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Abstract
Wepresent a general analysis of a densely interleaved array (DIA) transmitter, which can trans-
mit two independent beams with the same polarization at closely spaced frequencies from the
same aperture. We use standard array theory to show that the array factor and bandwidth of
the DIA remain comparable to those of a uniform linear array (ULA). The analysis also reveals
that the effective isotropic radiated power (EIRP) of the DIA is 3 dB lower than that of a ULA;
however, the two beams can be combined into one, which results in an EIRP increase of 3 dB
over the sameULA.We validate the theory by building aDIAdemonstrator consisting of two 8-
element ULAs of reflector-backed dipoles, which have been interleaved with one another with
quarter-wavelength spacing, having the same polarization, and two dummy elements on either
end.Half of the dipoles operate at 2.39GHz and the other half at 2.41GHz. Evenwith increased
mutual coupling between the antenna elements, the active interaction between the two tones
does not generate significant mixing products. The DIA offers good versatility and allows for
free-space power combining, which can effectively reduce the output power requirements of
the transmitting (TX) amplifiers.

Introduction

Antenna arrayswhich are capable of simultaneously transmitting (TX)multiple beams at closely
spaced frequencies are broadly referred to as simultaneous-multi-beam (SMB) TX systems
[1–4]. They offer the ability to perform multiple tasks simultaneously instead of sequentially, or
in other words, the tasks become divided across frequency instead of across time. This is partic-
ularly important in applications such as increased off-loading in high-throughput satellite links
[5, 6], increased communications capacity in telecom systems such as massive-input-massive-
output (MIMO) [7], and simplified scheduling in multifunction radar systems [8–10]. Some
common approaches to achieving SMB functionality include exploiting polarization diversity
that minimizes the coupling between the beams [11], having sufficiently separated frequency
bands [12, 13] or some combination of both [14].

In the case of antenna arrays for radar and telecom systems, the SMB functionality is gen-
erally accompanied by trade-offs across linearity, bandwidth, efficiency, output power, and
transmission range [15]. The (regulatory) need to work with band-limited signals neces-
sitates that the power amplifiers (PAs) operate in sufficient output power backoff (OBO),
which reduces the effective isotropic radiated power (EIRP) and thus restricts the max-
imum power, efficiency, and hence range, of the transmitters. The efficiency of telecom
TX systems has become a critical aspect, and highly efficient PAs, such as the Doherty
PA and the load-modulated balanced amplifier (LMBA), have been developed to deal with
the high peak-to-average-power-ratio modulated signals. Radar transmitters, on the other
hand, need to operate close to saturation in order to maximize the radar’s range and also
meet strict distortion limits. Under such conditions, linearization becomes exceptionally
challenging.

The challenge of achieving SMB operation lies mainly in the need to co-design the electron-
ics together with the antenna array. This is a challenge for many system architects because of
the many degrees of freedom and respective constraints that they impose on the overall perfor-
mance for a given task profile. It is not uncommon, then, for some designs to be favored over
others simply due to past success, as it is not a trivial matter to predict the performance of a new
system of such complexity without the right system design insights [4].

In this work, we present a general analysis of the performance of a densely interleaved
antenna array (DIA) [16] capable of TX independent beams that are spectrally close and have
the same polarization.We validate the analysis with a 16-element dual-beamDIA demonstrator
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and, without loss of generality, we limit ourselves to pure tones
per beam, beginning with a system architecture evaluation. The
DIAconsists of two 8-element uniform linear arrays (ULAs), which
are interleaved with one another with a 𝜆/4 offset. An additional
dummy element is added on either side to make the mutual cou-
pling effects experienced by the edge elements more comparable to
those of the center elements.TheDIA can transmit two radar tones
simultaneously from the same aperture without generating signif-
icant intermodulation distortion (IMD) products, because both
tones have their own separate RF chains. In the context of radar,
this allows the PAs of the DIA to operate in saturation without
concerns for linearity.

First, in the second section, we introduce three potential SMB
candidates – a regular TX array system relying on some lineariza-
tion techniques [17, 18] to support two independent tones, a
system relying on diplexers [19, 20], and a DIA system [16]. The
candidates are evaluated on a system architecture level, and their
performance is compared using an SMB Figure-of-Merit (FoM)
which we have developed earlier [4]. The FoM rewards designs
which use their available physical aperture efficiently, which maxi-
mize the beam-specific EIRP, and which maintain a high transmit-
ter efficiency.TheDIA concept is chosen as the best SMB candidate
based on the FoM score and design constraints such as the number
of antennas and PA efficiency.

The third section is dedicated to a general theory of opera-
tion and corresponding constraints of the DIA system. Further
theoretical analysis is presented describing the influence of addi-
tional effects such as reverse intermodulation (RIMD) [21] and the
active loading between antennas operating at different frequencies
in close proximity to one another [22], which also show that in
those aspects a DIA is favorable.

In the fourth section, we present a uniform linear DIA design
consisting of 16 commercially off-the-shelf (COTS) WiFi anten-
nas, 2 dummy antennas, 16 eight-bit digital phase shifters (DPS),
two 1:8 power dividers, and 2 driver PAs. The DIA is capable of
independently TX two beams as well as combining them into one
higher power beam. The measurement results are presented in the
fifth section and compared to the theoretical predictions. Finally,
we summarize our work in the sixth section.

SMB system architectures

Several ways exist in which two-tone SMB TX functionality can
be achieved, and specifications met. For example, frequency and
polarization aspects can be exploited. Both tonesmight have a suffi-
ciently large frequency offset and be isolated using diplexers, or the
antennas might radiate with different polarizations. In this work,
we focus on systems which transmit two tones that can be arbitrar-
ily close spectrally and have the same polarization, which presents
a more challenging antenna array design constraint.

We explore what we consider the three most general designs
capable of TX two simultaneous beams, as illustrated in Figure 1.
We have omitted space-fed transmission type [23] and reflective
type designs [24], as they are fundamentally incapable of SMB
operation regardless of whether they are implemented using phase-
shifters or time-delay elements. This is because they are incapable
of having independent settings for each beam frequency.

