substrates
and mirrors placed in front or behind the grating can be accommodated through
these modal impedances. The expressions can be combined to give the electric
field at z = 0 in terms of the surface current:

Bj(w) = —Ko(Z7PMH||27P) = 3 K (225|225 Y eos (P10), (48)

n=1

where the || denotes the parallel combination of the two impedances.
Often, it is convenient to consider the response of a system to an impulse

excitation. We assume the surface current is a delta function at z = z':

K,(z) = é(z ~— z'). (A.9)
The E-field at z = 0 is given by (A.8), using (A.3) and (A.4) to solve for the K,
coefficients:
s (e,2') = — (ZTEM+||ZTEM—)

(A.10)

o0

2 TE+||TE- nrx nwa’
GZ(Zn 1V )cos( - )cos — )

n=1
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This function G%(z,z’) is known as the Green’s function for the problem.
Weikle [1] now proceeds by assuming a simple surface current distribution

K,(z) on the strip. The new approach uses the method of moments to obtain a

more exact estimate for K,(z). We break the metallic strip up into M subsec-

tional basis functions. We can expand K,(z) in terms of these basis functions:

M
Ky(@) = knfm(2). (A.11)

m=1

The basis functions f,,(z) are simple pulses of width w/M:

1 & —2n| <w/(2M)
fm(z) = (A.12)
0 else,
where z,, is the center point of the basis:
== ! =1,...,M A3
Tm =M 3 m=1,...,M (A.13)
The scattered field is then given by:
M a
B@) =Y hn / Gz, ') fonl2) o (A.14)
m=1 0

The total field E,(z) must vanish on the conducting strip. The total field is the
sum of the incident field E;(a:) and the scattered field E;(:c)

E,(z)=Ey(z)+E)(z)=0 0<z<w. (A.15)

The incident field is in the form of a plane wave, and therefore has no z-variation.

For convenience we give it a unit strength. This implies:
—E(z) = E)(z) =1 0<z < w. (A.16)

The point-matching technique evaluates —E;(z) at the M points on the strip

through zps, resulting in:

M a
“Ew) == kn /0 Golar, ) fn(e)de'  I=1,....,M. (A7)
m=1
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This can be expressed as a matrix equation:

[9im][km] = [u], (A.18)
where [u] is a unit vector and g, = —E;(z1). For the problem at hand, g, is
given by:

dim =_A7~;_a(ZTEM+HZTEM—)
>4 TE+|| »TE- nwI NTLm\ . (NTW (4.19)
2 R Ao (S ) con () sin (5572)

The matrix equation (A.18) is now inverted to solve for [k,]. We now have
an estimate for the actual surface current distribution. Generally speaking, the
larger the number of bases M, the more accurate the estimate. The computation
time, however, will become longer with increasing M. This is not only due to
the matrix [g;,] becoming larger, but also due to the fact that more waveguide
modes must be summed in (A4.19) to insure convergence for the narrower pulse
function.

We are now in a position to use the induced emf technique to determine
the impedance the grating presents to the incident wave. This, in effect, will
determine the reflected field. While it is true that the reflected field could be
found directly using (A.14), the induced emf technique is stationary with respect
to variations in the current distribution K,(z) [1,17]. The impedance calculated
using this technique is therefore more forgiving to inaccuracies in the estimate for
the current distribution. The induced emf method is based on the conservation

of complex power, and can be expressed as:

1

yA——
|1I}2

/ E.K"dS, (A.20)
S

where I is the current in the strip and the integration is performed over the

square unit cell at z = 0. For the problem at hand, this becomes:

oo

Z = (ZTEMF)| | ZTEM-) = K21 2T, (A.21)
n=1

2

I,




143

where the K coefficients are given by:

K== i ko (A.22)
a Ma —
4 nTw M mr
K, = ESin(QMa)n;kmcos( - m) (A.23)

One of our original assumptions was that the TEM mode is the only propa-
gating mode. The impedances of the evanescent TE modes are primarily induc-
tive, which gives an equivalent circuit model for the grating shown in Fig. A.3.
The TEM impedances are represented by transmission lines, and the coupling to
the TE modes is modelled by the inductance j X . If the frequency is high enough,
the TE modes will begin to propagate, with real mode impedances. In this case,
in series with the inductance will be a resistance R. Power lost in this resistor
represents energy scattered into the higher-order grating lobes of the structure.

This technique was used to model the radiating leads of the tunnel diode grid
oscillator, the input and output leads of the amplifier grids, and the inductance of
the metal-strip polarizers. These structures are similar enough to the inductive
grating to warrant the simpler grating analysis. The approach, however, can be
generalized to accommodate more complicated grid structures with both = and

y-variation.

