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3anpononosano mooudixosany maxpomooennv
onepauiiinozo niocumosava cmpymy, wo € Kom-
NPOMICHUM PIUEHHAM 3a KPpUumepisimu npocmomu
PO3PAXYHKY, nOGHOMU 8i00OpaNceHHs xapaxmepu-
CMUK i MOUHOCME AMNIIMYOHO-HACMOMH020 6102Y -
KY. 3acmocysanus cmenenesux noiHOMi8 00360-
JUTIO0 NOKPAWUMYU MOUHICMb MAKpoMmodeni Oe3
3Haun020 yckaaonenns it cmpyxmypu. Ilposedeno
NOPIBHAHHA NPOOYKMUBHOCMI MAKPOMOOeni 3
HU3LKOPIEHEB0I0 MPAHIUCMOPHOIO apximexmy-
poro nidcuntoeaua, siKe nOKA3aa0 0ONYCMUMICMb
3acmocyeanns Maxpomooeii npu npoeKxmyeanHi
axmuenux FBAR ¢invmpie

Kmouosi canosa: maxpomooenn, OTA, FBAR,

axmueni inompu, modenv HeainiliHoCmen
=, u |

IIpeonosxcena moouduyuposannas maxpomo-
Oesib ONepayuoOHH020 YCUIUMEst MOKA, A6AAI0UA-
ACA KOMNPOMUCCHBIM PeuleHueM no Kpumepusam
npocmomvipacuema, noTHOMbLOMPANHCEHUAXAPAK -
MePUCMUK U MOUHOCIMU AMNAUMYOHO-HACMOMHO-
20 omxauxa. Illpumenenue cmenennvlx NOAUHOMOG
N0360UNO YAYHWUMS MOYHOCHL MAKPOMOOenU
0e3 3nauumMenvbHO20 YCAOINCHEHUS ee CMmpyKmy-
pot. IIposedeno cpasnenue npoussooumenvHoCmu
Maxpomooeau ¢ HU3KOYpPOoBHeBOU MPAH3ZUCMOPHOTL
apxumexmypoil ycuaumens, noxazaguiee 00ny-
CMUMOCMb NPUMEHEHUS MAKPOMOOEU NPU NPOEK -
muposanuu axkmuenvix FBAR punvmpos

Kmoueevie crosa: maxpomodenn, OTA, FBAR,
axmueHvle Ppuabmpol, Mooeb HeUHeUHocmeu
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1. Introduction

Active filters are widely distributed today and perform
various frequency processing functions in IF devices, audio
equipment and DSP [1]. The success of active filters is exp-
lained, first of all by their integration capability and great
theoretical basis for their design.

In recent years the progress in the field of thin film bulk
acoustic resonators (FBAR) has led to the possibility of
creating filters with features, which enable efficient use of
frequency range up to 10 GHz [2]. High quality factor and
electromechanical coupling coefficient of FBAR resonators
allow designing devices with high selectivity, stability and
low insertion loss in passband.

At the same time, high frequency architectures of opera-
tional transconductance amplifiers (OTA) are actively inve-
stigated, allowing overcoming the existing frequency barrier
of several MHz for such active elements. Active filters based
on OTA elements are simpler in design, have built-in tuning
features, and together with FBAR frequency defining eleme-
nts allows the realization of devices, which can meet modern
requirements of operation frequency range, wideband and
selectivity.

However, modern OTA are devices of high level integ-
ration and include a significant number of elements. Thus,
5-order filter consists of up to 10 active elements each of
them includes 10-15 transistors. Simulation of such complex
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systems, including low-level OTA models, is inefficient in
terms of complexity and calculation time.

Macromodel as a simplified analog of transistor archite-
cture allows obtaining simulation results much faster. Thus,
in case of transient analysis, calculation time may be reduced
by 3 orders of magnitude with almost no loss in accuracy [3].
This opens up the possibility of application of direct nume-
rical optimization techniques for filter structures regarding
their nonlinearity, noise effects and dynamic range.

