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Ti report decrbm te m luS theeored• edet on directed toward

deveiopmt ci a treqame selective limiter using maclear muac resonance. This

effort was carried out ft= April 23 to November 26, 194 and was supported by

R Air DNw omem t Ct under Contract A 30(602)-3407.

The report review principles of aperatim of the dewve an describes devlopments

carried out umder the contract. The principal a liuhment were as follows:

The circuit and quantum mIcdical tbhery of the device wa extended and refined.

The magowei proerties r to obtain requmncy selective limiting mvr a bwi

of fr•~doe were deeru_.tn•. Zprelo, for insertion lose and limiting thres-

hold were derived. The am ot Imtorfod WutMn on sitpl suppresslon was

calculated as a function cd the I itetferm and sigl pouwr levels end the faqncy

separatimon etwm thmt. The effectIec ss ot the lImlter In suppressing several

"types at of ering sig s wm amysed and an esaermeftal model of a frequency

selective Umter operafti at SO mo/sem was deglped, aostructed and tested.

The performncs goals Met In the cotract were eesenti0y reached with the exception

co the bnmwdtf of dt devce. The ýeaper taI de - veOUPme!& dicated that craft

cro must be tlam to assure stallty of the device; as a result of this laboratory

work. severl techaiqnms hba evalved Which coa redce stability problems in

fu rnmhor desis.

T•e progrm ofirmed At ew ca be mqirefse without sigIficantly

affecting & desired sigWa whis ts removed to freqqwmo by only a few cycle. per

secood. It woo verifie inaperimetlly "ha tdo extme came d lmitigg, in which

ao Inserfering signa was So db dooe a dezried sigoa. euie a frequency
sepwari cc no men -M 64 ae betwe"m. d e two 8ga to Ma"e neglitbe

Inho ma m sadmr Bignalood.
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EVALUAT!O

The contractual effort proved the feasibility of frequency selective
limiting uzing nuclear magnetic resonance. The program refined the
theory of opermtion and demonstrated the operation of a 30 MC frequency
s•eective limiter.

The principal accomplishments were as follows:

(a) The magnetle properties required to obtain frequency selectave
limiting over a band of frequencies were determined.

(bW Expressions for insertion loss and limiting threshold were
determined. The insertion loss e4acomitered was higher than the design
V. tls. Proper Impe4ance matching could account for some of this loss.

(c) The amourt of intermodulation and signal suppression was
calculated as a function of the interference, signal power levels and
frequency sepatration. The rontractual effort confirmed that CW
interference can be suppressed without affecting a desired signal
removed by two or three cycles. Saall signal selectivity surpassed the
design goals of the limiter. For large interfering signals 30 db abovG
a desired signal required a frequency separation of 64 cycles to assure
negligible Irternodulation and suppression of desired signals.

(d) The contrac'maul effort indicated that a problem area exists
in the stability of the limiter. Stability can be corrected by better
temperature control and the selection o& material for capacitive loading
of the cavity to assure na3du stability.

(e) The bandwidth of the limiter presented a problem in that obtain-
ing a smooth DC magnetic gradient perpendicular to the limiter wthile
maintaining a constant magnetic, field in the longitudinal direction was
impossible with the pole faces and cavity dimensions utilized. A 1.8 KC
bandwidth was obtained and ooiared favorably with expsctations.

Future progrrms should otdoentrate on reducing insertion loss, size, and
increasing bandwidth and better stmbilieation. The frequency selective
limiter concept could be utilized in any coani•ations channel where
vulnerability to CW interference may be a problem in or out of the pass
band of inforsmation.

JOIN R. FAJIIN
Aar* Space Coi Unit
Marrow Band Trans Sec-tion
Cmimmcations Division

xiii



1.0 INTRODIC71ON

This report presents a comnplete~ expasitirAs of the developumnt. both analytical and

erperimeaial. of a frequency selective limiter.

The Boeing Coampany has carried out research for two years an HF frequency

selective llmniters utilizing nuclear magnetic resonance and more recently on micro-

wave limiters utillaing electron spin resonance. This work ha been directed toward

formulating the theory and establlshing dhe feasibility of developing these devices.

The objective of the program carried out under this contract was to rofine, the theory

and demonstrate the operation of a 30 mc frequency selective limiter with certain

specified characteriseice.

In the following section the principles of operation of such a limiter are discussed in

moderate dsell. Subequent soctions discuss the design and perforwance cal-

culatIons for a frequsme slective limiter. The report come)udes vith a

diesecrpt ion of the devIce, n a discussion of experinenteal results cbtained

on a prototyp frequmeny selective limiter. Flaslhy, recomindations and

emsilusiams ane presented.

MAe frequesmey selective lnimter In its various forms offers (1) protection

spinest narrow band interference, and (2) a nesas of sipa. equalization in

a mulIplIe access repeater. In both these applicat ions the unique charac -

tetertie at the freqvuawy selective limiter is that It limits strong signals

without puezating msiitieast internodulatIon products.

Me prototype freqiumcy selective limiter 4aveloped under this contract is

p53'ticulaz3l' suited to 7edwticion of coherent interfere. * he use of such

a device complements camnvtlonl spd.pe anu satiJow techeique. sInwe

=W suich systens ares vulasasbie to aw Interferemos * For instance, if the

powr spectral density of a coded sipual is not umifoze over the sigol

beablith, Jumdg vmy be beet achieved by comemntrating the iminlg power

la the froquanay reacn *ere minxive sipul powrn wists. Also,



a qprad-Spectrum system can be Jammed by ew signals strong enough to cause

sabtmras of the receiver. In both oi these situations the frequency selective limiter

will providse bstantia1 protection because it can selectively attenuate

severl large interferiag sigls within a commmIcution channel while

passing essentially all frequen compnts of smll desired signals. Inter-

fearing sinls will be aaztmticall., limited at an frequncy within the sys-

tem baMndidth. No a priori knwledm of the frequency of the interfering

signal or sils. is required, and, ineed, limiting will or-:ir even thoug

the intrferlag s1ignl chagas frequncy.

2{



2.0 PRINCIPLE OF OPERATION

2.1 Tyves of LA=lmiti

The frequeny selective limiter is on anti-interference device with the ability to

selectively attenuate large signals while passing small desired signals. This

action differs from thatg ol ordinary limiters in which a strong Interaction results

in the generation od spurious power within the signal passband as *ell as possible

suppression of the desired signal.

The disadvantages of conventional limiters are circumvvnt--d by the frequency

selective limiter which utilizes a Unmiting mechanism which In extremely selective

in frequncy. This mechanism, wmin protno magnetic resonance, derives Its

selectivity from the extremely high Q (up to 108) of these resonances. With this

new device it Ls possilbe to limit strong interfering signals within a communication

cbmannel without significantly affecting the desired signal. This has not been

possible in the past.

The operation of an Ideal frequnscy selective limiter Is Illustrated in Figs. IA and

IC. These figures show the combined power spectrum of a weanl signal (solid

limes) and a strong interfering signal (dotted lines) before and after passage through

an ideal freqnscy selective limiter. The operation of this limiter is such that any

spectral component c4 the toald Input signal (desired signal plus ilterference) whose

power excowee the thresold level will be attenuated until Its power is equal to the

tresh-old power. Any spectral component that lies below the threshold is essentially

-0 - Isd&;.4 passed throug the limiter without distortion. In contrast to this,

Fig. 15 shows the effect of an ordinary limiter on a signal containing a large amount

of Interference. In tho case, the Interfering power is limited,* but at the same time

severe cross-modolatlon tahen place betwee signal and interference.

In the extamle of Fig. IC, the slnlt-aefrmeratio has been greatly improved

after passage through the fequency selective limiter; in fact, a large increase in
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(bydrugen nuclemr) in a sample of waer will contribute its excess energy to th-e

kinetic energy of surrounding water molecules. The energy transfer occurs randomly

to sa average time usually referred to as the spin-lattice relaxation time. The spiti-

lattice relaxation time might be measured experimentally by applying a puise of

photons and observing the time required for the system to retur to thermal equili-

briuzm with the bulk materili.

Consider nova the behavior of a system of such particles as a function of electro-

agne-i field strength. At low power levels, excitation of a particulIar ele~ctron or

pr oto ccurs only occasionally, becamie of tl'e Io% density of incident photons. The

absorbing particlee will have ample time to return to thermal equilibrium~ between

successive excitatons, and as a result. the whole system will remain at thermal

equilibrium. Under such vcaditons, absorbed power Is proportional to incident

power and the substance behaves s a linear resistive absorber. If, however.

incident power is increased to a point where the mean time between excitations is

less than the relaxation time, thermal equilibrium will be destroyed. and the
.btipive obilit) of the subts-mmic %in decrease. This decrease occurs becamse a

grefter number of particles aow occupies the higher energy state where photon

absorption is impoeui'ble. For powwer levels above threshold, the material behaves

ase a nonlinear absorber whome loss tangent decreases as incident power increases.

There awe a pest number of materials that may be suitable for use as absorbers.

For a material to exhbit proton resonanoe, It must contain hydrogen atoms in its

molecular structure. lon common substioses showing strong proton resonance

an norrow line width we water. efthl alcohol, lahrosene, and transformer oil.

The protons In beavier asoms do nom resousse as individual unite; ra~her the nucleus

as a whole reviostes. Since this resomance Is usually much weaker than that due

to "free"l protons, it Is not as suitoble for this application. To achieve limiting,

the ebouhin material vmt be oaalmesd in a structure that resonates electrically

at the nabor al bsorption frequsmoy of the maiterial. For a given incident power,



photom density Is very high in such a structure, greatly enhancing the absorptive

ability of the substance. This resonator may be represented as a series coil-

cqapcitor combination, as sh-uan in Fig. 3. At resonance this circuit may be

represented by a nonlinear resistor whose resistance (Ra) decreases with current

for currents above some threshold value. In Fig. 3, the effective resistance is

illustited as a function of current. A more rigorous description of magnetic

resonanc- would show that there is a reactance associated with absorption as

well as a resistance. This reactance may be ignored uider certain conditions,

so only Ra will be considered here. (The effects of the reactance are discussed

in Section 3. 0. )

It must be mphasisod that the resonance is very selective in nature and the center

frequency is established by the external dc magnetic field. The discussion thus far

has described a nonlinear circuit element. The frequency selective limiter circuit

which uses this eleenwt will now be described.

2.3 Frequency Selective Limitid Circuit

11w frequency selectve limiter circuit is basically an r-f bridge, one arm of which

contains an absorbing substance. To enaire jymmetry, the opposing bridge arm is

oenstructed kIentically, even to the point of containing a substance identical to that

of the absorbing arm. The only difference is that this dummy arm is not immersed

In a dc maunetc fteld. A typical limiter circuit is shown in Fig. 4. Two identical

resonant circuits ae shown. The absorptim resistence. Ra. in the absorber arm

udblanes the brud,. Thus, at low signal levels where the resistance is linear, the

signal at the output of the brkdge will be linearly proportional to the input signal.

However, as the Info signal level Increases to the point where Ra begins to decrease

in value, the bridge will approach a balanced condition and the output signal will be

limited. To obtaln ti peuformance It Is necessary " the resonant frequency of

the absoton cell correspond to te frequency of the applied signal; otherwise the

reactasues associated with te absorption cell mask Ra.
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Figa. 4. 'Irplcal Limiter Circuit
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This circuit will function as an ordinary limiter with no frequency selectivity.

That is. if two signals are introduced, they will interact strongly whenever one or

both exceed the threshold level, because both outputs depend on the changing

magnitude of Ra. An obvious way to achieve partial frequency aelectivity would be

to combine a large number of narrow-mand limiters. If the center frequencies of

these limiters were staggered suitably over a band of frequencies. selective limiting

would occur within this band. Frequency selectivity would be determined by the

bandwidth of the individual circuits. i.e.. two signals would not interact as long as

their frequtncy difference exceeded this bandwidth.

A more practical way of achieving the same result Is to shift the natural frequencies

•,f the absorbing particles so that each on- absorbs at a slightly different frequency.

Each particle, with the external circuitry, can then be considered as a separate

limiter functioning over the natural bandwidth (line width) of the proton resonance

The total bandwidth of the device will be determined by the frequency shift imposed

on the absorbing particles (see Fig. 5).

Frequency. shift can be accomplished quite simply by limmersiag the absorber in a

non-uniform magnetic field. This scheme is based on the following relation between

resonant frequency, fo, and magnetic field strength. Ho:

fo"-7 H. .1. 0 (1)
2W

where

7 - 2.675 x 104 rod/sec/gauss for proton resonance.

The resonant frequency is directly proportional to the dc magnetic field strength.

A field stvength of 7060 gauss correspouds to a resonant frequency of 30 me for

proton resonance. The selectivity of the limiter depends upon the resonance lint

width of the absorbing material (approximately I cycle per second for memy liquids).

However, the bandw#Ath depeuds upon the dc magnetic field lnhomogenlety.

11
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3.0 DETERMINATION OF MAGNETIC PROPERTIES

In the previous section it was mentioned that when magnetic resonance occurs. a

.eactive as well as a resistive imbalance occurs in the limiter bridge circuit. The

reactive imbalance is zero only at the precise center of the magnetic resonance.

At frequencies increasingly removed from the center of the resonan, ce. the reactive

imbalance increases radpidly.

