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Abstract

We developed a systematic proce<lun: to cfficiently cover the (Vt,Vz) voltage plane of two-polt rnicrowave
devices. The method is restricted to (quasi-)unilatcral devices, because we assume that the Iz1 (t) docs not
change when applying an additional a2 travelling voltage wave, By choosing the adequare rnagnitude ancl
phase of this tr.2 sigual, the 1,'z of inlerest can be constnrcted. We illustrate this method on a HEMT ancl
show that, fot'the used cxperimental conditions, only 27 vectorial large-signal neasurements are sufficierrt
to cover thc (V1, l/2) operating region of the device. This is a significant reduction in the number of requirecl
rlcasuretnetrts tbr non-linear model generation, in compadson to the classical approach based on nltl(i-bias
broadband S-paramctcr tneasurenrents.

I.Introduction

Largc-signal models fbr microwave devices are classically derived via a snrall-sigual detour, because only
tlectorial snmll-signal (= S-parameter) measurcnrents have been widely availablc during the pasl decades.
Due to the recent advances in thc metrology area of vectorittl large-signal measurements [14], the rJevelop-
ment of novel mt:delling nrethodologies circumvcnting this snrall-signal detour could be initiated. Several
approaches in both tintc- atrd fiequency domain, and based on either an equivalcnt circuit or black-box rep-
rcsentation have a)ready been reportccl [5-9]. An imporliurt aspect that these methods have in common is
the minimisatiotr of the required nutnbel of vectorial larye-signnl lneasurements for model gcneration, such
that they can become a valuable alternative for ttre conventional procedures bascd on nrulti-bias broadband
S-parameter measurements. As in the case of the S-parameter measurements, the goal of the large-signal
measurelnents is to adequately cover the predefined operating region of the devic:e-unGr-test. Previously.
we indicated the impofiance of well using the available degrees of freedom of the large-signal measuremenr
system in order to render this process efficient [51. In thjs work, we present a mcthocl that enables to au-
tomatically calculate the excitation signal to bc applied in order to cover a prcdcfined point in the voltage
space of a (quasi-)unilateral devicc- The methodology is explained irr Section II arrd illustrated on a HEMT
in Section lll. Finally, thc rcsults are summarised in Section IV.

I. Methodolory

ln order to explain the principlc, we focu.s to the non-linear behavioural rnodelling approach as explained in
Ref. [9], but the prescnted method can also be linked to other time-domain techniques, such as [5,7]. The
considered black-box technique involves that any microrvave two-port device cau be described by equations
of thc form:'

1r(r) : It

Iz(i) : fz
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with,Ir( t )  and/2(r)  thetermiualcunents.andIZ1(t)  andl/2(f)  t l reterminalvol tages, Thepurposeof rhe
technique is to find the functiotral telationships /r(.) ancl/2(-) by fitting tlre nteasured terminal cun€nts to
the rneastuecl inclepenclent variables or state variables. At the stan of the modelling process, lhe operating
bounds for thc tttodcl arc cstablished by dcfining thc rninimum and maximurn values of thc statc variablcs.
These bouuds define the operation region within the state space fbr which the nrodel is ro be developed and
used. To enable practical identification of the device dvnamics. the measured time clonrain dara need ro
sarnple this operation tegion efficiently. However', since the olders of the voltage and curreut dedvatives that
have to be taken into account in Equations (1) and (2) are uuknowns at the start of this particular method, wc
begin by defining the lninintum and ntaxinrurn l,j and lr voltaqes. The nrethod to deterrnine the required
number of stale variables cau be found in Ref. [9]. Cousiclerations about the coverage of thcir part of lhc
state space will be discussed in Section IIL Forreasons of simplicity, we assume that the defined (Vr,l/z)
operuting region is rectaugular. Next, we divide this (h./2) voltage plane in sections, u'hich in theory
can have any shape. For the example of a HEMT, we take rectangular sections with (Vj, l'2) dimensions of
50 mV x 100 mV The purpose of the data gatlrering process is to have a minimurn number of time domain
data, e.g., 10, in each of the sectious. Hence, the aim of the vectorial large-signal measurements is to cover
in an cfficicnt way this (Vr. V2) voltagc planc.
Until now, ottly results have been reponed by x,hich lhis coverage is otrtained by varying the variable-^ of the
excitaliotts, such as input fie<luencies. input poweris, DC bias, . . . t5l. The setting of these ranges was done by
the user, and furthermore the necessary excitations are strongly device-dependent. Thc contribution of this
work is to harrc a systematic way to calculate the excitation signal to bc applied in order to cover a pafticular
point in the (V1, V2) plane. To illustrate the principle, we consider the following case: Figure I shorvs the
(Vt,Vz) plane of a HEMT. We apply a single-[one signal at the gate and plot the time-dontain wavefornr
of. V:t(t) as lunction of the tirne-domain waveform of Vr (t). Due to lhe inherent inverter chamcterisric of
a HEMT. we are not able to cover points of simultancously low instantaneous Vi (r) and low instantaneous
I,/2(l) values with a single-toue excitation. The goal of this exarnple is to calculate the required n2,.such thal
we get a!\(l)-V2ft.) characl.eristic that crosses the (fi,I/2) point (0 V,0.5 V) (denoted by Y on Figure l).
wc notice that thc original Vft)-Vt(t) characteristic has an insranrancous Vj cqual to 0 V ar rwo distinct
time points. We pick ou( the point (0 Y 1.04 V), denoted by X on Figure l, and derennine ar which tinre
point t1 of the period this point is reachecl. The general phasor representation of the terminal voltages !i (t)
and V2(l) is given by

