1" #S % &H# ' # (% #) #r o+ #
£ #), -

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES,
VOL. 56, NO. 5, MAY 2008, pp. 1180-1192

© 2008 IEEE Personal use of this material is permitted. However, permission to
reprint/republish or redistribute this material for advertising or promotional purposes or for
creating new collective works for resale or redistribution to servers or lists, or to reuse any
copyrighted component of this work in other works must be obtained from the IEEE.



1180 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOI56, NO. 5, MAY 2008

Time-Domain Calibrated Measurements of Widebanc
Multisines Using a Large-Signal Network Analyzer

Mohammed EIl Yaagoubi, Guillaume Neveux, Denis Barataud, Tibault Reveyrand, Jean-Michel Nebus,
Frans VerbeystMember, IEEE Francis Gizard, and Jérbme Puech

Abstract—This paper presents a calibrated measurement a three-step calibration procedure is needed in order to get
technique that enables phase and magnitude measurementsaccurate time-domain waveforms. It consists of a conventional
of wideband multisines. This study is based on the use of ashort-open-load-thru (SOLT), thru-re ect-line (TRL), or line-

large-signal network analyzer (LSNA) performing harmonic . - .
sub-sampling and a bPne frequency grid (20 MHz) comb gener- '€ €Ct-Te ect-match (LRRM) relative calibration, an absolute

ator calibrated using a high-frequency 50-GHz equivalent-time Power calibration using a power meter and an absolute phase
sampling scope. This comb generator is used as a harmonic phasecalibration using a harmonic phase reference (HPR) generator.

reference generator for the calibration of the LSNA. The phase calibration is a key point of the calibration procedure
The research reported here is applied ta.-band multisine mea- [1] and is problematic in the case of wideband modulated

surements, but it can be extended to higher microwave frequencies. ~. | ts. This ph librati d i th
The motivation of this study is to measure the multipactor phe- Signal measurements. IS phase-calibration procedure IS the

nomena effect in output RF multiplexers of satellite payloads. main focus of this paper. The aim of this phase calibration
. . . is to determine the phase distortion introduced by the LSNA.
Index Terms—Harmonic mixing, harmonic phase reference

(HPR), large-signal network analyzer (LSNA), multisines, Thg p_hase calibration is required to determine the group-delay
time-domain measurements. variations of each measurement channel. For that purpose, an
HPR generator must be used. The commercially available HPR

generator supplied with the Maury LSNA (Model MT4463A)

I. INTRODUCTION is a comb generator driven by a sinusoidal input signal having

a frequency that can be set between 600 MHz-1.2 GHz. This

, reference generator produces signi cant harmonic components

T IME-DOMAIN waveform measurements of microwaveyy jts output up to 50 GHz. It is characterized using a 50-GHz
signals have been widely performed during the last decagdg, i ajent-time scope calibrated using either the nose-to-nose

for the characterization of nonlinear microwave devices. T'T@chnique [2], [3] or the electro-optic sampling technique
need for a measurement setup having a good dynamic rapge \yhich is a metrology technique traceable to the NIST.

(in the order of 60 dB) along with a fast measurement time ahaqe relationships between harmonic spectral components

a small time base distortion has led to the use of 'arge'SiQ%nerated by the HPR generator are given in a calibration
network analyzers (LSNAs) instead of sampling scope§sia |e.
LSNA measurements are based on a sub-sampling procedurgyqay, time-domain LSNAmeasurements ofnonlineardevices
Using this approach, microwave signals up to 50 GHz Cjliyen by continuous wave (CW) signals are well established.
be frequency translated and compressed within a 10-MRfey have contributed to the experimental optimization of
IF bandwidth and then digitized using high dynamic-rang§seration classes of transistors for high-ef ciency ampli er
analog-to-digital converters (ADCs). designs [5]-[7]. LSNA measurements using high-impedance
To perform accurate LSNA measurements, one must I§topes enable voltage measurements at internal nodes of
ensure that different RF frequencies do not fold down to thg,nolithic microwave integrated circuits [8]-[10]. RF pulsed

same IF frequencies during the sampling conversion. Negheration is also interesting for the characterization and

modeling of high-power transistors, where thermal aspects
Manuscript received August 1, 2007; revised October 15, 2007. This wogose additional challenges [11]. Mixer measurements have
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measurements of power transistors [15]. Multisines are als L

