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Abstract—In compact wireless modules, electromagnetic (EM)
interactions occurring between planar antennas and transmission
lines (TML) sharing the same substrate may cause a high amount
of undesired coupling and may also detune the antenna character-
istics. In this paper, an approach for defining a block-out region
around the planar antenna, where no components should be placed
is developed, thereby ensuring that the antenna characteristics re-
main within tolerable limits when the antenna is integrated at
board level. This region is comparable to the reactive near-field,
but is determined by evaluating the reactive EM power density
excited on the ground plane and deducing a threshold value. Its
boundary will be termed the EM antenna boundary. Furthermore,
a method for efficient estimation of EM coupling from the antenna
to terminated TMLs routed outside the EM antenna boundary is
developed. This method is based entirely on a postprocessing step
to field simulations, i.e., the coupling is calculated based on the
previously computed magnetic field distribution excited by the an-
tenna on the ground plane. The coupling model uses the theory
of field excited TMLs together with the Baum-Liu-Tesche inte-
gral equations for obtaining the terminal voltages of the TML and,
hence, the coupling terms.

Index Terms—Electromagnetic (EM) coupling, EM antenna
boundary, near-field, planar antennas, planar transmission lines
(TMLs), reactive power.

1. INTRODUCTION

HE (quasi) millimeter-wave range provides large spec-
T tral bandwidths for wireless short-range microelectronic
communication systems. Efficient planar antennas, with dimen-
sions at the order of millimeters, are integrated at board level
using printed circuit board (PCB) technologies; thus, facilitat-
ing the realization of compact and low-cost wireless modules.
Furthermore, the required antenna size for efficient operation
scales proportionally with the operating wavelength, potentially
allowing a high degree of system miniaturization.
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Planar antennas such as patch, slot, and dipole configurations
have been predominantly designed and tailored with regard to
high gain and high efficiency/bandwidth operation and are man-
ufacturable in low-cost PCB technologies [1]-[4].

Planar transmission lines (TMLs) (e.g., microstrip and copla-
nar) are typical components required for signal distribution on
PCBs. However, their open field nature makes them vulnerable
toward undesired electromagnetic (EM) coupling either through
neighboring board components, especially antennas, or external
fields. To date, single and coupled TMLs have been thoroughly
modeled and analyzed [5]-[8]. Based on the telegrapher’s equa-
tions, analytical approaches as well as simulation techniques
have been employed to extract the propagation constant v and
characteristic impedance 7, as well as the per-unit-length pa-
rameters. Coupling of external fields to TMLs has also been ex-
tensively analyzed. Formulations for the equivalent sources of
the inhomogeneous telegrapher’s equations of TMLs when illu-
minated by an external EM field have been developed [9]-[11].
Together with the Baum-Liu-Tesche (BLT) integral equations,
coupling to the TMLs has been calculated [12] in the case of
plane wave illumination. Leone [13], [14] applied the BLT equa-
tions to study the impact of externally illuminated fields on the
terminal response of microstrip lines as well as the EM radiation
from PCB traces.

Integrated antennas have been modeled considering both
coupling between antenna elements for array applications
[15]-[18] as well as between antennas and board compo-
nents. For example, in [19], the EM interactions between mi-
crostrip lines integrated in close proximity to patch antennas
for 2.4-GHz applications were studied and design guide-
lines to minimize EM interactions were derived. In [20], an
approach for assessing coupling between integrated mobile
phone antennas and PCB TMLs together with a fitting al-
gorithm is proposed. Techniques for reducing mutual cou-
pling [21], [22] between antennas have also been proposed and
studied.

