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Abstract

The biomedical monitoring and imaging system requires data and power transmission
through short-range communication, and the interference between large antennas
placed within near-field region becomes the important consideration in designing an
entire system. For the short-range communication, the electromagnetic computation
becomes more complex, which requires huge computational resources. The efficient
numerical methods that can be used in short-range communication are (1) Friis formula
with correction term and (2) integral coupling formula. Both formulas are similar in an
aspect that far-field gain pattern is used to calculate the link budget in a short range. The
range of the communication link between two antennas can be defined as reactive near-
field, radiating near-field including Fresnel region, a far-field region in the order of
nearest distance. Friis formula with correction term can be useful for the simple on-axis
antenna displacement in Fresnel region. The integral coupling formula is flexible to
compute the mutual coupling of diverse antenna geometries within an entire radiating
near-field and a far-field region. Those two methods are evaluated using several exam-
ples of short-range communication and interference, and indoor measurement evalu-
ates the validity of the calculated results.

Keywords: mutual coupling, near-field region, Fresnel-field region, far-field region,
Friis formula, integral form of coupling formula, biomedical devices, electromagnetic
interference (EMI)

1. Introduction

The appearance of body-centric sensing system can realize real-time health care for patients
who suffer from several internal diseases. There has been a recent advancement in the
biomedical devices for body-centric sensing system. Several researches have been focused
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on a new frontier area, such as implanted antenna and wearable antenna for body-centric
communication [1-3]. As well as an advancement of biomedical devices, it is also important
to maintain a stable communication link between biomedical devices for body-centric sens-
ing system. An accurate operational range of the biomedical devices for power and data
telemetry should be determined in an early design process. Recently, low-powered sensor
using radio frequency identification (RFID) back-scattering technology has attracted atten-
tion due to the concern about the safety issue of patients. The several studies on wireless
communication link have been reported in order to realize bio-telemetry. The range of power
transmission under the conditions such as in-body, on-body, and off-body has been studied
through electromagnetic numerical methods [4]. In addition, it is crucial to predicting the
radiative electromagnetic interference (EMI) and adherent strict requirements to avoid the
possible interference with other communication links [5-8]. However, most of the evaluation
on power transmission has been focused on simple scenarios such as boresight power
transmission, and huge computing resources and storage has been involved. An accurate
estimation including near-field region was difficult because the interpretation of power
transmission in the near-field region is more complicated than one in the far-field region.
Therefore, at this moment, the accurate and efficient computation method to estimate the
power transmission is more desirable.

2. Wireless communication link

The range of the communication link between two antennas can be defined as reactive near-
field, radiating near-field, and a far-field region in the order of nearest distance as shown in
Figure 1. In the far-field region, it is well-known that the radiation pattern of the antenna is
identical regardless of the distance from the antenna. However, in the near-field region, the
radiation pattern changes as the distance from the phase center of the antenna changes. Within
the near-field region, radiation pattern becomes broadened, and the gain of the antenna is
reduced.

It is worth noting that the on-axis power density of the antenna within the Fresnel region
decreases monotonically. The approximated on-axis power densities of a radiating aperture
varies as [15].

(R 1 - cos <2[;;” <) 2 1)

Figure 1 shows the on-axis power densities of the circular aperture with 10A diameter. The on-
axis power transmission using far-field approximation deviates from both Fresnel and near-
field curves. The Fresnel approximation also deviates from near-field curve while it shows its
effectiveness beyond the last peak of on-axis power transmission. The Fresnel field region can
be approximately defined as the area from the point of the last peak to the far-field edge
defined by 2D%/A.
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Figure 1. (a) Field distribution for different field ranges and (b) normalized on-axis power density of a uniform circular
aperture with 10A diameter.

Therefore, the distance R of the last peak value can be calculated by.

12D* A
R=-—=— 2
8§ A ATt @
where A is the physical area of the aperture. The definition of Fresnel region would be more
accurate including the effects of tapering efficiency and phase errors. Using the definition of
the antenna effective area, (2) can be redefined as.

A AG
R = ——
At 42

)

where the effective area A° can be defined as A> G/(4m).

