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Abstract- In this contribution, we present a rigorous analysis 
based on uncertainty propagation techniques to estimate the 
random variation of the controlled reflection coefficient in 
mixed-signal load-pull test benches. A digital-to-analog converter 
is commonly used in these test benches to generate the baseband 
signal required to synthesize the high-frequency, user-defined 
injected wave. To study the random noise of the injected wave, 
which can be mapped to the noise of the controlled reflection 
coefficient, we employ Jacobian sensitivity functions between 
the baseband signal and the RF one. First, the baseband 
integrated rms noise of the up-converter is evaluated, and then the 
upconverted noise is determined via the derived transfer function. 
Finally, experimental results to validate the uncertainty control 
bound of the synthesized reflection coefficients are presented, 
highlighting a full coverage of the measured reflection coefficients. 

Keywords- S-parameter noise, frequency domain noise, 
residual-error, noise analysis, uncertainty analysis, vector 
network analyzer (VNA). 

I. INTRODUCTION 

From their introduction [1], load-pull techniques have 
provided an experimental means to validate devices and circuit 
performances in different impedance ranges. These techniques 
have quickly become an indispensable (experimental) 
tool to validate the device model and identify optimal 
loading conditions for the user-selected performance metrics. 
Throughout the years, load-pull test benches have been 
developed using passive, active closed-loop and open-loop 
topologies [2]. After its introduction to enable the wideband 
modulated signal harmonic load-pull [3], the mixed-signal 
open-loop topology has become the leading architecture, 
enabling high-speed [4] non-linear device characterisation 
up to (sub)mm-wave bands [5]. Mixed-signal architectures 
employ, in their most simple implementation, a high-resolution 
digital-to-analog converter (DAC) signal, which is upconverted 
and vector modulated, employing an IQ mixing stage, to the 
carrier frequency driving the device under test (DUT). The 

mixing function upconverts the baseband noise generated 
by the DAC cards, mixing it with the phase noise of the 
carrier frequency synthesiser. This mixing process and 
the instruments used in the test bench then define the 
noise of the vector-modulated wave, which synthesises the 
user-desired reflection coefficients. Due to their architecture 
and the non-linear nature of the DUT, open-loop topologies 
require the usage of convergence algorithms to reach the 
desired reflection coefficient. For this reason, the noise 
of the vector-modulated wave (intrinsically) defines the 

979-8-3503-2345-0/23/$31.00 ©2023 IEEE 

convergence resolution limit in practical measurement, i.e., 
when measurement time needs to be optimised. While previous 
contributions have analysed the uncertainties of large-signal 
metrics in 50 Ohm [6] and non-50 Ohm (i.e., load pull) 
environments [7], this contribution focuses on quantifying 
and providing an error bound for the random noise in the 

reflection coefficients synthesised via mixed-signal active 
tuners. This noise contribution is an important parameter when 
attempting to optimise the (rms noise) of the up-conversion 

elements composing the active tuners to minimise the 
convergence algorithm errors and when implementing the 
complete uncertainty propagation framework of active load 
pull test benches [8], [9], [10], [1 1]. The paper is organised 
as follows, first, the considered tuner architecture is described 
and analysed for its transfer function (i.e., baseband to 
carrier frequency). Then, the tuner model is employed to 
determine the Jacobian matrix, which propagates the DAC 
noise contribution to the amplitude and phase error of the 
synthesised injected wave. Finally, the proposed approach 
is validated by comparing measurements and calculated 
reflection coefficient noise for varying load impedances set 
by the active tuner sensitivity coefficients. 

II. MEASUREMENT UNCERTAINTY 

This section details the noise sources involved in 
vector network analyser (VNA) measurements which can be 
grouped into two main categories, i.e., additive noise (aa) 
and multiplicative noise (am) sources. While [8] identifies 
VNA measurement noise contribution as marginal, it is a 
critical factor in measurements demanding high-resolution 
performance [12]. A measurement noise model identifying a a 
and am noise sources in a VNA by [12] is shown in the 
following: 

aLrT = tan-1 ( 1;;1 ) 
(1) 

(2) 

Here, alrT I  is the noise on the magnitude, and aLrT 
represents the noise on the phase components of the measured 
reflection coefficient rT. We employ this method to analyse 

the noise of the reflection coefficient when a passive 
termination is employed or when the same termination is 

Authorized licensed use limited to: TU Delft Library. Downloaded on October 26,2023 at 07:36:09 UTC from IEEE Xplore.  Restrictions apply. 
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synthesised by the active tuner described in section IV. 
Figure 1 shows measurement noise results for active and 
passive tuners, depicted with markers. The tuner synthesised 
a reflection coefficient magnitude (lrT i ) of 0.6 to the VNA, 
and the operational frequency was set at 6 GHz. The bounded 
area indicated with a red line represents the calculated noise of 
the reflection coefficient when only the VNA receiver noise is 
considered. The noise contribution is severely underestimated 
in the measurement systems employing active tuners. 

