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PREFACE

ais

: This ﬁHesis wae prepared in aceofdéhce:with'fhe requirements of
the. Englneerlng Graduate School program ‘of Robert College._The ‘'subject of
‘the the51s is Dlstrlbuted Amplifiers for Wide—band Ampllflcatlon. Thls 1s afd&
new method of de81gn where the grld-to—cathode and plate-to-cathode capaci- -
tances -are used as the shuntlng elements of artlflclal transmlselon 11nes.
‘In thlS manner the tube galns add 1nstead of multlplying as’ 1s the case for:
1the cascaded ampllflers. The advantage of this system is that even if the
galn of 1nd1v1dual tubes 15 léss than unlty, ‘the addlng of galns will prov1de{

a sufficlent ampllflcatlon.

This the81s consists of 10 chapters~-the flrst chapter 1s an: 1ﬁtro—4
" duction showing the def1c1encles of conventional ampllflers for the hlgh :

- frequencies, chapters 2, 3 and 4 deal with the‘ba81e prlnclplee~and different
1eharacteristics of the am@lifier, chapter 5 introduces the principle of
sﬁaégering,_that is;’the cutoff frequencies of the rlate and grid lines are
made slightly different, chapter 6 deals with the effect of improper termi-
nation of{ihe lines,echaptef 7 shows the results dﬁe to iﬁcreese in frequencki
chapter 8, deals with noise in the amplifiers, chaﬁterd9 introduces the theory
of tran51storlzed dlstrlbuted ampllflers and chapter 10 gives two practlcal

des1gns of dlstrlbuted ampllflers.
I would"like to express'my/deep gratitude to Prof. Dr. Mustafa

Santur for his véluable*suggestions and urgings in the preperafion‘ef this '

124125

. thesis.

Jozef Kasuto.
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Chagter 1

INTRODUCTION

As sclence is progre881ng contlnuously and communlcatlon is begrn—
nlng to be done w1th frequencles d the order of hundreds and thousands of |
kmegacycles, the need for ampllflers that could ampllﬁy such frequen01es also
.arlses. Conventlonal ampllflers can- achieve ampllflcatlon at these freqnen-d7ﬁ
cies onlylat the expense of galn due to. the ga1n~bandw1dth product,of an‘.
auplificationrstage, When the stage gain has:beeu made”unity or-iess, this”/"‘f
stage is no longer uSeful‘for the purpose of amplificatiOn. Furthermore, 51nce
.'the galn 1n cascaded ampllflers is the product of 1nd1v1dual stage galns, wev
ﬁget no advantage in- cascadlng any number of such stages. To shoﬁ thls, let f;ﬂ
‘us compute approxlmately the relatlon between gain, bandw1dth and number of’\

stages‘;n a convent;onal uncompensated_ampllfler. The gain of n stages 1s,~’”'
A = (3,,,, R s)'", S S S ¢ I
'@héré ‘ 3“‘ is the transconductance of the tube"

: R, is the load re81stance of a stage

m is the number of stages

: ~We also know that the result of cascadlng n stages is to decrease B
the bandW1dth by approxlmately V~". The upper 3-db frequency of an amplifler

,whlch has n stages will therefore be

{='21\'RC {m '(1-2)‘

‘where Cs is the sum of the 1nput and . output capacitances of ‘one stage. The

j"flgure of merlt" of a- tuhe "F" can- be defined as the ga1n~bandw1dth product

Q)

‘and is glven by

.Goiwnx Lovgdw'\ouln = F = .___Q:“__.. . o o (1_3)
- ‘ 2uCy ' B '

B4

5E:i?eruen?T“Electronic ahd'Radic Eugineering” - p. 291
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Combining equations (1-1), (1—2) and (1-3) we have

g AmVW = F | (1-4)
As an example to theflimitations of the bandwidth of & convention51 

amplifier let us ‘calculate the possibie bandWidth in an amplifier where the
required gain is, for example,'e2 = (2. 72)2 = 7.4 . Using the tube 6AK5 for
whlch &n is 5.1 x 10 -3 mhos, 1nput capa01tance is 4 ppF and output capaci-
tance is 2.8 ppF, we have 6. 8 ypF for the sum of ‘the two capacidances. Belng'ﬁl
‘a little unreallstlc, 1et usg also assume that the stray capacitances are zero;
With these considerations we can compute the figure of merit "M from eq.(1-3).
- , _ ‘ haé
Fo _ 9m 51x1073 .

- == =" _'m; = '42'0 u'l.b“‘sec
St 271 Cg 277)(63"40 o

Computlng from equatlon (1-4) that f2 will be a maximum for a

given va]ue of gain if
me 2R e as)
 for a gain A =¢e? ’ n will be 4, and from equatlon (l—A) f2 w111 be 36 4 Lc.

Ve can conclude that although we are u81ng a tube hav1ng a hlgh flgure of :

merlt ~and we assume that we reduce a11 strdy capacitances to zero, it is

not- p0351b1e to build a conventlonal ampllfler hav1ng a galn of 7. 4 with a
‘bandwidth exceedlng 36 4 Mc. Wé can of course- remedy this sltuatlon to some i
'extent by u51ng some kind of hlgh—frequency compensatlon but this does not |

procure some valuable advantage.
Sk

To be. able to get bandwidths 1arger than the bandwldths obtalned

. w1th conventional ampllflers, a new prlnclple, called dlstrlbuted amplifi-
cation, has been d351gned where ordinary electron tubes are placed along
artificial transmission ;ine's, thus oa‘ncéning the qffe'ct of gain-bandwidth

" product which was a handicap.
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L INPUT

Chapter 2,'

BASIC PRINCIPLES

AiﬂyAs snown‘aboveg*and:as sHown:by_Wheeler:and'Cthers,ftne frequency ';*
‘limit of‘a cdnventional‘unconpeneated amplifier is-proportional to the ratio';i
of the transconductance of the tube, gm, to the square root of the productib‘
vjvof the 1nput and output capacltances. We have seen that it 1s not to our
\gaadVantage to cascade the dlfferent tubes. It is not also to our advantage -
"to 51mpmy parallel the tubee, because in that case the 1ncrease in gﬁ is |
compensated for by the correspondlng 1ncrease 1n the comblned capacltance of

‘the tubes. =

' Thls dlfflculty is overcomed by comblnlng the " tubes 1n the manner ke
'*shown in Flg. 2—1 The capacltances of the tubes are. separated as the shunt-v f

’ilng elements of an art1f1c1a1 transm1s51on llne Whlle the transconductances ,\7

OUTPUT

i

Filc 2-4 =~ Basic DISTRIBUTED AHPLIFIGR

(g;)vof*the tubes may be added almost without limit. ﬁetween the‘ihput termi;
nals 1—1, and terminals 2—2 there is an artificial transm1881on llne, whlch

is composed of the grld—cathode capacltances of the tubes,‘Cg,
L elements and of the 1nductances between tubes (or sectxone) Lge In this :nb

as the shuntln
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case the characterlstlc 1mpedance of the grld llne w111 be*as follows-

; . If the proper termlnatlng 1mpedance, that 1s, the ‘characteristic
llmpedance of the'line is connected across termlnals 2—2, there will be no

reflectlons from these termlnals. If we assume also that the transmisslon

11ne is dlsslpatlonless, 1t -can be shown that the dr1v1ng p01nt 1mpedance

' at termlnd.s 1-1 is 1ndependent of the number of sectlons so connected. In

';*a 51m11ar fashmon, a; second transm1851on 11ne is formed by maklng use of the B

~ plate—to—cathode capacltances to shunt another set of c011s Lp The charac—"

nterlstlc 1mpedance of ‘the plate llne is. 81m11ar1y 1ndependent of the number

: ‘of sectlons and 1ts value is . S R T
~Impedances'connected across‘terminals 3-3 and 4-4 are'made'equal
7“to Zop~ The 1mpedance connected to termlnals 2—2 w1ll be called the grid

‘rtermlnatlon, the one connected to termlnals 3-3 wlll be called the Treverse

'l'fermination. These termlnals are at the same tlme ‘the output termlnals.

' These two artlflclal transm1831on llnes are de81gned 80 as to have[«

"dthe same veloclty of propagatlon vp glven as

: ln'Fig; 2-1 each tube, w1th its portlon of transm1331on line: 1s

called a section. The comblnatlon of n such sectlons is called a stage.

A signal.voltage eg applied‘across terminals"l—l"which are the

1nput termlnals, will cause a wave to travel along the grld llne, applylng

voltages eg to the control ngdS of the succe881ve tubes w1th a progressive .

phase dlfference determlned by the’ phase shift per sectlon of 11ne. The

‘resultlng plate current € o8 thereby produced in each tube d1v1des, ‘half

flow1ng toward the termlnatlng re81stance (reverse termlnatlon) at. termlnals )

3-3, half flow1ng toward the 1oad 1mpedance (plate termlnatlon) at termlnalse

K]

'_:4~4. Because,of the phase dlfferences, the currents’ flow1ng to jhevleft

| t-emihati"’“’ and that c‘m“ected across termmals 4-4 w111 be called “the plate*’f
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'-itermlnatlon. However, the currents flow1ng toward the output termlnals 4—4

Hfrcm the varlous tubes produce waves that all add together at the load Thls

1s because the phase dlfference in each sectlon of the plate 11ne 18 the

g1 of thls dlstrlbuted “stage" may be 1ncreased to any deslred 11m1t ve f'

‘towards the reverSe termlnatlon from the varlous tubes cancel each other to gt

,,a large extent, and whatever is not cancelled is. absorhed by the reverse““ o

‘same as ‘in. each sectlon of the grid llne. Thus, the output voltage 1s dlreot-

1y prOportlonal to- the number of tubes. The net result 1s that the ef fectlve ﬂ

can therefore say that no matter how low the galn cf each tube (sectlon) 1s,‘

than the transmlss1on—11ne loss of the sectlon, the 31gnal 1n the plate llne

'w1ll increase and can be made to be as large as one deslres by merely u81ng

a sufflclent number of tubes. If we denote the load 1mpedance by Ziy and

-the output voltage of such a stage con81st1ng of n sectlons w111 be:‘

’0“*?93 \fol*ase'='—e—°i"2'-2"—’“— . o (e-8)
~and the ampllflcatlon per stage 1s k
A asg_z_ N O

Examlnatlon of equation (2-5) shows that by maklng the number of

tubes sufflclently large, the output voltage w111 exceed - the 1nput voltage

o eg, even when the gain per tube is much less than unity. When sufflclent

gain has been accumulated in one. dlstrlbuted ampllfler stage, “then such

‘ .stages can be cascaded in the normal manner as shown in Flg. 2-2,

_ The bandw1dth of the dlstrlbuted ampllfler is. determlned by the
cutoff frequency of the artlflclal line. In general the hlgher thls cutoff

frequency, the ‘lower w111 be the characterlstic 1mpedance of the line, and "

" ‘hencethe less the voltage gain. The constancy of the anpllflcatlon w1th

;g"frequency below the cutoff value will depend on the extent to whlch the

characterlstlc impedance of the artlflclal transm1551on line is constant

w1th the varlatlon in frequency and upon the exactness of the 1mpedance ;

;‘(even 1f it is less than unity), as long as the gain per sectlon is greater ‘f

,con51der1ng that thls 1mpedance 1s equal to the characterlstlc 1mpedance Zop;l




ROBERT COLLEGE GRADUATE scuooL AR

. PAGE 6
'BEBEK, ISTANBUL - RPN

S ovTRUT -

. ('.9:;; T

Fie. 2-2 — Two stace usrmsurso AHPLIF[ER HAVING 'm “Tumes

~ matches that éxist ét the line terg_n'lnal‘s’."'
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Chapter 3

CASCADING OF STAGES

We can easily.show that there‘is an optimum method of,dividingrtheﬂ

" tubes. into groups.

