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This paper presents a novel mixed mode universal filter configuration capable of working in voltage and transimpedance mode.
The proposed single filter configuration can be reconfigured digitally to realize all the five second order filter functions (types)
at single output port. Other salient features of proposed configuration include independently programmable filter parameters, full
cascadability, and low sensitivity figure. However, all these features are provided at the cost of quite large number of active elements.
It needs three digitally programmable current feedback amplifiers and three digitally programmable current conveyors. Use of six
active elements is justified by introducing three additional reduced hardware mixed mode universal filter configurations and its

comparison with reported filters.

1. Introduction

Current feedback amplifier (CFA) plays significant role in
area of signal processing/generation because of its higher
speed, higher slew rate, simpler circuit realization, and most
importantly the independence of gain and bandwidth [1-
3]. Introduction of digital control/programming in CFA has
further boosted its functional flexibilities and versatility [1].
Programmable characteristic of analog block is essential for
controlling the undesired parameter variation caused by
temperature and process. Analog programming techniques
are widely used in a number of applications [3-8] but the
limitation on the allowable range of analog tuning voltage
makes it inconvenient for low voltage applications. Hence, in
these applications, the digital control is more attractive [9].
Digital programming techniques not only yields better accu-
racy in avoiding parameter race than their analog counterpart
[10] but also offers additional advantages such as better noise
immunity, power saving option [11], and most importantly
the compatibility to modern mixed mode (analog/digital)
systems.

Digitally programmable universal filters (DPUF) are
versatile and cost effective from IC realization viewpoint.
However, to be compatible to IC realization it should fulfill
following two conditions. First, it must be reconfigurable to
realize different filter functions (types) without any change

in configuration. Second, all its parameters should be inde-
pendently programmable to set desired frequency response.
Obviously, the availability of mixed mode operation will
further enhance the versatility of such DPUE.

This paper presents a novel reconfigurable voltage/tran-
simpedance mode (VM/TIM) DPUF using three digitally
programmable CFAs (DPCFA) and three digitally pro-
grammable second generation current conveyors (DPCCII).
The proposed UF can be reconfigured digitally to realize all
the standard second order filter functions, namely, lowpass
(LP), highpass (HP), bandpass (BP), band reject (BR), and
allpass (AP) at single output port. The proposed DPUF con-
figuration is (1) fully programmable as all the coefficients of its
transfer function are independently controlled, which makes
its parameters, namely, pole frequency (w), quality factor
(Q), and gain (G) independently programmable (2) fully cas-
cadable by virtue appropriate (low/high for voltage/current)
input and (low for voltage) output port impedances (3) less
sensitive to nonidealities and parasitic effects. Use of only two
grounded capacitor makes the proposed UF suitable from
integration [12].

This paper also introduces three additional reduced
hardware DPUFs using “2-4” active elements. These DPUFs
are designated as derived DPUFs because they are obtained
by the reduction of active elements of reconfigurable DPUE.
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FIGURE 1: CMOS structure of DPCFA with gain K* (adopted from [1]).

Obviously, reduction in number of active elements also
decreases the features of these derived DPUFs accordingly.
But still, these DPUFs (including reconfigurable DPUF)
possess more number of features than that of reported DPUFs
using equal or more number of active elements. This fact in
turn justifies the need of six active elements in reconfigurable
filter. One common drawback of second and third derived
DPUEF is the use of floating capacitors, which is less attractive
for integration. However, new integrated circuit technologies
are capable of implementing efficient floating capacitor as
double poly layer capacitor [13].

This paper is organized as follows. Starting from the intro-
duction, Section 2 presents brief introduction of DPCFA,
Section 3 presents the realization of reconfigurable DPUEF,
Section 4 deals with the derived DPUFs, Section 5 presents
the comparison, Section 6 discusses the nonidealities and
mismatch effects, Section 7 deals with SPICE simulation, and
finally, the paper is concluded in Section 8.

2. Overview of DPCFA/DPCCII

The concept of digital control in DPCFA/DPCCII is based on
employing an n-bit current summing network (CSN), which
scales up (amplification) or scales down (attenuation) the
current gain of conventional CFA/CCII [1]. Figure 1 shows
the CMOS structure of 3-array DPCFA. The CSN consist

of transistors M13-M24. Depending on the code-bit values
(a,a,a,), respective arrays are activated or deactivated to
produce port-Z current. DPCFA consists of a voltage follower
(VF) between port Z and W. CMOS structure of VF follows
the same circuitry as formed by transistors M1-MI2. A
DPCCII is equivalent to a DPCFA with output VF removed.

Port relation of DPCFA is described by following transfer
matrix

Iy 0 0 00][V
Vil a 0 o0o0|]| I "
L, |~ lopkmoo||v,|
Viy 0 0 yollw,
where K denotes the decimal equivalent of applied n-bit
codeword (= a,_;,a,_5,...,ad,). Itis given as
n—1 )
K=Yap, )
=0

where j denotes the jth bit of applied codeword. Parameter
«, 3, and y denotes the nonideal gain transfer ratios. All these
gain parameters are unity in ideal condition. Power integer
m = —1 denotes current attenuation (K™' = K~ = 1/K)
in range “1 to 1/(2" — 1)” while m = +1 denotes current
amplification (K*' = K* = K) in range “0 to (2" — 1)”. The
concept of zero gain (for K = 0; that is, all bits zero) is used
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for programming the generation of various filter functions
(types). Figure 1 shows the DPCFA structure with gain K*.
DPCFA structure with gain K~ can be found in [1].

