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" CHAPTER | . .

INTRODUCTION ~

‘ '.ut""‘ r'd

.
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’

0y

. . AT . . . AT
The low-noise satellite communicatisns receiver has evolved as‘the

o

essential element in defining the performance level of @ variety of microwave

and millimeter wave systems applications. Generally, the low-noise receiver

"front-end" consists of one or more stages of low-noise microwave or millimeter-
¢ =

>

wave amplification, followed by a hetrodyne frequency converter, the latter

o
Y

translating the received signals to the appropriate frequency range for signal
. e *

processing. In the last two decades a variety of "building blocks" for low-
noise front ends have evolved in the direction of lower noise performance,
‘ \

" ' . .
solid state implementation; smaller sife, lighter weight and longer life
. vt ,

L s ’
maintenance~free operation. Some of these, such as the maser, the low-noise

.
-
)

travelling-wave tube, and the tunnel diode amplifier are diminishing in

N
importance and currently experience, ot best, limited yseage, whereas others
such as the Gallium Arsenide field~effect tiansistor (GaAs MESFET) devices

are the primary constituents of current and future front ends,(1)=(4),  This

f -

l(\rfporf concerns the use of GaAs MESFET as a microwave mixer*, suitable for

. :
" incorporation and impro\emeniL of a satellite down converter. Andthe @
. )

- - . >

*Note 1: In thisreport we shall only consider the Gallium Arserfidg Schotiky-
_ P y p s

barrier gate field effect transistor, the terms GaAs MESFET, GaAs FET and FET

are used interchangeably. /

/A




: f . L ' This report will briefly.discuss some-basic semi-conductor physics S
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.

possibility of simultaneous low=noise figure, high dynamic range and power

. gain from a FET mixer, offers an attractive alternative to.the conventional

Lt -

tunnel diode amp%ﬁer ~ resistive mixer; as an integrated front-end at mjcro-

4

wave frequencies. (Fig }-1) - N _
- 7
\ , The material Gallium Arsenide (GaAs) has been under considerable

1

. study by many companies around the world as a practical s‘emi-conducfor' for

many years. lts higher electron mobility (four to five times that of Si) and’
saturated carrier velocity, offers significant advantages over silicon,

especially at microwave frequencies. This intrinsic characteristics result

in lower transmit times and resistances, which permit higher gains, lower

gvjnoise figures and extremely high cutoff frequencies -%the ideal material for

- a microwave MESFET. , ’ - p

] /

-~

( ) C, necéssary} to undérstand the operation of the Schottky-bairier-FET as a mi'xe;.
In Chapter 2, the report discusses fhe“Schofg:y-barrier (diode) physics.A That
\ *is to say, the explanation of the potential barrier between a metal and a semi-
conductor, and the Schottky fhe.or’y of rectification. Unlike the p.~n ‘iuncﬁon

. > ap . . e . . . .
diode, the rectifying contact is based on majority carrier concentration and in

e P e 1 s Bl NI i ot
A -~

*h

high frequency (due to no minority carrier storage) results in more efficjent

r;ctiﬁ cation .(5)
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This property is then exploited, via various theories like the thermal-

field emission, to physically re(.presenf an ideal switch needed for mixer diodes.

®

Thus the chapter further develops the diode theories into a Schottky-barrier

gate field effect transistor, &

The discussion first deals with the choice of GaAs over Si. Then.
develops the fundamental equation for the FET characteristics from the Poisson's
equation, incorporating the effect of the carrier velocity saturation in the
‘channel. A small signal model is developed, which is appropriate ff:r devices
where the gate ieng\fb, Lg,is of the order of a micron, and the field can exceed

3KV/cm, even at Iow-drain)volfages of 3V.

With this discussion of device physics, Chapter 2 concentrates on mixer
N , ,

théory. The basic operation and definition of the 'mixer’ and the various terms

used, are stated. ' The theory of resi{live mixing acts as the building block to -
f—
explain fundamental mixer concepts. The theory treats the non~linear mixing

device as an ideal switch, and goes on to compare (analytically and mathemati-
T
cally), the similarities between o Gqu&%chony—barrier junction (diode), and
AN
. \
A 1 .
an ideal switch.  This briefly concerns itself with parasitics and frequency

limitation in real devices. Starting frgm this, the mixing process in a FET is

. . - v
discussed. This adapts the small signal amplifier models, developed in most =

.

]




v

-of the references (6) , and produces a small signal FET mixer model wigh:L . O,

- pumped into the Gate. Again the effects of device and packaging pdrasitics

is discussed in terms of their frequency limitation. The report goes on to

\
develop the small signal mixer conversion gain equation from the _ Y] matrix

representation of the device model. Y
.

.Chapter 3/discusses Design‘ and (\.‘{onsfrucfion technics to realize an
actual Gate FET mixer . i’o do this, o basic understanding of microstrip line
theory is necessary. Here a planer transmission line consisting of a strip of
conductor, geparatett frgm a ground plane by a dielectric layer, is defined as
the microstrip transmission line. To design a circuit using this, some basic
impedance, wavelength and Iosi equation for a microstrip integrated circuit
(MIC) line, are presented, - b '

Alsjo presented are equations for parasitics and edge corrections. The
report then presents details of the actual circuit design of a gate injected local
oscillator FET mixer. -

The actual mixer chosen has

Fsignal = 6 GHz (5925 MHE to 6425 MHz)

= Local Oscillator

A ‘ Foomp = 2225
Foutput = 4 GHz (3700 to 4200 MHz)

%

£ NN 2R a1 e STy




Again starting from device mixing propelrfies , this section explains

i

exactly how transconductance modulation results from gate pumped local

~

oscillator, ond leads to mixing and conversion gain. An actual cireuit,

.

results of which are presented in Chapter 4, is described in terms of design
details for input diplexing, input and output impedance matches,‘and bias

feed circuits.

Chapter 4, presents the experim(nﬁl techniques and the test results -

of a gate injected local oscillator mixer developed by the author, for use ina
. ) . ¢
satellite down-converting receiver.” Fundamental motivdtion in developing

o

a FET mixer was to describe a circuit which had improved performance, ‘
compared to the old designs of mixers based on the resistive (Schottky-barrier) *
diode. The performance is measured in terms of three main parameters.

t

These are the Mixer conversion gain, fhé Noise figure and the Carrier-to~ |
Intermodulation ratio. .The FET con\iersi;)n gain theory was developed in

Chapter 2, and this chapter develops a noise model of the GaAs FET, based

on Pucel's work.  The references are given of the end of each ‘chopter.

However, here the develor;ment is ,complicu.fed and the defuil;ad mixer o

equations.grg only briefly presented. The attempt was to concentrate more °

on physical\understanding of the sources of noise and the medns to reduce

them. The experimental setups for Noise Figure and Gain are presented and ..




T emyin .

v
[ O P

; E

N o
the critical areas of microwave performance measurement are highlighted.

A\

The actual test results, based on a 6/4 GHz gate injected L.O. mixer, are

from the author's own work, and reflect a state-of=the-art realization of a
4 a M
microwave FET mixer for use in a satellite receiver.

%> This chapter also presents ideas fw,gurther research, including

improvements in performance due to (i) reduced gate length for higher fre-
quency of operation; (ii) lower temperature operation, for improvements in
noise figure and gain; (ifi) variation in circuit-realization, ‘like; a drain -
injected local oscillator, for better conversion gain and spuriou‘s p;erformcmce, ‘ '
and (iv) the use of new-materials l/ike'lnP for its higher efficiency and velocity-

field characteristics. . : .

The final chapter presents the conclusion and a comparison of the FET

mixer versus the diode mixer.

The Appendices contain information which is relevant to this report,

but could not easily be blended into the main text of the other chapters.

N

Appendix A, presents a brief pictorial esso‘y on photolithographic,

micron length gate, MESFET fabrication. Appendix B, presents‘the NE 244

“EET data sheet. This is the device used in the results of Chopter 4. Appendix C

h\-‘ o

presents background information on S-parameter computer aided design techniques.

Appendix D is a detailed derivation of the FET mixer noise figure equation,

t

% ) S .

v
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omiﬂec‘:l from Chapter 3. Finally, Appendix E gives the circuit design details

!

for the particular solution of the FET mixer, as presented in Chapter 3.
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CHAPTER2 y

- .
GALLIUM ARSENIDE METAL - SEMICONDUCTOR FIELD-EFFECT TRANSISTOR
{GoAs MESFET) '

-

2,1 Introd Uct;gn ’

e et et

The intention of this chapter is to discuss the device physics and the FET
mixer concept, Field-effect transistor technology is a very dynamic field in 2 ) .
microwaves today. This report is a comprehensive review of the literature to
discuss the device physics and the starting block is to present the theory of the
Schottky barrier itself. This means to discuss the diode,’cs a non linear mixer
device, and then to develop this theory into the MESFET. The GaAs semiconductor
material, with majority carrier transport properties, superior to silicon,is the obvious

material choice. The minority~carrier lifetime and mobility are of no concern in

dt.mipolc:r transistor, Therefore, materials with optimized transport properties for
electron but poor performance for holes can be chosen. Basically current transport
in GaAs MESFETs, based on the non-equilibrium velocity-field characteristics,

‘ !

/1 N ’
\ can be summarized as ~ slow electrons in'a constant field region, with.energy

\ below the threshold field, remain in equilibrium condition, and as the electrons

eyt e W SRR 4T

enter a high~field region, they are accelerated to a higher velocity before relaxing

en t

to equilibrium velocity. This overshoot shortens electron transit time through the ;

\\ highfield région. Using this concept equivalent circuit of the FET, as an amplifier
\. are developed. With the addition of parasitic elements, and the block ‘ :
diagram of a gote pumped mixer, a FET model as a mixer is presented. The

fundamentals of resistive ntixing are included to help explain the notation used in

,
]
e ey e




LO pumping at the' gate’ Schottky=harrier diode. In'summary, mixing occurs in

a FET when the small signal elements representing the FET are varied at a

[ ‘ a mixer, and to develop the theory of trcnsconc,!ucfan‘ce modulation by strong

’ ¥ periodic rate by a large local oscillator signal impressed between a pair of

! Y

device terminals, in our case the gate-sourcé terminal;./The mixing is a result

of the"strong gate bias dependence of the transconductance, Grm -

D P
q v
/ -
; 1
N ~
] B
N ~ E
\ : i
- 3
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The Schottky-Barrier (diode) Physics

o

~ N - . . . \
A mixer is a circuit containing a non-linear element known as the
mixer diode, which enables a signal frequency to be converted to another

A
. frequency, known as the intermediate frequency (IF). This'is achieved by

extracting the difference between the sigmr frequency and that of another

o oscillator known as the local oscillator (LO). The mixer can be cascaded with

' ﬂ\ IF"amplifier and the complete system is referred to as a hetrodyne receiver, P

Semiconductor diodes for microwave applications are based on the

phenomena of majority carrier injection across a Schottky type barrier between

.

. : %
a metal and semiconductor, The origin of the barrier is due mainly to a combinq-&
tion of the effects of surface ;tafés and the metal work ﬂmc:'rion.\¥ Such a devicg

is called a Schottky-barrier c\ﬂyﬁae. ) N\

i ’

The metal semiconductor contact is defined by the Schottky theory of

(

«

rectification, D Unlike the p-n iuncfioﬁ diode, the n’ecﬁ?ying contact is based

on'majority carrier conduction and in normal operation exhibits virtually no
., S -
storage of minority carriers. This results in move efficient rectification at high

frequencies. The operation of a metal semiconductor diode can best be understood

( ~
by referring to its apprdpriate-electron energy diagrams, as shown in Figure 2.1 (2.)
S .

These show the energies of free elestrons in the metdl in for example, an n-type
“1 b

semiconductor under various conditions of bias,
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 Both diffusion and diode theories predict an ideal 1-V characteristic

(M

of the form:

I = I (e -1) . . "L (2.1
\vhere R = cy/ nkT ' (2.2)
Thus, 1= 1, e ™/7KT _ ” (2.3)
where lg is the saturation current, ‘

q,’ is the electron charge = 1,6 x ]0-]9 (coulomb.),

T is the absolute temperature (°K),

K k is the Boltzman's constant = 1,38 x 10723 (joules/PK) -

V is the voltage aéross the diode junction (volts)
n is termed the ideTlity factor and should be equal to 1.0

for ideal characteristics. - ’

»
. - 3 . . (3) . -
This result by Schottky together with Bethe's '~/ thermionic emission

o

»

tical-phonon scattering and quantum-mechanical reflection at the

metal-semiconductor interface are incmpo%*ed. The election optical-phonon

»

-] ! l
That is, = 40 (volts) (2.4)
- _%‘r

P s P
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. maximum,

\
scattering between the barrier energy maximum and the metal predicts a low-

field limit for assuming ) that fhje metal acts as a perfect sink for carriers )
which cross the potential maximum in the direction of the metal, i .. the . - !
thermionic emission theory. The effect of quantum-mechanical reflection and
quantum tunneling on the recombination velocity predicts the high-field limif i
of validity of the thermionic emission theory and the' onset of thé(mioqic-Field e
emission. ‘Thus, the ‘Schottky-barrier diode is a majority cd;'rier device under
lo;s-iniecffon conditions, and at sufficiently large foreward bias, the minority—
carrier injection ratio (H;e rat(io of minority carrier current to total current) .
increases with current due I'\fhe é:honcemenf ofﬂt‘he drift-field component
which becomes much larger than the diffusion current. Thus, M

J\z__lﬂ_:"iﬁk_!R_ ' ;xp [ :%B_L] [;xp, 1%1‘ ] 1] (2.53.\

where q is the electron charge,

. \ -
Nc: is the effective density of states in the conduation band, )

\

vR s the effective diffusion velocity associated with the transport of
©

electrons from the edge of a depletion layer at W to the potential energy
. <

Lo

-

t -

-

qfg,, s the barrier height (for Au-GaAs =0.9 eV).
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' With this brief introduction to Schottky-barrier contact theory a

. 0

discussion of*parameters sensitive for mixer diodes is possible.

R

Q
To obtain high performance in terms of low conversion .loss and noise
. ‘ : ~
figure, it is required to use a diode with o véry high cutoff frequency fi o’ ’
( to simulate an ideal switch), and to be aklz to properly terminate the modula-

(

tion products in the mixer ¢ircuit. ) A criteria involving diode area, material -

-~

RO PR

\. parameters, and temperature, must be considered to extend Schottky-barrier
v s
mixer diode ronge info high frequencies, while keeping low :Be conversion loss

or noise figure of the device. To reduce the parasitic loss:as the frequency is A
! K T .

(

-1

< - increas?d, the diode area must be reduced, 6) However, this reduction in diode
area will increase the intrinsic conversion loss rapidly due f; the non-linear
contact resistance. Also, a large Richardson Constant extends the usefulness to
smaller diameters (higher frequencies), and cooling a thermionic emitting diode
will degrade the conversion loss, Y 4 ) | %

. The principal factors limiting performgnce are the barrier capacitance %

&y N

™~ (C,) and the spreading resistance (Rs) (5). The former is mel"ely the capacitanc ;
of the space charge limited'region, and effectively shunts the non?-ligecr diod
re;istance (Ri)' The spreading resistance (Rg) n?qinlx consists of the undepleafed \
portion of the epitaxial layer lying below the it;hction,- and it is thus in seri

P ud

with the parallel combination of Co and Rj. The deleterious effect of these fyvo

-
.

