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Noise in Broad-Band GaAs MESFET
Amplifiers with Parallel Feedback

KARL B. NICLAS, SENIOR MEMBER, IEEE

Abstract —Tfte influence of the circuit elements of a single-ended

feedback amplifier module on noise figure and gain, as well as on input and

output reflection coefficients is discussed. Theoretical resufts are supported

by tests performed on a five-stage single-ended amplifier. Tke unit exhibits

41.5& 0.8 dB of smafl-signa~ gain and a maximum noise figure of 4.0 dB

between 2.4 and 8.0 GHz. Maximum reflection coefficients of 1.%1 for the

input and 1.S1 for the output terminaf were measured. The unit’s overafl

circuit dimensions are 25X 3.6 mm,

octave bandwidths

feedback amplifier

and low-reflection coefficients, the

shows great potential for low-noise

I. INTRODUCTION

R ECENT ADVANCES in the performance of single-

ended microwave feedback amplifiers have resulted in

a device that promises to challenge the conventional type

amplifier in many applications. This is especially the case

whenever compact size and low cost are a factor in broad-

band microwave amplification [1], [2]. In addition to multi-
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applications. This is true in spite of the thermal noise

injected by the feedback resistor.

The influence of reactive feedback on the noise figure of

microwave amplifiers has been studied by several re-

searchers [3]–[5]. It has also been pointed out that reactive

feedback reduces the minimum noise figure of microwave

amplifiers, a fact that has been known to designers of VHF

amplifiers for several decades [6].

This paper addresses the noise in broad-band microwave

amplifiers with parallel feedback. Formulas for the equiva-

lent noise parameters and noise figure of such amplifiers

are presented. They take into account the thermal noise

agitation of the resistor in the feedback loop. Based on

these theoretical solutions, the influence of the circuit

elements on noise figure, gain, and reflection coefficients of

a practical amplifier are discussed. Attention is focused on
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the function of the drain transmission line, i.e., the line

element between the transistor’s output port and the node

where the feedback loop is connected and its importance

for the amplifier’s overall performance is studied. The

paper attempts to provide the designer of low-noise feed-

back amplifiers with the information necessary to make a

decision on the compromise that exists between gain, gain

flatness, noise figure, and reflection loss.

Finally, experimental results measured on a five-stage

amplifier are discussed that clearly show the influence of

the feedback, resistor on overall and minimum noise figure.

The single-ended unit exhibits a minimum gain of 40.7 dB

and a maximum noise figure of 4.0 dB between 2.4 and 8.0

GHz.

II. NOISE PARAMETERS AND NOISE FIGURE

A. Transformation Formulas

Over the last decade a number of papers on the subject

of equivalent noise parameters and noise figure in or

applicable to feedback amplifiers have been published [3],

[4], [7], [8]. While [3] and [4] describe computer results for

amplifiers employing reactive feedback, [7] and [8] present

formulas for the equivalent noise parameters of general

two-ports. The formulas given in this chapter and those

developed in the Appendix were derived by essentially

following the procedures outlined in [9] and [10]. They take

into account the thermal noise agitation injected by the

resistor of the feedback loop.

The circuit diagram of the basic feedback amplifier is

shown in Fig. 1(a). In order to analyze the noise behavior

of the amplifier, the diagram of Fig. 1(a) is converted into

the equivalent circuit of Fig. l(b). The latter contains the

voltage noise source VT and the current noise source i,- of

the MESFET, as well as the thermal noise voltage o~~ of

the feedback resistor. o~~ is not correlated to the transistor’s

noise sources. The MESFET itself is represented by a

T-shaped network with one voltage source.

For reasons of simplification, it is beneficial to divide

the problem into two parts, i.e., first develop the formulas

for the open-loop amplifier and then add the feedback

admittance with its thermal noise source. Since all transfor-

mation elements of the open-loop case are assumed noise-

less, the first part is relatively straightforward when follow-

ing the steps outlined in the literature [9], [10].

