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ABSTRACT In this study, two new and improved electronically adjustable voltage-mode (VM) biquadratic
filters using three off-the-shelf LT1228 integrated circuits (ICs), two grounded capacitors (GCs), and six
resistors are proposed for independent control of the band-pass (BP), high-pass (HP), and low-pass/regular
notch (LPN/RN) filter gains. Each proposed electronically adjustable VM multifunction biquadratic filter
has one input and six output voltages, enabling simultaneous realization of one low-pass (LP), two BP,
two HP, and one LPN/RN filtering responses from the same configuration. Each filter parameter, namely
the pole angular frequency (w,) and quality factor (Q), can be electronically controlled and orthogonally
adjusted by the corresponding LT1228 bias current /p. In special cases, the parameters of w, and Q can
be electronically controlled and independently adjusted. Each electronically adjustable VM multifunction
biquadratic filter has one high input impedance and three low output impedances for independent control of
BP, HP, and LPN/RN filter gains. Due to its one high input impedance and three low output impedances, each
proposed filter is suitable for cascaded VM circuits without external voltage buffers. Pspice simulations are
used to verify the theoretical structure analysis of each proposed LT1228-based electronically adjustable
VM multifunction biquadratic filter. Furthermore, experimental tests are performed using three off-the-
shelf LT1228 ICs, and several passive components to verify and evaluate the performance of each proposed
LT1228-based biquadratic filter.

INDEX TERMS LT1228, analog circuit design, integrated circuits, voltage-mode, filters.

I. INTRODUCTION ABBs have been published in the open technical literature

High-performance active building blocks (ABBs) are widely
used in the design and implementation of analog circuits
because they offer wider bandwidth, better signal linearity,
greater dynamic range, higher slew-rate, and simpler circuitry
than traditional operational amplifiers. For this reason, many
analog circuit design techniques using high-performance
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(11, 121, [31, [4], [5]), [6], [71, (8], [9], [10], [11], [12],
[13], [14], [15], [16], [17], [18], [19], [20], [21], [22]. VM
multifunction biquadratic filters composed of various high-
performance ABBs, such as voltage differencing buffered
amplifier (VDBA) [23], [24], [25], [26], current feedback
amplifier (CFA) [27], [28], [29], [30], [31], [32], differential
difference transconductance amplifier (DDTA) [33], volt-
age differencing differential difference amplifier (VDDDA)
[34], voltage differencing differential input buffered
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amplifier (VD-DIBA) [35], [36], operational transconduc-
tance amplifier (OTA) [37], [38], [39], and LT1228 [40], [41],
[42], [43], [44], can be found in the open literature and play
an important role in various electronic systems. Biquadratic
filters generally implement LP, BP, HP, RN and all-pass (AP)
filtering functions, and the other two LPN and HP notch
(HPN) filtering functions are special types of RN filtering
functions [45], [46]. RN biquadratic filter allows transmission
above and below a narrow band by eliminating transmission
in a narrow frequency range. The other two special types of
notch biquadratic filter are LPN and HPN biquadratic filters
[47], [48], [49]. Active biquadratic filters can find many
applications in sensor, biomedical, video, and audio crossover
network applications [50], [51], [52], [53], [54], [55], [56].
For example, a two-way network divides the bass and high
frequency ranges between two speakers [57], while a three-
way network divides the bass, midrange and high frequency
ranges between three speakers [58], thus requiring the design
and implementation of electronically adjustable LP, HP, and
BP filters from the same configuration. Moreover, the LPN
filter is suitable for electroencephalograph (EEG) applica-
tions to eliminate unwanted narrow frequency intervals in
the signal [59]. The focus of this study is the simultaneous
implementation of LP, BP, HP and LPN/RN filters from
the same configuration, providing independent control of
their filter gains. Reviewing the technical literature published
in [20], [21], [22], [23], [24], [25], [26], [27], [28], [29], [30],
(311, [32], [33], [34], [35], [36], [37], [38], [39], [40], [41],
[42], and [43], these circuits suffer from one or more of the
following drawbacks.

1) Lack of high input impedance for the cascaded input

voltage signals [42].

2) Lack of three low output impedances for the cascaded
output voltage signals [20], [23], [24], [25], [26], [35],
[36], [37], [38], [39], [40], [41], [42].

3) No orthogonal and electronic tunability of the w,
and Q [20], [21], [22], [23], [24], [25], [26], [27], [28],
[29], [30], [31], [32], [33], [35], [36], [41].

4) No Q-value independent and electronic controllabil-
ity [20], [21], [22], [23], [24], [25], [26], [27], (28],
[29], [30], [31], [32], [33], [35], [36], [41].

5) Inability to provide six filtering responses simultane-
ously in a single topology [20], [21], [22], [23], [24],
[25], [26], [27], [28], [29], [30], [31], [32], [33], [35],
[36], [37], [38], [39], [40], [41], [42], [43].

6) Inability to provide independent gain control of BP, HP,
and LPN/RN filters [20], [21], [22], [23], [24], [25],
(261, [271, [28], [29], [301, [31], [32], [33], [34], [35],
[36], [37], [38], [39], [40], [41], [42], [43].

7) No experimental verification results for the designed
circuit [20], [21], [22], [23], [24], [25], [26].

In particular, studies using commercially available ABBs
have attracted the interest of many researchers. Designing
a specific circuit using commercially available ABBs is an
attractive method to help verify the accuracy and perfor-
mance of the designed circuit. Consequently, many filter and
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oscillator implementations have been designed in the open lit-
erature and demonstrated using commercially available inte-
grated circuits (ICs), such as the AD844 [2], [6], [7], [8], [9],
[12], [27], [28], [29], [30], [31], [32], and [60], LF356 [26],
ADS830 [34] and [36], AD8130 [35], MAX435 [61] and [62],
OPA860 [63], [64] and [65], and CA3080 [26], [66], [67],
and [68], LM 13600 [69], [70], [71], and LM 13700 [16], [33],
[34], and [72], and LT1228 [10], [19], [37], [38], [39], [40],
[41], [42], [43], [73], [74], [75], [76], and [77]. The com-
mercially available AD844 has a current conveyor followed
by an output voltage buffer for driving low impedance loads,
but the AD844 does not provide internal electronic capabil-
ity. To overcome this problem, the commercially available
CA3080, LM13600 and LM13700 electronically adjustable
OTA active component ICs have been widely used in cir-
cuit design. Due to the internal electronic controllability
and high output impedance, OTA is suitable for cascad-
ing output currents without the need for extra current fol-
lowers. However, OTA requires additional output voltage
buffers for cascading with other VM circuits. LT1228 has
received extensive attention as one of the high-performance
commercial active components, because it has the charac-
teristics of internal electronic controllability of the pre-stage
and low output impedance of the post-stage [40], [41], [42],
[43], [44]. Therefore, the LT1228 combines the advantages
of an OTA with internal electronic control capability and a
CFA with low impedance drive capability. The LT1228 IC
uses an external bias control resistor from a series direct
current (DC) voltage to adjust the internal bias current (Ip)
to achieve an electronically adjustable transconductance gain
of g,,, which is equal to 10 times the value of I [19], [43].
Using commercial LT1228 ICs to design a specific circuit
is an attractive method to verify the accuracy and efficiency
of the designed circuit. In 2021, a single-input and triple-
output VM biquadratic filter based on three LT1228 ICs
was proposed [42]. However, this circuit does not provide
a high-impedance input voltage signal or gain-independent
control of the BP, HP, and LPN/RN filter responses. In 2022,
two LT1228-based VM multifunction biquadratic filters were
recently proposed in [43]. However, each circuit cannot
simultaneously provide six filtering responses in a single
topology, nor can it achieve independent control of the
LPN/RN filtering response gain. Circuits that enable gain-
independent controllability of LPN filters can be used for
EEG applications [59].

