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Abstract: - An analysis of a BJT phase shift amplifier is proposed in a detail polynomial form. The numerator
and denominator polynomial form are derived which can be seen as a symbolic coefficient which are multiplied
with complex frequencies of the order of the polynomial. A detail analysis is very laborious but it is presented
some of the coefficients which are a function of the small signal parameters of the equivalent circuit such as a
transconductance, output resistor, base spreading resistor, pi resistor, myu resistor and two parasitic
capacitances, passive resistor for biasing, passive capacitors and resistors which are the core circuit of the phase
shift networks. After dc operating point are designed as a function of the current consumption. All small signal
parameters of the transistors of the phase shift amplifier are designed as a function of the current consumption.
The BJT phase shift frequency response can be plotted by a polynomial form which can be calculated by
MATLAB. The BJT phase shift amplifier may not worked as a phase shift oscillator without the input
impedance formulas.
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1 Introduction capacitor. The gain necessary for oscillator can be
The phase shift oscillator design was existed and derived by determining the ratio of the output
published before 1941 [1]. The extension of the voltage and input voltage, then substituting a
operating frequency of the phase shift oscillator can complex frequency s with jw so that the
be done by using the equivalent circuit of a denominator polynomial is transformed into a
resistance capacitance transmission line [2]. The symbolic complex number. The next step is to
generalized input impedance can be derived from equate the symbolic real part and symbolic
passive phase shift network [3]. Its input impedance imaginary part with zero. After that, the
formula can be used with feedback to the input of oscillation frequency can be derived. The

vacuum tube amplifier. The application of signal
flow graph to analyze the phase shift oscillator was
done while the root locus methodology was used to
plot the graph of the pole frequency of the transfer
function [4]. The paper do not used the high

problem is that the tube amplifier is not well
described in that paper, instead it used Thevinin
voltage source and a series source resistors to
represent a tube amplifier. In section 2, an

frequency equivalent circuit of the BJT to calculate original concept of the phase shift oscillator are
the input impedance of the phase shift amplifier [4]. reviewed with a matrix of Kirchhoff’s current
To design other type of oscillator such as a cross law. In section 3, we described how can we
couple oscillator. It can be shown in [5] that a derived the input impedance transfer function of
parametric sweep of capacitor and inductor can be the phase shift amplifier. The small signal
done with the polynomial form of the input parameters which are mixed with a passive
impedance of the circuit. The resistor inductor parameters in the phase shift oscillator circuit

oscillator is not a popular topology because it is
bulky and expensive than a resistor capacitor
oscillator. Since that time, the transfer function can

diagram. It can be grouped to make a new
coefficients so that it can be written in a more

be derived based on application of the control theory comp])cact fmatrl_x forrp. ghe input ;}mpedaﬂgﬁ
which separates phase shift oscillator circuit transfer function of the BJT phase shi

diagram into a network of passive circuit and a oscillator can be derived by a symbolic
common emitter which composed of a resistor and a Gaussian elimination, by keeping only a single
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node variable for each column in the matrix and
eliminating all other node variable for the same
column. The ratio of the input impedance can
be derived in a symbolic polynomial form. The
section4, we present the graph of the frequency
response of the input impedance of the phase
shift amplifier which all defined coefficients
can be grouped as a function of the small signal
parameters and all the passive parameters name
which can be design iteratively because the
exact factorization may not existed in the
literature if the polynomial form is higher than
4" order.

A contribution of this paper is the novel input
impedance formula in symbolic polynomial
form of the phase shift amplifier and a typical
frequency response graph of the input
impedance at a typical three value of the
collector current consumption and a typical
passive value of the capacitors and resistors in
the phase shift network.

