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Abstract. Oscillator circuits are one of the most important components in communication devices.
Although oscillator circuits have been widely used in practice, their analytical theories still have more errors
when calculating the design of oscillator circuits in the high-frequency region. In this paper, we review
current theoretical analysis methods of the Colpitts oscillator circuit and point out the limitations of these
methods. From there, we propose an advanced analysis method to increase the accuracy of calculating the
oscillation frequency in the high-frequency domain.
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1 INTRODUCTION

1.1 Introduction about oscillator

An oscillator generates stable periodic signals at a certain frequency. High-frequency oscillator circuits are
the main component of most electronic devices for various applications, such as:
e Radio frequency (RF) communication: In radios, cell phones, and Wi-Fi routers, oscillators provide
the carrier signal for transmitting and receiving wireless signals.
e Clock generation: Computers, microcontrollers, and other digital devices rely on oscillators to keep
time and synchronize operations.

1.2 The operation principle of a radio frequency oscillator

Oscillator circuits are formed from two basic components, an amplifier with gain A(w) and a feedback
circuit with its transform B(w), as shown in Figure 1. The amplifier supplies the power for the feedback
circuit. We call x, is the input signal of the amplifier at the first time t,, and x;, is the output signal of the
feedback circuit at the second time ¢;. It is assumed that x, transmits through the amplifier and feedback
circuit from the time ¢, to t;. Hence, we have an analysis as follows,
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Figure 1. A general block diagram of an oscillator circuit.
x, = Axg, 1)
Xp = on (2)
If (x;, < x,) then oscillation gradually subsides or If (x;, > x,) then the circuit will automatically oscillate.
From eq (1) and eq (2), we get the loop-gain transform of the oscillator circuit as,

Ar=2=4B (3)

Xa
So, the loop-gain condition of the oscillator circuits at w = wy,
Ap = 1. (4)
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The above analysis for the oscillator circuit was also presented by Gonzales in [1] and some other authors
in [2] and [3]. We get the loop-gain condition of the oscillator circuit at w = w,
Ar =1
f =

04, = th2m, k € (0,1) )
With 6,4 p is the phase responding of the loop-gain transform.

U d

1.3  The art of analysis theories

Figure 2. A general model for high-frequency oscillating circuits.

A general high-frequency oscillator using BJT is presented in Figure 2, which is the combination of a BJT
amplification circuit, and a feedback circuit. We use the r filter circuit for the feedback circuit which the
equivalent impedances of components are Zi, Z», and Zz. As systemized in [3], It is up to the configuration
of L and Cs of the feedback circuit, we have three popular types of RF oscillator circuits, Colpitts, Hartley,
or Clapp, as shown in Figure 3.
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Figure 3. Three configuration types of feedback circuits of the RF oscillator circuits.

In this paper, we select the Colpitts oscillator using BJT for building the analysis method. The schematic
of the Colpitts oscillator circuit is shown in Figure 4. The BJT transistor has its parameters, amplification
factor B, parasitic capacitors c,, and c,,, as described in Figure 5.
The brief equivalent circuit of the Colpitts oscillator is shown in Figure 6, in which:

- Z; isthe input equivalent impedance of the amplifier circuit.

- Z, isthe output equivalent impedance of the amplifier circuit.

- Z, isthe equivalent impedance of C;.

- Z, isthe equivalent impedance of C,.

- Zs isthe equivalent impedance of {L; serial r¢}, with r5 is the internal resistance of L.
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Figure 6. The simple equivalent circuit of the Colpitts oscillator.

The open-again of the amplifier circuit is inferred by removing the feed-back circuit and Cy,. as follows,

% 9mvV eR
A, = i = U:e €= ImRc (6)
Write the loop-again transform equation, and we obtain,

vy, vy, 1% IdmV
Avf =L Ly € ydm be
Vb Ve 9mVbpe Vb

Aoy = 2CI s (=2,/12,//(21 /2 + 7)) "

Discovering basic theories for analyzing Colpitts oscillating circuits revealed two groups of analysis

methods, the simple methods and the Miller equivalent methods.

a) Simple methods

Because expanding eq (7) is very complex to find the loop-gain condition of the oscillator circuit, as
concerned in [2], [3], and [4], the authors skipped the parasite capacitors of transistors. In practice, the
parasite capacitor of BC junction, Cy,, is small, from pF to several dozen pF; and the parasite capacitor of
BE junctions, C,,., can be assumed too small to compare C;, so they could be ignored in the equivalent

circuit of the Colpitts oscillator.
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Moreover, r is often too small so we can omit it. This simple method assumed that R, //R,, is designed too
larger than h;, sowe have Z; = h;,//R.//R, = h;,. Therefore, the high-frequency small signal equivalent
circuit of the simple method is described in Figure 7, inwhich Z;, = 1/jwCy,Z, = 1/jwC,,and Z3 = jwL;.
And, another brief way, we call Z; = jX;, Z, = jX, va Z; = jX;.
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Figure 7. The high-frequency small signal equivalent circuit of the simple method.