{ \ 3
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parasitic elements on the conversion efficiency of a Schottky barrier diode are

immediately apparent: Cg'allows current to bypass S while Rg isa source‘of .
power dissipation, heat production, and, consequently, excess diode noise, -

\\ A cutoff frequency at which dI/dP, detected current versus incident
i _ .

(M

power is one-half its maximum value is defined as:

kY
v ¥

. ¢ _ 1 . . ‘
. C- 2 A Co (Ri RS)% (2.6)

e

5&

This shows how the high frequency performance of a Schottky~barrier

‘diede can be limited by the presence of the parasitics, such as an increase in

£
.

diode noise rempercfu’ife due to IR heating of Rg, which is present at all frequencies,
’

To reduce C_ and Rg certain fundamentals in device fabrication are
. ;;ossible. ©), @) ' - . “
(i) Since Co ,N ch and Rg ~~ Vh.2 ' ’
where x is the radius o.f the diode ;onract areq, a ;'educfion of the
spreading resistance is possible by choosing a pattern with larger -~
periphery to area ratio compared to that of a dot.

A very ‘highly doped n't layer to serve as a buffeg layer, but more

importantly to help minimize the parasitiaseries resistance in the most

critical region, namely in close proximity to the small area Schottky

contact where the spreading resistance is located and on the surface of

~ @ Lo

"o
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. the back contact where the ohmic contqct resistance dominates, Of course, * .
‘ ) » / : .
non~epitaxial or' bulk GaAs if used could be used so that this effect would not
. occur, This, however, would cause an increased Co os well as a reduction in -
the back breakdown voltage. This latter effect could fead to an increase in
- . . . -~ . .
diode noise due to reverse current flow during negative half of the local oscillator
i c .
cycle. ' )
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2.3°  "The MESFET Physics X ' ‘

4

With the- introductory information on Schottky barrier physics of the
_ previous section wé can néw kconside?'ﬂ.me MESE;ET. The FET (Field Effect
. Trodn/sistor),‘ as the ;nome i'mplies, isa dev?ce whose cu\r'Tenf through it can be
. varied by an elecfrif field oppl‘ied fo o terminal Basically, there are three
“ types of 'FETs (see aIéi‘gure 2.2). These are the Insulated Gate (IGFET), Junction
/ o (.J'F ET), ard metal semiconductor (MESFET;. The main difference is depend?-né
;\*on whether the controlling field is applied fo a semiconductor reverse biased

junction or at an insulating layer, In this report, only the GaAs Metal to 1 ~

( Semiconductor ﬁe‘ld e\ffacr rra?\sistor (Ga‘As MESFET) will be analyzed.

( _— .. " The choice for GaAs () was based on an ideal semiconductor for a

Microwave FET which has simulfaneoqslyé large mobili®, large maximum drift

4 velotity, and large avalanche bre‘akdcgyn field, Consequently, a small electron

Rl P

& effective mass, a large infervalley separation and a large energy gap were *
required, Devices fabricated on GaAs hqve performance improvement over -

Si, because ~ N

-

(i), In GaAs the ‘conduction electrons have a six times larger mobility and a

two tirﬁesrlarger peak drift velocity than in Silicon (9),” Therefore,

R R AL N A SRS

© e AAEA eS B s ek P T

parasitic resistances are smaller, the transconductance is larger, and the

transit time of electrons in the high field region is shorter,

i *
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> _ (i) The large parasitic capacitance of the gate bonding pad of Si, canbe

eliminated (:IO) by positioning the pad on the substrate with an active
layer grown c;n fhe semi-insulating GaAs with resistivity larger than '
* 1017 ohm-cm.
(i'li), Noise figure improvements (1) gue to a high purity buffer layer beh)v(eesn
the substrate and the active layer, a high doping level in the active
n-layer k2.5 x 1017 cm'_a), a short gate length (less than one micron), and

/
smallest possible source and gate-metal resistance.

.

aThe general theory of JFETs (12) Lcs developed as a result of Shockley's AN
analysis (13) using the gradual channel approximation. This analysis has proved
useful for long gate devices. It has not been so successful for short gate devices,
where the gradual channel c;pproximaﬁon does not apply. Thus, along the lines
_ of Yamaguchi et al (]4), v‘ucfpt Schockleyt‘analysis to short gate devices, and ’
incomorate the carrier velocity saturation in the channel.

To start, usvally GaAs 'FETs are constructed on a semi-insulating or
n-substrate with a finite resistivity. However, assume qn infinitely high resistivig
fo; the substrate in order to simplify the problem. Consider a Schoﬂ'ky-‘ba;'rier gate
FET structure (without subsfrc}?e)'pas shown in Figure 2.3. In‘a majority carrier
device like a FET, fundamental equations describing the operatior;s are Poisson's

x

requation and the current continuity equatiort. ' ‘
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They are given by:(]s)g‘

vV = -2 nNp-m | (2.7)

’ '
of . S e
NI ‘ / 2.8
' - . . (15)
Current density and terminal current are expressed as follows' ~': '
i - ' SRR | (2
N J=pv+bVe - (2.9) |
[ . .
: ' Cdotal =qdF e D E ’
, . oo , e (2.10)
) ( . | = _{S Jfot‘ql a ds /‘ . (2.-] ‘)
| : where S is an integration plane surrounding each electrode, The bulk negative f
é . differential conductivity effect is used in the velocity-field relation as (16), !
. ' ' 4 ~ A ) . ‘ i
z L v =ME T Vs (E/R) ‘ @ ‘.
.2\\ 2 1 ’ 1+ (E/E0)4 . \
- " where v and E are the saturation velocity and the characteristic field
: * respectively (Figure 2,4),- The diffusion coefficient D is given by (14)
] . D(E) = RT v(E) 3y 2 '
; < E + §TV(E) (2.13)
E “where T is the relaxation time in the energy Space£approximal'ely110']3 s
‘ for GaAs), . ' - LA
| ; .Boundary conditions imposed are (.‘]4):
i) Ohmic contacts for source and drain electrodes, )
\ . '
0 ? = ND ) . (2.‘4)
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ii) a rebf(Fying contact for the gate electroge,
. . " e b
.S NDe"P[_ﬁ (Vi + VG)] : (2.19)
RT ‘
. h ' » b
V= v + Vg (2.16)
where V,; is the built-in porential, and,,
iii) +  free surface except for the electrodes,
, ] AN
éﬁ = oV = 0, aty=0and d. " (2.17)
- B\/ By - ¢

Y

In the region below the gate where the stream of carriers continue with

. . L |
constant density and uniform, cross-section. We have to solve Poissen's equation

x

assuming a uniform acceptor density and including the space charge of the flowing

carriers, A particular solutiont”) of Poisson's equation is
]

-

- € a2 [ (Vg +Vgif -Vg) - (Vg * Vaif ). = v, (2.18)
Z e ( 2¢ > 2e
e a2 N 602
(where %9; is the gate-to-channel potential required to‘deplete the

channel of carriers, and Vgjf is the built~in diffusion potential due to the doping
difference between channel and gate), everywhere in the stream (Vp = potential

at pinch off and V, = potential at saturation), and outside of the stream a potential

increasing parabolically toward the gate electrodes Along with the homogeneous

o
solution we have (17) .
V = E :An COS (2n + ]) ‘W 3 exp (2n N ]) Tt x - (2.]9)
Jnﬂ —'\& ' s z o . Zr& i

where x starts at the pinch .off point,

-
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The transconductance Y me is defined as the change in drain current diy
-

divided by the change in gate voltage d Vgr holding the potential difference between

- source and drain V4 constant, and under velocity saturation conditions we have (18)(19)
/ . | _ diy, _ Yo Esot | dV; )
o Om T Ty T 7% ) o A (2.21)
L} t * O-
}~' N , ‘ . Thisis further modified by Lehovec (12) ard we end up with
, = I [3Un2 - 1) - 2(Up,3 - 3] )
¢ ] : (2.22),
P 7 T+ Z (U3 - 13 A
z . | -: l/\
E o where Ip = the saturation current in the Schockley case where saturation
. effects are ignored (Z=0, Um=1) (20) L
oA Z = Pvp/Lng . ) _ (2.23)
Q.‘
p = the low field mobility ' : . e
; Vp = th?‘pinch-off voltage

vs = the saturation velocity
t2 = - (V) / (Vpifl) : ' (2.24)
Vg = applied gate voltage | |
; . . g = the junction contact potential, and Upm is the normalized reduced -
drain potential given by; -

y U3 +3Up (1/Z - 12 + 263 - 3/7 =0 (2.25)
. * ’ \ N
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}Thg device transconductance g and the drain resistance Ry, are

~

!

Pl 5 ' " .
N ) C9m= évd- = g (Um =) /(1 +Z (UpZ fz)) C (2.2

[{=]

<)
.

(2.3;7)

Rgs=Eclg (1+Z (uﬂ t< )y

and; E. =-13vy/ Iy ) ‘ (2.28) P

ys
»

C This model is appropriate for-devices where the gate length Lg is

of the order of a micron and the field can exceed 3 kV/cm even at low

drain volts (3v) (22,

<.
)

-t
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2.4 " Theory of Resistive Mixing — : ’

. The mixer, can be thought of as an ideal switch (23), "Frequency i
N R N
. «converters" are used in communications receivers and transmitters, radars, 1

|
et 5 B}

radio and radar astronomy, control systems and many other applications, The

) v
frequency converter consists of a "local oscilldtor” or "pump" and a network

s erEy e W

containing one or more non-linear devices and means to couple tlLe local
: )

-

oscillator and the input and output signals. This network is called a mixer,

P L o e
r

Inside the mixer the input sigr;al,_-which is simply called the "signal", and the

local ascillator are "mixed" together in the non=linear device to produce, amon
9 ! p r g

: ( other frequencies, the required output frequency which is separated by filtering,

The object is to achieve this with the least possible conversion loss, noise and

3 H
- i

non linear distortion, In hetrodyne receivers, and many other applications, the

output signal is called the "intermediate frfequency“ (IF). Thig frequency is the

Y K

difference between the signal and local oscillator frequencies,

Traditionally, the basic mixing process is accomplished by a non-linear ~
positive resistance device; (24.). Today's semiconductor technology is capable of
L ' producing mixer diodes, such as.Schottky-barrier diodes, which exhibit almost

¢

purely resistive characteristics even at microwave frequencies. And in this

&

T T e e St o % s

respect GaAs has an advantage over Si (25) for high frequency devices in that

the electron mobility for n-type GaAs is high, thus leading to higher frequency .

operation and reduced series resistance losses,

)

N a
° . .
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What follows below is the theory of resistive mixers. The mixer is.treated

¥ -

as a linear periodically time-varying resistance inserted in a passive linear time=
‘invarient network. The results emphasize the importance of the method of pumping
and the proper termination of the out-of~band frequencies on the performance of
the ;nixer. The anaiysis is limited to deducing the matrix equation relating Hu;

input and output frequency voltage and currents from the resistance waveform,

The schematic répresem‘oﬁon of a mixer is shown in Figure 2,5 , This

€un ideal microwave mixer. The input signal is mixed with the pump and the

output signal extracted. Typically however, many more frequencies are involved,
For linear mixers pumped with a frequency Wy, the voltage and current

can be written from Figure 2,6, This shows the basic electrical mixer circuit, and

. w0
the equations are; (28)

-,

Vin = & v, elMpteot | C2.29)
L@ = = y ei<"”P+“f1)* ‘4 (2.30)

where wq is the desired output frequency,
Wp is the pump signal frequency,

Wi, is the input signal frequency,
, !
”'j

rd

The rest of the frequency components are undesiroble harmonic mixer

‘éroducfs. Figure 2,7 shows,on the frequency scale, the mixer frequencies involved.

. '

The circuit shown in Figure 2.6 has all out-of-band frequencies open circuited,

The series circuit is tuned to the input signal and is a short circuit to it, and open
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circuit ot all other frequencies, This type of circuit is referred to as an infinite 3
r
Q circuit; or to he more precise, the series circuit tuned to Win shotjld,be "
-,
defined as a series L and C in the limit when L —> o= with C = ] .
. . W 2 L
o ¢ R [ 3 - 1N
This implies 1,=0 for all n, n#in, 0, because the circuit is short circuit for ‘
these frequencies only, ;
Thus, only lip 2 bWt and Iy e julet pass through R (t)
. The mixer equation befomes ; )
\ 7
. = N (2.31) i
Vo R’} i p"0 lO . . 7
An important frequency is the image, and the inclusion of this component ' 3

changes the above system to a three-port equation.. Various other mixer analysis
technic!ues are avai\iable. These convbe with either.all out-of-band frequencies
are open circuited while all the even-order out-of-band frequencies are short
circuited, etc. These each representations give different mixer equations,

suited for the particular diode imbedding circuits, Essentially however, the

circuits are duals of each other,
§

B i SOV 'amww

The separation of the frequencies for the mixer in different ports can be
achieved by appropriate transmission line filters if Wo &< wp, However, the use

-of symmeh:y (in a balanced mixer arrangement), and mo're than one resistance -
(diode) for the frequency separation is only possible if éonstanf, or generally linear, ;

phase~shifting networks @) can be built to operate at all the frequencies are

N e

D S A I e . ~ : -
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. only required to be reactive, or generally to have large reflection coefficients.
¢
Speaking generally still, inpractice, a capacitance exists across the - v

time-varying resistance and a fixed resistance exists in series with the combina-

PV

(25, (26), (27)

. _ tion. For example, these can be the diode junction capacitance and series
resistance, In the literature maky authars have dealt with this problem having
assumed, that the junction capacitance short-circuits all the higher order out-

of-band frequencies; W, ,\ n| > 1; across the time-varying resistance. Thus, only

the signal, IF and image frequency voltages were considgred. The result is a

'd
‘complex 3 X3 Z-matrix based on the model of the diode parameters, The N
. . . i .
) analysis yields good results if the junction capacitance is large and the series
= resistance small. Figure 2.8 s:lhows the diode model,valid for devices (GaAs) -7 !
with negligible charge storage in the foreward region. o
. , : . (23) - .
The result for optimum conversion loss is, . ' .
C Lopt X 1 +20g/W (2.32)
where, ¢ <<y
.
, e T g
¥ . R
This assumes an optimum resistance waveform of a rectangular pulse switching |

between Rmqx and Ryin with the appropriate pulse duty ratio (typically 1/2).

o b b g SR

Also assumed is the fact that the level of the local oscillator is much higher than
that of the signal; however, this result is only approximate and the signal will see

some small non-linear distortion instead of a linear, periodically time-varying

L

L.
S
\
SRpEPWRE?

resistance.
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Figure 2.8 (a):

Strongly Pumped Diode

Figure 2,8 (b):

Diode Resistance Waveform
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The non-linear device is an exponential diode, and the V-I characteristics

are; (1)
b=ty @2V -1y . (2.33)

7

. A
H . » . o~ Uy
where, s is the diode saturation current. A Schottky-barrier diode is the best)
..
known device to exhibit this characteristic gver several turrant decades even at

microwave frequencies. However, we hmglected the effects of the diode
.

series resistance, reverse breakdown region and junction capacitance,
Ano;her parameter, equally important as the conversion loss is noise figure(
“In‘an ideal Schottky-barrier diode at microwave frequenf:i,es, the only relevant
*  source of noise i3 shot noise, This can be accurately described by an em%ssion
model,r( ) which produces a full shot nofi)se effect identical to that of a _tempe;'afure

limited vacuum diode carrying the same current and neglecting the transit time.

