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Quasioptical Millimeter-Wave Hybrid and
Monolithic PIN Diode Switches

Karl D. Stephan, Frank H. Spooner, and Paul F. Goldsmith, Fellow, IEEE

Abstract—The PIN diode switch is an essential building block
in many microwave and millimeter-wave systems. In this paper
we report the development of a new type of quasioptical PIN
diode switch. First, we briefly describe the quasioptical imaging
application which motivated the development of the switch. Next,
we explain the theory of switch operation in both its reflection
and transmission modes. We present experimental results from
measurements of both hybrid and monolithic circuits in the
millimeter-wave range. The hybrid version exhibits losses in the
reflection mode of 1 dB or less and isolation of 20 dB or more.
Performance of the monolithic version is comparable, despite a
PIN diode yield of less than 80%.

L. QUASIOPTICAL IMAGING APPLICATION: DICKE SWITCH

ADIOMETRIC imaging systems operating around

94 GHz have shown promise in numerous. remote
sensing applications. For example, fog that is opaque to
visible or infrared light can be penetrated by aircraft landing
aids using millimeter-wave imaging rediometers. Recently
published experimental images [1]; [2] show reasonably good
contrast, but only if care is taken to compensate for the gain
drift in the receiver channels, which can show up as noise in
the image. One standard technique to compensate for drift is
the Dicke switch. This switch is placed between the receiver
and the source of radiation whose effective temperatures is to.
be measured. At periodic intervals, the Dicke switch transfers
the receiver input to a matched load at a known reference
temperature, allowing continuously updated calibration of the
receiver gain: This switching is typically performed at a rate
in the audio-frequency range (10-1000 Hz).

Since the Dicke switch is usually the first active component
the signal encounters, its loss must be kept to a minimum.
However, high-speed, high-resolution imaging will require an
array of many receivers, all operating simultaneously. Since a
single low-loss waveguide switch can cost thousands of dollars
and occupy several cubic centimeters, it is difficult to provide
a separate Dicke switch and load for each receiver channel in a
multi-channel imaging system. One way to solve this problem
is to place a quasioptical Dicke switch in front of the entire
receiver array, as shown in Fig. 1.

This quasioptical switch must perform two functions. In its
reflection state, -it must reflect an incoming wavefront from
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Fig. 1. Schematic plan of millimeter-wave camera using quasioptical switch
to expose receiver array alternately to scene and reference temperature load.

the imaging optics to the receiver array, with as little loss as
possible. In the transmission state, it must pass the thermal
emission from the reference temperature load to the receiver
array. In one system developed at Millitech Corporation, the
essential Dicke switching function was performed by a rotating
mechanical component, but size, weight and vibration prob-
lems make an all-electronic switch preferable. The quasioptical
PIN diode switch we will now describe has been developed
for this application.

1I. DESIGN THEORY

The heart of the switch design is an array of PIN diodes
embedded in a conducting metal grid. Diode grids have
demonstrated quasioptical functions such as phase shifting
[3] and frequency multiplication [4], and the basic theory of
operation is fairly well understood. ‘

As long as the period of a rectangular grid is less than
a free-space wavelength, a simple equivalent circuit analysis
can predict its transmission and reflection of waves normally
incident upon it [5]. Suppose a thin perfectly conducting metal
mesh lies at the interface between two dielectrics. Let the
dielectrics have indices of refraction ny and nsy. As Fig. 2(a)
shows, the mesh period is g and the conductor trace width
is 2a. For a linearly ‘polarized plane wave normally incident
upon the mesh, free space can be modeled as a transmission
line of impedance Zg = [0 /60]1/ %, where p, and €, are the
permeability and permittivity of free space, respectively. If the
medium’s index of refraction is n, the equivalent impedance
is reduced by that factor, as indicated in the equivalent circiiit
of Fig. 2(b). Since the electric field is continuous across thin
mesh, the corresponding equivalent circuit is composed of
shunt elements only. Let us define a normalized frequency
w = g/A,, where A, is the free-space wavelength. At a
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Fig. 2. (a) Perfectly conducting metallic mesh with grating period g
and trace width 2a. (b) Equivalent circuit of mesh.

