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ABSTRACT

This paper describes the design and construction of a phase shifter which
provides calibrated phase shift in a continuous 360-degree range of a sine-
wave input signal. The circuit produces phase shift indirectly by introducing
a differential phase shift, via calibrated delay lines, to a fixed frequency car-
rier. The carrier is mixed with the signal to generate a single sideband by
means of a balanced mixer followed by a crystal filter. The single sideband
is then reheterodyned with the carrier in a second mixer to restore the
original frequency. The restored signal phase angle relative to the input sig-
nal is equal to the relative phase between the carrier inputs to the first and
second mixers. Variable phase output from the calibrated delay lines is ob-
tained by means of an inductive pickup consisting of a wound ferrite toroid
with an air gap. The toroid pickup resembles a tape recorder head. This
method of delay line pickoff avoids the uncertainty associated with sliding
contacts and provides a controlled phase shift characterized by infinite reso-
lution. The phase shifter provides calibrated phase shift without attendant
amplitude fluctuation. The measured linearity of phase control in a 360-
degree range is x£2 degrees. Phase linearity is independent of the input sig-
nal frequency. Second harmonic distortion of the output signal is -50 db be-
low the fundamental with a 0.5-volt input signal level. The operating range of
the phase shifter is 30 to 200 kHz, with a carrier frequency of 10.580 MHz
and 300 to 500 kHz, with a carrier frequency of 10.258 MHz. The circuit,
which employs transistors, is temperature-compensated.
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HETERODYNE PHASE SHIFTER WITH INDUCTIVE DELAY LINE
PICKUP PROVIDES STEPLESS PHASE SHIFT

by
George B. Robinson
Goddard Space Flight Center

INTRODUCTION

This paper describes the design and construction of a heterodyne phase shifter which provides
a calibrated phase shift in a 0- to 360-degree range of a sine-wave input. Phase shift is produced
indirectly by phase-shifting the carrier employed in a double heterodyne process which first con-
verts the input signal to a single sideband by means of a balanced mixer and crystal filter and then
reconverts it to the original signal frequency in a second mixer. The carrier is phase-shifted by
means of an adjustable delayline with an output obtained from a positioned inductive pickup rather
than the usual sliding contact; the inductive pickup offers stepless phase shift with increased re-
liability. The heterodyne method enables phase shift with constant amplitude over an operating
frequency range extending from 30 kHz to 500 kHz, depending on the choice of carrier frequency.
Signal bandwidth is 200 kHz for any selected value of carrier frequency.

The paper is organized into three sections. The first section analyzes the heterodyne process
and gives the phase shifter output expression. Causes of phase nonlinearity as related to signal
frequency and delay-line termination are then considered. This discussion of phase nonlinearity
is supplemented by an appendix which also includes an analysis of the inductive pickup. The first
section is concluded with an analysis of phase shifter operation with nonsinusoidal inputs. The
second section describes the transistorized phase-shifter circuit and includes details for convert-
ing a standard adjustable delay line for use with the inductive pickup. The third section presents
measurements of phase shifter performance such as phase linearity, operation at low signal fre-
quencies, effect of delay-line termination, signal amplitude distortion, effect of ambient-temperature
variation, and operating range for two values of carrier frequency.

CIRCUIT ANALYSIS

Figure 1 is a block diagram of the heterodyne phase shifter. Signal input to the phase shifter
is fed to the input balanced mixer simultaneously with a fixed-frequency carrier with a controllable
phase angle obtained via delay line 1. The resultant suppressed-carrier output is introduced into a
single sideband filter which removes the lower sideband. The upper sideband is then retranslated
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Figure 1—Block diagram of phase shifter (part A) with schematic diagram of travefing pickup with
output taken from flexible coaxial cable (part B).

to signal frequency in the output balanced mixer. Carrier input to this modulator is phase-controlled
by delay line 2. The signal output of the system is taken from a low-pass f{filter following the out-
put balanced mixer. The analysis will show that the output phase shift at the signal frequency is the



difference of the phase shifts introduced by the individual delay lines. The use of two delay lines
rather than one offers more convenient operation. Delay line 2 provides a calibrated phase shift
over a 360-degree range which is independent of signal frequency. Delay line 1 compensates for
the frequency-dependent phase shift which occurs in the single sideband filter. In operation, delay
line 1 establishes the zero phase shift point of the output for any siven signal frequency, and the
desired phase shift is then dialed with delay line 2. The variable-phase output of either line is ob-
tained inductively with a gapped toroidal pickup (Figure 1, part B) which is moved parallel to the
delay-line axis. The line and pickup are considered in Appendix C. The analysis is limited to
showing that the pickup output voltage is a replica of the delay-line current in the vicinity of the
pickup. The derivation does not attempt to predict the pickup voltage in terms of the geometry of
the system (e.g., relating the output voltage to the radial distance from the line). Since the anal-
ysis is quoted in the text without restating the basic underlying assumptions, they are summarized
here:

(1) The delay lines have distributed constants and are lossless.

(2) The pickup and line are treated as a transformer with a mutual inductance coupling
parameter.

(3) The presence of the pickup does not alter the line current.

The order to be taken in making the analysis follows the order shown in the block diagram.
There are two carrier paths fed from a common carrier generator; each path leads to the output
balanced mixer, the output of which contains the phase-shifted signal. Since both paths originate
in a common carrier generator, the output point of the generator is chosen as the primary phase
reference axis. The signal input referred to this axis is assumed to have an initial zero phase
angle, meaning that, if the carrier voltage is E_ sinw_ t at this reference point, then the signal in-
put is written as E_sin(w, t +w_ t,) with the initial condition that t, = 0. By setting t, = 0, the
analysis is not restriced, since the relative phase between the output and input signals would re-
main unchanged if t, 7 0; however, the zero condition avoids carrying the term through the anal-
ysis. The analysis begins with the uppermost of the two carrier paths, the input balanced mixer
and single sideband filter.

Input Balanced Mixer Equation

A balanced mixer can be approximated as a product-forming device with respect to the useful
frequencies appearing in the output (Reference 1). With a carrier input signal sine_t and a signal
input sinw, t, the principal frequency components in the output are cos (w, t —a, t) —cos (w, t +a, t).
The amplitude of these components can be made proportional to the input signal amplitude only
under saturated conditions; i.e., if the carrier input is sufficiently large relative to the signal am-
plitude (see Figures 7 and 9). The amplitude of the output signal components, however, will be less
than the amplitude of the input signal with the reduction depending on the type of circuit. For the
type of circuit used as the input mixer in the experimental system, the amplitude of the output is
of the order of 1/4 the signal amplitude under saturated carrier conditions. Saturated carrier con-
ditions and an amplitude coefficient of 1/4 will be assumed for the input balanced mixer. According



to Appendix C, Equation C21, the output of the inductive pickup coupled to a correctly terminated

delay line is of the form sin («_ t - z, «, ¥IC), Where

z

0

L

C

[}

distributed capacitance per unit length.

distance to center of the pickup gap from the line input,

distributed inductance per unit length, and

Accordingly, in this case, the pickup output from line 1, which applies the carrier to the input
mixer, can be written as sin(«, t -y« yL;C, ), where

y = distance from the carrier input to line 1 to the center of the pickup gap,

L, = distributed inductance, line 1, and

C, = distributed capacitance, line 1.

For simplicity, the expression is written in the form sin (cuc t- ey) where ¢ is the equivalent phase

angle &
output of the first mixer can be written as

= y« ¥L, C,. With the carrier input previously given, and a signal input E sinc_t, the

E A
4 [cos (mc t-0 -a t) - cos (“‘c t-0, +e, t)J . (1)
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through the filter relative to this point. The phase shift angle corresponding to «_ is shown as ¢
on the lower ordinate. The phase shift of the components «_ +«, and o, -« is measured relative
to £ as a variable angle y (ws) on the lower ordinate, which is a function of the signal frequency «,
once «  is fixed. Similarly, as shown on the uppermost ordinate, the amplitude coefficient K, (ms)
corresponding to the lower sideband «_ - «, and the amplitude coefficient K, (ws) corresponding to
the upper sideband «_ +«,are also functions of «_. However, to save space, the functional rela-
tionship will not be indicated in future notation as is done in Figure 2. Accordingly, the output of
the filter from an inspection of Figure 2 can be written as

E
_4'8‘ [chos(wct—wst—§+¢:—6y) —chos(wctﬂ‘wst—f—up—ey)] . (2)

Output Balanced Mixer Equation

Regeneration of the signal frequency takes place in the output balanced mixer; in addition, the
output will contain the phase shifts introduced by both delay lines. The signal conversion factor
under saturated carrier conditions will be assumed to be 1/3, the approximate factor measured for
the output balanced mixer in the experimental circuit. The carrier input to the mixer can be writ-
ten as sin(w t - Bx). Using Appendix C, Equation C21, ¢ = x « yL,C,, where

distance from the carrier input line 2 to center of pickup gap,

»®
I

=
1l

distributed inductance, and

= distributed capacitance, line 2.

@]
0
1

The signal input to this mixer is derived from the single sideband filter and is given by Equation 2.
The significant frequency components in the output of the mixer are obtained by taking the product
of the carrier input and the signal input. This gives for the output

E
12 [Kl Sin(cus t +§—¢:+9y -Qx) - K, sin(—a;s t+ &+ L/J+t9y~6’x>] + carrier-frequency terms . (3)

The unwanted carrier-frequency terms are removed in the low-pass filter following the mixer (Fig-
ure 1). The amplitude coefficient in the above equation is the product of the signal coefficient E_/4
from Equation 2 and the conversion factor for the mixer 1/3.

Phase Shifter Output Expression, Normal Operation

According to Equation 3, the phase shifter output expression in the most general form is made
up of the sum of two sinusoids at the signal frequency with amplitudes K, and K,. The negative sign
preceding the signal frequency in the K, term can be altered by use of the identity -sin A = sin (- A)
to give E

T2 [Kysin(w, t +£-y+0,-0,) + K, sin(w, t-£-y-0, +0,)] 4)



Most significant to the operation of the phase shifter is the fact that the K, component contains the
phase angle ¢ -¢,, while the K, component contains the negative value of this angle, -6 +6,. Be-
cause of the reversal of sign, the components when represented as phasors will rotate in opposite
directions if either &, or & is varied. The sum of contrarotating phasors will exhibit both periodic
phase and amplitude variation; the exact form of this variation is discussed further in the next sec-
tion. Since it is desirable that the phase shifter output be constant with linear phase shift, it is
necessary that the lower sideband be removed in the single sideband filter. This requirement
places a lower limit on the frequency of the signal input to the phase shifter. Although the demar-
cation could not be expected to be so sharp in a practical device, the frequency axis of the idealized
filter (Figure 2) has been divided into a double sideband region, region A, where K,,K, 7 0 and a
single sideband region, region B, where K; = 0 and K, = 1. Normal operating range for the phase
shifter is defined as the range of signal frequencies which permits the upper sideband to lie only
in region B, the bandpass region of the filter. Throughout this range of signal frequencies, K; = 0;
thus the phase shifter output is the K, term of Equation 4,

ES
-1—2K2sin(a‘st*§—n/;—9y+t9x) . ()

To operate the phase shifter at any given signal frequency, the pickup distance y, line 1, is set to
cancel the frequency-dependent phase shift in the single sideband filter. Because £, ¥, and ¢, are
all lagging phase angles, the cancellation takes the form (with £, ¥, and ¢ expressed in degrees)

=& = Y- Hy = n(-360), where n is a positive integer . 6)

The term & need not have a range greater than 360 degrees to satisfy Equation 6. Although the
filter phase shift -¢£ - ¢ may be several multiples of -360 degrees, ¢, need only be of sufficient

magnitude to bring the total angle on the left of Equation 6 to the nearest multiple of -360 degrees;
for instance if -&-y¢ = 739 degrees, -739 -6, = 3(-360) = -1080. Thus, g, = 341; if -¢£-y¢ = 420,
-420 -6, = 2(-360) = -T20; in this case, ¢, = 300. Since zero degrees and integral multiples of

-360 degrees are equivalent, the expression, -£-¢ -6  is eliminated for Equation 5 to give for

the phase shifter output

%KZ sin(wst+t9x) = %Kz sin(wst+xmcm) . (7)

The phase angle ¢, introduced by line 2 is a linear function of pickup position x, with a slope
dependent only on the oscillator frequency and the delay-line constants. Once the fixed errors are
determined by calibration in a practical system, the calibration will be independent of signal fre-
quency, since the same section of line will be utilized for a 360-degree phase-shift range. If line
1 were not provided for compensation, the zero point on line 2 would shift with signal frequency,
and a different section of line would be required to span 360 degrees; thus a fixed calibration for

error could not be used.



