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Abstract

The approach of phased arrays with digital beam forming (DBF) is interesting for satellite commu-
nication systems. However, a complex system of large-size arrays with more than 1000 channels is
necessary. Thus, one of the most critical tasks is integrating and controlling a huge number of active
and passive components in a compact system.
The topic of the present dissertation is the development and the analysis of an online calibration
system with probes surrounding the DBF receiver array. In comparison to other concepts in litera-
ture, this so-called external concept is chosen for large-size arrays because of its low impact on the
integration density and its moderate hardware complexity. This thesis discusses its applicability to
the calibration of channel deviations and its extension to further include their mutual coupling in a
joint procedure.
Three aspects of the calibration procedure for channel deviations are improved, namely the probe
design, the model of the probe-receiver coupling, and the algorithmic part.

• The probes are realized as coaxial monopole antennas with an approximately omni-directional
radiation pattern to improve their robustness against fabrication tolerances.

• An analytical model of the probe-receiver coupling is developed to enhance the accuracy with
acceptable computational complexity.

• A combination of the arithmetical and the geometrical mean is proposed to improve the sta-
bility of the calibration procedure.

In addition, the concept is extended towards a joint calibration of the channel deviations and their
mutual coupling. A simplified model of the coupling matrix of a receiver system is shown to be
necessary to limit the hardware cost. Additionally, three decoupling algorithms are considered.
The common Least-Square (LS) method is the first approach in case of a large number of probes
and calibration signals with a high signal-to-noise-ratio (SNR). Furthermore, the necessity of at
least one separate reference channel is demonstrated. In the second approach, the LS algorithm is
complemented by a Principle Component Analysis (PCA). The accuracy is shown to be improved for
a limited number of probes. However, the approach is suitable only for the calibration of small-size
receiver arrays because of the required high signal-to-noise ratio (SNR) and the huge computational
cost. Finally, an extension of LS with multiple reference receivers (MRR) is suggested to diversify
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the modeling errors and to achieve the best possible calibration accuracy for a limited SNR. Although
the hardware cost is higher, this approach is relevant for the calibration of a large-size array.
The usefulness of the proposed calibration procedure is demonstrated in laboratory experiments
with linear and planar receiver arrays. The correction of the main beam direction as well as the
improvement of the side-lobe level of the receiver array are reported.
Finally, a tolerance analysis is performed to determine the technical requirements of the calibration
system, such as the number of probes and reference channels or the required SNR of the calibration
signals.

5



Contents

1 Introduction 1
1.1 Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Formulation of the Problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Thesis Topic and Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Antenna Basics 7
2.1 Antenna Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Polarization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3 Receiver System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.4 Tolerance effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3 Calibration Concept 18
3.1 Error Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.1.1 Channel fluctuations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.1.2 Mutual Coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.2 Calibration Concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.2.1 Internal Calibration Concept . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.2.2 External Calibration Concept . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.2.3 Calibration Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4 Calibration of Channel Deviations 29
4.1 Calibration Probes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.2 Probe-Patch Coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.2.1 Analytical Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.2.2 Propagation model K1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.2.3 Radiation characteristics K2 of the patch . . . . . . . . . . . . . . . . . . . 36
4.2.4 Model Expansion with Superposition Principle . . . . . . . . . . . . . . . . 37

4.3 Algorithms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.4 Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

i



Contents

5 Calibration of Coupling Matrix 43
5.1 Coupling Matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.2 Decoupling Algorithms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

5.2.1 Calibration Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.2.2 Least-Square (LS) Method . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
5.2.3 Principle Component Analysis (PCA) . . . . . . . . . . . . . . . . . . . . . 49
5.2.4 Extension with Multiple reference receivers (MRR) . . . . . . . . . . . . . . 50

5.3 Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

6 Experiments 56
6.1 Measurement Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
6.2 Microstrip Probe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
6.3 Coaxial Probe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

6.3.1 Calibration of Channel Fluctuations . . . . . . . . . . . . . . . . . . . . . . 59
6.3.2 Joint Calibration of Channel Fluctuations and Mutual Coupling . . . . . . . 64

6.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

7 Tolerance Analysis and Scalability 73
7.1 Surrogate model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
7.2 Uncertainty Propagation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
7.3 Effects on the Beam Pattern . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

7.3.1 Worst-Case Bound . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
7.3.2 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
7.3.3 Monte-Carlo Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

7.4 Scalability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
7.4.1 Channel deviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
7.4.2 Effect of mutual coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

7.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

8 Conclusion and Outlook 89

Bibliography 92

ii



1 Introduction

1.1 Context

Connectivity and mobility are two subjects of most concern in modern community. Thereby, internet
access is nowadays indispensable not only in business but also in personal life as it is crucially
required in many applications such as websites, e-mail, file sharing, and video call. As presented
in the report of BITKOM 1 in 2015, three out of four EU citizens aged between 16 and 74 year-
old (76%) use Internet at least once per week. Additionally, the trend of Internet usage per mobile
devices is recognizably rising. More than half of EU citizens according to BITKOM use Internet
via smart phones whilst one-third uses mobile computers such as laptops, notebooks, and tablets.
Moreover, a steady growth of broadband services is also observed. In 2015, 96% of the companies
in Germany had broadband Internet access whilst this number is 88% for households. The estimated
data traffic volume in Fig. 1.1 for the period from 2014 to 2019 presented in Cisco Visual Networking
Index [1] indicates a substantial rise. Compared to nearly 30% increase of the fixed network, the
usage of the mobile service shows growth of more than 65% over five years. This fact demonstrates
a potential leap of mobile broadband services in the near future. As an important part of the modern
communication services, high demand of satellite communications is also expected, especially in
regions with poor infrastructure.
Digital Video Broadcasting- Satellite (DVB-S) is one of the well-known satellite services nowadays.
The video signals are broadcast via satellites such as those from Astra 2, or Eutelsat 3 from 10.7 GHz
to 12.75 GHz (Downlink) and from 14 GHz to 17.5 GHz (Uplink) at Ku band. Additionally, satellites
at C- and L-band [2] are also used for radio and navigation services. However, the capacity offered
by these satellites is not enough for multimedia applications. Hence, communication systems at
higher frequency bands, e.g., Ka band, are proposed to achieve higher bandwidth.
For example, those systems were suggested for the services on mobile platforms such as aircrafts
or ships and examined intensively in the last ten years. High directivity and tracking ability are
two main desired characteristics of these communication systems. By the way of tracking, namely
mechanical and electronic, two kinds of systems are classified. The first one is based on reflector

1Die Bundesverband Informationswirtschaft, Telekommunikation und neue Medien e.V. Website:
https://www.bitkom.org/Marktdaten/Konsum-Nutzungsverhalten/Facts-zu-Internet.html. 2015

2Astra: https://www.astra.de
3Eutelsat: https://www.eutelsat.com/de/Dienste/tv-direktempfang/programme-frequenzen.html, 2015
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1 Introduction

Figure 1.1: Traffic volume of the Global consumer Internet video (the values since 2016 are esti-
mated)

antennas [3], [4]. In this approach, the direction of the main beam can be steered and error caused
by the movement of the platform can be compensated by rotating the reflector mechanically.

The beam forming can be performed much faster in the second approach, which relies on phased
arrays. Additionally, nulls in radiation pattern can be located at desired positions by configuring
the system electronically, hence, interferences can be suppressed. The electronically reconfigurable
antenna system can be divided further into two kinds of system implementations, namely a phased
array and a Digital Beam Forming system (DBF).

In the phased array receiver system, each channel is equipped with an amplifier and a phase shifter.
In this case, the phase and the amplitude of the signal can be weighted directly to form a sum pattern
in the direction of interest. Because the beam pattern is constructed in an analogue way, phased array
technique is also called Analogue Beam Forming (ABF).

On the other hand, in a DBF system each channel is provided with an A/D-converter instead of a
phase shifter. The beam pattern is then constructed digitally by a Digital Signal Processing (DSP)
board. Due to its capability of accessing all received signals, and not only the sum signal, the
DBF system offers the most flexibility in the signal processing compared to the two other system
types mentioned above. This approach offers some other functions than suppression of interfer-
ences, including but not limited to multi-beam operation, adaptive beam steering or high resolution
processing techniques.

The aim of implementing a scalable satellite communication system at Ka band efficiently in term of
cost is one of the main themes of the projects SANTANA I, II, III (Smart Antenna Terminal) [5], [6]
and SAMOA (Smart terminal Antenna for Mobile Applications) [7], which were funded by the
German Aerospace Center DLR (Deutsches Zentrum für Luft- und Raumfahrt) on behalf of the Ger-
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1.2 Formulation of the Problem

man Federal Ministry of Economics and Technology BMWi (Bundesministerium für Wirtschaft und
Technologie). There are two main challenges addressed in these projects, namely high directivity or
large number of channels, as well as high integration density.
The first challenge bases on the energy balance calculation [8] for a communication distance between
a mobile platform on the earth and a geostationary satellite. As a result, at least 1000 channels are
required in a phased array system in order to perform the transmit- and receive functions. Thus, the
circuitry of such a system is complex and hardware cost is significant.
Moreover, the second challenge stems from the requirement of a λ/2-grid (λ: free space signal
wavelength) to avoid grating lobes in the beam pattern of the system. The distance between antenna
elements of a Ka-band system is only 5 mm (at 30 GHz for the Uplink) and 7.5 mm (at 20 GHz for
the Downlink). This means that the integration concept of a C- or L-band system cannot be simply
scaled, but that it has to be completely redesigned not only to fit all components into the defined area
of (λ/2)x(λ/2) but also to minimize the cross-talk between the channels.
Besides the implementation, other related aspects of the communication system such as the develop-
ment of calibration concept are also examined in these projects. This defines the frame of the present
work.

1.2 Formulation of the Problem

Calibration is an important task, in which all errors and uncertainties of the system are identified and
compensated to guarantee the desired system performance.
Regarding the first challenge in the system design at Ka band, an enormous number of active and
passive components has to be integrated. Besides fabrication tolerances, also constraints in the de-
sign procedure due to the limited available space lead to variations in the signal paths. As a result,
amplitudes and phases of the channels are distributed statistically in contrast to the ideal assump-
tions. Additionally, cross-talk is difficult to be avoided, especially in a communication system with
high integration density of components and despite the effort to minimize it as much as possible in
the design procedure. Based on these two main problems, the communication system can operate
properly only after a calibration procedure.
Whilst systematic errors of the system can be characterized and corrected by means of measurements
performed in an anechoic chamber before operation, uncertainties caused by environmental changes
as well as system instability during operation have to be compensated by a periodical on-line proce-
dure. This means, that the calibration system has to be autonomous and integrated into the receiver
array.
Many calibration approaches have been proposed in the literature not only for DBF systems, but also
for ABF phased arrays. Due to similar architectures, the calibration concept used in a DBF system
can be extended to be applied in the case of ABF and vice versa. However, more errors can be found
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1 Introduction

in a DBF system due to its hardware complexity. Its advantage of accessing all channel signals eases
the calibration task and offers more flexibility for the signal processing algorithms. So, both kinds
of approaches are reviewed in this work.
Internal and external approaches are the two main classes of on-line calibration concepts regarding
the way of feeding the calibration signals. In the first approach, integrated couplers behind the
antenna are used commonly to couple calibration signals into the channels of a receiver system or
to sample a small part of the transmitted signals in the case of transmitter arrays. The existence of
integrated couplers and a distribution network of the internal calibration system increases immensely
the integration density. On the other side, the external approach is more suitable for large-size arrays.
Calibration probes are placed outside the array to detect the electromagnetic field radiated by the
transmitters or to radiate calibration signals into the receivers. By this way, the calibration system is
constructed outside the main system, and thus, the integration density is nearly unaltered.
Three ways of implementing calibration probes were proposed in literature. The first approach is
to distribute the calibration system into the main system. Due to the sparsity of the calibration
elements, the average integration density does not increase much. The calibration element has to
be either an integrated transmit/ receive module [9], [10] or a transmit module in a receiver array
(or vice versa) [11]. This set-up, however, leads to disturbances in the radiation pattern of the main
array in operation.
Secondly, an on-board probe can be constructed in the broad-side of the array [12], [13], [14]. Whilst
this set-up is supposed to get the highest calibration accuracy, solid mechanical probe holders are
necessary, which is rather complex to build on an aircraft. Additionally, due to the appearance of the
extra mechanical holders and probes, the pattern of the main system operation can be modified and
disturbed.
The last one is the placement of the probes at the off-side of the array as proposed in [15]. This
construction demonstrates maximum decoupling between the calibration and main operation of the
system. Thus, the on-board calibration system with external probes at the off-side is examined and
developed in this work.

1.3 Thesis Topic and Outline

The topic of this thesis in the context of the SAMOA project is the further development and analysis
of external on-line calibration procedures for DBF receiver arrays. Due to the high integration den-
sity of the receiver system and hence the limited space for the calibration system, the external set-up
proposed in [15] is applied and developed further. In this work, not only the autonomous calibration
procedure for channel deviations is deepened to achieve better accuracy, but also the decoupling al-
gorithm is improved to take the mutual coupling into account. Moreover, experiments are performed
for a small-size array at 20 GHz to demonstrate the usefulness of the proposed concept. Last but not
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1.3 Thesis Topic and Outline

least, the extension and the scalability of the calibration system for large-size arrays are discussed
by means of tolerance analysis.

Three main contributions of this work can be highlighted here: (1) the analytical modeling procedure
of the probe-receiver coupling, (2) the development of a decoupling procedure to consider not only
channel fluctuations but also the cross-talk in the system and (3) the discussion about the complexity
and the scalability of the calibration procedure for a given receiver array.

The remainder of this work is structured as follows:

In Chapter 2, all important characteristics of antenna systems such as gain, directivity, and polar-
ization are highlighted. Furthermore, the receiver architecture is discussed and a simplified system
used in the experiments is presented. Last but not least, the impact of channel errors on the system
performance is also reviewed in this chapter.

Secondly, the error sources appearing in a DBF receiver system are identified and discussed in Chap-
ter 3. Then, the calibration concepts known from literatures are briefly reported. Additionally, ad-
vantages and disadvantages of these approaches are also highlighted and discussed in the context of
the application scenario. As will be shown, despite some minor drawbacks, the external calibration
concept is chosen in this work because of its implementation simplicity and flexibility for medium
to large arrays.

The focus of this work on the calibration of channel deviations in a receiver array is discussed in
Chapter 4. As the starting point of the calibration procedure, the characteristics of two implemented
calibration probes are considered. Based on system theory, an analytical model of the probe-receiver
coupling is developed to improve the calibration accuracy, but still keep the simulation complexity
as small as possible. Furthermore, the calibration procedure with various averaging methods is also
analyzed and its usefulness is then verified with a two-step simulation procedure.

The joint calibration of channel fluctuations and mutual coupling is the theme of Chapter 5. Firstly,
the description of the coupling matrix is reviewed mathematically and a simplified version is pro-
posed to reduce the computational complexity. Secondly, three decoupling algorithms, namely
Least-Square and its extension by means of a Principle Component Analysis as well as with Mul-
tiple Reference Receivers is considered. At this end, the proposed signal processing concepts are
validated by simulation.

Chapter 6 reports experimental results for various system architectures. Because of its simplicity and
flexibility of fabrication, a printed probe is first used in the experiments with a three-patch antenna
array. The demand for high SNR calibration measurements as well as the neccessity of a better model
for the probe-receiver coupling are demonstrated. As an improvement, a coaxial probe is then used
in the other experiments with a linear array and a planar array. Various networks are connected to
the passive antenna array to represent different architectures of the receiver array. By analyzing the
results, the applicability of the proposed calibration procedures is discussed for various situations.

As a last point of this work, a tolerance analysis is performed in Chapter 7. In case of small arrays, a

5



1 Introduction

theoretical analysis based on linear approximation and uncertainty propagation is performed. On the
other hand, a Monte-Carlo simulation is applied in case of large array to illustrate the robustness of
the decoupling algorithm against fabrication uncertainty and system noise. As a result, the scalability
of the calibration system for a large-size receiver array is also demonstrated.
Finally, a summary of this work is reported in Chapter 8.
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2 Antenna Basics

In this chapter, we review briefly several aspects of antenna theory, which are relevant to the design
procedure of the external calibration concept.

2.1 Antenna Parameters

Figure 2.1: (a) Spherical coordinate system and (b) three observation regions: reactive (non-
radiative), near-field and far-field radiative regions.