normalized frequency w, (typically unity), a parallel resonance
occurs for a free-standing mesh, and it transmits incident
energy with no reflection loss. For a mesh at the interface
between two dielectrics of indices n; and mo, the parallel-
resonant frequency changes to

ol

2
i
Wy =Wwo|—5—5 1
=l @
Using this definition, Whitbourn and Compton found that
the equivalent circuit inductor L’s reactance Xy and the
capacitor C’s reactance X, are given by

XL , ra\{w wh\
— =—|wy Incsc — || — — —
Zs g wh w

X, 2 ! :
=< = —5—— | 4w In csc E i/ ~ % (3)
Zs ni+ns g wy w

Although these expressions are based on an empirically mod-
ified quasistatic analysis, they agree reasonably well with
measurements up to the parallel-resonant frequency of the
mesh. If the frequency range of interest is limited to a band
sufficiently below wg, values for L and C in Fig. 2 can be
calculated from their respective reactances Xy, and X¢ in (2)
and (3) by using a nominal center frequency. The grid used in
our experiments did not have the rectangular mesh pattern
assumed in the above analysis. Nevertheless, the behavior
of our grid is qualitatively similar to that of the theoretical
rectangular mesh grid. The preceding analysis provides a good
starting point for empirical modifications of the grid element
shape.

©)

and

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 41, NO. 10, OCTOBER 1993

(a)
1 —
V4 L Z
Cdiode
S:l——T——ﬂ:
(b)

Fig. 3. (a) Mesh with diodes in OFF state, inserted into vertical traces. (b)

Equivalent circuit of mesh with diodes in OFF state.

A. Reflection Design

Now suppose we insert a PIN diode in the OFF state (no
DC current flowing) into each vertical trace in the mesh,
as shown in Fig. 3(a). If the incident wave’s electric field
is parallel to the diodes, the current induced in the vertical
traces must now pass through the diodes, as the equivalent
circuit of Fig. 3(b) shows. The diode’s impedance in the OFF
state is primarily capacitive, represented by Clgiode. AS long
as the mesh is square and there is one diode per period, the
equivalent circuit Cyqioqe is the actual capacitance per diode.
The diode capacitance Caiode i not to be confused with the
mesh capacitance C' discussed above.

Once the diodes are inserted into the mesh, a series res-
onance will appear at a frequency below the mesh’s parallel
resonance. The series resonance appears at a frequency fg (not
normalized) given approximately by

fs=1 / (QW[LCdiode]%) @

At this series resonant frequency fg, a lossless mesh with
purely capacitive diodes will act as a perfect reflector, since
the mesh’s inductive reactance cancels the diode’s capacitive
reactance. Losses in the mesh or diode series resistance will
cause some absorption and transmission, but since the series
resistance of PIN diodes in the OFF state is generally lower
than it is in the ON state (forward bias with DC current flow),
losses can be kept low. This series resonance is the basis for
the reflection mode of the quasioptical PIN diode switch.

PIN diode arrays have been used previously for waveguide
switching at millimeter wavelengths, as reported by Arm-
strong, ef al. [6] Such waveguide arrays depend upon the low
forward bias resistance of the diodes for high transmission iso-
lation. Low transmission loss with the diodes OFF is achieved
by a parallel-tuned circuit made up of diode capacitance and
a shunt inductive iris on the array substrate. Although there
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Fig. 4. (a) PIN diode mesh backed by passive mesh on backside of substrate.
(b) Equivalent circuit of mesh-substrate-mesh-sandwich.

is a superficial resemblance between Armstrong’s waveguide
array and our quasioptical array, the modes of operation are
quite different. The quasioptical array uses a series resonance
to achieve low reflection loss, while the waveguide array uses
a parallel resonance to obtain low transmission loss. In both
cases the diodes are OFF.

