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A 22-24-GHZ Cryogenically Cooled GaAs
FET Amplifier

ANTHONY CAPPELLO, MEMBER, IEEE, AND JOHN PIERRQO, MEMBER, IEEE

Abstract —This paper describes the design and performance of a cryo-
genically cooled low-noise FET amplifier operating in the 22-24-GHz
range. The amplifier employs five cascaded single-ended gain stages and an
integral bandpass filter. Noise temperatures in the 200 K range with an
associated gain of 28 dB are typical for the nine cooled units built to date.

I. INTRODUCTION

HE USE OF cryogenic refrigeration to reduce the

noise temperature of GaAs FET amplifiers has been
shown to be quite beneficial. Noise temperatures close to
or below those achievable with parametric amplifiers are
believed to be possible [1]. Results have been reported at
lower frequencies [2], [3]. This is the first K-band amplifier
reported that employs cryogenic cooling.

The design relies on an electrical model derived from a
physical model of the device. S-parameter measurements
made at lower microwave frequencies were used to obtain
element values for the device model. This model enabled
the design of a cascadable amplifier stage with gain over 4
dB and noise figure under 4.6 dB at room temperature.

The design prerequisites include the following:

1) selection of a guiding structure, and
2) device characterization.

The guiding structure selected for the hybrid amplifier
and filter circuits is coplanar waveguide. This structure was
chosen over microstrip for the following reasons [4], [5].

1) It allows the circuit designer to realize both low- and
high-impedance transmission lines without the need for
excessively wide or narrow conductor strips.

2) Both series and shunt elements can be realized easily.

3) Parasitic source grounding inductance can be mini-
mized since the need for wraparound grounding ribbons or
via holes is eliminated.

4) Coplanar waveguide is less likely to propagate spuri-
ous modes than microstrip. This feature, along with the
ability to minimize source inductance, enables one to
achieve circuits with high reverse isolation (S;,). This is
essential for a cascadable amplifier stage.

A cross-sectional view of the guiding structure is shown
in Fig. 1. The outside conductor strips are electrically
grounded. The center strip which is separated from the
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Fig. 1.

Coplanar waveguide.

ground planes by the equal gaps (W) forms the waveguid-
ing structure. The characteristic impedance of a transmis-
sion line in this configuration is proportional to the aspect
ratio /(S +2W).

II. TRANSISTOR CHARACTERIZATION

Since K-band S-parameter data was not available for the
Mitsubishi MGFC-1403 transistor, S-parameter measure-
ments were a critical first step in the design. Direct mea-
surement of S-parameters at K-band frequencies could not
be done because of equipment limitations. Therefore,
extrapolation of data measured at lower frequencies was
considered.

In order to reliably extrapolate such data, a comprehen-
sive model was created for the transistor. This was done by
mounting the FET in a coplanar 50-© system and measur-
ing the S-parameters of the device. Automatic network
analyzer measurements provided reliable, de-embedded de-
vice data from 2-15 GHz.

This information was then entered in a computer file
containing the circuit model shown in Fig. 2. The program
varied several key elements in the file striving to make the
circuit analysis match the measured S-parameters. After
optimization, the model tracked the measured S-parameter
data quite closely. The model was then analyzed up to 30
GHz, yielding reliable S-parameter data for circuit design.
To verify the validity of the device model, slotted-line
measurements of S;; and S,, were performed at 22-24
GHz. These measurements agreed quite closely with the
predicted S;; and S,,.

ITI.

After the device model was obtained, it was analyzed to
predict the optimum source admittance for the minimum
noise figure. This was done by creating a simplified noise
model from the device model already obtained. The model
is shown in Fig. 3, and the corresponding equations are

1
(0 +1)R,

Noisge MODEL

1)
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Fig. 2. Transistor model.
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Fig. 3. Noise model.

and
2
lcgs
C\=—8_ 2
g @
R,=R,+R,+R, (3)
and

1
0= 27feR,C,,

4)
The values R, R,, R,, and C,, needed to calculate R, and
0,, are element values obtained from the transistor model
shown in Fig. 2. Once values g, and C; were obtained, the
optimum source admittance (Y., = g,0p; + Jbsopt) Was

calculated using (5) and (6)

/ 1
8sopt = 81 1+ ;1—

P i
bsopt"_cl_ ( Q12+1 wcl' (6)
The quantity 4 is derived from the minimum attainable
noise figure (F,;,) of the device at the frequency of interest
through (7)

)

2(_1721;;1;“1) (7)

The derivations for (1)-(7) can be found along with a
complete description of the noise modeling technique in
[6]. The F,,;, at 23 GHz was estimated to be 3.75 dB by
extrapolating the manufacturer’s data.

