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Abstract: — The paper considers some basic problems in the design of tunable fully differential gyrator re-
sonance circuit. First is presented briefly the theory of the parallel gyrator tank with emphasizing on the effects
from the amplifier imperfections. Then is considered the design of a single stage operational transconductance
amplifier (OTA) with source degeneration for better linearity. It is demonstrated by simulation that wide range
of variation of OTA’s gy, with preserving the linearity can be achieved by using of an architecture, consisting of
several parallel connected differential cells with different g.,s. They are switched on and off and the designed
amplifier has 3 cells with g,, of 50, 100 and 200uS. The resonance frequency of the gyrator tank, created with
two such amplifiers, can be increased 7 times. The Q-factor of the tank is also tunable by negative resistances

in parallel to the OTA outputs.
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1 Introduction
Probably the most often used analog integrated fil-
ters nowadays are the Gm-C filters, consisting of
operational transconductance amplifiers (OTA),
capacitors and rarely resistors [1,2]. Their major
advantage, compared with the other classes of ana-
log filters, is the extremely wide frequency area, in
which they can be implemented. This range is de-
termined from downside by the opportunity to de-
sign OTAs with very small g, (pole frequencies of
these filters are defined by the ratio g,/C of some
elements). The limitation for the upper side comes
from the higher frequency of operation of the am-
plifiers. Since the required gy, is not very high, OTA
can work at much higher frequencies compared with
the standard voltage operational amplifiers. There
are examples of filters operating in the range of few
Hz [3] and even below 1 Hz [4] and in the same
time there are Gm-C filters intended for GHz range
[5].

Another important advantage of Gm-C filters is
their tunability. The pole frequencies can be con-

E-ISSN: 2224-266X

45

trolled by OTAs g, or by the capacitors. Different
ways are applied for varying of the transconduc-
tances and first of them is by changing the dc cur-
rents in some of amplifier stages [1], [6]-[10]. Other
methods for g, control are existing too: by changing
of the degeneration resistors in the sources of the
amplifying transistors, used also for improving the
linearity [11],[12]; by connecting of several Gm-
cells in parallel, which can be digitally switched on
and off [13],[14]; by connecting of switchable tran-
sistors in parallel or in series in order to control their
W and L [14]; etc. The other tuning method, by
changing the capacitors, is used also but rarely (ex-
amples are given in [11],[15]). Both methods are
compared in [16] and there is proved that the chang-
ing of the capacitors for tuning the filter has a draw-
back - the filter dynamic range also changes.

Pole Q-factors is also necessary to be tuned. This
tuning is applied basically in biquads and in filters,
consisting of cascaded biquads.

Usually the tuning is applied for compensation the
inaccuracies due to process, voltage and temperature
(PVT) variations or for creating of tracking filters
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with controlled passband. There are examples of
filters in the second case, which passband bounda-
ries are changed tens of times [6],[10],[14]. Since
the frequency response is function of the pole fre-
guencies and Q-factors, which are tuned separately,
additional specific tuning circuits are developed for
complete tuning of the filter [6],[7],[11],[12].

Gyrator filters are one of the most often used
classes of Gm-C filters. The capacitively loaded
gyrator is equivalent to an inductor, which allows
direct replacement of the cross (grounded) inductors
in the LC ladder filters. The replacement of longitu-
dinal (floating) inductors in the LC ladders requires
more complicated circuit — two gyrators in cascade
with cross capacitor between them [1],[2],[6]. The
direct replacement of the inductors in the LC ladder
filters preserves the most important advantage of
these filters — their very low sensitivity concerning
the element variations [1],[2]. However gyrator
filters are not always designed in this way and often
they are built by using of gyrator biquads derived
from corresponding LC circuits [2]. Band-pass (BP)
and low-pass (LP) sections are received from paral-
lel LC circuit (Fig. 1(a) and (b)), while the high-pass
section comes from the series LC tank (Fig. 1(c)).
BP and LP sections have the same topology in fact
and difference is in the place, where appears the
output voltage. Gyrator based biquads are used for
design of high order BP filters especially when more
specific moving of their passband is necessary. Then
the filters are designed as cascaded biquads
[41,I5],[10], [17]-[20] or as equivalents of coupled
LC filters [21].

Fig. 1 BP (a), LP (b) and HP (c) second-order filters
based on gyrator tank. The gyrator is formed by gy and
Oma2, While gpo converts the input voltage to an equivalent
current, necessary for proper supplying the tank.