The thermal noise is generated due to the diode series resistance. And in a strongly

f ¢ * .

‘pumped diode with square wave voltage, this'will be the only considerable noise
source in the mixer. (This is true si\nce in the foreward direction where the shot
noise is large, the junction is nearly short circuited, and in the reverse direction
fhé shot noise is negligible). In f‘his case the mixer acts as a passive network at

room temperature and the noise figure should be equal to the ¢onversion loss.

K}
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¥ 25 FET Mixer Theory

This section begins with yet another look at the basic meaning of mixing.

Microwave Mixing, is defined as the conversion of a low power signal, called |

‘ -the RF signal ot a frequency, fs, to another signal called the IF at a frequency L’%

for by combining the RF signal with a higher power sigml,“:alled the local

» .
oscillator LO, or pump signal at a frequency fp, by means of non-linear devices

N

\ .
such as varactors, transistors, Qvacuum tubes and so oen. The nonlinear device

~ Output comprises o{{f_he following signals:

3

€)  the original input signals, the LO and the RF signals,

| @ . (i) all harmonics of the LO, mfy and the RF signal nfs, ‘(m and nare inl’egers),

. (i) two primaxsidebands, the upper sideband sidnal, called the sum, at the

. g frequency "fp+f;  and the lower sideband signol, called the difference ~
' at the frequency ‘Fp - .
(iv) a dc level, ' ' ‘ ' ’
. (v)  all higher products ot the frequencies m fo t g,

) The desired output, commoniy known as the intermediate frequency (IF)

can either be the lower or the upper sideband, In our case we'will discuss the .

R T

lower sideband as the IF frequency, To present some mixer theory we need to

consider the GaAs FET device.

\

it has widely\been recognized (30) that GoAs Field Effect Transistors (FET)
— have very low noise figures of about 3 to 4 dB ot X-band, The Schottky-barrier

contact, together with the high mobility of the GaAs materials have made it

N
B S R T




a possible to attain high cut-off frequencies, as high Z 50~80 GHz; that is,

several times higher than that of silicon bipolar transistors.

‘Most of the work today on GaAs FETs have been concentrated on the

32)

_application of FETs as 55n0|| signal amplifiers (3”, oscillators ( , and as

power c;qelifiers (33), The application of GaAs FET as mixers has been lightly
. \,
(34), (39), (36)"

treated in‘the literature So necessarily our buiding blocks will
- be the cmpliffer theory, | ‘

The small signal beh,aviour of a GaAs FET canbe described by/the
eqbivalenf cireuit (37) shown in Fgivre 2.9. In the diagram, tffe'input gate
circuit is represented by the gate metallization resistance Rmes @ gote-ro-sou.rce
capacitance Cgs and ;he channel Iresistonce Ri. The capacitance Cdg represents
the gate-to-drain capacitance and R4 represents the small signal relationship
between the drain current and the ‘gc_Lre voltage. R4 and Rs are the metallization
resistances of the drain and source ‘reSpecﬂver. Typical element values for
NEC V244 FET are shown in Figure 2.9, Not shown in Figure 2.9 is the package ‘
parositics which have effect on the performance of the device at high frequencies.
Figure 2.10 shows the packaged FET parasitics which have an effect on the
performance of the device at high frequencies, Figure 2.10 shows the packaged
FET parasitics (see Appendix C). The most impérfanr parasitic element is the

: vgate lead inductc;lce. At high frequencies Lg, Cgs, and Ls form a resonant

circuit, Above the resomance frequency the gate inductance dominates the

input impedance and the device stops to behave as a voltage controlled device,

N\
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The time varying transconductance % m €an be expressed in.a Fourier |

(34)

series as

2, =0

L 9,= = Swep(jikwp® (2.37)

~

i

l

! - - . . . .

‘rE s ~Where Wy = 21T fo = the pump signal fraquency in mdtfzns, '

9 =the k th harmonic Fourier coefficient, given by n

| ! ittko .
: A gk = o= g S, e (ikwnd () 2.38)

) to

s
such that -

E where L, = anarbitrary time origin. This time origin can always be chosen

. 9, =9, | (2.39)

K ot b M et s =

i @;’:'.:g . The inp® curregt I, and the input voltage Vin are related by the

-

« ', following equation: (see Figure 2,11) P

Vin = lin (R + Rs + Rm - i./(")in‘ch) + lout Rs ‘ (2.40)

And similarly, the output voltage is related to’the output current by

(see Figure 2,11) -

Vout = lout (Rs * Ry + Rs)-+ i R = UG . (2.41)

\
1

e A

where ;0. loutr Vinr Voutr-Win and W gyt represent any of the possible curre
. .

and voltages at the frequency nWp + Ws (n= -0 to +oe )"

’

To simplify the analysis, only three signals will be al

at both the input and the output terminals.  These signals are:

v

i) RF signal at the frequency f;,

° N
L o ii) IF signal at the output frequency f, = ‘fS"Fp‘l and,

iti)  LO signal at the frequency fo

/7
R G L b o Sl
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.
N 3 =
- +

.

¢} . '

&

iv). See note below. (38)

"

-

Now a set of equations relating the input RF currents and voltage to the output

34
. ~ IF voltages and currents can be written down gs: ( . )
Vis = (Rdt = i/Ws Cgs) lis + Rg los (2.42) -
E Vi = By = /2 Cgs) * I * Ry ad 24y

\
Note: The effect of the lma\ge Signal (at 2wp - W)

¢

- The image signat at the frequency 2 wp - Wy generated by the nonlinear transconductance %m

will flow through the drain external circuits, In order to recover this power and convert it to’

A
-

; the required IF signal, some means of feeding back the image signal to the gate capacitance
' must be devised, This feedback is necessary because, WA‘Asume, that the output drain current
depends only on the gate voltage. The FET model of Figure 2. 11 shows source contact resistance

Rs (for voltage) and drain gafe capacitance Cdg (for currenf) as possible feedbdck paths. The

T TP r: WP
\

conversion process of the image signal to the IF involves the second harmonic Fourier coefficient

G4 of the non-linear transconductance Qm, If it is assumed thatQ m varies between 0 and
. # X

a fixed value, over the LO cycle, then.Jz is equal to zero. Thus, the effect of the image

signal was considered to be negligible, °

.

. - L N B -




b n ar eepRIBEAT M EPETAME I

Vos = (R + IRds Qo/ws Cgs) s +Ralt los + Rds G, 1ig/,Cos

* ok
*

Vod & (Rs+iRgs 307‘56 Cgs) tod + iRys g 19/, Ces + Ray lod
where go’ qy = the average and the fundomental Fourier coefficients .
of §m
Rgt = Ry +Ri +Rs
Rdt = Rg + Ry + Rys
lis = the input.current at\ the RF frequency (wy)
los = the output current at the RF frequency ‘

lid = the inpbt current at the [F frequency (w,)

@ lod = the output current at the IF frequency.

I3

Visr Vosr Vid, and Vo are similarly defined as

CL . wo= 2| - i) -

o

[

Zid’ ZOd' Zis Ond zos . ) ’
where Z.y = the IF signal impedance at the input port (gate)
. Z;o = the RF signal impedance at the input port (gate) _

Zys = the RF signal impedance at the output port (drain)

- ' Zod = the IF signal impedance at the output port (drain), -

z t

o

Let the impedances seen by the sigr;cls at the two ports be designated by' \,,._*.

(2.44)

*(2.45)

(2.46)
(2.47)

- {»4‘(25.4:8)

‘t

\ ~

s Ly
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N 4

The impedance matrix Z describing the relationship befwégan the RF and

(39)

the IF currents is obtained from the above equations as:

Vis | - Zn i lis
. = ©(2.49)
Vod In Iy Fod
where Z11 = Ry + Ry +Rg ~ jXs = Ry(Rs +{G¢ Xs Rds) (2.50)
) (Zos + Rdf) o
Zy2 = -iXs G 1Rs (2.51)
(Zos + Rd:‘;{ Ras) Rgt + Zig = iXd)* |
toe . s
& Zo1 = iX 9 : 2.52) |
~ , N 222 = Rdf - RS (RS + iRdS%o Xs) . o (2.5:.5) i
; | (Rgt + Zid = 1%a) '
! X, = 1/ w,Ch ' o (2.54)
‘ ' Xg = 1/ o Cqs | ‘ .o ) (2.55)
The conversion goin)ﬁ ¢ can be viritten as (34)
: .‘ Ge = 4 \Vod\2" _ The power IF delivered toload Ry’ 1(2 56)
o | RL \Vgs \2 The available RF power

where Vgs is the RF signal source voltage.

Assuming that the external circuit presents impedances Zg and Z| to

(34),

the RF and the IF signals, respectively, then we can get the conversion gainas

| : 2 ,
‘ o V(222 + 20" @1y + Zg) - Z122Z21) 2 "

where Rg =Real (Z5) = the real part of the impedance seen by the RF in

g)

the gate external circuit,

B s ST o FUREP SRR




= —"

Ry
PO T

R it

{
{
RL = the real part of the impedance seen by the IF signal in the drain
4 ‘ v '

external circuit, = Real (20)

The feedback capacitance Cdg increases the input admittance and the

reverse transfer admitta nce, Y12, The tesult is a reduced conversion gain,

This can be seen by analyzing Figure 2.11(34)
lin=Y11 Vin* Y12 Vout R (2.58)
lout = Y21 Vin+ Y22 Vout (2.59)
where Y] = Yc ((Fa+1/RQ m+ 1) (1 +Ry/Rds)) (2. 60)
‘ - Yi2 =7Yc (Fg + Ry/Rdg) (1/RsG y + 1) . (2.61)
Yor = =Y (Fg + R/Ras) (1/R;Gm + 1) G (2.62)

Y59 = Yo (Fg + Re+Ri)/Rge®Qm + 1)) +1/(Rds-(gmk;~a)-), (2.63)

Ye = iUi\Cgs = gate capacitance admittance at w : (2.64)

fp = chCQS -: ‘ . | ' . (2o

" | . 4 .

Use [y o YnYiz || Vis | @ ' (2. 66)

] | Y21 Yo || Vi | ‘ |

where .Y” = Yes Ky = (Yes K2 #30)K2 ' (2.67)
(Yos + K3 + Y fp ) °

i = KeYea [ Yak2 7 (2.68)
Ky ch+Y;dJ (Yos +K3 ¥ Yes fp ) : .

G Ya = % | . T R.e9)

Rt

s s o =
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. o
o =Ky +Yeq Fe - Yed Ko (3 6 + K2 Yq)

| Ky = F 1/T,8 4 1 ‘ (2,71) -
Ko =-RX+RS<}O +1) ~F\\a' | S (2,}2) .
Ky = 1/Rds(1+R(G o) . , (2.73)
.ch = i | @p - | Cgs o (2.74)
} Fo o= %5 & (R +R)/RdsRsG o+ 1) , = @2.75)
. Yy = .l‘npuf c.ircuif-gcte admirfancé at IF ‘
- | o ‘Yos.. = Qutput circuit - drain admittance at RF ‘ 5‘
- . LY = wCg (2.76) ;
;
T Forthe NE244, Fp .= cdg/c,;g = 0,25, whereas the izs feedback _ : ’ |

contribution to Ko is of the order of 1072, K5 isa mulfiplica'fién factor in Y120

L /

o B T
, i 2
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7 CHAPTER 3

DESIGN AND CSJN STRUCTION

+

1 Introduction
. —

The intention of this chapter is to describe the circuit design and

§

{ .

t ; ‘tonstruction. The discussion starts with a brief theoretical and technological
?lf background involved in the design and produci{i,c/)n of microwave integrated

"circuits, Howeveér, the main intent here is to drovide a set of equations

relating impedance, wavelength and loss i yidth, thickness and
length of the printed track. These arq stafe

nology, and detailed derivation is often based

@‘ ' " experimental analysis. This detail is léft to the reference

of the report, and Appendix E. | A ]
) ! The actual mixer circuit is, of courge, constructed on a MIC realiza-

tion. This section presents a block diagram of the gate injected local oscillator

type mixer, The basic frequencies are - T ~ i

e P

e \

—_—

6 GHz (5925 to 5455 MHz) injected at the gate terminal. v

ya -

i

Fsignal
Typical signal level of =40 dBm. Thus, for all intentsa’

: . small-signal model of the non-linear mixing device is

. adequate for the design of matching networks,

T et

t o Foump = 2225 MHz, This is the local oscillator, and is also injected

.,

at the gate via a printed circuit diplexer combing the

6 GHz input. signal with this 2 GHz pump signal. This

s

pump is typically at +10 dBm, and presents to the gate a i




-

| switching signal which is responsible for the transcon-

\ -

| s ductance modulation and subsequent frequency translation,

F_. = 4 GHz (3700 to 4200 MHZ}, This is the |F difference signal, -

<

resulting from (Input-Pump) combin.aﬂon‘., There are several - -

other mixer outputs, however in this example, we have
- .
chosen to select this as the desired Intermediate frequency,

The rest of this chapter discusses the details of the mixer circuit .

3

realization, and the references for the diplexer design. o

v

YA
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i

The Microstrip Transmission Line

A planer transmission line consisting of a strip conductor separated

“from a ground plane by a dielectric layer is known as a microstrip transmission

line, The Schematic diagram of a microstrip transmission line, shown in

Figure 3.1 (o),(

R defines the dimensional parameters of the structure. The
o . . . .
characterization of fbls%ffrucfure is of great importance because of their

increasing use as a guiding structure in microwave circuifs.(z)’ ) . This

section SUmmariWsome important and useful relations for computing
the characteristids of a MIC circuit,

The ceramic substrate is generally a polished (better than 2 micro-
\r ’
inch surface finish) alymipa (99.5% alumina - Al203) and the vacuym

evaporated metulliz;tion (4) (thin fiIn;) is as listed below in Figure 3.1(b).

The initial metal is Cr  to provide adhesion of Cu to the alumina,

The next metal is Cu., This is the main microwave conductor and s several

skin depths thick at these frequencies of operation. The Ni layer acts as

a buffer betweén Cu and Au. The final Au layer is to protect the Cu from .

