
',.THESIS:" 
'ROBERT COLLEGE'GRADUATE SCHOOL 

BEBEK • ISTANBUL 

,....----........ ---~--.."..,. -, ...... '1 

REFERENCE 

JOT t dE -AKEN I'ROM THIS RO~ 

DIS RIB U T, E D:A M. P L I FIE R S 

FOR 

WIDE-EANP AMPLIFICATION 

", ; 

Submitted to: Prof. Dr. Uustafa Santur 

SUbmitted 'by; Jozef Kaauto 

Illii~miil~~ilimi~lmm]1 ~ I.· 
39001100540510 I 

! 

ROBERT COLLEGB 

SCHOOL OF ENGINEERING 

BEBEE: - I STANmJL 

Graduate E.E., 196')-196'6 



ROBERT' COLLEGE GRADUATE SCHOOL 
BEBEK,ISTANBUL 

PREFACE 

... PAGE i' 

'l'his thesis was prepared in accordilihce . with the requirements of 

the Engineering Graduate School program' of Robert College. The subject of 
, , 

the thesis is Distributed Amplifiers for Wide-band Arrlplification. This is a 

neW method of design where thegrid-to-cathode a:nd, plate-to-cathode capaci­

tancesare used as the shunting elements ofarti:ficial transmission lines. 

In this manner the tube gains add instead .o:f multiplying as is the case :for 

the cascaded amplifiers. The advantage of thi:ssystem is that even if the 

gain of individual·tubes is less than unity, the adding of gains will provide 
\ 

a sufficient amplification. 

This thesis consists of 10 chapters; the first chapter is an intro­

duction showin.g the deficiencies of conventional amplifiers' for the high 

frequencies, chapters 2,.3 and 4 deal with the basic principles'and dif:ferent 

characteristics of the amplifier, chapter 5 introduces the principle of 

staggering,. that is; the cutoff frequencies of the plate and grid lines are 

made slightly different, chapter 6 deals with the effect of improper termi-

nation of the lines, chapt'er 7 shows the resul ts due to increase in frequency' 

chapter 8, deals with noise in the amplifiers, ch~pter 9 introduces the theor 

of transistorized distributed amplifiers and chapter 10 gives two practical 

designs of distributed"amplifiers. 

I would like to express my deep gratitude to Prof. Dr. Mustafa 

Santur for his valuable suggestions and urgings in the preparation of this 

thesis. 
124125 

Jo~ef Kasuto 

.' I 
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INTRODUCTION 

PAGE 1 

As science is progressing continuously and communication is begin-

ning to be done with frequencies ~ the order of hundreds and thousands of 

megacycles, the need for amplifiers that could amplify such frequencies'also 

arises. Conventional amplifiers can achieve amplification at these frequen-" 

, cies only at the expense of gain due to the gain-bandwidth product of an 

amplification stage. When'the stage gain has been made unity or less, this 

stage is no longer useful for the purpose of amplification. Furthermore, sinc 

the gain in cascaded amplifiers is the product of individual stage gains, we 
~ , " 

get no advantage in cascading any ,number of such stages. ,To sho\ythis, let 
. ~ . . 

us compute approximately the rela.tion between gain, bandWidth and number of 

stages in a conventional uncompensated amplifier. The' gain of n stages is 

where c;:)- is the transconductance of the tube 

RL is' the-,load resistance of a stage 

~ is the number of stages 

·,·We also know that the result of cascading n stages is to decrease 

the bandwidth by approximately ~. The upper 3-db frequency of an amplifier 

which has n stages will therefore be 
~ 

{= (1-2) , 

where Os ,is the sum of~he input and ,output capaci,tances of'one stage. The 

. "figure of merit" of a tube "F" can be defined as the gain-bandwidth product 

and is given' by (1 ) 

(1-3) 

(1J,F.E.~~I'tIl~n, ,1I~lectronic and RadiO Engineering" - p. 291 



ROBERT COLLEGE GRADUATE SCHOOL PAGE 2 
BEBEK • ISTANBUL 

1 
l Combining equations (1-1), (1-2) and (1-3) we have 
J 

A ./ ... '. '(;;;'. = '1= (1-4) 1 
i 
,I 

As an example to the limitations of the bandwidth of a conventional "I 

amplifier let us 'calculate the possit;le bandwidth in an amplifier where the 

required gain is, for example, e
2 

a (2.72)2 a 7..4 Using the tube 6AK5for I 
which gm is 5.1 x 10-3 mhos, input capacitance is 4 ppF and output capaci-

tance is 2.8 llllF; we have 6.8 ll11F for the sum of1the two capaciaances. Reing 

a. little unrealistic, let us also assume that the stray capacitances are zero. 

With these considerations we can compute the figure of merit "F" from eq.(1-3) 

as 

!J ,5".111 10-? . i; --1 F = ""I, ;:. .... -120" 10 s~c 
2n C s 2 11 )I 6.8 J( -/0-'-' 

Computing from equation (1-4) that f2 will be a maximum for a 

given va]ue of gain if 

/VI = 2 Q.v. A (1-5) 

for a gain A =e2 , n will be 4, and from equation (1-4) f2 will be 36.4 Mc. 

We can conclude that, although we are using a tube having a high figure of 

meri t, and we assume that we reduce all stra.y capaci tance's to zero, it is 

not possible to build a conventional amplifier. having a gain of 7.4 with a 

bandwi~th exceeding 36.4 Mc. We can of 90urse remed~ this situation to some 

extent by using some kind of high-frequency compens~iion but this does not 

procure some valuable advantage. 

To be able to get bandwidths larger than the bandwidths obtained. 

with conventional amplifiers, a: new principle, called distributed amplifi­

~ation, has been designed where ordinar,y electron tubes are placed along 

artificial transmission lines, thus cancelling the effect of , gain-bandwidth 

product which was a handicap. 
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BASIC PRINCIPLES 

PAGE "3. 

As shown above', and as shown by ,Wheeler andothers,the frequency 

limit of a. conventional uncompensated ampli,fier is proportional to the ratio 

of the transconductance of the tube, gm' to the square root of the product 

of the input and output capacitances. We have seen that it .is n.ot to our 

advantage to cascade the different tubes. It, is not also to our advantage 
, , 

to simplly parallel the tubes, because in that. case thei'ncrease in l5mis 

compensated for by~he corresponding increase in the combined capacitance of' 

the tubes. 

'.Phis diffi~ul ty is overcomed by combining ·the' tub~s in the manner 

shown in Fig. 2':'1. The capacitances of the tubes are separated as the shupt­

'ing elements' of an artifiCial transmission, line while the transconductances 

I c,. - c,. 
, . 

, ,'. 
!3~s I Co 

. I 
le' p 

2 

OUTPUT. 

(g~) of the tubes may be added almost without limi~. Between the inputtermi-

nals 1-1, and terminals 2-'"2 there is an artificial transmission line, which 

is composed of the grid-cathode capaCitances, of the tubes, Cg , as the shunti:n 

elements and of the inductances between tubes (or sectiona). Leo In this 

"~~~--~~~--~~------------~------------------------------~~ 
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case the characteriatic impedance of the grid line will be~'asfollows: 

z. :: V.:.r' Os c~ 
( 2-1') 

If the proper terminating impedance, that is, the characteristic 

impedance of the'line is connected across terminals 2-2, there will be no 
. . : . . . 

reflections from these terminals. If we assume also that the transmission 

line is dissipaiionless, it Can be shown that"the driving point impedance 

at termin~ s 1-1 is independent of the numbJr of sections so connected. In 

'l 

a similar'fashion, a second transmission line is formed by making use of the 

plate-to-cathode capacitances to shunt ,another set ofcoilsLp. The charac- 'j 
teristl.c, impedance of the plate line is similarlyirideJ)endent of the number ' 

of sections and its value 'is 

, (2-2) 

Impedances connected across terminals ,3-3 and 4-4 are made'equal 

to Zo • The impedance connected to terminals 2-2 Will be calle'd the ffrid 
p 

J 
termination; the one, connected, to terminals -3-3 ~ll be called' the' reverse I 
termi~ation; and that connectedacrosstermincis 4..,.4 will be called the plate '. 

, , 

termination. These terminals are at the sanietim~ the output terminals~ 

,(2-3) 

In Fig. 2-1 each tube, with its portion 6ftransmission 1ine'is 

called a section. The combination of n such sections is called a stage. 

, , 

A signal voltage e g applied across terminals I-I, which are the 

input terminals, will cause a wave to travel along the grid line, applying 

vol tages eg t,o the control grids of the successive .tubes with a progressive 
, . 

phase difference'determined by the phase shift per section of line~ The 

resulting plate current e~m thereby produced in ea~h tube divides, half 

flowing toward the termina1;ing resistance (reverse termination) at terminals 

3-3, half flowing toward the load impedan,ce (plate termination) at terminals 

',4-,4. 13ecause of the phase differences, the currents flowing to the· left 

___ ~c._. ____ ~_~ .... ·l···'~.,. 



.':',' 

;. , ..• ,/;;i"·~fHESIS"':;· , 
ROBERT COLLEGE GRADUATE SCHOOL 

SEBEK ,ISTANBUL 
PAGE ,5 

towards the reverse terminatic;n from, the various tubes cancel, each other to 

a large extent, 'and whatever is not '<cancelled is ,a.bsorbed by the I;'everse 
;. 

termination~ However, the currents flowing toward the Out!lutterminals 4";';4" 

f;"o~ t~e various. tubes produce waves that All' ';add togethe~at _ t,he 16~d.~ "This 

i~ ~ecause the phase difference, in earih section,' of the ,plateiine'ls the ~; . 
; 

samci as in each section of ,the grid line. Thus, the output voltage is direct-

ly proportional to the number of tubes., The net result is that the effective 

glli ofthi~ distributed "stage" may be increased to, any desired limit. We 

can ,therefore say that,no matter how low the gain of each tube (sectio!}) :I.S" 

'(eyen if it is less than unity), as long as the gain per section is greater 

than the transmission-line loss of the section, the signal in the plate line, 
o • ~ : 

will increase and calf be 'made to be as large. as one desires by' merely using 

a sufficient number~:f tubes. If we denote the load impedance by Z,-, and' 

'c~nsidering that th:l~ f~~edance is equal to the ,characteristic impedance 

the output voltage of such a stage consisting of n sections will be . 

