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Abstract—The so-called all-pass filter circuits are commoniythe phase regulation of a signal is of importanceegrder to

used in the field of signal processing, control andasurement.
Being connected to capacitive loads, these cirt¢eitd to loose their
stability; therefore the elaborate analysis ofrtidghamic behavior is
necessary. The compensation methods intending d¢redee the
stability of such circuits are discussed in thipgraincluding the so-
called lead-lag compensation technique being tleatedetail. For
the dynamic modeling, a two-port network modelhs &ll-pass filter
is being derived. The results of the model analisw, that
effective lead-lag compensation can be achievednealby the
optimization of the circuit parameters; therefohe tapplication of
additional electric components are not needed [fdl fine stability

requirement.

assure the proper operation of the unit.

1. OPERATIONPRINCIPLE

A typical configuration of a first-order all-pasdtdr is
shown on Fig. 1. In order to assure the unity gdithe filter,

the resistorsR connecting to the inverting input of the

operational amplifier are chosen with the samestasce
value, while the resistoR, and capacitoiC determine the
corner frequency of the phase response.

The following equations show the relationship betwéehe
input signal and the output signal, consideringdperational

Keywords—all-pass filter, frequency compensation, stabilityamplifier as an ideal amplifier, in which the gaind the input

linear modeling

|. INTRODUCTION

HE all-pass filters are signal processing filtelighwinity
gain signal amplification and adjustable phase ydéta
their operating range.

Although all-pass filters can be implemented -eitteer
analogue or as digital circuits, the digital imptantation is
always a tradeoff between the signal quality arelhthrdware
performance. If the achievable phase response abasiic is
rather simple, the analogue implementation of thepass
filter can be considered. Basically,

circuits. One alternative is the passive implemioma

impedance are infinite and the output impedaneeris.

Fig. 1 A first-order all-pass filter

there are two
implementation manners of realizing such analogifer f The resistoR. and the capacitd® connecting serial with each

other form a low-pass filter on the non-invertimgut of the

consisting of only passive components like ressstoramplifier, where the voltage is:

capacitors and
topologies exist, which can be used for this puepd®r
instance the Lattice or T-section filters. The othkéernative is
the active implementation, consisting of active ides like
operational amplifiers as well. Through the applaa of
active components, it is possible to omit the budky costly
inductor components, as well as providing moredoge in the
shaping of the filter characteristic.

These circuits are usually used in signal procgssystems,
especially in audio applications of special souffdats such
as the spectral delay filters [8]. Analogue allspditters can

inductors. A number of passive itircu

v=_ 1t v @)
+ (](A))RC"‘J. in

Using Kirchhoff's junction rule to the inverting pot, and
considering that the input impedance of the anwlifis
infinite, the following equation holds:

Vio V-V Vow )
R R

also be implemented in control or measurement syste The infinite open loop gain of the amplifier immi¢hat both

where
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the inverting and non-inverting inputs are at taens voltage
(V+=V.)). Using this relation, and after multiplying withand
substituting (1) into (2), the equation is:

1- 1 =] 1 vy (3
(jwRCc+1)" ((jwRC+1)"
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After rearranging (3), the transfer function of thput voltage
to the output voltage is:

(4)

Vo, _1-(je)RC
HU@= 3 = (lWRe

After deriving the gain and phase shift informatiwom the
transfer function:

©)
(6)

H(jw) =1
OH (j) = —2arctafeR C)

As the equations show, the circuit acts in fachagll-pass
filter, since it provides frequency-dependent phsisié with
unity gain. The phase response characteristiangasito that
of a two latch element, keeping towards O at loggfrencies,
having a phase shift of -90° aw=1/R.C and converging
towards -180° at high frequencies.

In case of replacing the compone®s and C with each
other, the phase response evolves from 180° (lequiEncies)
towards 0° (high frequencies).

In order to adjust the corner frequency of thefjle variety
of electrically adjustable resistors (e.g. fieldeef transistors
in “ohmic mode”, digitally programmable potentioraet or
voltage controlled floating resistors [6]) are dahle.