- Let us assume that we have an amplifier having n tubes. per stage,
and that it has m such stages. we w111 have a total of mn tubes in thls
ampllfier. Let us also assume that 1t is posslble to match 1mpedances between

the generator and the grld transmission line and_between stages. ‘

If the voltage that is applied‘to the grid line'is‘eg' thea“the
'current that will flow in each plate circuit will be eg8m- The 1mpedance
that appears between the plate and cathode of each .tube 1s Zop/2 . Thus, the
voltage developed by a 51ngle tube is eggmzo /2 . Therefore, the galn of :
the stage is - : S ‘ _ -

m_s___mzoé | ' . (3-1)

However, if such stages are to be cascaded, then, in general, a

;A =

transformer must be prov1ded to match the plate line to the grid 11ne of

,the next stage.,Thus the- voltage at the grld of the next stage w111 be -

e, = 223 3m Z°r'» Zoy o o (3—2)
32 2_ Z"P
Hence, the galn of a 31ngle stage measured from grld line to grld‘
line is |
A-:.,M Z, ~Z. ‘ : o v (3"3)"
; 3 \ ' , ‘

If such stages ‘are cascaded m tlmes, then the resultant galn of

the cascaded stages will be - - v v
‘ G = A = (_.__3.2“. Zd Zo ) o T (3-4) A

.. We can now make use of the fact that Zo# and Zo ‘are not really
- (s

’f‘1ndependent varlables. POre fundamental parameters W111 be .he grld—to—cathod
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capacitance Cg’ plate—toécathode capacitance Cp5 and the desired cut-off
frequeﬁcy fo U31ng these, the characteristic 1mpedence of the transm1331on
lines can be wrltten in terms of feyCp and H g It then follows that
A = 2 S E ' (3-5)

2f. wVcCecy .
It is convenlent to- express the high-frequency - flgure of merit

of a tube as a "bandw1dth index frequency" or sometimes called the "Wheeler' s

' bandw1dth index frequency fo “( ) and thls is deflned as ‘
b o (39

Cq C .
| 3Ce ~ -
U31ng thls deflnltlon we can rewrlte equations (3 4) and (3-5) as

A - Mz(; . G

The total number of electron tubes in a cascaded ampllfler is

il

¢ i

N = mn. We want to determlne the least number of tubes requlred to produce

v

a given gain. We can do this as follows. o P ' ‘ ,3
. . ‘1
If the gain per stage is ~ - . ‘ o
G™=mn Ho - s ' - (3-9) |
. . . 24 . : o ’ |
Solving for n we get ) " o
o I r B P

n = ':-%G,G ,/m' B (3-10)

M'G/""—Z;f S | (3-11)
o .

If we d1fferenc1ate (3-11) with respect to m and set the resultant

Hence

N

:qual to zero, we flnd that the smallest N is obtained ﬂlen

From,this~andeeqdation?(3-9)vit fqliows'that'tbe'cerresponding

. (l) H. A. Wheeler, “W&de-band ampllflers for telev131on"; Proc. IRE, vol. 27,
~ppe 429 - 438, July, 1939, | Fe
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L ~‘n111-mfbér, of fsécﬁ‘ifoné' ‘per’ stege :i‘.sb. ‘

»?‘tubes, the galn of each stage should be ) :5 .

btvln Flg. 3-1 for the case under dlscu3810n, and aleo for the conventlonal

cascaded ampllfler. ; ,)_ . .

" of the theoretlcaTIy avallable bandwidth “nth conventlonal circuits. This 1°'c

&

©

S

8

&

L)

+*

L.

R o[}ubcvs reguired. for '7?&:‘7 e

o e E X ,b Zs 3.0 S o
: amplzller bandw i Dt ) '
! Tuba eouduudﬂ- lud"x R

0|
© ol
B

FIG 3 1 NUMBER OoF TUBES QEQ(uqu TO ?RODUCE ﬂ GHIN OF e IN o AR
: - cnsceoeo _ RNQ oxs-rmaurgp . ANPL,F,EQS L

From equatlon (3—12) 1t follows that for optlmum utlllzatlon of :

N _The number of sectlons requlred to produce a galn of e 18 plotted

It can be clearly seen from thls plot that the dlstrlbuted ampllfler
is the only means avallable for ampllflcatlon When the maxlmum frequency L
de31red is greater than the bandw1dth index frequency of the tube belng used.,

Furthermore, it 1s-usua11y found 1mpract1ca1 to-achleve muoh more than 50”

s0 because the theoretlcal limit requires the use of. extremely complex IR
coupling clrcults, whlch can hardly be con31dered practlcal and whlch‘increeee
the stiray capacitancescto ground. This is not so with the distributed a:pli—.'

fier.

The basic principies discussed above are for the low-pass filter .

structure. But it is obvious that:the same principles can be applied to the

 band-pass filters. The advantage of the distributed amolifier is that it'can"
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; be made to operate, even in cascaded form, from the veny hlgh frequencles,‘

'down to very low frequencles, and even DC, by utlllslng the well—known‘

:-dlrect—coupllng technlques..f
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‘Chapter,4l

FREQUENCY-RESPONSE CHARACTERISTICS

‘To analyse the frequency—reSponse‘charecteristics of the distributed
amplifiers, we will carry out the discussions andvderivations in terms of the |
low~pass structures of the tjpes shown in Figs.,2—1 and 2—2. ﬁowevef, as most
 of the equations are of general type, they can be made applicable,te other:

poseible‘structures by simple modifieatibns.

The voltage galn of an mnpllfler con81st1ng of n: sectlons per stage

and m cascaded stages 1s, as derlved in the prev1ous chapter

') A o (41)
where as before ' '
- G = total gain
Zg;-characterlstlc 1mpedance of the plate llne’

Z.’_characterlstlc 1mpedance of the grid 11ne.

'For the case shown 1n Flgs. 2—1 and 2-2, and assumlng that the two

ftransm1581on 11nes are 1dentlca1

Z, =E, = == . .. o - (4
‘ ‘ e 3 1—x: ' ‘
where S s
, - 1(_
R = m§.C
” & = frequencyf

gc cutoff frequency of the transmissien7line

Substitutlng these in equatlon (4—1), we get for the galn of the

dlstrlbuted ampllfler . o P Ry

. N Qm mo - z “ _ 0 {4=3)
6_:%.[—-2» ,R] (4=x2) ° R
The second factor of thls equatlon shows that the galn of the 51mp1

L structures shown in Figs. 2-1 and 2 2 w111 be a functlon of frequency. This

. \

-
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is due to the fact that the mld—shunt characterlstlc 1mpedance of a. constancfk
'fllter sectlon rlses rapldly as the ~cutoff frequency 1s approached(l). Thls, |
* in turn, causes the galn of the ampllfler to 1ncrease sharply near cutoff,

froduclng a 1arge undesmred peak In prlnclple we can equalize this ‘peak, but

thls becomes very dlfflcult if we want to 1ncrease the number of cascaded

stages:i

" There are several methods to eliminate this undesired peak. The‘e"'j

3

eq}— v'

\os, : S (o) -
Fle 4 1 ~— (a) P;:\lnED PLATE TYPE ofF DISTRIBUTED ~ AmpLiIFiER, (b) CurRenT]

PHASE RELATIONS iN ’PA(RE‘D ‘PLHTE AM‘PL‘FSeR

'met ods we w111 dlscuss below are the follow1ng~ a) Palred—plate or nalred-r,

grld connectlon, b) Negatlve mutual 1nducbance clrcult, c) The bridged-tee o

' connectlon..

‘a) Paired—plate or paired—grid connection

In Fig. 4-1 we see a dlfferent arrangement of electron tubes ‘:dV
along the transm1581on 11nes from tnose dlscussed prev1ously. The grids of

cthe tubes are stlll connected per1odlca11y along the grld llne, but the -

s
U

'(1) W. L.,Everltt and G.E. Anner, "Communlcatlon Englneerlng" Mcérawgﬁiiiff:i
' Book Co., pp. 267 - 268, Tokyo, 1956 e 7;;, e T e
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pbpwhere the plate capacltance 1s m1881ng.;Thls particular arrangement of tubes‘f

1‘“1s called the "palred-plate" connectlon. We can also palr the grlds and leave

'vthe phase shlft between the grids of the- two tubes, whlch is the phase shlft o

i

o plates are palred as shown, w1th a dummy oapacltance belng placed at: the p01nt

-

-],the plates connected perlodlcally. ThlB connectlon 1s called the "palred—"d:?

d grid" conneotlon. As the actlon of the two c1rcu1ts 1s simllar, let us analyse

'the palred—plate connection only.

We -can understand .the Operatlon of the palred-plate c1rcu1t by :
,referrlng to the vector dlagram of the plate currents at the common Junctlon,[

. shown in Fig.’ 4—1(b) Let i; be the current 1n one of the tubes, and 12 the

gcurrent in. the other. The phase angle between 11 and 12 is determlned by

per sectlon and is glven by ; o
@ ='2'Almi-4’vxk o ,i_ (4—4)

_where Ik 1slthe normalized frequenoy of the section, as deflnedlpreV1ously.
- Supposing that 11 andbl2 are equal .in nagnltude,ythe’resultant current vector;
,’ls a function,of xk and;is s S 7, : ' . .. '
| L, ='2\L\/4_“—_7‘?'v Lo O (4-5)

It oan‘be easily seen that this factor is~the’reciprocal'of the;
characterlstlc 1mpedance functlon, Zop;'of the eectlon. Thus, the voltage
| eveloped 1n the plate: 11ne, belng the product of 1 and Z op w111 be.constant:

‘over the passeband of the fllter.