Limiting is accomplished by the saturation, or decrease, in the resistive ;--balance

with increasing r-f power level. The reactive imbalance also decreases with

increasing power level; however, saturation of the reactive imbalance requires sub-

stantially higher r-f power levels than are required to saturate the resistive imbalance.

Thus, to achieve limiting at reasonable signal levels, the reactive bridge imbalance

must be eliminated at all frequencies within the desired bandwidth of the limiter. The

degree to which this "reactive compensation" can be achieved, determines the

practical bandwidths over which frequency selective llmiving can be obtained. This

section is devoted to describing the ,-agnetik. properties required to eliminate the

reactive imbalance over the required bandwidth. These properties are discussed

In AppmdI~x VII.

For a homogeneous dc agupetic field. the real and Imaginary parts of the imbalance

impedance, Za. are plotbad io Fig. 6.

As described In tde previous section, Immersing the spin systen in a non-uniform

magnetic fteld results in a lnnhamgeueouly broadened resonance line. For the case

of a conmftat gradient do magnetic field and a umiform number of spins per unit

frequency interval, the reactive and resistive imbalances are shown in Fig. 7. The

spreading In the frequency domain Is apparent. If limiting over some frequency range

between ok wad% is desired, the reactive Imbalance must be redoced to a very small

value over this sme frequescy range. Otherwise, the reactive bridge imbalance will

"mask" the reduction in resistive imbalance caused by satur'ation.

1i
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Fig. 6. Relative Bridge Imbaance Impeance due to

Spins In a Uniform Magnetic Field
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Heactive Imbalance
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,I'
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Fig. 7. ,iqusistiv. and Reactive Dridge Imalnce for iRectangutlar and

C~mwwuated, Distrtbutions.
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3.1 Bandwidth Enhancement (Reactive Compensa. _,n)

.he approach used to reduce reactive i-ba~acce zer :-!e iestre: .A-.ier ma.1-

.idth l3 Iisci4ssed in Appendix ni.. Tnis ap.rzah:h o ,rea-•,i'e -o -pesa ion

involves a sh•ipng of the atsorber ý-e o achievt. F .* ".r,, ...... riZ

per ;nii,- frequency :nterval wni-h is peake-: near -ne can- I . -he Iii'ri-

bution showrn in F'iure 7 is disc-.siei on page - o: ppen2!•\ " and is sncwn

to double the ".e:'ul limiter bar.dwidth :,zmnrare4 t,, a ni:.t .

3.2 Physical Re; IUation of Spin Distribution

A spin distribution superior to that shown in Figure 7 can be obtained hv using a

re-entrant cavity filled with absorbing material. If the dc magnetic field is parallel

to the z-auis, and the field gradient is uniform along the x-axis, then the position

along the x-aisd is equivalent to frequency. It can be seen that the highest concentra-

tion of spins per unit frequ, ncy interval will occur for values of x equal to the center

conductor radius. The resulting spin distribution is shown in Figure 9. This

distribtion Is peeked near the band edges, as desired.

3.3 Imbalance Impedance of Re-Entrant Cavities

The impedance imbalance characteristics of the cavities used In the limiter model is

calculated in Appendix I. The results are indeed quite striking as can be seen from

Figure 9, the theoretical reactance Imbalance is zero for all ,frequencies between the

two peaks of the spin distribution function. The practical significance of this is that

thi mapetic fCeld variation across the cavity center conductor determines the usefui

limiter bandwidth. Comparison of Figures 7 and 9 (solid curve) shows the theoretical

Improvement in useful limiter bandwidth using this reactive compensation technique.

As discussed In Section 4.2, parameters consistent with a 3 kc bandwidth were selected

for the model.

17
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4.0 CIRCUIT THEORY

4.1 Isertion Loss

The :oumplete re-entrant cavity circuit is given in Fig. 10. The equivalent circuit

sbmn in Fig. 11 will be used to calculte Insertion loss and saturation level. In

this figure. ra represents the power absorption of the spin system. It will be

assumed that

ra»>> ro

i.e.. that the cavity wa.l losses far exceed the power absorbed by the spin system.

Neglecting ra in comparison to ro. the impedance looking into the output terminals

is found to be

If C 2 is adjusted to tune out the reactance caused by L2 and M2. then

The tuning coudbtion for C 2 is

W a = I1 L ~)

getting RL - 00 -ad ra = 0. the current circulating through the secondary of the

tranbformer with the input signlm source connected is given by

reR jW3W+Mo e pW.

If CI is hosen so that

a = I
-L,C, •

the circulutla, ourrset. 1, will be maximizedd, equal to

r MU
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It is important that circuit parameters be adjusted so as to maximize 1. If the clrcu-

lating current is a maximum, the imbalae voltage produced by the introdcuction of

the Imbalance resistance, ra, will also be maximum. I will attain its greatest value

when the input Impedance of the bridgeIs, matched to the generator impedance, Rg.

The value of mutual inductance, M 1 . needed to attain this match can be found by setting

1 =,

This leads to the condition

M8

lor whicu

If r. is placed in parallel with ro, a change in resistance of A R ohms will occur.

The bridge Imblancee voltage with the output open circuited will be I A R volts.

0 a

The Thevenin equivalent of the bridg. is obowu below In Fig. 12.

Fig. 12. Theyenin Equivalent Circuit
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From this equivalent circuit, insertion loss is founD to be

'4 (2)
For a typical limiter with 3 kc bandwidth, operating at 30 mc and at room temperature,
-- = 100. According to equation (2), this gives an Insertlon loss of 46 db. The
ro

ratio ra/ro is the reciprocal of the ratio Ra /Ro discussed in Appendix VIII. This is

because Rais the effective series resistance of the inductor due to UM-TR absorp-

tion wnile ra is the equivalent shunt resistance for a parallel resonant cir-

cuit. Using the dependence of Ra/R0 upon frequency and bandwidth as developed

in Appendix VIII, insertion loss versus bandwidth curves can be plotted for the

re-.entrmt cavity circuit. (See Fig. ljf.)

4.2 Optimum Cavity Des•ig

In order to achieve the minimum small-signal Insertion loss, as shown In the previous

stectlon, the ratio of power lost in the spin system to power lost In the wall of the cavity

must be mximized. The wall losems for a TEM mode In a short coaxial line are

compared In Appendix U to the power absorbed by the spin system. For a given ratio

of cavity length to outer radius, the Insertion loss can be minimized by proper choice

of the ratio of outer to Inner cavity radii. For convenience, the ratio of length to outer

radius was chosen to be 2; the optimum ratio of outer to Inner radii in this case Is

found to be 2.24

The cavity length was restricted by thp 2 Inch gap between magnet pole pieces. Taking

this restriction and the considerations above Into account, the cavity dimensions were

determined. These are shown In Appendix 1I.

This analysis for an optimum re-entrant cavity has placed no restriction on the

saturation level or line width which tli designer may choose.

3
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4.3 Saturation Level

In some cases, saturatton level and selectivity may be altered by two types of

diffusion. One effect is the Browutan motion in which unsaturated spins m:)ve from

a region of dc magnetic field corresponding to the interference signal frequency to a

field corresponding to a frequency more than one line width removed. This results

in saturating more than the necessary number of spins and results in a higher

saturation level. The other effect is one of spin diffusion by the process of mutual

spin flips and has a similar effect on the saturation level.

The problem of Brownian motion is cow-idered in Appendix I1. For a frequency

selective limiter with a selectivity on the order of one cycle and a bandwidth of 3 kc,

the motional diffusion Is fot-d to be negligible.

Spin diffusion by mutual spin flips is also considered in Appendix Hil. With similar

assumptions concerning the frequency selective limiter characteristics the spin

propagation rate if only 1/2-. of the selectivity per second and thus may also be

neglected.

Since diffusion effects are negligible, the saturation level analysis given on page 74

of Appendix IV (which neglects diffusion effects) cii be applied to the circuit of

Figure 11. The saturation power (input threshold power) Is found to be

at =(3)

where T 1  Spin lattice rel•:atlon time

T 2 = Inverse line width

V = Total cavity volume

Q Unloadd cavityQ

For the experimental model, Q0 - 415, V = 50 cc, T 1  T 2 = 0. 075 sec giving

Psit -3'1.5,4buv

24



5.0 INTERMODULATION

To preict the limiter intermodulation charactcristics. Bloch's equations were solved

for the case of two applied signals having angular frequencies J1 andcal anti power

levels P1 and P 2 . Approximate solutions were obtained by using a Fourier series

expansion for the components of magnetizati3n in a coordinate system rotating in

pha~e with one of the applied signals. The recursion relations found between the

Foturier compontnts U magnetization were solved approximately for two separate

cases. These components were then integrated over the field inhomoKeneity to

determine the limiter output voltage. (See Appendix IV)

Case I:

If it in assumed that the two Input signals are sufficiently spaced in frequency so that

Put1 (41

where T"'(W& -"WO ) is the frequency separation in linewidths.

It is foumd that the only significant Intermodulation products occur at the frequencies

2(J.,- Wa and Z(O& - W, . The magnitudes of these products are

a4nr

I Plo_ (6)

where ,.P,.•6,. I" the limiter ouput power at W, when no signal is present at (4.
Intermodulatlon power for this case varies inversely with the fourth power of frequency

""aratlon. If P 2 Is well above saturatson, power at the frequency 2 -Ot-W,

will va'y as the Square of P 2 and will be the most sipiflemit product if P 2 )> P 1.
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Curves showlrg the variation of P2C.O1-Uk with frequency separmtion are shown in

Fig. 14. for tht case where -- - 1. For a limiter Aith 1 cps selectivity these
p satcurves show that intermodulation power will be at least 2'0 db below signal output

power with a 50 cps separation providing P, is no more than 30 db above saturation.

Case II

If P I<( P 2 ' as wvuld be the case when a small desired signal is iubhected t,, a large

degree if coherent interference, it is found that the only significant intermidulation

product occurs at 2& 2 - ol. Intermodulation level in llltStrated in Fig. 15 as a

function .,f frequency separation. From these curves. it can be concluded that no

significant intermodulation powei will be generated Ahen a small signal ml\es ' ith a

large signal in the limiter. The most important effect will be suppression of the

small signal which occurs when the frequency separation is comparable to tht

selecuvity. This effect is illuatrate-1 in Fig. 16. The prestnce of a large, saturating

signal at W2causes a "hole" of width -L~7:~'t p(ari h iie asTsat to appear in the limiter pass-

band. The effect of these "holes" upon output signals is discussed in Section 6 and in

Appefidix V.
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6.1) ANALYSIS OF 1.,IMiTER PERFORMANCE

In order to determioe the effect of a frequency selective limiter 'n system performance,

the steady state and transient response of the limiter has been studied for the following

types of interference

1) CW

2) Frequency-swept CW

31 Pulaed CW

4) Noise

6.1 Steady State Analysis

In Appendix V, the error introduced in an arbitrary signal by coherent 'unmAulated or

periodically midulated) interference is calculated. This error is '-r''duccd in , .,)

ways, by the presence of interference power at the liitater autput. and by the suppression

of those portions of the desired signal spectrum which are close to the major sputral

components of interference. An expression which permits the calculation ot error

once the power spectral densities of the signal and interference are known iq given in

Appendix V.

The basic properties .,t the limiter in various interference enviromm,..nts can be brought

out by assuming simple rectangular spectrums for both the cesired signal and the

interference. As shown in Fig. 17 the signai bandwidth is der.mted B., the interference

bandwidth is denoted B1 . and the spacing of Interference components isfro the

modulation frequency.

Error is expressed in terms of e'n equivalent interference/signal ratio which io defined

rigorously in Appendix V. For the model spectra sbhwvn, in Fig. 17, this ratio is

Interference Power Output P g1 i P
Signal Power Output- E -(7

W3IA
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where

N - Number of components of interference power

M Number of components of inttoterence power which fall within

the signal passband

PI lnterferernce power level at input

PS Signal power level at input

The abcve epression is plotted as a function of input interferencp signal ratio in

Fig. 18 A signal bandwidth of 3 kc and 3 selectivi,. of I cps has teen assumed.

Fig. 19 shuws the effect of variations in B1 and fr upon the ,rr.)r between desired

and actual signals. Equivalent interference signal ratio is plotted as a fun(-tion Lof

interference bandwidth, %1 , with modulation frequency-, .fi" as a parameter. An

input interference.' signal ratio of 20 db is assumed, so that when no limiter is used.

the output interference/signal ratio is 20 db for BN < 14 and decreases linearly as

B% 'ncrejses beyond the signal bandwidth (BI ) Bsp. When no limiter is used, the

equivalent interference/signal ratio is in';ependent of modulation frequency, but . ith

the limiter this ratio decreases sharply as Y'm increases. This is because the

interfering power is concentrated in fewer in-band spectral components which can

be effectively limiWte.

Using the information contained in Figs. 18 and 19, generalizations can be drawn

about the performance of the limiter in a variety of interference environments.

1) CW Interference

Fig. I8, with M = N - 1 shows the improvemert (in equivalent interference'/signal

ratio) which results when the limiter is used. Improvempnts up to 30 db are

possible, with the greatest improvement occurring at high input interference leveis.

2) Frequency-Swept CW

This case can be treated approximately by taking fo to be the fundamentel fre-

quency of the periodic modulation and B1 to be the frtequency deviation. Fig. 19

shows that the worst case occurs when frequency deviation is equal to the signal
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bandwidth and the modulatitin freqluency is !ow. For nvx alation fr•quencies

greater than 30 cps. however, equivalent interference signal ratio can be reduced

!0 db and more.

