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INTROLUCTION

Although interesting applications of yttrium iron garnet (YIG) frequency-selective
limiters (FSL's) have been reported in the literature during the past decade, their
value as a building block in communication systems has received only nominal
attention. FSL's tend not to be "captured" by strong signals, and the intermodulation
products are generally negligible in the presence of more than one signal. Such
characteristics could be used advantageously in an ECM receiver system (Fig. 1)
that uses a large number of contiguous bandpass filters to detect and identify the
frequencies of received signals. (Generally, the absolute strengths at the outputs
are of no interest.) Once the level of a signal reaches a preset threshold, the
trigger circuit is inltiatied to record incoming signals and their frequencies

corresponding to posltio'ns of the filters.

RS
BANDPASS THRESHOLD - En
FILTER DETECTOR
— ° ®
| FSLJ—J
° °
° °
BANDPASS THRESHOLD CHN
FILTER DETECTOR

Fig. 1. Filter bank receiver.

One difficulty encountered in building the filter bank is the extreinely high roll-

off rate required of the bandpass filters. Consider a wide range of signal levels
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applied to a bandpass filter with finite roll-off rate; if the threshold is set to detect
the smallest in-band signal desired, then a large signal whose signal frequency falls
outside the passband could also reach the threshold and trigger thc output circuits.

An extremely strong signal could trigger many channels and disable the system.

A straightforward solution is to build bandpass filters that contain many stages.
The more poles there are in the bandpass filters, the higher the roll-off rate that
can be obtained. However, the total number of stages of the filter bank will be
cqual to the number of stages times the number of channels of the filter bank.

Complexity, size and weight are therefore multiplied.

A solution to the problem is to normalize the signal levels by IFSL's before they
arc fed into the filter bank. If signais fed into the filter bank possess equal
amplitude, out-of-band triggering can be prevented by setting the threshold at the
intersection point of the bandpass filters. Ideally, normalized signals can be
identified with the simplest one-pole filter bank. As a result, high roll -off ratc

is no longer necessary and the complexity of the filter bank can be greatly reduced.

The IFSL can be considered as a device whose input signal levels (Fig. 2) arc large
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Fig. 2. 1 .L (a) input and (b) output signal level,
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and diverse, whereas the output signals are normalized with respect to the limiting
threshold, Consequently, the FSL is a self-adaptivz device that will normalize

levels on a frequency-by-frequency basis.

FSL devices with these characteristics have been constructed in various types:

1 2
magnetoelastic, nuclear magnetic, electron paramagnetic, and spin-wave. Only
the spin-wave mode of a YIG sphere is practical and most attractive in terms of

simplicity of construction, size, weight and performance.

The purpose of this report is to present the operating theory and measurement results

for a YIG FSL under different signal environments. Application of the YIG FSL in a
filter bank receiver for signal spectrum identification is emphasized, but the
measurement results are applicable to other types of systems such as multi-

channel satellite communications and anti-jamming receivers.

Operation of the YIG FSL is discussed in Section I via analytical models. Measure-
ment of 1) power distribution, 2) leakage spike, 3) small signal suppression,

4) intermodulation (IM) products, and 5) linear frequency modulation response are
presented in Section II. Section IIl deals with applications of the YIG FSL as a
level normalizer with particular attention to: 1) cascading YIG FSL to obtain large
limiting range, 2) 3rd order IM products, 3) small signal suppression and threshold

level detector, and 4) response of a YIG FSL filter bank receiver to a linear FM signal.

o MR i . AR

I. Operation of a Parametric FSL !

A, Basic Models

The basic analytical model of a parametric lim.ter was developed and

4
analyzed by Ho and Siegman.  Their primary interest was to use the limiter's phase

distortionless characteristics. This model permits qualitative explanation of basic

YIG FSL operation, and in a restricted manncr, (because of the lack of basic YIG FSL
6
parameters) its numerical analysis., ~




Two resonant tanks of frequency o and w/2 are coupled by a nonlincar clement in
what is basically a parametric oscillator (Fig. 3). Input power is coupled to the

tank as is the output power,

Il-hiOid

INPUT ad OuTPUT

NONLINEAR
ELEMENT

Fig. 5. Subharmonic oscillation limiter,

When an input signal at frequency & is below a certain threshold, it will pass throug.,
the & tank as if subharmonic tank 1/2 did not ¢xist, and therefore, no subharmonie
oscillation cxisted in the 2/2 tank.  However, when the input power is above ithreshold

power Pt oscillation will be excited at a frequency exactly half the npur frequency,

n’
The result is that part of the input power is transferred to maintain the subharmonic
oscillation, and part is reflected to the input source because of the impadance nis-

match caused by the added equivalent conductance to ¢ tank causced by oscillation in

the +/2 tank, Thesce combined cffects result ina sharp limiting characteristic

(Fig. 4). As input power increases, subharmonic oscillation continues to increase,

but output powcer remains constant,
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Fig. 4. Subharmonic oscillation and limiting characteristics,

This concept permits development of an FFSL model (Fig. S) that has an 4 taak with

large bandwidth, B, with a bank of subharmonic tanks coupled to the o tank. If the

[10-9-s000]

w TANK

INPUT B OUTPUT

NONLINEAR ELEMENT

Fig. S. Frequency-scelective limiter model.




subharmonic tanks are tuned contiguously in frequency across die bandwidth, B/2, an
I'SL is formed.  Thus, when the input signal in bandwidth B is smaller tian threshold