B. Transmission Design

When a PIN diode is forward-biased, the terminal impedance
of the device is dominated by the hole-electron plasma in the
I-region, which appears resistive above a few tens of MHz.
This resistance is inversely proportional to DC bias current
down to a limit determined by carrier lifetime and parasitic
resistances. Let this minimum practical resistance when the
diodes are forward-biased in the ON state be Rgiode. A single
grid with forward-biased diodes does not give sufficiently large
transmission for practical uses. In order to achieve adequate
transmission through the mesh with the diodes ON, additional
components are needed.

Suppose a second mesh is placed on the back side of the
substrate that supports the first PIN diode mesh, as shown in
Fig. 4(a). This second mesh has no PIN diodes and unbroken
conductors, so its equivalent circuit has no Rqjode, as Fig. 4(b)
shows. If the electrical length of the substrate is approximately
one-quarter of a wavelength in the substrate material (X, /4),
the reflection from the second mesh will combine with the
reflection from the first mesh to cause substantial cancellation
of the total reflection. This scheme allows perfect transmission
only when there are no losses, but for reasonably small values
of Rgiode ON-resistance, substantial transmission can occur.

The reactance contributed by the meshes’ inductance means
that the substrate thickness for zero loss is no longer exactly an
electrical quarter-wavelength. We have developed proprietary
quasioptical array analysis software based on a paper by
Saleh [7]. This software calculates transmission and reflection
characteristics of a stack of meshes and dielectric spacers. To
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design a circuit for use at a particular frequency, we iteratively
adjust the dielectric thickness of the software model to give
minimum loss at the design frequency. In the laboratory, thin
shims of quartz or other low-loss dielectric are combined to
approximate the theoretical thickness required.

When the diodes switch from ON to OFF, the reflection
mode in the OFF state is unaffected by the presence of the
second mesh, so the transmission mode can be optimized more
or less independently of the reflection mode.

The final product of the design is a planar “sandwich”
consisting of an active mesh with PIN diodes, a dielectric
spacer of a prescribed thickness, and a passive metal-only
mesh. When the diodes are in the OFF state, waves incident
on the diode mesh are reflected with very low loss. When
the diodes are forward-biased into the ON state, most of the
incident radiation is transmitted, with relatively low reflection
and absorption loss.

III. HyBRID CIRCUIT

The practical design of this type of quasioptical PIN diode
switch is determined by the minimum diode capacitance
Cdiode in the OFF state. For a given series resonant design
frequency fs, a low diode capacitance means that a relatively
high mesh inductance L can be tolerated. Since L is directly
proportional to the mesh period g (this is true for any shape
of periodic mesh, not just the pattern of Fig. 1), a large L
allows a larger mesh period, within the constraint of keeping
g smaller than a free-space wavelength.

A large mesh period means fewer diodes per unit area.
A diode forward current of 5 mA is typically required to
achieve low series resistance. The resulting 5 mW of power
dissipation per diode can quickly lead to an unacceptably high
thermal load if the diode density is too great. This is why the
minimum diode density that will provide acceptable electrical
performance should be used. Other quasioptical diode arrays
such as those described by Sjogren, ef al. 8], used Schottky
diodes, whose lower power dissipation allowed greater diode
density. We feel that arrays of PIN diodes will have a much
greater ultimate power handling capacity and freedom from
nonlinear effects that may trouble Schottky diode arrays.

For the hybrid design, we chose an alumina substrate with
a relative dielectric constant £, of about 9.5 (n = [e,.]l/ 2 = ‘
3.1). Alumina provides a mechanically rugged base on which
to bond beam lead PIN diodes. The manufacturer of the silicon
diode we selected [9] cites a typical OFF state capacitance of
17 fF. For a series resonance at fg = 94 GHz, (4) gives a
required mesh inductance of 169 pH. Depending on precisely
how the diode capacitance is defined, values other then 17 fF
can be measured, and this will affect the calculated mesh
inductance accordingly.

