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Abstract —A new multiharmonic loading method for nonlinear
microwave and millimeter-wave transistor characterization us-
ing six-port techniques is presented. The system allows indepen-
dent load tuning of an excitation signal and its harmonics.
Load-pull measurements on a MESFET have been performed at
the fundamental frequency, ~0, and at the second (2fO) and
third (3fO) harmonics. The results highlight the importance of

such measurement in designing and modeling nonlinear devices
and circuits. The experimental results were found to be directly
applicable for optimizing efficiency and output power in high-
power MESFET amplifiers and MESFET frequency multipliers.

I. INTRODUCTION

T HE trend toward better large-signal modeling of ac-

tive devices triggers the need for simple and perti-

nent nonlinear measurements and characterization.

Methods such as load-pull using automatic tuners [1],

active load-pull [2], harmonic load-pull [3], and measure-

ment of the amplitude and phase of harmonics [4] provide

a good insight into nonlinear devices and circuits. High-

power microwave and millimeter-wave transistor charac-

terization (load-pull measurement) is not always easily

done when using directional couplers, automatic tuners,

and automatic network analyzers (ANA’s). Numerical

corrections arising from the nonideal behavior of direc-

tional couplers are often needed in power flow and

impedance measurements [5], [6]. On the other hand,

MESFET frequency multipliers can exhibit a conversion

gain and good efficiency for multiplication factors of 2 x,

3X, and 4 X [7]. Output power and efficiency can be

maximized by optimizing the harmonic loading of MES-

FETs used in designing power amplifiers and frequency
multipliers. In order to use a nonlinear CAD simulator,

one has to have a good library of nonlinear models for the

large number of available packages, chips, and transistors.

Unfortunately, the modeling is often done only for a few

devices and mainly at the chip level.
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TABLE I
NINE POSSIBLE TESTS: HARMONIC POWER CONTOUR P(nfO)

VERSUS HARMONIC COMPLEX PLANE r(nfO)

(ACTUAL TESTS PERFORMED DENOTED BY “x”)

Harmonic
Complex

Harmonic Power Contour

Plane P=( fo) PL(2 f J PL(3fJ

r=(fo)
r~(2fO)
r,(3 fn)

x

x

x
x

x

This paper presents an experimental procedure for

characterizing a microwave and millimeter-wave transis-

tor under different harmonic loads using an active multi-

harmonic load-pull method and six-port techniques. This

method is an extension of the well-known active load-pull

technique [2], and the number of harmonics considered is

not limited by the bandwidth of circulators used in other

systems [3]. The setup consists of a wide-band dual six-port

network analyzer [8] with frequency selective power de-

tectors used in an active load-pull tuning configuration

[9]. The originality of this method lies in its use of the

linearity of the six-port junction to handle signals at

different frequencies simultaneously. This property leads

to the possibility of independent load tuning at each
harmonic, including the fundamental (~O). This paper

illustrates a new characterization system to investigate

harmonic load tuning using second and third harmonics

of the excitation signal. Constant output power F’(~O)

contours were obtained in a variable complex r~(.fo)

plane for chosen values of r~(2~O) and 17~(3~0). Similarly,
constant power contours for P(2~O) were obtained in a

variable complex r~(~O) plane with chosen and fixed

values of r~(2~O) and r~(3~O). In addition, two other test

conditions of the total nine possible test conditions for

the fundamental, second, and third harmonics are pre-

sented. Fixed values of 17~in the nontest harmonic plane

were chosen and kept constant during the measurements,

in order to satisfy a given design criterion (e.g. minimum

or maximum power level at a given harmonic). More
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Fig. 1. Experimental block diagram of single-frequency load-pull characterization setup.

TABLE II
MECHANICAL TUNER* INSERTION Loss VARIATION VERSUS STUB POSITION (f= 3.5 GHz)

Tuner Input Reflection Coefficient Input Power P,n (dBm) Output Power POU,(dBm) Insertion Loss (dB)

Position 1 rL = 0.39& 12.13 11.79 0.34

Position 2 rL = 0.72/ – 17° 8.89 6.60 2.29

Position 3 rL = 0.79& 8.35 – 6.88 15.23

Position 4 rL = 0.10/- 152° 12.95 12.13 0.82

*Tuner: Maury Microwave Model 1819C.

harmonics could be used by this t~st method by upgrading

the measurement system. Table I indicates the five tests

presented in this paper.