Narnishing and to facilitate thermo~compression bonding anrd conventional

w~

so!déring of components onto the circuit. . '
Proximity of* the'air-dielectric interface with the strip conductor

causes a discontinuity in the electric and magnetic fields (see Figure 3,2
"P
2

In fact, there are components of both electrical and

at the interface,

S bttt
n

%
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Figure 3.1 (0): Microstrip Transmission Line
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Metallization Thickness

‘ Cr, 2004
. . 1" ‘ Top Side RF ‘ Cu 4 micron

t. p ' Conductor track N , 2000k

: . . . ‘ N Au 1 micron (

- . . .

; .- .
g ,. ' DBottonSide - Cr 2004 ,
i - * Ground Plane ! . Cu . 4 micron
. . o Ni 20004
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-

» . -

. ®
magnetic fields in the direction of propagation. The propagation mode is

a

thus not a pure TEM mode. At the present time, one of the mostconvenient A

and useful féchniqugs for determining the wave impedance, the phase

o

—

°. velocity and the wavelength is that reported by Wheeler.(S) Wheeler
. ‘derived the following expressions for the wave i‘mpedance of wide (W/h > 1)
.and narrow (W/h < 1) lines:

5 o ‘ J—E-l'—‘ RC ‘ ',

5 Z, =0.5 .
. W Py e,l ﬂe2)
4 , %S v 'T(EIT+094> In( 5=

— A, e K
<
%

S . <
P . (%<

and, ‘ -

_Re [“2 8h . 1/W\2 1 -1 ™, 1, *i)
BT 1 ﬁnw+§ L) 2 e+l 2 & T,

N
P A ———— .
13

I
¢
-

re—
3
N
»
»
N
—

N

P
w
L d
N
S
t
¢ b

. .
where, R¢ = wave -impedance of fipe space-

PR
-
.
o
5
.
I
L
b
v
c
o
N
et g i 5 LR Lo AR 7

v e s s ek A4

7 &
e = 2:72 . “ B
B - ~ . é‘i}‘c
n ) ~ ] k4 ' i - ) ' 't ’
.. - c = b In 4, ge correction for an infinitely wide microstrip line,
1 % : [ N - _ n ' ' . ”
~ \ € = relative™dielectric constant.. , ; i
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I

.The wavelength in the microstrip may be calculated using

Noy= Ao

J Eeff

t

where

dielectric constant defined as
T

Zoa\
Eeff = Zo .

3

where, Zo and Zoq are the wave impedances of a microstrip line with gnd ‘

7l

7

}
e

Ao isthe fge space wavelength and eq¢f is the effective

-

<

(3.3) .

(3.4)

without the dielectric substrate respectively, The phase velocity in the micro-

strip is given by:

~L e

o=
0 p pa it
] €eff - )
where Vpa is the velocity of light in vacuum,

»

(3.5)

A plot of the wide line approxirﬁaﬁon (W/h > 1) and the narrow line -

3

approximation (W/h < 1) as a function of W/h, Figure 3.3, does not yield a

cross~over at W/h = 1 as might bé desired or expected. This is because the

(6)

However,

following relationships

1 4C +
Al =
] K arc cot o 2W

where &I = cp'paren’f increase in length of the centre conductor due to

fringe ﬁ‘eld at open énd,

C ok = 20/x

S

]

o
Lo

the open end effect in microstrip lines is described by the

expression h & (—;’;—) is used to account for edge correction for W/h > 1,

(3.6)

o quien VB B
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definite crossover occurs at W/h =1, This same edé;e correction is useful in

. corracting the lengths of the A /2 resonators used in the design of a

A relation to predict the frequency dependence of the effective
dielectric constant of the microstrip transmission lines is
_ B
A e ms(phn)
o . where w is the angular frequency, and, ~
C—Lj & ! 'y ¢
B} B=1 - ffo
. €r |
\ where &effo‘ = uIJi—Toeaff cndulir‘n‘e.r
\ :
ard T=0.11 WP°¢ [, 1 |
The frequeBCy dependence of coupled microstrip lines is determined:
i . from:
T=0.11(w s )0‘6 2P e -1
&
. ‘'where s =distance between two coupled lines, o

¥

and for kC< 0.3; Fal ={Z—C—+'2—W

~61 -

c@zw}

Figure 3.3 shows curve C, incorporating this correction and a

coupled line bandpass filters,

h = substrate thickness,

Z = Even mode ims'edcnce/SO for even mode

7)

and Odd mode impedance/50 for odd mode '

7

+

£

(3.10)

(3.11)
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For calculation of incremental inductance in microstrip bines(a,) i

the recession in the width of the strip conductor and the recession in the
’ ' |

thickness of the strip, conductor are used, Also, using the internal impedance
|
formulae for a semi-infinite plane solid conductor with a round conductor af

high frequencies (at which the thickness of the conductor is at least twice the
|
skin depth), yields :

o E [ -] wher

W/2% h !

: W
o - B.68R [—nf 1] 28 "WhToh.

and ¢ 2z FFW+_|n@2 ( +o94))“ (3152
_‘a’_> 2

where Z, isthe characteristic impedance of the mi/crostrip line and R is

‘the surface resistivity of the strip conductor (for copper Rs = 00826 Jf

1+ & ees) ]

«  We can thus get

% [o72 [Fo+o1sl®) f/(zew] .

¥

(8)

for.calculating MIC conductor loss:

’wher\illin’w f(_\g)= ]
J

w2
n
{ ¢

The parasitics associated with impedance discontimuities (such as gg
9)

quarter-wave transformers) are most pronounced as an excessive phase shift /'’

The series reactance is described by:

wl= 2 Zgr W1* In [:co sec (11‘ W2* )] e
T oTx
A 1 :

, Where { is the frequency and & (£/S)
is the surface roughness,correction focior. .

(3.14)

(3.15)

B A 33y Joli M e g e
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H
3

’

where wl = Impedance discontinvity series reactance .

Z 01 = characteristic impedance of the transformer section

A = wavelength

Wi, 2= equivalent strip width, where

Woe AR T, n=1,2 L (3.16)
n Zon Ceff

The short reactance may be found by approximating the step
w

discontinuity by an open‘cfrcuif. Thus‘elecfrically, the quarter wave
0 . .

transformer will appear as A/4 + 2AL where AX s the extensionat the

open end of the transformer or step and is converted into an equivalent shunt

~r

capacitance,

However, thankfully, most CAD programs like COMPACT(,‘)?ncor- s

)

porate all these MIC features, and the user merely needs to specify, frequency,

impedance, length and loss constant to accurately generate the microwave
b
performance properties,

~
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The Circuit Desigg .

The design follows the theory developed edrlier in this chapter and
in chobf;ar 2. The 2225 MHz local oscillator and the swept 5925 to 6425 MHz
input signal are diplexed and injected at the gate of the FET. The 3700 to |
'4200 MHz‘ output signal is taken from the drain. Figure 3.4-shows th? FET

D.C. operating characteristics, The nonlinear mixing regions are indicated.

Approximcfelsy (@nd ideally); J

' A . . ) .
ID=lpss ( 1 - Vgs \ (3.17)
v VP

neglecting the DC component, we get

Vgs = L.Q. +6 GHz input ) (3.18),

resulting inlp=L.O. +6 GHz + 2 x L.O. +2 = 6 GHz

+(w + (6GHz + L.0.) (3.19)

desired 4GHz output

The undesired mixing products must necessarily be filtered out
and terminated reactively. Figure 3.5 shows a block diagram and Figure 3.6

Q

shows the design layout, | 4

Basically when a sufficiently strong local oscillator signal is gpplied
to the gate of an FET biased close to pinch-off, the drain current will be
modulated between zero and the saturation value Ipgs. Simultaneously FET

transconductance, @ |, will also vary between zero and its peak value.

Figure 3.7, Since G, remains fairly constant down to small values of the
J y
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t the drain current, the % m waveform can be regarded as approximating a

‘ square wave, For this limiting condition the intrinsic mixer conversion gain-

is given by (10)
| . 2
. > _ 1/ Q@ m RD 3.90
. . GC= g (TY w ng Rg , 3.20)
where E_g is the time average of the gate-to-source capacitance and Rp and
Rg aré the drain and gate resistances, For the one micron gate (NEC) FET,
this yields a conversion gain of 7 dB at 6 GHz. The block diagm;;\ of Figure.

3.5, shows a 2 GHz low pass filter, and a 6 GHz bandpass filter, diplexer

and a matching circuit for the gate, The output at the'drain is removed by ' 4

a mafching; network, : j
?H experimental results quoted were performed with the mixer circuit-
( _in integrated form on 0.025 inch thick alumina substrate‘. Al c’onducfors were
J gold plaféd. The RF Jinpur frequency was 6 GHz, the L. Q. signal was at.
2225 MHz and the output IF was in the vicinity of 4 GHz, As can be seen
from the schematic Figure 3.6; the alumina substrate consists of two parts -
which lie on common metal base containing a r‘id’ge. The two alumina wafers

« - .
butt against the ridge and connect to the gafé and drain terminals of the beam- .

[T SIPRErIY e S

leaded FET package which is mounted, grounded source, on the ridge.“z)\ ._ _—
. .
One of the wafers contains the input or R.F. circuitry which appears to the

"left" of the FET in the schematic (Figure 3.6). The other wafer contains the

t

4 GHz 1.F, circuitry,

'

-~
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The 'cheese-slice' bias feed DC circuits, use a high and low N

impedance transmission line sections in shunt-with the principle R.F. circuitry.

The idea here is to reflect, through the A /4 radial section and

i <

the /4 high impedance lines, an open circuit for the main R.F. lines,

‘ .
In actuality this circuit provides a broadband, ( A f = 2 GHz) open at the

main R.F. line, yet is an effcctive bias feed for the gate and drain voltages.

L SR AR PRI

Th

.c. lines are isolated from the outside by use of d.c. blocking

cubaci s. In this instance they are MIS beam lead 22 pf capacitors. The
fad

beamfleads make for easy assembly using thermocompression bonding of these

devic&s onto the substrate track. And at our frequencies of interest these

blocks reprdsent less than 1 ohm series impedance.to the RF signal, yet are

an effective D,

R T

block. The other end of the bias network is isoljﬂed by |

b g s

the use of 'filter-con"™type connectors, Essentially they area T type
network, with capacitors shonting to ground. They provide a satisfactory

low pass filter and allow for bias stability in the circuit.

The 2 GHz low pass filter has a ‘cutoff frequency of f. = 2.6 GHz,

AT

and is constructed using techniques detailed in H.Howe.(”) This is a

Chebyshev type low pass with N =7, The isolation at 2 LO (4450) and

: © at & GHz is 20 and 30 dB respectively,. This filter is used to inject the local

o a—————y

[ » I .
oscillator into the gate, and by the isolation, also directs the 6 GHz signal

, into the gate, .
48 . | o ) P
K..:l ‘ "




v 4

. of . : .
The other half of the diplexer is the 6 GHz band pass f?lfer,“ N . : (

RN

using half wave side coupled resonators, The centre frequency is-6200 MHz
. with A\f = 1000 MHz. The design is  three-section Chebyshav with isola-
tion of 25 dB at the LO (2225 MHz), and 45 dB at 2 LO (4450 MHz). '
The gate matching circuit }s then desig;'aed such that the 50 ohm

l
output of the diplexer is a practical interface

-

Due to the extreme difficulty in S-parameter characterization .

(see Appendix C) of the FET under mixer operating condition, the initial gate
‘matching circuit was chosen similar to that for a single stage 6 GHz amplifier
- binput matching circuit, The design for the partially matching circuits for the
input-and output, were based on the manufacturer s)upplied data, See \
Appendix B, As indicated elfewhere, this approach was intended, at besf',.
'to provide a first iteration, and no significant 'dcita on 'mixe;'-bias' FET
pdramefers Wére_s available. The manufacturer has, of course, provided small
signal FET S-par;:meters inan omplifig\ operation, THi: design woé then
optimized, erqpirically, for lowest noise figure, consi;tenf with goqd gain

flatness.

v

The drain natching circuit was similarily difficult to calculate

o - a

“’amly’tiCOlly. The problems of S-;)amn;eter characterization led to an initial
design of the drain matching circyit which was similar\ﬁ; the 4 GHz single- ~

stage amplifier output match circuit, This design was then opfimiz;/

empirically, for good gain and gain flatness,

.l

.
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Thé matter of providifg proper réactive terminafion to the other

N

o

# mixer prodlﬁcfs, as duscussed earlier is the*ﬁexf design congtraint. Usually

the 25 dstoluhon of S]Q\folafes ﬂwe gate from the mixer products present

at fhe dr}!m. And these are uncontrollably temminated in the reverse

A

/.

N

d:rech7‘7. The outpuf circuit has to have some f:ltermg to suppress the L,O.

L
signal firom straight forward amphﬂcuhon. A quarter wcvelength long stub
/ "

1

(at 2925 MHz) at the output placed A4/ (at 2225 MHz) away from the drain

‘terprinal of the FET, acts as'a shorflciicuif when rotated back to the drain,
f ‘ .

! : ; ,’\0
This reflects the L.O. and its odd order harmonics\back into the trunsistor for
some form of L.O. recovery, The mixer also produces the 6 GHz output,

. T4
signal which is amplified and outputted. +Also produced are the sum and

/, Amage frequencnesand 2xL.0, signal 4450r;v\Hz) frequencies, For optimum

conversion gain, a réactive terminatign- équcl to the broadbcmd complex

conjugate impedance at these Spurious}j-equenmes is needed, . To analytically

!

design this is too major a task, and the design is generally empirically tuned -
. 4 )

13
w,

for maximum gain, It is assumed that some signal energy reconversion takes

place, however (see Appendlx C), as rhe gain achueved is less rhqn calculored

14

it is also assumed that mgmf:cant signal energies are losf in these spurious

_ signals, Phe mixer does need external filtering ir'the fq'rm ofa 2xL.O.

discussedé§ the next chapter, R 2 ] 2

(41350 MHz) notch filter and a 4 GHz bandpass filter, This testing detqil is

i3

Y

YN




’ . CHAPTER 4 S

14

EXPERIMENTAL TECHN|QUES AND RESULTS

L - . !
4,1 |Introduction , . . /5 L

Vd ° . T . , “ ' \
The intention of this Chapter is to describe the techniques used to ‘

:tr 4%, ” , - h, ‘
o . measure the mixer of Chapter 3.3 and to present the results, The performance 0 .
of a microw ;/e mixér is measured in 1.'erms of its three #u:ior parameters.” Theye ™
o are the conversion gain (and the gain-flatness, defining the bandwidth), noise

[ figure, and carrier-to-intermodulation ratio. The convefsion éain equation -

{‘.\

developed in Chapter 2, has a band pass, frequency dependent shape factor,

A

o i

. X ‘
and the results presented show a marked band pass response. For rh}r» measure- © et
ment of gaif, the,L'O and signal power were carefully calibrated, ant% with all

. . , . , v
i ‘ * necessary filtering the 'true' response was measured, Obviously, the circuit
" had conpersion gdin! v A ’ _ ; ‘
B | . ' '
The noise figure theoretical analysis in a GaAs MESFET mixer is *
; l ‘ :

complicdted, because the correlation between the, intrinsic drain Mlise and the Lo
S . o i \

i o ‘ I' ) . » a A

induced ggte noise cannot be neglected, and-is also a time-varying function,, :

3 . Ry . . ui
Al

N\

> Th.Us the

\ \ : ; ;
lysis, based mainly ‘on Pucel's(d) worky is briefly developed, ) -,

B (g . ~ “ f ‘1
Appendix D, presents the detailed equation-derivation. The actual measurement. . ° .

i

BN technique land set up are shown, and a discussion of the microwave measurements

Vo -

is-presented . )
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’ The results presented, consider the sensitivity of the mixer to gate

and drain bias and to the local oscillator pump level. The mixer tuning is
o .

empirical, apd optimized for a particular set of conditions. The constraints on

. .
S the set of bias and pump levels areeither minimum noise figure or maximum gain.

f

- In all case, gain flatness is a co-requirement, as ripple degrades the.carrier to
r 99 ’ PP grac

PR

' intermodulation performance. Finally, results versus temperature are presented,

| . % - ) ' )
i and hold promise for dramatic performance improvements or new systefn'; applica-

S ¢ ‘ ‘

tions of the 'FET mixer, ' . 2 ' ¥
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S
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Noise Figure Measurements

Noise ina microwave FET is produced by sources Intrinsic to the _#

device; (2) (3) by thermal sources.associated with the parasitic resistances
5 )

i.e., the gate metallization and source and drain contact resistances, and

a
by extraneous sources arising from defects in the semiconductor mategial such

as traps., The spectrum of the intrinsic noise is flat, i.e. whiré.no?se,
extending well beyond the micréwave band. The trap noise, genérally, shows
a rapid drop with fréquency, often exhibiting I/f - character. As such it is

, more pronounqéd iNthe IF (below 100 MHz) frequency band than in the signal

A\l

band.

