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[57] ABSTRACT

An eight bit digital phase shifter includes a plurality of
low pass filter networks to provide the lowest five bits.
The first three bits are provided by low pass pi net-
works, phase shift being controlled by controlling the
network series inductance. The next two bits are pro-
vided by low pass tee networks, phase shift being con-
trolled by selectively shorting the network series in-
ductance to effectively remove the filter from the
phase shifter. The three highest bits are provided by
3dB hybrids.

9 Claims, 4 Drawing Figures
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EIGHT BIT DIGITAL PHASE SHIFTER UTILIZING
PLURALITY OF SWITCHABLE LOW PASS
FILTERS

GOVERNMENT CONTRACTS

Development of the invention herein described and
claimed was carried out in part under contract with the
United States Air Force.

BACKGROUND OF THE INVENTION

In recent years, workers in the wave transmission arts
have found it desirable to digitally control the phase
shifting of microwaves passing along a transmission
line. One technique for digital phase shifting is based
upon the selective alteration of the reactive impedance
of the transmission line. Using such a technique, a
phase shift is realized in response to a change in the
electrical length of the line. A phase shifter using this
technique is not to be confused with a delay line which
introduces phase shift as a result of a change in the
physical length of the path traveled by a wave. In the
interest of clarity the term phase shifter used herein will
refer to those microwave networks which introduce
phase shift in response to a change in the electrical
length of the transmission line.

Examples of such phase shifters are described in U.S.
Pat. No. 3,491,314 to Joseph F. White and U.S. Pat.
No. 3,436,691 to W.F. Hoffman. In the White phase
shifter, varactors or PIN diodes are used to digitally
control the reactive impedance of the transmission line.
In the Hoffman phase shifter a similar digital control
system is used. The Hoffman phase shifter provides
phase shift increments or bits of 5.6° with a maximum
phase shift of 90° using a four bit network.

An improvement over phase shifters of the type pre-
viously described, is found in a digital phase shifter
which uses a pi filter network switchable, in response
to digital signals, from a low pass pi to a high pass pi fil-
ter. Such a phase shifter is disclosed in U.S. Pat. No.
3,546,636 to G.C. Di Piazza. As indicated in the Di Pi-
azza patent,-a phase shifter which uses filter networks
to accomplish the phase shifting has an advantage over
the White and Hoffman type of phase shifter in that the
size of the complete phase shifter can be reduced.
However, the Di Piazza phase shifter suffers the disad-
vantage that it is narrow band and presents a constant
phase versus frequency response -over this narrow
band. More specifically, this phase shifter provides only
an 18 percent bandwidth for a 12dB return loss.

The present invention is directed to an improved dig-
ital phase shifter of the type using filter networks to
produce desired phase shifts, the improved phase
shifter having a wider bandwidth than the Di Piazza
phase shifter as well as greater efficiency, fewer circuit
elements and a linear, rather than constant, phase ver-
sus frequency response.

- SUMMARY OF THE INVENTION

The phase shifter of the present invention comprises
low pass filter networks including elements which can
selectively change the network impedance. A change in
the network impedance causes a change in the phase
shift experienced by a wave passing therethrough.

More specifically, the phase shifter includes low pass
pi networks and low pass tee networks with means for
selectively varying the networks’ series inductance.

10

20

25

30

35

40

45

50

60

2

The use of low pass filter networks rather than filter
networks which are switchable from a low pass network
to a high pass network, provides a broader band re-
sponse and a linear phase versus frequency response.

In the preferred embodiment, the phase shifter is
formed to provide an octave bandwidth, eight bit phase
shifter providing a total phase shift capacity of 360° at
the low side of its operating bandwidth in 1.4° phase
shift increments or bits. Since the phase shifter pos-
sesses a linear phase versus frequency response it has
a phase shift capacity of 720° at the high side of its
bandwidth with phase shifts in increments of 2.8°

To control the VSWR within acceptable limits low
pass pi filters are used for the three smallest bits while
low pass tee filters are used for the next two larger bits.
The three largest bits are provided using a conventional
3dB hybrid configuration.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic representation of a phase shifter
constructed in accordance with the teachings of the in-
vention;

FIG. 2 is a graph of VSWR versus frequency for the
phase shifter of FIG. 1; .

