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Adjustable All-Pass Network Suitable for Phase
Shifting and Time Delay Applications

in Integrated Circuits

JEROME C. WOODARD, MEMBER, IEEE, AND R. W. NEWCOMB, MEMBER, IEEE

Abstract-A nonreciprocal all-pass network employing a mini-
mum number of reactive elements is presented. Since the basic net-
work uses only gyrators and capacitors, the configuration is well
suited to integrated circuit methods. The all-pass parameters can be
changed electrically by adjusting the gyration conductances. An ex-
ample of phase shift and time delay adjustment is presented.

INTRODUCTION

][ N MANY industrial processes it is desirable to
modify the amplitude or phase of signals generated
by the process sensors before applying these signals

to the process controller. Usually, such filtering is done
to minimize the effect of imperfect sensor performance
or to compensate for distortions produced by the signal
transmission channels. The filter circuits must be eco-
nomical, reliable, and, in some cases, compact. These
requirements often drive the practicing engineer to
specify integrated circuitry.
The first encounter with integrated circuitry can be a

bit unsettling to an engineer accustomed to conven-
tional circuit synthesis. Some of the familiar circuit
components, e.g., the inductor, are not available [1, p.
163] to integrated circuit designers, while other sup-
posedly exotic and abstract components, e.g., the gyra-
tor [2 ]- [4 ], exist in practical integrated form or in forms
suitable for integration. As a result, a new set of design
ground rules must be learned, since the definition of
economy in integrated circuitry differs from that found
in circuits with conventional components.
Network theorists have responded to this need for a

changed philosophy of design, and the recent literature
presents various synthesis methods tailored to meet the
fabrication constraints which are peculiar to integrated
circuit technology [5]-[8]. Of interest here is the tech-
nique developed by the authors in [5] where a cascade
of gyrator-capacitor "basic sections" is used to synthe-
size rational input admittances (which were derived
from prescribed transfer voltage ratios). This paper
describes the all-pass form of the gyrator-capacitor
basic section and discusses methods of changing the all-
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pass phase characteristic. The analysis is based on the
scattering matrix description [9, p. 214] of passive
networks.

ALL-PASS CIRCUITRY

An all-pass two-port is defined to be a lossless network
for which termination of the output port by a unit re-
sistor yields a unit resistor at the input port [10, p. 147 ].
Circuits which realize these characteristics have been
used to correct the phase response of filters [11, p. 2393,
to produce propagation delay [9, p. 182], and to gener-
ate basis signals for filter simulation and synthesis [12,
p. 91], [13]. Although balanced (four-terminal) designs
exist [9, p. 187], the convenience and practical advan-
tages of a common input-output terminal has produced
greater interest in the unbalanced (three-terminal)
configuration.
The standard form of the unbalanced second-order

all-pass network [9, p. 187] is shown in Fig. 1(a). This
form contains two principal and practical shortcomings:
1) five reactive elements are used, although only two are
required to produce a second-order circuit; and 2) ad-
justment of the all-pass parameters is difficult, since
element values have a complicated relationship to one
another. In an effort to eliminate these two disadvan-
tages, a nonreciprocal second-order all-pass network
[14, p. 124], [15, p. 278], [10, p. 148], which is shown
in Fig. 1(b), was modified and developed with special
reference to integrated circuit technology. If the induc-
tor is replaced by the Holt-Taylor configuration [16],
[17], the second-order all-pass network takes the same
form as the basic second-order cascade network [5,
p. 118]. Furthermore, removal of the inductor in Fig.
l(b) produces a first-order all-pass network which also
has the same form as the basic first-order cascade net-
work [5, p. 115]. Thus, the configuration of Fig. l(b)
can be regarded as a standard "building block"; by a
suitable choice of element values, it can be used in cas-
cade synthesis both to achieve the desired amplitude
response and to obtain the appropriate phase response.