Therefore there is no big structural variety of the
gyrator filters and the major efforts in their design
are about the amplifiers in the gyrators. Practically
all important filter parameters depend on gyrator
OTAs. Transconductances together with used capa-
citors determine the frequency of operation. The
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range of g, variation determines the filter tuning
range. The OTA output impedances define the filter
Q-factor and passhand distortions of the frequency
response. Very important is the linearization of the
OTA and there are many papers describing different
techniques for solving of this problem
[9],[14],[15],[19]-[24]. Other problems in the design
of gyrator filters are relating to the stabilizing of the
dc operating points, minimizing of the noise. They
are solved also during OTA design.

The goal of this paper is to investigate in more de-
tails a real circuit of fully differential gyrator BP
biquad. The main focus is on the mutual dependence
between the solutions of the different problems in
the filter design: tunability, linearity, dc biasing and
stabilization, etc. The second section considers
briefly the basic properties of the gyrator simulated
inductor and parallel gyrator tank; the third section
is dedicated on the choice of the structure, design
and simulation of appropriate OTA for the gyrator
filter. The gyrator filter is described and investigated
in the fourth section. All simulations are done with
Cadence software for AMS 0.35 um CMOS process
used in the education [25].

2 Gyrator Simulated Inductors and
Parallel Gyrator Resonance Circuit:

Brief Review

The gyrator parallel resonance circuit is shown in
Fig. 2(a) (the same as in Fig. 1(a) but without buffer
amplifier). The OTA input and output parasitic ca-
pacitances are in parallel to C; and C, and are con-
sidered as parts of them. OTA input resistances are
assumed infinitely high while their output resistan-
ces Ro; and Ry, are finite and in parallel to C; and C,
respectively. The equivalent circuit of the gyrator
simulated inductor is shown in Fig 2(b) [1],[2],[26]
and its elements are

L=—Y  y=—-21 o)

, .
Im19m?2 Ro19m19m2

The frequency dependence of the Q-factor of the
simulated inductance is [26]:

0, = 2Qm
L W/Wom FWom /0’
It has a maximum Q, at frequency wagn:
Im19Im1Ro1Ro2 1 .
— ~ = R,{R,>: (3
Qm 2T+ 9m19m1Ro1Roz 2\/gmlgm1 01f02 ( )

w 1 Ry
Qm — 3 Rolgmlgmz-

(2)

(4)
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Fig. 2 (a) G/)}rator parallel resonance circuit (Cp repre-
sents OTA parallel parasitic capacitance, existing in some
cases); (b) its RLC equivalent circuit (without Cp).

Infinite load resistance is assumed in the analysis
of the tank, which allows to reflect the effect of
gyrator non-idealities on the properties. Tank reson-
ance frequency usually is given by the formula

1 _ |9m19m?2

@o = N B €16 ' )

which is valid if ideal OTAs with infinitely high
output impedances are assumed. The resistors r and
Ro2 in Fig. 2(b) cause small deviation for real OTAS
with limited output resistances and the following
more strict formula can be derived for the real re-
sonance frequency wres

’ 1
Wyes = W 1+ m (6)

It should be used for small Q only — the error of
formula (5) is less than 1% for Q, > 4.
For the Q-factor of the resonance circuit is valid

C1Rp1 C2Ry2

= . 7
,4Q72n+1 C2Ry2 C1Ro1 (7)

QTES

It is less or approximately equal to Q,, and the ap-
proximate equality is when Q, > 4 and C;Ry =
C,Rq2. The last condition is in the case of equal ca-
pacitors and identical OTAs.

Another OTA imperfection, which affects the
properties of the gyrator resonance circuit, is the
limited OTA frequency bandwidth. Single pole ap-
proximation usually is used for the frequency re-
sponse of the OTA’s gy, [1],[6] and it causes increa-
sing of the Q-factor according the formula [27]:

1 1 Wres

Q;’es ~ Qres 2 Wgm ' (8)
derived under the assumption of identical OTAs.
The parameters Qyes and wyes are given by (6) and (7)
(when gy is frequency independent); and wgn, is the
pole frequency of gn. This formula imposes strin-
gent limitations about the frequency range of opera-
tion of the tank. For example, if Qs = 10 and 10%
deviation of its value is permitted, then wy must be
at least 200 times less than wgy [27].