An antenna is a reciprocal structure and acts like a spatial filter, which converts electromagnetic
waves radiated in free space into guided waves in a transmission structure or vice versa. Its be-
havior at a point in space is described by a Green’s function in spherical coordinates as depicted in
Fig. 2.1(a). Depending on the distance dn or df to the observation point, this characteristic Green’s
function can be classified into three regions, namely a reactive (non-radiative), a near-field (Fresnel)
and a far-field radiative (Fraunhofer) region which are illustrated in Fig. 2.1(b). Due to the large

distance to satellites, the far-field condition df >
2D2

λ
is always satisfied with λ and D being the

signal wavelength and the antenna aperture, respectively. Thus, the Green’s function is determined
as

E = G (r) =
e−j2πr/λ

4πr
Pe (θ, φ) . (2.1)
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2 Antenna Basics

Here, Pe, a function of only two angular variables θ and φ, is defined as the radiation pattern of the
antenna. If Pe is constant in all directions, we have an omni-directional antenna. If not, the antenna
is said to be directive. The directivity is defined as

Dir =
Pe,max
Pe,omi

=
4πPe,max∮

θ

∮
φ
Pe (θ, φ) dφ · dθ

. (2.2)

Figure 2.2: (a) A 7-element linear array and (b) a 3x3-element planar array.

In order to improve the performance of receiver systems, a group of antennas, which is distributed in
a defined configuration such as linear or planar as depicted in Fig. 2.2(a) and Fig. 2.2(b), respectively,
is operated coherently. If the antennas are identical, the array factor of a linear array is calculated as

AF =
N∑
n=1

Wn exp

(
−j

2πndy sin (θ)

λ

)
, (2.3)

and that of a planar array as

AF =
Nx∑
n1=1

Ny∑
n2=1

Wn1n2 exp

(
−j

2πn2dy sin (θ) sin (φ)

λ

)
exp

(
−j 2πn1dx sin (θ) cos (φ)

λ

)
. (2.4)

Here, Wn and Wn1n2 are complex values denoting the weighting factor of channel n and (n1, n2),
respectively. The radiation pattern of the whole array is determined as

Pa (θ, φ) = Pe (θ, φ) · AF. (2.5)

In addition, the Half-Power-Beam-Width (HPBW) of the array is defined in [8] as the angle interval
between two points of half-power-intensity (−3 dB) with respect to the maximum of the main beam
as depicted in Fig. 2.3. Following [16], the 3 dB- beam width of a linear phased array with uniform
amplitude distribution can be estimated as

HPBW = arcsin

[
sin (θ0) + 0.443

λ

L

]
− arcsin

[
sin (θ0)− 0.443

λ

L

]
, (2.6)
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Figure 2.3: Array factor and HPBW of a linear array with 16 elements with three different window
functions: uniform weighting (side-lobe of −13dB), Tschebysheff function [17] (side-lobe of −25

dB) and Taylor function [18] (side-lobe of −35 dB).

with θ0 and L being direction of the main beam as well as length of the array, respectively.

Furthermore, the side-lobes in the radiation pattern can be reduced by applying window function to
the array weighting factor An. As an example, the radiation patterns for three window functions,
namely uniform, Tschebysheff [17] and Taylor [18], are shown in Fig 2.3. As a trade-off, the HPBW
increases with decreasing side-lobe level.

Besides, in order to avoid the repetition of the main beam (grating lobes) in the Field-Of-View (FOV)

Figure 2.4: (a) Radiation pattern of a 16-element linear array with element distance dy = 1.5λ and
(b) element distance versus maximum scanning angle.
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2 Antenna Basics

of the phased array, the Nyquist sampling criterion needs to be fulfilled. As an example, two grating
lobes are observed in the radiation pattern of an array with an element spacing of 1.5λ as shown in
Fig. 2.4(a). Following [19], the maximum distance dy between array elements is estimated as

dy =
1

1 + | sin (θmax) |
, (2.7)

with θmax being the maximum angle of the scanning range. As depicted in Fig. 2.4(b), a scanning
range up to 60◦ requires the element distance to be smaller than 0.54λ.

2.2 Polarization

The polarization is a characteristic of a transversal electromagnetic wave, which shows the trace
described by the tip of the electric field over time. We differentiate between linear, circular, and
elliptical polarization according to the shape of the trace. Additionally, the axial ratio (AR)

AR =

√
E2
x + E2

y +
√
E4
x + E4

y + 2E2
xE

2
y cos (2ϕx − 2ϕy)√

E2
x + E2

y −
√
E4
x + E4

y + 2E2
xE

2
y cos (2ϕx − 2ϕy)

(2.8)

is used to classify the polarization of a signal propagating in ~z-direction.
The signal is circularly polarized if AR = 0dB, whilst it is linearly polarized for AR → ∞. In
all other cases, we have elliptical polarization. Lastly, the right (left)-handed circular polarization
is defined by the clockwise (counter-clockwise) rotation direction of the vector. As an example, a
right-handed circular-polarized (RHCP) signal is plotted in Fig. 2.5.

Figure 2.5: Circular polarisation.
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2.3 Receiver System

2.3 Receiver System

In this work, we discuss calibration concepts for receiver systems with digital beam forming. As the
main system, the receiver is composed of an antenna array (signal receiving part) which connects to
the active components of the signal processing part such as low noise amplifiers, bandpass filters,
and mixers. The received analogue high frequency signal is first amplified and then down-converted
to the baseband signal before it is converted into the digital domain and processed by in a DSP. The

Figure 2.6: Architecture of receiver arrays: (a) architecture of a DBF array, (b) brick and (c) tile
architecture.
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2 Antenna Basics

Figure 2.7: EIRP requirements for satellite communication systems at Ka-band and power distribu-
tion of a 100x100 array with amplitude tapering.

architecture of the receiver array is sketched in Fig 2.6(a).

Additionally, the array parameters such as the 3dB-beam-width and the side-lobe level (the ratio
between the side-lobe with respect to the main-lobe) follow the standards given by the European
Telecommunications Standards Institute (ETSI) [20] and illustrated in Fig. 2.7. They require not
only a huge number of array elements (e.g. 100x100) for the very narrow beamwidth but also an
amplitude taper (e.g. Taylor-function [8]) to satisfy the very low side-lobe level.

Therefore, the modular approach is proposed and developed as a solution to implement a large-size
array. Two basic concepts, namely the brick and the tile architectures [21, 22], are illustrated in
Fig 2.6(b) and (c), respectively.

In the brick architecture, several linear sub-arrays, the orientation of which is parallel to the vertical
direction, are stacked together in the horizontal axis [23]. In contrast, the antennas, different RF
devices and control units are mounted on various layers parallel to the aperture plane of the system
in the tile architecture. More details about system architectures can for instance be found in [24,25].
Additionally, an array can be constructed from various similar smaller sub-arrays. The size of a
sub-array and the design procedure can be optimized to achieve the highest flexibility and adaptivity
as well as the lowest effort for various systems with different requirements and applications. A
discussion is given in [26].

On the other hand, planar arrays with patches [27] or with SIW (Substrate Integrated Waveguide)
antennas [28] have been proposed and examined to transmit or receive the far-field signals with
circular polarization. In order to improve the circular polarization performance of the whole array,
sequential rotation can also be applied as described in [29]. Thereby, the output signals shows a
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2.3 Receiver System

Figure 2.8: Experimental arrays: (a) linear array and (b) sequentially rotated planar array
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Figure 2.9: Patch antenna: (a) multilayer structure, (b) input reflection, and (c) directivity as well as
axial ratio of a patch simulated in CST.

sequential phase change of 90◦.
Because of their low cost and simple fabrication, linear and planar arrays of patch antennas as de-
picted in Fig. 2.8 are used in the experiments. The patches are aperture coupled patch antenna. They
are receiver elements at Ka band (19.7-20.2 GHz), and are implemented in a multilayer structure as
shown in Fig. 2.9(a). In addition, two patch corners are truncated to realize circular polarization.
As depicted in Fig. 2.9(b), an input reflection below −10 dB over the whole bandwidth is observed
for the patch antennas. Additionally, the patch directivity as well as the axial ratio of the receiver
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2 Antenna Basics

antenna can be seen in Fig. 2.9(c). The 3dB-beamwidth reaches only Φ = ±50◦. Thus, only a
very small amount of signal radiation can be received in the patch plane. This observation shows a
possibility of placing the on-board probes of the calibration system at this position to achieve high
decoupling and minimize disturbance of the receiver operation [15].

Furthermore, side-lobes are observed in the radiation pattern of the array. The side-lobe level defined
as the maximum value of the side-lobes is required to be very low (normally −30dB) according to
the ETSI norm. In addition, the element spacing in both x- and y- direction is roughly λ/2 (≈ 7.5mm
at 20GHz) to avoid grating lobes.

2.4 Tolerance effects

In a large array, a statistical distribution is observed for the gains and the phases of the receiver
channels due to fabrication tolerance. If a system with high performance is desired, fabrication
technology with high quality should be maintained, and small errors can be assumed. There are
intensive examinations of tolerance effects in literature. The readers are referred to [16, 30–32] for
more details.

In this section, we review briefly the main results, which are used in the following chapters. Due
to (2.3), the ideal beam Bideal in a certain direction θ of an array with amplitude tapering An is
determined as:

Bideal (θ) =
N∑
n=1

An exp

(
−j

2πndy sin (θ)

λ

)
. (2.9)

By extending (2.3), the fabrication errors are taken into account. The actual beam Bact is calculated
as

Bact (θ) =
N∑
n=1

An (1 + δA,n) exp (jδφ,n) exp

(
−j

2πndy sin (θ)

λ

)
. (2.10)

Here, the distributions of the relative amplitude deviation δA,n and the phase error δφ,n are assumed
to be Gaussian with zero means as well as with standard deviations of σA and σφ, respectively. This
means:

δA ∼ N
(
0, σ2

A

)
, (2.11)

δφ ∼ N
(
0, σ2

φ

)
. (2.12)

In addition, in order to examine only the tolerance effects on the side-lobe level of the array, the
amplitude tapering is normalized as

N∑
n=1

An = 1 (2.13)
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2.4 Tolerance effects

Based on the central limit theorem, the distribution of the actual beam error ∆B = Bact −Bideal in a
certain direction is a complex Gaussian distribution

∆B ∼ CN
(
0, σ2

B

)
, (2.14)

Re {∆B} ∼ N
(

0,
σ2

B

2

)
, (2.15)

Im {∆B} ∼ N
(

0,
σ2

B

2

)
, (2.16)

with the standard deviation σB

σ2
B =

1

2

(
σ2

A + σ2
φ

) N∑
n=1

A2
n. (2.17)

As a result, a Rayleigh- and a Rice distribution are obtained for the magnitudes of the beam (beam:
complex field pattern) error ∆B and the actual beam Bact, respectively, as

‖∆B‖ ∼ Rayleigh
(

0,
σB√

2

)
, (2.18)

‖Bact‖ ∼ Rice
(
Bideal,

σB√
2

)
. (2.19)

The cumulative probability distribution P (Bact) of the actual beam can be calculated as

P (Bact) =

∫ ‖Bact‖

−∞
Rice

(
Bideal,

σB√
2

)
dB = 1−QM=1

(
Bideal

σB
,
Bact

σB

)
. (2.20)

Here, QM is the Marcum Q-function which is defined in [33] as

QM (a, b) =

∫ ∞
b

x(x/a)M−1 exp(−x
2 + a2

2
)IM−1(ax)dx, (2.21)

with IM−1 being the modified Bessel function of order M − 1.
As a consequence, the Peak Side-lobe Level (PSL) Bthreshold can be defined for a given cumulative
probability F with

P (Bact < Bthreshold) = F. (2.22)

As an example, the pattern of the PSL Bthreshold is determined for a 16-element linear array with
σA = 1 dB and σΦ = 3◦. As depicted in Fig. 2.10(a), the real disturbed beam pattern is below the
calculated PSL pattern (with a possibility of 95%). Furthermore, (2.22) is illustrated by the phasor
representations of the beam in Fig. 2.10(b) at a certain direction angle θ. Although the PSL Bthreshold

has to be actually calculated for each angle θ, it fluctuates slightly in the side-lobe region. Hence,
we consider

PSL = max
θ≤θ1&θ≥θ2

(Bthreshold (θ)) , (2.23)
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−60 −40 −20 0 20 40 60

Figure 2.10: Example of a 16-element linear array: (a) the ideal-, the real disturbed beam pattern,
and the PSL pattern (F = 95%) with σA = 1 dB and σΦ = 3◦ as well as (b) their phasor representa-
tions at a certain direction angle θ.

in further discussions. Here, θ1 and θ2 are the angular positions of the nulls beside the main beam.
In order to take the tolerance effects into account, the amplitude tapering has to be chosen so that
Bideal < PSL with PSL being the desired side-lobe level for a given probability F (e.g., F = 95% in
this work).
A similar examination is applied to determine the effect of the mutual coupling as derived in [32].
If the channel deviations are compensated and only mutual coupling between adjacent channels is
taken into account, the beam pattern of a linear array can be written as

AF =
N∑
n=1

An exp

(
−j

2πndy sin (θ)

λ

)

+
N−1∑
n=1

βn,n+1AnAn+1 exp

(
−j

2πdy sin (θ)

λ

)

+
N∑
n=2

βn,n−1AnAn−1 exp

(
−j

2πdy sin (θ)

λ

)
. (2.24)

with βn,m being the mutual coupling between the nth and the mth channel. In practice, the coupling
βmn, which generally stays below −10 dB, can be considered as a small disturbance of the beam
pattern and modeled as

βnm = β exp (jϕ) (2.25)

with β being the average coupling level and ϕ denoting a statistical variable with uniform distribution

ϕ ∼ U (−π, π) . (2.26)
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As a result, the distribution of the actual beam pattern Bact is again a complex Gaussian distribution
with a variance

σ2
B = β2

[
2

N∑
n=1

A2
n −

(
A2

1 + A2
N

)]
. (2.27)

If a receiver array is examined and mutual coupling between a channel with four adjacent channels
is taken into account, (2.27) is extended to

σ2
B = β2

[
4

N∑
m=1

N∑
n=1

A2
mn − 2

(
A2

11 + A2
1N + A2

N1 + A2
NN

)]
. (2.28)

Then, the peak side-lobe level Bthreshold as well as the suitable channel tapering can be calculated as
mentioned above to fulfill the design requirements.
In addition, the uncertainty ∆DOA of the main beam direction DOA (Direction Of Arrival) of the
receiver array is another aspect. As shown in [16], the variance σDOA of the direction uncertainty of
a linear receiver array with uniform weighting can be determined as:

σ2
DOA =

12

N3
σ2

Φ (2.29)

with N being the number of the array elements. That means, the direction error is inversely propor-
tional to N3 and is negligible in case of large arrays. Thus, it is not examined in this work.
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3 Calibration Concept

In this chapter, the calibration concept of a DBF receiver phased array is discussed. Firstly, the error
sources are identified. Then, various calibration concepts proposed in the literature are reviewed and
their advantages and disadvantages in terms of accuracy and complexity are highlighted. Lastly, the
concept of the external calibration and its set-up are presented and shown to be suitable for large
phased array systems which is the aim in the present context.

3.1 Error Sources

Due to its complex system structure, there are multiple error sources in a DBF receiver system. In
order to guarantee the desired performances of the communication system, these errors need to be
characterized and corrected during the operation of the system. This is the goal of a calibration
procedure.

As proven in [16, 30], the gain fluctuates only slightly, whilst fabrication tolerances have a strong
impact on the side-lobe level of the array. On the other side, the controllability of the array pattern
can be examined through the peak side-lobe level with a cumulative probability of 95% as explained
in Chapter 2. Relating to the ETSI standards for satellite communications [20], we consider a peak
side-lobe level PSLdesired of −35 dB in this work.

From a practical point of view, we divide the errors into two main groups with respect to their effects:

(1) Degradation of the radiation pattern due to fluctuations of the channel parameters such as gain
and phase.

(2) Degradation of the radiation pattern due to mutual coupling between the channels.

3.1.1 Channel fluctuations

Each active component in the receiver channel is itself a complex sub-device with DC supplied
sources and transistors. Their behavior is influenced by the environmental conditions such as tem-
perature changes or fluctuating supply voltages. Furthermore, deviations between channels exist due
to the fabrication tolerance.
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3.1 Error Sources

Figure 3.1: 64x64 planar array: peak side-lobe level (in dB) with a probability of 95% as a function
of the deviation of the amplitude σA and the phase σΦ of the channel factors.

As depicted in Fig. 3.1, the peak side-lobe level occuring with a 95% probability is calculated for a
64x64 planar array as a function of the deviation of the amplitude σA and the phase σΦ of the channel
factors based on Chapter 2.4. A side-lobe level below −35 dB is achieved only if the deviation of
the amplitude (the phase) of the channel factors is lower than σA = 2.5dB (σΦ = 30◦). Furthermore,
if errors of both amplitude and phase are taken into account and their variances are assumed to be
similar to each other, σA and σΦ are 1.8 dB and 20◦, respectively.

3.1.2 Mutual Coupling

The second main error source is the mutual coupling between the receiver channels. In real ap-
plications, large systems with multiple functions such as multiple beam-forming or integration of
transmit/receive modules need to be built up within a grid of roughly λ/2. Hence, a high integration
density is desired.

