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ABSTRACT: This article considers an approach for the behavioral modeling of the conversion
mechanism in a nonlinear device suitable for the analysis of RF/microwave mixers. The core of the
model consists of the conversion matrix of the nonlinear cell under investigation, which represents
its linearization around the large-signal state. This approach allows for a straightforward imple-
mentation in Computer-Aided Design (CAD) using the conversion matrix constructed from either
simulation or measurements, of which the latter is considered here. Model order is significantly
reduced due to the absence of the local oscillator signal in the frequency analysis plan. The
intermodulation products are calculated in relative amplitude and phase and allocated in the
spectrum on the basis of the conversion matrix coefficients. We illustrate the technique by
implementing this model in commercial CAD software, which allows an in-depth insight into the
conversion mechanism and illustrates the application to the design of a subharmonic mixer.
© 2005 Wiley Periodicals, Inc. Int J RF and Microwave CAE 15: 362–370, 2005.*
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I. INTRODUCTION

Modeling of microwave devices and circuits has seen
a continuous effort directed at coping with the huge
increase in complexity of circuits and systems. In the
field of RF and microwave transceiver design, the task
is becoming even more involved due to the complex-
ity of the modern communication standards’ physical
layer, which allows several coding and digital modu-
lation operative modes. This implies that analysis is
required at different levels of the system hierarchy,
mostly those operating with mixed analog-digital sig-
nals. Here, the effort is either to optimize each sub-
system or to guess the best specification trade-off
among the subsystems. With regards to the nonlinear
circuit design, the modeling effort is aimed at con-

centrating the complexity of the device’s nonlinear
dynamics into a compact representation in which
static nonlinearities and memory effects must be in-
cluded. Usually the designer resorts to a behavioral
approach when the device physics and operating
mechanisms are not well understood, or when the
device is so complex that a circuit description would
be impractical.

This opens the door to behavioral modeling, which
allows a compact and potentially accurate representa-
tion of either subcircuits or subsystems, which can
provide an improved numerical efficiency and, in
turn, a reduction in the complexity of CAD simula-
tions. In co-simulation of base-band circuit at high
frequencies, the designer does has not have much
flexibility due to the different time scales involved in
the analysis. Although the envelope method can mit-
igate the issue of the transceiver complexity or even a
complete mixer, amplifier, or oscillator, it prevents
the use of a circuit-level description of each single
building block. In a behavioral model, the description
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is generally provided in terms of state functions,
which are vectorial multiple-input equations of the
so-called state variables. They are conventionally de-
termined by processing small-signal and DC measure-
ments. Recently, new techniques based on Vectorial
Large Signal (VLS) measurements have been pro-
posed to identify and validate such a class of models
in both the time and frequency domain [1, 2].

The model ideally possesses the following features
[3]. The first consists of the simulation capability; that is,
given a finite set of previously measured excitations and
responses, the corresponding results, obtained by simu-
lations, should represent a good approximation of such
data. Moreover, the model should display the same qual-
itative behavior that the device is known to exhibit when
connected to an appropriate excitation network. For ex-
ample, if the physical device is known to give rise to
intermodulation products under certain excitations, then
the model should exhibit the same behavior. Finally the
model should be capable of predicting previously un-
known operating modes. Such features are of great rel-
evance in the exploration of new experiments and ap-
plications. These attributes are featured in the following
approach.

This article is aimed at introducing a comprehen-
sive frequency domain model, its CAD implementa-
tion, and its use for reducing the complexity in mixer
analysis and design. The model is based on a recently
introduced technique that allows us to extract, directly
from VLS measurements, the conversion matrix (CM)
of a nonlinear device. The CM is then adopted as a
behavioral representation of the linearized nonlinear
device under the action of a local oscillator (LO). A
Schottky diode-pair used for subharmonic mixing is
selected as a case study for the discussion of this
approach.

The article is organized as follows. Section II ex-
amines the admittance CM as a behavioral model of a
generic nonlinear device driven in a large-signal re-
gime, while section III introduces the experimental
behavior of the nonlinear cell in the CAD environ-
ment. Finally, section IV reports the analysis data
related the design of a subharmonic mixer based on
the behavioral model.