(2-4) 

and the amplification per stage is 

A = '-Yl 9"", ~L' (2-5) 
2-

Exam'ination of equation (2:"5) ,shows tha:t by making the number of 

tubes sufficiently large, the output voltage will exceed .the' input voltage 

e g, even when the gain per tube is much less than unity. When sufficient 

gain nas been accumulated in one distributed amplifier stage, then such 

,stages can be cascaded in the normal manner as shown in Fig. 2~2, 

, ' 

The bandwidth of the distributed amplifier is determined by the 

cutoff frequency of the artificial line. In general, the higher this cutoff 

frequency, the lower will be the characteristic impedance of the line, and 

hencethe less' the voltage gain. The constancy of theEJllplification with 

frequency below the cutoff value will depend on the extent to which the 

characteristic impedance of the artificial transmission line is constant 

with the variation in frequency ,and upon the exactness of the impedance 

1 

I 
l 

", j 

I 
1 
I 
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FI~. 2-2 - Two STAGS: "t>ISTRIC3lJr'EP AN1"L.IF( R, HA\lIN~ ''ry T\JOE.~ 
f'E:~ 3TAc:;e-. 

matches that exist at the line terminals. 
i 
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We can easily.show that there is an optimum method o~dividing th~ 

tubes into groups • 

. Let us assume that we have an amplifier having n tubes per stage, 

and that it has m such stages. We ,will have a total o~ mn tubes in this 

ampli fler. Let us also assum,ethat it is possible to match impedances between' 

the generator and the grid transmission line and between stages. 

If the voltage that is applied to the grid line iseg , then the 

current that will flow in each plate circuit will be eggm. The impedance 

that appears between the plate and cathode of each ,tube isZop/2 • Thus, the 

voltage developed by a single tube is eggmZo /2 • There~ore, the ,gain o~ 
p 

the stage is 

(3-1 ) 

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

transformer must b,e provided to match the plate line to the grid line of 

the next stage. Thus the-voltage at the grid of the next stage will be 

e :3 'YI €g g .... lor V %:09 I 

S2 2. Zor 
(3-2) 

Hence, the, gain of a single stage measureq. from grid line to grid 

line is 

A = "l'12.3,," V ~o z. 0 

" 'P 8 
(3-3) , ' 

If such stages are caScaded m times, then th,e resultant gain of 

the cascaded stages 'rlilbe 

(~V"" ")1\'\1\ G = A"" = 2 ,.,.., ZOp Z 03 (3-4) . 

We can noV/make use of the fact thatZop an~ ZOg are not really' 

independent varia.bles. More fundamental parameters will, be '~hegri~-to-cathod 
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capacitance Cg ' plate-to":'cathode.capacitance CP' and the desired cut-off 

frequency f c • Using these, the characteristic impedance of the transmission 

lines can be written in terms of fc,Cp and Cgo It' then follows that 

A::.'VI E_ (3-5 ) 
2~'e 1t" V Cf" C 3' . 

It is convenient to express the high-frequency 'figure of merit 

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

bandwidth index frequency fo"CI) and this is defined as 

11" V C3 Cp ' 

( 3-6) 

Using this definition Vie can rewrite equationsC3-4)'a~~ C3-5) as 

. fo 
IV\ --

2{" 
,q = (3-7) 

G = (1\1 ~ ).'YY1 ( 3-8) 
2~c. 

The total number of electron tubes in ac~scaded amplifier is 

N = mn. We want to determine the least number of tubes required to produce ,. 
a given gain. We cando this as follovm. 

If .the gain per stage is 

4/'W\ . L 
G =Y'I~ 

Z~c: 

Solving forn we get 

~ 1/'m 

'Yl = .' "~o . G 
(3-10 ) 

Hence 

(3-11 ) 

r'f we differenciate (.)-11) with respect to m and set the resultant 

equal to' zero, ,we find that the smallest N is obtained \'h en' 

( 3-12) 

From this and equ'ation (3-9 ) it follows that the corresponding 

(1) H. A. Wheeler, "Wide-band amplifiers ,for tel.evision", :Proc~ J;:RE, vol. 27, 

'pp. 429,- 438, July,:1939. 
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numherofsect{ons' jH~r stage is ", . ~ , 

'0 2", ' 
~ .. e 

~"" 

. .". 

·(3-13) 

Frdmequatiori (3:-12), it follows that, for optimum utilization 

tubes; the gain of each stage should be. e ~ 

. '" 

.,' :T~"e rrilrnber. of sections .. required to produce a"gairl of, e .is plotted' 

in Fig.' 3~t;'forthe .case under diSCUSSion, and ,also for the conventional: 

cascaded amplifier • 

..... It can be clearly seen from this plot that the distributed 

is the .only means available for amplification w~en the maximu~ frequency:' 

desired is greater than the bandwidth index frequency of the tube being tised~ 
. . 

Furth~rmore, it is usually found impractic~l to 'achieve muoh more .than 50% 

of the theoretically available bandwidth vdthconventional circuits. This is .1 
I 

so because the theoretical limit requires the use of extremely complex 1 

coupling circuits, which can hardly be considered practical and which increase 

the stray capaci tancesto ground. This is not so with the distributed an pli-

fier. 

The basic principles 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 amplifie't' is that it can 
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be made to operate, even .inca:scaded form, from the very high frequencies, 

down to very low frequencies,- and even DC, by. utilising the well-'known 

direct-coupling techniques • 

. . 

. . 
" 
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CJiapter 4 

FREQUENCY ~RESPOltSE CH ARA.CTERI STI CS" 

To analyse the frequency-response characteristics of the distribute 

amplifiers, we will carry out the discussions and derivations in terms of the 

low-pass structures of the types shown in Figs. 2-1 and 2-2. However, as most 

of the equations are of general type, they can be made applicable to other· 

possible ,structures by simple modifications. 

The voltage gain of an amplifi~r consisting of n sections per stage 

and m cascaded stages is, as derived in the. previous chapter 

wher~ as before 

G = total gain 

~:characteristic impedance of the plate line 

~ = characteristic impedance of the grid line. 
0" . 

(4-1) 

'For the cas,eshown in Figs. 2-1 and 2-2, and assuming that the two 

'transmission l,ines' are identical 

where 
X ::. 

k {-
R = lT~cC 
~ = frequency 

~c : cutoff frequency of the transmission line 

Substitutingthese in equation (4-1),we get for the gain.of the 

distributed amplifier 

. ' [ 'Yl 9"" J'Yn (, ' , 2,')- 'WI/2 

G --R -i-X - 2. ," 
(4-3) , 

The second factor 'of this equation shows that tlJe ga_in of the simplE 
", 

s;tructures f3hown in ~'igs .2-1 and 2-2 will be a functioh of frequency. This 
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is due to the fact that the mid-shunt characteristic impedance of a constant-k 

fil ter section rises rapidly as the~'cutoff frequency is approa,ched (1). This,"" 
., . '\ ,-'~. 

in turn, causes the gain of the amplifier to increase sharply near cutoff, 
~~ ,'~ - , ,<.', ~ "~: 

producing a large ungesired peak. In principle we can equalize this peak, but, 

this becomes very difficult if we want to increase the number of. cascaded 

There are severai methods ,to eliminate this' undesired peak. The 

lo) 

-=- (,,) PAII'lEO ?L.f\Te: TYPE: OF OlSTa::l16IJTE?:'D ' f\MPL-If', C~. (b) CV~REN'T 
Plt,,~e REI. .... TIONS IN 'PAIRafl ,?U\TE AM,?I.IFIER. 

-;, >.:~ .. c. 

tri~~h6~~,we will disctiss below are the following: a) Paired-plate or paired-
: " 

i.rid' connection; b) Negative mutual induc:bance circuitjo) The bridged~tee 

connection. 

a) Paired-plate or paired-grid connection 

In Fig. 4-1 we see a different' arrangement ofeleot'i'on tubes 

along the transmission lines from those discussed previously. The grids, of 
"':, 

the tubes 'are still oonnected peri~dically along the grid line, but'the 

, , 
! " 

(1) W.' L" Everi tt and G. E. Anner, "Communica tion Engineeringl', McGraw"7Hil1 , 

'Book Co., pp. 261 - 268, Tokyo, 1956. 

