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43 GHZ, COOLED, LOW-NOISE AMPLIFIER

S. Weinreb, R. Harris, and M. Rothman

1.0. Introduction

This report describes construction details and measurement results of
a four-stage amplifier designed for low noise in the 42 to 44 GHz range and
an operating temperature of 17 K. Results concerning noise parameter
measurements of four other HEMT devices at 300 K and 17 K are included.

2.0. Amplifier Description

An amplifier is comprised of an input tuner-transition, four single-
stage carriers, an output tuner-transition, and a cover as shown in Figures
2.1-2.3. These components are described in this section.

2.1. Tuner-Transition

The tuner-transition used at both input and output is a WR-22
waveguide E-plane T-junction. The input signal is applied to the arm of
the T. A microstrip coupling probe and backshort is placed in one branch
and a backshort (termed tee-short) is placed in the other branch. This
configuration allows a known variable generator impedance to be presented
at microstrip reference planes A and C of Figure 2.3 as the short positions
are varied. The tuner-transition is described and analyzed in the MS
thesis of M. Rothman [1]. The locus of impedance presented to a transistor
chip as a function of backshort and tee-short positions is shown in Figure
2.4 for a frequency of 43 GHz and a substrate transformer of 19.5 ohm
characteristic impedance.

There are two purposes of the variable tuner-transition. The
first is to measure the four noise parameters of either a transistor
device, a single-stage amplifier, or the four-stage amplifier. For this
purpose backshorts which have position readouts and are movable through a
non-translating rotary shaft as shown in Figure 2.1 are utilized. The
second purpose is to provide the generator impedance which minimizes the
amplifier noise temperature and load impedance which maximizes the
amplifier gain. For this purpose a compact, semi-variable backshort is
utilized.

The main drawing of the tuner-transition is shown in Figure
2.5, and a list of all drawings for the amplifier is given in Table 2.1.

2.2. Chip Carrier and Quartz Substrates

Drawings of the chip carriers and quartz substrates are shown
in Figures 2.6-2.8. The carriers are machined from copper and the
substrates are made of crystalline quartz. The substrate material was
chosen for its low dielectric constant (4.55) and thermal expansion
coefficient close to that of copper. The linear contraction for quartz in
the X-Y plane (specified as Z-cut crystalline quartz) is .244% compared to
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Fig. 2.4. (b) Resistance and reactance at bias-substrate to transistor-
bond-wire interface for 19.7 ohm quarter-wave transformer.
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of .001") sketch of .005" thick
crystalline quartz substrate. Substrates with three
different values of W were fabricated; the Z, = 19.5 were
used for input and Z, = 27 units were used for output.

Dimensioned (in units
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TABLE 2.1. Drawings for 43 GHz Amplifier

Tuner-Transition:
Tuner Top-Half"
Tuner Bottom-Half
Backshort Housing
WR22 Flange Detail Tuner
Drive Shaft
Waveguide Plug
Cap
Backshort Pin
Slider

Link

Chip-Carrier:

Header-Tuner

Substrate:

Microchip

*Figure 2.5 of this report.

11

B53210M057

B53210M058

B53210M061

A53210M060

A53210M062

A53210M063
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B53210M056



.325% for copper for a temperature change of 20C to -250C [2, pages 4-138
and 4-123]. Other metals which could be considered are nickel at .229% and
iron at .204%.

The substrate was attached to the carrier with Epotek H20E [3]
conductive epoxy. After several cool-downs (25C to -250C) of the four-
stage amplifier (eight substrates), the bond of one substrate sheared and
lifted off the carrier breaking the interstage bond wires. The shear
appeared to be in the epoxy rather than in the adhesion to copper or
quartz. In future amplifiers, a flexible conductive epoxy, Acme 3026 [4],
is recommended. This epoxy is not very flexible at low temperatures, but
it is more viscous and forms a thicker layer (~ .001") which can sustain
greater shear strain.

