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“Two-signal” Method of Measuring the
Large-Signal S-Parameters of Transistors

SHAMSUR R. MAZUMDER, MEMBER, IEEE, AND P. D. VAN DER PUIJE

Abstract—In this paper, large-sigmd S-parameters are reviewed, and
trusssistors of Class-C are employed. Problessre are eneormtered in obtaio-
ing huge-signal parameters S12 and S21. A novel method is concisely

develo~ baaed on theory presented herein. Tbe acqoired S-parameters
are applied to amp~ler design accordingly. Tbe predieted and measured
output power are compared, sod soitable conclusions are drily recorded.

I. INTRODUCTION

(“A MALL-SIGNAL s-parameter characterization of

3k transistors is well established. Attempts to obtain

large-signal S-parameters for transistors have been of

limited success, especially in cases where the nonlinearity

is severe, such as in Class-C operation [ 1]–[3].

The large-signal parameters S1~ and Szl can be fairly

accurately measured, since the drive applied to port one

sets up signals in the transistor which closely resemble

those that would exist under Class-C conditions. When

the drive is applied to port two in order to measure Slz

and Szz, the signal as well as the dc bias of the transistor

will, in general, be quite different from those that would

occur in a Class-C amplifier.

In this paper, a new and simple method of measuring

the large-signal S-parameters is proposed. This involves

the simultaneous application of two signals of the same

frequency to the ports of the device.

II. THEORY

An active two-port to be used in the design of a Class-C

amplifier may be characterized at a specified power level,

bias, and frequency by large-signal S-parameters [1]-[3]

b,= Sllal + Slzaz (1)

bz= S21al + Szzaz (2)

where the a’s and b’s are the wave variables [6]. It is

assumed that the S-parameters are constants at the signal

power levels represented by la112 and la2/2.

It is convenient to express (1) and (2) in the form

Manuscript received August 9, 1977; revised September 30, 1977.
S. R. Mazumder is with the Chaire d’Electromagn&isme et d’Hy-

perfrhquence~, Eeole Polytechnique Fbderale de Lausanue, Lausmme,
Switzerland.

P. D. van der Puije is with the Department of Electronics, Carleton
University, Ottawa, Ont., Canada.

Circular loci in b,/aj plane as a function of Z a2/al. Center of

b,/aJ locus corresponds to So,

b,
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—=s2, +s22~
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bz
— = S2,$ + S22.
az

(3)

(4)

(5)

(6)

From (3) to (6), we observe that if lull and la21 are

constant, then each of the quantities b, ,/~ (i,j = 1,2) gen-

erates a circle in the corresponding b,/ ~ plane as a

function of L a2/al, the phase angle between a2 and al, as

shown in Fig. 1. It is also noted from Fig. 1 that the center

of the circular locus of bi/aJ corresponds to the S-parame-

ter Si. Since the quantities bi/aj can be measured by a

reflection (i =j) or transmission (i #j) type of measure-

ment by using a network analyzer system, the bi/~ loci
can be obtained as a function of the phase angle between

a2 and al. Thus the four S-parameters can be determined

by locating the centers of the bi/~ loci.
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Fig, 2. Large-signal S-parameters measurement setup using “two
signat” method. (Note: To measure the locus of

(i) b[/aI: connect C to R, D to T, and vary the phase shifter;

(ii) bl/a2: connect A to R, D to T, and vary the phase shifter;
(iii) fr2/al: connect C to R, B to T, and vary the phase shifter;

(iv) b2/a2: comect A to R, B to T, and vary the phase shifter.)

Clearly, at a specified power level of Ia, 12,the bi/~ loci

will deviate from their circular locus if the S-parameters

vary with the phase angle between al and az.

III. THE “TWO-SIGNAL” METHOD OF MEASURING

THE LARGE-SIGNAL S-PARAMETERS

An experimental setup to measure the b,/aj loci is

shown in Fig. 2. The system consists of a signal source

from which are derived the two input signals al and az.