In this paper, two new and improved electronically
adjustable VM biquadratic filters are proposed to overcome
the above-mentioned drawbacks [20], [21], [22], [23], [24],
[25], [26], [27], [28], [29], [301, [31], [32], [33], [34], [35],
[36], [37], [38], [39], [40], [41], [42], [43]. Each proposed
VM biquadratic filters has one input and six outputs, using
three LT1228s, two GCs and six resistors. Using only three
commercial LT1228 ICs in each proposed VM biquadratic
filter design is very attractive for electronically adjustable
filter parameters and driving low-output impedances. It is also
attractive to use only two GCs in a VM biquadratic filter
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TABLE 1. Comparison of the two proposed electronically adjustable filters with the previously validated VM biquadratic filters using off-the-shelf ICs.

No. of Elements Type of
Ref. Implemented Commercial (i) (ii) (iii) (iv) W) (vi) (vii) (viii) (ix)
IC Used

Device R+C 5
[20] 3 DVCC+ 2R +2C none LP, BP, HP, RN no yes yes no yes 0 no no
[21] 3 DDTA OR +2C none LP,2 BP, HP, RN no yes yes no yes 3 no no
[22] 3 CFA 4R +2C 3 AD844 LP, BP, HP no yes yes no yes 3 no no
[23] 2 VDBA OR +2C none LP/BP/HP/RN no no yes no yes 1 no no
[24] 2 VDBA 1R +2C none LP/BP/HP/RN/AP  no no yes no yes 1 no no
[25] 2 VDBA OR +2C none LP/BP/HP/RN/AP ~ no no yes no yes 1 no no
[26] 2 VDBA OR +2C C?}igig * LP/BP/HP/RN/AP ~ no no yes no yes 1 no no
[27] 4 CFA 4R +2C 4 AD844 LP, BP, HP, RN no yes yes no yes 4 no yes
[28] 3 CFA 3R+2C 3 AD844 LP, BP, RN no yes yes no yes 3 no yes
[29] 3 CFA 4R +2C 3 AD844 LP, BP, RN no yes yes no yes 3 no yes
[30] 3 CFA 4R +2C 3 AD844 LP, BP, HP no yes yes no yes 3 no yes
[31] 3 CFA 3R+2C 3 AD844 LP, BP, RN no yes yes no yes 3 no yes

LP, BP, HP,
[32] 4 CFA SR +2C 4 AD844 RN/AP no yes yes no yes 4 no yes
[33] 3 DDTA IR +2C 6 LM13700 LP’}{ZT\?/i’PHP’ no yes yes no yes 3 no yes
3LMI13700+ LP,2 BP,HP,RN,

[34] 3 VDDDA IR+ 2C 3 ADR30 AP no yes yes no yes 3 yes yes

2 VD- 2 MAX435 +
[35] DIBA 2R +2C 2 AD8130 LP, BP, HP no yes yes no yes 1 no yes

2 VD- 2 LM13700 +
[36] DIBA 2R +2C 5 AD830 LP, BP, HP, RN no yes yes no yes 2 no yes
[37] 50TA OR +2C 5LTI1228 LP, BP, RN no yes yes no yes 0 yes yes
[38] 50TA OR +2C 5LT1228 LP, BP, RN no yes yes no yes 0 yes yes
[39] 4 0OTA OR +2C 5LTI1228 LP, BP, RN no yes yes no yes 0 yes yes
[40] 2LTI1228 3R+2C 2LTI1228 LP/BP/HP/RN/AP  no no yes no yes 1 no yes
[41] 3LTI1228 3R+2C 3LTI1228 3BP no yes yes no yes 2 yes yes
[42] 3LT1228 4R +2C 3LT1228 LP, BP, HP no yes yes no no 2 no yes
[43] 3LTI1228 SR+2C 3LTI1228 2 LP,2 BP, HP no yes yes no yes 3 yes yes

Circuit 1 3LTI1228 6R +2C 3LT1228 LP, 2 BP, 2 HP, yes yes yes yes yes 3 yes yes
LPN/RN
L. LP, 2 BP, 2 HP,
Circuit 2 3LTI1228 6R +2C 3LT1228 LPN/RN yes yes yes yes yes 3 yes yes

design because the GCs can absorb the equivalent parallel
parasitic capacitances. Simultaneous realization of different
filter responses from the same configuration will improve its
availability, flexibility and cost effectiveness. Both proposed
VM LT1228-based circuits offer the following advantages:
(i) They can simultaneously generate LP, BP, HP and
LPN/RN filter transfer functions from the same
configuration.
(i) They can implement the LPN transfer function, making
it suitable for applications in EEG.
(iii) They only use GCs capable of absorbing parasitic
impedances.

(iv) They do not require passive matching conditions to

implement any filter transfer functions.

(v) They have independent gain controllability for the BP,
HP and LPN/RN filtering responses without affecting
the filter parameters of w, and Q.

High input impedance allows cascading with VM cir-

cuits at the input.

(vii) The number of low output impedance nodes allows for
cascading with VM circuits.

(viii) The parameters w, and Q of the two filters can be
electronically and orthogonally/independently adjusted
by each corresponding LT1228 of the DC Ip.

(vi)
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(iX) The results of the filtering response are verified by
computer simulations and hardware experiments.

Based on the use of three off-the-shelf LT1228 ICs in
[42] and [43], both proposed circuits can simultaneously
generate one LP, two BP, two HP and one LPN/RN filter-
ing responses from the same configuration, and can provide
independent gain controllability for the BP, HP and LPN/RN
filtering responses without affecting the filter parameters of
w, and Q. Table 1 shows the comparative characteristics of
the two proposed electronically adjustable filters with the
previously validated VM biquadratic filters using off-the-
shelf ICs. In Table 1, both proposed circuits satisfy all the
main advantages compared to the literature studies [20], [21],
[22], [23], [24], [25], [26], [27], [28], [29], [301, [31], [32],
[33], [34], [35], [36], [37], [38], [39], [40], [41], [42], [43].
Table 2 shows the performance of the two proposed electroni-
cally adjustable LT1228-based VM multifunction biquadratic
filters compared to the previous VM biquadratic filters [20],
(211, [22], [23], [24], [25], [26], [27], [28], [29], [30], [31],
[32], [33], [34], [35], [36], [37], [38], [39], [40], [41],
[42], [43]. To the best of the authors’ knowledge, none of the
VM biquadratic filter circuits in [20], [21], [22], [23], [24],
[25], [26], [27], [28], [29], [301, [31], [32], [33], [34], [35],
[36], [371, [38], [39], [40], [41], [42], and [43] provide
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TABLE 2. Performance comparison of the two proposed electronically adjustable VM multifunction biquadratic filters with previous VM biquadratic filters.

