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Abstract
New developments in higher performance planar diode balanced doublers are reported.
These include higher output power, higher efficiency, wider bandwidth, and simpler, more
reliable construction. An output power of 80 mW was produced at 140 GHz using a new
planar diode array designed to handle very high power. An efficiency of 25% was
achieved at 270 GHz with 14 mW output. A wideband doubler has been designed which
is extremely simple and easy to assemble, using a new planar diode with on-chip matching.
All of these new designs are mechanically improved and should survive cooling to 80K.
On those devices where tests have been made, the efficiency at 80 K improves by 30-36%
relative to the room temperature value.

Introduction

In work reported last year [1], a wideband fixed-tuned balanced doubler was
described using planar diodes with typically 26% efficiency over the band 130-165 GHz.
This doubler used an array of four diodes and worked best at 120 mW input power. In
this new work, the same basic doubler circuit has been duplicated and improved in a
number of ways. A new six diode array has been used in the doubler, and while not tested
over any bandwidth, has produced a record high power. A similar circuit has been used
with a four diode array in the 270-340 GHz band and works well, with very high
efficiencies at 270 and 330 GHz. A cascaded pair of these doublers has been tested over a
5% bandwidth with good results. The general layout of a planar balanced doubler is
shown in Figure 1.
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Figure 1. Balanced doubler using planar diode array, in a generic form. This circuit shows the
essential elements and does not represent any real circuit.
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These circuits are now more easily and reliably assembled using wire bonding
techniques and higher temperature solder. This enables them to work at high power
levels, where diode heating is a problem, without degadation. This assembly also reduces
the strain on the diode at low temperature extremes. A 280 GHz planar diode doubler is
being built for long duration space flight use in the Microwave Instrument for the Rosetta
Orbiter (MIRO), a mission to a comet.

A doubler circuit has been designed using a new planar diode layout, which
incorporates output impedance matching into the diode itself. As a result the circuit is
simpler and more readily assembled, and is predicted to work better, with very flat
efficiency over a 20% band.

Improved methods of assembly

Early versions of these planar diode doublers followed closely upon their whisker
contacted predecessors, using coaxial pins connecting the center pad of the diode to the
output circuit. This makes it easy to produce a wide range of impedances but leads to a
type of construction in which three solder joints must be completed at once. It is very
difficult to be sure that all points are really soldered properly. In addition the rather stiff
center pin is strong enough to break the diodes if it flexes, and this usually happens to
some extent in cooling to 80K. This method of construction has been improved in some
designs by replacing the coaxial circuit with a quartz substrate microstrip circuit, [2,3]
which reduces the strain but still presents some assembly difficulties. Present designs use
a thin ribbon to connect to the diode so that strain is not a problem. In addition, it is easy
to thermo-compression bond this wire to the diode if a pure gold ribbon is used, and this
eliminates the potential problem with one solder joint. These solder joints can be a
problem as was seen on one doubler that failed after being driven at 250mW for three
days. The solder joints were found to be severely degraded, apparently because the diodes
ran so hot that the indium solders used either oxidized or melted. After experiencing the
high power failure, subsequent doublers have been built with bonded ribbons and a higher
melting temperature solder (MP 149C) between the diode and the waveguide wall.

High power diodes

In an effort to build a diode able to handle very high power, a six anode diode was
designed for use in the 150 GHz range. The diode was intended as a replacement for the
existing four anode diode, in a chip with the same overall length. A combination of
impedance matching and moding concerns makes it essential that the waveguide height
used with these diodes not be too large, and the 0.66 mm height used with the existing
diodes is about as large as is believed optimal for this frequency band. Design of such a
diode is not as easy as for four anode devices because the space available for the diodes
becomes smaller and the parasitic elements more important. This design was also intended
to improve the impedance matching to the diode over a wide band. The simplest design,
with 6 anodes spaced nearly evenly across the waveguide, showed serious problems
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because the input power divided unevenly between the diodes, while the output coupling
showed even larger variations. The cure for this problem is to space the diodes much more
closely, since the parasitics depend on their location within the waveguide, and also to
space the diodes unevenly. The general approach to the design was to place all of the
diodes near the waveguide wall, where it would be easier to heatsink them, and then to
adjust the spacing until all diodes coupled equally to the external circuit. This results in
very little space for the ohmic contact pads and special problems in the fabrication of the
diodes.