Phase Nonlinearity and Amplitude Variation When Signal
Frequency is Below Normal Operating Range

At signal frequencies below the normal operating range, the phase shifteerutput will contain
both sideband terms as given by Equation 4 and will consequently exhibit undesirable phase and
amplitude variation. The undesirable effect is essentially identical when either &  or 6, is varied,
and since &, and ¢, are not varied simultaneously, it is necessary only to consider the case for
variation in ¢,. Thus it will be assumed that delay line 1 is adjusted so that -¢-y = ¢ . With this
adjustment, ¢ is eliminated from Equation 4, and the phase shifter output is

5

ET [Kl sin(wst—2¢1'6’x) + K, sin(wst+9x):| . (8)

This sum is combined into a single expression, Appendix B, Equation B7; the expression is repeated
here.

K
1/2 1. ~
E, K2 2K, K, sin(2,¢ 24)
— K, |1 + — + —Cos(26’ +2¢r) sin [« _t+68_ -tan’! K - 9)
12 2 K 2 K2 x s x 1
2 1 +K—2cos(28x+2\/1)

The resultant phase shifter output is character-
ized by amplitude and phase variations which
are functions of 2¢_; the magnitude of both dis- 380
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the lower to upper sideband magnitude at the g
output of the single sideband filter. 2 5 300 12
-l
$220f——r N~~~ f-———— 1.0 §
An example of the phase and amplitude dis- (O 8 =
. . 4 2201~ —o0.8 &
turbance which results from the lower sideband =< AMPLITUDE ; =
2Z OF SYSTEM 3 <
is shown in Figure 3. Curve B is a plot of the 59, 180~ OUTPUT —0.6 5
. : . . o .
cosine amplitude portion of Equation 9 versus 5'§ MOF oUTPUT @ a 6*2 6, 0’(4 Jo.4 %
¢, for the case K,;/K, = 0.2. Curve A is the EZ 100 L, PHASE 2 ARE POINTS OF Jo.o °
same plot for the case K, = 0. Curve D isa T2 |/ SHIFT MAXIMUM ]~
) . K, =0 OUTPUT DEVIATION FROM
plot of the phase-angle portion of Equation 9 “ﬁ 601 | PHASE PHASE LINEARITY —{0
versus 6, for the case K,/K, = 0.2. Curve C I L/, | U7 :_'=0,2
— x ., —f
is the same plot when K, = 0. All plots were ol 1 L 2 L
made with E,/12 = K, = 1 and ¢ = -30degrees. 0 40 80 120 160 200 240 280 320 360

6, CARRIER PHASE SHIFT DEGREES D LINE 2
The fact that the departure from phase x ES DELAY LINE

lineari . .
Inearity occurs simultaneously with output Figure 3—Phase and amplitude variation of system output

amplitude variation is a useful property in a  cqysed bythe lower sideband for the case K /K, = 0.2,
practical system. Since both can be related to and E,/12 = K, =1, -5 -y =0, , ¢ = -30 degrees.



K, /K2, it is possible to determine the degree of phase nonlinearity at low signal frequencies from
a simple measurement of output amplitude variation. (A later section will show that an improperly
terminated delay line can also produce phase nonlinearity; however, this effect will not be depend-
ent on signal frequency and in general will not be accompanied by amplitude fluctuation.) Accord-
ing to Equation B9, Appendix B, the sideband ratio K,/K, is related to the maximum and minimum
value of the fluctuation in amplitude (observed while varying ¢ ) by the equation

K, _  max - min .
R_Q = max + min (output amplitude) . (10)

The value in degrees of the maximum phase departure from linearity (the maximum vertical dis-
tance between curves C and D at points 6"1’ 9x2 s €x3 , 9x4 in Figure 3) corresponds to the maxi-

mum or minimum value of the arc tangent portion of the phase angle (Equation 9). The maximum
or minimum value of this function in degrees, from Equation B8, Appendix B is

K,

R L3
*tan ’ K, <1y - (11)

Thus K,/K, can be determined from an amplitude measurement and substituted in the foregoing
formula to determine the maximum departure from linearity. In the case of curve D with K,/K,= 0.2,
the maximum departure from linearity is tan™ (0.2/¥1 - 0.04) = 11.5 degrees.

According to Equation B10, Appendix B, the maximum value of the phase departure from lin-
earity will occur when the amplitude of the system output has a value given by ymax min (ampli-
tude). Thus, in Figure 3, the maximum departure from linearity, curve D, will lie on a line with
vertical intercepts passing through the amplitude plot at values of amplitude given by
¥1.2 x 0.8 = 0.98. The departure from linearity for the case K,/K, = 0.2 was shown to be 11.5
degrees. Several other values calculated with Equation 11 are

K

il = 107°%(-60db), maximum departure from linearity = 0.0573 degree ;
2

K, ~ L,

X~ 107°(-40db), 0.573 degree;
2

and
K, .
’IC = 107! (-20db), 5.73 degrees .

The effects of the lower sideband place a lower limit on the frequency of the signal input,
which in general will be determined by the attenuation rate of the front edge of the filter amplitude



characteristic, (region A). Selection of the oscillator frequency will also determine the minimum
frequency of the signal input. Placement of the oscillator frequency in the center of region A ap-
pears to be the optimum choice for permitting the lowest possible minimum frequency. Such place-
ment will permit maximum attenuation of the lower sideband and, at the same time, permit the
upper sideband to have a reasonable amplitude. If region A is specified in kHz as extending from
the frequency corresponding to maximum attenuation to the frequency corresponding to zero at-
tenuation, then the minimum frequency will equal one-half the kHz value of region A. Minimum
frequency so defined will permit the upper sideband to pass without attenuation while permitting
maximum attenuation of the lower sideband. Maximum attenuation in a typical filter will be greater
than -60 db; thus with the foregoing definition of minimum frequency, K,/K, < 0.001, and the maxi-
mum departure from linearity will be less than 0.0573 degree.

While an oscillator frequency choice at the center of region A appears to be optimum in that
it permits the lowest minimum signal frequency, it is not the only possible choice. For instance,
if it is desired to phase-shift a higher band of signal frequencies, the oscillator frequency need
only be chosen at a lower value and can, in fact, lie to the left of region A. It is required that the
mixer bandwidth be sufficient to generate the upper sideband in the case of the input mixer, and
regenerate the signal frequency in the case of the output mixer. The calibration of the delay lines
will, of course, differ in this case because of the dependence of phase shift on carrier frequency.

Phase Nonlinearity Resulting From Improperly Terminated Delay Lines

The preceding expression for phase shifter output, Equation 5, contains a phase angle ¢_ which
is linear with respect to x, the distance measured from the center of the pickup gap to the carrier
input point of line 2, since ¢, * x«_yL,C,. Such a linear relationship is shown (Appendix C, Equa-
tion C22) to be possible only if the line is terminated in a load resistance equal to the character-
istic impedance. If the line is not so terminated, the phase shifter output expression will contain
an additional term which will cause deviations from linearity. It is particularly important that the
phase shift provided by line 2 be linear since it is intended to provide a calibrated phase shift over
an extended range. (Phase linearity of line 1 is of less importance; in the actual phase shifter cir-
cuit, the line is set with the aid of an auxiliary device so that line calibration is not required.) It
will be assumed that the signal frequency is sufficiently high so that the single sideband {ilter re-
moves the lower sideband (K; = 0) and delay line 1 has been preset so as to compensate for the
filter phase shift; i.e. 6 = -{-y¢. From Equation 2, the signal input to the output balanced mixer
with the foregoing conditions is

%‘ [—K2 cos (wc t+aw, t):l . (12)

The carrier input to the mixer when line 2 is improperly terminated will fluctuate in ampli-
tude as ¢ is varied. However, as previously indicated, the mixer output will be independent of
carrier level if carrier level is above a minimum. It will be assumed that this is the case here.
The general expression for the pickup output is given by Equation C19, Appendix C. This expression,



as applied to line 2 and written without the periodic amplitude factor, is

R, sinX )

sin <wc t-6,+tan"! T3R cosh (13)

where

A

28x - 284 + ¢ + 7,
B = «¥YL,C,,

4 = line length,
x = distance from line input to center of pickup gap, and
Bsx = éx .

The significant parameter in the foregoing expression is the parameter R, the reflection factor.
This factor is related to the characteristic impedance Z, and the terminating impedance Z, by the

expression

——" = R ei% (14)

The significant frequency components in the output of the second mixer are given by the product of
the carrier input (Equation 13) and the signal input (Equation 12). With a 1/3 conversion factor for

the mixer, this product is

E, R, sinA
T2 Ky sinfo, t +8x-tan™! TOR cosa

+ carrier frequency terms removed in the low-pass filter following the mixer . (15)

A comparison of the phase shifter output given by Equation 15 with Equation 9 shows that an im-
properly terminated delay line causes a deviation from linearity which is similar to that produced
by the lower sideband (with the exception of the constant phase angles present in the arguments of
the sine and cosine terms). Particularly, X,/K, is exactly analogous to R_ as the significant param-
eter in the arc tangent terms. It will be recalled that the arc tangent term in Equation 7 resulted
because of the summing of contrarotating phasors. In the case of reflection on the delay line, an
analogous situation prevails. According to Equation C18, Appendix C, the pickup output from delay
line 2 can be expressed as a sum by eliminating the negative sign preceding the R, term with

the expression -1 = ei”; the contrarotating phasors are e #* and R, ei (Bx=2pbrerm)

The maximum or minimum value of the arc tangent term resulting from improper termination,
using the expression developed in Appendix D is

tan"! —=—= - (16)
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Although in general the amplitude variation which accompanies the phase perturbation will not ap-
pear at the phase shifter output, measurement of the pickup output when the pickup traverses the
line is a useful technique for evaluating the departure from phase linearity. Knowing the maximum
and minimum, values of the amplitude variation R, can be calculated from Equation C22:

_  ep(max) — ep(min)
R~ ep(max) + ep(min)

(17)
where ep = pickup output.

