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Microstrip Varactor-Tuned Millimeter-Wave IMPATT
Diode Oscillators |
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EDWARD MYKIETYN, anp EUGENE C. McDERMOTT, JR.

Abstract—Varactor-tuned millimeter-wave tmparr diode oscilla-
tors in microstrip form using chip-mounted diodes are described. A
nearly level output power of 28 - 8 mW was achieved over a 6-GHz
tuning range. Tunable bandwidths as high as 8 GHz with 6~26 mW
of power were obtained from a single source. P-type epitaxial
silicon tmpATT diodes were used for both the active device and the
tuning varactor functions.

I. INTRODUCTION

'UNABLE millimeter-wave sources are beecoming key
devices in many types of systems. Where rapid tuning
and reasonably high power are required, a varactor-tuned
MPATT diode source is an excellent candidate for such an
application as a local oscillator for a wide-band millimeter-
wave receiver. Alternative tuning mechanisms include
YIG tuning [17], which is too slow for many applications
and requires extremely high bias magnetic fields, and
bias current tuning [27 which results in a large variation
of output power over a wide frequency tuning range.
This paper desecribes a varactor-tuned millimeter-wave
mPATT diode oscillator built in mierostrip form. Unpack-
aged devices are used to minimize parasitics in order to
maximize the tuning bandwidth. P-type mmpaTT diodes
are utilized for the power source and also for the varactor
tuning function. These complimentary P-type IMpATT
diodes can be used more advantageously than conven-
tional n-type tMpAaTTS beeause of their lower noise charae-
teristies [ 3. The tunable oscillator ean be easily integrated
with other receiver components into a small microwave
integrated circuit (MIC) package.

II. TECHNICAL DISCUSSION
A. RF Power Source

The power source is a complementary N+-P-P+-type
mraTT diode which had been proven to offer high effi-
ciency, high power, and low noise operation at K- and
Ka-band frequencies in a waveguide disk-cavity structure
[37]. This type of diode has a narrower effective avalanche
zone compared with that of a conventional P+-N-N+
silicon structure with an identical carrier concentration
profile in the depletion region because of the difference
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between electron and hole ionization coefficients. As a
result, there is less fluctuation in the transit angle for the
carriers in the complementary mparrt, leading to an in-
crease in negative resistance, a higher conversion efficieney,
and a reduction in FM noise.

Because of the extreme importance of reducing the
losses in a series-resonant circuit of a varactor-tuned oscil-
lator, it was necessary to choose an mmpaTT diode with
the lowest possible contact resistance. For this reason a
diode wafer with the characteristies shown in 'Table 1 was
chosen. The average specific contact resistance of the
diode was determined by using a standard @-measurement
technique with a UHF coaxial cavity [47]. The maximum
power efficiency and mechanical tuning eapability of these
diodes have been reported earlier [3].

In our initial calculations we had assumed that the
IMPATT capacitance of the oscillating diode is very nearly
the same as that measured just before brealdown on a
capacitance bridge. However, according to a recent paper
by Ohtomo [57, the capacitance depends on bias current
and frequency and can be more than a factor of 2 lower
than the capacitance bridge measurement near break-
down. Because of the difficulty in making an impedance
measurement at Ka band, Ohtomo’s X-band impedance
results were normalized to the diode’s breakdown capaci-
tance and avalanche frequency and then sealed up to Ka
band. Such a sealed plot of the ratio of diode operating

TABLE I
IMPATT DiopeE CHARACTERISTICS

Parameter Value

1. Breakdown Capacitance 0.22 - 0.35 pF

2. Breakdown Voltage 31 ~-35 v

3. Doping Density 2 x 1016 cm_3

4. Average Specific Con- 4x 10 g-cm’
tact Resistance

5. Metallization Chrome/Gold

6. 3 Layer Dopant and Boron/0.001 Q-cm

Resistivity
7. N+ Layer Dopant and Phosphorous/0.0015 Q-cm
Resistivity
8. Maximum Power/Efficiency 500 mW/10%
in Wavegulde
9. Mechanical Tuning Results
a) Tuning Range 26.5-40 GHz
b) Minimum Power /Efficiency 360 mW/6.5%
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Fig. 1. Normalized IMPATT capacitance Cq/Cpp as a function of

frequency.