Due to the limited space in a compact system, cross-talk between channels may appear at each stage
of the signal processing part in the receiver chain, namely from the antenna structure down to the
intermediate frequency stage. This is a routing problem, which should be minimized as much as
possible in the system design. Furthermore, the possibility of cross-talk existence depends strongly
on the distance between two channels as well as on the system architecture.

On the other side, the mechanism of mutual coupling existing between the antennas in the signal
receiving part, being different from the cross-talk effect in the signal processing unit, relates to
deformations of the electromagnetic field at the patches. This effect is examined firstly in [34] and
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Figure 3.2: Mutual coupling mechanism in an array: five-step diagram

can be reviewed by means of a five-step diagram as depicted in Fig. 3.2.

First, a plane wave generated by a far-field source is detected by the antennas (here: two) of a receiver
array. Secondly, due to the existence of antenna 1, the electromagnetic field in front of antenna 2

is deformed and different from that of an isolated antenna if the distance between two antennas
is below a certain threshold. In comparison with linearly polarized antennas, the influence of this
coupling mechanism is greater in patch arrays with circular polarization because of their asymmetry.
Besides, if mismatch exists at the interface between the passive and the active subsystem, a part
of the signal received by antenna 1 is reflected, re-radiated into free space, and cross-coupled into

Figure 3.3: 64x64 planar array: peak side-lobe level (in dB) with a probability of 95% as a function
of uncalibrated coupling factor.
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antenna 2. These two effects result in the difference between the received signals in channel 2 with
and without the existence of antenna 1.
As described in Chapter 2, the maximum peak side lobe level can be estimated through the uncali-
brated coupling coefficient β by using (2.28). The demand of a peak side-lobe level below −35 dB
is satisfied only if the uncompensated coupling stays lower than−14 dB as demonstrated in Fig. 3.3.
As a result of the two examples above, the requirements for the calibration accuracy can be derived.
In order to realize a well-performing DBF receiver array, not only channel fluctuations smaller than
1.8 dB and 20◦ are needed but a cross-coupling larger than −14 dB also needs to be compensated.

3.2 Calibration Concepts

The differences between various receiver channels need to be characterized and corrected in terms
of their gain and phase as much as possible. In addition, a decoupling method is also necessary to
be applied to get rid of the coupling effect between channels. Thus, the antenna array calibration is
an essential step to determine and perform the transformation of the signals in the real system into
those of an ideal system with all channels being identical and isolated to reproduce as accurately as
possible the far-field signals. This idea is sketched in Fig. 3.4.

Figure 3.4: Calibration task: determination of a transform function T between (a) the real receiver
system and (b) the ideal system of all identical (same structure) and isolated (represented by different
colors) channels.

Depending on their operation time, two types of calibrations can be found in literature, namely the
offline and the online calibration.
In the first one, a receiver system can be characterized in an anechoic measurement chamber be-
fore it comes into operation. The signals are generated externally by far-field sources [35], [36]
or by a near-field scanning system [37] in front of the receiver to replicate the working situation.
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Thereby, deviations of all system parameters can be extracted and accurately compensated. In or-
der to improve the calibration accuracy, an eigenstructure-based method based on the null-spectrum
of the calibration signals is also proposed. A direct solution found in [38] is shown with several
far-field sources to take the channel errors and mutual coupling into account. Alternatively, an it-
erative approach is discussed in [39] and [40] to calibrate jointly the channel deviations and the
mutual coupling or the manifold error by using only a single source. The high cost, as well as the
time-consuming and huge measurement effort are drawbacks of the off-line procedure as a trade-off.
Thus, it can be performed only once or rarely in large time intervals.

In contrast, the online calibration is carried out periodically with shorter time intervals. The aim
is to characterize small errors caused by alterations of the environment and to monitor the system
during operation. Additionally, the online calibration has to affect the receiving operation as little
as possible. Besides, a compact on-board calibration system is also another attractive approach with
reasonable cost for the online procedure. In order to implement this system, two main construction
concepts, namely internal and external, are proposed in the literature [41], [42], [43], [44].

Last but not least, the trade-off between the calibration accuracy and its effort is sketched in Fig. 3.5.
Due to their complexities, the calibration methods with far-field sources as well as with a near-field
scanning systems are only suitable for the offline task. In contrast, an online calibration system can
be implemented by means of integrated coupler concepts or with several integrated on-board probes.

Figure 3.5: Various feeding concepts of calibration signals: external concept with (a) far-field
source, (b) near-field source in front of the system, and (c) at end-fire, as well as internal concept
with (d) parallel- and (e) serial distribution network
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In the following sub-sections, we will review and discuss more in details the different concepts and
their advantages as well as disadvantages, which are subject to applications with a large amount of
system channels and high integration density.

3.2.1 Internal Calibration Concept

Figure 3.6: Internal calibration concept with integrated couplers: (a) serial and (b) parallel feeding
networks.

The principle of the internal calibration concept is depicted in Fig. 3.6. A known signal is synthesized
at base band and up-converted to the high frequency band. Depending on the type of distribution
network, the calibration signal can be guided and fed serially [42] or be divided into several similar
signals and fed in parallel into the receiver channels [41] by means of integrated couplers behind
the patch antennas. Lastly, the signals go through all parts of the receiver chain and can be detected
again at the base band. The fluctuations of the different channels can be determined by comparing
the output signals of the receiver, and then corrected.
The main advantage of this concept is its simplicity. The known signals are distributed into the
receiver channels via a complex passive distribution network, the behavior of which can be predicted
by simulation. Additionally, due to the fact that the calibration part is integrated into the receiver
system, the signal quality is less influenced by the outside environment, and the signal-to-noise ratio
requirements are normally not so high.
On the other hand, the simplicity is also its drawback. Because of the fact that the calibration signals
are fed behind the patch antennas, the errors of the antenna structure resulting from the fabrication
tolerances cannot be detected and corrected with this concept. Furthermore, the fabrication toler-
ances of the calibration system are generally not considered and limit the calibration accuracy. In
addition, the distribution network, which is normally large and the dimensions of which increase
proportionally to the number of the channels, is integrated behind the antenna structure and within
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Figure 3.7: External calibration concept: (a) far-field source and (b) near-field probe.

the receiver system. The integration density is enormously increases and higher mutual coupling
between the channels is observed.
Due to these two main disadvantages, the internal calibration concept, despite its simplicity, seems
to be unsuitable for large-size arrays with desired multi-functions.

3.2.2 External Calibration Concept

The principle of the external concept can be seen in Fig. 3.7. The calibration system is built sepa-
rately from the receiver. In contrast to the internal concept, the calibration signal at high frequency
is radiated by means of an antenna, the so-called probe, and received by the antennas of the receiver
system. Depending on the distance to the receiver system, we classify this concept into an antenna
calibration with far-field or near-field probes.
Approaches with far-field calibration sources as discussed in [12, 13] achieve the highest accuracy.
The working scenario is replicated in the calibration operation by the way, in which the known
signals are generated and sent from far-field sources (satellites). Despite the high performance, the
enormous and costly set-up is a drawback. Additionally, synchronizing the calibration system with
the receiver is also a challenging task.
The concept with external on-board probes is another choice for the online calibration task. In [43],
an on-board antenna placed off-boresight is used to perform the calibration task. Mechanical degra-
dation of the system is thereby corrected. As suggested in [11], the external calibration receivers
are interleaved in the transmitter system to track the channel fluctuations. Besides, an external sys-
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Figure 3.8: External setup of a on-line calibration system for a DBF receiver array.

tem with calibration probes at the periphery of the communication system is proposed in [44] to
minimize the disturbance of the main operation.

This configuration is an attractive solution for a large DBF system as it avoids large and complex
distribution networks. So, the integration density is nearly unchanged whilst the system enlargement
is acceptable for a large array, especially at Ka-Band. Thus, we focus on analyzing the performance
of this concept with calibration probes placed off-boresight in this work.

The set-up of the system is shown in Fig. 3.8. Three parts of the system can be seen: a linear/ planar
receiver array, calibration probes, and reference channels. The highly integrated receiver system,
which is to be characterized, is built in the center of the system. The calibration system consisting
of several similar sub-systems is constructed equidistantly at the edge of the housing. Furthermore,
reference channels are used to track on-line the signal deviation in different calibration subsystems.

In summary, a comparison between various set-up concepts of the calibration system, namely the
internal and the external concept with near-field probes and far-field sources, is depicted in Table 3.1.
Whilst the third one shows the best calibration accuracy, it relates to high cost because of external
probes, and is not suitable for an online concept. Compared to the internal concept, the external con-
cept with near-field probes requires higher dynamic range because of the different distances between
the near-field probes and the various receiver elements, and can take into account the fabrication er-
ror of the patch. Additionally, its moderate hardware complexity as well as its high adaptability to
large-size arrays are the other advantages. Hence, the external calibration concept with near-field
probes is used in this work.
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Table 3.1: Comparison of internal and external calibration concepts

Internal Concept External Concept
near-field far-field

Accuracy moderate high best
Correction of Antenna no yes yes

Hardware high moderate high
Complexity distribution network near-field probe external probes (far-field)

Integration density much higher no no
Coupling model simple complex simple

Adaptability for large array moderate good moderate
Required dynamic range small large small

3.2.3 Calibration Procedure

Due to the presence of several on-board probes, this concept is classified as calibration with multi-
sources. Two approaches, namely parallel and serial, are proposed in literature.

In the first approach, the calibration signals from various probes are sent simultaneously to the
receiver array, and then separated in the signal processing algorithm by means of either the sub-
space method [45] or an optimization procedure [46]. Whilst low calibration time is achieved with
the parallel approach, high computational demand is its drawback.

In the latter one, the on-board probes are switched on and off sequentially, and the calibration signals
are sent in a Time Division Multiple Access (TDMA) scheme. Whilst the calibration time is P -times
longer with P being the number of probes, lower computational complexity is achieved with this
approach. Besides, this procedure can nowadays easily be implemented with commercial switches
[47,48] at intermediate or high frequency or both of them to optimize the signal-to-noise ratio of the
calibration signals. Thus, the serial switch approach is chosen for the calibration procedure and the
experiments.

The calibration procedure is sketched in Fig. 3.9. The calibration signals are generated sequentially
in the calibration system and are then sent to the receiver system. The coupling factor between the
probes and the considered receiver patch is K. In the decoupling procedure, the receiver array is
then characterized by analyzing all received signals, and a decoupling matrix can be calculated. As
illustrated in Fig. 3.9, the accuracy of the calibration procedure depends on the prior knowledge of
the coupling factor as well as on the decoupling algorithm, which are both examined more in details
in Chapter 4 and Chapter 5, respectively.
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Figure 3.9: Schematic of the calibration procedure with on-board probes.

3.3 Conclusion

The error sources in a receiver array of a satellite communication system are presented and discussed
in this chapter. This analysis yields that an efficient calibration system is needed to guarantee a high
system performance. In addition, two main calibration concepts, namely internal and external ones,
are also briefly examined in terms of their adaptability for the on-line calibration task.
Because of its low hardware complexity as well as its high accuracy, the external concept with a
near-field calibration probes is the most suitable choice for the online correction of large receiver
arrays. However, several issues must be considered before this concept can be applied further:

(1) What kind of probes should be used and how are they implemented in the system?

(2) How can the coupling between the probes and the receiver elements be described?

(3) How is the calibration procedure to be performed?

(4) What are the achievable accuracy and the system scalability of this calibration concept with
respect to the size of the receiver system?

Inspired by the high demand of the cosidered application, we try to develop guidelines for the con-
cept by taking into account the above mentioned issues in this work. The first three aspects are
examined in Chapter 4 for the calibration of only channel fluctuations. Then, the procedure is ex-
tended to consider the joint calibration of channel deviations and mutual coupling in Chapter 5.
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Additionally, experimental results are reported in Chapter 6 to validate the usefulness of the cali-
bration concept. Last but not least, accuracy and scalability issues of the concept are discussed in
Chapter 7.
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4 Calibration of Channel Deviations

In order to characterize and correct channel deviations of a receiver system, the near-field calibration
procedure proposed in Fig 3.9 in Chapter 3 is applied. If cross-talk between the channels is rather
small and negligible, the nth receiver can be modelled by a complex weighting factor Wn, which
does not only include the complex gain of the active components but also the gain deviation of the
patch antennas. Besides, Knm denotes the coupling between the mth probe and the nth patch. The
simplified procedure is depicted in Fig 4.1.

Figure 4.1: Calibration procedure of only channel fluctuations.

In addition, the calibration accuracy does not only depend on algorithms but also on the character-
ization of probe-receiver coupling. These are the two main themes in this chapter. In Section 4.1,
the characteristics and the implementation of the calibration probe are discussed, whilst the mod-
eling approach is highlighted in Section 4.2. Secondly, the calibration algorithms are discussed in
Section 4.3. Additionally, a two-step simulation procedure is shown Section 4.4 to demonstrate the
usefulness of the proposed concept. Lastly, a summary is given in Section 4.5.
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Figure 4.2: Calibration probes: (a) printed and (b) coaxial monopole.

4.1 Calibration Probes

In order to perform the calibration task, the probe shall exhibit the following characteristics: (1)

minimized disturbance of the main system operation, (2) a simple structure with high reproducibility,
and (3) a radiation pattern that is robust against fabrication tolerances, e.g., an omni-directional one.

As discussed in Chapter 3, the first requirement leads to the placement of the probes off-boresight.
This set-up offers high decoupling between the calibration system and the main system during oper-
ation.
Regarding the second requirement, a vertical monopole and a horizontal dipole antenna are two
attractive candidates because of their rather simple structure, low cost, and high manufacturing re-
peatability. Instead of circularly polarized signals as in the intended operation, linearly polarized
signals sent by the calibration probes are used in our system because they can be received by the
R/LHCP patches of the communication system and the probes are simpler to realize.
Thirdly, a monopole antenna features an up to 100◦ wider main beam than a horizontal dipole as
shown in [15]. Hence, it is chosen to be the calibration probe in this work. Because of their ease
of fabrication, we implemented two types of monopole probes, namely a coaxial probe and an on-
substrate printed probe, as illustrated in Fig. 4.2.
The first probe is an on-substrate printed monopole. The λ/4-monopole antenna is realized by re-
moving the ground plane behind the probe. Its advantage is the possibility of integrating active com-
ponents on the same board. A matching network can be simply designed to minimize the reflection
and to improve the radiation efficiency of the calibration probe. Last but not least, a small reflector
is constructed behind the probe to focus the calibration signal on the receiver array. Thereby, the
disturbance of the environment during the calibration can be reduced. Due to its complex structure,
its radiation characteristics are more difficult to be modeled, especially in the near-field region, and
the width of the main beam is smaller than that of the second probe.
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4.2 Probe-Patch Coupling

Moreover, a coaxial probe can be constructed from a coaxial connector 1. The pin length (normally
8-10mm) is cut down to 3.6mm (≈ λ/4). This modification allows to realizing a λ/4-monopole. Due
to its stable and simple construction, the coaxial probe offers an omni-directional radiation pattern
in the H-plane. Furthermore, a transition or a matching circuit between the coaxial cable and the
printed circuit board has to be implemented to feed the calibration signal to the probe. Besides, an
absorber sheet 2 is glued on the reflector to minimize the ripples in the radiation pattern of the probe.
The interaction between these probes and the receiver patch will be discussed in details in the follow-
ing sections to synthesize analytical coupling models. Furthermore, their applicability in practical
systems is illustrated in experiments in Chapter 6.

4.2 Probe-Patch Coupling

An accurate model of the probe-receiver coupling impacts significantly the accuracy of the calibra-
tion. Three main methods are found in the literature to characterize and to determine the coupling,
namely an offline calibration, a full-wave simulation, and an analytical model.
The first approach yields the best calibration accuracy. However, the off-line measurement procedure
needs to be performed for each fabricated system, which results in very high production cost. Instead
of measurements, the simulation with full-wave programs such as HFSS or CST can be used to
calculate the coupling between the calibration probe and all receiver elements. In this case, only
the antenna structure, rather than the whole system, is simulated. Despite its high accuracy, this
method is still time- and memory consuming, especially for large arrays. Hence, the development
of an analytical coupling model is necessary to achieve a good calibration accuracy with acceptable
computational effort. This third approach is discussed and developed in this chapter.

