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An accurate modeling technique for
antennas and nonlinear RF power amplifier
mixed simulation

georges zakka el nashef, franc‚ois torre‘s, se’bastien mons, tibault reveyrand,

edouard ngoya, thierry mone’die‘re, marc the’venot and raymond que’re’

The design of agile active antennas requires an efficient modeling methodology in order to quantify the impact of other com-
ponents on the array radiation pattern, and especially the influence of power amplifiers (PA). Therefore, the performance
prediction of PA on TX chains is of prime importance. This article describes two different approaches for active antenna appli-
cations. The first one concentrates on PA macro-modeling, which takes into account a large output load impedance mismatch
with a voltage standing wave ratio up to 4:1. A PA behavioral model based on nonlinear scattering functions was developed
and extracted from CW measurements. The model validity was checked by comparison with the measured data. The second
one describes a novel technique for synthesizing a given radiation pattern, whereas taking into account the mutual coupling
and calculated matching impedances (ZL = 50 V) of each antenna in the array according to frequency and pointing angle.
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I . I N T R O D U C T I O N

The wireless communications market has exploded in the last
10 years. But current communication applications still rely on
mechanical antennas that do not offer the compactness that is
required for future market needs, unlike active phased array
antennas (APAA). The development of such agile devices
has reached a whole new level concerning designs, modeling,
and agility. Indeed, these agile antennas have large advantages,
such as an extremely fast scanning rate or the ability to
produce multiple agile beams [1]. Designing such systems
requires simultaneously taking into account the active and
electromagnetic (EM) aspects in order to model them cor-
rectly. Therefore, in the framework of an agile antenna appli-
cation, where the direction angles for the array are controlled
by electronically modifying the weights (phases and magni-
tudes) of each antenna, an accurate CAD (Computer Aided
Design) tool is needed for each component (i.e. antennas
and PAs), in order to analyze each constitutive element.

PAs and antennas have a severe impact on overall perform-
ances since the first ones directly impact the gain (AMAM)
and phase (AMPM) controls of each radiating element,
degrading the array efficiency and its radiation performance.
The second ones, due to the mutual coupling between anten-
nas, induce mismatching effects (deviation from the optimum

load impedance), which directly affect PA behavior, reducing
the maximum power delivered to the antenna and consider-
ably changing PA linearity [2, 3]. This mismatching may
lead to large voltage standing wave ratio (VSWR) (up to
4:1), and such occurrences cannot be tolerated, regardless of
the reconfigurable system.

In order to maintain PA linearity (operating point), an iso-
lator can be used between the antenna and the PA to dissipate
reflected power and prevent the PA from saturating. However,
APAA design constraints and space limitations have led to the
elimination of the isolator and consequently to the develop-
ment of power amplifiers which can safely withstand large
output mismatch [4].

In this article, we describe a very interesting approach to
mixed simulation between PA and antennas. It is useful to
have simulation models of separated circuit blocks to ensure
that overall performance will meet requirements in given
worst-case conditions. Therefore, a very efficient simulation
tool is needed for each component. This article focuses on
the development of a particular PA model that combines
accuracy, stability, and fastness in order to quantify its
impact on TX-chains. In addition, a specific tool dedicated
to EM analysis was developed in order to particularly
address the problem of mismatching between passive (anten-
nas) and active (PA) elements, without use of an isolator or
pre-distortion adaptive methods. Then, this EM macro-model
was virtually integrated and its’ calculated matching impe-
dances used instead of antennas to define load impedances
of PA, in order to optimize performances of the global system.

