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Arnaud Soury, and Edouard NGoya

Abstract—This paper presents a calibrated four-channel mea- A microwave transient analyzer (MTA) and large signal network
surement system for the characterization of nonlinear RF devices analyzer (LSNA) enable the extraction of time-domain wave-
such as power amplibers. The main goal of this study is 10 per- ¢5:mg at the input and output of nonlinear devices. To get accu-
form the characterization of the bandpass response of a nonlinear - . ’
device-under-test (DUT) driven by modulated carriers. The pro- rate_ tlme_-domaln waveform measurements, the foIIOWIng_three
posed setup enables the generation di- or S-band (194 GHz) Main calibration procedures of the LSNA or MTA are required:
carriers with a modulation bandwidth up to 100 MHz. The car- » Short open load thru (SOLT), thru-re ect line (TRL), or
rier harmonics generated by the nonlinear DUT are ignored and line-re ect-re ect-match (LRRM) calibration for the cor-
considered to be sufpciently Pltered. This characterization setup rection of wave amplitudes ratios;

enables calibrated time-domain measurements of the complex en- bsolut libration i itude b . ter:
velopes of both incoming and outgoing RF waves at the input and absolute calibration in magnitude by using a power meter;

output of the DUT. This means that the fundamental and har- « absolute phase calibration by using a phase reference gen-
monic frequencies of the envelope are measured and processed. erator (this generator is a comb generator with well-known
A large set of modulation formats can be generated by using a phase relationships between harmonic components of a
computer-controlled arbitrary waveform generator. Complex en- continuous wave (CW) RF carrier [1]-[3])

velopes are measured by using a four-channel sampling scope. The Time-domain measurement principles and techniques are
proposed calibrated setup can be used to study or to validate lin- X ; . .
earization techniques of power amplibers. This characterization Now well established for CW carriers and their harmonics
tool is also well suited for the extraction and validation of behav- [4]-[6]. However, accurate measurements of nonlinear devices
ioral bilateral models of nonlinear RF analog equipment exhibiting  driven by wideband modulated carriers are required to build
memory effects. behavioral models because modulated signals are necessary
Index Terms—Behavioral model, calibration, linearity, to probe memory effects in nonlinear solid-state RF devices
third-order intermodulation  (IM3), time-domain envelope  [7]-[9]. Basically, using the current con guration of the LSNA
measurements. [10], which can be considered as a reference instrument for
calibrated measurements of time-domain waveforms, the mod-
ulation bandwidth of RF signals that can be measured is limited
L . to 10 MHz [10]. This is due to the fact that the harmonic
O NE METHOD for accurate characterization of nonlineag \,_sampling performed within the LSNA operates at a fre-
RF and microwave devices involves use of time-domaity,ency of 25 MHz. Some solutions have been already proposed
measurements. Therefore, absolute magnitude and phase ofthgsrform wider bandwidth measurements, but are still under
spectral components of the signal at the input and output POfigestigation [11]-[13]. Furthermore, the phase calibration of
of the device-under-test (DUT) must be measured. As a CONggs | SNA for modulated carrier measurements remains a very

quence, measurements performed using a vector network gfigz it task because, to our knowledge, there is not, at the mo-
lyzer or spectrum analyzer do not provide enough informatioghent any available solution to provide a wideband multitone

phase calibrated reference source. This topic is discussed in
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four-channel time-domain envelope measurement setup. This ) i ) . . '
. . Fig. 3. Error coef cient matrix. (Color version available online at: http://iee-

setup enables the characterization of the DUT in-band nonligyore ieee.org.)

earities, as well as memory effects and impedance mismatches.

