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Abstract —In thk paper, the anafysis of GGAS MESFET distributed

amplifiers and a systematic approach to their design are presented. The

analysis focuses on fundamental design considerations and afso establishes
the maximum gain-bandwidth product of the amplifier. The design ap-
proach presented enables one to examine the tradeoffs between the vari-
ables, such as the device, the number of devices, and the impedances and
cutoff freqnency of the lines, and arrive at a design which gives the desired
frequency response. Excellent agreement is shown when the theoretically

predicted response of a typicaf amplifier is compared with computer-aided

anafysis results, and good agreement is shown with previously published

experimental results.

1. INTRODUCTION

T HE PRINCIPLE of distributed or traveling-wave

amplification using discrete transistors is a technique
whereby the gain–bandwidth product of an amplifier may

be increased. In this approach, the input and output capac-

itances of the transistors are combined with lumped induc-

tors to form artificial transmission lines. These lines are

coupled by the transconductances of the devices. The

amplifier can be designed to give a flat, low-pass response

up to very high frequencies.

Distributed amplifiers using discrete FET’s have been

demonstrated at microwave frequencies [1]-[5]. The travel-

ing-wave transistor, an interesting variation of the discrete

FET distributed amplifier, has also been proposed [6].

However, we will show in this paper that the discrete FET

distributed amplifier, unlike the traveling-wave transistor,

can be designed to give flat response nearly up to the

cutoff frequency of the lines.

The topology of the distributed amplifier is particularly

suited to MMIC’S because its passive circuit predominantly

consists of inductors which can be realized in the form of

short lengths of microstrip lines. Recently, broad-band

MMIC distributed amplifiers using GaAs MESFET’S have

been presented [1]-[3]. The design of the distributed

amplifier involves a careful choice of the variables, such as

the device, the number of devices, and the impedances and

cutoff frequency of the lines, to obtain the desired frequency

response. Even though several distributed amplifiers using

MESFET’S have been built, a systematic design approach

which enables one to examine the tradeoffs between the

design variables has not been presented.

The distributed amplifier has been extensively analyzed

since it was first proposed in 1937 by Percival [7]. We
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Fig. 1. Schematic of FET distributed amplifier.

present here only a limited sample of literature [8]–[12].

The unified analysis of Chen [12] treats a general case

distributed amplifier composed of image matched, nonuni-

form input and output transmission lines and is the most

complete analysis currently available.

In this paper, we analyze the MESFET distributed

amplifier by focussing on fundamental design considera-

tions and present a graphical design approach which en-

ables one to examine the tradeoffs between the design

variables and arrive at a design under the constraint of

maximum gain–bandwidth product. The design approach

will be illustrated by an example and the analytically

predicted response will be compared with the results ob-

tained by computer-aided circuit analysis. We will also

compare the predicted response of a typical amplifier with

previously published experimental results.

II. AMPLIFIER ANALYSIS

A schematic representation of the FET distributed

amplifier is shown in Fig. 1. The gate and drain imped-

ances of the FET’s are absorbed into lossy artificial trans-

mission lines formed by using lumped inductors as shown.

The resultant transmission lines are referred to as the gate

and drain lines. The lines are coupled by the transconduc-

tances of the FET’s.

An RF signal applied at the input end of the gate line

travels down the line to the terminated end, where it is

absorbed. As the signal travels down the gate line, each

transistor is excited by the traveling voltage wave and

transfers the signal to the drain line through its transcon-

ductance. If the phase velocities on the gate and drain lines

are identical, then the signals on the drain line add in the

forward direction as they arrive at the output. The waves

traveling in the reverse direction are not in phase, and any

uncanceled signal is absorbed by the drain-line termina-

tion.
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Fig. 2. Simplified equivalent circuit of a MESFET.

Lg/2

=:.’’’”’”’”0”

Ld/2 Ld I

TERMINATION LOAD

(b)

Fig. 3. (a) Gate transmission line. (b) Drain transmission line.

A simplified equivalent circuit of a MESFET arrived at

from typical S-partieter measurements at microwave fre-

quencies [3] is shown in Fig. 2. R, is the effective input

resistance between the gate and source terminals and Cg, is

the gate-to-channel capacitance. Rd, and Cd, are the drain-

to-source resistance and capacitance, respectively. C~g ,is

the drain-to-gate capacitance and g~ the transconductance.

In our analysis, the device will be considered unilateral and

Cdg will be neglected.

