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A GaAs Monolithic 6 GHz Low-Noise
Amplifier for Satellite Receivers

RICHARD C. MOTT. MEMBER. IEEE

,4frstract —A design approach and accurate modeling techniques have

‘been developed to refllze a GaAs monolithic, 6 GHz, two-stage, low-noise

ampfifier (LNA) with a measured 1.7 dB noise figure and associated 21 dB

gain. This self-biased LNA design, with chip dimensions of 80X 135 roil,

ntilizes an ion-implantation FET model which predicts measured in-band

ampfifier gain to within 0.5 dB and peak frequency response to within 4

percent. The derived noise parameter estimation process, which uses a

Gaussian elimination technique to predict the measured noise figure to

within 0.2 dB, reduces a set of complex binomial equations to simple

relationskdps which are easily programmable. A deep-recessed gate realiza-

tion of this LNA design demonstrates that LNA low-noise performance is

achievable under FET saturated drain current conditions.

I. INTRODUCTION

sUCCESSFUL realization of monolithic microwave in-

tegrated circuitry (MMIC) requires accurate FET and

circuit models, practical circuit design choices, and repro-

ducible fabrication process steps. These elements have

been combined to develop a GaAs MMIC 6 GHz, two-stage

FET low-noise amplifier (LNA). Future satellite systems

will benefit from the increased reliability and reduced cost

provided by similar MMIC applications [1]-[3].

GaAs MMIC reproducibility is dependent on the method

of wafer active layer generation used. Active layer uni-

formity is of particular importance for multistage stagger-

tuned design applications such as two-stage LNA’s. Ion

implantation, which has an important advantage over liq-

uid or vapor-phase epitaxy by producing better across-

wafer uniforrnit y, is, therefore, the preferred choice for

MMIC LNA realization. Correct FET noise parameter

characterization is also an essential element of a successful

LNA design.

This paper describes an easily implemented noise pa-

rameter estimation process which predicts from simple

microwave measurements the FET (minimum noise) source

impedance required to complete an LNA design. The

resulting MMIC LNA realization and fabrication tech-

niques are also described, with particular emphasis on the

effects of deep-recessed FET gates on LNA low-noise

performance of saturated drain current.
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Fig. 1. Microphotograph of 6 GHz LNA’chip.

I 22-dB GAIN— I

+-

,.o~L_L__.J
575 5.95 6.05 6.15 6.25 6.35 6.45 675

FREQUENCY (GHz)

Fig. 2. LNA measured response.

II. MICROSTRIP LNA WALIZATION

The microstrip realization shown in Fig. 1 uses an

ion-implantation process to fabricate the 0.5 pm x 300 pm

FET’s and resistors. The FET model is computed from a

known ion-implantation profile, peak doping density, and

gate recess depth selected for low noise. This LNA design
produces 21 dB of gain and better than 17 dB of output

return loss over the 500’ MHz C-band satellite bandwidth,

with a noise figure of less than 2 dB over a 2 GHz

bandwidth, as shown in Fig. 2. Measured 1 dB gain-com-

pressed output power is +’12 dBm, The in-band measured
minimum noise figure of 1.7 dB closely matches the value

predicted by a COMSAT-developed mathematical routine

for the solution of the FET noise parameters, and ap-

proaches the state of the art for ion-implanted GaAs FET
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antes which can be accurately modeled, using a microwave

circuit analysis computer program, or measured on a net-

work analyzer. Through the estimation process, the mea-

surements produce both the FET optimum design source

impedance and the minimum noise figure prediction. Cor-

relation between the predicted and measured minimum

noise figures at 6 GHz for several LNA designs has been

within 0.2 dB.

A brief development of this noise parameter estimation

process begins from a wave description of the relationship

between the linear two-port noise figure and the signal

source reflection coefficient [6], [7], as

[

Ir,x-ronl’
Fx = FMIN + 4( ~N/zO)

(wrs.m+hl’ 1
where

~80 m,l~

Fig. 3. Noise parameter estimation data collection amplifier.

amplifier technology. The successful LNA design is

predicated on the LNA input circuit (source impedance) as

defined by these noise parameters.

III. NOISE PARAMETER ESTIMATION PROCESS

The linear two-port noise parameter estimation process

requires only four sets of amplifier measurements at the

frequency of interest, and regards the FET as a “black

box.” Other estimation techniques described in the litera-

ture [4], [5] use larger sets of measurement data to enhance

the prediction accuracy. However, these techniques use

involved computer-aided iterative routines for the solution

of the large set of simultaneous equations. By contrast, the

derived noise parameter estimation process used for this

LNA design can be performed with a simple hand-held

calculator.

Accuracy of the required four sets of amplifier measure-

ments has been maintained through the use of input cir-

cuitry which is easy to adjust and measure or model. By

utilizing removable input circuit wire bonds, these mea-

surements can be made quickly and without the use of

error-inducing tuners.

