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that all field components are multiplied by exp(jwt) for
harmonic excitation. The above field expressions convert
into the well-known fields of the shielded line without
dielectric [4], [7], [8] for €}, =
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Abstract— The noise contribution of an input-matching network to a
low-noise amplifier is equal to the inverse of the network’s available gain.
The available gain of various networks at 4 GHz was computed from
high-accuracy S-parameter measurements. The available gain of a typical
tuner was experimentally found to be a strong function of its tuning, which
shows that “back-to-back” measurements of two tuners to obtain the loss
of each tuner can be inaccurate. Measurement of the available gain of an
amplifier’s input-matching circuit is shown to give quick insight into its
minimum noise contribution before the actual amplifier stage is built.

I. INTRODUCTION

OME APPLICATIONS of microwave amplifiers re-
quire squeezing out every bit of low-noise perfor-
mance from an active device. One such application is a
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satellite earth station low-noise amplifier, whose contribu-
tion to system operating noise temperature is relatively
large due to the low equivalent temperature of the antenna
[1]. Development of such amplifiers requires selection of
the best active devices, circuit materials, and techniques.
The noise of active two-ports is usually characterized
with an impedance-substitution setup such as that shown
in Fig. 1 [2]. Small losses in the components between the
noise generator and the device under test (DUT) contribute
directly to the total noise figure, and the accuracy to which
this loss is known contributes directly to the accuracy of
the noise-figure measurement. In current practice, the losses
of typical input circuits used in microwave-transistor noise-
test setups are in the range of 0.1-1 dB. This range is
normally much greater than the uncertainty in the calibra-
tion of the noise source. Because this uncertainty leads to
inaccurate noise data for the device, especially F, ; data,

0018-9480 /81 /0300-0247$00.75 ©1981 IEEE
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Fig. 1. Microwave transistor noise characterization system [2].

an amplifier stage designed with the rough data must
sometimes be built before the full capabilities of the device
are known. Such cut-and-try techniques are very ineffi-
cient.

Although the input noise-matching networks of low-noise
amplifiers are selected on the basis of their relative noise-
figure performances, the absolute losses of these networks
are usually not known. Transistor chips used in such an
amplifier normally cannot be removed for testing or for
performance comparisons in another circuit. To compare
circuits, several amplifiers must be made with chips from
the same lot in order to obtain a statistical sample of
circuit performance. This procedure is very tedious and
inefficient, especially when the best devices available are
used.

In the following section, the appropriate loss of a noise-
matching network is discussed. Various methods of mea-
suring these losses are thus examined, including the popu-
lar “back-to-back” method. The assumptions inherent in
the back-to-back method are shown to be poor, but the
direct measurement of the network S-parameters with suf-
ficient accuracy is shown to lead to useful loss data. The
loss of a typical slide-screw tuner is shown to be a strong
function of the magnitude and angle settings, and the
losses of input circuits for a 4-GHz low-noise amplifier are
shown.

II. Loss IN THE MATCHING NETWORK

Fig. 2 shows the block diagram of the circuit elements
for a low-noise input stage. Network M in Fig. 2 refers to
the following components of Fig. 1: switch, isolator, bias
network, input tuner, and any adaptors and/or cables
between the noise generator and the DUT. For an ampli-
fier stage, network M consists of all the components that
are used to effect a noise match between the input and the
first-stage transistor and to provide any necessary bias. In
Fig. 2, S, refers to the S-parameters of network M, T, is
the reflection coefficient of the noise generator (or input
termination), and I, is the reflection coefficient “looking
into” network M from the active device. The characteristic
impedances of the networks are assumed to be equal, so no

fg‘ - ['; -
S1 Su2 Noise |
Z4 Factor
F,
St Sao 7 2
Input Maiching ' Transistor
Termination Network M

Fig. 2. Block diagram of a low-noise input match.

Z, normalization factors are included in the following
equations.

