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STRIPLINES

BASIC CONFIGURATION

The stripline, shown in Fig. 1, is the oldest planar transmis-
sion line and has been in use in microwave integrated circuits
since its creation by R. M. Barrett in 1950 (1). In its simplest
form, it consists of a conducting strip, of width W and thick-
ness t, separated from a pair of common conducting ground
planes of theoretically infinite extent compared to the width
W of the strip conductor, W � a, where a is the width of the
ground plane. The ground planes are separated by a thick-
ness b, and the entire space is homogeneously filled with a
dielectric material of complex dielectric constant 	r(1 � j tan
�). The ground planes are kept at the same potential. In a
balanced stripline, the strip conductor is equidistant from the
ground planes. In an unbalanced stripline, there is an offset
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Figure 1. Balanced stripline configuration.
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Table 1. The Quantity 4d/b versus b/�c for w/b � 0.35 and
t/b 
 0

b/�c 4d/b

0.00 0.882
0.20 0.917
0.30 0.968
0.35 1.016
0.40 1.070
0.45 1.180
0.50 1.586

Figure 2. Unbalanced stripline configuration.

For W/b � 0.35, where
and the strip is not equidistant from the two ground planes,
as shown in Fig. 2. The first significant theoretical investiga-
tion of striplines was carried out by S. Cohn in the mid-1950s
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(2). While Sanders Associates used the trade name triplate
(3), the term stripline was first introduced by Airborne Instru- and
ments Laboratories (AIL).

MODES IN A STRIPLINE AND THE MAXIMUM
USABLE FREQUENCY
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Although striplines can support waveguide-type modes (TE or for W/b � 0.35 where
TM), the fundamental mode of propagation is the transverse
electromagnetic (TEM) mode, which has no cutoff frequency.
The field configuration for the fundamental mode is shown
in Fig. 3. The usable single-mode bandwidth of a stripline is
determined by the cutoff frequency of the lowest-order wave-
guide mode. For that mode, the two ground planes have the
same potential, the electric field is normal to the strip and
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the ground planes, and the longitudinal electric field is zero
with a cutoff frequency (4) 2Cf /	 is the per-unit-length fringing field capacitance between

the strip and each ground plane and 	 � 	0	r; 	0 � 8.854 �
10�12 F/m (permittivity of free space).fc = c
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CHARACTERISTIC IMPEDANCE OF AN
UNBALANCED STRIP TRANSMISSION LINEwhere c is the velocity of light in free space (3 � 108 m/s) and

4b/d is a function of the cross section of the stripline. For a
The characteristic impedance of an unbalanced striplinebalanced stripline, when t/b � 0 and W/b � 0.35, then 4d/b
(shown in Fig. 2) is given by (5)is a function of bc/f c, alone and is given in Table 1 (4).

CHARACTERISTIC IMPEDANCE OF A BALANCED STRIPLINE Z0 = 120π

√
εr

C
ε

(6)

The characteristic impedance of a balanced strip transmission
line can be accurately calculated from (5) where C/	 is the per-unit-length static capacitance between

the strip and the two ground planes, normalized by the per-
mittivity 	 of the medium.Z0 = 60√
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Figure 3. Field configuration of the fundamental mode of stripline.
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Figure 4. Variation of characteristic im-
pedance Z0 with W/b and t/b.
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The per-unit-length fringe field capacitances Cf1 and Cf2 are and
obtained from Eq. (5) by replacing b with (b � s) and (b � s),
respectively. The preceding formulas are applicable to single
strips only. Figure 4 shows the variations of Z0 with W/b for m = 6

[
b − t

3b − t

]
(15)

various values of t/b, for a balanced stripline.
There is no closed-form design equation for the unbalanced
stripline shown in Fig. 2. An iterative procedure based onTHE PROPAGATION CONSTANT IN A STRIPLINE
analysis and optimization is used to synthesize an unbal-
anced stripline for a given characteristic impedance Z0 andThe propagation constant � of a stripline is given by
substrate dielectric constant 	r.

