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Abstract

We developed a systematic procedure to cfficiently cover the (Vi, V5) voltage plane of two-port microwave
devices. The method is restricted to (quasi-)unilateral devices, because we assume that the V; (t) does not
change when applying an additional a; travelling voltage wave. By choosing the adequate magnitude and
phase of this ay signal, the V5 of interest can be constructed. We illustrate this method on a HEMT and
show that, for the used cxperimental conditions, only 27 vectorial large-signal measurements are sufficient
to cover the (V}, V) operating region of the device. This is 4 significant reduction in the number of required
measurements for non-linear model generation, in comparison to the classical approach based on multi-bias
broadband S-paramcter measurements.

I. Introduction

Large-signal models for microwave devices are classically derived via a small-signal detour, because only
vectorial small-signal (= S-parameter) measurements have been widely availablc during the past decades.
Due to the recent advances in the metrology area of vectorial large-signal measurements {1-4], the develop-
ment of novel modelling methodologies circumventing this small-signal detour could be initiated. Several
approaches in both time- and frequency domain, and based on either an equivalent circuit or black-box rep-
resentation have already been reported [5-9]. An important aspect that these methods have in common is
the minimisation of the required number of vectorial large-signal measurements for model generation, such
that they can become a valuable altemative for the conventional procedures bascd on multi-bias broadband
S-parameter measurements. As in the case of the S-parameler measurements, the goal of the large-signal
measurements is to adequately cover the predefined operating region of the device-under-test. Previously,
we indicated the importance of well using the available degrees of freedom of the large-signal measurement
system in order to render this process efficient [S]. In this work, we present a mcthod that enables to au-
tomatically calculate the excitation signal to be applied in order to cover a predefined point in the voltage
space of a (quasi-)unilateral devicc. The methodology is explained in Section 11 and illustrated on a HEMT
in Section III. Finally, the results are summanised in Section IV.

I1. Methodology

~In ';)rder to explain the principle, we focus to the non-linear behavioural modelling approach as explained in
Ref. [9], but the presented method can also be linked to other time-domain techniques, such as [5,7]. The
considered black-box technique involves that any microwave two-port device can be described by equations
of the form:
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with I3 (t) and [4(¢) the terminal currents, and V) (¢) and V5 (t) the terminal voltages. The purpose of the
technique is to find the functional relationships f((.) and f>(.) by fitting the measured terminal currents to
the measured independent variables or state variables. At the start of the modelling process, the operating
bounds for thc modcl arc established by defining the minimum and maximum values of the state variables.
These bounds define the operation region within the state space for which the model is to be developed and
used. To enable practical identification of the device dynamics, the measured time domain data need to
sample this operation region efficiently. However, since the orders of the voltage and current derivatives that
have to be taken into account in Equations (1) and (2) are unknowns at the start of this particular method, we
begin by defining the minimum and maximum V| and V) voltages. The method to determine the required
number of stale variables can be found in Ref. [9]. Considerations about the coverage of their part of the
state space will be discussed in Section III. For reasons of simplicity, we assume that the defined (V|, V3)
operating region is rectangular. Next, we divide this (V;, V,) voltage plane in sections, which in theory
can have any shape. For the example of a HEMT, we take rectangular sections with (V, V3) dimensions of
50 mV x 100 mV. The purpose of the data gathering process is to have a minimum number of time domain
data, e.g., 10, in each of the sections. Hence, the aim of the vectorial large-signal measurements is to cover
in an efficient way this (7, V5) voltage planc.,

Until now, only results have been reported by which this coverage is obtained by varying the variables of the
excilations, such as input frequencies, input powers, DC bias, ... [5]. The setting of these ranges was done by
the user, and furthermore the necessary excitations are strongly device-dependent. The contribution of this
work is to have a systematic way to calculate the excitation signal to be applied in order to cover a particular
point in the (V3, V4) plane. To illustrate the principle, we consider the following case: Figure 1 shows the
(V1, V) plane of a HEMT. We apply a single-tone signal at the gate and plot the time-domain waveform
of V,(t) as function of the time-domain waveform of V;(¢). Due to the inherent inverter characteristic of
a HEMT, we are not able to cover points of simultancously low instantaneous Vj(¢) and low instantaneous
Va(t) values with a single-tone excitation. The goal of this example is to calculate the required o, such that
we get a V1(1)-Va(t) chamacteristic that crosses the (Vi, V3) point (0 V, 0.5 V) (denoted by Y on Figure 1).
We notice that the original V) (t)-Va(t) characteristic has an instantaneous V) equal to 0 V at two distinct
time points. We pick out the point (0 V, 1.04 V), denoted by X on Figure 1, and determine at which time
point ¢, of the period this point is reached. The general phasor representation of the terminal voltages V;(t)
and V5(t) is given by

H . )
R t+2m 5
Vi=3 Cin CJ(L i) (3)
h=0
with subscript :=1,2 and H.the number of considered harmonics. The corresponding time domain equation
is
T bir
Vi(t) = Cy, cos thwgt + 2 -;L} 4
(0= 32 Cinoos ot + 235 @

Hence, #; can be calculated from the equation

5

360¢° ®)
because wy, the amplitudes Cyp and C},, the phase ¢1; and Vi (¢;) (= 0 V) are known from measurements.

