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AN ANALYSIS OF METHODS OF CALIBRATING

THE 13.3 GHz SCATTEROMETER

by

. G. A. Bradley

The Center for Research
University of Kansas

ABSTRACT

An analysis is presented of dynamic calibration methods that can
be used in the 13.3 GHz scatterometer. Four candidate methods are con-
sidered with conclusions presented regarding the effectiveness of each
method. A mathematical model is derived for each design with the signal
frequency spectrum computed at critical points in the receiver. It is
shown that the present method of calibration is unacceptable because the
calibration signal amplitude is subject to variation. The error in scatter-
ing coefficient is shown to be especially sensitive to the bias point and
linearity of the ferrite modulator. It is recommended that an injection
system be incorporated in the 13.3 GHz scatterometer which uses a
square-wave calibration signal. The analysis shows that this method
will calibrate the scatterometer to the required accuracy with no error
induced in the data record by the calibration system.




Introduction

The 13.3 GHz scatterometer is currently bei‘ng used in the Earth
Resources Aircraft Program to measure and catalog the radar scattering coef-
ficient for various types of terrain. These data will be used as a reference
for interpreting future remote radar measurements of the earth; it is therefore
essential that the data measured in the present program be calibrated to a
known accuracy. This report discusses the calibration requirements of the
13.3 GH=z scatterbmeter and offers detailed mathematical anélyses of four‘ |
candidate method; for calibrating the system.

The radar range equation will be used as a bésis for understanding the
scatterometer measurement as well as investigating the requirement for cali-
brating the instrument. The power appearing at the input terminals of the

scatterometer receiver is given by the following expression:

P, =K —3 ' (1

- where: K lumped scatterometer system constants

Pt = transmitter output power, in watts
R = radar range, in meters
¢ = radar reflection coefficient, in meter2

The scatterometer system is designed to measure the radar reflection
coefficient normalized to the area over which the return power is sampled.

Thus, we define.
6‘° = -9;—- v (2)

, 2
where: A = surface area, in meter
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Suppose now that we wish to calculate the amplitude of the receive power
at the output of the scatterometer receiver. If the receiver has a total gain
G which includes the amplification or attenuation of each part of the receiver

chain, the ocutput of the scatterometer receiver P; becomes

where: K' = KA

The measured scattering coefficient & ° then becomes

PO r*
KB G

To achieve an accurate measurement of the scatterometer coefficient, it is
obvious from .equation (3) that each term of the expression must be known
within the accuracy requirement of a°. P; is the recorded value of the
receivér output power and the accuracy of this term is determined by the known
recorder accuracy, integ‘ration time, and signal-to-noise ratio. The accuracy
of the range term is determined by the accuracy of the aircraft altimeter and
knowledge of the position over non-level terrain. The accuracy of the lumped
constant K' is known to within the accuracy of the measurement of the various

system constants comprising this term. The remaining two terms, P,, the trans-

tl
mitter output power, and G, the net receiver gain are the variables in the
scatterometer which must be monitored by the calibration system. For example,
suppose the receiver output signal P; suddenly increases. If Pt and G are

not monitored and are considered constants , the only conclusion that can be

made is an increase in the scattering coefficient &©. However, since P’r and




G are variables, a variation in either parameter or in both parameters could ac-
count for the increase in P;. Therefore, it is necessary to monitor these vari-
ables and make appropriate adjustments in the parameters of equation (3) in or-
der to obtain an accufate measurement value for the scatterometer coefficient @

All 'techniques for calibrating the scatterometer considered in this
paper continuously inject é signal proportional to the transmitter output poWer
into the input in the receiver. The signal is recorded on the data tape- recorder
together with measured data. Any variation of the calibration signal amplitude
must be independent of calibration system. variables and must indicate variations
in the product PtG of equation (3).

This report presents an analysis of four designs that can be used in
the 13.3 GHz scatterometer. The first design is that used in the present system
and it is shown in the analysis that the calibration method has basic limitations
in providing the required accuracy for the scatterometer measurement. The
second design is similar in concept to the present design with the exception
that a semiconductor device (PIN diode) is used in place of the ferrite modulator
to inject the calibration signal into the receiver. This design has some advan-
tagé over the present configuration but still has basic limitations in providing
the required measurement accuracy. In the third and fourth designs we pro-
pose to change the present microwave configuration such that a transmitter-
calibrated signal is coupled into the receiver without affecting the return data
signal. The third design uses a sinusoidal signal to produce the calibration
signal. The fourth design uses a square wave signal to produce the calibration
" signal. It is shown in the analysis that the fourth design can provide the
required calibration accuracy at the 'same time that the fundamental accuracy
of the measured data is improved by reducing efrors due to variations in the

phase of the received signal.




The results of the analyses lead to the conclusion that the 13.3 GHz
dual-polarized scatterometer should be modified to use the fourth design to
assure a high accuracy of the measured data. Further, the enclosed analysis
of the present calibrétion method offers evidence that all past data measured
with the present configuration was subfect to error in the calibration signal
and hence in the absolutellevel of the scatterometer coefficient data. Becéuse
this error is variable, ‘the measured data bias level is also variable. .In the
case of sea-state data, the homogeneous nature of the scattering surface per-
mits the slope of the scatterometer coeffiéient data as a function of the inci-
dence angle to be used if the absolute level of the coefficient is ignored. This
can only be considered a temporary method of 'utilizing past sea-state scat-
terometry data.

It must be strongly emphasized in this introductory material that there
is a direct relationship between scatterometer data quality, represented by
the accuracy of the recorded measuremeh;c , and the method of calibration
used in the system. Because of the experimental nature of the scatterometer

~program, it is imperative that only data of high accuracy be used to evaluate
thé relationship between radar scattering response and the nature of the ‘
measured terrain. It is for this reason that the present scatterometer configu-~
ration must be modified to include a calibration network which will assure
this accuracy and will, at the same time, be independent of environméntal

and operational conditions.




Analysis

ihe operation of four calibration systems suvitable for use in the 13.3
GHz scatterometer is analyzed in this paper. The anaiysis includes the cal-
culation of signal levéls and frequency spectral characteristics at key points
in the receiver chain for each candidate desigh. The complete mathematical
analyses are presented in Appendices I and II with major results quoted in this
section together with a discussion of fhe techniques and the opefational ,
requirements for precise calibration of the scatterometer.

Appendix I considers the present cbnfiguration which uses a ferrite
modulator in the rf received signal path to insert the calibration signal into
the receiver. The material presented in this appendix is also applicable to the
second calibration design which replaces the ferrite modulator with a PIN diode
modulator. This change does not affect the signal levels nor the spectral
behavior of the receiver since the techniqgue is similar to the present technique.
The modulator component stability and reliability together with data phase
shift characteristics are the only factors to be considered in comparing the two
designs. .

Appendix II proposes a modification to the 13.3 GHz scatterometer
calibration system in which a calibrated sample of the transmit signal is injected
directly into the receiver input terminals. The material presented in this appen-
dix considers the use of two different shapes for the calibration control wave-
form: a sine wave (Design III) and a square wave (Design 1V).

| Appendix 1II presents an introduction to the use of PIN diode devices
as microwave modulators.

Appendix 1V presents an analysis of absorption devices used as modu-
lators in the four calibration system designs. Not.e I in this appendix considers

the modulator bias requirement in relation to the ‘gain' transfer characteristic




with the error in calibration signal amplitude calculated as a function of the
bias level. Finally, Note II of the appendix considers-the error in the cali-
bration signal when a non-ideal square wave is used in the signal injection

system.