Each architecture from Figure 1 consists of a multi-phase signal
generator (not shown), which generates and maintains the neces-
sary amplitude and phase relations in order to form the two beams
at Ψ1 and Ψ2, respectively. The two beams are assumed to be spec-
trally close (within 1% of the center frequency), such that they are

well within the bandwidth of a given antenna and its accompanying
array grid. Each architecture has a certain number of PAs (assumed
identical for all architectures for easier comparison) with available
gain GA and an associated backoff level ΔOBO, which depends on
the configuration, as we will show further in the text. The PAs
excite an antenna array consisting of a corresponding number of
antennas. The antenna elements are identical across all architec-
tures and have an element gain Ge(𝜃, 𝜙), and the active total array
gain, denoted as Ga(𝜃, 𝜙), depends on the configuration of each
array [25].The physical antenna aperture, AT, that each array occu-
pies can vary from one design to another, and each array has a
distinct S-parameter matrix, S, associated with it.

Figure 1(a) shows an SMB system consisting of a ULA with 𝜆/2
element spacing, which transmits both Ψ1 and Ψ2 simultaneously.
This can be achieved by either keeping the PAs in sufficient OBO
such that they remain sufficiently linear, and/or by use of some
linearization process such as digital predistortion (DPD) [17] or
load-modulated linearizer (LML) [18].The benefit of the lineariza-
tion techniques is that they allow the PA to operate closer to the
peak output power and at higher power added efficiency (PAE)
levels as compared to pure OBO, while still remaining sufficiently
linear. The key advantage of this approach is the ability to amplify
multiple beams simultaneously while maintaining sufficiently low
adjacent channel leakage ratio levels. This, in combination with
highly efficient PA architectures such as the Doherty [26] or the
LMBA [27] allow MIMO systems to transmit complex modulated
signals towards multiple users simultaneously. For linearization to
be effective, it requires some form of feedback in order to maintain
good performance as the PA behavior varies with time, tempera-
ture, etc. In addition, the active antenna input impedance varies as
a function of scan angle, further complicating the task of lineariza-
tion. As the size of the array increases, it becomes impractical to
implement feedback-based linearization for every PA [28], which
has led to the development of alternative feedback strategies [29,
30]. This approach has been fully adopted by the telecom industry.
In the context of radar systems, however, the PAs are often driven
into strong compression levels, beyond their P3 dB point, even at the
expense of PAE. Their objective is to maximize the TX power, and
thus range. Linearization techniques such as DPD are impractical
or even impossible at strong compression levels, as they require
ever stronger correction signals. The resulting IMD products will
radiate in various directions, which depend on the steering angles
of the main beams [31–33]. An alternative system, the LML [18],
promises to be capable of achieving good linearity performance in
deep compression, but it has not seen any commercial use yet.

Figure 1(b) illustrates a configuration that uses a diplexer to
achieve SMB functionality. This approach is most commonly used
when Ψ1 and Ψ2 are sufficiently far apart spectrally such that a
practical diplexer design can be realized. As a consequence, the
antenna array grid will not behave equally for both beams. A
diplexer-based system becomes impractical when the two beams
are spectrally close, as the filter’s transition between the pass-band
and the stop-band becomes impossibly narrow. Additionally, a
diplexer system does not allow power combining if both beams are
to be combined at the same frequency. Thus, SMB systems based
on diplexers will suffer from potential radiation pattern degra-
dation due to the two beams needing to have a sufficiently wide
frequency gap for a practical implementation to be realizable. For
these reasons, this design approach is not further addressed here.

Finally, Figure 1(c) illustrates a dual-beam SMB configuration
where two single-beam arrays with 𝜆/2 element spacing are com-
bined into one DIA with an offset of 𝜆/4, effectively creating an
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Figure 1. Generalized SMB TX array architectures: (a) ULA system, (b) diplexer/power combiner system, and (c) DIA system with twice as many elements. In all cases, the
tones Ψ1 and Ψ2 are closely spaced in order to fit within the BW of the antennas and the array grid itself. The output backoff ΔOBO, the active array gain Ga(𝜃, 𝜙), and
physical aperture AT can differ for each implementation.

array with twice as many elements having 𝜆/4 element spacing.
The physical separation of the PAs significantly reduces their IMD,
allowing them to operate at very high compression levels where
they deliver maximum output power [16]. The interleaving of the
beam-specific antenna elements results in a physical aperture, AT,
which is only slightly larger than that of either ULA. In addition,
all the PAs can be made to transmit at the same frequency, thus
swapping the dual-beam functionality for a single-beam one with
+3 dB greater TX power. In this manner, the DIA can achieve
free-space power combining, as an alternative to on-antenna power
combining [34]. The reduced spacing between the antennas results
in stronger mutual coupling effects, which affect the overall radi-
ation pattern as will be shown further in the text. The manner of
interleaving is dependent on the choice of antennas. Dipoles, for
example, have more free space between them than open-ended
waveguides or patch antennas. This imposes a physical limit on the
number of arrays that can be densely interleaved; there is only so
much empty space. Additionally, there are further practical con-
straints on the amount of PAs that can be fitted within the system,
such as spatial and weight constraints, thermal management, and
internal coupling losses. Nonetheless, the DIA concept remains
appealing for a low number of beams as it offers an improved
trade-off between PA linearity and efficiency, antenna arraymutual
coupling, and overall system complexity. In addition, it does not
suffer from the array scaling issues that PA linearization systems
have [30].TheDIA system achieves a higher SMB score than its lin-
earizedULA counterpart [4] shown in Figure 1(a), andwe consider
it as a potentially suitable candidate for SMB radar applications,
due to its increased power handling capability. In the third section,
the properties of the DIA are further analyzed.

It is worth noting that there are also fundamental properties that
an antenna array TX system can use to achieve SMB functionality.
Oneway is bymaintaining a sufficient frequency offset between the
beams, as is done with some joint communication and radar sens-
ing systems [35, 36]. A large frequency offset between the antenna
elements associatedwith each beam reduces theirmutual coupling,
simplifying the array design and reducing losses. Narrow-band
antennas, such as patch arrays or dipole arrays, necessitate smaller

frequency offsets compared to wide-band antennas such as Vivaldi
arrays, for example.

Additionally, SMB functionality can be achieved by taking
advantage of the orthogonality propertieswhenTXbeamswith dif-
ferent polarizations. Broadly speaking, antennas that employ polar-
ization diversity can be grouped into two categories – single-feed
and multi-feed. Single-feed antennas have simpler feed networks,
but require diodes, as well as the biasing and RF-blocking net-
works to be able to switch between different polarizations [37–39],
and as such are not simultaneous. Multi-feed antennas, on the
other hand, do not require switching, but rely on more complex
feed networks to allow two signals to excite the antenna simulta-
neously and be radiated with different polarizations [40–45]. In
general, polarization diversity can be used in addition to the SMB
techniques already discussed to allow 4 simultaneous beams, for
example. Apart from spacing and thermal constraints, polarization
is an orthogonal technique and is not further discussed.