The frequency compensation is a technique beindmgp
usually in negative feedback amplifier circuits.eTimain goal
for the application of frequency compensation iswoid the
positive feedback of certain frequency domains e t
frequency band of the amplifier (with a phase delgyi80° of
the feedback signal, the negative feedback chasige$ that
causes ringing or the loss of stability of the afigl

FREQUENCYCOMPENSATION

The general purpose amplifiers are usually compgedsa

internally by adding an integrating capacitancethe gain
stage of the amplifier. This capacitor creates & path a
frequency low enough to reduce the gain to onegrajust
below the frequency where the next pole locateschwvtesults

principle, the most of them are discussed in [3]-J5he most
commonly used method is the so-called dominant-poliag
compensation method that acts like the internalpmareation
being discussed formerly, which introduces a nele jo the
system. The other conventional methods are the
compensation, which places a zero in the open tesponse
to cancel one of the existing poles; the lead-lagnmensation
placing both a zero and a pole in the open loopamse, with
the pole usually being at an open loop gain of taes one;
and the feed-forward compensation that uses a itapdo
bypass a stage in the amplifier at high frequendiesreby
eliminating the pole that the stage creates.

By choosing the proper compensation technique, some
tradeoffs have to be considered, since each tesbriquses
some undesired limitations in the circuit, like thmited
output swing, the limited bandwidth, the reduceduaacy or
the increased noise sensitivity.

All of the above discussed conventional compensatio

techniques need additional passive components, \@whe
solution proposed in this paper is based on tharpeter
tuning of passive components already existing éndincuitry.
For such an optimization an accurate model of trstes is
needed. The derivation of the linear model is dised in case
of a first-order all-pass filter, but can be apglitor other
feedback amplifier configurations as well.

lead

IV. LINEAR MODELING OF AFIRST-ORDERALL-PASSFILTER

A.Two-port network model

At the discussion of the operational principle loé &ll-pass
filter, the ideal operation of the amplifier wasased. For a
more elaborate model analysis the gain and the tinpu
impedance of the operational amplifier does notsm®ered to
be infinite anymore and the output impedance of the
operational amplifier is treated in the model afi.we

In order to study the stability of the circuit witbBspect to
the variation of the passive element values, amijmanodel is
needed, whereby the characteristic parameterseofetdback
can be investigated. The two-port model of thepals filter
being shown on Fig. 2 divides the whole system distinct

in a phase margin of45° depending on the proximity of the function blocks, such as the input staye,(Zm) including the

further higher poles. This phase margin is usugllfficient to
prevent oscillations at the most common
configurations, where the amplifier is rather regédy loaded.

However, there are applications, where the operatio
amplifier has to drive large capacitive loads. Tdapacitive
load acting together with the output impedancedsia new
pole into the system. If the capacitance is la¥geugh, the
new pole will be located at a frequency lower at jabove the
cutoff frequency, resulting in a reduced phase manghich
leads to have ringing and stability problems whesytare not
properly compensated.

Adding new zeros and poles to the system by impheimg
extra components to the circuit can result in impob
stability. There are several compensation methaiisguthis

input topology as well as the input capacitance tloé

feedbackmplifier, the amplifier Kl,p), the feedbackHy) and the output

stage Moy including the load impedanc@ {,q) and also the
output impedance of the amplifief,§. Employing this model,
the dynamic behavior of these functional blockswal as the
characteristic parameters of the feedback loop (@op gain),
together with the behavior of the closed loop carstodied.
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Fig. 2 Series-shunt feedback configuration

Fig. 4 Block diagram representation of the circuit

The output voltagd/,,: consists of the superposition of the
voltagesHsonwardVin @and HouVop. The effect ofVi, through the

feed-forward branch Hiwag Can be considered as a

There are basically four two-port model configuras that
could be employed. The benefit of using the seshesit
configuration is that, the value of the Theveniruieglent
impedance of the input stagér() can be neglected, since due
to the infinite input impedance of the amplifieq ourrent is
flowing through it.

