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a 

BACKGROUND MATERIAL 

Many spectrum a n a l y z e r  c i r c u i t s  are based on 
p r i n c i p l e s  w i t h  which most e n g i n e e r s  may n o t  b e  
f a m i l i a r .  I t  i s  t h e  purpose of t h i s  c h a p t e r  t o  review 
some of t h i s  s p e c i a l i z e d  background material. T h i s  
review i s  n o t  i n t ended  t o  be  e i t h e r  complete o r  
r i g o r o u s .  Those d e s i r i n g  a more complete  d i s c u s s i o n  
are  r e f e r r e d  t o  t h e  b a s i c  r e f e r e n c e s  and t h e  
b i b l i o g r a p h y .  

TRANSMISSION LINES* 

A t  low f r e q u e n c i e s  t h e  b a s i c  c i r c u i t  e lements  a re  
lumped. A t  h i g h e r  f r e q u e n c i e s ,  however, where t h e  
s i z e  of c i r c u i t  e lements  i s  comparable t o  a 
wavelength,  lumped elements can n o t  b e  used e a s i l y ,  i f  
a t  a l l .  Th i s  accoun t s  f o r  t h e  e x t e n s i v e  u s e  of 
d i s t r i b u t e d  c i r c u i t s  a t  h i g h e r  f r e q u e n c i e s .  

A d i s t r i b u t e d  c i r c u i t  i s  a s i g n a l  t r a n s m i s s i o n  p a t h  i n  
which t h e  b a s i c  c i r c u i t  e lements  ( r e s i s t a n c e ,  
i nduc tance ,  c a p a c i t a n c e )  are d i s t r i b u t e d  over  t h e  
e n t i r e  l e n g t h  of t h e  t r a n s m i s s i o n  p a t h .  A t r a n s m i s s i o n  
l i n e  c o n s t i t u t e s  a d i s t r i b u t e d  c i r c u i t .  

*This s e c t i o n  p e r t a i n s  t o  uniform t r a n s m i s s i o n  l i n e s ;  
t a p e r e d  t r a n s m i s s i o n  l i n e s  w i l l  n o t  b e  cons ide red .  
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Transmission lines can be constructed in many 
different ways. 
characteristics and certain relatively minor 
electrical differences. For example, the unshielded 
two-wire construction is susceptible to pickup and 

e I e c t r  i ca 1 radiation, whereas the shielded coaxial structure is 
c h a r a c t e r -  not. All transmission lines, however, have certain 
istics major electrical characteristics as follows: The 

transmission line is considered as consisting of an 
infinite number of elements composed of infinitesimal 
shunt capacitance ( C A R )  and conductance ( G A R ) ,  and 
series resistance ( R A R )  and inductance (LAR).  For 
most applications one can make the simplifying 
assumption that the transmission line is lossless by 
neglecting the effects of shunt conductance and series 
resistance. 

These will have different physical 

LOAD 1 
I+----&- 

Fig. 1-1. Transmission Line. 

R SECT IONS 
A R  

Fig. 1-2. Transmission-line equivalent 
circuit. 
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QUANT I TY 

CYARACTERISTIC IVPEDANCE 

PROPAGATION COUSTANT 

PHASE CONSTANT 

ATTENUATING CONSTANT 

INPUT IMPEDANCE 

I ‘IPEDANCE : 
L I N E  SHORTED 

L I N E  OPEN 

L I N E  = ODD NUMBER 
OLlARTER WAVES 

L I Y E  = EVEU NUMeER 
QUARTER lnrAVES 

S Y “BO L 

y =  a t J 3  

a 
-~ 

a 

zi 

r VOLTAGE REFLECTION 
COEFFICIENT 

~ VSWR 
VOLTAGE STANDING 

WAVE RATIO 

GENERAL EXPRESSION 

J OC 

(IMAGINARY PART OF y )  

(REAL PART OF y) 

Z + Z t an4  Y L  

” 5 t Z r  t a n h  YE. 
Z. r G 

Zo t a n h  y: 

Z c o t h  y P  0 

Z o  r Z t ZI; c o t h  crL 

Zo + Zr c o t n  a9- 

Z + Z, t a n h  a i  

Zo t Zp t anh  a?. 
Z D  r 

zr - z 
‘r ’ ‘0 

IDEAL LOSSLESS L I N E  

fi 
j u f i  

0 

Z + jZ, t a n  

Zr, f j Z v  t a n  E n  Zo 

jZ, t a n  Be 

-jZ, c o t  39. 

R,L,G,C = D ISTRIBJTED SESISTANCE, INDUCTANCE, CONDUCTANCE, CAPACITANCE PER U Y I T  LENGTH. 

L = DISTANCE ALOhG L INE,  VEASURED FROV LOAD END. 

Z r  = LCAd AT QECEIVING END OF L I N E ,  Zr SHORTED L I N E  = 3,  Zr OPEN L l Y E  = m. 

I r I = MAGNITUDE OF VOLTAGE REFLECT I OY COEFF I c I ENT, r . 

Fig. 1-3. Basic transmission-line 
relationships. 

When a t r a n s m i s s i o n  l i n e  i s  t e rmina ted  i n  i t s  
c h a r a c t e r i s t i c  impedance (Z, = Z o ) ,  t h e  combinat ion 
behaves as an i n f i n i t e l y  long  l i n e .  The energy 
d e l i v e r e d  by t h e  g e n e r a t o r  p ropaga te s  down t h e  
t r a n s m i s s i o n  l i n e  and i s  absorbed by t h e  l o a d  wi thou t  
r e f l e c t i o n s .  When t h e  l o a d  i s  o t h e r  t h a n  t h e  
c h a r a c t e r i s t i c  impedance, Zo ,  t h e n  some of t h e  
i n c i d e n t  energy i s  r e f l e c t e d  back down t h e  l i n e  
toward t h e  g e n e r a t o r ,  T h i s  g i v e s  r ise  t o  peaks and 
n u l l s  of v o l t a g e  (and c u r r e n t )  a long  t h e  l i n e  known 
as s t a n d i n g  waves. 
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s t a n d  i ng 
waves 

R E A C T A N C E  T 
xL  

xc 

+ R = 0 A T  P O I N T  O F  
SHORT C I RCU IT 

Fig. 1-4. Impedance of short-circuited 
lossless transmission line. 

R E A C T A N C E  t 
xL 

xc 

.f- R = 0 A T  POINT OF 
O P E N  C I R C U I T  

Fig. 1-5. Impedance of open-circuited 
lossless transmission line. 

The phenomenon of standing waves is easily 
understood in connection with the impedance of the 
transmission line. Figs. 1-4 and 1-5 show the 
variation of impedance as a function of line length 
for shorted and open-circuited lines respectively. 
It is obvious that the voltage has to go to zero 
at a zero-impedance point and toward infinity at a 
point of infinite impedance. In practice real 
transmission lines are not entirely lossless, so 
that the voltage along the line does not actually 
go to zero or become infinite. Note that the line 
impedance and, therefore, the standing-wave pattern 

repeats at half-wavelength (-) intervals. This 

characteristic is independent of the impedance of 
the load. 

x 
2 



5 

8 

t 6  
d B  LOSS 4 
PER FOOT 
OF L I N E  

2 

500 1000 1500 2000 

M H Z--* 

Fig. 1-6. Lossy transmission-line 
characteristic. 

I n  most a p p l i c a t i o n s  i t  i s  d e s i r a b l e  t h a t  t h e  
t r a n s m i s s i o n  l i n e  have as l i t t l e  loss as p o s s i b l e .  
There are, however, a p p l i c a t i o n s  where l o s s y  
t r a n s m i s s i o n  l i n e s  work b e s t .  Lossy t r a n s m i s s i o n  
l i n e s  are manufactured by many companies i n c l u d i n g  
T e k t r o n i x ,  I n c .  The T e k t r o n i x  l o s s y  t r a n s m i s s i o n  
l i n e  i s  of c o a x i a l  c o n s t r u c t i o n  where t h e  c e n t e r  
conductor  i s  made of s t e e l  p i ano  w i r e .  The s t e e l  
c e n t e r  conductor  h a s  t h e  u s e f u l  p r o p e r t y  of 
i n c r e a s i n g  i n s e r t i o n  l o s s  w i t h  i n c r e a s i n g  f r equency ,  I ossy 

transmission as shown i n  F ig .  1-6. The power l o s s  i n c r e a s e s  
I i nes  approximate ly  as t h e  s q u a r e  r o o t  of f requency .  

Such t r a n s m i s s i o n  l i n e s  are u s e f u l  i n  a p p l i c a t i o n s  
where t h e  energy of i n t e r e s t  i s  a t  r e l a t i v e l y  low 
f r e q u e n c i e s  o r  t h e  loss can  b e  t o l e r a t e d ,  and a 
good high-frequency match i s  impor t an t .  A l e n g t h  
of l o s s y  t r a n s m i s s i o n  l i n e  w i l l  p r o v i d e  a good 
impedance match, low VSWR, even when t h e  l o a d  i s  
much d i f f e r e n t  from t h e  c h a r a c t e r i s t i c  impedance, 
Zo. This  i s  because  t h e  r e f l e c t e d  wave i s  

r ,  v o l t a g e  a t t e n u a t e d  by t h e  l o s s y  l i n e .  Thus, t h e  v o l t a g e  
r e f  I ec t  i on r e f l e c t i o n  c o e f f i c i e n t  I? d e c r e a s e s  as w e  go f u r t h e r  
c o e f f i c i e n t  from t h e  mismatched l o a d :  lrgl = I I ? g ( E  -2~2. mere: 

Irl i s  t h e  a b s o l u t e  v a l u e  of t h e  v o l t a g e  r e f l e c t i o n  
c o e f f i c i e n t  a t  any p o i n t  a long  t h e  l i n e ,  and 1 I'o I 
i s  a b s o l u t e  v a l u e  of v o l t a g e  r e f l e c t i o n  c o e f f i c i e n t  
a t  z e r o  d i s t a n c e  from t h e  l o a d .  

For example, I?o = -1 f o r  a s h o r t  c i r c u i t ;  one f o o t  of  
T e k t r o n i x  l o s s y  c a b l e  w i l l  r educe  r t o  about  0 .16  a t  
2 GHz and VSWR w i l l  b e  reduced from an i n f i n i t e  r a t i o  
t o  1 . 4 .  
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CROSS SECTIONAL 
V I EW 

kr A 4  
I 

I 

I 

lf 'I 
S13E V l E 7 j  DIRECTION OF 1 PROPAGATIOY - 

Fig. 1-7. TEi 0 fields in a rectangular 
wav;guide. 
field; dotted lines - -  magnetic 
field. 

Solid lines - - electric 
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WAVEGUIDES 

In principle, a waveguide is any structure which 
serves the function of guiding electromagnetic 
energy from one place to another. Transmission 
lines could, therefore, be considered as a specific 
type of waveguide. In practice the word waveguide 
usually refers to a hollow metal pipe, and that is 
the definition we shall use here. 

The advantages of waveguides over transmission lines 
are: 1) Higher power handling capability, 2) Lower 
losses, 3) Easier and more rugged construction, 4) 
It is almost impossible to build transmission lines 
that do not propagate in undesirable modes at higher 
frequencies, hence the predominance of waveguides 
above 12.4 GHz. 

A l l  transmission systems, both waveguide and 
transmission line, have an infinite number of modes 

modes has a cutoff frequency below which energy cannot 
be propagated. Modes are specified as TE (Transverse 
Electric Field), where no component of electric field 
is in the direction of propagation; TM (Transverse 
Magnetic Field), where no component of magnetic field 
is in the direction of propagation; and TEM (Transverse 
Electromagnetic), where neither the electric nor 
magnetic field is in the direction of propagation. 

p r o p a g a t i o n  by which energy can be propagated. Each of these 
modes 

Transmission systems behave as high-pass filters where 
the cutoff frequency is a function of the mode of c u t o f f  

f r e q u e n c y  propagation. The higher the order of the mode the 
and higher the cutoff frequency. In transmission lines 
mod e the dominant mode is TEM which has no cutoff, implying 

cutoff at DC, so that transmission lines have 
essentially no low-frequency limit. 

Most rectangular waveguides operate in the TE 2 , ~  mode. 
The field distribution for this mode is shown in 
Fig. 1-7. 
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The c u t o f f  f requency  f o r  each  mode can  b e  c a l c u l a t e d  
i n  terms of t h e  waveguide dimensions a and b .  
r e l a t i o n s h i p  is: 

The 

cutoff 
frequency 
a n d  
dimensions 11,8 x l o 9  i n / s ) .  

where A, and fe are t h e  c u t o f f  wavelength and c u t o f f  
f requency  r e s p e c t i v e l y  f o r  t h e  TE, n o r  T%,n mode, 
and v, i s  t h e  v e l o c i t y  of l i g h t  (3’x l o 8  m / s  o r  

For t h e  dominant TEI 0 mode, A, = 2a. 
WR-42 waveguide i s  rgcommended f o r  t h e  1 2 . 4  t o  
l8-GHz f requency  r a n g e ,  The dimensions of t h i s  
waveguide are 0.622 by 0.311 i n c h e s ,  

For example, 

The c u t o f f  
- Ve mode computed from fc - - 

1 3 0  2a 
f requency  f o r  t h e  TE 

11*8 log or  9 ,486  GHz. Note t h a t  the recommended i s  1 . 2 4 4  
lower o p e r a t i n g  f requency  i s  w e l l  above t h e  c u t o f f  
f requency .  The recommended upper  o p e r a t i n g  f requency  
i s  determined on t h e  b a s i s  t h a t  no h ighe r -o rde r  modes 
p r o p a g a t e ,  I n  practice, waveguide o p e r a t i n g -  
wavelength r anges  are u s u a l l y  between 60 and 95% of 
t h e  c u t o f f .  

V 

LOW-ATTENUAT I ON REG I ON 

D I S S I P A T I V E )  

0 1 2 3 4 
CUTOFF 

FREQliENCY 

Fig. 1-8. Normalized phase velocity and group 
velocity versus normalized frequency. 
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p r o p a g a t i o n  Unl ike  a t r a n s m i s s i o n  l i n e ,  t h e  p r o p a g a t i o n  
ve I oc i  ty v e l o c i t y  down a waveguide i s  n o t  c o n s t a n t ,  b u t  v a r i e s  

w i t h  f requency .  Two v e l o c i t i e s  are invo lved .  One 
i s  t h e  phase v e l o c i t y  (v  ) .  
f i c t i t i o u s  v e l o c i t y  whicg p e r t a i n s  t o  the phase  f r o n t  
of t h e  p ropaga t ing  e l e c t r o m a g n e t i c  wave. 
i s  t h e  group v e l o c i t y  (v ) .  g which t h e  e l e c t r o m a g n e t i c  wave a c t u a l l y  t r a n s f e r s  
power. 
f u n c t i o n  of f requency .  

T h i s  i s  an  a p p a r e n t  o r  

The o t h e r  
phase 
ve I oc i ty 

LIrol.Jp 
ve I oc i  ty 

This i s  the ra te  a t  

F i g .  1-8 i s  a p l o t  of these v e l o c i t i e s  as a 

Unl ike  t h e  t r a n s m i s s i o n  l i n e ,  one normal ly  does n o t  
c o n s i d e r  a waveguide as having  a d i s t i n c t  
c h a r a c t e r i s t i c  impedance, s i n c e  d i s t i n c t  v o l t a g e s  
and c u r r e n t s  do n o t  e x i s t .  I n s t e a d ,  one c o n s i d e r s  
t h e  power p ropaga t ing  down the gu ide .  
of r e f l e c t i o n  c o e f f i c i e n t ,  VS'FPR and optimum power 
match are,  however, a p p l i c a b l e ;  s i n c e  they  depend on 
r a t i o s  r a t h e r  t h a n  a b s o l u t e  l e v e l s  of v o l t a g e  o r  
c u r r e n t .  

The concep t s  

CAVITY RESONATORS 

F i g .  1-9 shows a t y p i c a l  low-frequency r e s o n a n t  
1 c i r c u i t .  The r e s o n a n t  f requency  i s  fo = 2T 

and t h e  Q-factor  which i s  a f u n c t i o n  of c i r c u i t  

w i t h  a half-power (3-dB) 
R 

2T $0 L 
l o s s e s  i s  Q = 

bandwidth of Af = - fo. 
Q 

A 

L 

Fig. 1 - 9 .  Parallel resonant circuit. 

http://LIrol.Jp
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reson ant 
c i r c u  its 
and 
c a v i t i e s  

xL 

R E A C T A N C E  

xc 

FREQUENCY __t 

S E R I E S  RESONANT P A R A L L E L  RESONANT 

Fig. 1-10. Reactance vs frequency resonant 
circuits. 

A s  previously indicated, lumped-parameter circuits 
are not practical at higher frequencies. This makes 
it necessary to build distributed resonators. 
Referring to Figs. 1-4 and 1-5 observe by comparison 
to the reactance characteristics of lumped resonant 
circuits (Fig. 1-10), that the open- and the short- 
circuited transmission lines are distributed 
resonant circuits. 

However, where the lumped-parameter circuit has a 
s e r  i es  single resonant frequency, the transmission-line 
and resonator has an infinite number of resonant 
para1 l e 1  frequencies, Thus a short-circuited transmission 
resonance line has parallel resonance characteristics every 

etc,) and series h 3x odd quarter-wavelength (-3 

resonance characteristics at even quarter-wavelengths 
4 4’ 

5 etc.). These resonances are referred to as 2 1  4x (4r, 4 
3h 
4 modes, e.g., -mode. 

Waveguide cavities are used in applications where 
transmission lines are not suitable (e.g., frequency 
too high or too much l o s s ) .  
essentially, of a short-circuited piece of waveguide 
forming a closed box, Just as for a waveguide, a 
waveguide cavity has an infinite number of TM and TE 
modes. These are characterized by three numbers, the 

These consist, wavegu i de 
c a v i t y  
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f i r s t  two r e f e r r i n g  t o  t h e  waveguide mode and t h e  
t h i r d  i n d i c a t i n g  t h e  l e n g t h  of t h e  c a v i t y  i n  h a l f -  
g u i d e  wavelengths .  
r e c t a n g u l a r  c a v i t y  means a TMz 2 waveguide mode, and 
a c a v i t y  two half-guide-wavelengths  ( o r  Ag> long .  A 
waveguide c a v i t y  can have any shape ,  though most 
p r a c t i c a l  d e s i g n s  u t i l i z e  e i t h e r  r e c t a n g u l a r  o r  
c y l i n d r i c a l  c a v i t i e s .  

Thus a T M z , l , 2  mode i n  a 

J 

S i n c e  a c a v i t y  w i l l  normal ly  s u p p o r t  many modes, s t e p s  
must b e  t aken  t o  r e i n f o r c e  t h e  d e s i r e d  mode and 

se 1 ec t  i ng e l i m i n a t e  t h e  o t h e r s .  T h i s  t a k e s  t h e  form of s l o t s  
modes and a b s o r p t i v e  mater ia l  s o  p l aced  as  t o  p reven t  c u r r e n t  

f low and a t t e n u a t e  undes i r ed  modes, and se lec t ive  
coup l ing  s o  as t o  coup le  t o  t h e  d e s i r e d  mode o n l y .  
Some of t h e  d i f f e r e n t  coup l ing  methods are  i l l u s t r a t e d  
i n  F ig .  1-11. 

The concep t s  of r e s o n a n t  f r equency ,  Q ,  and bandwidth 
are a p p l i c a b l e  t o  waveguide cav i t i e s .  The Q-fac tor ,  
which i s  p r o p o r t i o n a l  t o  t h e  r a t i o  of energy s t o r e d  

c o n d u c t i v i t y  of t h e  c a v i t y  material  and on t h e  r a t i o  
of V / A  where V = c a v i t y  volume and A = c a v i t y  area. 

cavity Q p e r  c y c l e  t o  power l o s t ,  i s  dependent on t h e  f requency ,  

( A )  LOOP COUPLING ( B )  PROBE COU?LING 

(C) APERTURE COUPL I N G  

Fig.  1-11. Coupling techniques. 
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un  I oaded, 
loaded Q 

feedback-  
con t ro  I 
systems 

Thus, maximum Q i s  o b t a i n e d  f o r  a cube,  and f o r  a 
c y l i n d e r  w i t h  l e n g t h  e q u a l  d i a m e t e r ,  s i n c e  t h e s e  
c o n f i g u r a t i o n s  maximize V/A.  The Q of a c a v i t y  i s  
a f f e c t e d  (lowered) by t h e  coup l ing  s t r u c t u r e .  It i s  
t h e r e f o r e  n e c e s s a r y  t o  d i f f e r e n t i a t e  between t h e  
unloaded Q (Qu) and t h e  loaded  Q (QL). 

+ -  1 , where QE is  t h e  Q of t h e  1 r e l a t e d  by - - - 
e x t e r n a l  l o a d .  A s  f o r  o t h e r  c i r c u i t s  t h e  3-dB 

These a re  
- 1 

QL QU QE 

bandwidth i s  determined by t h e  QL, namely Af = - J O  

QL ' 

CLOSED-LOOP CONTROL CIRCUITS 

Feedback i s  a w e l l  unders tood  p r i n c i p l e  as a p p l i e d  t o  
a m p l i f i e r s  and o s c i l l a t o r s .  

The a p p l i c a t i o n  of i n v e r s e  ( c a n c e l l i n g ,  n e g a t i v e ,  e t c . )  
feedback  i n  a m p l i f i e r s  h a s  t h e  e f f e c t  of i n c r e a s i n g  
bandwidth,  g a i n  s t a b i l i t y ,  and t o l e r a n c e  t o  parameter 
v a r i a t i o n s  . 
The a p p l i c a t i o n  of p o s i t i v e  feedback  h a s  t h e  
o p p o s i t e  e f f e c t ,  and i n  g e n e r a l ,  when t h e  r e s u l t i n g  
l o o p  g a i n  i s  g r e a t e r  t h a n  one,  w i l l  r e s u l t  i n  
o s c i l l a t i o n .  

Feedback-control  t h e o r y  i s  ex t remely  complex and 
r e q u i r e s  a n  unde r s t and ing  of t r a n s f o r m  mathematics  
f o r  d e s i g n  and a n a l y s i s  of a l l  b u t  t h e  most b a s i c  
sys tems.  It i s  our  i n t e n t i o n  t o  g i v e  h e r e  on ly  a 
q u a l i t a t i v e  unde r s t and ing  of t h e  more complex feedback- 
c o n t r o l  systems encountered  i n  spectrum a n a l y z e r s .  

s t a b  i I i ty 
improvement e l e c t r o n i c  i n s t r u m e n t s  i s :  1) To l i n e a r i z e  a c o n t r o l  

The f u n c t i o n  of most f eedback-con t ro l  systems i n  

f u n c t i o n ,  2)  To improve b o t h  long- and shor t - t e rm 
s t a b i l i t y ,  3) To reduce  t h e  e f f ec t  of parameter 
v a r i a t i o n s  which would o t h e r w i s e  have d e l e t e r i o u s  
e f f e c t s  . 
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F i r s t ,  l e t  u s  assume t h a t  t h e  o v e r a l l  l oop  g a i n  of t h e  
system i s  v e r y  l a r g e  i n  comparison t o  t h e  o u t p u t / i n p u t  
r a t i o .  Only a s m a l l  ( i ndeed ,  i n f i n i t e s i m a l )  
d i f f e r e n c e  between t h e  c o n t r o l - v o l t a g e  v a l u e  and t h e  
feedback-vol tage  v a l u e  i s  r e q u i r e d  t o  e f f e c t  whatever  
c o n t r o l  i s  r e q u i r e d .  The r e q u i r e d  amount of o u t p u t  
i s  achieved  from t h e  c o n t r o l l e d  d e v i c e  by a 
v a n i s h i n g l y  small d i f f e r e n c e  between c o n t r o l  v o l t a g e  
and feedback  v o l t a g e ,  o r  f i n a l l y  and most impor t an t :  
s i n c e  t h e  feedback  v o l t a g e  i s  e s s e n t i a l l y  equal t o  
the  control  vol tage and t h e  o u t p u t  i s  r e l a t e d  t o  t h e  
feedback  v o l t a g e  by t h e  sens ing  d e v i c e ,  t h e n  -- the  
re la t ionship  between the  output and input  i s  
e s s e n t i a l l y  determined by the  sensing device.  

T h i s  i s  a n  ex t remely  impor t an t  c o n c l u s i o n .  So long  as  
t h e  l o o p  g a i n  i s  s u f f i c i e n t l y  h i g h ,  t h e  c h a r a c t e r i s t i c s  
of t h e  c o n t r o l  system are e s s e n t i a l l y  determined by 
t h e  sens ing  d e v i c e ,  and are e s s e n t i a l l y  independent  of 
t h e  c h a r a c t e r i s t i c s  of t h e  d e v i c e  t o  b e  c o n t r o l l e d .  

Fig. 1-12. Block diagram of feedback-control 
system. 
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A few ways i n  which t h e s e  p r o p e r t i e s  may b e  e x p l o i t e d  
are i l l u s t r a t e d  below. 

Imagine t h a t  t h e  c o n t r o l l e d  d e v i c e  i s  a v o l t a g e -  
c o n t r o l l e d  o s c i l l a t o r ,  va rac to r - tuned  f o r  example, 
and t h a t  t h e  s e n s i n g  d e v i c e  i s  a c r y s t a l  d i s c r i m i n a t o r .  

T h i s  o s c i l l a t o r  i s  a r e l a t i v e l y  u n s t a b l e  and n o n l i n e a r  
d e v i c e .  It  i s  u n s t a b l e  because  Q i s  l i k e l y  t o  b e  
r e l a t i v e l y  l o w ,  l e a d i n g  t o  f requency  s h i f t s  by 
t r a n s i s t o r  pa rame te r s ,  and because  t h e  v a r a c t o r  h a s  a n  
a p p r e c i a b l e  s h i f t  of c a p a c i t a n c e  w i t h  t empera tu re .  It  

va r a c t o r  , i s  n o n l i n e a r  because  most of t h e  v a r a c t o r - c a p a c i t a n c e  
d i s c r i m i n a t o r  change occur s  a t  low v o l t a g e s  w i t h  v e r y  l i t t l e  C 

change a t  h i g h  v o l t a g e s .  

The d i s c r i m i n a t o r ,  on t h e  o t h e r  hand, can be  an  
ex t remely  l i n e a r  and s t a b l e  d e v i c e ,  perhaps  two o r d e r s  
of magnitude more s t a b l e  and l i n e a r  t h a n  t h e  
o s c i l l a t o r .  

g a i n  i n  
s t a b  i I i t y  

The c o n t r o l l e d  o u t p u t ,  i n  t h i s  case t h e  r e l a t i o n s h i p  
between t h e  o u t p u t  f requency  and i n p u t  v o l t a g e ,  can  be  
a lmost  two o r d e r s  of magnitude more s t a b l e  and l i n e a r  
t h a n  i t  would have been i n  a nonfeedback c o n t r o l  
system. 

Th i s  i l l u s t r a t i o n  i s ,  indeed ,  a common a p p l i c a t i o n  of 
feedback i n  swept-frequency o s c i l l a t o r s  i n  spectrum 
a n a l y z e r s .  

A s l i g h t l y  more complex a p p l i c a t i o n  of feedback  o c c u r s  
i n  phase-locked o s c i l l a t o r s .  Suppose t h a t  t h e  
r e f e r e n c e  s t r o b e  (F ig .  1-13) c o n s i s t s  of v e r y  s h o r t  
p u l s e s  i n  r e l a t i o n  t o  t h e  v o l t a g e - c o n t r o l l e d  
o s c i l l a t o r  p e r i o d  and t h a t  t h e  d i f f e r e n c e  v o l t a g e  
between t h e  two i n p u t s  t o  t h e  d i f f e r e n t i a l  a m p l i f i e r  
needed t o  e x e r c i s e  t h e  r e q u i r e d  c o n t r o l  on t h e  
o s c i l l a t o r  i s  small i n  r e l a t i o n  t o  t h e  phase -con t ro l  
s i g n a l .  

phase- lock  
c o n t r o  I 

i \ PhASE 

CONTX S , G N A L  L '-4 51FFE?ENTIAL 
A M P L I F I E ?  

2 VCLTHGE 
130 h T  RC L LE 3 
OSC I LLATOF- 

SAMPL I N'S 
GATE 

VCLTAGE 

Fig. 1-13. Phase-lock oscillator feedback 
control system. 
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Then the relationship between the timing of the strobe 
pulses and a point on the oscillator waveform must 
be such that the output of the sampling gate is equal, 

oscillator 
synchronizes 
with essentially, to the phase-control voltage. This can 
strobe p u l s e s  happen only if the oscillator output is stationary in 

time with respect to the strobe pulses, or in other 
words, locked in phase to the strobe pulses. 

These are rudimentary examples of the use and 
functioning of feedback-control systems in spectrum 
analyzers. A lot has been intentionally omitted, 
especially the effects of response rate of system 
components and noise. For those who wish to dig 
deeper, see the references cited. 

SPECTRUM ANALYZER SYSTEMS 

According to the Tektronix definitions of terms, a 
spectrum analyzer is a device which displays a graph 
of relative power distribution as a function of power 

distribution frequency, typically on a cathode-ray tube or chart 
b y  recorder. This definition encompasses many different 
frequency devices. A properly programmed computer, a bank of 

filters, a swept or tuned filter, or a superheterodyne 
signal-translation system would all be considered 
spectrum analyzers as judged by the above definition. 
This book will concentrate on the superheterodyne 
signal-translation method of spectrum analysis. This 
is what the words spectrum analysis will be intended 
to convey unless otherwise indicated. 

The heart of the superheterodyne signal-translation 
process is the mixer, sweeping oscillator, and 
narrowband filter system, as shown in Fig. 1-14. This 
block is positioned in different places along the 
signal processing chain, as dictated by the instrument 
performance requirements and the economics of the 
situation. When the sweeping oscillator is the first 
in the superheterodyne chain, the system is called 

NARROWBAND 
F I  LTER 

I VPUT M I  XER 

I 

SWEEP I NG 
OSC I LLATOR 

Fig .  1-14. Basic spectrum-analyzer block. 
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swept f ron t  end. 
swept o s c i l l a t o r  i s  p o s i t i o n e d  f u r t h e r  down t h e  s i g n a l  
f r o n t  end, p r o c e s s i n g  c h a i n ,  t h e  system is  c a l l e d  swept IF. 
I F  The theo ry  of o p e r a t i o n  i s  e s s e n t i a l l y  t h e  same f o r  

bo th  sys tems,  t h e  d i f f e r e n c e  be ing  main ly  i n  t h e  
performance parameters. 

S i m i l a r l y ,  when t h e  sweeping 

B a s i c a l l y  t h e  superhe terodyne  s ignal-sweeping spectrum 
a n a l y z e r  performs a spectrum a n a l y s i s  by means of a 
s i g n a l  be ing  t r a n s l a t e d  i n  f requency  p a s t  a s t a t i o n a r y  
f i l t e r .  For example, a f r e q u e n c y - t r a n s l a t i n g  CW 
s i g n a l  sweeping p a s t  a s t a t i o n a r y  f i l t e r  w i l l  produce 
a n  o u t p u t  p u l s e .  
t h e  t o t a l  t i m e  t h a t  t h e  sweeping-signal  f requency  
d w e l l s  w i t h i n  t h e  f i l t e r  bandwidth. 
ana log  r e p r e s e n t a t i o n  of s i g n a l  s t r e n g t h  v e r s u s  
f requency ,  where s i g n a l  s t r e n g t h  i s  r e p r e s e n t e d  by 

p o s i t i o n  on a c a l i b r a t e d  t i m e  s c a l e .  The p u l s e  wid th ,  
which i s  a f u n c t i o n  of sweep t i m e  and f i l t e r  
bandwidth,  de te rmines  t h e  r e s o l u t i o n  of t h e  system; 
i . e . ,  how c l o s e  i n  f requency  can  two s i g n a l s  be  b e f o r e  
w e  are unab le  t o  t e l l  them apart .  

The p u l s e  wid th  i s  determined by 

T h i s  p r o v i d e s  a n  

f requency-  
t i m e  p u l s e  h e i g h t ,  and f requency  i s  r e p r e s e n t e d  by p u l s e  
ana I ogue 

A p r a c t i c a l  spectrum a n a l y z e r  c o n t a i n s  many c i r c u i t s  
b e s i d e s  t h o s e  shown i n  F ig .  1-14. These would i n c l u d e  
such  t h i n g s  as  var iab le-bandwidth  f i l t e r s ,  c r y s t a l  
o s c i l l a t o r s ,  wideband a m p l i f i e r s ,  l i n e a r  and 
l o g a r i t h m i c  d e t e c t o r s ,  and o t h e r s .  The o p e r a t i o n  and 
f u n c t i o n  of t h e s e  c i r c u i t s  i s  d i s c u s s e d  i n  d e t a i l  i n  
t h e  c h a p t e r s  t h a t  f o l l o w .  

DEFINITIONS OF SPECTRUM ANALYZER TERMS 

Spectrum Analyzer  -- A d e v i c e  which d i s p l a y s  a graph  
of re la t ive  power d i s t r i b u t i o n  as a f u n c t i o n  of 
f requency ,  t y p i c a l l y  on a cathode-ray t u b e  o r  c h a r t  
r e c o r d e r .  

A. Real T i m e .  A spectrum a n a l y z e r  tha t  performs a 
cont inuous  a n a l y s i s  of t h e  incoming s i g n a l  w i t h  
t h e  t i m e  sequence of e v e n t s  p re se rved  between 
i n p u t  and o u t p u t .  
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B .  Nonreal T i m e .  A spectrum a n a l y z e r  t h a t  performs 
a n  a n a l y s i s  of a r e p e t i t i v e  e v e n t  by a sampling 
p r o c e s s .  

1. Swept  f ront -end  spectrum a n a l y z e r .  A 
superhe terodyne  spectrum a n a l y z e r  i n  which 
t h e  f i r s t  l o c a l  o s c i l l a t o r  i s  s w e p t .  

2 .  Swept i n t e rmed ia t e - f r equency  spectrum 
a n a l y z e r .  A superhe terodyne  spectrum 
a n a l y z e r  i n  which a l o c a l  o s c i l l a t o r  o t h e r  
t h a n  t h e  f i r s t  i s  swept.  

Center Frequency ( radio  frequency or  intermediate  
frequency) -- That f requency  which cor responds  t o  t h e  
c e n t e r  of t h e  r e f e r e n c e  c o o r d i n a t e  ( i n  u n i t s  of H z ) .  

Center Frequency Range (radio frequency) -- That  
r ange  of f requency  t h a t  can  b e  d i s p l a y e d  a t  t h e  c e n t e r  
of t h e  r e f e r e n c e  c o o r d i n a t e .  When r e f e r r e d  t o  a 
c o n t r o l  ( e . g . ,  I n t e r m e d i a t e  Frequency Center  
Frequency Range), t h e  t e r m  i n d i c a t e s  t h e  amount of 
f requency  change a v a i l a b l e  w i t h  t h e  c o n t r o l  ( i n  u n i t s  
of H z ) .  

Def lec t ion  Factor -- The r a t i o  of the i n p u t  s i g n a l  
ampl i tude  t o  t h e  r e s u l t a n t  d i sp lacement  of t h e  
i n d i c a t i n g  s p o t  ( e . g . ,  RMS V/d iv ) .  

Dispersion (sweep wid th)  -- The f requency  sweep 
e x c u r s i o n  over  t h e  f requency  a x i s  of the d i s p l a y .  
Can b e  expressed  as f r e q u e n c y / f u l l  f requency  axis  o r  
f r equency /d iv  i n  a l i n e a r  d i s p l a y .  

D r i f t  (frequency d r i f t )  ( s t a b i l i t y )  -- Long-term 
frequency changes o r  i n s t a b i l i t i e s  caused by f requency  
changes i n  t h e  spectrum-analyzer  l o c a l  o s c i l l a t o r s .  
D r i f t  l i m i t s  t h e  t i m e  i n t e r v a l  t h a t  a spectrum a n a l y z e r  
can  b e  used wi thou t  r e t u n i n g  o r  r e s e t t i n g  t h e  f r o n t  
p a n e l  c o n t r o l s  ( u n i t s  may b e  Hz/s ,  Hz'C, e t c . ) .  

Display Flatness -- Uniformi ty  of ampl i tude  r e sponse  
over  t h e  r a t e d  maximum d i s p e r s i o n  ( u s u a l l y  i n  u n i t s  
of dB). 
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Dynamic Range (on screen)  -- The maximum r a t i o  of 
s i g n a l  ampl i tudes  t h a t  can b e  s i m u l t a n e o u s l y  observed 
w i t h i n  t h e  g r a t i c u l e  ( u s u a l l y  i n  u n i t s  of dB). 

Dynamic Range, Maximum Useful -- The r a t i o  between 
t h e  maximum i n p u t  power and t h e  spectrum a n a l y z e r  
s e n s i t i v i t y  ( u s u a l l y  i n  u n i t s  of dB). 

Frequency Band -- A r ange  of f r e q u e n c i e s  t h a t  can  be 
covered wi thou t  swi t ch ing  ( i n  u n i t s  of Hz). 

Frequency Scale -- The r a n g e  of f r e q u e n c i e s  t h a t  can 
b e  r e a d  on one l i n e  of t h e  f requency  i n d i c a t i n g  d i a l  
( i n  u n i t s  of Hz) . 
IncidentaZ Frequency Modulation ( res idual  frequency 
modulation) -- Short- term f requency  j i t t e r  o r  
undes i r ed  f requency  d e v i a t i o n  caused by i n s t a b i l i t i e s  
i n  t h e  spec t rum-analyzer  l o c a l  o s c i l l a t o r s .  
I n c i d e n t a l  f requency  modula t ion  l i m i t s  t h e  u s a b l e  
r e s o l u t i o n  and d i s p e r s i o n  ( i n  u n i t s  of Hz). 

Incremental L inear i ty  -- A term used t o  d e s c r i b e  l o c a l  
a b e r r a t i o n s  seen  as n o n l i n e a r i t i e s  f o r  narrow 
d i s p e r s i o n s .  

Linear i ty  (d ispers ion  l i n e a r i t y )  -- Measure of t h e  
comparison of f requency  a c r o s s  t h e  d i s p e r s i o n  t o  a 
s t r a i g h t - l i n e  f requency  change. Measured by 
d i s p l a y i n g  a q u a n t i t y  of e q u a l l y  spaced ( i n  f requency)  
f requency  markers  a c r o s s  t h e  d i s p e r s i o n  and obse rv ing  
t h e  p o s i t i o n a l  d e v i a t i o n  of t h e  markers  from a n  
i d e a l i z e d  sweep as measured a g a i n s t  a l i n e a r  g r a t i c u l e .  

L i n e a r i t y  i s  w i t h i n  - X 100% where AW i s  maximum 

p o s i t i o n a l  d e v i a t i o n  and W i s  t h e  f u l l  g r a t i c u l e  wid th .  

AW 
W 

Maximm Input  Power -- The upper l e v e l  of i n p u t  power 
t h a t  t h e  spectrum a n a l y z e r  can accommodate w i t h o u t  
d e g r a d a t i o n  i n  performance ( e . g . ,  s p u r i o u s  r e sponses  
and s i g n a l  compress ion ) (usua l ly  i n  u n i t s  of dBm). 

Maximum S e n s i t i v i t y  -- 
A. S i g n a l  e q u a l s  n o i s e .  That i n p u t  s i g n a l  l e v e l  

( u s u a l l y  i n  dBm) which r e s u l t s  i n  a d i s p l a y  
where t h e  s i g n a l  l eve l  above t h e  r e s i d u a l  n o i s e  
i s  e q u a l  t o  t h e  r e s i d u a l  n o i s e  l e v e l  above t h e  
b a s e l i n e ;  expres sed  as :  s i g n a l  + n o i s e  = tw ice  
n o i s e .  
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B. Minimum d i s c e r n i b l e  s i g n a l .  That  i n p u t  s i g n a l  
l eve l  ( u s u a l l y  i n  dBm) which r e s u l t s  i n  a 
d i s p l a y  where t h e  s i g n a l  i s  j u s t  d i s t i n g u i s h a b l e  
from t h e  n o i s e .  

Minimwn UsabZe Dispersion -- The na r rowes t  d i s p e r s i o n  
o b t a i n a b l e  f o r  meaningful  a n a l y s i s .  Defined as t e n  
t i m e s  t h e  i n c i d e n t a l  f requency  modula t ion  when l i m i t e d  
by " i n c i d e n t a l  f requency modulation" ( i n  u n i t s  of Hz) . 
U p t i m m  Resolut ion -- The b e s t  r e s o l u t i o n  o b t a i n a b l e  
f o r  a g i v e n  d i s p e r s i o n  and a g i v e n  sweep t i m e  ( i n  
u n i t s  of Hz),  t h e o r e t i c a l l y :  

d i s p e r s i o n  ( i n  Hz) J sweep t i m e  ( i n  seconds)  Optimum R e s o l u t i o n  = 

O p t i m w r i  Resolut ion (bandwidth) -- The bandwidth a t  
which b e s t  r e s o l u t i o n  i s  o b t a i n e d  f o r  a g i v e n  
d i s p e r s i o n  and a g iven  sweep t i m e  ( i n  u n i t s  of Hz): 

d i s p e r s i o n  
sweep t i m e  Optimum R e s o l u t i o n  (bandwidth) = 0 . 6 6 4  

Resolution -- The a b i l i t y  of t h e  spectrum a n a l y z e r  t o  
d i s p l a y  a d j a c e n t  s i g n a l  f r e q u e n c i e s  d i s c r e t e l y .  The 
measure of r e s o l u t i o n  i s  t h e  f requency  s e p a r a t i o n  of 
two e q u a l  ampl i tude  s i g n a l s ,  t h e  d i s p l a y s  of which 
merge a t  t h e  3-dB down p o i n t s  ( i n  u n i t s  of H z ) .  

The r e s o l u t i o n  of a g iven  d i s p l a y  depends on t h r e e  
f a c t o r s :  sweep t i m e ,  d i s p e r s i o n  and t h e  bandwidth 
of t h e  most se lect ive a m p l i f i e r .  The 6-dB bandwidth 
of t h e  most se lect ive a m p l i f i e r  (when Gaussian)  i s  
c a l l e d  r e s o l u t i o n  bandwidth and i s  t h e  na r rowes t  
bandwidth t h a t  can  b e  d i s p l a y e d  as d i s p e r s i o n  and 
sweep t i m e  are v a r i e d .  A t  v e r y  long  sweep t i m e s ,  
r e s o l u t i o n  and r e s o l u t i o n  bandwidth are synonymous. 

Resolution (bandwidth) -- Refer  t o  r e s o l u t i o n .  

Safe PoUer Level -- The upper l eve l  of i n p u t  power 
t h a t  t h e  spectrum a n a l y z e r  can  accommodate wi thou t  
p h y s i c a l  damage ( u s u a l l y  i n  u n i t s  of dBm). 

Scanning Veloc i ty  -- Product  of d i s p e r s i o n  and sweep 
r e p e t i t i o n  ra te  ( i n  u n i t s  of Hz /un i t  t i m e ) .  

S e n s i t i v i t y  -- Rat ing  f a c t o r  of spectrum a n a l y z e r s  
a b i l i t y  t o  d i s p l a y  weak s i g n a l s .  
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Skirt S e z e c t i v i t y  -- A measure of t h e  r e s o l u t i o n  
c a p a b i l i t y  of t h e  spectrum a n a l y z e r  when d i s p l a y i n g  
s i g n a l s  of unequal  ampl i tude .  A u n i t  of measure would 
b e  t h e  bandwidth a t  some l e v e l  below t h e  6-dB down 
p o i n t s ,  ( e . g . ,  1 0 ,  20, 40-dB down) ( i n  u n i t s  of dB). 

Spurious Response (spurii, spur)  -- A c h a r a c t e r i s t i c  
of a spectrum a n a l y z e r  where in  d i s p l a y s  appear  which 
do n o t  conform t o  t h e  c a l i b r a t i o n  of t h e  r a d i o  
f requency  d i a l .  S p u r i i  and s p u r  are t h e  
cGl loqu ia l i sms  used t o  mean s p u r i o u s  r e s p o n s e s  ( p l u r a l )  
and s p u r i o u s  r e sponse  ( s i n g u l a r )  r e s p e c t i v e l y .  
Spur ious  r e sponses  are  of t h e  fo l lowing  t y p e :  

A .  I n t e r m e d i a t e  f requency  f eed th rough .  Wherein 
s i g n a l s  w i t h i n  t h e  i n t e r m e d i a t e  f requency  
passband of t h e  spectrum a n a l y z e r  r e a c h  t h e  
i n t e r m e d i a t e  f requency  a m p l i f i e r  and produce 
d i s p l a y s  on t h e  cathode-ray tube  t h a t  are n o t  
t u n a b l e  w i t h  t h e  rad io- f requency  c e n t e r -  
f requency c o n t r o l s .  These s i g n a l s  do n o t  e n t e r  
i n t o  a conve r s ion  p r o c e s s  i n  t h e  f i rs t  mixer and 
are n o t  a f f e c t e d  by t h e  f i r s t  l o c a l - o s c i l l a t o r  
f requency .  

B .  Image r e sponses .  When t h e  i n p u t  s i g n a l  i s  above 
o r  below t h e  l o c a l - o s c i l l a t o r  f requency  by t h e  
i n t e r m e d i a t e  f requency ,  t h e  superhe terodyne  
p rocess  r e s u l t s  i n  two major r e sponses  s e p a r a t e d  
from each  o t h e r  by twice t h e  i n t e r m e d i a t e  
f requency .  The spectrum a n a l y z e r  i s  u s u a l l y  
c a l i b r a t e d  f o r  on ly  one of t h e s e  r e s p o n s e s .  The 
o t h e r  i s  c a l l e d  t h e  image. 

C .  Harmonic conve r s ion .  The spectrum a n a l y z e r  w i l l  
respond t o  s i g n a l s  t h a t  mix w i t h  harmonics of 
t h e  l o c a l  o s c i l l a t o r  and produce t h e  
i n t e r m e d i a t e  f requency .  Most spectrum a n a l y z e r s  
have d i a l s  c a l i b r a t e d  f o r  some of t h e s e  h i g h e r -  
o r d e r  conve r s ions .  The u n c a l i b r a t e d  conve r s ions  
are s p u r i o u s  r e s p o n s e s .  

D .  I n t e rmodu la t ion .  I n  t h e  c a s e  of more than  one 
i n p u t  s i g n a l ,  t h e  myriad of combinat ions of t h e  
sums and d i f f e r e n c e s  of t h e s e  s i g n a l s  between 
themselves  and t h e i r  m u l t i p l e s  creates ex t r aneous  
r e sponses  known as i n t e r m o d u l a t i o n .  The most 
harmful  i n t e r m o d u l a t i o n  i s  t h i r d  o r d e r ,  caused by 
t h e  second harmonic of one s i g n a l  combining w i t h  
t h e  fundamental  of a n o t h e r .  
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E. Video detection. The first mixer will act as a 
video detector if sufficient input signal is 
applied. A narrow pulse may have sufficient 
energy at the intermediate frequency to show up 
as intermediate frequency feedthrough. 

F. Internal. A display shown on the cathode-ray 
tube caused by a source or sources within the 
spectrum analyzer itself and with no external 
input signal. Zero frequency feedthrough is an 
example of such a spurious response. 

G. Anomalous IF responses. The filter 
characteristic of the resolution-determining 
amplifier may exhibit extraneous passbands. This 
results in extraneous spectrum-analyzer responses 
when a signal is being analyzed. 

Sweep R e p e t i t i o n  Rate -- The number of sweep 
excursions per unit of time. Sometimes approximated 
as the inverse of sweep time for a free-running sweep. 

Sweep Time -- The time required for the spot in the 
reference coordinate (frequency in spectrum analyzers) 
to move across the full graticule width (can be 
expressed as TIME/DIV in a linear system). 

Zero Frequency Feedthrough ( z e r o  p i p )  -- The response 
of a spectrum analyzer which appears when frequency 
of the first local oscillator is equal to the 
intermediate frequency. This corresponds to zero 
input frequency and is sometimes deliberately not 
suppressed so as to act as a zero frequency marker. 

REFERENCES; see page 171. 

Transmission Lines -- B-4,  B - 5 ,  B - 1 3  Chapter 20, 

Waveguides -- B-6, B - 1 3  Chapter 2 1  
Cavities -- B-4 Chapter 7, B-13 Chapter 21 
Feedback Control Systems -- C-1, C-2 

C-4 pp18-69 
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Fig. 2-1. Discriminator-transfer 
characteristic. 

f- 

Fig. 2-2. Tuned circuit as a discriminator. 
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COMPONENTS AND SUBASSEMBLIES 

DISCRIMINATORS 

A d i s c r i m i n a t o r  i s  a d e v i c e  t h a t  c o n v e r t s  a c o n s t a n t -  
ampl i tude  frequency-varying s i g n a l  i n t o  an  o u t p u t  

discriminator whose ampl i tude  i s  p r o p o r t i o n a l  t o  t h e  f requency  
demodulator d e v i a t i o n .  The d i s c r i m i n a t o r  i s  b e s t  known as a 

demodulator f o r  FM r a d i o  receivers. F ig .  2-1 shows 
an  i d e a l  d i s c r i m i n a t o r .  

Any tuned c i r c u i t  w i t h  a d e t e c t o r  can  b e  used as a 
p r i m i t i v e  t y p e  of d i s c r i m i n a t o r ,  as shown i n  F ig .  2-2. 
However, s i n g l e  tuned c i r c u i t s  do n o t  make good 
d i s c r i m i n a t o r s .  Problems i n c l u d e ,  among o t h e r s ,  poor 
l i n e a r i t y  and d i f f i c u l t y  i n  broad banding.  
r e s u l t  p r a c t i c a l  d i s c r i m i n a t o r s  u s u a l l y  c o n t a i n  
several tuned c i r c u i t s  p l u s  v a r i o u s  p e r i p h e r a l  sub- 
c i r c u i t s  such  as ,  c e n t e r  f requency  and l i n e a r i t y  
c o n t r o l s ,  and d e t e c t o r s  and low-pass f i l t e r s  f o r  
carr ier  e l i m i n a t i o n .  

