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Abstract—This paper addresses the challenge of enhancing the
power radiated by Active Electronically Scanned Array (AESA)
radars, in particular at large scan angles, where performance
degradation arises from both the cosine-dependent reduction
in antenna effective area and suboptimal active impedance
matching. Traditional methods to improve directivity—such as
increasing the number of elements, employing asymmetric ele-
ment designs, or integrating bulky lens systems—present various
trade-offs that can compromise overall system efficiency. Here,
we explore an approach that increases the radiated power by
optimizing the active reflection coefficients (ARCs) of the antenna
through the synthesis of array element excitations. Focusing on a
planar dipole array, we compare stochastic differential evolution
and convex optimization techniques, under the constraint of
a uniform amplitude taper, which is critical to limit the loss
in output power. Furthermore, we combine this with a quasi-
balanced Doherty power amplifier architecture that compensates
for the remaining scan-angle-induced variations in output load
impedance. The study includes a detailed analysis of the effects of
phase and amplitude errors on ARC control and demonstrates,
through numerical results, the improved performance of the
integrated system over conventional designs.

Index Terms—phased arrays, antenna arrays, reflection coeffi-
cient, antenna radiation patterns, high power amplifiers, energy
efficiency, integrated design

I. INTRODUCTION

HE sensitivity of an Active Electronically Scanned Array

(AESA) radar, calculated by using the radar equation
[1], depends on the radiated power and changes with the
direction of observation. The latter is mainly due to the
geometrical decrease of the antenna effective area (and thus
the directivity) according to the cosine of the pointing angle,
and to the deterioration of the active impedance matching with
scanning [2].

Several approaches can be devised to enhance the directivity
of the antenna. The number of antenna elements in the array
could be increased, depending on the space available on the
platform, but this results in: i) a smaller beamwidth which will
ask for either beam spoiling or a different time-energy budget
to cover a given angular volume and ii) an increased costs due
to the acquisition, control and processing of the extra elements,
which may not always be desirable. Radiating elements with
an asymmetric active element pattern could be designed to
provide a higher directivity for large pointing angles. However,
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often such elements require undersampling the array aperture
(> A/2) [3], leading to grating lobes and sensitivity loss. The
array could be equipped with a lens to obtain an additional
phase shift at the edge of the field of view [4], but such a
solution results in relatively bulky architectures.

The focus of this paper is on increasing the radar sensi-
tivity and reducing the power dissipation by improving the
AESA active impedance matching. AESA radars are evolving
towards fully digital systems, with signal generation at each
element, which will enable a great degree of flexibility in the
implementation of different functionalities, at element and sub-
aperture level [5]-[7]. A tile-type of architecture is foreseen,
with digitization of the signal at element level and a complete
Transmit/Receive (TR) module per unit cell. The circulator-
isolator between the antenna, one of the largest components
in the TR module, will be replaced by a switch. Thus, in
the transmit chain the High Power Amplifier (HPA) will
be directly exposed to the variation of the antenna Active
Reflection Coefficients (ARCs) with scan angle [8] with two
main effects: on the RF performance, namely the Power Added
Efficiency (PAE) and the output power made available at the
antenna port, and hence, on the dissipated power, which in
turn limits the maximum output power [9].

The problem of controlling the ARCs of a scanning
AESA antenna can be addressed at radiating element level,
e.g. [10]; through wide angle impedance matching super-
strates, e.g. [11]; through adaptive matching circuits at the an-
tenna feed, e.g. [12]; by implementing compensation schemes
based on connecting circuits, e.g. [13], [14]. However, these
approaches add complexity to the design of the antenna
elements or the overall array architecture, since most of them
require the inclusion of reconfigurable technology to adjust
the phase when scanning.

Optimization methods are commonly used for the radar
receiver, e.g., to support the implementation of digital beam-
forming approaches [21]-[23], with various objectives ranging
from equalizing the embedded-elements patterns across the
array to beam broadening or spoiling and sidelobe reduc-
tion and nulling. However, the literature on the use of such
methods to minimize the ARCs of transmit-array elements is
limited. Recently, several ARC reduction methods have been
proposed which generate appropriate antenna-elements exci-
tations through constrained optimization [15], [16], through
precoder designs [17], [18], and through a waveform syn-
thesis technique [19]. In this paper we will focus on the
optimization methods. In [15] two types of objective functions
for minimizing the ARC are investigated, where one can
be handled by a gradient-based algorithm, using Matlab’s
optimization function *fminunc’, and the other can be handled
by a stochastic algorithm, using an own implementation of
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differential-evolution (DE). Stochastic optimization algorithms
are frequently desired when the objective function is not
differentiable or requires numerical differentiation. But, while
gradient-based algorithms have convergence guarantees, such
guarantees are not readily available for stochastic algorithms.
Also, gradient-based algorithms require differentiability of the
objective function and, potentially, of the constraints.

For these reasons we build in this paper on our earlier
effort [16], where we introduced an alternative formulation
of minimizing the ARCs with pattern constraints, which al-
lows using convex optimization techniques. In particular, we
derive a semi-definite programming formulation, which can
be handled by the Matlab plug-in CVX [20]. Like gradient-
based algorithms, the convex optimization techniques are
local and require thus a prescribed ’start solution’. However,
the objective and constraints need to have a semi-definite
programming formulation instead of being differentiable. An
advantage of convex optimization is the smoothness of the
convergence graphs, which provides a means of predicting the
number of iterations needed to achieve a certain level of ARC,
as shown in [16].

In this paper, we revisit briefly our work in [16] and add
computational details that make our method more memory
efficient and a pseudo code for ease of implementation. Also,
we add a brief description of the stochastic DE method.
Next, we compare the results of the stochastic and convex
optimization methods for a planar array of dipoles, where
we employ an own implementation of the DE method and
a Matlab implementation of our pseudo code, which calls the
Matlab package CVX [20]. In [15] both the amplitude and
phase of the excitations are designed, giving an additional
degree of freedom in the minimization of the ARC. In this
paper, targeting radar applications where the HPA works in
saturation, a uniform amplitude taper is assumed and, hence,
the optimization methods are designed and implemented in
such a way that only on the phase of the excitations is tuned.
The effect of phase and amplitude errors in the antenna-
elements excitations, as well the application of the optimiza-
tion procedure over multiple frequencies is also discussed.
Moreover, while [15] and [16] present only the synthesis of
appropriate antenna-elements excitation schemes with mini-
mized ARCs, in this paper a HPA architecture is presented
that can compensate for the remaining variations of the output
load impedance, i.e., the antenna active impedance, based on a
Quasi Balanced Doherty Power Amplifier (QB-DPA). Finally,
the performance of such a HPA concept in combination with
the array antenna equipped with the synthesized excitations is
analyzed and compared with that of the original array.

