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transfer function can be synthesized into a low-pass proto-
type network containing integral cross coupling in the form
of a “tri-section” of impedance inverters. Each tri-section
realizes one integrated pole. :

Comparisons made between conventional symmetrical
techniques and filters built using the methods described
here show that a significant reduction in degree can be
obtained for a given selectivity by utilizing an asymmetric
response.

An ordinary Chebyshev response can be recovered from
the integrated pole transfer function by letting all the «,
tend to infinity since

. 1l-ww, -

hm —_— = W.
w; = o0 W= w;
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Electromcally Cold Microwave Artificial

Resistors

ROBERT L. FORWARD, SENIOR MEMBER, IEEE, AND TERRY C. CISCO, MEMBER, IEEE

Abstract — A large percentage of microwave field-effect transistors
(FET’s) are shown to act as a broad-band artificial resistor with a resis-
tance of about 25 @ when their drain is connected to their gate. The
resistance appears between the gate—drain lead and the sourge lead. This
resistance can be raised to 50 @ with its reactive components eliminated
over a reasonable bandwidth by using a matching transmission line of the
proper impedance and a length near a quarter-wave at midband. An
HFET-1000 constructed in this configuration showed an impedance of
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1843 Q over an octave bandwidth, and when transformed with a 30-Q
quarter-wave transmission line produced- a resistance of 51+ 1 £ from 8 to
13 GHz. A noise analysis shows that, at some frequencies, some FET’s in
this configuration will produce artificial resistors with an effective noise
temperature as low as 67 K. The addition of a transmission line in the gate
lead and in the feedback line allows the effective temperature of any FET
to be made substantially below room temperature. No cryogenic cooling is
required. The addition of a half-wzive to either transmission line will
produce a low-noise negative resistor which can be used in a negafive
resistance amplifier circuit to produce an amplifier with the gain of a tunnel
diode and the noise figure of a FET. These “electronically cold” artificial
resistors could improve the overall noise figure of a microwave receiver if
they replaced the first-stage amplifiers and the standard room-temperature
loads in critical front-end circuits using loads in conjunction with circula-
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tors or balanced amplifiers and switches. They can also be used to
terminate long-signal lines, where they will not cause the usual 3-dB loss in
signal-to-noise ratio that occurs when a standard noisy resistor is used.
Finally, they may also find use as an artificial “cold load” in radio
astronomy and microwave calibration test setups without requiring a cryo-
genic capability.

I. INTRODUCTION

T HAS long been known that room-temperature active

artificial resistors can be made with effective noise tem-
peratures significantly below room temperature. The first
“electronically cold” artificial resistors were made using
vacuum tubes [1], [2] and reached effective temperatures of
77 K. With the advent of semiconductors, it was found that
the effective noise temperature of a semiconductor device
was typically T, ~ 0.5-0.6T, [3]. For example, a forward-
biased Schottky diode will act as a 50- microwave load
with an effective temperature of 165 K.

Later, with the advent of research on detectors for
gravitational waves and Newtonian gravity gradient fields,
a number of additional designs for artificial resistors were
generated [4]-[9] that demonstrated effective noise temper-
atures well below 10 K at audio frequencies.

More recent work has concentrated on achieving at
microwave frequencies effective noise temperatures below
the 165 K obtainable with forward-biased Schottky diodes.
A recent paper [10] used inductive feedback in the source
lead of a FET to achieve an effective temperature of 50 K
at L-band. Our paper discusses the use of drain-to-gate
feedback in a FET to produce a low-noise temperature
artificial resistor, as well as the use of transmission lines
from an input port to the gate and the input port to the
drain to minimize the effective noise temperature.

II. ARrTIFICIAL RESISTORS FROM FET’s

A typical microwave FET has an equivalent circuit given
by Fig. 1, where typically R, is in tens of ohms, C, is in
tenths of picofarads, and g,, is in tens of milliseimens. If
we connect the drain to the gate, the resulting circuit is
given by Fig. 2. We now have a single-port device. When a
voltage V,, is applied across the two terminals of the port,
a current I flows into the port. The input impedance of
the device is then just

s Y
in Iin
where
I,=1,+1,= St g V.
SR VR A
and
V. /e
g Rg—l—ng m
Defining
1
rm =7
gm

and substituting into the previous equation yields the fol-
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Fig. 1. Equivalent circuit of a microwave FET.
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Fig. 2 Equivalent circuit of a microwave FET with the drain connected
to the gate

lowing expression for the input impedance:

(R 7+ X2)+ jX,(r,,— R,) |

Zm - rm
2
X; +r,
If the reactance
1
X =——
g ng

is significantly greater than the resistances 7, and R,,
which is increasingly true at lower frequencies, then the
input impedance is dominated by the transconductance of
the FET

Sy =
mn m gm *

Since the transconductance of a commercially available
microwave FET is typically 40 mS, the typical equivalent
resistance of a fed-back FET is 25 Q.

