Journal of ELECTRICAL ENGINEERING, VOL. 62, NO. 6, 2011, 317-326

TUNABLE UNIVERSAL FILTER WITH CURRENT
FOLLOWER AND TRANSCONDUCTANCE AMPLIFIERS
AND STUDY OF PARASITIC INFLUENCES

Jan JERABEK *— Roman SOTNER **— Kamil VRBA *

A universal filter with dual-output current follower (DO-CF), two transconductance amplifiers (OTAs) and two passive
elements is presented in this paper. The filter is tunable, of the single-input multiple-output (SIMO) type, and operates in the
current mode. Our solution utilizes a low-impedance input node and high-impedance outputs. All types of the active elements
used can be realized using our UCC-N1B 0520 integrated circuit and therefore the paper contains not only simulation results
that were obtained with the help of behavioral model of the UCC-N1B 0520 element, but also the characteristics that were
gained by measurement with the mentioned circuit. The presented simulation and measurement results prove the quality of
designed filter. Similar multi-loop structures are very-well known, but there are some drawbacks that are not discussed in

similar papers. This paper also contains detailed study of parasitic influences on the filter performance.
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1 INTRODUCTION

The development of analog frequency filters in the cur-
rent mode [1] with various types of active elements still at-
tracts many researchers’ attention. Many different types
of active elements are used in filtering circuitries, start-
ing from the simple current followers (CF) [2, 3], through
dual- or multiple-output current followers (DO-CF, MO-
CF) [4,5], OTA amplifiers, mostly in the form of the
OTA-C filter [6,7], current conveyors (CC) of different
generations [8, 9] up to more complex active elements such
as the Current Differencing Transconductance Amplifier
(CDTA) [10-12], which consists of a differential current
follower and a transconductance amplifier, and also the
Current Follower Transconductance Amplifier (CFTA)
[13,14], which contains a simple current follower and also
a transconductance amplifier.

Two basic techniques can be recognized in cited pa-
pers. The first method is based on the design of more
complex filtering structures with simple active elements,
for example in [2, 15,16, 21]. The second approach is con-
trary which means that the final filtering structures are
simpler, but the active elements are more complex, typi-
cally in [11, 20, 22]. It should be noted that the schematic
of filtering structures in second case seems simpler than
in the first case only because a smaller number of active
elements are present in the circuitry. The application of
more complex active elements in filtering structures limits
the variability of solutions when designing specific struc-
tures and it could significantly complicate the design and
raise the final price. The combination of current followers
and transconductance amplifiers is really advantageous
for the design of filtering structures in the current mode,
as shown in [10-14]; this paper is therefore also focused on

the utilization of the above elements. Some recent works
are compared in Tab. 1.

Table 1 could be summarized into the several conclu-
sions. Some recently proposed conceptions contain too
many passive elements [2, 15,16, 21, 22, 26], or maybe un-
reasonably many active elements [20,26] but in several
cases, it is necessary for the independent wec and Q
control. However there are simpler solutions, for exam-
ple [19,27] with we and @ control included. Electronic
adjusting and tuning is one of the today’s most impor-
tant features for common applications in the signal pro-
cessing. Unfortunately some of mentioned solutions do
not have this feature (for example [15,16]) or it was not
verified even if it is theoretically possible (for example
[18,21,28]).

Our approach is to deal with partial elements, DO-
CF and BOTA in particular. It gives us the possibility of
greater variability and we can reach a universal solution
more easily. The benefits of the solution presented are:
simplicity (only two passive elements — grounded capaci-
tors), universality, tunability and relative sensitivities to
all parameters of the filter are low. The circuitry designed
is of the Single Input Multiple Output (SIMO) type. Both
passive elements are grounded. All the features mentioned
form good prerequisites for the application of this struc-
ture. Some features of active elements that could cause
drawbacks or specific problems in frequency responses are
discussed.