Pth' the o tank can be considered as an ordinary resonant tank inscrted between the

input and output, Howcever, when the signal at xl is above Pth'

subharmonic tanks, 1]/2, will be excited into oscillation. Hence, one finds that cach

the corresponding

subharmonic tank rcacts at only twice its resonant frequency (or at a small bandwidth
centered at r]). Frequencies separated by bandwidth L will be mutually independent
because their half trequencies do not fall in the same subharmonic tank,  Conscquently,

limiting is donc on a frequency -by-frequenc . hasis,
* B Clrcuit Modcl

The parametric limiter can be demonstrated successiuily by a circult

model (Fig. 6) in the VHE band,  ‘Ihe circuit uses a varactor as the nonlincar
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Fige 6, Circuit model for varactor diode parametric limiter,

coupling clement between the 3 and /2 resonant tanks, When the /2 tank is tuned
phing

to exactly half the resonant frequency of the ¢ tank, and the input signal is at the
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center frequency of the w resonant circuit, the circult can be analyzec by solving

differential equations describing the model:

dv I dl1

1 W wD 2 | 1
—— S —— + —— = — — —
TR T \ Pac, Vi 2c, " ac o o
dv
1/2 " wh _
< . Vo tj=—— V', V =0, (2)
dt 4Q|/2 1/2 2Cl/2 1/2 1
where
Vl = Vl(t) exp [ jat] + V; () exp | =jut]
] e [T o ve M. ut
Vi Vijpexp 5= |+ Vi Wexpl-57
= !
i/ Yi*Vin
(.T = (.g 0(2' fCL
1+C
Qp < =
|
0 o %
172 2(.”2
D First order nonlincar cocefficient of varactor,

The steady state solution may be obtained by allowing the time derivative terms to

be zero:
| i 1172 )
th D '
G, V
Vi - xll)/z v=l/2 ' it
1/2




NOISE LEVEL -

Equation (3) defines the threshold magnitude, 1, of input current, 1, which will

th’ r

causc subharmonic oscillation, When the input current is larger than Ilh' the output
will be limited. Equation (4) shows that the magnitude of output voltage Vl Is
independent of the input current l] as well as Vl/2 when Vl is Himited,

liquations ( 1) and (2) arc also uscful in analyzing the translent responses. The

YIG limiter exhibits a large leakage spike when a pulsed REF signal above the limiting
level is applied.  The leakage is usually not desired and causes troublesome cffects

in most applications, The mechanism forming the leakage spike can be explained.

When an input pulse with steep leading cdge is applied to the Hmiter (Fig. 7) the

subharmonic oscillation starts immediately to build up from the noise level roward its

LEADING EDGE SPIKE [18-9- 3068 ]

INPUT PULSE

AMPLITUDE
>

TRAILING EDGE SPIKE
LIMITED OUTPUT

w/2 SUBHARMONIC

N E v - .lrsl._ TIME

2
STEADY-STATE DURATION

Fige 7. Leading cdge spike, trailing cdge spike and
subharmonic build up when input is a pulse function,
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steady state level,  The subharmonic buildup is an exponential function of time. The
rate of risc of the w/2 oscillation depends on, among other facters, the input level
rclative to the threshold power of the limiter., Before the w/2 oscillation reaches

the steady state level, limiting does not occur.,  The Input signal will pass through
the limiter and appear at the output with full amplitude., When the subharmonic
oscillation has bullt up to the steady state, the output drops instantancously to the
limited level,  Hence a leading edge spike Is formed., The duration of the spike can

also be obtained from ligs. (1) and (2) and is given as

20 p

1/2 58 \
- s s (2R (5)
I (=D I
n
where

l‘%‘ - steady state subharmonic powcer level
l‘n noisc power level of subharmonic tank
n \ ! ; I

th
P = input power
Pth = threshold power,

Ihe value of In (P s/l)n) is a relatively large number since l’n is at the noise power level,
S8

Variation of P contributes less to g than n; therefore, the spike duration, -, is
SS

]'

strongly dependent on nowhen Q and v are usually determined by the spin=wave

1/2
line width of the YIG matcerial and the operating frequency.

he trailing spike, with no amplitude significance is gencerated by turning off the
mput signal when the subharmonic oscillation reaches steady state. Some of the
stored energy in the 1/2 tank reconverts to the 1 frequency and appears at the out-

put when the signal, &, is turned off,  Trailing edge spikes are not observed in YIG

9
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FFSL measurements.

As the input pulse becomes narrower, the steady state duration T, approaches zero.

Output power is then not limited at all,  The time ™ + T,}

the response time to an impulse function at input. In fact, duc to the negligible

is a good approximation of

cffect of the trailing edge spike, the impulse response can be given by - -2 T

I'or an input pulsc with duration ~ shorter than the spike duration ., higher power

-l'

than I" is needed to see the limiting affect. Equation (5) can be solved for the

h
input power needed to reach the limiting threshold.

2., P 1/2
P=P 12 g sy (6)

h - ] '
n

Where o has been substituted for—l-, the smaller the value for &, the more input
power is nceded.  The excess power is used to speed up the subharmonic oscillation

to the steady state value, hence limiting can result,
C.  YIG FFSL

A large number of subharmonic tanks arc nceeded to implement an
I'SL. as shown in Fig. 5, since sclectivity is dependent on the number of ;/2 tanks
across a certain bandwidth,  The same difficulties as building the filter bank would
he encountered if one had to construct a large number of contiguously tuncd, high=Q),
resonant circuits,  However, the YIG limiter is seen to closely approximate the
I'SLomodel as it possesses a large number of closcly spaced hich=(), spin=wave modes
wher the limiter is operated in the coincidence =limiting mode. Kotzchuc7 demonstrates
the iadependent limiting characteristic of a YIG IF'SL and describes its operation via

an FSL model,

Although the spin-waves are the substitution of the 1/2 resonant tanks in the YIG

I'SL., the behavior of the YIG FSL can be predicted by the circuit model and fundamental

e

P e



theory just derived. In practice, because of finite selectivity, Q]/2 , of the sub-
harmonic tanks (spin-wavc line width), independent limiting of signals can be observed
only when signals are separated in frequencics larger than the spin-wave line width.

