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Abstract
Cost effective Temperature Variable Attenuatfr¥A) for use up to 18 GHz are described. These devices
maintain the signal level in amplifierswitches, delay lines, and other microwave and RF signal processing

devices.

By combining Negative Temperature Coeffi¢dfiC) and Positive Temperature CoefficiefRTC)

thermistors in "T"and 'T1" configurations, the attenuation changes to compensate for temperature induced signal
level changes. Judicious choice of resistance and TCR yields constant impedance over the operating range thus

avoiding unwanted signal reflections.

While the temperature sensitivity of NTC and PTC chip thermistors is large, their use in TVAs requires a large and

expensive inventory to provide the required resistance and TCR values.

Thick film thermistor wgseems

developed to overcome these limitations. These include an NTC materialsws#ri@CR values as high as
-500,000 ppmiC and resistance range coverage from X&q. to 1 M)/sq. The complimentary PTC system
features linear TCR values of 3000 pp@and greater with resistance values of 5 to 500€q.

Process variables for thesewthick film thermistor materials are discussed. Attenuation and frequency curves

are presented.
curves are presented.

Impedance match, as characterized by Voltage Standing Wav@yRatR)versus frequency
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Introduction

Attenuators are used in microwave
applicationsthat require signalevel control [1].
This can beaccomplished by either reflecting a
portion of the signalback to its source or hy
absorbing some dhe signal in the attenuatdself.
The latter case is often preferred because the
mismatch which results from using eeflective
attenuator cartause problems for othelevices in
the system such as nonsymmetrical two-port
amplifiers [2]. It is forthis reasorthat absorptive
attenuators are more popular, particularly in
microwave applications.

The Temperature Variable Attenuator
(TVA) is an absorptive temperature compensating
element which provides power dissipatibrat varies

with temperature[3]. TVAsre constructed using at
least two different resistors (thermistors). The
temperature coefficients of these resistors are
selected to produce aattenuator which varies in

attenuation at a controlled rate with change in
temperature whilenaintaining anmpedance which

is substantially constant.

To understanchow a TVA functions, it is
beneficial to review how astandard (non-
temperature variable) attenuator functions. An
attenuator is a networthat reduceghe inputpower
by a predetermined ratio. The ratio of inawer
to output power is expressed lagarithmic terms
such as decibels (dB), (Attenuation in dB = 10 log
Poullpin)-



Attenuators are built itwo configurations;
one, the "Pi Pad" configuration is illustrated in
Figure 1. The other, th&ee Pad" is represented in
Figure 2 , whictshows a plot of a family of constant
attenuation curves , from 1 to 10 dB, with a constant
50 ohm impedance. The vertical axis on fhet
represents thevalues of resistor R2and the
horizontal axis represents thalues of R1. The
point of intersectiorbetweenthe impedanceurve
and an attenuatiocurve givesghe values for R1 and
R2 that produce the desired attenuatiomnd a
50 ohm impedance match. This figureaiso useful
for determining the proper desidor a temperature
variable attenuator.

Thevalues of Rland R2for a TVA which
will producethe proper attenuation at tégh and
low temperature extremes, can be determifiech
Figure 2. Once thevalues are selected, it is
necessary to select a resistoraterial thatwill
producethe resistance shift required. In order to
address all of thepossible combinations of
attenuation valueand temperature shiftshat may
be required, resistosystemswith high TCR and
wide resistance range capability are required.

This paperdescribesthick film NTC and
PTC materialsgdeveloped to meet these needs. The
target of theeffort was thermistor systemswith
ranges of material resistivitieand temperature
characteristics which could be blended together to
produce varying resistivittand TCR as required.
The functionality of the resulting TVAs is dependent
on the intrinsic properties of the thick film
thermistor materials and theompatible conductor
and protective coatingystems athe highoperating
frequencies required of theskevices. Thesdigh
frequencies require material formulations and
component designs which minimize parasitic
reactance.