One stage of the amplifier is shown in the schematic diagram
shown in Figure 2.9 and detailed photographs are shown in Figures 2.10 and
2.11. Starting at the input at left, a coupled-line DC block as described
by Bates [5] is used to block bias current and pass the RF signal as an
equivalent section of 50 ohm transmission line. A number of capacitive \/8
or inductive 3)/8 open-circuited stubs can then be bonded in at the points
labeled 1A, 1B, . . ., 6B to produce a desired impedance transformation.
The desired bonds were found by observing the gain while temporarily
connecting the bond points with small pieces of gold ribbon bonded to a
sharp toothpick. (Not very high-tech, but it worked!) It is also possible
to bond at points 0 and 7 to add lossy low frequency terminations to
increase stability to low-frequency oscillation. This was not found to be
necessary since the bias circuit provides low-frequency termination. No B
bonds were utilized and one to three wires were used at each bond point to
give some finer tuning. The final arrangement of bonds is given in Table
2.2.

TABLE 2.2. Bond Wire Locations

Point Bonds
Stage 2 1A 2
2A 3
LA 3
Stage 3 2a 1
Stage 4 2A 3
4A 1
5A 3

In addition to these bonds, open-ended bond wires were attached to the
center line with .018" length at point 2.5 of stage 1, .017" length at
point 5 of stage 2, and .016" length at point 4.5 of stage 3. All stages
utilized 19.5 ohm A\/4 transformers at input and 27 ohm )\/4 transformers at
output.

12
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Fig. 2.11. Microscope photograph of stage three HEMT. For size reference
the chip is .008" long (left to right in photo) by .012" wide.
The bond wires are .7 mil diameter gold bonded at 105C stage
temperature. The chip is attached with Epotek H20E epoxy.
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3.0. Test Results
3.1. Test Set

A block diagram and photograph of the test set used for noise,
gain and reflection coefficient measurements are shown in Figures 3.1 and
3.2, respectively.

The test set and procedure are fairly conventional and will not
be described except for the noise temperature calibration. The amplifier
noise temperature is measured by turning on and off a noise diode (Noisecom
NC5222) which is coupled into the amplifier through a 6 dB attenuator, 10
dB coupler, and directly at the amplifier, a coolable 10 dB waveguide
attenuator. This final attenuator provides a low source temperature when
cooled (0.9 x 17 K + 0.1 x 300 K = 45.3 K) and increases the accuracy of
the noise measurement for an amplifier having noise temperature well under
300 K. As an example, for an amplifier with 50 K noise temperature, an
error of + 5% or + 0.2 dB in noise source excess noise ratio ENR causes an
error of £ .05(300 + 50) = %+ 17.5K for a 300 K source temperature or
+ .05(45.3 + 50) = % 4.7 K for the cooled 10 dB attenuator. In addition,
the attenuator near the amplifier provides a more accurately determined
source impedance.

The coolable attenuator was constructed by inserting in the
waveguide a triangular vane of .012" thick crystalline quartz which had
been metallized with nichrome having a resistivity of 400 ohms per square.
The crystalline quartz has excellent thermal conductivity and was clamped
to a copper bar. The temperature of the bar was monitored with a Lake
Shore Cryogenics transducer and readout. The nichrome has negligible
resistance change with temperature and a measurement of the total in dewar
attenuation (amplifier replaced with waveguide jumper) gave 0 * 0.2 dB
change of attenuation from 300 K to 17 K.

The ENR of the noise source including couplers and attenuators
was measured at the reference plane of the amplifier input by comparing the
noise from the source with that produced by a small conical horn.

Microwave absorber (Emerson and Cuming AN72) at 300 K and 77 K (saturated
with liquid nitrogen) was placed near the horn (exact location had
negligible effect) and the receiver output was compared to that of the
noise source. The comparison is facilitated with the NOISECALl program
which performs the calibration as receiver frequency was scanned from

40.0 GHz to 45.0 GHz. The excess noise temperature of the noise source at
the amplifier input plane was found to be 173 K (ENR = -2.24 dB) at 43 GHz
and varied between 134 K and 174 K over the 40 to 45 GHz range. The noise
source ENR was specified at +23.2 dB by the manufacturer and the total
inserted nominal attenuation (6 + 10 + 10 = 26 dB) would give an ENR of

~ -2.8 dB without consideration of ~ 1 dB of extra losses. It thus appears
that the noise source manufacturer’s ENR is ~ 1.6 dB too high, but accurate
loss measurements would be needed to verify this.

