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Abstract—Power amplifier nonlinearity introduces intermod-
ulation distortion when transmitting dual-tone signals from an
antenna array. To reduce distortion levels and increase output
power for dual-tone systems we propose to densely interleave two
antenna arrays without increasing the antenna aperture. Each
array is excited with a different tone, resulting in a single-tone
input for the power amplifiers, thereby reducing intermodulation
distortion. In order to compare the performance of the densely
interleaved array with a regular, planar array, when excited by
two-tone signals, a procedure for evaluating the S-parameters
matrix of an interleaved dipole array is presented. Simulations
with a realistic RF power amplifier model show 15 to 47 dB
intermodulation reduction for the same output power and total
antenna aperture.

Index Terms—phased arrays, mutual coupling, intermodula-
tion, nonlinearity, interleaved arrays

I. INTRODUCTION

The power and spectral efficiency of any transmitting system
is directly affected by the linearity of the power amplifier (PA)
in use. Achieving high linearity is a challenging design task,
making it an active area of research [1]–[4]. Some of the more
common techniques include adaptive feedforward linearization
[5] and predistortion [6] to achieve better distortion perfor-
mance. This allows the PA to operate at higher output powers,
increasing its efficiency. Such an improvement is beneficial in
power sensitive areas such as mobile radio, MIMO systems,
and radar applications.

The linearization task is further complicated when the
nonlinear PA is driven by multiple input frequencies, or tones,
which leads to intermodulation distortion (IMD) that causes
unwanted spectrum spreading and power loss in the desired
output tones. The IMD caused by multi-tone inputs cannot
always be suppressed using the linearization techniques that
work for single-tone systems. One creative approach to reduce
the IMD caused by multi-tone input signals is outlined in [7].

In this work we propose to resolve part of the intermod-
ulation problem by replacing the last stage of a dual-tone
transmitter (PA and antenna element) with a pair of single-tone
transmitters. The physical separation reduces the intermodula-
tion effects and by densely interleaving the antenna elements,
the total antenna aperture does not need to be increased. If
we adapt the power level of the individual PAs, also the
total dissipation does not increase, and effectively everything
behaves identical in terms of desired signal transmission, but
now at a much lower IMD level.

The problem that does arise, and is investigated in this paper,
is whether the increased mutual coupling, due to the lower
element-to-element spacing, does not give rise to increased
reverse IMD [8], which could render the concept useless.

In order to do so, we investigate the case of an array of
densely interleaved dipoles. In section II, the mutual coupling
between these dipoles is established in a theoretical way for
thin dipoles, resulting in a mutual impedance matrix [Z]. In
section III we establish a simple non-linear amplifier model
that will be used for the reference case (a regular array with
two tones presented at the input of every amplifier) and for the
proposed case (a densely interleaved double array of the same
size as the regular array, with a separate amplifier per tone).
Combining the mutual-coupling matrix with the amplifiers, we
will finally evaluate the IMD of the two solutions, quantifying
the benefit from this hardware split. Finally, we present our
conclusions in section IV.

II. ARRAY MUTUAL COUPLING

The mutual coupling S-matrix of an antenna array is con-
structed from the self and mutual impedances of all interacting
antenna elements within the array, excluding a ground plane,
and terminated with the system characteristic impedance.
There exist several dedicated numerical solving techniques
based on, for example, the Hellén [9] and the Pocklington
integral methods [10], as well as multiple generalized solvers
based on finite element, method of moments and others [11]–
[13]. While these techniques offer high accuracy, their nu-
merical nature requires strict convergence criteria, potentially
long computation times and little analytical insight. Instead, an
approximate analytical method has been chosen here, based on
the induced electromotive force (I-EMF) method [14], which
assumes a sinusoidal current distribution along the dipole
length [15] in order to simplify the calculations [16], allowing
for easy implementation. In addition, the limitations of the
method are evident from its derivation, removing guesswork
about its accuracy.

