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ABSTRACT 

A procedure for  designing four different NMR probe circuits i s  

described. Equations a r e  derived which allow accurate estimates for 

tuning components. Graphs of theoretical frequency responses a r e  

presented. An accurate method for measuring effective quality factors, 
. . 

QefP i s  described. Four probe circuits a r e  constructed and evaluated 

with respect  to power efficiency, ringdown time and signal/noise. 

Finally, A FORTRAN computer program which will implement the 

design procedures described in this report i s  presented. 



I. Introduction 

A knowledge of the circui ts  used to design NMR probes is not only 

useful but a l so  ve ry  advantageous to the experimentalist .  This repor t  

presents  a general  approach to understanding and predicting the behavior 

of four standard R F  matching circuitas which can be used  t o  design NMR 

probes.  F o r  each of these circui ts  mathematical  equations a r e  derived 
" 

which allow tuning elements (capaci tors  and/or  cable lengths) to  be 

calculated, and frequency responses to  be predicted. 

Equations a r e  derived which allow the effective Q of t h e  NMR probe 

to be est imated f rom a specific component value, measured ' a f t e r  the 

probe i s  assembled and tuned. Design graphs which allow fas t  est imates  

of component values a r e  a lso  presented. 

An experimental comparison of the four c i rcui t s  under ve ry  s imi lar  

conditions is, described. The evaluations of the  performance of each 

circui t  a r e  made by 'comparing power efficiencies ( a s  measured  by pulse 

widths requir.ed to rotate a magnetic, moment by 90..0°), ringdown t imes  

( a s  measured  by the t ime required for rece iver  noise to  predominate 

..following a strong R F  pulse) and s ignal lnoise ratios.  

Included in this  repor t  is a FORTRAN computer program which was 

used to' make the numerical  calculations and draw the frequency response 

and desi,gn graphs. 

This repor t  will not discuss the c r i t e r i a  fo r  choosing a given coil, 

probe box layout, components and the like. These  have been well  discussed 

in the l i terature.  



11. Theory and Equations of the Four NMR Probe Circuits 
3J 

Useful solutions of the standard circuit equations of four RF  matching 

circuits  will be derived. The circuits a r e  named: tapped parallel 

tuned circuit, tapped se r i e s  tuned circuit ('Tapped" refers  to the fact that 

the impedances of simple parallel and se r ies  resonant circuits a r e  tapped 

a t  an impedance, ZIN = Zo a t  phase angle, @IN = 0.0". ) ,  hybrid tuned 

circuit  ("Hybrid" re fe rs  to the fact that a tuning element with a transcen- 

dental frequency response, namely a cable, i s  used. ) and finally the shorted 

,i " 

stub tuned circuit (A istub i s  a small length of cable used a s  a tuning element). 

All circuits  allow a, load which i s  composed of an inductor L, 'with induc- 

tive reactance, XL, and a se r ies  resistor ,  R~~ to  be matched to the 

characterist ic  impedance of the cable (tran.smission line) feeding the probe. 

This condition can be expressed as:  ZIN = Zo and @IN = 0. 0" at a resonant 

frequency, fo. The complex number, ( Z ~ N ,  < ) i s  the input impedance 
1 

looking into the probe and Zo i s  the characteristic impedance (or  res i s -  

tance) of the cable feeding the probe. Both of these numbers a r e  assumed 

r ea l  and therefore represent  resistances. 

All reactive elements (inductors and capacitors) and all cables a r e  

considered ideal and lossless.  All ohmic losses a r e  considcrcd lumped 

into an equivalent resistance, RL, in se r ies  with the NMR coil. The effec- 

tive value of RT, can be calculated after the probe is  constructed and tuned 
. . 

a s  will be shown below. 

In a l l  derivations the following definitions apply: 



XL = ZL (sin @L)  = 2n f o  L 

= tan @ 

XC1 and XC2 a r e  the capacitive reactances of capaci tors  CC1 and 

CC2 at  frequency, fo.  X i s  the inductive reactance of t h e e n t i r e  load L 

which consis ts  of inductor, L, and s e r i e s  r e s i s to r ,  RL. R is the 
L 

. res is tance  of the ent i re  load. Q i s  the  quality factor  of the load. Q is a 

1 'measure  of a c i rcui t s  ability to  s to re  energy. Both ZIN and YIN = /Zm,  

ei ther  repres,ent complex quantities or ,  when a phase angle i s  present,  

just the magnitude of the  complex number.  'In the laboratory, quantities 

such as ZIN and Zo would'be read  on a vector impedance meter .  The 

'equations used, to calculate component values and theoret ical  o r  "ideal" 
. . 

frequency response a r e  derived using the s tandard theory of l inear  circui t  

1 
analysis.  

ISA. The T a ~ ~ e d  Para l le l -  Tuned Circuit  

The circui t  d iagram i s  shown in Figure 1. Capacitors CC1 and CC2 



TAPPED PARALLEL TUNED CIRCUIT 

Fig. 1. Circuit diagram of the tapped parallel tuned circuit. A load, inductive reactance . . 

XL and resistance RL , i s  tuned to  input impedance (ZIN, @IN) a t  frequency fo 
by capaciti-~e reactanceXcr  and Xc.2. . . 



a r e  used to tune a load, XL and RL, t o a n  input impedance ZIN = Zo, 

GIN = 0.0' a t  frequency fo.  . 

Using standard l inear  circui t  analysis, the input impedance, Z ~ ~ '  

can be shown to- be: 

The conditions : 

Real (ZIN) = Zo 

Imaginary (ZIN) = 0.0 

will resul t  in ZIN = Zo, G I N  = 0. 0' a t  fo. With these conditions it can 

be shown that 

usual iy  the condition 

Q >> Z~ i s  a valid approximation for most  NMR probe 
2 

Xc 1 

circui ts .  The solutions then reduce to: 



Furthermore ,  usually both 

2 
A a n d A Q > >  1 

thon: 

IIB. The Tapped Series - Tuned Circuit 

The circuit  diagram is shown in Figure 2. Capacitors CC1 and CC2 

a r e  used to tune a load, XL and RL, to an input impedance Z. IN = Zo,  

m I N  = 0.0' at frequency fo. 

Using standard linear circuit  analycio, thc input admittance, YfN, 

can be shown to be; 

The conditions: 

Real (YIN) = 1/z0  

Imaginary (YIN) = 0.0 

will resul t  in ZIN = 1/ YIN = Zo, = 0.0" at  f,. With these conditions 

i t  can be shown that 





Usually the condition: 

X 
Q >> L/ Zo i s  a valid approximation for most NMR probe 

circuits .  

The solutions then reduce to: 

and 

IIC. The Hybrid Tuned Circuit , . . , 

The circuit diagram i s  shown in F igure  3. Capacitor, CC1, and trans-  

mission line, Dl, a r e  used to tune a load, X L  and RL, to an input impedance 

ZIN = Z,., oIN = O.OOat frequency fo. 

The impedance, ZD, measured a t  the open end of a transmission line 

,a 
of length D terminated in a load, X and RL, can be shown to be: L 

- Z, [ ( R L  + j  XL) + Z0 tanh. yD  J 
z13 - - . . - . 

[ zo + (RL + j XL) tanh YD] 
i- 

y = a+j  8, p = 2n/X cable 
-*? <. 

Zo (ohms) i s  the characterist ic  impedance of the transmission line, . . 

cr(nepers /mete r )  i s  the attenuation factor and B (radians /meter)  i s  the 

phase factor.  The length of the transmission line D' equals: 
i" 



Fig. 3.  Circuit  diagram of the hybrid tuned circuit .  A load, inductive reactance XL and 
resis tance RL,  i s  tuned to input impedance  (ZIN,  @IN) at frequency fo  by t ransmiss ion  
line D l  and capacitive reactance X C ~ .  



where VF i s  the velocity factor of the cable, c is the speed of light, 

and D i s  the length of the cable in wavelengths at  frequency, fo. 

The attenuation factor, a, i s  frequency dependent. For  smal l  lengthe , 

of foamed polyethylene dielectric cable a t  frequencies below LOO MHz, 

the assumptions that a= 0.0 and the characterist ic  impedance, Zo, is 

purely resist ive (i. e., a rea l  number) a r e  good approximations. Further - 

more  i f  D i s  expressed in wavelengths of cable at  f, then equation 14 

reduces to 

Zo (RL t j XL) + j Zo tan 2 a DX 
ZD = (16) 

Zo + j (RL + j XL ) tan 2 IT DX 

Assuming loss less  cable, a= 0, and a purely resistive characteristic 

impedance, Z,, treating ZD as  a circuit impedance, and using standard 

l inear  circuit analysis, the input impedance, ZIN, of the hybrid tuned 

circuit  can be shown to be: 

- 
zo[RL + j ( z ,  tan (2 n Dl) + x ~ ) ]  

Z I N = - j  X C ~  + 
(Zo - XL tan 2n Dl)  + j (RL tan 2 ~ r  Dl ) 

The conditions: 

Real ( Z  ) = Z*o 
IN 

.->I 

Imaginary (ZIN) = 0.0 

will result  in ZIN = Z, , @IN = 0.0" a t  fo. Note, here the input impedance 

i s  tuned to the characterist ic  impedance of the cable. With these conditions 

i t  can be shown that: _ _  . _ _ . . -  -.-.- 
2 

tan-'  ( ZoX, - J z , R L  (RL + xL2 + zo2 - 2 z  
Dl =- 

2n 
2 2 

XL + RL - Z, RL 



2 2 2 2 
2n foZo  [ x L Z o  t ( Z o  - X L - R ~ ) t a n 2 n D ~ -  XLZotan 2 r ~ i ]  

(Zo  - XL tan ZIT ~ 1 ) '  t (RL tan  2 r  Dl )  
2 

Dl will be calculated in wavelengths of cable a t  fo. This value can b e  

converted to a length of cable with equation 15. Since the  attenuation 

factor,  a, will always be g rea te r  than zero,  the length, Dl , will b e  

slightly shor t e r  and the value of CC1 , slightly l a r g e r  than predicted with 

these  equations. 

IID. The Shorted-Stub Tuned Circui t  

The c i rcu i t  d iagram is shown in  F igure  4. Two lengths of t ransmiss ion  

line, Dl and D2 , a r e  used to  tune a load, XL and RL, t o  an  input impedance 

' ZIN = Z o ,  @IN = 0. 0° ,  a t  frequency, fo. Length D2 is in with 

length Dl and i t s  f a r  end is shorted. Length D2 is r e f e r r e d  to  a s  a shorted-  

stub. This  design i s  s imi l a r  to IIC, with the stub replacing capacitor CI .  

Assuming los s l e s s  cable, a=  0, with a .pu re ly  res i s t ive  charac ter i s t ic  impe-  

dance, Zo, the input admittance YIN can be shown to be 

. . 
' -.I (Zn-XL tan  IT Dl )  + j RL tan 2 IT D1 

Y~~ = + (20) 
Zo tan   IT D2 RL + j [z, tan  ( 2 r D 1 )  t XL ] 

Th,e conditions : 

1 Real  (YIN ) = /Zo  

Imaginary (second t e r m  of equation 20) >O. 0 

Imaginary (YIN) = 0.0 

1 will resu l t  in ZIN = /YIN = Z O ,  @IN = 0. O 0  a t  fo. The condition, imaginary 
. . 

(second t e r m  ~ ' f  equation 20) >0.0 , will yield the shor t e r  of the two possiblc 

lengths of Dl that a r e  solutions. With these  conditions i t  can be shown that: 



. ? S H O R T E D  - S T U B  TUNED CIRCUIT ' 

Fig. 4. Circuit diagram of the shorted stub tuned circuit. A lo&, inductive reactance XL 
and resistance RL, i s  t ~ n a d  to input impedance (ZIN, $m ) at frequency fo by 
transmission lines Dl  a2d D2. . 



2 
RL + (Zo  tan (2v Dl)  + XL) 

2 
D2. = '1 tan-' [ 

2~ 
2 2 2 2 

(RL + X L  -Zo ) t a n  2 rD1  +XLZo(tan ~ T F D ~ ) - X ~ Z ~  

Dl and D a r e  expressed. in wavelengths of cable at  fo. Since the attenuation 
2 

factor,  a, i s  g r e a t e r  than zero, for  a highly inductive load, the length Dl 

will be slightly shor t e r  and the length, D2, slightly longer than predicted 

above. 

F igures  5, 6, 7 and 8 present  general  design graphs that were  drawn 

using the computer program described in Appendix A. These curves  a r e  

graphical solutions of equations 8, 9, 11, 12, 18, 19, 21 and 22 for  ZiN = 50. 0 

ohms, 
@IN 

= 0.0" and Q's  of 57 ( a L =  89.0") and 19.1 ( q j ~  = 87. 0").  

Design graphs, which a r e  frequency independent, provide a graphical 

relationship between the impedance of the load and the reactances and/or  

cable wavelengths of the tuning components. These curves  allow quick 

es t imates  for  the approximate values of the tuning components. The hori-  

2 2 
zontal axis, ZL = /XL + RL , represents  the magnitude of the impedance 

of the load a s  would be read on a vector impedance me te r .  F o r  highly 

inductive loads ,ZL ~ X L .  The vert ical  axes a r e  in capacitive reactance o r  

wavelengths of .cable. ~ h e s e  values can be converted to capacitance and 

lengths of cable using equation 1 ( o r  2) and 15 respectively. 



Z, (OHMS) 

Fig. 5. Design graph for the tapped parallel tuned circuit. The graph yields capacitive 
reactances X c 1  and X c 2  required to tune a load Z L  to input impedance 
(ZIN = 50. O R ,  OIN = 0 . 0 " )  for Q's of 57 (oL = 89.0" I axd 19.1 (@L = 87 .0") .  



Z.L (OHMS) 

Fig. 6. Design graph for the tapp.ed se r i e s  tuned circuit. The graph yields capacitive reactances 

XC1 and Xc2 required to tune a load ZL to  input impedance (ZIN = 50.0 $2 @IN = 0.0")  
for  Q r s  of 57 (@L = 89.0")  and 19.1 (@L = 87.0'). 



HYBRID TUNED CIRCUIT 

- 

2, IN OHMS 

Fig. 7. Design graph for  the hybrid tuned circui:. The graph yields wavelength of t ransmiss ion  
line, D l ,  and capacitive reactance X C ~  required to tune a load ZL to input impedance 

. .. ( Z ~ N  = 50.OQ. aIpj = O . O c )  f o r  C 's  of 5'7 ( O L  = 89.0")  and l 9 . 1 . ( 8 ~  = 87.-0"). . - 



. . 
i I  I  I  I  I I l l  I I  I I  I  I l l '  

SHORTED-STUB TUNED CIRCUIT 

2,  IN. OHMS 

Fig. 8. Design graph for the shorted stub tuned circuit .  The graph yields wavelengths of 
t ransmission line, Dl. and D2 required to tune a load Z L  to input impedance 
( Z I N =  50.0 Q., Q)[N = O.OO)for Q ' s  of 57 (aL = 89.0")  and 19.1 (@L = 87.0"). 