Next, we fix V;(#,) to 0 V and move V5(t1) from 1 V to 0.5 V, by applying a second signal at port 2, a3, at the
same fundamental frequency fo. Since V3 is equal to the sum of by and ay, Vs, (t1) = Vo, (£1) + aa(t1)
and the required a9 can be calculated from:

Vi(ty) = Cio + Cy; cos l:wOf.l + 27 du ]
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Ma}_’» (“2) = 1\’1318, [1/:2”‘”” (tl) - V‘Q@id (f'l)] (6)
360° ., .

Phase ((1,2) = (27!' - woil) o (J]L V;-gm,.m (f.l) > ‘/‘ZOM (f.l)) (7)
360° . .

Phase (a2) = (7 — woty) o (if V‘Anow(tl) < Voo (t1)) (8)

In tcrms of phasors, the geometrical interpretation is to add to the phasor of V5 , . a phasor ¢y of which the
instantaneous phase at time point ¢; reaches 0” in case of addition, or Vi, (1) > Va,,, (£1), or 180° in case
of subtraction. As a result, the new Vi (¢) — V5 (t) characteristic will cross the point (0 V, 0.5 V) at time point
t, (see Figure 1),

This method supposes that V(1) remains unchanged if a» is applied, which is valid for (quasi-)unilateral
devices, where feedback between port 2 and port 1 can be neglected. Also, the original Vi(t) — Va(¢)
characteristic already has to cover the V; range of interest, which can be accomplished by well choosing the
DC bias point and the input power at port 1. The reason is that we pick out a particular V) and consequently
try to realise a corresponding V5 of interest. In the above equations, we also implicitly assume that the &
of the device does not change, if an .y is applied. In practice, by is slightly dependent on a,, as a result
of which the Mag(a,) might have to be rc-itcrated. Note that a varying b does not influence the required
Phase(as).

III. Experimental results

We implemented the above outlined procedure in the Mathematica software that controls the Non-linear
Network Measurement System [4]. The required a; can be realised by either an (automatically controlled)
tuner or by an additional microwavc synthesiser. In the latter case, it is not possible to set the phase of a, to
the wanted value, and therefore the phase of the source needs to be randomised until the required Phase(as)
is obtained. We tested the method on a HEMT device, of which we intended to cover the rectangle defined
by the (Vi, V) points (-0.8 V, 0 V) and (0 V, 1 V). The DC bias condition is fixed to (-0.4 V, 1 V), as
well as the excitation frequency and power at port 1. We applied a two-tone excitation at port 1 in order
to increase the variation in V;. The variation in V3 is automatically larger, due to the fact that we apply
various ay's at the drain during the measurement sequence. This effect is however not noticeable at the gate
side, because there is little feedback between drain and gate at the considered fundamental frequencies (<
5 GHz), which also means that the HEMT can be considered as a quasi-unilateral device at these conditions.
The magnitude of the sccond tone has however (o be relatively small compared to the magnitude of the first
tone al port 1. Otherwise, it is not guaranteed that the valuc of Vi (¢) remains the same at time point #),
because the phasor of the secofid tone turns at a different speed than the phasor of the first tone. During
the automatic measurement sequence, the next (¥}, V5) point to be crossed is taken from a section with the
minimum number of data points at that moment. The algorithm stops by the criterion of having obtained
at least the minimal required number of data points in each of the grid sections. In this case, 27 vectorial
large-signal measurements were sufficient to cover the predefined operating region. Figure 2 presents the
—covcrage of the (V}, V) plane, as well as the corresponding (V1 \ Vg) coverage. Although the uniformity
of the data points is not controlled, we notice that the measurements are more or less equally spread over
the operation region. Although we only controlled the measurements up to a V5 value of 1 V, we notice
that the region' up to V, value of 2 V is nearly completely covered. This positive consequence depends of
course on the device and the initial excitation design. Finally, we used these measurement data to create
a behavioural model following the procedure outlined in [9]. Figure 3 shows the well modelled I, (#) and
I,(t) waveforms. Note that this experimental validation has been conducted at another DC bias condition
than the one used during the controlled data gathering.
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IV. Conclusions

We developed a systematic procedure to efficiently cover the (V1, 13) voltage plane of two-port microwave
devices. The method is restricted to (quasi-)unilateral devices, because we assuime that the V1 (t) does not
change when applying an additional s travelling voltage wave. By choosing the adequate magnitude and
phase of this ag signal, the V5 of interest can be constructed. We illustrated this method on a HEMT and
showed that, for the used cxperimental conditions, only 27 vectorial large-signal measurements are sufficient
to cover the (V, V) operating region of the devicc. This is a significant reduction in the number of required
measurements for non-linear model generation, in comparison to the classical approach based on multi-bias
broadband S-parameter measurements.
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Figure 1: (V1, V) voltage plane of a HEMT with the Vy(t) — V(1) characteristic if no applied (solid
line) and with the adequate ay applied to cross the (0 'V, 0.5 V) point (dashed line).
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Figure 2: (left) Automatically controlled coverage of the (Vy,V,) plane of a HEMT by 27 vectorial large-
signal measurements. The solid line represents the case with no a, present. (right) Corresponding
coverage of the (VI, \;'2) plane.
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Figure 3: Comparison of the measured (x) and modelled () I (t) (left) and I,(t) (right) of a HEMT under
two-tone excitation.

90




