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I. Int ro&,,cti on

This report covers work done during the period 1 July 1980 to 30 Sept.

1983. It is the final report on contract N00014-80-C-0923 and hence includes

refinements of some of the work done during the previous two years of the

I' program to investigate the concept of distributed amplifiers for use as

broadband monolithic microwave amplifiers. During the final year of this

project we have made some progress in unifying our ideas for design tradeoffs

which will yield a desired gain and bandwidth for a given transistor type.

Our results also place gain-bandwidth product bounds on distributed amplifiers

utilizing a particular transistor type. Finally the theory developed in this

report allows the specification of the required transistor to achieve a

particular desired gain, bandwidth and impedance level. An overview of the

bounds can easily be seen for the microwave region of the spectrum.

Because the microwave GaAs FET has finite input and output resistive

losses the gain of a distributed amplifier constructed from such a transistor

will be less than or at best equal to the MAG of the active device itself.

The concept of achieving useful gain at frequencies where the active device

gain is less than one, valid for the lossless case, is not valid for microwave

amplifiers. In addition the concept that distributed amplifier bandwidth is

i limited only by the transmission line cutoff frequency is also invalid because

of the inherent losses, and the amplifier's ultimate upper frequency will

always be less than the device fmax" One should keep in mind, however, that

the broadband low pass response through very high microwave frequencies is a

distinct advantage of the configuration. This report will treat these limits

in quantitative detail but a qualitative view can easily be obtained from the

following simple example.

-1-
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Figure 1.1 shows a block diagram of a microwave distributed amplifier

with its input (gate) and output (drain) transmission lines and individual

transistors each having resistive loss in both their input and output

circuits. These loss elements result in attenuation to waves on each

transmission line. The gate line attenuation is frequency dependent, so at

RO 

RL.

R o P P A

p,, Ro

Figure 1.1. Microwave Distributed Anplifier

each frequency there will be an optimum number of active devices for a given

amplifier. The optimum number results from the fact that gate line atten-

uation prevents downstream devices from receiving full excitation. Hence at

any given frequency the optimum number is reached when the addition of a

device beyond this number results in a net loss to the system because that

device is insufficiently excited to overcome the loss its parasitic resistance

( adds to the drain line.

Using the same reasoning it is easy to see that for a given number of

active devices a frequency will always be reached at which the last downstream

device will fail to overcome its inherent loss. This follows from the

frequency dependent gate line attenuation. As a result the 0 dB gain

-2-
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frequency for a given distributed amplifier is dictated not by the line cutoff

frequency but rather by the device parasitic reslstanceland hence device fmax"

Transmission line attenuation is a very critical factor and it must be

minimized In order to achieve reasonable performance for a microwave

distributed amplifier. This results in designs with drain line characteristic

impedances far less than device Rds and gate line characteristic admittances

far greater than the loading conductance. Individual devices hence operate

remote from the MAG condition, and distributed amplifier gain will be less

than the HAG of its building block devices.

A more detailed analysis leading to design tradeoffs follows in

Section II.

-3-



II. Distributed Anplifier Analysis and Design

2.1 Gain and Optimum Number of Devices

A schematic representation of the FET distributed amplifier is shown in

Fig. 2.1. The gate and drain impedances of the FETs are absorbed into lossy

artificial transmission 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 transconductances of the FETs.

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 travelling voltage wave and

transfers the signal to the drain line through its transconductance. 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 travelling in the reverse direction are not in phase and any

uncancelled signal is absorbed by the drain line termination.

A simplified equivalent circuit of a MESFET arrived at from typical S-

parameter measurements at microwave frequencies1 is shown in Fig. 2.2. Ri is

the effective input resistance between the gate and source terminals and Cgs

is the gate-to-channel capacitance. Rds and Cds are the drain to source

resistance and capacitance, respectively. Cdg is the drain-to-gate

capacitance and gm 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 Figs.

2.3(a) and 2.3(b). They are essentially loaded constant-k lines wherein the

parasitic resistances of the FETs are considered the dominant loss factors.

1. R. W. Strid and R. K. Gleason, "A DC-12 GHz Monolithic GaAs FET
Distrit A lifleH IEEETrans. Microwave Theory Tech.,
Vol MT 0, p;. 969975, July 1982.
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Figure 2.2. Simplified Equivalent Circuit of a MESFET

The attenuation due to metal resistance of microstrip inductors will be

considered in Sec. 2.6. The lines are assumed to be terminated in their image

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

1 -ed 2  n -(n-k)e d1o gm e I I Vcke ] (2.1)
k=1

where Vck is the voltage across Cgs of the kth transistor and ed = Ad+j*d is

the propagation function on the drain line. Ad and *d are the attenuation

and phase shift per section on the drain line. n is the number of transistors

in the amplifier.

Vck can be expressed in terms of the voltage at the gate terminal of the

( kth FET as

-6-
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-jtan' (o/,wg)

V VGke 21/ g (2.2a)

Vck = +*- 2 11/2
[1+(-) )

(9

2g e

vi eVGk =..2 (2.2b)

[1 - (-_)2)

where VGk is the voltage at the gate terminal of the kth transistor (Appendix

A), Vi is the voltage at the input terminal of the amplifier and,

8g = A +jg is the propagation function on the gate line. A and g are

the attenuation and phase shift per section on the gate line, 0)g = 1/RiCg s

is the gate circuit radian cutoff frequency and a) = 2wfc is the radian
C

cutoff frequency of the lines. For constant-k type transmission lines, the

phase velocity is a well known function of the cutoff frequency, fc, of 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,

g9 = td = o (Appendix B). From (2.1), (2.2a) and (2.2b), 10 can be expressed

as

n (A +A ) -iti -1

gmVisinh [(A9-Ad)]e e dg jn'-jtan'(a/wg)io e/ %2.3)

2[1+(-g w[1-(- ) ]sinh [I (Ag-Ad)
0 w2 1/2 w2 2!gIJeg '3

gc

The power delivered to the load and input power to the amplifier are

respectively given by

p Po 2 2 Re[Z 1 o) 112 /2 d/Cd E (' / 
c) 2

and X2  v 2

P IV ReCl/ZIG]i Pi I --

where ZID and ZIG are the image impedances of the drain and gate lines

(Appendix C).

-7-
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Therefore the power gain of the amplifier is

2 2n -n (A d+Ag)

G gmR 01R0 2sinh
2 [j (A9-Ad) ]e (2.4)4[1+(0)g) ][ l" ( W/ Wc )2 ]s inh 2 [j (Ag9'Ad) ]  24

Where Rol(= /T7g) and R02(= ) are the characteristic resistances

of the gate and drain lines respectively.

Consider an ideal impedance transformer at port 2 which transforms ZID to

ZIG (input impedance of the succeeding amplifier in a tandem connection of

identical distributed amplifiers) as shown in Fig. 2.4.

Figure 2.4. Distributed Amplifier and Impedance Transformer at Output Port

Then the magnitude of the voltage gain between ports 3 and 1 can be

obtained from equation (2.4) as
112~~ nn

A gm (R01R0 2) I
2sinh[ (AAd)e - (Ad+Ag) (2.5)

2/2 - 21/2 12[_ sinh[j (A]-

g9 cgd)

From equation (2.5) we can show that the number of devices which maximizes

gain at a given frequency is
2

2. J. B. Beyer, et al., "Wideband Monolithic Microwave Amplifier Study,"
ONR Report No. NR 243-033-02, July 1982.
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N ln(Ad/A 9) (2.6)

opt Ad.Ag

A similar relation was found by Podgorski and Wei 3 for the optimum gate width

of a travelling-wave transistor. Therefore it is clear that in the presence

of attenuation, the gain of a distributed amplifier cannot be increased

indefinitely 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, which the signal from preceeding devices will now suffer.

