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short Papers ——

Low-Noise Design of Microwave Transistor Amplifiers

R. S. TUCKER, STUDENT MEMBER, IEEE

Abstract—Parameters are derived for circles of constant overall

noise figure on the source admittance plane of a preamplifier cas-

caded with a noisy main amplifier. It is shown that the noise figure

and noise measure of an qmplifier can be expressed in terms of the

scattering parameters of a lossless two-port network connected at

the input of the amplifier. Examples are given which demonstrate

how this network can be synthesized to meet amplifier noise specifi-

cations.

1. INTRODUCTION

The theory of noise in linear two-port networks has been developed

extensively in recent decades. It is known, for example, that the

noise figure [1] and noise measure [2] of a two-port network can

be rnintilzed by appropriate selection of the source addttance and

that loci of constant noise figure and constant noise measure are

circles on the source admittance plane. Graphical constructions of

this type are useful in the design of coupling networks for low-noise

microwave transistor amplifiers [3] where the source admittance

must be carefully controlled for optimum noise performance. The

overall noise performance of a preamplifier cascaded with a noisy

main amplifier has been investigated by Baechtold and Strutt [4]

who have found the optimum source admittance for the preamph-

fier. Hartmann and Strutt [5] have presented general formulas for

noise parameters of two-ports under a number of network trans-

formations.

This short paper analyzes the amplifier considered by Baechtold

and Strutt [41 and presents loci of constant overall noise figure on

the source admittance plane. Furthermore, it is shown that a loss-

less two-port coupling network, connected at the input of an ampli-

fier, can be designed to meet specifications on amplifier noise figure

or noise meas~e by relating the qoise figure of the amplifier to the

transducer power gain of the network. Consequently, the graphical

construction of noise figure or noise measure loci may be avoided.

II. THEORY

The amplifier conside~ ed here is shown in Fig. 1. A preamplifier

is driven from the source admittance Y, which is provided by the

lossless two-port coupling network N. The preamplifier has noise

figure F and available gain G. and is cascaded with a main amplifier

of noise figure F’.

Constant Noise Figure Loci

The overall noise figure of the amplifier in Fig. 1 is

F,=F+: (1)
a

where E = F’ — 1 is the excess noise figure of the main amplifier.

The noise figure of the preamplifier is given by [1]

B’ = F~in + ~ [(G. – G.f)z + (B. – Bof)z] (2)
.
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Fig. 1. The amplifier,

where F~ in is the minimum noise figure of the preamplifier, R,f is a

parameter, and Y.f = G.f + jB.f is the source admittance which

produces F~in. Similarly [2], the available gain of the preamplifier

is given by

11 —— + $ [(G, – G.o)i + (B. – -5’.. )21
K = G..e= ,

(3)

where G~m,. is the maximum available gain, R.~ is a oarameter, and

Yo, = G.g + jB.g is the source admittance which produces Ga~ .x.

Loci of constant noise figure can be obtained by substituting (2)

and (3) in (1) and rearranging. Hence

(G, – G.=) 2 + (B. – B.n) 2 = &P2 (4)

where

E
2GofR,f + 2G&ER,g + Ft — Fzn,. — ~

Jam..

G.p = —

2 (R.f + ER.,)
(5)

(6)

and

1
1/2

— 4RefRegE { (G.t – Gog)2 + (B.f – B,,) ‘ } . (7)

In practice, E can be assumed independent of Y, if the preamplifier

is unilateral or if the main amplifier is adjusted for a fixed E by

appropriate choice of a lossless coupling network connected between
the preamplifier and main amplifier. Under these asswptions, (4)

describes circles of constant overall noise figure on the source admit-

tance plane with centers at YOP = Gol + jll.P and radii GEp as shown

in Fig. 2. As an illustration, in Fig. 3 circles are plotted on the Smith

chart [2] for an 1 l-dB overall amplifier noise figure. The preamp~fier

uses an AT-561 transistor [6] with a collector current of 3 mA, a

collector to emitter voltage of 10 V, and a frequency of 6 GHz. The

circles are drawn with F’ as a parameter, varying from 11 to 13.3 dB:

For F’ greater than 13.3 dB, an overall noise figure of 11 dB cannot

be obtained.

