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Figure 1. View of the terminations described
in this article.

Calibration Standards for Precision
Coaxial Lines

TYPE 900-WR STANDARD MISMATCHES

In a coaxial line, as in any
uniform, distributed-parameter sys-
tem, it is the terminating impedance
that determines the reflection that
occurs when an electromagnetic
wave traveling down the line reaches
the far end. From the magnitude and
phase of the reflection, the nature
of the terminating impedance can
be deduced, and coaxial-line meas-
urement devices are based on this
principle.

As with any measuring system,
standards of calibration are neces-
sary to ensure accuracy of meas-
urement. The standard terminations
described here fill this need and
are recommended for the calibra-
tion of slotted lines, bridges, im-
pedance plotters, fixed- and swept-
frequency reflectometers, and time-
domain reflectometers.

These broadband mismatches are
standards of wvswr, for use In the
calibration of slotted-line systems, re-
flectometers, and other vswr and

reflection-coethcient measuring devices
The Tyres 900-WRI110, -WRI120 and
-WRIS0 Standard Mismatches intro-
duce vswr's of 1.1, 1.2, and 1.5, respec-
tively, and each of these units exhibits
nearly  uniform vswr
from de to 8.5 GHz. (See Figure 2.)
Jach unit comprises a 50.0-ohm GR9Y00

characteristics

Precision Coaxial Connector, a low-
continuous transition,
a  precision cylindrical The
poxsition at the mismatch is
introduced into the 50.0-ohm system is
approximately 4 em behind the refer-
ence plane of the GRY900 Connector.
The terminating elements are highly
stable, deposited-metal-film  resistors
with de resistances of 4545, 41.67
and 3:3.33 ohms, respectively, 4+0.59,.
Cahbration charts supplied with each
unit give the measured resistance at
de and at five the fre-
quency band. NBS calibration services
are also available to 4 GHz with uncer-
tainties of vswr measurement from
+0.005 at 1 GHz to £0.010 at 4 (iHz.

reHection and
resistor.

which

points in
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Figure 2. Average mismatch VSWR of sample lots. Spreads in the measured data are shown at 1, 3, 5,

and 8 GHz.

Measurement accuracy is better than $+0.003 for the Type 200-WR 110, +0.005 for the

Type 900-WR120, and +0.010 for the Type 900-WR150.

APPLICATIONS
Direct RF Calibration of Slotted-Line Systems

Many factors contribute to inac-
curacy in the measurement of vswk
with a slotted-line system. Uncertainty
in the detector response law, calibration
accuracy of the indicating instrument,
residual vswr and probe reflections in
the slotted line — all of these introduce
varying effects that are dependent on
the magnitude of vswr being measured,
the frequency of operation, and the
nature of the instruments. The T'yrw
900-WR Standard Mismatches offer
a simple means of establishing directly,
at the measurement frequency, the
over-all system accuracy.

Figure 3 shows the standing-wave
patterns of design-center mismatches at
vswR levels of 1.1 and 1.2, measured
at 7 GHz with the Tyre 1640-A Slotted
I.ine Recording System.!

1 A. E. Sanderson, * A Slotted Line Recorder System,"’
‘““Reference Air Lines for the GRY00 Series,’” and ‘' New
Coaxial Tuner with Neutral Setting,”” General Radio Fx-
perimenter, January 1965,

Calibration of Frequency-Domain Reflec-
tometers

The Typrre 900-WR Standard Mis-‘N

matches are well suited for the vswr
calibration of swept-frequency reflec-
tometers and impedance plotters based
ondirectional couplers, hybrid junctions,
magic tees, or rf bridges. Calibration
through GR900 Connectors offers the
greatest accuracy; however, the use of
the Tyre 900-Q Adaptors makes it
possible to calibrate measuring devices

e A
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Figure 3. Standing-wave patterns of Types

900-WR110 and -WR120 Standard Mismatches
as measured at 7GHx with a Type 1640-A
Siotted Line Recording System.
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equipped with many other types of
connectors.

The Typrr 900-WRI10 Nismatch is
particularly useful for the calibration of
fixed-frequency reHectometers where
the residual refHlection errors of the
measuring instruments are tuned out.
As an example, I'igure 4 is the block
diagram of a fixed-frequency reflec-
tometer system built around a hybrid
junction in which the error signal is pro-
portional to the reflection coefficient
of the unknown being measured. This
system provides full-scale vswr indica-
tions of 109%, 19, and even 0.19,.*

The calibration procedure for this
system is as follows:

(a) A Type 900-W50 Standard Ter-
mination is connected to the unknown
port of the hybrid junction and the
impedance-matching tuner (‘I'yvpe 900-
TUAY) is adjusted for a null in the
detected signal. This makes the instru-
ment residual reflection equal in magni-

e I\(‘}?‘;\'R in percent ix given by (VSWR - 1) X 100.

b s

2 8anderson, A. E., “Calibration Techniques for One- and
Two-Port Devices Using Coarxial Reference Arr Lines as
Absgolute Impedance Standards,”” presented at the I[SA
19th Annual Conference and Exhibit, 1964; available
from General Radio Company as Technical Publication
B-2].

TYPE 900-Q( )
ADAPTOR
IF NECESSARY

May 1966

MATCHED
A TERMINATION
7

y TYPE 900-W50 Figure 4. Fixed-frequency
/ reflectometer for measuring
VSWR’s below 1.1.

TYPE 300-WRIIO
STANDARD
MISMATCH

b
UNKNOWN

$OO-W-35

tude to the residual retlection of the
termination. Thus, the accuracy of the
measurement is directly dependent on
the accuracy of the termination. (High-
Iv accurate calibration techniques for
determining the termination accuracy
are deseribed by Sanderson.?)