The output of the program NOISECAL1l is a table of ENR vs.
frequency; this table was then incorporated into the NOISEl program (a

16



(S) yoams

*3s93 Jopun adTadp 9yl Suisasasi ao BuyissedLq smoye

103 posn A[ue sT (9) Io3lenualle ayg

‘jusweINSEaW JO AOBINOOE 9Y3 SI9SEIIOUT pUB SjUsWLINSEaw asTou 19TFridwe pajood

‘19zA[eue JIBTEOS (9G UOIITIM ® Y3Ta uor3ounfuod
uj opem aIB sjusWAINseaw sSSOo] uanjax pue ured ALouenbsaij-jdems wuorarsod ojeuxeqTe
*T9SION Pue TIVOASION sweiBoad pue z9andwoo

aya o3 (#1) pue (9) sayoawms Juimoayay Ag

11 o1ddv ue y3zim uorzounfuod ul sjuswaansesw asTou pue ured I03j pesn uorzisod aya ug

UMOUS 91®B SOUOJ3TMS 9] °S3USWAINSBoWl JUSTOTFFO00 UOTIDaTJox pue ‘ureld ‘ssyou 103J 38s 3s9] °1°¢ ‘914
Cz» <D (o)
2w o (e Xe-O ZHo
No> < NINBIBY o%\ yaoves el »anva [Shos
: . O_LA 9
= V3T VL A _ A
—F o
s
(v0 (> Z22Z5 O
Y341 WeDIIONMle
Sy - Foory noD
(LO _ ool ISION
oS¢ | 89282 ~~
" 2 YN
A g
(s
owvaAvd -
RO VAW r (CD) \ ')
Ana D) ES—
oSt \n oS> OMZ “woinmLAQ
(o) WV (&) | (s> (+> ® -
2\) / L
00y, MADI1ITQ h\
WINVY ToavIIVOo S

Y

RNV Y IIVeS




*suoT3Tsueal [ewasyl Yy /1 03 Y 00f °Y3l I0J pasn aie sapindesem

poddes “‘xojexe31ajex 0z0T TOPOW IID ® £q ) /T ~ 03 Pafooo ST lo3elosT andano
pue ‘(o3oyd sTyz ur 3ussaid 3jou) IJojzenualje andur ‘sisuny Yam Iaryrjdue

9y], ‘poAowIdal I9A00

*2'¢ '914

Iemap Y3Tm uorzeandijuoo 3sa3 oTuwfoLado Jo ydeadojzoyg




special version labeled NOISE1B) which measures amplifier noise applying a
correction for the measured test receiver noise.

3.2. Four-Stage Amplifier Results

An amplifier was constructed as described in Section 2
utilizing experimental HEMT devices provided by George Duh of the General
Electric Electronics Laboratory, Syracuse, NY. The devices in the first
three stages are similar to those used in the Neptune/Voyager 8.4 GHz
receivers with the exception of narrow gate width (75 pm rather than
300 pm) and 3% higher aluminum mole fraction in the AlGaAs layer. This
higher mole fraction was not desirable and caused high light sensitivity
and past-history dependence at cryogenic temperatures. The devices had
0.25 pum gate length, are from wafer 392, are described in a paper by Duh,
et al. [6], and have S-parameters as given in Table 3.1. The amplifier's
fourth stage utilized a 0.1 um gate length experimental GE HEMT which, in
early tests, was not as low noise as the newer 0.25 um devices.

The measured gain and noise of the four-stage amplifier at
300 K and 17 K are given in Figure 3.3 and variations with first stage bias
values are described in Figures 3.4 and 3.5.

