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These expressions are identical to those for

equal-element band-pass filter, as given in

the lossy

(B-9) of

reference [4], except [hat l/X replace; the X used in the

band-pass case.

Expressions for any value of n can be determined in a

manner similar to that given in (B-11) of reference [41.

The result for the band-stop case is

(+2 n

2–s 1

s ) Xn–2–2.

1–s 1

s )1X.–I–28
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where the summation of s includes only terms where

n—2s, n—2 —2s, n— 1 —2s are all equal to, or greater

than, zero. The terms within the parentheses are bi-

nomial coefficients, tables of which have been compiled

by the Smithsonian Institute [10].
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YIG Filters as Envelope Limiters

R. C. CUMMING, SENIOR MEMBER, IEEE,

Abstract—Envelope limiters are used in such applications as FM

demodulation and power leveling. Recently, the envelope-limiting

properties of yttrium-iron-garnet (YIG) filters were reported for the

special cases of unmodulated and pulsed input signals. Measured

data is presented hereon the response of a YIG limiter to AM carriers

having modulation index of the order of 50 percent. Sinusoidal,

square-wave, and low-pass noise modulating signals were used in

the measurements. It was found that a YIG filter will give good en-

velope Iiiiting for modulating frequencies in the submegacycle

range. At these low frequencies the carrier and the side frequencies

are not limited selectively. At higher modulating frequencies where

the limiting is frequency selective, the YIG filter will not remove the

envelope variations. In fact, in the particular filter tested, the modu-

lation index was increased, rather than decreased, at modulating

frequencies greater than about 75o kc/s. A graph is given showing

the measured factor of reduction (or increase) of modulation index,

as a function of modulating frequency. The response of the limiter

as a function of carrier frequency, modulating frequency, and input

power is shown by oscilloscope displays produced by sweeping the

carrier frequency or input power. In addition, selected photographs

of output envelope waveforms are given.
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INTRODUCTION

T

HE APPLICATION of a YIG filter as a con-

ventional band pass limiter, i.e., the kind of limiter

that removes envelope variations from a narrow-

band signal, is presented. This envelope limiter should

be distinguished from the frequency-selective type where

each frequency component in the signal is limited inde-

pendent y [1], [2]. Perhaps the most familiar applica-

tion of envelope limiters is in FM demodulators, where

they are used to prevent envelope variations from ap-

pearing in the output. Another application is in power

leveling of signal generators.

The general conclusion of our work is that a YIG

filter will function as an envelope limiter for relatively

slow envelope variations, and as a frequency-selective

limiter for relatively fast envelope variations. In terms

of sinusoidal amplitude modulation, when the modu-

lating frequency is low relative to the dlecay time con-

stant of the spin-wave modes of the YIC7, the filter acts

as an envelope limiter. When the modulating frequency

is high relative to that time constant, the device acts as

a frequency-selective limiter.

The envelope-limiting properties of YIG filters have
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recently been investigated and reported for two major

classes of input signals: unmodulatecl signals and pulsed

signals [3]–[6]. In this paper, thelirniting properties of

a particular YIG filter are discussed when the input

signal is amplitude-modulated, with a modulation index

on the order of 0.5, and a minimum envelope power that

is greater than the limiting threshold power of the YIG.

If’ith this type of signal, the limiter is always operating

in its saturation region, and the mode of response might

be expected to be something between those of the un-

modulated and pulsed signals. The particular amplitude

modulations used in the response measurements were 1)

25- and 50-percent sinusoidal modulation, with various

modulating frequencies, ranging from 10 kc/s to 10

hlc/s, 2) 25- and 65-percent square-wave modulation,

and 3) low-pass noise modulation.

