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Abstract: -In integrated circuits, ring oscillator (RO) has many applications. In these applications, how to obtain
the accurate oscillation frequency is an important issue for the design. In this paper, we explore the feedback
problem of a N-stage ring oscillator. This paper proposes a more rigorous approach to anayze the ring oscillator. It
can be approximated that the feedback system of aring oscillator can be a nonlinear Lur’e problem. With this Lur’e
problem, circle criterion can be used to determine the stability of overall feedback system. With this Lur’e problem,
the describing-function method is used to determine the oscillation frequency of the ring oscillator. A new formula
will be presented. It can be aso observed that if N (number of inverters) is large enough, the proposed formula will
approach the conventional formula. Moreover, with describing function method, a “necessary condition” for the
existence of fundamental mode and higher order modes of oscillations are presented. Furthermore, it can be shown
that as N > 7 and the voltage gain is large enough; the higher harmonic oscillation may exists. Finaly, with

Tsypkin Function method, a more accurate formula for the oscillation frequency of ring oscillator will be presented.
Finally, Simulation examples will illustrate these results.
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method can be viewed as another kinds of harmonic
balance method [7,8].

In this paper, we explore the feedback property of
inverter-based ring oscillator. In the digital circuits, the
ring oscillator contains the nonlinear feedback
elements. Conventionally, the derivation of period of
RO is determined by the simple concept of addition of
each delay of inverter. In the meantime, severd
researchers have proposed some methods to determine
recovery circuits for serial data communications [3], mgrg?%%%% g;psgd[lgtg 1:;]\na|-|;/r:§ tﬁipﬁronl?irﬁggrs'ﬁng
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g equency sy - DESD feedback elements of ring oscillator can be

it widespread usage, the RO still pose difficulties when approximated by a nonlinear gain with a linear transfer

|tcomgsto anf}lysalslan?hquellng._” o treated function. Then, the overall system becomes a Lur’e
onventionally, the ring osciialors are tr a problem. With this Lur’e problem, Circle criterion can

?;%“::Qﬁgff‘ﬁ&egfgggﬁgﬁéL h'tshgnggs ;h(?: be used to determine the stability of overall system.
the system | e_agt ined at th sy 1 d' tabl S " Also, the describing function method can be used to
€ System IS mantan € So-called stable ~Limi determine the oscillation frequency of the ring

Cyele Condition”[6-8]. oscillator. A new formula will be
- . : presented. It can be
o e e S SO0 ATl b it 5 (e of i) i e
| d the d : ; behaviors for th i enough, the proposed formula will approach the
cycle an € dynamic aviors tor the nonitnear conventional formula. On the contrary, with extended

systems [4-8]. The advantages of the describing NV oo o .
, ; S yquist Criterion and describing function method, we
function method are that it can be applied in the large show that if the voltage gain of the inverter in a N-

signal situations. Moreover, the describing function stage ring oscillator is small enough, the oscillation

1 Introduction

For Digital Integrated Circuit designs, the ring
oscillator plays an essential role [1,2]. The ring
oscillator is actually a feedback circuit composed of an
odd number of inverters and is one of the most
fundamenta circuits in large-scale integration (LSI)
technology. They can be used as voltage-controlled
oscillators (VCO) in applications such as clock
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will not exist. Furthermore, it can be shown that as
N > 7 and if the voltage gain is large enough; the
higher harmonic oscillation may exists. This result is
the same as previous literature’s points [10,12]. With
Tsypkin Function method [8,13], a more accurate
formula for the oscillation frequency of ring oscillator
will be presented. Finally, Simulation examples will
illustrate these results.

2 Ring Oscillator Circuit

In this section, we will explore the conventional
derivation of the period of a N-stage ring oscillator. As
seen in Fig.1, consider the cascade connection of three
identical inverters, where the output node of the third
inverter is connected to the input node of the first
inverter. Fig.2 shows the typica output voltage
waveform of the three inverters during oscillation. As

the output voltage V, of the first inverter stage rises
from V,, (output low voltage) to V,,, (output high
voltage), it trigger the second inverter output V,to fall,
from V,,, toV,, . Note that the difference between the
Vi, -Crossing times of V, and V, is the signal
propagation delay 7., , of the second inverter.
Smilarly, for V, and V, , V; and V, , 7p,3
andt, ,,;are the signal propagation delay of the third
and first inverter respectively.

