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Abstract —The design of broad-band high-performance control compo-
nents covering the 18-40 GHz frequency range utilizing microstrip tech-
nology is described. Design considerations and experimental results are
presented for high-speed single-pole, single-throw and single-pole, double-
throw switches with 80 and 60 dB isolation, respectively. Design equations
and experimental results are presented for a 3 dB quadrature microstrip
reentrant coupler and for a nonreflective voltage-controlled attenuator with
a dynamic range of 50 dB.

I. INTRODUCTION

HE WELL-KNOWN capabilities and potential ad-
vantages of millimeter (mm) wave systems have begun
to be realized in the past several years. Of particular
importance is the 18—-40 GHz region because of the rela-
tively low atmospheric attenuation of electromagnetic
waves in this region, as well as the presence of an atmo-
spheric transmission window near 35 GHz. In addition,
the 18-40 GHz range represents a natural extension of the
traditional 1-18 GHz microwave reg1on
To realize microwave components in the 18-40 GHZ
region, several technologies are possible. The oldest tech-
nology is waveguide, which offers the advantages of low
loss and high power-handling capability, but is cumber-
some and not readily amenable to the integration required
of modern microwave solid-state components. These short-
comings are partially overcome by the finline [1] technol-
ogy developed by Meier and others, but difficulties remain
in developing the broad range of high-performance mi-
crowave components and supercomponents required in
modern mm-wave systems. A third approach is to utilize
the planar transmission techniques used at lower frequen-
cies. This approach can be implemented very successfully
to yield 18-40 GHz components whose performance equals
or approaches that of 8-18 GHz components. Although
this approach can be extended beyond 40 GHz as well,
performance will be limited by practical fabrication and
assembly considerations.
This paper describes the design approach and experi-
mental results achieved for broad-band solid-state control
components covering the 18-40 GHz region. The compo-
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nents developed include:

1) Single-pole, single-throw (SPST) switch with 80 dB
isolation and 10 ns rise and fall times.

2) Single-pole, double-throw (SPDT) switch with 60
dB isolation and 10 ns rise and fall times.

3) 3 dB quadrature microstrip reentrant coupler [2].

4) Nonreflective voltage-controlled attenuator (VCA)
with 50 dB dynamic range.

The isolation and speed achieved for the switches exceed
those reported for broad-band switches in this frequency
range. An absorptive VCA for this frequency range has
not, to our knowledge, been previously reported.

II. DESIGN APPROACH

The transmission medium utilized in most lower fre-
quency (1-18 GHz) applications is a planar transmission
line operating in the transverse electromagnetic (TEM) or
quasi-TEM mode. The component interfaces to the outside
world via a coaxial connector operating in the TEM mode.
A major advantage of this approach is the ease with which
discrete chip components such as diodes and transistors
may be assembled and integrated using modern bonding
and die attach techniques. An additional advantage is the
extremely wide bandwidth of single-mode operation avail-
able, which extends from dc to the first appearance of a
non-TEM mode. For a coaxial connector with outer diam-
eter b, inner diameter a, and air dielectric, the first non-
TEM mode is the TE,; mode and occurs approximately at

3]

A.=a(a+b)/2. (1)
The recently developed Wiltron K™ 2.92 mm and Omni
Spectra OS-50™ 2.4 mm connectors operate mode free to
46 GHz and more than 50 GHz, respectively. It is there-
fore possible, if proper care is exercised, to apply lower
frequency techniques and approaches to the 18-40 GHz
region as well. This has been the basic approach adopted
in the work described in this paper.

The planar transmission medium chosen for the devel-
opment of mm-wave solid-state control components is the
microstrip line. For these components, it offers superior
performance and ease of assembly when compared with
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alternative approaches. Since propagation in microstrip is
only quasi~TEM in nature, dispersive effects can be signifi-
cant. By choosing a thin substrate with low dielectric
constant, such as 0.005 in Duroid™ (manufactured by the
Rogers Corporation), dispersive effects are minimized. In
addition, the first occurrence of higher order microstrip
modes will then be well beyond the frequency band of
operation.

