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Abstract —Results with series and senes-paraflel connections of CW

40-GHz IMPA’IT diodes on diamond are discussed. The effects of device

and circuit losses on the efficiency are treated. Device loss associated with

the stabilizing capacitors appears likely as the major factor limiting the

combining efficiency. Maximum combining efficiency of 82 percent has

been demonstrated for two diodes connected in series. The mufticbip

geometries utilize Raytheon gaflimn arsenide CW double-drift dkxfe chips

and are essentially sealed versions of successful X-band geometries previ-

ously reported [1] by the authors.

,1. INTRODUCTION

T HE AUTHORS have reported successful work with

series and series-parallel connected IMPATT devices

at X-band frequencies [1]; it is desirable to extend this

technique to millimeter frequencies if possible. Reported

herein is work aimed at scaling the X-band multichip

geometries and techniques to 40 GHz. Current results show

the approach to be feasible with up to 82-percent combin-

ing efficiency; however, high combining efficiency ( qC) has

not been routinely obtained. A possible explanation, re-

lated to capacitor loss, for some of the low qC values is

summarized. The effects of circuit losses are also treated.

The function of the capacitors and criteria for their selec-

tion have been discussed in [1].

II. GEOMETRY FABRICATION

Fig. 1 is a sketch showing a typical successful X-band

CW device and its nominally equivalent 40-GHz counter-

part. The devices are not exactly to scale. Also shown, in
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Fig. 1. Multiclup IMPATT geometries, 10 GHz and 40 GHz.

Fig. 2, is an SEM photomicrograph of a typical two-chip

40-GHz device.

In general, all dimensions, including diamond heat sink

size, lead lengths, etc., have been held quite close to scale.

The initial intent was to utilize diamond heatsinks between

0.010 and 0.013 in square for the 40-GHz work. This

dimension was increased to 0.016 in in order to ease

assembly problems and to accommodate diode and capacitor

dimensions somewhat larger than anticipated. No identifi-

able spurious modes related to the increased size of the
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Fig. 2. SEM photomicrograph of 40-GHz geometry.

- WEDGE BONDS
~ ——1 / ;; ; (TYPICAL)

0} ~ “~EL’N:APs > ;1’ ; t ; GROUND
STRAP

.—. J,* ;

lNTEK&U#CT

OUTPW STRAP

l#flALl ZATONS (2)

QUARTZ POST c?-4.

L@=

DIL?OE CHIPS(2)

TOP VIEW
0{0

NO STRAPS > ❑, l:k❑MEASURE -

+
Ii

CONTACT
BUTTON

\

m~);

STAWL,ZATIC+4
CAPACITORS ( 4

Fig. 3. Detailed sketch of 40-GHz multichip assembly.

geometry have been noted. On the other hand, certain 5) Wedge-bond foil-ground, interconnect, and output

unexplained anomalies noted in performance may imply

the existence of such modes, especially in the case of three

chip series devices.

Fig. 3 is a detailed sketch of a two-chip series-connected

device (1X 2) showing exact dimensions. This particular

device provided the best combining efficiency noted (82

percent). Assembly was accomplished in the following

manner.

1) T.C. bond diamond heatsink to 0.200-in diameter

polished annealed (Krtoop 50), Au-plated copper puck.

The 0.005-in thick diamond is pressed 0.002–0.003 in into

the puck surface (1’ =25 kpsi, T= 300”C).
2) T.C. bond diode chips (2) in their respective locations

(P =2 kpsi, T=300°C).

3) T.C. bond stabilization capacitors (4) in their respec-
tive locations (P -1.5 kpsi, T- 300” C).

4) T.C. bond quartz post adjacent to diamond (P -1.5-

2.0 kpsi, T= 300°C). Puck surface adjacent to diamond is

first pressed flat to remove deformation caused by T.C.

bonding diamond (P= sufficient to flatten= 20 kpsi, T=
300”C).

straps in that order (T= 300”C).
6) T.C. bond contact button (P =2 kpsi, T= 300”C).