U1A U1A U1A
3 {>2 3 {>2 a 3 2

4009 4009 4009

Fig. 1. Three-stage Ring Oscillator Circuit Consisting
of Identical Inverters

Fig. 2. Typica Voltage Waveform of the Three
Inverter shown in Fig.1
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In this three-stage circuit, the oscillation period T can
be expressed as the sum of six propagation-delay times.
Since the three inverters in the closed-loop cascade
connection are assumed to be identical. We can express
the oscillation period T [14][15] in terms of the
average propagation delay 7 asfollows:

T =T 1+ a2 Pl T T+ Tans
=32r=6r,,
1
where 7, means the average propagation delay.

Generating this relationship for any arbitrary odd
number (N) of cascade-connected, we obtain [14,15]

1 1
* T 2Nr,
Thus, the oscillation frequency f . is found to be a

very simple function of the average propagation delay
of an inverter stage; however, with the above graphical
approach to derive the oscillation frequency f . of N-
stage ring oscillator, even though it is simple, it is not
rigorous and the accuracy is not good enough. In the
sequel sections, we will explore more rigorous results
with the feedback theory.

(2)

3 Preview of Describing Function

The describing function method has been extensively
used to determine the limit cycle and dynamical
behavior for the nonlinear systems [6-10]. According
to Fig-3, a nonlinear element exists in the feedback
loop described by ¢(.) .

=

)

v

G(jo)

¢ (e)

Fig. 3. A Coalentional Lur'e Problem

Consider a sinusoidal input to the nonlinear
element, of amplitude A and frequency w, such as
e(t) = Asin(wt) , as displayed in Fig. 3. The output of
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the nonlinear element A(t) =¢(e) is frequently
periodic. By using Fourier series, this periodic function
A(t) can be expanded as

A() = % ; i[an cos(nat) + bysin(nat)]  (3)
n=1

where the Fourier coefficients a, 's and b, 's are
generally functions of A and ®, determined by

2= [Ad(an)
T

an 1 j A(t)cos(net)d(wt), 4
ﬂ—ﬂ'

— j A(t)sin(net)d (et),
& =T

If the non-linearity is an odd function, one has
a, =0. Furthermore, if the transfer function has the
low-pass properties [4-8], i.e.,

IG(jw)| >>|G(jnw)| for n=234.... (5)
This assumption is called filtering hypothesis. In this
case, the fundamental component ;1) must be
considered, which can be described by
At) = X4 (t) = g cos(wt) + by sin(wt) = M sin(wt + 0) (6)
where

M(A®) =y (a2 +b2) and O(A) = tan*%"%l) ™

The describing function of the nonlinear element is the
complex ratio of the fundamental component of the
nonlinear element as defined by the input sinusoid,
such as

NA) =20 Mo )

=g

=L [sartaye o
) (8)

Remark 1: The describing function method is valid
for the case of the feedback oop where the linear
transfer function possesses low-pass filter
property. According to Fig. 3, if thelinear transfer
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function G(s) possesses low-pass filter property
then the high-order harmonic terms in the Fourier
series can be ignored
According to the definition of describing function,
the characteristic equation for a feedback Lur’e
problem can be expressed by
1+ N(AG(jw)=0 (10)

4 Linear Feedback System of A N-Sage

Ring Oscillator

The schematic diagram of ring oscillator is shown
in Fig.1. It can be observed that in general, the number
of inverters for a ring oscillator is odd [14-15]. Since
the input-output DC characteristics for an inverter is
shown in Fig.4. Let’s assume the slope of an inverter
is—k. Then for alinearized ring oscillator and latch, the
feedback gain for can be described as

D" (k)" (12)
where N is the number of inverters in the feedback
path.
In. Eq.(11), for aring oscillator, the number N is odd.
Therefore, the ring oscillator is a negative feedback
system. Asfor alatch, it is a positive feedback system
sinceniseven.