Figure 2 shows the symbolic form of DPCFA and
DPCCIL It shows ith DPCFA/DPCCII block with current
gain K;" and applied codeword K.

3. Proposed Reconfigurable DPUF

The proposed VM/TIM DPUF is depicted in Figure 3. It
uses three DPCFA, three DPCCII, eight resistors, and two
grounded capacitors. The UF offers the following attractive
features.

(i) Availability of mixed mode operation.
(ii) Digitally controlled filter functions (type).

(iii) All the filter parameters (w,, Q, and G) are indepen-
dently programmable.

(iv) High (low) impedance input port for voltage (current)
signal and low impedance output port enables easy
cascading for higher order filter realization without
requiring any buffer stage.

In addition to this, use of only two grounded capacitors makes
the proposed DPUF suitable for monolithic integration.

The mixed mode operation of proposed reconfigurable
DPUF is given by the following output function:

_ N, (s) + N;(s)

Vo = D @) > (3)

where the numerator (N) and denominator (D) functions are
given by

R
N, (s) =V, (sZR—j {K,}

KR K,K
“torr K corr ! 6}>’
1Y~24% 48 1~24 2483
(4a)
K,R KK
N.(s) = R AKN I —s—2>2 (K, + —23 (K.} L.,
i(s)=s 6{ 4}1 Schst{ 5} 2 C1C2R2{ 6} 3
(4b)
K KK
D(s)=s"+ 3 23 (4¢)

N + .
K,C,Ry  C,C,R,R,

It is evident from (4a)-(4c) that all the coefficients of
numerator and denominator functions are independently
programmable by codewords “K;-K,”. This also justifies the
need of minimum six programmable blocks in proposed
DPUE Codeword “K,-K;” provides independent program-
ming of w, and Q (discussed below) whereas codewords
“K,-Kg” programming the numerator coeflicients, not only
governs the generation of various filter functions in both
the modes but also provide them the independently pro-
grammable gain factors too. Additionally, by setting code-
words condition K, > K¢ (K, < Kjg); high (low) pass notch

Y
Kg
I 4
X
R,
R3
L I C
Y L R, §
K; V4 > Y
12
K
X Rs 1 Z
R, X
L Ry
Vi
Il

G

FIGURE 3: Proposed reconfigurable DPUFE.

response can be realized. Table 1 summarizes the codeword
conditions, realized gain parameters, and component and
input (if any) matching conditions for the realization of
various filter functions. Only AP and BR response requires
component matching constraint.

Setting codeword condition K, = K; modifies (4a)-(4c)
as

R
N, (5) =V, (R— K,

KyRs

S p o Kt

K,C,R,R CCRR{KG})’
127528 12722583

2
KZRS K KZ

N.(s) = R AK L, — s
1() 6{ 4}1 K1C2R8

K K2
D (s) = s+s 24 2 .
KGRy CiGRiR,



Active and Passive Electronic Components

TaBLE 1: Codeword combination and realized filter functions.

Filter functions Codeword combination

Gain (G) in different modes

Component matching condition Input matching condition

VM* (V,/V;))  TIM* (V,/1,) (for TIM only)
HP K;=K,=0,K,#0  (K,R,)/R, K,R, NO NR
BP K,=K,=0,K;#0 —(KR;)/R, K,R, NO NR
LP K,=K;=0,Ks #0 (KgR,)/R4 KR, NO NR
BR K;=0,K, =K #0 K, K, R, R¢/R, =R,/R; =1 L=L=1
AP K,=K,=K,#0 K, K,R, R¢/R, = R;/R, = R, /R, = 1 L=L=1=1I
*For VM I, = I, = I; = 0 is required; *for TIMV; = 0 is required; NR: not required.
Filter parameters w, and Q from (6) are given as V, Y
1/2 _
1 K Z
W= | == K], (7a) I !
o earz] :
—| X
C 1/2
=R 2 ] K,]. (7b) R, §
Q- m| s | K

It can be seen from (7a)-(7b) that w, and Q of all the
responses are independently programmable through code-
word K,(= Kj;) and K;, respectively. Codeword condition
K,(= K;) makes the parameters w, and Q independently
programmable. Thus, independent programming of these
two parameters also requires minimum three programmable
blocks [14].

One additional advantage offered by reconfigurable and
derived (to be described in next section) DPUFs is the
downscale programming of pole frequency (7a). This is
achieved by reversing the gain parameter “K*” of blocks 2
and 3 by “K™”. In this case pole frequency decreases with
increasing codeword (= a,_y,4a,_5,...,a,). This approach
is useful for achieving low frequency operation without
requiring large component values, which is not favourable
from area viewpoint in ICs.

Equations (7a)-(7b) can be rewritten as

wy = @, [K,], (8a)
Q=Q.[Ky], (8b)

where w, and Q, are defined as component dependent factor
of w, and Q, respectively. It is given as

1 1/2
B
CiGRiR,
C 1/2
=R 2 9b
QC 8|:(lelRZ ] ( )

For C; = 2C, = C and equal resistor values (R), (9a)-(9b)
reduces to

1
w, = ——, (10a)

(10b)

I

fo

FIGURE 4: First derived DPUE.