The single pole approximation is more appropri-
ate for multistage OTA. The frequency properties of
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a single stage differential OTA are defined basically
by the capacitances of the amplifying transistors.
Their gate-source capacitances are included in the
OTA input capacitance; drain-source capacitances
in the OTA output capacitance and gate-drain capa-
citances appear as additional capacitances between
OTA input and output. In fact the small signal mod-
el for a single stage OTA is consisting of an ampli-
fying core with no parasitic capacitances, and exter-
nally connected parasitic elements: capacitan-ces at
the input and output; resistor at the output; and a
transition capacitance between input and output.
The transition capacitances of both OTAs in the
single-ended gyrator model in Fig. 2(a) are com-
bined in the capacitor C,. The analysis of the circuit
gives the following expressions for the changed
resonance frequency and Q-factor:

!
wTES = (‘)res /A’

(9)

1

- =
QTES

% [ Qres wrescacz (RL RLoz +Gm2 — gml)]' (10)

where A is the expression

_ Cp(Cl+C2)
A= /1 +—C1€2 :

The new resonance frequency w,.; decreases
relative t0 ws. The change of Q depends on the
relationship between gn: and gm, — it can increase or
decrease and even it can turn to negative (appea-
rance of self-oscillation) if gn,; is enough high. In the
most preferable case of identical OTA (Um1 = Om2)
the circuit is stable and Q,.,s < Q5.

Another requirement in the design of the reson-
ance circuit is the equality of the maxima of the
voltages at the OTA outputs — it is necessary for
optimal dynamic range of the circuit [1]. The analy-
sis of this requirement leads to the following condi-
tion

(11)

C1/Cy = Gm1/Gma, (12)

which usually is satisfied as two equalities C; = C,
and gm1 = gm2 (again identical OTAs and equal capa-
citors).

The short review of the properties of the gyrator
tank presented in this section shows that the identity
of gyrator OTAs as well equality of its both capaci-
tors is highly desirable, suggesting several important
benefits. This identity is achieved easier in the case
of differential OTAs — then the negative g, of the
second OTA is realized as appropriate connection of
the OTA input and output terminals.
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3 Amplifiers Forming the Gyrator

3.1 Basic Circuit of the OTA

In accordance to the conclusion in the previous sec-
tion the gyrator, considered here, consists of iden-
tical amplifiers. Their circuits are based on the OTA
shown in Fig. 3. This is single stage fully differen-
tial amplifier with dynamic load (transistors M5 and
Mg) and source degeneration. The common-mode
feedback (CMFB) circuit, necessary for stabilizing
the dc output voltage, is also shown in Fig. 3. This
circuit is very similar to those presented in [9] with
some small modifications.

Vop
| Gt7 3 l CFoul
M7 M i cf3__1 q Mt
-7, [+, | »—I—I
’ ’ Metia Megp M.p

My

o

Ve

,,,,,,,,,,,,,,,,,,,,,,,,,

Flg 3 OTA used for formlng the gyrator.

For increasing the Q-factor of the tank a negative
resistance created by the pair Mg-My, is added in
parallel to the OTA output. This approach is pre-
ferred due to some its benefits. Formula (3) shows
that Q can be increased by increasing of OTA g, or
by increasing of their output resistances. However
the use of transconductances is not convenient due
to: 1) Higher g, often requires amplifier with more
than one stage, which decreases its pole frequency.
2) OTA gns determine also the resonance frequency
of the tank and their simultaneously use for increa-
sing of Q makes difficult the tuning of the filter. The
negative resistance created by Mg-My, in Fig. 3 is
controlled by the current source l,4 and allows
independent control of OTA output resistance.

The source degeneration of the main differential
pair M; and M, is proposed in [28]. It is dynamic
and consists of two pairs Ms-M, and Ms-Mg in the
sources of M; and M,. They operate in linear region
and the cross-connection of the gates as is shown in
Fig. 3 gives better improving the linearity. A benefit
of this circuit is preserving of the frequency range of
the amplifier [28].

According [9], OTA linearization depends on the
relationship between the sizes of the transistors M,
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and M, in the main differential pair and of the dege-
neration transistors Ms-Me. The following parameter
is introduced as a criterion for this relationship

— W/Dlmi-m2
W/L)Im3-me

and a = 2 is recommended in [9] as optimal. How-
ever this value is questionable since there is no clear
criterion about linearity. Here will be used total
harmonic distortion (THD) of the ac output current
at short circuited output (between points -V, and
+V, in Fig. 3) and the range of the amplitudes of the
input voltage, at which THD is under some limit.
This limit is defined from the behavior of the gyra-
tor tank when OTAs have weak nonlinearity. An
approximate consideration done in [29] shows that
when Q is high (above 20) even THD of 0.5% cau-
ses visible distortion of the frequency response and
change of the resonance frequency.