Experimental results were found to be directly applica-

ble to frequency multipliers and high-power amplifier

design. It was found also that MESFET harmonic loading

has little effect on harmonic generation processes. How-

ever, harmonic impedances are important in determining

the harmonic power coupled to the output circuit. In

addition, it was experimentally demonstrated for the first

time that the efficiency of MESFET power amplifiers can

be optimized by tuning the third-harmonic impedance at

fixed fundamental and second-harmonic impedances for a

given output power. In the case of the NEC 71083 MES-

FET used as a class AB amplifier, its efficiency can be

improved by 10% by tuning the third harmonic load.

II. ACTIVE TUNING METHOD USING SIX-PORT

TECHNIQUES

The experimental setup for active load-pull measure-

ment is similar to the setup used with dual six-port

network analyzers (see Fig. 1). The feasibility of a dual

six-port network analyzer as a load-pull system in a

single-frequency active load tuning configuration has been

presented in a previous paper [9]. Each six-port junction

(SP1 and SP2) was calibrated for impedance and power
flow measurem~nts at the operating frequency [6], [10].

The calibration ‘of SP1 incorporates a mechanical tuner

and a bias tee; the calibration of SP2 incorporates a bias

tee and a filter (see Fig. l.). A variable phase shifter and

a programmable attenuator are inserted into the output

branch to set the output impedance, and a second attenu-

ator is added into the input branch to maintain a constant

level of power absorbed by the transistor. A Boonton

4300 with an appropriate power sensor (Boonton model

51013) is used as an external power meter to perform the

power calibration [6]. The transistor under test is placed

in an appropriate fixture and the de-embedding is done

using the TRL method [11]. The measurement sequence

begins with the adjustment of Pi., the phase shifter is

then positioned to the desired phase, ~~, and finally a

scanning of the magnitude of 17~ is performed with the

programmable attenuator. With a programmable phase

shifter, the complete scanning of the Smith chart can be

fully automated without complex algorithms since the

attenuator introduces a quasi-constant phase shift over a

large dynamic range.

Experimental measurements were performed on a

MESFET (NEC 71083) operated in class AB made with

an input power of 4 dBm at 3.5 GHz (P’& = 3 V, 1~,:= 10

mA, J& = – 0.24 V). The measurements include F’l~

(power input to the transistor), PL (power dissipated in

the load impedance), rl. (large-signal input reflection

coefficient), I’~ (load reflection coefficient presented to

the transistor), Ids (dc drain current), and J& (dc gatc-to-

source voltage). The input matching network is a mechan-

ical tuner with fixed stub positions to match the source
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TABLE III

COMPARISON BETWEEN ACTIVE TUNING METHOD AND MECHANICAL TUNING METHOD FOR LOAD-PULL MEASUREMENTS ON
NEC 71083 MESFET (P,n = 4 dBm, f = 3.5 GHz, Vd, = 3 V, Id, = 10 MA, P& = – 0.24 V)

rL. o.39& rL = 0.72/ – 17° r~. o.79& r= ~ o.Io/ – 152o

PL (dBm) Id, (MA) qa (%) PL (dBm) Id, (mA) q. (%) PL (dBm) Id, (MA) q. (%) l’L (dBm) Id, (mA) q. (%)

Active

Tuning

Method 15.79 21.06 56.1 12.35 23.72 20.6 6.75 28.12 2.6 13.20 25.81 23.7

Mechanical

Tuning
Method 15.49 20.61 53.2 12.38 23.50 21.0 6.98 27.94 3.0 13.31 25.51 24.7

impedance to the input impedance of the test transistor

for the input driving power level of 4 dBm (see Fig. 1).

To check the accuracy of the method, a mechanical

tuner (Maury model 1819C) is first used to simulate four

different loads. For each stub position corresponding to a

given impedance, the tuner is disconnected after the

load-pull measurements in order to evaluate its impedance

and insertion loss. Table II summarizes the results and

highlights the large variations in the insertion losses with

the positions of the tuner stubs. The same four impedances

are presented to the transistor under test using the active

load-pull configuration. The same filter is placed just

after the transistor to maintain the same harmonic loads

for both mechanical and active tuner configurations. Table

III regroups both measurements, including input and

output power, dc drain current Id,, and power-added

efficiency qa calculated using the following equation:

P~(mW) – ~in(mw) %
‘qa = 100%

P~C(mW)
(1)

where

P~C= I~,V& . (2)

The two methods agree well considering the number of

manipulations needed for the characterization using the

mechanical tuner (see Table III).