If we leaVe some of the plates unpalred the galn of a. stage can

‘ ba made to have a frequency response whlch 1s 1nterm1deate between the plate

"characterlstlc of the completely palred stage and the rlslng characterlstlcsv,
\of the constant-k sectlons. The control of the degree of rlse in-gain- 1s a

‘ 'very valuable feature of thls ‘circuit. This 1ncrease 1n ‘£ain can be used to
pcompensate for the decrease in gain which is due to attenuatlon in the trans~

: m1351on:llnerat hlgh frequencies. ‘ IR . S } RN

Since the plate-to-cathode capacitarce of most pentodes is about
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- constant-k sectlons were to be used 1nstead,_For a given capaoxtance c,"

“'one half of ‘the grld—to-cathode capacltance, the additlon of’ extra capacltance

in the plate 11ne does not reduce materlally the deelgn cutoff frequency. n

;

b):ﬁegative mutual inductance’circuit“ '

g*.ghis method,iused'to improve:the'frequencj responsé;fig;siiéhtl&@

cheT
B R

L-M o Atee Ll o

ldca@

Trans‘oru!r-
44 )
: =)= mc,
w () g T 3
F;c. 4-2 — ) CireviT ‘usine mMmoTUAL. c.o’ue;lue BETWEEN COIWILS

kb) C1RcutT equivALENT To (Q) By -i-aAu‘sFonneR' THECRY

(c\ A - DERIVED FILTER CIRCOLT EQUIYALEUT To (a.) ano ().

more,complicated from the original design viewpoint, but has several desirablqg

features which are consideredvto be of great-importance.

The ba31c connectlon is shown-in Fig. 4—2(a), in which the only

”dlfference from Flg. 2—1 1s that the adJacent c01ls are wound on the sane
-form and 1n the same dlrectlon, and havea large coefflclent of coupllng.; o

We can resolve each sectlon into the form of Flg. 4-2(b) by the conventional »

transformer theory. By proper d981gn, we can equate thls to the usual

'dm-derlved sectlon shown in Fig. 4-2(c) ‘If the mutual inductance is negatlve,
‘as it 1s in the case we are dlscuss1ng, the constant m will be larger than _,e.
_ unlty. This has two advantages. Flrst m greater than unlty leads to .a_more’

;’11near phase shlft through the stage. This becomes partlcularly 1mportant

1f a large number -of stages are to be cascaded Second, m greater than unlty%

'leads to a larger value of capacltance c than would ‘be called for 1f ?jky”;;a

¥
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Fic. 4-3 — AN M-STAGE DISTRIBUTED AMPLIFIER USING HUTUAL
CouPRLING BETWEEN C(COILS,
then, it is possible either to increase the gain per section for the same

bandwidth, or to increase the bandwidth for the same géin.

Let us'nOW compute the grid—to—plate gain, and the_phase shift for‘e
a stege'having n sections connected as shown ih Fig. 4-3. To perform this
it is necessary to calculate the transfer characterlstlc of one section, 1.e.,
the voltage developed per section of plate line per volt in grid line.
From the circuit for one section of Fig. 4-4 we have for thegrid drive

voltage e

g

D e e |
eg- (-t g, = 7 (- ) wem (8

4 mby

Fig 4 -4 — NeecaTivE MUTUAL INOUCTANCE CONNECTION AND SYHBOLS
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where - | : _ i ; , : o .
Zb = ROU ‘1—‘ *;’\ . . A X'W\ = Tr{ ?u ,Ck. ‘ . . (4_7') )
and B PR o |

6 = 2 ton™ ! M¥Xwm

the phase shift per section of line, but

(a-edt) = Rimra

q1—x,;‘;. + My L

4 em? 4
4o e ) TI'-“L"

Fie. 4-5 — Eomvmeur PLATE CWRCUIT OF THE NEGF\TWE‘ MUTUAL

INOUCTHMCE CONNECTION

or

'93 ' & Yot MEm  (4-8)

’I‘he voltage developed per sectlon of plate 11ne may be readlly '

calculated from the redravm plate c1rcu1t shown in: F‘lg. 4-5.

Zo 4 ‘ L
o . 2 jwwm C
E =t T T2 e
JNI\MCK 2 Lom
LpRe ikl R U PV (4-9) .

_but

‘Thus the transfer characteristic is given by

‘ . meu : L V )
:%= 3- ! < -6 - (4-10)

2 \/T_xﬁ [4—ta—m ‘)x‘]

The delay per sectlon ?’. is given by
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- B
¢ o 40 _ do 1

- : S -11) .
e V4._x: [4L-(4-~#)*:] L . o ~:(4 f)

. -M PR . ‘ )
‘/"\ . L +M L+M .
— O yyrre— 3
o
= a 4
“ o ’
| 7"
(o) . Yy @ | o
Fiec. 4-6 — NEGATIVE MUTUAL wouc-rAucs CONNECTION AND ITS M-DERIVED

EQU: VALENTS -

‘Equating the physical structure against the desired struéture as
shown in Fig. 4—6, it is evident that
. owm=4 _omTa A S 1
M= bbbl Cymome, (aa2)

In a normal constant-k section, not m-derived

X, = '\Tx R.C, = mg R.Cq L ; ~(4513)i
In the,above m-derived stiructure ’
xw=1r£'QOCK=-n£R°W - - - (4-14)

Then substltutlng xm _,_Jg 1n the equatlons for amplltude response,
phase shift, and phase delay so- that the result may be compared to constant—k

Operatlon it is found that

= . < —- 8 -15) . -
€o 2» Ewn'f(A-nM‘)x:IV4M=_x; - 2 (4 _5?
O= el (a-16)
v 4 : ~n o | e
" e A

where f, is equal to

. 1
‘.{"’-__- T R Cgq
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These values being for one section, for the total gain and phase

shift of the stage of amplifier haviﬂé n sections, as éhown in Fig. 4-3

we have
’ Qosq. ’YI’M3
2 [M\’ - (A=) X 2) YV ama-x2
B = 2m o ! — (4-19)
) | w’—X:" :
where
R, = —= (4-20)
T C3
2
L, = &aRe (4-21)
m
L — {4+ m* Lk M," 4;/\/“1 Lk (4_22)
‘ 4 m m :
in vhich ’

maximum frequency required with amplitude of phase tolerance e

< 1T
" i

coverage factor to be determined from Fig. 4-9 for a desired value . |
of tolerance e

K
i

{lf (4 )K normallzed frequency functlon
~m = Design pa:ameter selected from Fig. 4-9 for desired e

The time dglay:ihrough the stage wili be_given by the_derivative

of the phase shift with respect to angular frequency. This is

L. 98¢ _ df 4 mao &

T dw - dXe o O‘xg We
_ MIW\3 . . . (4 ” )
= [’m _ (A—f\M") X"]W{ __—1’(“ —“{ . - 3

It is interesﬁing to observe that both gain and delay functiohs
are the samé except for numerical constants. Figs. 4-7 and 4-8 show the
relativergain, time delay and phase shift as a function of normalized fre-

quency x) for four values of m.

Fig. A-9 is designed to permit the selection of any desired
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&~
E3

_—

[]

,
. /L]
|EEDavS)

RELATIVE AMPLITUOE OR DELAY iy

4 ««”b /740’
10 / o= e -
q J/
% oz o4 0¢ 0% 4o 42 4k

Xy —P

Fio. 4-%Y — RELATIVE GAIN ANG TIME DELAY OF AMPLIFIER WITH HUTUAL

CoUpLING VER SUS AORKAL{ZED FRE GUENCY,

m= { . 4225 134 1.4
i§o / /
6o /
1 A
!;; i20 // o
]
u PpZ
2 do
*
[
4o //
oA _
o 0.2 [.Y7 . .Y X, 'ai 4.0 4.2 Ay

Fie. 4-8 — Punse SHIFT OF AMPLIFIER USING HUTUAL C(OUPLING VERSUS

NORMALIZED FREQUENCY,

2a - 200
y/4
/ 4

! 7t
w 4 w
] coverace K b
! =X\ / :
¥ 4 w
30 w00 8
[ // .
3 / 3
?; / ¥
o / TOLERANCE & ¢
A n

Jdo

04,3_ “ 13 Aty 15 16

A ' .
Fie 4 -9 — PerRceENT TOLERANCE AR PHASE LINEARITY

BRNC COVERED FoOR AMPLIFIER WITH MHUTUAL

AND PERCENT OF

CHAUPLING.
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tolerance in either phase or amplitude linearity as a function of percent.

..

band coverage X over which tolerance may be maintained.
¢) The bridged-tee connection

Theﬁthird metho& of equafizing frequency response is by'means4yv‘
of the bridged-tee connection shown in Figs. 4-10 and 4-11(a). By simple
transformer theory this is equivalent to the circuitéfshown in,Figs.}4—11(b),i
and 4—11(9).'Fig; 4-11(c) corresponds to a line having mutua} coupling

between coils and shunted by an impedance Zg.

< - ' 1 &
S I

(e)

CFig. 4-11 — EQUIVALENT CIRCUITS FOR BRIDGED-TEE CONNECTION,

5 3
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o If 2 is the‘capacitance'g;’andizd is Cé,'the_tube capacitance,
then, using Fig. 4-11(d), the circuit can be converted into the lattice’

‘shown in Fig. 4-11(e), having the arms

oA Le
C[ -

Za = 4 4 9

— 'wLI-l-

2 9 2jwC,
| (4-24)
; e i _,2 ,
Zb_ o5 )wL' (4v+°() * ch‘s

where »
o = 4 L2 - '
L, ' , -

The characteristic impedance of this lattice network is given by

4‘—' wzé_ll_;c_g (4 —0()

(4-25)

Zo =V za Zb = —é;
L §

If c3(4ﬁ4)54c5 this eQuation is independent of frequency,andithe

4= w2l C_9
value of,Zo'becomes
L~ Re o ». (4-26) -

The propagation constant ¥ of a 1atticé is defined as

2a

4+ \] — . . .
¥ oo |— 2| = 2 fau |2 (4-27)

A\ = 26
1-\ =, _ ,

Cql4+et) = &C,

but when

|2a d X
2y . “'_—"kt(""“’()

where xklis defined as before as v£12.C

As\, is always imaginary, the propagatlon constant X'ls imaginary

and thus represents only a phase shift with no attenuatlon, i,e., the cha—“

racteristics  of a low-pass filter sectlon._The phase shift =} 1s then
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6 = 2 {‘Q.M.‘ : ‘CXk (4—28)
i — x:" (4*0‘) .
and the delay G is
r_ 46 1 A+ %y (4+)

— Seconds (4-29)
du v{c [a4-x2Ca+a)]?+ %2 , , |

The grid drive is calci,llat.éd in the same fashion as the case for

the negative mutual inductance connection, with the exception that part of

the input current flows in the bridging.arm as- shown in Fig. 4-12. Thus the ‘

net current through the capacitor is

(4-¢3) -(.‘z":s\ = (‘;'"‘:j-\

G

Fie. 4-12 — Briocen - TEE CURRENT CONNECTIONS

herefore -
. . 4 T
e, = ¢, - ¢ —_— (4-30)
or
Ls _ 4 ( A - e‘JQ) ; C (4-31)
e. Jwe, 2o o ‘
or
N : 4 , <—+m;_‘,—‘——x—“—- (4-32)
e V[4- 02 4V %2 S