When the separation between signals is small, some undesired nonlinear cffects arc

generated at the output; namely, intermodulation products and small signal suppression.

These nonlinear effects are strongly dependent on frequency separation as well as the

input power level,

Intermodulation products represent a falsc signal at the output of the filter bank «-
an entirely new signal that is not really reccived by the antenna -- and small signals
can be suppressed by large limited signals., Therefore, a small signal can be

suppressed below the level of the trigger cir cuits at the output of the filter bank.

A YIG FSL developes spike leakage as discussed when an RF signal is pulse modulated.
However, it would also develope spike lcakage if a CW signal is time-frequency coded
so that the frequency shift is larger than the spin-wave linc width, A diffcrcent casc
from the transicent spike lecakage is that when a linear frequency-modulated signal

is applied to a YIG FSL. The responsc of the YIG FSL depends on the signal sweep

rate.

The aforementioned phenomena are part of the characteristics oi the YIG FSL whosc

mechanisms are discussed next.
1. Intermodulation Products

When two signals at p, »nd i3, #1158 applicd to an FSL, many

1
intermodulation products arc generated.

=my. +ny (7)

YIM 1 2

: . . ,th
where m and n are integers. For a particular valuc of m and n, the K™ order IM

product is defined by

11

T p——




K=|m| +|n|. ®)

Among various orders of IM products, only the ones that fall within passband, B,
of the FSL have to be consiu. red. The worst kind is found to be the 3rd order IM

products.
é —m
oy T 20y T, ©)
% and
Wy = 20y Ty

which have the largest significant amnplitude. The output spectrum (Fig. 8) shows
and W, ate 10 dB

e o —

two fundamental signzis and their 3rd order IM products when Wy

above the threshoid puwer, Pth’ and have 3-MHz spacing.

CRE 1111

Horizontal: 3 MHz/cm
Vertical: 10 dB/cm

Fig. 8. 3rd order IM products for two equally powered signals.

The magnitude of the 3rd order products is a function of the frequency separation. )‘
For the same input power level, the amplitude of the 3rd order IM product will be

12
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reduced rapidly as frequency scparation is increased.

Exact prediction of 3rd order IM products is complicated because it is also dependent

on the input power, Giarola6 has derived a two-signal theory (Fig. 9) 3rd order IM

18-9-3070 C=Dv

L
F . I
W—
IG,:I
Ws
1 >
ONORE- %‘rg 3
'] '2 Gg L] C] Gl GL
-
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e i
w TANK
Fig. 9. Circuit model for 3rd order IM products.
product. The results are given by
I,
1
v 2 == 1)
"“-1 = fiJz - th (10)
v N I,
w ¥ /—1 \l - - 2 l - _l-
: 2 Pt -2 s
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b
where A =2Q_,—
Sl Wy

5=1/2 (uu2 - wl)

=G, +
Gt G1 Gg +GL +rG

G

[ = St
th wlD

1

A plot of the magnitude of Eq. (1) as a function of the normalized frequency spacing
with respect to ».is sho'vn in Fig, 10, The curve shows the general characteristic
that the 3rd order IM magnitude is strongly dependent on frequency sceparation and

' agrees with the experimental results.

A
o 5 10 18 20
T T | 1
°
- -10F
x
i
x |
3 o
1 a
=
=
a =208
=
; 2
3 o
L
>
-
t 3
w =30
[i o
-40

IFig. 10, 3rd order IN product for two cqually powered signals
cach 12 dB above ihe limiting knee (after A. ], Giarola).
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2. Small Signal Suppression

When two signals, w, and w,,, arc applied to an FSL so that one
&

signal is large enough to be limited and thcl other is below the threshold, Pth' the small
signal at the output is a function of the frequel. :y separation and the amplitude of the
large signal. The result is that the small signal is suppressed in amplitude by the
presence of the large signal. This effect is also gencrated by nonlincar behavior

and is described as small signal suppression.

The amount of suppression versus frequency spacing and input power can be derived

via the circuit model in Fig. 11, The model has two current sources, I] and 12,

fed into e g tank. Il and I2 represent the large and small signals, respectively.

18-9-3072 C=Dv
. ) -

L

rGq
3 —— R
| OOz ETTE B
) I I, Gg L | ¢ | G,
; 4 ‘L = +4 | w/2 TANK

- 2T e i, Sy

Fig. 11. Circuit model for small signal suppression.

15




The normalized small signal amplitude has been given by Giarola and reproduced as

I I
GV ”2”('1_1' -1) +2-“('|TIL>
820 th ] " th . (a1
T L) e )
th th th

The normalized 3rd order IN products in this case are given by

|1]l
. e =)
’t3= th (12)
2 u(ﬂ-)H.\z - 2j" 2|—£-]-I--1 —
Ith lth ] J ( Ith >

Figure 12 was obtained by using a spectrum analyzer, monitoring at the output when
two signals were fed into the YIG FSL.  The level of the fixed frequency at the center

was 10 dB above the limiting knee, P The variable frequency level was just below

th’
the knee.  As the variable frequency was swept from left to right, the 3rd order

product, 2f,_ - fl, swept in the opposite direction,  The envelope of the small

2
signal tracked a V-shaped curve, the valley of which coincided with the fixed large
frequency to signify the small signal suppression is a functioa of frequency scparation,
The 3rd order IM product traced an inverted V curve, the peak of which coincided

with the fixed frequency separation. These curves are a general description of

Lqs. (11) and (12),




S Wt SRS
>
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| o

—
L.