The purpose of this work is the development of the si-
mplified macromodel, which imitate the properties of real
amplifiers with sufficient accuracy.

2. Analysis of active elements macromodels and problem
statement

In most cases, active elements macromodels are struc-
tured to sections (Fig. 1), each section of which takes into
account different nonideal effects: finite input and output
impedance, noise, frequency dependence of transconducta-
nce coefficient and its nonlinearity, systematic and random
topology offsets, temperature effects etc. The first input se-
ction usually simulates the input characteristics of the amp-
lifier, including differential and common-mode impedances,
input nonlinearity. Intermediate sections define the finite
gain and frequency response of the amplifier using poles and




zeros. The output section simulates output impedance and
nonlinearity, output voltage swing etc.
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Fig. 1. The structure of the active element’s macromodel

Three-section model, represented in Fig. 2, comprises
the elements R; and C;, representing differential input resi-
stance and capacitance. Ry and C describe respectively the
output values of resistance and capacitance. Common-mode
input conductance and capacitance are neglected, since in
practice their values are usually much smaller than differen-
tial components. This applies to most filter architectures in
which one of input terminals is grounded through a resistor
or capacitor.
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Fig. 2. Three-section macromodel of OTA

Frequency dependence of the OTA’s transconductance
gain can be described in various ways: a single-pole model
[4], two-pole model [5] or pole-zero model [6]. In particular,
single-pole model is described with the following equation

g, ()= 1g‘“° (1)
+5sT
where g0 — transconductance DC gain coefficient,
T= Wi - RPCP ) ( )

with w), value, corresponding to finite frequency of OTA
gain.

Three-section macromodels are often modified by intr-
oducing additional sections that take into account certain
effects occurring in real active elements. Thus, parametric
7-section macromodel of CMOS OTA (Fig. 3) includes sect-
ions with high precision simulation of high input impedance
of CMOS circuits, it also separates common-mode and dif-
ferential gain with possibility to integrate dependencies on
several input parameters (W/L, Ipi,s, etc.).

B
N ¢hnc

The disadvantage of the model may be the complexity of
parameters extraction and the need to transform some links
to meet the requirements of the specific CAD.

If there is a need to obtain accurate response of the sch-
eme to changes of bias current Ibias, the third port may be
added to the macromodel (Fig. 4). The input section of such
a macromodel simulates differential (Riq, Ciq) and common-
mode (R;.) input impedances, as well as common-mode reje-
ction ratio (gif). The second section simulates the saturation
mode of OTA, which occurs when the input signal is greater
than 30 mV. OTA gain and dominant pole is simulated by the
third section. The voltage source of intermediate section is
controlled not only by input differential voltage, but also by
bias current. The dominant pole is determined by the values
of Ry and C;. Clarification of frequency response of amplifier
is provided by second-order pole, which can be introduced
by a special fourth section and R, C, values. The last section
simulates the output impedance of the amplifier and determ-
ines the output voltage swing.

+ _Vh_" + V2
ost:E Vi C Ry
: - - £m1
v:dm Cd' V + V ) i' gszL Lg
b
cm .ﬁvﬁ ﬂ";cm)
=fiV
) W Re=f),
, L L
2 = = T F #
RJ G Cs Emots o] Col
+ G, = lh)
C e

Fig. 3. Parametric 7-section macromodel [7]: a — input
section; b — two common-mode sections; ¢ — differential-
mode and common-mode gain section with second pole;
d — intermediate sections with zero and pole; e — output
section and dominant pole

However, if the filter design does not involve tuning of its
parameters by changing of I, the structure of macromodel
can be redundant.

It should be noted that the above macromodels have been
developed for special applications, such as tunable OTA-C st-
ructure [7] or the quarter-square differential multiplier [8].