2 USED ACTIVE ELEMENTS

The designed filter includes two types of active ele-
ments. The first of them is the Dual-Output Current Fol-
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Table 1. Comparison of several most-recent

UNIVERSAL FILTER WITH CURRENT FOLLOWER AND ...

solutions (both voltage and current mode)

Number Number we Q fo
Previous work of active Fabrication of passive control control tuning simulated/ Controlled
elements technology elements range (Hz)  measured via
Senani [2] 4 CMOS 5 no 1o - yes/no -
Tangsrirat [5] 2 BIPOLAR 2 no 1no - yes/no -
Tangsrirat [g] 4 BIPOLAR 2 yes ves 12k 800k  yes/no flirgflltg
Minaei [15] 2 CMOS 6 no no - yes/no -
Horng [16] 3 CMOS 6 no no - yes/no -
Horng [18] 3 CMOS 4 not tested not tested - yes/no -
Wang [19] 34  BIPOLAR 2 yes yes 100k~ 8M  yes/no Ry (bias
currents)
Siripruchy Mo 5 BIPOLAR 2 yes ves 200k - 800k  yes/no Rgﬁflzgn(t‘j)as
Horng [21] 2 CMOS 5 not tested not tested - yes/no -
Minaei [22] 3 CMOS 4-5 not tested yes - yes/no -
Siripruchyanum \ - R,, R, (bias
i [25] L BIPOLAR 2 yes Ho yes/no (l:)urren(ts)
Kamat [26] 1-5 CMOS 1-6 not tested yes - yes/no -
Lee [27],[28] 4-5 CMOS 2 not tested not tested - yes/no -
CMOS and
Proposed commercial 2 yes no 255k —2.3M  yes/yes Im
1Cs
also compile the BOTA element from two single-output
OTAs, for example the OPA861 circuits [17]. This circuit,
DO-CF however, does not provide the required parameters and
In in order to form a Multiple-Output OTA (MOTA), four

Fig. 1. Schematic of the Dual-Output Current Follower (DO-CF)

lower (DO-CF). Its schematic is shown in Fig. 1. DO-
CF can be formed discretely in several ways. The sim-
plest method is to use the Universal Current Conveyor
(UCC) [15], which can be simply connected as a dual- or
multiple-output current follower. Two DO-CF elements
can be implemented by one UCC-N1B 0520 integrated
circuit because on chip contains CCII+/- together with
UCC. The behavior of the DO-CF is described by the
simple formulas
Iour+ = —Iour- = Iin . (1)
The second type of active element is the Balanced Opera-
tional Transconductance Amplifier (BOTA). The BOTA
schematic is shown in Fig. 2a. Relations that describe the
BOTA behavior are
Iour+ = —Ioutr- = gmVi = g (Ving — Vin.).  (2)
MAX435 [16] is one of the circuits that are commercially
available on the market and able to work as OTA. We can

OPAR861 would be necessary. It is therefore better to make
a BOTA or MOTA via the structure shown in Fig. 2b. It
is obvious that one UCC and one resistor are sufficient
enough to produce a BOTA or MOTA. The transconduc-
tance of such a connection of the UCC circuit is equal to
gm ~ 1/R.

3 DESIGNED FILTER

The universal second-order filtering structure with a
minimum number of passive components and included
possibility to tune the characteristic frequency was the
goal of the design. Possible circuits were analyzed by
the SFG method and obtained solution is depicted in
Fig. 3. The filter consists of one DO-CF element and two
OTA elements (MOTA and BOTA). Two grounded ca-
pacitors are connected in nodes between active elements.
The transfer functions of the designed circuit are given
by

Ip gmi19m2

— 3
Tn o (3)
Lpp 5Cagm1

—_ 4
inr __oCsm (@

o 320102 + Im19m2
D b

Ips _ Iup+1Iprp
Iy

Irn
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Fig. 2. a) Schematic of the Balanced Operational Transconductance Amplifier (BOTA), b) Circuitry forming MOTA with the help of
one UCC

Fig. 3. Designed universal tunable filter formed by just three active
elements and two passive elements

IHP _ 820102 (6)
Irn D ’

Iap _ Iup+Lpp+1Iop

Iy Iy

_ s2C1Cs — sCogm1 + Gm19gm2 (7)
D )

where

D = s2C1Cy + 5Co0m1 + gm1gmz = 0. (8)
Equations (3)—(8) are valid without any condition or as-
sumption of equality. The pass band gain is unity (0 dB)
for each transfer function type. It is obvious that the de-
signed circuit is universal because five standard types of
transfer function are present. The pole frequency is con-
trolled by a simultaneous change of g,,1 and gp,s.