'" 
,",. 
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plates are,paired as shoWn, with a dum~y capacitan~e,beingplacedat thepoiilt .. -, .-. 
where the.' pIa tecapaci tance is missing •. This parti.~ula.r arrarige~en t of .t:ubes 

, '.! ",", . ~ '",' - . '. '_ . I ' . : ". 

is called. 'the ',t'pab:ed-plate" :connection. 'We ca'n'also'pairthe grids and leave 
,', '~, ". .', 

the plates connected periodicallY.'T~isconnection'is caUed'the, "paired.: 

g;idll connection.', As the'actionof the two circ~i tsis simi,lar, let us analyse 

the paired-plate, connection only. 

We can understand the operation of' the. paired-plate circuit by 

referring to' the vector diagram of the' plate currents at the common junc1iion, 

shown in Fig. 4-1(b). Let il be the current in one of the tubes, and i2 the 

current in the other. The phase angle between il and i2 is determined by 

the phase shift between the grids of the· two tubes, which is the phase shift 

per section and is given by 

(4-4) 

where xk is the normalized' frequenoy of the section, as defined previously. 

Supposing that i l and i2 are equal in magnitude, the resultant current vector 

is a function of xk and is 

(4-5) 

It cEm be easily seen that this factor is the reciprocal of the 

characteristic impedance function, Zop,of the ,~e,ction. Thus, the vol tage 

developed in th,e plate line, beingthe.Yproduc't ofio andZop will be constant 

over' the pass~.handof the fil ter. 
" . ' 

If we leave some of the plates unp~iJ:ed, the gain of a stage can 

be made to ,have a; frequency ,response which is: intermideate between the plate 

characteristic of the oompletely paired, stage and the rising characteristics, 

of the constant-k sections. ,The control of the degree of rise in gain is a 

very:valuable feature of ~his circuit. This increase in gain can be used to 

.co~p~ri~ate ~for the decreas~'in gain which is due to attenuation in the trans':' I 

mission iirte at high frequencies. 

,Since the plate-to-cathodecapacitance of most pentodes is about 
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one; half of: the grid-to-cathode capa~~itan,ce, the addition of: ext:x-a capa,citance 

in the pla~eline <ioes not reduce i material1y the design cutofffrequeJ?Cl:' . 

• 'j. 

,. j 

b)N'egative mutual inductance circtiit£ ' 

, ~his method, used, to ililprove the frequency response,iasiightly', 

I 

T 

L-"1 L,-M -i L .. - ' 

I 

lc.) 

i. L .. -.z. .. _ 

La) C \ReUIT USIII/~ MO"TUAL C.OUPI.I"'c;. se.'TweEN COl!..!> j 

I 

I 
, .J 

FIe. 4-2 -
, ., 

,\.b) c I~CU IT t:.51U/VALENT .0 lQ.\ aYTr:lAN'SFOJ?Me R T-M FOR,'( ,i 

(c.) M'I- 'OI:RI'IeO FII.TER CIQ.C<.l IT e.~U;VALetJT, To Ca.) ,A,,",O (b), 

more complicated from the original design viewpoint, but has several desirab1 

features which are considered to be of great importance. 

The basic connection is shown'in Fig. 4~2(a), in which the onl~ 

difference from Fig. 2~1'1s that the adjacent coiis ,are wound on the san e 

'form and in the same direction, and have a la:rgecoefficient ofcoup!ing. 

, l 
j 

j 
I 

, 
I 

We can resolve each section into the form of Fig.'4~2(b) by the conventional 
I 

transformer theory. By proper design, we can equate this to the usua11 

in-,derived' section ,shown in Fig. 4-2(c). If the mutual inductance, isnegat~ve, Il' 

asi t is in the case we are discussing, ,the constant'm will be larger than 
1 

unity. This has two advantages. First, m greater than unity leadstoa more' 

liJ.lear phase 'shift through the stage. This becomes particularly important 

if a large number of stages are to be cascaded. Second, rri greater ,tharl unity i 

leads to a larger value of capaci'tance ethan would be 'called for "if l'+ ',,-, 
, 

constant-k sections were to be used instead. For a given capaoitance C;' " 
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I I I 
T 

I I 

COUPL.I.N ~ BETWEEN COII.S. 

then, it is possible either to increase the gain per section for the same 

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

Let us now compute the grid-to-plate gain, and the phase shift for 

a stage having n sections connected as shown in li'ig. 4-3. To 'perform this 

it is necessary to calculate the transfer charClcteristicof one section, i.e., 

the voltage developed per section of plate line per ~olt in grid line. 

From the circ~it for one section of Fig. 4-4 we have for thegrid drive 

voltage eg 

(4-6) 

-1 
e 20 £ 

l~-----L---~-,------I_l 
FIG. 4 -4 - N £GATlvE MUTUAL. /NOuCTAAlCE C.ONNECT/oW .<'lAID SYf.f130LS 

, 
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and 
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i! = R V1- 'J.'::" co 0 ,on 

the phase shift per section of line, but 

PAGE 16 

(4-1') 

l 
E 

J 
F'G. 4 -S - E QUIIfALEN;- 1"I.I"ITE CIRe\) IT OF THE NEGRTlve MUTUAl-

lNO\JCTA~C e co '-J IJ eCTION • 

or 

'(1 i 1 -4 'WI x .... (4-8) ~ = <.' ~o.M eo V" - X;:.' V .. - ( .. _",,'10) x!' V ~- x,:.' 
'rhe voltage developed per section of plate line may be readily 

calculated from the redrawn plate circuit shown inFi-g~ 4-5. 
'-1 

E = 

= i.p'Ro (4-9) 
2 

but 

Thus the tran"sfer characteristic is gi'Ven by 

£ 3-~.. -t - = - ___ =.....;.-..-,.,;...----_. -< - (;7 
eo 2 \fi"=. 'lC! ' [ .. - r .. - ....... ~ x..;] 

(4-10 ) 

The delay per sectiont is given by 

i 
1 , 
i 
j , 
1 , 
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to Cll.9 ol-e -\ 
::. = --.-

dIAl d"_ we. 

2 "..., (4-11 ) = V .( _~! i [ "" - ( .. - ~~) "!J We. 

. ·-M ....---.... 
L 

I 
lo.) (c) 

F, G. 4 - 6 NeGATIVE MUTUAL,NOUCTANC.E: ~NNt:CT IO"-l.AklO 'TS '\1\ - Del'? '\I.e 0 

Equating the physical .structure against the desired structure as 

shown in Fig. 4-6, it is evident that 

M == 
'2. 

L -="n1"' 1 
4 . Lie.. 

""" 
(4-12) 

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

(4-13) . 

In the above m-derived structure 

(4-14') 

Then substituting xm =~ in the equations for amplitude response, 
m 

'phase shift, and phase delay so that. the resul t may b,e compared to constant-k 

operation it is found that 

E = !r .... R. 'WI '? -<. _ e 
eo --Z:-·["WI"-(-i-"""t~x:IV"W\'a-·,( :z. 

(4-1'5)· . 

e 2 +a...A -'" "..., '" Ie 

V "",,'2_~: · . (4-16)'. 

I'\M~ 
t,= (4--17 ) 

wherefc is equal to 



- THESIS 
ROBERT COLLEGE GRADUATE SCHOOL 

BEBEK ,ISTANBUL 
PAGE 18· 

These values being for one section, for the total . gain and phase 

shift of the stage of amplifier having n sections, as shown in Fig. 4-3 

we have 

G Ro9 ... ~ 'WI '3 
= 

( """ '2 _ (-1- "W\1.) )(,,~1 Z. Y"",,"-')(.;' 
(4-18) 

¢ 2/V\ +o.M- 1 'VV\ ~\( 
= V 'W\, - x;: 

(4-19 ) 

where 

Ro 
K -

1T~_ C 9 
(4-20) 

2 

L.>< - C, (:(0 

'WI 
(4-21 ) 

L 
-{ -I- 1WI'1 

Lk, ~= 
" _ "",,'1 

L" - 4-,....... 4-rm 
(4-22) 

in Wi ich 

~..., = maximum frequency required with ampli tude of phase tolerance e 

K = coverage factor to be determined from Fig. 4':"9 for a desired value 
of tolerance e 

XI(:;: {/i
o 

.::: (V{_)K normalized frequency function 

~ = Design parameter selected from Fig. 4-9 for desired e 

The time delay through the stage will 1:>e. given by the derivative 

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

-:= -_.- = --.-

(4-23) 

It is interest:i.ng to observe that both gain and delay functions 

are the same except for numerical constants. Figs. 4-7 and 4-8 show the 

relative gain,time delay and phase shift as a function of normalized fre­

quency xkfor four values of m. 

Fig. 4-9 is designed to permit the selection of any desired 

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

band coverage K over which tolerance may be maintained. 

c) The bridged-tee connection 

"-
The' third method of equalizing frequency response is by means 

of the bridged-tee connection shown in Figs. 4-10 and 4-1r(a). Ry simple 

transformer theory this is equivalent to the circuits shown in Figs. 4-1l(b) 

and ~-l1(c). Fig. 4-11(c) corresponds to a line having mutual coupling 

between coils and shunted by an impedance Zc. 

z· o 

Flc.. 4-10 - B'RIDGeo - TE"E: 

'i! c.' . 