Experimental

The largevalues of TCR required for both
the NTC and PTC materials necessitate special
considerations for evaluation of resistance
characteristics. For a material with BCR of
50,000, an error of 1degree in temperature
measurement translates to an error of 5.0% in
resistance value. By using an environmental
chamberand a platinunRTD, we have been able to
achieve control to 1%C. Resistance values are
therefore accurate to 0.02-0.5% in our reported
results. This is particularly important in
determining stability.

Although the properties of these materials
are unusual, the processing conditions required are
the same as thosesed for conventionahick film
materials. Standard 8%0 firing profiles are used
on films printed to driegrint thicknesses of 2216
Pt/Au (ESL5837) metallizationsvere used in the
evaluation of the thermistor compositions.
Subsequent testing showed Ag/Pd (ESL 963%#\)e
comparable results. Due tioe very sensitivenature
of these compositionsll resistance measurements
up to 1000Q were doneusing four wire Kelvin
probes. Fothigherresistance valuestandard two
wire measurements wemmade. All valueswere
obtained from a Keithly 196 DMM with a Sun ECO1
environmental chamber.

Since NTC compositionare based orhigh
temperature semiconductor materials, the thick film
firing process at < 100C vyields a film which
requires an overglaze to ensure stability. Therefore,
a system of overglaze and stabilization treatment was
developed fothe NTCcompositions. Thesare not
necessary for the PTC compositions.

Results and Discussion

Characterizing parametefar the NTC and
PTC thick film pastesleveloped fothis application
areshown in Tables And 2. Theproperties of ESL
D-NTC-2100 are given ifTable landthose of ESL
PTC 2600, ESL D-PTC-620@&nd ESL D-PTC-
2600A series are given in Table 2.

The NTC series of resistor materials,
ranging from 100 Q/sq to 1 MegQ/sq allows
continuousrange of resistancealues from 1Q to
10 MegQ to be obtained since thaye allblendable
(Figure 3) and geometrically linear (Figure 4).
Fractional squares down to 1/20 have shown little
deviation from linearityand resistors as small as
1/100 square have been used with predictable results.
The material constafftis also listed in the table.

Negative TCR materials, whichre based
on semiconductor materials exhibit a pronounced
nonlinear variation of resistance with temperature
(Figure 5); as a result thealue for TCR is strongly
dependent on the temperature range of interest. For
example theTCR calculated from 2% to -55C is
very different form theslope ofthe curve at any
point on it. NTC materials, therefore areften
characterized by the value [4]

B = (T]_To/AT)*lﬂ(RTllRTz)

B is a material characteristic which is
constantover a widetemperature range (Figure 6)
and is used as a design parameter.



The combination of blendability and
linearity allowsthe designeflexibility in meeting 3
or geometric constraints as shown in TablélBis
example showshree options to obtain a 40Q
resistor with various geometrigs valuesandTCRs.
Typical refire characteristicare shown in Figure 7.
TCR and (3 are noteffected byrefiring at 850C.
Resistance shows aignificant but predictable
change after refire. Room temperature ageing
characteristics are shown in Figure 8. The change in
resistance noted is within current instrument
capability (0.1-0.5%) formeasuring temperature.
These resistors are laser trimmablé care must be
taken to accounfor change in resistance due to
heating. Stability is notaffected bylaser trimming.
All stability data has beetaken on encapsulated and
stabilized resistors. ESL overglaze D-4782 fired at
49¢°C followed by 16 hours at 158C is
recommended when encapsulation is needed.

The low resistivity composition®TC-2650
and PTC-2611 havevery high TCRs and have
excellent stability at ambientand elevated
temperatures (Figure 9). It is nolecessary to
encapsulate or stabilize these resistors to achieve
these results. Theshow excellentinearity (Figure
10) and nohysteresis is observable. Resistors were
cycled from 25°C - 125C - 25C - -55C - 25C
three timesand returned to their initial 26 values.
The highervalues of resistance (10Q/sq -5000
Q/sq) areprovided bythe D-PTC-620Gand D-PTC-
2600A series of pastes. Theme allblendable with
adjacent members sthat a continuousrange of
resistances are obtainable. Resistance vs.
temperature is alstinear over the entire range of
resistivities. All the compositions are laser
trimmable and stability is not affected by this
procedure. All of the PT@ompositions havéeen
evaluated on Pd/Ag (ESL 9635A) metallizations as
well as Pt/Au (ESL 5837)xnd exhibit excellent
properties.