2 An Original Concept of a BJT phase

shift oscillator topology

Because it is usually simple phase response which
can be shifted as a function of the series resistor and
capacitors multiple times. Sometimes, the phase
response can be changed as a function of the
input frequency. Thus, it may be obvious to see
the phase shift oscillator and phase shift
amplifier as an original circuit diagram
according to the reference [1]. There are four
topologies of the phase shift oscillator in the
original paper which is published since 1941
[1]. But this paper has four section of RC
network which are composed of four capacitors
and three resistors, the two bias resistors are not
included in the RC network. It is described in
[1] that the phase shift oscillator has a
magnitude response or voltage gain and phase
response of an amplifier stage and feedback
stage which are written as a function of a
passive network. Its multiplication of the
magnitude response of the amplifier and
feedback network polynomial form should be
higher or equal to one while the addition of the
phase response should be zero at an oscillation
frequency. After Kirchhoff’s current law (KCL)
is written by analyzing the circuit diagram of
the phase shift oscillator in figurel. By
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assigning the direction of the current which
should be flow from high dc voltage level to
lower dc voltage level which are biasing
according to forward active region condition
(Vec <0, Vee > 0.7). There are six nodes in this
circuit diagram. Therefore, all of the total
equations in this circuit should be equal to six
equations. The matrix which is a system of the
current equations at all nodes after using KCL
and grouping of the small signal paraemters and
passive element variables. The polynomial form
could not finished easily without a definition of
the grouping by alphabet variable which have a
subscript numbers so that the variable name
which are defined only 26 names. It is not
enough novel coefficients without subscript
number and subscript alphabet. The six
equations of KCL can be written as a

characteristics matrix which is shown in
equation 1 as follows.
__atl. & 0 0 0 8y | _Vl— _IinRG_
a, -a; g 0 0 0 ||V, 0
0 a -a a 0 0 |[V5] | O
0 0 alO _au a:lZ 0 V4 0
0 0 0 a13 _a14 a15 V5 0
| 816 0 0 0 87 _a'ls__VG_ L 0 |
(1)

There are eighteen variable names after
grouping the coefficients which is multiplied by
six node voltages and six equation of the KCL.
They are defined as following.

a =5(C3+C4)Rs +1,8; =(SC4R5 ), 83 = (SC3Rs ), a4 = (5Cy4 )
1 1

1
SCp+| —+—+—||=|sCy +a
(oot || e

ag = 1 ,a7 = 1 Jag = i+i+sc,,+i+sc#
f f h I r,

i+s(3y},am —{sc;ﬁri—gm}au—{scﬂ+i+ri+scl}

U r,u 0

ag =

39:

1
&y, =8Cy,a3 =5Cy, a4 = |:SC1 +R—+ SCZ}
4

1
a5 =(SCy), 246 =(5C3), 817 =(SCy ), a4 :|:SC2 +R—5+SC3i|

(2)
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The phase shift amplifier can be shown in
figurel (a) in the next page. The circuit diagram
shows four capacitors and six resistors. The
three resistors are for biasing circuit and three
resistors are for phase shift network. The high
frequency equivalent circuit is shown in figure
1 (b) as follow

FIG. 1.

A BJT Phase Shift Oscillator Circuit

(@) A Circuit Diagram of A BJT Phase Shift Oscillator
(b) Equivalent circuit of A BJT Phase Shift Oscillator

3 A Derivation of a BJT phase shift
amplifier input impedance

By substituting the small signal high frequency
equivalent circuit of a BJT transistor in fig. 1 (a). As
a results, the whole circuit diagram of the small
signal circuit of the BJT phase shift oscillator can be
drawn in figure 1 (b). It can be seen that the voltage
source is injecting at nodel in fig. 1 (b). The total of
6 nodes can be counted and assigned in the
equivalent circuit of fig. 1 (b). After performing the
KCL at all nodes. The system of equations are
written as a matrix in frequency domain so that
everyone can understand that any node ratio can be
derived by symbolic Gaussian elimination. After
admittance grouping are defined as the short
coefficients. The last step of the derivation is written
as a third equation for the description of the closed
form which must be manipulate until the last
equation which is shown in equation (7).
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©)
The intermediate coefficients of an input impedance
analysis of the BJT phase shift oscillator is to write
a function of the node voltage V1 of the first row of
the matrix as a function of the other node voltage
variables so that the same variable can be eliminated
for the purpose of the next column has no recursive
of the same variable in the first column when
someone want to eliminate the variable V, with the
second row equation which is written as a function
of the other node voltage. The same procedure can
be repeated until the next and the last column has
one variable left. As a results, the derivation will be
finished as a closed form solution as in equation (3).
The last group of intermediate coefficients

are shown in equation (4) as follow.

