
MICROWAVE LIMITERS

A microwave limiter is designed to allow low-power sig-
nals to pass through it, while attenuating high-power
signals. Stated another way, microwave limiters are power-
dependent attenuators that prevent intense microwave
energy from interfering with susceptible microwave com-
ponents in the latter stages of a cascade.

Most limiters operate by reducing the impedance of a
transmission line when the incident power is above the
threshold power level, reflecting or absorbing the incident
power. Although, in most cases, a limiter reflects the ma-
jority of the intense incident power back toward the power
source on the transmission line, where a circulator, an iso-
lator, or a hybrid coupler may divert or absorb it, a mi-
crowave limiter may also be designed to absorb the incident
power in the same manner as a microwave switch.

In most applications, microwave limiters (sometimes re-
ferred to as receiver protectors and terminal-protection de-
vices) are located near the antenna port. However, limiters
have also been used in intermediate frequency channels,
where signals from a number of channels are combined to
create an intense signal (e.g., the intermediate frequency
circuit of a phased-array radar). In radar applications, the
term “duplexer” is sometimes used to refer to the front-end
receiver protection circuitry.

Many microwave limiter technologies have been inves-
tigated over the previous half-century. The common tech-
nologies are identified in Table 1. The solid-state limiter,
which was first designed using the varactor diode, today
employs the Si p–i–n (or PIN) diode [see (1) and DIODES],
because of the p–i–n’s lower capacitance per unit area re-
sulting in better thermal characteristics, in addition to the
fact that it requires no external power supply. Also shown
in the table is the fact that a MESFET-based, MMIC-
compatible microwave limiter is being developed for inte-
gration with the low-noise amplifiers common in MMIC de-
signs. Furthermore, although gaseous limiters are widely
used in high-power radars as receiver protectors, ferrite
limiters have not found the same wide use.

SOLID-STATE LIMITERS

At radio frequencies, it is common to place back-to-back
signal diodes (e.g., 1N914) shunted to ground across the
input transmission line of a radio receiver, as shown in
Fig. 1(a). When the peak voltage on the line exceeds the
forward conduction voltage (typically, 0.7 V) the transmis-
sion line voltage is clipped. Below the threshold voltage,
the diodes appear as shunt capacitors across the line [see
DIODES]. The high capacitance of the 1N914 prevents the

extension of this design to microwave frequencies, where
the capacitive reactance becomes very low, yielding an un-
desirable impedance discontinuity, shunting the transmis-
sion line that must be tuned out to retain a small voltage
standing wave ratio (VSWR) at low line voltages. The ad-
ditional reactance narrows the bandwidth of the transmis-
sion line, which may be unacceptable.

p–i–n Diode Limiter

The p–i–n diode has a lower capacitance for a given cross-
sectional area than other diode designs, because the dis-
tance between the p+ and n+ regions is separated with
the i-region, whereas in other signal diodes, only the de-
pletion region separates the two highly doped regions. The
i-region thickness of a p–i–n diode is, typically, in the 1 µm
to 200 µm range, whereas other diode depletion regions
are, typically, less than 2 µm.A good measure of the i-region
thickness (h) is the reverse breakdown voltage (Vb) at a few
microamperes. Several relations are used, including Vb =
36h0.81 [Ward et al. (2)] and the simpler rule-of-thumb Vb =
20h for h ≥ 5, where Vb is in volts and h is in micrometers.

Since the capacitance of a parallel plate capacitor is
inversely proportional to the separation distance of the
charged plates (represented by the p+ and n+ charge re-
gions), the p–i–n diode has significantly lower capacitance
per unit area at zero bias than a signal diode. This feature
allows the p–i–n diode to be a high-reactance connected in
shunt across a transmission line even at microwave fre-
quencies, yielding low insertion loss. The feature also pro-
vides more volume than a signal diode for dissipating heat
from intense incident pulses.

The i-region changes the terminal current–voltage re-
lationship [see DIODES], as compared to other minority-
carrier (e.g., signal) or majority-carrier (Schottky) diodes.
Varactor diodes have carrier distributions similar to thin
i-region p–i–n diodes. For this reason, varactor diodes were
used as limiter diodes until the special doping profile of the
p–i–n was developed. Leenov (3) studied the p–i–n diode
configuration and determined that, at frequencies lower
than the inverse transit time of the i-region, the diode rec-
tifies with a low series resistance. At very high frequencies,
the charge distributions at the edges of the i-region oscil-
late with the applied terminal voltage; however, since car-
riers do not have time to transit the i-region, the current is
primarily a displacement current and the diode impedance
remains high. Leenov found that, when excited with a sine
wave, the diode resistance is