The setup is based on the use of a 2-Gigasamples per second

(GS/s)-8-hit digital sampling scope (DSO) that directly sanfomain envelopes of the incident and re ected RF modulated

ples the complex envelopes of the incoming and outcoming Rgnals at the DUT reference planes

fundamental carriers at the ports of the DUT. As mentioned in

Section V, more powerful sampling scopes can be used without [Il. DESCRIPTION OF THECALIBRATION PROCEDURE

signi cantly modifying the principle of our study. The measure-

ment setup is presented in Section Il. The calibration proceduke Receiver Section Calibration Procedure

is explained in Section IIl. In Section IV-A, the application of The calibration procedure of the receiver section of the setup
the setup to the study of a possible linearization technique of@nsists of determining the frequency response of the four mea-
power transistor is shown. Finally, the application of our charaggrement channels at the envelope frequencies of the modulated
terization tool to the behavioral modeling of a power ampli ekjgnal that will be used for the DUT characterization.

is presented in Section IV-B. The ow-graph representation linking measured wave ampli-
tudes and wave amplitudes at the DUT reference planes is given
ll. DESCRIPTION OF THEMEASUREMENT SETUP in Fig. 2.

he block di f th L ._The associated error coef cient matrix is given in Fig. 3 [17].
The block diagram of the measurement setup is given in, 5 gt step, all the terms of this matrix, except the mul-

Fig. 1. i ) ) tiplying term 1/eq;, are determined using a SOLT, TRL, or
Modulation schemes are achieved by using a computer-cq_&RM calibration procedure. For that, a CW source is con-
trolled arbitrary waveform generator (AWG) (12 bit—250 MS/S%ected to the setup, as shown in Fig. 4

The AWG generates a modulated signal atan IF. This IF Sigr‘a|CaIibration standards are connected to the DUT reference

is then l:jp—cqnverr]ted ;ﬁ OLS-band /by usindg ? local oscillgtor planes. The frequency of the source is swept over the bandwidth
(LO)andan In-phase/quadrature (1Q) mo uator.Asp[ear-_ of interest (Basically, a frequency grid covering a 100-MHz
rangement, which consists of power dividers, a phase Sh'ftﬁéndwidth above the LO frequency)

and a variable attenuator, is used to minimize the LO leakage a| fror terms are extracted from the measurements of ampli-
the RF output of the 1/Q modulator. The microwave modulatetgde waves ratios;,, /a;,, made by the DSO at the IFir =
signal is then ampli ed using a very linear ampli er. A bandpas _f gl '

lter is used to reject the signal present at the image frequenj jouree Lo

) Y'In a second step, an absolute calibration in magnitude is per-
A programmable step attenuator is used to enable power SWeRPR ed to determine the magnitude|6f o1 |. For that purpose,
at the input of the DUT.

o ... _apower meter is connected to the input reference plane of the
The four measurement channels are built with two b|-d|ref)—UT as shown in Fig. 5

tional couplers connected at the input and output of the DUT
calibrated step attenuators, isolators, mixers and a four-chann
DSO (2 GSIs, 8 bit). (L)

A tuner is also used to make load—pull measurements. Thigeoz| = 10 |(eo1e10 — €00€11)a1m + €11b1m |-
setup must be calibrated in order to get error corrected time- Q)

'éleoﬂ is determined by the following:
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Fig. 5. Absolute power calibration procedure. (Color version available onIirHa]e order of thr?e degrees, which gives an idea of the accuracy
at: http://ieeexplore.ieee.org.) of the assumption.
We also performed this measurement at a center frequency
of 3 GHz and came to the same conclusion. By using our cali-

P.(anm) is the power measured by the power meter, whillerated system, as depicted in Fig. 1, we have also measured the
a1 m andb; ,,, are the waves measured by channels 1 and 2fetir S-parameters of linear devices/at and.S-band. We have
the DSO. compared th&-parameters measured by this setup vfitba-

