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the control room. A search signal is provided tc) the loop

amplifier to aid in the phase locking.

V. MULTICHANNEL FILTER RECEIVERS

The multichannel filter receivers measure the relative spectral

power distribution of the incoming signal. Spectral resolution is

achieved by using an array of adjacent bandpass filters to cover

a section of the IF signal bandpass. The input signal is filtered,

detected, amplified, and integrated for 45 ms. At the end of this

integration period, the output of qach integrator is digitized with

a muhiplexer-A/D converter and stored in the NOVA 800 com-

puter. When the computer finishes storing the data, the computer

sends a reset pulse to each integrator to begin another integration

period. The Aerospace spectral line system provides for simul-

taneous use of two multichannel filter spectrometers, the first

having 64 channels with l-MHz filter resolution, the other having

128 filters each 250 kHz wide.

VI. DATA PROCESSING AND CONTROL SYSTEM

The data acquisition and processing is performed by a NOVA

800 minicomputer which has 32768 16-bit words of memory.

Computer peripherals include two LINC magnetic tape units, a

CRT display terminal with hard copy output, a card reader, a

9-track magnetic tape unit, and a CRT display as shown in

Fig. 1. The computer controls the observations by providing

control signals to the receiver and position information to the

antenna servos. The computer reads the muhichanne~ filter data

from the A/D converter and performs the synchronous detection

and calibration of the data in real time. At the end c)f each ob-
servation the averaged spectrum is written on magnetic tape for
later processing. The computer is programmed in the FORTH
language which provides a flexible and easy to use system. The
operator can display the received spectra and can also do a
significant amount of data reduction during the observations.

VII. RESULTS

The Aerospace spectral line receiver has been operating since

December 1974, and many observations of interstellar molecules

and planetary atmospheric molecules have been made. A sample

spectrum of the 2.6-mm absorption line due to carbon monoxide

in the upper Venus atmosphere is shown in Fig. 5 [4]. This result

was the first measurement of a microwave planetary spectral line

and introduces a new method for studying the upper atmospheres

of the planets. Many outside scientists are also using the facility

for research under a program partially supported by the National

Science Foundation.
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Abstract—Errors are minimized in the four-bias iue&surement of

varactor quality by a holder designed so that R,/ZO x 1.5/N@. The
optimum intermediate biases depend upon the expected error in reflection
coefficient measurements.

INTRODUCTION

The measurement of varactor ctitoff frequency [1 ] or dynamic

quality factor [2] has been both useful and difficult for the low-

10SSvaractors used in parametric amplifiers. Theoretical criteria

for optimum holders for such measurements are given here,

along with principles and suggestions for the conduct of measure-

ments.

Low-noise amplification enhances the value of expensive

communication and radar systems, so that severe selection of a

premium fraction out of a varactor populatiori is economically

advantageous, even if many sound diodes are discarded. Quality

measurements conducted by tedious slotted-line measurements

and graphical data reduction have thus been justified. A quality

measurement is usually more reproducible and informative than

circuit tests in parametric amplifiers. It is possible to design

holders for quality measurement that permit relatively easy and

nondestructive insertion of diodes. Such easy insertion is not

always the case for amplifiers designed for the ultitnate in low-

noise broad-band performance. The advantages of a precise

initial selection are especially apparent when the amplifier

requires matched pairs of diodes,

Single-frequency measurement techniques for evaluating pa-

rametric amplifier varactors [2 ]– [5 ] have the advantage that the

quality factor can be deduced without an explicit model of the

parasitic reactance of the diode cartridge and test holder. The

four-bias single-frequency procedure to be analyzed here has

been satisfactorily implemented on a computer-controlled

automatic network analyzer.

Transmission measurements on varactor diodes mounted in

shunt with a transmission line have been used to evaluate

varactor quality, by single-frequency [6] and swept-frequency

[7] methods. In both cases, the accuracy of the result is dependent

upon correct modeling of the test holder (including diode cart-

ridge) and the possible errors are not limited in either directi~n.

In fact, some notorious overestimates of varactor quality have

resulted from misapplication of these techniques, in that the

quality factor of passive metallic capacitance was averaged in

with the quality of the varactor.

Measurements based on the bandwidth and pulling range of

high-Q varactor-loaded cavities [8] are relatively insensitive to

the assumed circuit model and seem deperidable for rapid ap-

proximate evaluation of varactor quality through visual inspec-

tion of resonance curves. However, for present automatic net-
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approximate frequency of measurement must be part of a test

specification. Varactors intended for amplifying signals from 500

to 8000 MHz have commonly been measured at test frequencies

of about 10 GHz. However, it would be counterproductive to

specify an exact frequency and thus prevent the use of frequency

as a variable in optimizing the measurement accuracy for

varactors of slightly differing capacitances.