The transition from coaxial connector to microstrip line
must be optimized to minimize reflections at the interface.
The techniques utilized to optimize the transition are simi-
lar to those employed at lower frequencies and follow the
general outlines suggested by the connector manufacturers.
The capacitive discontinuities inherently present in the
transition must be compensated by inductive sections of
line (Fig. 1). In addition, precise fabrication and assembly
techniques must be developed to meet the exacting toler-
ances required. Using these techniques, microstrip test
fixtures were fabricated and tested from 0.1 to 40 GHz.
The return loss for a pair of connectors separated by a 1 in
microstrip line was better than 17 dB to 18 GHz and better
than 14 dB to 40 GHz. These results are fairly close to
theoretical expectations, particularly in the light of the
fabrication and assembly tolerances present. The insertion
loss of the fixture was as expected on theoretical grounds.

III. SwiTcH DESIGN AND EXPERIMENTAL RESULTS

A. SPST Switch

A block diagram of an all-shunt SPST utilizing p-i-n
diodes is shown in Fig. 2. An all-shunt topology was
chosen in order to meet the design goals of 80 dB isolation
and 10 ns rise and fall times. The most critical aspect of
the SPST design is the choice and assembly of the p-i-n
diode, whose equivalent circuit is shown in Fig. 3. When
the diode is in the OFF state, the inductance of the bonding
ribbons together with the capacitance C, of the diode
forms an n =3 low-pass filter [4]. If the characteristic
impedance of the microstrip line is Z,, then an n=23
Chebyshev filter may be formed by choosing

(2)

L=gZy/w,
C=g/(v.Z) ®3)
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Fig. 3. Shunt-mounted p-i-n diode equivalent circut.

where w, is the cutoff frequency of the filter and g, and g,
are the low-pass prototype values. At 40 GHz, the diode
ribbon can no longer be treated as a lumped parameter,
and the desired ribbon length is found by computer opti-
mization. A diode C, of less than 0.07 pF is required to
obtain a good match over the entire 18—40 GHz range.
Such diodes are commercially available from most mi-
crowave p-i-n diode manufacturers. Another significant
parameter is the equivalent parallel resistance of the diode
in the OFF state, since this gives rise to the approximately
0.4 dB insertion loss of the diode at 40 GHz. The primary
physical mechanism responsible for this loss appears to be
the complex, and therefore dissipative, nature of the di-
electric constant of the swept-out “i” layer of the p-i-n
diode.

When the diode is in the ON state, R(i) is typically less
than 2 @ at 10 mA dc current, and the SPST switch is in
isolation. At 40 GHz, however, the isolation of the SPST
switch is limited by two other factors. One is the parasitic
inductance L, of the diode, which derives primarily from
the fact that the n* region of the diode may be considered
as a short length of low-impedance line which is short-cir-
cuited to ground. L, is approximately 0.02 nH, which
corresponds to a reactive impedance of 5 € at 40 GHz. An
even more significant factor is the presence of non-TEM
modes. To suppress the TE,, waveguide mode, the block
must be channelized. Since the propagation of the TE,,
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mode in a waveguide of width a is given by [5]

w=i|@m/A)~(n/a)] " )

the channel dimensions must be chosen accordingly. Even

after channelizing the block, however, the effect of non-

TEM modes is not eliminated entirely since the modes are
still launched and then reconverted to the TEM mode.

The design of the bias circuitry, particularly of the bias
choke, presents difficulties for broad-band applications.
One approach is to utilize miniature multiturn air coils. To
first order, such a coil may be modeled [6] as a parallel
L —C circuit, with the capacitance arising from the dis-
placement current flowing between turns of the coil. This
model has been found to be quite accurate up to and
somewhat beyond the self-resonant frequency of the coil.
Coils of this type have been fabricated and tested to 40
GHz with less than 0.1 dB insertion loss and better than 20
dB return loss when mounted in shunt across a 50 &
microstrip transmission line.