fi6 f fg f fa f
fis f7 f7
dis - fatha Jfz=|diz+ fotha o= dodhy —dyg
| f7 f7 d7
[ dgd ag,d doa
fii=|- le +d12}vf10={ 13 = +317}f9={—% 13}
| dy 7 7
dgay EPE! d
fs[ le +315il'f7 :[ 13 - +al4jvf6[b10 —3&3}
7 7 7

d a dgd
oo e ool
7 7

; —Jods
flz[—algd“ ] f [dfjd“ +d5}
7 7
(4)

All of the intermediate coefficients are defined as an
addition, negation, multiplication or division of at
least three prior intermediate coefficients as follows

fi7 =| fi3 -

fi4 =

_ biobg aghg biobg
& {bﬁbn}z(bll]s{bn bg}
_[ 203 broas Bods _
d4_[ by J [b3 byg ] o { buy bl}
d. z{agbilo —311} d _[blélfilloJ dq z[blglallo]

dyo = {bm + bl&tim } 117 [azlbiA J {bl + bl;i“ }

dqd ay,d dgd
dlBZ[dl 2 2]1‘114:[ 12 Zerlsz{ - zds]

()

Volume 18, 2019



WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS

The parameter name d; are coefficients name in
equation (5) which can be written as a function of
other intermediate coefficients names b; and a; and
prior intermediate coefficients which have prior
subscript which is lower number such as dis is a
function of dg multiplied with d; and divide with d-.

b7 =|:R6_bt:2:|’b8=(azzazJ’b9 =(a3_b3b_jz]
by = (bla7] bll_(aﬁj7 +38J by —[%J

b2
b, agh b
e
2 2
(©)
After this step, the polynomial form can be start
manipulated by substituting the coefficients from
equation (2) into equation (6) with intermediate
coefficients bs, by, ... until bis . Then some of the
polynomial form of b; can be substituted into

intermediate coefficients which is called big to make
a polynomial form.

big = [be

+8% Ny + 87Ny + 57N, + 57y + 57y + 5%y + 5Ny, +5°hy, +5hy, +5°hy,
+5"hyg + 5™y + 5y, + 5Ny, + 5™y + 5Ny, + 5°hy, +5°hy, + 57y, +5°hy,
+5% Ny + "Ny, + 5Ny + 57Ny + shyg + hyg

Tl Ay gy + 8%y + 5%y, + 5% hygg + 5%y + %Ny + 5%y + 5% hygg + 57 Ry + 5%y
(sC,)

s, +5%h, +5%h, + 57Ny + 57y +5%hy +5%h,, + 5PNy, + 57Ny, + 5%y, ]

5y 4 g 5P 4 5P 5P 5P 5 5+ 5y 450y
+8Phyg, + 8" hugy + 57y + 5 hygg + 5" + 5 Nyg, + 8Ny +8°hygy +57hygy +5%hyg,
+8° g, + 8y +8%hg, + 7N+ shygg +hyg

a, =(sC,)

(7)
The last equation of this paper is shown to make
evidence that the polynomial form is finished in the
derivation report [6].

4 A Simulation results of the input
impedance of a BJT phase shift
amplifier with MATLAB

All of the necessary equations which are defined
and typed in the text file of MATLAB platform so
the polynomial form of the input impedance
function of the BJT phase shift amplifier can be
defined accurately. The BJT phase shift amplifier dc
operating point can be designed by setting the
collector current consumption such as a 1mA, 5mA
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and 10 mA because the transistor 2N3904 operates
these ranges of a collector current. The three values
of the biasing resistors can be computed by using
Kitchoff’s current law at the base terminal of the
figure 1b. Base current can be computed by dividing
the collector current by a dc current gain which can
be seen from a data sheet of the transistor at a
typical value of the operating temperature. If the
feasible room temperature is 40 degree Celcius
because the room has no air conditioning. The
thermal voltage can be computed by a Boltzmann’
constant multiplied by temperature and divided by
electron charge. The base emitter voltage can be
computed by multiplied thermal voltage by a natural
logarithm of the ratio of the collector current and the
saturation current. A saturation current can be seen
from SPICE model of the transistor datasheet. For
the circuit diagram of the phase shift amplifier, the
emitter terminal is not connected with other passive
elements because it is connected with a ground
plane or a negative supply voltage

