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A Cryogenically Coolable Microwave Limiter
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A microwave (ca. 3 GHz) limiter, constructed using a GaAs PIN  PIN diode into conduction. When the diode is connected il
diode and microstrip impedance transformation circuit, limited  parallel with the transmission line, the conducting diode act
300-ns long 11-W microwave pulses to 70 mW at ca. 4.2 K. This  |ike a closed switch, which effectively shorts the transmissiol
limiter was implemented in a pulsed electron paramagnetic reso-  |ine and reflects most of the incoming power. Commercia
nance (EPR) spectrometer to protect a low-noise microwave pre- .oy [imiters are available for a wide range of frequencie:
amplifier from the high-power pulses. - © 109 Acadernic Pres However, they use silicon PIN diodes that will not function at
cryogenic temperatures in the liquid helium range. GaAs PII
diodes will work at 4 K.

Whether or not a semiconductor device will work at cryo-

Many EPR experiments are conducted at cryogenic temp8gnic temperatures is dependent on the type of semiconduct
atures. This is especially true of most studies of metals §ippant and the level of doping, and the charge carrier mech
biological systems. Since increased signal-to-noise (S/N) id1gm used in the device. Freeze-out occurs when the therr
dominant need for most applications of EPR, spectrome®@iergy is lower than the ionization energies of donors o
design goals include (a) cooling to as low a temperature @&ceptors. While most silicon devices cease to perform belo
practical all components that contribute thermal noise to thguid nitrogen temperatures, the ionization energy for GaAs,
final spectrum, and (b) minimizing the loss between the sigrfe high dopant levels used in PIN diodes, is very low an
source and the first-stage microwave amplifier. For pulsed EffReze-out does not occur evendaK (4).
measurements, using a reflection type resonator, at least d¢ntil recently, GaAs PIN diodes have not been used ir
X-band and lower frequencies, it is necessary to have a limifpiters. Itis difficult to generate self bias for GaAs PIN diodes
prior to the low-noise microwave preamplifier in order tdrom the input microwave power pulse. Self-biasing is cause
prevent damage to the amplifier. The limiter insertion loddy rectification that takes place at the diode junction ant
results in increased noise figure for the detection system, iievides the dc current to keep the diode in a conducting stat
this is unavoidable with a reflection resonator spectrometérwas shown by Leenovdj that the rectification effect is
system. However, the net insertion loss will be minimized, arfipendent on the ac-controlled intrinsic-layer resistance rel
the S/N of the spectrum will be maximized, if the limiter andive to the characteristic impedance of the transmission line
preamplifier are cooled to as low a temperature as is practicBerefore, a high characteristic impedance level should e
Usually, this would mean a temperature close to that of tfi@nce the rectification action. The design approach was to u
sample and resonator. This is the incentive for constructing?dl impedance-transforming section to increase the charact
cryogenically coolable limiter. istic impedance of the transmission line at the location of th

There are advantages to measuring some EPR parametefd¥tdiodes. The high impedance will also produce high isola
S-band (2—-4 GHz), because some hyperfine structure is beti@p with low conduction in the diode.
resolved at S-band than at X-band (ca. 9 GH2)#&nd because
electron spin echo envelope modulation (ESEEM) is deeper at DESIGN OF THE COOLABLE LIMITER
S-band than at X-ban@). Consequently, this paper focuses on
an S-band implementation, but the approach presented can bgyg jimiter described in this paper utilized symmetric sec
extended to higher or lower frequencies. _ _ond-order Chebyschev multisection impedance matchin

