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Wide-Range Phase Control with Constant Attenuation by
Adjustable Impedance in a Resistance-Loaded Briclge-:?Z

Tee Network

Fhese may he phifted through a wide ran

6 properly deaigned bridged-tes network,

By Myion G. Pawley

without changs in attenuation by means of

usationg are presented, snd the nacemar

relationa between circnit constenta are deduced for phase sontrol nsing an adjustable mist{
wnee, indumance, or capacitance located in a suitably selested braheh of A bridged-tee

network.

I Imtrodection

Bridged-tee circuitz are widely used s null net-
works [1].! This paper shows that bridged-tee net-
works may be devised for phase shifting or phass
modulating snd gives the necessary relations between
circuit constantz when the phase displecement is
produced by an adjustable resistance, inductanes, or
capacitence in the propsr branch of the tee. Ad-
ventages of thess circuite will bo ecen to include:
wide-range phase shift without change in sttenua-
tion; common ground for mput and outpui cireuits
a2 well as for one end of a single adjustable control
impedence; largo chenga in phase with smeall varia-
tion 1o control reactance; ability to work inso a low
resistance load ; stability; and simplicity.

- By z,

Symmstrioal folice network with resiatfve foad,

A good al approach to the problem is to first
consider the lattice network showm in figure 1, it
can be shown thet the transfer function [2] for this
circuib can be written [3] as

E,_E,

Fioure 1.

E=3% {Yas— ¥ba)s {L}
whera
A~ (2)
Zu=BotZs;  Zp=Ry+Z,

| Figwres la bragkete Dadicats bos Uleraturs referenced gt the end of Kilks paper.

For constant attenuation, e, with phase shift pro-
duced by veriation in resistance or reactance in the
circutt, one may write

E, '
E=ﬂt‘m, (3%

where « is a constant independent of the variable
that changez the phase angle 2. Henee, ohe may
represent this transfer function geometrically ssa
cireular locos with pole st the center,

I. Variable Reactance Contrel of Phase
with Constant Attenuation

If we desire to use an adjustable reactance as the
conirel element, we can exsmine the expressions in
terms of the components that 7, and Z, of figure
raquire {0 preserve the form of eq 3. .

eferring to fpure 1 and to eq 2, if

Z,—R,
)

and
za“lﬁﬁ'jx '

whera X may he induetive or capacitative, we obtain

the Iattice network of figure 2, a. Hore,
Wae= ! )
* Byt R,
and
Yo ‘ et un gk
X v "
f+R
(g pj-\/l-l-(ﬁ-_a'i'ﬂa) | (5)
1
- e
B AR e
where
X
b M BT B )
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Figyen 2. Leilice naworks for vartable regclasnce cosidrol of
phaae with coastand olenuatfon.

A study of the g‘e:mmehlgr of the vectors represent-
ing the ittances 4q, a0 Y2, shows that the desired
pheee sbift characterstice will be obtained in the
eirenit-of fgure 2, a, provided
RQ=R;+2R5- {B:I

In this case,

1 1 .
ﬂm—#u—m [‘i—cﬂ& # {coB #—3 sin vﬁf}]

1

S
2(8;+ R '
and eq 1, which represents the tranefer funcilon for

the cireuit of fizure 1, and for that of figure 2, a8, may
be written

Ea_ B2y
E iBAR)T

(7}

whera

f=arc ten X -
BTE

Equation 7 is now in the form of eq 3, snd there-
fore represents the transfer function for a lattice net-
work piving constant attenustion when the phase is
ghifted by variation in reactance X,

Heance, the circuit of figure 1 becomes the desired
hagse shift network, shown in 2. 8, provided
s B0d Zy are ag given by eq 4 and provided the circwil

conmants are related as given in % g,

The circuit shown in figure 2, b, also will he shown
to satisfy thess conditions, and hence will represent
an example with the desired charactenstica, Al-
though lattice networks cannot always bo converted
to equivalent bridged-tee networks, this particular
circuit wea chogen becsuse it may he converted to an
equivalent bridged-tee. The lattice network iz not
generslly convenient a2 a phase shifter, with constant
attenuation, because simultaneous variation of the
reactances n two arme would be required. The
equivalent bridged-tee has the ad vantage of requiring
the variation of only one resctance element for
ghifting the phass end of having the ground common
to one side of the input and output, as well os to one
end of the variable contrel reactance.