The method of design was to simulate the circuit of the input waveguide (split in
half due to symmetry) in HFSS [4] with an input waveguide port, an output TEM port,
and 3 diode ports, and to attempt to achieve a uniform impedance environment for the
three diode ports. Simulations were performed for both the input and output frequencies.
Testing the design required terminating the diode ports in this simulation with actual
varactor impedances and determining how uniformly the power split to the ports. These
impedances were determined using a nonlinear simulator to optimize a single diode circuit
at the expected drive level [5]. It is important to not compare the S parameters into 50 CI
500 comparisons can be very misleading since the diodes are so reactive, and the port
power balance is very sensitive to capacitance. In general these simulations showed that
the output frequency presents the most difficult problem, and that the variation in power
becomes worse with increasing frequency. There is no really perfect solution, but a power
imbalance of 0.5 dB is certainly not serious, and simulations seem to indicate that even a 1
dB imbalance has no major consequences. The one thing that is difficult to simulate is the
division of bias voltage across the diodes when the circuit impedances are not matched.
All simulations assumed equal bias voltage on each anode. The final design uses a
relatively long contact finger to the first diode on each side, with this finger length
decreasing for the second diode and even more for the third. The remaining space to the
center pad is taken up with a high impedance line to add as much inductance as possible.

This diode was originally laid out for fabrication at JPL, where the diode process is
able to make almost exactly the designed shape. However, the diodes made at JPL had
relatively poor properties, and while they worked in the doubler and could handle high
power, the efficiency was only 23%. The design was not so compatible with the INa
process, because the finger length for the innermost diode is too short for the UVa surface
channel etch process, and also because the optimized ohmic pad sizes are too small as
well. Therefore, the diode that eventually was produced was not exactly the optimized
design, but was believed to be close enough to try out the idea. These diode layouts are
shown in Figure 2.

The diodes were successfully processed at UVa (batch SB8T1), but no DC
parameters were available since the measured Rs is too strongly influenced by heating
effects. The diodes were installed into the wideband doubler designed for a 4 anode
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Figure 2. Six anode diode designed for optimum use in the 140-170 GHz band (top), and the diode
made at UVa as a compromise to utilize their fabrication process (bottom). Dimensions are in gm.

chip [1], since no doubler designed for these new diodes was available. The doubler was
tested at input frequencies between 70 and 85 GHz using high power IMPATT sources.
The best performance in terms of circuit matching was seen at 70 GHz. At this frequency
the input reflection was about 20%, while the source power was nearly 300 mW, so
delivering sufficient power to drive the input was not a problem. The output match was
optimized with a single Teflon quarter wave transformer in the output waveguide. The
diode was installed into the circuit by bonding a gold ribbon to the diode center pad, and
then soldering the diode outer pads to the waveguide walls with Indalloy #2 solder (MT
149C). The diode survived the full 300 mW input power available, with nearly 250 mW
actually absorbed by the diode. The output power at this drive was 80 mW, and this
power level was sustained for a period of 1 day. In this time the diode IV curve changed
slightly, but showed no signs of leakage, which normally occurs if a diode is seriously
overdriven. At a lower power of 210 mW absorbed, and 70 mW output, the test was
carried out for 1 week, so it appears that this is a safe operating power. The peak
efficiency occurs at 150 mW absorbed power, where the efficiency, corrected for input
mismatch, is 35%. This efficiency is typical of that of other good diodes produced at
UVa, and tested at similar frequencies, although somewhat lower than the best (40%).
Therefore, it seems that the power combining in the three series diodes is fairly efficient,
and that the fabrication compromises are not too serious. However, all of the problems
are expected to become worse at the higher end of the design band near 170 GHz, and no
tests have been done here since the diode matches the existing circuit so poorly. This
doubler was tested at —80 K with only 215 mW input power (196 mW absorbed) due to
the loss of the stainless steel waveguide required to thermally isolate it from the room
temperature source. At room temperature before cooling the output power was 64 mW,
while the cold output power was 85mW, an increase of 33%. The cold efficiency
(corrected for input mismatch) is 43%.
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High efficiency doublers for 270-340 GHz

A similar doubler for twice this frequency has also been completed, using four
anode diodes. This more conservative design requires tuning the output backshort in
order to cover the full 270-340 GHz band, but the bandwidth is —20 GHz with fixed
tuning. It also uses a 2 mil wide gold ribbon for strain relief in the connection between the
planar diode and the output waveguide. At room temperature the efficiencies achieved
with this doubler are much better than with the previous model [6]. The best results at
270 GHz are 14 mW output at an efficiency >25% using a diode fabricated at JPL, and at
330 GHz, 7.0 mW output at an efficiency of 18% using a UVa diode. It works well at
80K, with an efficiency improvement (using the JPL diode) of 35% relative to the room
temperature value. The bandwidth of this doubler is not optimized for fixed tuning but
shows the potential for wideband operation. Figure 3 shows the power output with a
Gunn oscillator pump (without an isolator between the Gunn and doubler) over a
moderate band. In this test, a Teflon tuner was added in the input waveguide very close to
the diode to improve the match. While there is a lot of power ripple due to the interaction
with the Gunn, the power at the peaks of the ripple is large and the bandwidth is broad
enough to be quite useful. Presumably the ripple would go away with an isolator in the
circuit, but this was not attempted because the doubler works best at the highest input
power available (-50 mW), and the loss of the present isolators drops the power to a sub-
optimal level.