The voltage developed per section of plate line may be readily
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g _caiéulated from the redrawn plé‘te‘ci‘rcuit shown in Fig. 4-13. As no voltage '

v

difference exists‘acioss the‘two"' ends of the bridging arm due to the chrrent

i it may be omltted allow1ng the series arms and. terrnlnatlng res:Lstors to

b
be” comblned in. pa.rallel Thus, : ~
) Zo 4
. .. Zz dgwCa
E T L"’ R 4 —.AwL (4+..<\
z jwea N
t.' Q 4 < * S 3N ‘
» 2 V0a = xJ(a) ]2 x2 f4— iu (44=) .
‘p ‘ Lo '1'7 L o
— LALLLL

| -

T
1

"\

Fig, 4#-13 — EQuIVALENT “PLATE CIRCUIT OF THE BRIDCED - TEE (ONNECTION

but ~

e = €39m oo )

s

Thus the transfer characteristic is given by =

. =~ Tiwumraw £ % =34)

‘The stage gain A for n sections will be -

' ._A RoQm 1 - : (4_"35V)
A = m 2 *[4_)("‘(44-.()]1-0-)(‘ o , '

Equating the phys:.cal structure against the de81red structure as

' shown in Fig. 4-14 it is ev1dent that L+M,=;—L. and -H=1L,. 'I‘herefore,

L TR MR

the coefficient of coupling k is

S P (4-36)
L. o :
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or -

PR

f o (s

e e e e U

" Thus the transfer characteristic can bé’givenfés;:ﬁ

ILS:

1l

- Fic. 4 -14 — Brioeeo - TEE CONNECTION AND ITS EQUIVALENTS .

ek 4t uaw
N R e 5

P T (O N

. and the delay ﬁ-as"

; = 1 — PR — secouds (4-41)
’ . B | § : oo 4 -k . 9._‘ . . )
. 'rc- ‘[‘,‘_ x:(m)] + Xy
,From‘these equatiohs we can'piot'curves as a function of k,,the

coéfficienf of coupling and xy. These curves afe_giveﬁ in Fig. 4-15. .
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100 \
N
B “ \
— Lo ¥
9
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z 2
N \ 3
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: \ :
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¢ AN Y
N \ :
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\\ o
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o 4 X 3 %
K )
COEFFICIENT OF COUPLING
(a)
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O o]
4 : \ 2'
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o
W e Y o
o <
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[4 b, .
re = ‘\‘i
; ] Pelay 1¢q
z ]
Lol v 3
02
o - : o
o az o4 0.6 0.g Ao 42 Ay
xk
(&)
Fic. 4-15 — (a} Coverace AND TOLERANCE FOR BRIDGED-TES AMPLIFIER

(b} Gain AND TIME DELAY FOR BRIDGED- TEE AMPLIEIER,

BOBAZIC) GNIVERSITES! KﬂTUPHANES\
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éhagter 5 : v 4 "

PRINCIPLE OF STAGGCERING

Another methéd used tokimprove both gain and phase-shift character-
istics at the same time is called "staggering". The lumped lines in the
distributed anmplifier are so arranged that the aﬁode—line.traﬁelling wave
and the gridfline xravglling wzve are not in phase at corresponding-points
along the lines. It may appear at first that this will produce distortion
.by‘spacing the compbnenﬁ‘signals (i.e., the signals that appear at the oﬁtpuii
through ;the'diffefepﬂftubes' ) in time. But it is found that the steady-state
gain and phése-shift‘éharacteristics may beAimproved considerably by properly

adjusting the stagger.

In an amplifier embodying the constant-k LC filter network as the
elements of the lumped lines, the stagger is introduced by making the cutoff

frequency of the grid line a little higher than that of the plate iine.

At a given frequency, a line with a higher cutoff frequency produces
a smaller phase shift than one with a lower cutoff frequency} Also, the
difference between the phase shifts prdduéed by the two lines increases

continuously as the frequency is increased.

o]

c DIRECTION OF RESULTANT

OUTPUT VvOLTAGE

A

Fig. 5-1 — DincRAM To ILLUSTRATE THE [MPROVEMENT N PHASE ~SHIFT
16. - !
CHARAC TERISTIC DUE TO “STACCERING" IN S~-TUBE AMPLIFIER

OV — INPOLT VOLTAGE

OA OB 0cC,0D, OE — OuUTPUT VOLTAGES DUE TO TUBES
V, Ve, ¥a. VY, V; RESPECTIVELY.
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With the above arrangement,‘therefore; the anode line Will,introduce‘

'a phase shift larger than that introduced by the grid line. In the amplifier,

~let the phase shiftis introduced by the individual sections of the:anode*line, :

~and the'grid:line be &, and 6%.respective1yQ

The 1mprovement 1n the steady—state characterlstlc of the ampllfler
can be- understood in the follow1ng way: let OA in Fig. 5-1 represent the

voltage vector at a partlcular frequency at the output terminals ofhthe

: ampllfler due to the component s1gnal whlch has travelled- thrOugh the first

,quéﬁ£1y lags'benind the voltage OA by an angle.(Eb-qﬁ. Let'this voltage be

INfUT

throughAdlfferent portions of the anode}and grid llnes,and suffers a net phase

tube and then through the anode 1ine. Its phase angle with respect to the f
1nput voltage is ﬂ%%md) n be1ng the - number of tubes in the ampllfler. The
component 51gnal whlch travels along the first. sectlon of the grld line. and
then arr1ves at the output termlnals through the second tube and the remalning

portion of the anode line, suffers a phase shift of €§+0ﬁ~ﬂe$+W;Aand conse~- -

represented by the vector 0B. In a similar‘nanner, the component'Signal‘l
which.arrives'atethe output throuéﬁ the third tubertravels through one eection
more of the grld line and one sectlon less of the anode line, and consequent-
ly falls behind OB by the same phase angle(en &), Thus, the overall output

is the vector sum.of these and all other such component 31gnals travelling

L~

Fie. 5- 2 - SIMPLIFIED circuiT OIARGRRAM  FOR cALcuz_A-rme THE

EFFECTS OF STRAEGERING.
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) shlft whlch is less then that 1ntroduced by the. anode llne from the.anode of ;5‘
the flrst tube to that of the last tube, and greater than the phase shift ,
.lntroduced by the grld 1;ne between the grids of the flret and last»tubes.vf/'
. The phase. shlft of the final output is the avefage'of ‘these two phase shifts: §
tlLet us show this fact - ﬁ Lo ' ' :
_ Con31der the portxon of a’ dlstrlbuted ampllfler between AB and CD
in Flg. 5-2. It is the portlon between the mlddle of a series element 1mmed1-_
' ately preceedlng the grld of a tube and the mlddle of. the 'series element » |
1mmed1ate1y following the anode of the same tube. Let the voltage at cD due
to a~voltage e, at AB be E, con81dering only the:forward;travellang s;gnal.
Let £-G, be the gain of the system between AB and CD. Let there be}nvtubes'\ 1
iin.ailﬂthe amplifier and let the phaSe shifte perieection of tne anode line'
;"and gr:.d 11ne be 9 and 93 respectlvely. Assummg that there is no loss due
'lto attenuatlon w1th1n the pass—band (but only phase shlfts of é% and. 93 per o
sectlon) the component 51gna1 Ehat the output termlnals (due to the 1nput eo);’:E
“pa581ng through the first tube of the amplifler, and all but one sectlon of
' the anode line, may be wrltten as

_i(m-b-(‘) Se ‘

E,= Ge,e (5.—1)

In a similar manner, the component 51gna1 Eo pa351ng through the~
second tube to the output terminals is

~jL(m-2) & + es]

E = Ge, e (5-2) ‘v

2
since tnis component passes through one grid line section and (nfz):
anode line sections. The other components passing through the thind,,fourth,

ntth tubes are given by

m
|
N
()
o
©
\
(%S
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The resultant output By is
g S5(m-)8 v 2 ORI
E,= 2 E = Ge, e "L et AN Y] (53
Mm=4
where W e ( e? - e_g\
Perfbrming the summation we get
. . !
,’é("")eP (4- e)Mw) sin ”‘7‘? —3(m-4)¢
E.= Ge_ ¢ ° . A 2 GCe —2Z ¢ -4
° (4-ed¥) © siw L4 (5-4)
where 6’ = (62+6s)
: 2

Since the angle of G is equal to -¢’, the overall phase shift is equal
to‘..~1¢’, and is thus equal to the average of the phase shifts introduced

by the anode and the grid lines.

Since the gridline éutoffvfrequencj is made higher, the phase—shiftj
characteristic of the'grid line isvsuch that its deviatiom from linearity is :
less than that of the phase-shift characteristic of the anode line at all
frequencies below the anode line cutoff frequency. Consequehtiy the average

of the two characteristics is more linear than the phase—shift characteristic

-

[

I

9

u

v

<

T .

a

FReEQUENCY

Fic..5-3 — C urvEs ILLUSTRATINC THs i=nmcn_>¢.e OF TPHAIE - SWET

IMROVEMENT aY‘STF\GCERING,

(o) PHASE - SHIET CHARACTERISTIC OF PLATE LING
(h) OVER -ALL PHASE -SHIEFT CHARACTE RISTIC OF AMPLIFIER

(<) PHASE -SHIFT anRncfam:Tuc oOF 6RO LINE
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shift pharacteristigglpf the three different networks studied above, namely,

of the amplifier that would have been obtained by making the cutoff frequencieq

of the two lines identical and equal “to that of the anode line.(See Fig. 5-3)..

The improvement in the gain cﬂaracteristics is also eééily underéj
siood.’If the stagger is adjusted iﬁ gpch a ménne: that the vectors OA; OB,
etc.; in Fig. 5-1 arrange themsel&es so that the resultant is zero af‘some
frequency just belowvcufoff, the peak in the éaih characﬁerigtic can be
avoided. ' | |

.Let us now analyse the effect of staégering on the gain and phase- |

the constant-k filter network;‘the mutual inductance network,'and‘the

bridged-tee network.

a) Amplifier with constant-k LC network

For an amplifier with constant-k LC filter network, the variation]

in magnitude of G is the same as that of the mid-shunt characteristic impé— i

dance of a constant-k LC section. Thus

G ol A 3OO/ g -i (5-5)
' 2 Vi-xa' , 2. .
where = R_= .2‘:. for the anode line
L A
Z, =Ry

x
Ahre

'4\= number of tubes
¥ = (0g-05) = 2 [siwx, — siv*qs, )
9 = _{:.E.
&1

X md{=anode— and grid-line cutoff frequencies respeétively
(1 . .

o= mutual conductance of the tubes used

" The overall gain charaéteristic is ' ‘ J
4 ~ : ‘ |

 Zep Sium¥h . . | _ B (5-6)
'_A“ﬁwz, Sim W [g :

ThiS‘gain is measured from the grid of the first tube tdrthe plate .
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F;%,S-lf" NoRMALIZED GAIN [FREQUENCY CHARACTERISTIC FOR DIFFERENT
VALLUES OF STAGGERING FACTOR C‘ .