A s  a 

F i g .  2-3 shows a p r a c t i c a l  d i s c r i m i n a t o r  c i r c u i t  u s i n g  
two pa ra l l e l  tuned LC c i r c u i t s .  
c h a r a c t e r i s t i c s  of t h i s  d i s c r i m i n a t o r  are demonst ra ted  
i n  F i g .  2-4. 

The f requency  

DC OUTPUT 

Fig. 2-3. LC discriminator. 
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des i g n  
criteria 

F i g .  2-4A and 2-4B are t h e  resonance  c u r v e s  of t h e  two 
t a n k  c i r c u i t s  which are tuned s l igh t1 .y  above and below 
t h e  d i s c r i m i n a t o r  band edges r e s p e c t i v e l y .  
d e t e c t e d  and f i l t e r e d  o u t p u t s  are combined a t  p o i n t  C 
t o  y i e l d  t h e  d i s c r i m i n a t o r  r e sponse  as shown. Note 
t h a t  one of t h e  d e t e c t o r  d i o d e s  i s  i n v e r t e d  t o  p r e s e n t  
t h e  p rope r  p o l a r i t y  o u t p u t  t o  t h e  summing p o i n t .  

The 

Basic d e s i g n  c r i t e r i a  are: L i n e a r i t y  of input -output  
r e l a t i o n s h i p s ,  ba l ance  of symmetry f o r  p o s i t i v e -  and 
negat ive-going o u t p u t s ,  and s e n s i t i v i t y  i n  v o l t s  o u t  
p e r  AHz a t  a s p e c i f i e d  i n p u t  l eve l .  Improved 
performance i n  t h e s e  areas can  be  o b t a i n e d  by t h e  
a d d i t i o n  of a d j u s t m e n t s .  Such a d j u s t m e n t s  i n c l u d e  
i n p u t  and o u t p u t  p o t e n t i o m e t e r s  f o r  b a l a n c e  c o n t r o l .  
These would be  used t o  compensate f o r  d i f f e r e n c e s  
between t h e  two channe l s  (A  and B) caused by mismatch 
between t h e  d i o d e s  and unequal  Q's i n  t h e  t a n k  
c i r c u i t s .  The Q's of t h e  t a n k  c i r c u i t s  could  be  
a d j u s t e d  by p a r a l l e l i n g  w i t h  e i t h e r  f i x e d  o r  v a r i a b l e  
r e s i s t o r s .  T h i s  a f f e c t s  t h e  b a l a n c e ,  t h e  l i n e a r i t y  
and t h e  s e n s i t i v i t y  o r  g a i n  ( v o l t s  o u t  p e r  Hz 
d e v i a t i o n  i n ,  a t  a s p e c i f i e d  c o n s t a n t  i n p u t  l e v e l ) .  
I n  a d d i t i o n  t o  a d j u s t m e n t s  t h e  b a s i c  c i r c u i t  comes 
i n  several c o n f i g u r a t i o n s .  For  example, t h e  two 
channe l s  may be summed i n  an  a m p l i f i e r  rather t h a n  
as d e s c r i b e d  p r e v i o u s l y .  Under such c o n d i t i o n s  t h e  
n e c e s s a r y  p o l a r i t y  i n v e r s i o n  of Channel B could  b e  
performed by t h e  a m p l i f i e r  s o  t h a t  b o t h  d i o d e s  would 
be  i n  t h e  same d i r e c t i o n .  

Whatever t h e  c i r c u i t  c o n f i g u r a t i o n ,  t h e  b a s i c  
o p e r a t i n g  c r i t e r i a  remain t h e  same as demonstrated 
by t h e  f o l l o w i n g  two s p e c i f i c  cases. 
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A 

e 

FREQUENCY - 
Fig. 2-4. LC-discriminator frequency 

characteristics. 
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TRANSMISSION-LINE DISCRIMINATOR 

Transmiss ion  l i n e s  behave as  r e s o n a n t  c i r c u i t s  as 
d i s c u s s e d  p r e v i o u s l y .  T h i s  means t h a t  t r a n s m i s s i o n  
l i n e s  can  b e  used as  t h e  r e s o n a n t  e lements  i n  a 
d i s c r i m i n a t o r .  The b a s i c  advantages  of u s i n g  
t r a n s m i s s i o n  l i n e s  are t h e  s t a n d a r d  ones  of wide 
bandwidth and /o r  h igh  f requency .  F i g s .  2-5 and 2-6 
are a schemat ic  and f requency  c h a r a c t e r i s t i c  of a 
t r a n s m i s s i o n - l i n e  d i s c r i m i n a t o r .  

The vol tage- f requency  r e l a t i o n s h i p s  shown i n  F i g .  2-6 
are  b e s t  unders tood  w i t h  r e f e r e n c e  t o  t h e  t r ansmiss ion -  
l i n e  impedance diagrams i l l u s t r a t e d  i n  F i g s .  1-4 and 
1-5. It w i l l  b e  observed t h a t  a s h o r t - c i r c u i t e d  l i n e  

A e q u i v a l e n t  less  t h a n  i n  l e n g t h  r e p r e s e n t s  an  i n d u c t i v e  
r e a c t a n c e  

r e a c t a n c e  whose v a l u e  i n c r e a s e s  w i t h  i n c r e a s i n g  l i n e  
h l e n g t h ,  w h i l e  an  open t r a n s m i s s i o n  l i n e  less than  - 4 

l ong  i s  e q u i v a l e n t  t o  a c a p a c i t i v e  r e a c t a n c e  
d e c r e a s i n g  w i t h  i n c r e a s i n g  l i n e  l e n g t h .  E l e c t r i c a l  
l i n e  l e n g t h  and f requency  are,  of c o u r s e ,  r e l a t e d  by 

f = 7, where: f is  f r equency ,  h i s  wavelength,  and 

e i s  t h e  p ropaga t ion  v e l o c i t y  of e l e c t r o m a g n e t i c  
r a d i a t i o n  which i s  3 x lo8 meters / second i n  vacuum. 
I n  o t h e r  words, t h e  wavelength,  A, d e c r e a s e s  w i t h  
i n c r e a s i n g  f r equency ,  which means t h a t  t h e  e l e c t r i c a l  
l e n g t h  of a l i n e  ( i n  wavelengths)  i n c r e a s e s  w i t h  
i n c r e a s i n g  f requency  f o r  a f i x e d  l e n g t h  of l i n e  ( i n  
i n c h e s ,  meters, e t c . ) .  The vol tage- f requency  

C 

e l e c t r i c a l -  r e l a t i o n s h i p s  of F i g .  2-6 are now e v i d e n t ;  t h e  s h o r t e d  
I i n e  l i n e  r e p r e s e n t s  an  i n d u c t a n c e ,  t h e  v o l t a g e  appea r ing  
I e n g t h  a c r o s s  t h i s  l i n e  should  t h e r e f o r e  i n c r e a s e  w i t h  

f r equency ,  w h i l e  t h e  open l i n e  r e p r e s e n t s  a 
c a p a c i t a n c e  and t h e  v o l t a g e  a c r o s s  i t  should  d e c r e a s e  
w i t h  f requency .  A f t e r  p o l a r i t y  i n v e r s i o n  and 
summation w e  end up w i t h  F ig .  2-6C. 

broad-  

A s  p r e v i o u s l y  i n d i c a t e d ,  one of t h e  advantages  of 
t r a n s m i s s i o n - l i n e  d i s c r i m i n a t o r s  i s  t h e i r  i n h e r e n t l y  
broad bandwidth. T h i s  can b e s t  be unders tood  w i t h  
r e f e r e n c e  t o  F ig .  2-6C. The f u l l  o p e r a t i n g  r ange  

x shown i n  F i g .  2-6C i s  - 9  w i t h  t h e  z e r o  v o l t a g e  4 -I 

The A 
band c r o s s o v e r  i n  t h e  c e n t e r  of t h e  r ange  a t  0' 

U d i s c r  i m i  n a t o r  
d i s c r i m i n a t o r  cannot  b e  o p e r a t e d  over  t h i s  e n t i r e  
r ange  as t h e  r e sponse  becomes n o n l i n e a r  n e a r  t h e  
e d g e s .  However, even w i t h  a r e s t r i c t e d  r ange ,  t h e  
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SHORTED L I N E  

P- 

OPEN L I h E  

- 

Fig. 2-5. Transmission-line discriminator. 

I T H E  E L E C T R I C A L  L E N G T H  CF T H E  L l  
I ONE-CUARTER WAVELENGTH AT T H  I S 
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i A  

4 

i 
O b T P U T  

ONE-E I G i i T h  WAVELENGTH AT T H  1 S FREQUENCY 

C = A t 6 A F T E R  D E T E C T I O N  

NE I S  
F  RE Q U E 14 CY 

D E T E C T  I ON 

I T H E  E L E C T R I C A L  L E N G T H  CF T H E  L l  
I ONE-CUARTER WAVELENGTH AT T H  I S 

-. I 

A  A F T E R  C E T E C T I O N  

THE E L E C T R I C A L  L E N G T *  CF T h E  L I ' i E  I S  
I ONE-E I G d T h  d 4 V E L E L G T H  AT T H  1 S FREQUEUCY 

C = A t E A F T E S  D E T E C T I O N  

C ciE: U E N CY -----+ 
J+ \ 

F CiEC UE N CY -----+ 

Fig. 2-6. Transmission-line discriminator 
frequency characteristics. 



28 

o p e r a t  i ng 
range 

bandwidth of t h i s  t ype  of d i s c r i m i n a t o r  comes o u t  
ex t remely  wide. For example, assume t h a t  w e  w i l l  

x 
16 o p e r a t e  t h e  d i s c r i m i n a t o r  w i t h i n  - from t h e  c e n t e r ,  

t o  -* T h i s  means t h a t  t h e  t o t a l  
x 

o r  from - 

which i s  e q u a l  t o  t h e  c e n t e r  
1 6  

o p e r a t i n g  range  i s  

p o i n t  of t h e  range;  t h e  bandwidth of t h e  
d i s c r i m i n a t o r  i s  e q u a l  t o  t h e  c e n t e r  f requency .  
T ransmiss ion - l ine  d i s c r i m i n a t o r s  having a 100-MHz 
bandwidth a t  a 100-MHz c e n t e r  f r equency ,  o r  a 2-MHz 
bandwidth a t  a 2-MHz c e n t e r  f r equency ,  are  t h e r e f o r e ,  
p r a c t i c a l .  Note t h a t  b e s t  l i n e a r i t y  i s  o b t a i n e d  when 
t h e  i n p u t  r e s i s t o r ,  R ,  is e q u a l  t o  t h e  t r ansmiss ion -  
l i n e  c h a r a c t e r i s t i c  impedance, Zo. 

3x 
x 
Z’ 

It was no ted  t h a t  w h i l e  r e l a t i v e l y  low-frequency 
( i n  t h e  MHz r e g i o n )  broad-band t r a n s m i s s i o n - l i n e  
d i s c r i m i n a t o r s  are p r a c t i c a l ,  t h e y  p r e s e n t  a special  
problem. Note t h a t  t h e  f r ee - space  wavelength a t  
1 MHz is  a lmost  1,000 f t .  Even assuming c o n s i d e r a b l e  
f o r e s h o r t e n i n g  of the l i n e  due t o  t h e  u s e  of 
d i e l e c t r i c ,  an e i g h t h  of a wavelength i s  s t i l l  a 
tremendously long l i n e .  A s  a r e s u l t  t r ansmiss ion -  
l i n e  d i s c r i m i n a t o r s  a t  t h e s e  f r e q u e n c i e s  f r e q u e n t l y  
u t i l i z e  a r t i f i c i a l  f o r e s h o r t e n i n g  of t h e  l i n e s  by 
t h e  a d d i t i o n  of shun t  c a p a c i t o r s  a c r o s s  t h e  l i n e s .  
The e f f e c t  of t h e  shun t  c a p a c i t o r s  i s  shown i n  
F ig .  2-7. 

f o r e -  
shor tened 

I ines 

It w i l l  b e  observed t h a t  f o r  t h e  un fo reshor t ened  
l i n e s ,  r e a c t a n c e s  (one i n d u c t i v e  and t h e  o t h e r  

x 
c a p a c i t i v e )  are e q u a l  a t  -0 Adding shun t  c a p a c i t y  8 
t o  a c a p a c i t i v e  r e a c t a n c e  w i l l  r e s u l t  i n  a reduced 

A I ,CAPAC I T I VE 

- O R I G I N A L  L INES 
FOREShORTENED L I N E S  ----- 

I 
w 
0 
Z 
4 + 
0 
4 
W 
LY 

I x 
4 

THAN 8 h FREQUENCY 

- 

Fig. 2 - 7 .  Reactance vs frequency of 
foreshortened transmission lines. 
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q u a r t z  
crys ta  I 

r e a c t a n c e  ( c a p a c i t o r s  i n  p a r a l l e l )  a t  a l l  f r e q u e n c i e s  
except  a t  ze ro  where t h e  r e a c t a n c e  i s  i n f i n i t e .  
Adding shun t  c a p a c i t y  t o  an i n d u c t i v e  r e a c t a n c e  
i n c r e a s e s  t h e  t o t a l  r e a c t a n c e  ( t h i n k  of a t a n k  c i r c u i t  
c l o s e r  t o  resonance)  a t  f r e q u e n c i e s  below resonance  
except  a t  ze ro  where t h e  i n d u c t a n c e  r e p r e s e n t s  a 
s h o r t  c i r c u i t ,  The dashed l i n e s  i n  F ig .  2-7 show 
t h e  f o r e s h o r t e n e d  r e a c t a n c e s ,  which w i l l  be  observed 
t o  b e  e q u a l  a t  a f requency  where t h e  o r i g i n a l  l i n e s  

A are  less t h a n  - long .  Hence t h e  l e n g t h  of l i n e  used 

i s  reduced by t h e  a d d i t i o n  of t h e s e  shun t  c a p a c i t o r s .  
Another f o r e s h o r t e n i n g  t echn ique  i s  t o  add induc tance  
t o  t h e  s h o r t e d  l i n e  and c a p a c i t a n c e  t o  t h e  open l i n e .  
Such f o r e s h o r t e n i n g  t echn iques  can reduce  t h e  l e n g t h  
of t h e  l i n e s  by up t o  20%. The a d d i t i o n  of 
f o r e s h o r t e n i n g  e l emen t s ,  however, r educes  t h e  range  
of l i n e a r  o p e r a t i o n ,  s i n c e  t h e  c u r v a t u r e  i n  t h e  
output -vol tage-versus- f requency  c u r v e  i s  i n c r e a s e d ,  
One impor t an t  e f f e c t  of u s i n g  s h o r t e r  t r a n s m i s s i o n  
l i n e s  i s  a r e d u c t i o n  i n  harmonic n o n l i n e a r i t i e s .  

8 

CRYSTAL DISCRIMINATOR 

A s  d i s c u s s e d  la te r  i n  more d e t a i l ,  t h e  q u a r t z  
c r y s t a l  h a s  unique  p r o p e r t i e s  as a r e s o n a t o r .  The 
extreme f requency  s t a b i l i t y  and h i g h  Q make t h e  q u a r t z  
c r y s t a l  i d e a l l y  s u i t e d  t o  t h e  d e s i g n  of high- 
s t a b i l i t y  narrowband d i s c r i m i n a t o r s .  A s  d i s c u s s e d  
i n  t h e  s e c t i o n  on q u a r t z  c r y s t a l s ,  t h e  p r i m e  resonance  
i s  u s u a l l y  i n  t h e  ser ies  mode, n e c e s s i t a t i n g  a s l i g h t  
v a r i a t i o n  from t h e  b a s i c  d i s c r i m i n a t o r  c i r c u i t  
p r e v i o u s l y  d i s c u s s e d .  A complete  c r y s t a l  
d i s c r i m i n a t o r  i n  schemat ic  form i s  shown i n  F i g .  2-8. 

Fig. 2-8. Detailed schematic of crystal 
discriminator 
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The input transformer splits the incoming signal into 
two channels with minimal power l o s s .  Capacitors C1 
and C2 provide neutralizing paths, thus reducing the 
effect of the crystal's shunt capacity. Neutralizing 
techniques are discussed in more detail in the section 
on crystals. Crystals CR1 and CR2 are series resonant 
at the band edges of the discriminator respectively, 
with CRI usually at the higher frequency. These 
crystals operate into the high-impedance tank circuits 
which are tuned to the crystal frequencies by means 
of C3 and C4 respectively. Thus, even though LC tank 
circuits are used as in a conventional discriminator, 
the peak frequencies are firmly established by the 
crystals. The rest of the discriminator shows a 
conventional design including all the adjustments. 

n e u t r a  I i ze 
c r y s t a  I 
c a p a c i  t a n c e  

The setting of R3 establishes the balance point 
between the two channels, resistors R1 and R2 affect 
both the balance and the sensitivity (volts out per 
hertz in), and in conjunction with capacitors C 5  and 
C6, R1, R2, and R3 form a low-pass output filter. 

crysta I 
h i g h  Q 

Because of the high Q and therefore sharp skirts of 
the crystal resonators, crystal discriminators usually 
have high sensitivity and narrow bandwidth (less than 
1% of center frequency). 

TRANSMISSION-LINE TRANSFORMERS 

A) Theory of Operation 

There are very few modern electronic instruments that 
don't contain at least one transformer. This 
transformer may be in the power supply, or an output 
driver, or perform interstage coupling in an IF or 
filter system, or perform a myriad of other functions. 
Typical transformer functions include voltage step-up 
or step-down, low-power-loss impedance matching, 
signal-polarity inversion and signal splitting. 
Fig. 2-8 in the discriminator section shows a 
transformer being used to split a single-ended input 
into two balanced channels. A conventional 
transformer is perfectly suitable to this application, 
since a crystal discriminator is a relatively 
narrowband device. 
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Standard  t r a n s f o r m e r s  are i n  g e n e r a l  n o t  s u i t a b l e  f o r  
v e r y  wideband and /o r  r e l a t i v e l y  high-frequency 
(hundreds of MHz) a p p l i c a t i o n s ,  T h i s  i s  because  t h e  
i n t e r w i n d i n g  c a p a c i t a n c e  and l e a k a g e  induc tance  
i n t r o d u c e  resonance  peaks.  It  i s ,  t h e r e f o r e ,  
n e c e s s a r y  t o  u s e  a t r a n s f o r m e r  where the pa rame te r s  
a re  d i s t r i b u t e d  and where the s t r a y  c a p a c i t a n c e  and 
induc tance  i s  absorbed as p a r t  of t h e  g e n e r a l  
s t r u c t u r e .  The t r a n s m i s s i o n - l i n e  t r a n s f o r m e r  i s  such 
a d e v i c e .  

advan tage  

Consider a c o a x i a l  t r a n s m i s s i o n  l i n e  suspended above 
a ground plane as shown i n  F i g .  2-9. Assuming t h a t  
the  l i n e  i s  t e rmina ted  i n  t h e  c h a r a c t e r i s t i c  
impedance ( i . e . ,  R, = RAB = Z1,2 t h e  c h a r a c t e r i s t i c  
impedance of t h e  l i n e  c o n s i s t i n g  of conductors  1 and 
2 ,  w i t h  RBG and RAG l a r g e ) ,  t h e n  from t r ansmiss ion -  

, and A would b e  a t  

+0.5 Vo and B a t  -0.5 Vo, s i n c e  i n  t h e  absence  of a 
ground c u r r e n t  t h e  c u r r e n t  i n  RAG must e q u a l  t h a t  
of RBG and b e  of o p p o s i t e  p o l a r i t y .  Thus,  i n  t h e  
absence  of ground c u r r e n t ,  a s i n g l e  ended i n p u t  i s  
conver ted  i n t o  a double-ended o u t p u t .  Unfo r tuna te ly  
RBG i s  shunted  by t h e  r e l a t i v e l y  s m a l l  impedance 
Z z  9 G (remember w e  have assumed RAG and RBG l a r g e )  
s o  t h a t  VB is  less t h a n  VA, t h e  o u t p u t  i s  n o t  
ba lanced  apd a ground c u r r e n t  f lows .  

coaxial- VS - -  
2 t r a n s f o r m e r  l i n e  t h e o r y  w e  have: V, - 

ana l y s i s  

SUSSCRIPTS E E S C R I P T I O N  
C E h T t R  CONDJCTOR 
SH I E L D  
OdTPUT 
O L T P b T  
GROUhD 
CYARPCTER I ST I C I PPEDANCt OF L I NE, 
C H A P A C T E S I S T I C  IPPEDANCE OF L I N E  COMPOSEC 
OF CENTEi i  CONDUCTOR AhD LROUVD PLANE. 

C H A R A C T E R I S T I C  P lPEDAbCE OF L I N E  COMPCSED 
OF S h l t L D  ANC GROUEuD PLANE. 

Fig. 2-9. Transmission line above a ground 
plane. 
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From t h e  fo rego ing  i t  w i l l  be  observed t h a t  w e  have 
two o p t i o n s  f o r  making a b e t t e r  b a l a n c e ,  one i s  t o  
i n c r e a s e  Z2 G and t h e  o t h e r  i s  t o  b a l a n c e  b o t h  s i d e s  
of t h e  l i n e  w i t h  respect t o  ground. The v a l u e  of 
'2, G cannot  be  i n c r e a s e d  wi thou t  l i m i t  s i n c e  Z2 G 
i s  a f u n c t i o n  of t h e  p h y s i c a l  s e p a r a t i o n  betwee; t h e  
t r a n s m i s s i o n  l i n e  and ground p l a n e ,  and t h e  l i n e  
l e n g t h .  

3 

The second o p t i o n  must t h e r e f o r e  b e  r e s o r t e d  t o .  A 
s i m p l e  system of t h i s  t ype  i s  a two-wire t r a n s m i s s i o n  
l i n e  above a ground p l a n e ,  w i t h  t h e  w i r e s  ba lanced  
w i t h  r e s p e c t  t o  ground. Here t h e  o u t p u t  w i l l  b e  
ba l anced ,  t h e  deg ree  of b a l a n c e  be ing  determined by 

and Z2 G. t h e  v a l u e s  of RAG, RBG 
3 

Thus, a s ingle-ended  i n p u t  i s  conve r t ed  t o  a 
ba lanced  o u t p u t  by p r o p e r l y  a d j u s t i n g  t h e  impedance 
from each s i d e  of t h e  l i n e  t o  ground. I t  i s  obvious  
t h a t  s i n c e  Zi G and Zz G are  n o t  i n f i n i t e ,  c u r r e n t  
must f l ow i n  t h e  ground p lane .  

J 3 

I n  t h e  above system, two waves are caused t o  t r a v e l  
down t h e  l i n e .  One wave t rave ls  between l i n e s  1 and 
2 and i t s  behavior  i s  determined by t h e  
c h a r a c t e r i s t i c s  of Zi 2, and t h e  o t h e r  i s  s u s t a i n e d  
by t h e  ground c u r r e n t  as determined by Z2  G and 

d e s i r e d  i n f o r m a t i o n  and i s  t h e r e f o r e  t h e  pr imary 
mode. The ground wave i s  g e n e r a l l y  u n d e s i r a b l e  and 
i s  r e f e r r e d  t o  v a r i o u s l y  as t h e  common mode" o r  

secondary  mode." It should  b e  no ted  t h a t  a l though  
t h e  secondary mode c a u s e s  a l l  k i n d s  of d i f f i c u l t i e s ,  
t r a n s m i s s i o n - l i n e  t r a n s f o r m e r s  work by v i r t u e  of 
t h e  e x i s t e n c e  of t h e  secondary mode. We could n o t ,  
f o r  example, o b t a i n  a ba lanced  o u t p u t  except  through 
t h e  e x c i t a t i o n  of a secondary mode. 

J 

3 
p r i m a r y  mode ZZ,G. The wave p ropaga t ing  down 2 1 , ~  c o n t a i n s  t h e  

1 1  common mode 
1 1  
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B) Practical Configurations 

So far we have considered one of the transformer 
functions: The single ended-to-balanced 
configuration. Transformers are, of course, used for 
other functions, the most frequent of these being the 

impedance impedance transformer. Impedance transformation in 
t r a n s f o r m e r  transmission lines is obtained by the proper 

connection of a number of lines in various series- 
parallel configurations. For example, a length of 
50-fi line connected to a 50-fi source and ~ O - Q  load is 
essentially a one-to-one impedance transformer. If 
50-fi transmission line is not available, then two 
equal lengths of 100-fi line connected in parallel will 
serve the purpose. Unequal impedances are matched by 
combining transmission lines in series and parallel 
as shown in Fig. 2-10. 

Here two equal-length 5 0 4  lines are connected in 
series at one end (100 0) and in parallel on the other 
end (25 0 ) .  You will note that by series connection 
it is not meant a cascade of two transmission lines 
where center conductors are connected together and 
shields together, but rather a reversal of center 
conductor to shield. 

25R 

Fig. 2-10. Four-to-one transmission-line 
impedance transformer. 
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From t h e  fo rego ing  i t  is  clear t h a t  a j u d i c i o u s  cho ice  
of l i n e  impedance, l i n e  l e n g t h  and l i n e  series- 
p a r a l l e l  connec t ion  r e s u l t s  i n  an  a b i l i t y  t o  match 
a lmost  any two impedances. T h i s  i s  f i n e  t h e o r e t i c a l l y ,  
b u t  as a p r a c t i c a l  matter t h e r e  are d i f f i c u l t i e s .  
These ar ise  mainly from t h e  c o n f l i c t i n g  r equ i r emen t s  
t h a t  t h e  t r a n s m i s s i o n  l i n e s  should  b e  v e r y  s h o r t  s o  as de I ay 

and t o  o b t a i n  minimum d e l a y  and d i s t o r t i o n .  The 
d i stort i o n  secondary-mode (common-mode) ampl i tude  a c r o s s  t h e  

o u t p u t  impedances should  be  s m a l l  o r / and  be  de layed  a 
long t i m e  w i t h  respect t o  t h e  pr imary mode. I t  i s  
a l s o  impor t an t  t h a t  b o t h  s i d e s  of t h e  t r a n s m i s s i o n  
l i n e  be  w e l l  ba lanced  w i t h  respect t o  ground a l l  a long  
t h e  l e n g t h  of t h e  l i n e .  F o r t u n a t e l y ,  t h e r e  i s  a 
s imple  c o n f i g u r a t i o n  t h a t  f u l f i l l s  a l l  of t h e s e  
r equ i r emen t s .  Th i s  s t r u c t u r e  i s  t h e  m u l t i f i l a r  

f e r r i t e - c o r e  winding on a f e r r i t e  t o r o i d .  An example of a b i f i l a r  
t o r o i d  winding ( 2  wires forming a s i n g l e  t r a n s m i s s i o n  l i n e )  

and t h e  e q u i v a l e n t  c i r c u i t  f o r  a p o l a r i t y - r e v e r s i n g  
t r ans fo rmer  i s  shown i n  F i g .  2-11. 

ba I ance 

6' - 

( A )  CONVENT ICNAL 
T RAN S FORM E R 

SCHEMAT I C  

F 
-2 1 - 

T 

(8) T R A N S M I S S I 3 h - L I N E  
TRANS FORME R 

SChEMAT I C  

(C) T R A h S P I S S l O h - L I N E  
T RA N S FO R V  E R 
CONSTRUCT I CV 

Fig. 2-11. Polarity-reversing transformer. 
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Fig. 2-12. Transmission-line transformer, 
four-to-one unbalanced 
configuration. 

The toroidal construction meets all of the major 
requirements of transmission-line transformers. This 
construction lends itself to small physical size, and 
the interposition of ferrite between the transmission 
line and chassis ground minimizes effec.ts due to the 
secondary mode. Further, since both transmission- 
line wires are wound as a pair (bifilar), both sides 
of the line will be balanced to ground regardless of 
the physical layout or mounting of the transformer. 

Fig. 2-11 shows a simple configuration; more 
complicated configurations are, of course, possible. 
Fig. 2-12 shows a schematic representation of a 
relatively complex 4:l unbalanced configuration. 

This is quite similar to the configuration shown 
in Fig. 2-10 except for the addition of a third 
transformer at the input. This transformer provides 
input isolation and a balanced drive to the series 
(input) parallel (output) connection of the 4:l 
impedance transformer. There are several ways of 
constructing this configuration, For example, all 
three transformers on one core, three separate cores, 
etc.; further the input transformer is often absorbed 
as part of the others so that only two transformers 
are actually used. There are several obvious 
differences and some not so obvious differences 
between transmission-line transformers and ordinary 
transformers, An obvious difference is that 
transmission-line transformers do not provide DC 

no DC isolation, whereas ordinary transformers do. This 
i so I a t  i o n  means, for example, that unusual bias techniques 

must be utilized when using transmission-line 
transformers in active circuits. Not so obvious 
(at least from looking at a schematic 

i n p u t  
i so I a t  i o n  
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r e p r e s e n t a t i o n )  i s  t h e  f a c t  t h a t  t h e s e  t r a n s f o r m e r s  
are r e a l l y  t r a n s m i s s i o n  l i n e s  t h a t  perform 
t r ans fo rmer  f u n c t i o n s  and n o t  vice-versa. I t  i s  
q u i t e  a t r i c k y  matter t o  a r r ive  a t  t h e  r i g h t  
conc lus ions  r e g a r d i n g  t h e  performance of a 
t r a n s m i s s i o n - l i n e  t r a n s f o r m e r  when t r e a t i n g  i t  as 
i f  i t  were a n  o r d i n a r y  t r a n s f o r m e r  connected i n  some 
p e c u l i a r  manner. The t r a n s m i s s i o n - l i n e  n a t u r e  of 
t h e s e  d e v i c e s  must b e  kep t  i n  mind a t  a l l  t i m e s  f o r  
a p rope r  unde r s t and ing  of how t h e y  work, 

CRYSTAL-DIODE CHARACTERISTICS 

C r y s t a l  d i o d e s ,  a l s o  known as  c r y s t a l s  o r  d i o d e s ,  
are  used e x t e n s i v e l y  i n  spectrum-analyzer  c i r c u i t s .  
Such c i r c u i t s  i n c l u d e  mixers, modu la to r s ,  l imiters ,  
p u l s e  g e n e r a t o r s ,  d e t e c t o r s ,  a t t e n u a t o r s ,  s i g n a l  
s h a p e r s ,  and o t h e r s .  Some of t h e s e  c i r c u i t s  o p e r a t e  
by v i r t u e  of some unique  d iode  parameter  a v a i l a b l e  
i n  s p e c i a l i z e d  d i o d e s  on ly .  An example of such  a n  
a p p l i c a t i o n  would b e  p u l s e  g e n e r a t i o n  by means of 
t h e  s tep- recovery  d iode .  These unique  and 
s p e c i a l i z e d  d iode  parameters  w i l l  b e  d i s c u s s e d  as 
needed i n  c o n j u n c t i o n  w i t h  s p e c i f i c  c i r c u i t  
a p p l i c a t i o n s .  I n  t h i s  s e c t i o n  w e  s h a l l  c o n c e n t r a t e  
on a d i s c u s s i o n  of t h e  g e n e r a l  n a t u r e  of microwave 
d iodes .  

F ig .  2-13 i s  an  e q u i v a l e n t  c i r c u i t  of a semiconductor 
d iode .  The series r e s i s t a n c e  R, and b a r r i e r  
c a p a c i t a n c e  Cb are u n d e s i r a b l e  p a r a s i t i c  e lements  
which a re  minimized as  much as p o s s i b l e .  The b a r r i e r  
resistance Rb i s  n o n l i n e a r ,  t h e  v a l u e  be ing  dependent 
upon t h e  a p p l i e d  v o l t a g e ,  
a p p l i c a t i o n s  t h i s  i s  u s u a l l y  d e s c r i b e d  by--- 

For  most p r a c t i c a l  

rdhere: a = a c o n s t a n t  d e f i n i n g  
c u r v a t u r e  of t h e  d iode  
c h a r a c t e r  i s  t i c  

V = v o l t s  a c r o s s  d i o d e  
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Fig. 2-13. Semiconductor-diode equivalent 
circuit. 

Equat ion  1 t e l l s  u s  a g r e a t  d e a l  about  t h e  behav io r  
of t h e  d iode  under v a r i o u s  c i r cums tances .  For 
example, u s ing  a series expans ion  w e  obse rve  t h a t  
Equat ion 1 i s  e q u i v a l e n t  t o :  

n 
( E q  2)  i = -  Ia2 Ia Vn 

l! 2 .  n!  Ia v + 7 v2. . .+  - 

From Equat ion 2 i t  i s  a p p a r e n t  t h a t  because of t h e  
h igher -order  terms of V ,  t h e  d i o d e  can be  used as a 
f requency  m u l t i p l i e r  (mixer ,  modulator  a p p l i c a t i o n s ) .  

diode as 
a nonlinear b e s t  be  used as n o n l i n e a r  r e s i s t a n c e  e lements  i n  
r e s  i s t a n c e  v a r i o u s  a p p l i c a t i o n s .  Fo r  example, i f  w e  a p p l y  two 

These e q u a t i o n s  l e a d  t o  a t h e o r y  of how d i o d e s  can 

s i g n a l s  t o  t h e  d i o d e ,  

V = A s i n  a + B s i n  b (Eq 3 )  

S u b s t i t u t i n g  Equat ion  3 i n t o  Equat ion  2 w e  have: 

i = A I K l  + 3K (- 1 A2 + 7 1 B2) + 5 K  (? A2B2 + 8 3 B4 

+ - 1 A 4 ) ]  s i n  a - A2[- % + K (- 1 A2 + 7 1 B2)] cos  2a 

3 4  5 4  

8 2 4 2  

- A3[- 1 K + 5 K  (- 1 B2 + 3 1 A 2 ) ]  s i n  3 a ,  e t c .  ( E q  4) 4 3  5 4  

where: K = - Ian 
n n! 
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It w i l l  b e  observed t h a t  t o  g e t  a l a r g e  second- 
harmonic o u t p u t  (cos  2a) i t  i s  d e s i r a b l e  t o  maximize  
Kz and Kq. 
mixing where,  f o r  example, t h e  c o e f f i c i e n t  of 

cos  (b  - a )  i s  AB[K2 + 3 K  4 4  (- A2 + 7 B2)] and a g a i n  

K2 and K4 would b e  opt imized  f o r  maximum o u t p u t  a t  
t h e  f requency  (b - a ) .  

S i m i l a r  computat ions can b e  made f o r  

1 1 

I n  s p i t e  of t h e s e  p o s s i b i l i t i e s  i t  should b e  
recognized  t h a t  Equat ion  1 does n o t  t e l l  t h e  whole 

r e s i s t a n c e  which can  b e  expressed  by an  i n f i n i t e  
ser ies ,  b u t  a l s o  as a s w i t c h  which cannot  b e  expressed  
as a s imple  ser ies .  Many a p p l i c a t i o n s ,  i n c l u d i n g  
low-loss mixers and modula tors ,  are b e s t  understood 
when t h e  d i o d e  i s  cons ide red  as  a swi t ch .  An i d e a l  

and i n f i n i t e  r e s i s t a n c e  i n  t h e  open p o s i t i o n .  
S i n c e  n e i t h e r  z e r o  r e s i s t a n c e  no r  i n f i n i t e  r e s i s t a n c e  
d i s s i p a t e  power a t  f i n i t e  c u r r e n t s  and v o l t a g e s ,  i t  
i s  obvious t h a t  such a c o n f i g u r a t i o n  w i l l  e x h i b i t  
ex t remely  low l o s s e s  provided  o t h e r  s o u r c e s  of loss 
can b e  minimized. 

d i o d e  switch s t o r y .  A d i o d e  can b e  used n o t  o n l y  as  a n o n l i n e a r  

i d e a l  switch s w i t c h  p r e s e n t s  z e r o  r e s i s t a n c e  i n  t h e  c l o s e d  p o s i t i o n  

PHASE DETECTORS AND SAMPLERS 

phase 
d e t e c t o r  

A phase  d e t e c t o r  i s  a d e v i c e  which produces a n  o u t p u t  
which i s  p r o p o r t i o n a l  t o  t h e  phase d i f f e r e n c e  between 
two s i g n a l s .  
spectrum-analyzer  o s c i l l a t o r  phase-lock systems.  I n  
g e n e r a l ,  because  of t h e  h i g h  f r e q u e n c i e s  and wide 
bandwidths invo lved ,  spectrum-analyzer  phase 
d e t e c t o r s  are u s u a l l y  of t h e  sampling type .  

Phase d e t e c t o r s  are commonly used i n  

T h e o r e t i c a l l y  t h e r e  a re  many c i r c u i t  c o n f i g u r a t i o n s  
t h a t  w i l l  behave as phase d e t e c t o r s .  For example, 
an  i d e a l  s i g n a l  m u l t i p l i e r  and a p p r o p r i a t e  f i l t e r  
w i l l  produce an  o u t p u t  which i s  p r o p o r t i o n a l  t o  t h e  
phase d i f f e r e n c e  between t h e  two i n p u t  s i g n a l s .  I n  
spectrum a n a l y z e r s  t h e  b a s i c  phase d e t e c t o r  i s  
u s u a l l y  of t h e  ba lanced  diode-peak d e t e c t o r  v a r i e t y .  

ba I anced- F i g .  2-14 i s  a s i m p l i f i e d  balanced-peak-detector  
d i o d e  c i r c u i t .  I n  p rac t i ce  t h e  r e f e r e n c e  s i g n a l  ey and 
peak t h e  s i g n a l  t o  be  o p e r a t e d  on ,  es, are  i n j e c t e d  by 
d e t e c t o r  t r a n s f o r m e r s  o r  o t h e r  means t h a t  p e r m i t  good ba lance .  
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Fig. 2-14. Balanced-diode phase detector. 

It can b e  shown t h a t  i f  E, i s  l a r g e  compared t o  E, 
t hen  E, = 2E, s i n  8. T h i s  i s  a p r a c t i c a l  c i r c u i t ,  
though i t  h a s  some drawbacks. F i r s t ,  t h e  o u t p u t  E, 
i s  n o t  p r o p o r t i o n a l  t o  t h e  phase  d i f f e r e n c e ,  
n e g l e c t i n g  t h e  f i x e d  90" d i f f e r e n c e  between ( s i n  u t )  
and ( cos  u t ) ,  b u t  rather t o  s i n  8 .  Second, t h e  
o u t p u t  E, i s  p r o p o r t i o n a l  t o  t h e  s i g n a l  l e v e l  E,. 
T h i s  means t h a t  E, must b e  c o n s t a n t  i f  E, i s  t o  b e  a 

a n a l y z e r  c i r c u i t s  t h e  s t e a d y  s t a t e  c o n d i t i o n  f o r  t h e  
phase d e t e c t o r  i s  t h a t  which l e a d s  t o  E, = 0,  which 
occur s  a t  8 = 0 " .  
f l u c t u a t e  between t h e  l e v e l  which i s  s u f f i c i e n t  t o  
overcome system n o i s e  (good s i g n a l  t o  n o i s e  r a t i o )  
and t h e  l e v e l  which would cause  d iode  breakdown. 
Maximum phase-angle d e t e c t i o n  r ange  i s  '90" where 
E, goes  t o  a maximum of 2Es. 

detection f u n c t i o n  of 8 only .  F o r t u n a t e l y  i n  spectrum- 
range  

Thus, e, can b e  p e r m i t t e d  t o  

Another way of c o n s i d e r i n g  t h e  c i r c u i t  i n  F ig .  2-14 
i s  t h i s :  The sum of s i g n a l  and r e f e r e n c e  v o l t a g e  
i s  a p p l i e d  t o  one d i o d e  w h i l e  t h e i r  d i f f e r e n c e  i s  
a p p l i e d  t o  t h e  o t h e r  d iode .  The d e t e c t e d  o u t p u t  i s  
t aken  a c r o s s  b o t h  d i o d e  l o a d  r e s i s t o r s .  I f  t h e  
l o a d - r e s i s t o r  R i s  s u b s t a n t i a l l y  g r e a t e r  t h a n  t h e  
d i o d e  series r e s i s t a n c e ,  and t h e  o u t p u t  t i m e  c o n s t a n t  
(RC) i s  long  compared t o  one c y c l e ,  w e  have 
e s s e n t i a l l y  a peak d e t e c t o r  w i t h  a t o t a l  o u t p u t  of 

E, - - + E, + - = 2E,. 

a n  arrangement of two p r o p e r l y  phased peak d e t e c t o r s .  

Er Er 
2 2 What w e  have d e s c r i b e d  i s  

Now l e t  u s  c o n s i d e r  i n  more d e t a i l  how a peak 
d e t e c t o r  o p e r a t e s .  
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Fig. 2-15. Peak detector and associated 
wavef o m .  

F ig .  2-15 shows an  o r d i n a r y  peak d e t e c t o r  and t h e  
a s s o c i a t e d  waveform, where P i s  t h e  forward 
r e s i s t a n c e  of t h e  d i o d e ,  and RC, t h e  o u t p u t  t i m e  
c o n s t a n t ,  i s  l a r g e  compared t o  t h e  p e r i o d  l/f. 

From F ig .  2-15B w e  obse rve  t h a t  E, i s  a f u n c t i o n  of 

E and '9 namely E, = E c o s  '9 where ' i s  dependent 2 2 2 r 
R on t h e  r a t i o  - *  I n  o t h e r  words f o r  a 

9 r t h e o r e t i c a l l y  p e r f e c t  peak d e t e c t o r  - -+ 0 ,  - -+ 0 ,  R 2 
s o  t h a t  E, -+ E .  
o u t p u t  (E,) n e a r l y  e q u a l  t o  t h e  peak AC i n p u t  ( E ) ,  
and t h e  d iode  conducts  f o r  a v e r y  s h o r t  t i m e ,  j u s t  
enough t o  r e p l e n i s h  t h e  cha rge  l o s t  due t o  t h e  
n o n i n f i n i t e  n a t u r e  of t h e  p roduc t  RC. 

A good peak d e t e c t o r  h a s  a DC 

So f a r  w e  have cons ide red  a s t a n d a r d  two-diode 
ba lanced  phase  d e t e c t o r  where b o t h  t h e  s i g n a l  ( e  ) 
and t h e  r e f e r e n c e  ( e  ) are cons ide red  t o  be  
s i n u s o i d a l .  F u r t h e r ,  i t  w a s  shown t h a t  t h e  d iodes  
i n  t h e  d e t e c t o r  have a v e r y  s m a l l  conduc t ion  a n g l e .  
I t ,  t h e r e f o r e ,  fo l lows  t h a t  t h e  r e f e r e n c e  s i g n a l  

nar row-pu lse  need n o t  be  s i n u s o i d a l ,  p rovided  i t  i s  of a form 
r e f e r e n c e  caus ing  t h e  d e t e c t o r  d iodes  t o  conduct  f o r  t h e  

S 

r 

necessa ry  a n g l e .  Such a s i g n a l  is  a narrow p u l s e  
t h a t  t u r n s  t h e  d e t e c t o r  d iodes  on f o r  a s h o r t  t i m e  

sampl i n g  i n t e r v a l .  The system j u s t  d e s c r i b e d  (where e i s  
phase i n  t h e  form of a narrow p u l s e )  c o n s t i t u t e s  a 
d e t e c t o r  sampling t y p e  of phase  d e t e c t o r .  

r 
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Sampling phase -de tec to r  systems are  g e n e r a l l y  more 
complex t h a n  nonsampling systems r e q u i r i n g ,  f o r  
example, narrow-pulse g e n e r a t o r s  and a s s o c i a t e d  

samp I i ng wideband-coupling c i r c u i t r y .  The sampling t y p e  of 
phase- d e t e c t o r ,  however, h a s  c h a r a c t e r i s t i c s  which make 
d e t e c t 0  r i t  i d e a l  f o r  wideband spectrum-analyzer  systems.  
advantage The nonsampling phase d e t e c t o r  r e q u i r e s  a s t a b l e  

r e f e r e n c e  a t  t h e  same f requency  as t h e  s i g n a l .  Th i s  
means t h a t  i n  t h e  case of wideband spectrum 
a n a l y z e r s ,  where t h e  l o c a l  o s c i l l a t o r  i s  t u n e a b l e  
over  a wide f requency  r ange ,  t h e  r e f e r e n c e  must b e  
t u n e a b l e  over  a wide f requency  range .  But s t a b l e  
t u n e a b l e  r e f e r e n c e  s i g n a l s  are ha rd  t o  come by. 
F u r t h e r ,  t h e  sampling phase  d e t e c t o r  w i l l  work w i t h  
t h e  r e f e r e n c e  s e t  t o  a subharmonic of t h e  s i g n a l  
f r equency ,  whereas i n  a nonsampling system t h i s  i s  
d i f f i c u l t  t o  do. For t h e s e  and o t h e r  r edsons  
sampling phase d e t e c t o r s  predominate  i n  spectrum- 
a n a l y z e r  phase lock  c i r c u i t s .  

The sampling phase d e t e c t o r ,  w i t h  r e f e r e n c e  set  t o  
a subharmonic of t h e  s i g n a l ,  can  b e  cons ide red  from 
two p o i n t s  of view. These are frequency-domain 
a n a l y s i s ,  and time-domain a n a l y s i s .  Frequency-Domain 
Ana lys i s :  Consider  a s i g n a l  ( e  ) a t  a f requency  
f and a r e f e r e n c e  p u l s e  t r a i n  a t  a f requency  f / n  
w i t h  each p u l s e  V-volts h i g h  and T-seconds wide. 

f requency-  
doma i n 
ana I y s i  s 

S 

From F o u r i e r  t h e o r y  w e  can  c o n s i d e r  t h e  p u l s e  t r a i n  
as c o n s i s t i n g  of an i n f i n i t e  number of s inewaves,  
where t h e  ampl i tude  of t h e  nth-harmonic C, a t  
f requency  f' t h e  same as es i s  g iven  by: 

2 V ~ . f j s i n  mf). 

For t h e  c a s e  where rf << 1 t h i s  becomes C,=: 

c,  = 

2V-c.f. n Tr -cf 
n 

Conceptua l ly  w e  a re  now back t o  t h e  o r i g i n a l  c i r c u i t  
where t h e  s i g n a l  es i s  compared t o  a r e f e r e n c e  ep a t  
t h e  same f requency  as eS. T h i s  i s  f i n e  f o r  g e t t i n g  
an  i n t u i t i v e  f e e l  f o r  how t h e  c i r c u i t  o p e r a t e s  b u t  
i t  does  n o t  t e l l  t h e  whole s t o r y .  I n  p a r t i c u l a r  
t h e r e  i s  t h e  q u e s t i o n  of what do t h e  o t h e r  harmonics 
do t o  t h e  c i r c u i t ,  and w e  o r i g i n a l l y  assumed a l a r g e  
E, b u t  t h e  new r e f e r e n c e  s i g n a l  i s  small s i n c e  i t  
goes as l / n .  
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o u t p u t  
v a r i e s  w i t h  
phase 
d i f f e r e n c e  

change o f  
r e  I a t  i ve 
phase 
i n f o r m a t  i on  

ad j u s t a b  I e 
r e f e r e n c e  
f requency  

Time-Domain Ana lys i s :  Consider a d i o d e  peak 
d e t e c t o r  as shown i n  F i g .  2-15A. The d i o d e  i s  
b i a s e d  t o  p r e s e n t  a h i g h  impedance t o  t h e  s i g n a l ;  
most of t h e  s i g n a l  appea r s  a c r o s s  t h e  d i o d e  and E 
goes t o  ze ro .  I f  w e  now p u l s e  t h e  d iode  on f o r  a 
s h o r t  i n t e r v a l  du r ing  each  c y c l e  of e t h e  r e s u l t  
is a waveform s imilar  t o  F i g .  2-15B. F i g .  2-15B 
shows t h a t  E w i l l  v a r y  from z e r o  f o r  t h e  case 
where t h e  turn-on p u l s e s  are synchronized  w i t h  t h e  
z e r o  c r o s s i n g  of e , t o  some maximum leve l  when t h e  
turn-on p u l s e s  are synchronized  w i t h  t h e  peak of 
e . This  i s  p r e c i s e l y  what a phase  d e t e c t o r  is 
supposed t o  do: Produce an  o u t p u t  which i s  a 
f u n c t i o n  of t h e  phase  d i f f e r e n c e  between two s i g n a l s .  

0 

S 

0 

S 

S 

A one-to-one cor respondence  between t h e  r e f e r e n c e -  
p u l s e  f requency  ( turn-on p u l s e s )  and t h e  s i g n a l  es 
i s  f i n e  i f  t h e  s i g n a l  f requency  i s  f i x e d .  I f ,  
however, t h e  s i g n a l  f requency  i s  v a r i a b l e  w e  have 
t h e  problem of producing a v a r i a b l e - r e f e r e n c e  s o u r c e ,  
T h i s  i s  g e n e r a l l y  n o t  p r a c t i c a l .  A s i m p l e  s o l u t i o n  
i s  t o  o p e r a t e  t h e  r e f e r e n c e  a t  a f requency  which i s  
a subharmonic of t h e  s i g n a l  f requency .  T h i s ,  of 
c o u r s e ,  l i m i t s  t h e  r a t e  a t  which change of r e l a t ive  
phase i n f o r m a t i o n  can  b e  a c q u i r e d ,  For example, 
u s i n g  a 1-MHz r e f e r e n c e  s o u r c e  t h e  change of 
r e l a t i v e  phase  i n f o r m a t i o n  i s  updated eve ry  
microsecond r e g a r d l e s s  of t h e  p e r i o d  of t h e  s i g n a l  
es, F o r t u n a t e l y  t h i s  does n o t  p r e s e n t  any problem 
i n  spectrum a n a l y z e r s .  A second problem i s  t h a t  
t h e  s i g n a l  (es) can be  compared t o  t h e  r e f e r e n c e  
(er)  a t  d i s c r e t e  f r e q u e n c i e s  on ly .  Again i f  w e  u s e  
a 1-MHz r e f e r e n c e ,  t h e n  t h e  s i g n a l  can be  compared 
t o  t h e  r e f e r e n c e  i n  1-MHz steps on ly .  T h i s  can b e  
t aken  c a r e  of i n  two ways. One i s  t o  u s e  a 
f requency  o f f s e t  i n  a n o t h e r  o s c i l l a t o r  i n  t h e  
spectrum-analyzer  supe rhe te rodyne  c h a i n .  We do t h i s  
q u i t e  o f t e n ;  t h e  o f f s e t  c o n t r o l  i s  c a l l e d  I F  Center-  
Frequency c o n t r o l .  A second s o l u t i o n  t h a t  works 
w e l l ,  e s p e c i a l l y  when t h e  r e f e r e n c e  f requency  is 
q u i t e  low i n  comparison t o  t h e  s i g n a l  f r equency ,  
is  t o  make t h e  r e f e r e n c e  f requency  s l i g h t l y  
a d j u s t a b l e  ( e . g . ,  0 .1%) .  For example, i f  t h e  s i g n a l  
goes 1 t o  2 GHz and t h e  r e f e r e n c e  i s  1 MHz t h e n  
t u n i n g  t h e  r e f e r e n c e  by 1 kHz p e r m i t s  con t inuous  
coverage .  T h i s  f o l l o w s  s i n c e  w e  are  i n  e f f e c t  
comparing 1 GHz t o  t h e  1000th harmonic of 1 MHz 
and 1000 t i m e s  1 .001  MHz = 1 GHz + 1 MHz where t h e  
thousand-and-f i r s t  harmonic of 1 MHz can t a k e  o v e r .  
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Fig. 2-16. Sampling phase detector. 