The definition in (3) can be another approach to determine the Fresnel region. The on-axis
power densities for several analytical aperture fields were reported in [15], which all confirm
the effectiveness of (3).

3. Methods of evaluation on power transmission

The accuracy of the formula can be determined by how well the gain reduction is estimated,
compared to the Friis formula. The nearest distance for estimation, flexibility in antenna
geometry and computational resources needs to be considered. Figure 2 presents the flowchart
for evaluating the power transmission in near-field and a far-field region. Estimating a power
transmission is presented in this chapter using following methods:
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Figure 2. Flowchart of the mutual coupling evaluation in radiating near-field and a far-field region.

1. Friis formula with a correction term
2. The integral form of coupling formula
3. Evaluation using full-wave simulations and indoor measurement.

Those methods are different with respect to (a) possible antenna geometries, (b) required
information, and (c) computational resources. The Friis formula can be expressed with a
correction term of [11-18]. The formula can accommodate the instant computation with the
basic information, such as gain at bore-sight and operational frequency while its effectiveness
is confined within the Fresnel region. The integral form of coupling formula [20-24] is
expressed with the integral of the scalar products between two far-field patterns. This formula
can accommodate an accurate computation within an entire radiating near-field region with
reasonable complication. The various antenna scenarios such as rotation and off-axis can be
calculated using the formula. Final research method is the use of full-wave simulation and
measurement. Recent advancement in computing resources makes it possible to use numerical
evaluation such as full-wave simulation. The range of numerical evaluation includes radiative
and reactive near-field region while its computation is most complex among three research
methods.

4. Friis formula with correction term

4.1. Introduction

The standard Friis formula [9] has been successful in calculating the link budget in wireless
communications between two distant antennas. The Friis formula is simple to use and practi-
cal to quickly determine the power transmission. Four different methods were used in order to
derive the Friis formula, and all results in same conclusion [10]. It is assumed in the derivations
that accuracy of the formula is limited to the far-field region. The attempt to predict power
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transmission in a Fresnel region has been made through using the concept of gain reduction
factor. The gain reduction factor can be defined as the ratio of gain in a near-field region to the
gain in the far-field region. Several efforts have been made to present an appropriate model to
estimate an accurate gain reduction factor. The defocusing effect in a Fresnel region was
derived in the gain reduction factor of uniform and tapered apertures [11]. An asymptotic
series with Friis formula and correction term computed on-axis power transmission in a
Fresnel region [12]. Gaussian approximation composed of effective aperture area shows its
effectiveness for practical use in a Fresnel region [13]. The on-axis Fresnel gain is evaluated [14,
15]. The higher order interaction between two closely spaced horn antennas was investigated,
and the power transmission was evaluated [16]. However, there has been limitation with
respect to the applications of those proposed formulas, due to the lacking of numerical capa-
bilities at that time. Most of scenarios were focused on simple boresight power transmission.
Recent research activities related to the Friis formula were very handful, and its effectiveness
was only valid in the far-field region [17, 18].

In this chapter, the power transmission is evaluated using an asymptotic form of the Friis
formula [19], which is advantageous with respect to computational complexity, compared to
the previous work. The formula is effective in both near-field (Fresnel) and far-field regions.
The computation of gain reduction factor depends on the way how to normalize the distance
between two antennas. Most of the previous researches have focused on normalization of
separation distance in terms of antenna directivity and wavelength. However, using this
normalization, gain reduction factor depends on shape and size of antenna aperture. However,
by taking a normalization with respect to antenna gain (or effective area) and wavelength, a
single gain reduction factor is achieved for any type of antennas. This method may be more
useful in the case where the quick and simple calculation is required.

4.2. Standard Friis formula in the far-field region

Figure 3 depicts the antenna geometry where a receiving antenna is placed in the far-field or in
the Fresnel region of transmitting antennas. The ratio of receiving power to the transmitting
power (P,/P;) between two antennas in the far-field region can be obtained using the Friis
formula.

P, A2

b= femae ©(0.0) G (0.9) (1= 1) (1-IF) - “

where G;(0, ¢): the far-field gain pattern of transmitting antenna,
G,(0,¢): the far-field gain pattern of receiving antenna,

1 — |I'|*: input impedance mismatch,

B, - p,|*: the polarization mismatch.