.q=4 CORRESPONGS To THE ONSTAGEERED CA3E.

4
3w }
. 10
0808
< . g7
t- 2w 19206
& .
w
L9
g
[
w
. o“

] 0.2 ot 06 08 40
NORMALIIED FREQUENICY ¥

Fa%,’S-.’f—- N ORMALIZED PHASE-SHIFT| FREQUENCY CHARACTERISTIC FOR DIFFERENT
vALUES OF STAGGERIMNG FACTOR q

e‘-l CORQ(SPoMos TO ~n& ONSTAGGERED case
of the final tube. The phase shift"is‘ given by
. - . A v E -
6= (m-a) (s n, +si'qn) (5-7)
The gain and phase shift characteristics for the unstaggered
amplifier are given by
. 20 . B . N »
A = mg., == | | (5-8)

B o Z(m-d) AT B CE)
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linearization of ‘the phase-shift~characteristic, results in an overall impro-

N

vement of the amplifier, response.

The: phase shift and gain characteristics of an aﬂpfifier with
mmderived.filter'sectiqns can be further improved by introduéiﬁg staggering.
The principle:is. the same as for ihe constaﬁt—k filter sections case. The
stagger in this case is introduced by choosing different m values for the

plate and grid lines, the grid line having a larger m.

Since the overall delay characteristics of a stéggered distributed

amplifier is the average of the delay characteristics of the anode ahd’grid

4
%oy L, S v S VN YN

Fie. 5-6 — EQUIVALENT CIRCOIT FOR CALCULATING € /e, For
M- DERIVED SECTIONS . ’
lines, the m values of the lines are so chosen thatthe average of the two
delay characteristics may be as flat as possible. An inspection of Fig. 4-7

reveals that there is a certain number of such possibilities.

For'thé determination of gain in the m-derived staggered amplifier
consider the circuit arrangement shown in Fig. 5-6. This is a portion of the
eduivalent circuit of the m-derived LC filter used in the staggered distri--

‘buted amplifier. The ratio'E/eo can be calculated.as done previously and is

6= £ -l ! X
c T e, 2 V G-y - g X0 (4 -] ]

’ < d’ .
.- : 5~12
= g Zo 39 -« )

..j (09’9:) /2 -
e ,

|
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“Wig X :
where O, = 2o’ —33 (phase shift per section of grid-line)
3 VA% - '
§

Bp= 2 Yous \/_4=—;"— (phase shift per s.,ebt(j.von of anode-line)
. I .

‘ UJQogCgk
P 2 g
X, w Rop Cox

q =
Zrm‘,

'mg and m, are m values of grid and anode lines respectively
‘Ropz characteristic impedance of plate line
Rog= characteristic impedance of grid line

‘While combinations of the anode- énd grid-line m values are chosen
from .F‘ig. 4-7 in order to obtain a flat delay charaéteristic, it is assumed |
that the curves for these delay characterist'ics are‘normalized'wit’h respect .
. to the same frequency. This requires that Xpmy be equal to xémg for a given

value of W, that is, R03C3k= Rop Cpx
Normalized frequency =¥, = XgM™Mp= XqMq= "5"’ Qar Con = 2 Roy Ty

The overall gain characteristic of ‘the amplifier becomes

' . W
A= 3t o m Yz | : (5_13)
.2 Stm W2
where Zol = Rop /13 - ‘_ (5_14)

Vg o) lae xd G Yl xe G- 20T

and W = »e?—-gs' | '

The phase-shift characteristic is.given by

¢ = 2 (06 | (519)

Curves for the gain and phase-shift characteristics for three
combinations of‘m values are shown in Figs. 5-7(a), (b) and (c); in Fig. 5-T(
mg = 1.4 and'mp:: 1.2 ; in Fig. 5-7(b) mg = 1.375 and mp = 1.175 ; and in
Fig. S—'{(c) mg = 1.4 and mp = 1.14 . The number of tubes is 5. The value of

RogC, is kept equal to RopCop- This means that the ratio of the cutoff
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frequencies of the anode and grid lines is made equal to the ratio of their

..

- m values.

The gain and phase shift of the correspondlng unstaggered distri-

buted amplifier {obtained by puttlng mg = mp =m) are

A =m SWQ"P s ‘ (5-16)
2 \["'—_*; [1-G-vax]
¢ = Zm'l‘aM-l M Xy ' : (5"‘17)
AT e :

These are also plotted in Figs. 5-7(a), (b) and (c) in dotted lines. |

We see that the improvement is worthy in each case.
c) Amplifier with bridged-tee network
As we have seen already in section 4~c _bridged-~-tee networks
seen in Fig. 5-8 can be used satisfactorily in distributed amplifiers.

Espe01a11y 1f the values are so adjusted that

c_a(,«ux\ bc,

—
/\’4

@ T )
Fie. 5-8 — BRIDCED -TEE NETWORK EQUIVALENT CIRCUITS

(@} ActTuUAL
) L Lo

(b) THEORETICAL N wHicH L,=—M anwp «= L,

the impedance’of'ue network becomes independent of frequency.

|
The gain, phase shift and delay characteristics of an amplifier :

|

|

with such a circuit were given by

Qosm 4 ’ | (4—35)
A=m 2 [4- xf(*ﬂ‘\]z* Xic k
e=2m+0~v~ A—sz('("""()\ . ) .
4 A+ % (4+x) o (42
v 'G'—"— 'ﬂ—{c [‘_ !k1(4+‘()]‘a1,‘€. . ( 9) '
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where X, = “‘S)chs

x = 4 k2
L

R, = characteristic impedance

The gain and deléy characteristics for different values of (4 +x]
‘ (]

are plotted in Figs. 5-9 and 5-10 .

A comparison of these curves shows that very flat gain and delay

- characteristics éannot be obtained simultaneously. If an amplifier is built

to give .a.flat gain characteristic, it's delay characteristic will not .be

very satisfactory. Also, since V‘alues‘ of (4+d) smaller than"0.45 require the
| : :
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K 4

Fie. 5-11 — EquivaLent circutT ror carcurAating Efe_ ror aneLizien
WITH BRIDGED ~TEE NETWORK IN THE GRID CWRCUIT AND
M- DERIVED Ssc_-rtous IN TusE ANODE CIQCULIT.

coéfficient'of coupling to be larger than 0.38, practical difficulties limit =~

the construction of such lines.

The bridged-tee metwork may however be used very effectively in an -

amplifier made up of m-derived sections in the plate line, and bridged-tee
‘sections in the grid line and obtain a flat delay characteristic. For this
case the value of E/ed can be calculated in a similar way as the previous

cases (see Fig. 5-11), and is

E _ 3wRep 4 o c.,éce,,+es\/7_

© 2 VhoweeaPey VI Gl T

u Y ‘ ’ ' :
3w Zo i ¥ | - (5-18)
Z .
4 mXp
v-‘— “p"'

Xa
o‘-‘ XQ‘L(‘M}

- n‘f Q°3_C3

where 6, = 2o

< ,
- T Rop Ce

Applying the general relation, equation (5-4), the overall gain
characteristic is

Z Sta W[

where Y. = 6 - B4

P e e




THESIS

ROBERT COLLEGE “GRADUATE SCHOOL

‘:PA‘(':E"3'9:-_; |

BEBEK , ISTANBUL
Zo" = . i - ~ © (5-20)
. \l[-l -x2 (4+-()]2+ x;‘ V[i - (4—m") XP" :
"and the ov_erall phase shift characteristic can be written as
& = __m_izuﬂ N | - (5-21)

2
'I‘he curves obtained for such an ampllfler having m = 1.4 for the ‘

plate line and (pd): 0.45 for the grld line are shown in Fig. 5-12

lar
I .
3
2 -
<
N .
o
a 21T;
u
v “
3 @
.«
% o
- z
4
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Flé 5-12 — Nommuzsb GAIN ANG 'Puﬂse SHwT CURVES Tom AHPL\FIER PO

W(TH BRDGE P~TEE NETWORK IN THE 68RID ClRCU!T ANQ M- DER(VE'D ‘ 

NETWORK N THE HNODE‘ C.IECUI.T'
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Chapter 6

EFFECT OF IVPROPER T®RMINATION OF LINES

In all the previous discussions we have assumed that the lines weré'

terminated with their characteristic impedances. It should be pointed out
that any artificial line has to be terminated,by proper half sections and
impedances equal to thevcharacterisfic impedance of the lines in order to
avoid reflections. This is done in the conventional way, and it will not be
discussed here. However,.in any practical situation,\this is not the case
and the terminations cannot be perfect. We can therefore have reflections
from all four sets of terminals. The effect of these reflections can be .
understood by referring at Kig. 6—1(a), which is the schematic diagram of

one stage of distributed amplifier. It shall be assumed that the lines are

dissipationless, and that all sections are identical. Each stage has a phase
shiff of ¢ degrees, and each end of each line is terminated by a terminal :
half-section. These terminal half-sections wil]'be assumed to have a phasg
shift ‘of %.¢; degrees. If a signal e is introduced into ﬁhe.grid line, then

a portion of that signal will be reflected from the gfid terminations. Tf

we denote the reflection coefficient 6f_£he line by’ S , the r§f1e¢ted wave

will have an amplitude equal to fe where

§ . Bi-Zs ' o (6-1)
ZL-#-ZO :

For the sake of simplicity we will assume that the secondary reflections
from the input and from the plate termination are negligible. The reflected
voltage (e will aprear at the grids of the various tubes and will add
vectorially to thetbriginal wave. In a similar fashion, reflections may be
expected from the reverse termination in the plate line. The net voltage

at the butpuf of the distributed amplifier is then the vector sum of all

these vdltagés; The net voltage due to reflections is
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29+ (m-o] ; wasa) @1
ER=2A°eS[eJ[ AN E L el

3[2w+(2k van-4) $1
dmeee- 4 g '

[2¢ +3(n-4)61
o ] (6-2)

The voltage due to the signal at the output terminals, neglecting

reflections is

E.= A.em IS AL (6-3)
where Ao = aw\PVicho'HOn per seetioun
e = (nput s'lgmao

m = muwmber o{ tubes per s’fagg_

The ratio of the reflected voltage to the signai voltage then

is given by FEa/g and is given by

e _ 26 g yl¥ w264l | (6-4)
ES . "M kK=o )

= 2% Alm wd es[fP+(M-4)¢] ' - (6-5)

. Mmsn g ’ ‘ : -

,’i‘his equation shows the importance of" the reflections. The magni-
: tudev of this equation is plotted in Fig. 6-1(b) for n'= % and n = 11 .
It is evident from equati.on (6-5) and Fig. 6-1(b) that the relative magni-
tude of the reflected lvdltages near the cent‘er of the band depends upon

(25/4,) and that the larger peakis are displaced towards the edges of the band.