Densely interleaved array analysis

In order to analyze the behavior of the DIA system, we first sim-
plify the problem by exciting all antenna elements at the same
frequency, and name this arrangement MONO. That is to say, rela-
tive to a reference ULA having N elements 𝜆/2 apart, the MONO
is a ULAwith 2N elements spaced 𝜆/4 apart, as shown in Figure 2.
Furthermore, we consider a linear array here for mathematical and
conceptual simplicity, but the analysis can be extended to planar
arrays, as will be addressed at the end of Section “Array directivity.”.

The array factor (AF) of a ULA, using the directional cosine
notation, and its broadside approximation is [46]

AF (𝜃) =
N

∑
n=1

anejknd(u(𝜃)−u(𝜃0)) ≈
sin (Nkdu(𝜃)/2)
sin (kdu(𝜃)/2)

(1)

whereN is the number of elements, an is an amplitude taper applied
at element n, k = 2𝜋/𝜆 is the wavenumber, d is the interelement
spacing, u (𝜃) = cos (𝜃), and 𝜃0 is the direction in which the beam
is steered.
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16-MONO

16-DIA

8-ULA

Figure 2. Illustration of a reference 8-element ULA (top), a 16-element, 2-tone DIA (middle), and its equivalent 16-element ULA (MONO) with a binary amplitude taper an
(bottom) for directivity and EIRP analysis.

We define a binary amplitude taper ⃗aD = [1, 0, 1, 0, ⋯ , 1, 0]T
with ⃗aD ∈ ZN×1, where the superscript T denotes the trans-
pose. The binary amplitude taper is used to describe the frequency
diversity of the system, i.e. half of the elements are excited with a
different frequency. Thus, when the binary taper is applied to the
equally excitedMONO, and excluding anymutual coupling effects,
the AF becomes equal to that of a conventional ULA with half the
elements. Whether the binary taper begins with a 1 or a 0 does not
matter, as it simply describes the mirrored configuration. We can
thus conclude that, not taking into consideration mutual coupling,
the AF of each sub-array of the DIA will be similar to that of the
reference ULA.

Figure 3 shows a comparison between the isotropic AFs of an
8-element ULA with 𝜆/2 element spacing of length 3.5 𝜆, a 16-
element DIA with 𝜆/4 element spacing, a 16-element MONO with
𝜆/4 element spacing of length 3.75 𝜆, and an ideal line source (LS)
of length 4𝜆, representing the limit case. The AFs of the ULA and
DIA are identical and completely overlap each other. Additionally,
doubling the number of elements and halving their spacing causes
the MONO’s AF to converge to an ideal LS [46]

LS (𝜃) = sinc (L
𝜆u (𝜃)) , (2)

where L is the length (in wavelengths) of the continuous LS and
sinc(x) Δ= sin(x)/x.

Array directivity

The directivity of an array (or antenna) is the integrated power
radiation pattern over a sphere divided by the power density at the
angle of interest. It is a measure of howmuch of the total TX power
is focused in a given direction, usually broadside. A phenomenon
known as superdirectivity occurs when the radiation pattern of a
large array is recreated, usually at great cost, in amuch smaller array
[47]. An expression for the isotropic ULA directivity at broad-
side, which accounts for both amplitude tapering and interelement
spacing, is [48]

Da (N, d, a⃗) =
∣∑N

n=1 an∣
2

∑N
n=1 ∑N

m=1 ana
*
msinc ((n − m)kd)

, (3)

where an is the generalized amplitude/phase taper at element n,
which can be complex, and a*

m is the complex conjugate of the same
taper, but counted with a different index due to the double summa-
tion.The sinc function represents themutual coupling between the

isotropic elements. Figure 4 shows a plot of the isotropic broadside
directivity of four linear arrays without amplitude tapering and an
increasing number of elements as a function of interelement spac-
ing d/𝜆. The directivity of a linear array increases for increasing
interelement spacing until the emergence of grating lobes. For inte-
ger multiples of 𝜆/2 the directivity of the array is approximately
equal to the number of elements. The red horizontal line shows
that the directivity remains virtually the same as the number of
array elements doubles, while their interelement spacing halves.
For example, the isotropic directivity of an 8-element 𝜆/2-spaced
array remains virtually identical to that of a 16-element𝜆/4-spaced
array. This is because increasing the element density of an array of
constant aperture results in a form of spatial oversampling and, in
this context, the array begins to approximate a continuous LS.

Figure 5 shows the isotropic directivity of a uniformly excited
8-element ULA and that of a 16-element DIA configuration. Since
half of the DIA’s elements are disabled, the periodicity of the direc-
tivity, i.e. the emergence of the grating lobes, occurs at half the
interelement spacing in comparison to theULA case fromFigure 4.
The directivity of the DIA remains the same as that of the refer-
ence ULA even when half of the elements are present, but disabled,
meaning that both AF patterns are identical. Additionally, the
directivity of the MONO configuration, as illustrated in Figure 4
for N = 16, is about 9.12 dBi at 𝜆/4, which is marginally greater
than the DIA and ULA directivities of 9 dBi. For completeness, the
directivity of the 4𝜆 continuous LS is approximately 9.14 dBi.

If we express the resulting individual antenna element direc-
tivity, De, as the average directivity of the array, that is, the array
directivity divided by the number of elements in the array, then as
the density of the array increases, the individual directivity of each
element will decrease proportionally. As a consequence, regardless
of what antenna element we use, and assuming no grating lobes
are present, its single element directivity will reduce proportionally
to the increase of the antenna density [48]. While this approach is
not valid for small arrays, where the individual antenna patterns
can differ vastly from one another, it serves as a useful system-level
approximation, which becomes more valid as the size of the array
increases.