Examination of figure 2, b, shows that if we make

Xe B,
&
Zy s }

Z,=2R,+-§2 X~ Xo).

These forms for Z, and Z, correspond to thosa piven
by eq 4. I, in addition,
R,

§=R:1‘|"1Rh {9)

(B}

the condition given in eq 6 12 eatisfied, and the circuit
of fignure 2, b, provides an example of the desired
phase shift network. From eq 4, 7, 8, and 9, tha
transfer function mey now he wrikten

By R
o 4B+ 28 !

where (10}
2 Xi—Xe
f#=arc tan x,
B3R,
Equstion 10, therefore, represents the transfer
function for the circuit of ﬁgure- 2, b, provided
Xcl}-ﬁl,
'§!=R3+4Rg.

Under these conditions, simultanecus varation of the
reactances in tha circmt of the s etrical lattice
network of fipure 2, b, ghifts phase without
varying the attenoation. .
An equivalent bridged-tee- network [4] shown in
’ﬁi%]m 3 may be derived from the latiice of figure 2, b,
e variohle shunt capacitor, shown connerted with
» dashed line, shows one means of varying the effec-
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tive reactance for producing phase ghift. Thie will
ba describad more fully later in this paper, The
tranafer function for this bridged-tee network (not
including the added capsacitative reactance Xp,)
is the same as that given in eq 10 for the correspond-
i.n§ lattice network of figure 2, h.

n the bridged-tee circuit of fizure 3, the phase
mey be shifted by wvarying the inductance, for
example, with an adjnstable core reactor or with a
saturable reactor. The attenuation will not remain
constant unless the resistance B of the reactor
remains constant. In laboratory teets, B; was
found not to change appreciably when the eireuit
reactance was changed by varying sn external
eapacitance across the high-¢ inductor. With thie

mode of operation, the arewt performed closely to
theorstical predictiona.
H|
-ixe, ']xln.
R !
- r =T |
E; : Re R,% Eo
-] a —
e s
f i
£

Fioune 3.  Bridped-lee spuioaiend o laftice nefwork of figure 2, b,

Examination of the transfer function, 10, for
the bridged-tee of figure 3 shows that as the resis-
tance By of the inductor approaches zero, (f} ap-
proaches =} the attenuation approaches o minimum
of one-fourth, and the phase pensitivity, with varie-
tion in reactance, appreaches a maximum.

When X iz considered the varishle in figure 3,
with =90, it i3 convenient to write eq 10 in a
different form:

Lot

o001,

§L=
X'C-'l

(12}

In this case, eq 10 becomes

E, —_ Lz e
1oy
where (13)
f=anar: tan M.E'.
28, )

Equetion 13, therefore, re nie the transfer
function for the bridged-iee of figure 3, with {i=0,
and with & proportionsl to L, as Indicated by eqg 12.
As explained previously, for constant attenuation

with variable phasa shift, the conditions given with
eq 11 aTa Neeasery. . X .
. When Xes ie considered the varisble in figure 3, it
iz convenient to write og 10 in snother form:

Argume the (} of the induetor o be high, and that
the network is adjusted for X;—=Xp/2, Let

Xy K
T Xe, ZXo,

5 =t LT 1. (14)

Ii we replaca X, in eq 10 b&l the paralle] combination
of Xz and Xpp in fipure 3, then make X;=Xqn/2, and
aubstitute for Xg, %mm e 14, eq 10 becomes

£, R, b

= __ "% I
B imtImg ¢
where
. Xogo | (18)
=fare B&um
decl. ]

Equation 15 then represents the trensfer function
for the bridged-tee of figure 3, with 3 proportional
to %, Ba indicated by eq 14. As in the Erecading
case, for constant sttentuation with variable phase
=hift, the conditions given with eq 11 sre necessary.

Attenuation and phase characteristic surves, with
phase shift and attenuation shown aa functicns of
shunt eapacitence ¢}, are given in figure 4, a, for the
bridged-tee network of a 4, ¢, operating at a
frequency of 4,170 cfa. ure 5, a, shows smilar
curves for tha bridged-tee phase medulator of figure
5 b, ﬂ&emtmg &t 20.1 Mc/s. Thess curves show the
larga changes in phase that may be secured by small
changes in capacitance, particularly at the higher
fmquenc{l. Figura 4, a, shows that, even at 4,170
¢fs, 90° phass shift is ]Jrcn;luned by & shunt capacitance
change of only 25 ppf. As shown in figure 5, &, 8t
20.1 Mefr, a phage shift of 90° is produeed by a
capacitance change of only 2 puf.

spection of eq 10, givin% the transfer function for
tha networks of g 2, b, and 2, ehows that the
attenuation is independent of frequency in the latiice
network as well as in its equivalent hridged-tee
notwork. Ty 4, b, shows the attenuation and
phase curves for the bridged-tee of figurn 4, ¢, when
=0 and the frequency 1= varied.