. For practical purposes, we can say that the reflection factor for v.

low valuAes of gﬁ , that is, for low frequencies, may be made nearly zero.

The 1arger peaks as @ approaches T tend to move toward the edges of the

useful range of‘ the amplifier. Furthermore, the concave phase characteristic

of the normal constant-k section will still further crowd these large peaks
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toward the upper end of the frequency band. It is evident that as the number‘f

" of sections n is increased, the seriousness of small mismatches is reduced.

The actual output voltage is the vector suﬁ of the nominal output
signal and the'reflected signal. Fig. 6-2 shows the magnitude of the vari-
ations in the output_véltage for n = 5 and n = 11 when it is assumed that
8§ is small compared to 1 and d=%. If Wis less than ¢ , as is usually the :
case, the . effect on the curve shown ih Fig. 6-2 will be to crowd it toward

the right and displace it slightly downward in accordance with equation (6—6);

Eau ¥ E [4_* 2¢ (S‘“(z"“‘*""‘”) ~ ————5‘"(7’““5)}] (6-6)

2 sin @ 2an S0P

2§  Siu2mg
2musiuf
) mes

favaava v \

8 M:A" °
AN AN N~ SO O /\ ™
. c )
2
2

Fis. 6-2 — YARIATIONS 1N OUTPUT VOLTRGE.

‘When the number 6f-sections is small, that is, less than four,
the ‘value of m in the terminal half-section may be so selected that the

e and the terminating resistance will be equal,
‘characteﬁlstlc impedanc
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(S:olat a frequency coinciding with one of the maxima of Fig. 6-1(b). This
- will further tend to reduce the reflection effect from an imperfect termi-

nation.
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"~ Chapter 7

‘ ,EFF‘EC‘I‘S.]')UE' TO INCREASE IN FREQUENCY
" ‘When ‘we 1ncrease the frequency there are losses 1ntroduced 1n the
.;ampllfler.,These losses are the follow1ng.
a) Incidental dissipation

We know qulte well that a serles res18tance and a. shunt conduc-
tance produce attenuatlon in a fllter. Equat1on (7-1) is a good approxlmatlo

-of the. effect of such d1ss1pat10n. We can see from thls equatlon that

0& = _x'<_ ( L + i ) gﬁ o - (7_.13) ’
2 Ve, Q) dx o o S Ty
- (£ R ad ."'((7-"Izlb .
- ( 2¢ *2;_') dw - A7)
where o =_attenuafign in nepers

the Q of the condensers

0
]

@, = the Q of the ind.uc't’ors' |
X b= the.noimalized frequency fﬁnction
’ 65 = the shunt ébhducténcé across the caéacitance’c
' R-= the resistance in series with’ ‘the 1nductance L

'r.¢5 the phase shift of the sectlon in. radlans

That'di831pat10n produces an attenuatlonln the pass band propor~‘
tional to the sum of the Teciprocals of the Q's of the 1nductors and con—"
.densers and .proportional to the normalized slope of the phase functlon tlmes
the normallzed freouency functlon Xk As the phase function of a constant-k
sectlon is concave and rises’ sharply near cutoff a marked increase in
attenuatlon w111 occur near the cutoff frequency. The advantage of a 11near
phase functlon ‘such as that obtained from sectlon utlllzlng negatlve mutual
inductance is also immediately evident when con91der1ng,the effect of_

 incidental dissipation.
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b) Lead inductance .
Lead inductance in the grid and plate'circuité has the effect -
of reduclng the cutoff frequency and producing a peak near cutoff. The use
of negative mutual 1nduotance can completely compensate for thls effect.
The costants L and ¥ of the negatlve—mutual-1nductance blrcult as prev1ously

discussed need to be modified to correct for the presence af_lead inductance55

The following equations show how I and ¥ need to be modified to compensate BEs

for the'grid (or plate) lead inductance

P _N"_"“‘ - | o (7_2)
m* -4 A . ' o
- . x) L ~ (7-3)
hﬂ a ( b om k. : ; .
Wh_ere_ - X _ leeo.ol Q;A’o(uc'l‘at«ce.
v - Lk

c) The effect of gridzlosses

The cathode lead 1nductance, in congunctlon w1th the gr1d—to~

O

cathode capacltance, roduces an 1nput grid conductance Whlch is equal to

6= guetLGe (7-a)"

Includlng also the conductance due to tran81t time effects and

' con51der1ng that there is no capacitance in- parallel with the 1nductance in

the cathode lead, the 1nput conductance becomes approxlmately

G = gmwz ( L.Cy + KT"\ ‘m,\ho,s ) - (7-%)
where L, = cathode-lead inductance
| = id— d citance
Cs._ grid-catho e_capa
T = transit time
K = a constant depending on the tube.

;(1) F. E. Terman, "Electronic and Radio Engineering", McGraw-Hill Book Co.,

>Tokyo, 1955, p. 433.
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If there is appreciable “cathode-to-screen and cathode—toéfiléméht'
capaclty shunting the cathode-lead inductance equatlon (7-5) w111 be modlfled

to glve the fOIIOW1ng expression

2 Lc Cg 2 ) ‘ ‘
G = w + K - (7-6)
G Sw [ 4 _.1:25(: - T ‘
where
P = cutoff frequency
cathode antiresonant frequehdy
The attenuationfper’section introduced by this conductance will be}f
given by
o o S 4 A - (1-1)
where ¢ is the phase shift per section

¥¢ is the cutoff frequency ’ ' )

%, is the normalized frequency function

The most appreclab]e source of attenuation being the grld loadlng,;w
the galn of an n-sectlon dlstrlbuted amplifier W1th losses may be obtalned
from the expression for the lossless case by means of the follow1ng expr9881on

. . o

A=A e | : _ _ ) | (77-8)‘

- Scah (\%8

Ay is the géin of the lossless circuit, and the frequency dep'endencerotv‘Ao

and o is a function of the circuit type being considered. In the deriVation
of equation (7-8) it is assumed that the input half-section offers the same

atténuation as the transmission line half-section.

As an 111ustrat10n, consider the effect of grid loading on the
amplitude response of a distributed amplifier using constant-k transmission:
lines. If the input conductance is assumed to havg the frequency varlat;on‘

inbequation (7-5) the attenuation factor becomes

L Gow* 4 Xy Lo
I = o - (129)
X = GC VaciE T Ya-x2




~ THESIS .~
ROBERT COLLEGE GRADUATE SCHOOL
BEBEK, ISTANBUL

Using this in conjunction_with equation (7-8), normalized curves e
of gain for various values of "%/ may be plotted as a function of frequency;f

These curves are shown in Fig. 7-1.

4
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FuNcTioN . oF Mdo/2

The modifications caused by the presence of shunting capacitahceli‘a;

in the catﬁodé circuit cén be shown by a simila; family of curves., If it ig_,f %
assumed that the transit-time effects aie;small gqﬁbared to the effect of

impedance in the cathode circuit, the attenuation factor may be written

/. Xk‘ - v "
d == Q’o .{_sz': ‘, A— ,‘:‘

where o, is distinguished from «, since the transit-time losses are not inec- -
(-] . /

(1-0a)

lﬁded in this equation. Using this relation, equation (7-8) can again be usedii
to'plot normalized gain curves. The resultant curves are shown in Figs. 7-2,
7-3, and 7-4 as a function of parameters p and ™/ . In Fig. 7-5 is shown

! R .

the measured amplitude response curves of constant<k circuits having 16 and

~

. ) Aol = 7 AY ‘Md =08 :’
8 identical sections. These correspond to ™9/, 1(§urve A) and ™%/ (9u?ve B},

where p = 0.5 .
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As another example of the effect of grld losses on the predlcted

response of a dlstrlbuted amplifier, consider the negative mutual inductance‘

circuit. If the effect of'cathode—to-ground capacity is néglected the

attenuatlon due to cathode—lead 1*4uctance and trdnslt time vecomes
X,: om 3

[rm" - (4= ) x:} \/,w.’_x;

(7-10)

‘The curves plo»ted ‘in Figs, 7-6, 7-7 and 7-8 show the amplltude
Tesponse of a negative mutual inductance circuit for varlous values of m
and M9/, . These curves are again calculated from equation (743) using

equatlon (;~20)tas the value of o¢ .
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d)‘Effect of distributed capacitance in the coil windings

The presence of distributed capacitance results in lowering the
amplifier cutoff frequency'and in altering thé impedénce of,thé transmission
lines, thus méking it difficult to iérminate properly. The constant-k and |
paired plate circuits with distributed capacifahce are subject to an appro-
ximate analysis. If the distributed capacity in each coil can be considered
as eqﬁivalent to a lumped caéacity éonnecting the ends of the coil, tﬁe

" transmission-line sections take on the configuration of shunt-derived sections

in an m—derived structure and the circuit may be analysed as such.

The negative mutual inductance circuit does not yield reédily'_
itc anéiyéis when distributed capacitance is included. It has been found
experimentally, however, that the negative mutual_inductance circuit.suffers

from the effects mentionned above.
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Chapter 8

NOISE IN DISTRIBUTED AMPLIFIERS

Thefe are four sources of noise of basic and unavoidable néture
that need to be considered in any amplifiervwhich extend fbkhiéh frequencies.
These are | L o

| 'a§~ThermallnoiSQ in the input impedance

b) Shot-effect noise generated by the electron stream in the

electron tubes |

¢) Indﬁced grid noise which:is associéted with transit time effeci

at the high frequencies

d) Thermal noise in the equiValént grid-loading impedaﬁcé which is

’develoéed bétwéen the cathode and the grid Qf an electron tube
as a result of grid-to-cathode capacitance and the cathode

lead inducténce.

The ideal amplifier would be one in which the only noise in the’
7 output_terminals was due to the thermal noise inkthe input impedance of the -
amplifier. The thermal noise in the input impedance can be used as a compa-

rison standard and all other noises can be measured in terms of it.

