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ADS1’RACT

A large-signal measurement technique for characterizing the single frequency behavior of nonlinear two-port networks is
presented. Nordinear networks are measured under various terminal conditions to establish optimal circuit design criteria.

Results for common drain oscillator circuits are given as an example.

1. INTRODUCTION

Optimum performance of microwave solid-state com-
ponents is achieved by establishing proper boundary condi-

tions for the device in the form of an embedding network and
excitation. Device characterization is a means of identifying

these boundary conditions, by measurement, so that optimal

circuits can be designed. The characterization of nonlinear
devices is particularly difficult since the absence of the linear
property generally precludes the determination of simple

relationships among device terminal quantities.

ln this paper, a new approach for characterizing the

steady-state behavior of nonlinear active two-port networks is
presented. This technique is primarily useful for optimizing
the performance of single frequency amplifiers and oscilla-
tors. It is similar to the “two signal” method of [1], but pro-

vides more useful design information. Examples of this tech-
nique applied to an FET oscillator configuration and the

resulting circuit design implications for VCO applications are
presented.

If. CHARACTERfZATfON APPROACH

Consider a nonlinear two-port network excited at each
port by single-frequency, coherent incident power wave
amplitudes a ~ and aa as shown in Fig. 1. At the fundamental

frequency, reflected wave amplitudes b ~ and be will exist and

will depend on a, and a2 as

bl=~~l(l%l.l%lc~) (la)

bz=i~$l~ll,lwlip) (lb)

where p is the phase difference between a, and a2, Reflected
waves at higher harmonic frequencies are not considered in
this technique. By adjusting I ml 1, I U2 I and p, the terminal
conditions at each port are varied and optimal conditions (in

Fig. 1. Two-signal characterization of a non-linear
two-port network,

some sense) can be identified. Such identification requires
examination of the quantities b I, bz, aI and % or some com-
bination thereof. The measurement technique given here
accomplishes this in a straightforward manner.

Reflection coefficients 1’1 and rz can be defined as

(2a)

(2b)

so that the “state” of the network can be characterized by
the set [ rl.r~, [ al 1, I az 1,p ]. Knowledge of p is not particularly
valuable, unless feedback is to be used around the network,

and the two reflection coefficients and incident wave levels
suffice to describe the state of the network, 1’1 and re shouki

not be thought of as “input” or “output” reflection coeffi-

cients, but simply as the ratio of the terminal wave ampli-
tudes.

A measurement system for providing r,,r2. I al 1, I a2 I ie

shown in Fig. 2. lt simultaneously uses two network analyzer
reflectometers to displa rl and 1’2 (or their reciprocals) and

l’.monitors I al 12 and I a2 I (incident power levels at each port).
These two power levels can be independently adjusted and the
phase difference is varied using a phase shifter in one arm.
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Fig. 2. Block diagram of the two-port large-signal
measurement system.
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Each analyzer can be accurately calibrated in the usual way,

and a calculator is used to collect, process, and store the
measured results.

Useful interpretations of 1’1 and 1’2 are possible depend-
ing on the application of the two-port network. There are two
important cases; amplifier operation and oscillator operation.
These can be distinguished byconsidering the power crossing

each port of the network, i.e.,

P1=(lr112–l)lu112 (3a)

P2=(lr.212-l)la21~ (3b)

where positive P, or P2 represents net power out of the asso-

ciated port. For an amplifier, 11’1I <l, P1<O and \ 1’2 I>1,P2>0,

i.e., power flows into port 1 (the “input”) and out of port 2
(the “output”). The circuit boundary conditions would then

be as shown in Fig. 3a, with a passive load of reflection coeffi-
cient 1/ rz, and a source conjugate matched to 171 for

optimum power transfer. In the characterization, the har-

monic converter associated with port 2 could be inverted to
display 1/ re or the required load impedance directly. By
adjusting I a, 1, I az 1, and y in the system, the terminal condi-

tions for maximum added power, maximum gain at a given
power output, etc., can be determined.

In the case of an oscillator, Ir,l>l, lr21>l and
P1>0,P2>0, i.e., net power flows out of each port. The circuit
boundary conditions necessary would then be as shown in Fig.

3b, with passive loads of 1/?71and 1/ rz on ports 1 and 2
respectively, In the oscillator characterization, both har-

monic converters can be inverted to directly display the ter-
minations required. Again, the independent variables wodd

be adjusted to maximize PI or P2 or PI + P2, etc., depending
on the use of the oscillator, Only those conditions which allow

\ r, I >1 and \ 172\> 1 can be considered for oscillator operation.

III. APPLICATION TO FFX OSCILLATORS

While optimization of FET or BJT power amplifiers is an
important application of thts characterization technique, the
evaluation of FET osciUator performance and circuit
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Fig. 3. (a) Circuit boundary conditions and excitation
for amplifier operation, (b) circuit conditions

for oscillator operation.

specification is perhaps more interesting. A useful FET confi-

guration for oscillators and VCOS in particular is the common
drain arrangement. In this configuration, tuning can be
accomplished at one port (the gate side) with low loss circui-
try, while power is extracted at the other port (the source
side) into a reasonable impedance level. Optimum termina-
tions for the gate and eource ports for VCO or single fre-

quency oscillators can be found using the measurement tech-
nique described.