Based upon the above considerations, SPST’s were fabri-
cated and then tested on the Wiltron 5669A scalar ana-
lyzer system. Isolation measurements, which require a dy-
~ namic range of greater than 80 dB, were performed using
the Wiltron 6669A sweep generator, the EIP 578 source-
locking microwave counter, and the HP 8566B spectrum
analyzer, under the control of an HP 85B computer. In

general, the experimental results achieved were in good .

agreement with those expected on theoretical grounds. A
comparison of theoretical and measured insertion loss
performance is provided in Fig. 4, as well as the measured
return loss. The measured isolation performance is plotted
in Fig. 5. The isolation is less than that prediced by a
theoretical TEM model because of the presence of non-
TEM leakage modes. The overall performance of the SPST
switch is summarized in Table 1.

B. SPDT Switch

To achieve 60 dB isolation and 10 ns rise and fall times,
a series—shunt topology was chosen (Fig. 6). Of particular
importance is the design of the junction area. If one port

319
-80
l |
2 !
dB/div, ‘ §
A\
l
P
\|
{ I I B
100 | .
18 GHz 29 GHz 40 GHz
Fig. 5. Measured isolation of the SPST switch.
TABLE 1
SUMMARY OF TYPICAL SPST AND SPDT PERFORMANCE, 18—-40 GHz
Parameter SPST SPDT
Isolation (dB), min. 85 65
Insertion loss (dB), max. : 3.0 4.0
Return loss (dB), min. 10.0 9.5
Rise/fall time (ns), max. 6 8
Total switching speed (ns), max. 15 20
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SPDT switch, series-shunt design.

Fig. 6.

‘of the SPDT is oN and the other is OFF, the capacitance of

the series diode in the OFF arm loads the junction and must
be compensated [7]. Although models exist in the literature
for microstrip tee junctions, their accuracy at 40 GHz is
questionable. The necessary inductive compensation was
therefore arrived at by an initial computer analysis and
subsequent experimental optimization. In addition, the
isolation of the OFF arm as well as the return loss of the ON
arm is degraded by the physical distance between the
series beam lead diode and the shunt diode. To minimize
this effect, the beam lead diode was bonded directly to the
mesa of the shunt chip diode. A photograph of the internal
construction of the SPDT switch is provided in Fig. 7. The
performance of the switch is summarized in Table I.

IV. QUADRATURE 3 dB MICROSTRIP .
REENRANT COUPLER

Although the Lange [8] coupler is widely used at lower
frequencies, its implementation in the 18—40 GHz range is
problematic due to tight fabrication and assembly require-
ments. These problems are further compounded when a
thin substrate with low dielectric constant is used. An
alternative approach is the “Hopfer” coupler [2], which is
a microstrip realization of Cohn’s [9] reentrant coupler. As
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Fig. 7. Photograph of the SPDT switch.
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Fig. 8. Reentrant microstrip coupler. (a) Top view. (b) Side view.
(¢) Cross section.

shown in Fig. 8, the tight coupling is achieved by means of
floating upper and lower shields in the coupled region. A
major advantage of this structure is that it inherently
ensures a 90° phase difference between direct and coupled
arms. This is of particular importance in components such
as balanced attenuators and amplifiers, where the input
match depends upon a 2X90°=180° phase difference
between signals. In addition, if a substrate with a low
dielectric constant is used, the directivity is excellent be-
cause the phase velocities of the even and odd modes are
nearly equal. Finally, fabrication and assembly are rela-
tively straightforward and can be easily implemented on
soft substrates such as Duroid.
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As described in [2], the Hopfer coupler can be described
in terms of its odd- and even-mode impedances. To an
excellent approximation, the odd mode is contained en-
tirely within the stripline region of Fig. 8 and its impedance
is equal to the odd-mode impedance of the coupled
striplines. For the odd mode, the shields are at ground
potential. For the even mode, the shields are floating, and
the even-mode impedance is given approximately by