capacitance to breakdown eapacitance as a function of
frequency is shown in Fig. 1. The scaling was based on
experimental results with iMpaTT diodes oscillating with
known induectances, a bias current in the 60-100 mA
range, and an assumed avalanche frequency of 16 GHz.
The values of capacitance obtained from Fig. 1 must be
used in designing the resonant circuit for the tunable
oscillator, as will be shown later.

B. Tuning Varactor

The important parameters for the varactor are the ca-
pacitance ratio Cy.x/Cmin, the capacitance near break-
down Cpin, and the series resistance R;. For a wide tunable
bandwidth, the capacitance ratio should be large while
Chin should be small compared to the MmpaTT’s effective
capacitance. The series resistance R, must be small enough
so that the total resistance of the circuit external to the
mMPATT diode does not exceed the available negative re-
sistance. Fig. 2 shows experimental curves of R, and C,
as a function of voltage for typical P-type IMpPATT diodes
which were used as varactors in the tunable oscillator
experiments. These values were obtained from coaxial
cavity resonator measurements at L band and correspond
to a varactor cutoff frequency Fe, of 3498 GHz near break-
down and 141 GHz at zero bias.

C. Oscillator Configuration

A commonly used type of varactor-tuned oscillator at
lower frequencies is a series-tuned cireuit, where the trans-
formed load impedance is in series with the active device
and the varactor. Cawsey’s theoretical study [6] has
shown that series tuning gives a wider tunable bandwidth
than can be obtained with parallel tuning methods. Be-
cause of practical considerations, we chose Large’s RF
circuit [ 7] which uses a varaetor in series with the active
device, but the output power is taken directly in parallel
with it. This circuit, shown in Fig. 3, provides a theoretical
tuning bandwidth very close to that obtained with the
series load as long as the load impedance is high (R; >
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Fig. 2. Varactor series resistance and eapacitance as a function of
bias voltage.
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Fig. 3. Equivalent cireuit of oscillator.

200 Q). For oscillations to occur over the desired frequency
range, the following requirements must be satisfied:

1
@ (Cd + Csd)

Re (Z1) < |—R4]

Im (Zp) = (1)

(2)

where Z is the impedance of the circuit external to the
MPATT diode, and C; and Rq are, respectively, the capaci-
tance and the equivalent negative series resistance of the
MPATT diode. Both the tMmpaTT and the varactor diodes
have small stray shunt capacitances C.g and C,,, respec-
tively, that are associated with the bond wire connections.
The values of the capacitances are estimated to be less
than 0.02 pF. Assuming an infinite impedance presented
by the bias filters (and a total resistance R, = By + R,
in the varactor branch of the circuit including the resist-
ances of the varactor and the bond wire), (1) becomes

1 .
w(Ca + Csa)

1
("’L” T w(C, + Cs,,))

= . (3)
R, + R\ | [wL, — [1/w(C> + C:) T
() + [
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For large values of R,

1 1

—_— =~ ol — —. 4
w(Ca+ Ca) — " 7 w(Cy + Ca) )

The tuning bandwidth then is given by

Fy - <[1/(Cv2 + Co) 1+ [1/{Cas + Csa) :|>1/2 -
F, [(1/(Can+ C) ]+ [1/(Ca+ C) 1/

As was pointed out before, we must use the effective
values of IMPATT capacitance which are frequency depend-
ent. Thus Cy4 and Cy are the IMPATT capacitances at fre-
quencies F; and F.. The required inductance L, for a
given starting frequency F, is given by