Despite these contributions made so far, the EM interactions
of excited antenna fields with neighboring TMLs, which may
potentially also result in degradation of the antenna charac-
teristics if the TML is routed too close to the antenna, have
not been analyzed in the (quasi) millimeter-wave range. Fur-
thermore, although methods for calculating coupling between
TMLs (crosstalk) and from external fields to TMLs have been
presented, methods for efficiently estimating the coupling be-
tween planar antennas and TMLs sharing the same substrate,
as an alternative to time-consuming complete full-wave EM
field simulations, have not been investigated. Therefore, this
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Fig. 1. Illustration of the complex power density transfer to and from a planar
antenna configuration integrated on a PCB.

contribution addresses the following aspects concerning planar
antenna integration at board level:

1) Development of an approach for defining the block-out
region around the antenna, bounded by the EM antenna
boundary, where no components should be placed, thereby
ensuring that the antenna characteristics remain within
tolerable limits (see Section II).

2) Development of a method for efficient calculation of cou-
pling from the antenna fields to TMLs routed on the
same substrate outside the EM antenna boundary (see
Section III).

Based on the proposed approach and method, numerical full-
wave simulation efforts are reduced during the integration of
planar antennas. To illustrate this, the proposed approach and
method are quantified by considering a patch antenna on a
grounded substrate and microstrip TMLs routed in close prox-
imity as an example.

II. APPROACH TO DEFINE EM ANTENNA BOUNDARY

Defining the electrical boundaries of board components en-
ables them to be analyzed independently without considering
the impact of other components in the immediate vicinity. This
leads to a better understanding of their electrical behavior and
also facilitates the development of design rules for integration.
The concept of defining the electrical boundaries of packaging
structures was first introduced in [23] and [24]. The main idea
is that the electrical length of a component extends until the
reactive power excited by the component (through higher order
modes) “diminishes.” In these works, a methodology was devel-
oped and illustrated for defining the boundaries of geometrical
discontinuities, such as TML bends, vias, bumps, etc. However,
integrated planar antennas have not been considered so far.

Consider an excited patch antenna on a grounded dielectric
substrate for low-cost PCB applications, as shown in Fig. 1.

The power density S (Poynting vector) exits or enters the
volume around the antenna. P;,; and P, are the input and
output powers of the quasi-TEM (QTEM) mode on the TML,
and P, and P, are the input and output powers of the TEM
space wave mode in the far-field of the antenna, respectively.
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The mode conversion occurs in the antenna structure, where a
resonance mode is excited.

The antenna radiates a portion of the power (indicated by
Re{S }) in the lateral plane on the substrate, where other board
components could be placed. Furthermore, as a result of an en-
forced resonance condition on the planar antenna (resonator),
the stored energy in the near-field region is high. This is indicated
by the reactive power density Im{S}. The antenna parameters
depend primarily on the near-field distribution. Intuitively, the
near-field region is larger than the geometrical dimensions of
the antenna, loosely indicated by the dashed bounded region
around the antenna structure. The EM fields excited on com-
ponents placed on the substrate close to the antenna interact
with the near-field distribution potentially also altering the an-
tenna parameters, as has been shown in [19]. Therefore, it is
desirable to determine a block-out region around the antenna
within which no other board components should be placed. In
Section II-A, an approach for this purpose is developed.

A. Basic Idea and Overview of Approach

The reactive near-field region is defined as the portion of the
near-field immediately surrounding the antenna, wherein the
reactive field is dominant [25]. Since the reactive field decays
much more rapidly than the radiation field, the boundary of the
reactive near-field should provide a plausible definition for the
antenna’s EM boundary. Unfortunately, the ideal infinitesimal
dipole is practically the only antenna type, where this region can
be given precisely. The conventional reactive near-field bound-
ary is given as the radian sphere with radius equal to the radian
distance r» = A/27. For electrically large antennas, the bound-
ary of the reactive near-field is commonly taken to exist at a
distance r = 0.62(d?/1)*/? from the antenna surface, where d
is the largest dimension of the antenna, provided that d is large
compared to the wavelength [25]. But this need not be the case
for planar antennas. Furthermore, in a practical application, this
critical near-field region defined as such may be larger than
required, hence, unnecessarily wasting available board space.
Besides, defining a “radius” does not seem to be appropriate
for planar antennas. Therefore, a novel approach for determin-
ing the boundary of the reactive near-field and, thus, defining
the EM antenna boundary is proposed. The basic idea is not to
specify a distance directly, but to determine a threshold value of
the reactive power density by directly evaluating Im{ S }.A2-D
block-out region in the lateral plane is desired in the context of
planar antennas. Therefore, the considerations will be restricted
to the substrate of the antenna. Since the substrate is generally
electrically thin, the values of the fields do not change in the di-
rection of the z-axis within the substrate, i.e., they are assumed
approximately the same on the top and bottom planes.