Rj = 10−4
kTh
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where k is Boltzmann’s constant (1.38 × 10−23 W · s/K), T
is the absolute temperature (K), q is the electron charge
(1.6 × 10−19 C), D is the diffusion coefficient (15.6 cm2/s
for Si), Z0 is the impedance of the transmission line in
ohms, h is the I-region thickness in microns, and Pi is the
incident power in watts. Garver (4) uses Eq. (1) to show
that the attenuation α provided by a single diode across a

J. Webster (ed.), Wiley Encyclopedia of Electrical and Electronics Engineering. Copyright © 2007 John Wiley & Sons, Inc.



2 Microwave Limiters

Figure 1. Diode limiter equivalent circuits.

transmission line is

α = 10 × log10

[
1 + (q/kT )2

DZoPi

(8 × 10−8)π fh2

]
dB (2)

The attenuation is proportional to the log(1/fh2) for a given
impedance and p–i–n device material. For example, con-
sider a Si PIN diode in a 50-ohm limiter circuit similar to
Figure 1b with a 10-GHz incident pulse of 1 W at 290 K
(hence q/kT = 40). The i-region thickness of the diode is 20
µm. Using Eq. 1, Rj = 22 ohms and the attenuation from

Eq. 2 yields 3.5 dB. This low level of attenuation arises be-
cause of the 20 µm i-region thickness. Reducing h to 2 µm
yields Rj = 2.2 ohms and α = 21 dB. These calculations do
not include the effects of the junction capacitance Cj and
the package parasitics shown in Fig 1g.

At higher frequencies, the h must be reduced to pro-
vide the same level of attenuation, resulting in a higher
shunt capacitance per unit area for the diode and in-
creased low-power level attenuation or bandwidth limit-
ing. To compensate for this effect, the cross-sectional area
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Figure 2. Incident and output voltage–time waveforms for a p–i–n diode limiter.

of the diode is reduced. Brown (5) showed that the device
thicknesses should be less than about 25 µm at 0.1 GHz
to 2.5 µm at 10 GHz in order to avoid high spike leakage,
high power absorption during the transition from the high-
impedance diode state to the low-impedance diode state,
and low insertion loss at low signal levels. Spike leakage
is the momentary power that passes through the limiter
before the diode’s impedance reduces, thus reflecting the
incident power back toward the source. Fast-risetime, inci-
dent pulses will appear to have a “spike” of leakage power
at the output of the limiter.

Since the performance of the p–i–n diode depends on
the ability of carriers to transit the i-region, transient ef-
fects occur that are dependent on frequency and other pa-
rameters (e.g., i-region doping density). For example, Fig. 2
shows the voltage–time waveform of a limiter consisting of
two 20 µm Si p–i–n diodes closely spaced in shunt with a
50-ohm transmission line as shown in Fig. 1(a) with l ∼=
0 at four incident voltage amplitudes. Note that this cir-
cuit is shown only to present the concept; actual limiters
might use thinner i-region diodes arranged in another con-
figuration [see Fig. 1(b–f)]. All these circuits allow rectified
current to flow through both diodes. Leenov (3) showed
that a dc current is much more efficient in lowering the
p–i–n diode’s impedance than an RF current. Unless this

rectified current is allowed to flow in a low-impedance
circuit (typically less than 5 �), the p–i–n diode resis-
tance may not be reduced to a few ohms (typical). The
voltage–time waveforms on the left in Fig. 2 are the in-
cident voltage at 1.1 GHz, and the waveforms on the right
are the voltage following the dual-diode limiter. The p–i–n
diodes do not clip the incident wave as would a high-speed
signal diode; rather, their impedance is reduced by injec-
tion of carriers into the i-region. At the lowest incident
voltage Vi, the attenuation (insertion loss) of the limiter
is 20log10(Vo/Vi) ≈ −1 dB, where Vo is the output voltage.
As the Vi is doubled, the Vo tends to show an initial trans-
mission transient (termed spike leakage), followed by a rel-
atively constant output voltage (termed flat leakage). It re-
quires tens of nanoseconds for the two diodes to lower their
impedance below the Zo of the transmission line. However,
the spike leakage period would be much more rapid if the
i-region was thinner or the 20 µm diodes were excited at a
lower frequency. The amount of energy in this period (i.e.,
the integral of the power–time profile) is the spike energy
that may destroy susceptible microwave devices in cascade
with the limiter. As a rule-of-thumb, low-noise, microwave
amplifiers will be destroyed if the spike energy exceeds
1 µJ, and destruction of microwave mixers will occur at
the 10 µJ level. If the spike energy must be reduced, the
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Figure 3. Sketch of a multistage p–i–n diode limiter.

Figure 4. Input–output power characteristic of a p–i–n diode lim-
iter.

second limiter diode with a thinner i-region is located a
quarter wavelength behind the first limiter diode as shown
in Fig. 1(a) with l = 1⁄4 wavelength.