Phase Shifter Output for Nonsinusoidal Input

If the input to the phase shifter is other than a sine wave, the oufput will be distorted. This
distortion is a consequence of the fact that the controllable phase-shift angle &, is independent of
the signal frequency «,. To reproduce a complex wave at the output with controllable delay, it is
necessary that the relative amplitudes of the individual components be preserved and each com-
ponent be delayed by an equal amount of time; this latter requirement cannot be met by the phase
shifter. If the input be represented by e, sinw_t+e,sin2a_t+e;sin 3w, t' -, then a nondistorted
output will be of the form e; sinw, (t -t ) +e,sin2w (t-t,) *e;sin3w, (t -t,). The phase angle
of each output component is seen to be -« t , “2«_ t,, -3« t  i.e., the phase angle magnitude in-
creases linearly with respect to the signal frequency «_. The phase shifter output for a single fre-
quency is given by Equation 5 as Es/12 K, sin(ws t-&-y-0, + Gx) . It will be recalled that the angle
¢ is a function of @ and in an ideal filter would vary linearly with «»_. In this case, assume that
¥ = -Pw, To further simplify the discussion, let delay line 1 be adjusted so that -£-6 = 0, and
normalize the amplitude coefficient E /12K, = 1. The output for a single frequency under these
conditions is sin [ws (t~-P)+ ex]. If the input to the phase shifter is a complex waveform,
e;sinw t +e,sin2 « t -, the output will be e, sin[ws (t-P) +6’x] te, sin[Zws (t-P) +t9x] e, sin [3ws (t-P)+ 9,(]
From an inspection of this expression, it is evident that even though the filter phase angle ¢ be lin-
ear with signal frequency, the resultant output does not contain a total phase angle which varies
linearly with signal frequency, because of the addition of the constant phase angle term ¢, to each
component; thus, the output will be distorted.

PHASE SHIFTER DESIGN AND CONSTRUCTION

Block Diagram

Figure 4 shows the phase shifter block diagram, which is identical with the theoretical system
with respect to major blocks but employs the following additional circuits: (1) two carrier ampli-
fiers supplying the balanced mixers, (2) a single sideband amplifier mounted on a common chassis
with the crystal filters, (3) a variable gain-signal amplifier as the output stage, and (4) four emit-
ter followers for impedance transformation or isolation. Additional information pertaining to the

11



OUTPUT PHASE

SIGNAL

12

CONTROL (360° RANGE) INPUT
)
]
[ oray UNe 2 Mg | emimTER | | CRYSTAL EMITTER
_ [ FOLLOWER OSCILLATOR FOLLOWER
OUTPUT PHASE
0.16 VOLT CONTROL \9(;|_7T
(ZERO CALIBRATION )
CARRIER VOITS ) carRieR INPUT
AMPLIFIER AMPLIFIER BALANCED
DELAY LINE 1 4.4 VOLTS MIXER
1.25 VOLTS
0.26
L voLt
2.4 VOLTS
EMITTER
FOLLOWER
OUTPUT o
BALANCED
mixer (262 V[ EmITTER SINGLE B 0.19 vOLT
FOLLOWER SIDEBAND
AMPLIFIER | 0.024v
0.36 VOLT CRYSTAL FILTERS
LOW PASS
FILTER v
TR EXTERNAL VOLTMETER FOR
Salisarions | INDICATING ZERO PHASE
OUTPUT
SIGNAL > VARIABLE
AMPLIFIER PHASE OUTPUT

)
| GAIN CONTROL

Figure 4—Block diagram of experimental heterodyne phase shifier showing input-output frequency
and rms voltage for each block (input = 50 kHz, 1 volt rms).

Figure 5—Phase shifter layout.

system layout can be obtained by examination of
Figure 5. Each module, with the exception of the
crystal filters and single sideband amplifier, is
fabricated on a circuit board sized to fit in a
2-1/4x3-1/4x'1/8-inch brass case. Four screws
mounted in the corners of the case secure the
circuit board to the case. A second identical
case provides the cover which is drilled to per-
mit the screw to extend through holes in the
corners. The cases are secured to a copper-
covered plywood base by external lugs held by
the corner chassis screws. This method offers
quick fabrication and easy disassembly and pro-
vides shielding (not particularly critical because
of the relatively large voltage levels). However,
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the crystal filters do require careful shielding; these were mounted in slightly larger cases to form
an integral unit with the single sideband amplifier.

A more detailed description of the individual circuits comprisihg each module follows. The
complete circuit diagram is shown in Figure 6, sheets 1 and 2 with pertinent detail concerning com-
ponents in Table 1.

Table 1
Component Data,
(1) All transistors 2N2217

(2) All resistors 1/4 watt except where noted
(3) Total current input to phase shifter = 148 ma at +25 volts

Circuit

Remarks

Signal input
emitter follower

Current: Input transistor 13 ma, output transistor 10 ma (heat sink)
Input impedance: 6 kohms

Input balanced
mixer

Diodes: Clevite fast-switching silicon mesa, CMD 7103

Capacitors: Trimmer, JFD MC 623, 28 nu max., Differential, JFD DC 423

Core: Carrier input transformer, Gen. Ceramics F 624-2-Q~-2, primary 6 turns in-
sulated #27, secondary 12 turns #27

Output coil: 28 turns, #29 enamel, 0.25-inch, ceramic dia. form

Potentiometers for balancing: Bourns RT 22

Resistors T-network: Weston Precision Metal Film 1/8 watt

Emitter follower

driver for
crystal filter

Crystal filters

Current: Input transistor 12.5 ma, output transistor 14.5 ma (heat sink), 1/2-watt emit-
ter resistor

Midland, NB-1B, 10.7 MHz

Single sideband
amplifier

Output mixer

Current: Input transistor 5 ma, voltage amplifier stage 5 ma, emitter-follower output
11 ma

Coil: 28 turns, #29 enamel, 0.25-inch dia. ceramic form, tap 10 turns from B+ end

Capacitor trimmer: JFD MC 623

Essentially similar to input mixer with the exception of additional diodes

Input balanced
mixer carrier
amplifier

Current: Input transistor 6 ma, output transistor 13 ma, heat sink
Coil: 28T, #29 enamel, 0.25-inch dia. ceramic form, tap-10 turns from B+ end
Capacitor trimmer: JFD MC 623

Output balanced
mixer carrier
amplifier

Oscillator

Current: Input transistor 0.5 ma, emitter follower 11 ma (These two transistors con-
stitute direct-coupled Darlington) Output stage 11 ma, heat sink

Coil: 28 turns, #29 enamel, 0.25-inch dia., ceramic form, tap-10 turns from B+ end

Capacitor trimmer: JFD MC 623

Crystal, midland, CR-33, 10.580 MHz, parallel resonant

Coil: 28 turns, #29 enamel, 0.25-inch dia. ceramic coil form, tap-10 turns from ground
end

Capacitor: JFD MC 623

Current: Oscillator stage 1 ma, Darlington output 19 ma
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Table 1 (Continued)

Circuit Remarks
Low pass Adjustable inductors: Essex VIV, 470, 680, and 220 uH
filter
Output signal Current: Input emitter follower, 4.5 ma, Voltage amplifier, 7 ma, Output emitter fol-
amplifier lower 12 ma

Minimum load at 1-volt output, for no distortion = 300 ochms

Delay line 1 Ad-Yu. 0.3 psec., 200-ohm, type 557SN1; modified mechanically (see text); all capaci-
tors replaced with 1% values; pickup coil, 10 turns #32 enamel wire, tapped 4th turn
from ground end; core: Gen. Ceramics F 625-2-Q2 with 0.013-inch radial gap;
trimmer capacitor: JFD VC 9G

Delay line 2 Ad-Yu. 5518, 0.22 usec, 400~ohm; modified mechanically (see text); all capacitors re-
placed with 1% values; pickup coil, 10 turns #32 enamel wire, tapped 4th turn from
ground end; core: Gen. Ceramics F 625-2-Q2 with 0.013-inch radial gap; trimmer
capacitor: JFD VC 9G J

Input Balanced Mixer

The input balanced mixer generates an upper and lower sideband displaced from the carrier
by a frequency differential equal to the signal frequency. The lower sideband is then eliminated by
a bandpass crystal filter; the upper sideband is used to regenerate the signal frequency by hetero-
dyning with the carrier again in the output mixer. A balanced-type mixer was selected at the in-
put to eliminate the carrier which would otherwise pass through the filter (somewhat attenuated)
to the output mixer where it would cause an undesired phase shift of the regenerated signal ap-
pearing at the phase shifter output. The input balanced mixer circuit is a half-wave, carrier-
controlled diode switch which transfers the signal to the output on positive excursions of the car-
rier. Switching takes place in two series diodes driven to conduction by a voltage supplied by a
tuned-secondary, carrier-input transformer. An adjustable electrical center tap to ground for the
secondary is established by a potentiometer and a 1.1 kohm resistor in a T network. The signal
is brought in at the shunt arm of the T. When the diodes are conducting, the signal is switched to
the load in parallel paths consisting of the series arms of the T network and the diode forward re-
sistance. The carrier does not appear in the output because the T network and series diodes form
a balanced-bridge configuration. Balancing for carrier elimination is accomplished by adjustment
of the potentiometer in the center of the T network in conjunction with adjustment of the differen-
tial transformer placed across the carrier transformer secondary. Fine adjustment is provided
by a second potentiometer with the center arm connected to the mixer output terminal; this poten-
tiometer compensates for differences in the diode forward resistances.

The output load for the mixer is a tank circuit tuned to 10.7 MHz; the tank is paralleled with a
1-kohm resistor to permit a wide bandwidth. Efficient generation of sidebands occurs with signal
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The tank
circuit shunts the large unwanted component at

frequencies well beyond 500 kHz.

signal frequency (this component is character-
istic of half-wave carrier switching). Input
carrier level to the mixer is an important con-
sideration: The data plotted in Figure 7 show
that the useful output, the first sideband pair,
becomes independent of carrier level if the
level is above 1 volt, while minimum distortion
requires the level to be above 2 volts. Normal
operating carrier level was chosen to be 3.1
volts.

Input Mixer Carrier Amplifier

A grounded-base, power-amplifier stage

0.13 F/UPPER & LOWER SIDEBAND OUTPUT, f+f,

o~ 4 B——— ~0db__
SE 011 -10 o
9t 2y
u 0.09- -3 +
o= 4-40 2
EZJS 0.07 r— — -50 %
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o 2
$Z 0.05[- Fer2f 2
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| r N 3

0 1 2 3

CARRIER VOLTAGE AT MIXER PRIMARY
TRANSFORMER (volts)

Figure 7—Input mixer output versus carrier input
(f, = signal frequency, 50 khz ot 0.5 volt, f. = carrier
frequency).

driven by a Darlington input stage drives the

first mixer carrier transformer primary. A tap on the power-stage collector tank coil ensures
optimum power match with the primary. The Darlington input circuit presents a 6-kohm load to
the delay line pickup which drives the amplifier. Power matching is not employed in this case

since it is desirable to avoid loading the pickup.

Signal Emitter Follower

A Darlington circuit supplies the signal to the center of the first mixer T network. This stage
is necessary because of the low impedance at this point, and in addition, helps prevent carrier
feedback to the signal input terminals. The 33-ohm resistors in the base circuits prevent high-
frequency oscillation which would normally occur if a coaxial cable were used to conduct the sig-

nal to the input terminals (these resistors are not needed in any of the other Darlington circuits).