III. RESULTS

Fig. 4 is a summary of significant electrical results to

date. A number of packaged devices was tested to establish

the nominal power and efficiency to be expected from the

available Raytheon device lot. Power and efficiency of 0.8

W and 11.2 percent, respectively, were routinely achieved

in a modified Kurokawa-type test fixture supplied by

Raytheon. The fixture employs back short, integral E-H
tuners and a choke-type bias filter followed by an absorber

slug. The lower portion of Fig. 4 shows efficiency bounds

noted during tests of numerous two-diode (1 X 2) series

devices. Other multichip devices were also tested. The

curve shown for the 2 X 2 device (two parallel pairs con-

nected in series) is typical of the 1 X 2 as well as other

multichip devices. In general, they all exhibit a well-behaved

near-parallel set of curves between the bounds shown. An

exception is the 1 X 3 (3 chips in series) device which shows

a slight improvement over the best 1 X 2 at low input power
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Fig. 4. Summary of measured RF performance with 40-GHz muttichip

geometries.

densities, but the efficiency degrades rapidly at higher

inputs. Parametric effects were not noted and, thus far, we

have not explained the sharp break in the 1 X 3 efficiency

curve or established the preference of one geometry over

another in terms of which may finally yield maximum

efficiency.

IV. EFFICIENCY INVESTIGATION

The percentage reduction in efficiency of the multichip

devices is roughly independent of input power per chip,

seeming to rule out nonlinear effects (parametric, mode

jumping, etc.,) as a possible cause of the nominally low

efficiency observed with many assemblies. The near-

uniform reduction is thought to be more likely due to

circuit or device loss. At the higher power levels, combining

efficiency lying between 50–82 percent has been measured.

Clearly, the 82-percent results are acceptable while values

near 50 percent are useful only in rare cases. Several

computer simulations of increasing complexity were de-

vised to examine the effect of circuit and device loss on

efficiency. For discussion purposes, all losses occurring

outside the multichip device are considered circuit losses

and those within are considered device losses. To obtain

stable operation with series assemblies, it was necessary to

use lumped SiOz capacitors in parallel with each diode chip

in much the same manner as required for stability (with

most devices) in X-band [1]. The losses associated with

these capacitors and their connecting leads are considered

as part of the device loss.

V. CIRCUIT Loss

If fixed circuit loss (as opposed to fixed device loss/chip)

is at fault, one would expect the efficiency to improve if the

number of series connected devices is increased because of

the increase in net negative resistance. This is illustrated in

Fig. 5 for a hypothetical oscillator employing N series-

connected active devices. Each chip is modeled as a 0.6-pF

capacitor in series with a nonlinear negative resistor whose
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Fig. 5. Effect of circuit loss on multichip devices.

large-signal behavior is taken to be a quadratic function of

RF current. To relate the model to a typical chip, the

coefficients of the quadratic expression were chosen to give

a small-signal resistance of — 1.0 L?and a maximum output

power of 0.8 W with a chip efficiency of 13.8 percent.

These figures reflect the maximum efficiency and include

loss occurring within the chip itself. This model yields an

output efficiency of 11.2 percent for a single chip when

operated in an oscillator circuit with an effective loss

resistance of 0.10. This value and the – 1.0-Q small-signal

chip resistance were estimated by circuit loss approxima-

tions and computer analysis of the test fixture. The latter is

consistent with the —0.5- !2 large-signal chip resistance

estimated by Raytheon.