The YIG limiter used in all the measurements was a

Physical Electronics Laboratories Model LS-101, which

is a coincidence-type limiter having the following

specifications:

Resonant frequency fo 2.86 Gc/s
Small-signal 3-dB bandwidth 18 Me/s
Small-signal insertion loss 1.2 dB
Limiting level at .fo –10 dBm
Dynamic limiting range at f, 30 dB

With pure ~IG, coincidence-type limiters can be de-

signed to operate anywhere within the approximate fre-

quency range 1800 Nfc)s to 3400 lWc/s. The definition

and theory of operation of coincidence and other types

of ferrim agnetic limiters are readily available in the

literature, as is information on other ferromagnetic

materials and their frequency ranges [3]- [5], [7],

[8].

MEASUREMENTS

A. Unmodulated Input

For reference, the unmodulated limiting character-

istics of the YIG limiter are presented in Fig. 1 (a),

which shows that limiting begins at about — 10 dBm

and that the output increases only slightly as the input

power is increased by 30 dB. An idealized three-

dimensional graph of this data, showing detected output

amplitude as a function of input power and frequency,

is given in Fig. 1 (b). Note that the bandwidth over

which the filter acts as a limiter is an increasing function

of input power. Or, stated conversely, the threshold

power input required for Iimiting increases as the fre-

quency departs from the center frequency of the filter.

This behavior is characteristic of ferromagnetic and

varactor-diode parametric limiters [6].

B. Response vs. Carrier Flequency;

Sinusoidal Modulation

Figure 2 is a series of frequency-response curves, made

in the usual way using a signal generator whose fre-

quency is slowly swept in synchronism with the hori-

zontal sweep of the oscilloscope. However, instead of

holding the input signal level constant, the input was

purposely amplitude modulated. The vertical deflection

of the oscillograph spot was produced b:y the output of

an envelope detector. A dual-trace oscilloscope was

used, the upper trace showing the input signal and the

lower trace showing the output signall. The vertical

width of the ~ftrace” is indicative of modulation percent-

age. In the upper trace, the vertical width is nearly inde-

pendent of the horizontal coordinate, showing the input

modulation percentage to be nearly constant, inde-

pendent of carrier frequency. In each photograph in

Fig. 2, the carrier power and modulation index were

held nearly constant at +10 dBm, and 50 percent, re-

spectively. Sinusoidal modulation was usecl, with vari-

ous modulating frequencies as indicated on the photo-

graphs. For reference, a photograph taken witlh no

modulation on the input is shown; this photograph is

essentially identical with the one labeled Pin = +10 dBm

in Fig. 1 (a). The frequency sweep rate of the signal

generator was made very slow (one second per sweep),

so that any transients introduced by sw(eeping were

completely negligible. Note that the oscillclscope ~sensi-

tivity was reduced in the third row of photographs.

The lower halves of each photograph in Fig. 2 show

how the modulation index (vertical width) varies with

carrier frequency (horizontal coordinate), The degree of

output AM depends on both the modulating frequency

and the carrier frequency. At relatively low modulating

frequencies, the YIG filter appears to function quite

well as an envelope limiter, except near the edges of the

pass band, where the carrier power is close to the llimit-

ing threshold of the device. (As mentioned before, the

limiting threshold is about – 10 dBm a,t band center,

and increases as the frequency departs from lband

center.) As the modulating frequency is increasecl, the

quality of limiting deteriorates across the entire pass

band of the device, and a large amount of ANI appears

in the output.

C. Response vs. Input Power;

Sinusoidal Modulation

The response of the limiter was also observed as a

function of the input power level. This was accomplished

by varying the amplitude of the carrier signal generator

(fixed frequency) by applying the oscilloscope sweep

voltage to the external AJI input (see Fig. 3). Sinus-

oidal ANI was again applied to the signal, using a

PIN-diode modulator. The carrier power at the end of

the oscilloscope sweep was measured with a hp-431A

power meter.

The experimental response data are shown in Fig. 4.