1. Varioble Resistance Conirol of Phage
with Constant Attenuation

If we desire to use & variable resistor as the
control eloment for shifting phass, we can ezamine
tha compouents of Z; and Z; of figure 1 that will
meka &g, | assume the form of eq. 3.

Refarring to figure 1 2nd {0 eq. 2, if

Za=3X, }
Zy= Rb+jX B

and _ (18)
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phasa shift characteristice will be obtained in the
circuit of figura &, &, provided

X,=2X, (18)

In this case,
Y Y=gy [—5—2 sin € {cos 0—j sin )

="2LX3 [cos 20— sin 24]

il
=—71 EXEE ¥
and eq. 1, which rapresents the transfer function for

the cirewit of Ggure 1, and for that of figure &, a,
may bhe written

E,__ B _g
E-Jax. ¢

whera (1)

_ X
f=are m“er-R,

Equation 19 i now in the form of eq 3, and there-
fore represents the transier function for a lattice
network giving constant attenuation when the phaee
is ghiftad by adjusting the resistance R,.

Hanee, the circuit of figure 1 becomes the desired
phase shift network, shown n figure 6a, provided
the necegeary relation in aquation 18 as fultilled and

Z, and Z, are as given in eq 16.
The circuit shown in figure 6b, alse will be shown
to satisfy these conditions, and hence will represent

an example with the desired transfer function.
Although, as mentioned before, lattice networks
cannot alwmhe converted to equivelent hridgaad-f.ee
networks, this particular circuit wes chosen bacsuse
it may be converted to an eguivalent bridged-tee.
Aa in the previous case, this lattice natwork ia not

nerally eonvenient for use in phase shifting becanese
or constant attenuation, simultaneous proportionsl
adinstment of the resistance in two arms would be
required. The equivalent bridged-tee has the ad-
vantage that the phasa may be shifted by adjusting
only one resisiance clement. It also offers the
advantaga of a common ground for one side of the
input and output and one end of the adjustable
phasecontrol resistor.

Examination of figare 6b, shows that, if we assumao
the § of the inductor to bo high,

. AuXe
SRy =

and ) “ (20)
Zy=2F—jXe.

These forms for Z, and Zy correspond to those given
by eq 16. 1II, in addition,

A Xe

or {21

the condition given in eg 18 iz satisfied, and the
cireuit of figure Bb, provides an example of the
desired phase shift network. Frem eq 18, 19, 20,
and 21, the transfer function may now be written

Fiin ™

where (23)

g#—arc tan Xe
B 2R,

Equstion 22, thercfore, represents the transfer
function for the circnit of figure 6, b, provided

¢ (indﬂﬂmr)ﬁ*laz

Under these conditions, simultaneous varistion of
the resistances &, in the circuit of fipure 6, b, shifts
the phase without varying the attenuation.

Figurs 7 shows the equivalent bridged-tee net-
work [4] corresponding to the lattice of figure 6, b.
The transfer function for this bridged-tes network
is the same as that given in eq 22 for the corregpond-
ing lattice network of figure 6, b. In this bndged-
tee network (fg. 7), the phase may be shifted, with-
out variation in attehustion, by varying the ﬂinga
resistance &;. Fxamination of oq 22 shows that the
mapnitude of the attenugtion is proportional to the
tatio B;/4X,. This ratic must, howaver, be eon-
sistent with the relation given with eq 23, in order

ang (28)
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Frowee 7. Bridped-dee spuivileal by letlice network of figure £, b,
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that the attenuation remain constant with variation
in e whan Ry is varied.

ttenustion and phase charsecteristic curves, with
phase shift and sttenustion shown as functions of
control resistance B, are given in figure 8, a, for

the bridged-tes network of figure 8, b, operating at
4,170 cfe.

