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CHAPTER I

INTRODUCTION

There are increasing demands for extremely broadband amplifiers.
Conventional amplifiers have been shown to have a maximum gainband
width product for a given tube or transistor type, no matter how complex
the coupling system between stages. Aside from this limitation, any attempt
to exceed much more than 509 of the theoretically obtainable maximum
will meet practical difficulties. The traveling-wave technique has provided
a means for wide-band amplification at microwave frequencies. The
traveling-wave tube must be electrically long, and practical limitations
make it improbable that such tubes will be available for frequencies much
below 1 GC.

The gain-band width product for conventional amplifiers can be

expressed as

G. BW (L

R
22(Ce+Cy)

where g. is the transconductance of the device, C; and C, are its input
and output capacitances. Parallel connection of the active devices does not
help the gain-band-width product since as g, is increased, capacitances
are also increased by the same parallel connection.

A distributed amplifier utilizes sections of inductors and capacitors in
both its input and output circuits. These sections serve as filters and
artificial delay lines. As the signal flows to the load, g.’s add but C.'s
ang C,’s are separated by these sections. The conventional restrictions on
gain-band-width are completely removed, thus the high frequency limit
being determined entirely by effects within the device proper.

Distributed amplification has been employed in video and broadband

amplifiers using vacuum tubes,’™® and it has also been used with transis-
tors.!%'* A problem encountered in the use of transistors with distributed
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amplifiers is the difficulty in designing fixed input inpedance over the very
broad frequency range of these amplifiers.”” This together with the low
input impedance of transistors requires special networks for compensation,
limits the impedance of input filters to low values and reduces the gain
in cascaded amplification.

This paper describes the development of the characteristics and design
equations for distributed amplification using transmission lines and field-
effect transistors.

Since the distributed amplification is actually accomplished by applying
traveling-wave concepts to the lower frequency region, it is proposed to
use a transmission line for distributed amplification instead of traditional
lumped inductors and capacitors. When the line is loaded by transistor
capacitances, it then behaves partly like n—filter sections.

A transmission line section can be approximated by a =z-network
having series inductance and shunt capacitance elements, the latter com-
bining with the loading capacitances to form a filter. This result is used
in the first step of the design, but this is true only when the line is very
short or the frequency is very low. At cutoff frequency, the phase shift
per section is as high as 180 degrees, although this should be attributed
to both the transmission line and the loading capacitances. On the high
frequency side of the amplified band, the line is usually not very short.
More exact formulas are calculated and compared with the lumped filter
amplifier. Differences in characteristics between the distributed line type
and the lumped type are discussed, with the former showing better
performance.

The relation between phase shift and frequency is non-linear for the
lumped filter as indicated in equation (5), of Chapter II.”As a lossless
transmission line gives no phase shift distortion, the behavior of the
transmission line distributed amplifier is somewhat modified. It will be
shown that the filter made of a transmission line and loading capacitances
has better phase shift characteristics than lumped filter sections. This then
is a method of improving the frequency response, the use of which is not
limited to the thin-film case. A more linear phase shift is particularly
important in case a large number of stages are to be cascaded.

The impedance of the lumped filter increases appreciably with freque-
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ney and near cutoff, a large undoesired peak is produced. The transmission
line filter has smaller impedance variation over the pass band, therefore
a smoother amplitude response can be expected. The cutoff frequency of
the transmission line filter is higher than that calculated from its lumped
model, the peak is shifted to the right and its frequency coverage is
narrowed. By choosing slightly different lengths of transmission line sections
for the input and output circuits; it is possible to reduce the peaking effect
by the phase shift difference between them near cutoff.

A transmission line is more readily realized than an inductor in a
thin-film circuit since the amount of inductance that can be conveniently
put iuto thin-film circuit is quite limited. It is difficult to make a pure
inductor without introducing an appreciable amount of stray and distriduted
capacitance. '

The length of the transmission line to be used is important. Unloaded

smooth ‘lines will be rather long' for 'the substrate at the frequency of
interest, however the loading capacitances of MOS transistors will reduce
the length of line required. It is convenient to'use silicon monoxide as the
dielectric medium which further reduces the line length. Strip sandwich
line will be used here because ‘of its ddaptation for deposition processes
and high isolation characteristic between lines. The 'almost perfect shield
of the sandwich line eliminates thé isolation problem bétween input and
. output circuits which must otherwise be given careful consideration.
The field-effect transistor has high' input impedance and vacuum-
. tube-like characteristics. For -MOS transistorrs, the ’input resistance is
normally 10° to 10” ohms, much higher than junction” gate field-effect
,transistors. ‘The MOS. transistors 'aré most easily fabricated by thin-film
techniques.:

Through microelectronic miniaturization, the proposed zimplifier will
not have those annoying problems ‘encountered by ordinary distributed
amplifiers. At frequencies near cutoff, the distributed amplifier is very
sensitive to stray capacitances, 'lead 'wire inductances, oscillation, etc. This
leads to an almost wunpredictable behavior of the amplifier near cutoff.
By miniaturization stray capacitances are reduced to a minimum and are
fixed. ' ' ' '

Lead inductance (inside and cutside the ‘tubes) in’ the grid and plate
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circuits of vacuum tubes has the effect of reducing the cutoff frequency
and producing a peak near cutoff. The effect of the cathode lead inductance
is even more serious.” This inductance, in conjunction with the grid-to--
cathode capacitance, produces an input grid conductance which causes a
grid loading effect. Self resonance of the lumped coils, attributable to
capacitance between coil windings, yields limited amplifier performance at
high frequencies.® The thin-film amplifier eliminates all these effects by

having the shortest leads possible.

. CHAPTER II.
THEORY

The distributed amplifier principle, first disclosed by Percival,”* was
extensively discussed by Ginzton et. al. in 1948. In the following few years,
there was active interest in this principle and numerous accounts of the
design and performance were written. Since that time there has been little
reference to this method of broadbanding, presumably due to the attention
focused upon the then newly developing transistor, which does not seem
to be as suitable for distributed amplification as the vacuum tube. As
noted in the introduction, there is difficulty in designing a fixed input
impedance over the broad frequency range for the transistor. Enloe and
Rogers" have considered the problem and have succeeded in treating the
transistor impedance as one similar to that of a tube for the tube formulas
to hold. Beneteau and Blaser’® have made an elaborate analysis of trans—
istor input impedances and have designed a special network for emitter
compensation of each transistor. The MOS transistor, however, can be
readily adopted in the design of distributed amplifiers. -

A single stage distributed amplifier using vacuum tubes is shown in
Fig. 1. Two artificial lines made of filter sections are in the grid and plate
circuits. The input signal passes through filter sections in the grid line
to reach a grid. The amplified output signal also passes filter sections in
the plate line to reach the load. No matter what path. the-signal may
take from input to output, the same number of sections, equal to the
number of active elements in the stage, is always passed. If the phase
shifl_t__ per sect_i_gn is the same, the signal will reach ithe load in phase,
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Fig. 1. Basic distributed amplifier using vacuum tubes

having an additive effect. The output voltage is therefore directly prop-
ortional to the number of tubes.

The artificial line shown is formed by =-section constant k filters with
coil Ly (or L;) as series element and —:13 C; (or %----Cp) at both ends as
shunt elements. The image impedance of the r-network is

STE

l/1+ 4Z,
where Z, and Z, are series and shunt impedances respectively. The cutoff
frequency, occurring when Z_ is infinite, is

(2)

]

L= o/ I e
where L, C are the total series inductance and shunt capacitance. The
image phase shift per filter section # at frequency f (angular frequency
) of the lossless n=-network in the pass band is given by

o bm) b e (4)

2
or for the present case,

cosﬂ:l—iw‘LC=1—2(—ffn—)s f (5)

It should be noted thst the phase shift at the cutoff frequency is 180
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degrees. For equal phase shift per section the cutoff frequency of the
two artificial lines should be the same. Thus, from (3):

LsCz =L,C, (6)

and

1 1
fc=_ i S—e e 7
RT-/ LgCg Tf"/ LpCp ( )

Formula (2) is then

e ) (8)

(9)

where Z, and Z, as before are image impedances of the input and output
filter lines respectively. At low frequencies, these image impedances
reduce, using (8) and (9), to:

R= 16 , (10)
Rz:‘/ 16_ (11)

If the grid filter chain is terminated at this image impedance, and
if the line is dissipationless and without grid loading, the drivingpoint
impedance at terminals 1-1 is independent of the number of tubes so
connected. In a like fashion, the impedance which the tube plate sees is
independent of the numder of tubes. The plate filter sections are termin-
ated at both ends with resistances equal to Rs.. The amplified signal in
the plate circuit will flow in both directions, being divided equally and
absorbed. The impedance connected to terminals 2-2 is called the grid
termination. That connecued to terminals 3-3 and 4-4 are called the reverse
termination and output termination (or load) respectively. Practically,
the reverse termination can be removed without deteriorating effect and
doubles the gain.?
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The effective g. of this distributed stage may be increased to any
desired limit theoretically. Thus, no matter how low the gain of each
section is (even if it is less than unity), the cutput will increase as one
desires by merely using a sufficient number of sections. The distributed
amplifier stage can be used alone or when sufficient gain has been
accumulated in one stage, such stages can be cascaded. For different
plate and grid image impedances, matching networks can be utilized
between stages. Fig. 2. shows a way of direct coupling. The series
inductor combines with shunt capacitance to form a matching network.
The series capacitor serves to block the direct current.