3) PuIlsed CW

For this case, /' m is taken to be the pulse repentiton frequency. and B1 is taken

to be the inverse pulse wirith. The worst case occurs Ahen inverse pulse width

is equal to the signal bandwidth and t~ie monulation freque-,y is low. For example

with a repetition rate of 3C cps and a duty cycle of about 1Y. equivalent interference

signal ratio is improved by 20 db. If the duty cycle is increased. ar even greater

improvement occurr because the interference spectrurm tends to concentrate in

just a small portion of the signal ba.dmwidth. If the dýuty cycle is made shorter

than l%. irnterference power is wasted outside the signal bandwidth, and equivalent

interference/signal ratio again improves.

4) Noise

,-4 The operation of the limiter in a heavy noise environment has not been studied

analytically; however, -ertain conclusions can be drawn by considering the case

where the model spectrum is very dense. L... -mv- 0. As can be seen from

'.Fig. 19. the curves of interference/signal ratio versus B tend toward the curve

which applies when no limiter is used. This is an indication that, in a noise

environment, the limiter behaves as a linear device, neiher Improving nor

degrading interference/signal ratio. Because noise powe r is spread uniformly

over the limiter bandwidth, saturation occurs only when sufficient noise power is

available to saturate all the spins rather than just a small localized volume. For

a limiter with a 3 kc bandwidth and I cps selectivity, the noise saturation power

will be approximately 30 db greater than the ew saturation power.

If an accurate estimate of system performance is desired, more detailed information

about the signal and interference power spectra can be inserted in equation (81) of

Appendix V. If the signal and interference spectra tend to concentrate in the same

areas, it will be found that the estimate of equivalent Interference/signal ratio given
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by Fig. 19 is somewhat optimistic. On the other hand. if the signal ano interference

spectra tend to concentrate in different areas, the equivalent interference/signal

ratio will be smaller than predicted by Fig. 16.

f. 2 Transient Response

The steady state analysis for coh rent interference has been discussee6 in terms of

the equivalent interference/signal ratio. The transient effects will now be considered

by first establishing the effect of the limiter on a unit step of cw interference.

Starting from Bloch's equations, and using a Laplace transform methoc of solution

As shown in Appen-.ix V1, the frequency response of one magnetic resonant particle

(mort accurately, :he response of a volume small enough so that Ho can be considereO

uniform) was determined. To ac-count for the inhomogeneously-broadened resonance,

the frequency response of Individual particles was integrated over the field inhomo-

genity. The resulting transient response is found to provide an important contribution

to the resistance Imbalance only. Even if a rectangular 61stribution of spins with

respect to frequency had not been assumet!, the transient effects would be essentially

the same and wouL-1 be of minor importance in the reactance imbalance of the bridge.

This major transient in the real part of the bridge imbalance impec:ance is found to

be proportional to an exponentially 6ecaying Bev-'sel function at shown in equation (8).

rsmall
FSL output voltage OC W Jorrecton (8)

wheres
where XW- Zeroth order Bessel function
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In Fig. 20 the transient output voltAge of the bridge for a switched cw input is shown

for two degrees of saturation. It is important to note that the transient signal

leaving the bridge will decay in a time at least as short as r• The relaxation time,

is 0.075 seconds for the experimental limiter, Lut can vary between 10-3 to 10

seconds, depending upon the absorber material. The major portion of the transient

is limited in a time of 2 3 This ra ana that the further the input signal level is

above the saturation level, the less tume is required for saturation of the absorber

and subsequent reduction In bridge output.

The trausient response for a unit step in any coherent interference can be discussed

in terms of the above result by first determining the Fourier spectrum of the inter-

ference under consideration and treating the components individually. The spectral

components in the lnterferirg a gnal must be spaced at a distance greater than the

chosen limiter selectivity.

Each spectral component of coherent interference signal will contribuie a leakage

spike of the form shown in Fig. 20. The leakage slike energy in proportional to

Spike Energy sC 40' j-o OtD.j t (9)
0

2.3

The major contribution will occur in the first - seconds so that the spike energy

is nearly proportional to

Spike Energy O aa4)d (10)

for signals above tbh limiting thresolld. This shows the spike leakage is proportional

to h.e.

The wave shapes shown in Fig. 20 were observed in the laboratory.
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7.0 EXPERIMENTAL RESULTS

At the conclusion of this program the laboratory model frequency selective limiter

exhibited the folowing characteristics:

Experimental Design

Results Goal

Center Frequency 30 mc 30 mc

Bandwidth l kc 3 kc

Limiting Range 15-35 db >20 db

Insertion Loss 52 db < 50 db

Saturation Level -36 dbm ) -40 dbm

Small Signal Selectivity 2 cps < 100 cps

Intermodulation 16 db below small
(with 64 cpa signal sepation) signal output level

Experimental techniques and results will be discussed in detail in this section and,

finally, the limiter configuration will be described.

7.1 Bandwidth and Limntiu Run-

The usable bawidth of the limiter is determined by the range of frequencies over

which reactive bridge Imbalance is small. A block diagram of the setup used to

measure reactive bridge imbalance is shown in Fig. 21. The dc magnetic field was

moved through the resonance line in increments of approximately . 1 gauss and output

voltage (which is proportional to bridge imbalance Impedance) was measured using a

Stoddart NM-30 field intensity meter. The signal applied to the limiter was 40 db

above saturation so that bridgw Imbalsoce was essentially reactive. After each

Increment in magnetic field, 5 soonds was allowed for the limiter to come to full

saturation before reading the output voltage.

so
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The cavity position used for all experiments is indicated in Fig. 25. The total

transverse field variation at this position Is spproximately 4.5 kc while the

lohgiltuinal variation is approdmately 0.2 kc. If smaller overall cavity

dimenslomawere used, or if specially shaped pole pieces were used, it is likely

that a far closer approxinmaton to the requirc' field distribution could be obtained.

7.2 Insertion Loss

Insertion loss was measured using the setup shown In Fig. 26. A 20 mc signal

from a 50 ohm Aource was passed through the limiter and into a 50 ohm r-f volt-

meter (Stoddart NM S0-A preceded by a 10 db attenuator). Next, the limiter was

bypassed completely, and attenuation was added to the signal source until the

voltmeter reading was equal to "hat obtained with the limiter in the circuit.

Insertion loss was found to be 52 db; this compares favy rably with the theoretical

figure of 46 db given in Section 4.1. Time restrictions made it impossible to

match the Input sad output impedances to the measu-rlng equipment. With proper

Impedance matching, the insertion loss could be reduced considerably.

7.3 sturation Level

According to Section 4.3, the saturation level is given by

P6" X " ergs!--

The cavity volume Is SO cc and its measured Q (unloaded) is 415. For the trans-

former oil used in the limiter,

7", a Tors ou. O0S sec.

This value was determined by flading the r-f magnetic field level at which the real

pert of magnetic suscSptibility was rod-ced to w o its unsatirsted value and

"using the sauradtom cond"iton

-Y kILT IL
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The measured values of Qo. TI and T2 qive A theoretical saturation level of -34.5

ibm. The measured saturation level is -36 dbm.

7.4 Selectivitt mad lntermodulation

The measured values of T1 and T 2 (0.075 sec) indicate that the small signal selec-

tivity should be 2.1 cps. Selectivity was measured approximately using the

technimne diagrammed in Fig. 27. A signal with 10' stnusoidal amplitude modu-

lation was applied to the limiter. The input power level was adjusted so that the

carrier power was above the limiter saturation level while the two sidebands were

below saturation. Selective limlntg of the carrier was manifested as an increase in

percentage modulation as viewed on an oscilloscope. The modulation frequency was

then lowered, bringing the two sidebands closer to the carrier, until the output

signal modulation level was redueed to 10. This occurred at a modulation fre-

quency of 2 cps, which is of the same order as the predicted selectivity.

Intermodulatlcm measurements were made using the setup pictured in Fig. 28. Two

battery-powered crystal oscillators were used, one fixed-tuned and one voltage-

variable. After passing through variable attenuators, these signals wtere fed into

the limiter and thence into a 30 me receiver. The 50 kc receiver IF output was

fed Into a wav analyzer. Absolute Input frequency was determined by counting,

and feqmM difference was measured using the analyzeL. The analyzer had a

3 ape selectivity and could be used to measure the frequency and amplitude of inter-

modulation ',roducts for signal spacings between approximately 60 cps and 200 cps.

With tb-o fixed oscillator oulpat power set at saturation ead the tunable oscillator 30

db above satursUos, only oe significant intermodulation component was found.

This ompoaent had a frequency of 2uuW2 - 41JI as predicted by theory, where

ai - fixed oscillator frequency

W.A2 tunmbie oscillator frequency.

latermodulation power was measured at signal separations of 64 cps, 106 cpe, 150 cps.

and 186 cps. Tin results are compared with theory in Fig. 29. The worst inter-

modulation level occurred at a spacing of 64 cps where intermodulatton power was

48
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"I 3w L-c,, signal output level at 1. For spacings beyond 200 cps. limiter

i:t-rm-,utatIon level was too low to be measured with the present experimental

: ,emnernt. As signal spacing was reduced below 60 cps, it was found difficult

to h1old the frequency sparing accurately, and furthermore the intertnodulation

,ponent was masked by the much higher fundamental components at W1 and

7. -3 Limiter Configuration

Fig. 30 shows a photograph of the experimental frequency selective limiter. The

albsorber and dummy cavities are made of copper. as is the enclosing box. The

ct:•er cond-ictor length Is 1.7 inches. This represents 1 of a free space
230

wavelength at 30 mc; consequeatly, it was necessary to use a very large (4040,f.

louding capacitor. From left t right in Fig. 30 are shown (1) the ungrounded

capacitor plate (0. 1 inch co•pper). (2) the grounded capacitor plate (0.002 inch

beryllium copper). (3) a rubber pressure disk, and (4) the cavity lid (0. 1 inch

copper). A mica sh.et, 0. 006 inches thick, is sandwiched between the two

capacitor plates, and the cover and pressure disk are used to eliminate air gaps

between the capacitor plates and t.he mica dielectric.

Three detrimental effects result when capacitor air gaps exist:

1) An air gap as small as 0.0001 inch can reduce :apacity enough to make

resonance at 30 mc impossible.

2) Air gaps destroy the capacitor symmetry, causing an azimuthal variation in

r-f magnetic field. This will degrade both bAndwidth and limiting range.

3) Air gaps cause capacity to fluctuate with temperature, leading to bridge

instability.
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Althoqh the use of a ruber pressure disk greatly reduced the air space between

cspacitor plates and dielectric, a certain small air gap still exists, as evidenced

by a small drift in capacity with temperature. Owing to this drift. it has been

possible to maintain a satfactory bridge balance for only about 5 minutes before

readjustment is necessary. It is felt that this drift problem can be eliminated by

bonding the capacitor plates directly to the dielectric, thus eliminating all air

gaps. Temperature effects could also be reduced by machining the cavities from a

metal with a low thermal expansion coefficient, such as Invar. The enclosing

copper box should be retained, however, to minimize thermal gradients between

the cavities.

Tbe complete bridge circuit is shown in Fig. 31. Resistive bridge balance is

adjusted by meams of a moveable coil (with series resistor and capacitor) in

prmumity to the transformer secondary. Copper plungers, visible in Fig. 30.

were used to vary the reactive balance, although it was found that these controls

also caiond i- appreciable change in resistive balance. Fine tuning of the cavity

rescamea• was accomplished by mema ad two 10f trimmer capacitors. These

capalitors could also be used to adjumt the reactive balance.

The .iperimmital results coafirm the validity of the theoretical analysis. Using

tids analytis, accurate predictions of device characteristics at other frequencies

and of syswma performace cm be mnle.

M4
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6.0 CONCLUSIONS AND RECOMMENDATIONS

The validity of the bandwidth enhancement (reactive compensation) technique was

confirmed. The expected Increase in bandwidth was not achieved primarily because

the reqlired gradient in dc magnetic held was not used. During this short program

it was not p,3sible to devote sufLcient time to design or acquire magnet pole pieces

that would produce the required magnetic field distribution. Nevertheless, a 20 db

improvement in gain-bandwidth product over past models was achieved. Operating

with the correct field distribution, the mooel developed during thi!, prog" am wi.l

meet or exceed a 3 hc bandwidth with no modification.

The iAtermodulation analysis shoos that a high amplitude interfering signal %hich is

beag limited by as much as 30 db, and which is only 50 cps removed from a desired

signal. will generate internmodatlon products which art 20 db weaker than the

desired signal, and will thus be negligible. This was confirmed by experiment.

The analysis also shows that under these same conditions, the amplitude suppression

of the desired signal will be negligible. This, too, was confirmed by experiment.

This study has indicated that this device will provide from 20 to 30 db of suppression

to either a ew interfering signal or to a modulated interfering signal with modulating

frequencies greater than 30 cps. The limiter displays the unusual property of

limiting faster on a high amplitude transient than on a somewhat lower amplitude

transient.

The most signiftcant problem encountered during the experimental program was bridge

instahhty. This problem resulted primarily because the electrical characteristics

of tle cavities were not sufficiently stable with changes in ambient temperature.