4.2.1 Analytical Model

In order to synthesize the coupling model at acceptable computational cost, far-field conditions are
assumed to be fulfilled for the coupling. It means that the distance between the probe and the receiver
element is sufficiently large so that the effect of multiple reflections is negligible. Furthermore, the
electromagnetic field caused by the calibration probe is not modified by the presence of the receiver
patch.
Based on these assumptions, the system theory can be applied. Therefor the probe-receiver coupling
K, as illustrated in Fig. 4.3, is described by a product of three sub-functions as

K ∝ K1 (r) ·K2 (η) ·K3 (ξ) , (4.1)

1http://rfconnector.com/sheets/SASF92DNFGT.pdf. 2016
2Eccosorb: http://www.eccosorb.eu. 2016
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4 Calibration of Channel Deviations

Figure 4.3: Coupling model.

where K1 (r) is the propagation model of the calibration signal, and K2 (η) and K3 (ξ) describe the
radiation characteristics of the patch and those of the probe in the plane θ = 90◦, respectively.
Because a monopole antenna exhibits an omni-directional radiation pattern in the H-plane, K3 (ξ) is
constant for all ξ, here. Thus, Eq. 4.1 can be rewritten as:

K ∝ K1 (r) ·K2 (η) . (4.2)

The radiation pattern K3 (ξ) of four different proposed probe structures is shown in Fig. 4.4. Due
to its complex structure compared to that of the coaxial probe, the main beam of the printed probe
exhibits a ripple of approximately 2 dB, which impacts the accuracy of the proposed model. Ad-
ditionally, the back lobes in the pattern are significantly suppressed by applying a reflector or an
absorber sheet whilst modification of the main beam is also observed. If the maximum deviation is
limited to 1 dB as illustrated in Fig. 4.4(e), the ξ-range of the coaxial probe with an absorber sheet is
80◦ in comparison to 30◦ for the printed probe with a reflector. This result leads to a compact system
set-up with the calibration coaxial probes.
Moreover, if instead of a monopole, other antenna types are used as probe, their radiation character-
istics need to be determined here.

4.2.2 Propagation model K1

In order to derive the asymptotic behavior of the propagation function K1 (r), the far-field condition
with r > rth � λ is assumed to be valid. Additionally, the following phenomena are taken into
account in the model synthesis procedure:

- The calibration signal sent from the side of the receiver array does not only propagate in the
air but also partly in the substrate of the patch structure. Thus, a relative permittivity εr is used
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4.2 Probe-Patch Coupling

Figure 4.4: Radiation pattern of various monopole probes over the direction angle ξ: (a) printed
probe without and (b) with reflector, (c) coaxial probe without and (d) with absorber sheet and (e)
pattern comparison of all proposed probes.
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4 Calibration of Channel Deviations

to described this effect as
K11 (r) = exp

(
−j2π

√
εr
r

λ

)
. (4.3)

- Secondly, the magnitude of the probe-receiver coupling decreases with the distance r due to
the signal propagation in free space:

K12 (r) =
1

r
(4.4)

- Additionally, the receiver element, which is a patch antenna, is not an isotropic radiator. Its
radiation characteristic over θ can be described approximately as [25]

Ppatch (θ, p) = cosp (θ) =
(z
r̂

)p
. (4.5)

As depicted in Fig. 4.5, r̂ ≈ r for large r. Moreover, a λ/4-monopole antenna is used as a
probe. The normalized current distribution function [8] is

I(z) = cos

(
2πz

λ

)
(4.6)

with z being the position on the probe. By using (4.5) and (4.6), the coupling function K13 (r)

describing the patch directivity can be derived as

K13 (r) =

∫ zmax

0

Ppatch (θ, p) · I(z)dz

=
1

rp

∫ zmax

0

zp cos

(
2πz

λ

)
dz =

K̂13

rp
(4.7)

- Multiple reflections of the signal between the probe and the receiver patch are small and neg-
ligible.

Thus, the propagation function K1 (r) is determined asymptotically in the far-field as

K1 (r) = K11 (r) ·K12 (r) ·K13 (r)

=
K̂13

r(p+1)
· exp

(
−j2π

√
εr
r

λ

)
(4.8)

Figure 4.5: Propagation model of the calibration signals.
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4.2 Probe-Patch Coupling

Figure 4.6: Phase function of the propagation model.

with K̂13 being positive and independent from r. To improve the propagation model for r < rth, a
damped oscillation function K̂13 (r) instead of a constant is applied as

K̂13 (r) = A0 +
1

rρ

[
A1 cos

(
2πr

λ̂

)
+B1 sin

(
2πr

λ̂

)]
(4.9)

All parameters ρ, A0, A1, B1 and rth can be determined through simulation with full-wave tool such
as HFSS 3. Now the propagation function K1 (r) can be written in a more general form as

K1 (r) =

A0 +
1

rρ

[
A1 cos

(
2πr

λ̂

)
+B1 sin

(
2πr

λ̂

)]
r(p+1)

· exp
(
−j2π

√
εr
r

λ

)
. (4.10)

Last but not least, the accuracy of the propagation model is verified by comparison with the HFSS
simulation.
As shown in Fig. 4.6, the phase of K1 can be approximately described by a linear function with
respect to r. The effective permittivity εr in (4.10) follows from the slope of the phase ∠K1 as

εr =

(
∆∠K1

2π∆r/λ

)2

. (4.11)

It is slightly larger than εr = 1 of air, and nearly constant over
Lsubs
L

with Lsubs and L denoting
the in-substrate propagating distance of the signal and the total distance between the probe and the
receiver, respectively. It depends on the height hs as well as on the relative permittivity εr,subs of the
antenna substrate.
In addition, the proposed magnitude function, as can be seen in Fig. 4.7, is already valid for r ≥ 4λ,
whilst the far-field approximation only holds for r ≥ rth = 10λ.

3Ansys: https://www.ansys.com/products/electronics/ansys-hfss
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4 Calibration of Channel Deviations

Figure 4.7: Magnitude function of the propagation model.

4.2.3 Radiation characteristics K2 of the patch

The patch behavior is expressed by the radiation characteristics K2 with respect to the rotation angle
η in the xy-plane (θ = 90◦). Due to the fact that the RHCP patch is a mirrored version of the LHCP
patch relating to its feed line, we can derive the relation

K2,RHCP (η) = K2,LHCP (−η) , (4.12)

which is demonstrated in Fig. 4.8.
With respect to the 2π-period of η, the function K2 of a RHCP patch, as demonstrated in Fig. 4.8, is
expressed by a Fourier expansion

K2 (η) = C0 +
T∑
t=1

[At cos (tη) +Bt sin (tη)] . (4.13)

With L values of K2 (2π · l/L) (l = 0, · · · , L− 1) determined by the simulation in HFSS, the com-
plex coefficients C0, At, and Bt can be calculated as

C0 =
2

L

L−1∑
l=0

K2

(
2π

l

L

)
, (4.14)

At =
2

L

L−1∑
l=0

[
K2

(
2π

l

L

)
· cos

(
2πt

l

L

)]
, (4.15)

Bt =
2

L

L−1∑
l=0

[
K2

(
2π

l

L

)
· sin

(
2πt

l

L

)]
. (4.16)

In order to keep the residual error between the Fourier-based model and the HFSS simulation below
−20dB, T = 3 is chosen in this work.
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Figure 4.8: Radiation characteristic of circular-polarized patch at θ = 90◦: (a) real and imaginary
parts as well (b) magnitude and phase of the LHCP and RHCP patches.

4.2.4 Model Expansion with Superposition Principle

As discussed above, a metallic reflector or an absorber sheet is placed behind the probe to minimize
the disturbance of the surroundings during calibration and vice versa. Because of its easy fabrication,
a planar reflector is taken into account in this work.

An image source of the calibration probe can be constructed virtually based on image theory. As a
result, the coupling is determined by means of the superposition principle as

K = K1 (r)K2 (η) + σK1 (rim)K2 (ηim) . (4.17)

The geometry parameters are defined in Fig. 4.9. The complex reflection coefficient σ depends on
the reflector parameters including of conductivity and surface roughness. To keep the model simple,
its dependence on the reflection angle βp is neglected in this work. Additionally, the σ values of the
metallic reflector as well as of the absorber are chosen to σ = −1 and σ = 0, respectively.
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4 Calibration of Channel Deviations

Figure 4.9: Model of the coaxial probe using image theory.

4.3 Algorithms

If the mth probe is turned on, the received signal Ynm at the nth receiver is

Ynm = Wn ·Xnm = Wn ·Knm · Sm (4.18)

with Sm and Xnm being the transmitted and the ideal signal before the RF path, respectively.
The relative channel coefficient Rnm of the nth channel with respect to channel 1 is determined as

Rnm =
Wn

W1

=
Ynm/Xnm

Y1m/X1m

=
Ynm
Y1m

· K1m

Knm

. (4.19)

Furthermore, various averaging methods, namely the arithmetic and the geometric mean, can be
applied to estimate the relative channel coefficient if measurement results of M calibration probes
are used.
Arithmetic Mean
The arithmetic mean is the most commonly used method in different experiments with an assumption
of randomly gaussian distributed measured samples. It is defined as

Rn =
1

M

M∑
m=1

Rnm =
1

M

M∑
m=1

(
Ynm
Y1m

· K1m

Knm

). (4.20)

The magnitude and the phase of the complex coefficient Rn are estimated as

‖Rn‖dB = 20 · log

(
1

M

M∑
m=1

Rnm

)
, (4.21)

∠Rn = ∠

(
1

M

M∑
m=1

Rnm

)
. (4.22)
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Figure 4.10: Example of the relative channel factor Rn measured with various calibration probes:
measured points(©), arithmetic mean (♦), possible solutions of the geometric mean (×) and the
geometric mean with wrong k (�).

Geometric Mean
In contrast to the arithmetic mean, the geometric mean, also called the log-average, is determined as

Rn = M

√√√√ M∏
m=1

Rnm = M

√√√√ M∏
m=1

(
Ynm
Y1m

· K1m

Knm

). (4.23)

As a result, the magnitude and the phase of the complex Rn can be calculated as

‖Rn‖dB =
1

M

M∑
m=1

20 log (‖Rnm‖) , (4.24)

∠Rn =

(
1

M

M∑
m=1

∠Rnm

)
+ k

2π

M
, with k = 0, · · · , (M − 1) . (4.25)

Combination of both methods
Regarding (4.24), the geometric mean relates to the power of the measurement samples, and its
behavior is more stable in case of low SNR measurements with existence of outliers in comparison
to the arithmetic mean.
Due to the log-operator, an ambiguity of the phase estimation with the geometric mean is observed
in (4.25). As a result, this leads to a large phase error if a wrong period k in (4.25) is chosen. On the
other side, the arithmetic mean in (4.22) shows an unambiguous solution. As illustrated in Fig. 4.10,
the periodicity coefficient k in (4.25) is chosen to minimize the difference between the solutions
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4 Calibration of Channel Deviations

Rn,geo and Rn,arith estimated by means of the geometric and arithmetic mean, respectively, as

min
k=0,··· ,(M−1)

‖Rn,geo −Rn,arith‖2
2. (4.26)

4.4 Simulation

The two-step simulation procedure sketched in Fig. 4.11(a) is used in this work to verify the proposed
calibration concept.

Figure 4.11: (a) Schematic of the two-step simulation procedure with CST and MATLAB and (b)
structure of a 5x5 patch array with 16 connector probes.

In the first step, a planar array of 5x5 patches with 16 calibration probes depicted in Fig 4.11(b) is
simulated in the full-wave simulation program CST 4. The interaction between the calibration probes
and each receiver patch can be determined in terms of the scattering parameters. The calculated
mutual coupling of two patches does not exceed of −17 dB for two adjacent elements and can thus
be neglected. Besides, the behavior of the patch array is simulated also with far-field excitation for
verification.
Furthermore, a diagonal matrix [C]A representing the channel factors of the signal processing part
of the receiver array can be generated in MATLAB 5. Finally, by cascading the simulation results
in MATLAB, the output signals of the receiver system can be determined for both cases, i.e., the

4CST Microwave Studio: www.cst.com/products/cstmws
5https://de.mathworks.com
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Figure 4.12: (Left) Amplitude and (right) phase deviation of the 5x5-patch array before and after
calibration with three various averaging methods.

calibration and the far-field excitation. It should be noted, that the impact of additive white noise
in the calibration measurements is not taken into account in this simulation and its effect will be
discussed later in Chapter 7.
As depicted in Fig. 4.12, the correction of the amplitude and the phase deviations by means of the
near-field calibration method is illustrated for the channel factors of the 5x5 receiver array. Addi-
tionally, the proposed mean demonstrates how the amplitude problem of the arithmetic mean and
the periodicity problem of the geometric mean is overcome. As a result, a maximum amplitude
deviation of 0.6 dB and a maximum phase error of 11◦ are achieved.

4.5 Summary

The calibration of channel deviations by means of an on-board calibration system is discussed. Two
aspects are considered, namely the characterization of the probe-receiver coupling and the calibration
procedure.
In the first topic, an analytic model of the probe-receiver coupling is synthesized step-by-step based
on system theory. Whilst the calibration probe is characterized by an omni-directional radiation, the
characteristics of the patch receiver are described by a Fourier model. In addition, the interaction
between the probe and the receiver is derived asymptotically under the far-field assumption.
In comparison to full-wave simulation programs such as Ansys HFSS, the computational complexity
is dramatically reduced and the memory requirements are significantly lowered.
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Arithmetic and geometric mean methods as well as their characteristics are highlighted in the later
one. Whilst the arithmetic mean shows large estimation errors in the presence of outliers, ambiguity
problems are observed in the geometric mean. In order to achieve a high calibration accuracy, a
combination of both mean methods is proposed in this work.
Despite the low computational effort of the analytical model, the requirements for the channel devi-
ations derived in Chapter 3 can be fulfilled after the calibration in the simulation of the 5x5 receiver
array with 16 probes. This demonstrates the usefulness of the proposed calibration procedure.
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The joint calibration of the channel deviations and the mutual coupling is an important aspect dis-
cussed in this work. A procedure to determine coupling matrix is proposed and then examined in
details.
In order to characterize the behavior of a receiver array, the representation of the coupling matrix
is firstly reviewed in Section 5.1. Moreover, various simplified models of the coupling matrix are
assumed for different system architectures.
As the main theme of this chapter, various decoupling algorithms are proposed in Section 5.2 to
determine the simplified coupling matrix of the receiver array. Additionally, simulation results ob-
tained in MATLAB to verify the applicability of the proposed procedure are reported in Section 5.3.
Lastly, a summary of this chapter is given Section 5.4.

5.1 Coupling Matrix

The concept of coupling matrix is illustrated in Fig. 5.1. A signal S, generated by a far-field source
(e.g., a satellite), propagates through the atmosphere and is detected by a receiver array. A vector
of signals ~S = [S1, · · · , SN ]T representing a replicated version of the original signal S is assumed
to be perfectly sampled by N receivers. By applying antenna theory (Chapter 2), a complex scaled
version of S can be reconstructed.
In practice, the ideal signal ~S is detected by a receiver system consisting of different analogue and
digital processing components before it is displayed on a monitor as signal ~R = [R1, · · · , RN ]T .
Under the assumption of a linear receiver system, a transformation with a coupling matrix [C] can
be used to describe the relation between the input vector ~S (ideal signals) and the output vector ~R
(actual signals) as

~R = [C] ~S, (5.1)
R1

R2

...
RN

 =


C11 C12 · · · C1N

C21 C22 · · · C2N

...
... . . . ...

CN1 CN2 · · · CNN



S1

S2

...
SN

 .

Here, the components Cnn on the main diagonal correspond to the channel factors (gain and phase)
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Figure 5.1: Concept of coupling matrix

whilst the other coefficients Cnk with n 6= k represent the mutual coupling between the nth and the
kth channel.
As exemplified in Chapter 3, the goal of the calibration task is to determine the transform function
T defined as

T : ~R (θ, φ) 7−→ ~S (θ, φ) = [C]−1 · ~R (θ, φ) (5.2)

with −1 denoting the inverse matrix. In other words, the calibration procedure is used to characterize
the coupling matrix [C] of the receiver system.
Besides, the coupling matrix [C] is generally dependent on the direction (θ, φ) of the far-field source
due to higher order modes generated in the antenna structure. In practice, single-mode mutual cou-
pling is assumed, and the coupling matrix is considered as an average direction-independent rela-
tionship [49] written as

[R] = [C] [S] , (5.3)

with

[R] =
[
~R (θ1, φ1) , ~R (θ2, φ2) , · · · , ~R (θM , φM)

]
,

[S] =
[
~S (θ1, φ1) , ~S (θ2, φ2) , · · · , ~S (θM , φM)

]
. (5.4)

If M sources are known, the matrix [C] can be obtained, as derived in [36, 38, 49], by using a Least
Square Method such that

[C] = [R] [S]H
(

[S] [S]H
)−1

, (5.5)

with H denoting the Hermitian matrix. In order to solve the system of linear equations with high
accuracy, a large number of sources is needed with M � N . Especially for large-size receiver
arrays, this requirement calls for a high SNR of the calibration signals as well as for a huge number
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of known sources. Whilst these requirements can be satisfied in an offline calibration procedure in a
measurement chamber, they are, however, still challenges for an integrated on-board system.

This observation motivates us to synthesize a simplified model of the coupling matrix to maintain an
acceptable number of sources in the online calibration procedure.