The determination of the EM antenna boundary is based on
the known complex EM field distribution, specifically in the
near-field of the antenna. Since full-wave EM solvers are mostly
used in practice during the design of antennas, the complex field
distribution is available once the antenna has been simulated.
An overview of the proposed approach is illustrated in Fig. 2.
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| Compute complex field distribution on ground plane |

| Calculate complex power density |

| Deduce reactive power density |

| Evaluate block out region based on threshold value |

Fig. 2. Overview of approach to determine the EM antenna boundary.

In the first step, the excited fields of the planar antenna are
computed on the ground plane using full-wave field simulations.
These comprise the tangential magnetic field components H ,
and H g and the normal electric field component £, . In this

case, the complex power density S can be written as follows:
1 * = * =
_5 (Ezﬂye;r _Ezﬂxey> . (1)

From (1), the reactive power density |[Im{S}| is evaluated and
a threshold value |Im{S }Hmax is deduced. The block-out region
is then defined as the set of all points in the plane for which
Im{S}| > Tm{S}|max. Accordingly, the EM antenna bound-
ary is defined as follows:

- > |Im{S }Hmax, inside EM antenna boundary
[Im{S} -

<|Im{ S }Humax, outside EM antenna boundary

2)
We considered different approaches for defining the threshold
value. Since the reactive power density has a faster spatial decay
rate in comparison to the propagating power density, a maximum
ratio could be defined as [Im{S}|/|Re{S}|, or a maximum
tolerable limit of [Im{S}| could be given directly. However,
these limits do not consider the antenna parameters including
the resonance frequency, antenna efficiency, and input reflection
coefficient, as well as the input power, which all take direct
influence on the reactive near-field distribution and, hence, the
reactive power density.

Therefore, the approach we pursue in the following is to seek
the analogy to the ideal infinitesimal dipole and also to include
the antenna parameters and input power in order to set up a
generalized expression for the threshold value. In the case of
the ideal infinitesimal dipole, the averaged radial components
of the reactive and propagating power densities at the radian
distance r = A/27 are equal and assume the following value:

7rP0ut2

‘Im{§}|max = )\.2

3)

The threshold value (3) defined as such is related to the power
exiting the antenna structure P,,2 and the wavelength A. If (3)
is expressed in terms of the input power of the antenna P, 1, the
antenna efficiency 7 and the input reflection coefficient S1; of

Location of electromagnetic
antenna boundary

\\\\\\\\

il llnlllllll ‘} [1mS3],,, (dB]

i ;lllllmﬂlllll'p

Fig.3. Graphical illustration of the reactive power density, the threshold value
for determining the electromagnetic antenna boundary, as well as the required
antenna parameters.

the antenna are considered

7TPm
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The actual power delivered to the antenna is contained in the
term 1 — |S11|? considering impedance mismatch with the feed-
ing line. The power contained in the near-fields including the
power loss (conductor and dielectric losses) is given by 7. The
threshold value (4) can be considered a more natural defini-
tion, since it is based on the analogy to the reactive near-field
boundary of the ideal infinitesimal dipole and also includes in-
put power and the antenna specific parameters. Fig. 3 shows
a graphical illustration of the computed reactive power density
of the patch antenna with its fast spatial decay rate as well the
threshold value defined in the 2-D plane of the substrate.

Regions around the excited antenna with higher reactive
power density than given in (4) are, hence, inside the antenna
boundary and should be considered as part of the antenna struc-
ture. Components placed inside the antenna boundary have in-
fluence on the antenna near-field distribution and may change
the antenna characteristics.