And so, the average individual isotropic antenna directivity (at
broadside) of an 8-element reference ULA with uniform excitation
and 𝜆/2 interelement spacing is

De,ULA = 1
8Da (8, 𝜆

2 , ⃗aU) = 1(= 0 dBi), (4)
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where ⃗aU = [1, 1, ⋯ , 1]T represents the uniform amplitude taper.
The individual isotropic antenna directivity of the DIA configura-
tion is estimated in the same manner, giving us

De,DIA = 1
16Da (16, 𝜆

4 , ⃗aD) = 1
2 (= −3 dBi). (5)

And finally, the individual isotropic antenna directivity of the
MONO configuration is

De,MONO = 1
16Da (16, 𝜆

4 , ⃗aU) ≈ 1
2 (= −3 dBi). (6)

This result, whilst approximate, is in agreement with other approx-
imations of the isotropic element directivity of a linear array [46,

48, 49], and the directivity curves in Figures 4 and 5. Thus, when
using the same antenna elements, each sub-array in the DIA con-
figuration will have an approximately 3 dB lower array directivity
than its ULA equivalent, even if half of the elements do not radiate
at the same frequency. Densely interleaving more than two arrays
together will result in even lower sub-array directivity compared
to a conventional half-wavelength spaced uniform array with the
same total number of elements. For example, an interelement spac-
ing of 𝜆/6 for a triple interleaved array will result in approximately
1/3 (−4.78 dB) directivity loss.

To support our analysis, we perform an EM-simulation
using Matlab’s Phased Array Toolbox, which uses a 3D
method of moments solver [50]. We simulate an 8-element
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𝜆/2-spaced reference ULA and a 16-element 𝜆/4-spaced
DIA, both consisting of ideal reflector-backed dipole (RBD)
antennas. No amplitude tapering is applied, and both
arrays have two dummy elements on either end spaced 𝜆/4
apart.

Figure 6(a) shows the ULA scanned to ±60∘. Similarly, in
(b), the DIA’s two beams are simultaneously scanned to the
same scan range, where Ψ1 is the solid line, and Ψ2 is the
dashed line. Finally, the MONO configuration is shown in (c).
All configurations have a cosine envelope (dotted line). The ref-
erence ULA and DIA have nearly identical patterns and SLLs.
The MONO configuration achieves even lower SLLs, since it
is a closer approximation to a continuous LS, as visualized in
Figure 3.

Generalization to planar arrays
One of the several ways in which the isotropic broadside directivity
of a relatively large planar array can be approximated is [48]

De,2D = 4𝜋
dxdy
𝜆2 N, (7)

where dx and dy are the interelement spacings in the x and y
axes, respectively, and N is the number of radiating elements. This
approximation is valid as long as the beam is narrow in both planes
[48]. A uniform rectangular array (URA) with dx = dy = 𝜆/2
achieves a broadside isotropic directivity of 𝜋N .

If we interleave two URAs along the x-axis, such that dx = 𝜆/4
and dy = 𝜆/2, forming an array with N antennas per beam, then
the beam-specific isotropic directivity becomes

De,2D = 4𝜋1
8N = 𝜋

2N. (8)

The result shows that densely interleaving two planar arrays
results in a 3 dB decrease in broadside directivity compared
to a URA. An alternative approximation of the isotropic

broadside directivity is [51]

D2D = 2DxDy, (9)

whereDx andDy are the directivities of the linear arrays of isotropic
elements with separable distributions, and 2 is a scaling factor
(Elliot [49] uses a multiple of 𝜋 instead of 2). This approximation
also agrees with (6) in that a densely interleaved planar array will
have a 3 dB lower directivity than a URA. And so, densely inter-
leaving two planar arrays in one direction will result in a 3 dB drop
in directivity. Similarly, dense interleaving can be performed in two
directions, leading to 4 N elements and a corresponding 6 dB drop
in directivity.

Array bandwidth and Q-factor analysis

The bandwidth of an array is dependent on factors such as change
of element input impedance with frequency, change of array spac-
ing in wavelengths that may allow grating lobes, change in element
beamwidths, the bandwidth of the antenna elements, and the phys-
ical aperture of the system [48]. The fractional bandwidth (FBW)
of a uniform (beam broadening factor of 1) tapered linear array of
isotropic elements is defined by the frequency limits at which the
gain is reduced to half [52, 53]

FBW =
Δf
f = Δu

u0
≈ 0.886 𝜆

Ndu0
, (10)

where f can either be the arithmetic or geometric mean, and the
factor 0.866 reflects the 3 dB beamwidth. We can see that the FBW
decreases as the array aperture increases. However, the factor Nd
remains constant for both the reference ULA and the DIA systems.
Thus, the FBW of a DIA system will remain comparable to that of
an equivalent ULA system. For example, both an 8-element ULA
and a 16-element DIA will have the same FBW of 0.22.

Another important relation to the bandwidth of an array is the
Q-factor of the system, which is the ratio of stored to dissipated
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Figure 6. EM-simulated normalized E-plane directivity cuts in [dB] at several steering angles 𝜃0 for (a) 8-element reference ULA, (b) DIA with Ψ1 (solid line) and Ψ2 (dashed
line), and (c) MONO configuration. A cosine envelope (dotted line) is included in all figures.

energy. Narrowband systems have high Q, making them much
more challenging to implement due to the higher surface cur-
rents and tighter engineering tolerances. For narrowband anten-
nas, the bandwidth of the array is proportional to 1/Q [48]. The
Q of a tapered array can be expressed in terms of array coef-
ficients and mutual coupling [48]; for isotropic elements, it is
equal to

Q (N, d, a⃗) =
∑N

n=1 a
2
n

∑N
n=1 ∑N

m=1 ana
*
msinc ((n − m)kd)

. (11)

This expression is very similar to Eq. (3), and a direct computation
reveals that

QULA (8, 𝜆
2 , ⃗aU) = QDIA (16, 𝜆

4 , ⃗aD) = 1. (12)

This result shows that a uniformly excitedDIA system, even though
having an interelement spacing of 𝜆/4, has the same Q as its ULA
counterpart. Additionally, when all the elements of the DIA system
are excited with the same in-phase signal, then theQ of the system
reduces to 0.52.

As a result, we do not expect a DIA system to have
any inherent bandwidth limitations compared to its ULA
counterpart.

Beam-specific EIRP

Having estimated the isotropic directivities of each sub-array of the
DIA, defining their beam-specific EIRP becomes straightforward.
We consider a reference 8-element ULA, a 16-element DIA, and a
16-elementMONOarray. First, we define the EIRP of the reference
8-element ULA

EIRPULA = 10 log10 (Da,ULA) + 10 log10 (PTX,tot)

= [10 log10 (De,ULA) + 10 log10 (8)] +

+ [10 log10 (PT,b) + 10 log10 (8)]

= [0 + 9] + [10 log10 (PT,b) + 9]
= 18 + Psat,b − ΔOBO[dBW],

(13)

where 10 log10 (PT,b) = Psat,b − ΔOBO is the beam-
specific TX power in dB-scale being delivered by each
PA at some OBO level from saturation. Similarly, the

EIRP of the DIA configuration becomes

EIRPDIA = [10 log10 (De,DIA) + 10 log10 (8)] +

+ [10 log10 (PT,b) + 10 log10 (8)]

= [−3 + 9] + [10 log10 (PT,b) + 9]
= 15 + Psat,b − ΔOBO[dBW].