ZOe = Z(;e + 2ZOI

(5)
where Zj§, is the even-mode impedance of the coupled
striplines and Z; is the impedance of the thick microstrip
obtained by connecting upper and lower shields. The effec-
tive dielectric constant of the odd mode is equal to the
dielectric constant, ¢,, of the substrate material. The effec-
tive dielectric constant of the even mode can be shown [10]
to be equal to

€otf = (Zée@ + 2ZOIH)/(Zée/¢’€7 + 2201/H) (6)

where €, is the effective dielectric constant of the thick
microstrip.

In extending the Hopfer coupler to the mm-wave region,
a number of difficulties arise. The most serious problem is
the suppression of undesired non-TEM modes. In particu-
lar, the TE,, waveguide mode must be suppressed, since its
field structure lends itself readily to coupling into the TEM
mode. By reducing the width, a, of the waveguide so that
2a is less than the wavelength of the highest frequency in
the band, the TE,, mode may be cut off. However, the
width cannot be reduced too greatly because the sidewalls
of the channel begin approaching the upper and lower
shields. To further increase the cutoff frequency of the
TE,, mode, the upper ground plane may be relieved, thus
forming an “inverted” ridged waveguide. As shown in [11],
the cutoff frequency is thereby increased by up to 15
percent. The sidewall proximity to the coupled lines adds
capacitance to the thick microstrip line and must be in-
cluded in the calculation of Z,. To first order, the capaci-
tive effect at each edge of the line is the same as the
fringing field to the equivalent electric wall separating the
odd mode of two coupled microstrip lines, for which
closed-form expressions exist. Z, may then be approxi-
mated by

Zy = 261200/(2261 - Z()o) (7)

where Zj; is the thick microstrip impedance and Z,,, is the
odd-mode impedance of a pair of thick microstrip lines
separated by twice the distance from the thick microstrip
line to the sidewall. Since the thick microstrip line is
relatively far from the lower ground plane, dispersive
effects are no longer negligible and must be included. They
are calculated using the closed-form expressions given in
[12]. Finally, as in the lower frequency case, the inductive
end portions of the coupled sections must be compensated
capacitively.

A computer program was developed including all the
factors mentioned above, and the overall circuit was opti-
mized and analyzed. Based on this, 18-40 GHz couplers
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Fig. 10. Measured return loss and isolation of the coupler.

were fabricated and tested. The results obtained are shown
in Figs. 9 and 10 and are summarized in Table Il. As seen

from Fig. 9, the measured coupling is in excellent agree-
ment with theoretical expectations. The insertion loss of
the coupler itself is less than 0.2 dB, with the additional 1
dB of loss arising from the approximately 1 in length of
microstrip line in the test fixture between the connectors
and the coupled region. As seen from Fig. 10, isolation is

better than 25 dB to 36 GHz and 15 dB to 40 GHz, and

the return loss is better than 15 dB across the entire band.
One of the limiting factors in isolation and return loss
performance is the coax-to-microstrip transition, which
itself has a return loss of 20 dB at the high end of the
frequency range. The phase between arms was measured
on the Wiltron 360 vector network analyzer and is given in
Table II. '

V. NONREFLECTIVE VOLTAGE-CONTROLLED
ATTENUATOR (VCA)

To obtain a nonreflective VCA covering the entire 18—-40
GHz band with 50 dB dynamic range, a balanced ap-
proach [13] is taken, as shown in Fig. 11. The quadrature
property of the coupler is critical here, since any deviation
from quadrature results in a mismach at the input for high
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TABLE II
SUMMARY OF RESULTS OF 18-40 GHz COUPLER
Parameter Performance (18-40 GHz)
Return Loss 15 dB, min,
Isolation 25 dB, min, 18-36 GHz
L 15 dB, min, 36-40 GHz
Coupling 3 dB, nominal