When one attempts a diode array design based on the
classical rectangular grid treated by (1) and (2), a difficulty
arises. If one chooses a mesh period ¢ to give an acceptably
low diode density, a mesh showing low enough inductance to
be used with available diodes turns out to be “fat”. That is,
the ratio of strip width 2a to period g can exceed 0.5. This
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Fig. 5. Mesh pattern used in hybrid quasioptical PIN diode swiich (g =
0.89 mm).

shape presents layout and interconnection problems with the
kinds of diodes we use.

Instead, we experimented with grids having acceptably thin
strips at the diode locations. To achieve lower inductance we
expanded the conductor into octagonal or circular patches
centered at the intersection of the original thin mesh strips.
While these complex shapes cannot be analyzed directly using
(1) and (2), such meshes do exhibit the same general parallel-
resonant behavior as the classical rectangular mesh. With
enough experimental data one can work backward and derive
an effective strip width 2a for a complex mesh of period g.
This is in fact how the mesh pattern shown in Fig. 5 was
designed. Since the experiments to be presented show a series
resonance near 94 GHz, we feel that our original design goal
of 169 pH mesh inductance was achieved.

A. Fabrication

The quasioptical test setup to be described below creates a
Gaussian beam [10] whose phase front is approximately planar
and whose amplitude falls to about 1% of the on-axis value at a
radius of 1.25 c¢cm from the axis. This beam radius means that
the smallest diameter circuit that could be tested accurately

is about 2.5 em. Accordingly, a circular hole about 2.3 cm

in diameter was filled with the repeated pattern of Fig. 5, in
which g = 0.89 mm. The resulting overall pattern is shown
in Fig. 6. It has spaces for 464 diodes, which were bonded to
the chrome-gold conducting pattern using conventional manual
bonding techniques. Bias was applied to the top and bottom
conducting strips in a series-parallel arrangement. Although
this meant that the average bias current for the top and bottom
rows of diodes was about three times that of the middle row,
no ill effects from this unbalance were noted.

To finish the circuit, the substrate with the active devices
must be backed by a dielectric spacer and a passive mesh
whose diodes were replaced by short circuits, as indicated in
Fig. 4. We found that the pattern of Fig. 5 without diodes
worked well in this application when rotated 90°, so that the
metallic traces took the place of the diodes. This rotated pattern
was used on the passive substrate, and a fused silica spacer of a
suitable thickness was inserted between the active and passive
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Fig. 6. Overall view of hybrid switch, showing chrome-gold pattern with
diodes on alumina substrate.
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Fig. 7. View of active substrate, spacer layer and passive substrate, showing
relative orientation of meshes.

TABLE I
SWITCH SUBSTRATES AND SPACERS
Type of Active Substrate Spacer Passive Substrate
Switch
Material | Thickness | Material | Thickness | Material Thickness
(mm) {mm) {mm)
Alumina 0.25 Fused 0.15 Alumina
Hybrid e=95 Silica e =95 025
e =38
Monelithic GaAs 0.50 GaAs 0.49 GaAs 0.50
=13 g=13 g=13

substrates to give the proper electrical distance between the
two meshes. The completed assembly is shown in Fig. 7, and
the thicknesses of the components are given in Table L.

B. Testing and Results

A schematic of the Gaussian beam setup used to test the
quasioptical PIN diode switch is shown in Fig. 8. For the
hybrid circuit tests, lenses of 7.5 cm diameter and 7.5 cm focal
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Fig. 8. Quasioptical reflection and transmission test setup.

5
0] ~3.7 dB
5 . » ,/"““"'T "7"““::--«-.7 I
04

Markers at
94 GHz o

= 0 mA array current

===110mA
Model

Transmission (dB)
>
|

30 — Code = 16.5fF, Ryjoge =8 1Q
''''' Ceode = =, Rejode =40 Q
T T T T 1 T T T T T
80 100 120
Frequency (GHz)

Fig. 9. Measured and modelled hybrid switch transmission loss, OFF (solid
line) and ON (dashed line).

length were used to create a beam with a waist radius of about
0.6 cm. Antireflection coatings reduced reflections from the
fused silica lenses. Focusing lenses were necessary because
the unfocused free-space reflection from the relatively small
switch would have been too weak to measure in comparison
to the reflections from its support structure.

