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Electrically Tunable Switched-
Line Diode Phase Shifters
Part 1: Design Procedure

By Leo G. Maloratsky
Aerospace Electronics Co.

This article examines the
design and performance of
diode phase shifters, key
building blocks for phased
array, smart antenna, and
measurement technologies

n building a strategy
Ifor effective integrat-

ed-circuit design, it is
important to understand
the characteristics of dif-
ferent printed phase
shifters. Optimization of
the printed phase shifter

design process can reduce unnecessary costs
and design iterations, thus allowing designers
time to improve the quality of the product. The
design process includes various stages from
analysis of requirements to final design docu-
mentation, balancing and trading-off factors
such as electrical performance, size, cost, etc.
In this article we consider design strategy of
switched-line PIN-diode phase shifters.

RF and microwave phase shifters have
many applications in various equipment such
as phase discriminators, beam forming net-
works, power dividers, and phase array anten-
nas [1, 2, 3]. A phased array antenna has a
large number of radiating elements that emit
phased signals to form a radio beam. The
radio signal can be electronically steered by
the active manipulation of relative phasing of
individual antenna elements. Phase shifters
are fundamental parts of phased array anten-
nas. They allow an array to scan a beam or
reconfigure a shaped beam. Phased antenna
arrays consist of a number of individual ele-
ments, each one requiring a phase shifter that
applies the necessary phase shift to steer the

antenna beam

[4].

In some amplitude

monopulse systems [5, 6], a phase shifter pro-
vides different directional and omnidirection-

al antenna modes.

Figure 1 illustrates the design flow of
printed phase shifters. Definition of system
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Figure 1 - Flow chart for the design of print-
ed phase shifters.

level specifications is the first step in the
design flow of printed phase shifters. This
involves both system level requirements
which are applied directly to phase shifters, as
well as derived requirements which depend on
system requirements. Phase shifter specifica-
tions include electrical, cost, size and other
requirements. The major parameters which
define RF and microwave print phase shifter
are frequency range, bandwidth (BW), total
phase variance (A@), insertion loss (IL),
switching speed, power handling (P), accuracy
and resolution, input/output matching




High Frequency Design
PHASE SHIFTERS

(VSWR) or return loss (RL), harmonics level. For all
requirements, a designer has to choose consecutive inte-
ger values of weighting coefficients k; corresponding to
each parameter (step 2 of design flow in Fig. 1), starting
with & = 1 for the most important parameter [7 - 9]. The
maximum value of & can be less than or equal to the num-
ber of parameters, depending on whether some parame-
ters are considered to have the same importance or not.
Selection of a phase shifter prototype (step 6 of design
flow Fig. 1) depends on all requirements, selected trans-
mission line (step 3), technology process (step 4), and
must take into account the corresponding weighting coef-
ficients. The final choice of a phase shifter network and
control element will depend on the required bandwidth,
insertion loss, switching speed, total phase variance,
power handling, accuracy and resolution, input/output
matching, harmonics level.

The design strategy of printed transmission lines was
described in [7]. The type of optimal transmission line
depends on many different factors including the technol-
ogy process. According to the phase shifter design flow
(Fig. 1), a phase shifter prototype is selected (step 6) after
the selection of the transmission line (step 3), technology
process (step 4), and switch elements (step 5). The switch-
ing elements in digital phase shifters are PIN diodes and
Field Effect Transistors (FET). The high-speed PIN
diodes change resistance values from approximately
10,000 ohm to less than 1 ohm. Switching is achieved by
changing the bias point of a PIN-diode from forward to
reverse direction and vice versa. These PIN diodes are
commonly utilized in high-speed, current controlled
phase shifters. In MMIC design the switching elements
are often realized with FETs. GaAs phase shifters are
typically very small, on the order of a few square mil-
limeters, which makes them good candidates for thin-film
semiconductor manufacturing processes. GaAs, on the
other hand, is one of the most expensive semiconductors.

Analog phase shifters are devices whose phase shift
changes continuously with the control input and there-
fore offer almost unlimited resolution with monotonic
performance. The most commonly used semiconductor
control elements in analog phase shifters are varactor
diodes. Varactor diodes operating in a reverse-biased con-
dition provide a junction capacitance that varies with
applied voltage and can be used as an electrically variable
capacitor in a tuned circuit. Varactor analog phase
shifters can achieve a large amount of phase shift and
high speed and require fewer diodes than digital phase
shifters, but at the cost of decreased accuracy, relatively
narrow bandwidth, and low input power levels (less than
1 W). Schottky diodes are also used as variable elements
in analog phase shifters, but they suffer from limited
power handling capability and matching difficulty in
broadband networks.
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Sometimes the phase shifter prototype does not satis-
fy some requirements because of the selected transmis-
sion line. In this case the transmission line should be res-
elected to satisfy the phase shifter requirements. For min-
imum cost, most phase shifters use microstrip line, how-
ever, a lower loss stripline or a suspended stripline design
is more desirable. The final selection of a phase shifter
prototype can be made by analysis of the circle diagram
[7-9]. The optimum prototype is determined by minimiz-
ing the area between real and goal performance.
Synthesis of print the phase shifter is based on both sys-
tem requirements and derived requirements. Synthesis
results are physical dimensions of a phase shifter and
lumped element values if necessary. Analysis of a print
phase shifter entails definition of electrical performance
based on the known physical dimensions.