Power Power

L DR IMD3 Phase noise P1dB Obtained
0, *
Ref. su(;\);))ly dlss(l\}))va)tlon THD (%) (dBc) (dBc) (dBe/Hz) (dBm) FOM (nJ) Technology results
[20] +0.75 4.36x10°° 1 @ 200m V,, 48 none none none none 0.13 pum Simulation
[21] +0.25 0.616x10°  0.62 @ 100m V,, 49.7 none none none 24.39 0.18 pm Simulation
[22] +12 none none none none none none none ADg44 Simulation
[23] +0.3 7.23x10°¢ none none none none none none 0.35 pm Simulation
[24] 1.5 0.97x10°? <l @ 400m V,, none none none none none 0.35 pm Simulation
[25] +0.75 0.72x1073 2 @ 100m Vy, none none none none none 0.25 um Simulation
[26] +5 none 1.09 @ 100m V, 39.37 none none none none Cﬁéggg " Measured
[27] none none none none none none none none AD844 Measured
[28] +6 0.18 0.6 @2 Vy, 38.87 —31.08 none 12 59.14 AD844 Measured
[29] +6 0.16 none none —48.54 none 22 none ADBg44 Measured
_ —99.76 @
3 —
[30] +0.9 5.4x10 318 @ 1.2V, none 55.29 1KHz offset 6 none 0.18 pm Measured
[31] +6 0.25 none none —56.45 none 18.8 none ADg44 Measured
[32] +10 none none none none none none none ADg44 Measured
[33] 0.5 0.83x10°° 1 @ 80m V,, 53.27 none none none 33.66x1073 0.13 um Simulation
[34] +5 0.34 <l @ 650m V,, none none none none none 0.18 um Simulation
MAX435 +
[35] +5 none 0.5 @ 1.07 Vy, none none none none none ADSI130 Measured
[36] +0.9 none 2 @ 400m V,, none none none none none 0.18 um Simulation
[37] +15 1.2 1.93 @ 200m V,, none none none none none LT1228 Measured
[38] +2~=z15 0(.)1; 6~ 2 @ 200m V,, none —42.35 none _If;gN none LT1228 Measured
[39] +15 1.23 2.13 @ 120m V,, none —48.86 none -5.9 none LT1228 Measured
[40] +5 none <1.0 @ 180m V,, none none none none none LT1228 Measured
_ -73.87 @ _
[41] +5 0.22 1.12 @ 120m V,, 40.86 39.66 30Hz offset 9.7 none LT1228 Measured
[42] +5 none <l @ 100m V,, none none none none none LT1228 Measured
[43] +15 0.69 0.6 @ 180m V,, 45.02 —48.84 none -7.1 48.74 LT1228 Measured
Circuit _ —100.36 @ _
1 +15 1.11 1 @ 192m Vy, 40.09 47.59 1 KHz offsct 7.1 45.6 LT1228 Measured
Circuit _ —100.92 @ B
5 +15 0.87 1 @205m Vy, 40.5 46.86 I KHz offset 7 29.37 LT1228 Measured
*FOM = (Power dissipation)/(Order of filter x f, x DR) [33]
o318 i 1)1
I+ 0 vrioss
V3o + Iy — w oVb4
) Do LTI wi——o, -, 00T
- $R,
- O — R
y X oV, 1|—0—‘W%—|||
TC1 °Fis3
i Iy ilx = + Vo5
512 LT1228
V V Vo6 3) w
Y X —+ o -
LT1228 wl—e J)_ Y d R;
FIGURE 1. Circuit symbol of the LT1228. -, ® [ v <
I y X SR.Vin L
= sks 2R,
EOVOZI—Q =
Co =R
independent gain control for BP, HP, and LPN/RN filter = oVy3

responses without affecting the filter parameters of w, and
Q. Compared to the VM LT1228-based circuits recently pro-
posed in [42] and [43], these circuits also use the same three
LT1228 active components, two GCs and several resistors.
From the point of view of today’s IC design technology, the
use of floating resistors will not cause much impact on the
design of ICs. Furthermore, the two proposed electronically
adjustable filters can simultaneously generate one LP, two BP,
two HP and one LPN/RN filtering responses from the same

FIGURE 2. First proposed VM biquadratic circuit.

II. CIRCUIT DESIGN OF TWO PROPOSED
ELECTRONICALLY ADJUSTABLE VM LT1228-BASED
MULTIFUNCTION BIQUADRATIC FILTERS

A. PROPOSED THE FIRST VM MULTIFUNCTION
BIQUADRATIC FILTER BASED ON LT1228

configuration, and can provide independent gain controllabil-
ity for the BP, HP and LPN/RN filtering responses.

VOLUME 11, 2023

The circuit symbol of the LT1228 is shown in Fig. 1.
The port characteristics of the LT1228 can be described as
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vy =1y =0, Iy =gn(Vy—=V_), Vi = Vy and V,, = Rrly,
where g, is the transconductance of the LT1228 and the
value of g, is 10/p. Ry is the transresistance gain and the
value of Ry is close to infinity [40], [41], [42], [43], [44].
The first proposed electronically adjustable VM multifunc-
tion biquadratic filter based on LT1228s is shown in Fig. 2.
In Fig. 2, three LT1228s, two GCs and six resistors are used in
the design of the first proposed VM multifunction biquadratic
circuit. Notably, a single input voltage is connected to the
high-input of the third LT1228 negative port, which allows
easy cascading of voltage circuits without the use of input
voltage buffers. Two GCs are connected to each y terminal of
the two LT1228s to absorb the parallel parasitic capacitance.
The three output voltages of V4, V,5 and V¢ are connected
to each w terminal of the three LT1228s, which allows easy
cascading of voltage circuits without the use of output voltage
buffers.

Derived from the equations for each node of the
first proposed LT1228-based electronically adjustable fil-
ter, the nodal analysis equation matrix can be expressed as
follows:

r sC 0 8ml 0007
—8m2 sCa 0 000 Vol
v,
1 1 2
—8m3 -R R 000 VZS
—(1+8) 0 0 100V
0 0 —(1+&010 ‘V’OS
R R 06
0 —a+%H R o001
0
0
—8m3Vin
= % (M
0
0

Based on Fig. 2, the first proposed LT1228-based electron-
ically adjustable filter has a single input voltage of V;,,
and six output voltages of V,1, V2, Vo3, Voa, Vs and V.
According to (1), the following six voltage transfer func-
tions and their filter passband gains can be simultaneously
obtained as:

8&m18&m3R
V §emlomi=
- = Clle , Hol=1 )
Vin 52 + sgmlcg;m% 4 gg%mzz
Em18m2
V()2 ( CI CZ )
= ), Ho2=gmn;R (3)
Vin + sgmlé'm%R 4 gmi%,zz m
Vo3 —8 3Rs
V(? - gmlgzz:R Sl &m2 Ho3 = g3k 4)
" Tts C + GGy
R
V. (1 + )(sgmlgm’% ) R
2= R Ho4 =1+ =t 3)
Vin + sgmlé'm3 4 gmi%nz,z R2
20498

R3\ 2
. HoS = guaR(l+20)
Vin S2 + sgmlcglm3 + grcn‘:%rgz R4
(6)
Vos  gm3Rsls® + (1 + z0)(Fpée)] -
: Em1Em3 K gm R Em18m
Vie 2 4 gBmigmsR & 3R Cisz

In (7), the high frequency gain and low frequency gain of the
LPN are g,3Rs5 and g,3R5(1 +R/Rs), respectively. Letting
Rs > R (i.e. Rs = 10R), (7) becomes

2 8m18m2
Voo N 8m3Rs(s +%)

V; - 2 gm1&m3R Em18&m2
" T+ Ci + GG

Ho6 = gm3Rs (8)

Therefore, the non-inverting RN voltage transfer function
with g,,3R5 gain is implemented by (8).