The paper is structured as follows. In Sec. II a break-
down of the problem is presented, as well as the devised
solution approach, including the considered HPA architecture.
In Sec. IIT the investigated optimization techniques for the
antenna-array excitations are outlined and their performance
analysed mainly for an array of dipoles. Numerical results are
reported in Sec. IV , both the stand alone antenna and the
antenna combined with the proposed HPA architecture. Main
conclusions are reported in Sec. V.
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Fig. 1. Mutual coupling effects in a linear array of N elements.

II. ACTIVE REFLECTION COEFFICIENTS AND HIGH POWER
AMPLIFIER DESIGN

In the following, we present the formulation of the ARCs for
antenna arrays and provide a design strategy for HPAs tailored
to compensate for coupling-induced load variations. First, we
detail how the ARCs — essential parameters that encapsulate
both the self-reflection of individual antenna elements and their
mutual coupling — can be optimized while satisfying stringent
radiation pattern and gain requirements. Next, we explore
a HPA strategy, based on the QB-DPA architecture, that
dynamically adapts to the changing load conditions imposed
by the array’s scanning behavior, thereby preserving output
power and efficiency, and preventing thermal overload. Finally,
the section outlines the design flow employed in this work for
generating the simulation results.

A. Antenna Active Reflection Coefficient Design

Let us first consider a linear array of N antenna elements
with V.7 denoting the incident voltage at the port of the m-th
element and V,; the voltage reflected towards the same ele-
ment, as illustrated in Fig. 1. Then, the scattering parameters
of the array, which are a measure of the mutual coupling, are
defined by

_Va

Smn = P

(1)

Vit=0 for k#n

If the incident voltages have amplitudes a,, and phases ¢,
to direct the array beam in scan direction (g, ¢g), then

Vi =am eIvm 2)

Note that, if the time-harmonic factor is e —7“? and if mutual
coupling is ignored in a planar array, 1, assumes the well-
known expression

Y = —k (T sin 0g cos ¢g + Ym sinbysingg)  (3)
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where k is the wave number and x,, and y,, are the Cartes
coordinates of element m. The total voltage at the n
antenna port is expressed as

N
1
S Ve - _ 1+t + 1 =
V=V 4+V, =Vt (HW S jsmnvn>_
m p=1

N
1 .
1+ Spm + — § Smnanej(wn*wm)

m

— g, el
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“

The ARC at the m-th element for the scan direction (6, ¢o),
T¢y,40,m, follows straightforwardly as

Vin
Log,¢0,m = v
N
1 .
Smm + — E Sm77,ane](wn7wm) (5)

n=1,n#m

The ARC of a certain array element thus depends on the
relative excitation amplitudes and phases, and on the coupling
coefficients. The ARCs can be expressed in a matrix-vector
form as

Loy,¢, = diag (3(907 ¢0)®_1) Sa(fy, ) € CN (6

where S is the NV x N-scattering matrix of an antenna array
consisting of N elements, a(fy,¢o) is the vector of the
complex excitation coefficients of the N antenna elements to
scan in the direction (0, ¢o), and 'y, 4, is the corresponding
vector of ARCs.

Given the relation between the ARCs of the antenna ele-
ments and the reflected power, the design and optimization
of the elements’ excitations should aim at minimizing the
reflected power if higher efficiencies are desired, or, at high-
power operation, if effects of load pull and heating are too
pronounced. Although excitations values that minimise the
ARGC:s levels are targeted, the antenna array has also to main-
tain the prescribed radiation characteristics. For this purpose,
constraints are imposed on its (i) gain and (ii) radiation pattern
— in terms of sidelobe level. The objective of minimizing the
ARCs and the constraints on gain and sidelobe level can be
formulated

argg}v 1T05, 605l 00 (N
s.t. G(bo, po;a) > Gspec
A SLL(0,¢;a) < SLLgpec
lafl2 =1
where the infinity norm, i.e., || - || denotes the maximum
absolute component of a vector, || - ||2 is the Euclidean norm,

G and SLL denote gain and sidelobe level, and the subscript
spec denotes specification. The last constraint, which one could
interpret as uniform excitation power over the array, has been
introduced to fix the invariance of the problem with respect to a
complex constant. Note that the SLL and the gain are invariant
with respect to the multiplication by a complex constant.
Methods to tackle (7) are discussed in Section III.
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Fig. 2. Block diagram of the QB-DPA considered for this study.

B. High Power Amplifier Design

The use of HPAs in an AESA environment without a
circulator or isolator between the HPA and the antenna leads
to a variation in amplifier performance parameters, such as
output power and efficiency, as a function of the scan direction
due to the corresponding variation of the ARCs at the HPAs
output caused by the mutual coupling. These variations will
also lead to an increase in power dissipation and, consequently,
to a temperature increase of the HPAs [9]. Such temperature
increases can become so high that the lifetime of the amplifier
is severely compromised. Therefore, amplifier concepts were
studied that, for a given load impedance, can:

o set the required output power level, so that the antenna
elements are excited with the specified input power,

« restore the efficiency as good as possible, so that the
reduction in life time is minimized.

From the literature a number of concepts are known that
can fulfill the aforementioned requirements. For this work,
the Quasi Balanced Doherty Power Amplifier (QB-DPA) con-
cept [28]-[30] was chosen. Its block diagram is depicted
in Fig. 2. This concept was selected because of its capa-
bility to fully compensate for variations in the real part of
its load impedance and partly compensate for variations in
its imaginary part. In the Doherty concept, the active load
modulation is used to set the output power and correct the
efficiency as much as possible to its intended value for a given
load impedance. This architecture consists of a main and an
auxiliary amplifier, see Fig. 2, with two inputs that can be
controlled independently. The input magnitudes are used to
control the output currents of the amplifiers and their phase
difference is set in such a way that the desired output power,
efficiency, and insertion phase are achieved.