Consequently the gain of the amplifier begins to decrease with further

addition of devices.

The gain equation (2.5) can be expressed as

112 n f (A d+Ag)

A gm (R 1R0 2)I/
2sinh[j(A9-Ad)]e (2.7)

2[1 + X2(.0c) 2 ]12 [1 - X 2  sinh[(Ag-Ad)/2]
g

where Xk = w/wc is the normalized frequency.

3. A. S. Podgorski and L. Y. Wei, "Theory of Travelling-Wave Transistors,"
IEEE Trans. Electron Devices, Vol. ED-29, pp. 1845-1853, December 1982.

-10-
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At this point analytical expressions for Ag and Ad are required. They

are derived in the following section.

2.2 Attenuation on Gate and Drain Lines

For a constant-k transmission line the propagation function can be

determined from the following relation
4

zi
cosh(e) = 1 + (2.8)

2
where e (= A + j.) is the propagation function, A and * are the attenuation

and phase shift per section of the line and Z and Z are the impedances in

the series and shunt arms of a section of constant-k line as shown in Fig.

2.5.

Figure 2.5. A section of constant-k line

( Equation (2.8) can be expressed as

cosh A cos 4 = Re[l + 2](2.9a)

zi
sinh A sin * = Im[l + =1 (2.9b)

2

4. 0. J.Zobe, "Transmission Characteristics of Electric Wave-Filters,"
BSTJ, Vol. 3, pp. 567-620, 1923.

-11-
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By eliminating f from euqations (2.9a) and (2.9b) we obtain the following

equation

sinh 2A = tanh 2A[Re(l + 1 2 + [I ( 1 + ] 2(2.10)

2Ce( 2 2 Z

when A < 0.4, sinh 2  * tanh2A - A2 . Under this condition we can derive the

following equation for A from equation (2.10)

z1
ImEl + 1

A- (2.11)

[1- [Re(1 + =21)]]2I

2

Equation (2.11) is the general form of the attenuation per section of

constant-k line. When evaluated for the specific networks shown in Figures

(2.6a) and (2.6b) we obtain the following closed form expressions for

attenuation on gate and drain lines.

A g) k (2.12)

1-1- (E)2 2

g

Ad d= (2.13)

where

1
Wg~*t

1 gs

1

ds ds

2 2

W gg s / ds

-12-
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and

Xk =

L9 2 L2 Ld/2L

Fig. 2.6a. A section of gate line Fig. 2.6b. A section of drain line

The attenuation on gate and drain lines versus frequency with W /W
cg9

and wd/wc as parameters are shown in Figs. (2.7a) and (2.7b) respectively.

It is evident from the figures that the gate line attenuation is more sensi-

tive to frequency than drain line attenuation. Further, unlike attenuation in

the gate line the drain line attenuation does not vanish in the low frequency

limit. Therefore the frequency response of the amplifier can be expected to

be predominantly controlled 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 equations (2.12) and (2.13) that attenuation on the gate

and drain lines can be decreased by making wc/w and wd/wc small. Therefore,

for a given wc, one has to choose a device having high 9g and low ad. For a

given device log can be increased by connecting a capacitor in series with gate

terminal of the FET. 5  Similarly wd can be decreased by padding the drain to

source capacitance by an external capacitance at the drain terminal of the

FET.

5. 1. S. Chang, - Paper in preparation.

-13-
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Figure 2.7. (a) Attenuation on Gate Line Versus Normalized Frequency
(b) Attenuation on Drain Line Versus Normalized Frequency
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2.3. Normalized Frequency Response and Constant-Fractional Bandwidth Curves

Equations (2.12) and (2.13) can be rewritten as

A X2
A xg k (2.14)

Ad od (2.15)

where

A =c
og Wg

% d
od Wc

and

g =c)2

Using (2.14) and (2.15) we can rewrite the gain equation (2.7) as

A gm(R01R02)'/
2  exp[.n(AogX / + Aod/ i'k)/2]

/1 X~ / 1 + X K(()c /w)g

2-sinh[n( X IJgg - AdI/ pIi)/2]
o %g X0 Xk9 o (2.16)

sinh[(A og xk/  kg  % d/-k)/2]

Following Horton's 6 idea, we define

n-4c  nwd 2
a = n Aog /2  b = n Aod/2 = g I - (2an)2  (2.17a,b,c)

6. W. H. Horton, et al., "Distributed Amplifiers: Practical Considerations
and Experimental Results," Proc. IRE, Vol. 38, pp. 748-753, July 1950.

-15-
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and rewrite equation (2.16) using (2.17a) and (2.17b). The result is

A =gm(Ro 1R02)l/
2  exp[-(aX / 7 + b/

/T'/ + Xk

sinh~aX// 7  
-b

x (2.17d)

j sinh[(a/n)X f//--gXk- (b/n)// Xk]
ik

From equation (2.17d) the gain of the amplifier in the low frequency

limit can be shown to be

gm(RoiRo2 /2 sinh(b)e(

0 = ---- 2si nh(b/n)

A0 is referred here as the d.c. gain. The equation (2.17d) when normalized to

the d.c. gain (2.18a) yields the following normalized gain equation for the

amplifier

b exp['(aX//' + b/ Xk)]
SA sinh x k /1+ X a(k- )n

x sinh[aXkl - bl// ]2 b
(2.18b)

sinh[(a/n)X / k-bk]

It is evident from equation (2.18b) that the normalized frequency

response of the amplifier is a function of the parameters a and b. The a and

b parameters 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 seen in (2.18a).

-16-
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From equation (2.18b) one can determine the normalized frequency response

of the amplifier for assumed values of a and b as shown in Fig. 2.8. The

normalized response does not change appreciably with n. The range of a and b

values which yields the same frequency response can be determined from

equation (2.18b) by iteration. By a proper choice of a and b parameters the

amplifier 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

travelling-wave transistor proposed by Podgorski and Wei3  whose gain

monotonically decreases due to transmission line attenuation. In the case of

a distributed amplifier using discrete transistors, the rise in voltage at the

gate terminals compensates to some extent the effect of gate line attenuation

as the cutoff frequency is approached [equation (2.2b)]. This can be seen if

one views the lumped constant gate line as cascaded i-sections. The tran-

sistor gate-source terminals are connected across the w-section terminals. It

is well known that the image impedance of a i-section and hence the gate-

source voltage, rises as the cutoff frequency is approached. We will

demonstrate how this effect can be used to obtain nearly flat low-pass

response out to frequencies approaching the cutoff of the lines.

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

up 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

-17-

I*



1dB

8 -T.4, b=16

0-6 - o a.6, bc.24
< 0.4 -•

o 1.0, b .40

02

0 0.2 0.4 0.6 0.8 1.0
Xk--

Figure 2.8. Normalized Frequency Response of MESFET Distributed Amplifiers

required frequency response and corresponding a and b values it is necessary

to characterize these responses by their degrees of flatness. We define the

degree of flatness as the fractional bandwidth X = f dB/fco where f1dB is

the frequency at which the gain of the amplifier falls below the dc gain by

IdB as shown in Fig. 2.8.