In addition to describing the noise performance of a preamplifier

cascaded with a noisy main amplifier, the foregoing results can be

used to find the noise measure of a single amplifier stage. If the main

amplifier of Fig. 1 comprises a large number of stages, each identical

to the preamplifier, then the overall noise figure of the am@ier is
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Fig. 2. Locus of constant overall noise figure on the source admittance
plane.
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Fig. 3. Loci of constant overall noise figure on the Smith chart as a
function of maiu amplifier noise figure. The preamplifier uses an AT-561
transistor and the chart is normalized to 20 mmho.

F–1
F,=l+———————

1 –l/G.

=l+M (8)

where M is the noise measure of each stage, For a large number of

stages, the noise figure of the main amplifier is also equal to Ft. Thus

E=M. (9) + R.d7Reg(Bog – B.f) ‘]’/2 (1’
and

)

)

Substituting (8) and (9) in (5) and (6), one obtains the centers of

circles of constant noise measure as found by Fukui [2]. The radii

of these circlesl are obtained from (8) and (9) in (7).

Input Network Design

As was mentioned in the introduction, loci of constant noise fi~re

and noise measure find application in the design of amplifier coupling

networks. In the narrow-band case, a few noise figure loci on the

source admittance plane are usually adequate to enable an appro-

priate design to be’ selected. With broad-band amplifiers, however,

noise calculations are necessary at more than one frequency and a

large number of circles may be required. The resulting design pro-

cedure can be quite cumber~ome and tedious. An alternative ap-

proach is to directly synthesize the networks from noise figure

specifications.

As the first step in a method of coupling network synthesis (4) is

written in the form

FI = F,. + ‘“ :ER’” [(G, – Go)’ + (Bs – ~.)’l (lo)
,

wherp

1 There are errors in Fukni’s formula [2] for this parameter.

Bo = Bov (13)

The minimum overall noise figure of the amplifier is l’~m and is

obtained when Y, = GO + jBo, the optimum preamplifier source

admittance. The minimum noise measure of a single-stage arnplifierl

Minim is obtained from (11) With Fi~ = 1 + Mmin and E = Minim

M~im = [Mz + (M2 – M~M~) ‘/’]/Ml (14)

where \

(
M,= l–~

)
+ 2RegG0g (F~i. – 1 ––2R.fG.f)

amS=

+ 2R.gR.f ( I Y.g 12+ I YOf 1~– 2BO@BOf) (15)

and Ml and Ma are as defined in [2].

The source atilttance for minimum noise measure Ym = G.m +

jB.~ [2] can be obtained by substituting E = M~in in (12) and (13).

In Fig. 4, a lossleas two-port input coupling network N with

scattering matrix S is connected between the source conduct ante

Gin and the admittance YO* = Go – jBo where the asterisk repre-

sents the complex conjugate and S is normalized to Gin at the input

port and to Y.* at the output port. Generally YO* is different from

the input @mittance of the preamplifier, but the connection of

Fig. 4 enables the overall noise figure of the amplifier of Fig. 1 to



SHORT PAPERS 699

“@--...D”
I
+~

Fig. 4. Lossless coupling network,

be related to scattering parameters of N. This relationship is ob-

tained by writing the inverse of the transducer power gain of Nin

the form

1
.1++

]S,,(jo)]’ s o
[(G.–G.)’+ (Bs– BJ21 (16)

where

Iszl(jo) l’+ Isu(jo) 1’ = 1 (17)

and by substituting (16) in (10)

I S*,( ;(!))]’ =
4Go(Rj +E&)

(18)

(F, –F,J +4Go(Re~+Z7R..)”

The corresponding normalizing admittance at the output port of N

is given by (12) and (13). Forasingle-stage amplifier E = Ois sub-

stituted into (18) to obtain

(19)

where a = GoR.f is the invariant noise parameter defined by Lange

[7].