Based on (2) to (8), a non-inverting BP voltage transfer
function with unity gain is implemented from V,;, a non-
inverting LP voltage transfer function with g,3R gain is
implemented from V,,, an inverting HP voltage transfer
function with g,3R gain is implemented from V,3, a non-
inverting BP voltage transfer function with (1 +R/R») gain
is implemented from V,4, an inverting HP voltage transfer
function with g,,3R(1 +R3/R4) gain is implemented from Vs,
and a non-inverting LPN voltage function with g,,3R5 (high
frequency gain) and g,,3Rs5(1 +R/Rs) (low frequency gain) is
implemented from Vg, or a non-inverting RN voltage transfer
function with g,,3R5 gain is implemented from V6. Note that
resistors Ry, Ry, R3, R4 and Rs5 can control their filtering
gain independently. Table 3 summarizes the parameters of
the first proposed electronically adjustable filter. As shown
in Table 3, the Q-factor can be controlled electronically and
independently without affecting the pole frequency f, of the
first proposed filter, and the passband gains of V4, V,5 and
Vo6 can be independently control without affecting the f,
value and Q-factor. In addition, the three output voltages of
Voa, Vo5 and Vg are each connected to the w terminal of the
LT1228, enabling the cascading of the VM filters without the
use of voltage buffers.

In Table 3, substituting the bias currents of 10Ip;
(i =1, 2, 3) into the three transconductance amplifies of g;,
the f, and Q can be rewritten as follows:

5 [Ipilp
= — 9
fo \ CiC ©)
1 i
_ 1Up (10)
10/g3R\ Cylp;

The f, and Q can be electronically controlled by biasing
the currents of their corresponding LT1228s in (9) and (10).
If the two bias currents of Ip; = Ip;, and the two capacitors
of C; = C, = C are substituted into (9) and (10), then the f,
and Q become

7 51 40 1
= ——, an =
7 nC 10I3R

(11)
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TABLE 3. Summary of the first proposed LT1228-based filter parameters.

Filter parameters

Pole frequency of £,

1
f=— Em8m2
2r\ CC,

Filter passband
gains

1 C,
Quality factor of O O=—— S8
&R\ Cogm
BP gain at V,,; Hoi =1
LP gain at V,;, Ho2=g,R
HP gain at V3 Hos=g,,R
R
BP gain at V4 Hos=1+—

2

HP gain at Vs

R
Hos=g, . R(1+—=
5= g,3R( RA)

LPN gain at V6

Hos=g,5R;s (high
frequency)

R
Hos =g, Rs(1+—
8uahs( R, )
(low frequency)

RN gain at V6 Hos = g,,38
Independent gain BP gain at V4 Gain contro}leof R, or/and
controllable Gain control 2of R or/and
without affecting HP gain at Vs R 3
foand O .

LPN/RN gain at V¢

Gain control of Rs

In this particular case, the f, and Q can be controlled
electronically and independently by biasing the currents of
their corresponding LT1228s.

The LPN has a notch zero frequency w, relative to the pole
angular frequency w,. In the case of w, > w, in (7), the
magnitude response of the LPN can be obtained. According
to (7), w, and wy, are given by

8m18m2
= [ oms 12
@ =4\, (12)

W = /(1 —)(gg:‘étz) (13)

B. PROPOSED THE SECOND VM FILTER BASED ON LT1228
The second proposed electronically adjustable VM filter
based on LT1228s is shown in Fig. 3. In Fig. 3, three LT1228s,
two GCs and six resistors are used in the design of the sec-
ond proposed VM multifunction biquadratic circuit. Notably,
a single input voltage is connected to the high-input of the
sixth LT1228 positive port, which allows easy cascading of
voltage circuits without the use of input voltage buffers. Two
GCs are connected to each y terminal of the two LT1228s
to absorb the parallel parasitic capacitance. The three output
voltages of V,4, V,5 and V¢ are connected to each w terminal
of the three LT1228s, which allows easy cascading of voltage
circuits without the use of output voltage buffers.

Derived from the equations for each node of the second
proposed LT1228-based electronically adjustable filter, the
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FIGURE 3. Second proposed VM biquadratic circuit.

nodal analysis equation matrix can be expressed as follows:

SC3 0 —8m4 00 0_ Vol
8m5 SC4 0 000
; 1 L 000 Vo2
gméR R R Vo3
—(1+ %) 0 0 100 || v,
0 0 —(1+ j,f—g) 010 || Vos
0 —(+%0 Ro 9o | [ Ves
0
0
_ gmﬁvin
— 0 (14)
0
0

Based on Fig. 3, the second proposed LT1228-based elec-
tronically adjustable filter has a single input voltage of Vj,,
and six output voltages of V,1, Vo, Vo3, Voa, Vo5 and Vie.
According to (14), the following six voltage transfer func-
tions and their filter passband gains can be simultaneously
obtained as:

v gm4gm6R
o - < Hol = 1 (15)
Vin 52 + ng4gm6 + gm;kzr25
1% —g 6R(gm4gmi)
2 n HO2= gk (16)
Vin + ng4gm6 + gm;kng
\% Rs?
03 _ 8m6 RS Ho3 = g,6R (17
Vin S2 + ng4gm6 + gm;tgzr25
R
% (1 + )(ng48m6 ) R
ot _ . , Hod=1+=2 (18)
Vin S2 + ng4é:;n6 + ggi%zs R7
Rg\ . 2
1% gm6R(1 + 22)s R
= = - R = . Ho5 = gneR(1 + —=°)
Vin S2 + 5817145;% + gzl‘;képzs R9
(19)
_ 2 Em48m5
Vos _ gmeRiols” + (1 + Rm)( eYonl) 20)

=
K

2 Ema&m6R 8m48msS
§5 4 gotEomb— Cs + GGy
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In (20), the high frequency gain and low frequency gain of the
LPN are gneR10 and geR10(1 + R/R10), respectively. Letting
Rio > R (i.e. Rjg = 10R), (20) becomes

Voo _ —gmoR10(s* + &)
Therefore, the inverting RN voltage transfer function with
gmeR10 gain is implemented by (21).

Based on (15) to (21), a non-inverting BP voltage trans-
fer function with unity gain is implemented from V,,
an inverting LP voltage transfer function with g,,cR gain is
implemented from V,;, a non-inverting HP voltage transfer
function with g,eR gain is implemented from V3, a non-
inverting BP voltage transfer function with (1 +Re/R7) gain
is implemented from V,4, a non-inverting HP voltage transfer
function with gmgR(1 +Rg/R9) gain is implemented from Vs,
and an inverting LPN voltage function with g,,cR10 (high
frequency gain) and g,,6R10(1 + R/R10) (low frequency gain)
is implemented from V¢, or an inverting RN voltage transfer
function with g,,6R10 gain is implemented from V,q. Note
that resistors Rg, R7, Rg, Rg and R1¢ can control their filtering
gain independently. Table 4 summarizes the parameters of the
second proposed electronically adjustable VM biquadratic
filter. As shown in Table 4, the Q-factor can be controlled
electronically and independently without affecting the pole
frequency f, of the second proposed filter, and the passband
gains of V4, V,5 and V¢ can be independently control with-
out affecting the f, value and Q-factor. In addition, the three
output voltages of V4, V,5 and V6 are each connected to the
w terminal of the LT1228, enabling the cascading of the VM
filters without the use of voltage buffers.