In the one-stage design of the main and auxiliary amplifier,
see Fig. 2, two identical transistors are used. These transistors
are modeled as ideal current sources, controlled via their input
voltage. In addition, these currents are made dependent on
their output voltages. The current can be shown to be described
by

G 1
Ip(Ve,Vp) = N;AX {VG - Vr + alog [
2cosh (a (Vg — VT))} }tanh (ZVD) (8)
Vi

where Vi and Vp are the gate and drain voltages respectively.
The following values have been used for the results of this

paper:
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o threshold voltage Vi = -3V

« knee voltage Vx = 0.01 V

o tuning parameter o = 10 V1

o maximum trans-conductance Gyjax = 250mS/mm

Here, we have used a typical value for Vi for a GaN process.
Note that the knee voltage has been deactivated to corroborate
that in the ideal case the theoretical class B efficiency of 7/4
is maintained.

As illustrated in Fig. 2, there are two identical matching
networks M behind the amplifiers. These matching networks
transform the 50 €2 input impedance of the quadrature coupler
into the optimum load impedance of the transistors. The
coupler is assumed to be lossless, with infinite isolation, and
a reference impedance of 50 2.

The efficiency of the main amplifier, see Fig. 2, is max-
imized by always keeping the RF output voltage swing, or
range of the output voltage, and the DC supply voltage
constant. To avoid clipping, the DC voltage of the auxiliary
amplifier is modified so that it can accommodate its RF
voltage swing. It has been shown [31] that, if all possible
load impedances should be compensated for a series Doherty
amplifier, large DC voltages might be needed to avoid clipping.
Depending on the breakdown voltage of the considered semi-
conductor technology this limits the possible output power of
the amplifier. As illustrated in [28] and [29], to keep the DC
voltages manageable, the amplifier is switched, for a given
impedance range, from a series Doherty amplifier to a parallel
one by switching the impedance at the isolated port of the
quadrature coupler from a short to an open. At the same time,
the role of the main and auxiliary amplifier and their DC
supply voltages is interchanged.

Across this work, the output power in a 50 2 load
impedance is required to be 100 W. To achieve this output
power, the output peak current of the amplifiers is tuned to 4 A,
at a supply voltage of 50 V. Also, the amplifiers are operated
in class B and, since the knee voltage of the transistors is set
to Vg = 0.01 V, the efficiency is approximately 78.5%. In
the amplifier design of this paper, the following modifications
have been introduced with respect to [29] and [30]:

o Adaptation of the DC supply voltage of the auxiliary
amplifier is done in such a way that no clipping of the
voltage waveform occurs and as a result its efficiency is
maximized

o Addition of a 45° phase shifter at the output of the
amplifier to be able to select a favorable phase of the load
reflection coefficient of the internal transistors depending
on the phase of the external load reflection coefficient.

With respect to the second item we need to say that our ARC
design problem (7) assumes antenna excitations with equal
amplitude voltages and, hence, the output power P, ouTt of
the m-th amplifier needs to vary as a function of its active
reflection coefficient I'g; 4, m as

Pm,OUT(907¢O) = |am|2 <1 - |F00,¢0,'rn|2) &)

To illustrate the effect of the added phase shifter, an example of
efficiency plots with and without the phase shifter is shown in
Fig. 3. Here, one can observe an improvement of the minimum

f = 3.15 GHz, [Ty, 4,| = 0.5

—— With phase shift
---------- Without phase shift| |

120 180 240
Phase(I'g, 4,) (°)

Fig. 3. Drain efficiency Np of QB-DPA as a function of the phase of the
active reflection coefficient, simulated at f. = 3.15 GHz for [T, ¢ ,m| =
0.5.

drain efficiency as a function of the phases of the active
reflection coefficient, where the drain efficiency is defined by

P out

Npp =
" Pm,DC

(10)
where P,,,m, DC is the power of the DC source. The efficiency
varies from approximately 44% to approximately 53%.

C. Design Flow

To address the problem of improving the performance of
the antenna - HPA combination in an active electronically
scanning array, a stepwise approach has been followed, which
is illustrated in Fig. 4. The steps are as follows:

1) The array-antenna scattering parameters and the radiated
field are calculated using the commercial electromag-
netic simulation tool Ansys HFSS, from which the
scattering matrix and the (embedded) element patterns
are extracted.

2) The scattering matrix and the embedded element pat-
terns are both input to dedicated optimization solvers,
as described in Sec. III, to calculate the optimal antenna
excitations Vi, opt.

3) Finally, the optimal excitations and the array scattering
matrix enter the HPA analysis and design carried out in
the Agilent circuit simulator ADS, in which the main
design problem is to tune the HPAs input parameters
to approximate as much as possible the optimized an-
tenna excitations at their output. Finally, the obtained
(approximate) excitations f/m@pt are used to simulate
the radiation pattern of the combined array antenna and
HPA.

III. OPTIMIZATION METHODS FOR THE ANTENNA-ARRAY
ACTIVE REFLECTION COEFFICIENTS

In the following we describe the two optimization meth-
ods that have been employed for obtaining the optimized
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Fig. 4. Design flow for the proposed approach to improve the performance
of the combined array antenna and HPA.

excitations of the antenna array. First, inspired by [15], we
discuss a Differential Evolution (DE) approach for optimizing
the antenna ARCs. Next, we discuss the convex relaxation
introduced in our preliminary work [16], where we present
some calculation details and a pseudo code of our algorithm,
which are not present in [16]. Finally, we discuss how the
solution of the convex problem can be used to provide an
informative initial point to the DE method to further improve
the obtained solution.

