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Advantages of using an IF substitution method wi t h a waveguide below cutoff attcnuator 
for obtain ing ferrimagnetic resonan ce line width of pol ycrysLalline materials a re d isc ussed. 
An improvement in the IF system involvin g phase locking the loca l oscillator to t he sig nal 
generator is described. Measurements were obtained whi ch indicate that t he above IF 
atten.uator method compares fa vorably wit h accurate frequency Jllcas urin g Lechn iques for 
plottll1g entll'e resonance curves . 

1. Introduction 

The American Society for Testing and Materin,ls 
has recently established a. standard test method for 
determining the fe rrimagnetic reso nance line wid th 
and gyrom.agnetic ratio of nonmet~tllic n1<tgnetic 
materials [1] . I The meLhocl essentially utilizes a 
precision RF ltttenuator located on t he inpu t sid e of 
the tmnsmission cavity for determining the haH­
power points on the reso nance CLinTe of the sample. 
We haNe recently published tables which facilitate 
the calculation of tllC half-power points using the 
ASTlVI techniques [2]. At Lhe same time, some of 
the <tel van tages and disad vnnt~tges of using an IF 
substitution technique with a 30 Mc/s piston attenu­
ator for obtaining these measurements were pointed 
out. 

A typical ad \Tantltge of IF deLection may be found 
in greater sensiti Irity which increases t he range of 
sample size and loss which can be measured. An­
other ad vantage is relaLed to Lhe increased ,tccuracy 
inherent in the use of an IF substitution method 
using a waveguid e below cutoff attenuator [3]. 
Furthermore, since the IF frequency is constant in 
such a setup, the same attenuator and detection 
system may be used in equipment designed for 
measurements at different microwave frequencies. 

The primary disadvantage associated with the IF 
substitution method lies in the inconvenience and 
additional time required for manually tracking the 
local IF oscillator with the signal oscillator. This 
introduces delay in the time needed for the measure­
ment of the maximum and 3 dB points on the reso­
nant curve of the sample since the signal generator 
must be retuned at these points to maintain the 
cavity at resonance. Tho IF method of course 
requires somewhat more equipment than the RF 
s ubstitution technique ; however, with the exception 
of a precision waveguide below cutoff attenw1tor, t he 
extra equipment is usually available in a typicctl 
l aboratory . Furthermore, at the present time, 
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complete IF attenmttion meas uring systems are 
becoming commercially av,tibble. 

Our previous experience using the method adopted 
by the ASTlVI with an IF subs titution arrangement 
had indicated that the advantages in many cases 
outweighed the disadvantages. For this reason, we 
have recently carried out fmther studies in au effort 
to gain a greater appreci,tLion of Lhe applicability of 
IF substitution methods in fenill1agnetic reson,w ce 
setups in general as well as to develop a system for 
avoiding the disadvantage associated with local 
oscillator tuning. The purpose of this paper is to 
describe in somewhat more detail the results of these 
sLudies. This discussion will be divided into essen­
tially two areas. First of all , the development of a 
ferrill1agneLic r CSOlltU1Ce meas uremellL sysLem using ft 
phase lock armngment for automatically trackin~ t he 
local oscillator wiLh Lhe signal oscillator will be 
described. Secondly, a compariso n of the use of the 
attenuation method usin g a w,weguie/ e below cuLon: 
ftLten llator with a meLilod lIsing an accuraLe fre­
quency mensmin g tecbllique for deterlluning entire 
resonance loss curves will be discussed. 