, Theanalysis thatisreported here isconcerned onlywith mea-

surement errors, not with holder losses. Nor is any consideration

given to possible deficiencies in the characterization of the loss

of the varactor by a constant series resistance.

The variation of series resistance due to space-charge widening

in a region of uniform impurity doping is so coupled to the

simultaneous variation of capacitive reactance that the measured

reflection coefficients mimic a constant series resistance [5].

When theactual impurity distribution is not uniform, thevari-

ation of series resistance with reverse bias still tends to be partially

masked by its coupling to the reactance change.

Second, the variation of series resistance for large forward

biases—which is quite perceptible for silicon and germanium

varactors, less so for gallium arsenide—is rendered less trouble-

some by using only moderate forward currents and by the fact

that the four-bias measurement is notably insensitive to the

magnitude of reflection coefficient for the extreme forward-bias

(and extreme reverse-bias) state.

Third, the remaining deviations of the chip impedance from

the constant series-resistance model tend to be consistent enough

for a given fabrication process that the quality measurement can

accurately rank and pair the individual diodes, even if the model

is somewhat imperfect.

TWO-STATE QUALITY lNVARIANT

Microwave devices with two states include ferrite switches,

P-I-N diodes, and varactor diodes (which have many states and

therefore have at least two). The reflection coefficient of such a

device can be measured through an infinite variety of substan-

tially dissipationless transformations. A useful figure of merit

can be defined for the resulting two measured reflection coeffi-

cients that is invariant to the dissipationless transformation.

The two-state measurement will be discussed here for several

reasons. One is that it serves as an introduction to the concept of

the quality invariant. Another is that two-state measurements

are of utility in evaluating some devices other than parametric

amplifier diodes. Finally, it can be compared to the four-bias

measurement which is the main concern of this article.

In terms of the reflection coefficients pl and Pz of the device

in its two respective states, the quality invariant may be written

[10]

Q=
21p1 – p2[

J(l - Ipll’)(l - \p2\2) “
(1)

This invariant can also be given in terms of a pair of impedances

ZI and Z2 defined with respect to any reference plane:

~ = Iz, - Z21
‘~Re Z1. ReZ, ”

(2)

If the reference plane is selected so that RI = Rz = R,, (2)

reduces to Q = Ax/R~. In terms of voltage-standing-wave ratios

S1 and S2, the invariant is given by

J

Q = (S1 – S2)2 + (S12 – 1)(S22 – 1) sin’ Ati (3)

S1S2

where A@ is the difference in reflection phase [11].

This invariant pertains to a particular frequency and has been

shown by Schaug-Petterson [12] to determine the ultimate per-

formance as a two-state switch. Its invariance has been empha-

sized by Shurmer [10] and it is involved implicitly in the varactor

quality method of Houlding [3].

To estimate the variance (C$Q2) of the Q determination, we

use the propagation of error formula

() ()aQ 2
(SQ2) = ~ 2 (6X12) + ~- (ayl’)

1

()+ aQ2

Z2 ()
;: 2 @y2 )’ (4)(ax,’ ) + —

where

PI = xl + ~Yl

p2 = x2 + jy2. (5)

Equation (4) is based on the assumption that errors in x and y

are uncorrelated. The analysis uses the further assumption that

(axlz ) = {ayiz ) = (3X22) = @y22 ) = ez (6)

which would seem quite plausible for a network analyzer, i.e., an

instrument presenting the reflection coefficient on a planar dis-

play or storing digitized x and y coordinates of the reflection

coefficient in computer memory. Under assumption (6),

“Q2)=’2[W+(32+(32+(%)210‘7)
The minimum variance (6Q2 ) is found to occur when the mea-

sured reflection coefficients lie on a diameter in the reflection

coefficient plane and have equal magnitude of reflection. The

value of this minimum is [13]

[
(6Q2 ) = Q2~2 ‘2~+1+ 16+ Q2(~+J4+Q2) @)

6 + 2Q2

which may be simplified approximately to

d(8Q2 ) ~Q— — for Q >>1.
CQ 2Ji ‘

(9)

The difficulty with this optimum is that it is often not good

enough. The relative error is proportional to Q, for the large

values of Q that are expected (e.g., up to 100 at 10 GHz), A

large random error of the kind analyzed here impairs the experi-

menter’s ability to detect and correct other difficulties: bad

contacts, 10SSY spots in tuners (if any), or deviations from

optimum tuning,

While the quality factor is independent of dissipationless

tuning, it is not independent of the frequency of measurement.