Design 1 - Present system: ferrite modulator

| Consider first the Calibration éystem presently in use in the 13.3 GHz
scatterometer. Figure 1 shows a block diagram of the system. A brief explana-
tion of the operation of the system is nece‘s'sary in order to understand the
operation of the calibration technique. The 13.3 GHz transmitter continuously
emits energy from the transmitter antenna at the same time that attenuated
samples of this energy are directed to the receiver for use in the calibration
system as wel_l as in the mixer. The receiver operates continuously with the rf
received energy passing through a power divider - hybrid arrangement which
shifts the phase of one output of the divider by 90° with respect to the second
output. The rf phase shift provides a capability for separating positive and
negative Doppler frequencies (corresponding to fore and aft data, respectively)
éfter the spectral folding which occurs in the mixer. The receive signal without
phase shift is passed through a directional coupler which adds an attenuated
(36.5 dB) sample of transmit energy to the data frequency spectrum. Following
the coupler, the modified receive signal is amplitude modulated at the calibration
signal frequency (usually 10 to 12.5 kHz) by using a ferrite modulator. This
ferrité modulator can be considered as a variable attenuator using the properties
of the ferrite material to adjust the 'gain' (v _<_l) experienced by the rf energy.
The modulated data signal, in pafallel with the phase-shifted signal is then
mixed down to dc followed by amplification and récording of the information.
The essential elements of the s‘catterometer system that must be considered

when analyzing the calibration technique include the directional coupler, the
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ferrite modulator, the audio oscillator and the mixer.

Figure 2 shows the frequency spectrum of the receiver at. (a) the input
to the directional coupler, (b)~ the output of the coupler, (c) the output of the
ferrite modulator, and finally at (d) the output of the mixer. The following

definitions of the several signals are appropriate to the following analysis.

Alz ¥y = Al cos wy t ' (leakage from transmitter)

As Y = AS cos (Wy + Wy )t (return Doppler signal)

At v, = At COos Wyt (coupled transmitter sample)

AC: | v, = AC cos Wt (calibration oscillator output)

Ax AX = At + Al (total transmitter sample)

o, o, = quiescent 'gain’ of the ferrite modulator
clm; o(m = transfer 'gain' characteristic of the ferrite modulator
W w, = frequency of the transmitter, in radians/second
w g wy = Doppler frequency of the return signal, in radians/second
W w, = frequency of the calibration oscillator, in radians/second

Figure 2{a) shows the frevquency spectrum at the receiver input. The amplitude
of tﬁe Doppler-shifted return signal spectrum is shown constant for illustrative:
purposes but, in general, will vary depending on the return from specific
incident angles. For our analyses we will consider only one Doppler component
at frequency ( W, + Wy ) as indicated in the figure. The input spectrum contains,
in addition to the signal spectrum, a component at the transmitter frequency
due to leakage between the transmit and receive antennas and microwave cir-
cuitry. On the figure, this is represgﬁféd as A

The purpose of the directional coupler is to inject an attenuated sample
of the transmitter output into the receive spectrum. The result of this operation

is shown in (b) where the coupled signal At is added to the leakage signal to
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(a) Spectrum at input to the directional coupler.
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prodﬁce a net component AX at the transmitter frequency e, . (This assumes
the phase between At and A1 is zero with no attenuation of the signal through
the directional coupler.)

Figure 2(c) shows the spectrum at the output of the ferrite modulator.
In order to understand this rather complex spectrum we will consider the pro-
cess of variable 'gain' used by the ferrite device to achieve modulation. A '
detailed analysis of the modulation pfocess, given in Appendix IV, shows
that, given a proper bias point e, and a constant gain slope &, , then the
total gain of the ferrite modulator (see equétion N1-4) is that given in the
expression below.

Ui = o [ Ay cos 0k 4 A cos (wor 0] (4)

where: -4 total 'gain' of the ferrite modulator

= olg = ol Ag Cos w.k

The expression in equation (4) can be rewritten as equation (5) below using

the appropriate trigonometric relations.
\j\_'f; = oLOEA,,‘ cos wot + RAg cos (we+ “’a)t]
[
- ol {_E A Ay cos(we+uwy)t + 'l?.-. Ae A, cos (wo_wC):tl
= ot | S AR cos (wo + w0 + 0 VE + 4 Achs Cos (wom wetwy)t |

(5)

The spectrum in Figure 2(c) shows the frequency components of eCiuation (5)
with terms appearing at the transmit frequency, the Doppler-shifted signal fre~-

quency, the carrier frequency plus-and-minus the calibration oscillator frequency,
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and signal sidebands of the last term displaced by the Doppler frequency. The
appearance of sidebands of the signal around the calibration frequency is dis-
turbing since these terms overlap the signal spectrum. -However, an interpre-
tation of ‘this effect will be delayed to the discussion of the audio signal
spectrum at the output of the mixer.

Turning now to the output spectrufn of the mixer which is the output
spectrum of the séatterometer recorded on the data tape recorder,‘the expréssion
for this signal is given in Appendix I by equation (I-8) and repeated as equation
(6)‘ below. It should be pointed out that the terms appearing in the Doppler
spectrum of both the signal and the sidebands around ), are the sum of fore
and aft signals and, fox; the purpose of this analysis, are assumed equal. In

operation, the terms will vary with the expected values indicated in the equation.

Ys(®) = 5 oo LA, + KoL Agos wyt — % %m L AR, Coswt

— S &m LA Ag Cos(Wetwy)t — Loty LALA cos(We -~ W)t

(6)

where: L = mixer conversion gain

The first term in equation (6) appears at dc and does not appear at the
output of the scatterometer because of the bandpass characteristic of the
receiver amplifiers. The second term is the scattering signal information which,
when processed, will yield the scattering coefficient data. The third term, and
the term of most interest here, is the calibration signal and is used in the data
processing operation to indicate vériations in the transmitter level and varia-
tions in net receiver gain. The fourth and fifth terms are sidebands of the
Doppler signal which appear symmetrically about the calibration signal as a

result of the modulation performed directly in the signal path.
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It is clear from Figure 2(d) that the sideband energy appearing on
elther side of the calibrate signal must be below the audio noise level N at
the output of the mixer in order for the sideband energy not to interfere with
the data spectrum. Therefore, if AX, the total transmitter sample, is much

larger than AS , the Doppler signal, we must adjust the level of Ac such

that
)
7 & LA Ag < N
or
2N
<
Ac odw L Ag

(7)

. , . 1 ,
In practice, the calibrate signal 5 e(mACA.x is adjusted by AC such

oo A
that the ratio 1___0__«__ = 2_°..£2 J_ is 90 dsB. Therefore, if the data
2 Xm Ac Ax olm Ag

signal is -60 dBm at zero Doppler frequency, the sideband level around the
calibrate signal is -150 dBm which is well below the system noise level of
approximately -130 dBm.

7 If AC is adjusted according to equation (7), the output spectrum of
the scatterometer is that indicated in Figure 3. For the figure, a gain of G
is assumed for the receiver stages following the mixer. In addition, the
effects of the rolloff function have been ignored since only the lower frequencies

in the signal spectrum are affected by this function.

___D_So':%és ) —‘idm LG’AQA»X
'
i
!
! i frequency
[+ u&d wc

Figure 3: Output spectrum of Redop | channel of the 13.3 Ghz scatterometer.
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We are now in a position to discuss the calibration method presently
used in the scatterometer by reference to Figure 3. The calibration signal
yc(t) is given in equation (8) below.