A commercial limiter using three p–i–n diodes shunt-
ing a soft-substrate, 50-ohm transmission line is shown in
Fig. 3. The thinnest p–i–n diode is located near the output
receiver port, of the limiter and activates first, setting the
threshold for limiting. The 10-turn coil allows the rectified
current to flow through the diode(s). The standing wave
reflected from the thinnest diode excites the middle diode,
and the thickest diode is activated at higher incident power
levels. At signal levels below threshold, the bandwidth (de-
fined by VSWR ≤ 1.6:1) of this limiter design is 2 GHz to 8
GHz, with an insertion loss less than 1.3 dB. The limiter is
specified to sustain a 3 W continuous incident power, with
0.1 W output level. The input–output curve measured at 2
GHz for the commercial limiter (shown in Fig. 4) confirms
the flat leakage level at 0.1 W, and the insertion loss at less
than 1 dB at the low end of the operating band. The input
1 dB compression point was measured to be 11 dBm, and
the input third-order intercept was 18 dBm at 3 GHz and
was 15 dBm at 7 GHz. During pulsed operation, the unit
will sustain a 1000 W pulse train, with a 1 µs length and
a 1% duty cycle. The recovery time (defined as the time to
return to low insertion loss after the high incident power
is removed) is specified as less than 1 µs.

Spike Leakage

The data in Fig. 2 show that the peak spike leakage power
increased and the duration of the spike decreased with in-
creasing incident voltage. The measured spike energy for

Figure 5. Spike energy for 1.5 µm and 5 µm thick i-region p–i–n
diodes.

1.5 and 5 µm i-region diodes is shown in Fig. 5. Calcu-
lations supporting these results (2) show that a slightly
p-doped (1015 cm−3) intrinsic region would exhibit less
spike leakage than the usual n-doped (1014 cm−3 or less)
intrinsic region. This result arises because a higher den-
sity of the lower mobility holes yields a lower impedance
i-region than the usual case with the n-doped i-region.

Caverly and Quinn (6) have develop a SPICE model in-
corporating the i-region charge storage effects. Their model
shows the spike and flat leakage behaviors in addition to
the recovery effects.

Recovery Time

The recovery time shown in Figure 2b is the time required
for the limiter diode to change from its high attenuation
state (low impedance) to its low attenuation state (high
impedance). During this period the carriers in the i-region
are recombining. A measure of the recovery time is the am-
bipolar carrier lifetime. Caverly (7) describes both the tra-
ditional technique and a new technique using the diode re-
actance at RF for determining the lifetime for p-i-n diodes.
The technique works for diodes whose i-region thickness
h is less than approximately 1.5 times the recombination
length L. Caverly provides an experimental test to assure
that h/L ≤ 1.5. One advantage of this technique over the
traditional technique is the parasitics of the measurement
circuit do not limit the accuracy for thin i-region diodes.
P-i-n diodes with 1 µm i-region thickness can have a life-
time of the order of a nanosecond.
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Diode Limiter Circuits

Figure 1 shows many configurations of diode limiter cir-
cuits. Figure 1(a) has been discussed previously. Figure 1(b)
is a single-diode circuit in which the rectified current flows
through the inductor. Note that since the diode’s impedance
is lowered at high signal levels throughout the cycle, the
single diode does not rectify the positive or negative peak
voltages on the transmission line; if that were the case, the
maximum isolation would be only 3 dB. The inductor’s re-
actance XL should be high at the operating frequency, but
have a low inductance at frequencies associated with the
build-up of the rectified current to allow the rectified cur-
rent to build up rapidly, thereby reducing spike leakage.

In waveguides, the p–i–n diode is mounted parallel to
the electric field lines in the lowest-order mode on an induc-
tive post. The equivalent circuit in Fig. 1(c) shows the reac-
tances of the post in shunt with the waveguide impedance
Zw. For self-activated limiter operation, the low-pass filter
for inserting the dc bias is not needed. The limiters shown
in Fig. 1(a–c) reflect most of the incident power back toward
the source. If this reflected power is undesirable (e.g., an
application in which a limiter is used for stealth purposes),
a nonreflective limiter [i.e., a power-dependent attenuator,
as shown in Fig. 1(d)] may be required. A nonreflective
design developed by Glenn et al. (8) is self-activating but
does not provide the same amount of isolation that reflec-
tive limiters provide. The nonreflective design is parallel
resonated by the L and C at high signal levels, for added
isolation. Nonresonant, nonreflective circuits using resis-
tors are possible; however, resistors provide only moderate
levels (10 dB to 15 dB) of isolation.

Where spike leakage is a significant problem at high-
power levels, the delay line limiter [Fig. 1(e)] rectifies a
sample of the large signal and applies a dc bias to the
p–i–n diode, lowering its impedance before the intense sig-
nal arrives. The delay line may be implemented in a low-
loss coaxial cable yielding an approximate 3 ns delay per
meter.