Fig .  2-16 shows a t y p i c a l  sampling t y p e  of phase  
d e t e c t o r .  The s ingle-ended  s o u r c e  of r e f e r e n c e  
p u l s e s  i s  conver ted  i n t o  a ba lanced  d r i v e  by means 
of t h e  wideband t r a n s m i s s i o n - l i n e  t r a n s f o r m e r  (Tl) ; 
c a p a c i t o r s  C 1  and C 2  prov ide  DC i s o l a t i o n ,  t h e  
51-0 r e s i s t o r  p rov ides  a p rope r  t e r m i n a t i o n  f o r  
t h e  s o u r c e  of es, d iodes  D1 and D 2  are o f f  ( t h i s  
can b e  accomplished by s e l f  b i a s  as i n  F ig .  2-16 o r  
e x t e r n a l  b i a s )  u n t i l  t u r n e d  on by ep p u l s e ,  and R1 
and R2 i n  con junc t ion  w i t h  C 3  form t h e  main memory 
c i r c u i t  f o r  Eo ( C l ,  C 2  and t h e  l o a d  R a f f e c t  t h e  
memory c h a r a c t e r i s t i c s  as w e l l ) .  

NARROW-PULSE GENERATORS 

Narrow-pulse g e n e r a t o r s ,  o r  impulse g e n e r a t o r s  as 
they  are sometimes c a l l e d ,  f i n d  f r e q u e n t  u s e  i n  

applications spectrum-analyzer  c i r c u i t s .  A p p l i c a t i o n s  i n c l u d e  
p i cke t - f ence  g e n e r a t i o n  f o r  marker o r  o s c i l l a t o r  u s e  
and s t r o b e  g e n e r a t o r s  f o r  sampling phase  d e t e c t o r s .  
It i s  n o t  t h e  purpose h e r e  t o  d i s c u s s  more o r  less 
o r d i n a r y  pu l se -gene ra to r  systems such  as 
m u l t i v i b r a t o r s  o r  b lock ing  o s c i l l a t o r s ,  though t h e s e  
are on o c c a s i o n  used i n  spectrum a n a l y z e r s .  We 
s h a l l  r e s t r i c t  our  d i s c u s s i o n  t o  pulse-forming 
t r a n s m i s s i o n  l i n e s ,  s t ep - recove ry  d i o d e s ,  and 
ava lanche  t r a n s i s t o r s .  
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Fig. 2-17. Pulse-forming transmission line. 

A) Pulse-Forming Transmission-Line Circuits. 

pu  I se- One of the best known and, at least in theory, 
f o r m i n g  simplest narrow-pulse-generating circuits is the 
t r a n s m i s s i o n  open-circuited transmission line as shown in 
I i n e s  Fig. 2-17. 

c h a r g i  ng 
t h e  I i n e  

The open transmission line is connected to a DC 
voltage through a charging resistor ( R e $ .  In 
time the transmission line (which behaves essentially 
like a small capacitor) charges up to V, the 
charging voltage. The line is now terminated by a 
load resistor (RL) which is equal to the 
characteristic impedance ( Z o ) .  What happens -- at 
the instant of switch closure, we have in effect 
connected a resistor RL to a voltage-source V having 
an internal-impedance Z O  = RL. 
ordinary resistive voltage division, the voltage 
across RL is V/2. But, the voltage at the other 
end of the line is still V, since the disturbance 
caused by the connection of RL to the line cannot 
instantaneously propagate down the line. The 
disturbance caused by the connection of RL to the 
line is such as to cause the voltage on the line to 
change from V to V / 2 .  In other words, connecting 
RL across the line causes a wave of amplitude -V/2 
to propagate down the line from the load to the 
source. When this propagating wave reaches the 
charging resistor (Rch) it gets reflected essentially 
from an open circuit, since Reh is very large, with 
a reflection coefficient of 

A s  a result, by 

zeh - ZO 
Zch + ZO 

r =  =. 1. 

The voltage wave of - V / 2  now travels back toward the 
load leaving zero volts behind it since V / 2  + 
( - V / 2 )  = 0. When this reflected wave reaches the 
load the voltage across R goes to zero, Thus, we 

g e n e r a t  i ng 
t h e  pulse 
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have gene ra t ed  a p u l s e  of ampl i tude  V / 2  and pu l se -  
wid th  T = 2R/v where R i s  t h e  l e n g t h  of t h e  
t r a n s m i s s i o n  l i n e  and v i s  t h e  p ropaga t ion  
v e l o c i t y  down t h e  l i n e .  For example, f o r  a i r  l i n e  
(v = c ,  t h e  speed of l i g h t  i n  vacuum) w e  g e t  
T = 0 .5  nanoseconds,  f o r  R = 7.5  c m .  

Th i s  t y p e  of p u l s e  g e n e r a t o r  h a s  been f a i r l y  popular  
s i n c e  i t  l e n d s  i t s e l f  t o  t h e  g e n e r a t i o n  of l a rge  
y e t  narrow p u l s e s .  

.d i sadvantage  i s  t h e  l i m i t a t i o n s  of t h e  s w i t c h .  
S i n c e  t h e  l o a d ,  RL, must be  connected d i r e c t l y  t o  
t h e  l i n e ,  i t  i s  n e c e s s a r y  t h a t  t h e  s w i t c h  b e  e i t h e r  
s m a l l  o r  form a c o n s t a n t  ZO t r a n s m i s s i o n  l i n e .  
Without going i n t o  a l l  t h e  problems,  i t  should be  
noted  t h a t  s w i t c h i n g  d i f f i c u l t i e s  p r e c l u d e  t h e  u s e  
of t h i s  t y p e  of p u l s e  g e n e r a t o r  a t  h igh  r e p e t i t i o n  
r a t e s  much i n  excess  of 1 kHz and i t  i s  seldom used 
i n  spectrum-analyzer  c i r c u i t s .  

S e v e r a l  hundred v o l t s  a t  less  
s w i t c h  t han  a nanosecond wide can be  ach ieved .  The major 
I i m i t a t i o n s  

B) The Avalanche T r a n s i s t o r  

The ava lanche  t r a n s i s t o r  i s  a u s e f u l  d e v i c e  f o r  
g e n e r a t i n g  f a s t  tu rn-on ,  high-power p u l s e s .  
example, 50 v o l t s  a t  one ampere w i t h  nanosecond 
p u l s e  wid ths  can b e  g e n e r a t e d .  T h i s  i s  
accomplished by swi t ch ing  t h e  t r a n s i s t o r  between 
two modes of o p e r a t i o n  as i l l u s t r a t e d  by t h e  
avalanche-breakdown c h a r a c t e r i s t i c ,  F i g .  2-18. I n  
i t s  normal mode of o p e r a t i o n  t h e  t r a n s i s t o r  o p e r a t e s  
i n  r e g i o n  1. 
i s  reached by b i a s i n g  t h e  base -emi t t e r  j u n c t i o n  
forward ( i . e . ,  c o n t r o l  of b a s e  c u r r e n t ) ,  t h e  
t r a n s i s t o r  s w i t c h e s  i n t o  t h e  ava lanche  mode of 
o p e r a t i o n  r e p r e s e n t e d  by r e g i o n  2 .  

For 

A t  a c o l l e c t o r  c u r r e n t  of IA, which ava  I anche 
c h a r a c t e r -  
i s t i c s  

When t h e  c u r r e n t  

F z 
d 
C 
cf 
3 
0 
E 
0 
k- 
0 
li 
1 
J 
0 
0 
I 
I 

i, 
H 

0 
VCE -- COLLECTCR VOLTAGE 

Fig. 2-18. Avalanche breakdown characteristic. 
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h a s  dropped t o  IH, t h e  t r a n s i s t o r  t u r n s  o f f  and 
swi t ches  back t o  r e g i o n  1. Refer  t o  F i g ,  2-19. 
Normally t h e  t r a n s i s t o r  i s  o f f .  
p u l s e  on t h e  b a s e  t u r n s  i t  on. The t r a n s i s t o r  
swi t ches  i n t o  t h e  ava lanche  mode, and t h e  dynamic 
impedance d rops  t o  a low value ( e . g . ,  30 Q). The 
c a p a c i t o r  d i s c h a r g e s  through RL and t h e  t r a n s i s t o r ,  
u n t i l  t h e  c u r r e n t  d rops  below IE when t h e  t r a n s i s t o r  
s w i t c h e s  back i n t o  r e g i o n  1. The t r a n s i s t o r  i s  made 
t o  s t a y  i n  r e g i o n  1 u n t i l  t h e  n e x t  turn-on p u l s e  by 
making t h e  l i m i t i n g - r e s i s t o r  R z i m  l a r g e  enough t o  
l i m i t  t h e  c u r r e n t  below IH, i . e . ,  l a r g e  enough t o  
a l l o w  swi t ch ing  o u t  of r e g i o n  2 and r e t u r n  t o  r e g i o n  
1. F ig .  2-19B shows t y p i c a l  waveforms. 

The p o s i t i v e  t r i g g e r  

ava  I anche 
switch i ng 

C)  The Step-Recovery (Snap-Of f )  Diode 

I n  a n  o r d i n a r y  d i o d e ,  t h e  reverse c u r r e n t  u s u a l l y  
r e c o v e r s  s lowly  t o  z e r o  when t h e  d i o d e  i s  swi tched  
from forward t o  reverse b i a s .  
d i o d e  (SRD), t h e  d i o d e  c h a r a c t e r i s t i c s  are opt imized 
t o  reduce  t h e  r e v e r s e - c u r r e n t  r ecove ry  t i m e  w h i l e  
i n c r e a s i n g  s t o r a g e  t i m e ,  r e s u l t i n g  i n  a f a s t  
r ecove ry  s t e p .  The f a s t e r  t h e  r ecove ry  t i m e  w i t h  
r e s p e c t  t o  d iode - s to rage  t i m e  t h e  b e t t e r  t h e  d iode .  
The f a s t  change i n  c u r r e n t  can  b e  used t o  g e n e r a t e  
narrow p u l s e s  by such means as p u l s e  c l i p p i n g ,  

I n  t h e  s tep- recovery  

d i  d r i v i n g  a n  induc tance  (V = L K) , o r  o t h e r  means. 

The f a s t - p u l s e  g e n e r a t i o n  c a p a b i l i t y  of t h i s  d i o d e  
i s  due t o  t h e  f a c t  t h a t  t h e  SRD looks  l i k e  a l a r g e  
c a p a c i t o r  i n  series w i t h  a r e s i s t o r  when b i a s e d  i n  
t h e  forward d i r e c t i o n .  A s  a r e s u l t  t h e  d i o d e  s t o r e s  
cha rge  when b i a s e d  O N ,  A t  r e v e r s e  b i a s  t h e  cha rge  
i s  d e p l e t e d  d u r i n g  t h e  s t o r a g e  t i m e ,  g e n e r a t i n g  a 
narrow p u l s e  when a l l  t h e  cha rge  i s  gone. 
capac i t ive  n a t u r e  of t h i s  d i o d e ,  as  shown i n  
F ig .  2-20, h a s  l e d  v a r i o u s  peop le  t o  c o n s i d e r  t h e  
SRD as a form of v a r a c t o r .  

The 



47 

' j  CC 

t 

C I RCU I 1 

.t 
i e 

t 
t 
I'L 

"CE 

Fig. 2-19. Avalanche 
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Fig .  2-20. Ideal SRD capacitance 
characteristic. 
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Fig. 2-21. Step-recovery diode circuit  and 
typical waveforms. 

Step-recovery p u l s e  g e n e r a t o r s  r e q u i r e  a d r i v i n g  
s o u r c e ,  w i t h  t h e  SRD p u l s e s  o c c u r r i n g  i n  synchronism 
w i t h  t h e  d r iv ing - source  r a t e .  
SRD sys tem i s  t h a t  a wide-pulse l a r g e - r i s e t i m e  
s o u r c e  i s  conve r t ed  t o  a narrow-pulse ( e . g . ,  0 . 1  n s ,  
10 V i n t o  50 0 )  f a s t - r i s e t i m e  s o u r c e .  A s i m p l i f i e d  
diagram of a s t ep - recove ry  p u l s e  g e n e r a t o r  i s  shown 
i n  F ig .  2-21 w i t h  an i l l u s t r a t i o n  of a c y c l e  of 
o p e r a t i o n .  

The advantage  of t h e  
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Y I G  RESONATORS 

r e a l  i g n  
magnet i c 
moments 

moment 
p r e c e s s  i ng 

resonance 
t u n e d  by 
e l e c t r o -  
magnet i c 
f i e l d  

S i n g l e - c r y s t a l  Yt t r ium I r o n  Garnet  (YIG) forms a 
high-Q microwave r e s o n a t o r  when f a b r i c a t e d  i n t o  
h i g h l y  p o l i s h e d  e lements  such as s p h e r e s  o r  d i s c s  
i n  t h e  o r d e r  of .01 i n c h e s  i n  d i ame te r .  Y I G  
e lements  are of g r e a t  i n t e r e s t  because  t h e s e  posses s  
t h e  d e s i r a b l e  p r o p e r t y  of e l e c t r o n i c  t u n i n g .  
B a s i c a l l y  t h e  behav io r  of Y I G  i s  b e s t  exp la ined  by 
t h e  fundamental  p r o p e r t i e s  of a f e r r o m a g n e t i c  
material .  I n  a f e r romagne t i c  material  t h e  molecules  
of t h e  c r y s t a l  p o s s e s s  a n e t  magnet ic  moment. These 
magnet ic  moments which are  normal ly  d i s t r i b u t e d  i n  
a random manner, can be  a l i g n e d  i n  one d i r e c t i o n  by 
t h e  a p p l i c a t i o n  of an external  s t a t i c  magnet ic  f i e l d .  
I f  an a l t e r n a t i n g  magnet ic  f i e l d  of a p p r o p r i a t e  
f requency  i s  now a p p l i e d  a t  r i g h t  a n g l e s  t o  t h e  
s t a t i c  f i e l d ,  t h e  c r y s t a l  magnet ic  moment w i l l  p r e c e s s  
around t h e  s t a t i c  f i e l d ,  where t h e  ra te  of p r e c e s s i o n  
i s  determined by t h e  p r o p e r t i e s  of t h e  Y I G  material  
and t h e  magnitude of t h e  s t a t i c  f i e l d .  I n  o t h e r  
words,  the  YIG c r y s t a l  e x h i b i t s  the property of 
resonance, where t h e  r e s o n a n t  f requency  i s  determined 
by t h e  c h a r a c t e r i s t i c s  of t h e  material  and t h e  
magnitude of t h e  a p p l i e d  e x t e r n a l  magnet ic  f i e l d .  

Since t h e  r e s o n a n t  f requency  i s  determined by t h e  
magnitude of t h e  a p p l i e d  s t a t i c  magnet ic  f i e l d ,  i t  
f o l l o w s  t h a t  a Y I G  r e s o n a t o r  can b e  tuned 
e l e c t r o n i c a l l y  by c o n t r o l l i n g  t h e  c u r r e n t  i n  t h e  
e lec t romagnet .  F u r t h e r ,  s i n c e  t h e  r e s o n a n t  f requency  
i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  e x t e r n a l  f i e l d  
s t r e n g t h ,  a Y I G  r e s o n a t o r  h a s  a t h e o r e t i c a l l y  l i n e a r  
t un ing  c h a r a c t e r i s t i c  as  a f u n c t i o n  of a p p l i e d  
c u r r e n t .  

L inea r  e l e c t r o n i c  tun ing  t o g e t h e r  w i t h  wide 
frequency r anges  and r e l a t i v e l y  high-frequency 
( w e l l  above 10 GHz) o p e r a t i o n  make Y I G  r e s o n a t o r s  
d e s i r a b l e  components. There a re ,  however, many 
problems i n  t h e  a p p l i c a t i o n  of Y I G  i n  p r a c t i c a l  
c i r c u i t s .  

Many of the problems i n  u s i n g  Y I G  stem from 
tempera ture  e f f e c t s .  T h i s  i s  i n  a d d i t i o n  t o  t h e  
b a s i c  problem of o b t a i n i n g  good s p h e r e s  ( i . e . ,  
uniform material  of proper  p u r i t y  f a sh ioned  i n t o  
h i g h l y  s p h e r i c a l  we l l -po l i shed  b a l l s ) .  
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The f o l l o w i n g  e q u a t i o n ,  which may b e  ignored  wi thou t  
loss of c o n t i n u i t y ,  p rov ides  t h e  p h y s i c a l  b a s i s  f o r  
t h e  subsequent  d i s c u s s i o n  of t h e  Y I G  s p h e r e :  equa t ion  f o r  

resonance fp = Y [ H ~  H, + wr - N ~ )  4 T q  
where: fp  = r e s o n a n t  f requency  

HO = a p p l i e d  t u n i n g  f i e l d  
Ha = Anisot ropy  f i e l d  i n  c r y s t a l .  T h i s  f i e l d  

i s  gene ra t ed  by t h e  c r y s t a l ,  and adds t o  
Hg. T h i s  f i e l d  (about  48 o e r s t e d  i n  Y I G  
a t  room tempera ture)  i s  a f u n c t i o n  bo th  
of t empera tu re  and d i r e c t i o n  (hence name 
a n i s o t r o p y  - d i r e c t i o n  dependent ) .  

d i r e c t i o n  of Hg, and t r a n s v e r s e  t o  Hg 
r e s p e c t i v e l y .  

4nMS -- The s a t u r a t i o n  m a g n e t i z a t i o n  of t h e  
mater ia l .  h M S  i s  a f f e c t e d  by 
t empera tu re .  For p rope r  o p e r a t i o n  t h e  
e x t e r n a l  f i e l d ,  Hg, must be  g r e a t e r  t h a n  
4.rrMS, which depending on t h e  material  
can be  about  400 t o  1800 gauss .  

y -- Gyromagnetic r a t i o  f o r  e l e c t r o n  ( 2 . 8  MHz/ 
o e r s t e d )  

NZ & NT - Demagnetizing f a c t o r s  i n  t h e  

For a s p h e r e  NT = N Z  = 1/3. 

A prope r  YIG r e s o n a t o r  d e s i g n  must t a k e  a l l  of t h e  
above i n t o  account .  
minimize 4rMs e f f e c t s  s i n c e  Ny = N Z  f o r  a p e r f e c t  

reduced by us ing  t h e  lowes t  4nMs material  and 

l i m i t e d  by i n c r e a s e d  d i f f i c u l t y  i n  coup l ing  t o  t h e  
YIG b a l l .  The e f f e c t s  of t h e  a n i s o t r o p y  f i e l d  are 
reduced by a l i g n i n g  t h e  s p h e r e  w i t h  r e s p e c t  t o  t h e  
d i r e c t i o n  of Ho s o  as t o  minimize Ha t empera tu re  
e f f e c t s .  There are many o t h e r  problems a s s o c i a t e d  
w i t h  t h e  des ign  of Y I G  c i r c u i t s .  One canno t ,  f o r  
example, exchange s p h e r e s  between two working 
c i r c u i t s ,  i n  t h e  manner of exchanging t r a n s i s t o r s ,  
and expec t  e v e r y t h i n g  t o  work wi thou t  any f u r t h e r  
a l ignment .  

Using h i g h l y  s p h e r i c a l  b a l l s  w i l l  

smal I sphe re .  F u r t h e r  s a t u r a t i o n  m a g n e t i z a t i o n  e f f e c t s  a re  
prec  i s i on 
spheres smallest  s p h e r e s  p r a c t i c a b l e .  T h i s  i s ,  however, 



51 

Y I G  r e s o n a t o r s  can b e  used i n  all t h e  c i r c u i t s  where 
r e s o n a t o r s  can b e  used.  Such c i r c u i t s  i n c l u d e  
f i l t e r s ,  o s c i l l a t o r s ,  d i s c r i m i n a t o r s ,  e t c .  

F ig .  2-22 shows a t y p i c a l  Y I G  coup l ing  c i r c u i t .  I t  
should  b e  no ted  t h a t  t h e  load, and t u n i n g - f i e l d  Hg, 

e x t e r n a l  c i r c u i t  were connected t o  t h e  Y I G  s p h e r e ,  
such as i n  a f i l t e r ,  t h e  second loop  would b e  s e t  a t  
r i g h t  a n g l e s  n o t  o n l y  t o  HO b u t  t o  t h e  f i r s t  l oop  as  
w e l l .  Th i s  reduces  coup l ing  between t h e  loops  excep t  
f o r  t h a t  provided by t h e  r e s o n a n t  Y I G  s p h e r e .  

Y I G  coupling 
c i r c u i t  are a t  r i g h t  a n g l e s  t o  each o t h e r .  I f  a second 

LOP 

c31 L 

I G  SPhERE 

Fig. 2-22. Basic relationships for 
YIG-resonator design. 
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crystal Q 

Fig. 2-23. YIG-resonator equivalent circuit. 

Fig. 2-23 shows the equivalent circuit of a YIG 
sphere. Note the similarity between Figs. 2-23 and 
2 - 2 4 ,  the equivalent circuit of a quartz crystal. 

QUARTZ CRYSTALS 

Quartz-crystal resonators exhibit extremely high Q's, 
typically from 10,000 to above 100,000. In addition 
quartz-crystal resonators exhibit good temperature 
stability over wide temperature ranges, low change 
as a function of time, and other desirable features 
such as relatively low microphonics and good 
behavior under conditions of shock and vibration. 
These features make crystal resonators ideal circuit 
elements in high-stability narrowband applications, 
such as narrowband filters and highly stable 
oscillators. Fig. 2-24 is an equivalent circuit of 
a crystal resonator in the vicinity of resonance. 
The qualification of being in the vicinity of 
resonance is necessary since a quartz-crystal blank 
will have several resonant frequencies as determined 
by the crystal dimensions and the type of cut 
involved. These undesired resonances (or spurious 
responses) sometimes cause difficulties, as discussed 
in more detail in the section on crystal filters. 
The Q of the crystal is defined in the standard 
manner for a series resonant circuit: 

capacitance Cg is the sum of stray capacitance and 

typically less than 10 pF. 

Q = - 0  '' The R 
Cg crystal 
capacitance that due to the crystal electrodes, its value is 

L O  

Fig. 2-24. Quartz-crystal resonator, equivalent 
circuit. 
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FREQUENCY- 

Fig .  2 - 2 5 ,  Crystal-resonator impedance p l o t .  

Fig. 2-25 is an impedance curve for the equivalent 
circuit of Fig. 2-24. 

The parallel resonance, which is due to the 
existance of Cg, causes undesirable effects in 
certain applications. For example, the signal feeding 
through Cg limits the ultimate attenuation of crystal 
filters. A s  a result, it is sometimes necessary to 
neutralize the effect of Cg. This is accomplished by 
providing an additional signal path having the same 
amplitude-frequency characteristics as that of C g  but 
with a 180" phase reversal. This secondary signal is 
added to the standard signal of the circuit thus 

n e u t r a l i z i n g  cancelling the signal component which gets through by 
way of C g .  
discriminator of Fig. 2-8 are neutralizing capacitors, 
providing the secondary signal path discussed above. 

Capacitors C 1  and C2 in the crystal cO 

REFERENCES; see page 1 7 1 .  

Discriminators -- B-11 pp28, 77, B-12 p987 
Transmission-Line Transformers -- C-3, C-4 pp103-114 
Diode Characteristics -- B-8, B-9 
Phase Detectors and Samplers -- C-2 
Narrow-Pulse Generators -- B-1, C-4, C-5 
YIG Resonators -- C-6, C-8 Chapter 17 
Quartz Crystals -- B-13 pp231-235, C-7 pp67-81 
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Fig. 3-1. Two half sections, when combined, 
form one full section. 
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FILTERS 

BASIC THEORY 

An e l e c t r o n i c  f i l t e r  i s  a d e v i c e  which w i l l  
s e l e c t i v e l y  e i t h e r  p a s s  o r  re jec t  a s i g n a l  having 
a s p e c i f i e d  band o r  bands of  f r e q u e n c i e s .  
of t h e  f a i r l y  s i m p l e  f u n c t i o n  of a f i l t e r  t o  p a s s  
o r  r e j e c t  s i g n a l s  a t  c e r t a i n  f r e q u e n c i e s ,  f i l t e r s  
are  c l a s s i f i e d  by d i f f e r e n t  sys tems,  and des igned  
from d i f f e r e n t  p o i n t s  of view. For  example; one 
can c l a s s i f y  f i l t e r s  by t h e  t y p e  of passband:  low 
p a s s ,  h i g h  p a s s ,  bandpass ,  band re jec t ;  by t h e  manner 
i n  which t h e  f i l t e r  c u t s  o f f :  Tchebycheff ,  
Bu t t e rwor th ;  by t h e  e q u i v a l e n t  c i r c u i t :  Cons tan t  K ,  
m-derived; by t h e  d e s i g n  procedure :  image parameter ;  
by t h e  t y p e  of c i r c u i t  e lements  u t i l i z e d :  LC, RL,  
t r a n s m i s s i o n  l i n e ,  Y I G ;  by t h e  g e n e r a l  performance 
c h a r a c t e r i s t i c s :  wideband, narrowband, microwave, 
v a r i a b l e  bandwidth; by phase  r e sponse :  maximally 
l i n e a r  phase  r e sponse ,  and by many o t h e r  
d e s i g n a t i o n s .  Many new f i l t e r  d e s i g n s  have become 
p r a c t i c a l  through computer t echn iques .  While t h e  
s u b j e c t  cannot  b e  g i v e n  a thorough t r e a t m e n t  i n  t h i s  
volume, t h e  o b j e c t  i s  t o  p r e s e n t  some of t h e  b a s i c  
f i l t e r  t h e o r y ,  and then  go d i r e c t l y  t o  a d i s c u s s i o n  
of a few of t h e  more common t y p e s  of f i l t e r s  used i n  
spectrum a n a l y z e r s .  

I n  s p i t e  

f i  I t e r  
classifica- 
t i  ons 

s e c t i o n s  Most f i l t e r s  are  made up of sec t ions ,  where a s e c t i o n  
c o n s i s t s  of a s imple  fou r - t e rmina l  network u s u a l l y  
i n  t h e  form of a T o r  a r[. 

A s imple  T o r  II s e c t i o n  i s  composed of t h r e e  e l emen t s ,  
where a n  element i s  a s i n g l e  i n d u c t o r  o r  c a p a c i t o r .  
S e c t i o n s  having end-to-end symmetry a re  u s u a l l y  

e I ements 

half-sections broken up i n t o  hal f - sec t ions  as shown i n  F ig .  3-1. 
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Most f i l t e r s  are d e r i v e d  from a p r o t o t y p e  h a l f -  
s e c t i o n  known as constant-K, where ZA * Z B  = Ru2,  p r o t o t y p e  

h a l f - s e c t i o n :  where RI i s  r e a l ,  p o s i t i v e ,  c o n s t a n t .  It  i s  
c o n s t a n t - K  p o s s i b l e  t o  o b t a i n  more d e s i r a b l e  a t t e n u a t i o n  

c h a r a c t e r i s t i c s  o u t s i d e  of t h e  passband ( h i g h e r  
a t t e n u a t i o n  than  constant-K over  a s p e c i f i c  
f requency  range)  by a v a r i a t i o n  known as  m-deriued, 
where t h e  impedances ZA and Z g  are  modi f ied  by t h e  
f a c t o r  m (m can be  ze ro  t o  one ) .  

m-der i ved 

Note a l s o  t h a t  t h e  shunt -der ived  m-sect ion h a s  
d e s i r a b l e  impedance p r o p e r t i e s  when a good match 
i s  d e s i r e d  t o  t e r m i n a t i n g  r e s i s t o r s .  

I d e a l l y  t h e  e lements  of t h e  LC f i l t e r  a r e  l o s s l e s s .  
A s  a p r a c t i c a l  matter t h e r e  i s  a c e r t a i n  amount of 
d i s s i p a t i o n  a s s o c i a t e d  w i t h  t h e s e  e lements .  We 
d e f i n e  t h e  d i s s ipa t ion  f a c t o r ,  6, by: 

R G 1 6 = 

= impedance of e lement ,  where Z = R + jx = 

and Q i s  t h e  q u a l i t y  f a c t o r  which i s  e q u a l  t o  t h e  
r a t i o  of energy s t o r e d  t o  energy  d i s s i p a t e d  by t h e  
element .  E x t e r n a l  l oad ing  w i l l  a f f e c t  t h e  o v e r a l l  
Q of a dev ice .  Th i s  i s  p a r t i c u l a r l y  t r u e  i n  t h e  
case of d i s t r i b u t e d  r e s o n a n t  e l emen t s ,  such as 
c a v i t i e s ,  f o r  i n s t a n c e ,  where t h e  i n t r i n s i c  Q of 

= /:I = ;9 

1 
G + jB 

d i s s i p a t i o n  
f a c t o r  

un loaded  Q t h e  element can b e  q u i t e  h igh .  It  i s  t h e r e f o r e  
vs  n e c e s s a r y  t o  d i f f e r e n t i a t e  between t h e  Q of t h e  

loaded Q unloaded element  Qu, t h e  Q of t h e  loaded element  
QL, and t h e  Q of t h e  e x t e r n a l  l o a d  QE. 

1 1 r e l a t e d  by - = - 

These are  
1 + - .  

QL Qu QE 

There are  c e r t a i n  f r e q u e n c i e s  o r  f requency  r a n g e s  
t h a t  are normally a s s o c i a t e d  w i t h  a f i l t e r .  Some 
of t h e s e  are: 

c u t o f f  
f r e q u e n c y  

Cutoff  fyequency - t h e  f requency  a t  which 
a t t e n u a t i o n  i s  i n c r e a s e d  by 3 dB; one each 
f o r  low-pass o r  high-pass f i l t e r ,  and two 
(fp f 9  f o r  a bandpass f i l t e r .  

Mid-band frequency f o r  a bandpass f i l t e r :  

Bandwidth f o r  a bandpass f i l t e r :  fz - $1 

Fractional o r  normalized bandwidth: w = 
$2 - fl 
f0 
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I 

I 

f i  I t e r  
p r o p e r t i e s  
and 
c h a r a c t e r -  
i s t i c s  

B u t t e r w o r t h  
and 
Tchebyche f f  
response 

Other  terms a s s o c i a t e d  w i t h  f i l t e r s  are: 

I n s e r t i o n  Loss r e f e r s  t o  t h e  loss of t h e  f i l t e r  
( u s u a l l y  i n  dB) i n  t h e  passband.  

Ultimate a t tenuat ion  r e f e r s  t o  t h e  maximum a t t a i n a b l e  
l o s s  o u t s i d e  of t h e  passband.  

S k i r t  s e l e c t i v i t y  r e f e r s  t o  t h e  ra te  a t  which 
a t t e n u a t i o n  i n c r e a s e s  o u t s i d e  of t h e  passband.  

I n s e r t i o n  loss, u l t i m a t e  a t t e n u a t i o n  and s k i r t  
s e l e c t i v i t y  are  a l l  somewhat r e l a t e d .  D i f f e r e n t  
d e s i g n s  p rov ide  f o r  d i f f e r e n t  compromises. Thus 
a Butternorth d e s i g n  p rov ides  a "maximally f l a t "  
passband,  w h i l e  a Tchebychef'f d e s i g n  t r a d e s  
r i p p l e s  i n  t h e  passband f o r  s t e e p e r  s k i r t s  and more 
a t t e n u a t i o n .  Th i s  i s  demonst ra ted  g r a p h i c a l l y  i n  
F i g s .  3-2 and 3-3. 

1.707 

I 
GA I Y 

FZEQUENCY - 
Fig. 3-2. Low-pass filter characteristics. 

NOR14AL I ZED FKEOllENCY I K OCTAVES 

Fig. 3-3. Theoretical stop band attenuation 
Butterworth and Tchebycheff filters. 
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LC FILTERS 

cascad i ng 
sections 

Fig .  3-4 i l l u s t r a t e s  t h e  p r o t o t y p e  h a l f - s e c t i o n s  
f o r  low-pass, high-pass ,  and bandpass  f i l t e r s .  
A complete  f i l t e r  may b e  c o n s t r u c t e d  by cascad ing  
several  p r o t o t y p e  s e c t i o n s  o r  by combining c o n s t a n t 4  
and m-derived s e c t i o n s .  
are shown i n  F i g s .  3-5 and 3-6. 

Complete low-pass f i l t e r s  

The d e s i g n  procedure  as o u t l i n e d  i n  F i g .  3-4 is  
f a i r l y  s imple .  However, i n  p r a c t i c e ,  e s p e c i a l l y  a t  
t h e  f r e q u e n c i e s  involved  i n  many spectrum a n a l y z e r  
c i r c u i t s ,  some of t h e  element v a l u e s  are d i f f i c u l t  
t o  r e a l i z e .  F o r  example, c o n s i d e r  t h e  problem of 
c o n s t r u c t i n g  a maximal ly- f la t  ~OO-MKZ, 50-R, 
low-pass f i l t e r .  From t h e  b a s i c  e q u a t i o n s  w e  n o t e  

= 1 6  nH. It i s  a lmost  50 
6.28 X 500 X l o 6  phys i ca I 

design ' imitations wire on a c o i l  form. F u r t h e r ,  t h e  i n t e r c o n n e c t i o n s  

t h a t  L o  = 

imposs ib l e  t o  b u i l d  such an  i n d u c t o r  by winding 

between t h e  v a r i o u s  e lements  must c o n t r i b u t e  v e r y  
l i t t l e  induc tance  i f  t h e  f i l t e r  c h a r a c t e r i s t i c s  a re  
t o  conform t o  t h e  d e s i g n .  The s o l u t i o n  i s  t o  u s e  
a d i s t r i b u t e d  i n d u c t o r  p r i n t e d  on low-loss  p r i n t e d -  

distributed c i r c u i t - b o a r d  mater ia l ,  t h e  back s i d e  of which 
i nductor c o n s t i t u t e s  a ground p l a n e .  The PC material  must 

be  t h i c k  enough t o  avoid  a p p r e c i a b l e  c a p a c i t a n c e  
between t h e  p r i n t e d  i n d u c t o r  and t h e  ground p l a n e .  
The t h i c k n e s s  of t h e  f i l t e r  can ,  however, n o t  b e  
made t o o  g r e a t  as t h i s  i n t r o d u c e s  c o n s t r u c t i o n  
d i f f i c u l t i e s  as w e l l  as i n d u c t a n c e  i n  series w i t h  
t h e  s i d e  of t h e  shun t  c a p a c i t o r s  t h a t  goes  t o  ground. 
I n  a d d i t i o n  t o  t h e  above c o n s i d e r a t i o n s  i t  should b e  
noted  t h a t  t h e  c o i l  l a y o u t  i n t r o d u c e s  mutual  coupl ing  
between a d j a c e n t  t u r n s .  I n  view of t h e  above, t h e  
b a s i c  d e s i g n  of such a f i l t e r  i s  approximate ,  t h e  
f i n a l  v a l u e s  be ing  determined by experiment .  F ig .  
3-7 i s  a top  view of such a f i l t e r .  It should  b e  
noted t h a t  i n  s p i t e  of i t s  many s e c t i o n s  ( t h e  
f i l t e r  c o n t a i n s  t e n  c a p a c i t o r s )  t h e  f i l t e r  i s  q u i t e  
compact. 

pr i nted- 
circuit 
f i Iter 

I n  g e n e r a l ,  most LC-type f i l t e r s  i n  spectrum 
a n a l y z e r s  are of c o n v e n t i o n a l  d e s i g n  and can be  
t r a c e d  t o  t h e  b a s i c  p r o t o t y p e  c i r c u i t s  d i s c u s s e d  
b e f o r e .  The c o n s t r u c t i o n ,  however, i s  o f t e n  
unorthodox,  as shown i n  t h e  p r e v i o u s  example. 
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c Le 

I 
( A )  LOW P A S S  ( B )  H I G P  FASS 

Fig. 3-4. Half-sections. 

c g l  J-c 
T T o  

C U I  I C g  

T T  

Fig. 3-5. Low-pass filter, constant-K sections. 
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Fig. 3-6. Low-pass filter, m-derived end sections. 

Fig. 3-7. Distributed-inductance low-pass filter. 

i 
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b a n d w i d t h  

i n s e r t  i on 
I oss 

Fig. 3 - 8 .  Coupled-resonator filter. 

COUPLED-RESONATOR FILTERS 

There are a variety of filters which fall under 
the general heading of coupled-resonator filtsrs. 
These consist essentially of an array of basic 
resonators, which are coupled together to form a 
filter. The differences between filters arise from 
the type of resonators: tank circuit, transmission 
line, cavity, etc.; coupling technique: capacitive, 
inductive, iris, quarter-wave transmission line, 
etc.; and the other filter parameters: high-pass, 
low-pass, Butterworth, etc. Fig. 3-8 is an example 
of a capacitively coupled, coupled-resonator 
filter design. 

The filter represented schematically in Fig. 3-8 
would be constructed from lumped L and C elements 
at lower frequencies and from distributed elements, 
such as transmission-line resonators, at higher 
frequencies. An important thing to realize is that 
even though these two filters would look  entirely 
different, the basic principles governing filter 
behavior are the same. 

As with any other type of filter, the important 
parameters for the coupled-resonator type are 
bandwidth, insertion l o s s ,  and off-band attenuation. 
The bandwidth is determined primarily by the 
impedance of the coupling element, which can be 
either capacitive as in Fig. 3-8, or inductive. 
Insertion loss is determined by the bandwidth and 
the inherent lossiness of the filter elements as 
indicated by the Q factor. Off-band attenuation 
rate is 6 dB per octave per resonant circuit. 
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Uh DERCOUPLE3 

OVEX3JPLE3 CRI T I :ALLY CQJDLED 
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i 
RELAT I VE 

TRANSM 1 S S  I ON 

FREOUENCY 

Fig. 3-9. Two coupled resonators coupling 
characteristics. 

Under o r d i n a r y  c o n d i t i o n s  on ly  t h e  f i l t e r  d e s i g n e r  
parameter  would b e  i n t e r e s t e d  i n  t h e  r e l a t i o n s h i p  between t h e  
r e l a t i o n s h i p  v a r i o u s  f i l t e r  parameters, e . g . ,  between element Q 

and f i l t e r  i n s e r t i o n  l o s s .  For example, t h e  
coupl ing  c a p a c i t o r s  i n  t h i s  t ype  of f i l t e r  are 

v a r  i ab  I e u s u a l l y  f i x e d ,  w h i l e  one of t h e  t a n k  c i r c u i t  
reson a t o r  r e s o n a t o r s  i s  a d j u s t a b l e .  The e f f e c t  of t h e  

v a r i a b l e  r e s o n a t o r  is e v i d e n t  s i n c e  i t  i s  tuned f o r  
minimum f i l t e r  loss (maximum s i g n a l  o u t p u t ) .  Y e t  
i t  might b e  of i n t e r e s t  t o  n o t e  t h e  e f f e c t  of 
changes i n  i n t e r r e s o n a t o r  coup l ing  should  r e p a i r s  

r e s o n a t o r  b e  n e c e s s a r y .  Th i s  i s  shown i n  F i g .  3-9 f o r  a 
coup1 i n g  two-resonator  f i l t e r .  The overcoupled case i s  b e s t  

recognized  by i t s  l a r g e  peaks ;  t h e r e  are as many 
peaks as overcoupled r e s o n a t o r s ;  w h i l e  t h e  
undercoupled case i s  b e s t  exempl i f i ed  by t h e  
i n c r e a s e d  i n s e r t i o n  loss. 

One e f f e c t  c o n t r o l l e d  by t h e  coup l ing  r e s o n a t o r s  
t h a t  i s  always p r e s e n t  t o  some e x t e n t  i s  asymmetry 

f i  I t e r  i n  t h e  f i l t e r  r e sponse  c u r v e ,  This  asymmetry i s  
response most n o t i c e a b l e  when t h e  f r a c t i o n a l  bandwidth i s  

r e l a t i v e l y  la rge  (bandwidth i s  l a r g e  when compared 
t o  c e n t e r  f r equency) .  T h i s  asymmetry i s  r e a s o n a b l e  
i n  l i g h t  of t h e  frequency dependence of t h e  coup l ing  
e lements .  The coup l ing  i n c r e a s e s  w i t h  f requency  
f o r  c a p a c i t i v e  coup l ing  e lements  and d e c r e a s e s  w i t h  
frequency f o r  i n d u c t i v e  coup l ing  e lements .  Thus, 
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c I I n 

asymmetry 

TRANSM I S S  I Oh ~ / 

Fig. 3- 10 .  Capacitively coupled resonators 
showing asymmetry e f fec t .  

t h e  asymmetry w i t h  i n d u c t i v e - c o u p l i n g  e lements  i s  a 
m i r r o r  image of t h a t  w i t h  c a p a c i t i v e  coup l ing .  
A c t u a l l y  i t  i s  p o s s i b l e  t o  d e s i g n  t h e  f i l t e r  t o  b e  
symmetr ica l ,  b u t  i t  i s  seldom worth t h e  t r o u b l e .  
F i g .  3-10 shows an asymmetr ical  response  f o r  a 
s l i g h t l y  overcoupled c a p a c i t i v e l y  coupled f i l t e r .  

RESONATOR AND COUPLING STRUCTURES 

There are a v a r i e t y  of f i l t e r s  t h a t  could  be  
cons ide red  under t h e  heading of eoupled-resonator 
filters. 
f i l t e r s  s t e m  from c o n s t r u c t i o n  and coup l ing  
t echn iques .  
f r e q u e n c i e s  where d i s t r i b u t e d  r e s o n a t o r s  predominate .  
It i s  t h e  purpose  of t h i s  s e c t i o n  t o  review some 
of t h e  terminology and p r o p e r t i e s  of t h e  more common 
coupl ing  s t r u c t u r e s .  

Most of  t h e  d i f f e r e n c e s  between t h e s e  

T h i s  i s  p a r t i c u l a r l y  t r u e  a t  t h e  h i g h e r  
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p r o p e r t i e s  
o f  
coup I i ng 
s t r u c t u r e s  

a d d i t i o n a l  
passbands 

a n t i  - 
r e s o n a n t  

s p u r i o u s  
passbands 

A s  discussed elsewhere, a length of transmission 
line behaves as a resonant circuit. For example an 
open-circuited line will be anti-resonant (exhibit 
a high impedance) at the frequency where the line 
is half a wavelength ( A / 2 )  long. It follows that 
coupled-resonator filters can be constructed from 
appropriately coupled transmission lines. The 
transmission line can be either coaxial or 
stripline (flat conductor printed on PC material). 
It has also been shown elsewhere that hollow metal 
cavities will behave as resonant structures, where 
the resonant frequency is a function of the cavity 
dimensions. Coupled-resonator filters can, 
therefore, be constructed from appropriately 
coupled-resonant cavities. The parameters of 
filters designed from distributed resonators are 
essentially the same as for lumped element units: 
bandwidth, loss, ripple, etc. There is, however, 
one additional parameter that must be considered, 
and that is higher-order passbands. These 
additional passbands result because distributed 
circuits have more than one resonant frequency; 
thus, an open-circuited line is anti-resonant 
not only at x / 2  but at all other (higher) 
frequencies where the line is a multiple of a half- 
wavelength long. A filter designed from open- 
circuited half-wavelength lines would have a 
multiplicity of spurious passbands, the first of 
these occurring at a frequency which is twice that 
of the desired passband. Very often these spurious 
or secondary passbands will not interfere with the 
intended function of the filter and so can be 
ignored. When this is not the case, the design must 
be such as to move or eliminate the undesired 
passband. This could take the relatively simple 
expedient of choosing the right kind of coupling 
structure (e.g., choosing between a structure that 
has a second passband at 2 w 0  and one that has a 
second passband at 3wo), or working out a 
complicated design that will tend to eliminate 
spurious passbands all together (e.g., combining a 
2 w 0  structure with a 3Wo structure, or operating 
some resonators at A/2 and others at A ,  etc.). Mixed 
designs of this type will not be considered here. 



64 

s t r u c t u r e  a e s c r i p t i o n  

dsp~ = 2w0. 
Y A T E R I A L  TO PROVIDE SUPPORT FOR SESONATORS. 

MANLFACTUqED ON D I E L E C T R I C  

D I F F  I CULT TO ‘J IAN~FACTURE I N tY l 3 E  GAYDW 1 DTHS 
DUE TO T3LERANCE PRO’sLE’4S I Y  COUPLIIdG SAPS.  

Fig. 3-11. Halfwave capacitively coupled resonators. 

s t r u c t u r e  d e s c r  i 01’i on 

I 
I 

W s p ~  3 ~ 0 ,  

2w0. 

3UT THE S L I G H T E S T  V I S T U N I N G  
d l L L  CAUSE A NARROW SPURIOUS PASSSAYD AT 

RESONATOQS NHICH HAVE NO O T i E R  STRUCTl lRAL 
SUPPORT. R E L A T I V E L Y  EASY TO MANYFACTU9E 
ON S T R I P L I N E .  

NEEDS D I E L E C T R I C  SUPPORT COR T I E  

L 
I 

Fig. 3-12. Halfwave parallel-coupled resonators. 

s t r u c t u r e  d e s c r i p t i o n  

0 s ~ ~  = 3d0. CAN BE VANUFACTU9CD WITHOUT 
D I E L E C T 9 1 C  SUPPORTS S I N C E  THE RESONATORS 
ARE D I R E C T L Y  CONNECTED TO GROUND. RESOYATOR 
SPACIYGS ARE R E L A T I V E L Y  LARGE SO THAT 
MECHANICAL TOLERANCES ARE RELAXED. 
D I F F I C U L T  TO PESFOW AN EXACT D E S I G N  SO T Y A T  
E X P E R I Y E N T A L  VEi iS IOY Y A Y  9 E  R E Q J I R E D .  

Fig. 3-13. Interdigital filter. 

s t r u c t u r e  d e s c r i p t i o n  

RESONATOR LENGTH ( a )  I S  DETESVINED BY THE 
AMOUNT OF C A P A C I T I V E  LOADING.  w* 

29. 
A ER04D STOPBAND. 
D I E L E C T R I C  FOR STRUCTURAL SUPPORT. F I G .  3-15 
I S  A PHOTOGRAPH OF A COMB-LINE F I L T E R .  

Uspa = 
T H I S  M E A Y S  TYAT TLiE F I L T E R  CAY HAVE 

DOES NOT REQUIRE 

Fig. 3-14. Comb-line filter. 
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F i g s .  3-11 t h r u  3-14 i l l u s t r a t e  some common r e s o n a t o r  
and coup l ing  s t r u c t u r e s  and d e s c r i b e  t h e i r  
c h a r a c t e r i s t i c s .  Symbols a re  d e f i n e d  as f o l l o w s :  

wo = passband Center  Frequency 

uSPB = Center  f requency  of second ( s p u r i o u s )  
passband 

Xo = wavelength a t  w o  

It  should b e  emphasized t h a t  t h e  p reced ing  i s  on ly  a 
s m a l l  sampling of t h e  t y p e  of f i l t e r  s t r u c t u r e s  t h a t  
are a c t u a l l y  used.  F u r t h e r ,  i t  should  b e  no ted  t h a t  
t h e r e  are  v a r i a t i o n s  i n  c o n s t r u c t i o n  t h a t  may make 
t h e  f i l t e r  d i f f i c u l t  t o  r e c o g n i z e  as be longing  t o  a 
c e r t a i n  c lass .  For example, t h e  f i l t e r  shown i n  
F i g .  3-15 i s  easy  t o  r e c o g n i z e  as be ing  of comb-line 
c o n s t r u c t i o n ,  n o t  s o  f o r  t h a t  of F i g .  3-16. Here t h e  

i r i s  f i l t e r  i s  c o n s t r u c t e d  of  c o a x i a l  s e c t i o n s  w i t h  i r is  
c o u p  I i n g  coupl ing  between s e c t i o n s .  

p rov ide  t h e  c a p a c i t i v e  l o a d i n g  are c l e a r l y  v i s i b l e  i n  
t u n  i ng t h e  photograph.  The c h o i c e  of c o n s t r u c t i o n  t echn ique  
screws i s  determined by a t r a d e o f f  between t h e  many f i l t e r  

pa rame te r s  and ease of c o n s t r u c t i o n ,  t h e  f i t  of form 
f a c t o r  t o  t h e  a v a i l a b l e  s p a c e ,  and u l t i m a t e  c o s t .  

The t u n i n g  screws t h a t  

Fig. 3-15. Comb-line filter. 

Fig.  3-16. Coaxial-structure comb-line filter. 
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B 

D 
COUPLING 
MECHAN I SM 

A 

C 

f ou r -  
t e r m  i na I 
dev i ce 

Fig. 3-17. Directional coupler. 

