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Abstract—This work explores the relevance of multiprobe
array design parameters in Planar Wide Mesh (PWM) grids
for phase-referenced and reference-less scenarios. This analysis
examines the behaviour of the optimisation metric as physical
constraints are introduced across multiple multiprobe systems.
An extensive comparison of the ideal and retrieved PWS has been
conducted to assess the implications of multiprobe parameters
in solving the inverse-source problem. This procedure has been
repeated to retrieve the phase in a reference-less scenario that
uses partially coherent observations in conjunction with PWM
grids. Results show that, in the phase-referenced scenario, the
optimisation procedure overcomes the limitations introduced by
multiprobe constraints. It is concluded that the PWM grids do not
constrain the optimal probe spacing. Furthermore, in reference-
less scenarios, our results indicate that at least four probes
are required for accurate phase retrieval. In the reference-less
scenario, we find that certain probe spacing yields less accurate
solutions.

Index Terms—antenna measurements, non-redundant sam-
pling, reference-less, multiprobe.

I. INTRODUCTION

Planar near-field (PNF) scanning [1] offers a distinct ad-
vantage for characterising large or reconfigurable antennas,
such as Active Phased Arrays (APAs), as it allows the An-
tenna Under Test (AUT) to remain stationary. Despite this,
comprehensively testing modern APAs is bottlenecked by the
large scan apertures required to mitigate truncation errors
in steered-beam conditions in the traditional near-field-to-far-
field transformation.

To mitigate the long measurement times inherent in PNF
systems, several techniques have been developed in the liter-
ature. Based on the principle that the degrees of freedom of
the radiated field are finite, analytical definitions of a non-
redundant sampling grid can be found [2], [3]. This method-
ology was later enhanced by leveraging the Singular Value
Decomposition (SVD) of the radiation operator to optimise
field-sampling positions in an inverse-source problem [4].
Various function bases, such as Plane Wave Spectrum (PWS)
expansions or prolate spheroidal wave functions [4], [5], can
be used for this purpose. The measurement time can be further
reduced by employing multiprobe systems, which replace

Fig. 1. Measurement scheme for a multiprobe reference-less PWM grid with
a coherent receiver

slow mechanical scanning with near-instantaneous electronic
switching between probes [6]–[8].

A second major challenge is the prevalence of highly-
integrated systems that lack a mechanism for injecting or
extracting a phase-referenced signal. A single-scan but com-
plex solution is to recover the signal’s phases from partially
coherent measurements [9]–[11]. This technique employs a
probe array with multiple coherent receivers to establish a
phase relationship among simultaneously acquired samples.
The inherent coherence between these measurements is then
exploited to reduce the total number of unknown absolute
phases proportionally to the number of probes. Implementing
this technique in a multiprobe system becomes the natural
choice as it only requires expanding switchable setups to
multiple coherent receivers.

An scheme of the combination of multiprobe arrays with
PWM grids and partially coherent measurements is shown in
Fig. 1. This work investigates the relationships among the
physical design of a multiprobe array, the performance of
multiprobe non-redundant sampling grids, and the efficacy
of phase recovery using partially coherent observations using
PWM sampling grids.



II. THEORETICAL BACKGROUND

A. Planar Near-Field Measurements

For a given aperture positioned in an XY plane, its radiated
field for z > 0 can be expanded in PWS components [1] as
Eq. 1; being E⃗ the aperture field, P⃗ the PWS expansion, k⃗
the vector wave number and r⃗ the positioning vector.

P⃗ (kx, ky) =

∫ ∞

−∞

∫ ∞

−∞
E⃗aut(x, y)e

−j(r⃗·⃗k)dxdy (1)

Using the PWS of the antenna, the signal received by
a probe along a plane positioned at a given distance r⃗ =
(x, y, z = d) is computed as Eq. 2. It must be noted that
the received signal b includes the distortion introduced by the
probe’s PWS (S⃗(kx, ky)).

b(r⃗) =

∫ ∞

−∞

∫ ∞

−∞
S⃗(kx, ky) · P⃗ (kx, ky)e−j(r⃗·⃗k)dkxdky (2)