III. MULTISIGNAL IMPEDANCE AND POWER FLOW

MEASUREMENTS USING SIX-PORT TECHNIQUES

The principal component of the system is a wide-band

six-port junction. Because the junction is passive and

linear, signals at n multiple frequencies of ~0 can be

present in the six-port without interfering with each other.

Consequently, with appropriate sampling and filtering
circuits at detection level, one can isolate harmonics and

measure them independently. In such a case the multisig-

nal six-port reflectometer is equivalent to n single-

frequency six-port reflectometers. The basic equations

describing the six-port reflectometer [8] and [10] can be

extended for the nth harmonic of a fundamental signal,

~0, as follows:

Pl(nfo) = Az(nfO)lr(nfO) – Q,(nfo) I’IWO) 1’ (3)

with i=3,4,5,6 and n=l,2,3,. . . , N. Here Pt(nfo) is the

power t-eading of the nth harmonic at port i; QL(nfo) and

xl,(n~o) are calibration parameters of the nth-harmonic

equivalent six-port reflectometer; b(n~o) is the incident

normalized voltage at the DUT at the nth harmonic; and

lln~o) is the reflection coefficient measured at the nth

harmonic.

Calibration of each equivalent six-port is done indepen-

dently using a standard method [6]. In addition, power

flow measurement with the six-port junction [9] can also

be transposed to each harmonic as follows:

K(7zfo)P3(nfo)

‘~(nfo)= ll+c(~fo)r(~fo)l” ‘=1’2’3’”””’N”

(4)

Here C(n~o) is the de-embedding calibration parameters

obtained by six-port error box calibration at the nth

harmonic; ~(n~o) is a scalar parameter which character-

izes the nth six-port reflectometer associated with the nth

harmonic and is obtained by power calibration [9]; and

P3(nfo) is the power reading at port 3 associated with the

nth equivalent six-port reflectometer.

From the values of Iln~o) and P(nfo) one can calcu-
late the impedance of the DUT Z(n~O) and the power

absorbed by that DUT, P~(nfo), as follows:

l+r(nfo)
z(nfo) = ‘O 1– r(nfo) (5)

pa(nfo) = Pf(nfo)[l- Iwfo) l’] (6)

with n=l,2,3, ””., N.

The original multisignal operation of the six-port reflec-

tometer as detailed above can be advantageously used in

the nonlinear characterization of microwave and millime-

ter-wave solid-state devices such as MESFET’S, HEMT’s,

and Gunn diodes.

IV. MULTIHARMONIC LOAD-PULL SYSTEM

The experimental setup for multiharmonic active load-

pull measurements is shown in Fig. 2. The six-port reflec-

tometers SP1 and SP2 are calibrated independently for

impedance and power-flow measurements over a 2– 12

GHz frequency band [6]. Impedance measurements and

power-flow measurements at each frequency can be per-

formed using appropriate dividing/filtering circuits be-

fore power detection, as shown in the last section. The

input excitation frequency signal, f o, the second har-

monic, 2 f o, and the third harmonic, 3f o, are injected
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Fig. 2. Experimental block diagram ofmultiharmonic load-pull system,

Fig. 3. Multiharrnonic active load-pull tuning configuration using six-

port network analyzer.

simultaneously at the input Iof the second six-port junc-

tion, SP2, by means of a three-way power combiner as

shown in Fig. 2.

In the case of active load-pull measurements with a

six-port network analyzer [91, evaluation of the large-sig-

nal input impedance, ri~, of the transistor and of the

power delivered to the device, Pi., is directly available by

measurements at the input six-port (SP1). The active

harmonic loads presented to the transistor under test and

the power delivered to these loads can be deduced from

measurements using the following relations (see Fig. 3):

1
‘L(nfO) = r,( ~fo) (7)

I+ rL(~fo) = ~ r2(~fo)+1
ZL( nfo) = Z.

1 – r~( ~fo) ‘Jr2(~fo)-l
(8)

and

PLozfo)=qwo)(lwfo) 12-1) (9)

with n = 1, 2, and 3. Here P&n~o) and rz(n~o) are actual

measurements by the output equivalent six-port (SP2) at

the nth harmonic.