Section II briefly reviews the EM array macro-model for-
mulation and show some simulated results in the case of
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varying antenna loads, and particularly their impact on the
radiation pattern. In Section III, we describe the PA behavioral
model, based on the mathematical formalism of nonlinear
scattering functions, the extraction procedure, and some vali-
dation results. A first-order model was discussed in [5] and
found not to be appropriate for VSWR up to 4:1, due to the
limitations of a first-order Taylor series development. A
second-order model was needed to overcome these limitations
and improve the model’s accuracy. We should mention that
the development of Taylor series to the second order has
been addressed in [6, 7]; however, the model showed some
instabilities whereas working with large mismatching
(VSWR ≥4:1) due to quadratic variations of ã2 which are
related to impedances positions on Smith chart. Therefore,
some adjustments were required, such as the choice of extrac-
tion impedances on the Smith chart in order to find the cor-
responding four waves and to overcome these drawbacks.
Various results are given to illustrate the predictive capabilities
and efficiency of the second-order model. Moreover, two com-
parisons were made, one between the second-order model
using an arbitrary number of impedances to extract non-
linear scattering matrix and the same model using a specific
configuration of impedances. The second comparison was
made between the developed model and the first-order
model, showing that the second-order model is more accurate.
In Section V, a first approach of system simulation is evaluated
by comparison with several loading impedances obtained
from the EM array macro-model. Those calculated impe-
dances were used and measured as output loads for the PA.
This study will thus enable us to predict and analyze the
impact of microwave components on system performances,
especially on the problem of mismatching between antennas
and PAs. Conclusions are given in Section VI.

I I . E M M A C R O - M O D E L F O R A C T I V E
A R R A Y S Y N T H E S I S

A) Theoretical concept
Within an array, each antenna undergoes interactions with
other antennas, which modify its properties in terms of input
impedance and radiation pattern. Basically, these interactions
are related to mutual coupling between antennas (Fig. 1).
Thus, due to this mutual coupling, the antenna impedances
are not equal to 50 V and vary with pointing angle and fre-
quency [8], which will affect system performances and lead to
mismatching. This mutual coupling has a strong influence on
the PA in terms of gain (AMAM) and phase (AMPM). As a
result, the necessary weights, i.e. the weighted power waves,
applied to each antenna on the array to obtain a given pointing
direction will be also modified once fed to the PA (bi = o,
Fig. 1), degrading array efficiency and its radiation performance.

Therefore, an array macro-model must be established,
which uses frequency and pointing angle as inputs. The
macro-model will have an output, for each array element,
the matching impedance (=50 V) as well as the feeding
weights (the weighted power waves in terms of magnitude
and phase) needed to achieve the desired radiation pattern.
When these conditions are fulfilled correctly, the coupled
power (bi), as shown in Fig. 1, is almost equal to zero and
will not disturb the array or PA functioning. Moreover, the
whole incident power is transmitted to the antennas and

radiation efficiency is maximized. This constitutes the orig-
inality of this EM array macro-model, in addition to the possi-
bility of examining the influence of pointing angle and
frequency on matching impedances of the antennas, while
taking into account the strong interactions between the radiat-
ing elements.

Accordingly, in order to establish a simple model including
the mutual coupling phenomena, the following equivalent
electric diagram was considered for an antenna within an
array (Fig. 2): I0i and ZLi represent the current supply and
its matching impedance, Zei is the equivalent impedance of
the antenna, and I0 ′i represents the coupling induced by the
radiation of other elements [9–11]. We should note that
ZLi ¼ Zei

∗, allowing the matching at antennas input.
The first step is a full-wave EM analysis of the array (using

CST Microwave Studio). This computation has to be run only
once for a given array, as it is used to characterize each indi-
vidual port (ZLi) of the structure. The ports are successively
supplied with a normalized incident wave “ai” in order to
extract their individual radiation pattern (called “active
element pattern”) [12] and their scattering matrix [Sc].

The second step consists of finding the complex coefficients
(weights) for each antenna, in order to obtain the desired
array radiation pattern using the best combination of
N-active radiation patterns. SARA array synthesis software
[13] was used to determine the optimal corresponding
weights:

fobj = b1f1 + b2f2 + . . .+ bNfN (1)

Fig. 2. Antenna electrical model.

Fig. 1. Antenna’s mutual coupling.
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The objective radiation pattern fobj can be efficiently
obtained by combining the array factor with the transfer func-
tion of the antenna array. Coefficients b1,. . ., N are the
elements of the weighting vector (beamforming vector)
needed to achieve the desired radiation pattern, which are
defined by an optimization software “SARA”, and vectors fi

are the active element patterns containing the EM fields
Ei(u, w).

