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Abstract— A flexible nonlinear measurement system is presented for
the investigation of intermodulation distortion (IMD) on device level at
Ka-band frequencies. The setup is unique in the way that a passive load-
pull tuner embedded inside a full two-port test-set is combined with a hy-
brid receiver to one fully antemated test system. The calibration problem
of the resulting n-state test-set is formulated with a generalized 4-port er-
ror model, for the first time. The hybrid receiver is composed of a virtual
4 channel time-domain sampling oscilloscope and a spectrum analyzer, As
an application, we show various two-tone sweep-scenarios applied to our
GaAs HEMTs targeting high power applications at Ka-band frequencies.

I. INTRODUCTION

INCE the first introduction of load-pull measurement tech-

niques to characterize transistors under various source and
load match conditions [1], many different test-set configurati-
ons have been published. At the beginning, only passive load-
pull tuners were used whereas later the active load-pull method
12] of the split signal path type and the feedback type beca-
me dominant, This is related to the emergence of full two-port
test-sets for complete vectorial error correction. It renders the
passive load match tuning outside the lossy input and output
coupler pairs ineffective.

In the earlier days, frequency domain receiver concepts we-
re used to access information about nonlinear effects in active
devices. These receivers have still their right to exist for va-
rious single-tone ioad-pull tasks due to their speed and dyna-
mic range [3]. Since the beginning of the 90s, however, modi-
fied time-domain sampling oscilloscepes (microwave transiti-
on analyzers, MTAs) have increasingly gained acceptance for
accessing information about harmeonic generation and time do-
main waveforms. It was mainly achieved due to the pioneering
works in [4], [5], [6], [7], [8]. Drawbacks of the first genera-
tion MTAs are mainly their limited dynamic range for testing
low spurious signals, their high data acquisition time, and the
availability of only two synchronized channels. Thus, a hybrid
receiver approach was proposed in [11] mainly inspired by the
limited measurement speed of the two-channel MTA.,

In this work, a different hybrid receiver approach composed
of a first generation microwave transition analyzer and a spec-
trum analyzer is used to circumvent the problem of the limited
dynamic range for spurious signal testing. Three advantages
result from this approach: first reliability of measurement da-
ta acquired near noise level is assured. Second, below noise
level, at least the accurate magnitude detection of the intermo-
dulation products is possible. Third, instable operation modes
on circuit level or device level can be discovered.

Works done at lower frequencies employed multi-tone si-
gnal sources to expand the active load-pull principle to inter-
modulation distortion measurements. In contrast, for two and
three-tone measurements under various load conditions at mil-
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litneter wave frequencies, the passive load-pull principle is pre-
ferred in this work, However, the tuner is located inside the
coupler pairs for the sake of higher impedance ratios. This has
two reasons: First, although measurement equipment manu-
facturers made progress in expanding vector signal generation
towards higher frequencies up to 20 GHz, a broadband tuna-
ble solution for all interesting Ka-band frequencies and above
is still not available. Second, it is not practical with the active
load-pull method of the split signal path type to reatize circuit-
like load terminations when modulation schemes of real com-
munication systems are used.

In contrast to active load-pull setups, the passive load pull
solution chosen in this work leads to the calibration of a full
two-port n-state test-set. So far, to the authors knowledge, pu-
blications on calibration theory have mostly excluded this case.

II. MEASUREMENT SETUP

In Fig. 1, the block diagram of our nonlinear measurement
test-bench is depicted. Key feature of the system is its full two-
port capability in conjunction with a two-channel microwave
transition analyzer. This concept allows a vectorial correction
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Fig. 1. Block diagram of the nonlinear measurement test-bench.

of all systematic measurement errors at the reference planes of
the device under test (DUT). The two-channel transition ana-
lyzer is expanded to a virtual four-channel receiver by the re-
ceiver multiplexer composed of 2 transfer switches, This leads
to a receiver with four different states. Each state corresponds
to a different load and source termination for the DUT.