2. Experimental Setup 

A typical experimental setup utilizing an IF sub­
stitution technique designed for measuring line width 
by means of the ASTlVI method has a wa\'egu ide 
below cutoff attenuator preceding the IF detector. 
Changes in the RF attenuation of the cavity due Lo 
the sample properties are measured by the corre­
sponding changes in the IF attenuator which maintain 
a cons tan t level signal to the IF detector. I n a 
typical measurement of line width , the signal fre­
quency is first adjusted to give cavity resonance for 
the empty cayity and the IF attenuato!" is set to a 
value, A Q, to give a convenient output reference leyel 
on the galvanometer. The sample is then inserted, 
th e d-c magnetic field adj lls ted for maximum ab­
sorption in t he sample, the frequency adj usted for 
cavity resonance, and the IF attenuator set to a new 
value which we designate as A T in order to obtain t he 
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same output reference level. Knowing Ao- AT' it is 
possible to calculate the IF attenuator reading 
corresponding to the half-power points on the reso­
nan ce curve of the sample. The attenuator is then 
set at this calculated value, and the line width is 
determined from the two d-c field settings necessary 
to alter the sample properties until the fixed output 
reference signal is obtained. Once again, the signal 
frequency must be adjusted to maintain cavity 
resonance corresponding to these new sample con­
ditions. It is readily apparent from the above dis­
cussion that tbe magnetic d-c field and signal oscil­
lator frequency settings are interdependent and 
require considerable trail and error adjustment for 
obtaining optimum conditions. The added com­
plication of tuning a local oscillator to maintain a 
fixed IF frequency is obvious. 

The availability of commercial phase lock systems 
offers a solution to the above problem. Such systems 
are usually used to lock the frequency of a klystron 
oscillator to some multiple of a low frequency crystal 
oscillator to produce stable microwave frequencies. 
The same equipment should be applicable for pbase 
locking the klystron local oscillator to the signal 
oscillator in an IF system. An arrangement using 
a frequency discriminator to vary tbe local oscillator 
frequency to automatically track the frequency 
variation of the RF source bas already been described 
in the literature [4]. 

vVe have recently developed a ferrimagnetic reso­
nance measurement setup using a commercially 
available phase lock system in a 30 Mc/s IF substitu­
tion arrangement. In this system, the local oscil­
lator is phase locked to a frequency 30 Mc/s below 
the signal frequency. A block diagram of this setup 
designed for a signal frequency,fo, is shown in figure 1. 
Basically, the phase lock system compares the 
difference of the signal frequency fo and the IF local 
oscillator frequency fo-30 Mc/s with a 30 Mc/s 
reference signal which is contained in the phase-lock 
unit. A d-c correction signal is applied to the 
local oscillator, a klystron, such that it tracks the 
signal oscillator. This local oscillator signal at a 
frequency offo-30 Mc/s is, of course, mixed with the 
cavity output signal at the frequency fo to produce 

FIGURE 1. Schematic diagram of eql.ipment used for f erri­
magnetic l·esonance work using a phase-locked IF substitution 
system. 

the IF frequency of 30 Me/s. All attenuation 
measurements are made using the 30 11c/s piston 
attenuator which controls the level of this IF signal. 
The remaining components in the system are used 
for level setting, power monitoring, and frequency 
measurements which are all common to setups of 
this type. These measurements also require d-c 
field measuring equipment such as a nuclear reso­
nance gaussmeter, which is not shown in the 
diagram. 

I t should be recognized that attenuation measure­
ments such as above require that the power levels 
in the overall system remain stable during a measure­
ment. This is, of course, true for both the RF and 
IF substitution methods. A good temperature 
independent power monitoring setup is thus necessary 
in order that corrections can be made for any 
small variations in the power level of the system 
which may occur during a measurement. The 
crystal used in the power monitoring unit shown in 
figure 1 was mounted in a temperature controlled 
oven. 

It is also apparent that the accuracy of measure­
ments of this type is dependent upon the type of 
precision attenuator used. The piston attenuator 
used in the setup in figure 1 can detect attenuation 
changes of 0.01 dB. This type of performance is 
considerably better than can be obtained from most 
RF attenuators. Furthermore, accurate RF atten­
uators are in gpneral available only over limited 
microwave frequency ranges. This frequency re­
striction is not applicable to the piston attenuator 
operating at the fixed IF frequency. Impedance 
matching is much less of a problem in piston attenua­
tors than is the case for RF attenuators. While it is 
recognized that the insertion loss of a piston atten­
uator is rather high, this is not a serious disadvantage 
due to the high sensitivity in the IF detection system 
and the fact that the range of attenuation of concern 
in an ordinary measurement is not great. 