II. ADMITTANCE CONVERSION
MATRIX AS BEHAVIORAL MODEL
OF A NONLINEAR DEVICE

Let us consider a nonlinear device (ND), driven by a
large signal at frequency FLO. The linearization of the
ND considers a frequency difference between the
large and the small signal, FO, hence the resulting

intermodulation products (IMPs) contain the frequen-
cies nFLO � F0, with n � 0, 1 … N, where N is the
highest considered local oscillator harmonic. The
equations relating the current and voltage phasors at
IMPs are linear and they are ruled by: I � [Y] � V.
The CM’s coefficients, ym,n, relate the current im at
frequency mFLO � F0, to the corresponding voltage vn

at frequency nFLO � F0, with all the voltage compo-
nents differing from vn equal to zero.1

The symbol [Y] represents the CM, which is, in
fact, a linearization of the ND, under the large-signal
state, with respect to the small signals, while the I and
V vectors contain the current and voltage phasors at
all the IMPs. The CM is adopted to furnish the ND’s
conversion properties, their dependence on the inter-
mediate frequency, and the optimum impedances, not
only in the mixer analysis but also in the noise figure
minimization [4], which can be effectively involved
in the analysis of the phase noise of oscillators [5].

The extraction of [Y] can be obtained either from
circuit simulations, once the equivalent circuit model
for the ND is available [6], or, as in this case, from
VLS measurements methods as discussed in detail in
[7, 8]. The latter returns a complete and accurate
representation of the behavior, in particular concern-
ing the nonlinear memory effects that give rise to
nonsymmetrical output spectrum in transmitters. It is
widely accepted that this latter feature is one of the
critical issues to be managed in any up-converter
design.

The objective of the study deals with the imple-
mentation of [Y] in a commercial CAD package and
its use in the analysis and design of a subharmonic
mixer.

Figure 1 shows the simplified schematic represen-
tation of the proposed model implemented in a CAD
environment, including the required components,
which consist of a frequency-defined device (FDD),
an ideal two-port equation defined linear device
(S2P_Eqn), and a linear S-parameter multiport (SNP)
device. The number of ports required for the latter
depends on the highest LO harmonic considered. The
model is based on the conceptual link between the
IMP’s frequency and the virtual ports of the ND. The
coefficients of the CM are stored in the SNP regard-
less of their spectrum allocation, which means that the
SNP contains only the raw data referenced to an
arbitrary frequency; e.g., the intermediate frequency,
FIF. Hence, the SNP converts the behavior associated
with a specific CM coefficient, as the admittance seen

1 For the lower side intermodulation products, the coefficients
y-m,-n, relate the current at frequency mFLO – F0, and the corre-
sponding voltage at frequency nFLO – F0.
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at the relative port when all the other ports are
shorted. This linear block is interfaced with the re-
maining circuit by an ideal frequency converter,
which acts, for any port, on the appropriate phasor.
The operation is schematized as follows:

● the voltage phasor is sensed at the FDD port 1
and converted in a voltage phasor at the fixed
frequency at port 2, in the case under consider-
ation FIF;

● the voltage phasor is applied to an ideal network,
the S2P_Eqn, that has the following definition:
– S12 � S21 � 1 if freq �FIF, 0 elsewhere;
– S11 � S22 � 0 if freq � FIF, 1 elsewhere;

● the current phasor is originated by the applied
voltage at the specific port of the SNP and by all
the other port voltages present, at the same fre-
quency;

● the above current phasor is then converted back
by the FDD to its port 1 at the appropriate
frequency.

The flow described above permits us to analyze a
network operating in a multifrequency mode, like the
case of an HB simulation, by concentrating all the
information about the intermodulation generation in
the linear analysis of a multiport device combined
with ideal frequency converter blocks. Note that nei-
ther the FDD nor the S2P_Eqn introduce any weight-
ing of the data; their purpose consists rather of the
conversion from the nonlinear analysis to the linear

one and vice versa. Moreover, the HB analysis is now
retained only for its compatibility with the FDD en-
vironment. The presence of the LO signal is no longer
required, having been already considered implicitly in
the CM definition. The intermodulation order is de-
fined by the FDD specification, thus reducing the
complexity of the analysis.

III. MEASURED ADMITTANCE
CONVERSION MATRIX OF A
SCHOTTKY DIODE-PAIR

The method explained in section II is applied to
implement the CM of two commercially available,
general-purpose Schottky diodes, packaged in the
same die, and connected in series with access to the
central knot. The experimental extraction set up for
the CM [7] considers the frequency plan: fLO � 2.6
GHz, power ranging from –5 to �10 dBm, and a
small tone fn � nfLO � fIF, with fIF � 650 MHz, –40
dBm power. The CM is then calculated by using the
method in [8]. Henceforth, the experiments are rela-
tive to the diode-pair in the shunt configuration. Fig-
ure 2 reports the results of the CAD analysis related to
the voltages and currents at the diode-pair termination
as they appear in a CAD data display, for an 8 dBm
LO level and a 0 dBm test signal injected at 650 MHz.
It is easy to see the absence of the LO signal and its
harmonics for the above discussion, while it is also
noticeable the quantitative response of the device to

Figure 1. Schematic representation of the implementation in a commercial CAD of the frequency-
domain behavioral model based on the CM.
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the 0 dBm test signal injected at 650 MHz. All the
expected IMPs are present, particularly the third-order
ones, namely, 2LO � IF, and the sensibly lower
second-order, namely, LO � IF, confirming the qual-
ity of the device as a nonlinear element to implement
a subharmonic mixer. Analogous results are also ob-
served in the down-conversion regime.