(b) The Tyrr 900-WRI110 Standard
Mismatch (vswr = 109%;) is connected
in place of the matched termination,
and the signal level is adjusted for full-
scale indication on the meter of the
Type 1216-A Unit [-1" Amplifier in the
Tyrr DNT Detector.

The unknown to be measured is now
connected in place of the standard mis-
match, and its vswRr 1s read directly
from the linear scale of the i-f amplifier
meter. [f the setting of the amplifier
attenuator switeh is reduced by 20 dB,
the full-scale vswnr becomes 195, and,
tor 40-dI3  reduction, the full-scale
veWR becomes 0.19. The assumption
that the hnear apply 1= not
rigorously true, since the relationship
between vswr and reflection coefhicient
is not a lnear one. However. for
VEWR'S up to 109, the error is less than
1/20"" of the indicated vswr in per-
cent.

scales
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SPECIFICATIONS

TYPE 900-WR110 STANDARD MISMATCH
Frequency Range: [)C to 8.5 (iHz.
Mismatch VSWR

U'pto1 GHz: 11000 % (0.0055 + 0.0110 fcu.).
7to 8.5 GHz: L.10UL &= (1,L0115 4 0.0050 fam.).

DC Resistance: 45.135 Q2 +0.39}.
Leakage: Better than 130 dB below signal.

Maximum Power: 1 \W with negligible change:

5 W without damage.

Temperature Coefficient: LLess than 150 ppm /°C.

Dimensions: LLength, 2 in (5] mm); maximum
diameter, 14 in (27 mm).

Net Weight: 315 oz (100 g).

TYPE 900-WR120 STANDARD MISMATCH
Same ag Type 900-WIR110 except:
Mismalich VSWR
{"pto1 GHz: 1.2000 + (0.0060 + 0.0120 fGH.).
1t08.5GHz: 1.2000 + (0.0125 + 0.0055 fou.).
DC Resistance: 41.67 @ 30.3%,.

Catulog Price
Number Description in USA
0900-9963 | Type 900-WR 120 $60.00
Standard Mismatch

TYPE 900-WR150 STANDARD MISMATCH
Same as Type 900-WR110 except:
Mismatch VSWR
Upto ! GHz: 1.5000 £ (0.0075 + 0.0130 fgu.).
1 to8.5 GHz: 1.5000 + (0.0155 + 0.0070 fGH.).
DC Resistance: :3:3.33 Q 0.3,

Catalog Price
Number Description in U'SA
0900-9965 | Type 900-WR 150 $60.00

Standard Mismatch

TYPE 900-W STANDARD TERMINATIONS

Catalog Price

Nuwumber Description in 7SA

0900-9961 Type 900-WR110 $60.00
Standard Mismatch

TThese broadband resistive termina-

tions are standards of impedance. which
can  be  used to calibrate
frequency  impedance-measuring
impedance plotters, slotted-hne
svstems, bridges and time-domain re-
flec tometers.

In contrast to the Tyere 900-WR
Standard  Mismatches, the Standard
Terminations are calibrated in phase
as well as magnitude; that is. the posi-
the standard with
respect to a reference point in the con-

swept-
SVS-

tems,

tion of resistance

terminations, therefore, find their great-
est use in the calibration of impedance-
measuring systems, although they are
also standards of vswr.

The Types 900-WI100
Standard Terminations
200-ohm terminating resistances
a H50.0-ohm system. The
introduced remain very nearly equal
to their de over the fre-
quency band from de to 8.5 GHz, as
illustrated in I'igure 5. These units are
similar in the T'yre

-W 200
and

for

and
are 100-
resistances

resistances

construction to

nector 1s  accurately known. These 900-WR Standard Mismatches.

(723

e T T T = T T T e

7 100 X

“w \

£ 98- TYPE 900-WIOO (100 OHM)* e 5. Awpnbige Fe-

k4 = | | | 1 1 I | | | K 1. T N sistance of 25 units

wl 950 ; > = 2 S - = = each of Type 900-
FREQUENCY- GHz S00- w97 W100 and Type 900-

i 208 W200. Spreads in the

z 1 T | 1 v | T T I meoasured data are

2200 — shownatl1, 3,5, ond 8

¢ i 7—/ T — GHz. Measurement ac-

3‘95 [ TYPE 900-W200 (200 OHMY B I Betterthan 1%-
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The reference plane at which the
termination is introduced into the 50.0-
ohm system is 4 em behind the reference
plane of the GRY900 Connector. as
shown in Figure 6. Calibration charts
supplied with each unit include meas-
urced data on the position at which the
resistance effectively appears in addi-
tion to the measured resistance at de
and at 5 points in the trequency band.

APPLICATIONS

Calibration of Slotted-line and Reflec-
tometer Systems

The Typer 900-W Standard Termina-
tions, like the Tyrie 900-WR Standard
Mismatches, are used to perform direet
rf calibration of slotted-line systems.
At the 100-ohm and 200-ohm levels
(mismatches of 2 and 4, respectively),
the errors introduced by wvariations in
the detector-response law, uncertainties
in the indicator ecalibration, and, most
important, probe reflections in the
slotted line can be appreciable. The
Tyrr 900-W Terminations permit a
rapid, yvet accurate, test of a system’s
performance, without the necessity of
time-consuming check-out procedures.

3 4 5
FREQUENCY-GHz

o)

Figure 6a. Average position behind GR900
Connector reference plane at which resistance
is applied for the units of Figure 5.

Figure 6b. Skeltch showing relation of termina-
tion position and reference plane.