A 250 mW flip-chip FET was mounted in a symmetrical

test fixture compatible with the measurement system. The
coupling networks from the device terminals to the measure-

ment reference planes were predetermined using an unter-

minating technique [2]. Hence, meaeured data could be
easily tranef ormed to the device terminals, The FET was
biased in the common drain configuration, and a large

amount of data was collected at various frequencies in the

active mode when Irl I >1 and Irz I >1. The data was then
interpret d for oscillator optimization,

Shown in Table 1 is the total output power P ~ + P2 and
corresponding terminating impedances at 7 GHz. The highest
total power occurs for a lossless gate termination, and essen-
tially all the power is available in the source load, As the loss

in the gate termination increases, the total power drops, with
more of it dissipated in the gate load, At high enough gate
loss the total power becomes dominated by gate power, and
the source power drops substantially with a corresponding
large change in source load impedance, Shown in Fig, 4 are

the gate and source load impedance regions corresponding to
either highest source power or highest gate power, These

data indicate the oscillator is optimized by using a low loss

gate termination of prescribed reactance impedance level.

Shown in Table 2 is the optimum eource load and max-

imum source power at 7 GHz as a function of the optimum

gate load with increasing levels of gate loss resistance (i.e,,
tuning circuit loss). Hence for a varactor tuning circuit on the

gate, the power output of the source and corresponding
source load impedance can be specified for any given varac-

tor series resistance. As indicated, for a series resistance of

about 3 ohms, the maximum power from the source ha been
halved to about 130 mW.

This FET configuration is useful for VCO applications

since low-loss varactor tuning circuitry can be used at the
gate, For a given level of varactor series resistance (gate
loss), the available source power, optimum source load, and

optimum gate reactance as a function of frequency can be
determined, leading to optimum VCO design. Shown in Fig. 5
is the optimum source load impedance and corresponding
power oUtput versus freqUenCY for a 4-ohm level of gate resis-

tance (varactor series resistance). The points along the 4-
ohm contour indicate the optimum gate reactance necessary

TABLE 1
Gate and source loading conditions for maximum

74.74
77.31
73.11
81.97
85.66
85.68
87.61
17.70
25.57
30.16
23.58
21.67
17.44
15.87
25.92

Ilnz,

43.52
43.26
47,63
42.7’3
38.80
38.11
35.34

-14.34
–81.41
-37,05
-91.59
-96,05
-71.32
-72.03
-88.95

total ou{put power

Ps(nw]
-—

265.99
241.37
231,15
203. zz
192.12
192.04
187.29

19.22
25.33
27.54
24.17
25.50
19.96
17.66
22.61

Re Z.q

0.46
0.73
0,30
1.27
1.55
1.55
1.60

10.48
9.71
8.19

10.33
9.%4
9.52

11.30
11.18

Inlzq

63.53
63.42
64.99
63.+*
62.09
62.09
60.78
54.34
55.64
56.04
55.79
55.71
54.’32
54.44
55.51

Pq(mw) Ptot ( mw]

1.24
5.16
1.78
‘3.1,

13.15
13.17
15.63

174.49
169.03
164.55
167.76
165.29
169.81
171.66
165.26

269.24
246. S3
239.52
,3.2.37

205.21
205.22
202.92
193.71
193.36
192.10
191.93
190.80
189.77
189.32
187.86
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Fig. 4. Gate and source load impedance regions for
maximum power at either port.

TABLE 2
Gate and source loading conditions for

maximum source output power.

93.55 32.29

?.(m)

255.99
2’11.37
237.15
203.22
1’32.12
132.04
137.29
165.29
163.44
163.29
155.12
130.27

‘+.’q
. .

0,45

,0.73
3.32
1.27
1.55
1.55
1.60
1.97
1.35
1.75
2.17
2.75

1 .2,3
. .

53.53
63.42
5? .39
63.44
62.19
$2.23
60.78
61.92
60.64
64.92
63.17
61.61

?q(nw)
.. -----

3.24
5.16
1.7’3
9.15

13.15
13.17
15.53
16.93
1).35
10.63
16.11
24.51

?mt(. ?)
. . . . . . ..-

259.24
2$6.53
239.52
212.37
295.27
205.22
202.92
1a2.23
1!32.79
173.92
171.24
154.77

/

Rg=4 Q I

from the varactor tuning circuit at each frequency. R ie evi-

dent that the power output falls quite rapidly with frequency.

Given the source load impedance characteristics which
approximate the optimum, the VCO performance can be

predicted and the gate circuitry can be specified,

N. SIJMMARY

A large-signal measurement technique for characterizing

the single frequency behavior of nonlinear active two-port

net works has been present ed. This technique can provide
more useful and more complete design information for oscil-

lators and amplifiers than other available methods. Applica-
tion to common drain FET circuits had indicated optimal
design criteria for eingle frequency and varactor-tuned oscil-

lators.
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Fig. 5. Optimum source load, output power, and gate
reactance versus frequency for a 4-ohm

varao tar resistance.
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