A. Differential Evolution Optimization

To tackle the design problem in (7), a similar approach to
that of [15] has been followed, where the cost function

Q= max{ - (G - Gspec)dBa 0}
+ max {(SLL — SLLgpec)an, 0}
+ maX{||F007¢O lloo — ‘FSPECL 0}

is minimized. This cost function captures all the essential
elements of (7). The softmax operation for each element makes
Q1 = 0 when all the requirements of (7) are met. Note that
in contrast to (7) we have specified a desired ARC noted as
I'spec in (11). This introduction equalizes the way in which
the objective and constraints in (7) are dealt with in the
stochastic optimization. As a by-product it also ensures that
the algorithm will not search for solutions that are better than
the specification.

Like other stochastic optimization methods such as genetic
algorithms and particle swarm, DE does not require the
objective function to be differentiable. The method can even
be used for objective functions that are not continuous, but
convergence may become problematic. More general, DE has
few convergence guarantees like other stochastic methods.

DE optimizes (11) by maintaining a population of candidate
solutions and creating new candidates by combining existing

(1)

ones according to a specific protocol. Then among the new
candidate solutions, the one with the best score of the objective
function remains and passes through to the next iteration of
the method. The performance and convergence to an optimal
solution of a typical DE method mainly depends on the fol-
lowing parameters: the population size Npop, the differential
weight F', and the crossover probability C'R.

For the initialization of the algorithm, one should take
care of the choice of the first N, solution vectors a, g,
where p is the population indexing and g is the current
generation (iteration). The vector size of ab, 4 is the number
N of antenna-array elements. As mentioned before, since the
ARC minimization is aimed at high-power transmissions, it is
presumed that all HPAs are in saturation, which means that
there is no amplitude tuning among the antenna elements. For
this reason, the solution vectors contain only phase values. The
vectors in the first generation (¢ = 1) are chosen randomly
from a uniform distribution within the range of [0°,360°).
However, this selection is rather unspecific and the DE method
may have problems to converge purely because its starting
solution is too broad. Hence, it can be useful to start from
a known approximate (good) solution and then apply the DE
algorithm for any further improvements. To generate such a
solution, one may take the optimized solution of the convex
method explained in Section III-B (which will be initialized
by a linear phase taper) and generate [V, initial solutions
for the DE method in the neighbourhood of that solution.
Another approach would be to take the (globally) optimized
DE population and run the convex method on every member
of this population to see whether any of them can be refined.
This approach has the advantage that one first looks globally
in the search space where there are promising regions for
optimization (without targeting convergence) and then using
a local optimizer with convergence guarantees starting from
each of the global solutions.

Multifrequency Cost: In (11), only the behavior at a single
frequency is considered. However, in practice, requirements
are set within a frequency band in the order of tens of MHz
around the carrier frequency. To consider a frequency band,
or better said, a range of frequencies, the objective €2; can be
extended to

Qy = g(max{ — (G - Gspec)dB7O}‘f:fi>
+ g(max {(SLL — SLLgpec)as, 0}\f:fi>

+ g(max {14,610 — |Fspec\70}‘f:fz>

to consider multiple frequencies. Here, ¢g(-) is a mapping
which summarizes the performance across all frequencies.
Examples for this function are max(-) or sum(-), to name
a few. In this work, we have considered the latter.

12)

B. Convex Optimization

Next to using a general global optimization method, the
just discussed DE, for the problem (7), one can also derive
a convex relaxation of this problem based on semi-definite
programming. Such an approach avoids the introduction of
a cost function such as (11), which weights the original
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objective and constraints with weight factors that need to be
guessed. Also, convex optimization methods have convergence
guarantees, which stochastic optimization methods generally
lack. We introduced the convex relaxation of the optimization
problem (7) in [16], where we also presented preliminary
results of optimized ARC values and corresponding excitation
coefficients and radiation patterns. Here we will briefly revisit
the theory of the convex relaxation, where we present a few
additional details as compared to [16] and an algorithmic
description of the iterative method we devised, where in each
iteration a convex optimization (also iteratively) is performed.

As detailed in [16], the convex relaxation of (7) is formu-
lated by introducing the variable A := aa' and writing the
optimization in terms of this variable instead of a. This process
is called lifting, which consists of creating a semi-definite
matrix that allows for the construction of relaxed constraints
that can be input to a convex solver.

Before we continue we should note that two of the three
constraints in (7) are ratios, namely gain and sidelobe level.
While ratios can be dealt with in the stochastic optimization,
for the convex optimization it is necessary to formulate the
constraints in terms of field magnitudes. Thus, we replace the
first two constraints on gain and SLL by similar expressions
as in [16, Eq. (2)], namely

IE(0o, po; a)ll2 > gmin (13)

and
E(0, ¢; < Smax 14
o2 B, ;)] < 5 (14)

Then, as derived in [16] the constraints in terms of A are
given by

Cl: Vg, 4 AVE 50 = Ghin (15)
C2: ||diag(VEAVe)||e < 52, (16)
C3 : trace(A) =1 (17

where vy, 4, is the co-polarized (electric-field) component
of the embedded element patterns at the direction (6, ¢p),
and Vg = [(Vo,,¢0:-- -, Vox,6x) are the co-polarized com-
ponents of the embedded element patterns at the directions
{(01,61),...,(0k,dK)} =: ©. These three constraints should
be supplemented by the constraint rank(A) = 1, which
represents the matrix A being constructed from a single vector.

It should be noted that one could introduce also a constraint
on the cross-polarized field component. In [16] we have only
verified a posteriori the cross-polarization level, which is of
the same order of magnitude for a scan towards broadside,
around -35 dB to -40 dB in an array of 0.455 A dipoles and
of half wavelength spacing. In contrast, for 50° of scan, the
cross-polarization is fairly high (maximum around -10 dB),
since no wide-angle impedance matching is performed. In this
paper we will not further investigate suppressing high cross-
polarization components.