IF —
useful for the purpose of behavioral modeling [16]. In tha“* RF ®LO = » 1
. . . N Analog to Digital Converter
particular case, the required frequency grid is much lowe, 1L %’;w = L&
than 600 MHz and must be accommodated to the frequen 1 o -~ st (pe2 20 Four
. .. . . . IF — High Dynamic (<23 bits) }It/enncul
spacing of multisine test signals. Using the LSNA technique,, Té@ = > 4" (Channels
.. . . . LO S
for multisine measurements, two main difities must be Harmonio (i el
. W e
carefully examined. , C 'S D mm E
. .. . - |
First, a multisine phase calibrated generator must be us RF L«* ©
. . . OW-pass
for the phase calibration of the LSNA. Solutions have bee Filter
proposed for narrow-bandwidth multisine reference generatc |30 R
1 i i i generator [
[17], '[18]. Howe\{er, .W|deband communlcgtlon system§ like R
satellite communication systems may require a bandwidth t B .. - ooovting frequency
to 250 MHZ. Fhwf\‘ N "~ of the harmonic mixer (::‘):k
Second, when multisine RF signals have a bandwidth larg @f"f Hdtelimes =
Ju (typically : /= z

than 10 MHz, multiple harmonic mixing products occur in the
down-converter stage and fall within the IF bandwidth of the irffg. 1. Sub-sampling principle of the four channel LSNA.
strument. This results in a quite complex frequency compressed

IF spectrum. A way to accurately determine phase relationships ~ p i ¢ - cw RF Input signal e

between RF spectral components and IF scrambled spectral
components has been proposed in [19]. It consists in measuring I/\ /\ ! (1) <:>‘ ‘
several narrow bandwidths, which are carefully interleaved. L \ Y. Y .
Applying spectral stitching [20], phase relationships between T}TF_;_I_/—/-,; Jrr f(GHz)
tones of adjacent bandwidths can be extracted. Nevertheless,\ _
this solution is not very straightforward and suffers from errors "
such that the uncertainty of the phase increases when moving
toward both edges of the modulation frequency range.

In this section, we present a more straightforward technique, £(GHy)
which is based on the use of a new HPR generator having a
20-MHz frequency grid. This reference phase generator has _
been calibrated by NMDG using an equivalent-time sampling LOand RF Point D : Output harmonic
scope. It can be argued that mer frequency grid would have ~ Signal mixing | | mixer spectrum @
been better, but we found that 20 MHz was a good compromise ur e
for our application, which is the characterization of wideband e ]fl I
80-MHz multisines. This signal is very appropriate to study Nfi&n J/(GHz) e /(MHz)
the multipactor effect in satellite payloads. As a consequence, 4ok : Filiered IF T
in this paper, we propose to use a new HPR generator, which | spectrum oo, M samples @finc
consists of a multisine covering the entire bandwidth (20 Sir Trr= N fracn : R
MHz—4 GHz) with a 20-MHz frequency spacing. The proposed hf - G 1(11S)

i i imi i 1 i |

technique is similar to the one reported in [21] and [22]. The i~ i, =

technique presented here is a sampler-based technique, while
the technique reported in [21] and [22] is a mixer-based tech-
nique. In mixer-based techniques, the different tones of thi. 2. Representation of the different signals of the LSNA channel.
signals are sequentially measured. This technique requires an
addition fth channel connected to a harmonic phase generator
for phase relationship measurements [7]. In sampler-bagbdYVIDEBAND MULTISINE MEASUREMENTSUSING THE LSNA
techniques, all the tones of interest are measured simultanehn this section, the basic measurement principle of the LSNA
ously. is brie y reviewed for CW microwave signal and harmonics
In Section Il, we give an overview of the basic problems emneasurements. A block diagram that illustrates the harmonic
countered when wideband multisines are measured using $lud-sampling technique performed by the synchronized four
LSNA. The proposed approach for wideband multisine meaehannel LSNA is given in Fig. 1.
surements is then explained. Fig. 2 gives a frequency and a time-domain representations
Section Il is dedicated to the description of the spegiew of signals at Points AF of Fig. 1 when the RF signal at Point C
HPR generator and its use for LSNA calibration. The HPR geis-a CW signal at a frequencfgr. A low-pass lter is used to
erator calibration procedure is also explained. extract the IF image of the RF signal. The cutoff frequerficy
In Section IV, some measurement results are shown aoitthe low-pass Iter needs to be lower thafypc/2
discussed. To conclude, the future use of our calibrated setufAn ADC is then used to sample the IF signaf. samples
is highlighted for multipactor characterization in satellite payef raw data are recorded. A calibration procedure for wideband
loads. multisine measurement is required to get error-corrected data.
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. CW RF P, P,
Numerical example : Synthesizer : :
Jy =10 MHz N=351 ,\I a, ! H 1 a,
Fron=19.6 MHz  fy-=400 kHz :
Fr=2.58
i frr=1GHz " =
RF Spectrum T =tis f.=10 MHz = b
@ point C R Airr IRF Urr Dopr s g
= B Ly Clock Reference | 4