R is the separation distance measured between the phase centers of the Tx and Rx antennas,
and the far-field gain pattern differs depending on the angular direction. The relationship
between the mutual coupling |S»1| and the ratio of P,/P; can be defined as.
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P,
|S21] = P, ©)

The radiation patterns of two antennas are important to determine the power transmission
between two antennas. A receiving antenna is placed at the distance of near-field or far-field of
the other antenna. The on-axis power transmission between two antennas is evaluated with full-
wave simulation and Friis formula. The standard Friis formula shows its effectiveness in the far-
field region while degradation of the accuracy is observed in the near-field region. The difference
between two results grows as one antenna is located closer to the other antenna. Figure 3 shows
a comparison of power transmission of horn antennas and simulated result exhibits a huge
deviation from the Friis formula which is equivalent to 5 dB at R = 2A. The main reason resulting
in the deviation is that the Friis formula only uses the far-field gain. However, the actual gain
pattern in the Fresnel region depends on different distances from the antenna phase center.

4.3. Friis formula in the Fresnel region

As previously mentioned, the accuracy of the standard Friis formula deteriorates at close

distances. Its accuracy can be improved by incorporating the distance-dependent antenna gain

variations in the Fresnel region. By replacing the far-field antenna gains used in (4) with the

gain variations in the Fresnel region Gr(R), a Friis formula in the Fresnel region is obtained as,
P, X

P, T Gr,+(R) G +(R) (6)

It is worth noting that the gain variations in Fresnel region are now a function of R. A gain
reduction factor y usually represents the gain decrease effect in the Fresnel region, which is the
ratio between the antenna gains in the Fresnel and one in the far-field regions. It can be defined as.

Gr(R
y(r) = &0 7)
Using (7), the formula can be rewritten as.
P, A
P m%(m Gt7,(R) G, ()

Egs. (7) and (8) assumes that it is possible to separate the gain reduction factor for each individ-
ual antenna, and they can be obtained through analytical derivation, full-wave simulations or
measurements of the antenna gain pattern. [12] suggested that an antenna gain in the Fresnel
region can be approximated with a quadratic form of variation in terms of its far-field gain:

y(A) = GFéA) =1-aA24+0(A™) )

where A: the normalized form of the distance R between two antennas, a: a coefficient that
determines the reduction rate of the antenna gain.
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Figure 3. (a) On-axis mutual coupling between two Ku-band horn antennas and (b) failure of standard Friis formula in
near-field region.

In general, the gain reduction factor & may be different for different types of antennas with a
conventional definition of normalized distance R. The conventional derivation utilized far-field
edge distance, (2D?/A) to normalize separation R. However, with a new derivation of the
normalized separation R. distance 4, a single coefficient « for various types of antennas can
be obtained. The assumption used in the derivation is that physical area of the aperture A in
(11) can be replaced by its effective area A,. This method would be more realistic so that the
effects of operating frequency, antenna size, and tapering efficiency can all be included in A.
This may be able to result in a more single a. It is supposed that input impedances are matched
and the two antennas are aligned in boresight direction with matched polarization.

A (Proposed normalization) (10)

R
- 2AG/m?

!/

= —— (Conventional normalization 11

where G: the antenna gain in the far-field region, R: the separation distance between two antennas.

The proposed method utilizes the separation distance A, normalized with respect to the
antenna gain (or the effective area) and wavelength. Using the definition of normalization, we
follow the quadratic asymptotic form of the gain reduction factor used in literature an propose
a novel normalization form of separation distance R.

4.4. Gain reduction factor in the Fresnel region

Using proposed normalization in (10), more converged curves are observed for aperture
antennas such as horns and reflectors. The effectiveness of 2AG/m* proposed normalization is
validated through these examples. However, except for the aperture antennas, it does not
provide enough convergence for relatively low-gain antennas such as small dipoles and
open-ended waveguides. This is because the far-field gain G used in (10) is defined as one of
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Figure 4. The gain reduction factor (a) using normalized distance R with respect to 2D*/A and (b) using normalized
distance R with respect to 2AGpg/m? (right).

the aperture antenna, which is well-known to radiate toward the direction of front-side of the
aperture. Thus, in order to include the low-gain antennas, the modified antenna gain can be
defined using total radiated power over a half sphere. The modified gain, namely the front-
side gains Grg, can be used instead of the far-field gain G presented in (10). The front-side gain
and associated gain reduction factor can be expressed as:

4nl,, R -2
Py VFS(A) =1—-ay (W> (12)

where U,,: the maximum radiation intensity, Pr: the total radiated power over a half sphere
where maximum occurs.