4. SENSITIVITY ANALYSIS

If we consider all transfer coefficients that are present
in the circuit, characteristic eq. (8) of the circuit from
Fig. 3 will change to

D = 5°C1Cy + 5Cagm1 + gm1gm2B1 =0, (9)
where 1 represents the transfer of the DO-CF element,
which affects both loops of the circuit. The angular fre-
quency and the quality factor are for all transfer functions
expressed by

wo = V/gm1gm251/C1C2, (10)
Q = \/9m2$1C1 /g1 Ca . (11)

The relative sensitivities of the angular frequency and of
the quality factor to individual components are equal to

SZ’IO = S;):r]wl = S;]:a = 057
© =8 =59, =-05, (13)
S§ =89, =8¢ =05.

gm2
From (12)—(14) it is obvious that all relative sensitivities
are low.

5 INFLUENCES OF ACTIVE
ELEMENTS PARASITICS

Non-ideal active elements are depicted in Fig. 4a and
Fig. 4b. Parasitic analysis deals mainly with input and
output properties of used active element that cause sig-
nificant problems in the frequency domain. Note that in
Fig. 4a and Fig. 4b only one output of active element is
shown for clarity, but we suppose that all outputs have
very similar features. Important parasitic admittances of
the filter (signed as Y, and Y}, ) caused by the real input
and output properties of used active elements are shown
in Fig. 4c. Common input and output parameters of CF
are Rinp,CF ~ 2Qa Cinp,CF ~ 3 va Rout,CF ~ 200 kQa
Cout.cr ~ 0.6 pF. Common small signal parameters of
MOTA are Rizpmora ~ 1GQ, Cinpmora ~ 1pF,
Rout,MOTA ~ 200 kQ, Cout,MOTA = 0.6 pF. BOTA (rep—
resented by MAX435, for instance) has commonly the
following parameters Rinp BoTa ~ 200k, Cinp BoTA ~
3 pF, RowtBoTA ~ 3.5k, Cout BOTA ~ 5 PF.

We suppose four locations (three nodes and one serial
admittance leading to the current input of DO-CF) where
parasitics cause the highest impact. These parasitic ad-
mittances (Fig. 4¢) can be expressed as

1 1
Y1=G C.q=
Pt P e Pt Rout,CF Rinp,MOTA (]_5)
+ S(Cout,CF + Cvinp,MOTA) )
1 1
Y = G + SC =
P2 b2 P2 RoutmoTa  RinpBOTA  (16)

+ 5(CoutmoTA + Cinp BOTA)
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I

Fig. 4. a) Non-ideal model of current follower, b) non-ideal model of transconductance amplifier, ¢) important parasitic influences focused
to specific places in circuit

1 1
Y3 = Gy, + sCp3 =
P "7 RouMoTA  Rout.BOTA (17)
+ s(cout,MOTA + Cout,BOTA) )
Y, =G, +sC, = + 5Cinp_CF - (18)
Rinp,CF
Denominator of the transfer function changed to
D'(s) = bys® + bys® + bys + by, (19)
where coefficients are as follows
b3 = CIC2(Cp3 + Cs) + Cl (Cp2cp3 + Cp2cs)+
CQ (Cplcs + Cplch) + CplchCpS + CplchCs ’ (20)

by = gm1Cs(Ca + Cp2) — C1C2(Gs + Gp3)
- (Cpl + Cl)(Gp2Cp3 + Gp3cp2 + Gst? + Gp208)
— Gp1Cp3(Co + Cpa) — Ca(Gp1Cs + Cp1 G