β = 2π

λg
= 2π

√
εr

λ0
rad/unit length (10)

ATTENUATION CONSTANT IN STRIPLINES

where �g and �0 are the wavelengths in the stripline and free The attenuation constant of a stripline, balanced or unbal-
space, respectively. anced, is given by (4)

SYNTHESIS OF STRIPLINES α = αc + αd Np/unit length (16)

The attenuation constant �c due to conductor loss in the lineTo obtain the structural dimensions for a stripline to be de-
at a frequency f in gigahertz is obtained from (7)signed, when the characteristic impedance Z0 and the sub-

strate dielectric constant 	r are given, the following formula
is used (6):
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√

εr f
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W = W0 − W0 (11)

where Z0 is the characteristic impedance of the line and Z0 is
the characteristic impedance of the line when W, t, and b are
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√
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replaced by W � W � �s, t � �s, and b � �s, respectively, in
Eqs. (2) to (5).W0 = t
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is the skin depth a the frequency f in GHz. �r is the resistivity STRIPLINE DISCONTINUITIES
of the metal with respect to copper.

Stripline discontinuities are as essential an element of micro-The attenuation constant �d due to dielectric loss is given
wave circuits as their uniform line counterpart. Any arbitraryby
discontinuity in a stripline can be decomposed into a few basic
forms of discontinuities. These are an abrupt change in width
or step discontinuity, a gap, a circular hole in the strip, an

αd = β tan δ

2
Np/m (19)

open end, a cross junction, a T-junction, and an angled bend.
The appearance of discontinuities causes alterations in thewhere tan � is the loss tangent of the material. The Q-factor
electromagnetic field configurations of an otherwise uniformof a stripline is given by
stripline. Therefore, the modified field configuration can be
taken into account by appropriate incorporation of a shunt or
a series capacitance or inductance. For example, an open endQ = 8.686π

√
εr

λ0α
(20)

can be represented by a shunt capacitance. Figure 6 shows
the configurations and the corresponding equivalent circuits
of the discontinuities (8–10). The equivalent width D, shownTHE POWER-HANDLING CAPABILITY OF STRIPLINES
by the dashed lines, is obtained by conformal mapping tech-
niques:The average power P, in kW, that can be carried by a matched

balanced stripline with rounded edges is shown in Fig. 5 (4).
The ground plane to ground plane thickness is measured in D = b

K(k)

K(k′)
+ t

π

�
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2t
b

�
(21)

inches. Although the strip edges are assumed to be round, an
approximate value of Z0 can be obtained from either Fig. 4 or for W/b � 0.35 where K(k) is the complete elliptic integral of
from the analysis equations presented previously. the first kind

k = tan h
�

πW
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The associated complementary elliptic integral is defined as
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p
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and
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π
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for W/b � 0.35.

Step Discontinuity

A change in strip width or step discontinuity is essential for
the design of stripline matching transformers and low-pass
filters. The equivalent circuit parameters, shown in Fig. 6(a),
are given by

X = Z1
2D1

λg
ln csc

πD2

D1
(26)

l1 = −l2 = b ln 2
π

(27)

The normalized scattering matrix of the discontinuity can be
written as
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Figure 5. Average power handling capability of a stripline with
rounded trip edges.
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S11 = (Z2 − Z1 + jX )e− j2β l1

S12 = S21 = 2
√

Z1Z2

S22 = (Z1 − Z2 + jX )e+ j2β l2

 = Z1 + Z2 + jX

(28)
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The equivalent network for equal normalizations at the input where
and the output ports includes a transformer, as shown in
Fig. 6(a).