There are many different ways to implement the RF
phase shifter. Some of the most notable methods are
based on switched-line, loaded line, and reflection theo-
ries. The switched line method is the most straightfor-
ward approach of the three because it uses the simple
time delay difference between two direct paths to provide
desired phase shift.

The PIN-diode switched-line phase shifter can be clas-
sified according to following types of characteristics:

e transmission line (regular, irregular, and coupled);

e number of bits;

e structure (reflection or non-reflection);

e with reciprocal and non-reciprocal devices;

e number of switched inputs/outputs (SPST, SPDT,
SP3T, etc.);

e PIN diode connection with transmission line (series,
shunt, series-shunt);

¢ bandwidth (narrow or broadband);

e configuration of elements (distributed, lumped-ele-
ments, or combination of lumped and distributed);

e maximum power (low or high).

The switched-line phase shifter includes phase ele-
ments, switch elements (PIN diodes), and control net-
work. The selection of switch elements (step 5, Fig. 1)
depends on the phase shifter requirements. Shunt diode
switches are commonly used for systems with high isola-
tion and where handling of higher power is necessary. The
isolation of the off-path with shunt PIN diode is approxi-
mately 6 dB larger than in the configuration with series
switches. Series diode switches are commonly used in
broadband circuits. The series-shunt configuration pro-
vides greater isolation than both the series and the shunt
versions, but requires a bias current from both positive
and negative sources that would significantly increase
the DC power dissipation.

The switched-line phase shifter is dependent only on
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Figure 2 - Switched-line phase shifter circuit configuration options.

the lengths of line used. Also, the
switched-line phase shifter is simple
in both principle and design. One of
the two lines is labeled as a “refer-
ence” line, and the other as a “delay”
line. An important advantage of this
circuit is that the phase shift will be
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approximately a linear function of
frequency. This enables the circuit to
operate at a broader frequency range.
Also, the phase shift created by the
switched-line phase shifters is depen-
dent on transmission line lengths
only, and they are therefore very sta-

ble over time and temperature. The
PIN diodes of this phase shifter may
suffer from parameter drift, but this
usually provides degradation in the
insertion loss of the circuit and not
the phase shift. For the switched-line
phase shifter, both the peak power
capability and the insertion losses
are independent of the phase shift.

The conventional switched-line
phase shifter is comprised of two line
segments of different length selec-
tively connected to the transmission
line. The different path lengths
between the two line segments deter-
mines the amount of phase shift to be
introduced. The transmission line is
switched over from one line segment
of the phase shifter to the other when
the phase shift is removed. Figure 2a
illustrates the schematic of the con-
ventional switched-line phase shifter
with RF input 1, RF output 2, four
PIN diodes D1, D2, D3, and D4, and
two transmission lines L; and L,,.
Only one arm should be ON at a time.
When the PIN diodes D1 and D3 are
ON while PIN diodes D2 and D4 are
OFF, the reference delay line L, is in
the circuit. When the PIN diodes D2
and D4 are ON while PIN diodes D1
and D3 are OFF, the delay line L, is
in the circuit. By switching the signal
between two lines L; and L, of differ-
ent lengths, it is possible to realize a
specific phase shift:

AL
Ap=2nx —
q:nk

where AL is the difference between
the physical lengths of the delay line
(L2) and the reference line (L1); A is
the guide wavelength.

Switched-line phase shifters are
often used for two largest phase
shifts (180 and 90 degrees). When
path L, is a half guide wavelength
longer than path L, switching from
path L, to path L, introduces an
increased phase delay of 180 degrees.
For the required 180° phase shift the
difference in physical length should
be AL = A/2. By switching the signal
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between two pre-determined lengths of trans-

T'wo-diode PS (Fig.2.c) Three-diode PS (Fig.2.b) Four-diode PS (Fig.2.a)

mission line it is therefore possible to realize a Advantages
specific phase shift at a given frequency.
However, the phase shift value tends to deviate

Two PIN diodes only. Lowest Insertion Loss 0.5 dB
at 0" state.

Lowest Insertion Loss 0.7 dB at 180"
state.

No notch in the frequency response.

linearly from the intended value as the fre-
quency of the signal deviates in either direction
from the center (nominal) frequency. In order to
reduce the size of the switched-line phase
shifter, the reference line should be shorter. The

Disadvantages

Greater Insertion Loss 1.0 dB at 07 Less power dissipation due to | Greater insertion loss 0.8 dB
state. three series diodes, at 180" state.

Notch in the frequency Less power dissipation due
response. to four series diodes.