~ .. ' 

T 

le) 
FIG.4-1i EQV/VALENT CtllCUITSFOI< BRIOG£O-TE"£ c:.ONNG:C.T/ON • 

. - - ----~--'--~~~-" 
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If Zc is the capacitance ~f and Zd is Cg , the tube capacitance, 

then, using Fig. 4-11(d), the circuit can be converted into the lattice 

shown in Fig. d-ll(e), having the arms 

where 

of L, ---, 
ZQ. = 4 c, 

~ i \.oJ L + _1,,--_ 
2 0 I 2Jw C. 

(4"-24) 

The characteristic impedance of this lattice network is given by 

L, 
C,. 

If C~(.f+o<).';'4CfJ this equation is independent of frequency and the 

value of Zobecomes 

:z _\CI2 == R17 
0- VC; (4-26) 

The propagation constant '{ o.f a lattice is defined as 

(4-27) 

but when 

\fi:: j )(.k 

V ~ - -..j-_-')C-k'l.-( -A-+-O<--:-) 

where xk is defined as before as 1TlR .. C3 

As \~iS always imaginary, the propagation constant ;r is imaginary 
V~ " 

and thus represents only a phase shift with no attenuation,i,e., the cha-

racteristicsof a low-pass filter section. The phase shift Bis then 
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= 1f';" -[.( _ ":< '(+oC)] z + l(~ 
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(4-28) 

(4-29) 

The grid drive is calculated 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 

or 

or 

.:., -

(L, _ ~ ~) _ ( c: ~ - i '3) = (l.., - ~ ~) 

T. 
FI/;. Lj-12- 13~IDC.EO-TEE CURRENT COI'JNcCrJONS 

= 

(4-30) 

(4-31 ) 

(4-32) 

The voltage developed per section of plate line may be readily 
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calculated from the redrawn plilte circuit shown in Fig. ' 4~l3. As no voltage" 