(13)

THD, % THD, %
112uA; S6pA; | J +10%; ;1]
1.25 I55uS 98. 8ubx\/ L2 oo 106708 .-'///,
L0 98,4, . L0 95 948
0.75159.9uS // 0.75 5505\ 0%; /
5 \,"" \ / 0.50g1 7u,S .98 8uu ;: //R
0.25 227 | 02 T S vy
I S = 115.8uS
0 50 100 150 200 0" 50 100 150 200

@ (®)

Fig. 4 THD of the OTA output current vs. input vol-
tage amplitude: (a) At three significantly different values
of the tail current I (for each curve are given the corres-
ponding values of I and gy,). (b) At relatively small dev-
iation I from 564A (the percentage deviation from g
and g,, are given for each curve).

More detailed investigation based on this criterion
however shows the optimal a depends from the ab-
solute sizes of the transistors as well from the dc
currents through the transistors. This is illustrated in
Fig. 4(a). The OTA is designed initially for g, =
100uS, which is achieved at tail current I, = 56A
(the current through My;). The sizes of the transis-
tors are Wyimz = 16um; Wys.me = 8um and for all
these transistors L = 0.35um. At these conditions the
optimal value for a is a = 2. When I is increased
and decreased twice, the corresponding curves in
Fig. 4(a) demonstrate a deviation from the optimali-
ty: from THD < 0.25% for input amplitudes up to
180 mV at I = 564A to THD up to 0.75% for the
same range of the input amplitudes when Iy =
28pA. By varying of the widths of Ms-Mg at I =
28lA is determined new optimal a to about 1.6 —
1.7, having as criterion the widest input voltage
range, at which THD < 0.25%.

Of course, smaller changes of I cause less
changes in the linearity. This is illustrated in Fig.
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4(b) for the considered case where is shown how
changes THD when I varies within £25% from the
initial value of 56pA — only the curve for -25% dif-
fers more significantly.

3.2. OTA with Programmable gy,

The last consideration in the previous subsection
shows that the method for tuning of the filter by
changing of the tail currents of the OTA cannot give
wide tuning range if the circuit in Fig. 3 is used,
since large variation of I causes also a significant
reducing of the permitted input voltage. For this
reason a different approach is chosen for widening
of the tuning range. Every OTA in the gyrator con-
sists of three different gy-cells with gns equal to
50uS, 100uS and 200uS, which inputs and outputs
are connected in parallel (Fig. 5). Each cell can be
switched on and off by controlling voltages V; and
V., having opposite values (low-high or high-low).
They control two switches in the gn-cell (M, and
M3 in Fig. 3), which allow or stop the tail current in
the cell. In fact only one of the voltages Vs and V; is
enough for switching the cell — the other voltage can
be produced by an inverter. In this way can be
achieved 7 different g,s from 50uS till 350pS in
steps of 50uS. If continuous tuning is needed then
this approach can be combined with varying of the
tail currents in the gn,-cells. But now the variation is
small (less that 10-15%) and will not deteriorate
significantly the dynamic range.

o ™"
CFina
CFinb
+Vi
el I I J
gm-cell gm-cell [ gm-cell
5008 100uS 20008
M [ | l— [ | |—
| T 1
Vsso Viso Vsioo Voo Vs2oo Vo0

Fig. 5 Block-diagram of OTA consisting of three gp,-
cells.

The complete circuit of the OTA is shown in Fig.
5 (CMFB circuit is not shown there). Except the
main terminals for the signal (+Vi,, -V, for input
and +V,, =V, for output) OTA has several additional
controlling terminals: Vs and V;, for all gy-cells;
CFina and CF;,, to CMFB input; CF,, from CMFB
output; terminal for the reference current of the tail
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currents in the gp-cells; and terminal for controlling
the current legr.

The gn-cells in this circuit are partly optimized by
varying of the transistors sizes and the tail currents
in order to have approximately equal ranges of the
differential input voltage, in which THD of the out-
put current (at short circuited output) is low — 0.25%
or less. The result for the width/length in um for the
transistors in the cells and for their tail currents are
given in Table 1.