λ = λ0√
εr

, β = 2π

λ
, ξ = 0.2206b (37)

Gap Discontinuity

A series capacitance in a stripline is realized by a gap discon- The length extension �l can be obtained from the open-end
tinuity, as shown in Fig. 6(b). The equivalent circuit is, how- capacitance
ever, a pi-network of one series and two shunt capacitances.
The series component is due to the fringing capacitance from
one strip to the other strip, and the shunt components are l = 1

β
tan−1(Z0ωCoc) (38)

due to the field disturbance at the edge of each strip. As the
gap increases, the series capacitance decreases and the two

The reflection coefficient from the open-end discontinuity canshunt capacitances tend toward that of an open-ended
be calculated asstripline. The normalized susceptance parameters of the

equivalent pi-network are given by

S11 = 1 − jZ0ωCoc

1 + jZ0ωCoc
(39)

BA = 1 + Ba cot(βs/2)

cot(βs) − Ba
= ωC1

Y0
(29)

In the preceding equations, Z0 is the characteristic equation
of the stripline.2BB = 1 + (2Bb + Ba) cot(βs/2)

cot(βs/2) − (2Bb + Ba)
− BA = 2ωC12

Y0
(30)

T-Junction DiscontinuityλBa = 2b ln
{
sech

�πs
2b

�}
(31)

A T-junction discontinuity occurs in stripline stub matching,
stub-loaded lowpass and bandpass filters, branchline cou-λBb = b ln

{
coth

�πs
2b

�}
(32)

plers, hybrid rings, and in many other components. Figure
6(e) shows the stripline T-junction and the equivalent net-Circular Hole Discontinuity
work. The network parameters are obtained from

A hole discontinuity in a stripline is introduced to realize re-
active tuning in filters and resonators. Such discontinuities
are predominantly inductive in nature. The most common

Xa
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= −(0.785n)2 D2

3

D1λ
(40)

hole discontinuity is a circular hole discontinuity, as shown
in Fig. 6(c). The susceptance parameters of the equivalent pi-
network are given by
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BA = 1 + Ba cot(βr)

cot(βr) − Bb

(33)

for D3/D1 � 0.5, and

2BB = 1 + 2Bb cot(βr)
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− BA (34)
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where

for D3/D1 � 0.5. The transformer turns ratio n is given byBb = −
� 3bD

16βr 3

�
, Ba = 1

4Bb

(35)

The equivalent networks for gap and circular hole discontinu-
ities depend on where the reference plane is considered to
be situated.
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�
πD3

λ

�

πD3

λ

(43)

Open-End Discontinuity and
An open-end discontinuity occurs whenever an open-circuited
stripline stub is used in matching networks, filters, and so on.
Figure 6(d) shows a stripline open end and two equivalent
networks. The network can be a shunt capacitance Coc or an

B1

2Y1
= 2D1

λ

[
ln csc

πD3

2D1
+ 0.5

�d1

λ

�2

cos4 πD3

2D1

]
(44)

extended length �l. The second representation assumes that
a perfect magnetic wall exists at a distance �l from the physi- In the preceding equations D1 and D3 are the widths of the
cal open circuit. The open-circuit capacitance is given by equivalent parallel plate waveguides for strips of widths W

and W, respectively; Z1 and Z3 are corresponding characteris-
tic impedances; and Y1 and Y3 are the respective characteris-
tic admittances. The normalized scattering matrix of the T-

Coc = 1
ωZ0

tan−1
[

ξ + 2W
4ξ + 2W

tan(βξ )

]
(36)
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junction is obtained from

S11 = S22 = j2(Z3/n2)Xa − (Z2
1 + 2XaXb + X 2

a )

(Z1 + jXa)
(45)

S12 = S21 = 2Z1(Z3/n2 + jXb)

(Z1 + jXa)
(46) ���2

1 2w

r y d

x
(a)

S13 = S23 = S31 = S32 = 2
√

Z1Z3/n2


(47)

S33 = Z1 − 2(Z3/n2) + j(Xa + 2Xb)


(48)

and

 = Z1 + 2Z3/n2 + j(Xa + 2Xb) (49)

