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Englewood

An Octave-Band Switched-Line Microstrip
3-b Diode Phase Shifter

ROBERT P. COATS

Abstract—The design of an octave-band (2.5~5.0-GHz) switched-
line diode phase shifter is described. An analysis showing the need
for a choice of the shunt-diode switch configuration for broad-band
operation is presented. Curves of even- and odd-mode impedance of
parallel coupled microstrip lines employed in Schiffman differential
phase shifters are presented. The configuration and performance
characteristics of the phase shifter are described.

1. INTRODUCTION

N A RECENT PAPER [1], it was concluded that micro-

wave switched-line diode phase shifters employing cou-

pled transmission-line elements of the type described by
Schiffman [2] were limited in bandwidth to about 1/2 octave.
It was further stated that this bandwidth limitation occurs
because the effective length of the off transmission path be-
comes a multiple of a half-wavelength in the frequency band
of interest, where all incident power is reflected back to the
generator.

In this paper, the off-path insertion loss of switched-line
phase shifters employing both series- and shunt-configured
diode switches is determined. It is shown that the bandwidth
limitation described in [1] can be averted by use of the shunt
configuration. The design of an octave-band switched-line
3-b microstrip diode phase shifter operating in the 2.5-5.0-
GHz frequency band is presented. The performance charac-
teristics of this phase shifter are also included.
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The author is with the Antenna and Microwave Systems Branch,
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II. EFrEcTt OF SwiTcHE CONFIGURATION ON
PHASE-SHIFTER PERFORMANCE

The two configurations that were considered for the phase
shifter to be described are shown in Fig. 1. The configuration
utilizing series diode switches was initially thought to be the
most desirable because the position of the diodes relative to
the input and output junctions does not impose a potential
bandwidth limitation as it does in the shunt-diode switch
case. However, analysis of a mathematical model of the con-
figuration utilizing series switches revealed that it had operat-
ing points in the octave band at which the isolation between
switching paths becomes very low. At these points, the phase-
shifter insertion loss becomes very high and the phase error
large. The configuration employing shunt diode switches was
not found to have this problem. The problem was examined
further by determining the insertion loss of the off transmis-
sion path (i.e., the path where maximum insertion loss is
desired) [3]. The problem under consideration exists when
some separation of good quality diodes is found to produce
very low insertion loss in that path. This analysis is initiated
by considering the two-port network having wave amplitudes
a, and b, at port 1 and @» and bs at port 2, as shown in Fig. 2.
The wave amplitudes at port 1 and port 2 are related using the

casc a(lillg 1nal1ix 2 :
| bl ‘ ‘ as i tll 512 l a; |' ( )
ay b‘l t'll t‘l:} b‘l
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Fig. 1. Configuration of phase-shifter bits considered. (a) Series
diode switch configuration. (b) Shunt diode switch configuration.

0) e———

| T 2

b) *———

Fig. 2. Network model.

The insertion loss of the network is determined by expanding
this equation and assuming the output is terminated in a
matched load (i.e., a2=0):

by = t1oby (2)
a1 = laoby 3)
byfay = 1/t 4)

L = insertion loss = 20 logyo | b2/a: |
= 20 Ing| l/tgg

(5)

The circuits to be considered and the cascading matrices re-
quired are shown in Fig. 3 [4]. For a single-element diode
switch, the insertion loss is obtained using the 7; matrix for
each switch configuration. For the series configuration this
loss in decibels becomes

2
Lyeries = 20 logyo mo—_l:—z (6)
and for the shunt configuration it is
Lohant = 20 logye ———-2~——— . (7
Y/Yo+ 2
For the composite circuits shown, the cascading matrix is
Ty = T1T:Ts (8)

and the insertion loss is found by using the element 5 of this
matrix in (5). When the matrix multiplication is carried out,
the insertion losses of the circuits of Fig. 3(a) and (b) are
found to be
4e7?
sories = 2
i = 20108 I ¥ (220 + Drem|
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Fig. 3. Diode switch circuits and the cascading matrices of
elements. (a) Series switch. (b) Shunt switch.
and
4e7? i
Lshunt = 20 10g10 . (10)

—(Y/Yo)* + (Y/Yo+ 2)%

A. Zero Parasitic Reaclance

If we neglect parasitic reactances associated with the diode
configuration and its mounting, the diode element values re-
quired for the transmission-path open condition become

Z=—jX, for the series case
and
Y =1/R, for the shunt case.

Substituting these into (9) and (10) we have

Leries
4¢7°
o 2 (X 2y alern iz | (D
and
‘ 47
P = 20 o0 R + e | )

From (11) it is seen that zero insertion loss or isolation oc-
curs for the series switch when
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Fig. 4. Minimum phase-shifter off-path insertion loss as a function of diode real and imaginary impedance.

