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Multitone Power and Intermodulation Load—Pull
Characterization of Microwave Transistors
Suitable for Linear SSPA’s Design

Rached Hajji, Fracgis Beauregardylember, IEEEand Fadhel M. Ghannouchienior Member, IEEE

Abstract—In this paper, an experimental load—pull charac- equations were provided to calculate the IMR and the intercept
terization of microwave transistors operated under N-tone ex- point levels for different operating conditions. Nevertheless,
citations (2 < N < 32) is presented. Such characterization is thnge equations have not been verified by experimental results.
very useful to investigate the linearity of high-power amplifiers A inst tation h tv b introd d to test
via intermodulation distortion analysis. All the measurements n?W Ins rume_n a"?“ a_s recently e?” Intro ljlce, 0 .es
were carried out using a newly developed multiline measurement the intermodulation distortion under multitone excitation with
system which uses an arbitrary waveform generator (AWG) to optimal phase relationship [8]. This paper focuses on device
generate the spectrum of anyN desired tones and a microwave |MD characterization with different multitone phase distribu-
transition analyzer (MTA) as a vector receiver. The measured tion, biasing, and loading conditions. For this purpose, a new

intermodulation rejection (IMR) behavior, as the number of it load I ¢ t is d | d 19
tones increases, is compared with previously published theoretical Multitone load—pull measurement system is developed [9].

results. Constant output power contours and IMR contoursinthe ~ 1he previously reported measurement systems [3], [4] were
L1.(fo) plane for different number of tones are presented and developed for two-tone excitations only, where two separate

discussed. The dependency of the IMR on the biasing conditions signal generators were employed. One of the limitations of
and the carriers’ phase distribution is also investigated. those systems is that if the number of tones increases, the
Index Terms—intermodulation, linearity, load—pull, multitone,  complexity of the system augments due to the required large

phase distribution, transistor. number of signal generators. The new proposed measurement
system reduces the complexity by using an arbitrary waveform
I INTRODUCTION generator (AWG) and a simple mixer to generate the spectrum

o ] o ) of any desiredV tones. With this technique, the use of many
I N MOBILE communications, highly efficient and linearggna| generators and signal synchronization problems are
power amplifiers with high intermodulation rejection (IMR),ygided. The other novel experiment technique is the use of

are needed for personal handy-phone systems. To efficienflyije-hand microwave transition analyzer (MTA, dc to 40
design the desired linear amplifier, investigation of the lineariggy,) a5 a receiver of all the reflected and incident signals to
of its amplification component, the transistor, is essentighe jevice-under-test (DUT). An experimental validation of the
Intermodulation-distortion (IMD) analysis is a good way Qneoretical intermodulation analysis results which essentially
explore the.r}onllnear behaV|.ors in microwave and millimeteg; s the required power backoff to maintain a constant IMR
wave amplifiers [1], [2]. It is an important parameter thafy excitations having different number of tones is provided.

indicates the nonlinearity performance of transistors. IMB},o degradation of the IMR as the number of tones increases
analysis is relatively well studied, theoretically and experimeRs -1so described. The other main part in this paper is the

tally, under two-tone excitations [3], [4]. This was performeqﬂoad_pu” measurements on a GaAs MESFET in multitone
on both bipolar and field-effect transistors. Good results Wege,ironment. Constant output power and IMR contours are
obtained for equally leveled tone inputs. However, the IMiysirated for different number of tones. The results of the
characterization and analysis undéfN > 2) tone excitations eftects of the phase distribution of the tones and the biasing
are not yet well investigated [5]. This issue has been discus ditions are given. One can then optimize the IMR of

in few publications. Theoretical works on IMD in a multisignal, ~ortain transistor with an optimal loading and class of
environment were reported in [6], [7]. In those referenceaperation_
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Fig. 1. Multitone load—pull measurement setup. Fig. 2. Parameter variation options in the measurement system.