-18-
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The values of parameters a and b which give the same fractional bandwidth

can be determined from equation (2.18b) and are plotted on the a-b plane as

shown in Fig. 2.9. 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. 2.9 that the flatness of response is quite sensitive to the parameter 'a'

which controls the attenuation on the gate line.

2.4 Gain-Bandwidth Product

Extending the analysis of Horton, et al. 6 to include the attenuation on

the output line we can derive the gain-bandwidth relation starting from

equation (2.18a). When b < 0.4 sinh(b) w b and sinh(b/n) n b/n. Therefore

equation (2.18a) can be written as

ngm(R0 1R0 2) 1/
2e-b

2 (2.19)

R01 and R02 can be expressed in terms of the cutoff frequency of the lines as

011follows:

R0 1 = = 1 (2.20a)

and R 0 (2.20b)

02 =  d c ds

-19-
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Figure 2.9. Constant-Fractional Bandwidth Curves
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Using (2.20a) and (2.20b) equation (2.19) can be expressed as

A0  
2WI~gsm -b(2.21)

Using equations (2.17a) and (2.17b) equation (2.21) can be reduced to

Aofc

Ax = (ab)1/ 2eb (2.22)
4 max

where fmax is the frequency at which the maximum available gain (NAG) of the

FET becomes unity. 7  It is also referred to as the maximum frequency of

oscillation of the FET. fmax is given by

fmax g /s (2.23)

Equation (2.22) can be written as

A0 fldB 4 K X fmax (2.24)

where K = 1/2eb and f = X f Fig. 2.10 shows K = const curves on

(a)1dB

the a-b plane. Equation (2.24) gives the gain-bandwidth product for a MESFET

distributed amplifier. It is dependent on the values of a and b as well as

the fmax of the FET.

The factor KX in equation (2.24) can be viewed as the gain-bandwidth

product of the amplifier normalized to 4 fmax* The value of KX can be found

from Figures 2.9 and 2.10. The maximum value can be shown to be about 0.2.

Fig. 2.11 shows the normalized maximum gain-bandwidth product curve on the a-b

7. P. Wolf, "Microwave Properties of Schottky-Barrier Field-Effect
Transistor," IBM J. Res. Develop., Vol. 4, pp. 125-141, March 1970.

-21-
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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. Also if

n and wc are specified one can obtain from this curve the range of wd and

values (device specifications) which yields maximum gain-bandwidth product.

It follows that the maximum gain-bandwidth product is given by

A0 1fdB = 0.8 f max (2.25)

It can be seen that the maximum gain-bandwidth r-oduct of the distributed

amplifier is constrained by the fmax of the device. From equation (2.25) one

can show that the frequency at which the gain of the distributed amplifier

becomes unity cannot exceed 0.7 fmax o  We have also confirmed this by the

computer-aided analysis of several distributed amplifiers. Therefore it is

clear that in MESFET distributed amplifiers the maximum operating frequency is

constrained by the device fmax and not by the fc of the lines.

2.5 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 b and

hence the frequency response. We now present a systematic design approach

which will enable one to examine the possible trade-offs between the design

variables and arrive at a suitable design.

The following relations can be derived from equations (2.17a) and

(2.17b).

-22-

'I



2.0

1.5

1.0 04

t 03

003

0.5t.20

0 0 0.1 0.2 b . .

Figure 2.10. K = ~fst curves

-23-



C5

Nx

00

Ish

-424-



2ab = wd (2.26)

2

a/b- C (2.27)

Equation (2.26) defines the value of the product ab in terms of the

number of devices and the device characteristic frequencies (w and wd).

This equation defines a family of hyperbolas on the a-b plane as shown

in Fig. 2.12. Equation (2.27) defines a family of lines on the a-b plane as

shown in Fig. 2.12. Each line corresponds to a cutoff frequency (fc) and

characteristic resistances (R01 and R02) of the lines because they are related

as follows,

R 1 R 1
01 =ffcgs cds02 =

I 1
1c - 1

The point of intersection of a hyperbola defined by equation (2.26) and a

line defined by equation (2.27) determines an operating point on the a-b

plane. The value of X (fractional bandwidth) and K corresponding to this

operating point can be obtained from Figures 2.9 and 2.10 respectively since

the coordinates (a,b) of the point are known. Then the dc gain (Ao) and

bandwidth (f1dB) can be obtained from the following relations.

f fdB = X fc (2.28)

AO U K X max (2.29)0 fldB
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The frequency response of the amplifier can be obtained from equation

(2.18b). 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 Figures 2.9, 2.10 and 2.12 will

enable one to examine the trade-offs between the design variables. We will

now illustrate the design approach presented above by two examples.

Design Example 1

Let us consider the design of a distributed amplifier using typical

300 on MESFETs which have the following characteristic frequencies.

fg = w /2w = 84.2 GHz

fd = wd/2w = 4.8 GHz

fmax = 77.2 GHz

Let RO, = R02 , Therefore we have Cgs = Cds + 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 Cds. For the MESFET

considered here Cgs = 0.27 pF, Cds = 0.11 pF and Rds = 300 a. Therefore we

obtain the following equations.

f = 1/2wRds(Cds+Cp) = 1.96 GHz (2.30)

n2 '

ab = - g = (5.8x' 3 )n2  (2.31)
Ug

W2 c -21 2
a/b 7 = (6.06x10 )f c  (2.32)

d g

The set of design curves consisting of curves defined by equation (2.31),

the lines defined by (2.32), fractional bandwidth curves (Fig. 2.9) and K =

const curves (Fig. 2.10) are plotted on the a-b plane as shown in Fig. 2.13.
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For an amplifier having R01 = R02 = 500, fc - 23.6 GHz and n = 4 we obtain the

following values for a, b, X, and K from Fig. 2.13.

a = .56

b = .17

X= .7

K = .25

Therefore the bandwidth of the amplifier is

fldB = X fc - 16.52 GHz

and the dc gain is

4 KX fmax
A0 = fdB 3.26 (10.3 dB)

The frequency response of this amplifier predicted by equation (2.18b) and the

response obtained by using the standard microwave circuit analysis program are

shown in Fig. 2.14. They are in good agreement. The image terminations are

realized by using the standard m-derived half section filters at both ends of

the lines (see section 2.7).

A careful study of Fig. 2.13 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 d decrease in cutoff

frequency (and hence an increase in the impedance of the lines) results in an

increase in gain and reduction in bandwidth.

-28-
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Design Example 2

Let us consider a 60 in gate width MESFET having the following

characteristic frequencies

fg - wg/21 = 257.66 GHz

fd " wd/ 2w = 11.46 GHz

f = 136.14 GHz.max

Let R01= R02. Therefore, as in the previous example C = Cds + Cp =C.

For the FET considered here Cgs = 0.07 pF and Rds = 555.55 a. Therefore we

have

d1 = RdsCq= 4.03 GHz (2.33)
dsd

The ref orenml
ab =-n 2 = (3.915 x 0-3 )n2  

(2.34)

2

b c = (9.63 x 10- 22)f 2  (2.35)
a/b = - - fc

The design curves for this device are plotted in Fig. 2.15. For R = R02

50 11, we have fc 89.66 GHz. For n = 5, we get the following values of a, b,

K, and X from the design curves.

a = 0.87

b = 0.1125

K = 0.280

X = 0.47
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Therefore, fdB = Xfc = 42.14 GHz

4 KX f
A0  max

1dB

= 1.7 (4.61 dB).

