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ABSTRACT — The method to estimate the dynamic range of
low bias power low noise GaAs amplifiers for portable radio
communication equipment is presented. The method uses the
extension of a simple linear noise model of the microwave FET,
major components of which are bias dependent. Both noise
figure and intermodulation distortion of an amplifier may be
predicted with this model and the dynamic range is easily
calculated as a function of bias current and transistor width.
The model unifies small signal and nonlinear properties in a
form suitable for manual computation.

l. INTRODUCTION

Intermodulation distortion (IMD) should be minimized in
practically all receiver circuits to enhance their functionality.
Many publications are devoted to the problem of modeling
the IMD properties of microwave amplifiers. In this work
the emphasis is put on the low bias power, low noise
amplifiers operating in lower microwave bands (< 3 GHz).

The bias dependent noise model of the microwave FET
(MESFET or HEMT) — used in this work - has been pre-
sented in detail before [1][2]. This model is applied here to
the computation of the IMD in amplifiers operating at
lower microwave frequencies, when nonlinear capacitance
effects may be neglected. The key components of the
model in this respect are: the transconductance g,, and the
drain-source conductance g - both are the function of the
DC drain current /5. The model also makes possible the
evaluation of the noise figure of an amplifier — thus the
dynamic range may be determined.

Il. BiAs DEPENDENT GAAS FET MODEL

The dependence of g,, and g, on the 7, has been mode-
led with simple functions given in (1)

(L+a+b)x?
x%+ax+b 1)
(1+c+a?)x2
x?+ex+d

gm(ID) = gmg

gds(ID) = &dso

where:

x = Ip/ I, - the ratio of the drain current to the current at
zero gate voltage

Zmor Laso - the value of a parameter for the drain current I
= Ly, ie. x=1.

a, b, ¢, d — are model parameters. Usually a =¢, b=d -
this approximation will be used later.

Parameters: g,.,, g4, are proportional to the gate width w
and, for a given technological process may be expressed as:
o =W X Gupo + Cdso = W X Qupo = WNEIE g0, o A€ CON-
ductances per mm of gate width and are characteristic of the
process.

This model has been verified [2] for a number of tran-
sistors manufactured in the Philips EDO2AH process and
was accurate to a few percent over the x parameter range
of 0.005 to 1.

The noise factor F of a transistor as a function of source
impedance Z, = R + jX; is predicted with this model [1] as

F =1+—qC"ID2 wZCgZS(RS +R, +R.)? +Re R (2)
ZkTogm Rs Rs
if the reactance at the input is tuned out (i.e. X, = X,,,). R,
is the gate metal resistance, R, — resistance of the portion
of the channel under the gate and C, is the dimensionless
model parameter (typ. C, = 0.255 for the EDO2AH pro-
cess). While the g, parameter is a function of the drain
current, the optimum I, value may be found analytically

and is given by x,,, = (a+ya® +126)/2.

I11. INTERMODULATION DISTORTION IN A SINGLE STAGE
AMPLIFIER

At lower microwave frequencies (up to approx. 3 - 4GHz)
the operation of GaAs MESFET and HEMT transistors is
little affected by transistor capacitances under normal opera-
ting conditions. Usually the transistor is severely mismat-
ched at the input because of stability or noise optimization
reasons. The device may be regarded as 'voltage controlled'
which results in little influence of the nonlinearity of the gate
source capacitance C,, and the feedback capacitance C,,.
For the estimate of the distortion a quasi-static approach,
which neglects these effects, was adopted.

A. Common Source Amplifier

With the assumption of small amplitudes of interfering
signals the derivation of the output current into the load
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may be based on differential parameter changes. The
geometrical construction to compute the current /; into the
load is shown in Fig. 1.
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Fig. 1.
change

AC component of the load current I; in response to the
gate control voltage V,; = dVgs is equal (assuming a = c,
b=d)

dl; g.,p)
g ([D): = m =
" dVes 1+ g4 (Up)R;
) 3
Zmo(L+a+b)x

X2 +ax+b+gdwx2(1+a+b)RL

The same result may obviously be achieved with the
equivalent small signal model — the figure was used here to
explicitly show the dependence on both drain current and
drain voltage changes.

Equation (3) will be used to compute the derivatives of
the ‘effective’ transconductance g, vs. gate voltage. V;
may be different from the input voltage to the stage V7,
when significant source feedback impedance Z exists. In
this case V,,; may be taken as a portion of V7,

v,

— 4
T+ gnZy (4)

Vgs[
Original formulae (1) form the functions of the drain
current I, through the variable x. The derivatives vs. Vg
will be determined from the inverse function (5)
+ g0k L +a+b) +3+%D
L Hdl =
8mo(Lta+b) ’ ®)

a b
=PG5,

dVGS =

where F=1/g,,(l+a+b), G=1+gu R/ (1+a +b)

The derivatives vs. I, are given in (6) and the required
derivatives versus Vg are given by (7).