IIE. Frequency Response 

The magnitude of the input impedance, ZIN, and phase angle, 

can be obtained f rom the equations (7, 10, 17, and 20) of th,e input impe- 

dance of each circuit.  Let XL, XC1, XC2, Dl and D2 represent the 

appropriate values for  ZIN = 20 , @IN = 0.0" a t  fo.  The frequency 

dependence of these t e rms  a t  any frequency, f, can be incorporated into 

each equation by replacing these t e r m s  with: 
%. 

with a = t if,. At a frequency, f, the magnitudeof the input impedance is:  

2 2 I ZIN I = J ~ e a l  (ZIN) t Imaginary (zIN ) 

and the phase angle is: 

- 1 Ir~lagirlar y ( Z I ~ )  \. G I N  = tan ( Real (ZIN) /' 
I ziN 1 and aIN a r e  the values that would be read on a vector impedance 

mete r  a s  the frequency i s  swept. The frequency dependent equations 

for  each circuit are :  

T a ~ ~ e d  Paral lel-  Tuned Circuit 



Tapped Ser ies  -Tuned Circuit  

Hybrid Tuned Circuit  

a = f/fo 

ZIN = - j  X c 1  Z o [ R L + j  (Zo t an (2 . r r aDl )  + a x L ) ]  - t a (25) 
(Zo - a XL tan (27~  a Dl) )  + j (RL tan  ( 2 r  a Dl)) 

Shorted-Stub Tuned Circuit  

- j ( Zo - a XL tan ( 2 r  aD1)  + j RL tan (27~ aD1) )  
Y~~ = t 

Zo tan ( ~ T T  a D2) RL + j (Zo tan  ( 2 ~  a D l )  + a XL) (26) 

The r e a l  and imaginary response of the above equations can be de ter -  

mined quite easily on the computer. The computer p rogram described in  

Appendix A will calculate both the impedance and phase angle response f o r  

a l l  four circui ts  described in th is  report .  . . 

The ideal  impedance and phase response of each circui t  a r e  shown in  

Figures  9, 10, 11, and 12 respectively. Identical loads which consis t  of a 

- 6 
0.42 10 Henry inductor , in s e r i e s  with a 7.75 ohm res i s to r  '(Q = 19.1) a r e  

tuned to ZIN = 50.0 ohms, .@IN = 0. 0" a t  f Q  = 56 MHz. The left axis  r e p r e -  

sents  the magnitude of the input impedance and the right axis  represents  the  

ph,ase angle of the  input impedance. 



111. Experimental Comparison of the Four Circuits 

In order to evaluate the relative performances of each circuit, an 

experimental comparison of the relative. pulse widths, ringdowns and 

signallnoise ratios was made. All measurements were made with the 

same load (XL and RL) fixed in one position in the same probe box. All 

circuits  were tuned to ZIN = 50.0 ohms, gIN = 0.0' at  f o  = 56. OMI-Iz. 
' 

No external matching networks were used. The input power, receiver 

sensitivity and receiver  bandwidth were constant throughout the experi- 

ment. All measurements were made over a single three  hour period. 

A 29 m m  long coi l  made of 19 turns of No. 18 wire wound to a 5 m m  

inside diameter was used. The inductance of the coil was measured a s  

0.38 pH. The load consisted of this coil in se r ies  with a 1 watt 5 ohm 

(D. C. resistance) res is tor .  

Both the coil and res i s to r  were permanently mounted in a 6" x 3" x 1%' 4 

aluminum probe box. All components were attached at  identical points to 

the load. All components except for  the length Dl and D2 of the shorted- 

stub circuit were enclosed in the probe box. The impedance of the load in 

the box was measured to be ZL = 148 ohms, g L  = 87.0". This impedance 

i s  equivalent to a XL = 148 ohm (0.42 pH) inductur in se r ies  with a 

RL = 7.75 ohm resistor .  Note here that the value of inductance increases 

because of the inductive contribution from the resistor .  Also, the value 

of the resistance increases because of the skin effect and resistance f rom 

the inductor. The Q of the load equals 19.1. 



The sample consisted of a 0.06 m l  of water  doped with FeC13. T I  

and T2  were  equal and measured  to be 4 msec.  The sample was enclosed 

in a spherical  bulb and was located in the s a m e  position in the coil for 

a l l  measurements .  Hydrogen resonance occurred  a t  56.020 MHz in the 

14 K Gauss magnetic field. The t r ansmi t t e r  consisted of an  IF1 5000 

wideband amplifier driving an  IF1 408 distributed amplifier.  The r m s  

output power a t  the probe was measured  at  100 watts and was constant 

throughout the experiment. The rece iver  was made up of Spectrum Micro- 

wave preamps and a D. C. amplifier.  The total  gain was 70 dB. Ceramic  

(7-45 pf) t r i m m e r s  and/or  microwave grade 50 pf fixed ce ramic  capaci tors  

were  used. Cable lengths were  made f rom RG 58 C/U for  which Zo = 50 

ohms, . V F  = 0.66 and a = 3dBl30.5 m e t e r s  a t  56 MHz. Impedances were  

measured  on a H P  4815A vector impedance meter .  Pulse  widths and ring- 

down t imes  were  measured  on a H P  18A scope. All measured  values of 

'capaci tance and inductance were  correc ted  for  the res idual  vector  probe 

impedance which was approximately 8.0 ohms <90° at  56.0 MHz. 

Pulse  widths were  measured  fo r  a s e r i e s  of 50 90" pulses. Ringdown 

was measured  a s  the.tota1 t ime  f r o m  the trail ing edge of the  90" pulse 

to the point where rece iver  noise predominated. Signal/noise ra t ios  

were  measured  a s  the  ra t io  of the signal amplitude following a 90" pulse 

(and a delay of 10 l s e c  to allow for  ringdown)to the average  value of noise 

intensity at  a point on the baseline where no signal was present.  S / N  values 

a r e  the average of ten t r ia l s .  Table I is a summary  of the component 

values, relative pulse widths, relat ive ringdown t imes  and relat ive s ignal l  



Table 1 

Experimental Comparison of ;he Values of Tuning Components, Pulse Widths, Relative Ringdown 
Times  and Relative SignalINcise Ratios for Four Circuits.  . - - .. 

Values for  
Z I N = ~ ~  0, @IN= 0. O0 Relative Pcelative Relative 

Circuit  a t  f o  = 56 MHz Pulse Wi rtth Ringdown SignalINoise - 

Tapped paral lel  tuned 

Cap. in pf (* 5%) (* . 0.02) * 0.1) (* .03) 
Length in  cm. (* I%) 

Tapped s e r i e s  tuned CZ = 117.0 (132.7) 1. 04 1. 09 0. 89 N 
N 

Hybrid tuned Dl = 11. 5 (11.3) 1.00 1. 00 1. 00 

Stub tuned 

min. pulse width = 3. OC p e c .  rnin. ~ ingdown = 1.53 psec. min. signa'l/r.oise - - 34/1 

Est imated values of ccmponents appear in parentheses and a r e  for ZIN = 53.0 C2 , dIN = O.OO, 
*L = 148 Q, RL = 7.75,:. 'QL = 19.1 and V F  = 0 . 6 6 .  



noise rat ios .  Values a r e  relative to  the hybrid tuned circuit .  The 

component values were  est imated using X = 148 ohms, RL = 7.75 ohms, L 

Q = 19.1, V F =  0. 66, fo  = 56.0 MHz and equations 8, 9, 11, 12, 18, 19, 21, 

and 22. These predicted values a r e  given in parentheses  next to  the 

actual  value. 

IV. Circuit  Losses  and Effective Q ' s  

The quality factor  Q has  been defined a s  Q = XL/& . Q is related 

to  the c i r cu i t ' s  abili ty to  s to re  energy. A ringdown t ime,  tau  =- 'I a (27) 
rr f o  

can  be considered a s  the approximate t ime  requi red  for  the R F  voltage 

a c r o s s  the load to exponentially decay f r o m  1000 .volts t o  1.0 microvolt .  

Specification of an  accura te  Q i s  ve ry  important i f  relative comparisons 

between the four circui ts  (with respec t  to power efficiency, ringdown t ime  

and s ignal lnoise)  a r e  to be meaningful. 

An accura te  method for  calculating the effective Q of the en t i re  probe 

circui t  i s  to consider  a l l  capacitors,  inductors and cables  a s  being 'Ideal" 

and . to  r e f e r  a l l  l o s ses  - whatever the source,  to the load r e s i s to r ,  RL 

which i s  in s e r i e s  with the inductor. F o r  example, the actual  value of the 

capacitor CC2 which i s  required to tune a tapped s e r i e s  tuned c i rcu i t  to 

input impedance, ZIN = Zo, can be used to determine the effective Q for  

this  c i rcui t .  F o r  the tapped s e r i e s  tuned c i rcu i t  the value of capacitor C 
C2 

i s  solely determined by the res i s t ive  los ses  of the load, RL (equation 15) .. 

As the r e s i s t i v e  los ses  dec rease  (Q  inc reases ) ,  the value of CC2 requi red  to  

tune a fixed input impedance ZIN = Zo, increases .  By rear ranging  



XL equation 12, an effective Q, Qeff = , can be defined: 
Reff 

F o r  the case  where Qeff >> X ~ / Z o  which i s  usually true for most NMR 

probes: 

2 a,,, - 4 r 2  f: XL zo cc2 

XL i s  th.e inductive reactance of the NMR coil measured a t  frequency, 

fo. However CC2 is the actual measured capacitance required to tune 

the input impedance to ZIN = Zo a t  f i .  In effect the above treatment 

lumps a l l  circuit losses  f rom all components into the load resistance, 

Reff. Components a r e  now treated.as lossless. Capacitance CC2 may now 

be considered that value required to  tune a circuit with load: 

k, R,ll,and Qcl l to  ZIN - Z,,, - O z O O  a t  f,,. 

Of course the actual capacitor, CC2, has ohmic losses. Since Reff = XL 
' ~ e f f *  

all RF current  flowing in the inductor will "feel" a resistance, R e f f  Such 

a treatment i s  very  desirable and valuable since the RF  current  flowing 

in  the.inductor originates f rom the R.F pulse or  the NMR signal. A similar  

t reatment can be applied to the remaining three circuits. 

Tapped Paral le l  Tuned Circuit: 



Hvbrid Tuned Circuit: 

A = tan 2 ~ r  Dl , Qeff " XL 
zb(l+A2) 

. . 
zo XL (1 + ~ 2 )  

Qeff . = . 
z g 2 -  2 Z 0 X ~ A t ~ L 2 ~ 2  . 

Shorted Stub Tuned Circuit: 

F o r  the hybrid and shorted stub tuned circui ts ,  Dl is the actual  m e a s u r e d  

length of cable Dl in  wavelength a t  frequency, fo. Also Zo i s  both the  

input impedance,and the charac ter i s t ic  impedance of the cable. F o r  m o s t  

probes,  the effective Q ' s  a r e  usually well above the lower l imi ts  of the 

inequalit ies f o r  which a l l  four equations a r e  valid. 

V. Discussion 

This  section will attempt to  evaluate the actual  per formances  of the 

four  circui ts .  

The actual  value of the components (Table I) and the est imated 

values f r o m  equations 8, 9, 11, 12, 18, 19, 21, 22 ag ree  f a i r ly  well. 

Par t icu lar ly ,  the actual  cable lengths a r e  v e r y  close to the es t imates .  The  

assumption that the cable attenuation factor ,  a, equals z e r o  appea r s  to  be 

f a i r ly  acc~lrate .  for  these  lengths of cables.  



Va. Frequency Response 

The experimentally measured impedance and phase responses agreed 

qualitatively with the theoretical responses shown in figs. 9, 10, 11 and 12. 

Fo r  a l l  four circuits  the average quantitative agreement was roughly 

within 570 in the region of 56.0 MHz but fell off to * 1570 a t  frequencies 

l e s s  than 52.0 MHz and greater  than 60.0 MHz. 

Such behavior, which may be regardcd a s  a sign of non-ideality, ie  I 

expected. For instance, the ,inductor i s  s tr ict ly linear only near 56.0 MHz, 

Contributions to non ideality originate in the non-theoretical responses and 

finite Q ' s  of the capacitors, cable and coil. Additionally distributed 

reactances a r e  always present. 

The importance of response curves res t s  with their use to judge the 

feasibility of attempting a specific design. The location of low impedance 

and high impedance resonances (e IN = 0. O0 in both cases)  can be checked 

in relation to the tuning frequency. 

For  instance, a common problem in designing the tapped ser ies  tuned 

circuit is that low impedance resonance occurs slightly below the tuning 

*frequency. This low impedance resonance moves farther down frequency , 

a s  the Q i s  lowered. However fo r  high enough Q's, i t  m.a.y interfere with 

the  tuning a t  the desired frequency. Frequency response graphs a r e  use-  

ful in anticipating and avoiding this problem. 

Interestingly, the theoretical frequency responses of both the tapped 

paral lel  tuned and hybrid tuned circuits a r e  virtually identical. This 



FREQ. IN MHz 

Fig. 9. , Thesret ical  frequency response for a tapped paral lel  tuned circuit  tuned to (ZIN = 50. 0 0, 
GIN = 0.0") a t  f o  = 56 MHz where XL = 148 a, RL = 7.75 0, Xcl = 243.6 Q , Xc2 = 3 7 3 . 1 . a  
and QL = 19.1. 



FREQ. IN MHz 

Fig .  10. Theoretical frequency response for a tapped s e r i e s  tuned circuit  tuned to (ZIN = 50.0 0 .  
@IN = 0.0" ) at  f, = 56 MHz where XL = 148 0. RL = 7.75 a ,  .XC1 =-129.9 B - 
X c 2  = 21.41 6b and QL = 19.1. ! . . i  



FREQ. IN  MHz 

Fig. 11. Theoretical frequency response for  a hybrid tuned circui t  tuned to (ZIN = 50.0 W, 
a t  f o  = 56 MHz where XL = 148 a, RL = 7.75 0 ,  Dl = 0.032 A, Xc1 = 391.0 0 .  

-I ! ; ,  :. 