Firstly, the mutual coupling between patch antennas is normally negligible for large element dis-
tances as demonstrated in Chapter 3. Moreover, the possibility that a receiver channel is coupled
with all the other is extremely unlikely. Thus, we can assume that the nth receiver is influenced by
only Ln − 1, and not by all other channels with Ln < M .

On the other hand, in the present context, a modular approach is applied to construct a large-size
array as mentioned in Chapter 2. This means, the receiver array is built by assembling several
sub-modules with similar design. If a sub-module is characterized, information of unessential (neg-
ligible) coupling coefficients can be extracted and this prior knowledge can be applied to all others.

From a practical point of view, we can assume that only Ln essential coefficients of the nth row
vector ~cn of the coupling matrix [C] need to be calculated. The number Ln, which is different for
various receiver channels, includes the channel factor and Ln − 1 coupling coefficients. Normally,
Ln � N holds. Thus, the calibration approach can be performed online with a limited number M
of known sources.

5.2 Decoupling Algorithms

In this section, a calibration procedure is proposed and three different algorithms are described.
Without loss of generality, the procedure is explained for a linear array to ease the mathematic
formulation. The extension to the case of planar arrays is straightforward, though.

It should be mentioned here that the calibration algorithms in this work are proposed and derived
for known sources in the near-field region of the whole array. Similar approaches are discussed
in [36, 38] for the case of far-field sources.

5.2.1 Calibration Procedure

A Time Division Multiple Access scheme is proposed in the procedure. Various calibration subsys-
tems are switched on and off sequentially to send orthogonal signals to the receiver array.

If a signal Sm sent from the mth probe is received by the nth receiver, the received signal Snm is

Snm = KnmSm (5.6)

with Knm being the coupling between the probe m and the patch n. Furthermore, Rnm denotes the
output signal of the receiver system.
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Due to the switching procedure between the calibration probes, deviations of the calibration signals
Sm are observed and need to be compensated by means of a reference receiver channel. Alternatively,
an external reference channel or an internal compensation network can be utilized as illustrated in
Fig. 5.2

Figure 5.2: Schematic of the calibration procedure with external probes: (a) external reference
channel and (b) internal compensation network as well as their signal propagation models in (c) and
(d), respectively.

In the similar way, Kref,m is defined as the relation between the received signal Sref,m in the refer-
ence channel and the probe signal Sm:

Sref,m = Kref,m · Sm. (5.7)

In case of the external reference approach, Kref,m is the probe-receiver coupling, whilst it is the
scattering parameter of the compensation network in the internal reference approach and can be
determined by simulation.
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If the probem is switched on, the output signalRref,m of the reference channel with a channel factor
Wref is

Rref,m = Wref · Sref,m. (5.8)

Furthermore, the parameters Xnm and Ynm of the calibration procedure can be determined as

Xnm =
Snm
Sref,m

=
KnmSm
Kref,mSm

=
Knm

Kref,m

, (5.9)

Ynm =
Rnm

Rref,m

. (5.10)

Because of the simple fabrication and the associated lower hardware cost, the concept of an external
reference channel is implemented in this work. By changing the calculation of Xnm and Ynm as
derived above, similar procedures can be used for the internal concept. Additionally, a comparison
of both concepts by means of a tolerance analysis is discussed in Chapter 7.
The relation between the input and output parameters can be written in matrix form as:

Y1m

Y2m

...
YNm

 =
1

Rref,m


R1m

R2m

...
RNm



=
1

Rref,m


C11 C12 · · · C1N

C21 C22 · · · C2N

...
... . . . ...

CN1 CN2 · · · CNN



S1m

S2m

...
SNm



=
Sref,m
Rref,m


C11 C12 · · · C1N

C21 C22 · · · C2N

...
... . . . ...

CN1 CN2 · · · CNN



X1m

X2m

...
XNm



=
1

Wref


C11 C12 · · · C1N

C21 C22 · · · C2N

...
... . . . ...

CN1 CN2 · · · CNN


︸ ︷︷ ︸

[Ĉ]


X1m

X2m

...
XNm

 . (5.11)

Here, we can recognize that the new input vector does not depend on the absolute signal S of the
calibration sources but only on the relative position of the probe and the receiver elements. So the
amplitude and phase deviations between various calibration subsystems can be compensated.
Furthermore, only a scalable version

[
Ĉ
]

of the coupling matrix [C] is determined in this procedure,

which can be corrected by dividing the whole matrix by its first coefficient Ĉ11.
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5 Calibration of Coupling Matrix

If all M probes are considered, we have

[Y ] =
[
Ĉ
]

[X] (5.12)
Y11 Y21 · · · Y1M

Y21 Y22 · · · Y2M

...
... . . . ...

YN1 YN2 · · · YNM

 =


Ĉ11 Ĉ12 · · · Ĉ1N

Ĉ21 Ĉ22 · · · Ĉ2N

...
... . . . ...

ĈN1 ĈN2 · · · ĈNN



X11 X12 · · · X1M

X21 X22 · · · X2M

...
... . . . ...

XN1 XN2 · · · XNM

 .

The calibration consists now of determining all N independent row vectors of the coupling matrix[
Ĉ
]
. After re-formulation, we can write for the nth row vector of the coupling matrix


Yn1

Yn2

...
YnM


︸ ︷︷ ︸

~yn

=


X11 X21 · · · XN1

X12 X22 · · · XN2

...
... . . . ...

X1M X2M · · · XNM


︸ ︷︷ ︸

[X]T


Ĉ1n

Ĉ2n

...
ĈNn


︸ ︷︷ ︸

~cn

. (5.13)

Here, we need to solve an under-determined linear system of N variables with M equations (N �
M ). In general, it is impossible without any a-prior knowledge and assumptions regarding the sys-
tem.

Based on the examination in Chapter 3, only the vector ~c′n of Ln essential coefficients is necessary
to be determined in a simplified coupling matrix. The other components of ~cn are assumed to be 0.
The nth problem of the coupling matrix is

Y1n

Y2n

...
YMn


︸ ︷︷ ︸

~y′n

=


Xl1,1 Xl2,1 · · · XlLn ,1

Xl1,2 Xl2,2 · · · XlLn ,2

...
... . . . ...

Xl1,M Xl2,M · · · XlLn ,M


︸ ︷︷ ︸

[X′]T


Cl1,n

Cl2,n
...

ClLn ,n


︸ ︷︷ ︸

~c′n

. (5.14)

After all vector ~c′n have been solved independently, the coupling matrix [C] as well as the transform
function T in 5.2 can be reconstructed.

Furthermore, a Least Square (LS) approach is the standard method to solve (5.14). In order to
improve its accuracy, we will discuss two additional signal processing concepts, namely the Principle
Component Analysis (PCA) and the extension with Multiple Reference Receivers (MRR). Whilst the
PCA uses much higher computational complexity, the MRR demands more reference channels and
hardware cost.
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5.2 Decoupling Algorithms

5.2.2 Least-Square (LS) Method

As proven above, the under-determined problem of N variables (N > M ) in 5.13 is rewritten into
the over-determined problem of L variables (L < M ) in 5.14. Thus, with the assumption of an
accurate model matrix [X ′], the Least-Square method can be used to solve this problems as

~c′n =
(

[X ′] [X ′]
T
)−1

[X ′] ~y′n. (5.15)

This solution is estimated by Maximum-Likelihood method. Its accuracy is achieved only with a

sufficient SNR as well as an adequate ratio
M

L
.

5.2.3 Principle Component Analysis (PCA)

In case of calibration signals with high SNR, the concept of the Principle Component Analysis can

be applied to reduce the required number of probes (lower
M

L
) whilst still maintaining the calibration

accuracy.
The algorithm can be summarized as follows:

• The covariance matrix of the measurement vector ~y′n is calculated as

[Cov] = ~y′n~y
′H
n . (5.16)

• The eigenvalue decomposition method is applied to determine the signal and the noise sub-
space, denoted by subsripts S and N respectively. This yields

[Cov] = [[E]S [E]N ] [∆] [[E]S [E]N ]H , (5.17)

[∆] =



∆1 · · · 0
... . . . ...
0 · · · ∆L

0 · · · 0
... . . . ...
0 · · · 0

0 · · · 0
... . . . ...
0 · · · 0

∆L+1 · · · 0
... . . . ...
0 · · · ∆M


(5.18)

with ∆1 > · · · > ∆L︸ ︷︷ ︸
~∆S

> ∆L+1 > · · · > ∆M︸ ︷︷ ︸
~∆N

,

[E] =



E11 · · · E1L

E21 · · · E2L

... . . . ...
EM1 · · · EML︸ ︷︷ ︸

[E]S

E1,L+1 · · · E1M

E2,L+1 · · · E2M

... . . . ...
EM,L+1 · · · EMM︸ ︷︷ ︸

[E]N


. (5.19)
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5 Calibration of Coupling Matrix

Here, ~∆ and [E] are the eigenvalues and the corresponding eigenvectors of the subspace.
Because of L essential coefficients of the vector ~c′n, the L largest eigenvalues ∆1 > · · · > ∆L

belong to the signal subspace whilst the other correspond to the noise subspace.

• Due to the fact that the noise subspace is orthogonal to the signal subspace, an additional linear
system can be written in case of low noise and high SNR. It reads

0

0
...
0


︸ ︷︷ ︸
~0

=


E∗1,L+1 · · · E∗M,L+1

E∗1,L+2 · · · E∗M,L+2
... . . . ...

E∗1M · · · E∗MM


︸ ︷︷ ︸

[E]HN


X1l1 X1l2 · · · X1L

X2l1 X2l2 · · · X2L

...
... . . . ...

XMl1 XMl2 · · · XML


︸ ︷︷ ︸

[X′]T


Cnl1
Cnl2

...
CnL


︸ ︷︷ ︸

~c′n

. (5.20)

• Combining (5.14) and (5.20) yields the larger linear system

~y′new,n = [Z] ~c′n (5.21)

with

~y′new,n = (Y1n, · · · , YMn, 0, · · · , 0)T , (5.22)

[Z] =



1 · · · 0
... . . . ...
0 · · · 1

E∗1,L+1 · · · E∗M,L+1
... . . . ...

E∗1M · · · E∗MM



X1l1 · · · X1L

... . . . ...
XMl1 · · · XML

 . (5.23)

So, we have more linear equations for the same number of L variables. Their solution is
estimated by means of a Least-Square method from

~c′n =
(

[Z]T [Z]
)−1

[Z]T ~y′new,n, (5.24)

which yields higher accuracy.

In comparison to the LS method, a larger SNR of the calibration signals is necessary here to sat-
isfy (5.20). Furthermore, the eigenvalue decomposition comes always with a higher computational
complexity.

5.2.4 Extension with Multiple reference receivers (MRR)

In the above discussion, measurements with high SNR and low noise are demanded for the calibra-
tion systems. Two main kinds of noise are noted in the calibration procedure: modeling errors of
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5.2 Decoupling Algorithms

the probe-receiver coupling and additive measurement noise. The latter can be reduced by longer
measurement time and higher power of the calibration signal whilst the modeling errors decrease
with the number of calibration probes, which is limited in practical systems. Another possibility
is the diversification of the modeling errors via multiple reference channels distributed between the
probes and the receivers.

The extended calibration procedure is sketched in Fig. 5.3. Firstly, all P reference channels, num-
bered as channel N + 1 to channel N +P , are assumed to be isolated from each other and also from
the other receiver channels. Thus, the procedure proposed in Chapter 4 can be applied to calibrate
the deviations of all reference channels. The relative channel coefficient Rp of the (N + p)th channel
normalized to channel N + 1 is determined as

‖Rp‖dB =
1

M

M∑
m=1

20 log10

(
YN+p,m

YN+1,m

· KN+1,m

KN+p,m

)
,

∠ (Rp) =
1

M

M∑
m=1

∠

(
YN+p,m

YN+1,m

· KN+1,m

KN+p,m

)
+ k · 2π

M
, with k = 0, · · · , (M − 1) . (5.25)

A discussion about the right choice of k is given in (4.26) of Chapter 4.

As a result of (5.14) and (5.25), a new system of linear equations can be derived as
~yn,1

R2 · ~yn,2
...

RP · ~yn,P

 =


X1

X2

...
XP

 ~c′n (5.26)

with the subscript (n, p) denoting the nth receiver normalized to the (N + p)th reference channel.
Therefore, both the LS and the PCA method can be applied to solve the new linear equation system
in (5.26).

Figure 5.3: Calibration scheme with multiple reference receiver channels.
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5 Calibration of Coupling Matrix

5.3 Simulation

Simulation in MATLAB is performed for a 8x8 planar receiver array to validate the various calibra-
tion procedures. In order to focus only on the applicability of the proposed algorithms, the radiation
characteristic of receiver elements is assumed to be omni-directional. Thus, the coupling between the
mth monopole probe and the nth receiver antenna at distance dnm can be determined approximately
in the simulation as

Knm =
1

dnm
exp

(
−j2πdnm

λ

)
(5.27)

with λ being the signal wavelength.
A planar array with brick architecture, the coupling matrix of which is illustrated in Fig. 5.4, is
examined. This means, channel deviation and coupling between adjacent channels within a linear
array are the main error sources. Furthermore, the mutual coupling is estimated to be −18 dB for
adjacent antennas and −20 dB for further elements. On the other side, a far-field source at the
broad-side (θ = 90◦) is used to verify the accuracy of the different proposed calibration procedure.
The radiation patterns of the uncalibrated array and the calibrated system with 16 probes are shown

Figure 5.4: Example of a 8x8 array with brick architecture: coupling matrix
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5.3 Simulation

Figure 5.5: Radiation pattern of a receiver array calibrated with 16 probes: (a) without calibration
and calibration with (b) one, (c) two, and (d) three mutual coupling coefficients

in Fig. 5.5. The amplitude tapering with Chebyshev function [16] is chosen to achieve the side-lobe
level of −30 dB in the ideal case.

In comparison with the pattern of the uncalibrated array in Fig. 5.5(a), a significant decrease of the
side-lobe level is observed in that of the calibrated array depicted in Fig. 5.5(c). Additionally, the
calibration accuracy decreases when under- or overestimating the number of significant coupling co-
efficients as illustrated in Fig. 5.5(b) and Fig. 5.5(c), respectively. The same result is also depicted in
Fig. 5.7(b), which shows the radiation patterns at the elevation angle of 0◦. This statement underlines
the need of a prior knowledge of the receiver system.

Fig. 5.6 reports the radiation pattern of the receiver array calibrated with only 8 probes. In case of
the underestimated model of the coupling matrix, the calibrated pattern depicted in Fig. 5.6(a) differs
only slightly in comparison with Fig. 5.5(b). In contrast, the calibrated pattern degrades significantly
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5 Calibration of Coupling Matrix

Figure 5.6: Radiation pattern of a receiver array calibrated with 8 probes: (a) one and (b) two mutual
coupling coefficients.
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Figure 5.7: Radiation pattern of receiver array with Tschebyscheff window of −30dB side-lobe
level at the elevation angle of 0◦: calibration with (a) 8 probes and (b) 16 probes.

for the coupling matrix model with two essential coupling coefficients as illustrated in Fig. 5.5(c)
and Fig. 5.6(b). This observation emphasizes the requirement of not only high SNR measurements
but also a sufficient number of probes to achieve high calibration accuracy.
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5.4 Summary

5.4 Summary

The joint calibration of the channel deviations and the mutual coupling is the main theme of this
chapter. The calibration problem is firstly formulated mathematically as calculation of the coupling
matrix. Furthermore, a simplified model instead of the full coupling matrix, is considered based on
the characteristics of the mutual coupling in real receiver systems. This step leads to the sparseness
of the computational effort and hardware cost in the calibration system as well as to an improvement
of the calibration accuracy.
In the next step, a calibration procedure is proposed and three different decoupling algorithms,
namely Least-Square, Principle Component Analysis, and Extension with Multiple Reference Re-
ceivers, are discussed, taking into account various aspects.
The Least Square method relies on the Maximum-Likelihood criterion. This means, a sufficient
SNR of the calibration signals as well as a large number of probes are required for a highly accurate
calibration.
In order to improve the calibration accuracy, the procedure with PCA is proposed for a given maxi-
mum number of calibration probes. The hardware cost is thereby kept nearly unchanged. The main
drawback is, however, the higher demand of SNR and the accuracy of the probe-receiver-coupling
model. Because its degradation with increased distance between the calibration probe and the re-
ceiver, the realizable SNR of the calibration signals is limited by the size of the receiver system. The
second disadvantage of this method is its huge computational complexity. Hence, this approach is
more suitable for small arrays, which is demonstrated in Chapter 6.
The last proposed procedure demonstrates the best accuracy at the expense of additional hardware
cost for the multiple reference receivers. Not only a higher SNR is achieved but the errors due to an
insufficiently accurate coupling-model can also be decreased by means of diversifying the reference
channels.
Last but not least, simulation is performed to validate the usefulness of the proposed calibration
procedures. The necessity of a simplified coupling matrix because of the limited hardware of the
on-board calibration system is illustrated.
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6 Experiments

Experiments with linear and planar patch arrays are performed to validate the applicability of the
calibration concepts proposed in Chapter 4 and Chapter 5, and their results are reported in this
chapter.