The I-EMF method offers a set of closed-form expressions,
which assume perfectly conducting thin dipoles and are not
subject to convergence criteria. The simplifying assumption
that the mutual impedance of an array can be constructed from
a linear combination of isolated dipole pairs provides a good
approximation for simple geometries [17], [18]. Based on this,
the I-EMF method is used to generate coupling matrices for
different normal and interleaved array configurations.
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The mutual impedance [19] for a given antenna array of N
elements is
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is the mutual impedance for a given pair when all other an-
tennas are left unexcited. The antenna reciprocity theorem [20]
states that the coupling between two antennas is symmetric,
implying that the mutual impedance is symmetric as well.

Equations (1) and (2) can be summarized as
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where Zn is the driving-point, or input, impedance for a
given antenna where n = 1 . . . N . The mutual impedances
and the ratio of the driving currents form a weighted sum.
The driving currents also contain the phase offsets for a given
scan angle. When the array operates in broadside all the drive
currents are in phase and so the weights are uniform. Changing
the scan angle adjusts the weights, which directly affects the
input impedance of all antennas. Fig. 1 shows the mutual
impedance between two parallel, identical dipoles as a function
of spacing d. As the spacing increases, the mutual impedance
effect decreases. In Fig. 2 the two dipoles are in a collinear
arrangement, that is side by side, and the mutual impedance
is evaluated as a function of sideway offset s. The mutual
impedance is much weaker in the latter arrangement, due to
the properties of the dipoles. Both figures follow the results of
[14], with the exception of the phase plots which have been
unwrapped for clearer representation.

For an array of N elements, there are N⇥N self and mutual
interactions which must be computed. However, for an array
of identical elements, and taking advantage of the symmetry
property, the number of computations for an arbitrary array
can be reduced to

Tn =

⇠
N · (N � 1) + 1

2

⇡
(4)

where d·e is the ceiling function. The resulting multiport
impedance matrix is converted to an S-parameter matrix using
the following generalized relation [21]

[S] = [G0] · ([Z]� [Z⇤
0 ]) · ([Z]� [Z0])

�1 · [G0]
�1 , (5)

where

[Z0] , diag{Z01, . . . , Z0n, . . . , Z0N}
[G0] , diag{g01, . . . , g0n, . . . , g0N}

(6)
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Fig. 1. Mutual impedance between two identical parallel �/2 dipoles as
a function of spacing d at resonance. As d ! 0, the mutual impedance
converges to the dipole’s self-impedance.
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Fig. 2. Mutual impedance between two identical collinear �/2 dipoles as
a function of sideway offset s at resonance. As it can be seen, the mutual
impedance decreases faster than in the parallel arrangement.

are diagonal matrices, where each term is related to a given
port impedance Z0n, in our case defined as 50⌦, and

g0n =
1p

R{Z0n}
. (7)

Fig. 3 shows the plot of the S-parameters for two identical
dipoles, both excited by the same normalized frequency,
spaced at d = 0.25�0. S11 represents the behavior of a thin
dipole antenna with radius of 1 mm, while S12 shows the
mutual coupling between the two dipoles. As the normalized
spacing d/�0 increases between the two dipoles, the mutual
coupling decreases. Fig. 4 shows the S-parameter matrix for
two identical dipoles driven at resonance as a function of
increasing d/�0. In the case of a two-dipole array, S11 has a
very low mutual coupling at 0.177�0, despite the two dipoles’
proximity.
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Fig. 3. S11 and S12 parameters vs normalized wavenumber k0 at d = 0.25�0
for two parallel �/2 dipoles. The dipoles resonate at k0 = 2⇡.
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Fig. 4. S11 and S12 parameters vs normalized spacing d/�0 for two parallel
�/2 dipoles.

The accuracy of the I-EMF method applied to an array
is compared against the results of the 4NEC2 numerical
electromagnetic simulation software [22], which uses a method
of moments based solver. A pair of perfectly conducting �/2
dipoles with a radius of 1 mm in free space are simulated at
multiple separations. From Fig. 4 it is clear that the mutual
coupling decreases with increased spacing. Fig. 5 shows a
comparison between 4NEC2 and the I-EMF method in the case
of two perfectly conducting, parallel �/2 dipoles evaluated
at several spacings. The I-EMF method produces reasonably
similar results to those of its numerical counterpart, as long
as the diameter of the dipoles is kept small.