In Table 4, substituting the bias currents of 10Ip;
(j =4, 5, 6) into the three transconductance amplifies of g,
the f, and Q can be rewritten as follows:

5 |Ipalps
= — 22
fo - \ C:Cy (22)
1 Cslps
Q= (23)
10/ggR\ Ca4lps
The f, and Q can be electronically controlled by biasing the
currents of their corresponding LT1228s in (22) and (23).
If the two bias currents of /g4 = Ips, and the two capacitors
of C3 = C4 = C are substituted into (22) and (23), then the
fo and Q become

Hob6 = gusR10  (21)

514 1
= —, d =
Jo= T Md0= 103

In this particular case, the f, and Q can be controlled
electronically and independently by biasing the currents of
their corresponding LT1228s.

In the case of w, > w, in (20), the magnitude response of
the LPN can be obtained. According to (20), w, and w,, are

given by
8m48m5
= 25
@o V C3C4 25)

(24)
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TABLE 4. Summary of the second proposed LT1228-based filter

parameters.
1
f=— 8ms8me
’ 27\ GC,

Pole frequency of f,

Filter parameters

B 1 G8s
Quality factor of O =— [
R Ci&a
BP gain at V, Hoi=1

LP gain at V,, Ho = g,qR

HP gain at V,, Ho = g,R

. R

BP gain at V4 Hos =1+—

o

Filter passband HP gain at Vs

gains

R,
Hos =g, R+
EmeR( Rq)

Hos=g,,cRyo (high

frequency)

LPN gain at V¢ R
Hos = g,,4Ry(1+—) (low
RS

frequency)

RN gain at V¢
BP gain at V4
HP gain at Vs

LPN/RN gain at V,

Hos = g,,6Ryo

Gain control of R¢ or/and R,
Gain control of Rg or/and Ry

Independent gain
controllable
without affecting
, and O

Gain control of Ry

s :RV4-
Va v+
-9
R
|
L
I
VW Vi

FIGURE 4. Circuit symbol of the LT1228.

FIGURE 5. First PCB prototype (a) top view and (b) bottom view of the
measurement circuit in Fig. 2.

_ i 8m4a8gms5
Wy = \/(1 + Rlo)(—C3C4 ) (26)

C. EFFECT OF THE PARASITIC IMPEDANCES OF THE
LT1228 ON THE TWO PROPOSED

LT1228-BASED CIRCUITS

Figure 4 shows the LT1228 and its parasitic impedances at
the positive, negative, y, x and w terminals [40]. Considering
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FIGURE 6. Second PCB prototype (a) top view and (b) bottom view of the
measurement circuit in Fig. 3.

Oscilloscope
PO 2024B

Signal Generator Power Supply
Tektronix AFG1022 KEITHLEY 2231A-30-3

Signal Analyzer

Network Analyzer
Agilent N9OOOA Y

KEYSIGHT E5061B

VI

First filter PCB

FIGURE 7. Experimental test bench for the first LT1228-based
measurement circuit in Fig. 2.

the non-ideal LT1228 in Fig. 4, the finite input and output
parasitic resistances and capacitances of the LT1228 will
affect the two proposed LT1228-based circuits. The positive
and negative terminals of the LT1228 exhibit the high value
parasitic input resistances and low value capacitances of Ry 4,
Ry_, Cy4, and Cy_, respectively. The y terminal of the
LT1228 exhibits the high value parasitic output resistance and
low value capacitance of Ry and C,, respectively. Ry is a very
high value parasitic input resistances, and Cr is a low value
parasitic capacitances of the LT1228. R, and R,, are the low
value parasitic output resistances at the low output impedance
of the x and w terminals, respectively. Each proposed VM
biquadratic filter uses two GCs in the circuit design to absorb
the equivalent parallel parasitic capacitances of the LT1228s.
To reduce the effect of the LT 1228 parasitic elements on the
performance of the two proposed LT1228-based filters, the
external capacitors of Cy, C2, C3 and C4 can be kept much
larger than the Cy 4, Cy_ and C, of the LT1228, the external
resistors of R, R2, R4, R7 and Ry can be chosen much larger
than R, of the LT1228, and the external resistors of R;, R3,
Rs, Rg, Rg, and Ryg can be chosen much larger than R,, of the
LT1228.

I1l. SIMULATION AND EXPERIMENTAL RESULTS OF THE
TWO PROPOSED LT1228-BASED CIRCUITS

Based on the three off-the-shelf LT1228 ICs, the two pro-
posed VM biquadratic filters of Figs. 2 and 3 were simulated

VOLUME 11, 2023

Oscilloscope
Tektronix DPO 20248
-

Signal Generator Power Supply
Tektronix AFG1022  KEITHLEY 2231A-30-3

Signal Analyzer
Agilent N9ODOA

FIGURE 8. Experimental test bench for the second LT1228-based
measurement circuit in Fig. 3.
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FIGURE 9. Simulated gain responses of V,, V,, and V,3 for the first
LT1228-based circuit in Fig. 2.
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4 ; 5 ; 6
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Frequency, Hz

FIGURE 10. Simulated gain responses of V4, V,5 and V,¢ for the first
LT1228-based circuit in Fig. 2.

in the time and frequency domains using Cadence OrCAD
Pspice, and their performances were experimentally verified
using LT1228 ICs. Figures 5 and 6 show the experimental
measurement photos of printed circuit boards (PCBs) of the
two proposed LT1228-based filters in Figs. 2 and 3, respec-
tively. Figures 7 and 8 show two experimental test benches,
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FIGURE 11. Simulated BP gain response results at V,; for the first
LT1228-based circuit by using different DC bias currents for a fixed f, and
only varying Q value.

Gain, dB

Simulated

fo =16.69 kHz
— = fo=49.99 kHz
—40 fo ="99.97 kHz .
fo =299.64 kHz
-5 "

5 6
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FIGURE 12. Simulated BP gain response results at V,,; for the first
LT1228-based circuit by using different DC bias currents for a fixed Q and
only varying f, value.

TABLE 5. Summary of frequency analysis results for the first
LT1228-based circuit simulated at ideal pole phase shift.

g Temp. (15 °C)
/ — == Temp. (30 °C)
—250 SR Temp. (45 °C) i
Temp. (60 °C)

Uy 5 6

10 10 10
Frequency, Hz

FIGURE 13. Simulated frequency domain at V,; for the first LT1228-based
circuit with different temperature variations.

90 T T

Input Noise
— == "Output Noise |

80

Noise Spectral Density, nV/VHz

Frequency, Hz

FIGURE 14. Simulated BP filter response at V,,; for the first LT1228-based
circuit Input and output noise variations.

TABLE 6. Summary of frequency analysis results for the second
LT1228-based circuit simulated at ideal pole phase shift.