+ Cpleg) - Gp10p203 s (21)
b1 = Cs(gm19m2 + 9m1Gp2)
— (CQ + Cps)(Gple + Gngpl + gmle)
- GpQ(Cl + C2)<Gs + Gp3> - Gple2(Cp3 + CS) ) (22)

bO = gmlngGs +gm1(Gp2Gs - GplG;DQ(GP3 +GS) . (23)

Transfer functions including parasitic properties are now

nglgm2os + gmlgm2Gs
D'(s) ’

Kip(s) = 222 = (24)

Irn

" I; 1
Kigp(s) = % = m{gml(SQCs(Cz + Cp2)

—|—8(CQGS —|—Cp2Gs +CSGp2) —|—Gp2GS)} s (25)
N _Igp ass® + ass? + a1s + ao
Kyp(s) = Iin D'(s) ) (26)
and coefficients of numerator in (26) are
a3 = Cs(C1 + Cp1)(C2 + Chpa) (27)
ag = Gs(Cng + Cpng + C’leg + Cp10p2)+
Cs(CpaGp1 + CoGp1 + C1Gpz + CpiGpa),  (28)
a; = GS(CQGpl + Clez + Cngpl + Cplez)
+ CSGplez s (29)
apg = Gp1Gp2Gs . (30)

Form of the transfer function is the same for the band-
reject response (BR), but coefficients are different, as
shown.

Ipr a3s® + ass® + a1s + ag
Kpp(s)=—= , 31
BR( ) IIN D,(S) ( )
as = CS(Olez + C,Cy + 020p1 + C’pleg s (32)
az = Cs(C1Gp2 + Cp1Gpa 4+ CoGp1 + CpaGpr )+
GS(CQOIACPQ + ClegchQ) . (33)

a] = Os(Gmlng + GpleQ) + Gs(Oplez + Cle2+
CQGpl + Cngpl) R (34)
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Fig. 5. Influence of R, parasitic elements on HP response: (a) — for equal Rp1 = Rpz = Rp3 values, (b)- for different Rp; and
Rp2 =100 kQ, Rp3 = 3 kQ, (c) — for different of R values and Rpz = 200 kQ, Rp3 = 3 kQ
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Fig. 6. Influence on BP response: (a) — for equal Rp1 = Rp2 = Rp3 values, (b) — for different Rp1 and Rp2 = 100 kQ, Rp3 =3 k2, (c)
— for different of Rp2 values and Rp2 =200 k2, Rp3 = 3 kQ2

ap = GS (gmlngGplapQ . (35)

We can express transfer function similarly for the all-pass
(AP) filter

« _ lap ass® + azs? — a1s + ap
R e ORI
asz = CS(Cplcpz + Cngl + C1Cy + Clcpz) , (37)
a9 = GS(Cngpl + Cleg + CQGpl + Cpleg
= gm1(C2+ Cp2)),  (38)

ayp = gml(CQGs +Cp2GS+CSGp2)*GS(Op2Gp1 +CQGP1+
Cp1Gp2 + C1Gp2) — Cs(gmigm2 + Gp1Gp2),  (39)

ag = Gs(gmlgm2 + GpleZ - gmlG;DQ) . (40)

Influence of parasitic elements on the frequency responses
was deeply studied. Real part of the parasitic admittances
obviously impacts mainly the magnitude response. We
can divide the impact study of real parts into the two sec-
tions. First part is focused on the high impedance nodes
and parasitic elements that are grounded (Rp1, Rp2, Rp3)

and second part deals with serial resistance to the current
input of DO-CF (Ry).

HP responses for chosen values of R, parts are shown
in Fig. 5a (all R, are of the same value in this case). It
is evident that smaller values cause increase of parasitic
zero frequencies and it decreases the attenuation of the
HP response in the stop band. Attenuation is smaller than
40 dB for R, about units of k(2. In order to study impact
of Ry and Ry, graphs in Figs. 5b and 5c were depicted.
It is clear that also the change of steepness occurs (other
two parameters are set constantly). It is obvious that the
impact of R, is greater than impact of Rp. Influence
of R,3 is negligible because this node is connected to the
low input impedance of input terminal of current follower.
Therefore impact is R,3 omitted. However, R, (input
serial resistance of CF) also causes problems, which are
discussed in further text.

