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Surface-Wave Coupling and Antenna Properties
in Two Dimensions

Chao Wang, Student Member, IEEE, En Li, Member, IEEE, and Daniel F. Sievenpiper, Fellow, IEEE

Abstract— Antennas are characterized by their gain and
effective aperture area, and the coupling between two antennas
in 3-D free space is governed by the Friis transmission equation.
In this paper, we derive the properties of antennas in 2-D space,
and the equivalent coupling equation. This is useful for evaluating
surface-wave coupling between antennas that share the same
ground plane or substrate. We propose a quantity which is
the effective width for surface-wave coupling, and derive its
value for an isotropic surface-wave radiator in two dimensions.
We also determine the surface-wave directivity for dipole-like
modes, which is relevant to many small planar antennas. The
total coupling between two coplanar antennas is a combination
of surface waves and space waves, and these two components are
distinguished in simulations by calculating antenna coupling as
a function of distance. Several simple examples are illustrated
including patch and monopole antennas on various substrates.
Quantifying the effective surface wave width can serve as a useful
tool for optimizing the coupling between coplanar antennas.

Index Terms— Effective aperture, effective width, gain, mutual
coupling, surface waves, transmission equation.

I. INTRODUCTION

UTUAL coupling often occurs between antennas that
share the same substrate or ground [1]-[3], and it
plays an important role in many applications such as arrays,
multi-in multi-out systems, or other colocated communica-
tion systems that share the same ground plane. Mutual cou-
pling may increase the signal correlation among antennas
and reduce the efficiency of multiantenna systems [4]-[7].
The coupling between antennas can be attributed to three
components: 1) near-field coupling, in which the fields decay
with distance as p~2 or p~3; 2) free-space coupling, which
has p~! dependence; and 3) surface-wave coupling where the
fields decay as p—!/? [8]. In order to design antennas to have
low mutual coupling, it is useful to distinguish between the
different kinds of mutual coupling and to have a method to

quantify their effects.
Near-field coupling occurs when one antenna is in the
reactive near-field zone of another antenna, which extends to a
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radius of roughly /27 . This kind of coupling dominates when
antennas are closely spaced [9], but is insignificant at greater
distances due to the rapid decay of the near-field components.
Free-space wave coupling is due to the standard antenna
radiation in the horizontal direction, propagating parallel to the
substrate. This kind of coupling can be efficiently reduced only
if the antenna radiation in horizontal directions is suppressed,
such as by designing the antenna to have low gain toward
the horizon. Surface-wave coupling is due to surface waves
which are guided by the substrate and the ground plane [10].
This kind of coupling dominates at longer distances, or when
other coupling components have already been minimized.
There have been several attempts to reduce mutual coupling,
especially surface-wave coupling between antenna elements.
For example defected ground structures have been imple-
mented by etching slots of different shapes in the ground
plane [11]-[14] and using electromagnetic bandgap structures
to reduce the surface waves [15]-[17]. Other approaches
to reduce the surface-wave coupling include high-impedance
surfaces [18], [19] or soft surfaces [20], [21]. However, the
free-space coupling and surface-wave coupling mechanisms
and their contributions are not clearly distinguished in previous
papers.

In this paper, we introduce the effective width of an antenna
which characterizes how strongly it couples to surface waves,
and calculate the effective width of an isotropic surface-
wave radiator. We then determine the directivity of a surface-
wave radiator with a dipole-like distribution, which is dif-
ferent from its directivity for free-space waves. We then
use these results to determine the 2-D equivalent to the
Friis transmission equation, which characterizes the surface-
wave coupling component between two antennas. Finally, we
provide simulations of several simple examples and evaluate
them in terms of effective width and effective aperture. It
is expected that the approach presented here will be useful
for designing antennas with low mutual coupling because it
will enable the designer to identify the relative strength of the
different coupling components in order to optimize the design.
For example, this approach can help to illustrate whether
additional coupling reduction can be obtained by further reduc-
ing surface-wave effects, or to design the maximum allow-
able substrate thickness or permittivity for a given antenna
configuration.

II. 2-D-SURFACE-WAVE TRANSMISSION EQUATION
A. Antenna Effective Aperture From Blackbody Radiation

Our first goal is to calculate the 2-D effective width of an
antenna for transmitting or receiving surface waves. This quan-
tity Wesr = G2 W; is the product of the effective width W; of
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an ideal 2-D isotropic radiator, and a 2-D gain component G».
In this paper, the subscript 2 is used to distinguish this term
from the 3-D directivity associated with free-space waves. The
term Wegr is analogous to the effective aperture in three dimen-
sions. Thus, it would seem straightforward to simply follow
the derivation of the effective aperture for an isotropic radiator,
but with reduced dimensionality. Unfortunately, nearly all
texts on this subject base the derivation on calculating the
effective aperture of an infinitesimal dipole, and dividing by
its directivity. Fortunately, an alternative method exists based
on the power radiated and received by an ideal blackbody,
and this approach is amenable to derivation with reduced
dimensionality. The 3-D derivation is briefly summarized here
to illustrate that it produces the intended result, and then
repeated for the 2-D case.