Similarly, with relectometer systems,
these standard terminations provide
important calibration points. Since the
terminations are calibrated 1n both
magnitude and phase, they are most
useful in the calibration of complex
reflection-coefficient measuring instru-
ments such as automatic impedance
plotters. Because of the phase calibra-
tion of the terminations, they can be
combined with sections of precision
air line to produce many known com-
plex impedances. IFor example, a TyprE
900-W 100 Termination in combination
with a G-cm air line produces (at the
air-line input connector mating plane)
an impedance of 40.0 — )30.0 ohms at
frequencies given by

I 1\ ' :
3 ( —%ﬂ) GiHz and 40.0 + j30.0 ohms

' 2 . 3 + 4n)
at frequencies given by 3 ( ) ->(}llz,

where n is zero or a positive integer.

The TUypre 900-1. Precision Air Lines
and the Typr 900-LZ Reference Air

Lines! are recommended for such ap-
plications.
Ibid.
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Figure 7. Correction term, K, for the 4-cm

difference between the GR900 Connector refer-
ence plane and the effective position of the
resistance.

Calibration of Bridges

The Typre 900-W Standard Termina-
tions are used to calibrate bridges in
much the same manner as described for
slotted lines and reflectometers. Ior
some bridges, the termination reference
plane 4 em away from the GR900

Connector mating plane may not be
the most convenient reference plane to
use. Below about 200 MHz, however,
the resistive component of the im-
pedance presented at the connector
reference plane departs only slightly
from that presented at the 4-c¢m refer-
ence position. This resistance (at the
GRY900 Connector reference plane) i
given as a function of frequency, ap-

proximately, by:
4
e a- (D) (ET - )]
50
= R — K)
where R is the calibrated de resistance
of the termination in question and f

is the frequency in Glz.
The correction term

- (e 55) (GoJ =)

is a result of the distributed capac-
itance of the 4-cm length of line
between the two reference planes and
is plotted in Figure 7 for resistances of
100 and 200 ohms.

SPECIFICATIONS

TYPE 900-W100 100-OHM STANDARD
TERMINATION

Frequency Range: DC to 8.5 GHz.

DC Resistance: 100 @2 +=0.37,.

RF Resistance

Upto! GHz: 100.00 = (0.50 + 1.00 f;.)

1to 8.5 GHz: 100.00 = (1.05 + 0.43 feue)
Position at Which Resistance Specification Applies
{'p to 2 GHz: (4.00 £0.05) em beyond the
GRO0O Connector reference plane.

2 to 8.6 GHz: (4.02 — 0.01 fgu, £ 0.05) em
beyond the GR900 Connector reference plane.
Leukuge. Better than 130 dI3 below signal.
Maximum Power: 1 \W with negligible change;
5 W without damage.

Temperature Coefficient: [.ess than 150 ppm °C.
Dimensions: [.ength, 2 in (51 mm); maximum
diameter, 1145 in (27 mm).

Net Weight: 31, oz (100 g).

Catalog Price
Number Description in USA
0900-9957 | Type 900-W 100 $60.00

100-Ohm Standard
Termination

TYPE 900-W200 200-OHM STANDARD
TERMINATION

Same as Type 900-W100, except:
DC Resistance: 200 2 4+ 0.39,.

RF Resistance

Upto I GHz: 200.00 &= (1.00 + 2.00 fgr.)
1 to 7 GHz: 200.00 = (2.10 + 0.90 fG.)

-+ 8.40
200.00 or

— (840 + 7.20 [fou.—7])
Position at Which Resistance Specification Applies
Up to 2 GHz: (4.00 £ 0.05) em beyond the
GRY0O Connector reference plane.

2(08.5 GHz: (4.04 — 0.02 fapn, £+ 0.05) cm be-
vond the GR900 Connector reference plane

7 to 8.9 GHz:

Catalog Price
Number Desecription in USA
0900-9959 | Type 900-W200 $60.00

200-Ohm Standard
Termination

www.amerlcanraa|o| ISEOI’V.EOI’H
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TYPE 900-WN4 PRECISION SHORT-CIRCUIT TERMINATION

The Tyer 900-WN4 Short-Circuit
Termination presents a low-loss short
circuit 4.00 em beyond the reference
plane of its (GRY00 Connector reference
plane. The reHection coefficient intro-
duced at the actual short-circuit plane
is greater than 0.999. and that intro-
duced at the connector reference planc
1s greater than 0.996.

APPLICATIONS

T'his short circuit is used with the
Typre 900-WO4 Precision Open-Cireult
Termination (described below) to estab-
lish short- and open-circuit reference
planes coincident within 0.02 ¢em over
the frequency range from de to 8.5 Gz,
‘I'he reference planes so established arc
useful in direct 1mpedance measure-
ments, in loss measurements based on
reflection measurements, in the calibra-
tion of reflection-coefficient measuring
instruments. and, generally, in the
measurement of the scattering coeffi-
cients of multiport coaxial devices.

Since its 4.00-cm reference plane co-
incides with those of the T'vres 900-
WI100 and —W200 Standard Termi-
nations, the Type 900-WN4 can be
used in conjunction with these termina-
tions for the calibration of bridges.
slotted-line systems, etc.

Figure 8 illustrates the calibration
levels obtainable with the Types 900-

6700

—_ — ‘
| |
X
a
| 6690 — = 2
-
o
2 — e n—
=
S 6680 f——rit e = =
g \
= k =" -
| b byl - ]
670 Rl — e A L. s  _— il
005 [+ 1L} o2 a3 i 2 5 1o
FREQUENCY ~ GHz =]

Figure 9. Inductance presented at the GR900
Connector reference plane of the Type 900- WN4
Precision Short-Circuit Termination.