Capacitance value C; = 2C, may be set at design level for
quality factor of value 1/+/2 as given by (10b). It is required
for maximal flat LP and HP response. On the other hand,
higher Q-values, required for BP and BR are obtained by
programming K, which can be further increased by adding
additional transistor arrays in CSN of block-1.

4. Derived Mixed Mode DPUF

This section introduces three additional mixed mode DPUFs
using “2-4” DPCFA/DPCCII. These are obtained by modify-
ing the reconfigurable DPUEF. In all the cases output function
is same as given by (3). For brevity of discussion, features of
all these DPUFs are discussed together in comparison section
and also all the equations in this section assume codeword
condition K, = Kj.

4.1. First Derived Mixed Mode DPUF. The first derived DPUE,
as depicted in Figure 4 is obtained by deleting the K5 and
K¢ blocks of reconfigurable DPUE It uses three DPCFA,
one DPCCII, six resistors, and two grounded capacitors.
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The following set of equations characterize the mixed mode
operation of this DPUF:

R, 2

R
N, (s) = =2 {K,} V; + s —2 L+ v,
RG K1C2R2R3 CICZRIRZ
(11a)
K,R K?
N;(s) = "R [K,} I, + s—22 1, + —2_—1,, (llb)
KICZRZ CICZRZ
K,R K
D(s) = s* + s——22 2 | (11c)
KICZRZRS CICZRIRZ
1 1/2
= | == K], (11d)
o= | comg) [k
R, [R,C,1"?
Q:_s[#] IK,]. (11e)
R4 RICI

It can be seen from (11a)-(11e) that this modification retains
the programming feature of w, and Q only. Although it
provides the gain programming of HP response, it completely
misses the programming feature of filter functions (types).
Thus, the generation of various filter functions depends
on the proper combination of input variables as shown
in Table 2. This configuration needs component matching
constraints R; = R, for realization of AP and BR response.
Additionally, it requires input inversion for AP realization.

4.2. Second Derived Mixed Mode DPUF. Further deletion of
K, block results in second derived DPUF (Figure 5). It uses
two DPCFA, one DPCCII, four resistors, and two capacitors.
This modification leads to one of the capacitor floating. The
mixed mode operation of this DPUF is characterized by the
following set of equations:

K,R K?
N, (s) = sV, + s—22 vy, 2 vy, (12a)
K1C2R2R3 CICZRIRZ
K,R K?
N;(s) =s—=21, + I, (12b)
KICZRZ CICZRZ
K,R K3
D(s)=s +s—24% 4 2 __, (12¢)
K1C2R2R3 CICZRIRZ
1 1/2
Sl —L 1k, (12d)
Wy [CICZRIRZ] [ 2]
R, [R,C,1"?
Q= —3[—2 2] [K,]. (12¢)
R4 Rlcl

The modification renders with only w, and Q programming.
This configuration does not need any component matching
constraint but it requires input inversion for AP realization.
Moreover, it realizes only BP and LP in TIM.

4.3. 'Third Derived Mixed Mode DPUF. Further deletion of
K, block results in third derived mixed mode UF as shown

TABLE 2: Derived filter functions for various input combinations.

. . I inati
Filter functions nput combination

Voltage Current
HP V,=V,=0,V, =V °L=0L=01=1I"
LP Vi=V,=0,V; =V, I =1,=0,I; =1,
BP Vi=V,=0,V, =V, I =I,=0,1,=1
BR V,=0,V, =V; =V, eL=0I1=1=1I
AP Vi=V,=V;=V, @11212*:3211'

*V,, I, are negative for first derived DPUE, *V; and I, show actual applicable
input, and ©not applicable for second and third derived configurations.

R,

MW\

I
Y Ry § X

FIGURE 5: Second derived DPUE.

in Figure 6. It uses only one DPCFA, one DPCCII, and
minimum number of passive components. Characterizing
equations of this DPUF are given as

K K3
N, (s) = sle +5s—2V, + 2 Vi, (13a)
C,R, 2" C,C,RR,
K K2
N;(s) = s=2I, + —2—1,, (13b)
C, C,C,R,
K K?
D(s) =5 +s—2 + z (13¢)
CR,  CiCyRiR,
1 1/2
S [ K1, (13d)
Wy [CICZRIRZ] [ 2]
R2C2 ]1/2
=== (13e)
< [Rlcl

It is evident from (13a)-(13e) that this DPUF is almost similar
to the second derived DPUE. Only the feature it lacks is Q
programming.



5. Comparison

The performance of the proposed DPUFs is compared in
Table 3 with similar reported filters. For fair comparison,
active elements used in various filters are also expressed in
terms of equivalent number of followers, that is, total number
of current plus voltage followers (CF/VF) (active element
and its follower equivalent is given in footnote of Table 3).
Comparison is based on the following important features.

(1) Independently programmable w,, (2) independently
programmable Q, (3) independently programmable gain,
(4) programmable filter types, (5) appropriate input port
impedance that is, high (or low) for voltage (or current) input,
(6) appropriate output port impedance, that is, high (or low)
for current (or voltage) output, (7) total number of resis-
tors, (8) total number of capacitors (grounded/floating), (9)
number of operating modes, (10) number of filter functions
generated in each mode, (11) number of active elements used
and (equivalent number of followers in braces), (12) operating
frequency (in Hz).