Grs =

Figure 4 shows the gain reduction factors using the front-side gain, which can achieve suffi-
cient convergence of all curves. The trend of all the curves suggests that an empirical coeffi-
cient a can be a = 0.06. The major weakness of this method is that we need to calculate the
front-side gain, based on complex 3D radiation pattern.

Instead of using front-side gain, the simpler adjusted gain would be more desirable with
respect to the instant calculation of the mutual coupling. The proposed antenna gain can be
obtained depending on its classification: low-gain or high-gain antennas defined as below:

R -2
Ga=G(G210dB: highG) =G+3dB (G <10dB:low G), y,(A) =1—ay <2/\GA/712) (13)
where G, is the proposed adjusted gain.

Otherwise, more sophisticated switching model can be used such as:

R -2 a
y4(A) =1—ayF(G) (W) , F(G)=25- — arctan|c - (G — b)] (14)

where the constant is found tobe a=3, b =10, and c=1.
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Note that the adjusted gain G, is recommended after an empirical case studies. It is also
verified that the proposed method in (13) also exhibits similar convergence to the result of
(12). It implies that the empirical coefficient « for (13) can be obtained as a = 0.06 for the class of
the various antennas. The numerous case studies suggest that maximum deviation of gain
reduction factor can be converted into 0.5 dB error in power level. The effectiveness of the gain
reduction factor will be discussed evaluating the power transmission in following sections.

5. Integral form of coupling formula

5.1. Introduction

Another method to evaluate mutual coupling is the use of integral form of coupling formula,
which is advantageous in its flexibility. The power transmission for various antenna geome-
tries such as rotation and offset in a closer distance maybe required for a comprehensive
coupling evaluation. The formula is advantageous since it estimates the coupling in the very
close distance, which covers an entire radiating near-field region. The integral form of coupling
formula takes a form of a scalar integral of two vector far-field patterns. Transmission integral
was studied, which is based on plane-wave scattering matrix (PWSM) theory, and its validity is
evaluated through the power transmission between two identical apertures [20]. Two different
computer programs were developed to calculate the coupling between two antennas located in
a longitudinal and transverse displacement [21]. The coupling in both near-field and far-field is
evaluated. The measured far-fields of array and reflector antennas are used for the calculation
of near-field pattern [22]. An advancement in computer program increases freedom of possible
antenna orientation and displacement [23, 24].

5.2. Integral form of coupling formula

The integral form of coupling formula is practical and flexible, which enables to calculate
power transmission in diverse scenarios such as rotation and off-axis cases. The complexity of
required information slightly increases, compared to the Friis formula with a correction term.
While simple bore-sight gain and antenna geometry are employed in Friis formula, the integral
form of coupling formula utilizes 3D vector far-field patterns of two antennas and antenna
displacement. Several cases are studied using the integral form of coupling formula and
validity of the result is evaluated comparing with the full-wave simulation FEldberechnung
fiir Korper mit beliebiger Oberflache (FEKO).

The ratio between input wave and output wave presented in [21, 22] can be expressed as

normalized vector far-field pattern of transmit antenna f (k) and receive antenna f . (—k).

! Foo(K) - oy (—K) _z-
b_o (R) P LJJ fo( ) fRX( ) e—]k‘r dkxdky (15)
o 4rk VETTk <k k.

ay is the amplitude of input wave of transmitting antenna, b, is the amplitude of output wave
of receiving antenna, and k is the wave vector. The Eq. (15) has ¢! time dependence in free
space, and the constant C can defined as:
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ng, Rx 1
Zo 1—Tp rel0Re

C=— (16)