IV. Geometrical Inferpretation

vation 1 shows that the transfer function for
the phase shift networka discussed in this paper ma
be considersd ms the difference between two ad-
mittances, except for & constant multiplier,

Figure %, a, shows plots of the admittance loci
Yoo 800 7ra, for the bridgped-tee cireuit of figure 3,
wherein the phass is shifted by varying the react-
anca without preducing any change in attenustion.
Examination of eq 5 shows that, for this circuit
Yo 13 B constant veetor independent of reactance X:
whereas ¥, i6 8 vector whose origin rests st the
extremity of the horizontal diameter of a circular
locus snd whose terminve moves along the cirele
as the reactance X is varied. Examination of fisure
9, &, shows that if the length of the vector ¥,, is made
equal to the radive of the circular locus for ¥, the
difference ¢o.—%ss representing the transfer fune-
tion for the circuit of figare 3, appesr b8 4 Vector
of constant length rotating in a cirele, ag pictured in
figure 9, ‘n-.h e Mt&nuatw{: is t.hu‘% &aal:dn to remmn
conetant when the phase iz changed by adjusting the
value of the reactance X. These relstions sre repre-
sented snalytically in eq b to 7, inclusive. Equation
§ gives the analytical relation corresponding to the
aquality in langth of the vector ¥, with the radius of
tha circuler locus for ., ne pictured in figure g,

a, and, b,
! Figure 10, a, shows plota of the sdmittancs loci ¥,
and .. for the bridged-tee cireuit of fizura 7, wherein

the phase is shifted without veriation in attenustion
by changing the value of the resistance. Examina-
tion of eq 17 shows that for this circuit, 4., i8 & con-
stant vector [along the axis of imapinaries) inde-
pendent of resistance Ry, whoreas y,, iB 8 vector
whose origin rests at the extremity of the vertical
dinmeter of a cireular locus and whose ferminus
moves along the gircle as the resistance B, is varied.
Ezamination of 10, a, shows thet if the length
of the vector y,, 12 made equal to the radius of the
circular locus for y,,, the difference y,,— i, repre-
senting the tranefer function for the circwit of figure

jl'“' '-'Ibn

[
[Yao | 2 ool a=o
o b
Fiouves 8. Admiiance b for beidged-fee of figure 3.
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Fiayee 10, Admitbance logi for bridgad-fee of fipure 7.

7, will appear sa & vector of consiant length rotating
ma cu-& , 48 pictured in figure 10, b. a afiten-
ation is thus geen to remain congtant for change in
%hasa produced by changing the walus of resistance
s 'These relations are represented nn&]tizl in
eqll'."' to 19, inclusive. Equation 18 gives yii-
cal relation corresponding to the equality in length
of the vector y,, with the radius of the cire
locus for 4y, as pictured in fipure 10, a, and b.

V. Related Null Network

Referring to re 9a, which showe plois of
admittance loci related to the bridged-tee cireuit of
figura 3, it enn be seen that if #,, v made equal in
mapnitede te¢ the diemeter of the cirevlar locus for

v, B2 ghown by the dashed line of figure 9, 4, the

ifferance y..— i, Will be & cireular locus with the
Eﬂﬁ at the extremity of the horizontal dismeter.

ence, as the reactance X iz varied continuousy, the
reaultant vector will shrink to a nul] when the veciors
for %aa and ¥y, become equal. The eorresponding
analytical conditions can be derivad readily from the
relations given in 5. This manipulation results
in the well-known relations for this bridged-tes when
used ae p null network.

It iz interesting to obszerve that the onl
ment ;ﬂfuimd to change the o]l networ
%‘Lﬂﬂﬂ t network of 3 iB to changs H, from

\=—4K,, for the null sondition, to the value given
by aq 9 for the bridged-tec phase shift network.

VI. Impedance of Bridged-Tee Networks

The image impedance of the symmetrical lattice
of figure 1 (with K, omitted) is

Fa= m [Ei)

For tha lattice network of figure 2b, and ita
equivalant bridged-tea ghown in figure 3 (with B
omitted), the image impedance may ba daterminui
from the values of Z, and Z, pgiven in eq & I

2X;=Xn,
= '\'IIEE

adjust-
to the

{25)

- high fre:?iuenciﬁa.

Thizs is the in]l;sl,lt immpadance the bridged-tee of
figure 3 would have if & in the inma were sherted,
and the load were given the value

-R'a_—'ﬁn= '\'I'EI_R;
Solving &g 2 and 26 eimultaneously, wa obtain
Ri-=RZ='4R‘Jj
for the input impedance of ‘tha bridged-tee of figure
3 i By in the inpwd were shorted, The mmpedance
looking back into this network from the load is

R.=R,=4R,,

(26)

(27)

(28)

if the souree impedanee is equal o B;. The input
and output impedances given by #q 27 and 28 for the
bridged-tes of figure 3 are minimum velves existing
when 2X;=X.. ‘These mmpedances become reactive
whon the f?uhme in shifted by varying the circuit
reactance {rom this value.