This problem am be solved by

1) building do cavities out of a thermally stable material such as Invar, and

2) eliminating the small air gap between the dieleatric and capacitor plates by using

vacuumn deposltlon techniques to fabricate the capacitor.

5.i



To deveiop this isterference wqiprceslon techiqume further, it in

that the following items he investigated:

1) The e atistag cavities should be replaced with cavitias with improved thermal

st!bility.

2) The existing device should be placed in the properly distributed magnetic field

and the bandwidth pertormance measured.

3) The perform c, of the limiter In a suitable receiving system should be investi-

4) Performance of the limiter with complex signals should be evaluated.

S) Method ad reducing the insertion loss such as pumping or cooling should be

studed.

This seven-month program has etabished the feasibilit of developing this highly

selective limiter. This saw device, which Is very effective against many types of

cohereft Interfereme., should provide a valusble addition to the many existing

techmiqus for increming the jam roeistmce of communication and radar systems.
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APFFUDIX I

INBALMEE DUTDJI2 OF RE-EWMANT CAVIT!

The obJect of the follovin discusslon is to determine the rctance con-

tributod to a re-entrant cavity by the para•agnetic material with which it

in filled. Let Yi4. 32 illustrate an axial view o the avity whvich is

i rsed in a noa-uniform dc magnetic field whose gradient (assumed constant)

is along the x-axls. The manetic resonant frequency corresponding to the

m4anetic field e en at x w 0 will be denoted

We can relate & spatLal positio1 to a manetic resomnt frequency "J,, by

X M o- I
ec

S re A is a conmant of proportionality.

7he total powm2, PT, absorbed by the spin system from an rt field H4,-b

foum vitina the cavity can be expressed as

Where is4) I the absorption li shape (vith arem arbitrarily normalized

to2) ad A, is accstamt. Since rax 6 we have

PrffOu -Ai.fJ all~

The intagpsa Is the product or tvo functions of a.

For the case %re the t Um width Is b hmiler than the spread of

nnetlc reomsat fuegpm les aecase the center coaductor of the cavity

+ < .4 & t se s a npo my be coisl6e'od two delta functions when

S5.



Lxterlor of
Coaxial Cavity

We (APO ctob wefa"

rig. 3& cavity end Dc Yield comtlguratioui

so



cuompared to the factor -PL. (since the latter function varies slcilj

mer the region o: integration, chningx at most by a factor of ( A- )lh

Usi-g fl 41,. ± ,_%) + tae %O integation then gives

where the integration limits dIepen on the applied trequency ao, and -ie

path of integration is now vertical in the annular region. Along this

path of integration,

such that

~ .'. rngligible term fo
r_________4 the -. 'domin to beJ

r t_ Levaluated later. J

No= specifleglly,

x A, 0~9 e< ehr (-1 )



The assoiated reactance can be found from the Kramrs-Kronig relations.

,"- 4w _• .. (..,

Since the integrand is both single valued and identical for each integral,

the value of these Integrals is determined uniquely by the Integrand and

the total regior" of integration in the w w space. The three regions

corresponding to t1h three integrals cobine as showr below,

>>
b' . r

bit this integral can be expresmsd as

44

Ths Is the sne Integral obtained by finding the contribution to the

zielactnc by indLivldial rings of vIdth Jur at radius r . The above

integral can be ca tet and fora P-> the Ow 'UIntegration gives

elro. This m that • mch ring contributes no reactance to frequencies

AI



!I
such that j• e--o wbere V- is the radius of the ring. Thus, for

I-.~mj <OL 1# 0.J.o . The only contribution to the rt. -tance can come

frcm the'n*tive-freqiaency-dsin'absorption. (The second integral in

expression 12).

The contribution to the reactance due to absorption at"neegative frequencies'

can be determined by fizxlng the contribution to the reactance at negative

frequencies due to absorption at positive frequencies. The integral given

in (15) imat then be cmPuted in the region 0-< ' or AV - 4 r

The 4w/ integral an be capleted, leaving

X 4I I &,

" / (-w -".,.. -- ,Y" L,

Without the integral over r , awnm iu (16) we have the reactance contributed

by each ring at " and of vIdth ; consequently the eqlrevsion in (17)

is 1mW for allw outsdAe wL tPc.

The reactance at is -% is

L ~

2.kl



outW and au a .v with w's 7 SO&D1

thus,

Thls is also the sa rsecta&ce zoatributed (by the absorption at negative

'.a ) to the geaCtance withinz the usa-ble band af aw -- r*potW bc taw

, # found within the center conductor of the camxtal re-entrant cavity.

The reacUce see, at IV - in

-v - 7I

XL @,m'&.AL~) 4 & aLLi

Thus, the in-band reactance contributed by the abcu-ption at negative

treoncles Is domw by nearly 10 4fr that found at the outside 3f the

coax chamer.

The reactance at frequencles W ct eonw, dugs to as u v rr valuse o

NO foun within the aminaa roolo of the coax cavity, but outside the

cester enduetor, Is easily founm. The reactance at any w -- ,4..,< w-d.j

Or &'aiL 0 #< ,0Aa vould onily be ~outzrbuted by absorpt ionu in
/ ',-,* I~h

ftms located at a smialer rdlus than The total reactance at

W frrequcmy In the above rxW can then be expressod as

X (d,) =' 5,"

mAL' -144V j



The resutdtiz, reactance now h t fc~ r

d --,, , -, . .- , & - - -

#W -W, jF

where O/tive frequny cautributtom b*v be* neglected. From eqmtlom

(13), th corresponding resistance is

A& '-R (w<

> d



APPENDIX II

".2'MMM CAWIN ESIGN

In order to letermine the best di.ensr3ns far the re-entrant cavities to be

used in the frequezcy selective limiter bridge circuit, the criterion

should be to =Lx~m~ze the ratio of the power absorbed by the spin system

to the power lost in the wails of the :avity. At the same ti=L the length

and outer cavity radius wiill remain fixed (as restricted by the 1lmensions

of the pwt utilized), the -mgnitude of the inner radius will be varied.

Assuming a TN mode in a short coaxia.L cavity (including end plates), the

paver lost in the wle (Pvii.5 ) is found to be

L e length of cavity

As mpI&ned in Appendix 1, there Is no additioml reactance (due to tbh

spdUm) at agnetic resonant f -equncies corresponding tk, the values of H.

Intercepted by the center conductor of the re-entrant cavity. Furthermore,
I

since &s atuistLo o/t X at om freqincy wili not chabe the reactance

at that fxrqiiay (but vIU slightly cbang the reactance at alolning

freq/umci) w ii neglect the effects of X The power absorbed

con be found In the nwo nwevidth approxlimtion by evaluation of equation

(13).

Definift 1, as the !Iinm ftrqt.fcy corzespoeding to the He in band center,

8P IL ,, te L'.4 -, - 7 (19)

where ~T K ) n if a constant



,he ratio )f t-i- tD the -dl l iýsses can be mm.zXized f Dr a particular X

?.air X - 0

p -, _-o A
r

Consequently,

, ,A, (4 S L , 4-* .-. a

'or ~- u~ ,this is .wxizm for a2.24; thus typicea cavity

dimensions zanr, no be found. M 4w.61 chma has

L = -'.7O0 in

4 = 0.850 in

0 .3TT

og. a 1540

%C 2.88 - relative Uieiectric colstant .0005 in fjl" used for
loading the re-entrant cavity.

Fig. above the cavity in cross section.

4T



ALDPMW III

DIFFUNI( EWFECTS

flrawuiian Diffusion

We can camnsider the problem of Brownian liffusion "nd the resultir4

limtaittio on the saturtiac level and selectivity of the frequency

selective limiter by the follUowir• mthd. Frx- a random w&!l' L-alysis

va see that the avergze squared displacement of a tyr.cal mollecuLe is

(x'> =NJ'

where

- m-n path levgth between collsions

Al a mober of collflons

By intro#=1a the mobility ~we obtain

<x "> 2 Pmkrt•

IPalti, the V ul•lty and viscosity we get

a k 7- t

#Po effective mo1.aulo 31WIus

Sa visesity in Pis

t tU dwiW whic the obeervation is taken

using

t a 1m.

daIPOMe ft 1/1O IS EM t

u



r. l f ora worstca

The cupari-s5on of (x'i vltn the spatial width of a resonance line of

1 cy for a 3 kc boadvldt f requency selective limiter (Were the region over

which the spin system is distributed is assumed to be about J inch) shows that

the Broia motion causes spins to nave about 10- 3f a line width in a time

equal to the spin-lattice relaxaUt tim, thus the effect i's negligible.

ftin-Flip Diffusion

An M line which in not notioaally -nrroved has & line width of about I kc.

The pertinent relaxation tim is then about Io03 seconds. The time fo

relaxatiom by mutual spin flip* could nnt be any faster than this value or

the line would be determine by the mutual spin-flip rate. Thus if Ta

Is the mutuml spin-flip relaxation time, the msn..tude of Ta coL'.d be found

by finding the time for precessing of nme spin " the H field ot the &Jjacent

spin. Let r., be the nucleamr-mocl•ar spacing

betvton two like nuclci. The field of one due to the other Is

•hin ._L'

This gives

Finding rnn from "san 102 spatial cube* bounded by r., lines in a cubic

centimeter we btai a pr• mt.am atme of ]20 Uni• width/second for our

frequency selective liiter model.

Tbus, spin-flip diffteio oan also be neglect4d.

as



APMPDI IV - 3TýWA TI(3

If two sinuscida• sig•as at frequencies W anda4Aare applied to the limiter,

intermodulatioc products will appear at the frequencies 'P+vA .WL , where n

and FM are integers. These interm•duiatiar. products will, in must 'zases

be Insignificantly imail, but my become appreciatle if W), &nd Aare very

near one another and if the two sigryAls are ab.ve the limiter saturation lev-L.

To calculate the mugitude of these intertodilation products, ,loch's equations

witn two sinusoidal driving SigDals can be used. The two bignals will be

decompoeed Into their counter-rotating -Ircul.arly-polarized c.iponents. This

allows a great simlification of the problem, since the two -ircular oc-

ponmuts at CianduWa4 rotating opposite the LArmor precesslon nave a negligible

effect on the motion of the spin system. To simplify the analysis further,

all quantities will be measured frur a frame rotating with angular velocity

&#,In the direction of the !armor precession. An is shown in Fig. 32

this choice of itfereno. reduces the circularly-polArized RI field at CA),

to a static field, pointing in the X direction. The circularly polarized

field at GCa wiill appear as a vector rotating in the x-y plane with angular

velocity 6 NW1 C..), . Finally, the DC field. vhich is asssumed to be along

the 5 -axls, will hve the magntude He w vhere 1-4 is the value of

this field In the Don-rotating frame.

S~H,

Fig. 32. Mgnetic Field Components in Potating Frame.
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Bloch's equations -aL be written in vector form as

A A
where X, 9 , and 7 are tce x, y, and z uLxt vectors, respectively,

and P is the =agnetizatiot of the spin system. nhen the c,;tLponents of

sho•n in Fig. 32 are bubstituto-ei in equation 21; tae f Ulirk three

equattor-4 result:

=j Z6AJ M~7H in 6t -+ NJ) (22)

M H H,M3 -YHIMCos~t -A &x -+ N' (23)

M, I YHzMA Sant -rHDMy-?HzMtCos16t (?i)
wbr -+,(Mir-MV)

AwV= 'Ho0 *W,

From the form of the above equations, it is evident that MVia, M• , and

Mg will be periodic in timelth a fundamental angu-lr frtquency equal

to 6 . Accordingly, Fourier exlwmiaos of the magnetization component.

will be written as follows:

=7 jnl6t . T j.6t 7 J6t

X n M =2 Myne I L. m,,,e t(5

In the rotatieg , the transversem•gnetization can be represented by

the @cmplex qisrtity

M M + i,+JM (26)

Note that the manitude and at4le ot this complex numer are the same an

those which the trmormere wqnwtIzatiom vector has in the x-y plane. The

Fourier expansio atM P jn 6t
ht= IJ p (M =,..m , e (2-7)

(21



ZEah torm in this s correspons to a co anent of tranverse etstm-

tion rotating with m*lm velocity Ml6, with monitude and pkese angle

equl to the mo4pAte and angle of the corresponding Fourier comonent

of the Usnee ampatItiou vector. Upon transforming back to the

nom-rotating flow each of these component will appear as a circularly

polarz1ed c~ommonet of eawautleation with anguLar frequency c41 +nl6.

Comoemnts for vaIeh Rza and 1 correspond to the systm response at the

to driving freqamcies, W, and W .1 The lowest order Intermodulation

Stoccu for n = -1 aA+2. At this point, it is important

to recall that MV to a real 9 motity and hence

ems is a e• o -ql matity arn, in general

Mtn. * Mot-n

A catveleut messaion involving M6 cn be obtained by "mltipl•ing

•evmu (23) by j &M ading the result to equation (22). The

following Is obtaine:

At =-jAWM*+J7(H,+H,2 t)Mz -+,Mt (21)

Vsing• efa~'i (26), equation (24) am be written as follows:

e - (M0B 't 1 2 (29)

- (MR -Me)

Iqmtics (25) ame (29) ars sufflemet to Leseribe the respom" of the

spin asm aml will be sed as Vh beals for all that follows

Ta



If the Fourier expansions of Mt and s i are inerted in (28) and (29),

terms of like frequency can be eq,.ated to give

MHMa. +THxMrn-, (30)
n6 - o-J/tr

(3)

" jn 6 + 1/T7-

!t is possible to eliminate NMtby combining equations (3c) and (31'

properly. The result is a socowd-order difference equation vith variable

coefficients. A series sclutioc has been obtained for this equation, but

is too cubersoe to be of 1.odiate practical value. A more tractable

solution can be obtained if silq ifyifng aasstions about sigral Magnitude

and frequency separation are introduced. Two such solutluns will be

obtained here, one which is valid omny if the frequency separ~tion, 6

is suitably Unrge, and a second vhich is only valid if me of the signals

is much smaler than the other.