Crystal Filter

An ideal filter

(1) Infinite attenuation at the lower
passband edge in a zero differential frequency interval, (the upper passband attenuation rate is of
secondary importance); this characteristic would permit the lower sideband to be attenuated in a
zero-frequency increment, thus permitting extension of the operation frequency range of the phase
shifter to zero input frequency.

The crystal filter is the most critical component in the phase shifter circuit.
for this application should have the following characteristics:

(2) Infinite bandwidth in the bandpass region; the operating fre-
quency range of the phase shifter could be made very high; its limit would then be determined by
the carrier frequency, the bandwidth of the mixer circuits, and the bandwidth of the amplifier in
the upper sideband signal path. (3) Constant phase shift independent of frequency in the bandpass
region; the phase shifter zero-phase calibration-point variation with input frequency would then be
determined by mixer phase characteristics and the amplifier used in the upper sideband signal
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path. The variation in calibration point with input frequency could then be made small enough to
eliminate the need for two delay lines. The first requirement is most nearly met by the use of
commercial single sideband filters which exhibit lower cutoff attenuation rates as great as 58 db
in 600 Hz; however the bandwidth is limited to 6 kHz or less. The requirement of constant phase
shift cannot be met by any standard filter available without the use of all-pass networks, a diffi-

cult design where a large bandpass region is required.

The filter selected, a Midland-type NB-1B, is a compromise favoring bandwidth at the ex-
pense of cutoff rate. The filter incorporates four crystals to give a symmetrical wideband Che-
byshev response. In order to increase the cutoff rate, two filters were cascaded; the necessary
isolation between filters was provided with a 50-ohm T-pad. Measured phase and amplitude char-
acteristics of the cascaded filters are shown in Figure 8. These data show the overall bandwidth
at the 1-db points to be 180 kHz. Region A (see Figure 2) is approximately 60 kHz with a maxi-
mum measured attenuation of at least 60 db. The measured phase slope is -5.76 degrees per kHz;

| | | 1 I -
1db
ol I 1,
T
—~|  —10kHz -
-5 | ATTENUATION N
-360
- ]0 I
—-540
15 PHASE SHIFT =-5.76 DEGREES/ kHz .
_ ~-720 .
3 o
d 4
o ~20- OSCILLATOR FREQUENCY 770z
3 m
ha g
z —{-1080%
= b
< <
pa g
—-1260 %
—30 -
— - 1440
1620
-40 —{-1800
=
60 I ! l I I 1\
10, 550 10,600 10,650 10,700 10,750 10,800 10,850

INPUT FREQUENCY (MHz)

Figure 8—Phase and attenuation characteristics of tandem NB-1 crystal filters.
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consequently the compensation (Equation 6) required of delay line 1 is 5.76 degrees for each 1-kHz
increment in signal frequency.

Emitter Follower Filter Driver

The 50-ohm input impedance of the crystal filter requires a low source impedance; conse-
quently a Darlington emitter follower was used as the driver. The 3-ohm output impedance of the
circuit was increased to 50 ohms by means of a 47-ohm series resistor. This circuit proved to be
rather critical in respect to distortion; 15 ma of current was required in the output stage with the
consequence that a heat sink for the output transistor is a definite requirement.

Single Sideband Amplifier

To compensate for insertion loss, the filter is followed by a single sideband amplifier. The
amplifier utilizes a grounded-base output stage driven by an emitter follower. The bandwidth re-
quirements for the output stage are met by shunting the tank with a 2.6-kohm resistor. An emit-
ter follower output stage is used for isolation. Without this stage for isolation, carrier leakage
back from the second mixer causes intermodulation in the tank circuit.

Output Mixer z 0.3 -
=2 OUTPUT AT g
Regeneration of the signal frequency 'Sé FUT?QA&EZI\)ITAL g
! o
takes place in the output mixer. The cir- g 0.2[= SIGNAL INPUT o , 85
cuit is a half-wave carrier switch identi- 2_? 2nd AND 3rd <= z2
. ) . iR HARMONIC 30 Og
cal with the input mixer except for the EE DISTORTION > 440 22
L . . . . _ - 50 8.3
addition of a second pair of diodes which - 0.1 ®
&a NORMAL =
shunt the carrier transformer secondary. Z CARRIER LEVEL 3
. . (V%
This pair are provided with a center path 0 \ | r
to ground and are polarized to conduct 0 0.5 1.0 1.5 2.0 2.5
. . . CARRIER VOLTAGE AT MIXER
when the diodes supplying the mixer out- PRIMARY TRANSFORMER {volts)

put circuit are biased off by the carrier. Fi . . .
- i igure 9—Output mixer output vs carrier voltage (upper side-

The additional diodes improve efficiency  band input = 0.5 volt, frequency = carrier frequency 50 kHz).

at low output frequencies. Figure 9 shows

the output signal level and distortion versus the input carrier level. The output signal level be-

comes independent of the carrier level when the carrier level is 1 volt (signal level = 0.5 volt).

Normal operating carrier level is maintained at 2.4 volts. The distortion characteristics are

somewhat flatter relative to the carrier level when compared with the input mixer.

Output Mixer Carrier Amplifier

The carrier input for the output mixer is taken from an amplifier which is similar to the car-
rier amplifier supplying the input mixer.
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Low-Pass Filter and Output Signal Amplifier

Although the carrier does not appear in the output of the last mixer (with proper adjustment
of the differential capacitor and potentiometers), there is a component at the upper sideband fre-
quency. This component is attenuated 60 db by the 6-pole Butterworth filter which follows the
mixer. The filter design (Reference 2) places the corner frequency at 1 MHz and permits a flat
response to 500 kHz.

The low-pass filter drives the output signal amplifier, which provides sufficient gain to bring
the phase shifter output to 1 volt. A variable gain control is provided to compensate for variation
in output level with input frequency (resulting primarily from ripple in the crystal-filter passband).
This circuit consists of an emitter follower input to avoid loading the low-pass filter, one stage of
voltage gain, and an output emitter follower to assure low-impedance source for the phase shifter

output terminals.

Crystal Oscillator

The carrier source for the phase detector is taken from a crystal oscillator, (Figure 6). This
circuit consists of a crystal oscillator driving a Darlington emitter follower to provide a low-
impedance source for driving the delay lines. The crystal, located in the base circuit of the oscil-
lator stage, operates in the parallel resonant mode. The output from the oscillator is taken from
a tank circuit in the emitter. The crystal filter (10.58 MHz) was selected to place the carrier fre~
quency approximately in the center of the lower bandpass edge of the crystal filter attenuation plot,

Figure 8.

Delay Line 2

Delay Line 2 introduces a calibrated, 0- to 360-degree phase shift to the second mixer carrier
input; this phase shift is transferred to the phase shifter output terminals by the heterodyne proc-
ess. Accuracy of calibration requires that the phase shift introduced by the line be linear with re-
spect to the line pickup position. The line is a standard commercial unit, Ad-Yu model 551-S, which
was converted for use with the inductive pickup. The electrical characteristics as specified by the .
manufacturer are characteristic impedance = 400 ohms, bandwidth at the 3-db points = 25 MHz.
The line, selected to have maximum delay time of 0.22 microsecond, is a lumped-constant type
made with a continuous solenoid wound on a fiber rod and tapped at uniform intervals for junction
with shunt capacitors. To improve linearity, these latter were replaced with 1-percent values.

The line as received from the manufacturer utilized a sliding contact to provide variable de-
lay. The difficulties associated with the contact when used in the phase shifter circuit were: (1)
The resolution was limited to 1.5 degrees, (2) The output from the contact showed small perturba-
tions in phase and amplitude, which probably resulted because the contact shorted a turn as it
moved along the line, and (3) The contact was occasionally found open-circuited, a difficulty which
required cleaning the solenoid wire surface. The inductive pickup method was found to eliminate
these difficulties, particularly since its use provided continuously adjustable phase shift which was
not limited by the line solenoid winding density.
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Figures 10 and 11 show how to install the inductive pickup without a major alteration of the
mechanical structure of the line. The pickup positioning mechanism is a lead screw driving a
threaded teflon carriage block parallel to the line solenoid. The lead screw is connected to a Borg
Microdial 10-turn indexing head. A 4-digit head is preferable (a 3-digit head was used on the
phase shifter prototype). The line is an integral self-supporting structure made up of inner and

outer fiber rods and a copper ground strap, all fitted into fiber end blocks. The line is wound on

BORG MICRODIAL
10-TURN 4-DIGIT

1/2 X 1/2 X 1/16 ALUMINUM ADDED AS
BACKING TO STABILIZE CARRIAGE

PICKUP
LEAD SCREW

FIBER ROD FOR SUPPORT
OF CAPACITOR LOWER
LEAD JUNCTIONS WITH LINE TAPS

TAPPED SOLENOID =

COPPER GROUND
STRAP FOR UPPER
LEAD OF CAPACITORS

MAIN FRAME BOTTOM
PLATE (ALUMINUM)

Figure 10—Modification of the AD-YU 557SN1 delay line for eleciromagnetic pickup, line 2.

the inner rod, while the outer rod supports the
capacitor lower-lead junctions with the line taps.

BRACKET
SECURES
CABLE TO
CARRIAGE

The copper ground strap provides a ground
junction for the upper leads of the line capaci-

CORE TUNING
¢~ CAPACITOR

tor. Conversion of the line calls for removal of TEFLON BLOCK ~CARRIAGE

the contacts and mounting of the pickup on the
COIL CEMENTED TO

carriage block, increasing the spacing between
the block and line and, finally, providing addi-
tional bearing surface for stabilizing the car-
riage. The spacing modification is made first
by moving back the integral structure compris-
ing the line and capacitors to permit 1/4-inch
space between the line and the front of the

FIBER PIECE

\
COPPER FARADAY
SCREEN ( GROUND)

CORE: GEN. CERAMICS
F625-2-Q2
GAP =0.013 IN,

BRASS GND PLATE
ON BOTTOM MAKES
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Figure 11—Pickup mounting details.
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carriage block surface. The fiber end blocks of this structure are anchored with screws through
the bottom frame plate (Figure 10). A 1/2 x 1/2 x 1/16-inch aluminum angle is then added to butt
against the vertical surface of the carriage block; this added surface prevents skewing of the
teflon block during pickup positioning. The method for rhounting the pickup on the Teflon carriage
block is shown in Figure 11. The sliding contact installed by the manufacturer is removed from
the carriage, and an insulated terminal plate secured to the top of the carriage to provide for a
tuning capacitor and coil lead termination. The flexible coaxial cable, which provides output from
the pickup coil, is then secured to the side of the carriage with a bracket. Capacitance between
the cable surface and tuning capacitor must be minimized; otherwise flexing of the cable during
carriage motion will detune the pickup coil and adversely eifect linearity. The toroid comprising
the core of the pickup winding (General Ceramics F 625-2-Q2) is sliced radially for a 0.013-inch
air gap and then wound according to Table 1. The completed coil is then cemented with epoxy to

a slotted fiber piece.

The coil assembly is mounted on the side of the teflon carriage with a screw through the slot
in the fiber piece; the slot provides a method for adjustment of the distance between the pickup and
the line. To shield the coil winding and prevent capacitive coupling to the line, a grounded copper
plate is installed to form a Faraday screen. The plate is in the form of an inverted E with the
center leg projecting through the toroid. The E shape avoids forming a shorter turn.