The input and cutpuat inpedances of tha bridged-
toe of %ure 7 may be shown to vary from —idX./3
when H:=0 to —j1X, when Rs= . For inter-
mediate values of R, these impedances include a
resistive component.

VII. Applications

The bridged-tee phase shifting elrcuits deseribed in
this paper were elopad originally for use with
wgrigble-reaigtancs, or variable-resetance telemeter-
ing pickup devices to produce phass modulation in
multiplex time-division telemetering systems and
frequency modunlation in multiplex fraquency-division
telemetering systems. Other possible applications
inciude use a= a phase shifter in serve loops ineluding
two-phase motors, and use as a phase modulator at
The circuit of figura 5, b, with
phase and sttenustion characteristics shown in figure
5, , was demonstrated successfully in the leboratory
a8 & phase modulator at 22 Mefs. In thie applica-
tion, modulation was effected by vanation of shunt
capacitance with & reeciance modulator. Alter-
nately, the shunt capacitance could be waried by
utilizing & barium-strontium titanata slement whose
cnfacjtunm changes with varistion in modulating
voltage.

Far voltage modulation of phase, tha bridged-tes of
figure 7 was tested with the variable resistance R
replaced by & biased varistor as shown in figure 11, b.
Static tests at 7,250 ke indicated excellent linearity
of phasa versus bias voltage over & 90° phase shift,
a3 shown in the experimental curve of figure 11, a.
The nowlinear cheracieristic of the biased varistor
ates for the nonlinear phase characteristic of

uﬁi;ng in & remarkably

oM
the bridged-tes network, res
linear phase response over the 90° . A= =een
from the theory of the bridged-tee phase shifter
above, this range of modulation is effacted with ne
change in attenuation. Theloading offect of the net-
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phase modulaler (= 7,250 keh.

work during modulation is not generally serious,
since the Input reactance of the network decreases to
ﬂ]ﬂ)&o—' Xof3 ohms when R hecomes zero,

er application of the bridged-tea of figure 3
is suggested by the previously mentioned prupertﬂ;;
of this network of giving constant attenuation wi
varigtion in frequency as shown in figure 4, b. Two
bridged-tee notworks i tandem, properly adjusted,
result in a constant phose shift independant of fre-
quehcy over A wide ran,of. This combination of
bridged-tee networks may have advantages over lat-
tice networks that heve been described recently 5, &]
for this purpose, particularly since the bridged-tea is
single-undom unctions when loaded. nee, no
phase-inverting and iaolating vacuum tube amplibiers
should be reguired with this hrid%;g—tna ATTANgA-
ment, slthough the attenuvalion through the two
bridged-iee networks may be s disadvantage in some
applications.
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Stability of Dextrose Seolutions of Varying pH
By Emma J. McDonald

A study hes been mpde of the rate of the initial decomposition reaction saking place in dex-

trose polutions of varying pH. From the

time valodty conetanta have been calowlated for eight values of pH.

change in dirett optical rotsilon over a

riokd wf

The regults indicats that

dextrose golutions sre toost stabla at about pH 4.

I. Introduction

A great desl of work has been reported in the
literature concerning the decomposition of reducing
sugare in acid and m alkeline eolutions. However,
there is little to be found that gives an explanation or
measure of the relation that exists between the pH
and the stahility of aqueous dextrose solutions.
The wide use of dextrose solutiong as standards in
methods of sugar analysis has led o this investiga-
tion. In sddition, sgueous solutions of dextrosze
find application in the practice of medicine whera the

solutions are stored in & sterile condition in ampoules
or in bottlea, A great variety of food products, both
naturally occurring and manufactured, contain dex-
troge, often B3 one of the main constifuents. Fruit
juiees, honey, table sirups, and molasses are examples
of thia group.

In the presence of aqueous acids, dextrose under-
goes condensation resctions, forming disaccharides
and possibly higher olipossccharides. The uets
of this primary Temction, a8 is {0 he expected, are of
great variety as the mode of attachment of two dex-
troge molecules is unselective and depends upon the

206



