
CALIBRATED MEASUREMENTS OF NONLINEARITIES

AMPLIFIERS APPLIED TO INTERMODULATION

MODULATION COMPENSATION

Tom Van den Broeck

Vrije Univemiteit Brussel, Department ELEC

TH2C-6

IN NARROWBAND

AND CROSS

Abstract — A vectorial nonlinear-network

analyzer (VNNA) is absolutely calibrated in

amplitude and phase for narrowband measurements

of nonlinearities. Calibration is performed with a

reference generator, characterized with a calibrated

sampling oscilloscope. The reference signal,

consisting of an unconverted baseband signal, is

optimized for statistical y efficient measurements.

Using the calibrated VNNA, narrowband amplifiers
can be measured, enabling compensation of

intermodtdation and cross-modulation.

I. INTftODUCTION

In this paper the vectorial nonlinear-network analyzer
concept [1] is extended for measuring narrowband devices.
This is very important for testing and designing narrow-
band communication systems. Several mathematical tools
exist for describing and analysing these components [2].
However, the measurements of their parameters is a diffi-
cult problem. We used a VNNA, already available for
broadband measurements at a fixed equidistant grid. This
approach can be extended for narrowband measurements.
An important issue is the calibration of the system, which
should now be carried out on a dense grid around the band
of interest only. Therefore we propose a variation of the
reference generator absolute calibration method described
earlier [1]. The advantages of this new method are a more
flexible reference signal, which can easier be a&~pted for
statistically efficient measurements. Indeed, it was shown
that the signal-to-noise ratio during the calibration meas-
urements depends on the crest factor (peak value to effec-
tive value ratio) of the reference signal. A new method will
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be described for making narrowband signals with very low
crest factors. The uncertainty on the absolute calibration
factor will decrease due to this new calibration reference
generator.

Once our VNNA is calibrated this way, both amplitude
and phase of the Volterra kernels of a narrowband amplifier
can be determined accurately. Thanks to the absolute cali-
bration, measurements are repeatable on different VNNA’S.
The measured kernels can be used to determine the third
order intermodulation and cross modulation distortion.
Also, the accurate knowledge of the Volterra kernels of the
main amplifier, both in amplitude and phase, are essential
for a successful distortion compensation.

II. MEASUREMENT SETUP

The vectorial nonlinear-network setup is described in
Fig.1.
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Fig. 1. Measurement setup

The system consists of a signal generator (two synthesiz-
ers HP83640A with a power combiner), a test set (direc-
tional couplers to detect incident and scattered waves) and
4 data acquisition channels. For the kwt part, several alter-
natives are available [1], e.g. a broadband sampling oscillo-
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scope or the broadband downconvertors in a microwave
transition analyzer (MTA). This system is able to coher-
ently measure all harmonics of the incident and scattered
waves at the test ports. However, since systematic errors
are present, a calibration is indispensable. This requires not
only a relative calibration (e.g. SOLT) but also an absolute
calibration in amplitude and phase [1]. This is done using a
reference generator, i.e. a multitone generator with an accu-
rately known output impedance, where the absolute ampli-
tudes and relative phases of all frequency components are
stable and accurately specified. This reference generator is
characterized by an accurate broadband signal analyzer. As
signal analyzer a broadband sampling oscilloscope (HP-
54121T) is used, which means that the calibration is tracea-
ble to a “nose-to-nose” procedure [5].

The requirements for the reference genemtor are differ-
ent for narrowband and broadband measurements. For the
narrowband measurements, only frequencies in the band of
interest should be present. Also, we will show that a much
more flexible signal design with a better statistic efficiency
is pxssible now. Indeed, lower crest factor signals (Cr=
LJueff, where Lm and ueff are respectively the L-infinity
norm or peak value and the effective value of the signal)
can be made now, which results in higher signal-to-noise
ratio during measurement of these signals [3], [4]:

s
– = 7–2010gCr
N

(1)

where ‘yis a constant.

III. REFERENCE SIGNAL FOR NARROWBAND
CALIBRATIONS

We will now propose a method for generating narrow-
band, high-frequency, multisine signats with low crest fac-
tor.

A. Double sided upconversion

Consider an arbitrary bandlimited baseband signal B(Q).
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Fig. 2. Spectrum of double sided upeonverted
baseband signal

This signal is unconverted to a band around COOusing an
ideal double sided mixer to A(a)):

This corresponds to a time signal:

a(~$) = 3-1 (A(oJ))

= 2b (t) COS (610t+ $)

Let us now consider the envelope of this time signal:

Es(t) = maxo(a(t, $)) = 21b(t)l

3)

4)

where b(t) is the time domain baseband signal. It can
easily be verified that the RMS values arc related by

mm (Ea (t) ) = J2RMS (a(t)) (5)

Since the crest factor is defined as the ratio of peak value
to effective value

Cr(x) = * =
maxt(lx(t)l)

rms x rms

(6)

and since the maximum value of the signal approaches
that of the envelope for large wJ~~X, we have:

Cr(a(t)) S fiCr(E, (t)) = fiCr(b (t)) (7)

In Fig.1, an example of an optimized signal is shown. We
considered a baseband signal with 12 frequency compo-
nents of equal amplitude, spaced 1 MHz apart. This signal
is intended for upconversion with a local oscillator of 6013
MHz to a band of [6001 MHz, 6025 MHz]. After optimiza-
tion, the crest factor of the envelope is 1.39, which means
that the complete signal (modulated carrier) will have a
crest factor of 1.97.

