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Abstract

An RF amplifier under compression is measured using a multi-carrier signal covering the band from
500MHz to 1.5GHz, using the vectorial network analyzer for nonlinear systems (NVNA). Based on this
measurement, a Wiener-Hammerstein model for this device is extracted. The model captures the wide
band properties of the DUT up to 1.4% error inside the excitation band.

Keywords : estimation algorithms, identification, least-squares identification, nonlinear models, nonlinear
estimation, parameter estimation.

1 Introduction

Nonlinear models can provide an accurate prediction of a system’s behavior over a wide range of input
powers. Building a general nonlinear model is very difficult, hence structural assumptions about the system
class are made to reduce the search space. A popular approach that is also used here is to build up the
nonlinear model structure using two basic building blocks : linear dynamic time invariant systems and static
nonlinear systems. Certain combinations are widely in use and have a conventional name. The structure
used in this paper is a Wiener-Hammerstein structure, as illustrated in Figure 1.
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Figure 1: A Wiener-Hammerstein system.

Identification of such structures has been studied for some time. Work in this area includes {1, 2, 3]
which do not concentrate on the specificities of high frequency devices or measurements. [8, 10] presented
methods for the identification of RF amplifiers. This paper is the continuation of the work of [10] : there an
identification procedure for the Wiener-Hammerstein model structure was proposed and demonstrated on
simulations. This paper concentrates on the measurement aspects encountered when the method is applied
in the real world.
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Table 1: Characteristics of the amplifier ZHL-42 (7, pg. 136].

FREQ Gain dB Maximum Power VSWR
MHz Output Input Max
Flatness (1B
fr fu | Min max min) onage) Input Output
I ZHI-42 | 700 4200 | 30 +1.0 +28 +5 2.5:1 2.5:1
Table 2: Characteristics of the filter SLP-1000 (7, pg. 154].
Pass band, MHz | fco, MHz, Nom VSWR
(loss < 1dB) (loss 3dB) Pass band  Stop band
[SLP-1000 | DC___ 900 990 171 18:1

2 The measurements

The modeled device consists of the cascade of an amplifier and a low-pass filter. The setup is described in
Figure 2. The amplifier and the filter are sold by Mini-Circuits, Brooklyn, New York. The characteristics
of the ZHL-42 amplifier and of the SLP-1000 filter are shown in Table 1 and Table 2. Note that this setup
does not need to be constrained in the proposed model class.

The measurements are done using a nonlinear network analyzer [4, 5, 6] which allows to sample the
incoming and reflected RF waves at the input and at the output port of the device under test (DUT). The
excitation signal is generated by a Sony/Tektronix AWGT710 arbitrary waveform generator (AWG) with a
sampling frequency of 4GHz. The complete measurement setup is drawn in Figure 3.

2.1 Choice of the excitation signal

A good excitation signal is supposed to help the identification process. For the proposed method [10] that
will be used in this paper, the following requirements need to be met :

1. The excitation signal must cover the frequency band for which a model is desired.

2. The excitation signal must drive the DUT into the nonlinear operating region that the user wishes to
model.

3. If possible, the excitation signal should help the user select the model complexity.

The available equipment limits the class of excitation signals that can be applied to the DUT, and hence
determines in which cases the algorithm [10] can be applied. Ideally, the whole bandwidth of the DUT should
be covered by the excitation signal. However, a 2GHz bandwidth is as high as the Sony/Tektronix AWG710
will go : the maximum sampling frequency of this AWG is 4GHz. An additional problem is the effect of
the zero-order hold character of the excitation : in the frequency domain, this means that the frequencies
close to 2GHz (half the sampling frequency) are only weakly excited. This situation can be corrected by
calibrating the setup or predistorting the input signal since the shape of the reconstruction filter of the AWG

ZHL-42 SLP-1000
o
e
_

Figure 2: The setup that was measured : an amplifier (ZHL-42) followed by a filter (SLP-1000).
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Figure 3: Measurement setup used for this paper. The AWG used in the experiments is represented by the
three blocks in the lower left corner : a DAC followed by a zero order hold reconstruction followed by a
reconstruction filter.

can be measured beforehand. The broadband calibration for non-harmonically related multi-carrier signals!
of nonlinear measurements is still an open problem. So, for this paper, the excitation is limited to the band
between 500MHz and 1.5GHz. Due to a lack of time, the RF part of the measurement (matching between
source and DUT and the couplers) was not calibrated.