Fig. 12. 3rd order IM product and small signal suppression behavior of
YIG FSL, when two signals, one on the limiting knee and onc 10 dB above
the limiting knee are fed into the input.

A family of V and inverted V curves can be plotted by substituting different values
of large amplitude signal, Il' into Eqs. (11) and (12), The results are plotted in
Fig. 13. It is worth noting that curves derived from these equations showed two

distinct points:

a. The amount of small signal suppression when the two
signals approach coincidence is equal to what it would be when a conventional type
limiter is used. Small signal suppression in dB = x + 6 where x is the large signal

input power in dB above the limiting knee.

17
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b. The amplitude of the suppressed small signa) Is equal to
thce amplitude of the 3rd order IM product when the two signals coincide.  The peak
of the inverted V and the valley of V curves not only coinclde, but also intersect at

their vertices,
3. Response to a Time =Frequency Coded CW Signal

A time-frequency coded waveform is a sig.uu! ‘whose frequency

is shifted on an interval-to-intcrval basis while the amplitude is a conswuant (Fig, 14a).

When such a signal is applicd to an FSL, the analysis is analogous to the transicnt

responses described in the previous section.

Though the signal is CW, to the subharn.onic tanks the time-frequency coded signal
is hopping. Recall that in the FSL model the subharmonic tanks arc successively
tuned in frequ:ncy. Each subharmonic tenk is pumped into oscillation by twice

its resonant frequency. Therefore, every time the pumping frequency is shifted
abruptly, and thc amount of the shift is larger than the bandwidth of the subharmonic
tank, the oscillation in the subharmonic tank has to start o build up from noisc;
this results in a delay in limiting action. The leakage spike will occur cach time
the frequency is shifted. Consequently, a scries of comb-like lcakage spikes

will be received at the output (Fig. 14h).

As the frequency shifting pulse gets shorter, the duration of the signal to pump the
corrcsponding tank is shortened, therefore, more input power is required to reach

stcady state. Limiting does not occur until the input power is higher then Pth'
4, Lincar Frequency Modulation Response

A lincar frequency modulation (LFM) signal is one where

19
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Fig. 14, I'SL response to time=frequency coded signal,
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the frequency is continuously shifr.ng (Fig. 15). lts Instantancous frequency can be

expressed as a function of time

a(t) = &0 t 2~ st (13)

where 8 is the sweep rate defined as the total frequency change, I, divided by the

duration, T

S =F/T. (14)

FREQUENCY

AMPLITUDE

« TIME

t(r)

]

TIME ¢

f(t)=As|n(w°+ 27T st)t

Fig., 15. Lincar IFN signal.
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If an LI°M signal s applied to the FSL, a subharmonic tank will effectively see the

pumplng sigmal sweep over the bandwideh, * '.1/2' in a short time,  How long the
pumping signal remains in the bandwidth rl/2 depends on the sweep rate as glven
by
ol
1/2
d = S/2 ° (15)

The problem here s quite similar to the well -known respoasc of a tuned circuit to

a swept frequency.  Generally, the response of a bandpass filter to a swept signal
depends on the sweep rate. The response is distorted by a reduction of peak amplitude
when the bandpass filter Is swept In time period d comparable to its risc time for

the impulse response, 1. Thus, for a subharmonic tank, distortion occurs when

the relation of the sweep rate, bandwidth and response time is

Al
-—]/—2 - (10)
S/2

The concept can be further simplificd if the time bendwidth product, K, is introduced

K=-.f (17)

where K is a value usually of the order of unity, K~ 1,

IFor a signal that is swept slowly, S.~ 2/-", the responsce of the subharmonic oscilla=-
tion is cssentially the response as if a CW were applied. This condition is sometimes
called a quasi=state condition. The output power will be limited when the input power

is larger than Pt as defined by Eq. (3).

h
. . - : 2 .
Distortion results whes the swept rate is increased to $>> 2/-7, In this case, the

pumping signal staying in the bandwidth, is less than the subharmonic

Ty




oscillation relaxation time r; therefore, limlting cannot occur when Input power is

cqual to l’t Higher input power is nceded to reduce the response time T since -

is a nlnctl:n of input power as glven by Eq. (5).

Conscquently, when a sweep frequency s applled at the input, and the sweep rate is
fast cnough such chat § <~ 2/72, the FSL output will not be limited to the same level
as when a CW is applied. The limlter will exhibit a higher threshold power. There-
forc, the threshold power level depends on the sweep rate and the selectivity, QI /2°
of the subharmonic tanks. The higher the sweep rate and the Q] /2 the larger the
input power required to rcach the threshold level == and output power will be limited

at a higher level,

I YIG FSL Experimental Results

An experimental YIG FSL was made with four YIG spheres in series (Fig. 16),

Hoc

RF RF
INPUT OuTPUT

Fig. 16. Multi-stage YIG FSL.
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to obtaln the large Hmiting range required to handle large dynamic signals,  The unit

met the following specifications:

Frequency S-band
Insertion loss below Ptl\ S5di
Input limiting knec, Pth -8 dBm
Limiting rangc 36 dB
Passband VSWR for input
1OT - 1.3

power [’th
Volume (excluding RIF connections) () in'; (approx., )
Welight 1 oz

3 .
The unit's nominal volume (0,5 in") and weight (1 0z) were facilitated by the simple
construction shown in FFig. 17, The YIG spheres arce biased via the magnets shown
on the covers. The magnets are pressed into position when the covers are closed.