Output Frequency (GHz)

Figure 3. Output power from doubler and Gunn with no isolator, and fixed doubler tuning. The
power ripple is due to the interaction between the Gunn oscillator and the doubler input match.

We have cascaded two of these doublers to produce a 330 GHz source. This
source produced a peak power of7.0 mW, and a minimum power of 5 mW over a band of
325-335 GHz, with an input power of 130 mW, all at room temperature. The diodes in
both doublers were from UVa (batches SC6T6 and SB3T2). Figure 4 shows the
performance measured over an extended band using higher input power at some of the
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extreme points. Despite the lack of an isolator between doublers, there is little ripple in
the output power over most of the band, showing that over a limited band. doublers can
be matched quite well. However, this is much more difficult over a wider band.
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Figure 4. Cascaded doubler performance at room temperature with mechanical tuning fixed. No
isolator was used between the doublers. The match between stages is good enough over the midband
that the power ripple is minimal.

Wideband doubler using improved diode layout

To make the assembly of these doublers easier, we have designed a new set of
planar doubler diodes intended for use near 280 GHz. These incorporate on-chip
vvideband matching to optimally couple into a circuit having relatively high impedance.
This potentially eliminates the need for any microstrip circuit, since the output circuit can
be just a gold ribbon connecting to the output waveguide. The starting point for this work
was the diode mask designed at UMass a few years ago and fabricated at UVa as the
successful batch SB3T2. This layout produces a fairly serious power imbalance at
frequencies above 300 GHz, and requires that the first section of the output matching
circuit have a low impedance for matching over a wide band. The low impedance line is
needed to add capacitance to the output to compensate for the excess inductance in the
diode. Reducing the diode inductance is not practical because the input matching depends
on a large inductance.

It was found that simply adding some metal area to the diode center pad is all that
is required to eliminate the low impedance line, but the method of adding this area is
critical because it seriously affects the parasitics for the individual diodes. In particular,
adding metal which closely approaches the small midpad in the diode pair causes the inner
diode's parasitics to increase, so a pad was developed which flares out as a trapezoid as it
leaves the critical region. In addition, the other side of the pad was also enlarged slightly.
In principle, even more capacitance may be added as a stub line on this side, but it was not
found to work well in practice. The final layout is shown in Figure 5.
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Figure 5. Original SB3T2 diode layout (left) and the new design with better output matching. Diode
locations are shown by small circles. Dimensions are in gm.

All of this design was done with the assumption of a GaAs thickness of 37 pm.
This thickness makes it easy to handle the diodes and appears to have only a minor effect
on the circuit bandwidth. The dominant effect of varying substrate thickness is to change
the optimum capacitance of the diode for a given circuit design. If diodes are made in a
few capacitance values it should be possible to correct for errors in thickness, or vice
versa. With the added area, the diode power match was not seriously affected, and in fact
the outer diode was still found to have the larger parasitic capacitance so its outer pad was
moved out to the very edge of the waveguide. All of this design work was done in much
the same way as for the six anode diode described above, while investigating the diode
match into a nearly ideal circuit. No full circuit optimization is practical, due to its
complexity, until one arrives at a final diode design.

After the diode was designed, the optimized output impedance was quite high, and
best coupled as directly as possible into waveguide, which is better suited for high
impedance circuits than TEM media. This was facilitated by the optimized input circuit,
which favored placing the diode extremely close to the waveguide backwall. The required
connecting wire turned out to be quite short, only slightly longer than that required to
extend from the diode to the far wall of half height output waveguide. Thus this wire
becomes more of an interconnection than a circuit element. The output waveguide circuit
was optimized and a two section step transformer to full height was placed at an
optimized distance from the transition. The final circuit was quite simple, yet the
predicted output match shows a 14 dB return loss over an 18% bandwidth. Bias to the
diode is still required, but without the need for any other circuitry, the bias may be
de-coupled from the output by bonding the ribbon to a capacitor at the far wall of the
waveguide. The circuit is shown in Figure 6.
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Figure 6. Cross section of planar diode doubler using a new diode incorporating output matching
into the diode itself. The diode is shown with a transparent substrate in order to show hidden
details. Input matching waveguide sections are not shown. This circuit operates from 250-300 GHz
with fixed tuning.