An approximate solutlon at (30) and (31) viii first be obtained, subject

to the condition 6Tt >> 'rT. H,H. (32)

Plmembering that the saturation codition for a circularly polarized field

is Ico@Aition (32) can be rewritten in the form

6Th >> Ž '/Psat (32s)

Vhere R and Pa am the two Lut pmrs and P&tois the limiter threshold

level.

T3



It is anticipated that the maor components of transverse magnetization

will be N and M.U , the 11~ing frequency components. rhe major

component of 1 -axis n tizatic)n should be the DC zoefticient, M3o.

Aw validity of the above assumptions will be examined later. According

to equation (30), Mw and Mt. can be expressed approxic-ately as

Y)4, M ro (33)

M = a - -p5 M r0

providing HM -, >)H M a, and HMz.>SMr setting no

In (31), (33) and (34) can be subbtituted to givt

+• -rI!T + •°X'T

I + l•• WOa I +TY.•. .o+6)
The firbt order interuodulatiom compnxents can be found by setl in@ n = -1

anM +2 successively in equation ()U).

- 7' .H. M2 -1 (36)
MrihW6 -/ j/Tz2

M-t 2 (37)1

The assuotions HYA~v((I-IMj, ,H,M&,z(< H&A,, yre used to obtain (u

and (37). Mg, ca be found by setting n=l in equation (31).

Wt I0 -XJ M i (38)

j 6 '- '/T,

sre,, HaM.-. am, H,A,., have been neglected in comparison to N, Mto and HMtg,

74



After substituting (33' and "3"- In (38),

_ r L 7LH,H (•-2J/T) M.. (39)

EqJst2on (39) can be used to check the assusptiins ujsed in leriving (33)

SW (34), nhlyv, that condition (32) implies

7 H, Mij, <<' _Y Hz M ao

7HzMj,<< 7(H, M1 o

These inequalities can be readily proved usirn (39) providing T7 is not

appreciably longer thaen Tz , I conition which generlly holds tor a

aotio•ally narroied ine. •I•,, Mt-1 , and Mtare third-arder inter-

modulation products. The remaning asmptions uned in obtaining (3,),

(37) and (38) involv*e neglecting fifth-order products In comparison to the

above third-order products &ad wili not be proved.

The lnterodulatlo, comp t of nt c be found by using (35), (30), (37)

and (39)

I!H., =- (S HX'w+.# )(c&w,.6-+,,) Mo
- +_- (--0)

,,,T, T,. T•,,.--

AaTe
"T2* I T; Is (I*2)



e

The output vol.tage a the lmiater at any given frequency will be proportional

to the valume everae of the Faurier ccAponent .f magnetization at that

requency. Assuing whet the Usitibution of spimn per unit frequency

rnw( Is uniform and tkt the R* magnatic field is uniform, the output

voltaGw at the frequency Wi÷nf 6 will be given b)

,#W

wbere W& aind C-&, are the IArmor .rrequencies at the e e.- -f t:ie .p,.

distribution, and 0 is a parameter d-pedii•g upon tne circ'.it •;.f.igj.r, r..

The two izntermodulation cCAiponents, it and tO as fallr of .fas.

If 6((<WA%'" , the liMits on integrf (43) .n be extende! t -0-

and + . and contour integraticn can be used to eval tate Vc- a.n1 V ,..

A pov-sero plot for kAt-i Is shown below in Fig. 33, together with the

integration contour to be used in evalulating fci ,

I
I I

\ /

F0g.33 Pole-Zero Plot

After applying the resiAue theorem and conlition (32), Va,,- 6 is found to be:

C146_ L +if



In. a like mozrar, ve,-. is foundi t,. be

T,7H 1ý 7ý-(5

IL. obtaining (44' anti '4. , 1 %5.; as-A&A that 6 >> aI,6>,

7his will ad-ways be tru;e prwYi.iig at east ne -)f I%- -,g-dai.; '.- ýear 3r

atcve satvumtlm) thii- is the anly intrerting 2-a.e c -far - i,~e~l~t r

1ý zoncerned' anki provii.ing _oniitlor 1 I-- satisfieI.

,he muplitiile -if the intermotul.ijat. products will now bt cjopavvd tthe

lliniter output for tne sir~g2e algnu1 case. -. e single sinal c-a-, : lai 5 e Cvn

treated in Appendix IX. In the present notation, ou1tput voitage with a

single signl applied atalK will. be

i Tr 7 H, Mog (46)

FinaLly, by squaring (144), (45;), am~i (4c), the ratio) of Intermnoiulati~ov. pcower

t- signal outpuzt pover is foun to te

p22- , (147)

+ P.
p_ _ _4 I F I -+

IpILp,1Lo ~~( )41L 2 .T T, +'8

The assuipt~ms use" in deriving (147) and (148) are sumprized belov.

P, t >1

TT



Equatitv. •C ,s p.)ttei in Fig. 1. as a fu!.Ltimn if 6

A s)!,tijr. t wiv!z~ -,I will -.3 be± _ýI*alne.± for the -apec

whe re

:f equatiin ý3. Is "ritt:-. )ut fir r.-_ ar : " is •biti,'_tted t,_ ti e

r1-ra.-~side, te olr eut:.--

T4 Its 21 ;T7, -- -ra, , Te

4h,~ ~ •) C4. :, C U

1f the fifth-c • rer cipon.nt, j h, e Is lLgnre•. . f ill ter esso nsr

in Hare Iinposel if, • P.l expressi,)r reoating by s n -,: • an • e

obtained.

2

M~ jj4 1' H6 +6~ 6(--a)M~ - (i

It •as been assumged toat T. . The qusntity,.f , is o L pic x an i

by convention will be taken as that root of ( - 2ya~ vhich has a

positive imaginary part. This choice is arbitrary, siYrce all expre631ions

involvinK .11 will be unchanged itfl ais replaced by 4fl.

An expressioc for Atcan be readily obtained by setting f,0 in k. 35),

since the assumptiomp which led to (35) are not in contradictiin t,)

cordition (49). Written in factored form, MAj is

( it- & )(An-t6 +-+,) M. (53)
'0 (aeot6-#)(ziU06+-L)

T1



The t•ir.± -rdler rternodat! -r r:-zpor.ents, &Wjt" M1t are, a&cording

to) 3ý '

-6~-A'- J J/Ta

Mt_ - YHM6 1-,W zM,-

,.f" t'>))H, , Mt~iuz' qenra-' te =u,-t '.argc.7 ".',,r. "It-, =. zar. te

•ritten &ppr.xtamtely as

Mta - ( 5 •,

Camtni!4 -Jr., (53), and (54),-Y H.,..(6< +- -i% +,6 ++,,O
Mt 2: z -(6,-A , h- 61.-,+ ,W +6 -nX, ,6- X , 6- (55

Contour integration can agan bI used to calculate the lizter inter-

modulation volta•e. The result is

IT7HH '(6 ±Mo

If this voltage is comVarzd vith the small sigvnal output vcltae at L,

when "-I: 0 (see exprssion (50)), the ratio of Intermodulation output

pcvur to A1nl output powr (vith no large, interfering signal at W, ) is

f tod to be

vll v,,6i - ____-________,________

fl; (5A )

•quatiom (57) is plotted in Fig. 15 as a function of 6 The omly ass.u•ptions

Lhre.t in (57) am Pla» P and -r. •T .



onto a c,.ertatn degreeý of sufl sign=l z~uzzressi

oczu 41n th -ter. A.ccord!.A .. t the it-fltl s ignal.ctpt

v ýZit at W0, ts ht4

fvr1i dZ (59)

-' lu.W. " approxlrateily given by (see equation (30))

- T~Mo (6o)

tz~zrothc o'er c-xrpcnen't, M20 . Ni~o I a zeroth order coc-por'1 nt sirnce

'ý io. nczervo ant eqtal. -.-, MCI in- tte absence Ulf a . ad H 2 . It vi _11
2-: trmznent to break the inerl(9'notoprs, on& p~art equal. to

"thIuSUopre ssed output volItaee and the orther part emuan1 to the d1ecrease in'

Lm- l! s tgnl voltage due to the presence of a li~rg sigia). at U

=j wrW,M I - )o W

r7CX_-AtioI (61) is not entirely rigorous; since 'Ltoh integraixis should contain

- n(4) to account for reactance cccpernsattion.

~ distrib-ion A unction bas the effect of making the irmginary part of

fh firs-tý term zero ovemr the usable limiter bandwidth. Retaining the real

:rto the frst t-A=-- and subetituttnr for Atfrcn (53) p(61) becorws

~Wa4W4

- ~6r .Mo/bAw-wO (A2-6(6aT6 ,9

_J_ Ac')W(6W2

1284



The 1istrib'.;tion tfanctti. is silvly vaz-yllng czw~red 11, the factor W

axd 'hence :an te t&A~er. )utsI1Ae t.,.e fMr-t -teea2. l replace! ty Its va'I~e

at A1W 20. If bI(w"~te same tairng zar. t4e lcre with tte see )a.,

ln:ý,rgm. Both Integrams ftLI1 -f rap~ily cx-.r. zxp r. ), * 1 "*,t

lt-its tf £vtegrati.)r. can b~e extendei tý t±o . Whr :rtcgrals are

evLal;te", V"~ is fo,.rnd tQ be

As bef3re, jutput p~jwer will be r~uJalzed t: tr~e Rn.. w ,.en.

_____p +

EquAtiaxin(, is plotted in Fig. 16 as a function of6

$I



APPENDIX V

OHi{RLwr IMMTU(Lii 3UPFRk-SSION

In order to determine the effectiveness _f the Frequency Selective Limiter as

an Lnterferenze suppression levize, the mean sliare errur between actual signal

voltage &nd limiter output v:Ita!ge will be zalc±Lated. Because the exact

nature ýf the input signal is uikzown, t:re mew. 6quare errir mnut be computed

statistically by zor.silerJag the en.semtle if all -ossib.- nput elinais

and averaging the mie. square errjr cver this ensemtl.e. The V-. meber )f

thiis input ensemble will be deno:ted & t) ft) where iiýt 1 the

instantaneous sigoal voltage and U s'-- is the 4r.stantaneous interference

voltae. When the ensemble of input voltages Is applied to an ensemtle of

identical limiters, a corresponding ensemble of output voitages, o't) will

result. The man squam error is defined as

Lam t [ e,(t) -Vtl

To save aspa, the ensemble average operation vill be denoted by a bar above

the averaged quantity, thua

6 Lv~~i'ft) ~4tj

To be a maningul mmamne of signl degredation, 6 should be zero when

ther is no interference present and no sigrAl distortion. This can only

be so if the quantity zrh('t) is scaled up from the actual limiter output

voltage by a factor equal to the mal sigm• voltage Ioss ,r the limiter.

This convention will be adhered to in the following.
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Me Cotput. Voltae, , will contain both signal and Interference as well

as a varlety of interuodulation products. It ban been boiwn in Section 5

that the interaetion of -Ign and IL'zerfereoce 11n the limiter results minly

in the suppression -f .:ertain portins of the signal spectrum aid that

interwmdulation products -.an be neglected. Zhe action of the limiter can

be described In tkhLs case by a transfer function, H(Yw), wLich depends

upon the Inpitt power spectral density. Acccrding to the convolution theorem,

the instantaneous output voltaem can be expressed as

If : ,; (t-t ) C (tt7)t

where h(t')•s the inverse Fourier trmnsform of H(w).

suabstituting (67) !a !66) gives

Z/ ?adt - I &"'( Pwv(-) #.7zL7t-t9])JtWt' + Yý~

If the ensemble averso is performed before integrating, iC wi.l appear as

The quantity 1r.'(t - V) Is the avrtocorrelation function of the

des•r•d sigll . It is indep .st of t and vii be an even fumction of

C. The jauntity 14' t& ) 9 Is the rowos-correletion betwen sinal

S8



and int.rfernene and will be zero since stgnl and interference are uncorrelab.

ed. Usin 4efintAion (i), 6 may now be written as

6 = ?!(t)Z -/?'(t)?f'(t-() ttc <Jt

Reversing the order of integration,

Zo " -'2 H(W)fj ~(~&(~ e C, tiL 4 r

According to the Wiener-Kintchine relatiznr., the quantlty in. sT-ar-a trackets

to proportioi.l to the signai power spectral deas,,ty, ((W).