The covers and unit body form a return path for the magnctic tlux,

Mcasurciments taken on the YIG FFSL agree with the operating theory presented in
Scetion . Setup methods and measurcment results ave described in the following

subscctions.
A. Power Distributions

To determine the unit's limiting characteristics, input power, re-
flected power at the input, and reccived power at the output, are measurcd
simultancously (I“ig. 18). The output power curve has a sharp knee at Pin = =8 dBm.
As input power is increcased above the limiting knee, output power is not as flat as it
should be across the limitirg range. The staircase increases are believed due to the
imperfect alignment of the spheres, which results in different limiting knees.  This

is not a desired characteristic in a filter bank recciver.

PN
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Fig. 17. A YIG FSL.

25




[u:s-son]

REFLECTED POWER

ne
0dB LOSS
€
]
o
40
|
OUTPUT POWER
/ g
/ 4/
-9 7
/
/
f
-20F |
1 1 | 1 - | ] )\
- 15 -40C -5 0 -] 10 19 20 23

INPJT POWER (dBm)

Fig. 18. YIG FSL power distribution.

It is apparent that a large amount of input power is reflected to the source by mismatch
when input power is well above the limiting knee.  This information verifics that the
YIG FSL is a power-reflective limiter rather than an absorptive device. leat sink

and power handling capabilitics +  hin the limiting range are generally not important,
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However, due to the impedance mismatch behavior, devices connected to the IFSL,

' such as filters, no longer look into a matched load.

Two signals, both above the threshold power, were fed into the YIG FSL. Total
output power was monitored by a power meter as the frequency scparation was
varied (Fig. 19). Output power is dovbled when the two signals are separated, but

when the two signals are at the same frequency, output power is reduced to the value

-10 T

o -———JER = oo ————

-3 —

TOTAL OUTPUT POWER (dBm)

A

-1 -0.9% (o] 0.8 1 .95

FREQUENCY SEPARATION F, -F, (MHz)

Fig. 19. Output powcer variation as a function
of frequency scparation.
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when there Is only one signal present. This measurement demonstrates vividly
the selective Hmiting characteristics, and that the YIG 1'SL Is not a constant
powcer output limiter such as a diode clipper. In fact, the output power s n times

, the Hmited output power of a single signal when n separated signals are present,

The YIG FSL Is a reciprocal device.  If Input and output are interchanged, a very
8
small effect is observed. Howcever, It could be made a nonreciprocal device by

diffcrent construction techniques.

B. Leakage Spike
1 Video wavctforms were observed at the YIG FFSL output when the
input RF was pulsc modulated,  The waveforms in Fig, 20 represent input power
for the following cases: on the limiting knee, +1, +3, 46 and 9 above the Hmiting
knee, P

th’
in Fig. 20; thosc in Flg. 21b represent input power at 10, 15, 20, 25 and 30 dB

The waveforms in Fig. 21a are a multiple exposurce of the waveforms

above the !himiting kncce.

The details of the spike forms arce somewhat limited by the pulse modulator and the

detector used, but give clear indication of the relations of spike duration, amplitude,

and input power . It is obvious that spike duration becomes shorter and the amplitude
larger as input power is increased. Duration of the spike as a function of input is

plotted in Fig, 22,

It has been reported that integrated arcas under the waveforms arce approximatcely
9
constant, However, in this measurement, the results do not follow this simple

rule. The arcas under the curves increased with an increasce in input power (Table D,

The trailing cdge spike of the YIG FSL is not obscrved in these measurements,  In

general, it has less energy and the effect is not important,




[ (e)

Fig. 20. Leading edge spike at various input levels,
(a) 0 dB, (b)1dB, (c) 3 dB,(d) 6 dB, and {e) 9 dB above
the limiting knee.
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Fig. 21. a) Leakage waveforins of Fig. 20.
Fig. 21. b) Leakage waveforms corresponding to input power
20 dB, 25 dB, and 30 dB above the limiting knee.

10 dB, 15 dB,
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Fig. 22. Spikage Leakage duration.
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Table 1
Integrated Areas Under Waveforms in Fig, 20
Input Power (dB) Total éﬁ.rea Relative Area
Relative to Pth (cm*®) (cm2)
0 3..852 0
1 4,001 0. 649
3 4,397 1. 045
6 4. 902 1. 550
9 5. 479 2,127
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C.  Small Signal Suppression

Due to the finite sclectivity, Q of thc subharmonic tanks, the

1/2°
small signal will be suppressed by a large limited signal, As described by the FSL
model in Section I, selective limiting is degraded if two signals arc scparatcd by

less than the bandwidth of the subharmonic tank,

In this measurement, a large signal well above the limiting knee was combinced with a
small signal just below the knee, and the two signals were fed Into the YIG FFSL.

The level of the small signal was measured as a function of the freauency separation
from the large signal at the output of the YIG FSL., The measurement was repcated

as the level of the large signal was varied (Fig. 23).