FREQ. IN MHz 

Fig. 12. Theoret ical  f-equency response f o r  a shorted-stub tuned circuit; tuned to (ZIN = 50.0 0 ,  
$IN = 0.0" ) at.fo = 56 MEz where XL = 148 a ,  RL = 7.75 61, El = 0.282 A, D2 =0.0202 A 
a n d .  QL = 19. I. 



behavior i s  not unexpected since cable Dl is shor t  enough to be considered 

a s  a smal l  capacitor in paral lel  with the coil (i. e. a lmost  a tapped para l le l  

tuned circui t )  a t  this  frequency. 

Vb. Pulse  Widths', Effective Q' s .and Circuit  Efficiencies 

F o r  these  designs and choice of components, both the tapped para l le l  

tuned and hybrid tuned circui ts  had the  smal les t  90.0" pulse widths and 

thus the best  efficiencies. The tapped s e r i e s  tuned circui t  was slightly 

poorer ,  while the shorted stub tuned circui t  was noticeably the worst.  

All four c i rcui t s  were  designed to  have Q ' s  of 19.1. F r o m  equations 

29, 28, 30 and 31, the  effective Q, Qeff, can be  calculated for each circui t  

using the  appropriate  values f rom Table I. The effective Q's  a re :  

QTPTC = 39 * 15, QTSTC = 15.5 * 2, QHTC = 20.7 1, QSSTC = 14.3 4. 

The l a rge  uncertainty in QTpTC resul t s  f r o m  the smal l  value of capacitor 

Ccl* Qeff values, which can ac t  a s  measures  of power efficiency, a r e  

consistent with the observed pulse widths: highest Q circui ts  have the 

shor tes t  pulse widths, lowest Q circui ts  have the longest pulse widths. It 

should be noted that choice of components strongly affects Qeff. F o r  instance 

. the  hybrid tuned circui t  u ses  only one 7-45 pf ce ramic  variable  capacitor 

and a s m a l l  length of R658 C/U cable - a high Qeff might be anticipated. 

The tapped s e r i e s  tuned circui t  u ses  two 7-45 pf ce ramic  variable  and two 

microwave grade 50 pf fixed capaci tors  - because of the inherent los ses  in 

such a l a rge  number of components a low Qeff might be anticipated. 

The l a rge  power inefficiency of the shorted s tub tuned circui t  r e su l t s  



direct ly from the high but finite Q of the coaxial cable (RG58 C/U) .  

Since cable Dl is terminated in a highly inductive load, not i t s  charac- 

ter is t ic  impedance, a high standing wave pattern exists on this cable. 

Furthermore,  since the length of cable Dl i s  greater  than a quarter-  

wavelength at 56 MHz, a current  maximum will exist on cable Dl. Since 

the  cable has losses  (finite Q), this current  maximum will cause large 

power dissipation. Also cable D2 is relatively short  with a very  high 

admittance. The finitc Q of this short  cable will result in additional power 

losses .  

Vc. Ringdown Times and Signal/Nois e Ratios 

The relative value of ringdown times a s  shown in Table I may be 

regarded a s  approximate since this type of measurement i s  subject to many 

sources of e r ro r .  For  Q = 19.1, ringdown times of the order of 2 . 3  

microseconds (eq. 27) a r e  expected. Ringdown t imes a r e  more  or  l e s s  

consistent with this value. In general, the lowest Qeff circuits a r e  

expected to have shortest ringdowns and fastest recovery times. Signal/ 
I .  

noise rat ios a r e  directly related to Qeff. The highest Qff circuits should 

have the highest S/N ratios. The experimental data from Table I support 

this  postulate. Both the tapped parallel and hybrid tuned circuits,  which 

have somewhat higher Qeffls,  have better S/N ratios. The tapped se r ies  

tuned and shorted stub tuned circuits, which have lower Qeffts,  have poorer 

SIN ratios. 



Vd. NMR Probe  Designs. 

The choice of a part icular  circui t  depends upon such fac tors  as 

space requirements ,  quality and range of tuning components and type 

of applications. F o r  multipulse operation where low Qeff is required, 

both the tapped s e r i e s  tuned and hybrid tuned c i rcui t s  a r e  useful a t  higher 

frequencies.. However at  lower frequencies capacitor CC2 becomes ve ry  

l a rge  fo r  the tapped s e r i e s  tuned circui t  thereby making the hybrid tuned 

and tapped para l le l  tuned circui ts  bet ter  choices. F o r  s t r ic t ly  high Q 

circui ts ,  the tapped paral lel  tuned c i rcui t  with very high Q capaci tors  

i s  probably the best  choice a t  a l l  frequencies.  Since the  NMR coil  is 

located a t  the end of a cable, both the hybrid tuned and shorted stub tuned 

c i rcui t s  a r e  useful for  compact designs such as low tempera ture  and lock 

probes.  In this  laboratory, the hybrid tuned circui t  has been incorporated 

into compact NMR lock probes quite nicely. A d iagram of one such probe 

i s  shown in fig. 13. The shorted stub probe is useful in  applications where 

ruggedness is important and power inefficiency, acceptable - such a s  in 

liquid NMR. In this laboratory, both the tapped s e r i e s  tuned and hybrid 

tuned c i rcui t s  have been incorporated into a compact single coil double 

3 
resonance probe for  magic angle spinning of solids. A schematic  d iag ram 

of this probe appears  in fig. 14. 

In general;  a s  the  experimentalist  becomes m o r e  fami l ia r  with design 

techniques, construction of NMR probe c i rcui t s  - whether for  specific 

experiments o r  genera l  use  - will become eas ie r .  



N M R  LOCK PROBE 

COIL AND S H I E L D  

ALUMINUM CYLINDER 
COIL: 3 3 m m x 5 m m  i.d. #30VARNISHED WIRE 

X,= 230 ohms ( L = 4 . 2 p H )  AT fo=8.7 MHz 

R.F. MATCHING 

Fig. 13. Specifications fo r  a compact NMR lock probe tuned 

with the hybrid tuned circui t .  



RL RH CIH 

/+7 ZIN = 50.0 a ,  @IN = 0.0" a t  f~ = 14:l and  f~ = 56; 0 MHz 
L = 0.27 p H  (6  tu rns ,  #14 wire ,  10 mm i. d. x 12 mm) 

RRL = 0 .0  and R w  = 0.0  61, 
C c l ~  = 35.2 pf , C C ~ H  = 192.0 pf , Cc lL  = 28.0 pf 
DD1 = 73.0 cm.  D A d 4  '86 crn(RG58 C/U ) 

Qeff, L = 3 6 -  2 1 Qeff, H = 24.5 

F i g .  14. Specifications for a single coil '8-l3c double resonance probe tuned with a tapped 
s e r i e s  tuned circuit  and a hybrid tuned circuit .  



VI. Summary 

A discussion h a s  been presented which has shown that the component 

values for  four NMX probe circui ts  can  be est imated with reasonably good 

accuracy .  Frequency response curves  have been shown to  be useful in  

judging the feasibili ty of a part icular  design. A method h a s  been presented 

which'allows the effective circui t  quality factor,  Qeff, to be  calculated 

a f t e r  the  probe i s  asscrnbled. 

Experimental  designs using the design techniques of this. r epor t  have 

been found to yield good agreement  with predicted resul ts .  Finally a 

FORTRAN Computer P r o g r a m  which will make the  numerical  calculations 

and draw the graphs  descr ibed  in  this  report ,  i s  presented in Appendix A. 

The  authors  wish to thank Dr .  John   as art (Elec t r ica l  Engineering 

Department of Iowa State University) for  reviewing the original manu- 

sc r ip t  and Shirley Standley for typing a l l  revisions of the manuscript.  



Appendix A 

FORTRAN COMPUTER PROGRAM: 

DESIGN NUCLEAR MAGNETIC RESONANCE PROBE 



A. I. INTRODUCTION 

This  appendix contains the ent i re  computer program used to make 

all calculations and draw all graphs described in this report .  The 

p r o g r a m  i s  completely explained in the comment cards .  

4 , s  
The p rogram is wri t ten in FORTRAN IV and will compile with 

a n  IBM FORTRAN I V  level  H compiler.  A region of 224 K i s  required 

fo r  compilation and a region of 72 K is required for  execution. The 

p rogram is written a s  a collection of subroutines, which may be 

incorporated into other  FORTRAN programs.  

All graphs a r e  drawn with a local  graphing program of the Iowa 

State Computer Center called SIMPLOTTER, 
6 

The statement  CALL GRAPH (N, X, Y, . . . . ) 
N: number of (x,  y) points to be plotted 

X': double precis ion a r r a y  of X values 

YI double precis ion a r r a y  of Y values 

produces a disk data s e t  which is passed to a subsequent s tep  in the 

p r o g r a m  where the actual  drawing is done. SIMPLOTTER will produce 

both p r in te r  graphs and graphs  drawn on a CAL COMP incremental  

plotter, 

Included in this  p rogram i s  a low-level graphing subroutine, a l so  

named GRAPH, which will produce p r in te r  graphs s imi lar  to  SIM.PT.,OTTFR. 



A. 11. FORTRAN COMPUTER PROGRAM 

C 
C 
C ******a* D E S I G N  NUCLEAR MAGNETIC RESONANCE PROBE *******a 
C 
C 
C WRITTEN B Y  P A U L  MURPHY. RESEARCH ASSISTANT.  AMES LAB.  JAN. 1978  
C 
C 
C 
C THE PURPOSES O F  T H I S  PROGRAM ARE: 
C 
C 1- T O  CALCULATE T H E  VALUES O F  CAPACITANCE AND/OR CABLE LENGTH 
C REQUIRED TO CONSTRUCT ANY ONE OF FOUR D I F F E R E N T  
C NUCLEAR MAGNETIC RESONANCE < NMR 1 PROBES- 
C 
C 2 r  T O  CALCULATE THE THEORETICAL  FREQUENCY RESPONSE OF 
C ' ANY ONE OF FOUR D I F F E R E N T  NMR PROBES. 
C 
C 3. T O  CALCULATE THEOREY I C A L  D E S I G N  GRAPHS FOR ANY ONE O F  
C FOUR D I F F E R E N T  NMR PROBES. 
C 

' C THE NAMES AND C I R C U I T  DIAGRAMS OF T H E  FOUR NMR PROBE C I R C U I T S  
C FOLLOW: 
C 
C 
C C I R C U I T  DESCRIPTIONS:  

X L  = M R  C O I L  ( OR I N D U C T I V E  REACTANCE 
R L  = L O A D  R E S I S T O R  ( OR R E S I S T A N C E  3 
C = CAPACITOR ( OR CAPACITANCE 1 

. . 

D = C A B L E  OR T R A N S M I S S I O N  L I N E  ( OR LENGTH 1 WITH 

CHARACTER IST1 .C  IMPEDANCE. ZO A T  0.0 DEGREES PHASE ANGLE 
Z I N  = I N P U T  IMPEDANCE O F  T H E  PROBE AT 0 - 0  DEGREES PHASE ANGLE 

TAPPED P A R A L L E L  TUNED TAPPED S E R I E S  TUNED 

*** c2 *a******* 
* * * 
* * 

X L  
Z I N  C 1 

* 
* * 
* * RL 
* * 

* * 
* 

Z I N .  
C 2  

(t 

* * 
* * 



H Y B R I D  TUNED SHORTED STUB TUNED 

** c1 ** ****** * * * * 
* * D l  * 

* ********* * XL 
Z I N  +****$*$$**$* 

********** * 
* * * 
* * .  * R L  
* * * 
* * * * 
*****a** * ******* 

C A B L E  02 I S  SHORTED AT THE F A R  END. 

THE EQUATIONS UPON WHICH A L L  ALGORITHMS ARE BASED 
IN  T H I S  PROGRAM APPEAR I N  THE P H r D o  T H E S I S  O F  
PAUL MURPHY ( IOWA S T A T E  U N I V E R S I T Y *  1979 1 

THESE R F  MATCHING C I R C U I T S  ARE USED TO TUNE AN INDUCTOR 
( NMR C O I L  1 Y I T H  I N D U C T I V E  REACTANCE. XL. TO T H E  I N P U T  
IMPEDANCE. Z I N  U I T H  PHASE ANGLE = O r 0  DEGREES* AT 
FREQUENCY. F O o  NORMALLY, Z I N  I S EQUAL TO THE C H A R A C T E R I S T I C  
IMPEDANCE. 201 O F  THE T R A N S M I S S I O N  L I N E  FEEDING THE PROBE. 

T H I S  TREATMENT ASSUMES THAT A L L  POWER LOSSES CAN BE LUMPED 
I N T O  THE L O A O  RESXSTOR* RL. LOSSES RESULT FROM SUCH PHENOMENA 
AS R A D I A T I O N .  I N D U C T I V E  COUPLING*  S K I N  EFFECTS. D I E L E C T R I C  
L O S S E S  AND NON I D E A L  COMPONENTS* 

THEREFORE A L L  C A P A C I T O R S s  CABLES AND INDUCTORS W I L L  BE TREATED 
AS I D E A L  ( L O S S L E S S  )e A L L  LOSSES W I L L  BE ASSUMED T O  B E  
S U I T A B L Y  ACCOUNTED FOR I N  THE LOAD R E S I S T O R *  RLr  
BECAUSE O F  T H I S  APPROXI  MATION*  THE ACTUAL EXPER I MENTAL VALUE 
O F  RL W I L L  ALWAYS B E  L E S S  FOR A G I V E N  Q. 

BY S E L E C T l N G  THE PROGRAM CONTROL* I O P T  = 0 . A STANDARD 
C A L C L L A T I O N  A T  A F I X E D  FREQUENCY* F O *  CAN B E  MADE- 

BY S E L E C T I N G  THE PROGRAM CONTROL* I O P T  = 1 s  A GENERAL C A L C U L A T I O N  
CAN BE MADE* T H E  D I F F E R E N T  C A L C U L A T I O N S  ARE E X P L A I N E D  
WITH THE VARIABLE.  I O P T  9 BELOW. 