III. PA SIMULATIONS

Using the I-EMF method the self and mutual impedances
as a function of frequency are evaluated for a planar, regular
3x3 array with 0.5�0 spacing in the parallel direction u and
0.91�0 spacing in the collinear direction v, making use of
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Fig. 5. Input impedance, Z1 = Z11 + Z12, of two parallel �/2 dipoles as
a function of d/� spacing

Fig. 6. Interleaved array layout, consisting of two planar arrays with parallel
spacing of 0.5�0 in the u direction and collinear spacing of 0.91�0 in the v
direction with an offset of 0.25�0 and 0.455�0. Each dipole is indexed and
driven by a tone, either  1 or  2

the directional cosine notation. The same is done for an
interleaved planar array consisting of two planar, regular 3x3
arrays (operating at a single tone each) offset by 0.25�0 and
0.455�0 in the u and v directions, respectively. Fig. 6 shows
the interleaved array layout together with the defined u and
v directions. Each dipole is assigned an index, indicating its
relative position within the array. Those with the same index
are treated as a pair, with each dipole operating at a different
tone, either  1 or  2. This is done for simpler comparison
with the performance of the regular array. The array spacings
are chosen such that the I-EMF approximation gives reliable
estimates.

The IMD performance of the interleaved array is compared
to that of the single planar array in Keysight’s ADS. The
PA used in the simulations is a Class A [23], with a center
frequency of 1.9 GHz and an output P3 dB compression
point of 9.3 dBm. The BJT is modelled with � = 160, 320
pH inductance on all leads and 120 fF package capacitance
between the base-emitter and collector-emitter junctions. Fig. 7
shows the PA’s topology simulated in ADS and a plot of
its gain versus input power. In the following simulations the
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(a) Class A PA topology

(b) PA gain versus input power Pin

Fig. 7. (a) Topology of the Class A PA used in the ADS simulations (b)
Gain of the example PA as a function of input power Pin. The output P3dB
compression point is at 9.3 dBm. m1 = 12.3 dBm and m2 = 9.3 dBm

frequency spacing between the tones is 10 MHz and the power
level of each input tone is �27.3 dBm, giving a combined
input power equal to the 3dB compression point of �24.3
dBm. The VSWR of both arrays ranges between 1.3 and 1.5.

First, a direct comparison is made between a single PA
driving two tones into a single �/2 dipole and two PAs driving
a single tone at �27.3 dBm each into two interleaved �/2
dipoles, with the same offsets as described earlier. Fig. 8
shows the output power spectrum of the single PA driving
two tones. Both output tones have similar power levels of
around 6 dBm and the spurious signal level, �, defined as the
difference between the strongest active tone and the strongest
IM3 component, is �14.2 dBc. Next, Fig. 9 shows the output
power spectrum of each PA driving a single tone into each �/2
dipole of the interleaved pair. Due to the spacing of the dipoles,
only part of the power of each tone couples to each adjacent
PA. In combination with the low output impedance of the PA,
this produces a weaker reverse IMD than its single dipole
counterpart. The spurious levels for the single interleaved pair
are around �46 dBc, an improvement of about 31.8 dB.

The regular 3x3 array is simulated for three different scan

Fig. 8. PA output power spectrum for single dipole antenna. The PA is
driven by two tones at �27.3 dBm each, spaced 10 MHz apart with a center
frequency of 1.9 GHz. m1 = 6.1 dBm, m2 = 5.4 dBm, m3 = �8.1 dBm
and m4 = �12.0 dBm. The rest of the IM components have been excluded
for clarity