The third step is to develop a MATLAB routine, associated
with SARA, in order to determine the driven voltages [U] (2)
and currents [I] (3) based on the extracted scattering matrix
[Sc] and the superposition theorem. The following equation (2)
takes into account the mutual coupling between antennas [9]:

U[ ] = diag
�����
ZL[ ]

√( )
× I + Sc[ ] × diag a[ ]

( )
× b[ ] (2)

where matrixes [a] and [ZL] are, respectively, the weighted input
power waves and port impedances that are calculated by the
MATLAB routine and used to supply each antenna during
EM analysis of the array structure in order to fit the defined
objective radiation fobj (1).

�����
ZL[ ]

√
denotes the square root of

each matrix element. Currents can be calculated using (3) and
coupling coefficients [a] (transconductance) using (4):

I[ ] = a[ ] × U[ ] (3)

and using (2) [9],

a[ ] = diag
1�����
ZL[ ]

√
( )

× I − Sc[ ] × diag a[ ]
[ ]

× diag
�����
ZL[ ]

√( )
× I + Sc[ ] × diag a[ ]

[ ]−1
(4)

As already mentioned, mutual coupling directly affects
input impedances. They depend on both the coupling
matrix [Sc] and currents that are needed to supply the ports,
and are noted as the active impedances (Zactive):

Zactive[ ] = U[ ] × a[ ] × U[ ]
( )[ ]−1

(5)

Referring to (3) and (4), (5) takes the following form:

Zactive[ ] = diag
�����
ZL[ ]

√( )
× I + Sc[ ] × diag a[ ]

[ ]
× b[ ]

× diag
1�����
ZL[ ]

√
( )

× I − Sc[ ] × diag a[ ]
[ ]

× b[ ]
( )−1

(6)

The final step is to calculate the corresponding new input
power waves using Zactive in order to optimize radiation effi-
ciency, while taking into account optimal matching
Zactive i = ZLi

∗, which ensures a full adaptation at each
antenna input (the reflected waves are almost null). In
addition, the calculated [b] “beamforming vector” obtained
from SARA is used to calculate Ui (Fig. 2). The optimized
input weights are given in (7):

a[ ] = U[ ] ×

��������������
<e Zactive[ ]

( )√
Zactive[ ] (7)

To avoid confusion, it should be noticed that the input
power waves [a] feeding the [Zactive] impedances will lead to
the natural build up of the aimed weighting vector [b], thus
leading to the desired radiation pattern and optimizing the
radiation efficiency of the array in terms of directivity, gain
and side lobe level. Moreover, as mentioned briefly before, if
the calculated values in (6) and (7) are fed to each access of
the antennas, the reflected power waves (bi) are almost null
and do not disturb the behavior of the component placed
behind the antennas (the PA in our case), and the incident
power is transmitted completely to the antennas. Thus, this
macro-model, accounting for the mutual coupling between
antennas, enables us to obtain the matching impedance
(Zactive) presented by each element of the array, and the
necessary weighted power waves (ai), according to frequency
( f0) and pointing angle.

The next paragraph focuses on the effects of deviation from
optimum loads (50 V) on the radiation pattern. Some simu-
lated validations are presented as well, showing how the
macro-model is practical, efficient and useful.

B) Numerical validation
The macro-model described above was validated through a
numerical design of an eight-patch linear array. In order to
observe the mutual coupling influence on the matching impe-
dances of the array and on its radiation pattern as well, we
increased the mutual coupling by reducing the array’s inter-
element spacing to 0.4l0 ( f0 ¼ 8.2 GHz). The structure was
designed to radiate with a single lobe in any direction
between 2408 and +408. A first evaluation was done in
order to show the influence of the calculated active impe-
dances obtained from the macro-model on the radiation
pattern in a given pointing direction (2208), and is shown
in Fig. 3. These active impedances were calculated
without applying any optimization on the beamforming
vector [b].