As shown in Fig. 3, a simple (nonoptimum LNA) MIC

microstrip FET amplifier circuit is used to collect the

estimation data. The FET to be characterized is ridge-

mounted on a metal carrier which contains separate sub-

strates of GaAs input and output circuits. The carrier fits

into a metal package, housing SMA coaxial input and

output connectors which are gold-ribbon bonded to the

microstrip circuit at the carrier-to-package interface. The

package design is common to both the MIC test and

MMIC LNA amplifiers and therefore allows package

transmission attenuation to be removed from the estima-

tion data. The use of l-roil-wide input circuit transmission

lines and wire bonds of similar width in the ladder struc-

ture, shown in Fig. 3, produces adjustable source imped-

(optimum) noise figure of the linear

noise resistance of the linear two-port,

F ~1~ = minimum

two-port,

RN= equivalent

expressed in L?,

20= characteristic impedance of the measurement

system,

Z,y = arbitrary signal source impedance,

r,X = arbitrary source reflection coefficient

= (Z$x– .qJ/(z.x + .%),
ron= optimum noise figure source reflection coeffi-

cient,

Fx = noise figure associated with 2,X,

R ~/Z. = rN = normalized noise resistance.

Therefore, the noise characteristics of any linear two-port

are completely defined at a particular frequency by the

following set of four noise parameters: [ FMIN, R ~, Re ( rO. ),

Im(ron)]. Consequently, the noisy linear two-port can be

considered as a black box whose noise parameters can be

mathematically extracted using the above relationship and

four independent non-zero-producing (nonsingular) sets of

simple microwave measurements ( FX, r,X) at the frequency

of interest [4]. A linear two-port equivalent circuit is there-

fore not required.

The linear two-port noise parameters are determined by

applying a Gaussian elimination technique [8] to a set of

simultaneous complex binomial equations derived from

the above relationship. This wave relationship can be ex-

pressed as

FMIN = Fx – 4rNAx

where

ox= [1– lr,,x12].

Because four sets of measurements are required (X=

1,2, 3,4), a set of simultaneous second-order equations is
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Fig. 4. QUIETFET noise parameter estimation process.
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produced. Relating these equations in pairs and letting

(l?2 – Fl) = y and (Fd – F3) = ~ results in

Y(A4– A3)=B(A2– AJ.

Letting r,X = AX + jBX, expanding the AX

substituting yields

y@1@2@3[(A4 –A)2+(B4– B)2]

function, and

Letting

– y@1a@4[(A3-A)2+(B3–l?)’]

=@zy53@4[(A2-A)2+(B2-B)2]

-pD2Q3q&41-A)2+@,-B)2].

K = y@1@2@3

L = @1@2@4

M = @IyI?3@4

N = ~@$D31Dd

expanding, forming one homogeneous equation, and sepa-

rating real and imaginary terms results in separate

quadratic equations for A and B, whose solutions take the

form

A(or B)=[–b+~=]12U

where for A,

a=(K– L–M+N)

b=–2(KA4- LA3-kL42+NA1)

c=(KA&LA; -MA; +NA:)
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Fig. 5. Smith chart representation of QUIETFET predicted PI-FET Z

(optimum, source) at 6.175 GHz.

and for B,

a=(K– L–it4+N)

b = –2(KBq– LB3 – MB2+ NB1)

c=(KB; –LB; –MB; +NB; ).

The correct set of roots for A and B is chosen from critical

attributes, and the two-port noise parameters are now
completely determined for the frequency of interest.

A correct selection of roots is accomplished by itera-

tively testing all roots sets using the F~l~ relationship. The

correct set produces the lowest positive l?MIN value. This
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Fig. 6. Ion-implanted PI-FET equivalent circuit,

J ~+36V

Fig. 7. LNA coupled-line distributed element circuit model

set is then used to calculate an average value of F~I~

based on the four sets of original measured data.

A user-friendly Fortran computer program, QUIET-

FET, has been written to handle this mathematical routine.

It prompts the user for noise figure data in decibels and

source impedances in ohms, performs the necessary calcu-

lations, and prints the computed noise parameters. Fig. 4

shows the noise parameter estimation process in block

diagram form. Fig. 5 shows the Smith chart representation

of the four sets of measured data used to calculate the

estimated FET noise parameters also shown in QUIET-

FET output format.

IV. GAIN ESTIMATION PROCESS

A low-noise-biased equivalent circuit of the COMSAT-

developed 0.5 pm x 300 pm FET (named PI-FET for its

physical appearance) has been created as a design aid for

gain and output return loss prediction [9]. The equivalent

circuit parameters are derived from an in-house-created

modeling system of computer programs for the simulation

of GaAs FET performance. The modeling system, which

accounts for FET device physics, uses input parameters
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Fig. 8. LNA measured versus modeled response.
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which relate closely to the fabrication process. Examples of

these input parameters are peak carrier concentration,

carrier profile shape, and gate recess depth. The resulting

PI-FET equivalent circuit, shown in Fig. 6, together with

the LNA coupled-line distributed-element circuit model

shown in Fig. 7, provides precise modeling, predicting

in-band gain and output maximum return loss responses to

within 0.5 dB and peak frequency response to within 4

percent, as shown in Fig. 8. The computer system modeled

dependence of PI-FET parameters on gate-to-source volt-

age is shown in Fig. 9.