Substituting (8) and (9) in (18) and putting F~~ = 1 + Mrni.,

one obtains the transducer power gain as a function of the noise

measure M

4Gom (Ref + MR..)
/.% ( j~) /’ = (M _ M~in) + 4G.pn (R,f i- MR.,) “ (20)

The correspondhg norrnahzigg atilttance Y.P~* = G~P~ – jB~=~ is

obtained by substituting (8) and (9) in (12) and (13). It should be

noted that Y.flfi is a function of M and is different from Y.~ except

when M = M~in. In the following section, however, it will be seen

that in a practical low-noise design problem where M N Mrnim at all

frequencies in the amplifier passband, Y.P~ and Y.~ are nearly

identical.

III. DESIGN EXAMPLES

The two examples below use a GaAs Schottky-barrier-gate field-

effect transistor which was described recently [3]. The design method

is simpler and gives greater insight into the broad-band low-noise

design problem than the alternative graphical technique which

requires the construction of noise figur,e or noise measure loci.

First, consider an amplifier comprising identical cascaded stages

with each stage designed on a near-minimum noise measure basis.

It is assumed that the output of each transistor is coupled to the

following transistor by a loeeless two-port network and that transis-

tors are the only source of amplifier noise. Using (20), a specification

of M = M~ir. for each stage of the amplifier gives I s21 Iz = 1 across

the amplifier paeeband. Thk requirement of perfect match between

the network N and the admittance Y.P_* cannot be met, in general,

due to the gain-bandwidth limitations imposed by Y.W* [9]. In

order to achieve a realistic gain–bandwidth requirement of N, a

0.5-dB maximum increase from optimum overall amplifier noise

figure is specified for the present problem.

If the number of amplifier stages is large, then from (8) the maxi-

mum allowable noise measure for each stage is

M = 1.122Mtni. + 0.122. (21)

Using (21) and (17) in (20), the input coupling network reflection

coefficient magnitude I SIl I has been computed as a function of fre-

quency from 8 to 12 GHz. The corresponding 10I:US of Yo,~* is

ahnost identical with Y.~* which is given in [3]. In Fig. 5, I su 1,

normalized to Gin} and the equivalent VSWR is plotted against

frequency. If the input network for each stage of the amplifier is

designed with reflection coefficient less than or equa 1 to I s,, 1, then

the specification on noise performance will be met. A convenient

network in this case would be of the Chebyshev impedance-matching

type with a maximum VSWR of 1.6 and designed to match into

Y.P~* across the amplifier paseband [3].

In the second example, a single-stage amplifier is designed with

an objective of amplifier noise figure equal to the minimum noiee

figure of the transistor at 12 GHz. The amplifier noise figure and the

amplifier gain are both to be constant across the pmsband of 8-12

GHz. With F = 4.5 dB in (19), I s,, 1’ has been computed and is

plotted against frequency in Fig. 6. The normalizing admittance for

the input coupling network is Y~~* wlich can be obtained from the

plot of Y.j in [3]. To allow for gate bonding wire inductance, the

series reactance of a O.15-nH inductance is added to Z.f* = 1/Y.f *.

This combination is modeled with an equivalent circuit consisting

of the series connection of a 20-Q resistor and an open-circuited

length of transmission line of characteristic impedance 6.21 Q and

electrical length of 0.063 x at 10 GHz.

The transducer power gain of the input network is approximated

by a polynomial expression [8] which is prescribed to have a slope

of 3 dB/octave over the range 6–12 GHz, rising to > value of O dB

at 12 GHz. The approximated gain function is plotted in Fig. 6.