The frequency response of the amplifier obtained from equation (2.18b) is

compared with the results of computer simulation in Fig. 2.16. The agreement

between the two is good. The image terminations were realized by m-derived

half-section filters as in the previous example.

2.6 Synthesis of Inductors using Microstrip Transmission Lines

Up to now, we have assumed the distributed amplifiers to be constructed

from lumped inductors. In the case of MMIC's, lumped inductors are not gener-

ally possible, although amplifiers using printed inductors have been demon-

strated. 1 Typically, a short piece of microstrip transmission line is used.

Figure 2.17 shows a typical layout for an MMIC distributed amplifier with

short microstrip interconnections being employed as inductors. It is quite

clear that geometric considerations place a lower limit on the length of

inductors.

GATE Uwe
-'MIC9.0SWIP

Figure 2.17. Typical Layout for an MMIC Distributed Amplifier
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Ideally, this synthetic inductor should be frequency independent. If a

microstrip transmission line of length, d, is modelled as a w-section, the Y-

matrix is

Y cothyd 0

[Y] = Y 0 Y (2.36)

sL d YO coth

where Y = 1, Z being the characteristic impedance of the microstrip line,
0 0'0

y = the complex propagation function, and d = line length. In the lossless

case, y = 8, and the circuit can be represented as in Fig. 2.18a.

The series element, -j Y csc Od, represents an inductive susceptance.

If the transmission line is electrically short (i.e. Od << 1), then it can be

easily shown that the equivalent inductance (see Fig. 2.18b) is

Zod

Ls 0 (2.37)
p

where vp is the phase velocity of the line. For d < X/7, the error is less

than 15%.

Next, the shunt element, jYo tan O-must be evaluated. This term is a
0 2

capacitive susceptance when the line is electrically short. For the same

restrictions as we employed previously, the equivalent capacitance (see Fig.

2.18b) is

cs  d (2.38)

It is important to note that this end capacity will not, in general, be

negligible compared to Cgs. The new gate line circuit is shown in Fig.

2.19. The presence of the junction capacitance, Cjg, requires a new

expression for Ag. Also, we will assume the microstrip has a finite

resistance in the metal, and we will attribute RLg, to these metal losses.

-35-
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The shunt, dielectric losses have been neglected as they tend to be

overshadowed by the other losses. Frequency dependence in RLg has also been

neglected.

-i' CSC Pd LS

I --0I

(a) (b)

Figure 2.18. Transmission lire model.

CJ99
Lgcgs

Figure 2.19. Constant-k T-section gate line model when

microstrip inductors are used.
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Equation 2.11 is our general form attenuation equation, and can be

applied here. After some considerable algebraic manipulation,

A= [U C +C)+W3 RC2 (RR + Lg)
[(RLg(Cgs Cjg) + gs (RgRgCg

422. 4 24 2 )2

x {-w L (Cgs + C. g w R C s(RL9 w L R9C g

g gs ,g g jg4 2

42 LR (C + C .)(4 2R gC2s( - W 2  gR g)

gw Lggsgs + jgL 2Lggjg)

+ 442g(Cg + C.g) - 4 R C 4 (R - w2L R C. )

9gs 9 g ig gs Lg g g g
4R2C2  + C.g) -4 34 2 C. -(.39
gw Rg 5Lg(Cg s  -g 4 RgCgs(RLg - 2LgRg jg)(.)

We now define the following terms:

Rg : pR0  (2.40a)

RLg = qRg = pq R0  (2.40b)

g/;q (2.40c)

Wg = 1 (2.40d)
g gs

- 2 (2.40e)
cd ILg(Cg + C.g)

2 (2.40f)

-Lg 2 (2.40g)

a = 2 (2.40h)

1 q c

4w
g
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2 2 2
(2.40i)

2 2 2

WLg 4WLg 2wg

A1g Pq (2.40k)

3 2 ::

Aog : (pq-j-+ 1) (2.401)

gcg -g

Using these definitions it is possible to write Eq. 2.39 as

2
A: Alg + AOgXk

g 2 4 ,8 (2.41)
/x2 G 'c 4 cF 6

k a - -)+k -7 T k 4T4Wg Wg awg t

For typical designs, w < w and w < wLg. It is then quite reasonable to

2neglect all terms of frequency dependence greater than Xk . Comparing Eq. 2.41

to Eqs. 2.14 and 2.15 it can be seen that, for

2I G m'c
1 - (2.42)a a 2

9
I g

the equation (2.41) is nearly identical to the sum of Eqs. 2.14 and 2.15. The

term A1g is "moved" to eq. 2.15, as this part of A acts in a manner identical

to AOd in Eq. 2.15, and has the same frequency dependence.

If we take a similar approach to the drain line, the new drain line

attenuation expression is

A = d + A (2.43)

-38-
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where Aid = (2.43a)

AOd wd (2.43b)

WC

Xk = W/ (2.43c)

WC =L 2 7 (2.44a)
c /L(d s + 'jd)

d 
(2.44b)

=;ds ds

q R Ld (2.44c)

ds

and the new schematic is shown in Fig. 2.20.

RI4/2 Ld/2 L42V Rkd/2

CJ L Ci s Ras

Figure 2.20. Constant-k T-Section Drain Line Model when Microstrip
Inductors are Used.
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Under these circumstances, the coefficients, a and b, defined in

Eqs. 2.17a and 2.17b, must be redefined. Hence

a = Aog/ 2  (2.45a)

b = (Aod + Aid + A1 g)/ 2  (2.45b)

become the design coefficients when series inductor loss and end-capacitance

of the inductor are non-negligible.

If one wishes to reduce the value of the junction capacitor, Cj, a higher

impedance microstrip line is required. This means, for the same inductance, a

narrower and slightly shorter physical line size. For drain inductors, this

would also mean higher current densities. Typically, a current density of

10 A/cm2 is used as the maximum current density which gold can carry before

conductor degradation due to electromigration occurs. It may be necessary to

increase conductor width (and, hence, junction capcity) to satisfy this

constraint.

Effectively, the inductor design has been bound by three parameters:

length, impedance, or width, and current density. If the length constraint is

removed, Eqs. 2.37 and 2.38 are no longer valid and must be replaced by

z°
LS =7 sin( ) (d < X/4) (2.46)

vp2 k d

Cs = = tan(V7) (d < X/4) (2.47)
0 p

which indicate that the series inductance decreases with increasing frequency,

while the shunt capacity increases with increasing frequency. As Cs is

shunted by some device capacity, the effect of a changing Cs is moderated and

the LC product tends to decrease as frequency increases. Thus, the poles in

-40-
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Ag and Ad tend to move upward with frequency. The result is a decrease in the

attenuation when compared to a line constructed from a fixed inductor of the

apparent value at low frequencies (d < A/7).

Design using frequency dependent elements has the obvious disadvantage of

not being easily accessible analytically. The ability to choose microstrip

impedance and length independently of any constraint precludes the possibility

of a general case analysis. Only specific case examples are possible. A

computer searching numerically for an optimum response to specific cases is

the best approach.

2.7 Image Parameter Terminations and Sources

In the course of developing the gain equations, the assumption of image

matching at all ports and between all cells was implicit. But real sources

and real loads are not image sources and image terminations. The importance

of this point is not emphasized in the literature, and requires clarification.