Figure 12 shows the pickup electrical circuit. Ground for the coil, Faraday screen, and the
outer braid of the coax is provided by a sliding plate mounted on the bottom of the teflon carriage;
this plate contacts the main frame bottom plate. The grounded coil lead should be positioned

nearest the winding surface of the delay line.

The pickup gap provides electromagnetic
COAX coupling to the delay line (further details are
\ given in Appendix C). Adjustment of the distance
BEOCERBEREOAE Y between the gap and the line as provided by the
) /FARADAY SCREEN  slotted fiber mount is an important considera-
tion. The lumped-constant line solenoid showed
PLATE ON BOTTOM & small electrical discontinuity at each capacitor
b / Ti:‘:kgg %ﬁ’g‘i‘ﬁgﬁ tap. The discontinuity is evident as a perturba-
1 L\CONTACT WITH tion in output voltage observed with both the ochmic
MAIN FRAME . . . .
BOTTOM PLATE contact and inductive pickup. However, with the
pickup, the perturbation can be minimized by in-
Figure 12—Pickup circuit. creasing the pickup spacing. A spacing of 0.172
inch (1.7 times the line radius) was found to be a
good choice of spacing. The output voltage from the pickup will decrease as the spacing increases.
However, the falloff is not rapid; the output is 0.42 volt with the pickup at the line surface and 0.17

volt with 0.172-inch spacing.

FLEXIBLE

The 0.22-microsecond time delay provides a carrier phase shift of almost twice 360 degrees
at 10.580 MHz. This excess line length was chosen to permit the use of a lower carrier frequency
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value when it is desired to shift the operating frequency range of the phase shifter upwards. Fur-
thermore, it is necessary to select a line electrically longer than is required to phase-shift the
carrier 360 degrees because pickup travel must be limited so that the pickup does not travel closer
than approximately 1/2 inch from either end of the line winding (total winding length = 6 inches).
Beyond these limits, the pickup output falls off —a consequence of the fact that the pickup couples to
a finite section of line, rather than a single point on the line as in the case of the sliding contact.

Delay Line 1

Delay Line 1 provides for adjustment of the phase of the first mixer carrier in order to cancel
the phase shift introduced by the crystal filter. The line is not required to be calibrated accurately
since the adjustment is guided by the null indication on the differential amplifier voltmeter. The
line is an Ad-Yu, Model 557SN1, z, = 200 ohms. Total delay is 0.3 microsecond, which produces
a maximum carrier phase shift of approximately 1100 degrees. The choice of a line 1100 degrees
long is arbitrary since only 360 degrees are required for filter correction (Equation 6). However,
the longer line offers more convenient operation. Conversion of the line for use with the inductive
pickup is quite similar to the method shown previously with one minor mechanical difference — the
integral structure supporting the line and capacitors is made from a single piece of slotted fiber
(the structure can be removed from the main frame of the delay line as in the previous line). The
line solenoid is mounted in the center of the slot which runs lengthwise. The slot is paralleled
with copper strips which are part of the pickup contact mechanism. These strips are considered
undesirable for pickup use since they are likely to affect the coupling process. However, since the
line is not as critical with respect to linearity, the sirips were not removed. To increase the
spacing for pickup use, the line structure was raised in the supporting slots of the main frame.
The pickup coil, tuning capacitor, and cable were mounted on the top surface of the teflon carriage
block (the lead screw and block are similar to the previous line). A Borg microdial was again used
for indexing. The coil and circuit are identical with that previously shown, except that the Faraday
screen is not used. Spacing between the toroid gap and line is about 0.172 inch. Here again this
adjustment is less critical than in the case of line 2.

Differential Amplifier Circuit

Figure 13 shows the differential amplifier provided for indicating phase coincidence between
the phase shifter input-output signal. This circuit functions as a calibrator which enables adjust-
ment of delay line 1 to compensate for the phase shift in the crystal filter. Phase coincidence is
indicated by a voltage null read on an auxiliary voltmeter driven by the differential amplifier.

The circuit utilizes field effect transistors. Transistor Q, functions as a differential amplifier,
and Q, and Q, are source followers. A differential voltage appears at the load resistor in the drain
of Q, when simultaneous inputs are applied to the gate and source. The gate is driven by the phase
shifter output, while the source input is taken from the phase shifter input via source follower Q,.
Gain adjustment of the gate voltage is provided by a miniature 10-turn Heli-Trim potentiometer.
The differential voltage produced at the Q, drain drives a second source follower which provides
an output to an external voltmeter. The field effect transistor, a unilateral device, was selected
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Figure 13—Differential amplifier for indicating zero phase between phase shifter input and output.

because it is necessary that the phase shifter input-output terminals remain electrically isolated.
The gain through the phase shifter can be made greater than unity, and self-generated oscillation
will occur if isolation is not maintained through the differential amplifier. The principal design
requirement for correct indication of phase coincidence is that the gate and source channels in-
troduce equal phase shifts throughout the operating frequency range. The phase shift in the gate
channel tends to be larger at the higher frequencies because of the Q, gate capacitance to ground.
Correction for the difference in capacitance is made with a load network (100 ohms in parallel with
0.001 »f) in the gate circuit of Q,. Compensation was achieved over a frequency range from 10
kHz to 700 kHz; imperfect compensation is indicated by a variation in the null with frequency when
both inputs are driven from a constant voltage, common source.

MEASURED PERFORMANCE OF PHASE SHIFTER

Use of Differential Amplifier for Setting Phase Shifter Zero

As described in the analysis, Line 2 is utilized for linear phase control extending over a 360-
degree range. The length of line travelled by the pickup to produce a 360-degree shift in the phase
shifter output signal is independent of signal frequency since it involves only the phase shift of the
carrier input to the second mixer. However, because of the phase shift in the crystal filter, the
"zero-phase point on this line would shift with signal frequency at the same rate if line 2 were not
provided for compensation. Compensation procedure at any particular signal frequency is to set
Line 2 at the zero-phase calibration point; line 1 is then adjusted until a null is observed on the
vacuum-tube voltmeter driven by the differential amplifier.
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The zero calibration point on line 2 will then correspond to the zero phase of the phase shifter
input-output signal. For a minimum null, it will be necessary to adjust the phase shifter output
gain control; fine gain adjustment is provided by the 10-turn Heli-Trim potentiometer in the Q, gate
circuit of the differential amplifier. Imperfect gain adjustment decreases the sensitivity to phase
change, but does not cause an error; the null will always correspond to the in-phase condition.
Further, nulls occur only at zero degree or integral multiples of 360 degrees (the magnitude of the
difference of two equal sine waves is a function of the sine of one-~half the relative phase angle).
Sensitivity is such that phase concidence within tenths of degrees is discernible with a vacuum-
tube voltmeter having a 10-millivolt scale. Typically with 0.5 volt at the phase shifter input and
output terminals, the in-phase null will be 5 mv; a 1-degree phase change from coincidence will
produce an increment of 5 mv (double the null value).

Figure 14 plots the Line 1 phase shifter 1600 .

zero calibration versus signal frequency in 2 : 400'_ (8) *)

kHz. The ordinate is plotted in units of the 2 -

Borg microdial index head attached to the lead = - °[

screw. The data show that there are as many % ]OOO__

as three null points on line 1 for each value of & 800~

signal frequency. Multiple nulls do not consti- ;J 600 —

tute an ambiguity since each pcint corresponds I 4991

to phase coincidence. The choice of a line 1100 g 200 -

electrical degrees long increases the number © S |

of nulls at any given signal frequency but per- % 20 40 60 80 100 120 140 160 180 200 220 240
mits the signal frequency range to be covered SIGNAL INPUT FREQUENCY TO PHASE SHIFTER ( kHz)
more nearly continuously. For instance, if lo- Figure 14—Line 1 sefting for phase shifter zero output vs
cus A in Figure 14 is utilized for a signal fre- signal frequency.

quency range from 230 to 130 kHz, the only lost

motion will occur at the 130-kHz reset point where it will be necessary to return to a setting of
260 units (ordinate). Locus B can then be utilized to cover the range from 130 to 30 kHz. 1If the
line were 360 degrees long (the minimum required), the same span in signal frequency could be
covered, but lost motion would occur at 3 reset points, 194, 138, and 78 kHz. The zero calibration
points shown in Figure 14 will change with the adjustment of the various tuned circuits in the car-
rier path. Use of the differential amplifier and auxiliary voltmeter for setting the phase shifter

zero eliminates the need for recalibration whenever circuit adjustments are made.

Calibration of Line 2 for Continuous Phase Control, 0- to 360-Degree Range

The designated zero point on line 2 is calibrated as previously discussed by adjusting line 1
for a null in the differential amplifier output. Phase shift in a 360-~degree range is then obtained
by adjustment of line 2. Since the indexing head is not directly calibrated in degrees, such an
adjustment to produce a desired phase shift requires that the phase control slope be known. If the
line were perfectly linear, no external calibration would be required, since the phase control slope
could be determined with the differential amplifier by noting the line index reading corresponding
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to the next null on the line; the first null corresponds to zero-degree phase shift, the second to

360 degrees. The control slope could then be calculated by dividing the line index reading by 360.
However, since the line is not perfectly linear, calibration with an external phase-indicating in-
strument is necessary. The calibration procedure will determine the average slope from succes-
sive null readings, and then use this slope as the basis for measuring deviation from linearity.

Figure 15 shows the measured phase shifter output phase angle plotted against the lead-screw
index reading. Output phase was measured with a commercial phase-indicating instrument in 10-
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degree increments. The conditions were: sig-
nal frequency = 100 kHz; signal level = 0.5
volt. The cross at the end point (360degrees)
is the index reading corresponding to the dif-
ferential amplifier null with a signal frequency
of 200 kHz; (phase-meter maximum frequency
range = 100 kHz). The scale of the plot does
not permit accurate determination of the lin-
earity of the system. More significant data in
this regard are shown in Figure 16, where
deviations from linearity are plotted against
signal frequency. These data were determined
from the previous phase measurements plotted
to a much larger scale. After the points were
plotted, a thread was stetched between the
0-degree and 360-degree points to provide a
reference line corresponding to the average
slope as determined by the null readings (the
nulls coincided with the 0- and 360-degree
readings of the phase meter). Deviations rel-
ative to this reference line were plotted in
Figure 16. Phase deviation at 30 and 50 kHz's
is also shown. While these data were taken, the
effects of blacklash between the lead screw
and pickup carriage were minimized by ad-
vancing the carriage in a forward direction
only. The errors shown are quite consistent
and independent of signal frequency as would
be expected, since the phase shift is that of
the fixed carrier. Repeating the measure-
ments of phase versus the index reading gave
the following results at 50 kHz. Of a total of
36 readings, 21 were exactly repeated, 10
showed a deviation from the former reading
of 0.2 degree, and 5 showed a deviation from



the former reading of 0.5 degree. The hysteresis resulting from backlash was determined by set-
ting the line to 10-degree intervals read on the phase meter as before, but in the reverse direction
(360 to 0 degrees). These readings were then compared to the set obtained when the carriage was
moved in the forward direction The comparison showed an average offset of +1.44 degrees with a
standard deviation of +0.62 degree. Thus, the pattern of errors (at 50 kHz) is repeated to within
+0.62 degree but with a vertical displacement upwards in Figure 16 of 1.44 degrees. An examina-
tion of the pickup carriage during reversal shows a tilting in the direction of motion. The width of
the carriage block (0.5 inch) allows only two threads of the lead screw to be engaged. Widening the
carriage so as to engage at least four threads would undoubtedly reduce the hysteresis effect.