Impact of R, on the BP response is shown in Fig. 6a
and it is clear that it causes much greater problem than in
the previous case (HP). Filter is unusable when values of
Rp are several units of k(2. Independent change of R,
(Fig. 6b) causes slight influence to the pass-band gain.
Impact of R, to the stop-band attenuation of the BP
response (lower frequencies) is obvious from Fig. 6c¢.
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Fig. 7. Influences on BR response: (a) — for equal Rp1 = Rp2 = Rp3 values and R; = 2 Q, (b) — for different R, and Rs =2 2 and
Rp2 =100 kQ, Rp3 =3 kQ, (c) — for different Rpz and Rs =2 Q and Rp2 = 200 kQ, Rp3 = 3 kQ
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Fig. 8. Influences on AP response: (a) — of equal Rp1 = Rp2 = Rp3 values and Rs = 2 Q, (b) — for different Rp; and Rs =2 Q and
Rp2 =100 kQ, Rp3 = 3 kQ, (c) — for different Rpz and Rs =2 Q and Rp2 = 200 kQ, Rp3 = 3 kQ

s K (dB) s K (dB)
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5kQ

20
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Fig. 9. Influence of different Rs values on the magnitude of responses of the LP and HP with Rp1 =200k, Rp1 = 100k and:
(a) - Rpg = 3kQ, (b) - Rpg — 0

Figure 7 shows influence of R, on the BR response. Impact on the AP response is demonstrated in Fig. 8.

We can see (Fig. 7) that R,2 smaller than 10k causes R, (mainly R,s) causes drop of the transfer in the pass
biggest problems again. Rp; causes the adjusting of the band (Fig. 8c) and also some changes in phase response,

maximal attenuation in stop band. as shown. Figure 8b shows that R,; caused changes of the
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Fig. 10. Influence of different Rs values on the magnitude of responses of the BP with R,1 = 200k, Rp1 = 100k2 and:
(a) — Rpz =3k, (b) — Rp3 — o©
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(a) - Rpg = 3kﬂ, (b) - Rpg — OO
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Fig. 12. Influence of different Rs values on the magnitude of responses of the AP with Rp1 =200k, Rp1 = 100k and:
(a) — Rpg = 3kQ, (b) - Rpg — OO

transfer function type from the AP to the BR response
and also adjusting of maximal attenuation in stop band.
Threshold between AP and BR phase response is close to
R, =500Q. In some cases it could be an advantage.

Parasitic resistance of current input of the DO-CF
(Rs) has also significant impact on the final features of
the filter. Parasitic element R, is put to the feedback
node together with R,3. First case (Fig. 9a) suppose that
R,3 = 3k, second case (Fig. 9b) that R,3 — oco. Both
figures shows the impact on the LP and HP response. Re-
ducing of the bandwidth (at high frequencies) is observed

in case of HP. Disturbing of the @ and pass-band gain
Ky is obvious for greater values of R,. If R,3 was set
to infinity (Fig. 9b) (practically is sufficient more than
100k<?), influence on LP is minimal.

Parasitic element R, affects the BP response as shows
Fig. 10. Rs; causes mainly shift of the fy and slight
changes of @ for R,3 = 3kQ (Fig. 10a), there is slight
disturbance of maximal transfer and angular frequency
(fo) for Rpg — 0 (Flg 10b)

Also BR response is affected by Rs. When R,3; —
oo (Fig. 11b) reducing of the bandwidth is larger than
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Fig. 13. a) Magnitude responses of the LP, HP, iBP and BS filters for the natural frequency 1 MHz b) Gain, phase shift and group delay
of AP filter for the natural frequency 1 MHz; Tuning of the pole frequency ( fi = 255 kHz; fo = 510 kHz; f3 =1 MHz; f4 = 2.3 MHz)in
case of c¢) the LP filter and d) the iBP filter (dotted lines — theory; dashed lines — simulation; solid lines — measurement)

when R,3 = 3kQ (Fig. 11a) but gain in pass-band is not

affected so much as is obvious from Fig. 11b.