The noise factor F (noise figure=noise factor expressed
in decibels) of a cascade of noisy two-ports [3] is given by
K-1, F-1

G, GG,
where F, and G, are the noise factor and the available gain,
respectively, of the nth two-port. The available gain of a
two-port is the ratio of its available output power to the
power available from its input source. The available gain «
of a passive two-port is less than 1, and its noise factor is
the factor by which available power is attenuated in pass-
ing through it, i.e., 1/a [4]. Thus, the noise factor of the
cascade of a passive two-port and a two-port with noise
factor F, is simply F, /a.

For network M in Fig. 2, the available gain is [5]

|S21|2(1_|Fg|2)

a= ()
(1—|I‘2|2)11_-S11rg|2

F=F,+

4+ ... (1)

where

ML 4
T—§,T." (3)

Thus, the noise contribution of a passive network depends
on its source immittance but is independent of its load
immittance. It should be noted that this is different than a
two-port’s power gain or transducer gain.

The noise factor of the two-port F, (in this case, a
transistor) has the familiar dependence [4] on the source
reflection coefficient I,

P
F2:Fmin+Re(Yz) 'YZ_lenlz (4)
r,—T._ 12
:len+4r | 2 mm' (5)

n(lb|r2|2)“+rm1n|2

where F,, , = transistor’s optimum noise factor, r», =
transistor’s noise resistance, Y, = transistor’s optimum
source admittance, corresponding to I',;,, and Y, =source
admittance, corresponding to .

For calculation of the cascaded noise figure given in (1),
the available gain of the first stage G, must be known and
is also dependent on its source reflection coefficient I,. In
practice, the gain measurement is simplified by measuring
both the gain and the noise figure with an isolator after the
stage(s) under test, as in Fig. 1. This isolator effectively
makes the (measured) power gain equal to the (desired)
available power gain, regardless of how the DUT’s input

and output tuners are adjusted.
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For the case of an ideal generator impedance Fg =0, the
available gain simplifies to

|S5]°
1_|522|2

where the subscript 0 denotes I, =0.

The assumption of ideal generator impedance leads to
some error, even with relatively small |T,|. Equations (2)
and (3) can be rearranged to give

|Su2(1-1T)?)

“:(1—|Szz|2)+|rg|2(|sn|2—|D|2)—2Re(rgM) %

ao—

(6)

where
D=81852 85,51
and
M=S§,,—DSy,*.
For |T,|<1, the first order effect is from the denominator

(8)

%
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phase of [, and M :
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(9)
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Here, a would seem to have a very large I', dependence,
but as M approaches a lossless network, [6] the factor
multiplying |I,| approaches 0 and ay, a,,;,, and a,,,, all
approach unity. For a typical case of the tuner discussed in
the following, if |I,|=0.05 and ay = —0.55 dB, then a,,;,
=—0.58 dB and a,,,, = —0.52 dB.

The available and the delivered powers have also been
discussed for the cases of different ambient temperatures,
[3], [7] for multiports, [8] and for n-cascaded two-ports [9].
Other sources of noise-measurement error, including noise-
source calibration and mismatch, Y-factor accuracy,
second-stage noise contribution, ambient-temperature cor-
rections, etc., are also very important to the noise measure-
ment, but are beyond the scope of this discussion.

III. TuNER Loss EXPERIMENTS

Probably the most popular method of measuring what is
loosely called “tuner loss” is to lock the tuner at its setting,
then to cascade it with another tuner of the same type that
is tuned to conjugate match the first tuner, and finally, to
measure the substitution loss [6] of the cascade in a 50-8
(or Z,) system. The second tuner matches the S,, of the
first tuner back to Z;, and the assumption is that half of
the measured loss was caused by each tuner, since they are
similarly constructed.