The causes of the deviations from linearity are not definitely known, particularly as they are
related to the uniformity of the delay-line winding. Linearity requires that the inductance of the
line be uniformly distributed throughout its length. This calls for constant winding pitch and a
uniform diameter with accurate tap spacing. The line is continuously wound with no spacing be-
tween turns; thus the pitch would appear to be determined by consistency of the wire diameter. The
line was of course initially intended for use with a contact and, as a consequence, the insulation on
the line surface adjacent to the carriage block was removed by a grinding process. The effect of
this process on the uniformity of distributed inductance is not known.

It was possible to investigat~ a number of other factors which were considered potential sources
of nonlinearity. The following were not considered significant: (1) mechanical linearity of the lead
screw, (2) flexure of the coax used for connection to the pickup, (3) line capacitors, (4) termination
of the line (a topic which will be considered in the next section), and (5) errors in the phase meter
used for calibration. Changes in the electrical environment of the pickup during traverse were then
investigated as a source of nonlinearity. Variation of either the inductance of the pickup winding or
the capacitance used for resonating produces significant changes in phase shift. If the change is
constant, the result is an offset of the phase shifter zero calibration point with no effect on linear-
ity. If the capacitance changes during pickup transit, linearity will be affected. The most critical
stray capacitance is between the lower surface of the pickup winding and the main frame bearing
plate (Figure 10). The present clearance is about 3/16 inch and might well be increased. However,
observation showed that the spacing remained constant during pickup transit, and consequently it
was not considered a source of nonlinearity. A second environmental factor considered was the
spacing between the toroid gap and line surface. The fiber rod supporting the line winding is not
perfectly straight, and variation in spacing occurs during carriage transit. It was determined by
moving the line back while observing the output phase shift that the resulting changes in phase were
negligible. However, if closer gap-to-line spacing were to be used, this effect could be expected to
be a source of nonlinearity.

The last potential source to be considered is the previously mentioned discontinuity noted at
the line-to-capacitor junctions. This effect was noted as a small change in pickup output as the
pickup passed the turn containing the tap. The observed percentage change in voltage was very
small; furthermore, it would be expected to produce a periodic disturbance in phase linearity. Thus
it was not considered to account for the observed deviations, which are not periodic.
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Measured Phase Nonlinearity When Line 2 Is Not Terminated in Zg

Figure 17 shows the effect of improper termination of line 2 on phase shifter linearity. Curve
1 is the measured phase shift of the phase shifter output relative to the input versus delay line 2
pickup lead screw digital reading. The periodic
deviation from phase linearity results from de-

360 7] 8:53 . liberately terminating line 2 in an impedance
—~0.205 value of 287 [6.9° ohms; proper terminating im-

320 N g:}g e pedance (z,) is 453.6 |3.5° ohms. The signal

280 —0.14 frequency, 50 kHz, is sufficiently high to elimi-

nate phase nonlinearity which might result from
the lower sideband. Improper termination will,
= of course, also cause the line current as seen by
the pickup to vary in a cyclic manner during
traverse; this variation is shown by curve 2. Be-
cause of the saturation characteristic of the
second mixer, whose carrier input is derived
from line 2, no variation in the output signal of
the phase shifter at 50 kHz was measurable dur-
Thus the most significant
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Figure 17—Effect of improper termination of line 2: effect of improper termination on phase-shifter

curve 1, phase shift of output signal (50 kHz) vs pickup
traverse; curve 2, amplitude of pickup output vs pickup
traverse (terminating impedance = 287 H6.9° ohms,

operation is the resulting periodic phase devia-
tion. As has been noted in the analysis, the ef-
fect of improper termination on phase linearity

Z, = 453.6 H3.5° ohms).
is identical with the effect produced by the lower

sideband; the magnitude of the former is determined by the reflection factor, and the magnitude of
the latter is determined by the sideband ratio. The two effects are distinguishable in that the Jower
sideband will cause nonlinearity only at the lower signal frequencies and will be accompanied by

variation in phase shifter output during pickup traverse.

The maximum deviation from phase linearity shown by curve 1 is of the order of +15 degrees;
according to the analysis, the phase deviation can be related to the amplitude fluctuation as follows:
From Equation 17, the reflection factor R, is related to maximum and minimum amplitude by

0.242 - 0.147

R, = p232+0.1a7 -~ 0244 ,

where 0.242 and 0.147 are the first maximum and minimum in curve 2. The predicted phase devia-
tion, Equation 17, corresponding to R, = 0.244 is xtan™! 0.244/y1 - (0.244)? = +14.11 degrees. Al-
though the predicted value agrees reasonably well with the measured value of £15 degrees, the
reflection factor as calculated from curve 2 is slightly larger than the true value because attenua-

tion of the line current (maximum = -1 db) causes a tilt in the axis of the amplitude fluctuation
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plot. Independent calculation of the reflection factor as given by Equation 15 in terms of Z; and
the load impedance gives a value of 0.225.

Because periodic phase linearity is related to amplitude fluctuation, observation of the pickup
output during traverse provides a convenient method for properly terminating the line. This is a
fairly tedious process involving trial and error adjustment of four variables, the terminating re-
sistor and inductor and the source resistor and inductor. An X-Y recorder used to make a per-
manent trace of amplitude fluctuation during pickup traverse is helpful in this process. The Y
axis of the recorder can be driven from the ac voltmeter placed across the pickup output; the X
axis can be driven simultaneously from a linear time-sweep source. Comparison of traces for
each trial set of impedances provides a guide in the selection process. Proper termination for
both lines 1 and 2 was determined with this technique.

Phase Shifter Operating Range in kHz With a 10.580-MHz Carrier Frequency

A frequency of 10.580 MHz places the carrier in the center of the lower band-pass edge of the
single sideband filter; the analysis shows this position to be an optimum choice insofar as it per-
mits linear phase shift of the lowest possible signal frequency. The operating range of the phase
shifter with this choice of carrier frequency is shown by the data plotted in Figure 18. Phase-
shifter output amplitude is plotted versus signal
frequency with a constant input level of 0.5 volt.

. L. . /DOUBLE SIDEBAND REGION
The output signal amplifier gain control was s 0.6 OFERATING RANGE CARRIER l
preset for unity system gain at 100 kHz. The &% 0.5 |od
resulting amplitude plot form is essentially that 3 27
of the single sideband filter translated in fre- E“& 0.4 [ £ % 0.58° (MAXIMUM PHASE

X w E 0.3 DEVIATION FROM LINEARITY)

quency. These data show that for signal fre- ZF5 " lew
quencies extending from 30t0240 kHz, the phase %3 0.2 —]’_:Z'SD
shifter output is free from the effects of the & 0790 2 65k
lower sideband; continuous phase control by line R L L R N (R R N U O I S AR |

(=]
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2 will follow the calibration data previously INPUT SIGNAL FREQUENCY ( kHz)

shown in Figures 15 and 16. Above 180 kHz,

the decrease in output amplitude results from Figure 18—Phase shifter operating range in kHz, output

amplitude vs signal frequency with o carrier frequency

attenuation of the upper sideband in the single = 10.580 MHz.

sideband filter; the variation in amplitude in

the 40- to 180-kHz region results from ripple in the bandpass region of the filter. Compensation
for these effects is provided by the gain control of the output signal amplifier.

The effects of the lower sideband are evident below signal frequencies of 30 kHz. In this re-
gion, the signal output fluctuates in a cyclic manner as the line 2 phase shift is varied. Maximum
and minimum amplitude values are indicated by horizontal breaks; these were observed by varying
line 2 over a 360-degree range. According to the theory, such cyclic amplitude variation is al-
ways accompanied by cyclic phase deviation from linearity, which can be predicted on the basis of
the maximum and minimum amplitude values by means of Equations 10 and 11. Calculated
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of phase deviation is £7.5 degrees. To predict

Figure 19—Phase shifter output amplitude and phase vs  the phase deviation from the amplitude variation,

line 2 pickup traverse with signal frequency = 6.5 KHz. first determine the sideband ratio from Equation

10:
Ki  max - min 0.210 - 0.159

K, = max + min (amplitude) = G515 4+ g 159 ° 0.138 .

(The gain of the output signal amplifier was increased over the setting used for Figure 18 to per-
mit better accuracy.) The maximum and minimum phase deviation predicted by Equation 11 with
K,/K, = 0.138 is

, _ 0.138

Y1-(.138)2

+ tan” 7.9 degrees .

According to Equation 9, the phase deviation resulting from the lower sideband is the sum of a
linear term 6_ and a superimposed arc tangent term with argument 26,. The linear term 6_es-
tablishes the axis of symmetry which passes through values of the sum where the arc tangent

term = 0; furthermore, the zero values of the arc tangent terms coincide with the maximum and
minimum values of the accompanying amplitude fluctuation. The axis of symmetry was established
in the phase plot by noting the position of the maximum and minimum amplitude values of the up-
per curve. If delay line 1 were set initially so that 6, = -£-y, the axis of symmetry would inter-
cept the zero point on the abscissa (see the plot of Equation 9, curve D, Figure 3). However, it is
difficult to make this setting when the lower sideband is present and the axis of symmetry for the

measured data does pass through the zero point on the abscissa.

Phase Shifter Signal Amplitude Distortion

Amplitude distortion generated by the phase shifter is shown by Figure 20. The upper plot
shows the second and third harmonic distortion in decibels relative to the fundamental frequency
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at 50 kHz. Distortion is plotted for signal

0
levels at the input of 0.3, 0.5, and 1 volt. Dis- Z’z? $
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of carrier balance in either mixer. Complete g re 20—Phase shifter signal distortion vs signal level.
unbalance so as to entirely restore the carrier

resulted only in a 3 db increase in second-
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Variation of temperature in the range 65° 60 70 80 90
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proximately 2 degrees in the 86" region. In Figure 21 —Phase shifter vs ambient temperature with

practice, such a change would require resetting signal frequency = 50 kHz.

the phase shifter zero calibration point by

means of the differential-amplifier technique. Other than the shift in zero, the phase calibration
of line 2 in a 360-degree range was found to be unchanged by the temperature variation in the in-
terval cited. Figure 21 shows the measured phase of the phase shifter output signal versus tem-
perature. Initial setting of the phase shifter zero phase output was made at 76°F. The phase
readings are values obtained after temperature equilibrium in a temperature-controlled oven. The
response time required to reach equilibrium after a 10° temperature change was of the order of
45 minutes. Transient phase deviation before equilibrium was reached did not exceed 3 degrees;
this transient deviation was presumably due to a temperature difference in the various phase
shifter components.