. Operating frequency at ideal
First proposed filter responses pole phase shift
Simulated Calculated
Output . frequency
- Filter type pole frequency
terminal percentage
value
error
Vol BP response 166.24 kHz -1.81%
Vs LP response 166.02 kHz —1.94%
Vs HP response 165.9 kHz -2.01%
Vs BP response 166.06 kHz —-1.91%
Vs HP response 165.55 kHz —2.22%
Voo LPN response 165.96 kHz -1.97%

Operating frequency at ideal pole
Second proposed filter responses phase shift

Calculated

Output Filter type Simulated pole frequency

terminal frequency value percentage

error

Vol BP response 190.33 kHz —-1.93%
Vo LP response 190.45 kHz -1.87%
Vs HP response 190.1 kHz —2.05%
Vs BP response 190.22 kHz -1.99%
Vs HP response 189.81 kHz —2.2%
Vs LPN response 190.22 kHz -1.99%

each including a power supply, signal generator, oscilloscope,
signal analyzer, network analyzer, and the tested PCB circuit.
According to [38] and the LT1228 datasheet [44], the LT1228
can be operated from any supply voltages from +2 V to
£15 V. Low supply voltages can be used in biomedical sensor

20502

systems and high supply voltages can be used in communi-
cation electronic systems. To obtain higher linearly, larger
dynamic range (DR), and one-dB power gain compression
point (P1dB), the symmetrical DC power supply voltages of
the LT1228 were chosen to be 15 V. Each power dissipation
measured in Figs. 5 and 6 is 1.11 and 0.87 W, respectively.
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FIGURE 15. Simulated gain responses of V,;, V,,, and V3 for the second
LT1228-based circuit in Fig. 3.
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FIGURE 16. Simulated gain responses of V4, V,5 and V,¢ for the second
LT1228-based circuit in Fig. 3.
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FIGURE 17. Simulated BP gain response results at V,; for the second
LT1228-based circuit by using different DC bias currents for a fixed f, and
only varying Q value.

A. PSPICE SIMULATION RESULTS OF THE FIRST
LT1228-BASED CIRCUIT

The first proposed VM biquadratic filter was theoretically
verified and functionally predicted using the Pspice macro-
model of the LT1228. The components used in the first
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FIGURE 18. Simulated BP gain response results at V,; for the second
LT1228-based circuit by using different DC bias currents for a fixed Q and
only varying fo, value.
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FIGURE 19. Simulated frequency domain at V,,; for the second
LT1228-based circuit with different temperature variations.
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FIGURE 20. Simulated BP filter response at V,; for the second
LT1228-based circuit Input and output noise variations.

proposed VM biquadratic filter were chosen as Ip; = Ipy =
Igz =500 uA,R =02kQ, R =Ry = R3 =Ry = R5 =
1 k2, and C; = C» = 4.7 nF with an ideal pole frequency
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100mY J@@amp 160mv

FIGURE 21. Measured transient response at V,,; for the first
LT1228-based circuit in Fig. 2.

"

100my J@®Ampl 160my

FIGURE 22. Measured transient response at V), for the first
LT1228-based circuit in Fig. 2.

i i [ 1 »&B ¢

i .
100mY ) @®Ampl 160my

FIGURE 23. Measured transient response at V5 for the first
LT1228-based circuit in Fig. 2.

i [ : k
100my J@®ampl  160mY

FIGURE 24. Measured transient response at V4 for the first
LT1228-based circuit in Fig. 2.

of f, = 169.31 kHz. Figures 9 and 10 represent the simu-
lated gain responses of the six output voltages V,1, V,2, Vo3,
Voa, Vos and V6 in Fig. 2, respectively. Figures 11 and 12,
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100mY, JEmamp 160mv

FIGURE 25. Measured transient response at V5 for the first
LT1228-based circuit in Fig. 2.

i f 53,61
100mYy ) @Al 160mYy

FIGURE 26. Measured transient response at Vg for the first
LT1228-based circuit in Fig. 2.

i I ;
100mYy ) @®Ampl 160my

FIGURE 27. Time domain LPN characteristics for the first circuit measured
at a low-frequency of 10 kHz.

i f 1701MHz
100mYy ) @Al 160mYy

FIGURE 28. Time domain LPN characteristics for the first circuit measured
at a high-frequency of 1.7 MHz.

respectively, show the simulated electronic adjustment and
independent control of the f, and Q via their corresponding
bias currents of the LT1228s, as described in (11). Table 5
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TABLE 7. Summary of transient analysis results for the first LT1228-based
circuit measured at the operating pole frequency.

First proposed filter . _
responses Operating pole frequency at f, = 169.31 kHz
. Measured Calcu'latcd Measured Calculated
Output Filter . amplitude phase
- amplitude . phase
terminal type percentage shift
value error
error value
BP
Vol 160m V,, 0% —-0.791° —-0.791°
response
Voa Lp 152m V,, —0.05% -90.61° -0.61°
response
HP o o
Vos 160m Vo, 0% —90.76 —-0.76
response
Voa BP 320m V,, 0% —0.243° —0.243°
response
Vos HP 328mV,, 0.025% —90.88° —0.88°
response

TABLE 8. Summary of LPN transient analysis results for the first
LT1228-based circuit measured at low and high frequencies.

LPN transient analysis of the Vs output voltage
Operating at a low-frequency of 10 kHz
Measured Percentage Measured
. . Calculated
amplitude error of phase shift hase error
value amplitude value P
896m V,, —6.66% —2.89° —0.5°
Operating at a high-frequency of 1.7 MHz
Measured Calcu_lated Measured
. amplitude . Calculated
amplitude phase shift
percentage phase error
value value
error
744m V,, 7% -0.918° 6.68°

summarizes the simulation results of the first LT1228-based
circuit, compared with the deviation from the ideal pole
frequency f, = 169.31 kHz. These simulation results con-
firm the functional predictions of the first LT1228-based
circuit. To evaluate the effect of temperature changes, the
first proposed circuit was simulated for different temperature
variations. In this analysis, the simulated temperature changes
were set to 15°C, 30°C, 45°C, and 60°C, respectively.
Figure 13 demonstrates the simulated frequency domain for
different temperature variations. In Fig. 13, this change does
not have much effect on the frequency domain of the filter.
However, at an operating frequency of f, = 169.31 kHz, the
fo values deviate by 172.76 kHz, 164.76 kHz, 156.91 kHz,
and 149.85 kHz at 15°C, 30°C, 45°C, and 60°C, respectively.
Figure 14 demonstrates the simulated input and output noises
of the first proposed LT1228-based filter at V,;. As shown
in Fig. 14, the input and output noises of the first proposed
LT1228-based filter at V,,; are low values.