For a lossless T-section constant-k filter, the input impedance is

Z I = Ro0/l-(f /fc
)2 (2.48)

Assuming R0 is the impedance (real) of the system to which this line is

connected, at 80% of fc' r = 0.25; at 90% of fc' r = 0.39. These represent

modest mismatch errors, but transmission loss is not the only criteria to

consider. The termination of the gate line can have a significant effect on

the high frequency response of an amplifier.

Figure 2.21 shows an example of the significance of correctly terminating

the gate line. The line has a 20 GHz cutoff frequency. At 18 GHz, the

voltage available at the gate of the last transistor is nearly 2 dB less with

a real load than with the correct image load. The significance of this is not

-41-
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immediately obvious in light of the -3 dB drop already experienced by this,

the last, transistor in the image terminated line. But the line terminated in

a real load is down 3 dB at 15 GHz, not 18 GHz as is the image matched line.

Thus, the bandwidth has been increased 20% by using the correct (image)

termination.

Generation of image parameter loads and sources from real loads and

sources is relatively simple. It is well known in image parameter filter

theory that the m-derived half-section filter serves as a convenient matching

circuit from real to image loads. In particular, as Fig. 2.22 shows, the

match to a real load is very good up to 90% of fc for m = 0.6. When compared

to a current microwave cascade type of amplifier where bandwidths of 1.5

octaves are very good, this circuit offers a tremendously broadband match.

It should be noted that this matching circuit is necessary in the gate

termiantion only when amplifier -3 dB bandwidth is 0.7 fc or above. Below 0.6

fc, the mismatch error is not sufficient to require any matching networks.

When one considers input/output matching, the rules change very little.

For a typical line (gate or drain), the impedance is quite constant up to

about 0.7 fc" Return loss is often much better than 10 dB with no matching

sections. Above 0.7 fc, return losses decrease to < 10 dB, which suggest the

use of matching networks. The improvement in match with an m-derived half-

section in the gate line is not significant above 0.8 fc due to the large

inductive component of gate input impedance near fc" The drain line has less

inductive reactance near fc' and the match provided by an m-derived 1/2-

section is usually very good up to 0.9 fc" Pmplifiers which operate above

0.8 fc may benefit from judicious use of computer optimization of the matching

network.
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Now we will illustrate by an example the effect of incorrectly

terminating a distributed amplifier and the improvement in the performance

with image terminations.

Consider the amplifier shown in Fig. 2.23.

Rol , Tr. To

.------ - --

9 I I 13,t ,_M

Ci I 2mW 4 lgma

L------------------- ,Cd' z.* ' L -- -----

Figure 2.23. 4-section distributed amplifier.

The networks inside the dashed-line boxes convert the source and load

resistances Rol and R02 into appropriate image impedances. In the example

R01 = R02 = 50 a. Figure 2.24 shows the frequency response of the amplifier

under the following terminal conditions.

1. Resistive termination

2. Image termination synthesized using Smith chart
5

3. m-derived half-section termination designed according m-derived

filter theory

4. Conjugate match at input and output ports obtained mathematically.
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It is evident from Figure 2.24 that image terminations improve the frequency

response of the amplifier particularly near the upper end of the band.

In Figure 2.25 the input and output reflection coefficients of the

amplifier versus frequency are plotted. The improvement in match with image

terminations is clearly seen.

6.0

00 ~ Resistive termickjvn

20 Tn-dek{ted ha4 Sec-foyv trmIntnon~
SCovi1LAte MGlath at inpUt M4ra*UtpUt

1.0

2 4 6 8 10 t2 14 16 16 20 2. 2+r

Figure 2.24. Frequency Response of 4-Section Distributed PAmplifer
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2.8 Conclusion

The analysis of MESFET distributed amplifier has been carried out. The

gate and drain line attenuations caused by the device parasitic resistances

have been found to be the critical factors controlling the frequency response

of the amplifier.

The systematic design approach presented enables one to examine the

trade-offs between the design variables 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 gain and bandwidth. In addition the

constraints which yield maximum gain-bandwidth product have been identified.

The analytically predicted frequency response is in good agreement with the

response predicted by the standard microwave circuit analysis program.

The synthesis of microstrip-line inductors and image sources and

terminations has also been presented.

i-
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III. Distributed Paraphase Amplifier

3.1 Introduction

During this report period we have begun work on wideband phase shifter

design. The phase shifter concept as originally proposed (Sec. 3.2) requires

a wideband paraphase amplifier. Our initial attempts at designing a paraphase

distributed amplifier consisting of a distributed common gate amplifier and a

distributed common source amplifier each fed from a common input line show

some promise.

This report shows the results of a computer simulation as well as the

equations of unbalance, phase deviation, and reflection coefficient. The

results show a 1 dB bandwidth from 5 to 20 GHz with a gain unbalance of less

than 1 dB and a phase deviation of less than 100 from the desired 1800. The

reader is referred to Appendix D for algebraic details used in particular

derivations.

3.2 Phase Shifter Principle

The concept on which the active phase-shifter using a gain-controlled

paraphase amplifier works is presented schematically in Fig. 3.1.

The 3600 phase shifter is achieved by summing 4 vectors A/O°, B/90 ° ,

C/1800 , D/2700 with predetermined amplitude. These 4 quadrature vectors were

realized by one 90° hybrid and two gain-controlled distributed paraphase

amplifiers. Then by using an in-phase four-way power combiner (active or

passive), the four controlled vectors are combined to yield 3600 of continuous

phase shift.

3.3 Distributed Paraphase Amplifier Design Consideration

The wideband distributed paraphase amplifier is based on the concept of
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the distributed amplifier. it consists of two distributed FET amplifiers, one

is a distributed commnon-source amplifier. The other is a distributed common-
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gate amplifier. These two amplifiers share a common input transmission line

(shown in Fig. 3.2). If the phase velocities of the signals on the three

transmission lines are identical the output signals on the two drain lines

will add respectively and will have 180' of phase shift resulting from the two

different amplifier configurations.

The first step in designing a paraphase amplifier is to determine the

parameters of the transmission lines, that is L's, which are section of

microstrip line short with respect to the wavelength, and C's, which include

the parasitic capacitances of the transistors. In addition, the main design

goal is to get good balance and accurate 1800 difference for the two output

signals.

According to the fundamentals of circuit theory the following equations

of input and output admittance of an FET are derived.

(a) Input admmittance

for common-gate amplifier

2 2 1=. RwmC2 + g + i~ 1- + 31
Yig g g + (1 - AV) + jL[Cg + Cd(l AV)] (3.1)

gig =RgW2 C 2+ g ( V (3.2)

C Rig = Cg + Cd - A V) (3.3)

where R - Gate-to-source resistance
g

C - Gate-to-source capacitance

Rd - Drain-to-source resistance

Cd - P 'in-to-source capacitance

gm . Device transconductance
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Fig. 3.2. (a) Schematic of a distributed paraphase amplifier.
(b) Equivalent circuit of a distributed paraphase amplifier.
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w 2irf f - Operating frequency

AV- Amplifier D.C. voltage gain

AvT g (3.4)
D L

where Y L -terminal admittance of drain line

i /R d

For common-source amplifier

Y RgW 2C 2 + j CC + Cdg(I + AV)3 (3.5)

=R w2C22 (3.6)

C.i C + Cd(1 A AV) (3.7)

(b) Output admittance

For common-gate amplifier

YO (1 -. )+ jW[Cd + Cd~ (3.8)
V V

=o (1 T) (3.9)

C Og C Cdg + C d(l -4;)(3.10)
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For common-source amplifier

YOs 1 + JW[C + C 1dg "- )  (3.11)

d V

gos (3.12)
d

C C + C 1(l +-L )  (3.13)
Os d dg A

(c) Transmission Line Characteristic Impedance

We initially determine the characteristic impedance of the input line

from R0  but since C is now larger than it is in a single common source

amplifier and the practical values of L are restricted, we choose the value of

R to be 20 Q for the input line of the paraphase amplifier.