A weakness of the formulation of constraint C2, which is
not described in [16], is that a standard implementation will
calculate first VgAV@ and then take the diagonal, which

means that a matrix of size Ngrr X Ngrr 1s stored in
RAM. If the sidelobe region is densely sampled, this matrix
can be of prohibitively large size, while only the diagonal is
needed. For this reason, we employ a second identity, namely
diag(CBT) = (C ® B) 1, where 1 is a vector of ones and ®
is the point-wise (Hadamard) product. Applying this identity
with C=V{, and B=VEAT, we obtain

diag(VEAVE) = (VE © VEAT) 1y, (18)

The evaluation of the right-hand side requires only the storage
of the matrix Vg in RAM, which has size N x Ngrr. If the
angular region is the complete hemisphere except for a small
mainlobe region, Ngr; will be significantly larger than the
number of antenna elements NV to sample sufficiently well the
far-field pattern. Therefore we replace the constraint by

C2: || (VEOVEBAT) 1nxilloo < SLLgpec (19)

To obtain an objective-function expression in terms of A,
the expression |T'|| is replaced by |||T'|®?||o, where ©2 is
component-wise squaring,

179?00 = [|diag(A® ™" © SAS™) o (20)

see [16, Eq. (9), (10)] for details. But, as noted in [16],
the optimization problem defined by this objective and the
four constraints is still non-convex for two reasons: 1) the
dependency of the objective function on a self product of A
and 2) the rank constraint. The solution to the first prob-
lem is to replace the inverse of A in (20) by the matrix
D, := diag((ay')(all)®~!)) and consider Dy, fixed in each
iteration of an iterative procedure where a convex problem is
solved per iteration. The solution to the second problem is
to replace the rank constraint by a constraint that requires A
to stay close to the rank-one matrix Dj. Then we get the
following optimization problem

Ajy = argmin  ||diag(Dy © SAS™)| Q1)

AES, MxM
s.t. V;;.,gboszo,% > Gspec
I (VE©VEAT) Inxilloe < SLLgpec
trace(A) =1
[A®Dy —1Inxn|F <eap

where S denotes the set of positive-semidefinite (complex)
matrices, || - ||F is the Frobenius norm, 1yxn is a N x N
matrix of ones, and € 4 p is a tuning parameter. Also, the iterate
ay is obtained by performing a rank-one approximation of
the optimization solution, i.e., aj is the eigenvector of Ay
with the largest eigenvalue. The eigenvector a; should be
normalized to satisfy the norm constraint. Also, since all HPAs
are assumed to be in saturation, and thus no amplitude tuning
is possible, the eigenvector ay, is replaced by diag(|ax|®~1)ay
such that only the phase information of each component is
preserved. As problem (21) is a semi-definite program, when
Dy, is fixed, it can be solved with efficient off-the-shelf convex
solvers. Problem (21) is solved several times up to a number
of iterations or up to a convergence criterion is reached. The
initial vector of excitation coefficients can be set to e.g. the
nominal beamformer for the scan direction 6, but one can of
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Algorithm 1 Iterative Optimization of ARCs

Require: g¢,;, : lower bound on E-field magnitude in scan
direction,
Smax - upper bound on E-field magnitude in sidelobe region,
© : angles in the sidelobe-region, (6p, ¢g) : scan direction,
ajnjt . vector with initial excitations,
T'i; : vector with initial ARC values,
IMnax : threshold on maximum ARC magnitude,
kmax : maximum number of iterations,
€ap : rank-one threshold
Ensure: k < 0, ag < ainit, L'g + LTinit
while T'y, > ' o & k < kpax do
D, = diag((a 1) (al) 1))
A1 < Solve (21)
a1 « eigs(Agqr, 1)
a1+ diag(lag1]9 " ag1
Tiy1 diag(a%_:ll)SakH
k+ k-+ 1, ag < ak+1, I‘k < I‘k+1
end while
return a;, 'y

course use another initial vector, for example one obtained
from a previous optimization. The optimization procedure,
with only one tuning parameter (¢ 4p), is summarized by the
pseudo-code Algorithm 1.

IV. NUMERICAL RESULTS
A. Simulation Setup

As a test geometry, we consider an 8x8 dipole array,
similar to [15] and [16]. The spacing among the elements
is half wavelength at 3.15 GHz and the dipole length and
radius are equal to 0.455\ and 0.01), respectively at the
same frequency. Fig. 5 shows the layout of the dipole array
and the port indexing. We analyze this structure using the
Finite Element Method (FEM) solver in HFSS to calculate
the scattering parameters and the embedded element patterns.
The spherical components of the electric-field E; and Ejy
are exported, using the classical definition of a spherical
coordinate system, where 6 is the angle with respect to the
z-axis and ¢ the angle in the zy-plane with respect to the
raxis. Then, a classical transformation to ww-coordinates is
used, where u = sinf cos¢ and v = sinf sin ¢. For the
optimization, the co- and cross-polarized components of the
electric fields are used, based on the Ludwig-3 definition [26].

B 16| | | | el

|

Fig. 5. 8x8 dipole array layout with its coordinate system and port indexing

B. Single Frequency Optimization

For the results of the dipole array, both the (iterative)
convex method based on CVX and the DE algorithm are
considered. Both optimization methods have been applied
to the simulated data at the central frequency 3.15 GHz,
minimizing the objective function in (11) by the DE method
and carrying out the iterative scheme (21) of the (iterative)
convex method. For the DE method the maximum number of
iterations is set to 1000 with parameters F' = 0.8, Npop = 320,
and CR = 0.9. For the iterative convex method, the maximum
number of iterations is 40 and the tuning parameter €4p is
set equal to 1. The optimized results are compared with the
case where the antenna elements use a linear phase excitation,
i.e., the typical beam scanning excitation for pointing towards
direction (6, ¢o). For simplicity, this case will be referred
to as “Linear”. The DE method is initialized in two different
ways: (i) global initialization, where all the antenna elements
start with a random phase within the range [0°,360°) and
(i1) local initialization using as a reference the CVX solution
with a maximum random variation of 20° per element. The
target values for both optimizers are set equal to -10dB for the
maximum ARC, -13dB for the SLL and a constraint of 0.2dB
drop of the realized gain with respect to the linear case.

In Fig. 6(a) and Fig. 6(b) the magnitude of the ARCs per
antenna element at the central frequency 3.15 GHz, for two
different scan directions: broadside and (6o, ¢g) = (50°,0°).
Each curve corresponds to a different optimization approach,
including also the linear phase progression (solid blue). The
dashed black line shows the I'g,ec, which is -10 dB for both
cases. In Fig. 7 and Fig. 8 the realized gain patterns for the
same cases in different azimuth or elevation planes are shown.
More specifically, for broadside, the azimuth plane (¢ = 0°
and the elevation plane ¢ = 90°) are depicted as a function of
the angle 6, while for the other case the circular ”’plane” 6 =
50° and the azimuth plane ¢ = 0° are presented, respectively.