The most critical components with respect to temperature are the ferrite toroids in the pick-
ups. The change of permeability of the cores is of the order of 0.1 percent per °C (without air gap).
However, the pickups are in alternate carrier channels, with the result that the net phase change
is the difference between the phase change produced by each pickup. In order to achieve the rela-
tively flat characteristic shown by Figure 21, it was necessary to optimize the cancellation be-
tween pickups by installing a compensating capacitor with a negative 750-parts-per-million tem-
perature coefficient in parallel with the line 1 pickup tuning capacitor. Compensation for temperature
was not difficult, since the phase variation with temperature tends to be quite linear.
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Phase Shifter Operating Range in kHz With a 10.258-MHz Carrier Frequency

The frequency of the upper sideband must lie within the fixed bandpass of the single sideband
filter throughout the operating range of the phase shifter. Because the signal frequency corres-
ponds to the difference between the upper sideband and carrier frequency, lowering the carrier

frequency shifts the operating range up-
wards. Figure 22 shows the resulting

0.6 operating range when the carrier fre-
é,; 0.5 quency is lowered 300 kHz to 10.258 MHz.
=+ 0,
3¢ Output amplitude is plotted versus input

~0.4 . . . .
Euﬂa signal frequency with a single input of 0.5
;E 0.3 volt. The output signal amplifier gain
Z’JE 0.2l OPERATING RANGE \ control was preset for unity gain at 400
P CARRIER FREQUENCY = 10.280 MHz kHz. The plot profile is identical with the
0.1~ (AT THIS CARRIER FREQUENCY VALUE, THE LOWER . . .
SIDEBAND IS ATTENUATED =60 db.) plot profile corresponding to a carrier
%m“ -- 4<§o 4556 - 5(1)0' ;0“ frequency of 10.580 MHz (Figure 18) ex-
INPUT SIGNAL FREQUENCY ( kHz) cept for a translation in frequency. The
Figure 22—Phase shifter operating range with carrier frequency circuit adjustments required for the
lowered 300 kHz to 10.280 MHz (phase shifter output ampli-  change in carrier frequency were slight
tude is plotted against signal frequency. retuning of the carrier amplifier tank

capacitors and the pickup tuning capaci-
tors; both mixers were then rebalanced for carrier rejection. Termination of the delay lines was
not affected by the change. Measurement of the line outputs (amplitude versus pickup position) in-
dicate no deterioration in phase linearity from reflections. The data show that the operating range
extends from 310 to 540 kHz; the lower region to the left is free from the effects of the lower side-
band, which is attenuated by at least -60 db in the single sideband filter. (At this value of carrier
frequency, the lower sideband lies 570 kHz below the frequency corresponding to -60 db in the sin-
gle sideband filter.) Operating procedures remain unchanged. At any particular frequency, line 2
is set on the zero-phase calibration point and line 1 is adjusted for phase coincidence by noting the
null on the meter driven by the differential amplifier. Line 2 can then be set for any desired phase
shift. Since the carrier frequency is lower, both lines will appear electrically longer. With the
lower carrier frequency value, the digital calibration for line 2 is 0.4067 degree per dial reading
digit (360 degrees = 885 units).

CONCLUSIONS

The use of an inductive delay line pickup in a heterodyne phase shifter circuit has been shown
to provide variable phase shift with infinite resolution. Reliability of the system is high, since
variable phase shift is obtained without the use of sliding contacts or range-changing switches. The
heterodyne method phase-shifts an input sine wave indirectly by phase-shifting a fixed frequency
carrier. Several advantages of this indirect technique were demonstrated. Calibration errors are
independent of the frequency of the input signal. The frequency range of the system can be changed
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easily by shifting the carrier frequency; the technique, however, is not suitable for very low values
of signal frequency. Phase shift is provided over a 360-degree range without attendant amplitude
variation. Circuitry is straightforward without the use of complicated networks. Measurements
showed close agreement with values predicted by analysis.

Goddard Space Flight Center
National Aeronautics and Space Administration
Greenbelt, Maryland, December 20, 1966
125-21-02-01-51
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Appendix A

Partial List of Symbols

Meaning

Distributed capacitance for line 1 and line 2, respectively

Peak amplitude of carrier

Peak amplitude of signal

Amplitude coefficient of single sideband filter applied to lower sideband
Amplitude coefficient of single sideband filter applied to upper sideband
Distributed inductance for line 1 and line 2, respectively

Delay-line reflection ractor

Distance from line 2 input to center of pickup gap

Distance from line 1 input to center of pickup gap

Characteristic impedance of delay line

Terminating impedance of delay line

Phase angle introduced to carrier by line 2

Phase angle introduced to carrier by line 1

Phase angle introduced to carrier by single sideband filter

Phase angle of reflection factor R,

Differential phase angle relative to carrier phase angle £, introduced to upper and
lower side band by single sideband filter

Radian frequency of carrier

Radian frequency of signal
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Appendix B

Effect of Lower Sideband on Phase Shifter Output

The phase shifter output with both sidebands consists of two terms given by Equation 4:

ES
12 [Kl sin(w, t +£-y+0 -0,) +K, sin(w, t -£-y -6, +e‘x)] (B1)
For any signal frequency «_, let delay line 1 be adjusted so that
£ -y 7 g,
Then Equation Bl reduces to
ES
12 [Kl sin (wst—ZL,/J—@x) +K, sin(a;st+9x):| (B2)
The analysis is made much simpler if the above expression is converted to the following
exponential equivalent:*
1—;— IM [Kl ej(mst_z‘/"gx) 4 K2 ej(wst+9x)] (B3)

Factor out the K, e' (""" term:

E . K e
_1_22 IM [K2 el(wst+ex) (1 + I—(i e 23(9x+‘l’)>J . (B4)

*Ael® = A(cos x + j sin x); Iy [Aeix] = A sin x, where I, is “Imaginary part of.”
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sy s =2j (8,
To clear the above expression, it is necessary to convert 1+K,/K, e G to exponential form:

K, _.,. K K
1 +K_le GG R 1+ (K_;) co's(29x +2\/J) - <-K—:> sin(29x+2\/1)

2

K, '
K./ sin(26_+ %)

2 1/2
Kl Kl 2
= 41+ K—22 + 2 T{_z cos(29x +2¢J) exp |- j tan™! K, (B5)
1+ f; cos (249x+2¢)
Substitute Equation B5 in B4:
- )
K1
E K2 K, v X, ) sin (29, +24)
s 1 . . - 2
12 I <K, I}+E+2‘§;cos(2r7x+2¢:)} exp |+ j|w, t+8 - tan™? T ? (B6)
1+ K_2 cos(2€x +2¢)
The imaginary part of this expression is the desired result:
K1
E K2 K 12 X, sin(26, + 2)
T_; K2 1+ =K_2 1 . (B7)

1
+ 2% 20 + i S, t+0_ - tan”
E K, cos( x 2¢') sin [e, .~ tan <K
1 +

K—l> cos (29x + 2\1.1)

The presence of the lower sideband thus results in amplitude variation and an arc tan phase per-
turbation, both of which are functions of 20 . The arc tan perturbation term is plotted in Figure

D1, Appendix D in the general form tan” 'FsinW/(1 + F cos W) (the function is also applicable to the
delay line); in this case, F = K,/K, and, W = 20 _+2y. It is a periodic function which alters shape
radically with the parameter K,/K,, being quasi sinusoidal for K, /K, < 0.2 and triangular for K,/K,=1
It shows a well defined maximum and minimum value which occur for values of the argument, 20 _+2y

given by the relationship cos (26, + ) = -K,/K,. The maximum or minimum value in degrees is
%
K2
tan™! ——————72 . (B8)

The periodic amplitude factor involving the cosine (Equation B7) also shows a maximum or
minimum which is expressible in terms of the sideband ratio K,/K,. The maximum occurs
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when cos (2 +2y) = 1 and is

1/2
Es Kl Kl 2 Es Kl
12 K, 1+2K—‘2+K—2 = +t713 K, 1+K—2
[
The minimum amplitude occurs when cos (20, + 2J) = -1, and is

Sl

] 1/2
K1 Kl Es K1
K, 1-2K—2+ f(_; = +712K, I—Tz

The ratio of maximum to minimum amplitude can be written

K,

1+ %

max _ K,

min K,

1- ?2_

This can be solved to give the relationship

K, _ max - min . . 9
K. ° max ¥ min (phase shifter output amplitude) . B )

2

Two additional relations between the cosine amplitude term of Equation B7 and the arc tan
phase terms can be derived. The first relationship is that the zero values of the arc tan term oc-
cur when the amplitude is a maximum or minimum. The zero of the arc tan term requires that the
numerator in its argument be zero; sin (26, +2y) = 0 thus (20 +24) = 0,7, 27. The cosine term
in the amplitude function will be cos 0 = 1 (maximum amplitude); cos7 = -1 (minimum amplitude);
cos 27 = +1 (maximum amplitude). The second relationship is that the value of the amplitude func-
tion corresponding to the maximum and minimum values of the arc tan term is given by ymax - min
(amplitude). From Appendix D, Equation D2, the maximum and minimum of the arc tan occurs
when cos (26, + 2¢) = -K,/K,. Substitution of this relationship in the amplitude function, B7 gives

2 2\1/2 /
B (LK KR, A\, % 5
212\l Tz T2k T 12k T T nkylox, 0 Y1ty

2 2

= ymax ‘- min (amplitude)

= value of amplitude when arc tan term is either
(B10)

maximum or minimum .
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Appendix C

Distributed Constant Delay Line With Toroidal Pickup

In order to determine the pickup output for a configuration as shown by Figure C1, it is first
necessary to determine the current distribution along the line. Consider the schematic of a uni-
formly distributed constant delay line without the pickup (Figure C1). With the reference point
placed at the input to the line (z = 0) the current i(z, t) at any point z is (Reference 3)

M [ejwctf(z)] , (C1)
where
o E[Z47) e - (z,-7,) b)) \
ME T 2 2 ) (2, 02) et - (2,4,) (2, -Zg) et (c2)
Z_ = Internal impedance of generator, , % ‘ {
Z, = characteristic impedance of line, R
Z, = terminating impedance, b Niz ) 2z

|
£, =E_ Sin ut }
|

a = propagation constant of line, oz

4 = line length, OZRI=G(:N

—_ rs ™ (23
M = "imaginary part of. Figure C1—Transmission line schematic without pickup.

The further development of Equation C2 is generally familiar, but is not usually in the form de-
sired here; the phase perturbation resulting from an improperly terminated line is seldom shown
in detail. The phase and amplitude of the current at any point on the line will be determined for
the case of the lossless line with the generator impedance equal to Z,, Z, = Z,. With this current
known the output of the toroidal pickup can be determined. For the case of the lossless line, the
propagation constant o = jw_¥LC = j8 where L = inductance per unit of line length, C = capacitance
per unit of line length. With this relationship and Z_, = Z;, Equation C2 reduces to

N

E p—
T(z) = ZZC e".'ﬁlE [e"ﬁ(/f‘")— - e“iﬁ(%_zﬂ ' (C3)

Ny

Z,
0 A
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The factor (Z, - 2,)/(Z, +7,) , termed the reflection coefficient will be expressed in polar form as
R, e} ?; substitute this latter definition in Equation C3 and multiply through by e ift,

T(z) = 5z [e-iﬁz —Rrei(ﬁrw'ﬂ*‘fb)] ; (c4)

Factor out e”i87;

EC
I(z) = 7z, e 1Bz [1 - Rrej(zﬁz-m/éw)] . (C5)

Note that because Z, =vL/C, Z; is purely resistive in the case of the lossless line, the symbol for
Z, is written without the bar. For latter application, it is desirable to alter the minus sign pre-
ceding the R term in Equation C5. Use the relationship ei” = -1:

-— EC .