A PIN diode can be used as a high-speed microwave switghqormers §), implemented by selecting the widths of the
by controlling its on and off states either by an applied dc biggpher traces and the dielectric of the board, to change t
or by rectification of a portion of the microwave sign8).(A impedance level from 50 to 10Q where the limiter diodes

passive limiter utilizes the power of the input pulse 10 bias gere |ocated and back to 3 at the output of the limiter. The

schematic diagrams for this limiter is given in Fig. 1 (it is quite
! To whom correspondence should be addressed. E-mail: geaton@du.edifferent from the circuit used in commercial limiters utilizing
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FIG. 1. Limiter micro strip circuit, including impedance matching and bias circuits. Design frequency 2 to 4 GHz (by simulation using EEsof). Line wi
(W) and lengths in mm are: W 1.84, L= 12.0 (50Q2); W = 1.31, L= 12.2 (step 1); W= 0.605, L= 12.5 (step 2); W= 0.351, L= 12.6 (100Q)); W =
1.84, L= 22.0 (,). C = 10 pF. RFC is a RF-choke to provide a dc path for diode bias current. It consists of a 13-turn helix of No. 44 copper wire a
approximately 0.76 mm in diameter and 1 mm long.

Si devices). The design was facilitated by the use of the EEdmnk, CA). The microwave board is 0.050 inch (1 inet25.4
microwave circuit development software from Hewlett Packnm) Rogers TMM-6. The limiter was enclosed in a copper bo:
ard. with sma input and output connectors to facilitate modula

Two GaAs PIN diodes were spaced a quarter waveleng#sting.
apart, with dimensions chosen for 3 GHz, the center of our An alternative design could use a constant bias voltage |
design range of 2—4 GHz. The quarter wavelength spaciagsist in turning the diode on and off, but we did not find thic
minimizes the reflections when the diodes are not conductiramy more effective than the impedance transformation. Ar
thereby improving the standing wave ratio and insertion lossher approach would be to switch the diode with a pulsel
for this condition. It also provides the maximum reflectiosignal synchronized to the microwave pulse. However, from
when the diodes are conducting, thereby improving the isolsystem design perspective, a totally passive limiter is muc
tion. The second diode is smaller than the first and has a loveafer than an active limiter.
total capacitance. This allows the first larger diode to reflect the
main pulse while the second, faster acting diode helps reduce LIMITER TEST RESULTS
the short power spike passed by the slower first diode.

For the off state, the equivalent circuit of the diode is a As a first check on the behavior of the GaAs PIN diodes,
parallel conductance and capacitance. The conductance isdbreventional 50 Ohm micro strip design was fabricated an
low, nonconducting value for the diode, and the capacitancetésted to verify the criteria concerning limiting level and turn
due to the parallel combination of the diode junction and case characteristics of the limiter diodes. As predicted, there we
capacitance. The inductands,, parallel resonates the capaclittle or no limiting action at room temperature even for rela-
itance at the design frequency which minimizes insertion loisely high power levels. Howevert d K the device began to
for the nonlimiting state. For the on state, the equivalent circditnction as a limiter, indicating that the characteristics of the
of the diode is a series resistor and inductance. The resistoGiaAs PIN diodes were more favorable to self-biasing at cryc
the low, conducting state value for the diode and the indugenic temperatures even when used on &)Slihre.
tance is due to the bonding lead from the case to the diode. Th&lext, the GaAs PIN diodes were used in the impedanc
capacitor, C, series resonates the inductance at the dedignsformation circuit described above. This limiter was teste
frequency and maximizes isolation for the limiting state. That room temperature and at 4.2 K using a liquid helium coole
RF-choke (RFC in Fig. 1) provides a dc path for the diode biasyostat. A 300-ns pulse of power at the center design fre
current. guency of 3 GHz was used for the input. The input power leve

The GaAs PIN diodes were type MP6004 manufactured lmas calibrated by use of a microwave power meter, and tf
Microwave Device Technology Corp. (Westford, MA). Theoutput power pulse was measured by a calibrated crystal d
two diodes, D1 and D2, had a nominal junction capacitance tefctor. Figure 2a shows the performance characteristics of tl
1.3 and 0.06 pF, respectively. The 10-pF capacitors are highi@iter at room temperature. At 300 mW there was not suffi-
planar, microwave capacitors from Johanson Dielectrics (Burient power to cause the diodes to conduct, and the pulse w
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FIG. 2. Limiting behavior of (a) the new GaAs PIN diode limiter at room temperature and (b) the new GaAs PIN diode limiter at ca. 4.2 K temper

attenuated only by the insertion loss of the limiter. For highéemperatures, making the GaAs PIN device more effective as
power levels the diodes reduced the pulse power to aboutlIBfiter at low temperature than at room temperature.