The lumped circuit model used for a FET in Fig. 1 is a
simplified model; it served to show how, in a fed-back FET
circuit, the input admittance is dominated by the transcon-
ductance. To calculate the actual input impedance of a real
FET, one uses the manufacturer’s scattering coefficient
{S-parameter) data. For circuit analysis, we convert these
data to an equivalent admittance matrix [Y,,,] using stan-
dard handbook formulas or a microwave analysis program
such as COMPACT.

III. CaALcULATION OF INPUT IMPEDANCE

Fig. 3 shows a circuit schematic for calculating the input
impedance of a fed-back FET in terms of its admittance
matrix [Y,,]. For clarity in relating the circuit equations to
the figure, we specifically call out the two port voltages
separately even though they are equal to each other.

The input impedance of the circuit is obtained by calcu-
lating the ratio of the input voltage to the input current

g _Va
m_I'

mn
Using Fig. 3 and defining
Y,= (Yn +Y,+ Y+ Yzz)
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Fig. 4. Resistive and reactive components of impedance looking into

typical microwave FET’s with drain connected to gate.

we find that the input impedance of the fed-back FET is
just

m
m

1Yl

Using the scattering parameter data available from vari-
ous manufacturers, we calculated the real and imaginary
parts of the impedance seen in five selected microwave
FET’s at frequencies ranging from 2 to 12 GHz. These
results are shown in Fig. 4. As can be seen, the input
impedance is predominantly resistive, becoming more so at
lower frequencies. The equivalent resistances range from 7
to 34 £ with most values being around 25 €.

Although not all FET’s display this behavior, a signifi-
cant fraction do. These artificial resistors can then be used
(with suitable impedance-matching transmission lines) as
microwave loads.

IV. NOISE ANALYSIS

We want to carry out a noise analysis of these artificial
resistors to determine the voltage noise appearing across
the port and to compare that with the thermal Johnson
voltage noise appearing across the terminal of a compara-
ble resistor. For the noise analysis, we will use the conven-
tions of the IRE Standard for Noise in Linear Twoports,
1959 [11] and its companion theoretical paper [12]. In these
papers, it is shown that a noisy amplifier can be repre-
sented by a noiseless amplifier with the same admittance
parameters, plus three noise sources arranged at the input.
These are the equivalent input noise voltage e, the equiva-
lent input uncorrelated noise current i, and the equivalent
input correlated noise current i (e).

The noise analysis of a FET with its drain connected to
its gate by a simple short uses the schematic shown in
Fig. 5.

Solving for V,

letting ¥, =Y, + Y, + Y, + ¥, as be-

ut? n

Fig. 5.

Schematic for calculation of Thevenin open-circuit equivalent
voltage (i.e., V,,, with I, = 0).

* “out

fore, and defining Y, =Y, —Y,; — ¥;;, we get

S
S TR

Since e and i, are by definition uncorrelated, the mean
square noise voltage put out by the artificial resistor is
calculated by squaring each of the noise terms separately
and adding

T_ %= i

= 2
2
¥l

out 2
1Yol

The “available” noise power from an impedance at a
temperature T in the bandwidth B, regardless of the value
of the impedance, is obtained when the impedance is
connected to a matching load and is given by

P ..=kTB

where k =1.38X 10~ 2 J /K is Boltzmann’s constant.

The maximum noise power obtainable from the artificial
resistor is also obtained when it sees a matching load and is
given in terms of the output noise voltage as

VZ

out

P —-_——————
" 4Real(Y, ')

where Re(Y,, )=R .

We can now define an equivalent noise temperature T,
for the artificial resistor as that temperature where the
“available” power of the equivalent impedance equals the
maximum noise power obtainable from the circuit

kan — out
or
I/o%lt = 4kTquRin'

Substituting this equation and the equations for ¢* and i2
into the mean-square output noise voltage equation, and
dividing through by 4T, BR . we obtain an equation for
the equivalent noise temperature of the fed-back FET

T _IY.I’R,+G,

€q _

T |Yal’Ry

V. ExAMPLE NOISE CALCULATION

To demonstrate that the equivalent noise temperature of
the artificial resistor can be less than room temperature, let
us take the noise and admittance parameters for a
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Hewlett—Packard Microwave FET type HFET-1000 (chip)
at 11 GHz, when operated at its low-noise point (Vg = 3.5
V, I,s =15 percent of I4).