1 1 1
Lv - (27I'F1>2 [(Cal + Csd) + (Cvl + Csv)] . (6)

Equation (2), in terms of the varactor and load eircuit
parameters, becomes

{wLy, — [1/(C, + C.)]}2

B, + (R. + Ry
<|Rae|l- (D
R,  {wL, — [1/w(C, + Cs)]}?
1 —
TR T Ru(R, + R))

To estimate the power output from the oscillator, the fol-
lowing equations ean be used:

P, R, {1 . [va - 1/w(C, + C”)]z}_l )

P, R, R,

Pp

Pi=7 + (P./P)

9

where P, and P, are the amounts of power dissipated in
the varactor and the load, respectively, while Pp is the
power available from the iMpaTT diode.

III. DESCRIPTION OF CIRCUIT COMPONENTS

Microstrip made of 0.010-in-thick Duroid was chosen
as the transmission line for the oscillator because of its
simplicity and ease of mounting diodes in shunt with the
line. The line was enclosed in a rectangular channel of
height 0.100 in and width 0.130 in. These dimensions were
found from both theory [8] and experiment to be neces-
sary in order to prevent waveguide modes from propa-
gating.

For the microstrip—waveguide transition a cosine-
tapered ridge waveguide transition was made similar to
that developed by Saul [9]. As shown in Fig. 4, it con-
sisted of a 1.4-in-long ridgeline transformer section with
the ridge height varying as the cosine funetion over the
interval O to =. The ridge height at one end is such as to
leave a gap equal to the thickness of the microstrip line.
An overlap of ~0.010 in between the microstrip line and
the ridge was found to be optimum. With the shielded
microstrip configuration, we did not require the cavitylike
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structure used by Saul at the waveguide—microstrip inter-
face since the enclosed microstrip did not show any radi-
ation problems. The total loss of a 1-in-long 50-Q micro-
strip line with a transition at each end was ~1 dB across
the waveguide band. After insulating the line from the
ridge of the transition with a 0.5-mil mica sheet, there
was no discernible change in loss.

For achieving broad-band performance a nine-section
Chebyshev band-reject filter was designed and utilized
in both the tMpATT and varactor bias circuits, as shown
in Fig. 5. The filter consisted of a cascade of transmission
lines of electrically commensurate lengths but unequal
impedances [10], [11]. The design passband-ripple VSWR
and maximum rejection are 1.05:1 and 49.61 dB, respec-
tively. The line length was specified so that maximum
rejection could oceur at 33 GHz, neglecting junction
effects and dispersion. At 26.5 and 40 GHz the insertion
loss is 45 and 44 dB, respeetively. To evaluate the per-
formance of the filter itself, a circuit was constructed in
which the filter was coupled to 50-Q microstrip lines with
broad-band and microstrip—waveguide transitions at both
ends. A swept frequency transmission loss measurement
showed the rejection to decrease monotonically from 50
dB at 26.5 GHz to 33 dB at 40 GHz. Assuming the
rejection characteristic to be shifted down in frequency
due to improper line length, and recalculating the inser-
tion loss based on maximum loss at 26.5 GHz, there is
good agreement with the measured results. This would
indicate a line length reduction of 25 percent to realize
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the ideal response. However, since the rejection was
greator than 30 dB this was not done.

" For the tunable-oscillator circuit shown in Fig. 3 to
have a bandwidth close to that of a simple series-resonant
circuit, the load as seen at the 1MpaTT diode termiinals
must be large. A value of R; > 200 Q was necessary to
ensure that the resonant frequencies obtained from (3)
and (4) are within 1 GHz of each other. This was accom-
plished by transforming from 50 to 300 @ with either a
single-section or two-section quarter-wave transformer.
Very little difference in performance was seen with these
two types of transformers.