Insertion Loss
Phase (between direct and
coupled arms)

1.2 dB, max.
90°41.5°,18-36 GHz
90° +3°,36-40 GHz

- | Fig 11 Schematic of RF portion of the VCA.

|
S
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attenuation levels. For an ideal quadrature coupler, the
direct and coupled transmission coefficients at center fre-
quency! are given, respectively, by [9]

Su=-— J‘/—l_'? (3)
‘ ©)

where ¢ is the midband coupling value and is equal to 0.74

for 18-40: GHz bandwidth coverage. At high attenuation

levels, the p-i-n diodes are- essentially short circuits and

reflect nearly all the incident power, with most of it

absorbed by the 50 £ termination. The total reflection

coefficient at the coupler input at center frequency is then
given, to first order, by

I-‘IN =‘ (Sll)coupler_ (262 - l) eAle + rteminaﬁone A (10)

L Sn=c

where @, is the electrical length between the coupler out-
put and. the first shunt p-i-n diode at center frequency.
(The second-order effect of the finite directivity of the
coupler has been neglected.) To minimize the reflection of
the 50. @ termination, the physical size of the termination
must be minimized and capacitive compensation intro-

duced.

Two further aspects of the 13-40 GHz VCA design
requiring attention are flatness of attenuation over the
frequency band and linearization of attenuation as a func-
tion of input voltage. For high attenuation levels, the
attenuation as a function of frequency is given, to first
order, by: v

| Sy~ g"(sin""16) /2 (11)

where ‘g is the normalized admittance of the conducting
p-i-n diode, # is the number of shunt p-i-n diodes and @ is
the spacing between diodes. For n = 3, this would imply a
theoretical flatness of +1.6 dB if the diode spacing were
90° “at center frequency and g were independent of fre-
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Fig. 12. Theoretical and measured attenuation versus frequency of at-
tenuator. (a) 20-30 dB mean attenuvation. (b) 35-50 dB mean attenua-
tion.

quency. In practice, however, two additional factors must
be taken into consideration. To begin with, as seen from
Fig. 3, g is frequency dependent; in fact, the inductance
dominates at higher frequencies. In addition, since the
attenuation level is defined relative to insertion loss, which
varies with frequency, the overall flatness of attenuation
versus frequency is affected. A computer program was
therefore written to analyze and optimize the attenuator
flatness. It was found that by reducing the impedance level
in the diode array, the flatness was improved. To obtain a
linear attenuation versus voltage characteristic from the
nonlinear attenuation versus current transfer function, p-i-n
diodes with an appropriate resistance—current relationship

were selected and existing low-frequency driver circuitry:

was slightly modified.

Utilizing the above approach, 18-40 GHz VCA’s were
fabricated and tested. As shown in Fig. 12, the measured
attenuation performance is close to that predicted on theo-

Fig. 13. Photograph of RF portion of VCA.

retical grounds, although there is some deviation at high
attenuation levels. The VSWR was better than 2:1 over
the entire band for all attenuation settings, and the inser-
tion loss was less than 4.0 dB to 40 GHz. A photograph of
the internal construction of the completed unit is provided
in Fig. 13.

VI. SUMMARY

An approach has been presented for the design of
broad-band solid-state control components covering the
18-40 GHz range. Theoretical and experimental results
have been presented for the design and performance of an
SPST switch, an SPDT switch, a 3 dB quadrature mi-
crostrip coupler, and a nonreflective VCA. The results
achieved equal or exceed those reported thus far in the
literature. Further development is planned to extend the
bandwidth of the components developed as well as to
develop additional control components such as phase
shifters and frequency translators.
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