Figure 1(f) shows the duplexer application for a pulsed,
monostatic radar receiver protector. At normal receive-
signal levels, the balanced duplexer design employs two
3 dB, 90◦, hybrid couplers to split the input signal between
two diode limiters. Since the limiters are in their high-
impedance state, the signals are recombined at the out-
put into the receiver input. If an intense receive signal
is present, the p–i–n diodes conduct, and the signal is re-
flected back into the transmitter’s circulator stage, where it
is absorbed in the matched load. During transmit, the p–i–n
diodes are low impedance and reflect the power out of the
antenna port. If the antenna VSWR is high, the transmit-
ter power is re-reflected by the diodes and is absorbed in
the load of the three-port circulator. This duplexer circuit
uses all passive components. If desired, the p–i–n diodes
can be externally biased during the transmitter’s pulse. If
a dc path for the rectified p–i–n diode current is not avail-
able through the 3 dB hybrids, one must be provided via
shunt inductors or other bias circuitry.

In Fig. 1, all diodes assume no package parasitics.
These package parasitics [see Fig. 1(g)] can have a signif-
icant effect at microwave frequencies. The p–i–n diode is

represented by the variables Cj and Rj, where Cj is small
(typically less than 1 pF) and Rj is large at low signal levels.
At high signal levels, Rj is small (typically several ohms),
thereby shunting Cj. Rs represents the series contact re-
sistance of the diode and the resistance of the inductive
bond wire Ls to the diode chip. Cp is the package capac-
itance. Additional details of limiter design in microstrip
and waveguide configurations are found in White (9) and
Garver (4).

Unexpected Effects

Some limiters exhibit a hysteresis effect when operated
CW, or with long pulses, as sketched in Fig. 4. The sud-
den increase in the isolation above an input-power thresh-
old is retained as the input power is reduced, until the
input power equals the value marked A in Fig. 4. If the
power is increased again, the original input–output curve
is retraced and the threshold can be observed. However,
if the input power is not reduced to point A, the lower
input–output curve is followed, and a threshold cannot be
observed. A plausible explanation, based on space-charge
effects, is given in Ward et al. (2); however, the hysteresis
effect needs further experimental investigation.

When connected to high-Q circuits (e.g., filters), limiters
may exhibit the nonlinear dynamic effects (chaos) of period
doubling and noisy behavior. This behavior was first ob-
served with a limiting filter that utilized a p–i–n diode as
a capacitive reactance at the output of a microwave filter
structure developed by Tan (10). Unexpected signal gen-
eration by a limiter appears to be avoidable above 1 GHz
by using i-region thicknesses exceeding 3 µm and a circuit
Q less than 100. Further experiments and analyses are
needed to fully understand and alleviate this device–circuit
interaction.

Limiter Burn-Out Levels

The CW burn-out level of a commercial p–i–n diode limiter
is usually only a few watts. It is recommended that the CW
power specification not be exceeded since the diode may
be operating above its maximum junction temperature or
the mounting solder could melt. The same power limita-
tion applies to pulse lengths long compared to the thermal
response time of the diode.

Most limiters are also specified for pulsed operation
with 1 µs pulse length at 0.1% duty cycle (1000 pps). In
general, these ratings are conservative and can usually be
exceeded by 3 dB.

Table 2 shows the burn-out level results of a limited
number of experiments in 50-ohm coaxial circuits for p–i–n
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diode limiters with varied-thickness i-regions. Damage
was observed in three stages: (1) reverse current increases
causing reduced reverse breakdown voltage, (2) as the
diode impedance became lower the insertion loss increased,
and (3) eventually fusing occurred and the diode became
an open circuit, ceasing its limiting action.

GaAs p–i–n diode limiters have been fabricated and
their performance has been measured. There appears to be
little advantage to using GaAs, since its lower thermal con-
ductivity cannot transfer the heat generated in the diode
to the heat sink as effectively as Si can. However, for GaAs
monolithic microwave integrated circuits (MMIC) devices,
where high quantities make the specialized assembly of Si
technology expensive, GaAs p–i–n devices may be a viable
alternative. Fabrication of the GaAs i-region is usually an
additional process in manufacturing GaAs MMIC devices,
incurring higher cost and possibly leading to lower MMIC
yields. The reliability of GaAs p–i–n diode limiters have
been questioned. GaAs limiters designed for high-power,
high duty-cycle, pulsed operation have degraded and be-
come lossy after a few thousand hours of operation. How-
ever, majority-carrier GaAs devices (e.g., MESFETs) do not
appear to exhibit this form of degradation.