20 — 2 tan~' X/2Zo = (2m + 1)180,
m=0,1,23,- -
or
§ = tan~! X/2Zy + (2m -+ 1)90,
m=0,1,2,3 ---. (13)

For the shunt switch, a minimum value of insertion loss
occurs when

26 = m360, m=20,1,2,3 -
or
6 = m180, m=20,1,2,3,.--.. (14)
At this point, the shunt-switch isolation becomes
Lehuns = 20 loggo | ———| . 15
hunt g10 ZO/R +1 ( )

In order for the designer to make use of the series switch,
it is necessary to space the diodes close enough together to
prevent # from reaching the value of (13) in the band of in-
terest. If the designer expects to obtain 20-dB insertion loss
from a single diode, he finds the X/Zy required from (6) to
be 19.9. Substituting this into (13) gives a separation for zero
insertion loss of

9 =843+ 2m+ 19, m=0,1,23,--

or

§ = 174.3°, 354.3° 534.30, « - -

when two diodes of this quality are used. From these results
it is seen that use of the series switch for the octave-band
Schiffman differential phase shifter is impractical; there is not
sufficient separation between minimum isolation points to
permit octave-band operation between them, and the length
of the coupled-line element is too long (180° at center fre-
quency) to permit operation below the smallest diode separa-
tion giving zero isolation.

These problems are not encountered with the shunt
switch. A shunt-mounted diode can be found to provide a
Zo/ R of approximately 50 when operated in a 50-Q microstrip
transmission line. With this Z,/R ratio, a single diode is found
from (7) to provide 28.3-dB isolation, and two diodes spaced
180° apart to provide minimum isolation are found from (15)
to provide 34.1-dB isolation.

It is seen that when two cascaded diode switches are
utilized, minimum values of isolation occur when the diodes
are spaced at approximate multiples of A/2. The actual spac-
ing for series switches depends upon the X/Z, ratio, but for
good quality diodes it is close to A/2. For shunt switches it is
exactly A/2. For series switches, the isolation reduces to zero
at these points. For shunt switches, the isolation is approxi-
mately 6 dB greater than that obtainable with a single diode.

B. Finite Parasitic Reactance

It is now clear that the shunt diode configuration is supe-
rior to the series configuration when utilized for broad-band
switched-line phase-shifter applications. However, the off-
path insertion loss obtainable with the shunt diode configura-
tion can be severely degraded by parasitic reactance associ-
ated with the diode package and its mounting. Performance
degradation caused by large-series equivalent parasitic in-
ductance is probably the most common encountered by de-
signers. This degradation can be analyzed by allowing the
diode element values required for the transmission-path open
condition in (10) to become

Y =1/(R+;X)

where jX is the series equivalent inductive reactance of the
diode. When this is done, (10) becomes

47t
—Zo/ R+iX) P+ Zo/ (R+5X) 4 2]2e™ |
Equation (17) can be shown to have a minimum value when
6 = tan~' ZoX/(RZy+ 2R*+ 2X?) — tan~! X/R + m180,
m=1,2,3 ... (18)

(16)

(17

Lshunt =
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Fig. 6. Theoretical performance of 90° Shiffman phase shifter.
At this point, the off-path insertion loss becomes

Lshunt =20 10g10
4(R*+ X?)?
— Z(R+ X2+ [(RZo+ 2R +2X%) 2+ (Z,X)?] |

(19)

This minimum insertion loss is shown for a 50-@ characteristic
impedance environment as a function of diode real and imag-
inary impedance in Fig. 4. For the case of zero parasitic in-
ductance, the insertion loss is limited only by the minimum
value of diode resistance available. For cases of finite para-
sitic inductance, a reduction in diode resistance may result in
lower insertion loss unless an accompanying reduction in in-
ductance is made. For the limiting case where the diode re-
sistance becomes zero, the values of minimum insertion loss
become zero, as in the case employing series diodes.