For the transmission tests, the 0 dB reference was taken
as the loss of the setup with no switch inserted in the
beam. Residual reflections between the lenses caused a rapid
oscillation of the frequency response, which was eliminated
by means of the 5% smoothing function on the scalar network
analyzer. Fig. 9 shows the transmission response measured
with the beam normally incident onto the hybrid switch. With
no bias (diodes in the OFF state), the series resonance fg
occurred at about 90.3 GHz, and the loss exceeds 20 dB
over a 12 GHz bandwidth. Loss at the design frequency of
94 GHz is 26 dB in the OFF state. When the diodes were
turned ON, a minimum loss of 3.7 dB was measured at
93.9 GHz. At a total bias current of 110 mA, the transmission
loss was still decreasing with increasing bias. At this current,
the circuit was dissipating about 2.2 W and slight thermal
instability was beginning to show as an upward drift in
bias current for a constant bias voltage. At the total current
level of 110 mA, the average current per diode varied from
15.7 mA in the top and bottom rows to 4.4 mA in the center.
The manufacturer’s typical specifications state that the diode
resistance corresponding to this current range is from about 5
to 15 ohms at 100 MHz.

We modelled this circuit using the parameters given in
Table I. With 0.03 mm airgaps added between the layers
and the diode parameters adjusted to the values shown, we
were able to model the experimental results. Agreement is
reasonably good in the frequency range of interest. The
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Fig. 10. Measured and modelled hybrid switch reflection loss, diodes OFF
(solid line) and ON (dashed line).

relatively high Rg;,4e On-resistance of 40 ohms, compared to
the manufacturer’s typical value of 5 to 15 ohms for these
current levels, can be accounted for by the increase in skin
resistance and parasitic loss between 100 MHz and 94 GHz.

For the reflection measurement, the switch holder was tilted
so that the angle of beam incidence was 17°. This allowed
a third lens and horn setup to measure the reflected energy
quasioptically. The 0 dB reference was chosen to be the
reflection from an aluminum plate held nearly at the same
location as the quasioptical switch. Because of positioning
errors, diffraction, and other problems, we believe that the
accuracy of this reflection measurement is only +0.5 dB.
Strictly speaking, the equivalent circuit model we used for
design is not valid for angles of incidence other than normal
(perpendicular to the array). However, we feel that for this type
of circuit the difference in behavior with angles of incidence
between 0° and 17° is small.

Fig. 10 presents the reflection data and modelled results for
the hybrid quasioptical switch. With the diodes in the OFF
state (no bias), the measured reflection loss is approximately
0 dB. The actual loss was too small to measure accurately.
Since the reflection mode loss is the more critical one in the
imaging application, this low reflection loss is a good result.
With the diodes ON, the reflection loss at 94 GHz increases to
9 dB, peaking at about 12 dB. Ideally infinite reflection loss
is desired, but this figure could be improved with a secondary
matching layer on top of the active substrate. The same model
used for the transmission data gave acceptable agreement to
the reflection data as well.

These encouraging results from the hybrid quasioptical
switch led us to develop a monolithic version with large-
volume production in mind. Although work on the monolithic
switch is still in progress, the preliminary results obtained are
encouraging, as the following discussion will show.

IV. MONOLITHIC CIRCUIT

The hybrid circuit was copied as closely as possible in the
monolithic circuit design. To the extent possible, the array
period and all other dimensions were kept the same. There
were two major differences, however. In order to simplify DC
testing and diagnostics, we decided to lay out a square array of
25 x 25, or 625 diodes, rather than the circular hybrid pattern.
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The other difference was that the beam lead silicon diodes were
replaced with vertical monolithic PIN diodes fabricated in the
same process as the mesh pattern.