In a third step, we would like to determine the phase of tH@meters measured with a 360 B Anritsu vector network ana-
error termZeg; . Unfortunately, we do not have a multitone RAyzer. The differences obtained are in the order ‘ofd3 phase
reference generator with known phase relationships betwgggasurements and 0.1 dB for magnitude measurements
tones. For that reason, we have to make the assumption that . .
the group delay of the four measurement channels remains cgn-Calibration of the Source Section of the System
stant over the envelope frequency bandwidth of interest. WeThe complex envelope of the signal computed by the personal
have validated this assumption by measuring on each channatamputer (PC) controlling the whole setup is not exactly the
the setup a multitone phase aligned signal supplied by a Rhadene as the one present in the input RF reference plane of the
& Schwarz generator (SMU 200 A). The signal supplied bRUT. This is due to the linear distortion of the source section of
this source contained 80 tones covering a 100-MHz bandwidtte system (from the PC to the input RF reference plane). The
around a center frequency of 1.6 GHz. The phases of the tocbssen envelope model of the source section is represented by
were set to 0. This source was connected in the place of the nonideal 1/Q modulator, as shown in Fig. 7. The goal of the
CW source, as depicted in Fig. 4. A thru connection was madalibration consists in determining the complex galts and
between the reference planes of the DUT. A fast Fourier trans- linking the real and imaginary parts of the signal generated
form (FFT) was applied to the signal measured by the scopgthe PC and the real and imaginary parts of the envelope of the
(respectively channels 1 and 3 and then channels 2 and 4). REesignal present in the RF reference plane. The determination
then plotted the phase of the measured spectral lines versus éfehese error terms is sketched in Fig. 7.
quency. We obtained a quasi-perfect line with a negative slopeA speci ¢ computed multitone excitation signal calculated by
as depicted in Fig. 6. This indicates that the group delay of thee PC is downloaded into the AWG. This speci ¢ signal, noted
four channels is constant. We observed smooth phase ripples(it), is a band-limited multicarrier signal represented by the sum
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applyings(t) at bothX andY inputs of the 1/Q modulatorp,
is determined by the following relationship:

~ 2 ~ 2
of a suf cient number of independent CW tones with the same ly|? — ’Kl‘l -61D’ — ‘K;l -EID‘
magnitude and random relative phases [16] 2 = —Arc cos = =
2. ‘K;l -EID‘ : ‘K;l -EID‘
N/2 (5)
s(t) = Z A, - el(nAwtten) | pilwmtter) () This source section calibration becomes of prime importance
n=—N/2 if one wants to couple the measurement setup with a system

level simulator. In this calibration procedure, the dominant error

The random relative phas are chosen in order to . X
phasesn } comes from the 8-bit scope resolution.

minimize the peak to average ratio (PAR) of this stimulu
(PAR = 2 dB typically). Using this low PAR signal improves
the accuracy of the measurements performed with the scope. V. SETUP CAPABILITIES
We used PAR minimization technique described in [18], but

other techniques can be used. Three steps are then requiked.inearization of a Power Transistor
to determineK; and K. In a rst step, the multitone signal
is applied to theX input of the I/Q modulator and no signal
is applied to theY” input of the 1/Q modulator. The RF enve-
lope a1p is determined from DSO measurememts,,, b1,
corresponding, respectively, to channels 1 and 2 via the er
correction matrix of Fig. 3. Thé&'; coef cientis then extracted
at eachm Aw frequency component of interest by calculating

The calibrated time-domain envelope measurement system
has been used to validate a power transistor linearization tech-
nique [19]-[21]. It has been applied to a Fujitsu FLK10XM

ower transistor operating in class Kgs0 = —1V, Ids0 =

% mMA, Vds0 = 5 V) at 1.6 GHz. First, the load impedance of
the transistor has been optimized for maximum output power at
a CW carrier frequency of 1.6 GHZ load(f.) = 0.548¢7807).

The linearization technique tested here consists of applying
to the drain bias circuit of the transistor the magnitude of the
K, = (An/A1p) - e (#n—pa1p) (3) envelope of the modulated RF signal that is ampli ed by the
transistor. Therefore, we perform a dynamic biasing technique