Further study of the nonreciprocal all-pass structure
showed that the network of Fig. 1(b) is a special case of
a more general configuration. Therefore, the above two
shortcomings of reciprocal all-pass networks have been
reconsidered in this larger context. The advantages of
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Fig. 1. Second-order all-pass networks.

the nonreciprocal configuration are presented in the fol-
lowing sections.

NONRECIPROCAL ALL-PASS

Advantage 1: A Minimum Number of Reactive Circuit
Elements

Fig. 2 depicts a gyrator of gyration conductance g

which is bridged by an arbitrary reactance y(p). If the
source and load admittances are normalized to unity,
then a choice of g =1 yields the two-port scattering
matrix

Fig. 2. Nonreciprocal all-pass network.

Fig. 3. Equivalent nonreciprocal all-pass network.

s() y-(p) - [S1(p) S12(p)]
S 21i P S22(P

where 521(P)S2l-P) = 1. Note that there is no mismatch
at either the input or the output port when input and
output terminations are equal to the gyration conduc-
tance magnitude. Also the network exhibits all-pass
behavior in the forward direction while acting as a

direct connection (which also is all-pass) in the reverse

direction. Furthermore, the degree n of the all-pass
network is equal to the degree of y(p) which, in turn, is
equal to the minimum number of reactive elements in
y(p) [18, p. 544]. Therefore, the network uses a mini-
mum number n of elements to achieve a total phase
excursion of nir radians in the output signal for an input
signal whose frequency increases from zero to infinity.

Advantage 2: The Ease of Parameter Adjustment
The all-pass phase function of the network in Fig. 2

can be adjusted either by changing the magnitude of the
reactance function y(p) or by changing "everything
else" in the circuit (that is, the port terminations must
remain equal to the gyration conductance for the net-
work to be all-pass). Since the designer rarely has easy

access to the source and load elements, the preferred
method for controlling the all-pass parameters consists
of a technique which changes the magnitude of y(p).
The technique used in this paper employs a general

form of the Holt-Taylor equivalence as shown in Fig. 3.
To understand the figure, let us first introduce the
notion of a nonideal (practical) gyrator by defining the
gyrator behavior through its admittance matrix

=[ ;1 ga]

gb E2-
(2a)

where ga is the forward conductance. gb iS the reverse

conductance, and El and E2 are the input and output
admittances.

Using these parameters, an expression for the equiva-
lent quality factor, Q, of a gyrator has been derived [8,
ch. 5 ], [28 ] in a manner analogous to the notion of Q for
an inductor. For a gyrator described by (2a),

1 gagb

2 162
(2b)

If Q> 100, Ei and E2 may be neglected and the device can

be considered to be an ideal gyrator with an admittance
matrix given by

(2c)
[-gb O

Recent gyrator designs easily meet this condition, and
as a result, it is reasonable to claim that practical gyra-

tors are described correctly by (2c).
Returning to our analysis of all-pass networks with

adjustable parameters, we note that the reactance func-
tion y(p) in Fig. 3 can be adjusted by changing the
gyration conductances of both gyrators, taking care

that ga and gb in one gyrator accurately track ga and gb
in the other gyrator. In the notation of Fig. 3, y(p)
=gagb/yI(p), where yz(p) is also a reactance function, so
that the all-pass transfer function in (1) becomes
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Fig. 4. Root loci of sixth-order all-pass network given in (6).

gagb]-1 gagb - yl(p)
521(p) = [~a- (3)

Thus, the locations in the complex plane of the poles of
S21(p) for the all-pass network in Fig. 3 can be deter-
mined by conventional root-locus methods [19, p. 221],
where the variable gagb plays the role of the open-loop
gain parameter. (Zeros are "mirror images" of poles
across the imaginary axis in the complex plane.)