To simplify the design problem, we assumed that,

1
|ZO| > |ZZ| => R > |m|

=>C, > —
wR¢
So,

Zy/]Zy = Z,

From eq (7) and eq (9), we expand and obtain,

_ —9ImZiZ1Z;
A,;f =
Zi(Z1+ZZ+Zg)+Z1(Z2+Zg)
_ ImZiX1X>
Avf = -
JZi(X1+X2+X3)}—X1 (X2 +X3)

Based on the condition of the oscillator in [5], we get

Im(A =0
Apr 21 <=>{ (Aor)
Re(A,r) =1
jR:(X1 + X +X3) =0
<=> ImhieX1X2
—X1(X2+X3) —

Xl +X2 +X3 =0

<=>
B>
X1
-1
E + a)L3 = —
<=> 1 . 2
B==
C1

From eq (15), we define the oscillator frequency at,

1

fo= 21 /L3Cr

GG
C1+C;

,Wlth CT =

We also define the oscillator condition at,

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)
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B = C_2 (17)

1

Some methods have approached matrix parameters Z, Y, and H to solve the problem with the same results
in the oscillator frequency and the oscillator condition as in [1], [6], [7], and [8].

b) Miller equivalent methods

To increase the accuracy of Colpitts oscillator circuit analysis, the parasitic capacitor C,, has been used for
analysis in [9] but omitted C,,. in this method.

The feedback parasitic capacitor Cy,. creates the Miller effect [10] in the BJT transistor amplifier at high
frequency. The Miller effect is also mentioned in a review paper about common Colpitts oscillator circuits
[11]. So, removing C,. in the Colpitts oscillator circuit analysis theories also increase the error for
calculating the oscillator frequency.

To decrease the Miller effect and increase the accuracy of analysis theory, the authors in [12] used Miller
equivalent capacitance, Cy; = (1 + gmR¢//hie) Cye, t0 replace the parasitic capacitor C,, as in Figure 8.
Cy is connected in parallel with Cp,.

The final equivalent circuit of the Miller equivalent method is present in Figure 9, with Cf = C; + Cp. +
Cy. Hence, we have a small change, Z; = 1/jwCjy.
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Figure 9. The final equivalent circuit of the Miller equivalent method.

Furthermore, they assumed that Z; is designed so that Z; > |Z,|. Therefore, Z; is omitted in eq (7), and we
obtain the loop again equation,

_ —9mZoZ1Z2
Apr = Zo(Zy+Z5+23)+ 25 (Z1+23) (18)
Apply the condition of the oscillator circuit referred from [12],
Im(A =0
App =1 <=> (Avr) (19)
Re(Ayr) =1
JR.(X1+ X, +X3) =0
<=> ImRXi Xy (20)
—X;(X1+X3) —
-1 1
+wly =—
s joi T @)

C
ImRc ==
C,
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From eq (22), we define the oscillator frequency at,

— 1 H * — CICZ
fo= 2m LGy with Cr Ci+C; (22)
We also define the oscillator condition at,
C*
ImRe = (23)
2

c) The idea of this paper

In the simple methods, the parasitic capacitors Cj. and Cp,, are skipped, for it is assumed that it has a small
value from some pF to several dozen pF. This can be accepted at low frequencies, but in the high-frequency
domain, ignoring C,. and C,, will increase the error between the real oscillator frequency and the calculated
frequency.

With the Miller equivalent method, to increase the accuracy of analysis theory, the authors didn’t skip the
parasite capacitor between BE junctions, C,,, and the parasite capacitor between BC junctions, C,.. Instead,
they used a Miller capacitor to replace C,.. However, in the high-frequency small signal equivalent circuit
of the Colpitts oscillator as in Figure 10, there are two feedback branches, C,. and the Colpitts feedback
circuit. Therefore, applying Miller’s theory in [12] will be not enough correct. It will create the error
between the real oscillator frequency and the calculated frequency based on theory in the high-frequency
domain.

Feedback circuit
Vg Vhe Coe _____TORTT

1
1
1
F o | y '
J_ L---! ImVbe UL : l Ly :
R L
Ry = hie TCbe 5 5 TE aT)
= : :
J

%7

Figure 10. Presentation of the high-frequency small signal equivalent Colpitts oscillator with full feedback.

Hence, to address the limitations of current Colpitts oscillator analysis theories, this paper proposes an
enhanced analysis method by using all practical components such as Cp,, the Colpitts feedback circuit, and
adding some hypotheses to simplify and increase the accuracy of the analysis theory.