Bend Discontinuity

A bend discontinuity occurs mainly in stripline transitions
����yy

W

r s

t b

a

(b)
and hybrids. Figure 6(f) shows a stripline bend discontinuity

Figure 7. (a) Conventional unshielded microstrip line. (b) Sus-and the equivalent network. The parameters of the network
pended stripline.

are obtained from the following equations, derived from Babi-
net’s principle and the equivalent parallel plate waveguide
model.

shown in Fig. 7(a). Microstrip is the basic building block in
microwave integrated circuit (MIC) and microwave mono-
lithic integrated circuit (MMIC) technology (23).λXa = 2D

{
�(x) + 1.9635 − 1

x

}
(50)

Conventional microstrip, despite all its advantages at mi-
crowave frequencies, tends to be excessively lossy at millime-
ter-wave frequencies. Moreover, fabrication difficulties arise

Xb = − λ

2πD
cot

θ

2
(51)

due the required small dimensional tolerances at these higher
frequencies. To overcome these problems the suspendedWith �, in degrees, x is given by
stripline configuration [Fig. 7(b)] was proposed (12). Sus-
pended stripline incorporates air gaps between the substrate
and the two ground planes, as shown in the generalizedx = 0.5

{
1 + θ

180

}
(52)

stripline in Fig. 8 (14) (	r1 � 	r3 � 	r4 � 1 and 	r2 � 	r). This
results in a low zero frequency effective dielectric constant

and
	e(0) of the propagating medium (12). For suspended stripline
the effective dielectric constant lies between the substrate di-

�(x) = 0.5223 ln(x) + 0.394 (53) electric constant 	r and 1. Because of the low dielectric con-
stant, the suspended stripline results in larger circuit dimen-

Equation (53) is an approximation of the T-function (11). Ac-
curate values of the T-function for various x are available in
Ref. 11.

The reference planes T1 and T2 meet at an angle �. This
modifies the scattering parameters of the bend by multi-
plying S11 and S22 by ej2�� and S12 and S21 by ej��, where

δ = (D − W ) tan
θ

2
(54)

SUSPENDED STRIPLINE

Microstrip, the second-generation strip transmission line, be-
came popular with the availability of low-loss and inexpensive
dielectric, ferrite, and semiconducting substrates in the late
1960s (12). It is a derivative of stripline in which the top

h4
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h2

h1

����
����
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����yyyy����

r4

r1

r3

r2

W

Y

L

X

t

ground plane is theoretically moved to infinity and the space
above the strip is filled with an air dielectric (	r � 1), as Figure 8. Generalized suspended stripline.
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sions, leading to less stringent mechanical tolerances and For a lossless, nonmagnetic and isotropic substrate material,
the solution of Eq. (58) has the formincreased fabricational accuracy. Moreover, incorporation of

air gaps near the ground planes causes less field to be present
near the ground plane and consequently reduces the conduc-
tor loss (12).

G =
∞∑
n=1

Gx
n(x)G

y
n(y) (61)

It is accepted that 110 GHz is the approximate upper fre-
quency limit for operation of suspended stripline in millime- If we assume that the side walls at x � 0 and x � L are
ter-wave integrated circuits. This limitation results from the perfect electric walls, then we can write
combination of techniques required for meeting fabricational
tolerances and handling fragility and mode suppression.
Losses in suspended stripline at higher frequencies become

Gx
n(x) = sin

�nπx
L

�
n = 1, 2, 3 . . .∞ (62)

significant.
Using Eq. (62) for Gx

n(x) and substituting Eq. (62) in Eq. (58)The growing density of millimeter-wave circuits and ad-
givesvantages offered by suspended stripline in terms of cross-sec-

tional dimensions, frequency range of operation, leakage field
confinement, and low-cost circuit design and development
have resulted in the realization of many important circuit
components in suspended stripline.