For the drain line we may use a higher impedance in order not to

sacrifice gain. We also use an in-phase combiner whose load and generator

resistances are not equal. 1 This combiner performs impedance matching as well

as combining.

3.4 Computer simulation of distributed paraphase amplifier

Figure 3.3, 3.4 are the voltage gain (S2 1), output unbalance and phase

difference of the distributed paraphase amplifier by computer simulation using

the HP OPNODE circuit design program. Fig. 3.3 is obtained using

typical 150 um FETs. In this case the 20 s characteristic impedance

1. J. J. Taub and G. P. Kurpis, "A more general N-way hybrid power divider,"
IEEE Trans. on MTT, MTT-17, No. 7, July 1969, pp. 406-408.
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Fig. 3.4. Voltage gain, output unbalance and phase difference of the
distributed paraphase amplifier using 60 is FETs.
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input line is used, and hence an impedance transformer2 is inserted between

preamplifier and paraphase amplifier. Fig. 3.3 also shows that a preamplifier

with a 20 0 drain line is used to eliminate the transformer and obtain wide

bandwith.

Fig. 3.4 is for a 60 Pm FET. It has low input capacitance and no

impedance transformer is needed.

3.5 Analysis

The unbalance, AA, and phase deviation, 68, of the paraphase amplifier

are expressed as follows (Appendix D)

n Ad Ad

1 + 1/gmR cosh (f -- ) n-T_
AA (db) 20 log m d + 20 log - d + 10 log(e v) (3.14)12+ ZDir/2Rd cosh(2AT)

6= arctan WC d arctan - 2 (3.15)

d d Dir

Figure 3.5 shows the comparison between results from eqs. (3.14), (3.15)

and results from computer simulation for a 60 in FET.

2. G. L. Matthaei, "Tables of Chebyshev impedance transforming networks of
low-pass filter form," Proc. of the IEEE, Aug. 1964, pp. 939-963.
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The reflection coefficient of distributed paraphase amplifier is obtained

as follows

(R1 - R2 )coth(nA) + Z0 - RIR 2/Z0
(R1 + R2 )coth(nA) + Z0 + R1R2/I0

where RI - the terminal resistance of input line

R2 - the equivalent generator resistance

z=FE' (3.17)- 1 + (,__)

g

A = 1 -2 (, _2 + 2 /2 (3.18)

Wg = gi/CB

T g
z+g.

gi = gis + gig

Figure 3.6 shows the reflection coefficients from both the calculation

using eq. (3.16) and computer simulation.

Because the common gate amplifier heavily loads the input transmission

line its characteristic impedance deviates considerably from 7 , especially

at low frequencies. As a result we have also considered use of a

distortionless line for the input line. For such a case we add resistance in

series with L such that R/L G/C. (See Fig. 3.7).
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Figure 3.6. The effects of the terminal resistance on the reflection
coefficient of paraphase amplifier.
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R di 12. ~ L/2

Figure 3.7. A section of distortionless input line.
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The characteristic impedance of input line will now be

Z0 : + jW (3.21)

If the terminal resistance of input line is equal to v'T7the reflection

coefficient of input line will be less than .1 (see Figure 3.8). Good

matching is obtained, and the gain response is flattened whereas the output

unbalance and phase deviation are the same as that without Rad, However, the

gain of paraphase amplifier is about 2 dB less than that without Rad.

If we still use the LC transmission line and increase the terminal

resistance of the input line (let it be larger than V[7 , for example, two or

three times), the flattened reflection coefficient response and flattened gain

response will be obtained. In addition the gain of the paraphase amplifier is

higher than that when the terminal resistance is equal to v[7 (see Figure

3.9), whereas the output unbalance and phase deviation are the same as that

with a terminal resistance equal to /[7.

3.6. Design curves for the distributed paraphase amplifier

The design procedure given in section 2.5 can be extended for the

distributed paraphase amplifier as follows.

The voltage gain of the common-source amplifier in the distributed

paraphase amplifier is given by (Eq. 2.5)

As gm(R 0 1R0 2)I/
2sinh[j (AAd)] (Ad+Ag) (3.22)

2[1 + (-E- )211/2[1 - (..)2 ]I/ 2sinh[ (Ag-Ad)]Wg c g

However, for this case
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Figure 3.8. Voltage gain, output unbalance and phase difference of the

distributed paraphase amplifier using the distortionless
input line.
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Figure 3.9. The effects of the terminal resistance.
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1- (-) !

and

Ad c (3.23b)
77A)

From Eqs. 2.13 and 2.17a,b respectively

x k = W/c (3.24a)

c

Using the above the D.C. gain of the common-source amplifier in the

distributed paraphase amplifier can be shown to be

sA g (R R 1 2 e-b (3.25)
2 m

Then the normalized gain equation for the amplifier is obtained as follows

ba2  b+aX2

sinh
A s1 e b 1-x k/-X

A N 7 77 2 1/2 +2a 21/ n" ba 2

so (1_X k) [I + . X k) Jsinh( b-Xk

n :47, -- (3.26)
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The fractional bandwidth, X = fdb/fc, can be determined as a function of

a and b and plotted on the a-b plane as shown in Fig. 3.10.

In addition, the following relations can be derived from equations (3.24b

and 3.24c).

2
ab nwdab =-

g

and 2 (3.27)

a/b c
w

If we define

P =wd (3.28)

w!i g

and

M c (3.29)

9
i n2

then ab = -P (3.30)4

a/b = (3.31)

Equations (3.30) and (3.31) can be plotted on the a-b plane for a

specified P as shown in Fig. 3.11. The family of curves shown consititute the

design curves for the distributed paraphase amplifier.
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Fig. 3.10. Constant-fractional bandwidth curves of the distributed

paraphase amplifier.
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Further, the parameters P and M can be written as

I

P wd Rds Cds
i

1 gs

1

ds ds / d ds
1 

g

1 R02 Ri (3.32)
R 1 R1ds

2

C = s

rw
R. 

(3.33)

R01

Equations (3.32) and (3.33) reveal that P is the product of the ratio

R0 2 /R0 1 and Ri/Rds. When R01 R02' we have

1 R. (3.34)
ds

*For a paraphase amplifier we have w 2 since the two transistors
c 2

V' g gs

are connected in parallel on the input transmission line.
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Then the parameter P is dependent only on the ratio of the transistor input

and output resistances. The quantity M is the ratio of the gate-source

resistance of the transistor and the characteristic resistance of the input

line.

One can obtain a set of design curves corresponding to different values

of P, which are useful for designing with various MESFETs.