A. Fabrication

The array of 625 PIN diodes was fabricated as one large
device consisting of 25 rows of 25 diodes each. The entire
array was approximately 2.2 cm square. Gold-plated pads at
opposite corners of the array provided DC biasing connections
to gold wire bonds.

Processing began with vendor-supplied OMCVD-grown
N, I, and P* layers on top of semi-insulating GaAs. We then
evaporated Au/Ag/Zn P+ ohmic metal and lifted it off using
an image reversal photoresist procedure. Two wet chemical
etch steps followed. The first etched down to the middle of
the I layer, defining the diode active regions. The second ctch
removed 10 microns of GaAs to define mesas that isolated the
diodes electrically from each other at DC. We etched through
the T layer to form the NT ohmic contacts, using a liftoff
process with Ni/Au/Ge/Au metallization. Both ohmic metals
were alloyed using a rapid thermal processor.

Photoresist served to pattern the circuit metal interconnects.
We lifted off a sputtered layer of Ti/Mo/Au which connected
all the diodes into the series-parallel DC bias circuit. We
passivated the device with silicon dioxide deposited with an
ultraviolet chemical vapor deposition process. Photoresist was
used to suppott the airbridges and define the passivation etch.
We sputtured a thin Ti/Au contact layer all over the wafer,
and patterned it with photoresist so that 2--3 microns of Au
plated the airbridges selectively. The airbridges connected
the P* contacts to the circuit metal. We then removed the
unwanted photoresist and metal layers and DC-tested the
device row by row. A typical yield of nonshorted devices
was about 80%. We disconnected shorted devices from the
array by mechanically removing their airbridges. The diodes
thus opened did not contribute to the RF operation of the
circuit, but were prevented from shorting out the DC bias of
the remaining functional diodes in their row. Fig. 11 shows
an SEM photograph of a typical PIN diode, and Fig. 12 is an
SEM photo of a portion of the array.

B. Tests

Preliminary tests {11] of the monolithic switch showed that
the series resonance fg was around 70 GHz. Assuming that
the mesh inductance for the hybrid and the monolithic switches
are the same, this frequency shift would be accounted for
by an increase in diode capacitance to 17 fF - (94/70) =
31 {F. This figure is consistent with both low frequency
measurements and the capacitance required in our RF model
to match experimental data. Further work is required to lower
the monolithic diode capacitance.

Since the original quasioptical test setup did not work below
75 GHz, another one for the 50-75 GHz range was built
with Teflon lenses. The short focal length (2.3 cm) required
to maintain a small beam waist with available horns meant
that there was no room to perform a quasioptical reflection
measurement. Instead, a waveguide directional coupler at
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Fig. 11. Scanning Electron Microscope (SEM) photograph of vertical PIN

diode and airbridge used in monolithic switch.

Fig. 12. SEM photograph of portion of monolithic array.

the transmitting horn was used to measure reflections that
reentered the horn. This technique is less accurate than the
quasioptical reflection method. Fig. 8 shows the location of
the waveguide reflection detector. For these 5075 GHz tests,
the quasioptical reflection detector and its lens were not
present, although the two other lenses were still needed.

Unlike the hybrid tests results, the monolithic results were
not corrected for empty-setup loss. The reason for this is shown
in Fig. 13, which shows the measured transmission loss of the
50-75 GHz setup. Reflections between the lenses caused the
ripple shown, which could not be meaningfully compensated.
The setup loss averages about 2 dB. This figure should be
subtracted from the following transmission and reflection data
to arrive at an estimate of the actual performance of the
monolithic switch.

Fig. 14 shows the reflection loss of the monolithic switch.
The 0 dB reflection reference is a waveguide short. The
average reflection loss in the zero bias state is low, less than
3 dB, although there is a dip around 70.6 GHz. (This dip
appears to be related to reflection problems from the setup
lenses.) Upon forward biasing the array of diodes to 143 mA
forward current, the reflection loss increases by about 5 to
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Fig. 13. Measured transmission loss of empty 50—75 GHz quasioptical test
setup.
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Fig. 14. Measured and modelled waveguide reflection loss of monolithic
switch, for forward bias of 0 mA and 143 mA.
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Fig. 15. Measured and modelled transmission loss of monolithic switch in
test setup, for forward bias of 0 mA, 15 mA, 50 mA and 143 mA.