FIG. 3 is a graph of insertion loss versus frequency
for the phase shifter of FIG. 1; and

FIG. 4 is a graph of phase versus frequency for the
phase shifter of FIG. 1. '

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

The preferred embodiment of the phase shifter com-
prises an eight bit PIN diode phase shifter operating
over a bandwidth from 2 to 4 GHz. It makes use of low
pass filter networks which have a nominally linear
phase versus frequency response from D.C. to a region
near the cutoff frequency of the filter.

The phase shifter is designed to provide bits, that is
phase shift increments, of 1.4°, 2.8° 5.6°% 11.25°, 45°,
90° and 180° at 2 GHz. Due to the linear phase versus
frequency response over the operating range of the
phase shifter, eight bits from 2.8° to 720° may be pro-
vided at 4GHz. Where a total phase shift of only 540°
at 4GHz is acceptable, the 180° bitat 2 GHz is designed
to provide a constant phase shift over the frequency
bandwidth. Thus the phase shifter would provide eight
bits, from 2.8° to 540° at 4 GHz.

FIG. 1 illustrates the eight bit phase shifter embodi-
ment of the invention having input terminals 1, 3 and
output terminals 5, 7. Between the input and output
terminals are eight phase shifting networks each pro-
viding the indicated phase shift at 2 GHz. The low pass
pi networks 30, 32 and 34 are used to provide the three
smallest bits. Since each pi network is of the same con-
figuration and operates in the same manner only pinet-
work 30 will be discussed in further detail. Network 30
includes a shunt capacitance comprised of capacitors
C1 and C2 and a series inductance comprised of induc-
tors L1 and L2. The phase of a wave entering terminals
1, 3 and passing through network 30 is varied by con-
trolling the impedance of the network which in turn is
controlled by varying the network series inductance.

The network series inductance is varied between two
values by selectively switching inductor'L1 into the net-
work. When switched into the network, inductors L1
and L2 are in parallel thus providing a lower series in-
ductance than is present when only inductor L2 is in
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the network. The switching of inductor L1 into or out
of the network is controlled by PIN diode D1 con-
nected in series with inductor L1. When diode D1 is
forward biased the network series inductance com-
prises inductors L1 and L2 in paraliel while when diode
D1 is back biased the series inductance is provided by
inductor L2 alone. Biasing of diode D1 is controlled by
a bias source (not shown) connected to terminal 2. RF
signals are isolated from the bias source in a conven-
tional manner through the use of RF choke, RFC, and
bypass capacitor CB.

The phase shift experienced by a wave passing
through a low pass filter network is directly propor-
tional to the value of the network series inductance.
Thus, when diode D1 is forward biased, placing induc-
tor L1 in parallel with inductor L2, a minimum phase
shift is experienced by the wave. When inductor L1 is
switched out of the netowork, the phase shift increases.
The values of inductors L1 and L2 are selected such
that the phase shift increases by 1.4° when inductor L1
is switched out of the network.

Low pass pi networks 32 and 34 operate in an identi-
cal manner. Diodes D2 and D3 in networks 32 and 34
correspond to diode D1 in network 30 while inductors
L3, L4 and L5, L6 correspond to inductors L1 and L2.
Biasing of diodes D2 and D3 is controlled by bias
sources coupled to terminals 4 and 6. The shunt capaci-
tance of networks 32 and 34 are provided by capacitors
C3, C4 and CS5, C6 respectively.