∞∑
n=1

{
d2

dy2 −
�nπ

L

�2
}

Gy
n(y) sin

�nπx
L

�
= −1

ε
δ(x − x0)δ(y − y0)

(63)

Multiplying both sides by sin(n�x/L) and integrating over pe-
ANALYSIS OF SUSPENDED STRIPLINE riod x � 0 to x � L gives the differential equation for Gy

n(y):

Quasistatic Analysis

Quasistatic analysis is restricted to the low-frequency region

�
d2

dy2 − β2
n

�
Gy

n(y) = − 2
Lε

sin(βnx0)δ(x − X0) (64)

only; it evaluates the transmission characteristics from two
where � is the permittivity of the region and �n � n�/L. Thecapacitances: One is Ca, for a unit length of the stripline-like
preceding equation can be shown to be analogous to the differ-configuration obtained from Fig. 8 (13) with �r1 � �r3 � �r4 �
ential equation with the parameters given by Ref. 14.�r2 � �r � 1; and the other capacitance C for a unit length of

The characteristic admittance isthe suspended stripline �r1 � �r3 � �r4 � 1 and �r2 � �r. The
characteristic impedance Z and the propagation constant � of
the line can written in terms of these two capacitances as Y0 = ε (65)

the propagation constant is
Z = 1

c
√

CCa
(55)

γ = βn (66)
β = k0

√
εe(0) (56)

and the voltage is
ε(0) = C

Ca
(57)

V = Gy
n(y) (67)

where �e(0) is the effective dielectric constant of the medium, Obviously, the solution to Eq. (63) is, therefore, given by
� � 2�/�g, and k0 � 2�/�0; �g and �0 are the guided and the
free space wavelengths, respectively; and c is the speed of
electromagnetic waves in free space. Gy

n(y) = 2
nπx

sin(βnx0) (68)

Consider Fig. 8 (13). This structure can be thought of as a
special case of the multidielectric layer structure shown in Combining Eqs. (61), (62), and (68) gives the solution for the
Fig. 9(a). Let us assume that there is a point source at point Green’s function at the charge plane at y � y0 as
(x0, y0). Green’s function for this structure satisfies Poisson’s
equation as

G(x, y0|x0, y0) =
∞∑

n=1

2
nπε

sin(βnx0) sin(βnx) (69)

∇2
t G(x, y|x0, y0) = −1

ε
δ(x − x0)δ(y − y0) (58)

where

The following boundary conditions can be applied to Fig. 9(b), ε = ε1 + ε2 (70)
for continuity of fields at the jth interface of dielectrics

and
G(x, s j−0) = G(x, s j+0) (59)

and ε1 = εr2
εr1coth(βnh1) + εr2tanh(βnh2)

εr2 + εr1coth(βnh1)tanh(βnh2)
(71)

ε j
∂

∂y
[G(x, s j−0)] = ε j+1

∂

∂y
[G(x, s j+0)] (60) εr2 = εr3

εr4coth(βnh3) + εr3tanh(βnh4)

εr3 + εr4coth(βnh4)tanh(βnh3)
(72)
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Figure 9. (a) Multilayered dielectric structure. (b) Representative structure for imposition of
boundary condition. (c) The equivalent transmission line model.

The equivalent transmission line model is shown in Fig. 9(c).
Knowing the Green’s function, the line capacitance of the
structure is evaluated using the variational expression (15) K ′ = −

∑
n odd

[LnPn(Ln − 4Mn)]/(ε)

∑
n odd

[MnPn(Ln − 4Mn)]/(ε)
(75)

C =
∫

s1 f (x) dx∫
s1

∫
s1 G(x, y0|x0, y0) f (x) f (x0) dx

(73)

where

A wise choice of the trial function for the charge distribution
f (x) on the strip may give a very accurate value of C. Other-
wise the most appropriate charge distribution is assumed to Ln = sin

�
βnW

2

�
(76)

be

Mn =
� 2

βnW

�3
{

3

[�
βnW

2

�2

− 2

]
cos

�
βn

2

�

+
�

βnW
2

�[�
βnW

2

�2

− 6

]
sin

�
βn

2

�
+ 6

} (77)
f (x) =

� 1
W

�{
1 + K ′

∣∣∣∣ 2
W

�
x − L

2

�∣∣∣∣
3
}

;

for
L − W

2
≤ x ≤ L + W

2

(74)