Eliminating the feedback reduces the equivalent circuit

of Fig. 1(b) to that of Fig. 2(a). Its equivalent noise resistor

R., equivalent noise conductance G., and correlation ad-

mittance YCO,,are
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Fig. 1. The basic feedback amplifier. (a) Circuit diagram. (b) Equivalent

circuit with noise voltage and noise current sources.
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Fig 2. Equivalent circuit of the amplifier with open feedback loop. (a)

Two-port representation including the transistor’s external noise sources

o ~ and i~. (b) Two-port with correlation admittance YCO, and uncorre-

lated noise sources R. and G..

where

k Boltzmann’s constant,

A f bandwidth,

TO absolute temperature in K.

(Superscript T indicates MESFET parameters.)

The equivalent noise parameters are located externally to

the noiseless two-port, & shown in Fig. 2(b).

The noise figure of a device is given by

F=l+&G~+R~l~+YC0,\2).
s

The minimum noise figure

F~ti= 1+2 R~(GC0, + G~tiD)

occurs at

G,fi. =
r

~ + G& B, ~~ = – BCO,
n

Y. = G, + jB$ – signal source admittance.

.

(2a)

(2b)

(2C)
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(a)

“=’2
(b)

Fig. 3. Equivalent circuit of the feedback amplifier. (a) Two-port repre-
sentation including the extermd noise sources o, and i, of the open-loop

ampfifier. (b) Two-port with correlation admittance Y~Orand uncorre-
lated noise sources R: and G:.

Substituting (1) into (2b) and (2c) demonstrates the well-

known fact that the minimum noise figure of a device

remains unchanged when it is preceded by a lossless pas-

sive two-port.

We now add the parallel feedback in accordance with

Fig. l(b). It consists of the feedback admittance Y~~ and

the thermal noise source of the feedback resistor o~~. For

reasons of simplification, the impedance representation of

the open-loop case is converted into its admittance repre-

sentation resulting in the circuit diagram of Fig. 3(a).

The following relationship exists between the equivalent

noise voltages and currents of Fig. 3(a) and the MESFET’S

noise parameters:

f), = VT+ jx&- (3a)

(3C)

(3d)

where i; is the noncorrelated portion “of the MESFET’S

equivalent noise current.

The transformation formulas for the equivalent noise

parameters of the basic feedback amplifier of Fig. 1 have

been developed in the Appendix and are based on the

circuit diagram of Fig. 3(a). The resulting noise parameters

are IIocated externally to the noiseless two-port in accor-

dance with Fig. 3(b). They are

(;,=1412 = Yzl ‘R+ % ‘~
“ 4kTOAf Y’, – YFB n Y’, ‘B

)

(4a)

(4b)

and

Y Y 2
~Rn + ~ R~~

=Ymr+(Y1, +Y2*– Ymr) 2’
21

Y 2
R,+ p R~~

21

(4C)

with

z;
’21= (Z~Z~-Z&Z~)cos@ +j(Zfi+jX.)Z.sin@

(5a)

Y,, + Y2,

(5b)

It is evident from these formulas that the drain transmis-

sion line with its characteristic impedance Z~ and electrical

length @ has a significant influence on the minimum noise

figure of the amplifier.

In addition, (4b) points out that the presence of a finite

feedback resistance always increases the equivalent noise

conductance G;. In contrast, R; can theoretically be made

smaller than

or even R ~ through the right choice of Y~~. Since in

practical cases, however Y21> Y~B a reduction in R; may

only be achieved for reactive feedback, i.e., R~~ = O.

In this case we find that

2

R:= Y’1 Rn

Y’, – YFB
(6a)

G:= Gn (6b)

4-W+YF41++)‘6C)I’& = Y

B. Injluence of Feedback Admittance and Drain Transmis-

sion Line

The influence of the feedback resistor R~B and the

electri~al length @ of the high-impedance (90-0) drain

transmission line on noise figure is of major interest. Both

parameters, as will be pointed out in the next chapter, also
have significant impact on gain, gain flatness, and VSWR.