An output efficiency curve calculated for a single-chip

device without parallel capacitor is also shown in Fig. 5

(dashed curve). Maximum output power is obtained when

the load resistance, transformed to the chip, is RL = (R. –

Rc)/2=0.45 Q, where RO is the magnitude of the small-

signal chip resistance (1.0) Q and R c is the transformed

circuit loss resistance (O.1 !2). For the multichip devices, a

lossless capacitance of 0.4 pF was shunted across each

chip. Several general comments can be made based on

these qualitative results. If fixed circuit losses predominate,

the net effect of the lossless parallel capacitors in a 1 X 2

device is to lower the resistive part of the net impedance to

a value lower than that for a single chip device without

capacitor. For the assumed circuit loss of 0.1 Q, the 1 X 2

chip device shows a lower calculated output efficiency than

a single chip. It does, however, show a significantly higher

value than that obtained experimentally, i.e., 91- percent

combining efficiency versus 82–52 percent. It would re-

quire circuit loss resistances of between 0.20 and 0.43 Q to

reduce the efficiencies to this range, as illustrated in Fig. 6.

We have been unable to justify such large circuit losses.

Furthermore, we have not observed the dramatic increase

in multichip efficiency which these losses would imply. The

measured performance of multichip devices was in all cases

inferior to that of single chip devices, contrary to expecta-

tions if large circuit loss existed. In short, the experimental

data interpreted via the quadratic model (or other more

subtle models) do not support the assumption that circuit

loss combined with the reduced negative resistance due to
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Fig. 6. Effect of bigher circuit loss on multichip devices.

use of lossless stabilizing capacitors is at fault,

As stated previously, no multichip geometry could be

shown experimentally to be consistently more efficient

than another. This suggests that, if loss is responsible for

the low combining efficiency, the loss per chip is ap-

proximately constant. The effect of loss in the multichip

device itself, in particular that associated with the parallel

capacitor, is examined next.

VI. DEVICE Loss

Calculations similar to those just discussed were re-

peated assuming lossy stabilizing capacitors. The diode

chip model was chosen this time to give an efficiency of

11.2 percent when operated in a lossless circuit. The range

of Q values required to yield the observed range of ef-

ficiencies with the multichip-stabilized devices is shown in

Fig. 7. Also shown, in Fig. 8, are representative plots of

circuit Q for lumped and distributed elements as reported

in Young and Sobol [2]. The parallel lines (Fig. 7) are

computed based on the work of Sobol [3] and the measure-

ments of DeBrecht [4]. At high microwave frequencies,

lumped capacitor Q is almost totally controlled by conduc-

tor loss which is proportional to C – 1(j) – 3/2. The parallel

lines shown are based on this relationship, and constants of

proportionality determined from experimental data be-

tween 1 and 12 GHz. ~It should be noted that Q values

measured at X-band are about six times lower than one

would compute based on bulk properties of quartz with

idealized metallizations and indicate loss mechanisms that

are not fully understood. Some of the multichip devices

tested used stabilizing capacitors made from thinly etched

quartz while others used capacitors made from thermally

grown SiOz. No discernible difference in device operation

was noted between the two types, The Q values required to

decrease efficiency to 50 or 82 percent using our hypotheti-

cal model are in good agreement with the extrapolated

values shown in Fig. 7.

A large signal diode model, based on the analysis of

Statz, Pucel, Simpson, and Haus [5], was also used in these

investigations. Their- analysis is based on a “Read type

model” in which the avalanche and drift regions are treated

separately and later combined. Although certain high-power

saturation effects cannot be included in this approach, it

has been used successfully here and by others to model low

and moderate power IMPATT’s.

Initially, it was reasoned that if loss is, in fact, the major
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cause of poor multichip efficiency, then it should also

cause the oscillation threshold of the stabilized devices to

increase. In other words, the muhichip devices should

require significantly higher input power before the onset of

oscillations than should single devices without stabilizing

capacitors. The Statz model was modified to investigate the

effects of circuit and device loss on oscillation threshold.

The modification simulates the double-drift devices used

by including another drift region. Most physical and

material parameters used to characterize the avalanche

region and both drift regions were estimated from Raytheon

reports. The more nebulous parameters such as saturation

current, intrinsic response time, etc., were adjusted to

match the measured single chip efficiency. The results of

these calculations, assuming Iossy stabilizing capacitors are

shown in Fig. 9.