RAM G, (W4A-k ( 7U-1t

Rb = Limiter Input Impedance

The quantity Zfo(t)is proportional to the total output pýver, and may be

vritten " the sun of the sigal and interference output powers.

a t'=R,f. [(-,, j )+ 6=r,,Wjj H •(<.,,, w (71

Or is the interference pover spectral density at the input. Using (70)

and (71) and the fact tbet the imsgimfrY part of H6W I odd while Cy6J) LA

real and even, •quation (69) can be vrltten In the form

LC= I,/ -'H(w)iZcW W ' i• (w)1zG 1(W))W (,,,())

The mesin square error, when divided by the quantity

1?," I u• I

mn be interpweted as en equivalent output interference/si•mal power ratio.

o - f ;H( _)/_ d_ (7)
P50  f) d (73)

-100
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The mean-square error vkc•h corresp•n•ns to a given value of o isro in

the same as the error vhibc would res.ul If an amount of Interference

pover, ]•0 (uncorrelatod vith toe signa), vere Linearly added to an other-

vise undistorted sip&! utltn poaer, Po . The almiter output wiV.l te a

reasonably good reproduction of the desired signal for

Pro «PF <<.

Lquation (73) will now be applied to tte cose wbere the Input interference

Is coherent and the desired Input signa is below the limiter saturation

level. Under these conditions, the transfer function, kwu), wi,. be

shaped it-er the influence of the interference power spectrum,

(74)

go t•a• H(W) is msu for frequencies in the vicinity of the . As a

first stop in dooeromining H(w) , sinajit frequency CW lAterferences wiil

be considered, that is,

GT2tP1,6(W W61) + 7-kPW6 ('W+ W1 )

This sipgj, vIl prooduce saturation of spins in the imslmeate vicinity of

and viii result in a decrease in the succeptibility seen by a second, boall

signal.

As is show in Appendix IV, the Limiter output volta due u.o a mal signal

at the frequency ., in the p.sonc of a larg sinl. at W.2 is

Vaos) =-1TM.8TH.,(W.) [ 7-HzT:za+(j
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Since -, Is proportionei. tc t.he input signma. vo>~age at CA),, the v, Iltage

transfer function of the limiter can be writteL as

H~wzAS ~ I [ _ 211 P50t

vbwere A Is a constant. T1e right-band term of 'u) represents the "b• he

burned In the limiter response ::ur-v- by tne sg.. at Wa . T-11ts hi,-.e"

baa a m•.•1 widtb of

S[ " •tradJas/se-.

If the intnrferenne signal has nor- t•ban one frequency comp•nent, the

effect of additiomal holes can be approximated by adding terms to H-W)
below.

H Aw 9A(w)[ T j/~d

TLhis expression is accurate so long an the "boles" do not overlap, that I's

mut bold for all 3 and k (except j i I ). Because 1.t bas been assumed that

thare is no sm signal voltage 4.rop betveen the Jnput of the limiter and

the point at which the output iL measured, the quantity Aq(W)in expression

(TI) mut be replaced by uniity before H(19) is inserted in (73).

For CV)- WiJ , the transfer function H14w) , as givea in (77), does not

give the correct walue of interference ovtput power. If eailittion (78)

holds, output interference power can be approximated by considering each of the

c•pmoentsa of interfering power to be independently limited. The total inter-

ference output ower is then
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e ~,1Z (W)c4u) 7 ' T ;L

The first £rtegra1. 1n (7)San be evaIUIsOt %s: e met~hod -,f resid±ueja.

(I ++--i-t ( , P•/t-4

TUAJp) &seqýC.t I-HýJa~ng tae rea.1 &X-19 f tae W~ ;;!i.er anan :Ians -,,es

in the upper half plaiLe at

Pis vell a poles £r the lower half plane at

Applyinz the retdus tbheorem,

In the above expression,(QW) can be any function vhich Is ailytic in the

entire upper hlsf plane, whose real part appruiiAtes C(O ) on the real axis,

and vhl,:b remains finite as tCDI -00. The residues of T(A) at W(:Ah can

be evaluated approxlmtely as

^ & SA. .jTz(,-,-• :a. )[ + +,- , / , sx)A,

providing conlition (78) is satisfied.
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LquatIoL (73) my now be written in fir*Ia forr as

7 -a -t

where is the tota.1 evalatie siga- ;ver at t:.e- li-Iter ÷

wiLl oe :a ised fXr t:e z,_e. • a &-.:•. jrr:eren',r t: e:t

shown in Figure 17 . For this zase,

+ 2. N ( -2 7

where N is th,! n•iber of components of Ir erfe•ence power and I s tLre

total. interference power. In computing P/509N in eq-uatijn (6,:)

saould be replAced by A tn numaber of in-bar4 components. The pc,,-

:juIial Q is simply

vbere 2TT1S is the sigal bawidth in ;wtians per second. From equation

(81)

It viuli be asImed that flJ 3J•'I0 "nd t,,t
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,hLs iAt.-e con4itiz'n states trot Ue selgrl power avaIlable in one line-

width Is 10 db be.ov the saturation level. Figure 1; shows the dependence

at . ".1, i" up~a lnput i!aterterenceisi~gua ratiG. ia ", s , is;. pLite,! rcr the

,as.e where no limiter is joed. For ttls c'Ase,

Pro A

?-0  P5

10.



APPEUDIX V! TAMIIJYN RiSPOI3

The object of the following anmalyos i.s tc cbtai;i t t.-tme response ýf

the -Petization of a system of aping, Irred in ar. iahmogenaeousu

d.c. msnetic field, t., transient# .n ath rf ms.;nett f.ell applied to

the spins. The aoat suitable approach to tne pr:riem Is tc :cnsider

that the spin system over a small vole fcl-lows tne pneneraii:a•

equations of Bloch. The nonmiformlty In trw I.c. field wt.ý be

lzcluded after an expression for tne freoae-cy respvnse of ne dpin its

been attained.

First, ass that ach spin viteed from a reference frame the At

fSovlk the following set of (Bloch's) ass•.mptions

dt ,7
dM Al (81.)

it7-

vim,.Z ..aetisatiou vector

af 0 * eoponent of maetiztion

T - tavese relaxation tim

7- z lamltedinal relaxation time

to



IM 0 spontaneou manetization

m&* p~ti,: field

Using a primed set of qacintites for tWoe seen frzu a from rotating

around i at &j (*aO') we have the foliowing transfo tion between

the fixed and rutatIng frams of reference.

-y , -

where them anetization taneformtiono are

If w consider tk mooe of both a d.c. field i ' and a time
.4

varying field in the fixed fism, N.. X the SpXAs a" an effective

fielA 'yew of the ram

/, * (87)

bt~tauti all Gavom to of in"o P hea~ve

71 (88)

11-



u-n6 ) in (M' and e szderirk .naz.• ccnonent 'w .have in ttei<y

"-• 4,•t, 0 /

(89)

II

where 4V: Lo-4a4 and h• v Th solutioi's to (89) give th, 5_•I,"

.. t-= rm6re-t•zation c-_jionnts and any transient solution ::ust . •ac,

these va2lues as time incr'eases.

The steady-state car.7onents3 of "anetization are

ms~ ~ ~ 4 7 ; -. ) , (-,] mt9)')

(92)7,÷ 7., n

Bloch's equatiamn acme questimmable in lyw Ior high A, 4* fields.

In there cases one can use1 Bloch's equations, but should use T T.

Consider an rf nagnetic field of the form

vhere ., s to a unit step s=ch that

L 0

1. Cbyt• !in p. 53 or Chapter 12 Abreman
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This transient in t could alternately be expressed as

W, C.e ,-e C &.,. (t ) = •,•t)

For tls aspecia2 case of a unit step Input la in we are atble to

use the us'-IUy impossible approach of solving tz.e •nom geneous 'iffer-

ential equatio.as of BIcch .ty using Laplace TransfT)rm. For aimp"ic'ty,

let the fo.loving identifications wild:

Tbh res•c that the system of eatiomse is solvable by a lAplace -ran-

form appr••hs for the plrticula cse of umit stoep ;,v H04 Is lnt,-resting

to mote. With the above notational identificatios, Lquatioc (F)% becoeu
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- - '~ N~.(97)

ItI that -frepresents ttie -IspLaf-ere-1t -,. tn.. 6% z ffq-ner-ý

netizatior. from the Initia]. mm,±~t&r - 1 :f ctý ?ft -

(Y)beccces

Aix It~V-~~Ff
r7-

Taking the Lisplace transform we have

S (i4 =L

94



r Ln mawt r1A ).ta" . -r.

/
40

C)(~ -S /

7he - lutInwill oe the response )f the spin syster "no spreaid In :;net1.

'ielf , L4 a unit s tep of r. V,• : 8 t.- 'L" ! *. -' , . '* "-V' -tI- ,%-,;

of J ire the .1Aenvalueq )f the 3teady-state matrix (that is, to the

co-responding matrix in the .,teady-state solutio•). These vaues f S

ire the characteristic frequencies of the system. The slmilar eigenval,.e

problem results by solving (1 where the form in the rotating syster is

f a B A + C (as watrices). The solution is of the form eS if I

is diag•onl in the system chosen. If B is in a diagova~l representatior.,

the diagonal elements ar* the ei~emalues and thie relation to 1SIN)is

apparent.

The complete transform solution to (X1W0i then

MX 1a) I (101)

(S *
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V -(103)

SL

- f-(S (104)

- S -t- a. ) -- q , ,)(105)

wihere a 3 is not necessarily real.

The =.gmetlzation copponfnts will have the followinr partial fraction

expansi on s A, 8,(+. ÷C, _ ,

•+*, ~(.5 *,.3 * ,

""n Te inverse trsnsform for a homogeneous dc field have components of the

form

,wherm the first three term are the transient response and the last term

is the steady state response all seen in the rot'atig frame.

For simplicity let us assime r 7-L

Thus -•

A(108)

AL~ cti &.,,,e

a'1](19



To ,ccount for the aqpread in dc magnetic field acrozs the spin syste. we

must sum the contribations of all spim to the frequency responae. Con:i ler

a configuration such that we have a uniform ragnetic field gradient and a

"uaiform nuber of spins per unit voltime such that the spontaneors -i.kn.eti-

zation is 1f. As a result of the aon-uniform -agneti-c field we thier. aave

a pread In the poles ind.cated by 13), #6) axh *e).

Considering only the ccmponent of maqnetization, the steady ztate and

trmnsient responses can be separated by a partial fraction expansion as

in Ciii).

5- I f C4 L - .4i (to <W*

The 1i/ term represents the steady-state magnetization as seen in the

rotating coordinate system. The poles of the remining transient terms

are at S a - 3# , and the position depends upo: the dc

r tic field. If ye assume that the nwetic field has a constcnt gradie!.t

and that the spin density in each inter-al of m=netic field is constant,

we have a set of poles along the lines indicated below.

•0• s- pione

710M 34 PMM MS - M

S-pan



t:-.e t ;prea r. --iagrwt ~.i llý er t:.e --pi,. ýy5te.: , w

... t,, rite i. t. ]jrxq~ f pýe -wn- 3~4;

0.11

IL

vhere b. "

)6 4 Dr

,J,.~) (s %' -J6 ATiij 1
but at aL*W

stm±1&rly at *a&



flu:

I",g ci L /..4ra

":'irst te-m Itn (113) tias ar. tnvi-rte trans•*r• w:.i:-!i z esponds to a '..It

t-:? ir. agnetizatinr. at t a. o w•'•i I tnus just steadfy state

f tea,,, ;tate til = I-A.va 0 b

4. )

-),--f ne

= f"6 o -b <

I

Then w caa w'rts the transient portion of (3Jh) as

I7jO ') H.w(=6-AOk0D) *b.i (116)

but jai%# I wh o Is the parameter for the frequency epectrm of the

rSUtiaS reSpoOD.; thus O•1•e) N•.

- " 16AJ 66



But C117) 1-, aztAlly thez ~ t.i tz-A-..sr :.f.i.

-m -)n shni (1

The inverse tra f~orm of the tran-niert pr', )r. tec ,e

714)0c

The tmasieInt solution is Mie produict of the Inver.se trus&Afurvis f

and )W(A)a* abow In (123).

Fro m 6)

aJ(124)
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rhus takivA; the Iryversc: F,-Lrier tlv~f-~r- we ~

I- (4025)0

7his illustrates t~ht t±te tra~r liert -amtzt j: re.p xs t:.e 3pir.

syster: tý, a step in r,, enfer&y h~as ar. ex r)nert!L.i~ ecay a-, The Irverse

transfirm )f (1.19) 1.3

-2L

Thus using the definition of GrIS) we have

P(**

The only assumption~ up to equation CM7) was that * was W. <'.' (ad

Asucme that h4 » 4, then (a)becomes

No ~~ Mz i f IDbDI

Ib 4. '0 Lo -A-

.Ib.
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4' ] ) . eJ L

btt

ae 4.p AD

;7:(a -t

- _ -at

fy

102



Us Ir4-,

or

a r-

a- AA.

but

i I

thus

Similarly 
f

A -

4'ide,

imp



if•' we • s •,_ -rc 1LI1 j .the fis tec 17- j -d

without znar'g1rz.ý te wi~,*e get % U

wlotc tv- then have LP wi• rt~h •itn Loani,,tn•t

e() ;V J

ee

Tk

j16 ~* (/.f.~J-'A~ 1 30)

satFuratio of t he sjln sy.stem.

_4 ,%

+l~, () -

a"S "04I WW



a64

'r r../ =e-'•o

r -------- I---- '

JLLJ

i-rr e he -

- - --- 0 ,4vr4t)+ t-•*

'r -/o ______

ft.