Firstly, the set-ups of the measurements are described in Section 6.1. Additionally, a printed and a
coaxial probe, which are shown in Fig. 4.2 in Chapter 4, are fabricated and used as calibration probes
in the experiments.

The experimental results with the printed probe are reported in Section 6.2, those of the coaxial probe
in Section 6.3. Thereby, the calibration not only of the channel factors but also of the simplified
coupling matrix are discussed. Finally, the trade-off between system complexity and calibration
accuracy is summarized in Section 6.4.

6.1 Measurement Setup

A linear 7x1- and a planar 4x4 antenna array are fabricated in a multi-layer structure as depicted
in Fig. 6.1. However, to validate the concept, only four patches are operated as a receiver array
simultaneously. The others are terminated with 50Ω resistances. Furthermore, a four-port network
analyzer R&S ZVA50 is connected to the antenna structure and used as a four-channel receiver.

Figure 6.1: Fabricated patch receiver arrays: (a) 7x1 linear array and (b) 4x4 planar array.
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6.1 Measurement Setup

Figure 6.2: Measurement setup of the planar array with the near-field calibration setup.

The calibration signals are provided by an external signal generator Anritsu MG37020A which is
synchronized through a 10 MHz reference signal from the R&S ZVA50. A single near-field probe is
used in the experiments. Its position is changed manually, in order to emulate multiple calibration
probes. An effective permittivity of εr = 1.03 is determined by means of HFSS simulation. Mea-
surements with far-field excitation at boresight are used to validate the calibration accuracy. The
measurement set-up is sketched in Fig. 6.2.
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6.2 Microstrip Probe

In this experiment, the microstrip printed probe with a reflector behind it, which is described in
Chapter 4, is used. Despite its complicated structure, the radiation pattern of the probe in the H-
plane is firstly assumed to be omni-directional in the decoupling algorithm. Furthermore, a generic
model of the receiver patch is applied. To validate the calibration concept, a linear array of only 3

antennas is used in the measurements, whilst the other patches are terminated with 50-Ω resistances.
Furthermore,M = 8 probe positions are applied to calibrate the mutual coupling of adjacent receiver
channels.
Three measurements are performed in the anechoic chamber. The R&S ZVA50 is not calibrated
in the first measurement while a SOLT (Short-Open-Load-Through) calibration is applied to the
network analyzer in the second and the third one. Because of the uncalibrated ZVA in the first
measurement, the coupling between the reference channel and the receiver array still exists. Ad-
ditionally, the power of the calibration signals used in the third measurement is 15 dB higher than
those in the first and the second one. The results are depicted in Fig. 6.3.

Figure 6.3: Measurement results of a three-patch linear array: (a) Radiation pattern at 20 GHz (blue)
before and after calibration with (black) εr = 1 and (red) εr = 1.2 for (top) measurement 1, (middle)
2, and (bottom) 3 respectively. (b) (top) Amplitude and (bottom) phase deviations of the array after
calibration in all three measurements.

The pointing error of the linear array after applying the external calibration procedure is corrected
in all measurements. In comparison with the calibrated results assuming εr = 1 (free space), a sig-

58



6.3 Coaxial Probe

nificant increase of the pointing accuracy as well as a decrease of the side-lobe level in the radiation
pattern are observed with the effective permittivity εr = 1.2. This effective permittivity, which is
different from that shown in Chapter 4, is determined by simulation and includes the impact of the
metallic reflector. Besides, a decrease of the phase deviation is also observed from the first to the
third measurement as depicted in Fig. 6.3(b). Thus, the requirements of an isolated reference channel
and high SNR are thereby emphasized.
On the other side, the calibration accuracy is, however, limited due to the model simplification of the
probe-receiver coupling. The amplitude deviations stay still above 2 dB in all three measurements.
As a result, the side-lobe level in the third measurement is −18 dB instead of −13 dB in case of
an ideal array. This underlines the need of model improvements for the probe-receiver coupling to
enhance the calibration accuracy.

6.3 Coaxial Probe

In order to improve the analytical model of the probe-receiver coupling, two aspects are taken into
account: (1) a model enhancement of the receiver element as well as (2) an alternative probe design.
The first measure corresponds to a new analytical model of the patch pattern at the off-side. As
proposed in Chapter 4, the patch pattern of the Fourier-based model is well-matched to that of the
HFSS simulation.
The first point involves another aspect. Indeed, improving the model of the probe radiation pattern
is limited by the complexity of the probe structure itself. Regarding the microstrip probe, it is not
feasible and demands a high computational effort to synthesize a good and simple analytical model
of the probe-receiver coupling for all elements of a large array. Thus, redesigning the monopole
probe is the second approach to produce an omni-directional radiation pattern in the H-plane. As
discussed in Chapter 4, the coaxial probe together with the absorber instead of a metallic reflector
behind it is suggested to be used in the experiments.
Two situations are examined now to prove the usefulness of the proposed coaxial probe, namely the
calibration of only channel fluctuations as well as jointly with mutual coupling.

6.3.1 Calibration of Channel Fluctuations

The receiver systems are, in most applications, characterized in a measurement chamber. All sys-
tematic errors such as position deviation of patches or channel cross-talk can be figured out and
corrected with this procedure. On the other side, the channel fluctuations caused by environmental
changes are calibrated with the on-board calibration system.
In order to replicate this situation, the network analyzer is first calibrated by means of a SOLT
calibration to minimize the mutual coupling between receiver channels. Additionally, the coupling
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Figure 6.4: Calibration of a five-patch linear array with eight probes: (a) linear array and (b) its
radiation pattern before and after calibration as well as (c) the amplitude and phase fluctuations of
the calibrated receiver channels.

between adjacent antennas is negligible as shown in the simulation in Chapter 4. Due to different
cable lengths and connectors, amplitude and phase errors are observed in various channels.

A five-patch linear array with eight coaxial probes is firstly examined in a small measurement cham-
ber to minimize the disturbing effect of the environment on the calibration accuracy. Furthermore,
two different averaging methods are considered in the calibration procedure, namely the geometric
mean (GeoMean) and the arithmetic mean (ArithMean). The measurement results are reported in
Fig. 6.4.

Because of the sufficient SNR of the calibration measurements with signal powers of 20 dBm and
a high number of probes, the two averaging methods demonstrate similar results. Whilst the phase
errors are below 9◦, a maximum amplitude deviation of about 1 dB is observed.

In the next experiments, the 4x4 planar receiver array is considered. All measurements are still
performed in the measurement chamber. Besides the two different averaging methods, three different
patch models are examined, namely the isotropic model (M1) from [44], the generic model (M2)
from [50], and the proposed Fourier-based model (M3).

In the first experiment, the four antennas 1, 4, 13, and 16 at the corners of the array are considered.
Whilst an amplitude deviation of less than 0.5 dB are observed, large phase errors of more than 120◦

are detected in the received signals. After calibration by means of the proposed concept with 16

probe positions, the signals are significantly improved and phase errors below 5◦ are demonstrated
(see Fig. 6.5(b)). In comparison to that of the geometric mean, larger amplitude errors of up to 0.5

dB are documented in Fig. 6.5(c) for the calibration procedure with the arithmetic mean, whilst a
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Figure 6.5: (a) 4x4 planar array used in the experiments in the measurement chamber and amplitude
and phase errors of array elements 4, 13, and 16 with respect to element 1 (b) before and after
calibration with geometric mean as well as (c) after calibration with geometric and arithmetic mean.

Figure 6.6: Amplitude and phase errors of array elements 2, 5, and 6 with respect to element 1

after calibration by means of monopole probes with and without absorber for three patch-receiver
coupling models: the isotropic model (M1) from [44], the generic model (M2) from [50], and the
proposed Fourier-based model (M3).
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slight enhancement of only 1◦ is achieved for the phase accuracy. Additionally, due to the circular
symmetry of the four antennas, the same calibration results are achieved with all three patch models.

In the second experiment, the four antennas 1, 2, 5, and 6 are examined. Due to the asymmetry of the
receiver positions, the three patch models yield different calibration results. As depicted in Fig. 6.6,
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Figure 6.7: (a) Schematic of four groups G1, G2, G3, and G4 of 16 probes and (b) amplitude and
phase errors of array elements 2, 5, and 6 with respect to element 1 after calibration with the M3

model of the patch-receiver coupling as a function of the number of probes.
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whilst a phase error below 3◦ is observed for all three models, the amplitude deviation drops from
1.5dB with model M1 to 0.8dB with model M3. Furthermore, the accuracy degradation due to the
presence of the absorber is only 1.5◦ in phase and 0.3dB in amplitude as shown in Fig. 6.6. This
demonstrates a good trade-off between the calibration accuracy and the simplicity of the model.

In the third experiment, the 16 probes are divided into four groups Gk of four probes P4l+k with
k = 1, · · · , 4 and l = 0, · · · , 3 (see Fig. 6.7(a)). While the relative positions of the four probes
within each group are the same, they rotate by an angle of 22.5◦ from G1 to G4. As depicted
in Fig. 6.7, the total error of all three receiver models decreases with a higher number of probes
because of the noise reduction caused by averaging.

On the other side, the sensitivity of the coupling model depends strongly on the relative position of
the probe with respect to the patch. This effect together with fabrication uncertainties leads to the
result, that the various probe groups yield a different calibration accuracy for each receiver model.
A highly accurate result is achieved for antenna 2 with the four-probe group G4. The phase error
is reduced from 3◦ (with 16 probes) to less than 1.5◦. The same results are observed in case of

Figure 6.8: 3x3 Planar array: (a) configuration, (b) amplitude and phase deviation of the array
elements after calibration as well as beam pattern (c) before and (d) after calibration
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antenna 5 and antenna 6 with the probe group G1 and G2, respectively. This observation suggests
that, instead of averaging all calibration results, a proper probe selection for the different receiver
elements allows to improve the accuracy and the robustness of the calibration procedure.
Last but not least, the proposed calibration procedure is applied to the 3x3 planar array outside the
measurement chamber to verify its applicability under more realistic conditions. The number of
probes is set to 16. Compared to the beam pattern before calibration, a significant improvement is
illustrated in the pattern after calibration as depicted in Fig. 6.8. The direction of the main beam can
be correctly detected. On the other side, higher modeling uncertainty, such as from multi-reflections
caused by objects in the laboratory, is observed in this experiment. As a result, the side-lobe level
of the calibrated pattern stays still above −10 dB, instead of −13 dB of an ideal pattern, which
corresponds to a maximum amplitude deviation of 1 dB and a maximum phase error of 7◦. This
observation underlines the need of calibration signals with high SNR as well as a sufficient number
of calibration probes.

6.3.2 Joint Calibration of Channel Fluctuations and Mutual Coupling

Receiver arrays are constructed from various modules with similar design. Thus, an a-priori knowl-
edge of the system and the structure of its coupling matrix can be determined by means of an offline
calibration of sample modules. In this case, not only the channel factors but also the mutual coupling
between the receivers deviate. The proposed joint calibration procedure of these two error aspects

Figure 6.9: Arrays of 5 patches: (a) linear array in the first experiment and (b) a sparse configuration
of a planar array in the second experiment as well as (c) the switch matrix.
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are verified in the following experiments. Additionally, the M3-model of the probe-receiver coupling
is applied.

In the first experiment, a 7x1 linear planar array of patch antennas is built. However, only 5 patches
connected with a switch matrix, as shown in Fig. 6.9(a) and Fig. 6.9(c) respectively, are operated
as a receiver array simultaneously. Besides, additional patches are used as reference channels. The
others are terminated with 50 Ω resistances. Furthermore, a vector network analyzer R&S ZVA50 is
connected to the other side of the switch matrix and used as the active part of the receiver system.
In order to improve the isolation of the reference channels, the network analyzer is first calibrated
through the SOLT calibration method. Besides, all measurements are performed in the measurement
chamber to achieve the highest possible SNR.

Additionally, four different calibration algorithms are examined in this experiment, namely Cf , Cr,
Cf,pca and Cr,pca. Whilst the subscript pca refers to the application of the PCA method, f and r

Figure 6.10: Experimental results of a 5x1 linear array calibrated with 16 near-field monopole
probes: (a) radiation patterns as well as (b) phase and (c) amplitude deviations of calibrated sig-
nals.
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Figure 6.11: Magnitude of the calculated coupling matrix of a 5x1 linear array: (a) a full coupling
matrix Cf and (b) a simplified coupling matrix Cr.

denote the determination of a full and a simplified coupling matrix, respectively.
As depicted in Fig. 6.10, the direction of the main beam is corrected by the proposed calibration pro-
cedure. In addition a side-lobe level of roughly −13 dB is observed in all calibrated patterns. Phase
errors below 7◦ as well as amplitude deviations of less than 1.5 dB are achieved for all proposed
algorithms. Due to the high SNR (transmit power of 20 dBm and measurement bandwidth of 10 Hz)
and low modeling errors (center location of the receiver array and high probe/receiver ratio of 16/5),
only slight accuracy improvements are demonstrated in the algorithm Cr in comparison to Cf . The
magnitude of the full and the simplified coupling matrix is shown in Fig. 6.11. Most of coupling
factors smaller than 0.15 (or −18dB) are neglected in the simplified model of the coupling matrix.
Lastly, further enhancements of the calibration accuracy are achieved by means of the algorithm
Cr,pca. The phase errors decrease below 5◦ whilst the amplitude deviations are less than 0.7 dB.
In the second experiment, sparse configuration of a 3x3 planar array with only five antennas, depicted
in Fig. 6.9(b), are connected to the switch matrix. A similar measurement set-up as in the first
experiment is used.
As shown in Fig. 6.12, the main beam direction of the receiver array can be clearly identified after
the calibration. Moreover, larger modeling errors of the probe-patch coupling are also apparent
due to the offset position of the receiver array. This results in a phase deviation of more than 25◦

and an amplitude error of more than 8 dB for the calibration algorithm Cf . On the other hand,
if the simplified model Cr of the coupling matrix is known, calibration accuracy is significantly
enhanced. A maximum phase error of roughly 10◦ with an amplitude error of maximum 2.5 dB
reflects this improvement. Furthermore, the phase error decreases to 6◦ by the PCA method (Cr,pca).
The accuracy of the calibrated amplitudes is, however, not improved. This fact underlines the need
of a good probe-receiver coupling model to achieve highly accurate calibration results.
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6.3 Coaxial Probe

Figure 6.12: Experimental results of a Z-shaped array calibrated with 16 near-field monopole
probes: radiation pattern (a) before and (b) after calibration as well as (c) phase and (d) amplitude
deviations of the calibrated signals.

In the last experiment, the calibration measurements of the receiver system are performed outside
the anechoic chamber. A 4x2 planar array connected to a coupler matrix is used as the receiver array
as shown in Fig. 6.13. Three other antennas (R1, R2 and R3) are used as reference antennas. The
others are again terminated with 50Ω resistances. Additionally, 11 ports of a 12-port Agilent PNA
are used as an 11-channel receiver. The rest is connected with a power amplifier to generate a high
SNR calibration signal.

The radiation patterns of the 4x2 antenna array are illustrated in Fig. 6.14 for four different cases,
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Figure 6.13: (a) The 4x2 planar array and (b) the switch matrix.

Figure 6.14: Radiation pattern of the 4x2 planar array: (a) before calibration, (b) after calibration
with a reference channel and 16 probes (Case 1), and after calibration with 3 reference channels and
(c) 8 probes (Case 2) as well as (d) 16 probes (Case 3).

including: the pattern before calibration, the calibrated pattern with 16 probes and one reference
receiver (Case 1), the calibrated pattern with three reference channels and eight probes (Case 2)
or 16 probes (Case 3), respectively. The correction of the main beam direction is realized in all
calibrated patterns. Additionally, the side-lobe level is reduced from −8 dB (Case 1) or −10.8 dB
(Case 2) to −12.2 dB (Case 3) as depicted in Fig. 6.15.

The amplitude and phase deviations of the eight antennas are shown in Fig. 6.16 in the case of the
PCA method. In comparison with the results in Fig. 6.15, a 2 dB reduction of the amplitude errors
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Figure 6.15: (a) Radiation pattern of the 4x2 planar array in the θ = 0◦ cut plane and (b) phase as
well as (c) amplitude deviations of eight antennas.

Figure 6.16: (Above) phase as well as (below) amplitude deviations of eight antennas calibrated
with the PCA method.

is observed in Case 1 whilst a similar accuracy is achieved for Case 2 and Case 3. This implies that
a high calibration accuracy is achieved without PCA if an adequate number of probes and reference
receivers is used.
In addition, the most accurate calibration result is achieved with reference antenna 1 as demonstrated
in Fig. 6.17. This suggests that there should be sufficient space between the reference antennas and
the receiver array to keep a similar modeling ratio ‖Kmn/Kmr‖ for all receiver elements.
Additionally, the receiver array is calibrated for the whole frequency bandwidth (from 19.8 GHz to
20.2 GHz) by the proposed method with the coupling model synthesized at the center frequency 20
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Figure 6.17: (Above) phase as well as (below) amplitude deviations of eight antennas calibrated
with different reference antennas.