90' 
120' 'IX1 -4 60' 

150' 
2x1o-• 

30' 

180' o· 

210' 330' 

240' 300' 
270' 

Fig. 1. Reflection coefficient measurement noise for active (blue markers) 
and passive (red markers) tuners with 1rT I ::::::: 0.6 at 6 GHz. The bounded 
area indicated with the red line represents the calculated noise contribution. 

It is clear that the noise behaviour of a VNA is 
substantially affected by the mixed signal tuner and needs a 
rigorous analysis for accurate noise evaluation. In section ill, 
a method is proposed to accurately determine a a for active 
tuners using DAC noise results and subsequently estimate 
alrT I . and aLrT using (1) and (2). For estimating am, 
method outlined in [8] is used. 

III. MIXED-SIGNAL TUNER TRANSFER FUNCTION 

This section details the method proposed for developing 
the active tuner transfer function, suitable for the propagation 
of IQ-baseband noise uncertainties to RF rT uncertainties. 
Figure 2 depicts the simplified block scheme of the mixed 
signal tuner used for this work. 

First, the Copper Mountain VNA (C2420) is calibrated 
using a short-open-load (SOL) calibration method using 
traceable 3.5 mm coaxial standards at VSL. The measurement 
system is calibrated at several frequencies ranging from 2 GHz 
up to 18  GHz with 4 GHz steps, as this is also the operational 
range of the active tuner. Subsequently, the calibrated tuner 
reflection coefficient r T is measured for a range of v 1 and 
VQ DC voltage values. These voltages represent the baseband 
In-phase (v1) and Quadrature-phase (vQ) signals applied to the 
upconverter. The voltages are generated with a multi-channel 
24-bit DAC from the Nation Instruments NI-9260 platform. 
The magnitude of the IQ vector ( IJQI) ranges from 10-4 up to 
0.08 V, with a logarithmic distribution. We sweep the IQ phase 
(LIQ) from 0 to 360 degrees at each IQ-magnitude value with 

Rtm 

Portl � 
rL -i 
Rt ______.,.. ! bt _, 

--

Fig. 2. Overview of the measurement set-up used for the development 
of the impedance tuner behavioural model. The depicted active tuner uses 
IQ-mixer for controlling the tuner reflection coefficient with DC in- and 
quadrature-phase voltages. 

a 45-degree step size. The 45-degree step size is acceptable as 
rT sensitivity for IQ magnitude is critical. The results of this 
experiment are shown with red markers in Fig. 3. 

Polynomial fits are determined to model identical 
behaviour corresponding to the measurement results 
with closed-form equations. These closed-form equations 
allow calculating the sensitivity coefficients between the 
IQ-baseband voltages and rT needed for uncertainty 
propagation. The acquired polynomial fits of the data are 
described as follows: 

5 2 

lrT ( IIQ I ,  LIQ) = ao + � ( IIQin � LIQm · bm) (3) 

5 2 

LrT( IIQ I ,  LIQ) = co + � ( IIQin �1 LIQm · dm) (4) 

For brevity, only results of the magnitude polynomial 
equation are shown in Fig. 3. The modulus and phase of the 

0.8 

0.6 

£:[ 
0.4 

0.2 

0 

0.05 

0 

Fig. 3. The IQ-mixer transfer function results for magnitude component at 4 
GHz. 
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reflection coefficient dependency on the baseband IQ vector 
are incorporated in the Jacobian matrix shown below. 

(5) 

Finally, using the covariance matrix containing the 
IQ-baseband noise values shown in (6) and the Jacobian 
matrix, determined in (5), we can calculate tuner reflection 
coefficient noise using (7). We assume no correlation between 
both components in the covariance matrix, so off-diagonal 
values are set to zero in (6) and (7). 

EIQ = 
[ afiQ I a�IQ l (6) 

ET = 
[ a�,m 

2 aa,p ] = h · EIQ · J:j: (7) 

Here, a�,m and a�,p are the additive noise in the 
magnitude and phase components. As it concerns an additive 
noise source, the phase of the noise vector is considered to be 
within 0 and 360 degrees with an equal probability. Hence, 
the effect of a�,p is negligible as a�,m will set the noise-floor. 