whereA; p andyp,1 p are, respectively, the magnitude and phag¥ the drain port using a network that includes & ¥0eapac-
of each tone of the RF envelope at the DUT reference plane, di@ and 1-mH inductor. In the case of a two-tone signal used
A, andy,, are the magnitude and phase of the tones generategintermodulation measurements, the envelope is a sine wave
by the PC. In a second step, the same multitone signal is apphitigh a frequency equal to the half of the tone spacing The
to theY input of the 1/Q modulator and no signal is appliednagnitude of this envelope is a positive recti ed sine wave, as
to the X input of the I/Q modulator. The RF envelopep is ~depicted in Fig. 8.
determined from DSO measurements. The magnitude dfthe ~ This envelope signal used for drain modulation must be syn-
coef cient is then extracted at eaei\w frequency component chronized with the envelope of the modulated signal at the RF
of interest by calculating input of the transistor. It is achieved by using our setup because
we use the two channels of the AWG. One is used to generate the
baseband modulation format of the modulated input RF signal.
~ The other one is used to generate the baseband signal for the
‘K2‘ = (A/A1p). (4)  dynamic drain bias modulation.
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The principle of the linearity improvement is the following:
when the instantaneous input power level of the modulated , , : I
signal increases, the drain source voltage swing increas%s. Black Box” Modeling Application
Therefore, the drain source voltage can come close to theAn interesting point is that this bench provides information
ohmic region (lowVps), which is a nonlinear region of théy ~ aboutthe complex envelope of the four wave amplitudes present
characteristics. Thus, intermodulation performance decreagédhe access planes of the devices. To exploit this informa-
rapidly. By applying a drain bias modulation, the dc quiescefiPn: We build a black-box model of the device accounted for
bias point can be pulled away from the ohmic region when t th memory effects and input/output impedance mismatches.

RF input power level increases, as sketched in Fig. 8. Therefot. is topic has received increasing attention from the interna-
. . . : t|8hal community since these problems become of prime impor-
the nonlinear ohmic region is not reached by the dynamic Io?

line (as shown in Fia. 8). and the linearitv of the transistor ance in the design of new wireless communication applications.
elnheinced wn in Fig. 8), ! 1y ' 'Pc(mong the interesting studies, we can quote the introduction of

i Lo L ) . the “scattering functions” [22]-[25]. Recently, the introduction
We have applied this linearization technique to two kinds f the notion of the large-signal-parameters (LSSPs) enabled
modulated signals: the rst one is a two-tone signal with a tong,gerstanding of these problems in rigorous and powerful cir-

spacing of 1 MHz. In this case, the signal used for drain biggjit envelope formalism [7]. Basically, without entering in the
modulation is a positive recti ed sine wave having a frequen¥etails, we can say that this concept is derived from the Volterra
of 0.5 MHz. The magnitude and phase of the envelope signakory and enables us to write, to rst order, the input/output re-
generated for the drain bias modulation are tuned in order|tnionships as follows:

minimize the third-order intermodulation (IM3) at the RF output . P .

of the transistor. This tuning is achieved for each input power %i(f) = 5; (|a1(tl|30, 1=1,2

level driving the device. o n 1 S(a1 (1)), Q) - Ay(Q) - 72 . 2
Fig. 9 clearly shows the improvements of the linearity perfor- 21 J_ o
mance obtained with the dynamic bias modulation technique. Y i (t)
By using the dynamic bias modulation, the IM3 product in- + %/ Si(la(t)], =) - at(0)
creases from 21 to 29 dBc (improvement of 8 dB) at an input - °°_j_Q_t
power of 12 dBm. The dynamic bias modulation improves the A1(Q) e S
power-added ef ciency (PAI_E) from_ 14% to 31% fqr a const_ant + 1 e SE%(ldl(t)l, Q) -AQ(Q) et 0
(C/I); equal to 31 dBc. This PAE is calculated without taking 2T ) oo
into account the consumption of the AWG to generate the drain 1o i (t)
bias modulation. to- / N Si(lai(t)], —€) - 0
The second kind of modulated signals applied to the transistor . A;(Q) it g ©)

is a 3.84-Mbit/s quadrature phase-shift keying (QPSK) RF mod- . ] .
ulated signal. In this case, the signal used for drain-bias modula!n the abovei;(t) andb;(t) represent, respectively, the in-
tion has the shape of the magnitude of the baseband modula§#fnt and re ected wave amplitudes on parfThe variables
format. The magnitude and phase of the envelope signal gerfat!$2) and4»(2) stand for the frequency spectrunra{?) and
ated for the drain-bias modulation are tuned in order to mirff2(?): réSpectively. De ning a time-varying spectruf(: - ),
mize the adjacent channel power ratio (ACPR) criterion at {e can rewrite (6) so that
RF output of the transistor. This tuning is also achieved for ea%%) _ L /+°° Bi(|a1(8)], Q)72 .dQ, with i = 1,2
input power level driving the device. 21 J_ oo