The other passive components in the phase shift
network which are three resistors and four
capacitors can be designed by equate them with
numerical values. So that if the input impedance of
the phase shift amplifier are defined and computed
with all of the coefficients by basic programing. It
means something similar with the first group of the
coefficients which is label by the parameter a; , the
second group of the coefficients until the last group
which are a function of the small signal parameters
and all passive components in the circuit diagram.
The magnitude and phase response at the various
collector current consumption can be plotted as
shown in fig. 2

Bode Diagram of the input impedance of the
“Phase shift Amplifier and Oscillator™

Magnilude (dB)

~

Phase (deg)

Zin_1mA C1=C2=CI=Ca=1pF R1=BE2.32 kohm RZ=694.45 kohm R¥
Zin_SenA C1=C2=CI=Ca=1pF R1=200.85 kOhm R2=717 .9 kOhm RI=%,
Zin_10mA C1=C2=CiCa=1pF R1=106 9% kOhen R2=756.61 kOhm R3=262 Ohen

Frequency (Hz)
FIG. 2. A BJT Phase Shift Amplifier magnitude and phase response
Of the input impedance as a function of current consumption
(a) Input impedance for 1 milliamp
(b) Input impedance for 5 milliamp

(c) Input impedance for 10 milliamp
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The magnitude response can be described as
following. The magnitude response is increased at
the input frequency higher than 10 kilo Hertz until
it is reach the first peak of the magnitude response
around 600 kilo Hertz at a current consumption of 1
milli ampere. Then, the magnitude response is
decreased after it pass the first peak. The highest
peak of the magnitude response is around 16 giga
Hertz. Different current consumption has some
similar magnitude response such as a maximum
magnitude response from the 3 values of current
consumption  should be 20 milliamp at
approximately 700 dB.

Bode Diagram of Input Impedance of Phase shift amplifier

< . 4
a - — Zin_1mA C1=C2=C3=C4=1nF R1=882 32 kohm R2=694.45 kohm R3=2 62 kohm R4=R5=R6=100
| | Zin_5mA C1=C2=C3=Cd=1nF R1=209 .85 kOhm R2=737.9 kOhm R3=524 Ohm R4=R5=R6=100
— Zin_10mA C1=C2=C3=C4=1nF R1=106.99 kOhm R2=756 61 kOhm R3=262 Ohm R4=R5=R6=100
L L L L L

“‘ff: - - Frequency‘?};z) o o
FIG. 3. A BJT Phase Shift Amplifier magnitude and phase response
Of the input impedance as a function of current consumption
(2) Input impedance for 1 milliamp
(b) Input impedance for 5 milliamp

(c) Input impedance for 10 milliamp

All of the capacitors in the circuit diagram of the
phase shift amplifier in figurel were changed from
1 picofarad to 1 nanofarad in the program file which
is used in MATLAB. The magnitude response and
phase response which is plotted in figure3 is the
result of execution of the program file inside
MATLAB software. The magnitude response was
decrease from approximately 320 dB at 1 Hz until it
reached the minimum magnitude response at
approximately 200 kilo Hertz. Then, the magnitude
response is increased to the maximum point
approximately 470 dB at 20 mega Hertz to 30 mega
Hertz. After this frequency, its magnitude response
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is decreased to 320 dB at
approximately 35 mega Hertz.

the frequency

4 Conclusion

The description of how to make polynomial
form of the input impedance of the phase shift
amplifier is well described. But the detail derivation
report is not shown because it has many pages [6].
According to the theory of the root locus of the
complex poles of the denominator after factorization
of the input impedance in the frequency domain. If
it is impossible for poles to move from complex
poles to imaginary pole in the complex pole plot. It
means that the phase shift oscillator may not
practical without input impedance matching. In
microwave oscillator theory, it is possible that any
transistor network can be oscillate as a periodic
waveform if it is matched with impedance matching
network so that its input impedance can be
factorized to have the real part less than or
approximately zero ohm.

The novelty of this paper is to derive an
exact input impedance of the phase shift amplifier in
a polynomial form with a high frequency equivalent
circuit. Then, the basic programing is used to type
all grouping of the coefficients into the text file. The
MATLAB is used to plot a magnitude and a phase
response graph to represent the biasing condition
and the Bode plot results.
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