. N or oo NpiTpr [,=10MHz | SN Db,

'/ (GHz) p— 4

- - ? L \'llﬁjl avc  [ibis-somHzAD] P

LO Spectrum frE 2f rr \3fpr || Shaping sO~ 5

@ point B ! ! ! AN\ [ eireuit .
; i H ADC
I : : : 10 MHz Trigger
IS SRR SO O

1 1 1
1 1
1 1

Nfracn E 2Nffruen i ! 3Nffaen Fig. 4. Block diagram of the LSNA system used for CW measurements.
7 2f1r =2 3
IF Spectrum/ "
@ point . L. .
r This instrument can be used to measure periodic microwave
signals.
1 ; l ] /(MHz) . . .
— T ? It tilel 11 A block diagram of the complete LSNA test bench including
4f=le_>: < fC two bidirectional couplers is depicted in Fig. 4.
] 1 1 . . . . .
oo The basic relationships linking the measured data and the
Af=f1F‘>:‘ < Harmonic Mixing error corrected data of a two-port device are described as fol-
ot principle lows:
Filtered —1 $ i i
IF Spectrum ‘ f&f(MHz) Frequency translation a1 1 g 0 0
@ point E : b S vy 61 0 0
S N W and compression of a 1 — |K1| ed-PK % 1 1 . .
5733 N . 7 0 0 i 7
%Y Je multiharmonic RF as a3 2
£ =rx Spectrum b5 0 0 5 6
® N i
ax
Fig. 3. RF to IF frequency translation and compression principle. % bll (1)
as ’
bl? Measured

Fig. 3 illustrates the RF to IF frequency translation and com- |ygices 1 and 2 represent the device port number, wiile
pression mechanisms when the input RF signal at Point CidSihe frequency index. The relative error cogients B, i,
now composed of therst three harmonics of an RF tone at i, ab, B, 74, 63, and the absolute error termg(’| and ')

frequencyfry- . _ must be determined by a calibration procedure. As mentioned in
The second graph of the Fig. 3 represents, at Point B, W8@ction I, this paper will not focus on the determinatiorspf

spectrum of the strobe signal required for the sub—sampli%], 81, b, By, v, 53, and| K| using well-known SOLT, TRL,
process. As shown, the spectrum is a comb signal with a fig-| RRM relative calibrations and absolute power calibration.
quency spacingiacy (firacy = 19.6 MHz in the numerical |nstead, this paper focuses the determination of the gégrthat
example of Fig. 3) requires a phase-calibration step, which is the most problematic

At Point D, a wide spectrum resulting from multiple mixingfor the time-domain measurements of wideband multisines. The
products between the RF spectral components and the local§igase calibration consists of determining the phase relationships
cillator (LO) spectral components is obtained. between the RF componentgrr, 2frr, 3frF,---, NfRF)

At Point E, we get a low-pasdtered IF spectrum, which is a gnd the corresponding IF imagéfr, 2fir, 3fiF, ..., nfir)
low-frequency copy of the RF input spectrum. In the numericghown in Fig. 5.
example of Fig. 3, the frequengyr of the Itered spectrumis  For that purpose, the phase relationshifys— 6;) between
equal to 0.4 MHz. The frequendfyr is the result of the mixing frr and2frr, (/3 — 61) betweenfrr and3 frr, and(d,, — 1)
betweenfrr (frr = 1 GHz) andN fracy = 999.6 MHz with  betweenfry and thenth harmonic offgr must be perfectly
N =51 (N X faacy = 51 x 19.6 MHz). The frequenc®fir  known.#, is an arbitrary phase reference, which can be set to
of the Itered spectrum is equal to 0.8 MHz and is the result @ As a consequence, an HPR generator must be used and con-
the mixing betweer frr (2frr = 2 GHz) and2N fracy = nected at plane 2%, in Fig. 4) for the phase calibration of the
1.9992 GHz with N = 51 (2 x N X frmen = 2 X 51 x  setup. This s illustrated in Fig. 6. During this phase calibration,
19.6 MHz). the phase relationshigg, — /), (65 — 07), and(#, — 67) are