Once the data in the format represented by Figure
2 have been collected, the CM is directly calculated
and the meaningful information at the device level is
available through a simple single tone HB simulation.
These data are parameterized by the LO power level,
which defines a CM for each LO level. This is the
only way the LO enters into the analysis. As an
example, Figure 3 reports in the polar plane on the
measured conversion coefficients:

�5,1 � b�5� � a�1�; �1,5 � b�1� � a�5�, (1)

as a function of the LO power, associated with the up-
and down-conversion, respectively, due to the second
LO harmonic and in the upper side band case. Here, a
and b[j] represent the incident and the scattered
waves, respectively, at the i-th and j-th IMP frequen-
cies (see Fig. 2). From Figure 3, we see that the
amplitudes of the converted signals are almost the
same in the up- and down-conversion modes, which

might be expected assuming that a subharmonic
mixer, based on such a device, could be considered
reciprocal. A closer inspection reveals that only at an
LO power value, around �1 dBm, the conversion
coefficients overlap, while at lower and higher values
the reflection coefficients are slightly different in am-
plitude but overall exhibit a completely different
phase behavior. The difference between the �5,1 and
�1,5 conversion coefficients is due to the frequency of
the injected voltage that is at IF and RF frequencies in
the two cases, respectively. This, in turn, produces a

Figure 4. Measured conversion coefficients related to the
subharmonic up conversion for the upper, �5,1, and lower,
�4,1, side bands.

Figure 2. Linearized response of the device to a 0 dBm
signal injected at 650 MHz, for 8 dBm LO level. Voltages
(circles), currents (squares).

Figure 3. Measured �51 and �15 reflection coefficients, as
functions of the LO power.
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different current contribution in the diode junction
capacitance and in turn a rotation of the measured
current phasors.

A second noticeable effect is related to the com-
parison between the upper side band and the lower
side band up-conversion. Figure 4 shows the results of
the injection of a signal at 650 MHz in terms of the
measured conversion coefficients defined consistently
to Eq. (1) as a function of the LO power. Increasing

the LO level increases the reflection coefficients, as
expected, with different amplitudes and phases, which
is related to the nonlinear junction capacitance. In-
deed, the LO signal determines conductance and ca-
pacitance waveforms whose Fourier series coeffi-
cients contribute to the CM features. In the case of an
injected signal at the lowest IMP, the upper and lower
side band up-converted signals refer to the same volt-
age phasor, which is multiplied by different capaci-
tance Fourier series coefficients. This justifies the
shape of the two conversion coefficients. Since the
LO level is limited in the lower range, say, lower than
�4 dBm, the phases of �5,1 and �4,1 are concentrated
around the 90° axis, which reflects a dominant capac-
itance behavior. For higher LO levels, the time vary-
ing conductance becomes dominant and the resulting
behavior is steered toward the 0° axis.

The subharmonic mixing performance is also com-
pared with the up-conversion behavior associated
with the LO fundamental, namely, LO � IF. As
expected from the basic conversion mechanisms, spe-
cifically, the device conductance nonlinearity of the
third order, the mixing products associated with the
fundamental are much lower than those associated
with the second LO harmonic. This feature is illus-
trated in Figure 5, where the conversion coefficients
�3,1 and �2,1 are compared.

Again, in this case the magnitude increases as the
LO level increases, although they are lower by an

Figure 5. Conversion coefficients related to the up con-
version for the upper, �3,1, and lower, �2,1, side bands.

Figure 6. Schematic representation of the subharmonic mixer comprising the behavioral model of
the Schottky-pair.
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order of magnitude than the case of �5,1 and �4,1,
confirming the attitude of this nonlinear cell for sub-
harmonic mixing purposes.

IV. DESIGN OF THE SUBHARMONIC
MIXER

This section deals with the design of a microstrip
subharmonic mixer based on the above described
diode-pair with IF � 650 MHz, RF � 5.85 GHz, and
LO � 2.6 GHz; the selected LO level is 8 dBm. The
model represented in Figure 1 is introduced into the
schematic representation of the subharmonic mixer as
shown in Figure 6 for the purpose of the design of the
linear parts of the circuits, namely, the triplexer for
the LO-IF-RF signal combination, the RF and IF
matching, and the matching of the LO and its har-
monics. In particular, the latter is mandatory because
it is a necessary condition that the CM is inserted into
a circuit that preserves the LO terminations that were
implemented in the measurement setup. This means
that if the LO and its harmonics are terminated in a
broadband 50	 system, the same should be imple-
mented in the circuit. In certain cases the latter may
constitute an increase of complexity in the mixer
design.