—900-w04 (I'=+1.00)

= - —900-W200 (I'= +0.60)
AR |

—9800-WI00 (['= +0.33)

| .ﬁJ__.I..l
! ——900- W50 (T =0)

- —900-WRIIO (['=-0.48)
' ™~900-WRi20 (I'=-0.91)
| ~~900-WRI50 (I'=-0.20)

—900-WN4 ("= - 1.00}

__900 -w-37

Figure 8. Multiple exposure of time-domain-

reflectometer traces for the various GR900

terminations at the end of a length of 50-ohm
air line.

W, 900-\W. 900-WXN4 and 900-W O+
Standards. All these units are recom-
mended for the calibration of time-
domain-reHectometry systems.

Since the 'T'yre 900-\W N | comprises a
single section of uniform transmission
line with no disturbances or dielectric
supports between the short circuit and
the connector reference plane, dt is a
caleulable inductance standard of high
accuracy. This s particularly true at
trequencies above about 50 N Hz, where
the current flows primarily in the silver
overlavs on the conductive surfaces.
Ifigure 9 1= a plot of the calculated
inductance at the connector reference
plane for trequencies above 30 Mz
based on a conductor resistivity of 1.7
microhm-cm. which 1s typical for the
conductors of the Typr 900-WN 1.

SPECIFICATIONS

TYPE 900-WN4 PRECISION SHORT-CIRCU!IT
TERMINATION

Frequency Range: ) 1o 8.5 (iHz.

Reflection Coefficient: Cireater than 0.996 at
the GRY00 Connector reference plane.
Location of Short Circuit: 1.004+0.01 cin ln-_\'(m«l
the GROUO0 Connector reference plance.

www americanradiohistorv com
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Characteristic Impedance of Internal Coaxial
Line: 50.0 24 0.0659 at frequencies where skin
cffeet is negligible.

Leakage: Better than 130 dB below signal.

Dimensions: Length, 2 in (51 mm); maximum
diameter, 14 in (27 mm).

Net Weight: 4 0z (120 g).

Cuatalag Price
Number Description tn USA
0900-2975 | Type 900-WN4 Preci- $40.00

sion Short-Circuit
Terminalion

TYPE 900-WO4 PRECISION OPEN-CIRCUIT TERMINATION

The Type 900-WO4 presents an open
circuit 4.0 em beyond the GR900 Con-
nector reference plane over the full
de-to-8.5-GHz frequency range, as illus-
trated in Fligure 10. Compensation for
the frequency-dependent fringing capac-
itance of the open-ended inner con-
ductor is accomplished by means of a
small disk on the inner conductor tip.

APPLICATIONS
As a capacitance standard, the Typr
900-WO4 presents a capacitance at its
connector reference plane that is given
approximately by

47f
tan —
C=C,|1+|— sy
, 5 4_7rf
15
= C, (1 + K)

where the capacitance C, is a result of
the 4-cm length of line between the
effective open-circuit reference plane
and the connector reference plane and
f is the frequency in GIHz. The capaci-
tance C, has a nominal value of 2.673
picofarads. The correction term

is a result of the distributed nature of
the capacitance, which has an appre-
ciable effect at frequencies above 70
MIIz. The correction term K is plotted
in IMigure 11.

As an open-circuit termination for
the Tyre 900-1.Z Reference Air Lines,
the Typre 900-WO4 provides support for
the inner conductors of the air lines.
Since the effective reference plane of
the Type 900-WO4 Open Circuit 1is
coincident with that of the Type
900-W N4 Short Circuit, these two units,
alone or in conjunction with the Typg
900-LZ Air
series of accurate conjugate-recactance

Reference Lines, form a
standards, which can be used in the
calibration of impedance-measuring de-
vices. Further, the reference plane of
the Type 900-WO4 is coincident with
those of the 900-W 100 and
-W200 Terminations within 0.06 em to
2 GHz and within 0.20 ¢m to 8.5 GHz.

Combinations of the Tyre 900-WO4
Open-Circuit and the Typrr 900-LZ Air

TyrESs

¢ 4rf Lines also make an accurate series of
an —— g e
K 15 " incremental capacitance standards for
\ - — - -
4nf use at audio and at the lower radio
15 frequencies. Fringing capacitance at
Figure 10. Average posi-
tion behind GR900 Con- Z .ol . L .
nector reference plane ot 1 | — I I LT | T ]
which open circuvit is ap- =400 : L 1_\;
plied. Data are based on 25 ::c‘:a | I | \‘1—"‘ I \ :l | | —1
units. Spreads are shown at A 2 3 E) 5 [3 ¥ B 9
2.5, 5.5, and 8.5 GHzx. FREQUENCY - GHz @ ve)
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# the measuring-instrument terminals is
eliminated when the Typrr 900-WO4
is used to establish the initial condi-
tions. The agreement between calcu-
lated capacitance and measured capa-
citance at | klIlz for a 10-picofarad
(15 em) Tyre 900-LZ15 Reference Air
Line is better than 0.059;. The GRY00
Connector repeatability at 1 kllz is
better than 0.001 picofarad.

— T. E. MacKENZIE

May 1966

Thomas Ii. MacKenzie
received his BSEE and
MS in Physics in 1958 |
and 1963, respectively,
from Northeastern Uni-
versity. IFrom 1954 to
1962, he was an engineer
at Alford Manufacturing
Company. As a develop-
ment engineer in the
Microwave Group at
Cieneral Radio since 1962,
his work hasg been in the
development of micro-
wave mstruments, com-
ponents, and standards.