difference exists across the'two ends of the bridging arm due to the current 

ip it may be omitted, allowing the 'series arms and terminating resistors to 

'be ,combiftecLin paralleL Thus',', ' '--

c: L. -!; 1..., 

~~~41 
ZJ 

L-____________________ ~ 

but .. 

(4-33) 

Thus the transfer characteristic is given by 

(4-34) 

The stage gain A for n sections will be 

Equating the physical structure against the desired structure as 

shown 'in li'ig. 4-14 it is evident that L+M .. LL, and - H = L 2 _ Therefore, 
2 ' , 

~s L~= o('L, 
4-

the coefficient of coupling k is 

k= = 
(4-36) 

,----
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or 

(4-:37 ) 

C, oi+ 0( C = -i. '( 
. .( - k. ) C j . -

4- !l. 4 "'~k 
. (4-38) 

Thus the transfer characteristic can be given as' 

c, 

L+M 

L 

-M 

FI~. 4 -/4.- BRIOGeO -TeE C.OAJ/Il~TIO"" AIVO ITS EQUIVAt-Eklrs. 

E 3_Ro -'I <. -€) (4~39) = 
l~~:~~ eo 2 [oi "1..'2. - k ...(.k .. 

e 2 ~O-\A-" 'It" (4-40) = 
.-{ ,,'2. (~- k) 

Ie. "' ..... k. 

and the delay 'as 

b - seCO\.l as 

.From these equations we can piot curves as a function of k, the 

coefficient of coupling, and xk' These curves are given in Fig. 4-15. 

':.-" 

, I 
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PRINCIPLE OF STAGGERI!m 
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Another method used to improve both gain and phase-shift character­

istics at the same time is called "staggeringll • 'rhe lumped lines in the 

distri buted ampli fier are so arranged that the anode-line travel 1 ing wave 

and the grid-line .trav~l1ing W'lVe are not in phase at corresponding points 

along the lines. It may appear at first that this will produce distortion 

by spacing the c.omponent.signals (Le., the signals that appear at the output 

through the differe~t'tlibes) in time. But it is found that the' steady-sta te 

gain and phase-shift characteristics may be improved considerably by properly 

adjusting the stagger. 

In an amplifier embodying the constant-k LG filter network as the 

elements of the lumped lines, the stagger is introduced by ~aking the cutoff 

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

',. 
At a given frequency, a line with a higher cutoff frequency produces 

a smaller phase shift than one with a lower cutoff frequency. ~lso, the 

difference between the phase shifts produced by the two lines increases 

continuously as the frequency is increased. 

o 

c Oll?ec.TIC'N of l<'esuL.TAIIl' 

~~------------~ o OUT.pUT vOl-TASE' 

FIG.5-1 - DII>,(;RAM To II..I.VSTIV:,TE THE IMPI<OVEME/I)' 'N PHA:i:E -SHIFT 

CHAI<AC.TE.~I"'T'C bilE TD "STACbE'Rlt-IC;" IN S -TUGE AM'i>I.IFIEI< 

OV - INFOT VOLTAGE. 

OA. 08 OC OD OE - OcJT'PUT VOL. TI'\C;SS DOt:: To TUe.E5 
I ' " V"v., Yl'V~ I v{ RESfECTI'IElY. 
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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. Iri the amplifier, 

let the phase shifts introduced by the individual sections of the anode line 

. and the grid line be ep and eo! resIJectively. 

The improvementi.n the steady-state characteristic of the amplifier' 

can be· understood in the follOwing way: let OA in. Fig. 5-1 represent the 

voltage vector at a particular frequency at the output terminals of the 

amplifier due .to .the, component signal which, has travelled through the first 
.. 

tube and then. through the anodeline.Its phase angle with respec::t'tc? the 

input voltage is 1Ti-{M-~) ~P' nbeingthe number of tubes in the amplifier. The 

component' signal, which travels along the first section of the' grid line and , 

then arrives at the output terminals through the second tube and the remaining 

portion of the anode line, suffers a phase shift of es+(.i.t+2)SrT1T" and conse-· 

quently lagsbel:lind the voltage OA by an angle (&p-t%). Let this voltage be 

represented by the vector OB. In a similar manner, the component signal' 
..... 

which arrives at the output through the third tube travels through one section 

more of the grid line and one section less of the anode line, and consequent~ 

ly falis behind OB by the same phase angle (ep-e,\. Thus, the overall, output 

is the vector'sum.of these and all other such component signals travelling 

through different porti6ns of the anode and grid lines,and suffers a 'net phase' 

B' <>: 

0' I 

-e"r 
OUTPUT I 

I 
.J 
I , 

FIG. 5 - 2 - S IMf'L-1 FlED CIIlCUIT piAGRAl'I FOR C.AL.COL..ATING THE:' 

J;;PPEC.15 OF STf1.SGGRIH S. 
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shift . which is les's'than that introduced by the anode line.from the anode.' 
.~, 

the first tube to that of the ,last tube, andgrea ter than the phase shi.ft: 

introduced by the grid line between the grids of the first and last tubes. 

The phase shift of the final output is the. average of these two phase shifts. 

Let us sbowthis fact. 

Consider the portion of a distributed amplifier between AB and CD. 

in Ii'ig. 5-2. It is the portion between the middle of a series element immedi­

ately pre6eeding the grid of a tube spd the middle of the series element· 

immediately follOwing the anode of the same tube. Let the voltage at CD due 

to a voltage eo at AB be E, considering only the/forward travelling signal. 

Let .~::. G, be the gain of the system bet.ween AB' and CD. Let there be .n· tubes 

'in,all the amplifier and let the phase shifts per section of the anode line, 

'and .grid line be GIl" and e3 respectively. Assuming that there is no loss due 

to attenuation within the pass-band (but only phase shifts of ,~ and 93 per 

~ection) the component signal EJ.at the output terminals (due to the input eo) 

passing through the first tube of the amplifier, and all but one section of 

the anode line, may be written as 

-jC""--f) sp 
1: .. = G e .. e (5-1 ) 

In a'similar manner, the component signal E2 passing throu{r.h the 

second tube to the output terminals is 

_~LCM-2) S1~ ... <a s1 
E = G eo e. 

2 

since this component passes through one gri~ line s"ection and (n-2) 

anode line sections. The other components passing through the third, fourth, 

n'th tubes a~e given by 
-., >~, 

E :'6 
3 

, -J tl.M-~) e~ ... 2 ~~l 
eo e . 
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E = ~ E -= Ge e-:-j(M-.ye,,[ 1+ e.d'l'+eZJ ': ___ .... ..-e·l""-1~'f] (5-3) 
o '" " ,...-~ 

w .... (0? - e~) 

Performing the summation we get 

. -~l .... -4)9\" (~_ e)M'P) 
Eo = G eo e: \J.I) = G e b t.{-e~ 

(5-4) 

Since the angle of G is equal to - ¢ I, the overall phase shift is equal 

to - 'l'I ¢', and is thus equal to the average of the phase shifts introduced 

by the anode and the grid l,ines. 

Since the gridline cutoff frequency is made higher, the phase-shift 

characteristic of the grid line is such that its deviation from linearity is 

less than that of the phase-shift characteristic of the anode line at all 

frequencies below the anode line cutoff frequency. Consequently the average 

of the two characteristics is 'more linear than the phase-shift characteristic 

I­.. 

III 
VI 
« 
:r 
a. 

FIG. 5-3 

Fl'l.equeNCY 

c v~ve;s \t..t..UST~ATINC. TI-I5 'PRINCI?l..e OF' ?~1\31;- - Sl-\I~T 

IMRO"£HENr SV, STA/O.CSRI/oJ6. 

(0) P+tAS~-SI-\\r' C'H~RACTeQ.\ST'IC'OF 'PLAT& LING 

(10) OIlEJ'l -AI-I- 'PH ~S'E - 5tH FT C.HAR ACTIO QIST'I C O~ AIW\'\>(..l"IE"1It 

(c) PI-\FlSE.-SHIFT CtH\~ACTE.fUS;TIC OF 6RIO I...N£ 
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of the amplifier that would have been obtained by making the cutoff frequenci 

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

The improvement in the gain characteristics is also easily under­

stood. If the stagger is adjusted in such a manner that the vectors OA, OR, 

etc., in Fig. 5-1 arrange themselves so that the resultant is zero at some 

frequency just below cutoff, the peak in the gain characteristic can be 

avoided. 

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

shift characteristics. of the three different networks studied above, namely, 

the constant-k fil ter n,etwork, the mutual inductanc,e network, and' the 

bridged-tee network. 

a) Amplifier with constant-k LC network 

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

in magnitude of G is the same as that of the mid-shunt characteristic impe­

dance of a constant-k LC s'ection. Thus 

(5-'5 ) 

where for the anode line 

Xk = i 
~ = number of tubes 

~ = (9cp - 9.,) = 2 ( si'Vl- ' ~\c - sivi-4 ql'k, ) 

~= h 
. ~"'I 

P ~'=anode- and grid-line cutoff frequencies respectively 
<to\" 101j . 

3-= mutual conductance of the tubes used 

The overall gain characteristic is 

A = ~ Si\1 M 11'/2 
3"" 2 SiM IP /'J-

(5-6) 

'rhis gain is measured from the grid of the first tube to the plate 
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of the final t:uoe.· The phase shift is given by 

(5-7) 

The gain and phase shift characteristics for the unstaggered 

amplifier are given by 

A == (5-8) 

(5-9) 
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linearization of ' the phase-shift characteristic, results in an overall impro­

vement of the amplifier, r~sponse. ,~, 

The, phase shi'ft and gain character~stics of an arriplifier wi th 

m-deri ved, fil ter' sections can be further improved by introducing staggering. 

The principle, is, the Same as for the constant-k fil ter 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 staggered distributed 

amplifier is the average of the delay characteristics of the anode and grid 

~""j Lk f""'lLk ~""t'Lk i-I'L" 

I ,-~: 1'" J -- Lk 
4-""'j 

eo f £ 

I C-3I.= fW3C~ J 
FIG" 5-(, - EqU'IJALcNT CIRCUlr R:l~ CAL-C.Ut..ATING E/e .. FOR 

M-oeR/I/Eo SEC710NS, 

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. 4-1 

reveals that there is a certain number of such possibilities. 

For 'the determination of gain in the m-derived staggered amplifier 

consider the circuit arrangement shovm in Fig. ~-6. This is a portion of the 

equivalent circuit of the m-derived LC filter used in the staggered distri­

buted amplifier. The ratio Eleo can be calculated as done previously and is 

-1 _j(Qf'+61~)/2. 
e 

V ( A -lC; \ [-i - (-i - """3"\ Xl!~][ -i - (A-""p"'h·;T G= = 
e~ 2 

:: 
(5-12 ) 
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Sf'= 2 ~1 'YVIf' )I.? 

V.( - xr (phase shift per section ,of anode-line) 

X.3 = 

mg and 

ROp= 

Ro3= 

w ~o!l CI!I~ 
:2. IW ':I 

mp are m values 

characteristic 

characteristic 

of grid and anode lines respectively 

impedance of plate line 

impedance of gJ'id line 

While combinations of the anode- and grid-line m values are chosen 

from Fig. 4-7 in order to obtain a flat delay characteristic, it is assumed 

that the curves for these delay characteristics are normalized with respect 

to the same frequency. This requires that xpmp be equal to xgIDg for a ~iven 

value of w, that is, Ro~ (13k. = Rot" c. pk 

The overall gain characteristic of the amplifier becomes 

o ::2 I 1 : •• 'VI ~/" A = _.J_"'_co_ ~ '-

I 

whe.re i!o = 

2 S 1M 4'-/2 

\!( I'M; _ )I. ~ H. A ... ,,~( .. - v~ \]( A + Xk' (4 _ ~;)] , 