ITI. PHASE-SHIFTER DESIGN AND PERFORMANCE

After performing the foregoing analysis to determine the
switch configuration required to achieve broad-band per-
formance, a switched-line phase shifter utilizing a microstrip
transmission line was designed to operate in the 2.5-5.0-GHz
frequency band. It was constructed on 0.020-in thick 99.5-
percent aluminum oxide substrate material, and utilized
parallel-coupled transmission lines one-quarter wavelength

Z (EVEN)

Z (oDD)

200

190

447

A
v
(=

L
(=]

130

120P

g7

110

00

80

80

4

70

60

Q.7

40

.05

[/

%

30

[N N/

20

/9

/

/

1
I

/]
i

)
W
S

S 6 7891
w/h

N
w
'Y
(5]

Fig. 7. Even- and odd-mode characteristic impedance

for coupled microstrip transmission lines.

long at center band to form Schiffman-type differential phase
shitters of 45, 90, and 180°. From [2], the theoretical per-
formances of Schiffman 45 and 90° phase shifters were deter-
mined for three values of the even- to odd-mode impedance
ratio p. These calculated performance curves are shown in
Figs. 5 and 6. From these it is seen that the values of p re-
quired to obtain equal ripple phase error are 1.75 and 2.75 for
the 45 and 90° bits, respectively. Two coupled lines of the type
employed in the 90° bit were used in the 180° bit. All coupled
lines were designed using the curves of even- and odd-mode
impedance versus geometry shown in Fig. 7. These curves
were derived using the maxcap 10 [5] computer program
which makes use of Green’s functions to determine the charge
distribution on the strip-conductor system employed. From
the charge distributions, the elements of the Maxwellian
capacitance matrix are determined, and from these elements,
the even- and odd-mode impedances are determined.

With the coupled-line configurations determined, the
major design task remaining was that of determining the form
of the input/output circuit used in each bit. These circuits
must provide an adequate impedance match when energy is
switched to either the uniform or coupled transmission-line
paths, an adequate dc isolation between diodes in the two
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Fig. 10. Measured performance of phase-shifter input/output circuit

transmission paths, and an adequate isolation between the
RF and diode-switching logic circuits. The form of the circuit
developed is shown in Fig. 8. A shorted stub for matching
purposes is achieved by connecting a stub to a plated-through
hole via a 12-pF beam-lead capacitor. Diode switching is ac-
complished by attaching the driver output to the stub end of
this capacitor. Diode switching paths are isolated by use of

Measured differential phase shift versus
frequency of typical phase shifter.

5-pF beam-lead blocking capacitors located near Wye-junc-
tion centers. This circuit configuration was optimized by using
the caIN 02 computer program [6]. This is a generalized rou-
tine for computer-aided design of linear time-invariant elec-
tronic circuits. The predicted voltage standing-wave ratio
(VSWR) provided by caiN 02 is shown in Fig. 9 and the
measured VSWR is shown in Fig. 10. Improvement in the-
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oretical performance was limited by the space available for
tuning elements. Differences between predicted and measured
performance are attributed primarily to errors in the lumped-
element equivalent-circuit representations of diodes and
capacitors.

The diodes employed are Hewlett-Packard 5082-3238
high-speed p-i-n diodes. The diode driver is a thick-film hybrid
microcircuit designed to provide a two-phase high-current
output from a single-phase emitter-coupled logic (ECL) in-
put. It is basically a p-n-p emitter-coupled amplifier and
phase-shifter stage driving a balanced emitter-coupled n-p-n
output stage. It provides 10 mA to each of two oN diodes,
while reverse biasing the two OFF diodes to 2 V. The desired
throughput time of 5-10 ns is achieved by using high-peak
reverse current, low resistance values, and emitter speed-up
capacitance in the output stage. The total time required to
change phase-shifter states is approximately 12-15 ns.

A photograph of the complete 3-b phase-shifter assembly
is shown in Fig. 11. Sixty of these units have been built and
evaluated for use in a phased-array antenna application. Per-
formance characteristics of a typical unit are shown in Figs.
12 and 13. Fig. 12 shows the limits of insertion loss incurred as
the phase shifter is switched through all eight switching states.
Fig. 13 shows the differential phase shift provided as the phase
shifter is switched from the reference state or transmission
path void of coupled transmission lines to the remaining seven
phase states. Phase errors that are significantly larger than
that theoretically predicted using the curves of Figs. 5 and 6
are due to improper complementary transmission-line length
and impedance mismatches in coupled sections and input/
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output Wye junctions. The divergence between minimum
and maximum insertion loss shown in Fig. 12 is also caused by
these impedance mismatches.

IV. ConNcLUSIONS

Switched-line diode phase shifters employing Schiffman
differential phase elements can provide bandwidths in excess
of an octave if the proper diode switch configuration is em-
ployed. Low phase errors can be achieved over this band with
single-section coupling sections if proper care is taken to limit
internal reflections caused by impedance mismatches. In the
phase shifter described herein, designated elements in each
bit were individually optimized. Better performance can be
realized by using a computer-aided design technique to per-
form this optimization on a mathematical-model representa-
tion of the composite 3-b phase-shifter system.
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