SPECIFICATIONS

TYPE 900-WO4 PRECISION OPEN-CIRCUIT

TERMINATION 5 . . - - TimmEn
Frequency Range: DC to 8.5 GHz. ‘ =
Reflection Coefficient: Greater than 0.996 at }; 1]
the (:RY00 Connector Reference Plane. |
Location of Open Circuit: 4.00 4+ 0.01 em beyond /
the GRWO Connector reference plane. ) - - - — /
Capacitance at GR900 Connector Reference Plane: z
2.673 pF 4+ 0.3, de to 70 MHz. g
~ Characteristic Impedance of [Internal Coaxial ] . =
Line: 50.0 224 0.19; at frequencies where skin 5 i ) o I
effect is negligible. E L ‘ / ‘ ‘
Leakage: BBetter than 130 dB below signal. ° F [ ] + + “
Dimensions: Length, 234 in (59 mm); maximum : / . ‘
diameter, 134 in (27 mm). i / | 1]
Net Weight: 4 0z (120 g). / ' ‘
Catalog Price e B | 4 { |
Numnber Deseription in USA e 20 %o 100 200 500 1000
- FREQUENCY - Muz [wr o)
0900-9985 | Type 900-WO4 Preci- | $40.00
sion Open-Circuit Figure 11. Correction term, K, for Type 900-WO4
Termination Open-Circuit Termination.
Publications
PULSIES — Instrument Note IN-108, amplitude, pulse-duration, and pulse-
“Generation and Detection of Modu- code modulation and describes
lated Pulses,”” by Dr. Gordon R. equipment and methods for their gen-
Partridge, of GR’s Development lin- eration and detection.
gineering Department. discusses the Reprints are also availuble of recent
characteristics of pulse-position, pulse- technical articles by GIR engineers:
Number Author I T'itle Published in
A123 | W. G. Howard “Simple Methods of Voltage-to- IFrequency, September/Oc-
-~ Frequeney Conversion” ) tober, 1964
3 Al124 | H. T. McAleer “Unique Frequency Multiplier” Frequency, May /June, 1964
A126 | A. k& Sanderson | “How to Measure Source Impedance | EEE, November, 1965

with 1 Slotted Line’
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Measurements of Dielectric Materials with the
Precision Slotted Line

The slotted line has long been
recognized as a fundamental tool
for measuring the dielectric prop-
erties of materials at high frequen-
cies. In principle, the measuring
technique is simple: fill a section of
coaxial line with dielectric material,
determine the propagation constant
of the filled section of line from the
phase and magnitude of the reflec-
tion introduced, as determined by
measurement of standing-wave ra-
tio on the slotted line, and calculate

the dielectric constant and loss
tangent from the propagation con-
stant.

For valid measurements, there are
needed (1) an accurate slotted line,
(2) sections of air line usable as
sample holders, and (3) low-reflec-
tion, low-loss, coaxial connectors.
These are all now available in the
GR9?00 series, and the accompany-
ing article tells how to use them.

The low and repeatable vswr and
the low loss of the GRY00 Precision
Coaxial Connector make possible the
use of GR900 equipment for the accu-
rate determination of dielectric con-
stant and loss tangent. No specialized
dielectric  measuring apparatus is
necessary.

The measuring device is the TyrE
900-LLB Precision Slotted Line.! The
combination of a Tyrre 900-L.Z Refer-
ence Air Line? and a Typr 900-WNC
Short Circuit makes a convenient sam-

1], Zorzy, * Precision Coaxial Equipment The 900
Series,”’ (feneral Radio Experimenter, November 1963,

2 A. E. Sanderson, ' Reference Air Lines for the GRJ00
Series,”” General Radio Experimenter, January 19635,

1 For example, A. von Hippel. Dielectric Malerials and
Applicationas, Technology Press of MIT, 1954.

ple holder for solid dielectries. The
error introduced by the inclusion of
the GR900 Connector between the
sample and the point of measurement
is negligible for most purposes.

The dimensions for a eylindrical
sample of solid dielectric are shown in
Iligure 1. The total length of the sample
may be made up of a number of pieces
and may be equal to or less than the
length of the sample holder. There
should be no gaps between the individ-
ual pieces. The accuracy of the meas-
urements will depend upon the precision
with which the diameters are machined.
A light press fit of the sample against
the inner and outer conductors is
desirable, but too tight a fit may
damage the Typre 900-LZ Reference Air
Line. IFor accurate loss-tangent meas-
urements of a very low-loss material, the
length of the sample should be selected
by the procedure described below under
Effect of Contact Resistance.

Standard lengths of Typr 900-LZ
Reference Air Lines (5 em, 6 em, 7.5 ¢m,
10 em, 15 em, 30 em) will meet most
needs. If other lengths are needed, they
can be constructed from Typre 0900-
9508 rod, Type 0900-9509 tube, and
Tyre 900-AP Connector Kits.

THEORY

The measurements that will be con-
sidered here are those of nonmagnetic
materials in a short-circuited sample
holder. Other types of measurements
are described in various references.?

If a coaxial line containing a dielectric

sample is short-circuited at its far
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NOTE:

DIMENSIONS IN INCHES.

TIR = TOTAL INDICATED RUNOUT.
0.24425 =020

0.005 TIR MAX

QOUTER CONDUCTOR

DIELECTRIC -~

2 IS

!

OR

DIELECTRIC
SAMPLE __

end, the relationship between the
propagation constant, y, of the dielec-
tric-filled line and the standing-wave
ratio, S, and wavelength, A, in an
attached air-filled section of the line is:

i— ) tan e,
tanh ~d - S 4 Ao (—7) o
L o 27X, 2nd
| Sl B
S x (1)4

where X, = the distance from the face
of the dielectric sample to the first
voltage minimum in the air-filled line,

d = the length of the sample,

X, = the wavelength in the air-
filled line,

S = the standing-wave ratio

in the air-filled line.