Schottky Diode Limiters

MMICs are finding increasing application in today’s de-
signs when uniform performance and high quantities can
justify the relatively high nonrecurring design engineer-
ing costs. Use in applications such as phased-array radars
and high-volume consumer products is typical. In these
applications, low-noise devices with relatively small phys-
ical dimensions are used, resulting in a susceptibility to
burnout due to incident short single- or multiple-pulse en-
ergies from 0.1 µJ to 10 µJ. (Most devices can sustain a CW
incident power up to 0.1 W without degradation.) A MES-
FET limiter that operates as a switch has been built using
standard MMIC technology, to allow its fabrication along
with the circuit that it must protect. This cost-effective ap-
proach avoids the requirement for employing mixed tech-
nologies (e.g., using a Si limiter with a GaAs MMIC, or
adding an i-region fabrication step to the GaAs fabrication
process).

Bahl (11) has integrated a GaAs Schottky diode lim-
iter with a low-noise GaAs low-noise amplifier (LNA) in a
MMIC format. The limiter portion of the circuit employs a
two-stage Schottky limiting diode configuration as shown
in Figure 6. The first stage (A) consists of large Schottky
diodes in a series-anti-parallel shunt configuration capable
of handling 5 W of CW incident power. The second stage (B)
uses smaller anti-parallel devices in shunt with the trans-
mission line to limit the leakage power below 0.1 W. Unlike
PIN diodes, these Schottky diodes clip the peaks of both
polarities of the input voltage. The added capacitance of
these diodes is integrated into the input matching circuit
of the LNA. The limiter performed with more than 10 W of
CW incident power. The measured performance of the lim-
iter/LNA circuit over the 8.5 to 11.5 GHz frequency range
yielded a small-signal gain in excess of 14 dB, a noise figure
less than 2.7 dB, and a return loss greater than 20 dB. The
recovery time for a 10 W incident pulse was measured to

Figure 6. Two-stage Schottky limiting diode configuration (from
Ref. 11).

Figure 7. Schematic of a simple MESFET limiter.

be less than 40 ns (12).

MESFET Limiters

The GaAs MESFET limiter circuit in Fig. 7 shunts the
transmission line to ground when the gate voltage allows
current from drain to source. Note that the location of the
drain and source change each half-cycle, based on the in-
stantaneous polarity at the limiter’s terminal connected to
the transmission line. The MESFET is operated in a bi-
directional mode, since no dc bias is required on the trans-
mission line. The R–C voltage divider network that biases
the gate is high impedance (typically, 40Zo �). The bias port
(Vg) may be used as a switch in applications for which the
presence of the high-power incident pulse is known a pri-
ori (e.g., the transmitter’s pulse in a phased-array radar).
When Vg is grounded, a depletion-mode MESFET exhibits
low impedance across the transmission line, protecting the
front end when not in use. An enhancement-mode version
of the MESFET limiter has been developed (13). It operates
in a similar fashion to the p–i–n diode limiter and requires
no external bias in the low-loss state.

When the gate is back-biased at small signal levels, the
MESFET represents a small capacitance, consisting of the
drain-to-gate and gate-to-source capacitances in series, in
parallel with the drain-to-source capacitance. These capac-
itances are proportional to the gate width for a given MES-
FET technology.When the gate is not back-biased, the satu-
rated drain-to-source current (Idss) and the drain-to-source
resistance are also proportional to the gate width. As a
result, the designer performs a tradeoff of the amount of
shunt MESFET capacitance allowed across the transmis-
sion line, to the peak current that the MESFET can pass
(which, in turn, sets the power limit rating) in order to
determine the gate width of the MESFET. A typical de-
sign (e.g., using a 1 mm gate width) will have an insertion
loss less than 1 dB at 10 GHz and sink 0.2 A peak. The
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Figure 8. Cross section of a gaseous limiter in waveguide.

insertion loss decreases at lower frequencies because the
MESFET’s capacitive reactance shunting the transmission
line increases. Larger MESFET widths allow more current
with increased insertion loss.

Simple limiter circuits have been refined for specific ap-
plications by Vasile (14) and by Podell and Stoneham (15).

GASEOUS LIMITERS

Gaseous limiters are able to operate over a wide range of in-
cident power levels from a few watts to megawatts. For this
reason, gaseous limiters are the technology of choice for
the highest power applications throughout the microwave
spectrum. Most gaseous limiter designs have a few percent
bandwidth and are suitable for radar receiver protector ap-
plications. However, a new TEM design has low insertion
loss over several octaves bandwidth.