The circuit elements of the basic feedback amplifier to be

analyzed are shown in Fig. 4 which also lists the element

values of the transistor model. The latter differ slightly

from those of earlier runs [2].

The equivalent noise parameters of the WJ-F81O (R:,
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Fig. 5. Equivalent noise parameters of the basic feedback amplifier of
Fig. 4.

G:, G:,, and B&,) have been calculated using the mea-

sured values of the minimum noise figure Fti, the noise

figure for a 50-fl source impedance F(5O !2), and the source

admittance for minimum noise figure Y,fi. They are

Fig. 6. Minimum noise figure of the basic feedback amplifier of Fig. 4.

plotted as solid curves in Fig. 5. The dashed curves demon-

strate the influence of the gate lead inductance (0.096 nH)

on the noise parameters of the open-loop amplifier across

the 2–8-GHz frequency band. While the gate inductance

changes the noise parameters and thereby the noise figure

F, itdoes not, as discussed earlier, alter the minimum noise

figure Fti.

A resistance of R~~ = 2000 was chosen to demonstrate

the effect of parallel feedback. This value represents a

practical compromise between VSWR, gain, and noise

figure performance for our amplifier’s input stage. Greater

resistance values, as will be described in the following

chapter, decrease the noise figure and increase the gain, but

also increase the reflection coefficients at the input and

output terminals. In order to demonstrate to what degree

the electrical length @ affects the noise figure, two different

lengths (@= O and @ = 45° at 8 GHz) were chosen. While

@ = 45° is not the optimal length for best noise figure, it

represents a good compromise between noise figure, VSWR,

gain, and stability of the amplifier module. The results are
plotted in Fig. 5. The curves clearly display the increases in

the equivalent noise resistor R;, noise conductance G: and

correlation conductance GC~,caused by the feedback resis-

tor. This is especially the case at low frequencies where the

negative feedback is strongest. In addition, the curves for

the case of @ = 45° exhibit lower noise parameters than

those for which @ = 0°, especially towards higher frequen-
cies. The minimum noise figures are compared in Fig. 6.

The difference between the open-loop case and that of

parallel feedback for @ = 0° is in excess of 2 dB across the

lower octave of the band. It is significantly reduced for

@ =450 over the second octave of the frequency range.

III. GAIN, REFLECTION COEFFICIENTS, AND NOISE

FIGURE OF PRACTICAL AMPLIFIERS

A. Characteristics and Performance Tradeoffs

As is the case in most practical amplifier designs, the

noise figure of a feedback amplifier cannot be optimized



NICLAS: NOISE IN BROAD-BAND AMPLIFIERS 67
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Fig. 7. Minimum noise figure, small-signaf gain and VSWR as function

of frequency with R~B/Zo as parameter (@ =45° at 8 GHz).

without sacrificing other important performance character-

istics such as gain, gain flatness, input and output reflec-

tion coefficients, as well as stability. This chapter briefly

add~esses possible options and tradeoffs in the amplifier’s

performance.

The curves plotted in Fig. 7 represent the minimum

noise figure, small-signal gain, and reflection coefficients of

the basic feedback amplifier of Fig. 4 for different values

of R ~B/ZO. The length of the drain transmission line is

0.185 in or @ = 45° at 8 GHz. It is clearly evident from

these curves that low-noise figure and high small-signal

gain go contrary to low reflection losses. High reflection
losses, in turn, severely limit the capability of broad-band

multistage amplification.

Another important feature of the feedback amplifier is

the lproximity of its matching conditions for optimum noise

figure and best VSWR. Most important, a compromise

between gain and noise figure match results in acceptable

broad-band performance of both gain and noise figure.

Fig. 8 shows the location of the optimum source admit-

tance Y~ti for R~~ = 300 il. Also plotted are the circles of

constant noise figures F =4 dB. They indicate that between

’20”“-f-w””.

-120< , /..