Table 1. Sizes of the transistors (in pm) and of the tail
currents in the gy,-cells

Cell  |W/L (M-M,)|W/L (M3-Mg)| WIL (My1) | g
pm pm pm HA
50uS 8/0.35 4/0.35 7/0.35 28
100pS 16/0.35 8/0.35 14/0.35 56
200pS 30/0.35 15/0.35 30/0.35 120

The other transistors in Fig. 3 and Fig. 5 have the
following sizes (W/L) in um: M;-Mg — 40/0.35; Me-
My — 0.65/0.5; My — 15/0.35; Mcsa and Mesp —
5/0.35; M¢s,-Mcss — 10/0.35. The reference current is
lrer is 55UA. The supply voltage is 3.3V. In all simu-
lations bellow the dc voltages at the OTA inputs
+Vi, and -V;, is fixed at 2.2V. The voltages at the
outputs +V, and -V, is kept by CMFB approximately
the same, which is achieved when V¢ = 2.1V.

THD, %

_ &m
50 1fi| us
L w/ " K
il 30 350
0.8 ; -
350 i/ / 2
0. 200 ™ )
04 100 // X 10 50
02w 2 20 R
o Ly Tl
0 50 100 150 200 0 50 100 150 200
Vin, mV VoV

(@ )

Fig. 6 (a) THD of the output current vs. amplitude V;,
of the input voltage when different OTA cells are switch-
ed on; (b) approximate dependence of g,, from V;, when
different OTA cells are switched on.

The dependence of the nonlinear distortion of the
ac output current from the amplitude of the input
voltage is illustrated in Fig. 6. It shows THD vs. Vi,
and gn vs. Vi, for each cell separately and when all
cells are connected in parallel (gn = 350uS). The
simulations are done at relatively low frequency of
10kHz, when the OTA parasitic capacitances have
no effect. The short circuit at the output is realized
by a capacitor of 10nF and the circuit for negative
resistance at the output is switched off by setting
lhegr = 0. The curves confirm that all cells keep their
linearity (THD < 0.25-0.3%) in approximately same
range of the input voltage.
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gm’
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)j ///
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10kHZz 100kHz 1MHZ7 10MH7z 100MHZ7 1GH7 10GH

Fig. 7 Frequency responses of g, when OTA is7ad-
justed to g, = 50, 100, 150, 200, 250, 300, and 350 pS.

The frequency properties of the OTA are illustra-
ted in Fig. 7, where are given the frequency depen-
dences of g, for all possible combination of cells.
All curves increase above certain frequency in the
range between 500MHz and 1GHz. This increasing
confirms the model with a transition capacitance
between input and output for single stage OTAs
used in Section Il. Since the output is short circuited
when g, is simulated, the transition capacitance at
high frequency transfers additional current from the
voltage source at the input to the short circuit at the
output, where g,, is measured.

Z,, kQ

200

150

50
100 :150

\
S0==

I X
250 300 350

0.01 0.1 1 10 100
frequency, MHz
(a)

Fig. 8 Simulation of OTA output impedance:
(a) frequency response; (b) dependence from the current
Ihegr, CONtrolling the negative resistance. For each curve is
given the corresponding OTA transconductance in uS.

200

10kO 20 40 60 80
InegR, IJ.A

Another important OTA parameter is its output
resistance R, defining Q of the tank, when no nega-
tive resistances are used. The frequency dependen-
ces of output impedances for each value of g, are
given in Fig. 8(a) and the output resistances are the
low frequency values of the impedances. As it is
expected, R, is smaller when gy, is bigger. The out-
put resistance of one gy-cell is

Ry = (rom1 + oMo m7 +1oms).  (14)

In this formula rymi, fom2, Fomr and rymg are drain-
source resistances in the small-signal models of the
corresponding transistors, given by the approximate
formula [30]
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1, = 1/(Alp), (15)

where 4 is the slope of the VA characteristic in satu-
ration and Ip is dc drain current through the transis-
tor. Cells with higher gn,s work at higher dc drain
currents in the differential pairs, which makes r, of
the transistors smaller and reduces the total R, of the
OTA.