A variable attenuator and variable phase shifter are

inserted in the fundamental branch (between the three-

way power combiner and the directional coupler, DC1 ) to

change the simulated load impedance seen by the transis-

tor at ~.. The second (third) harmonic branch includles a

frequency doubler (tripler) and amplitude and phase con-

trollers as required to synthesize the desired second (third)

harmonic impedance to be seen by the microwave transis-

tor operating in a nonlinear mode. Three narrow-band

isolators (one in each branch) are used to facilitate inde-

pendent harmonic impedance tuning. At each detection

port of SP2, the multifrequency signal is split into three

parts using a wide-band three-way unequal power divider;
three band-pass filters, centered respectively at ~o, 2.fo,

and 3~o, are used to selectively recover the signals at ~.,

at 2.fo, and at 3.fo from the multifrequency signal. ‘The

outputs of these band-pass filters are connected to three

four-channel power meters as shown in Fig. 2. A high-

power amplifier is inserted at the output of the mi-

crowave generator in order to a) saturate the MESFET

(NEC 71083), b) provide enough power for the frequency

doubler and frequency tripler, and c) allow the simulation

of any passive load at ~. at the output of the test

transistor. A frequency doubler and a frequency tripler

should provide sufficient harmonic power to permit the

simulation of any passive load at each harmonic wlhich’

might be seen by the MESFET. The bandwidth of the

branch phase/amplitude controllers is lower than the
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required six-port reflectometer bandwidth. The gate of

the MESFET is biased by means of a T junction placed

before the test fixture. However, the T junction used to

bias the drain is placed at the output of port 3 of SP2; this

is because inside SP2 a dc connection is available between

port 3 and its measuring port. The extension of this

measurement system to investigate higher harmonics is

straightforward by adding more harmonic branches and

by using appropriate dividing/filtering circuits before

power detection.

In practical situations Slz of the MESFET under test is

small compared with Szl. Moreover, because of losses and

attenuation between the output of the MESFET and the

four detectors of SP1, no harmonic signals reach the four

detectors of SP1.

V. EXPERIMENTAL LARGE-SIGNAL CHARACTERIZATION

OF A MESFET

Experimental measurements were performed on an

NEC 71083 MESFET operated in class AB made at 2.4

GHz and 3.6 GHz. Polarization voltages and current are

as follows: V& = 3 V, Id, = 10 mA, and V= = – .24 V. The

measurements include:

Pln(fo):

PJfJ:

PL(nfO):

r,n( fO):

rL(fo):

rL(nfO):

I:

v::

Vd,:

In this

power input to the test transistor obtained by

SP1;

power delivered to load impedance ZL(fO),

obtained by SP2;

harmonic power delivered to the harmonic load
impedance ZL(nfO), obtained by SP2;

large-signal input reflection coefficient, ob-

tained by SP1;

reflection coefficient associated with the load
seen by the transistor Z~(fo), obtained by SP2;

reflection coefficient associated with the har-

monic load seen by the transistor ZL(nf J, ob-

tained by SP2;

dc drain current measured by a millimeter;

dc gate voltage measured by a voltmeter;

dc drain voltage measured by a voltmeter.

paper, only the second- and third-harmonic

loadings a~e - investigated (n= 2 and 3). Fig. 4 shows

conventional constant-power contours P~( fo) in the r~( fO)

plane where the values of r~(2 fO) and r~(3 fo) were set at

0.22.z53” and 0.52 L113° respectively. The power-added

efficiency (qa) contours (Fig. 4) are obtained using (l).

Fig. 5 shows constant-power contours P(2 fO) in the rL( fo)
plane. It is seen that the optimum load for frequency

doubling lies in the region r~ = 0.9L7W (area of maxi-

mum power level at 2fO), and the optimum load as an

amplifier lies in the region r~ = 0.5 z20” (area of mini-

mum power at 2fO). It is also seen that the load for

maximum efficiency given by Fig. 5 corresponds to a

minimum power at the second harmonic (Fig. 5) for the

given bias test conditions. Fig. 6 shows constant-power

contours PL(2 fo) in the 17~(2fO) plane for fixed value of

+J

-1

/=2-3= ‘

I
-J

Fig. 4. Constant power contours F’L(~O) ‘expressed in dBm in the
complex rL(~O ) plane (— line type, * experimental measured points).
Power added efficiency contours expressed as a percentage in the
complex rL(~O) plane (––– line type), (~. = 3.6 GHz; P,n = 4 dBm).
Transistor NEC 71083 B&=3 V, Id, = 10 mA, P’g, = – 0.24 V.