Envelope of double sided unconverted signal
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Fig. 3. Envelope Es(t) - double sided

case

A((I)) = j$+B(–m+mo)eB(m–mO)e -Jo (2)
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B. Single sided upconversion

B{(I)) A’(o))

t

Envelope of single sided unconverted signal

Fig. 4. Spectrum of single sided upconvetied
baseband signal

Let us now consider the same bandlimited baseband sig-
nal B(0)=G(o)+G(-co), this time unconverted to a band
around OJOusing an ideal single sided mixe~

A’ ((I)) = G(m–o+Jej O+G (–6)+ roo)e-j$ (8)

where G(w) is the one sided baseband signal (complex).

This corresponds to a time signal:

a’(~ $) = 3-1 (A’(o)) .-.

( j(qJ+@)
=Re g(t)e

)

(9)

The envelope of this time signal is:

E, (t) = max$(a’(t, @)) = 21g(t)l (lo)

The RMS values of the signal a’(t) and its envelope are
related by:

RMS (E,,(t)) = J2RMS (a’(t)) (11)

Consequently:

Cr(a’(t)) < &fJr(E,, (t) ) = fiCr(g (t)) (12)

This is the same result as for the two-sided case, except
that g(t) now is a complex time function. Since the crest
factor of complex time signals can be reduced to lower val-
ues (typically 1.1) than that of real signals (typically 1.4)
[6], the resulting namowband multisine will have a lower
crest factor too.

In Fig.5, again an example of an optimized signal is

shown. This time we considered a baseband signal with 25
tkequency components of equal amplitude, spaced 1 MHz
apart. The frequency band of the unconverted signal is
again [6001 MHz, 6025 MHz]. The crest factor of the
envelope is now 1.11 and for the complete signal 1.58. A
zero phase signal with the same amplitude spectrum but
with the phases of all components set to zero would have a
crest factor of 7.07. According to (1), this means that our
single sided unconverted optimized multisine can be meas-
ured with a 13 dB better signal to noise ratio than a zero
phase signal.

IV. EXPERIMENTAL RESULTS

The single sided upeonverted multisine described above
was realized using an HP 8770A arbitrary waveform syn-
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Time (s) x 106

Fig. 5. Envelope Es(t) - single sided
case

thesizer (frequency band used [26;50] MHz) and two mixer
stages (L01=800 MHz and L02=5 175 MHz) with band-
pass filters for selecting the upper sideband. This system
will be replaced in the future by single sideband mixers.
All sources are locked to a 10 MHz reference. The result-
ing multisine is measured with an HP54120T sampling
oscilloscope, triggered by the period of the arbitrary wave-
form generator. The timebase of the sampling oscilloscope
is calibrated as described in [9]. The spectrum is estimated
from the nonuniform sampled time points using a least
square technique. The results of these measurements are

0 0.2 0.4 0.6 0.8 1 X104
Time(s)

,-
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Frequency (Hz) 9
x 10

F@. 6. Measured envelop and
mpbtude spedm - single sided case
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shown in Fig. 6. The measured crest factor is 1.85, while
the amplitude spectrum is flat within 2 dB in the band of
interest. The crest factor is slightly larger than expected
due to this 2dB variation and the presence of residual LO
and suppressed sidebands (all at least 15 dB down).

v. INTERMODULATION AND cRoss-

MODULATION COMPENSATION

A. Definitions

According to [8], both the third order intermodulation
IM3 and the cross modulation CMF of a narrowband
amplifier are function of the Volterra kernels Hi:

(13)

(14)

@ = A13 (jq,-jq, jo,) -~H1 (j~l) (15)

where V and ~i are the input component amplitude and
frequencies respectively. CMF sin~ is the amplitude cross
modulation and CMF COS$is the phase cross modulation.

B. Feedback ampli)er

If a unilateral feedback F(jo) is applied to an amplifier
H(j(o), IM3 and CMF are reduced by a factor [8]

1
l+ F(j(o)H(j@)

(16)

Also, ~’ after feedback is given by

~ = $-.Z(l+F(j@2)H1 (@2)) (17)

This indicates that the amplitude and phase cross modu-
lation can be controlled through the phase of F(j~). Note
however that for an exact compensation, the knowledge of
the amplitude and phase of a third order Volterra kernel is
indispensable (through +). This can only be measured in

practice with a calibrated VNNA as we proposed.

C. Feedforward amplijler

From the Volterra kernels of an overall feedforward
amplifier follows that intermodulation distortion can be
made perfectly zero. However, in a practical realization, a

certain gain imbalance a and phase imbalance 5 remain. As
a consequence, intermodulation distortion and crossmodu-
lation don’t vanish. It can be shown that [8]:

~’ = @+atan#a (18)

where @‘is with and @without feedforward. This illustrates
again that the measurements of the amplitude and phase of
the Volterra kernels of the main amplifier are important in
the design process of a feedforward amplifier.

VI. CONCLUSION

The use of a vectorial nonlinear network analyzer in nar-
rowband applications has been demonstrated. The need for
an accurate absolute calibration requires a new technique
based on a narrowband reference generator with a low crest
factor to allow a calibration with a high statistic efficiency.
A method for realizing such a signal is described based on
upconverting a baseband signal and a new crest factor opti-
mization technique. The calibrated VNNA is then used to
measure the Volterra kernels of a narrowband amplifier.
These results can be used to compensate for the intermodu-
lation and crossmodulation in a feedback or feedforward
amplifier configuration.
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