(14)

As can be seen, the lower array directivity directly translates to
a lower beam-specific EIRP for the DIA. Finally, the EIRP of the
MONO configuration is

EIRPMONO = [10 log10 (De,MONO) + 10 log10 (16)] +

+ [10 log10 (PT,b) + 10 log10 (16)]

= [−3 + 12] + [10 log10 (PT,b) + 12]
= 21 + Psat,b − ΔOBO[dBW].

(15)

Thus, the DIA system can support both SMB operation, where the
beam-specific EIRP is 3 dB lower than the reference array’s EIRP,
and high-power single-beam operation (MONO), where the EIRP
is 3 dB higher than the reference EIRP.

Mutual coupling antenna loading analysis

When the DIA actively steers the two beams independently, the
mutual coupling between the antennas will result in power from
one beam (e.g. Ψ1) coupling towards the outputs of the PAs, ampli-
fying the other beam (e.g. Ψ2). This can lead to the antennas
operating at, for example, Ψ2, to re-radiate some of the coupled
power from Ψ1, depending on how high the active output reflec-
tion coefficient,Γout, is of the PAs in the system (here assumed to all
be identical due to the small frequency difference). Both sub-arrays
in the DIA will experience some loading from their counterpart
which, if the active Γout is sufficiently high, will affect the array
directivity and patterns. The analysis of how a reactively loaded
antenna array system behaves is an active area of research [22].

Given a certain DIA design, the full-wave estimation of the S-
parametermatrix of the array for both tones describes the complete
EM interaction for every antenna port. The DIA can be divided
into an “active” sub-array and a “passive” sub-array, operating at a
different frequency. This holds from the perspective of either sub-
array, as the system is assumed to be symmetric. We assume that
both sub-arrays are equal, but should one sub-array be larger than
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the other or use different antenna elements, then both systemsmust
be analyzed separately.

Figure 7 illustrates the symmetric interaction between the two
sets of PAs amplifying Ψ1 and Ψ2. The figure illustrates the mutual
coupling interaction from the point of view of Ψ1, which is being
passively loaded by all PAs operating at Ψ2.

First, the incoming ⃗a wave and reflected ⃗b wave vectors are
rearranged and partitioned into active and passive sub-vectors,
following the approach of [18, 22]

⃗a = [ ⃗aa
⃗ap
] and ⃗b = [b⃗a⃗bp

] . (16)

The S-matrix is similarly rearranged by swapping its rows and
columns such that the whole system remains unchanged. The S-
matrix is then divided into four sub-matrices which describe the
interaction between the active and passive elements at a given tone,
such that [22]

[Sa Sc
STc Sp

] [ ⃗aa
⃗ap
] = [b⃗a⃗bp

] . (17)

The relationship between the incoming and reflected passive wave
vectors, from the point of view of either frequency (e.g. Ψ1), is

⃗ap = 𝚪out,p ⃗bp (18)

where
𝚪out,p = diag{Γ⃗out,p}e−2𝛾l (19)

is a diagonal matrix constructed from the vector of active output
reflection coefficients, Γ⃗out,p, of all the PAs that operate at the other
frequency (e.g. Ψ2). The factor e−2𝛾l denotes the complex propaga-
tion constant and length of the connection between the PA and the
antenna and is assumed to be equal across the DIA design.

The S-parameter sub-matrix of the active sub-array is influ-
enced by the other sub-array, which transmits the other beam, and
is given as [22]

S′
a = Sa + Sc ⋅ ((𝚪out,p)

−1 − Sp)
−1

⋅ STc . (20)

The expression can be rewritten in a clearer form as

S′
a = Sa + Sc ⋅ ( I − 𝚪out,p ⋅ Sp)

−1 ⋅ 𝚪out,p ⋅ STc , (21)

which reveals that when the PAs are well matched with the anten-
nas, meaning that 𝚪out,p ≈ 0, then the contributions of the cross-
coupling effects between the two sub-arrays become negligible,
such that

S′
a ≈ Sa. (22)

Thus, we can conclude that the loading effects on the antennas and
subsequent re-radiation will not be a practical concern.

Estimating the impact of the sub-array loading effects can be
summarized as follows:

(1) Compute the S-parametermatrix of the entire DIA system and
the embedded radiation patterns of the array elements.

(2) Group S, ⃗a and ⃗b into active and passive matrices and sub-
vectors.

(3) Estimate the active, or hot, Γout of all the PAs across the
bandwidth of operation.

(4) Use Eq. (21) to determine the amount of loading for each sub-
array.

Figure 7. Illustration of the complex loading of the antennas by the PAs operating
from the point of view of Ψ1.

RIMD upper limit

In [21], we explored the effect of RIMD generation when two PAs,
amplifying two separate tones, deliver power to each other’s out-
puts. In the context of a dual-beam DIA system, the amount of
coupled power between PAs belonging to each sub-array is deter-
mined by the coupling matrix Sc, as illustrated in Figure 7. This
power coupling is dependent on the beam angle and so is the
amount of RIMD generated. Thus, we opt to establish a worst-case
upper limit in which we assume that all the unwanted contribu-
tions sum in phase. The relative amount, in dB-scale, by which
RIMD is weaker than the amount of IMD that would be generated
if both Ψ1 and Ψ2 were simultaneously transmitted from the same
PA is [21]

Δm = GA − 20 log10 (∣Γout,me−2𝛾l∣) −

− 20 log10 (
N

∑
n=1

∣Sc,mn∣) ,
(23)

wherem is the index of the PA in question. Thus, as long as the PAs
have sufficiently high available gain and low output reflection coef-
ficient, the RIMD levels will be significantly lower than the IMD
levels produced if the two beams were amplified by the same PA.

For example, if we consider a PA with an available gain of 20 dB
and an active output reflection coefficient of −10 dB, which experi-
ences a summed, total in-phasemutual coupling of −6 dB, then the
RIMD components would be approximately 36 dBweaker than the
equivalent IMD components generated if the PA were to amplify
both Ψ1 and Ψ2 simultaneously.