THE FREQUENCY RESPONSE OF EACH C I R C U I T  BETWEEN THE L I M I T S :  
FL AND FH W I L L  BE CALCULATED AND GRAPHED FOR I O P T  = 0 ONLY-  

#*** I N P U T  PARAMETERS ***** 



ENTER O N E  V A L U E  P E R  CARD-  
VAR I ABCE FORMAT APPEARS I N  P A R E N T W S E S  F O e L O W I N G  V A R I A B L E  NAME-  

R E A L  V A L U E S  MUST C O N T A I N  D E C I M A L  P O I N T  AND L I E  W I T H I N  T H E  
F I R S T  13 COLUMNS. 
I N T E G E R S  MUST L I E  I N  COLUMN 1 r 

I O P T  (1 1 ) : PROGRAM CONTROL V A R I A B L E .  
I O P T  = 0 S P E C I F I E S  A NORMAL C A L C U L A T I O N  A T  A S I N G L E  
FREQUENCY. FO 0 

I O P T  = 1 S P E C I F I E S  A GENERAL C A L C U L A T I O N -  
I N  T H E  GENERAL C A L C U L A T  ION, CAPAC I T  I V E  REACTANCE AND/OR 
C A B L E  WAVELENGTH ARE C A L C U L A T E D  A S  A F U N C T I O N  OF T H E  I N D U C T I V E  
REACTANCE O F  THE C O 1 L  A T  A F I X E D  Q U A L I T Y  FACTOR. Q *  
AND A T  A F I X E D  I N P U T  IMPEDANCE.  
Z I N  A T  P H A S E  ANGLE = 000 DEGREES- 
T H I S  C A L C U L A T I O N  D O E S  NOT DEPEND ON FREQUENCY 
T H E  T A B L E S  AND CRAPHS PRODUCED BY  T H I S  C A L C U L A T I O N  C A N  
BE U S E D  T O  C A L C U L A T E  COMPONENT V A L U E S  A T  ANY FREQUENCY-  

I C I R C  ( 11) : C I R C U I T  SELECTOR V A R I A B L E .  
T H I S  V A R I A B L E  I S  U S E D  T O  S E L E C T  ANY ONE OR A L L  FOUR 
O F  T H E  C I R C U I T S  T O  BE ANALYZED-  
I C I R C  = 1 - T A P P E D  P A R A L L E L  TUNED C I R C U I T  O N L Y -  
I C I R C  = 2 - T A P P E D  S E R I E S  T U N E 0  C I R C U I T  ONLY. 
I C I R C  = 3 - H Y B R I D  TUNED C I R C U I T  O N L Y -  
I C I R C  = 4 - SHORTED STUB TUNED C I R C U I T  ONLY*  
I C I R C  = 5 - A L L  FOUR C I R C U I T S .  

I P R I N T  ( 11 1: P R I N T  CONTROL V A R I A B L E .  
T H I S  V A R I A B L E  CONTROLS THE P R I N T I N G  OF GRAPHED D A T A -  
I P R I N T  = 0 - NO GRAPHED D A T A  P R I N T E D -  
I P R I N T  = 1 - A L L  GRAPHED D A T A  P R I N T E D -  

#*** NOTE: E N T E R  T H E  F O L L O W I N G  V A R I A B L E S  IF  I O P T  = 0 r 

F O  (D13.6 ) :  T H E  RESONANT FREQUENCY I N  W Z  A T  WHICH T H E  
PROBE I S  TUNED TO Z I N  OHMS A T  0 -0  DEGREES P H A S E  ANGLE*  

XL  (013.6) : I N D U C T I V E  REACTANCE I N  OHMS O F  T H E  NMR C O I L *  
T H I S  VALUE I S  MEASURED AT  T H E  RESONANT FREQUENCY*  FOm 
T H I S  V A L U E  I S  EQUAL  T O  Z L * S I N (  P H I  WHERE Z L  AND P H I  
ARE THE VECTOR I M P E D A N C E  AND PHASE ANGLE MEASURED A T  F O  
X L  = 2 * P I * F O * L  WHERE L I S  T H E  I N D U C T A N C E  O F  T H E  C O I L -  

Q (013.6): T H E  Q U A L I T Y  FACTOR OF THE PROBE- Q = X L / R L  - 
T H E  PROBE R I N G D O Y N  T I M E *  TAU. I S  D E F I N E D  A S  T H E  T I M E  
R E Q U I R E D  F O R  THE VOLTAGE ACROSS T H E  C O I L  T O  E X P O N E N T I A L L Y  
DECAY T O  E X P f - 2 1 )  = 7.6 * lo** ( -10)  O F  I T S  I N I T I A L  VALUE. 
T A U  I S  ROUGHLY THE T I M E  I T  T A K E S  1000-0 VOLTS T O  DECAY TO 
1.0 M I C R O V O L T S  - A P P R O X I M A T E L Y  T H E  MAGNITUDE O F  A N  NMR S I G N A L .  
T A U  = 2 l * Q / ( P I * F O )  F O R  THE C I R C U I T S  D E S C R I B E D  I N  T H I S  PROGRAM- 
I N  GENERAL  L O U  0 PROBES H A V E  SHORTER RINGDOWN T I M E S -  
A T Y P I C A L  LOU Q WOULD BE A P P R O X I M A T E L Y  2 0 m 0  r 



A T Y P I C A L  H I G H  Q WOlJl-0 BE A P P R O X I M A T E L Y  150-0 
I N  GENERAL  T H E  Q W I L L  REACH A MAXIM-  B U T  F I N I T E  VALUE 
F O R  R L  = 000 T H I  S V A L U E  I S  D E T E R M I N E D  B Y  C I R C U I T  L O S S E S 0  

Z X N  (01306): T H E  I N P U T  IMPEDANCE I N  OHMS T O  WHICH T H E  
PROBE I S  TUNED A T  FREQUENCY*  FO. NOTE: T H I S  I M P E D A N C E  I S  
A L S O  T H E  C H A R A C T E R I S T I C  IMPEDANCE O F  A L L  C A B L E S  WHICH ARE 
USED AS T U N I N G  E L E M E N T S  I - E -  CABLES D l  AND 020 
T H E  P H A S E  ANGLE O F  Z I N  W I L L  ALWAYS EQUAL 0.0 DEGREESO 

VF (013r6): V E L O C I T Y  F A C T O R  O F  C A B L E S  D l  AND/OR 020 
T H E  V E L O C I T Y  FACTOR I S  T H E  R E L A T I V E  SPEED ff ELECTROMAGNETIC  
WAVE P R O P O G A T I O N  I N  T H E  C A B L E  COMPARED T O  T H A T  I N  A VACUUM- 4 

V F  MUST B E  > 0 -0  AND < OR = 1000 
T H E  V E L O C I T Y  FACTOR F O R  RGSOC/U C A B L E  I S  A P P R O X I M A T E L Y  0 0 4 6  0 

A L L  CABLE 15 A S S U M t U  L U S S L t S S  ( ATTENUATION FACTOR. ALPHA = 
000 DB/METER 10 

FL (013.6): T H E  LOWER FREQUENCY L I M I T  I N  MHz  OF T H E  FREQUENCY 
RESPONSE GRAPHS. FREQUENCY RESPONSE GRAPHS ARE: Z I N  VSI FREQo  
AND P H A S E  ANGLE V S o  FREQo Z I N  AND P H A S E  ANGLE WOULD B E  
,THE INPUT IMPEDANCE AND PHASE ANGLE A S  MEASURED ON A 
VECTOR I M P E D A N C E  METER AT  F R E Q U E N C I E S  BETWEEN FL AND F H -  

FH <013-6): T H E  U P P E R  FREQUENCY L I M I T  O F  T H E  FREQUENCY 
RESPONSE GRAPHS- T H E  I N T E R V A L  FH - FL SHOULD 8E CHOSEN 
T O  I NCLUOE F6 0 T H E  FREQUENCY RESPONSE W I L L  BE: 
I M p E n A N C E  = Z I N  AND PHASE ANGLE - 0 - 0  DEGREES AT  FOw 

***++ EXAMPLE: 

D E S I G N I N G  A PROBE A T  A S I N G L E  FREQUENCY: 

SUPPOSE T H E  I N D U C T I V E  REACTANCE O F  AN NMR C O I L  I S  
MEASURED T O  BE X L  = 14500 OHMS A T  F O  = 5 6 - 0  M H z  U S I N G  A 
VECTOR I M P E D A N C E  METER0  AN I N P U T  IMPEDANCE Z I N  = 5 0 0  0 OHMS 
A T  F O  = 5600 M H z  W I T H  A Q = 19-1 I S  D E S I R E D  U S I N G  A T A P P E D  
S E R I E S  TUNED C I R C U I T o  
T H E  T H E O R E T I C A L  FREQUENCY RESPONSE BETWEEN FL = 5000 MHz 
AND FH = 62.0 MHZ I S  D E S I R E 0  T O  COMPARED W I T H  T H E  ACTUAL  
E X P E R I M E N T A L L Y  MEASURED FREQUENCY RESPONSE*  

l 'HE PHOGRAM W I L L  C A L C U L A T E  RL  = 7059 OHMS AND 
C 1  = 22037 P I C O F A R A D S  AND C 2  = 13403 P I C O F A R A D S O  
T H E  PROGRAM W I L L  GRAPH T H E  FREQUENCY RESPONSE BETWEEN 
FL = 5000 MHZ AND F H  = 6 2 0 0  MHz l 

NOTE: F O R  T H I S  C A L C U L A T I O N  T H E  V E L O C I T Y  F A C T O R  ( VF  1 
O F  T H E  C A B L E  I S  NOT USED B U T  S T I L L  SHOULD BE I N C L U D E D  A S  
I N P U T  DATA. 

#*** NOTE: ENTER T H E  F O L L O W I N G  V A R I A B L E S  I F  I O P T  = 1 0 

X L M I N  (01306): T H E  L O V E R  L I M I T  O F  T H E  I N O U C T I V E  REACTANCE 
I N  OHMS O F  T H E  GENERAL  D E S I G N  GRAPHS, 



XLMAX (01306): T H E  U P P E R  L I M I T  O F  T H E  I N D U C T I V E  R E A C T A N C E  I N  OHMS 
O F  T H E  G E N E R A L  D E S I G N  G R A P H S -  
F O R  E A C H  C I R C U I T  T H E  F O L L O W I N G  GRAPHS W I L L  BE MADE: 
X C 1  V S -  X L  BETWEEN X L  = X L M I N  AND X L  = XLMAX, A T  F I X E D  0. Z I N  
X C 2  V S -  X L  BETWEEN X L  = X L M I N  AND XL = XLMAXe A T  F I X E D  0 s  ZIN 
AND/OR 
D l  V S o  X L  BETWEEN X L  = X L M I N  AND X L  = XLWAX* A T  F I X E D  Q s  Z I N  
02 V S -  XL BETWEEN X L  = X L M I N  AND X L  = XLMAX*  A T  F I X E D  QI Z I N  

X C I  AND X C 2  A R E  T H E  C A P A C I T I V E  R E A C T A N C E S  O F  C A P A C I T O R S  
C 1  A N D  C 2 e  D l  AND 02 A R E  T H E  WAVELENGTHS I N  F R E E  S P A C E  O F  
C A B L E S  D l  AND 02 r 

Q ( 0 1 3 0 6 3 :  O E F I N E D  A B O V E -  
D E S I G N  GRAPHS W I L L  BE DRAWN A T  F I X E D  Q- 

Z I N  (013-6): D E F I N E D  A B O V E -  
P R O B E S  W I L L  BE T U N E D  T O  A N  I N P U T  I M P E D A N C E  = Z I N  A T  0-0 
OEGREES P H A S E  ANGLE A T  ANY P A R T I C U L A R  F R E Q U E N C Y  CHOSEN-  
D E S I G N  GRAPHS W I L L  BE DRAWN A T  F I X E D  Z I N  r 

* E X A M P L E  : 
. , 

USE O F  D E S I G N  GRAPHS AND/OR T A B L E S :  

S U P P O S E  A D E S I G N  G R A P H  F O R  A T A P P E D  S E R I E S  T U N E D  P R O B E  WAS 
MAOE BETWEEN X L M I N  = 1010 OHMS AND'  XLMAX = 500-0 OHMS A T  
Q = 1901 A N D  F O R  Z I N  = 50-0 OHMS- 

A T Y P I C A L  Nm I N D U C T O R  M I G H T  H A V E  X L  = 145-0 OHMS 
A T  F O  = 56-0 MHZo B Y  P L A C I N G  T H I S  I N D U C T O R  I N  S E R I E S  W I T H  
A N  R L  = 7-59 OHM R E S I S T O R  A O = X L / R L  = 19-1 C A N  B E  
R E A L I Z E D -  F R O M  T H E  D E S I G N  GRAPHS X C 1  = 127-0 OHMS AND 
X C 2  = 21-0  OHMS C A N  BE R E A D -  
U S I N G  T H E  R E L A T I O N S H I P S J  
C 1  = l o 0 / < 2 * P I * F O * X C l )  A NO C2 = l r 0 / ( 2 * P I * F O * X C 2 )  
T H E N  C 1  ~ 2 2 . 4  P I C O F A R A D S  A N D  C 2  = 134-3 P I C O F A R A D S -  

NOTE:  D I S T A N C E S  01 AND 02 ARE I N  WAVELENGTHS I N  F R E E  S P A C E -  
T H E S E  V A L U E S  SHOULD BE M U L T I P L I E D  B Y  T H E  W A V E L E N G T H  I N  T H E  
C A B L E  A T  T H E  P A R T I C U L A R  FREQUENCY C H O S E N -  

I M P L I C I T  R E A L * 8  (A-HsO-Z)  
R E A L 8 8  W T E M P i 1 2 0 0 )  
R E A L * 8  B T E M P  ( 8 B 
COMMON /ABC/  BPI ~ C O N l ~ C O N 2 ~ X L ~ R L ~ F O ~ F L s F H  
C O M M O N / O f f /  H Z P T  e X L I N C  
COMMON / C H I /  WTEMP 
COMMON / J K L /  I P R I N T  
COMMON /MNO/ B T E M P  
B P I = 6 0 2 8 3 1 8 5 0 0  
X C l = l r O D O  
xc2=1 -000 
X 1 0 =  1 * O D 0  
X 2 0 = 1  .OD0 
01x1 -000 



X l 0 0 = l r  OD0 
D10=1  .OD0 
D20=1.000 
R E A D ( 5 s  1 2 4 )  I O P T e I C I R C * I P R I N T  

124 F O R M A T ( I 1 )  
IF( IOPToME-OoODO) GO TO 2 

.READ(5. 4 )  F O s X L *  Q.ZINsVF.FL*FH 
4 C O R M A T ( D l 3 r 6 3  

IF (  VFoLEoO~000eORcVFoGT~1~000 VF-0.66 
RL=FH 
IF(  F L - G T  IFH) FeFL  
I F t F H e E Q o F L )  F L = R L  
RL= XL/Q 
WRITE(6 .14)  

14 FORMAT(' l *  * 2 0 X s e  *It*** DESIGN NMR PROBE ****+:* ./ 
S*- '  1OX. ' I N P U T  DATA FOLLOWS: * 1 

U R I T E ( 6 s 2 4 )  IOPT. ICTRC* I P R I N T  
24 FORMAT(:*-* mlOXsePROCRAM OPTION. I O P T  = ' r 12.8X.' 0- S I N G L E  FREQI DE 

