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Characteristics of Microstrip Directional Couplers on
Anisotropic Substrates
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Abstract —The properties of directional couplers fabricated on aniso-
tropic substrates are examined on a quasistatic basis. Three substrate
materials are considered: sapphire, Epsilam (a ceramic-filled polytetrafluo-
roethylene dielectric), and boron nitride. VSWR, directivity, and coupling
are presented for several representative 10-dB coupler designs, as well as
variations in these parameters with crystal axis offsets. It is demonstrated
that high directivity can be achieved by making use of the substrate
anisotropy in conjunction with a top cover to equalize even- and odd-mode
phase velocities.

I. INTRODUCTION

The need to improve the performance repeatability of micro-
wave hybrid integrated circuits has generated considerable inter-
est in the use of crystalline substrate materials such as sapphire
and boron nitride with highly predictable dielectric properties. At
the same time, the need for low cost microstrip circuits has
generated a number of glass- and ceramic-filled polymeric materi-
als, by such trade names as Duroid and Epsilam. These materials
are electrically anisotropic either because of their crystalline
structure or the processes used in their manufacture. In fact, it
has been demonstrated that other, presumably isotropic materials
such as alumina, show significant process-dependent anisotropy.

Anisotropy in microstrip substrates has traditionally been re-
garded as an undesirable property, primarily because microstrip
impedances and phase velocities are somewhat more difficult to
determine for anisotropic than for isotropic materials. However,
in the case of directional couplers and other coupled-line compo-
nents, certain types of anisotropy can be of significant advantage.
The odd-mode phase velocity in a microstrip coupler using an
isotropic substrate is greater than the even-mode velocity causing
degradation of the coupler’s directivity. This degradation be-
comes worse as the coupling is decreased or as the dielectric
permittivity is increased. Furthermore, the effects of unmatched
phase velocities are more severe than the effects of incorrect
even- and odd-mode impedances. For example, a 10 percent
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Fig. 1.

difference in phase velocities reduces the directivity of a 10-dB
coupler to 13 dB from its theoretically infinite value with equal
phase velocities. On the other hand, a 10 percent error in either
even- or odd-mode impedance, with equal phase velocities, re-
duces the directivity only to 26 dB. The corresponding figures for
a 20-dB coupler are 2 dB and 26 dB, respectively. Invariably, the
even-mode phase velocity is less than the odd-mode velocity by
10-12 percent for a 10-dB coupler, depending on the permittivity
of the dielectric substrate. ‘

However, if the substrate is anisotropic and the permittivity in
a direction parallel to the ground plane is greater than the
perpendicular component [1], the odd-mode phase velocity will
be reduced relative to the even mode and significantly improved
directivity will result [2]. To equalize the phase velocities, the
parallel component (the x—z component of Fig. 1) must be
approximately twice the perpendicular y-compounent [1],[2]. This
degree of anisotropy is virtually nonexistent in practical micro-
wave substrate materials, although a factor of 1.2-1.5 has been
observed. Nevertheless, these practically achievable anisotropies
can be used to significantly improve coupler directivity, and
changes in the microstrip geometry—most notably in the top
cover height for shielded microstrip—can be used in conjunction
with anisotropy to equalize even- and odd-mode phase velocities.

II. ANALYSIS

Anisotropic materials have received recently considerable at-
tention [3]-[7] as microstrip substrates. In this article, the anisot-
ropy is described by a tensor relative permittivity given by

€xx exy 0
e: = €,VX E,V,V O . ( 1 )
0 0 e

zz

If the axes of the substrate are aligned with the axes of the crystal
(see Fig. 1) then e, =¢,,=0. If, however, the alignment is
imperfect, the elements of € above are given by

€,x = €g¢ €O "+ €, sin *a )
€,, = € sinate,, cos *a ()

and
€, =€, = (€ —€,,) sina cos a (4)

where the £, subscripts refer to the crystal axes. As discussed in
[8], a quasi-static analysis of the problem is sufficient for lower
frequencies. In order to compute the characteristic impedance
and phase velocity of the coupled lines, an even-odd mode
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approach is used in combination with the method of moments
[11,[9]. To this end a quasi-TEM approach is sought by solving
Laplace’s equation

V'[CZJ-VG/] =0 ®)

withj = 1,2 pertaining to the region of interest (e.g., forj = 1,é,=¢
is given by (1) and for j=2,€, = ¢, =1). The boundary condi-
tions are simply

G (x, x99 om0 =G (X, x50, V)= =0 (6)

G (x. x5y, 9,2 pe g = Ga (e, x5y, )= oy =G (5 x7)
(7

= ’ ’ ’ s(x)
ﬁ'[e'le(x7x,;yvy )‘VGQ(X’X Y )]y:y’:H:—_;—-

(®)

The solution to the above boundary value problem can be ob-
tained by considering

G(x,y) =Re[¢(x,y)] ©)
and the spectral representation
1 )
o(xy)=5- [ Wk p)e s (10)

with
(11)

On the basis of this consideration, the Green’s function to this
problem is written as

W(£.)= [ o(x,y)eax.