1=:!:dB“’=300’‘w”
Fig. 8, Optimum matching conditions for noise figure and circles of

constant noise (F= 4 dB).

2 and 8 GHz the maximum noise figure does not exceed

F= 4 dB for the source admitt~ce Y,= YO= Z; 1, The

minimum gain for the source impedance ZO and a load

impedance of ZO is G =8.2 dB, which is quite acceptable

for practical applications.

B. Test Results

The measurements discussed in

formed on a five-stage feedback

2–8-GHz operation. The unit is a

multistage single-ended amplifiers

this section were per~

amplifier designed for

member of a family of

reported elsewhere [1].

A photo>aph;f the amplifier whose overall circuit dimen-

sions are 25.0 X3.6 mm is shown in Fig. 9.

Small-signal gain, noise figure, and VSWR at the input

and output terminal are presented in Fig. 10. These perfor-

mance characteristics demonstrate the potential of the

single-ended feedback amplifier as a wide-band and com-

pact low-noise device.

In order to compare theoretical and measured results, an

attempt was made to extract the noise figure and the

minimum noise figure of the input stage from test data of

the five-stage amplifier. The possible error in this process is

relatively small due to the high gain of the input stage and

the low-noise figure of the subsequent stages. The transfor-

mation of the second stage noise parameters performed by

the interstage matching network was taken into account.

The results which were computed using COMPACT are

supplied in Fig. 11. The curves show the noise figure and

the minimum noise figure of the input stage and are based

on measurements of the identical parameters made on the

five-stage unit. The influence of the feedback resistor R~~

on the module’s noise behavior is clearly discernible. In

these experiments the feedback resistor of the input stage

was altered by mechanically reducing the width of the

thin-film element.

A comparison of the minimum noise figure plotted in

Fig. 1l(b) with that based on the theoretically obtained
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Fig. 9. Photograph of five-stage feedback amplifier.

I I I
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Fig. 10, Small-signal gain, noise figure, and VSWR performance of the
five-stage amplifier.

noise parameters (Fig. 7(b)) exhibits reasonably good

agreement up to approximately 7 GHz. The deviation evi-

dent at higher frequencies is partially due to the fact that

the degree of difficulty to achieve the conditions for opti-

mum noise match increased with frequency. In addition the

tuner used in our experiments had losses and was itself a

source of noise making critical adjustments very difficult.

IV. CONCLUSION

A set of transformation formulas for the equivalent noise

parameters of the basic feedback amplifier have been de-

veloped. Based on these formulas the influence of certain

I MRFB1=3Wfl I
— RFB1= 4COSI

2

(a)

2~
8

FREQUENCY GHz

(b)

Fig, 11. Noise figure of the input stage for different feedback resistors.
(a) Amplifier noise figure. (b) Optimized noise figure.

circuit elements such as the feedback resistor and the

electrical length of the drain transmission line on minimum

noise figure have been investigated. Important design

tradeoffs between noise figure, small-signal gain and VSWR

performance resulted from these studies. They point out

the influence of the feedback resistor’s magnitude and the
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drain transmission line’s characteristics on the amplifier’s

performance.

Finally, experimental data in support of the theoretical

results has been presented. A comparison between calcu-

imd and measured minimum noise figures shows reasona-

bly good agreement. The measurements were performed on

a single-ended five-stage feedback amplifier. Its overall

performance demonstrates the application feasibility of the

feedback principle to single-ended wide-band low-noise

amplification.

APPENDIX

The equivalent. circuit of the principal feedback amplifier

witlh its outside noise voltage and noise current sources is

shown in Fig. 3(a). It consists of the main two-port and a

parallel feedback loop between input and output. The main

two-port is represented in the one-generator equivalent

circuit form.

lJsing the symbols of Fig. 3(a), the total input and

output currents are given by

/;I’’(Y1, +YFB)v, +( Y12– YFB)v2–(Y,101 +YFBoFB)+i,

(Ala).,

1:=’(Y2, –YFB)V, +( Y22+YFB)V2 –(Y2,01– YFBWFB).