The equivalent gate and drain transmission lines are

shown in Fig. 3(a) and (b). They are essentially loaded

constant-k lines, wherein the parasitic resistances of the

FET’s are considered the dominant loss factors. The lines

are assumed to be terminated in their image impedances at

both ends. The current delivered to the load is given by

I.= ~ gme-edz

[

~ <,,-(M%

1
(1)

k=l

where VCkis the voltage across $g$ of the k th tr~sistor and

19d= Ad + @d is the propagation function on the drain

line. Ad and Qd are the attenuation and phase s~ft per

section on the drain line. n is the number of transistors in

the amplifier.
~ck can be expressed in terms of the voltage at the gate

terminal of the k th FET as [13]

where ~ is the voltage at the input terminal of the ampli-

fier and dg = Ag + j~g is the propagation function, on the

gate line. i4g and @gare the attenuation and phase shift per

section on the gate line, ag = l/R, Cg, is the gate-circuit

radian cutoff frequency, ancl UC= 2mfc is the radian cutoff

frqquency of the ~nes. For const~t-k type transmission

lipes, tlie phase velocity is a well-known ,function of the

cutoff frequency fcof the line. By requiring gate and drain

lines to have the same cutoff frequency, the phase velocities

are constrained to be equal. Therefore, we have @g= ~d = @

[13]. From (1) and (2), 10 can be expressed as

I.=

(3)

The power delivered to the load and input power to the

amplifier are given, respectively, by

~0= ~h12Re[%D]=+11012‘d/cd[l – (~/%)2]

and

where Z~D and ZIG are the image impedances of the drain

and gate lines [13].

Therefore, the power gain of the amplifier is

[(g; R01R02 sinh2 ; Ad – Ag)]e-n(~’+~g)

G=

[ ( )][

2

41+2 2[+(A.-A,)]1 – (u/uC)2] sinh
‘g

(4)

where Rol( = ~~) and R02( = ~~) are the char-

acteristic resistances of the gate and drain lines, respec-

tively.

Consider an ideal impedance transformer at the output

port which transforms R02 to the gate-line characteristic

resistance Rol of the succeeding amplifier in a tandem

connection of identical amplifiers. Then, from (4), the

magnitude of the voltage gain of a single amplifier stage

can be shown to be

%l(~ol~02) [l’2sinh ~(Ad – Ag)]e–n(A~+Ag)/’2

(5)
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Fig. 4. A section of constant-k line.

From (5), one can show that the number of devices which

maximizes gain at a given frequency is [14]

ln(-%/~g)
‘“p’= Ad – Ag “

(6)

A similar relation was found by Podgorski and Wei [6] for

the optimum gate width of a traveling-wave transistor.

Therefore, it is clear that in the presence of attenuation, the

gain of a distributed amplifier cannot be increased indefi-

nitely by adding devices. This property of the distributed

amplifier can be easily explained. As the signal travels

down the gate line, each transistor receives less energy than

the previous one due to attenuation on the gate line.

Similarly, the signal excited in the drain line by a transistor

is attenuated by the subsequent line sections between it

and the output port. Therefore, additional transistors not

only decrease the excitation of the last device but also

increase the overall attenuation on the drain line. The gain

of the amplifier increases with additional devices until the

optimum number of devices at the given frequency is

reached. Any device added beyond the optimum number is

not driven sufficiently to excite a signal in the drain line

which will overcome the attenuation in the extra section of

the drain line. Consequently, the gain of the amplifier

begins to decrease with further addition of’ devices.

A. Attenuation on” Gate and Drain Lines

The attenuation on gate and drain lines is the critical

factor controlling the frequency response of the amplifier,

as will be shown. The expressions for gate- and drain-line

attenuations can be derived from the propagation function

for the constant-k line, which is given by the relation [15]

cosh(A+@)=l+&. (7)
2

Z1 and Zz are the impedances in the series and shunt arms

of a section of constant-k line as shown in Fig. 4, and A
and Q are the attenuation and phase shift per section of the

line. When attenuation per section is small ( <0.4 Np), one

can derive from (7) the following expressions for attenua-

tion on gate and drain lines [13]:

A.={* ‘8)

‘d /“C

‘d=m

(9)
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Fig. 5. (a) Attenuation on gate line versus normalized frequency. (b)

Attenuation on drain line versus normrdized frequency.

where X~ = a/uC is the normalized frequency

and

— .“’=/&{&”
The attenuation on gate and drain lines versus frequency

with WC/wg and ud/tiC as parameters are shown in Fig. 5(a)

and (b), respectively. It is evident from the figures that the

gate-line attenuation is more sensitive to frequency than

drain-line attenuation. Further, unlike attenuation in the

gate line, the drain-line attenuation does not vanish in the

low-frequency litit. Therefore, the frequency response of

the amplifier can be expected to be predominantly con-

trolled by the attenuation on the gate line and the dc gain

by the attenuation on the drain line, as will be shown in the

following section.

