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Abstract - This paper presents a setup for the nonlinear vectorial characterization based on the computation of the
input-output signals' Higher Order Statistics. This setup assures a high dynamic range in the measurement and a broad
useful bandwidth. The phase reference presents no bandwidth constraints since it is obtained directly from the input
signal. The proposed setup was validated by simulation and the results state the validity of the method.

I. SUMMARY

In the recent past it can be noticed an increasing interest in the nonlinear system characterization, especially in the RF and
microwave area. This can be related to the increasing requirements in the design specifications, which demands an accurate
representation of the RF and microwave systems not only in their linear outcome but especially the nonlinear response.

The nonlinear characterization is a challenging task since concepts such as phase and transfer function must be redefmed.
In [1-2] the phase concept is addressed and a relation between the phase of tones at different frequencies is given.

If the analysis is broaden, permitting now both linear and nonlinear behavior, the former linear transfer function concept is
not valid. In this case, the output spectra is composed by the fundamental tones applied to the input and also by all the mixing
products that can be obtained until a certain order, assumed as the nonlinear order of the system. Under this scenario, the
transfer function is a mapping of a mixing combination of input tones into a certain output tone. This can be viewed as a n
order nonlinear transfer function, where the referred order is the one needed to obtain that spectral output from the considered
input tones.

From the measurement point of view, the problem was addressed through several schemes [3-10]. In [3-7] a cancellation
approach is adopted. The measurement procedure is complex since the cancellation requests a fine tuning both in amplitude
and phase. Moreover, the extrapolation of the method to input signals with more than two tones is not direct. In [8] a
broadband harmonic sampler is used". The main drawback of this method is the dynamic range since all the noise in the
measurement bandwidth of the instrument is integrated into the sampler bandwidth. The spectral filtering approach is
proposed in [9-11]. In this method each spectral component to be measured is down-converted to a proper IF where the
measurement is easier to perform. An extra channel is dedicated to the acquisition of a reference signal generated in a
nonlinear reference. This reference is used to create a grid of frequencies that serves as the phase reference for the spectral
regrowth tones. The grid generation has two associated issues. The fIrst one is that all the spectral components involved in the
measurement must be correlated with a common reference, forcing the excitation signal to be periodic. The second addresses
the fact that each spectral component in the grid must have comfortable energy level. This is difficult to implement since the
frequency span needed to capture all the spectral regrowth, both at baseban..d and at multiple frequencies (considering practical
systems at least until fifth order), grows very quickly with the fundamental center frequency.

In this paper a setup intended to measure the input-output characteristics of a nonlinear system presenting a wide bandwidth
is proposed. The phase reference is implemented by software giving it a meaningful sense considering the model under
extraction. Moreover, it is neither limited by the bandwidth of the input signal nor by the system's operating frequency. In
fact, from the system identification point of view, such a procedure can be seen as the systematic extraction of the coefficients
of an assumed model.

In the next section, a setup intended to characterize the input-output relation based on an assumed model is presented.
Section III shows the simulation validation of the setup and the discussion of the results. Finally, in the Section IV, the
conclusions of the work developed are presented.

II. SETUP ARCHITECTURE

The setup now presented is intended to overcome the practical difficulty of extracting the nonlinear transfer functions of RF
and microwave systems, when a wide channel bandwidth is needed. Moreover, the phase reference can now be obtained by a
software operation which overcomes any bandwidth constraints. Since in [12] it was proved that the higher order statistics,
HaS, can be a useful tool for this model extraction, we are going to fmd a way to extract the HOS.

In order to calculate the HOS, both the input and output signals must be synchronously acquired [12]. However, if a
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wideband signal is considered, it is impossible to acquire an envelope window of the output even with a hannonic sampler
such as a microwave transition analyzer. This is due to the fact that the output is composed of, not only the fIrst zone output
components, but also the distortion located at multiples of the fundamental frequency. This requires a sampling signal that has
an hannonic content up to, at least, twice the signal's highest harmonic involved, and a window length of one period of the
envelope. These two conditions lead to a number of points that exceeds the hardware capabilities nowadays available.

@JIlt
ARB Generator

Fig 1. Setup Archite~ture

The setup now proposed implements a band-selective down-conversion The input signal is down-converted to a proper IF
where the non-idealities of the instrumentation produce less impact. This signal can be now acquired and used to synthesize
the phase reference. The output of the DUT is also down-converted and acquired. However, it could not be acquired at once,
since it spans from several frequency bands depending on the nonlinearity order.