mW for an input pulse of 0.5 W and to less than 180 mW up The impedance transformed limiter was used to perforr
to 10 W input power (the highest available for test). During th&-band electron spin echo (ESE) measurements at cryogel
time the diode is responding to the incident microwave pulsemperatures. The recovery time of the limiter was shor
some power gets through the limiter. This is called “spikenough that it did not increase the spectrometer dead tin
leakage.” A common specification for spike leakage is ca. Obkyond that observed when a room temperature silicon limite
erg and is measured as the product of the power (in watts) thats used in the spectrometer. The recovery time of the limite
leaks through times the width of this spike at the 3-dB poinfsom the flat leakage value to baseline was less than 20 ns,
in ns times 10 to get ergs. Recovery time is measured to thedged from the shape digitized by a LeCroy oscilloscope
1-dB loss point. Figure 2a shows that the spike power w&ghile the spike-limiting characteristics of the impedance trans
relatively large and reacde3 W for 10 W input power. The formed limiter at room temperature are not ideal, the limiter i
width of the spike was approximately 20 to 40 ns, whichsable for ESE at room temperature. Presumably, the inp
corresponds to ca. 0.9 erg spike leakage. These results vesifyge of the amplifier saturates during the very short spike
the original assumption that GaAs PIN diodes would functicacting as a low-level limiter. We used this limiter at room
as limiters on a transmission line with a sufficiently highemperature for extensive characterization of the S-band sp
characteristic impedance. echo amplitude and noise performan@g (

Figure 2b shows the output power for the limiter at a The insertion loss of the limiter was measured, at roon
temperature of ca. 4.2 K, when cooled by He gas flow in a Cryemperature, at the design center frequency of 3 GHz to be 1
Industries (Atkinson, NH) cryostat. The limiting level in thisdB. This is somewhat higher than the insertion loss of th
case exhibits nearly ideal characteristics, being essentially tammercial room temperature device. This is primarily due t
at 70 mW for input power of 2 to 11 W. The peak power of ththe octave design bandwidth (2—4 GHz). The insertion los
initial power spikes is reduced nearly an order of magnitude foreasured as a function of frequency was less than 2.5 dB fro
the cooled limiter compared to that at room temperature. }5 to 3.4 GHz. The minimum insertion loss was 0.85 dB at 2.
addition, the spikes were much shorter, with pulse power n@Hz. A design with narrower band width should decrease th
exceeding 200 mW for more than 10 ns, corresponding to éasertion loss near the center frequency. Since the limite
0.02 erg spike leakage. Our tests show that the turn-on chemnsists only of passive devices, the noise figure of the limite
acteristics of GaAs PIN diodes are much sharper at cryogerscthe same as that produced by any loss element, such a
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TABLE 1 0.8 dB insertion loss in the S band, and ca. 20 dBm (100 mW
Noise Parameters for the Coolable Limiter “flat” (CW) leakage. Specifications vary depending on powe
handling ability, frequency range, and recovery time.
Temperature (K) T (0 NF (@8) We learned following the completion of this work, that
290 101 13 Watkins—Johnson Company (Palo Alto, CA) began marketin
77 27 0.39 GaAs MMIC chip limiters for the 1-12 GHz range, with a
4 1.4 0.02 pulse power limit of+23 dBm for 10us, and 4 dB insertion
loss.
. . . . CONCLUSION
length of coaxial cable. The effective noise temperature is
given by The cooled GaAs limiter has limiting characteristics com-
parable to that of conventional room temperature silicon PIT
T.=Tl,— 1), [1] diode limiters. The GaAs PIN diode limiter operating at liquid

helium temperatures makes possible a whole new approach

whereT is the physical temperature ahdis the insertion loss biomedical pulsed EPR spectroscopy, by permitting the rest

of the limiter (ratio of the input power to the output power). nator, limiter, and microwave preamplifier to be cooled along

The noise figure (NF) in dB is given by with the sample, thus establishing the lowest possible nois
floor for the EPR measurements.

T
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