From the point of view of active continuous-time analog
filter design, the most important characteristics that deter-
mine the performance of the whole filter circuit, are total ha-
rmonic distortion (THD) and signal-to-noise ratio (SNR).
The main impact on THD is the inherent nonlinearity of
OTA’s transconductance because it induces the harmonic
distortion.
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Fig. 4. 3-port OTA macromodel [8]



In turn, SNR is determined primarily by thermal and
1/f noise of OTA. It is important that nonlinearity and noise
models may be incorporated into computer aided filter des-
ign systems.

So, the main requirements for such models are their vers-
atility (which will provide an opportunity to adapt the same
calculation methods for different topologies) and calculation
speed, allowing the integration with numerical optimization
algorithms.

Thus, the peculiarities of OTA application in high fre-
quency FBAR active filters requires the development of a
special macromodel, that takes into account all necessary,
but excessive effects.

3. Optimal OTA macromodel design

The proposed OTA macromodel (Fig. 5) is based on a
single-pole three-section macromodel with modification
which take into account the nonlinear gain and noise cha-
racteristics.

As part of this paper we describe the nonlinear distortion
model, based on an approximation of the nonlinear range by
power polynomial series.
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Fig. 5. OTA macromodel with nonlinearity and noise
modifications

The transconductance gain gm of such scheme is nonlin-
ear, frequency-dependent and is approximated by single-pole
model, in which R;, and C;,, where C;, includes parasitic
capacitances (Cg and Cgq) of amplifier’s differential input
transistors. The output impedance is modeled by parallel
grounded Ry, 11 Coy, connected to output terminal.

Despite the fact that modern OTA architectures include
various linearization techniques [9], introduced distortion is
still quite significant and can be explained by the nonlinear
nature of transistors.

The dependence of relative transconductance gain
€m/Emo versus input differential voltage for the conventional
OTA is shown in Fig. 6.
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Fig. 6. A typical transconductance gain versus differential
input voltage vy

If the operation range is approximated by power series,
the expression for transconductance g, takes the form

N
g(V):ZgiVl :g0+giv+gzv2+gsv3+...+gNVN ) 3)
i=0

where gy determines DC linear gain at vg=0, and g; are weigh
coefficients of respective polynomial components.

The advantage of such an approach is the simplicity of
circuit realization in most of specialized CAD systems, and
downside is presence of the convergence radius of power
series.

In addition, the absolute calculation error is distributed
irregularly in the approximation range [10]. Nonlinearity
model for the first 4 terms of the polynomial is shown in
Fig. 7.

Approximation is applied to a narrow operation range
around vg=0. Outside the operation range the obtained g(v)
results in significant cumulative errors and inability to use
apply transient analysis in a wide range of input voltages.
Adequate modeling of transconductance gain saturation
was been provided by the introduction of ideal diodes D1
and D2, which cut off the influence of the polynomial series
outside the operation range (Fig. 10, a).
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Fig. 7. Nonlinearity model of OTA

Macromodel shown in Fig. 5 also includes noise model-
ing components. The total noise introduced by OTA circuit
is simulated by Vyise source, specifying the noise spectral
density.

4. Macromodel parameters extraction and performance
verification

Macromodel verification was made by the comparative
analysis of its performance with low-level architecture of the
balanced OTA, performed by 0.18-um CMOS technology
(Fig. 8).

Circuit calculation was processed in Agilent ADS
with the following conditions ensuring the clearly evident
results: symmetric amplifier’s power was 5 V, control
voltage -3,8 V,

DC bias current Ipj,s — 833 uA. The macromodel para-
meters, extracted from the transistor architecture shown
in Table 1.
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Fig. 8. Transistor architecture of the balanced OTA
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Table 1

Extracted parameters of OTA

Parameters Value
Gmo DC transconductance gain 2.102 mS
wp dominant pole (2xfy) 2m (4.45 GHz)
C; input dlf.ff%rentlal 437 fF
capacitance
R; input differential resistance 1.9 GOhm
Co output differential 6.91 fF
capacitance )
Ro output _dlffcrcntlal 26.09 kOhm
resistance
Vn noise spectral density 1.7¢e-8 V/Hz