We begin by outlining the Rayleigh—Jeans law for the
spectral brightness of a blackbody radiator [22]. In a 3-D cubi-
cal cavity of length a, the allowable modes are defined
by

2
2a
2 2 2
ny +ny+n; = (7) . (1)

Note that this is the standard starting point to calculate
density of states in three dimensions, and is not related to
the final size or shape of the antenna or radiating structure.
The mode frequencies are

c cr
= - = — 2
f 1= % (2)

where
P2 = n)zc + ni + nﬁ 3)

The modes between f and f + df are

Az ridr

N(Hdf = —

where the factor of 2 is due to the two possible polarizations,
and the factor of 1/8 is because we only need to consider
positive indices for n, so we only integrate over 1/8 of the
sphere in n-space.

Each mode has energy k7, so the spectral energy density
assuming a cavity volume of a> is

%2 )

N(f)d
up(TYdf = %kr (5)
And
3 2 2
up(T) = 8’;? f—3kT = 8nka—3. 6)

Because the radiation travels at velocity c¢, the spectral
energy density is related to the spectral brightness B3 as

4
u= —/ B3dQ = —B;3 (7
C Jar c

which has units of W/(sr m? Hz).
Thus

4 2
M By = up(T) = sakT L ®)
C C
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Fig. 1. Blackbody thermal equilibrium model.
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which is the Rayleigh—Jeans law [23], [24].

Now assume an isotropic antenna matched with a resistor
at temperature 7', which is in thermal equilibrium with its
environment. It will radiate energy k7 from the resistor, and it
will receive an equal amount of energy from the environment,
shown in Fig. 1. Using the spectral brightness calculated
above, we can integrate over 4z steradians to determine the
effective aperture A, of an isotropic radiator. Because half of
the power is radiated into one polarization, we divide B3 by 2
to determine the effective aperture of an isotropic antenna for
a single polarization

1 1 [2kT kT
5 B3dQ = 5 —22 dQ = A€47Tﬁ = kT (10)
And
/12
A, = —. 11
¢ =1 (11

This is consistent with the effective aperture calculated
using other methods. The maximum effective aperture Acfr
of any antenna is related to its gain G3 by

/12

Aetf = Ao - G3 = —G3. (12)
4

This density of states-based approach is also amenable to
two dimensions, such as for surface-wave problems. We now
apply this approach to determine the effective width of an
isotropic radiator in two dimensions. This is also the effective
width of an infinite line source in 3-D space.

B. Calculate the Effective Width for Surface Waves

In two dimensions, a square cavity has modes defined by

2a\?

ni+nl= (7) (13)

and allowable frequencies

cr
= — 14
f 2 (14)
where

r? =n} +nj. (15)
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The modes between f and f + df are
2 rdr
N(fdf =

where we have integrated over 1/4 of the circle in n-space,
and have included two polarizations.
The 2-D spectral energy density is

%2 (16)

N(f)d
up(Tydf = %kT. (17)
a
And
dra® f f
T)= ——=kT =4 =kT. 18
uyr(T) 22 T3 (18)
The 2-D spectral brightness is
1 2
U= —/ Bodf = “Z B, (19)
C Jor c
with units of W/(rad m? Hz).
Thus
2
By =up(T) = 4n isz. (20)
c c
And
2kT
By = 2kTi = —. 20
c A

For an isotropic surface-wave radiator and one polarization,
we multiply by the effective width W;, and integrate over 27
to obtain the total radiated power, which is equal to kT’

1 1 [2kT kT

— [ Bod0 = - | —dO = W;2x — =kT. 22

3 [ B0 =5 [ % o 22)
Thus, the effective width for an isotropic surface-wave

radiator is found to be

(23)

C. Calculate the Maximum Directivity and Maximum
Effective Width of Antenna

As we know, the directivity of classic dipole antenna is 1.5
in free space

4z _
[T sin2 6 sin 0dOdg
For the 2-D case, we follow the 3-D case but only integrate

over the azimuth. The surface-wave directivity of a dipole
mode, that is, parallel to the surface is 2

27
= 2w . 2 =2
Jo " sin* pdy
For a vertical monopole antenna, the surface-wave direc-
tivity is Dy = 1. Note that this is because the vertical null
does not appear in the plane of the surface, so the antenna is
isotropic with respect to surface waves.