The constant K� is obtained by maximizing the capacitance C
(15) as

Pn =
� 2

nπ

�� 2
βnW

�2

(78)
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Substitution of the preceding equations in Eq. (73) yields

C = (1 + 0.25K ′)2∑
n odd

TnPn

ε

(79)

where

Tn = (Ln + K ′Mn)2 (80)

To obtain C and Ca, the preceding steps are repeated for
�r2 � �r and �r2 � 1, respectively. Once C and Ca are obtained,
the characteristic impedance Z and the effective dielectric
constant �r are calculated using Eqs. (55) and (57), respec-
tively.

Wave Theory Analysis

There are many methods for calculating the quasistatic pa-
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rameters Z and �e(0) of a suspended stripline. For a detailed
Figure 10. Frequency dependence of various propagation constantsaccount of analysis methods for suspended stripline and other
of a suspended stripline (19).

related structures, the reader should refer to Ref. 16. Sus-
pended stripline structure, however, being inhomogeneous,
cannot support pure TEM modes. It can be shown that cou- The attenuation �c, due to the conductor loss alone, is given
pled LSE (longitudinal-section electric) and LSM (longitudi- by (12)
nal-section magnetic) modes or a hybrid mode are supported
by suspended stripline. As a result, the characteristic imped-
ance and the effective dielectric constant of suspended
stripline are not frequency independent. The dispersive na-

αc = 0.072λg
√

f
WZ0

{
1 + 2

π
tan−1

[
1.4

�
	

δs

�2
]}

dB
wavelength

(83)
ture of these parameters depends to a large extent on the
value of �r and the thickness h2 of the substrate. However, the where f is the frequency in gigahertz, Z0 is the characteristic
most commonly used substrates have a dielectric constant impedance in ohms, � is the rms surface roughness, and �s is
lower than 3.8 so that the dispersion is minimized. the skin depth at frequency f .

Several methods have been developed to calculate the dis- The attenuation constant �d due to dielectric loss is given
persive properties of suspended stripline (16). Considering by (12)
the availability of cheaper computing power than ever before,
the finite element method (FEM) appears to be the most ro-
bust method for analysis of suspended stripline dispersion. In αd = 27.3εr[εe(0) − 1] tan δ

εe(0)(εr − 1)

dB
wavelength

(84)

the finite element method, the cross section of the suspended
stripline is divided into a number of triangular subregions. At where tan � is the loss tangent of the dielectric substrate. For
the vertices of each triangular region, the Hertz potential is all practical microwave applications of suspended stripline, it
expressed in terms of the so-called shape functions and the is observed that the conductor loss greatly exceeds the dielec-
integral that represents the total energy of the system. On tric loss. Therefore, the attenuation constant due to dielectric
minimization of this integral, the values of the potentials at loss can be neglected for all practical purposes.
the nodes are uniquely obtained and the field distribution in
the structure is determined. The minimization function can SUSPENDED STRIPLINE DISCONTINUITIES
be reduced to a set of linear equations of the form (17)

As in conventional striplines, junctions or discontinuities are[A(β)][u] = γ (β)[B(β)][u] (81)
introduced in suspended striplines so that appropriate circuit

The elements of the matrices [A] and [B] together with the
eigenvalues �(�) are the functions of the propagation constant
�. Commercially available two-dimensional partial differen-
tial equation solvers (18), based on the finite element method,
can be used to solve dispersion problems in suspended
stripline. Figure 10 shows the frequency dependence of vari-
ous propagation constants of a suspended stripline (19).

Losses in Suspended Stripline

Attenuation in a suspended stripline can be divided into two

W

r

parts. The total attenuation is given by

Figure 11. Coaxial line to stripline transition via tab-type SMA con-
nector.α = αc + αd Np/unit length (82)
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