Fig. 3 shows that the calculated impedances (=50 V) have a
minor effect on the array radiation pattern of the whole struc-
ture. However, the results will be optimal if combined with
their corresponding weighted power waves. Table 1 presents
the calculated input impedances and weighted power waves
[a] (ai ¼ Ai exp(jfi)) for the considered 1 × 8 array with a

Fig. 3. Influence of Zactive on the radiation pattern.
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2208 pointing angle, and the Zactive values, being quite differ-
ent from 50 V, demonstrate the influence of the mutual
coupling.

In the next step, the macro-model will be validated numeri-
cally by fulfilling both conditions, which are the use of the cal-
culated impedances with their corresponding weighted power
waves. Fig. 4 presents the radiation patterns of a 1 × 8 patch
array (d ¼ 0.4l0) pointing at 2208. The combination of the
matching impedances (Zactive) and optimized weighted
power waves shown in Table 1 is represented by a dashed
red line. The normal combination with normalized impe-
dances (50 V) is represented by a blue line.

We noticed a remarkable enhancement of the radiation
pattern. The main lobe offset was larger, the side lobe levels
were minimized and the pointing angle was maintained.
These simulated results prove the efficiency and strength of
the macro-model.

In conclusion, this macro-model can not only provide the
array’s matching impedances and feeding power waves, but
can also be used as a synthesis tool for beamforming.
Moreover, it can also be integrated in a circuit simulation
tool (Advanced Design Systems (ADS)) in order to study
global interactions between antennas and PA. A first approach
will be shown later in Section IV. However, the next section
discusses the aim of this article which is an extended behavior-
al model for power amplifiers, based on the poly-harmonic
distortion (PHD) model [14].

I I I . P A B E H A V I O R A L M O D E L

A) Model formulation
Over the past few years, several behavioral models have been
proposed, in order to predict memory effects [15, 16] or
thermal effects [17]. However, these models were unilateral,
and only dedicated to data flow (DF) simulators. More
recently, efficient bilateral models have been developed [14],
using the large signal S parameter formalism based on non-
linear scattering functions [18].

The behavioral model, discussed in this article, is a
second-order extension of that presented in [5, 18], and
which can be written as follows:

b̃i = Si1 f0, ã1| |
( )

· ã1 + Si2 f0, ã1| |
( )

· ã2 + Ti2 f0, ã1| |
( )

· ã2∗
(8)

where Sij ã1| |( ) and Ti2 ã1| |( ) are the nonlinear scattering
functions.

We see in this case that the non-linear mappings depend
only on a single real variable ã1| |. All the other incident
wave dependences are linear. This simplified form enables
simple characterization and direct identification. The S and
T terms allow the model to predict component behavior for
small to moderate mismatches (VSWR ¼ 3:1) at port 2 at
the fundamental frequency [5].

Unfortunately, the model was not accurate enough when
working with large VSWR (VSWR ¼ 4:1) [5]. Therefore, we
expanded the bilateral model to a second-order Taylor devel-
opment and, as explained in [7], (8) becomes:

b̃i = Si1 f0, ã1| |
( )

· ã1 + Si2 f0, ã1| |
( )

· ã2

+ Ti2 f0, ã1| |
( )

· ã∗2 + T ′
i2 f0, ã1| |
( )

· ã2
2

+ T ′′
i2 f0, ã1| |
( )

· ã∗2
2 + T ′′′

i2 f0, ã1| |
( )

· ã2 · ã∗2 (9)

Equation (9) adds six additional quadratic terms (charac-
terizing non-linearity) to (8), which provides more robust
model extrapolation properties and increases the predictive
capacities of the model for high VSWR.