Fig. 10 shows the ACPR improvement obtained when the )
input RF signal is a QPSK 3.84-Mbit/s modulated signal. ~ Where

By using the dynamic bias modulation, the ACPR increases {1231(. . .)} _ 5], {1{11(9)} LS. [4’{(—9)} ®)
from 34 to 44 dBc at an input power of 12 dBm. By(...) A3 (—
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Relation (8) reveals that the sub-system is characterized by _4 _n;\_i P ¥ad
two 2 x 2 matrices in a similar way that a linear two-port is char- \S
acterized by only one R 2 matrix. It is important to note that  -50 b/
the matrix[S~] vanishes in small-signal conditiortg (¢) —
0), and (7) reduces to the classical linear relationship. Thus, the 69, 01 02 03 0.4 05 06
different Volterra kernels in (8) de nes the LSSPs, and (7) natu- Incident wave amplitudes (V)

rally bridges the extension of the classiGaparameters notion

towards nonlinear behaviors. As said in [2], the complete idefgy. 13. Second output matching characteristic of the ampli er.
ti cation of the LSSPs can be stated driving the device with a

two-tone signal and for three different output terminations. In

this paper, we will focus on apphpaﬂpns that do not generaé?ostructure eld-effect transistor (HFET) ampli er extracted
low-frequency phenomena or on circuits that do not present s

rious long-term memory effects. In such conditions, the in uﬁf(ljlr a frequency ranging from 20 to 20 MHz and up to 4-dB

. N S compression gain.
ence of the term&'5 (|ay (¢)], ) and S5 (|ay(¢)], ) is minor : : . -
and, thus, can be neglected. Hence, (8) becomes Figs. 11-13 illustrate the different transfer characteristics re-

A R R lating the re ected wave amplitude at port 2 to the incident wave
[1?1(- - -)} = [59]. {41(9)} + 52 [4?(—9)] (9) amplitudes. We can notably verify that the parameétgrvan-
A A3

Bs(...) 2(Q) 5(—9) ishes at small-signal conditions, exhibiting the fact that (6) re-
with duces to the classical linear relation. It is also interesting to note
o I
7 2 (lar (D)) + S (|as ()], Q) SE(Jar ()], ) that the paramete§,; corresponds to the characteristic used
g1 — [51 (|¢}1( 114181, 12\101{t)], } . .
[S¥] S?(Im(t)l) + Sé’i(lal(t)L Q) S5 (|Jay (1)), Q) for building a model that does not take into account the output

impedance mismatch (unilateral model).
Equation (6) has been implemented in the circuit simulator
. . GoldenGate [26] using a speci ¢ frequency-domain descrip-
Ayl [0 S3(|an(0)]. ) . 129] Using a sped ¢ freduency P
[S°] = FHOML SA (Jan (1)), 9) |- tion (FDD) enabling the handling of nonlinear elements with
! 22T memory in harmonic-balance (HB) or envelope-transient (ET)

These considerations simplify the identi cation procecjuree‘ngines. Results of a single-tone analysis are presented in

Indeed, for extracting the six terms in (9), we just need to mea- .
sure the response of the circuit for a single-tone stimulus and %9- 14 where the res_ults obtalned_ by the model and mea-
three different output terminations. To fully characterize the cipurements of the ampli er are superimposed. We can see that
CUit, the power and frequency of the Sing|e_tone Signa| ha\/etﬂﬁ model is able to prEd|Ct the in uence of the variations of
be swept to cover the frequency bandwidth and power operatihg output impedance on the behavior and performance of the
range. Fig. 11 presents the LSSPs of a 350-thWand het- ampli er.

and
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study of linearization of power ampli ers using baseband pre-
distortion techniques. For that, both calibrated measurements
and behavioral models like those proposed in this paper are
required.
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