SS1GNe.5X* * 1- GENERAL DESIGN'S  / 
S  *-' * l O X s e C I R C U I T  SELECTOR. I C I R C  = ' 9  I2.5X. * 1- TAPPED PARAL 
SLEL TUNED' r 5 X .  '2- TAPPED S E R I E S  TUNEDa ./ 
S.0' m43Xs *3- H Y B R I D  TUNED' ;SX. *4-SHORTED STUB TUNED* .5X 
S'S- A L L  FOUR CIRCUITS ' . /  
S ' - * s l O X . * P R I N T  CONTROL* XPRINT = ' s I 2 r  7X*.O- GRAPH DATA NOT P R I N T  
SED* e 5 X r  * 1- A L L  GRAPH DATA P R I N T E D *  

WRITE(6.134)  F O * X L * Q * Z I N . V F . F L s F H  
1 3 4  FORMAT(: 

S *-' s 1 OX* *RESONANT FREQUENCY* F O  = ' . 1 P D 1 3 r 6  r ' MEGAHERTZ' I / 
S*O*s1OX. '1NDUCfXVE REACTANCE OF COIL.  XL = ' . lPD13r6,*  OHMS** /  
S * O ' s  1OXe ' Q U A L I T Y  FACTOR. Q,= ' 9  1 P 0 1 3 r 6 s 5 X * * Q  = XL/RL*,/ 
S * O ' . l O X e * I N P U T  I M P E D A N C E O F P R O B E I  Z I N =  * r l P 0 1 3 r 6 . *  OHMS A T P H A  
SSE ANGLE = Om0 DEGRFES* r /  
S ' O * . I O X Y * V E L O C I T V  FACTOR O F  CABLE. VF = ' y l P D 1 3 . 6 ~ /  
S * O e  s 1OX. 'LOWER L I M I T  OF FREQUENCY RESPONSE GRAPH. F L  = * r l P D l 3 - 6 s  
s *  MEGAHERTZ* r /  

S 'Ow 1OX *UPPER L I  M I T  OF FREQUENCY RESPONSE GRAPH. F H  = ' . 1PD 1306 
8 MEGAHERTZo 3 

I F t R L o G E - Z I N J  GO T O  1 
C O N l = l o  00(5/8P1/FO 
CON2=3. OD4*VF/FO 
IF4ICIRC.LE. l  .OR.ICIRC-GT-4) 

SCALL DTPTC ( X C l  r X C 2 s Z I N )  
C l T P = C O N l / X C l  
C2TP=CQN l / X C 2  
IF( ICIRC.EQe2.OR~1CIRC~GTo4) 

SCALL O T S T C ( X l O ~ X 2 0 e Z I N )  
C l T S = C O N l / X l O  
C2TS=CON 1/X2O 
IF( ICIRCOEQI~OOR o I C I R C e G T e 4 3  

SCALL OHTC( X 1 0 0 * D  1.ZIN)  
DlH=Dl*CON2 
C lH=CONl /X lOO 
IF< I C I R C - G E - 4 3  

SCACL OSSTC(D lOrD20 .Z1N)  
DlS=CON2*010 
D2S=CON2*D20 
TAU=42eODO*Q/BPI/FO 
Y R I T E ( 6 e 6 4 2  RL.TAU 



FORMAT<' 1' e20Xe. @a*** CALCULATED VALUES F O L L W  : *****' 
s e -  e l o x s  e---- LOAD RESISTOR* RL = ' * l P D 1 3 0 6 * '  OHMS --@ s /  

$90'  1OX @---- RINGDOWN T IME*  TAU = @ l P D 1 3 0 6 e  @ MICROSECONDS'S 
SSX* @TAU = 21*0 / (P I *FO)  ---- ' 1 

I F ( I C I R C o L E o 1  oORo1CIRCoGTr4)  
S Y R I T E ( 6 s 3 4 )  C lTPeC2TP 

FORMAT('- '*20( '*@ ) e '  TAPPED PARALLEL TUNED C I R C U I T  ' * 2 0 ( * * @ )  ./ 
S 8 0 @ .  lOX*  'C 1= ,lPD13.6*' PICOFARADSe/ 
* * O a r  lOX* *C2=  ' s l P D 1 3 0 6 * *  PICOFARADSe 

I F (  ICIRCoEQo2rOR~ICIRCoGT~4) 
SYRITE(6.54) C lTSsC2TS 

FORMAT( @ - '  *20(.*' ) * *  TAPPED SERIES TUNED C IRCUIT  * * ' s 2 0 (  * * ' I  * /  
S*O' e l o x *  @C1= '.1PD13r6s ' PICOFARADSm/ 
* * 0 ' s  10Xs'C2= ' e l P 0 1 3 0 6 *  PICOFARADS*) 

IF(  ICIRCoEQ-3rORoICIRC-GT.4) 
SWRITE(6.74) Z I N s  D1H.ClH 

FORMAT(@- ' *20 ( ' * * ) * '  HYBRID TUNED C I R C U I T  ********* .s20(*** )s /  
SrO@ 10( '-' 1. @ NOTE: CABLE WITH CHARACTERISTIC IMPEDANCE OF* 
* * l P D 1 3 0 6 * '  OHMS MUST BE U S E D r e s /  
S * O @ *  l O X * ' D l =  ' r l P D 1 3 . 6 ~ '  CENTIMETERSs s /  

* * O ' * ~ O X S ' C I =  * ~ l P D 1 3 0 6 s '  PICOFARADS'J 
IF( IC IRCoGEo4)  

S W R I T E ( d r 9 4 )  Z l N e D l S * D 2 S  
FORMAT( ' - * *20(  @ * ' )  * '  SHORTED STUB TUNED C IRCUIT  ***' s 2 0 (  @**Is/ 

S.0' 10<  '-• 1 r ' NOTE: CABLE WITH CHARACTERISTIC IMPEDANCE OF' 
*slPD13.6.* OHMS MUST BE USED- ' * /  
S@Oe * l O X s ' D l =  ' * l P 0 1 3 r 6 *  ' CENTIMETERSe * /  
* ' O m  s10XseD2=  ' * l P D 1 3 r 6 e *  CENTIMETERS') 

HZPT=(FH-FL)/400 0 0 0 0  
IF( I C I R C o L E o  l r O R r I C I R C o G T o 4 )  

SCALL TPTC(ClTPsC2TP)  
IF( ICIRCoEQo2-OR o1CIRCoCT.Q) 

SCALL TSTC(ClTS*C2TS)  
X F (  ICIRCrEO~3~ORrICIRCoGT~4) 

SCALL H T ( C l H * D l H . Z I N )  
IF(  ICIRCoGEm4) 

SCALL SST(D lS*D2SmZIN)  
STOP 
CONTINUE 
READ(5.4) XLUIN. XLMAXsQ*ZIN 
RL=XCMI N  
IF<XLMlNoGTo  XLMAX) XLMI  e X L M A X  
IF(XLM1N-EQoXLHAX) XLMAXZRL 
WRITE(6.14P 
WRITE<6*24 )  1OPTsICIRC.IPRINT 
WRITE469 1 4 4 )  XLMIN. W M A X * Q *  Z I N  
FORMAT4 *-' lOX**LOWER L I M I T  OF INDUCTI  VE REACTANCE GRAPH. XLMXN = 

S * . l P D 1 3 0 6 r  OHMSe*/ 
S  @ O w  1OX 'UPPER L I M l T  O F  INDUCTI  VE  REACTANCE GRAPH* XLMAX = 
S l P D l 3 0 6 s '  OHMS'*/ 
SeO 's  10x1 'QUALITY FACTOR* Q = ' e  lPD1306. /  
S r O ' * l O X * * I N P U T  IMPEDANCE OF PROBE* Z I N  E @ * l P D 1 3 r 6 e  
S @  DHMS.r5X.'Ai 0 0 0  OEGREES PHASE ANGLEe 

RL=XLMAX/Q 
IF(RLoGEmZ1N) GO TO 3 
)(LING=(: XLWAX~-XLMIN)/400,0DO 
XLzXLMI N-XL1 NC 
IF(  IC1RCoLEol~ORoIC1RCoGTo4~ 



% C A L L  DGTPTC( Q.ZI N) 
#=XLMIN-XL'INC 
IF< I C I R C o E Q o 2 o 0 R o I C I R C  .GT-4)  

S C A L L  DGTSTCC Q.ZI N )  
X L = X L M I  N - X L I  NC 
IF( ICIRCoEOo3o0RoICIRCoGTo4) 

S C A L L  D C H T C ( Q * Z I N )  
X L Z X L M I  N - X L I  NC 
IF( I C I R C o G E o 4 )  

S C A L L  D G S S T C t  0 . Z I N )  
STOP 

a W R I T E < 6 * 5 )  R L e Z I N  
5 F B R ~ ~ t l * i * ~ i o x . *  R L =  X L / Q  = ' .1PD1306, '  OHMS I S  > OR = T O * + /  

S ' O 0 r l O X e * Z T N =  ' - l P n 1 3 + 6 * '  OHMS AND T U N I N G  USING THE'3E C I R C U I I S  1s 
S P R A C T I C A L L Y  OR COMPLETELY  1 M P O S S I  BLE* s /  

S'O' s I O X .  ' A S S I G N  ANOTHER Q WHICH I S  A C C E P T A B L E * )  
STOP 

3 W R I T E ( 6 e  1541 X L M A X s R L s Z I N  
154 F O R # A T ( ' l * . l O X * ' T H E  U P P E R L I M I T  O F  I N D U C T I V E  REACTANCE, X L M A X =  ' 9  

S l P D 1 3 0 6 +  OHMS I S  TOO L A R G E o e s /  
S * O O . l O X * ' R C  = XLMAX/Q = '.1P013.6.. OHMS I S  > OR = TO Z I N  = * .  
S l P D 1 3 - 6 .  OHMS'./ 
S ' O '  w 10x9 ' I N C R E A S E  THE VALUE OF Q OR DECREASE T H E  V A L U E  O F  XLMAX* ) 

STOP 
END 

S U B R O U T I N E  D T P T C i X C l  .XC2.BCAB) 
C 
C THIS S U B R O U T I N E  W I L L  C A L C U L A T E  THE C A P A C I T I V E  REACTANCES.  
C X C 1  AND XC2. R E Q U I R E D  T O  T W E  A T A P P E D ' P A R A L L E L  TUNED C I R C U I T  
C TO Z I N  = 8 C A 8  AT 0 0 0  DEGREES P H A S E  ANGLE. 
c XL 1s THE INOUCVXVE REACTANCE OF THE COIL AND RL IS THE 
C L O A D  R E S I S T A N C E o  
C 

X M P L I C I T  R E A L I B  (A-H.0-Z) 
COMMON /ABC/ BPI .CON1 .CONZ.XLsRL eFO*FL .FH  
COMMON /MNO/ 61 9 82 r 83 
Bl=DSQRT(BCAB*RL*(RL**2+XL**2-BCAB*RLb 1 
62= BCAB-RL 
X C l = { B C A B * X L + B l )  162 
83=XL-XC 1 
B l = R L * * 2 + X L * B 3  
82=RL**2 +83**2 
XC2=-XC1 *B 1/82 
RETURN 
END 



. - . . - - - 
SUBROUTINE  O T S T C < X l O ~ X 2 O . B C A B )  

C 
C T H I S  S U B R O U T I N E  W I L L  C A L C U L A T E  T H E  CAPAC I T 1  VE REACTANCES. 
C X I 0  AND X 2 0 s  R E Q U I R E D  T O  TUNE A TAPPED S E R I E S  TUNED C I R C U I T  
C TO Z I N  = B C A B  AT 0.0 DEGREES P H A S E  ANGLE-  
C XL I S  T H E  I N D U C T I V E  REACTANCE O F  T H E  C O I L  AND R L  I S  T H E  
C LOAD R E S I S T A N C E *  
C 

I M P L I C I T  R E A L * 8  (A-H.0-Z) 
COMMON / A B U  BPI .CON1 sCON2.XL.RL.FOsFLwFH 
COMMON /MNO/ A601 .Ad0  
EQUIVALENCE( ~ 5 0 s  BCAB 1 (: ~ 2 0 s ~ ~ )  s ( ' ~ 1  O * X L  

A 6 0 1 ~ A 2 0 * A 5 0 - A 2 0 * * 2  
A60=DSQRT( A 6 0 1  1 
X l O = A l O - A 6 0  
X2O=A20*ASO/A60  
RETURN 
'END 

SUBROUTINE  DHTC(  X C l s D l .  B C A B )  
C 
C T H I S  S U B R O U T I N E  W I L L  C A L C U L A T E  T H E  C A P A C I T I V E  R E A C T A N C E *  X C l *  
C AND C A B L E  WAVELENGTHS D l .  R E Q U I R E D  T O  TUNE A H Y B R I D  TUNED C I R C U I T  
C T O  Z I N  = B C A B  AT 000 DEGREES PHASE ANGLE-  
C XL I S  T H E  I N D U C T I V E  REACTANCE O F  THE C O I L  AND RL I S  THE 
C LOAO R E S I S T A N C E *  
C 

I M P L I C I T  R E A L t 8  (A-H.0-Z) 
COMMON /ABC/  BPI .CON1 s CON2. X L s R L  sFO.FL e F H  
COMMON /MNO/ B ~ s B ~ s B ~ ~ B ~ ~ ~ O . B ~ S B ~ ~ B ~  
B S B C A B * * 2 - - 8 C A B * R L  
B2=-20 ODO*BCAB*XL 
B l=XL* *2+RL*  *2-BCAB*RL 
B4=82**2-4 I O D O t 8  1 *B3 

B4=- (B2+DSORT(B4 1 )/20000/B1 
D l = D A T A N < B 4 )  /BPI 
I F ( O l r L T o 0 - 0 0 0 )  D 1 = 0 1 + 0 0 5  
80=BCAB*XL 
B l=BCAB**2-XL**2-RL**2  
82=-XL*BCAB 
B3=DTAN( BPI  *D 1 1 
84=BCAB-XL*B3 
B5=RL*B3  
Bb=BO+Bl*B3+82*B3**2  
87=64**2 +B5*+2 
B 6 = 8 6 / 8 7  
XCl=BCAB*Bb 
RETURN 
END 



SUBROUTINE DSSTC(DIeD2.BCAB) 
C 
C THIS SUBROUTINE W I L L  CALCULATE THE CABLE WAVELENGTHSs D l  AND 
C 02. REQUIRED TO TUNE A SHORTED STUB TUNED CIRCUIT 
C TO Z I N  = BCAB AT 0 - 0  DEGREES PHASE ANGLE. 
C X L  15  TIiC: INDUCTIVE REACTANCE OF VHt COIL AND RL I S  THE 
C LOAD RESISTANCE- 
C 