=
Fig. 2. Two stage distributed amplifier showing direct coupling

The distributed amplifier is the only means available for amplification
when the maximum frequency desired is greater than the band width
index frequency (where gain is unity) of the active device being used.
with conventional circuits, it is usually found to be impractical to achieve
much more than 509 of the theoretically aveilable band width. This is
because the theoretical limit requires the use of extremely complex coup-
ling circuits, which can hardly be considered practical and which increase
the stray capacitance to ground. This is not the case in the distributed
amplifier.

The basic filter sections shown in Fig. 1. and Fig. 2. are lowpass
structures. The theoretical band is from the cutoff frequency down to
zero frequency. In practical circuits, the response at the low frequency
end is limited by the decoupling capacitors inserted for d-c biasing purpose.
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The distributed anplifier can be made to operate at frequencies down to
d-c by using standard d-c amplifier techniques. It is obvious that the
principle is equally applicable to band-pass filters since they also have
capacitoré as their shunt elements as shown in Fig. 3. The grid bias supply
for the active device in band-pass applications must go through a separate
choke.

) L)
1 1

' To grid or plate
- - — o ———r -

R

Fig 3. Band-pass filter chains

The voltage gain A for a single distributed amplifier stage is

P Elggzz e (12)

where n is the number of sections in the stage and the output filter
impedance Z, is much less than the plate resistance of the tube.

When the stage is cascaded, a transmission coefficient enters if the
impedances of input and output circuits are different. It is proportional
to the square root of the impedance ratio. When this is included, the
gain of the amplifier consisting of n sections per stage and m cascaded
stages can be expressed as

A=[BEi/g g T (13)
If the two impedances are equal, then for a low-pass amplifier,

ZJ=Zz=1/—1R-“-- q (14)
—

where

o= 1 (15)
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Ra-R;"Rz-—- —C == :"rfc_c._ it (16)

C is the total shunt capacitance per section. Under this condition, the gain
equation becomes

050 g S e
A=[ " R, (1—x) 73 a7)
and the gain of a single stage is

A= D8= R VR (18)
2 vVii—x’
It is well known that the series resistance and shunt conductance will
produce attenuation in a filter. A good approximate equation is*

= 5ard)E
(e

where
a =attenuation in nepers per section
x,=the normalized frequency function
Q¢=the Q of the capacitors
Q.=the Q of the coils
6 =the phase shift per section in radians
G =the shunt conductance across the capacitance C
R =the series resistance with inductance L
fe =the cutoff frequency.

The first and second terms are obviously due to shunt and series
losses respectively. The attenuation increases rapidly near cutoff as df/dx.
increases. The value of df#/dx, can be obtained from equation (5) and (15)
for the low-pass filter case

By e doan (21)

and is approximately equal to 2 for the low frequency case.
The delay time, 7z, per section is given by

poo U i B R 08 (22)

T = = = .
de wo dXi we/1—x2
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An important cause of grid loading is the effect of the cathode lead
inductance L, in conjunction with the grid-to-cathode capacitance C...
This grid (input) conductance is given by

G=g.o’'L ... (23)

The ratio of output voltages with and without this input conductance

loss can be expressed as’

__Eow with input loss  _, A G do (24)
Eo.. without input loss 4 s GX
where A is gain of the stage and G is the total grid (input) loading
conductance.
Let us now consider a distributed amplifier using transmission line
sections and MOS transistors as shown in Fig. 4. C¢ and C, are the gate
and drain line loading capacitances.

R»% .ll. G +cp x{{;; Line J[_— Cp = ¢, %g:tput

o F

Input = Cq

=CG ;GG'EELJI'\E -JrCQ —I-cﬁ %RE

T

Fig. 4. Basic distributed amplifier using transmission line and
MOS transistors

A section of transmission line can be represented by an equivalent
z-network as shown in Fig. 5.,

IS‘.‘-
Cs

Zosinh"'fﬂ

~f
> Oco-l-.l—\ 5 ER

Z ccih%‘g

| I

Fig. 5. Equivalent =-network for the transmission line
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where Z.r,), are the characteristic impedance, propagation constant and
sectional length of the transmission line respectively. The equivalent
circuit will yield the same phase shift, attenuation and terminal voltage
current relations for the steady-state condition. The values of the elements
in the equivalent circuit are functions of frequency. Thus, Z, and 7 will
generally change with frequency. For a lossless line, Z, is fixed and r is
equal to jB:

zc.z}/ _E (25)

r=jf=jeov LC. (26)

Here L, C are the inductance and capacitance per unit length of the line.
The equivalent network for lossless line section is then as shown in Fig.6.