\55(,'&-') = %dm LG’AQA@(-CO& UJc_'t (8
: 8

where: ocm = transfer 'gain' of the ferrite modulator
L = mixer conversion gain
G = gain of the recéiver stages following the mixer
AC = peak amplitude of the calibrate signal
Ax = total transmitter sample at the output of the

directional coupler

= At A

coupled transmitter sample

-
n

A1 = leakage transmitter signal at receiver input
terminals

Equation (8) indicates that the calibration signal recorded on the data
tape recorder is indeed a fuvnvction of the transmitter output level as well as
the net receiver gain. However, yc(t) is also a function of the amplitude of
the calibration signal AC and the sldpe OLm of the ferrite modulator transfer
response. The expression in equation (8) assumes a constant slope o(m
where, in fact, oém is a function of the instantaneous amplitude (AC cos wct)
of the modulating signal and the bias point e(.o. Therefore , any variation in
the ferrite modulator operating point and transfer characteristic results in a
Abias shift of the reduced data. o

The transfer ‘gain' characteristic of the ferrite modulator is symmetrical

about the 'gain' axis (i.e., equal positive and negative modulating fields result
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in equal transfer 'gains') and, for undistorted operation, the bias point must
constrain the modulating operation to one quadrant of the transfer curve. From
the detailed analysis of the modulator operation in Appéndix IV, it can be con-
cluded that any change in the operating point o(.o will cause errors in the
calibration signal due to the change in ol.m. - Further, if operation is forced
into the bilateral region of the transfer characteristic, the error increases
dramatically becéuse the modulator produces higher harmonic frequency terms
with an attendant decrease in the amplitude of the first harmonic at the calibrate
freQuency._ The worst case occurs with the bias o(.O at the origin of the modu-
lator transfer curve. Dynamic operation is then symmetric about the origin

with only the second harmonic of the calibrate frequency appearing in the output
spectrum.

The ferrite modulator, in the present configuration of the 13.3 GHz scat~
terometer, has no dc bias applied to the modulation signal terminals. This
assures a small rf signal insertion loss but requires the modulation function
to operate with a bias point determined by the residual magnetism in the ferrite
material, As a consequence, any change in residual magnetism due to tempera-
fure' variations, aircraft vibration, stray magnetic fields or other effects will
result in changes in the operating point oe.o and the gain slope oLm of the
modulator. The result is a change in the calibration signal amplitude with a
corresponding change in the scattering coefficient bias level. This unstable
situation can explain the @°® bias shift evident on most of the recently measured
scatierometry data and should be considered a major limitation in the usefulness
of the present 13.3- GHz scatterometer configuration.

~ In judging the merits of the présent calibration method, we must con-
sider the effects of phase shift introduced by thé ferrite modulator in one channel

of the scatterometer receiver. Again referring to the system block diagram shown
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in Figure 1, the two receive channels contain identical informationvwith the
exception that the Redop 2 channel has a phase shift of 90° with respect to
Redop 1. Because the calibration network operates only on the Redop 1 channel,
an additional phase difference and attenuation between the two channels results
from the ferrite modulator. Therefore, the netv phase difference between Redop 1
and Redop 2 is no longer 90° as requi;ed fér data processing to separate forev
and aft data, but is 90° minus the phase shift (assumed p.ositive) introauced by
the ferrite modulator. It has been shownl_that the phase error muét be less than
29 in order for the error in calculating &° to be les-s than 0.15 dB. Furfther,
since'the modulator is sensitive to temperatufe and vibration changes, it is
suspected that phase shift and hence, data processing accuracy, will also be
dependent on these environmental fluctuations. The ferrite modulator introduces
attenuation in Redop 1 data compared to Redop 2 data. However, this attenua-
tion is compevnsated for by adjusting the gain of Redop 1 channel such that the
two audio output signals are approximately equal. If the output signals do not
differ by more than 10%, the data processing program will adjust the amplitude
of the two channels to be equal. This assumes a sufficiently high signal-to-
noise ratio in both channels with the static ferrite modulator loss included in
the calculation for @°. Table II below lists the requirements for successful

use of the present method of calibrating the 13.3 GHz scatterometer.

1. Bradley, G. A., "An Analysis of RF Phase Error in the 13.3 GHz Scatter-
ometer,” CRES Technical Memorandum No, 118-20, November 1969,
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Table II: Requirements for successful calibration of the 13.3 GHz
scatterometer using the present method.

Parameter i Requirement
~13 ; : e aimma 2N
Calibration oscillator signal e A & ————
amplitude: ¢ Lm L Ag
A e amplitude accurately measured

c
no significant amplitude variations

Ferrite modulator characteristics: ‘e fixed bias of ¢ with no variations
ey, accurately measured constant

no variations of phase or attenuation
with temperature or vibration

Transmitter leakage: ® accurately measured value

Aﬁ_ ® no variations of leakage constant

Design 2 - Present system: PIN diode modulator

The second calibration method substitutes a PIN diode modulator for
the ferrite modulator in the present calibration system. The spectral analysis
is identical to that for design 1 presented above with the output spectrum as
shown in Figure 3 and the calibrate signal given in equation (8). The require-
ments for successful calibration are the same as listed in Table II. The
expected benefit of using a PIN diode modulator compared to the present ferrite
modulator is an improvement (i.e., decrease) in the temperature and vibration
sensitivity of the device. To accurately determine the advantage of replacing
the ferrite modulator with a PIN diode modulator, an extensive environmental
testing program will be required for boti‘h' devices. Because such a testing pro-
gram has not been performed, no conc'lusion can be reached as to the advantage
of modifying the present configuration to use a PIN diode modulator in place of

the ferrite device.
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Design 3 - Signal injection: sine wave

The signal injection calibration system modulates a sample of the
transmitter signal with‘ a calibration oscillator signal, then simply adds this
signal to the incoming rf data signal. The several advantages of this method
compared to‘ the present calibrafion method Wili be indicated during the course
of this analysis. .

Figure 4 shows a block diagram of the 13.3 GHz scatterometer S}-'st‘em
modified to use thée signal injection calibratj.on designi " This figu_ré should be
compared with Figure 1 to understand the differences iri the two methods. The
injectibn system removes the modulator from tvhe return rf signal path and
instead, adds the calibration signal at rf to the data frequency spectrum. The
injected calibration signal is proportional to the transmitter energy since a
sample of the transmitter output is used as the carrier in the injection system.
The most significant improvement we recognize at this point is the removal of
the ferrite device from the signal path. Thus, the dependence of accurate data
measurément on modulator phase ’and amplitude stability is removed. We shall
show in the following ana&ysis that another advantage is realized by removing
the dependence of the calibrate signal on transmitter leakage.

A complete analysis of the calibration design shown in Figure 4 is pre-
sented in Appendix II. Two waveforms for the calibration signal generator are
assumed in the analysis. The first waveform is a sine wave with the analysis
répea_ted for a square wave. In this section we shall be concerned with the
sine wave output of the calibrate signal generator. It should be mentioned in

discussing the block diagram of Figure 4 that the modulator used in the injection
system can be either a ferrite modulat.or or a PIN diode modulator. 4 However,
it is expected that increased reliability and indépendence of environment
variations will indicate clear superiority of the PIN diode device in this appli-

cation.
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FPigure 5 shows the frequency spectrum of the scatterometer system, with
sine wave calibration injection, plotted for several key locations in the system.
First, consider Figure 5(a) which shows thevspectrum at the output of the
modulator. The symbols used in the figure are identical to those used in the
Design 1 analysis. Figure 5(b) shows the spectrum at the input to the mixer in
the receive channel Redop 1. Note that this spectrum is merely the speCtr‘um of
the return data signal (containing the Dopplef information) modified by the
injection of the célibration signal into the spectrum. Ih the figure, k2 is the
coupling constant of the directional coupler i_n the receiver line. Figure 5{c)
shows the spectrum at the output of the mixer. As before, the fore and aft Sig- ‘
nals are assumed to be equal with the folded data spectrum appearing as shown
in the figure.