Fig. A.3. Equivalent circuit model for the inductive grating.
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Fig. A.4. The unit cell for the capacitive grating.

A similar technique is used to model the response when the incident field is
polarized orthogonal to the metal strips. This structure will have an impedance
that is primarily capacitive. The unit cell for the capacitive grating is shown in
Fig. A.4. The approach follows along the same lines as the inductive grating;
only the differences will be highlighted here.

In this case, the surface current and electric field will have only a y-variation,

and can be expressed in terms of the TMg, modes of the waveguide:

K,(y) = K, + i K, cos (f?) (A.24)

n=1

B (y)=EL,+ i E; cos (%) : (A4.25)
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The Green’s function is:

By, y') = — =(Z7EM | 77PN

5 , (A.26)

- Z(Zgﬂl+||ZgM-)COS (w) cos <n7ry ) )
a a a
As before, we expand the surface current in terms of basis functions:

M

I(y(y) = Z kmfm(y) (A27)
m=1

We use overlapping raised cosine functions as the basis to insure convergence:

2 [ my—ym)M _ <
fm(y) = {COS ( 2w ) |y = yml < w/M (A.28)
0 else,
where y,, is the center point of the basis:
= = (m—1) =1,...,M A.29
Ym = 7r(m m=1,...,M. (A.29)

The result is a matrix equation identical to (A4.18), with the matrix elements g,

given by:
Gim = — / Grly, v ) fm(y') dy'. (4.30)
0

We then solve for the current vector [k,,], and use the induced emf technique to

solve for the impedance:

1 o0
_ TEM+ TEM-— - 12 TM+ TM—-
Z=(Z 1Z )+ A ; K" (2,771 2,.77), (A.31)
where

I R *
K, ==~ > km / f(y) dy (A.32)

m=1 0

2 & ¢ nwy

Kn = ng::lkm /0 Fnly) cos (T) dy. (A.33)

This technique was used to model the capacitive polarizers in the grid amplifier

circuits, as well as the metal mesh couplers reported in [18,19].
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A.2. DISCUSSION OF THE RESULTS

A convenient grating to analyze in order to test that the method is working
correctly is the very special case of a semi-iris. This means that the metal strip
width 2w is exactly one-half of the strip spacing 2a. For this special case only,
the impedance can be written exactly. Collin [20] solves the problem through a
clever integration in the complex plane. The solution for the reactance X¢ of a

capacitive semi-iris is written as a converging series:

;C ~ —2tan [i sin~! (:/_Al) _ sin-! (a/nf\)] , (A.34)

n=1 2

where A, is the free-space wavelength, and 7, is the characteristic impedance of

7%=M?. (A.35)

The grating is suspended in mid-air, without any dielectrics. The reactance for

free-space:

an inductive semi-iris X, can be determined from X using Booker’s relation:
s N
X Xog=-2 (A.36)

Table A.1 compares the reactances for a semi-iris obtained using Weikle’s
method [1] and the Method of Moments (MoM) to Collin’s exact solution. For
this problem, a is 5mm, w is 2.5mm, and the frequency is 10 GHz. For a grating

suspended in free space, the modal impedances are given by:

ZTE'M-I— — ZTEM— =1, (A.37)
7TE+ _ 7TE— _ JMo 2 (A.38)
(n)\o) -1
2a
Ao\ 2
Z”“:Z““:-MO(ZG)—L (A.39)
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Method X5, |% error | X¢o,Q | % error
Exact [20] 45.5 0 —779.5 0
Weikle [1] 56.7 | 246 |-6260 | -19.7

MoM, 5 elements | 47.9 5.3 -869.6 11.6
MoM, 10 elements | 46.7 2.6 -825.5 5.9
MoM, 20 elements | 46.1 1.3 -803.3 3.1
MoM, 50 elements | 45.8 0.7 -789.5 1.3

Table A.1. Comparison of the inductive and capacitive reactances for the semi-iris.

Weikle’s method is accurate to 20% for the capacitive case and 25% for the
inductive iris. The moment method is accurate to within 6% using only 10
elements. When 50 elements are used, this method is accurate to 2%. The
results for the inductive semi-iris are more accurate than those for the capacitive
iris. This is most likely due to the different basis functions used in the two cases.