Design Example

Let us consider the design of a distributed paraphase amplifier using

typical 60 pm gate width MESFETs having

R. = 8.7 0

R ds = 556

Cgs = .071 pF

Let R01 = 50 i and R02 = 200 s. Therefore we have

1 R02 Ri02 T Rs -s .03

and M .174

We obtain the following values from the design curves in Fig. 3.11.

i N=4

N = .82

c

Since

-70-



|1

c= 2w C--I = 44.2 GHz
gs 01

the 1 db bandwidth of the paraphase amplifier will be

f1db = Xfc = 36.2 GHz.

The frequency response of the distributed paraphase amplifier shown in Fig.

3.12 is obtained by a general-purpose circuit simulation program - "SPICE".

It shows that the 1 db bandwidth is 38.5 GHz. The agreement between the

bandwidth predicted by the design curves and the computer simulation is

satisfactory.
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I: VDB(18)
2: VDB(17)

FREQ VDB(18)

(12) -. OOOE+00 O. OOOE+O0 5.O60E+O0 I.OOOE+O1

2.OOOE+09 5.496E+00 1 2
3. OOOE+09 5.686E+00 1 2
4.(,XE+09 5.879E+00 1 2
5. OOOE+O9 6.072E+00 1 2
6. OOOE+09 6.255E+O0 1 2
7.O00E+09 6.422Ee00 . 2
8.O0+09 6.568E+00 1 2
9.O00)E+09 6.694E+00 1 2
I.O(OE+1O 6.801E+00 1 2
1,IOOE+1O 6.89OE+00 1 2
I.0OQE+1O 6.9621+00 I 2

1.30E+1O 7.018E+00 1 2
1.40OE+10 7.057E+00 1 2
1,500E+1O 7.082E+00 I 2
1,600E+1O 7.091E+00 I 2

1.700E+1O 7.086E+00 1 2
1.8O0E+1O 7.069E+00 I 2

1.900E+10 7.044E+00 1 2
2.OOE+10 7.014E+00 1 2
2.100E+1O 6.982E+00 12

2.200E+10 6.954E+O0 1 2

2.300E+10 6.933E+00 12
2,40E+10 6.919E+00 .. 2
2.500E+10 6.913E+00 1 2
2.600E+10 6.9t9E+O0 12
2.700E+10 6,.902E+00 12
2.800E+10 A.883E+0. 12
2.900E+10 6.845E+00 12
3.C"+10 6.786E+00 x
3.10OE+1O 6.715E+00 X
3.2 CKE+1O 6.650E+( x
3.300E+10 6.618E+00 X
3.400E+10 6.48E+0O 21
3.00E+10 6,752E+00 2 1
3.600E+10 6.889E+00-21
3.700E+10 6.rIIE+O.. 21
3.800E+10 6..7E+00 2 I
3.900E+10 5.760E+00 2 1
4.OOOE+1O 4.871E+00 2 1.
4.IOOE+1O 4.569E+00 2 1
4.20E+10 5.219E+00 2 ,
4.300E+10 5.7 -E+ * 21
4.400E+1O 3.338E+00 2 I
4.500E+10 -8.167E-1 I. 2.

Fig. 3.12. Frequency response of the four section distributed paraphase
amplifier using typical 60 un MESFETs (R = 50 a, R02= 200 Q).

0. VDB(18) - voltage gain of common-source amplifier in db.

2. VDB(17) - voltage gain of common-gate amplifier in db.
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3.7. Conclusion

A wide bandwidth distributed paraphase amplifier using FET's has been

designed. The extra broadband gain (about 3 dB to 4 dB) with good flatness

was shown by computer simulation. The output unbalance AA is less than 1 dB

and phase deviation 6 is less than 100 from 2 to 20 GHz.

The equations of unbalance, phase deviation and reflection coefficient

were derived. A set of design curves have been presented which enable one to

determine the number of devices required and the achievable bandwidth using a

preselected MESFET. The good agreement between the predicted performance and

computer simulation has been shown.
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IV. Summary, Conclusion and Present Efforts

The MESFET distributed amplifier has been analyzed and a systematic

approach to its design has been presented. The analysis has revealed that the

attenuation on gate and drain lines caused by the device input and output

resistances respectively, are the critical factors which control the frequency

response of the amplifier.

The normalized frequency response of the amplifier is a function of a and

b parameters which are related to gate and drain line attenuations respec-

tively. The normalized responses can be characterized by their fractional

bandwidth defined as x = f1 dBc/f There is a range of a and b values which

give the same fractional bandwidth. Constant-fractional bandwidth curves can

be plotted on the a-b plane. These curves are independent of the device

chosen, however, choice of the device restricts one to operation within a

certain well defined region of the ab plane.

The equation ab = constant defines a set of hyperbolas on the a-b plane

and is dependent on the device characteristic frequencies (Wg and wd) and the

number of devices. Similarly the equations a/b = constant defines a set of

lines on the a-b plane and is dependent on the device characteristic

frequencies and the cut-off frequency (hence impedance) of the lines.

One can also plot a set of curves defined by K = (ab) /2e'b on the a-b

plane. The superposition of the above mentioned curves enables one to examine

the trade-offs between the design variables 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 gain and bandwidth.

The gain-bandwidth product of the amplifier is given by

AOfldB ' KX fmax
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where K and X are functions of a and b. The maximum value of gain-bandwidth

product is 0.8 fmax" By an appropriate choice of a and b parameters one can

design a distributed amplifier having the maximum gain-bandwidth product. The

maximum frequency of operation of the amplifier is constrained by the device

fmax,

The report has also dealt with the analysis and design of MESFET

distributed paraphase amplifier which is an important component of the 0-3600

continuously variable broadband phase shifter. Equations for gain unbalance

and phase deviation in distriubted paraphase amplifier have been derived. A

set of design curves has also been presented. A distributed paraphase

amplifier having a gain unbalance of less than 1 dB and phase deviation of

less than 100 from 2 to 20 GHz has been designed using the standard microwave

circuit analysis program.

Present work focusses on refinement of distributed amplifier design

procedures as constrained by practical fabrication limitations, and to the

analysis and design of a broadband continuously variable 0-3600 phase shifter.
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APPENDIX A

Equation for gate-to-source voltage

Consider the gate line of FET distributed amplifier shown in Fig. 1.

l g L9 L912Ll L9/2- Lk L9/2

Rtb~eLn

c
I  ' cgs

$

C3J 
err nckftcn

Fig. 1. Gate Line

The gate line in Fig. 1 can also be viewed as a cascade connection of

constant-k n-sections as shown in Fig. 2.

L L-9/2 (D L-9 L91. L/2. L 9/2- L9/.-

2 1:2, i 2
VL V! L, rv, ~-L,,

j I Itermr;rkitk-

Fig. 2. Gate line as cascaded constant-k m-sections.