SMB system comparison

The system-level analysis performed in Sections “Array directivity,”
“Array bandwidth and Q-factor analysis,” “Beam-specific EIRP,”
“Mutual coupling antenna loading analysis,” and “RIMD upper
limit,” shows that theDIA is capable of SMB operation at the cost of
a 3 dB reduction of EIRP compared to a reference ULA occupying
the same physical aperture. In addition, the interaction between
the beams will be minimal when the PAs are well matched. Both
designs in Figure 1(a) and (c) are capable of SMB operation and
it is not trivial to determine which system would have an overall
better performance given equal design constraints.

To aid in the decision, we apply an SMB FoM, which penalizes
1) designs with inefficient physical aperture per beam partitioning,
2) designs relying on too much output power back-off, 3) designs
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having low EIRP, and 4) designs having low PAE [4]

FoM = B (Ab
AT

)
2
EIRPbPAE, (24)

where B is the number of beams; (Ab/AT)2 is the physical aper-
ture efficiency, which is the ratio squared of the physical area
encompassed by the sub-array associated with beam b and the total
physical area of the array; EIRPb is the beam-specific EIRP; and
PAE is the PAE of every PA. The FoM emphasizes the point that
antenna arrays and electronics must be co-designed together and
not be separately optimized.

We apply the FoM to determine the requirements a DIA system
must meet in order to outperform a conventional ULA system. As
an example, we consider the same 16-element DIA where the PAs
operate at Psat with an associated PAEsat, and an 8-element ULA
operating at some maximum power Plin while still remaining suffi-
ciently linear with an associated PAElin. For the sake of simplicity,
the efficiency cost of techniques such as DPD is assumed to be
included in the PAE.

The physical aperture efficiency of the ULA is 1, as all the ele-
ments are used to transmit both beams. The DIA, on the other
hand, relies on interleaving twoULAs togetherwith an offset of𝜆/4
in the x-axis,meaning that the physical aperture is not fully utilized
by either beam. For example, the physical aperture efficiency, 𝜂A, of
a 16-element linear DIA is

𝜂A,DIA = 20 log10 (Ab
AT

)

= 20 log10
⎛⎜⎜
⎝

8𝜆
2

16𝜆
4

+ 𝜆
4

⎞⎟⎟
⎠

≈ −0.45 dB
(25)

and as the length of the DIA increases, the physical aperture effi-
ciency converges to 1, as the overlap increases with size, while the
offset area remains constant.

Using the beam-specific EIRP expressions from Eqs. (13) and
(14) we arrive at the following results for either implementation in
dB-scale

FoMDIA = 3 + 𝜂A,D + 15 + Psat + PAEsat

FoMULA = 3 + 𝜂A,U + 18 + Plin + PAElin.
(26)

By subtracting the two FoM expressions, we can define a lower
power limit that the PAs must meet in order for the DIA to achieve
a better score, and thus overall performance, than an equivalent
linearized ULA array configuration

Psat − Plin ≥ 3 − (𝜂A,DIA − 𝜂A,ULA) − (PAEsat − PAElin) , (27)

where we note that Psat refers to one of the two PAs from
Figure 1(c), whereas Plin refers to the single PA from Figure 1(a).
For equal power consumption, the difference would hence be even
more explicit.

This condition highlights the benefit of the DIA in allowing
PAs to operate at strong compression levels without being con-
strained by violating linearity requirements. In addition, increasing
the number of interleaved arrays beyond two results in an increase
in the difference between Psat and Plin. For example, densely inter-
leaving four arrays will increase the difference from 3 to 6 dB. On
the other hand, interleaving more sub-arrays together increases
the MONO configuration’s EIRP or, alternatively, maintains the
same EIRP by using more lower-power PAs. This observation is in
agreement with the discussion in subsection III-A.

The analysis performed up to this point illustrates that the DIA
configuration alleviates the linearity constraints of the PAs at the

Figure 8. Top-level schematic of the dual-beam DIA. Two dummy elements are
added to either end of the array, increasing the number of antennas to 18.

cost of reduced directivity. Additionally, the DIA can operate in
a MONO configuration, which allows more power to be radiated
through the same aperture without a degradation in the array’s per-
formance. The DIA remains advantageous over, e.g. a power com-
biner approach similar to the one in Figure 1(b), because it does
not introduce additional hardware between the PAs and the anten-
nas. Instead, the DIA performs spatial power combining, which
allows for greater power handling without dealing with the asso-
ciated insertion losses, heating, size, weight, cost, and bandwidth
challenges that come with power combiners.

Densely interleaved simultaneous dual-beam array
demonstrator

Figure 8 shows a schematic of our prototype DIA system, which is
a 16-element ULA consisting of two 8-element 𝜆/2-spaced ULAs
interleaved with one another with a 3.2 cm offset, which is slightly
more than 𝜆/4 at 2.4 GHz. Figure 10 shows the assembled proto-
type, which ismade upof low-cost, commercially available 2.4GHz
WiFi dipole antennas, which are backed by a reflector at 3.2 cm.
All RBDs have the same linear polarization. Due to the relatively
small size of the DIA array, we include a dummy element (termi-
nated with Z0) on either side in order to present similar mutual
coupling conditions to those experienced by the center dipoles.The
dummy dipole antennas are capable of presenting nearly the same
coupling for both tones, since both frequencies fall well within the
bandwidth of the antennas.

Each sub-array has a driver PA, which is driven into compres-
sion by either Ψ1 or Ψ2, and is connected to an 8-way passive
power divider. The signal outputs are then fed into 8-bit phase
shifters [54] which are, in turn, connected to an antenna. The sig-
nals Ψ1 and Ψ2 are generated using two external signal generators
in order to provide as much isolation as possible on the input side.
The phase shifters are daisy-chained and controlled by a simple
micro-controller (𝜇C) to provide the phase relations necessary for
beamsteering.

Figure 9 shows themeasured input reflection and coupling coef-
ficients of the DIA from 2.2 to 2.6 GHz measured with the R&S
VNA ZVB20. The input matching of the RBDs is not optimal, due
to the WiFi dipoles not being designed to be mounted close to a
metallic reflector. The mutual coupling coefficients w.r.t. a center
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Figure 9. Measured (a) input reflection and (b) coupling coefficients w.r.t. a center antenna element of the complete DIA, except for the dummy elements on either end.

Figure 10. Picture of the fully assembled DIA with (a) front side showing the
densely interleaved aperture and (b) back side showing the phase shifters and
power splitters.

antenna element range from approximately −10 dB to less than
−30 dB across the band of interest. The strongest amount of cou-
pling occurs between adjacent elements, which are excited at a
different frequency. Thus, the dense interleaving results in greater
isolation between more distant elements at the cost of increased
mutual coupling between adjacent elements. A comparison with a
reference ULA will be shown further in the text.