The input network has been synthesized in distributed form using

this function and, subject to gain–bandwidth limitations [9], is

terminated with the equivalent circuit described il the previous

paragraph. Thk equivalent circuit is omitted in the final amplifier

realization. The complete amplifier is shown in Fig. ~’. In Fig. 8 the

transistor minimum noise figure F~i. and the computed amplifier

I +14
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Fig. 5. Input coupling network reflection coefficient
near-minimum noise measure desism
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Hig. 6. Input coupling network transducer power gaim for siugle-stage
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Fig. 7. Circuit of single-stage amplifier. Transmission lines are speci-
fied by characteristic impedance and electrical length at 10 GHz.
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Fig. 8. Minimum noise fignre of the transistor and noise figure of the
single-stage amplifier.
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Fig. 9. Gain and output TSWR of single-stage amplifier.

noise figure are plotted against frequency. The amplifier noise

figure is close to 4.5 dB across the passband as expected. It is worth

noting that the approximated function of Fig. 6 represents a good

impedance match between the input coupling network and Yof * at

12 GHz, but at other frequencies the function falls off in magnitude

and the match is degraded. The gain–bandwidth limitations asso-

ciated with the function are therefore considerably less severe than

for a Chebyehev function which approximates a good match across

the entire passbrmd. This property of the approximated function

permits a lower amplifier noise fignre at 12 GHz than is generally

available with a Chebyshev coupling network, but the improvement

at 12 GHz is achieved at a cost of increased noise figure at lower

frequencies.

As well as producing the prescribed noise figure characteristic, the

input network affects the available gain of the transistor. For this

example, the available gain of the transistor is ahnost constant across

the amplifier passb?nd. The lossless output matching network in

Fig. 7 has been designed by a di-ect synthesis technique [8] using

a Chebyshev gain characteristic with 0.25 dB of ripple. The com-

puted amplifier gain and output VSWR is shown in Fig. 9.

IV. CONCLUSION

The loci of constant overall noise figure derived in this short paper

can be used to graphically investigate the noise performance of an

amplifier for various preamplifier source admittances and main

amplifier noise figures. This has been illustrated with an example.

An input coupling network syntheeis method has been described for

noise figure and noise measure specifications. The method enables a

wide variety of broad-band design problems to be handled since it

reduces the low-noise design problem to an impedance-matching

problem which can be solved by well-known analytical techniques.

Advantages of the method are related to its simplicity compared

with existing low-noise design methods and to the information it can

provide regarding noise figure tiltations for a given transistor and

bandwidth.
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Bias Frequency Modulation of GaAs Millimeter-Wave

Diode Oscillators

M. J. LAZARUS, MEMBER, IEEE,

K. Y. CHEUNG, STUDENT MEMBER, IEEE,

& NOVAK, AND A. M. SOKULLU

Abstract—A method for estimation of FM bias modulation sensi-
tivity of a Gunn-diode oscillator is presented under the assmnption
of incomplete domain formation for a very short diode. Experimental
measurements at 33 and 11.3 GHz are shown as compared with this

estimate and the decrease of sensitivity with ezternaf Q, for modula-

tion frequency high enough to eliminate thermal effects, is demon-

strated.

1. INTRODUCTION

Space-charge waves in gallium arsenide (GaAsI) have been con-
sidered in terms of an elegant analysis [1] by fitting the best experi-

mental measurements of electron velocity 0, as a function of electric

field E [2], to the expression 1/v = A + BE, with empirical choice

of constants -4 and B. Experimental results [1] for the rate of

change of phase delay o of the space-charge wave with respect to

variation of de voltage V, show that W/aV is approximately BOJ for

microwave frequency u/27r, until biasing fields exceed 106 V/m.

For higher fields, velocity saturation caueee decrease from Bee.

In this short paper, these effects are related to the phase of the

device impedance or admittance under the assumption that the

space-charge growth is srnd for short lightly doped samplw used in

oscillators. A formula is then developed which gives an estimate of

the sensitivity of the oscillator to direct frequency modulation (FM)

by perturbation of the bkw? voltage, once the Q of the oscillator is

known. Throughout this work, we do not distinguish between loaded

Q. and external Q.,, since the unloaded QU was found experimentally

to be orders of magnitude higher. Hence we assume l/Q~ = l/Qu +
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