N
a1(t) = ) Ag cos (2w fot + Ox) (1)
k=1

As explained in [10], the excitation signal is a random phase multisine as defined in (1), where Ay, is the
amplitude that can be chosen by the user, n; is an integer number, fo is the basic frequency and 6y are
phases that come from a random distribution such that E [eie’“] = 0. Since only integer multiples of the
basic frequency fo are used, the input spectrum is defined on a equispaced frequency grid. In this context,
one Fourier coefficient of the spectrum will be called a grid line. The experiment design involves choosing
which grid lines in the band of interest will be excited, i. e. which Ay # 0. Guidelines for this choice are
discussed in [9]. The band covered by the excitation signal goes from 500MHz to 1.5GHz. This enables a
model that is defined over the same frequency range (see requirement 1).

The maximum power available at the output of the AWG was selected. A 4V peak to peak amplitude
results and the power delivered to the DUT would normally be 10dBm. The limit given by the manufacturer
of the DUT is 5dBm (Table 1). Due to losses in the system (around 2dB) and due to the frequency response
of the zero order hold reconstruction (which attenuates the signal between 1dB at 500MHz and 10dB at
1500MHz), this will not be exceeded. Following requirement 2, this means that the model will be valid up
to at most 5dBm input power.

Once the basic choices are made (excited band and excitation power), the excited grid lines can be
selected. For the measurements presented in this paper, a special odd multisine [9] was created : only two
out of every three odd grid lines were excited. A constant non-zero amplitude was given to the frequency
lines 502MHz, 506MHz, 514MHz, 518MHz and so on up to 1498MHz. This corresponds (for a frequency
resolution fo = 2MHz) to the grid lines 251, 253, 257, 258 and so on. Note that even though 502MHz is
even, for the case f, = 2MHz, the frequency 502MHz corresponds to an odd grid line.

1The phase calibration available is a pulse generator which is known for fundamental frequencies between 600MHz and
1200MHz in steps of 2MHz.
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Figure 4: Spectrum of the wave going into the DUT : a; (- : excited lines, + : even (unexcited) lines, X :
odd unexcited lines, — : standard deviation of the excited lines, — — : standard deviation of the even lines,
—-—- : standard deviation of the unexcited odd lines).

The particular choice of which grid lines will be excited allows to gather information about the static
nonlinear part of the system simply by looking at the input and the output spectra. This allows to fulfill
requirement 3. When an even nonlinearity mixes two odd grid lines, the result always produces energy on
an even grid line of the output spectrum. Hence, the even part of the nonlinearity does not contaminate the
odd grid lines. If there is energy present at the even grid lines (500MHz, 504MHz, ..., 1496MHz, 1500MHz
in our measurements) it can only come from an even nonlinearity. This is a valuable information when the
terms of the static nonlinearity that will be estimated need to be selected. If no energy appears in the gaps
located on odd grid lines, there are no significant odd terms to consider for the static nonlinearity.

2.2 Measurement results

Only the relation between a; and by of the DUT will be modeled using a Wiener-Hammerstein structure.
Hence, only a; and b, are shown in Figure 4 and Figure 5 respectively. The power in both figures appears
to be very low. These amplitudes are shown as measured and hence include the losses of the coupler and
the attenuator. Of course, the RF calibration would correct this.

In Figure 4, the calculated amplitudes of the excited grid lines are constant over the frequency range (see
the definition of the input signal in Section 2.1). The deviation that can be observed come from the zero
order hold and the reconstruction filter. Clearly, the higher frequencies have been excited about 10dB less.
This will have an adverse effect on the quality of the model because the excitation will be less persistent.

Figure 5 shows that the measured device is indeed nonlinear : it can be clearly seen that grid lines that
didn’t carry energy in the input are significantly higher than the noise in the output. Since both the even
and the odd detection lines are different from 0, it can be concluded that the nonlinearity possesses even
and odd terms.

2.3 Imbalance in the downconversion

The first step of the identification method is to estimate the linear system to approximate by as a function
of a;. To obtain this model, both spectra are divided by each other. It turns out that the phase of the
quotient is not suited to fitting. Figure 6 shows that the phase deviates widely from the expected “smooth”
phase. This deviation cannot be explained by a pure time delay, since in such a case, the data points would
be scattered evenly over the range [—m; 7).

The representation of the data points in Figure 6 was chosen specially to illustrate the following point :
there is a kind of structure in the deviation from the expected phase. It looks as if 4 data sets with a
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Figure 5: Spectrum of the wave coming out of the DUT : b, (e : excited lines, + : even (unexcited) lines,
X : odd unexcited lines, — : standard deviation of the excited lines, — — : standard deviation of the even
lines, —-—- : standard deviation of the unexcited odd lines).