This equation can be separated into
its real and imaginary parts and, if
tan & (the loss tangent) is less than 0.1,
simplified with results accurate within

4T. W. Dakin and C. N. Works, ‘“Microwave Dielectric
Measurements,” Jouraal of Applied Physics, September
1947, p 789,

o.SAMPLE DIMENSIONS
‘4—
TYPE
900-WNC,
77

TYPE 900 -LZ \\-musa CONDUCTOR

b. SAMPLE IN HOLDER

Figure 1. Dimensions and installa-
tion of dielectric sample.

+19%. The simplificd equations are:

27X,
o e (2)4
Bd  2xd
where 8 = phase constant, _and
1 + tan? ] e

od — B2d*\, _I

27d S Bd (1 + tan®Bd) — tanSd
where a« = attenuation constant.

If the frequency and sample length
are chosen so that X, = 0, then tan
Bd = 0 and 8d = Nym, where Nj is the

number of half wavelengths in the
sample. The equation for ad then
becomes:
N, 1
ad = 54 S (4)

From a knowledge of « and 8 in the
dielectric-filled line, the relative dielec-
tric constant, e, and the loss tangent,
tan 6, can be calculated. For the TISM
mode in a coaxial line:

wWww americanradiohistorv com
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Aza 2
o == (87—~ daf), )
42
2a83
and tanéd = o (§))

If a? is small compared with 82, as is
the case when tan 6 is less than 0.1,
equations (5) and (6) simplify, for
samples that are an integral number of
half-wavelengths long, to

2 2 ) 2
o = 228 =(N’“°>, @

47 2d
2c Xo |
and tan é§ = E g (8)

Vom y
For small values of 3 (high standing-
wave ratio) it 18 more accurate to

A
| &

1 . ol
determine 3 by a width-of-minimum
method rather than by direct measure-

ment. is related to the voltage at

.
72 L

o
- <

from the mini-

point X, a distance

—

If AX is the distance between points

where the power is twice that at the
minimum (3.01-dB points), then:

€ sin @ 10
S (2 — cos¥) ¥ (10)
For small wvalues of 6, (<0.075

radian), sin # =6 and cos 6 = 1 are
close approximations. Then:

1 7AX
S = - )\o ) (11)
AX
and tané = T e

If the minimum is very narrow it may
be desirable to use points more widely
separated, such as the 10-dB points. In
that case, for small 6

L. mAX 13)
AS — 3)\0 ? ( g
AX
d o = ’
and tan 3d (14)

MEASURING PROCEDURE

(1) Insert the sample into the refer-
ence air line flush with one end and
with no spaces between the pieces in the
sample.

(2) Attach the Typr 900-WINC Short
Circuit so that it is in contact with the
sample, as shown in Figure Ib.

(3) Connect the sample holder to
the measuring setup (I'igure 2), con-

mum by:

1 sin @

8 2 Y (9)

> E.

— cos’
Emin
T AX
where 0 =
1e]
TYPE 1267-A DETECTOR-TYPE DNT
POWER SUPPLY  yniT

OSCILLATOR

l‘{

(&

I

TYPE 874-R22LA
PATCH CORD

Figure 2. Setup for di-

electric measurements.

TYPE 874-FL !
LOW-PASS FILTER

TYPE 874 - GIOL
ATTENUATOR

.

TYPE 900-L8 SLOTTED LINE
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sisting of the Type 900-LB Slotted
Line, a TyreE DNT-3 or DNT-4 Hetero-
dyne Detector, and an appropriate
generator, such as a GR Unit oscillator.
A Type 874-G Fixed Attenuator or
an isolator should be used between
the generator and the slotted line.
An amplitude-modulated source and
a standing-wave indicator can be used
if the frequency modulation of the
source is kept very small.

(4) Adjust the frequency so that a
voltage minimum occurs at the face of
the dielectric sample, whether or not
the sample completely fills the length
of the holder. To do this, compare the
positions of the minima first with the
sample holder (containing the sample)
on the Type 900-LB Slotted Line and
then with a Type 900-WN Short
Circuit on the slotted line. Then adjust
the frequency until the proper relation
exists between the minima. For exam-
ple, if the sample completely fills the
Tyre 900-LZ Reference Air Line, the
minimum position with a Tyre 900-WN
or -WNC Short Circuit connected to
the slotted line should be the same as
when the sample is connected to the
slotted line. If measurements must be
made at a certain frequency, then it is
necessary either to adjust the length
of the sample or to use equations (2)
and (3) with X, not equal to zero.®

(5) Once the frequency is properly
adjusted, proceed as follows: Record
the position and width of the minimum
at two places along the slotted line (one
of them near the load end), preferably
separated by 20 centimeters or more.
Measure the width of minimum with
the micrometer carriage drive. Count

X tan :
3 A. von Hippel gives charts of . 1B and tables of a0 X

X X

and suggests further references.

May 1966

the number of half wavelengths be-
tween the two minima (distance be-
tween adjacent minima is A,/2). Then
remove the sample from the holder,
attach the empty sample holder to the
line, and record the position and width
of a minimum near the load end of the
slotted line.