This Fourier integral formulation (Eqs 1-2) can be discre-
tised and rewritten in a matrix representation as:

p = A1eaut (3)

b = A2p (4)

Where A1,2 are the two transformation matrices that perform
the Fourier integrals. The two discretised equations are then
combined into Eq 5 to formulate an inverse source problem
that directly relates the field measured samples by the probe
(b) to the radiating sources of the AUT eaut. After solving
the proposed inverse source problem, the PWS of the AUT
can be retrieved using Eq. 3.

b = A2A1eaut ⇒ b = Aeaut (5)

B. Planar Wide Mesh

PWM sampling schemes significantly reduce the number
of measurement samples required to capture all the degrees
of freedom (DoF) of the aperture fields by optimising the
sampling positions xm [2], [12]. The transformation matrix
A is constructed to relate the sampled aperture field and the
reduced-order equivalent sources. These positions are used to
build a transformation matrix A that relates the sparse samples
to the aperture sources.

An optimisation problem can be formulated to find an
optimal grid composed of M samples. The literature presents
several metrics to optimise the sampling positions based on the
properties of the generated transformation matrix A [13]. In
this work, the Shannon Number (SN) is selected. To simplify
the computation of optimal positions, a symmetric mesh with
equal rows and columns is considered. This allows us to split
the 2D problem into two 1D problems, quadratically reducing
the optimisation complexity. In the 1D problem space, the
number of optimisation variables can be halved if the AUT
is assumed to be positioned centred.

Finally, the optimisation problem to solve for the optimal
positioning of M samples is:

min
x1,...,xM

χ =

N∑
n=2

σn(A)

σ1(A)

s.t. A = f(x1, . . . ,xM )

0 ≤ xm ≤ L/2 ∀m = 1, . . . ,M

(6)

where A is the transformation matrix constructed from the
x samples using the Fourier integrals (1-2), L is the desired
length of the measurement plane. To estimate the minimum
required number of sampling points M , the optimisation
procedure must be repeated until diminishing returns in SN are
observed as M increases. This formulation can be generalised
to optimise multiprobe sensing arrays composed of N probes
by introducing the concepts of mechanical and electrical
positions:

• Mechanical sample (MP): Spatial positioning of the cen-
ter of the multiprobe array, which becomes the variable
to optimize. (Orange squares in Fig. 1)

• Electrical sample (EP): Field’s sampling position calcu-
lated as the mechanical position plus the offset of the n-th
probe of the array. (Blue dots in Fig. 1)

C. On the Phase Retrieval from Partial Coherent Probes

In a measurement scenario where there is no reference
channel to synchronise the signal source with the receiver, a
probe array system can still collect partially coherent samples
if each probe’s receiver is coherent with the other [9]. This
reduces the total unknown phases by the number of probes
used. Using this idea, the complex field near-field signal
measured at each MP can be decomposed as:

|b| =
[
|bT

1 | |bT
2 | · · · |bT

n | · · · |bT
N |

]T
(7)

ψ =
[
ψT

2,1 · · · ψT
n,1 · · · ψT

N,1

]T
(8)

The measured data consists of the amplitude vector |bn| and
the relative phase vector ψn,1 (where ψn,m = ̸ (bn,m/b1,m)).
The full complex near-field b is then reconstructed using Eq.
(9), which solves for the unknown absolute phases of the
first probe, ψ1. The matrix B facilitates this by encoding the
known amplitude and relative phase data into a series of N
vertically concatenated diagonal matrices.

b = Bψ1 (9)

By joining Eq 5 and Eq 9, the partially coherent observation
problem and the reduced order model can be stitched together
into a homogeneous linear system of equations defined as:

(I−AA†)Bψ1 = 0

s.t|ψ| = 1
(10)

where I is the identity matrix and † calculates the
Moore–Penrose inverse. When this formulation is combined
with multiprobe PWM grids, solving Eq 10 via non-convex
quadratic optimisation yields the best results.