N1 g cos [Ajx—x'|JdA
G(x’x)—zﬂf()/foo}\[}@coth (ASH)+ ¢, coth (AHr)]
(12)
with
V:E—l y=¢,, 8:[6 /e,,*(e ,/e,,)z]l/z.
H M ¥y XX »y Xy y

Analytic continuation and the Cauchy Residue Theorem convert
(5) into a series form
1 & exp | —uv,|x—x’
G(x,x)=—5 2 — o) |
€oH p=1 vp[yb“ csc “(u},,SH)-l— €57 CSC Z(DPVH):I

(13)

where the v, is the pth root of

( 2 1/2 .
€xbyy €y

1/2
2
(E,wc(w exv) +€2

sin (0,2) = — sin (v,4)  (14)

and
S=yp+§,A=p—34. (15)

Both Green’s function representations have been utilized and
the results obtained have been compared with various data in the
literature, notably with the isotropic substrate results of Bryant
and Weiss [10]. Although both Green’s function representations
(i.e., (5) and (6)) give highly accurate phase velocities, agreeing
with [10] to 1 percent or better, the series solution is consistently
1 percent-2 percent low in impedance. The integral expression
however, is remarkably accurate, with agreement within 0.5 per-
cent for practical geometries. Although the series solution re-
quires approximately 1/3 the time, all data in this paper were
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determined by using the more accurate integral form given by
(12).

IIL

Several designs of couplers were considered for anisotropic
substrates and compared with cases where the substrate is iso-
tropic. The anisotropic materials adopted in these designs were
Epsilam-10, sapphire, and boron nitride. In all cases a single-
section 10-dB coupler was used for comparison.

Epsilam is a ceramic-filled PTFE material. Its anisotropy arises
from its manufacturing process, and as a result the extraordinary
axis of the material is inherently aligned with the microstrip
y-axis. The x-z relative permittivity of the old (still in produc-
tion) Epsilam material is approximately 13.5 for 0.025-in thick
material; the y relative permittivity is ~10. Since it is a com-
posite material, these parameters tend to vary between manufac-
turing lot, e.g., 0.05-in thick material has an x—z permittivity of
~13.

" Boron nitride has x -z and y relative permittivities of 5.15 and
3.4, respectively, the strongest anisotropy of all three materials
considered. It has a low-loss tangent as well, and is potentially a
useful material for microstrip applications. It is not as yet,
however, in wide use.

Sapphire has been widely accepted for use in high frequency,
low-loss microwave hybrids. However, its x — y relative permittiv-
ity of 9.4 and y relative permittivity of 11.6 are the opposite of
those desired for high coupler directivity. Sapphire could con-
ceivably be supplied with the 11.6 direction parallel to the
microstrip ground plane, and the 9.4 perpendicular, but then the
axis of the coupler would have to be aligned with the z-axis of
the crystal. This would pose a serious layout problem in many .
circuits. It is important to recognize that couplers designed on
conventionally-cut sapphire will have significantly worse directiv-
ity than those fabricated on isotropic materials.

Coupler performance is summarized in Table 1. For each
design, S/H and w/H were adjusted until the desired Z;, and
Zs. of 36.0 and 69.4 Q for a 10-dB coupler in a 50— Q system
were achieved. In addition, for the shielded couplers, the normal-
ized top cover height B/H was adjusted until v,, and v,, were
equal. This is a laborious and expensive process, and it was
therefore terminated when impedances and phase velocities were
within about 1 percent of the desired values. The unshielded
coupler was approximated as a shielded coupler with a top cover
height of B/H = 6; for B/H > 6, the top cover has no significant
effect on microstrip parameters [1],[9].