level, and phase distribution. The phase distribution of the possible Measurement Options

tones can be either random, uniform, or fixed by the user.W_th th ¢ " f kinds of
Using such an instrument reduces the complexity of the system ! € present system, one can periorm many xinds o

as the number of tones increases, and the synchronizatriBHltito_ne measurements. This flexibility is obtained by varying
problem between the tones is avoided. The other indispensd e lndepend_ent parz.almeters of the system. The parameters
instrument used in the setup is the MTA (HP70820), which ac at can'be varied are:
as a network analyzer with its home-designed test set. + the input power;

The mixer is used to up-convert the base-band signal® the number of tones;
generated by the AWG around the microwave operating signal® the carriers’ phase distribution;
available from the microwave synthesizer connected to the® the load impedance;
other input of the mixer. With this configuration, the mixer acts * the biasing conditions; _
as an up-converter. The selective narrow-band filter inserted” the IMR measurement mode (in-band/out-band).
at the output of the mixer is used to pass only the principal  All the possible variation options of these parameters are
tone spectrum. The multitone signal at the output of the filtéhown in Fig. 2. Performing measurements by varying these
is obtained with an IMR of-55 dBc. The filtered spectrum isindependent parameters will generate a complete database
then amplified by a linear amplifier to reach the desired powathich would be useful in the development of different charts
level. The variable attenuator is used to perform a power swel@p a given transistor with given nonlinear characteristics.
and the mechanical tuner is used to adjust the input reflection
coefficient for maximum power transfer to the transistor.

The incident and reflected waves at the input and output lIl. EXPERIMENTAL VALIDATION
of the transistor are sampled by two dual couplers with small OF THEORETICAL IMR RESULTS

coupling factors £20 dB). These sampled waves are received This section presents the first part of the experimental

and measured by the MTA via a switching stage. The outpisylts obtained for a MESFET (ACK0151P) having a 1-

mechanical tuner is used to perform a passive loading. Dyg compression point aPiqz = 23 dBm. This is done

to the insertion losses in the tuner, the maximum reflectigp validate the theoretical intermodulation distortion analysis

coefficient magnitude reached is 0.9. results reported in [7]. It consists of the evaluation of IMR
The data acquisition from the MTA, the system calibratiojegradation as the number of tones increases, as well as

and the switches control are performed via an HP-IB bus usifk required backoff level in the input power to maintain

a 486 PC. Considerable effort has been made to develop #i@ertain constant IMR. All the measurements were carried

software tool for instrument control, data processing, and resglit for input signals having 2, 4, 8, 16, and 32 tones, with

visualization. This was accompliShed USing the HP Vee'Te_mo_kHZ Spacing between tones. The MESFET was biased

software? at Vys = 10 V and Iy, = 100 mA for class A operation.
Load—pull measurements were made to determine the optimum
A. System Calibration load for maximum output power. This load was found to

To de-embed the measured raw data taken by the MFRIeSPond td'y = 0.58£172°. Using the MTA, the input
to the reference measurement planes of the transistor, fREEcCtion coefficient, the absorbed input power per tone, the
SOLT (short-open-load-thru) technique [10] is used. For powgptput reflection coefficient, the output power per tone, and

corrections, the measuring ports have been calibrated with 8 third-order IMR of the transistor were measured. For each

independent powermeter. Other calibration techniques (e/gmber of tones, the IMR parameter was measured for an

thru-reflect line (TRL) [11]) will be included in the future toMPUt power sweep up to the 1-dB compression region of the

improve the system flexibility and precision, and to extend tHEaNSistor. Such measurement was repeated for ten random
system to perform on-wafer measurements. phase distributions of the carriers. The experimental results

presented here correspond to the two extreme cases of the
1HP-Vee Advanced Programming Techniques & HP-Vee Refereievdett- phased distribution among the ten cases considered—one is
Packard, 2nd ed., Jan. 1995. the best case and the other is the worst case.
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Fig. 3. IMR degradation with constant input power per tone. Fig. 5. Required power backoff to maintain constant IMR.

SO o extreme cases. Therefore, in multichannel operation, the power

Theoretical (ref. [71) : character|§t|cs. of amplifiers strongly dgpend on the behavior
, - & - = Pin=7 dBm (Phi worsD) |- of the carrier signal of eagh channel. It is also shown '_[hat IMR
| — — @ - - Pin=7 dBm (Phi besi) degradation tends to achieve a constant value when increasing

‘ ‘ the number of tones.