It is clear from (8) and (9) that attenuation on the gate

and drain lines can be decreased by making uC/wg and

Ud/u< small. Therefore, for a given u=, tme has to choose a
device having high tig and low ~d.

B. Frequency Response

Extending the analysis of Horton et al. [9], (8) and (9)

can be rewritten as

(11)
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where

and

(12)

, (13)

Using (10) and (11), one can derive from (5) the following

expression for the normalized gain:

20-

1.5-
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t
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Fig. 7. Fractional bandwidth curves.

“:

() [sinh ~ e~sinh b/(1 – X~)l’2 - ‘X’++(%:’)x’r’l ,,4)e–[b/(l – x;)l/*+ax;/ [1 +(4a2/n2– l)x~]lfq

——

Si”h(’’[l+;x”r [ ‘X’41+(%-l)X’11’[1- X~]’’2sinh~ b/(1- X~)’/2-

where Ao, the dc gain ,(the gain of the amplifier in the

low-frequency limit), is given by .

,,

A._ gm(~Ol~02)1’2S~(b)e-b

2sinh(b/n} “
(15)

It,, is evident from (14) that the normalized frequency

response (norm~zed gain ,versus normalized frequency) of

the amplifier is a function of the panrgneters a, b, and n.

The a and b pariimeters are related to gate- and drain-line

attenuations, respectively. The dc gain of the amplifier is

controlled by the attenuation on the drain line as spen in

(15).

From (14), one can determine the normked frequency

response of the amplifier for various values of a and b, as

shown in Fig. 6. The value of n used is 4. For given values

of a and b, the normalized response does not change

appreciably with n, for n greater than 4, Therefore, the

normalized frequency response of the amplifier is com-

pletely characterized by the parameters a and b. We will

show later how the a and b values qre related to a particu-

lar circuit.

By a proper choice of a and b parameters, the afiplifier

can be designed to give a nearly flat response up to a

frequency close to the cutoff frequency of the lines. This is

the distinct advantage of the distributed amplifier using

discrete transistors as compared to a traveling-wave tran-

sistor proposed by Podgorski and Wei [6], whose gain

monotonically decreases due to transmission-line attenua-

tion. In the case of a distributed amplifier using discrete

transistors, the rise in voltage at the gate terminals oo,m-

pensates to some extent the effect of gate-line attenuation

as the cutoff frequency is approached (see (2)). This can be

seen if one views the lumped constant gate line as cascaded

ms.pctions. The transistor gate–source terminals are cqn-

nected across the .?-section terminals. It is well kno~ that

the image impedance of a resection, and hence the gate-

source voltage,’ rises as the cutoff frequency is approached.

How this effect c?m be used to obtain nearly flat low-pass

response out to frequencies approaching the cutoff of the

lines will be demonstrated.

In order to. enable cascading of distributed’ amplifier

stages, the individual amplifiers must be designed to give a

nearly flat gain response up to the, desired maximum

frequency. This calls for an appropriate choice of a and b

parameter values. An ideal frequency response is the one

which is flat Wp to the cutoff frequency of the lines.

However, depending on the values of a and b, the frequency

response’ starts deviating from the ideal response at a

frequency below the cutoff frequency of the lines. In order

to select the required frequency response and correspond-

ing a and b values, it is necessary to characterize these
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responses by their degrees of flatness. We define the degree

of flatness as the fractional bandwidth X = ~1 dB/f., where
fl dFIis thefrequency at which the gain of the amplifier falls
belc~w the dc gain by 1 dB, as shown in Fig. 6.

The values of parameters a and b which give the same

fractional bandwidth can be determined from (14) by

iteration, and are plotted on the a – b plane as shown in

Fig. 7. These curves give the designer the values of a and b
to choose from which yield the same fractional bandwidth.

It is clear from Fig. 7 that the flatness of response is quite

sensitive to the parameter a, which controls”the attenuation

on the gate line.