Figure 6 below shows the output spectrum of the 13.3 GHz scatterometer
using the injection calibration method with sine~wave calibration signal genera-
tion. I‘rom the figure it is seen that the calibration signal yc(t) is given by

the expression of equation (3) below.

|
where: k2 = coupling constant of the directional coupler

remaining terms as defined for equation (8)

Comparing equation (9) with equation (8) shows that the only difference
between the two eXpressions is the a('icii'tiokna.l constant kz in equation (9)"and
the fabtor At instead of AX. Thus, we can conclude that a slight improvement
in the calibrate signal accuracy is obtained by the elimination of the dependency

on leakage from the transmitter. However, the scatterometer system data
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(@) Spectrum at the output of the calibrate signal modulator.
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(b) Spectrum at the input to the mixer.
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(¢) Spectrum at the output of the mixer.

~ Figure 5: Frequency spectrum in 13.3 GHz scatterometer using signal
injection method for calibration. A sine wave is assumed as
the calibration signal source.
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Figure 6: Output spectrum of the 13.3 GHz scatterometer with
sine-wave calibration signal injection.

accuracy is improved by removing the modulator from the rf data signal path,
thus eliminating phase shift errors in the measured data signal. In addition,
the criterion for adjusting the calibration signal amplitude such that sidebands
are below the system noise level no longer exists with the injection system.
Table III lists the requirements for successful use of the injection system that

uses a sine wave signal generator.

_Table III: Requirements for successful calibration of the 13.3 GHz
scatterometer using the injection system with sine wave
input.

Parameter Requirement

Calibration oscillator signal AC ® k2 accurately measured
AC accurately measured

no variation in AC

Modulator characteristics @ ac.m accurately measured

no variations of a(.m
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Design 4 - Signal injection: square wave

This design uses the' se‘me method of injecting the calib;ation signal
into the receiver Redop 1 chahnel with the exception that the modulation wave-
form is a saturating square-wave instead of a small sinusoid. Therefore, the
block diagrem of Figure 4 is applicable to this design. Again, the modulator
can be either a ferrite deviee or a PIN diode with the latter offering an advahtage
in stability and reliability. |

Appendix 1I presents the complete analysis of the use of the square-~
Wave calibration signal in the design of Figure 4. The analysis consists of
expanding the square wave as a Fourier series, then selecting the appropriate
terms of the infinite series composed of all odd harmonics of the fundamental
frequency. It will be shown in the following sketches of spectral response
that this technique eliminates the dependency of the calibration signal on the
amplitude of the output of the calibration signal generator as well as on the
transferv‘gain' characteristic oc.m of the modulator. In other words, the use
of the square-wave modulation eliminates all the requirements specified in both
Tables II and III (except‘the need to know kz) and results in an ideal calibration
method that is independent of all calibration system variables and is dependent
only on the variables of’net receiver gain and transmitter power.

Figure 7 shows the frequency spectrum plotted at the same points in
the 13.3 GHz scatterometer system as those of Figure 5. Figure 7(a) shows the
output spectrum of the calibrate-signal modulator. For this figure, it should
be noted that the term oLM is the maximum gain of the modulator and is not equal
‘to ol.m ‘used previously as the transfer 'gain' characteristic of the modulator.
Also note from the figure that the calibration signal amplitude at frequencies
( Ws £ W) is independent of the calibration si(jnal generator amplitude. This

is because the square wave is adjusted such that there is either maximum gain
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Figure 7:
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Spectrum at the output of the mixer.

Frequency spectrum in 13.3 GHz scatterometer using signal
injection method for calibration. A square wave is used as
the calibration signal source. '
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ol or minimum gain (~ O) through the device. Since these are fixed con-
stants unique to the device, the only variable in the spgctral terms of Pigure
7(a) is A_, the transmitter sample.

Figure 8 below shows the output spectrum of the 13.3 GHz scatterometer
using the injection calibration technique vtoget'her with square-wave signal
modulation. From the figuré , the calibration signal at thg output of the scat-

terometer is that given in equation (10).

=
yc(t) = ola kz LGAt cos wg t (10)
where: &p = maximum gain of the modulator.
i
GLAS Lokl G A,
TTTI1IT T
{
0
]
l i frequency

'Figure 8: OQutput spectrum of the 13.3 GHz scatterometer with
square-wave calibration signal injection.

Equation (10) vshows that a definite advantage has been realized by
using a square-wave as the modulation waveform. The calibration signal at
the output of the scatterometer is independent of the calibration circuitry
(with the exception that the minimum and maximum attenuation of the modulator
and the directional coupler factors must be known éonstants) and is dependent
only upon the scatterometer vafiables which are to be calibrated (L GAt) .

Therefore, the square-wave injection system is the ideal calibration method
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for use with the 13.3 GHz scatterometer and it is herein recommended that the
present equipment be modified to use this technique.

When using the square-wave injection system, ‘a question arises con-
cerning the relation between square~wave distortion and the resulting calibra-
tion signal error. Note II in Appendix IV contains an analysis of this relation-
ship where it is assumed that the leadinc_j and trailing edges of the square
wave have a sinﬁsoidal shape. This can be considered to be a 'worst case'
condition because the non~ideal leading and trailing edge response at the
fundamental frequency of. the square waveb will result in the maximum change in '
the calibration signal. Thus, this analysis presents an upper-~bound on
distortion of the squar;e wave.

If one assumes a square wave whose amplitude varies from zero to AO
then it can be shown (as in Appendix II) that,for a calibration signal error of
less than 0.4%, the rise time must be less than or equal to 0.016 G, where T
is the period of the calibration signal. For example, if the frequency of the
calibrate signal is 10 kHz, then T = 10—4 seconds and the maximum rise time

of the square~wave (for less than 0.4% calibration error) is 1.6 microseconds.
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Conclusions

An analysis has been presented of four methods available for dynamic
calibration of the 13.3 GHz scatterometer system. A detailed mathematical
treatment has been given for each method with the requirements listed for accept-
able use of the method.

The present calibration system wavs shown to be unacceptable because
of the dependency of the calibration signal on variables with.in the calibration
system itself. These variables include the calibration oscillator amplitude, the
fenfite modulator attenuation characteristic and the transmitter-to-receiver
leakage po{/verq The bias point of the ferrite modulator is dependent upon
residual magnetization of the ferrite material. Any change in this operating
point due to either internal or external influences will change the calibration
signal amplitude. In addition, phase and amplitude characteristics of the
ferrite modulator in the data signal path lead to error in the separation of fore
and aft information. Because these variations cannot be monitored, the bias
level of measured scattering coefficient data is variable at the same time that
accuracy of the relative data is variable due to phase and amplitude variations
of the ferrite modulator. |

The second calibration method considered in the analysis simply replaces
the ferrite modulator in the present system by a solid-state PIN diode modulator.
The only advantage of this method compared to the present method is in éhe
increased stability of the modulation device. Because the variations in the
calibration signal can still occur, this method is equally unacceptable for cali-
brating the 13.3 GHz scatterometer.

The third and fourth designs inject a sample of the transmit signal
offset by the calibration signal frequency into the receive rf signal path.