Figure 6.18: (a) Radiation pattern of the 4x2 planar array in the θ = 0◦ cut plane and (b) phase as
well as (c) amplitude deviations of eight antennas for three different frequencies.

GHz. The calibrated radiation patterns are depicted in Fig. 6.18. Whilst the maximum amplitude
deviation increases to 4 dB, the maximum phase error rises to 20◦. This results in more than a 2

dB degradation of the side-lobe level. Hence, this emphasizes the necessity of an accurate coupling
model to achieve a high quality calibration procedure.

Last but not least, the essential coefficients of the simplified coupling matrix is depicted in Fig. 6.19(a)
because of the knowledge of the switch matrix in Fig. 6.13(b). Furthermore, the calibration accuracy
decreases as the number of unknown coefficients in the coupling matrix increases. This is illustrated
in Fig. 6.19(b). Not only the side-lobe level rises from −12 dB (3 essential coefficients) up to −7

dB (6 essential coefficients), but also an error in main beam direction occurs. This underlines the
importance of a prior system knowledge in the on-line calibration procedure.
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Figure 6.19: (a) Magnitude of the simplified coupling matrix Cr of the 4x2 planar array and (b) the
radiation patterns in the θ = 0◦ cut plane for various numbers of essential coupling coefficients as
well as (c) positions of the essential coupling coefficients.

6.4 Summary

The usefulness of the external calibration concept with on-board probes is validated in the experi-
ments. Due to its ease fabrication, the microstrip monopole is first applied as a calibration probe.
As a result, the main beam in the radiation pattern of a three-patch linear array is corrected after
the calibration. The need of calibration measurements with high SNR, which is achieved with high
power calibration signals as well as long measurement time, is also demonstrated. The calibration
accuracy is however limited because of the simple model of the probe-receiver coupling.
In order to overcome the model complexity of the microstrip probe, a coaxial probe backed by
an absorber sheet is suggested. In case of only channel fluctuations, phase errors below 8◦ and
amplitude deviations smaller than 1 dB are achieved for a 3x3 planar array after calibration.
In order to achieve similar accuracy in case of a joint compensation of the gain/phase deviations
and the mutual coupling, the calibration system has to satisfy higher technical demands. Whilst
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the desired accuracy is also illustrated for a 5x1 linear array with 16 probes, additional reference
receivers are required for a 4x2 planar array to diversify the modeling errors. The performance
degradations of the calibration procedure due to uncertainties of the coupling matrix model are also
illustrated in the experimental result.

Figure 6.20: Complexity comparison of the different proposed calibration procedures.

Finally, a comparison of the system complexity is illustrated in Fig.6.20 for the various proposed
procedures. This illustrates the findings that a higher calibration accuracy results in an increased
complexity of the calibration system in terms of signal power, measurement time, and number of
calibration probes as well as reference receivers.
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In this chapter, we investigate the accuracy of the calibration concept for a receiver array realized
in brick architecture, as it is relevant in the present context. In detail, we elaborate what kinds of
characteristics in terms of fabrication tolerances, signal power and bandwidth or measurement time
the calibration system should have in order to guarantee desired performances such as the estimation
accuracy of the Direction of Arrivals (DOAs) of the received signals and a low side-lobe level. As
discussed in Chapter 2, the error of the DOA is negligible in case of large arrays, and not examined
in this work.

To this end, we assume that the system can receive and process the far-field signals as accurately as
possible. The effect of noise on the receiver operation is reviewed in Chapter 2, and hence, it is not
considered in this work.

Figure 7.1: Peak side lobe level PSL versus the standard deviation σB of the beam pattern for two
different array tapers with a designed side lobe of (blue) −40 dB and (red) −45 dB
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In addition, the standard deviation σB of the first side-lobe in the array beam pattern is examined
instead of the peak side lobe level (PSL). The behavior of σB and PSL, which is derived mathemat-
ically in Chapter 2, is compared in Fig 7.1. In order to achieve the desired PSL of −35 dB, the
standard deviation of the beam pattern has to be smaller than −45 dB, which is independent of the
array size.
This chapter is structured as follows: the surrogate model is firstly introduced in Section 7.1, whilst
the uncertainty propagation method is reviewed in Section 7.2 to examine the impact of small errors
in small-size arrays. On the other hand, Monte Carlo simulations are proposed in Section 7.3.3 to
examine effectively the performance of the calibration system in case of a low SNR.
Furthermore, the stability and the scalability of the proposed calibration system are discussed in
Section 7.4. With regard to the application of the on-board calibration method to a middle- up to
large-size receiver system, we investigate the stability of only two procedures. The first one only
deals with the calibration of channel deviations (see Chapter 4),while the second one applies the
Least-Square method and its extension with multiple reference receivers (see Chapter 5) which was
shown to yield the best experimental results (see Chapter 6). The PCA method which demands much
higher SNR and computational complexity is not considered in this tolerance analysis.

7.1 Surrogate model

The surrogate model for the error propagation in the calibration operation is depicted in Fig. 7.2.

Figure 7.2: (a) Flow chart of calibration (magenta) and receiver operation (red) and (b) surrogate
model of the error propagation.

In the real calibration system, the output signals ~Ocal are afflicted with errors ~χ. The assumption
of an ideal and fully characterized calibration system [C]sys, however, is made in the procedure of
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determining the receiver coupling matrix. This leads to faulty results. On the one hand, in order
to reconstruct the signal of a far-field source in the receiver, the received signals are decoupled and
corrected with the help of the faulty coupling matrix [C]sys + δ [C]sys. As a result, we observe some
deviations δ~I between the ideal ~Iideal and the reconstructed signals ~I .
In order to analyze the performance degradation of the receiver with respect to the errors existing
in the calibration system, a surrogate model G of the whole procedure is used to show the relation
between the disturbance vector ~χ and the signal difference δ~I as depicted in (7.1). Besides, the
disturbance vector ~χ does not only includes the geometry faults of the calibration system but also
the noise in the calibration signals.

7.2 Uncertainty Propagation

If only very small error levels are considered in the calibration system, a linear multivariate model
G of small deviations ~χ around the system parameters is applied, and the asymptotic behavior can
be examined. The surrogate model is expressed as

~χ =

χ1

...
χK

 7−→ δ~I = G (~χ) =


g1,re (χ1, · · · , χK)

g1,im (χ1, · · · , χK)
...

gN,re (χ1, · · · , χK)

gN,im (χ1, · · · , χK)

 . (7.1)

The Jacobian matrix, which describes the slopes of the surrogate model with respect to the variables,
is calculated as

[J ]G =



∂g1,re

∂χ1

∂g1,re

∂χ2

· · · ∂g1,re

∂χK
∂g1,im

∂χ1

∂g1,im

∂χ2

· · · ∂g1,im

∂χK
...

... . . . ...
∂gN,re
∂χ1

∂gN,re
∂χ2

· · · ∂gN,re
∂χK

∂gN,im
∂χ1

∂gN,im
∂χ2

· · · ∂gN,im
∂χK


. (7.2)

Here, gn,re and gn,im denote the real and imaginary part of the complex factor of channel n. In
this work, the coefficients of the Jacobian matrix are determined numerically by means of the finite
difference method as

∂g

∂χ
≈ g(χ+ δχ)− g(χ− δχ)

2δχ
, (7.3)

with δχ = 10−9χ for the implementation in MATLAB.
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In statistics, the deviation of the system parameter χ is described by its mean value χ and its variance
σ2
χ. If for example, χ has a Gaussian distribution, χ lies in the interval (χ− σχ, χ+ σχ) with a

possibility of 68%. If χ is uniformly distributed in the interval (χ− δχ, χ+ δχ), the variance of χ

is σ2
χ =

(δχ)2

3
.

If a vector ~χ of deviations is considered, the covariance matrix

[Cov]χ =


σ2
χ1

σχ1,χ2 · · · σχ1,χK

σχ2,χ1 σ2
χ2

· · · σχ2,χK
...

... . . . ...
σχK ,χ1 σχK ,χ2 · · · σ2

χK

 (7.4)

is used, instead of the variance.

The coefficient σ2
χk

on the main diagonal of the covariance matrix denotes the variance of the kth

variable χk whilst the off-diagonal component σχl,χk with l 6= k represents the cross-covariance of
the variables χl and χk. In case the deviation variables are independent of each other, their cross-
covariances are zero and [Cov]χ is a diagonal matrix.

According to GUM (ISO Guide to the Expression of Uncertainty in Measurement) [51], the covari-
ance matrix [Cov]I of the output quantities is determined by the law of propagation of uncertainty
as

[Cov]I = [J ]G [Cov]χ [J ]TG , (7.5)

[Cov]I =



∂g1,re
∂χ1

· · · ∂g1,re
∂χK

∂g1,im
∂χ1

· · · ∂g1,im
∂χK

... . . . ...
∂gN,re
∂χ1

· · · ∂gN,re
∂χK

∂gN,im
∂χ1

· · · ∂gN,im
∂χK


︸ ︷︷ ︸

[J ]G

 σ2
χ1

· · · σχ1,χK
... . . . ...

σχK ,χ1 · · · σ2
χK


︸ ︷︷ ︸

[Cov]χ


∂g1,re
∂χ1

∂g1,im
∂χ1

· · · ∂gN,re
∂χ1

∂gN,im
∂χ1

...
... . . . ...

...
∂g1,re
∂χK

∂g1,im
∂χK

· · · ∂gN,re
∂χK

∂gN,im
∂χK


︸ ︷︷ ︸

[J ]TG

.

(7.6)
We can recognize that, due to (7.6), the output quantities are correlated to each other, even though
all input quantities are independent.

7.3 Effects on the Beam Pattern

The uncertainty of the re-constructed array signals with respect to the calibration errors was deter-
mined in the last section. In the following, we further extend the uncertainty analysis and examine
the effects on the beam pattern of the array.
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As shown in Chapter 2, the far-field signal at the angle position (θ, φ) can be re-calculated from the
signals ~I = [I1, · · · , IN ]T of N receivers as

B (θ, φ) = ~wHdiag{~I}~v (θ, φ) = ~vT (θ, φ)⊗ ~wH︸ ︷︷ ︸
~t(θ,φ)

~I = ~t (θ, φ) ~I (7.7)

with ~w and ~v being weighting and beam-forming vectors, respectively. Here, ⊗ denotes the cross
product, or vector product, of two vectors.
By using the flow chart in Fig. 7.2 and equation 7.7, the beam pattern deviation ∆B in a certain
direction (θ, φ) can be formulated as

∆B (θ, φ) = ~vT (θ, φ)⊗ ~wHδ~I = ~vT (θ, φ)⊗ ~wH [J ]G δ~χ (7.8)

with δ~χ and [JG] being the vector of deviations and its corresponding Jacobian matrix, respectively.
At this point, two interesting questions arise:

• What is the maximum deviation of ∆B (θ, φ),

• and how does the distribution of ∆B (θ, φ) look like?

The first question corresponds to the worst-case bound whilst the second one can be answered by a
statistical analysis. A similar analysis of both cases performed in [32] is extended to examine the
effects of calibration errors.

7.3.1 Worst-Case Bound

By using the Cauchy-Schwarz inequality, we have

max
θ,φ
‖∆B (θ, φ) ‖ ≤ ‖~v (θ, φ) ‖2 · ‖~wH‖2 · ‖ [J ]G δ~χ‖2 = (∆B)max . (7.9)

In this equation, the L2-norm of the vectors can be calculated as

‖~wH‖2 =

√√√√ N∑
n=1

|wn|2, (7.10)

‖~v (θ, φ) ‖2 =

√√√√ N∑
n=1

| exp

(
−j 2π

λ0

~kT~x

)
|2 =
√
N, (7.11)

‖ [J ]G δ~χ‖2 =

√√√√√ N∑
n=1

( K∑
k=1

(
∂gn,re
∂χk

δχk

))2

+

(
K∑
k=1

(
∂gn,im
∂χk

δχk

))2


≤

√√√√√ N∑
n=1

( K∑
k=1

|∂gn,re
∂χk

δχk,max|

)2

+

(
K∑
k=1

|∂gn,im
∂χk

δχk,max|

)2
. (7.12)
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Here, δχk,max is the largest deviation of the error χk. If χk is uniformly distributed in the interval
(χk − σχk , χk + σχk), then δχk,max = σχk . This kind of error distribution is suitable for the error
analysis of the geometry parameters. If the noise effect is taken into account, a Gaussian distribution
with variance σ2

χk
is assumed. In this case, δχk,max = 3σχk is applied because χk lies in the interval

(χk − 3σχk , χk + 3σχk) with a possibility of 99.7%. Lastly, the maximum deviation of the beam
pattern is estimated as

(∆B)max =
√
N ·

√√√√ N∑
n=1

w2
n ·

√√√√√ N∑
n=1

( K∑
k=1

|∂gn,re
∂χk

δχk,max|

)2

+

(
K∑
k=1

|∂gn,im
∂χk

δχk,max|

)2
 (7.13)

and is angle-independent.

7.3.2 Statistical Analysis

As ~t (θ, φ) is a constant vector for a given (θ, φ), the variance σ2
∆B (θ, φ) can be calculated from (7.7)

as
σ2

∆B (θ, φ) = ~t (θ, φ) [Cov]I ~t (θ, φ)H = ~t (θ, φ) [J ]G [Cov]χ [J ]HG ~t (θ, φ)H . (7.14)

As discussed in [32], the beam pattern deviation is angle-independent only if [Cov]I is a diagonal
matrix, which means the deviations of all channels are independent of each other. This condition is
not satisfied in case of calibration errors as demonstrated above in Section 7.2. Thus, the variance
σ2

∆B fluctuates slightly over (θ, φ).

7.3.3 Monte-Carlo Simulation

In the case of large receiver arrays (e.g. a 64x64 planar array), the number of uncertainty variables
exceeds 4000 if the minimum SNR of the calibration signal should be determined. Additionally, it is
sufficient in practice to assume Gaussian distribution not only for the noise in the receiver channels
(distribution of the input uncertainty) but also for the real and imaginary parts of the beam pattern at
a certain angle direction (distribution of the output uncertainty). Compared to the Taylor-expansion
method, the traditional Monte-Carlo simulation is more suitable for the examination because of the
limited computational cost. The number of sampling is set to 5000 in this work.

7.4 Scalability

In the context of the applications, the calibration procedures are developed for medium- up to large-
size arrays. Due to the limited available hardware, their usefulness can, however, only be validated
by experiments with small-size receiver arrays in this work. Hence, the last issue of the calibration
system mentioned in Chapter 3
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- What are the requirements for the calibration system and its achievable accuracy with respect
to the size of the receiver system?

should be examined. In other words, the scalability of the calibration system has to be determined
for various sizes of the receiver system.
In this Section, we propose a procedure to figure out the technical requirements of the calibration
system with external near-field probes for a given receiver system. As a trade-off between the com-
pactness of the system set-up and the model applicability of the proposed probe-receiver coupling,
the minimum distance between the calibration probe and the receiver is set to dmin = 4.5λ = 67.5

mm. This corresponds to a maximum probe-receiver coupling of −34 dB. Additionally, without
loss of generality, the power of the calibration signals is assumed to be 0 dBW.
Several system errors are considered in this work, namely

• errors of the probe position and alignment,

• the additive noise in the receiver system,

• the modeling uncertainty of the probe-receiver coupling,

• and the number of the essential coefficients of the coupling matrix.

On the other hand, as discussed above, the calibration accuracy is demonstrated by the standard
deviation σB of the first side-lobe in the array beam pattern. As a result of the tolerance analysis, the
technical specifications of the calibration system, such as the number of calibration probes and the
required signal-to-noise-ratio of the calibration signals, can be determined.

7.4.1 Channel deviations

The following study concerns the calibration of only the gain and phase errors in the receiver chan-
nels as presented Chapter 4. The channel cross-talk is assumed to be negligible in this case and/or
already determined through an intensive off-line calibration in an anechoic chamber. Besides, two
averaging methods, namely the arithmetic and the geometric mean, are examined.

Limitations due to probe position uncertainty

The stability of the calibration procedure against the uncertainty of the probe position is demon-
strated in Fig. 7.3. In order to achieve a beam pattern variance of better than−45 dB, an accuracy of
0.1 mm is required for the probe position.
Additionally, both a GUM- and a Monte-Carlo analysis yield nearly the same results for small posi-
tion deviations. Due to its simple, first order model assumption, the GUM method shows, however,
unrealistic beam pattern errors in case of large deviations. Thus, to assert the results in these cases a
Monte Carlo simulation has to be performed.
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Figure 7.3: A 32x32 planar receiver array calibrated with 32 probes: Variance σ∆B of the beam
pattern uncertainty versus the maximum deviation ∆x of the probe position.