B.Deriving the model parameters

In order to determine the parameters of the twa-padel,
the operation of the input- and the output stagéshe

V H forward _ H forward

out = =
Vit HopHouH s H

op' ‘out

loop

disturbance, which is compensated through the faddb
branch Hp). The effect of this disturbanc&{=Vi,) on the
output signal can be calculated as:

)

Since the feed-forward gaimHfwarg) is significantly smaller
then the loop gain of the feedbadif,), the feed-forward

effect of the feedback to the input stage can ptaced with a  Simplification, on the accuracy of the model bebawan be
difference between the feedback resistor termiaats on the Ccomparable to that of output impedazesince therewith the

value of the feedback resistor as shown on Figa)3 The 9N of Hionara becomes bigger. In addition to that, at higher
frequencies, where the amplification of the feedvérd

output is replaced with the equivalent input netwas shown (IHrorard) is comparable or dominates over the amplification

effect of the feed-forward through the feedbackstes to the

on Fig. 3 (b). In addition, the input capacitanGs)(and the Of the feedback loodHlie). the model is not valid anymore.

output impedanceZ=sL,+R,) of the operational amplifier are
considered in the model as well.

The effect oV, onV.-V, (Hy, andH+, ") can be separated
from the effect oV, on V.-V, (Hp). The transfer functions

Hm', Hm ™ andH, are derived with the aid of Fig. 5 (b)(c)(d)

Fig. 3 Equivalent circuit models

The dependent current sourke marked with the dashed
line box on Fig. 3 (a) is equivalent with the deghent current
sourcels marked with the dashed line box on Fig. 3 (b). The
voltage difference on the input terminals of theergtional
amplifier (V. -V,) is a function ofV;, and Vo, The output
voltageV,,; depends further on the amplifier outpg, and on
the input voltagev;, as well (Fig. 3 (b)).

In order to separate and to understand the effedhe®
feedback and the feed-forward, the block diagram
representation of the circuit function is estal@istiFig. 4).

respectively, by applying the superposition thearem

L= Vout

o

Via Vi
‘T

(@

Fig. 5 (a) Equivalent circuit of the input topology
(b) Effect of the feedback current to the amplifigsuts
(c) and (d) Effect of the input voltage to the aifigal inputs
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v = Al +zdr) |,
Rz, +ZR)+R ™

_ jaR,(C, +C)+1 v
(iofRRC,C+jaf2R(C, +C)+RG,)+2 "

(8)

v = ZR
ZJR+Z,

(9)
joRC, v
(jwfRRC,C+jaf2R(C, +C)+RG,)+2 "

V " - ZCH(ZC,H + R‘ R) /

’ ZCH(Zcm + FﬂR)+ R "
jaRG, +2 v
(j@fRRC,C+jaf2R(C, +C)+RG,)+2 "

(10)

v " _ WR Vv "
"~ RR+Z, (11)
JuRG,

(1P RRC,C + jalZR(C, +C)+RG)+2 "

After subtracting (9) from (8), the voltage actimyn the
amplifier inputs to the effect oV, through Hy, can be
expressed as:

VTh’ =V7’ _V+' = HTh'Vin
_ jeRC+1 v
(jofRRC,C+jef2R(C, +C)+RG,)+2 "

(12)

After subtracting (10) from (11), the voltage agtion the
amplifier inputs to the effect o¥, through Hy,~ can be
obtained as:

HTh"Vin
-2
V.
(jofRRC,C+jef2R(C, +C)+RG,)+2 "

<
I

<
|

<
I

(13)

After superposing (12) and (13), the Thevenin egjeit
voltage source\ry) is obtained:

Vi = Vi, +Vp, = (HTh +Hp, )V, = HypV, (14)
JuRC -1 Vv
(iwfRRC,C+jaf2R(C, +C)+RG,)+2 "