Again, as in Fig. 2, the vertical deflection of the oscil-

Iograph spot is produced by the detected output en-

velope of the YIG filter. The input signal is not shown

in this set of photographs. For all measurement ts in

Fig. 4, the carrier frequency was centered in the filter

pass band, and the carrier power was varied almost.

linearly from zero to the value shown at the top of each

column. The horizontal sweep time was five seconds.
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Fig. 1. Response of YIG limiter to an unmodulated signal. (a) Measured freq~ency response at various input power levels.
(b) Idealized three-dimensional graph of output amplitude vs. input power and frequency.

Fig. 2. Response vs. carrier frequency. Horizontal scales indicate carrier frequency, at 20 Mc/div.; f = 2860 Mc at cent(
photograph. Vertical scales: upper trace =50 mV/div.; lower trace= 50 mV/div. for first two rows, .S mV/cfiv. for thir,
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Fig. 3. Basic equipment used for measuring
response vs. input power.
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Fig. 4. Response vs. input power. Horizontal coordinate is input power which increases
from zero to the value shown at the top of each column.

Various modulating frequencies were used, as indicated

on the figure, and the input modulation index was ad-

j usted to 50 percent in each case.

The main effect to be noted in the photographs is the

variation of the output modulation index with modu-

lating frequency. Below about 750 kc/s, the output

modulation index is lower than that of the input; at

higher modulating frequencies, the modulation index of

the output actually exceeds that of the input. Note, in

addition, that at any one modulating frequency the

output modulation index remains very nearly constant

when the input power is above the limiting threshold.

Also interesting is the behavior in the vicinity of the

limiting threshold. The 10-, 30-, ‘100-, and 300-kc/s

photographs show an increase of envelope amplitude as

the limiting threshold is approached On the other hand,

at modulating frequencies higher than approximately 1

3/It/s, distinct ‘(corners” exist in the threshold region,

corresponding to the power levels at which the carrier

and sideband frequency components reach the lin-liting

threshold and become limited selectively.

D. Response Waveforms; Sinusoidal Modulation

The intensity variations exhibited in Figs. 2 and 4

along vertical lines are indicative of the waveforl ns of

the output envelope. Qualitatively, the display intensity

as a function of the vertical coordinate gives the amplit-

ude density function of the output envelope waveform.

The displays of Figs. 2 and 4 indicate that, at IIower

modulating frequencies, the envelope waveform becomes

highly distorted as the input carrier power goes through

the threshold-of-limiting region. This is true, as can be

seen from the 100-kc-modulation envelope waveform of

Fig. 5(a). For reference, the corresponding dispky of

response vs. input power is also shown with an arrow

indicating the power level at which the waveform photo-



620 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES SEPTEMBER

Fig. 5. Output envelope waveforms, for sinusoidal input modulation.

graph was taken. At higher (and lower) power levels the

envelope waveform once again becomes sinusoidal. The

waveform of Fig. 5(b) is interesting because it illustrates

enve~ope waveform distortion occurring at high modu-

lating frequencies where the carrier and side frequencies

are limited selectively. The ripples in the waveform will

be seen to correspond to the density bars in the lower

display.

E. Response Waveforms; Square-Wave Modulation

The output envelope waveform of the saturated YIG

limiter in response to square-wave-modulated signals of

index less than one is shown in Fig. 6. The input and

output modulation envelopes are shown in the upper

and lower halves, respectively, of the photographs.

Minimum input levels and modulation indexes are

shown on the photographs.

The response is seen to be significantly different from

that obtained when the modulation index is 100 percent

(ON-OFF pulsed RF). In the case of 100-percent square-

wave modulation, it is well known that a ‘(leakage

spike” having a peak amplitude equal to the peak ap-

plied amplitude will be observed in the output [5], [6],

[9]. With less than 100-percent modulation, however,

the leakage spike in Fig. 6 is seen to have a smaller am-

plitude, which remains constant as the input power

level is increased.

F. Response Waveforms; Low-Pass-Noise Modulation

The response of the limiter was also observed when

the input signal was amplitude-modulated by low-pass

noise. A General Radio GR-139oA noise source was used

to provide 20-kc/s-, 500-kc/s-, and 5-l?Ic/s-bandwidth

low-pass noise.