Array design

The DIA has a maximum scan angle, 𝜃max, for both beams, which
we set to 60∘. We choose the largest interelement spacing dmax for

a sub-array that still avoids the emergence of grating lobes, giving
us

dmax ≤ 𝜆
1 + |sin (𝜃max)|

= 6.7 cm. (28)

As we interleave both arrays together, the interelement spacing
between the antennas was chosen to be 3.2 cm as a further pre-
caution against grating lobes.

The embedded element active gain pattern for linear arrays is
modeled as [25]

G(𝜃) = 10 log10 (De,DIA (1 − |Γa(𝜃)|2) cos (𝜃)) , (29)

where De,DIA is defined in (5) and Γa(𝜃) is the scan angle-
dependent active reflection coefficient, which is assumed to be
zero for all dipoles, for the purpose of simplicity. For antenna ele-
ments where Γa(𝜃) remains below −10 dB throughout the scan
range, the additional scan loss, loading and RIMD effects should
be insignificant [23].

The incoming power is split using a 1:8 Wilkinson power
divider. Phase spread across all ports does not exceed more than
±2∘. The excess insertion loss varies between 1 and 3 dB across
all the ports, which results in unequal excitation of the anten-
nas. However, that is not of concern for the aspects we try to
demonstrate here.

Digital phase shifters

The beams are steered using 16 PE44820 DPSs from pSemi [54].
Specifications are listed in Table 1. The 8-bit DPS is specifically
designed for use in telecom and antenna array applications. The
high bit resolution of the DPS gives it a nominal phase step of 1.4∘,
allowing it to compensate for phase variations in the corporate feed
network, internal offsets and connector phase differences due to
bends. It maintains good phase accuracy across a frequency band
of 1.1–3.0 GHz.

TheDPSs are connected to the dipole antennas via short coaxial
cables, which introduce additional phase offsets due to the vary-
ing amount of bending. The relative phase variations between each
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Table 1. Digital phase shifter specifications

Specification Value Unit Specification Value Unit

Frequency 1.1 − −3.0 GHz Insertion loss 6 dB

Phase resolution 8 bits Return loss 13 dB

Linearity (IIP3) 60 dBm Phase accuracy ±3 deg

Vdc 3.3/5.5 V Pmax 25 dBm

antenna port, due to the imbalances of the power dividers, connec-
tors, and bent coaxial cables, are calibrated out and compensated
for by the DPSs.

Simultaneous dual-beam array measurements

The 18-element DIA demonstrator was assembled, and its far-field
radiation patterns were measured in an anechoic chamber at TNO,
The Hague, The Netherlands. Figure 11 shows the anechoic cham-
ber measurement setup configuration and Figure 12 shows the
DIA system placed on a rotating platform. The RX horn antenna
is an EMCO 3115 model with a gain of approximately 9 dBi at
2.4 GHz. The distance between the feed of the antenna and the
rotating platform is 6.8m. When mounted, the RBD antennas have
a forward offset of 0.22m from the axis of rotation of the rotat-
ing platform, which results in a slight angle under-reporting of
less than 1.6∘ for large beamsteering angles. Correspondingly, the
beams are simultaneously excited using two Siglent SSG5060X-
V vector signal generators delivering 10 dBm each. The RX horn
antenna is connected to an Agilent E4446A PSA series spectrum
analyser in order to capture the SMB functionality of the DIA, as
well as any potential RIMD transmissions at adjacent frequencies.

Calibration

Component variations, manufacturing tolerances, varying
amounts of bending of cables and other factors introduce ampli-
tude and phase variations at each antenna port. The S-parameters
between the input port of the 1:8 splitter and each output port
are measured individually at 2.4 GHz using an R&S ZVB20
VNA. The phase settings of each DPS channel are swept one at
a time until all 16 antenna ports have the same phase offset. In
this manner, the DIA was calibrated only at broadside. During
calibration, it was observed that the majority of the DPSs were
unable to provide incremental phase changes of regular interval
steps, while some were unable to reach certain phase ranges
of up to ±5∘.

It is also worth noting that when the sub-arrays are steered away
from broadside, the phase accuracy of the DPSs will begin to influ-
ence the depth of the nulls of the radiation pattern. The DIA has
no amplitude control, so the amplitude variations from the power
splitter and different states of the DPSs are left uncompensated.
This results in an overall degradation of the sidelobes and broaden-
ing of the main lobe. It was observed that the amplitude and phase
of each channel drift over time. All of this, however, does not affect
the main purpose of this demonstrator.

DIA radiation patterns

Using the same measurement setup, the far-field radiation pat-
terns of the DIA were measured while TX Ψ1 and Ψ2 simultane-
ously at 2.39 and 2.41 GHz, respectively. Figure 13 shows planar

SA
GEN

GEN

DIAEMCO 3115

DIA
control

6.8m

Figure 11. Anechoic chamber far-field measurement setup configuration.

Figure 12. Picture of the DIA mounted on a rotating pedestal.

cuts for both beams being transmitted simultaneously. The DIA
is able to scan both beams independently in either direction up
to ±60∘ in the E-plane, and the received power at broadside is
−40.8 and −40.4 dBm for Ψ1 and Ψ2, respectively. Additionally,
no RIMD products were observed during all the scans. The differ-
ence between the Ψ1 and Ψ2 patterns is due to slight differences
in the vertical orientation of the dipoles, either due to alignment
or manufacturing variations. The radiation patterns are further
degraded due to the amplitude and phase variations caused by
the unequal insertion loss at each port of the power dividers,
DPS modules, and the bent coaxial cables connecting the anten-
nas.

The broadside pattern in Figure 13(a) shows that the amplitude
and phase errors of both Ψ1 and Ψ2 sub-arrays result in a first SLL
of −9.0 and −10.4 dB, respectively. The half-power beamwidth of
both arrays is approximately 15∘. Again, both beams appear slightly
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Figure 13. Normalized E-plane directivity cuts in [dB] at several steering angles 𝜃0 for (a) Ψ1 = 0∘ (solid line) and Ψ2 = 0∘ (dashed line), (b) Ψ1 = −30∘ and Ψ2 = 15∘, and
(c) Ψ1 = −60∘ and Ψ2 = 60∘. Ψ1 = 2.39 GHz and Ψ2 = 2.41 GHz.
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Figure 14. Measured DIA far-fields normalized w.r.t. broadside for
both Ψ1 (solid line) and Ψ2 (dashed line). Cosine envelope (dotted
line) included for reference.

off from broadside due to the interleaving, resulting in an offset
from the center of the platform. Next, the DIA is scanned to −30∘

and 15∘ for Ψ1 and Ψ2, respectively, as shown in Figure 13(b).
When the DIA is scanned to ±60∘ for Ψ1 and Ψ2, respectively,

as shown in Figure 13(c), the main lobes appear at approximately
±55∘, which was also observed in the EM-simulations of Figure 6.