Wes -, - F Hpa,bf
dl, IwO x x20
dZVGS_r' - F Ha 2H (6)
aiz "™ Baoxt B0
Vs _, - F [Pa 6b[]
ar? " B0 X0
g' :d21L =_Vme
T o
g" =d31L =_rr:16 I}me—?’(}"r'ne)2
" avg Fone

The plots of derivatives vs. drain current typical for the
EDO2AH process are shown in Fig. 2 and 3.
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Fig. 2. Derivatives of drain current (/;) vs. normalized
drain current. R, =50 Q
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Fig. 3. Transconductance g, and its second derivative vs.
x for various load resistances
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The parameters for Fig. 2 and 3 — typical of the Philips
process are as follows: 1, = 80 MA, g, = 0.51696 S, g4,
=0.04189 S, a = 0.14616, b = 0.000799 for the gate width
w =400 pm, Vpg=2V.

The shape of the curves in these figures corresponds well
to the data presented in other publications [3][4]. The
cancellation of the third order IMD is possible at certain
value of the drain current. What is important is that the
cancellation point depends on the actual load resistance and
shifts toward lower current with the increase in R;. This
phenomenon is the result of the g, nonlinearity which acts
in the opposite direction than the g,, nonlinearity.

Under large signal operation the AC component of the
current /; delivered into the load may be expressed by this
series expansion

_ 1.2 13
IL (Vgs[) _gmeVgsi +EgmeVgs[ +€gmeVgs[ +.. (8)
For the third order intermodulation test the control voltage
Vi may be of the form

Vi (1) =V, c08(wyt) + 7, cOS(wyt) 9)
and the amplitudes of the output current components of
interest are

3

g me” - m

[o(a)l):]o(O)Z):gme m 24

(10)
3
gme m

[()(20)1_(‘)2):10(2&)2 a’l)

A practical measure of the third order intermodulation dis-
tortion at a given signal level is the ratio of amplitudes of the
load current at fundamental frequency («y or wy) and one of
the IM product frequencies ( 2oy - wy Or 2wy - &y ), and its
inverse is given by (11).

10(“"1) — 8 me([D)

()™=
3 Io (2(‘)1 — W, ) Vm gme (ID)

+3 (1)

After the derivatives (6) and (7) are substituted into equation
(11) the expression for d;,;; becomes

-1
()t =
8 Id“ (G +ax+b) A +a+b)2x? | vs (12)
V2 gmo 2aGx? — a?x? = 4abx + 6bGx? — 6b2 |

m

The ratio 1,,/g,,, is characteristic of a given process and
does not change with the FET width.

B. Cascode Amplifier

For the cascode amplifier shown in Fig. 4, the ‘equiva-
lent” transconductance g,,. similar to (3) may be computed,
when the current through the second transistor C,, capaci-
tance is neglected. In this case the current 7; is equal to the
first stage output current 1,; and thus the second transistor
does not introduce distortion except for presenting nonli-
near load Z, to the first transistor.
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% Im1Vgsi |

Fig. 4. Equivalent circuit for the cascode amplifier in the
low frequency range

With Z,, given by (13) below
Zis = 1+guR (13)
Em + 8ds

the equivalent transconductance g, is equal to

2
— EmoX 14
Eme —(—)EGX2+w+b (14)

2
1+24 1 A:gdso G=1+A gmoRL
1+4 l+a+b Emo 1+ AE

where E =

Required derivatives and the IMD level are computed as
before. With the knowledge of the input circuit structure
the amplitude of 7, for a given signal power may be
computed and subsequently the distortion ratio dj,; and
the noise figure /from (3)/.

IVV. EXPERIMENTAL RESULTS

Two MMIC amplifiers have been built in the EDO2AH
technology. The designed center frequency for both was
2.4 GHz. A single transistor circuit is shown in Fig. 5.
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Fig. 5. Simplified schematics of a single transistor com-
mon source amplifier
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Theoretical parameters shown in Fig. 6 were computed
for the gate voltage V,, = 17 mVp per tone and the noise
figure in Fig. 9 for the source resistance R, = 135 Q.
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Fig. 6. Measured gain and intermodulation distortion
(points) vs. predicted parameters (lines). P, = -35
dBm/tone, f; = 2.40 GHz, f, = 2.402 GHz

The cascode amplifier (Fig. 7) was slightly mistuned and
the measurements presented were performed at /' = 2.6
GHz. Source resistance for the computation of NF was 175
Q
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Fig. 7. Approximate schematics of a cascode amplifier
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Fig. 8. Measured gain and intermodulation parameters
(points) vs. results for model (lines). P;, = -36 dBm/tone,
f1=2.60 GHz, f, = 2.602 GHz

NF (dB)
5 ¢
ST
3 \v cascode
| left scale
2 b Vo VrTT—— v
1 = — |NF (dB)
0 5
\ 4
[single trans. 3
\. |right scale 5
\ l
0
0 1 2 3 4 5 6

Io (MA)

Fig. 9. Measured (points) and computed (lines) noise
figure for both amplifiers as a function of the drain current

V. CONCLUSION

The model presented here is capable of predicting the
intermodulation distortion and noise figure of low bias
power amplifiers. The accuracy is quite good at lower mi-
crowave frequencies although the model is derived from a
linear description of a GaAs transistor. Simple formulae
permit quick evaluation of amplifier properties and may
help optimize transistor geometry.

For very low bias currents investigated here a single
transistor amplifier provides lower distortion at compa-
rable bias power. For higher currents a cascode circuit is
better.
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