The current Ik at the kth transistor gate terminal can be expressed in

terms of the current at the input terminal of the amplifier as

(2k-i) e
Ik -[O /2 + (k-1)e ] - ("T7 - e 9 e )
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VGk = voltage at the gate terminal of kth FET
=FET

=k ZGn (2)

where ZGn = -section image impedance of the gate line - L /C

Therefore VGk 1 k (3)

We also have

V.
I 1 (4)

GT

where ZGT= T-section image impedance of the gate line - L g/C [1-(W/Wc) 2]

Vi

Therefore I. = (5)L [ g (W)12]

[l - ow! -C]

From (1), (3), and (5) we get

(2k-l) e

Vie

VGk [1 (
Vk:[I - (W )2]

c
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APPENDIX B

Equations for Phase Shift on Gate and Drain Lines

For a constant-k line, the propagation function is given by
4

cosh (e) 1 +.r12 (1)

2

where 6 (= A + j.) is the propagation function, A and are the attenuation

and phase shift per section of constant-k line and Z1 and Z2 are the

impedances in the series and shunt arms of a section of constant-k line as

shown in Fig. 1 Z,/2.z,

X1z2-

Fig.l. A section of constant-k line

Equation (1) can be written as

zi
cosh(e) = cosh(A+j,) = coshA cos€ + j sinhA sin, = I + -2-r (2)

2

For A < 0.4, coshA - 1.

Therefore we have from equation (2)

coso = Re [1 + (T2 ]  (3)

2
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When equation (3) is evaluated for the gate and drain line T-sections shown in

Fig. 2(a) and 2(b) we get

2
o/g (4)

1+(W/w

and td cos l [1-2w /Wc (5)

(a) A section of gate line (b) A section of drain line

Fig. 2. Gate and drain line T-sections.

For typical designs w < . It can be shown from equations (4) and (5) thatc g

for frequencies less than 1.7 wc g Od"
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APPENDIX C

Image impedances of gate and drain lines

Consider the T and w-sections of constant-k lines as shown in Fig. 1(a)

and 1(b) respectively.

ZZ "2. 2z,

(a) (b)
T-section 7T-secti on

Fig. 1. T and w-sections of constant-k lines.

The image impedances (ZIT and Z I) of the networks in Fig. 1(a) and Fig. 1(b)

are given by 4

ZIT I + (1)

/ 2

z = , : -' " / + 1 (2)
2
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For the gate and drain line T-section shown in Fig. 2(a) and 2(b) one can

easily derive the image impedances given below from equation (1).

G E [- () +j -- 1/2 (3)
C g

Z [ 1 )2 1+ 
j  ]/2 (4)

ID d d 2 d w
+ (-;- ) + (d)

L9/2 L9/l2 Wa/2- Ld/2--Y IU- JYN.
p4

(a) (b)
Gate Line T-Section Drain Line T-Section

Fig. 2. Gate and drain line T-sections.

2
When (w/wg) is negligibly small in comparison to (1 -m.) in equation (3) we

have c

ZIG [( 5 2)

For typical designs w c <w w and equation (5) has been found to be valid for

w < 0.7 wc" When w >> wd in equation (4) we have

ZD d - (6)

ic
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APPENDIX D

1. Equations for gain unbalance and phase deviation

(1) Derivation of gain of distributed common-gate amplifier

• Fig. 1. Equivalent circuit of common-gate amplifier.

By summing current at node D (shown in Fig. 1) we obtain

I 2

gmVs + (V2-VI) (ld + J~) + V2  = 0 (1)

1OW
Vhr t! =0-

ggg

• i=

Vin e g/

1 - (w)

F - the propagation function on the input line

g

ZDm - the image impedance of the drain line
-82- +
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2 1 1 gm2
V2 (D + 1 + = + 

j( AC d 
+ m (2)

D(7 d ) V d d +.~~)

V(L1 + gm -+ j

1 d )
d

1 +V (V2 -2 1

ZD7- + d + J WCd

1 gm +j4
d  + +2 j)C d

++

Vin ZDir/ (3)

V2 2 ZDD 1 - () 2 + + j
C R d Dw

gm
+ j Cd

1 -i7
V 2  V i Rd + / " + (E - )

2 n 7d9 (4)
12 "Z. 1 -(_t_) 2 ZD.9

D 1 + Dr + j XCdZD

Then the current derivered to the load is given by

gm

( I I 2 .n (A +Ag
V. l~d + 1+ (/7 )2 + d sinh[n (A'-A )]e (5)

1= in d,. __d __ __ (5)

o2 Z

C 2 + Dir + jWC dZD sinh[ (Ad" g)]

Therefore the power gain of the common-gate amplifier is

-83-
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1 gm 2

d 1+ ('A-) 2
G RI+ 2 sinh2[. (A -A,)]e-n g

Gg = 01R02 9.

I - (2.-) 2 (2 +~ D)2 sinh2[ (A'-Ag)

Wc(2 + D-) 2in d2 g

d

1 + ( -

RR2 (1 + , in )[-n(Ak 1+A9)01 02mm 9 m R d sinh2 (A-A)]e

4[1 - 2]1 + (2-) 2] D 2 sinh2 [ (A1-Ag)]

c g I 2R d

(6)

(2) Comparison with the power gain of common-source amplifier
2-nh f(Ad+ Ag )

R1 R0 2 g2 sinh2[h (Ad-Ag)]e

4[l - (w) 2 ill + (!) 2] sinh2 [1 (Ad-A)]

c g 21 d g

According to equation 2.13 the drain line attenuation is given by

Wd / sc
~d=

g0R02  (8)

where go - the output conductance of the transistor

R02 - the characteristic impedance of the drain line
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The attenuations on the drain line for the common-gate and common-source

amplifiers are not the same since the output conductances are not the same.

For the common-source amplifier

gos= (9)

For the common-gate amplifier

gog ' d

= gos(1 -0 --) (10)
V

where Rd - drain-to-source resistance

AV - D.C. voltage gain of the amplifer

The attenuation on the drain line of common-gate amplifier is

g0 R
A = g0R02

gosR 02  (

V  -k

= Ad(1 - A(1)

V

where Ad is the attenuation on the drain line of common-source amplifier.
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The unbalance AA is obtained as follows

G

AA(dB) 10 log ?I
s

1 + / ( _)2 /(gmRd)

=20 log 9

1 + Dir

Td

n I.) - A sinh[ n Ad

sinh (AdAg)

+ 20 log V+ 10 log(e V1 Ag}sinJ

sinh{-I [Ad(l - -v) - A A g1 sinh

(12)

Ad  A
when - << 1, sinh d 0. Under this condition we can derive the

v v

following equation for AA from equation (12)

n Ad Ad
+ cosh(a -r)  n -r

AA (db) 20 log - m d + 20 log Ad + 10 log(e V (13)

1 + cosh( -. )
2R d 2 v
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where -/ - (1c)

The phase deviation 65 is obtained as follows

60 = arctan 1 - arctan 'd 2 (14)
+ gm d D

d W7d =-

2. Equations for characteristic impedance

(1) A T-section network, shown in Fig. 2, has ABCD matrix as follows.

A  B2

=12 11z -2 z (15)

C DI Z 22 1

mA

°I -z Z2 42

Z12 .

=0

Fig. 2. A T-section network.
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(2) In our case the T-section is represented by;

Fig. 3. A section of input line

11 Z12 = jwL/2

Z = 1/(G+j wC)
12

z 1 jwL/2 + 1/(G+j ] )

So z = - ; -Z-
0 /ll1 22  12

wL/2 + 1/(G+jwC)]2  G 1

= 1-() G+jwC

C

-88-
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WC

/F W9(16)

where (hc W G

(2) For a distortionless T-section as follows

Fig. 4. A section of distortionless line

z Rd! 2 + jwL/2 + 1/(G+jwC)

z 1 1/(G+jwC)

R ad =GL/C

+ 12 1 2
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Rad +R a2 + 2 jwL/2

ad + L4
2 2+ ) 2 + W)

+ 
(17)

C

-- 20
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