Zwg, rx Zo are the impedance of feed waveguide in receive antenna and free space impedance.
I'1, rx To,rx are reflection coefficient of the load impedance and the receive antenna impedance,
respectively. The discretization of the sampling space k,-k, and discrete Fourier transform is
required in order to obtain the coupling quotient, and the sampling frequency is defined as

fs =21 X (D1x + Dry) (17)

D7, and Dg, are the diameters of a sphere, which encloses the geometry of transmit and
receive antenna, respectively. The constant «x is the oversampling ratio, which limits the move-
ment of antennas in the transverse direction. The separation distance between two antennas
can also be defined as:

2
DTx + DRx <R< (DTx + DRx) (18)
2 2

At the minimum separation distance, the accuracy deteriorates due to the growing reactive
field component. When R approaches the maximum separation distance, the only near-axis
plane wave is taken into consideration, which leads to the inaccurate result of calculation [22].

6. Evaluation using numerical methods

6.1. Evaluation using Friis formula with a correction term

The on-axis power transmission between two identical antennas is evaluated at various sepa-
ration distances. Both far-field antenna gain of the antenna and separation distance is required
information. In addition, the point of phase center is important to measure the accurate
separation distance. The first example is selected as two half-wavelength dipole antennas,
which operate at 1.4GHz with the far-field gain of 2.14 dB. The next example uses two
standard gain horns at 12.7GHz with the far-field gain of 15.2 dB, and the phase center of the
horn antenna is located at 5 mm below the antenna aperture.

P, A’GG, R 2 R \ 2

P 1eere \ L Y\ 2 L=\ 50672

¢ 16m2R /m /T (19)
x(1=10f) (1= 11) 16 -5

The coupling level is obtained using the Friis formula with correction term, and the validity of
the formula is evaluated by comparing it with the full-wave simulation FEKO. The comparison
among standard Friis formula, Friis formula with correction term (asymptotic Friis formula),
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Figure 5. (a) Mutual coupling between two dipole antennas operated at 1.4GHz and (b) mutual coupling between two
Ku-band horn antennas operated at 12.7GHz.

and simulated results is made as shown in Figure 5. The Friis formula with correction term
agrees well with the simulated coupling level. In addition, it does provide a significant
enhancement after the nearest distance of Fresnel region while the standard Friis formula
results in huge deviation. However, it is also shown that the calculated result drops drastically
before the nearest distance of Fresnel region, which indicates that its effectiveness is limited to
the Fresnel region and far-field region. The formula is made up of quadratic form of the gain
reduction factor, which turns out to be negative at a very close distance. In order to predict the
coupling at a closer distance, higher order term of interaction should be considered in the
quadratic form of gain reduction factor. The nearest prediction ranges for the high-gain
antenna is around 1.44 x(D?/2A). The nearest range for dipole antenna is approximately 0.35\.

6.2. Evaluation using integral form of coupling formula

The first step is to obtain the 3D vector far-field pattern with phase and amplitude using
FEKO. Next step is to take the integral of scalar product between two far-field patterns so that
the coupling with respect to the antenna geometries can be calculated. For the purpose of
evaluation, 2 m and 1.9 m prime-focus reflector operated at 5.5GHz are used as an example.
The far-field pattern is simulated using FEKO, and the maximum directivity of 42.5 dB and
42.1 dB is obtained for each reflector antenna, respectively. Integral coupling formula is calcu-
lated for the bore-sight scenario using the far-field patterns of both antennas. The calculated
result is compared to the Friis formula and FEKO simulation as shown in Figure 7. The
integral coupling agrees well with the FEKO simulation within 0.5 dB deviation. It is worthy
noting that the formula is effective within the radiating near-field region, and no sudden
decrease of the coupling level in the nearest distance is observed. The second example is
selected as the ground station antennas pointing to the multiple satellites. The interference
between two antennas is investigated using the integral form of a formula. In order to com-
municate with satellites, antennas are both tilted at O = 45° toward the sky, and the separation
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of two antennas is around 3 m. The configuration of both antennas is also shown in Figure 6. In
a similar way, coupling integral is calculated, and the comparison of the results is shown in
Table 1. Considering that the cross-pol component becomes significant in off-axis radiation
pattern, the comparison shows reasonable agreement within 3 dB difference.
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Figure 6. (a) On-axis mutual coupling between C-band 2 m and 1.9 m reflector antennas and (b) off-axis mutual coupling
between the two reflector antennas.
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Figure 7. (a) Setup of horn antenna inside near-field anechoic chamber and (b) far-field radiation pattern from the
measurement.
FEKO Integral coupling
Coupling level —77.14 dB —80.81 dB