III. NUMERICAL EXPERIMENTATION FOR MULTIPROBE
ARRAYS

The objective of this research is to determine how the
design parameters of a multiprobe array influence PWM grid
optimality. The choice of multiprobe array implementation
geometry is aimed at commercially viable solutions, often
based on linear arrays with a fixed inter-element spacing.
For this purpose, a realistic simulation scenario based on a
synthetic aperture is performed as follows:

• AUT: The AUT consist of a 10λ by 10λ aperture with a
beam-tilt of -20 degrees and a side lobe level of -15 dB
in the analysed measurement plane.

• Probe Array: 2, 4, and 8-element probe arrays are simu-
lated, chosen as powers of two for practical implementa-
tion with Commercial Off-The-Shelf (COTS) hardware.
The inter-element spacing range is within 0.5λ and 4λ.

• PNF Setup: The probe array is located at a distance of
6λ and scans over a 40λ wide plane.

• SNR: Additive Gaussian White Noise is added to simulate
an SNR of 40 dB.

Because the scanning area and the AUT’s aperture have
equal dimensions in both planes, the optimal mesh will be
identical for both rows and columns. As a reference, in a
standard single-probe PNF measurement, this scenario would
require 80 samples (EPs), spaced by 0.5λ along each row and
column.

A. Standard Multiprobe PWM

To compare the performance of the different probe array
configurations in this scenario, the normalised SN is plotted
in Fig. 2. The curves on the graphs show the normalised min-
imised χm for a set of M mechanical samples. As expected,
the number of mechanical samples increases, and the inverse
sources problem improves its conditioning until it reaches
saturation when all the DoF are sampled [13].

Despite differences in spacing, the optimisation procedure
can compensate for this variable by adjusting the overlap
between the EPs, achieving a similar system conditioning that
is solely determined by the total number of MPs. An example
of the PWS retrieved by the three array configurations with a
probe separation of 2.5λ is shown in Fig 3. All retrieved PWS
match the reference pattern perfectly. To further illustrate this
behaviour, the error (calculated using Eq. 11. ) between the
PWS retrieved by solving the inverse source problem and the
reference one is shown in Fig 4(a,b,c) as a function of the
number of MS and probe spacing in the multiprobe array.

ϵ = 20log10

(
1

N

∑∣∣PPWM
CP (kx)− P Ideal

CP (kx)
∣∣) (11)

Once the saturation point is reached, additional samples
provide greater resilience in accurately solving the inverse
source problem. However, the error charts (Fig. 4) show a
stable solution for those scenarios close to the saturation point.
Therefore, it can be concluded that for a regularly spaced
multiprobe array, its spacing is not a critical variable for the
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Fig. 2. Normalised minimised Shannon’s number for each set of mechanical
positions for (a) 2 probes (b) 4 probes (c) 8 probes
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Fig. 3. Retrieved PWS for the standard multiprobe PWM with a probe array
spacing of 2.5λ

PWM procedure. So it can be adjusted as desired to improve
probe isolation or the mechanical stability of the array. Table. I
illustrates the reduction percentage achieved by the use of
PWM grids and multiprobe arrays compared to regular grids.
The application of multiprobe arrays to PWM grids achieves a
consistent percentage reduction of the MS required to perform
the antenna measurement.

TABLE I
COMPARISON OF THE NUMBER OF MECHANICAL SAMPLES (MS)

REQUIRED FOR REGULAR AND PWM GRIDS AS A FUNCTION OF THE
NUMBER OF PROBES USED.

Probes MS (Regular Grid) MS (PWM Grid) Reduction (%)

1 81 27 67
2 41 16 61
4 21 7 67
8 11 4 64
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Fig. 4. Error between the ideal PWS and the PWS retrieved from the inverse
source problem using the PWM grid for the referenced (With phase) and the
reference-less (Relative phase between probes only) scenarios

B. Reference-less Multiprobe PWM

The reference-less scenario presents a notable challenge, as
it requires solving for unknown phases via the optimisation of
Eq. 10. The performance of this method is critically dependent
on the number of probes in the sensing array. As the probe
count increases, the number of unknown phases decreases,
simplifying the optimisation problem and improving the ac-
curacy of the reconstructed phase. This leads to a more stable
solution for the PWS as shown in Fig. 4(d,e,f).