INTERPRETATION OF DATA

With the sample in place, the re-
sulting width of minimum is determined
by loss in the dielectrie, loss in the sam-
ple holder, and loss in the slotted line up
to the point of measurement. The width
of minimum at a second point along the
slotted line is increased by the loss in
the slotted line between the two points.
The width of minimum, with the sample
holder empty, is determined by the
losses in the sample holder and in the
slotted line to the point of measurement.
In order to determine the loss tangent
of the dielectric, it is necessary to sepa-
rate the dielectric loss from the other
losses. Call AX,, the width of minimum
at position l;; with the sample in place,
AX,, the width of minimum at position
ls, and AX,, the width of minimum at
position l;,, with the sample holder
empty. Then the width of minimum
due to loss in the dielectric is given by:

l. 5l la
AXg = AX 1 —AX;, = - X

l2a p— lla
(15)

This width of minimum can be used
in equation (12) or (14) to determine
the loss tangent. The dielectrie constant
can be found from equation (7). If
the appreximate dielectric constant is
unknown, then measurement at two fre-
quencies will be necessary since N,
will not be known.

(AX2 — AXw).

www americanradiohistorv com
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Example: A Teflon* sample 15.00
centimeters long 1s measured. It is
found that a voltage minimum occurs
at the sample face when the frequency
is adjusted so that 2\, = 21.34.

Ns)\o)" -
2d /]

Then from equation (7) e =

(N, 21.34
2(15.00)
known to be approximately 2. There-

& (2(21.34) 41T
“ T \2015.00)/
2.024. Since the minimum is very nar-
row, the 10-dB width-of-minimum
points are used. The width of minimum
at I, = 21.34 is 0.1004 em. The width
of minimum at l, = 42.68 is 0.1518 c¢m.
With the sample holder empty, the
width of minimum at I, = 17.01 is
0.0788 c¢m. Then the width due to
losses in the sample 1s found from
equation (15) as

AX4=0.1004—0.0788 —

)'. The dielectric constant is

fore, N, = 2 and

(21.34 —17.01)
(42.68 —21.34)
(0.1518 — 0.1004) = 0.0110.

From equation (14), tan é SUSL
g equation ,tan § = —— =
1 3(15.00)
0.00024.

Note that if a lossy material is meas-
ured (tan § >0.1), equations (2) and (3)
are no longer valid and equation (1)
must be solved.*

FREQUENCY RANGE OF MEASUREMENT

The lowest frequency at which meas-
urements can be made is determined by
the dielectric constant of the material
being measured and by the necessity
that at least one minimum occur along

* DuPont trademark.

4« I'bid.

s W. B. Westphal, “ Techniques at Measuring the Per-
mittivity and Permeability of Liquids and Solids in the
Frequency Range 3 ¢/s to 50 kMe/s,"” Technical Report
No. 36, Laboratory for Insulation Research, M.I.T7,
July 1850, (Out of print)

the slotted line so that its position and
width can be measured. Type 900-L10,
-L15, and -L30 Precision Air Lines can
be used between the sample holder and
the slotted line to position a minimum
on the slotted line at low frequencies.
If these additional air lines are used
they should be externally supported.
Sample holders up to 66 centimeters
long can be constructed for low-fre-
quency use. The sample can be made
shorter than a half-wavelength and
equations (2), (3), (5), and (6) used to
determine the dielectric constant and
loss tangent. With these methods,
measurements can be made down to 50
MHz or even lower.

The upper frequency limit for the
Tyrpe 900-LLB Slotted Line is 8.5 GHz,
but special precautions should be taken

9.5 GHz
at frequencies higher than 3—\/——A as
€

noted in the paragraph FExistence of
Higher-Order Modes.

Sample Fit RS

One of the most common sources of
error in dielectric measurements by
the coaxial method is the presence of
air gaps between the sample and the
inner and outer conductors. Correction
formulas based upon a uniform distribu-
tion of the air gap can be used, but,
since the actual air gap will usually
not be uniformly distributed, the gaps
should be avoided for maximum accu-
racy. The corrections for uniform air
gaps for tan 6 <0.1 are

€¢ (correct) =

Lo

IJ3 — €r (measured) Ll

(16)°

€r (measured)

tan a(zonect) =

Ly b
tan daneasureds (] e woakact) f) (] ‘)6
2
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D, Dy
‘h Is = Log— RO —
where 1, g D, + Z D,
D
L. = Log Dz ;
D
Ly = IJOg —4 9
1
D, = 0.24425,
D, = inside diameter of sample,
Dz = outside diameter of sample,
and
Dy = 0.5625.

Meter Errors

If a2 3-dB width of minimum is used,
meter indications on the GR Tyre
1216-A Unit I-I' Amplifier will, in gen-
eral, cause negligible error when the
upper part of the scale is used and when
care is taken to tune the local-oscillator
frequency exactly for maximum output.
A 10-dB width-of-minimum measure-
ment may require that the i-f amplitier
calibration be checked with a precision
attenuator for greatest accuracy. As an
example of the errors in loss-tangent
measurements caused by poor i-f am-
plifier calibration, an error of 0.1 dB
in a typical 3-dB width-of-minimum
measurement will cause an error of
1.99 in tan 6. An error of 0.3 dB in a
typical 10-dB width-of-minimum meas-
urement will result in a 3.99; error in
tan é.