The design of the LO-, RF-, and IF-section is
aimed at reaching the following ideal behavior [9]:

1. LO-section: s11 � s22 � 0 and s12 � s21 � 1 at
LO frequency; s22 � 0 at LO harmonics; s22 �
1 all the IMPs;

2. RF-section: s11 � 0; s22 � rf-optimum value
and s12 � s21 � 1 at RF frequency; s22 � 1 at
LO fundamental and harmonics; s22 � 1 all
other frequency;

3. IF-section: s11 � 0; s22 � if-optimum value and
s12 � s21 � 1 at IF frequency; s22 � 1 at LO
fundamental and LO harmonics; s22 � 1 all the
IMPs;

The proposed method considers the rf- and if-
optimum value arising from the linear analysis of the
CM [8]. In that case, with the basic assumption that
the unwanted IMPs are shorted, the optimum RF and
IF terminations are calculated in a straightforward
manner. Of course, the hypothesis of having the un-
wanted IMPs shorted is not easily verifiable in actual
circuits, so for this reason a CAD analysis which
considers the phase and amplitude combination be-
tween all the possible IMPs is required for an opti-
mized circuit. In [9] the optimization of the perfor-
mance is made by sweeping the phase of s11 of the

RF-section at some selected IMPs and for each sweep
the phase at the remaining frequency is kept equal to
zero.

The design of the linear sections in Figure 6 starts
by considering the general features that any single
block should have, i.e., introducing filters and reso-
nators as is usually done in a conventional microwave
design of a passive structure. Additionally, the search
for optimum phases of the reflection coefficients as

Figure 7. �opt
IF (a) and �opt

RF (b) as a function of the LO
level calculated in the 50	 system (squares) and at the
diode section of the mixer at the end of the design procedure
(circles).
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defined in the above list starts with considering the
conjugate of the diode-pair reflection coefficients in a
50	 system:

�opt
RF �

b
�RF�

a
�RF�
; �opt

IF �
b
�IF�

a
�IF�
, (2)

where the quantities in Eq. (2) are obtained by injec-
tion of a small signal at both the RF and IF, in
presence of the LO, and evaluating the voltage wave
variables a and b by the relations:

a �
v � 50 � i

2
; b �

v � 50 � i

2
. (3)

The design considers Eq. (2) as the starting point.
During the iterations, new targets �opt

RF , �opt
IF are cal-

culated. These values will be different from the pre-
vious iterations because the broadband frequency be-
havior of the passive networks modifies the exhibited
impedance and in turn modify the targeted values.
This mechanism is due to the CM, which combines all
the IMPs voltages to give the actual current at the
frequency of interest. The convergence of the design
process is ensured by its linear nature and by the small
deviations from the initial guesses.

Figure 7a,b shows the �opt
IF and �opt

RF , respectively,
in the 50	 system and calculated at the end of the
design process as a function of the LO level.

Figure 8 shows the up-conversion gain compared
with the image response. The rejection of the image
frequency is due to the selectivity of the sub-blocks,
which are based on two-section band pass filters and
a resonator which allows the simulated rejection. Fig-
ure 9 plots the reflection coefficients at the RF and IF
ports as a function of the LO level. It is observed that
both ports show a minimum for values slightly dif-
ferent from the specified. An improved matching con-

dition is attainable only at the expense of complexity
and does not appear justifiable. The results of the
design procedure in terms of the microstrip layout is
reported in Figure 10, from which we can easily
observe the sub-blocks and their respective rules.

V. CONCLUSION

This article has dealt with the possibility of using the
conversion matrix of an antiparallel Schottky diode
pair as a behavioral model for the purpose of analyz-
ing and designing mixers. The analysis is simplified
by the presence of a behavioral model extracted from
measurements instead of conventional equivalent cir-
cuit models. The simulation involves only linear com-
ponents and frequency-domain defined device parts
and uses a single tone harmonic balance engine to
produce the desired intermodulation products. The

Figure 8. Conversion gain of the designed subharmonic
mixer (squares) and response at the image frequency (cir-
cles).

Figure 9. Reflection coefficients of the designed subhar-
monic mixer IF port (squares) and RF port (circles).

Figure 10. Layout of the designed subharmonic mixer.
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proposed design procedure appears straightforward,
although it does require the additional constraints of
an LO matched at the nonlinear device terminations.
Presently the approach is suitable only for the selected
frequency plan, although an extension to a bandwidth
around the IF and RF appears feasible. The article has
also dealt with an example of application of the pro-
posed approach to the design of subharmonic mixer.
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