Input impedance calculation for the tested scheme,
consisted of OTA-based gyrator and FBAR Butterwo-
rth-Van-Dyke model connected as a load was shown in

Fig. 9, a.
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Fig. 9. Calculated input impedance Z;, versus frequency for transistor-level architecture and OTA macromodel:
a — in a wide frequency band; b — near the resonance frequency
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Fig. 10. Comparison results: a — transmission characteristics lp(vq) of tested structures; b — transconductance gain gm/9mo
versus input differential voltage vq4



The frequency dependence of the input impedance of the
transistor architecture displayed by the solid line, macrom-
odel — dashed line.

In a wide frequency band macromodel’s response imita-
tes the response of transistor structure with high accuracy,
without significant distortion in low-side and high-side
frequency ranges.

When considering a narrow frequency band (Fig. 9, b)
in presence of inverted series resonance, a small peak shift
of 0.7 MHz became evident. With the possible bandwidth of
90 MHz of such a FBAR filter, the frequency error will not
exceed 1.5 %.

The weighting coefficients of polynomial series were
extracted in Origin software using the dependence of output
current versus differential input voltage of transistor archi-
tecture. There were been extracted following 9 coefficients:
g0 = -5.50541e-5, g, = -0.00211, g5 — 3.09364e-5,
g3 = -1.43675e-4, g4 = 2.02698E-7, g5 = -2.70194e-7,
g6 = 5.00435¢-5, g7 — 9.66952¢-5, gg —-7.87091e-6,
g9=9.43843e-5.

Transmission characteristics of transistor model and no-
nlinear macromodel were shown in Fig. 10. The application
of diodes, which simulate the saturation of transconductance
gain, eliminates the negative polynomial impact outside
the operation range. Transconductance gain versus input
differential voltage was shown in Fig. 10, b. In the operation
range -1..1 V the residual sum of squares (RSS) was 4.05e-12,
indicating the high accuracy of approximation of power
series function.

Transient analysis of nonlinear macromodel is shown
in Fig. 11, a. The obvious result is significant distortion
of the output voltage when the input differential voltages

were greater than 0.9 V. A similar conclusion can be traced
by examining the characteristics of output power and gain
(Fig. 11, b). Total harmonic distortion in the operation range
reaches values of 0.3-0.6, which is consequence of deliberat-
ely inflated power voltages to provide demonstrable results.
Outside the operation range THD dramatically increases,
as expected.

5. Conclusions

The nonlinear macromodel of operational transconduc-
tance amplifier was proposed for a defined application. The
model was developed on the basis of three-section single-pole
macromodel and takes into account the necessary amplifier
nonidealities: finite values of input and output impedances,
frequency dependence of transconductance gain and its no-
nlinear dependence on differential input voltage and noise
characteristics.

Macromodel is versatile enough for application in most
modern computer-aided filter design systems, and allows
the effective and accurate evaluation of frequency response
of the filter, its harmonic distortion and dynamic range.
High-speed calculation of macromodel, caused by simple
structure, allows the use of direct numerical optimization
algorithms to optimize high order filter characteristics.

The verification of macromodel, including calculation of
input impedance frequency dependence for the FBAR gyra-
tor circuit and also transient analysis showed that proposed
OTA macromodel accurately imitates the performance of
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Fig. 11. Macromodel characteristics: a — transient analysis; b — output power, gain and THD performance versus input
differential voltage

transistor-level circuit without significant distortion of its characteristics. Proposed macromodel can be applied in the design