Fig. 8(b) shows how R, changes from the current
lhegr- The negative conductance emulated by the pair
Mg-Myg is [30]

Gmo-m10 = —Gm/2 = — %:uncox %101 (16)
where g, is the transconductance, W, is the mobility,
Cox is gate-oxide capacitance per unit area — all these
parameters together with W, L and I are for one of
Mg or My When |z increases the magnitude of
Gumo-mio also increases and reduces the total OTA
output conductance. The curves in Fig. 8(b) are
given for the range of I, in which OTA output
resistance is still positive. They show that R, can be
controlled effectively by l.4= for smaller values of
OTA transconductance. When OTA gy, is 350uS, R,
increases slowly and cannot be turned to negative at
all. The reason is: The current I, flows through
dynamic loads M; and Mg and its increasing causes
increasing of their output conductance (1/r,). This
effect is small when I is significantly small than
the tail current I. When both currents are of the
same range then the increasing of the negative con-
ductance emulated by Mg-M;, cannot compensate
completely the increasing of output conductances of
M, and Mg. This effect can be avoided by applying
particular circuits for negative resistance in each gp,-
cells. They can be designed to operate at relatively
small currents I,e4= by proper choice of the ratio W/L
in MOSFETSs.

3.3 Common-Mode Feedback Circuit

CMFB circuit is given in Fig. 3. It is realized as
degenerated differential stage with split tail current
source [30]. OTA output dc voltages (at points +V,
and -V, in Fig. 3) are sensed by the parallel transis-
tors M and Mg, Which complete current is pro-
portional to the averaged OTA dc output voltages.
CMFB is investigated at the beginning of all simula-
tions aiming to determine some of its components
and to prove its stabilizing effect on OTA output dc
voltage as well its ac stability. First is determined
the value of the currents I of the current mirrors in
CMFB circuit. Fig. 9(a) shows how this current
affects the dc voltage V, 4 at OTA outputs. Evident-
ly there is a minimum value of this current in the
range of 5-15uA, which depends on the reference
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voltage Veu. The value of Ig should be far from this
minimum in order to ensure secure operation of the
CMFB. The next simulation, investigating how
CMFB stabilizes OTA output dc voltage against the
variation of the OTA input dc voltage, is done at I,
= 20, 30 40 and 60pA. The plot in Fig. 9(b) shows
that CMFB works well at all values of I total
variation of V, 4. of about 50mV when the voltage at
the input changes from 1 to 3.3V. In all other simu-
lations Is.. = 40pA — a value, which probably is a bit
bigger than necessary, however it is chosen to avoid
possible problems caused by incorrect work of
CMFB.

Vodc’v
55 Ver=2.25V
2 /V SRR,
— [ \"30pA 60pA
1.5 ! 40pA
Vsl , /
05| Veau=1.25V 22 v ¥
C zozouA\ e
20 40 60 80 Y705 1 15 2 25 3
Issc, “A Vin des \Y%

(a) (b

Fig. 9 Dc simulation of CMFB: (a) dc voltage at OTA

outputs vs. currents ls; (b) dc voltage at OTA outputs vs.

dc voltage at OTA inputs at different values of I, and
VCM =2.1V.

The simulations in Fig. 9 are for OTA in which all gy,-
cells are on. The switching the cells on and off also af-
fects the output dc voltage and its total variation is about
0.2V when OTA g,, changes from 50uS to 350uS. How-
ever this variation can be compensated by proper change
of Vewm simultaneously with the switching of the cells.

] 50] 200
<40 160 S
B30 120 g
‘€20 . 5 80 £,
E 10 . magnitude 40
0 R ES e R : 0
-10 N Ll : P o N gain -40
-20) S margin -80
_30 N Ll B B N N o B \ N
10k 100k M 10M 100M lG120

frequency, Hz
Fig. 10 Frequency response (magnitude and phase) of
the open loop gain of CMFB.

Another investigation is about ac stability of
CMFB which is done by simulating the gain through
the feedback loop when this loop is open. The plot
in Fig. 10 shows a phase margin of about 30° and a
gain margin of about 20dB.
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4 The Gyrator Resonance Circuit and

Its Properties

A detailed block-diagram of the gyrator tank is
shown in Fig. 11. It is fully differential version of
the basic circuit in Fig. 1(a) with included control-
ling signals and CMFB block. The gyrator is formed
by OTA 1 and OTA 2. They are identical and every
one of them is according to Fig. 5. At the input is
placed another amplifier — OTA 0, which works as
buffer, converting the input voltage to an equivalent
current, necessary for proper operation of the tank.
It is not object of the investigation and it is replaced
in the simulations by ideal voltage-controlled cur-
rent source (VCCS).

T
CFou
YDD Gtrs i
in

+V; negR ~ m
? lcz +V, Fina
A [, o BRI
v -Vin Vo CFinp O
AN VsSO\/smOVSZO !
Lo B A {Vem
=
Vv
Tnegr Gtm‘”[/’in
OTA 2
N7
° -Vin
Vszoovslmvsso
i 0
y control control V¢

Fig. 11 Block-diagram of the gyrator resonance circuit.