All methods show a promising performance regarding the
minimization of the highest ARC of the linear phase progres-
sion, with an improvement of at least 9% — 14% as compared
to that case. The DE with a fully random initial phase
population (indicated as DE (global)) slightly outperforms
the iterative convex method (indicates as CVX). A rather
significant improvement of that result is obtained when the
DE method is initialized by a more focused initial population
derived from the result of the convex method (indicated as DE
(onCVX)). Then, the improvement as compared to the result
for the linear phase progression is approximately 23%.

Both optimization methods show a minor loss of the realized
gain as compared to the linear case, see the insets of Figs. 7
and 8. More importantly, in some cases, various methods show
a beam squint. For scanning to broadside, such a beam squint
is only present in the DE results (both global and onCVX)
and limited to the elevation plane. In the azimuth plane, no
beam squint occurs. For scanning to (6o, o) = (50°,0°),
no beam squint seems to occur in the circular “’plane”, but
a quite strong squint occurs in the azimuth plane, as the inset
of Fig. 8(b) shows. The biggest beam squints occur for the two
DE methods and are approximately 2°. The iterative convex
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f = 3.15 GHz, (0o, ¢9) = (0°,0°) f = 3.15 GHgz, (6y, ) = (50°,0°)
0.6 Linear
——CVX
DE (global)
057 ——DE (onCVX)|1
- - _Fspec -
E E
= =
——CVX
02+ DE (global) ||
——DE (onCVX)
- = _Fspec
0.1 : : : : : : 0.1 : : :
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Elements index Elements index

(@ (b)

Fig. 6. Magnitude of the ARCs per antenna element at f. = 3.15 GHz, both for the linear and the different optimized phase excitations. (a) Scan to broadside
or (80, 60) = (0°,0°), (b) Scan to (6, ¢o) = (50°,0°).

f = 3.15 GHz, (6, ¢9) = (0°,0°),¢ = 0° f = 3.15 GHz, (6, ¢9) = (0°,0°), ¢ = 90°
|- I I I 1 F I I - !
20 Linear 205 20 Linear Q;s
——CVX ——CVX
2 151 DE (global) = 157 DE (global) 20
) ——DE (onCVX) <) ——DE (onCVX)
= 107 2 1o
o] <
@ 5 8] @] 5 I3
] o]
o} D
N N
=2 = 0
[
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5t
. . -10 . . ! .
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(a) (b)

Fig. 7. Realized gain patterns for the linear phase progression and the different optimization approaches when scanning to broadside at fo = 3.15 GHz. (a)
Azimuth plane ¢ = 0°. (b) Elevation plane ¢ = 90°.

f = 3.15 GHz, (6, ¢9) = (50°,0°),6 = 50° f=3. 15 GHZ (90,¢0) = 50° ,0°), ¢ =0°
20 [ Tinear 17.5 7 20f 1757 i
—CVX 17
= 15y DE (global) 1\6g ] = By o
o ——DE (onCVX) ' c 16.5
~ L 16 . — t
- 10 - 10
= 3 16
O gl -4-20 2 4] O gl 40 45 50 55 “
=] !
3] )
N B
= 0 = Linear
5 )
o ~ —CVX
57 DE (global)
——DE (onCVX)
-10 \ I I I I I a l | L

180 -120 60 O 60 120
¢(%) 0(°)
(@ (b)

Fig. 8. Realized gain patterns for the linear phase progression and the different optimization approaches when scanning to (6o, ¢o) = (50°,0°) at fo = 3.15
GHz. (a) Circular “plane” 6 = 50°. (b) Azimuth plane ¢ = 0°.
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Fig. 9. Maximum ARC versus scan direction for the 8 x 8 dipole array
excited at 3.15 GHz, as obtained by the four different methods.

method and the linear phase progression have slightly smaller
beam squints.

When it comes to the maximum SLL, there are minor differ-
ences in the azimuth and elevations planes when scanning to
broadside. Also, when scanning to (6, ¢o) = (50°,0°), there
are hardly differences in the circular “plane” 6 = 50°. How-
ever, in the azimuth plane, the global DE method outperforms
the other two methods (and the linear phase progression).

As a next step, we will determine the maximum ARC, the
maximum SLL, and the gain for 10 different scan directions.
The gain and maximum SLL will be determined from the
complete 2D radiation patterns. To determine the maximum
SLL, the Matlab function findpeaksn.m [27] is used which
can detect all the local maxima of the 2D radiation pattern.
Figs. 9, 10 and 11 show the maximum ARC, maximum SLL,
and realized gain, respectively, for a broadside scan and for
scanning to 6 = 10°,30°,50° in the azimuth plane ¢ = 0°,
the diagonal plane ¢ = 45°, and the elevation plane 6 = 90°.

In the maximum ARC plot of Fig. 9, we observe that the
three optimization methods indeed reduce the maximum ARC
for all ten scan directions. Also, the difference between the
linear phase progression and any of the three optimization
methods is significantly bigger than the differences among the
three optimization methods. At least from an ARC perspective
there is no clear outstanding method, though the two DE
methods perform slightly better than the iterative convex
method.

In the maximum SLL plot of Fig. 10 we observe clearly that
the global DE method provides the most uniform maximum
SLL, which is around -13 dB for all ten scan directions. The
iterative convex method shows the most fluctuating maximum
SLL followed by the linear phase progression. The DE method
initialized by the iterative convex method (labeled DE (on-
CVX)) shows a weakly fluctuating maximum SLL except for
scanning to # = 30° in the diagonal plane.