These computed curves for the multichip devices are

nearly perfect fits to the measured data of Fig. 4 for the

range of capacitor Q values shown. These calculations,

however, indicate that capacitor Q‘s as high as 125 signifi-

cantly effect the efficiency, a result of the inability to

include actual high-power saturation effects in this type

model. The model, therefore, delivers maximum output

power at a lower negative resistance than would actually
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Fig. 9. Calculated large-signal RF performance for a range of capacitor

Q ‘s. Note agreement with measured performance of Fig. 4.

occur in practice and at a lower negative resistance than

that assumed in the quadratic model.

The most important result of the calculations is that

circuit loss in series with the chip(s) should haue a pro-

~ounced effect on the threshold level while capacitor loss in

parallel with each chip should hardZy effect the threshold

level. The close similarity of the calculated curves of Fig. 9

to the measured data of Fig. 4 provides additional support

of the supposition that low capacitor Q coupled with lower

devices impedance significantly degrades the output ef-

ficiency of 40-GHz multichip devices. Similar calculations

at X-band, but scaling the respective Q‘s for the large-signal

models, result in an X-band combining efficiency of 91

percent or better; values consistent with X-band perfor-

mance previously reported.

VII. CONCLUSIONS

A scaling approach has resulted in stable 40-GHz multi-

chip assemblies which do not appear to suffer from spuri-

ous modes related to physical geometry such as line length

and parasitic effect:. Maximum combining efficiency of 82

percent has been obtained but not routinely, possibly due

to low Q of the stabilization capacitors.
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on Red Blood Cells and the Relationship to

Transmembrane Thermal Gradients

ALBERT W. FRIEND, JR., MEMBER, IEEE, SUSAN L. GARTNER, KENNETH R. FOSTER, MEMBER, IEEE,
AND HARLAN HOWE, JR., FELLOW, IEEE

A hfract —Calculations based on an idealized sphericaf model show that

the relaxation times of transmembrane thermal gradients in red blood cells,

and cells in general, are much less than 1 ps. Heat cannot be stored across

the membrane during microwave pulses and only intense pulses can cause

substantial transmembrane temperature gradients. Experiments show no

hemolysis in red blood cells exposed in vitro to large microwave pulses with

peak SAR’Sof more than 1 kW/g.

LIST OF SYMBOLS

A, Complex electrical conductivity of suspension.

AA Complex electrical conductivity of medium.

Y Complex electrical conductivity of cytoplasm.

@ Volume fraction of cells (hematocrit).

u Electrical conductivity.

CO Permittivity of space.

c Relative dielectric constant.

2mf (angular frequency).

~ frequency.

AT Temperature drop across membrane.

V Volume of cytoplasm.
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Thermal conductance per unit area of membrane.

Fractional difference in power absorption.

Specific absorption rate (SAR) during peak of pulse.

Area of cell membrane.

Temperature displacement.

Temperature displacement at time zero.

Radial position.

Radius of cell.

k/C.

Thermal conductivity of cytoplasm.

Thermal capacitance of cytoplasm.

Thermal conductance per unit of cell membrane.

Time.

I. INTRODUCTION

T HE ELECTRICAL conductivities of the cytoplasm

and extracellular fluids of biological cells are similar

at microwave frequencies but not identical. The tempera-

ture differences created across the cell membrane due to

differential absorption of continuous wave (CW) micro-

wave radiation in the cytoplasm and extracellular fluids are

extremely small, as we shall show. Pulsed microwaves with

the same average power can create larger transient temper-

ature differences. We calculate here the magnitude of these

transients. Particular attention will be paid to red blood

cells, since we have studied hemolysis during exposure to

pulses at 2450 MHz in a microstrip exposure system [1].

The conclusions, however, are generally applicable to other

kinds of cells.

The red cell study was motivated by predictions that

small transmembrane temperature differences could cause
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