and 4J = 9'1" - @ ~ 

The phase-shift characteristic is given by 

(')-13) 

(')-14) 

(5-15 ) 

Curves for the gain and phase-shift characteristics for thre~ 

combinations of m values are shown in Figs. 5-1(a), (b) and (e); in Fig. 5-1( 

mg = 1.4 and mp = 1.2 ; in Fig. '5-1(b)mg = 1.31'5 and mp = 1.175 ; and in 

Fig. 5-7(c) mg _ 1.4 and mp = 1.14 • The number of tubes is 5. The value of 

RogC
g 

is kept equal to RopCp ' 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 corresponding unsta~gered distri­

buted ampli fier t obtained by' pu'ttingmg = mp = m) ar~ 

(C)-16) 

¢:: 2 ",,+a...-l' ('5-17 ) 

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. 

Especially if the values are so adjusted that 

C
S

(A4-o() = 4- C-i 

F,G, s-s 
~o.\ AC'I<.JAL. 

lb) THEO RE.TICAL IN 'WHICH L,. = -M AkJO 0( = 

the impedance 0 f tre network becomes independent of frequency. 

The gain, phase shift and delay characteristics of an amplifier 

with such a circuit were given by 

~o9 ... of (4-3'5) 
A = M 

x'; (A .. -<\]'2. ~ x: 2 [.(-

-i )(.1<, (4-28) 
9 =2IV'1t~ ~k'1. ( .( .... «) -i -
'C, 

..f ..t +- ){,,'" (.( +-<) (4-29 ) = ,1f ~c. [A- 'to..,.'" (-i+o()]a+"'I.: 
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Fi~.5-9- r--lORI'VU.IZGO .:;,.,N/l'I'l.a.USN<:Y <:.URV';- ~ol'( I?>R.IDG.EO-TEo; NeTWOOlI( 
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r, ~.5-10- N OItMALIZED DELAY I FREQUENCy c.u~l/e FOil. I?>~I oc-to .TEE N&rwO~" 

FOt'! DIF.ElleNT VAL-oJ;;.:!> OF (A .... 0(\ 

x = k 

0( = 4!:.2: 
L, 

r<o = characteristic impedance 

The gain and delay characteristics for different values of 

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

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

characteristics cannot be obtained simultaneously. If an amplifier is built 

to give a flat gain characteristic, its delay cha.racteristic will not be 

very satisfactory. I\1so, since values of (,(+01) smaller than 0.45 require the 
I 

, '. ':' 
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FIb, 5-11 - E<qulv~elJr CIRCUIT Fe.:! CI'\-t-C,V,-I'\TING ri./e .. !"OR AHl'>L.I;:IE~ 

WITI< GRIPGEQ -T~&- I\JSL'WORi.:. IN THE GRID CIR,CI.IIT AND 

ti- OE'l<oll/cO SE'c.-nOASS IN "'4& A/JOOG. C.1~C.UIT, 

coefficient of coupling to be larger than 0.38, practical di fficul ties 1 imi t 

the construction of stich lines. 

The bridged~i~e 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 lirie and obtain' a flat delay characteristic. For this 

case the value of Ej e can be calculated in a ,similar' way as the previous 
o 

cases (see Fig. 5-11); an'd is 

where 

£ 
e~ 

= 

= 
II 

9 ...... ':20 

2.. 

../_. xe'L(I+d} 

TI~ 1<0,3 (9 

(5-l R) 

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

characteristic is 

(5-19 ) 

where 
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~[.f - x; (.(+-<)]7. ... xs2- i V L of, - l-i - __ ... ) x;r 
and the overall phase shift characteristic can be written as 

PAGE 39, 

(5-20) 

(5-21 ) 

The curves obtained for 'such an, amplifier having m = 1.4 for the 

plate line and (4 ... «)=0.45 for the grid line are shown in Fig. 5-12 

!:( 
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Chapter 6 

EFFECT OF H'PROPER TERl-fJN ATION OF LINES 

P~GE 40 

In all the previous discussions we have assumed that the lines were 

terminated with their characteri.stic impedances. It should be pointed out 

that an~ artificial line has to be terminated by proper half sections and 

impedances equal to the characteristic 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 ~'ig. 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 

shift of ¢ degrees, and each end of each line is terminated by a terminal 

hal f-section. These terminal hal f-sections wilJ be assumed to have a phase 

shift 'of t If' degrees. If a sip,nal e is introduced into the grid 1 ine, then 

a portion of' that signal will be reflected from the grid terminations. If 

we denote the reflection coefficient of the line by ~ , the reflected wave 

will have an amplitude equal to be where 

F; = "21. - 2." 
~'- -+-:eo 

(6-1 ) 

For the sake of simplicity we vall assume that the secondary reflections 

from the input and from the plate termination are negligible. The reflected 

voltage ~e will appear at the grids of the various tubes and will add 

vectorially to the original wave. In a similar fashion, reflections may be 

expected from the reverse termination in the plate line'. The net vol tage 

at the output of the distributed amplifier is then the vector.sum of all 

these voltages. The net voltage due to reflections is 
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Fit;. 6-1 - (0.) D\AC~AM OF A OISTRIBUTeD r'H-tPI..IFIE~ SHOW/AlG PHASE 

SHIFT' ArJO REfLEC.TIO'" FRoM TeR.1'I11J ATION'" . 

(b) RAllO OF SIGNAl.. TO RI:FL.E"C.TEO IIOI..TI"t6ES·. 

r 

~~----------------------------------------------~-.-------~--------~ 
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(6-2) 

The voltnge due to the sip,nal at the output terminals, neglecting 

reflecti.ons is 

(6-3) 

where 

The ratio of the reflected voltage to the signal voltage then 

is given by EAlEs and is given by 

£(l 2( 
'\\--1 j.[4J -t- 2k¢] 

Z' = e 
E:s 

,.,., 
,,~o 

(6-4) 

2~ 
A.M'VIc/> ~ [ 'P ... ( "" -~) ¢] 

= e, (6-'5) 
MSVv-.¢ 

This equation shows the importnnce of the reflections. The mngni~ 

tude of this equation is plotted in Fig. 6-1 (b) for n = ? and n = 11 • 

It is evident from equation (6-5) and Fig. 6-1(b) that the relative magni­

tude of the reflected voltages near the center of the band depends upon 
;. 

(2 S/I)\) and thnt the larger peak's are displaced towards the edges of the band. 

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

low values of¢ , that is, for low frequencies, may be made nearly zero. 

The larger peaks as ¢ approaches ~ tend to move toward the edges of the 

useful range of the amplifier. furthermore, the concave phase characteristic 

of the normal constant-k section wil1 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 

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

The actual output voltage is the vector sum of the nominal output 

signal and the reflected signal. Fig. 6-2 shows the magnitude of the vari­

ations in the output .voltage for n = 5 and n = 11 when it is assumed that 

~ is small compared to I and r/J = tp. If ~ is less than cf , as is usually the 

ca.se, the effect on the curve shown in Fig. 6-2 will be to crowd it toward 

the right and displace it slightly downward in accordance with equation (6-6)~ 

Eout .~ (6-6) 

'Then the number of sections is small, that is, less ·than four, 

the value of m in the terminal half-section may be so se1ected that the 

characteristic impedance and the terminating resistance will. be equal, 
I 
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(f=o),at a frequency cOinciding with one of the maxima of Fig. 6-l(b). This 

will further tend to reduce the reflection effect from an imperfect termi-

nation. 
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, '~'ChaPter 7 

EF~CTS . DUE TO INCREASE IN FREQUENCY 

,'.:. 

When we iricrea~e the fr~quency there are losses introduced in'the 

amplifier. These losses are tliefollowing: 

a) Incidental dissipation 

We know qui t~ well that a series resistance and a shunt conduc~ 
tance produce attenuation in a filter. Equation (1-1) is a good approximatio 

of. the effect. of such dissipation. We can see from this equation that' . 

where 

0(= "II: (_i +-L) 
2- Qc QL 

G ( R = -- +--
2C 2L 

. 
oc = a ttenua tion in nepers 

Q = the Q of the condensers c 

Qt.. = the Q of the inductors 

) 

d¢ 
d ICIc 

rJrP 
clw 

}(k :. the normalized frequency funct'ion 

G = the shunt conductance ac,l'OSS the capacitance C 

! R .... the resistance in series With' the' .inductance L 

¢ = the phase shift of the section in,radians 

("i-la) 

(7~lb) 

That dissipation produces an attenuationin the pass band propor­

tional to the sum of the reciprocals of theQ's of the inductors and con­

densers and proportional to the normalized slope of the phase function times 

the normalized freq~encyfunction xk. As the phase function of a constant-k . 

section is concave and rises sharply near cutoff, a marked increase in 

attenuation will occur near the cutoff frequency. The advantage of a linear 

phase function such as that obtained from section utH {zing negative mutual, 

inductance is also immediately evident when considering the effect of 

incidental dissipation. 
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b) Lead inductance 

I,ead inductance in the grid and platfil circuits has the effect 

of reducing the cutoff frequency and producing apeak near cutoff. The use 

of negative mutual inductance can completely compensate for this effect. . \ . 
The costants Land Mof the negative-mutual-inductance circuit as previously 

discussed need to be modified to correct for the presence of lead inductance. 

The following equations show how Land II need to be modi~ied to compensate 

for the grid (or plate) lead inductan~e 

L 
( "h\~+~ 

= 
4M\ 

(7-2) 

( 1'IY\'3._~ 
M = 

4-MI 
(7-3) 

where eea.<i ~';"'d.. 1..1. C fa ~ c e. 

Lk 

c) The effect of grid losses 

The cathode lead inductance, in conjunction with the grid-to-
. . (1) 

cathode capacitance, produces an input grid conductance which is equal to 

(7-4) 

Including also the conductance due to transit time effects and 

con~idering that there is no capacitance in parallel with the inductance in 

the cathode lead, the input conductance becomes approximately 

where L = cathode-lead inductance 
" 

Cs = grid-cathode capacitance 

T ",. transi t time 

K = a constant depending on the tube. 

(7-5) 

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

Tokyo, 1955, p. 433· 
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I f there is appreciabl e ·~ca thode-to-screenartd ca thode-to-filanien t 

capacity shunting the cathode-lead inductance equation (1-5) will be modified 

to give the following expression 

(7-6) 

where 

p = cutoff frequency 

cathode antiresonant frequency 

The attenuation per section introduced by this conductance will be.: 

given by 

0< 
G 01; (1-7) ::=: 

lrift'" C. chic. 

where ¢ is the phase shift per section 

f' is the cutoff frequency \ 

xI< is the normalized frequency function 

The most appreciable source of attenuation being the grid loading, •.. 

the gain of an n-section distri butesl amplifier with losses may be :ob'tained 

from the expression for the lossless case by means of the following expressio 

~~\, ( T) 
s.:....'" \~) 

(7-8) 

Ao is the gain of the 10ssless circuit, and the frequency dependence of Ao 

and ot is a function of the circuit type being considered. In the derivation 

of equation (7-e) it is assumed that the input half-section offers the same 

attenuation as the transmission line half-section. 

As an illustration, consider the effect of grid loading on the 