7 dB in the 65 to 70 GHz range. This forward bias current
corresponds to average current per diode of 5.7 mA.

Since the monolithic tests were performed at normal inci-
dence, we could apply the results of our equivalent circuit
analysis software to them. By adjusting the values of Cgiode
and Rgjoge to best fit the experimental curves for reflection
and transmission, we could arrive at estimates for these values
in the monolithic circuit. This was the method used to derive
the theoretical curves labeled “model” in Figs. 14 and 15.
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The performance of the monolithic switch is easier to see in
its transmission response, shown in Fig. 15. With the diodes
OFF, loss peaks at about 30 dB near 70 GHz, referred to a
waveguide-thru 0 dB reference. When increasing forward bias
is applied, the transmission loss falls to an absolute minimum
of 6 dB for 143 mA forward bias, with an average closer to
8 dB. Subtracting 2 dB for setup losses gives a minimum
average transmission loss of around 6 dB. The theoretical
model that gives the approximate best fit curves uses a forward
bias diode having Cyjode = 00 and Rgjode = 39 ohms. The
zero bias diode model uses Cyjode = 28 fF and Rgiode =
12 ohms. These values for the monolithic diode capacitance
are consistent with low frequency measurements we have
performed.

This is encouraging performance, especially when yield is
taken into account. Of the 625 devices originally fabricated
on the monolithic switch, 129 were observed visually to be
shorted, and their airbridges were removed by hand. Therefore,
the maximum yield for the circuit’s diodes is only (625-
129)/625 or 79%, and it is likely that fewer diodes than
this actually work. The overall circuit nevertheless works
reasonably well. Although graceful degradation in the face
of individual element failure is not a universal feature of
quasioptical circuits, this diode switch appears to be relatively
robust. DC power consumption with 143 mA forward bias
was about 4.2 W. No thermal problems were noted with the
substrate mounted in its aluminum holder.

A word about switching speed is in order. Although we did
not measure the switching speed of the monolithic array, the
relatively thin I-layer in the PIN diodes used means that the
theoretical diffusion-limited switching time is on the order of
1 nsec. The series-parellel bias circuit currently in use would
probably limit the maximum switching speed to slower values
than this. In an application where switching speed was critical,
an all-parallel bias circuit with a high current driver circuit
would be more suitable.

V. CONCLUSION

We have shown that a quasioptical PIN diode switch can
be designed using elementary plane wave equivalent circuit
principles. We have demonstrated a hybrid switch that shows
very low reflection loss at 94 GHz, and we have made progress
in developing a monolithic version to perform a similar
function. Although diode capacitance must be reduced in the
monolithic version and diode yield needs to be higher, the data
shows that the design is tolerant of the failure of individual-
devices.

The switches we discussed were tested with only a single
receiver channel and a single incident beam. In the intended
application of a multiple-channel receiver, each diode would
be reflecting part of each of many beams arriving at angles of
incidence varying from 0° up to 17°. The effects of diode
resistance nonuniformity or individual diode failure in an
imaging system are hard to predict. What we can say is that for
a typical optical design there would not be a pixel-for-diode
correspondence, since each diode would be acting on energy
that affects many pixels. It is more likely that individual diode

'
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failure would cause a less noticeable spread-out degradation
in overall image quality.

In addition to the Dicke switch application for imaging
systems, quasioptical diode switches should have the desirable
property of high power operation. Although no experiments in
this area have yet been performed, we have made some initial
calculations. These estimates show that the switch studied
should be able to isolate peak power in the multi-kilowatt
range, with somewhat lower capability in transmission. Ap-
plications for switchable shielding and receiver protection at
lower frequencies are also possible, since the diode array in the
OFF state becomes mostly transparent below the millimeter-
wave range.
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