Finally, the realized gain plot of Fig. 11 shows than the fluc-
tuation of the realized gain over the different scan directions
is way bigger, around 3 dB, than the differences among the

-9, :
‘ —>¢— Linear —¢— CVX

-10 ¢

; ; ; ; |
DE (global) —%—DE (onCVX)]

max SLL (dB)
R

_14_)’K |
R @Q@
NGRS

\ o;\ \ \ N
@QQ 09‘ 63‘ »09%0090909
AR e

)

(oo
)

Fig. 10. Maximum SLL versus scan direction for the 8 x 8 dipole array
excited at 3.15 GHz, as obtained by the four different methods.
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(dB)

185+
18+
175¢
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17
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)
Fig. 11. Gain versus scan direction for the 8 x 8 dipole array excited at
3.15 GHz, as obtained by the four different methods.

four different methods, which are in the order of a few tenths
of dB.

In conclusion we can say that the maximum ARC and
the realized gain do not show a preference for any of the
three optimization methods, except that the two DE methods
outperform the iterative convex method slightly. When it
comes to maximum SLL, it seems that the global DE method
is the preferred choice.

C. Multiple Frequency Optimization

To treat multiple frequencies at once, we can use the multi-
frequency optimization described in Sec. III-A for the DE
method. The main goal here is to compare the maximum
ARC, the maximum SLL, and the realized gain when the
global DE method is used for (i) minimizing (11) at a single
frequency and (ii) minimizing (12) at multiple frequencies. For
the multiple frequencies, we set M = 3, where f; = 3.1 GHz,
f2=3.15 GHz and f3 = 3.2 GHz.
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Fig. 12. Magnitude of maximum ARC versus scan direction for three frequencies and two optimization types when applying the global DE method. The dashed
line corresponds to single-frequency optimization, while the solid line corresponds to multi-frequency optimization. (a) f1 = 3.1 GHz. (b) f2 = 3.15 GHz.

(c) f3 = 3.2 GHz.

Using the same DE parameters and the same maximum
number of iterations as in the single frequency optimization,
Fig. 12, Fig. 13 and Fig. 14 show the maximum ARCs, the
maximum SLLs and the realized-gain drops, as compared
to the realized gains of the linear phase progression. For
the maximum ARC in Fig. 12 we observe that the differ-
ences among various scan directions is significantly bigger
than the differences between the single and multi-frequency
optimization at a specific scan direction. For 3.1 GHz and
3.2 GHz, the multi-frequency optimization outperforms the
single-frequency optimization, with the biggest differences
of 0.04 to 0.05 (linear ARC scale) occuring in the azimuth
plane ¢ = 0° at 3.1 GHz. At 3.15 GHz, there is hardly
a difference between the results of the single and multi-
frequency optimization.

- % - f1 (single) - x - f5 (single) - x - f3 (single) |
—— f1 (multi) =6~ f» (multi) —— f3 (multi)

S ESEE
(6o, do) = (°

N S
@& Q& QN
NN

Scan angles

Fig. 13. Maximum SLL versus scan direction for three frequencies and two
optimization types when applying the global DE method. The dashed line
corresponds to single-frequency optimization, while the solid line corresponds
to multi-frequency optimization.

In the maximum SLL plot of Fig. 13, multi-frequency
optimization seems to work generally better than or equal to
single-frequency optimization resulting in 0.5 to 1 dB lower
maximum SLL. Only for two scan directions, (0g,¢o) =
(30°,0°) and (6p, o) = (10°,45°), single-frequency opti-

- % - f1 (single) - % - f» (single) - % - f3 (single)
—O—f1 (multi) -6~ fo (multi) —— f3 (multi)
0.5

-0.1
D O S S © D O D O D
O & C N & &

&
)

Fig. 14. Realized gain drop (as compared to the gain of the linear phase
progression) versus scan direction for three frequencies and two optimization
types when applying the global DE method. The dashed line corresponds

to single-frequency optimization, while the solid line corresponds to multi-
frequency optimization.

Scan angles (0, ¢o) =

mization outperforms multi-frequency optimization. Finally,
the gain-drop plot of Fig. 14 shows that single and multi-
frequency optimization lead to gain drops of O to 0.6 dB as
compared to the gain of the linear phase progression, with
no clear verdict of which optimization results in a lower gain
drop. Thus, in conclusion, multi-frequency optimization leads
generally to a lower or equal maximum ARC value and to a
lower or equal maximum SLL as compared to single-frequency
optimization. For realized gain, there is no clear verdict which
of the two optimization types is the best.

D. Amplitude and Phase Errors

In this subsection, we analyze the effect of amplitude
and phase errors caused by the non-ideal active electronics.
Specifically, a maximum error of 0.25 dB can be expected in
the measurements of the output power of the amplifiers due to
process variations. To implement this maximum power value
as voltage amplitude errors in the antenna ports, random volt-
age values have been selected for the antenna ports according
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Fig. 15. (Left) Amplitude errors over the antenna ports as calculated in
(22) for scan direction (6o, po) = (50°,0°) at 3.15 GHz with excitation
coefficients obtained by the global DE method. (Right) Corresponding phase
errors on the antenna ports due to phase quantization that a 6-bit digital phase
shifter induces.

to a uniform distribution on [0.97,1]. As for the phase, we
consider quantization errors which arise from the use of a 6-
bit digital phase shifter for each antenna port. Consequently,
the phase shifter has 26 = 64 different phase values, which
are uniformly distributed in the range [0°,360°).

Fig. 15 shows the amplitude and phase errors of the port
excitations when scanning to (6o, o) = (50°,45°) at the
central frequency f. = 3.15 GHz. The excitation coefficients
are those obtained by the global DE method affected by one
specific realization of the random amplitude and phase errors,
as described in the previous paragraph. Also, the amplitude
error in the figure is defined by

|1N><1 - aer|

error = ( ) - 100% (22)

1N><1

where 1«1 is a vector of ones representing a unit amplitude
for each element, a., is the amplitude distribution over the
antenna ports, and | - | is the componentwise magnitude of a
vector. The presented amplitude and phase errors are input to
the calculated ARC values shown in Fig. 16. Scan direction
and frequency are of course the same. As the figure clearly
shows, the impact of the random errors on the ARCs of the
antenna ports is minor.

E. HPA Performance in Combination with Antenna

An ideal QB-DPA has been combined with the 8x8 dipole
antenna and simulated in ADS. For this test, it is assumed
that for each scan direction the active reflection coefficients
of the antenna ports are known and used as input parameter
of the amplifiers. The simulation results show a low error
between the reflection coefficients that are known from the
antenna-only simulations and the ones obtained from the ADS
simulation. The error is less than 6% for |I'g, 4o.m| > 0.1.