Vm

\ Slope 1

Vout Sl ope Gain -k

-~

Vi n, x

Fig. 4. Input-Output (Transfer DC) Characteristics for
an Inverter

Fig.4 shows the DC transfer characteristics for an
inverter, the voltage gain (i.e. the slope) of an NMOS

inverter, shown in Fig.7 at the mid voltage V,, i5[14]

o 9mt _ /W'%nl
Wn%_nz

L (12)
gm2
where g, 9,,, e the transconductance of transistors

M., M, respectively and W, L are channel length and

channel width for the transistors.
Asto the CMOS inverter, the slope gain becomes [14]

K= (G + G | ) (13)
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Wh Wp
where 0., =.[2—K, l5, 0., =.[2—K I,
g Ln D g o} Lp p'D
and r,,, I, are output impedance of NMOS and PMOS

respectively.

5A Transformed Lur’e Problem

The overal feedback system of a ring oscillator
and latch can be transformed into a Lur’e problem as
shown in Fig.3 where the nonlinear element can be
represented as seen in Fig.4. However, the sope is

shown in Eq.(11)

o> =1 e
o

First-Order RC Model

Fig. 5. Smplified first-Order RC Model for an Inverter

R1

I nverter

o 3

VDD
Wal/ Lnl W/ Lp
VOouT VI N VOouT
Wh/ Ln Wh/ Ln

VI N D_ii

(a) NMOS | NVERTER (b) CMOS | NVERTER
Fig. 6. The schematics of NMOS and CMOS Inverters

In this paper, we use afirst-order RC delay model,
shown in Fig.5, to represent the linear part of an
inverter [14]. The transfer function for the first-order
RC delay model can be approximated and written as

1
14
ts+1 (19
where 7 = RC isthe RC time constant.

Then, the nonlinear Input/Output transfer
characteristics of an inverter can be shown as Fig.4. In
Fig.4, it can be observed that the input-output
characteristics can be converted to the saturation type
function as Fig.7. Then the overall nonlinear model for
an inverter can be approximated by

e

M)

where * means convolution, X istheinput and
saturation function Sat(.) can be defined as follows:

.||
(@]

Vi = st (14-1)

yrt
s+1
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ex1, 1
sat(e) =1—-1<e<l e (15)
e<x-1 -1

and aso, in EQ.(11), the time constant 7 can be

expressed as
v = Rethot (16)

where R,=R,or Riand R,and R, arecalled

the equivalent resistance for NMOS and PMOS
respectively [14]. Also, C,, isthe effective tota

tot

capacitance [14].
vVm
\ Sl ope 1
Vout Sl ope Gain -k
Ve
Vin, x

Fig.7 The Equivalent Nonlinear Function ¢(.) for
aninverter

Remark 2: the transfer function of an inverter can be
written of Eq.(14-1). The saturation function of Eq.(14-
1) is based on the input/output characteristics of an
inverter.

Also, the relation between propagation delay,
effective total capacitance and effective resistance can
be expressed by [14].

TplH = Rpctot

Ton = R\Ciat
For the general case of a ring oscillator, let’s
consider the following cases (i) N=1 (Single-stage
RO)(ii) N=odd number (N =3,5,7,...) (Multiple-
stage RO)
Case (i) N=1 (single-stage RO)

When N=1, (i.e. there is only one inverter in
the feedback system), this is the single-stage RO.
Note that according to Eq.(13), the overall system
is actually a negative feedback system. The overall
system correspond to conventional nonlinear Lur’e

problem of Fig.3 can be expressed by

(17)

e
= sat
¢(e) =sa ((Vm/k)) as)
1
G(s) = 7s+1
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In Eq.(10), the describing function N(A) of the
nonlinear function of ¢(.) of Eq.(18) can be written as

[6-8]

N(A)——[Sm'l( ’H) o (= )](19)

\Y/ . . _
where v, 7”’ and A is the amplitude of oscillation.