The advantage of this technique compared to designs one and two is that there
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is no active device in the rf signal path but simply an rf directional coupler.
Therefore, phase and amplitude errors in the data due to the calibratioh system
are eliminated using t_his tecflnique . In design Vthree , @ sinusoidal signal is
used to modulate the transmitter sample befbre it is injected into the receive
channel. The calibration s;gnal thus produced remains dependent upon the
modulator characteristic and the calib;atioﬁ oscillator amplitude. Because
these parameters are both subject to variation, this design is undesirai)le.
The fourth design uses a square-wave signal to modulate the transmitter

sample preceding injecting into the receiver rf circuitry. This method has
the advantage that the calibration signal recérded on the data tape recorder is
dependent only upon the transmitter sample and the net receiver gain, the
parameters which are to be monitored by the calibration signal. Because this
signal is independent of calibration system variables and data errors are mini-
mized by rembving the active modulator from the receiver rf circuitry, this
design can be considered ideal for use with the 13.3 GHz scatterometer.

| It is recommended that the 13.3 GHz scatterometer be modified to include
the fourth calibration deéign. Further, it is recommended that a PIN diode
modulator be used in the caliibration circuitry because of the advantage of
increased stability and reliability afforded by this device compared to a ferrite
modulator. The major modification in the equipment will be in the microwave
circuitry with the modulator removed from the rf signal line and additional
circuitry added to achieve the calibration injection. Comparison of Figures 1
and 4 indicates the extent of these modifications. In addition, the calibration
-oscillat.or must be replaced with a sq-u"a‘re-‘-w'ave generator.

It is expected that modification of the calibration circuitry to that recom-
mended in this paper will result in a major improvement in the accuracy of data

measured by the 13.3 GHz scatterometer. Further, the consistency of the
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quality of these data measurements when comparing separate missions will

be established which will allow precise conclusions to be reached regarding
the behavior of the scattering coefficient in relation to terrain characteristics.
Because this is the objective of the aircraft testing scatterometry program, it

is required that the recommended modification be incorporated into the equip-

ment as soon as possible.
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APPENDIX I: Analysis of present calibration system.

DIRECTIONAL MIXER

COUPLER “
Yrs T T T T Yep Yrs : Ys
— \k N J > MODULATOR g = agudio receiver
_,/’ I PR ' K ,
A : T ' Y
Ye. U'ﬁ' Ye Lo
)"‘TRANSMITTE £

Let: Uesg = Ag Cos (wy +wa)d

Yo = Ag s wet

Yvr = A-k: Cos Wt
Ye = As cos wek
3\»0 = ALO Cos UDQ'{:

Consider first the return data signal Ygp

Yeg = Ag Cos (wo + WA t (1-1)

1l

where: Ag= amplitude of signal at frequency (‘*’o*‘”d)f in volts

. We = carrier frequency, in radians/second

wy = Doppler frequency corresponding to incident

angle 6, in radians/second
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The frequency spectrum of jhgis shown below

-As

== - '

] : !

' [ !

L ' »frequency

. wo wa+ wd

The signal 3é¢is modified from Yrg by coupling an attenuated
sample of the transmitter energy at frequency w, into the
spectrum of &h¢. In addition, a smali amount of transmit

energy enters the receiver through antenna coupling.

Yre = Yeg + Yo + Yo
= A5 cos (Wotuwg)t + A Coswt + A g cos wat

Yrs = Ag cos (wotwy)t + A, Cos wet (1-2)
where: Ax = At + AL,

A
t

Ag

amplitude of coupled transmit sample

amplitude of leakage signal

The frequency spectrum of Héﬁis shown below

Ax

.= = === T M :

f 1

5 ] ! |

{ | ! - frequency
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The signal 3€¢ is now transferred through the ferrite modulator
which, inrcombination with the transmit sgmple Ax' causes

‘the calibration signal Y. to be generated in the receiver
frequency spectrum. As an aside, let us consider the

operation of the ferrite modulator.

The ferrite modulator operaﬁes as a variable isolator with

the amount of Faraday rotation, and hence, the amount of
isolation, controlled by the modulating signal. Representing
the device as shown below, we can derive the transfer equation

which we will use to modify %;ﬁ,

rf input x(t) Ferrite x'(t) Modulated
signal =1 Modulator [~ signal

y (t)

Modulating
Signal

The output signal from the modulator is given by the following
expression (assuming operation at an appropriate bias point e« )

x’_(t) = (Ko = Ay Ylt) ) x () (1-3)

where: &,

i

guiescent ‘'gain' with y(t) = 0

]

transfer 'gain' characteristic
of the ferrite modulator




The signal &ﬁ&;can now be written by using equations (I-2) and

(I1-3).

\:‘)"‘P = \/&o#

L A @05 W) [As cos (wat Wt + A, cos w(;t]

(1-4)

Then, expandihg and using the appropriate trigonometric

relations, equation (I-4) becomes

Yrp = oLO[A,x Cos Wet + Ag Cos (wo+w4\'t]

[ At

cos (Wt we )t + Ac A" Cos (We - u)c,)-L]

~ o {AC A o (ot et W)t + A‘%_ASCOS(“’G Wet wd)t]

(I-5)
The frequency spectrum of equation (I-5) is shown in the
figure below.
oo Ay
ol PP
dmAczA'x 2 o(mﬁ—cz—_&z
Aofg
r---- -=T A oty PeAs
_ B N =
F==-==== == ==r-r- il Eabdialil st
: [ - L r ‘ s frequency
We-we 4 W, 4 Wy +We . y
W= We +w W+ U Wi + We +wy
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Consider now the mixing operation. The notation we shall

use to describe the operation is shown in the figure below.

rf input ec(t) - e,(t)  frequency-translated
signal #~ signal '
e (t)
mixing
signal
(LO)

eg(t) = E; cos wg ¢
en(t) = E cos w,t

If E. >>Eg, then the output signal ey (t) will have the

leiowing'form.
ety = k,e, + R, e, + LegcCoswet (I-6)

where: ,korkw= mixing constants

L = mixing gain at sideband frequencies

It should be noted in equation (I-6) that the sideband
amplitudes located at frequencies (agtcggare dependent only
on the signal amplitude and mixihg gain and are independent
of the magnitude of the mixing signal amplitude Em; This is
for the case where EHI>> Eg which is the typical case for

mixing operations.
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Now, applying the results of equation (I-6) to signal y;f

given in equation (I-5), we arrive at the audio scatterometer

'signal yg (t).

Ys (¥) = R, \5,;4': + k,A coswst - L\j;fg Cos Wt (z-7)

Clearly, we are interested only in the last term since all
other terms of equation (I-7) appear at frequencies out of the
audio band. Substituting equation (I-~5) in (I-7), ys(t)

becomes the following.

Yys(t) = —'?:o(oLA,x + "i ol, L Ag Cosuyt

~ Jratyy LAcAy Cos et - % oden LACA, Cos Cuwe )t

- %o(MLAc Ag Cos (W +wy)t — }‘_-eLMLAC_AS cos (Fwe+wy)t

(1-8)

From the mixer analysis, the calibrate signal at frequency wg

AQAX

is independent of the local oscillator amplitude A, if AL05>derf-
From equation (I-8), we can see the folding operation that
occurs when mixing the carrier frequency down to dc. Thus,

cos (-w.)t is translated to cos Wt and cos (-wWetWy)t to

cos (Ws—wy)t. The spectral plot below illustrates this for

‘the case where fore and aft signals (at +ug_and-;dg .. respectively)

are equal.