The quantities bi/~ are measured by reflection (i =j) or

transmission (i #j) type of measurement using the

network analyzer. The phase angle between al and az is

varied by the phase shifter. The amplitudes of al and a2

are adjustable by using the variable attenuators. The

adjustment of the amplitude of al is dictated by a required

dc collector current (1,) in the transistor, The amplitude of

a2 can be adjusted to any suitable value. However, it is

informative to obtain the bi/~ loci, for a particular collec-

tor current 1=, corresponding to a number of values of \azl.

If Zc varies significantly with respect to the phase between

a2 and al, then the amplitude of al has to be adjusted to

maintain constant IC, and in this case, the bi/~ loci for

various values of Ia2/al I are measured. It may be ob-

served that the b, /aJ loci, for various values of constant
Is,\, will show how the S-parameters vary with respect to

load “mismatches.” This observation will be clearer if we

regard the cliff erent values of az as actually simulating

different load reflection coefficients at the output port

[7], [1 1].

The calibration of the reference planes of measurement

in Fig. 2 is accomplished by the standard method [5] of

reflection and transmission measurement using a network

analyzer.

IV. RESULTS

The bi/~ loci (i,j = 1,2) for a transistor (NEC2SC1255)

under Class-C conditions are shown in Fig. 3. These loci

(a)

@)
Fig. 3. (a) Loci for b,/a,; i= 1,2, as function of 4 (aZ/al), for differ-

ent values Ia212 mW (Transistor NEC 2SC1 255). (Note: for b2/a2
locus, the outer circle of the Smith chart corresponds to 2.0.) @]

bl/a2, b2/al loci, as function of Z a2/al, for different values of la21
mW (Transistor NEC 2SC1255).

were generated at 2 GHz, with the dc voltages of Vcfi = 15

V, V~~ = O V and a dc current through the transistor of

1== 70 mA which was established by applying the ap-

propriate input power level. From these loci, the large-

signal S-parameters Sti’s (centers of b, /~ loci) are de-

termined as follows:

SII=0.64L – 154°

S12=0.14Z –33°

S21=0.69 L –40°

S22=0.86L –57°. (7)
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V. CONVENTIONAL LARGE-SIGNAL S-PARAMETERS

The large-signal S-parameters were also measured by

the conventional method [1], [5].

These S-parameters, given in (8), were also measured at

2 GHz with VCE = 15 V and VBB = O V. The dc current

through the transistor lC = 70 mA was established by

app]ying sufficient RF power while measuring the param-

eters S,, and S21. While measuring S12 and S22, the

current lc was negligibly small. As also mentioned earlier,

this measurement condition of the conventional method

to measure S12 and S22 is not meaningful.

The S-parameters were found to be

s,, = ~ =0.64L – 156°
a2=o

S,2 = : =0.03 L 88°
a,=o

$,= $ =0.69L –42°
Q*=O

S22= : =0.96L –93°. (8)

a,=o

Note the difference in the values of S12 and S22 in the two

methods of measurement.

It is important to mention here that in both cases of

measuring the S-parameters given in (7) and (8), the

harmonics should be terminated by the same impedances.

In the present paper, the second-harmonic terminations

used were designed by the method reported earlier [8] and

wvre realized in the form of an elliptic-function-type low-

pa.ss filter [7], [10].

VI. COMPARISON

In order to compare the results of the two methods of

measurement, each set of S-parameters was used in the

design of an amplifier following the method proposed by

Leighton et al. [4]. The load impedances for the amplifiers

were determined from the points of intersection of the

gain circles and the constant POUtcircle, as shown in Fig.

4, drawn on the output plane.

‘The amplifier, the experimental performances of which

are shown in Fig. 4, was constructed on microstrip by

realizing the source and the load terminations as predicted

bY using the method reported in [9]. These matching

networks were realized using elliptic function type of

structures which also simultaneously realized the corre-

sponding second-harmonic terminations with which the

S-parameters were measured [7].