= ifE sin @@ TT [ -

S —=I" TIE
jtantsA/1C { jtantVEC
» . - T

Fig. 6.- Equivalent z=-network for the Tossless transmission line

Near the low frequency end of the'p;dss band of the distributed amplifier
where sinol/ LC ~l/LC and .I;an'&gZ YV ILC= (UQ‘Q v/ 1L.C the equivalent
network can be further reduced to a lumped L, C network. The
transmission line is connected to the MOS transistors at equal intervals.
The internal capacitances of the transistors load the line, as shown in
Fig. 7.(a), producing an effect analogous to the inductive loading on the
of a telephone line. The degree of loading (smoothness of line) depends
loading interval.”»*" These discontinuity points cause the line to have a
filter characteristic.

Let C. be the loading capacitance per section (transistor). This capacitance
is divided and combined with the low frequency equivalent m-networt,
forming still another =-network, as shown in Fig. 7(b).
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e = L2

- —

= + Tects ) 'l}(chq,)

it
'l
|

(a) (b)
Fig. 7. Capacitively loaded line
The cutoff frequency is roughly estimated by
— l S — =
7/ LL(CL+CL)
since at cutoff frequency the approximation leading to Fig. 7(b) may not

be true.
The low frequency limit of the impedance is

(27)

- =

. T 28)
=Y crean i
The low frequency gain of the one-stage amplifier is
ot o e MR 29
2 e i

In general, the substitution of L’=LJ and C'=CL+C, in the previous
equations for lumped filters will yield approximations for low frequencies.

The line length per section can be obtained as follows. The LC product,
related to the phase velocity of the wave, is a constant:

1
V= = (30)
v LC :
and
1 (o y
N e 5L
V' ep vV Kpu,
where

v=phase velocity in meters per second
¢ =permittivity of the medium
n=permeability of the medium
c=velocity of light
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K =dielectric constant
p.=relative permeability.
From (30) and (31),

e 1@” L (32)
From (27),

LA(CL+C) = x}f} . (33)
Combining (32) and (33), the line length equation is

Kee picita—— . =0 (34)

Since the characteristic impedance of the line Z, is
= L =5 : 5
2 / L= (35)

it is seen from equation (34) that for higher dielectric constant, per-
meability, loading capacitance or characteristic impedance, shorter [ can
be used, as practical considerations such as the size of the amplifier may
dictate. It will be seen, however, thatilonger L gives better performance.
In practice, therefore, a compromise will be reached. '

Consider now the equivalent network of Fig. 6. The loading capacitors,
equal to C./2, are to be added at both ends. Combining the shunt elements
with the shunting”capacitors yields a network shown in Fig. 8.,

a o

Fig. 8. Equivalent network for the loaded transmission line section

where a is the series impedance which is

a=i,/ _.'.gsinmwrcz (36)
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and b is the shunt admittance which is

i(/ € tan 9L T+ 9
b—j('/ C tan 2y IO+ ) . (37)
The phase shift per section of this network is given by
WLy
r:c;;s.fi_1+-222 =1+ab (38)

oCy,

e R~ wﬂ’ P | L
=1—sin @ly/ LC tan 5 V10 5 C sinoly/ IC (39)

Use of the trigonometric identity 1-sinetan ‘29 =cos¢ yields the equation
- s (F)CL L .
cost=cosefly 1L.C — —2----]/_6.. sinely/ 1.C . (40)

The actual cutoff frequency occurring when # is 180°, will not be
the lumped cutoff frequency f. (i. e., the cutoff frequency if the line is
replaced by a fixed LC network), but it will be expressed in term of x.
which is a relative measure of frequency with reference to f..

Let

where C’ would be the loading capacitance per meter if it were uniform-
ly distributed. By defining a loading ratio or loading percentage k,

k=S

c (42)
the lumped cutoff frequency can be expressed as
Fomel o) agie
- m/LLCL+CL)
e TEE T T (43)
mly LC v/ 1+k
or
VIFR =
zif. v/ 1LC
- 2 oz
o/ ICE B4

2
= | (44)
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where
¢ =the angular length of the section of the line at the lumped
cutoff frequency, i.e., the phase shift per sectional length of
a pure unloaded line at f..
o,=the lumped angular cutoff frequency.
B.=the phase shift constant of the line at the lumped cutoff
frequency.
Thus, the relation between k and ¢ is

2
=" 45
vV 1+k (9
or
4
k=3 —1. 46
pe (46)

It is seen that the angular length of the sectional line needed for the
distributed amplification is a function of the loading percentage only. It
is independent of the cross-sectional geometry of the line, i.e., the shape
and spacing, the L/C ratio or the impedance level.