-
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Unfolded spectrum:
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Consider the spectrum of the data signal about the calibrate
‘signal at frequency W, . The ratio of the signal at w,

to that at w, 4wy is

m———

% ol LR Ag Ag

Therefore, if A >> Ay and if A, is adjusted such that
7 ®m LACAg < N
where: N is the system rms noise floor at audio,
then the interaction between data and calibrate signal will

not appear in the spectrum. This is shown in the figure below.
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The conditions for correct operation of this calibration

system are summarized below.
(1) appropriate bias level (see Appendix IV, Note 1)

(2) at the coupler, A, >> Ag

(3) at the ferrite modulator, A < ZN
Apl mLAs
(4) at the mixer, Alo>£>°ﬁn—%zx
where: A, = total transmitter sample: (coupled + leakage)
at the input to the ferrite modulator
As = received signal amplitude
A, = calibrate signal amplitude

A,,= local oscillator signal amplitude
= noise floor at audio
&,,= transfer 'gain' characteristic of modulator

= mixer sideband gain
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APPENDIX II: Analysis of Injection Calibration System.

directional
coupler
QURASL .
Yt -\\ | o  mixer
—_— - ! = audio receiver
J {_:&é__ _: ‘."ﬂ; ‘js ‘
.
Yep
Lo
Vo modulator |
. 3¢
A
Y
W ey
< : — ! transmitten
|
J I
‘ directional
coupler
Let: Yrp = As cos (We +wa)t
\ﬂL = AL cos wot

e ()

£
¢
1

3;0 = A, cos wet

Consider first the rf signal yéf which is the transmitter

signal ch modified by the calibrate signal y,. We shall

treat the transfer function of the modulator in an analogous

way to that used in Appendix I (i.e. as a variable‘gain' device).
Then, rewriting equation (I-3) in our present notation, we

get the following expression.
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Lﬁlw = (°<e = Am %c(‘“\) Yv.

where: o,= modulator quiescent gain with y_(t) =0

clh= gain transfer characteristic of the modulator

Now, substituting the appropriate expressionS»for‘yc(t) and yT(t),
) ] Cc
we get

Yre = (o — olm Fe(t)) Ay cos wot (II-1)

A. Injection system with calibration signal sinusoidal.

Let F_(t) = A, cos Wt
Equation (II-1) then becomes
\5;(; = o, Ay Coswet — £%m Ac Ay Cos (Wo+ we )t
‘ :

The spectrum of this signal is shown in the figure below.

oL Ay

3 4m A Ay L oA Ad Ay

: = frequenc
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The signal at the output of the directional coupler y;f

can now be found as follows.

o N . /e
See = Yepg v Yo ¥ Yeg Ra

or

Yee = Ag Cos (Wo+ i)t 4 Ay Coswet

+ gk, Ay Cosg wet - L ol Ry A By Cos (wor we )t

— 5 oim Ry Ae Py Cos (wo—we) (I1-3)
where: k2 = coupling coefficient of the directional
coupler.

The spectrum of y;f is shown in the figure below.

“asz{-“'AJL
A
%"‘m&AﬁA{ miadete bl Bl == s |?_°(M k,Ae Ay
i
- !
! ! l > frequency
Wty

Now, using equation (I-7) from Appendix I, the signal Vg at
the output of the mixer is
Ys ty= L ‘j\”‘:P cos Wt + higher frequency terms

where: L = mixing gain at sideband frequencies

Ay, >> A
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Then,
3’5 = "z L-(°<¢ kq_ A.[._ 4~ A'Q') + ‘!i LAS Cos U)A"t

._-‘4 Ky th Ac A-\—. cos u)c't - —34—_ O(my:(?_\. h\cA;._COS (-wcs-t
or

Ye = liL (otothtﬁ-A)_)' + -12-_ LA COS wgat

— 3 Am Ry L A Ay Cos wet (II-4)

Again, if we assume that data signals at negative Doppler
frequencies are equal to those at positive Doppler frequencies,

then the frequency spectrum of Vg will appear as shown below.

LAS “i‘o(m }zzLAc A.h

e o @ L

e e .

+f requency
o Wy We
Clearly, this method has the following advantages compared

to the present method analyzed in Appendix I:

1. Data signal not subjected to insertion loss and
phase shift of modulator.

2. Calibration signal independeﬁt of the transmitter
leakage power.

The principal disadvantage is the dependence of the calibration

signal at audio on the. amplitude of the calibrate oscillator
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B. Injection system with square wave calibration signal.

Consider the square wave sketched in the figure below.

2 F(D)

(]

N>
i

nH
-.i

..4 Ao

The Fourier series expansion for f(t) is

60 0
Sy = 9%‘_? + Z O Cos nwt + Z by, sin nwt
n=1 = '
where:'
v T
ap = %S $(t) cos nwt dt , Bu=0  (even function)

[}

‘Calculating the coefficients, £(t) becomes

F () = 3.“_5.3[003 wc-\:—-—‘?;cos3w¢i +—;.;¢o$5w¢_ - ]

(IT-5)

where: w, = the calibrate signal frequency

Referring to equation (IT-5), the only term we need
consider for use in the Calibraﬁion system is that_appearing
at frequency . . The remaining terms will appear outside
the audio bandwidth at the output of the scatterometer.
Thus, if the calibrate frequency is 10 kHz, the higher-order
terms of (II-5) will be at 30 kHz, 50 kHz etc sufficiently

outside the audio bandwidth.
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Applying the results of the Fourier expansion of the square

wave, the signal F,(t) in equation (I1-1) will be

Suppose that the peak-to-peak amplitude of the square wave A,
corresponds to the net difference between maximum gain olyya and

minimum gain (assumed zero) of the modulator. Then

2 o
Ly e () = —_E—M Cos wit

where: Am= maximum ‘gain' of the modulator

olyn = transfer'gain' characteristic of the
modulator

Substituting this expression in egquation (II-1l) results in
the expression for the calibration'signal at rf preceding
injection into the receive data spectrum. We note that,
since the modulator will operate between minimum and maximum
'gain', the modul-atqr bias oty will be adjusted to "2'. Lpp -
Then

/

Yrr = (‘*o - ‘1W\F2(t)) AL Cos wgt

Expanding the trigonometric quantities results in the

following expression.
‘jr.é = .‘i Loq Ay COS WL — -’T-‘; O(MA% cos (Weruwet

- T\T Ky Ay o8 (Wo—we)t (1I-6)
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The frequency spectrum of yéf is shown below.

Lotm Ay
\
Wy We : W W, + We > frequency

FpllOWing the analysis developed for the sinusoidal calibrate

signal, we compute the combined signal at the output of the

directional coupler Yyge

- /.
Yo = Yre *+ Yp * Yrp R,
or

"

Urg = Ag Cos (We+ Wa)t + Ay cos Wot
+ Lot Re Ay coswot — -f%dm A, Cos (ot we )

- ’% Q(M A‘L‘ Cos Cwo" wc)‘t (I1I-7)

The frequency spectrum of y;f is shown in the figure below.

wn o

s > frequenc
We—-We W3, Wt Wy e+ We q Y
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Again using equation (I-7) from Appendix I, the signal Yq

at the output of the mixer is

%S = LJ%?; cos Wyt + higher frequency terms
adf o\c P N ok =

where: L = mixing gain at sideband frequencies
Alo >> As

Then
. \ N
\55 = lZ-L‘_A'Q' + —io(M'sz-t‘l

+ -‘2 LAy cos uyt - L % oy Ay Cos gt (1I-8)

Assuming equal positive and negative Doppler data signals, the

spectrum at the output of the mixer is shown in the figure

below.