‘

' The basic principle of operation of the field-effect transistor was
first described by Shokkle(,(m' Ch-2) yho ass.umed a constant mobility
throughout the conducting channel regions. Var der Ziel, ina series of .
classic papers; used Shockley's model to derive the small-signal parameters,

and intrinsic noise properties of the FET.)  Van der Z{el showed that the
- }

intrinsic noise is thermal im origin, and can be represented by two white noise

generators, one in the drain circuit, and one in the gafe circuit. " The gate \
\ ‘;\

noise generator, which represents the noise induced on the gate electrode by

the pdssing fluctuations in the drain current, is partly correlated with the drain ‘*/

. #
noise generator,

! - The constant r/obilify«‘mggel of Shockley and Van der Ziel, though
W ‘

3

appl%cable to long-gate devices, does ot apply to microwgve devices whose

-

>

A kg o
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1

gate lengths are in the micron range. For these devides, whenbiased in
the current saturation regine, the average value of the Tongitudinal de
’ -]
field in the channel is in the range where the mobility is a decreasing function !

i 8 N

of fhe field, and indeed, where the carrier velocity is approachmg a constant

4

("soturqjed ") valve. Consider, for example, a typical case of o GaAs FET

wufh a one micron gate opemhng withi drcm voltage of 3V. The average

!
longitudinal chonnei field is 30KV/cm, approxu@qtely ten times the threshold *

value at which the velocity begins to suturc're. Thus, the effects of velocity

T

saturation must be included in any model of a GaAs FET designed for micid-

IS

wave operations, : ’

Velocity saturation within the channel not only modifies the snﬁﬁ‘-

B

sigmf parameters, bit the noise performance as well, Many workers have
b ' ‘- ~

i

i . ) .
v introduced some aspects of velocity saturation into their FET models, though

none of these models include the diﬁﬁgon noise introduced by electrons experiengfnlq
! velocity saturation, or the effect due to the intervalley scattering of the electrons
\ from the low mobility to the high mobility vqlleys.m “s$tatz(®) hos derived the

small signal noise behaviour of the FETs, taking into account the saturation

velocity behavidur and the high field diffusion noise (this is the dominant intrinsic

4

noise of microwave GGAS\F% Ts).

o "

Based on the above mfraduchon,)o brief development of fhe noise figure
7

model will be given, -This is based on Statz's(6) and Pucel's (1 ),(10) work.

) R . . e e iom 3
e o e s T e i s wmemesemne e et b T MR ok
. v . P DO . . : . . .




k

K‘{:Thus we have:

Ay

(i)

i
. Thermal noise; cdused by the random motion of the carriers ina

conduction medium. The noise voltage or current generated by a

conducting medium with a resistance Rg at a temperature T and in @

~

small bandwidth B is given by e

%
72 4kTBRg (N/);qpisf'stheorem) . - 4.1

H

T2 - 4ve/Rg ' 4.2)

&5 ?
where k= Boltzman's constant and’

72 and _12 are the mean square noise voltage and current

respectively.
‘ t 3

. The shof noise is caused by the discreteness of the chcrée carriers .

-4

and the random fluctuations in the number available for conduction

at any given time. The shot noise current resulting from a dc?ﬁ'renf
[ 4

I flowing is given by
=2

]

=2918

where q = the electronic charge.
! &

The' I/f noise can be attributable fo

{a) carrier trapping at crystal dislocations, i

(b) formation of an additional depletion reg#dn on the clyﬁrTe\I
- Y . .
surfaces resulting from surface coftamination, and,

the generation and recombination of the carriers-in the space

- chatge region, (8)




I/f noise can be minimized by passivation of the FET surface and by

having a buffer layer between the active epitaxial layer and the semiconductor

substrate, In our case, the NE244 device has both a 5302 passivation as well as

an intrinsic buffer layer, And more over, as can be seen from Figure 4,1, showing
, :
data from three separate studids on I/ noise, at our frequencies of interest |/f

noise is not a significant factor in contributing to the overall mixer noise figure.
A-N 14 Following Pucel,(w.) Figure 4,2, shows the eqlivalent circuitpoise
" model of a GaAs MESFET, for the frequency range be);ond I/f noise. The average

noise current, i,q4, represents the thermal channel noise, and is expressed (based

on transmission line properties) as:

£~

- H 2 2
ind” = 4 kTBgy [ P(Vgs, Vgd) + S€Cin)” /g ] | (4-4)
where P is a factor dependent on the éate to sc‘aurce, Vgs and gate to drain,
ng voltages / g
S is a constant also dependent on Vgs and Vgd
Cin is the input gate circuit capacitance, and,

Om is the saturation transconductance.

For mixer applications, the FET is usually operated in the saturation region,

'4/’,"

_— . e (10) .

The limiting values for P and S, as given by Pucel is: D
P (vgsl vgd) = 2/;2‘ g ’ @"5)
+ and S (Vgs, Vgd) = 0.15 for Vgg =Vp = the pinch off voltage  (4-6)

*, . —2
Thus the mean squared drain noise current 1nd  at the IF frequency is-then

&

.ﬁ'essed as: .t '
. 2 . . - R -
ind? (@)= 4 kT (2/3 + @oCin)2 5/am ) (4-7)
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And the gate mean square induced noise, from Pucél,(lo) is given by:

i S me—

. 2 -
'ng (ws) = 4kTB (L C; mR ol (4-8)

Where 6O, is the RF sig equency, and ignores the LO signal

noise contribution, also ignored are the noise sources at the spurious mixer

frequencies. The lengthy calculations are duplicated. in I:\p;oendix D, and the -
result is presented here for the minimum noise figure ‘ |
Fmin = 1 +2G, (real (Zeor) + R (opt) ) L (@-9)
where G, = gd Rd52
_Z_m_z_ l (4-10) .
Zor = the FET mixer correlation impedance
S In-iCR - 2 (g5t o
: ( ds y
’ Rglopt) = optimum source impedance | .
= '(Reol (Zeop) + R,/Gn)% ‘ \ (4-12)
—The experimental setup for the FET mixer with drain injected local
oscillator is shown in Figure 4-3 with‘Tc;ble 4,1 giving the list of eq:ipmenf used.“”

Some of the equipment and terms used are defined below:

Clean and stable RF signal generator, implies that the microwave
« signal source shoul.d have sufficient filtering such that the signal

beiﬁ(g/'iniected into the FET drain is e;sentially a single frequency

sigml'.ﬂ':l'here are no measurable sidebands or harmonics. The

signal gene‘cfor should also be stable with respect to time, and

drift in frequency of the applied local oscillator signal should be
o




10T

dnyag 21nb14 aSION

- g% aunbig

®

A -A-X

4
AN
x

@

o

@ -

i

()
B

alr

®
(33

Y

v

-a.w.@

e e

o
1@

Sl
©

®

¥31NNCD

TO3F A 4

T




P ko A s "*4

-83- .

TABLE 4.1; LIST OF EQUIPMENT FOR FIGURE 4.3

, »-
. ) f Description
!} Clean and stable RF signal generator (+16 dBm O/P power) |
2 to 3 GHz frequency range
2 2 GHz Coax isolator | FET mixer
A R local oscillator
4 3 10dB 2GHz Co|m_< directional coupler * power circuit
4 Frequency counter, 2 to B GHz ra nge -5
' ' '
% 5 2 GHz variable microwave attenuator |
¢ B .
% 6 2 GHz coax isolator | J -
E "7 Clean and stable RF sweep generator (+10dBm O/P power) .
/ 3 to 5 GHz frequency range \
‘ 8 4 GHz coax isolator
§! 9 10 dB 4 GHz coax directional coupler’
- 10  Detector diode for automatic sweep levelling
: of generator ) Noise figure
' ) ’ test set load ,
11 4 GHz variable microwave attenuator oscillator
| L ’ / ) power circuit

12 4 GHz coax isolator

—_

13. Solid state noise source - calibrated - 3 ‘

14 6 GHz coax isolator -~ calibrated

“

Noise figure
test set

15 4 GHz noise figure test set mixer

16 Noise figure test set preamplifier S _ ' =~

. ) \ .
17 Noise figure fest set” control box . N J i

(=4

-
~—~——
2
3
o e U NS
B s ) .
.
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Table 4.3 Mixer Opemfiné Conditions . . - \

Vpe(vw) Visiv)

Ips(mA) O (d8m)

»

=" Absolute Maximum Ratings 5.0 -10.0 100 " y
- Operating point for best Gain |
Frequency régponse 4.0 -4,0 6 +11

. o b

Note: The L.O. injection filter has 1,0 dB loss, thus actual Local Oscillator

2

%

drive required at the gate ig +10 dBm.,
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Figures 4.6, 4.,7. and 4,8 show the sensitivity of the Gain frequency response

to the Gate Biabs‘, ‘and local oscillator drive Ievél.(]s') Fiéure 4.9 shows the

2 f; ~ 4 fLO lgvel compared tp the ou.fpuf’ si?;n{cl !evﬂ. Note, vl"hi,s is done

with the input sivéml equal to =25 dBm, and ina safelli:é\receivqr Hywe expecfed’

Opercfingmlevel is =40 dBm, This should resglf in15dB b’effer carrier fo

spurious (intermod) ratio. As can be s;een, the spurfous is complefely‘sbpbrressogle

b)} minor bias adiusfmenf. The Gain, and gain flatness are minimally ?fFecfed .
Figure 4,10 shows mixer response over re‘mpemfure, ohd as co‘n be seen,

gain improves linearly with temperc;tu}e. This can havea useful application in-

; ' automatic receiver gain temperature compensaﬁon‘schemes, or in general lov;ler

noise receiver applications, These ideas are discussed 'furfher in the next section,

Figure 4.11 and 4,12 show the noise figure measurement results and the actual

corrected data ispresented in Figure 4,13, This graph was calculated using the

A
; '

formula defuiledt'n the text above, (4.14) to correct for the reference noise
¢ -

. figure ol input circuit losses, The operating bias for best gain and best noise

16) ¢ s

figure, ‘are, as usual, not the same.(
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4.5

Topics for Further Research

i

F

: This section is a synopsis of new ideas regarding FETs and their

b . '

i :

{ circuit application as mixers for microwave communications, These new
trends in device fabrication, and satellite configuration have promises of

still further performance improvements. Thus the ideal FET mixer will

CERTRTTTL T T

contain the latest of these ideas.

" Some of these are discussed below:
i) The res;.-lfs presented were based on a NE24406 packaged MESFET.

This has a 1 prrlong afd 300 pm'wide aluminum gai:le, with 1 pm
gate-to~drain and gate-to-source spacing, Epilayer is 0.4 pm |
thick with 1.5 x 1017 cm™3 dopingéensityﬂn;:l a .buffer layer, is'used
between the epilayer and the substrate., z‘"The ohmic centacts use Au-
Ge/Pt mefalli.chion and Ti/Pt/Au metallization is used for the bonding
pad. The Ich;sf state-of-the—art devices (17) have a 0,2 pm long gate,
And although the gate metallization is still aluminum, a high reliability

\h(fermetol structure is used before the gold bond wire. This device,
fabricated using ion implementgtion has an active layer doping of
5 x 10]\8 em™3. Thdovsfall effect is higher frequency of operation (for

use in the 14/12 GHz satellite system) and at low frequencies results in

lower noise ﬁg‘i?re and higher associated gain. Figures 4. 14(]8), 4, )5“8) -
and 4, 16“8) show the variation of Gain and Noise Figure versus gate
length, doping density, Np, and channel thickness. This.shows that

at each frequency pof operation it is possible to optimize the device
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parameters, such that improved performances are possible, -

The mixer was designed and tested for room temperature operation, The
h -

1

results showing performance versus temperature in Figure 4, 10 show that

>

gain improved with cooling, This trend is also true for noise figure,
that is, noise figure improves with cooling. This is especially important
at higher frequencies when package parositics reduce, performance limits.

Recent results on amplifiers(w) have shown over 1.5 dB noise figure and

0.8 dB associated gain improvement with cooling from +25°C to -100°C.