IV. MEASUREMENT EXPERIMENT AND 
DISCUSSION 

In this section, first, we describe the measurements of the 
noise values corresponding to the VI and VQ DC voltages 
generated by the DAC. Subsequently, the DC noise values afiQI and a�IQ corresponding to VI and VQ are propagated 
using the proposed method for calculating the corresponding 
rT reflection coefficient noise. Finally, the approach is 
validated by comparing the calculated and measured noise 
values at VariOUS active tuner rT values. 
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Fig. 4. DC source noise measurement results for I and Q channel DC voltages 
as function of equivalent integration frequency. 

A. DC Noise measurement 

A multi-channel NI-9260 DAC provides the DC voltages VI and VQ needed to control the tuner rT. The DAC has 
two voltage output channels with a 24-bit analogue output 
resolution and a sampling rate of 51 .2 kS/s. The DC noise 
level of the !-channel (a�) and Q-channel (a�) is measured 
to determine the noise contribution of the DAC. For that, DC 
voltages VI and VQ were generated and measured using an 
HP-3458A multimeter. Different integration times were set in 
the multimeter, and 1000 samples were collected for each 
voltage and integration time. Because the integration time 
acts as a low-pass filter for the noise, the equivalent cutoff 
frequency is calculated by taking the inverse of the integration 
time. The noise is calculated by taking the standard deviation 
of the samples recorded. Fig. 4 depicts the noise results for (afii ) and (afQI )  as the standard deviation versus the equivalent 
integration frequency. The noise is measured for three different VI and VQ values covering the range of rT values that the 
active tuner will generate. The noise remains similar for the 
three voltage levels tested; above the 10 kHz, it shows a 
dependency on the voltage level set at the DC source. 

B. Tuner Noise Measurements 

First, we use active and passive tuners to characterise the 
reflection coefficient measurement noise. The tuner described 
in Fig. 2 is used. The VNA test-port power level is set at 
-10 dBm, and Intermediate Frequency Bandwidth (IFBW) is 
set at 7 Hz. Subsequently, the tuner is connected to the VNA 
and set to generate reflection coefficients ranging from 0 to 
1 using VI and VQ signals provided by the NI DAC. At each 
tuner rT value, 1000 samples are acquired from the VNA. 
The calibrated data is then used to calculate the standard 
deviation and shown with red markers in Fig 5(b,c ). The same 
experiment is also conducted with passive stub tuners, and 
corresponding results are shown with blue markers in Fig 
5(b,c). 

Then, we propagate the characterized noise afiQI onto the 
generated reflection coefficient rT using (7). For this, the input 
covariance of (6) is determined by assuming afii and afQI 
noise of 2. 1 1-L V for vI and v Q baseband signals. The calculated 
additive noise a� m is then used in (1) and (2) to predict the 
rT noise, show� in Fig. 5 with dotted lines. Furthermore, 
the multiplicate noise is estimated using highly mismatched 
reflection coefficient measurements [8]. 

Figure 5 shows calculated noise results with lines depicted 
in red and blue colours for active and passive tuners, 
respectively. The comparison between the measurement and 
calculated noise results demonstrates an excellent agreement 
for magnitude and phase components. The additive noise 
behaviour predicted with the proposed method strongly agrees 
with measurement results for low-reflection rT values, as 
shown in Fig 5b. Furthermore, the noise model results for 
the active tuner also show an outstanding agreement with 
the measurement values. These results validate the proposed 
method for propagating the additive noise using DC VI and VQ 
noise measurements. Furthermore, the active tuner phase noise 
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measurements also agree with the predicted noise behaviour 
with (2), shown in Fig. S(c). 
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- - - With Eq.(1) using Eq.(7) results for active tuner 
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(c) 
Fig. 5. Noise measurement results for active and passive impedance tuners. 
(a) Shows the measured impedance values in a 50 0 normalised Smith chart. 
(b) Shows noise results for reflection coefficient magnitude. (c) Shows noise 
behaviour for the reflection coefficient phase. 

V. CONCLUSION 

Active impedance tuners employing IQ mixers introduce 
measurement noise into large-signal measurements. A 
behavioural model for impedance tuners is proposed to allow 
the propagation of DC noise from the DACs sourcing the 
IQ mixer. The additive noise predicted with the proposed 
method demonstrates an exceptional agreement with the 
measurement results. Furthermore, a detailed validation of the 
noise behaviour across the entire r T dynamic of the tuner 
method is demonstrated with an outstanding agreement. As 
additive noise affects the magnitude and phase noise behaviour, 
it is essential to use DAC with low noise behaviour. 
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