According to the extended Nyquist diagram of
Fig. 9(a), there is no intersection between the locus of
G(jw)and _ _ 1 . Note that the maximum value of

N (A)
_ 1 is_1_ Thenthelimit cycle not exists.
N (A) K

Also, on the other hand, it can be observed that
the transfer function G(s) in Eq.(17) is a Strict
Positive Real (SPR) function [6-8]; i.e. The locus
G(jw) of Nyquist plot is aways in the fourth quadrant

(Re(G(jw)) >0,Vw € R.Then the overal system is
globally asymptotically stable. This means there is no
oscillation for single stage ring oscillator.
Case (ii) N=odd number (N =3,5,7,...
Sage RO)

+

) (Multiple-

N1

GlL(s) Q(s)

Fig. 8. General Multiple Nonlinearity Systems

Now consider the case that
N =3,5,7,... (multiple-stage RO). From to Eq.(11),
there is a minus sign in the feedback system. This
means the overall system is a negative feedback
system. In this case, the overall system is actualy
represented a multiple nonlinear system [13] shown in
Fig.8.
Then the describing function N(A) of the overall

system can pe written as[14]
N(A) = N(A,N(A)--N(A)N(A)  (20)
where  N(A) is defined in  EQ(19) and

A ALK AL A sty
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AN (A
A= ( )|1+ ja)T|
20-1
A= ANA) ,m| (200)
1
Ay, = AN—ZN(AN—Z)W
The derivation of EQ.(20) and EQ.(20.1), please see

reference[13].
The characteristic equation of the overall system can
be written as

1+ N(A)G(jw) =0 (21)
And, adso the linear transfer function can be
represented as

From the characteristic equation of EQ.(21) and In the
extended Nyquist diagram of Fig.9(a), Fig.9(b)(For
Describing Function), the locus of G(jw) and

1 only intersects at the frequency @ such that
N(A)
Mt =0 (22
(jro+D)"
Then, we have
N(Tan™(wr) =7 +2m (23)

where m=0,...,[ N-3
4

number x to the smallest integer; i.e. Asl < x<I|+1,

[X]=!. Moreover | issomeinteger.

From Eq.(23), we have the oscillation frequency for

thering oscillator

fo—

0sc

} and [ x] denotes the round the

(24)

7z(1+2m)
2rt ten( )

Note that in Eq.(24), the unltof f isinfrequency (Hz)
and m=0,...,{ N - 3} .
4

Now, let’s consider the fundamental frequency for ring
oscillator, i.e. m=0, then Eq.(24) becomes
fo = tan(7)
2nt N
Note that in Eq.(25), as N (the order of ring oscillator)
islarger enough, then

(25)

T, 7
tan(ﬁ) *N (26)

Therefore, with the approximation of EQ.(26), Eq.(25)
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becomes
1
fOS) = 2N
T
Note that Eq.(27) is the same as conventiona formula
for the oscillation frequency of the ring oscillator
[14][15].Also, in Eq.(24) and as m=1, we call here
the first-mode frequency of the ring oscillator.
Similarly, as m=2, we cal here the second-mode
frequency of the ring oscillator and etc. The meaning
of m=2 means that there are two intersections of for
the locus of G(jw)and negative real axis, which can
be shownin Fig.9(a)

(27)

Extended Nyquist Diagram
T T T

1"

Imaginary Axis

Fig.9(a) The Extended Nyquist Diagram for Ring
Oscillators (N=1,3,5)

Imaginary Part
m]
n

f
T

A5 n h N L
-2 -1 o 1 2 3 4
Real Part

Fig. 9(b) The Extended Nyquist Diagram for in ng
Oscillators (N=7)

Aswe know, Eq.(22) isthe condition the linear
transfer function G(S) intersects the real axis. To

guarantee the existence of limit cycle, there should be
a least one intersection between the locus of

G(jw)and _%\I(A).
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In the sequel, we will explore the existence
condition for the intersection between the locus of

G(jo)and _}{\I(A)' From Eq.(19) and Eq.(20), it

can be observed that the describing function in Eq.(19)
satisfy

O0<N(A) <k, As 0<A<wx (28)
Then, smilarly in Eq.(20), we can have
0<N(A) <k, As 0<A<w (29)
From Eq.(23) and
substituting ot = tan(—(2m+1)”) into EqQ.(21), we
have
eal (— ) = cos" (7”(2m+1)), m=0,1,2 (30)
(jrw+1) N

From Eq.(29) and Eq.(30), we can conclude that for
the existence of fundamental frequency of ring
oscillator, it requires

k> Sec(7/)) (31)
where K is the voltage gain for the inverter a mid
voltage V,, .