The performance limitations are most evident in systems
with fewer probes. A two-probe array is unfeasible, as in-
creasing the number of mechanical samples (MS) fails to
reduce the retrieval error. Fig. 5 shows how the two-probe
configuration fails to retrieve most of the PWS. Expanding
the array to four probes allows the solution to converge for
configurations with more than 5 MS (Fig. 4d). However,
performance is inconsistent and highly dependent on probe
spacing. While optimal spacings of 1λ, 1.75λ, and 2.5λ can
achieve an error below -40 dB, other configurations fail to
yield a stable solution.

Finally, the eight-probe array achieves a retrieval accu-
racy comparable to that of the phase-referenced measurement
(Fig. 4f). For most configurations using more than 4 MS, this
array consistently retrieves the PWS with an error below -

Theta (deg)
-80 -60 -40 -20 0 20 40 60 80

N
or

m
al

iz
ed

 P
W

S 
(d

B)

-40
-35
-30
-25
-20
-15
-10

-5
0

Reference
2 Probes (16 MS)
4 Probes (6 MS)
8 Probes (4 MS)

Fig. 5. Retrieved PWS for the reference-less multiprobe PWM with a probe
array spacing of 2.5λ

45 dB. This result confirms that minimising the number of
unknown variables in Eq. 10 is the key to achieving robust
and accurate results in a reference-less measurement. However,
oversampling the measurement plane may create numerical
instabilities, as shown by the red spot in Fig. 4f for a spacing
of 4λ and 17 MS.

C. Broadband Performance of PWM Grids with Multiprobe
Systems

To validate the performance of the proposed reduced-order
sampling grids for multifrequency acquisitions, we simulate
a shared-aperture phased array operating across an octave
bandwidth. This approach is motivated by state-of-the-art
commercial systems, such as the MVG 1-18 GHz multiprobe
array [14].

The simulation operates at two frequencies and relies on
electrical scaling of the fixed physical hardware. The key
parameters are:

• Operating Frequencies: 16 GHz (Ku-band) and 8 GHz
(X-band), simulating a realistic dual-band aperture an-
tenna.

• Aperture Scaling: A physical aperture that is electrically
10λ at 16 GHz is scaled to 5λ at 8 GHz.

• Probe Spacing Scaling: This spacing is defined at the
upper frequency to be in the range of 2λ to 4λ. At the
lower frequency, this same physical spacing corresponds
to an electrical separation of 1λ to 2λ. The number of
probes has been fixed to four as a compromise between
the system’s complexity and the reference-less capabili-
ties.

The PWS of the scaled scenario for Fig. 3 and Fig. 5 is
shown in Fig. 6. The recovered pattern for this scenario mimics
the performance of the previous results. A broader picture
of multiple configurations is shown in Fig. 7, which shows
the error metrics of the retrieved pattern across all possible
scaled configurations. For the referenced scenario, the error
exhibits behaviour highly similar to that in 4c. In contrast,
the reference-less case shows improvement over the upperband
case, with instability in the phase retrieval process significantly
reduced and no configuration failing at the phase retrieval
problem.
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Fig. 6. Retrieved PWS for the broadband scenario (AUT aperture of 5λ)
using a four-probe phased array with 1.25λ spacing and 6 MS
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Fig. 7. Error of the retrieved pattern for the broadband scenario using a four-
probe linear array

IV. CONCLUSION

This work has explored the impact of the design variables of
multiprobe systems in conjunction with PWS sampling grids
and their natural application to the reference-less scenarios.
Through numerical simulation of measurement scenarios using
a synthetic-aperture model, it has been confirmed that the
spacing between elements in the multiprobe array does not
directly affect the performance of the PWM grids, provided
it is accounted for in the optimisation procedure. For a
broadband scenario, this has also been demonstrated to be true.
The reduction of samples achieved due to the multiprobe array
is proportionally consistent between regular and PWM grids.

The reference-less scenario reveals a much more complex
reality in which the number of selected probes directly affects
algorithm performance. In conjunction with PWM grids, using
fewer than four probes yields highly inaccurate results in
the phase reconstruction from partially coherent samples.
The numerical instability of this phase-retrieval method on
oversampled grids persists.
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