The overall circuit configuration shown in Fig. 5 includes
the bias filters, output transformer, and microstrip—
waveguide transition that were discussed previously. Fig.
6 illustrates more clearly how the tMpaTT and varactor
diodes were mounted. The 10-pF blocking capacitor was
an MOM (8i0O,) chip capacitor that was soldered to
the bottom of the rectangular channel. Diodes were
soldered into place while the inductor (L, in Fig. 3)
connécting them consisted of either a 1-mil-diam gold
wire or a 1/2-mil-thick 2-mil-wide gold ribbon. This wire
or ribbon was ultrasonically bonded to the diodes and to
the output microstrip line. A second bond wire connected
to the top of the blocking capacitor served as the first
high-impedance section of the varactor bias filter. The
equations used to determine the length of wire or ribbon
to get the desired inductance between the iMparT and
- varactor diodes are given as follows. For a wire of diam-
eter d and length [ (in inches) [12]]

L,(nH) = 5.08 [In%l - 1}. (10)

For a ribbon of width w, thickness ¢, and length [ (in

inches)

L,(nH) = 5.081 [ln 2 + 0.00249]. (11)
w ¢

A vpicture of the completed tunable oscillator structure is
shown in Fig. 7.

IV. OSCILLATOR EXPERIMENTAL DATA

Various tunable oscillators were built for operation in
the 24-40-GHz frequency range. The following paragraphs
describe the power and frequency characteristics of some
of these units.

An oscillator which had 6 GHz of tunable bandwidth
and demonstrated a reasonably level output power of
28 = 8 mW is shown in Fig. 8. The efficiency of this
power source was about 1 percent. Note that the diodes
were taken from the same wafer; however, the ones used
for the varactor funetion were etched to a smaller size in
order to get a large ratio between the breakdown capaci-
tances of the iMpaTT and varactor diodes, which is needed
for achieving wide tunable bandwidths. The inductance
of L, = 0.337 nH connecting the two diodes was provided
by a 22-mil-long 1-mil-diam gold bond wire looped in the
air to minimize parasitics, as was shown in Fig. 6. Great

IEEE TRANSACIIONS ON MICROWAVE THEORY AND TECHNIQUES, DECEMBER 1975

CONNECTION
TO IMPATT BIAS

QUTPUT FILTER 8 OUTPUT
CIRCUIT . . CIRCUIT INDUCTOR
ZZrrrrIrrIIrI7IA (GOLD STRAP
] OR WIRE)
10 MiIL VARACTOR*
DUROID VARACTOR
A, V F!LTER
CuBLOCK A
IMPATT 4 ?
INSERT 10 pf

CAPACITOR CAPACITOR

Fig. 6. Mounting configuration of diodes.
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FREQUENCY POWER
(GHZ) mw )
3 4

sisl r
31 . /.,/’
VARACTOR (Vgp=32v) @ aoueNCye
e r— L)
30 Co=098pf .
Cgp=0.14 pf /./ 140
x .
28 1, o
xl x '/
/ \x\ xr!\‘_\ ./ /L 20
X,/ b -~
28 x /. x ,x‘
. X —x /
7 "‘*w- J(,x' N
XK~ L —t e
27} / POWER 20
‘ /' IMPATT ( p-type)
26-—/ Cqy=.24pf 1o
VBD=34vV
EFFICIENCY
25’! cY %
.. i I 1 i L [ 1 R 1 L

8 10 12 14 16 18 2022242628300
VARACTOR VOLTAGE '

6z 2 e
Fig. 8. Performance of oscillator with level output power.

care was taken to ensure that the varactor had very little
leakage current in the reverse biased condition (typically

less than 1 nA).

High output power from a tunable IMPATT source was
demonstrated in the test shown in Fig. 9. However, a mode
jump occurred at 32 GHz which was believed to be caused
by an impedance loop in the output circuit [13] presented
by the microstripfwaveguide transition. With the slightly
larger difference between the rMPATT and vardgetor diode
breakdown capacitance than was used in the previously
described test, a theoretical tunable bandwidth of 7 GHz
should have been achieved. Even though a mode jump

* did occur, the power levels of 40-150 mW and efficiencies

of 1-3 percent indicate the feasibility of a high-power
high-efficiency and wide tunable-bandwidth source in the
Ka-band range.