The effect ofV,,; on V. -V, is represented through,, being
derived with the aid of Fig. 5 (b):

V' =(RR)(ze, +ZJR) "
i} jaR(C, +C)+1 v
(jwfRRC,C+jaf2R(C,+C)+RG,)+2 ™"

(15)

_ Rz |,

Rlzc+Z, ~
_ JRC,, v
(iofRRC,C+jal2R(C, +C)+RG,)+2 ™

+

(16)

After subtracting (16) from (15), the transfer ftino of the
feedback loopH,) is expressed:

V, =V -V, =H Y,

jWRC +1
(i@ RRC,C+ ja{2R (C, +C)+RG,)+2

17

out

In order to obtain the transfer function of the i@pienal
amplifier (Hp), the gain, the poles and the zeros were taken
from a PSpice model as follows. All other paranetei the
PSpice model, as the offset and leakage currentshef
differential input stage, the large input resiseat000GY of
the FET inputs, as well as the voltage offset diedcdommon-
mode gain are being omitted.

H. = 1 .where f =2744101z  (18)
=
1 4.
o i)+t
pl
Hy=— 1 where f =150MHz  (19)
o7 (ja))+1
p2
L i)+ f,, = 22MHz
_ 27, ,Where 27 % (20)
Hy=— f o = 18MHz
(i) +1
27%
H, = - 1 , where f,, =53VHz (21)
o e+l
p4
H, = - 1 , where f s =80MHz (22)
o (e +1
p5
The transfer function of the operational amplifger
— VOp _ 2143 (24)
Hop—W—GH1H2H3H4H5

The transfer function of the output stage in cdse @aapacitive
load aloadzl/(j\’\cload)) is:

Ho = Vou _ 1 (25)
out Y] .
VOP (Jw) CloadLo + choadRa +1

The open loop gain of the loaded amplifier is:
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o = HoHow = 2% (26)
The loop gain is:

Hioop =HaH 5 (27)
The transfer function of the closed loop is:

HC'“S”:\\//L::n ::Hﬂ (29)
The transfer function of the whole system is:

H =\\//t =HyH yoees = Hrn “:7:% (29)

V.VERIFICATION OF THEM ODEL

In order to verify the derived linear model, itsnsiation
results were compared to the simulation results thod
numerical PSpice model of the circuit.

On Fig. 6, the linear model and the PSpice modehef
filter circuit without the feedback resistBwere compared to
each other. The displayed transfer function of twerall
system after opening the feedback patH-igHoHou @s can be
seen on Fig. 4.
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Fig. 6 Transfer functions of the open loop gain

The gain and phase values of the correspondingsferan
functions are shown on the left axis, while theoetvetween
the models is presented on the right axis. The sigsificant
error in the magnitude of the open loop gain is ken 918
dB in the relevant frequency range, which means tben
0.11% voltage difference between the output signdide the
most significant phase difference is also less thérdegree.
Fig. 7 shows the transfer functions of the all-pfilssr (H)
being loaded with a 10 nF capacitor. The non-lifesravior
- being neglected in the model - is causing demetiat the
main corner frequency compared to the simulaticulte At

higher frequencies, the assumptidliward <<|H opgHoutbl)
does not hold, being the main reason for the diffees at the
frequency plots at this frequency domain. Howeverthe
operating range, the error by means of magnitudess then
1dB and by means of phase is less then 10 degree.
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Fig. 7 Transfer function of the whole system

VI. THE EFFECT OF THEPARAMETER VARIATION ON THE
STABILITY OF THE FILTER

Using the linear model of the circuit, the effedt the
capacitive load on the open loop transfer functibh) is
shown on Fig. 8. The frequency plots of the unlaadpen
loop gain, the modified open loop gain and the iisgdransfer
function of the feedback loop are displayed. Dugh® new
pole being introduced through the load capacitém¢iee open
loop function, the 1/Elcurve intersects the modified open loop
curve at a slope (rate-of-closure) of more therdB@decade.
Since the frequency of the intersection is the fEdtequency
of the loop gain, this means that the phase maogithe
capacitive load case is negatig,£-5.43°, the phase margin
without any load i$,=30.98°), which results in an instable
system.