Two tuners shown thus connected in Fig. 3 have S-

parameters S, , and S, ,, with port 2 of tuner a connected to
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ut ":
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Fig. 3. “Back-to-back” measurement of tuners.
port 1 of tuner b. The transmission of the cascade is
S — SZ la S2 15 ( 1 0)
2ot T = .
1=85481s

We seek the necessary conditions on [S,] and [S,] for the
available gain of the first tuner with ideal source imped-
ance to be equal to half of this attenuation

2
T = Sl an

An illustrative sufficient condition is
Si1e =520, (12a)
[S21a]=1S215 - (12b)

That is, if tuner b is adjusted so that its S;, is the conjugate
of tuner a’s S,, and simultaneously has the same |S,,],
then the attenuation of the cascade is indeed twice the
available gain (in decibels) of tuner a at that setting.
However, tuning tuner b either for I' , =0 or for maximum
power delivered to the load does not, in general, exactly
satisfy either (12a) or (12b). Other complications with this
method include inaccuracies due to nonideal source and
load impedances {6). The error in a from nonideal source
impedance is not measurable using this method. The main
problem with this technique, however, is that a tuner can
have a value of &, for one tuning that is rather different
from the value for the conjugate tuning.

Another method used for double-slug tuners is to con-
jugate tune one slug to tune out the other, then measure the
attenuation of the tuner alone. This does not correctly
account for losses in the line and connectors of the tuner
beyond the two slugs.

The available gain of a matching network can be calcu-
lated from (2) or from (6), if the S-parameters are mea-
sured with high accuracy. The available gain of the match-
ing network with ideal generator impedance «,, requires
only accurate |S,,| and |S,,|. The accuracy in «, varies
directly with that of |S,;|? and is very sensitive for large
|S,5,|. Fig. 4 shows the error in «; versus |S,,| for various
absolute errors in |S,,| when there is no |S,;| error. For
typical GaAsFET’s in the 2-12-GHz range, |S,,| of a
low-noise input-matching network ranges as high as 0.8 to
effect minimum noise match.

S-parameter measurements with a magnitude accuracy
of <0.01 are within the capability of computer-controlled,
network-analyzer systems if multiple measurements are
averaged [10], [11]. The system (ANA) used in the experi-
ments is basically an HP 8409 system but is driven by
PDP-11/70 minicomputer. A CW or narrow-band swept
RF source was used to avoid “harmonic skipping” prob-
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measurements averaged. @ denotes at least six measurements averaged.

lems, and full error modeling [12] was necessary to eliminate
the effects of the source and load impedances. Repeatabil-
ity was greatly improved by simply checking the calibra-
tion standards often between measurements. When the
measured magnitude of any of the calibration standards
had drifted more than 0.005, the system was recalibrated.
The rms difference between the measured S,, and S, of
the matching circuits was typically 0.004 in magnitude and
0.6° in phase, which compares well with the expected
reciprocity. For calculations of «, the average of the magni-
tudes of the measured S,, and S, was used for |S,,] in (6).

The available gain of a 2-18-GHz slide-screw tuner,
Maury Microwave type 2640D, was measured on the ANA
for various angle and magnitude settings at 4 GHz. Fig. 5
shows the results of these measurements. The error bars in

this figure show the spread of « from individual measure-
ments (S,;, S,, pairs). As expected from Fig. 4, the spread
is larger for larger | Sy, |. This tuner is equipped with vernier
scales for resetting a tuning condition. At 4 GHz, backlash
was undetectable from carriage movement and was just
detectable from stub micrometer positioning. Thus, settings
were made by approaching a setting from one direction, as
is done with a precision IF attenuator. As with most
tuners, the loss is higher for higher |S,,]. Without ap-
propriately correcting for the higher loss with higher |.S,,|,
the I',,, apparent from tuning for minimum total noise
figure has too small a magnitude. (GaAs MESFET’s pre-
sent more measurement difficulty than silicon bipolar tran-
sistors because a MESFET’s |, | is almost always much
larger.)