Gaseous limiters use the breakdown of a gas in a high
electric field to change the impedance across a transmis-
sion line. The typical high-power waveguide design shown
in Fig. 8 places a quartz tube filled with a noble gas (typi-
cally, Ar) across the waveguide gap at the point of the high-
est electric field. The capacitance of the posts is cancelled
by the inductance of the iris in the waveguide. These two
reactances limit the bandwidth to a few percent. Other de-
signs use waveguide windows to contain the gas in the
post region. The window design has a lower lifetime be-
cause of the increased absorption cross section of the gas
(or gas cleanup) with the metal (typically, Ni) walls, result-
ing in reduced gas pressure and performance. Because the
quartz-absorption cross sections are several orders of mag-
nitude smaller than those made of metals, gaseous limiters
using quartz gas reservoirs have useful lifetimes usually
exceeding 20 years.

At electric field intensities below the arc threshold, the
posts and iris appear to be a resonant circuit across the
waveguide. The gaseous pressure, mixture, and electric
field intensity in the presence of “seed” electrons set the
threshold for the arc. When the arc occurs, the increased
conductance across the posts presents a severe mismatch
to the waveguide impedance, resulting in significant re-

flected power. The arc absorbs about 7% (10%, worst case)
of the incident power, resulting in heat that must be con-
ducted through the quartz tube to the walls of the waveg-
uide posts. Because quartz has a high melting point, pulsed
operation with hundreds of kilowatts incident is possible.
The gas pressure and mixture is adjusted according to the
Paschen curve for the desired arc threshold. The seed elec-
trons are provided by a radioactive source or a small mi-
crowave oscillator. The tritium source (typically 100 mCu)
emits electrons with a half-life of 12.6 years. Since only a
few electrons are needed to initiate the arc, the tritium is
useful for three half-lives. The tritium is positioned to irra-
diate the gas between the posts. Goldie and Patel (16) used
a small microwave oscillator that continually excite enough
gas molecules to provide the “seed” electrons. When Ar is
used for the gas the threshold is several watts, with a recov-
ery time of several milliseconds. If the Ar recovery time is
too long, a chlorine–oxygen mixture may be used in which
the electrons and ions recombine faster (typically, within
100 ns), and the arc loss is lower, but the arc threshold is
higher (10 W to 20 W). If the flat leakage of the gaseous
limiter is too great, p–i–n limiters may be cascaded to re-
move the spike leakage and lower the flat leakage to an
acceptable level.

The wideband gaseous limiter operates on the same
principle as the narrowband device. Patel et al. (17) con-
figured a suspended, 50 �, stripline with the gas mixture
surrounding the transmission line. Units with 6 W to 8 W
thresholds and 50 W of average power have been built. The
device operates over a 30% bandwidth primarily limited by
coax-to-stripline transitions at the ports.

FERRITE LIMITERS

Ferrites (e.g., yttrium iron garnet or YIG) are used for tun-
able filters and other applications. These filters are nar-
rowband devices in which the magnetic spin vectors (mag-
netic dipoles) of the ferrite are oriented by an externally
applied magnetic field (typically, 100 Oe) that can be var-
ied to change the resonant frequency of the filter. The spins
on the lattice sites are also coupled to the magnetic field of a
microwave signal. If the strength of the signal’s magnetic
field exceeds a threshold, energy from the signal’s mag-
netic field is coupled to the spin vectors of the fixed lattice
ions, thereby creating spin waves. These spin waves are
able to transfer energy to heat the lattice, removing energy
from the incident microwave signal. The process is non-
linear, with respect to incident microwave magnetic field
strength, and yields substantially different performance as
a microwave limiter. Lax and Button (18) stated that lim-
iting thresholds vary from −25 dBm to 50 dBm. Section
VI of Adam, et. al., (19) gives additional information re-
garding these nonlinear magnetic microwave devices. Ref.
19 is an excellent overview of ferrite technologies [see also
MICROWAVE FERRITE MATERIALS].

Carter and McGowan (20) developed a limiter consist-
ing of a ferrite slab mounted against the narrow wall of
a waveguide with a 1500 Oe externally applied magnetic
field. This ferrite limiter was able to dissipate 10 kW in-
cident pulses. The insertion loss over the 8.9 GHz to 9.5
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Figure 9. Cross section of a frequency-selective limiter.

GHz range was less than 1 dB. The threshold power and
flat-leakage power levels were 28 W. At 10 kW incident
power, the spike energy was 3 µJ with a spike power level
of 2.9 kW. The recovery time was less than 20 ns, which is
much shorter than that of a gaseous limiter. The thresh-
old and flat-leakage power levels were reduced to <30 mW
with the addition of a varactor (thin i-region p–i–n diode)
limiter behind the ferrite limiter.

Because of their tunability by varying the externally
applied magnetic field by at least an octave, ferrite filters
can be used as frequency-selective limiters. They have the
ability to attenuate a signal at a frequency selected by the
magnitude of the external field, while providing minimal
attenuation at nearby frequencies. Adam and Stitzer (21)
determined that the bandwidth of the limiting frequencies
(typically, 50 MHz) is related to the linewidth of the spin-
wave coupling. A frequency-selective limiter will attenuate
an intentional jamming signal, while an electronic warfare
receiver is able to listen to signals on nearby frequencies.