DIRECTIONAL COUPLERS AND FILTERS 

A directional coupler is a four-terminal device, 
consisting of two transmission paths (e.g,, two 
transmission lines) so coupled together that the 
power output at a port of one transmission path 
depends on the direction of propagation in the 
other transmission path. The performance of a 
directional coupler is determined by the coupzing 
f a c t o r  and the d i r e c t i v i t y .  Referring to Fig. 3-17, 
these are defined as follows: 

PA 
10 Pc Coupling Factor (dB) = 10 log - 

The coupling factor specifies the amount of power 
coup I i ng delivered to a matched load at terminal D as a 
f a c t o r  function of power input at terminal A, with 

terminals B and C terminated in matched loads. 

d i r e c t  i v i  t y  
u Directivity (dB) = 10 log - 

1 0  P c  

The directivity is a measure of how well terminal C 
is isolated with respect to power entering at 
terminal A. Ideally, power entering at terminal A 
should not get to terminal C, only to B and D. 
Thus, an ideal directional coupler would have 
infinite directivity. 
directional coupler will have a directivity of 30 
to 40 dB. 

In practice a good 

Just as with filters, directional couplers can be 
constructed in many different ways. We shall 
discuss two types of couplers only: The two-hole 
waveguide coupler which is the simplest to 
understand, and the TEM-mode coupled-transmission- 
line coupler which is the predominant type in 
spectrum analyzers. Fig. 3-18 shows the basic 
construction of a two-hole waveguide directional 
coupler. 



67 

MATCH ED 
TERM I K A T  I ON 

Fig. 3-18. Two-hole waveguide directional 
coupler. 

Consider  what happens as energy p r o p a g a t e s  from t h e  
i n p u t  A t o  t h e  o u t p u t  B. Some of t h i s  energy l e a k s  
a c r o s s  t h e  w a l l  through coupl ing-holes  1 and 2 .  
The s i z e  of t h e  coup l ing  h o l e s  de t e rmines  t h e  amount 
of l e a k a g e ,  and t h u s  de t e rmines  t h e  coup l ing  f a c t o r .  
Now c o n s i d e r  what happens t o  t h e  energy  p ropaga t ing  
toward D and C .  A c e r t a i n  p e r c e n t a g e  of t h e  i n p u t  
energy l e a k s  through h o l e  1 and p r o p a g a t e s  toward D .  
Some t i m e  l a te r  t h e  i n p u t  energy r e a c h e s  h o l e  2 and 
some of i t  g e t s  th rough h o l e  2.  S i n c e  t h e  l e a k a g e  
energy from h o l e  1 and t h e  i n p u t  energy have 
t r a v e l e d  t h e  same d i s t a n c e  t o  g e t  from h o l e  1 t o  
h o l e  2 ,  t h e  l e a k a g e  from t h e  two h o l e s  combine i n  
phase and proceed toward D .  Concur ren t ly ,  some of 
t h e  energy g e t t i n g  through h o l e  1 propaga te s  toward 
C .  S i m i l a r l y ,  some of t h e  energy g e t t i n g  through 
h o l e  2 p ropaga te s  toward C .  These combine i n  t h e  
v i c i n i t y  of h o l e  1 where t h e  l e a k a g e  of h o l e  2 i s  
h a l f  a wavelength advanced w i t h  respect t o  t h a t  of 
h o l e  1 ( i t  h a s  t o  t r ave l  a n  e x t r a  X / 4  on each  s i d e  
of t h e  w a l l ) .  Thus, t h e  two energy waves t r a v e l i n g  

of phasing and re la t ive  energy l eve l  between t h e  two 
h o l e s  de t e rmines  t h e  d i r e c t i v i t y .  

two- ho I e 
wavegu i de 

coup I e r  
ions I 

9 
determ i ne toward C are 180" o u t  of phase  and c a n c e l .  The degree  
directivity 

It  w i l l  be  no ted  t h a t  t h e  two-hole c o u p l e r  i s  a 
r e l a t i v e l y  narrowband d e v i c e ,  s i n c e  i t  depends on 
t h e  f a c t  t h a t  t h e  d i s t a n c e  between t h e  coup l ing  h o l e s  
i s  a quar  ter-guide-wavelength ( Xg/4) l ong .  
p r a c t i c e  t h i s  t y p e  of c o u p l e r  u s e s  more than  two h o l e s  
thus  improving t h e  f requency  c h a r a c t e r i s t i c s .  The 

I n  
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improve 
f requency  
charac-  
t e r  i s t  i c s  

phasing relationship in a multi-hole coupler is 
naturally more difficult to analyze than that for a 
two-hole coupler, but the basic principle is the same. 
A s  the number of holes is increased one can conceive 
of the coupling becoming continuous, sort of in a 
line. 
theory behind the TEM-mode coupled-transmission-line 
coupler. 

The above is an intuitive explanation of the 

Fig. 3-19 shows the basic construction of a 
coup 1 ed- coupled-transmission-line coupler. It will be noted 
t r a n s m i s s i o n -  that, unlike the two-hole coupler, the coupled 
I i n e  signal travels in a direction opposite to the input. 
coup I e r  For this reason this type of coupler is sometimes 

termed a baekward coupler. This, like all other 
couplers, is frequency dependent and the bandwidth 
can be increased by cascading several sections. 

Coupled-transmission-line directional couplers can 
be constructed out of all the materials that lend 
themselves to transmission-line construction. This 
includes wire, coaxial cable, and strip-line. 
Fig. 3-19 represents a stripline construction. 

s i g n a l  
comb i n i ng 
s e p a r a t  i ng 

Directional couplers are used as components in many 
applications. A typical application in spectrum 
analyzers is for signal combining or separation. A 
simple signal combiner-separator is the d ip lexer .  
A diplexer can be used in many applications, 
including that of separating the local-oscillator, 
LO, signal from the IF signal in a mixer. 

4 

D 

I N  OUT 

Fig. 3-19. TIN-mode coupled-transmission-line 
coupler. 
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LO I N  

1 \ I  I F  OUT 

T E R M  I N A T  I ON 

Fig .  3-20 .  Diplexer. 

de I iver 
t o  
mixer 

A d i p l e x e r  a r r anged  f o r  such a purpose is  shown i n  
Fig.  3-20. The LO s i g n a l  i s  f e d  i n t o  p o r t  1; i t  i s  
d e l i v e r e d  t o  t h e  mixer  a t  p o r t  6 .  The LO s i g n a l  i s  
mixed i n  t h e  mixer w i t h  an incoming RF s i g n a l  t o  
produce a r e l a t i v e l y  low-frequency ( e . g . ,  t h e  LO i s  
1 GHz w h i l e  t h e  I F  i s  0 . 1  GHz) I F  s i g n a l .  The I F  
s i g n a l  i s  f e d  i n t o  p o r t  6 and i s  d e l i v e r e d  t o  t h e  
I F  a m p l i f i e r  a t  p o r t  4 .  The o p e r a t i o n  of t h e  
d i p l e x e r  can  b e  unders tood  i n  terms of t h e  b a s i c  
p r o p e r t i e s  of t h e  d i r e c t i o n a l  c o u p l e r .  Imagine two 
d i r e c t i o n a l  c o u p l e r s  t h a t  have a h i g h  degree  of 

l i t t l e  coup l ing  a t  t h e  I F  f requency .  

d i p I exe r 
ope rat i on coup l ing  a t  t h e  l o c a l - o s c i l l a t o r  f r equency ,  b u t  ve ry  

The l o c a l - o s c i l l a t o r  s i g n a l  e n t e r s  p o r t  1, some of 
t h e  s i g n a l  goes t o  p o r t s  2 and 8 ( s i n c e  p o r t s  2 and 8 
are connected t o g e t h e r )  and some of i t  goes t o  p o r t s  
3 and 5 ( p o r t s  3 and 5 are connected t o g e t h e r ) .  
l o c a l - o s c i l l a t o r  power comes o u t  of p o r t  4 .  The 
l o c a l - o s c i l l a t o r  power from p o r t  5 s p l i t s  between 
p o r t s  6 and 7 ,  l i k e w i s e  t h e  power from p o r t  8 s p l i t s  
between p o r t s  6 and 7 .  I f  t h i n g s  are  p r o p e r l y  
a r r anged ,  most of t h e  l o c a l - o s c i l l a t o r  power ends up 
i n  p o r t  6.  The I F  s i g n a l  developed i n  t h e  mixer 
e n t e r s  t h e  d i p l e x e r  a t  p o r t  6 and,  s i n c e  t h e r e  i s  
v e r y  l i t t l e  coup l ing  a t  t h i s  f r equency ,  ends up a t  
p o r t  4 .  

No 
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M I ‘><-yF XER 

Fig. 3-21. Schematic representation of 
diplexer . 

Fig. 3-22. Diplexer. Courtesy of Sage 
Laboratories. 

D I RECTI  ONAL 
F I LTER 

Fig. 3-23. Directional filter. 
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The d i p l e x e r  shown i n  F ig .  3-20 i n d i c a t e s  coupled- 
t r a n s m i s s i o n - l i n e  t y p e  of d i r e c t i o n a l  c o u p l e r s .  
Other  t y p e s  of c o u p l e r s  can ,  of c o u r s e ,  a l s o  be  used.  
I n  g e n e r a l  a d i r e c t i o n a l  c o u p l e r  i s  shown as two 
c r o s s e d  l i n e s  i n  schemat ic  r e p r e s e n t a t i o n .  A 
schemat ic  r e p r e s e n t a t i o n  of a d i p l e x e r  c o u p l e r  
would b e  as shown i n  F ig .  3-21. F ig .  3-22 i s  a 
photograph of an  a c t u a l  d i p l e x e r .  

A more complex s i g n a l  combiner -separa tor  t h a t  u s e s  
d i r e c t i o n a l  c o u p l e r s  i s  t h e  direc t ional  f i l t e r .  A 
complete  a n a l y s i s  of t h e s e  d e v i c e s ,  beyond t h e  b a s i c  
p r o p e r t i e s  p r e s e n t e d  below, w i l l  be  found i n  t h e  

directional r e f e r e n c e s .  F ig .  3-23 i s  a r e p r e s e n t a t i o n  of a 
f i  I t e r  d i r e c t i o n a l  f i l t e r .  With each p o r t  t e rmina ted  i n  

t h e  c h a r a c t e r i s t i c  impedance w e  g e t  t h e  f o l l o w i n g :  
Power i n  a t  1 emerges a t  4 w i t h  t h e  f requency  
r e sponse  of a bandpass f i l t e r ,  t h e  remain ing  power 
emerges a t  2 e x h i b i t i n g  t h e  r e sponse  of a band- 
re jec t  f i l t e r  f o r  t h e  power emerging from 4 .  No power 
emerges from 3. The u n i t  i s  symmetrical s o  t h a t  any 
p o r t  can b e  made 1 w i t h  a p p r o p r i a t e  renumbering of 
t h e  o t h e r  p o r t s .  A d i r e c t i o n a l  f i l t e r  can  b e  
thought  of as be ing  a s u p e r i o r  t y p e  of c o u p l e r .  

CRYSTAL FILTERS 

F i l t e r s  having  v e r y  narrow p e r c e n t a g e  bandwidths 
( e . g . ,  less than  1%) and h i g h  ra tes  of c u t o f f  ( e . g . ,  
60-dB down bandwidth,  o n l y  twice t h a t  of 6-dB down) 
r e q u i r e  higher-Q r e s o n a t o r s  t h a n  i s  p r a c t i c a l  f o r  
LC c i r c u i t s .  Such f i l t e r s  are c o n s t r u c t e d  u s i n g  
q u a r t z - c r y s t a l  r e s o n a t o r s  -- hence t h e  name crystal 
f i l t e r .  
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I att i ce 
self- 
neutralizing 
and wideband 

simple 
I att i ce 
equivalent 
to bridge 

passband 
e lement 

ha1 f -  
lattice 
effect i ve 

spurious 
passband 

S u b j e c t  t o  t h e  l i m i t a t i o n s  imposed by t h e  n a t u r e  of 
t h e  r e s o n a n t  e lement ,  e . g . ,  s p u r i o u s  r e sonances  and 
need f o r  n e u t r a l i z a t i o n ,  c r y s t a l  f i l t e r s  can b e  
c o n s t r u c t e d  i n  t h e  same c o n f i g u r a t i o n s  as o t h e r  t y p e s  
of f i l t e r s .  However, t h e  most popular  c o n f i g u r a t i o n ,  
a t  l eas t  f o r  fixed-bandwidth f i l t e r s ,  i s  t h e  l a t t i c e  
c o n s t r u c t i o n .  T h i s  c o n f i g u r a t i o n  h a s  s e l f -  
n e u t r a l i z i n g  p r o p e r t i e s  because  of t h e  symmetry, a l s o  
l a t t i c e  c r y s t a l  f i l t e r s  can b e  b u i l t  i n  wider  
bandwidths (up t o  about  10% i s  f e a s i b l e )  t h a n  o t h e r  
c o n f i g u r a t i o n s .  
o t h e r  f i l t e r s  on ly  i n  t h e  t y p e  of r e s o n a t o r  u sed ,  w e  
s h a l l  r e s t r i c t  t h e  d i s c u s s i o n  of fixed-bandwidth 
c r y s t a l  f i l t e r s  t o  t h e  l a t t i c e  c o n f i g u r a t i o n .  F ig .  
3-24  shows t h e  s t a n d a r d  l a t t i c e  c o n f i g u r a t i o n .  T h i s  
c i r c u i t  h a s  t h e  b a s i c  p r o p e r t i e s  of a b r i d g e  as shown 
by t h e  e q u i v a l e n t  c o n s t r u c t i o n  of F ig .  3 - 2 5 .  The 
impedances ZA and Z g  are  f requency  dependent ( i . e . ,  
c r y s t a l s )  . 

S i n c e  c r y s t a l  f i l t e r s  d i f f e r  from 

A passband appea r s  when ZA and Z g  are e q u a l  i n  
magnitude b u t  of o p p o s i t e  p o l a r i t y .  That  i s ,  one i s  
a capacit ive r e a c t a n c e  and t h e  o t h e r  an  i n d u c t i v e  
r e a c t a n c e .  

A s  a matter of p r a c t i c e ,  a c t u a l  c r y s t a l - f i l t e r  d e s i g n s  
u s e  t h e  h a l f  l a t t i c e  s i n c e  t h i s  r e q u i r e s  h a l f  as many 
c r y s t a l s  as t h e  f u l l  l a t t i c e  a t  v e r y  l i t t l e  s a c r i f i c e  
i n  performance. F i g s .  3-26  and 3-27 are t h e  b a s i c  and 
b r i d g e  c o n f i g u r a t i o n s  f o r  t h e  h a l f  l a t t i c e .  A s  w i t h  
o t h e r  f i l t e r s ,  l a t t i c e  c r y s t a l  f i l t e r s  can  b e  cascaded 
t o  improve off-band r e j e c t i o n .  

One of t h e  major problems w i t h  c r y s t a l  f i l t e r s  is 
t h e  e x i s t e n c e  of s p u r i o u s  passbands . 
d i s t r i b u t e d  c i r c u i t  f i l t e r s ,  t h e s e  s p u r i o u s  passbands 
are n o t  ha rmon ica l ly  r e l a t e d  t o  t h e  main passband 
f requency .  The s p u r i o u s  resonances  i n  c r y s t a l s  are 
u s u a l l y  q u i t e  c l o s e  ( w i t h i n  several hundred kHz) t o  
t h e  frequency of t h e  main r e sponse .  
i n d i c a t e d  t h e s e  s p u r i o u s  resonances  are connected 
w i t h  t h e  c r y s t a l  c o n s t r u c t i o n  and cannot  b e  
a l t o g e t h e r  e l i m i n a t e d .  

Unlike 

As  p r e v i o u s l y  
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I 

Fig. 3-24. Basic lattice. 

3 

Fig. 3-25. Lattice equivalent. 

Fig. 3-26. The basic half lattice. 

Fig. 3-27. Half-lattice bridge structure. 
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a v o i  d i ng 
spurious 
passbands 

cascade 
s e c t i o n s  

There are several  t e c h n i q u e s  f o r  r educ ing  t h e  
magnitude of t h e  s p u r i o u s  passbands caused by 
s p u r i o u s  c r y s t a l  r e sonances :  

A) Use c r y s t a l s  t h a t  have no s p u r i o u s  r e sonances .  
Th i s  i s  n o t  f e a s i b l e  a t  t h e  p r e s e n t  t i m e .  
However, r e c e n t  advances i n  c r y s t a l  technology 
have l e d  t o  c r y s t a l s  w i t h  g r e a t l y  reduced 
s p u r i o u s  r e s p o n s e s .  These c r y s t a l s  p e r m i t  
c o n s t r u c t i o n  of f i l t e r s  w i t h  s u p p r e s s i o n  on 
t h e  o r d e r  of 40 dB. F i g s .  3-28 and 3-29 
i l l u s t r a t e  t h e  e f f e c t  of u s i n g  spec ia l  
c r y s t a l s .  I n  F i g .  3-28 t h e r e  are t h r e e  s p u r i o u s  
passbands ,  one w i t h i n  t h e  main passband and 
two o u t s i d e .  The l a r g e s t  of t h e s e  i s  about  
20-dB down. I n  F ig .  3-29 t h e r e  are  a l s o  t h r e e  
s p u r i o u s  passbands ,  one w i t h i n  t h e  main 
passband and two o u t s i d e .  Here t h e  u s e  of 
s p e c i a l  c r y s t a l s  h a s  reduced t h e  l a r g e s t  
s p u r i o u s  r e s p o n s e  t o  about  40-dB down. 

B) Use cascaded c r y s t a l s  o r  s e c t i o n s  t h a t  have 
t h e  same main r e sponse  b u t  d i f f e r e n t  s p u r i o u s  
r e sponses .  
and ,  t h e r e f o r e ,  more expens ive  f i l t e r ,  b u t  
t h e  s p u r i o u s  passbands are a lmost  comple te ly  
e l i m i n a t e d .  F i g s .  3-30 and 3-31 show t h e  
r e sponse  of a t h r e e - s e c t i o n  h a l f - l a t t i c e  
( 6  c r y s t a l s )  f i l t e r ,  w i t h  s p u r i o u s  passbands 
suppres sed  t o  more t h a n  60 dB. There i s  a 
v e r y  small s p u r i o u s  passband 1 .5  d i v i s i o n s  t o  
t h e  l e f t  of t h e  main r e sponse  on F i g .  3-31. 

T h i s  r e q u i r e s  a more complex 

lOOkHz/DlV 
(5MHz CENTER FREQUENCY) 

Fig. 3-28. Crystal f i l t e r ,  ordinary crystals, 
spurious passband about 20-dB 
down. 
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3 
I 

APPRGX 1 MATEL? 
1 OdB/a I V 

Fig. 3-29. Crystal filter, special crystals, 
spurious passband about 40-dB 
down. 

l O k H z / c m  ____) 
(5MHz CENTER FREQUENCY 1 

Fig. 3 - 3 0 .  Three-section crystal filter, 
fine-grain analysis. 

0.5Mhz/cm - 
(5MHz CENTER F2EQUENCY) 

Fig. 3-31. Three-section crystal filter, 
wideband analysis. 
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cascade 
sec t i ons  

Fig. 3-32. Cascade of two half-lattice 
crystal-filter sections. 

Fig .  3-32 shows how two h a l f - l a t t i c e  s e c t i o n s  can  be  
cascaded t o g e t h e r .  The t r a n s f o r m e r s  serve t h e  d u a l  
f u n c t i o n  of supply ing  t h e  needed induc tance  f o r  t h e  
e l i m i n a t e d  l a t t i c e  arms as w e l l  as p rov id ing  a n  
impedance match t o  t h e  l o a d .  F i g .  3-33 i s  a 
photograph showing t h e  c o n s t r u c t i o n  of a s i x - c r y s t a l  
( t h r e e  h a l f - l a t t i c e  s e c t i o n s )  c r y s t a l  f i l t e r .  

Bes ides  fixed-bandwidth c r y s t a l  f i l t e r s ,  spectrum 
a n a l y z e r s  a l s o  u t i l i z e  var iab le-bandwidth  c r y s t a l  
f i l t e r s ;  t h e s e  are commonly known as variable-  
r e so lu t ion  f i l t e r s .  

va r  i a b  I e - 
reso l  ution 
f i I t e r s  

I o a d  i ng 
res  i s t o r  
changes Q 

0 
V 

in V 

Unl ike  t h e  fixed-bandwidth f i l t e r s ,  v a r i a b l e -  
bandwidth c r y s t a l  f i l t e r s  are main ly  of l a d d e r  
c o n s t r u c t i o n ,  where t h e  bandwidth v a r i a t i o n  i s  
accomplished by ad jus tment  of t h e  c i r c u i t  Q.  An 
e lementary  f i l t e r  of t h i s  t y p e  i s  shown i n  F ig .  3-34. 
The c r y s t a l  h a s  been r e p r e s e n t e d  by t h e  i d e a l  
e q u i v a l e n t  c i r c u i t  (a s e r i e s - r e s o n a n t  LC) where t h e  
impedance goes t o  a low v a l u e  a t  t h e  r e s o n a n t  
f requency ,  fu. 
t h e  impedance i s  a maximum a t  fo, and t h e  bandwidth 
i s  a lmost  comple te ly  determined by t h e  l o a d i n g  
r e s i s t o r  R ,  assuming t h a t  t h e  n e x t  c i r c u i t  i s  
s u f f i c i e n t l y  tapped down on t h e  c o i l  t o  p rov ide  
n e g l i g i b l e  load ing .  A s  f o r  any s e r i e s - p a r a l l e l  
c i r c u i t ,  t h e  o u t p u t  Vo i s  r e l a t e d  t o  t h e  i n p u t  V i n  
by t h e  s imple  v o l t a g e  d i v i s i o n  between t h e  series- 
impedance ZA and t h e  para l le l - impedance  Z g  -- 

S i m i l a r l y  f o r  t h e  p a r a l l e l  c i r c u i t  

From t h e  above i t  is c l e a r  t h a t  V ,  -+ Vin as 
ZA + 0 ,  Zg -+ Z g  +- 0;  and 
Vo t a k e s  on v a l u e s  between ze ro  and Vin depending on 
t h e  impedance r e l a t i o n s h i p  between ZA and Zg; f o r  
example, a t  ZA = Zg, V, = 1 / 2  Vin .  

-+ 

a p p roaches 

and V ,  -+ 0 as ZA -+ 

S i n c e  ZA and Zg 
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Fig. 3-33. Three-section crystal filter. 
Courtesy of CF Networks, Inc. 

I 
"in 

Fig. 3-34. Variable-bandwidth crystal filter 
and impedance response curves. 



78 

t 
Z 

Fig. 3-35. Impedance relationships in 
variable-bandwidth crystal filter. 

A I 

BANDW l2Th 
AT bALF 

VOLTAGE ( 6 d B l  

Fig. 3-36. 6-dB bandwidth as a function of 
shunt impedance ZB. 
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are f u n c t i o n s  of f requency  i t  f o l l o w s  t h a t ,  f o r  a 
c o n s t a n t  Vin, V, w i l l  b e  a f u n c t i o n  of f requency .  
F u r t h e r ,  t h e  r e l a t i o n s h i p  between V;, and Vo, which 
i s  a f u n c t i o n  of f r equency ,  w i l l  change as t h e  v a l u e  
of ZB i s  changed by ad jus tment  of R. I n  o t h e r  words, 
V, i s  a f u n c t i o n  of f requency:  The network i s  .a 
f i l t e r ;  t h e  r e l a t i o n s h i p  between Vo and Vin i s  changed 
by ad jus tment  of R: The network i s  an a d j u s t a b l e  
f i l t e r .  

To i l l u s t r a t e  t h e  f a c t  t h a t  t h e  c i r c u i t  of F i g .  3-34 
i s  t h a t  of a var iab le-bandwidth  f i l t e r ,  c o n s i d e r  t h e  
i d e a l i z e d  g r a p h i c a l  c o n s t r u c t i o n  i n  F ig .  3-35. 

I n  F ig .  3-35 t h e  resonance  cu rves  of ZA ( a  c r y s t a l )  
and Zg a high-Q LC t ank  c i r c u i t  are  i d e a l i z e d  as 

response t r i a n g u l a r  r e sponses .  The l e v e l  of ZA i s  f i x e d  w h i l e  
relationship t h a t  of Zg i s  a d j u s t a b l e .  A t  t h e  c e n t e r  f requency ,  

So, ZA is  v e r y  s m a l l  and ZB v e r y  l a r g e  so  t h a t  V, 
i s  e s s e n t i a l l y  e q u a l  t o  Vin. 
e i t h e r  s i d e  of fo, Zg = ZA and V, = 1 / 2  Vin. 
i s  t h e  h a l f - v o l t a g e  o r  6-dB bandwidth p l o t t e d  i n  
F ig .  3-36 as a f u n c t i o n  of  ZB. I n  p r a c t i c e  t h e  
r e l a t i o n s h i p  between t h e  bandwidth and ZB i s  n o t  
l i n e a r  as shown by 3-36 ,  s i n c e  t h e  a c t u a l  resonance  
cu rves  do n o t  have s t r a i g h t  l i n e  s i d e s  as i d e a l i z e d  
i n  3-35. 

A t  some f requency  on 
T h i s  

I n  a c t u a l  usage t h e  c i r c u i t  of 3-34 i s  modi f ied  t o  
p rov ide  c r y s t a l  shun t -capac i ty  n e u t r a l i z a t i o n  and 
t o  compensate f o r  changes i n  o u t p u t  l e v e l  as a 
f u n c t i o n  of bandwidth. The shun t -capac i ty  
n e u t r a l i z a t i o n  is  n e c e s s a r y  i n  o r d e r  t o  o b t a i n  
r e a s o n a b l e  (more t h a n  30 dB) off-band a t t e n u a t i o n .  
The ampl i tude  compensation t a k e s  care of loss i n  
o u t p u t  ampl i tude  a t  v e r y  narrow bandwidths where 
t h e  t a n k - c i r c u i t  l oad ing  becomes comparable t o  t h e  
c r y s t a l  impedance a t  r e sonance  (about  20 t o  50 a). 
For example, t h e  t h e o r e t i c a l  l o s s  i n  ampl i tude  
would be  6 dB when t h e  l o a d i n g  impedance i s  reduced 
t o  t h e  level of t h e  c r y s t a l  a t  r e sonance .  Other  
c i r c u i t  compl i ca t ions  have t o  do w i t h  t empera tu re  
compensation f o r  t h e  bandwidth,  o r  g a i n ;  o r  g a i n  as 
a f u n c t i o n  of bandwidth. 

neutra I - 
i o n  for 

off-band 
attenuation 
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Fig. 3-37. One stage of a variable-bandwidth 
filter. 

t 

Fig. 3-38. Variable-bandwidth filter with 
transformer-coupled neutralization. 
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One p rac t i ca l  var iab le-bandwidth  f i l t e r  c o n f i g u r a t i o n  
i s  shown i n  F i g .  3-37. The c r y s t a l  i s  d r i v e n  by 
phase  s p l i t t e r ,  Q1, so t h a t  C 1  can b e  a d j u s t e d  t o  

c r y s t a l  shun t -capac i ty  C o .  
i s  provided by t h e  t a n k  c i r c u i t  formed by c a p a c i t o r s  
C3 and C 4  and i n d u c t o r  L .  Bandwidth c o n t r o l  i s  by 
means of v a r i a b l e  r e s i s t o r  R ,  which c o n t r o l s  t h e  

p r a c t i c a l  
c i  r cu  i t s  compensate ( n e u t r a l i z e )  f o r  t h e  e f f e c t s  of t h e  

The high-impedance load  

amp I i t u d e  
compensat ion  
v e r s u s  emitter l o a d  and hence t h e  i n p u t  impedance of 
bandw i d t h  a m p l i f i e r  4 2 .  Amplitude compensation as a f u n c t i o n  

of bandwidth,  which i s  a f u n c t i o n  of R s e t t i n g  i s  
provided  by g a i n  ad jus tmen t  C 2 .  
t ype  of f i l t e r ,  several  s e c t i o n s  of t h i s  f i l t e r  can 
be  cascaded.  

A s  w i t h  any o t h e r  

A d i f f e r e n t  v a r i a t i o n  of t h e  b a s i c  c i r c u i t  of 3-34 
i s  t h a t  of F i g .  3-38. Here t h e  c r y s t a l  i s  d r i v e n  

- by t h e  e m i t t e r - f o l l o w e r  Q1. Transformer T p r o v i d e s  
t h e  n e c e s s a r y  180" phase  r e v e r s a l  f o r  t h e  

high-impedance t ank  c i r c u i t  formed by C 2  and L .  
c o n t r o l s  t h e  bandwidth by c o n t r o l l i n g  t a n k - c i r c u i t  
Q.  Emi t t e r - fo l lower  42 p r o v i d e s  i s o l a t i o n  between 
t h e  t a n k  c i r c u i t  and t h e  ampl i tude -equa l i z ing  
c i r c u i t  of R2 i n  t h e  emitter of 43. T h i s  c i r c u i t  
l e n d s  i t s e l f  t o  p r e c i s e  ampl i tude  c o n t r o l  s i n c e  R 2  
can b e  connected t o  t h e  same f r o n t - p a n e l  c o n t r o l  
as R1. 

n e u t r a l i z i n g  n e u t r a l i z i n g  c a p a c i t o r  C 1 .  The s i g n a l  d r i v e s  t h e  
R 1  

p r e c i s e  
amp I i t u d e  
c o n t r o  I 

It should b e  clear from t h e s e  examples t h a t  though 
many d i f f e r e n t  var iab le-bandwidth  c r y s t a l - f i l t e r  
c o n f i g u r a t i o n s  are p o s s i b l e ,  most of t h e s e  can  b e  
exp la ined  i n  terms of t h e  b a s i c  c i r c u i t  of F i g .  3-34. 

REFERENCES; see page 1 7 1 .  

F i l t e r s  -- B-4 pp115-127, B-5 Chapters  9 and 10, 
B-12 Chapters  26 and 2 7 ,  B-13 Chapters  6 ,  7 ,  
and 8 ,  C-8, C - 1 4  

C r y s t a l  F i l t e r s  -- B-13 pp231-235, C-7 pp67-81 
D i r e c t i o n a l  Couplers  -- B-7 Chapter  1 4 ,  C-8 
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AMPLIFIERS 

Spectrum-analyzer a m p l i f i e r s  can be  c l a s s i f i e d  i n  
d i f f e r e n t  ways: Narrowband - wideband; h i g h  g a i n  - 
low g a i n ;  low n o i s e  - n o i s e  d o e s n ' t  matter;  f r o n t  
end - o u t p u t ;  l i n e a r  - l o g a r i t h m i c ;  and a 
combination of t h e s e .  Because of t h e  manner i n  
which spectrum a n a l y z e r s  are c o n s t r u c t e d ,  i t  i s  
found t h a t  many of t h e s e  c h a r a c t e r i s t i c s  tend  t o  
go t o g e t h e r .  Thus, wideband a m p l i f i e r s  are  
g e n e r a l l y  l i n e a r  low-noise f ront -end  a m p l i f i e r s ,  
w h i l e  l o g a r i t h m i c  a m p l i f i e r s  are g e n e r a l l y  high- 
g a i n  o u t p u t  a m p l i f i e r s .  I n  t h e  fo l lowing  s e c t i o n s  
w e  s h a l l  c o n s i d e r  t h e  special  c h a r a c t e r i s t i c s  of 
narrowband, wideband, low-noise,  h igh-ga in ,  and 
l o g a r i t h m i c  a m p l i f i e r s .  

amp 1 i f i e r -  
f u n c t  ion 
c r i  t e r i  a 

NOISE CHARACTERISTICS OF AMPLIFIERS 

no i se 
f i g u r e  

An i d e a l  a m p l i f i e r  would i n c r e a s e  t h e  l e v e l  of t h e  
i n p u t  s i g n a l  w i thou t  i n t r o d u c i n g  any a d d i t i o n a l  
n o i s e ,  b u t  a c t u a l  a m p l i f i e r s  do c o n t r i b u t e  n o i s e .  
The n o i s i n e s s  of a m p l i f i e r s  i s  d e f i n e d  by a f i g u r e  
of merit cal led noise f i g u r e ,  ( F ) .  Noise  f i g u r e  
i s  d e f i n e d  as 

s i g n a l  t o  n o i s e  r a t i o  i n  i d e a l  case - S/N ( i d e a l )  
s i g n a l  t o  n o i s e  r a t i o  i n  a c t u a l  case- S/N ( a c t u a l )  F =  

S i n c e  t h e  a c t u a l  S/N cannot  b e  g r e a t e r  t h a n  t h e  i d e a l  
S/N ( t h e  a c t u a l  n o i s e  i s  greater o r  e q u a l  t o  t h a t  of 
t h e  i d e a l  c a s e ) ,  i t  follows t h a t  n o i s e - f i g u r e  numbers 
range  from u n i t y ,  f o r  an  i d e a l  a m p l i f i e r ,  and upward. 
Sometimes n o i s e  f i g u r e  i s  g iven  i n  d e c i b e l s ,  t h u s ,  
F ~ B  = 10 l o g , ,  F. 
a m p l i f i e r ,  and up. 

F ~ B  goes from z e r o ,  f o r  an i d e a l  
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r e s i s t a n c e -  
e q u i v a l e n t  
n o i  se 

n o i s e  
power 

tempera t u  r e  

- I  14 dBm/MHz 

It should be noted that an ideal amplifier is not 
completely noise free, but rather contributes the 
same amount of noise as a resistor whose resistance 
is equal to the input impedance (assuming a 
resistive input impedance) of the amplifier. The 
noise power that a resistor can deliver into a 
matched load is given by 

N = kTB, where k = Boltzmann's constant = 

T = absolute temperature (i.e. 273" + degrees 
B = the noise bandwidth. 

1.37 X watt-seconds/deg 

centigrade) 

This noise, N, is variously known as Johnson noise; 
J.B. Johnson reported this effect in 1928; and 
thermal noise: Noise due to temperature effects. 
It is clear from the above that we must specify an 
ambient temperature for our hypothetical ideal 
amplifier. This temperature has been standardized 
at T = 290" abs = 17'C = 63°F. Using the above 
values of k and T we can calculate that N = 4 X 
watts/cycle or N = 4 X 10-l' mW/MHz which is equal 
to -114 dBm/MHz. 
ideal amplifier is 114 dB below one milliwatt*. 
In practice this number will be degraded by the 
noise figure of the amplifier. 
usually made up of several stages of gain, each 
stage contributing its own noise to the overall 
system. It is intuitively logical that the noise 
of the first stage should count the most since 
that noise is amplified the most. In a cascade of 
amplifier stages a, b, and c, having noise figures 
Fa, Fb, and F,, and overall noise figure F,b,, and 
power gains G,, Gb, and G, -- the relationship 
between parameters is: 

The sensitivity of a l-MHz-wide 

Amplifiers are 

From this it is clear that a low-noise-figure 
high-gain stage can be followed by a poorer-noise- 
figure stage than a low-noise-figure low-gain stage. 

*This can be improved by cooling the amplifier 
since N is proportional to T. 
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F I GURE 
( d 3 )  

I 

FREQUENCY + 
Fig. 4-1. Transistor-noise spectrum. 

We have now reached  t h e  s t a g e  where i t  i s  l o g i c a l  
t o  c o n s i d e r  t h e  n o i s e  p r o p e r t i e s  of t h e  g a i n  
producing e lement ,  i n  our  case a t r a n s i s t o r .  
F ig .  4-1 shows t h e  b a s i c  t r a n s i s t o r - n o i s e  spectrum. 

t rans ''Or 

noise 

A t  some r e l a t i v e l y  low f r equency ,  t h e  n o i s e  b e g i n s  
t o  i n c r e a s e  w i t h  d e c r e a s i n g  f requency  a t  abou t  
3 dB p e r  o c t a v e .  
noise o r  one-over-f noise. 

f I i c k e r ,  
I l f  n o i s e  

T h i s  i s  r e f e r r e d  t o  as f l i c k e r  

sho t  noise Shot noise predominates  a t  h i g h e r  f r e q u e n c i e s ,  and 
t h e  n o i s e  f i g u r e  i s  r e l a t i v e l y  c o n s t a n t  as f requency  
i n c r e a s e s  t o  an  approximate p o i n t :  

where, 
= a l p h a  c u t o f f  f requency  f ab 

Bo = low-frequency c u r r e n t  g a i n .  

Here t h e  n o i s e  f i g u r e  b e g i n s  t o  i n c r e a s e  a t  about  
6 dB p e r  o c t a v e .  

I n  a d d i t i o n  t o  t h e s e  f requency  e f f e c t s ,  t r a n s i s t o r  
n o i s e  i s  a l s o  dependent on emitter c u r r e n t  and 
s o u r c e  r e s i s t a n c e .  The optimum ( lowes t  n o i s e  f i g u r e )  
s o u r c e  r e s i s t a n c e  w i l l  v a r y  somewhat from t r a n s i s t o r  
t o  t r a n s i s t o r  b u t  i s  g e n e r a l l y  i n  t h e  v i c i n i t y  of 
1000 fi i n  t h e  1-MHz r e g i o n  and 200 R i n  t h e  100-MHz 
r e g i o n ,  Most s m a l l - s i g n a l  a m p l i f i e r  t r a n s i s t o r s  
have optimum n o i s e  f i g u r e  a t  r e l a t i v e l y  low emitter 
c u r r e n t s  (below 0.5 mA). However, t h e r e  i s  now 
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a v a i l a b l e  a c l a s s  of high-power low-noise t r a n s i s t o r s  
t h a t  do n o t  degrade  u n t i l  s u b s t a n t i a l  c u r r e n t s  a re  

n o i s e  vs reached ( e . g . ,  4-dB n o i s e  f i g u r e  a t  50 mA). Even 
t r a n s i s t o r  though t h e  numbers may v a r y  from t r a n s i s t o r  t o  
pa rame t e  r s t r a n s i s t o r  t h e r e  i s  a p a r t i c u l a r  r ange  of emitter 

c u r r e n t s  f o r  each where n o i s e  f i g u r e  i s  b e s t .  

The fo l lowing  r u l e s  are impor t an t  i n  t h e  d e s i g n  of 
low-noise t r a n s i s t o r  a m p l i f i e r s :  1) Use a low-noise 
t r a n s i s t o r .  A p r o p e r l y  opt imized  low-noise 
t r a n s i s t o r  has  a n  u l t i m a t e  n o i s e  f i g u r e  less than  
4 dB. Some r e c e n t l y  i n t r o d u c e d  t r a n s i s t o r s  are 
supposed t o  have n o i s e  f i g u r e s  as low as 1 dB. 
2 )  Reduce f l i c k e r  n o i s e  by u s i n g  as h i g h  a low- 

n o i s e  f i g u r e  f requency  c u t o f f  as p o s s i b l e .  3) Design t h e  b i a s  
des i gn c i r c u i t  f o r  a n  a p p r o p r i a t e  emitter c u r r e n t ,  and 

p r o v i d e  t h e  optimum s o u r c e  r e s i s t a n c e .  I f  n e c e s s a r y  
use  a t r ans fo rmer  t o  g e n e r a t e  t h e  a p p r o p r i a t e  sou rce  
r e s i s t a n c e .  4) Avoid t h e  6-dB-per-octave rise i n  
n o i s e  f i g u r e  by u s i n g  a high-frequency t r a n s i s t o r .  
Note t h a t  f o r  an  a lpha-cutof f  of 100 MHz and a Bo 
of 50,  t h e  n o i s e  f i g u r e  s tar ts  t o  r ise a t  on ly  
1 4 . 1  MHz. 

These c o n d i t i o n s  e x p l a i n  why one might f r e q u e n t l y  
no i se- f i n d  a n  a m p l i f i e r  composed of a cascade  of s t a g e s  
c r  i t i ca 1 i d e n t i c a l  excep t  f o r  t h e  f i r s t  s t a g e .  Here t h e  
f i r s t  s t a g e  t r a n s i s t o r ,  t h e  coupl ing  and t h e  b i a s  arrangement  

might be  modi f ied  i n  o r d e r  t o  i n s u r e  good n o i s e  
c h a r a c t e r i s t i c s .  

HIGH-GAIN,  LINEAR AMPLIFIERS 

T h e o r e t i c a l l y  one can g e t  as much g a i n  as d e s i r e d  
s imply by cascading  a s u f f i c i e n t  number of a m p l i f i e r  
s t a g e s .  In  p r a c t i c e  high-gain a m p l i f i e r s  are 
d i f f i c u l t  t o  b u i l d  because  of s h i e l d i n g  and 
o s c i l l a t i o n  problems. We s h a l l  n o t  concern  o u r s e l v e s  
h e r e  w i t h  t h e s e  c i r c u i t - l a y o u t  problems. 
g a i n - a m p l i f i e r  problem t h a t  i s  of i n t e r e s t  h e r e  i s  
t h a t  of l i n e a r i t y .  It i s  d i f f i c u l t  t o  d e s i g n  
high-gain a m p l i f i e r s  t h a t  are  a l s o  h i g h l y  l i n e a r ;  
t h e  h i g h e r  t h e  a m p l i f i e r  g a i n  t h e  poore r  t h e  
l i n e a r i t y  t ends  t o  b e ,  t h i s  r e s u l t s  because  f o r  
e q u a l  i n p u t  levels ,  high-gain a m p l i f i e r s  have t o  
hand le  a wider  r ange  of s i g n a l  ampl i tudes  t h a n  
low-gain a m p l i f i e r s .  

A high- 

ma i n t a  i n 
I i n e a r i t y  



87 

There a re  two d i s t i n c t  a s p e c t s  of spectrum-analyzer  
l i n e a r i t y  t h a t  must b e  cons ide red .  
n o n l i n e a r  i npu t -ou tpu t  t r a n s f e r  c h a r a c t e r i s t i c :  
A d e c r e a s e  i n  t h e  accuracy  of ampl i tude  c a l i b r a t i o n .  
Amplitude c a l i b r a t i o n  e r r o r  i s  u s u a l l y  s p e c i f i e d  t o  
a few p e r c e n t ,  t y p i c a l l y  3%. Unless  t h e  a m p l i f i e r  
n o n l i n e a r i t y  i s  a p p r e c i a b l e  ( e .  g .  , 1%) , i t  should 
have minor e f f ec t  on ampl i tude  c a l i b r a t i o n  accuracy .  

One i s  a 

The o t h e r  e f f e c t  of a m p l i f i e r  n o n l i n e a r i t y  i s  s i g n a l  
d i s t o r t i o n ,  which can  b e  much more s e r i o u s  t h a n  t h e  
c a l i b r a t i o n  accuracy  problem, s i n c e  f a i r l y  low l e v e l s  
of n o n l i n e a r i t y  can cause  a p p r e c i a b l e  d i s t o r t i o n .  
There are s e v e r a l  d i f f e r e n t  t y p e s  of d i s t o r t i o n ,  t h e  
most s e r i o u s  being t h e  i n t r o d u c t i o n  of odd-order 
i n t e r m o d u l a t i o n  ( I M )  p r o d u c t s .  

s i g n a l  
d i s t o r t i o n  

I n t e r m o d u l a t i o n ,  as t h e  name i m p l i e s ,  refers t o  t h e  
i n t e r a c t i o n  o r  modulat ion of one s i g n a l  by a n o t h e r .  
For i n t e r m o d u l a t i o n  d i s t o r t i o n  t o  occur  i t  i s  n e c e s s a r y  
t h a t  more t h a n  one s i g n a l  b e  p r e s e n t .  
a n a l y z e r s  are  r a r e l y  used t o  a n a l y z e  s i g n a l s  having 
on ly  a s i n g l e  f requency  component, I M  i s  of much 
importance i n  spectrum a n a l y s i s .  
components, one a t  a f requency  f, t h e  o t h e r  a t  a 
s l i g h t l y  h i g h e r  f requency  f + Af. The n o n l i n e a r  
a m p l i f i e r  can  be  cons ide red  as be ing  a mixer  where 

non I i nea r  e i t h e r  s i g n a l  can b e  cons ide red  as t h e  l o c a l  
c i r c u i t  o s c i l l a t o r .  A s  w i t h  any o t h e r  mixer t h e  two s i g n a l s  
a m i x e r  and t h e i r  harmonics combine t o  g e n e r a t e  sum and 

d i f f e r e n c e  f r e q u e n c i e s .  Thus w e  have f + (f + Af) = 
2 f +  Af, and (f + AS) - f = Af as t h e  second-order 
mixer p r o d u c t s  where second o r d e r  deno tes  t h e  sum of 
t h e  harmonic numbers of f and (f + Af). S i m i l a r l y  
f o r  t h e  t h i r d - o r d e r  p roduc t s  w e  have 2f + (f + A f )  = 

3f + Af, 2(f + Af) + f = 3f + 2 A f ,  2 ( f  + Af) - f = 
f + 2Af, 2f - (f + Af) = f - Af. It w i l l  b e  observed 
t h a t  t h e  f r e q u e n c i e s  of t h e  second-order p r o d u c t s  are 
r e l a t i v e l y  f a r  removed from t h e  o r i g i n a l  f r e q u e n c i e s ,  
b u t  f o r  t h e  t h i r d - o r d e r  p r o d u c t s  t h e r e  a r e  two new 
s i g n a l s  ($ + 2Af, f - Af) whose f r e q u e n c i e s  are q u i t e  
c l o s e  ( w i t h i n  Af) t o  t h o s e  of t h e  o r i g i n a l  s i g n a l s .  
These c l o s e - i n  s i g n a l s  w i l l  appear  on t h e  spectrum- 
a n a l y z e r  r eadou t  and l i m i t  t h e  c a p a b i l i t i e s  of t h e  
in s t rumen t .  A complete  a n a l y s i s  shows t h a t  odd-order 
p roduc t s  are harmful  w h i l e  even-order p r o d u c t s  are 
n o t .  

S i n c e  spectrum 

Consider  two s i g n a l  

third-order 
p r o d u c t s  
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The degree of intermodulation is dependent both on 
the amplifier linearity and the signal levels, 
increasing in a nonlinear fashion with both. It 
follows that an amplifier handling low-level 
signals can be permitted to be less linear than one 
handling high-level signals. Further, the distortion 
falls off with increasing product orders. 
order distortion is smaller than fourth-order 
distortion. Since distortion is a function of gain 
and linearity, the choice of proper bias point is 

b i a s  p o i n t  very important, Sometimes an amplifier will appear 
ve rsus  to be biased in a nonoptimal or generally unusual 
I M  d i s t o r t i o n  manner. 

dictated by IM-distortion considerations. 

Fifth- 

Such bias arrangements are frequently 

NARROWBAND AMPLIFIERS 

narrowband 

i n t e r s t a g e  
coup1 i n g  
ve rsus  
s e l e c t i v i t y  

bandpass 
c o n t r o l  

There is no one specific bandwidth that one can 
state as being the demarcation line between wide 
and narrowband amplifiers. 
amplifiers in spectrum analyzers have fractional 
bandwidths that are less than 10%. Most of the 
amplifiers in spectrum analyzers are narrowband; 
the major exception being the first amplifier in a 
swept-IF type of system. 

In general narrowband 

Most spectrum-analyzer linear narrowband amplifiers 
are straightforward in design. Interstage coupling 
is essentially of two types. 
interstage coupling provides all of the amplifier 
selectivity, while in the other case selectivity 
is determined by input or output filters while 
interstage coupling is relatively broadband. The 
use of broadband coupling structures and external 
filters permits easy interstage impedance 
optimization and precise bandpass control. 
cost is the inclusion of external filters. 
Broadband coupling structures are usually of the 
single-tuned variety demonstrated in Fig. 4-2.  
Besides differences in coupling, it will be found 
that some amplifiers use neutralization while 
others do not. High-gain grounded-emitter 
amplifiers have a tendency to oscillate unless 
neutralized. Neutralization is avoided by the use 
of transistors having low base-to-collector 
capacitance and by operating each stage at reduced 
gain. Fig. 4-3 shows a transformer-coupled 
amplifier stage including an adjustable 
neutralizing-capacitor C . n 

In one case the 

The 
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Fig. 4-2. Narrowband-amplifier single-tuned 
coupling structures. 

3. 
+V 

Fig. 4-3. Transformer-coupled amplifier with 
neutralization. 

WIDEBAND AMPLIFIERS 

Though most of t h e  g a i n  i n  a spectrum a n a l y z e r  i s  
provided  by narrowband a m p l i f i e r s ,  t h e  
c h a r a c t e r i s t i c s  of t h e  f ron t - end  wideband a m p l i f i e r  
i n  a swept-IF t y p e  of system i s  of t h e  utmost  
importance.  The a m p l i f i e r  must have v e r y  wide 
bandwidth,  t y p i c a l l y  ove r  50% f r a c t i o n a l  bandwidth,  
a low-noise f i g u r e  ( t h e  n o i s e  f i g u r e  s u b t r a c t s  
d i r e c t l y  from t h e  s e n s i t i v i t y  of t h e  a n a l y z e r ) ,  a 
f l a t - g a i n  c h a r a c t e r i s t i c  over  t h e  passband,  b e t t e r  
t han  k0.25 dB, and good s k i r t  s e l e c t i v i t y .  

f ron t -end  
c r  i t i ca I 

Although t h e  above r equ i r emen t s  are n o t  
c o n t r a d i c t o r y ,  i t  i s  n e v e r t h e l e s s  d i f f i c u l t  t o  
op t imize  a l l  t h e  parameters. One t e c h n i q u e  t h a t  
makes bo th  t h e  d e s i g n  and subsequent  c i r c u i t  
a l ignment  easier i s  t o  s e p a r a t e  t h e  f u n c t i o n s  s o  
t h a t  one c i r c u i t  o r  s e c t i o n  can b e  a d j u s t e d  t o  
op t imize  one r a t h e r  t h a n  several f u n c t i o n s .  I n  
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wideband a m p l i f i e r s  t h i s  i n d i c a t e s  a d e s i g n  where 
s k i r t  s e l e c t i v i t y  i s  determined by e x t e r n a l  f i l t e r s  
s o  t h a t  i n t e r s t a g e  coup l ing  can b e  opt imized  f o r  
n o i s e ,  o r  f l a t n e s s ,  o r  some o t h e r  parameter 
w i t h o u t  worrying abou t  bandpass  c o n t r o l .  T h i s  
t echn ique  has  been used i n  Tek t ron ix  spectrum 
a n a l y z e r s  b u t  w i t h  t h e  m o d i f i c a t i o n  of p rov id ing  
some minimal amount of s e l e c t i v i t y  i n  i n t e r s t a g e  
coup l ing .  The i n t e r s t a g e  s e l e c t i v i t y  serves t h e  
purpose of l i m i t i n g  t h e  IF-generated n o i s e  power, 
and s o  p r e v e n t s  s e n s i t i v i t y  d e g r a d a t i o n  due t o  n o i s e  

a m p l i f i e r  i n c r e a s e s  n o t  on ly  w i t h  i n c r e a s i n g  g a i n  

s u f f i c i e n t  ampl i tude  i s  p r e s e n t ,  n o i s e  components 
w i l l  i n t e r m o d u l a t e  c r e a t i n g  new n o i s e  components 
a t  f r e q u e n c i e s  n o t  o r i g i n a l l y  p r e s e n t .  Some of 
t h e s e  new n o i s e  components w i l l  f a l l  w i t h i n  t h e  
passband of t h e  narrowband a m p l i f i e r  fo l lowing  t h e  
wideband a m p l i f i e r ,  t h u s  i n c r e a s i n g  t h e  t o t a l  

I i m i t  system n o i s e  o u t p u t  and degrading  s e n s i t i v i t y .  
w i deband There fo re ,  i t  is  good p r a c t i c e  t o  make t h e  
g a i n  and wideband-amplif ier  g a i n  no g r e a t e r  t h a n  n e c e s s a r y  
i n t e r s t a g e  BW and t o  p r o v i d e  some minimal i n t e r s t a g e  bandwidth 

r e s t r i c t i o n  even when e x t e r n a l  f i l t e r s  are used.  

n o i s e  power i n t e r m o d u l a t i o n :  Noise power a t  t h e  o u t p u t  of an  
v e r s u s  
g a i n  and BW b u t  w i t h  i n c r e a s i n g  bandwidth. I f  n o i s e  of 

There are e s s e n t i a l l y  two b a s i c  methods f o r  o b t a i n i n g  
wideband a m p l i f i e r s :  D i s t r i b u t e d - a m p l i f i e r  t echn iques  
and feedback  t echn iques .  D i s t r i b u t e d  a m p l i f i e r s  
are n o t  used i n  spectrum a n a l y z e r s ,  so  w e  s h a l l  
c o n s i d e r  feedback methods on ly .  