CMFB circuit controls only the output dc voltages
of OTA 1. The output of OTA 2 is in parallel to the
output of OTA 0 (or another circuit ensuring the
proper operating conditions at the gyrator input) and
in the reality its output dc voltage is defined by
OTA 0. Since OTA 0 is replaced by ideal VCCS in
the simulations presented here, dc output voltage of
OTA 2 is defined by an artificial way — by a dc volt-
age source connected to the outputs through large
resistors (> 1GQ). The dc gate voltage of the tran-
sistors M, and Mg for this OTA is taken from the
CMFB of OTA 1. All these connections are shown
by dotted lines in Fig. 11.

The switching of gn,-cells in both OTAs and tun-
ing in this way the resonance frequency is by the
same control signals, keeping the OTA gns always
equal. On the other hand the tuning of Q by the ne-
gative resistances at OTA outputs is by two inde-
pendent lines connected to terminals l.r because
the resistors, which appear in parallel at both gyrator
outputs, could be different.
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The output voltage Vo is taken in parallel to C, as
it is shown in Fig. 11 and the circuit is fully differ-
rential equivalent of the bandpass biquad in Fig.
1(a). Strictly speaking it differs slightly from the
bandpass filter since its transfer function is

h(s+z)

w
S242TES gy y2, ¢
Qres

H(s) =2 =

, (17)
where wres and Qs are given by (6) and (7) corres-
pondingly. The zero z introducing the deviation
from the standard banpass transfer function is due to
the limited output resistance of OTA 1 and is equal
to 1/(Ry1Cy). The ratio z/wy is

z 1 CZROZ
wo  2Qm | C1Ro1’

When Q,, is high the zero is at a frequency much

less than the resonance frequency and has no signi-

ficant effect on the frequency response. The parame-

ter h is equal to gme/C, and it determines the gain at
the resonance frequency

|H(j(‘)res)| = fj_ncoz}ifz-

C1Ro1

(18)

(19)

It seems from this formula that |H(jw.s)| does not
changes when the filter is tuned by changing the gns
of the gyrator OTAs. However this is not true, since
the switching of the gn-cells changes also the OTA
output impedance and the change of the gain at wyes
should be compensated by a proper change of g,
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Fig. 12 Frequency responses of the gyrator bandpass
filter at different values of OTA g,,s and without Q boos-
ting.

The frequency responses (linear analysis) of the
filter are simulated for all possible values for the
OTA gps from 50uS to 350pS. This is done for two
cases: 1) When there is no Q-boosting by the nega-
tive resistances at the OTA outputs (legr = 0); 2)
When Q is increased approximately to 40 by corres-
ponding increasing of l..r. The plots are given in
Fig. 12 and Fig. 13 respectively. For better compari-
son of the curves, gno is adjusted together with gp;
and g, in order to have 0dB gain at the frequency
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of the maximum. The basic data for the frequency
responses extracted from the simulations are sum-
marized in Table 2. It could be underlined the very
small dependence of the resonance frequency, when
the Q-factor is tuned by the negative resistances.

1oon 150h 20 L 350

5" A 300
o T

I\ ]V X AAN
25 \ / ¥ AS/XA\

g0 '
: 50A

30 Q\\\\\

-35 // \\\\

40 g SN
3 4 5 6 78910 20 30 40 50 60 70 8090100

frequency, MHz

Fig. 13 Frequency responses of the gyrator bandpass

filter at different values of OTA g,s and when Q is
boosted to approximately 40.

Table 2. Parameter of the filter frequency responses

100p | 1504 | 200p | 25011 | 300 | 3501
S S S S S S

14.79122.25|29.91|37.20|43.97|51.10
58 | 6.2 | 635|655 | 6.7 | 6.9
17.66|24.95|32.85|39.45|46.81|52.42
14.74|22.17|29.76|37.02 | 43.76 | 50.73
25| 39 | 524 | 64 | 752|884

OTA gy, |50pS

fress MHZ|7.678
Q 53

Omo, US| 9.89
fes, MHz|7.641

Omo, US| 1.3

no Q
boosting

Q=40

The effect of the OTA nonlinearity on the fre-
guency response of the gyrator tank is studied for
two cases: when OTA g,,s are equal to 200uS and
when they are 350uS. In both cases Q of the filter is
approximately 20. At the beginning of the investiga-
tion is performed frequency analysis, when the de-
sired Q is adjusted by varying of Il and also is
determined the frequency fres (= wres/(27)) of maxi-
mum of the frequency response. Then a sinusoidal
voltage source for time domain analysis is applied at
the filter input and its magnitude V;, is adjusted in
order to have the desired magnitude of the voltage
Vou (the voltage at the input of the gyrator tank) at
frequency f.. The frequency response is received
by determining the steady-state magnitude of V, at
different frequencies, keeping V;, unchanged.