Similarly, for the existence of first-mode frequency
m=1, N > 7 of ring oscillator, it requires

k> Sec(37%\l) (32)

For the exisgence of second-mode frequency
m= 2, N >11of ring oscillator, it requires

k> Sec(57%\|) (33)

and etc.
From EQ.(32) and EQ.(33), a “Necessary Condition”
for the existence of fundamental and higher order
frequency mode can be derived as
N > 3+4m,

T+ 2m) (34)
N
where N isthe number of stage for RO, misthe order
of higher frequency mode (As m= 0, it represents the
fundamentar mode; As m=1, it represents the
fundamental mode) and Kk, is defined as the
minimum required midpoint gain of the inverter.
The stability of these limit cycles for the ring oscillator
can be checked by the following equations

N'(A) Re(G'(ja,)) >0 (35)
where @, (rad/s) isthe oscillation frequency for RO
Note that Eq.(34) isthe “Necessary Condition” for the

k>K., =sec(
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existence of oscillation modes. i.e. When the voltage
gain k satisfies Eq.(34), this cannot guarantee the
existence of oscillation mode. However, if the voltage
gain k don’t satisfy Eq.(34), the oscillation modes
don’t exist. The multiple harmonic modes are coincide
the results of some literatures [10,12]

6 Tsypkin’s Method

It is known that for the nonlinear system,
describing function method is only an approximate
method for the derivation of frequency of RO. In this
section, we will explore a more accurate method called
Tsypkin method. The Tsypkin method is used the so
called the Tsypkin Function to determine the exact
period for arelay control system. As seenin Fig.3, a

conventional Lur’e Problem. However, the non-
linearity iswritten as
sgn@ =19 1 (a1)
J “le<0o, -1
Then the Tsypkin is defined as [8,13]
. - . 1 .
T(jo)= Y R(Q(jka))+j= D IMQ(jka) (42)
k=135 ki35

The period of the oscillation can be determined by
IM(T (j,)) =0
where @, isthe oscillation frequency.

Consider the linear transfer function G(s) of Eq.(21-1),
as N=3, we have Tsypkin Function as[13]

(s nh(% B tanh(%%f) -2 %,OT)

(44)
Substituting Eqg.(44) into EQ.(43) and with the
numerica solution, we have
1

f =
5.2602r
Similarly, as N=5, we have Tsypkin Function as] 13]

(43)

T3

In(T(jw)):lGCOShZ(72w )
ol

(45)

Chingyei Chung, Shou-Yen Chao, M. F. Lu

1

f =
8.7726¢
In general, for the N-order Tsypkin Function, we can
have

(47)

Im(T (jo)) = jaN

where alJ % .The derivation of EQ.(48) can be
derived from reference [13], which is neglected here.

(48)

- ra
(Ta tanh(g))

7 Examplesand Illustrations
In this section, we will illustrate the above results with
two simulation examples.

1
O\

OUT Vel

S0 s on =5 o S5.0M A

VWEM 1 WOUT vs. TIME in Secs

Fig.10. Simulation of Propagation Delaysfor
Inverter

EXCTN]

Example 1. Let’s consider a N-stage ring oscillator.
The 3-stage CMOS inverter is shown in Fig.3. The
propagation delay is shown in Fig.10 can be obtained
as (by simulation)

L o (25-10H29-9) :2554095217“
Y2 2 2

where 7, means as the average propagation delay and

(47)

Ty Ton @€ the high to low and low to high

propagation delay respectively.

The simulation results of 3-stage, 5-stage, 7-
stage, and 9-stage ring oscillators are shown in Figl0-
Fig.14 Respectively. The simulation results can be
shown in Tablel.

Im(Tj))=(4.8cosh*( 35, )sinh( 1, )-83.21763urcosh’(
-118.435253cosh?( %u Ysinh( %u)-19.87coshz( %u)sil
88.82644c0sh( %u)u+3cosh( %u ) u3+296.088133sinh(

whereu="7"
®,T

Also, from Eq.(43) and (46) and with the numerical
solution, we have

(46)
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VOUTInValts

S0.0N

= 11.8N Ay = -7.33M

Fig.11. Simulation of Period for 3-Stage Ring
Oscillator T=11.8 ns
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VEUTinVolis