Most wideband spectrum-analyzer  a m p l i f i e r  d e s i g n s  
u s e  e i t h e r  f i x e d  o r  a d j u s t a b l e  f r e q u e n c y - s e l e c t i v e  
feedback ,  o r  peaking ,  t o  p r o v i d e  a f l a t  f requency  
r e sponse  over  t h e  range  of i n t e r e s t .  The peaking i s  
a d j u s t e d  f o r  t h e  b e s t  r e sponse  i n  t h e  passband;  
out-of-band a t t e n u a t i o n  i s  of minor i n t e r e s t  s i n c e  
t h i s  i s  provided  f o r  by separate f i l t e r s .  Two b a s i c  
t y p e s  of peaking can  be  used:  E m i t t e r  f eedback  as 
shown i n  F i g .  4-4 ,  c o l l e c t o r  feedback  as shown i n  
F ig .  4-5,  o r  v a r i o u s  combinat ions of bo th  as 
i n d i c a t e d  by Fig .  4-6. Many v a r i a t i o n s  are  p o s s i b l e ,  
i n c l u d i n g  emitter and c o l l e c t o r  peaking of t h e  
same a m p l i f i e r  s t a g e  as shown i n  F i g .  4-7. Here 
C forms t h e  emitter peaking ,  L p r o v i d e s  c o l l e c t o r  
peaking,  and T is a t r a n s f o r m e r  f o r  coup l ing  t o  
t h e  n e x t  s t a g e .  A m p l i f i e r s  of t h e  t y p e  shown i n  
F ig .  4-7 have p a r t i c u l a r l y  d e s i r a b l e  f l a t n e s s  
c h a r a c t e r i s t i c s :  Better t h a n  k0.25 dB f o r  100-MHz 
bandwidth a t  200-MHz c e n t e r  f requency .  
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- 
Fig. 4-4. Emitter feedback. 

u 
Fig. 4-5. Collector feedback. 

i RL 

Fig. 4-6. Combination emitter-collector feedback. 

+'V 
A 

T 
- 

Fig. 4 - 7 .  Wideband amplifier stage, detailed circuit. 
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LOGARITHMIC AMPLIFIERS 

e x t e n d  Logar i thmic  a m p l i f i e r s  (log-amps) serve t o  ex tend  
dynamic range t h e  dynamic r ange  of spectrum a n a l y z e r s  by a 

l o g a r i t h m i c  input -output  f u n c t i o n :  Vout = k log, Vin 
(where t h e  b a s e  x i s  determined by d e s i g n  
r equ i r emen t s )  ; Vouf changes l i t t l e  w h i l e  Vin changes 
much. One means o p rov id ing  the l o g a r i t h m i c  
r e l a t i o n s h i p  i s  t o  u s e  a l o g a r i t h m i c  d e t e c t o r ,  
c o n s t r u c t e d  from a p r o p e r l y  b i a s e d  d i o d e  m a t r i x ,  and 
d r i v e n  by a l i n e a r  a m p l i f i e r .  The combinat ion of 

I i n e a r  a l i n e a r  a m p l i f i e r  i n  cascade  w i t h  a l o g a r i t h m i c  
amp1 i f i e r ,  d e t e c t o r ,  which h a s  i n c r e a s i n g  l o s s  as a f u n c t i o n  
l o g  d e t e c t o r  of i n p u t  l eve l ,  produces a loga r i thmic -ga in  f u n c t i o n .  

- - 
out V 

lo% "in 

Another t echn ique  i s  t o  d e s i g n  a n  a m p l i f i e r  t h a t  
h a s  h i g h  g a i n  a t  l o w  i n p u t  levels and low g a i n  a t  
h i g h  i n p u t  levels ,  t h u s  producing a l o g a r i t h m i c  
inpu t -ou tpu t  r e l a t i o n s h i p .  Both t y p e s  of log-amp 
c i r c u i t s  are used i n  spectrum a n a l y z e r s .  

The l o g - d e t e c t o r  l i n e a r - a m p l i f i e r  combinat ion i s  
easy  t o  d e s i g n ,  f a b r i c a t e ,  and a d j u s t .  T h i s  

l o g  d e t e c t o r  system i s  r e l a t i v e l y  inexpens ive  and w i l l  work a t  
l e s s  c o s t l y  a l l  I F  f r e q u e n c i e s  where l i n e a r  d e t e c t o r s  are 

a v a i l a b l e .  The t r u e  l o g a r i t h m i c  a m p l i f i e r ,  on t h e  
o t h e r  hand, has  s u p e r i o r  performance and p r o v i d e s  
a h i g h l y  a c c u r a t e ,  c a l i b r a t a b l e ,  l o g a r i t h m i c  
f u n c t i o n  and can p r o v i d e  a g r e a t e r  dynamic r ange  
t h a n  a d e t e c t o r  system. U n t i l  r e c e n t l y  most 
spectrum-analyzer  log-amp systems were of t h e  
d e t e c t o r  t y p e ,  p r i m a r i l y  due t o  t h e  c o s t  of 
c o n s t r u c t i n g  t r u e  I F  log-amps and t h e  l a c k  of 
components f o r  systems above t h e  MHz area. 
However, i t  i s  now p o s s i b l e  t o  c o n s t r u c t  t r u e  I F  
log-amps o p e r a t i n g  above 10 MHz. The t r e n d  appea r s  
t o  be  away from t h e  logging  d e t e c t o r  toward t h e  
t r u e - l o g a r i t h m i c  a m p l i f i e r .  

The l i n e a r  a m p l i f i e r  of a l o g - d e t e c t o r  l i n e a r -  
a m p l i f i e r  system w a s  cons ide red  e l sewhere .  We 
s h a l l ,  t h e r e f o r e ,  c o n s i d e r  o n l y  t h e  l o g - d e t e c t o r .  
F ig .  4-8 i s  a schemat ic  of a l o g a r i t h m i c  d e t e c t o r .  
Diodes D 1  and D2 form a s t a n d a r d  l i n e a r  d e t e c t o r ,  
t h e  l o g a r i t h m i c  c h a r a c t e r i s t i c  w i l l  t h e r e f o r e  t a k e  
place a t  l o w  f r e q u e n c i e s .  A t  low s i g n a l  levels  
d i o d e s  D 3  and D 4  p r e s e n t  a r e l a t i v e l y  h i g h  
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Fig. 4-8.  Logarithmic detector .  

impedance s o  t h a t  v e r y  l i t t l e  c u r r e n t  f l ows  through 
R4.  The r e s u l t  i s  t h a t  low s i g n a l  l eve ls  appea r  
a t  p o i n t  A u n a t t e n u a t e d .  A t  h i g h e r  s i g n a l  l eve ls  
D3 and D4 turn-on,  c u r r e n t  f lows  through R 4 ,  and 
t h e  o u t p u t  level a t  A i s  reduced .  A l o g a r i t h m i c  
volt-ampere c h a r a c t e r i s t i c  of D3 and D 4  p r o v i d e s  
a l o g a r i t h m i c  t r a n s f e r  f u n c t i o n  between t h e  
d e t e c t o r  i n p u t  and p o i n t  A. 
t h e  i n p u t  r ange  over  which t h e  l o g a r i t h m i c  f u n c t i o n  
t a k e s  p l a c e ,  w h i l e  R1, R 2 ,  R3 s e t  t h e  b i a s  f o r  t h e  
log - func t ion  d i o d e s  t o  c o n t r o l  t h e  l o g a r i t h m i c  
f u n c t i o n .  Various o t h e r  l o g - d e t e c t o r  c i r c u i t s  have 
been used ,  however they  a l l  work on t h e  same 
p r i n c i p l e .  

R e s i s t o r  R 4  c o n t r o l s  

There are many d i v e r s e  l o g a r i t h m i c - a m p l i f i e r  
d e s i g n  concep t s .  I n  g e n e r a l  t h e s e  can  b e  s e p a r a t e d  
i n t o  two d i f f e r e n t  t y p e s .  One i s  composed of a 
cascade  of a m p l i f i e r  s tages  each  of which e x h i b i t s  
a l o g a r i t h m i c  g a i n  f u n c t i o n .  Th i s  l o g a r i t h m i c  g a i n  
f u n c t i o n  i s  ob ta ined  by t h e  u s e  of n o n l i n e a r  (d iode)  
feedback o r  i n t e r s t a g e  coup l ing .  Th i s  t ype  of 
a m p l i f i e r  h a s  been supp lan ted  by a more powerful  I i n e a r -  

I imiting t echn ique  based on an  a r r a y  of l i n e a r  a m p l i f i e r  
I * g  stages combined w i t h  c o n t r o l l e d  l i m i t i n g .  We s h a l l  
ampi ifier now d i s c u s s  t h e  l i n e a r - l i m i t i n g  t y p e  of log-amp i n  

more d e t a i l .  
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Fig. 4-9. Successive-detection logarithmic 
amplifier . 
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Fig. 4-10. Successive-detection logarithmic 
IF voltages. 
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One'of t h e  e a r l y  schemes f o r  a l i n e a r - l i m i t i n g  log-  
a m p l i f i e r  i s  known as a successive-detection 

cascade  of l i n e a r  a m p l i f i e r  s tages ,  each having i t s  
own d e t e c t o r  as shown i n  F i g .  4-9. 

s u c c e s s i v e  
detection l o g a r i t h m i c  a m p l i f i e r .  T h i s  system is  based on a 

The o u t p u t  of each  s t a g e  goes t o  t h e  n e x t  stage and 
t o  a s e p a r a t e  l i n e a r  d e t e c t o r .  The o u t p u t s  of t h e  
i n d i v i d u a l  d e t e c t o r s  are added and t h i s  c o n s t i t u t e s  
t h e  f i n a l  o u t p u t .  A t  low s i g n a l  levels  t h e  
c o n t r i b u t i o n s  of t h e  e a r l y  s t a g e s  i s  n e g l i g i b l e ;  
t h e  t o t a l  o u t p u t  c o n s i s t s  e s s e n t i a l l y  of t h e  
c o n t r i b u t i o n  from t h e  l a s t  s t a g e .  F i n a l l y  w e  r e a c h  

I a s t  s t a g e  a s i g n a l  l eve l  ( V )  a t  which t h e  l a s t  s t a g e  (An) i s  
s a t u  r a t e s  s a t u r a t e d ,  i t s  o u t p u t  does  n o t  i n c r e a s e  w i t h  a n  
f i r s t  i n c r e a s e  i n  i n p u t .  I f  t h e  i n p u t  i s  now i n c r e a s e d  

by t h e  f a c t o r  G ,  t h e  g a i n  p e r  s t a g e ,  t h e  (n-1) 
s t a g e  w i l l  s a t u r a t e  and produce an  o u t p u t  V .  The 
t o t a l  o u t p u t  has  now i n c r e a s e d  t o  2 V ,  w h i l e  t h e  
i n p u t  went up by a f a c t o r  of G .  Th i s  p r o c e s s  can 
be  con t inued  f o r  t h e  o t h e r  s t a g e s ,  and s i n c e  t h e  
o u t p u t  i n c r e a s e s  i n  a r i t h m e t i c  p r o g r e s s i o n  w h i l e  
t h e  i n p u t  proceeds  i n  geometr ic  p r o g r e s s i o n  w e  
have a l o g a r i t h m i c  a m p l i f i e r .  The l o g a r i t h m i c  
p r o p e r t i e s  of t h i s  a m p l i f i e r  are  e v i d e n t  from an  
i n s p e c t i o n  of F ig .  4-10. The c o n s t r u c t i o n  shows 
f o u r  s t a g e s  each having a g a i n  of f o u r ,  s o  t h a t  t h e  
n e x t  t o  l a s t  (n-1) s t a g e  s a t u r a t e s  a t  an  i n p u t  
which i s  f o u r  times as l a r g e  as t h a t  needed t o  
s a t u r a t e  t h e  l a s t  (n)  s t a g e .  A s  more stages a re  
added t h e  b reak  p o i n t s  smooth o u t ,  s o  f o r  a l l  
i n t e n t s  and purposes  w e  have a con t inuous  
l o g a r i t h m i c  c h a r a c t e r i s t i c .  However, f o r  p rope r  
o p e r a t i o n  i t  i s  n e c e s s a r y  t h a t  t h e  d e t e c t o r  
c h a r a c t e r i s t i c s ,  l i n e a r  o r  square-law o r  i n  
between, b e  p r e c i s e l y  c o n t r o l l e d  -- a d i f f i c u l t  
t a s k .  
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H I G  G A I N  ( 2 )  
( L I h ' I T I N G  AT V )  

Fig. 4-11. Twin-gain amplifier stage. 

Fig. 4-12. Twin-gain amplifier-stage transfer 
characteristic. 
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I n  g e n e r a l  t h e  d i f f i c u l t i e s  w i t h  t h e  success ive -  
d e t e c t i o n  method i s  t h a t  i t  on ly  works i n  
c o n j u n c t i o n  w i t h  a d e t e c t o r .  Sometimes i t  i s  
d e s i r a b l e  t o  g e t  a l o g a r i t h m i c  r e sponse  a t  I F  
f requency  wi thou t  d e t e c t i o n  of t h e  s i g n a l .  The 
twin-gain approach t o  t h i s  requi rement  w a s  
proposed i n  1966 .  The a m p l i f i e r  i s  composed of 
stages having two modes of  a m p l i f i c a t i o n . .  A t  low- 
l e v e l  i n p u t s  w e  have a l i n e a r  h igh-ga in  a m p l i f i e r  
s t a t e ,  w h i l e  a t  h i g h - l e v e l  i n p u t s  t h e  g a i n  changes 
t o  u n i t y .  Such an  a m p l i f i e r  stage can  be  
r e p r e s e n t e d  by t h e  b l o c k  diagram of F i g .  4-11. The 
input -output  c h a r a c t e r i s t i c  of such  an  a m p l i f i e r  
s tage i s  shown . in  F i g .  4-12 .  The o u t p u t  i n c r e a s e s  
a t  t h e  ra te  of "G" t i m e s  t h e  i n p u t  t i l l  t h e  
c r i t i c a l  v o l t a g e  "V" i s  r eached ,  a t  t h i s  p o i n t  t h e  
o u t p u t  s ta r t s  i n c r e a s i n g  a t  t h e  same ra t e  as t h e  
i n p u t .  It  w i l l  be  noted  t h a t  t h e  major  d i f f e r e n c e  
between a s u c c e s s i v e - d e t e c t i o n  s t a g e  and a twin- 
g a i n  stage i s  t h a t  t h e  former s a t u r a t e s  (no 
i n c r e a s e  i n  o u t p u t  w i t h  i n c r e a s i n g  i n p u t )  upon 
r e a c h i n g  t h e  c r i t i c a l  ou tpu t -vo l t age  V ,  whereas t h e  
l a t t e r  does n o t  s a t u r a t e  b u t  t h e  g a i n  d rops  t o  
u n i t y .  A cascade  of twin-gain stages w i l l  produce 
an  input -output  c h a r a c t e r i s t i c  s imilar  t o  t h a t  
shown i n  F i g .  4-10, b u t  w i t h  one major d i f f e r e n c e .  
In t h e  twin-gain system a l l  t h e  a c t i o n  i s  a t  I F  
f requency  and no d e t e c t o r s  are invo lved .  

t w  i n-ga i n 

REFERENCES; see page 1 7 1 .  

A m p l i f i e r s  -- B-10, B - 1 1 ,  C-10 
Low-Noise A m p l i f i e r s  -- C-9 
Logari thmic A m p l i f i e r s  -- C-11 
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e = A S I N  a - 1  

MIXERS 

I F  
OUTPtiT 

3 e = C S I N  c 

The superhe terodyne  t e c h n i q u e  on which T e k t r o n i x  
spectrum a n a l y z e r s  are based depends on a frequency-  
t r a n s l a t i o n  p r o c e s s .  
d e v i c e ,  having a s i g n a l  (RF) i n p u t ,  a l o c a l -  

A mixer i s  a t h r e e - t e r m i n a l  

two inputs o s c i l l a t o r  (LO) i n p u t ,  and an in t e rmed ia t e - f r equency  
one o u t p u t  ( I F )  o u t p u t .  I d e a l l y  t h e  mixer s imply t r a n s l a t e s  t h e  

i n p u t  s i g n a l  i n  f requency  b u t  l e a v e s  e v e r y t h i n g  else 
( e . g . ,  modula t ion ,  s p e c t r a l  d i s t r i b u t i o n ,  e t c . )  
unchanged. I n  p r a c t i c e  t h e  mixer i n t r o d u c e s  v a r i o u s  
a b e r r a t i o n s  such as i n t e r m o d u l a t i o n ,  s p u r i o u s  o u t p u t s ,  
s i g n a l  l i m i t i n g ,  and o t h e r s .  

I n  t h e  s e c t i o n s  t h a t  f o l l o w  w e  s h a l l  d i s c u s s  some of 
t h e  c h a r a c t e r i s t i c s  of mixers  i n  g e n e r a l ,  and then  
go on t o  more d e t a i l e d  d e s c r i p t i o n s  of v a r i o u s  
spec i f i c  types  of mixe r s .  

CHARACTERISTICS OF MIXERS 

F i g .  5-1 shows a s t a n d a r d  t h r e e - t e r m i n a l  mixer .  We 
conve r s  i on d e f i n e  t h e  conversion loss  ( L )  as t h e  r a t i o  of i n p u t  
I oss  A 

l e v e l  A t o  o u t p u t  l e v e l  C ,  t h u s  L = - C '  
d e f i n i t i o n  assumes t h a t  i n p u t  and o u t p u t  impedance 

convers ion  l o s s  i n  d e c i b e l s ,  t h u s  Lda = 20 l o g  10 c. 
s p e c i f i e d  i n  terms of power, t h u s  

T h i s  

l e v e l s  a re  e q u a l .  T h e r e f o r e ,  w e  can  s p e c i f y  t h e  A 

dB = For unequal  impedance l e v e l s ,  conve r s ion  loss i s  
I n  Inn 'RF ~~ 

LO 
e = B S I N  5 E 2  

Fig. 5-1. Basic mixer configuration. 
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amp I i t u d e  
charac-  
t e r  i st i cs  

An i d e a l  mixer h a s  a conve r s ion - los s  r a t i o  of u n i t y  
o r  z e r o  dB. Another parameter p e r t a i n i n g  t o  s i g n a l  
l e v e l s  i s  t h e  i s o l a t i o n  between t e r m i n a l s .  Here t h e  
i n t e r e s t  i s  t o  de t e rmine  how much of t h e  s i g n a l  
e n t e r i n g  any t e r m i n a l  comes o u t  of a n o t h e r  t e r m i n a l :  

Po 
L The LO-to-IF i s o l a t i o n  i s  I = 10 l o g  - ; 

233 10 P3 

= 10 l o g , ,  - P 2 d e f i n e s  how much LO 231 
s i m i l a r l y  I 

Pl 
s i g n a l  comes o u t  of t h e  s i g n a l - i n p u t  t e r m i n a l ,  and 
s o  f o r t h .  An i d e a l  mixer would have i n f i n i t e  
i s o l a t i o n .  Other  pa rame te r s  p e r t a i n i n g  t o  s i g n a l  
ampl i tude  are a s s o c i a t e d  w i t h  maximum-power-handling 
c a p a b i l i t i e s .  T h i s  i n c l u d e s  t h e  safe power l e v e l  
p e r t a i n i n g  t o  t h e  maximum power t h a t  can  be  
accommodated w i t h o u t  p h y s i c a l  damage ( e . g . ,  d iode  
b u r n o u t ) ,  and m a x ~ r n m  inpu t  power which r e f e r s  t o  t h e  
maximum power t h a t  can  be  accommodated wi thou t  
d e g r a d a t i o n  i n  performance. L ike  t h e  I F  a m p l i f i e r ,  
t h e  mixer can i n t r o d u c e  n o i s e  i n t o  t h e  s i g n a l ,  t h u s  
degrading system s e n s i t i v i t y .  The n o i s e  p r o p e r t i e s  
of a mixer are s p e c i f i e d  i n  terms of t h e  noise-  
temperature r a t i o ,  ( t ) .  The no i se - t empera tu re  r a t i o  
f o r  a r e s i s t o r  i s  u n i t y ,  s o ,  excep t  i n  some v e r y  
special  c i rcumstances* ,  n o i s e  t empera tu res  of mixers  
go from u n i t y  and up. 

Bes ides  s p e c i f y i n g  t h e  mixer parameters p e r t a i n i n g  t o  
s i g n a l  l e v e l ,  i t  i s  a l s o  n e c e s s a r y  t o  s p e c i f y  t h e  
parameters which p e r t a i n  t o  f requency .  
f requency  s p e c i f i c a t i o n s  i n c l u d e :  Opera t ing  frequency 
r anges  ( e . g . ,  1 MHz t o  1 GHz) f o r  each of t h e  t h r e e  
t e r m i n a l s  (RF, I F ,  LO) ;  conve r s ion - los s  f l a t n e s s  as a 

Mixer- 

f r equency  f u n c t i o n  of f requency ,  and spur ious - r e sponse  
c h a r a c t e r -  c h a r a c t e r i s t i c s .  The spur ious - r e sponse  
istics c h a r a c t e r i s t i c s  of a mixer  are q u i t e  complex s o  t h a t  

t h i s  s p e c i f i c a t i o n  ca l l s  f o r  more t h a n  j u s t  a few 
numbers ( s e e  d iode  c h a r a c t e r i s t i c s ,  Chapter  2 ) .  I n  
g e n e r a l ,  a spu r ious - r e sponse  s p e c i f i c a t i o n  would 
i n c l u d e  image r e j e c t i o n ,  which i s  s p e c i f i e d  as 

*The Schot tky  Barrier d i o d e  has  a t h e o r e t i c a l  no i se -  
t empera tu re  r a t i o  which i s  less than  u n i t y .  Whether 
o r  n o t  mixers  having less  t h a n  u n i t y  no i se -  
tempera ture  r a t i o s  can  b e  c o n s t r u c t e d  i s  s t i l l  
d e b a t a b l e .  
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1 0  l o g l o  of t h e  power-output r a t i o  of t h a t  a t  t h e  
image f requency  t o  t h a t  a t  t h e  d e s i r e d  f r equency ;  
l o c a l  o s c i l l a t o r  and s i g n a l  f eed th rough  which i s  
r e l a t e d  t o  i s o l a t i o n ;  harmonic conve r s ion  e f f i c i e n c y ,  
and t h e  s e v e r a l  o t h e r  t y p e s  of r e sponses  d e f i n e d  i n  
t h e  d e f i n i t i o n s  s e c t i o n  of Chapter  1. 

I n  a d d i t i o n  t o  t h e  above i t  i s  f r e q u e n t l y  n e c e s s a r y  
t o  s p e c i f y  o t h e r  o p e r a t i n g  c o n d i t i o n s  such as b i a s  
v o l t a g e s  and c r y s t a l  c u r r e n t .  I n  any even t  t h e r e  are  
many d i f f e r e n t  t y p e s  of m i x e r s ,  each t y p e  r e q u i r i n g  
somewhat d i f f e r e n t  t r e a t m e n t  as d i s c u s s e d  i n  t h e  
fo l lowing  s e c t i o n s .  

THE SINGLE-ENDED MIXER 

One of t h e  s i m p l e s t  c o n f i g u r a t i o n s  i s  t h a t  of t h e  
s ingle-ended mixer .  Mixing i s  performed by a s i n g l e  
n o n l i n e a r  element such as a d i o d e ,  as shown i n  
F i g .  5-2. The f u n c t i o n  of t h e  components i s  as 
f o l l o w s :  C a p a c i t o r s  C 1 ,  C 2 ,  and C 3  are DC b l o c k s  t o  
permi t  c r y s t a l - c u r r e n t  c o n t r o l  by means of R w i t h o u t  
r e f e r e n c e  t o  RF, LO, and I F  s o u r c e  impedance. 

a nonl i n e a r  
e lement  
requ i r e d  

The d iode  i s  a n o n l i n e a r  mixing element  as d i s c u s s e d  
i n  Chapter  2 .  Radio-frequency-choke L 1  and r e s i s t o r  
R p rov ide  a d i r e c t - c u r r e n t  p a t h  f o r  t h e  r e c t i f i e d  
l o c a l - o s c i l l a t o r  s i g n a l  which forms t h e  c r y s t a l  
c u r r e n t .  The c r y s t a l  c u r r e n t  sets t h e  d i o d e  q u i e s c e n t  
o p e r a t i n g - p o i n t ,  which i n  t u r n  de t e rmines  some of t h e  
mixer o p e r a t i n g  pa rame te r s .  The o p e r a t i n g  p o i n t  can 
be  opt imized  by ad jus tment  of R o r  by a p p l i c a t i o n  of 
e x t e r n a l  DC b i a s  th rough R.  C a p a c i t o r  C 2  i s  a small 
c a p a c i t o r  w i t h  n e g l i g i b l e  r e a c t a n c e  a t  LO f requency  
b u t  a p p r e c i a b l e  r e a c t a n c e  a t  t h e  much lower I F  
f requency .  I n  terms of b a s i c  c h a r a c t e r i s t i c s ,  C 2  
p rov ides  a c e r t a i n  amount of IF-to-LO i s o l a t i o n .  
I n d u c t o r  L2 i s  a small choke which h a s  n e g l i g i b l e  
e f f e c t  a t  I F  f requency  b u t  p r e v e n t s  l o c a l - o s c i l l a t o r  
power from g e t t i n g  i n t o  t h e  I F .  

o p t  i m i  ze 
o p e r a t  i ng 
p o i n t  

4 f” 
c1 L2 

RF-+7#,-+c3- I F  
io 

Fig. 5-2. Single-ended mixer. 
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Obviously t h e  arrangement shown i n  F ig .  5-2 i s  one 
of many p o s s i b l e  c o n f i g u r a t i o n s .  I n  p a r t i c u l a r  i t  
should  b e  noted  t h a t  t h e  d e s i g n  shown i n  5-2 i s  based 
on t h e  assumption of a h i g h  l o c a l - o s c i l l a t o r  f requency  
and a r e l a t i v e l y  low I F  f requency  ( e . g . ,  1 GHz and 
100 MHz). I n  many i n s t a n c e s  t h e  l o c a l - o s c i l l a t o r  
f requency  and t h e  I F  f requency  are n o t  much 
d i f f e r e n t ;  under t h e s e  c i r cums tances ,  w e  could n o t  
p r o v i d e  IF-LO i s o l a t i o n  by u s i n g  f i l t e r i n g  
t echn iques .  

I t  should  now b e  clear t h a t  s ingle-ended mixers  are 
used a t  many d i f f e r e n t  f r e q u e n c i e s ,  f o r  a v a r i e t y  
of a p p l i c a t i o n s ,  and are c o n s t r u c t e d  i n  v a r i o u s  ways. 
F o r t u n a t e l y  t h e r e  i s  no need t o  c o n s i d e r  a l l  of t h e  
v a r i a t i o n s  s e p a r a t e l y .  The s ingle-ended  mixer h a s  
c e r t a i n  b a s i c  performance c h a r a c t e r i s t i c s  r e g a r d l e s s  
of p e c u l i a r i t i e s  of des ign :  

A) Frequency Response -- Single-ended mixe r s  a re  
e s s e n t i a l l y  untuned broadband d e v i c e s .  A 
t y p i c a l  s p e c i f i c a t i o n  might  be :  

RF-frequency range:  10 MHz t o  12.4 GHz 
LO-frequency range:  100 MHz t o  1 2 . 4  GHz 
IF-frequency range:  30 MHz t o  100 MHz. 

Note t h a t  t h e  IF-frequency r ange  i s  c o n s i d e r a b l y  
narrower t h a n  e i t h e r  t h e  RF o r  LO range .  Th i s  
i s  n e c e s s a r y  t o  p r o v i d e  some i s o l a t i o n  between 
t h e  c i r c u i t s  connected t o  t h e  t h r e e  t e r m i n a l s .  

B) Conversion Loss -- I n  g e n e r a l  t h e  wider  t h e  
opera t ing- f requency  r ange  t h e  g r e a t e r  i s  t h e  
conve r s ion  l o s s .  T h i s  i s  so because  broadband 
d i o d e s  have poore r  convers ion- loss  p r o p e r t i e s  
t h a n  u n i t s  op t imized  f o r  a s p e c i f i c  narrow 
f requency  range .  Likewise, broadband coup l ing  
s t r u c t u r e s  u s u a l l y  e x h i b i t  more loss t h a n  an  
opt imized  narrowband arrangement .  F requen t ly  
t h e  broadband coup l ing  s t r u c t u r e  w i l l  i n c l u d e  a 
res i s t ive  a t t e n u a t o r  t o  h e l p  improve t h e  
impedance match (VSWR) of t h e  mixer. N a t u r a l l y  
i t  i s  easier t o  o b t a i n  a good VSWR ove r  a narrow 
f requency  r a n g e  t h a n  ove r  a wide f requency  r ange ,  
F i n a l l y  a broadband mixer having no spur ious -  
r e sponse  r e j e c t i o n  w i l l  s u f f e r  i n  convers ion  
e f f i c i e n c y  due t o  t h e  energy t h a t  i s  l o s t  i n  t h e  
image and o t h e r  s p u r i o u s  r e sponses .  T y p i c a l  
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image and 
harmon i c s  

conver s ion - los s  numbers would be  about  3 dB f o r  
a narrowband h i g h l y  opt imized  u n i t  t o  1 5  dB* 
f o r  a broadband mixer .  

Noise -- The n o i s e  c o n t r i b u t e d  by t h e  mixer 
i s  f a i r l y  low, and i s  u s u a l l y  of l i t t l e  
consequence i n  s e n s i t i v i t y  computa t ions .  
T y p i c a l  no i se - t empera tu re  r a t i o s  a re  about  1 .5 .  
Of g r e a t e r  consequence i s  n o i s e  from t h e  l o c a l  
o s c i l l a t o r  g e t t i n g  i n  v i a  t h e  mixer .  Th i s  
e f f e c t  can be  reduced by improved l o c a l -  
o s c i l l a t o r  d e s i g n  and t h e  u s e  of a ba lanced  
mixer .  

Impedance Match -- Single-ended broadband 
mixers  u s u a l l y  e x h i b i t  poor input-impedance 
p r o p e r t i e s ;  a VSWR of 4:l i s  t y p i c a l .  The i n p u t  
impedance of a mixer depends on many pa rame te r s :  
The p r o p e r t i e s  of t h e  d i o d e ,  b i a s  s e t t i n g  and 
l o c a l - o s c i l l a t o r  power leve l .  A s  a r e s u l t ,  i t  
i s  a lmost  imposs ib l e  t o  o b t a i n  a good VSWR by 
los s l e s s -ma tch ing  t e c h n i q u e s .  The s t a n d a r d  
method i s  t o  add a 3- t o  6-dB a t t e n u a t o r  f o r  
VSWR improvement when a poor VSWR cannot  be  
t o l e r a t e d .  N a t u r a l l y  t h i s  degrades  s e n s i t i v i t y  
by t h e  amount of added s i g n a l  a t t e n u a t i o n .  

E) Spurious Responses -- The broadband s i n g l e -  
ended mixer c o n f i g u r a t i o n  does  n o t  p r o v i d e  
spur ious- response  r e j e c t i o n .  A s  a r e s u l t ,  t h e  
image and a l l  t h e  harmonic conve r s ions  a p p e a r  
a t  t h e  I F  o u t p u t  t e r m i n a l .  The f requency  
r e l a t i o n s h i p  between t h e  RF i n p u t  s i g n a l  a t  fRF ,  
t h e  l o c a l - o s c i l l a t o r  i n p u t  a t  fLo, and t h e  I F  
o u t p u t  a t   IF i s  g iven  by: 

* T h i s  does n o t  i n c l u d e  t h e  a d d i t i o n a l  l o s s e s  due t o  
o p e r a t i o n  on l o c a l - o s c i l l a t o r  harmonics.  See 
s e c t i o n  on harmonic mixe r s  f o r  more d e t a i l s .  
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Fig. 5-3. Single-ended mixer. 

The r e l a t i v e  ampl i tude  of t h e  v a r i o u s  responses  can 
b e  approximate ly  computed as i n d i c a t e d  i n  Chapter  2 
on d i o d e s .  I n  g e n e r a l  t h e  e f f e c t  of s i g n a l  harmonics 
( M  1 2 )  i s  n e g l i g i b l e  u n l e s s  t h e  s i g n a l  i s  q u i t e  
l a r g e .  The same h o l d s  t r u e  f o r  i n t e r m o d u l a t i o n .  
P e r m i s s i b l e  i n p u t  power l e v e l s  are d e f i n e d  by t h e  
Maximum Input Power s p e c i f i c a t i o n .  
l o c a l - o s c i l l a t o r  harmonics can b e  c o n t r o l l e d ,  t o  
some e x t e n t ,  by j u d i c i o u s  c h o i s e  of b i a s .  However, 

E f f e c t s  due t o  

very  l i t t l e  can b e  done about t h e  image ( i . e . ,  
fRF - fL03 O r  f L 0  - fRF = f I F )  o r  I F  feedthrough 

Single-ended mixer c o n s t r u c t i o n  var ies ,  depending 
mainly on t h e  f r e q u e n c i e s  invo lved .  A t  r e l a t i v e l y  

c o n f i g u r a t i o n  low f r e q u e n c i e s  t h e  mixer  can be  c o n s t r u c t e d  i n  
o p t i o n s  a lmost  any c o n f i g u r a t i o n .  A t  h i g h  f r e q u e n c i e s  

(hundreds of MHz), however, t h e  mixer i s  u s u a l l y  
c o n s t r u c t e d  i n  a t r a n s m i s s i o n - l i n e  s t r u c t u r e .  
F ig .  5-3 i s  a photograph of a c o a x i a l  s ingle-ended 
mixer .  

BALANCED MIXERS 

Balanced mixers  p rov ide  i s o l a t i o n  between t h e  
several  t e r m i n a l s .  Mixers have d i f f e r i n g  degrees  
of b a l a n c e  depending on whether o n l y  two, o r  more 
than  two, t e r m i n a l s  are  i s o l a t e d  from each o t h e r .  
Note t h a t  t h e r e  are s i x  p o s s i b l e  combina t ions ,  d i f f e r i n g  

degrees  namely: RF - I F ,  RF - LO, I F  - LO, and two 
o f  ba I ance combinat ions of two a t  a t i m e  and one combination 

of a l l  t e r m i n a l s  i s o l a t e d  from a l l  o t h e r  t e r m i n a l s .  
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Fig. 5-4. Schematic of a single-balanced 
mixer. 

It i s  n e c e s s a r y  t o  have a minimum of one ba lanced  
c i r c u i t  t o  a c h i e v e  minimal i s o l a t i o n :  One t e r m i n a l  
from one o t h e r  t e r m i n a l .  Th i s  i s  c a l l e d  a s i n g l e -  
ba lanced  mixer .  To a c h i e v e  i s o l a t i o n  between a l l  
t h e  t e r m i n a l s  i t  i s  n e c e s s a r y  t o  add on ly  one o t h e r  
c i r c u i t .  Thus, our  i n t e r e s t  s t o p s  a t  double- 
ba lanced  mixers .  

Balanced mixers  can be  c o n s t r u c t e d  i n  many d i f f e r e n t  
c o n f i g u r a t i o n s .  F ig .  5-4 shows one type  of s i n g l e -  
ba lanced  mixer .  

Assuming t h a t  t h e  d iodes  are i d e n t i c a l  and t h e  i n p u t  
t r ans fo rmer  p e r f e c t l y  cen te r - t apped ,  no l o c a l  
o s c i l l a t o r  energy should  g e t  i n t o  t h e  I F  o r  RF 
t e r m i n a l s .  This  i s  e v i d e n t  from t h e  o b s e r v a t i o n  t h a t  
t h e  i n p u t  t r ans fo rmer  s p l i t s  t h e  l o c a l - o s c i l l a t o r  
i n p u t  i n t o  two i d e n t i c a l  c i r c u i t s  whose o u t p u t s .  

t r a n s f o r m e r  combine a t  t h e  I F  o u t p u t  t e r m i n a l .  S i n c e  i+ and i- 
ba I ance are  of e q u a l  magnitude b u t  o p p o s i t e  s e n s e  they  c a n c e l  

each o t h e r .  Mixing o c c u r s  when t h e  d iode  b a l a n c e  
i s  d i s t u r b e d  by t h e  a p p l i c a t i o n  of RF. 

T h e o r e t i c a l l y ,  as d e s c r i b e d  above, LO t o  IF-RF b a l a n c e  
should be per fec t  ( i n f i n i t e  i s o l a t i o n ) .  A c t u a l l y  

LO-to- I F t h e  b a l a n c e  can b e  q u i t e  poor ( e . g . ,  10-dB i s o l a t i o n ) .  
ba I ance T h i s  i s  e s p e c i a l l y  t r u e  i f  t h e  mixer o p e r a t e s  over  

more t h a n  a v e r y  narrow f requency  range .  The r eason  
i s  t h a t  i t  i s  d i f f i c u l t  ( o r  v e r y  expens ive ,  which i s  
e q u i v a l e n t  t o  d i f f i c u l t )  t o  g e t  well-matched d i o d e s ,  
and p e r f e c t l y  tapped t r a n s f o r m e r s .  F u r t h e r  t h e  mixer 
i s  b u i l t  on a c h a s s i s ,  and t h a t  means s t r a y  

ba  I anc i  ng c a p a c i t a n c e  t o  ground. A s  a r e s u l t  p r a c t i c a l  mixers  
c o n t r o  I s i n c l u d e  ba lanc ing  c o n t r o l s ,  such  as v a r i a b l e  

r e s i s t o r s  o r  c a p a c i t o r s .  These c o n t r o l s  a re  used t o  
compensate f o r  c i r c u i t  unbalance by a d j u s t i n g  t h e  
r e l a t i v e  LO l eve l  g e t t i n g  i n t o  t h e  mixer  d i o d e s .  
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The mixer c o n f i g u r a t i o n  g e t s  more complicated when 
one g e t s  t o  double-balanced mixers .  Though t h e r e  
are many v a r i a t i o n s ,  t h o s e  can a l l  be  c l a s s i f i e d  

two-d i ode i n t o  one of two b a s i c  sys tems.  These are t h e  two- 
and diode o r  series-balancsd system and t h e  fouy-diode 
f o u r - d i o d e  o r  ring-modulator systemA. F i g .  5-5 and 5-6 
m i x e r s  i l l u s t r a t e  t h e s e  b a s i c  systems.  The b a l a n c i n g  e f f e c t  

i s  b e s t  i l l u s t r a t e d  w i t h  r e f e r e n c e  t o  t h e  e q u i v a l e n t  
c i r c u i t s  of F i g s .  5-7 and 5-8. I n  t h e  two-diode 
modulator  w e  have LO-RF and LO-IF i s o l a t i o n ,  w h i l e  
t h e  RF s i g n a l  w i l l  a p p e a r  a t  t h e  IF-output t e r m i n a l .  
I n  t h e  e q u i v a l e n t  c i r c u i t  of F i g .  5-7 w e  have t h e  
RF s i g n a l  s p l i t  i n t o  two e q u a l  components ( e s ) .  
With t h e  mixer-diode p o l a r i t y  as  shown, t h e  RF i n p u t  
appea r s  ful l -wave r e c t i f i e d  a t  t h e  I F  o u t p u t ,  and 
t h e r e  i s  no IF-RF i s o l a t i o n .  

C o n t r a s t  t h i s  w i t h  t h e  case i n  F i g .  5-4, where t h e  
LO i s  i n j e c t e d  i n  t h e  same manner as t h e  s i g n a l  i n  
F i g .  5-5 and i s o l a t i o n  i s  ob ta ined  by i n v e r t i n g  t h e  
p o l a r i t y  of one of t h e  d i o d e s .  With l o c a l -  
o s c i l l a t o r  p o l a r i t y  as shown, <, and iz, e q u a l  
ampl i tude  and o p p o s i t e  s e n s e ,  f low i n t o  a common 
j u n c t i o n  and c a n c e l .  No l o c a l - o s c i l l a t o r  c u r r e n t  
f lows  du r ing  t h e  o t h e r  h a l f  c y c l e .  When bo th  l o c a l  
o s c i l l a t o r  and RF s i g n a l  are p r e s e n t  a t  t h e  same 
t i m e ,  t h e  d iode  b a l a n c e  i s  d i s t u r b e d  and c u r r e n t s  
a t  combination f r e q u e n c i e s  appear  a t  t h e  o u t p u t .  

L e t  u s  now c o n s i d e r  t h e  most compl ica ted  case, 
namely t h e  four -d iode  mixer .  Here, u n l i k e  t h e  two- 
d iode  c a s e ,  c u r r e n t  f l ows  i n  t h e  pr imary of T 2  d u r i n g  
bo th  h a l f  c y c l e s  of l o c a l - o s c i l l a t o r  i n p u t .  

During one h a l f  c y c l e ,  c u r r e n t  f l ows  toward t h e  c e n t e r  
t a p  (<I and i2), and d u r i n g  t h e  second h a l f  c y c l e ,  
c u r r e n t  f lows  away from t h e  c e n t e r  t a p  (i3 and <4). 
C a n c e l l a t i o n  o c c u r s  d u r i n g  each h a l f  c y c l e  i n  t h e  same 
manner as f o r  t h e  two-diode mixer .  One advantage  of 

s i g n a l  and t h e  four -d iode  mixer i s  t h a t  t h e  s i g n a l  and a l l  i t s  
harmon ics  harmonics d i s a p p e a r  from t h e  I F  o u t p u t  ( e l F ) .  T h i s  
d i sappear can b e  surmised from t h e  e q u i v a l e n t  c i r c u i t  (F ig .  5-8), 

where i t  w i l l  be  observed t h a t  i f  t h e  d i o d e s  a re  
assumed t o  have n e g l i g i b l e  forward r e s i s t a n c e ,  a l l  of 
t h e  c u r r e n t  due t o  es w i l l  f l ow through t h e  d i o d e s  
and none through t h e  l o a d  r e s i s t o r s ,  R. 

'kSome c l a s s i f i c a t i o n s  c o n s i d e r  t h e  two-diode mixer 
s i n g l y  ba lanced  s i n c e ,  l i k e  t h e  mixer of F ig .  5-4 ,  
t h e r e  i s  no RF-to-IF i s o l a t i o n .  The c h o i c e  of 
c l a s s i f i c a t i o n  i n  t h i s  volume is  a r b i t r a r y .  
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Fig. 5-5.  Double-balanced two-diode mixer. 
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Fig. 5-6 .  Double-balanced four-diode 
(ring-modulator) mixer. 
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Fig. 5-7. Two-diode balanced-mixer 

equivalent circuit. 
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Fig. 5-8. Four-diode balanced-mixer 

equivalent circuit. 



Besides the physical arguments presented above, one 
can obtain a complete mathematical solution by 
combining the standard mesh equations of Kirchhoff's 
laws with the series representation of the diode 
V-i characteristic given by Equation 2 in diode 
characteristics section of Chapter 2. 

Table 5-1 gives a comparison of the IF output 
frequencies, up to the fifth harmonic, for the two- 
diode and four-diode systems. 

Table 5-1.  Mixer-output products. 
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The advantages  of t h e  four-diode system over  t h e  
two-diode system i n  s u p p r e s s i n g  undes i r ed  modulat ion 
p roduc t s  i s  obvious from an examinat ion  of  Table  5-1. 
It  should  b e  no ted  t h a t  b o t h  t h e  two-diode and four -  
d iode  mixer t o  n o t  s u p p r e s s  t h e  odd-order p r o d u c t s  
( e . g . ,  f ~ o  t 3 f ’ ~ ~ ) .  This  means t h a t  b o t h  types  of 
mixer, i f  d r i v e n  s u f f i c i e n t l y  h a r d  by two RF s i g n a l s ,  
w i l l  produce odd-order i n t e r m o d u l a t i o n  p r o d u c t s .  

i n t e r -  
modu I a t  i on 
p rod u c t  s 

A s  w i t h  t h e  s ing le -ba lanced  mixer, an  a c t u a l  double- 
ba lanced  mixer  would c o n t a i n  b a l a n c e  a d j u s t m e n t s  
s i n c e  i t  i s  imposs ib l e  (uneconomical) t o  p e r f e c t l y  
match t h e  mixer  components. Fur thermore ,  a n  a c t u a l  
mixer might  c o n t a i n  matching r e s i s t o r s ,  o r  
t r a n s m i s s i o n - l i n e  t r a n s f o r m e r s  f o r  broadband coup l ing ,  
o r  two sets of b a l a n c e  c o n t r o l s  -- one f o r  ampl i tude  
and one f o r  phase ;  o r  some o t h e r  v a r i a t i o n s .  The 
impor t an t  t h i n g ,  i n  t r y i n g  t o  unde r s t and  how i t  
works,  i s  t o  separate t h e  e s s e n t i a l  components common 
t o  a l l  mixers  from t h e  s p e c i a l i z e d  a d d i t i o n s  t h a t  
g i v e  a mixer i t s  i n d i v i d u a l  c h a r a c t e r .  Th i s  i s  
i l l u s t r a t e d  by F i g .  5-9, where T i s  a t r ansmiss ion -  
l i n e  t r a n s f o r m e r ,  R1 is  a matching r e s i s t o r ,  R2 i s  
an  ampl i tude  b a l a n c e ,  and C1 and C 2  a f f e c t  b o t h  
ampl i tude  and phase.  I n  s p i t e  of t h e s e  v a r i a t i o n s  
t h i s  i s  a s ing le -ba lanced  mixer  as i s  t h a t  appea r ing  
i n  F ig .  5-4.  F i g .  5-10 i s  a photograph of such a 
mixer .  

N 

Fig. 5-9. Single-balanced mixer with 
balance controls. 

RF 
I F  

Fig. 5-10. Single-balanced mixer. 
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The performance parameters  of ba lanced  mixers v a r y  
depending on mixer d e s i g n :  

A) Frequency Response -- Balanced mixers  a re  
i n h e r e n t l y  narrower band d e v i c e s  than  s i n g l e -  
ended u n i t s .  The l i m i t i n g  f a c t o r  i s  u s u a l l y  
t h e  balanced-coupl ing s t r u c t u r e .  Typ ica l  
RF-input f requency  r anges  would be  1-to-1000 MHz,  
2-to-5 GHz, 12.4-to-14.4 G H z ,  e tc .  

B) Conversion Loss -- A s  w i t h  s ingle-ended mixers, 
b e s t  convers ion  e f f i c i e n c y  i s  ob ta ined  when t h e  
mixer i s  opt imized  f o r  a narrow f requency  range .  
T y p i c a l  conve r s ion - los s  numbers are 3-to-10 dB, 
w i t h  most commercially a v a i l a b l e  mixers i n  t h e  
5-to-8-dB area. 

C) Noise -- The n o i s e  c o n t r i b u t i o n  of the d i o d e s  
h a s  always been q u i t e  low, and w i t h  t h e  r e c e n t  
i n t r o d u c t i o n  of t h e  Schot tky  b a r r i e r  d i o d e ,  
d i o d e  n o i s e  h a s  become n e g l i g i b l e .  

Bes ides  d iode  n o i s e  one must a l s o  c o n s i d e r  
l o c a l - o s c i l l a t o r  n o i s e .  Here t h e  ba lanced  mixer 
h a s  an  advantage  ove r  t h e  s ingle-ended u n i t .  
Consider ,  f o r  example, a t y p i c a l  case: LO 
f requency  = 1 G H z ,  I F  f requency  = 100 MHz, 
LO power = 10 mW: The n o i s e  power from a n o i s y  
o s c i l l a t o r ,  i n t e g r a t e d  ove r  t h e  I F  bandwidth 
i s  100 dB below t h e  car r ie r  power a t  100 MHz 
from t h e  carr ier .  T h i s  means t h a t  b e s i d e s  
f eed ing  a 10-mW 1-GHz s i g n a l  i n t o  t h e  LO 
t e r m i n a l  w e  a re ,  among o t h e r  t h i n g s ,  a l s o  
f e e d i n g  two -90 dBm s i g n a l s  a t  0 .9  GHz and 1.1 
GHz i n t o  t h e  LO t e r m i n a l .  I n  an unbalanced 
mixer t h e s e  n o i s e  s i g n a l s  combine w i t h  t h e  1-GHz  
LO t o  produce a 100-MHz IF o u t p u t .  Obviously 
t h e  s e n s i t i v i t y  of t h e  system h a s  been degraded.  
I n  a mixer having  LO-IF i s o l a t i o n  t h i s  k ind  of 
conve r s ion  cannot  t a k e  p l a c e ,  and t h e  n o i s e  
performance of t h e  sys tem is  improved. 
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D) Impedance Match -- S i n c e  ba lanced  mixe r s  u s u a l l y  
o p e r a t e  over  narrower f requency  r anges  t h a n  
s ingle-ended u n i t s ,  t hey  t end  t o  have a b e t t e r  
impedance match. There are ,  however, 
a p p l i c a t i o n s  where a good VSWR i s  of such 
importance as t o  r e q u i r e  t h e  a d d i t i o n  of 
r e s i s t i ve  a t t e n u a t o r s  f o r  matching purposes .  