The four noise parameters of an amplifier can be measured by
measuring the noise temperature at = 4 values of source impedance as
determined by = 4 settings of the input tuner. This has been performed for
the amplifier at 300 K and 17 K for five tuner positions with raw data and
analysis results shown in Figure 3.6. The noise temperature is corrected
for conductor loss in the input substrate; this loss is a function of tuner
setting (see Figure 2.4) and ranges between 0.5 and 1.9 dB. These figures
are theoretical calculations and are for a temperature of 300 K. At
cryogenic temperatures the loss will decrease by an amount dependent on
conductor purity; a decrease by a factor of 0.5 has been estimated. The
loss correction decreases the minimum noise temperature from 479 K to 348 K
at room temperature and from 43 K to 38 K at cryogenic temperature.

The noise parameters are calculated using an Apple II BASIC
program, NPF 880803, which utilizes the method of Caruso and Sannino [7] to
find the best-fit values. The value of R, decreases from 10.6 + 1.6 Q at
300 K to 6.9 £ 0.5 @ at 17 K. The values of X,,, of -4.7 £ 1.6 O at 300 K
and -3.6 * 0.6 Q at 17 K include the bond wire reactance which is estimated
to be 30 * 10 ohms. The value of X, at the transistor chip is thus ~ 26 Q
which resonates a capacitance of 0.14 pF. The error limits on the above
quantities are calculated from numerical derivatives computed by the
program. The error limit is based upon a + 10% error in measurement of the
noise temperature which has greatest effect upon the noise parameter.

3.3. TIransistor Tests
Other transistors were tested as single-stage amplifiers

utilizing the test set and procedure that have been described. Results are
summarized in Table 3.2.
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Fig. 3.4. Noise temperature at 43 GHz vs. stage 1 drain current for

amplifier at 22 K and at 300 K. The input tuner setting was held
constant at each temperature and was not very different at the two
temperatures. The maximum gain was 19.0 dB at 10 mA at 300 K and
25.2 dB at 7 mA at 22 K. Note that the DC power required at
optimum noise bias is 2.6 mW at 22 K and 9 mW at 300 K.
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Fig. 3.5. Noise temperature vs. stage 1 drain voltage at 300 K and 22 K.
After increasing drain voltage to 3.5 V at 22 K, the noise
temperature measured at 1.5 V increased by 5 K and required gate
voltage for 2 mA drain current changed from -.061 V to -.123 V.
Turning bias off and on brought the gate bias to -.098 V with
little change in noise temperature. After warming up to 300 K
and cooling again, the original noise temperature and gate
voltage were obtained.
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TABLE 3.2.

MFG
TYPE #

REFERENCE
GATE DIM

300 K DATA
Vp,Ip OPT
Vg,Cn
Tmin

Ropt

Xopt

N

Ga (dB)

Tcasc

17 K DATA
Vp,Ip OPT
Vg,Gm
Tmin
Ropt
Xopt

N

Ga (dB)

Tcasc

HEMT 43 GHz

GE
391
[3]

.25 x 75

1.4, 6

-.039, 27

o O =
LI

W
N
H W+ H
o -
o 00

w
o

175 + 22

1.35, 1.5

-.135, 24

N
~
H
O H N

.03

o
~
+ + + H+ H

FUJITSU
FHR10X

.25 x 100
2, 7

-.332, 33
277 + 30

2.5, 5

-.479,39
36 + 8
14 + 6
-3+ 6

50 + 12

25

LIN MONO
HCF502
[4]

.1 x 50
1.3, 7
-.572, 20
195 + 66
10 £ 3
24 + 6
.22 £ .1
6 1
259 + 90
0.8, 2
-.736, 16
34 £ 7
85
21 £ 4
.03 = .02
6 £1
45 + 15

Noise Parameter Summary - December 6, 1988

LIN MONO
HCF1006

(4]
.1 x 100

1, 10
-.580, 42
103
4.9
8.7
.13

= N o

4
1

+ + + H+

.06
6.7
131 + 10

1.8, 2
-.896, 30
1.0
0.3
0.4
.003

w
~
+ + + +
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