Network 32 provides a phase shift of 2.8° while net-
work 34 a phase shift of 5.6°. The size of the phase shift
is controlled by the value of the network inductors and
capacitors. The value of the shunt capacitors and the
average value of the series inductance are selected
from a scaled Chebyshev prototype filter. Further, the
ratio of the values of the parallel inductors of a network
is selected so that the VSWR is equal in both bias states
of the network PIN diode.

As the phase shift provided by the low pass pi filter
increases so does the mismatch. Thus, for a given
VSWR there is a maximum phase shift which can be
provided by the low pass pi network. It has been deter-
mined that for a phase shift of 5.6° at 2 GHz (11.25° at
4 GHz) the VSWR assumes a value of about 1.2 : 1. In
order to lower the VSWR for larger phase shifts I have
determined that low pass tee networks may be used.

Thus, to contain the VSWR while increasing the size
of the phase shift bits, low pass tee filters, as illustrated
at 36 and 38 of FIG. 1 are used. The values of inductors
L7 and L8 and capacitor C7 are selected to provide a
phase shift of 11.25° while the values of inductors L9
and L10 and capacitor C8 are selected to provide a
phase shift of 22.5° at 2 GHz.

For a minimum phase shift in networks 36 and 38, di-
odes D4 and D7 are forward biased while diodes D5,
D6, D8 and D9 are back biased to effectively remove
the low pass tee filters from the transmission line. Se-
lective biasing of these diodes is provided by bias
sources (not shown) coupled to terminals 8, 10, 12 and
14. As with the low pass pi networks, RF chokes, RFC,
and bypass capacitors, CB, are provided to isolate the
bias sources from the RF signals. When the bias condi-
tions are reversed, diodes D4 and D7 are back biased
while diodes DS, D6, D8 and D9 are forward biased,
thus effectively placing the low pass tee filters 36 and
38 back into the phase shifter. The phase shift is then
nominally that of the low pass tee filter. The particular
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phase shift provided by each of the tee network filters
is controlled by the value of the inductors and capaci-
tors which comprise the filter. As with the low pass pi
networks, the filter elements are chosen to give a
Chebyshev response. '

The circuit of FIG. 1 can be implemented on micro-
strip.. In the microstrip implementation, high impe-
dance and low impedance sections of line are used to
approximate the inductors and capacitors. Using a
Chebyshev prototype, the designer can vary the cutoff
frequency of the filter until the desired change in phase
shift (that is the difference between the bias condi-
tions) is obtained. Physical lengths and impedances
may be varied from the calculated values by small
amounts to optimize the VSWR while maintaining the
desired phase shift.

The three large bits (45° 90° and 180° at 2 GHz)
preferably use a conventional large bit phase shifter
network utilizing a three dB hybrid such as that de-
scribed by Julius Lange in the publication Interdigi-
tated Strip-Line Quadrature Hybrid, G-MTT 1969 In-
ternational Microwave Symposium, Dallas, Texas, May
1969. This phase shift network uses a 3 dB hybrid with
PIN diodes to shift the shorted output arms an electri-
cal length 6/2 closer to the hybrid for a phase change
of . Phase shifting networks 40 and 42 illustrate the
configuration required for developing a 45° and 90°
phase shift respectively. With respect to network 40,
when diodes D10 and D11 are forward biased in re-
sponse to bias signals-applied at the terminals 16 and
18, the shorted output arms of the hybrid are shifted an
electrical length 22.5° closer to the hybrid. This has the
effect of producing a 45° phase shift. It should be noted
that the phase change of 8 is frequency dependent and
in fact the phase shift provided by the hybrid varies
substantially linearly over the frequency bandwidth.
Thus, for the 45° phase shift provided by hybrid 40 at
2 GHz, the same network will provide a 90° phase shift
at 4 GHz.

Hybrid 42 is used to provided a 90° phase shift at 2
GHz. To accomplish this, diodes D12 and D13 are uti-
lized to selectively bring the shorted output arms of the
hybrid 45° closed to the hybrid at 2 GHz.