Spurious Responses -- Balanced mixers  g e n e r a t e  
fewer undes i r ed  o u t p u t s  t han  t h e  s ingle-ended 
c o n f i g u r a t i o n ,  as i l l u s t r a t e d  i n  Table  5-1. 
The major improvement i s  i n  t h e  s u p p r e s s i o n  of 
IF-f eedthrough s i g n a l .  However, t h e  image 
remains.  Techniques f o r  c o n s t r u c t i n g  
imageless-mixers w i l l  b e  d i s c u s s e d  i n  a l a t e r  
sec t  i o n .  

HARMONIC MIXERS 

A mixer  which i s  opt imized  t o  produce an I F  o u t p u t  
by combining a harmonic of t h e  l o c a l - o s c i l l a t o r  
d r i v e  w i t h  t h e  RF i n p u t  i s  c a l l e d  a harmonic mixer.  
I n  mathemat ica l  terminology w e  are working w i t h :  

Where N i s  an  i n t e g e r  ~ R F  ’  LO =   IF j 
+ f = f I F  greater than  1. ‘LO - RF 

E s s e n t i a l l y  w e  a re  u t i l i z i n g  some of our  s p u r i o u s  
r e sponses  f o r  a u s e f u l  purpose.  O f  c o u r s e ,  w e  no 
longe r  c o n s i d e r  t h e s e  o u t p u t s  s p u r i o u s .  Harmonic 
mixers  are  f r e q u e n t l y  used f o r  f requency-range 
e x t e n s i o n .  Opera t ion  up t o  t h e  t e n t h  LO harmonic 
i s  n o t  uncommon. 

I t  i s  e v i d e n t  from Table  5-1 t h a t  most ba lanced  
s i n g l e -  c o n f i g u r a t i o n s  make f o r  poor harmonic mixe r s .  We 
ended s h a l l ,  t h e r e f o r e ,  c o n c e n t r a t e  on a d i s c u s s i o n  of 
f o r  
harmon i c s  o s c i l l a t o r  harmonics.  

s ingle-ended mixers  when ope ra t ed  a t  l o c a l -  
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Fig. 5-11. Conversion l o s s  vs local- 
oscillator drive. 

The convers ion  loss of a s ing le -d iode  mixer  
o p e r a t i n g  a t  LO fundamental  d e c r e a s e s  a s y m p t o t i c a l l y  
w i t h  i n c r e a s i n g  l o c a l - o s c i l l a t o r  d r i v e .  From 
Fig .  5-11 i t  appea r s  t h a t  ae should  b e  g r e a t e r  t han  
about  3. The upper l i m i t  i s  e s t a b l i s h e d  around ae = 
10 ,  s i n c e  h i g h e r  d r i v e  levels increase d iode  n o i s e  
and reduce  d iode  r e l i a b i l i t y .  The s i g n i f i c a n c e  of 
t h e  d iode  c h a r a c t e r i s t i c ,  a ,  i s  d i s c u s s e d  i n  
Chapter  2 .  

Harmonic mixe r s  a re  u s u a l l y  o p e r a t e d  on t h e  same 
LO-drive levels as fundamental  mixe r s .  The b a s i c  
d i f f e r e n c e  between t h e  two i s  i n  t h e  r e c t i f i e d  
c r y s t a l - c u r r e n t  s e t t i n g .  Fundamental mixe r s  work 
b e s t  a t  f u l l  c r y s t a l  c u r r e n t ,  t h a t  i s  w i t h  no d iode  
back b i a s .  Harmonic mixe r s ,  on t h e  o t h e r  hand, have 
b e s t  e f f i c i e n c y  when c r y s t a l  c u r r e n t  i s  reduced by 
back b i a s .  The r eason  f o r  t h i s  can b e  surmised 
from t h e  b a s i c  d iode  e q u a t i o n s  p r e s e n t e d  i n  Chapter 2 .  
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The h i g h e r  t h e  LO harmonic a t  which mixing i s  d e s i r e d  
t h e  h i g h e r  t h e  deg ree  of t h e  n o n l i n e a r i t y  c o e f f i c i e n t  
(au where N = harmonic number) t h a t  h a s  t o  b e  

d i f f e r e n t  q u i e s c e n t  o p e r a t i n g  p o i n t .  

h i g h  a' for  
h i g h  LO 
harmon ic  op t imized ,  and each of t h e s e  g e t s  op t imized  a t  a 

Another way of l ook ing  a t  i t  i s  t h i s .  
w e  need an  e f f i c i e n t  mixer ,  b u t  w e  a l s o  need an  
e f f i c i e n t  harmonic g e n e r a t o r  t o  g e n e r a t e  LO harmonics 
which w i l l  t hen  b e  mixed w i t h  t h e  incoming RF s i g n a l .  
Unl ike  t h e  b a s i c  mixing p r o c e s s  where conve r s ion  
e f f i c i e n c y  i s  r easonab ly  independent  of LO power 

harmon i cs  over  broad power r a n g e s ,  harmonic-generat ion 
v e r s u s  e f f i c i e n c y  i s  h i g h l y  dependent on c r y s t a l  c u r r e n t  
c r y s t a  I which i s  i n  t u r n  dependent on LO power. 
c u r r e n t  i s  t h a t  i t  is  d i f f i c u l t  t o  m a i n t a i n  optimum 

harmonic-conversion e f f i c i e n c y  w i t h  LO-power 
v a r i a t i o n s  w i t h o u t  r e a d j u s t i n g  t h e  c r y s t a l  c u r r e n t .  
There are two ways o u t .  One i s  t o  m a i n t a i n  
c o n s t a n t  LO power, t h e  o t h e r  i s  t o  p r o v i d e  a means 
f o r  r e o p t i m i z i n g  t h e  mixer  as needed. The mixer 
op t imiz ing  t echn ique  i s  c a l l e d  mixer peak ing .  It  
c o n s i s t s  of a means f o r  c o n t r o l l i n g  t h e  r e c t i f i e d  
c r y s t a l  c u r r e n t ,  
R i n  F ig .  5-2 o r  some o t h e r  method. 

Not on ly  do 

The r e s u l t  

Th i s  can be a r e s i s t o r  such  as 

m i  xer 
p e a k i n g  

Harmonic mixing e f f i c i e n c y  i s  always poore r  t han  t h a t  
f o r  fundamental  mix ing ,  Average i n c r e a s e  i n  loss i s  
about  3 dB p e r  harmonic w i t h  mixer peaking opt imized .  
Thus, a mixer o p e r a t i n g  on t h e  1 0 t h  harmonic of t h e  
l o c a l  o s c i l l a t o r  would have about  30 dB more 
convers ion  loss t h a n  t h e  same mixer working on 
fundamental .  
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Fig. 5-12. Imageless-mixer block diagram. 

MISCELLANEOUS MIXERS 

Among t h e  v a r i o u s  c a t e g o r i e s  of mixers  t h a t  might 
b e  encountered  i n  spectrum a n a l y z e r s  are:  Imageless  
mixe r s ,  waveguide mixe r s ,  high-output-frequency 
mixe r s ,  swi t ch ing  mixe r s ,  mixe r s  t h a t  u s e  d i p l e x e r s ,  
and nondiode mixers .  
t u r n .  

We s h a l l  c o n s i d e r  t h e s e  i n  

A) Imageless Mixers -- One of t h e  major s p u r i o u s  
r e sponses  i n  a superhe terodyne  receiver o r  
spectrum a n a l y z e r  i s  t h e  image. The image i s  
v e r y  t roublesome s i n c e  t h e  mixer-output  l e v e l  
i s  a t t e n u a t e d  v e r y  l i t t l e ,  i f  a t  a l l ,  w i t h  
r e s p e c t  t o  t h e  d e s i r e d  s i g n a l .  The image can ,  
however, b e  e l i m i n a t e d  by t h e  two-mixer and 
p h a s e - s h i f t e r  arrangement  shown i n  F i g .  5-12. 
The system i s  based on t h e  f requency  
r e l a t i o n s h i p  between t h e  d e s i r e d  I F  o u t p u t  and 
t h e  image: Assume t h a t  t h e  d e s i r e d  o u t p u t  i s  
f'1~ = E cos  (WLO - WRF); t hen  t h e  image $IF = 
E cos (WRF - WLO). I n  each conve r s ion  t h e  
f requency  and r e l a t i v e  phase in fo rma t ion  of 
t h e  s i g n a l  (WRF) i s  p rese rved .  Thus,  f o r  mixer 
number 2 r e l a t i v e  t o  mixer  number 1, t h e  d e s i r e d  
s i g n a l  i s  s h i f t e d  by -90" w h i l e  t h e  image i s  
s h i f t e d  by +go". 
by -90" w i t h  r e s p e c t  t o  mixer 2 .  

Mixer 1 o u t p u t  i s  now s h i f t e d  
The i n p u t  t o  



115 
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conversion 
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h i ghe r  
f requency 

t h e  summation network c o n s i s t s  of b o t h  s i g n a l  
and image a t  -90" from mixer 1, and s i g n a l  a t  
-90" and image a t  +90" from mixer  2.  The 
summing network adds t h e  two s i g n a l s  which are 
in-phase (bo th  a t  -go" ) ,  and c a n c e l s  t h e  image 
components which are 180" o u t  of phase .  

There are  several v a r i a t i o n s  on t h i s  b a s i c  
system; f o r  example, one u s e s  p h a s e - s h i f t  
networks i n  t h e  l o c a l - o s c i l l a t o r  l i n e .  The 
b a s i c  performance parameters are ,  however, t h e  
same. 
used i s  t h e  d i f f i c u l t y  of o b t a i n i n g  good 
b a l a n c e .  The image c a n c e l l a t i o n  i s  h i g h l y  
s e n s i t i v e  t o  bo th  ampl i tude  and phase 
d i f f e r e n c e s  between t h e  two channe l s .  A s  a 
r e s u l t  such mixers  are used over  r e l a t i v e l y  
narrow f requency  r a n g e s ,  and where an  image 
c a n c e l l a t i o n  of about  40 dB i s  adequa te .  

The r eason  why such mixe r s  are seldom 

B) Waveguide Mixers -- I n  a waveguide mixer t h e  
s i g n a l  and /o r  t h e  l o c a l - o s c i l l a t o r  energy i s  
propagated  i n  waveguide. 
t heo ry  and v a r i e t i e s  of mixer c o n f i g u r a t i o n  a l l  
app ly  t o  waveguide mixe r s .  
between waveguide mixers  and o t h e r  mixers  are 
i n  c o n s t r u c t i o n  t echn ique  -- d i c t a t e d  by t h e  u s e  
of waveguide, and t h e  p e c u l i a r i t i e s  due t o  a 
h i g h  o p e r a t i n g  f requency  since waveguide i s  
seldom used a t  l o w  f r e q u e n c i e s  (waveguide i s  
u s u a l l y  used above 1 2 . 4  G H z ) .  

The b a s i c  mixer  

The major  d i f f e r e n c e s  

High-frequency o p e r a t i o n  r e q u i r e s  an  i n c r e a s e d  
use  of harmonic mixe r s  w i t h  an  a t t e n d a n t  d e c r e a s e  
i n  s e n s i t i v i t y .  Furthermore,  t h e  c r y s t a l  d i o d e s  
a v a i l a b l e  a t  t h e s e  f r e q u e n c i e s  are less  
e f f i c i e n t  t han  t h e i r  low-frequency c o u n t e r p a r t s .  
The r e s u l t  i s  t h a t  waveguide  mixers  u s u a l l y  have 
h i g h e r  conve r s ion  l o s s  t h a n  c o a x i a l  u n i t s .  I t  
should be kept  i n  mind t h a t  t h i s  d i f ference  i s  
not  due t o  the use o f  waveguide or corn, but 
rather  t o  the  d i f ference  i n  operating frequency. 
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Fig. 5-13. Waveguide-mixer construct ion.  

A s  w i t h  o t h e r  t y p e s ,  t h e r e  are many ways of 
c o n s t r u c t i n g  waveguide mixers. F ig .  5-13 
shows a b a s i c  waveguide-mixer c o n s t r u c t i o n  
technique .  The d i o d e  i s  connected a c r o s s  t h e  
narrow dimension of t h e  waveguide ( b ) .  Local- 
o s c i l l a t o r  s i g n a l  i s  i n j e c t e d  through a coup l ing  
loop  w h i l e  t h e  I F  o u t p u t  i s  f i l t e r e d  o u t  by 
adding a s m a l l  c a p a c i t o r  t o  ground. The RF 
s i g n a l  p ropaga te s  down t h e  waveguide, and i s  
prevented  from r a d i a t i n g  o u t  by having  t h e  mixer 
c l o s e d  a t  t h e  o p p o s i t e  end. 
i s  p o s i t i o n e d  approximate ly  a q u a r t e r  gu ide  
wavelength from t h e  d i o d e  s o  t h a t  i t  r e f l e c t s  
a h i g h  impedance a t  t h e  p l a n e  where t h e  d iode  
i s  s i t u a t e d .  Obviously t h i s  i s  n o t  a broadband 
mixe r ,  s i n c e  t h e  s h o r t  w i l l  r e f l e c t  an  
i n c r e a s i n g l y  lower impedance as t h e  d i s t a n c e  

k Other  4 between s h o r t  and d i o d e  d e p a r t s  from 

v a r i a t i o n s  u s e  t a p e r s ,  s t e p s ,  o r  o t h e r  means 
f o r  improving t h e  broadband p r o p e r t i e s  of t h e  
mixer .  F ig .  5-14 i s  a photograph of a waveguide 
mixer .  
i n  a c o a x i a l  s t r u c t u r e .  The c e n t e r  conductor  
of t h i s  coax c o n t i n u e s  on a c r o s s  t h e  waveguide 
and connec t s  t o  t h e  o u t p u t  f i l t e r .  Local- 
o s c i l l a t o r  power i s  i n j e c t e d  through t h e  IF- 
o u t p u t  t e r m i n a l  by means of a d i p l e x e r .  

The s h o r t i n g  w a l l  

Here t h e  d i o d e  s i ts  o u t s i d e  t h e  waveguide 

Fig. 5-14. Waveguide mixer. Courtesy of 
Sage Laboratories. 
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C )  H;gh-Output-Frequency f i x e r s  -- When one speaks  
of mixers t h e r e  i s  t h e  t a c i t  assumption t h a t  t h e  
IF-output  f requency i s  lower than  t h e  RF and/or  LO 

d i f f e r e n t  f requency ,  T h i s  i s  n o t  always t h e  case. There are 
approach f o r  s i t u a t i o n s  where,  t o  improve image s e p a r a t i o n  o r  f o r  
h i g h - I F -  o t h e r  reasons,  a h i g h  I F  f requency i s  used.  This  
f r equency  c r e a t e s  s ignal  s e p a r a t i o n  problems, s i n c e  t h e  
m i x e r s  s t a n d a r d  t echn ique  of u s i n g  low-pass f i l t e r s  i n  t h e  

I F  l i n e  can no l o n g e r  b e  used. A s  a r e s u l t  most 
high-IF-frequency mixers  ( I F  f requency  i n  t h e  GHz 
r eg ion )  use one o r  more of t h e  fo l lowing :  d i r e c t i o n a l  
c o u p l e r s ,  d i r e c t i o n a l  f i l t e r ,  d i p l e x e r s ,  high-Q 
bandpass o r  bands top  f i l t e r s  

c o n s e r v i n g  
I F  power 

A t y p i c a l  c o n f i g u r a t i o n  i l l u s t r a t i n g  t h e  
problems of high-IF-frequency mixers  i s  shown 
i n  F i g .  5-15. The d i r e c t i o n a l  c o u p l e r  coup les  
a t  l o c a l - o s c i l l a t o r  f requency  ( e . g . ,  2-to-4 GHz) 
b u t  n o t  a t  I F  f requency  ( e . g . ,  1 GHz) .  The 
o u t p u t  t a n k  c i r c u i t  i s  r e s o n a n t  a t  I F  f requency ,  
s o  most of t h e  conver ted  energy a t  I F  f requency  
i s  coupled through t h i s  low-loss c i r c u i t  t o  t h e  
I F  o u t p u t .  The band- re j ec t  f i l t e r  a t  t h e  RF 
i n p u t  serves two purposes .  F i r s t ,  i t  r educes  
t h e  IF-feedthrough s p u r i o u s  r e sponse .  Second, 
any I F  f requency  s i g n a l  t h a t  t r a v e l s  down t h e  
t r a n s m i s s i o n  l i n e  toward t h e  RF i n p u t  g e t s  
r e f l e c t e d  back toward t h e  I F  o u t p u t  s o  t h a t  
conve r s ion  e f f i c i e n c y  i s  improved. When t h e  
l o c a l - o s c i l l a t o r  f requency  r ange  i s  w i t h i n  t h e  
RF-input f requency  range  i t  i s  n e c e s s a r y  t o  
p reven t  loss i n  s e n s i t i v i t y  by t h e  RF s i g n a l  
coup l ing  i n t o  t h e  d i r e c t i o n a l - c o u p l e r  t e r m i n a t i o n .  

TERN I NAT I ON 
LO INPUT 

1 
i F  

OUTPUT 

RF INPUT - 
~ _ \ T A N K  - C I R C U I T  + - AT I F  FREQUENCY 

TO 
CRYSTAL 
CURRENT 
CONTRCL 

Fig. 5-15. High-IF-frequency mixer. 
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f requency 
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This  i s  u s u a l l y  accomplished by u s i n g  a high- 
coup l ing - fac to r  ( e . g . ,  10 dB) d i r e c t i o n a l  c o u p l e r .  
T h i s  n e c e s s i t a t e s  t h e  u s e  of a higher-power 
l o c a l  o s c i l l a t o r  s i n c e  a smaller p o r t i o n  of LO 
power g e t s  t o  t h e  d iode .  

Swi t ch ing  Mixers -- A s  i n d i c a t e d  i n  Chapter  2 ,  
i t  i s  t h e o r e t i c a l l y  p o s s i b l e  t o  c o n s t r u c t  a 
l o s s l e s s  mixer by t h e  u s e  of p e r f e c t  s w i t c h e s .  
Of c o u r s e ,  t h e r e  i s  no such t h i n g  as a p e r f e c t  
swi t ch .  N o  d iode  h a s  i n f i n i t e  back r e s i s t a n c e  
o r  z e r o  forward r e s i s t a n c e .  A c t u a l l y  t h e  back 
r e s i s t a n c e  of most mixer d iodes  i s  s u f f i c i e n t l y  
h i g h  t o  b e  of minor concern;  i t  i s  t h e  forward 
r e s i s t a n c e  t h a t  causes  most of t h e  l o s s e s .  
Recen t ly ,  w i t h  t h e  i n t r o d u c t i o n  of t h e  low R, 
(about  10 R) Schot tky  b a r r i e r  d i o d e ,  i t  h a s  
become p o s s i b l e  t o  c o n s t r u c t  t r u e  swi tch ing-  
mode mixe r s .  

Obviously,  i f  t h e  mixer  d iode  behaves as a 
p e r f e c t  swi t ch ,  t h e r e  can b e  no l o s s e s  i n  t h e  
d iode .  Thus, mixer l o s s e s  can come about  from 
t h e  fo l lowing  s o u r c e s  o n l y :  1) Loss  of RF s i g n a l  
i n  t h e  RF-to-diode coup l ing  s t r u c t u r e  o r  RF 
s i g n a l  g e t t i n g  i n t o  t h e  I F  and LO t e r m i n a l s ,  
2 )  Loss  of I F  s i g n a l  i n  t h e  IF-out-to-diode 
t e r m i n a l  o r  I F  s i g n a l  g e t t i n g  i n t o  t h e  RF and 
LO t e r m i n a l s ,  3) Loss  of conver ted  s i g n a l  i n  
t h e  image o r  o t h e r  s p u r i o u s  r e s p o n s e s .  

To g e t  a good approximation t o  a s w i t c h  i t  i s  
necessa ry  t o  u s e  a low-forward-resis tance d iode  
t h a t  i s  swi tched  by h i g h  l o c a l - o s c i l l a t o r  power 
( e . g . ,  50 mW). Thus, t h e  r equ i r emen t s  f o r  a good 
swi t ch  have no e f f e c t  on t h e  b a s i c  s t r u c t u r e  of 
t h e  mixer ,  The c i r c u i t  l o s s e s ,  however, can 
on ly  b e  reduced by j u d i c i o u s  d e s i g n  procedure  
as demonstrated i n  F i g .  5-14. The f i r s t  t h i n g  
t o  r ecogn ize  i s  t h a t  t h i s  i s  a narrowband mixer .  
The RF, LO, I F ,  and image f r e q u e n c i e s  are  a l l  
f i x e d .  Th i s  p e r m i t s  t h e  u s e  of high-Q low-loss 
c i r c u i t s .  The high-Q RF and I F  f i l t e r s  p reven t  
conver ted  s i g n a l s  from going anywhere except t o  
t h e  I F  o u t p u t ,  The image-frequency t r a p  i s  
a d j u s t e d  t o  r e f l e c t  t h e  image-frequency energy 
back i n t o  t h e  d iode  a t  a n  a p p r o p r i a t e  phase 
a n g l e  t o  r e c o n v e r t  ( o r  remix) i t  t o  I F  f requency ,  
The phase p r o p e r t i e s  of t h e  image-frequency t r a p  
a re  v e r y  c r i t i c a l ,  s o  t h e  c i r c u i t  u s u a l l y  h a s  
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Fig. 5- 6. Switching mixer. 

t o  b e  a d j u s t a b l e .  The d e s i r e d  s i g n a l  i s  
f i l t e r e d  by t h e  se r ies  LC c i r c u i t  and d e l i v e r e d  
t o  t h e  I F  a m p l i f i e r .  T h i s  t y p e  of mixer when 
p r o p e r l y  c o n s t r u c t e d  can have a conve r s ion  loss 
of l ess  than  2 dB i n t o  a n  I F  i n  t h e  GHz r e g i o n .  

Mixers Containing DipZexers -- A s  p r e v i o u s l y  
i n d i c a t e d ,  t h e  d i p l e x e r  can b e  used f o r  LO-IF 
s e p a r a t i o n  i n  a mixer .  The main advantage  of 
t h i s  system i s  t h a t  t h e  mixing element  ( e . g . ,  
c r y s t a l  d iode)  can  b e  s e p a r a t e d  from t h e  main 
body of t h e  i n s t r u m e n t ,  I n t e r c o n n e c t i o n  r e q u i r e s  
a s i n g l e  t r a n s m i s s i o n  l i n e .  Th i s  p e r m i t s  ea sy  
i n t e r c h a n g e  of mixing e l emen t s ,  and makes f o r  
a convenient  p h y s i c a l  c o n f i g u r a t i o n .  

The c r y s t a l - d i o d e  mixing element  i s  housed i n  
a h o l d e r ,  u s u a l l y  c o a x i a l  o r  waveguide. The 
RF-input s i d e  c o n t a i n s  a broadband c r y s t a l -  
c u r r e n t  r e t u r n  such  as a choke o r  res i s t ive  
a t t e n u a t o r .  The o t h e r  s i d e  of t h e  d iode  h o l d e r  
i s  a r e l a t i v e l y  broadband s t r u c t u r e  t h a t  w i l l  
p a s s  b o t h  t h e  I F  f requency  and LO f r e q u e n c i e s .  
S i g n a l - f i l t e r i n g ,  and mixer-peaking c o n t r o l  i s  
taken  care of by t h e  d i p l e x e r .  The complete  
mixer i s  shown i n  F i g .  5-17. 

Fig. 5-17 .  Mixer using diplexer.  
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Fig .  5-18. Transistor mixer. 

F) iVondiode Mixers -- A l l  of t h e  mixers  d i s c u s s e d  
so  f a r  u s e  a c r y s t a l  d i o d e  as t h e  mixing 
e lement ,  because  t h e  c r y s t a l - d i o d e  mixer i s  
used i n  a g r e a t  m a j o r i t y  of spectrum-analyzer 

active-element a p p l i c a t i o n s .  It should ,  however, b e  recognized  
t h a t  o t h e r  t y p e s  of mixing e lements  can  b e  used.  m i xer 
T h i s  would i n c l u d e  bo th  vacuum t u b e s  and p r o v  i des 

g a i n  t r a n s i s t o r s .  The advantage  of u s i n g  a n  a c t i v e -  
mixer element i s  t h a t  w e  can  a l s o  g e t  g a i n  a long  
w i t h  t h e  mixing. Thus, i n  a t r a n s i s t o r  mixer 
w e  g e t  a conve r s ion  g a i n  as opposed t o  a 
conve r s ion  loss. Fig .  5-18 shows a t y p i c a l  
t r a n s i s t o r  mixer .  The o u t p u t  t a n k  c i r c u i t  i s  
tuned t o  I F  f r equency ,  t h u s  e l i m i n a t i n g  RF and 
LO from t h e  o u t p u t .  One can  t h i n k  of  t h i s  t y p e  
of mixer as  a d i o d e  mixer i n  t h e  base-emi t te r  
j u n c t i o n  combined w i t h  a t r a n s i s t o r  a m p l i f i e r .  

REFERENCES; see page 1 7 1 .  

Mixers -- B-8 ,  B-9,  B-11 
Balanced Mixers -- C-7 Chapter  5 ,  pp98-106 
Harmonic Mixers -- C - 1 2  
Imageless  Mixers -- C-13 
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OSCILLATORS 

A l l  f r e q u e n c y - t r a n s l a t i n g  spec t rum a n a l y z e r s  c o n t a i n  
a t  l eas t  one o s c i l l a t o r ;  some c o n t a i n  f i v e  o r  more. 
O s c i l l a t o r s  f a l l  i n  many c a t e g o r i e s  -- t u n a b l e  o r  
f i x e d ,  microwave o r  low f r equency ,  c r y s t a l  c o n t r o l l e d  
o r  phase locked  o r  f r e e  running ,  e l e c t r o n i c a l l y  s w e p t  
o r  mechanica l ly  tuned ,  e l e c t r o n  t u b e  o r  t r a n s i s t o r  o r  

A l l  o s c i l l a t o r s ,  r e g a r d l e s s  of t y p e ,  have c e r t a i n  
s p e c i f i a b l e  pa rame te r s ,  such as frequency r ange ,  
power o u t p u t ,  s t a b i l i t y ,  e tc .  i n  common. We s h a l l  
f i r s t  c o n s i d e r  t h e s e  common s p e c i f i a b l e  parameters, 
and then  go on t o  a d i s c u s s i o n  of s p e c i f i c  t ypes  of 
o s c i l l a t o r s .  

osci  I l a t o r  
c a t e g o r  i es BWO o r  ava lanche  d i o d e ,  and many o t h e r  c a t e g o r i e s .  

BASIC OSCILLATOR PARAMETERS 

The f i r s t  p o i n t  of i n t e r e s t ,  when d i s c u s s i n g  an  
o s c i l l a t o r ,  i s  u s u a l l y  t h e  f requency  of o p e r a t i o n .  
Th i s  t a k e s  t h e  form of a number such as 1 MHz o r  
3.5 GIlz. Sometimes t h e  o s c i l l a t o r  i s  t u n a b l e ;  t h e  

be  performed by e i t h e r  e l ec t r i ca l  and/or  mechanical  

opera t ing- f requency  r ange  which i s  c h a r a c t e r i z e d  by 
two numbers, such  as  3.5 GHz t o  4 GHz. When w e  speak  
of a 3.5-GHz o s c i l l a t o r  w e  do n o t  mean t h a t  t h e  
f requency  i s  p r e c i s e l y  3.5 GHz. What i s  meant i s  
t h a t  t h e  f requency  i s  3.5 GHz w i t h i n  c e r t a i n  l i m i t s .  
The accuracy  of t h e  f requency  s p e c i f i c a t i o n  i s  
u s u a l l y  g iven  as a pe rcen tage  of b a s i c  f r equency ,  
such as 3.5 GHz k 1% a t  25' C Itr 100 par t s -pe r -  
m i l l i o n /  O C. 

osci I I a t o r  o p e r a t i n g  f requency  can be  changed. T h i s  change can  
o p e r a t  i ng- 
f requency  means. When an o s c i l l a t o r  i s  tuned w e  speak of an  
range 
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o u t p u t  
measured 
i n  power 
o r  dBm 

50-f2 l o a d  

A f t e r  e s t a b l i s h i n g  t h e  b a s i c  f requency  parameters, 
t h e  n e x t  p o i n t  of i n t e r e s t  i s  u s u a l l y  power o u t p u t .  
A t  r e l a t i v e l y  low f r e q u e n c i e s  (kHz and low MHz) i t  
i s  n o t  unusua l  t o  speak  of v o l t a g e  r a t h e r  t h a n  power 
o u t p u t .  However, a t  microwave f r e q u e n c i e s  t h e  
d i s c u s s i o n  is  a lmost  i n v a r i a b l y  i n  terms of power, 
p r i m a r i l y  because  i t  i s  d i f f i c u l t  t o  measure 
v o l t a g e  and f a i r l y  easy  t o  measure power. Power i s  
s p e c i f i e d  i n  wat t s  o r  m i l l i w a t t s  and i n  dBm (dB 
r e l a t i v e  t o  one m i l l i w a t t ) ,  It i s  always understood 
t h a t  t h e  power i s  d e l i v e r e d  t o  a matched l o a d ,  and 
t h a t  u n l e s s  o t h e r w i s e  s p e c i f i e d  t h e  l o a d  i s  50 
A power-output s p e c i f i c a t i o n  might b e  20 mW ( o r  
+13 dBm). 

Once t h e  b a s i c  f requency  and o u t p u t  power 
s p e c i f i c a t i o n s  are e s t a b l i s h e d  i t  becomes n e c e s s a r y  
t o  i n q u i r e  i n t o  t h e  e f f e c t s  of v a r i o u s  o p e r a t i n g  

e n v i r o n m e n t a l  c o n d i t i o n s  such as v i b r a t i o n ,  t empera tu re ,  power- 
i n f l u e n c e s  supply  v o l t a g e s ,  e t c .  T h i s  l e a d s  t o  s p e c i f i c a t i o n s  

on i n c i d e n t a l  FM back la sh ,  d i s t o r t i o n ,  e tc .  

The fo l lowing  i s  a l i s t  of o s c i l l a t o r  terms and 
s p e c i f i c a t i o n s :  

backlash -- The o s c i l l a t o r  f requency  remains 
unchanged f o r  some tun ing  i n t e r v a l  b e f o r e  
r e v e r s i n g ,  when t h e  o s c i l l a t o r  t u n i n g  i s  
r e v e r s e d .  

d i s t o r t i o n ,  sinewave -- See sinewave d i s t o r t i o n .  

d r i f t  (frequency d r i f t ,  s t a b i l i t y )  -- See s t a b i l i t y .  

FM'ing -- See inc identa l  frequency modulation. 

frequency range -- That range  of f r e q u e n c i e s  over  
which a d e v i c e  meets i t s  s p e c i f i c a t i o n .  

frequency reversa l  -- The o s c i l l a t o r - f r e q u e n c y  
change r e v e r s e s  d i r e c t i o n ,  when t h e  o s c i l l a t o r  
t un ing  i s  con t inuous  i n  one d i r e c t i o n .  

frequency sk ipp ing  -- When t h e  o s c i l l a t o r  t un ing  
i s  smooth and con t inuous  and t h e  o s c i l l a t o r -  
f requency  change i s  i n  d i s c r e t e  s t e p s .  
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f r o n t  lash -- The o s c i l l a t o r - f r e q u e n c y  change 
c o n t i n u e s  i n  t h e  o r i g i n a l  d i r e c t i o n  f o r  some 
tun ing  i n t e r v a l  b e f o r e  r e v e r s i n g ,  when t h e  
o s c i l l a t o r  t un ing  i s  r e v e r s e d .  

i nc iden ta l  frequency modulation -- Short- term 
f requency  j i t t e r  o r  u n d e s i r e d  f requency  
d e v i a t i o n  caused by i n s t a b i l i t i e s  i n  t h e  
spectrum-analyzer  l o c a l  o s c i l l a t o r s .  

micro -- See microphonics. 

microphonics -- I n c i d e n t a l  f requency  modulat ion 
caused by mechanical  v i b r a t i o n  o r  shock.  

mode s h i f t  -- Change i n  an o s c i l l a t o r ' s  mode of 
o p e r a t i o n  u s u a l l y  i n d i c a t e d  by a f requency  
s k i p  o r  d i s c r e t e  ampl i tude  change. 

over-range -- That r ange  of o p e r a t i o n ,  beyond t h e  
f requency  r a n g e ,  f o r  which c e r t a i n  performance 
may be  d e s c r i b e d .  

sinewave d i s t o r t i o n  -- The measure of harmonic 
c o n t e n t  of t h e  o s c i l l a t o r  o u t p u t  waveform i n t o  
a s p e c i f i e d  t e r m i n a t i o n .  

spectral  p u r i t y  -- The measure of nonharmonic 
c o n t e n t  of t h e  o s c i l l a t o r  o u t p u t  waveform i n t o  
a s p e c i f i c  t e r m i n a t i o n .  

squegging o s c i l l a t o r  -- An o s c i l l a t o r  t h a t  i s  
s e l f - p u l s e d .  

s t a b i l i t y  -- P r o p e r t y  of r e t a i n i n g  d e f i n e d  
e l e c t r i c a l  c h a r a c t e r i s t i c s  f o r  a p r e s c r i b e d  
p e r i o d .  D e v i a t i o n s  from a s t a b l e  s t a t e  may 
be c a l l e d  d r i f t  o r  j i t t e r .  
sweep sys tems,  t r igger ing  s t a b i Z i t y  may r e f e r  
t o  t h e  a b i l i t y  of t h e  t r i g g e r  and sweep systems 
t o  m a i n t a i n  j i t t e r - f r e e  d i s p l a y  of high- 
f requency  waveforms f o r  long  p e r i o d s  of t i m e  
(seconds t o  h o u r s ) .  A l s o ,  t h e  name of t h e  
c o n t r o l  used on some i n s t r u m e n t s  t o  a d j u s t  t h e  
sweep f o r  t r i g g e r e d ,  f r ee - runn ing ,  o r  
synchronized  o p e r a t i o n .  

I n  t r i g g e r e d -  



1 2 4  

CRYSTAL OSCILLATORS 

s t a b l e  
o s c i  I l a t o r s  
requ i r e d  

c r y s t a  I 
r e p  I aces 
LC r e s o n a n t  
c i r c u i t  

* 2  = 
c1 + c 2  

L c1 c2 

s t a b  i I i t y  
r u l e  
o f  thumb: 
C2  = 3C1 

C r y s t a l  o s c i l l a t o r s  are used i n  spectrum-analyzer  
c i r c u i t s  as r e f e r e n c e  s o u r c e s  i n  phase-lock sys tems,  
and as f ixed- f requency  l o c a l  o s c i l l a t o r s  i n  t h e  
superhe terodyne  frequency-conversion c h a i n .  The 
o v e r a l l  s t a b i l i t y  of a spectrum a n a l y z e r  i s  determined 
by t h e  combined s t a b i l i t y  of t h e  l o c a l  o s c i l l a t o r s .  
This  l e a d s  t o  t h e  u s e  of s t a b l e  high-Q r e s o n a t o r s  i n  
t h e  form of q u a r t z  c r y s t a l s .  

B a s i c a l l y  t h e  c r y s t a l  o s c i l l a t o r  can b e  cons ide red  
as a modi f ied  LC o s c i l l a t o r  where one of t h e  r e s o n a n t  
c i r c u i t s  i s  r e p l a c e d  by t h e  c r y s t a l  o r  a r e s o n a n t  
c i r c u i t  h a s  been added i n  t h e  form of a c r y s t a l .  
Thus, most c r y s t a l  o s c i l l a t o r s  are c l a s s i f i e d  as a 
v a r i a t i o n  of some s t a n d a r d  LC c i r c u i t  such as 
C o l p i t t s  o r  H a r t l e y .  

C r y s t a l  o s c i l l a t o r s  can be  c o n s t r u c t e d  i n  b o t h  vacuum 
tube  and t r a n s i s t o r  c o n f i g u r a t i o n s .  However, 
Tek t ron ix  spectrum a n a l y z e r s  u s e  t r a n s i s t o r  c i r c u i t s  
on ly .  The most popu la r  c i r c u i t  i s  a v a r i a t i o n  of t h e  
C o l p i t t s  o s c i l l a t o r  as shown i n  F i g s .  6-1 and 6-2. 
The c i r c u i t  v a l u e s  f o r  o s c i l l a t i o n  a re  computed from 

3 i n  o t h e r  words t h e  i n d u c t o r  L i s  C l  + c2 
L c1 c2 

J = 

r e s o n a n t  w i t h  t h e  c a p a c i t o r s  C 1  and C2 cons ide red  i n  
series. 

The r a t i o  of C 2  t o  C 1  de t e rmines  t h e  s t a b i l i t y  
p r o p e r t i e s  of t h e  o s c i l l a t o r .  Des igners  have found 
t h a t  a r a t i o  of t h r e e  i s  u s u a l l y  optimum. T y p i c a l  
element v a l u e s  f o r  a 1-MHz o s c i l l a t o r  are  L = 100 pH, 
C 1  = 270 pF,  C2 = 1000 pF. A s  a matter of p r a c t i c a l  
o p e r a t i o n ,  one of t h e  c i r c u i t  e l emen t s ,  u s u a l l y  L ,  i s  
made v a r i a b l e .  T h i s  p e r m i t s  c i r c u i t  o p t i m i z a t i o n  a t  
c r y s t a l  f requency .  The c i r c u i t  w i l l  n o t  o s c i l l a t e  

u n l e s s  t h e  r e l a t i o n s h i p  u2 = 
a t  t h e  c r y s t a l  f r equency .  F i g s .  6-2A and 6-2B 
become i d e n t i c a l  a t  t h e  f requency  where t h e  c r y s t a l  
i s  series r e s o n a n t .  
need n o t  be  m e t  p r e c i s e l y .  The c i r c u i t  i s  a l s o  
t o l e r a n t  of r e l a t i v e l y  h i g h  ( s e v e r a l  hundred ohms) 
series c r y s t a l  r e s i s t a n c e .  

i s  s a t i s f i e d  c1 + c2 
L c1 ' c2 

A c t u a l l y  t h e  above r e l a t i o n s h i p  
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Fig. 6-1. Basic Colpitts oscillator. 
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( A )  BIASING SYSTEM ( B )  CRYSTAL-CONTROLLED 

Fig. 6-2 .  Colpitts oscillator. 
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n e u t r a  I i ze 
Cg w i t h  
a s h u n t  
i n d u c t o r  

f requency  
v a r i e d  
manual l y  o r  
by v o l t a g e  
con t ro  I 

C r y s t a l  o s c i l l a t o r s  of t h i s  t y p e ,  u s i n g  ove r tone  
c r y s t a l s ,  can b e  used s u c c e s s f u l l y  i n  t h e  100-MHz 
r e g i o n ,  provided t h a t  t h e  c r y s t a l - s h u n t - c a p a c i t y  Cg 
i s  n e u t r a l i z e d .  
s i n c e  a t  100 MHz a 10-pF Cg appea r s  as an impedance 
of less t h a n  500 fi a c r o s s  t h e  c r y s t a l .  The 
n e u t r a l i z i n g  element  i s  u s u a l l y  a shun t  i n d u c t o r  of 
a p p r o p r i a t e  v a l u e  t o  form a high-impedance t a n k  
c i r c u i t  w i t h  Cg. 

The e f f e c t  of Cg must be  n e u t r a l i z e d ,  

When r e f e r r i n g  t o  c r y s t a l  o s c i l l a t o r s  one u s u a l l y  
c o n s i d e r s  a h i g h l y - s t a b l e  f ixed- f requency  u n i t .  
C r y s t a l  o s c i l l a t o r s  can ,  however, be  tuned .  The 
amount of t un ing  i s  v e r y  s m a l l ,  t y p i c a l l y  l ess  than  
0.1%. Tuning of t h e  o s c i l l a t o r  t e n d s  t o  reduce  t h e  
s t a b i l i t y  so  t h a t  wide tun ing  n e g a t e s  t h e  b a s i c  
s t a b i l i t y  advantage  of t h e  c r y s t a l  o s c i l l a t o r .  The 
t h e o r e t i c a l  b a s i s  f o r  t un ing  a c r y s t a l  o s c i l l a t o r  i s  
q u i t e  s i m p l e  when one remembers t h a t  t h e  c r y s t a l  
r e p r e s e n t s  a series LC c i r c u i t .  T h i s  series c i r c u i t  
has  v e r y  h i g h  Q ;  t h e  mot iona l  i nduc tance  i s  large,  
t h e  m o t i o n a l  c a p a c i t a n c e  s m a l l ,  and c i r c u i t  l o s s  i s  
low. Consider a t y p i c a l  case where t h e  m o t i o n a l  
c a p a c i t y  i s  0.01 pF. Here t h e  a d d i t i o n  of a 10-pF 
c a p a c i t o r  i n  series w i l l  r educe  t h e  e q u i v a l e n t  series 
c a p a c i t y  by 0.1%. When t h e  series c a p a c i t o r  i s  
v a r i a b l e ,  i t  becomes p o s s i b l e  t o  t u n e  t h e  c r y s t a l  
o s c i l l a t o r .  Tuning can be  e i t h e r  manual, o r  
e l e c t r o n i c  by means of a v o l t a g e - c o n t r o l l e d  
c a p a c i t a n c e  d iode  ( i . e . ,  a v a r i c a p ) .  Such v o l t a g e -  
c o n t r o l l e d  o s c i l l a t o r s  are  f r e q u e n t l y  r e f e r r e d  t o  
as V C X O ' s ,  Vol tage-Cont ro l led  C r y s t a l  O s c i l l a t o r s .  

I n  a c t u a l  c i r c u i t s ,  o s c i l l a t o r  t un ing  i s  l i m i t e d  
n o t  on ly  by s t a b i l i t y  c o n s i d e r a t i o n s ,  b u t  by c r y s t a l  
s p u r i o u s  r e s p o n s e s .  These s p u r i o u s  r e sponses  which, 
as p r e v i o u s l y  d i s c u s s e d ,  can b e  q u i t e  c l o s e  i n  
f requency t o  t h e  main r e s p o n s e ,  make i t  d i f f i c u l t  t o  
t une  c r y s t a l  o s c i l l a t o r s  beyond f r a c t i o n a l  p e r c e n t a g e s .  



MECHANICALLY TUNED 

1 2 7  

OSCILLATORS 

t r a n s  i t t i me 
and s t r a y  
r e a c t a n c e  

compensat i ng 
L and C 
b u i  I t  i n t o  
dev i ces  o r  
t a n k  

Most mechanical ly- tuned o s c i l l a t o r s  used i n  spectrum 
a n a l y z e r s  o p e r a t e  a t  microwave f r e q u e n c i e s  (several 
hundred MHz and up ) .  We s h a l l  t h e r e f o r e  c o n c e n t r a t e  
on t h e  s p e c i a l  problems of t h e s e  high-frequency u n i t s ,  
exc luding  t h e  many t y p e s  of lower-frequency 
mechan ica l ly  tuned o s c i l l a t o r s .  

With t h e  excep t ion  of some r e l a t i v e l y  e s o t e r i c  
systems ( e . g . ,  ava lanche  d i o d e ) ,  i t  i s  p o s s i b l e  t o  
c l a s s i f y  microwave o s c i l l a t o r s  i n t o  two c a t e g o r i e s .  
One group,  such as k l y s t r o n s  and magnetrons,  i s  
based on t r a n s i t - t i m e  e f f e c t s .  We s h a l l  d i s c u s s  
t h e s e  o s c i l l a t o r s  i n  a d i f f e r e n t  s e c t i o n .  The o t h e r  
group can b e  cons ide red  as working a long  t h e  same 
p r i n c i p l e s  as lower-frequency u n i t s ,  e x c e p t  t h a t  i t  
i s  n e c e s s a r y  t o  obse rve  c e r t a i n  p r e c a u t i o n s .  The 
fo l lowing  d i s c u s s i o n  p e r t a i n s  t o  t h i s  second group 
of o s c i l l a t o r s .  

Mechanical ly  tuned microwave o s c i l l a t o r s  can  b e  
c o n s t r u c t e d  us ing  e i t h e r  t u b e s  o r  t r a n s i s t o r s .  A t  
t h e  p r e s e n t  t i m e  t u b e s  predominate  i n  t h i s  area,  s o  
t h a t  our  examples w i l l  b e  based on t u b e s .  There are 
two b a s i c  l i m i t a t i o n s  on t h e  o p e r a t i o n  of e l e c t r o n -  
tube  microwave o s c i l l a t o r s .  These are t r a n s i t  t i m e  
and t h e  e f f e c t  of s t r a y  r e a c t a n c e s .  Changes i n  t h e  
t r a n s i t  t i m e  of t h e  e l e c t r o n s  through t h e  
i n t e r e l e c t r o d e  space  may be  thought  of as changes 
i n  phase  s h i f t .  T h i s  i n t r o d u c e s  d i f f i c u l t i e s  i n  our  
a b i l i t y  t o  op t imize  o s c i l l a t o r  feedback  as t h e  u n i t  
i s  tuned over  wide f requency  r anges .  Although clever 
o s c i l l a t o r  d e s i g n  can a l l ev ia t e  some of t h e  problems,  
t h e  b a s i c  problem be longs  t o  t h e  e l e c t r o n - t u b e  
d e s i g n e r .  Thus, t r a n s i t  t i m e  i s  t h e  main r e a s o n  why 
e l e c t r o n  tubes  des igned  f o r  microwave u s e  have v e r y  
small i n t e r e l e c t r o d e  s p a c i n g s .  Spacings of less t h a n  
0.005 i n c h  are q u i t e  common. E f f e c t s  due t o  s t r a y  
induc tance  and c a p a c i t a n c e  are reduced by u t i l i z i n g  
d e s i g n s  where t h e s e  e lements  are i n c o r p o r a t e d  i n t o  
t h e  tun ing  s t r u c t u r e .  
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To illustrate the effect of stray elements consider 
the Hartley oscillator. At low frequencies we can 
neglect the effect of interelectrode and stray 
capacitance and stray lead inductance, resulting in 
the circuit of Fig. 6-3. At higher frequencies the 
stray elements cannot be neglected so that the 
circuit becomes that of Fig. 6 - 4 .  In particular, 
note that the stray cathode-lead inductance, Lk, 
elevates the cathode above ground potential, so we 
no longer have a Hartley oscillator. The various 
stray capacitances can be combined, and the stray 
cathode inductance can be combined with the external 
tuning inductance by running the oscillator in a 
grounded-plate configuration. The evolution of the 
equivalent circuit for the grounded-plate system is 
shown in Fig. 6-5. 

Fig. 6-3. Basic Hartley oscillator. 

elements. 
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Fig. 6-5. Hartley oscillator grounded-plate 
configuration. 

Other  c o n f i g u r a t i o n s  a r e  t h e  grounded-cathode 
o s c i l l a t o r  shown i n  F i g .  6-6, and t h e  grounded-grid 
o s c i l l a t o r  shown i n  F i g .  6-7. The cho ice  of c i r c u i t  
c o n f i g u r a t i o n  depends on t h e  p h y s i c a l  and e l ec t r i ca l  
p r o p e r t i e s  of t h e  e l e c t r o n  tube .  The f i n a l  c h o i c e  
u s u a l l y  f a v o r s  t h a t  c o n f i g u r a t i o n  which p e r m i t s  

c o n t r o l  easiest  c o n t r o l  of s t r a y  c i r c u i t  e lements .  I n  any 
s t r a y  e v e n t  a l l  t h r e e  c o n f i g u r a t i o n s  are q u i t e  s imi la r .  
reac tance  Each i s  composed of two tuned c i r c u i t s  and a feedback 

c a p a c i t o r .  L e t  u s  now c o n s i d e r  methods f o r  
p h y s i c a l l y  c o n s t r u c t i n g  such o s c i l l a t o r s .  

Fig. 6-6. Grounded-cathode oscillator. 

Fig. 6-7. Grounded-grid oscillator. 
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Fig. 6-8. Tuned-plate tuned-grid 
transmission-line oscillator. 

In each of these oscillators the operating frequency 
will be determined by the resonant frequency of the 

'1 

tank circuits: w = - This leads to an LC product m* 
of about 2.5 x for a 1-GHz oscillator. 
Obviously such a circuit cannot be constructed out 
of lumped elements. These types of oscillator are, 
therefore, constructed from transmission-line 
circuits. A s  discussed previously, a short-circuited 
transmission line one-quarter-wavelength ( A / 4 )  long 
behaves as an antiresonant circuit. At the 
frequencies involved the use of short-circuited 
transmission lines is quite practical, since ~ / 4  at 
1 GHz is about 3 inches. Our oscillator now acquires 
the basic circuit configuration shown in Fig. 6-8. 
Though it has been shown that this is a variation of 
a Hartley oscillator, we shall henceforth use the 
more common name -- Tuned-Plate Tuned-Grid, or TPTG 
for short. 