It is interesting to notice that for values ¢ greater than 2, k will be
negative. This indicates a limit on the sectional length of the line. The
useful sectional angular length of the line is between zero and 2 radians
at the lumped cutoff frequency f. unless the loading capacitance is
negative.

Equation (45) shows that in order for the lumped model of Fig. 7 to
yield a good approximation, the loading ratio needs to be around a hundred
or more, as is the case of telephone inductive loading. This is, however,
seldom the case for the distributed amplifier in view of the low value of
the input capacitance of the active device.

Since

oy LC = Fody LC

=¢Xy , (47)

the substitution of equations (41), (42) and (45) into equation (40) will
yield the result:
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= k :
cost=cos(¢x.) — > #xsin(@xi)

=cos(PXy) —-(ﬁ —_ g ) %,.8in(dx.). (48)

The phase shift per section of the transmission line type distributed
amplifier ¢ is plotted in Fig. 9 as a function of normalized frequency X
with the angular length of section ¢ [also the loading ratio k by virtue
of equation (46)] as parameters. When ¢é=2, the second term vanishes,
and represents the unloaded pure line limit which is a straight line (no
distortion). When 6=0, the formula reduces to equation (5) which repre-
sents the lumped filter case. For other values of ¢ the curves lie between
these two limits. It may be noted from Fig.9 that the phase shift distortion
can be reduced to any desired amount by choosing a proper value
of é (or k). :

The straight line, representing the pure line limit, intersects the #==
line at n/2 times the lumped cutoff frequency. The cutoff frequency of
the transmission line type distributed amplifier is therefore raised from f.

to a value between f, and g f., given by the equation:
2 _ ¢ : =L
cos(dx,) — D xX,8in(dx,) =—1 (49)
or
2 _ 96_) — cot H%x ,
x..( e =cot T, . (50)

The actual cutoff frequency is plotted in Fig. 10 as a function of ¢ (and k).
The impedance of the section can be found by terminating an unknown
admittance Y at one end of the network shown in Fig.8 and by demanding
that the admittance looking from the other end into the network ‘be Y.
Therefore, N B

— oy 6D
1 g :
b+Y

where a and b are given by equations (36) and (37). From equation (51),
b4+ Y=(Y—-b)(1+ab+aY)
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or

—./ b(2+ab)
Y_}/. ( ég

and

Ze=yl B ol
]/ b(2-+ab)

From equation (38),

ab=cosf—1.
Then,
=
[ a 1
e T )
where
380 sinafy’ LC
b ~C of ,~—, oC, / L
- L ~ sin(¢xu)
C PXy 2 _ ¢
ta“(—'zf):'“xk("gs" $)

and cosf is given by equation (48). Alternately;
_[a 1 i
ol B Tt )

3 i
= T Tl

L ,/T sinwly’ LC
c sind

=/ L _sin$xi
C sind
In the pass band;

0<0<x, 0=p<2, O:

i
X
||i'\

Niﬁ

29

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)
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the impedance is a positive real number. The low frequency impedance
is noty/L/C, but can be determined by equations (55) and (57) as X
approaches zero as:

: 3
z=[¢ tan(gszx—jl_l:—(::)(:f _g o)
3
"_{%3 G +( ;_ %) é]
2 553
:‘/ T:HTH{_)_ . (51')

This equation coincides with equation (28). The normalized impedance
characteristic is plotted in Fig. 11 with ¢ (and k) as parameters. Comparing
with the lumped characteristics in Fig. 11, the transmission line type has
a more linear amplitude response and a wider useful frequency range
approaching the pure line limit whose impedance is a constant.

T

*""%//// d /

I i

|

[

[

|

|

I

|
I.thsé é}:ﬁm imit~ k=0 21 |
0 02 04 06 08 1.0 1.2 14 1

Normalized impedance

Normalized frequency Xy
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For a desired maximum percentage of tolerance of amplitude and
phase shift distortions, a normalized length of section (and a normalized
loading percentage) can be selected and the normalized percentage of
frequency coverage can be found. Or when any one of them is defined,
the other two can be found. This is plotted in Fig. 12 and Fig. 13 for
desion purposes.
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