An experimental evaluation of the above setup 
has given very satisfactory results. The local 
oscillator accurately tracks the signal oscillator 
during a typical measurement. As a result, the 
ease of operation of the IF method with this phase 
lock system compares favorably with the RF sub­
stitution method ordinarily used in the ASTM 
method. 

3 . Resonance Curve Plotting 

The discussion thus far in the paper has referred 
primarily to the measurement of the 3 dB points on 
the resonance curve of a sample. However, many 
situations arise in which a knowledge of the shape 
of the complete loss curve is desirable. This is 
usually expressed as the imaginary susceptibility 
X" as a function of the applied field. Many tech­
niques for plotting curves of tbis type are based on 
VS'VR measurements using reflection type cavities 
[5]. Some of the earlier work in obtaining these 
measurements with transmission type cavities was 
based on the RF substitution method [6]. A more 
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recent description of the use of RF a ttenu ators in 
such work has also been given by Silber [7]. How­
ever , with t he development of transfer oscillators in 
co nj un ction with frequency coun ters, it has become 
possible to more accurately m eaS Lll'e resonance 
curves in terms of changes in the Q when tra ns­
mission cavities are used. On the oth er h and, a 
study of the working equaLions for ploUing reso­
nance cur-ves suggests that the use of a n accurate 
piston attenuator such as described above sho uld 
allow such CUTves to be obtained from IF attenua tion 
measurements with accuracies compar able to those 
obtained from frequency m eaSUTements. The ad­
vantages of thf\ IF substitution method have also 
been recognized in the meaSUTements of other types 
of materials such as high loss liquids [8]. It was 
thus the purpose of the present work to make a 
direct comparison of ferrimagnetic r esonan ce CUTves 
obtained using a frequency counter and tr a nsfer 
oscillator with those obtain ed using a piston atten­
uator. In both cases, the IF system shown in figure 
1 was used for obtaining the data. 

It may be shown using an an alysis such as 
described in reference 5 or 6 that the effective 
imaginary susceptibility of a small ample in a 
transmission cavity is given by 

where 

Qn= loaded Q of the cavity with t he sample ; 
Qo = loaded Q of the empty cavity; 

(1) 

C= a constant dependent on the cavity and its 
mode; 

V e, Vs= volume of cavity and sample r especti \rely. 

When using the frequency method, the Q's in this 
equation ar e evaluated from '/I !1.1, where./ is the 
resonant frequency and !1.1 is the frequency differ­
ence between the three dB points on the r esonance 
curve. It might be mentioned that even for this 
frequency method, the accuracy of the piston atten­
uator is useful in calibrating these half-power points 
on the cavity resonance curve. 

When using the attenuation method with a trans­
mission cavity, it may be shown that eq (1) [see 
appendix] becomes 

x"= - 10----:20 - 1 C-", 
1 ( Ao-An ) V 

2Qo V. (2) 

where 

Ao = piston attenuator r eading corr esponding to empty 
cavity a t reson an ce; 

An= piston attenuator r eading corresponding to any 
point on resona nce curve of sample with 
cavity at resonance. 

M easurements were taken on several differ ent m a- I 
terials which directly compared . the use of the fre- I 
quency counter and eq (1) wi th the usc of the piston 

attenuator and eq (2) . Typical data taken at 110 
Mcls on one of these ferrite materials is shown in 
figure 2. It was found that excellent agreement was 
obtained between the two methods for several dif­
ferent materials provided care was taken to avoid or 
compensate for drift in the gain of the IF detec tion 
system in the attenuation measurement. As was 
poin ted out for the RF substitution measurements 
de cribed in the Ii terature [6 , 7], this drift may readily 
b e con ecLed by using a high field reference level 
corresponding to the emp ty cavity. 