Fig. A.5 shows the current distribution on the inductive semi-iris as a func-
tion of position. The surface current distribution quickly converges as the number
of elements used in the moment method increases. The familiar singularity at
the edge of the strip is evident. Fig. A.6 shows the current distribution of the
capacitive semi-iris. The current goes to zero at the edge of the strip. The dis-
tribution converges more slowly than the inductive case, again probably due to

the different basis functions.
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Fig. A.5. Surface current distribution for the inductive semi-iris.
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Fig. A.6. Surface current distribution for the capacitive semi-iris.
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Appendix B
Thermal Modelling

This appendix will discuss techniques useful for modelling the thermal be-
havior of grid arrays. Any electronic design where high powers are dissipated
requires a careful thermal analysis to avoid destroying or shortening the lifetime
of the solid-state devices. This is especially true for large, high-power quasi-
optical arrays, where the heat may need to be removed in a rather inefficient
manner so as not to interfere with the grid’s electrical performance. The meth-
ods presented here are applicable to amplifier grids, like the ones reported in
Chapters 3 and 4, and high power oscillator grids, like the 10 W.array built and
tested by Jon Hacker at Caltech [1].

B.1. ARRAY WITH HEAT SINKING FROM THE EDGES

Consider the grid array mounted as illustrated in Fig. B.1. Heat sinks remove
the heat from all four edges. The heat sinks could be a metal frame surrounding
the array, or possibly the walls of a waveguide in which the array is mounted.
This approach is attractive for an amplifier grid, as the microwave beam must
be free to propagate from both the front and back surfaces. The grid is assumed
to be square, with length a on a side, and thickness c¢. A heat flux ¢2(z,y) is

added from the top surface. The bottom surface is thermally insulating,.
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Fig. B.1. Configuration for a grid array with heat removal from the edges.

The steady-state temperature distribution T'(z,y, 2) in the substrate must

satisfy Laplace’s equation [2]:
V*T(z,y,z) = 0. (B.1)

The vector heat flux ﬁ(m, y,z) is related to this temperature distribution by the

material’s thermal conductivity & [2]:
$(e,y,2) = ~kVT(2,y,2). (B2)

The following expression is a solution of (B.1) and satisfies the specified boundary

conditions:

T(z,y,2) = i": f: T sin (mwm) sin (mry) cosh(ymn2) (B.3)

a a / sinh(ymnc)’

m=1 n=1

where v, is given by:

Yman = Z‘Vm2 + n2. (B4)

a
The heat flux distribution at the front surface of the array is then:

=k i": TonYmn Sin (mwx) sin (Eﬂi) . (B.5)

a a

, oT
"bz(w? y) - k5;

m=1 n=1
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Solving for T,,,, we get:

T = ka;%ymn /Oa Aa Po(z,y)sin (m;rx) sin (-n—Z—?i) dzdy. (B.6)

For the special case of a unit heat flux uniformly distributed over a square area

of dimension w on a side and centered at (z’,y’), this becomes:

4o / !
Tonn = ka;;mn sin (m;m ) sin (m;y ) sinc (m;;w) sincv(n;:)) ) (B.7)

where the sinc function is defined as:

sin ¢
£

For the very special case of a uniform source covering the entire top surface of

sincé =

(B.8)

the array, the thermal resistance (temperature rise per unit power dissipated)

can be approximated as:

0.29 0.254a\ >°°
Rth ~ '—kz- 2'5§/1 + ( a) . (Bg)

c

As an example, we will examine an amplifier array similar to the 36-element
monolithic grid described in Chapter 4. The size of the monolithic chip a is
4.5mm on a side, and the thickness ¢ is 0.38 mm. The substrate is GaAs, which
has a thermal conductivity k of 46 W/m/°C [3]. Physically, the heat is generated
by the transistor pair and bias resistors in each unit cell. We model these as a
uniform heat flux through a square area 65 um on a side, centered in each unit
cell. The aggregate flux, then, is a 6x6 array of these sources, spaced 0.52mm
apart. We will assume that each transistor dissipates 50 mW. The entire grid,
then, dissipates 3.6 W.

The temperature profile is plotted in Fig. B.2. The plot is a section taken
through a central row in the array. Not surprisingly, the devices at the center
get the hottest. The peak temperature rise is 44° C. Although for this particu-

lar example, the temperature rise is not unreasonably high, this method of heat
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Fig. B.2. Temperature profile for a section through a central row of the array. The peak

temperature rise is 44° C, assuming each transistor dissipates 50 mW.

removal is not very efficient. The thin GaAs chip is a relatively poor thermal
conductor, especially for the lateral heat flow this configuration demands. Tem-

perature rises for larger arrays using more powerful devices could easily become

unacceptable.