The varactor diode losses can be represented over a fairly wide

range of frequencies and biases by a constant resistance in series

with a variable capacitive reactance. One effect of a constant

series resistance is to cause the quality factor to decrease linearly

with measurement frequency. Then the cutoff frequency defined

in (1 O) is approximately independent of frequency and can be

used in comparing measurements taken at moderately different

frequencies. This cutoff frequency f= is

d= Qfm’ (lo)

where f~ is the frequency of measurement. The cutoff frequency

defined by l/(2irR~C) is equal to fC when one of the states is a

forward bias for which the capacitive reactance is negligible,
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FOUR-BIAS QUALITY INVARIANT

By measuring reflection coefficients at more than two biases,

one has the opportunity to fit a redundant set of data to the

constant resistance type of circle (a circle inside of and tangent

to the unity reflection coefficient circle). This fitting was originally

done by eye. A least squares fitting applicable to any number of

points has been discussed [14].

A particular treatment of measurements at four biases has

been found satisfactory for automated varactor quality measure-

ments [15 ]. An error analysis [13] of this procedure will be

summarized here.

The subscripts used to denote the measurements will corre-

spond to [13] rather than [15]. That is, the measurements are

here numbered from 1 to 4 in order of increasing reactance.

Point 1 corresponds to the maximum forward bias, with (usually)

negligible or low reactance and point 4 corresponds to the max-

imum reverse bias, these two extremes of bias being set by

policies related to the intended application of the diode. For

parametric amplifier diodes, the extreme biases are usually set

by noise associated with current flow and/or the expected

limitations on pump power. The biases for the intermediate

points 2 and 3 can be chosen so that the corresponding reactance

favor an accurate measurement. The optimum placement of

points 2 and 3 was one of the results sought from the error

analysis. Surprisingly, this placement is found to depend on the

expected error in reflection coefficient measurement.

The formula advocated in [15] for calculating the total Q

between points 1 and 4 may be transformed to

Q14 =
2D23(D13D24 – D12D3.J

— (11)
(D13D02 – D12D03)(D24D03 – D@02)

where

D02 = J1 – lp212

D - ~.03 — (12)

The propagation of errors has been investigated under the

assumption of equally probable, independent errors in all of the

reflection coefficient components [13 ]. It was found by differen-

tiation that the error was minimized (over the range Q ~4 =

1C1OO) by locating the reflection coefficients symmetrically on a

resistance circle such that

and gave errors of

(13)

%! (JQ142 ) ~ 42-47 + 0.147Q14.
(14)

EQ14

Both results seemed reasonable, and the low exponent of Q on

the right-hand side of (14) confirmed the expected advantage of

the four-state measurements over the two-state measurement

[cf. (9)].

But the analysis also showed that the optimum choice of Pz

and p3 was such that pz =- p~, a result which seemed absurd

from practical considerations.

The problem arises from the fact that differential analysis

holds only for oanh%ngly small errors, and its minimization does

not necessarily lead to optimum conditions for measurements

with iinite errors. Accordingly, the entire analysis Wiis repeated

Fig. 1. Optimum tuning and biasing for four-point measurement, as a
function of expected error in reflection coefficient. For Qlo = 50, For
~ = ().001, 0.005,0.01, and 13.t35.X’s show pz and p~ for Q23 = 0.15 Q14.

numerically with finite values of e from 0.001 to 0.05 and Q14

from 10 to 100. Equation (13) held within 10 percent over the

entire range, but (14) was within 30 percent only if e < 0.01.

The optimum placement of p2 and p3 was found to be dependent
upon the value of e and representable even up to e = 0.05 by

Q23

()

&
0.25

%0.7—.
K Q,.

(15)

The last result can be replaced by the general statement that a

Q23/Q14 of about 0.15 is a r-onabb good Poliw for & < 0.02;
most serious measurements fill fall within this accuracy range.

The value 0.15 is larger than the Q23/Q14 given by (15) because

an unnecessarily large Q23/Q14 produces only a moderate im-

pairment of Q-measurement accuracy while too small a value of

Q23/Q14 Can lead to an appreciable Probability of gross errors.

The error-dependent optimum conditions are illustrated in

Fig. 1 for the case of Q14 = 50. (The resistance circle is shown

oriented at a miscellaneous angle to emphasize the invariance

with respect to arbitrary shifts of the reflection phase reference.) *

The radii of the error circles are 1. 18s (probable error circles for

a Raleigh distribution). The positions of p2 and p3 for Q23 =

0.15Q14 are also shown.

CONCLUSIONS

The principal result of this analysis is (13), which is a guide to

the design of holders for varactor cutoff frequency measurements.

The elimination of adjustable tuning elements through such

design can be expected to reduce holder losses, which can be a

significant source of error in addition to the measurement errors

considered in the present analysis.

The expressions given for propagated error presume sym-

metry, which will not prevail exactly for actual measurements.

For any given quality measurement, an estimate of error can be

computed varying each reflection coefficient coordinate in turn

by the expected error.

The optimum tuning conditions imply reflection coefficient

magnitudes nearer unity than zero in cases of practical interest.

Therefore, it is advisable to calibrate the network analyzer with

highly reflecting standards, e.g., short circuits offset by various

lengths.
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