Table 3 clearly indicates the trade-off between the features
obtained and the number of active elements used in recon-
figurable and derived DPUFs. Obviously, number of features
varies proportionately with the number of active elements
used.

The potential performance of proposed reconfigurable
DPUF (Figure 3) is obvious from Table 3 itself. One impor-
tant feature, which is not available in any of the reported
filter except that of [4] is the programming of filter functions
(types). This makes proposed DPUF suitable for integration.
Blocks K, Ks, and K4 of proposed DPUF not only govern
the generation of different “filter type” but also provide the
independent gain programming. It is noteworthy that inde-
pendently programmable numerator coefficients of (5a) are
useful in many ways such as in adaptive filtering applications
and in realization of low pass & high pass notch. On the
other hand, filter of [4] uses three MOS switches (SW) for
programming the filter types and hence, completely lacks the
feature of gain programming. Furthermore, it uses analog
technique for programming of w, and Q. Obviously, addi-
tional active elements will be required to incorporate missing
features. It can be seen from Table 3 that all the digitally
programmable filters except that of [14, 15] operate either in
VM or current mode (CM) only. DPUF of [15] operates in
VM and transadmittance mode (TAM) but it realizes three
filter functions only and also misses the programmability
feature of gain and filter type. Similarly, DPUF of [14] also
misses number of features (nos. 3, 4, and 6). Operational
transconductance amplifier (OTA) [5-8] and CCII [16, 17]
based filter, however, operate in all the four modes but none of
them are digitally programmable and also they lack a number
of important features (Features-1-4). Apart from this, filters
configuration of [6-8, 16, 17] belongs to distributed input
topology; thus, they also need current matching constraints
as the proposed DPUFs requires. Additionally, filter of [8]
requires weighted current/voltage ratios and input (voltage)
inversion constraint. OTA based filters [5-8] and that of
[16] are considered here because the digital control (as
given in [15]) can be easily incorporated in these structures

Active and Passive Electronic Components
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F1GURE 6: Third derived DPUFE.

by programming their bias currents. In terms of power
consumption, proposed filter shows better performance than
that of [7]. Whereas proposed DPUF dissipates 4.88 mW (at
2.6 MHz); filter of [7] consumes quite large power, 30.9 mW
at 1MHz. The proposed configuration, however, lacks in
terms of power consumption to that of [5]. Almost at same
operating frequency, [5] dissipates power of 1.57 mW only.
Power consumption of [15] is also high (6 mW) but it operates
at higher frequency of 14 MHz.

All the proposed DPUFs (reconfigurable as well as
derived) realize four or all filter functions in VM at appro-
priate impedance (low) port while all reported VM filters
excluding that of [, 14] realize three or lesser number of
functions at inappropriate (high) impedance port. DPUF of
[1] not only uses three more followers but also misses the
mixed mode operation and programming feature of filter
type. Similarly, the DPUF of [14] also lacks number of features
(3, 4, and 6). However, its component count is low. OTA
based filters [4-8] also lacks in providing voltage output at
appropriate impedance level.

Comparison of first derived configuration (Figure 4),
using four active elements (11 followers), shows that it realizes
four filter functions in both the modes but the mixed mode
structure of [15] realizes only three functions using five active
elements. Compared to the proposed DPUE filter of [14, 16,
17] uses one and two less followers, respectively, and also they
operate in all the four modes but this is due to the use of dual
output DPCClIIs. Also, [14] needs an additional VF to take
the voltage outputs. It is to be noted that if output DPCFA of
all proposed DPUFs are made dual output, that is, by creating
additional Z-terminal, all the proposed filters can be operated
in all the four modes. DPUF of [9] using one less follower
provides the gain programming feature, which is not present
in proposed first configuration (except for HP reponse) but
it suffers from number of constraints. Filter of [9] uses two
filter configurations for programming all the parameters of
realized three filter functions. But still, its programming is
constrained by the fact that variation of one of the parameters
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TABLE 3: Performance comparison of proposed filter.

Reference, year/criteria 1 2 3 4 5 6 7 8 9 10 11 12
[22], 2006 Y Y N N N N 2 11 CM 3 3DC-CCII {6} 15K
[23], 2009 Y N Y N Y Y 2 20 CM ALL 3DC-CDBA {9} 459K
[18], 2013 Y Y N N Y N 4 20 VM 2 3DP-CCII {6}, 2CDN 20M
[19], 2002 Y Y N N Y N 3 20 VM 2 4DP-CCII {8} 0.28 M
[20], 2013 Y Y N N Y N 12 40 VM 3 5DC-FDCC {10} 2M
[9], 2009 Y Y Y N Y N 6 200 VM 3 5DPCCII {10} 1.56 M
[21], 2011 Y Y N N Y N 3 200 VM 3 5DC-BOTA 3M
[5], 2012 Y Y8 N N Y Y 3 200 ALL ALL® (4SO + 2DO) OTA 2.87M
[6], 2010 Y N N N Y Y NA 20 ALL ALL (38O +1TO +1D0O) OTA  159M
[7], 2009 Y  vY¥ N N Y Y NA 20 ALL ALL 40TA, IDO-OTA M
[8],2009 Y« Y¥ N N YS NA  2/0 ALL ALL 40TA 159 M
[16], 2003 Y« v¢¥ N N Y Y NA 20 ALL <4 4DO-CCCII {8} 125K
17], 2004 7 20 480 +1 10 112
[17] Y¥ v« N N N Y / ALL ALL (4SO +1DO) CCII {10} K
4], 2007 2/0 4 250 +2 )3 10