In general, the maximum effective width Wey of any
antenna is related to its gain G, by

Ds = 1.5. (24)

D> (25)

A
Wete = Wi - G = —Go. (26)
2w

Thus, when (26) is multiplied by the linear power density
of the incident wave (in W/m), it leads to the maximum
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Fig. 2. Geometrical orientation of transmitting and receiving antennas for
the transmission equation.

surface-wave power that can be delivered to the load. This
assumes that there are no conductive or dielectric losses, the
antenna is matched to the load, and the polarization of the
impinging wave matches that of the antenna. For a transmitting
antenna, this also assumes that all of the power couples into
surface waves. Losses, polarization mismatch, and surface-
wave coupling efficiency can be combined into a single-
efficiency term, and gain is related to directivity D, and
efficiency ¢» in the same way as in 3-D

Gy = Ds. 27)

D. Calculate the 2-D-Surface-Wave Transmission Equation

The 2-D surface-wave transmission equation for mutual
coupling between antennas relies on the transmitted and
received power of the two array antennas placed in a distance.
Referring to Fig. 2, let us assume that the transmitter is initially
isotropic. If the input power at the terminals of the transmitting
antenna is P, then its maximum transmitted power density
can be written as

Pi2l2Dro _ PG
27 R 27 R

where Gy, is the gain and Dy is the directivity in the

direction of the maximum of the surface wave. The maximum

effective width Wegr of the receiving antenna is related to its
efficiency ¢ and directivity D, by

St2 = (28)

A
Weff = Wi . CrZDr2 = EGr% (29)

So the power P,y collected by the receiving antenna can be
written, using (28) and (29), as

A A Pt2Gt2
Po=WerSi2o =Gro—S2 =Gro— 30
2 eff Sr2 2550 R R (30)
or the ratio of the received to the input power as
P GG A
fr2 _GnGn it 31)
P 472 R

For impedance-matched and polarization-matched anten-
nas aligned for maximum directional radiation and recep-
tion, (31) is the 2-D surface-wave transmission equation, and
it relates the power P, (delivered to the receiver load) to the
input power of the transmitting antenna P;; in the same way as
the Friis equation governs 3-D transmission. The term A /47 °R
is the surface loss factor, and it takes into account the losses
due to the spreading of the energy in two dimensions.

The total transmission including free-space wave coupling,
surface-wave coupling, and mutual phase coupling between
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the two antennas but neglecting near-field effects is

P’—G G A 2+G G 4
Pt = 303 47 R 12 r2477,'2R

Ao A
2G3Gyp—— | —— Or. (32
+2G3 247rR 4712RCOS k- (32)

The first term is the standard Friis equation, the second term
is the additional coupling due to surface-wave effects, and the
third one is the mutual phase difference and resulting cross
term in (32). The 6 is the coupled phase difference between
free space and surface wave, it can be obtained by

Or = (ktm — ko) - R (33)

where kv is the wavenumber of surface wave and kg is the
wavenumber of free-space wave.

Consider a dielectric slab with permittivity ;4 and thick-
ness h residing on a ground plane. For this configuration,
we can have the equation is given by [25]

g

&d €0

eakg —kin

(34)

From (34), we can see that if the thickness of the slab is very
small, the wavenumber kT1y is almost equal to the wavenum-
ber ko. Thus, the total transmission equation is approximated
by

P _ oG 2\
Pt_ 13073 4z R

A A
GnGr——= +2G3G
+ G2 r24n_2R+ 362

47 RN 4z2R’
By simulating the transmission between two identical
antennas at various distances, we can determine the values

of G, and G3 separately, because they become fitting para-
meters in (35).

(35)

III. COMPARISON OF THEORETICAL AND
SIMULATED MUTUAL COUPLING

In this section, we will compare the mutual coupling
theoretical results with numerical experiments using various
lossless substrates. As described above, there are three kinds of
mutual coupling between antennas, the near-field coupling, the
free-space wave coupling, and the surface-wave coupling. Note
that we are assuming lossless substrates, and we are focusing
on the relative strength of the free space and surface-wave
components. If the substrate is sufficiently loss, or the antennas
are very close together, it is possible that the near-field term
can be dominant [26], [27]. We will compare the results for the
mutual coupling between a pair of rectangular patch antennas
and a pair of monopole antennas. For all of the simulation
results presented in this paper, the rectangular microstrip patch
and monopole antennas are designed to operate at a frequency
of 3 GHz (A = 100 mm), with the same substrate and
parameters shown in Figs. 3, 5, and 7. Ansys HFSS was used
for the simulations, and the exterior surfaces of the simulation
volume were all radiation boundaries.
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Fig. 3. (a) Top and view of classical microstrip antenna. (b) Coordinate
system for coupled antennas.
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Fig. 4. Coupling comparison for the theoretical results and simulation results
between microstrip antennas.