Two APPLICATIONS

Application 1: Phase Shifting

Once each of the pole-zero locations (Po= ± ao ±jW0)
for the all-pass transfer function have been computed
from (3), the phase function can be obtained from the
phase functions for first and second-order all-pass func-
tions:

c& 80
w

60

n

I 40

20

D 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
FREOUENCY (rod)

250

200Z
en

150,
4

100 0

50

0

(a)

250

z
200 @

150 >
4

-J

100 a

50

FREQUENCY (rod)

(b)

Fig. 5. (a) Phase and delay functions for ggb=0.1. (Large delay
magnitudes are caused by the frequency normalization scheme
chosen in the example.) (b) Phase and delay functions for
gagb= 1.5.

choice of yK(p) and gagb for each section. Furthermore,
this phase function can be adjusted to a different form
by changing the gagb parameters. Therefore, the network
should perform well in those situations where an adjust-
able phase characteristic is useful; e.g., adaptive re-

ceivers which minimize phase distortion generated by
varying propagation paths [20].

Application 2: Narrow-Band Delay

Since phase slope is proportional to transmission delay
[9, p. 24], the network of Fig. 2 also can be used to pro-

duce delay. The delay functions r(w) = -d4(co)/dw of
the first- and second-order all-pass networks are

(5a)i (co) = 2
r02 + X2

co

+1(w) = 7r - 2 arctan -
o0O

and

42(CW) = 2r - 2 arctan 2 2 ' (4b)
0o2+ co - co

respectively. A higher order network can, of course, be

analyzed by decomposing its phase function into a sum

of first- and second-order functions. Thus, any continu-
ous monotonic phase function can be realized by a cas-

cade of these all-pass circuits since the pole-zero loca-

tions in (4a) and (4b) can be controlled by a suitable

(4a) T2(C) = 2o-o K2 W)21 + 102+ Wo + .)2
)20

(5b)

Thus, by standard theories [21], [29] it is possible to
approximate ideal delay over a specified band by cascad-
ing several of these all-pass sections. In addition, the
magnitude of this delay can be adjusted in a direct
manner by adjusting the gagb parameters in each section.

EXAMPLE

Typical results on adjustable phase and delay re-

sponses can be best illustrated by a numerical example.
Let us examine the circuit of Fig. 3 when the reactance

,o N
Wqb (READ LEFT AXIS)

)O - \

'0- (READ RIGHT AXIS) N".

)°lOl _,
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consists of a parallel connection of three series resonant
circuits:

3 p/Ce
yl(p) = E p2 (6)

i=1 p2 -1-1/LiCi
Let the element values be normalized so that Li=C= i.
Using (3), the root loci of the second quadrant poles are
shown in Fig. 4. The pole positions for g9gb= 0.1 and
gagb 1.5 are marked on the plot, and the phase and
delay of (4) and (5) are plotted for these values in
Fig. 5(a) and (b).
By comparing the two parts of Fig. 5 one can see that

the phase and delay response of the all-pass circuit can
be changed markedly by changes in gagb- For root loci
of the nature of Fitg. 4 the steepest portions of the phase
curve (and the maximum portions of its delay curve)
are controlled by the positions of the all-pass transfer
function roots on the locus. Thus, in this example, the
shift of root positions toward the o- axis (from the tri-
angle to circle of Fig. 4) due to the increase in gagb
caused a similar shift (toward the origin) in the phase
and delay curves. Hence, the general procedure for
designing an adjustable phase or delay network has
been reduced to the familiar problem of generating suit-
able root loci and calculating appropriate values for
gagb SO that the network phase and/or delay curves
match the specified curves.

DISCUSSION

By using a gyrator bridged by a reactance function,
an all-pass circuit employing a minimum number of
reactive elements and very suitable for integrated cir-
cuit uses is produced. The all-pass parameters can be
adjusted in a simple and natural manner by changing
the appropriate gyrator conductances in the overall
circuit. Other researchers have described fixed parame-
ter all-pass circuits employing the minimum number of
reactive elements [22 ]- [25 ]; in some applications where
all-pass parameters need not be changed, these circuits
may be better suited to the reader's needs since only
one or two transistors (versus the entire set of gyrator
amplifiers) are used. However, high quality integrated
gyrators soon may become available commercially,
causing this choice to reduce to one of personal conve-
nience, especially when the versatility of the configura-
tion of Fig. 2 is considered. Progress in this direction has
been reported by Chua [2 ] where a complete integration
in monolithic form has been described, and by Holmes
[3] where thin-film structures using imbedded bipolar
transistors have yielded [26] arbitrarily large Q
(Q; 20 000 have been seen in operation). Although the
available integrated gyrator [2] was designed with
commercial processes in mind, it was integrated for
university research purposes using university equip-
ment during most of the fabrication process. Neverthe-