//'1'2_ L[A'Q_“' "‘i dmsz_k]

Kol

LA _ = dMA-[—_

: = fregquenc
o w Wq g b4

Advantages of square-wave calibration injection system:

1. Data signal independent of insertion loss and phase
shift of modulator.

2. Calibrate signal independent of transmitter leakage.

3. Calibrate signal at.preamp input dependent only on
transmitter level A, (& &,L o, =fixed constant)
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APPENDIX III: The PIN Diode Modulator by Rod L. Angle

A. Physical and Mathematical Description.

The PIN diode is made up of three layers of semiconductor
material. The midale layer is an intrinsic (I) region - |
sandwiched between a P-type layer and an N-type layer.. The
diode at low frequencies acts as an ordinary rectifying
diode; but acts as a pure resistance at high frequencies due
to the charge storage capabilities of the I region. The
transition, or 'changeover', frequency that separates these
two characteristics is defined as f0 where

{
o = 24 T

where: 4 = recombination lifetime in the I region

Thus, at frequencies below fo' the dicde is a normal diode
'and above fo’ the diode is a resistor. The recombination
lifetime 4 is a controlled parameter usually between

0.03 microseconds and 3 microseconds. Taking a typical value
X = 0.1 microseconds, fo = 1.6 MHz. Therefore, for an
application of the PIN diode as a modulator at 13.3 GHz, the

diode can be considered as a pure resistance.

The conduction of the PIN diode is proportional to the
stored charge which, in turn, is proportional to the diode

current given in the following expression.
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g= 2, Qy
dt w
where: Lé= diode current

(QJ= charge stored in the diode

Now, if the diode is biased by a dc current, then

R =7 1L

where: Id = dc bias current

Because the resistance of the device is proportional to the
charge stored Qd’ the resistance can be controlled by the dc
bias current Id' It should be noted that Qg+ and hence the

resistance, is independent of the rf current for sufficiently
high frequencies.
A device with these characteristics can clearly be used

as an rf modulator in either a pulse or an amplitude modulator

circuit. Although the resistance vs current characteristic

1of the PIN diode is nearly linear, the preferred application

would use a square wave or a pulse as the modulating waveform.

B. Advantages of using the PIN diode modulator.

The PIN diode absorbs power with the microwave energy
dissipated as heat. This tends to eliminate reflections
togéther with associated VSWﬁrpfoblems in the rf microwave
circuitry. As long as the rf power through the diode is
below one watt, the dissipation will not exceed the limits of

the device and harmonic distortion will be minimized. Since




L7
the diode resistance change (controlled by the calibration
signal) is operated at a much lower frequency than the rf
signal, the interaction between the klystfon frequency and
the modulator will be minimal. Perhaps most importantly for
the 13.3 GHz scatterometer application, the temperature
dependence of the PIN diode modulator can be kept to a
minimum byvusing a temperatﬁre sensitive element in the
bias source. Thus, by simply changing the bias point of the
diode, we can compensate for aﬁy temperature variations.

In the usual circuit configuration, the PIN diode
modulator contains more than one diode. This increases the
attenuation capabilities but more importantly, has the
advantage of reducing the reflection caused by the presence
of the single diode. With the diodes spaced a quarter-wave-
length apart, this reflection can be reduced to a minimum.

The érincipal advantages of the PIN diode modulator
are listed below.

| 1. The PIN diode modulator driven by a square wave will
not introduce any extraneous spectral impurities due
to the non-linearity of the diode characteristic as it

would with a sinusoidal waveform.

2. Errors in matching and reflections during switching
are minimal for a PIN diode modulator.

3. Parasitic resistances exist in the diode and its
circuitry which affect the attenuation. However, with
proper biasing, these parasitics can be reduced to
provide operation independent of the parasitics of the
configuration

4, By proper package design and placement in the
waveguide, the insertion loss can be minimized and
the isolation can be maximized. .
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C. The PIN diode in a square-wave modulator.

1. The PIN diode resistance vs. dc bias current.
The figure below‘is from Hewlett-Packard
Applications Note AN-922. This represents
a typical PIN diode with the exact values

dependent upon the particular diode chosen.

a
(TYPICAL @ LF}

!,
{TYpiCat @ RF}

~,
Ro 1B
° \\

(1 i 1 1 1
1A 10pA 100 pA TmA 10mA WO mA
HC B1AS CURRERY

Figure III-1. Resistance of a PIN diode vs. bias
current.
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2. Circuit representation of the PIN diode modulator.

The PIN diode modulatdr can be considered as
a variable load resistance in parallel with the
rf signal. As the resistance changes, so does
the amplitﬁde of the rf signal appearing at the
"output terminals. The equivalent circuit is'

shown in the figure below.

o o
rf modulated
input rf output
signal R(t) signal
éi: i(t)

Figufe III-2. Equivalent circuit of PIN-diode
modulator.
The rf input signal is at a frequency of 13.3 GHz
and is a sample of the output of the transmitter.
The current bias i(t) is a square wave with é
typical maximum value of 1 milliampere and a
minimum value of 5 microampere. From Figure III-1,
this raﬁge of i(tj gives a typical resistance
range of 10 ohms to 1000 ohms. If the impedance

seen at the output is 500 ohms,then the 'gain'
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G(t) of the circuit will have a maximum of 0.667
at R(t) = 1000 ohms and a minimum of zero at
R(t) = 10 ohms. The figures appearing. below

illustrate this relationship.

Bias current i(t)

i(t)

max

&

min

PIN diode resistance R(t)

R(t)

Rina

min

Circuit Gain G(t) (Zo= 50 ohms)
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APPENDIX IV: BAnalysis of Microwave Modulators.

)

NOTE I. On the use of wvariable attenuators as modulators.

o

'A. Ferrite modulator using sinusoidal modulating signal.

The transfer ‘gain' of the ferrite modulator plotted as
a function of the solenoid  field =z(t) is shown in the figure
below. Note that the maximum gain ey, occurs when z(t) =0
and the gaih response is symmetrical about the z(t) = 0 axis.
The slope of the response is dﬁﬁ‘with the bias or quiescent
point located at e{,. The bias point is established in the
present system configuration by the remanent magnetism of
the ferrite material. The purpose of this note is to compute
the amplitude of the calibration signal as a function of the
location of the bias point aé well as the transfer slope of

the ‘gain'.

R

> 2(t)

yhy = A, cos wet

Transfer ‘gain' response of the ferrite modulator.
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The modulation waveform can be plotted from the above figure

using the characteristics of the 'gain' response in combination

with the modulating signal y(t). This is shown in the figure

below for the general case where a portion of the operating
region occurs about the origin of the ‘gain' response. From
the figure it can bé seen that the location of the bias point
o, Will determine the harmonic content of the modulated
spectrum and will directly influence the amplitude of the
calibration signal. Thus, if &, coincides with olp,, the
maximum ‘'gain', then the modulation sidebandswill appear

at frequencies ifzuk about the carrier frequency wy, . 1In
contrast, the desired operation is when Ly is such that

the signal y(t) operates completely in the first guadrant

of the ‘gain’ characteristicvand, in addition, in a linear
region of the response. For this case, modulation sidebands
will occur at frequencies + W about the carrier frequency

and will represent the desired calibration signal.

»3)

oLyt Al

Modulation waveform of the ferrite modulator.
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The variable ‘gain' in the above figure can be expressed

analytically in a Fourier series as follows.

, ®
G. ‘ '
q@) = = 4 Z Q,, Cos n wt (§1-1)
=,
where: 2
I
a, = E= F(&) eos nwt de
s ,
T = period of y(t) = aw
R - © We

The function f(t) can be determined from the figure by

considering two regions separated by time ¥ . Thus,assuming

constant slope oly,

FY= ol ~ ol Ay Cos Wik oct g
F(t) = 2dy, —-ydo 4+ AmAe cn§w¢-L | :1:‘;54; < Té-
and at time t =%,
Fley = dn
or |
cCos W.T = °<::.{--:\(tv\ v 1‘2_. (N1-2)
mAe

The coefficients for the Fourier  expansion then become

0.“-:.