I M P L I C I T  REAL*B (A--H.O-Z) 
COMMON /ABC/ BPIrCONlrCON2rXLrRL~FOeFL~FH 
COMMON /MNO/ 8 3 r  8 2 . 8 1 s B 4 ~ 8 0 . 8 5 ~ 8 6 s B 7  
Bl=BCAB*RL--BCAW+2 
82=-2oODO*XL*BCAB 
B3=RL*BCAB-RL**2-XL**2 

B4=82**2-40 OD0+81tB3 
84=-( 82-OSQRT( 84 1 )/2-ODO/Bl 
Ol=DATAN(BQ)IBPI 
I F ( D 1 o L T - 0 -  D l = b 1 + 0 0 5  
B*DTAN( B P I t O 1 )  
eO=-BCAB*XL 
Bl=RL**2+XL**2-BCAB**2 
B2=Xb*BCAB 
BQ=BCAB*83+XL 
86=80+B 1 *83+92*83**2 
67=RC**2 +B4* t 2  
86=66/B7 
87=DATAN( 1 rODO/Bd$/BPI 
IF(B7oLT.O 0 0 0 0 )  87=87+0-5 
02=87 
RETURN 
EM3 



SUBROUTINE T P ? C < C l  e C 2 )  

T H I S  SUBROUTINE W I L L  CALCULATE THE IMPEDANCE FREQUENCY 
RESPONSE AND THE PHASE ANGLE FREQUENCY RESPONSE BETWEEN 
FREQUENCIESs F H  AND FL FOR THE TAPPED P A R A L L L E L  TUNED C I R C U I T *  
THE C O I L  H A S  I N D U C T I V E  REACTANCE* XLI R L  I S  THE L O A D  R E S I S T A N C E o  
C 1  AND C 2  ARE T H E  T U N I N G  CAPACITORS I N  PICOFARADS, 

I M P L I C I T  R E A L * 8  (A-H.0-Z) 
COMPLEX*16 Z l O * Z 2 0 * Z 3 0  Z INeDCMPLX 
R E A L * 8  DREAL,D IMAG*CDABSsDATAN2  
D I M E N S I O N  X ( 4 0 0 )  s Y 1 ( 4 0 0 ) * Y 2 ( 4 0 0 )  
COMMON /ABC/ B P I  *CON1 sCON2*XL .RLeFO*FLeFH 
COMNON/DEF/ HZPT 
COMMON / C H I /  X s Y l s Y 2  
COMMON / J K W  I P R I N T  
X C l = C O N l / C l  
XC2=CON 1 /C 2 
F20=FO 
F lO=FL-HZPT 
DO 10 N = 1 * 4 0 0  
F l O = F l O + H Z P T  

8 1 = F l O / F 2 0  
B2=- X C 2 / 8 1  
83=XL*81 -XC1/8  1 
B G - X C 1  *RL/B 1 
B S = X C l * X L  
ZlO=DCMPLX( 0 0 0 0 0  82) 
Z20=DCMPLX( R L s  83 
Z30=OCMPLX(BSsB4 
2 I N = Z 1 0 + U O / Z 2 0  
R=DREAL ( Z I  N )  
A=DI MAG ( Z I  N) 
A=570 29578DO*DATAN2 ( A . R  

R==CDABS(Z I N )  
Y l ( N ) = R  
Y2(N)=A  
X t N ) = F 1 0  
CONT I NU€ 
NUM=-40 0  
C A L L  G R A P H ( N U M * X * Y l * l l  s 2 * 1 2 - * 9 0  SO- * O o * o e  * O O S  

S'FREQ ( MHz 1 * e ' Z I N  ( OHMS ) '9 

S * Z I N  VS. FREQ '.'TAPPED P A R A L L E L  1 
CALL G R A P H ( N U M ~ X s Y 2 ~ 1 1 ~ 2 ~ 1 2 r ~ 9 ~ ~ 0 ~ ~ 0 ~ ~ 0 ~ ~ O ~ ~  

S*FREQ ( MHZ ' * * P H A S E  ANGLE ( DEG 1 * *  
SOPHASE ANGLE VSo F R E Q ' * * T A P P E D  P A R A L L E L  ' 1 

I F ( I P R I N T o N E o 1 1  RETURN 
NUM=400 
mRPTE(br4 )  
FORMAT ( ' 1 ' 1OX 9 ' FREQUENCY RESPONSE O F  TAPPED P A R A L L E L  TUNED C  I R C U I  

ST FOLLOWS: * s /  
S e - '  e T 4 s  *FREQ(  MHz I *  * T 2 4 *  * Z I N (  OHMS ) *  s T 4 0 s  'PHASE ANGLE(  DEG 1' 
S T 6 4 * ' F R E Q (  MHZ ) ' r T 8 4 . ' Z I N (  OHMS ) ' .T lOO,*PHASE ANGLE( DEG ) * * / / I  

DO 11 I = l e N U M r 2  
WRITE(6.141 X ( 1 )  r Y l ( I ) . Y 2 ( I ) r X < I + l ) * Y l ( I + I )  
FORMAT(*  * ~ ~ ( I P D I J ~ ~ S I X ) )  
CONT I NUE 
-TURN 
END 



T H I S  S U B R O U T I N E  W I L L  C A L C U L A T E  T H E  IMPEDANCE FREQUENCY 
RESPONSE A N D  T H E  P H A S E  ANGLE FREQUENCY RESPONSE BETWEEN 
FREQUENCIES .  FH AND FL FOR T H E  T A P P E D  S E R I E S  TUNED C I R C U I T o  
THE C O I L  H A S  INDWTIVE REACTANCE. X t e  R t  I S  THE L O A D  R E S I S T A N C E e  
C 1 0  AND C 2 0  A R E  THE T U N I N G  C A P A C I T O R S  I N  P ICOFARADS.  

I M P L I C I T  R E A L * 8  (A-H.0-Z) 
COMPLEX*16  Z ~ O ~ Z ~ O ~ Z ~ O . Z ~ O S Z ~ O ~ D C M P L X  
R E A L * 8  DREALsDIMAG.CDABSsDATAN2 
R E A L * 8  X ( 4 0 0 )  . Y X l f  400) . Y X 2 ( 4 0 0 )  
COMMON /ABC/  BPIsCONlrCON2~XL*RL~FOsFLsFH 
COMMON/DEF/ H Z P T  
COMMON / C H I /  X ' s Y X l  r Y X 2  
COMMON / JKL/ I P R I N T  
Z ~ ~ ~ O C M P L X < ~ O ~ D ~ ~ O ~ O D O )  

F 1 0 = F L - H Z P T  
00 10 I=1.400 
F l O = F l O + H Z P T  
X L l = X L * F l O / F O  
X C 1 = C O N 1 / C 1 0 * ( F O / F 1 0 ~  
X C 2 = C O N l / C 2 0 * f  F O / F 1 0  
X C 3 = X t l - X C  1 
ZlO=DCMPLX<S&.XC3) 
Z20=DCMPLX ( 0 -000 1-XC23 
Z S O = Z 4 0 / Z 2  0 + b 4 O / Z 1 0  
230=240/250 
R l = C D A B S  ( Z 3 0  a 
R2=DREAL ( Z 3 0  
A l = D I M A G ( Z 3 0 )  
A2=DATAN2(  A 1  s R 2 )  *ST& 2957800 
X ( S 1 - F l O  ' 

Y X 1 (  I B = R l  
Y X 2 4  1 ) = A 2  

C O N T I N U E  
NU#=-40 0 
C A L L  ~ ~ ~ ~ ~ ~ ~ ~ ~ . ~ ~ ~ ~ l s l l ~ 2 ~ 1 2 o ~ 9 e s O o ~ O o ~ O o ~ O o ~  

S m F R E Q  ( MHz 1 ' , ' Z I N  ( OHMS * . 
S ' Z I N  VS. FREQ ' . 'TAPPED SERIES ' 1 

C A L L  G R A P H ( N U M ~ X I Y X ~ . I  1 ~ 2 ~ 1 2 0  9 9 0  ~ O o s O e ~ O o ~ O o ~  
s . t - ~ t u  t MHL * 1 Y 'PHASE ANGLE 4 WG i . 
S'PHASE A N G L E  VSo  F R E Q *  'TAPPED S E R I E S  * ) 

I F ( I P R I N T e N E o 1 )  R E T U R N  
HLJM-&no , 
U R I T E ( b r 4 )  5 

4 FORMAT ( 1 ' r 1 OX. FREQUENCY RESPONSE O F  TAPPED SER I E S  TUNED C I R C U I  T 
$FOLLOWS : ' r / 
$a-• ;T4 . *FREQ(  H H Z  ) * * T 2 4 * ' Z I N <  O M S  Iw .T40 .  'PHASE ANGLE( DEG j * .  
S T 6 4 9  *FREQ(  M H z  2 * s T 8 4 s  ' Z I N (  OHMS 3 '  s T l O O o ' P H A S E  ANGLE(  DEG I * . / / )  

00 11 I= l .NUM.E 
W R I T E ( 6 s  14) X ( 1 )  . Y X l < I  ) . Y X 2 ( I ) s X ( X + l  ) * Y X l ( I + l ) ~ Y X 2 I I + l )  
F O R M A T < *  ' - 6 4  l P D 1 3 r 6 ~ 7 X l )  
CONT I NU€ 
RETURN 
END 



SUBROUTINE  H T ( C 1  * D l  * Z I N )  

T H I S  S U B R O U T I N E  W I L L  C A L C U L A T E  THE I M P E D A N C E  FREQUENCY 
RESPONSE AND T H E  P H A S E  ANGLE FREQUENCY RESPONSE BETWEEN 
FREQUENCIES. FH AND FL FOR THE HY'BRID TUNED CIRCUIT- 
THE C O I L  H A S  I N D U C T I V E  REACTANCE, X L -  R L  I S  THE L O A D  R E S I S T A N C E .  
C 1  I S  T H E  T U N I N G  C A P A C I T O R  I N  P I C O F A R A D S  AND D l  I S  T H E  T U N I N G  
C A B L E  L E N G T H  I N  C E N T I M E T E R S 0  

I M P L I C I T  R E A L * 8  (A-H.0-Z) 
COWPLEX*16 2 1 0 s Z 2 0 ~ Z 3 0 ~ Z 4 0 ~ Z 9 0 ~ D C M P L X ~ C D E X P  
R E A L * 8  X ( 4 0 0 ) * Y 1 < 4 0 0 3 . Y 2 ( 4 0 0 1  
R E A L * 8  D R E A L  D l  WAGeCDABSs D A T A N 2  
COMMON /ABC/ BPI ~ C O N l i C O N 2 ~ W ~ R L s F O ~ F L s F H  
COMMON/DEF/ H Z P T  
COMMON / G H t /  X s Y l s Y 2  
COMMON / JKL /  I P R I N T  
AT=OoODO 
R l O = R L  
XC l=CONl /C  1 
D=D1 /CON2 
F20=FO 
Z 4 O = D C M P L X < Z I N ~ O o O D O )  
F lO=FL -HZPT  
00 10 I=1.400 
F l O = F l O + H Z P T  
A l O = X L * F l O / F 2 0  
Z30=DCMPLX/  R 10 *A  10 
C 2 1 = B P I  *F l  O / F 2 0  
Z90=DCUPLX< A T e C 2  1) 
Z lO=CDEXP(-2+ODO*Z90*D)  ' 

Z 2 0 = ( Z 3 0 * (  1 - - Z l 0 ) + ~ 4 0 * (  l0+z10) ) / ( ~ 3 0 * (  l e + ~ 1 0 ) + ~ 4 0 * 4  l o - ~ 1 0 3  
Z 2 0 = Z 4 O / Z 2 0  
R20==DREAL< 220) 
A20=DIMAG(  Z 2 0 )  
B 1=XC 1*F20/F 10 
A20= A20 -  81 
ZEO=I)CMPI X!R20.A20) 
R20=DREAL(  Z 2 0 )  
A20=DIMAG(  220 1 
A 2 0 = 5 7 0 2 9 5 7 8 D O * D A T A N 2 (  A 2 0  9 R 2 0  
R20=CDABS(  Z 2 0 )  
X( I )=F10 
YI ( I )=REO 
Y 2 <  I 9 = A 2 0  

10 CONT I NU€ 
NUM=-400 
C A L L  G R A P H ( N U M * X * Y l *  11*2.120 ~ 9 o ~ O o ~ o ~ e o o  SO.. 

S 'FREQ ( MHz.  1 ' . ' Z I N  ( OHMS *. 
S * Z I N  VSe F R E Q  ' ' H Y B R I D  TUNED 1 

C A L L  G R A P H ( N U M * X . Y Z * l l  i 2 *  1 2 0 ~ 9 0 9 O e a O ~ ~ 0 - ~ 0 - ~  
S r F R E Q  MHZ 1 'PHASE ANGLE ( DEG ) ' 
$'PHASE ANGLE VS. FREQ '  ' H Y B R I D  TUNED ' 1' 

IF (  I P R I N T e N E -  1) RETURN 
NUM=400 



W R I T E t 6 . 4 )  
4 FORHATI: ' 1 ' s  lOX. 'FREQUENCY RESPONSE O F  H Y B R I D  TUNED C I R C U I T  FOLLOWS 

s:,./ 
6 . - i r T 4 .  * F R E Q (  H H Z  1' s T 2 4 . ' Z I N <  OHMS ) *  sT40 , 'PHASE A N G L E <  DEG 1'. 
S T 6 4 9  'FREQ(  M H z  1 ' r T 8 4 .  ' Z I N (  OHMS ) ' * T l O O . * P H A S E  A N G L E (  DEG ',//) 

DC) 11 I = l r N U U e 2  
WRITE(6 .14 )  X(I)rYI(I)rY2<I).X<I+1)~Y1(I+l)~Y2(1+1) 

14 F O R M A T ( '  ' s 6 ( 1 P D 1 3 r 6 . 7 X )  1 
11 C O N T I N U E  

RETURN 
END 

S U B U O U T I N E  S S T < D A s D B , Z I N )  
C 
C T H I S  S U B R O U T I N E  W I L L  C A L C U L A T E  T H E  I NPEDANCE FREQUENCY 
C RESPONSE AND THE P H A S E  ANGLE FREQUENCY RESPONSE BFfWEEN 
C FREQUENCIES.  F H  AND FL FOR T H E  SHORTED S T U A  TlJNFn C I R C U I T .  
C T H E  C O I L  H A S  I N D U C T I V E  REACTANCE*  XL. R L  I S  T H E  L O A D  RESISTANCEI  
C D A  AND 08 A R E  THE TUNSNG C A B L E  LENGTHS IN CENTIMETERS.  
C 