See Figure 4, 17.(20) Of course, the problemé of achieving (via radiation

‘coplers) or designing (S-pomheter data) for these temperatures are not
trivial; the promise of such significant performance make it an impbrtant
area of research, The published results show that for an amplifier,
cooling below 150°K becomes rapidly ineffective and tha(t operation in
the 175 to 200°K area yields the biggest improvements in terms of noise
figure versus cocfing difficulty. ‘

As mentioned above, package parasitics contribute to performance limita-

21)

tions at the higher frequencies,( and especially for mixers certainly
other configurations are desirﬁle. These are, a self bias realizability,
and a self oscillating configgraﬁoﬂﬂz) for the FET mixer. Also possible

is to inject .fhé L~O into the drain.@® Thys in éhe case of a 'drain-
Tixér‘, the'L.O. is‘ injected into the drain circuit with resultant modu-
lation of the drain resistances between a low and high value corresponding

N

to the saturated electron flow in the channel, (Figure 4-18),

P

3
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*
An accurate estimate of the intrinsic conversion gain is more difficult -

- to this case as both the resistance and the transconductance are modulated,

However, it can be reasoned that the drain mixer will yield a con-
N

siderably lower noise figure, probably due to the parametric upéonversio“r\,
of the low fr:equency noise inthe FET to the output frequency, in the
case of the gate mixer. With the gate Schottky-barrier remaining in

-
the reverse bias condition over the whole of the L. 0. gycle, the variation
.

of the depletion layer width results in the corresponding capacitance

, .
modulation. In the drain mixer, very little gate capacitance modulation

Q
takes place. ¢ ¢

Figure 4,19 shows a block diaémm of the drain mixer, A low pass

L

filter in the drain circuit are used to separate the L,O. and the output

3

signal. Figure 4,20, This circuit is very suitable for low I.F. applications,

(N

Figure 4.21 and 4,22 show test results, However, the most significaynr

new dgzign is a duval gate FET, Until recently, most FET mixers-were

A
s

realized using devices designed for amplifigr use; the d%gn of the
dual gate FET, isan in)c.!icaﬁon that semiconductor engineers are catering
to m;xer designer demands, This fypé of FET is ideally suited fc;r use as a
gate mixer, ‘wheré’the input and L. O. are fed in at the separate gates,

Perhaps a similar, multiple-drain, power FET is necessary for drain mixer

realizations, It is clear that more investigation is necessary both in the

device technology and the circuit techniques to realize more optimum

mixer performance,
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iv) Another new area of investigation is the use of InP (Indium Phosphide).‘zs)
. - " )

g | " It has long beer: established that the electron velocity-field charac-

teristics on the basis of higher peak~to-valley ratio (3.5 5:1 InP and
2.2 in GoAs) leads to an efficiency improvement by a factor of 2 for
InP over GaAs (Figure 4.23). This offers higher frequency operuﬁoﬁ
with lf:wer noise figure fh::n céurren'r‘GaAs”devices using the same

- 21)

geometries. And as sub=half-micron gate length technology

" becomes commercially feasible, in the noise and bandwidth trade-off,
4 3
the compromise favours InP at Higher frequencies. The devices await

further development of the InP technalogy, particularly in the growth

of high quality buffer layers and the fabricofi§n of improved Schottky

*

barrier gates, * D




,  mievenns

Figure 4.23: Unity Gain Frequency versus Gate Length,
compared for Si, GaAs, and InP,

-~

.




CHAPTER 5 S ~

CONCLUSION :

- ~

'
0

The theoretical analysis and experir/nents"on FET mixers presented
*in fﬁis.lifercture review, refer to the FET mixer in which the RF and fhe' Lo
. signals are fed into the guf;. Frequency conversion is possible through the
- non-linear modulation characteristic of the trqnsconducfuncaﬁg m::\,The
motivation behind this study was because it is no longer possible to meet the

growing demands on the transmission capacity of intercontinental communica=

- \

tions network with submeréed cable alone; Develo'pmentsiin theq field of

satellite engineering wére needed to create adéitioml‘high—quality communi~

cations links to cover great distances,

The use of the FET mixer, with béth low noite figure and conversion
«

gd™ offer a dramatic improvement over ‘the resistive mixer type integrated front
“ends, Figure 5.1 compares receiver_nojse figures for the two cases, The

benefits g conversion gain are further useful in reducing post-down-

n

- conversion amplification, This improves the carrier-to-intermod performance

of the entire receiver,
Perhaps, it is appropriate to review the major topics of this report

‘ - : '
before commenting on the main idess, The paragraph below summarizes the

operation of o MESFET. b .
- The device consists of a semiconductor substrate, usually GaAs,’

two contacts at both ends called the drain and the source. The substrate

{
\gy \
-
. 4 ’
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The low noise amplifier characteristics B , *
. NF=4d8 ’ I
G =10d8 '
The FET mixer o . Diode Mixer
NF= 3dB | | . NF = 4,5d8
. Gc=+3d . | Ge =-4.5dB .
- * : ~% . .

The High Gain Amplifier characteristics .

- NF= 8dB . ‘ \

G =50 dB
Overall Receiver Gain and Noise Figure chamcferisti?:; I' AN
FET Mixer Case S Diog;a Mixer Case -
NF= 4.56dp - . NE=9.54dp
. G=+3d8 - _ A‘ G = 55.5 d |

i
=-.

Figure 5.1: System Calculations for a Satellite Receiver
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material is mostly n-type becduse of the large electron mobility, The current

flow from the drain to the source is by the majority carrier$ and can be controlled.

&

" by voltage applied to a third terminal called the gate, The applied gate voltage

causes the metal to semiconductor space charge layer to either widen or shorten

(Figure 2,1), The widening and shortening of this layer has a modulating effect

I

on the current through the device, :
' L 3

- When the large signal local oscillator voltage pumps the Schottky-

barrier gate, the result is a. modulated (switched) transconductance which leads
to frequency conversion, and amplification, Thus the fundamental mixer is

realized, To vptimize this circuit for best conversion gain and lowest noise

L

figure, exhausﬁvgn,ei iterative circuit analysis is necessary.- All published results,
are based on empirical tuning of the FET mixer circuit to achieve, at besf‘,'

local optimas in the performance. Aside from reactively terminating a few
'imL:orfunt spurious mixer products, it is not possible to control terminations

for the rest. Especially true for microwave frequiencies, it is simply not within

the current state-of-the-art to analytically design a FET mixer circuit for
’B‘ k-v'
optimum performance,

" It is for this reason that there exists a significant gap between theory
and results as presented in this review. The use of FET as microwave mixer in
[\

satellite communications is fairly novel, and most authors (except Bura/Dikshit)

-

discuss IF in the order of 70 MHz. For use in a satellite downconverter, the

‘

realities of 500 MHz bandwidth of 0.1 dB flatness, a¥ 6/4 GHz, virtually forc

£x




R

an empirical, rather than analytical, design approach.

The circuit construction c;nd realization were on MIC, and here,
it was not intended to present a detailed expose of MIC desngn data, buf
merely to review some important circuit parameters, Like everyfhmg at
microwave frequencies (above 2 GHz), experimental and numerical féchniques
are in close coreléfion, and analytic approaches are{'cpproximcl'e or unwieldly,
The circuit for the 6/4 GHz gate injected lodc;l gscillutol'\}nixer circuit design
was calculated to a first iteration, but s_g'gnificant bench tuning was needed to
meet performance specification, The status of accep%able 'mixer~bias'

. ‘ '
S-parametars has been adequately discussed elsewhere in the main text and

appendix. The results quoted are based o n the author's own work and necessarily -

some of the design details are proprietory fo the company, ' - f

These results are the best to~date performance data on FET mixers

(1) : . :

for communications satellites.q ’However, a conversion gain in excess of
18 dB, (but with IF of 70 MHz), and noise figure less than é dB, using a dual
gate, half-micron FET has been reporfed.(z) This, along with Chapter 4,5,

points the path for future development and studies, and hold* the promise for
d

true optimum mixer design, o .
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. there are only few engineers willing to write such papers in the technical |

where art, science, and not a small amount of witchcraft seem inextricably

3

Infroiuction R

In recent years it has been hard to find articles more refevant to the
practicing engineer, to those people whose job it is to convert a concept into
y-.J ©
a demonstrably prodicible t product. A large number of engineers are

anxious to devour papers which p‘rovide a detailed exposition of "how to",

depth appropriate to a professional journal und even fewer companies willing

to permit their publication, for obvious proprietary reasons.

There can be little doubt that, in the fabrication of modern solid-state

~

electron devices, the processes by which the device and circuit geometries are

defined in the active medium are central to the production of useful state-of-the-

art components, But, precisely because this is an infenselymmpé;iﬁve area,

|ink;d, it 'has been proven difficult to put fogefi'\er a complete picture of the
field which will please everyone.

Of particular interest to enginegrs interested in fhe fabrication of inte-
grated circuits s the problem of registration of successive pattern levels.

The‘re is some duplication of the background materials, but although the
various authors start with the same basic laws of physics, they do not always come

to the same zonclusion as to the practical consequences.




. A2E Wthography Review

Many technologies have b&en used or proﬁosed for exposing substrates
with finer features, Beyond ub{guifou§ contact printing, one finds proximity,

step-and-repeat, and stationary and scanning projection optical systems being

used.” Electron beam and X-ray systems are being developed to meet more
. ‘ , -7
demanding requirements. (1) Al of these will be reviewed briefly in what

follows.

Contact Printing: * .
|

N

used for the vast majority

r

Contact printing from step-and-r

] ( \ of wafer exposures, Resolution is satisfa features as small as 2um. Uniformity

Uniformity of both exposure and photosensitive material can be ﬁminmined'so
S
that line width control is within acceptable tolerances.

Runout and mask defects accumulated during successive mask uses are the
major limitations of contact printing.” Flatness errors in the substrates of the
| ' master, working copy. mask, and wafer cause distortions in the patterns when

- N v
they are contacted to make the mask and wafer exposures, To the extent that

b~
»~ -~

the distortions are not consistent from one level to the next, misalignment of

3

‘features will occur, These runouts are especially significant when r‘equ&red

alignment tolerances are below one micron.




The tight contact during printing damages the mask and substrate. The

accrued damage and particles of resist adhering to the mask are printed on the

following exposures causing a rapid buildup of defects,

-

Soft contact, proximity, and projecting printing offer longer mask life

fj\/e at the expense of distortion, resolution, or line width\confr%'fhe use of

conformable masks in a contact mode is another attesnative.

CJ K | ’

‘Proximity Printing:

~

Spacing the mask away from the substrate minimizes the contact and
( eliminates most ?f the defects that result from contact, Diffraction of the ‘trans=

' mitted light causes a reduction in resolution and distortion of the individual
photoresist features.(6) The degree to which this occurs depends on the actual
mask-to-wafer spacing which is variable across the wafer.

The smallest features that are practical for proximity exposure are
approximately 7 um, The cost of equipment for con\tdct or proximity printing
is relatively low. The throughput is high. >ln fact, the cost of masks tends to )
dominate the cost of operation. It is not Iikel‘y that contact or proximity

printers will soon become chsolete.

9

Stationary Projection Printing(2k ;o
’ . The promised performance of profection printing in combination with
long mask life has lured many groups into developing 1:1 projection systems,

These have been used for features gfeofer than 5.0 um with some success,




N

Scannihg Pl:aiecrion‘ Prin,M/ ng (5),

o

. . ae e ] . .
A scanning projection system is connercially available that uses an

i

unique optica\l system to form a 1:1 image of an arc-shaped area of the mask
onto the corresponding part of the wafer. Thisstrip of imaged pattern is

scanned over the field to expose theé entire area in one pass ¥

- »

.
- - Ve

Step—-and-Repeat Projection Systems:

- A step-and-repeat r,aducfion camera such as is used for exposing masters’
—_ '

. can be used to e’xpas,e wafers with high quality images and uniform inl'ensiry.“

A high aperture lens can be used to expose the small field of a single large

chip or an array of smaller chips if the wafer is realigned and refocused for "

every exposure,

Limitations of Projection Optical Systems (4);

Diffraction of light limits the resolution that.can be achieved »wifl;
practical systems. A perfect /2.0 optical system can image the fundamental
frequeﬁcieg of periodic 2.0 u-m lines and spaces with'70% contrast. However,
the same lens would have a depth of focus of less than the flatness variations of
practical GaAs wafers, This fundamental chal:acferisﬁc limits the practical
line width to roughly 5,0 um for exposu}e over large areas and 2,0 um where
focus can be t.:orrec‘ted for small image areas, Better resuits can be obtained ’

but extreme control is required,
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One attractive way to avoi;i these limitation is to expose using electrans
thist have an equivalent wavelength of a fraction of an angstrom rather than the
fraction of a m'icron associated with visible light, Another altenative is the use
of soft X-rays with wavelengths in the 4 to 10 .z\’region.

S

Electron Lithography 3),

~

Electrons dre a suitable radiation for lithography for reasons other than

their short wavelength. Electrons can be imaged to form either a pattern or a

small paint, and deflected and modulated by electrostatic or magnetic fields

with speed and precision. Their energy and dose can be controlled
Special electron-sensitive resisi:s have been developed which have suitable
processing cha?cte{isﬁcs and which can be effectively exposed at the level of
radiation that can l;e conveniently gegeﬁfed in pracﬁcﬁl electron beam

machines. As a consequence, electrons can be used in a number of different

. ways involving either beam scanning to generate patterns directly from software

or electron imaging from special masks,




°

Beam Scanning Systems: ) .

- , Electrons from a source can be formed into a pencil-like beam that can

-

&

5 be deflected over an electron resist ~ coated fubsfnufe and modulated to draw a
desired pattern. The beam can be iﬁh;;;\ed to/,t)J submicron spot with different

current fo locally expose the resist in less than 107 sec. Since up to

10% spots are typically réqu?red, this high speed is important. Positioning 104~
spots accurately place inordinate demands on the electron deflection system,
Two cpprmch?s are possible, In both the electron e6Tomn is used asa
‘ . scanning electron microscope to'locate registration features on the substrate for
- realignmant process, In one approach, realignment on separate registration masks
‘- ( _. isaccomplished for each table position. In the other, !&er interferometers are
used to control the precision of ;able .motion.
It has been demonstrated that an electron beam pattern generator can X
. make_; for better accuracy, linewidth control and edge quality, lower defect.

densit)}, and at a lower cost ard faster turn-around then a very high—quality

0 .
optical system (when both are under the same management).




t

Electron Imaging (ELIPS) (3):
Electrons can be imc:gedl to {orm a complete pattern at one time. An

v B

electron image projection system (ELIPS)(fs available, in which a photo-

§ - cathode is deposited on the patterned surface of an optical mask. Ultra ~ °

violet light ﬁilluminafes the photocathede layer thr;ugh the substrate in the
transparent regions of the mask causing a poﬂ'ern%isslon of electrons from
the photocathode. These electrons are imdged by uniform coaxial electrostatic

] and magnetic fields onto the fccipé, resist coated substrate.  The system is

fundamentally cZﬁable of submicron resolution over the full wafer area. However,

non-uniform fields, imper.fect substrate flatness and its effect on the electrostatic

fields, and field alignment ervors can cabsﬁ poor resolution and non-reproducible

distortion.

Step and Repeat Electron Projection Systems:

Analogous to the optical step-and-repeat projection system, an electron
\ i .

projection can image the electrons transmitted by a special mask or reticle at

a 10X reduction onto the device sub;frate. The substrate can be moved on a
. mechanical stage and repeated exposures made to cover its area. The 10X
reticle could be made of a fine grid as the transparent portion, with opaque
metal islands for the electron opaque regions. The images should I;gve submicron
resu!uﬁon.over a 5 mm square field, but they may have significant distortion. As

(~ "~ in ELIPS, the image current is sufficienfl); large that actual exposure time is not

limiting. The practicality of step-and-repeat ejgctron systems will depend upon

f.