2 A PROPOSED METHOD FOR ANALYZING COLPITTS OSCILLATOR CIRCUIT

Figure 11. The final equivalent circuit of the proposed method for the Colpitts oscillator.

The final equivalent circuit using the proposed method of the Colpitts is shown in Figure 11. We can see:
- Z, isthe equivalent impedance of C,//Cy,.
- Z, isthe impedance of C,.

- Z3 is the equivalent impedance of {[Ls serial rg]// Cy,.}, with r¢ being the internal resistance of
L.
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Expanding eq (7) in the case of an equivalent circuit in Figure 11 is very complex. Therefore, we add some
hypotheses to simplify and increase the accuracy of the analysis theory.

The first hypothesis, the input impedance is too small to compare with the impedance of C; or,

1

|Z;| > |Z4| => hye > |m

1
=> Cl > m - Cbe (24)
So that,
Zy/]Z; = Z4 (25)
The second hypothesis, the impedance of L5 is too small to compare with the resistance of g or,
|ZL3| > TS => L3 > TZS (26)

Sothat Zs = Z(1,;/c,,) OF
. wlL
Z3=] (1—w2L33CbC) (27)
From there, we apply eq (25) into eq (7), we get the loop gain of the oscillator circuit,

— —9mZoZ1Z> (28)
Zo(Z1+Z5+Z3)+Z5(Z1+23)

Ays

We also call Z; = jX;, Z, = jX, va Z3; = jX5 with Z; and Z, are capacitors. Then, we get:

_ ImRcX1X2 (29)

Ay = -
VI T JRe(Xy+ Xy +X3)— X5 (X1 +X3)

To satisfy the characteristic of the Colpitts oscillator circuit, we add the third hypothesis that Z; is an
inductor or X5 > 0. Hence, we can infer from eq (27):

wly
1-w?L3Cpe

>0 (30)

1

L, < ——
3 S am2fZcy.

(31)

Apply the condition of the oscillator circuit, and we get:
Im(Avf) =0
Re(Ayr) =1
{ch(Xl +X;+X3) =0
<=>

Avf >1 <=>{ (32)

ImReX1Xs (33)
—Xa(X1+X3) —
X1 + Xz + X3 = 0
<=> ImReXs o (34)
X, =
1

Jo =
21/ L3(C12+C,
<=> 7/ L3(C12+Cpc)

(C1+Cpe)
ngc = lc—zb

7 . Cq+( (
,voi C ( 1 be) 2
C Cb C 5

1 e 2 (3 )

Hence, from the eq (26) and eq (35), we infer from the second hypothesis as below, eq (36) and eq (37).
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TS 1 TS
Ls >3 © wrcaran >

1
2mfors

— Cpe » Cyp (36)

And,

C1+Cpe

ImRc

It is also from eq (35), we withdraw the oscillating frequency of the Colpitts oscillator is,

C; = (37)

1

fo =
2m,/L3(C12+Cpc)

Finally, to make it easy for the above Colpitts oscillator circuit analysis theory, we summarize the
conditions from the hypotheses as follows,

(38)

1
1) Cl > m— Cbe

C1+Cpe
9mRc
1
3) Ciz K 5= (e
1
477-'2fozcbc

2) C,>

4) Ly <

3 RESULTS

We performed simulations using MULTISIM software for the Colpitts oscillator circuit, as shown in Figure
6. In practice, the value of parasitic capacitors Cp. can be only supplied in a range from some pF to several
dozen pF, as seen in [13]. To measure exactly the parasitic capacitor value of each transistor, a specialized
equipment such as a vector network analyzer is used, as mentioned in [14]. In the case of this paper, we use
transistor BJT 2SC1815 to have simulating parameters, C,.= Cp.= 10.2pF, amplification factor g =113,
and base resistance r,= 2.5Q.

Next, we select the oscillator frequencies as in the column £, at the proposed method in Table 1. Then,
while changing the values pair of values C; and C,, we calculate the values of L; by using eq (39) and check
the conditions by using the proposed method. After that, based on the values of C;, C,, and L3, we solve
the oscillator frequencies and check their corresponding conditions by using the simple method and the
Miller equivalent method. The results of different methods are shown in Table 1 and Figure 12. The
simulation method column illustrates the oscillator frequencies measured on simulation by MULTISIM
software; The simple method column presents the oscillator frequencies calculated by the theory of this
method and the percentage errors between the oscillator frequencies calculated and the simulation
frequencies; The Miller equivalent method column presents the oscillator frequencies calculated by the
theory of this method and the percentage errors between the oscillator frequencies calculated and the
simulation frequencies. We can see that the average error of the proposed method at 4.8% is much less than
other methods, the simple method at 36.4%, and the Miller equivalent method at 27.8%.