[4] Y« v¢¥ N Y Y Y NA 2 ALL (280 + 2DO) OTA, 3SW M
[15], 2013 Y Y N N Y N 1 20 VMTAM 3/3 5DCCDVCC 4M
[14], 2014 Y Y N N Y N 6 20 ALL ALL (35S0 +2DO) DPCCII {10} 4M
[1], 2013 Y Y Y N Y Y 7 200 VM ALL 4DPCFA, 2DPCCII {18} 0.4M
R. DPUF (Figure 3) Y Y Y Y Y Y 8 20 VMTIM ALL 3DPCFA, DPCCII {15} 2.6 M
1st DPUF (Figure 4) Y Y Y N Y Y 6 200 VMTIM 4/4 3DPCFA, 1IDPCCII {11}

2nd DPUF (Figure5) Y Y N N Y Y 4 11 VM/TIM  4/2 2DPCFA, 1DPCCII {8} 3-55M
3rd DPUF (Figure 6) Y N N N Y Y 2 02 VMTIM 42 1DPCFA, 1DPCCII {5}

* Conditionally programmable, %not digital control, ©two filter function in TAM, *for HP only, *for current output only, *for voltage input only, DC-digitally
controlled, SO-single output, DO-dual output, TO-triple output, CDBA-current differencing buffer amplifier- (2CF + 1VF), CCII- (ICF + 1VF), CFA- (1CF +
2VEF), {}-equivalent number of followers, BOTA-balanced output transconductance amplifier, and DCCDVCC-digitally current controlled differential voltage

current conveyor.

(Gain, w,, Q) makes either one or both of the remaining
two parameters nonprogrammable, while no such constraint
applies over any of the proposed DPUE

Second derived DPUF (Figure 5) uses one floating capac-
itor, which is less attractive for integration. However, it needs
only three active elements (8 followers) and realizes four
filter functions in VM at low impedance port. On the other
hand, reported VM filters [9, 15, 18-21] using almost equal or
more active elements/followers realizes lesser number of filter
functions at high (not desired) impedance port. Although
DPUF of [18] needs six followers and two current division
networks (CDN) only, it realizes only two filter functions at
high impedance port (not desired). Obviously, it [18] needs
additional active elements (more than two followers) to fill
the gap. Similarly, CM DPUFs, which are expected to have
simpler circuit structure also needs additional circuitry. CM
DPUF of [22] using six followers needs additional follower
stages to fill the gap of missing cascadability feature and to
take the current outputs available in working impedances of
filter circuit. Similarly, filter of [23] using nine followers needs
additional circuitry for providing weighted replica of input
current inputs.

The smallest proposed configuration, that is, third
derived configuration (Figure 6) clearly shows the trade-oft
between number of active elements used and the obtained
features. It provides only w, programming and thus, it is
suitable for designing the channel select filters. DPUF of [11]
provides same feature (w, programming) and realizes three

filter functions only but it uses three operational amplifiers,
two CDNe, six resistors, and two floating capacitors.

The comparison presented herein verifies the fact that the
features of DPUFs vary proportionately with the number of
active elements used. Since all the proposed DPUFs show
better or comparable performance to that of reported DPUFs
using almost equal number of active elements/followers, it
implicitly justifies the need of six active elements used in
reconfigurable DPUF for obtaining offered programmability
features.

6. Nonideal Performance and
Mismatch Effects

This section discusses the effect of CFA nonidealities and
effect of component and current mismatch over the perfor-
mance of proposed DPUE

6.1. Nonideal Analysis. Nonidealities of CFA results from (1)
small error in unity transfer gains as described by (1) and (2)
CFA parasitics.

The modified output function of UF using (1) is given as

an (S) + Nin (S)

V =
on Dn (S)

> (14)
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where subscript “n” denotes the effect of nonidealities over
filter function. Modified numerator and denominator func-
tions are given as

R
2
Ny, (s) =V, (5 0‘4,84)’4R_6K4
7
_5“1“5ﬁ153ﬁ5Y3Y4R5K3
CRyRgK,

4 632 B3 e V2v3 VKo K K >
6 |
CiGRR,

o1 B1 B3 BsysVaRs Ky
G RgK,

K, (15a)

Ni, () = 52ﬁ4Y4R6K411 =S Ksl,

(15b)
K, K
+ BaPBs P2 V3 vaKs 3K6[3’
CGR,

B B3, Y3 V4K Ky
CiGRR,

o1 B1 B33 YiKs
CRgK;,

D, (s) = s+ . (15¢)

Modified w, and Q factor using (15¢) are given as

w _\]“2ﬂ2ﬁ3Y4Y2Y3K2K3 (162)
0 — >
CGRR,
Q- KIRS\/ 0,3, 7,CK,
a1 B \ BsvaysCiR R K,

Similarly, the gain functions of basic filter functions are given
as

(16b)

R
For VM Gyp = 0‘4/34Y4R_6K4’
7

(16¢)
Gus = 0‘5/35R5K G = ‘xdgsRlK
BP —R4 5 LP R, 6
For TIM Gyp = B4V4ReKy»
BsR (16d)
Ggp = IBSRSK5> Grp = ; 1K6'

2
Thus, the active and passive sensitivities of wy, Q, and G may
be summarized as

0<|Sy < % (17a)

0<[s29 <1, (17b)
where “x” denotes various active and passive elements, that
is, o, B;, ;> resistances, and capacitances. It is evident from
(17a)-(17b) that the sensitivity figures are within reasonable
limit. Parameter sensitivity of all derived configuration except
that of third DPUF also lies in the same range as given by
(17a)-(17b). Sensitivity of both parameters (w, and Q) of third
derived configuration follows (17a).