A. Rectangular Microstrip Patch Antenna

The geometry used in the calculation of the mutual coupling
between two identical rectangular patch antennas is shown
in Fig. 3(a). To exclude the influence of the substrate losses
on the coupling, we only investigated antennas on lossless
substrates. The substrate thickness is 4~ = 1.5 mm and it
has a relative dielectric constant g, of 5. Note that a small
space is left around the patch with dielectric constant of 5,
so that the same antenna design can be kept for surrounding
substrates with different dielectric constants without having
to retune the antenna design for each case. The patch length
is L = 21.3 mm and the width is W = 28.87 mm. The
patch is fed by a coaxial line, whose location is determined
by matching conditions, and is set to p = 3.2 mm. In the
computational models, we assume that the ground plane is
infinite.

We evaluate the coupling between a pair of identical
microstrip antennas which are printed on a lossless surround-
ing substrate with three different dielectric constants (1, 2.2,
and 10). The dielectric constant below the patch was kept
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Fig. 5. Top and view of coupled monopole antennas.
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Fig. 6. Coupling comparison for the theoretical results and simulation results
between monopole antennas.

constant in the three cases so that the same antenna design
could be used, and would not have to be retuned for each
substrate. The antennas are placed along the x-axis, as shown
in Fig. 3(b). The space between the antennas varies from 0.51
to 54. The simulation results for the mutual coupling versus
distance are plotted in Fig. 4.

Note that the theoretical results match the numerical results
much well with the least-squares technique once the gain
parameters are determined, verifying the general form of (35).
The slight difference between 0.54 and 0.81 is likely due to
near-field effects, which are not included.

B. Monopole Antenna

As a second example, a monopole antenna surrounded by a
thin dielectric substrate is shown in Fig. 5. The substrate has
a thickness #, = 1.5 mm, and relative dielectric constant &,
of either 1 (the case of no substrate), 2.2, 4.4, or 10. The length
of monopole is H = 23.53 mm, and it is fed by a coaxial line.

We evaluate the coupling between a pair of identical mono-
pole antennas which are located on the infinite ground plane,
the antennas are placed along the x-axis, as shown in Fig. 5.
As with the patch antenna, we use a lossless surrounding sub-
strate with the three different dielectric constants. For the three
different surrounding substrates, the theoretical results and

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 65, NO. 10, OCTOBER 2017

Y

L.

Surrounding
substrate

hr
l—'x

Fig. 7. Top and view of full dielectric coupled monopole antennas.
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Fig. 8. Dielectric layer coupling comparison for the theoretical results and

simulation results between monopole antennas.

simulation results are in good agreement, as shown in Fig. 6.
For the air substrate case, coupling is primarily due to
free-space waves and the presence of oscillations is due to
the small changes in phase between one or more surface
waves and space waves for the relative dielectric constant &,
of 10 case. Except for this, there is in good agreement between
the calculated results and simulation results using (35) for
various dielectric substrates.

Another example of the coupling between monopole anten-
nas is shown in Fig. 7. All the parameters are the same as
in Fig. 5, except that the substrate height &, exceeds the height
of the antennas. In this case, G3 is set to 0, the substrate has a
relative dielectric constant ¢, of 5, and the length of monopoles
has been tuned so that it is matched at 3 GHz. The purpose of
this paper is to examine a case where surface-waves dominate.
The simulated data from Fig. 8 shows sinusoidal variations that
are likely due to interference between multiple surface modes
which are present in the thick dielectric substrate. Based on
the surface guided wave theory [28], we can obtain the cutoff
frequencies as

fc=

n

dhifeqpa — eopto

From (36), we know there only two modes exist in this
frequency range, so we may neglect higher order modes.
Thus, neglecting differences in excitation strength between the

n=20,2,4... (36)
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TABLE I

2-D AND 3-D GAIN VALUES FOR VARIOUS ANTENNAS AND
VARIOUS DIELECTRIC SUBSTRATES

Monopole
embedded
GG |G |G |6 |G|G|G
1 0.12]0.67]0.12(1.40(0.10]0.22(0.12] 1.50
2.2 0.1610.67]0.14 [ 1.41]0.12]0.21] 0.80 | 0.00
4.4 0.19]0.67]0.15(1.40(0.13]0.20(0.73 | 0.00
10 0.20]0.67]0.16|1.40(0.14]0.20( 0.57] 0.00

Patch Monopole Slot

» N\JType

TABLE I

EFFECTIVE WIDTH AND EFFECTIVE APERTURE FOR VARIOUS
ANTENNAS AND VARIOUS DIELECTRIC SUBSTRATES

Monopole
Patch Monopole Slot embedded

&, \Type
g P Weff Aeff Weff Aeff Weff Aeff Weff Aeff
(mm) | (e’ | (mm) | (em?) | (m) | (eni®) | (mm) | (cnd)
1 19 | 53119 (111 16| 1.7 19 |I119
2.2 25 153 122 (11219 | 1.7 [12.7] 0.0
4.4 30 [ 53 |24 | 111 |21 ] 1.6 |11.6] 0.0
10 32 [ 53 |25 11122 ] 16| 91100

two modes, (32) is changed to

P A

P GnGry oy cos[(ktm, — kTm,) R]
where kTpyo and ktyvp correspond to the wavenumber of the
first two surface-wave modes. There is a phase difference
between the surface waves, so the simulation curve shows
oscillations as a function of antenna separation. Because of
neglecting the relative excitation strength of the two surface
waves, the least-squares technique does not provide an exact
match to the simulated data. Nonetheless, we can approxi-
mately fit (37) to the data.