Fig. 9. PA output power spectra for an interleaved dipole antenna pair. Each
PA is driven by a �29.7 dBm tone, both tones are spaced 10 MHz apart
with a center frequency of 1.9 GHz. m1 = 9.1 dBm, m2 = �8.6 dBm,
m3 = �36.5 dBm, m4 = �54.5 dBm, m5 = 9.2 dBm, m6 = �8.9 dBm,
m7 = �37.2 dBm and m8 = �51.3 dBm. The other IM components are
below �90 dBm.

angle configurations in the u direction. The scan angles for
the two tones are defined as u01 and u02. Table I (a) shows
the strongest spurious levels of all the elements for each
arrangement. The table is organized such that each spurious
signal value matches the location of each �/2 dipole within
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TABLE I
PERFORMANCE OF THE INTERLEAVED PLANAR ARRAY FOR DIFFERENT SCAN ANGLE CONFIGURATIONS. BOTH STRONGEST SPURIOUS LEVELS,

INDICATED AS �n1 AND �n2 , ARE SHOWN IN DBC.

(a) Regular Array
Element 1 2 3

(u01, u02) = (0�, 0�)
1 �35.8 �36.1 �35.8
2 �30.9 �32.3 �30.9
3 �35.8 �36.1 �35.8

(u01, u02) = (15�, 15�)
1 �34, 2 �34, 6 �34.2
2 �33, 9 �34, 8 �33.9
3 �35, 1 �35.7 �35.1

(u01, u02) = (�15�, 15�)
1 �30.0 �31.4 �30.0
2 �27.2 �29.3 �27.2
3 �35.3 �35.1 �35.3

(b) Interleaved Array
Pair 1 2 3

(u01, u02) = (0�, 0�)
1 (�87.0,�69.4) (�79.3,�66.9) (�80.5,�74.1)
2 (�56.6,�42.3) (�49.9,�48.1) (�44.5,�50.9)
3 (�85.0,�82.5) (�73.9,�84.6) (�73.7,�88.0)

(u01, u02) = (15�, 15�)
1 (�87.1,�54.5) (�73.7,�56.7) (�75.2,�80.8)
2 (�64.6,�52.8) (�49.7,�58.5) (�44.8,�67.9)
3 (�82.2,�85.0) (�69.1,�82.0) (�72.1,�99.1)

(u01, u02) = (�15�, 15�)
1 (�83.8,�52.6) (�72.9,�59.4) (�73.8,�82.2)
2 (�78.9,�50.2) (�62.3,�55.7) (�54.4,�64.7)
3 (�80.2,�75.3) (�58.1,�74.0) (�51.6,�81.6)

the array and an indexing scheme is added for clarity. First,
both tones transmit in broadside, that is (u01, u02) = (0�, 0�).
The spurious levels vary slightly between �36.1 to �30.9
dBc, depending on the position of the element. The center,
or (2, 2), element experiences the strongest coupling, causing
strong reverse IMD of � = �32.3 dBc. The mean spur level
across the array is �24.3 dBc. The outer rows of elements
experience the least amount of coupling since they are the
furthest away from the rest of the elements, resulting in a
spectral behavior similar to that of Fig. 8, while the center
row of elements experiences the most amount of coupling. The
array is next simulated with both tones steered in the same
direction, chosen as (u01, u02) = (15�, 15�). The spurious
levels range from �35.7 to �33.9 dBc, depending on the
position of the element. This is an improvement for the center
elements and a minor deterioration for the edge elements. The
mean spur level across the array is �25 dBc. We consider
the final case where each tone is steered at a different angle
such that (u01, u02) = (�15�, 15�). The spurious levels of the
regular array range from �35.3 to �27.2 dBc, depending on
the position of the element. In this configuration, the overall
performance of the regular array is by far the worst. The
center and middle edge elements have spurious levels about
3 dB higher than in the broadside simulation. The center
element has a spurious level of �29.3 dBc, while the top
and bottom rows of elements experience an increase of nearly
6 dB compared to the broadside simulation. The mean spur
level of the array is �20.7 dBc. This overall behavior is in
agreement with the formulation of (3), showing that the input
impedance of each �/2 dipole within the array is dependent
on the phase offsets for a given scan angle.