It is apparent that the small signal is not only suppressed, but suppressed by a
large amount if the larger signal is well above the limiting knce. It is a trouble-
some problem if the difference in amplitude between the signals is 400 dB or more.
In this case, if a small suppression is desired so that the presence of the weak
signal can be detected, the frequency separation required is a large percentage of
the total opcrating bandwidth of the YIG FSL.

The curves in Fig. 24 are plotted from those of Fig. 23 for convenience. Each curve
shows a prescribed amount of small signal suppression in dB. For a given small
signal suppression, as the large signal power is increased, greater frequency
separation is needed. Thus, the bandwidth at the -3 dB suppression points, for

cxample, is a function of the limited large signal amplitude.

To investigate the small signal suppression at a very small frequency scparation,

Kotzebue7 performed the measurement by square -wave modulating the small signal
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The amplitude of the modulated signal was then observed at the ]

of the YIG FSL used in this measurement,
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The device was tested at a frequency 2700 MHz which is higher than that
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Fig. 25. Small signal suppression at 2700 MHz as a function of frequency
difference and large signal power level., (after K. L. Kotzebue)

D. Intcrmodulation Products
To investigate 3rd order IM products, two cqually powered CW
signals were combined by matched coupler, fed into the YIG IFSL, and monitored

by a spectrum analyzer,

Therc was some doubt about the 2nd order IM=type products that were gencrated.
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b However, the spectrum was clean at frequencies outside the operating band, The
only products observed were those whose frequency I, = |m|f1 it |n|f2 falls in

the unit's operation frequency band.

3rd order products 2f1 - f2 and 2f2 = fl were the strongest products observed with

much higher amplitudes than other higher order preducts,
There is no simple way to characterize the IM products such as "cross modulation”
or "intercept point” methods used in amplificrs. Siiice the YIG FSL is a frequency-

sclective device, the IM products arc a function of the amplitude as well as frequency

spacing.

For frequency scparation of the order of 1 MHz and powcrs above the limiting knee,
] the device gencrates strong 3rd order IM products (Figs. 26 and 27). These products

arc greatly reduced as frequency separation is increascd.

As the frequency separation decreases, the 3rd oxdei IM product levels tend to

approach a level some 3 dB or so below the fundamcental output level,  When two

signals arc extremely closc in frequency, measurcments are limited by the

stability of the signal generators and the resolution of the spectrum analyzer.

Higher order products (Sth and 7th order) are also noticcable though small in
magnitude. The magnitudes of 3rd, Sth and 7th order products in two equal

amplitude signals 20 dB above the limiting knece were ~ompared (Fig, 28).

1% Lincar FM Responses

An RF generator with a sweep rate much higher than the order of

1 MHz per usec is required to investigate limiting characteristics when a lincar
I'M signal is applicd. As such a high sweep rate is not gencrally available in a
conventional sweep generator, a special setup was provided by Mr. G. T. Flynn

and Mr. A. ]. Yakutis of the R. IF. Systems Group: an S-band voltage =tuned
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magnetron (VTM). Lincar frequency modulation (LIFM) was achicved by a lincar
sawtooth generator In scries with the cathode and Its high voltage power supply.

By varying thc amplitude of the sawtooth voltage or the repetition rate, the sctup
provided an cxtremcly fast sweep over a wide frequency range,  The signal was then

used as an LI"M source fed into the YIG IFSI..

In this measurement, the sawtooth voltage amplitude was fixed so that the RF

frequency had the same start and stop frequency for various conditions (Iig, 29).

FREQUENCY ' |w79-w90]
A 0301

f,+SD 1 ==
F
§ i | |
' : -0 —f
! |
| | |
| l |
! | | =
0 D 2D 3D

TIME

Fig. 29. Sawtooth-varying frequency.

The sweep rate S-MHz /usec was varied by changing the repe:ition rate of the saw-
tooth generator. The purposc of such an arrangement was to operate the unit in
the sume portion of the frequency band for aifferent conditions and cnsurc that this

was within the operating band of the unit,

Output power plotted as a function of input power tor diffcrent sweep rates (Fig, 30)

shows clearly that as sweep rate increases, the limiting threshold power also
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incrcases., Once the threshold power Is reached, the output power is kept constant

in the same manncr as a fixed frequency signal,

] I r =]
18-9- 30N
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g -8l
bl 17.6
5 8.75
-
8 -1ohs 4.78
2.33
0
=
-20 l [ | | |
-1 =10 -5 0 5 10 5

INPUT (dBm)
Fig. 30, Limiting characteristics versus lincar IFM signal.,

A soft limiting knece tends to appear at an cxtremely high sweep rate when output power
is not constant. The exact reason for this is not known at this time. However, at

an extremely fast sweep rate, the flyback time duration of the sawtooth generator
becomes appreciable compared to the total duration. It is belicved that subharmonic
oscillation in the w/2 tank then is composed of two factors: one occurring during

the sweep; the other contributed by all the previous forward and flyback sweeps.

The influence of these fai.tors on the limiting characteristics have to be considered.
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L. Application of the YIG I'SL to Filter Bank Recelvers
A.  YIG FSL as a Level Normalizer

Since the YIG FSL is a sclf=adaptive limiter, signals of different
levels are attenuated individually by the FFSL according to their strength,  Idcally,
all signals will have the same amplitude at the output if the signal levels fall within
the limiting range.  ‘The signals, therefore, are normalized to the output limiting
level of the YIG IFSL aad are {ed into the filter bank, Thus, cxotic design of the

filter hank can be avolded and size and weight can be minimized.