Second set of nonidealities include DPCFA parasitics.
DPCFA (and DPCCII) have high valued parasitic resistance

Active and Passive Electronic Components

Ry (or R,) in parallel with low valued parasitic capacitance
Cy (or Cy) atportY (or Z) and a low valued series resistance
Ry at port X. DPCFA consists of an additional (parasitic) low
valued series resistance at port W. To simplify the discussion,
parasitic resistances at ports Y and Z are not considered as
these are much greater than the external resistance of circuit.

Output function of reconfigurable DPUF under the para-
sitic effect is given as

2
R, |K R
Vip = (M [L ; {_7} 11]
{1+ 5RspCpy} L Ryp Ryp

-1
_ sK5Rs [Ks] <]1 N Ry; (1+ SRZPCZI)}
K1C2PR8P R2P

_ R
x {1+ sRs (Czs + Cyy)} ! [RL + {R—4}Iz]
4P 4P

SRl

-1
Ry, (1+5R,Cyy) }
CipCop

R,

-1
+RX3]»

y Ryp (1+ sRx3Cy)
1+ sR,pC;

[rdzte)

K
X <52 {1+ sRy,Cy,} + 58

K 1 CZPRSP

-1
Ry; (1 +sR,pC
x{1+ x3 ( 2P 21)}>

Ryp

X {1+ sRs (Cys + CYl)}_l

K;K
I
CipCop

x{ R, +R ]»_1 h
1+SR1CZ6 X2 ’

where subscript “P” denotes the modified component val-
ues and function under influence of parasitics. For brevity
reasons, output function is not segregated in numerator and
denominator functions.

Modified component values of (18a)-(18f) are given as

{Ryp (1 4+ sRy3Cyy) + RX3}71

(18a)

Ryp = Ry + Ry, Rsp = Ry + Ry
Ryp = Ry + Rxs, R;p = R; + Ryy,

(18b)
Rgp = Rg + Ry, Rgp = Rg + Ry,
Cip=C1+Cpy Cop =Cy + Cys.

It can be seen from (18a) that number of parasitics are
absorbed in external circuit components. Thus, they do not
create any unwanted pole. Expressions enclosed within the
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braces { } of (18a) denotes those parasitic terms, which causes
deviation from the ideal response of (5a), (5b) and (6) (braces
are used in all other DPUFs to denote the same). Thus, in
order to nullify the effect of these parasitic, the following
constraint over component values are imposed

1
Ry, <« Ry € ——, Ry; < R, <
sCyzs sLzo
R; > Ry, R, > Rys,
(18¢)
1 1
5> ——, Rg » ——
s(Czs +Cy1) sCyzs
R, > Ryy.

Since Ry and Ry, are of order of few ohms only, lower limit
over external resistor values are easily satisfied if it lies in
range of few kiloohms (K(). On the other hand, parasitic
capacitances C, and Cy (of order of few picofarads) offer very
high impedance at operational frequencies; thus, upper limit
is also satisfied if resistor values lie in few tens of KQ (the
same argument holds for all derived DPUFs also).

It can be seen from (18a) that the equation consist of the
following parasitic poles:

1 1
Rx3Cz , RysCy,’

(18d)

The corresponding pole frequency is too high to affect the
circuit operation.
Thus, if conditions of (18¢c) are met, (18a) reduces to

Vv
Vop = (SstP [R_ + 11] (K]

7P

(18e)

K.K
FE.SLE T [l+13] [Ks])
ClPCZPRZP

1

K KK
x(sz+ bk B L= ) ,
K,CopRgp  C1pCrpRypRyp

where R;p = R; + Ry,, Ry, = Ryp + Rys.

Similarity of (18a) and (5a), (5b), and (6) are obvious. It
can be seen from (18b) and (18e) that number of parasitics
is absorbed in external components and hence, do not cause
any problem.

Modified filter parameters for K, = K; are given by

1 1/2
oo || )
CIPCZPRIPRQP

1/2
C
#] (K]
CipRipRy,

(18f)
Qp = R8p

Similarly, the output function of first derived DPUF under the
parasitic effect is given as

Vopz(_szmp [OESN
{1+ 5RspCpy} | Rep Rep
sK3R,p
+
K CypRyp {1+ 5R5pCry} {1+ 5Ryp (Cyy + Cy3)}

X [ﬁ + {&} 12:|
R3p Rsp
K;K;
+
C1pCopRyp {1 + sRspCpy} {1 + sRyp (Cyy + Cy3)}

[wdatel)

x (8% + (sK3Rp (K, CypRypRap {1+ sR5pCory}

X {1 + SR4P (C21 + CY3)})71)

+ (K3K2 (C1pCapRipRyp {1+ sRspC oy}

X {1+ sRyp (Cyy + CYa)})il))il’
(19a)

Where RIP = Rl +RX2’ RZP = R2 +Rx3, R3P = R3 +RX1’ R4P =
Ry + Ry, Rsp = Rs + Ryyss Rep = Rg + Ryy, Crp = €y + Cp,
and C,p = C, + Cys.