Note that model (9) is a second-order equation of output
reflected wave ã2. This apparently seems to violate the well-
known constraint of band-pass system models that requires
the model to involve only odd-order terms. In fact we need
to keep in mind that the S parameter model is a two-variant
function; hence the power order of each term in (9) accounts
for both variables ã1 and ã2. Each apparently second-order
term in (9) involves a scattering parameter, Tij ã1| |( ), that is
a function of input incident wave. This function which is
not explicitly defined as a polynomial in the equation here
will automatically adjust itself as an odd-order function of

ã1| |( ) in the extraction process to compensate for even order
in ã2. Hence, net expansion order will always be an odd
number. In order to enforce odd-order model conditions,
the corresponding scattering parameters can be fitted with
odd-order polynomials upon the extraction process. To illus-
trate the above statement, Fig. 5 shows a plot of extracted non-
linear scattering parameters. For instance, we may see that
quadratic order terms T ′

22 f0, ã1| |
( )

and T ′
12 f0, ã1| |
( )

tend to
zero as ã1| | approaches zero in order not to violate the band-
pass system constraint.

Fig. 4. Radiation pattern (2208) comparison. Blue line results were obtained
by a normal combination (Zinput ¼ 50 V). Dashed red line results were
obtained from a simulation using the macro-model calculated data.

Table 1. Calculated input impedances and optimized weights for each
antenna in the array (u ¼2208).

Ports Zactive (V) Magnitudes (Ai) Phase (Fi)

1 70.3 2 j.5.1 0.1 173.38
2 46 + j.9 0.25 2114.58
3 48.5 + j.18.9 0.38 262.58
4 48.6 + j.12 0.53 219.78
5 40.1 + j.14.4 0.52 35.88
6 42.4 + j.21.4 0.38 86.48
7 42.2 + j.14.2 0.24 129.18
8 26.1 + j.18.1 0.09 2162.48
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B) Measurement and extraction procedures
A commercially available PA was chosen to demonstrate the
capability of the extended second-order model for arbitrary
impedances chosen for VSWR up to 4:1. The characterized
device was an 8–14 GHz 27 dBm PA from NEXTEC-RF
(NB00422), and no electrical model was provided by the man-
ufacturer. The S and T parameters were measured at the oper-
ating frequency of the antenna arrays (8.2 GHz), using a
load-pull measurement setup [19], which enables PA charac-
terization driven by RF modulated signals (CW measurement
at the operating frequency). Incident (ãi) and reflected (b̃i)
waves at both ports of the device under test were measured
using a vector network analyzer (VNA).

In the case of first-order Taylor development, three load
impedances having an orthogonal position on the Smith
chart and corresponding to a low mismatching (VSWR ≤
1.6) are sufficient to solve (8) at different input powers. In
the case of second-order Taylor expansion, 12 parameters in
(9), instead of six, need to be extracted. The extraction was
carried out by measuring the four power waves with six dis-
tinct impedances in order to solve the system. The selected
impedances in this case were no longer orthogonally
located. The first measured impedance was the Smith chart
center and the five other impedances were selected on a con-
stant VSWR circle with an argument of 728 compared with the
previous one (Fig. 6).

The selected configuration is well suited for the system
identification, and these values are chosen in order to evenly
cover a large surface [5, 19], which will reduce the gain

error in magnitude and phase (optimum loads selection). The
main reason is the sensitivity of the extracted matrix to measure-
ment noise. This is easily understood when looking at an
extreme case where the six points would be nearly linear. In
that case, any noise causes large deviations in the solution.

The selected VSWR was between 1.3 and 1.6, higher values
leading to unstable system resolution. Depending on the avail-
able data, we needed an optimization algorithm (least square
minimization) in order to determine the corresponding inci-
dent and reflected waves.

Through these measurements, we will be able to determine
the extracted S and T coefficients with a simple algorithm, at
each power level for the operating frequency. Calculated
values of S and T at each power give complete and accurate
information about the PA electrical behavior, enabling us to
accurately model the AMAM and AMPM transfer character-
istics of the PA.

I V . N U M E R I C A L / E X P E R I M E N T A L
V A L I D A T I O N

First comparison was made between optimum loads extrac-
tion technique used in this article to calculate nonlinear scat-
tering parameters, and arbitrary loads extraction technique
used in [6], which depended on all impedances to perform
extraction. Figures 7 and 8 show the AMAM and AMPM
for several impedances on different VSWR (Z1 and Z2 do
not correspond to the chosen impedances for extraction),
demonstrating the efficiency of the optimum loads selection.