The input circuit is always the more difficult to match because the diode Q is
higher, but it is also entirely a waveguide circuit so assembly is not an issue in the design.
The only constraints are that the TM11 mode at the output frequency be suppressed for a
sufficient distance from the diode, and that the various waveguide sections be machinable.
The final design is somewhat odd looking, with a section of greater than full height
waveguide used as a half wave resonator for broadbanding, but it is quite simple to
machine. The predicted input match is a return loss of 1 0-1 1 dB across the same band
(assuming a perfect output match), which is about as good as seems possible. The
complete circuit was then simulated in HFSS to produce a full set of S parameters for all
of the real circuit elements, and these were then modeled in HP-MDS with a realistic
nonlinear diode model, to predict the full performance. This prediction is shown in Figure
7a, which is done at a constant input power and bias voltage across the band. This
prediction may be compared to the upper curve, which is the best possible efficiency for
the same diode in an ideal circuit under the same conditions. This shows that the design
process works well, and that nonlinear simulation is not required except as a verification
of performance. The simplicity of the final circuit makes it suitable for frequencies up to
450 GHz, by using a frequency scaled version of the diode, and a set of appropriately
scaled diodes have been fabricated at JPL. Since the circuit is very compact and fully
planar, it appears suitable for further integration, placing the bond ribbon and bypass
capacitor onto a single substrate with the diodes. With this level of integration, and beam
leads for grounding, such a design should be workable up to I THz.

Despite the apparently good match to the external circuit, this doubler is still quite
sensitive to input and output mismatch, and a VSWR of as little as 2:1 causes serious
ripple in the efficiency as shown in Figure 7b. This simulation is done with a 2.1 VSWR
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mismatch on the input and output separately, with the mismatch as close to the input and
output as possible. While the ripple due to the output VSWR is about what is expected
for a linear circuit, the input is much more severe. This large effect occurs in part because
of the nonlinearity of the circuit, which causes the output power to decrease more rapidly
than the input power. Also the input match (as simulated with a perfectly matched output)
becomes a poorer match in the presence of the real output circuit. This interaction is
similar to that expected in the cascade of two doubler stages, and demonstrates that these
circuits will never be well suited for system use without isolators between stages if
reasonably flat output power is required. This limitation may be overcome by reducing
the bandwidth, but probably a severe reduction is necessary for cascading with acceptably
flat power.

Figure 7. (a) Predicted performance of wideband planar diode doubler at fixed input power and
bias. Upper curve is the efficiency of the same diode in an ideal optimized circuit.
(b) Effect of input and output mismatch on the doubler of (a). A VSWR of 2:1 was simulated on the
input and output separately.

Conclusions

We have reported on several new developments in balanced doublers using planar
diodes. These include 80 mW output power using a six diode may at 140 GHz, 25%
efficiency at 270 GHz and a wideband high efficiency doubler using an improved diode
design. Circuits are now more reliable for operation at sustained high power levels. All of
the new doublers work well at cryogenic temperatures, with increased efficiency over the
room temperature value. We have also pointed out some limitations on wideband
matching of these circuits. All of these developments and others are making this a very
versatile doubler for applications from 140-450 GHz, and in the future this circuit may be
pushed up to near 1 THz. The performance exceeds that possible with whisker contacts,
and is far easier to assemble. The newest design is sufficiently compact that a fully
integrated diode with output matching circuit seems practical.

483



Tenth International Symposium on Space Terahertz Technology, Charlottesville, March 1999

References

[1] "Wideband High Efficiency Planar Diode Doublers." N.R. Erickson. Ninth
International Symposium on Space Terahertz Technology, pp. 473-480, Mar. 98

[2} "An. 80/160 GHz Broadband, Fixed-tuned, Balanced Frequency Doubler," D.W.
Porterfield, T.W. Crowe, R.F. Bradley and N.R. Erickson. IEEE 1998 Int '1
Microwave Symposium, Baltimore.

[3] "A High Power Fixed-Tuned MM-Wave Balanced Frequency Doubler," D.W.
Porterfield, T.W. Crowe, R.F. Bradley and N.R. Erickson, to be published in IEEE
Trans. Microwave Theory and Tech., May 99.

[4] High Frequency Structure Simulator, Ansoft Corp.and Hewlett Packard Corp.

[5] "Wideband Fixed-Tuned Millimeter and Submillimeter-Wave Frequency Multipliers,"
N.R. Erickson, Eighth International Symposium on Space Terahertz Technology. pp.
137-148, March 97.

[6] "Novel Planar Varactor Diodes," P.J. Koh, W.C.B. Peatman, T.W. Crowe and N.R.
Erickson, Proceedings of the Seventh int '1. Symposium on Space Terahertz Tech., pp.
143-156, 1996.

484


	01
	02
	03
	04
	05
	06
	07
	08
	09
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	30
	31
	32
	33
	34
	35
	36
	37
	38