However, due to the finite sclectivity, ( of the I'SL, small signals will b

)
LY 1/2'
suppressed by the limited large signals when two signals are scparated by only a
small amount, Therefore, output levels are not the same where signals are spaced

closcly together or arc widely divergent,

The extent of normalization can be detc rmined by comparing the difference in levels
at the input with that at the output of the I'SL,  The curves in Fig, 31 are ploited by
using the data in Fig, 23 for two input signals, onc on the limiting knee and the
other above the knee.  The difference in dB at the input is projected to the difference
at the output for a prescribed frequency sepavation, i in Milz, The zcero gain

linc indicates no normalization by the YIG I'SL. Points belov, the zero gain line
show that the level difference at the output is less than at the input: normalization

zained.  Points above the zero gain line show a loss or denormalization.
The successive lines indicate that as frequency separation is reduced, the curves
tend to approach the zero gain line.  In essence, normalization gain is reduced by

the fact that small signal suppression increases progressively as the frequencies

approach cach other.

When the signals approach zero separation, all curves coircided with the line

~f =0, the case for hard limiting,
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Obvlously, operating conditlons above the zero gain line should be avolded.,  However,
in the real environment, one has no control of frequency separation and the strength
of received signals, Nevertheless, the conditions represent very close frequency
spacing == of the order of 1 MHz -- which Is generally closer than the bandwidth

for filter banks considered to date. Normalization of frequencics separated by less

than 1 MHz is basically limited by the large dymamic signal range.

YIG I°'SL's can be cascaded In sceries if cach stage can be isolated, By properly
adjusting thresbold levels, larger normalization gain than with a single FSL can be

achicved, ‘This hypothesis is explained in the next subsections,
B. Cascading YIG FSL's (0 Achieve Large Limiting Range

Onc problem with a YIG FFSL is its relatively short Winiting range
comparced with the dynamic range of signals that are encountered in the environment,
To normalize a given range of signals, an IF'SL needs a limiting range that at least
equals the signal dvnamic range. YIG FSL's with a limiting range of 20 to 25 db
arc casily obtainable by using a single sphere, ‘The multi=sphere technique permits
onc to achicve a larger limiting range, closcr to the requirement.  However, due to

intcractions of the spheres, the range is still basically limited.

Tvo other cffects can influence YIG IFSL design at very large input power: heat and
nonlincar modc of the YIG FSL, which arc also part of the difficulties in achieving

large limiting range.

Although the YIG I'SL is generally a power reflective type device, at extremely large
input powcer, the absorbed power causces higher sphere temperature,  ‘The heating
cffect could lower its magnetization and thereby raisc the level of the limiting knee.

Conscquently, output power cannot be kept at a constant level,

The YIG sphere will enter a premature decline nonlinear iaode at a certain high power

irvel,  The premature decline mode is a 2nd order nonlincar erfect that uses the
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spin-waves nf the same frequency as the Input frequency. Whercas, the coincidence

mode, being the 1st order nonlinear effect, uses the spin-waves of half the Input
frequeicy. The frequency-selective characteristic of the YIG limiter has only been

observed at the coincident mode depicted by the FSL mode in Section I, i

Another way to achleve a large limiting range is by cascading FSL's and amplifiers,
alternatively. By properly adjusting the gain of the amplificrs, the total limiting
range could be the sum of the individual ranges.

The system In Fig, 32a shows that two identical FSL's, each with a 20~dB limiting
range. The attenuator sets the first FSL to a higher limiting range, and the
amplifier sets the second FSL on a lower limiting knee. The result: the end

of the second FSL range is the beginning of the first. The amplitude normalization
process of thrce hypothetical signals at various points in the system is shown in
Fig. 32b. The FSL's are not exposed to excessive high power levels due to the
attenuator. The limitations of heat effect and premature decline mode can then be
avoided. Small limiting range FSL's and compact RF amplifiers will be used to
investigate the feasibility of this hypothesis.

C. 3rd Order IM Products to Filter Bank Receiver

The presence of 3rd order products represents a false signal since
it is generated by the YIG FSL. Although it has a more significant amplitude
than higher order products, tne amplitude is below the fundamentals at the output.
Therefore, in a filter bank receiver, 3rd order products are less bothessame if

the threshold of the triggering circuit is set above the level of the 3rd order products.

The data in Fig. 26 have been plotted in a different way as shown in Fig. 33 to show
the rclation of fundamentals and 3rd order products. Compare the output levels;
fundamental signals FF. and F, arc at a much higher leve! than 2F, - F_ for most

1 2 1 2
of the limiting range. As powcer is increased or frequency separation drops below
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1 MHz, the 3rd order tends to approach a level just 3 dB below the fundamental

level (Scction 11 D). Therefore, most of the detrimental effect caused by 3rd order
products can be overcome by setting the triggering level just 3 dB below the level
of the fundamcental signals., The false signal can then be ignored.
) | 18-9-32|6|
j LIMITING
1 KNEEH
-20 }— \-‘1
5
£ -25 -
A
[
o)
f =
I 3 -
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L Fig. 33. Fundamentals and 3rd order products.
l
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D.  Small Signal Suppression and the Threshold Level Detector

The small signal suppression by a larger limited signal in a YIG
FFSL could be a scrious problem, When the threshold detector at the output of the

filter Is presct at a fixed level, the small signal may not be detected ~- a catastrophic

defect for a filter bank receiver under worst-casc conditions,

An obvious way to regain the suppressed .;inall signal is to deliberately set a lower
threshold triggering level, for example, at <6 or =10 dB instcad of at =3 dB band -
width point depending on the dynamic range of the signals (Fig. 34). The penaltices in
doing so are that the ambiguous arcas are increased, resolution of the filter bank
reduced. Morcover, at the worst-condition when two cqually large signals are
reccived, their 3rd order products, as aforementioned, can reach a level only 3 dB
below the fundamental, could trigger the threshold detector and record a false

signal. However, these penaltics are at most a reduction in efficicncy of the system

rather than complete loss of the signal.