Fig. 5 shows the measured and theoretical [7] total input
S S P SN S O A i power backoff required to maintain a constant IMR. Again,
- 3 ; the theoretical results fall in the range bounded by the two
presented phase-distribution cases. It is also important to notice
that for a certain phase distribution of the carriers, a backoff
in the total input power is not needed to maintain a constant

e P TP e IMR. This is illustrated in Fig. 5, for the best case of random
/ - carriers’ phase distribution, the power backoff required is very
0 ' — small (around 0.2—-0.4 dB). This is very important in the design

20 -

IMR degradation (dBc)

2 8 14 20 26 32
’ of highly efficient linear amplifiers, where the transistor used
Number of tones . . . .
has to be operated near its compression region to achieve the
Fig. 4. IMR degradation with constant total input power. desired high power-added efficiency.
Fig. 3 shows the theoretical (reported in [7]) and the mea-
IV. LOAD-PULL MEASUREMENT RESULTS

sured IMR degradation as the function of the number of tones
for a constant input power level per tonB,(ion. = 4 dBm). This second part of the characterization consists of varying

One can see that there is an acceptable agreement betvibenload impedance of the transistor to generate contour
the measurements and the theory, and the theoretical IMRves of large-signal characteristics of the transistor, such as
degradation falls in the range between the best and the warstput power and IMR, for different number of tones. Here,
cases. The deviation observed is due to the fact that thiely measurements corresponding to two-zone and eight-
theoretical curve reported in [7] is an average of many curvé®e exciting signals are presented. The first tone is fixed at
corresponding to different carriers’ phase distributions. f1 = 2.015 GHz, the other remaining tones are equally spaced
Fig. 4 illustrates a comparison between the measured aethtive to each others by 100 kHZ>(= 2.0149 GHz, - ).
the theoretical [7] IMR degradation as a function of the numb@ihe phase distribution of the tones is taken random, and the
of tones for the same total input power leveét,(;..;.y = 7 transistor was biased for class A operatidf(= 10 V and

dBm). The total input power is calculated by using Iy, = 100 mA).
. _p ) Figs. 6 and 7 show the constant output power contours (in
Pinjiotal = Pinjione +10 x 1og(N) @) dBm) per tone in thel';(fo) plane for casesV = 2 and

where N is the number of tones. Again, the theoretical IMRV = 8 tones, respectively. One can observe that the optimal
degradation falls in the range defined between the best and libeed for maximum output power is located in the same region
worst cases of the carriers’ phase distribution. of the Smith chart for the two cases. The same observation
It can be concluded from these results that the phaiseobtained for the other cases of 4, 16, and 32 tones. From
distribution of the carriers has a strong influence on thhese results, one can conclude that the transistor loading is
transistor IMR. It is also shown that there is a difference ugmost independent of the number of tones with a certain
to 20 dBc between the IMR degradation values of the twghase distribution. It is theoretically known that, for a given
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Fig. 6. Constant output power contours per tone in the(fy) plane Fig. 8. Constant IMR contours in ther (fo) plane (V = 2 tones).
(N = 2 tones).

Fig. 9. Constant IMR contours in tHéy, (fy) plane (V = 8 tones).

Fig. 7. Constant output power contours per tone in the(fo) plane
(N = 8 tones).

Figs. 8 and 9, respectively. It can be seen that for a given load
total-output power level, the output power level per tone Oft"ﬂere is an IMR degradation as the number of tones increases.

N-tone signal _'S 3 dB hlg_her tha'f‘ the power _Ievel per tope From these two kinds of contours, one can make a tradeoff

other independent parameters, such as the carriers’ phase

This is acceptable since the theoretical power level's diﬁerenﬂ%tribution and transistor operator class on power and IMR
between two- and eight-tone cases is 6 dB (eight tones 2characteristics

2 x 2 tones, which lead t8 + 3 dB). These results indicate
that the accuracy of the measurements using the measurement
system is within 1 dB.