B. Ilustration of Approach

The approach for defining the EM antenna boundary is shown
and compared to the conventional definition of the antenna near-
field region by considering a patch antenna and microstrip TML
sharing the same substrate.

The components are designed for 24 GHz operation on a
typical high-frequency PCB with ¢, = 3.75, tan(d) = 0.006, a
substrate height of & = 250 pm, and a metallization thickness
of t = 17.5 pm. The copper metallization has a conductivity of
58 MS/m. The parameters of the designed microstrip TML and
patch antenna are presented in Section II-B1 and 2. The antenna
boundary is deduced in Section II-B3 and studies of the TML
spacing are conducted.

1) Microstrip-Line Parameters: Fig. 4 shows the cross sec-
tion of a microstrip TML routed on the grounded substrate. It
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Fig. 5. Simulation and measurement results of the 24-GHz patch antenna.

will be used in this example. The height h and parameters of the
substrate are identical to those of the patch antenna.

The TML parameters were computed using a 2-D quasi-static
solver. For the target characteristic impedance of 50 €2, a width
w = 500 pm was determined. The computed per-unit-length
inductance L’ and per-unit-length capacitance C" are 295 nH/m
and 110 pF/m, respectively.

2) Patch Antenna Parameters: The patch antenna depicted
in Fig. 5 comprises a metallic patch above a ground plane excited
with its fundamental A/2 resonance mode (lowest order TM
mode). The patch length [ and width w are tuned for operation
at 24 GHz. The dimensions [ = 3.175 mm and w = 4.25 mm
were determined after optimization.

For the EM field simulations, Ansys HFSS v12, a 3-D full-
wave solver based on the finite-element method (FEM), was
used. An inset feed is used so that the microstrip line can be
placed on the same layer as the patch. The length of the inset
and the width of the gaps are optimized to ensure impedance
matching to the 50-(2 microstrip line at 24 GHz. This antenna
as well as its excited field distribution has been analyzed in [1].

In order to experimentally characterize the input reflection
coefficient and impedance bandwidth of the antenna, a test
structure was manufactured and measured. The measurement
results are compared to simulations. Fig. 5 shows the measured
reflection coefficient S, and a comparison with full-wave sim-
ulation as well as a photo of the manufactured antenna. The
GSG (ground, signal, and ground) probe adapter at the end of
the feeding line is not deembedded from the measurements. The
vector network analyzer is, however, calibrated to the tips of the
GSG probes. A slight discrepancy in resonance frequency is ob-
served. The higher measured bandwidth of 600 MHz compared
to 500 MHz is primarily caused by additional losses, such as

the surface roughness of the copper. Nevertheless, it is observed
that the antenna operates at 24 GHz.

3) Deduction of EM Antenna Boundary: The antenna
boundary is deduced for the patch antenna configuration. For
this purpose, the Poynting vector (1) and the reactive power
density threshold (4) are evaluated based on the simulated field
distribution. The antenna is fed with P,; = 1 mW input power.
The antenna efficiency n = 82% was also determined by full-
wave simulation. Since the antenna exhibits a small reflection
coefficients <—10 dB at 24 GHz, S1; can be neglected.

The resulting reactive power density threshold value from (4)
is 16 xW/mm?. In Fig. 6, the simulated reactive power density
with the threshold value in the 2-D plane is shown.

The EM antenna boundary is located on the isoline of the re-
active power density threshold according to (3). Please note that
the block-out area so defined is not rectangular. For practical
design guidelines, it is advantageous to work with the circum-
scribed rectangle. The geometrical parameters Al, Al’ and Aw,
Aw' are introduced to describe the electrical size increase com-
pared to the physical antenna length [ and antenna width w,
respectively. The inner rectangle defines the proposed EM an-
tenna boundary. The outer rectangle defines the conventional
textbook reactive near-field boundary located at r» = A/27 from
the antenna surface/edge [25]. Table I shows the comparison
between the conventional reactive near-field boundary and the
EM antenna boundary proposed in this paper.