B.2. ARRAY WITH HEAT SINKING FROM THE BACK

A better configuration is illustrated in Fig. B.3. The grid is mounted on
a dielectric carrier, presumably with a high thermal conductivity. The heat is
transferred through the grid substrate in the transverse direction, then conducted
to the heat sink laterally by the carrier. If this configuration is to be used for a
grid amplifier, the carrier should have a low loss tangent, to avoid attenuating

the microwave beam. This configuration is also suitable for an array mounted
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Fig. B.4. Configuration for a grid array with heat removal from the bottom.

directly on a large metal heat sink. Fig. B.4 shows the configuration used for
the analysis. Again, the grid is square with length a on a side, and the thickness
is c¢. A heat flux ¥2(z,y) enters the grid from the top, and is removed from the
bottom by a perfect heat sink of constant temperature. Modelling the carrier
as a perfect heat sink is a good approximation for carriers with high thermal

conductivities. All other surfaces are thermally insulating.
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The analysis proceeds in a similar manner as before. A temperature distri-

bution that satisfies the boundary conditions is:

T(z,y,2) = Tooz + i f: TrnYmn COS <m;ra:) cos (_n;r_y) . (B.10)

c

m=0 n=0

n+m#0
The coefficients are computed as before, taking advantage of the orthogonality

of the cosine function:

Too=%/ / Y2(z,y) dedy (B.11)
as Jo Jo

Ton = k:;j;z /0 /0 Yo(z,y)cos (m;rm) cos (naﬂ) dzdy, (B.12)
where ¢; is defined by:
1 2=0
€ = { (B.13)
2 else.
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Fig. B.5. Temperature profile for a section through a central row of the array. The peak

temperature rise is 19° C, assuming each transistor dissipates 50 mW.
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For the special case of a unit heat flux uniformly distributed over a square area
of dimension w on a side and centered at (z’,y’), this becomes:

cw2

2 / !
Ton = Z";:::Z cos (mzzc ) cos (m;y ) sinc (m27;w) sinc (n;r;u) . (B.15)

We consider the same amplifier array example as in the previous section,

only with bottom heat sinking. Fig. B.5 shows the temperature profile. The peak
temperature rise is 19° C, assuming each transistor dissipates 50 mW. Back-side
heat sinking results in a temperature rise less than half of the rise using edge

heat sinking.

Normalized Heat Flux

Position, mm

Fig. B.6. Normalized heat flux through the bottom of the array. Most of the heat flows through

a square area, 3 mm on a side.
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We still need to calculate the temperature rise of the carrier. This can be
done using the modelling developed for edge heat sinking. The normalized heat
flux through the bottom surface of the grid into the carrier is shown in Fig. B.6.
A simple, yet accurate, approximation to this distribution is a uniform heat flux
through a square area, 3mm on a side. This is also plotted in Fig. B.6 for
comparison. The carrier must be made out of a material that is a good thermal
conductor, but a poor electrical conductor to avoid attenuating the microwave
beam. An ideal candidate is diamond, which is now being commercially grown
and sold at reasonable prices. Fig. B.7 shows the temperature profile at the top
surface of the diamond carrier. The carrier is 5 mm on a side and 0.5 mm thick,
with a thermal conductivity of 1000 W/m/°C [4]. The peak temperature rise is
only 1.2° C, assuming 3.6 W of total dissipated power.

1.2 ) I 1 l LR I l LI I I 1 LI I 1 i I

1.0
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Fig. B.7. Temperature profile for a section through the center of the diamond carrier. The peak

temperature is 1.2°C, assuming a total power dissipated of 3.6 W.
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Material Thermal Cond. k& | Thickness ¢ | Temp. Rise
W/m/°C mm °C/W
Diamond ~1000 0.5 0.32
Aluminum Nitride 170 1 1.1
Silicon 150 1 1.3
Quarfz 12 1 15.8
Duroid 6010 0.4 1.5 386

Table B.1. Comparison of carriers using various materials. Thermal conductivity data obtained

from [3-7].

Table B.1 compares the modelled temperature rises of carriers made from
various materials. Assuming a total dissipation of 3.6 W, the diamond, aluminum
nitride, and silicon carriers would not heat more than 5° C. This would keep the
total heat rise for the grid and carrier less than 25° C. Quartz is a rather poor

thermal conductor, and using Duroid is out of the question.

<>

This simple example illustrates an important point. Thermal issues need
to be considered in the design of quasi-optical devices, even for relatively small
arrays. For large grids, incorporating hundreds or thousands of devices, these

issues will become paramount.
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