Motch in the frequency
response,

lengths L1 and L2 must be carefully selected to HicliRom

avoid phase errors, high return loss, and high

insertion loss.
The practical design of the existing | - 180" sue

- 0 state

14.9 17.5

158 153 13.0

Insertion

switched-line 180-deg phase shifters faces sev- | Loss" (max),
eral problems. One is associated with the half | *°
guide wavelength arm (“delay line” L,). | -0'sue
Resonances can occur in the off line when the | . 5.
line length is a multiple of 0.5 A. This line will

Lo 0.5 0.7

0.7 0.7 0.8

appear resonant due to its length, and the phas- Table 1
es will interfere in a way to reflect much of the
incoming power back to the input port. The res-

onant frequency will be slightly shifted due to the series
junction capacitances of the reversed biased diodes.

Another disadvantage of this phase shifter is a large
number of the PIN diodes: the typical switched-line phase
shifter (Fig. 2a) consists of two SPST switches with four
diodes D1, D2, D3, and D4. Insertion loss of the switched-
line phase shifter is equal to the loss of the single-pole,
double-throw switches plus the line losses. Typically, the
isolation of the two switches must exceed 20 dB in the
required frequency band.

Figure 2b illustrates the schematic of three-diode
switched-line phase shifter. Instead of two PIN diodes for
switching the reference line L1 (Fig. 2a) in this circuit,
one series PIN diode D1 is used. Figure 2c is an example
of the 180-deg switched-line phase shifter with two PIN
diodes. In this circuit, for the 180-deg phase shifting, the
diodes D1 and D2 are in the OFF position, and RF signal
passes through line L, with the one-half guide wave-
length length providing a 180-deg phase shift. The seg-
ments of lines between junction 5 and junctions 3, 4 have
the length equal to one quarter guide wavelength plus
length of short bypass line L;. For the 0-deg phase shift-
ing, diodes D1 and D2 are controlled to be in the ON posi-
tion. Therefore, during the 0-deg phase shifter status,
these quarter guide wavelength lines transform the short
circuit of diode D2 (the shunt PIN diode D2 is activated
by forward bias) into open circuit at junctions 3 and 4,
and an RF signal passes through bypass line L,. In this
case the reference line is activated because the series
diode D1 is ON with minimum series diode resistance
under the forward bias. The lengths of reference line L,
and delay line L, must be carefully selected to avoid
phase errors, high insertion losses and high return losses.
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- Performance of 0°/180° switched-line phase shifters.

The large errors don’t occur because there are two quar-
ter-wavelength shorted lines in the delay line L,. Thus,
both lengths (L; and L,) must not be multiples of a half
wavelength. Also, for the 180-deg phase shifter, the refer-
ence line length L, is not zero because of the finite dimen-
sions of series PIN diode and of PADs for solder of the
diode package. The disclosed phase shifter overcomes the
resonant effect by using the reference line electrical
length of greater than 0 degrees depending on the inser-
tion loss limitation. In this case the delay line length
should be greater than half guide wavelength in the
required frequency band. The problem of switched-line
phase shifter (Fig. 2¢) is the difficulty of simultaneous
realization of 180-deg phase shifting and the minimum
insertion loss in the reference mode, because for this
mode the lengths between the shunt diode connection and
each of the junctions 3 and 4 should be quarter-wave-
length. Therefore, the total delay line length is L, = W/2,
but for the 180° mode the delay line length should be
greater than half-wavelength: L, = /2 + L,. If the intend-
ed phase shift is 180 degrees, the differential path length
is equal to the half wavelength of the center frequency of
the signal of the transmission line. The PIN diodes suffer
from parametric drift. This usually leads to the degrada-
tion in the insertion loss of the switch but not in the phase
shift. The isolation per switch in the OFF line must be
greater than 20 dB to avoid phase errors.

The advantage of the switched-line phase shifter is
simplicity in both principle and design. The disadvan-
tages include losses in signal path due to semiconductor
devices and losses which depend on the phase shift due to
unequal transmission line paths. The main disadvantage
of the switched-line phase shifter network for use in



broadband systems is that the band-
width of operation is limited by the
variation of differential phase shift
with frequency. Also, if one of switch-
es fails, the whole phase shifter fails.
Another disadvantage of this phase
shifter is the contradictory conditions
for the required 180-degree phase
shift and the minimum loss during 0-
deg phase shift status. Table 1 illus-
trates performance of the 0/180-deg
two-, three-, and four-diode switched-
line phase shifters.

The switched-line 180-deg phase
shifter is relatively large for low-fre-
quency applications. Figure 2d illus-
trates lumped element 180-deg
switched-line phase shifter. The quar-
ter guide wavelength segments of the
phase shifter delay line are substitut-
ed with equivalent lumped element
circuits. A short segment of transmis-
sion line of characteristic impedance
z and electrical length © = 2nl/A (I is
the physical length of transmission
line, A is the guide wavelength) is
equivalent to a m-section circuit. For
the quarter-wavelength segments of
the phase shifter delay section, the
equivalent lumped elements of the =-
section are L =z/2nf,, C=1/2nf,z,
where 2z is the characteristic
impedance of the input/output line, f;,
is the center frequency of the phase
shifter. The lumped element configu-
ration of the 180-deg phase shifter
can be recommended for the HF, VHF,
and UHF ranges.

This article will conclude next
month, examining multi-step printed-
line phase shifter circuits. References
will be included with Part 2.
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