ampli tude response of a distributed amplifier using constant-k transmission· 

lines •. If the input conductance is assumed to have the frequency variation 

in equation (7~5) the attenuation factor becomes 

GoW'Z. -l 

Wc. C V.( _ )( ;:' 

; ... ~~~~'--'-------------------------------
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Using this in conjunction~:Ni th equation (7-8), normalized curves 

of gain for various values of 'Vldo,4 may be plotted as a function of frequency. 

These curves are shown in !<'ig. 7-1. 
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'rhe modifications caused by the presence of shunting capacitance 

in the cathode' circuit can be shown by a simila:r family of curves. If it is 

assumed t~a t the transi t-=-time effects are small com'pared to the effect of 

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

V..(- "I(~' 
(7-9a) 

where «: is distinguished from «0 since the transit-time. losses are not inc­

luded in this equation. Using this relation, equation (7-B) can again be used' 

to plot normalized gain curves. The resultant curves are shown in Figs. 7-2, 

7-3, and 7-4 as a function of parameters pand ~~. In Fig. 7-5 is shown 

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

8 identica] sections. These correspond to ~~o/2~i(curve A) and~«iz=~b(curve R) 

where p = 0.5 • 
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As another example of the >El"ffect of {Srid losses on the predicted 

response of a distributed amplifier, consider the negative mutu~l inductance 

circuit. If the effect of cathode-to-ground capacity is neglected,the 

attenuation d.ue to cathode-lead i'l.uctance and transit time becomes 

The curves pI Oi;t~<,i 'in Figs. 7-6, 7-7 and 7-R show the ampl i tude 

response of a negative mutual inductance circuit for various values of m 

and IVIdoiz . 'rhese curves ~re again calculated from equation (7-P.) using 
, .' . 

equation (7-~O) as the vaJue of 0( • 
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d) Effect of distributed capacitance in the coil windings 
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The presence of distributed capacitance results in lowering the 

amplifier cutoff frequency and in altering the impedance of the transmission 

lines, thus making it difficult to terminate properly. The constant-k and 

paired plate circuits with distributed capacitance are subject to an appro­

ximate analysis. If the distributed capacity in each coil can be considered 

as equivalent to a lumped capacity connecting the ends of the coil, the 

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 readily 

to analysis 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 ~LIFIERS 
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There are four sources of noise of basic and unavoidable nature 

that need· to be considered in any amplifier \'lhich extend to high frequencies. 

These are: 

a·)· 'l'hermal noise in the input impedance 

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

electron tubes 

c) Induced grid noise which·is associated with transit time effect 

at the high frequencies 

d) Thermal noise in the equivalent grid-loading impedance which is 

developed between the cathode and the grid of an electron tube 

as a result of·grid-to-cathode capacitance and the cathode 

lead inductance. 

The ideal amplifier would be one in which the only noise in the 

output terminals was due to the· thermal noise in the input impedance of the 

amplifier. The thermal noise in the input impedance can be us·ed as a compa-

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

The manner in which all these various noises appear in the output 

of the distributed amplifier is considered below, the analysis being carried 

out for a single-stage distributed amplifier as shoWn in Fig. 2-1 • 

a) 'l'hermal noise 

The grid line is terminated with resistances on each end, and 

both of these act as generators of thermal noise. The noise generated in the 

input termination will cause a noise voltage to appear at the output termi­

nals inexactly the same way as if it were a signal. The noise due to the: 

grid termination produces a noise wave on the ·grid line whJch is amplified 

by the·tubes, the noise signals adding in the plate line in a way which 
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depends upon the phase shift per section. The addition of the noise voltages 

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

problem as was considered in the caSe of reflections in Chapter 6. Calling 

the noise power ,in the output due to the input impedance Nl and noise power 

due to the grid termination N2, 

where 

~T:: total thermal noise out,lUt in a band f).f cycles wide at . 

frequency f 

N ~ l\:z.. I'V\ 'L [--\ -I- (A""". "" as '\ "2J 
~ 0 =ac "0 ~S\...A..o\¢) 

~ 

No = 4kT llf watts 

k :: Bol tzmah 'scoristant 
o 

T = temperature of the termination, K 

.6~ c: bandwidth in cps in vb ich noise is to be measured 

~ := frequency 

Ao-= amplification of each section =0. 3 ...... Zo'l" /2 

c:p-= phase shift per section 

~= number of sections per stage. 

(8-1) 

The first term in equation (e-l) is the amplified noise arising in 

the input impedance. The second term is' due to the noise originating in the 

grid termination; it can have a value of unity when¢",~1T/etc., but is in 

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

on the phase shift 'per section is identic;;l with the 'square of the vol tage 

-reflections from th'e grid termination whownplotted forn = 5 and n = 11 

in Fig. 6-1(b). As can be seen from equation (11-1) and l<'ig. 6-1(b), the 

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

the noise due to the input impedance. Only at Dr. and at cutoff do the two 

terms become equal. 

b) Shot-effect noise 

The shot-effect noise is due to the random emission of electrons 
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from the cathode. The effect of this noise can be represented by a ~esistor 

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 circuj 

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

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

due to the shot-effect will be small compared with the thermal noise. At low 

frequencies and in narrow-band anplifiers, the input impedance can be made 

high, and consequently, the shot-effect noise can be made to be negligible. 

,In wide-band amplifiers, including the distributed amplifier, the input 

impedance cannot be made high, and as a result, the noise gen~ratedby the 

shot-effect cannot be neglected. 

However, in the case of the dist:d buted ampli fier, the shot-effect 

noise can be made negligibly small in spite of the fact that the grid-to-

ground impedance is not high when compared to the equivalent noise resistance. 

This can be seen from the following considerations. Each tube develops a 

random noise current in -its plate circuit independ-ently of the other tubes 

used in the distributed amplifier. The noise currents cause voltages to appeal 

on the plate line, and these voltages add in the output terminals in a random 

manner. The random addition of voltages can be obtained by taking a sum of 

the noise power produced-by the individual tubes; thus if tlB tubes are alike, 

the total noise power will be proportional to the number of tubes. On the 

other hand, the signal at the output terminals is proportional to the number 

. of tubes, and the signal power is proportional to the number of tubes squared. 

Hence, the signal noise ratio will be proportional to n, where n is the 

number of tubes. 'l'hus, by using a sufficient number of sections, it is 

possible to make the _signal as large as ohe desires compared to the shot-

effect noise. 

The effect of shot noise can be computed in the usual manner. The 

following results are given without proof. The shot-effect noise power Ns 

in the output of the distributed amplifier is 
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(8-2) 

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

bandwidth, No, Ao, Req , and Zop are known constants. 

c) Bigh 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 equivalent resistance there is a 
(1 ) 

noise, which cnn be evaluated in a standard manner • 

The behaviour of this noise in the output of the distributed 

I I 
I 
I 
I 
1 

---] 
- ... -"- - -

lNt>OT Re-.. 'ST .... lce 

,?0er TO TRAAl SIT 

TI~e- eF'F~~"l , 

i ----~ 

L-!...-R-L-.!'~ T---1.--~~_--r-: __ J 
"'ols:e "o ... r~E For;: 

Ri .. (AT' Roo .... 

T ........ e~1'\ TUR.E) 

1111 SECTIOIU 

NOIse \/OL-TA6 .. "'OR ~ .. 

( AT 14 TIHes T"~ CATHODE 

TEkP~P'l'\rUI2\i") 

(1) F.E. 'l'erman, "Electronic and Radio Engineering'!, ~~cGraw-Tfi11 Book Co., 

To~yo, 19')'), pp. 434 - .442. 
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amplifier is very complicated. In the first place, the magnitude of -the noise 

is a rapid function of frequency (the noise power per cycle is approximately 

proportional to the frequency squared). In the second place, each tube gene-

rates noise voltages which propagate in both directions from the tube~ Thus, 

the noise generated by one tube is amplified by . all other tube~._ ~'oreover, 

the amplification depends upon the particular position of the tube in the 

distributed amplifier. 

'Fig. 8-1 shows a single section of distributed amplifier, indicating 

the sources of high-frequency noise. It should be pointed out that the 

magnitudes of the two sources of noise are determined by the geometric factors 

within the tube itself. For the purpose of this discussion, it will be 

assumed that an equi'valent resistance RA and an accompanying voltage can be 

found which accounts for the existing noise. If the noise power that RA can 

deliver is NT' then it can be shown that the total noise power N~ due to 

high-frequency effects in the output is given by 

(8-3) 

where P is a constant which depends on rp and n. Near DC and near cutoff, 

¢ _ 0 ClI"r-,r p -. 1Y\'l (8-4) 

Near midband 

Cl.Md (8-5) 

Thus it can be seen that the noise power in the output due to grid 

16ading effects is proportional to n3, whereas the signal voltage is propor­

tional to n 2• Hence, should the noise from this source be at all appreciable, 

increasing the number of stages, 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 

1 
I 

:1 
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three noises given above: 

Total noise power = thermal noise + shot noise + grid-loading noise 

or (8-6) 

'llhe noise factor n. F. can be defined as the ration of the total 

noise in the output terminals to the noise due to the input im~edance. Thus, 

tJ.F. ( 8-1) 

where the nota tioil is as used above. Substituting values of the-se terms from 

equations (5-1), (5-2) and (8-3) a.-nc?-simplifying, 

(AM..~rPf ~ 1< 20.!\ 0( (8-8) N. F. = ..( ~ +- -.5.. -+- "VI -
"" SI.M ¢ 1\1 ~ 'RI'\ 4-

in which it has been assumed that 

I i!or=- ~~' for reasons of simplicity 