The envelope waveform of the limiter output, which

was not photographed, appeared to correspond to band-

pass, rather than low-pass noise. It was apparent,

especially with 20-kc/s low-pass noise, that the low-

frequency modulation components were effectively

limited. It was also noticed that the amplitude of the

output and its modulation index remained constant as

the input power was varied.

Fig. 6. Input and output envelope waveforms, for square-wave in-
put modulation. Minilmum input power and modulation indices
are indicated.

G. Modulation-Index Ratio

One possible figure of merit for an envelope limiter is

the ratio of output (amplitude) modulation index to in-

put modulation index, with sinusoidal modulation ap-

plied to the input. In general, the output envelope will

not be sinusoidal. Hence a definition of output modu-

lation index is needed. For our purposes, we define the

output (or input) modulation index as follows:

modulation index

peak envelope voltage – minimum envelope voltage
—.

peak envelope voltage + minimum envelope voltage

In YIG limiters, the modulation-index ratio varies with

modulating frequency and input modulation index.

However, Fig. 4 shows that the modulation-index ratio

is nearly independent of input level, when the level is

above the limiting threshold.

The modulation-index ratio was calculated from data

measured, first using 50-percent modulation, and then

using 25-percent sinusoidal modulation. For all the

data, the carrier power was kept constant at 10 dBm.

The input and output modulation indexes were deter-

mined using a calibrated variable attenuator at points
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Fig. 7. hIoduIation-index ratio vs. modulating frequency.

A and B, respectively, in the basic system of Fig. 3.

The resulting plots of modulation-index ratio vs. modu-

lating frequency are shown in Fig. 7. The curves show

that the limiter gives some reduction in modulation in-

dex at all frequencies below approximately 750 kc/s.

If the YIG filter were a perfect frequency-selective

limiter at high modulating frequencies and the measur-

ing equipment were perfect, the graph of modulation-

index ratio in Fig. 7 would level off at a value of 2,0 for

50-percent modulation and 4.0 for 25-percent modula-

tion. This leveling-off would occur k~ecause the output

spectrum would consist of three equal-amplitude com-

ponents whose phase relationships wc)uld be the same as

those of the carrier and two side frequencies of the

.lhl input signal. It follows that the output envelope

waveform would be I 1 + 2 cos r-o~t I , which is non-

sinusoidal and represents 100-percent amplitude modu-

lation. However, the actual data plotted in Fig. 7 show

maxima of modulation-index ratio of 1.4 and 2.1, at a

modulating frequency of 3.0 NIc/s. At higher modulation

frequencies, the modulation-index ratio falls monotoni-

cally. One or more of the following effects could account

for the falling modulation-index ratio at high modulat-

ing frequencies: 1) the YIG or its associated circuit ele-

ments could introduce phase distortion yielding an en-

velope waveform different from that mentioned above,

2) sideband trimming by the YI G or its associated

circuit elements could reduce the modulation index in a

similar way as in ALI radio receivers having insufficient

IF bandwidth, and 3) insufficient postdetection band-

width (about 20 Me/s in our measuring equipment)

would result in failure of the equipment to respond to

the higher harmonics of the nonsinusoidal output en-

velope, and a reduction in the observed modulation

index.

CONCLUSIONS

For applications where it is desired to remove ampli-

tude variations from a carrier, the YIG filter will serve

well for amplitude-modulation frequencies small enough

that the carrier and the side frequencies are not limited

selectively. At higher modulating frequencies, where the

limiting is frequency selective, the YIG will not remove

the amplitude variations. In the particular unit tested,

the modulation index was reduced by a factor of two

or more at all modulating frequencies below about

350 kc/s. At higher modulating frequencies, the reduc-

tion in modulation index was less than a. factor of two,

and, at modulating frequencies above about 750 kc/s,

the modulation index was increased, rather than de-

creased, by the YIG limiter.
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