The available gain was also a function of the §,, angle.
After averaging numerous measurements, a half-wavelength
(3.75-cm) periodicity in the available gain became ap-
parent. This periodicity might be caused by radiation from
the tuning element. It is this dependence on the §,, angle
that makes back-to-back measurements of this tuner inac-
curate. For example, if this tuner is tuned for |S,,]=0.70,
where a, = —0.9 dB, an electrically identical tuner tuned
for the same |S,,| but conjugate angle will have oy =—0.4
dB. This phenomenon was confirmed in back-to-back mea-
surements. The attenuation of the tuner pair was a strong
function of S,, angle, and there was no way of telling
which tuner had what loss. If there were no S,, angle
dependence and if the different tuners had similar enough
|S,,| versus |S,,| ‘characteristics, then the back-to-back
measurement with very good source and load matches
would yield accurate available-gain data.

mn

IV. NOISE-MATCHING CIRCUIT MEASUREMENTS

Available-gain measurements were done on two micro-
strip matching networks for the input stage of a 3.7-4.2-
GHz low-noise amplifier (LNA). Calibration standards
that take into account the connectors on the microstrip
circuits were used, and care was taken to shield the circuits
in order to avoid radiation losses. Both circuits presented
|S,,|=0.75 to a GaAsFET, but the minimum total noise
figure (usually at midband) averaged 0.2 dB lower for
circuit B than for circuit 4 in eight amplifiers built with
each circuit from the same lot of FET’s. Fig. 6 shows the
available gain of circuits 4 and B as measured on the
ANA. The difference in the available gain of circuits 4 and
B agrees very well with the difference in noise perfor-
mance. This available-gain measurement ascertained that
circuit A was simply more lossy than circuit B, and that the
difference in noise performance was not due to the circuit
not presenting I, to the FET or causing some type of
spurious oscillation. Circuit 4 was built on alumina, while
circuit B was built on teflon-fiberglass and had a different
circuit topology. Circuit B was used for the input curcuit of
an economical satellite earth station LNA having 120 K
maximum effective input noise temperature over the 3.7- to
4.2-GHz band.
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Fig. 6. Available gain with an ideal source impedance of two input

matching circuits. Three measurements of circuit A were averaged, and ,

seven measurements for three different tuning conditions of circuit B
were averaged. Error bars show the spread of individual measurements.

Finally, the optimum noise figure of an FET (a selected
NEC NE388) at 4 GHz was measured with two different
networks. First, the FET was installed in circuit B and was
biased and tuned for optimum noise figure at 4.0 GHz.
The total noise figure of this amplifier at 4 GHz was 1.25
dB at the waveguide input. Subtraction of noise contribu-

tions from the input isolator, input matching network, and .

later stages implied a noise figure of 1.0 dB for the first-stage
transistor. The FET was then removed and measured in the
test setup of Fig. 1 using the tuner shown in Fig. 5 and the
same input isolator and post-amplifier. When the input
tuner and FET bias were adjusted for minimum total noise
figure, the transistor’s noise figure was 1.3 dB. The prob-
lem here is that the minimum total noise figure indicated
does not correspond to the minimum first-stage noise
figure for the following reasons. Since the later stages
contribute to the total noise, the input tuning and FET
biasing tend to optimize the gain of the first stage by
compromising its noise figure. As noted above, the de-
crease in the tuner’s available gain with increasing |S,, |
also tends to make the input tuning misleading.

Instead of randomly searching for the real minimum, the
normal procedure is to measure the first-stage noise figure
for about seven or more source admittances and then
least-squares fit the data to (4) to find F_;,, [,,,, and r,
[13]. This procedure was performed with the tuner’s corre-
sponding measured available gain subtracted' from the
measured total noise figure for each tuning case. The F,
from the fitting program was 1.1 dB, and the calculated
|Imin| was considerably larger than for the minimum total
noise-figure tuning. Two other factors that probably con-
tribute to the remaining 0.1-dB discrepancy are 1) the loss
of an APC-7 coax-to-microstrip transition between the
input tuner and the FET measurement plane, and 2) the
transistor’s bias may not have been exactly equal in both
cases.