In order to show the feasibility of using the antenna boundary
for the integration of planar antennas, it is necessary to study
the effects of nonresonant TMLs placed inside this boundary on
the antenna parameters.

Fig. 7 shows an illustration of the patch antenna with ad-
ditional microstrip TMLs routed within the antenna boundary.
At the ends, the TMLs are matched terminated such that only
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Fig. 8. Effects of the microstrip TML routed inside the antenna boundary on

the resonance frequency of the patch antenna.

minimal reflections occur. Standing waves on the TML are, thus,
small.

Fig. 8 shows the simulated change in resonance frequency A f
of the patch antenna for different TML edge-to-edge separation
distances d.

It is observed that the resonance frequency of the patch an-
tenna changes for small values of d when the TML is brought
closer by 1% and —0.6% for cases 1 and 2, respectively. This
attributes to parallel inductive loading (case 1) and shunt capac-
itive loading (case 2) of the TML in the antenna near-field. With
increasing values of d, A f eventually settles to a constant value,
and the secondary fields excited on the TML by the antenna can
be assumed to have negligible effect on the primary antenna
fields. It is also observed that the antenna boundary indicated
in Fig. 8 can be used to determine a critical region (or block-
out area) around the physical antenna structure, where the TML
should not be routed. Therefore,

1) TMLs can be safely integrated when routed outside the
EM antenna boundary, i.e., the effects of the TML on the
antenna performance can be neglected in this case;

2) if, however, TMLs are to be routed inside the EM an-
tenna boundary, the fields need to be recomputed, since

| Compute complex field distribution on ground plane |

| Compute transmission line parameters L’ and C’ |

|

| Calculate distributed voltage U’, and current /', sources |

Calculate terminal voltages U(0) and U(/) of
transmission line using BLT equations

|

Estimate power coupling

Fig. 9. Overview of method to calculate coupling from the antenna to TMLs.

the TML, in this case, needs to be considered as being
“part” of the antenna.

It is also observed that the antenna boundary defines a region
around the antenna, which is significantly smaller than the con-
ventional reactive near-field boundary defined in literature. This
is important for applications with high integration densities.

Although TMLs can be integrated outside the EM antenna
boundary without significantly affecting the antenna perfor-
mance, antenna field coupling to TMLs routed on the same
substrate still occurs. Therefore, in Section III, a method to
efficiently calculate this coupling is proposed.

III. METHOD TO CALCULATE COUPLING TO TMLS

In this section, an overview of the proposed method to quan-
tify coupling is given. With this method, coupling to TMLs
routed outside the EM antenna boundary can be calculated.
Similarly to the work in [20], the basic idea is to compute the
antenna fields first with no TMLs in the vicinity of the antenna.
This is practical, since the antenna is typically designed on the
substrate configuration prior to component placement and TML
routing. If the TML is routed outside the antenna boundary,
the weak coupling assumption can be made, i.e., the secondary
fields excited on the TMLs by the primary antenna fields have
negligible influence on the antenna parameters. It should also
be noted that the coupling is nevertheless reciprocal assuming
that all materials are linear and isotropic.

A. Derivation of Coupling Model

Fig. 9 shows an overview of the proposed method for calcu-
lating coupling between planar antennas and TMLs. Assuming
a good ground plane conductor, the magnetic field components
tangential to and on the ground plane H, and H,, are computed
first for the designed antenna configuration using a full-wave
EM field solver. These are the source fields for determining
the coupling to the TML. Note that the source fields are deter-
mined with no TMLs present on the substrate. Although either
the electric or magnetic field can be used, which are directly re-
lated through Maxwell’s equations, the tangential magnetic field
components are chosen because they are well defined tangential
to the ground plane through the surface currents excited by the



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

Path of routed transmission line (" and C")

Fig. 10.
TMLs.

Ilustration of method to calculate coupling from antenna fields to

antenna. In practical PCB applications, nonpermeable dielectric
materials are used with p, = 1.