Table 1. Off-axis mutual coupling between the two reflector antennas.
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7. Evaluation using the two numerical methods

7.1. Evaluation using mutual coupling measurement

The coupling level between two identical Ku-band standard gain horns is measured in order to
evaluate the proposed formula. The standard gain horn operates at 12.7GHz, the center
frequency of Ku-band, and the radius of the sphere, which encloses the horn antenna, is
around 2.15A. The radiation pattern of the Ku-band standard gain horn is measured inside
the UCLA spherical near-field range as shown in Figure 7. The amplitude and phase of the
radiated near-field are acquired by rotating the horn mounted on the positioner. The near-field
information can be converted into far-field radiation pattern. The comparison between mea-
sured far-field and the simulated far-field pattern using FEKO is depicted in Figure 8. The max
simulated and measured gain patterns are 15.28 dB and 15.47 dB, respectively.

As shown in Figure 8, the two horn antennas are mounted on an optical table and the mutual
coupling S,1 is measured using a vector network analyzer. To properly measure S,;, we need to
carefully setup the measurement as below:

1. The polarization of both horn antennas must be perfectly matched in order to avoid any
loss due to the mismatch of polarization.

2. The insertion loss proportional to the length of cable should be carefully measured and
counted in calculating the coupling level.

3. Separation distance R needs to be measured from one phase center to the other phase
center. Prior to measuring the distance, it is critical to determine the phase center where the
phase response of far-field pattern is uniform. In general, the simulated model can be used
to find the location of the phase center.

The separation distance R varies from 4 to 31A in the on-axis direction. The mutual coupling
levels using different methods are compared as shown in Figure 8. The simulated results show
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Figure 8. (a) Indoor measurement of mutual coupling and (b) measured mutual coupling level in order to evaluate the
simulated coupling level.
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Figure 9. (a) Evaluation using Friis formula, asymptotic Friis formula, integral form of coupling formula, and FEKO
simulation and (b) close up in the radiating near-field region.

a good agreement with the measurements. It can be concluded that the validity of the simula-
tion is successfully evaluated with the measurement.

7.2. Error analysis of the two numerical methods

An error of the proposed numerical methods is evaluated with respect to the full-wave simu-
lation. The mutual coupling between identical Ku-band horn antennas is computed using the
two methods: (1) Friis formula with gain reduction factor and (2) Integral form of coupling
formula. The graphs of the proposed methods and measurement are shown in Figure 9. It is
worthy noting that the proposed two methods are all effective within Fresnel region while the
integral coupling formula extends its effectiveness to the radiating near-field region. The
mutual coupling of the asymptotic Friis formula and integral form of coupling formula devi-
ates from the simulated one at the distance of less than R = 31 and R = 2.3, respectively.
Beyond the each nearest separation distance, it is observed that maximum error with respect to
the simulated result is less than 0.5 dB, which corresponds to around 11% deviation in power
level. It verifies that the two numerical methods can provide the reasonable agreement with
respect to the full-wave simulation.

8. Conclusion

The mutual coupling between one antennas placed in radiating near-field and far-field ranges of
the other antenna is calculated using proposed formulas and evaluated through full-wave simu-
lation and measurement. It is shown that those formulas enable to provide enhancement in the
radiating near-field region in comparison to the standard Friis formula. The optimal formula can
be selected depending on the availability of input information, the proximity of range, and the
flexibility of antenna geometry. The important features of those two formulas are summarized in
Table 2. The validity of simulated mutual coupling level is evaluated through the measurement.
The setup of indoor measurement is discussed, and the key factors to affect the accuracy of the
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measurement are addressed. Those methods can be also expanded to the antenna measurement
and near-field applications.

Friis formula with correction term Integral form of coupling formula Full-wave simulation

Required information Low High —
Proximity of range Fresnel region Radiating near-field Entire near-field
Flexibility of geometry Low High High

Table 2. Comparison of the proposed numerical methods.
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