In order to verify the validity of the model, other exper-
iments for different loads (VSWR ¼ 2:1 and VSWR ¼ 3:1)
were performed.

Figures 9–12 show the AMAM and AMPM for several
chosen impedances on each VSWR, demonstrating the pre-
diction capability and accuracy of the PA’s second-order
model to take into account moderate VSWR up to 3:1.

Figures 9–12 show good agreement between the model and
measurements, proving that the model predictions for VSWR
up to 3:1 are quite robust, all the more so since the model par-
ameters have been extracted using measurements performed at
moderate VSWR (1.3–1.6). This second-order model still

Fig. 6. Different load impedances chosen to extract and validate the model.

Fig. 7. Fundamental gain compression (AMAM) versus input power for
several impedances (Z1 ¼ 37.3 + j.21.1 V, Z2 ¼ 16.5 2 j.7.5 V). Arbitrary
loads extraction (blue symbols) and optimum loads extraction (lines)
compared with load pull measurement (red symbols).

Fig. 5. Non-linear extracted parameters.
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provides an excellent prediction for larger VSWR: Figures 13
and 14 give the AMAM and AMPM for some impedances
for VSWR ¼ 4:1, and a comparison between the first- and
second-order model is presented, showing the limitations of
the first-order model on large VSWR, as discussed in [5, 19].

Figures 13 and 14 show an enormous degradation between
measurement and the first-order model predictions, due to the
limitation of Taylor series development to the first order.
However, the second-order model showed a remarkably
great accuracy between the measurement and the model, indi-
cating that further development of the Taylor series was
needed to improve the accuracy and to take into account
large VSWR (i.e. VSWR ¼ 4:1).

V . F I R S T A P P R O A C H V A L I D A T I O N
F O R S Y S T E M S I M U L A T I O N

To include the effect of antenna mismatch and study their
influence on PA behavior, a first approach was performed
using the calculated impedances obtained from the previously

mentioned EM array macro-model, which were used to define
the load impedances of the PA. Therefore, three different
impedances calculated by the macro-model were chosen for
different levels of VSWR and used as loads for the
second-order model. PA measurements with corresponding
impedances are shown to compare and evaluate the possible
interactions between PA and antennas. We should note that
the calculated impedances of the array do not exceed the
boundaries of VSWR ¼ 3:1, even for high angles of pointing
(i.e. u ¼ +408).

Figures 15 and 16 show the AMAM and AMPM for the
measured impedances, compared the second-order model
loaded with the EM array macro-model calculated impedances.

Figures 15 and 16 show strong agreement between the
model and measurement. These results present a first
approach for coupling both simulation tools, which indicate
the predictive ability of the PA model at system level to
provide an efficient and accurate response. As a result, the
knowledge (through the PA behavioral model) of AMAM
and AMPM characteristics for a given load (through the EM
array macro-model) will then allow correction of the weighted

Fig. 8. Fundamental phase variation (AMPM) versus input power for several
impedances (Z1 ¼ 37.3 + j.21.1 V, Z2 ¼ 16.5 2 j.7.5 V). Arbitrary load
extraction (blue symbols) and optimum load extraction (lines) compared
with load pull measurement (red symbols).

Fig. 9. Fundamental gain compression (AMAM) versus input power for
several impedances (Z1 ¼ 36.8 2 j.27.1 V, Z2 ¼ 35.2 2 j.5.8 V, Z3 ¼ 56.3 +
j.26.3 V) for VSWR ¼ 2:1 circle. Second-order model (lines) compared with
load pull measurement (symbols).

Fig. 10. Fundamental phase variation (AMPM) versus input power for several
impedances (Z1 ¼ 36.8 2 j.27.1 V, Z2 ¼ 35.2 2 j.5.8 V, Z3 ¼ 56.3 + j.26.3 V)
for VSWR ¼ 2:1 circle. Second-order model (lines) compared with load pull
measurement (symbols)

Fig. 11. Fundamental gain compression (AMAM) versus input power for
several impedances (Z1 ¼ 16.2 2 j.0.6 V, Z2 ¼ 20.5 + j.24 V, Z3 ¼ 111.6 +
j.61.9 V) for VSWR ¼ 3:1 circle. Second-order model (lines) compared with
load pull measurement (symbols).
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power waves applied to the array, in order to cancel the influ-
ence of the PA feeding unmatched antennas and finally obtain
the desired radiation pattern.