Measured Device Noise Model Parameters:
Noise resistance R,=0.53(26.5Q).
Optimum reflection coefficient p, = 0.632@115°.
Optimum noise figure F,=3.27 dB (2.12 ratio).

Measured Device Y Parameters:
Y, =12.3+35.0j mS
Y, =0.6—2.5jmS
Y, =20.8—23.4j mS
Y, =2.6+11.1j mS.

From these we can calculate the input admittance
Y,=Y,+Y,+Y,,+7,,=363+202;mS

and the input impedance

1 Y*
Zo=—=—2 —21.0-11.77 9.
Yo YR /

The normalized optimum noise source admittance () is
then obtained from the optimum noise source reflection
coefficient (p,) by

1.._
Y = Po _

\= T = 06951324 = Gy + B,

From these we can obtain the fundamental noise parame-
ters B, G,, and G, (the unnormalized values are in
parentheses)

B, = — B, =1.324 (26.5 mS)

_ (Fo—l)
G = 2R,

G,=R,(G2—G2)=0.187 (3.7 mS).

~ Gy =0.362 (7.2 mS)

The correlation admittance is then
Y,=G,+ jB = 7.2+26.5j mS

and the admittance coefficient of the voltage noise term is
easily calculated to be

Y,=Y,— Y, — Y, =—259+14.9/ mS.

We now gather all the factors needed to calculate the
equivalent noise temperature

R,=21.0Q

R,=265%

G,=3.7x10738S
¥, 1> =1.726 X103 S?
|Y,|>=0.893x10 " S?

and find that the normalized equivalent noise temperature
is

Teq _ IYe|an + Gu
T Yl *R 1
=0.653+0.102 = 0.755

which is three-fourths of room temperature. Assuming
T, =290 K, we find

T, =219K.

Note that it is the first term that dominates the noise. If
we neglect the second term and expand Y, and Y, , we get

1, fYy_Yn_Y21|2 R

L in

Tb |Y11+Y12+Y21+Y'22,2 Rm.

ns’

In most microwave FET’s, the admittance term Y, is
significantly larger than any of the other admittance terms.
so to first order, |Y,|? =|Y,,|> and the equivalent temper-
ature equation reduces to

Téq Rn

o
Ty

P

in

V1. “FELECTRONICALLY COLD” MICROWAVE LOADS

Using the manufacturer’s data for the HFET-1000, we
calculate that it should have a low equivalent noise temper-
ature at frequencies above 10 GHz, reaching a low of 80 K
at 12 GHz. This is plotted in Fig. 6 along with the noise
resistance R,, the optimum noise figure F,, and the un-
matched input impedance Z,,. As can be seen, there is
some correlation between the equivalent noise temperature
T, and the noise resistance R,,.

At lower frequencies, we have calculated that the
packaged FET, the 2N6680 (HFET-1101), has a low equiv-
alent noise temperature in the region below 6 GHz, reach-
ing temperatures of 67 K. The package causes an electrical
resonance in the behavior of the fed-back FET artificial
resistor configuration which makes it unsuitable for opera-
tion as an artificial resistor in the region from § to 10 GHz.

These low-noise microwave loads can be used to improve
overall system performance in critical front-end radar and
communication receivers by replacing loads used in con-
junction with balanced amplifiers or switches. They can
also be used to terminate long-signal lines, where they will
not cause the usual 3-dB loss in signal-to-noise ratio that
occurs when a standard noisy resistor is used. Finally, they
may also find use as an artificial “cold load” in radio
telescopes [3] and microwave calibration test setups without
requiring a cryogenic capability.

VIL

To check out the analysis, we fabricated an artificial
microwave resistor using an HFET-1000 with its drain fed
back onto its gate through a large blocking capacitor,
keeping all leads as short as possible. By designing our
experimental configuration to place the blocking capacitor
on top of one of the bias current fingers, we were able to
obtain a very stable very flat artificial resistor. As is shown
in the top curve in the Smith chart in Fig. 7, the effective
resistance varied from 21 Q at 6 GHz to 15 € at 12 GHz,
an octave bandwidth, while the reactance was near zero
over most of the band. There was no change in impedance
with bias voltage or current around the nominal operating
values.