B. PSPICE SIMULATION RESULTS OF THE SECOND
LT1228-BASED CIRCUIT

The components used in the second proposed VM biquadratic
filter were chosen as Igg = Igs = Igg = 1000 uA, R =
0.1 kR, Re = R7 = Rg = Ry = 1k, Rigp = 0.6 k2, and
C3 = C4 = 8.2 nF with an ideal pole frequency of f, =
194.09 kHz. Figures 15 and 16 represent the simulated gain
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FIGURE 29. Measured frequency domain at V,; for the first LT1228-based
circuit in Fig. 2.
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FIGURE 30. Measured frequency domain at V,, for the first LT1228-based
circuit in Fig. 2.
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FIGURE 31. Measured frequency domain at V3 for the first LT1228-based
circuit in Fig. 2.

responses of the six output voltages V,1, Vo2, Vo3, Voa, Vos
and Ve in Fig. 3, respectively. Figures 17 and 18, respec-
tively, show the simulated electronic adjustment and inde-
pendent control of the f, and Q via their corresponding bias
currents of the LT1228s, as described in (24). Table 6 sum-
marizes the simulation results of the second LT1228-based
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FIGURE 32. Measured frequency domain at V,, for the first LT1228-based
circuit in Fig. 2.
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FIGURE 33. Measured frequency domain at V5 for the first LT1228-based
circuit in Fig. 2.
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FIGURE 34. Measured frequency domain at V¢ for the first LT1228-based
circuit in Fig. 2.

circuit, compared with the deviation from the ideal pole
frequency f, = 194.09 kHz. These simulation results con-
firm the functional predictions of the second LT1228-based
circuit. To evaluate the effect of temperature changes, the sec-
ond proposed circuit was simulated for different temperature
variations. Figure 19 demonstrates the simulated frequency
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FIGURE 35. Measured BP gain response results at V,; for the first
LT1228-based circuit by using different DC bias currents for a fixed f, and
only varying Q value.
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FIGURE 36. Measured BP gain response results at V,; for the first
LT1228-based circuit by using different DC bias currents for a fixed Q
value and only varying fo.

TABLE 9. Summary of frequency analysis results for the first
LT1228-based circuit measured at ideal pole phase shift.

First proposed filter . . .
responses Operating frequency at the ideal pole phase shift
Output Filter type Measured pole Calculated frequency
terminal frequency value percentage error
Vou BP response 168.3 kHz —0.59%
Voo LP response 169.38 kHz 0.04%
Vs HP response 168.53 kHz —0.46%
Voa BP response 169.31 kHz 0%
Vs HP response 168.48 kHz 0.49%

domain for different temperature variations. In Fig. 19, this
change does not have much effect on the frequency domain
of the filter. However, at an operating frequency of f, =
194.09 kHz, the f,, values deviate by 205.45 kHz, 195.42 kHz,
182.46 kHz, and 171.55 kHz at 5°C, 20°C, 40°C, and 60°C,
respectively. Figure 20 demonstrates the simulated input and
output noises of the second proposed LT1228-based filter
at V,1. As shown in Fig. 20, the input and output noises
of the second proposed LT1228-based filter at V,;; are low
values.
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FIGURE 39. Measured noise analysis results at V,; for the first
LT1228-based circuit in Fig. 2.

C. EXPERIMENTAL RESULTS OF THE FIRST

LT1228-BASED CIRCUIT

Based on three off-the-shelf LT1228 ICs, the first pro-
posed VM biquadratic filter is implemented to experimentally
demonstrate the feasibility and practicality of the circuit. The
circuit was measured in both time and frequency domains,
using the same values for transconductance, resistance, and
capacitance elements as in Section III-A. Figures 21 to 26,

VOLUME 11, 2023

ldBL Z_
BT T R TT EETRTTITITTITPPFY SRPPTIITTPPPPISSY ALPPPPON I ..... 4
I
g |
R T e H s L q
: !
3
B b e |...d
5 20 .
&
s I
=] : : .
[ 7. SARRRITREPRILSS """*""'T'li:eoretical'resfronse .......... .......... ! ..... p
- = Ac;tual responsef |
L i : i L
=30 -25 -20 -15 -10 -71 -5

Input power, dBm
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FIGURE 42. Frequency domain simulation and measurement results at
Vy1 for the first LT1228-based circuit compared with theoretical analysis
using Matlab software.

respectively, show the measured transient responses of
Vots Vo2, Voz, Voa, Vos and Vye in Fig. 2 at f, =
169.31 kHz operating frequency. Figures 27 and 28 show
the time-domain characteristics of the LPN filter operating at
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FIGURE 43. Frequency domain simulation and measurement results at
V,, for the first LT1228-based circuit compared with theoretical analysis
using Matlab software.
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FIGURE 44. Frequency domain simulation and measurement results at
V3 for the first LT1228-based circuit compared with theoretical analysis
using Matlab software.
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FIGURE 45. Frequency domain simulation and measurement results at
Vo4 for the first LT1228-based circuit compared with theoretical analysis
using Matlab software.

a low-frequency of 10 kHz and a high-frequency of 1.7 MHz,
respectively. Table 7 summarizes the measured transient
response results of the first LT1228-based circuit at the ideal
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FIGURE 46. Frequency domain simulation and measurement results at
V,5 for the first LT1228-based circuit compared with theoretical analysis
using Matlab software.
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FIGURE 47. Frequency domain simulation and measurement results at
Ve for the first LT1228-based circuit compared with theoretical analysis
using Matlab software.
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FIGURE 48. Simulated, measured and theoretical BP gain response
results at V,,; for the first LT1228-based circuit by using different DC bias
currents for a fixed f, and only varying Q value.

operating pole frequency f, = 169.31 kHz. Table 8 sum-
marizes the measured transient response results of the LPN
operating at a low-frequency of 10 kHz and a high-frequency
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FIGURE 49. Simulated, measured and theoretical BP gain response
results at V,; for the first LT1228-based circuit by using different DC bias
currents for a fixed Q and only varying f, value.

of 1.7 MHz, respectively. The measured transient responses in
Figs. 21 to 28, Tables 7 and 8 demonstrate the validity and
practicality of the theoretical structural analysis of the first
LT1228-based circuit. To show the frequency-domain of the
first LT1228-based circuit, the gain and phase frequency
responses were performed. Figures 29 to 34 represent the
measured gain and phase responses of the six output volt-
ages Vo1, Vo2, Vo3, Voa, Vs and Ve in Fig. 2, respectively.
Table 9 summarizes the measured frequency analysis results
of the first LT 1228-based circuit, compared with the deviation
from the ideal pole frequency f, = 169.31 kHz. Figure 35
shows the Q values measured without disturbing f,,. The f,
measured without disturbing Q values was shown in Fig. 36.
The measured frequency responses in Figs. 29 to 36, and
Table 9 demonstrate the validity and practicality of the the-
oretical structural analysis of the first LT1228-based circuit.
These measurements verify the real performance of the first
LT1228-based circuit.

To determine the total harmonic distortion (THD) of the
first LT1228-based circuit, the output signal spectrum was
analyzed. Figure 37 shows the output spectrum analysis at
Vo1 for the first LT1228-based circuit with an input voltage
amplitude of 192m V. In Fig. 37, the first LT1228-based
circuit has a measured spurious-free dynamic range (SFDR)
of approximately 40.09 dBc at 1% THD. Figure 38 shows the
THD analysis at V,; for different input voltage amplitudes,
and the THD results remain below 2% when the input voltage
is increased by 220m Vy,,. Figure 39 shows the noise analysis
results at V,,; for the first LT1228-based circuit. The phase
noise measured at V,; for the first LT1228-based circuit is
lower than —100.36 dBc/Hz (at 1 kHz offset).

To evaluate the linearity and nonlinearity performance at
Vo1 for the first LT1228-based circuit, two-tone testing of
intermodulation distortion (IMD) and P1dB were performed.
Figures 40 and 41 show the measured results of the P1dB
and IMD tests at V,; for the first LT1228-based circuit,
respectively. In Fig. 40, the input P1dB point measured
at V, for the first LT1228-based circuit is approximately
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FIGURE 50. Frequency domain simulation and measurement results at
Vo for the second LT1228-based circuit compared with theoretical
analysis using Matlab software.
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FIGURE 51. Frequency domain simulation and measurement results at
V,; for the second LT1228-based circuit compared with theoretical
analysis using Matlab software.
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FIGURE 52. Frequency domain simulation and measurement results at
V,3 for the second LT1228-based circuit compared with theoretical
analysis using Matlab software.