Even greater tunability was achieved by increasing fur- -
ther the ratio of C; to Uy in the test with performance

~ curves given in Fig. 10. A tunable bandwidth of 8 GHz

with a power output of 6-26 mW was achieved before a
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mode jump occurred above 32 GHz. Here the ratio of C,
to Cn (=~ Cpsp of varactor) is large enough to enable
tuning from 24 to 35 GHz, a ratio F2/F1 of 1.47. This
ratio is very close to that needed for covering the Ka-band
range, namely F2/F1 = 1.51. If one extends the test
tuning curve beyond the point where the mode jump
occurs, it comes quite close to the theoretical upper limit
of the tuning range at a varactor voltage of 30 V. In this
test the inductor L, consisted of a 23-mil-long 2-mil-wide
ribbon connecting the diodes.
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the Ka-band range.

Another test which demonstrated the ability to tune
over the upper half of the Ka-band range is shown in
Fig. 11. In order to avoid a mode jump at the lower end
of the tuning band, the length of the output quarter-wave
transformer had to be shortened by 30 percent over that
used in previous lower frequency tests. Also, further opti-
mization of the circuit is needed to achieve a more level
output-power characteristic.

A comparison of theoretical and experimental tuning

~ bandwidths for the tests described previously is given in

Table II. The iMPATT capacitances were determined from
Fig. 1 and from the value of Czp as measured on a capaci-
tance bridge. The varactor capacitances C,; and C,; cor-
respond to zero bias and breakdown capacitances, respec-
tively. To obtain the inductance L,, (6) is used with the
frequency F; taken equal to the experimental value of Fi.
Equations (10) and (11) have been used to calculate the
inductance of the wire or ribbon connecting the two diodes,
but the accuracy is only about =10 percent because of
the difficulty in accurately measuring the wire or ribbon
dimensions. As shown in the last two columns of the table,
the agreement between theoretical and experimental val-
ues of Fs is quite good. Most of the theoretical values were
calculated with the stray shunt capacitances C,; and C,,
taken equal to zero. However, for the casc of Fig. 11,
better agreement with experiment was obtained by assum-
ing a finite value for C,,. Overall, the simplified equations
for tunable bandwidth given by (5) ean be considered
reasonably accurate.

V. CONCLUSIONS

We have succeeded in designing and building broad
tunable-bandwidth millimeter-wave microstrip oscillators
using P-type iMpATT diodes for both the power source and
the tuning functions. Their reasonably level cutput power
and compatibility with other components in a MIC pack-
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TABLE II
CoMPARISON OF THEORETICAL AND EXPERIMENTAL TUNING BANDWIDTHS
- Fz
Figure IMPATT Capacitance Varactor Capacitance L_(nH) F,/F F Theor. | Exper.
v 2'71 1 exp.
C. C C C C. *(Projected
BD dl d2 vl v2
to VBD)
(pF) | (pF) | (PF) (pF) (eF)
8. 0.24 | 0.137 {0.168 0.98 0.14 0.337 1.25 25 31.4 31.1
‘ *
9. 0.25 {0,153 | 0.203 0.72 0.13 0.275 1.26 27 34 35
*
10. .| 0.3510.182 |0.266 0.72 0.09 0.387 1.47 24 35.3 34.5
11. 0.22 | 0.156 |0.183 0.83 0.115 0.186 1.36 32.2 43.9 39.2
Cgy=0-02 0.85 0.135 1.30 51.9

age make them ideal for use in wide-band millimeter-wave
receivers. The low noise characteristic of the P-type
mPATT diodes is also extremely advantageous. We believe
that with more effort, a single varactor-tuned 1MpATT
source could produce a fairly level output-power tuning
characteristic over the full Ka-band range.
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