' The manner in which all ‘these various noises appeér in the output
of the diétributed'amplifier is considered'belowg the. analysis being carried

out for a single-stage distributed amplifier as shown in Fig. 2-1.
a) Thermal noise

The grid line is terminated with resistances on each end, and
both of these act aévgenerators of thermal noise./The noise generated in thé
input termination will cause a noise voltage to appear at the output termi-
nals in'exactiy the same way as if it were a signal. The noise due to the
grid_terbinatidn produces a noise wave on the . grid line whjch is aﬁplified

by the tubes, the noise signals adding in the plate 1inevin a way which
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depends upon the phase shift pér section. The addition of the noise voltageé

in the plate line due to the backward going wavé is the same mathematical

‘the noise power in the output due to the input impedance Ni and noise power

due to the grid termination W,,

N, = total thermal noise output in a band Af cycles wide at

' 'fréquenéy f

= N, + N,
. 2 o
Za R T (..._.—.._AMMQS ’ ‘ ‘ (8—1)
= Nb.—é:: A, m [** sin @ ] EERE | |
where N_ = l&-léTA{— watts

1% Boltzman's constant

T = ‘temperature of the termination, OK
Agc bandwidth in cps in vhich noisé is ‘to be measured-
% = frequency | "

A= amplification of each section = Jau Zop /2

¢ = phase shift;- per section \ |

m = number of sections per stage.

The first term in equation (8-1) is the amplified noise arising in
the input impedance. The second ‘term is due to the noise originating in the
grid temination; it can have a value of unity when ¢=2T, etc., but is in

general , smaller than unity. The. functional dependence of this noise power

on the phase shift per sectidn is identical with the square of the voltage
‘reflections from the grld termination whown plotted for n = 5 and n = 11
“ in Fig. 6-1(b). As can be seen from equation (8-1) and Fig. 6-1(b), the

thermal noise due to the grid termination is usually small compared wi th

the noise due to the imput impedance. Only at DC and at cutoff do the two

"~ terms become equal.

b) Shot-effect noise

_problem as was considered in the case of reflections in Chapter 6. Calling . |

- The sbot—effect‘ noise is due to the random emissidn of electrons
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from the cathode. The effect of this noise can be represented by a tesistor

i

in the grid circuit which is assigned a value such that this fictitious
resistance generates as much noise as is actually observed in the plate circui

of the tube. If the impedance, looking back from the grid toward the input

terminals, can be made,much higher than this noise resistance, then the noise

due to the qhot-effect will be‘small compared with the thermal noise. At low |
frequencles and in narrow—band anpllflers, the input 1mpedance can be made
high, and consequently, the shot—effect noise can be made to be neg11g1b1e. !
.In wide-band ampllflers, 1nclud1ng the dlstrlbuted amplifier, the 1nput

impedance cannot be made_high, and as a result, the noise géngrated,by the

shot—effect cannot be neglected.

However, in the. case of the‘diStfibuted amplifier, the shot-~effect

f noise can be made negligibij»small in spite of the fact that the'grid—to—
’gfound impédance is not high when compared to thé equiva1eht hoise resistance.
This can bé seen frbm the following considerations. Each tube deﬁeloﬁs a
random noise current in. 1ts plate circuit 1ndependent1y of the other tubes
used in the dlstrlbuted amplifier. The n01se currents cause voltages to appeaz
on the plate llne, and‘these voltages add in the output terminals in a random
manner. The random additioh of voltages canvbe obﬁéined by fakiﬁg'a sum df
thé‘noiée power produced by the ihdividu#l tﬁbes; fhus if the tubes are alike,
fhe total noise pbwer will be propértioﬁal to the number of tubes. On the
other hand, the signal at the output terminals is proportional to the number

" of tubes, and thevsignal power‘is pfopéftionai to the number of tubes squared.
Hence, the signal noise ratio will be‘propartioﬁal to n, where n is the

" number of tubes. Thus, bj usiﬁg a sufficienﬁ number of sections,bit is

; poss1b1e to make the 51gna1 as large as one de ires compared to the shot-

effect noise.

The effect of shot noise can he computed in the usual manner. The
following results are given without proof, The shot-effect noise power Ng

in the output of the distributed amplifier is
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L . , ,
N, = mN, Az 2: . (8-2)

where Ao is the amplification per section. Thus, for a given tube and desired

bandwidth, Ng, Ao, Reqy and Zop are known constants.,
¢) High frequency noise

he transit time effects and cathode lead inductance can both
be taken into account by representing them as shunt resistances from grid to
ground in.each tube. Associated with this equiVaiept resistance there is a

1)

noise; which can be evaluated in a standard manner .

The behaviour of this noise in the output of the distributed

il

. . Ir -

T
1

—_ t _—
b ]
i .

> T ISTER—- A IS T YT — = - o= =
’ ~
?Qq GENERATES THERHAL

NOISE AccouNTING FOR

CLAate sSHoT erfFec

INPOT REUSTANCE
—_— QG 1o OTHER THAN

ANPUT RESISTANCE
DUE Te TRANSIT

TINvE EFFGCT
1

T

TRAN SIT TING EFFECTS

NOISE VOLTRGE Fog foise VoLTAsE For Ra _
Rin (ni— Qoo K - (AT % TIMES THe ¢ATHODE
TUMPERNATURE) TEHPERATURY)

Fie. 8-4 — Sources ©f noise W secTion (Str@oLs AFTER Tt-:nmw)_

(1) F: E. Terman, "Electronic and Radio Engineering", McGraw-7ill Book Co.,

Tokyo, 1955, vp. 434 - 442.
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_ampiifier is very complicated. In the first place, the magnitude of the hoise
isva_rapid function of frequency (tﬁé noise power per cycle is approximétely

_proportional to the frequency sduared)f In the'éécdnd place, each tube gene-

rates noise voltages whiéh propagaté\in both diréctions from the tﬁbe, Thus,

the noise generated by one tube is amplified by:all other tubes. Yoreover,

the amplification depeﬁds upon the/particular‘position of the tube in the

distributed amplifier. , o SR S eE

'Fig. 8-1 shows a single section of distributed anplifier,,indicafing
‘the souréés of high-frequency noise. It should bé pointed out that the
magnitudes of the two sources of noise are detefmined by the geometric factors
‘within the tube itself. For the purpose of this discussion, it will be |
assumed that an equivalent resistance RA anq an accompénying voltage can be
found which accounts for the existing noise. If the noise‘power_that Rp can
déliver is Nq, then it caﬁ be shown that theﬂtotél noise power N, due to

high-frequency effects in the output is given by -

NeRa As’ 2" o o (8-3)
Zop (Beq —?-299\ .

where P is a constant whibh depends on ¢ and n.vNéar DC and near cutoff,

NF\=

3

¢ —= 0 ‘,.‘r.'rl‘ oad P — m (8-4)
Near midband
b — T/, amd P —» %’* o ~(8-5)

, Thus it cah be seen that the noise power in the output due to grid
l6ading effects is proportional to n3, whe;eas the signal voltage is propor-
tional to n?. Hence, should the noise from this,soﬁrce be at all éppreciable,'
increasing the number of stéges, decreases the signal-to-noise ratio.

However, for reasons having to do with attenuation, this noise is not too

 important. This will be discussed in part (d).

d) The noise factor of the distributed amplifier

. . .
The noise in the output of the amplifier is the sum of the
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three noises given above:

N

Total noise power = thermal noise « shot noise + grid—loading noise

or» ' ; NT°?“ = N, + Ng + N, R ) o (8-6)

"he noise factor W.F. can be defined as the ration of the t6$a1

noise in the output terminals to the noise due to the input impedance. Thus, -

N.F = M= *':’:*N" o o o (8-7)

4
where the notation is as used above. Subsfituting values of’theée terms froh

equations (8-1), (8-2) and (8—3)-ap§_simpiifying,

'N.F.

1
P
+

CELA S e

in which it has been assumed that.
1l - Z°?= Z"s' for reasons of simplicity.
2 - R,> 2o, for reasons to be explained below
3 - o is a numerical factor, equal to about 5, which takes into
accouht the experimentally observed values of noise associated
. with RA' B | ; |
It should also be remembered that R, is a function of :frequency:

Rnx\;-?z?

From equation {8-8) it will be seen that noise factor of the amplifier depends
upon cdmpeting factors of (l/n) and n. Thus, one would think that there |
should be an optimum value of n for minimum noise. Actually, such a choiﬁe
would have little physical meaning. In the first place,_RA is a function of
fréquency; and in the second place, if frequency.response is to.be at all
ugiform, one must choose tubes in vhich Q;»quat the highest freqﬁency of
interest in order to é%oid attenuation. Under these conditions, the associated
high~frequency noise will also be small. Therefore, by using a sufficient
number ofvsections, the shot‘noise can be made negligibly small and the resul-=
ting noise factoi can be made to approach unity except at.low and hiéh fre-

quencies where it approches 2 due to the noise arising in the grid terminatior.
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Chapter 9

TRANSISTORIZED DISTRIBUTED AMPLIFIER

N

Transistorized distributed amplifiers can also be built but they

This has two main reasons. One reason is the base current, which is required

for the operation of the transistor, intfoducing.losSes along the base line,

base and collector circuits due to the junction capacitance. Fig. 9-1 shows

this capacitancé.

do not offer a great advantage compared to cascaded transistor amplifiers.

making this line a lossy line. The second reason is the interaction of the

The common-emitter current gain of a transistor is shown in Fig.

9-2(a). For amplification to be independent of frequency the cbllectbr

current, i,

is the base current, If ib is as in Fig. 9-2(b), having the same slope as ﬁ}

should be constant. e know that i, is given as Biy, where iy

~~ v
v ; © :
t ;
.. '
. 4
! _ i
(o) '%
Fio.3-1 — (a) A CE TrawausToR Stacz; (8] An APPROXIMATE HODEL
' foe vue CE sTAGe ..
]
i
fog 6 . Cog ¢y
)
[}
{4 (a)  FREQUENCY —p TREQUENTY —>
: _ . (v} -
\Fle. 4-2 — Lo\) CoMRc‘u EMITTER CURRENT GAI ; (L) BAse corrent ¢, Reqvir

TO GIVE CONSTANT COLLECTOR CUORRENT INDEPENDENT OF FEFRERUENCY.,
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Fie. 3= 3 — A <TuUREE -SzcTION SIHPLE DI TRIBUTED AMPLIFER,

1, will be constant. This can be easily achieved by using an RC network for

‘the base.
If e; is the input voltage, the base current will be
bb( X ? . : : (9-1)
The outpnt voltage will be, considering that we have n sections
Lok s R LA | . A
€ = Mlc = = Mf.be - = MfB. 0, 2R (9-2) -
where A3, is the 1ow—frequency cprrent'gain“ -

Mm is the number of sections
Qtis the load resistance
{, is the base current

{, is the collector current

e have then for the voltage gain

.. G- _ o Re ' ‘
A, = e T T 2a | ~ | (?~3)

With the double-diffused transistor, however, the situation is
not so simple and the equivalent circuit of'Fig.b9—4 has to be used to be

able t0 analyse the amplifier.
In this circuit we have

! - - ‘ol '
Q;=Base spreading resistance

'cé=c011ector capacitahce under emitter dot
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/ :
e
. i ‘
rbbl ) Cr.‘ . ‘
ol I— —o |
8As:e 4 L:: CoLLEcTOR d

(Bovd) rg . , ;
l . l Cl)ﬁdb' )

EMITTER

(/3"4\ Re

Fie. §=4 — A crroxinATe HIGH ~ FREQUENCY EQUIVALENT CiReuIT FOR

. DOUBLE -~ DIFFUSED  TRARSIS TOR ,

Cc£=colléctor base capacitance which is not directly under emitter

dot plus stray collécfor base capacitance
Te = emitter resistance
CGZ-Aiffusion capacitance
A= e

4+ {hs
ﬂ —IObereouency current gain

éurrent‘gain at frequency f

{6 beta cutoff frequency

For the high frequencle% under con81derat10n the approx1mate input

clrcult is as shown in Fig. 9 5.
(B+4)Re

m g ————
Z, =T J*—éwﬂc,ce l BASE

rbb,
(,3*4] Re k
——AAAVA,————
C.
(3=4)
Il
L
= é EMITTER

_}F\(.,, 3 -5 — ArPeroxi KATE INPUT CIRCUIT FoR &)? ;i,/&
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The input impedance of this circuit is

(/3""‘) Re ‘

Z‘ ~ f‘%: 4

where R, and Ce are the resistance and capacitance inserted in the emitter.