5
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their cost, resglufion, stability of distortion, .and the durability and practicality
. , L N
of the electron transparent mask. - No completed systems are known to be in use

E

at this time. |

1

X-rays (4), . ‘ ‘ ,
o .
X-rays in the 3to 10 A region produced by the bombardment of sutable

oo

targets by 20 kV electrons are also essentially free of diffraction. Scdttering

and reflection effects are also negligible. " It is not practical to focus or

o

deflect the X-roy.';, s0"a progimify printing grrangement is used Withithe radiation
diverging from a small source at a distance of a‘hc If meter or more. An X-ray

transparent substrate such as thin silicon supports a pattern of hegvy metal such

as gold or platinum in the X-ray opaque regions of the mask. The X-ray systems
will find commercial use if a stable, -durable, and reasonably inexpensive mask

can be made and if the source and resist efficiencies can be improved so that

- "
“

exposure times become economically practical,

a
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Self-alignment of GaAs MESFET

Since 1968 the improvement of the GaAs MESFET has required the use

o N ¥
of smaller and more refined geometries. Thus alignment rapidly became one of

. : : the major problems in the process. To solve this difficulty, several laboratories

have proposed various alignment ‘methods, Baudet. (7) describes a new and
!

simple method of selfalignment which does not necessitate the use of electron

beam technology. : o .
N £
. Whereas the other methods generally use self-alignment from source and

drain contdcts by miné the undercutting or over flowing of ohmic contacts, this

* | ,method uses the engraving o;}he gate itself to self-align the source and deain
B | contacts, elim,ingﬁng in that v;ayu the main difficulties ;f the sélf—aﬁlignmenf.
’.:." ) ' Such dif;iculﬁes include: o . A
1) |nhomogeneahes of the thickness of the Iayer which gives a poor processing
.- ‘ - yield cﬂ'er making the layer thin under the gate,

2) Control of the current flowmg through fhe chunnel during the etching,

. ) 3) g Quality of the Schoﬂ'ky‘ diode.
, S . . The actual Device Fabrication (not for the NE244 used in the ;:nixeur)
H L R process is carned out in the followmg way: (8) ©) . ) '
. . ' 1) " The sfarhng material:i isa chromium=doped semi-msulahng subsfrafe on

. whnch is grown (As C|3/ Ga/ Ha. system) a layer of n~type mafenal of

2 I ‘ thickness 0.15 um - 0.2 um and doping between 8 and 10 x 1016 cm™3.

2 , " &

A T The surface of the’ material isa &) O,'i} plane, 3 off towards the .
i SR PO

{1 1 0] direction. The active zones of fmnsistorsara insulated- by

e om—




Rkt et

AN

0.4 um deep chemical etching. During this step the wafer.is oriented

_,'

so that the gate passes over a sloping mesa edge. -

2) " Inorder to obtain a good diode, it is necesscﬁy to mi;ﬁmize the thickness
' of the interfacial layer between the aluminum and the n-la):er, thus
producing an ideality factor which g;prouches unity. This is effected ™
by using a classicai desoxydizing treatment of ;he GaAs surface, after
which aluminum is depasited under high vacuum. J
3) The wafer is ;hen covered with photoresist which is subs\equenﬂy removed
from the source and drain areas, thus defin{r;g the channel length.

g

\ .
The source and drain areas are opened by etching the aluminum. This

. : etching is continued until the undercutting of the aluminum is one-third

of the channel length,
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A final engraving of the aluminum defines a gate paa at one end of

the channel. Annealing et 450°C under H2 flow makes the drain-and

source contacts ohmic,

\
" .

Ru-Ge +fu E o s
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APPENDIX B

Fabrication Technology
The device patterns for (NEC) FETS employ o complex metallization system

fabricated ori a thin (.17 t0 .20 p) n-type epitaxial layer which is formed on the Cr-

doped semi-insulating GaAs substrate, The use of a semi-insulating substrate reduces
the input and output parastics. Beneath the active epitaxial layer, is an infrinsic
"buffer” layer which is essenti;:l in preventing carrier trapping, Trapping can produce
a \;ariety of short- and long-term failure modes, such as Ipss instability (sometimes |
called "Ipss looping" or "stepping ") and gain-temperature hysterisis. o ‘ '
~

Conventional contact masking, etching and metal-lifting fechniques)are

vtilized. The source and drin metallizlaﬂon is shown in Figure B -l{a)and .

- consists of platinup,titanivm, platinum and gold films sequentially deposited on a gold-
/
.germanium (Au-Ge) contact metal, A subsequent heat treatment is employed to ensure

proper alloying and low resistance ohmic contacts, If the deposition of the metallization

system .is performed inconqctly, iy/will result in drift of the contact resistance,

igcreasing the leakoge current gf the gote, and degrading the § . of the devide. This
resistance drift is the result of forming a complex Au~Ge intermetallic compounc; , which
increases the bulk resistance, This pher'\om'enon was one of the primary failure mechanisins

1

of the first~-generation GaAs FETs. , o 3 *‘ '.
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The Schottky-barrier gate is formed by evaporation of a pure aluminum
film and later defined by a simiiar phofomaiking technique. An aluminum Schottky-
barrier gate has the advantage of low sheet resistance and the elimination of any high
temperature gate diffusion process. The epitaxial film has been removed outside the
active area by a shallow mesa etch, so that the gate-bonding pad may be formed
directly on the semi-insulating substrate . This technique minimizes pcrusiﬁc' gate
capacitance to the substrate,

/

The gate-pad metallization consists of (Figure 8 ~1(b)) evaporated gold
on layers of platinum and titanium which overlap an extension.of the V-pattern
aluminium gate. This system is designed to prevent the formation of any intermetallic

cogxpounas ("white" and “purple plaque") during production or assembly. This is of

special concern because of the use of gold-bonding wires (and the high temperatures

' required to.conduct accelerated life tests at 300°C).
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MICROWAVE TRANSISTOR SERIES,

NE244

¥ PRELIMINARY DATA SHEET
& ) ' “GALLIUM ARSENIDE LOW NOISE MESFET

@
DESCRIPTION:

The NE244 is a gallium arsenide field-effect ‘transistor {GaAs
FET) designed for low noisc amplifier and escillator appli-
cations up to X-8and. Besides chip form {NE24400), the de-
vice 15 ayatlable in ‘two rugged, metal-ceramic packages. The
NE24406 is in a Jow parasitic package designed for use up to N
12GHz and all hi-rel applications. The NE24483 is a Tow-cost, !
Industrial grade package for applications up to 8GHz. The
NE244 Series utilizes the latest design and production tech-
niques, and NEC's quality control procedures assure the ut-
© most in performance reliability. Long term performance

: stability is assured.by NEC proprietary wafer processing. The
; extraordinarily high gain associated with optimum noise fig-
q . . ure, Tong term stability, and Tow cost, has made the NE244

' the most widely used GaAs FET presently available.

-, FEATURES :

o Very High fMAX

e High Gain
®low Noise\me

3 e New Stripline Package

ShGHz {Packaged Device)
12dl at 8BGHz
2.3dB at 8GH2

%

i y / H ' .
13 . .

PERFORMANCE SPECIFICATION (TA=ZS°C)

' .
? “NE" PART NUMBER NE24400 NE24406 NE24483
v OTHER PART NUMBER 25K85 I
( R PACKAGE STYLE Chip #682 #662K
r-SYMBDLS -PARAMETERS AND CONDITIONSl UNITS | MIN. | TYP. ] MAX. MIN. TYP:lMAX. CMIN. TYF;. MAX.
funx Maximum Frequency of Dscﬂlation ' -
at, Vpg=dv, Ipg=30mA GHz 55 55 . 55
pa
MAG Maximum Available Pom(a.r Gain at) . ’
- Vps*3v, Ipg=50% Ipss (Typ. 30mA -
: 05" "03. dgHz dB 17 17 7 | oo
fe8GHz  \ d8 12 |- 9 | 12 n
f=12GHz d8 10 ) 9 ) 7
+ NF Noise F!lgure ~N ’
at Vogedv, Tpg=15% 1 '
(Typ. 10mA) 05 DS
f=4CHz dé | 1.5 1.5 1.5
f=8GHz dB 2.3 2.7 1.5 3.0
_ f=126Hz ds 3.3 3.° a.5 ’
e GNF Assoclated Gafn at NF
! ' at Vaes3v, 1 =151I
: 0s 0s 0SS
2 (Typ. mm)
u . f-4GHz ds 14,0 14 13
: . f=8GHz dB 10.5}) ° 10 9
i“* f=12GHz dB 6.5 6 L)
Pout . | Output Power (148 Compressiod) . .
L ) at VDS'3V. IDS'SOZ Ipss ' .
- (Yw 30mA )
1 f=4GHz dBm 10.0 10.0 10.0
3 f=8GH:z dBm 8.5 8.5 8.5
:7 ¢ 8 Sept 28 . .
' ( 4 >
. 3(
Yy . A 1
= ' . .

Nippon Electric Co Ltd




ELECTRICAL CHARACTERISTICS (T,~250C)

? .
< "HE" PART NUMBER NE24400 NEZ244AN6 NE24483
; OTHER PART NUHB§R 25k85
; PACKAGE STYLE Chip 1662 _¥662K
' SYMBOLS PARAMETERS AND CONDITIONS UNITS MIN TYpP MAX MIN TP MAX I TYP MAX
1§ - Ipss Drain Current at -
V0583\‘, VGS=0V mA ] ) 60 100 30 60 100 30 60 ‘100
Vp Pinch-of f Voltgge at
. ‘VDS=3V‘ Ips=0. THA v -1.5 | -4.0 -1.5 | -4.0 -1.5 | -4.0
9 Transconductance at 7
Vps=3V, Ipg=30mA mmho 20 | 100 15 | 20} 100 15 20 | 100
IGS Gate to Source Leakage “Current '
at Vgg=-5V uA 0.1 | 1.0 0.1 | 1.0 0.1 | 10
‘2
Ren Thermal Resistance (c-c) °C/u A | 170 200 200
Py Total Device Dissipation mW 500 500 300
NOTE: A1l DC tests performed. per MIL-STD-750 - -
. //
ABSOLUTE MAXIMUM RATINGS (T, =259() RELTABILITY SCREENING
PARAMETER SYMBOL RATINGS UNITS GRADE D (Industrial) ' GRADE C (Milirtary)
Drain to Source Voltage Vos 5.0 v {200- 1200 Failures in 109 (50-300 Failures in 1P9
- Revigce Hours) Deyice Hours) s
- Gate to Source Voltage Vas -10.0 v *j00% DC Wafer Probe *100.. DC Wafer Probe  °
*Pre-cap Inspection (samplo *100% Pre-cap Inspecnbn
Drain Current " Ips 100 mA . ] basi’s) +100% High, Temperature,
. 1+100% High Temperature Storage (125°C-24 lirs, )
" Channel- Temperature Teh 125 °C Storage (125°C-24 Hrs.) *100% Environmental Tests-
. +100% 6ross Leak Tests = | Heat Cycle, Gross and
: Storage Témperatureﬁa. Tstq -65 to 125 °C *100%_Mechanical Shock Fine Leak, Centrifuge
F i sTests Shock |
: *100% Group A Tests +100% 168 Hour Pawer Burni
. in at Pemax 2nd T,a 225°C
b ; (Tests may vary depending | or Tymax
k ' 600 upon package style.)
3 "
k t - o
s \ i‘ * ‘ U SUNE S S e e o
13 <. 400
1 ) - -- S S |
. : ) & v«.s=ov‘§
g z N DU P py S SO -
IS = B -
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{1 5 \ Lo ; +-—f = - -
i 3 w0 x @ enn =
{ » N\ /4 |
i \ N 20} - - 2
N E |
| LT L
: N . #’ —4
% ) %0 100 50—_\ 200 ' 0 1 2 3 3 s
. Jeblent Terperatues,, (%) "4 i Yo 1)
H Derating Curvey ‘s Dnh\ Current vs Dutn te Source Yoltage
Y s )
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EXCLUSIVE SALES AGENT EOR NmmelecmcCoL!d MICROWAVE Tf WICONDUTORS (/54 o CANADA » fU e

CALIFORNIA EASTERN LAROR
CALIFORNIA EASTESN LABORATORI
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NE244 GaAs FET PERFORMANCE -

o 0.9 .

Vps=3.0V ; t
. L
. lggm10mA ADMITTANCE
. 1Sy R
Stra v 20 S22 red
RS 1322

Yym * source adnittance for minimus nofse measure
- 3

Yim = Ysm* (the termination of the filter which
. transforms 5t to You)

COORDINATES IN OHMS

’

Typical Source Aumittance and Impedance
Data for Optimum Noise Figure (NF24406)

Typical Common Source S-Parameters (NE24406)
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Nt 24400 (Chep an 178124A Carrier)

Vs IOV, ID-10mA

S  MAGN AND ANGLES

FREQ n
2000 979
3000 898
4000 89%
5000 911
6000 906
7000 826
8000 749
9000 109

10000 647

11000 561

12000 590

13000 684

14000 604

14999 578

VDs=3 0V, iD=20mA |

-1
-2
-28
-1
-6
~45
~57
~69
-82
~B9
=110
-127
~-139
~146

S MAGN AND ANGLES

FRED "
2000 968
3000 892
4000 484
5000 894
6000 873
1000 184
8000 105
3000 666
10000 596
11000 499
12000 576
13000 593
14000 586
14993 550

V0S§=3 0V, 1D =30mA

-16
~29
-3
-7
—13
~54
-G8
-a1

-95 -

~101
-121
-148
-151
-158
e

{

S MAGN AND ANGLES

FALO 1]
2000 9713
3000 B4
4000 B72
5000 889
6000 863
7000 766

8000 687
9000 650
10000 579
11000 £02
12000 573
13000 597
14000 589
14999 556

VDs=l 0V, 10740mA

~17
-3
-3
~30
-47
-59
-14
-57
-102

-130
~146
~157
~165

S .. MAGN AND ANGLES.

FREQ, "
2000 9%6
2000 7 882
4000 az
$000 8as
€000 854
7000 754
8000 6%
8000 6238

10000 565

11000 489

12009 580

18000 608

14000 589

1499 555

-19
~32
-37
-4
~50
~63
-80
-91
-110
-112

Pa
1629 >
1578 t
1404 9
1214 “od
1355 151
1528 144
142) 134
1340 126
1453 118
1208 08
V428 103
¥290 82
1109 73
998 75
)
1 866 164
1782 154
1614 =181
15235 15y
1549 146
1699 139
1574 129
1476 120
1683 112
1260 . 104
1481 100
1131 ° 80
1168 69
1036 12
21
1865 163
1768 162
1578 151
1486 149
1497 144
1618 119
1547 128
1435 131}
1549 109
1187 102
1422 98
1274 9
1117 86
873 69
n
1689 161
1635 151
1464 149
1360 145
1359 144
1550 134
1423 123
1.308 "3
1387 104
1069 . %8
1208 9)
1146 74
1014 1]
B99 6

1

12

22

2

22
819

-2
-3
~14
-18
-22

-15
-15
-16
-2
-38
-48
-7
-80

-2
-1
-14
~-11
-18
-2
-15
-4
-15
-20
<34
~55
-7
-89

-0
-1
-5
~16
-16
-15
—1a
—14
~20
-23
-S54
-6
-88

-1
~-10
-1
-18
-20
-4
-2
-1
—14
<20
=34
~87
~70
-85
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HANDLING/PRECAUTIONS . , .
To summarize, the NEC GaAs FET will grovide the user Coe
with 3 good low nonse, high-gain microwave amphifier with .