Next, the TML parameters L' and C’ of the TML that is to
be routed on the substrate next to the antenna are computed
using a 2-D quasi-static or full-wave solver. Typical microstrip
TMLs routed on low-loss substrates have a small attenuation
constant «, i.e., the per-unit-length series resistance and the
per-unit-length shunt conductance are small.

Fig. 10 shows an illustration of a possible TML routing
path on the substrate near the planar antenna and the described
parameters.

Based on the desired routing path of the TML, the distributed
voltage U, and current I, sources along the TML are deter-
mined. These sources are determined in terms of

1) the magnetic field components , and H 2

2) the curl V x (H,é€, + H,ée,) on the ground plane.

Since the distributed sources also satisfy the inhomogeneous
Telegrapher’s equations of the TML, the BLT equations [12] are
used to calculate the terminal voltages U(0) and U(l) by line
integration of the distributed sources along the path p of the
TML. The letter p will be used as the natural parameterization
(0 < p <) for the TML routing path. Finally, together with
the antenna input voltage Uj, on the feeding line, the coupling
terms between the antenna port and TML ports are calculated.

In the following, equations for linking the computed field
distribution of the antenna to the equivalent sources on the TML
are derived. The inhomogeneous Telegrapher’s equations are
written with distributed voltage and current source terms U’ (p)
and I'(p) in dependency of the angular frequency w and per-
unit-length TML parameters L' and C’ [12]

dU(p)

Tp +jwl'I(p) = Ui (p) (5)
dl(p) . / 7
Tp +jwC'U(p) = L(p). (6)

Here, Q; (p) and [’ Q (p) represent the distributed sources due to
the exciting antenna fields on the ground plane. Again, note that
the fields of these sources are generated in the absence of the
TML.
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Next, it is assumed that the TML, which is to be routed on
the substrate, has low loss so that the per-unit-length resistance
R’ and the per-unit-length conductance G’ are negligible. The
impedance of the TML is then real and given by the high-

frequency limit
L/
Z() == U a (7)

The distributed sources along the TML routing path p are
approximated in dependency of the antenna fields. Applying
Maxwell’s first two equations (Ampere’s and Faraday’s laws),
the distributed sources can be expressed in terms of the external
incident fields [12]. The substrate parameters are specified with
the permeability 1o and permittivity € = gpe,

U, (p) = —jwpohH , (p) ®)
L,(p) = ~jwC'hE. ()
C'h (0 0
- (- 5 Hmw). O

Note that H  (p) is introduced describing the magnetic field
component orthogonal to the TML path p. Furthermore, the
current source (9) is expressed in terms of the exciting magnetic
field. Note that these distributed sources are functions of the
position of the TML. The spatial dependency of the magnetic
field in the substrate may be assumed constant for 0 < z <
h. This is only valid for electrically “short” substrate heights
A > h. Furthermore, it is assumed that the tangential electric
and normal magnetic field components are zero on the ground
plane, which is valid for high ground plane conductivities.

The distributed sources now need to be integrated along
the TML routing path p considering the phase constant and
impedance of the TML. For this purpose, the BLT equations are
used [12] yielding the source terms S, and 9,

l
$i=5 [ W)+ ZLe) esplipds (10)
1 l
Sy = *5/0 (UL (p) — ZoL(p)) exp(jBl — jBp)dp. (11)

L', C', and the phase constant 3 = 27 f (L'C")"-> of the TML
must be known. The BLT equations can be interpreted as a sum-
mation of the exciting antenna fields, i.e., the distributed voltage
and current sources along the TML. For further simplicity, it is
assumed that the TML is matched at both ends such that only
minor reflections are encountered and, hence, the standing wave
ratio on the TML is small. This assumption is valid in practical
applications with impedance-controlled design. Expanding (10)
and (11), and relating them to the terminal voltages U(p = 0)
and U(p = [) results in the following:

. l
U(p = 0) = 250 exp(i0) [ HL(p) expl-i)ip

C'h Lro o)
— 5% exp(jﬁl)/o <8xHy(p) - any(p)>

x exp(—jfp)dp (12)
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Jwpoh
2

C'h Lro o
-2 /0 (axHy(p)— any(p))

x exp(jBp)dp.

l
Up=1)=- /0 H | (p) exp(jfBp)dp

13)

These equations can be evaluated entirely in a postprocessing
step to full-wave simulations of the antenna fields. By relating
the terminal voltages at the TML start and end points, U(p = 0)
and U(p = 1), respectively, to the antenna feeding line voltage
Ui the coupling terms |.S;2| and | .S} 3| between the antenna and
TML are obtained

|S12][dB] = 201log <U(};]=0)|> (14)
|S13][dB] = 201log <U((Z}:Z)|> . (15)

Only the magnitude of the coupling is of interest. Therefore,
the phase is suppressed at this stage. Furthermore, U;, can be
expressed in terms of the input power P, and the feeding line
impedance Z

Uin =V 2PinZO~

The formulations and simplifications presented in this section
allow the calculation of coupling from the antenna fields to
TMLs without performing additional full-wave simulations for
each TML routing path. Since the coupling is reciprocal, it is
valid for both directions, i.e., from the antenna port to the TML
ports and from the TML ports to the antenna port. Therefore,
it is sufficient to compute the tangential magnetic fields excited
by the antenna on the ground plane once, and then, perform a
postfield integration. In the following, a summary of the simpli-
fications and assumptions is given.

1) Weak coupling is assumed, i.e., the secondary fields ex-
cited on the TMLs have no influence on the primary an-
tenna fields. In other words, the TML must be routed
outside the EM antenna boundary.

2) QTEM wave propagation is assumed on the TML, so that
it can be modeled with the per-unit-length parameters.

3) The effects of TML discontinuities are assumed to have
negligible influence of the propagation of the QTEM mode
in comparison to a straight TML.

4) Only the tangential magnetic field components on the
ground plane are evaluated to determine the coupling. The
normal magnetic field component is assumed zero. This
is only valid for high ground plane conductivity values.

5) The spatial dependency of the magnetic field in the sub-
strate is assumed negligible for 0 < z < h. This is only
valid for electrically “short” substrate heights A > h.

6) The TML is assumed matched at both terminals. There-
fore, standing waves and resulting TML resonances are
assumed negligible.

7) TML losses are assumed to be small, i.e., wL' > R’ and
wC > G

(16)
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Fig. 11.  Illustration of the TML routing path for cases 1 and 2 with the z—y
coordinates of the TML specified at the corner and end points.
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Fig. 12. Comparison of coupling to the TML using the coupling model and
complete full-wave simulation for case 1.

Consequently, the accuracy of the coupling model needs to
be quantified and compared to complete full-wave simulation
and measurement results. This is done in Section I1I-B.

B. Evaluation of Coupling to TMLs

The coupling method is quantified by considering a microstrip
TML routed outside the antenna boundary of the patch antenna.
Fig. 11 shows two possible TML routing paths in the vicinity of
the patch antenna (cases 1 and 2).

The antenna is driven through a microstrip line at port 1
(p1) with an input power of 0 dBm from a 50 {2 source. This
corresponds to P, = 1 mW. The TML terminals are located
at port 2 (p2) and port 3 (p3). The total length of the TML is
25 mm. This corresponds to 21, i.e., an electrically long TML
is used in the examples. The terminating loads of the TMLs are
set to 50 €2.

The coupling between the antenna and TML is fully described
by the S-parameters S»; and S3; assuming that all materials
are isotropic and linear. Figs. 12 and 13 show the results as
predicted by the coupling model compared to the results of
the complete full-wave simulation. The frequency response was
obtained with the fast sweep implemented in High Frequency
Structure Simulator (HFSS), which extrapolates the solution
over the desired bandwidth.
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Fig. 13.  Comparison of coupling to the TML using the coupling model and
complete full-wave simulation for case 2.