So, each band can now be down-converted according to the frequency multiplication constants NI and N2 that should be
chosen in order to translate the desired band to the pass band of the IF filter.

The theoretical explanation of this concept starts by assuming the input signal is a multi-sine described by:

Xi(t) =i fAqeAt»'+Oq)

q=-Q

where, OJq =(lJo + q~OJ , with q '* 0

(I)

(4)

Under the dynamic polynomial or Volterra series models, the signal at the output of the DUT can be given by:

( ) =~[_I ~ ~H ( \ ~ A j[{a>ql+...+a>qn)+8q1(t)+...+9qn(t)]] (2)
x2 t L..J 2n L..J ... L..J n \OJqI , .•• , (l)qn )Aql··· qne

n=I ql=-Q qn=-Q

After the down-conversion and filtering, the obtained signal is:

( ) - k k [~[_l_ ~ ~H { )1 A A j[((l)Ql+...+a>Qn}+9Q1(t)+...+oqn<t)]]] (N ()) (3)
x3 t - mix jill ;;;t 2n qf:=Q."q~ n\(J)ql,···,(J)qn "'ql··· qne xcos 2(J)reft + ref

where: (l)'q =(wo - N 2(l)re/) + qli(lJ ,is chosen to be located in the pass-band of the filter by a careful selection of the constant

N2• The signal in the lower branch of the setup is given by:

[
0 ]_ -!.. - J(rtJl+(}Q)

x4 (t) - kmixkfill 2 q;Aqe x cos(NI(J)r~rt +Bref )

In the same way, OJ'q =(wo - N1wre/) + q~w , is chosen to be in the pass-band of the IF filter.

Adjusting the ratio N2/N} via the change of N2., it is possible to select the output spectral band to be down-converted. In
order to maintain the spectral coherence between the input and output spectra, the N2/N I relation should be a rational value.
Both channels are now converted to the digital domain by a broadband synchronous sampler. Under the digital domain the
HOS can now be computed using to the following equation:
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(Y(tq +...+Wn)·X(tq) .. X(Wn))

(X(tq) .. X(Wn)X(tq)· .. X(Wn)*)
(5)

This statistical estimator of the Hn«(J)h ... ,(J)n), the n'th order Nonlinear Transfer Function, NLTF, assumes that the averages
are made through the acquisition of R records of the output and the input when this is a random multi-sine.

III. SETUP VALIDATION

In order to validate the proposed idea, a simulation was run in ADS according to Fig. 2. The device under test is a power
device transistor that is known to present long-term memory effects. The operating frequency is 900MHz and the down­
conversion relation between the two branches, N2/N}, is .one. The filter was designed to present a 50MHz bandwidth centered
at 40MHz. These specifications are imposed by the used sampler IF bandwidth. The considered input was a three-tone signal,
though its generalization to any periodic signal is immediate.
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Fig 2. Setup implementation in Ads

In order to calibrate the setup, the DDT is fITst replaced by a standard through, while the excitation is the desired multi­
sine. So, the calibration consists in measuring the NLTFs of this ideally linear, and of zero delay-length DUT, for the same
signal, and for the same amplitude, as observed in the output of the desired DUT.
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Fig 3. Third order nonlinear transfer function of a 900MHz power amplifier DDT measured through the setup of Fig. 2.
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Fig. 3 presents the magnitude ofH3(llJI,llJ2,lUJ) considering a 3 tone signal input for tone 3 = -~. As the result matrix
presents three dimensions it is necessary to do a cut in the matrix (tone 3 = -~) in order to display the result.
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Fig 4. Magnitude of the fIrst and third order transfer
functions
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Fig 5. Phase of the fIrst and third order transfer functions

Fig. 4 and Fig. 5 present the magnitude and phase of the fIrst and third order NLTFs, respectively. The evident asymmetry
between the upper and lower IMD components is a clear indication of long-term dynamics.

III. CONCLUSIONS

The setup now presented permits the nonlinear characterization of a nonlinear circuit or device, circumventing the
bandwidth constraints and phase reference limitations encountered in previously proposed instruments. The noise floor of the
setup was also improved since the measurement bandwidth can now be controlled by the IF filter's bandwidth. Finally, it
should be added that this setup is based on a theoretically supported methodology giving this way a meaningful interpretation,
within a nonlinear dynamic model, of the magnitude and phase relations between the output and the input of a nonlinear
microwave circuit or device, excited with a multi-sine.
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