Constraints over external component from (19a) are given

as
R, > Ry, R; > Ry,
Rey»— Rys . ob)
s(Cz +Cys) sCyzy
Rg > Ryy.

Modified output function satisfying conditions of (19b) is
given as

V K5R V.
Vop = <52K4R5P [—1 +Il] L [—2 +12]
Rep KyCypRyp L Rsp
KK V.
L KK [_3 N 13])
CipCopRop LRyp
K,R K,K B
y <52 b SRsfap 3% )
KyCypRypRsp  CipCopRipRyp
(19¢)
Modified filter parameters (for K, = K3) from (19¢) are given
as
[
Wp= | =————+— ,
P LCuCapRipRy |

(19d)

R, [R, C, 12
P_ﬁ[ﬂ] K.

- R4p Rlpclp
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TABLE 4: Codeword programming of filter parameters.

Filter function
Pole frequency (w, = K,w,)

Codeword programming

Q-factor (Q = K,Q,) Gain (G = K;*G,)

K, = K, = 1(001),4(100), 7(111)

K, = 1(001), 4(100), 7(111)

HP
o K, =1(001)[=Q,] NA K, = 1(001)[=Q,]
K5 = K¢ = 0(000) K: =7(111)[=7G.] K, :1K3 = 4(100)[=4w,]
LP K, = K; =1(001), 4(100), 7(111) K, = 1(001), 4(100), 7(111)
K, = 1(001)[=Q.] NA K, =1(001)[=Q,]

K, = K5 = 0(000) K, = 7(111)[=7G.]

K, = K, = 4(100)[=4w,]

K, = K, = 1(001),4(100), 7(111)
K, =7(111)[=7Q,]
K, = 7(111)[=7G.]

BP
K, = K, = 0(000)

K, = 1(001),4(100), 7(111)

K, = 1(001), 4(100), 7(111)
K, =7(111)[=Q.]
K, = K, = 4(100)[=4w,]

K, = K, = 4(100)[=4w_]
K, = 7(111)[=7G.]

K, = K, = 1(001),4(100), 7(111)
K, =7(111)[=7Q,]
K, = K, = 7(111)[=7G,]

BR
K, = 0(000)

K, = 1(001), 4(100), 7(111)
K, = K, = 4(100)[=4w_]
K, = K, = 7(111)[=7G.]

K, = K, = 1(001), 4(100), 7(111)
K, =7(111)[=Q.]
K, = K, = 4(100)[=4w,]

*K; denotes nonzero codeword among K, Ks, or K.

In order to simplify the further discussion, parasitic resis-
tance Ry, is not considered in 2nd and 3rd derived DPUFs
as these are of order of few ohms only. Output function of
second derived DPUF under the parasitic effect is given as

sK3R,
+
K CypRyp {1 +5R, (C; + Cyy)}

dbaiw

K;K,
+
C1pCopRyp {1 + sRyp (Cy + Cy3)}

[y Awste))

( 2 sK3R,
x| s+
K CypRypR3p {1 + R, (Cyy + Cyy )}

Va
R3P

RS
R3P

Vs
RIP

Ry
RIP

+ K;K,
CpCopRipRyp {1 + 5R,

(Cz1+Cy3)} )_1’

(20a)

Whel‘e RIP = Rl + sz, RZP = Rz + Rx3, R3P = R3 + RXI’
Cip=C+Cypy,and C,p =C, + Cys.
Component constraints from (20a) are given as

R, > Ry,, R; > Ry,

1

Ry >» ——,
! s(Cy +Cys)

(20b)

Cy > Cys.

Modified output function satisfying conditions of (20b) is

given as
K5R \%
Vop = <52V1 ot [—2+12]
K CopRop L Rsp
KK V.
solal) e
CipCopRop L Ryp
K,R K;K B
><<52+ SR3ly 3% ) )
KyCopRopRsp - CipCopRipRyp

Modified filter parameters (for K, = K;) from (20c) are given

as
1 1/2

Wp = | = | [K),

o |: ClpCZPRlpRZP ] ?

(20d)
1/2
Q —&[—RZ"CZ"] / (K]
P R, Rlpclp '

Output function of third derived DPUF under the parasitic
effect is given as

Vip = (32 {&} Vi+s K;C\V, K3K,V3
Cop CipCopRop  CipCopRipRop
K3Ry 1, K3KyR, I )
Scszzp CipCopRipRyp
sK; K;K,

(s V.

where R;p = R; +Ry,, Ryp = Ry + Ry, C1p = C, +C, + Cy,
and C,p = C, + Cys.
Component constraints from (21a) are given as

+ +
CopRop  CipCopRipRyp
(21a)

C, » Cys. (21b)
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FIGURE 7: Pole frequency programming of HP and LP.

Modified output function satisfying conditions of (21b) is
given as

K3C1 V2
CIPCZPRZP

K3R212 K3K2R113 )
"CopRyp  CopCopRipRop

K K,K -
% <Sz + SK3 + 348, )
CZPRZP CIPCZPRIPRZP

K3K2V3
CIPCZPRIPRZP

Vop = (szV1 +s

(21c)

Modified filter parameters (for K, = K3) from (21c) are given
as

1 1/2
wp=|——| [K],
o |:C1pC2pR1pR2p :| ?
(21d)
1/2
Q _ R2pC2p /
PULR,C, ]

6.2. Mismatch Effect. It can be seen from Table1 that the
realization of BR and AP response is constrained by com-
ponent matching conditions. Also, the realization of these
responses in TIM requires current matching constraint. Thus,
it is necessary to study the effects of component and current
mismatch over the filter parameters.