As depicted in Fig. 1, theltered IF signal is then digitized measured and error correction ter(d$ — 6,), (5, — 6-), and
using high-dynamic range ADCs (50 MHz; in our case, 14 bits)d!, — 6,,) can be extracted.
The maximum sub-sampling frequengy...y of the LSNA is The frequency f, of the RF sinusoidal signal driving
in the order of 25 MHz. The IF low-pasdter bandwidth is in the HPR generator input can be tuned between
the order of 10 MHz. 600 MHz1.2 GHz. Therefore, it generates harmonic
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Error Numerical example :
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Fig. 5. Phase relationships between RF and IF spectral components. Point E e % (N+)f =1 39241505 GHz
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IF spectrum
A

, I T ) 1]

\ f(MHz)
et T 1 e BT ¢

Harmonic Phase

N . - : -
%\ Reference (HPR) le3 =8.0016 MHz =Mixing product of f; and Nfj,,.y
= Jo N =8.41505 MHz  =Mixing product of f; and (N+1)f,..x
@irr bIRF @arr bZRF > a," ,ﬁ;l =7.58495 MH7 =Mixing product of f, and (NFD)f fraen
Juy=10MHz ‘SN 4 channel LSNA > b, f”\;l =8.8317 MHz =Mixing product of f; and (Nt 2)f pren
W Shaping | UL C\ll:c(k LAbs - AN AT bzm Fig. 7. lllustration of mixing principle for wideband multisine RF signal.
circuit 0 03
ADC
Trigger
o

signal is applied to the RF input (Point C) depicted in Fig. 1, the
Fig. 6. Phase calibration of the LSNA with the classical HPR. RF to IF conversion process performed by the LSNA is shown
in Fig. 7. Only spectral components falling in the 10-MHz band-
width of the IF Iter are measured by the ADC.

components atf.. 2f.. 3, .. .. N’ fo. is tuned such 'NFig.7,thelF spectrumisthe result of multighg,; mixing
thatz fois exacji(l)); equél té}oﬁ,p. k is J;)n iJr:Oteger andrr is products of thelfth RF frequency_jM ) ?‘”d_‘heN.th harmonic
the frequency of interest. The sampling frequeney.y is of_f_me.As an example, dotted Ime; inFig. 7 |II_ustrate double
generally tuned close to 20 MHz and must remain exactly th&x"9 of /3 and 7 with two successive harmonlqs Bhacn
same during the calibration procedure and the device-under—tesThus’ the IF spectrum does .not directly provide a low-fre-
measurements. The phase valdesf,, andf; at frequencies quency copy of the RF 5'9”"’!'- Since the IF_spectraI components
fo, 2fo, and3f,, generated by the classical HPR generatoqre_scrambled,adescrambllng technique is then required, as ex-
are perfectly known. Measuring;, 65, and 85 during the plained in [19]. , o o
phase-calibration procedure enables the determination of th&!0eVer. the main problem lies in the phase-calibration pro-
value of o', expressed in (1) and depicted in Fig. 5. The valu&gdure of the system for such Wl(_ieband signal measurements.
of ¢ are deduced from the following: We proposed a m_thod of performing a phase callbratlon using a
narrowband multisine reference generator to perform wideband
measurements of interleaved IF signals [20].

ot =0 — 6, for=1 f=f This method is complex and it suffers from propagation of
02 = 0 — O, fori =2 f=2f (2) errors such that the uncertainty of the phase increases when
03 =04 — 03, fori =3 < f=3f. moving toward both edges of the modulation frequency range.

A solution has been presented in [23] to address this problem

When the above sub-sampling technique is applied to theing a pulsed modulation of tH&ac/N output signal to cap-
measurement of modulated microwave signals, having modure samples of the RF signal at very low frequencies. To avoid
lation bandwidths higher than 20 MHz, things become mu@udding another modulation module in the LSNA, in this paper
more complicated. Effectively, in that case, descrambling teclve propose another solution using an appropriate multisine ref-
niques of the measured IF spectral components are necessaence generator for the calibration of the setup. This reference
after downconversion. generator is a multisine having ae frequency grid, which is

In the following, a periodic modulated signal is represente2D MHz for our work reported here. This is now presented in
by a multisine having a bandwidth larger than 20 MHz. If such&ection llI.