From Fig. 4, it can be seen that the S-parameters

measured by the “two-signal” method predict the perfor-

mance of the power amplifiers with greater accuracy than

those measured by the conventional method. Since in the

two measurement systems the values of S1~ and S21 are

almost the same, it is reasonable to argue that the more

accurate values of S12 and S22 given by the “two-signal”

Fig. 4. Amplifier design using S-parameters. (Note: _ constant
gain circles corresponding to the S-parameters in (7), . . . ..- constant
gain circles corresponding to the S-parameters in (8).)

method are responsible for the good agreement between

predicted and experimental results.

One major advantage of the “two-signal” method is that

it is possible to anticipate how good the amplifier design

will be by observing the nature of the b,/ a, loci. If these

depart significantly from a circle, a greater difference

between predicted and experimental performance can be

expected. In such situations, the optimum design of the

amplifier may be accomplished by the method reported

earlier [9].

VII. 131SCUSSION AND CONCLUSION

The “two-signal” method of characterizing an active

two-port has been proposed and a setup for measuring the

large-signal S-parameters given. The greater accuracy of

the “two-signal” method over the conventional large-

signal S-parameter measurement method has been dem-

onstrated.
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Cavity Stabilization and Electronic Tuning of a
Millimeter-Wave IMPATT Diode Oscillator

by Parametric Interaction

HIROSHI OKAMOTO, M13MBE~,IEEE, N MUTSUO IKEDA

Abstract—A new technique is proposed by which both noise reduction

and electronic tuning of a miffhneter-wave did-state oacflfator can be
reafiid by injecting an arbitrary low-frequency (several hundred mcga-

herta or beyond) signaf to the oaciffator element which is provided with an

additional high- Q cavity.
This method has much wider tuning bandwidth than that of the conven-

tional subbarmordc injection locking techrdqne.
presented are both experimental results and some theoretical interpreta-

tions by oaing an IMPATT diode oscillator.

I. INTRODUCTION

I NJECTION LOCKING is a conventional circuit tech-

nology to reduce sideband noise and to give electronic

tunability to solid-state oscillators. Three types of injec-

tion locking methods have been developed by now. They

are as follows.

1) Fundamental-wave injection locking [ 1]—Here, the

frequency of the injection signal ~,j is nearly equal to the

free-running oscillation frequency f. tobe locked.

2) Subharmonic injection locking [2]—Here, ~~j is

nearly equal to (1/n) “~o, where n is an integer larger than

unity.

3) Sideband-wave injection locking [3]—Here, two in-

jection signals are used, one of which is a low-frequency

signal fi~j, ,, and the other a signal with frequency ~~j, ~

‘fO *.finj, 1-

The first and the third techniques have wider locking
bandwidth (i.e., tuning bandwidth) than the second, when

compared for a particular gain. With increasing

frequency, however, it becomes more difficult to realize a
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low-noise injection signal source with frequency nearly

equal to that of the oscillator to be stabilized.

The advantage of the second technique is that a low-

frequency signal can be used for injection. But unfor-

tunately, the tuning bandwidth becomes narrower when

the order of multiplication n is increased. In one example

of the subharmonic injection locking of an 8.5-GHz

IMPATT diode oscillator, it was reported [2] that the

available tuning bandwidth is 1 MHz or less when n is

equal to 9 and the locking gain is O dB.

In order to overcome these difficulties, a new technique

is proposed here, which is an extended version of the

injection locking technique to a parametrically interacting

system. This method has the following two advantages.

1) The frequency of the injection signal can be selected

somewhat arbitrarily (at several hundred megahertz or

beyond). We can, therefore, use an injection signal whose

frequency is much lower than that of the solid-state oscil-

lator to be stabilized. This makes it rather easy to realize

the injection signal source.

2) The tuning bandwidth is much wider than that

provided by subharmonic injection locking. The band-
width is comparable to that obtainable with fun-

damental-wave and sideband-wave injection locking

methods.

Experimental results on a millimeter-wave IMPATT

diode oscillator are presented in this paper, along with

some analytical discussions.

II. MECHANISM

The frequency planes shown in Fig. 1 illustrate the

mechanism of the new technique discussed here.

Assume an IMPATT diode oscillator is oscillating

freely at ~o. This is shown in Fig. l(a). The frequency~o is
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