It has been found that a constant 180° phase shift
over the bandwidth provides suitable phase shift flexi-
bility for many design applications. In such a case, net-
work 44 may take the configuration shown. In this case,
diodes D14 and D15 are used to switch from an open
circuit to a closed circuit thus providing a constant
180° phase shift over the bandwidth. Biasing of diodes
D14 and D15 is provided by a bias source coupled to
terminals 25 and 26. As with the low pass pi and tee fil-
ters, the hybrid phase shifter sections include conven-
tional RF chokes, RFC and RF bypass capacitors, CB,
to isolate the RF signals from the bias source.

Greater appreciation of the unique digital phase
shifter described hereinabove, may be had by reference
to FIGS. 2, 3 and 4. FIGS. 2 and 3 represent respec-
tively by VSWR and insertion loss experimentally de-
termined for the phase shifter of FIG. 1 over the speci-
fied bandwidth. The solid lines represent the average
values while the dash lines show the maximum and min-
imum values for all 256 phase states. The phase shifter
used to develop these graphs was constructed on two
2 X 2 inch alumina substrates, 0.060 inches thick. The
substrates used have a surface finish of about 20 micro-
inches. It was found that some energy was lost above



3,789,329

5
3.5 GHz due to radiation. Ths loss could be reduced by
using thinner substrates and a better surface finish.

The measured phase characteristics are illustrated in
FIG. 4. Each individual bit is shown with all of the bits
in the minimum phase state. In the phase shifter utilized
to develop the graph of FIG. 4, phase shifter network
44 was of the type providing a constant 180° phase shift
over the bandwidth. With respect to the other individ-
ual bits, it is seen that the phase shift between 2 GHz
and 4 GHz is nominally linear. Deviations from linear-
ity occur primarily in two ways. First, there are varia-
tions about the nominal and second there is a gradual
increasing phase or dispersion with frequency which is
particularly notable on the smaller bits. The variations
or wiggles about the nominal are due primarily to the
effects of VSWR interactions and will virtually disap-
pear when the individual bits are terminated in 50
ohms.

While the invention has been particularly shown and
described with reference to preferred embodiments
thereof, it will be understood by those skilled in the art
that various changes in form and details may be made
therein without departing from the spirit and scope of
the invention.

What is claimed is:

1. A digital phase shifter comprising a plurality of
phase shift networks connected in series so that the
total phase shift is the sum of the phase shift provided
by each network, said plurality of networks including
at least a first phase shifter network in the form of alow
pass pi filter having shunt capacitive reactance and se-
ries inductive reactance, and digital means for selec-
tively switching the value of the series inductive reac-
tance between two fixed values to digitally vary the
phase shift provided by said low pass pi filter.

2. A digital phase shifter comprising a plurality of
phase shift networks connected in series so that the
total phase shift is the sum of the phase shift provided
by each network, said plurality of networks including
at least a first phase shifter network in a form of a low
pass pi filter having shunt capacitive reactance and se-
ries inductive reactance, means for changing the value
of the series inductive reactance to vary the phase shift
provided by said low pass pi filter,

at least a second phase shifter network in the form of

a low pass tee filter having shunt capacitive reac-
tance and series inductive reactance, and means
for selectively causing a signal traveling through
said digital phase including to bypass said low pass
tee filter by selectively shorting said series induc-
tive reactance.

3. A digital phase shifter comprising a plurality of
phase shift networks connected in series so that the
total phase shift is the sum of the phase shift provided
by each network, said plurality of networks inclduing
at least a first phase shifter network in the form of a low
pass pi filter having shunt capacitive reactance and se-
ries inductive reactance, means for changing the value
of the series inductive reactance to vary the phase shift
provided by said low pass pi filter,

wherein said means for changing the value of the se-

ries inductive reactance of the low pass pi filter
comprises a first inductive reactance, a series con-
nected second inductive reactance and a diode,
said diode being capable of being placed in either
of two conductive states, and means for causing
said diode to assume a first state to cause said first
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and second inductive reactances to be connected
in parallel and for causing said diode to assume a
second state to cause said second inductive reac-
tance to be effectively removed from said low pass
pi filter.