TPTG oscillators can be constructed using various 
types of transmission line. At frequencies below 
1 GHz it is quite common to use parallel lines for 
oscillator tuning. Such transmission lines are 
relatively simple and inexpensive. At the lower 
frequencies where the transmission lines become long 
it is not uncommon to coil the parallel line into a 
spiral or other configuration in order to save space. 
In many instances the oscillator is constructed out 
of a combination of lumped and distributed elements. 
The theory of operation of such combination 
oscillators is quite complicated, the design being 
more of an art than a science. One common technique 
is to add RF chokes to the filament lines. This 
helps to isolate the filament capacity from the 
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Fig. 6-9. Spiral-line oscillator. 

ac t ive  o s c i l l a t o r  c i r c u i t .  F i g .  6-9 shows a two-tube 
power o s c i l l a t o r  w i t h  a s p i r a l  t r a n s m i s s i o n  l i n e .  
The feedthrough c a p a c i t o r s  p rov ide  t h e  feedback.  
O s c i l l a t o r  tun ing  i s  by means of t h e  s h o r t i n g  b a r .  

Above 1 GHz t h e  t r a n s m i s s i o n  l i n e s  are a lmost  
i n v a r i a b l y  c o a x i a l  i n  n a t u r e .  Coax ia l  l i n e s  have 
i n h e r e n t l y  h i g h  Q ,  c l o s e d  c o a x i a l  l i n e s  e x h i b i t  low 
r a d i a t i o n  and pe rmi t  a d e s i g n  e x h i b i t i n g  good c i r c u i t  
i s o l a t i o n .  One of t h e  most popu la r  c o a x i a l -  
t r a n s m i s s i o n - l i n e  o s c i l l a t o r s  i s  t h e  g r i d - s e p a r a t i o n  
c o n s t r u c t i o n ,  s o  c a l l e d  because  t h e  g r i d  l i n e  
s e p a r a t e s  t h e  p l a t e  l i n e  from t h e  ca thode  l i n e  as 
shown i n  F ig .  6-10. The tun ing  s t r u c t u r e  c o n s i s t s  
of t h r e e  c y l i n d r i c a l  l i n e s  one i n s i d e  t h e  o t h e r .  
The middle  c y l i n d e r  serves as b o t h  t h e  o u t e r  
conductor  of t h e  ca thode-gr id  coax l i n e ,  and as t h e  
i n n e r  conductor  of t h e  p l a t e - g r i d  coax l i n e .  S h o r t i n g  
c y l i n d e r s  c a l l e d  plungers are moved between t h e  coax 
l i n e s  t o  a d j u s t  t h e i r  e lec t r ica l  l e n g t h  and s o  t u n e  
t h e  f requency  of t h e  o s c i l l a t o r .  

f > 1 GHz 
use coax 

BACK 
CAV I TY 

Fig. 6-10. Grid-separation coaxial-line 
oscillator. 
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des i gner 
has more 
c o n t r o l  

The o u t s i d e  of t h e  e l e c t r o n  t u b e  used i n  such an 
o s c i l l a t o r  i s  of c y l i n d r i c a l  c o n s t r u c t i o n ,  r e g a r d l e s s  
of t h e  e l e c t r o d e  s t r u c t u r e  i n s i d e  t h e  tube .  This  
p e r m i t s  a w e l l - s h i e l d e d  s t r u c t u r e ,  where t h e  on ly  
connec t ion  between t h e  two coax l i n e s  i s  v i a  t h e  
tube  i n t e r e l e c t r o d e  c a p a c i t a n c e .  Thus, w i t h  t h e  
normal ly  low-capaci tance t u b e s  used i t  i s  n e c e s s a r y  
t o  p r o v i d e  i n t e r c o a x  feedback t o  make t h e  o s c i l l a t o r  
work. Th i s  i s  a h i g h l y  d e s i r a b l e  s i t u a t i o n  as i t  
p e r m i t s  greater  freedom of d e s i g n  t h a n  would be t h e  
case i f  t h e  feedback could n o t  be  c o n t r o l l e d .  

TPTG -- A s  i n  conven t iona l  u n i t s ,  TPTG-osci l la tor  o p e r a t i n g  
TP f o r  f requency  i s  determined most ly  by t h e  p l a t e - c i r c u i t  
f requency  , t un ing  w h i l e  t h e  g r i d - c i r c u i t  t u n i n g  c o n t r o l s  power 
TG f o r  o u t p u t  and e f f i c i e n c y .  The e x a c t  p lunge r  s e t t i n g  
o u t p u t  f o r  any f requency  i s  normal ly  determined 

e x p e r i m e n t a l l y .  T h i s  i s  because t h e  t r a n s m i s s i o n  
l i n e  i s  n o t  t e rmina ted  by a p e r f e c t  s h o r t .  Rather  
w e  have t h e  case of a t r a n s m i s s i o n  l i n e  somewhat 
less than  A / 4  long r e s o n a t i n g  w i t h  t h e  t u b e  
i n t e r e l e c t r o d e  c a p a c i t y  a t  one end ,  and t h e  
e q u i v a l e n t  p lunge r  c a p a c i t y  a t  t h e  o t h e r  end. 
A c t u a l l y ,  as d i s c u s s e d  i n  t h e  s e c t i o n  on t r a n s m i s s i o n  
l i n e s ,  t h e  l i n e  does  n o t  have t o  be  a q u a r t e r -  
wavelength long .  The requi rement  f o r  resonance  i s  
t h a t  t h e  l i n e  be an  odd number of quar te r -wavelengths  m u l t i p l e  o d d  

q u a r t e r -  long .  The quar te r -wavelength  c o n d i t i o n  i s  t h u s  t h e  
waves f i r s t  of many modes of o p e r a t i o n .  Of ten  i t  i s  

p h y s i c a l l y  imposs ib l e  t o  make t h e  t r a n s m i s s i o n  l i n e  
s h o r t  enough f o r  t h e  d e s i r e d  f r equency ,  b u t  a s h i f t  
t o  t h e  3 X / 4  mode s o l v e s  t h e  problem. Sometimes i t  
i s  d e s i r a b l e  t o  o p e r a t e  t h e  two t r a n s m i s s i o n  l i n e s  
a t  d i f f e r e n t  modes, e . g . ,  ca thode-gr id  l i n e  a t  l h / 4  
and p l a t e - g r i d  l i n e  a t  3A/4  . T h i s  i s  used as a 
c u r e  f o r  e r r a t i c  o p e r a t i o n  caused by mode s k i p p i n g .  
For example, a t  t h e  same plunger  s e t t i n g  t h e  
o s c i l l a t o r  may run  a t  t h e  A / 4  mode a t  one t i m e  and 
3A/4  a t  a n o t h e r  t i m e .  
p revented  by u s i n g  a feedback  s t r u c t u r e  t h a t  w i l l  
couple  most ly  t o  t h e  d e s i r e d  mode. When feedback 
o p t i m i z a t i o n  cannot  be  used ,  t h e  two-mode tun ing  
t echn ique  i s  used.  The two-mode t u n i n g  t echn ique  
i s  normally avoided as i t  i n t r o d u c e s  mechanica l  
complexi ty ,  s i n c e  t h e  two l i n e s  have t o  be  tuned a t  
d i f f e r e n t  rates. 

Mode s k i p p i n g  i s  normal ly  
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p I unger  
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c r i t i c a l  

c a p a c i  t a n c e  
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i so I a t  i o n  
p r e v e n t s  
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Prope r  d e s i g n  of t h e  t u n i n g  p lunge r  i s  of t h e  
g r e a t e s t  importance because  n o t  on ly  must t h e  p lunge r  
conform t o  c e r t a i n  e l e c t r i c a l  r e q u i r e m e n t s ,  b u t  i t  i s  
a l s o  a mechanica l ly  moving p a r t  c r e a t i n g  r e l i a b i l i t y  
problems. It i s  u n d e s i r a b l e  t o  use  c o n t a c t i n g  
p lunge r s  excep t  i n  f ixed-frequency o r  perhaps  
i n t e r m i t t e n t - o p e r a t i o n  o s c i l l a t o r s ,  because  t u n i n g  of 
t h e  p lunger  causes  wear and s c a r r i n g  of t h e  metal 
s u r f a c e s .  Changes i n  c o n t a c t  r e s i s t a n c e  cause  t u n i n g  
n o i s e  and metal p a r t i c l e s  g e t  i n t o  t h e  t u n i n g  
mechanism caus ing  e r r a t i c  o p e r a t i o n .  To avoid  t h e s e  
d i f f i c u l t i e s  i t  has  become s t a n d a r d  p r a c t i c e  t o  use  
n o n c o n t a c t i n g  p l u n g e r s .  

Noncontact ing p l u n g e r s  a re  of many v a r i e t i e s .  The 
s i m p l e s t  i s  an o r d i n a r y  c y l i n d e r  c a l l e d  a c a p a c i t a n c e  
p lunge r .  The most popu la r  t y p e  i s  a v a r i a t i o n  of a 
choke p l u n g e r ,  c a l l e d  t h e  S o r  Z p l u n g e r .  I n  f a c t  
choke p lunge r s  are s o  p r e v a l e n t  t h a t  many people  u s e  
t h e  word choke as a synonym f o r  p l u n g e r .  F i g .  6-11 
shows a c r o s s  s e c t i o n a l  view of t h e  c a p a c i t y  and S 
p l u n g e r s .  The p lunge r  i s  i s o l a t e d  from t h e  rest of 
t h e  c i r c u i t  e i t h e r  by a mechanical  d r i v e  system t h a t  
p r e v e n t s  t h e  p lunge r  from touching  t h e  wal l s ,  o r  as 
is  more common, by c o a t i n g  t h e  p lunge r  w i t h  a low- 
loss nonconducting material  such as Tef lon  o r  anodize .  
The r e a s o n  f o r  t h e  p r e v a l e n c e  of t h e  S p l u n g e r s ,  i s  
t h a t  t h e s e  p l u n g e r s  g i v e  t h e  b e s t  i s o l a t i o n  between 
t h e  working o s c i l l a t o r  and t h e  back c a v i t y  behind 
t h e  p lunger .  Good back-cavi ty  i s o l a t i o n  from t h e  
tun ing  (forward)  c a v i t y  i s  impor t an t  i n  o r d e r  t o  
p reven t  coupl ing  between t h e  two p a r t s  of t h e  
o s c i l l a t o r .  Poor back-cavi ty  i s o l a t i o n  means t h a t  
back-cavi ty  r e sonances  w i l l  a f f e c t  o s c i l l a t o r  t u n i n g ,  
an  u n d e s i r a b l e  c o n d i t i o n .  Best i s o l a t i o n  i s  o b t a i n e d  
from a p lunge r  which i s  a quar te r -wavelength  long  
a t  t h e  f requency  of i n t e r e s t .  P lunge r s  are  t h e r e f o r e  
des igned  t o  be  h / 4  long  a t  t h e  c e n t e r  of t h e  t u n i n g  
range .  

CAPACITANCE PLLNGER S PLUNGER 

Fig. 6-11. Types of plungers. 
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paras  i t i c 
resonance i s  c i r c u m f e r e n t i a l  pa ra s i t i c  r e sonances .  For example, 

One of t h e  d i f f i c u l t i e s  w i t h  noncon tac t ing  p lunge r s  

t h e r e  i s  a c i r c u m f e r e n t i a l  r e sonance  a t  t h e  f requency  
where t h e  mean c i r cumfe rence  of t h e  o u t e r  gap i s  
one-wavelength long .  These r e sonances  i n t r o d u c e  dead 
s p o t s  where t h e r e  i s  no o s c i l l a t i o n  and o t h e r  t u n i n g  
problems. 
s l o t t i n g  t h e  p lunge r  and l o a d i n g  t h e  s l o t s  w i t h  l o s s y  
material. This  b o t h  r educes  t h e  Q of t h e  p a r a s i t i c  

These r e sonance  e f f e c t s  are removed by 

s l o t  p l u n g e r  resonance ,  and moves t h e  resonance  down i n  f requency  
w i t h  
p o l y i r o n  

smooth 
s i  h e r  
s u r f a c e  

gap 
c l e a r a n c e  

coax i a I 
e I e c t r o n  
t u b e  

by v i r t u e  of t h e  i n c r e a s e d  c i r c u m f e r e n t i a l  p a t h .  
Lossy material, such as p o l y i r o n ,  i s  a l s o  used i n  
t h e  back c a v i t y  t o  r educe  t h e  e f f e c t  of back-cavi ty  
resonances .  The l o s s y  material ,  i n  t h e  form of a 
c y l i n d r i c a l  p l u n g e r ,  i s  connected t o  t h e  back of 
t h e  metal l ic  p lunge r  and t o  t h e  f i x e d  back end of 
t h e  o s c i l l a t o r .  By t h i s  means b o t h  ends  of t h e  back 
c a v i t y  are t e rmina ted  i n  a b s o r p t i v e  l o s s y  material ,  
so  as t o  p r e v e n t  s t a n d i n g  waves. 

Two o t h e r  c o n s i d e r a t i o n s  i n  t h e  c o n s t r u c t i o n  of 
t r a n s m i s s i o n - l i n e  mechan ica l ly  tuned o s c i l l a t o r s  are 
a good s u r f a c e  f i n i s h  and s i lver  p l a t i n g  t o  m a i n t a i n  
a low-loss s t r u c t u r e ;  and c l o s e  t o l e r a n c e s ,  s i n c e  t h e  
t ransmiss ion- l ine- to-p lunger  gap must b e  on t h e  o r d e r  
of a few thousandths  of an  i n c h .  Also ,  e c c e n t r i c i t i e s  
i n c r e a s e  coupl ing  t o  t h e  c i r c u m f e r e n t i a l  r e sonances .  

The d e t a i l e d  c o n s t r u c t i o n  of a TPTG g r i d - s e p a r a t i o n  
type  of t r a n s m i s s i o n - l i n e  o s c i l l a t o r  i s  shown i n  
F ig .  6-12. The e l e c t r o n  tube  i s  c o a x i a l  i n  s t r u c t u r e .  
A n o n m e t a l l i c  h o l d e r  s u p p o r t s  t h e  feedback  wires 
which are looped through f o u r  h o l e s  d r i l l e d  i n  t h e  
g r i d  f l a n g e .  The g r i d - p l a t e  p lunge r  h a s  t h r e e  s l o t s  
f i l l e d  w i t h  p o l y i r o n  l o s s y  material f o r  t h e  
s u p p r e s s i o n  of c i r c u m f e r e n t i a l  r e sonances .  The 
gr id-ca thode  p lunger  h a s  a piece of p o l y i r o n  added 
on f o r  t h e  s u p p r e s s i o n  of back-cavi ty  r e sonances .  
I n  a d d i t i o n ,  back-cavi ty  resonances  are suppres sed  
by f i x e d  c y l i n d e r s  of p o l y i r o n  a t  t h e  back of t h e  
o s c i l l a t o r .  The o u t p u t  power i s  coupled through a 
loop  i n  t h e  g r i d - p l a t e  l i n e .  An a d j u s t a b l e  screw, 
which changes t h e  c i r c u i t  c a p a c i t y  and hence t h e  
f requency ,  i s  used f o r  f requency  ad jus tmen t .  
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TRANSIT-TIME OSCILLATORS 

v e l o c i t y  
modu la te :  
bunch i ng 

t r a n s i t -  
t i m e  
g roup  

r e f  l ex  
k l y s t r o n  
s i n g l e  
c a v i t y  

For a m p l i f i c a t i o n  o r  o s c i l l a t i o n  t o  t a k e  p l a c e  i t  is  
n e c e s s a r y  t h a t  t h e  e l e c t r o n  beam, o r i g i n a t i n g  a t  a 
ca thode ,  be  c o n t r o l l e d  o r  modulated a t  an  RF ra te .  
I n  a n  o r d i n a r y  e l e c t r o n  tube  t h i s  i s  done by means 
of a g r i d ,  r e s u l t i n g  i n  an  ampl i tude  modula t ion  of 
t h e  e l e c t r o n  beam. I n  s i t u a t i o n s  where t r a n s i t - t i m e  
e f f e c t s  p r e c l u d e  t h e  u s e  of ampl i tude  modula t ion ,  
v e l o c i t y  modulation i s  t h e  g e n e r a l  t echn ique .  Here 
t h e  e l e c t r o n s  i n  t h e  beam are s o r t e d  i n t o  bunches 
by speeding up some e l e c t r o n s  w h i l e  r e t a r d i n g  o t h e r s .  
A s  t h e  beam p r o g r e s s e s  from t h e  p o i n t  of g e n e r a t i o n  
(ca thode)  t o  t h e  p o i n t  of t e r m i n a t i o n  (anode) ,  t h e  
bunching e f f e c t  i s  r e i n f o r c e d  a t  a p a r t i c u l a r  
f requency  which i s  determined by t h e  geometry of t h e  
tube  and t h e  e l e c t r i c  and magnet ic  f i e l d s  a p p l i e d .  
The r e s u l t  i s  t h a t  more energy a t  bunching f requency  
can b e  e x t r a c t e d  t h a n  h a s  been p u t  i n .  Hence w e  have 
an  a m p l i f i e r ,  o r  w i t h  a p p r o p r i a t e  feedback ,  an  
o s c i l l a t o r .  

T r a n s i t - t i m e  o s c i l l a t o r s  are of many t y p e s .  The b e s t  
known are  t h e  k lys t ron ,  magnetron, vo l t age - tuned  
magnetron (VTM) ,  and backward-wave o s c i l l a t o r  (BWO).  
E a r l y  spectrum a n a l y z e r s  made e x t e n s i v e  u s e  of t h e  
k l y s t r o n .  This  i s  probably  due t o  t h e  e a r l y  
development of p r a c t i c a l  k l y s t r o n s .  
VTM and BWO have e n t e r e d  t h e  spectrum-analyzer  f i e l d .  
These have t h e  advantage  of a l l - e l e c t r o n i c  t u n i n g .  
However, t h e  VTM h a s  c e r t a i n  spurious-magnet ic-  
resonance  problems s o  t h a t  i t  i s  s t i l l  n o t  used much. 

Recen t ly  t h e  

I n  t h e  f o l l o w i n g  d i s c u s s i o n  w e  s h a l l  g i v e  a b r i e f  
d e s c r i p t i o n  of t h e  k l y s t r o n ,  which i s  t h e  b e s t  known 
and most i n s t r u c t i v e  i n  b a s i c  p r i n c i p l e s ,  and t h e  BWO 
which i s  be ing  used i n  modern equipment. 

A )  The Ref l ex  K l y s t r o n  

E a r l y  k l y s t r o n s  were of t h e  m u l t i - c a v i t y  t y p e  us ing  
a l l  mechanical  t un ing .  Spectrum a n a l y z e r s  u s e  a 
somewhat l a t e r  development known as t h e  r e f l e x  
k l y s t r o n  which u s e s  on ly  a s i n g l e  c a v i t y  o r  r e s o n a n t  
c i r c u i t  and i s  c a p a b l e  of l i m i t e d  e l e c t r o n i c  t u n i n g .  
F i g .  6-13 shows t h e  b a s i c  e l e c t r o d e  s t r u c t u r e  of t h e  
r e f l e x  k l y s t r o n .  The e l e c t r o n s  leave t h e  ca thode  
and are focused i n t o  a beam by t h e  g r i d .  The g r i d  
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a l s o  c o n t r o l s  t h e  s i z e  of t h e  beam. The e l e c t r o n s  
are  then  a c c e l e r a t e d  by t h e  h i g h  anode p o t e n t i a l  
c o n t r o l l e d  by V a .  The e l e c t r o n s  e n t e r  t h e  r e s o n a t o r  
c a v i t y  a t  h i g h  v e l o c i t y  and p a s s  th rough t h e  c a v i t y  
i n  a t i m e  i n t e r v a l  which i s  s h o r t  i n  comparison w i t h  
t h e  p e r i o d  of o s c i l l a t i o n .  O s c i l l a t i o n s  s t a r t  as 
w i t h  any o s c i l l a t o r ;  when c o n d i t i o n s  are a d e q u a t e ,  
any small i n s t a b i l i t y  w i l l  s t a r t  t h e  s e l f - s u s t a i n i n g  
p r o c e s s .  When t h e  k l y s t r o n  o s c i l l a t e s ,  RF f i e l d s  
appear  w i t h i n  t h e  c a v i t y .  Then t h e  e l e c t r o n s  i n  t h e  
beam, which pass through t h e  c a v i t y  a t  an i n s t a n t  
when t h e  RF h a l f - c y c l e  accelerates them, w i l l  b e  
speeded up; t h o s e  t h a t  pass through i n  t h e  o t h e r  
h a l f  c y c l e  w i l l  be  slowed down. The r e s u l t  i s  t h a t  
t h e  e l e c t r o n s  e n t e r  t h e  r e s o n a t o r  i n  a r e l a t i v e l y  
uniform beam b u t  become bunched a f t e r  p a s s i n g  through.  

repe  I I e r  -- The bunching i s  f u r t h e r  i n c r e a s e d  by t h e  a c t i o n  of 
dead end; t h e  r e p e l l e r  as t h e  e l e c t r o n s  e n t e r  t h e  d r i f t  space 
go back t o  between t h e  c a v i t y  and repeller. Here t h e  e l e c t r o n  
t r a f f i c  l i g h t  beam i s  made t o  reverse d i r e c t i o n  by t h e  r e t a r d i n g  

e f f e c t  of t h e  n e g a t i v e  r e p e l l e r .  However, n o t  a l l  
e l e c t r o n s  w i l l  reverse d i r e c t i o n  a t  t h e  same p o s i t i o n  
i n  t h e  d r i f t  space .  F a s t e r  e l e c t r o n s  w i l l  g e t  c l o s e r  
t o  t h e  r e p e l l e r  b e f o r e  r e v e r s i n g  t h a n  w i l l  s lower 
e l e c t r o n s .  Thus, t h e  f a s t e r  e l e c t r o n s  t rave l  a 
g r e a t e r  d i s t a n c e  t h a n  t h e  s lower e l e c t r o n s .  The 
r e p e l l e r  v o l t a g e  can  be  s o  a d j u s t e d  t h a t  t h e  f a s t e r  
e l e c t r o n s  w i l l  b e  i n  phase  w i t h  t h e  s lower ones as 

RF energy  t h e  e l e c t r o n  beam r e e n t e r s  t h e  c a v i t y .  Here t h e  RF 
tapped energy of t h e  h i g h l y  bunched r e t u r n i n g  e l e c t r o n  beam 

i s  e x t r a c t e d  by some s o r t  of coup l ing  s t r u c t u r e ,  
shown as a loop  i n  F i g .  6-13. 

OUTPUT 

c 
CATHODEi ~ GR I DF 

F I LAMEKT 31 
TY 

L E R  

Fig. 6-13. Reflex-klystron structure. 
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VOLTAGE 
REPELLER VOLTAGE 

Fig. 6-14. Variations of frequency and power 
output as a function of repeller 
voltage. 

A s  p r e v i o u s l y  i n d i c a t e d  i t  i s  n e c e s s a r y  t h a t  bo th  
r e p e l  l e r  t h e  r e p e l l e r  v o l t a g e  and t h e  r e s o n a t o r  r e s o n a n t  
vo I t a g e  f requency  b e  c o r r e c t  f o r  s e l f - s u s t a i n i n g  o s c i l l a t i o n  
c o m p a t i b l e  t o  occur .  N e v e r t h e l e s s ,  each  of t h e s e  can be  tuned 
w i t h  over  narrow ranges  wi thou t  changing t h e  o t h e r .  T h i s  
c a v i t y  p e r m i t s  r e l a t i v e l y  narrow-range, up t o  about  30 MHz, 
resonance e l e c t r o n i c  t u n i n g  of a k l y s t r o n .  F ig .  6-14 shows 

t h e  power o u t p u t  and f requency  v a r i a t i o n  as a f u n c t i o n  
of repel ler  v o l t a g e  f o r  a r e f l e x  k l y s t r o n .  
t h e  same f requency  can b e  o b t a i n e d  a t  s e v e r a l  
d i f f e r e n t  repeller v o l t a g e  s e t t i n g s ,  where each 
repel ler  v o l t a g e  co r re sponds  t o  a d i f f e r e n t  mode of 
o s c i l l a t i o n .  We have used t h e  word mode t o  d e s i g n a t e  
t h e  e l e c t r o m a g n e t i c  f i e l d  d i s t r i b u t i o n  i n  waveguides 
and t r a n s m i s s i o n  l i n e s ;  t o  d e f i n e  r e s o n a n t  f requency-  
vs -phys ica l  dimensions r e l a t i o n s h i p  i n  waveguides and 
t r a n s m i s s i o n  l i n e s ;  and now t o  d i f f e r e n t i a t e  between 
t h e  v a r i o u s  r epe l l e r  v o l t a g e  s e t t i n g s  t h a t  r e s u l t  i n  
t h e  same o u t p u t  f requency  i n  a k l y s t r o n .  R e p e l l e r  
modes a r i se  because  f o r  optimum bunching r e in fo rcemen t  
i t  i s  n e c e s s a r y  t h a t  t h e  e l e c t r o n  beam b e  a c t e d  upon 
by t h e  r e p e l l e r  f o r  a t i m e  e q u a l  t o  ( N  - 1/4) c y c l e s  
of o s c i l l a t i o n .  Thus w e  have a 3 / 4  mode, 1-3/4 mode, 
e tc .  cor responding  t o  t h a t  r e p e l l e r  s e t t i n g  which 
causes  t h e  e l e c t r o n  beam t o  spend a t i m e  e q u a l  t o  3 / 4  
of a c y c l e ,  1-3/4 of a c y c l e ,  e t c .  i n  t h e  d r i f t  space. 

Note t h a t  

r e p e l  l e r  
modes 

o u t p u t  
coup 1 i ng 
f r o m  
r e s o n a t o r  

P h y s i c a l l y  t h e  r e s o n a t o r  i s  a l s o  t h e  anode which 
c o n t a i n s  t h e  o u t p u t  coup l ing .  A s  a r e s u l t  t h e  anode 
i s  r u n  a t  ground p o t e n t i a l  w h i l e  t h e  ca thode  i s  
n e g a t i v e  w i t h  respect t o  ground, and t h e  repel ler  i s  
n e g a t i v e  w i t h  r e s p e c t  t o  t h e  ca thode .  T y p i c a l  
v o l t a g e s  are about  300-to-1000 v o l t s  f o r  t h e  ca thode  
and up t o  about  500 v o l t s  w i t h  respect t o  t h e  ca thode  
f o r  t h e  repe l le r .  To o p e r a t e  a r e f l e x  k l y s t r o n ,  i t  
is  t h e r e f o r e  n e c e s s a r y  t o  u s e  a v o l t a g e - v a r i a b l e  
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power supply  i n  t h e  k i l o v o l t  r ange ,  s i n c e  t h e  repeller 
v o l t a g e  must be  tuned.  The r e s o n a t o r  i s  e i t h e r  coax 
o r  waveguide depending on f requency .  The c o n s t r u c t i o n  
i s  similar t o  t h a t  used i n  o t h e r  t ypes  of o s c i l l a t o r s .  
Thus, c o a x i a l  r e s o n a t o r s  u s e  t u n i n g  p l u n g e r s  where 
t h e  b a s i c  problems of t y p e  of p lunge r ,  c i r c u m f e r e n t i a l  
r e sonances ,  e t c . ,  must be  s o l v e d .  

B) Backward-Wave O s c i l l a t o r  (BWO) 

A k l y s t r o n  i s  a narrowband d e v i c e  from t h e  p o i n t  of 
broadband  view of e l e c t r o n i c  tun ing .  I n  o r d e r  t o  make a 
t u n  i ng broadband e l e c t r o n i c a l l y  t u n a b l e  d e v i c e  i t  i s  

n e c e s s a r y  t h a t  t h e  beam-RF-field i n t e r a c t i o n  be  made 
broadband r a t h e r  t h a n  l i k e  t h a t  of t h e  narrowband 
r e s o n a t o r  used i n  t h e  k l y s t r o n .  I n  t h e  BWO t h i s  
t a k e s  t h e  form of a h e l i x  on which p ropaga te s  t h e  
RF f i e l d  and a hol low e l e c t r o n  beam i n s i d e  t h e  h e l i x  
which i n t e r a c t s  w i t h  t h e  RF f i e l d  a l l  a long  t h e  
l e n g t h  of t h e  h e l i x ,  The e l e c t r o n  beam is  prevented  

fi j---Jd /Q ..:.r.??., I.:.\ , from f l y i n g  apa r t ,  due t o  t h e  mutual  r e p u l s i o n  of 
t h e  e l e c t r o n s ,  by t h e  f o c u s i n g  a c t i o n  of a magnet ic  
f i e l d .  T h i s  magnet ic  f i e l d  can be  e i t h e r  from an  
e lec t romagnet  o r  from permanent magnets spaced a long  
t h e  l e n g t h  of t h e  h e l i x .  I n  o r d e r  t o  produce a 
con t inuous  i n t e r a c t i o n  between t h e  RF f i e l d  and t h e  
e l e c t r o n  beam i t  i s  n e c e s s a r y  t h a t  t h e  bunches on 
t h e  beam remain i n  s t e p ,  o r  i n  phase ,  w i t h  t h e  RF 
f i e l d .  Thus i t  i s  n e c e s s a r y  t o  reduce  t h e  a x i a l  
speed of t h e  RF s i g n a l ,  which normal ly  p ropaga te s  
a t  t h e  speed of l i g h t ,  t o  t h e  s lower v e l o c i t y  of t h e  
e l e c t r o n  beam. T h i s  i s  accomplished by having  t h e  

a x i a l  v e l o c i t y .  

& 
* $  * 

&is& QA ... (. 

b 

RF s i g n a l  p ropaga te  i n  a s p i r a l ,  t h u s  r educ ing  i t s  

f requency  

e I e c t r o n  
v e l o c i t y  

ca thode- to -  
h e l i x  v o l t a g e  

vs 

vs 

RF wave 

The f requency  of o s c i l l a t i o n  i s  determined by t h e  
v e l o c i t y  of t h e  e l e c t r o n s  o n l y ,  s i n c e  t h e  e l e c t r o n  
beam-to-RF-signal i n t e r a c t i o n  i s  broadband. Thus 
t h e  f requency  of o s c i l l a t i o n  i s  determined by t h e  
ca thode- to-he l ix  v o l t a g e  which c o n t r o l s  t h e  e l e c t r o n  
v e l o c i t y .  BWO v o l t a g e s  r u n  from about  200 v o l t s  t o  
ove r  a k i l o v o l t .  Frequency tun ing  r anges  are from 
about  1 .5- to-1  t o  5-to-1.  I n  c o n s t r u c t i o n  t h e  BWO 
c o n s i s t s  of an  e l e c t r o n  gun o r  ca thode ,  a h e l i x ,  
c o l l e c t o r  o r  anode, and a h e l i x  t e r m i n a l  o r  RF 
o u t p u t .  The r e i n f o r c e d  RF wave t ravels  i n  a d i r e c t i o n  
o p p o s i t e  t o  t h a t  of t h e  e l e c t r o n  beam s o  t h a t  t h e  

goes h e l i x  t e r m i n a l  i s  a t  t h e  s i d e  of t h e  e l e c t r o n  gun. 
backwards The backward-travel ing RF wave g i v e s  t h e  o s c i l l a t o r  

i t s  name. 
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swept LO 

e I e c t r o n -  
i c a l  l y  
swept 

Recent ly  a n  a t t e m p t  has  been made t o  s u p p l a n t  t h e  BWO 
by t h e  vol tage- tuned  magnetron. The VTM has  a n  
i n h e r e n t  advantage  s i n c e  i t  h a s  a l i n e a r  v o l t a g e -  
f requency  r e l a t i o n s h i p  w h i l e  t h e  BWO does n o t .  
However, t h e r e  are s t i l l  some b a s i c  problems w i t h  
wide-tuning VTM'S s o  t h a t  t h e  BWO i s  p r e s e n t l y  t h e  
p r e f e r r e d  component. 

ELECTRICALLY TUNED OSCILLATORS 

One of t h e  e s s e n t i a l  components of t h e  
superhe terodyne  s i g n a l - t r a n s l a t i n g  spectrum a n a l y z e r  
i s  a f requency  v a r y i n g ,  o r  swept l o c a l  o s c i l l a t o r .  
The f requency  sweeping could  be  performed by 
mechanica l  means, such as a motor-dr iven v a r i a b l e  
c a p a c i t o r ,  however, r e l i a b i l i t y  problems and 
r e s t r i c t i o n s  i n  performance,  such  as low sweep ra te ,  
p r e c l u d e  t h e  u s e  of mechanica l  systems excep t  i n  t h e  
most p r i m i t i v e  d e s i g n s .  T h e r e f o r e ,  w e  s h a l l  concern 
o u r s e l v e s  h e r e  o n l y  w i t h  e l e c t r o n i c a l l y  tuned o r  
swep t  o s c i l l a t o r s .  

There are many t y p e s  of e l e c t r o n i c a l l y  s w e p t  
o s c i l l a t o r s .  One t y p e ,  t h e  BWO, was d i s c u s s e d  i n  
t h e  s e c t i o n  on t r a n s i t - t i m e  o s c i l l a t o r s .  Almost 

vo I t age -  eve ry  type  of o s c i l l a t o r  can ,  a t  l eas t  i n  t h e o r y ,  
c o n t r o l  l e d  b e  conve r t ed  t o  a v o l t a g e - c o n t r o l l e d  u n i t  by t h e  
resonan t  replacement  of t h e  u s u a l  r e s o n a n t  c i r c u i t  w i t h  a 
ci r c u i  t v o l t a g e - c o n t r o l l e d  r e s o n a n t  c i r c u i t .  A t  t h e  p r e s e n t  

t i m e  t h e  d e s i g n e r  h a s  a v a i l a b l e  t h r e e  e l e c t r o n i c a l l y  
c o n t r o l l e d  f r e q u e n c y - s e l e c t i v e  e l emen t s .  These are 
t h e  v o l t a g e - c o n t r o l l e d  c a p a c i t a n c e  d iode  o r  v a r i c a p  
( a l s o  v a r a c t o r ) ,  t h e  c u r r e n t - c o n t r o l l e d  i n d u c t o r ,  
and t h e  m a g n e t i c - f i e l d - c o n t r o l l e d  YIG. The most 
popu la r  component, e s p e c i a l l y  a t  f r e q u e n c i e s  below 
1 GHz, i s  t h e  v a r i c a p .  

The varicap can  b e  used t o  c o n t r o l  t h e  f requency  of 
an  o s c i l l a t o r  e i t h e r  by t a k i n g  t h e  p l a c e  of one of 
t h e  f requency  c o n t r o l l i n g  c a p a c i t o r s  o r  as  a n  
a d d i t i o n  t o  an  e s s e n t i a l l y  completed o s c i l l a t o r .  The 

mod Pierce a d d i t i o n  i d e a  i s  i l l u s t r a t e d  i n  F i g .  6-15. Here a 
o s c i l l a t o r  Pierce o s c i l l a t o r ,  which i s  a v a r i a t i o n  of t h e  
t o  vcxo C o l p i t t s ,  i s  modi f ied  by t h e  a d d i t i o n  of t h e  var icap.  

The e f f e c t  of t h e  varicap i s  t o  change t h e  v a l u e  of 
C 2 ,  t h i s  i n  t u r n  changes t h e  f requency  of t h e  
o s c i l l a t o r .  A s  d i s c u s s e d  i n  t h e  s e c t i o n  on c r y s t a l  

v e r y  smal I o s c i l l a t o r s ,  t h e  f requency  v a r i a t i o n  i n  t h i s  t ype  of 
v a r  i ab  I e system is v e r y  s m a l l .  Another example of a v a r i c a p -  
range c o n t r o l l e d  o s c i l l a t o r  i s  shown i n  F i g .  6-16. Th i s  

o s c i l l a t o r  i s  a v a r i a t i o n  of t h e  f a m i l i a r  C o l p i t t s  
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c o n f i g u r a t i o n  and can  be  v o l t a g e  tuned over l a r g e  
f requency  r anges .  
t o  c e n t e r  f requency  i s  q u i t e  common. One of t h e  
d i f f i c u l t i e s  w i t h  wide-tuning-range v a r i c a p -  
c o n t r o l l e d  o s c i l l a t o r s  i s  t h e  l o s s  of a s u b s t a n t i a l  
p o r t i o n  of t h e  v a r i c a p  c a p a c i t a n c e  range  due t o  RF 
b i a s .  This  occurs  because  most of t h e  c a p a c i t a n c e  
change of a v a r i c a p  o c c u r s  over  a small change of 
c o n t r o l  v o l t a g e  n e a r  z e r o  v o l t s .  
varicaps i s  d i s c u s s e d  i n  more d e t a i l  i n  t h e  s e c t i o n  
on f requency  l i n e a r i z a t i o n .  For t h e  p r e s e n t  i t  i s  
s u f f i c i e n t  t o  n o t e  t h a t  t h e  RF, a t  o s c i l l a t o r  

v a r  i a b  I e f r equency ,  appea r s  a t  t h e  v a r i c a p  and de te rmines  t h e  
range timifed low-voltage l i m i t  t o  which t h e  v a r i c a p  can  be  b i a s e d  
b y  RF b i a s  by t h e  c o n t r o l  v o l t a g e .  Th i s  i n  t u r n  l i m i t s  t h e  

c a p a c i t a n c e  change which l i m i t s  t h e  f requency  tun ing  
range .  
g l a n c e  may n o t  make s e n s e ,  are due p r i m a r i l y  t o  an  
e f f o r t  t o  keep t h e  RF b i a s  of t h e  v a r i c a p  t o  a 
minimum. 

Tuning of  over  50% w i t h  respect  

T h i s  aspect of 

Many c i r c u i t  v a r i a t i o n s ,  which a t  f i r s t  

t 

Fig. 6-15. Voltage-controlled crystal 
oscillator (VCXO) . 

io Id Ti? 2 L 
LOLTACE 

Fig. 6-16. Colpitts type voltage-controlled 
oscillator. 
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Y I G  
r e s o n a t o r  
advantage 

An electronically controlled oscillator technique 
with much promise for the future is that utilizing 
the properties of YIG resonators. This is 
particularly true at frequencies above 1 GHz where 
the properties of YIG resonators become quite 
attractive. The chief advantage of YIG is the 
inherent linear tuning, thus obviating the need for 
frequency-linearization circuits. At the time this 
was written transistorized YIG oscillators covering 
two-to-one frequency ranges up to 2 GHz have been 
announced in the literature. These units still have 
some problems, such as extreme sensitivity to load 
VSWR, and to spurious resonances. No doubt these 
problems will be solved as more work is done on this 
attractive component. 

FREQUENCY LINEARIZATION TECHNIQUES 

Most electronically controlled oscillators have a 
nonlinear control-voltage-versus-frequency 

relationship is desired it is necessary to preshape 

the oscillator circuit to make the voltage-frequency 
relationship linear. 

non I i nea r  relationship. This means that when a linear 
vo I t a g e  

f r e q u e n c y  
vs  the control-voltage tuning curve, or otherwise affect 

Consider, for example, the use of a varicap- 
controlled oscillator. The capacitance-versus- 
control-voltage relationship is nonlinear, the 
greatest capacitance change occurring at the low end 
of the voltage range. A typical case is shown in 
Fig. 6-17. The problem is further complicated by 
the nonlinear frequency-versus-capacitance 
relationship, since the two are related by the 

resonance equation f = 

normalized for L = 1 mH, is given in Fig. 6-18. 

. This relationship, 1 

27T JLC 
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30 

VOLTAGE I N VOLTS 

Fig. 6-17. Capacitance-vs-voltage 
for varicap. 

I \  I 1 L = lmh 1 
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0 

Fig. 6-18. Frequency-capacitance relationship 
for resonant circuit. 
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! I 

L = 1mH 

1 250 300 
FREQUENCY I N kciz 

Fig. 6-19. Typical voltage-frequency 
relationship for a varicap- 
controlled oscillator. 
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Combining t h e s e  two c u r v e s  i n t o  F i g .  6-19 w e  obse rve  
t h a t  t h e  vol tage- f requency  r e l a t i o n s h i p  f o r  a varicap- 
c o n t r o l l e d  o s c i l l a t o r  i s  n o t  a l i n e a r  one.  The 
importance of F ig .  6-19 i s  much more t h a n  j u s t  an  
i l l u s t r a t i o n  of t h e  n o n l i n e a r  r e l a t i o n s h i p  between 
v o l t a g e  and f requency .  T h i s  cu rve  a l s o  g i v e s  us  t h e  
vol tage-versus- t ime r e l a t i o n s h i p  when w e  wish t o  g e t  
a l i n e a r  f requency-versus- t ime sweep .  Thus, t o  
conve r t  a v o l t a g e  sawtooth t o  a f requency  sawtooth by 
means of a v a r i c a p - c o n t r o l l e d  o s c i l l a t o r  w e  need t o  
preshape  t h e  v o l t a g e  sawtooth acco rd ing  t o  F i g .  6-19. 
Th i s  concept  i s  i l l u s t r a t e d  i n  F i g .  6-20. Here w e  
s t a r t  w i t h  a l i n e a r  vol tage as a f u n c t i o n  of t i m e  and 
end w i t h  a l i n e a r  frequency as a f u n c t i o n  of t i m e .  

produce a n o n l i n e a r  vo l tage-versus- t ime r e l a t i o n s h i p .  

a p p l y  a 
non I i n e a r  However, somewhere i n  t h e  system w e  have had t o  
o p e r a t i o n  

The r e q u i r e d  v o l t a g e  shaping  can  be  o b t a i n e d  i n  two 
open- I oop ways. One way i s  t o  u s e  an  open-loop s h a p e r ,  such  
shaper as i l l u s t r a t e d  i n  b l o c k  form i n  F i g .  6-20. T h i s  

t echn ique  assumes foreknowledge of t h e  r e q u i r e d  
shaping f u n c t i o n .  The o t h e r  way i s  t o  u s e  c losed -  
loop  feedback c o n t r o l  of t h e  shaping  f u n c t i o n .  The 
open-loop method i s  t h e  s imple r  and less expens ive ,  
w h i l e  t h e  closed-loop method p r o v i d e s  more a c c u r a t e  c l o s e d - l o o p  

shaper c o n t r o l  and b e s t  l i n e a r i t y .  

I 

Fig. 6-20. Frequency sawtooth generator, 
block diagram. 
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segment . .  s l o p e  

f o r  n 
segments 

more s t e p s  -- 
smoother 
curve 

d i odes 
sw i t c h  t h e  
s t e p s  

l i m i t a t i o n s  
a v o i d e d  by 
u s i  ng 
amp1 i f  i e r  
w i t h  
feedback  

L e t  u s  c o n s i d e r  t h e  open-loop method f i r s t .  We 
assume foreknowledge of t h e  i n p u t  and r e q u i r e d  o u t p u t  
vo l t age - t ime  f u n c t i o n s .  T h i s  i s  i l l u s t r a t e d  i n  
F ig .  6-21, where t h e  known i n p u t  and t h e  computed o r  
e x p e r i m e n t a l l y  determined o u t p u t  are p l o t t e d  on t h e  
same graph .  We can  approximate t h e  shape  of any 
p o r t i o n  of t h e  o u t p u t  cu rve  s imply by r educ ing  t h e  
s l o p e  of t h e  i n p u t  curve .  A l l  t h a t  a r e d u c t i o n  of 
s l o p e  r e a l l y  means i s  a r e d u c t i o n  i n  v o l t a g e  and t h i s  
can b e  accomplished by a p a s s i v e  d i v i d e r  network.  
What w e  need i s  a set of res i s t ive  v o l t a g e  d i v i d e r s  
which are swi tched  i n  o r  o u t  when the a p p r o p r i a t e  
v o l t a g e  i s  reached .  A s  a n  i l l u s t r a t i o n  c o n s i d e r  a 
system where, as t h e  v o l t a g e  ramp s ta r t s  from z e r o ,  
a ten-to-one d i v i d e r  i s  swi tched  i n  s o  t h a t  t h e  
o u t p u t  i s  one t e n t h  as l a r g e  as t h e  i n p u t .  A f t e r  a 
f i x e d  t i m e  i n t e r v a l ,  when t h e  i n p u t  v o l t a g e  h a s  
reached  a c e r t a i n  prede termined  v a l u e ,  t h e  v o l t a g e  
d i v i d e r  i s  changed i n t o  a f ive- to-one ,  t h e n  a ten-to- 
t h r e e ,  a ten- to- four ,  e tc .  F i g .  6-22 shows what 
happens i n  such a system. The upper  c u r v e  w a s  
c o n s t r u c t e d  by u s i n g  t h e  above d i v i s i o n  r a t i o s .  The 
a d d i t i o n  of v o l t a g e  o f f s e t  t o  e l i m i n a t e  t h e  ve r t i ca l  
s t e p s  l e a d s  t o  t h e  smoother lower cu rve .  The i d e a l  
cu rve  can be  approached as c l o s e l y  as d e s i r e d  s imply 
by i n c r e a s i n g  t h e  number of b r e a k p o i n t s .  Of c o u r s e ,  
a n  i n f i n i t e  number of b r e a k p o i n t s  does n o t  make f o r  
a v e r y  p r a c t i c a l  a r rangement ,  s o  rea l  sys tems 
u s u a l l y  have between t h r e e  and t e n  b r e a k p o i n t s .  

P r e b i a s e d  d iodes  make e x c e l l e n t  v o l t a g e - s e n s i t i v e  
s w i t c h e s ,  s o  t h e  d i v i d e r  network u s u a l l y  c o n s i s t s  of 
a d i o d e - r e s i s t o r  m a t r i x .  Depending on t h e  d e s i r e d  
deg ree  of c o n t r o l  of t h e  b r e a k p o i n t  v o l t a g e  and o u t p u t  
s l o p e ,  a d i v i d e r  may c o n t a i n  up t o  f i v e  r e s i s t o r s  and 
two d iodes .  A t en -b reakpo in t  network c o u l d ,  t h e r e f o r e ,  
c o n t a i n  up t o  f i f t y  r e s i s t o r s  and twenty d i o d e s  j u s t  
i n  t h e  v o l t a g e - d i v i d e r  m a t r i x .  I n  real  c i r c u i t s  t h e  
d i v i d e r  network i s  u s u a l l y  o p e r a t e d  i n  c o n j u n c t i o n  
w i t h  an  a m p l i f i e r .  T h i s  p e r m i t s  s l o p e  c o n t r o l  w i t h o u t  
r e g a r d  t o  t h e  maximum s l o p e  of t h e  i n p u t  waveform; 
DC r e s t o r a t i o n  problems a s s o c i a t e d  w i t h  t h e  b i a s e d  
d i v i d e r  networks are avoided ,  and by connec t ing  t h e  
d i v i d e r  network as a feedback  loop  around t h e  
a m p l i f i e r  w e  conve r t  t h e  d i f f i c u l t  problem of 
c o n s t r u c t i n g  a passive network whose l o s s  d e c r e a s e s  
w i t h  i n c r e a s i n g  i n p u t  t o  t h e  s i m p l e r  problem of a 
network where t h e  l o s s  increases w i t h  i n c r e a s i n g  
i n p u t .  The f i n a l  system, though based  on s imple  
t h e o r e t i c a l  p r i n c i p l e s ,  can  t h e r e f o r e  g e t  q u i t e  
complex. 
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Fig. 6-21. Voltage-time relationship f o r  a 
sawtooth-shaping circuit. 

t 
VO I T S  

T I ME ------+ 

Fig. 6-22. Piecewise linear-shaping outputs. 



148  

OSC I LLATOR 
OllTPUT - 

Fig. 6-23. Block diagram of feedback- 
contro11e;i sweeping o s c i l l a t o r .  

An alternate oscillator-frequency-linearization 
c losed- loop technique uses a closed-loop feedback-controlled 
feedback system. The oscillator output is compared to a 

reference signal and the resulting error signal is 
used to control or correct the oscillator. 
6-23 is a block diagram of the basic system. 

Fig. 