A A AN T
A/ R

[ [xTesz
T

x| eram
[=T =57 =1 =

S0.0M G o E=rT
WWERL WOUT we. TIME in Secs
AX= 219N Ay =-25.0M

Fig.12. Simulation of Period for 5-Stage Ring
Oscillator T=21.9 ns

To.on EX=T]

100N
WEM.1 VOUT vs. TIME in Secs
AX= 320N Ay = 105M

Fig.13. Simulation of Period for 7-'Stage Ring
Oscillator T=32 ns

20.0N
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NMOS and PMOS Spice parameters can be described

as follows:
NVICS(LEVE =1 VIGOSOKRLER GAVVASLCBEGFH=0 B LAVEDASLAER

ROR0EILRS3AE LIS IEW (ED-RIER@ESIE1?AB08MES
+E36EMHCICRAEMCEG2IE®D

PMOS (LEVEL=1 VTO=-2.2 KP=2.5M GAMMA=5.43U+ PHI=.75
LAMBDA=2.14M RD=56 RS=56 1S=10.7F PB=.8 MJ=.46+ CBD=9.46P
CBS=11.3P CGSO=11.7N CGDO=9.75N CGBO=16.0N)

he comparisons of simulations, convention formula of
Eq.(48), theoretical describing function of Eq.(49) and

Tsypkin function of Eq.(45-47) can be shown as the

following Table.

10.00

8.00

6.00

- Km:

200

VOUT in Voits

1.00 3.00 5.00 7.00 2.00
WVWEM.1 WOUT vs. V3 in Voits

DC Transfor Charasctoeristics for = Nmo=s Inverter

12.0 : [EXETTE

<] 100 =1

VCUTin Volss

CUTUTTUTTTHCTTR
(N N

Fig.15. DC Input/Output Transfer Characteristic
for ANMOS Inverter

i~

woo f—!

\OUT in'Vels

60.0N 100N 140N 180N
WFM.1 VOUT vs. TIME in Secs

AX=40.7N Ay = -17.3M

20.0M

Fig.14. Smulation of Period for 9-Stage Ring
Oscillator T=40.7 ns
As for the conventional formula for the N-stage ring
oscillator, the period of N-stage ring oscillator can be
written as

T=2Nr, (48)

However, with the describing function method of
Eq.(25), the period of N-stage ring oscillator can be
written as

(49)

T - 2t

tan ( L)
N
Also, with the simplified model of transfer function of
Eq.(16), we can have [9,17]
7, =T o, =(IN05)r =0.693¢
where 7 = RC isthe RC time constant.
The simulation is performed by P-spice Software. The

(50)
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S0.0n EGTe

VWEMLT  VOUT va. TIME In Scos

Fig.16. Smulation for a 3-stage NMOSRing
Oscillator (Example 2)

To.on S0.0M
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3-stage | 5-stage | 7-stage | 9-stage
ring ring ring ring
oscillat | oscillat | oscillat | oscillat
or or or or
Simulatio | 11.8ns | 21.9ns | 32.0ns | 40.7 ns
ns
Conventi | 10.2ns | 17ns 23.8ns | 30.6ns
ond -13.6% —22.3% —25.6% -24.8%
formula
of Eq.
(48)
Error %
Describin | 89ns | 21.21ns| 32ns | 42.34ns
g -245% | —3.1% | -0.01% | +4%
Function
of
Eq.(49)
Error %
Tsypkin | 12.7ns | 21.52ns X X
Function | +7.6% | —1.7%
of
Eq.(43)-
(45)
Error %

Table 1: The comparison of simulation and several
theoretical predications of the period for N-stage
ring oscillators
From Table 1, it can be observed that with the
describing function method, the theoretical prediction
of the period of the limit cycle has very high accuracy
(especially N >5, the error is less than 3%). However,
with Tsypkin Function method, for 3-stage and 5-stage
ring oscillators is more accurate than describing

function method.

Secondly, let’s consider another case of a
NMOS inverter of Fig.6(a). A NMOS inverter as
shown in Fig.6(a). The voltage gain of this NMOS
inverter can be obtained from Eq.(12) as (at the mid-

voltage)
Wnl
k- _9ml_ Lnl _ 4
gm2 WnLn

It can be observed that the voltage gain at the mid-
voltage is not large enough such that it not satisfies
Eq.(32). From previous results, we can conclude that
the limit cycle not exists. (Note that the condition of
Eq.(32) is the so-called the “Necessary Condition”.
i.e. If the condition of EQ.(32) is satisfied, it cannot
guarantee the existence of limit cycle (it may exist).
However, if the condition of EQ.(32) is not satisfied ,
the limit cycleis not existing).