1184 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOI56, NO. 5, MAY 2008

—Wide Bandwidth >20 MHz : this new phase reference generator combining a 20-MHz syn-
RF Spectrum U s Serew thesizer, an amplier, a step recovery diode, and a differentiator,
B 1 z;-“ 2} 3 4 as described in Section I11-B.
I‘L,I fi51.63 I I_/’(GHZ) It is very important to note here that the ADCs are trig-
0 mn fri=1.6 f =1.62 1, 1=1.64 f,1=1.66 gered by a transistetransistor logic (TTL) signal. The trigger
rum g 1 1 1 . . . .
Q@ ,f:,eif,.; | ! ! ; frequency fi.i, is linked to the fast Fourier transform grid
' > i ’ :a) used for spectral calculation
] T Spaen LA 4 LA sGHy (frer gria) P
e Hs0r, 81f,.x T 82 e V83 . . .
Traey | :=if./60(;8 ety leiedey  |=1.666083 firig = P X frET gria (p : integed (3
e o — e
IF Spectrum N / // W|th
@ point D 1 \ I I f . fADC (4)
‘(MH FFT _grid —
L gttt 11 seme grid = N

| where fapc and Napc are, respectively, the sampling fre-
< guency of the ADCs (different from the sub-sampling frequency
frracy) @nd the number of recorded samples of the ADCs. One

N+l £N+2 pN+3
flmfmgfu f,% .f(
95 1

Ay

¥

Filtered o il ""wa:"f';/z must also make sure that the period of the trigger signal equals
'F@sl’)’sf;:”;‘ l : M the IF envelope periodir_..v Or an integer multiple of this
' o 1 pN+2 pN43 i
s fs i 1 period
i 4 4 4
» 2 8 8 Tixig = M X TiF_eny (M : integed (5)

Fig. 8. Frequency translation and compression principle with a multi-
sine having a modulation bandwidth higher than twice the IF bandwidiith
(20 MHz).

JiF_env = @ X frrr_grid (g @ integey. (6)
[ll. PRESENTATION OF THEPROPOSEDMETHOD From (3), (5), and (6)M can be dened as
A. Description of the Principle M=Pr @

The key idea is, in fact, quite simple. It uses the LSNA for 1

multisine measurements in the same manner as itis used for QWs trigger signal is synthesized with an arbitrary waveform
measurements. For CW measurements, we consider the cag@erator phase locked with the 10-MHz reference generated
frequency and its harmonid§rr, 2frr, 3frr,-..,Nfrr) by the multitone RF generator.
during both LSNA calibration and device-under-test measure-Both phase and measurement cgarations of the setup are,
ment. It means that a phase reference generator providing mspectively, shown in Figs. 9 and 10.
actly frr and its harmonics is required for the phase-calibra- In the numerical example of Fig. 9, the sampling frequency
tion step. The microwave sourcefair and the synthesizer pro- fapc of the ADC is set to 25 MHz. The number of samples
viding the strobe signal for harmonic sub-sampling are synchrd: pc is set to 25000. This results in a 1-kHz frequency reso-
nized using a common 10-MHz reference signal. The samplihgion.
frequency fracn is carefully chosen such that one of its har- The IF spectrum, which is an image of the RF spectrum,
monicsN fgacn iS Very close tofrr [2]. Therefore, awell-con- has four tones, as described in Fig. 83, = 800 kHz,
ditioned frequency compression mechanism is achieved. Onggi! = 810 kHz, {32 = 820 kHz, andf;}.]* = 830 kHz
the sub-sampling frequendy;.. v is carefully tuned, it remains (A fir = 10 kHz). These four IF tones are the result of the har-
constant during both phase calibration and measurement. monic mixing process realized, respectively, with the successive
The same process is used for multisine measurements havB@h, 81st, 82nd, and 83rd harmonicsfaf..n . The frequency
for example, a 20-MHz frequency grid. Siracv IS set to 20.01 MHz in that case. The envelope period of
This is described in Fig. 8, where the 60-MHz bandwidth R#he IF signal is equal to 2005 (I1r_env = 200 S < fiF_eny =
signal consists of four tones with 20-MHz frequency spacing.3tkHz). Choosing equal to 5 and// equal to 1 implies the use
has a 1.63-GHz center frequency and a 10-MHz envelope fad-a 200yus trigger signal {irig = 200 S < fiuig = 5 kHz).
guency. The ltered IF image signal also consists of four tones. Fig. 11 shows a time-domain representation of the signal at
It has a 0.815-MHz center frequency and a 5-kHz envelope fithke ADC output and a time-domain representation of the asso-
qguency. ThefracN frequency is tuned to 20.01 MHz for thisciated trigger signal.
con guration. The trigger signal ensures that the acquisition starting time
In such conditions, the phase calibration is performed usimgalways the same in regard to the envelope of the signal (with
a new HPR generator providing harmonics of a 20-MHthe limitation of the phase jitter of the trigger signal). This is
sinewave, which corresponds to the tone spacing of the maikey point of this measurement system that this trigger signal
crowave multisine that we want to characterize. We have buiimains the same during the calibration and measurement steps.
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New Harmonic Phase Reference (HPR)