The amplifier performance has been studied in combination
with the previously discussed 8 x 8 dipole array. The results of
the 64 amplifiers that are connected to the antenna elements
are depicted in Fig. 17. Three cases are compared:

« optimized antenna-element excitations and compensated

amplifier,

« linear phase progression as antenna-element excitations

and compensated amplifier,

o Linear phase progression as antenna-element excitations

and uncompensated amplifier.

f=23.15 GHZ, (00,¢0) = (500,00)

——DE (no errors)| |
——DE (errors)

0.1 ‘ ‘ ‘ ‘ ‘ ‘
0 10 20 30 40 50 60

Elements index

Fig. 16. Magnitude of the ARCs per antenna element when scanning to
(60, p0) = (50°,0°) at 3.15 GHz with port excitations obtained by the
global DE method. Blue curve: no amplitude and phase errors on the port
excitations. Red curve: including amplitude and phase errors.

For the case that the amplifier is uncompensated, a 50 €2 load
at its output is assumed. In Fig. 17 we observe clearly that
the compensation of the amplifiers is necessary to improve
the output power and the power-aided efficiency (PAE), and
to keep the dissipated power limited. The compensated case
has approximately two to ten times the output power of the
uncompensated case, a few tens of percents more in PAE, and
two to ten times lower dissipated power. As for the linear
versus optimized antenna-element excitations, they lead to
approximately the same output power, PAE, and dissipated
power, except that the optimization improves the outliers of the
linear phase progression significantly. Specifically, consider
for example the lowest four PAE values of the case ”Comp
PA + linear excitations” (red pluses) presented in the middle
plot of Fig. 17. They correspond to the four highest active
reflection coefficients. The PAE values are greatly improved
by the optimization by 10% to 15% (from red pluses to blue
asterisks) and the corresponding active reflection coefficients
reduce by 0.1 to 0.2. Analogously, the lowest two output-
power values are increased by about 10 W and the highest
four or five dissipated-power values are lowered by by about
10 W.

Fig. 18 shows the 2D normalized radiation patterns ex-
pressed in wuv-coordinates at f. = 3.15 GHz with scan
direction (0g, o) = (50°,45°) for the three amplifier plus
antenna-array designs. Fig. 19 shows the realized gain patterns
for two different planes (circular ”plane” 6 = 50° and diagonal
plane ¢ = 45°), in which the maximum gain occurs. Both
figures show that the sidelobe level is hardly affected by
the optimization and compensation. Secondly, gain losses are
smaller than 0.25 dB as the insets of Fig. 19 show. Thirdly,
the compensation and optimization show an additional beam
squint of approximately 0.1° to 0.2° as compared to the
uncompensated case with linear phase progression as antenna-
elements’ excitations. This additional squint is small compared
to the beam squint occuring for oblique scanning of the
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Fig. 17. Performance of the 64 amplifiers in combination with the 8 x 8 dipole array for three different excitation cases simulated at f. = 3.15 GHz
with scan direction (6o, ¢o) = (50°,45°). (Left) Optimized antenna-element excitations and compensated amplifier. (Middle) Linear phase progression as
antenna-element excitations and compensated amplifier. (Right) Linear phase progression as antenna-element excitations and uncompensated amplifier.
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Fig. 18. Normalized radiation patterns of the 8 x 8 dipole array, expressed in uv-coordinates, for three different excitation cases simulated at fo = 3.15 GHz
with scan direction (6o, ¢o) = (50°,45°). The excitation cases are the same as in Fig. 17.
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Fig. 19. Realized gain patterns for three different excitation cases when scanning to (6o, ¢o) = (50°,45°) at fo = 3.15 GHz. (a) Circular “plane” 6 = 50°.
(b) Diagonal plane ¢ = 45°. The excitation cases are the same as in Fig. 17.
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order of 1°. For the specific case of scanning to (6y, ¢g) =
(50°,45°), the “oblique” beam squint and the additional beam
squint by compensation and optimization occur primarily in
the diagonal plane as the insets of Fig. 19 show.

V. CONCLUSIONS

This paper focuses on enhancing the output power and
sensitivity of an AESA by i) reducing the active reflection
coefficients (ARCs) at the antenna ports by the use of ded-
icated optimization methods to determine optimal antenna-
element excitations and ii) improving the active impedance
matching at the interface between the antenna elements and
the power amplifiers. For the minimization of the active reflec-
tion coefficients, three optimization methods have been used
successfully: 1) a dedicated iterative convex method developed
in this paper, 2) a global differential evolution method where
global refers to the fully random initialization, and 3) a
local differential evolution method where local refers to the
initialization by agents that are weakly perturbed variants of a
solution of the iterative convex method. In all three cases,
only the phases of the antenna excitation coefficients are
optimized, since the focus is on a Radar-related application
where power amplifiers are operated in saturation. All three
methods show clearly the improvements in terms of reduced
ARC values, while reasonably maintaining SLL and gain.
Especially the third method of local differential evolution
is very promising for achieving active reflection coefficients
as low as possible. Another potential improvement could be
obtained by formulating a multi-frequency objective for the
differential-evolution optimization, which works better than
or equally good as its single-frequency counterpart. Finally,
random amplitude errors, associated to manufacturing toler-
ances, and quantization phase errors show minor impact on
the minimized active reflection coefficients.

With respect to the power-amplifier side of our work,
we investigated an architecture able to compensate for the
variation of the ARC based on a QB-DPA. The QB-DPA can
control the output power and reduce the variation of the power-
aided efficiency with the load impedance. The performance of
the power amplifiers connected to the array antenna equipped
with the optimal excitations was jointly evaluated. The biggest
improvement is achieved by compensation at the power am-
plifiers for the active-reflection coefficients of the antenna
elements: two to ten times higher output powers, a few tens of
percents higher PAEs, and two to ten times lower dissipated
powers. If one also replaces the linear phase progression of
the excitation coefficients of the antenna elements by dedi-
cated optimized excitation coefficients further improvements
of about 10 W output power per antenna element and 10% in
PAE per antenna element are achieved.
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