(A.lb)

Equations (A. la) and (A. lb) can be rewritten in matrix

representation and may take the form

I 1[1_(Y,, +YFB) (Y,2– YFB) F“,
—

(Y2, -YFB) (Y22+YFB) v’,

(A.2)

The admittance matrix (A.2) is then easily converted into

the chain matrix relating the input and output quantities

[

v,

Ip–il +Y,,ol +Y@~~
I

1

[

(Y22+YFB) 1— —
(Y,, – Y,, ) A, (Y,, +YFB) 1

[

V2
“ -(1:’ +Y2,0,-YFBOFB) I (A.3)

with

AY=(Yzz +Y&)(Y1l+ Y~~)-(Y1z -Y&)( Y21-Y~~).

(A.4)

Separating the signal from the noise quantities, we define

V,= V:+VI 1 (A.5a)

Z~I=Z{+i~ - (A.5b)

and by substituting (A.5) into (A.3) we obtain the chain

matrix of the input noise parameters

[

v;

if—i, +Y,, o, +YFBWFB1
1

[

(Y,, + Y,,)— ——
(Y,l – Y,, ) Ay

“[

o

I-( Y2,0, –YFBOFB) “

They can be written in the form

i:=a2,(tl, -oFB)+i,

where
Y*l

all= y21–yFB

Y,, + Y2,
a21 = ‘FB Y21 _ YFB .

Since il and o, are correlated with each

.
1

(y,,+&) I

(A.7a)

(A.7b)

(A.7c)

(A.7d)

other, it is neces-

sary to-define

il=i. +YCOpl (A.8)

where i. is that part of the current i, that is not correlated

with v,. The factor YCOris the well-known correlation

admittance.

Replacing il in (A.7b) by (A.8) the total noise current

takes the form

i~=i~ +(a21 +YCO~)t)–az~~F~ (A.9)

its mean-square value is then given by
.—

li~12=li~12 +la21+~0,1210112 +laz1121~~~12.

(A.10a)

The mean-square value of the noise input voltage obtained

from (A.7a) is

(- )1412=1%,12 IV, [2+ ~ 21VFB12 . (AIO.b)

The correlation admittance of the amplifier is defined as

[All)

(A.12)

and (A. 10b) the correlation admittance is given by

[– 1’21 l“112+~lwFB12 +%rl~112

~c:r = 21

[- 1
(A.13)

% 210FB12
all IV112+ yz,
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ln order to determine ~ we make use of the identity program. Thanks go also to W. T. Wilser who edited the

——— ——
Iinlz \o\2= ]ilz 10[2–]=12.

manuscript and supervised the fabrication of the GaAs
(A.14) MESFE~so The author is indebted to P H~t~hison who

Substituting (A. 10) into (A. 14) we obtain typed the complicated formulas.

—— — (
.—

\i~12 lo~\2= li~121a1112 10,12+ ~ 21VFB12
)

[1]

( Y2,– YFB_ y
+ all a21 y

)
— — (A.15) ‘2]CO, 2[V,12 1VFB[2

21

and thus the mean square of the uncorrelated portion of
[3]

the total noise current

li~12=li~12+

q, – YFB YFB 2— ——— – y- Ycora21 y Iv,lz IVFB12
21 21

.— ——

/0112+ ~ 21 VFB12

(A.16)

Using the well-known Nyquist formulas

[4]

[5]

[6]

r7]

IV,12 =4kqAfRe (A.17a) [s]

\i.12 =4kTOAfGV (A.17b) ’91

IVFB12 =4kTOAfR,, (A.17c) ’10]

we are now able to rewrite the equivalent noise quantities

in terms of the noise resistance R., the noise conductance

G., the correlation admittance YCO,and the feedback resis-

tance R~~

#!r__ Y21 2R+ ~ 2RFB

4kTOAf
(

Y2, – YFB “ Y2,
)

(A.18a)

(A.18b)
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