(37)

IV. SUMMARY OF COUPLING COEFFICIENTS

We provide simulations of several simple examples and
evaluate them in terms of 2-D gain G, and 3-D gain G3,
shown in Table I, as well as the effective width and effective
aperture shown in Table II. For the first three examples, the
operating frequency is 3 GHz (1 = 100 mm), the thickness
of lossless surrounding substrate is 1.5 mm and dielectric
constant is ¢,. In each case the antennas are well-matched
(S11 < —20 dB). One case is the monopole embedded in
a 20 mm thick dielectric, and retuned to match.

We also study the slot antenna, where the permittivity above
the slot is kept fixed at 5 in order to avoid retuning the slot
for each case, while the surrounding permittivity is varied.
One way to reduce free-space coupling between antennas is to
ensure that they do not have a direct line-of-sight path between
them, such as by placing the antennas in cups or troughs.
However, those features will also radiate, so free-space cou-
pling cannot be entirely eliminated. The limiting case of a deep
trough is simply a slot antenna, which is why it is included.

5057

We can draw several conclusions from Tables I and II. First,
the 3-D or space-wave gain of each antenna is roughly constant
with substrate permittivity, as we expect. However, the 2-D
or surface-wave gain increases with permittivity, which is
also expected. The monopole has the highest G3 toward the
horizon, and the slot has the lowest. In terms of Gj, the
patch has the highest value and the slot is the lowest. Thus,
the patch and monopole are not ideal choices for minimizing
coupling between antennas, and the slot appears to be the
best choice regardless of the substrate. We know the least-
squares technique only produces an estimate of the best fit.
Thus, several possible answers for G, and G3 could produce
the same curves. So here an average sensitivity ¢ is introduced

_ >Ve  XVYALSE 37 |Dsm — Diuingl®

TN T AGN AGs-N
where ¢ is the sensitivity for different points N in the distance
of five wavelengths between antennas, A LSE is the least-
square error, AG3 is the difference of changed G3, Dgim,
and Dfying are simulation data and fitting curve data,
respectively. For embedded antennas (EA), the pgp = 0 can
be obtained from (38) when the G3 value varies from O to 2.
Thus, the curve fitting has a high degree of uncertainty for G3
and a unique solution for G in this case. In other words,
surface waves become much more significant whereas free
space waves can be ignored. Compared with the EA case,
we get an average sensitivity of ¢ p = 20 for the patch case
when the G3 value is changed from 0.60 to 0.72. So the curve
fitting has a unique solution for both G, and G3. Similarly,
monopole antenna has an average sensitivity of @, = 5.7
when the G3 value varies from 1.43 to 1.56. Thus, the curve
fitting has a unique solution for both G and G3. In the case
of slot antennas, the average sensitivity is ¢, = 5.6 when the
G3 value is changed from 0.16 to 0.25. Hence, the curve fitting
also has a unique solution for both G, and G3.

Note that the gain of the monopole is 1.5 rather than 3.
As we know, the transmission between two dipoles in free
space is the same as the transmission between two equivalent
monopoles sharing the same ground plane, because the ground
plane simply acts as a symmetry plane in an otherwise identi-
cal problem. Logan and Rockway [29] and Trainotti et al. [30]
have explained this by showing that antennas on a ground
plane have different values for transmit gain and receive gain,
e.g., G, = 3 and G, = 0.75 for transmitting and receiving
monopoles. Because we are interested in mutual coupling
in both directions, we avoid any confusion in this regard
by simply using the geometric mean of the transmitting and
receiving gain values

G3 =G13Gr3 G2 =+/GnGpa.