A stripline configuration of the frequency-selective lim-
iter was developed by Adam and Stitzer (21) using single-
crystal YIG in place of the usual microwave dielectric ma-
terial, as shown in Fig. 9. The limiting threshold was about
20 dBm. The ultimate limiting capability of this technique
appears to be in the 15 dB to 20 dB range. By cascading lim-
iter, amplifier, limiter, and so on, they demonstrated that
an incident power range of 60 dB could be compressed to
a dynamic range of less than 5 dB. A frequency selective
limiter operating in the 400 to 800 MHz range (22) has
been developed with a threshold power level for limiting
100 times lower (≈ −25 dBm) than achieved with stripline
devices. The interactions between two simultaneous sig-
nals are only significant if their frequency separation is
less than 10 MHz. These units are built using the magne-
tostatic surface wave propagation in a GaScYIG film.

OTHER LIMITER TECHNOLOGIES

The limiter technologies in this section, except for the mul-
tipactor, are very experimental in nature and have not been
produced in quantity. These limiters are presented here to
document their existence and to present very preliminary
results.

Multipactor

Experimentation has taken place using numerous other
technologies, with mixed success. A summary of some of
the technologies appears in Table 3.

The multipactor takes advantage of secondary electron
resonance (multipacting) to provide low impedance across
a waveguide [see FIELD EMISSION]. The multipactor is
usually configured as the first stage of a two-stage limiter,
since it limits the power to only several watts. The second
stage is a p–i–n diode limiter, with a flat leakage of less
than 100 mW.

Multipacting is an electron-avalanche phenomenon op-
erating in a vacuum. The multipacting region allows elec-
trons in an alternating electric field to flow across a gap
in less than a one-half cycle of the field. Both surfaces of
the gap are coated, so that the secondary electron emission
coefficient δ is greater than 1. The incident electric field ac-
celerates the electrons toward one of the gap surfaces. As
these initial electrons Ni strike the surface, the RF field
changes sign, and the secondary electrons δNi are acceler-
ated toward the opposite surface. The speed at which the
multipactor ignites is N = Niδ

2tf , where t is the time and
f is the frequency (in hertz) of the electric field. Electron
multiplication continues until a space charge in the gap
inhibits additional electrons from being emitted from the
gap’s surfaces. At 10 GHz, the saturated electron density of
3 × 1010 electrons/cm3 is achieved in 0.6 ns. The impinging
RF field is reflected by the lower impedance in the gap re-
gion and is absorbed by conversion to heat in the electron
cloud.

The multipactor gap consists of low-Q resonators in
a combline filter configuration. An electron source emits
enough electrons (Ni) into the gaps to cause the multipli-
cation to begin on the first few cycles of RF. A supply of
oxygen is leaked into the gap region so that the metal ox-
ides continue to have a coefficient δ, since prolonged elec-
tron bombardment of the surface reduces the oxides to the
metal with low δ. To counter this leak of oxygen, a small ion
pump is required. The pump maintains a vacuum pressure
suitable to enable the electrons to be accelerated across the
gap without colliding with the oxygen molecules. Clearly,
the multipactor is a more complex limiter than the others
discussed here. Therefore, it has found only limited appli-
cation where biases for the ion pump are already avail-
able. The multipactor operates within the band pass of
the combline filter, while the filter protects the receiver’s
front end from intense signals out-of-band. Measured per-
formance of a 9.6 GHz multipactor had a 12% bandwidth
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(VSWR < 1.6:1), would attenuate a 50 kW pulse to a 50 mW
flat leakage with a 2 µJ spike energy, and had a recovery
time of less than 15 ns. Below threshold, the insertion loss
was 1.5 dB, due to the combline filter (23).

Bulk WindowTM Waveguide Switch Array

This switch array (or the monolithic diode array) was de-
veloped by M/A-COM Semiconductor Products (now part of
Tyco Electronics),Burlington,MA,as a low-loss millimeter-
wave switch for use in waveguide applications. The switch
consists of a matrix of Si p–i–n diodes grown monolithically
onto an insulting Si substrate. The substrate acts as a car-
rier, which is attached to a waveguide flange with suitable
contacts to apply bias to the switch. The few attempts to op-
erate the switch array as a self-activated limiter have not
been successful, apparently because the i-region could not
be designed thin enough at millimeter-wave frequencies to
allow the microwave energy to lower the impedance of the
p–i–n diodes. However, with external bias, the switch array
has sustained operation at 1 kW pulse and 20 W levels at
94 GHz, with a low signal-level insertion loss of only 1 dB
(24).