—7.1 dBm. In Fig. 41, the third-order IMD (IMD3) and
third-order intercept (TOI) point measured at V,; for the
first LT1228-based circuit are —47.59 dBc and 3.749 dBm,
respectively.
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FIGURE 53. Frequency domain simulation and measurement results at
V,4 for the second LT1228-based circuit compared with theoretical
analysis using Matlab software.
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FIGURE 54. Frequency domain simulation and measurement results at
V,5 for the second LT1228-based circuit compared with theoretical
analysis using Matlab software.
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FIGURE 55. Frequency domain simulation and measurement results at
V¢ for the second LT1228-based circuit compared with theoretical
analysis using Matlab software.

D. THEORETICAL COMPARISON OF THE FIRST
LT1228-BASED CIRCUIT WITH SIMULATION

AND EXPERIMENTAL RESULTS

To verify the performance of the first LT1228-based cir-
cuit, simulation and experimental data results were analyzed
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FIGURE 56. Simulated, measured and theoretical BP gain response
results at V,,; for the second LT1228-based circuit by using different DC
bias currents for a fixed f, and only varying Q value.
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FIGURE 57. Simulated, measured and theoretical BP gain response
results at V,; for the first LT1228-based circuit by using different DC bias
currents for a fixed Q and only varying f, value.

TABLE 10. Summary of the frequency analysis results for the second
LT1228-based circuit measured at ideal pole phase shift.

Second proposed filter . . .
responses Operating frequency at the ideal pole phase shift
Output Filter type Measured pole Calculated frequency
terminal frequency value percentage error
V1 BP response 193.99 kHz 0.05%
Vi LP response 193.73 kHz 0.18%
Vs HP response 194.09 kHz 0%
Vo BP response 194.05 kHz 0.02%
Vs HP response 193.23 kHz 0.44%

using Matlab version R2014a software and compared with
circuit theory. Figures 42 to 47 represent the gain and phase
responses of the six output voltages V,1, Vo2, Vo3, Voa, Vos
and V¢ in Fig. 2, respectively, and compare them with the-
oretical, simulated and measured values. Figures 48 and 49
illustrate the ability to control f, and Q electronically and
independently by the bias currents of their corresponding
LT1228s, as described in (11). As shown in Figs. 42 to 49,
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FIGURE 58. Measured spectrum analysis results at V,; for the second
LT1228-based circuit in Fig. 3.
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FIGURE 59. Measured THD analysis results at V,; for the second
LT1228-based circuit in Fig. 3.
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FIGURE 60. Measured noise analysis results at V,; for the second
LT1228-based circuit in Fig. 3.

these results for the first LT1228-based circuit are in good
agreement with theoretical predictions. However, the dif-
ferences between the theoretical, simulated and measured
responses are mainly due to non-ideal characteristics of the
circuit, tolerances in capacitance and resistance, and PCB
layout performance.
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FIGURE 61. Measured P1dB results at V,,; for the second LT1228-based
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FIGURE 62. Measured IMD results at V,; for the second LT1228-based
circuit in Fig. 3.

E. THEORETICAL COMPARISON OF THE SECOND
LT1228-BASED CIRCUIT WITH SIMULATION

AND EXPERIMENTAL RESULTS

Similarly, the second proposed LT1228-based circuit is also
measured in frequency-domain using the same values for
transconductance, resistance, and capacitance elements as in
Section III-B. Figures 50 to 55 represent the gain and phase
responses of the six output voltages V,1, Vo2, Vo3, Vo, Vos
and V¢ in Fig. 3 compared to ideal, simulated, and measured
values using Matlab version R2014a software, respectively.
In Figs. 50 to 55, the second LT1228-based circuit also oper-
ated well as expected. Figures 56 and 57 illustrate the ability
to control f, and Q electronically and independently by the
bias currents of their corresponding LT1228s, as described
in (24). Table 10 summarizes the measured frequency analy-
sis results of the second LT1228-based circuit, compared with
the deviation from the ideal pole frequency f, = 194.09 kHz.
The measured frequency responses in Figs. 50 to 57, and
Table 10 demonstrate the validity and practicality of the
theoretical structure analysis of the second LT1228-based
circuit.
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To determine the THD of the second LT1228-based circuit,
the output signal spectrum was analyzed. Figure 58 shows
the output spectrum analysis at V,,; for the second LT1228-
based circuit with an input voltage amplitude of 205m Vp,.
In Fig. 58, the second LT1228-based circuit has a measured
SFDR of approximately 40.5 dBc at 1% THD. Figure 59
shows the THD analysis at V,; for different input voltage
amplitudes, and the THD results remain below 2% when the
input voltage is increased by 230m V,,,. Figure 60 shows the
noise analysis results at V,,; for the second LT1228-based cir-
cuit. The phase noise measured at V, for the second LT1228-
based circuit is lower than —100.92 dBc/Hz (at 1 kHz offset).
Figures 61 and 62 show the measured results of the P1dB
and IMD tests at V,,; for the second LT1228-based circuit,
respectively. In Fig. 61, the input P1dB point measured at
V,1 for the second LT1228-based circuit is approximately
—7 dBm. In Fig. 62, the IMD3 and TOI point measured at
V,1 for the second LT1228-based circuit are —46.86 dBc and
3.202 dBm, respectively.

IV. CONCLUSION

To achieve independent gain control of BP, HP, and LPN/RN
filters, this paper presents two new and improved VM
biquadratic filters using three commercial LT1228 ICs, two
GCs, and six resistors. Each electronically adjustable VM
biquadratic filter has a single input and six output volt-
ages, designed to implement one LP, two BP, two HP and
one LPN/RN filters simultaneously. Each VM biquadratic
filter has one high input impedance and three low output
impedances with independent gain controllability for the BP,
HP, and LPN/RN transfer functions. Due to its high input
impedance and low output impedance, each proposed filter
is suitable for cascaded VM circuits without the use of any
voltage buffers. The w, and Q of each filter parameter can
be electronically controlled and orthogonally tuned by the
corresponding LT1228 bias current /. In special cases, w,
and Q of each filter parameter can be made electronically
controlled and independently adjustable. In electronic appli-
cations, each filter simultaneously generates one LP, two BP
and two HP filters for use in two/three-way crossover net-
works. The LPN filter is also suitable for EEG applications to
eliminate unwanted narrow frequency intervals in the signal.
Simulation and experimental results in both time and fre-
quency domains are included to validate the theoretical anal-
ysis of the two proposed VM biquadratic filters. Based on a
415 V voltage supply, the measured power dissipation, P1dB,
TOI, IMD3, SFDR, and phase noise of the first proposed
VM biquadratic filter are 1.11 W, —7.1 dBm, 3.749 dBm,
—47.59 dBc, 40.09 dBc, —100.36 dBc/Hz, respectively. The
measured power dissipation, P1dB, TOI, IMD3, SFDR, and
phase noise of the second proposed VM biquadratic filter
are 0.87 W, —7 dBm, 3.202 dBm, —46.86 dBc, 40.5 dBc,
and —100.92 dBc/Hz, respectively. The results show that
the two proposed VM biquadratic filters achieve good
performance.
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