Effect of Contact Resistance

Although the connector contact re-
sistance is typically less than half a
milliohm, a small part of the measured
loss is due to this resistance. The mag-
nitude of the error caused by this loss
depends wupon the relative current
through the contact for each measure-
ment and is significant only when very
low-loss dielectrics are measured. If the

May 1966

current 1s the same when the sample
is measured as when the empty sample
holder is measured, the contact loss
will have no effect on the accuracy of
the tan 6§ measurement. If the currents
differ, there may be an error in tan §
as large as 0.0001. The amount of loss
due to the finite contact resistance in
a given measurement is

cos 20 + 1

lLoss = E X maximum loss,
(18)

! . .
where () = 3 360° and ! is the distance

from a voltage minimum to the con-
tact. Maximum loss occurs when a
voltage minimum occurs at the contact.
It is difficult to evaluate the maximum
loss exactly because of its small value.
The condition that the current be the
same for both measurements (with and
without sample) may be met by ap-
propriate choice of length and fre-
quency for a sample with a given dielec-
tric constant. If the dielectric constant
is unknown, it may be necessary first
to measure dielectric constant and then
to trim the sample to the proper length
for accurate determination of
This is necessary ounly for very accurate
measurements of the loss tangent of
low-loss dielectrics. For low-loss mate-
rials, the current through, the contacts
will be of approximately the same
magnitude with and without the sam-
ple in the holder when the frequency
and length are so chosen that sample

2 N.b 19)
(N + 1) Ve+ N’ "
2\ e
No = —— d,

N,
where N, and N are integers and b is
the length of the sample holder. Lengths

loss.

length d =

and (20)
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John F. Gilmore re- S ’
ceived his BSIEE degree
in 1961 and his MSIEE
in 1963, from North-
eastern University. He
was employed as a co-
operative student at
Alford Manufacturing
Company and as an en-
gineer with that company
from 1961 to 1963. He
joined the Microwave
Group at General Radio
as a development engi-
neer in 1963 and is cur-
rently engaged in micro-
wave circuit design.

that satisfy the relationship and the
corresponding values of N, can be de-
termined from lMigure 3 for a 15-cm
sample holder and from Figure 4 for a
30-cmm sample holder. Iligure 4 shows
only the most useful curve of a very
large family of curves. As an example
of the use of these curves, suppose that
the loss tangent of a low-loss material
with a dielectric constant of 2 is to be
measured. If a sample 12.43 em long is
used in a 15-em sample holder, tan é
can be measured with maximum ac-
curacy at A, = 17.60 c¢m, 11.73 em,
8.80 ¢m, 7.05 c¢m, 5.87 cm, and 5.03
cm, corresponding to N, = 2, 3, 4, 5,

I5

INNNS .
FSONNNSSSES
P\ N A NNy s Y
AN hSSEES
NN
é : \‘:\\\\\ \Kh—_‘ia,a.g s, 6,7,
: 8 \ S bi‘b\ ﬁi#z

N, = al 4[ 3 51 z,al 5 3
1 2 3 L ] 5

DIELECTRIC CONSTANT
Figure 3. Lengths of samples for a Type 900-LZ15
Reference Air Line for minimum tan é error in low-

loss dielectric measurements. (See equations 18
and 19.}

6, 7. If, instead, a sample 13.54 e¢m
long were chosen, tan § could be meas-
ured with maximum accuracy only at
Ko =548 em, N, = 7.

Existence of Higher-Order Modes
9.5
At frequencies higher than —= GHz,

€
higher-order modes, particularly the
TE; mode, can be excited by axial dis-
symmetries in the dielectric material.
While the air-filled section of line be-
tween the sample and the point of
measurement acts as a filter for these
higher-order modes, in some instances
coupling between the TIIM and TE
modes may be great enough to pro-
duce an error in measurement. Neas-
urements above this frequency, there-
fore, should be made at small (say 109,
frequeney increments and compared
C 4
with measurements below \/l_ GHz,
€

in order that anomalous results can be

detected.

—J. FF. GILMORE

28 |

]
/

n
»

LENGTH OF SAMPLE IN ¢m
N
N

N
o
|

\ -

18 L L o S—1 A

S
[Foz-#-38]

3 4
DIELECTRIC COMSTANT

Figure 4. Lengths of samples for a Type 900-LZ30
Reference Air Line for minimum tan é error in low-
loss dielectric measurements.

www americanradiohistorv com


www.americanradiohistory.com

2.80

2.0

‘Y
o
o

B
O
@)

DIELECTRIC CONSTANT
N N
W N
() @]

2.20

2.00

0.006

0.005

O
@)
@)
H

LOSS TANGENT

May 1966

T ]
. i : »POLYCARBONATE
— i 4
C FPOLYPHENYLENE OXIDE
= o —)
: Aap— r | —— ©
i \REXOLITE 1422, POLYMER Q200.5
:
; {TEFLON
L o o
2 3 5
FREQUENCY GHz
I \
= ! TF—E
POLYCARBONATE
A POLYPHENYLENE OXIDE
E POLYMER Q2005
o (7 — o - / 2
E : : C— 2 —2-REXOLITE 1422
E T a5 TEFLON
2 3 5
FREQUENCY GHz

Figure 5. Dielectric constant and loss tangent of typical materials as measured on the Type 900-LB
Precision Slotted Line.
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If not, please clip the address label on this issue and return it to us with
corrections, or if you prefer, write us; o postcard will do.

PAPERS

(General Radio engineers will present
three papers at the 1966 Conference on
Precision Electromagnetic Ml easure-
ments to be held at the National
Bureau of Standards, Boulder, Colo-
rado, June 21-24:

Robert A. Soderman, ‘“ Application of
Precision Connectors to High-Frequency
Measurements.”

John Zorzy, “Skin-Effect Corrections
in Immittance and Scattering-Coeffi-
cient Standards Employing Precision
Air-Dielectric Coaxial Lines.”

Thomas E. MacKenzie, ““Some Terh-
niques and their Limitations as Related
to the Measurement of Small Reflections
in  Precision Coaxial Transmission
Lines.”

GENERAL RADIO COMPANY

WEST CONCORD, MASSACHUSETTS 01781
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