2 - RA »~os for reasons to be explained below 

3 - 0( is a numerical factor, equal to about 5, which takes into 

account the experimentally observed values of noise associated 

wi th HA• 

It should also be remembered that HA is a function of ',frequency: 

It'rom equation (8-H) it will be seen that noise factor of the amplifier depends 

upon competing factors of (lIn) and n. Thus, one would think that there 

should be an optimum value of n for minimum noise. Actually, such a choice 

would have little physical meaning. In the first place, HA is a function of 

frequency; and in the second place, if frequency response is to be at all 

uniform, one must choose tubes in vb ich r<1'I">">~Opat the highest frequency of 

interest in order, to avoid attenuation. Under these conditions, the associated 

high-frequency noise will also be small. Therefore, by using a sufficient 

number of sections, the shot noise can be made negligibly small and the re5ul..;. 

ting noise factor can be made to approach unity except at low and high fre­

quencies where it approchee 2 due to the noise arising in thp grid terminatiol' 
I 

'I 
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TR ANSI STOHl ZED DI STHI OOTED A]JPLI PI ER 

'rransistorized distributed nmplifiem can also be buil t but they 

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

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

for the 'operation of the transistor, introducing losses along the base line, 

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

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

this capacitanc~. 

The common~mitter current gain of a transistor is shown in Fig. 

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

current, i c ' should be constant. '~le know that ic is given as ~ib' where ib 

is' the base current. If ib is as in Fig. 9-2(b), haying the same slope as 13) 

Lo..) 

F,G, 9 - 1 

'1.' 
to 

~. .. 
c· .. 

" COb 1-----::----, 
I II I : . 

. __ L __ 

- -,--:Co 
I 

(0.) A CE TQAt.J5\STOQ STAt;~'; lb) AN A?pQol(d-fATE t-tootO\. 

Foa T~E' CE .sTI'IGE. . 

. F,,?. g - 2 - lc.) C "'t"lfol.J e.kITt·e~ c.uRRENT GA/III; llc.) BASt: C. .. HHZEloI"C ~Io 1/f:I!;1VI~ 
TO 51V Ii COUSTAIIIT ('()(.l Ee,.o It cu RilE III T ''''DeP£>JJt>G..,T OF t'IH,I!11l EIIIC.V. 
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L L 1../2 

c 
SO.n,. 

L./:z. 

FIG. 9-3 - A 

i'c will be constant. This can be easily achieved by using an He network for 

the base. 

If el is the input voltage,. the base curreht will be' 

(9-1 ) 

The output voltage Will be, considering that Vie have n sections 

where 

. R... fi' ~c:. RL. e = 1\1 loc. - = /Y\ b C. to -- := M tlo Q., 2'" 
o . Z , ' 2 1- " 

flo is the low-frequency c~rrent gain 

/VI is the number of sections 

« ·is 
l-

the load resistance 

Ll> is the base current 

lc. is the collector current-

We have then for the voltage gain 

A = ~ = ~ (30 r< L-

v~. 2. r< 

(9-2) 

(9-3) 

With the double-diffused transistor, however, the situation is 

not so simple and the equivalent circuit of·Fig. 9-4 has to be used to be 

able to analyse the' amplifier. 

In this circuit we "have 

I ' 
r"b\,= Base spreading resistance 

-C· = collector capacitance under emitter dot c .. 
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C,=collector base capacitance which is not directly under emitter 
z 

dot plus stray collector base capacitance 

t"& ,;: emi tter resistance 

Cb:-diffusion capacitance 

(3= !3-{ =- current gain at frequency f 
..( "'.i I{o 

~o~low-frequency .current gain 

.ft.$= ~eta cutoff frequency 

For the high frequencies under consideration the approximate input 

circui t is as shown in l"ig. 9-5. 

EMITTE~ 
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'l'he input impedance of this circuit is 

(/l+") Re. 

.( ... J w R c. Cc. 

PAGE 63 

(9-4) 

where He and Ce are the resistance and capacitance inserted in the emitter. 

Using the relation 

{3= 

and considering that the frequencies of interest are below ?2,. = -i c this . 1 2T\ Re e. 

can be written as 

(9-5) 

If we insert a parallel HC network in the base of 'the transistor 

as is done above the total. impedance becomes 

Therefore 

(9-6) 

The RG combination is chosen to have .the same '-3 db point as 111 . 

Equation (9-6) becomes then-

~T -

'R + (.?o~e 
w 

.-(+d~ 
. " 

-+ t r"b -I- Re ) (9-7 ) 

This in combination with the transistor is shown in Fig. 9-6. 

FI'-, 3 - G - A ?PROlClt{f\TG E'Ql.II I/-ALeI\)T ,IIJPU-r Il-tpe'CANC.C: OF II\l1"UT 

RC CottB/AlATION f'1-1.I~ TQI'IAl~ISTOR. 
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For very high frequencie.f1., from equation (9-4), recall i'n'g that 

2"tt Q C 

(9-8) 

An analysis of equation (9-8) shows that at very high frequencies 

q '> .2.nLc
e

) ,;. the rb~ te::w", will predominate and the response of the ampli fier 

will fall,. while the input current no longer rises. The role of the ReCe 

combination'i'f3 "tl:!en to preserve the fall of the input impedance ZT 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 voltage gain ~ of one section at 

low frequencies is 

(9-9) 

Considering first the uncompensated case where Ge is zero we can 

write for the bandwidth (Fig. 9-6) 

where Ceq is as shown in Fig. 9~6, and equal to 

(9-10 ) 

Using equation (9-10) the expression for the uncompensated band-

width becomes 

(9-11 ) 

Hence the gain-bandwidth product for uncompensated case can be 

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

B ~O~L. ~ (9-1 2) 
G u =- 2 (rb~ + C<e.l ",!3 

We can see from equation (9-9), (9-11) and (9-12) that we can 

somewhat alter the gain-bandwidth product by yarying Re , although an optimum 

case will be obtained when Re =0 .; 

" 
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Let us now consider the compensated case. From equation (9-8), the 

input impedance Zl of the transistor will be 

,<gcz !3o Qc. 
Z.. = (\,10, -4- + --,-.:....-.-----,-------,,....--,~-

• , ...l-+Jwl2c Ce (..I+d w/oJta )(..4"'J",,1< .. Cc.) 

If we add the parallel RC to the base circuit we get a total impe­

dance ZT equal to 

z.. = R , -+ t"'bb + '1<0:' -+ /3o'Ke (9-13) 
T A ... J w/w~ ..( + d \ ... ,QeCe (..4 ~J "'/"'A '>(..\ .... c\ t.c1 ~eCt!) 

As explained above, to have a good compensation ReCe should be 

chosen to have the same break frequency as the uncompensated bandwidth. 

Therefore 

= (9-14) 

We shoulq, now find the 'value of ;?;T at' f ,where f 2 is the upper 
2c c 

3 db point of the compensated amplifier. Equating real and imaginary parts 

of ZT at f2c will give us the value off2c ' Since {2~~~f~ we can assume 

~ + J w/uJ{? ~ j W!LV/3 Furthermore we can also assume jw~eCe:, j as seen 
~ , 

from equation (9-14). With these assumptions we have 

z. I - -' WI'S [1< -4- l3o~cJ 
,... {"{2e -, d w2c ; .... j 

-t- r' -T 1?t:' 
blo ..( ... ~ 

(9-15) 

Reducing. this we obtain 

(9-16 ) 

Equating the real and imaginary part of this equation we obtain 

i~c = {fl ( f<. ;b~oQt! ) ( 9-17) 

By taking the ratio of equations (9-11) and (9-11) we obtain the 

bandwidth improvement factor K 

k'=~~(.(+~), 
{2t1 rob 

( 9-18) 

We can now specify a design procedure. Given the required bandwidth 

and all the required transistor parameters, it is required to know Lo and 

Co of the line, the input HC and ReCe of the emi tter. ~7e would then use the 

following procedure; 
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1 - From the transmission line equations 

we select the cutoff frequency of the line so that the require 

Zo does not depart by more than an arbitrary amount from the 

low frequency value throughout the frequency range of interest. 

This completely specifies Lo and eo' Note that this Co will 

be the same as Ceq-

,2 Arbitrarily select a convenient input C somewhat greater than 

Co-, . say 2 6r 3 times. 

3 

4 

5 

Select the input R to eive R_ 
. ~"{taC 

From equation (9-17) determine He . 

!i'rom equations (9-11) and (9-14) .select Ce -

An example to this procedure will be.given in the next chapter_ 

• ! 



; ... :'-,)i ,.-;'\'-'; t,';" __ ,: .:~;_+':>' :,":,',,,':"':'0':'" .~.,:';'.:" '< 

"':;'~,,: ":::;<;:~':;':':i"':·-;"?':>·t~'~:S'~~:'" 

; . 

ROBERT COLLEGE GRADUATE SCHOOL 
BEBEK • ISTANBUL 

Chapter 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 to :!: 2 db 

over ~he given range and is constructed of 6AK5 pentodes. The ,transmission 

lines are of theconstant-k type with m-derived half sections. Two of the 

sections of the amplifier are shown in l''ig. 10-1. The chosen impedances 

for the grid and plate lines are 50 and9J ohms respectively. 

where 

For the constartt-k low-pass lines used in this amplifier we have 

Iep 
Lp 

Lg 

-I C
g 

FIG, ~D --1 - Two Se-CT"IONS 0. THE CONSTAklT-1C TYPE CIr<CUIT USED 

ltV· OIST~I\!'UT£D AH'PL.IF\E~. 

2 

L / sedioIA = 
2.-rr ~ c 

characteristic i~pedance 

~ .. :: cutoff frequency. 



500' 

INPUT 

-
a.olt 0.0'1 

t.~ 
./-s 

"',;~~.' .'~'-.:,'.~::" .~'.", . 

.. , <;:'::Yi~fESIS:i' 
ROBERT .COLLEGE GR'ADUATE 

SEBEK .ISJANBUL 

-
o.o~ o.o~ 

OUTPUT 

S3.n.. 

-
a.o\, 

1 SO 

FIG. 10-2 - PA~TI AL C.1~Cl.flT SHOWING ('oH'poNIUJr vAI-ues rOIt THE: 360 He. 

t>1'iTRI BOTEO A\iPLIFIE~. IN't>VCTAtJC~.s ARE IN MICIi!O Ke~IlIU 

i 

f!) 
Q , 

" 

--- \ 
I""'""'" 

FIG>. 10- 3 

,.., ~ 
I~ V '-V V i\ \ 
~ ~ V V -V f\-V 

I~ 400 

bA'III- "R~CQ\)elllcy c.u~ve s~ows ~B$PO"~" 01" AH"'L.IFU~ 

To e.£ ~\..AT "NI.,. ... 'N ::- 2. OG F~OH -\a.,.o '360 Me. 

The amplifier uses a total of 9 tubes. The reason for choosing 

the 6AK'5's is because of its high figure of merit. The tube is operated with, 

Eb = Esc = 120 V and Ec ... - 1.5 iT. The calculations made, the amplifier is 

as shown in Fig. 10-2 having a gain e = 2.718 or 8.68 db. The gain-frequencY, 

characteristic is shown in Fig. 10-3. 

The second design is of a transistorized distributed amplifier 

and its design is done according to the pattern given in chapter 9 •. Th~ 
·t 

l 
1 

1 

j 

I 
I 
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FIG. 10-4- - ONe STACE OF A 200 I-t~/Stl.c:. T'HltJSISTO~ 
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transistor used is a Fairchild Nl04B double-diffused silicon transistor. Its 

typical values at VCE = 10 V and IE = 10 mA are 

r-b~ = 70 ohms 

Cc",":> 1 pF 

C'2"= 2 pF 

(3",- 80 

~= 5 mC 

re.= 2.5 ohms 

Cb;=150 pF. 

.'''-, 

Let us assume a low-frequency Zo of 50 ohms. The design steps are: 

1 - Select a cutoff frequency of 300 mC. This will give a Zo of 

about 40 ohms at 165 mC which is assumed to be adequate. From 

the transmission line equations, Lo ~ 0.053 H and Co = 21 pF. 

2 

3 

4 

5 

Select C to be 50 pF. 

R is ~alculated to be 1 .Sel~ctR = 620 ohms. 
2 n(a C 

J:I'rom equation (9-17) R + {30 = 2300 ohms. Sel ect "Re = 20 ohms. 

Equations (9-11) and (~;"14) yield Ceo Select,Cg =62 pF. 

The circuit for one stage of this amplifier is given in Fig. 10-4'. 
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