H /  ,  . . r_ \
Vi : I Cin eJ \/r*or+zTrTAttr ) Q)

hr0

with subscript i=1,2 and f1..lhe number of con.sidered hannonics. The conesponding time domain equation
is

Iz1(t) : f ",,,",,. Inror*t^*#] (4)

Hence, t1 can be calculated from the equation

Vrft) : Crc+ Cu "o, frsil + zn !.'- 1 (5)
t  

-"  too' i
hecause r,-rs, the amplirudes C1s and Crr, the phase ,7511 and Vr (tr) (= 0 V) are known from measurements.
Next, rve fix tr{ (f r) to 0 V and move VzQt) fronr I V to 0.5 Y hy applying asecond signal at port 2, a,2, ar rhe
same fundamental frequency ,f6. Since V'r is equal to the sum of bz and a2,V\2,,,u,(1, ) = Vr",,,(tr) ..t. az(tt)
and the required tr2 can be calculated frorn:
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Mag (a2) : lvlag [I"2,,.,,, (tr) - V't,,,,(t)]

Plrase (a,2) : (2r - u()t1) 
# 

( i f  T/2,,, . , , ,( ir) > L'2,,u(tr))

Plr irscr (a2) : 1n - r, , tr) 1rq ( i f  vi, , , . , , ,(tr) < Vir,, , ,(t ,r))

(6)

(7)

(8)

Ir tcnns of phnsors, the geometrical inter?retation is to add to thc phasor of \\.,n a phasor o.2 o[ which the
instantaneous phase al tinrc point f1 teaches 0" in case of addition, or I,i,,",.(tr) > l/1,,,r(t1 ), or 180' iu case
crf subtraction. As a result. thc new lzl ft) -\a(t) characteristic will cross the poinl (0 V,0.5 V) at tirrrc point
fr (see Figure l),
This method supposes that li(l) remains unchauged if az is applied, which is valid f<;r (quasi-)unilateral

cfevices, rvhere f'eedback between polt 2 and port I can be neglectecl. Also. the original VL(t) - ViQ)
chalactedstic already has to cover the I,! range of interest, which can be accomplished by well choosing the
DC bias point and the input power at porl 1. The reason is that we pick out a particular li and consequently
trv to rcalise a conesponding Vi of intcrcst. In thc abovc equations, wc also implicitly assunte that the 62
of the devicc cloes not changc, if an c2 is applied. In ptactice, b2 is slightly rlependent oD a2, as a result
of which the Mag(n,z) might have to bc rc-itcratcd. Notc that a varying b2 does not influence the required
Phase(u,z).

III. Experimental results

We irnplementcd thc above outlined procedure in the Mathernatica software that controls the Non-linear
Network Measurenremt System [4]. The required r,l2 c&o be realised by eithcr- an (automatically controlled)
tunel'or by an additional microwavc synthesiser. In the latter'case, it is not possible to set the phase of a2 to
the u'tmted value, and thcrefore the phase of the source needs to be r-audomised until the required Phase(rr,z)
is obtained. Wc tested the method on a HEMT device. of which we intencled to cover the rectanglc dcfincd
by thc (Vt,Vz) points (-0.8 V,0 V) and (0 V I V).Thc DC bias condition is fixed to (-0.4 V, I V), as
well as the excitation frequency and power at port l. We applied a two-tone excitation at por1 I in order
to increase the variation in li. The variation in V2 is automatically larger; due to the fact that we apply
various o,2's at the drain during the measurement sequellce. This effect is however not noticeable at the gate
side, bccause there ii little t'eedback bctwccn drain and gate at the considered fundamental frequencies ((
5 CHz), wirich also means that the HEMT can be considered as a quasi-unilateral device at these conditions.
The magnitude of thc sccoud lone has however lo be rela(ively small comparecl to the magnitucle of tbe first
tone at port L Othenpise, it is not guaranteed that thc valuc of I/1(l) rcnrains thc sanre at tinte point 11,
because the phasor of the seccind tone turns at a dift-erent speed than the phasor of the first tone. During
the automatic nreasurement sequence, the nexl (I/r, !i) point to be crossed is taken from a scction with the
minimum nunrber of data points at thal Inonrent. The algorithm stops by the criterion of having obrained
at least the minimal required number of data poiuts in each of the grid sections. ln this case,27 vectorial
large-signal mcasurements were sufficient to cover the predefined operating region. Figure 2 presents the-covcrage 

of the ([, V2) ptane, as well as the corresponding (ti, tt) coverage. Although the unifr.rrmity
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 coutrolled the measurements up lo a l/2 value of I V, we notice
that the region up to 11 value of 2 V is nearly completely covercd. This positive conseguence depends of
course on the device and the initial excitation desigu. Finally, we used these measurement data to create
a behavioural model following the procedure outlined in [9]. Figure 3 shows the well modelled 11 (t) and
12(t) waveforms, Note that this experimental validation has been conducted at zurorher DC bias coudition
than the one used during the controlled data gathering.
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IY. Conclusions

We <lcveloped a systentatic plocedure to elficiently cover the (Vt,\b) voltage plane of rwo-poll micl'ou,ave
devices. The ntcthod is restdcted (o (quasi-)unilateral devices, because we assllrne that the I/1(t) does not
change when applying an additional o,2 tlavelling voltage wave. By choosing the adequate magnitude ar:d
phase of this rr2 signal, the H2 of interest can be constructed. We illustlated this urethod on a HEMT and
showed lhat, for the uscd cxpcrimental conditions, oriy 77 vectorial large-si.unal measurcment.s are sufficient
to cover the (V1, l,'2 ) operatiug region of the rlcvicc, This is a significant reduction in the number of requircd
measuretlents lbr non-linear model generation, iu comparison to the classical irpproach bascd on rnulti-bias
broadband S-parameter ncasufenents.
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