Using the relation

f)"‘ ﬂ" C Bo
- R B W
4+ {a _‘ J-f § :S;
and con81der1ng that the frequenCLes of interest are below % E;%f?f this
) ele
can be written as
Ao Re
Z, o (rg + Re) » ——= (9-5)
| 1+4§ 3

If we insert a parallel RC network in the base of the transistor

as is done above the total. impedance becomes

/3o Re

Z. % —-——H‘lﬁc 4}(‘%' * Re) + e | o (9-6)
A . o

The RC comblnatlon 1s chosen 1o have the same "3 db p01nt as {3 .
Therefore y ; |
<A= Z"nQC_’V

Equation (9-6) becomes then-

. = Bi,e + g + Q‘,’-\ o -~ (9-7)
: 4 +« 4 — - .

T Tw,
This in combination with theé transistor is shown in Fig. 9-6.

(reo~ 2a)
v ————
Qqqz(ei-/s&) % prm— QE(‘ ='2_‘T Q ~ ‘ . 4 .
3 mtafe (<< orac
Z.4 ' ,

Fie. -6 — AvPROXIHATE EQUIVALENMT . INPUT IMPEDRNCE OF INPUT

RC conxatnATION PLUS TRANSISTOR .,
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For very high frequencieg, from equation (9-4), recalling that

4
{G‘= 24 RQC
! QQ /go ’R¢
4 = T + _
Z w . "+A$UO QeCe (J félﬂ.\ﬁth\(«(+Apr‘ (9 8)

An ana1y81s of equation (9-8) shows that at very hlgh frequen01es

(%>-Z;E—Z—), the rgbterm will predominate and the response of the ampllfler '

will fall, whlle the 1nput current no longer rises. The role of the ReCe
comblnatlon.lsﬁthen to preserve the fall of the input impedance Zp to as

close to the 6 db fall-out curve as possible.

Let us now show the effect of Re and Ce'on the gain—bandwidth
product. It can easily be'shown that the voitage gain Av of one section at

low frequencies is

B Ao R o ) :
Ay = , y
° 2£(R+ﬂ09c\ “'(rb;a *?¢)] . - (9 9)

Considering first the uncompensated case where_Cé is zero we can
write for the bandwidth (Fig. 9-6)
, ) -
2w (nf + Re ) Ceq

where C_, is as shown in Fig. 9-6, and equal to

BW, =

eq _
Caq = cH—- o (9-20)
2w {n (12 + f3oRe)

U51ng equatlon (9—10) the expre951on for the uncomnensated band- ,

width becomes

BW R .+ AQR&
vu' = -%6 rh(u + Re-

Hence the gain-bandwidih product for uncompensated case can be .

(911)

written as the product of gain and bandwidth or, equations (9-9) and (9-11)

. ) ‘ fsoQL - ‘ '
= ‘ 9-12
G>E5“ 2 (gl + Re) 4/3 ( )

Wé‘éan see ffom equation (9-9), (9-11) and ($-12) that we can

somewhatvalter'the gain-bandwidth product by ?arying Rgy although‘én optimum‘

case will be obtained when Reg ='dl.
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Let us now con51der the cempensated case. From equatlon (9-8), he

input 1mpedance 7 of the transistor will be

,(-oéw Q‘\c..t (,( .,.'(" W/wﬂ)(,(-réw'wecc)

CEl= o +

If we add the parallel RC to the base circuit we get a total impe-
.dance Zq equal to

'Q v 4 ’ .'Ec"f . 89?:

ZT ,4-0-3“’/:..)/3 . b‘::‘ ,(+d'wﬂcC¢ (44_4 w/u \)(Af'éw? Ce) (9 13)

As explained above,ito have a good compensatlon RoC, should be
chosen to.have‘tﬁé same-break>frequency as the uncbmpensated bandwidth.

Therefore
4
%z“ - 2 Re Ce (9-14)
We should now findvthe‘value'of‘ZT at‘f?, wherevf2c is the upper.
3 db point of the coﬁpgnsated amplifier. Equating real and imaginary parts

:bf Zp at fz will give us the Value of féc. Since {2€$7£ﬂ we can assume

‘ 414 . A‘QAU x Ab .‘Furfhermore we can also‘assumékyuﬁécé= J vas"seen

from equation (0-14) With these assumptions we have
2], - R e - Z
fﬂc A wzc /(-.-(S - bb ,(...é X v (9 " )
Reducing. this we obtain o

RoRe] . {rs Re ’

7 =] . B (7 ] (ﬁDQ&+2R3+ (9-16

~T,A [ bbb 2 2_?7_:. 6 2{’-: (9 )
‘Equatlng the real and imaginary part of this equatlon we obtaln

{“ __{,ﬂ ( R+ BoRe ‘) o o (9_17)

Mok

By taklng the ratio of equatlons (9—17) and (9- 11) we obtain the
bandwidth improvement factor X

K = 32_": (44 Re ) | .» , 3 | (9-18)

{z u b

'~ We can now specify a design procedure. leen the requlred bandw1dthf

and all the requlred tran51stor parameters, it is requ1red to know Ly, and

Co of the line, the input RC and RgsC, of the emitter. We would then use the

following procedure: . -
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1 -

' ©,, say 2 or 3 times.

pos

From the transmission line equations

. . - 4
T

we select the cutoff\frequency of the line so that the required

Z, does not depart by more than an arbitrary amount from the
low frequenc&.value_throughout'the frequency range of interest.
This completely specifies L, and Cp. Note that this Cp will

be the’samé as Cgq- | | |

Arbitrarily select‘a convenienf input C somewhat greatéf‘thaﬁ
Select the input R to give _Rﬂ= P S

7 2. ‘r“c
From equation (9-17) determine R,

Prom equations (9-11) and (9-14) select.C,.

- An example'to this procedure will be.given in the mnext chapter.
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Chavpter 10

- PRACTICAL DESIGNS

-~

One of the two designs to be given is a distributed amplifier which

covers from 10 to 360 mC. This amplifier has a gain of 8 db flat fo & 2 db

over the-giﬁéh range and is cqnstfucted of 6AK5 pentodes. TheAtransmissionf;iﬂ

lines are of the constant-k type with m-derived half sections. Two of the
sectioné of the anplifier are shown in Fig. 10-1;~The chosen impedances
for the grid and plate lines are 50 and §3 ohms respectively.

For the constant-k low—ﬁass lines used in this amplifier we have

Lty Lg | La
— AT TN— ———— BT
Fic. {0 -4 — Two secrions 0F THE CONSTAMNT -k TYPE ciReuIT usED

IN. OISTRIBUTED AMPLIFIER.

C . = —
_ /Sec‘f\ou. - 2n R %é |
. L/SCC*iOM = .__&._R——-
. | | 2w {e
where . R= \/.L characteristic impedance

§c= “cutoff frequency. . ‘ .
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INPUT == z§ L= 50 -
A~ l ) l |
Fie. 10~-2 — PARTIAL LRCUIT SHDOWING  CoHPONENT vALUes for THe 36O HC
DISTRIBUTED AHPLIFIER, INDUCTANCES ARE N MICRO HENRIES
‘AND CAPRC({TANCES N HICRO HICROFAR DS, )
40
N7V
7 //\iJ/ v
=
N\ /|
0 e \
ac¢ \
3 \
q -
(U] \
.z \‘
o

o loo 200 ' 300 © &oo
FRequemucy - HC.

Fie. 10-3 — GA:N-_rR:QUENCy CURvVE SHOows RESPONSE OF AMTLIFIER

To BE ELAT wWiTHIN T2 pad FfroM A0 1o BGO Mc.

!
i
i
1
1

The amplifier uses a total of 9 -tubes. The reason for choosing
the 6AK5 8 is because of its high flgure of merlt The tube is Operatéd witﬁ

Esz

sc = 120 ¥V and Bg = - 1.5 V. The calculatlons made, the ampllfler is é

as shown in Flg. 10-2 hav1ng a gain e :»_.718 or 8.68 db. The ga1n~frequency

characterlstlc is shown in Fig. 10-3.

The second design is of a transistorized distributed anplifier

and its deSign_is done according to the pattern given in chapter 9. The
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Fie. {04 — Ow~ve  stAce or a. 200 Hc/szé. TRA#Slxroé

‘DISTRIGUTED  RAHPLIFIER

‘transistor used is a Fairchild N104B douhle-diffused‘silicdn‘transistor; Its-

typlcal values at VCE 10 V and I = 10 mA are

oo = 70 ohms

,‘Cc_‘.'."' 1 pF .

 Cepm

2:pF "\;

B,= 80

%5= 5 mC

Yo =

2.5 ohms . _ T N

Cé=1SO PF-

Let
1 -

Y:Thef

us assume. a low-frequency Zo of 50 ohms. The design steps ares.
belect a cutoff frequency of. 300 mC. Thls will glve a 2, df 
about 40 ohms at 165 mC which is assumed to be adequate. From
the transm1s51on 11ne equatlons, Lo : 0.053 ‘H and C°'= 21 pF.
Select C to be 50 pF. ) | '

R is calcu]ated to be ?é#%;E—' Select R = 620 ohms. o
b‘rom equatlon (9-17) R e = 2300 ohms. Select Ry = 20 ohms.
‘Equatlons (9-11) and (u-ld) yleld Co» <3e1ect Cq = 62 pF. o

c;rpuxtJfor one'stageﬁoflth;s~amp11f;erfis;glven in Fig. 10-4.
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