Table I shows a directivity of 12-13 dB for a coupler fabri-
cated on an isotropic substrate. Using an anisotropic substrate
such as Epsilam 10 (0.025 in thick) results in 6-dB improvement
in directivity, to 19 dB. The unshielded coupler on boron nitride
has 19.5-dB directivity. Of course, if impedances are exact and
phase velocities are equal, directivity is theoretically infinite.
Table I shows extremely high directivity for Epsilam and boron
nitride couplers with approximately equal even- and odd-mode
phase velocities. In practice, the directivities of such couplers will
be limited by such things as manufacturing tolerances and reflec-
tions at transitions into and out of the coupled line segments.
With care, however, directivities greater than =~ 20 dB below 10
GHz should be achievable. This is considerably better than the
10-12-dB directivity usually achieved for 10-dB couplers on
isotropic substrates.

Fig. 2 shows the variation in even- and odd-mode parameters
for boron nitride as the crystal axes are rotated with respect to
the microstrip axes: this situation would be presented if the

CoUPLER DESIGNS
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TABLEI J
CoUPLER DESIGN—SUMMARY
- A 5 DIRFC- 7,7* CENTER
. (10" m/s)] (10" mfs) | TIVITY FRFQ.
COUPLFR w/i B/H S/M Zoe Zoo Vpe \lp0 dB VSWR COUPLING
EPSTLAM - SNIELDED 0.700 2.55 0.260 69,0 35.9 1.207 1.210 43 < 1,01 10.02
EPSTLAM - UNSHTELDED | 0.R00 vh 0,280 69.4 36.0 1.138 1.204 18 1.03 10.00"
ALUMINA UNSHTELDED 0.875 26 04260 69.2 35.9 1.150 1.286 12 1.06 10,04
BORON NITRIDE 1
- UNSRIELDED 1.850 6 0.120 70.0 35.9 1.772 " 1.860 19.5 1.02 9.83
BORON NITRIDE
- SHIELDED 1.60 2.80 0.095 69.3 36.0 1.876 1.875 58 < 1.01 10.00
QUARTZ - UNSHIELDED 1.830 >6 0.110 | £9.2 36.2 1.708 1.886 13 1.05 10.13
SAPPHIRE - SKEELDED,
o
e 0.690 | 2.20 | 0.225 | 69.2 | 35.9 | 1.256 | 1257 49 1.01 9.98
e 9.4)
¥y
SAPPHIRE -
(Ewi";.EEl,]ED 0,730 |, >6 0.260 69.4 36.2 1.086 1,227 11 1.06 10.12
Mo =116 .
¥y =
ZOI
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Fig. 2. Boron nitride 10-dB coupler. Coupled-line parameters versus crystal
axis rotation a. S/H = 0,095, W/H=16,¢,,=5.12,¢,, =34 at a=0°.
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Fig. 3. 10-dB coupler boron nitride substrate directivity versus rotation. a.

B/H=28,5S/H=0095w/H=16.

crystal were not cut precisely as desired. The resulting degrada-
tion in directivity is shown in Fig. 3. Fig. 4 shows the effect of
changing the top cover height; it is clear that the phase velocities
are only moderately sensitive to changes in B/H. The even-mode

Fig. 4. 10-dB coupler boron nitride substrate microstrip parameters versus:

B/H. w/H=16,S/H=0095,¢,,=5¢, =34

impedance is somewhat more sensitive in ierms of percentage
change for a specified change in cover height, but directivity is
considerably less sensitive to errors in impedance than in phase
velocity.
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Fig. 5. 10-dB coupler, sapphire substrate. Coupled-line parameters versus
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0.69.
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Fig. 6. 10-dB coupler, sapphire substrate. Directivity versus rotation a. B/H
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Fig. 7. 10-dB coupler, sapphire substrate. Coupled-hne parameters versus

crystal axis rotation a. S/H=0.1, B/H=60,¢,,=94,¢, =11.6 at a=0°.
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Comparable data for sapphire is presented in Figs. 5-7. No
data for Epsilam as a function of crystal axis offset is presented,
as it is an inherently aligned material.

IV. CONCLUSIONS

It has been shown that performance of coupled-line compo-
nents, especially directional couplers, can be improved by using
the anisotropy of certain substrate materials to equalize even- and
odd-mode phase velocities. This can be accomplished by choosing
a material with higher permittivity parallel to the ground plane
than perpendicular, and lowering the top cover height. Materials
with strong anisotropies are particularly suitable for this tech-
nique, and boron nitride in particular is a promising material.
Sapphire is a less promising material, and couplers fabricated on
sapphire substrates as conventionally fabricated may have worse
directivity than those on isotropic substrates. For a sapphire
substrate, high directivity is obtained when B/H ~1.9; however,
the performance is extremely sensitive to small tolerances of
deviation from B=1.9 H.
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Abstract — Dispersion of picosecond pulses propagating on a microstrip
line is calculated in the time domain. Numerical calculations are by the fast
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