Under large-signal excitation of the DUT, however, one can
not judge from a measurement made for one termination of
the DUT about a measurement made for another termination
of the DUT. Thus, either the impacts of the different receiver
states on the signal separation network have to be minimized
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by attenuators and high coupling factors, or the receiver mul-
tiplexer has to be made absorbing under any switching state.
The latter measure was applied to reduce the 4-state receiver
to a 1-state receiver as close as possible. Additionally, for low
spurious signal testing the attenuation was chosen just large
enough to make sure that the receiver is not overdriven and
generates spurious signals by itself.,

Virtual four-channel receivers can not simultaneously mea-
sure all 4 power waves. This means for harmonic testing (hag
absolute measurements of the power waves have to be taken
to establish the phase relation between harmonics and funda-

mentals and additional relative measurements are necessary to -

establish the phase relations between the 4 power waves.

The dynamic range of transition analyzers is restricted and
further deteriorating towards higher frequencies, This is eli-
minated for spurious signal testing by adding a conventio-
nal spectrum analyzer at the output of the test-set, Fig, 2
shows upper and lower third order intermodulation distortion
(IMD3L/H) measurements of a GaAs single-recess pHEMT
transistor cbtained by the transition analyzer and the spectrum
analyzer. The measurements of the IMD3 close to noise level
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Fig. 2. Hybrid receiver approach: two-tone intermodulation (IM) measure-
ments of a 8x60 pm wide single-recess GaAs pHEMT transistor measured
on 50 2 at 35 GHz (TAF technology). Gate length 0.15 pm. Biasing scheme
class A.

using the transition analyzer can be misinterpreted without the
information of the spectrum analyzer. This is especially distut-
bing when nulling effects in the intermodulation behavior are
concealed by noise. In Fig. 3, measurements of a device with
same lateral layout as the device shown in Fig. 2 but with a
double-recess gate module are depicted. Here nulling effects
can be observed which depend on biasing conditions.

It has to be mentioned at this point that the bandwidth
of usual signal separation networks composed of directional
couplers does not cover measurements of baseband intermo-
dulation components. However, according to {9] the influence
of these components on third order intermodulation products
should be considered. Thus, in [10] a low frequency signal se-
paration network realized in the biasing networks was propo-
sed. In our work only the baseband components’ termination
is determined a-priori with a low frequency netwerk analyzer

(NWA).
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Fig. 3. Intermodulation behavior of 4 8x60 um wide double-recess pHEMT
transistor on 50 §2 at 35 GHz. Gate length 0.15 pm. Biasing scheme class A.

Two strategies to generate test signals are foilowed: additi-
ve generation of two-tone and three-tone signals and baseband
generation of digital modulated signals. For the first strategy
the nonlinear measurement test-bench is equipped with three
single-tone signal sources. They can be combined in any way
to either additively generate two-tone and three-tone signals
or to simultaneously excite input and output of the DUT for
harmonic active load-pull or injection of spurious fundamental
signals at the output. For the second approach, the use of ba-
seband arbitrary waveform generators is pursued in this work.
This method is extended towards frequencies at the Ka-band
with a two step up-conversion.

111, SYSTEM CALIBRATION

The implemented generalized 4-port error model is shown
in Fig. 4. Starting from the relative [12] and absolute [7] 4-
port 1-state error model, the general n-state test-set case can
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Fig. 4. Implemented generalized n-state 4-port error model.
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were « is the absolute calibration coefficient and T’y are two-
port block matrices. Eq. (1) can be separated according to the
block diagram in Fig. 4 into a signal separation error model and
an access error mode! which both do not change for different
matching conditions. This means for T (n) that
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The signal separation model represents the input and cutput
directional couplers plus possible crosstalk at source switches.
The error box of the access network models the on-wafer probe
tips plus possible crosstalk and the access lines (either wave-
guide or coaxial) to the output reference plane of the mechani-
cal tuners. It is reasonable to assume that n¢ crosstalk appears
at the matching network when it is composed of mechanical
waveguide or coaxial tuners and