VY. CONCLUSIONS

The noise-factor contribution of a passive two-port is
equal to the inverse of its available gain and is given by (2).
For low-loss passive circuits, the effect of non-Z, source
impedance on the available gain is smaller with lower loss
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in the circuit. The back-to-back attenuation measurement
of two tuners to determine the available gain of one of
them assumes that the attenuation of the tuner pair is twice
the available gain of either tuner. In practice, this can be a
poor assumption.

Averaged measurements of a passive two-port on a
computer-corrected network analyzer were successfully
used to determine the available gain at 4 GHz of a slide-
screw tuner and two matching circuits for a low-noise
amplifier. Much higher accuracy is necessary as |S,,| ap-
proaches unity, but data for |S,,|=0.75 agreed well with
the noise performance of amplifiers using these networks.
Measurement of the available gain of a matching network
gives immediate insight into its best noise performance,
whereas testing the circuit with its intended active device
does not conclude whether extra noise is from circuit
losses, T};, mismatch, spurious oscillations, nonoptimal
biasing of the active device, or the device itself if it is not
changeable.

The tuner problem is sometimes circumvented by select-
ing tuners with losses low enough to be ignored. Such a
selection is not easy, depending on the accuracy desired,
and usually results in limited tuning range and ease [14],
[15]. The best double-slug coaxial tuners are less lossy than
the slide-screw tuner measured here, but a slide-screw tuner
has the advantage of almost independent magnitude and
angle control. A major motivation for studying lossy noise-
matching networks, however, is to show that the extra
losses and source mismatch effects can be removed from
the noise readings in a manner analogous to the removal of
cable and adapter reflections by a computer-corrected net-
work analyzer. Several decibels of loss can easily be re-
moved as long as it is repeatable, as is done on a corrected
network analyzer.

An automatic device-noise-parameter measurement sys-
tem [16] can be assembled that electrically tunes the input,
takes noise figure measurements, and quickly fits the data
to find the noise parameters F,;,, #,, and T, .. A major
problem with this approach is that the loss of an electri-
cally tuned input tuner is much higher than that of mech-
anical tuners. This loss difference makes available-gain
characterization of the tuner critically necessary. If the
tuner has repeatable S-parameters, its available gain can be
measured for each setting and then used to correct each
noise figure measurement, as was done here for the slide-
screw tuner example.

For low-noise amplifier development, what is needed is
not a noise meter that measures the noise figure from a
source impedance of approximately 50+;0 Q. Instead, the
noise system should measure F(I') for several I" values and
readout F; , I, .7, and F(T) for any given I" automati-
cally over a frequency band. Such a system is necessary to
collect sufficient noise data on active devices to define
useful design windows. Measurement of an input-matching
circuit cascaded with an active device on such a system
would directly reveal the noise contribution of the match-
ing circuit, how much figure improvement is possible from
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matching T, , and what vector direction to tune to de-
crease |T,;,| at the input.
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Abstract— Whole-body and part-body energy deposition in a realistic
inhomogeneous block model of man is presented as a function of angle of
incidence for plane-wave irradiation for two cases: E arm-to-arm, with man
in free space, H arm-to-arm, with man in free space, and also with man
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standing on a conducting plane. At the frequencies considered (27.12 and
77 MHz). the variation with angle is smooth and extrema occur at or near
angles corresponding to the standard polarizations considered earlier by
others. Part-body energy deposition and some of the fine structure in the
angular dependence would not be seen with less realistic models of man.

[. INTRODUCTION

Y I ‘HE increasing exposure of man-to-radio frequency
energy has necessitated obtaining dosimetric informa-
tion for use in the evaluation of possible biological effects.
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