Limitations due to receiver noise

Fig. 7.4 demonstrates the variance of the beam pattern uncertainty as a function of the noise power in
the receiver channels for a Tschebyscheff and a Taylor window with a side-lobe level of−35 dB (see
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Figure 7.4: A 32x32 planar receiver array calibrated with 32 probes: Variance of the beam pattern
uncertainty as function of the noise power in the receiver channels.
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Chapter 2). A linear relationship between the pattern variance and the noise power is observed in
the case of a high SNR of the calibration signal (low noise power). Additionally, the arithmetic and
the geometric mean demonstrate similar calibration accuracy. In regions with low SNR, a nonlinear
behavior of the beam pattern variance is observed for both averaging methods. In this case, the
calibration algorithm with geometric mean can reduce the influence of outliers (samples with large
errors) and hence outperforms the method based on the arithmetic mean.

Figure 7.5: Variance of the beam pattern uncertainty as a function of the probe number (logarithmic
scale) for different receiver array sizes with PS,max = −34 dBW and PN = −50 dBW: (a) interval
[4, 100] and (b) [10, 2000].

In the next example, we examine the dependence of the beam variance on the number of calibration
probes as depicted in Fig. 7.5. Although this is not practical in a real system, large probe numbers
of more than 100 are still considered in this study to demonstrate the asymptotic system behavior.

The variance (in dB) scales linearly with the probe number (logarithmic scale) for the arithmetic
mean. The slope of the linear function depends on the average SNR of the calibration signals in all
receiver channels, and it is therefore determined by the array size for a given signal power and noise
floor.

On the hand, the geometric mean generally exhibits a nonlinear behavior. In case of small arrays, the
free-space attenuation of the calibration signals is rather low, and the performance of both approaches
is similar. In case of large arrays, the uncertainty variance first decreases dramatically with an
increasing number of probes and then reaches a local minimum. However, if the probe number rises
further, the variance of the beam pattern uncertainty increases again and approaches its asymptote.
This effect can be explained by the intrinsic nonlinear characteristic of the geometric mean.
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Figure 7.6: A 64x64 planar receiver array calibrated with 16 probes: Variance of the beam pattern
uncertainty as a function of the modeling error of the probe-receiver coupling.

Limitations due to modeling uncertainties

Besides the errors caused by measurement noise, modeling uncertainties are another issue, which
limits the calibration accuracy. Three aspects should be mentioned, namely:

(1) the differences between the real world and the simulation model in HFSS,

(2) the noise floor in the HFSS simulation caused by the discretization and meshing procedures as
well as the limited computational resources,

(3) the smoothing procedure stemming from the analytical model.

In this work, we examine the first and the third aspect with a relative noise whilst the second aspect
is represented by an absolute noise floor, the results of which are already highlighted above.

In comparison with the case of the receiver noise, similar results are shown for the modeling un-
certainty. As depicted in Fig. 7.6, a linear and a nonlinear behavior of the beam uncertainty are
obtained for the high and low SNR regions, respectively. With a smaller beam uncertainty in the
region of high modeling errors, the geometric mean outperforms the arithmetic mean. This leads to
a relaxation of the modeling of the probe-receiver coupling for a desired calibration accuracy as well
as the broader applicability of the same coupling model to various working situation of the system.
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Limitations due to unessential mutual coupling

Fig. 7.7 shows the degradation of the calibration accuracy caused by the unessential coupling co-
efficients. The graph shows that calibration signals with an approximately 20 dB higher SNR are
required if the unessential coefficients are to be determined.

Figure 7.7: A 64x64 planar receiver array calibrated with 32 probes: Variance of the beam pattern
uncertainty as a function of receiver noise for different numbers of essential coupling coefficients.

7.4.2 Effect of mutual coupling

In this section, the mutual coupling within the receiver array is taken into account. As mentioned
above, a receiver array with brick architecture is chosen in this work because of its flexibility. Hence,
the tolerance analysis is performed only for this receiver array. In accordance with practical experi-
ence, the cross-talk between sub-modules is assumed to be negligible. It should be mentioned that
similar examination procedures can be applied to determine the technical requirements of an online
calibration system if other architectures of the main system are considered.
Additionally, we assume that the mutual coupling decreases for larger element distance. This as-
sumption is valid not only for the antenna structure but also for the active circuitry in terms of
existence probability. As an example, a receiver has a coupling of−15 dB with the adjacent element
and a coupling of −20 dB with the next one. All other couplings are assumed to be negligible.
In the first investigation, the effect of the number of calculated essential coupling coefficients is
studied. The results are reported in Fig. 7.8. If the correct model of the coupling matrix is applied,
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Figure 7.8: A 32x32 planar receiver array calibrated with 32 probes: Variance of the beam pattern
uncertainty as a function of receiver noise for different numbers of essential coupling coefficients.

the regions of high and low SNR corresponding to the linear and non-linear behavior of the variance
of the beam pattern are well recognized. As a result of mutual coupling, the noise threshold PN,thr

is reduced by approximately 10 dB compared to the case reported in Fig. 7.4 for the same system
set-up. This is in agreement with the need of higher power calibration signals and low measurement
bandwidth as well as longer measurement time, that was already noted previously.

To take more unessential coupling coefficients into account, calibration signals with a larger SNR
are necessary. An SNR increase of roughly 3 dB per unessential coefficient is required to achieve
a similar calibration accuracy if the model of the coupling matrix is over-estimated. On the other
side, there is an accuracy limit due to the undetermined essential coupling coefficients in the under-
estimated model of the coupling matrix even if the SNR of the signals rises. A better calibration
accuracy is, however, obtained in region of low SNR because the accuracy limit determined by the
receiver noise already overcomes the effect caused by small mutual coupling factors.

Besides, an SNR increase of the calibration signals and therefore an improvement of the calibration
accuracy, as depicted in Fig. 7.9, are achieved for a given level of receiver noise by increasing the
number of calibration probes. A similar behavior of the calibration accuracy relating to an under-/
overestimated number of essential coupling coefficients is observed for high and low probe numbers,
which correspond to high and low SNR regions in Fig. 7.8, respectively.

Additionally, Fig. 7.10 demonstrates the demand of low fluctuations of the calibration signals. For
example, in a calibration system with 56 probes, a beam variance of less than−44 dB is achieved for
probe signal with SNRcal.sig. = 30 dB. On the other hand, for a probe signal with SNRcal.sig. = 15 dB,
the calibration accuracy decreases yielding an increased beam variance of −29 dB. This emphasizes
the need of a procedure for compensating the deviations in the calibration subsystems of a TDMA
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Figure 7.9: A 32x32 planar receiver array: Variance of the beam pattern uncertainty as a function of
the probe number for different numbers of essential coupling coefficients with PN = −50 dBW.

Figure 7.10: A 32x32 planar receiver array: Variance of the beam pattern uncertainty as a func-
tion of the number of the probes for different numbers of essential coupling coefficients with (a)
SNRcal.sig. = 15 dB and (b) SNRcal.sig. = 30 dB.

scheme.
Similar to the calibration approach for the receiver array, two approaches can be considered here
to compensate the fluctuation in the calibration subsystems, namely an internal and an external ap-
proach (see Fig. 5.2 in Chapter 5). In the latter one, additional isolated reference channels are placed
between the receiver array and the calibration probes. By normalizing the received signals to the sig-
nals in the reference channels, the deviation of various calibration subsystems can be compensated.
As discussed in Chapter 5, SNR improvements of the calibration signals can be achieved by diver-
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Figure 7.11: A 32x32 planar receiver array: Variance of the beam pattern uncertainty as a function
of the number of probes for different numbers of reference channels with PN = −75 dBW and
PS,max = −34 dBW.

sifying the modeling errors with multiple reference receivers. This fact is illustrated in in Fig. 7.11.
Because of its high flexibility and the low hardware cost, this approach is used in this work and its
applicability is demonstrated for small receiver arrays.

On the other side, internal couplers and distribution network could be implemented inside the cal-
ibration system. Because of the limited number of probes and the low integration density of the
calibration system, the hardware complexity would be acceptable, making this approach worthwhile
to be studied in future work.

From this point of view, we derive now the requirements and compare the characteristics of the
internal and the external compensation approach of the calibration system for large-size receiver
arrays.

The beam uncertainty for arrays of different size is plotted in Fig. 7.12 as a function of the receiver
noise level. Two different trends are observed for the two concepts.

Due to the closed set-up in the internal approach, a similar SNR is obtained for all calibration sub-
systems. Additionally, the influence of calibration signal fluctuations is diversified over the number
of receiver elements. As a result, the beam pattern variance decreases with the size of the receiver
array in the case of low receiver noise. In the case of high receiver noise and low SNR, the pat-
tern variance rises however with the array size. In other words, lower fluctuations of the calibration
signals are required in the low SNR region.

In the external approach, the accuracy decreases with increasing receiver size for a given calibration
system. This can be explained by the open set-up of the reference channels. Due to their placement,
the average distance between the reference antennas and the probes is increased for larger arrays.
This means, the power of the received signal in this reference channel and its SNR decrease. Thus,
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Figure 7.12: Variance of the beam pattern uncertainty as a function of receiver noise level with
PS,max = −34 dBW.

compared to that of the internal compensation approach, the SNR of the calibration signals has to be
much lower if the calibration system is compensated with the external references.

From this point of view, a proper selection of probes and reference receivers has to be ensured to
improve the robustness and accuracy of the external calibration procedure for large-size receiver
arrays.

7.5 Summary

Based on a tolerance analysis, the scalability of the proposed calibration procedure with on-board
probes is discussed in this chapter. Instead of the peak side lobe level, the equivalent standard
deviation σB is used as figure of merit in the analysis. The relation between the two parameters is
also derived and shown graphically.

Firstly, an approach with a surrogate model is discussed in Section 7.1. Two analysis methods,
namely the uncertainty propagation in Section 7.2 and the Monte-Carlo approach in Section 7.3.3,
are reviewed and examined. Whilst the uncertainty propagation method shows more insights into
the system behavior (under the assumption of small deviations), the Monte-Carlo simulation demon-
strates better accuracy for large system errors and also less calculation effort for large-size receiver
arrays. Thus, the second approach is used further in the scalability analysis.

Furthermore, the scalability analysis is performed for two calibration procedures, namely the cali-
bration of only channel deviations (see Chapter 4) and the joint calibration of channel deviations and
mutual coupling in Chapter 5. The calibration performance with respect to various parameters such
as the number of probes and their positions, the SNR of the calibration signals as well as the model
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accuracy of the probe-receiver coupling are considered in the study.
As results, a position accuracy of 0.1mm as well as an SNR of the calibration signal of better than
30dB are required for a peak side lobe level of less than−35dB. Besides, if the calibration of mutual
coupling is taken into account, the necessity of a simplified coupling matrix of the receiver is empha-
sized. These results together with the investigations illustrated in Fig. 3.3 in Chapter 3 demonstrate
that a mutual coupling less than −15dB should be considered as unessential and neglected in the
coupling matrix. Additionally, an increase of not only the number of probes but also the number of
reference channels improves the calibration accuracy. Last but not least, the calibration accuracy can
be further improved by an additional internal calibration procedure for the calibration probes.
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Besides the recent approaches of reflector antenna systems, electronically controlled phased arrays
constitute another interesting approach for satellite communication systems in the near future. Fur-
thermore, digital beam forming approaches show various advantages in comparison to the traditional
phased arrays with analogue beam forming technique. Because of the capability to access and con-
trol the gain and phase of each channel, DBF systems feature high flexibility and adaptivity as their
two main characteristics. Depending on the application scenario, such systems can be simply re-
configured in software to fulfill the particular requirements. Additionally, because of the flexibility
of the system, complex functions such as multi-beam operation or interference suppression can be
implemented.

On the other hand, DBF antenna array systems for satellite communication applications are highly
complex. Based on the calculation of the link-budget, more than 1000 channels are necessary in
such communication systems with geo-stationary satellites. This means, the main task is integrating
and controlling a huge number of active and passive components in a compact system.

The topic of the present work is the development and the analysis of an online calibration concept
with external near-field probes for such a DBF receiver array. Therefor all relevant characteristics of
antennas as well as of arrays are reviewed in Chapter 2. Besides, a multi-layer realization of a patch
antenna as a receiver element with right or left circular polarization is presented, and experimental
systems of linear and planar arrays are described.

In Chapter 3, the errors occurring in a receiver system are identified and then calibration concepts
proposed in the literature are reviewed. Additionally, the advantages and disadvantages of these
concepts are highlighted and compared in the context of large array applications. A so-called exter-
nal concept is chosen for large-size arrays because of its low impact on integration density and its
moderate hardware complexity.

The calibration of channel deviations is the topic of Chapter 4, the modeling of the probe-receiver
coupling being one of three main topics discussed there. With regard to the trade-off between
computational complexity and accuracy, an analytical coupling model is developed with a three-
term-product approach under the assumption of stationary fields. Because of their compactness and
robustness against fabrication tolerances, monopole antennas are used as calibration probes, their
radiation pattern being approximately omni-directional. Furthermore, a Fourier-based model is pro-
posed to represent the radiation pattern of the receiver patch which is placed in the array plane.
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Finally, the propagation behavior of the calibration signals is derived from a system-based approach.
Chapter 5 focuses on the calibration procedure. Based on a discussion of the cross-coupling in the
system with its modular architecture, a simplified coupling matrix is proposed which is suitable for
the online calibration task with limited hardware cost. Additionally, three decoupling algorithms
are developed to perform the joint calibration of the channel fluctuations and the mutual coupling.
The common Least-Square method is the first approach in case of a large number of probes and
calibration signals with high SNR. As a second approach, a combination of Least-Square and Prin-
ciple Component Analysis (PCA) is proposed and shown to achieve better calibration accuracy with
a limited number of probes. Higher computational cost as well as a demand for larger SNR are its
drawbacks. Thus, the PCA approach is suitable only for small-size arrays to achieve enough SNR of
the calibration signals. Finally, an extension with multiple reference receivers is suggested to diver-
sify the modeling errors of the probe-receiver coupling and therefore to improve the results. Higher
hardware cost is associated with this approach.
In order to validate the usefulness of the proposed calibration procedure, experiments with linear and
planar receiver arrays are demonstrated in Chapter 6. The demand for high SNR calibration signals
as well as a good model of the probe-receiver coupling is first emphasized by the measurements
with a printed microstrip probe. Whilst phase errors below 3◦ are achieved for the three-patch array,
amplitude deviations of more than 2.5 dB are observed. As an improved implementation, a coaxial
probe is employed in the other experiments. In the calibration of only the channel fluctuations,
amplitude errors smaller than 1 dB and phase errors below 5◦ are demonstrated in the measurements
of different sub-modules of a 4x4 array. Furthermore, the applicability of the proposed concept
is also shown to compensate jointly the channel errors and the mutual coupling. Phase deviation
smaller than 6◦ (8◦) and amplitude fluctuation of 1 dB (2 dB) are achieved in the experiments of a
linear 5x1 (planar 4x2) array.
The robustness of the proposed calibration concept is examined in Chapter 7 by means of a tolerance
analysis. Because of huge number of channels and uncertainty variables, Monte Carlo simulations
are chosen in this work. The relation between the calibration accuracy and the parameters of the
calibration system, such as the SNR of the signals, the number of probes and reference channels are
demonstrated.
In summary, the following enhancements of the on-line calibration with external on-board probes
are demonstrated for the calibration of the channel deviations, namely:

(1) an improved design of the calibration probes as well as an analytical model of the probe-
receiver-coupling to enhance the calibration accuracy with acceptable calculation effort,

(2) the theoretical examination and validation of the arithmetical and geometrical mean to improve
the stability of the calibration procedure.

In addition, the concept is extended towards the joint calibration of the channel fluctuations and the

90



mutual coupling. The most important points are summarized as follows:

(1) A simplified coupling model of the receiver system is shown to be necessary to limit the
hardware cost.

(2) The necessity of at least one isolated reference channel is demonstrated for the calculation
with the Least-Square Method.

(3) The extension of the algorithm by means of Principle Component Analysis is suitable only for
the calibration of small-size receiver arrays because of the required SNR.

(4) An increased number of not only the calibration probes but also the reference channels im-
proves the calibration accuracy of the traditional Least-Square-Method, and is relevant for the
calibration of a large-size receiver array.

Last but not least, for a given receiver system, a procedure based on a tolerance analysis is suggested
to determine the technical requirements of the external near-field calibration system, such as the
number of calibration probes and reference channels or the required SNR of the calibration signals.
Finally, in future work modern algorithms, such as neural networks, could be considered as a pos-
sibility to enhance the performance of the calibration system over long working time. Besides, an
additional internal "calibration" network could be implemented to compensate the deviations of the
calibration signals of different probes, and increase the SNR as well as the accuracy of the calibration
procedure.
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