-1 +1

-J

Fig. 5. Constant power contours PL(2~O) expressed in dBm in the

complex rL(~O) plane (~. = 3.6 GHz; P,n = 4 dBm). Transistor NEC
71083 P’d, = 3 V, Id, = 10 MA, P’g, = –0.24 V.

rL(fo) and rL(3fo), respectively, set at 0.644 – 29° and

0.52L 113°. It is found that the maximum power level at

the second harmonic lies in the region 0.5z – 16(Y’. Fig. 7

shows constant-power contours PL(3 fo) in the rL(3 fO)

plane for fixed values of r~( fo) and r~(2 fo), respectively,

set at 0.84 L.2!Y and 0.21 L – 12(Y. For all the above exper-

imental results, the driving input power level is main-

tained at 4 dBm.
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+J

-1

Fig. 6. Constant power contours P(2~O) expressed in dBm in the

complex rL(~O) plane, (~.= 3.6 GHG P,n = 4 dBm). Transistor NEC

71083. V&= 3 V. Id, = 10 mA, Vg, = – 0.24 V. Asterisk denotes experi-

mental measured points.

+J

-I 1

-J

Fig. 7. Constant power contours PL(3~O) expressed in dBm in the

complex rL(3~O) plane, (j’O = 2.4 GHz; P,. = 4 dBm). Transistor NEC
71083 V& = 3 V, Id, = 10 mA, I&= – 0.24 V. Asterisk clermtes ewri-
mental measured points.

To generate a specific constant-power or added effi-

ciency contour, a data base over the entire Smith chart is

obtained using data from experimental measurements (in-

dicated by an asterisk in the figures) and an IMSLl

interpolation routine (SURF). From such a data base any

‘IMSL Mathematical and Statistical Software Routines Library, IMSL
vol. II> p. 516.

-1

-J

Fig. 8. Constant power added efficiency (percentage) contours in the

complex I’L(3~O) (~. = 2.4 GHz; Pout =10 dBm). Transistor NEC 71083.
V&= 3 V, Id, = 10 mA, f&= – 0.24 V.

constant contours can be drawn using a second routine,

BASIC/HP CONTOUR.2

To investigate the effect of the third-harmonic load on

MESFET amplifier efficiency, output power was kept

constant at 10 dBm as well as the fundamental load

r~(~O) = 0.84z + 29° (area of maximum power level at

3~0) and the second-harmonic load rL(2fo) = 0.21L –

120”, while the third harmonic was changed over the

entire Smith chart. Fig. 8 shows the effect of third-

harmonic loading on the efficiency of a MESFET annpli-

fier. A 10% improvement in efficiency for a given output

power can be obtained by optimizing the third-harmonic

load. In aerospace applications, such an optimizing proce-

dure can be very useful to minimize dc power require-

ments ,on high-power amplifiers operated at a given out-

put power level.

The experimental points in Fig. 6 and 7 lie on qpasi

circles, indicating that harmonic loading has little effect

on harmonic generation processes. However, harmonic

impedances are important in determining the harmonic

power coupled to the output circuit. Furthermore, har-

monic impedances are also important in optimizing the

efficiency of a MESFET working on an amplifier for a

given and fixed output power. It is expected that MES-

FET multiharmonic load-pull characterization will permit

an accurate determination of the most important nordin-

ear elements in MESFET models, such as c~s, c~~, and lds

[121, by means of an appropriate nonlinear simulator (e.g.
harmonic balance) and optimizing routines. The extension

of this method to millimeter-wave transistor (e.g. HEMT)

characterization is straightforward by using an appropri-

2BASIC 5.0 Graphics Techniques, Hewlett-Packard HP3000, Series
200, 300, No. 98613-90032, pp. 6-9.
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ate wide-band dual six-port network analyzer [13], mil-

limeter-wave amplitude and phase controllers, and mil-

limeter-wave sampling and filtering circuits.

VI. CONCLUSION

A new multiharmonic load-pull method is presented in

this paper. It is seen that this method can be useful for

designing nonlinear circuits such as microwave and mil-

limeter-wave power amplifiers or frequency doublers (tri-

piers). It provides the quantitative data on fundamental

and harmonic load impedances required to obtain a given

performance from a MESFET operated in large-signal

mode. This information can then be used to design the

most suitable matching circuits for high-power amplifiers

or MESFET frequency multipliers. Furthermore, it is

expected that such multiharmonic characterization will

prove very useful for MESFET nonlinear modeling. It is

also expected that dual-gate MESFET’S will be character-

ized using a multisignal loading method in order to design

frequency mixers.
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