V I . C O N C L U S I O N

At the beginning of this article, we briefly presented the EM
array macro-model taking into account the mutual coupling
between antennas and providing the input impedances and
feeding power waves that optimize antenna efficiency,
whereas an objective radiation pattern is obtained. Moreover,
this EM array macro-model can be used as a global synthesis
tool, but as well as a modeling tool to analyze the mismatching
effects on active circuits in the case of application to agile arrays.
For this purpose, a non-linear modeling approach for PA was
developed and presented here. This approach, based on the
PHD model, takes into account mismatching effects applied
to a PA. It allows a good prediction of a PA’s behavior in the

Fig. 12. Fundamental phase variation (AMPM) versus input power for several
impedances (Z1 ¼ 16.2 2 j.0.6 V, Z2 ¼ 20.5 + j.24 V, Z3 ¼ 111.6 + j.61.9 V)
for VSWR ¼ 3:1 circle. Second-order model (lines) compared with load pull
measurement (symbols).

Fig. 13. Fundamental gain compression (AMAM) versus input power for
several impedances (Z1 ¼ 14.8 + j.10.4 V, Z2 ¼ 60.9 + j.67.4 V) for
VSWR ¼ 4:1 circle. First-order model (blue symbols) and second-order
model (lines) compared with load pull measurement (red symbols).

Fig. 14. Fundamental phase variation (AMPM) versus input power for several
impedances (Z1 ¼ 14.8 + j.10.4 V, Z2 ¼ 60.9 + j.67.4 V) for VSWR ¼ 4:1
circle. First-order model (blue symbols) and second-order model (lines)
compared with load pull measurement (red symbols).

Fig. 15. Fundamental gain compression (AMAM) versus input power for EM
array macro-model calculated impedances (Z1 ¼ 32.2 + j.22.6 V, Z2 ¼ 24.4 +
j.21.6 V, Z3 ¼ 65.7 2 j.62 V). Model (lines) compared with load pull
measurement (symbols).

Fig. 16. Fundamental phase variation (AMPM) versus input power for EM
array macro-model calculated impedances (Z1 ¼ 32.2 + j.22.6 V, Z2 ¼

24.4 + j.21.6 V, Z3 ¼ 65.7 2 j.62 V). Model (lines) compared with load pull
measurement (symbols).
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case of a large output loading mismatch (up to VSWR¼ 4:1)
and, most of all, establishes predictive performances in agile
array applications.

In addition, we demonstrated that the first-order model
was not efficient enough for impedances for VSWR ≥ 3:1,
and extended the Taylor series development to the second
order which was necessary to improve the accuracy and take
into account large VSWR (i.e. VSWR ≥ 3:1).

Finally, this first approach of mixed simulation provides an
accurate solution to new design verification capabilities for
agile antenna applications. Our perspective will be to integrate
the global mixed simulation approach into Agilent’s ADS tool
in order to achieve robust, accurate and useful simulations of
distortion for bilateral communication between amplifiers and
antennas. Once the two models have been integrated into
Agilent’s ADS, an experimental prototype (TX chain) will be
realized to validate the theoretical concept. We should note
that no isolators between the PA and the antennas will be
used due to the developed EM model that enables us to
obtain a reflected power wave (bi) almost equal to zero,
which will neither disturb the array nor the PA functioning.
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[9] El Sayed Ahmad, A.; Thévenot, M.; Menudier, C.; Koubeissi, M.;
Arnaud, E.; Monedière, T.: Design of a coupled antenna array for
mobile hyperLAN2 applications. Int. J. Microw. Wirel. Technol.
(IJMWT), (2011).

[10] El Sayed Ahmad, A.; Thévenot, M.; Koubessi, M.; Arnaud, E.;
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