V. LNA DESIGN APPROACH

The successful design of an MMIC LNA is dependent

on the combination of accurate circuit and FET modeling

within the MMIC circuit layout constraints, and on repro-

ducible fabrication process steps brought together to meet
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Fig. 10. MMIC LNA design procedure.

the application requirements. The design procedure, shown

in Fig. 10 in flowchart form, uses noise parameter, and

FET equivalent circuit estimation processes to drive the

microwave- circuit design toward an acceptable modeled

LNA response.

The two-stage MMIC 6 GHz LNA is a self-biased

design with grounded gates to protect the FET’s from

voltage transients. As such, the circuit requires only one

bias voltage (3.5 V). Ion-implanted 80 !2 bias resistors are

series-stacked, with wire-bondable taps for drain current

adjustment.

The first-stage design is fixed for minimum noise figure

at the expense of gain slope. The input circuit (source

impedance) is fixed at 6.175 GHz by the noise-parameter

estimation process described above. The second-stage de-

sign is a trade-off of noise figure for two-stage gain slope

equalization. Both stages use self-inductive coupled spiral

lines to reduce physical line lengths. In an effort to main-

tain straightforward circuit models of the elements used in

this two-stage design, overcrowding of the distributed lines

was avoided, resulting in the predictable minimum noise

figure and gain response. Overall GaAs MMIC circuit size

is 80X 135 X 12.5 roil.

VI. CIRCUIT FABRICATION PROCESSDETAIL

A dual selective ion implantation process was used to

create an N peak carrier concentration of 2.7X 1017 cm – 3

only in the FET channel areas, and an (N+ N + ) implant

sheet resistivity, p, of 100 !J/square only in the MMIC

resistor areas. The gate recess depth was etched for low-

noise operation, and then the 0.5 pm gates were E-beam

written. Compact RF bypass and de-blocking capacitors

use silicon nitride dielectric of 0.1 pm thickness to achieve

550 pF/mm2. Coupled transmission lines of 1 mil width

and spacing utilize dielectric-protected air bridges.

The channel was formed by a 100 keV silicon implant

and the N+ layer for device ohmic contacts was formed by

a 200 keV silicon implant with peak carrier density of

approximately 1 x 1018/cm3. The implanted resistors were

fabricated in the same steps as the contact areas. The

ohmic contacts were alloyed Au/Ge/Ag/Au. The gates

were Ti/Pt/Au. The gate metal also formed the bottom

plates of the capacitors. The FET’s were designed with two
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Fig. 11. LNA noise figure and gain dependence on drain current as a
function of gate recess depth.

parallel gate feeds. A 2 pm plated gold layer formed the

inductors, the top plates of the capacitors, the overlay

metal on ohmic contacts, and other passive circuit element

areas. Plated gold air bridges were used to interconnect the

FET sources, to contact the top plates of capacitors, and

to connect the crossovers for the spiral inductors.

VII. EFFECT OF FET GATE RECESSDEPTH ON LNA

NOISE FIGURE

Because of the dependence of FET noise figure on

diffusion noise, source resistance, drain current, and

transconductance (GM), and the direct relationship be-

tween G~ and drain current, an optimum deep recess

depth for the 0.5 pm gate exists for a low-noise-optimized

ion-implantation profile in which FET low-noise operation

can be achieved at saturated drain current [10], [11]. These

conditions were attained for one deeply recessed wafer of

this LNA design in which a lcw Id,. of 15 mA was

achieved. The computer-generated FET performance simu-

lation indicates that the corresponding depth is 44 percent

over nominal. The low id,, and high associated GW pro-

duced a good noise figure of 1.9 d“B and a gain of 23 dB at

6 GHz. The weak dependence of LNA noise figure on

drain current (shown in Fig. 11) is probably attributable to

reduced diffusion noise and recess-enhanced GM associated

with the deeply recessed gate repjon [10], [12], [13]. The

effect of gate recess depth variation on LNA noise figure

and gain is also shown in Fig. 11.

VIII. SUMMARY

A GaAs monolithic 6 GHz, two-stage LNA design has

been realized by using accurate modeling techniques to

obtain a measured 1.7 dB noise figure and associated 21

dB gain. The MMIC circuit size is 80x 135x 12.5 roil.

The derived noise parameter estimation process, which

is easily programmable, predicts the measured noise figure

to within 0.2 dB. The gain esl,imation process, which

accounts for the FET ion-implantation profile, peak car-

rier concentration, gate recess depth, resistor sheet p, and



570 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 37, NO. 3, MARCH 1989

microwave distributed circuitry, predicts the in-band gain

response to within 0.5 dB.

A deep-recessed gate realization of this LNA design has

demonstrated that LNA low-noise performance can be

achieved for FET saturated drain current conditions be-

cause of associated FET reduced diffusion noise and re-

cess-enhanced transconductance.
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