The expression in the brackets is converted to polar form as follows. Let (28z-28f+¢+7) = A:
1 +R, eih = (1+chos>\) + jR_sinA

o R, sin\
= [1+2R‘_ cos A +Rr2] exp [j tan™?! 1+R._ cosh

Substitute the above exponential form in Equation C6:

= Ec 1/2 Rr sin A
I(z) = 27, [1+2R, cosA+R?] " exp |-j(Bz - tan"! T3} cosa)| - (1)

Finally, with this expression substituted in Equation C1, the current at a point z is

E_ 1/2 R, sinA
iz, t) = EZ_O(I+2ch05>\+Rr2) sin wct-,Bz**tanlm . (C8)

From Equation C8 the current magnitude will vary periodically with z. Also, the output phase shift
will be subject to a perturbation component superimposed on the linear phase shift term Bz. These
effects are of course reduced to zero for a line terminated in Z,, for then R, = 0. In this
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case,
EC
iz, t) = 2—2—0 sin(wC t—,Gz) . (C9)

Since it is difficult to achieve this condition perfectly, it is desirable to determine how much the
linearity of phase shift is effected by R,. The phase shift perturbation term (Equation C8) is of the
form tan"!'F sin W/(1 + F cos W) which has been plotted in Appendix D, Figure D1. In this case
F=W and W= 28z -280+¢+7 . The absolute value of the maximum or minimum of this function is a
measure of the maximum deviation from linearity to be expected in the phase shifter output. This
maximum or minimum is shown to be tan™'R_/y1-R?2, The variation of the amplitude of i(z, t) at-
tendant with the phase perturbation is of less consequence to the operation of the phase shifter be-
cause of the limiting action of the mixers. However, the maximum and minimum values of ampli-
tude are of use in predicting the phase deviation, since the value of R_ is related to these values:
Maximum or minimum amplitude occurs when cos(28z - 288 +@+7) = 1. Thus i(z, t) max

= yi+2R + R2=1+R and i(z, t)min = y1- 2R, +R2 = 1-R
termed the current standing-wave ratio, is

The ratio of i(z, tymax to i(z, t)min,

r*

i(z, t)ymax _ 1 +R,

i(z, t)ymin -~ 1-R

This equation can be solved for R _ to give the useful relationship

i(z, t)ymax - i(z, t)min _
i(z, t)ymax +i(z, tymin R, (C10)

With the current determined relative to the input point on the line, consider the pickup and line
configuration shown by Part A of Figure C2. To expedite the analysis which follows, the reference
point has been shiited to the center of the pickup gap. The line current with respect to the new co-
ordinate system is i (zo tz', t), where the line input point is now z, units to the left of the new ori-
gin and z' is the variable in the new coordinate system. The pickup distance d normal from the
line is considered to be sufficiently small to make the distance from the center of the gap to any
point on the line a small fraction of the wavelength in free space of the carrier generator frequency;
from the geometry of the system, this distance is ¥d2 +(z')? . The coupling mechanism between
the line and the toroid is assumed to be a distributed mutual inductance parameter M(z') associated
with each element of line current. Because of the small spacing, M(z') is assumed to be independent
of frequency. In essence, the pickup and line are considered to be a transformer with a section of
line adjacent to the pickup forming the primary, while the toroidal winding forms the secondary.

The pickup output will be derived for two cases: (1) M(z') is an even-valued function (M(z') = M(-z")),
(2) M(z') is not an even-valued function (M(z') # M(-z")).
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Figure C2—Schematic used for analysis of
inductive pickup.

The open circuit pickup voltage de  taken across the inductive tap L, is je L di_,
distributed resistance of the tap to be small relative to L_.

di, =

Equation C12, this voltage can be written as

The total voltage induced in the pickup for an inductance function distributed from z’

is

“je.M(z") i(z0

«lLM(z")i(zg +2", t)

Case 1 will be considered first. It will be
shown that if the mutual inductance parameter
M(z') is an even-valued function, the pickup out-
put voltage is equal to the line current at the
origin multiplied by an amplitude factor which
is a constant. The voltage induced in the sec-
ondary of a transformer with primary current
I, is -joM L, where M is the mutual inductance
(Reference 4). In the case of the line and pickup,
induced voltage in the pickup resulting from a

section of line dz'is

av (C11)

b = Tiw M(z") i(zo tz', t) dz'
For Part B of Figure C2, let the coil inductance
L, be resonated by C_; the current in the coil d i,
resulting from dv, is dv, / R_. With the above

relationship, this gives

+z!', t)

dz’ (C12)

R,

assuming the
With the value of current given by

3 dz’ (c13)
= -Ftoz' ®aF
M(z')i(z, +2 ,t) dz' (C14)

Next, consider the expression i (z,+z', t) in the integrand of Equation C14. If the loading of the
pickup is neglected the line current i(z0 +z', t) can be obtained by substituting Equation C4 in
Equation C1. But it will be necessary to rewrite these expressions with respect to the new co-
ordinate system: Let z = z; + z’ in Equation C4 and substitute the resulting expression f(zo +z2')
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in Equation C1 to give i(z,+z', t):

E, . -iBzg g i (Beg-280+d) -
ifzo*z'st) = oz IM (e”"ct [e x e 1f R, e x eif ] (C15)

Rewrite the exponential portion of Equation C15 using the identity*
IM(ei®xei®) = IMei®xREei® + REe!® x IMeiP
Thus,

IM(‘Ei(wct_ﬁz") cemifsl —g_ ol(vettBrom2sbed) eiﬁz’)

j(wct—ﬁz

= IMe O RE e ifz + REe (“e"TF%0)  qMemife

-R <IMej(w°t+ﬁz°_2B{+¢)xREe"ﬁz' RE o (“et A28ty IMeiﬁzl> . (C16)

After Equation C16 is multiplied by the factor E_ /2Z,, the resultant expression for i (z,+z', t) is
now in suitable form for integration with respect to z'. Substitute the resultant expression for
i(zo tz', t) in Equation C14 to determine the pickup output:

w?L_E F F
c s j(w -5z j(w t—Bz
e, T T R IMe’ (“ct ﬁo)xj‘ M(z')cos (Bz')dz’ —REe’( ct7F O)x J- M(z') sin (Bz')dz’
0 s -F r

F
i -Bzy-281
- R, Me’ (Ve t P20 28 e) J M(z')cos (Bz')dz’

-F

i £ ¥
_ RrREe;(wct+,820—2ﬁ +q5)x J‘
-F

M(z') sin (Bz’)dz’:, - (C17)

But if M(z') is an even function, the integral

F
J M(z')sin (Bz')dz’ = 0

F

;Exponential form of the identity sin(a + b) (= sin a cos b + cos a sin b). RE = Real part of.
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because the integrand is the product of an even function, M(z'), and an odd function, sin(8z'), inte-
grated over equal positive and negative intervals. Consequently Equation C17 reduces to

wchs F Ec jow t -jBz i(Bz '2,3'{7/4':25)
e, = R, M(z')cos (Bz')dz' - IM ‘2‘Zo_e’ € (e’ 0—Rl_ e’( 0 ) . (C18)

-F

expression for line current at the origin
The expression on the right of Equation C18 is the expression for the line current, i (zo, t) , at the
origin opposite the pickup gap. The pickup output is this current multiplied by an amplitude factor.
Since the geometry determining M(z') (part of the amplitude factor) does not change with z,, the
expression for pickup output could be expected to be valid for any particular value of z,, (provided

that the pickup is not moved too close to either end of the line). Using the type of reduction shown
by Equations C4 through C8, the pickup output can be written without exponentials as

a'CZLS E. F s
ep = ——220Rs Fcog(ﬁz’)M(Z/)dzl (1 +Rr COS}\"”R})

R, sinX
- sin wct—ﬁzo+tan_1 1+R, cosh) o (C1l9)

where

>
Il

2Bz, - 28 + ¢ + 7, and

N
1]

0 distance from line input to center of pickup gap.

If the reflection factor R, = 0, the pickup output voltage is

wC2LS EC F
e, ~ 2ZoR—AJ cos (Bz'yM(z')dz" - sin(wot—ﬁzo) . (C20)
S J-F

The reflection factor R, in terms of the maximum and minimum pickup output voltage measured
during pickup if the line is improperly terminated (i.e. Z, # Z, ) is

e, (max) - e, (min)

R, = T loaxy : (c21)

r e, (max) + e, (min)

For case II, the integral

F
j sin(Bz')M(z')dz’

F
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will not be zero because M(z’) # M(-z'). The reduction of Equation 17 with this condition can be A
made with the techniques previously shown. If M(z') # M(-z‘) the pickup output is

.2 i
C(/C LSEC

e, = W YClz +C22 }/1 +2R, cosA’ +R2
) ~ C, ~ R sinA’
sin (w, t =Bz, - tan™! ‘(':_1 + tan™! 1+R, cosh’ ’ (C22)

where

(@]
it

F
2 I M(z’)sin (Bz')dz’ ,

-F

@]
Il

F
1 J’ M(z')cos (Bz'ydz' ,

-F

-1 C,
A = A+ 2tan C_l

An examination of this equation leads to the conclusion that the effects of M(z') being odd-valued
are to modify the amplitude factor and to add a phase angle to the pickup output. Neither effect

is significant because the terms involved are constants. Equation C19 is quoted in the text, as
M(z’) is considered most likely to be even-valued, since M(z’) could be expected to vary inversely
with distance (Reference 5)—in this case, the distance between any point on the line and the cen-
ter of the pickup air gap. This distance ydZ+ (z')? is an even-valued function of z'. A restatement
of assumptions is listed below:

(1) The delay line is lossless with distributed constants.
(2) The generator driving the line is matched to the line.

(3) The pickup is coupled to the line via mutual inductance which is a geometric parameter,
not a function of frequency.

(4) The mutual inductance is an even-valued function of z' over an interval from z' = -Fto
z' = F, and is zero outside this interval.

(5) The presence of the pickup does not alter the current in the delay line.
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Appendix D

Phase Function tan-! F sin W/{1 + F cos W)

A periodic phase perturbation of identical shape results in the phase-~shifter output if either
the lower sideband is present, or if the carrier delay lines are not properly terminated. This
perturbation term is of the form tan 'F sinW/(1 + FcosW). Because this function can not be reduced
further, a plot was made, Figure D1, to illustrate its peculiar characteristics. Four curves were
plotted, each corresponding to a separate value of F. This plot shows that the function undergoes a
drastic alteration in shape as F—1. The maximum or minimum value of this function in terms of
the parameter ¥ is important to the design of the phase shifter; it is given by first setting the

derivative = 0:

FcosW+F?

F (tan“ ﬁ?—ygw) = 1i2FcosWiF - O (D1)
If the value F = 1 is excluded, the zero g0l
corresponds to the zero of the numerator; L i =0F'7=;>/
FcosW+F? = 0. Thus the rhaximum or 60— F=0.5
minimum value occurs for a value of W 4o Fro2
given by g 22 D
o
3 20}
cosW = -F (D2) % -4
- =601
This relationship is then substituted in -0
the original arc tan expression to give the
maximum or minimum; 0 4Lo l slo ' lzlo ' 1(10 I 2:)0 ' 2‘1.0 ‘ 240 ' 32'0 ' 3él>0

FsinW

Max or Min value of tan™® {1 osW

. __1F _
(1 - F2)1/2 -

= tan”

F
ttan”! m (D3)

where F <1. The plot, Figure D1, shows the maximum value corresponds to positive sign, the

negative sign to the minimum.

NASA-Langley, 1967 —— 7

W (degrees)

Figure D1—Plot of f(W) = tan™1 F sin W/(1 + F cos W),
F=0.205,0.71.0.
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