I

In a similar mamr ve ca fla ind (t .Frro- * tlon Oam) ve get

roJ()=-=lT _ (12

2 L 4c

tr (133.)

+ -L 5+ +j D ~4 5 JD
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After a,:c,-xtur. f-r tae z;prea.2ý ir- rzield w-m hiave

U~+a 2 j(+T--j~j 2j (s++

--

440 - p

De ffining
p0< Dt,

celsewvhere
we can write

-0IL

spin Identifying

P+(DD

and M o'

Equationa I* wsin the convolution of ~)and (lt.Fc11owinC (123)

21

#SIý -L , s~

106



Using the saw approximttonas " sefore we nan neglect F(t; as cu ared

to the M (t) IV (129).

Consequently, the transverse and longitudinal manietization compondnts

in the rotating coordinate system can be approximated

'A., AA, r4. $ '

for the response to a unit st&p in CW.

d other than a uniform spin distribution per unit LAmor frequency inter-

val been assumed, the 610) indicated in (116) and6 (~a) In (135), vnicrh

are proportiocal. to the distribution functions, vould be modified. If

the distri-ution wre symtrical and if the ame 4 a %" seen by each

spin, the resultan~t Ti, vol sti.1l be negligible conXred toP



APPRNM1 \ II '-CHARALTERDTICS OF APF, )IBN(, SAMPLE

The behavior of a masl.rn of proiarn Immersed in a d.c. magnetic field ham
been studied extensively (Reterences !. ' ý anti 5). It can he shown that the
stetady°-state magnetic suaceF abilltv, X total . of such a is•eim has re-al And
:.iaginary ports gli en b%

T 2"° y 11 60 (• - oil
2~ 2

TkT f T (w-&) - 1410, H1 TITr

X (,W) 2 2 2 1
X.~)

X()2 2 2

£"T T (W -0) 1 /4 Y H T!T 2L

where Xtotai X -X,*

W 2of, I applied frequency

40 2Woe fo resonant frequency of proton system

No number of protons/cc

Y g yromaigetic ratio (2. 675 x 104 rd/sec/gauss for protons)

T I spin-lattice relaxation time in seconds

T 2  transverse relaxation time in seconds

H I rf magnetic field strength

k lBoltzmann's constant

T absolute temperature in 'K

Equations 139 and 140 are written in ceatimeter--gram-second units. These units
will be ued throughout except that the results of some numerical calculations will
be presented in meter-kilogram-second units for ease of interpretation.

The above equations are aK!picable to systems of weakly interacting magnetic
dipole* immersed in uniform d.c. maw tic fields. The dependence of X' and X"
on Wld freuey is shown in Figure 35 for week rf magnetic fields.
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X''

FGLURE 35. SUSCEPTIBILITY OF SYSTD4 OF PROTONS IN UNIPOP14
MAGNETIC FIELD VS FREQUENCY
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X- has the Lorentzlan line shape common to many resonant systems and iW a

measure of power dissipated In the spin system. X' is a measure of the energy

storage capability of the spin system (I.e.. it is tht losslees part of Xtotal).

The half maximum width of XV is2/T 2 rad/sec where T 2 Is referred to as the

tram-4verse relalat•ion time. T 2 is dependent on. the amount of interaction bx-

twe•n ntighbhring dipoles of the system; in viscous liquids this Interaction li

large and may cause T9 to b- as short as i0-3 second; In nonviscous liquids,

T may be as long as 100 seconds.
2

Maximum absorption occurs when a time-varying magnetic field, I. is applied

perpendicular to the d.c. magnetic field: this orientation has been .assumed in

the derivation of Equations 139 rnd 140. The saturation effect will

occur as the quantity 1/4)Y2 HI TIT2 becomes appreciable com-

pared to unity. An important parameter in determining saturation level in TI.

the spin-sattice relaxation time. T 1 can be thought of as the time required for

the spin system to come intcý thermal equilibrium with the "lattice" of moht'ules

mrrking up the absolijing suimtanee. In nonriscous liquids, T 1 will he approx'-

mately equal to T2. while in viscous liquids T 1 may he much longer th.nn T2

When H, 2 exceeds the saturation level, two effe'-ts are noted: First. the magni-

tudes of X' and X" decrease owing to the decreased effectiveness of the resonance.

absorption; second, a broadening of the resonance line occurs. This latter

phenomena is termed "aat--t-ation broadening." Equations 139 and 140 show that

the broadened linewidth is

T i TT 2 ,2 rad/sec

Equations 139 and 140 are valid only forthe casre of a completely homogeneous

d.c. magnetic field. That is, it Is assumed that every proton has the same reson-

ant frequency. The frequency selective limiter t,.o an Inhomogeneous magnetic

field, however, so that new formulas for the magnetic susceptibility must Ix.

found. Following the method of Bloemhergen (Reference 5) and Portia (Refer-

ence 9), the total suscepilbility in an inimmngeneoum field may lx, found by sum-
ming the contributions of proons having a distribution of resonant frequencie's.

If g0o) dFo is the number of spins per unit volume with resonant frequency be-
tween fo and fo ý dfo, then tl, c real and imaginary parts of susceptibility will

be given by

OT2 , 2 o0 Y 2 h2 2 f g(f0 ) (f 0 -f)ldf 0X'(4in) =4-T .(1r2)2 2-o f)-• /4 2 HI T2 (141)

14 (2wT 2) (t-f) 20 1/4 2 H, T T
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X" TNy 2 h2g( (142)
2I (T2)2T 1f)2I/4yH2TT2 o

The, above integrations are equivalent to an averaging of the susceptibility over
thý. samnple volume. The result must be Interpreted not an the actual vrlue or

susceptibility at every p-,lnt within th sample, but rather as an effective or
average susceTAlbilitY.

Integrals 141 and 142 can bt evaluated exactly if g(fo) is assumed to Ix. a simplh.
rectangular function surh thlt

g(f0 ) fI II > f >
N NO (143)

g ___0 a <f < f
21B 1 0 2

where g (fo) is normalized so that

0) dfo0- N 0 (:44)

In all that follows, it will be assumed that f 2 >f •. The quantity B f2 -fI will
be referred to as the bandwkith of the limiter, to be distlr[guished from the
quantity 2/T2, the nuclear resonavc'e' linewidth (in radians/sec).

For rectangular g (f.), Equations 141 and 142 become:.

22kTB f Y-2 HrTIT2+ (2T 2(flf2
0N h 4 11 f 1

- In 1T)(145)I6kTB [H 2 2JIF T T & (26T)

4 1a 1 2 t,2) ((1t (2)-]
222

Vk" r "1 2 (146)

I' +"T T 4
1 1

I+nT



Figure 36 shows the shape and relative magnitude of X' and X" for the case

T, - T •---. (i.e.. for a case where the linewldth Is one hundredt. of the2 ZW8
bandwidth). X' and X'" have the same order of magnitude,, but X' cuts off muct-
more slowly outside the bsndpass region. X' and X" have widely different satur-

aticen levels. As can be seen from Equation 146. X'" will begin to saturate when

y2 H2T T2 (147)
- - 1 1 2

Equation A-7 shows that X' saturates when

y2 H 2T T2 (2*T 2)n2 (148
-KT '-'1 (148)

Using the value 2T 2 B = 102 an a typical case, the rf magnetic field required it)

saturate X' is IOW times greater than that needed to saturate X". A more dcet:ailed

study would also show that the saturation of X' corresponds to saturation of the
entire sample rather than saturation of a small localized volume. This effe•4t
can be explained schematically as in Figure A-3, which shows the superimposed
contributions to X". Figure A-4 shows in a similar fashion how X" is produced.
Because of the long "te-!s" in Figure 37, significant contributions from protons
will be made to X ' at any frequency over the entire sample volume; consequently,

it is neceasary to saturate the -ntire sample in order to saturate X'. X", on the
other hand, saturates selectively. Owing to the sharp cutoff of individual particle
absorptions, significant contributions wil be made to X" only by protons having
resonant frequencies close to the applied frequency. Thus, it is only necessary
to saturate a small fraction of the total sample volume to saturate X". This

frequency selective action is essential to the '~eration of the limiter.
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FiOuR! 36. SU5CE"XBILITT VS FRNUUCY FOM IIUNOG!NOMM ROADENInG
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INDIVIDUAL
CONTRIBUTIONS

FIGURE 37. COXTRIBUTIORS OF INDIVIDUAL PROTONS Tr X'

I} INDIVIDUAL

CONTRIBUTIONS

FIGURE 38. COIWRIBITIONS OF INDIVTIDUAL PROTONS TO X"
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APPENDIX VIII- COUPUNG TO SAMPLE

Magnetic cowpling f - he sheorbing sample is accomplished using an fr coil. an
shownit a Fpure 59. This coil is the source of the ri magnetic field. HI. and
so to oriented with its axis perpendicular to thw d c. magnetic field. Ho, to
obtain maximum absorption To further enhance tbscrption. the coil is meritas-
tuned by means of capacitor. C. The preoew'e al the abmorbiitn sample within
thin coil will change its imductance from some value. Lo. to a new value given
by

,. Loll .4v f(XX", 149ý

The guaIty, in sqkiare brackets in the effective rerative permeability of the
absorbing sample. The dimissionless parameter ( is included to account for
omperpeadicular aignment of HI. and incomplete 'illing of the coil with absorb-

Un material. 1 6s referred to as thefill factor sat will range from a value of
unity for a completely filled coil with Hl.JL Ho to a value of zero for an emity
coil.

Cmopling eflectiMveme can be deduced by finding the changt. Z., in coil imped-
ace to be expected -he the bsoitrbqi sample in iMroduced. With no magnetic
ronace absorptioa. the total impeduace will! be-

Zo Lo. + Ito + I•

where Ro is the series resistace of the coil due to copper losses. The fr c -

t911a, impedance c•ange is

Z jeLo II#4w j(X -jX",-,aLo

I

T•. resen for teing tMe absorbfng coil is now evident. If C is chosen so
Sti # - 1//E .. the dmmindor will afain its smalleet magnftaude and Za/Zo
will be muimized.

For " how Coss, Zo a Ro Owl

-X M 4, Lo X'jui 4WJQ oX 4 w) (150)
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R.1 4sep Lo.Ib)E") 4fQX. 11

where Z& %g # jig. The real part of Za iB proportiofiP! to X- sod is selectively
saturable, asst X*' The imaginary part of Ze. like X'. is not selectively
saturable.

To couple effectively to the aboorbing samiple. the parameter aw L0 /R0 should be
iarge. This quantity is the unfilled Q of Lo3 and will hereafter be denoted Q0.
The magnitude of Ra/R 0 will now be calculated using the fnllnwing tvpical valuen
in Equatton 151

(-1/2

f-30 Me

a 3 kccenteredat 30Me

T 293K

V2H1 TjT7 < 1 (belw saturation)

No 6.-5 (1022) protons/cc (for a typical hydrocarbon I oquid)

9.5(10)

This small fractional Impeanace change shows that coupling to the spin system
is rather week. This weak coupling Is a central problem in limiter development
since. san will be shows in the next section. weak coupling leads to high insertion
lose. Without changing material. the most effective way to improve this coupling
appears to be by cooling &Me absorbing sample. As can be seen from Equations
145 sand 146, a resctiWe in temperature. T. by a certain factor will cause an
increase in both X' and V" by the same factor; henae. an increase in Za/R.
Cooling to liquid nitrogea temperature, for exmaiple, would increase Z5/R0 by
a factor .13. N. lbs major difficulty in ope rating at these temperatures lItes
in finding -n absorbing substance with sufficiently long T2. Since long trans-
verse relaxation times are Siond only in lipuids, the absorbing material must
hnve as extremely low freezing point. Propane offers promise as an absorber
at low teusperaures with a freezing point of 860K. This freezing point might
be lowered atill kither by the addition of a dissimilar organic substance.

A significant, improvem is coupling can be realized with a special cooling
method known as e~lectra. pumping or dynamnic polarimation (References 1 and 7).
This method (discussed later) use an absorbing sample exhibiting both proton
and electras apin rosionanie (liqud amumonal with dissolved sodium, for
eINIVls. li~the leo9tUrus pin system Is saturated using a microwave source.
* ishmadt the effectliveitmpertr ci thee pM.. spinsystemmay be

U7



gratly resced. acrssa•g Za/% by a factor to greSa as 480. Such an improve-
me would alltaIaIIly reukce limiter Insertion Ion For this reason. It in
propoed that stuy of the elect ran-pumped limiter be undertaken as part of
the tirlst-yoar program
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APPENDIX IX - ULMITING CHARACTERITCS

The frequency-selective limiter circuit ks basically an rf bridge. one arm of

which contains an absorbing substance. To ensure symmetry. the opposing

bridge arm is constructed identically, even to the point of containing a sub-

stance identical to that of the absorbing arm The only difference it that this

dummy arm is not immersed in @ d. c. magnetic field. A typical limiter circuit

19 shoUP M Figure 40.

In analyzing the limiter circuit, am few restrictions as posslble will be Imposed
oa the exact circuit configuratlon used. In a later section. the analysis will be
restricted to specific circuits, and numerical reialts will be ubtained.

Figure 41 depicts a general bridge circuit with a generator of internal imped-
ance. Rg, connected to the input port. sad with a load resistance. Rt. connecLed

to the output port. Such a two-port circuit will possess a voltage transfer

function. Aia., ZW, that is a rational function of both frequency, w,. and the
imbalance Impedance, Zu. introduced in one arm.