A

1V. Circulr DESIGN

A computer analysis of the circuit in Fig. 2 yielded the
device S-parameters shown in Table I. Included in the
table is the optimum generator reflection coefficient for
the minimum noise figure at 23 GHz. This was found from
the noise model already described. Smith Chart techniques
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Fig. 4. Amplifier circuit.
TABLE I
TRANSISTOR PARAMETERS
Fre-
quency
(eEz)” 811 21 12 S22 Topt
22 0.63/157° 1.15/28.5° 0.137/24° 0.35/-130°
23 0.64/152° 1.10/24.7° 0.141/25° 0.36/-137° .63/144°
24 0.65/148° 1.06/21.0° 0.145/26° 0.36/144°
TABLE II
AMPLIFIER-CIRCUIT ANALYSIS
Fre~ Noise
quency Figure
(GHz} 8)]1 521 512 S22 S21(dB) (dB)
22 0.33/86° | 1.60/-133° | 0.19/-137° | 0.19/91° 4.06 -
23 0.23/20° | 1.61/-159° | 0.21/-160° | 0.07/29° 4,13 3.96

24 0.32/-45° 1.51/175° 0.21/180° 0l4/-85° 3.55 -

were used to design input and output matching networks.
Computer optimization was then used to obtain minimum
noise figure and flat gain. During a subsequent out-of-band
analysis, it was found that a gain peak existed at around 6
GHz. A decoupling network was incorporated in the gate
and drain bias circuits to reduce the gain peak. In order to
achieve additional rejection at 6 GHz, a bandpass filter
module was designed. The filter is cascaded with the
amplifier modules in the complete assembly. The final,
optimized circuit is shown in Fig. 4 and results of the
circuit analysis appear in Table II. The noise-figure analy-
sis at 23 GHz is included in this table.

V. CONSTRUCTION

The amplifier circuit was built with distributed and
lumped elements. The capacitors selected were low-loss
parallel plate types. Required inductances were achieved
with bond wires or ribbons. Transmission lines and resis-
tors were photoetched on a 0.015-in Au-Cr-deposited
alumina substrate. The chrome adhesion layer provided
adequate sheet resistance for the thin-film resistors. Fig. 5
is a photograph of an assembled amplifier stage.

Kovar was chosen as the carrier and amplifier housing
material because of its excellent thermal stability and close
compatibility with alumina over the wide temperature
range. Kovar also lends itself to electron-beam welding,
which is used to hermetically seal the amplifier.



Fig. 5. Assembled amplifier stage.
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Fig. 6. Measured single-stage gain.

VI. SINGLE-STAGE PERFORMANCE

Gain and return loss were measured using standard
swept measurement techniques. The noise figure was
measured using an extremely low-noise parametric ampli-
fier as a second stage to minimize measurement uncer-
tainty. The AIL-developed parametric amplifier provided a
noise figure of 2.6 and 28 dB of gain at 23 GHz, at 290 K
ambient temperature.

Fig. 6 shows the measured gain versus frequency for a
typical amplifier stage with corrections for test fixture
losses. Connector losses were estimated to be 0.25 dB each
at 23 GHz. Fig. 7 shows the measured noise figure of the
stage with corrections made for connector loss and
second-stage contribution. Figs. 8 and 9 are the measured
input and output return losses in the test fixture. Reverse
isolation measured was in excess of 17 dB over the 22-24-
GHz band.

VI1I. CASCADED-AMPLIFIER PREDICTED PERFORMANCE

The complete amplifier consists of five FET modules
cascaded with one bandpass filter module, and a through-

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-32, NO. 3, MARCH 1984

5.0

45 e ———

NOISE FIGURE (dB)

22 23 24
FREQUENCY (GHz}

Fig. 7. Single-stage noise figure.
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Fig. 8. Single-stage input return loss.
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Fig. 9. Single-stage output return loss.
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Fig. 10. Cascaded gain and noise-temperature prediction.

line module. The through line is replaced with a sixth gain
stage on units intended for room-temperature use only.
Fig. 10 shows the block diagram and accompanying gain
and noise-temperature budget for the cascaded amplifier.
External isolators are placed at the input and output ports
of the amplifier, although only the input isolator was
included in the noise-temperature budget.