C. Gain-Bandwidth Product

One can derive the following relation starting from (15)

when b <0.4, [13]:

& = (a@ ’/2e-~ (16)

where j~= is the frequency at which the maximum avail-

able gain (MAG) of the FET becomes unity [16]. It is also

referred to as the maximum frequency of oscillation of the

maximum value can be shown to be about 0.2. Fig. 9 shows,.
the normalized maximum gan-bandwidth product curve

on the a – b plane. By choosing the parameter values a and

b to lie on this curve, one can design a distributed amplifier

having maximum gain-bandwidth product.

It follows that the maximum gain-bandwidth product is

given by

‘o.fl dEl= 0.8 fmax. (19)

It can be seen that the maximum gain–bandwidth product

of the distributed amplifier is constrained by the fm=of the

device. From (19), one can show that the frequency at

which the gain of the distributed amplifier becomes unity

cannot exceed 0.7 from.We have also confirmed this by the

computer-aided analysis of several distributed amplifiers.

III. AMPLIFIER DESIGN

Up to this point, we have shown how the frequency

response of the amplifier depends on a range of values of

the parameters a and b, and we will now show how the

choices of cutoff frequency and impedances of the lines,

and particular active device and their number constrain the

values of a and @and hence the frequency response. The

systematic design approach presented below will enable

one to exapine the possible tradeoffs between the design

variables and arrive at a suitable design.

The following relations can be derived from (12) and

FE?. ~~= is given by

r
find+ #gs z

Equation (16) can be expressed as

Aofl d~ = 4Kxfm*

(13):

(17)
n =Wdab. —
4 Wg

(20)

(.0:

(18)
a/b. — (21)

ti)g~d“

where K = (ab)l/2e - b and ~1 ~~ = Xfc. Fig. 8 shows K = Equation (20) defines the value of the product ab in

cons t. curves on the a – b plane. Equation (18) gives the terms of the number of devices and the device characteris-

gain--bandwidth product of a MESFET distributed ampli- tic frequencies (ag and ad). This equation defines a family

fier. It is dependent on the values of a and b, as well as the of hyperbolas on the a – b plane as shown in Fig. 10.

j~= of the FET. For a given MESFET, ~~a is fixed. Equation (21) defines a family of lines on the a – b plane as

Therefore, (18) gives the gain–bandwidth product of the shown in Fig. 10. Each line corresponds to a cutoff

amplifier for the chosen values of a and b. frequency (~’) and characteristic resistances (Rol and R02)
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of the. lines because they are related as follows:

f’==/& =T{&”’

The point of intersection of a hyperbola defined by (20)

and a line defined by (21) determines an operating point

on the a – b plane. The value of X (fractional bandwidth)

and K corresponding to this operating point can be ob-

tained from Figs. 7 and 8, respectively, since the coordi-

nates (a, b) of the point are known. Then the dc gain (AO )

and bandwidth ( fl ~B ) can be obtained from the following

relations:

fl dB = ‘f. (22)

4KXfmm
An= . .

II dB
./

The frequency response of the amplifier can be obtained

from (14). The amplifier is now completely defined in

terms of the device, the number of devices, the cutoff

frequency and the impedances of the lines, and the

frequency response. Superposition of Figs. 7, 8, and 10 will

enable one to examine the tradeoffs between the design

variables. We will now illustrate the design approach pre-

sented above by an example.

A. Design Example

Let us consider the design of a distributed amplifier

using typical 300-pm MESFET’S which have the following

characteristic frequencies:

fg = CJg/2T = 84.2 GHz

fd = @d/2r = 4.8 GHz

fmm = 77.2 GHz.

1.

1.

t
0

0,

). I

b-

Fig, 11. Design curves for the distributed amplifier using typical 300-pm

MESFET’S.

Let R 01= R OZ.Therefore, we have Cg~= Cd~+ CP, since
the cutoff frequencies of the lines are also constrained to

be equal. CP is an external capacitance added to the device

output capacitance Cd.. For the MESFET considered here,

Cg~= 0.27 pF, Cd, = 0.11 pF, and Rd, = 300 L?.Therefore,

we obtain the following equations:

fi=l/2&,(Cd~ + C,) =1.96 GHz (24)

ab = ‘~=(5.82x10”3)n2 (25)

‘2 =(6.06 x10-2’) f:.a/b = ~ (26)
(4J cl+

The set of design curves consisting of curves defined by

(25), the lines defined by (26), fractional bandwidth curves

(Fig. 7), and K = const. curves (Fig. 8) are plotted on the

a – b plane as shown in Fig. 11. For an amplifier having

Rol = Roz = 50 Q, fc = 23.6 GHz, and n =4, we obtain the

following values for a, b, X, and K from Fig. 11:

a= O.56

b= O.17
x= 0.7

K= O.25.