Fig. 10. Con guration of the setup for device measurement . newHPR
I

Vv ~§>H

The ADC performs an over-sampling of the IF two-tone Srupr= rr ] \
signal and outputs 25000 voltage points sampled every 40 n{ 9 OMHz Arplitir BRI -
as shown in the zoom time-domain representation of Fig. 11. P Diode  Transmission Line

Using this technique, no scrambling occurs in the IF speﬁb. 12. Description of the new HPR.
trum. The LSNA proceeds to an RF to IF multisine frequency
translation and compression in the same manner as for a CW
carrier and its harmonics. at point B in Fig. 1). In the frequency domain, the output

o of the new HPR is represented by harmonic components at
B. Description of the Phase Reference Generator fuprs 2fapRs 3fHPR, - - - M fupR.

The new HPR generator that has been built using parts of an o
microwave transition analyzer is described in Fig. 12. C. Calibration Procedure of the Phase Reference Generator

ThisnewHPRisbasedontheuseofasteprecoverydiodedriveiThe HPR has been calibrated on a dense 20-MHz frequency
by a low-frequency sinusoidal signal, of which frequerfggpr  grid up to 4 GHz by NMDG using a 50-GHz sampling oscillo-
is equal to the RF tone spacinfy (rr) of the multisine used for scope. The measurement setup is described in Fig. 13.
measurements. In our caggpr is 20 MHz. A nonlinear trans- It should be noticed that normally the 20-MHz excitation
mission line is added atthe output of the step recovery diode tosggnal is used both as an input signal of the new HPR and as a
ducethe duration of the pulse and, in particular, the falling time tifgger signal of the equivalent-time oscilloscope using a power
the pulse such that the output RF frequency bandwidth increasgditter. However, to use exactly the same setup as during the
The new HPR generator includes a 16-dB attenuator to obtginase calibration of the LSNA (which does not require a trigger
the appropriate desired peak voltage to protect the sampling gsitmal, but a common 10-MHz reference signal), the setup is
when performing the phase calibration of the LSNA. adapted such that the amp#d 10-MHz reference signal of the

The output spectrum of this HPR generator is a conm®W synthesizer is used to trigger the sampling oscilloscope.
signal and it has the same type of frequency response as thA 10-dB attenuator is added to the new HPR to avoid any
one used to feed the sampling head of the LSNA (LO poambnlinearities introduced by the 50-GHz sampling oscilloscope.
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Fig. 13. Measurement setup used during calibration of the new HPR.

Fig. 15. Time-domain representation of the output signal provided by the new
HPR.

The time base distortion is estimated [25] using a 100-ns time
window, corresponding to two periods of the 20-MHz excitation
signal.

In our experience, the known time base discontinuities are
equal to 4 ns. Reference [26] is used to compensate for this
distortion as part of the measurement of the pulse. Using two
periods, one can verify if this correction is appropriate because
one out of two spectral lines should be at the noise level after
time base compensation.

Fig. 14. Frequency-domain representation of the output signal provided by theUsing the amplied 10-MHz reference signal of the synthe-
new HPR. sizer instead of splitting the 20-MHz excitation signal, it was
found that it is essential to estimate and compensate the time
base drift before averaging the measured pulse. Averaging is re-
Afterwards, the 10-dB attenuator is deembedded based ongjtsred to reduce the uncertainty on the measured phase of each
two-port S-parameters. spectral component.