Ti2=Ta =0 . (3

The relative calibration according to Eq. (1) needs minimum
N - kmin measurements where n is the number of different mat-
ching conditions and k¢, ts the minimum number of calibra-
tion standards to be measured for each state. For example, the
self calibration procedures of the 8-term error model require
a minimum of %p,;, = 3 full two-port standards to be measu-
red [13]. Besides the large number of necessary measurements
for calibration another drawback of this approach results from
the nature of mechanical tuners: they show high losses when
very high reflection coefficients have to be realized. The los-
ses of a mechanical sliding screw tuner in dependence of the
stepper motor positions are depicted in Fig. 5 for a tuner load
plane at 35 GHz. With more than 10 dB loss for high reflection
coefficients, the directivity of the test-set is deteriorated to an
unacceptable level ar Ka-band frequencies, especially critical
in conjunction with the low dynamic range of first generation
microwave transition analyzers.

In contrast to the paragraph above, in this work reference
planes (Dand (2 were established to separate Eq. (2) into parts
independent and dependent from matching conditions, The tu-
ner itself was calibrated a-priori with a conventional network
analyzer for reasons of speed and accuracy. The reproducibi-
lity of the mechanical tuners was confirmed to be in the ran-
ge of calibration to calibration variations. Fig. 6 shows the re-
maining transmission errors for a thru standard measurement
within the load plane at 20 GHz. This procedure allowed to
reduce the necessary number of calibration steps considerably.
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Fig. 5. Losses of a mechanical sliding screw wner at a load plane of 35 GHe.
The x-axis and y-axis are the positions of the stepper motors to adjust the load
match conditions.

Fig. 6. Verification measurements with a thru for different load conditions.
Depicted is the measured transmission coefficient in dB for the separation ap-
proach according to Eq. (2) at 20 GHz.

IV. APPLICATION EXAMPLES

The optimization of the intermodulation ratio (IMR) on de-
vice level requires the search in a multidimensional parameter
space. Thus, we have spent a considerable effort in developing
our own in-house software which is capable of performing this
task in a fully automated way. This is especially important for
all statistical analysis of, for example wafer homogeneity and
batch to batch variations. Fig. 7 and Fig. 8 show load-pull mea-
surements under single-tone and two-tone excitation perfor-
med on a single-recess GaAs pHEMT structure. For both mea-
surements we selected 63 different load conditions at the DUT
reference planc on an equidistant grid indicated by the dots in
Fig. 7. For potentially instable devices, instability regions can
be excluded from the list of load conditions to be measured. In
Fig. 9 the IMR for a double-recess transistor was measured at
a fixed input power level for all interesting bias conditions. For
this device, it can be observed that biasing closer to pinch-off
al Vg = -0.5 V leads to an improved IM performance compa-
red to biasing at maximum transconductance at Vgg =-0.3 V.
This biasing guideline was also observed on our single-recess
technology, on device level as well as on circuit level [14].
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Fig. 7. One-tone load-pull measurement of our single-recess GaAs pHEMT
wansisior (IAF technology) at 35 GHz. The total gatewidth is 0.48 pm. The
input power was held constant at 10 dBm.

Fig. 8. Intermodulation ratio (IMR) contours for the same device as in Fig, 7
at 35 GHz. Tone spacing is 1 MHz. The output power was held constant at
£0 dBm per tone.

V. CONCLUSIONS

A flexible measurement test-bench for characterization of
intermodulation distortion at Ka-Band frequencies under rea-
listic load conditions was presented. In contrast to previous

works on time-domain waveform measurement systems, a pas- .

sive load-pull tuner was used inside the full two-port test-set.
The calibration of the resulting n-state test-set was treated in
the most general way of 4-port error networks. The resulting
errors are sufficiently small for reflection factors up to a ma-
gnitude |T'{ = 0.7 and frequencies up to the Ka-band. To hand-
le the multidimensional minimization problem of intermodu-
lation distortion on device level, a extensive in-house software
was developed which is based on the generalized n-state 4-port
error model.
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Fig. 9. IMR under different bias conditions for a double-recess HEMT transi-
stor at 35 GHz. Input power is 8 dBm per tone. 1 MHz tone spacing.
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