Figure 14 combines all the patterns and normalizes them w.r.t.
broadside for bothΨ1 andΨ2. Both beams follow a cosine envelope
(dotted line), which is in agreement with the EM-simulations in
Figure 6.

Embedded element pattern

The far-field embedded radiation pattern of one of the center
dipoles is measured as shown in Figure 15. The pattern has con-
siderable ripple, which is most likely due to the manufacturing
of the antenna. Despite the reduced inter-element spacing of the
DIA, the embedded element pattern of the RBD antenna retains its
characteristic cos2(𝜃) pattern.The observed peak at 90∘ suggest the
presence of some end-fire radiation.

Reference ULA

The DIA is converted to a reference ULA by removing the Ψ2
sub-array RBD antennas, as well as the dummy elements, and the
resulting 8-element reference ULA array is scanned at broadside.

Figure 17 shows the measured input reflection and coupling
coefficients of the reference ULA from 2.2 to 2.6 GHz. The
input reflection coefficients are very similar to the DIA ones in
Figure 9(a). The mutual coupling w.r.t. a center antenna element
is overall significantly weaker than that of the DIA in Figure 9(b),
which is due to the greater inter-element spacing. The overall cou-
pling ranges from approximately −17 to −40 dB across the band
of interest.

The received power at 2.39 GHz is −37.0 dBm and the half-
power beamwidth is close to 15∘. Figure 16 shows a normalized
comparison between the ULA broadside pattern and the DIA
broadside pattern at 2.39 GHz. The amplitude and phase errors of
the ULA result in a high second SLL of −11.4 dB, which is slightly
higher than the first SLL. The slight offset of the main lobe from
broadside is due to the offset of the sub-array from the center of
the platform due to the interleaving.
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Figure 15. Embedded element pattern measurement of a center
RBD antenna in the DIA and a reference cos2(𝜃) pattern in dB-scale.
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Figure 16. Normalized E-plane broadside directivity in [dB] of an
8-element reference ULA and corresponding 16-element DIA pattern
at the same frequency. The DIA EIRP is approximately 3 dB lower
than the ULA’s.

The received power from the single DIA beam is approximately
3 dB weaker than the received power from the reference ULA,
confirming the earlier directivity and EIRP predictions.

MONOmeasurements

To verify that the MONO configuration has a +6 dB greater EIRP
than the DIA one, we perform a relative comparison. We first
excite the DIA at broadside at 2.40 and 2.41 GHz, to minimize
the antenna gain variation w.r.t. frequency, and measure the power
received by the reference antenna.The received power at broadside
is −40.8 and −40.4 dBm for Ψ1 and Ψ2, respectively. Next, while
keeping the input power level the same, we excite both sub-arrays
of the DIA only at Ψ1 and sweep the relative phase between the two
sub-arrays until we measure maximum constructive interference.
Under this condition, the received power is −34.6 dBm. Figure 18
shows the measured spectra of both configurations, which clearly
illustrate that the MONO configuration achieves +6 dB greater
EIRP than the DIA counterpart.

This is in complete agreement with the theoretical directivity
analysis presented earlier and suggests that the DIA can also per-
form spatial power combining. The MONO configuration offers
halving the output power requirements of the PAs in exchange for
doubling their number, compared to a reference array with 𝜆/2
offset.

Conclusions

In this work, we have presented a general analysis of a linear DIA
consisting of two ULAs interleaved with one another with a 𝜆/4
offset. The DIA is capable of simultaneously TX two indepen-
dent spectrally close tones without the need for any linearization
techniques, making it an attractive system for radar and telecom
applications. The DIA system is first analyzed as a single-tone sys-
tem, referred to as MONO, where all the antennas are excited with
the same tone. It was shown that theMONO configuration approx-
imates a continuous LS, which also has slightly lower sidelobes than
a reference 𝜆/2 interelement spaced ULA with half the elements.
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Figure 17. Measured (a) input reflection and (b) coupling coefficients w.r.t. a center element of the reference ULA between 2.2 and 2.6 GHz.

Figure 18. Measured broadside power spectra of (a) MONO with −34.6 dBm at Ψ1 and (b) DIA with −40.8 dBm average received power for both Ψ1 and Ψ2.

Additionally, the array bandwidth and Q-factor of the DIA remain
the same as those of the referenceULA.Thus, doubling the number
of elements and halving their spacing retains the same directiv-
ity and bandwidth as a conventional ULA with a similar physical
aperture.

An 18-element DIA demonstrator was constructed, consist-
ing of two 8-element ULAs interleaved with one another and two
dummy elements added on either side, all with a 𝜆/4 offset. The
antenna elements used were reflector-backed COTS 2.4 GHz WiFi
omni-directional dipole antennas. Two beams were generated at
2.39 and 2.41 GHz and transmitted simultaneously and were inde-
pendently steered up to ±60∘ without any grating lobes. Despite
the reduced antenna spacing, no RIMD products were observed
during the scans. The increased antenna density reduces the direc-
tivity of the antenna elements, and that incurs a 3 dB penalty on
the EIRP of each beam compared to the EIRP of a reference ULA,
as predicted by theory.

Additionally, the DIA can be fully excited by a single tone,
which results in a 3 dB EIRP increase over the reference ULA’s
EIRP, and a 6 dB increase over the DIA’s EIRP, again as pre-
dicted by theory. The physical and spectral separation of the
two RF chains allows for both sub-arrays to be excited by
separate PAs without generating any significant IMD prod-
ucts. This allows the amplifiers to be driven into saturation,
where they generate output power most efficiently. Since the
DIA is uniformly excited, no superdirective behavior emerges
either.

Further analysis of the DIA properties reveals that the interac-
tion between the two TX beams will be kept to a minimum as long
as the output reflection coefficients of the active components of the
system are sufficiently low. The incurred 3 dB power penalty of the
DIA is similar to the loss that would occur when using a power
combiner to combine two tones into one antenna port, simplifying
such a design.
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