As the maximum frequency of the HPR is 4 GHz, magni- Fig. 15 shows that the fall time of the generated pulse equals
tude and phase distortion of the 50-GHz sampling oscilloscop@ ps and indicates that spectral components are present up to
can be reasonably neglected [3], [4]. However, one must d@8l GHz.
with errors due to the time base distortion and time base driftAs a sanity check, the obtained phase of each spectral com-
of the sampling oscilloscope. The offset and gain error of thnent is compared to the one obtained when the 20-MHz ex-
sampling oscilloscope is eliminated by performing the built-initation is also used as a trigger signal, resulting in a less pro-
plug-in calibration up front, while the jitter is neglected. Innounced time base drift.
deed, assuming a symmetrical probability density function of Finally, although being very small for the considered fre-
the jitter, it is known that the jitter does not introduce any phasgiency range, the mismatch of both the HPR generator and the
distortion [23]. However, it has a low-pass effect on the angampling oscilloscope is taken into account. At the same time,
plitude. Since only the phase information is used, this effecttise 10-dB attenuator used to avoid nonlinearities of the sampling
not compensated for and, as such, the amplitude characterisscilloscope itself is deembedded. As thel result of the cal-
shown in Fig. 14 includes the low-pass effect of the jitter.  ibration, two les are provided. Onele contains the phase in-
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TABLE |
PARAMETER SETTINGS FORTWO-TONE CHARACTERIZATION

Fig. 16. Principle of phase measurements of power araplntermodulations.

formation of the HPR generator on a 20-MHz grid up to 4 GHz
when terminated in 5Q.. The other contains the mismatch in-
formation of the HPR generator obtained using a vector network
analyzer. Both les are required during the phase calibration of
the LSNA.

This HPR generator is used during the phase-calibration
step of the LSNA, congured as described in Section IlI-A.
The principle of the phase-calibration step is exactly the
same as the one previously described in Section Il. The
phase relationships between all the frequency components

new HPR generator are known based on the above calibration
procedure of the HPR generator itself.

IV. MEASUREMENT RESULTS Fig. 17. Measured power characteristics of the angolunder test.

Two types of measurements will be examined for the two fol-

lowing applications: can be improved by increasing the number of acquisition points
» two-tone measurements for the intermodulation characté¥ pc.
ization of the power amplier; Fig. 17 shows the measured power characteristics of the am-

» three- and ve-tone measurements to validate a possibg@i er under test driven by a two-tone signal.
future use for the multipactor characterization in multicar- Fig. 18 represents the incident wavgat f; = 1.62 GHz,

rier satellite payloads. fo = 1.64 GHz versus input power g = 1.62 GHz.
. Fig. 19 represents the transmitted waweat the amplier
A. Phase Measurements of Power Ampliber output atf; = 1.62 GHz andf, = 1.64 GHz versus input
Intermodulation Products power.

A 2-W output power 30-dB gain 50 power ampli er at Fig. 20 represents the variation of the magnitude and phase
1.6 GHz has been measured. The angdliis excited by a two- of the output voltage wavefornts at2f; — fo = 1.6 GHz and
tone signal generated by a Rohde & Schwarz SMU200A sour@d; — f1 = 1.66 GHz versus input power gt = 1.62 GHz.

as sketched in Fig. 16. The tone spacing is equal far = Due to the noise level, the phase is irrelevant for input powers
20 MHz. at f1 smaller than-6 dBm. The magnitude and phase informa-
The calibration procedure has been performed at four difen of b, at2f; — fo = 1.6 GHz and2f> — f; = 1.66 GHz can
ferent frequencies; = 1.6 GHz, f, = 1.62 GHz, f3 = be very useful for very linear power ampér design [24] and
1.64 GHz, andf, = 1.66 GHz corresponding to a 60-MHz totalfor the behavioral modeling of nonlinear devices with memory
RF bandwidth. [25].
Table lindicates the parameter settings for this two-tone char- o
acterization. B. Phase Measurements of Multisines

The con guration of the test bench is the same as the oneFig. 21 depicts the corguration of the measurement system
used for the calibration procedure. Harmonics of carriers are notperform the phase measurements of a multisine, which con-
considered in this study. sists of ve tones with a 20-MHz A frr) tone spacing. The

The LSNA input range isxed for all input powers, resulting center frequency is 1.6 GHz. The resulting signal has a band-
in a dynamic range of 52 dB. If desired, this dynamic rangeidth of 80 MHz and is generated using the Rohde & Schwarz
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Fig. 18. Incident wave; at the amplier input versus input power &i . Fig. 20. Transmitted wauve, atthe amplier output (af; f.and2f, f;)
versus input power.

Fig.21. System corguration for phase measurements of/a-tone multisine.