Significant improvement in the
performance of the TVAsvas achievedising the
thick film materials developed forthis program.
Figure 11 showsghe improvement in attenuation
compensation of a 1 dB device. Most of the
improvement comes fotemperaturebelow 4CC.
Figure 12 shows improvements ithe voltage
standingwave ratio (VSWR) for a 10 dB device
using thenew thermistor materials compared to a

3 dB deviceusing conventional materials. The
improved RF performance results from thse of
smaller geometries (0.1" x 0.I" vs. 0.122" x 0.145")
in the 10 dBlayout which is made possiblecause
of the improved resistivities of theew materials.
The attenuation performance shown in Figure 13 is
modest for the 3 dB attenuator up to 6 Ghawever

it degrades quickly due to reflections (VSWR) as
shown in Figure 12. The overall performance
improvement is quitgyood extending therequency
range of the 10 dB device up to 20 GHz (Figure 13).

Conclusions

1) Negative Temperature Coefficienthick
film thermistor compositions covering r@sistivity
range from 100 Q/sg to 1 MegQ/sq havebeen
developed. values up to 310GndHTCRs ashigh
as -9200 ppniC are achievable with these pastes.
2) Positive Temperature Coefficietitick film
resistor compositions have been developed to provide
a range ofresistivities from ®/sq to 5,000Q/sq.
TCRs from 2200 ppmfiC to > 4000 ppnf/lC are
achievable with these products.

3) Thermopadl TVAs with  improved
performance were developedsing these new
materials. Attenuation compensation increasech
0.007 to 0.009 dB/dB/Cand frequency range
increased from 10 to 18 GHz.
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Table 1

umm f NT mposition
- Nominal
Designation Resistivity* ~ Range** Cold TCR Hot TCR B (-55 10 125C)
(%)) (%)) (PPM/°C) (PPM/°C) X)
D-NTC-2112 100 10 to 1K -10,000 -5,000 850
D-NTC-2113 1K 100 to 10K -100,000 -7,500 1700
D-NTC-2114 10K 1K to 100K -160,000 -8,300 2125
D-NTC-2115 100K 10K to IM -300,000 -8,750 2500
D-NTC-2116 M 100K to 10M -550,000 -9,200 3100
*Measured on 0.040 X 0.040 resistors at 25°C and 22.5 @ DPT
**Resistive element geometry ranging from 1/10 square to 10 squares
Table 2
mm f PT mposition
Designation Resistivity Cold TCR Hot TCR
Q) (PPM/°C) (PPM/°C)
PTC-2650 5 4,300 4,100
PTC 2611 10 4,000 3,700
D-PTC-6212 100 2,900 2,650
D-PTC-6232 300 2,750 2,450
D-PTC-2613A 1K 2,400 2,400
D-PTC-2653A SK 2,200 2,200
Table 3
NTC Blend Ch risti
)] @)
Blend Composition  Resistivity TCR B8 Geometry AL X2
CTCR/HTCR
D-NTC-2112 100 Q/sq  -10K/-5K 850 4 sq 400 Q
1:2 D-NTC-2112 540 Q/sq -90K/-7.4K 1417 0.75 sq 400 Q
& D-NTC-2113
D-NTC-2114 10K Q/sq -160K/-8.3K 2125 0.04 sq 400 Q
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Figure 1. Pi Pad Attenuator.

Figure 2. Series & Shunt Resistor Values with
50Q Impedence Figure 2.
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Figure 6. Resistance vs. 1/Temperature.
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