EXPERIMENT
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Fig. 6. Noise parameters for two FET’s.
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Fig. 7. Smith chart showing measured 1nput impedances of artificial
resistor before and after transformation to 50 Q.

Measurements of the effective noise temperature of this
resistor proved difficult. A slide tuner was used to convert
the low effective resistance to the 50 Q required by the
noise measuring system, but the sharp response characteris-
tics of the tuner made the bandwidth of the transformed
resistor smaller than the bandwidth of the measuring sys-
tem. However, by comparison with the noise of a room
temperature resistor, it was estimated that at 9.5 GHz, the
effective noise temperature was measurably below room
temperature, while it was above room temperature at higher
frequencies. Although we did see the below room tempera-
tures predicted by the analyses, this trend with frequency

100 pF

30
N4 }——-l
- L 4 -9
HFET 1000
Fig. 8. Broad-band artificial 50-§ load.

was opposite to what was calculated using the noise data
from the manufacturer.

We then added a 30-2 quarter-wave transmission line, as
shown in Fig. 8, and produced a broad-band match to 50
. As can be seen in the lower curve on the Smith chart in
Fig. 7, the measured impedance now goes smoothly from
50-25j Q@ at 8 GHz, through 5240 @ at 11 GHz, to
50+25; © at 13 GHz, or a bandwidth of 5 GHz.

VIII. TEMPERATURE MINIMIZATION USING

TRANSMISSION LINES

We next examined the use of transmission lines with the
fed-back FET to optimize the effective resistance and the
equivalent temperature. The circuit we analyzed consists of
two microwave transmission lines and a microwave FET.
One transmission line is between the single input-—output
port of the device and the gate of the FET, while the other
(acting as the feedback connection) is between the port and
the drain of the FET (the source being common). In
practice, there will also be a blocking capacitor in the
feedback line and some inductance in the connections, but
these reactances can be accommodated by slight changes in
the lengths of the two transmission lines.

Since the available microwave analysis programs such as
COMPACT are only suitable for two-port devices, we devel-
oped a detailed program that computes the effective input
impedance, equivalent noise temperature, and stability for
these one-port devices. Using this program, we found that
by varying the lengths and impedances of the two trans-
mission lines, we can not only change the effective resis-
tance seen at the port, but we can also affect the noise
temperature and stability.

One specific example we calculated is shown in Fig. 9.
The circuit consists of an HFET-1000 with a 50-Q trans-
mission line of 180° at 11 GHz in the feedback loop and a
50- 45° long line to the gate. The program indicates that
with these parameters we should be able to produce an
unconditionally stable resistor of 8.8 4-5.57 € with an effec-
tive noise temperature of 118 K. This resistor can be
transformed to a standard 50-Q artificial resistor with a
near-quarter-wavelength 21-Q transmission line, The tem-
perature of this 50-{ load will remain at 118 K.

We can turn this circuit into an amplifier by converting
it into an electronically cold negative resistor. The negative
resistor is obtained by leaving the feedback transmission
line at 180° to insure circuit stability and increasing the
gate transmission line by a half-wavelength to 235°. These
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Fig. 9. Positive or negative electronically “cold” artificial resistor using
transmission lines for tuning.

lengths for the transmission lines produce a negative resis-
tor of —23+ 32, Q with an effective noise temperature of
460 K (4.0 dB). Since the noise figure of the FET at 11
GHz is 3.27 dB or an effective noise temperature of 337 K,
it is not surprising to see this noise temperature for the
negative resistance. The negative resistor should be capable
of producing an amplifier with the same noise temperature
of 460 K or a 4.0-dB noise figure. Since it is a negative
resistor, its gain in a negative resistance amplifier circuit
(such as is used in tunnel diode amplifiers) is limited only
by stability and bandwidth criteria. Using this approach,
we should be able to get an amplifier with the gain of a
tunnel diode and the noise figure of a FET.

Unfortunately, funding was not available to construct
the electronically cold positive and negative resistors to
check the accuracy of the analysis. In addition, recent
advances in GaAs FET fabrication techniques have pro-
duced microwave FET’s with significantly better noise
figures than the HFET-1000. As soon as the appropriate
microwave device parameters are available for these de-
vices, they should be analyzed to determine their character-
istics when used as an artificial resistor. With their better
noise parameters, they should be significantly “colder”
than the HFET-1000.
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