4. A digital phase shifter comprising a plurality of
phase shift networks connected in series so that the
total phase shift is the sum of the phase shift provided
by each network, said plurality of networks including
at least a first phase shifter network in the form of alow
pass pi filter having shunt capacitive reactance and se-
ries inductive reactance, means for varying the series
inductive reactance to vary the phase shift provided by
said first network, and

at least a second phase shifter network in the form of

a low pass tee filter having shunt capacitive reac-
tance and series inductive reactance and means for
selectively shorting said series inductive reactance
of said low pass tee filter,

wherein said means for shorting said low pass tee fil-

ter series inductive reactance comprises first diode
means in series with said tee filter series inductive
reactance and second diode means shunting said
tee filter series inductive reactance, said first and
second diode means being capable of assuming first
and second conductive states whereby when said
first diode means is in a first conductive state and
said second diode means is in a second conductive
state, said series inductive reactance is short cir-
cuited to effectively remove the low pass tee filter
from the phase shifter.

5. The digital phase shifter of claim 4 wherein said
means for varying the series inductive reactance of
each of the low pass pi filters comprises a first inductive
reactance and a series connected second inductive re-
actance and a diode, said diode being capable of being
placed in either of two conductive states whereby in a
first state said first and second inductive reactances are
in parallel while in the sccond conductive state said
second inductive reactance is effectively removed from
said low pass pi network.

6. The digital phase shift network of claim 5 wherein
said diodes in said low pass pi filters and said first and
second diode means in said low pass tee filters com-
prise PIN diodes, each of said low pass tee filters com-
prising first and second series connected inductive re-
actances, said shunt capacitive reactance being cou-
pled between said tee filter first and second series con-
nected inductive reactances to ground, said first diode
means comprising first and second PIN diodes, said
second diode means comprising a third PIN diode in
parallel with the series circuit comprising the first and
second tee filter inductive reactances and said first and
second PIN diodes.

7. A digital phase shifter comprising a plurality of-
phase shift networks connected in series so that the
total phase shift is the sum of the ‘phase shift provided
by each network, said plurality of networks including
at least a first phase shifter network in the form of a low
pass pi filter having shunt capacitive reactance and se-

ries inductive reactance, means for varying the series

inductive reactance to vary the phase shift provided by
said first network, and

at least a second phase shifter network in the form of

a low pass tee filter having shunt capacitive reac-

tance and series inductive reactance and means for
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selectively shorting said series inductive reactance
of said low pass tee filter,

wherein said phase shifter is an eight bit phase shifter

each of the three smallest phase shift bits being
comprised of said low pass pi filters, each of the
next two smallest bits being comprised of said low
pass tee filters, the three largest bits being formed
from hybrid networks.

8. The digital phase shifter of claim 7 wherein said
means for shorting each of said low pass tee filter series
inductive reactance comprises, first diode means in se-
ries with the tee filter series inductive reactance and
second diode means shunting the tee filter series induc-
tive reactance, said first and second diode means being
capable of assuming first and second conductive states
whereby when said first diode means is in a first con-
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ductive state and said second diode means is in a sec-
ond conductive state, said series inductive reactance is
short circuited to effectively remove the low pass tee
filter from the phase shifter.

9. The digital phase shifter network as claimed in
claim 8 further including bias means coupled to each
low pass filter, said bias means coupled to said low pass
pi filters being adapted to selectively forward or reverse
bias said low pass pi filter PIN diodes to thereby selec-
tively vary their series inductive reactance, said bias
means coupled to said low pass tee filters being adapted
to selectively forward bias said third PIN diodes while
back biasing said first and second PIN diodes to
thereby effectively remove the low pass tee filters from

the phase shifter. :
* * * * *