(53)
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The DC Input/Output transfer characteristic curve can
be shown as of Fig.15. It can be observed the voltage
gain at the min-voltage is —1 (dope). The simulation
results for a three-stage ring oscillator with a NMOS
inverter is shown in Fig.16. From Fig.16, it can be
observed that this three-stage ring oscillator cannot
oscillate. It coincides with the theoretical predictions.

The following Example is directly adopted from the
reference[14].

Example 2:Estimate the CN20 process (Orbit
Semiconductor’s 2.0 um double-poly, double-metal,
n-well process).[14] (The spice parameters are listed in
Appendix A). Also use hand analysis of five-stage ring
oscillator with W, =W, =10um). Also, compare it
with the simul ation results (with SPICE).

The effective resistance of n- and p-channel MOSFETs
are

2um
Ry, = 12Kk0 - 2.4kQ
n 10um (54)
R,, = 36k-24™ _ 7 2ko

10um

The total capacitance on the output of any inverter is
the sum of its own output capacitance and the input
capacitance of the next (identical) stage. Thisis given

by
C,=C +C,, =ECO((V\AL" AWL)=80fF  (55)

Thus,
7=(R; +R,)C /2=(24&+7.X) 8fF /1 2=3Aps (56)
The oscillation frequency, from Eq.(2) is then
fcs: 2# =28) MHZ (57)
10 334ps

The SPICE simulation results are shown in Fig.17.
SPICE gives a f_. of approximately 300 MHz [14].

From describing function method of Eq.(25), we have

1 TT.
f = — )=
= M%®m3) M (58)
Also, by Tsypkin function of Eq.(43)-Eq.(45), we have
f_= Y _s0omHz (59)
8.77(386ps)
It can be observed that with Describing Function and
Tsypkin function methods, the predictions of
oscillation frequency are very accurate such that both
only have (0.3%) errors. However, with the
conventional formula, it has 15.6% error.
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Fig. 17. Simulation for a 5-stage Ring Oscillator
(CN20 Process)

8 Conclusions & Discussions

In this paper, we proposed a rigorous approach
to analyze the nonlinear feedback of an inverter-based
ring oscillator. It can be shown that the (RO) ring
oscillator can be approximated by a nonlinear Lur’e
problem. With this Lur’e problem, Circle criterion can
be applied to determine the stability of overall system.
A simple first-order RC delay model is used to
approximated by the model of the inverter.

The describing function method is used to
determine the oscillation frequency of the ring
oscillator. A new formula is presented. It can be
observed that if N (number of inverters) is large
enough, the proposed formula will approach the
conventional formula. ~ Moreover, with extended
Nyquist Criterion and describing function method, a
“Necessary Condition” for the existence of oscillation
(al modes) is shown as Eq.(34). It can be shown that
as N > 7and the voltage gain is large enough, the
higher harmonic oscillation may exists. These results
coincide with previous research reports [10][12]. Also,
asN < 5, the higher order harmonics will not exist .

On the other hand, with Tsypkin Function
method, a more accurate formula for the oscillation
frequency of ring oscillator will be presented. Finaly,
Simulation examples aready have verified these
results.

It should be further stress that the above results
can be applied not only MOS transistor and can be also
applied to Bipolar transistor. Also, for a RO, the
voltage gain k should be large enough; otherwise, the
oscillation doesn’t exist. In general, for the CMOS
transistor the voltage gain is large enough since the
output resistance (as seen in Eqg.(13) )for NMOS and

ISSN: 1109-2734

25ns

546

Chingyei Chung, Shou-Yen Chao, M. F. Lu

PMOS transistors are very large. However, for NMOS
inverters, the voltage gain may not be large enough
[14,16]. Therefore, for aNMOS ring oscillator design,
suitable channel length and width’s selection should be
further investigated [14,16]. Also, in this paper, we
only address the ring oscillator with the number of
inverter N is odd. However, in some cases, even N

is even, the oscillation might be exist .
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