Consider the results for case 1. The coupling is largest at the
resonance frequency of the antenna, where the excited fields
have maximum magnitude. It is observed that the coupling to
ps is larger than the coupling to po. The predicted coupling
values by field integration are accurate within 1 dB compared
to the complete full-wave simulation across the entire spectrum
of interest.

Next, consider the results for case 2. Again, a satisfactory
correlation between the field integration and full-wave simu-
lation results is obtained across the entire frequency span. A
maximum deviation of 2 dB is observed. The coupling to ps is
slightly higher than to ps.

The predicted values of the coupling model match well with
the simulations. The coupling is maximal at the resonance fre-
quency of the patch antenna. At this frequency, the magnitude
of the magnetic field excited by the patch antenna on the ground
plane is particularly high. A typical example of the minimum
isolation for the integrated antenna is given in [26]. Here, a max-
imum tolerable coupling value of —30 dB is required to obtain
the desired bit error rate (BER) of 1076 at the receiver.

C. Measurement Results

A comparison between the results of the coupling model, the
results of a complete full-wave simulation and measurement
results is conducted in this section. Fig. 14 shows photos of two
test structures (a) and (b) that were designed and manufactured
on the same substrate configuration as the antenna and TML in
the previous section.

The antenna and TMLs were contacted with GSG probes. At
the ports p;, po, and ps, probe adapters were designed. These
comprise three pads, two of which are shorted to the ground
plane with vias. Since the TMLs are placed close to the antenna,
it is necessary to ensure that the probe adapters are not too close
to the patch antenna so that stray antenna fields do not couple
strongly to the GSG probes and, hence, falsify the measurement
results. Furthermore, the probe positioners of the network ana-
lyzer are orientated orthogonally to one another. Therefore, the
probe adapters also need to be orientated orthogonally to one
another. For these two reasons, the bends were introduced at the
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Fig. 14. Photos and simulation models of the test structures used for the
S-parameter measurements (d = 2 mm).

TABLE 1T
COMPARISON OF THE CALCULATED, SIMULATED, AND MEASURED COUPLING
VALUES BETWEEN THE PATCH ANTENNA AND MICROSTRIP LINE AT 24 GHz

Test structure (a) Test structure (b)
1S1,! [dB] IS151 [dB] IS, [dB] | 1S5l [dB]
Model -28 -29 -32 -32
Simulation -31 -29 -30 -30
Measurement -31 -28 -29 -29

ends of the microstrip lines to facilitate the contacting with the
GSG probes.

Table II shows a summary of the measured coupling values
of the test structures and a comparison to the results of the
coupling model and complete full-wave simulations. Note that
the effects of the GSG probe adapters are not included in the
coupling model, in which an ideal termination is assumed.

A discrepancy of up to 3 dB is observed between the calcu-
lated values based on the coupling model, and the simulation
and measurement results. This is traced back to the parasitics
of the GSG probe adapters and GSG probes themselves, which
also couple to the fields. However, the measured coupling values
match well with the results from the complete full-wave simula-
tions. A discrepancy of 1 dB is observed. The slight differences
in measured and simulated data are also due to numerous effects.
Influence factors include calibration inaccuracies, influences of
the GSG probes, and technological fluctuations. It must be con-
sidered that the excited antenna fields do not only couple to the
TMLs but also directly to the GSG probes. Nevertheless, the
simulation and measurement results match well.

IV. CONCLUSION

This paper focused on two aspects for facilitating efficient pla-
nar antenna integration at board level: 1) the EM antenna bound-
ary for planar antennas was determined defining the “block-out”
region on the board around the antenna within which no compo-
nents should be placed in order to ensure that the antenna char-
acteristics remain within tolerable limits; and 2) a method for
calculating coupling to TMLs routed outside the antenna bound-
ary was developed allowing efficient evaluation of coupling in
the postprocess to 3-D full-wave EM field simulations. Based
on the proposed approach and method in this paper, numerical
full-wave simulation efforts are reduced during the integration
of planar antennas.
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