designer. Its representative performance had a linear
dynamic range of ±2.5 volts (±0.9 mA) for a 10-volt
supply with ga and gb larger than 310X 10-6 mho and
El and E2 smaller than 5 X 10-6 mho. Provision was made
for external variation of the g's but subsequent designs
could use integrated field effect transistors to produce
electrically variable resistors.
We comment that the basic reactance of Fig. 3 re-

qiAires that the two gyrators be closely matched. How-
ever, this is easily achieved in integrated form where
identical layouts for the two gyrators can be used. Note
that the second upper gyrator in Fig. 3 is just the first
one turned around. If for some reason the desired value
of ga and/or gb must pass through zero, a parallel con-

nection (with reversal of ports) of two adjustable gy-

rators having strictly positive gyration conductances
can be used to produce an equivalent single gyrator

with gyration conductances that can change sign.

The treatment in this paper has been restricted to

"parameter adjustment" where this expression is used
in the sense that circuit values may be changed before
signals are applied, but are invariant during the time
that signals pass through the network. We reserve the
term "time-variable" for those networks whose parame-

ters change while signals are in transit. A description of
a time-variable all-pass network is possible with a par-

ticular case discussed in the literature [27]; a properly
developed theory should play a key part in synthesizing
time-varying networks.
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A Special-Purpose Navigation Computer Utilizing
Current Integrators and Step Motors

BAXTER F. WOMACK, MEMBER, IEEE, AND ROBERT C. OHLENDORF, MEMBER, IEEE

Abstract-The basic principle of this integrating circuit is to allow
the current integrator to integrate to a preset reference, reset the cur-
rent integrator by discharging the integrating capacitor, and count
each reset. Thus the total integration can be found by observing the
total number of smaller integrations. Each of the smaller integra-
tions represents the same incremental integration since the current
integrator is only allowed to integrate to the preset reference. The
step motor is used to count the smaller integrations and to move a re-
cording arm in certain applications.

I. INTRODUCTION
P /iANY aircraft today have no equipment which

will plot the flight path on a chart for the pilot
as the flight progresses. The requirement for

such a recorder was brought into the limelight several
years ago when on two separate occasions commercial
airliners landed on runways forty miles short of their
destination. A flight recorder that would use true air-
speed and corrected magnetic heading as the only real
time continuous inputs would certainly aid navigation,
especially in cases where inexperience is a factor. Nat-
urally, a recorder of this type depends on the computa-
tion of distance traveled, and in most cases this process
is integration. The objective of this paper is to present a
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novel, relatively accurate and inexpensive system that
gives a visual display of the position of an in-flight
aircraft.
The current integrator, which is tried and proven in

analog operations but novel for use in navigation, will
be discussed in this paper. The current integrator is the
heart of this navigation computer; however, the unique
feature of the design is the current integrator-step
motor combination utilized to record the flight path.
This feature is also presented herein. The current inte-
grator is shown in Fig. 1.
By counting each integration and then resetting the

current integrator (by discharging the integrating ca-
pacitor), a continuous long-time integration is possible.
Furthermore, the total integration can be found by
observing the total number of smaller integrations. This
principle was used in the design of the integrator for the
flight recorder. The integrator is allowed to integrate to
a preset reference, at which time the integrating capaci-
tor is discharged; thus each integration represents the
same incremental distance traveled. For each discharge,
a pulse initiating a stepping action is sent to the stepper
motor. By utilizing four such integrators and a method
of selecting the appropriate integrator depending on the
polarity of the input, the desired two-dimensional mo-
tion for recording the flight path is possible.

After designing the integrator discussed above, a
model using four integrators was constructed. The gen-

21