I M P L I C I T  R E A L S O  (A-H.0-Z) 
C O M P L E X * l 6  Z 1 O s Z 2 0 * 2 3 0 .  Z 4 O s Z 9 0 ~ D C M P L X . C D E X P  
R E A L * 8  X ( 4 0 0 ) ~ Y 1 < 4 0 0 ) ~ Y 2 < 4 0 0 )  
REAL*8 0REAL .D IMAGsCDABSs  D A T A N 2  
COMMON /ABC/ BPIrCONlsCON2rXLsRL~FOsFL~FH 
COMMON/DEF/ H Z P T  
COMMON / C H I /  X * Y l . Y 2  
COMMON / JKL /  I P R I N T  
A I Z O  mUDO 
R i  O=RL 
D=DA/CON2 
12 l =n8/CON2 
F2O=FO 
Z40=DCMPLX(  Z I N . 0  - O D 0 1  
F1 O=FL-HZPT 
DO 10 1=1.400 
F l O = F l O + H Z P T  
A l O = X L + F  1 0 / F 2 0  
Z 3 0 = D C M P L X ( R l O s A  10)  
C 2 1 = B P I  * F l O / F 2 0  
290=DCMPLX ( A T  .C2 1) 



Z 1  O=CDEXP(-2rODO*Z90+0 
Z 2 0 = ( Z 3 0 * (  l . - Z l O ) + L 4 0 * (  l~+Z~10l~/~f30*~~1o+ZlO~+Z40*~ l o - Z l O )  1 
R2O=DREAL( 220 
A20=DIMAG( Z 20 J 
A20=A20-OCOTAN<C21*Dl)  
Z20=DCMPLX6R20mA20) 
Z 2 0 = Z 4 0 / Z 2 0  
RZO=DREAL(.Z20 
A20=DIMAG< 220 1 
A20=57.29578DO*DATAN2( A 2 0  .R20 1 
R2O=CDABS( 220) 
X(  I # = F 1 0  
Y1(  1 )=R20 
Y2(  I )=A20 

1 0  CONT I NUE 
Nun=-400 
CALL G R A P H ~ N U M . X ~ Y ~ ~ I I ~ ~ ~ ~ ~ . ~ ~ ~ ~ O ~ ~ O ~ ~ O ~ ~ O . ~  

S'FREQ < MHZ ' * * Z I N  < OHMS 1 l l 

S ' Z I N  VS. FREQ * r 'SHORTED STUB l 1 
C A L L  GRAPH<NUM*X*V2,11 s 2 m  1 2 m s 9 0 s O -  *OosOo *Om 

SmFREQ ( MHZ 3 ' *'PHASE ANGLE ( DEG 1 ' r 
SgPHASE ANGLE VS. FREQ* 9 'SHORTED STUB ' 1 

IF ( I P R I  NT. NE. 1 B RETURN 
NUM=400 
M R I T E ( 6 *  4) 

4 FORMAT( ' 1.. 1 OX* 'FREQUENCY RESPONSE OF SHORTED STUB TUNED C I R C U I T  F 

SOLLOWS: ' * /  
s@-* *TQ*  *FREQ( n ~ f  ) a  mT24.aZ1N(  OHMS 1. * T 4 0 s e P H A S E  ANGLE( DEG ) *  l 

ST64* 'FREO(  MHZ ) * . T 8 4 r ' Z I N (  OHMS ) ' s T l O O * * P H A S E  ANGLE( DEG ) * * / / )  
DO 11 I = I m N U M * 2  
W R I T E ( 6 * 1 4 )  X ( I ) . Y l (  I ) s Y 2 ( 1 )  * X ( 1 + 1 1 . ~ 1 ( 1 + 1 ) m y 2 ( 1 + 1 )  

1 4  FORMAT(* ' * 6 ( l P D 1 3 r 6 , 7 X ) )  
CONT I NU€ 1'1 
RETURN 
END 



S U B R O U T I N E  D C T v C (  Q s Z I N )  

W I  S  S U B R O U T I N E  W I L L  C A L C U L A T E  T H E  GENERAL D E S I G N  GRAPHS 
AT F I X E D  Q' AND F I X E D  I N P U T  IMPEDANCE. Z I N  A T  0.0 DEGREES PH&SE 
ANGLE. BETWEEN I NOUCT I V E  REACTANCES X L M I N  AND XLMAX*  
T H E  D E S I G N  GRAPHS ARE FOR T H E  TAPPED P A R A L L E L  TUNED C I R C U I T *  

I M P L I C I T  R E A L S 8  ( A - H s O - Z l  
R E A L * 8  X ( 4 0 0 1 . Y 1 ( 4 0 0 1  . Y 2 ( 4 0 0 )  
COMMON /ABC/  BPI .CONIS  C O N 2 s X L * R L * F O e F L s F H  
COMMON/Df f  / HZPl? X L I  NC 
COMMON / C H I /  X,Y 1 .y2 
COMMON /JKL/ IPafNf 
DO 10 I=1.400 
X L = X L + X L I N C  
RL=  XL/Q 
C A L L  D T P l C t  X C 1  . X C 2 . Z I N l  
X ( 1  l = D L O G l O < X L )  
Y l ( 1  ) = D L O G l O I X C l )  
Y 2 (  I ) = D L O G l O i X C 2 )  

10 CONT I NU€ 
NUM=-400 
C A L L  G R A P H ( N U M s X * Y  1 s  1 1 s 2 ~ - 1 2 ~ * - 9 m ~ O ~ e O e s O * s O ~ s  

f .XL ( OtlMS ) 'm 'XC1  ( OHMS 1 ' 
S ' X C 1  VSm X L  ( L O G 1 0  1 '  ' TAPPED P A R A L L E L  ' 3 

C A L L  GRAPH(NUM*X.Y2.11s2~-12o - -9*eO-sO.s Om. Oms 
S ' X L  ( OHMS 3 ' s ' X C 2  ( OHMS ' 9  

t * X C 2  VSm X L  ( L O G 1 0  I *  s ' T A P P E D  P A R A L L E L  ' 1  
I F ( I P R I N T . N E o l 1  R E T U R N  
NUM=400 
I r R T T C ( A a A )  

4 FORMAT ( ' 1' .lox.' D E S I G N  VALUES F O R  T A P P E D  P A R A L L E L  TUNED C I R C U I T  FO 
SLLOW: ' . / 
8'- ' .T4. 'XL< OHMS ) ' . T 2 4 s ' X C l i  OHMS ) ' r T 4 4 s ' X C 2 (  OHMS 1 ' .  
t T 6 4 . ' X L <  OHMS ) * r T 8 4 , ' X C l (  OHMS ) ' * T 1 0 4 * ' X C 2 (  OHMS ) * , / / I  

DO 11 I ' l t N U M . 2  
X ( 1  l = l o * t x ( I ,  
Y l ( I ) = l O * * V 1 f I )  
Y 2 < I  ) = 1 0 * + Y 2 < 1 1  
X ( I + l ) = 1 O * * x t I + 1 ~  
v l ~ I + 1 ) = 1 0 * * Y l ( I + 1 1  
Y 2 ~ I + 1 ) = 1 0 * * Y 2 ~ 1 + 1 )  
k R I T E ( 6 . 1 4 )  X ( 1 )  . Y l ( X ) e Y 2 < 1 )  * X ( I + l I  * Y l ( I + l I  . Y 2 ( 1 + 1 1  

14 FORMAT( '  ' r b ( l P D 1 3 r 6 m 7 X 1 )  
11 U)NTI:NUE 

RETURN 
END 



THIS SUBROUTINE WIU CALCULATE THE GENERAL DESIGN GRAPHS 
AT  F I X E D  Q  AND F I X E D .  I N P U T  IMPEDANCE. Z I N  A T  000 DEGREES P H A S E  
ANGLE*  BETWEEN I N D U C T I V E  REACTANCES X L M I N  'AND XLMAXo 
THE D E S I G N  GRAPHS ARE FOR THE T A P P E D  S E R I E S  TUNED C I R C U I T .  

I M P L I C I T  R E A L * 8  (A-H.0-Z) 
REAL*8  X ~ 4 0 0 ~ . Y 1 ~ 4 0 0 ~ ~ Y 2 ( 4 0 0 )  
COMMON / A 8 V  BPI *CON1  CON2s X L  .RL .FOeFLmFH 
COMMON/DEE/ H Z P T  . X L I  NC 
COMUON /MI/ X * Y l . Y 2  
COMMON / J K L /  I P R I N T  
DO 10 1=1*400 
XL=XC+XL I N C  
RL=XL/Q 
C A L L  D T S T C ( X C 1  .XC2+Z I N )  
x( I ~=DLOGI o( n 
Y l ( 1  ) = D L O C l O ( X C l )  
Y Z ( . I  l = O L O G l O < X C 2 )  
C O N T I N U E  
NU+-400 
C A L L  G R A P H ~ N U M ~ X ~ Y ~ ~ I ~ ~ ~ . ~ . - ~ ~ ~ O O ~ O ~ ~ O O ~ O O ~  

S ' X L  ( OHMS 3  ' s e X C 1  < OHMS ' e  ' 

S a X C 1  VS. X L  t L O G 1 0  ) ' . 'TAPPED S E R I E S  , ' 4  
C A L L  G R A P H ( N U # ~ X ~ Y 2 ~ 1 1 ~ 2 ~ - 1 2 o ~ - 9 o ~ o o ~ O ~ s o o e o o ~  

S ' X L  ( OHMS 2 .s ' X C 2  ( OHMS .) ' 
S ' X C 2  VSo  X L  ( L O G 1 0 )  ' . 'TAPPED S E R I E S  ' 3 

~ F < I P R I N T o N E - I I  RETURN 
NUM=400 
W R I T E ( 6 s 4 )  
FORMAT(  ' 1' l o x * '  D E S I G N  V A L U E S  F O R  T A P P E D  S E R I E S  T U N E D  C I R C U I T  F O L L  

sow: ' ,/ 
Sa-'.T4.'XLl( OHMS ) ' s T 2 4 . ' X C l (  OHMS )'.T44.'XC2<. OHMS 1'. 
L T 6 4 r n X L (  OHMS 3 '  . T84 . . 'XC l (  OHMS ) ' ,T104. *XC,2 [  ClHMS ) ' s / / )  

11 I = l s N U M * 2  
X( I ) = l O * * X (  I) 
Y 1 i I  ) = l O * * Y 1 4 1 )  
~ 2 ( 1 ) = 1 0 * - * ~ 2 ( 1 )  
X < I + 1 ) = 1 O * * X ~ I + l ~  , 
Y 1 ( 1 + 1 ) = 1 0 * * Y 1 ~ 1 + 1 )  
Y 2 ( 1 + 1 ) = 1 O * * Y 2 ~ 1 + 1 )  
Y R I T E ( 6 . 1 4 )  X ( I ) ~ Y l ~ I ) ~ Y 2 ~ I ) i X < I + 1 I ~ Y 1 ~ I + 1 ~ ~ Y 2 ~ I + l )  
FORMAT( '  ' i b ( l P D 1 3 i 6 . 7 X ) )  
CONT I NUE 
RETURN 
END 



SUBROUTINE W T C t Q s Z I N )  

T H I S  SUBROUTINE Y ILL CALCULATE THE GENERAL D E S I G N  GRAPHS 
AT F I X E D  Q AND F I X E D  I N P U T  IMPEDANCE. Z I N  AT  0 0 0  DEGREES PHASE 
ANGLE I BETWEEN I N D U C T I  V E  REACTANCES X L M I  N  AND XLMAXo 
THE D E S I G N  GRAPHS ARE FOR THE H Y B R I D  TUNED C I R C U I T .  

I M P L I C I T  R E A L * 8  <A-HsO-Z) 
REAL*8  X ( 4 0 0 l s Y 1 ( 4 0 0 ) s Y 2 ( 4 0 0 )  
COMMON /ABC/ BPI  sCONlsCON2wXLeRLsFO*FL*FH 
CO#MON/DEF / HZPT 9 X L t  NC 
COMMON / C H I /  X s Y l s Y 2  
COMMON /JKC/ XPRINf 
DO 10 X = l r 4 0 0  
= = X L + X L  I N C  
RL=XL/Q 
C A L L  DHTC(  X 1 0 8 s D 1  s Z I N )  
X < I  ) = D C O G l O ( X L J  
Y l ( I  I = D L O C l O ( X l O O )  
Y E ( 1  ) = D L O G l O ( D l )  
C O N T I  NU€ 
NUM=-400 
C A L L  C R A P H ( N U M s X s Y 1 ~ 1 1 s 2 ~ ~ 1 2 ~ s ~ 9 ~ ~ O ~ s O ~ ~ O ~ s O ~ ~  

S m X L  ( OHMS * s ' X C 1  ( OHMS 1 ' 9 

s ~ x c l  vs, XL i L o G ~ O  ) a . C H ~ B R I o  TUNED @ J 
C A L L  G R A P H ( N U H ~ X ~ Y 2 s l 1 ~ 2 s ~ 1 2 ~ ~ ~ 9 ~ ~ O ~ ~ O ~ s  O o s O ~ *  

S'XL d: OHMS m s m D 1  ( WAVELENGTHS 1 @. 
S ' O l  VSI XL ( L O C ~ O  ' . 'HVBRID  TUNED ' 1 

I F < l P R I N T o N E o l )  RETURN 
NUM=400 
W R I T E ( 6 r  4) 
FORMAT t o  1 ' s  10x9' D E S I G N  VALUES FOR H Y B R I D  TUNED C I R C U I T  FOLLOW:@*/  

b e - ' s T 4 s o X L (  OHMS ) ' , T 2 4 s 0 X C 1 (  OHMS ) ' . T 4 2 e ' D l (  YVELNGTHS 1 ' s  
S T 6 4 s a X L (  OHMS d e . T 8 4 s @ X C 1 (  OHMS ) ' s T 1 0 2 . ' 0 1 (  WVELNGTHS ) ' s / / )  

DO 11 I - I D N U W ~ P  
X( I )= lO**X(  I) 
Y 1 f 1  ) = l O # Y l ( I )  
Y 2 (  1 )=1 O-Y211)  
X ( 1 + 1  )= lO**X(  I+t) 
Y 1 ~ 1 + 1 ~ = 1 0 * * Y 1 ~ 1 + 1 )  
Y 2 ( 1 + 1 ) = 1 0 * * Y 2 ~ 1 + 1 )  
. M R I T E < 6 s 1 4 )  X ~ I ) s Y l ~ X B s Y 2 ~ I ) ~ X < I + l ) ~ Y l ~ I + l ) s Y 2 ( 1 + 1 ~  
FORMAT( ' ' s 6 ( 1 P D 1 3 - 6 * 7 X ) )  
CONT I NU€ 
RETURN 
END 



T H I S  S U B R O U T I N E  W I L L  C A L C U L A T E  THE G E N E R A L  D E S l G N  G R A P H S  
A T  F I X E D  0 A N D  F I X E D  INPUT IMPEDANCE.  ZIN A T  0.0 D E G R E E S  P H A S E  
A N G L E *  BETWEEN I N D U C T I V E  R E A C T A N C E S  X L M I N  AND XLMAX. 
THE D E S I G N  GRAPHS A R E  F O R  THE SHORTED S T U B  T U N E D  C I R C U I T .  