Y &
4ot gcos noetdt - M‘-§ cos wet cos nwet dt
T T
o ' o

T/Z

T
+ ‘-g; (2"'*M - %)gc.osmwc}c dt + 4°_L‘:“A° cos w.t aos nupk 4t
-’t.

-
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The first three coefficients are listed below.

_ 8« | 4 \
&, = ':F'(do-dm) + ch"‘M“d‘O)‘” ?ﬁ—""(ml\c Stn we T
_ . AT 4 .
o, = dpmhe (1- —;) = (o= dm) Stne T
_ a2 ‘
= %wRe Sin Wt Cos wWe® (N1-3)
Dy = 2 (o~ dy) Sin ZW — = AP Sin WeT
T o n«) g < T mile
_ 2 A Ao Stw 3w T
3T
where:
qlt) = 9-‘29 + O, Cos wek + G COoS2tet
Ay — o«
=gy CesTh S we g
< Aim Ae =

We note in passing that, if <€ =

N

o, = — Ly Ac.
2 = O
then

(N1-4)

which is equation (4) fofming the basis of the calibration analysis.
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. T . .
In contrast, if 4= 4 we expect a worse case condition with maxi-

mum second harmonic of the calibration frequency. Then

€= g

G = 2 - %é-dw,ﬁc
a, = O

o, = ———g——_&_—o(mﬁc

and

3(’c) = oy — %_o(mﬁe, - —g;o(m A . cos 2wt (y1-5)

Therefore, for the case where we have symmetrical operation
about the z(t) = 0 axis of the transfer gain response, the
calibration signal at frequency w, will be zero. Operation
of the ferrite modulator will take place somewheré between
_the'design operafion of equation (N1-4) and the worse case
operation of equatioﬁ (N1-5). We wish to calculate the
amplitude of the first harmonic a; as a function of the

bias level which, in turn, determines the relative location
of . The amplitude dependence of a; will then indicate

the error in the calibration signal in terms of the operating
point «,. It will be convenient to calculate the amplitude
a, in terms of the 'normalized' bias point given in equation (N1-2).

Then,

oLy — g

b = ~cos wet =

(N1-6)
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Clearly, the maximum value of b is unity and occurs when

(O(M - °(°) > dm Ac or when operation is strictly in

the first quadrant of the gain transfer response. When
b=1, &= %é and equation (N1-4) applies with the
amplitude of the first harmonic a; = e A¢. From equations
(N1-3) and’(Nl-G), a general expression for al‘in terms~of

b is the following.

_ b Y 2 nps!

and similarly for ag

Q= f'fa(MAc [" beos'(b) — (1= \;*)’ﬂJr 2ol + 2b dmAc

The table below shows the values of a_ and a., as a function of b.

o 1

b a, a,

1 2oty — 2dmAe = 24 — % Rc
0.866 2 dpy — 1. 728 alim Ag . -~ 0.9425cm Ac.
0.5 2 dm —\.44 A Ae - O.G\OﬂmAc_'
0.2 2o - \.é,ocn; Ac - 0.24% oy Ac

0 2w — 1.275 dmPe 0
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We now wish to relate the error in the calibration signal
to the error in the scattering coefficient o?. The relation
between the recorded .calibration signal E,. and 00 is given

in the expression below.

E

0 = ' =
o (other terms) + 20 logyqg E,

where: ES

measured signal voltage

Er calibration voltage

" If we have an error § in the calibration voltage, then the

error in the calculation for o0 will be

DNa® = - 20 \03“’ (Ev.-\- S) + 20 \03.0 E.
= — 20 log, BEEX2 o _ 20 log,, RAmA
©910 = 3\0‘ A
= - 20 log,, * (N1-8)

where k is the coefficient of the al term derived above.

The table below shows the variation of Ac% calculated as a

function of the normalized bias point b.

b ' ay k Ao 0
1 = olm Ae 1 \ 0
0.866 | =0.9425unAc 0.9425 0.5 dB
0.5 ~0.61 «mAe | 0.61 4.28
0.2 ~0.245 dwmPe | 0.245 12:2
0 0 ' 0 ©
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B. PIN diode modulator using square-wave modulating signal.

The transfer 'g;in' of the PIN diode modulator is plotted
as a fpnction of input voltage v(t)in the figure below. The
maximum gain o, again occurs when v(t) = 0. Because the
operation is designed to provide either maximuﬁ or‘minimum

(assumed here to be zero) gain, the bias point is selected

vat-%dm.

4 q&)

ooz Letpyl-m =+ - -

- AO/z Ao/ 2

/\/FE:G:)
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It was shown in Appendix II that the Fourier expansion of the

square wave yields a first harmonic term of

' 23 ‘
Folt) = ﬁﬁg cos We t
We note from the figure above that, as long as the amplitude
AO/Z of the square wave is of sufficient magnitude, the dynamic

gain term <1mF;Gﬂ of equation (II-1l) will assume the fofm'

A ol

CCos W v
T et

dV\\ Fc,(‘t) =

and with a bias located at %jdwa the total modulating 'gain'

will be

(4o = tnFelt)) = o (k= 2 coswct)

as used in‘equation (II-6) of the analysis in Appendix II.

This waveform is sketched in the figure below.

gain
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NOTE II. On the use of a non-ideal square wave.

Suppose that a non-ideal équére wave is used as the
modulating sighal for the PIN diode injeétion design. It
is easy to see that the greatest error in the calibration
system occurs when the leading and trailing edges pf the
'square wave' have'a,sinusoidal shape at the fundémentél,

or calibrate, frequency. For our analysis of the relationship

~ between calibration signal error and the shape of the

modulating waveform, we will use a cosine wave limited in

amplitude as shown in the figure below.

Expanding the distorted square wave as a Fourier series, it
is a straightforward exercise to calculate the coefficients.
Then, in summary

©

) = % 4 Z &, Cos nwek
=y
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where:
C\o=_ -
a, = ZRo i 2mp A{(_ T o L oniT ]
: T
and, for n even, Gy, = O
for n odd,

Ay = 2RAo g\ wite _ 2__5 s in (n+1) .:r__"i 3 smW-)FY
nw T o (n+) (n-1)

Again, the only frequency term of interest is that at W, .
f) = 7:53 Sin .2.‘_“7 s wet
“r .

. 4 - A f‘:l‘.f'c s wek
+P\(| Tt)uswct .__‘.T_SM TL o é

In order to compute the error in the calibration signal, we

must compare f(t) with Fc(t) derived in Note I above.

F ) = E—EA'_? cos wek

Fc(t) representé the ideal square wéve. For this analysis,
we will assume an amplitude A of the sinusoid, then compute
the error in calibration signal as a>function of A. We will
then relate this amplitude to the rise time of the distorted

square wave.

Let A=20R/2=10R1
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Then, to calculate “©

A cos 3%1%: = %f
cos 2_?’?"—' ‘Q'_";‘) = b‘os,
. o242
=
- and
£y = Z%}f Cos wWet + 0.0025 A, cosw.tL

The error in the calibrate signal amplitude is then

0.0025 A,

2A0
av

X 100 = O.4 o

The rise time corresponding to this maximum error is obtained

by reference to the figure sketched below.

J rise L___

time




65
rise time = '2:,‘, = 2(%—-1:’)

= 2(.257 -~ .2427T)

= 0.0167T

As an example, let the calibrate signal frequency be 10 kHz.
Then, T = 10_4 seconds and the riée time tr = 1.6 microseconds
for a maximum calibrate signal error of 0;4 %. The above
analysis can be used to predict the error in the calibrate

signal for a given square-wave rise time.