Impact of Ry on the AP response is demonstrated in
Fig. 12. Magnitude response is influenced the most in
this case. It affects bandwidth, @ and pass-band gain at
higher frequencies. Phase response is without important
changes but at higher frequencies is phase shift greater

than in ideal case (non-minimal phase).

All analyses were carried out for parasitic capacitances
of units of pF (taken from features of used active ele-
ments). Parasitic capacitances causes mainly shift of f.
For several pF (30 pF maximum) shift of fy from 1 MHz
to 960 kHz appeared (caused by Cp2) and shift of 60 kHz

is caused by Cp1; Cp3 is without affect on fy because is
in node with small impedance (Rs; = 22). Influence of

all C}, simultaneously is reaches 90 kHz shift of f; (in all
cases we expected ideal load Ry, = 0(Q). For real scenar-

ios we have take into account that small signal parameters
are also frequency-dependent but producer usually does

not show these dependences.

6 SIMULATION AND
MEASUREMENT RESULTS

The proposed numerical parameters of the filter were
as follows. @ = 0.707 (Butterworth approximation),
transconductances are g1 = gme = 1.96 mS and fy =
1 MHz is the starting point. The calculated values of ca-
pacitors are Co = gpma/(wQ) = 440 pF, C1 = (gm1gm2)/
(Cow?) ~ 220 pF. Third-order behavioral models of the
UCC-N1B were used for simulation purposes [19]. These
models are quite accurate in AC simulations and with
their help we can faithfully verify features of the filter.

The simulation results were subsequently confirmed
by experimental measurement. The UCC-N1B circuit we
designed in 2000 (and made by AMI Semiconductor in
2005) is able to operate as all types of active elements
that are present in the filtering structure from Fig. 3. It
was therefore used as the active element for measurement
purposes.

The first graph (Fig. 13a) contains magnitude re-
sponses of the HP, BS, LP and iBP filter types for the
starting natural frequency and quality factor. The gain,
phase shift and also group delay of the AP filter for
the same natural frequency are shown in Fig. 13b. The
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graphs in Fig. 13c and Fig. 13d represent the tuning
of pole frequency in the case of the LP and iBP func-
tions, which was obtained by a simultaneous change of
gm1 and gmao. Four pole frequencies (f; = 255 kHz;
f2 =510kHz; f3 =1 MHz; f, = 2.3 MHz) are obtained
by the transconductances 500 uS; 1 mS; 1.96 mS; 4.5 mS.

We can form some interesting conclusions from previ-
ous text. From experimental results it is clear that UCC
provides better performance than elements used in chap-
ter focused on parasitic influence analysis. Some problems
like attenuation at higher frequencies (over 10 MHz) in
the case of the LP and iBP filter are caused by measur-
ing circuits and finite bandwidth of used active elements.
If we had to use MAX 435 as a BOTA, its connection to
low input impedance of DO-CF eliminates the impact of
the low output resistance (3k2), Y5 > Y3 (Rs < Rp3).
From analysis results it is clear that influence of Ry (in-
put resistance of CF) is very critical for this and a similar
conception of multi-loop and multi-functional filters.

7 CONCLUSION

The universal filter with three simple active elements
and two passive components was presented in this pa-
per. It was demonstrated that the pole frequency could
be tuned by a simultaneous change of the transconduc-
tance of both OTAs. The filter is of the SIMO type with
a low-impedance input node and high-impedance out-
puts. There is no resistor in the structure, therefore it
can be considered as the OTA-C type combined with
dual-output current follower. Good characteristics of the
designed filter were verified by the simulation with good-
quality models. Its structure is sufficiently simple as some
similar previously published solutions although there are
some problems that are not discussed in recently pub-
lished works. Detailed analysis of parasitic influences was
performed. The theoretical and simulation results were
confirmed by experimental measurement with the UCC-
N1B 0520 circuit.
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