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ABSTRACT

8- and X~band passive MIC diode limiters have been developed for high power applications.
with I layer thickness of 9.5um and 1.5um are shunt-mounted to 50 ohm microstrip lines.

Two PIN diodes
The limiters can handle

2~kW peak input power with less than 100mW peak leakage power for pulsed RF signals of 1lus width and 0.1 percent

duty ratio.

Introduction

High-power waveguide diode limiters are being
used for radar receiver protection. (1} MIC diode limi-
ters are, however, most desirable for applications
such as in active phased-array radar modules, in which
small size and light weight are indispensable. This
paper reports on newly developed 2-kW S~ and X-band
MIC limiters by using optimized Si PIN diodes and a
novel technique for preventing RF discharge on micro-
strip lines. Observed discontinuities in limiting
characteristics are discussed on a basis of measured
large-signal diode impedance.

Limiter Circuit Configuration

Fig.l shows a circuit configuration of the devel-
oped two-stage MIC diode limiter and Fig.2 shows its
equivalent circuit. PIN diode chips D1 and D2 are
shunt-mounted to 50- microstrip lines fabricated on
a 0.635mm thick alumina substrate. Each diode chip,
mounted on a pedestal by using Au-Si eutectic solder,
is connected to the microstrip lines with Au wires of
25um diameter, The pedestals are attached to the rear
side of alumina substrate by using Au-Sn eutectic sol-
der. A DC return circuit is provided via a 100-Q quar-
ter wavelength microstrip line.

The diode junctions are coated with silicone rub-
ber. The microstrip line of the input-port side is
also conformally coated with silicone rubber so as to
avoid corona discharge at microstrip line edges. This
has been found to be a very effective technique for
discharge suppression with little sacrifice of inser-
tion loss and VSWR. Unless silicone rubber was coated,
the microstrip line could not withstand above 1kW peak
power.,

Si PIN Diodes

Diode wafers were fabricated by p-type diffusion
on-to I-layer, which was epitaxially grown on highly-
doped nt substrate, Actually, the I-layer is an un-
doped n-~type layer with electron concentration of 2 x
1013 . 2 x 10l4cm—3 depending on the layer width.
After completing Ti-Pt-Au metallization on the p-type
side, the wafers were etched into mesas.

In order to determine optimum I-layer width Wy of
the diodes for the two-stage limiter, diodes with Wy
= 1.5, 5.5, 9.5 and 13.6 um were made, and their lim-
iting characteristics were measured in a single-stage
microstrip circuit for pulsed RF power up to 3kW at 3
GHz (Figure 3). From circuit design considerations
described later in the next section, each diode was
fabricated to have nearly the same value of junction
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capacitance C4 by adjusting its junction area. It can
be seen from Figure 3 that diodes with narrower Wp
give less leakage power, and each diode with Wy > 5.5
um exhibits a discontinuous decrease of leakage power
at each specific RF input power. This discontinuity
in limiting characteristics was found to be always
accompanied by a discontinuous increase in rectified
diode current.

These discontinuities have not been disscussed in
computer simulation(2)on large signal behaviors of PIN
diodes. In order to get insights into the discontinu-
ity, large-signal diode impedance was measured as a
function of CW RF input power, Piy, up to 43dBm using
a network analyzer. The measured impedance loci (Pip—
Z loci) are shown by dashed lines in Fig.4 for diode
A (Wp = 1.5um) and B (W = 9.5um), where measured
small-signal diode impedance loci (Vp-Z loci) are also
shown by solid lines with forward bias voltage Vp as
a parameter. The Pypn-Z locus and Vp-Z locus of diode
A or B can be seen to follow nearly the same curve,
suggesting that in Si PIN diodes, a DC carrier injec-
tion has an essentially similar effect on diode im-
pedance as RF carrier injection. Hence, it is reason-
able to assume that, for Pj, > 43dBm, diode B's Pjip-

Z locus will follow its Vp-Z locus. Then, the limit-
ing characteristics discontinuity observed in diode B
but not in diode A (see Figure 2) can be understood as
follows. Contrary to diode A's Pj,-Z locus lying on
an almost constant reflection coefficient circle, diode
B's locus passed through near the center of the Smith
chart. This means that RF power dissipation is ab-
ruptly accelerated in diode B due to power absorption
when Pij, drives diode B's impedance near the Smith
chart center. The dissipated power gives rise to a
rapid increase of carrier injection into the I-layer,
which, in turn, changes the RF impedance state of the
diode regeneratively.

Waveforms of leakage power (Py) and rectified
current (IR) were measured for diode B at this specif-
ic input power (Pg) at which this discontinuous limit-
ing occurs. Fig.5 shows the waveform of Pp, and I at
the point of Pg = 52dBm marked by X in figure 3. In
the fore-half of RF pulse, leakage power is about 30W
and little rectified current flows. However, in the
later half of RF pulse, leakage power greatly dimin-
ishes and much rectified current begins to flow.