Firstly, the effect of current mismatch is presented.
Current matching condition demands for additional active
element, for example, multioutput current follower (MOCF)
or multioutput CCII (MOCCII). Thus, the effect of current
mismatch can be easily predicted by the help of (15b).
Modelling the error in copy of current signals I}, I,, and I,
by #,, 1,, and #5, respectively, we have I, = I, I, = 1,1, and

1

I; = n31, where “I” denotes the ideal output current of used
active element. Under this condition, only (15b) modifies as

N, (s) = 32ﬁ4Y4R6K4’111

o1 B1 B3 BsysVaRs Ky
- K:n,I
T CRK, st (22)

N B2B3Bsv2y3 4K, Ky Kgnsl.

CiGoR,
Thus, this modifies the gain parameter (16d) of filter only.
Current mismatch does not affect w, and Q. The modified
gain function is given by

Gup = Bavam ReKys Gpp = BstRsKs,

R (23)
Gp = Wslis le-

2

Gain sensitivity with respect to #,, #,, and 75 follows (17b).

Next, considering the effect of component mismatch,
it can be seen from Table1 that realization of BR and AP
requires matching constraint R, = R¢ = R; = R, = R; = R;.
It is, however, to be noted that any mismatch in resistors R,
Ry, Ry, Ry, and R, does not affect parameters w, and Q ((16a),
(16b)); rather it affects the gain parameters ((16c), (16d))
only. For simplicity, error in filter parameters is discussed for
only those components, which require matching constraints.
Taking the example of VM LP response, its gain parameter
from (16c¢) is given as

R
Gip = o 24
R (24)
Matching condition requires R; = R;. Assuming mismatch
of AR such that R; = R, + AR, gain error is given by

AG AR
— - (25a)
Grp Ry

Similarly, matching constraint over C,, C, (C; = 2C,)

introduces error in w, and Q as

A A A
ﬂ=—1<&+&>’ (25b)
wy 2\ ¢ C,

AQ 1 [AC, AC2>

] - 25
Q z(c1 C, (25¢)

where AC;, AC, is the mismatch in C, and C,, respectively.
It is to be noted that mismatch effect is additive in case of
w, while it is subtractive in case of Q; that is, the effect of
mismatch is lesser over Q-factor.

7. Simulation Results

Performance of proposed UF is verified using 0.25 ym TSMC
parameters and supply voltage +0.75V with same transistor
aspect ratios as given in [1]. Taking equal resistor values R =
2K and capacitor values as C; = 0.3nF, C, = 0.15nF, results
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FIGURE 8: Pole frequency programming of BP and BR.
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FIGURE 9: Quality factor programming of BP and BR.

T
10 § 4GC 7Gc
0 i 7
~10 % Gc ,:’
g 203 .
= =30 3 //:/ e
g 3 00 .
G 403 R
&) —50 é ,,// L
—60 _ /::/ L
=704
—80 3 // Q=Q
10k 100k 1M 10M 100 M
Frequency (Hz)
——- HP
— LP

FIGURE 10: Gain programming of HP and LP.

in f. = 1/2v2nRC = 375.32KHz, Q; = 1/V2,and G, = 1.
Where, G, denotes the component dependent factor of gain
(G). Simulation results are shown for VM responses.

Pole frequency programming (in range 375KHz to
2.7MHz) as described by (7a) is performed by varying
K,(= Kj). Figures 7 and 8 show the w, programming

for various responses for different values of gain and Q-
factor. Parameter values are depicted in simulation results.
Codeword programming of all the parameters are mentioned
in Table 4. Table 4 shows the applied codeword along with its
decimal equivalent and corresponding parameter values (in
square brackets).
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FIGURE 13: THD variation with respect to input sine wave signal.

Quality factor programming through K; as described by
(7b) is shown in Figure 9 for BP and BR response at frequency
4 f, and gain 7G,. Quality factor values are chosen depending

on the type of response.

Similarly, gain is programmed (Figures 10-11) using suit-
able codeword as indicated in Table 4. Power dissipation of

13

proposed reconfigurable DPUF is 4.88 mW. It is obtained for
BP response when all the codewords are set to 7(111).
Figure 12 shows the time domain behaviour of BP

response with gain 16.4 dB; that is, for K5 = 7. It is obtained

by applying 70 mV peak sine wave of frequency 2.7 MHz.
Figure 13 shows the variation of the THD with respect to
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the applied sinusoidal input voltage. The THD values of the
circuit remain below 3% for input signals up to 70 mV peak.

8. Conclusion

This paper presents a novel reconfigurable mixed mode
DPUE The proposed VM/TIM DPUF offers several attrac-
tive features: generation of all the standard filter function,
reconfigurable filter type, independently programmable filter
parameters (w,, Q, gain), full cascadability, and low sensitivity
figures. In addition to this, use of only two grounded capac-
itors makes the UF suitable for monolithic implementation.
Circuit constraints are discussed by presenting parasitic study
and mismatch analysis.
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