of active FBAR filters.
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Pozenanymo npunuunu noéyoosu gazoéux axy-
MYASAMOPIE Yy NPAMUX UUPPOBUX CcuHmezamopax
uacmomu — DDS. Bukxonano ananiz 6uHukxHeHHs
3amMpuMOK PO3N06CIOONCEHHS CUZHANY NEPEeHOCY Y
Haxonuuwyeauax 6iduixie aszu. Pozensnymo mame-
Mamuuni onepamopu 01 no6y006u 6UCOKOUEUOKIC-
HUX PA3o6uUx aKymynamopie 06uUCAI06ANLHUX CUN-
me3zamopis wacmomu. 3anponoHoéani npasuia 0s
cmeopenns onepauiii 6ez nepenocy. 3acmocysanms
s3anpononosanux npaeun 0ns noéyodoeu dazosux
aKymyanamopie 00360umv 3MEHWUMU €HeP2OCno-
HCUBAHHA CUHME3AMOPIE Ma NOKPAWUMY IX MAKMU-
KO-MexXHIYHI XapaKmepucmuxu

Knmouosi cnosa: cunmeszamop wacmomu, ¢paso-
8UI aKymyaamop, npamuil yudposuii cunmesamop
uacmomu, HaKONUUYEAILHUIL CYMamop

[, u|

Paccmompenvt npunyunvt nocmpoenus ¢paso-
8bIX AKKYMYIAAMOPOB 8 NPAMbIX UUPPOGLIX CUH-
mesamopax wacmomvt. — DDS. Buinoanen ananus
603HUKHOBEHUSL 3A0EPHCEK PACNPOCMPAHEHUS CUZ-
Hala nepeHoca 6 HAKONUMeNsX omcuemos asvl.
Paccmompenvr mamemamuueckue onepamopvt 0s
nOCMPOEHUSsL 8bICOKOCKOPOCMHBIX (PA308bIX aKKyMy-
NAMOPOE BLIMUCIUMENLHBIX CUHME3AMOPO8 1ACMO-
mot. IIpednoscenvr npasuna 0as co30anus onepavuii
0e3 nepenoca. Ipumenenue npeonoxicenvix nPasul
0 nocmpoenus pazoévix AKKymyaimopos no3eo-
aUM ymeHvuums dnepzonompedienue cunmesamo-
PO U YAYUWUms UxX MaxmuKo-mexnuvecKue xapax-
mepucmuxu

Kmouesvie crnosa: cunmezamop uwacmomot, paso-
86l AKKYMYAAMOP, NPAMOU UUPPOBOL cunmesamop
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1. Beryn

[Ipami nmndpoBi cmHTE3aTOPHM YACTOTH BiAITPaOTh
BAKJIUBY POJIb Y CY4YaCHUX PAAi0eJIeKTPOHHUX HPUCTPO-
sx. e 3abesneuyeTbes GaraTbMa 3SHAUHUMY [I€PEBATAMU:
HIBU/IKICTD [TepEHAJANITYBAHHSA YaCTOTH, BUCOKA PO3Pi3-
HIOBaJIbHA 3/IATHICTDH, IINPOKA CUHTE30BaAHA CMYTa YaCTOT.
bararopisuesi DDS y cuay cBoei, Texnosoriynocti, Haj-

iTHOCTi, MOKJIMBOCTI MiKpOMiHiaTopmu3aliii Ta yHiKaJb-
HOCTI TeXHIYHMX XapaKTepUCTHK (HEPO3PUBHICTH (asm
i/ 4ac MepPeMUKAHHS 3 YAaCTOTH HA 9aCTOTY, MOKJIUBICTD
GopmyBaHHS cUTHAIB cKIaMHOI hopmu, IdPOBe Kepy-
BaHH aMILIITY0I0, 4aCTOTOIO Ta (ha3010 BUXITHOTO KOJIH-
BaHH$) HA CbOT'O/[HI 3HAMIIIN 3aCTOCYBAHHSA Yy CUCTEMAX
38’s13Ky. OCOBJIMBO MEPCIEeKTUBHIM € BUKopuctantst DDS
Yy paZioTeXHIYHUX cUcTeMax Tepeaadi iHgopmarii 3 miz-