[18-9-3136 ]

CHn-
CHn
CHn+1
CHn+2

THRESHOLD LEVEL AT -3dB !

\ LOWER THRESHOLD LEVEL

AMBIGUOUS AREA

Fig. 34. Trigger level and ambiguous arca.
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Consider the problem of a threshold level detector that under worst-case conditions
is not triggered by 3rd order IM products but by the suppressed small signal as well
as by the large signal. In a given dynamic range of signals, the design can be met

with certain frequency separation.

Worst-case cenditions for keeping the detection from being triggered by 3rd order
products exist wilen two equal peak power signals are received (Fig. 35). Worst-
case conditions that ensure the smallest signal trigger will exist when received
together with a pecak signal (see Fig. 35). These curves intersect at a point
corresponding to frequency separation Fs and normalized signal level NL'

FREQUENCY SEPARATION (MHz)
0 10 20 30

o 3RD ORDER IM PRODUCTS

[18-9-3137 |

dB BELOW LIMITED OUTPUT LEVEL

Fig. 35. Worst-case conditions and threshold level.

If the trigger level is set at level N, the signals with frequency separation larger

L’
than the FS will trigger properly since 3rd order IM products are below the trigger
level and the suppressed smal) signal is still above the trigger level, Whereas,

signal spacing is less than the required separation, FS, small signals are not
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detected and the 3rd order IM products are not kept from the trigger. Conscquently,
the minimum frequency separation is defined by the worst-case condition when the
signal dynamic range is given. As expected, the larger the dynamic range, the

greater the separation, FS, required.

One is forced to set a low trigger level when considering worst-case conditions,
therefore, thc ambiguous area is increased, or a better filter roll ~off rate must be

obtained.
E. Response of a YIG FSL and Filter Bank Receiver to an LI'M Signal

A row of contiguous subharmonic tanks connected to an y tank, and a
column of filter banks connected at the output of the w tank through the amplificr
represents a YIG FSL and filter bank receiver (Fig. 36). Anamplifier provides some

isolation,

The response of the YIG FSL to an LFM signal has been analyzed and measured
(Section II 4). As mentioned, the effective signal level to the subharmonic tank is
reduccd due to the sweeping effect, The result is that the limiting knec and output
level of the YIG FSL is higher (see Fig. 30).

The response of a bandpass filter to a sweep signal is well known and sometimes
described as the gliding effect. 10 Basically, the signal sweeps over a large number

of channels in sequential fashion, The filter response depends on the sweep rate.

At 2 very low sweep rate, the filter output is simply a plot of its frequency responsec.
However, at an extremely high rate, the LFM input signal appears as an impulse
signal. The output approaches the impulse response of the filter. The response
between these extremes is a function of the sweep rate and the shape of the bandpass
filter. Nevertheless, the output of the bandpass filter to an LFM signal is a pulsc

waveform in the time domain, and the amplitude depends on the rate of sweeping.
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A signal with sweep rate s (Hz/sec) can be represented by

f(t) = exp gﬂjwstz] .

If £(t) is applied to a Gaussian-shaped hbandpass filter,

H(w) =cxp [- 1/2 (% )2 J .

11
The response at the output of the filter would be

- 1 ey o 2
O TEEY T T

a

where 5 =7Af//1n2.

The amplitude of |z(t)| can be plotted as a function of sweep rates when the bandwidth

of the Gaussian filter is given. Onc such curve of |z(t)| is plotted in dB versus
MHz /usec (Fig. 37). In general, for a given bandpass filter, the faster the sweep
rate, the lower the output amplitude. Therefore, above a certain sweep rate,
without some means of compensation, the amplitude could pe reduced to below the
threshold level of the triggering circuit. Consequently, no signals are detected and

identificd.

The response of the YIG FSL to the LFM signal has an opposite etfect from that of
the bandpass filter described. For a system like the onc shown in Fig, 36, an
increase in amplitude at the YIG FSL output will offset amplitude reduction from the
bandpass filtcr. When a sweep signal is applied, the net change could be cancelled

at the output; the identification capability, therefore, is not degraded.
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A comparison of the loss at the ouput of a 1-MHz bandpass filter with the gain by
the YIG FSL as a function of sweep rate Is given In Fig. 3/, ‘ihe offset Is excellent
up to a sweep rate of about 10 MHz /usec. At higher rates, the measured output
level of the YIG FSL is not at a constant value (Section Il E) but the offset is still
good. It seems reasonat'e to say that the YIG FSL can be used advantageously in

a filter bank receiver to detect linear frequency modulated signals.
v, Conclusion

A basic parametric FSL model was used to predict the characteristics of
a YIG FSL under different signal forms and signals existing simultaneously, The

predictions agreed qualitatively with the experimental results.

Experimental data obtained from a procured YIG FSL should typify all YIG FSL's

designed with power and selectivity characteristics scaled to the value of this unit,

A way to achieve a large limiting range by cascading the YIG FSL's and amplifiers
is proposed. This method is an alternative to using YIG spheres alone, which has
proven difficult to perfact.

The YIG FSL has the property of raising output l:-vel when an LFM signal is applied,

which is desirable for frequency identification and detection in filter bank receivers.
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