Electro-optic

The electro-optic limiter uses a coplanar waveguide trans-
mission line configuration on an electro-optically active,
semi-insulating semiconductor as the switched medium
(25). When illuminated with photons that have sufficient
energy to excite electron–hole pairs, the coplanar trans-
mission line becomes lossy and absorbs most of the in-
cident power. This limiter design is complicated because
it requires an intense light source (e.g., a laser) to create
enough electron–hole pairs to provide the level of conduc-
tivity modulation of the substrate. The light source is acti-
vated above a threshold established by external circuitry
coupled to the coplanar line, similar to the delay-line lim-
iter shown in Fig. 1(e). An implementation of this limiter
design in semi-insulating Si yielded more than 30 dB iso-
lation at 1.7 GHz, with over 100 mW of optical power. The
isolation bandwidth was 25%. With no optical illumination,
the same limiter had a high insertion loss of 6.5 dB, which
was probably due to the high series resistance of the center
conductor of the coplanar transmission line.

Superconductor

High-Tc superconductor (HTSC) films with a
superconducting-to-normal transition at 86 K have
been fabricated that show a surface resistivity change of
105. Gaidukov et al. (26) fabricated a two-element filter
in a 8.0 GHz to 12.4 GHz rectangular waveguide. The
filter used resonant irises spaced a quarter-wavelength
apart, fabricated with HTSC film strips across the opening
of each iris. In the superconducting state, the film strip
appears as a resonant inductor across the iris, with an
insertion loss of >>1 dB. The 3 dB bandwidth is >>1 GHz.
In the normal state, the film strip is resistive, reducing
both the Q and the resonant frequency of the iris, and
yielding over 20 dB of isolation. When operated at 65 K
with 0.8 µs pulses, the limiting began at 50 mW, and the

pulse shape was unaffected by the limiter up to 0.5 W.
With increased power levels, the pulse shape showed more
attenuation later in the pulse, due to the heating of the
HTSC film with a time constant ranging from 0.1 µs to
0.5 µs. The insertion loss increased about 5 dB during a
pulse. If the HTSC film strips are heated with an external
current, the dual iris assembly can be used as a switch.

Field-Emitter Array

Field emission from a cathode incorporating a matrix of
TaSi2 rods with final tip radii of curvature in the range of
1 nm to 10 nm has been measured at dc. Kirkpatrick et al.
(27) showed that the parameters of the Fowler–Nordheim
relation depend on the magnitude of the electric field at
the tip. The emission is fast enough to be useful at mi-
crowave frequencies, when configured as a suspended 50
� microstrip (cathode) above a ground plane (anode). The
TaSi2 rods are mounted in an insulating Si substrate. For
the limiter application, Glenn et al. (28) used a configu-
ration similar to that shown in Fig. 9, with a vacuum re-
placing the YIG and a microstrip-to-ground plane spacing
of 40 µm. When the electric field at the tips exceeded a
threshold, electrons were emitted that shunted the trans-
mission line, thereby operating as a limiter. As expected,
the device worked with a dc threshold voltage of ≈200 V,
providing limiting above 400W on a 50 � transmission line.
The device showed a high insertion loss at 1 GHz, which
was attributed to losses in the Si substrate.

Two other limiter circuit technologies have been pro-
posed, but have not been demonstrated to date: varistor
paint and temperature-dependent resistor. The first tech-
nology uses the coplanar waveguide configuration with a
varistor paint, shunting the center conductor to the copla-
nar ground planes. Initial attempts to build this device
failed, because the fringing electric field from the coplanar
line was too low to activate the varistor paint.

The second technology is a highly temperature-
dependent resistor (e.g., tungsten) with a small thermal
mass, in series with a transmission line. The limiter could
be used in series with, or in place of, the bond wire of a
susceptible microwave component. However, experimen-
tal results indicated that the shunt capacitance of the
temperature-dependent resistor was too high, reducing the
current heating in the resistor.

FUTURE ACTIVITIES

While p–i–n diode limiter technology is rather well-
developed, several investigations still remain to be con-
ducted. These investigations include: determining why
input–output power hysteresis occurs for continuous and
long-pulse operation; experiments to determine whether
a slightly p-doped i-region diode will have lower spike
leakage than present designs; and determining why GaAs
p–i–n devices appear to degrade with intense pulses.

MESFET limiters must be designed to carry higher
pulsed currents to enable operation above 100 W and
higher CW power levels for solid-state phased array ap-
plications, without the requirement for a large gate width.
Also, limiters must be developed using the low-noise
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PHEMT technology, to make them compatible with the am-
plifiers they must protect.

Although self-activated, high-power, millimeter-wave
limiters are not presently available, the monolithic diode
array concept appears to be the most likely to have low in-
sertion loss, if the thickness of the i-region can be reduced.
Furthermore, the monolithic diode array does not increase
the loss at low signal levels, due to the distribution of the
carriers at the p+ to i and the n+ to i transistions.
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