It is fel t that one of the more serious errors in 
oi Lher Lhe freq uency or attenllaLion metbod would be 
du e Lo Lhe dependence of the trans miss ion loss of 
variolls co mponen ts in the system on frequen cy. 
Both m ethods of co urse require small fr equency 
changes to m aintain Lbe cavity at resonance dming 
a meaS Ul'ement. Such effects arc difficult to evalu ate 
for bo th m ethods; however, errors dlle to Lhe fre­
quency sensitivi ty of transmiss ion loss, impedance 
m is matches, etc., should be slight if only small fre­
qucncy variations arc enco un tered . D ata obLained 
on disks sll ch as shown in figure 2 indicated t hat the 
frequency and attenuation m ethod in general agreed 
to better than 1 to 2 percen t in the vicinity of the 
half-power points on the curves where the greatest 
frequency changes were necessary to maintain res­
onance in the cavity. This agreement s uggests that 
transmiss ion errors such as described above arc in 
general quite small . Som ewhat larger varia tions 
between the two methods ar c experienced in the 
wings of t he resonance curve; however, the losses 
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FIGURE: 2. r['ypical Jerrimagnetic resonance loss curve of a thin 
disk sample at 1100 Mc/s obtained fromfl'equency and attenu­
ation measurements. 
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are becoming so low in these areas that accurate 
measurements by either method becomes difficult. 

The curves shown in figure 2 give the imaginary 
susceptibility of the material in the vicinity of ferri­
magnetic r eson ance as a function of d-c field. In 
order to obtain the atten uation curve in terms of 
susceptibility, it was necessary to obtain a measure­
ment of the loaded Q of the empty cavity as can be 
seen in eq (2). This would in general be obtained 
with the frequency method. However, this Q is 
assumed constant during the measurement and thus 
eq (2) can be written 

(
A . -An ) 

x" = K 10~ - 1 ' (3) 

where 

K=_l_ C V e• 

2Qo V B 

If An= A T and x" = x" at the maximum point on 
the resonance curve, then 

and 
A.-An 

X" 10 -----w-- 1 
x~' A o-.A T (4) 

10 20 - 1 

which essentially means that the shape of the reso­
nance curve normalized to its maximum value may be 
obtained by attenuation measurements alone. This 
may be convenient in various research programs . 

4. Summary 

It is concluded that the IF substitution technique 
may be applied to the ASTM method of line width 
measurement. It has particular ad \Tantages when 
measuring high loss samples or when data is desired at 
microwave frequencies where good RF attenuators 
are difficult to obtain. The convenience of the IF 
substitution method is considerably improved by 
phase locking the local IF oscillator to the signal 
oscillator. It has been demonstrated that this 
system can be used to plot entire resonance curves 
in terms of attenuation measurements with an 
accuracy comparable to that obtained with a 
freq uency coun tel' . 

5. Appendix 

Starting with eq (1), 

x" =~ (~n -~) c ~:, (1) 

it can be shown from eq (9), p. 291, of reference [9] 
that 

Po 4Q~ 

Pi Q1Q2 

for the empty cavity and 

for the cavity with sample wher e: 
Po is the power output from the empty cavity; 
P i is the power input to the cavity ; 
P n is the power output from the cavity with 

sample; 
Qo is loaded Q of empty cavity ; 
Qn is loaded Q of ca vi ty wi th sample ; 
Q1 and Q2 are the coupling Q's of the input and 

output ports and are assumed constant during the 
measurements. 

If P i is held constant as is the case for the IF 
system, 

and substituting in equation (1) 

x,,=_l ( !P o_ 1) C V e• 

2Qo -V P I! V s 

This same equation is also given in references [6] and 
[7] except the power ratio is expressed in terms of 
equivalent voltage ratios. 

Let the power input to the piston attenuator be 
BPo for the empty cavity and BP n for the cavity 
with the sample where B is a proportionality con­
stant. If P is the constant output power level of the 
piston attenuator , then the corresponding attenuator 
readings in decibels are given by 

and 

therefore, 

p A.-An 
~=10-20- . 
..jPn ' 

x" =- 10-----ZU - 1 C~, 
1 ( A.-An ) V 

2Qo V s 

which is eq (2) in the text. 
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