Our final transmission equation is as follows:
P (2 2+G2 263Gy N ’ (40)
P~ \azr 2472R 724z RV 4z2R

V. RELATIVE CONTRIBUTION OF SURFACE WAVES

(38)

(39)

A plot of the total mutual coupling between a pair of
conventional rectangular microstrip patch antennas, a pair of
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Fig. 9. Different components of the mutual coupling between different types
of antennas.

monopole antennas, and a pair of slot antennas is shown
in Fig. 9. Considering that the thickness of the slab is very
small, the wavenumber kT is almost equal to the wavenum-
ber ko [25], so the cos@r term is negligible. After fitting
to determine G, and G3, the free-space and surface-wave
contributions can be plotted separately. The navy curve is
total coupling from simulated data between antennas, and
it is divided into free-space coupling (pink) and surface-
wave coupling (dark cyan). This plot closely matches previous
analytical studies of the microstrip antenna coupling [1].
From Fig. 9, we can see that there is a crossing point
between surface-wave coupling and free-space wave coupling.
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TABLE III

FREE-SPACE WAVE/SURFACE-WAVE CROSSING POINT FOR VARIOUS
SUBSTRATE DIELECTRIC CONSTANTS AND ANTENNA TYPES

Patch Monopole Slot
&, Type
Crossing Point | Crossing Point | Crossing Point
1 -37.1dB -37.2dB -37.0dB
2.2 -34.0dB -34.1dB -34.0dB
4.4 -32.5dB -32.4dB -32.4dB
10 -29.5 dB -29.5dB -28.4 dB

Referring to formula (40), the distance of crossing point can

be given by
2 \? A
of 4 2 A
SE (47TR’) G247r2R"

Because the two antennas are identical, the formula can be
rewritten to determine the distance beyond which the surface-
wave coupling dominates

=5(e) -1 ()
4 \ Gy A\ Wesr
Free-space wave coupling is dominant for R < R’, and
surface-wave coupling is dominant for R > R’. For this patch
example, R’ is approximately 2.54, as shown in Fig. 9. For
the case of the monopole and the slot, R’ is approximately
4.34 and 0.84, respectively. At much shorter distances, (closer
than 4/2x) coupling is dominated by the near fields.
Based on this analysis, the control of mutual coupling can be
explained by the following steps in order of importance. Some
of these may not be possible depending on the application.

(41)

(42)

1) Keep the separation distance much greater than the
boundary of the near-field region (R > 1/2x).

2) Arrange the antennas such that they each have a null in
their pattern toward the other antenna if possible.

3) Minimize free-space coupling by ensuring that the
antennas do not have line-of-sight exposure to each other
(i.e., slots are preferred over monopoles).

4) Minimize surface-wave coupling by choice of substrate
or by other means (e.g., reactive surfaces).

Note that although control of the surface-wave coupling is
often the focus of research, it is the last issue that should
be addressed after dealing with the near-field and free-space
coupling because it only dominates at greater distances. Based
on the analysis above, the relevant distance where they become
important is on the order of a few wavelengths, depending
on antenna and substrate type. Nonetheless, in applications
where coupling requirements are extremely low, i.e., less
than —30 dB, control of surface waves becomes important.

Note that in Fig. 9, although each antenna type had a
different value of R’, the magnitude of the coupling at R’
was the same for all antenna types. In Table III, we compare
the magnitude of coupling at R’ for various substrates and
antenna types. We find that the magnitude of the crossing
point is independent of the antenna type, and only depends
on the substrate. Thus, for a given substrate, it is possible to
determine the coupling magnitude below which surface waves
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must be controlled. For example, on a bare ground plane with
no dielectric, if coupling of higher than —37 dB, then surface
waves are not significant.

VI. CONCLUSION

In this paper, we introduce the effective width of an antenna
with respect to surface-wave radiation and derive the effective
width of an isotropic surface-wave radiator. We determine
the directivity of a surface-wave radiator for various radia-
tion modes, including a planar dipole pattern and a vertical
monopole pattern. We then add the 2-D surface-wave propa-
gation component to the Friis transmission equation. By the
comparison of the theoretical results and the numerical results
on mutual coupling between pairs of antennas, the relative
contributions of surface waves and free-space waves can be
separated.

We also defined the distance beyond which surface waves
dominate in terms of the 2-D and 3-D gain components, and
found that this distance is on the order of a few wavelengths,
depending on the antenna type. For the design that is most
effective at minimizing free-space coupling (the slot antenna),
the surface waves are the most important coupling mechanism,
and they dominate the coupling at distances beyond one
wavelength.

The ultimate purpose of this paper is for antenna designers
to understand the relative contributions of surface waves, free-
space waves, and antenna design considerations to the mutual
coupling. At distances of a few wavelengths, coupling can be
controlled primarily by using low-profile antenna elements,
and if possible by controlling their orientation to minimize
gain along the horizon. Only after these issues have been
addressed should the designer be concerned with surface
waves. Finally, we provide a way to quantify surface-wave
coupling in terms of the 2-D gain G».

REFERENCES

[1] M. A. Khayat, J. T. Williams, D. R. Jackson, and S. A. Long, “Mutual
coupling between reduced surface-wave microstrip antennas,” [EEE
Trans. Antennas Propag., vol. 48, no. 10, pp. 1581-1593, Oct. 2000.

[2] E. M. Koper, W. D. Wood, and S. W. Schneider, “Aircraft antenna
coupling minimization using genetic algorithms and approximations,”
IEEE Trans. Aerosp. Electron. Syst., vol. 40, no. 2, pp. 742-751,
Apr. 2004.