The frequency responses are given in Fig. 14. The
parameter there, defining different curves, is the
magnitude of V, at f.s. The curves represent the
normalized gain, i.e. the gain divided by its maxi-
mum value at f... This mode allows to see better the
distortion of the frequency response at the higher
signal, however it hides the gain compression effect.
Except the gain at different magnitudes of V, for
comparison is given the linear case (marked as “li-
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near”), i.e. the response received by frequency do-
main simulation.

0 @ o0
% 2 ’{‘\\. GV S sl 200mV Y
‘s -4 ' - ."l, .
5 N § -5 i ;
BN 7a s 2 s Y\
R i X S 7l 150mv/ ¢
gig /  linear, 5_12_5 \}‘// Jinear, \\\
8:16 g 100mv, N1 g .15, ,,/ 100mv. N\
/ 200mV. T N\] s
-18/ ' N 17.5

26 28 30 32 34 44 46 48 50 52 54 56
frequency, MHz frequency, MHz

(a) ©)

Fig. 14 Normalized gain of the gyrator filter vs. fre-
quency at different magnitudes of the output voltage Vo
of the filter and Q = 20: (a) When OTA g,,s are equal to
200uS; (b) When OTA g,,s are equal to 350uS.

Fig. 14(a) shows that the filter at g,, = 200uS is
practically linear up to 200mV magnitude of Vo
and above it appears nonlinearity, expressing in
appearance of “jump phenomenon” [29] in the curve
for 250mV. Looking in Fig. 6(a), it is easy to see the
explanation; THD at g,, = 200uS is less than 0.3%
for OTA input voltages below 200mV and increases
to 1.2% at 250mV. Different is the behavior of the
curves in Fig. 14(b) - the filter is linear to magni-
tudes of 100mV. For magnitudes to 200mV the non-
linear effects express as decreasing of the Q-factor
(wider curve) and above this voltage appears trend
for distortion of the frequency response. THD of the
OTA as also small — below 0.1% for voltages less
than 150mV and 0.5% at 200mV. The reason for
this behavior of the filter in this case is the OTA
output resistance — the desired Q is received at high
value of the current l,4s and the nonlinearity of the
transconductances of the transistors Mg and My has
significant effect.

Gain compression is observed also. Compared
with the gain at the lowest output magnitude of
100mV at f, the gains at the frequency of the max-
imum decrease with increasing of the output magni-
tude as follows: when g, = 200uS by 0.39dB at
200mV and by 2.49dB at 250mV; when g, = 350uS
by 0.46dB at 150mV and by 1.34dB at 200mV.

5 Conclusion

A fully differential gyrator resonance circuit with
tunable resonance frequency is designed and partly
optimized. The focus of the considerations is on the
problems, which appear when wide frequency tun-
ing range is needed, and on the ways for their over-
coming. The gyrator consists of identical single-
stage OTAs with source degeneration for improving
the linearity and theoretically is proved that OTA
identity is significant requirement in this case in
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order to avoid instability of considerable decreasing
of the Q-factor. The amplifiers consist of three dif-
ferent differential stages, having g, of 50, 100 and
200uS, which can be switched on and off indepen-
dently by control of their tail currents. They are
connected in parallel and the total g, of the amplifi-
er can be switched in this way from 50uS to 350uS
in steps of 50uS. This approach for tuning the OTA
Om is chosen in order to preserve approximately the
same range of linear operation for all frequencies, at
which the gyrator filter will be tuned. The designed
OTA is investigated by computer simulation in or-
der to characterize its most important parameters —
Om, Output impedance, their frequency response,
CMFB and its properties.

The realized and simulated gyrator filter can be
tuned from 7.68MHz to 51.1MHz. This tuning range
can be extended by adding more parallel gp-cells in
the amplifiers. The Q factor is also tunable by using
of negative resistances in parallel to gyrator outputs
and this tuning is independent from the tuning of its
frequency. Of course, the filter is not completely
optimized concerning all its parameters, however
the paper marks some of the basic problems, which
appear in the design of gyrator filters and proposes
possible solutions for them.
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