I M P L I C I T  R E A L * 8  (A-H.0-Z) 
R E A L * 8  X ( 4 0 0 1 * Y 1 ( 4 0 0 ) . Y 2 ( 4 0 0 )  
COMMON /ABC/  BPI *CONl*CON2*XL*RLeFO*FL*FH 
COMMON/DEF/ HZPT XLI NC 
COMMON / C H I /  X * Y  1 s Y 2  
COMMON /JKL/ I P R I N T  
00 10 I = l r 4 0 0  
X L = X L + X L I N C  
R L = X L / Q  
C A L L  D S S T C ( D ~ O ~ D ~ O J Z I N )  
X (  I ) = D L 0 6 1  O ( X L )  
Y l ( X ) = D L O G l O ( D l O )  
Y 2 (  I ) = D L O G l O ( D 2 0 b  
CONT I NU€ 
NUM=-400 
C A L L  G R A P H ( N U M s X e Y l *  l l ~ 2 ~ ~ 1 2 ~ ~ ~ 9 m s O m ~ o m s O - ~ O ~ s  

S * X L  ( OHMS ' * ' D l  ( WAVELENGTHS 1 ' e  

S m D 1  VS. Xt L O G 1 0  1 ' s ' S H O R T E D  S T U B  ' 1 
C A L L  G R A P H ( N U M * X * Y 2 * 1 1  s 2 s - 1 2 .  s - 9 m ~ O ~ s O ~ ~ O m ~ O - s  

S g X L  ( OHMS 1 ' .OD2 ( WAVELENGTHS 's 

b ' D 2  VS. X L  4 L O G 1 0  ' 9 ' S H O R T E D  S T U B  ' 1 
IF ( f P R I  NT. NEI 1) R E T U R N  
NUM=4OO 
Y R I  TE (6.4) 
F O R M A T (  ' la s I O X *  @ D E S I G N  V A L U E S  F O R  S H O R T E D  S T U B  T U N E D  C I R C U I T  F O L L O  

sw:'./ 
S * - ' m T 4 * ' X L (  OHMS ) ' * T 2 2 s m D 1 (  WVELNGTHS ) * * T 4 2 . ' D 2 (  WVELNGTHS 1.9 
S T 6 4 s  ' X L (  OHMS ) '  * T 8 2 . ' 0 1 (  WVELNGTHS J a  *T102**02( WVELNGHTS ) ' * / / I  

00 11 I = l * N U M * 2  
X ( I ~ = l o * * X ( X ~  
Y l t I  ) = X O * * Y I i I j  
Y 2 (  1 3 = 1 0 * * Y 2 t  1) 
X ~ I + l ~ = 1 O * * X ~ I + l )  
Y l < I + 1 ) = 1 O * * Y 1 ~ 1 + 1 ~  
Y 2 ( I + 1 ) = 1 0 * * Y 2 ( I + 1 )  
WRITE(6.14) X( I )  .YL(Il r Y 2 ( I ~ e X ~ I + l ) ~ Y 1 ( I ~ l ~ ~ ~ ~ ~ I + l )  
F O R M A T (  ' ' *6( l P D 1 3 r 6 * 7 X ) )  
CONT I N U E  
R E T U R N  
END 



S U B R O U T I N E  G R A P H ( : F P T S . X ~ Y ~ I D U M 1 . I D U M 2 ~ X D U M 1 ~ X D U M 2 ~ X O U M 3 ~  
S X D U W 4 . X O U M 5 . X D U H 6 . X L A 8 ~ Y L A B ~ G L A 8 ~ D A T L A E ~  

THIS SUBROUTINE WILL GRAPH THE FIRST NPTS ORDERED, PAIRS OF 
P O I N T S (  K ( f ) s Y < I : )  1 WHICH ARE STORED I N  T H E  ARRAYS X  AND Y r 

A  ONE P A G E  P R I N T E R  GRAPH W STANDARD S I Z E  ( 60  L I N E S *  132 COLUMNS 1 
I S  DRAWN r X (  I ) V A L U E S  CORRESPOND T O  THE H O R I Z O N T A L  AXES AND 
Y (  I ) V A L U E S  CORRESPOND T O  THE V E R T I C A L  A X I S  r X L A B  AND Y L A B  
ARE T H E  R E S P E C T 1  V E S  A X E S  L A B E L S  r G L A B  AND D A T L A B  A R E .  GENERAL 
GRAPH L A B E L S  r A L L  L A B E L S  MUST BE 20 CHARACTERS I N C L U D I N G  B L A N K S *  
THE PARAMETERS I D U M l  THROUGH XDUM6 ARE N O T  USED r 

T H I S  S U B R O U T I N E  W I L L  PRODUCE A  P R I N T E R  GRAPH S I M I L A R  T O  T H A T ,  
PRODUCED B Y  T H E  I S U  P L O T T I N G  P A C K A G E *  S I M P L O T T E R  r 

T H E  STRUCTURE OF T H E .  PARAMETERS I S  SUCH T H A T  T H I S  S U B R O U T I N E  
IS COMPATIBLE FOR USE IN PROGRAMS 'WHICH WOULD NORMALLY 
USE S I M P L O T T E R  6 

REAL*8  X ( l ) . Y ( : l )  
R E A L * 4  X L A B ( S B s Y C A B ( S ) . C L A 8 ( 5 ) . b A Y L A 8 ( 5 ) * X V A L ( 1 2 )  
I N T E G E R I 2  G R I D < 6 1 . 5 4 )  9 I X G R I D s  IYGR1DsI8LANK.IBARsfSEVENs I S O D D  
I N T E G E R * 2  I N D s I S L S H s  I B O T H  
LOGICAL SET'EVE.SETODD 
DATA IBLANK/* * / ,  I B A R / * * / .  ISEVEN/* + s / . ~ ~ ~ ~ ~ ' / * + '  # /  

DATA  I S L S H / *  1 s/ .180TH/o '++ ' /  
NPTS= XAB St NPTSJ 
00 5 I = l * S 4  
00 5 J=1*61 
GRID(:  J, I ) = I B L A N I (  

. . 
CONT I FJUE 
00 6 1=1.61 
G R I D t I s  1 ) = I B A R  
C O N 1  I NU.E 
00 7 1~1.54 
G R I D I 1 . 1  )=ISLSH 
CONT I NUE 
XMIN=X(  1) 
XMAX=X< 1 3  
YMIN=Y< 1 
YMAX=YI 1)  
00 1 I=l .NPTS 
I F ( X ( 1 ) r L T r X M I N )  X M I N = X ( I )  
' I F < Y ( 1 ) . L T r Y M I N )  Y M I * Y ! I )  
I F ( X ( I ) ~ G T ~ X M A X )  X M A X = X < I I  
I F ( : V (  I ) * G T o Y M A X )  YMAX=Y( : I )  
C O N T I  NUE 
YDIST=YMAX-YMI  N 
XDIST=XMAX-XMIN  
X S F = l 2 0 r O / X D X S T  
YSF=SO- O f Y D I  S T  
Y I N C = Y D I S T / l O r O  
X I N C = X D I S T / l E o O  
DO 2 I = l s N P T S  
I Y G R I D = < Y (  I 3 - Y M I N ) * Y S F + O r 5  
I Y G R I D = I Y C R I D + l  
I X G R I D =  ( X (  I 1-XMI  N ) * X S F + O r S  



f X 6 R I m = 1 X G u 1 D + 1  
I T E M P = I X G R I D  
IS IDE=MOD(  ITEMP.  2 J  
I N D = I S E V E N  
IF< I S I D E o N E - 0 )  I N D = I S O D D  
I X G R I D r (  I X G R I D - 1 ) / 2 + 1  
SETEVE=*FALSE*  
SETODD=o F A L S E *  
IF( I N D o E O *  I S E V E N  S E T E V E f r T R U E o  
I F ( I N D o E Q . I S O I ) O )  SETODO=.TRUE* 
I F ( G R I D (  IXGf2ID.IYGRID)~EOoIBOTH) I N D = I B O T H  
I F ( G R I D (  I X G R I D s I  Y G R 1 D ) ~ E O o I S O D D o  A N O * S E T E V E  I N D = I B O T H  
I F ( G R I D (  I X G R I D .  I Y G R I O )  r E O o  I S E V E N o  ANDOSETODD)  I N D = I B O T H  
G R I D (  I X C R I D ~ I Y G R I D 8 = I N D  
C O N T I N U E  
W R I T E ( 6 . 3 4 )  G L A B  
FORMAT( '  1' , f 91 .5AB)  
Y R I T E < 6 , 4 4 )  D A T L A B  
FORMAT(@ ' r T 9 l r S A 4 )  
WRI T E  (6 4) Y L A B  
FORMAT ( ' @ s 5 A 4  
DO 3 3=1*54 
IREV=SS- J 
I T E M P = I  REV-1  
IS IDE=MOD< ITEMP.  5 )  
YVAL=YMIN+( I T E M P / S ) * Y I  NC 
IF( I S I D E . N E * O J  

S W R I T E ( 6 . 1 4 )  < G R I D < I s  I R E V )  s I = I  961) 
FORMAT< '  ' s 1 0 X s 6 1 A 2 )  
IF( I S I D E * E Q * O )  

t W R I T E ( 6 s 5 4 )  Y V A L s ( G R I D ( 1  . I R E V ) e I = l  e 6 l )  
FORMAT[ ' ' s l ~ € 9 * 2 . ' - * . 6 1 A 2 )  
CONT I NUE 
DO 9 I=6*56.5 
G R I D ( I  s 5 4 ) ~ I S L S t - i  
C O N T I  NUE 
U R I T E ( 6 . 1 4 )  ( G R I D i 1 ~ 5 4 1 . 1 = 1 ~ 6 1 )  
DO 8 I t1912 
X V A L t  I ) = X M I N + F L O A T ( I - 1  )*XING 

C O N T I  NUE 
W R I T E ( b o 7 4 )  ( X V A L < I )  .I=#* 12) 
FORMAT( *  ' ~ 8 X . 1 2 ( 1 P E 9 - 2 . 1 X )  
W R I T E ( 6 . 2 4 )  XLAB 
FORMAT( '  ' + T 6 l  r S A 4 )  
RETURN 
END 



****8 OESIGN NMR FTtQBE ***** 

I N R J T  OATA FOLLOWS: 

PROGRAM OPTIONS I O P T  = 0 0 -  S INGLE FREQ* DESIGN 1- GENERAL DESIGN 

C I R C U I T  SELECTB8. I C I  RC z 5 1- TAPPED PARALLEL TUNED 2- TAPPED SERIES TUNED 

3- H Y B R I D  TUNED 4-SHGRTED STUB TUNED 5- ALL FOUR C I R C U I T S  

P R I N T  CONTROLS I P R I N T  = 0 0- GRAPH D A T A  NDT PRINTED 1- ALL GRAPH DATA PRINTED 

RES3NANT FREQUENCY. FO = 5 r b 0 0 0 0 0 D  0 1  MEGAHERTZ 

I N D U C T I V E  REACTANCE O F  C O I L *  X L  -= 1 * 4 8 0 0 0 0 0  02 OHMS 

QUALITY FACTOR. 0 ;  l e 9 1 0 0 0 0 D  01 Q = XL/RL 

I N P U T  SMPEDANCE OF PROBES , Z I N  = 5rODOOOOD 0 1  OHMS A T  PH4SE ANGLE = 0 - 0  DEGREES 

VELOCITY FACTOR OF CABLE. VF = 5.6OOOOOD-01 

LOUER L I M I T  OF  FREQUENCY RESPONSE GRAPH. FL = 5 * 0 0 0 0 0 0 D  01 MEGAHERTZ 

UPPER L I M I T  OF FREQUENCY RESPONSE GRAPH. FH = 6,2000000 0 8  MEGAHERTZ 



#*** CALCULATED VALUES FOLLOW : ****a 

--- L O A D  RE.SISTORs RL = 7 . 7 4 8 6 9 1 0  00 OHMS -- 
--- RXNGDOWN T I M E *  TAU = 202798950 0 0  MICROSECONDS TAU = 2 1 * Q / ( P I * F O )  --- . . 

C l =  1 l 1668170 01 PICOFARADS 

C 1 =  2.1871760 01 PICOFARADS 

C2= 1.3272970 02 PICOFARAOS 

---- NOTE: C A B L E  W I T H  C H A R A C T E R I S T I C  IMPEDANCE OF 5 ~ 0 0 0 0 0 0 0  01 OHMS MUST BE USED* 

DL= 1 - 1246220 01 CENTIMETERS 

C1= 70269 195.0 00 PICOFARAOS 

----- NOTE: C A B L E  W I T H  C H A R A C T E R I S T I C  IMPEDANCE O F  5oOOOOOOD 01 OHMS MUST BE USED. 

Dl= 909639070 01 CENTIMETERS 

D2= 7.1576600 00 CENTIMETERS 



Z I N  VSo FREQ 
TAPPED PAR A L L =  

I 
I 
I - 

2057E 02-1 
Z I N  (: OHMS ) 

I 
I 
I 
I 

2031E 02-1 

I 
I 
I 
I 

20OSE 02-1 

I 
I 
I 
I 

1079E 02-1 

I 
I 0' N 

++ + 
1 +++ 

+++ +- 1-53E 02-1 

I +++ ++ ++ 
I t ++ ++ 
I ++++ 
I +++ ++ ++ 

l e 2 7 E  02-1 +++ ++ 
I +++ 
I +++ ++ 
I 

++ 
+++ ++ 

I +++ ++ 
1001E 02-1 +++ 

I 
++ 

+++ ++ 
1 ++ + 
I 

++ 
++ + +++ 

I +++ ++ 
IoS4E 01-1 ++++ ++ 

I +++ ++ 
I ++++ 
I 

+++ 
- - - .  ++++ ++++ 

I +++++ +++- 
b094E 01-1 - +++++++++ + --- 

I 1 I I 1 I I I I 
+---- 
I 

5rOOE 01 5e10E 01 5020E 01  5.30E 0 1  5-40E 01 5.50E 01 5.6OE 0 1  5-TOE OL 5e80E 01  

F R E Q  ( WHZ 1 
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