[3] D. A. Tsyanenka, E. V. Sinkevich, and A. A. Matsveyeu,
“Computationally-effective worst-case model of coupling between on-
board antennas that takes into account diffraction by conducting hull,”
in Proc. IEEE Int. Symp. Electromagn. Compat. (EMC EUROPE),
Sep. 2016, pp. 602-607.

[4] P. N. Fletcher, M. Dean, and A. R. Nix, “Mutual coupling in multi-
element array antennas and its influence on MIMO channel capacity,”
Electron. Lett., vol. 39, no. 4, pp. 342-344, Feb. 2003.

[5] B. N. Getu and R. Janaswamy, “The effect of mutual coupling on the
capacity of the MIMO cube,” IEEE Antennas Wireless Propag. Lett.,
vol. 4, pp. 240-244, 2005.

[6] 1. J. Gupta and A. Ksienski, “Effect of mutual coupling on the perfor-
mance of adaptive arrays,” IEEE Trans. Antennas Propag., vol. AP-31,
no. 5, pp. 785-791, Sep. 1983.

[71 E. M. Friel and K. M. Pasala, “Effects of mutual coupling on the
performance of STAP antenna arrays,” IEEE Trans. Aerosp. Electron.
Syst., vol. 36, no. 2, pp. 518-527, Apr. 2000.

[8] J.-W. Yook and L. P. B. Katehi, “Micromachined microstrip patch
antenna with controlled mutual coupling and surface waves,” IEEE
Trans. Antennas Propag., vol. 49, no. 9, pp. 1282—1289, Sep. 2001.

[91 M. M. Nikolic, A. R. Djordjevic, and A. Nehorai, “Microstrip antennas
with suppressed radiation in horizontal directions and reduced cou-
pling,” IEEE Trans. Antennas Propag., vol. 53, no. 11, pp. 3469-3476,
Nov. 2005.

5059

[10] R. E. Collin, Foundations for Microwave Engineering. NewYork, NY,

USA: McGraw-Hill, 1992.

[11] M. Salehi, A. Motevasselian, A. Tavakoli, and T. Heidari, “Mutual cou-

pling reduction of microstrip antennas using defected ground structure,”

in Proc. 10th IEEE Int. Conf. Commun. Syst., Oct./Nov. 2006, pp. 1-5.

Y. Hajilou, H. R. Hassani, and B. Rahmati, “Mutual coupling reduction

between microstrip patch antennas,” in Proc. 6th EUCAP, Mar. 2012,

pp. 1-4.

[13] J. Ouyang, F. Yang, and Z. M. Wang, “Reducing mutual coupling

of closely spaced microstrip MIMO antennas for WLAN application,”

IEEE Antennas Wireless Propag. Lett., vol. 10, pp. 310-313, 2011.

A. Habashi, J. Nourinia, and C. Ghobadi, “Mutual coupling reduction

between very closely spaced patch antennas using low-profile folded

split-ring resonators (FSRRSs),” IEEE Antennas Wireless Propag. Lett.,

vol. 10, pp. 862-865, 2011.

[15] F. Yang and Y. Rahmat-Samii, “Microstrip antennas integrated with

electromagnetic band-gap (EBG) structures: A low mutual coupling

design for array applications,” IEEE Trans. Antennas Propag., vol. 51,

no. 10, pp. 2936-2946, Oct. 2003.

M. Niroo-Jazi, T. A. Denidni, M. R. Chaharmir, and A. R. Sebak,

“A hybrid isolator to reduce electromagnetic interactions between Tx/Rx

antennas,” [EEE Antennas Wireless Propag. Lett., vol. 13, pp. 75-78,

2014.

H. S. Farahani, M. Veysi, M. Kamyab, and A. Tadjalli, “Mutual coupling

reduction in patch antenna arrays using a UC-EBG superstrate,” I[EEE

Antennas Wireless Propag. Lett., vol. 9, pp. 57-59, 2010.

D. Sievenpiper, L. Zhang, R. F. J. Broas, N. G. Alexopolous, and

E. Yablonovitch, “High-impedance electromagnetic surfaces with a

forbidden frequency band,” IEEE Trans. Microw. Theory Techn., vol. 47,

no. 11, pp. 2059-2074, Nov. 1999.

A. C. Durgun, C. A. Balanis, C. R. Birtcher, H. Huang, and H. Yu,

“High-impedance surfaces with periodically perforated ground planes,”

IEEE Trans. Antennas Propag., vol. 62, no. 9, pp. 45104517, Sep. 2014.

[20] E. Rajo-Iglesias, Q. Uevedo-Teruel, and L. Inclan-Sanchez, “Planar soft

surfaces and their application to mutual coupling reduction,” IEEE Trans.