To evaluate the percentage errors on the frequency scale, we perform statistical Table 2 and Figure 13. It
revealed that the higher the frequency we performed in the oscillator circuit, the larger the errors of the
calculated frequency we get by the recent methods except the proposed method. For example, at the
oscillator frequency 526.7 MHZ, the percentage error is 82.4% for the simple method, and 66.5% for the
Miller equivalent method, while that of the proposed method is only 5.0%. Moreover, when observing the
graph for percentage errors between the different methods, we see that the proposed method has very small
errors and is more stable than that of others, especially in the high-frequency domain.
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Figure 12. Simulation of a Colpitts oscillator circuit.

Table 1. The statistical results of the different Colpitts oscillator analysis methods.

Simulation | Simple method Miller equivalent | Proposed method
Values of €y , €7, and Ly meth;l))d f, Error metf}:) : Error f, Error
(MHz) (MHz) (%) (MHz) (%) (MHz) (%)
1nF, 100pF, and 2.5uH 10,0 10,6 6,00 10,4 4,00 10 0,00
1nF, 100pF, and 0.278uH 29,5 31,6 7,12 31,2 5,76 30 1,69
100pF, 33pF, and 0.197uH 63,4 71,8 13,25 64,4 1,58 60 5,36
100pF, 22pF, and 88.76nH 106,3 125,8 18,34 116,4 9,50 100 5,93
100pF, 22pF, and 22.19nH 209,1 251,6 20,33 232,9 11,38 200 4,35
33ppF, 4.7pF,and 19.49nH 333,3 562 68,62 528,7 58,63 300 9,99
33pF, 4.7pF, and 10.96nH 427,2 749,3 75,40 705,0 65,03 400 6,37
22pF, 4.7pF, and 7.08nH 526,7 960,8 82,42 877,2 66,55 500 5,07
Everage errors 36,43 27,80 4,85
Table 2. The error statistic results of the different Colpitts oscillator analysis methods.
Frequency points for simulation (1) (2) 3) (4) (5) (6) (7) (8)
Simulation frequencies (MHz) 9,96 | 29,5 63,4 107 209,1 | 333,3 | 427,2 | 526,7
Errors of the simple method (%6) 6,00 2,1 13,25 18,34 | 20,33 | 68,62 | 75,40 | 82,42
Errors of the Miller equivalent | ;5 | 576 | 158 | 950 | 11,38 | 58,63 | 65,03 | 66,55
method (%)
Errors of the proposed method (%) | 0,00 | 1,69 5,36 5,93 4,35 9,99 6,37 5,07
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Figure 13. lllustrate the graph for percentage errors of the different methods. The blue line is the
result of the simple method, the red line is that of the Miller equivalent method, and the yellow
line is that of the proposed method.

4  CONCLUSIONS

The analysis theory of RF oscillator circuits is a crucial step in designing communication devices, but
current analytical theories still have certain limitations. This makes it more difficult to calculate and design
high-frequency oscillator circuits to get an accuracy value. In this paper, we reviewed current theory
methods about Colpitts oscillator circuits and pointed out the limitations of these methods. From there, we
proposed an advanced analysis method to increase the accuracy of the design method by adding parasitic
capacitors ¢, and c;,., and hypotheses to make the analysis process easier for the Colpitts oscillator circuits
using transistor BJT. The results have shown that the oscillator frequencies of the proposed method are
more accurate and stabler than other methods, especially at high-frequency domain.
This paper has two contributes as follows,

e Systemized analysis theories for the Colpitts oscillator circuit.

e Proposition of an advanced analysis method to increase the accuracy of theory calculating at high-

frequency domain.
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PHUONG PHAP PHAN TiCH NANG CAO CHO MACH DAO PONG COLPITTS

BUI THU CAO o
Khoa Cong nghé Pién tir, Truong Pai hoc Cong nghiép Thanh pho Ho Chi Minh
buithucao@iuh.edu.vn

Tém tat. Mach dao dong 1a mot trong nhing thanh phan quan trong nhit trong cac thiét bi truyén thong.
Mac du cac mach dao dong déd dugc su dung rong réi trong thuc té nhung cac ly thuyét phan tich ctia chung
van cOn nhiéu sai s6 khi tinh toan thiét ké mach dao dong & ving tan s cao. Trong bai bao nay, ching toi
xem xét lai cac phuong phéap phan tich 1y thuyét cua mach dao dong Colpitts hién nay va chi ra nhiing han
ché ciia cac phuong phap nay. Tur do, ching t61 de xuat mét phuong phap phan tich néng cao nham ting do
chinh xac khi tinh toan tan s0 dao dong trong rmen tan s cao.

Tir khéa. Tan s vo tuyen, mach dao dong tan s cao, mach dao dong Colpitts.
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