ool
- R
Ol
g at capacifive load “F—_{ NN D gl
Py e 9 “ve. Lol
] L= S0
z . TS i g,
2 N
g | |
o —o H, without load I ‘
20 &—= H, with capacitive load | i
0 JH, } | A
20 I |
Z f
2 1 ‘ L
PSS oy
X I =
b -
H e el L issas 149.03°
g R
& P D s
45— —o H, without load . i
ol-{&—= H, with capacitive load \MLA_\‘
—o I/l s
104 109 Frequency (Hz) 108 107

Fig. 8 Effect of the capacitive load to open loging
Considering that the conditiokl|F1 must hold through the
whole operating range and the corner frequemeyi(R.C) of
the filter must remain unchanged, there are tweriditives to
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modify the dynamic properties of the all-pass filt®ne original place. As Fig. 10 (b) shows, the decreasf the
possibility is to change the value of the paramBtand leave capacitanc€ leads to a better stability.
the other parameter&y C) unchanged. The other one is to «

alter the parameter®; and C, in a way that the impedance@ﬁ“ i o i
- ; i
ratio of them remain unaffectedZg/Z.=1/R.C=constan}, ;Z | pyiiihie i
while the parameteR remain unchanged as well. ; . o e, G s e e
Fig. 9 (a) shows the effect of the varyiRgon the elements - By e sl e
. . . RAI/Hi(R;IDkO C=160 pF R=10kQ)
of the loop gainkl, andHy). On the figure, the magnitudes of *¢ o o W W0 o W 10°
. Frequency (Hz)
the loaded open loop responsE,) and of the inverse . a)

C=160pF
6 XX s

feedback loop responsel/d,) are shown to the case of
different resistor values &. The variation of resistané®— as

it can be seen from (25) - does not affect the ojoap
response at all, however, it has a significant ctffi® the

feedback loop Hy,). By increasing the resistandg, the : ‘ ‘

frequency of one of the two poles of the feedbaskpl ' ' ' Rea%is(-) b 1 o
decreases, and respectively, by decreaRitige frequency of

this pole increases. Since it would be difficultdbtain the
rate-of-closure values on the upper diagram anctliyeto get
information about the stability, a zero-pole maptaiing the
dominant poles of the whole systeh)(as a function oR is
displayed on Fig. 9 (b).

40

Tmaginary Axis (-)

Fig. 10 The effect of varying paramet&sndR;

In order to plot the effect of the variation of theo
independent variableR andC, the application of a zero-pole
map with polar coordinates is more suitable. In pudar
coordinate system, the radius represents the hdtatpency

N e By i ik of the conjugate pole pairs, while the angle of rhius and

0 Bre ol \f e il : the imaginary axisf() is a non-linear function of the damping
4 . . . .

o o I : Gt factor g=arcsir(f )) of the corresponding conjugate pole pair,

g (R=100 Q
weeen g (R25KQ
— = UHy (RA0KQ
(6——0 U/Hg (R640K0  C=160 pF
[0+ U/H (RE10MQ C=160 pF

which is a good mathematical indicator of the diigbof a
system. For 0z <0.7 the phase margin can be estimated with
the linear relation of,, =10Qz .