The constant outband IMR contours (in dBc) in fhg( fo) The phase distribution of tones is a spectrum containing the
plane for the case®’ = 2 and N = 8 tones are shown in absolute phase values of all the carriers of the signal. This

V. EFFECT OFCARRIERS’ PHASE DISTRIBUTION
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Fig. 10. Effect of carrier's phase distribution on IMR' (= 2 tones). Bias Ids (%Idss)
Fig. 12. Effect of biasing conditions on IMRV = 2 tones).
10
is negligible. This leads to the conclusion that the shape of
20 the total signal envelope is not considerably affected by the
variation of the absolute phases of a two-tone signal.
gso L
o VI. EFFECT OFCLASS OF OPERATION
& ol It is well known that the small-signal and large-signal
Z performances of a microwave transistor depend on the applied
biasing conditions. As will be seen in the following results, an
50 interesting behavior of the IMR as a function of the dc drain
current is obtained.
| In this measurement option, the carriers’ phase distribution
0, -8 4 0 4 8 12 is kept uniform for all performed operating classes (identical

Input power per tone, Pin (dBm) absolute phase for each tone). The transistor is loaded with
the optimal impedance for maximum output pow@, =
0.58/172°). The IMR measurements are performed at seven
bias points: from 30%,., to 70%.4. with a 10% step, where

parameter has a significant effect on the total signal, whiéhss is the saturation transistor drain current. The measurement
can be characterized by its time-domain waveform enveloggsults are obtained by performing an input power sweep at
Depending on the shape of the input signal envelope, tA&ch bias point fotv = 2 and eight tones.
large-signal transistor characteristics may considerably vary,The slope of the obtained IMR variation as a function
which affects its performances. This was observed in 9 the dc drain currently; changes at a certain bias point
measurements carried out on the GaAs MESFET mentioré@Pending on the applied input power. This experimental result
above. is not readily explainable. To further investigate this experi-
To illustrate such an effect, the transistor IMR was measurg¥ntal observation, multitone harmonic-balance simulations
at different random phase distributions. Figs. 10 and 11 shdk?] were performed using an HP-MDSFor this purpose, a
IMR levels, for ten random phase distributions, as a functid@rge-signal model for the investigated MESFET is extracted
of input power per tone for two- and eight-tone input signal$ising the Curtice cubic model [13], dc, anfparameter
respectively. It can be shown that the phase distribution efféggasurements.
on the IMR becomes more significant as the number of tones id~i9s. 12 and 13 present a comparison between the measure-
increased. FoiV = 8 tones (Fig. 11), an IMR level variation ment and simulation results of the behavior of the IMR as a
of 15-20 dBc, between two different phase distribution casdgnction of the drain currenty for two different input power
can be reached at a given and constant input power level ffy€ls per tone, forV = 2 and 8 tones, respectively. One
tone. This is due to the fact that the shape of the envelope@n see that the measurements and the simulation are in an
the input signal waveform is strongly affected by the phas@§ceptable agreement in term of the IMR levels and mainly
of the tones. Thus, the peak power value is strongly dependéhterm of the IMR variation slope. Discrepancies between
on the phase distribution of th¥ tones. However, forv = 2 2HP85150 Microwave Design System (MDSBuilding and Analyzing
tones (Fig. 10), the phase distribution effect on the IMR levelrcuits. Hewlett-Packard, May 1990.

Fig. 11. Effect of carriers’ phase distribution on IMR' (= 8 tones).
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N= 8 tones to the simulation results. It was concluded that these two
parameters—carriers’ phase distribution and biasing condi-
tions—affect the transistor performance in terms of linearity.

! Stmatation Givionee 7.3 4B In other words, the IMR is strongly dependent on the carriers’
SE | ——o—Simulation (Pinvtone= -4 5 dBm) phase distribution and biasing conditions, mainly when the
- - = - - Measurement (Pin/tone= -7.5 dBm) number of tones is increased.
-10 L - - @ - Measurement (Pin/tone=-4.5 dBm)

—
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number of tones. The effects of the carriers’ phase distribution
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