VL (• Zu)

A(Oi. Z Vg (152!

Expanding A(i.. Zu) in a power series in Zu about the point Zu z o yields.

l : 2 iZu =

The first term in this series is identically zero. This follows from the defint
tion of Zu. If the imbalance impedance is zero. the bridge must be balanced.
heace Al. ol - o. If Zu is sufficiently small. A(u, Zu) can be approximated
accurately by the second term in the above series, from which the overall
insertion loss can be calculated as follows:

L Available Generator Power
Power DissLpted in RL

V , 2 /4 R&

9RL
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This is a convenient form for L in that all imbalance effects. whether due to
proton resoaance or simply to imperfect bridge construction. are lumped in the

fTtor Ti The factor is•in function of freqgency only snd

To ob•ain selective limiting action over the entire bandwith, bridge imbalance
sbiuld depend only on Re (i.e., Zu - Re. This condition can bk met only if the
effect oa the ieginary parl of Z ins eomehuw cancelled. The details of how
this etiect can be cancelled will be deferred until later in this Appendix. For
now. it will be assumed that bridge imbalance in due to both R& and XR. so that
mnertion loss is given by

RL

1U---A0

L my be wrtten alternately as -.. ie(14
Ls I X" IX ' " 1

La sad Y" are the imall-sigalai values of L aad X" at mtdband, where X' o.
Settiag f 1/2 (fn I f2) (midnbas.

LN ý4 Jk fA j_ 3q (155)

'fl + f,2fz
2 ~

sad, from 9qatlon 146,

NX0 7;I 2 f (156)

It h basb, s assumed is th derwation . Equ ,on 154 that the quantity

, Zn /

b• vaas *- b3qI 155). Th a• I emIs vl, provde, Ia au-
wid t i of h r~ izu~yI a mu Ip6Me II theiMu i mIte- r badwdt, 5.
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All expierimental circuits constructed it) date have met this requirement. the
latest model having B 10 ke with a bridge bandwidth of 1.50 he.

The field. MI. within the absorbing coil will be proportional to the generator
voltage. V. except for the small nonlinear perturbation In coil limpedance due
to P.no resoftance. To a good approximation. then, the parameter 1/4 y2 HI
T IT2 will be proportional to available generator power. Ps.

1

The constant of proportionality. Peat. will be referred to as the saturat ion
power, since the conditiona P. - Pea is equivalent to the saturation condflion
for X" (see Equation 147).

Using Equations 146. 154, and 157. anod assuming X' to be constant (unsaturated).
EmtliA power can be founid as a funiction of input power-

Peat

Equation 156 is plotted in Figure 42 for various values of the ratio X''X'

Theme curves ahow that best limiting action in obtained when X'/X*" is smoal~l.
Seesaus X Icammiot be saturated at resacuable power levels, it causes a bridge
imbalance, and leak-through remults.

Ina addtiton to causing look-through, uncompensated X' will also produce power-
dependent phase shift. The first-order expa~nsion of the voltage transfer
function is

If can be considered constant over the limited bandwidth, phase

shift will be equal to this angle ol the c,- omlx absorption impedance, Z5.*Za is
proportkinal to X' * iX". therefore, the pheae eaift angle, 0, must be given by

X,

in

4sr
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Using Equations 146 and 157. 9 can be written as a function of Pg.

*~~~~~ 1al~~T ~ 59)

As showm in Figure 43. this phase shift in smallest when X', Xs' in small and

mncreases with •iput power level. The maximum phase shift that can occur in

90 degrees.

The bridge ilmbalane attributable to X' is a result of the difference in saturation

level of X' and X". X' saturates at a significantly higher level because of the

broadness of the cant ributing proton I ine shapes. Saturation of X' at any f re -

quency correoponds to the saturation of X' throughout the entire volume, more-
over, the bridge will net be balanced when selectiv•e saturation of X ins oblained.
The deleterious effect of X' can be minimized by two methods

1) Cancellation of X' after AM detection.

2) Reduction of X through sample shaping

The first technique uses a bridge circuit with a relat:vely large imbalance
resistance in one arm. If this resistance is denoted by Ru. total imbalance
impedance will be

Zu I•4w t RO" * j 4wC QoJoX'

Since bridge output voltage is proportional to Zu, the detected output will be
proportional to JZu, Ifnu>> ,40.w o X". 4,(QoR0 X'. then
IZ9 u 18 R 4w(QoRoX".

Thus, the detected output is independent of X' for large resistive imbalance.

The detected bridge output voltage, proportional to Zu. contains an undesired
component de to Ru. This term can be eliminated by subtracting from the
dstected bridge output a second unlimited, deteted output of magnitude just
sufficient to cancel the leak-through due to Ru. If this is done. the final output
will be preportional to X" and will display frequency selective limiting action.
This technique results in loN of phase information.

The ond technique uses sample shaping techniques to minimize X', and
involve no loan of phase information. By careful control of field inhomogeneity
and sAmple shape, the distribmtion function. g(lo), can be altered, and, in turn.
X' sad X" will be altered. To minimize the effect of X' while maintaining a
relatively stroag absorptim, the ratio X'/X"' should be minimized. The degree
lo which this ratio muat be minimized depends on the limiting range desired.
For omuple, Figure 42 shos tChat a mialmum limiting range of 15 db will be
obtained for X'/X4' < I/A.6. If a -r-db range is desired, X'/X;' muud be less
than 1/32. I the ncam of the uncomipeated limiter, the effect of these

12t
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retrictimom Is to reduce usable bandwidith. Figure 36 shows that the criterion
X'X'( 1/5.6 is satisfied by the uncompensated limiter over only a small

range of firequesaciee war head center. This usable rvigc is approximately
0.-253a. so that 75 Perces ol the tctal bandwidth Is wasted In this came.

A good portion of this wased bandwidth can be regained through sample shaping
techniqves. As as illustrvition of this method, consider the distribution function
shows an Figure 44 (solid line). The unconpensated roctangular distribution
function assumed in the preceding appendixes to also shown toi Figure 44
(doted line) for compiarison. The bjew distribution function has "rabbit ears"
posit toned near the band edges, which give rise to compensating reactances..
X' and X" can be calculated exactly for this distribution using Equstions -41
sand 1.42 It is found that the relation X'/Xs*< 1 /5. 6 is satisfied over a range
of frequencies of 0. 5 9. This represents an increase in usable bandwidth over
the unomestdcase by a factor of 2. The form assumed In Equation .44

was chosen arbitrarily a" by no iensan represents an optimum case. A theore-
tical iaveetigatm iento the optimum form for g(W~ to to be made in part of the
proposed program.

Figure 45 shows one poss~ie menxsn of obtaining time "rabbit ear" distribution
ttn.As shown in this figure, the absorbing llq~aid is contained in a rectan-

gular reeohaamoth r'an be recognized as a foreshortened, capacitively loaded,
transmission line section. An inbomoge..c,. -4 r field 11 applied parallel in
the center conduactor axis. The strengt of this field increases linearAy i !-
dhrection of the long dieiensiona of the resonator, yielding a distribution of pro-
tovas versus field strength that is greatest in the low- and high-tatrengtb regions
and somewhat reduced in the intermediat.-stren~gth region. Recalling the linear
rehAMuPehip betwesa field strenth and Larmour frequency, this gives a
dietrstionIiiacftion of the form shown in Figure 44, which is greatest in the
low- said high -f requenicy regions
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S(f) Number of Resoat Particles per
Unit Frequency Interval per Unit Volume

g (f) Pcrtially Compensated
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APPDDX X - SAURATXi N LEVEL

8Sauimtls d the lUMer begins as avamlablae tV power. PG. appwrase tie
e peor. Pua*. h dietlnd. Ps Is a ooinsatt ol propoinality
between Pa med 1/4 7XH1 T1 T2 . HI 2 is directly relatied to tie powor dielpsted
in the spin system by the elbreaica

Powr DW@e Uod in Spin System . Pa " w Xi l 2V.

where V is the vobme ol te absorber cod. Pa. in turni. relatedotho

power disekpled Ia It by the relc 26/N6:

Pa'" 5 P(dleewpad (16o)

For R& 4 k., the poer diegipoled Is Ito i (we FIgure D-1):

2 Vi 2 2 k aRPldissoated I n,; "ný - nto -. no R,, Pla (N +FW

Calaft thi. remeit with 5qUos 160.. the dedired cctelo between Po and
HI ist ablated:

&AAWelaeg for R. from 3I.peeto 151 gives

Finlly, using IEgqmat 157:

2 V (IV' + MW2
'"- is, oy.-v!*z

When I. t a4usei to g•vs maimm b Wm lose (IV 1/2 Ito), Peat in
gives b6
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EMqatio '62 is valid only for the case of high insertion loss. For f 3KJ Mc.
V a 5 cc. Q, - 300. and T! T2  I second, as in common in marv hydrocarbon

Pat a 0.04 erg/ sec. or -54 dbm

This is a much lower saturation level than is obtainable 1i, ferrite limiteri
Low saturatwe levels such as this are essentalr . however. if the Iimiter 18 to
serve its function of reducing large interfering signals to the level of wep.'er
desired sipgals. Piat can be controlled over a wide range through suitable
choice of T1 and T 2 . An upper limit to set on Psat by the degree of selectivitt
desired wad the allowable absorber volume. Taking IOU cpa as the largest useful
selectivity, sad 50 cc as the largest practical absorbing volume maximum Pat
will be on the order of -4 dbm at 30 Mc with Qo 300,

Lowest values of Pt will be achieved using nonvascous liquids buch as benzene
Benzene hMa T1  T2 - 20 seconds and will have a saturation power on the order
of -N0 dtm. One difficulty in attaining such lon saturation levels as this will
be the presence of convection currents and molecular diffusion in the absorbing
sample. These matter-transport mechanisms make it difficult to obtain local
saturation of the sample because of the continuous replacement of saturated
spins with unsaturated ones. The net effect of either diffusion or convection
would be to increase Pat and. at the same time. to reduce selectivity becautc
the fraction of saturated sample volume is increased. For a completely
statlosary absorber, the fraction of volume saturated for input powers on th(
order of Pet will be approximately 1/g T 2 9. Matter transport will become
Importaft when tbe rate of spin replaeement approaches the thermal relaxation
rate. 1t 1 1. qmuivalintly. it may be sid that Pat will be significantly
isemeod if a appreiable number of molecules leave the fractional volume
V/! T 2 1 within a time interval of T 1 seconds. For benzen., with B 3 kc.
this fractioal volume is am the order of V/180.000, and T1 is approximately
20 secdon, so that ordinary coavectio currents are important. To combat
conveetion and dlffsion effeets, the lIquid absorber can be trapped in a porous

nonparamagnetlc subatane, thof inhibits long-range fluid motion. This measure
Am usay necessary, however, when leon relaxation times are useu.

1I
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APPENDIX X! -SELECTIVITY AND INTERMODULATION

If a strt sigpnal bov threshold Is applied to eitber a diode or parametric

limiter, the response of the limiter to other signals It disabled over the entire

posese~d. The respomne of a frequency selective limiter, on the other haow, Is
disabled only for frequencies in the immediate vicinity of the strong signal. The
minimum frequency separation tbat ci exist between a smail end large sipnl
withowt Interaction of the two in referred to In this proposed as the limiter

selectivity.

Intarmodulaton will occur whenever the proton. that rme-nsate at the frequency

of one signal are saturated by an adjacent large signal. If f is the frequency of
the large signal, protons with resonant frequencies within 1/2 linewidth of f will
eKacrience appreciable saturatjn. From Equation 140 it can be seen that the

half linewidth is 11. 20T 2 V4 -•YZHIFTIT 2 cps; this quantity, then, is the limiter
selectivity. Using Equation C-6, the selectivity beI-omes-

1 electivlty Ps

q2 VeMa

At asturtion, selectfvity will beo ths order of 1/2 rT 2 , sad will increase slowly

s P increasee, becoming Proportilnn to T for P» >> P,.

The mhot importst parameter in determimimig selectivity is T 2 . the transverse
relaxation time. For T a I secold, selectivities as the order of a fPw cycles
may be expected. This oxtremey small fi~gre becomes quite noteworthy when
compared with the esectivity of the ferrite limiter, which is oan ie order of
megacycle$.

A quantitative analysis of Intormouhlation is to be undertaken as part of the 7-
month program. It is proposed to stdy the interaction (in the limiter) of two
signals " a function of frequency separation ana swipal strength. The analysis

should reveal the degree of signal mappression due to an adjacent saturating sig-

nal and should also disclose the frequency and amplitude of intermodulation
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APPEND• XII-NOIX FIGURE OF THE UMITER

Since the frequency selective limitar is essentially a passive element, the avail -
able output mois is essentially kTB. where T corresponds to the limrter tem-
perature when no noise is supplied to Eke input terminals. The noise figure in then

F available noise outVAlt (with kTB at input)
kTB (gain of limiter)

kTB I
kTBG I 1 I

In cascade with a second stage, the overall noise figure becomes

F 2 -1
F =F.- L+ LF -L - L F

12 1 a s2-s Loa2

IF 12ý ILs)d+ (F2)d

Toe overall moise figure of two SUss (F1 2 ) is the sum in decibels of the insertion
leee oithe liratter as first stage and the noise figure (F 2) of the second stage.
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