With a little further increase of input power beyond
Pg, leakage power is only observed as a spike waveform
at the front edge of RF pulse.

These discontinuities may also arise from the
junction temperature rise of diodes due to RF heating.
Junction temperature was measured by a forward voltage
drop method. (3) RF pulse and successive DC pulse with



lus pulse width was applied to a diode with Wy =9.5um.
Peak junction temperature was measured to be about 125
°C at input power of 52dBm, and forward junction volt-
age at forward bias current of 50mA decreased from
0.95V at room temperature to 0.83V at the above input
power. This increment of junction temperature during
RF pulse will help to increase carrier injection into
I-layer and will cause the discontinuity.

MIC Limiter

The developed S- and X-band limiters have a two
stage configuration, and the inside view of the S-band
limiter is shown in Fig.6. The housing is hermetical-
ly sealed using conductive silicone rubber. Diodes
with I-layer width Wy = 9.5um and 1.5um have been used
for first and second-stage diodes D1 and D2, respec-—
tively. The effective electrical length between D1
and D2 was made nearly equal to 90° for the S-band
limiter and 270° for the X-band limiter by compensat-
ing for bonding-wire inductance Lg. Junction capaci-
tances of the two diodes were determined using CAD in
order to realize low insertion loss and VSWR. The
optimized junction capacitance to satisfy VSWR < 1.2
was 0.32 ~ 0.42 pF for the S-band limiter and 0,25 ~
0.30 pF for the X-band limiter.

At small signal input power, the insertion loss
is less than 0.8dB and 1.2dB for S-band and X-band
limiters, respectively, and VSWR is less than 1.2 for
both limiters.

Figure 7 shows the limiting characteristics of the
S-band and X-band limiter for pulsed RF input power of
lus width and 0.1 percent duty ratio. The averaged
peak leakage power is less than 100mW peak in both
limiters for RF input power up to 64dBm.

There can be seen a small discontinuity in limit-
ing characteristics at Py * 43dBm for both limiters.
This corresponds to the discontinuity associated with
diode D1 (WI = 9.5um), which, in a single-stage con-
figuration, shows discontinuity at Pj, = 52dBm as
shown in Fig.3. The difference of ~ 10dBm power level
can be considered as follows. In a two-stage limiter,
diode D2, due to its thinner I-layer, changes or fires
to the low impedance state at lesser input power than
D1. After the firing of diode D2, the RF voltage at
D1 becomes almost twice because of 90° or 270° electri-
cal length between the two diodes. Hence, diode D1 can
change to the low impedance state at 6dB less input
power than in a single stage limiter.

Meanwhile, no spike leakage was observed for the
X~band limiter. This difference might be explained by
the dependence of carrier storage rate on frequency.
Carriers injected at forward RF cycle are not complete—
ly depleted at reverse RF cycle, and the carriers are
stored in every forward RF cycle until a steady-state
condition is established. The time required to reach
the steady state might be shorter for X-band frequency
than S-band frequency, and, hence, the spike leakage
has not been observed on X-band limiter.

Both limiters can withstand for 4kW peak for a
short time period. The MITF (Mean-Time-To-Failure) of
these limiters are estimated from RF life tests to be
about 20,000 hours for an input power of 2kW peak.

Conclusion

High power passive MIC diode limiters at S~ and
X-band have been developed using two Si PIN diodes
with different I-layer width. The limiters can handle
2kW peak pulse RF power of 1lus pulse width and 0.1 per-
cent duty ratio. The averaged peak leakage power was
less than 100mW. The discontinuity observed in the
limiting characteristics of diodes with thick I-layer
width (> 5um) has been discussed in terms of large-
signal diode impedance. Conformal coating of silicone
rubber on the microstrip line has been found to be
very effective for prevention of corona discharge.
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The spike leakage was measured to be 180mW peak > T x
with 9ns width for the S-band limiter. TFig.8 shows a
detected leakage power waveform of the S-band limiter « |50-chm microstrip line -+
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Fig.2 Equivalent circuit of diode limiter
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Fig.1l Circuit configuration of MIC diode limiter
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Fig.5 Leakage power (Pp) and rectified current (IR)
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waveforms of a single-stage diode limiter at
the input power of 52dBm noted X in Fig.3.
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Fig.7 Limiting characteristics of S-band and X-band

limiters for pulsed RF input power of 1lus
width and 0.1 percent duty ratio

331

Fig.4 Measured large-signal impedance loci (dashed

Fig.6 Inside view of hermetically sealed S-band limiter

lines) and small-signal impedance loci
(solid lines) for diode A and B
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Fig.8 Detected RF leakage waveform of S-band
limiter at pulsed RF input power of 2-kW