The performance indicated in Fig. 10 is for a single
midband frequency. A single-stage unit with a midband
gain of 4 dB and noise figure of 4.6 dB at room tempera-
ture was assumed for this calculation. The through-line loss
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Fig. 11.

Integrated amplifier assembly.

was neglected in this estimate. Including isolator loss, the
predicted gain is 26.2 dB, and the predicted noise tempera-
ture is 232 K for the cryogenically cooled amplifier.

VIII. INTEGRATED AMPLIFIER CONSTRUCTION

The complete amplifier is housed in a Kovar steel chassis
as shown in Fig. 11. As it appears in the photograph, the
top section contains the cascaded gain and filter stages,
located beneath a subcover which provides continuous
waveguide walls from input to output. This prevents un-
wanted spurious responses and enhances reverse isolation.
The module occupying the lower section of the chassis is a
bias assembly. This circuit provides dc-overvoltage protec-
tion, as well as individual device bias adjustment via the
terminals. along the lower edge of the assembly. The bias
terminals located on the same surface as the output
connector are for positive and negative supply voltage. The
unit features an electron-beam welded top cover for a
hermetically sealed package and field-replaceable SMA
connectors,

Special consideration was given to the mechanical design
because of the extremely low-temperature environment in
which the amplifier must operate. Kovar steel was chosen
for the housing material as well as for the individual
module carriers. The welded-in connector shells which
make up the fixed part of the two-piece connectors are also
made of Kovar Steel. Kovar is an alloy that is thermally
stable and has a temperature coefficient that closely tracks
the temperature coefficient of alumina. Tolerancing was
kept very close because of the high frequency of operation,
but some strain relief was allowed on gold ribbons connect-
ing adjacent stages.
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Fig. 13. Amplifier gain at T ;. = 77 K.

IX.: CRYOGENIC AMPLIFIER MEASUREMENTS

Gain and noise-temperature measurements were made
using a CTI Refrigerator Model No. 1020R. The block
diagram in Fig. 12 describes the measurement setup. The
area inside the dashed line represents the vacuum ves-
sel which has waveguide input/output ports. Separate
slotted-line measurements were made on the sections
labeled L, through L to determine their individual losses.
The diagram shows the physical temperature at which each
section was maintained during the cryogenic measure-
ments. The 189 K temperature assigned to L, and L is the
estimated average temperature of the stainless steel wave-
guide sections, since they sustained a temperature gradient
along their lengths. The reference for the gain measure-
ment was taken outside the vessel (essentially at the input.
to L;), and the gain measurement was corrected for the
losses listed in Fig. 12. The noise temperature was measured
using standard Hot/Cold Y-Factor measurement tech-
niques and corrected for the losses described in Fig. 12.

X. DISCUSSION OF MEASURED AMPLIFIER
PERFORMANCE

Figs. 13 and 14 show the measured gain and noise
temperature for'a typical unit at an ambient temperature of
77 K. The noise temperature climbs rapidly at the band
edges. This is to be expected in a narrow-band design. The
increase in gain due to reducing the physical temperature
of the unit is seen in Fig. 15. This unit exhibits an average
increase of approximately 8-dB gain relative to the room-
temperature gain. This is a little better than our 1.5-dB per
stage prediction. A room-temperature noise figure. is not
plotted here, but it was measured. This unit averaged
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Fig. 15. Amplifier gain versus frequency and temperature.

approximately 5.5 dB, or equivalently 1030 K, at room
ambient. This also agrees quite closely with the prediction
shown in Fig. 10.

XI. CONCLUSION

Measured data confirms that K-Band GaAs FET ampli-
fiers with noise temperatures approaching those previously
achievable only with parametric amplifiers are possible.
This performance is a direct result of cryogenically cooling
the sealed amplifier. Coplanar waveguide has been shown
to be a useful and advantageous circuit medium for use at
high microwave frequencies.

It-should be noted that this design employs 0.5-um gate
length devices which can no longer be considered state-of-
the-art. The new 0.25-um device technology will un-
doubtedly result in extremely low-noise temperatures at
K-band frequencies and higher. It should be noted also
that this design exhibits ample performance margin at
77 K ambient for the application for which it was devel-
oped. Cooling to lower temperatures (20 K or less) is
possible. 4

Lower temperature cooling, and the use of 0.25-um FET
devices, will probably result in low-noise transistor ampli-
fiers operating at K-band with noise temperatures in the
100-K range. At the present, Eaton Corporation AIL Divi-
sion is investigating these ideas. The AIL Division hopes to
publish favorable results in the near future.
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