TABLE I
MODIFIED PARAMETER SETTINGS FOR FIVE-TONE
MULTISINE MEASUREMENT

Fig. 19. Transmitted waue, at the ampli er output (af ; andf ») versus input
power.

source SMU200A. The magnitude of each toneis setto 1V and
the phase is set t’0
Table Il indicates the moded parameter settings compared
in Table | for the ve-tone multisine measurement.
Fig. 22 shows LSNA measurement results of the signal
present at plané’.
A 0.7-V peak voltage and a 7.2-ns pulsewidth are measured.
It corresponds to a 13-dBm average power of the multitone RF
source.
The linear phase variation observed in Fig. 22 versus freennections between the SMU200A source and the reference
guency is due to the time delay introduced by the RF cable apidne P.
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Fig. 24. System corguration for phase measurements of/a-tone multisine
Fig. 22. LSNA measurements of a multisine composedaf tones with a with the digital sampling oscilloscope.
20-MHz tone spacing.

TABLE I The maximum voltage is now equal t_o 0.54 V, while the
MODIFIED PARAMETER SETTINGS FOR THREETONE pulsewidth decreases to 5.2 ns for a given 13-dBm average
MULTISINE MEASUREMENT output power of the multitone RF source. The linear phase
variation versus frequency (Fig. 23) is also introduced by
constant group delay of RF cables and connections between the
SMUZ200A source and the reference pldhe
It is very important to show the possibility to measure multi-
sines with 40-MHz spacing, as it corresponds to real conditions
in satellite payloads. Itis also important to point the potential ap-
plication to the characterization and the modeling of nonlinear
devices.

C. Comparison Between LSNA and Digital Sampling
Oscilloscope Measurements of Wideband Multisines

To compare the proposed approach described in this paper
with digital sampling oscilloscope techniques, we have per-
formed measurements of theve-tone signal previously
characterized with a 40-GS/52-GHz bandwidth8-bit digital
sampling oscilloscope (Agilent Imium 81204B), as depicted
in Fig. 24.

Fig. 25 shows the digital sampling oscilloscope measure-
ments of the ve-tone multisine (80-MHz bandwidth) at the
reference plané.

A 0.7-V peak voltage and a 7.9-ns pulsewidth are measured.
It corresponds to an output power of the multitone RF source of

Fig. 23. LSNA measurements of a multisine composed of three tones with_a\]'6'2 qu' Lo . .
40-MHz tone spacing. The linear phase variation observed in Fig. 25 versus the fre-
quency is due to the time delay introduced by the RF cable and
connections between the SMU200A source and the reference
Using the same setup as the one depicted in Fig. 21, a thrplanePs.
tone multisine has been measured. The tone spacing is then s€ig. 26 gives a comparison between the LSNA and digital
to 40 MHz (A fgrr = 40 MHz). The magnitude of each tonesampling oscilloscope.
is set to 1 V and the phase is set to @he con guration of A maximum magnitude difference of 0.08 V can be observed.
the LSNA and its calibration remains the same as for the mea-A constant phase offset (in the order of°$0s observed
surement of the ve-tone signal. Table Il presents the moell between the two measurements. It corresponds to different
parameter settings compared in Table Il for the three-tone mphase settings of the internal LO of the signal generator for two
tisine measurement. different experiments and measurements. The signal generator
Measurement results 6% at planeP, are given in Fig. 23. (SMU200A source) has been switched off and on between
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Fig. 27. Phase difference between tive tones measured with the digital sam-
pling scope and the LSNA.

V. CONCLUSION

A fully calibrated measurement technique that enables phase
and magnitude measurements of wideband multisines has been
presented in this paper. This measurement technique is based on
the use of an LSNA with a phase-calibration procedure using a
new standard calibration. This technique has been compared to
a direct digital sampling oscilloscope measurement. The effec-
tiveness of the LSNA measurement technique has been demon-
strated.

20- or 40-MHz frequency grid multisines have been charac-
terized and used as test signals as they correspond to channel
frequency spacing in some satellite payloads.

The measurement principle has been validated for an 80-MHz
bandwidth signal at thé-band. It can be extended to 250- or
500-MHz bandwidths at th& a-band required for multipactor
experiments in satellite payloads [27]. For that purpose, a very
wideband source is needed in order to extend this study and to
characterize the multipactor effect in OMUX satellite payloads.

Another topic of interest is the characterization of wideband
high-power ampliers in the order of 100 W. In such high-power
ampli ers, memory effects will be more pronounced and, as a
consequence, they require accurate magnitude and phase asym-
metry characterization of intermodulation products.

Fig. 25. Digital sampling oscilloscope measurements of@tone multisine
(80-MHz bandwidth).
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