Therefore, the bandwidth of the amplifier is

f, d~ = Xfc = 16.52 GHz

and the dc gain is

A = 4KXfm=
o

fl dB
= 3.27 (10.29 dB).

The frequency response of this amplifier predicted by (14)

and the response ‘obtained by using the standard micro-

wave circuit analysis program are shown in Fig. 12. They

are in good agreement. The image terminations are realized



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-32, NO. 3, MARCH 1984274

t

12‘

/a

10 :

------–~%–--––––’-%,

8 - \

@ ANALYTICAL

@ COMPUTER SIMULATION

2

t
01 I I I I I I I I I

2468101214 161820

FREQUENCY (GHz) -

Fig. 12. Frequency response of the four-section distributed amplifier

using typicaf 300-pm MESFET’S.

L
o

I 1°

IFig. 13. A short length of microstripline and its equivalent circuit.

by using the standard m-derived filter half sections at both

ends of the lines [13].

A careful study of Fig. 11 reveals that for a given cutoff

frequency (and hence the impedance of the lines), the gain

of the amplifier can be increased by adding devices at the

expense of bandwidth. On the other hand, if the number of

devices is decreased, one can obtain a larger bandwidth by

sacrificing gain. If the number of devices is fixed, a de-

crease in cutoff frequency (and hence an increase in the

impedance of the lines) results in an increase in gain and

reduction in bandwidth.

B. ;Yome Practical Design Considerations

~tesign of a distributed amplifier as discussed in this

paper involves the design of the lumped inductors. As

already mentioned, the lumped inductors can be realized

by short lengths of high-impedance rnicrostripline. A short

leng,th of microstripline and its equivalent circuit are shown
in Fig. 13.

For a short length 1( < Ag/7) of loss-free line, the induc-

tance is given by

Zol

‘=qf

(27)

where ZO is the characteristic impedance of the microstrip-

line, f is the frequency, and Ag is the wavelength in the

microstripline. The end capacitances are given by

1c=2fzoAg “
(28)

‘:E=4 @ ANALYTICAL

‘i__Jsh-
2.0 4.0 6.0 8.0 10,0 12.0 14.0 16.O 18.0

FREQUENCY (GHz) +

Fig. 14. Frequency response of the six-section distributed amplifier

The end capacitances can be absorbed into gate and drain

lines by taking them into account in the design of the

transmission lines. For a given ZO and highest frequency of

operation, the restriction on 1 limits the maximum realiz-

able value of inductance. Even though it is advantageous to

increase ZO in order to achieve high inductance and low

end capacitance values, a practical limit is reached when

the width of the microstrip becomes too small, resulting in

excessive attenuation in the microstrip. Also, the geometri-

cal considerations in the layout of the amplifier place a

lower limit on the length of the inductors [13].

Another important consideration in the design of micro-

strip inductors is the electromigration of the metal at high

current densities. In order to prevent electromigration, the

current density in the microstrip should be kept below a

critical value, which is of the order of 105A/cm2 for gold.

This requirement places an additional restriction on the

design of microstrip inductors if they must carry dc current

to bias the FET’s.

The measured frequency response of a distributed

amplifier [3] is shown in Fig. 14. The figure also shows the

responses predicted analytically and by computer-aided

analysis. The analytically predicted response was obtained

by applying corrections for input and output reflection

coefficients and attenuation due to series resistance of the

inductors. The analytically predicted frequency response is

in good agreement with the response obtained by com-

puter-aided analysis. The discrepancy between the com-

puter-simulated and measured responses was attributed to

additional losses in source grounding bars in the amplifier,

and slight differences between the test FET’s and the

FET’s in the amplifier [17].

IV. CONCLUSIONS

The analysis of MESFET distributed amplifiers and a

systematic approach to their design has been presented.

The analysis has revealed that the transmission-line at-

tenuation caused by the device parasitic resistances is the

critical factor in the design of the amplifier. The analysis

has also shown that the gain–bandwidth product of the

distributed amplifier can only approach the ~~u of the

individual device. The graphical design approach presented

enables one to examine the tradeoffs between the variables,
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such as the device, the number of devices, and cutoff

frequency and impedances of the lines, and arrive at a

design which gives the desired frequency response.
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