Next, we consider the performance of the interleaved 3x3
array. The array is simulated for the same scan angle con-
figurations as before and the strongest spurious levels of all
the elements for each arrangement are shown in Table I (b).
Again, the table is organized such that each spurious level
matches the location of each antenna within the array. The
indexing scheme is used to group the elements in pairs for
easier comparison with Table I (a). For example, the center
pair of the interleaved array consists of both center elements of

the regular arrays that comprise it. The array is first simulated
in broadside operation with (u01, u02) = (0�, 0�). Similar to
the regular array, the edge elements of the interleaved array
experience the weakest coupling. However, the similarities end
here. The (1, 1) pair has spurious levels of about �a = �87
dBc and �b = �69.4 dBc, respectively. The (2, 2), or middle,
element pair has spurious levels of �a = �49.9 dBc and
�b = �48.1 dBc, respectively. This results in an overall IMD
reduction of at least 15 dB compared to the regular array and
the mean spur level is �38.8 dBc. In the case of the center
elements of both arrays, the interleaved pair has at least 15.8
dB lower spurious level than its single element counterpart.
The strongest spurious level occurs at the (2, 1) pair with
�a = �42.3 dBc. Next, the array is simulated with both
tones steered in (u01, u02) = (15�, 15�). The overall IMD
performance of the interleaved array is improved compared to
the the broadside case, with some spurious levels decreasing
by as much as 12 dB, while others remain almost unchanged.
Comparing with the regular array, the interleaved array has at
least 15 dB lower spurious level. The spurious level of the
center element pair of the interleaved array is nearly 15 dB
lower than that of the center element of the regular array.
The strongest spurious level occurs at the (2, 3) pair having
�a = �44.8 dBc. The mean spurious level of the array is
�42.4 dBc. Lastly, both tones are steered in the different
directions (u01, u02) = (�15�, 15�). The spurious levels of
the interleaved array range from roughly �82 to �50 dBc,
depending on the element position. In this configuration, the
center pair of elements have spurious levels of �a = �62.3
and �b = �55.7 dBc, respectively. This configuration results
in the lowest spur levels for the interleaved array, with an
overall mean spur level of �44.9 dBc. This is in stark contrast
with the performance of the regular array which, for the same
configuration, performs worse than its broadside equivalent.
In this configuration the (2, 1) pair has the strongest spurious
level with �a = �50.2 dBc. Regarding the center elements,
the interleaved array has a spurious level reduction over its
regular counterpart of about 28 dB.

The interleaved array concept enables improved power
efficiency and better linear operation with the same antenna
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aperture. Doubling the number of PAs allows us to achieve
better spectral performance with the same amount of RF
input power as before. The improved power efficiency can
be beneficial in systems based on constant-envelope signals
by lowering the break-down margin requirements, while the
better linearity can benefit systems based on modulated tones,
such as QAM-modulated or MIMO systems by allowing them
to operate at much lower back-off ratios. Finally, this concept
also opens up the possibility to use less linear but more
efficient PAs.

IV. CONCLUSIONS

PA nonlinearity is a limiting factor in RF transmission
systems, causing IMD and lowering the power and spectral
efficiency. The problem is further exacerbated in phased array
systems where the intermodulation components not only pol-
lute the spectrum, but their frequency orders cause the array to
transmit in unwanted directions. The densely interleaved array
concept introduced in this paper occupies virtually the same
area as a regular planar array while the spurious signal levels
of the center elements are between 15 dB and 47 dB lower than
those of the center element of the regular planar array with a
PA operating at P1dB, depending on the steering angles of the
tones. Such an improvement in power and spectral efficiency
can lead to lowering the break-down margin requirements and
back-off ratios of QAM-modulated or MIMO systems.

The algorithm for computing the mutual coupling S-
matrices is based on the closed form I-EMF method and the
assumption that the mutual impedance of an array can be
constructed from a linear combination of isolated dipole pairs.
The approximate nature of the algorithm necessitates increased
inter-element spacings in the v direction for reliable results.
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