As discussed in the section on closed-loop-controlled 
systems, given a sufficiently high-gain comparator 
we can neglect the minute difference between the 
reference input and the signal input needed to 
generate the error output. For all intents and 
purposes the controlled output has the same 
characteristics as the reference input, and the 
oscillator output follows the voltage-frequency 
characteristics of the discriminator. It is, 
therefore, important to consider the problems 
associated with the frequency-to-voltage conversion. 
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The d i s c r i m i n a t o r  c i r c u i t  was d i s c u s s e d  e l sewhere ,  
s o  w e  w i l l  t r ea t  t h e  d i s c r i m i n a t o r  as a b l a c k  box 
t h a t  c o n v e r t s  a frequency-varying i n p u t  i n t o  an 
ana log  vol tage-vary ing  o u t p u t .  However, t h e r e  i s  one 

d i s c r i m i n a t o r  problem: 
senses i n p u t  s e n s i t i v e ,  i t  i s  a l s o  v o l t a g e  s e n s i t i v e .  This  means 
vo I t a g e  

The d i s c r i m i n a t o r  i s  n o t  on ly  f requency  

t h a t  v a r i a t i o n s  i n  i n p u t  v o l t a g e  appear  a l s o  as 
v a r i a t i o n s  i n  o u t p u t  v o l t a g e ,  T h i s  i n  t u r n  f e e d s  
f a l s e  i n f o r m a t i o n  t o  t h e  v o l t a g e  compara tor ,  
r e s u l t i n g  u l t i m a t e l y  i n  undes i r ed  f requency  
v a r i a t i o n s  i n  t h e  o s c i l l a t o r  o u t p u t .  It  i s ,  t h e r e f o r e ,  
e s s e n t i a l  t h a t  t h e  v o l t a g e  of t h e  frequency-varying 
i n p u t  s i g n a l  t o  t h e  d i s c r i m i n a t o r  be  ma in ta ined  a t  a ma i n t a  i n 

i n p u t  V c o n s t a n t  level.  Th i s  i s  accomplished i n  a s imi l a r  
cons t a n  t manner t o  t h e  f requency  c o n t r o l ,  namely by a 

f eedback-con t ro l l ed  system. 

vs-time v a r i a t i o n s  as t h e  RF s i g n a l ;  a v o l t a g e  
comparator a m p l i f i e r ,  which compares t h e  d e t e c t e d  

o u t p u t  a m p l i f i e r ,  whose g a i n  i s  c o n t r o l l e d  by t h e  
v o l t a g e  w i t h  a f i x e d  ampl i tude  r e f e r e n c e ;  and an  

5:; -’ 
i s  t h a t  t h e  system have s u f f i c i e n t  g a i n  s o  t h a t  
e f f e c t i v e l y  t h e  o u t p u t  i s  c o n t r o l l e d  t o  have t h e  same 
c h a r a c t e r i s t i c s  ( i n  t h i s  case c o n s t a n t  ampl i tude)  as 
t h e  r e f e r e n c e  s i g n a l .  Of c o u r s e ,  t h i s  i s  a l l  

Y p r e d i c a t e d  on t h e  assumption t h a t  t h e  RF-output 
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A good peak d e t e c t o r  h a s  no f requency  d i s c r i m i n a t i o n  
w i deband w i t h i n  broad l i m i t s .  The o u t p u t  v o l t a g e  w i l l ,  
peak t h e r e f o r e ,  b e  p r o p o r t i o n a l  n o t  t o  t h e  peak of t h e  
d e t e c t o r  fundamental  of t h e  i n p u t  waveform, b u t  t o  t h e  peak 

of t h e  composite waveform i n c l u d i n g  t h e  fundamental  
responds t o  and a l l  t h e  harmonics.  Thus, a cons t an t - ampl i tude  
compos i t e  fundamental  i s  made t o  look  u n f l a t  by t h e  a d d i t i o n  
peaks of va ry ing  amounts of harmonics.  T h i s  i s  i l l u s t r a t e d  

by t h e  photographs i n  F i g .  6-24.  These photographs 
i l l u s t r a t e  what happens t o  t h e  waveform when va ry ing  
levels  of 2nd and 3rd harmonic are  added t o  a 
cons tan t -ampl i tude  fundamental  sinewave. 

even and 
odd 
harmon ic  
e f f e c t s  

We n o t e  t h a t  t h e  a d d i t i o n  of even harmonics d i s t o r t s  
t h e  sinewave b u t  h a s  no e f f e c t  on t h e  o v e r a l l  
ampli tude.  Odd harmonics ,  on t h e  o t h e r  hand ,  n o t  
on ly  d i s t o r t  t h e  waveform b u t  a l s o  change t h e  
peak-to-peak ampl i tude .  O r d i n a r i l y  i t  i s  of  l i t t l e  
consequence f o r  mixer o p e r a t i o n  i f  t h e  l o c a l -  
o s c i l l a t o r  s i g n a l  c o n t a i n s  a small amount of t h i r d  
harmonic. But ,  i n  t h e  c a s e  of a c losed- loop  
f eedback-con t ro l l ed  o s c i l l a t o r ,  t h i s  can cause  
s u b s t a n t i a l  f requency n o n l i n e a r i t y .  Observe t h a t  
as t h e  odd-harmonic c o n t e n t  of t h e  waveform changes,  
t h e  ou tpu t  of t h e  peak d e t e c t o r  w i l l  f o l l o w ,  and 
t h e  ampl i tude -con t ro l  l oop  w i l l  p rov ide  a p p r o p r i a t e  
c o r r e c t i o n  s i g n a l s  t o  ma in ta in  a c o n s t a n t  ampl i tude ,  
However, i f  t h e  fundamental  c o n t e n t  of t h e  
o s c i l l a t o r  o u t p u t  were c o n s t a n t ,  t h e n  t h e  e f f e c t  of 

d i s c r i m i n a t o r  t h e  c o r r e c t i v e  a c t i o n  of t h e  ampl i tude  loop  would 
responds t o  b e  t o  va ry  t h e  ampl i tude  of t h e  fundamental ,  The 
f undamenta I d i s c r i m i n a t o r  i n  t h e  f r equency-con t ro l  l o o p ,  b e i n g  

a frequency s e n s i t i v e  d e v i c e ,  responds t o  t h e  
fundamental  s o  v a r i a t i o n s  i n  fundamental  ampl i tude  a t  
t h e  i n p u t  w i l l  r e s u l t  i n  ampl i tude  v a r i a t i o n s  a t  t h e  
d i s c r i m i n a t o r  o u t p u t .  The d i s c r i m i n a t o r - o u t p u t  
v o l t a g e  c o n t r o l s  t h e  o s c i l l a t o r  f requency-versus- t ime 
f u n c t i o n ,  s o  t h a t  odd harmonic c o n t e n t  i n  t h e  
o s c i l l a t o r  o u t p u t  causes  c o n s i d e r a b l e  f requency-versus-  
t i m e  n o n l i n e a r i t y .  The even harmonics are n o t  as 
o b j e c t i o n a b l e  s i n c e  t h e  peak-to-peak ampl i tude  i s  n o t  
a f f e c t e d ,  But t h e s e  a l so  cause  problems because  t h e  
DC l eve l  of t h e  waveform i s  s h i f t e d  from z e r o  by t h e  
v e r t i c a l  asymmetry i n  t h e  waveform, as i l l u s t r a t e d .  
Furthermore some d i s c r i m i n a t o r s ,  p a r t i c u l a r l y  t h o s e  
u s i n g  t r a n s m i s s i o n  l i n e s ,  are s u b j e c t  t o  t h e  m u l f i p l e  
resonances  of t r a n s m i s s i o n  l i n e s  and are a d v e r s e l y  
a f f e c t e d  by harmonics .  This  i s  why a low-pass o r  
bandpass f i l t e r  i s  f r e q u e n t l y  added t o  t h e  c o n t r o l  
l oop .  The f u n c t i o n  of t h e  f i l t e r  i s  t o  reduce  t h e  
harmonic c o n t e n t  of t h e  o s c i l l a t o r  o u t p u t ,  
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Fig. 6-24. Effect of harmonic content on 
wave f om. 
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Fig. 6-25. Complete block diagram of feedback- 
controlled swept oscillator. 

3 I S C P l V l h A T C R  C- 

A b l o c k  diagram of t h e  complete f requency-cont ro l  
system i n c l u d i n g  t h e  ampl i tude  l o o p  i s  shown i n  
F ig .  6-25. 

PHASELOCK OSCILLATOR STABILIZATION 

Bes ides  improvements i n  l i n e a r i t y  and accuracy  i n  
f requency  ad jus tmen t ,  a n o t h e r  impor t an t  advantage  
t h a t  t h e  f e e d b a c k - l i n e a r i z a t i o n  system h a s  ove r  t h e  
open-loop shape r  t echn ique  i s  improvement i n  
o s c i l l a t o r  s t a b i l i t y .  I n  t h e  open-loop system 
no th ing  can  b e  done abou t  u n p r e d i c t a b l e  o s c i l l a t o r -  
f requency  d e v i a t i o n s  caused by power-supply n o i s e ,  
v i b r a t i o n ,  t empera tu re  changes,  and o t h e r  
u n c o n t r o l l a b l e  f a c t o r s .  Th i s  i s  because  t h e  system 
o p e r a t i o n  i s  based on foreknowledge of t h e  r e q u i r e d  

feedback- c o n t r o l  s i g n a l .  I n  t h e  feedback  system, however, 
c o n t r o l  t h e  c o n t r o l  s i g n a l  i s  determined by t h e  c o n d i t i o n s  
signal p r e v a i l i n g  a t  t h e  t i m e  of o p e r a t i o n .  Thus,  i f  t h e  
de te rm i  ned o s c i l l a t o r  f requency  should  f o r  some r e a s o n  d e v i a t e  
bY from t h e  r e q u i r e d  v a l u e ,  t h e  feedback  system w i l l  
env i ronmen t  g e n e r a t e  an e r r o r  v o l t a g e  of such magnitude as t o  

r e s t o r e  the f requency  t o  i t s  o r i g i n a l  magnitude. 
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system 
s t a b  i I i t y  
I i m i t e d  by  
r e f e r e n c e ,  
d i s c r  i m i  n a t o r  
and 
compa r a  t o r  

phase lock  
p r o v  i des 
s u p e r i o r  
s t a b i  I i t y  

The d i s c r i m i n a t o r - c o n t r o l l e d  feedback  system i s  
u s u a l l y  c a p a b l e  of o n l y  l i m i t e d  improvement i n  
o s c i l l a t o r - f r e q u e n c y  s t a b i l i t y .  T h i s  i s  because  t h e  
u l t i m a t e  s t a b i l i t y  of t h e  o s c i l l a t o r  cannot  be  made 
b e t t e r  t h a n  t h e  u l t i m a t e  s t a b i l i t y  of t h e  r e f e r e n c e  
system. 
by t h e  r e f e r e n c e  s i g n a l ,  b u t  by t h e  d i s c r i m i n a t o r  
and comparator as w e l l .  I n  t h e  world of s t a b l e  
o s c i l l a t o r s  where sho r t - t e rm s t a b i l i t i e s  of one p a r t  
i n  l o 8  are n o t  uncommon, t h e  d i s c r i m i n a t o r - c o n t r o l l e d  
system i s  s e v e r a l  o r d e r s  of magnitude below what can 
b e  achieved .  The g r e a t e s t  d e g r e e  of s t a b i l i t y  i s  
achieved  by a f eedback-con t ro l l ed  system where t h e  
r e f e r e n c e  i s  a s t a b l e  f requency  s o u r c e ,  t h e  
comparator c o n s i s t i n g  of a phase d e t e c t o r .  
t y p e  of system i s  known as a phase lock  loop  o r  
phase lock  system. 

The r e f e r e n c e  system i s  n o t  o n l y  a f f e c t e d  

T h i s  

The b a s i c  phase lock  system w a s  d e s c r i b e d  i n  t h e  
s e c t i o n  on closed-loop c o n t r o l  c i r c u i t s .  F i g .  6-26 
i s  reproduced from t h e r e .  The r e f e r e n c e  s t r o b e  
c o n s i s t s  of a s t a b l e  t r a i n  of narrow p u l s e s  gene ra t ed  
by a c r y s t a l  o s c i l l a t o r  working i n  c o n j u n c t i o n  w i t h  
a narrow-pulse g e n e r a t o r ,  such as d e s c r i b e d  i n  
c h a p t e r  two. 
several t y p e s  of  phase  d e t e c t o r s  and samplers  as 
d e s c r i b e d  i n  t h e  s e c t i o n  on phase  d e t e c t o r s .  The 
d i f f e r e n c e  a m p l i f i e r  needs no d i s c u s s i o n  and t h e  
phase-cont ro l  s i g n a l  i s  a s t a b l e  v a r i a b l e  DC v o l t a g e  
which se t s  t h e  o s c i l l a t o r  f requency .  

The sampling g a t e  i s  one of t h e  

PHASE 

S I GNAL 
COhTROL - _I 

REFERENCE 
I NPLT 

SAMPL I NG GATE 
(PHASE DETECTOR) 

Fig. 6-26. Phaselock-controlled oscillator 
system. 
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The v o l t a g e - c o n t r o l l e d  o s c i l l a t o r  i s  n o t  n e c e s s a r i l y  
t h e  type  of v o l t a g e - c o n t r o l l e d  o s c i l l a t o r  d e s c r i b e d  
i n  t h e  s e c t i o n  on e l e c t r o n i c  t u n i n g .  Two t y p e s  of 
o s c i l l a t o r s  were d e s c r i b e d  t h e r e ;  t h e  v e r y  narrow- 
frequency-range c r y s t a l - c o n t r o l l e d  u n i t  and wide- 
t un ing  t r a n s i s t o r  o s c i l l a t o r s .  A c t u a l l y  a l l  
o s c i l l a t o r s  can be  v o l t a g e  c o n t r o l l e d  t o  some e x t e n t .  
The o u t p u t  f requency  of a tuned-p la t e  tuned-grid 
o s c i l l a t o r  i s  de termined ,  among o t h e r  t h i n g s ,  by t h e  
s t r a y  and tube  i n t e r e l e c t r o d e  c a p a c i t y .  A v a r a c t o r  
l i g h t l y  coupled t o  t h e  p l a t e - g r i d  t r a n s m i s s i o n  l i n e  
can ,  t h e r e f o r e ,  b e  used f o r  vo l t age - tuned  frequency 
c o n t r o l .  

Phase lock  o s c i l l a t o r  systems are of two t y p e s ,  t h e  
s tep - tuned  s tep- tuned  o s c i l l a t o r  and t h e  cont inuous- tuned 
phase I ock o s c i l l a t o r ,  The s tep- tuned  system i s  t h e  s i m p l e r  of 

t h e  two; see F i g .  6-26. The c o n t r o l l e d  o s c i l l a t o r  
i s  tuned ,  by mechanical  o r  o t h e r  means, t o  a 
f requency  which i s  ha rmon ica l ly  r e l a t e d  t o  t h e  
r e f e r e n c e  i n p u t .  A t  t h a t  t i m e  t h e  phase -de tec to r  
o u t p u t  i s  a p a r t i c u l a r  prede termined  v a l u e ,  u s u a l l y  
ze ro .  Any d e v i a t i o n  of t h e  o s c i l l a t o r  f requency  from 
t h i s  preset v a l u e  w i l l  g e n e r a t e  a phase -de tec to r  
o u t p u t  which w i l l  i n  t u r n  r e s t o r e  t h e  o s c i l l a t o r  t o  
t h e  f requency  which i s  an  e x a c t  m u l t i p l e  of t h e  
r e f e r e n c e  f requency .  Once t h e  o s c i l l a t o r  i s  
phaselocked t h e  f requency  i s  f i x e d .  I n  t h i s  system, 
t h e  o s c i l l a t o r  f requency  cannot  be  tuned w h i l e  
m a i n t a i n i n g  phase lock ,  

The con t inuous ly  tun ing  phase lock  system i s  comprised 
of t h e  same b a s i c  e lements  as t h e  s tep- tuned  system. 
The d i f f e r e n c e  between t h e  two i s  t h a t  i n  t h e  
con t inuous ly  tuned system t h e  o s c i l l a t o r  can b e  
v o l t a g e  c o n t r o l l e d  over  a wide r ange  of f r e q u e n c i e s ,  
w h i l e  t h e  r e f e r e n c e  f requency  i s  swept.  Imagine,  

c o n t i n u o u s l y  f o r  example, a wide-tuning 1-to-2-GHz o s c i l l a t o r  such 
t u n e d  as a BWO o r  t r a n s i s t o r - v a r i c a p  u n i t .  T h i s  o s c i l l a t o r  
phase I ock i s  t o  be  phaselocked t o  a r e f e r e n c e  which t u n e s  from 

1-to-2 MHz. A s  long  as  t h e  microwave o s c i l l a t o r  
t u n e s  i n  synchronism w i t h  t h e  r e f e r e n c e  s o u r c e ,  t h e  
1OOO:l (1 GHz i s  1000 t i m e s  1 MHz) r e l a t i o n s h i p  
between t h e  o s c i l l a t o r s  w i l l  be  ma in ta ined ,  and t h e  
1-to-2-GHz o s c i l l a t o r  w i l l  c o n t i n u e  t o  b e  phaselocked 
d u r i n g  tun ing .  I n  p r a c t i c e  t h e  system i s  more 
complicated s i n c e  wide-tuning s t a b l e - r e f e r e n c e  
o s c i l l a t o r s  are v e r y  d i f f i c u l t  t o  make. A c t u a l  
systems u s e  a r e l a t i v e l y  narrow-tuning s t a b l e  
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o s c i l l a t o r  as a r e f e r e n c e ,  and con t inuous  tun ing  of 
t h e  high-frequency o s c i l l a t o r  i s  ma in ta ined  by u s i n g  
several  r e f e r e n c e  harmonics .  For example, w e  wish 
t o  phase lock  a 1-to-2-GHz o s c i l l a t o r  t o  a 1-MHz 
r e f e r e n c e  source  t h a t  can be  tuned  through a range  
of on ly  1 kHz: A t  1 GHz t h e  o s c i l l a t o r  i s  locked 
t o  t h e  1000th harmonic of 1 MHz. 
1 GHz (1 .001  GHz) t h e  o s c i l l a t o r  i s  locked  t o  t h e  
1000th harmonic of 1 .001  MHz. 
o s c i l l a t o r  f requency  immediately r e t u r n s  t o  1 MHz 
and t h e  microwave o s c i l l a t o r  l o c k s  t o  t h e  one- 
thousand-and-f i r s t  harmonic of 1 MHz. T h i s  p r o c e s s  
c o n t i n u e s  u n t i l  t h e  microwave o s c i l l a t o r  a t  2 GHz  
l o c k s  t o  t h e  one-thousand-nine-hundred-and-ninety- 
n i n t h  harmonic of 1.0005+ MHz. 

A t  1 MHz above 

The r e f e r e n c e -  

The con t inuous ly  t u n i n g ,  o r  sweeping, phase lock  
system i s  much more compl ica ted  t h a n  t h e  s tep- tuned  
system. The sweeping system needs a sweeping 
r e f e r e n c e  source  which can b e  a c c u r a t e l y  t r a c k e d  t o  
t h e  high-frequency o s c i l l a t o r .  Th i s  u s u a l l y  means 
c losed - loop-d i sc r imina to r  f requency  c o n t r o l  f o r  bo th  

5 con t ro l  o s c i l l a t o r s .  The r e s u l t  i s  a t o t a l  of f i v e  c o n t r o l  
loops loops :  Two ampl i tude -con t ro l  l o o p s ,  two d i s c r i m i n a t o r -  
needed c o n t r o l  l o o p s  and one phase lock  loop .  There are a l s o  

problems a s s o c i a t e d  w i t h  t h e  need t o  p r e v e n t  t h e  
o s c i l l a t o r  from l o c k i n g  t o  t h e  wrong r e f e r e n c e  
harmonic. I n  s p i t e  of t h e  problems, t h e  s t a b i l i t y  
improvement of phase lock  over  o t h e r  sys tems make t h e  
sweeping phase lock  system v e r y  a t t r a c t i v e .  

The remainder of t h i s  s e c t i o n  i s  devoted t o  a 
d i s c u s s i o n  of two impor t an t  phase lock  p r o p e r t i e s ,  
acquisition and hoZd-in. 

harmonic frequency of t h e  r e f e r e n c e  s o u r c e  and 
phase lock  occur s .  Th i s  i s  n o t  always easy  s i n c e  t h e  
puZZ-in f requency  r ange  can  be  q u i t e  narrow. 
need f o r  g e t t i n g  t h e  high-frequency o s c i l l a t o r  w i t h i n  
t h e  p u l l - i n  range  of t h e  phase lock  l o o p ,  a p r o c e s s  
c a l l e d  a c q u i s i t i o n ,  accoun t s  f o r  many o t h e r w i s e  
puzz l ing  f e a t u r e s  of phase lock  sys tems.  One t echn ique  
i s  t o  p rov ide  a manual ly  tuned f ine- f requency  c o n t r o l .  
Th i s  c o n t r o l  i n  c o n j u n c t i o n  w i t h  a bea t - f requency  
phase lock  i n d i c a t o r  p e r m i t s  manual t un ing  i n t o  t h e  
p u l l - i n  range .  The s o - c a l l e d  phase -con t ro l  s i g n a l  i n  
F ig .  6-26 can b e  thought  of as a n  e l e c t r o n i c  f i n e -  
t un ing  c o n t r o l  which h e l p s  i n  phase lock  a c q u i s i t i o n .  

acquisition 

hold-in t h e  high-frequency o s c i l l a t o r  i s  somehow tuned t o  a 

p u l  I - i n  

So f a r  i t  w a s  assumed t h a t  

The 
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A more sophisticated technique is narrowband sweeping 
or frequency d i t h e r .  
is swept electronically, thus getting the oscillator 
frequency within the pull-in range without 
intervention of the operator. The swept technique 
is particularly useful in situations where phaselock 
may be broken during a measurement or other spectrum 
analyzer use. 
reestablished without operator intervention. Of 
course, in the sweeping system it is important to 
restrict the acquisition sweep width to less than 
the hold-in range, otherwise phaselock could not be 
maintained. Finally, an auxiliary discriminator- 
controlled loop can be used to bring the oscillator 
frequency within the pull-in range. 

Here the phase-control signal 

Here phaselock is quickly 

A sufficiently strong disturbance will cause a 
phaselocked oscillator to lose lock. The capability 
of a phaselocked oscillator to maintain lock is 
defined by the hold-in range. Hold-in range depends 
on the loop time-constants, so a slow disturbance 
may not break phaselock while a fast disturbance of 

ho I d- i n equal magnitude may. For example, time-constant 
range considerations put an upper limit to the sweep rate 
v e r s u s  in the swept acquisition system. Other circuit 
I oop t i me- 
c o n s t a n t s  gain, the greater the gain the wider the hold-in 

characteristics affecting hold-in range are: Loop 

range; l o o p  bandwidth, which is connected with the 
time-constant question mentioned earlier; 
oscillator-control range, pertaining to the frequency 
range over which the oscillator can be voltage 
controlled; and circuit saturation, pertaining to 
the maximum control voltage that can be handled. 
Saturation sets the ultimate limit on hold-in, since 
it would, for example, serve no purpose to increase 
the loop gain to the point where the circuit 
saturates on input noise. 

REFERENCES; see page 171. 

Oscillators -- B-11, B-12, B-13 
Magnetrons -- B-2 
Klystrons and Triodes -- B-3 
Transmission Line -- B-12 
Crystal -- C-2 pp66-70, C-7 pp117-118 
Phaselock -- C-2 
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RF ATTENUATORS 

The purpose of an attenuator" is to reduce the power 
delivered from a source to a load when the attenuator 
is inserted between them. Thus, the major 
characteristic of an attenuator is the insertion Loss, 
Insertion loss can be defined in several different 
ways, the definition requiring that the attenuator 
be inserted between a matched source and load is the 
most prevalent. The requirement of a matched source 
and load make the insertion-loss specification a 
characteristic of only the attenuator. Thus, we 
define insertion l o s s  "L", or attenuation as it is 
sometimes called, as 

dB 
Pin 
Pout  

L = 10 log10 Pin L = 10 log1 0 
Pout  

dB 

with source and load matched. It is important to 
recognize that the above definition does not 
necessarily require that the attenuator dissipate 
power in order to produce attenuation. For example, 
a dissipationless metal obstruction properly placed 

n o t  a l  I 
a t t e n u a t o r s  
d i ss  i p a t e  in a transmission line will reduce the amount of 
power power delivered from the generator to the load by 

reflecting some of the power back to the generator. 
This type of attenuation is called reflective 
attenuation and is based on different principles 
than dissipative attenuation. A prime example of a 
reflective attenuator is a waveguide beyond cutoff, 
while the best known example of a dissipative 
attenuator is a simple resistive-divider network. 
In the following sections we shall consider the 
characteristics of some of the types of attenuators 
that may be used with spectrum analyzers. 

The word pad is sometimes used as a synonym for 
attenuator. Usually though, a pad is considered 
an uncalibrated power-reducing device, whereas an 
attenuator is calibrated. 
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Fig. 7-1. Resistive attenuators. 

RESISTIVE-DIVIDER ATTENUATORS 

The simplest type of attenuator is that based on the 
dissipation of a resistor or resistors connected in 
series and/or shunt with the transmission path. 
Though any arbitrary arrangement of resistors along 
the transmission path will reduce the power delivered 
to the load, at least three resistors are necessary 
for a controlled-impedance match between the 
attenuator and the load and source. Two basic three- 
resistor sections are used. These are the T section 
and the IT section as shown in Fig. 7-1. As shown, 
the attenuators are unsymmetrical; that is, R1 # R2 
and Z1 # 22. In most applications the source and 
load operate at the same impedance so that Z1 = 22 
and hence R1 = R2. Further, the impedance of the 
transmission system is usually 50 s2 ,  so most designs 
are based on a 50-s2 system. 

Consider as an example a 50-52 10-dB T attenuator. 
There are three specified parameters; Z1 = 50 s2 ,  

in .zn 22 = 50 52, and - = 10 or - = = 3.16. 
out 

This leads to three equations with three unknowns, 
so the attenuator resistors are uniquely specified. 
The result is an attenuator where R I  2 26 52, R2 = 
R1 N 26 52, and R 3  N 35 52. 

v .  
V 

P 

P o u t  

The attenuator arrangement is shown in Fig. 7-2. 
The attenuator consisting of two 2 6 4  and one 35-R 
resistors is connected to a 50-52 load and driven by 
a signal source whose internal resistance is 50 52 
and open-circuit voltage is V,. The input 
resistance is 26 52 in series with the combination 
of 35 52 in parallel with 50 52 and 26 s2 in series. 

(35)(26 + 50) 26 + 24 = 35 + 26 + 50 This leads to Z1 = 26 + 
50 1;2. 
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I 26 26 

out 
in 

P 

P 

50 v out 

Fig .  7 - 2 .  50-$2 10-dB T attenuator. 

A computation f o r  t h e  o u t p u t  impedance l e a d s  t o  t h e  
same r e s u l t .  Note t h a t  even though t h e  l o a d  i s  n o t  
p a r t  of t h e  a t t e n u a t o r  p r o p e r ,  i t  i s  cons ide red  as 
p a r t  of t h e  c i r c u i t  f o r  t h e  purpose of impedance 
c a l c u l a t i o n .  S i m i l a r l y  t h e  o u t p u t  impedance of t h e  
g e n e r a t o r  i s  t aken  i n t o  account  when computing t h e  
a t t e n u a t o r - o u t p u t  impedance. 

Looking from t h e  g e n e r a t o r  t e r m i n a l s  w e  see a 50-52 
load  connected t o  a 504 g e n e r a t o r .  T h e r e f o r e ,  by 
s imple  v o l t a g e  d i v i s i o n ,  t h e  i n p u t  v o l t a g e ,  Vin, i s  
one h a l f  of t h e  s i g n a l - g e n e r a t o r  o p e n - c i r c u i t  
v o l t a g e ,  V,. 
as p a r t  of t h e  a t t e n u a t o r  e f f e c t ,  s i n c e  t h e  same 
l o s s  w i l l  occur  when t h e  g e n e r a t o r  i s  connected 
d i r e c t l y  t o  t h e  load  w i t h  t h e  a t t e n u a t o r  removed. 
Looked a t  i n  a n o t h e r  way, i t  is  d e s i r e d  t o  compute 
t h e  input - to-output  r a t i o  of power o r  v o l t a g e .  
S t a r t i n g  w i t h  Vin t h e  v o l t a g e  d i v i d e s  between 26 52 

This  loss i n  v o l t a g e  i s  n o t  counted 

and 24 $2 r e s u l t i n g  i n  V 2  = - 2 4  V . T h i s  v o l t a g e  V2 50 in 
appea r s  a c r o s s  t h e  5 0 4  l o a d  i n  series w i t h  26 52 s o  

24  50 = -  = - a  - v  = 50 V2. The r e s u l t  i s  V out 50 76 in that 'out 76 
0.316 Vin, o r  10-dB down. Note t h a t  b o t h  l o a d  and 
s o u r c e  are connected t o  t h e  same impedance i n  b o t h  
t h e  p re sence  and absence  of t h e  a t t e n u a t o r .  The o n l y  
e f f e c t  of t h e  a t t e n u a t o r  h a s  been t o  r educe  t h e  power 
d e l i v e r e d  t o  t h e  l o a d  by a f a c t o r  of 10 w i t h  r e s p e c t  
t o  t h e  power d e l i v e r e d  t o  t h e  l o a d  when the l o a d  and 
s o u r c e  are connected d i r e c t l y  t o g e t h e r .  
of t h e  power d e l i v e r e d  by t h e  s o u r c e  goes t o  t h e  l o a d  
and n i n e - t e n t h s  i s  d i s s i p a t e d  by t h e  r e s i s t o r s  of t h e  
a t  t enua t o r .  

One-tenth 
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Note that slightly more than half of the input power 
is absorbed in the first 2 6 4  resistor in a 10-dB T 
attenuator. This resistor must be capable of 
dissipating this power, otherwise the attenuator will 
be damaged. 

At relatively low frequencies, where lumped circuit 
elements are used, the attenuator can be constructed 
in almost any configuration. All that one must be 
careful about is accuracy, power dissipation and 
stability of the resistors. At higher frequencies, 
however, where distributed circuits are used, the 
construction technique becomes important. 
Attenuators having good performance characteristics 
up to 1 GHz can be constructed with ordinary quarter- 
watt and half-watt carbon resistors. The three 
resistors forming the T or ll configuration are 
connected in a more or less coaxial configuration 
where the series resistors form part of the center 
conductor. This type of construction cannot be used 
much above 1 GHz because of the influence on 
insertion l o s s  and input impedance of stray capacity 
and inductance, and the discontinuities in the 
transmission structure due to the large size compared 
to a wavelength of the resistors. 

phys i ca I 
re I a t i o n -  
sh i p s  
c r i  t i c a  I 
ove r  1 GHz 

r e s  i st i ve 
film on 
rods and 
d i scs  

At frequencies in the gigahertz region, attenuators 
are constructed from microwave elements commonly 
called rod and disc  resistors. These are 
distributed resistors formed by depositing a 
conductive film on a nonconductive substrate such as 
pyrex glass. The names rod and disc are based on 
physical appearance, as shown in Fig. 7-3. The rod 
diameter is controlled to form the center conductor 
of a transmission line having a specific 
characteristic impedance. Likewise the diameter of 
the disc is adjusted to mate with the outer conductor 
of the desired transmission line. This type of 
structure works well to about 8 GHz, and has been 
used successfully to about 12.4 GHz. 

A technique that works quite well from DC to beyond 
12.4 GHz is that based on a single conductive card. 
It is still a resistive-divider attenuator, though 
hardly recognizable as such. Here the distributed 
nature of the resistors is one step beyond the rod- 
disc concept, since both the shunt and series 
resistors have been combined into one distributed 
resistor. 
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r e s i s t a n c e  
p e r  square 

--El- 

* 
f o r  same 
p and t 

> I  sc 
TEE-PAC 

Fig. 7-3. Rod and disc resistors. 

Before  proceeding f u r t h e r ,  i t  i s  h e l p f u l  t o  d i s c u s s  
t h e  concept  of surface r e s i s t i v i t y  o r  as i t  i s  o f t e n  
c a l l e d  ohms per square. Consider a long t h i n  
conductor  of l e n g t h  R and c r o s s - s e c t i o n a l  area A .  
We measure t h e  end t o  end r e s i s t a n c e  of t h i s  wire 
and f i n d  i t  t o  be R. F u r t h e r  w e  know t h a t  R i s  
p r o p o r t i o n a l  t o  t h e  l e n g t h  R ,  i f  R i s  doubled R a l s o  
doubles .  This  f o l l o w s  d i r e c t l y  from t h e  a d d i t i o n  of 
r e s i s t o r s  i n  series. Likewise i t  f o l l o w s  from t h e  
analogy of r e s i s t o r s  i n  pa ra l l e l  t h a t  R i s  i n v e r s e l y  
p r o p o r t i o n a l  t o  A. Adding a p r o p o r t i o n a l i t y  c o n s t a n t  

p ( rho)  w e  have an  e q u a t i o n  R = - ", where p i s  t h e  

r e s i s t i v i t y  of t h e  material  from which t h e  conductor  
i s  made. Dimens iona l ly ,  r e s i s t i v i t y  has  t h e  u n i t s  
of r e s i s t a n c e - l e n g t h .  One common u n i t  of p i s  
ohm-cm. Imagine now t h a t  t h e  conductor  i s  i n  t h e  
form of a t h i n  s h e e t  r a t h e r  t h a n  a w i r e .  T h i s  s h e e t  
h a s  wid th  w , t h i c k n e s s  "t", l e n g t h  "Q", and t h e  
r e s i s t i v i t y  of t h e  material  " p , "  Then t h e  
r e s i s t a n c e  measured a c r o s s  t h e  l e n g t h  of t h e  s h e e t  

A 

1 1  1 1  

i s R = - - -  - s i n c e  t h e  c r o s s - s e c t i o n a l  area i s  
A w t  ' 

t h i c k n e s s  times width .  I f  w e  have a s q u a r e ,  where 
R = w, t h e  r e s i s t a n c e  R i s  on ly  dependent on t h e  
material  t h i c k n e s s  and r e s i s t i v i t y .  Rega rd le s s  of 
t h e  s i z e  of t h e  s q u a r e  t h e  r e s i s t a n c e  R remains t h e  
same, and t h i s  i s  c a l l e d  ohms p e r  s q u a r e .  

Normally when d i s c u s s i n g  s u r f a c e  r e s i s t i v i t y  i t  i s  
n e c e s s a r y  t o  i n c l u d e  t h e  f requency  of o p e r a t i o n .  
This  i s  because a t  h i g h  f r e q u e n c i e s  t h e  c u r r e n t  
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RF goes 
on I y 
s k i n  deep 

f lows  nea r  t h e  s u r f a c e  of t h e  conductor ;  t h e  dep th  
of major c u r r e n t  f l ow i s  c a l l e d  t h e  skin depth*. 
Thus, i f  t h e  skin-depth 6 i s  less t h a n  t h e  material- 
t h i c k n e s s  t i t  i s  t h e  s k i n  dep th  and n o t  t h e  
material t h i c k n e s s  t h a t  should b e  used i n  computing 
t h e  s u r f a c e  r e s i s t i v i t y .  S i n c e  s k i n  dep th  varies 
i n v e r s e l y  as  t h e  squa re  r o o t  of f r equency ,  i t  i s  
u s u a l l y  n e c e s s a r y  t o  s p e c i f y  f requency  when 
d i s c u s s i n g  s u r f a c e  r e s i s t i v i t y ,  e . g . ,  a fou r - fo ld  
i n c r e a s e  i n  f requency  c u t s  t h e  s k i n  dep th  i n  two. 
However, t h e  conduc t ive  f i l m s  on a t t e n u a t o r  cards 
are made ex t remely  t h i n  s o  t h a t  t h e  ohms p e r  s q u a r e  
remains c o n s t a n t  over  t h e  ope ra t ing - f r equency  range .  

A conduc t ive  c a r d  a t t e n u a t o r  i s  c o n s t r u c t e d  by 
connec t ing  a diamond-shaped ca rd  between i n p u t  and 
o u t p u t  c e n t e r  conductors  and t h e  o u t e r  s h e l l  of a 
c o a x i a l  t r a n s m i s s i o n  l i n e  as shown i n  F i g .  7-4 .  

The r e s i s t a n c e  c a r d  h a s  t h e  a p p r o p r i a t e  ohms-per- 
s q u a r e  r e s i s t a n c e  and t h e  p rope r  s i z e  and shape t o  
p rov ide  t h e  d e s i r e d  a t t e n u a t i o n  w h i l e  m a i n t a i n i n g  
a good impedance match. The amount of a t t e n u a t i o n  
i s  dependent on t h e  l e n g t h  of t h e  c a r d  s o  t h a t  
q u i t e  l a r g e  a t t e n u a t i o n  v a l u e s  can b e  o b t a i n e d  i n  
s i n g l e  c a r d  a t t e n u a t o r s .  Sixty-dB a t t e n u a t o r s  of 
t h i s  t y p e  are a v a i l a b l e  on a r o u t i n e  b a s i s ,  w h i l e  
i n  t h e  rod-d isc  c o n s t r u c t i o n  any th ing  above 30 dB 
i s  cons ide red  s p e c i a l .  The problem of making large 
and small a t t e n u a t o r s  ou t  of d i s c r e t e  components, 
such as rods  and d i s c s ,  i s  t h a t  of c o n t r o l l i n g  
s t r a y  induc tance  and c a p a c i t a n c e ,  A 30-dB 50-52 T 
a t t e n u a t o r  h a s  two 46.9-n series r e s i s t o r s  and a 
3.2-0 shun t  r e s i s t o r ,  
i nduc tance  i n  ser ies  w i t h  t h e  3.2-52 r e s i s t o r  w i l l  
d e s t r o y  t h e  p r o p e r t i e s  of t h e  a t t e n u a t o r .  

A ve ry  small amount of s t r a y  

* Skin  d e p t h ,  denoted by 6 ( d e l t a ) ,  i s  t h e  dep th  
where t h e  c u r r e n t  has  dec reased  t o  l / e  t h e  v a l u e  
a t  t h e  s u r f a c e .  It i s  a l s o  t h e  dep th  where, i f  
t h e  c u r r e n t  were uni formly  d i s t r i b u t e d ,  t h e  
s u r f a c e  r e s i s t i v i t y  would be  t h e  same as f o r  t h e  
a c t u a l  c a s e  where t h e  c u r r e n t  h a s  an  e x p o n e n t i a l  
d i s t r i b u t i o n .  
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Fig. 7-4. Conductive-card coaxial attenuator. 

WAVEGUIDE BEYOND-CUTOFF ATTENUATOR 

As shown in Fig. 1-8 and reproduced here as Fig. 7-5, 
waveguides have a cutoff frequency, passing energy 
above the cutoff frequency and attenuating all inputs 
below the cutoff frequency. One way of looking at it 
is that a waveguide is a high-pass filter, attenuating 
all the inputs at frequencies below the cutoff 
frequency. The high-attenuation-frequency region 
below cutoff is the basis for a versatile attenuator 
variously known as a piston attenuator or cutoff 
attenuator. Cutoff attenuators can be constructed 
in any kind of waveguide, but circular waveguide 

LO’d-ATTEYUATION Q E G I O Y  

1 2 3 4 
CbTCFF 

FRECLENCY 

Fig. 7-5. Normalized phase velocity and 
group velocity vs normalized 
frequency . 
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C I RCULAR-hAVEGU I :'E 
DIAk 'ETECi  d 
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S L I D I N L  S E C T I C N  

Fig. 7 - 6 .  TE -mode cutoff attenuator. 
1 J 2  

p e r m i t s  easier  mechanica l  c o n s t r u c t i o n .  Though f i x e d  
i n s e r t i o n - l o s s  a t t e n u a t o r s  can b e  c o n s t r u c t e d ,  t h e  

a c c u r a t e  main advantage  of t h e  c u t o f f  t echn ique  i s  t h a t  i t  
v a r  i ab I e l e a d s  t o  h i g h l y  a c c u r a t e  v a r i a b l e  a t t e n u a t o r s .  The 
a t t e n u a t o r  b a s i c  method of c o n s t r u c t i o n  i s  i l l u s t r a t e d  i n  

F ig .  7-6. Power i s  coupled i n t o  t h e  gu ide  by means 
of a f i x e d  loop which e x c i t e s  t h e  TEI 1 mode of 
propagat ion .  The power p ropaga te s  down t h e  gu ide  
w i t h  a h i g h  degree  of a t t e n u a t i o n ,  and t h e  s m a l l  
pe rcen tage  t h a t  g e t s  t o  t h e  o t h e r  end i s  coupled o u t  
w i t h  a second loop .  The amount of a t t e n u a t i o n  i s  
determined by t h e  d i s t a n c e  between t h e  l o o p s ,  which 
i s  c o n t r o l l e d  by s l i d i n g  t h e  o u t p u t  loop  w i t h  respect 
t o  t h e  i n p u t  loop .  The coupl ing  s t r u c t u r e  does n o t  
n e c e s s a r i l y  have t o  b e  a loop ,  though loop  coup l ing  
i s  t h e  most popu la r  method. For example, an  
a l t e r n a t e  method u t i l i z e s  d i s c s .  The major  d i f f e r e n c e  
between t h e  d i s c  and loop  method i s  t h a t  t h e  d i s c  
s t r u c t u r e  e x c i t e s  t h e  TMo 1 c u t o f f  mode as opposed 
t o  t h e  TEI 1 c u t o f f  mode f o r  t h e  loop .  

J 

J 

It  h a s  been shown t h a t  f o r  f r e q u e n c i e s  w e l l  below 
c u t o f f  t h e  i n s e r t i o n  loss of a waveguide beyond 
c u t o f f  i s  g i v e n  by:  

dB pe r  u n i t  l e n g t h .  5 4 . 5 8  

e x L =  
x = c u t o f f  

wave I e n g t h  d ,  where d = d iame te r  3 . 4 1  For t h e  T E l  1 mode, A, = - 2 
of c i r c u l a r  g u i d e ,  so f o r  t h e  TEI 1 mode t h e  i n s e r t i o n  
loss i s  about  32 dB p e r  gu ide  d i a A e t e r .  
i f  t h e  coupl ing  l o o p s  are s e p a r a t e d  by t h r e e  
waveguide d i ame te r s  t h e  a t t e n u a t i o n  i s  96  dB. 

e 
3 

For example, 

I n  t h e  above formula f o r  a t t e n u a t i o n  t o  b e  v a l i d ,  
t h e r e  are two b a s i c  r equ i r emen t s :  One, p r e v i o u s l y  
mentioned, i s  t h a t  t h e  o p e r a t i n g  f requency  b e  w e l l  
below c u t o f f ;  t h e  o t h e r  requi rement  i s  t h a t  on ly  one 
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Fig. 7-7. Representative calibration curve 
for a cutoff attenuator. 

mode be excited in the waveguide. When the loops 
are close together, however, the mode pattern is 
disturbed so that at small loop separations the 
attenuation-versus-distance relationship becomes 

h i g h  nonlinear as shown in Fig. 7-7. Thus, in most 
i n s e r t  ion applications, the cutoff attenuator is permitted to 
I oss have a fixed insertion l o s s  denoted as Lo in Fig. 7-7. 

Cutoff attenuators are therefore not used in 
situations where high insertion l o s s ,  as high as 
30 dB, cannot be tolerated. The great advantage of 
these attenuators is that, at attenuations greater 
than L o ,  the attenuation-versus-displacement 
characteristic can be very accurately predicted, 
the accuracy of the attenuator being almost 
completely determined by the accuracy of the 
mechanical structure. Therefore, one major use of 
cutoff attenuators is as a standard against which 
other attenuators are checked. 

Cutoff attenuators are nondissipative, the input 
power being reflected back toward the generator. A s  
a result these attenuators can handle much greater 
power levels than resistive attenuators which are 
based on power dissipation. Power dissipation for 
resistive attenuators is measured in watts, whereas 
that for cutoff attenuators is hundreds of watts. 

r e a c t  i ve One consequence of the reflective as opposed to 
i n p u t  dissipative nature of cutoff attenuators is that the 
impedance input impedance is reactive. This can cause 

application difficulty since some circuits, for 
example oscillators, will not function properly unless 
terminated in a specific impedance. This problem is 
aggravated by the use of long transmission lines 
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between t h e  a t t e n u a t o r  and o t h e r  c i r c u i t s .  A 
t r a n s m i s s i o n  l i n e  acts  as a f r e q u e n c y - s e n s i t i v e  
impedance t r a n s f o r m e r ,  t h u s  t h e  i n p u t  impedance is  
n o t  on ly  react ive b u t  v a r i e s  w i t h  f requency  as w e l l .  
S o l u t i o n s  i n c l u d e  t h e  u s e  of v e r y  s h o r t  t r a n s m i s s i o n  
l i n e s  o r  coupl ing  o s c i l l a t o r  c i r c u i t s  d i r e c t l y  t o  
t h e  a t t e n u a t o r  l o o p ,  and t h e  u s e  of e x t e r n a l  
r e s i s t i v e  pads.  
however, c u t s  t h e  power-handling c a p a b i l i t y  of t h e  
a t t e n u a t o r .  

The u s e  of e x t e r n a l  res i s t ive  pads ,  

MISCELLANEOUS ATTENUATOR CIRCUITS 

One t y p e  of d i s s i p a t i v e  c o a x i a l  a t t e n u a t o r  i s  a 
l e n g t h  of l o s s y  t r a n s m i s s i o n  l i n e .  Such t r a n s m i s s i o n  
l i n e ,  d e s c r i b e d  i n  c h a p t e r  one ,  can have c o n s i d e r a b l e  
l o s s  a t  h i g h e r  f r e q u e n c i e s .  A b e t t e r  c o n t r o l l e d  
v e r s i o n  of t h e  same t h i n g  uses  a nonconduct ive c e n t e r  I ossy 

I i nes  as conductor  covered w i t h  a r e s i s t i v e  m e t a l i z e d  f i l m .  
a t t e n u a t o r s  The a t t e n u a t i o n  i s  c o n t r o l l e d  by t h e  ohms p e r  s q u a r e  

of t h e  conduc t ive  f i l m .  The drawbacks of t h i s  t ype  
of a t t e n u a t o r  are  changes i n  a t t e n u a t i o n  w i t h  
f requency ,  and t h e  f a c t  t h a t  t h e  a t t e n u a t o r  does n o t  
have a DC r e t u r n  t o  ground, which i s  n e c e s s a r y  f o r  
c e r t a i n  c i r c u i t s  such  as mixers .  

Bes ides  t h e  r e f l e c t i v e  c u t o f f  a t t e n u a t o r  t h e r e  are 

are t h e  f l a p  a t t e n u a t o r  and t h e  rotarg-vane 
a t t e n u a t o r .  

waveguide a l s o  l o s s y  a t t e n u a t o r s  i n  waveguide. Two major  types  
a t t e n u a t o r s  

The f l a p  a t t e n u a t o r  i s  i l l u s t r a t e d  i n  F ig .  7-8. A 
l o s s y  r e s i s t a n c e  c a r d  i s  i n s e r t e d  through a s l o t  i n  
t h e  c e n t e r  of t h e  broad w a l l  of a r e c t a n g u l a r  

Fig.  7-8.  Flap attenuator. 
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Fig.  7 -9 .  Rotary vane at tenuator .  

waveguide. The deeper  t h e  i n s e r t i o n  t h e  more t h e  
a t t e n u a t i o n .  Though t h e  f l a p  can be  shaped t o  g i v e  
a more o r  less l i n e a r  a t t e n u a t i o n  c u r v e ,  t h i s  
a t t e n u a t o r  s u f f e r s  from f requency  s e n s i t i v i t y .  On 
t h e  o t h e r  hand, t h e  ro ta ry-vane  a t t e n u a t o r  i s  
i n h e r e n t l y  f l a t  w i t h  f requency  and t h e  a t t e n u a t i o n  
is a c c u r a t e l y  p r e d i c t a b l e  acco rd ing  t o  a 
mathemat ica l  formula.  T h i s  a t t e n u a t o r  c o n s i s t s  of 
t h r e e  s e c t i o n s  of waveguide, each having a l o s s y -  
r e s i s t a n c e  ca rd  down t h e  c e n t e r  as shown i n  F i g .  7-9. 
The two end s e c t i o n s  are f i x e d  w i t h  r e s p e c t  t o  each 
o t h e r  w i t h  t h e  l o s s y  c a r d s  i n  t h e  same p l a n e .  The 
c e n t e r  s e c t i o n ,  however, i s  r o t a t a b l e .  The end 
s e c t i o n s  have rec tangular - to- round waveguide 
t r a n s i t i o n s  s o  t h a t  t h e  d i r e c t i o n  of e l e c t r i c  f i e l d  
i s  p e r p e n d i c u l a r  t o  t h e  l o s s y  c a r d .  A s  t h e  c e n t e r  
s e c t i o n  i s  r o t a t e d ,  t h e  c e n t r a l  c a r d  changes 
d i r e c t i o n  w i t h  respect t o  t h e  e l ec t r i c  f i e l d ,  t h u s  
changing t h e  amount of i n s e r t i o n  loss. N e g l i g i b l e  
loss occur s  when a l l  t h e  c a r d s  are i n  t h e  same p l a n e  
and p e r p e n d i c u l a r  t o  t h e  e l e c t r i c  f i e l d .  Maximum 
loss occur s  when t h e  c e n t e r  ca rd  i s  p a r a l l e l  t o  t h e  
e l ec t r i c  f i e l d .  The a t t e n u a t i o n  i s ,  t h u s ,  determined 
by t h e  a n g u l a r  p o s i t i o n  of t h e  c e n t r a l  c a r d  w i t h  
r e s p e c t  t o  t h e  o t h e r  two c a r d s .  The r a t i o  of i n p u t  
t o  o u t p u t  s i g n a l  varies as  cos2  8 ,  where 0 i s  t h e  
a n g l e  between t h e  vanes  as shown i n  F i g .  7-9; i n  
d e c i b e l s  t h e  i n s e r t i o n  loss is :  

= 20 l o g  see2 8 
1 L = 20 l o g  

cos2 e 
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Fig .  7-10. Simple diode attenuator. 

Besides lossy center conductors in coax and lossy 
cards in waveguide, dissipative attenuators are also 
constructed from diodes. The advantage of diode 
attenuators is that diode resistance and hence 

d i odes attenuation can be controlled electronically. Almost 
as any diode can be used as a rudimentary attenuator 
a t t e n u a t o r s  as illustrated in Fig. 7-10. When the diode is back 

biased it represents a high impedance and the 
attenuation is low. A s  the diode becomes forward 
biased the shunt impedance at RF frequencies is 
decreased and the attenuation increases. For wide- 
range attenuators several diodes are utilized. A 
diode that is particularly suited to modulator and 
attenuator applications is the P I N  diode. These 
diodes have appreciable storage time so they do not 
rectify at frequencies above about 100 NHz. The 
result is a voltage-controlled resistor that can be 
used in all of the resistive-attenuator circuits 
discussed previously. PIN-diode modulators and 
attenuators are available commercially from several 
hundred megahertz to the upper gigahertz region. 

Some spectrum analyzers, especially those operating 
h i gh-Z at low frequency, may use high-impedance attenuators. 
a t t e n u a t o r s  These are based on the same principles and use the 

same circuits as attenuators used in oscilloscopes. 
The high-impedance attenuators are straightforward 
voltage dividers, the only complication being the 
need to compensate for stray input and output 
capacity. Thus, the attenuator is usually constructed 
from fixed resistors and variable capacitors which 
are adjusted to compensate the attenuator. 
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Several types of attenuators having adjustable 
insertion l o s s  have been discussed so far. A l l  of 
these have been of the continuously variable variety. 
Sometimes these attenuators are not suitable for the 
application, so that a different kind of variable 
insertion-loss attenuator has to be utilized. These 
are constructed by combining a set of fixed-loss 
attenuators with appropriate switching. Such 
stepped or switched attenuators are available in 
differing configurations depending on the type of 
attenuators and switches utilized. Switches include 
diodes, toggle switches, rotary switches, and other 
mechanical configurations. Some arrangements stack 
attenuators in cascade, thus achieving the maximum 
attenuation steps with the fewest attenuators, while 
other arrangements utilize one attenuato; at a time. 
Switching can be either electrical or mechanical, 
and there are many readout techniques for telling 
the operator what his total attenuation is. 

REFERENCES; see page 171. 

Attenuators -- B-13 Chapter 9 
Microwave -- B-11 Chapters 11 and 12, B-12 pp1016-1023 
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