900d yiukds, il the user adheres 10 the followng:
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” e, N Mo iod \ i
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properly grounding die-attech mmmm ° . i f1 T
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Inour rush to get'the V244-V388 Application Note published,
we overlooked the following errors:

Page2 right-column, 15th line, word is “platinum” z
not “plantium”, . ' N

. ‘ Page 4, left column. Tests conducted ‘after the ) .
’ /5 printing of the Application Note show good results = . i -
with very thin films of Si03. Therefore, NEC will
' ut ‘glassivation fijms on all V244 chips starting 4
; +in October 1976. ?

- . Page 8 right ‘column, &uati'ons should include: i

> ﬂ, oy ¢
A hi‘, 1/Ga -~y .

© Page 15, right column line 37, thange ‘collect”
" Ao "collet”, ; 0 ' /

Page 17, Figure 22, change “Return Loss idbm)" i
to "Return Loss (dB)"", ‘

. .Page 'IO ngure 12, Admittance chart,
oo change S” and 522 to S11a and 3522, where. R
) Ma = ‘+5n i, . - ,
. - Ysm,= source admittance for mmimum noise
. . Ts measure ‘
o ° Yim-= Yem" (the ‘termination of the filter ‘
X C » which transforms 500 to Yg)

-

v
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_ source orcommon source connection, This section will present a S-parameter review;

APPENDIX C .

S=Parameters

-

N

Introduction
. ! ' , i

Appendix B presents the manufacturers data sheet on NE244 transistor

(und as the puckuged versus is called NE24406). The configuration often used, is l

wnth the source terminal common to input and output and is ofter called the grounded

T e

-

these microwave ftequenc:es. : . -

S-Parameter Review . ) o -

Before introducing the design concepts, let us briefly review S-parameters,

As opposed to the more conventional parameter sets which relate total yoltages and

\

total currents at the network ports, ‘S=parameters relate travelling waves . (Figure C~1).

The incident v;avgs, at and 09, are the i@'depel'adent variables ogd the reflected waves,

b‘ and bz, are the dependonf variables. 7‘-& neiwoﬁ: it assumed to be embedded in

a h'onsmnsslon line system of known gharéctemhc impedance which shall be designol'ed

Zo. The S-parameters are then measured with Z, termination on each of the ports of '
p‘

the network. Under theso conditions, S11 ard 522, the input and oufput reﬂecﬂon 2 |

coaff'cuents, and $21 und 512, the foreward and reverse tmmvssoon coeffi c'ienfs

4 ) -

H
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p—’

can be measured, as below:’
’ :
> by ) bo
Sn= - 5 = g
- al a2=0 = N @

o1 : (c-9
1- 2

S = S B c—

) R ]2 02 o] =o ~ 22 a2

& .
This is easy fo see, since the transmission line is terminatéd in the charac-

TEE TR e eTR

teristic impédance of the line, the network port does not have to be mafched‘ to that
; co ] .

. impedance as well, If the load impedance is equal to the characteristic impeddnce

3 :' ) ( of the line, any wave travelling toward the load would be tatally absorbed by the ‘

load. It would not reflect back to the netycork.. This sefs ap=0. This condition is

completely independent from the netwlorli's oufput'intpedon;:d . /
" These S-matrices can bé mulﬁ'pl‘ied together, to give overall cascade net-

work characterization. -Let.us now shift our attention to the actual S-parameters of a

transistor, For an amplifier, the entire circuit is modelled as shown in Figure C-2. ’

t | ' ‘ - ' \

3 | . The infrinsic elemenh{{Ref. J.Cooper, M.Gupta and M.W.Chan of ‘GaAs
I, § X . N

MESFET and the device model®”, |EEE Journal of S.S. Circuits, Jine 1977) shown in
Figure C~3(a) are similar to those presented in the text and used b;r many authors,

e ' ! B
» The transconductance of the device gr, the output resistance Rd, the gate-to-source

g _ cap‘acitance Cgs, and the gate-to-drain capacitances Cdg are. shown. Also shown is




.

g

s

e

* 4102410 aanxid _ucc. 19Bmjond “s214is040d 991A9(Q

- ’ 2134 oisuipyu) dY) 404 S|opOWHM-p04  1Z-D 2614
) f N
e 3
. | )
. - - - o . U .
: _ prnixis - i34 .
A S . .
. (swaLN| Lo |
O— —0— 0. —0—{ ¥ - —O—
Rk _
(&)
o .y 134 WL v Loy -
" TAIWIg  duisuved "
INtoUded, 133
» 7
. ‘ ;
. J .
. ; ,
{
1 J(
N 1
T ——
—
AN ~—r ;
_ L B n— o
e e SN s . e PR




o v —

the undepleated chcmnel resistance R;,

-

The expremon for the intrinsic elemenfs, S e Rde C und Cgd are not

reproduced here. However, ﬂ\ey relate fhe four elementy o the semiconductor

-

material propemes (mmely, low-field mobihly, epitaxial layer, dielectric consfant,

and built=in pofenhal) device structural dimensions (dewce width, gate Iength
&

source~to-gate andcéafe-fo-dmm interelectrode spacings, and epitaxial layer thickness),

~ and device d.c. bias (Vpp and VGG) . ' The gfher six device porusLHc elements, have
these electrostatic oo;mcitancas, estimatable from a knowledge of the geometry of
metallizations on the chip, with correction applied for fring%ng. The three extrinsic
( | resistanc‘es are measurable by de current and v.olfuge measurements, treating the

intrinsic FET as two p~n junctions across a conductive channel

-

. The general expressions

. are: ) ' ' ‘
N . A Vds [ A Yod . _ OV
S | R W e eec— . R = H = (C"Z
2 - ,F plgs "oalg & AT )
. - -

The extrinsic elements, and parasitic elements usw;iafed with tffg FET chip

are shown i Figure C-3(b). The three resistonces Ryj, Rdr and Ry, in series with the

IS
v

gate, drain, and source teminals, respactively; are due in part to the contact resistance

i at the metallization and in part to the bulk tesistance of the semiconductor, The

3 . -

i } capucutors Codil, Cysyand Cd,‘ aiise due to- rhe capac:tances befween the varfous ,

g metallizations on the chip. - o ) ' ' =

{x ] ’ } i - 5 .

§ .' 'k‘ ' [ o
?i ’ . ;
: N i
{ &

e W

| 4




. R o
The package parasitic elements, add three sets of parasitics which are shown )

in Figure C-3(c), They include the inductors Ly, L2 and L3 representing package leads
and bonding pad in&ucfances, the capacitors Cy, Co, Cq representing capacitances

between the three bonding pads, and inductors L4,’ L an% Lg representing bording wire
inducrqnces. ) | ] | : =Y

The Test fixture parasitics, model of Fi;;ure C—lB(d), for an amplifiler or.
characterization circuit woula‘comist of; oc; one side ofjthe packaged device, two
trarfemission lines ollf length 13 and 11, representing the connector and the microstrip,

respectively, and an inductor Lfs5 representing the interconnection of the two lines,

The attenuator Ag] accounts for the line loss, A similar model is usad on the other side

* of the packaged device. The bias feed network, as was explaing in the text, are

fmn;parehf at the R.F, frequencies of ir;terest, and for simplicity have been neglected,
However, their inclusion‘ would only require a more detailed model for 1y and 12,

} For our discussion we will restrict ourselves to Figure C-3(d). The manu-
facturer supplies the packaged FET S-parameters, for umplif/ier application, It is
important to re~emphasize this point because now we will discuss the reality of mixer

design using CAD (Computer Aided Design) tech'niqﬁes.
s . - f
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C-3 (c): Packaged FET.
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' 5‘ S-pommefer mecsuremenfs are made using a n\twork amlng. t present, .

1 T L 4 @ \ -

3

i_ j: . I : “
3 C devnce under tesf :é@t not frumlat; the fﬁqﬁebcy. Therefore, a. davnce (FET) may be -

; ! buosed in the no mear mixing region, bu" no medasurements with the L.O. pumping |

' $

3

_canbe made. Tfis necessanly limits our raw. S-pommefer daA for two reaso

% ". RS - Ope tingin the mn—linaa&region, the vahdity of S-pommeter m surements,

nefwork analyzer fechniqoes, is in doubt. Due to the nat bdﬂ\e non-

I
tioh of the

tuul teflqpteq,sngmh, /us self mixmg (y~ x2) shiftd\si [ f

- 3 , ‘ . ) j

R ¢ measuring range;? _, ™ o
. ;

L
{’jﬁ. - / (il) -“ The L.O. pur,np,‘ whiéh oF course translates th‘a signals, also ;lvoau aré;‘g m

and other FET parameters, The effect of these cfbnges, especnally under\"

Tt

-

# >/ : large sngm! R, F. c:mdihon (fypnco"y eruf slgml is ~40 dBm, while the

L.O. sigml is +10 dBm) is not measuroble.\ o ' s /:

e 2 o . 4 [ L :

\ i
. . The mnufoctmrxwpphed S-porameters are at best only g first itefation starting ..

v point for the réquired matching nohwork qnd funmg, or.optimizing must bed ne

’ - emplrica"y[z] Without a- aumfactory means of Sj:arameter measurament for ixer r
) condiﬂom an opﬂmum amlyﬁc: desig‘n isat presem ot possible. (Note l). \
Stﬂl as !ndlcafed in the text, ‘Flrst sut dasigm for matching hu'cuits 1are o .
pomble if we deslgn the Input circuit for ’o 6 GHz low. noise ampliﬁer, and fhe oufput |

o

curcuit for a high gnln ampllﬁer. The refegences on FET mixers are parhculnrly shullovu . W




on this point, and in fact alLiglnore this problem,~The majority of mixers presented
deal with very low I.F. (about % MHz) with negligible bandwidths, The only‘s‘igni-

‘ ﬁccnt're\sults on mixer us'ingAFETs and considering the bandwidths/flatness problem
‘was Burg Qf al, 3]

|y
The CAD process |t£e|f can be shown in blotk diagram form in Figure C-4. B“]

{
The story Is not all mses. The volve of using computerized techmques when designing
co:hpemive microwave circult i is clear, However, every once ina whnle Murphy's
law sirikes, and the e?ﬂ‘resulf oba computer assisted design does nol' worl( And

especmlly in the casé ofa: mnxgr, the solution’ oﬂ'en het on the bench rather than at

the computer terminal,

r
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APPENDIXeD
» - ' ’ w ‘
The FET Mlxer Nmse Figure Equation Derivation
(Ref. Pucel et al) L-Cu3 -
i : .
- \ :
v ‘To calculate the FET mixer noise f’ igure ﬂn tofal output short circunf nonse
currenf - ‘:2@,‘ must be-evaluated, Figuer D-1isa uWic for calculoﬂng I

the total output short-circuit noise current, ngh mixer be represented by the Y
mul-rux and the roiul output short-c;cmt isgivenbyy
" lout # (V4+V,.g)Y21+ (Vnd+V|,)Y22 | © D =1) .
where V; = the rhermal noise voltage generated by Rd and Rq at the IF frequency, ﬂ'
. V4 = %&the ﬁmmal, noise‘vﬁlinqe "gene'iufed by Rms Rs, and Ry ot the" RF '
v . frequency G} ’,
V and Vware the equivalent induced p‘/ noise voltage and the channet

! noise voliuge, respectively.

Rewrmn‘ the above. equaﬁon, we have - . o e

lout = (Y21 Vg + Y22V1)- + (Y21 Vng * Y22 Ved) (o-2)

The mean square noise curredt !zom. is given by:

X 4
’\E ll-out% =| L tvan V? Y2Vi) + (Y21 Vng + Yzzv,,d):) ‘ (0-3)
fjodhnn?-’wegef) : *

rmifnng and, neglecﬁng W
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ok L D=3
: | . ) ) “ ‘ >
-5— _ 9 — w ) - 2
o el = lvoyl2 vy + (Yool "V + ] Va1 Vog + Y2 V| (-
(X3 . S l
~ i
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The available mean square short-circuit current noise at the :he_r outputs due to the
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dn = 2/3g , + (WeCin2 S .. S Ay -2
9 o is the funda:henfai fourier coefficient of transconductance § m ' 1

C;y, is the :nput capacitance = Iy (Yn-YmYz]/ (Y e+ Yoo) Vo, (D=2 3)
R isa facfor dependenf on bias (- 0. 3), '

S isa focror dependent on pinch off voltage (= 0.15), ' | |
- Zgis the RF signal impedance in the gate circuit, .
Zjj isthei Inverse of the (Y] mamx, '
X = l/w, 'Cgs . | . (D-24)

= Cgs = gﬁte to source capacitance

~ - wgand c.o,,are the'RF and IF radian frequencues 7
Thus F= 1+R+ Gy |Zg + z,) (p-25)
Rg Rg
2 N
where & = Rs"'(Rm"' [ @i -st)l (- ]Cal®) @ gn (o -26)..
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APPENDIX E

5 < CIRCUIT DESIGN DETAILS
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APPENDIX E

CIRCUIT DESIGN DETAILS
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This appendix will describe the detgiled calculation for the circuit of the FET
Vmixer. It .was felt that since this is a very pcrﬁcular solution for the FET mixer problem,
detailed calculations were. out of place in the rncln{exf. The design described harem is
based oh the quthor' s own work, and dehils an actwal 6/4 GHz gate injected local .
oscil!utor FET emixer, 4

Figure E-1 shows the block diagram bF the gate mixer. This figures show;' the
deiulled ﬂlfermg requirements of the cu‘cunt, as well as the expected filter responses.
' The filter desngn ‘is such that we have optimum amplitude/phase in the pass/sl'op band and
all undesired frequencies are reactively (or with large reﬂgghon coefficients) terminated.

However, mixer filters must provide specific terminations to different out-of-band

* frequencies. The optimum imbedding network must present either a short=circuit or an

open clircuit fg each of the out-of-band frequencies, The isolation requirement is an

attempt to achieve this. There a're five sections to be considered, c‘mtll these are the:
M  L.O. filter,
(1) Input band pass filter,
(i h) Inpuf' matching c!rcuit,
(uv)s Output mtching ch'cu:t,

) MIC computer ‘program
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v) This section lists the 1/O of the calculator based program used in this micro-
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strip circuit design. The program calcuiqfes W/H, given Z,, and the operating
frequency.. The formulae used are given in the text, Chapter 3.1, and the input -

and output format is presented below along with the program listing.

‘ -

Input data Output data

(1) The des/'red impedance (ohms) (1) The ratio W/H K
J ,

(2) The operating frequency (GHz) (2) The guide wavelength (cm)

(3) The dielectric constant (3) The attenuation indg/ A g , '
(4) The thickness of the substrate (cms) ) ‘

(5) The loss tangent ‘ ]

(6) The track thickness (cms) S } . . . '
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