Antennas Propag., vol. 57, no. 12, pp. 3852-3859, Dec. 2009.

O. Quevedo-Teruel, L. Inclan-Sanchez and E. Rajo-Iglesias, “Soft sur-

faces for reducing mutual coupling between loaded PIFA antennas,”

IEEE Antennas Wireless Propag. Lett., vol. 9, pp. 91-94, 2010.

[22] National Radio Astronomy Observatory. Univ. Virginia, Black-
body Radiation. Accessed on Sep. 2008. [Online]. Available:
http://www.cv.nrao.edu/course/astr534/BlackBodyRad.htmls

[23] J. H. Jeans, “XI. On the partition of energy between matter and aether,”
Philos. Mag., vol. 10, pp. 91-98, no. 55, 1905.

[24] J. W. S. Rayleigh, “The dynamical theory of gases and of radiation,”
Nature, vol. 72, no. 1855, pp. 54-55, 1905.

[25] J. Jian-Ming, Theory and Computation of Electromagnetic Fields.
New York, NY, USA: Wiley, 2011.

[26] J. R. Wait, “The ancient and modern history of EM ground-wave
propagation,” IEEE Antennas Propag. Mag., vol. 40, no. 5, pp. 7-24,
Oct. 1998.

[27] N. Chahat, G. Valerio, M. Zhadobov, and R. Sauleau, “On-body prop-

agation at 60 GHz,” IEEE Trans. Antennas Propag., vol. 61, no. 4,

pp. 1876-1888, Apr. 2013.

R. F. Harrington, Time—Harmonic Electromagnetic Fields. New York,

NY, USA: Wiley, 2001.

[29] J. C. Logan and J. W. Rockway, “Dipole and monopole antenna gain

and effective area for communication formulas,” Naval Command,

Control Ocean Surveill. Center, RDT&E Division, San Diego, CA, USA,

Tech. Rep. 1756, Sep. 1997.

V. Trainotti and G. Figueroa, “Vertically polarized dipoles and

monopoles, directivity, effective height and antenna factor,” /EEE Trans.

Broadecast., vol. 56, no. 3, pp. 379-409, Sep. 2010.

[12]

[14]

[16]

[17]

[18]

[19]

[21]

[28]

[30]

Chao Wang (S’14) received the B.Sc. degree in
electrical engineering from the Xi’an University
of Posts and Telecommunications, Xi’an, China,
in 2010, and the Ph.D. degree in electromagnetic
fields and microwave technology from the University
of Electronic Science and Technology of China,
Chengdu, China, in 2017.

He was a Visiting Graduate Student with
the Applied Electromagnetics Research Group,
University of California at San Diego, La Jolla,
CA, USA, from 2015 to 2017. His current research
interests include ultrawideband antenna, theoretical arithmetic for surface-
wave attenuation, and impedance surfaces for reducing mutual coupling
between antennas.



5060

En Li (M’14) received the M.S. degree in physical
electronics and the Ph.D. degree in electromagnetic
field and microwave technology from the University
of Electronic Science and Technology of China,
Chengdu, China, in 2003 and 2009, respectively.

He is currently a Professor with the University
of Electronic Science and Technology of China.
He has authored or co-authored over 100 journal,
conference papers, and 12 authorized national inven-
tion patents.

His current research interests include microwave
plasma diagnosis, electromagnetic parameter measurement of dielectric mate-
rial at high temperatures, nonlinear parameter measurement of high-power
amplifier, and design of microwave devices.

Dr. Li was a receipient of the Second Prize of The National Science and
Technology Progress Award, the First Prize, the Second Prize, and the Third
Prize of the Provincial And Ministerial Level Scientific and Technological
Progress Awards. In 2010, he was a winner of Education Ministry’s New
Century Excellent Talents Supporting Plan, a receipient of the title of excellent
experts with outstanding contribution of Sichuan Province in 2013. He is
a Guest Professor with the National Defense Science and Technology Key
Laboratory of Advanced Function Composite Material.

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 65, NO. 10, OCTOBER 2017

Daniel F. Sievenpiper (M’94-SM’04-F’09)
received the B.S. and Ph.D. degrees in electrical
engineering from the University of California, Los
Angeles, CA, USA, in 1994 and 1999, respectively.

He was the Director with the Applied
Electromagnetics Laboratory, HRL Laboratories,
Malibu, CA, USA, where he was invoved in
artificial impedance surfaces, conformal antennas,
tunable and wearable antennas, and beam steering
methods. He is currently a Professor with the
University of California, San Diego, CA, USA,
where he is focused on antennas and electromagnetic structures. He has
more than 70 issued patents and more than 120 technical publications.

Dr. Sievenpiper was awarded the URSI Issac Koga Gold Medal in 2008.
Since 2010, he has been served as an Associate Editor of the IEEE
ANTENNAS AND WIRELESS PROPAGATION LETTERS.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