-4
500 1000 1500

Figure 6: Phase of % without any calibration (— : phase of the model that can be fit through these data
points, *, X, +, - : individual data points).
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Figure 7: Downconversion of an RF wave. The circled numbers refer to Table 3.

Table 3: Shifting of some of the grid lines of the excitation signal as the signal is downconverted and sampled. .
The numbers in the headings of the column refer to where the signal is considered in Figure 7.

1 2
[MHz]  [MHz]
502 59845
506  —1.982
514 1.984
518 5.984
526  —5.9815
530  1.9835
538  —1.981
542 —5.981

phase offset had been plotted on top of each other. This structure in the error comes from differences in the
downconversion stage of a; and b,. Consider Figure 3 again and what happens when i. e. a; is downconverted
in Figure 7. Table 3 tracks some of the frequencies in the downconversion. This table is generated for the
experimental setup that was used throughout the paper. The grid lines come from the input signal defined
in Section 2.1 and the downconversion frequency was chosen to be 16.0005MHz.

Frequencies are always positive, however in Table 3, the second column contains negative frequencies.
This is to differentiate which grid lines are complex conjugated in the downconversion process. Examination
of the table yields that there are four groups of grid lines : those that arrive around 2MHz, those that arrive
complex conjugated around 2MHz, those that arrive around 6MHz and finally those that land complex
conjugated around 6MHz. Each of these frequencies sees a different phase shift defined by the IF frequency
(=~ 2MHz or 6MHz and if they are complex conjugated or not). If the a; downconversion channel has a
different phase response than the b, downconversion channel, then each of these four groups will have a
phase offset that is different from the three others.

Obviously, the phase difference between both channels introduces a big error that will prevent to get a
good model : the model errors are hidden by the phase error for which the model can not account. Getting
rid of the biggest error source is a priority before considering other possible errors. The approach taken here
is to calibrate away the effects of the imbalance between both IF channels. Therefore, an assumption was
made : one channel has been supposed to be perfect.

F
H (o) = 24205) )
a (wir)

The DUT was replaced by a through in the setup from Figure 3. Then, another multisine covering
‘every grid line used in the band of interest (this means at 500MHz, 502MHz, 504MHz, ...1.5GHz, or in
other words, including the odd detection grid lines and the even grid lines also) was measured : of and 5.
Neglecting any RF effects (crosstalk between the waves in the directional couplers) and transfer function of
the through, both measured waveforms should be equal. In (2), the correction factor to get af equal to b is
computed. The frequency dependence wip has IF in the subscript to remind us the frequency domain where
the correction is executed.

aiir (wir) = H (wrr)a11F (wiF) (3)
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Figure 8: Phase of g% after IF calibration (— : phase of the model that can be fit through these data points,
*, X, +, - : individual data points).

bi tr (wir) = bur (wrr) 4)

In the calibration process ((3) and (4)), the downconverted waves are corrected in the assumption that the
downconversion of by to b2 1r introduces no distortion (4). When the calibrated waves are transformed back
to the RF (this is only a reordering of the grid lines to invert the shuffling introduced by the downconversion),
the phase of the transfer function can be computed with these calibrated signals. The result in Figure 8 is
much better than the result in Figure 6. The result are expected to be even better after an RF calibration.
Figure 9 shows the amplitude of gf

3 The model

The main purpose of this paper is to demonstrate the the algorithm [10] on measurements. So, only the
identification results will be shown. Figure 10 show the estimation results.

This nonlinear model allows to predict the output measurements with a relative error of the power of
1.4%. The relative error is much higher when only the non-excited lines are examined : there, the relative
power of the error is 46%. This can be compared to a linear model, which has a relative power error of 1.7%
if all lines are considered, but of 75% when only the non-excited lines are taken into account. This shows
that the excitation did not drive the amplifier to far into its nonlinear behavior and that the input was not
really pure : for the ideal excitation signal, the error of the prediction of the linear model! would be 100%.

4 Conclusion

An amplifier has been measured over a band of 1GHz. There is still work on the modeling process : the
non-linear model should perform much better than the linear model, which is not really the case here.
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Figure 9: Amplitude of g% after IF calibration (- : data points, — : model fit through this data (Gg), + :

difference between the linear model and the data).
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Figure 10: Best model obtained for the Wiener-Hammerstein system (Figure 1) : (a) input linear system,
(b) static nonlinear characteristic, (c) output linear system.
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