Fig. 11 shows the stabilty map for the parameter
T — g optimization, where the contour lines of the difer resistor

C=160 pF

 Magnitude (dB)

‘2 . S values ofR are signed with a single-dotted line, while the
8 mtio[] | . . . . .
H o R : double-dotted lines indicate the changes in thepacitance
R=640Kk &
E—_— values ofC (R.).
D‘S 1‘ 1‘5 2 5
Real Axis () x10° Al

- T
06? R=1000) i
C=160pF  R=6000 g5y
080 pF o LS g

L Y S——

Fig. 9 The effect of varying parameter ““

As the zero-pole map shows, the unstable regiorthef
diagram can be left either by increasing or by eéasing the
value of R, however at loweR values, the phase margin is
rather small, since after a while the increasingttad pole
frequency does not affect the rate-of-closure. Aeveffective
way to increase the phase margin is to select highalues.
However the using of large resistances resultsnareased
amount of thermal noise and it reduces stronglybéredwidth
of the filter as well.

Fig. 10 shows the effect of modifying the paraneRrand
C. As it can be seen from (25), the variation ofsthe
parameters does not affect the open loop respoHsE (
however, it does have a significant effect on #edback loop  As it can be seen, different options exist to inwerahe
characteristics Hy). By keeping the corner frequencystability of such circuit. In case of large resistance values,
(Ww=1/RC) constant, and decreasing the capacitance \@lue stability can be achieved, however the frequenaydbaf the
the resistanc&; can be determined. As the capacitance valugosed-loop system is strongly deteriorated. Onather hand
decreases, the 2 poles of the feedback loop asdlirgpfrom  these largeR resistance values make the system rather
each other, leaving the zero of the transfer fomctat its insensible toC (R parameter changes. By decreasing Ghe

capacitance andR resistance values the stability can be

Tmaginary Axis ()
>
r T

UrZ -15 -1 05 0
Real Axis (1) i

Fig. 11 Pole-Zero map of the parameter change
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reached as well, having even the advantage of gerar reliability of the implemented all-pass filter che increased,

bandwidth of the closed-loop system.
Fig. 12 shows the transfer functions of the allspfiiter (H)
with three different parameter sets. The systenmbeégg

stabilized by applying a higR resistance value (doted line)

and also by applying a smat resistance and a small
capacitance value (dashed line). The third chariatiterefers
to an unstable system (continuous line).

40
20

-40 A

Magnitude (dB)

—— Instable system - C=160pF R R=10k0 ‘
-g0 || -~ Stable system 1 - C=160pF R R=10M0
— —Stable system 2 - C=08pF R=2MQ R=100Q ‘

360
270
180

90

Phase (deg)

-90 T
-180
=270
-360

10° 10° 10°

3 7 o
Frequency (Hz) 10 10 10

Fig. 12 The closed loop of the stabilized system

As Fig. 11 shows, both stabilization manners caase
increased damping ratio of about 0.45 (resultingaiphase
margin of around 62°), however, in case of compimga

by reducing the space requirements and by cuttinghe
production costs on the same time.

(1]
(2]
(3]
(4]
(5]

(6]

(7]
(8]

through largeR values, a significant decrease in the bandwidth

(Dw,) is occurred (Fig. 12).

Based on the simulation results of the linear model
significant filter stability improvement can be &oled
through decreasing the valud® and C (accordingly by

increasing the resistand®), however it is recommended to

validate these results through the non-linear sitrah
models, in order to investigate the effect of then-inear
behavior of the operational amplifier, and the effef the
feed-forward character &fi,arg as well.

For the initial design of the circuit, the secomder analytic
model of the operational amplifier can be used, dw@w, in
this case, in order to confirm the dynamic behawfathe final
configuration, the application of a numerical modsl| the
circuit is strongly recommended.

This compensation technique is similar to the deeddead-
lag (or noise gain) compensation treated in [4]thwihe
exception that in our compensation no additionadcteic
components are being used. The advantage of ttddgaype
compensation is that it reduces neither the owgping nor the
accuracy of the filter, and it affects just slighthe bandwidth
of the system. The increased noise sensitivity ewaas to
be considered in a noisy environment or in noisasitge
circuits.

VII. CONCLUSION

As the results of the simulation show, it is poksito
achieve a significant improvement of the stabilionly by
optimizing the passive components already existimghe
circuit. Through the simplification of the electrircuitry by
omitting the additional electric components, theeray
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